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Resumen

Recientemente, se han descubierto sorprendentes fenémenos en materiales
magnéticos como son la dindmica magnetica ultrarrapida y el efecto spin See-
beck con un gran interés tecnologico que va desde la grabacién magnética a la
espintrénica. Para el desarrollo de aplicaciones tecnolégicas basadas en estos
nuevos procesos es necesario por un lado modelos micromagnéticos que permi-
tan reproducir en simulaciones computacionales el comportamiento magnético a
gran escala de dichos procesos y por otro lado es necesario también un mayor
conocimiento sobre los mecanismos microscépicos responsables de los mismos.

Los modelos micromagnéticos basados en la ecuacion de Landau-Lifshitz-
Gilbert (LLG) son muy utilizados en la modelizacién de materiales magnéticos
ya que en la mayoria de situaciones describen correctamente el comportamiento
magnético de dichos materiales, y por tanto, estos modelos son una herramienta
muy util para el diseno de aplicaciones tecnoldogicas en las que se emplean ma-
teriales magnéticos. En la ecuacién de LLG la magnitud de la magnetizacion
promedio en un pequefio volumen del material (del orden de nm?) es constante.
Sin embargo, existen ciertos procesos como, por ejemplo, aquellos que tienen lu-
gar a temperaturas cercanas a la temperatura de Curie en los que la ecuacion
de LLG no puede reproducir correctamente el comportamiento observado exper-
imentalmente. Esto es debido a que a altas temperaturas las ondas de espin
de alta frecuencia (baja longitud de onda) juegan un papel muy importante en
el comportamiento magnetico. Por otro lado, la magnitud de la magnetizacion
promedio en un pequeno volumen de material no es constante a estas temper-
aturas. Generalmente, estos nuevos procesos tienen lugar a altas temperaturas,
por tanto, es necesario el desarrollo de modelos micromagnéticos, alternativos a
aquellos basados en la ecuacién de LLG, que puedan describirlos correctamente.

Una posible alternativa a la ecuacion de LLG es la ecuacién de Landau-
Lifshitz-Bloch (LLB) desarrollada por D. Garanin, ya que es méas ter-
modindamicamente consistente que la ecuaciéon de LLG. La ecuacién de LLB con-
tiene un término que proviene del canje interno del material y describe la dinamica
longitudinal magnética, y por tanto, puede describir correctamente los procesos
magnéticos a altas temperaturas y tiempos cortos. En esta tesis proponemos
un modelo micromagnético basado en la version cuantica de la ecuacion de LLB
tanto para materiales ferromagnéticos como aleaciones magnéticas. Ademas esta



ecuacion debido a su naturaleza cuantica permite analizar tedricamente como
diferentes mecanismos microscopicos afectan a la dinamica magnética lo que
podria ayudar a entender mejor el origen de estos nuevos procesos.

En resumen, los principales resultados que presentamos en esta tesis son los
siguientes:

e Derivacion de la ecuacién cuantica de LLB para materiales ferromagnéticos
a partir de un modelo de interaccion del espin con electrones.

e Desarrollo de un modelo micromagnético basado en la ecuacion cuantica
de LLB y comparacién con medidas experimentales de dindmica méagnetica
ultrarrdpida en laminas delgadas de FePt. Modelizacion de la dindmica
de imanacién inducida por la polarizacién circular del laser sobre laminas
delgadas continuas y granulares de FePt.

e Desarrollo de un modelo cuantico y cldsico macroscopico para aleaciones
magnéticas de dos componentes. El modelo esta derivado de forma similar
a la ecuacién LLB para materiales ferromagnéticos y verificado mediante
simulaciones atomisticas.

e Andlisis de los tiempos de relajacién longitudinal mediante la ecuacion de
LLB en el material ferrimagnético GdFeCo en funcién de la temperatura y
la concentracion de Gd.

e Derivacion de la energia libre para materiales magnéticos formados por dos
subredes mediante dos métodos diferentes basados en la aproximacion de
campo medio.
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1

Introduction and Motivation

1.1 Introduction

Advances in magnetism like designing of new magnetic materials, better theoreti-
cal understanding of magnetic phenomena and development of new experimental
techniques have driven the progress of technology in general but specially in the
data storage industry. Recently, novel high-temperature magnetic phenomena
have been discovered and attracted a lot of research. One of them is the laser
induced ultrafast magnetization dynamics[9, 144] where a subpicosecond dynam-
ics is observed when a femtosecond laser pulse is applied to magnetic materials
such as transition metals (Ni[21], Fe [29] or Co [147]). Another example is the
spin Seebeck effect[I41] where spin currents or spin accumulation are observed in
a ferromagnet due to a temperature gradient. Apart from their fundamental in-
terest, these phenomena are very appealing from technological perspectives that
range from increasing the speed of the magnetization switching to the production
of spin-voltage generators, which are crucial for driving spintronics. Moreover,
it has been found that a good strategy to improve the performance of hard disk
devices (HDD) and magnetic random-access memories (MRAMSs) could be to
increase the temperature of the magnetic thin film which contains the bits dur-
ing the writing process. Therefore, it is necessary to search for models that can
describe the magnetic behaviour in these novel high-temperature processes.

1.2 Ultrafast magnetization dynamics

Developments in magneto-optics with powerful pulsed lasers have lead to a new
branch of magnetism which is the ultrafast magnetization dynamics. These exper-
iments use pump-probe magneto-optical techniques [21] based on Kerr or Fadaray
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effects.  Similarly, second harmonic generation [59, [67, 119], photo-emission
[2, 129] and more recently x-ray magnetic circular dichroism [I33] contributed
to the development of these new science. Due to the small time resolution (below
100 femtoseconds) that can be achieved in these experiments it was possible to ob-
serve a femtosecond demagnetization in a very wide range of magnetic materials
such as transition metals (Ni[21], Fe [29] or Co [147]), magnetic semiconductors
[148], dielectrics [85], half-metals[46] and ferrimagnetic alloys[134]. These short
timescales corresponds to the interatomic exchange interaction through the time-
energy correlation|[I38] ¢t = h/E which links the characteristic time ¢ and energy

E of a process (see Fig. a)).

a) Time and energy of magnetic interactions b)
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Figure 1.1: a) Time-energy correlation ¢t = h/FE and typical time and energy scales
associated to magnetic interactions. Figure taken from Ref.[138]. b) Experimental
measurement of the dynamics in Ni after a femtosecond laser pulse is applied.
Figure taken from Ref.[89].

In ultrafast magnetization dynamics one can identify three relevant time scales
(see Fig. b): i) fast demagnetization ii) magnetization recovery and iii)
damped nanosecond timescale precession. Koopmans et al. [88] proposed to
scale experimentally observed demagnetization time scales in different materials
according to the ratio between the atomic magnetic moment and the Curie tem-
perature fi,, /T, of the material, leading to the classification of ferromangets in

two types (see Fig. [1.2):

e Type I: ferromagnets with low value of p, /7. exhibit demagnetization

timescale of the order of 100 femtoseconds as transition metals like Ni,
Fe or Co.

e Type II: ferromagnets with high value of p, /T, exhibit a two-step demag-
netization dynamics with a fast demagnetization in the first picosecond
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followed by a slow demagnetization with larger characteristic times, e.g.
Gd ~100ps or Tb ~10ps [149].

More recently it has been shown (see Chapter [4)) that at high laser pulse flu-
ency type I materials can also exhibit a type II like behaviour[I07, 110, [120].

Ferrimagnetic alloys with a combination of fast (type I) and slow (type II) ferro-
magnets show not only ultrafast demagnetisation but also ultrafast magnetisation

reversal[70].
Typel Type II
t i t g

Figure 1.2: Magnetization dynamics profile of ferromagnets type I and II.

1.2.1 Experimental overview

In the last two decades a number of amazing and unexpected discoveries has been
made in ultrafast magnetism. In order to give an idea of the advances in this new
branch of magnetism we highlight the following experimental achievements.

1.2.1.1 Early discoveries

In 1996 Beaurepaire et al.[21] did the first measurement of the ultrafast magne-
tization dynamics in Ni (see Fig. using a pump-probe magneto-optical tech-
nique based on Kerr effect. The sub-picosecond magnetisation dynamics was
completely unexpected since it was believed that the speed of magnetisation dy-
namics is limited by the spin-orbit coupling with a slower time scale.

A year later Hohlfeld et al.[67] using a second harmonic generation technique
and Scholl et al.[129] using a two photon photoemission technique confirmed the
ultrafast magnetization dynamics in Ni. In 1998 Ju et al.[73] and Beaurepaire
et al.[20] observed an ultrafast magnetization dynamics in ferromagnetic CoPtg
alloys film. In 1999 Koopmans et al.[87] proposed a new probe of the ultrafast spin
dynamics called time-resolved magnetization modulation spectroscopy (TIMMS)
which offers a high magnetic sensitivity. In 2000 Koopmans et al.[90] achieved a
first identification of several magnetic and optical processes that contribute to the
magneto-optical response of nickel thin films after excitation by a femtosecond
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Figure 1.3: Ultrafast demagnetization in ferromagnetic Nickel induced by a 60 fs
laser pulse. Figure taken from seminal work of Beaurepaire et al. [21].

laser pulse by explicitly measuring the time-resolved Kerr ellipticity and rotation,
as well as its temperature and magnetic field dependence.

1.2.1.2 Measurements on ferrimagnetic alloys

In 2001 the intense research in ultrafast magentization dynamics was extended
to ferrimagnetic alloys. Hohlfeld et al.[66] observed for the first time an ultrafast
magnetization reversal of GdFeCo (a ferrimagnetic alloy) induced by femtosecond
laser pulses. In 2007 Stanciu et al.[I34] showed that the magnetization can be
reversed in GdFeCo in a reproducible manner by a single 40 femtosecond circularly
polarized laser pulse, without any applied magnetic field (see Fig. [1.4]).

Figure 1.4: Experimental magneto-optical response to a 40 fs laser pulse of cir-
cularly polarized light on magnetic domains in GdasFer4 6Cos. 4. Figure taken from

[134].

In 2011 Radu et al.[70] studied the magnetization dynamics of Fe and Gd in
GdFeCo using the element-specific technique X-ray magnetic circular dichroism.
They found that the ultrafast spin reversal in this material, where spins are
coupled antiferromagnetically, occurs by way of a transient ferromagnetic-like
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state. In 2012 Ostler et al.[115] demonstrated a novel mechanism of deterministic
magnetization reversal in a ferrimagnet driven by an ultrafast heating of the
medium resulting from the absorption of a sub-picosecond laser pulse without
the presence of a magnetic field (see Fig. a)). Vahaplar et al. [143] showed
that for high laser fluences the ultrafast switching in GdFeCo doesn’t depend on
the light helicity confirming Ostler et al.[I15] results that the ultrafast heating is a
sufficient stimulus for this process (see Fig. [L.5|b)). Khorsand et al. [81] presented
a quantitative explanation of the intensity window in which all-optical helicity-

dependent switching (AO-HDS) occurs, based on magnetic circular dichroism
(MCD).

a) Pump fluence F (mJ/cm?2):
4.0 3.17 316 3.14

o [ egnmos
e T

Figure 1.5: a) Magneto-optical images of a GdasFegs.5Co9 5 continuous film, left
image shows the initial homogeneously magnetized state, center image shows the
magnetization after a 100 fs linearly polarized pulse is applied and right image
shows the magnetization after another 100 fs pulse is applied to the same place
than the previous one. Figure taken from Ref. [115]. b) Magneto-optical images
of GdgogFeCo sample obtained after the action of single 100 fs circularly polarized
laser pulse. Figure taken from Ref. [143].

In 2013 Graves et al.[56] presented ultrafast diffraction experiments with an
X-ray laser that measured the spin dynamics after optical laser excitation in the
ferrimagnetic alloy GdFeCo, which exhibits macroscopic all-optical switching.
They observed Gd spin reversal in Gd-rich regions within the first picosecond
driven by the non-local transfer of angular momentum from larger adjacent Fe-
rich regions. In 2014 Bergeard et al.[22] reported the ultrafast transfer of angular
momentum during the first hundred femtoseconds in ferrimagnetic CoGd and
CoTh films using time-resolved X-ray magnetic circular dichroism. They showed
that the demagnetization in ferrimagnetic alloys is driven by the local transfer of
angular momenta between the two exchange-coupled sublattices while the total

angular momentum stays constant.



1. INTRODUCTION AND MOTIVATION

1.2.1.3 Measurements on multilayer system

In order to clarify the role of transport phenomenon in ultrafast magnetization
dynamics the research was also extended to multilayer systems. In 2012 Rudolf et
al.[121] spatially separated the spin dynamics using Ni/Ru/Fe magnetic trilayers,
where the Ni and Fe layers can be ferro or antiferromagnetically coupled. They
found that optically induced demagnetization of the Ni layer transiently enhances
the magnetization of the Fe layer when the two layer magnetizations are initially
aligned parallel. Their observations could be explained by a laser-generated su-
perdiffusive spin current between the layers. In 2013 Eschenlohr et al.[40] applied
an ultrashort laser pulse to a multilayer system of Au/Ni/Pt/Al where the laser
energy was mainly absorbed by the Au layer (see Fig. a)). They observed
an ultrafast demagnetization in the Ni layer showing that direct laser irradiation
is in fact not essential for this process, and the electron cascades caused by hot
electron currents (superdiffusive spin currents) accomplish it very efficiently (see

Fig. b)).
a) e b)
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Figure 1.6: a) Sketch of the sample structure consisting of a 30nm Au layer on
15nm ferromagnetic Ni on an Al foil. b) Magnetization dynamics of the Ni layer,
after excitation with a femtosecond laser pulse, as measured through the element-
selective XMCD signal. Filled and open symbols denote the Au/Ni sample and the
Ni reference sample, respectively. Figures taken from Ref. [40].

1.2.1.4 All optical switching

As we have mentioned the exploration of the magnetization dynamics in ultra-
short timescales have lead to the discovery of amazing and unexpected magnetic
behaviour. Probably, from a technological point of view, the most interesting
one is what is called all optical switching (AOS), where the magnetization of a
magnetic material is reversed in a picosecond timescale only using a femtosecond
laser pulse.
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Until a coupled of years AOS has been observed in GdFeCo[134] only, but more
recently it was also reported in other amorphous rare-earth transition-metal ferri-
magnetic alloys such as ThCo[4] and TbFe[61], ThFeCo [32], DyCo [102], HoFeCo
[102], synthetic ferrimagnets [43], 102} [131] and possibly ferromagnets [93]. The
influence of the optical excitation parameters on the AOS process has mainly been
investigated, i.e., pulse chirp, pulse duration, wavelength, bandwidth, pulse rep-
etition rate, and the combination of laser heating and circular polarization. We
can distinguish two kinds of ultrafast switching: i) all-optical helicity-dependent
switching (AO-HDS) where circularly polarized light is used (see Fig. a)), and
ii) thermally induced magnetic switching (TIMS) where the ultrafast switching is
helicity-independent (see Fig. b)). At low fluences GdFeCo exhibits AO-HDS
and at high fluences it exhibits TIMS, but in both cases the effect is thermal
and only depends on the total amount of energy absorbed in the sample[81]. Re-
cently Hassdenteufel et al.[61] showed that circularly polarized light induces AOS
in ThFe alloy films but linearly polarized light induces a domain wall depinning.
On the other hand, the influence of the material parameters on the AOS process
has also mainly been investigated, i.e., layer thickness, rare-earth concentration
and initial magnetization state (room temperature). Probably, one of the most
interesting question about AOS is the role played by the magnetization compen-
sation point T);, the temperature where the magnetization of both sublattices
cancels each other, since AOS is mainly observed at room temperature close to
Tyr. Investigations of the formation speed of the transient ferromagnetic-like
state as a function of T, shows very pronounced variations suggesting that T,
could play an important role in AOS [60]. At the same time, AOS also occurs
in systems without the magnetisation compensation point [115]. Recently. it has
been shown that the most efficient switching occurs somewhere near this point
[12].

In 2014 Lambert et al.[93] showed using the circularly polarized light (see
Fig. that an all-optical control of the magnetization is a more broad phe-
nomenon which can occur in variety of different materials including heterostruc-
tures such as CoPt multilayers and FePt magnetic recording thin film.

1.2.2 Theoretical overview

The question about the origin of ultrafast magnetization dynamics constitutes a
subject of extensive on-going scientific debate. We highlight the following pro-
cesses which could play an important role in this new phenomena.
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Figure 1.7: a) Experimental averaged magnetization after a laser pulse of circu-
larly polarized light. Figure taken from [144]. b) Magnetization switching after a
laser pulse of linearly polarized light. Figure taken from [70].

Figure 1.8: Experimental magneto-optical response without applied field of a 15-
nm FePtAgC granular film sample starting with an initially demagnetized state.
Figure taken from Ref. [93].

1.2.2.1 Inverse Faraday effect

When linearly polarized light is transmitted trough a magnetic material the po-
lariztion plane of the light is rotated, this phenomena is the so-called Faraday
effect which is used as a magnetization probe. The opposite effect where light can
change the magnetization of a magnetic material is called inverse Faraday effect
(IFE). The IFE has been observed in Eut?:CaFe?[145], plasmas[68] and magnetic
dielectrics[84]. However, in ferromagnetic metals like Ni and other transition-
metals this effect could be very small[73], 92] 150]. As we have mentioned above
in 2007 Stanciu et al.[134] showed that a 40 fs circularly polarized laser pulse
can reverse the magnetization in GdFeCo (rare-earth transition-metal ferrimag-
netic alloy) (see Figs. and [1.9/a)). Since GdFeCo has strong magneto-optical
properties [144] it was suggested that mechanism responsible for this ultrafast
switching could be a strong magnetic field induced by the IFE [62], 146]. Khor-
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sand et al. [81] demonstrated unambiguously that AO-HDS originates from MCD
where right and left circularly polarized light absorption coefficients are different.
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Figure 1.9: a) Experimental magneto-optical response to ultrashort laser pulses
of circularly polarized light on magnetic domains in GdFeCo. Figure taken from
[134]. b) Theoretical time evolution of the opto-magentic field Hoyr (red dash line)
induced by the circularly polarized laser pulse calculated by Vahaplar et al.[143].

A complete theory of opto-magnetic effects induced in magnetic metals by ul-
trashort laser pulses has not been achieved[63], 156]. Vahaplar et al.[143] used an
effective opto-magentic field Hpy; induced by the laser pulse derived for a trans-
parent medium in thermodynamic equilibrium for modelling the IFE in GdFeCo
(see Fig. b)). In 2014 Battiato et al.[I7] presented a quantum theory of IFE
based on the density matrix formalism.

1.2.2.2 Ultrafast heating effect

As we have mentioned above in 2011 Radu et al.[70] showed an ultrafast switch-
ing in GdFeCo using an ultrashort linearly polarized laser pulse where the IFE is
not expected to take place. In 2012 Ostler et al.[115] demonstrated experimen-
tally and numerically that the ultrafast heating generated by the laser pulse can
drive the magnetization reversal of GdFeCo in a deterministic way without the
presence of a magnetic field, that is, an ultrafast heating is a sufficient stimu-
lus for magnetization reversal in a ferrimagnet. This conclusion was confirmed
by Vahaplar et al. [143] showing that at high fluences an ultrashort circularly
polarized pulse also induces the ultrafast switching in GdFeCo independently of
its polarization. Khorsand et al. [81], based on MCD, showed that the effective
switching threshold, i.e., the actual absorbed energy density in GdFeCo layer at
which switching occurs is independent of the polarization and the wavelength of
the light pulse with a value of FF = 2.6 + 0.2 mJ cm™2.
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Figure 1.10: The upper panels present the computed magnetization dynamics of
a) Gdig(FeCo)gp b) Gdas(FeCo)7s and ¢) Gdss(FeCo)gs. The lower panels shows
its corresponding magnon band structure. Figure taken from Ref. [12].

At this point an interesting question is raised: How does an increase in ther-
mal energy can lead to a deterministic reversal of a vector? Atxitia et al.[11]
studied numerically and theoretically the switching path followed by the mag-
netization in GdFeCo, they found that for switching to occur it is necessary
that angular momentum is transferred from the longitudinal to transverse mag-
netization components in the transition metal. Mentink et al.[I08] presented a
general theoretical framework for ultrafast spin dynamics in multisublattice mag-
nets using Onsager’s relations, they predicted that exchange relaxation enhances
the demagnetization speed of both sublattices when they are antiferromagneti-
cally coupled like in GdFeCo. Recently, Barker et al.[12] identified the nature
of the thermally induced magnetic switching (TIMS) in ferrimagnetic alloys as
the excitation of two-magnon bound states where the energy is transferred from
ferromagnetic to antiferromagnetic modes via non-linear interactions. As we see
in Fig. [1.10] in situations where TIMS takes place, that is, for Gd concentration
of 25%, there is a small gap between the antiferromagnetic and ferromagnetic
magnon modes. In this thesis we focus mainly on TIMS as the mechanism of the
ultra-fast magnetisation dynamics.

1.2.2.3 Superdiffusion

In 2010 Battiato et al.[18] suggested that when an ultrashort pulse heats a mag-
netic multilayer system a spin current through the layers called superdiffusion
could take place. In order to describe superdiffusion they assumed that the pho-
tons coming from the laser pulse are absorbed by the d-band electrons which
are excited to the sp-band above the Fermi level. Then they derived a transport
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1.2 Ultrafast magnetization dynamics

equation of these excited electrons showing a high depletion of majority carriers
in the magnetic film and a transfer of magnetization away from the surface which
could explain the femtosecond demagnetization measured in experiments. Fig.
a) shows a sketch of the superdiffusive processes caused by laser excitation
and Fig. b) shows the calculated spatial magnetization profile (black line)
of Ni at three times caused by laser excitation, the Ni film extends up to 15 nm
depth, the remaining is the Al film.

a)

\VAVAJ |
i ﬁ/
J
Figure 1.11: a) Sketch of the superdiffusive processes caused by laser excitation.
b) Calculated spatial magnetization profile (black line) of Ni at t=0 fs, t=90 fs,

t=300 fs caused by laser excitation, the Ni film extends up to 15 nm depth, the
remaining is the Al film. Figures taken from Ref. [18].
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As we have mentioned in the experimental overview a laser-generated superdif-
fusive spin current between the layers seems to be the most reasonable explana-
tion for the observations of the magnetization dynamics in Ni/Ru/Fe magnetic
trilayers[I121] and in Au/Ni/Pt/Al multilayers[40] with enhanced transport prop-
erties. However, this seems not to be the case of other materials.

1.2.2.4 Microscopic scattering mechanisms

The heat-induced dynamics has an underlying quantum-mechanical origin with
microscopic scattering mechanisms responsible for spin-flips. Some of the possible
microscopic mechanisms that have been suggested are the following:

e FElliott-Yafet like electron-phonon spin-flip: Koopmans et al.[88] suggested
this mechanism as the main one where spin-flips are mediated by electron-
phonon momentum scattering events (see Fig. . Steiauf and Fahnle
in Ref. [137] calculated the spin-flip probability mediated by Elliott-Yafet

11



1. INTRODUCTION AND MOTIVATION

mechanism using ab-initio density-functional electron theory, they found
that this probability is high enough to explain the ultrafast magnetization
dynamics observed in Ni. However, Karva et al. [30] recalculated this
probability using a more sophisticated approach and they concluded that
the Elliott-Yafet probability is insufficient to explain the femtosecond de-
magnetization. Later Schellekens and Koopmans[124] argued that the rigid
band structure Stoner-like approach used by Karva et al. [30] will never
be in quantitative agreement with experiments for any scattering mecha-
nism (not only for Elliott-Yafet mechanism). Recently, Mueller et al.[109)]
improved the rigid band structure using a modified Stoner model with dy-
namic exchange splitting between majority and minority bands, they found
that Elliott-Yafet mechanism could still play an important role in ultrafast
magnetization dynamics. The role of the Elliott-Yafet mechanism is still a
subject of an on-going debate.

Elliott-Yafet scattering

bt ®
w e

Figure 1.12: Sketch of the Elliot-Yafet scattering mechanism. Figure taken from
Ref. [110].

e FElectron-electron Coulomb interaction: Krauss et al.[01] suggested that an
Elliott-Yafet like mechanism based on electron-electron Coulomb scattering
could also explain the femtosecond demagnetization observed in Ni and Co
thin films.

e sp-d model: Cywinski and Sham[38)] suggested that the so-called sp-d model
could be a good approach to describe the ultrafast magnetization dynamic of
ferromagnetic (I11,Mn)V semiconductors. In this approach, the d-shell spins
contributes mainly to the macroscopic magnetization and they interact via
exchange interaction with the s or p itinerant electrons.

e Llectron-magnon interaction: Carpene et al.[29] suggested that the rapid
(~ 100 fs) demagnetization is established at the electronic level through
electron-magnon excitation, while the remagnetizacion is attributed to the
Elliott-Yafet spin-flip scattering process on a time scale slightly shorter than
a picosecond in Fe thin films.

12



1.2 Ultrafast magnetization dynamics

e Direct laser induced: Zhang et al.[I55] proposed that the femtosecond de-
magnetization could happen as a direct influence on the electronic structure
by the laser field mediated by the presence spin-orbit coupling in Ni. Un-
fortunately, the calculations have been performed on very small clusters.

e Relativistic electromagnetic-radiation-induced spin-flip: since the ultrashort
laser pulse couples efficiently to the magnetization of Ni and CoPt3 thin
films during the light propagation through the material, Bigot et al.[24]
suggested the existence of a coherent coupling between the laser pulse and
the magnetization. Moreover, they argued that the corresponding mecha-
nism could have its origin in relativistic quantum electrodynamics, beyond
the spin-orbit interaction involving the ionic potential.

1.2.3 More phenomenological models

Up to now the complete role of light, electrons, phonons and spins in the ul-
trafast magnetization dynamics has not been clarified. The quantum mechanical
approaches based on the first principles were not able to reproduce magnetisation
dynamics with correct demagnetisation size and time scale observed in experi-
ment. However, more phenomenological models, based on the thermodynamical
concepts were very successful in reproducing many experimental findings.

Beaurepaire et al.[21I] proposed the phenomenological three temperature
model (3TM) in order to describe the magnetization dynamics caused by the
interaction of a laser pulse with Ni thin films. The 3TM considers that electrons,
phonons and spins are described by a set of three coupled differential equations
for the temperature of each system, that is, 7., T, and T,. Moreover, it assumes
the energy deposited on the material by the laser pulse is absorbed mainly by the
electron system and then it is redistributed into the phonon and spin systems.

However, since the spin system is not in the quasi-equilibrium on the femtosec-
ond timescale then the description of the magnetization through a spin tempera-
ture is inadequate to describe the spin dynamics[80]. One way to solve this issue
is to couple phenomenologically the two-temperature model (2TM) for phonon
and electron temperatures to an equation of motion of the spin system. This
approach is used by the atomistics spin dynamics (ASD)[79, 80] which is based
on the Landau-Lifshitz-Gilbert equation (LLG) for atomistic spins. The 2TM
coupled to ASD has been used to model the ultrafast magnetization dynamics of
ferromagnets and ferrimagnets[12], [I15] showing a good agreement with experi-
ments.

Unfortunately, ASD can only be used to model the magnetic behaviour of
small system due to the large consuming computer time of this approach. For

13



1. INTRODUCTION AND MOTIVATION

larger systems it was suggested to couple the 2TM to the Landau-Lifshitz-Bloch
(LLB) equation[8, [9] [78] which can successfully describe the magnetization lon-
gitudinal dynamics during the first picoseconds and the subsequent transverse
dynamics. In fact, comparison with experiments for Ni[9], Gd[139] and FePt[107]
have shown a very good agreement. In this thesis we use ASD and LLB ap-
proaches to describe ultrafast magnetization dynamics.

Finally, Koopmans et al. [88] derived a microscopic version of the 3TM
(M3TM) where the spin relaxation is mediated by Elliott-Yafet-like processes.
M3TM successfully reproduces the diversity of ultrafast laser-induced magneti-
zation dynamics observed in transition metals and rare-earth materials. Lately, it
has been shown that the M3TM model is very similar to the LLB equation[6l, TT13].

1.3 Technological perspectives

1.3.1 Heat assisted magnetic recording (HAMR)

One of the greatest challenges in magnetic recording technology is to increase the
areal density, that is, the number of bits per square inch. Fig. a) shows the
historical evolution of the bit density in magnetic recording media.
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Figure 1.13: a) Areal density evolution of hard disc devices (HDD, red dots) and
flash memories (black dots). Figure taken from Ref.[I03]. b) Diagram showing a
writing head in HAMR. Figure taken from Ref. [44].

Typically the medium in magnetic recording is a granular film where each bit
consists of several (~ 10%) weakly interacting magnetic grains. The number of
grains NV included in a bit can not be reduced since one has to preserve the signal-
to-noise ratio SNR~ v/N. Therefore, the areal density can only be increased by
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a reduction of the grain volume V. However, the energy barrier separating two
magnetization states is proportional to KV, where K is the magnetocrystalline
anisotropy constant, hence if the grain volume is reduced then the bit becomes
unstable and the inversion of the magnetization by thermal fluctuations is likely
to occur. This effect is known as superparamagnetism and the corresponding
limitation of the recording density as superparamagnetic limit. Generally, values
of KV/kgT > 60 (kp is the Boltzmanns constant and 7" = 300 K is the tem-
perature) are required to ensure the long-term stability of written information.
Therefore, if a bit is written in very small grains then these grains must have a
high K in order to be thermally stable. Unfortunately, a high magnetocrystalline
anisotropy implies a high coercivity, and as consequence large external magnetic
fields are required in the writing process. This constitutes a well known magnetic
recording trilemma. One possible solution to this problem is the heat assisted
magnetic recording (HAMR) where in the writing process, firstly a laser heats
the magnetic grains reducing its coercivity and then an external magnetic field is
applied which is enough to reverse the grain’s magnetization (see Fig. b)).
In 2013 Western Digital demonstrated a working HAMR, drive, although not yet
ready for commercial sales. Recently, TDK company stated that HAMR drives
up to around 15 Tbits per square inch would probably start to become available
by 2016. Finally, the LLB equation has already been used successfully to model
the magnetization switching dynamics in HAMR, [104].

1.3.2 All optical magnetic recording

One of the most interesting technological application of the AOS could be stor-
age data devices where only ultrashort laser pulses are used during the writing
process, that is, an all optical magnetic recording (see Fig. which will not
require the recording head. Current hard-disk drives (HDD) make use of exter-
nal magnetic fields in order to reverse the magnetization, that is, to write a ”70”
or 71”7 bit information. This process typically takes several nanoseconds via the
Zeeman interaction. The situation is even worst in Flash solid state memories
where the writing cycle is of the order of hundred of us. Since the AOS last only
several picoseconds then an all optical magnetic recording could improve drasti-
cally the writing speed of storage data devices. Moreover, the effective switching
threshold in AOS is of the order of 3 mJem™2 which is less than the writing flu-
ence per bit of current HDD (~2x10* mJem™2) and Flash solid state memories,
as a consequence all optical magnetic recording could have a lower power con-
sumption than the other technologies. Unfortunately, the present switching area
in AOS is quite large, in the order of micrometers, however it has been shown
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that the switching area can be reduced using optical near-field microscopy[123]
or plasmonic antennas[23].

Figure 1.14: Demonstration of all-optical recording of magnetic bits. Figure
taken from Ref. [134].

1.3.3 Spincaloritronics

Another technologically promising high-temperature magnetic application is the
spin-Seebeck effect. In 1821 Thomas Johann Seebeck discovered that a temper-
ature gradient generates an electromotive force, this phenomena is the so-called
Seebeck effect. In 2008 Uchida et al.[141] discovered a spin analog of the See-
beck effect, they demonstrated that a temperature gradient in a ferromagnetic
film creates a spin current injection from the ferromagnetic film into the attached
nonmagnetic metal with the signal observed over a macroscopic scale of several
millimeters. This spin current creates a transverse charge voltage in the non-
magnetic metal via the so-called inverse spin Hall effect[122] which is measured
experimentally. Fig. @a) shows the experimental setup for measuring the spin-
Seebeck effect and Fig. [1.15p) shows the experimental results of the transverse
charge voltage induced by the spin current as a function of temperature gradient.
The spin-Seebeck effect has also been observed in magnetic semiconductors|72],
non-magnetic semiconductors[71] and magnetic insulators[I42]. Recently, it was
shown that the magnon and phonon degrees of freedom play crucial roles in the
spin Seebeck effect[I].

The spin-Seebeck effect is the keystone of the spincaloritronics. Very appealing
technological possibilities are expected from this novel emerging new field [19].
The key problem of future electronics is that of Joule heating, where Ohmic losses
can lead to intolerable power densities. From this point of view, it is important to
realize that electrons can carry also heat in addition to charge and spin angular
momentum. While the charge-spin transport is currently under exploitation, the
heat transport investigations are only at an early stage. Nevertheless, it bears an
important potential for energy saving: excess heat produced in microprocessors
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Figure 1.15: a) Experimental setup for measuring the spin-Seebeck effect. b)
Experimental measurements of the transverse charge voltage induced by the spin
current as a function of temperature gradient. Figures are taken from Ref. [1].

does not need to be released as waste energy into the environment, but can be
recovered by generating thermoelectricity, for example, in spincaloritronics based
waste-heat-to-electricity converters [70].

The LLB equation could be a good approach to model the spin-Seebeck effect
at large scales. Hinzke et al.[65] used the LLB equation to show that magnonic
spin currents caused by temperature gradients lead to spin transfer torque effects,
which can drag a domain wall in a ferromagnetic nanostructure towards the hotter
part of the wire. Schlickeiser et al.[127] calculated the domain wall velocity as
well as the Walker breakdown induced by a temperature gradient using the LLB
equation.

1.3.4 Thermally assisted MRAMs

Magnetic random-access memory (MRAM) is a non-volatile memory technology
with a low voltage operation, fast write and read operation (~ 30 ns) and un-
limited write and read endurance. The MRAM cell consists of a magnetic tunnel
junction: two magnetic layers (one is always fixed and the other one can flip)
separated by an insulator layer (tunnel barrier) where the antiparallel state (high
resistence state) of both magnetic layers corresponds to the bit state ”1” and the
parallel state (low resistence state) corresponds to ”0”. Moreover, there are two
electrical conductor lines (bit and digit lines) which are orthogonal to each other,
and only when a charge current is flowing in both lines the magnetic field cre-
ated by them is high enough to reverse the magnetization in one of the magnetic
layers (see Fig. a)). The scalability of MRAM to smaller bit sizes is faced
with challenges like selectivity, thermal stability and power consumption[117]. It
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is believed that thermally assisted MRAM (TA-MRAM) could solve these prob-
lems. The idea is that during the writing process an electrical current (writing
current Iy) crosses the three layers increasing its temperature due to Joule effect
and decreasing the coercivity of the magnetic layer, then only the magnetic field
(switching field Hgy ) created by one electrical conductor line is enough to reverse
the magnetization in one of the magnetic layers (see Fig. b)). Fig. c)
shows experimental measurements[I51] of the switching field Hgy as function of
the writing current I where the free magnetic layers are ThCo/CoFe, the fixed
magnetic layers are CoFe/ThFeCo and the tunnel barrier is Cu, we see that as
the writing current increases (which means higher temperatures at the magnetic
layers due to the Joule effect) the switching field decreases.
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Figure 1.16: a) The writing procedure in a conventional MRAM architecture.
b) The writing procedure in thermally assisted MRAM architecture. Figure taken
from Ref. [II7]. c¢) Experimental measurements of the switching field Hgy as
function of the writing current Iyy. Figure taken from Ref. [I51].

1.4 The challenge of micromagnetic modeling at
high-temperatures

In magnetism, micromagnetic modeling is a very useful complement to experi-
mental measurements, especially for calculations of hysteresis and dynamics of
magnetic nanostructures such as magnetic thin films, dots, stripes, etc[27, 311 [45].
The micromagnetics is essentially a macroscopic continuous theory. It uses a dis-
cretization of continous magnetisation function in finite elements or finite differ-
ences. The dynamics of each unit in standard micromagnetics is based on the
integration of the classical Landau-Lifshitz-Gilbert (LLG) equation of motion
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[55, ©94]. It is essentially a zero-temperature equation, although the micromag-
netic parameters could be taken as experimentally measured values at a given
temperature T'. Moreover, temperature effects can be included adding additional
random fields acting on each discretization element [28] [34]. However, this ap-
proach is correct only for low temperatures [58] since the magnitude of the magne-
tization vector in each element is constant. At high temperatures, high-frequency
spinwaves, responsible for longitudinal magnetization fluctuations near the Curie
temperature T, are cut and the value of the Curie temperature is strongly over-
estimated. To solve this issue an alternative micromagnetic approach for higher
temperatures based on the Landau-Lifshitz-Bloch (LLB) equation has been pro-
posed [35], 49] where the magnitude of the magnetization vector is not conserved
at each discretization element and the longitudinal magnetisation fluctuations are
introduced. Thus, micromagnetic modeling based on the LLB equation could be
a good approach to study new phenomena such as the ultrafast magnetization
dynamics, spincaloritronics and high-temperature magnetic recording processes.
One of the aims of the this thesis is to study in more depth and to generalize
the derivation of the quantum LLB equation in order to clarify its use for the
ultrafast dynamics in ferromagnets and magnetic alloys.

1.5 About this thesis

The aim of the thesis is to further develop high-temperature micromagnetic mod-
els based on the LLB equation. Particularly, we focus our attention on the quan-
tum LLB (qLLB) equation and the LLB equation for two-component alloys. The
main application is to model ultra-fast magnetisation dynamics.

Chapter 2 Models for magnetization dynamics like atomistic and micromagnetic ones
based on the LLG equation and the classical LLB equation are introduced
in this chapter.

Chapter 3 A detailed derivation of the original qLLB equation based on spin-phonon
interaction is presented. Moreover, a novel qLLB equation for spin-electron
interaction is derived. The qLLB equation is written in the form, suitable
for comparison with its classical counterpart. The temperature dependence
of the macroscopic relaxation rates is discussed for both mechanisms. We
demonstrate that the magnetization dynamics is slower in the quantum case
than in the classical one.
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Chapter 4

Chapter 5

Chapter 6

Chapter 7

We apply the high-temperature micromagnetics based on the qLLB to in-
vestigate the femtosecond laser induced magnetization dynamics in ferro-
magnetic FePt thin films. We quantitatively compare our model and the
experimental results which are provided by Prof. M. Miinzenberg’s group at
the University of Gottingen (Germany). Both experimental and theoretical
results are in a very good agreement giving proof of thermal magnetization
mechanism based on spin-electron interaction. Furthermore, we investigate
the possibility to switch FePt with the help of the inverse Farady effect.

We present a novel classical and quantum LLB equation for two-component
magnetic alloys.

We study the magnetization dynamics of GdFeCo ferrimagnetic alloys us-
ing the previously derived ferrimagnetic LLB equation. The longitudinal
relaxation times of materials constituting the alloy are investigated.

The free energy for two-component alloys is derived using the variational
procedure. We also present the free energy landscapes of GdFeCo and
Permalloy (FeqoNigy).

We also include four appendix sections.

Appendix A

Appendix B

Appendix C

Appendix D

In this first appendix we introduce the density matrix formalism which the
qLLB equation is based.

This appendix presents a detailed derivation of the magnetization equation
of motion in terms of the Hubbard operators for the spin-phonon and spin-
electron interactions.

Here a detailed evaluation of the qLLB relaxation parameters for the spin-
phonon and spin-electron interactions is presented.

The free energy for two-component alloys is derived using a standard mean-
field formulation. We show that this approach can lead to non-physical free
energy landscape.
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2

Modeling methodology

2.1 Multiscale approach

A complete description of the material’s magnetic behaviour requires very dif-
ferent spatial scales going from anstrong (like microscopic interactions at atomic
level) to macroscale ( magnetic domains usually have micrometer sizes), and also
very different time scales going from femtoseconds (like ultrafast magnetization
dynamics) to years (like thermal stability in magnetic storage media). One way
to include the effects of the microscopic properties on the magnetic macroscopic
behaviour is the multiscale approach. Namely, ab-initio calculations (the most
widely used formalism is Density Functional Theory (DFT)) are used to calculate
the intrinsic parameters as magnetic moment (u), exchange constants (J), on-
site magnetocrystalline anisotropy (d), etc..., then these parameters are used in
atomistic classical (Heisenberg-like) models where the temperature dependence
of the equilibrium magnetization M(T), anisotropy K (T") and exchange stiffness
A(T) among other properties can be calculated, and finally the temperature de-
pendence of these parameters is included in the micromagnetic approach which
can model the magnetic behaviour at large spatial scale (see Fig. .

Ab-initio calculations ‘ Atomistic models » Micromagnetic models

w7, d,.. M(T), A(T), K(T),...

Figure 2.1: Diagram showing the multiscale approach.
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2. MODELING METHODOLOGY

2.2 Atomistic spin dynamics

The magnetic moments in the solid state can be localized or carried by the de-
localized conduction electrons (itinerant magnetism) like in metals. However,
models based on a classical Heisenberg Hamiltonian of localized spins are used to
describe the main magnetic properties in both situations. Typically, the Hamil-
tonian in these atomistic models is given by

7 7 2Y)

where H is the external magnetic field, p; is the atomic magnetic moment at
site ¢, s; = p;/p;, d; is the uniaxial anisotropy constant and .J;; is the exchange
constant between the atoms ¢ and j. The first term in Eq. corresponds to
the Zemann energy, the second term is the uniaxial anisotropy energy and the
last one is the exchange energy. The dynamics of the each normalized classical
atomic magnetic moment s; in a solid can be described using the phenomenolog-
ical Landau-Lifshitz-Gilbert equation (LLG) which is given by

YA

(Sz‘ X Heﬂ‘,i) — msi X (Si X Heff,i) (22)

ds; Y
dt 14+ \2

where A is called atomic coupling to the bath parameter, Heg; = —0H/0p; is
the effective field and H is the Hamiltonian given by Eq. . Eq. is a
deterministic equation, it means that given the same initial conditions one obtains
always exactly the same dynamics. However, the atomic magnetic moment in a
solid follows a stochastic dynamic due to the interaction with its surroundings.
This fact can be included in Eq. adding a stochastic field ¢; to the effective
field Heg;, that is,

ds; 2l YA

i —m(sz‘ X (Hesrs + Ci)) — msi X (s X (Hesri + Ci)) (2.3)
where the stochastic field has the following time average properties
AkgT

(Gr)e =0, (Gr0)Gr(t) =2

(5]445(25), k’, k, =T,Y,z (24)

(2

where kp is the Boltzmann constant and 7" is the temperature. This approach is
called atomistic spin dynamics (ASD)[41]. At thermal equilibrium each atomic
magnetic moment follows Boltzmann statistic, that is, its time average is given

by
tr [ pie P dp...dpy
dt' p;(t) = —— . 2.5
/to wilt) [ e Pdpy..dpuy (25)

(i)t tgo0 £y — o
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2.3 Micromagnetics

The macroscopic magnetization at time ¢ is obtained as an average of the atomic
magnetic moments over some volume V'

M) = 3wl (2.6)

where N is the total number of atomic magnetic moments inside the volume V.

2.3 Micromagnetics

Simulations based on ASD is a powerful tool to describe the magnetic behaviour
of magnetic materials. Unfortunately, the size of a magnetic material that can
be simulated using ASD is very limited (typically up to (20 — 30 nm)3) due to
large number of differential equations that must be numerically integrated which
requires an enormous computer time. A suitable approach to study the magnetic
behaviour of magnetic materials at large scale is micromagnetics. It is based on
the continuum approximation where the length scales considered are large enough
for the atomic structure of the material to be ignored and small enough to resolve
magnetic structures such as domain walls or vortices. In the continuum approx-
imation the macroscopic magnetization is assumed to be a spatial continuous
function over the material

M(r) = Mym(r), (2.7)

where |m(r)| = 1 and M; is the saturation magnetization. In this approach the
energy of the magnetic system reads[36]

E = / dr{-M -H — Km? + A(vm)?* — %M~Hd}, (2.8)
v

where K is the macroscopic uniaxial anisotropy constant, A is the exchange
stiffness parameter, (Vvm)? = (Vm,)? + (Vm,)* + (Vm.)?, V is the gradient
operator and Hy is the demagnetizing field.

In order to solve micromagnetic problems numerically the system is divided in
cells and then the average magnetization of the cell at position r; is represented
by vector called macrospin (see Fig. , M(r;) = M; = Mym;, so that the total
energy becomes

1

where V; is the volume of the discretization cell which typically is around few

nm?. In order to choose a suitable volume cell is important to take to account
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Figure 2.2: Illustration of the relation between atomistic model and micromag-
netics.

the domain wall width parameter § and the exchange length [., which are given

by
[A [ A
S=m o l, = 7k (2.10)

The domain wall width parameter corresponds to the width of a Bloch wall that
is found in magnetic materials with a large magnetocrystalline anisotropy. The
exchange length is the length below which atomic exchange interactions dominate
typical magnetostatic fields and it is proportional to the Néel domain wall width.
The discretization length must be less than the domain wall width but include
enough atoms to be valid as the continuous approximation.

The standard dynamic micromagnetics is based on the LLG equation where
the equation of motion for the macrospin M; is given by

dM; Y

dt 1+ a2 6

(0%
(M % Hegi) — (1+7(X+LG)MM < (M x Hog)  (2.11)
LLG S

where aprq is called the LLG damping and Heg; is the effective field which is
given by[30]

He i — T 5 - HZ z iVQ i H Q- 212
T TyaM, A T et (2.12)

2.3.1 Thermal micromagnetics at low-temperatures

The temperature effects in micromagnetism can be included in two ways:
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2.3 Micromagnetics

i) Via temperature-dependent parameters: The parameters M,(T"), A(T) and
K(T) among others like susceptibilities x(7T") are temperature-dependent. As it
was mentioned in section their temperature dependence can be calculated
numerically using ASD, a detailed explanation of this calculation can be found
in Ref.[IT1] for FePt. They can also be obtained theoretically for example using
the mean-field approximation (MFA) or experimentally.

ii) Via thermal field: In 1963 Brown suggested in his seminal work[28] to in-
clude thermal fluctuations in the Landau-Lifshitz (LL) dynamical equation as
stochastic fields whose properties are defined by the equilibrium solution of the
corresponding Fokker-Planck (FP) equation. In 1993 Lyberatos and Chantrell
[99] studied the dynamics of two interacting magnetic dipoles including a fluc-
tuating thermal field, the energy barriers obtained were in good agreement with
the theory. This idea was further developed by many authors [33], 54} 112 130]
leading to Langevin dynamic micromagnetics where a fluctuating thermal field ¢;
is added to the effective field given by Eq. with the following time average
properties

orcksT

(Gr)e =0, (Gr0)Gw(t): = QW

5kk”5<t)7 k’,k/ =T,Y,z. (213)

The main feature of this approach is that the magnitude of every macrospin is
conserved in all dynamical processes, that is, |M;| =const. However, the simula-
tions of the magnetization dynamics based on the micromagnetic LLG equation
are not suitable for high temperatures. This is due to the fact that micromag-
netic simulations do not include the high-frequency spin waves and, thus, the
Curie temperature is seriously overestimated [58] and the restriction |M;| =const.
Indeed, in recent ASD simulations [79] it has been demonstrated that at high tem-
peratures several important effects occur which cannot be taken into account in
the micromagnetic LLG approach. Namely, during the magnetization dynam-
ics, (i) the magnetization vector magnitude is not conserved, (ii) longitudinal
magnetization relaxation occurs with the longitudinal relaxation time increase
approaching the Curie temperature (critical slowing down), and (iii) at the same
time the transverse relaxation time decreases [35]. Therefore, a different micro-
magnetic approach is required at elevated temperatures.

2.3.2 Thermal micromagnetics at high-temperatures

As we have mentioned the micromagnetic LLG equation doesn’t work properly
at elevated temperatures. In 1997 an alternative approach was suggested by D.
Garanin[49]. Based on the Fokker-Planck equation he derived a classical macro-
scopic equation of motion for the magnetization called Landau-Lifshitz-Bloch
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2. MODELING METHODOLOGY

(LLB) which interpolates between the Landau-Lifshitz equation at low tempera-
tures (micromagnetic LLG) and the Bloch equation at high temperatures. In the
micromagnetic LLB approach the magnetization dynamics of each macrospin is
governed by

dml-

dt

i o i o
= _q[mixHeﬁ]jLW%”( i Hip) _m_j

[mi X [ml X Héﬁcﬂ )
(2.14)

where m; = M,;/M.(0) with M.(0) = M,(0) is the equilibrium saturation mag-
netization at 7' = 0K. The longitudinal and transverse relaxation parameters
are

2T [1— T} T<T,
Q) :)\BT s o] = M- {2T 3T ~ (2.15)
¢ 3T rzT

where A is the coupling to the bath parameter and T, is the Curie temperature.
The effective fields are given by

| %H(kmz)mi T<T.
eff ,EX A % (1 B TZC B 3r5ng> m, T2>T, ( )

where H is the applied magnetic field, H; gx is exchange interaction between
macro-spins and it is given by

24,(T) _, 2A(T)
H o= 20 gop o 2AU) m, 2.1
i, EX mZQMS<O) \Y m; mZQMs(O)AQ %; (m] ml) ( 7)

where (7,j) means a sum over neighbours, A is the lateral size of the micro-
magnetic discretization cell and A;(7T) is the micromagnetic exchange also called
stiffness, H; 4 is the anisotropy field given by

Hja = —— (mises +myge,) (2.18)
X1

where Y, and ) is transverse and longitudinal susceptibility, respectively. The
quantity .Jy is the zero Fourier component of the exchange interaction which is
related to the Curie temperature T, in the MFA through 7. = Jy/(3kp) and
Uat 1S the atomic magnetic moment. The parameter m, = M.(T")/M.(0) is the
normalized equilibrium magnetization. The last term in Eq. describes the

internal exchange field inside the macrospin.
As we see the LLB equation contains six implicit temperature-dependent pa-

rameters: \(T'), M.(T), A(T), K(T), x(T) and x 1 (T). Typically, the parameter
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2.3 Micromagnetics

A is considered temperature independent, however as we will see in chapter |3| it
could also depend on temperature. In the multiscale approach the tempera-
ture dependence of A(T) and K(T') is calculated using ASD[ITI]. The param-
eter M.(T') can be obtained experimentally, numerically using ASD or theoret-
ically using the MFA as the solution of the equation m. = L(8Jym.) where
L(z) = coth(x) — 1/x is the Langevin function. The longitudinal susceptibility
can be also evaluated from ASD, measured experimentally or calculated using
MFA as

R S (2.19)
a TC :
Jo(Tt—Tc) rz 1.

N patBL T<T,
(1) =

where L' is the derivative of the Langevin function evaluated at 5Jym, and § =
1/(kgT). The transverse susceptibility is related to the anisotropy constant K
through v, (T) = M?/[2K(T)).

A

Figure 2.3: Diagram illustrating the meaning of three terms in the LLB equation:
a) precession, b) longitudinal dynamic and c) transverse dynamic.

The first term in Eq. describes the precession of m; around its effective
field Heg (see Fig2.3a)), the second and third terms describe the longitudinal (see
Fig b)) and transverse (see Fig c¢)) dynamics, respectively. If we compare
LLB equation (Eq. (2.14)) with LLG equation (Eq. (2.11))) we notice that LLB
eq. contains an extra term which describes the longitudinal relaxation, that is, it
drives the dynamics of the magnitude of m giving a more accurate description of
the magnetic behaviour at elevated temperatures. In particular this extra term
plays a crucial role in ultrafast magnetization dynamics. Moreover, since the LLB
eq. contains the LLG eq. it also describe the damped precession which typically
takes place between 0.1 and 1 ns (see Fig. a)).

The effective field of the LLB equation given by Eq. can be written as

5 1 0F

H.——— . 2.2
eff ‘/zaMz ( O)
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2. MODELING METHODOLOGY

where & is the MFA free energy given by

1
FM,T) = ?0+/vdr{—M.H+%(M§+My2)+A<v

M 2
)
1 2 22072
+ WT)XH[M MZ(T)]}, (2.21)

where J is the equilibrium free energy in the absence of anisotropy and magnetic
field. In 2001 H. Kachkachi and D. Garanin [74] derived this free energy using a
procedure based on the MFA which is described in Appendix [D]

Similarly as it was done in the micromagnetic LLG equation, D. Garanin
and O. Chubykalo-Fesenko[51] included stochastic thermal fields into the LLB
equation. However, Evans et al.[42] noticed that this approach doesn’t recover
the Boltzmann distribution close to T, at equilibrium. In order to solve this issue
they derived an alternative stochastic LLB equation of the form

dmi ) yo i
g = v [mexH] F;l (m; - Hep) m
- % [m; x [m; x (Héﬁ‘i‘ Cin)]] + Cirads (2.22)

(2

where the thermal fields ¢; | and (; .q are given by

27k‘BT (OZJ_ — OzH)

(CELO) (1) = M0Vl 0i;0r6(t) (2.23)
k I o 2’)//{BTCY||
(CFag(0)Caa(t)) = W%%é(t) (2.24)

where ¢ and j denote macro-spin index, k£ and [ denote the Cartesian components
X, y and z.

2.4 Two temperature model

A very successful procedure to model ultrafast magnetization dynamics is to
couple the magnetization equation of motion like ASD described in section [12,
115] or micromagnetic LLB equation[8], [9] [78] described in section to the so-
called two temperature model (2TM). The 2TM model was originally derived by
Kaganov et al.[T5] in 1957, basically it describes the energy transfer between the
electron and phonon baths. The system is artificially separated into spin, electron
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2.5 Modelling ultrafast magnetization dynamics

and phonon degrees of freedom which are considered thermalized, i.e. in quasi-
equilibrium. A detailed discussion about the 2TM can be found in Ref.[140]. The
2TM is given by the following two coupled differential equations:

dTe Te - Troom
C.— = _Ge—ph (Te — Tph) + S(t) — Ce—( ),
dt Tth
dT,
Cop—® = Gempn (Te = Ti) (2.25)

where T, is the electron’s temperature, T}, is the phonon’s temperature, T;oom
is the room temperature, C, and Cp, are the specific heats of the electrons and
lattice, G._,p is an electron-phonon coupling constant which determines the rate
of the energy exchange between the electrons and the lattice, 7,, is the heat
diffusion time to the outer space and S(t) is the deposited laser energy. The
electronic specific heat C, is calculated in the free electron approximation C, =
vel. where 7, is a constant. The heat diffusion time to the outer space 7, is
determined by the slow decay on long term behaviour. Usually, 7}, is higher than
the Debye temperature, in this case one can assume that the phonon specific heat
Cypp, is a constant. For thin films the deposited laser energy S(t) can be modelled
as o

S(t) = LyFe (%) (2.26)

where F' is the fluence, I is a parameter that can be estimated from the exper-
imental reflectivity and 7 is the pulse length, typically it has a value of 7 = 40
fs.

2.5 Modelling ultrafast magnetization dynam-
ics

The Landau-Lifshitz-Bloch (LLB) equation gives a more accurate description of
the high-temperature magnetism than the classical micromagnetism. [35],06] Due
to the appearance of novel high-temperature magnetic applications the use of the
LLB-based micromagnetism is progressively becoming more popular. Particu-
larly, in the field of femtosecond optomagnetism, [86] where a sub-ps demagneti-
zation can be induced by the ultrafast heating produced by a femtosecond laser
pulse,[I15] the LLB equation has recommended itself as an useful approach. This
is because it correctly describes the longitudinal magnetization relaxation in the
strong internal exchange field, the key property of the magnetization dynamics at
the timescale below 1 ps. [6l [0 [144] Although the same characteristics have been
proven to be reproduced by atomistic many-body approach, [7§] the use of the
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2. MODELING METHODOLOGY

LLB micromagnetism for modeling purposes has some advantages: (i) the pos-
sibility to perform large scale modeling, for example, thermally-induced domain
wall motion in much larger nanostructures [65] and (ii) analytical derivation of,
for instance, the domain wall mobility [47] or the demagnetization time scales.
[6], 10]

In order to model ultrafast magnetization dynamics we consider that the en-
ergy deposited by the femtosecond laser pulse S(t) is absorbed by the electron
bath and then this energy is transferred to the phonon bath through the electron-
phonon coupling G._p,. Moreover, we assume that in these short time scales the
spin system is only coupled to the electron bath, namely the general coupling
to the bath parameter A which appears in the spin equation of motion (micro-
magnetic LLB equation or ASD) is refereed to the electron bath and then all
temperature-parameters depend on 7, it means, the electronic temperature ex-
tracted from the 2TM is the temperature to which the spin equation of motion
is coupled. Fig. a) shows a schematic representation of the relation between
light, electron, phonon and spin that we consider in our model. As an example, in
Fig. b) we show the dynamics of the magnetization, electron temperature and
phonon temperature obtained by the numerical integration of the non-stochastic
LLB equation for one macrospin coupled to the 2TM, the value of the parameters
that we used in this example are given by the set I in Table for a fluence of
20 mJ/cm?.
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Figure 2.4: a) Schematic representation of the relation between light, electrons,
phonons and spins that we consider in our model of the ultrafast magnetization
dynamics. b) Dynamics of the magnetization, electron temperature and phonon
temperature obtained by the numerical integration of the LLB equation coupled
to the 2TM.
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2.6 Alternative models

2.6 Alternative models

2.6.1 Macroscopic three temperature model

The macroscopic three temperature model (M3TM), [88], [120] has also been suc-
cessfully used in the description of femtomagnetism experiments. The M3TM
assumes a collection of two level spin systems with the spin-flip probability of the
phonon-mediated Elliot-Yafet (EY) scattering events ag, and uses a simple self-

consistent Weiss mean-field model to evaluate the macroscopic magnetization.
The M3TM model reads

d T, Te
d—?:Rm ;h {1—mcoth (mT )] (2.27)

where R is a material specific parameter linearly proportional to the spin-flip
probability and it reads

R— 8astefpthT52Vat

(Hat/ 1) ED,

where Ep is the Debye energy and V,; is the atomic volume. Eq. is
coupled to the 2TM. In the resulting system, importantly, the energy separa-
tion between levels is determined by a dynamical exchange interaction, similar
to the LLB equation, which can be interpreted as a feedback effect to allow the
correct account for the high temperature spin fluctuations. [109] This considera~
tion turns out to be a fundamental ingredient for the description of the ultrafast
demagnetization in ferromagnets which suggests that the correct account for non-
equilibrium thermodynamics is probably more important than the accurate band
structure.

(2.28)

2.6.2 Self-consistent Bloch equation

More recently, an alternative model to the M3TM and the LLB models, the so-
called self-consistent Bloch (SCB) equation[I52] has been suggested. The SCB
equation uses a quantum kinetic approach with the instantaneous local equilib-
rium approximation[39] and the MFA, the resulting equation is given by

dm m — meq(HSCB)

—_— = — H — 2.29
i ym X FlgcB . ) ( )

where 7, represents the scattering life time of electron spins, m,, is the equilibrium
magnetization which is determined self-consistently and Hgcg is the effective field
given by

Hsep = H+ Ha + Hy + Jom, (2.30)
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2. MODELING METHODOLOGY

where the meaning of these terms is the same as those introduced in previous
sections. If we compare the effective field of the SCB (Eq. (2.30)) and LLB (Eq.
(2.16))) equations we observe that the internal exchange field (last term in both
expressions) in the SCB equation has a simpler form than in the LLB equation.
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3

Quantum Landau-Lifshitz-Bloch
equation for ferromagnets

3.1 Introduction

The Landau-Lifshitz-Bloch (LLB) equation gives a more accurate description of
the high-temperature magnetism than the classical micromagnetism. [35,[96] Due
to the appearance of novel high-temperature magnetic applications the use of the
LLB-based micromagnetism is progressively becoming more popular. The LLB
formalism has been successfully used to model the heat-assisted magnetic record-
ing, [82, 104] high-temperature spin-torque dynamics, [126] spin-caloritronics [65]
and laser-induced magnetization dynamics. [9 144] Apart from their fundamen-
tal interest, these applications are very appealing from technological perspectives
that range from energy saving strategies to the increase of the speed of the magne-
tization switching. Particularly, in the field of femtosecond optomagnetism, [S6]
where a sub-ps demagnetization can be induced by the ultrafast heating produced
by a femtosecond laser pulse,[I15] the LLB equation has recommended itself as
an useful approach. This is because it correctly describes the longitudinal mag-
netization relaxation in the strong internal exchange field, the key property of
the magnetization dynamics at the timescale below 1 ps. [0, 9] [144] Although the
same characteristics have been proven to be reproduced by atomistic many-body
approach, [78] the use of the LLB micromagnetism for modeling purposes has
some advantages: (i) the possibility to perform large scale modeling, for exam-
ple, thermally-induced domain wall motion in much larger nanostructures [65]
and (ii) analytical derivation of, for instance, the domain wall mobility [47] or the
demagnetization time scales. [6] [10]

Up to now, most of works used the classical version of the LLB equation which
was derived starting from a Heisenberg spin model and the Landau-Lifshitz equa-
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tion for classical atomic spins. [49] This has made the classical LLB approach
very popular since a direct comparison between the LLB and the atomistic simu-
lations is therefore possible. [35] [78] However, the classical atomistic simulations
mean effectively localized magnetic moments and correspond to the infinite spin
number S — co. As a consequence, the magnetization versus temperature curve
follows a Langevin function rather than the Brillouin function which has been
shown to fit better for ferromagnetic metals,[37] such as Ni and Co with S = 1/2,
Fe with S = 3/2 and Gd with S = 7/2. In principle, the classical approxima-
tion seems hard to justify in the magnetic materials commonly used for ultrafast
magnetization dynamics measurements, such as ferromagnetic metals, because
of the delocalized nature of the relevant electrons responsible for the magnetic
properties. However, recent works which compare laser-induced magnetization
dynamics experiments in metals with atomistic spin models[70, 115, 144] as well
as with their macroscopic counterpart - the classical LLB model[6, 144]- have
proven that both models are very successful in the description and understand-
ing of this phenomenon.

The qLLB equation has been barely investigated for numerical purposes. One
of the reasons is the fact that the derivation has been made for the spin-phonon
interaction mechanism which historically has been thought as the main contri-
bution to the magnetization damping. This mechanism is important for ps-ns
applications at high temperatures such as spincaloritronics. Recent experiment
also explore the possibility to excite magnetization dynamics by acoustic pulses in
picosecond range [125] (THz excitation) where the phonon mechanism is the pre-
dominant one.[83] However, it is believed that for the laser-induced magnetization
dynamics the spin-flips occur mainly due to the electron scattering, its relevance
may be marginal. Thus, in this chapter we also derive a novel qLLB equation by
considering a simple spin-electron interaction as a source for magnetic relaxation.

3.2 Theoretical background for the quantum
Landau-Lifshitz-Bloch equation

3.2.1 Basic assumptions for the qLLB equation with spin-
phonon interaction

For completeness and for subsequent development, in this subsection we summa-
rize the main aspects and approximations of the derivation of the qLLB equation.
The original derivation of the qLLB equation[47] was done assuming a magnetic
ion interacting weakly with a thermal phonon bath via direct and the second
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order (Raman) spin-phonon processes. The ferromagnetic interactions are taken
into account in the mean-field approximation (MFA). The model Hamiltonian is
written as:

H(t) = H(t) + Hon + Viph, (3.1)

where H, describes the spin system energy, J:Cph describes the phonon energy,

~

Vi-pr describes the spin-phonon interaction:

Ho(t) = —p-HY (1) = yHY™ (1) -8,
Hon = Y hwydl,, (3.2)
q
Vi = =D _Valn S){al+a-q) = 3 Voa(n - S)afa.
q P
In the expressions above i = —7S is the magnetic moment operator, S is the

spin operator, v = |g|up/h is the gyromagnetic ratio where g is the Landé g-
factor, up is the Bohr magneton and A is the reduced Planck constant, &:5 (aq)
is the creation (annihilation) operator which creates (annihilates) a phonon with

frequency w, where ¢ stands for the wave vector k and the phonon polarization.
The vector HYF is an effective field in the MFA given by

A (1) = Hp(t) + H(t) + Hy = /;]—Om(t) +h(t), (3.3)
at

where Hg(t) = (Jo/par)m(t) is the homogeneous part of the exchange field,
Jo is the exchange parameter related in the MFA to the Curie temperature T,
as Jo = 3kpT.S/(S + 1), par = |g|ppS is the atomic magnetic moment, m(t) =
(fu(t))/pat = —(S(t))/(hS) is the reduced magnetization and h = H+Hp, where
H is the external magnetic field and Hg represents the anisotropy field. Note
that the original derivation[47] uses the two-site (exchange) anisotropy, since the
treatment of the on-site anisotropy with a simple decoupling scheme, used below
and suitable for the exchange interactions does not produce a correct temperature
dependence for the anisotropy. [16] However, the on-site anisotropy can be later
phenomenologically included into the consideration. [49, [78] Additionally, the
inhomogeneous exchange field, o< (Jy/pas) Am, may be either taken into account
here or lately phenomenologically within the micromagnetic approach. [78]

The first term in the spin-phonon interaction potential th in Eq. takes
into account the direct spin-phonon scattering processes which are characterized
by the amplitude V,, and the second term describes the Raman processes with
amplitudes V}, ;. The interaction may be anisotropic via the crystal field, which
is taken into account through the parameter m. The spin-phonon scattering
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amplitudes V, and V,,, can be in principle evaluated on the basis of the ab-
initio electronic structure theory. Note that the interaction between spin and
phonons considered in the Hamiltonian is one of the simplest possible forms,
which has a linear (in the spin variable) coupling between spin and phonons.
Based on the time reversal symmetry argument, it has been discussed[48] that a
quadratic spin-phonon coupling may be more physically justified. Nevertheless, it
has been demonstrated that Eq. is adequate to describe the main qualitative
properties of the spin dynamics.

Notice that in the original derivation [47] the definitions of H, and m have
the opposite sign than here, as consequence in the original derivation the time
was reversed in order to obtain the correct final equation of motion. Here we use
a more standard definitions of H, and m where there is no need to reverse time,
therefore here some intermediate equations in the derivation could be different as
in Ref. [47] but the same final magnetization equation of motion is obtained.

The derivation of the qLLB equation [47] is based on a standard density matrix
approach[25] [50] for a system interacting weakly with a bath. Namely, starting
from the Schrodinger equation one can obtain a Liouville equation for the time
evolution of the density operator p = |¥)(W¥|, where |¥) is the wave function
of the whole system (spin and phonons). Next, the interactions with the bath
are assumed to be small so that they can not cause a significant entanglement
between both systems, this allows to factorize the density operator p. Moreover, it
is assumed that the bath is in thermal equilibrium (quasi-equilibrium) therefore,
the density operator can be factorized by its spin and bath parts as p(t) = ps(t) ",
and after averaging over the bath variable one obtains the following equation of
motion for the spin density operator p[50] (see Appendix

d (P ~

G5u) = =3 [300.0.0] - G0 (377 [Temt. 200557 ) T00)

~

— Uo(t) (% /Ot dt'Try [Vs-ph(t)f, [Vs-ph(t,)bﬁs(t/)lﬁzq”) T ()(3.4)

where Tr, is the trace over the bath variable, Viu(t); = Ul(t)VipmUo(t),
Ug(t) = Ugys(t)ﬁ()’b(t) is the time evolution operator in the absence of interaction,
Up.s(t) and Uy, (t) are the time evolution operators in the absence of interaction
of the spin system and bath, respectively, ps(t'); = Ugﬂs(t’)ﬁsﬁo,s(t’), ps(t) is writ-
ten in terms of the Hubbard operators X™ = |m)(n| (where |m) and |n) are
eigenvectors of 5‘2, corresponding to the eigenstates m h and n h, respectively),
as

ps(t) = pemn(HX™, (3.5)
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where pgmn(t) = (m|ps(t)|n). Next, the following approximations are made: (i)
the Markov or short memory approximation assuming that the interactions of the
spins with the phonon bath are faster than the spin interactions themselves, this
approximation means that in Eq. the ”coarse-grained” derivative is taken
over time intervals At which are longer than the correlation time of the bath 7,
(At > 7,) and, (ii) secular approximation, where only the resonant secular terms
are retained, which consists in neglecting fast oscillating terms in Eq. . It
forces the time interval to be[25] At > h/(E,, — E,) where E,,) is an eigenvalue
of H,. For a ferromagnetic material with a strong exchange field Hg we have
E,, — E, ~ hyHg, therefore, for the Curie temperature 7. ~ 800 K we obtain
At > 1/yHg ~ 10 fs. Note that a different argument based on the scaling
of the perturbation Hamiltonian (singular-coupling limit) can be found in Ref.
[26]. We should note that the validity of the above approximations for ultrafast
magnetization processes may be questionable and should be checked in future on
the basis of comparison with experiments. Note that similar studies for electronic
coherence life time in molecular aggregates have found that the influence of the
secular approximation in fs timescale is rather weak.[I14] At the same time, the
elimination of the secular approximation may be necessary for THz excitation of
the spin system. On the other hand, if the Markov approximation is removed,
it would meant an effective use of the colored noise. Our previous results [7]
indicate that the use of the colored noise with correlation time larger than 10 fs
considerably slows down the magnetization longitudinal relaxation time leading
to time scales not consistent with those observed in experiments.

As a result of these assumptions, one arrives to the equation for the Hubbard
operators in the Heisenberg representation[47](see Appendix

%Xm"(t) ~ iy HMA(1) (m — n) X (t) — WP (m — n)? X (1)

1~ R
= W (o e (0 + 1) X ()

oW (zmzn)zmm“(t) + e_yolm_lln_lffm_l’"_l(t)> (3.6)

where WP' = p2WP" and W = %th(ng +n2), yo = B hyHMA I, =

V(S —m)(S+1+m), B=1/kgT,

W = Voal*np(ng + 1)md(w, —wp) (3.7)

q7p
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weh = Z Val?(ng + Do (w, — yHM)
q
+ Z Vi 21p (g + 1) 78 (wy — wp — yHM™), (3.8)
a.p
and n, = [exp(Bhw,) — 1]7* is the Bose-Einstein distribution. Using Eq. ({3.6))
and the relation between the spin operators 5%, ST = 5% £45Y and the Hubbard
operators given by

S—1 S-1
SH- — 5K Z lme—f—l,m : Sv— —h Z lme’m+1,

m=—S m=—S
s
S*=h Y mXxmm (3.9)
m=—3S

one obtains a set of coupled equations of motion for the spin component operators
which after averaging becomes

(5°0) = FyHNN($H) — (KT 4 KY)(S)

dt
Ko ) a A
+ X tanh (%) (§e) G% 4 §=Grw)) (3.10)
d Sz\ ph 1 Gz 2 ph Yo G2 Ay 2
8 == 2 KPS - 2K tanh(;) (87)2 + (8¥)%)  (3.11)
where
KM = W (3.12)
1 —~
K§' = S (+e)wit (3.13)

The decoupling of the Eqs. (3.10) and (3.11) is produced only in three special
cases:[47] (i) for S = 1/2 where one gets the Bloch equation, also called self-

consistent Bloch equation in Ref. [152] (also see below the subsection I1.D) (ii) at
high temperatures (kgT > hyHM) where a different form of the Bloch equation
is obtained and (iii) the classical (S > 1) and low-temperature limits (kg7 <
hry HMFA) where one obtains the Landau-Lifshitz-Gilbert equation (LLG). For the
general case where the decoupling is not possible one can use the method of the
modeling distribution functions, [53] assuming a suitable form for the spin density
operator as follows

A s
ps(t) = Z T exp [y(t)TS] , 2= Z exp [ym)] (3.14)

m=—=S
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equation

where y(t) is an auxiliary dimensionless time-dependent function and its equilib-
rium value is yo = SyAHM™ = BuHM™ S It is possible to show [47] that
y(t) is related to the time-dependent reduced magnetization m(t) = —(S(t))/hS
as

~—

y(t

m(t) = Bs(Su(t) 1. (3.15)

where Bg(x) = [(25+1)/25] coth([25 + 1]z /25) — (1/2S) coth(x/2S) is the Bril-
louin function for the spin value S. The spin operator averages in Eqs. ((3.10))
and are calculated using the density matrix of the spin system given by
Eq. (B.14) as (5°) = Tr(p,S%) and so on. Finally, after these calculations
the Egs. and have the following form in terms of the reduced

magnetization [47]

dm o tanh (2) (2(S + 1) tanh (%) m X (m x h)
— = —mX h — K2 m -1 7 MFA
dt tanh (5) m mH
o (1o tanh (%0) m - HMFA m
2 tanh (%) m HMFA
L e | (m x h)? (m - HMFA)m X (m x h)
+ (K3 - K7) [(mHMFA)Qm (mHMFA)?2 ; (3.16)

where y is defined through the relation Eq. (3.15). In Fig[3.1]we show the relation
between the vectors m, Hg, y, h, HY™ and Y, at instant ¢.

3.2.2 Final form of the qLLB equation

Eq. is not convenient for numerical modeling or analytical considerations,
since at each time step Eq. should be solved to find the variable y(¢) from
m(t). To avoid this issue, we have to make further approximations, for instance,
one can use that in ferromagnets the exchange field is strong, Hg > h in which
case h/Hp is a small parameter. Thus, in Eq. only the terms linear in this
parameter are retained. This assumption is valid both below T, (where always
Hg > h) and close to T, where we can use the expansion Hg =~ (Jo/ftat) (Mme+X) 1),

" un - (%) (317)

!'Notice that for numerical purposes where p4; is an effective magnetic moment (i.e. it
doesn’t depends on S) the expression yg = BuatHMFA/S must be used instead of yg =
ByhRHMA,
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V4 Yo(t)
HMEA (1) 40
Hp(t)
m(t)
()
X 0 Y

Figure 3.1: Schematic diagram illustrating the relation between the reduced mag-
netization m and the vectors Hpg, y, h, HMFA and yo at instant ¢ in a non-
equilibrium state.

is the reduced linear magnetic susceptibility. Since close to T, the susceptibility is
large, Hg > h for not too strong external magnetic fields. Further simplification
in Eq. is obtained using the fact that in stationary dynamic processes y
is close to the internal magnetic field direction, (|y — yo| < v).[47] With these
simplifications Eq. is reduced to the qLLB equation in the form

dm m - H, m x (m x H,
— = —vmXHeg+ 'Yall—ﬁm —yaL ( ff),
dt m? m?
(3.18)
where Heg is the effective field given by
H L™ Y mth T, (3.19)
o = — — — | m s c .
' 2X) m?
where m. = Bg(BJym.) is the equilibrium magnetization for h = 0. The

longitudinal susceptibility X|| can be evaluated in the MFA at T' < T, as
X| = HaBBs/(1 — BBgJy) where By(x) = dBg/dx is evaluated at the equi-
librium By = Bg(8Jome). The parameters o and o in Eq. are the
so-called longitudinal and transverse damping parameters, respectively. In the
present article we express them in a form which is suitable for the comparison

with the classical LLB equation. Below T, the damping parameters are written
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3.2 Theoretical background for the quantum Landau-Lifshitz-Bloch

equation
as
o = Ag Sms% (3.20)
ar = A %—%(1—%)], (3.21)
where ¢, = 3T.m./(2(S + 1)T) and
A= th(S;f D VZ:T. (3.22)

Note that the obtained macroscopic equation has a form similar to the di-
mensionless Landau-Lifshitz equation, and the damping parameters here are di-
mensionless as the damping in the LLG equation (corresponding to the Gilbert
damping parameter). The relation of the LLB equation to the LLG equation has
sense only far from the Curie temperature, as was discussed in Ref. [0].

In Eq. (3.18) all terms are linear in parameter h/Hy. Consequently, in Eqs.
(3.20)-(3.22) the field HM™ in K?" and K3" can be evaluated at the equilib-
rium. Note that for S — oo and K™ = K" Eqs. and turns
to the damping expressions in the classical LLB equation. [49] This allows us
to conclude that A\ represents the intrinsic (Gilbert) damping (coupling to the
bath) parameter used in the many-spin atomistic approach. Eq. therefore
relates the microscopic damping and the scattering probabilities through Eqgs.

(13-7),(3-8)),(3-12)),(3.13). The temperature dependence of the intrinsic damping is

discussed in section III.

Close to T, the effective field used in Eq. and given by Eq. is

not very convenient for numerical calculations since m, — 0 and X — oco. To

solve this issue we expand the Brillouin function up to the third order in small

parameter x = BJym.: Bs(z) ~ ax/3 — bx®/45 and its derivative as By(r) ~

a/3 — bxr?/15 where a = (S +1)/S and b= ([2S + 1]* — 1)/(25)*. Thus,
2 94As ~ fat B Bg . Hat l

m, =~ €

¢T3 XTI BBLT, g 26

(3.23)

where A, = 2(S + 1)2/([S + 1> + S?) and € = (T. — T)/T. is small close to T..
Eq. (3.19) can be rewritten as
Jo

3m?
Hy — - h, 1. 3.24
& o (e BAS) m + le| < ( )

Above T, we also re-write the effective field in terms of the longitudinal suscep-
tibility at 7" > T, i.e., X = ptatTc/[Jo(T — T;)]. This equation is obtained from
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Eq. (3.23) and the well-known property[154] of the susceptibility close to T,
2X|r<1.(€) = X|,r>1.(—€). Thus, above T, the effective field is written as

1 (1 3T.m?

Hy = —— (14—
ff X 5A,(T —T.)

T,
h , > 1. 3.25
Jmen (3.25)
Note that although X is divergent at 7. as corresponds to the second-order phase
transition, the internal fields are the same for any 7. — ¢ and 7, 4 ¢ insuring that
under the integration of the Eq. (3.18)), m(#) rests continuous through the critical
point, as it should be.

On the other hand, in the region just above T., ¢, = 0 and K*" = K" (see
section III), so that the damping parameters become approximately the same and
equal to

2T 2T T,

a“:)\ﬁ, aL:)\BT 1+ 0O(e)], T

> 1 (3.26)

where the dependence on the spin value S is included implicitly through A [see
Eq. (822)]. For S — oo and high temperatures where K*" = K" the classical
LLB equation above T, is again recovered.

3.2.3 The qLLB equation for the electron-”impurity”
scattering

In this section we derive the qLLB equation for a very simple model for the
spin-electron interaction Hamiltonian - the electron-"impurity” scattering model
proposed by B. Koopmans et al. in Ref. [89] and F. Dalla Longa in Ref. [97] for
the laser induced magnetization dynamics. The model assumes an instantaneous
thermalization of the optically excited electrons to the Fermi-Dirac distribution.
The Hamiltonian considered here consists of a spin system which weakly interacts
with a spinless electron bath and it reads

F(t) = F () + . + Vi, (3.27)

where J:CS is the energy of the spin system, J:Ce stands for the electron bath energy
and V,_. describes the spin-electron interaction energy,

Ho(t) = +yH" ()-8, (3.28)

He = > (ac— 1), (3.29)
k

Vie = 3 Viae(ST+97)d 0. (3.30)
k. k’
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equation

Here ¢ (¢y) is the creation (annihilation) operator which creates (annihilates) an

electron with momentum k, ¢, = h*k?/(2m,;), u is the chemical potential, m; is
the electron mass, Vi o describes the scattering amplitude. The vector HMFA is
given by Eq. . Note that we have chosen for the spin-electron interaction the
minimal model that can capture the main features of the physics involved in the
magnetization dynamics. In a slightly more sophisticated approach the electron-
phonon scattering may be also included, leading to the two-temperature model.
[88] More rigorous approach, the sp-d model, allows the description of the ultra-
fast magnetization dynamics in magnetic semiconductors[38] and ferromagnetic
metals. [57, [10T]

Following the same procedure as in the spin-phonon scattering model, we

obtain (see Appendix

SR i HYEAE) (m ) X0

1~ .
WS (B B+ e+ ) X (0)

+ W;l (lmlnXm+1,n+l(t>+e—yolm_lln_le—l,n—l(t)> (331)

where Wl = 2We¢! and!

el _ 201 — TV [~ FMPA _ kT K 39
w; ﬂg;H@H( )7 | — . (332)

where 71, = [exp(S(e, — 1))+ 1] is the Fermi-Dirac distribution. Comparing Eq.
and Eq. we can see that this mechanism leads to the same formal
form for the qLLB equation but with n, = n, = 0, n, = 2 and W2 " replaced by
Ws!. We notice that since 7, = 0 we have K¢ = Wfl = n,Wg = 0, and the
damping parameters below 7, are given by

0T 2,

“a = ABTC sinh (2¢;) (3:33)
tanh(qs) 2T

= AN|———. .34

" [ qs 3TJ (33

Differently to the isotropic spin-phonon scattering qLLB equation, considered
above, for the electron-"impurity” scattering qLLB equation in the region just

n our paper Ref. [I13] there is an errata in the equation equivalent to Eq. (3.32)) and as
consequence there are incorrect results in temperature dependence analysis of the relaxation
parameters for the electron scattering mechanism. In this thesis we have corrected these erratas.
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above T, the damping parameters are not approximately the same, i.e.,

2T T T
o = A=, aL = A= [14+0(e)], T—7

1. .
3T, 3T, > (3:35)

Note that this is a consequence of the fact that the model assumes an
anisotropic scattering. In the qLLB model with anisotropic phonon’s scattering,
defined by 1, =1, = 0 and 7, = 2 we obtain the same formal result.

We should point out that the temperature in the qLLB equation for the
electron-"impurity” scattering corresponds to the electron bath temperature
while for the spin-phonon scattering corresponds to the phonon bath temper-
ature. Therefore, these results validate the coupling of the qLLB equation to the
electron bath temperature in the modeling of ultrafast laser induced magnetiza-
tion dynamics.

3.2.4 The special case with S =1/2.

In the case of S = 1/2 we can get more simple forms of the qLLB equa-
tion. Indeed, in this case m(t) = Bi(y(t)/2) = tanh(y(t)/2) and m(t) =
Bi2(yo(t)/2) = tanh(yo(t)/2). Moreover, Eq. can be further simplified
assuming a strong exchange field (Hg > h) which implies

% _ HO([H%D’ (3.36)
(m x HMFNH2 = O ([H%r) : (3.37)

and using the vectorial relation a x (b x ¢) = b(a-c) — c(a-b), Eq. (3.16)
becomes

dm

dt

— —ym x h — (K" + K?"Ym + {2}(5’1 + (KP" — th)mﬂ} my, (3.38)
0

where my = tanh(yo/2)HMFA / HMFA and KP" KP" can be evaluated at equilib-
rium. In two special cases: (a) when K”* = K" or (b) for longitudinal processes

only, i.e. for collinear m, my, and HMF this equation can be further simplified.

In both cases the Eq. (3.38)) becomes

d _
m:—fymxh—m m

- - -0 3.39
dt T ( )
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3.3 Temperature dependence of the relaxation parameters

where 7, = 1/(2K%") and the precessional term is zero for the case (b). Eq. (8.39)
in Ref. [I52] was called the self-consistent Bloch (SCB) equation.
For the case (b) of a pure longitudinal dynamics the Eq. (3.38) becomes

Yo
dm _ m | tanh (%)) (3.40)
dt Te tanh (%)

Assuming as before that in dynamical processes the deviations between y and yq
are small i.e. |y — yo| < y we approximate

B tanh (%0) B tanh (%)
tanh (%) ~ tanh (%")

and replacing Eq. (3.41)) in Eq. (3.40) one gets

(ii_ntl = % [1 — mcoth (%)] : (3.42)

—1+0([y — wol*), (3.41)

We notice that for the case of strong exchange field (|Hg| > |h|) and S = 1/2
we can write yo/2 ~ 5y hHg/2 = mT,/T. Eq. is the same as used in the
M3TM model,[88] in which case 7; is related to concrete Elliott-Yafet scattering
mechanism.

3.3 Temperature dependence of the relaxation
parameters

The two main parameters which define the properties of the macroscopic magne-
tization dynamics can be obtained by linearisation of the LLB equation. Namely,
they are the longitudinal relaxation time

==L (3.43)
Al
and the transverse relaxation time 7, i.e. the characteristic time taken by the
transverse component of magnetization to relax to the effective field h including
the external field and the anisotropy contributions

Me
T1

= e (3.44)

The corresponding transverse relaxation term of Eq. (3.18]) below 7, may be put
in the more common form of the macroscopic LLG equation. For this instead of
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the normalization of magnetisaion to the total spin polarisation, one should use
its normalisation to the saturation magnetization value, i.e. M.(T"). The resulting
equation is the same LLB one[6] but with a different damping parameters, called
here ar¢. This allows to link the transverse magnetization dynamics described
by the LLB equation with the macroscopic (Gilbert-like) temperature-dependent
damping

o

T o ang = — (3.45)

Note that while both o) and a; are continuous through T, the parameters 7 and
apLc diverge at T, corresponding to the critical behavior at the phase transition.
Next we consider some limiting cases for these characteristic parameters, for
relatively low temperatures and temperatures close to T..

3.3.1 Longitudinal relaxation time

The longitudinal relaxation time fundamentally depends on the longitudinal sus-
ceptibility, x) and the longitudinal damping parameter, a. For the longitudinal
susceptibility, using the expansions of the Brillouin function in the corresponding
temperature regimes, we obtain

o HES 7 omin(T
T—SQG < mln(TC, g),
T (S+1 T
i” ~ Hat g()gjp 1() S ) S < T <K Tc; (3 46)
- + T Te ’
kpTe 65 (1.—-1) TooT = 1,
S+ _T. T
3S (T-Tv) T-T. > L.

Note that the region 7" < min(T, %) does not allow the transition to the classical
case (S — oo). This transition takes place only in the region 7./S < T < T,
the latter condition can be satisfied for S > 1 only. This means that for a
given spin S > 1 the quantum case becomes approximately the classical one
only at temperatures 7' > T./S (or more exactly T' > 3T.m./2S), this result
is obtained from the analysis of the conditions in which the Brillouin function
becomes approximately the Langevin one. Using Eqs. and the asymptotic
behavior of | in the limiting cases, the longitudinal relaxation time in the limiting

cases is given by:

Lo T < min(T,, &),
1 S T T,
o S+1 5[1+(5—+1)TJ L <«<T<«T, (347
Te T :
27>\kBTC S Q(TC_T) TC_T >> 1’

T T
G > 1.

T_Tc T—TC
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3.3 Temperature dependence of the relaxation parameters

Note that our results are in agreement with the well-known relation, proposed
by Koopmans et al. [88] that the ultrafast demagnetization time scales with the
ratio pa/T.. As we pointed out elsewhere, [6] the complete expression involves
also the internal coupling to the bath parameter A\, defined by the scattering rate.
The two last lines in Eq. describe the effect of the critical slowing down
near the critical temperature. Furthermore, the relaxation time decreases with
the increase of the quantum number S. Note also that the longitudinal relaxation
time is twice larger above T, than below T..

S

0.0 btk 1 1 1
00 02 04 06 08 10 12 14 16 18
TIT,

Figure 3.2: Longitudinal relaxation time (Eq. ) versus temperature using
constant A = 0.02, T, = 650 K and e = 0.5up in the three spin cases with
S=1/2,5=9/2and S = co. The case S = oo is done by taking the limit S — oo
in Eq. , which is equivalent to the classical LLB equation.

Normally in the atomistic simulations one uses a constant in temperature
coupling to the bath parameter A\ =const. This gives the behaviour for the
longitudinal relaxation time that we show in Fig. for the two limiting cases
S =1/2 and S = 0o and an intermediate case S = 9/2. In the whole range of
parameters the longitudinal relaxation slows down with the decrease of the spin
value S. For a finite spin number S we observe a divergence of the relaxation time
at low temperatures which does not happen for S = oco. The intermediate case
S = 9/2 interpolates between a completely quantum case and a classical case.
In this case, all asymptotic behaviors, described by Egs. are observed,
the longitudinal relaxation time diverges at low temperatures (as in the quantum
case), is almost constant in the intermediate region (as in the classical case) and
again diverges approaching to T..

The divergence of the longitudinal relaxation time at low temperatures seems
to be unphysical although it may be attributed to the freezing of the bath de-
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grees of freedom and therefore, impossibility to absorb the energy from the spin
system. One should note, however, that taking into account concrete physical
mechanisms, the internal damping parameter A becomes temperature-dependent
via Eq. .

In Fig. we present the longitudinal relaxation time as a function of the
temperature in constant applied field for the two limiting cases S = 1/2 and
S = 00. The longitudinal relaxation time was evaluated by direct integration of
the qLLB equation with initial conditions mg — m, = 0.1m.. The longitudinal
relaxation time is smaller in the classical case than for the quantum one and, as
expected, the maximum is displaced for larger values at larger fields. At T ~ T

the longitudinal relaxation time follows the expression

5 At
T)(H, T =Tp) = —=sHat_ mH:(

5Au g H\Y?
= = 20t ) (3.48)
6”7>\J0mH

3Jo

where my is the field-induced equilibrium magnetization at T,.. Therefore, unlike
the statement of Ref. [I52], the in-field longitudinal relaxation time, calculated

with LLB, does not present any divergence at the Curie temperature.

25 T T T
X S=12 S=w
20+ [ H=1T —e— —a— |
J H=3T —o— —o—
151 | 1
0 |
~ |
= 10} .
I
1
5t ; .
|
|
|
0 1 1
0.90 0.95 1.00 1.05 1.10

AR

Figure 3.3: The in-field longitudinal relaxation time calculated via direct integra-
tion of the qLLB equation with small deviation from the equilibrium. The following
parameters are used T, = 650 K, pat = 0.5u5, A = 0.02 and zero anisotropy con-
stant
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3.3 Temperature dependence of the relaxation parameters

3.3.2 Transverse LLG-like damping parameter

For the transverse damping we obtain the following limits

3 <25 + %) T < min(T,, %),
arre = A [1—%—%(1—%)} L<T<T, (3.49)
K T, T.
(1 + K_;> 15A5(T.—T) o7 > L

The temperature dependence of the LLG damping parameter for a constant
value of A and K| = K is presented in Fig. for the two limiting cases S = 1/2
and S = oo and the intermediate case S = 9/2. In this case the transverse
damping parameter tends to a constant value in the classical case and to a zero
value in the quantum case. The transverse relaxation also becomes faster with the
increase of the spin number. For simplicity, we have used A =const and K; = K
in Fig. [3.4 but, as we have seen before, the quantities K7, K3 and A depend on
the particular scattering mechanism. Next we study the same limits but taking

into account the scattering mechanisms, considered here.

0.10 . . ; ;
—=—S=1/2 u
0.08 $=9/2
—a— S=c0

0.06

GLLG

0.04

0.02

0.00
0.0 0.2 0.4 0.6 0.8 1.0

TIT

C

Figure 3.4: LLG damping (Eq. (3.45)) versus temperature using K1 = Ko,
constant A = 0.02, T, = 650 K and g = 0.5up for the three spin cases S = 1/2,
S =9/2 and S = oco. The case S = oo is done by taking the limit S — oo in Eq.
, which is equivalent to the classical case.
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3.3.3 Relaxation parameters with temperature-
dependent internal scattering mechanisms

3.3.3.1 Scattering via phonons

For the spin-phonon scattering we can evaluate Wf " and Wf " in BEgs. (3.7), (3-9)
using spin-phonon couplings of the type[48] 52]

01w, V%W
Vq — ? M y qu - 02]\/[—02 (350)

where 6; and 6, are constants, M is the unit cell mass and c¢ is the speed of sound
in the material. The evaluation of K*" and K?" in Eqs. (3.12), (3.13) gives the
following result for the isotropic case (n, =1, =1, = 1) (see Appendix |C)

K" <« KM ~const kT < kpTp < hyHMFA (3.51)
th =~ th x T? ) h’YHMFA < kpTp < kT (3.52)
where T is the Debye temperature. Using Eqs. (C.1), (C.2)) in Eq. (3.22) we

obtain

L kT < kgTp < by HMFA
)\phoc{T Bl < Fplp < YHT, (3.53)

T h’}/HMFA < kBTD < kBT

Therefore, if we take into account the temperature dependence of K¥ h, K. g" and
Apn, for the phonon scattering mechanism in Eqgs. (3.47) and (3.49) we obtain

const T < min(T,, %), kgT < kgTp < hyHM™
Tiph < § T L« T <T,, kT < kgTp < hyHM™A (3.54)
e B <1, M < kpTh < kT,
and
const T < min(T,, %) , kgT < kgTp < hyHM™,
appapn X {7 L <« T<T,., kpT < kpTp < hyHM™A (3.55)
= g > 1, iy M < kpTp < kpT.

We observe that in the case of a pure phonon mechanism, the longitudinal
relaxation time does not diverge at low temperatures. On the other hand, at
elevated temperatures the longitudinal magnetization dynamics is slowed down,
since close to T, it is dominated by the divergence of x| [see Eq. ] rather than
by the longitudinal damping parameter, a; oc 7'+ O(e). However, since Tt
arLc we see that at high temperature the transverse magnetization dynamics
becomes faster as the temperature gets closer to T..
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3.3 Temperature dependence of the relaxation parameters

3.3.3.2 Scattering via electrons

For the electron-"impurity” scattering we have found before that K¢ = 0, but
we should still evaluate K§l. For this task, we assume that |Vj 2 =V = const
and a constant density of states around the Fermi level D(ep) (as in Refs. [89]
and [97]). With these assumptions, we arrive to (see Appendix

el
K2 —_—

v 2D 2 HMFA
TR DEer) YHT i ot (@) (3.56)

4

where €p is the Fermi energy,

D(E) = L (2’”@’)3 VE (3.57)

~ on2 h?

is the density of states for a free electron gas (taking into account the spin de-
generacy) and € is the system volume. Therefore, the following limiting cases for
K§' are obtained:

7y HMFA
o TVED(ep) oy HM {ew kT < hyHMPA
2 - )
4 R hyHMPA < kT
and then from Eq. (3.22]) we obtain
1 _h'yHI\/IFA MFA
A oc 4 T¢ kgl < hyH™, (3.58)
const hyHMPA < kpT.
And consequently, from Egs. (3.47)) and (3.49) we find
_ fL’yHMFA
e BT T < min(T,, %) , kgT < hyHM™
K HI\AFA
Tllel X § T~ igT % <T<T., kgT < h’yHMFA (3.59)
1 |Te =T MFA
To—T] < 1, Iy HM™ < kT,
and
 hyHMFA
e kBT T < min(T,, %) | kpT < hyHM™,
hiy EMFA
OLLG,el X %ei 5T % < T <T,, kT < liy HMFA (3.60)
1 T. A
L L > 1, iy HMP & kT,

We observe that 7, and aprge decrease very rapidly for the case T' <
min(7,,T./S) as T — 0, however for the phonon scattering mechanism they
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tend to a constant. Another interesting difference is the temperature dependence
of ay ¢ for the case T, /S < T <« T,, as T'— 0 for the electron scattering oy, rq e
decreases while for the phonon scattering arrcpn increases. We can conclude
that as T" — 0 the electron scattering mechanism makes faster the longitudinal
relaxation and slower the transverse one (7, « 1/arrq).

3.4 Numerical comparison between classical
and quantum cases

In this section we compare the qLLB equation for S = 1/2 and its classical limit
(S > 1). We use the qLLB equation given by Eq. for the isotropic phonon
scattering mechanism and the high temperature case (K; = K3). We note that
for a proper comparison between classical and quantum cases, one should take the
same magnetic moment i, and Curie temperature 7, (normally obtained from
the experimental measurements) and not vary them with the spin number S. In
the opposite case the magnetic moment would increase with S and the Curie
temperature decrease and the classical modeling results will not be recovered.

In our simulations we set v = 1.76 x 10* rad s T, T, = 650 K, pta; = 0.5up
and A = 0.02 and zero anisotropy constant. Note that in order to be consistent
with the comparison of the SCB with S = 1/2 (indistinguishable from the qLLB
with S = 1/2) and the classical LLB equation, presented in Ref. [I53], we
choose similar parameters and situations. In Fig. we present the dynamics
of m, component for S = 1/2, 0o and for different temperatures where the initial
magnetization is set to m = (0.05,0,0.2) and the external applied field is H, =
—1T. The initial response is slower for S = 1/2 than for S = co in agreement with
the behavior of the longitudinal relaxation time, presented in Fig. [3.2] Note the
variety of different functional responses and that for the two cases below T, they
cannot be represented as a one-exponential relaxation due to the nonlinearity of
the LLB equation, prominent for T' close to T..

In Fig. we present the relaxation of m, at T = 649 K, with and without
an external field (H, = —1T) where the initial magnetization is set to m =
(0.05,0,0.2). We use the qLLB equation for S = 1/2 and S = oo for comparison.
Note that again the dynamics is faster for S = oo than for S = 1/2. Since the
qLLB and the SCB equations with S = 1/2 are the same, we conclude that the
classical LLB equation gives a faster relaxation than the SCB equation, contrarily
to the results presented in Ref. [I53].

Similar to Ref. [I53] we define the reversal time as time elapsed between the
initial state and the instant of time at which the magnetization begins to reverse
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3.4 Numerical comparison between classical and quantum cases
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time (ps)

Figure 3.5: The dynamics of m, component for the longitudinal plus transverse
dynamics at 630 K, 645 K and 654 K for S = 1/2, oo where the initial magnetization
is m = (0.05,0,0.2) and the applied field is H, = —1T.
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H=0 —e— —=—
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0.2p
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Time (ps)
Figure 3.6: The dynamics of m, component at T = 649 K without and with
external field H, = —1T for S = 1/2, 00 where the initial magnetization is m =
(0.05,0,0.2).

its direction, i.e. crosses m, = 0 point. In Fig. we present the reversal time
versus temperature for S = 1/2, oo and for two different initial conditions: (i) pure
longitudinal dynamics where the initial magnetization is set to m = (0,0, 0.2) and
(ii) longitudinal plus transverse dynamics where the initial magnetization is set to
m = (0.05,0,0.2). We observe that the reversal time (for both the quantum and
the classical case) does not present any discontinuity across the Curie temperature
and is smaller for S = oo than for S = 1/2, in contradiction to the results
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presented in Ref. [I53] where the SCB and the classical LLB equation were
compared. As was pointed out in several previous publications, [13 51 [77] slightly
below T, the magnetization reversal becomes linear, i.e. occurs by a pure change
of the magnetization magnitude. This path becomes not energetically favorable
with the decrease of the temperature, the reversal path becomes elliptical and
then completely precessional.
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— 250 - . illongtrans —o— —o—|
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n -GN \ o
o 100 + u\g\o L .
q>) onl T linear switching
[} \\:\‘gx‘
X sof N, ‘;.,ﬂ.\. . 4
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Figure 3.7: Reversal time versus temperature for S = 1/2,00 and S = co. In
the pure longitudinal dynamics the initial magnetization is set to m = (0,0, 0.2)
and in the longitudinal plus transverse dynamics the initial magnetization is set to
m = (0.05,0,0.2).

3.5 Conclusions

In this chapter we have presented the derivation of the qLLB equation for two
simple scattering mechanisms: based on the phonon and the electron-impurity
spin-dependent scattering. While the spin-phonon interaction has been histori-
cally thought as the main contribution to the damping mechanism (for transverse
magnetization dynamics), for the ultrafast laser induced magnetization dynamics
the electron mechanism is considered to be the most important contribution. At
the same time, the induction of the ultrafast magnetization dynamics via acous-
tic excitation is becoming increasingly important so that the importance of the
phonon-mediated mechanism is still relevant for femtomagnetism. Although in
the present work we have only considered the simplest form for the spin-phonon
and -electron interaction Hamiltonian, the derivation could be generalized to more
complex situations. The form of equation (3.18) is sufficiently general and at

o4



3.5 Conclusions

present can be used for modeling of most of the experimental cases, understand-
ing that the parameter A\ contains all necessary scattering mechanisms and can be
extracted from experimental measurements as it was done before, [0, [9] 88| [139]
similar to the Gilbert damping parameter in standard micromagnetic modeling.
Importantly, the recently proposed self-consistent Bloch equation [152] 153] and
the M3TM model are contained in the qLLB model. [8§]

The derivation involves two important approximations: the Markov and the
secular. Their validity could be questionable for the ultrafast processes and in
the future these approximations should be investigated. At the same time, our
comparisons with experiments for Ni[9], GA[139] and FePt[107] have shown a very
good agreement.

The derivation has allowed us to relate the classical internal coupling to the
bath parameter A, used in the atomistic spin model simulations, to the scatter-
ing probabilities which could be evaluated on the basis of the ab-initio electronic
structure calculations, providing the route to a better scheme of the multi-scale
modeling of magnetic materials. The temperature dependence of \ will depend
on the nature of the concrete scattering mechanism. In the present work we have
shown that this parameter is temperature dependent. At the same time, the
use of the temperature-independent microscopic damping (coupling to the bath
parameter) for laser-induced magnetization dynamics, as it is normally done in
the atomistic simulations, is probably reasonable. Our results also include the
temperature dependence of macroscopic relaxation parameters: the longitudi-
nal relaxation and the LLG-like transverse damping. We have shown that both
transverse and longitudinal relaxation are faster in the classical case than in the
quantum one.

The comparison between the classical and the quantum LLB equations has
been done in the conditions of the same magnetic moment and the Curie temper-
ature, as corresponds to the spirit of the classical atomistic modeling. Unlike the
statement appearing in Ref. [I53], the magnetization is continuous when going
through 7., the same happens with the reversal time. In the considered case in
this work, the reversal time is smaller in the classical case than in the quantum
one, although our investigation shows that this result depends on the system
parameters.

The obtained micromagnetic approach can be used for modeling of large struc-
tures, such as dots and stripes up to micron-sizes, under the conditions where the
use of the LLB equation is necessary.
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Conclusiones en espanol

En este capitulo hemos presentado la derivacion de la ecuacion de qLLB para dos
modelos sencillos basados en la interaccién del espin con fonones y con electrones.
Mientras que histéricamente se ha considerado que la interaccion entre espines
y fonones es la principal responsable de la relajacién magnética transversal, en
dindmica magnética ultrarrapida la principal interaccion es entre espines y elec-
trones. Al mismo tiempo, la interaccion entre espines y fonones también puede
ser relevante en la dindmica ultrarrapida cuando ésta es inducida acusticamente.
Aunque en este trabajo sélo hemos considerado dos modelos muy sencillos de
interaccién entre espines con fonones y electrones, estos cédlculos se podrian gen-
eralizar a modelos mas complejos. La forma de la ecuacion es suficiente-
mente general y puede usarse para modelizar la mayoria de casos experimentales,
entendiendo que el parametro A contiene todos los mecanismos de interaccion
necesarios y que pueden ser obtenidos experimentalmente como se ha realizado
anteriormente[6], O, 88, 139], de forma similar a lo que ocurre en la modelizacion
basada en el micromagnetismo estandar con el parametro de damping de Gilbert.
Ademas, hemos demostrado que la ecuaciéon qLLB contiene las recientemente
propuestas ecuaciones de SCB[152] 153] y M3TM]8§].

La derivacion de la ecuacion de qLLB usa dos importantes aproximaciones:
la de Markov y la secular. La validez de ambas es cuestionable para procesos
de dindmica ultrarrapida, por tanto, en el futuro estas aproximaciones deberian
ser investigadas. La comparacion entre los resultados obtenidos con la ecuacién
qLLB y los experimentos en Ni[9], Gd[I139] y FePt[107] muestran un gran acuerdo.

Por otro lado, la derivacion de la ecuacién de qLLB nos ha permitido rela-
cionar el acoplo interno con el bano térmico clasico, que se usa en simulaciones
atomisticas, con las probabilidades de interaccion que pueden ser evaluadas me-
diante el calculo de estructura electrénica, lo que ofrece una mejor ruta para
la modelizacion multiescala de materiales magnéticos. La dependencia con la
temperatura de A dependera del mecanismo concreto de interacciéon como hemos
visto en este trabajo. Ademas, hemos demostrado que la relajacién transversal y
longitudinal es més rédpida en el caso clasico que en el cuantico.

El modelo micromagnético basado en la ecuacion de qLLB que hemos estu-
diado puede ser utilizado para describir el comportamiento magnético de estruc-
turas de tamano del orden de micrometros.
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4

Micromagnetic modeling of

ultrafast magnetization dynamics
in FePt

4.1 Introduction and motivation

The FePt L1j alloy represents the most important material for novel concepts
in magnetic recording due to its high magnetic anisotropy, which ensures long-
time thermal stability of nanometer sized bits. Thin films of FePt with per-
pendicular anisotropy and small grain sizes are the most promising candidates
for heat-assisted magnetic recording, which could reach storage densities beyond
1 Th/inch?. Patterning continuous FePt into individual bits can in principle
extend recording densities to 100 Th/inch. The ultimate magnetic recording
applications will also require faster bit switching and a deeper insight into the
processes involved. However, non-deterministic fractioning in ultrafast magne-
tization reversal can limit the switching speed in recording schemes, and thus
has inspired fundamental research for more than a decade. Recently, a new con-
cept of ultrafast all-optical magnetic recording with an unprecedented switching
timescale below 1 ps was suggested. This opened new possibilities to reduce the
speed limit established by the spin-orbit coupling timescale to that governed by

the much stronger exchange interaction.
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4.2 Ultrafast magnetization dynamics in FePt
using linearly polarized laser pulses

Motivated by the experimental results in FePt of our partners in University of
Gottingen (Germany) lead by Prof. M. Miinzenberg [106], we have modeled their
experimental results in laser induced ultrafast magnetization dynamics using the
qLLB equation described in chapter |3 coupled to the 2TM described in section
2.4

4.2.1 Experimental measurements of ultrafast magnetiza-
tion dynamics in FePt

In this section we briefly describe the experiment in FePt of our partners in
University of Gottingen (Germany) lead by Prof. M. Miinzenberg [106]. They
studied a 3 nm-thick continuous FePt thin layer, it has a Curie temperature of
T. = 650 K, a saturation magnetization at T = 0 K of M,(0) = 1070 emu/cm?
and a perpendicular anisotropy at 7' = 0 K of K(0) =2.2- 107 erg/cm?.

To heat the sample they used ultrashort linearly polarized laser pulses where
the magnetization dynamics was measured using the time-resolved magneto-
optical Kerr effect (Afx/0k ). The relaxation time 75, was extracted from the
experimental data using the three temperature model (3TM) (Fig. b)). Si-
multaneously, the time-resolved reflectivity (AR/R) was determined and it was
fitted to an exponential function R(t) ~ exp(—t/7g) which allows to estimate the
relaxation time for the electronic temperature 75 (Fig. a)).

a) T
orooo2l §—

=0.001}
0.000 puadl

20 40 60 80 0 1
T (ps)

4

2 3
T (ps)

Figure 4.1: a) The reflectivity dynamics from which the exponential decay g
is obtained, b) Experimental measurement of ultrafast magnetization dynamics in
FePt. Solid line: analytical three temperature model to obtain 7.

4.2.2 Micromagnetic modeling

As it was explained in section the micromagneic modeling of the ultrafast
magnetization dynamics of FePt thin film is based on the qLLB equation coupled
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4.2 Ultrafast magnetization dynamics in FePt using linearly polarized
laser pulses

to the 2TM. In particular, we use a multi macro-spin model described by the
gLLB equation where the thermal fluctuations are included. This model uses one
layer of cubic discretization elements with lateral size A = 3 nm, thus, with a
volume V = A3? as we show in Fig4.2

Easy axis

Figure 4.2: Illustration of the multi macro-spin model.

For each cube we write the stochastic LLB equation, describing its average
spin polarization m;, in the following form:

dm, ; Yo ;
dt = _’y [ml X Heﬁ{| + W (mZ . Heff) m;
- % [mi X [mi X (HiﬁﬂL Ci,L)H + Gijads (4.1)

)

where m; = M;/M(0) and the effective fields are given by

i o (1) m, TS,
Hy=H+H; s +H;px + H;a + | * Tum? (4.2)
—X—H<1+m>mz TZTC

where as = 2(S +1)?/([S + 1]* + 5?), H is the applied magnetic field, H; 4 is the
demagnetizing field which for a saturated thin film reads (cgs units)

Hi,d = —47TM8(O)mZ-7ZeZ. (43)

The field H; gx describes the exchange stiffness interaction between macro-spins
and it is given by
24,(T)
H, px = W <Z> (m; — m;) (4.4)
Z’j
where (7,j) means a sum over neighbours and A;(7) is the exchange stiffness

paramater, for FePt it was calculated that A;(T) = A;(m;) = 2.2 - 1075m ™
erg/cm [140]. H; 4 is the anisotropy field given by

1
H, s =—=
XL,

(mmem + mi,yey) (45)
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the reduced longitudinal and transverse susceptibilities are

{ P'atBBfg T < Tc

atTc ’
Jo!(LT—TC) T 2 TC
M, (0)ym?
(L = i 47
L 2K,(T) (4.7)

x| =

where K;(T) is the anisotropy constant, for FePt it was found that K;(T) =
K (0)m?![111], BY is the derivative of the Brillouin function evaluated at 8.Jym.,
B = 1/(kgT),the relationship between J, and T, is given by T, = [(S +
1).Jo]/[3kpS]. The longitudinal and transverse relaxation parameters are

2¢s
aH _ /\E . sinh((IQCIs) T 5 TC (48)
3T, |1 TZ>T.
tanh(qs) T <
oo f[ ] s »
2T
3T T2>T,

where ¢ = [3T.m.|/[2(S + 1)T] and A is the microscopic relaxation parameter.
In this model we consider that A is temperature independent and its value is
found as a fitting parameter to the experimental magnetization dynamics. The
equilibrium magnetization M.(T) = M(0)m, is obtained using the MFA where
m. is the solution of the equation m, = Bg(8Jym.) where Bg(z) is the Brillouin
function. For FePt it was found that the best fit for m. is obtained with S = 3/2
[T00]. The values of T, M(0) and K(0) used in the model are the same as the
experimental ones introduced in the previous section. The stochastic fields ¢;
and ¢; .4 are given by [42]

2vkgT (0@ — O‘H)

<C%ki-(0)gjll_<t>> = M,(0) A% a2 3;50k10(t) (4.10)
<<z’lfad(0) Jl',ad<t>> = %@ﬂm(s(ﬂ (4.11)

where ¢ and j denote macro-spin index, k£ and [ denote the Cartesian components
X, vy and z.

Notice that we consider that «y is the same as the one obtained in the isotropic
phonon scattering model at elevated temperature where K fh ~ th. However,
in the modeling of ultrafast magnetization dynamics in FePt we assume that
the magnetic system is coupled to the electron bath, that is, the temperature in
the qLLB equation corresponds to the electron’s temperature (7' = T.) which is
obtained from the 2TM described in section 2.4
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4.2.3 Comparison between modeling and experiment

The fitting of the qLLB+2TM to the experimental relaxation times 7z and 7y
is not unique. We have performed the modeling of the ultrafast magnetization
dynamics in FePt using qLLB+2TM equations for two different set of paramaters
which are presented in Table . E| As we show in Fig. both set of para-

Parameter Ve A Iy Ge—ph Cpn Tph
set (J/m*K?) (s7'm™Y) | (W/m3K) | ( Jm3K™1) | (ps)

| 110 0.01 | 5-10%® | 1.5-10% 3.7-10° | 340

II 1700 0.1 310" 1.8-10'8 3.3-10° 340

Table 4.1: Overview of parameter set I for the simulation in the case of high
electron temperature for FePt and set II for a high value of 7. (large density of
states at the Fermi level) which leads to low electronic temperature.

maters lead to similar values of 75 and 7, as in the experiment. However, the elec-
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Figure 4.3: Relaxation times 7 and 737 as function of the laser fluence obtained
experimentally (blue squares) and numerically (red dots) for the parameters a) set
I and b) set II given by Table

tronic temperature and magnetization dynamic obtained using the qLLB+2TM
with each set of parameters are different as we show in Fig. [£.4 We see that
the set I leads to higher electronic temperatures (Fig. a)) than the set II

Tn our paper Ref. [107] there is an errata in the value of the parameter Iy. In this thesis
we have corrected this errata.
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(Fig. b)) mainly due to the small value of 7, (which implies a small electron’s
heat capacity C,), as consequence of these electron temperature dynamics when
the fluence is increased a transition from type I (fast remagnetization) to type II
(slow remagnetization) magnetization dynamic is obtained (Fig. d)) similar
to the experiment (Fig. ¢)). The transition from fast to slow remagnetization
at high fluences is because the electronic temperature is very close to 7. where
the phenomena call critical slowdown takes place (where 7 oc 1/|T" — T,|, see
Eq. ) On the other hand, the set II leads to lower electronic temperatures
(Fig. b)) and despite the fact that the demagnetization process during the
first picosecond is similar to the experiment the remagnetization is much faster
and no transition from type I to type II is observed (Fig. e)). One possible
explanation of these high electronic temperatures could be that Fe becomes more
noble in the FePt L1y compound [14] 98], which makes the electron’s specific heat
more similar to Au and Cu with a small 7.

Finally, some differences between the magnetization dynamics of the experi-
ment and the model is observed. We see that in the experiment the demagneti-
zation after the first picosecond is smaller for fluences 35 and 40 mJ/cm? than
for 30 mJ/cm? while in the model the demagnetization always increases with the
fluence. One possible explanation is that in the experiment the magnetization
does not recover in between two laser pulses (e.g. 4 us pulse repetition) at high
fluences, therefore this could lead to a lower normalized demagnetization, however
in the simulation the same initial magnetic state is used for all fluences. More-
over, in our micromagnetic simulation we have observed the formation of bubbles
(Fig. 4.5/a)) and stripes (Fig. b)) during the remagnetization process at high
fluences (where system is almost demagnetized after the first ps) which are quite
stable.

4.2.4 Magnetization dynamics in high external magnetic
fields

In this section we present some numerical results using the qLLB+42TM with the
parameter set I in Table where high external magnetic field are also used. We
consider a system consisting of 50x50x1 macrospins where each one represents the
average magnetization of a cubic cell with a volume equal to 3 nm®. Moreover,
periodic boundary conditions in the x and y axis are also included.

In Fig. [4.6] we show the magnetization dynamics with a laser pulse fluence
F =40 mJ/cm? for different applied fields along the z axis: H, = 0,—1,—3, -5
T. We see that the switching of the magnetization takes place only for the applied
fields H, = —3,—5 T. However, we observe that the reversal time t,., (defined
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Figure 4.4: a) Electronic temperature dynamics obtained using the 2TM with set
I in Table b) electronic temperature dynamics obtained using the 2TM with
set IT in Table c¢) experimental magnetization dynamics measured using the
time-resolved magneto-optical Kerr effect (A /0k ), d) magnetization dynamics
obtained using the qLLB+2TM with set I in Table e) magnetization dynamics
obtained using the qLLB+42TM with set II in Table
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Figure 4.5: a) Bubble b) stripe formed during the remagnetization process at
high fluences.

as time elapsed between the initial state and the instant of time at which the z
component of the mean magnetization begins to reverse its direction, i.e. crosses
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m, = 0 point) for each case is very different, in fact, we have that for H, = -3 T

the reversal time is t,ey ~ 0.65 ns while for H, = —5 T we obtain t,., ~ 0.07 ns.
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Figure 4.6: (Up) Electron and phonon temperature dynamics with a laser
pulse fluence F = 40 mJ/cm3. (Bottom) Normalized average z component of
the magnetization (m,) versus time for different applied fields along the z axis:
H,=0,-1,-3,-5T.

This is because the external applied field of H, = —3 T can not prevent
the recovery of the average z component of the magnetization (m,) in the up
direction between t ~ 0.05 ns and ¢ ~ (.16 ns where a large magnetic domain
pointing in the up direction is formed (see Figs. a) and b)). These domains
are reversed progressively leading at the final stage to a bubble (see Figs. c)
and d)) which has a propagation velocity of v ~ 250 m/s and finally it disappears
completely at ¢ ~ 4 ns. On the other hand, the external applied field of H, = —5
T is strong enough to avoid the formation of large magnetic domain pointing
in the up direction (see Fig. [4.8). We should point out that in all the cases
(H, =0,—1,—3,—5 T) the average transverse magnetization (m,, m,) are less
than 0.1 during the dynamics showing that there is not a collective precessional

motion.
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Figure 4.7: Snapshots of system with F' = 40 mJ/cm® and H, = —3 T at times:
a)t=0.25ns, b) t=0.5ns, ¢) t=3.2ns,d)t=3.6ns.
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Figure 4.8: Snapshots of system with F' = 40 mJ/cm® and H, = —5 T at times:
a)t=0.11ns, b) t =0.151ns, ¢) t = 0.21 ns, d) t = 0.24 ns.

4.3 All-optical control of the magnetization us-
ing circularly polarized laser pulses

Recently, an all-optical control of the magnetization using circularly polarized
laser pulses in FePt thin films has been observed[03]. Fig. is taken from
Ref. [93] and it shows the experimental magneto-optical response in various
applied field of a 15-nm FePtAgC granular film sample starting with an initially
demagnetized state. We observe that an external applied field of ~ 700 Oe is
strong enough to suppress the effects of the helicity of the light.
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Figure 4.9: Experimental magneto-optical response in various applied field of a
15-nm FePtAgC granular film sample starting with an initially demagnetized state.
Figure taken from Ref. [93].

4.3.1 Modeling the inverse Faraday effect

Motivated by these results we have investigated in which conditions we observe
a magnetization reversal using our micromagnetic model of FePt. Similar to
Ref.[I43] we include the effect of the circularly polarized laser pulse (inverse
Faraday effect) in our micromagnetic model as a light-induced effective magnetic
field of the form

How(t) = o H2 f(+)n, (4.12)

where n is the unit vector in the direction of the wave vector light, o gives
the degree of circular polarization and is equal to £1 and 0 for right-(o™), left-
handed(o ™) circularly polarized, and linearly polarized light, respectively. HZ*
is the maximum value that the light-induced effective field can achieve and we

use it as a parameter in our simulations. The function f(¢) is given by

e_(é)Q, t<0
f(t) = 7( . )2 (4.13)

T+2Tdecay , t > O

where 7 is the pulse length with a value of 7 = 40 fs and Tgecay is @ parameter.
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4.3.2 Results
4.3.2.1 Continuous film

Firstly, we simulate the magnetization dynamics of FePt continuous thin film
using same micromagnetic model described in section |4.2.2| where we have added
the optical-magnetic field given by Eq. to the total effective field given by
Eq. . We consider that the initial magnetization is saturated in the up direc-
tion (perpendicular to the thin film) and we use a left-handed circularly polarized
laser pulse (¢ = —1) where the direction of the wave vector is perpendicular to
the thin film (n =e,).

In Figs. |4.10a) we show the dynamics of the optical-magnetic field for dif-
ferent values of the parameter Tjecay (upper panel), the dynamics of the electron
and phonon temperature (middle panel) and the magnetization dynamics (lower
panel) using the values of the parameter of the set I in Table for a fluence
of F = 40 mJ/cm? where a magnetization reversed is observed for the cases
Tdecay = 10,50 ps. However, in Figs. [4.10p) we have made the same simulations
as in Figs. ) but assuming a higher electron heat capacity, namely, we set
Y. = 1100 J/m®K?, as a consequence the electronic temperature is lower than in
the previous case and the same optical-magnetic field can not reverse the mag-
netization. Therefore, we conclude that high electronic temperatures are needed
in order to switch the magnetization using circularly polarized laser pulses.

Now, we would like to investigate if an external magnetic field of the order of
0.1 T can prevent the magnetization switching when a circularly polarized laser
pulse is applied to FePt thin film. For this task, we have performed similar simu-
lations as in Fig. for different values of the optical-magneto parameters Hggf
and Tgecay using a higher fluence equal to F' = 50 mJ/ cm? and without and with
an external magnetic field equal to H, = 0.1 T pointing in the same direction of
the initial magnetization, that is, opposite to the light-induced effective magnetic
field Hpys. The results are presented in Fig. 4.11| where switching and no switch-
ing regions are separated by a solid line in the case of no external magnetic field
and by a dash line in the case with external magnetic field equal to H, = 0.1 T.
We observe that the external magnetic field can not prevent the magnetization
switching for the cases of high optical-magnetic effects, that is, large H5 and
large Tqecay-

4.3.2.2 Granular film

In order to simulate the magnetization dynamics of FePt granular thin film we
consider the same micromagnetic model than for the continuous thin film but
with a lower exchange stiffness A;(T) = 2.2 - 107®m}"® erg/cm. Therefore now
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Figure 4.10: a) The dynamics of the optical-magnetic field (upper panel), the
dynamics of the electron and phonon temperature (middle panel) and the magne-
tization dynamics (lower panel) using the values of the parameter of the set I in
Table 4.1/ for a fluence of F' = 40 mJ/ecm?. b) The dynamics of the optical-magnetic
field (upper panel), the dynamics of the electron and phonon temperature (middle
panel) and the magnetization dynamics (lower panel) using the values of the pa-
rameter of the set I in Table but with 7, = 1100 J/m3K? and a fluence equal
to F' =40 mJ/cm?.

each cubic discretization element represents a FePt grain. Similar as in the exper-
iments described in Ref. [93] we consider a initially demagnetized system, that
is, there are almost the same number of grains with the magnetization pointing
in the up direction than in the down direction (see Fig. |4.12| a)). Let’s assume
that when the ultrashort laser pulse heats the sample the electronic tempera-
ture follows a spatial Gaussian distribution after the laser heats the sample. As
illustration in Fig. b) we show a snapshoot of the spatial electronic temper-
ature distribution at the instant when it reaches its maximum value. Lets label
3 regions as: i) Region I where T, ., ~ 1800 K (approximately it corresponds
to a spatial homogeneous Te distribution with fluence 50 mJ/cm?), ii) Region II
where T 0, =~ 1500 K (approximately it corresponds to a spatial homogeneous
Te distribution with fluence 40 mJ/cm?) and iii) Region III where T, .. ~ 1300
K (approximately it corresponds to a spatial homogeneous T, distribution with
fluence 30 mJ/cm?).

Now, we simulate these three regions independently with a spatial homoge-
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F=50 mJ/cm’
. .

switching .

0 L L L L
-10 -8 -6 -4 -2 0

Figure 4.11: Phase diagram showing for which optical-magnetic parameters
(HE and Tgecay) the magnetization switching is achieved. Solid line separates
switching and no switching regions for the case of no external magnetic field, and
dash line for the case with an external magnetic field equal to H, = 0.1 T opposite
to the light-induced effective magnetic field Hoys (dash line).

Region |

Region Il

Region II1

Figure 4.12: a) Initial demagnetized state of FePt granular thin film. b) Snap-
shoot of the spatial electronic temperature distribution at the instant when it
reaches its maximum value.

neous 7, and using the same opto-magnetic field induced by the light polarization
(HZsf =40 T, 7 = 1 ps), although it could be different in each region like T..
In Fig. a) we show the electronic temperature and opto-magnetic field time
evolution in regions I, IT and III. In Fig. b) we show the magnetization
dynamics in these theree regions. We see that for the same field pulse there is an
optimum 7, dynamics (region II) where a maximum number of magnetic grains
are flipped. Moreover, the final total magnetization at region II is in quanti-
tative agreement with experiments [93], that is, close to 10% of the saturation
magnetization.

Since the magnetization is higher in region II than in the other regions then a

magnetized ring is formed as it is observed in the experiments]93] at high fluences
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Figure 4.13: a) Electronic temperature and opto-magnetic field time evolution in
regions I, IT and III. b) Magnetization dynamics in regions I, IT and III.

(see Fig. 4.14)).
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Figure 4.14: Experimental final state of the magnetization in FePtAgC granular
film after an ultrashort circularly polarized laser pulse is applied for different laser
power. Figure taken from Ref. [93].

4.4 Conclusions

In this chapter we have shown that the micromagnetic model based on the
qLLB+2TM can successfully reproduce the ultrafast magnetization dynamics
measured in FePt thin films. Additionally, it allows us to conclude that may
be Fe becomes more noble in the FePt L1, compound, which makes the elec-
tron’s specific heat more similar to Au and Cu with a small 7.. On the other
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hand, our numerical results show that a small electron’s specific heat is an im-
portant requirement in order to observe magneto-optical effects using circularly
polarized laser pulses. Therefore, we think that the low electron’s specific heat of
the FePt favours to its all-optical control using circularly polarized laser pulses.
Finally, our numerical results of granular FePt thin film show that for a given
opto-magnetic pulse there is an optimum electronic temperature dynamics where
a maximum number of magnetic grains are flipped. As consequence, at high flu-
ence a spatial gaussian-like distribution of the electronic temperature could favour
the formation of a magnetized ring in the region where the optimum electronic
temperature dynamic takes place as it is observed in the experiments[93].

Conclusiones en espanol

En este capitulo hemos mostrado que el modelo micromagnético basado en la
ecuacién de qLLB acoplada con el 2TM puede reproducir satisfactoriamente la
magnetizacion ultrarrapida observada experimentalmente en laminas delgadas de
FePt. Ademds, dicho modelo nos sugiere que el Fe se podria comportar como
un material mas noble cuando se encuentra es FePt L1, lo que podria hacer
que su capacidad calorifica electrénica sea parecida a Au y Cu, es decir, con
un valor pequeno de 7.. Por otro lado, nuestros resultados numéricos muestran
que un valor pequeno de 7. es un importante requirimiento para poder obser-
var efectos magneto-épticos lo que favorece el control de la magnetizacion medi-
ante pulsos polarizados circularmente. Finalmente, nuestras simulaciones en FePt
granular muestran que exite una dinamica de temperaturas en la que el efecto
magneto-6ptico es mas intenso, es decir, un mayor nimero de granos invierten
su magnetizacién. Por tanto, en el caso de pulsos de gran potencia sobre mues-
tras desmagnetizadas, si se asume una distribucién espacial de la temperatura
tipo gaussiana, entonces en las regiones en donde la dindmica de temperatura
es Optima la magnetizacion seria mayor que en otras regiones dando lugar a un
anillo magnetizado como se oberva en los experimentos.
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5

Landau-Lifshitz-Bloch equation
for two-component magnets

5.1 Introduction

Ferromagnets are not the only interesting magnetic materials from the point of
view of ultrafast magnetization dynamics. Disordered ferrimagnetic alloys like
GdFeCo are also very interesting, specially from the technological point of view,
since an all optical switching (AOS) has been observed in these materials using
an intense ultrashort pulse of circularly polarized light[144] and linearly polar-
ized light[70]. Therefore, the modeling of ultrafast magnetization dynamics in
disordered ferrimagnetic alloys is required in order to have a better understand-
ing of this phenomenon. Recently, a modeling for these materials was suggested
by Vahaplar et al.[I44] based on macrospin LLB approach, essentially treating
a ferrimagnet as a ferromagnet. The model showed that in order to have the
magnetization switching a strong field around 20 T was necessary. This field
can, in principle, come in the experiment with circularly polarized light from the
inverse Faraday effect. More recently, T. Ostler et al. [115] used a multi-spin
atomistic approach based on the Heisenberg model showing that the switching
occurs without any applied field or even with the field up to 40 T applied in the
opposite direction. The predictions for the heat-driven reversal were confirmed
in several experiments in magnetic thin films and dots using linearly polarized
pulses. Moreover, I. Radu et al. [70] used the same atomistic model for the mag-
netization dynamics to simulate GdFeCo and compared the simulation results to
the experimental data measured by the element-specific x-ray magnetic circular
dichroism (XMCD). They unexpectedly found that the ultrafast magnetization
reversal in this material, where spins are coupled antiferromagnetically, occurs by
way of a transient ferromagnetic-like state.
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The latter experiments demonstrate the deficiency in application of the
macrospin ferromagnetic LLB model to the description of the ultrafast dynam-
ics in a ferrimagnetic material GdFeCo. It is clear that the situation of a
ferromagnetic-like state in a ferrimagnetic material cannot be described in terms
of a macrospin LLB equation in which a ferrimagnet is essentially treated as a
ferromagnet. In a ferromagnetic LLB equation the sublattices cannot have their
own dynamics and thus the processes such as the angular momentum transfer
between them are essentially ignored. In this situation the only possible reversal
mode is the linear relaxation requiring a strong applied magnetic field as was the
case of Ref.[144].

On a general basis, atomistic models are convenient to model ferrimagnetic
materials but for modeling of larger spatial scales, a macroscopic equation sim-
ilar to ferromagnetic LLB equation is desirable. This will open a possibility
to a correct micromagnetic modeling of ferri- and antiferromagnetic nano and
micro structures at ultrafast timescales and and/or high temperatures. Addi-
tionally, this can also allow more correct understanding of longitudinal relaxation
in two-component (for example, ferrimagnetic) compounds, taking into account
the inter-sublattice exchange.

In this chapter we present novel classical and quantum LLB equations for two-
component magnets. The classical one is already published[I0] and a detailed
derivation can be found in Ref.[140], so that in section [5.2| we just present a short
introduction to it. However, the quantum case is not published yet, so that in
section 5.3 we show a detailed derivation of it.

5.2 Classical LLB equation for two-component
magnets

The derivation of the classical LLB for two sublattice magnet has the same start-
ing point as the classical LLB equation [49] for a ferromagnet. Namely, we start
with the usual atomistic approach where it is assumed that the spin dynamics is
governed by the Langeviin dynamics based on the Landau-Lifshitz-Gilbert equa-
tion. From the Fokker-Planck equation derived in Ref.[49] one can obtain an
equation for thermal average of the spin polarisation, i.e. the reduced magnetisa-
tion m, (where v = T'M, RE stands for the transition metal (T'M) or rare-earth
(RE) sublattice) in a paramagnetic state. For the treatment of ferromagnet,
the external field is substituted by the mean field. A detailed discussion about
mean-field approximation (MFA) for a disordered ferrimagnet can be found in
Ref. [116].
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Figure 5.1: Diagram showing a disordered magnetic alloy from the point of view
of the atomistic model (left panel) and the micromagnetic LLB model (right panel).

The corresponding set of coupled LLB equations for each sublattice magneti-
zation m, has the following form, see details in Ref.[10]:

dmy m,my,
dt = _lel[ml/ X H}YIFA] - FV,H (1 - m20 > m,
[ml’ X [ml/ X 10 ,1/]]
- FV»J— m2 L ) (51)
where ¢
(50 I/) 5;) V: EO,V = ﬁﬂtuFA (52)
Here &, = |€0.|, L (§) = coth (§) — 1/¢ is the Langevin function,
(60 l/> Ay N ( 50 v )
Loy = A, I, =— Y1 5.3
I=Mevg iy T 2 \ D) (5:3)

describe parallel and perpendicular relaxation, respectively, A, v = 29, A kT /11,
is the characteristic diffusion relaxation rate or, for the thermo-activation escape
problem, the Néel attempt frequency. -, is the gyromagnetic ratio, A\, is the
coupling to the bath parameter, u, is the magnetic moment of sublattice v,
L'(¢) = dL/d¢, kg is the Boltzmann constant, 7" is the bath’s temperature and
B =1/kgT. The mean fields have the following forms:

HM — Jo m, + o m, + h, (5.4)
1y I

where Jo, = 32,kpTe,, Joux = £3x.kpT. .. (sign + for ferromagnetic coupling
and sign — for antiferromagnetic coupling), z, and x, = 1 — z,, are the concen-
trations of the sublattices v and &, respectively. T, (. is the Curie temperature
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of the pure sublattice v(x) and T, ,, = T, ., is a temperature which is related to
the Curie temperature (7,) of the system through

w2, Ty + 2T + \/ (T — 2Tk )? + 42,2, T2,
T. = .
¢ 2

The field h, = H+H, , contains the external applied field (H) and the anisotropy
field (Ha,).

The final LLB form presented below has some approximations and has a worse
agreement if large magnetisation changes are involved. However, it is useful
for analytic estimations and predictions since the relaxation terms have closed

(5.5)

expressions.

Assuming that the longitudinal homogeneous exchange field is large in com-
parison to the other terms in Eq. and after an expansion around the equi-
librium up to first order in dm, = m, — m,,, from Eq. one arrives to
[10]

dm,, L,y - Heff,u
g = i X Hem]+ WU
p [y, X [my, X Heg, ]
Ty m2 : ’ (56)

where the effective field is given by

J, vk
Heff,l/ = H+HA,1/+ % Hn

v

1 1 m,
- |:A (ml/ - me,V) - A_ (Tli - Te,n):| (57)
where Hy , is the anisotropy field, H is the applied field, II, = —[m, x [m, X
mn“/mzzn Ty = (my : mn)/mm Ty = |Tl/|) Tev = (me,u ' me,n)/me,n and
1 J, Uk ~ _ y/ VK
A;ul = = <1+ = XM) ) Aw,} == ) (58)
Xuv,| My My
The longitudinal susceptibility is given by
,unﬁL/yJO,wiﬁL; + ILLV/BLI,/ (1 - ‘]O,H/BL;{) (5 9)

Xl = 0= T, BLL) (1 — JonBLL) — JomwBL, JounBLL

where LZ/ = L/(ge,l/) = dL/dgu(ge,V)a fe,u = 5<JO,Vme,I/ + |‘]0,I/H|m€,1€) and ﬁ =
1/kpT. The dampings parameters are

2), 1
af = — , ol =0 1-— (5.10)
/BJO,V,e /BJO,V,E
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where Jo,.e = Jo, + | Jow|(Mer/Me,). We notice that the LLB equation given
by Eq. is only valid at temperatures below the critical temperature T..

When temperature goes to T, (T' — T.) the longitudinal susceptibility goes to
infinity (X, — oo) and the equilibrium magnetization goes to zero (me, — 0),
as consequence at T' = T, the quantity A,, contains an indeterminate form oo/oo
and the dampings ozﬁ and o contain an indeterminate form 0/0. However, the
quantities A,,, aﬁ and o are continuous function at 7' = T, in order to see this
fact we can rewrite these quantities in a form suitable for temperatures very close
to T.. To this end we notice that

My(3kBTc_J0,n)+.U%
~ ( ) ~ GkJBTc(GkBTc_JOaV_JO,H)€7 T 5 TC (5 11)
Xu,||(€) = piw (3kBTe—Jo,x) +in T>T '
3kBTc(GkBTC_JO,V_JO,N)(_f)7 ~ e
e,k 3k 1. — J v
Mey B 0, +0(e), T=~T, (5.12)

Me vy N ‘JO,VIQ‘

)

where € = (1. — T')/T.. With the help of Eqgs (5.11)) and (5.12)) we can rewrite
Egs. (5.8) and (5.10]) as

6]{73(TC—T)(G\]{?BTC—JO,V—JO,N) 3kBTc—J0,V <
.L"u(3kBTc_JO,H)+/J%J0,um Hv ) T ~ TC
A (T) == (2ot T=T. (513)
3kp(T—Te)(6kpTe—Jo,,—Jo,x) 3kpTc—Jo,v >
/LV(SkBTc—JO,n)‘i‘MNJO,un + Hv ? T ~ Tc
20, 7T
aff = aff ~ 3} +0(e), Tz T. (5.14)
&

We observe that above T, the longitudinal and transverse dampings are equal
to the dampings in the classical LLB equation of a ferromagnet since at these
temperatures the system becomes paramgnetic.

As an example in Fig. (5.2) we show the magnetization dynamics obtained
from LLB equation given by Eq. and LLB equation given Eq. for a
temperature-step which crosses T, using parameters similar to GdFeCo with a
Gd concentration of 25%. For the quantity A,, we used Eq. and for o we

used Eq. (5.14)).

5.2.1 Comparison between the classical LLB equation and
atomistic simulations

Firstly, we would like to point out that atomistic simulations based on a classical
Heisenberg Hamiltonian can successfully reproduce the magnetization switching
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|—— Fe, LLB "paramagnet+MFA"|
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Figure 5.2: Magnetization dynamics obtained from LLB equation given by Eq.
(5.1) (solid lines) and LLB equation given Eq. (5.6)) (dash lines) for a temperature-
step which crosses T,.. For the quantity A,, we used Eq. 1) and for aﬁ we used

Eq. .

-
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Figure 5.3: a) Element-resolved dynamics of the Fe and Gd magnetic moments
measured by time resolved XMCD with femtosecond time resolution. b) Computed
time-resolved of the Fe and Gd magnetic moments from atomistic simulations.
Figures taken from Ref. [70].

observed experimentally in ferrimagnets like GdFeCo as we show in Figs.
which are taken from Ref. [70].

Now, let’s compare the classical LLB equations derived previously with atom-
istic simulations based on the stochastic LLG equation. In Figs. a) and b) we
show the magnetization dynamics obtained from atomistic simulations (square),
LLB equation given by Eq. and LLB equation given Eq. for a low
temperature-step and high temperature-step, respectively. We observe that for
the case of a high temperature-step the final form of the LL.B given by Eq. is
not a good approximation of the initial LLB equation given by Eq. because
the assumption of a small deviation from the equilibrium doesn’t hold. In Fig.
c¢) we show the magnetization dynamics obtained from atomistic simulations,
LLB equation given by Eq. (b.1) using an initial state where mpg, || mgq || €,
and LLB equation given Eq. using an initial state where mg, and mgq are
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not completed parallel to the z-axis for a temperature pulse. As it was pointed
out in Ref. [11], we see that in order to switch the magnetization with a temper-
ature pulse using the LLB equation a small deviation from the complete initial
anti-parallel state is required.

a) [ b) 600 [ . . . . C) 1200|

400 1 ~ 600
300|

T(K)

mz

[ l---Gd. LLB "fnal"

time (ps) time (ps) ime (p5)

Figure 5.4: Magnetization dynamics obtained from atomistic simulations
(squares), LLB equation given by Eq. (5.1) (solid lines) and LLB equation given
Eq. (5.6) (dash lines) for: a) a low temperature-step and b) high temperature-
step. ¢) Magnetization dynamics obtained from atomistic simulations (squares),
LLB equation given by Eq. using an initial state where mp, || mgq || €. (solid
lines) and LLB equation given Eq. using an initial state where mpg, and mgq
are not completed parallel to the z-axis (dash lines) for a temperature pulse.

5.3 Quantum LLB equation for two-component
magnets

For the quantum case we use the same idea as in the classical LLB equation for
disordered magnetic alloys described in section [5.2] that is, initially we consider
the "paramagnetic” quantum LLB equation (see Eq. (3.8) in Ref. [47]) and then
the external magnetic field is replaced by the MFA one in each sublattice. As con-
sequence we have two coupled LLB equations for each sublattice magnetization
m, with the form

dm tanh (yo’”) m,, - HMFA
v —~,m,, X HMFA — 9K . 1— 2 v v .
dt i v . ( tanh (%”) m,, HMFA o

. 2
> tanh (%”) m, H)EA
(m, x HMFA)2 (m,, - HM¥*)m,, x (m,, x HI;/[FA)}

(mVHMFA)2 m, + (mVHMFA)2

my

tanh (£2) (2(51, +1) tanh (%) B 1) m, x (m, x HMF)

+ (Ks, — Ky) {
(5.15)
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where m, = (S,,> /RS, is the reduced magnetization of the sublattice v, y, is given
by the relation m, = B(S,y,) = B(twy,/1h), B(x) = [(25 + 1)/2S] coth(]2S +
1]z /25) — (1/2S) coth(x/2S) is the Brillouin function for the spin value S, yo, =
By, hHMFA and

Ky = Z Visal*1p (11 + 1) 76 (wg — wjp) (5.16)
a.p
1
Ky = 5(1+e7) D Wil (ng + 1)mé(wy — 7 HY'™)
q

+ Z ’Vp,q‘znp(nq + )mo(wyg — wp — 'YVHiV[FA)}a (5.17)
P.g

where n, = [exp(8hw,)—1]7" is the Bose-Einstein distribution, w, is the phonon’s
frecuency, V, and V), are spin-phonon scattering amplitudes. The mean field

HMFA s given by
J 12 J VK
Hh/[FA = Lmy + u m, +H+ Hy (518)
v Hy
where Jo.u = 3x,kpT,,5,/(S, + 1), Jou =

:|:3x,$kBTC7,,,{\/S,,S,$/\/(SV +1)(Sx+1) (sign + for ferromagnetic coupling
and sign — for antiferromagnetic coupling), z, and x, = 1 — z, are the concen-
trations of the sublattices v and &, respectively. 1. (. is the Curie temperature
of the pure sublattice v(x) and T, ,, = T, ., is a temperature which is related to
the Curie temperature (7,) of the system through

quc,V + mnTcw + \/(muTc,u - mec,m)Q + 4xumnT52,y,i

T, =
2

(5.19)

H is the external applied field and Hy , is the anisotropy field. The equilibrium
solution of Eq. (5.15)) is obtained by m, x HMF* = 0 and y, =y, = By, hHYA,
which yields to the Curie-Weiss equations:

MEFA HMFA MEFA HMFA
m, = B(Su, H, )HK/IFA, m, = B(Bu.H, )ﬁ (5.20)
5.3.1 Strong longitudinal exchange field
Now, we write the mean field HY in Eq. (5.18)) as
H)™ = Hgx, +h,, (5.21)
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where
J 14 J VK
HEX,V = % m, + % m,, (522)
14 /’l‘l/
h, = H+H,y,. (5.23)

In the same way as it is was done in the classical case[l0] we decompose the
magnetization vector m, into two components m, = II, + 7, where II, is per-
pendicular to m,,, so that it can be expressed as I, = — [m, x [m, x m,]|] /m?,
and 7, is parallel to m,, and it can be expressed as 7, = m,(m, - m,)/m?.

We can shorten the notation by definition of the following new variable ©,,:

m, -m,;

O = — m,=1II, +6,m, (5.24)

2
my

The exchange field Hgx , can be written as a sum of the exchange fields parallel
and perpendicular to magnetization m,,, that is,

JO,I/Ii

v

J. v J. VK
HEX,V - ( % + % @m/) m, + HH

f

J v / VK
= % m, + % HN

v v

= HL‘EX,V + H]JEI_X,V (525)

where we have defined a new function jo,l,(ml,, m,) = Jo, + JouxOr(m,, m,),
Hﬂ:X’V = (Jow /)M, and Héx,u = (Jour/ 1)L, In the following we will consider
that the transverse contribution is small in comparison to longitudinal one, i.e.,
|H£X’yl > |H§X7V. This is a good approximation because differently to the
ferromagnetic case, where the tranverse fluctuations are defined by the anisotropy
and Zeeman fields (of the order of 1 T strength), in the case of ferrimagnets, the
fluctuations included in Hyy , are defined by the interlattice exchange field (of
the order of 10 T), which is usually very large in comparison to the anisotropy
or Zeeman fields. Thus the transverse magnetization fluctuations are small in

comparison to the longitudinal component. Therefore, we write the mean field
HMFA a5

H)™ = Hyy, + I, (5.26)

where h), = h, + Hzy, and |H£X’,,| > |h] | and we are going to retain only terms
linear in h!, in Eq. (5.15)). First, we have

m, - E/IFA 2
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similarly,
(m, x HMFA) . (m,, x HMF) = 9(h?) (5.28)

Further, in stationary dynamic processes deviations from equilibrium y, — yo,
are small (|y, — yo.| < v,), hence

tanh (yo’”) Y — Yo 9
L Gal R et [ SR 5.29
tanh (y2u) Sinh(yy) ([?JO, Y ] ) ( )

where the quantity y, — yo, can be written as

Y — Yo = Yv— QVMBB’HB[;X,V + h:/‘
J By,hm, - h!

J
=y — Brh= v 4 O(h2) (5.30)
[y my
Now we calculate y, = y,(m,) using a Taylor expansion around y,(m,.) =

B,YV}:LHEX,V@) HEX,V,e = (JO,V/MV>mV,e + (|JO,VI€|//JJV)mn,e where Mye = |m1/,e| is the
equilibrium magnetization in the absence of anisotropy and external field (that
is, the solution of Eqgs. (5.20|) with h, = 0) up to first order in om, = m, —m,,,
that is,

Yo = Y(my) =yu(mye) + (aag:/) 5m,, + (9(5m,2/)
JO,I/ JO zln
= 5%71{ V mue :| S B/ my (531)
where 7., = (ml,e m,.)/m,. and B, (SuBvhHex ). Replacing Eq.
(5.31) in Eq. (5.30) we obtain
1-— ﬁj@ VB, 0 I/Ii
v v Vh ’ z v
e = (ST Y om, =
zlh v h/
_ Bnhm,-h, +O(h2) (5.32)
m,

where 07, = 7, — Tye, T = (m, - m,)/m,. Moreover, we can write Eq. (5.32)) in
terms of the longitudinal susceptibility X, using (see Ref. [10] )E|

1—pBJo,B: 1 Jok ~
OB - L (14 Doy, (5.33)
BB, Xl Mo
n this thesis we use a different definition of the longitudinal susceptibility than in Ref.[10].
In this thesis for the case of antiferremagnetic coupling we define x,, || = [0m, /0H. | ,—o and

%,n = —[0my/OH .=
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5.3 Quantum LLB equation for two-component magnets

where the longitudinal susceptibility is given by

MHBBII/JOW,%ﬁB,; + HVBBZI/ (1 - ‘]O,HBB,;>
1— ‘]O,V/BBI//) (1 - JO,HﬂB,;) - JO,m/BBl//JO,w:ﬁB;{;'

Therefore, substituting Eq. (5.33]) into Eq. (5.32) we obtain

Y — Yoo = Byh

1 J, VK ~ J VK v h/
[,V (1 + 25 Xn,) Sm, — 2255y, — a7 (5.35)
XV,H Hy Hy m,

)A(/,AH = ( (5.34)

and replacing Eq. (5.35)) in Eq. (5.29) we have

tanh (%%~ Jhm, .
1- - ( y2y ) - T ﬁ’y T 2 m, - Heff,y (536)
tanh (%) sinh(y, (m,.))m2
where yy(my,e> - BIYuhHEX,V,e and
1 Jowr ~ Jouk v
Heﬁ‘ﬂj = |:— — (1 + %, X,{’) om, + % (57‘4 m + hly (5.37)
Xl My My Mye

is the effective field. Now, we are ready to simplify Eq. (5.15). Using Egs. (5.27)),
(5.28]) and (5.36)) we can write the second term in the r.h.s. of Eq. (5.15) as

K, (1 B tanh (yoéu) m, - Hl;dFA) m, =, { 2K, Bhm,, . ] (m,, - Heg))

tanh (%) m, HMFA sinh(y, (m,.)) m2 "
(5.38)
similarly, the third term in the r.h.s. of Eq. (5.15)) becomes
_ K tanh (£22) (2(S, + 1) tanh (%) | me X (m,, x HMFA)
¥ tanh (%“) m, m,, HMFA
2(S, + 1) tanh <—y"(n21”’e)> m, x (m, x Heg,)
= —Ky,m,. 1| =~ v = v (5,39
2y, Mmye mIQ,HEX,V,e ( )
and the forth term in the r.h.s. of Eq. (5.15)) reads
m, X HMFA 2 m, - HMFA m, X (m, X HMFA
s e [ HE (D m, ¢ (m,  HYT)
(m, HMFA)2 (m, HMFA)2
m, X (m, X Heg, )
= velKo, — K : 5.40
T, ( % 1) |: m;%HEX,V,e ( )
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Hence, replacing Eqgs. (5.38), (5.39) and (5.40) in Eq.([5.15]) we obtain
I

di 0%
dt = —7m, X Heﬁ",z/ + Vum_l%(Heff,u ' mz/)my
a
- fVum_gml/ X (mu X Heff,z/) (541)
where
2 2
ol = P (5 ) 2 (5.42)
5‘]0711,6 SV + 1 Slnh(2QV)
h 2 K
N L S (1 S ) (5.43)
I (SV + l)ﬁJO,V,e QKZ,V

where jO,V,e = JO,I/ + JO,I/N<m€,I/ : me,fﬁ)/miy = JO,I/ + ’JO,I/K’(mG,H/mB,V>7 4 =
(BJowemen)/(25,) and N, = [Bu, Ko, (S, + 1)]/[7,S,] and the effective field is
given by Eq. (5.37)), that is,

1 1 m,
H = — — _ i
eff,v |: Aw/ (mu mu,e) + Ay,:.g (Tli Tn,e):| m,
J VKR
+ ST+ H 4+ Hy, (5.44)
My
where
1 Jovr ~
A = = (1 + = xn,|> : (5.45)
Xv,|| 207
N Jove. (5.46)
My

In Fig. [5.5| we show a comparison between Eq. (5.15) and Eq. (5.41) for a

temperature step. As we see Eq. (5.41]) is a good approximation of Eq. (5.15)) for
small deviations from the equilibrium state. As we will see in the next chapter

the advantage of is that from it one can obtain an analytical expression of
the longitudinal relaxation time as function of the system’s parameters. However,
Eq. should not be used in dynamical processes with high deviations from
the equilibrium state, for such situations Eq. should be used instead.

5.4 Limiting cases of the qLLB equation

In Fig. [5.6) we show a diagram which describes the limiting cases of the qLLB
equation for disordered magnetic alloys given by Eq. (5.41)). Namely, taking the
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500 +
=
< 400
= —— T=300K - 400 K
300 1 —— T=300K - 500K] |
1.0 t t t
o8f ST A
0.6 -
T=300K 400K T=300K - 500K
04+ qLLB "paramagnet+MFA™: m_ - - b
~ 02 QLLB "paramagnet+MFA"; m,_ o o ]
1S : qLLB “final™: m. —— ——
0.0} qLLB "final": m —o— —o— g
0.2k
0.4t =
-0.6
1 1 1
0 1 2 3
time (ps)

Figure 5.5: Comparison between Eq. (5.15)) called ”paramagnet+MFA” and Eq.
(5-41) called "final” for two temperature steps.

limits S, — oo and S, — oo in Eq. one arrives to the classical LLB
equation for disordered magnetic alloys, that is, Eq. . If the limit x, — 0
(i.e., the impurities are removed) is taken in Eq. then one arrives to the
classical LLB equation of a ferromagnet described in Ref. [49]. On the other
hand, if the limit x, — 0 is taken in Eq. then one arrives to the qLLB
equation for a ferromagnet given in Eq. (3.18). Finally, if the limit S — oo
is done in Eq. one obtains the classical LLB equation of a ferromagnet
described in Ref. [49].

S, > [U. Atxitia et. al., PRB, 86, (2012)]
S > e
gLLB for two-sublattices LLB for two-sublattices
x>0 x, >0
gLLB ferromagnet - LLB ferromagnet
[D.A. Garanin, Physica A, 172, (1991)] [D.A. Garanin, PRB, 55, (1997)]

Figure 5.6: Diagram showing the limiting cases of the qLLB equation for a two-
sublattice magnet.
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5.5 Comparison between quantum and classical
LLB equation for two-component magnets

In this section we compare the qLLB equation for disordered magnetic alloys
with its classical counterpart. We choose the values of the exchange parameters
similar to GdFeCo which corresponds to T, 7y = 722 K, T, rpp = 290 K and
T.rm—-re = 251 K. For FeCo sublattice we use the spin number equal to 1/2 and
for Gd equal to 7/2.

1.0 [a-acnn-

0.8}

081 ——Gd 5=772 |
0.4 | FeCo, S=1/2
0.2F|——Gd,S=w
0.0f—=—FeCo0,S=w
0.2}
0.4}
-0.6
-08F
-1.0 o8 ) ) ) ) 1
0 100 200 300 400 500 600 700
T(K)

M/Mgk

Figure 5.7: Comparison of the equilibrium magnetization between the quantum
and classical case.

In Fig. we show the equilibrium magnetization versus temperature for the
classical and quantum case for a Gd concentration of xgq = 0.25, we get T, = 565
K. We also use yrar = Yre = 1.76 x 107 rad s7! Oe™! and A\ry = Aggp = 0.1.

a) 0.8 b) 1.0 T T T T

—8—Gd, S=712

wIN

—e—Gd, S=7/2
—=— FeCo, S=1/2| 4
[—0— Gd, S=co

[—o—FeCo, S=w

00 02 04 06 08 10 00 02 04 06 08 10
TIT, TIT,

Figure 5.8: a) Longitudinal damping versus temperature, b) Transverse damping
versus temperature.

In Figs. [5.8) we present the longitudinal and transverse dampings versus tem-
perature for quantum and classical case. We see that since Gd spin is quite high

86



5.6 Conclusions

(Sga = 7/2) its dampings is very similar to the classical case, however for FeCo
the quantum case is smaller than in the classical limit for both dampings. In Fig.
we show a comparison of the normalized magnetization dynamics between the
quantum and classical case for a temperature step. We observe that in the quan-
tum case for FeCo we have a slower longitudinal relaxation than in the classical
one.

T(K)
w W
83

—=— FeCo, S=1/2
0.8+ —e—Gd, S=7/2
—o— FeCo, S=c0
—o— Gd, S=co ]

normalized m

time (ps)

Figure 5.9: Comparison of the normalized magnetization dynamics between the
quantum and classical case for a temperature step.

5.6 Conclusions

In this chapter we have presented novel quantum and classical LLB equations
for two-component magnets, which can be applied to ferrimagnetic materials like
GdFeCo where an ultrafast switching has been reported [70, 136] but also to
ferromagnetic alloys like Permalloy. The new equations constitute an important
step forward in description of the dynamics of ferrimagnets which is tradition-
ally based on two-coupled macroscopic LLG equations. For example, the FMR
and exchange modes have recently attracted attention due to possibility to opti-
cally excite them [105] [135]. Their temperature dependence can be now correctly
understood in terms of our approach [128]. Furthermore, recent ultrafast dynam-
ics experiments using XMCD showed different sublattice dynamics on ultrafast
timescale in a two-sublattice magnets such as GdFeCo [70] or FeNi [I18], which
can be modeled using this new approach. These equations can serve in the future
as a basis for multiscale modeling in two-component systems at high temperatures
and/or ultrafast timescales, in the same way as the LLB equation for ferromag-
nets [78]. This also opens a possibility for micromagnetic modeling of ultrafast
dynamics in large structures, such as sub-micron and micron-size ferrimagnetic
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dots, whose dimensions do not allow modeling by atomistic approach. Similarly,
it will be useful for static micromagnetic modeling at high temperatures, such as
thermally-driven domain wall motion in nanostructures.

Conclusiones en espanol

En este capitulo hemos presentado unas nuevas ecuaciones de LLB clésica y
cuantica para materiales magnéticos compuestos de dos subredes, las cuales
pueden ser utilizadas para describir la dindmica ultrarrapida en materiales fer-
rimagnéticos como GdFeCo sino tambien para aleaciones ferromagnéticas como
Permalloy. Estas ecuaciones constituyen un paso importante en la descripcion
de la dinamica de materiales ferrimagnéticos los cuales tradicionalmente han sido
descritos usando dos ecuaciones macroscépicas de LLG acopladas. Estas ecua-
ciones pueden servir como base para la modelizacion multiescala en sistema de dos
componentes a altas temperaturas y/o escalas de tiempo ultrarrdpida, de forma
similar que la ecuacién de LLB en materiales ferromagnéticos[78]. Ademés, es-
tas ecuaciones abren la posibilidad de una modelizacion micromagnética de la
dindmica ultrarrapida en sistemas de gran tamano que no pueden ser modeliza-
dos mediante simulaciones atomisticas.
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6

Relaxation rates and switching
time of disordered ferrimagnets

6.1 Introduction

The possibility to switch magnetization at the ultra-fast timescale with laser
pulses has been fascinating the scientific community for already more than 15
years. Up to now the ultra-fast heat-mediated switching has been observed
in the antiferromagnetically coupled materials such as disordered ferrimagnetis
GdFeCol[70], TbCo[4], TbFe[61], ThFeCo [32], DyCo [102], HoFeCo [102], syn-
thetic ferrimagnets [43], [102], 131]. The switching mechanism involves the angular
momentum transfer from the ferromagnetic precessional mode to the aniferromag-
netic one [I2]. These materials consist of sublattices with different demagnetisa-
tion speed: fast transition metal material and slow rare earth material. Under
the influence of the laser pulse the fast material arrives at almost zero magneti-
sation. At this moment the magnetisation of the slow material has a non-zero
value and provides an exchange field acting on the fast material. The switching
is fast due to the fact that it occurs in a string exchange field. Therefore, one
could expect that the most efficient switching would correspond to the situation
where the difference in the speed in two two materials is the highest.

The main features of the ultra-fast dynamics in these materials are very
well described by the atomistic simulations based on the Heisenberg model with
Langevin dynamics. However, the LLB equation for disordered magnetic alloys
that we have presented in the previous chapter is a suitable tool to understand
the difference in demagnetisation speeds of two-component coupled materials.
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6.2 Linearised LLB equation

In order to analyse the demagnetisation speeds of two-component coupled mate-
rials we linearise the qLLB equation given by Eq. . Namely, we assume that
the magnetization of each sublattice is parallel (ferromagnetic coupling) or an-
tiparallel (antiferromagnetic coupling) to each other (7,, = (m, -m,)/m, = +m,,
Tre = E£my . where sign + is for ferromagnetic coupling and sign — is for an-
tiferromagnetic coupling), and we neglect the anisotropy and external magnetic
fields. Thus Eq. for the magnetisation of the sublattice ¥ = tv,re becomes

dm,, 11 1
dt - _,YI/OéH |:A_W (mu - me,y) - Auﬁ (TTL,.; - me,n):| s (61)

where m,, = |m,| and all the quantities have the same meaning as in the previous
chapter, except A} = |Jo,x|/1,. Then, taking into account that dm.,/dt = 0
we arrive to the linearised qLLB equation of the form

d (STI’LTM o 5mTM
E ( OMgg > N A” < OMpp ’ (62)
where 0mrywey = Mrawe) — Me,rvrey and the matrix A reads
TrEQ)| /ART ~TreQ /ARR |

It is important to note that the matrix elements in equation (|6.3]) are temperature
dependent. The general solution of the characteristic equation, [Aj — '£J] = 0,
gives two different eigenvalues

_<FTT + FRR) + \/(FTT - FRR)Q + 4-FRTFTR
2

I+ =

(6.4)

corresponding to the eigenvectors vi = (g, —(Upr + I'F)). In ferromagnets,
relaxation can usually be described well by only one relaxation rate, at least in
the linear regime. By contrast, in two sublattice ferrimagnets, a combination of
the two characteristic relaxation rates I't describes the magnetization relaxation
of each sublattice with a weighting determined by the eigenvectors. This means
that one cannot describe the relaxation of a two-component system with as single
exponential decay function except in some limits.
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6.3 Application to GdFeCo

To be more specific, we consider a model of Gd,(FeC0),=1_, alloy. The numerical
value of the MFA exchange parameters ( Jreco pecos Jaa.ca aNd Jreco.ca) are obtained
from a renormalization[116] of the atomistic exchange parameters given in Ref.
[12], that is, Jaom = 6921072 J, Jatem —2.78.1072! J and J2om = —2.41.
1072 J, in order to get the same Curie temperatures. However, one we should
note that the alloy has a shared Curie temperature. The magnetic moments
used are fpeco = 1.92up and pugg = 7.63up where up is the Bohr magneton.
Furthermore, the generic character of the ferrimagnet is simulated by varying the
antiferromagnetic coupling strength, Ja™, = Note that the two-sublattices have
a shared Curie temperature except for a very small inter-sublattice coupling.

In Fig. we present the matrix elements of A and I'* as function of the
temperature using a rare-earth concentration of x = 0.25 for the quantum case
with Speco = 1/2 and Sgq = 7/2 (Fig. a)) and classical limit Spec, = 00
and Sgq = oo (Fig. b)). Let’s define the temperature where I'rp = I'gg as
the ”coupling temperature” T.,. We see that in the quantum case there are two
couplings temperatures T¢,1 and T, 2, these temperatures allows as to identify
three temperature regions: i) at 7' < T,,1 we have I'rp ~ |I'f| and I'gg ~ |I'7|,
ii) at Too1 < T < Tepo we have Dpp ~ [T | and Trp ~ [T, iil) at Tpo < T we
have 'y ~ [I'"| and T'grg ~ |I'7|. However, in the classical limit there is just
one coupling temperature, thus we can identify two temperature regions: i) at
T < T., we have I'rp ~ |I'"| and T'grg ~ |T'*|, ii) at T,, < T we have I'pp ~ |I'"]|
and T'pr ~ ||

0.01

0.0 0.2 0.4 0.6 . . . . . 1.0

T/T

C

Figure 6.1: The matrix elements of A and I'* as function of the temperature
using a rare-earth concentration of z = 0.25 for a) quantum case with Speco = 1/2
and Sgqg = 7/2, b) classical limit Spec, = 00 and Sgq = oc.
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6.3.1 Longitudinal relaxation rates

In the classical limit at low temperatures (17" < Tt,) we also have that I'rprpy >
I'rr(rr), therefore the longitudinal relaxation time of each sublattice in this tem-
perature region can be written as 7y ~ 1/T'7r and 7rg ~ 1/T'grg. Thus each
subsystem could be characterized by the corresponding longitudinal time 77/ rg,
although we should stress that the rates I'grg, I'rr depend on parameters of both
subsystems. Taking into account that the exchange field is large, one can estimate
the longitudinal relaxation time of each sublattice in this region as

1

~N— 6.5
29, Ay, JHEE (6.5)

Ty

where

J v J VK
ger = 2% mw+| % ‘mm. (6.6)

v,e
’ v /-‘LV

0.16

a) 014 1 b ~=—x=0.05 |
' x=0.15

0.12 i 0.8} —A—x=0.25
X=0.45

Aolo . ’(/? —0—x=0.65 T

[%2] o | x=0.85 |

=0.08 : "%06

= [ ]

S 0.06 ®1 S04l -

0.04 = M“‘

0.02 F==55 1 0.2k e
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Figure 6.2: a) 1/T'rr ~ 7ra as function of the temperature for different rare-
earth concentrations, b)1/I'rr ~ Trp as function of the temperature for different
rare-earth concentrations.

Furthermore, the temperature dependence of Trﬂ w.re (obtained from the eval-
uation of 1/T'pr grr given by Eq. ) varying the inter-sublattice strength is
presented in Fig. for x = 0.25, and in Fig,. - varying the RE concentration
and fixing the inter-sublattice exchange. For large temperatures the TM mate-
rial experience critical slowing down. The behavior of the RE material is more
complicated. Namely, only for large coupling and intermediate RE concentra-
tion the critical slowing down at common Curie temperature occurs. In all other
cases the slowing down occurs at temperatures corresponding to the individual
Curie temperature of the RE material. The functional dependence of relaxation
times can be understood taken into account that it is inversely proportional to
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the exchange field through Eq. which in turn is proportional to the inter-
sublattice exchange field. As the coupling strength increases, the MFA exchange
field increases and, thus, both RE and TM become slower. At the same time, the
dependence of the exchange field on the RE concentration via Eq. is more
complicated. It follows from Egs. and that for Jormmr > Jorrmg
the exchange field acting on the TM decreases with the rare earth concentration
and the TM material becomes slower in agreement with Fig. [6.2| (a). The same
happens for the RE elements if Jy rrmr > Joremg, in agreement with Fig. (6.2
(b). At the same time it is clear that for larger inter-sublattice exchange coupling
the above inequality for the TM metal can be violated, while for the RE it always
holds. Thus, we can have situation in which TM fastens with concentration while
the RE still slows down. The transition between the two behaviors is depicted
in Fig. [6.4, where we present only concentration values typical for the experi-
ment and corresponding to the window where the magnetisation switching takes
place. The decrease of the TM relaxation time with concentration for large inter-
sublattice exchange strength indicates that one can expect a non-trivial behavior
as a function of concentration.

0.20 T T T T

b= Jn =027

a)

FeCo-Gd

0.15} I = Jrecocd
—— =23

FeCo-Gd

_
(%]
o
g
¢ 0.10
—
<
—

0.05

0 100 200 300 400 500 600 0 100 200 300 400 500 600

T(K) TK)

Figure 6.3: a) 1/T'pyr ~ 7ppr as function of the temperature for different inter-
sublattice interaction strength (J7'3") with x = 0.25, b)1/T'rr ~ TrEg as function
of the temperature for different inter-sublattice interaction strength (J7'3') with
xz = 0.25.

At high temperatures the estimation of the relaxation rates based on only
one eigenvalue is not valid. However, to comply with the widely used procedure,
we fit the numerically integrated relaxation time at high temperatures to one
exponential function for each sub-lattice. The integration of the original LLB
equation is performed with initial conditions taken as a small deviations
of each sublattice from its equilibrium, i.e., m,(0) = me, + dme,. The results
are presented in Fig. for three temperatures above the coupling temperature

93



6. RELAXATION RATES AND SWITCHING TIME OF
DISORDERED FERRIMAGNETS

in comparison with the analytically estimated relaxation time. One observes
that, firstly, the linear one-exponential approximation is valid for small coupling
strength. Secondly, at high temperatures the RE accelerates as a function of
temperature while the TM slows down. This phenomena is also present in the
behavior of the matrix elements and the combined rates in Fig. and can be
explained by the fact that while the TM has a critical behavior at the common
Curie temperature, the RE material presents a strong critical behavior in the
temperature, close to its own Curie temperature but its relaxation rates are almost
constant at high temperatures.

0.08

a)

—Tr—T—T1—
=
L JrR=0.2 3004
sim_
Ja=3

FeCo-Gd

-
o.1oi\'\'\-\'\'\-\-
— T T T 0.0 —r b1 . . 1, 1 .7
15 20 25 30 35 15 20 25 30 35 15 20 25 30 35
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0.04

Figure 6.4: a) 1/T'pp, b) 1/T'rr and ¢) I'gr/I'rr versus the rare-earth concentra-
tion for different strength couplings between both sublattices (J}Z}?) at T' = 0.67..

To analyse the consequences of the above conclusions on the switching of a
ferrimagnet, we can adopt a usually made simplification by considering a step
function for the electronic temperature (see, for example. Refs.[5], 12]). We also
note from previous atomistic simulations that the switching occurs well after the
laser pulse is gone. Thus although the electronic temperature may go above the
Curie temperature, the relaxation time of a sublattice during the ultra-fast laser-
induced switching may be approximately characterized by its relaxation at the
final (quasi-equilibrium) electron temperature which is below 7. The switching
in GdFeCo will be effective if 7y, is small and 7rg is large, since in this case we
could expect a large field acting on the TM material. This reasoning indicates that
if the quasi-equilibrium temperature stays close to T, the switching is ineffective,
since in this case the TM relaxation time is as large as that of the RE. The
switching diagram as a function of the temperatures can be found in Refs.[5]
12l 144] and indicates that the switching is suppressed for high temperatures.
Here we are interested to understand the phenomena as a function of the RE
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6.3 Application to GdFeCo

concentration. The results presented in Fig. indicate that the most effective
conditions for the switching and usual inter-sublattice strength should correspond
to systems with larger Gd concentrations. Indeed, then TM becomes faster and
the field acting on it in the moment when it reaches almost zero magnetisation
-larger. Fig. also indicates that the situation may change for more coupled

alloys.
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Figure 6.5: 1/T'ry and 1/T'rR as a function of the rare-earth concentration for
different reduced temperatures. The lines indicate the relaxation times obtained
via the evaluation of the eigenvalues Eq. while the points indicate the direct
numerical integration of the LLLB Equation and fit to the one-exponential function.

The Figs. a), b) corresponding to the strength coupling values Jreco—Ga

O.2J}%’giGd, and Figs. c), d) for Jpeco—Gd = J}%E‘?—Gd'

To check the predictions, we perform atomistic modeling of a disordered TM-
RE ferrimagnet under the influence of ultra-fast laser pulse. The model is de-
scribed in details in Refs. [5] [12]. The dynamics is modelled by the Langevin dy-
namics based on Landau-Lifshitz-Gilbert equation of motion for localized atomic
magnetic moments, see e.g. Ref. [12]. The input electron temperature is dynam-
ically varied using the two-temperature model with the parameters from Ref.[12].
In Fig. we present the reversal time ey 7as(rE) Of each sublattice (defined
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as time elapsed between the initial state and the instant of time at which the
average magnetization starts to reverse its direction, i.e. crosses m. ry(rey = 0
point) versus the rare-earth concentration for two values of the inter-sublattice
strength couplings. In agreement with the predictions of the relaxation rates,
the switching is faster for a strongly coupled system and the RE switching time
increases as a function of the its concentration. The behavior of the TM is more
complicated. In fact, its dependence on concentration is not very pronounced.
In the situation corresponding to the usual FeCoGd coupling strength, the TM
switching time decreases with the RE concentration. Our findings are in agree-
ment with the fact that the switching window is larger for FeCoGd material with
larger Gd concentration, see Ref.[5]. They are also in agreement with recently
published experimental results [56] where the XMCD measurements in GdFeCo
have shown that the material is not homogeneous and the reversal starts in Gd-
rich regions. In agreement with the results presented in Figf6.6] those regions,
indeed would correspond to the minimum TM reversal time and the maximum
field coming from the RE. For larger coupling strength, however, the reversal
time as a function of Gd concentration has a maximum and then decreases. This

indicates that in this case the reversal could start in regions with smaller Gd

concentration.
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Figure 6.6: a) Magnetization dynamics obtained by atomistic simulations for
r = 0.22 and x = 0.28, b) the reversal time t.o, peco(ca) Versus the rare-earth
concentration for different strength couplings between both sublattices.
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6.4 Conclusions

In this chapter we have analysed the temperature and concentration dependence
of the relaxation rates of the "fast” and ”slow” components of ferrimagnetic alloys
within the framework of the Landau-Lifshitz-Bloch model for ferrimagnets. Our
results indicate that the "fast” (TM) material experience critical slowing down at
the common Curie temperature, while the "slow” RE material does not do this.
Both materials typically slow down as a function of the RE concentration although
this dependence can be reverted for the TM for large inter-sublattice coupling
strengths. This has a remarkable consequence on the switching time. We show
that for the values of the coupling strength corresponding to typical parameters of
the GdFeCo sublattice the reversal should start in Gd rich region. The situation
may be opposite for compounds with stronger inter-sublattice couplings.

Conclusiones en espanol

En este capitulo hemos analizado la dependencia con la temperatura y la concen-
tracion de los tiempos de relajacién de los componentes "rapido” y ”lento” en la
aleacion ferrimagnética de GdFeCo usando la ecuaciéon de LLB para materiales
formados por dos componentes. Nuestros resultados muestran la dinamica longi-
tudinal del material "rédpido” (TM) se hace extraordinariamente mds lenta cerca
de la temperatura de Curie comun, mientras que para el material "lento” (RE)
no ocurre este hecho. De forma general, a medida que aumenta la concentracion
de RE la dinamica longitudinal de ambos compuestos se hacen més lentos aunque
esta tendencia puede invertirse en el TM para altos valores del acoplo de canje en-
tre ambos compuestos. Este hecho tiene consecuencias importantes en el tiempo
de inversion magnética. Para valores de canje similares a GdFeCo obtenemos que
la inversion ultrarrapida deberia iniciarse en la regiones con mayor concentracion
de Gd. Sin embargo, para valores de canje entre los compuestos mayores podria
ocurrir lo opuesto.

97



6. RELAXATION RATES AND SWITCHING TIME OF
DISORDERED FERRIMAGNETS

98



7

Free energy of a two sublattice
magnet

7.1 Introduction

In magnetism from the free energy (Helmholtz free energy) one can extract in-
teresting properties of a magnetic system like equilibrium magnetization, effec-
tive field, susceptibility, heat capacity,... In 1963 Brown[27] developed a zero-
temperature magnetic free energy where the magnetization is considered as a
fixed length vector. This approach can also be also applied at low temperatures
(far below the Curie temperature 7,) taking into account the temperature de-
pendence of parameters like the magnetization saturation, anisotropy,.... On the
other hand, close to T, the magnetic free energy can be written as a Landau
expansion[95] where the magnetization can change in length and direction. In
2001 H. Kachkachi and D. Garanin[74] derived a generalized free energy within
the MFA for a weakly anisotropic ferromagnet which is valid in the whole range
of temperature (see Eq. (2.21)).

From the point of view high temperature dynamics (like ultrafast magnetism)
the free energy is also very interesting since the effective field of the classical
LLB equation for ferromagnets can be recovered from it[49]. For the case of two-
component magnets Mentink et al.[I08] presented a general theoretical framework
for ultrafast spin dynamics where the effective fields were extracted from a free
energy derived by Baryakhtar[15].

In this chapter we investigate the free energy for two sublattice magnets.
In principle, there are several approaches of calculating the free energy within
the MFA. However, Agra et al.[3] showed that the route called ”alternative MFA
formulation” (which was followed by H. Kachkachi et al.[74] to derive a generalized
free energy for ferromagnets) can lead to non-physical free energy landscapes for
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two sublattice systems. In appendix [D] we present the calculation of the free
energy of a classical Heisenberg two sublattice magnet using the ”alternative MFA
formulation” and we show that for some exchange parameter values the expected
equilibrium states are saddle points instead of minimums. Alternatively, the route
called ”variational MFA procedure” leads to physical energy landscapes for the
all range of exchange parameters, therefore in this chapter we present a detailed
derivation of the free energy for two sublattice magnets using this approach.

7.2 Heisenberg Hamiltonian of a two sublattice
magnet
In ultrafast magnetism the main interaction in the exchange one. Therefore,

for simplicity we consider a two-sublattice magnet described by the following
Heisenberg Hamiltonian

1 1
H = —5 Z Jijsi . Sj — 5 Z Jijsi . Sj — Z Jijsi . S]' (71)
i,JEA;i#] i,jEBsij i€A,jeB
where ¢, j are lattices sites, J;; is the Heisenberg exchange interaction parameter
and s; = p;/p; is the unit length classical spin vector with p; = pacp) is the

magnetic moment of the atom A(B). Notice that in the last term Eq. (7.1) there
isn’t a factor 1/2 since in these summations no double counting takes place.

7.3 Calculation of the free energy using the vari-
ational procedure

Firstly, we introduce briefly the variational free energy technique[3]. The exact
free energy of the system described by the Hamiltonian ([7.1]) is given by

F = —%mz: —%m U e‘ﬂ%dsl...dsn] (7.2)

where Z is the partition function, 5 = 1/(kgT) with kg being the Boltzmann
constant and n is total number of spins. Now, the Hamiltonian is written as

Ho= Ho+ (H - Hy) (7.3)

where Hj is a trial Hamiltonian, then after some rearrangement the free energy
becomes

F=55— %ln@_ﬁ(%_%)% (7.4)
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where & is the free energy corresponding to the trial Hamiltonian, that is,
1
Fo = 3 InZo, Zo= /e—ﬂ%dsl...dsn (7.5)
and the symbol (...)o stands for

1
<A>0 = Z—/em{‘)Adsl...dsn, (76)
0

where A is an arbitrary function. It can be proven [132] that Eq. (7.4) leads to
the Bogoliubov inequality:

F<F, =F+ (H —Ho)o = Fo + (FH)o — (Ho)o- (7.7)

We notice that the smaller is &, the better approximation is to the exact free
energy F. Therefore, the idea is to calculate &, using a suitable trial Hamiltonian
Ho which depends on some parameters, then the minimization of &, over these
parameters will give the values of them at which F, is minimum, that is, the best
approximation to the exact free energy J.

7.3.1 General free energy

Now we are ready to calculate the free energy of a two sublattice magnet. For
this task, we use the analogous form of the trial Hamiltonian 3, for the two-
sublattice Heisenberg ferro- (ferri- or antiferro-) magnet as suggested in Ref. [3]
for the Ising antiferromagnet, that is,

Hy = —p HYA Z s; — ppHE™ Z Si (7.8)
icA icB
where
MFA Jo,A(B) Jo,AB(BA)
HA(B) = my(p) =+ —————INp) (79)
HA(B) HA(B)

where Jo 4 = va2Ja4, Jo. = xB2JBB, JoaB = TB2JaB, Jo,.pA = TazJaB, 2 is the
number of nearest neighbours in the ordered lattice, z 4(p) is the concentration of
atoms of type A(B) and m gy are parameters which later will have the meaning
of the sublattice magnetisation. The partition function corresponding to the trial

Hamiltonian Eq. (7.8) is given by
2o = / e PHols18n) g, ds,...ds,

. | sinh (B HYFA " Tsinh Bup HNFA e
= (4m) ( MFi ) ( MFi ) : (7.10)
BuaHy BupHpg
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and the free energy corresponding to this partition function is

T, = —%mzoz—%m(m)—%A(sA)—%BA(gB) (7.11)

where A(x) = In[sinh(x)/z] and xp) = [§am)| With as) = BMA(B)HIX(FI%. On
the other hand, if we average in Eqs. ([7.1)) and (7.8 then we have

(H)o = —% > Jij<Si~Sj>o—% D Jilsiesido

i,jEAi#] 1,JEB,i#]
— Z Jm’(Si . Sj>0, (712)
i€A,jeB
(Hoyo = —paHY™ Y (si)o — psHE™ Y (si)o. (7.13)
icA ieB
Moreover, with the help of Eq. (7.6) one finds that (s; - s;)o = (s;)o - (sj)0 and
(sl = LENS © {sienlo = Lgn) &2 (7.14)
€a B

where L(x) = coth(z) — 1/z is the Langevin function. Hence, if we replace Eq.

(7.14) in Eqgs. (7.12) and (7.13]) and we take into account only first neighbours

interaction then we arrive to
nT A
(H)o = - Jo.aL(€a)?

— n.’L'AJQ’ABL(EA)L(gB)

nx
— = JosL(és)?

€4-€B

. nes §a8B
(Ho)o = 7§AL(€A)+7§BL(§B)' (7.16)

Finally, if we replace Eqgs. (7.11)), (7.15]) and (7.16)) in Eq. (7.7]) we find
n nx nx
F < Fo(mamp) = —hn(dm) - 7AA<5A> - 7BA<53>

nT nrp

— TJO,AL(fA)Q - TJO,BL(fB)Q
— naadoanL(€a) Ligs) E 2
§aéB
nT 4 nrg

+ FSAL(fA) + 753“53)- (7.17)

The minimization of &, over the parameters m, and mpg, that is,

oF, oF,
0mA ’ 8mB ( )

(7.15)
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leads to the Curie-Weiss equations

EA,e

X £B,e
€A7e ’

£B7e ‘

my. = L(€ae) mp. = L({p,) (7.19)

where §ap)e = B[Jo,amyMas)e + Joapmampaye]. The state (my,mp) =
(mu., mp.) represents the equilibrium state where F, has its minimum value,
and since F < F, (see Eq. (7.7)) then &, evaluated at the state (m4., mp) gives
the best approximation to the exact free energy F. For the pure longitudinal case,

that is, my4 || mp || e,, we obtain the following free energy per spin from Eq.

11

LT mas) = =5 () = TAE) — PAR)

3 3
— %JO,AL(fA,z)Q — %BJO,BL(fB,z)Q
— wadoapL(6as)L(Eps) + %AsA,ZL(sA,Z) + %BfB,zL(gB,z), (7.20)

where {a(py,» = B[Jo,aByma(B),: + Jo,aB(BAYMB(A),:]. Or equivalently,

Y _p_rs (7.21)
n

where F is the internal energy per spin given by

1 T T
E=—(000 = %5 Joal€a:)’ = osllés.s)’
— xadoapLl(€a.)L(ER.), (7.22)
and S is the entropy per spin given by
S = kg, (7.23)
~ inh €a,:L(a2) 7" Tginh ¢p,-L(B,2)]"B
G — 4|5 (€az)e } {sm (Ep.r)e (724
gA,z fB,z
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7. FREE ENERGY OF A TWO SUBLATTICE MAGNET

7.3.2 Second derivative test of the free energy obtained
from the variational procedure

In this section we perform the second derivative test to the general free energy
given by Eq. (7.20). The second derivative test discriminant of Eq. (7.20)) is

3, \ (o5 [ &5 T
(977112472 8mQB7Z Oma,.0mp ;

D (mA,z ) mB,z)

asa
= n’zarpf AJB (Jo.ado.s — Jo.apJo.pa)?
0,AJ0,B
1 R
—ay —ap + 1_JAJ asagl|, (7.25)
0,4J0,B
where a, = Jy, L' (&, ) and
0*F, Jo,aBJo,BA
20 (mas,mps) = naad 1- OABROBA () 9, —ap)| .
i ’Z(mA, mg,.) n aJo A {aA( as)+ap Tordos ( as CLB):|
(7.26)

If (mo.a.., mo ) is a local extremum of &, then we have the following cases:

2
e D(moazmop:) >0 and 8‘9—(}

m3, [mo,4,mo0.5,2) > O then (1m0,4,2,m0,.2) s a
yZ

local minimum.

527, .
e D(moa.,mop.) > 0 and —amiz|(m0,A,zvm0,B,z) < 0 then (mg.a.,mop.) is a

local maximum.
e D(mo,a.zmop.) <0 then (mg 4., mop) is a saddle point.
® D(mo.a.,mop,.) =0 higher order test must be used.

The analysis shows that there is a critical temperature 7. given by

o JO,Z/ + JO,K + \/(JO,V + JO,/{)2 + 4<J01/nj0,m/ - JO,VJO,H)

1. ;
6kp

(7.27)

where if T' < T, there are three extremal points, namely: two minimums
(Me A1, Mep21) and (Me a2, Mep22) Which are the solutions of the Curie-
Weiss equations (see Eq. ) and one saddle point (0,0). If 7" > T, then there
is just one extremal point which is a minimum (0,0). At 7" = T, there is one
extremal point which is (0,0) however since D(0,0) = 0 higher order test must
be used in order to know its type.
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7.3.3 Landau free energy

Close to the critical temperature we have |, ,| < 1, so that

2 4 5 3
A&, ) ~ ? — 18’0 . L&) ~ 3 — 45 ) (7.28)

If we replace these approximations in Eq. (7.20)) and we keep the terms up to
fourth order in the sublattice magnetization m, . then we obtain

1 1
—F,(ma., mp,) = 3 In(47) + D om? . + Dpam¥ .
n ’ ’

+ DABmA,sz,Z + DA4mL/L1,Z + DB4m%,z + DA?’Bmil,sz,Z
+ Dpsama.my, + Dazg2m’ mj (7.29)
where
D,,Z = %xu [U)Z,Jg,y + w,{J07HVJ07yn - 2/6J07){11J0,U/£J0,I/j| 9 (73())
D,j,.i = gxyjo,m [wl,J()J, + wnJO,n - /B(JO,Z/JO,H + JO,VR‘]O,RV)] ’ <731)
3
D,,4 = 5701’1, [qu(iy + UHJ07V,4J§’,€V + 46JO,VJO,VRJ0,RV(‘]§7HV + Jg,y)]<7732>
3
-DZISK; = ﬁxyjo,un [qug,y + uﬂj@,ﬂjg,nu
+ 6(J(:)37,§V=]0,1/n + 3J0,VJ0,,'§J027,W + 3‘]0271/‘]0,1//{‘]0,[{1/ + J(:)‘),VJO,K)L (733>
3
D2 = %Jo,mjo,nu [uyx,@Jg,,, + u,im,,{]g’,,i
Q/B(JO,V‘]O,H + JO,I/HJO,HV)(:L‘HJO7V + xlj‘]o,ff)]a (734)

where w, = 3 — 8Jy,, and u, = 45Jy, — 9. In Fig. we present a comparison
between Eq. and Eq. as a function of m4 . using the constraint
mp. = Mpe. at T = 0.957.. In Fig. ﬂ we show the coefficients D given by
Eqgs. — as function of the temperature using the parameters of GdFeCo
given in table [7.1] (with A=FeCo and B=Gd) for a) zp = 0.25 and b) x5 = 0.5.

7.3.4 Expansion around the equilibrium

Below the critical temperature there are two equilibrium states (mae .1, MpBe1)
and (Mmae .2, Mpe.2) which are the solutions of the Curie-Weiss equations (Eq.
(7.19)). Let’s expand the free energy given by Eq. (7.20]) around one of these
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Figure 7.1: Comparison between Eq. (7.20) (blue solid line), Eq. (7.29) (red
dash line) and Eq. (7.29) up to second order (green dash line) as a function of
ma,. using the constraint mp ., = mp. . at T'= 0.957.
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Figure 7.2: Coefficients D given by Eqs. (7.30)-(7.34) as function of the tempera-
ture using the parameters of GdFeCo given in table [7.1] (with A=FeCo and B=Gd)

for a) zp = 0.25 and b) zp = 0.5.

two minimums (ma. ., Mp. ) up to second order in om, ., = m, , — m, ., where
v = A, B. To this end we use the following Taylor expansions in Eq. (7.20))

1
A(ﬁu,z) = A(gl/,e,z) + Lvagu,z + éL:j(sfg,z (7'35)

1
L(fu,z) = Mye,z + L;/5£Z/7Z + §L;//5€Z7z (736)

where 551/,2 = B[JO,V(SmV,Z + ‘]O,VH(SmK,Z]7 Mye> = LI/ = L(gu,e,z)a L;(x) = dL/d$
and L!(z) = d*L/dx? evaluated at &,.. = B[Jo,Mye. + JopsMye.]. This leads
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to

1 1
E?v(mA,z; mB,z) = E?v,eq + QAA(;mi,z + QBB(;m?B,z

+ QABCSmAzémB,Z (737)

where F, ., is the free energy given by Eq. (7.20) evaluated at the equilibrium
state (Maez, Mpe.), that is,

1 1
_351)6 = _Stv e,z e,z
L = L)
1 T A B
= ——In(dn) — —A(€4sc.) — —A€Be.>
5 (47) 5 (€ae.z) 5 (€B.e,2)

+ %J(]’Ami’e’z + xTBJQ,Bm?B’e’Z + xAJO,ABmA,e,zme,B,z (7.38)
and
Qua = BxalJgalan+ Joadopalss — JoadoapJopaBLL,Ly] (7.39)
Qpp = PrplJiples + Joapdosal aa — JopJoastopaBLyLy] (7.40)
Qap = BJoapJo.pal2(Jo,al' aa + Jo.sI'sB)
— (JO,AJO,B + JO’ABJ(),BA)ﬁL;xLIB] (7.41)
where
1

As we have mentioned Eq. is an expansion around one of the two equilib-
rium states, it means that it is a good approximation of Eq. only close to
that state, therefore Eq. (]7__31[) should not be used to evaluate the free energy
landscape, for this task Eq. @D should be used instead. In Fig. we show
a comparison between Eq. @ and Eq. as a function of my , using the
constraint mp ., = mp.,. Above the critical temperature we have m, . = 0 and
L, = 1/3 so that om, ., = m,,, Q,, = D,2 and Q,,, = D,,, it means that Eq.
becomes the Landau free energy given by Eq. up to second order.

7.4 Pure ferromagnetic case

In this section we perform the pure ferromagnetic limit for the general free energy

(Eq. (7.20)), the landau free energy (Eq. (7.29))) and the free energy after the
expansion around the equilibrium (Eq. (7.37)).
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Figure 7.3: Comparison between Eq. (7.20) (blue solid line) and Eq. (7.37) (red

dash line) as a function of my4 , using the constraint mp ., = mpe ..

7.4.1 General free energy

There are two different ways to make the pure ferromagnetic limit and they should
be equivalent. One way is to think that since it is a pure material all atoms are
of the same type, therefore the starting point is

1
j‘( = —5 Z Jijsi . Sj, (743)

1,jEAiA]

where J;; > 0. Therefore, we have Jy4 = Jy > 0, x4 = 1 and xp = 0, so that
the free energy depends only on one free parameter m, .. Hence, the free energy

given by Eq. (7.20) becomes

L ma) = _%m(m - %A(gm S IaL(Eas) +

1

BSA,ZL(gA,Z)g7.44)

where {4, = BJo ama,..

Another way is to consider at first stage a material with the same amount
of two different atoms A and B (ua # pp, a4 = v = 1/2) which interact only
between them ferromagnetically (J;; > 0), hence the starting Hamiltonian is of
the form

H=— Y Jysi-s;, (7.45)

i€A,JEB

which leads to Eq. (7.20) with the following parameters Jy ag > 0, Joa = Jop =
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0 and x4 = xp = 1/2, that is,

1 1 1 1
Egjv(mA,zymB,z) = _B ln(47T) - %A(fA,z) - %A(Q-B,Z)
1 1 1
- ZLJO,ABL<£A,,Z)L(£B,Z) + %gA,zL<€A,z) + ﬁgB,zL(gB,z% (746)

where o). = BJO,ABmB(A),Z/Q. Notice that if now we assume that the atoms
of type A are equal to B, that is, u4 = pp we can not recover Eq. from
Eq. in a natural way. In order to recover Eq. @ from Eq. one
has to do two things: i) replace Jy ap/2 by Jo.ap in Eq. @ which comes from
the double counting in the initial Hamiltonian Eq. @D, ii) use the constraint
ma,. = mp,, because the atoms of type A are equal to type B and they point in
the same direction. Doing so Eq. becomes Eq. and then both ways
lead to the same free energy for a pure ferromagnet.

7.4.2 Landau free energy

In the pure ferromagnetic limit, we have x4 = 1, 2p = 0 and Jya = 3kpTe,

therefore Eqs. (7.30H7.34) become

J 3Ji
Dy = —%Ae +0(?) , Du= QBA + O(e), (7.47)
Dps = Dap=Dusg=Dpsg=Dgi = Dyege =0, (7.48)
where € = (T, — T')/T., so that Eq. ([7.29)) reads
9:1} 1 J()7A€ 3(]()7,4
W(mA,Z) = _E 111(477') — Tm?&z ijiz, (749)

which is the Landau free energy for a ferromagnet given in Ref. [74].

7.4.3 Expansion around the equilibrium

If we apply the pure ferromagnetic limit x4 = 1 and zp = 0 in Eq. (7.37)) then
we obtain

1 1
ﬁ?v(mA,z) = ES’“Mq—i—gJ& ALy [1 = BJoaLlly] om? (7.50)

where L = L/(SE,A,Z)7 Se,A,z = BJO,AmA,e,z and

1 1 1 1
Eg:v,eq = _B 1[1(47() - BA(gA,e,z> + §J0,Am?47@7z- (751)
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7. FREE ENERGY OF A TWO SUBLATTICE MAGNET

In the MFA the longitudinal susceptibility is X|.a = (Bpal’y)/(1 — BJo,al’y),
hence

Xl A
L, = — ) 7.52
A B(Jo,aX|,4 + 1a) (7.52)
if we replace Eq. (7.52)) in Eq. (7.50]) we find
2

1 1 Ha 1 2
_ffv z :_?Ue —— |l - —— ) . 7.53
n o) = et g 1 T T iz (7:53)

Close to the Curie temperature 7T, we have JO,A)NQLA/;LA > 1, then we can write

Eq. (7.53) as

1 1 HA 2 1
ﬁg’v<mA,z) — E‘rf'u,eq + 2;”7,4 6mA,z + O 1 + JU,AS('H,A
pA

. (7.54)

which is same free energy obtained through the ”alternative MFA formulation”
in Ref. [74]. On the other hand, at low temperatures | 4| > 1, so that

1 _
L'y =L(eaz) ~ —— +0(e Koy, (7.55)

e, A,z

therefore, Eq. (7.50) becomes

1 om? dm?
A ( mAvZ). (7.56)

1
_351; z - _gjve
n (maz) n~ + QBWE,A,Z

In the limit 7" — 0 we have F,(ma.) = F, ¢, which implies that the free energy
of a non-equilibrium state (ma . # ma,,.) is the same than a equilibrium state
(ma. =maec.), which clearly is a non-physical result. However, at low temper-
atures the free energy obtained through the ”alternative MFA formulation”, &F,,
in Ref. [74] reads

1 1 Joa omi..

-5, ) = —Fpeqt+ 20 V) =, 7.57

LTuma) = T+ ShomE 0 (2 (7.57)
which in the limit 7" — 0 gives a more reasonable result than Eq. (7.56]). These

facts are also observed in the two sublattice case as we show in Figs. a) and
b).
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7.5 Numerical results

7.5 Numerical results

In this section we present numerical results of the free energy derived through the
variational procedure, F, (Eq. (7.20])), for GdFeCo and Permalloy (FeyoNig).

7.5.1 GdFeCo

We consider a model of GdFeCo where one species is attributed to Gd and the
other is an effective moment of FeCo. In Table [Z.1] we show the value of the
exchange parameter for GdFeCo (similar to Ref. [12]) that we have used in our
simulations. Notice that the magnetic moment values are not required since we
are only considering the exchange interaction.

zJ(Joule)
FeCo-FeCo  2.99 x 1020
Gd-Gd 1.19 x 10~
Gd-FeCo  —1.04 x 102

Table 7.1: Table with parameters of GdFeCo.

In Fig. [7.4] we show the equilibrium magnetization of GdFeCo for different
rare earth concentration xgg = 0.1,0.25,0.5 and 0.75 obtained as a numerical

solution of the Curie-Weiss equation (Eq. (7.19)).

MM,

Figure 7.4: Equilibrium magnetization of GdFeCo for different rare earth con-
centration xgq = 0.1,0.25,0.5 and 0.75.
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7. FREE ENERGY OF A TWO SUBLATTICE MAGNET

In Fig. we present the reduced free energy 85, /n (Eq. (7.20)) as function
of m,,. at T = 500 K for different rare-earth concentration: a) zgqs = 0.15, b)
Tga = 0.25, ¢) xgq = 0.5 and d) zgq = 0.75. The curve illustrates that the free
energy of a two-sublattice system has two minima at 7" < 7T, and undergo a tran-
sition to a paramagnetic state with one minima at m, .. = 0 for a paramagnetic
state for T' > T,.

-2.51
-2.52
-2.53
254
-2.55
-2.56
-2.57

-2.59

mFeCo,z

Figure 7.5: The reduced free energy 5JF,/n (Eq. (7.20))) as function of m, . at
T =500 K for different rare-earth concentration: a) zgqg = 0.15, b) zgq = 0.25, ¢)
TGd = 0.5 and d) TGd = 0.75.

In Fig. we present the energy barrier (8/n)|AF,| =
(B/n)|Fo(MEpecoez Made:) — Fu(0,0)] as function of the temperature for
two rare-earth-concentration x5y = 0.15 and zgy = 0.75. Note that the

temperature is normalized to 7. which is different for different concentrations,
in fact, at the same temperature the barrier is much larger for xgqy = 0.15 than
for xgq = 0.75. The curves illustrate that the energy barriers for longitudinal
motion becomes small close to the Curie temperature.

7.5.2 Permalloy

In order to evaluate the free energy for Permalloy (FeyoNigg) we use the exchange
parameters given by Table [7.2] (similar to Ref. [64]).

In Fig. we show the equilibrium magnetization of FeygNigy using the
parameters given in Table In Fig. we present the reduced free energy
BF,/n (Eq. ) as function of m,, . using the parameters given in Table
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(BIN)IAF,|

0.0 L L L L I
02 03 04 05 06 07 08 09 10
T,

Figure 7.6: Energy barrier (3/n)|AF,| = (8/n)|Fp(MmFecoe,z, Made,z) — Fv(0,0)]
as function of the temperature for two rare-earth-concentration xggy = 0.15 and
xgq = 0.75.

zJ(Joule)
Fe-Fe 3.22x 10
Ni-Ni  6.19 x 10~
Fe-Ni 2.62 x 1072

Table 7.2: Table with parameters of Permalloy.

at T' = 100, 200, 300 and 400 K. We observe that at T" = 100, 200 and 300 K the
free energy has two minima (7' < 7T,) and undergo a transition to a paramagnetic
state with one minima at m, ., = 0 for T'= 400 K (T > T.).

MMy

L L L L
0 100 200 300 400 500

Figure 7.7: Equilibrium magnetization of FeggNigg.
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7. FREE ENERGY OF A TWO SUBLATTICE MAGNET

Figure 7.8: The reduced free energy 8F,/n (Eq. (7.20) as function of m,, . using
the parameters given in Table[7.2 at: a) 7= 100 K, b) T =200 K, ¢) T = 300 K
and d) 7' = 400 K.

7.6 Conclusions

In this chapter we have presented the calculation of the free energy for two-
component magnets (taking into account only the exchange interaction) using
two different approaches based on the MFA: i) the variational MFA procedure
and ii) the alternative MFA formulation (which was presented in Appendix @[)
Both routes give the same equilibrium free energy and as consequence the same
magnetic equilibrium thermodynamic properties of the system. They also give
the same energy barriers. However, as it is pointed out in Ref. [3] they give
different free energy landscapes, in particular we found that for two sublattice
magnets with JoaJop < JoapJopa (like in Permalloy) the alternative MFA
formulation can lead to non-physical free energy landscapes where the expected
equilibrium states corresponds to saddle points instead of minimums. However, at
low temperatures (specially in the limit 7" — 0) the alternative MFA formulation
leads to more reasonable free energy landscape than the the variational MFA
procedure.

Conclusiones en espanol

En este capitulo hemos presentado el calculo de la energia libre para materiales
magnéticos formados por dos componentes usando dos métodos diferentes basa-
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dos en la aproximacién de campo medio: i) el procedimiento variacional y ii)
un método alternativo descrito en el Apéndice D] Ambos procedimientos dan lu-
gar a la misma energia libre de equilibrio, y por tanto, dan lugar a las mismas
propiedades termodinamicas de equilibrio. Ambos procedimeintos también dan
las mismas barreras de energfa. Sin embargo, como se indica en la referncia [3]
cada procedimiento da lugar a mapas de energia diferentes, en particular hemos
encontrado que para sistemas de dos compuestos con Jy 4Jo. g < Jo,apJo.pa (como
ocurre en Permalloy) el método alternativo puede dar lugar a mapas de energia
sin sentido fisico donde los estados de equilibrio esperados corresponden a puntos
de silla en vez de minimos. Por otro lado, a bajas temperaturas (especialmente
en el limite 77 — 0) el método alternativo da lugar a mapas de energia més
razonables que el método variacional.

115



7. FREE ENERGY OF A TWO SUBLATTICE MAGNET

116



Appendix A

Density matrix formalism

A.1 Density matrix and density operator

The general wave function or state |¥) of an isolated quantum system can be
written as a linear combination of the basis states |¥,,) as

V) :Zcm|\I’m>- (A.1)

The expectation value of an observable Ais given by

(A) = (UIAIT) = e (TalAW0) = ) Aum, (A.2)

where Ay = (¥,|A|U,,), then the density matrix p is defined as
Prn = CmCp, (A.3)
so that Eq. becomes
(A) =" pmnAnm. (A.4)

~

Alternatively, it is also useful to write (A) in terms of the density operator defined
as

p= |\Ij><\p| = men|wm><¢n|v (A5>

in this case the expectation value of an observable A reads
(A) = Tr{Ap} = Tr{pA}, (A.6)

where Tr stands for the trace, that is, the summation of the diagonal elements
of a matrix.
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A.2 Small system interacting weakly with a
bath in thermal equilibrium

A.2.1 Density operator

For systems interacting with their environment one can use the basis states that
are direct products of those of the small system |1),,) and those of the environment

|Pw)
Vinw) = [m) @ |Pw) = [Ymduw), (A.7)

therefore, the quantum mechanical states of the whole system (considered as
isolated) can be written in the form

— Z Crno| Voo ) (A.8)

and the expression for the expectation value of an observable A of the small
system becomes

(A) = (WAT) = > CrwCrp (Pt |A] W), (A.9)

mw nw

so that the density matrix is
Prmwnw’ = mec;:w/; (A]_O)

if the interaction between the system and the environment is weak then there is a
very small entanglement between them, thus the coefficient C,,,, nearly factorizes
into C,,, = ¢,,d,, and the wave function of the whole system reads

0) = |¢) ®@[¢) = Zcmwjm) Zdw|¢w>a (A.11)

m

where 1)) = > cn|tn) and |¢) = > dy|dy), moreover the total density matrix

Eq. (A.10) becomes
Prvwas’ = Pl nProasr = CmCalindly. (A.12)

where p;, . = ¢pc, and pfww/ = d,d;,. Consequently, the total density operator
also approximately factorizes

1%

P = PsPh (A.13)
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A.2 Small system interacting weakly with a bath in thermal
equilibrium

where ps = |¢)(¢¥] and pp = |¢)(¢|. Finally, if the bath is assumed to be in
thermal equilibrium then its density operator is given by

1 ¥,
5ol — — _h A4
Py = XD ( k:BT) , (A.14)

where ?:Cb is the bath Hamiltonian, kg is the Boltzmann constant, 1" is the bath’s
temperature and 7, is the partition function given by Z, = > e~ Em/(ksT) with
E,, is an eigenvalue of the operator H,. Therefore, the density operator of a small
system interacting weakly with bath in thermal equilibrium reads

P = pspyl. (A.15)

Calculating the expectation value of an observable A of the small system can
be done in two steps: i) first calculating the trace over the variables of the bath
and ii) then calculating the trace over the basis states of the small system. The
first step yields the reduced density operator for the small system

ps = Tru{p}, (A.16)

where T'ry, is the partial trace over the bath variables.

A.2.2 Temporal evolution of the density operator

Let’s write the Hamiltonian of a small system interacting with a bath as
H(t) = Fo(t) +V, Folt) = F(t) + T, (A.17)

where f]:CS and fJA-Cb are the Hamiltonians of the small system and the bath, re-
spectively, and V describes the interaction between them. Here we consider that
the total Hamiltonian is time dependent through the Hamiltonian of the small
system as it is done in the derivation of the qLLB equation. If the state or wave
function of the whole system is |¥(¢)) at instant ¢ then the time derivative of the
density operator is

P = SN = (G wol+ e (o)) ()

and with the help of the Schrodinger equation and its conjugate one obtains the
quantum Liouville equation

ag—(f) = —% F(0).00)] = —L(HWA) — pE)F(D). (A.19)
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A. DENSITY MATRIX FORMALISM

It is convenient to write the Liouville equation in terms of the density operator
in the interaction picture

A~

p(t)r = U§(0)p(t)To (), (A.20)

where Ug(t) is the time evolution operator in the absence of interaction. From
the Schrodinger equation in the absence of interaction one obtains

O 0y(1) = Ho()0n(t), T30 = U5 () (A21)

In case Ho is time independent the solution of Eq. (A.21) is Up(t) = e~ Hat/h,
Since the Hamiltonian of the bath JH, is time independent we can write

A

Us(t) = Ups()Uos(t),  Upp(t) = et/ (A.22)

where Up,(t) and Uyy(t) are the time evolution operators in the absence of in-
teraction of the small system and the bath, respectively. Calculating the time

derivative in Eq. (A.20) and with the help of Eqs. (A.19) and (A.21]) one arrives

to
W01 _ L iy, pte)]. (A.23)

where V(t); = Ul (t)VUy(t). Now, integrating over time in Eq. (A.23) we have

R R i [t ~ A
p(t)r = p0)r — ﬁ/ dt’ [V(t')bﬂ(t,)l] , (A.24)
0
and inserting it back into Eq. (A.23)) one obtains the integro-differential equation

o0 == [V -5z | e [V Vo] )

which is still an exact relation. If we assume that the interaction between the
small system and the bath is weak then entanglement between them is small,
thus the density operator of the whole system factorizes, see Eq. . If we
additionally assume that the bath is at thermal equilibrium (quasiequilibrium)

then from Eqgs. (A.14]) and (A.15) we have

. o eq g ] H
p(t)r = ps(t)1py, = ps(t)lz exp (——b> : (A.26)
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A.2 Small system interacting weakly with a bath in thermal
equilibrium

Using Eq. (A.26)) one can transform Eq. (A.25]) into the density operator equation
for the small system by making a trace over the bath variables according to Eq.

(A.16)

~ { & ~ ~E 1 ! & > A ~E
bt = =Ty [V (01,0015 — - / At Try [V () [V (), 157 ]
0
(A.27)
Now, we want to obtain the time evolution equation for the reduced density
operator p,(t), for this task we use that

A~

ps(t) = Uo(1)p (1)1U3 (1) (A.28)
so that the time derivative of Eq. (A.28)) is

Zlt) = ——7% [3(0), 54(0)] + Dot (%mm) e (A29)

and if we substitute Eq. (A.27) in Eq. (A.29) we obtain

L) = 2 [300.0:0)] = Ooto) (177 [V 0007 ) 000
= 00e) (55 [ e [Pon, [V @na 0] ) 0300 (a0

The interaction operator V in the models used to derive the qLLB has the
general form

where FJ are bath operators and the Q is an operator acting only on the variables
of the dynamic system. Therefore, in the following we will consider V' to be given

by Eq. (A.31)), so that in the interaction picture it reads

~

V(t)r = U{(t)VUs(t) = Q(t); Z F(t), (A.32)

where

~ A A

Qt)r = U3.(0QUus(t),  F(t)1; = U, (6) FsUos(1). (A.33)

where Uo,b(t) = e—iHut/h (see . Inserting the Eq. 1' into Eq. 1}

taking into account that the operators F; and (); commute and using the cyclic
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A. DENSITY MATRIX FORMALISM

property of the trace (Tr{ABC} = Tr{CAB} = Tr{BCA}) gives
d . (N .
%ps(t) = _ﬁ [j{s<t)7ps<t)}
- Uo<t>§3 D {@<t>ms<o>ITrb (F@6i?) = 500 Q) Try (7°F (D)) |

3(t)

— o(t) 7 Z / dt{ Ot 1ps( ),} Try (F(t)nﬁ(t/)ljﬁiqﬁAJ(t)

- fmwﬁz /0 At po(E)1Q(E) 1, Q)| Ty (F ()15 P (1)1ig? ) YOI (). (A.34)

In Eq. (A.34]) the quantity T'r, (ﬁ’ (t) U,é?) can be written as

Try (F@npy!) = Try (6F W) = S (NIF@)npIN)
N
= Y (N[E(t)u|M){(M]|;?|N), (A.35)
NM

where the trace has been conveniently expressed in terms of eigenstates |N) of
Hs, so that the equilibrium density matrix p;? is diagonal in this representation,
it means, (M|p,?|N) = 0if M # N. On the other hand, the diagonal elements
of the operators F; that are used in the derivation of the qLLB are equal to 0, it
means, (N|F(t);|M) =0 if M = N, therefore from Eq. (A.35) we have

TT{, (F(t)hﬁzq) = TTb (pAZqF(ﬂ]z) == 0, (A36)
if we substitute Eq. (A.36) in Eq. (A.34) we obtain
d . [ .
) = = |F(0), ps<t>}

~

- Ol X [t [Qn @wip ] o (@)

— Do) Y / at'{ [P ()i Q( )1, Q)| Try ()13 (81136 ) YOS ()

(A.37)
The quantities
Try (PP 547) = (FOuP()15) (A.38)
Try (P F (0! = (F@) 1P (0)1) (A.39)
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equilibrium

are time correlation functions. They describe the correlation which exists on
average between interactions occurring at times ¢ and ¢'. Since the reservoir is
assumed to be large and such that it quickly dissipates the effects of the inter-
action it is expected that (F'(t);;F(t');;) will be non zero for some time interval
t —t' < 7., where 7, is typical of the reservoir and is called the correlation time
of the reservoir. Interactions at time ¢ and t’ become progressively less correlated

for t —t' > 7, and become uncorrelated for ¢ — ¢ > 7, in which case
(F)F)n) ~ (FO)nFt);) ~0  (t—t'>7) (A.40)

therefore, the integral in Eq. is effectively only non zero for a time interval
t —t' < 7,, that is, between times t' ~ t — 7, and ¢’ = ¢. It follows that the values
of ps(t'); at times ¢’ outside this interval have little or nor influence on < p(t);
at time ¢. If 7, is much smaller than the characteristic time 7, required for p,(t);

to change appreciably on a macroscopic scale,
Ty << Ts (A41)

then ps(t'); can be replaced by ps(t); in the integrand of Eq. (A.37), this replace-
ment is called the Markoff approximation. Substitution of p4(t'); for p,(t); in
Eq. (A.37) implies that it is not possible to describe the details of the
system motion for time intervals comparable to 7,.. Furthermore, since the

time intervals are much larger than 7, then the time derivative of p,(t) becomes

d DR pult+ A1) = puft)

—p = A . A.42
dtﬂs(t) N N where t> 7, ( )

On the other hand, if we use the following commutation relation

[AB,C] = A[B,C] +[A,C] B (A.43)
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then Eq. (A.37)) can be written as

%ﬁs(t> — —% [ﬂtfs(t),/}s(t)}

] Y1)
- Uou)%%; | @t 46,00 [ Q11,00 T (P 01087} 1)
(A.44)

The last two integrals have very little influence on £ 5,(t) at time ¢ in the Markoff
approximation, this is due to the fact that in the last two integrals when ¢ = ¢
the integrand in both terms are equal to zero (since [Q;(t), Q;(t)] = 0 ), and
when t/ #tthent >t +dt' =t + At > t' + 7, so t —t' > 7, which implies Eq.
, therefore when ¢’ # t the integrand is approximately zero in both terms.
Bearing this in mind, we neglect the last two integrals in r.h.s. of Eq. ,

so that Eq. (A.44)) becomes

%ﬁs(t> = —% [ﬂ:fs(t),ﬁs(t)}

Now we introduce the variable ¢’ = t — ¢’ and dt” = —dt' in Eq. (A.45) the
integral f(f dt'--- is transformed into the integral f(f dt”--- and if we want to
describe the system motion for time intervals much larger than 7, (so we have

t > 7,.) then the upper integration limit can be extended to infinity fooo dt” -,
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thus Eq. (A.45)) can be written as
d i

w(@ -2 [rf{s@,ﬁs(w}

- Z |ttt = e [@n o] T (P - )0y 05(0)
+ Oz 3 [ e[ Q0 (0] Qlt = 0Ty (Fle = 0, P17 03

and now returning to the variable ¢’ =t — t” we finally get

%ﬁs(t) — —% [ﬂifs(t),ﬁs(t)}

0| QW) (@01 )] T (FORFE) 555010

e~ J_
b 00 Y [ a0 a0] QT (PO F 0050

(A.47)
Finally, if we multiply by Up(t) on the right and by Ul(t) on the left in Egs.

(A.47) and (A.29) then we obtain
~ d R i
t a . _ i X
Ua(t) ( dtps(t)) Uo(t) = -7 [J{S(t), ps(t),]

b [ [ewn s 0wyTn (R EOE). (15)

and
03) (50:0) Gutt) = — [0 ] + olon, (49
at” b e dt"™
therefore, combining Eqs. - and - we find

Loty = ~ w2 [ (0w pw] T (FonFw)

+ Z/ dt (t)r, ps(t)r } Q(t')Try (F(t’)[jﬁ(t)nﬁ?>.
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Appendix B

Equation of motion of the
Hubbard operator

B.1 Scattering via phonons

The original derivation of the qLLB equation[47] was done assuming a magnetic
ion interacting weakly with a thermal phonon bath via direct and the second
order (Raman) spin-phonon processes. The ferromagnetic interactions are taken
into account in the mean-field approximation (MFA). The model Hamiltonian is

written as: R R R
H(t) = Hq(t) + Hon + Vipn, (B.1)

where H, describes the spin system energy, J:Cph describes the phonon energy,
Vs-pn describes the spin-phonon interaction:

Ho(t) = —p-HYA (1) = yHY(1) - S,
Hon = quagaq, (B.2)
Viph = Zv (n-S)(af +a_, Z%q
q
In the expressions above i = —'yS is the magnetic moment operator, S is the

spin operator, v = |g|up/h is the gyromagnetic ratio where g is the Landé g-

factor, up is the Bohr magneton and & is the reduced Planck constant, d; (aq)

is the creation (annihilation) operator which creates (annihilates) a phonon with

frequency w, where ¢ stands for the wave vector k and the phonon polarization.
The vector HMF is an effective field in the MFA given by

FMPA () — Hp(f) + H(E) + Hy = ~2m(t) + h(t), (B.3)

at
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where Hg(t) = (Jo/par)m(t) is the homogeneous part of the exchange field,
Jo is the exchange parameter related in the MFA to the Curie temperature T,
as Jo = 3kpT.S/(S + 1), ptay = |g|upS is the atomic magnetic moment, m(t) =
(u(t))/ptat = —(S(t))/(hS) is the reduced magnetization and h = H+Hp, where
H is the external magnetic field and Hg represents the anisotropy field. The first
term in the spin-phonon interaction potential ‘A/'s_ph in Eq. takes into account
the direct transformation processes which are characterized by the amplitude V,
and the second term describes the Raman processes with amplitudes V), ,. The
interaction may be anisotropic via the crystal field, which is taken into account
through the parameter 7.

Notice that in the original derivation [47] the definitions of H, and m have
the opposite sign than here, as consequence in the original derivation the time
was reversed in order to obtain the correct final equation of motion. Here we use
a more standard definitions of H, and m where there is no need to reverse time,
therefore here some intermediate equations in the derivation could be different as
in Ref. [47] but the same final magnetization equation of motion is obtained.

Now, we are ready to use the spin-phonon scattering model in Eq. .
Comparing Egs. (]A.l?l), dA.31I) and (]B.QI) we see that F, = ﬂ:Cph and

Vo= Vsph:Q(Fd—i-FR),

Q n-S,

Fq = —ZVq(de—q), (B.4)
q

Fr = —Zv;,,qa;aq.
p,q

Moreover, it is convenient to write the spin density operator p,(t) in terms of
the Hubbard operators X™" = |m)(n| (where |m) and |n) are eigenvectors of S?,
corresponding to the eigenstates m A and n h, respectively) as

ps(t) = prnn(t))zmn’ (B.5)

where p? (t) = (m|ps(t)|n). Thus, if we replace Eqgs. (B.4)) and (B.5) in Eq.
(A.50) we obtain

) %(ann(t)f( ") = P (RT(D), (B.6)
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B.1 Scattering via phonons

where
Rmt) = —% toodt’n-S(t’) [n-g(t),f(m”(t)]ZTTb (F(t)[F( ')1,,3?)

n % _; dt’ ['n -S(t), Xm”(t)] n-S(t)) Tr, (F(t/)f

'1j>

()i’

(B.7)
where Xm”(t) = U&S(t)Xm"(A]o’s(t) and S(t) = 0gs(t)SU s(t). Let’s work out the

Lh.s of Eq. as

prm(t)a ZX’”” (m][( VHMFA( )+n)-37ﬁs(t)]|n>
| (B.8)

where the Liouville equation (see Eq. (A.19))) for the spin system has been used
in the last step. Since the interaction between the spin system and the bath

is weak we can assume that v|[HM*| > |n|, thus we make the approximation
YHMFA 1 ~ yHMFA in Eq. (B.8)), hence

> X))

m,n

= 3l { ) - X“(><m/|w?cs<t>,.>%mn]|n'>}.<B.9>

mn

Replacing Eq. in Eq. leads to an equation of the form
van 050 (t)Amn = 0, which implies A,,,, = 0 for any m,n indices, that is,

SR ) = ST X (0o [96,(0), X)) + R, (BA0)

where the first term in the r.h.s. is the conservative term and ]%m"(t) describes
the relaxation of the spin system.

B.1.1 Conservative term

In order to avoid tedious calculations let’s consider that MFA field is parallel to
the z-axis at instant ¢, that is, HMF = HMFAe_ the final results may be easily
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B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

generalized. Now, using the relation between S, and X™n given by
S.=h ) mXm (B.11)

and the property Xmn Xl — Xmr§  the conservative term in Eq. ‘D becomes

% D X[ (0), X ') = iy M () (m = n) X(¢). (B.12)

B.1.2 Relaxation term

Now we work out the relaxation term Rm”(t) given by Eq. 1D Firstly, we
focus on the quantity

A A

STy (FOuE(Wit) = Tro (EaOF)57) + Tr (Fult) Ealt)i?)

+ Try (Ba(®)Ea(t)p7) + Try (Fr(t) Fn(t)55!)
(B.13)

where Fy(t) = eot/h Fe=%t/h The first term in the r.h.s. of Eq. (B.13) reads
Tr, (Fat) Fu)i5?) = T (Bault = 0557) = Yl Eafalt = 07571
N N i, ’_ N N _ i ’_ 1 _ 3
= 2.0l D Val@ +a-)eF 0 ) V(i +ap)e YO e o)
n q p

(B.14)

where |n) are eigenvectors of H,. It is convenient to write |n) in the occupation
number representation[69], that is,

7)) = [Vicias oo Vicadgs +--) (B.15)

where vy, is the number of phonons in the mode k,Ag (where k is the momen-
tum vector and A is the polarization), therefore the trace becomes

Try() =Y (n..|n) = Tr(.)=Y_> (n|..|n). (B.16)

n kX vk
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B.1 Scattering via phonons

When the operators a, = ak,»; , df] = d;f(a As and K, act over the eigenstates |n)
lead to

&La)\6|n> = &La)\5|"‘7 Vko)\m > = l/ka)\B + 1|, Vko)\ﬁ + 1, >,

dka)\5|n> = CALka)\B’...,I/ka/\B — 1, > = 1/Vka)\3|"'7yka)\5 — 1, >,

Holn) = > hwaifydln) = (Ba, + . + B, + o) n) = Eqn),
kA

where Ey_ Ay = hwy,, A Vkas- Furthermore, the operators a, and dj, follows the
commutator rules:

[dp, dH = &pa; —al 40p = Op g,
[ap, ag) = apag — Gqa, =0,
[a},a}] = aja} — alaj = 0.

The last fact that we should take into account is that the set of eigenstates {|n)} is
an orthonormal basis, then we have (m|n) = d,,,. Now, we are ready to calculate

in detail Eq. (B.14]) as
™ (B Eut)35") = Tro (Fafalt’ = 0)55)

= 7 Zvv (n|(@} + a_q)et™o 0@l 4 a_,)e A0 )

n,p,q
1 i, / i /
= ST Vil (@] + )R D 4 ) e
b n,p,q
= ZVV (n|(af + a_g)er FH (1)
n,p,q

(Vvp+ 1+ 1)+ v vy — 1, L ))e w Bl g=BEn

= ZZVV (n|(al +a_g)et

n.p.g
<\/Vp + 1D p 1) e Y, — 1, )) e PEn
1 i . ,

= D Vol + ey et e (B.17)

and taking into account that

Vy, 1
E —e = () =n, = By (B.18)
1 Z
B — TP B.19
7, 2-° Z, (B.19)
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B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

where n, is the Bose-Einstein distribution, then Eq.(B.17)) becomes

Tr, (Fd( ““1) sz{ ny + 1) ewrt=0) +npe*i%<t’*f>}. (B.20)

Performing similar calculations one arrives to

Try (ﬁR( )VER(t Aeq) Z gy + 1)ewr—wa)(t'=t), (B.21)

Try (Falt) Fr()") = Tro (Fr() Fal!)i5?) =0, (B.22)
hence if we replace Egs. (B.20{B.22)) in Eq. (B.13]) then we obtain
ST (FOuFWns) = S —1) (B.23)
.3

where

ZVQ np+1 “UPT—F’I’L e—zpr} +Z 1y, nq+ 1 —1(wp—wq)7—.

(B.24)
From Eq. (B.23)) we also have
ST (PO = fE—1), (B.25)
0,3

therefore replacing Eqs. (B.23)) and (B.25) in Eq. (B.7) leads to

R™(t) = —% _t dt'n - S(t) [né(t),)?mn(t)} it —1)
+ % _t dt [n'S(t%X'm”(t)]n~S(t/)f(t—t/). (B.26)

Next step is to evaluate the integral

/ t dt'n - S(t) f(t — 1), (B.27)

where the retarded S(#') is assumed to precess around a static field HMFA(¢). This
assumption is based on the fact that the kernel of the integral given by (B.27) is
localized in |t — /| < 7, due to the function f(¢ —¢'), thus in this time range the
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B.1 Scattering via phonons

change of fJ:Cs(t’ ) is negligible and it can be considered time independent in the
evaluation of the integral (H(t') ~ H,(t)), that is,

S(t') = U, (t)SUo(t) ~ etFOrge-ifutor

R AR P LA UE (B.28)
which leads to
S.t) = S.(t),  SEY)=FTTOU-DGEy (B.29)
n-S(t) = nzéz<t>+%aiﬂw““>“’-t>ﬁ-<t>+%—WHWA“ =08+ (),
(B.30)

where n* = 1, + in, and St =8, + z'S'y. If we replace Eq. 1) in Eq.(B.27)
and introducing the variable 7 =t — t' we get

/ dt'n - S f(t —t) = /Ooo drn - S(t —7)f(7)

— 00

= 1.5.(t) /OOO drf(r) + %S‘_(t) /oo dTe_iVHMFA(t)Tf(T)

0

+ %ng(t)/ dre ™07 £ (7)), (B.31)

0

and using Eq. (B.24) and the identity [ dze™” = wd(w) we can write the first
integral in the r.h.s. of Eq.(B.31)) as

050 [ dri(r) = n Sy (B.32)
where

Wt — Z gy + 1)mo(wy — wp). (B.33)

Similarly, the second integral in the r.h.s. of Eq.(B.31)) becomes

+ A o0 . + A
%5* (t) / dre~ N OT p (1) = %S*(t)Wé’h (B.34)
0
where
WQPh = Z Vf(nq—i—l)ﬁé ( WHMFA —1—2 oq(np+1)md (w ( —w, — WHMFA) ,
a.p
(B.35)
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B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

where HMFA = HMFA(4) . Finally, the third integral in the r.h.s. of Eq. (B.31])
reads

T8 /0 dre N7 f () = TSt (e Wy (B.36)

where y(t) = BhyHM"™(¢). Thus replacing Eqs. (B.32)), (B.34) and (B.36) in
Eq.(B.31]) we obtain

t . R —+ R -
/ dt'n - S f(t —t') = n.S.()WP" + %S*(t)th + %SJr(t)e’yO(t)WZ’(’B.B?)

—o
Following the same procedure one arrives to

t R R + R -
/ dt'n - SV ft' —t) = n.S.()WP" + %S—(t)e—%wgh + %S+(t)W§*(B.38)

—0o0

therefore, if we substitute Eqgs.(B.37) and ( in Eq. - we obtain
R(t) = e Ew [s (t [n - S<t>,f<m"<t>ﬂ

_ ﬁwpwe-yoé—(t) F05 (0} [ 8(0), X (1)

bW 800, X 0)] (780 + e ST} (B3)

B.1.3 Final form of the Hubbard operator equation of mo-
tion

Inserting the conservative term Eq. (B.12) and the relaxation term Eq. (B.39))

in Eq. (B.10), we find

d

X = i HMP ) m = )X — WP [SL(0) [0S0, X0

dt A
- #th{ﬁ eSS (t) +n~ ST ()} [n : S(t),f(m”(t)]
+ Q%Wé’h m-S(t), X" (t )} {ptS=(t) +n e ST}, (B.40)

This equation is quite complicated, fortunately it can be greatly simplified with
the help of the secular approximation[25]. If the ”coarse-grained” time step (dt =
At) satisfies

1
At > ———— B.41
> ~ HMFA (1)’ ( )
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B.1 Scattering via phonons

then the high frequency terms which contain X™™ (¢) with m/ —n' —m + n #
0 in the r.h.s. of Eq. can be neglected since they average out in the
time integration. For example, using the relation between the spin and Hubbard
operators given by Eq. and the property X™ X" = X™"6,, we can write
the second term in the r.h.s. of Eq. as

? LWt 8.0 [m- S, X 0)] | = W (m— ) X (e)
+ —nz e (
- %nzn WP (( ( m+1—n)lp (X" )+ (n—1— m)ln,lf(m’”’l(t)> :
(B.42)

— 1 =)l X™ 1"(15)—1—(71—1—1—m)lnXm’”+1(t)>

In the secular approximation we can neglect the terms which contain Xm—1m (t) =

X (), Xt (), XmHn(t) and X1 (t) in Bq. (B.42) since m’ —n/ —m +
n # 0, thus

Lt [8.0) [n- 80, X )] = 2w (m —n)? Xm0 (B43)

Similarly, in the secular approximation the third and fourth term in the r.h.s. of

Eq. (B.40) become

W e WS (1) + S0 [0S0, X7 (1)

1 N
—Wé’%*n* (I +e ) X™ (1)

12

_ thn_ + lmlnXm—’—l’n—i_l t +€_y0lm—lln—le_Ln_1 t ) B44
g2

and

2;2 [0 800, X 0] 5 (0) + e (1)

LW (dy X (E) 4 e, 1, KL
4 2

1 .
— nghn—w (., + e %02) X™(1). (B.45)

12

Finally, Eqgs. (B.43)), (B.44) and (B.45|) are substituted in Eq.(B.40) which leads
to

%X"m(t) ~ iy HMA (1) (m — n) X (t) — WP (m — n)? X7 (t)

1~ R
= W (G + e (0 + 1) X ()

+ /—Wv2ph (lmlnXerLn—i_l(t) + e_yolm_lln_le—l,n—l(t)> (B46>
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B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

where WP = 2P and WP = %ngh(m% + 1)

B.2 Scattering via electrons

In this section we derive the qLLB equation for a simple model for the spin-
electron interaction Hamiltonian - the electron-"impurity” scattering model pro-
posed by B. Koopmans et al. in Ref. [89] for the laser induced magnetization
dynamics. The model assumes an instantaneous thermalization of the optically
excited electrons to the Fermi-Dirac distribution. The Hamiltonian considered
here consists of a spin system which weakly interacts with a spinless electron bath
and it reads

T(t) = T,(1) + 5. + Vi, (B.47)

where H, is the energy of the spin system, H, stands for the electron bath energy
and V.. describes the spin-electron interaction energy,

j:CS(t) = PYHMFA(t)'Sv

He = ) (e — p)éeén, (B.48)
k
‘A/;-e = Z Vk,k’(»§+ + g_)é;r{ék’.
kk’

Here ¢ (&) is the creation (annihilation) operator which creates (annihilates) an

electron with momentum k, e, = h?k?/(2my;), pt is the chemical potential, m,; is
the electron mass, Vi) describes the scattering amplitude. The vector HM™ is
given by Eq. .

Now, we use the electron-"impurity” scattering in Eq. . Comparing

Egs. , and we see that H, = H, and

V ‘A/s-e = QF7
Q = St+5, (B.49)
F o= ) Viwte

kk’

Firstly, we notice that the operator Q can be written as
Q = St+8 =25,=n-8, ny=1n.=0, n,=2, (B.50)

therefore, we see the operator Q used in the electron-"impurity” scattering model
is a particular case (n, = n, = 0,7, = 2) of the operator ) used in the spin-

phonon scattering model. Now, if we replace Egs. (B.49) and (B.5) in Eq.
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B.2 Scattering via electrons

(A.50) and we follow the same procedure as in the spin-phonon scattering model
we arrive to

jxmn -1 Z X () o [ (), X0y + B (E), (B51)
where
R™(t) =
- %/ OO HE )+ 5 () [$70) + 50, X (0] Try (P05

We see that the conservative term is the same as in the spin-phonon scattering

model given by Eq. (B.12)).

B.2.1 Relaxation term

Let’s work out the relaxation term R™(t) given by Eq. (B.52). Firstly, let’s
calculate the quantity

Try (POEW)5) = Try (FE( — 1)5")

Z Z T Z g - _igew—n 1 g7
— <V| kak’CLCk/eh}CE(t t) Vk”,k/”CL” Ck”/e hj'fe(t t) 76 Bg{e
e

v k,k/ k",k///

V>7
(B.53)

where |v) are cigenvectors of H,. It is convenient to write |v) in the occupation
number representation[69], that is,

’V> = ’Vkla"'7yka7'-->a (B54)

where vy, is the number of electrons with momentum k, (v, must be equal to
0 or 1 due to the Pauli exclusion principle), therefore the trace becomes

Try()=> (wl..lv) = Try.. ZZ (B.55)

v klIkO

137



B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

When the operators ¢y, , élta and H, act over the cigenstates |v) we have

vy = ks ) = G Vi + Loy e, + 1,0,

éka‘l/> = éka‘“-ayka - 1, > = fka\/Vka"'vyka — 1, >,

) = e mehal) = el),
k

where €, = vy, (€, — p) + .. + i, (€x, — p) + ... and &, = 1 according to

whether ZB <aVky 18 an even or a odd integer. Furthermore, the operators ¢y

and ¢l follows the commutator rules:

{6, el )} = ad, + e =t

{a o} = &b+t =0,
oAty = ATt oAt Af

{6 bt = Gbe+asG.=0.
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B.2 Scattering via electrons

Finally, we notice that the set of eigenstates {|v)} is an orthonormal basis, then

we have (v|v') = d,,,. Now, we are ready to calculate in detail Eq. (B.53]) as

Try <F(t)f7(t’) pgq) — Tr, (Fﬁ(t' - t),a?)

i N _ 4 ’_ 1 _
_ ZZ Z Vier Vier e Vlckck/e LG (t'—t) CL//Ck”’|V>€ Feu(t t)76 Bew
e

v k k/ k// k///

z :z : z : At A LG (¢ —
— Vk,k’vk//7k”/<V|CLCk’6hj{e(t t)|‘”7 N —+ ]_7 ceny Vet — 17 >

v kK K'K"
/ —le,(t'—t) 1 —Bey
fk”gk”/ vy + ]-w [V € h —e
Ze
= Vi Vier wlel ey + 1, o g — 1,
s k" k k“k y Yk y o0y VK 9

v k k/ k// kl//

/1 1
k// k/” k// \/ k///eé /1 — €k’” t t) —ﬂEu
Z.°
E E 1
At A At A i 3
= Z Vk,k’vk”,k”/<V|CLCk/CL/,Ckm|y> h(ek” e ) (t t)Z Bev
e

vk k' K"
A AT A i 11— €y 111 ' 1 —
= Z Z Z Vk,k’vk”7k”’ <V|CLCkICL”CkW|V>5kk”'5k'k"€h(ek €k )(t t)76 Bev
v kk k”,k“/ e
i / 1
= Z Z ’Vk7k3|2<I/|6Tkék/éir(,ék’y>eﬁ(6k’_€k)(t _t)_€_5€u
v kk/ Ze
i 1
= Z Z ’Vk k’ I/‘ (1 - Ck,Ck/>Cka’ > ek’ 6k)(t 7t)7€7ﬂ€u
v kk’ e
i i 1
= Z Z ’Vk,k’|2(1 — Vk/)ykeﬁ(ek/ e (' — )Z e*,Bﬁz/ (B56>
v kk €

where  we  have used the  replacement  (v|éléw EL,, G |V) =
(V]éLék/éL,,ék/// V) Oy Oy which follows from the orthogonality of the states and
the fact that k # k’ and k” # k™ in the interaction operator F'. Finally, using

& —Ber  — — n, — —1

; Zee - <Vk> =Ng = eﬁ(fk_ﬂ) + 17

V! -~ o~
> ka e = (nan) = () (ve) = i,

v

139



B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

where n;, is the Fermi-Dirac distribution, we arrive to

Tr, (FOFW5) = Y Vi

2(1 — i )iget R0 = (¢! ),

KK
(B.57)
Similarly, we also have
Try (F(t’)F(t),ﬁf;q) — g(t—1). (B.58)
Replacing Eqgs. (B.57)) and (B.58)) in Eq. (B.52) we have
. 1 [t . . . . .
Ry = — o [ de(ST() +S(#) [STW) + S0, X (1)) o' — 1
1 7;0 A A N A A
+ o | ST ST, XM 0] (ST + S ())glt — ¢,
(B.59)
where now we should evaluate the integral
t
/ 4t (S () + S~ () gt — 1), (B.60)

Following the same steps as in the spin-phonon scattering model, we use Eq.
(B.29) and we introduce the variable 7 = ¢ — t/, hence

/ (ST + S (ENglt— 1) = S (1) /0 " e AT ()

— 00

+ g_(t)/ dre 0701 (B.61)
0

Using the identity [ dze™® = md(w) the first integral in the r.h.s. of Eq. (B.61)
reads

. —_ /
/ dre" TN OTg(7) = e N [Viggo (1 — i )7igd (VH - %)
0 kX'

- ~ ~ € —€ps €k — €x/
= ¢ y°7fz ’Vk,k’|2(1 _nk’)nkeﬁ( kg <’VHMFA - A - )

k,k’

= e_yowz |Vk,k’|2(1 — ﬁk)ﬁklé (’)/HMFA G ;fk’)

Kk’

= e W (B.62)

140



B.2 Scattering via electrons

where yy = SAYHM™ and

Wil =7y Vi 2 (1 — )i 6 (VHMFA - %) . (B.63)

kK

On the other hand, the second integral in the r.h.s. of Eq. (B.61)) reads
/ dre= 0T (1) = Wit (B.64)
0
Replacing Egs. (B.62) and (B.64) in Eq. (B.61)) leads to

/t dt'(ST(t) + S~ (') gt —t') = Ws(e™ST(t) + S5~ (t)). (B.65)

—0o0

Similarly, one finds

/ t dt'(ST(t) + S~ (') g(t' —t) = WEH(ST(t)+e®S5(t). (B.66)

—0o0

Finally, if Egs. and are used in Eq. then we obtain that the
relaxation term becomes
1
72
1
72

Rty = = WS (@) + e w8 (1) |57 () + 57 (), X ()]

+ [Sw) 8, Xm"(t)] Wel (e 8 (t) + S (1)). (B.67)

B.2.2 Final form of the Hubbard operator equation of mo-
tion

Inserting the conservative term Eq. (B.12) and the relaxation term Eq. (B.67))
in Eq. (B.51)) leads to

SR = @) (m ) X0
_ %W;l(S’L(t) +em®5=(0)) [§*(6) + 5 (1), X™(0)]

1
n2
If we compare Eq. (B.68) with Eq. (B.40) we see that Eq. (B.68]) can be obtained
from Eq. 1} just setting n, =n, =0, 7, = 2 (n* = 2) and replacing szh by
Ws'. Therefore, we can follow the same steps as in the spin-phonon scattering

+ =W [§+(t) 5, f(m"(t)] (e 0O GF(t) + 5 (1))(B.68)
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B. EQUATION OF MOTION OF THE HUBBARD OPERATOR

model and at the end we can make these replacements. Thus, if we only keep the
secular terms in Eq. (B.68) then we finally arrive to

SR YD) (m ) X0

1~ R
= WS (B B e+ ) X0
o (lmlnf(’”“’”“(t) + e—yozm_lzn_l)&m-l»n—l(t)) . (B.69)

where

Ws! =2Ws' =21 Vi
k.k’

2(1 — fi )0 (VHMFA - %) . (B.70)
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Appendix C

Evaluation of relaxation
parameters

C.1 Scattering via phonons

In this section we evaluate the relaxation parameters K™ and K" for the
isotropic case (7, =1, =, = 1), which are given by

KM= W (C.1)
ph 1 - ph
K" = §( +e ) Wi, (C.2)
where
Wlph = Z |qu’2”p<nq + D)mé(wg — wy), (C.3)
P.a

W = > Vol (ng + Do (wy — yHM™)
q
+ Z|V 2np(ng + 1m0 (w, — w, — yHM) (C.4)
pal "tp\Tlq q p — )

q,p

where n, = [exp(Shw,) — 1]7! is the Bose-Einstein distribution. Let’s first calcu-
late the quantity th. For this task we assume that the spin-phonon couplings
are of the type[48] [52]

w /W
Va=10 ﬁq Vg =102 éq (C.5)
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C. EVALUATION OF RELAXATION PARAMETERS

where 0; and 6, are constants, Q = Mc?, M is the unit cell mass, ¢ is the speed
of sound in the material and w, = c¢q. Moreover, the summations over p and q
in Eq. can be replaced by an integral taking the limit vy — oo where vy is
the unit cell volume, that is,

> — (2?;:)3 /dq. (C.6)

q
Hence,
7r62v
KM = = 6&%2 /dqwq/dpwpnp ng + 1)0(w, — wp)
70202 (47
= %(GQQ)/CZQ qzwq/dpp2wpnp(nq+1)5(Wq_wp)
92,00 Wmazx 3 Wmazx 3
= 473026 . dwqw, ; dwpwpnp(nq+ 1)0(wg — wp)
g
= W ; dwqquq(nq + 1), (C?)

where W, = kgTp/h with Tp is the Debye temperature. Similarly, the quantity
WP is calculated as

QQU Wmaz
ho 1o MFA
Wyt = 5003 /o dwgw] (ng 4 1)6(wy — yHM™)

92,02 Wmax Wmax A
T 47T3QQSCG /0 dwqwg/o dwpwgnp(”q +1)0(wy — wp — yHH)

B O2vo(yHMEA)3 [ evo
N 2w M b evo — 1

03u3 s 3 MFA\3 ng+1
+ TN 200 /0 dwqw, (wy — yH™™) pr—— R (C.8)
Therefore, the replacement of Eq. (C.8) in Eq. (C.2)) leads to

9221 ( HMFA)3
h 1Vo\Y Yo
K3 = 4 Mcd coth <_>

1 4 e¥o) [Wmas 1
—92% (1+e) / dwqwg’(wq — yHMFA)3 (_nq + ) . (C.9)
0

{m3M?2c10 efhwg — eyo
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C.1 Scattering via phonons

C.1.1 Temperature limits
C.1.1.1 Case kgTp < kpT < hyHMFA

At low temperatures (hy HM™ >> kpT, yo > 1) we have e > 1 and coth(yo/2) =~
1, thus
GRun(aH™

4w M cd

02 2 Y0 Wmazx 1
2%0° / dwgwi(w, — yHM™)? <L) . (C.10)
0

th ~

87T3M2010 eﬁhwq — e¥Yo
Additionally, if AYHM™ > kpTp = hvyee then e < e hence

(9%1)0 (,}/HMFA)?) 9%1}8 (’yHMFA)3 /lUmax dwqw3
0

h
K3 47 M b {m3M?2c10 q

(ng +1). (C.11)

Moreover, it Tp < T (hw, < hwpqe, < k1) then n, + 1 ~ kgT'/(hw,), thus

KM ~ A+ BT, (C.12)

where A = (0200 (v HMFA)3) /[ M ] and B =
(0202 (y HMFASELTS] /(2473 M2cR4]. Similarly, from Eq. (C.7) we have
0 tmaz ksT\>
ho 2°0 6 B _ 2
K" ~ 13 0[2a00 /0 dwqw, (_hwq) = CT~, (C.13)

where C' = [0503k5 T3] /[20m3 M2c'ORT].

C.1.1.2 Case kT < kgTp < hyHMFA

If we assume that kgTp < h’yHMFA and kT < h’yHMFA then we obtain Eq.
(C.11). Now if we also consider that kT < kgTp then kpT < hwey < hmas
and n, + 1 >~ 1 for we, < w,, therefore we can write

Wmazx Weut Wmazx
/ dwqw;, (ng + 1) ~ / dwqw; (ng + 1) + / dwgw,.  (C.14)
0 0 Weut
As T — 0 we have that we, — 0 and since limy, o w] (ng + 1) = 0 then at very
low temperatures the first integral in the r.h.s. of Eq. (C.14]) is much smaller
than the other integral, therefore we can approximate

Wmax 3 Wmax 3 k4BTé
i dwgw, (ng +1) =~ i dw,w, = TR (C.15)
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C. EVALUATION OF RELAXATION PARAMETERS

Thus for this case Eq. (C.11)) becomes
Q%UO(’YHMFA)B 6)2 (’}/HMFA)Sk4 T4
4 M > 32m3 M2c0pt

On the other hand, if in Eq. (C.7)) we introduce the variable v = (hw,)/(kgT)
then we have

vekETT T
KM = / duu — 1)

th ~

= cte. (C.16)

47T3M2010h7

82 k:7 T7 & A3 0202 kT

— = 2 d 2078 ) 7 1
47T3M2010h7/0 wu? (ev — 1) (21M2010h7> . (C17)

Therefore, we see that as 7' — 0 we have th < Kg’h.

C.1.1.3 Case hiyHMFA <« kgTp < kgT
At high temperatures where AYHM™ < kpTp < kgT we have e ~ 1,
coth(yo/2) ~ 0 and YHM™ < weyy < Wpnae, 50 that from Eq. (C.9) we find

02,02 Wmax
K~ g9 — 20 / dwgwing(ng + 1). (C.18)

Am3M?2c10 J,

Moreover, we also have ng(ng + 1) ~ (k3T?)/(h*w}), thus

0202k T?
h  goph 2Vokpl D 2
K ~ K" ~ (—47T3M2010h7) 7. (C.19)

C.2 Scattering via electrons

In this section we evaluate the relaxation parameter K§'. We have found that
K§' is described by an analogue equation to Eq. (3.13)), that is,

K =2 (1+e ) Ws, (C.20)

N | —

where 1y = ShyHMFA and

W' =25 =213 Vi (1 — 7ig )i 6 (WHMFA - %) . (C21)

Kk’

Firstly, let’s work out in detail the quantity Wfl . To this end we assume that
[Vixe|> =V = const (as in Refs. [89] and [97]). Moreover, the summations over
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C.2 Scattering via electrons

k and k' in Eq. (C.21)) can be replaced by an integral taking the limit Q — oo
where () is the volume of the system, that is,

Q
> — (27)? /dk. (C.22)
k
Hence,
=~ 21VO2h
Wyt = ﬁ/dk/dk’(l — )i d (RyHM™ — 6 + )
VQO2h [ o0
= 93 / dk kz/ dk’ k/2<1 — ﬁk)ﬁk/d (h"yHMFA — €, + ek/ICQS)
0 0

where the property 6(z — (a/c)) = |c|d(cx — a) with ¢ # 0 has used. Now, using
dk k? = dep D(ex)m? /S where

Dle) = L (2m€,)3 Ve (C.24)

~ on2 h?

is the density of states for a free electron gas (taking into account the degeneracy
of the spin), m,; is the mass of the electron, then we obtain

—~ Vh o *
W;l = Tﬂ. de/ D(Ek/)ﬁk/ / dek, D(Ek)(l — ﬁk)é (h'YHMFA — €+ Ek’)
0 0
_ Vhr [ MFA 1 1
= T ; de' D(Ek/)D(Ek/ + h’YH ) —eﬂ(ek’_”) 1 1-— eﬁ(ek’_“)eyo 1 .
(C.25)

Now, we introduce the variable € = ¢, — p and we assume a constant density of
states around the Fermi level D(ep) (as in Refs. [89] and [97]), thus

—~ Vhar [ 1 1
Wt = —— [ deD D Ay HMFA -
2 > ), (e+m)Dle+p+FyH™?) | -5 Feow 1
VhrD(ep)* [ 1 1
~ d 1——]. 2
2 /_oo “leF 1 ebeevo + 1 (C.26)
Finally, taking into account that
> 1 1 In(b)
dr | ——| |1 — = C.27
[ [eml] [ eﬁml] B 1) (€.21)
we find
—~ VhrD(ep)? [ hy HMFA
el
|45 5 1| (C.28)
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C. EVALUATION OF RELAXATION PARAMETERS

Therefore, if we replace Eq.(C.28) in Eq.(C.20)), we obtain

K$' = Ae ™ coth (%) , (C.29)

where A = VA%w D(ep )2y HMM /4.

C.2.1 Temperature limits

At low temperatures (yo > 1) we have e % coth(yg/2) ~ e~%, thus
K& ~ Ae™%0. (C.30)

On the other hand, at high temperatures (yy < 1) we have e~% coth (%) ~ 2 /yo,
hence
2 w

K~ = thp(eF)QkBT. (C.31)
Yo
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Appendix D

Free energy for two sublattice
magnets within the alternative
mean-field formulation

D.1 Free energy derivation

In this appendix we present the calculation of the free energy for two-sublattice
magnets using an alternative mean-field formulation [3] [74]. The system is de-
scribed by following Heisenberg Hamiltonian

1
Z Jijsi-sj — 5 Z JijSi - 8; — Jijsi-s;  (D.1)

i, JEAi£] i€ Byit] i€A,jEB

where 4, j are lattices sites, J;; is the Heisenberg exchange interaction parameter
and s; = p;/p; is the unit length classical spin vector with p; = pacp) is the
magnetic moment of the atom A(B). For simplicity, we consider an homogeneous
state, that is, the average magnetization of each sublattice, ma = (s;ca) and
mp = (Siep), is the same everywhere. Now, let’s write the spin product s; - s; as

si-sj = [si—m;+my]-[s; —m; +my]
= —mi-mj+mi-sj+mj-si+[si—mi]-[sj—mj]

~ —m;-mj+m;-S; +m;-s; (D.2)

where m; = my(p) if s;c4(p). In the alternative mean-field formulation the quan-
tity [s; — my] - [s] m;| (which is quadratic in the difference between the spin
value and its average) is neglected. Hence, if we replace (D.2) in (7.1) and we
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D. FREE ENERGY FOR TWO SUBLATTICE MAGNETS WITHIN
THE ALTERNATIVE MEAN-FIELD FORMULATION

consider only nearest neighbours interactions we obtain the following the MFA
Hamiltonian
wiea = Hoo — paHY™ Z s; — upHY™ Z S; (D.3)
icA i€B
where H%(Fﬁ) is given by Eq. (7.9) and
nT A nrp

\{HOO = TmA [Jo,AmA + JO,ABmB] + TmB [JO,BmB + JO,ABmA] (D'4)

The partition function corresponding to the MFA Hamiltonian H¢§p, given

by Eq. (D.3) is
Zu = / e PMirads, ... ds,

_ e (g [Smh (WAH%FA)]W [Smh (WBH%AFA)]MB. (D.5)

Bua}™ BupHE™

Therefore, the free energy in the alternative mean-field formulation is
1 n ne ne
¥, = -3 InZ, = Hoo — 3 In (47) — TAA (€4) — TBA (¢5), (D.6)

where {ap) = ﬁpA(B)H}XI(%A) and A () = In [sinh (z) /z]. The minimum condition
0F, 0 0F,
om A n ’ 8mB
leads to the Curie-Weiss equations given by Eq. (7.19)). For the pure longitudinal
case, that is, my || mp || H || e., we obtain the following free energy from Eq.

=0 (D.7)

1 1 T x
pFalmazmsz) = —5ln(im) - FAA (€a) — FBA (¢5.2)
+ ‘%AJ(),ATR?L"Z + xTBJO’Bm?iZ + a:AJ07ABmA,ZmB7Z. (D.S)

We notice that this free energy F, evaluated at the equilibrium state
(MAez MBe) is equal to the equilibrium free energy obtained with the vari-
ational procedure F, (see Eq. ) Since the equilibrium thermodynamic
properties (like entropy, specific heat, ...) are extracted from the equilibrium free
energy, then both routes (the variational procedure and the alternative mean-field
formulation) give the same magnetic equilibrium thermodynamic properties of the
system. In Figs. we show a comparison between the free energy obtained
with the variational procedure Eq. and with the alterantive mean-field
formulation Eq. using the parameters of GdFeCo given in table E with
Tga = 0.25 and the constraint meq, = Mmgae. at T = 0.27, (Fig. E a)) and

T =097, (Fig. b)).
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D.2 Second derivative test
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Figure D.1: Comparison between the free energy obtained with the variational
procedure ¥, (Eq. ) and with the alterantive mean-field formulation ¥, (Eq.
(D.8])) using the parameters of GdFeCo given in table with zgq = 0.25 and the
constraint mgq,, = Mmaa,,» at: a) T = 0.21. ,b) T = 0.9T¢.

D.2 Second derivative test

However, the free energy obtained with the alternative mean-field formulation
can lead to non-physical free energy landscapes for my . and mp . considered
as freely varying variables.[3] In order to see this fact we are going to make the
second derivative test to Eq. . The second derivative test discriminant of

Eq. 18

D S 0 O i P
MAz, MB,) = ami,z améz 3mA,Z8mB,z

= n*warpB(Joaton — Jo.apJopa)

Jo.ap
{1—aA—aB+ (1—M) aAaB} (D.9)
Jo,aJo,B

where a, = Jy,L/(§,) and

0*F,

2
om3,

(D.10)

(mAaZ7mByz) = nxVJOW |:1 — Qy —

The detail analysis of the extremum’s classification (see section is quite
tedious since D and 823'“a/8m1247Z depend on five parameters: Jy 4, Jo,B, Jo,aB, Ta
and T'. Therefore, in order to illustrate that the alternative mean-field formulation
can lead to non-physical free energy landscapes we are going to show just one
example. Let’s consider two exchange parameter sets I and II given by Table
with z4 = 0.2 and T' = 200 K.
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THE ALTERNATIVE MEAN-FIELD FORMULATION

Set 1 Set 11
zJaa (J) 3.22 x 1072 3.22 x 10~
zJpp (J) 6.19 x 10721 6.19 x 10~
zJap (J) 1.24 x 10720 2,62 x 1072

Table D.1: Table with the exchange parameters of set I and II.

We notice that in the set I we have Jy aJo s > JoapJo,pa and in the set II
we have Jy aJop < Jo,apJo,sa. Moreover, the values in set II are the same as
in Permalloy (see Table [7.2)). It can be checked numerically that at one of the
solution of the Curie-Weiss equation (ma .., mp . .) using both set of parameter’s
value we have

0*F,
—(mA,e,mmB,e,z) >0 (Dll)
om? ,
Jo.aBJ,
l—aase—ape+ (1 - M) apcape > 0 (D.12)
Jo,ado.B

where a,. = 8Jo,L'(§,.). Therefore, from Eq. we see that D > 0 if
Jo.ados > JoapJopa (like in the parameter set I) so that (mac.,mpe.) is a
local minimum, however for Jy 4Jo p < Jo,apJo,p (like in the parameter set II) we
have D < 0 so that (ma.., mp. ) is a saddle point which has not physical sense.
Therefore, the alternative mean-field formulation can lead to non-physical free
energy landscape in the case of two sublattice magnets with Jy 4 Jo. g < Jo aBJo.BA
(like in Permalloy). In Fig. we present the reduced free energy 5F,/n
(Eq. ) for: a) the parameter set I (JoaJdop > Jo.apJopa) where the two
solutions of the Curie-Weiss equation are minimums, and b) parameter set II
(Jo,ado,s < JoapJopa) where the two solutions of the Curie-Weiss equation are
saddle points.
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Jo.ado.8>d0 ad0 8 Jo.ado8<Joasdo Ba
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2.8

N 245 p
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Figure D.2: The reduced free energy F,/n (Eq. (D.8)) using x4 = 0.2, T =
200 K and the exchange parameters given by Table a) set I (JoaJop >
JO,ABJO,BA) and b) set 11 (JO,AJ(),B < JO,ABJO,BA)-
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