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Abstract. The conventional demagnetization process (spin precession, magnetic
domain motion and rotation) is governed mainly by spin-lattice, magnetic dipole
and Zeeman, and spin-spin interactions. It occurs on a timescale of nanoseconds.
Technologically, much faster magnetization changes are always in great demand
to improve data processing speed. Unfortunately, the present speed of magnetic
devices is already at the limit of the conventional mechanism with little room
left. Fortunately and unprecedentedly, recent experimental investigations have ev-
idenced much faster magnetization dynamics which occurs on a femtosecond time
scale: femtomagnetism. This novel apin dynamics has not been well-understood
until now. This article reviews the current status of ultrafast spin dynamics and
presents a perspective for future experimental and theoretical investigations.

1 Introduction

High areal density media and fast write/read heads are two basic building el-
ements in the recording industry [1]. High density improves data rates, which
require a wider electronic transport bandwidth for the reading process and
a shorter reversal time for the writing process. The major obstacle lies in the
writing process. As we move to data rates above 30 MB/s (nanosecond re-
gion), it is essential to understand the time dependence of the magnetization
reversal processes in magnetic materials. Indeed, different timescales yield
distinctive physical mechanisms, as shown in Fig. 1. On a long timescale of
100 ps-10 ns, magnetic dipole-dipole, Zeeman, and spin-lattice interactions
are the major driving forces [2]. domain wall motion and rotation are modeled
phenomenologically by the classical Landau-Lifshitz-Gilbert (LLG) equa-
tion [3], where electron excitations are completely ignored. On a timescale
of 1 ps-100 ps ( GHz), clectron-phonon, phonon-phonon and, spin-lattice in-
teractions prevail. The clagsical description above gradually becomes invalid
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Fig. 1. Timescale for the magneto-optical recording process

as the quantuin effect appears. This is an important region, where the sys-
fem can recover its original magnetic moment by cooling the spin through
the lattice. On a timescale from 1fs to 1 ps, electron-electron and spin-orbit
interactions dominate [4]. Electrons are heavily excited in or out of the Fermi
sea [5], where the concept of electron temperature and spin temperature is
not proper. In this temporal region, the classical LLG equation fails, and
theoretical descriptions must be based on quantum mechanics. The focus of
our study is this temporal regime where ultrafast spin dynamics occurs.

On the shortest timescale (THz), the frequency is far beyond the ra-
diofrequency. The whole process can then be induced by optical excitation.
The laser field first excites electrons; due to spin-orbit coupling, spin excita-
tion follows this electronic excitation. Conventional magneto-optical record-
ing also uses a laser field, but its purpose is fo elevate the local temperature
of the sample above the Curie or compensation temperature where the ap-
plied magnetic field rotates the magnetic moment: writing a bit. Because the
procedure involves dissipative heating of the lattice, we know that the whole
process is of the order of several hundred picoseconds to nanoseconds. This
time has long been considered a speed limit of magneto-optical technology.
However, this limit is now challenged by the present experimental observa-
tions. By using the pump-probe magneto-optical Kerr technique, Beaurepaire
et al. [6] first reported much faster demagnetization on the timescale of a few
picoseconds in a ferromagnetic Ni film. The drop of remanence, after the
pump pulse, occurs on a timescale of 1-2 ps, far beyond any original expec-
tation hased on the classical picture. This observation has subsequently been
confirmed by several other experimental techniques. Hohlfeld et al. [7] en-
ployed the time-resolved pump-probe second-harmonic generation technique
and found that, even when electrons and lattice have not reached a common
thermal equilibrium, the classical M (T) curve can be reproduced for delay
times longer than the electron thermalization time of about 280fs. Ou the
other hand, transient magnetization reaches its minimum at 50 fs before clec-
tron thermalization. The experiment by Scholl et al. 8] indicated that there
might be two different mechanisms for spin relaxation taking place on two dif-
ferent timescales (< 1 and several hundred ps). Aeschlimann et al. [9] found
that the spin-resolved inelastic lifetime of photoexcited electrons is around
10fs and is different for the majority and minority spins.
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These new findings strongly motivated intense experimental [10] as well as
theoretical [4,11,12] investigations. The latest experiment shows demagnetiza-
tion during as few as 40 fs, three orders of magnitude faster than conventional
demagnetization. The theory based on a many-body Hamiltonian correctly
predicted this time scale [4]. In addition, it has been found that material-
specific parameters, such as the exchange interaction, spin—orbit coupling,
and hopping integral, play a significant role in it, and the experiment-specific
parameters give us another degree of freedom to control the spin dynamics,
a first step to applications. Indeed, the recent experiments demonstrate pos-
sible optical control of magnetization [10,13]. Thus, investigation along this
line is going to provide us with new chances for future applications. A new
frontier is emerging!

The aim of this contribution is to review the recent theoretical and ex-
perimental efforts in this field. The review is organized as follows. We shall
proceed with a rapid description of the different models used to describe the
magnetic properties of materials (Sect, 2), The many-body theory for ultra-
fast spin dynamics will be discussed (Sect. 3). In Sect. 4, the basics of laser
heating of metals will be given. Then, recent results related to ultrafast spin
dynamics in metals will be reviewed and discussed (Sect. 5). A summary and
concluding remarks will be given in Sect. 6.

2 Historical View of Magnetization (Theory)

Magnetization is an old concept, which can be traced back to the early days of
the last century. On a microscopic scale, the applied magnetic field aligns the
electronic spins of a ferromagnet. A thermal field can demagnetize the sam-
ple. The temperature dependence of the magnetic moment forrms the M(T)
curve; the Curie temperature Te is defined as the lowest temperature with
M(Te) = 0. Theoretically, there are two competing models describing the
magnetization process: the Heisenberg model versus the itinerant model. On
a large scale, looking at the specimen as a whole, the specimen in addition
consists of magnetic domains. These domains are the physical origin of hys-
tervesis effects. The underlying dynamic process is slow and can he modeled
by the classical LLG equation, Here, we ignore domaing and focus only on the
former two theories because we believe that the underlying mechanism of the
ultrafast magnetization process is much faster than any domain propagation.,

2.1 Heisenberg Model (Insulators)

A generic Hamiltonian for solids consists of the kinetic energy and the poten-
tial encrgy. The derivation of the Heisenberg model from the general micro-
scopic Hamiltonian involves a number of approximations. In insulators, the
electrons are well localized and virtually have no kinetic energy, This greatly
simplifies the theoretical treatment because we deal only with potential en-
ergy. Magnetism originates from exchange interactions; coulombic interaction
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has no magnetic contribution. Thus, we arc left with a pure exchange inter-
action term which, in second quantization, can be written as

1 I
H., = —52 Jlllcz\oczglcz,a,qrg, (1)
L
and
a*{r —ralr — ri)a*(¥' — rpa(r’ —
Jyr = 52/ ( 1o '1‘)_ r(’l v)af )drdr’, (2)

where a(r —1) is the Wannier function at site I. The integral Jy is different
froin the coulombic integral by exchanging the variables r and r’ in one of the
Wannier functions. There is no classical analogy to this integral, which is of
pure quantum nature. cf(c) is the electron creation (annihilation) operator.
If the magnet is an insulator, meaning that the particle number is a good
number at every site, namely, CIT ct + CL ¢y = const for all [, one can derive
the standard Heisenberg model rigorously for § > i,

1/ .
Hﬂ=«2;;Lmapau+n, (3)

from (1). Here o is the Pauli operator and > means the summation over
LU with I #1', If we take S = —21-0', drop the constant, and assume that Jyp
is isotropic,

H=-7%"8, Sy, ()
1144

which is the standard Heisenberg model [14], It describes the spin-spin in-
teraction at sites ! and I'. Some qualitative properties are of great interest
here. If J > 0, the ground state is ferromagnetic; if J < 0, the ground state
is antiferromagnetic. For the excited states, the classical pictuve is ag follows.
Suppose that due to the external perturbation (either thermally or magnet-
ically), spin S at site { is deviated from its original quantized axis; through
the exchange interaction, the neighboring spins experience a torque from S
and tilt with respect to their principal axes. Simultaneously, the neighboring
spins also exert a counterforce on ;. Such interactions collectively spread out
the spin motion. Now, if we view the spin motion as a whole, we can see the
magnitude and direction variation of the spins just like a wave propagating
from site to site: spin-wave. Its quantum is a magnon.

Quantitatively, a generic solution to the Heisenberg model is not possi-
ble, but we can find a simple solution for low-lying excitations. In particular,
(1) for the ground state, the exact eigenvector is [0) = |$);]S), < |SYw,
and the energy is Ey = —JNZS5? where IS) = 1S,m = &) all with the
same spin orientation, N is the number of sites, and Z is the coordination
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number. Here, we have surmised that J is positive. (2) Low-lying spin-wave
excitations. In this case, one can safely ignore the higher order excitations.
Through the Holstein-Primakoff transformation [15], we can ﬁ'n‘d the en-
ergy spectrum as fuwy = 2Z2JS(1 — ), where v, = 27! s e*® Here §
is the nearest neighbor distance. (3) Temperature effect. When the temper-
ature is taken into account, the energy spectrum is modified to fuwp(T) =
2Z|J|S(1 —v){1 —e(T)/S}, where e(T) = % 3", (L~ ) {na). The maguon
mode is softened now, which has been observed experimentally. Meanwhile,
the magnetic moment is reduced according to the Bloch 7°%/2 law: M (T) =
M(0){1—a/S(kgT/257)%?}, where M (0) = Ngup$ is the zero—tempelzature
magnetization and o is the structure factor. Note that here the reduction of
the magnetization is obtained without taking into account magnon soften-
ing. Below Tg, it is a good approximation because magnon softening is sm.a,ll;
however, around T, rigorously speaking, it is not valid, but due to the fact
that the softenings of magnon modes at different momentum transfers are
different, the side effects from the above ignorance of the mode softening are
somewhat weakened. o
Finally, we have two remarks before we leave this section. (i) Wlthlll the
Heisenberg Hamiltonian, we do not have electrons but spins, which grea..tly
simplifies the problem, but naturally we sacrifice some important. details.
In particular, this model prevents us from investiggtmg any optical a'nd
transport properties. (i) The temperature is the spin temperature, which
is changed by the spin-lattice interaction. There is no electron temperature.

2.2 TItinerant Theory (Metals)

In ferromagnetic metals, the situation is very different; electrons are mobile
and itinerant and have kinetic energies. The local electron number 0pe1:a.’t0r
is not well-defined. Consequently, the local picture is not valid. The Belsell-
berg model is not applicable. One of the experimental facts contr'adictlng; th'e
Heisenberg model is the nonintegral magnetic moment observed in ferrc')mag—
netic metals. Thus, one cannot easily reduce the many-body H'a.mlltoman to
the pure spin Hamiltonian; instead, a fully correlated model is mandatory.
The most famous one is the Hubbard model [16]. For the one-band case, the
Hubbard model reads

H = - St +U Yo, ®

ij,o
where
tﬁz/ﬁ@—RNMM@—&Mr
(id[]id) = eg/a*(r —R;)a(r — R;)a*(r' — Ry)a(r’ — Ry) drdr’ . (6)

v —r|

U
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Here h(r) is the one-particle Hamiltonian of the crystal field. U is the on-site
interaction, whose physical meaning is that for two electrons of opposite sping
occupying the same site, there is an energetic barrier to overcome. This term,
as believed, leads to ferromagnetic ordering, though {or a reasonably large U7
and half-filling one band, there is no rigorous result Sl’})OWiIlg the existence of
a ferromagnetic phase. For infinite U, H — H = f{—ﬁ 24 Si- 85 [17), ana
the ground state is a Néel state. It is not entirely clear how and where the
magnetism comes from, exchange interaction or band degeneracies, or other,
though some advances were made recently [18]. The traditional theory usually
bypasses this fundamental question by assuming that the band-splitting is
due to the exchange interaction. The majority and the minority spins have
different band energies and consequently different. occupation numbers. The
uncompensated spin gives the magnetic moment.

Another way to bypass the fundamental question is to introduce the tem-
perature, simply without specifying a mechanism for the way it comes in.
We note that the temperature is the electronic temperature, not the spin
temperature. In other words, there is no delay between spin and electron
dynamics, though both of them are quasi-static. The Curie temperature is
introduced afterwards. Under the mean-field approximation, the Hubbard
model becomes the Stoner model . Note also that we include the external
magnetic field h [not to confuse it with the previous Hamiltonian h(r)] and
also the temperature,

A= kZEkaC;rkaa, )

where Ey, = Ey ~oush+U{ns), and up is the Bolir magneton. (--) is the
thermal average. The band splitting A is defined as (in the absence of the
magnetic field)

(Bry = Ext) =U((ng) = (n)) = 2A (8)

and
(e} = 5 S2mie) = 5 3 (). 9)
! k

Here A is determined self-consistently by solving (8) and (9). This also gives
Elg‘e r;lagnetiza,tion M(T) and the Stoner criterion for the ferromagnetic phase
M):
M(T) = xo(T)h, (10)
Up(Erp) >1, (11)

where xo(7) is the magnetic susceptibility and p(Er) is the density of states
at the Fermi level Ef. .

5
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Some comparisons and comments are needed here. (a) There are contrasts
between the Hubbard model and Heisenberg model, In the Hubbard model,
we include the kinetic energy (one-particle term) and consider only the on-
gite interaction, whereas in the Heisenberg model, there is only the intersite
interaction. In the former, we can calculate optical and transport properties;
in the latter, we cannot. In principle, within the Hubbard model, we can
treat both metals and insulators, though the band gap of the latter can be
very large; the Heisenberg model, however, is limited to insulators. The the-
oretical treatment for the Hubbard model is more formidable than that for
the Heisenberg model. (b) Starting from the Hubbard model, the mean-field
theory does not give a correct form for the dependence of magnetization on
temperature T. For this, one has to go beyond the mean-field theory. One
common way is to use the random phase approximation (RPA), where one can
recover the collective behavior of spin dynamics. This yields a correct energy
dispersion and consequently a correct temperature dependence. Note that in
both the Stoner mean-field theory and the RPA, the temperature is the elec-
tron temperature. (c) Driving fields. In the Stoner theory, the implicit driving
field is the thermal field. The thermal field elevates the system’s temperature
above the Curie temperature and then demagnetizes a magnet [20]. In the
RPA theory, one usually employs a weak magnetic field with low frequency as
the external field to perturb the system. Similar to the linear response theory,
the RPA theory then calculates the linear spin-spin fluctuation around the
equilibrium state. (d) Timescale. Both the Heisenberg and Hubbard models
treat a static or quasi-static process, where the timescale is rarely involved.
As one will see soon, in the laser field-driven demagnetization process, the
timescale is of the order of a few hundred femtoseconds. It features highly
nonlinear excitation, strong correlation, and a fast timescale, which require
a new theoretical formaligm.

2.3 Simple Theory for Spin—Lattice Relaxation:
Picosecond Timescales

The characteristic interactions of spin relaxation processes after optical exci-
tation on distinct timescales are (i) p - A, where p is the crystal momentum of
the electrons and A is the vector potential of the laser photons, (ii) electron—
electron coulombic interaction leading to dynamic charge and spin fluctua-
tions, (iii) electron-phonon interaction, and (iv) phonon-magnen interaction
caused by spin-orbit interaction which we will approximate by static mag-
netocrystalline anisotropic energy. To calculate the spin-lattice relaxation
time g1, we start from the theoretical approaches successfully applied to
electron spin resonance (ESR) more than three decades ago for magnetic im-
purities embedded in a nonmagnetic host lattice and adapt this treatment
to the solid, combining phenomenological noneguilibrium thermodynamics
(kinetic, theory) and microscopic equilibrium theory. Three processes (all in-
volving phonons) contribute to spin-lattice relaxation: (a) the direct process
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Fig. 2. (a) Direct process, (b) Orbach process, and (¢) Raman process

(Fig. 2a,b) the Orbach process [21] (Fig. 2b), both of which are relevant only
at very low temperatures; and (c) the Raman process (Fig. 2c) which we con-
sider here: This process consists of a spin-flip, the absorption of a phonon of
frequency w, and the emission of a phonon of frequency w + wg. The longitu-

dinal relaxation rate 7} in this case is independent of the magnetic feld [22]
and is given by

1
7 9
T T, (12)

vvhe?e T is the temperature. The Raman process is a two-phonon process
of higher order which essentially uses the complete phonon spectrum. This
process dominates the Orbach process (and thus also the direct process) for

A
EB— > Ep (13)

yvherc Ay is the crystal field splitting, kg is Boltzmann’s constant, and @p
is the Debye temperature. Nickel, for example, has

Ay
T~ 888K > Op ~ ITK. (14)

Tf}lls, for temperatures not too low, the Raman process is dominant for the
spin-lattice relaxation rate.

Therefare, in view of the experimental conditions, it appears justified to
focus on Raman-determined spin-lattice relaxation in the solid which should
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be valid at intermediate lattice temperatures and picosecond timescales. The
temperature range of validity forms probably the best compromise between
too large temperatures where the lattice becomes unstable (above the melting
point) or magnetism breaks down (above the Curie temperature) and too
low temperatures where direct and Orbach processes determine the phonon-
induced relaxation or the phonons become frozen. Besides, the Raman process
is independent ol the magnetic field.

Note that purely electronic mechanisms such as spin fluctuations in
strongly correlated electronic systems mediated by nuclear spin-flips (for en-
ergy and angular momentum conservation) via hyperfine interaction require
even longer timescales and are unimportant in this context because they do
not involve the lattice.

As an example, to calculate the Raman-induced spin-lattice relaxation in
ferromagnetic rare-earth solids, we start from the theory for spin-lattice re-
laxation in magnetic impurities [22]. First we consider the number of phonons
p in the volume V' and energy interval [6,6 4+ dd]

3VE2ds

2m2 it

p(8)dd = (18)

where vy is the speed of sound in the material (e. g. Gd). The thermal occu-
pation is given by the Bose factor,
_ 1 .
po(f) = —5——. (16)
eks?T —1
For the interaction, the usual crystal field expansion up to the second order
in terms of the randomly fluctuating strains is used:

H! =~ 51622'1)'7'{‘, (17)
mmn
because the Raman effect is second order (see Fig. 2¢). Then the transition
probability from state b > to |a > is given by
2m _ . . - :
Wh—sq = /-}TL‘ [< 5»1)0(51),17()(52) | I'I(I;/ | CL,PU(51) - 172)0(52) +1 >|2
p(82)p(61)ddy . (18)

Including the processes of stimulated emission, abgsorption, and spontaneous
emission, the rate equation for the change of the occupation numbers of the
levels [b > and |a > is given by (o is the mass density of the solid)

Ny = —NpWp—q + Nogp, = _Na = I{[—Nbﬁo(d) - N+ N“po((s)] : (19)

s A
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Using (17) and (18) leads to
9277171 I< a I UTT I b >I2

8pEm3hTvlo

x / {Napo(82)[Po(d1) + 1] = Nypio(01)[Po(82) + 1]} 67d6; . (20)

Ny =

Here, we used the fact that the square of the matrix elements of the strains
€ is given by

d[pe(6) + 1]
W , (21)
where M is the crystal mass. Using the plausible assumptions
§ < kT, 8 <« 61, (22)
together with the following new variables:
n=N, — Ny,
N=N,+ N,
and
§
= N tanh (2k'BT> , (23)
we have the kinetic equation of spin-lattice relaxation
) 1
= —m(n —ng). (24)

'.I‘hen, the microscopic calculation of the spin-lattice relaxation rate (which
is the kinetic coefficient of the rate equation) gives the result

L 9 l<aluf |b>f2 #2090 semTyg, ;
TSL,Raman 8P27r3h77)§0 0 ST 2 (20)
(e=7 1)
Using our previous estimate for magnetocrystalline anisotropy [23].
Yo l<al v 1> = | Eunisotwopy [2=| 73516V |2, (26)
mn
we obtain for the spin-lattice relaxation times in Gd and Ni,
TSL,Rmna.rl(Gd) = 48 ps;
TSL,Raman (Nl) = 304 ps. (27)

Although our theoretical estimate neglects all detailed features of the
electronic structure, phonon density of states, electronic correlations, effects
of electronic temperature, and the detailed form of the transition matrix
elements, it already yields the correct order of magnitude of ryy,.
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3 Theory for Ultrafast Spin Dynamics:
Femtosecond Timescales

Many constraints have to be taken into account to develop a theory of ul-
trafast spin dynamics (USD). (1) Our model system is ferromagnetic nickel.
The Hamiltonian must include the strong electron correlation. (2) The sys-
tem is highly excited, which rules out any perturbative treatment in either
the time dependence or the correlation part. (3) Band degeneracy should be
included for 3d metals to have a correct level multiplicity and yield a ferro-
magnetic ground state. (4) The femtosecond timescale corresponds to inter-
active strength of the order of 1eV. This means that any interaction of the
same order should be included. These are our main concerns in tackling the
problem of femtosecond spin dynamics.

3.1 Theoretical Formalism

We employ a free-standing Ni monolayer as an example. The Hamiltonian
reads

[—I — E Uia’,ja' ,lrr”' ,ko‘" C;'racj'cr’ Cka'” Clcr“’

1,9,k 00,0 0 0
WLy,

+ 3 E(K)nue(K) + Hso (28)

vo, K

where Uio,jo jo ko 18 the on-site electron interaction, which plays an im-
portant role in ferromagnetism and can be described by three parameters:
coulombic repulsion U, exchange interaction J, and exchange anisotropy Al
The generic values for Ni (Uy = 12eV, Jo = 0.99eV, and (A J)o = 0.12eV)
are obtained by fitting the spectroscopic data, (for details see [24]) cw(cm)
are the usual creation (armihilation) operators in the orbital ¢ with spin
a(c =1,1). & (K) represents the spin-independent band structure of a Ni
monolayer. To obtain it, we need six parameters (for details, see [23]). 1,4 (K)
is the particle number operator of band » in K space. Hso is the spin—orbit
coupling (SOC) [25]. Comparing (28) with the standard Hubbard model, one
sees that the band degeneracy and spin-orbit coupling are included. A Hamil-
tonian of this kind is general enough to address the spin dynamics on the
ultrafast time scale because it contains the necessary ingredients.
Unfortunately, it is not possible to solve it without approximation [26].
For each K point, the dimension of the two-hole basis for nickel is 66, where
six orbitals per spin are taken into account, namely, five 3d orbitals and one
4's orbital. We solve the 66-state problem analytically for each atom. This so-
lution is embedded in the crystal field given by the band structure including
the translational invariance. This amounts to a crystal field theory, where the
embedding is of single-electron nature. Thus it can be solved without too big
numerical difficulties. Although we did not map it to the impurity problem,




256 Guoping Zhang et al.

we believe that our treatment is shmilar to a K-independent self-energy cor-
rection, as performed in the dynamic mean-field theory. Once we construct
the Hamiltonian within the above basis, we can diagonalize it directly.

3.1.1 Checkups

Before we go further, it is equally important to check whether our Hamilto-
nian can describe the essential properties of Ni. One important check is to
investigate the ground-state properties, such as the magnetic moment. Ni is
ferromagnetic and carries a magnetic moment., 1t has been well established
that a prerequisite for acquiring a ferromagnetic ground state is a nonzero
coulombic interaction U/ and exchange interaction J. We can simply check
this by setting both U and J to zero. Doing so, we find that the ground
state is a singlet, i. e., a paramagnetic state, which contradicts the ferro-
magnetic nature of Ni. Once we use the generic sets of U and J of Ni, we
obtain a triplet as its ground state, from which we find a inagnetic moment
of the monolayer, 0.88pz (pg is the Bohr magneton). This magnetic mo-
ment is larger than that in the bulk material, which is consistent with the
experimental ohservation [27].

Moreover, we can pinpoint some basic features thal show how the
Coulomb and exchange interactions actually generate the ferromagnetic state.
We find that for our model it is in general not true that any nonzero coulom-
bic interaction or excliange interaction would result in a ferromaguetic phase.
Actually there is a threshold which the conlombic interaction or exchange in-
teraction has to overcome hefore either leads to a ferromagnetic phase, The
threshold is different for U and J due to their different natures. To investi-
gate the origin of ferromagnetisin quantitatively, we fivst set J and A J equal
to zero and examine the sole effect of U while keeping the hopping integrals
as they are to get a correct band structure for Ni. We find that all of the
phases are ferromagnetic if U is larger than the threshold U, = 1.09eV. We
also examine how .J influences the ferromagnetic phase. Analogously, we set
the other interaction parameters, U and A J, equal to zero. Then, it is found
that the ground state of the system becomes ferromagnetic if J is larger
than J. = 0.29¢V. This is a nontrivial result.

Naturally, the excited states are most challenging. From experiments, it
is known that its density of states (DOS) possesses a satellite structure. This
is true in our case (Fig. 3). The satellite structure at 12eV is qualitatively
consistent with Ni photoemission experiments [28]. The precise position of the
satellites is, of course, given by the choice of U that, on the other hand, does
not affect the timescale of spin dynamies significantly. Thus our selection of
the unscreened value U = 12 eV mostly determines the satellites. It is worth
noting that this satellite structure rvesults purely from the coulombic and
exchange interactions; without them, the DOS is flat on the high excitation
energy side. This proves that it is necessary to include the electron correlation
in ferromagnets, especially in excited states,
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Fig. 3. Density of states for Ni thin film with a balanced band structure. Electron
correlation leads to the satellite structure at the high energy side

3.1.2 Details of Ultrafast Spin Dynamics Theory

With these checkups, we begin to examine spin dynamics. Experimentally,
the systemn is excited by laser pumping. Theoretically, we prepared the excited
states according to a Gaussian distribution with width 7. At time ¢ = 0, the
initial state is

P(0) = Z]’kl(bm ; (29)
U

where ¢y is an cigenstate of momentum k and band I. The population func-
tion takes the form

Pr = S e A (30)

where 7 is the width of the pulse, Ey is the eigenenergy of state {k.l}, and cg;
is the normalization factor. w is the excitation energy, through whlch-we can
change the center of the excitation profile. This mimics the experm.lental
pump frequency. After time ¢ > 0, the initial state will evolve according to
the standard Schrodinger equation:
0 , (31)
ih—1p = Hi.
ot / /
Thus,
1 —iEt/h
p(t) = e HHMp(0) = Zﬁkze_lm/%kt = mee Bt Myy
kL

kl
= p(By,t)bu - (32}

Kl

With this time-dependent state at hand, we can calculate the dynamic prop-

erties of the system.
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To characterize the spin and charge dynamics clearly, we calenlatbe Dboth of
these intrinsic quantities: S, (t) = (h(0))S.|¥(t)) and N(t) = (PO)| NV ]p(8)y,
and the linear and nonlinear optical and magneto-optical susceptibilitios ;\«'f,,ly),
Xﬁi’z and xglz), szzz)z Here, S, = %('fu — ), N = (fay + 01y), which arve di-
rectly related to the observable nonlinear magneto-optical Kerr effect (NO-
LIMOKE) and to the second-harmonic genevation (SHG) yields, respectively,
Because Xﬁl} , X:(Bi)z , and |5'Z(L)| mainly reflect the spin response and ;\/S),
xg‘i)z , and [N(t)] reflect the charge response, they will be used as indicators
to evaluate spin and charge evolutions, respectively. We find that

YD, t) = S 2B = 2B t) na i gane
X.lr’,‘l (UJ, ) Pt W — (Ekl . El\;[’) + i"](< I < > < ’ | > )
X (kl|a]klY (KU |y|kl) , (33)

z

X,(zlz) (w,t) = Z P(Eri, t) — p(Epr, 1)

—|(kl
w — (B — Eyr) +11)|<

kY2, (34)
[NRL

2) (0,4) = P(Ers 1) = p(Epry t) — p(Br, t) = p(Ey, t)
TmEERT o By — By —w+ in Eu - Ey—w+in
/(Epin — By — 2w + i27)
(k| S. kL) + (kl'|Sa KUY + (k1| 8, K1Y — 3/2)
X (kl|z|kU) (KU |z|kl") (k1" |z|k1) (35)

X2, (w,t) = (p(Emu,t) —p(Eyt)  p(E,t) —P(E/nu"/i)>
T pin N — B —w+in By — By —w iy

/(Ekl” hund Ekl - 2(4) + 127’)

< (el 2| KLY (|2 R0 R 2| L (36)

where [kl) is the eigenstate with the eigenvalue Ejy; 7 is a damping factor,
p(t) = N(t).

3.2 Results: Linear Optical and Magneto-Optical Responses

In the following, we monitor both charge and spin dynamics on the fomtosec-
ond timescale and investigate the influence of different intrinsic and extrinsic
parameters. We start with the generic set of parameters, Uy, Jy, and (AJ)o
for Ni. The Gaussian width W of the initial excited state is taken as broad as
20eV to maximize the number of available channels and thus reveal the in-
trinsic (= fastest possible) charge and spin responses. In Fig. 4b,d | X;(,,ly) (w, 8)]

saisizi

Laser-Induced Ultrafast Demagnetization 259

and |Xglz) (w,t)| are shown, which represent the spin and charge dynamics,
respectively, as meastirable by typical pump-probe experiments. w = 2eV
hereafter. The relaxation time is dletermined by looking at the first clear
minimum [29] of Ix(,l,,) (w,t)| and lxgz) (w,t)]. First, the figure shows that t.he
charge and spin dynamics occur on a ten-femtosecond timescale [30], which
is shorter than that observed in existing experiments. The second importar}t
result is that the spin dynamics lags behind the charge dynamics by 1fs,
which is an appreciable effect on a timescale of fs and in accordance with the
recent measurement of the spin-dependent lifetime [9]. This result alrea.hdy
shows the existence of a nonequilibrium spin memory time without. invo‘lvmg
dissipation to the lattice. We note that, at no stage of our calculation did we
have to invoke the notion of either electron or spin temperature. The ‘c.on(fept
of spin temperature is particularly questionable due tc? the no.ne.qulhbrmm
and also due to the absence of well-defined quasi-particle statistics for the
spins. ‘ . ]

To pinpoiut the origin of spin dynamics, we first vary the exchange interac-
tion while the coulombic interaction U = Uy is fixed. For r.educed J = Jo/10
(Fig. 4a,c), one can see the different behavior between spin and (3harge dy-
namics more clearly. Figures 4a,b show that the exchange interaction affects
Xe (w, 1)), and also its subsequent decay: with the de-
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(d)] dynamics




260 Guoping Zhang et al,

crease of J from Jy to Jy/10, the relaxation time for spin dynamics increases
from 3.4 to 5.6 fs [30], and the charge dynamics is virtually unaffected by the
variation of .JJ (see Fig. 4c,d). Thus with decreasing J, spin dynamics begins
later and lags more and more behind charge dynamics.

Our calculations show that the relaxation time can be changed by tuning
the exchange strength. Physically, ferromagnetism results mainly from the
exchange interaction, but it has been unknown how the exchange interaction
affects spin dynamics on the ultrafast timescale. Here, we clearly see that
it accelerates the relaxation: because the energy scales roughly as .J in the
ferromagnetic system, the relaxation time scales as 1/J. Without spin-orbit
coupling (SOC), the total spin is a good quantum number, yet spin dynamics
exclusively results from the loss of the quantum coherence due to dephasing
of the initial excited state. The information of this deplasing is contained
in ngy) (w,t)] and |xtY (w,t)], due to the temporal evolution of the complex
population of the eigenstates, and dephasing occurs on different timescales
for charge and spin dynamics.

When spin-orbit coupling A is turned on to its generic value Ao = 0.07eV,
the spin relaxation time is determined by both A and J. To see the effect of
SOC on the relaxation process more clearly, we set J = A J = () and choose
A = 1.0eV. Comparing thick and thin lines in Fig. 5, one notices that the
relaxation time decreases if A is larger. Thus, for some noble metals or rare
earths with a much larger SOC than that in Ni, optical alignment could
generate ultrafast spin dynamics in two-photon photon emission (TPPE)
even from nonmagnetic metals [31].

Next we study how the band structure influences spin and charge dynam-
ics to demonstrate its material sensitivity. We change the band structure by
multiplying all of the hopping integrals by a factor of 0.1. A smaller hop-
ping integral corresponds to a more atom-like material. Figures 6a,hy show
spin and charge dynamics, respectively. Comparing Fig. 4b,d with the solid
curves in Fig. 6a,b, one may note that upon decreasing the hopping integral
from Ap to Ay/10, the recurrent features in both |X(,1,,)(u), £)] and |y (w, t)]

¥

| —— X=0.07 &V
100 — A=1.00 8V
a“@ 5.0 spin orbit coupling
5 /*3
0.0 :
0 5 10
Time (fs)

Fig. 5. Effects of spin—-orbit coupling. The thick curve: the generic parameter for
nickel; the thin curve: the artificially large spin-orbit coupling
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Fig. 6. Hopping integral cffects on (a) spin and (b) charge dynamics. A small
hopping integral corresponds to nanostructure materials

are more obvious and the relaxation time for spin dynamics increases up to
more than 20 fs for Ag/10 (note the different ab&:cissa scqles). Thus, a small
hopping integral as appears in nanostru(:t;umd.l'.hlu ﬁlmﬁ, 1slanc}s, clusters, or
some impurities in the material slows down spin dynamics. This means th.at,
for example, oxides [32], exhibiting both dispersive bands and. no'ndlsperswe
gap states, might be an ideal playground to tune the dynamic timescale at
will. Besides, reducing the pulse width from 20eV to 0.2eV fgrther prolongs
the decay time to 100fs (long dashed curves in Fig. 6a,b), which then sh(.)uld
be easily accessible by standard experimental techniques. So, the las'er w@th
(spectral and temporal) has a very important impact on the relaxation time
of spin dynamics, which deserves detailed study, . o

To investigate the ellect of the laser spectral w1dtl.1 (a'n ex.trmslc parame-
ter), we choose two different widths of initial state CllStl‘lbthlOl]:, W_: 2016V
(full curves in Fig, Ta,h) and 0.2¢eV (long dashed curves), lceeplxlg, thiot (11er
parameters at their generie values Uy, Jo, (A J)o, Ao, and Ag. With L.le e-
crease in the width, the relaxation time becomes much larger. }‘?1‘01’1.1 Fig. 7a,
one may notice that for W = 20eV, the decay of spin dyna'mlcs is m‘ounq
3.4fs; for W = 0.2¢V, it is prolonged to 14fs. The pulse-width dependent
relaxation is also obvious for charge dynamics (see Fig. 7b). F"or W =20eV,
it decays in around 2fs; for W = 0.2eV, it lasts up to les..For real apci
plications, the persistence of the slower decay of spin dyn'a,mlcs co?npfnre
to charge dynanics is important because it sets the magngtm memo.lyz time.
Thus, one cau change extrinsic parameters to influence spin dynamics, even
if one does not change material parameters.
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Fig. 7a,b. Effects of experiment-specific parameters, Here, we investigate the effects
of laser pulse width

3.3 Results: Nonlinear Optical and Magneto-Optical Responses

We also calculated the nonlinear responses. In Fig. 8, we st show the effect
of exchange coupling J on X;(,,Zz)z and xﬁfz’z as a function of time ¢, The prohe
frequency w is fixed at 2eV. The initial state is prepaved at 20V above
the ground state with a Gaussian broadening as large as 20 eV, which opens
almost all of the possible decay channels. Such a large distribution width cor-
responds to a very large laser spectral width of a sub-femtosecond pulse, As
discussed above, the purpose of this choice is to reveal the real infrinsic spoead
limit of spin dynamics in onr system, which is then not delayed by experi-
mental constraints. In Fig. 8a,b, the generic parameters of Ni monolayers are
used. There are several interesting features that should be mentioned. One
notices that in Fig. 8a, ngz)z first comes up very quickly and reachoes its max-
imum at about 2-3fs. Then, x,(ni)z undergoes a sharply decreasing envelope
and oscillates with a very short period. The dynamics of xgi); seltles down
at around 10fs (decay to 1/e of maximum), which indicates complete de-
phasing. As mentioned before, X:(1:2z)z is related to the spin response. Thus, we
estimate that the spin relaxation time is about 10 fs, which is consistent with
our previous results for time-resolved line

ar magueto-optics and optics based
on (1) 1 (1)
me and Xzz

. For charge dynamics, we see a different scenario. In Fig. 8h,
Xf.,i’z is plotted as a function of time ¢ One sees that the vise time of X;(,,Q:)z is
similar to that of X;(i)z , but its decay time is shorter. After 5fs, the value
of Xf,‘i)z is already close to equilibrium, This means that charge dephasing is
faster than spin dynamics. If one compares F ig. 8a with 8, one sees a clear
difference between spin and charge dynamics. Basically spin dynamics lasts
about twice as long as charge dynamics. This has an important consequence
because it demonstrates the spin memory effect: though charge dynamics
finishes, spin dynamics is still alive, which is crucial for future applications.
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Fig. 8. Effects of exchange interaction integrals on nonlinear magneto-optical and
optical responses. (a) and (b) are for the generic Jo for nickel; {c) and (d) are for
the reduced J = Jo/10

The main difference in the time-resolved nonlinear response comp_ared to‘.tlie
linear response, which is particularly evident for mffdgnemc dynamllcs,lionms Z
of an additional “bunching” of the: sté’;::;;urez r((;sﬁujltmg from the simultaneou
resence of w and 2w resonances in (39) an . .

P L*:;;l Cgte? a handle on the microscopic origin of the‘observed magnet;f: dyJ:
namics, let us try to investigate the effect of the on-site exchange cou(g)mg !
by reducing J to Jy/10. The corresponding time dependence(sz)of Yazz an
szzz)z are shown in Fig. 8¢,d, respectively. It can be seen that 1X$.zi ﬁ‘rset :f;nlei
up within 2 fs. After that, a recurrence appe'ars with a I:ELt her .zn g” 'I(D) :
tude. Compared with Fig. 8a, X;(l;gz)z oscillates with a longer bunclnr.lg It)_eme '1;
and the loss of cohereuce is weaker. We estimate that the re.laxFa;tlol;3 m']r .
about 10 fs, but the period is nearly twice as long as that in 1gﬁ.1 a.)ermd
demonstrates that the decrease of exchange 111t81:£1.Ct1011 .prolongs : e 11 Prod
of oscillations. For charge dynamics, the change 18 rela.tlvely sn;a w whe e
reduce J from Jy to Jo/10. This can be seen from Fig. 8d where we p :
X(zzz)z as a function of time t. Comparing Fig. 8b,'d, .one ﬁntfls thgt ;clhel ZZ:;ase
wvariation of xg)z with time is nearly identical. This is glldelstan ?frzezl -
the exchange interaction acts more directly on the spin gegr;);c ;)S il
changing the spin dependence of the electronic many-body 8
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cally. Consequently, spin dynamics will be affected more strongly than charge
dynamics. However, even electrons with different spin orientations play a sim-
ilar role in charge dynamics. Thus, charge dynamics is basically independent,
of the spin state. That is why the exchange interaction does not affect charge
dynamics significantly.

Finally, as our previous studies already showed [4,12] for linear pump-
probe calculations, band structure will also influence the relaxation process.
Its effect is actually very significant. Our results on X(Ill,) and ng) already
showed that hopping integrals can modify the relaxation process strongly,
Analogously, this will be reflected in nonlinear optical respouses yi7. and
ygi)z - To investigate the effect of band structure, we reduce the hopping
integrals to one-tenth of the original nickel hopping integrals and keep the rest
of the parameters unchanged. Here, the initial excited state is also prepared
2¢V above the ground state with a Gaussian broadening of 20eV. The results
are shown in Fig. 9. One finds that the change in both X;((;.):;)z and \22),., with
time is very different from the previous results. From Fig. 9a, one notices
that ngz)z increases sharply within 5 fs. The strong oscillation lasts about
20 fs, where no clear decay can be seen. The outline of /\/(,i)z ranging from
0 fs to 20 fs forms a broad peak. After 20 fs, dephasing occurs, but the
envelope of xﬁ{i)z decays only slowly. Comparing Fig. 8a,b with Fig. 9a,b,
respectively, one sees that the reduction of the hopping integrals slows down
both spin and charge dynamics cousiderably. The envelope of A{;(,;zz)z now decays
on a timescale of 30-40fs. The appreciably fast oscillation in the long-time
tail survives beyond 80 fs.

3.4 Results: Intrinsic versus Extrinsic

Quite often, the extrinsic constraints imposed by experimental techniques
may blur the intrinsic physical process. To gain some insights into it, in
Fig. 10, we perform a detailed comparison between those experimental ob-
servables and intrinsic quantities [i.e., [5,(¢)| and IN(t)] ]. Now, the initial
excited state is prepared 2eV above the ground state with a Gaussian broacd-
ening of only 0.2 eV, which simulates a narrow laser spectral width, in contrast
to the previously used width of 20eV. This allows us to see the effect of the
laser spectral width clearly. The same Ni parameters are used. In Fig. 10a,b,
we show the results up to 40 fs. The abscissa and ordinate in Fig. 10a,b de-
note the real and imaginary parts of intrinsic spin and charge dynamics, S, (¢)
and N(t), respectively. Note that these quantities cannot directly be observed
experimentally and are only theoretically accessible. The arrows refer to the
temporal direction, and the centers are the final positions of S,(t) and N(¢).
One notices that spin dynamics needs about six cycles to reach nearly its
final value, whereas for charge dynamics only three cycles are needed. This
demonstrates again that spin dynamics is delayed with respect to charge dy-
namics. We find that comparing these intrinsic quantities, one can sce a clear
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Fig. 9. Effects of the hopping integral on nonlinear magneto-optical and opftical
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difference between spin and charge responses, which is not blurred by the
dotails of the experimental conditions. However, strictly speaking, there can
2
be no complete one-to-one correspondence betweell Sy (1) and Xﬁ,:)z (w,t)] or
2 ; ‘
N{t) and X(zz).z (w, )| because the experimental observations also reflect the
real respounse to the external probe-laser field.

3.5 Our Explanations: Spin and Charge Dephasing

As we have scen repeatedly, there is a clear delay between spin and charge
dynamics, To munderstand this, we invoke a simple picture to explain this
difference. I Fig. 11, we show the complex population (32) of the excited
states versus the eigenenergy. At time 7' = (), all of the statey are in phase,
(see the vertical arrows). After time T' > 0, the phases of these states will
change according to their explicit energies (see the tilted arrows). The phase
changes are different for different eigenvalues. Thus, these states begin to run
out of phase against each other, and dephasing oceurs. For charge dynanics,
all of the excited states contribute to dephasing. This means that dephasing is
strongest. However, in spin dynamics, not all of the states are relevant; only
those states (triplets) with magnetic moments (see the states with double
arrows) can conbribute. The munber of decay chamnels in spin dynamies is
much smaller than that in charge dynamics, which leads to slower decay
of spin dynamics, Hence, spin dynamics proceeds nmch longer than charge
dynamics. This explains why spin dynamics always delays with respect to
charge dynanics.

Dephasing of the excited state
Time =0

Complex population

E1 E2 E3 E4 ES  EB
Energy

Fig. 11. The time-dependent complex population versus eigenenergies

4 Nonequilibrium Heating in Metals

In this section, we discuss the relaxation processes following the absorption
of an ultrashort laser pulse in a metal.
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4.1 Heating Metals with Ultrashort Laser Pulses

Four steps are usually considered in laser heating of metals, and they may
in some circumstances overlap in time [33,34,35,36,37,38,39,40,41,42): (1) the
photon energy is deposited within the skin depth of the metal (= 20 nm) ex-
citing electron-hole pairs (quasi-particles), (2) electron-electron interaction
leads to thermalization of the quasi-particles, (3) energy is exchanged between
quasi-particles and phonons, and (4) energy propagates in the medinm. The
absorption of energy occurs via intra- and interband optical transitions. Then,
the energy distribution of the excited states changes in time due to electron-
electron scattering, until it reaches a Fermi-Dirac distribution. This process
is characterized by a thermalization time 7y, after which the electrons have
a well-defined high temperature. The energy then relaxes from the electrons
to the lattice due to the electron—phonon interaction with a characteristic
relaxation time 7. The next step involves heat propagation. Energy is then
dissipated in the environment. In the context of this review, this propaga-
tion effect, which can be described by the Fourier equation and which occurs
in the nanosecond timescale, will be ignored. Historically, athermal electron
distribution was first neglected. The problem was formulated in the so-called
two-temperature model {42] and was solved to compare the rates of ther-
moionic and thermoelectric emission from laser exposed surfaces [43]. In this
model, the rate equations for electron and lattice temperatures (resp. Te
and Tj) are given by

Ce(Te)% = G (Te —T1) + P(t), (37a)
o < Ga(T - T, (37)

where (', and C) are the electronic and lattice specific heats, G| the electron—
phonon coupling constant, and P the laser power density absorbed in the
material. Because we address thin films, heat conduction has been neglected
in (37) and (38). Laser power density enters only in (37a) because energy
is deposited initially in the electron system. Ge is related to thc‘* micro-
scopic parameters of the electron—phonon interaction [4'14,45]: typical val-
ues for metals are 1016-1017 Wm ™ K. Measurements of G from ultrafast
spectroscopy provide valuable information about the electron—phonon cou-
pling strength [36]. In the perturbative limit, i.e., for a Yveak temperature
elevation [Tu(t) — Ti(t) < Ti(t)], the specific heat coethents al“e'const-(?n't
and (37a) and (37b) become linear: Te decays exponentmlly with a \Cb‘dl_f
acteristic time 7o = Co/Gel ~ 1Ps. A more detgﬂed approach consle:. 0
taking into account the athermal electron populatlpn creat.ed l?y the abso}r;z-
tion of the pump pulse. Now, the relevant dynamic q1_1a11t'1t.y is t‘he 11\?111 er
of excited particles n(e,t). The time dependence of 7. is divided 1nt.c.) cox’lIt‘?:
butions arising from electron—electron and electron-phonon scattering. 1 he
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computation of n from such a model of rate equations requires knowledge of
the electron and the phonon spectra together with a many-body description
of the quasi-particle interactions. Dynamic processes have been considered
in some detail only for noble metals [45,46]. It is known from Fermi liquid
theory that in bulk materials, hot electrons (holes) with an excitation en-
ergy ¢ have a lifetime 7y(ed /e?) [47]. For gold, typically 7o = 0.6 s, so that
the lifetime of photoexcited electron-hole pairs is in the femtosecond range.
However, the average value {Tee) = To(eh/ (%)) that has the physical meaning
of the thermalization time 7y, amounts rather to 100fs. When an energy-
resolved description of the athermal electron population is not necessary,
a phenomenological description can be used. The clectronic distribution is
separated into a thermalized part, characterized by its temperature Ty, and
an athermal contribution characterized by a parameter N, representing the
encrgy density per volume of the nontherinal electrons. Then, three coupled
differential equations are necessary [40]:

1IN :
‘71_7 = —aN - AN, (38a)
y dTe
(*‘(!('Z—‘L!)W = _Gel (T- - ﬂ) + C\’Ny (381))
dTi \ - _
() AT =Gu(Te — 17} + ON . (38¢)

The parameter o and 8 describe the heating rate of the thermalized elec-
trons and phonons from the nonthermal clectrons, respectively. Here o =
1/7y. Experimentally, the electronic dynamics of eleetron in metals is de-
termined by measuring the transient reflectivity and transmittivity of a thin
film. The time dependence of the optical indexes can be obtained from such
data [48]. To accurately describe the dynamics of the optical response of
a metallic flin, one has to consider (38) together with a model for the medimm
diclectric function. Two contributions have to be considered, associated with
intraband and interband optical transitions. The intraband term is usually
taken into account by a Drude-like diclectric fuiction. The interband term
involves mostly transitions from the d bands to the conduction states, The
oceupation of these states depends on the temperature To(f).

4.2 Three-Temperature Model of Ferromagnets

Because the specific Leat of ferromagnetic metals is usually split into elec-
tronic, magnetic, and lattice contributions [49], a frst approach to modeling
ultrafast spin dynamics is to extend the two-temperature model by adding
an equation related to the spin subsystem:
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1T,
CG(TC)ECF = "Gel (Te - ,11]) - Ges (Te - Ta) + P(t) s (39&)
dT
C](T])E?l = cl(Tc - T]) -Gyl (Tl - Ts) y (391))
dT;
CS(TS) dt = Gcs(Te - Ts) ~ Gy (Ti— Ts) . (39¢)

Tt is straightforward to add an additional equation to (38), in the same
spirit as in (38), to take into account the nascent non-equilibrium electron
population [50]. Figure 12 shows a numerical solution, applied to a nickel film,
using a predictor corrector Adam method. The laser source term is a Gaussian
pulse of 100-fs duration. The lattice specific heat was Ci = 2x 10°J m™IK L
Because of the strong variation of the density of states of Ni around the Fermi
level, it is necessary to go beyond the usual linear variation of the electronic
specific heat with Te. The electronic specific heat has been computed from
the theoretical density of states of ferromagnetic nickel. The spin specific
heat Cs, which has a pronounced peak at the Curie temperature T, = 631K,
is deduced from the temperature-dependent total specific heat by subtracting
the contributions due to C. and Ci. The coupling constants Gi;(i,j = e, 1,5)
are respectively: Go = 8 X 10 Wm 3 K~!, Ges = 6 x 1017 W™K,
Gq = 0.3 X 10V Wm 3 K1, Similar values of G have been observed for
metals [36,37]. Ges and G are two free parameters which have been adjusted
to reproduce the observed dynamics that we will describe in Sect. 5. The. tem-
poral behavior in Fig. 12a shows that initially the energy is deposited in ‘the
electron subsystem, leading to a maximum of Te (650 K) which is reached just
after excitation. The increase in spin temperature Ty, is delayed with respect
to T,,. It reaches its maximum value (580K) in ~ 1ps. Simultaneously, energy
is transferred from the electrons and spins to the lattice and Te, Ts and Ty
slowly reach the equilibrium temperature 540K in a few picosecond:q. When
the initial non-thermal electron distribution is taken into account via a rate
equation similar to (refatherma), the dynamics is different oqu V\{ithlll Fhe
first few hundreds of femtoseconds. In Fig. 12b, the corresponding simulation
is represented using the parameter value 1/ = 70 fb The inset fepr?sexlts the
temporal evolution of the nonequilibrium population N ‘(t) which is delaye'd
compared to the pulse excitation P(t). Comparison of Figs 1.2'1),0 e';ho.ws th;xt
the dynamics computed with the actual density of states gf N_l is mimicked by

ng i i = i = 6x10° Jm® K2, a value much
using the linear expansion C. =T, with v ‘ . \
larger than that directly measured from calorimetric §xper1mentb dt 'l'ow‘ ten}-
perature [6,49,50]. This difference is therefore explalne_d by the variation in
electronic density of states around the Fermi level of Nl.. o o

The model above raises two important questions. First, is it 16glt{llldt@
to describe dynamics with three different temperatures? Second, what is the
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Fig.12. Simulated temperature profile for a Ni il excited by an ultrashort laser
pulse. (a) (39) have been solved numerically with the parameters reportod in the
text. (b} Same as in (a) but nonthermal electron population, with a lifetime 70 fs,
is taken into account. (¢) Same as in (b) with clectronic heal capacity computed
from the theoretical density of states

physical meaning of the electron-spin and spin-lattice coupling constants G,
and Gy? These two questions are at the center of the recent observations on
ferromagnetic films which we will describe extensively in Seet. 5. There is
presently no satisfying microscopic theory that aceounts for the observed spin
dynamics induced by femtosecond optical pulses. Our current understanding
of the situation, based on experimental results, is the following: (1) energy is
initially deposited only in the electron subsystem hecause spins are conserved
in the transitions under dipole approximatious; (2) magnetization is strongly
modified on a timescale when the lattice temperature has not yet changed
significantly. These two facts plead in favor of a mechanism that transfors
energy efficiently from electrons to spins, without any major contribution
from the lattice. The corresponding coupling G, may then correspond to the
spin-orbit interaction. However, one should not exclude spin-flip processes
occurring in the interacting electron gas. Such processes may be assisted by
scattering between the observed d electrons and the unobserved conduction
electrons leading to a change in the majority (Nap) and minority (Ng|) spin
populations and therefore to the magnetization M, ~ (Naj = Nyp). In this
case, there is a priori no reason for the electron and spin temperatures to
follow the same dynamics. The mechanism that is generally considered for
the coupling Gy between the spins and the lattice, is the interaction be-
tween phonons and spin-waves. It is important to stress that the concept of
spin-waves may not apply in the ultrafast dynamic regime. Indeed, for short
temporal delays, low-frequency magnons are not involved. Therefore, the rate
of energy transfer between the spin subsystem and the lattice may be differ-
ent depending on the conditions of excitation. When using nanosecond or
subnanosecond optical pulses [2], the slow increase in the lattice temperature
induces a corresponding change in maguetization with a time constaut 7.
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The microscopic mechanism is the coupling of the spins to the anisotropic
fluctuations in the crystal field produced by phonons. This coupling is medi-
ated by spin—orbit interaction, as discussed in Sect. 2.3. The microscopic cal-
culation shows that 7, scales with the magnetocrystalline anisotropic energy.
Typical values are 7y, = 48 ps for Gd and 310ps for Ni, in agreement with
experimental results [2,51]. These values are also compatible with the 45-ps
spin-lattice relaxation time in gold [52]. Except for materials with very large
magnetocrystalline anisotropy, this mechanism is not expected to play an
important role in the ultrafast regime described in this review. Note that the
anisotropic Auctuations in magnetization correspond to the damping mecha-
nism which appears in the phenomenological models of Landau-Lifschitz and
Gilbert mentioned in the introduction.

5 Ultrafast Spin Dynamics: Experimental Review

Linear and nonlinear magneto-optical (MO) techniques are described in sep-
arate chapters of this book. Only some basic elements will be given here.

5.1 Magneto-Optical Response

As previously, nonlinearities are defined from the expansion of the electric
polarization as a function of the exciting electric fields

40
P = xi; B (w) + Xijn By (W) Ep(w) + -+ . (40)
The linear (x;;) and nonlinear (xijrx and higher order) .susc.eptiblhty tenzor
elements are then expanded as a function of the magnetization (a first-order
approximation is usually sufficient).

5.1.1 Linear Magneto-Optics

of a uniform magnetic field in the z direction, the susceptibil-
ity tensor of an isotropic medium acquires nondiagonal elemgntts. A: nis(;?:,;
séquence, the linear magneto-optical effects (Faradz.Ly effect -in r;(m)r(li mission
geometry or Kerr effect in reflection geometry) mfam'fest 'by .tle mith eation
of the polarization state of a probe bezm% afte‘r 1vts mteIalc?tl?nd‘w an:l i
netized sample. From an experimental point of view, the da1a ay e gr o
Kerr effects result from the appllilcationd of alggii}z%zcizslthgzrgf:loﬁgitudi_
the plane of the film. They usually produce . e O e the

ol Kerr effect which is obtained with a magnetic ﬁelq that li bot
giﬁnle of incidence and in the pl\e;ne tof thccl-) 1ﬁl[1;13] '];‘E;tszﬁzjstcglf:g;zzgnt }(1)2
: 'ects is the classical Voigt mode : :

trjllllzgll\l/[(—a?o-ec)fi)etcical quantities (Kerr and Faraday angles) with the optical and

magnetic properties of a film. The Kerr rotation and ellipticity are given by

—Xay (41)

Py = Ok + ek = SRV, o '

In the presence
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The measurement of these quantities allows us to determine the nongli-
agonal part of the susceptibility tensor. The ratio between the diagonal an
non-diagonal elements of the susceptibility tensor is typically of the order of
1072, 50 that Kerr rotations in metals do not exceed 1° for wavelengths raig.
ing from the near ultraviolet (UV) to the near infrared (IR). In the original
Voigt model, X, is related to the optical indexes of the material and .,
in addition to the magnetic induction 5y acting on the electrons. The cor-
responding By is typically 10° T, and its origin is the Weiss molecular field,
rather than an applied magnetic field. However, in the visible and UV parts
of the spectrum, light absorption occurs via interband transitions that are
not explicitly taken into account in this description. The calculation of the
Kerr or Faraday rotation requires a microscopic model of the susceptibility
tensor. In metals, it is a difficult task because one has to take into account
the strong correlation between the electrons and the coupling of the optical
and magnetic fields with charges and spins.

Ab initio calculations of the dielectric tensor have been performed for
ferromagnetic 3d metals for wavelengths from the IR to the UV region [54].
Good agreement with the experiments has been obtained. The important
result is that interband transitions dominate the magneto-optical response in
the visible part of the optical spectrum. It was shown that Kerr rotations are
approximately proportional to both the spin-orbit and exchange interaction,
substantiating the relationship between MO quantities and magnetization,

The theory above applies to the magneto-optical response of a ferromag-
Letic material excited by a plane wave. In the dynamic case, ideally, one would
have to consider the time-dependent interactions among the excited clectrons.
This difficult task can be reduced in a first approximation to a simpler one lyy
considering a time-dependent electron temperature using, for instance, the
two-temperature model of Sect. 4.1. The time-dependent magnetization then
depends on the dynamics of the electronic population distributed apart from
the Fermi level. This approach is valid, however, only when the electrons are
thermalized, and therefore it does not allow describing spin dynamics in the
initial time period. It also does not take into account the dynamic aspect of
the coupling between the electron and spin systems which was introduced
qualitatively in Sect. 4.2 by a three-temperature model.

5.1.2 Nonlinear Magneto-Optics

Magnetic second-harmonic generation (M-SHG) is a recent tool which allows
studying magnetic properties of surfaces [55] and buried interfaces [66]. The
specificity of this method is due to the noncentrosymmetry of the interfaces,
which is at the origin of SHG. Because nonlinear optical effects require large
peak power and short pulses, they are a priori compatible with punp and
probe measurements of ultrafast dynamics.

The second order nonlinear polarization is given by

P; (2w) = x2} (M) B} (w) By (w)
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where x(® can be split into even (x{ve) and odd (x!))) contributions with
respect to the magnetization. To the lowest order in the magnetization, Xg%)en
is considered independent of the magnetization and ngd)d proportional to
the magnetization. Der}otiug by ¢ the phase difference between the complex
quantities Xe%)en and xgﬂ)d and disregarding Fresnel factors t.hz%t take. into ac-
count the actual experimental geometry, the second-harmonic intensity I(2w)
is given by:

12w, £M) o I? (w)

|

This expression shows that J(2w) provides direct magnetic information.
Despite very low efficiency [typically, I(2w)/I(w) ~ 10”12.even for pea}<
power of ~ 1012 Wm™2), M-SHG provides detailed surface/interface sensi-
tive magnetic information. It was also shown experimel?tally [57] and tl;leo—
retically [58] that nonlinear MO effects give rise to nonlinear Ke1:r rotations
that can he two orders of magnitude larger than linear Kerr ro.tatlon Recent
significant experiments related, for example, to surface magnehsm, quantum-
well states and imaging of surface domains can be found in [55,56,59].

2
X(()%l)d (M)‘ +2 (%) X((fi)d (M)

Xe en

2
Xg%lg}ll‘ +

cos } (42)

5.2 Experimental Apparatus

In this section, we present different techniques that allow.us to c.letermino
time-dependent magnetization. In particular, we describe in d(?tall the ap-
paratus that has been used by the authors to perform the time-resolved
magneto-optical measurements reported in Sect. 5.3.

5.2.1 Time-Resolved Magneto-Optical Measurements

Time-resolved MO measurements were made using a femtosecond laser sys-
tem and a static magnetic field. The femtosecond pulses are produced by a
tunable titanium:sapphire laser. The pulses issued from an oscillator operatF—‘
ing at 80 MHz are amplified in a regenerati\{e 'ampliﬁer pumped by a.rNd.:YL
(yttrinn lithium fluoride) laser with a repetition rate of 5 kHz. The 113’&){111111111
energy per pulse is ~ 200 pJ tunable in the range 760-860nm, and the pu sg
duration is ~ 100 fs. Part of the amplified beam can be frequency doublle
(380-430 nm) in a 1-mm thick BBO crystal tg ma‘ke frequency 11011F1%gei)1e1 ate
pump-probe measurements. The intensity ratio of the pump and plo‘ e lea,qm
is 20:1 and their spot diameters focused on the samplgs are,.re%pectl.v(la 3?
~ 100 pm and ~ 50 um. The overlap of the two beams is mqmtmed wit fll a
CCD camera. Figure 13 shows the laser setup and the e?cperlm'exiltfxl 00;1 g-.
uration. Farly experiments on nickel films were done with a dlﬁelenﬁ;‘ 12.\.861.
system. In that case the femtosecond pulses were prod},lced by ?ll.{ I;o 1c- ;?g-
pulse mode-locked cavity operating at 620 nm and amplified at 5 kHz with a

s
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Fig. 138. Typical setup used for time-resolved optical and magneto-optical measure-
ments

copper vapor laser. The duration of the amplified pulses is 80 fs and the max-
imnm pulse energy is 10 uJ, with a central wavelength at 620 ni. Different
types of measurements can be made on both laser setups.

i) When measuring electron dynamics, no magnetic field is applied. The dif-
ferential transmission of a thin flm AT/T(t) = (Ton ~ Tom)/Togr is measured
as a function of the temporal delay ¢ between the pump and probe; Ton (Tom) is
the normalized probe transmission with (without) the pump. Similarly, the
differential reflection A R/R(t) is measured simultancously. The detection
scheme is a synchronous detection using a chopper and a lock-in amplifier.
The simultaneous measurement of the differential transmission and reflection
as a function of the pump-probe delay allows to retrieve the time-dependent
complex dielectric function e(t) of the metal. We denote by Aey and Agy
the corresponding changes of the real and imaginary paxrts of (1), induced by
the pump pulse. They are the physical quantitics of interest in understanding
electron dynamics. The dielectric function is retrieved following the proce-
dure used by Rosei [48] to analyze static thermomodulation measurements.
In this procedure, the Fabry-Pérot-like transmission T and reflection R of
a thin metallic film of thickness £ are functions of the refractive index n,
the wavelength A, and the film thickness £. They can be differentiated with
respect to a small variation in the refractive index An = An;-+iAny to give

(BC — AD)Ae, = B(AT/T) - D(AR/R) , (43a)
(BC — AD)Aey = C(AR/R) — A(AT/T) (43b)

where A, B, C and D depend on n, A and ¢ and the dielectric function is
obtained from £ = &; —ig; = n2. This procedure requires that the mate-
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rial parameters are known. In particular, the thickness of the film, as well
as its linear complex refractive index, has to be determined accurately. In
our experiments, they are determined by a combination of X-ray diffraction
at grazing incidence and by ellipsometric measurements. In static thermo-
wmodulation experiments, where the temperature of the lattice @ is increased
via a current applied to the sample, relations (43) correspond to a spectral
variation of the dielectric function Aei{w) and Aey(w). Here, they corre-
spond to a temporal variation Agi(t) and Aeq(t). In this case, the change in
the dielectric function comes from a modification of the electronic distribu-
tion induced by the laser pulse, or equivalently, induced by a change in tI}e
electronic temperature A @, = @4(t) — Oc(—00), when the electrons are in
a well-defined thermal distribution.

ii) When measuring the dynamics, an electromagnet allows one t(? vary the
static magnetic field H in the range +3kOe (240 Am™'), which is set par-
allel to the plane of the sample. The polarization of the pump and prol?e
beams are s, p, or o', and they can be varied independently. As sketched in
TFig. 13, the magneto-optical signal is obtained by ana.lyzing thc—,t projbe beal'n
at an angle of 90° + 6, with respect to its incident polarization direction; 6. is
et to a few degrees. The signal can be written

I(H, t) = Iy S'll"l2 [95 -+ @K(I{,t)] = Infe + 2I0@K(H’ t) ’

where Iy is the transmitted probe intensity and O is the Kerr rota.ti.on
Ok < 0. The Kerr signal is superposed on a backgrou'nd, and the sensitiv-
ity of this method is therefore limited by the fluctuations of the lan.ser..An
improvement in the technique has been proposed that employ 8 polarization-
sensitive balanced optical bridge, consisting of a Wollaston prism and a low
noise differential detector [13]. In a high repetition rate lase%‘ sys_‘.tem, the te?h—
nique can be further improved via modulation of the polarization [63], which
has the additional advantage of allowing simultaneous. measurements of both
the Kerr ellipticity and rotation. The Kerr configuration allows two types of
measurements. The “magnetization” curve M (H,tp) ~ .I (H,ta) — Io0c can
be measured for a fixed pump-probe delay to as a function of t}le magnet'lc
field which is varied slowly. Alternatively; magnetization d)fnamlcs M(Hy,t)
can be measured for a fixed magnetic field Hy as a function of the pum;z—
probe delay t. In both cases, each data point corresponds to an average across
~ ulses.

1(')%)l?epNickel polycrystalline thin films have beep evaporated on a glas; sub-
strate under high vacuum. The CoPts films consist of the allf)y Cog.25 to.75,
grown at 690K on a 16-nm Ru (0001) buffer layer‘de'sposmed on a g_nca
substrate. The growth conditions are chosen to optvlml.ze the pferpeél 111(:1(1)-f
lar anisotropy [60]. A characterization of the rnagnetlzam.o?l as E(\: Glér:c KmThe
temperature shows that magnetization at remanence vams' es at 635 V.VhiCh
ferro-paramagnetic transition occurs in a .broad temperature range,
can be explained by the chemical disorder in the alloy.
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5.2.2 Time-Resolved Second-Harmonic Generation

Magnetic second-harmonic generation is another technique that has been
used to measure magnetization dynamics on a femtosecond time-scale on Ni
and Co surfaces [7,61]. In these experiments, the temporal resolution is also
obtained with a pump-probe technique, but, instead of measuring the mod-
ifications induced by the pump on the probe, the intensity variations of the
second-harmonic field signal by the probe are detected. Both the pump and
the probe beams must have high flow (to have a measwrable SHG vield).
They are produced by a Tisapphire regenerative amplifier. Temporal reso-
lutions down to 40 fs have been reported [62] with typical energy deusity of
~6mJ em—2 on the sample. In this type of experiment, the raw signal is the
SHQ intensity obtained with different orientations o [ a static magnetic field H
parallel to the plane of the sample. Careful filtering of the fundamental com-~
ponent I(w) is obtained with color filters and prism spatial dispersion. I(2w)
is measured with a photomultiplier, and the probe beam is chopped to per-
form phasc-sensitive detection. Experimental results using these techniques
are reported in the next socction.

5.2.3 Spin-Resolved Photoemission

Spin-resolved photoemission is a well-known technique for studying electronic
and magnetic properties of ferromagnets [64,65]. More recently, it has been
used to study dynamic effects 2,8,9]. In such experiments, an intense pump
pulse excites the sample, and electrons arc photoexcited in vacuum using
a time-delayed probe pulse having a shorter wavelength, Then, the spin po-
larization of the photoelectrons is measuved by a spin detector (e.g., Mott,
detector). Because most metals have work functions in the range of 4-6eV,
UV laser pulses have to be used. This can be achieved, for instance, with the
fourth harmonic of a titanium:sapphire. laser. The photoclectrons emitted by
the sample have a short mean free path in metals (typically a few interatomie
distances), so that the technique is very sensitive to the surface. This tech-
nique is powerful because it allows us to measure the spin polarization of the
excited electrons directly in the energy-momentim space. However, it suffers
from the very low efficiency of spin detection and also from experimental
difficulties inherent in the detection of electrons in the presence of an applied
magnetic field. Experimental results using these techniques are reported in
the next section.

5.3 Experimental Studies:
Electrons and Spin Dynamics in Ferromagnets

In this section, we discuss experimental results concerning the ultrafast mag-
netization dynamics of Ni and CoPts thin films.
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5.3.1 Nickel Films

The spin dynamics in thin and ultrathin Ni films has been studied by several
groups [6,7,8,63]. This material has the lowest Curie temperature among
ferromagnetic transition-metal elements (631 K).

The first report of spin dynamics of a metallic ferromagnet on the fem-
tosecond timescale was given by Beaurepaire et al. and can be found in [6].
Meagsurements were performed on a 22-nm thick Ni film deposited on opti-
cal glass and protected by a dielectric layer. The corresponding experimental
conditions are described in detail in Sect. 5.2. In Fig. 14, the remanent Kerr
signal Mg (t)/Mo is reported as a function of pump-probe delay. Mg, which
is obtained from the hysteresis loops measured at each delay ¢ and normal-
ized with the signal measured without pump beam My, drops by about 40%
during the first picosecond. Its recovery time is much longer (several tens of
picoseconds). To have more insight into magnetization dynamics, we compare
in Fig: 15 the saturation MOKE signal Mg(t) with the differential transmis-
sion signal during the first picosecond. In that case, Ms(t) is measured in
a static saturating magnetic field. AT/T reaches a maximum at ¢ ~ 250 fs
with a rise time limited only by the temporal resolution of 120fs and then
decreases. On the other hand, Mg(t) continuously decreases on the entire
temporal range displayed. The characteristic time of this demagnetization is
T ~ 200fs. It is obtained by a convolution of the pulse envelope with an
exponential decay (full line in Fig. 15).

The magnetization dynamics of two Ni films 0.6 and 1.2nm thick, de-
posited on a Ag(100) single crystal, was also studied by femtosecond time-
and spin-resolved two-photon photoemission by Scholl et al. [8]. Two distinct
magnetization dynamics were observed in this experiment: (i) the spin polar-
ization of photoemitted electrons drops rapidly (< 300 fs) in agreement with
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Fig.14. Normalized Kerr signal at remanence for a 22-nm Ni film excited by
7mJ/cm?, 60fs duration pump pulses. The solid line is a guide for the eyes
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Fig. 15. Transient transmissivity AT/T(#) (circles) and MOKI signal (squares)
of a 22-nm Ni film after excitation by 120-fs duration pump pulses al 800-nm wave-
length. The solid line is a fit assuming an exponential decay of the magnetization
(T = 20015)

the previous MOKE experiment [6]; (ii) then a plateau vceurs nntil ~ 300 ps
that is followed by a smoother magnetization deerease. The magnetization
of a 0.6-nm film, which has a low Curie temperature T, = 360 I, vanishes at
a delay of ~ 800 ps.

Hohlfeld et al. carried out pump and probe second-harmonie generation
experiments. They considered botli a polycerystalline bulk Ni Jadr interface [7]
and epitaxial Ni ultrathin films (studied in ultrahigh vaciuun) [61,62]. The
measured quantity is the time and magnetization dependent. SHG intensity
I(2w, M, t). The following normalized quantitices can he defined:

ATE(R) = [14() - /I 4)

with I+ = (2w, M, t) — I(2w, —M, t), where I(2w, =M ) are defived in (42),
The 0 subscript corresponds to the signal measured in the absence of the
pump beam. At the lowest order in M and with the delinitions of Sect. 5.1,
the following are relations between the second-order susceptibilitios and the
magnetization:

2
X(()d)d (L ]V‘[) Xudd 0 ( ) t) M (1 ( )

and

Xoven (t ]\/[) X( vZu 0 (t) '
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This approximation leads to

1
AT = 5 5 - -
Xbia ) M (0 + [x%.0 0)]
(2) : ) 2 2
x Xodd,o (t)| M (f) Xodd 0 (O)‘ M (0)
(@) 2 ) 2
+ XEVEH,O (t)l Xeven 0 (0)‘ (45)
and
2
o @] xS )] M @) cosl 1)
AI™ = _1. (46)

2
/\((w)en 0 (0) ‘

X420 (0)| M (0) cos [ 0)]

With the further assumption that ngl)d,o (t) and Xf‘;)cn,o (t) are time-inde-
pendent and that the magnetization has a square root dependence on the

electron temperature,
M(t) = M(Tp) {1 — const [T(t) — To]}'/* . (47)

Hohlfeld and co-workers [7} found experimentally that
ATt = const[Ty — To(t)], (48a)

AT~ = M[To(t)]/M(To)cos — 1. (48b)

With the assumptions above, the authors found a quadratic dependence of
14+ AT~ versus A IT for temporal delays ¢ > 300fs, which they interpret as
a variation of magnetization with electron temperature, similar to the static
curve M(T). For a short time delay, the minimum in AT~ is reached earlier
than in A I't. This behavior is interpreted as a magnetic response faster than
electron thermalization. As discussed in the following, this interpretation is
misleading.

Later results obtained by the same group, using the same technique with
a time resolution of 40 fs showed no detectable delays between magnetization
and electron temperature [62]. In [62], the magnetic and electronic responses
are associated with other quantities. Instead of using the definition (44),

they used S = [I(2w, M, )]'/**[I (2w, — M, t)]*/2. Assuming Xévluo @) >
x(%)d’o (t)‘ M (t), they found that S*(t) and S (t) related, respectively, to

electronic and magnetic dynamics.




280 Guoping Zhang et al.

Koopmans et al. measured spin dynaics from time-resolved MOKFE ex-
periments for buried Ni layers (thickness in the nanometer range) epitaxially
grown on Cu(001) [63]. The system is interesting because an wmnsual spiy
reorientation, due to the strains induced by the lattice mismateh, takes place
as a function of thickness. The easy magnetic axis is out of plane for a fihn
thickness in the range from 1.2 to about 10nm. The authors used a double
modulation setup: the pump beam intensity is modulated by a mechanical
chopper, and the probebeam polarization is modulated by a photoelastic de-
vice. This configuration allows one to measure the dynamics of both rotation
and Kerr ellipticity, During the first 500 fs, the results show that these two
quantities display different dynamics, Therefore, the authors concluded that
there is no simple relationship between magneto-optical signals and magne-
tization on the subpicosecond timescale.

5.3.2 CoPt3 Alloy Films

Co.Pt1_, compounds possess enhanced magnetic properties due to the com-
bination of the high exchange energy of Co and the high spin orbit energy
of Pt. It was recently shown that CoPts alloy films have large perpendicular
magnetocrystalline anisotropy, large Kerr rotations at short wavelengths, and
a Curie temperature close to room temperature [66]. These properties make
them good candidates for high-density magneto-optical recording, The ultra-
fast spin dynamics of this system have been studicd by two groups [10,13].

Ju et al. studied 20-nm (poly-)erystalline CoPty ilms deposited on glass
substrates, using optical pulses at 434nm with a high repetition rate of
76 MHz [13]. They measured the differential reflectivities of the sample
[—éﬁﬂ- (t)] & pumpso probe in four different combinations of pump and probe polar-
izations: Opump = 07, Fprabe = ot The sample is placed in a static magnetic
field. The transient Kerr ellipticity is given by

With a pump flow of ~ 1 pJem™2, the anthors observed that the mea-
sured transient Kerr ellipticity depends only on the pumyp polarvization for the
shortest time delay (<1 ps). From this, it was inferred that the response can
be split into a thermalized spin population leading to a prmp polavization-
independent ellipticity change: Aggy, (1) = % [Aekgr () + Aegy - (1), and
a nonthermal spin population: Aegjones (B) = %[A Eat (1)~ Dea ()]
The nonthermal contribution appears as a unearly synmumetrical peak, with
FWHM ~1 ps. On the other hand, the thermalizoed spin contribntion has
a rise time of 1.6 ps and a longer decay time (~10ps).

Two authors of this review (E.B, J.-Y.B) studied epitaxial CoPty films
48nm thick under much higher pump How (~ 10mJcem™?% at A = 800mm)
using the experimental technique described in Fig. 13 [L0]. Under these con-
ditions, the magnetic hysteresis of the film disappears for a pump-probe tine

Laser-Induced Ultrafast Demagnetization 281

delay of about 630fs, as shown in Fig. 16a. [t shows that the film can be
driven to the paramagnetic phase in such a short timescale. The dynamics
of the polar MOKE signal, measured in an applied field of 1.7 kQe, is shown
in Fig. 16b. It is similar to what was previously observed for Ni films (see
Fig. 15). The nonvanishing signal measured at delays > 600 fs is explained by
the polarization of the paramagnetic moments in the measuring field. From
these data, the characteristic time for the ferro-paramagnetic phase transi-
tion is ~ 100 (s, that is comparable to the duration of the pulses used in the
experiment (120 £8). The observed dynamics is also only weakly dependent on
the polarization state (circular or linear) of the pump beam. This may sug-
gest that the dominant mechanism of spin dynamics does not imply direct
transfer of angular momentum from photons to spins.

(b)

AM(t]/I\{][(l 7k0e)
g
Polar Kerr Signal (a.u.)
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L % .y ]
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Fig. 16. Time-resolved polar MOKE results for a CoPts film. (a) hysteresis loops
measured without the pump beam (square) and for 630-fs pump-probe delay (cir-
cle). (b) MOKE dynamics measured in a static magnetic field (1.7kOe)

6 Discussion

As reported in the preceding sections, experimental results obtained by dif-
ferent groups lead to various interpretations of spin dynamics. In this context,
two main questions should be addressed: how accurate is the interpretation
of a magneto-optic signal, obtained with a given technique, in terms of spin
dynamics? How much is spin dynamics influenced by the particular sample
which is studied? We will now discuss the different results with these two
questions in mind.

To attribute the observed magneto-optical signals to a magnetization ef-
fect, it is important to study dynamics for different conditions of an applied
magnetic field H. Even though ferromagnetic materials have spontaneous
magnetization, this magnetization is sensitive to extrinsic parameters which
lead to different magnetic domains and which may be altered after each
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pump pulse excitation. Thercfore, it is important to restore the initial mag-
netic state of the sample between two laser pulses. Another advantage is that
the symmetry of the pump-probe response cai be checked under a reversed
applied field &H. It is in this spirit that time-resolved magneto-optic Kerr
experiments have been done with Ni and CoPts by the present authors [6,10].
In each case, the full magnetic hysteresis M (H) was measured as a function
of the pump-probe delay & For CoPtg, the disappearance of hystoresis for
t > 500fs can be unambiguously related to complete demaguetization of the
sample, independently of the domain structure. Let us emphasize that it is
the probe beam which is frequency modulated in these experiments, and not
the pump, as in conventional transmission or reflectivity punp-probe exper-
iments.

The magneto-optic SHG experiments, performed a with reversed applied
field, also contain information on magnetization dynamnics. However, different
results have been obtained with the same technique but using a different tem-
poral resolution. In a first experiment [7], magnetization dynawics precoded
electron dynamics. In a later experiment [62] performed with 40-fs temporal
resolution, no delay between M (t) and electron dynamics was observed. lu
both cases, the magnetization response to the pump pulse is shorter than
that observed in [6]. This discrepancy may be explained by two major differ-
ences in the techniques. First, with magneto-optic SHG, it is the surface of
the sample which is mainly probed, whereas in the Kerr or Faraday pump-
probe geometry, it is the bulk. The faster magnetization dynamics reported
by Hohlfeld and co-workers may then be due to different behavior hetween
magnetic states at the surface and in the bulk. Second, the interpretation of
the SHG experiments in terms of separated electronic and magnetic contribu-
tions has to be taken cautiously. The expressions of A I%(#) in (45) and (46)
contain mixed electronic and magnetic terms, A first analysis of the SHG
experiments [7] assumes two strong approximations: ,\/[(,“3,3,[1‘(, and ,\'((f,)d‘“ are
independent of time, and electronic temperature T,,(¢) has a parabolic depen-
dence on magnetization. The first assumption is certainly not valid for sinall
time delays. The second approximation is not consistent becanse substilution
of (47) into (46) instead of (45) would lead to the opposite interpretation that
the electronic response precedes the magnetic response. Another analysis of
the SHG experiments [62] assumes the weaker approximation,

Xg%l)d (t) ‘ >

to separate the electronic and magnetic contributions.

The work of Koopmans and co-workers [63] shows that, because the Kerr
rotation and ellipticity have different dynamics in nickel, it is difficult to
extract independent information on the magnetization and electronic contri-
butions for small time delays. An additional difficulty arises from Uhe contri-
bution of a pump-induced Kerr rotation. Such a contribution is reported clse-
where in a study where we have stressed the effects of coherent pump-probe

@, >
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coupling, as well as optical orientation, which is not related to magnetiza-
tion [67]. These remarks show that to determine magnetization dynamics,
determining the ferromagnetic hysteresis loops M (H,t) is a key measure-
ment [6].

The photo emission experiments by Scholl and co-workers [8] focused on
both the short and long time-delay behavior of magnetization. The initial
subpicosecond demagnetization observed is consistent with the Kerr pump-
probe results [6]. The authors attribute it to the excitation of Stoner pairs.
This explanation is compatible with ultrafast demagnetization of the metal
related to the initial Lot electron distribution induced by the pump pulse [68].

The photoemission experiments on ultrathin films of nickel [8] also display
a reduction of spin polarization on the timescale of 500 ps which is attributed
to phonon-magnon scattering. This mechanism is consistent with the fact
that the interaction of long wavelength spin-waves with the lattice is effective
for long temporal delays. Similar observations have been reported recently for
antiferromagnetic spin-waves in CraO3 [69]. One should stress that the long
timescale, which is necessary to obtain complete demagnetization of ultrathin
Ni films, is not observed with the thicker films studied in [62]. This may be
due to the low Curie temperature of the ultrathin films or to possible heat
propagation effects in the metallic Cu substrate supporting the 1.2-nm thick
Ni films.

Finally, let us come back to the problem of out-of-equilibrium dynamics
of charges and spins. As mentioned above, it is now well recognized that
femtosecond pulses excite nascent electron distributions which are not ther-
malized and that the corresponding thermalization time, due to electron—
electron scattering, lasts a few hundreds of femtoseconds. One may wonder if
non-equilibrium spin populations in this athermal regime could also be evi-
denced. An attempt to observe this regime was made in CoPtg films [13]. The
authors observed a peak in the signal A e nonen (£) which is interpreted as the
manifestation of a coherent spin population relaxing with a time constant of
~ (600 fs. Such a “long” coherence time, however, disagrees with recent sim-
ilar studies in nickel films performed without an applied magnetic field [70].
In these experiments, the coherent contribution lasts during a pulse excita-
tion that is 40fs. Both results raise the question of the distinction between
electronic and spin coherence effects.

7 Conclusion

In conclusion, we reviewed experimental and theoretical results related to the
ultrafast demagnetization, femtomagnetism, of ferromagnetic metallic thin
films that can be induced with femtosecond optical pulses. In particular, we
focused on the demagnetization dynamics observed in Ni [6,7,8,62,63] and
CoPty thin films [10,13]. Until now, three experimental techniques with fem-
tosecond resolution were used to address this topic: linear magncto-optics
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(LMO), nonlinear wmagneto-optics (NLMO), and spin-resolved photoemission.
Spin dynamnics with characteristic timescales of ~100 fs have been observed,
However, the interpretation of such dynamics in terns of magnetization dy-
naies, especially for short delays, has heen controversial. Some convincing
arguments suggest that indeed intrinsic demagnetization takes place on this
timescale. First, complete demagnetization (i.e., vanishing MO signal) was
observed within 500 fs or less in CoPtg films using LMO [L0] and in Ni nltra-
thin flms using NLMO [61]. Secondly, similar dynamics have heen observed
by spin-resolved photoemission in Ni/Ag(100) filns [8]; this technique may
be viewed as a more direct probe of the magnetization of the surfaces. Nev-
ertheless, this initial demagnetization dynamics takes place during the ther-
malization of the hot electron population. It was demonstrated that due to
this effect, the MO observables and the sample magnetization are not pro-
portional in this temporal regime [G3].

A simple theory for the spin-lattice relaxation thne 7y was ontlined the-
oretically, on a longer timescale, It is found that 7y amounts Lo about 100 ps
in typical ferromagnets, so that the experimentally observed spin dynamics
takes place before energy transfer from the lattice to the spins, On a shorter
timescale, to get a proper description of the ultimate processes, it is necessary
to take into account the coupling between the spin polarized clectronic sys-
tem and the photon field. The Arst attempts in this divection were deseribed.
A time-dependent many-body Hamiltonian was solved with realistic parame-
ters for a Ni monolayer. The excited system is prepared assuming a Gaussian
energy distribution to mimic a short pulse, and the optical /MO observables
are computed for each time step. 1t is found that the intrinsie theoretical
limitation to spin and charge dynamics is of the order of 10 fs; spin dynamics
is slightly slower. The phenomena are attributed to the dephasing of excited-
state wave functions. Recently, we extended owr theory by including the laser
field. The primary results already show us a rich picture of demagnelization.
In the future, the topics are ample from both the fundamental and technolog-
ical points of view. Colerent control of demagnetization would be the next
step, which may lead directly to an application of fetntomagnetism as an nl-
trafast gating controlled by a laser, The selection of the materials should well
balance the fast dephasing and the vapid recovery of magnetization, A good
alloy congisting of ferromagnetic metals and semiconductors is an ideal op-
tion because each represents an extreme. This yields a maximal integration of
ferromagnetic materials into the existing technology. Theory should provide
useful understanding and a crucial guideline for optimizing the material.
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