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The Landaslifshitz (LL) equation, originally proposed at the macrospin level, is increasingly insAtan-
istic Spin Dynamic (ASD) models. Teemodels are based on a spin Hamiltonian featuring atomic spins of
fixed length, with the exchange introduced using the Heisenberg formA&mmodels are proving a powerful
approach to the fundamental understanding of ultrafiasnetizéion dynamics, including the prediction of the
thermally inducednagnetizéon switching phenomenon in which theagnetizéon is reversed using aritra-
fast laser pulse in the absence of an externally applied fieid p@per outlines the ASD model approach and
considers the role and limitations of the LL equation in this context.

PACS 75. Magnetic properties and materials;
75.10.Hk Classicakpinmodsds;
75.78-n Magnetizatiordynamics

Keywords Landau-Lifshitz equationatomisticspin models

1. Introduction and several papers by Brown around 1940. A detailed
. . . . treatment of micrmagnetsm is given by Brown in his

Atomistic spin models have a long history, going back1963 book{g]. For many years micromagnetics was-|i
to the pioneering work of Bind¢d] and coworkers in the ited to the use oftandard energy minimization @paches
1970s. Typically these studies concentrated on the stattic . : . .

" f spi dcularl ing Moni@arl 0 determine domain structures and classical nucleation
properties of spin _sj;sms, particuiarly using vonfeario . theory to investigate magnetization reversal mechanisms in
methods to investigate the order/disorder phase tran5|t|osr§/Stems with ideal geometry. Arguably, the current interest
f”m.d finite size effects in magnetic nanpparﬂcles. Tomat in micromagnetics arises from the availability, from about
istic approach proved a powerful tool in the study of purel)(he mid1980s onward, of largacale compiing power
theLmodynamtlE aspectsfof tm agntgtlc sp:jn Isy?temg. lati which enabled the study of more realistic problems which

OV\?\fr’ d € use ot & Om'f_'l Ic mo tle S 3: Sllr_nm:g "NYvere more amenable to comparison with experimental data.
magnetizion cynamicswas, Unttl recently, rather 1 One important realization during this period was the fact
and generally pased on Morarlo S|mu|_a tions of escape that, although micromagnetics canegict the nucleation
;)v?rtintert%]y latglers.t Such an approznch 'Sthmm(i.fbydth? fields for the ragnetic system, due to the coexistence of
ac .fi .e Imesteps are generally not quant 'e_ . "MGitrerent energy minima, multiple magnetization reversal
guantification was attempted by Nowekal. [2] but this is paths g possibleThus micromagnetics does not nece
successf ul“only in the strong dampiregime whgre the sarily predict the correct state of the system after magnet
precession can be neglected. The study of dynamic phenozation reversalConsequently, a lot of wiothas gone into
ena however was intrinsically limited until the developmen{he development of dynamic ,approaches which use gimul
of dynamic B,4] and stochastic a_tomistic spir_1 ”_‘0"‘551]- tions based on the Landdlifshitz equation of motion.

n gehera_l the. model of c_h0|ce fmagnenzaon r<_aver This is probably the technique in most common use today.
sal_studles 'S m|cr0magnet|cs. The history of micromag Dynamic calculations using micromagnetics have be
netics starts with a 1935 paper of Landau and Lifshitz oNme ubiquitous, findingpplications in fundamental 4n
the structure of a all between two antiparallel dwmins, ’
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The Landaslifshitz equation in atomistic models

vestigations of reversal dynamics of magnetic materials. land strains. The exchange term can also be anisotropic in
addition micromagnetic models are vital to many in some situations as will be discussed later.

dustries, including the development of new generations of The exchange energy for a system of interacting atomic
magnetic recording heads and media and permanegt manoments is given by the expression

nes. However, lintations of the micromagnetic pach

are becoming increasingly apparent. Firstly, as magnetic Hexe = ZJijS S @)
materials become increasingly structured at the nanoscale 7l

to investigate new physical phenomena and create neyhere J is the exchange interaction between atomic sites
functionalities the continuum nate of mcromagnetics | andj, S; is a unit vector denoting the local spin moment
reaches the limits of validity. Secondly, although thermadiirection andS; is the spin moment direction of neighbo
activation can be introduced into the micromagnetie fo ing atoms. Theinit vectors are taken from the actualmato
malism, its applicability is strictly limited to low tem@er jc moment u; and given byS =p;/ug Where pg is the
tures; it is known that micromagnetic models greatly oversaturation magnitude of the atomic momebte to the
edimate the Curie temperatuf®,10]. This is a serious strong distance dependence of the exchange interaction the
limitation in the investigation of tlafast magnetization sum in Eq.(2) is often truncated to éfude nearest nelfig
dynamics, where temperatures up to and beyigrzhn be  hors only. This significantly reduces the computational
achieved on the picosecotidhescale. The natural ewsl  effort while being a good approxirtian for many mater

tion is toward dynamical approaches with atomistic kesol als of interestln reality the eghange interaction carxe
tion; such models are gaining increasing traction irl-deatendto several atomispadngs [15,16], representing

ing with the physics of ultrafashagnetizéion processes dreds of pairwise interactions.

and practical praems such as providing an understan  |n the simplest case the exchange interactipnis iso-

ing of heat assisted magnetic record{iAMR) [11,12].  tropic, meaning that the exchange energy of two spérs d
Remarkably, the key tatomistic spin dynami¢ASD)  pends only on their relative orientation. In more complex

models is the use of the LL equation at the atomic levematerials, the exchange interaction forms a tensor with
Here we outline the basis of ASD models, revieme  components:

recent simulations of ultrafast spin dynamégl consi-

er the physical judiication for the use of the LL equation Jix Iy Ixz
at the atomistic level. Jj=[Ix Jyy Iyzls (3)
2. Atomistic spin dynamic models Jax Jzy Jz

The physical basis of the atomistic spin model is ¢he | which is capable of describiranisotropicexchange inte
calization of unpaired electrons to atomic sites, leading tactions, such as twien anisotropy[15] and theDzyalo-
an effective local atomistic magnetic moment, which isshinski-Moriya interaction (offidiagonal components of
treated as a classical spin of fixed length. initio calcu  the exchange tensor). In the case of tensorial exchange, the
lations of the electron densif}t3] show that in reality, exchange energy is given by the product:
even in itinerant ferromagnets, the spin polarization is well

localized to the atomic siteEssentially this suggests that Hexc = _Z ST §- (4)
the bonding electrons are unpolarised, and after taking into %)
account the bonding charghe remainingl eledrons form We now proceed to consider two important factors in the

a welldefined effective localized moment on the atomiCuse of ASD’ f|rst|y the process of determining, from first
sites. Nonetheless the assumption of classical spins leadspignhciples, the parameters of the spin Hamiltonian ace se
a funcamental discrepancy with expexents which will be  ondly the introduction of spin dynamics, and the liog

discussed later. tions of the use of the LL equation at the atomistic level.
The basis of ASD models, reviewed by Evaatsal

[14] is a classical spin Hamilonian based on the Hieise 2.1.Ab-initio calculation of spin Hamiltonian parameters:
berg exchange formalism. The spin Hamiltoniah typi- Multiscale approaches

cally has the form: The material parameters central to the spin Hamato

H = Hexc+ Hani+ Happ (1) are the exchange interactions, anisotropy energiesthen

magnitude ofthe spin moment. These can geaally be

with the terms on the RHS representing respectively thiund using wo routes: (i) experimental msarements,
exchange, anisotropy and Zean terms.The exhange either in a meafield sense from macroscopic quantities

term is usually isotropic in spin space and the anisotropsuch as the Cig point, or microscopically irsy neutron

term includes energies which are angular dependiéese  scattering, (i) with a mtiscale approach usingb initio

can arise from crystalline anisopies or magnetostriction density functional theor¢DFT) calcuations to parametise
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the spin model. Thab initio approach is often prefeble  the single ion anisotrop(?). The exchange interactions

as it removes extrsic fadorg from the parameters such ASare significant over large distances, making numericalicalc
nonuniformity of an experimental sample and als®@-pr |ations rather time consuming. Physically it leads to strong
vides a resolution (for example many exchange meig finite size efécts[28] and in particular leads to dations of
bours) which is hard to ¢hin experimentally evemwith  the finite size scaling exponents from the expectations of the
neutron scattering. Difficulties can arises such as ig-ma nearest neighbour Heisenberg fd28-31].
netic materials involvingare-earths where the tratment In Ref. 27, the thermodynamic properties of FePt were
of the 4 electrons is problematic in DFT. In this case aninvestigated using an atomistic model based on the spin
experimental parameterization becomes the most pahcticHamiltonian given in Eq(5). It was shown that the two
route, as was done by Ostlet al. [17] for amorphous ion term gives rise to a thermal anisotropy scaling expo
GdFeCo alloys anBvanset al [18] for NdyFe; 4B alloys. nentn = 2 (with K(T) « M n('I')) consistentvith the theory
Contemporarnyab initio methods enable the calculation of Callen and Cad#in [32] and in contrast to the single ion
of a wide range of material properties including groundanisotropy for which the exponentris= 3. The importance
state magnetic properties. -8alled “beyond DFT meth  of the atomistic approach is that it is able to calculate the
ods allow the calculation of even small energy differencegxact exponent arising from the specific material param
providing access to the magnetic crystalline anisotropyers of FePt. This resulted im= 2.1, the nosinteger value
constants. Standard software packages such as YEBP reflecting the relative importance of the singénd two
and SIESTA[20] make such calculations accessible to in site anisotropy terms; a value in good agreement with e
terested researchers. The calculation of pair wiskange periments on FePt nanopartic[@8,34].
interactions in DFT is somewhat complicated by the-del ) . ) )
calised nature of the bassets employed. Raneterizing a 2.2.Langevindynamics andhe LL equation at the atomic
spin Haniltonian therefore requires mpimg many diffe- level

ent spin configurations onto the atomic Hamiltonian. An The important step forward in the use of atomisticimo
alternative is to use stating methods such as Korrirga els is the introdetion of Langevindynamics, dbwing
Kohn-Rostoker [21,22] or linear muffin tin orbitals modelling of thedynamical response of theagnetizéion
[23,24]. These methods are built around the atomic sphetkg temperature changg¢35]. The approach is based on the
approximation which gives a natural mapping onto thentroduction of thermal fluctuations for a single particle
localised Heisenberg formalism in conjunction with thedeveloped by Browii36]. The theoretical basis is the sla
magnetic force theorefi25]. sical theory of Brownian motion which acetus for the

Connecting theab-initio and atomistic Iength scale is an departure from thermal equi"brium due to the energy i
important linkin the mulultiscale modelling chainlaing  terchange between a particle and its Hesth, with the
one to include both dynamics and temperatwigich has | andawLifshitz equation augmented by whiteise
been demonstrated for FePt by Kazantsetva. [26]. In  fields, effectively producing thestochastic (Langevin)
this section we consider tlwlculation of the temperature equation of the problenT.he approach is to determine- |
depeneénce of static materials properties. Mryasdval.  cal fluctuating fields using the fluctuation dissipationcthe
[27] carried outab-initio calculations of exchange andi-an rem and to require the equilibrium distribution function of
sotropy of the LO phase of FePt; an important candidatehe orientations of the magnetization to coincide with the
for HAMR media. The aim wasotinvestigate the>e  Bgltzmann distribution.
change and anisotropy values of bulk FePt and to map |n order to yield theBoltzmann equilibrium distribu
them onto a classical spin model in order to investigatgon, the stochastic LL equation should be interpreted as a
static and dynamic properties. This process was comyplicastratonovich vector stochastic differential equat[6].
ed by the induced Pt moments amg from the Fe ¥  This is integrated by a suitable choice of the numerical in
change field. Suctan effect is beyond the Heisenbergtegration scheme, mossually that of Heun. Care must be
model of fixed moments, but based at-initio calcula-  taken that the spin moments remain of unit length and for a
tions an effective spin Hamiltonian was developed whichorconservative scheme such as Heun, an explicitrreno
is dependent only on the Fe degrees of freedom. malization of the length at each timestep is required for the

. ~ (2 ~(0 Stratonovich solutiori38]. The integration of the stocka

HE=3 058§ +DPF)-X BV ) 1L equation is discussed in detaiier. 14,

Consequently, the basis of ASD for a set of coupled
The exchange pamseters includehe effect of FePtFe  spins is the integration of the stochadt@ndauLifshitz
interactions which contributes to both the isotropic exequation for each localized magnetic neoTns;:

change jij as well as introducing a twion anisotropy, .

S ==v[Sx H]=vo[ ${ $x H]. (6)

i#] i

Digz), because of the layered ordering of this intermetallic
compound This two-ion term is considerably larger than
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Here H; = §; (t) — dH/dS is the local effective field atomistic moel and property of the LLB eqtian. Esse-
which includes Zeeman, exchange, anisotropy and- magally it involves a collapse of thenagnetizéion to zero
netostatic contribubin, augmented with a stocliasterm and subsequently a switchegolarisation in a reversjng
& (t) (which appears like a field)t is defined through the field. Linear reversal sets in at a critical temperaflire
correlators: related to the ratio of the longitudinal and transverse su

ceptibilities [43]. Importantly, this leads to ultrafastag-
Z(X,kBT f . . . . .
S(t-t')y Oy - (7)  netizdion reversal since the timescale is governed by the
THs longitudinal relaxation time which isf the order of ho-

Here T is the temperature of the heat bath,is the gy ~ dreds of femtoseconds. _
romagnetic ratio,ug is the magnetic momeniy is the Qnglnally_/ optomggnetlc SW|tch|ng.was orjly o_bse_rved in
parameter describing the coupling strength to the heat baiffious ferrimagnetic structures but it can, in principt, o

n and v are Cartesian components. The basis of thiUl in ferromagnets as well. The experimental work by
equation is the separation of timescales, assuming that thembertet al [44] found that thin films of ferrmagnetic

bath (phonon or electron system) is much faster than tH{e?/Pt layes and granular FePt showemagnetization
spin system. Consequently, the fluctuatiissipation te-  SWitching afte repeated excitatfoby a cicularly polarised
orem can be applied to derive the eduilim white noise femtosecond las. Figurel shows an.at.omlstlc model sim
properties of Eq. (7). ISection4 we consider the apphe lation of the response of thmagnetizéon of FePt to the
bility of the Langevindynamic approach using the LL field and temperature pulses associated with a femtosecond
equation. However, prior to this we give some examples ¢fSer pulse. The calculations used the spin Hamiltonian of
the success of ASD models in developing an utaeding Mryasov et al. [27] given in Eq. (5) with eoptomagnetic

of the themodynamic ggects of ultrafasmagnetizéion
processes, inctling the prediction of a novel “lineare-
versal mechanism.

(& ®)=0, (&, 0k}, )=

F=6 mJ/cm2 (a)

3. Atomistic models of ultrafast spin dynamics

Advanced models are required in order to understand
ultrafast magnetizan processesnterest in this area has

developed rapidly since the experirt@ndemonstréon -1.0 -
[39] that themagnetizéion of Ni can be reduced by laser e —— ®)
heating on a timescale ofpls. Experimentally the mea 0 £=12mJ/cm

urements are made usingpampprobe process. Ahigh
energy femtosecondbser is used to heat the nréé
(pump), and the magtic response is measuredings
magneteoptical Kerr effect MOKE) with a low energy
probe beam split off from the pump. This expenrngives
time resolved measurents of the magnetic responsd-fo o T T RO TR S N

lowing pulsed laser heating. Such experiments are extremely 1.0 F=18 ml/em> (©
challenging in terms of understandiretphysics of ula-

—_—
S
T

L . . 0.5

fastmagnetizion processes and damping mechanisms.

A more recent development was the experimental 0
demonsration by Stancitet al [40], of optically induced 05 -
magnetizdon reversal inthe amorphous ferrimagnet |m| m,
GdFeCo. Using circularly polarised ultrafast laser pulses, -1.0 Mm—— My—
Stanciu et al showedmagnetizéion reversal to be de 21 0 1 2 3 4 5 6 7 8
pendent on thehirality of the laser pulse. This was inte Time, ps

preted as arising from a large, lagenerated, optanag-
netic field (estimated as large asP0possibly originating
from theinverse Faradagffect, thereversal was explained
[41] using atomistic andLandau-Lifshitz—Bloch (LLB)
macrospin simulations (for a review of the LLB equation
see[42]) as arising from this large optomagnetic fiedd t
gether witha purely thermodynamic contribution which (b) 12 mJ/erf and (c) 18 mI/ch A reversing optomagnetic fie
initiates switching viatte secalled linear reversal meah <o oceurs with the laser pulse: it has a square pulse shay
nism[43]. Linear reversal is an important prediction of the, _ ps tot = 1 ps with a magnitude of 30 T.

Fig. 1. (Color online)The temporal evolution of the magnetiza
in FePt after a femtosecond laser pulse simulated using thes:
tic model described irsec 2. The model uses the Hamilton
expressed in Eq. 5 with a dampingz 0.1, andug = 3.23pg The
system starts at room temperature before excitation by a
laser pulse incident at+ 0 ps with fluences of (a) 6 mJ/ém

Low Temperature Physics/Fizika Nizkikh Temperatur, 2015, v. 41, No. 9 911
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field of 30 T thatlasts for 1 ps after laser excitation. TheRE and TMsublattices mediated by the establishment of a
dynanic response is calilated using Langevidynamics two-magnon bound state. The studyRef. 51 involved
driven by the electron temperature evolved using-a Zdetaikd calculations of the magnon band structure, which
temperature modg#5]. The reversal depends critically on has two branches with properties which strongly depend on
the laser power, as shown in Fig. 1. At low laser powerthe material composition. Calculations showed that transfer
Fig. 1(a), demagnetition is not complete and the resal  of energy between the modes, resulting from laser axcit
proceeds via the usual pessional route, albeit over an tion, was the physical originf the TIMS phenomenon.
energy barrier reduced due to the quenchinthefanis¢-  Further, the calculations dengirated a window for ™S
ropy. Complete reversal proceeds over many picoskco within a certain range of laly concentrations. Spdically,
At elevated tempetares, Fig. 1(b), switchingof the total for low RE concentration essentially a uniform FM mode
magnetizon praceeds by a process involving no nwcr is excited. With increasing RE concentration, the optical
scopic precession; the linear reversal mode. Importantlynode becomes accessible, leading to TIMS. At higher RE
switching via thelinear reversal mode occurs on adhin concentrations there develops a large band gap wheh pr
scale of the longiidinal relaxation time of thenagnetia-  cludes the angular momentum transfer between sublattices,
tion (~hundredsof fs). At higher laser power, Fig. 1(c), at which point TIMS cannot be excited. This prediction is
reversal occurs but theagnetizéion is destroyed by the in good agreement with experént.
elevated temperature. Vahapktral. [41] show that opt The results ofRef. 51 allow the definition of design
cally induced switching proceeds above a critical temper rules for TIMS. Specifically,
ture which is sufficient to excite linear reversal but not so 1. The existence of two sublattices with differential d
large as to deagnetie the system. magnetizéon dynamics

It was shown by Vahaplaet al. [41] that extemely 2. Antiferromagnetic coupling between the sublattices
high opticallyinduced fields (tensf Tesla) needed to be 3. Reversal of the dominant magnetic sublattice which
invoked to trigger the albptical reversal. The possible stabilises the switchethagnetizéon direction during the
origin of such fields remains a matter of debate. Howevergooling phase following the laser pulse.
it can be shown that the fields may arise from interatomic This gives rise to the expectation that synthetic -ferri
exchange forcesThis interpretation begins with the obse magnetic (SFIM) struares consisting of two fesmagetic
vation by Raduet al [46] that the RE and TM sublattices layers separated by an element such as Ru or Ir, to establish
demagnetie at different rates, even though strongly coupled\F coupling between the layers, would exhibit TIMS. This
through intersublatticexchange forces. The measurementfias been demonstrated numerically by Evetnal [52] in
were made using XMCD (x-ray magnetic circular bilayers of Fe and FelRbupled by an exchange separation
dichroism)to provide the element specifimagnetizéion layer assumed to promote Addupling béween the FM
dynamics.The expemental observations were supportedlayers. Importantly, this extends the TIM$enomenon
by atomistic modekalculations, which verifi¢ both the beyond its initial predictiorand discovery in amorphous
differential sublaice dynamics and the existence of anferrimagnetd47] to designed matet@with high anisotropy
intriguing transient ferromagnetlike state (TFMLS) and the avoidance of RE components. This is of importance
which is created by the reversal of the TM spins into théoth in terms of fundamental derstanding of ultrafast
RE spin direction. The TFMLS exists for around 580 magnetizéion processes and of applications in information
and is associated with thmagnetizéon reversal process. storage. In the latter context we note that Evetnal [53]
Further investigation led to the astonishing prediction bylemonstrated the requirement for large write fields in the
Ostleret al [47], usng atomistic model calculations that magnetic recording process; not simply to ensuagnetia-
switching occurredn the absence of any externalrsy tion reversal, but also that there is no bagktching of the
metry breaking fieldIn Ref. 47 this remarkablerediction  magnetizéion, which would lead to a limiting sourasf
was verified expementally. Interestingly, thermallyni  noise. Ostlert al [47] show that extremely largields ~
duced magnetizon switching (TIMS) allows are- tens of Tesla are nessary to oppose the formation of the
interpretation of opticalynduced magnetizéion reversal. TFMLS. This is consistent with the pligal origin of TIMS
Rather than invoking large fields of opteagnetic origin, in the exdation of the twemagnon bound state, vahi nat-
Khorsandet al [48] gave experimental evidence in favour rally introduces fields arising from the exchange interaction.
of TIMS asthe main switching mechanism in GdFeCo and Clearly, TIMS is an important prediction using a model
attribute the helicity dependence of the laser excitation obased on LL dynamics at the atomistic level and shows the
the dichroic effect, i.e. the dependencelaf absorption of LL equation to be a remarkable piece of insight which
energy from the laser pulse on the chirality of the laser lightfinds application &time- and lengthkscales signi€antly

The phenomenon of TIMS has been further itigaged  beyond its original conception. In the following we cosi
theoretically using macrospin mod§{9,50] and atomistic er the underlying physics of the LL equation at the atemi
approacheg51]. Importantly,Refs. 50 and 51 show that tic level, distinguishing between the origin of the peece
TIMS arises from angular momentum transfer between thsion and damping terms.

912 Low Temperature Physics/Fizika Nizkikh Temperatur, 2015, v. 41, No. 9
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4. Analysis of the atomisticL angevin dynamic acteristic correlation timer.. The spin is coupled tally
approach using thelL L equation to the bath which is connected to a thermostat as follows
The precession term in the LL equation derives directly., .1
from the equation of motion Si=v[Sx(H+n)] @ —‘Z(Ti -x§)+R, (9)
ihE(M) - <[M ,|.‘|]>, (8)  with the fluctuatiordissipation theorem for the bath \ari
dt ble: (R;(1))=0; <Ri (DR, (t')>=(2kaT/rc)6ij 5(t-1).

with H=-M -B(t), which leads directly to th&armor The parametety describes the coupling of the bath wari
precession termThe damping term is more difilt to ble to the spin. The precession term in the first equation of
justify at the atomistic level. Pragmatically one can mak&® Set (9) has the same form as in the (B)j However,

the case that some term coupling the spin to the heat béﬂ? damping is now descriped -by the second equatiqn in
is necessary to ensure eventual thermal equilibrium WitH'".S set. In the sgconq equation |n-Eqs. (9) the b"_"th varlgble
the heat bath. In this Bjt, the LL damping term is the adjusts to the direction of the spin due to the interaction

Simplest form Capable of inClUding this key phySIOal r Wlth it. In the I|m|t Te —0 the -StOChaStiC LL equation (6)
quirement. Some work has been rid out to investigate S récovered. This also provides a relation betwéen t
spin dynamics at the quantum level. In particulapadle ~ d@mping and the coupling constantscas yytc, giving a

and Gyorffy b4] have inveigated magnetizion dynan- ~ MOre precise physical sense to the LL damping constant at
ics using time dependent density functional theory. The}1® atomistic level. . .
construct a gradierdependent density functional which is In this a}pproach, the phenomenological LL damping
then used to derive the phenomenological LL form ofParameter is substituted by two unknown parameters: the

damping directly from first principles. The LL equation correlation time _and the cqupling cqn§tarx)g. Sewral
and ts damping term can also be derived from thengua Processes may be important in determiningéheonstants,
tum mechanics using the density matrix foligra [55], an [0 €xample,the spirorbit coupling, mometum relaxa-
approach recently visited by Weise56]. The coupling tion, scat.termg rate and dephasing time of conductum ele
of the spin to the heat bath is expected to be matesial dlfONs-As in the LL approach, thesemaneters will be m-

pendent; essentially it represents the relevant energy- trarff€1a! specific and their physical gins should be clarified
fer channel which might arise from inéetion between the onthe bas of firstprinciples approaches. The effect die

spin and coduction electron or spin/lattice interactions COrelation time on the ultiast denagnetizéion process
and should be studied at the quantum level. was investigated iRef. 57. For acorrelation timet, <1fs

The introduction of thermaluctuations into the at- € correlated approach gives the same results as thie stan

istic model formalism is achieved via the Langesymam- ~ a'd Langevindynanics with white noiseHowever, in the

ic approachAs mentioned previously, the sasnption is @€ tc ™ 10-100fs the correl_at|0_ns were fogpd to give a
made that the instantaneous random fields, by which tHfffamatic increase of the longitudinal relagatitime. The
thermal fluctuations are introduced, are uncorrelated ififfect is less proounced at higher temperature since in this
time and space, giving rise to white noise. The basis of this2Se th? temperature contrlbute$he loss OT correlations.
formalism is the separation of timescales, assuming th&@lcuations based on theangevin dynamics approach
the bath (phonon or electron system) is much faster thdgneally give reasonable values for the longitudinalxela
the spin system. In this case, the bath degrees afdnee ation time in compason with experiment, which suggests

can be averaged out areblaced by a stochastic field with that experimental correlation times are on the order of 10 fs
white noise correlation functions. &sense this is perhaps O |€SS; greater values would have an appreciable effect on

the most questionable part of the application of the atomi the observed rates of miagnetization. _

tic model in ultrafastagnetsm, which involves phero- The interactions of the spins with the lattice system also

ena on the timescale of tens of femtosecomtiere spatial provides an energy channel for the fluctuation and dissip

and temporal noise correlations might be expected. tion. In conventional atomistic models the lattice is fixed
Investigation of this phenomenon is the province oftd SO transfeto and from the lattice is helked phene

modelssimulating the thermal behavior of the heat batHnenelogicély by the fluctuation and damping terms in the

and coupling this to the spin system. In this case only thifochastic LL equatiorBy introducing the motion of the
precession term of thel equation is retained, with the &ONS t0 the model the energy trégiscan be modelled

damping included via a term based on the uniegly directly without the need for the phenomenological terms.
mechanism coupling the spin to the heat bath. This wd3¢cently models such as this have been developet to i
treated in a generic way by Atxitet al. [57] using an p- vest.lgate a variety of systems where thg $aitice effects
proach developed by Miyazaki argkki [58] and gener arg |mp9rtant. Maet al [60] havg extensively developed a
alising this to multispin systems. The noise takes the fornsPintlattice model of Fe that utilises the dependence of the

of an OrnsteirUhlenbeck procesfs9] introducing a cha exchange on the atomic separation as the coupling between
the spins and ldte. However in this case bothe spins
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and lattice use a Langevin thermostat to maintainra co proposed a scaling appabawhich maps classical to quantum
stant temperature. Through this model both systems act sgin models. The scaling recognises thahoaljh the class

a thermal reservoir from which instantaneous spin and lacal treament finds the correct magnon energies, the distin
tice tenperatures can be extracted which can thenybe dtion between classical and quantum models results from the
namically linked tothe electron temperature thus repr particular statistical properties eachapproach. While que
serting a dynamic three temperature mofdl]. Using this  tum systems obey Bodginstein statistics, leading to the

model, termd spirtlattice-electron dynamicSLED) by Bloch law at low temperatures, the clasdi Boltzmann
Ma et al, experimental ultrafast laser inducetgnetiza  statistics gives rise to a finite slope of thagnetizéion at low
tion dynamics can be reprockd. temperdaures. In Ref66 the exisence of a simple rdian

Whilst the exchange interaction can couple the spinbetween classical and quwam temperaturelependent ng
and lattice further coupling terms have also been mnvesetizdion at low terperatures is demonstrated. The teraper
tigated. Karakurtet al [62] implemented a spifattice  turedependent magnetization is represented in the simplest
model where the exchange is constant but introduce-a sgform arising from a straightforward interpadat of the Bloch
cific coupling term of the form: law and critical behasr given by the CurieBloch equation

H.= CS 1. (10) m(t) = (1-1*)P (12)

Wherer; =rj ; is the separation of the atoms aBds  where o is an empirical constant arfi=1/3 is the critcal
a parameter to control the strength of the coupling. Usingxponent. Evan®t al [66] then use the classical spin
this Karakurtetal. demonstrated that this qaling causes model simulations to determine the critical expon@nt
a damping of the uniform precession mode. Beauj@tan and then findx by fitting the classical model predictions to
al. [63] propose a different type of coupling based on axperimental data. This leads to a mapping frdsimula-
two site anisotropy which takes the form of pseudotion temperaturé to the real temperature. It was shown
dipole interaction. that this approach gives excellent agreement with exper
S-S ment[39] for the denagnetizéion of Ni following anultra-
Ho= K(ru{(ﬁj S )6 Sy )—T’} (11) fastlaser pulse.
In this case the coupling strengt, depends on the sep 5. Conclusion
aration of the atoms and requires specific parametrisation The use of the LL equation in ASodels of magnetic
from ab initio. As discussed in the literature this form of materials has been described. The introduction of the LL
coupling arises from the sporbit interaction of the elec equation, in its stochastic form, is the basis of a powerful
trons and thus is are physically justifiable but is still not approach to ultrafasps dynamics. In particular, ASDrar
exact. With this Beaujouast al are able to show thahe ulations demonstrate the important thermodynamic cantrib
ergy can be transferred between the systems and arbequilion to lasefinduced ultrafast processes. The models ¢emo
rium temperature is obtained. It is clear that by incorporatingtrate a new, soalled linear reversal mechanism which is
lattice dynamics into the ASD rdel various effects which the path to ultrafast reversal. Also predicted is the phenom
are treated phenomenologically are present. However thegen of TIMS, which is currently under extensive investig
dill require a high level of empirical parametrisation fortion and holds the prose of application in future devices
both the atomic bonding and the sfattice coupling. requiring fast switching. The success of the LL equation in
Finally, we consider briefly one further aspect of treafs this framework is remarkable. While further investigations
fixed spin models such as the LL equation, specifically thef the energy transfer mechanisms at the quantum level
classical nature of the spin. This leads to a disparity betweshould be carried out to improve the physigadierstanding
the sinulated and experimental tempeire dependent ga  of damping, ASD methods based on the LL equations are
netization curveg64]. At the macrecopic levethe tempea-  likely to have an important role in understanding the physics
ture dependent magnetization is well fitted by the pheaom of magnetic phenomena, not only at short timescales and
ndogicd equation prposed by Kuzhin [64]. However, the elevated émperatures, but also on lersgthles where the
Kuz’'min equation merely describes tloerfi of the curve with micromagnet formalism is not appropriate.
little relation to the microscapinteractions within the met
rial which determine fundamental properties such as the Curie Acknowledgement
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