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An electronic theory of the laser-induced ultrafast magnetization dynamics in transition-metal alloys is
presented. A many-body model Hamiltonian is considered that incorporates the fundamental electronic hopping,
local Coulomb interaction, and spin-orbit coupling (SOC) on the same footing. Exact time propagations are
performed on a tetrahedral cluster, from which the time dependencies of the local spin moments, orbital occu-
pations, and single-particle energies of homogeneous systems and binary alloys are obtained. The consequences
of inhomogeneities in the laser absorption and in the SOC strengths are investigated giving emphasis to the
nature of spin-density transfers between the alloy components. A local perspective on the optically induced spin
transfer is proposed in terms of which two main steps emerge: a dominantly local optical excitation followed by
hopping-driven spin-density transfers among the different alloy components. The conjoint action of the spin-orbit
interactions at the origin of local spin flips and spin-to-orbital angular-momentum transfer and the interatomic
hoppings responsible for charge, spin, and energy flows between different sublattices is demonstrated. Transient
and steady-state dynamical regimes are identified that result in delays in the onset of the local demagnetizations
and in ultrafast redistributions of the spin. The central role of electron delocalization and electronic hopping in

the spin-density redistribution and demagnetization of the different alloy components is demonstrated.

DOLI: 10.1103/PhysRevB.107.054410

I. INTRODUCTION

More than two decades ago, Beaurepaire et al. observed
the laser-induced ultrafast demagnetization (UFD) of a ferro-
magnetic (FM) transition-metal (TM) in the case of Ni films
[1]. This remarkable experiment started an extremely intense
experimental and theoretical research activity in the field of
magneto-optics, which has provided unique insights into the
fundamental quantum mechanical processes controlling the
magnetization dynamics on a subpicosecond timescale. In
past years numerous time- and element-resolved measure-
ments of the dynamical response to ultrashort laser pulses
have been performed on transition-metal and rare-earth (RE)
compounds including alloys and multilayers. In these stud-
ies not only the fundamental aspects of the laser-induced
magnetization dynamics have been investigated, but also sev-
eral potential applications of ultrafast magnetization control
in spin-electronic devices have been identified. Understand-
ing the many-body dynamics underlying the UFD effect is
central to achieving a controlled ultrafast manipulation of
the magnetization. Consequently, important theoretical re-
search effort has been devoted to explaining this phenomenon.
In this context a number of different, partly complemen-
tary physical mechanisms have been proposed, including
magneto-optical absorption [2,3], electron-electron scatter-
ing [4,5], electron-magnon interaction [6-9], electron-phonon
spin-flip scattering [10-20], superdiffusive spin-polarized
electron transport [21-25], intersite spin exchange [26-28],
and electronic processes driven by the spin-orbit coupling
(SOC) [29-37].
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Recently, researchers’ attention has been increasingly fo-
cused on magnetic alloys and multilayers, where the interplay
between different elements and different local environments
comes into play. Time-resolved element-specific experiments
have been performed by using x-ray magnetic circular
dichroism (XMCD) techniques [38-48] or the transversal
magneto-optical Kerr effect [23,48—63]. In this way a number
of novel alloy-specific phenomena have been revealed that
are not present in homogeneous ferromagnets, for example,
the all-optical magnetization switching observed in the fer-
rimagnetic GdFeCo and MnRuGa alloys [39,40,51,63-66],
the laser-induced interlayer spin transfer [67], and the opti-
cally induced spin transfer (OISTR) [31,68], which has been
theoretically and experimentally observed in a variety of com-
pounds [31,37,44-46,62,68-70].

Quite generally, the inhomogeneities which are inher-
ent to alloys on the atomic scale result in very interesting
element-specific time evolutions of the magnetization den-
sity. For instance, element-specific demagnetization times
have been observed in GdFeCo, FeNi, CoPt, and FePt alloys
[39,41,55,56]. Furthermore, Mathias ef al. observed a delay in
the demagnetization response of Ni in NiggFe,( (permalloy),
i.e., a time shift with respect to the Fe demagnetization [50].
Further measurements in permalloys by Giinther et al., Jana
et al., and Moller et al. confirmed the presence of a delay
in the demagnetization of Ni with respect to Fe [48,57-59].
An analogous behavior has also been observed in FeRh al-
loys. In this case the Fe demagnetization is delayed with
respect to that of Rh [57]. However, notice that no delay in
the onset of the demagnetization of Ni has been observed in
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the experiments by Radu et al. [41] and by Liu et al. [60],
although Ni is found to demagnetize slower in the permalloy
than in pure Ni. Further insights on alloy-specific behaviors
have been obtained in the works by Graves et al. and Bergeard
et al. on TM-RE compounds such as GdFeCo, CoGd, and
CoTb [42,51]. In this case one observes that a dissipationless
redistribution of spin density between sublattices contributes
significantly to the magnetization dynamics, particularly dur-
ing the first few hundreds of femtoseconds after the laser
excitation.

These remarkable dependencies on the composition, sto-
ichiometry, and structure demonstrate the importance of the
juxtaposition of alloy components with contrasting character-
istics and of the resulting interplay between different local
atomic environments. Understanding the microscopic mecha-
nisms of the magnetization dynamics in alloys and multilayers
is particularly challenging, since it involves both local de-
magnetization processes as well as exchanges of electrons,
energy, and angular momentum between the different material
components.

A number of theoretical works have addressed the mag-
netization dynamics of inhomogeneous magnetic materials
and the microscopic mechanisms behind them. Several au-
thors have explained the UFD in multicomponent systems
as the result of intersite spin exchange and heat-induced
local demagnetization, which are described either in terms
of rate equations or by performing Landau-Lifshitz-Gilbert
simulations [26-28,39-41]. Schellekens and Koopmans have
proposed a microscopic model of multicomponent magnetic
materials by considering electron-phonon spin-flip scatter-
ing as the driving mechanism of the local demagnetization
process [16]. Thus, the ultrafast magnetization switching in
ferrimagnetic TM-RE alloys [39,64] and the delay of the Ni
demagnetization in permalloys [50] have been explained by
taking into account element-specific electron-phonon spin-
flip rates. More recently, Dewhurst et al. have performed
time-dependent density-functional calculations, showing that
the OISTR effect can lead to an ultrafast switching of the
magnetic order in several TM compounds [68]. In this work
the authors have demonstrated how a direct spin-conserving
interatomic excitation can lead to an important ultrafast redis-
tribution of the spin-polarized density between the different
sublattices during the duration of the laser pulse, which
dominates the early stages of the spin dynamics. These re-
markable findings motivate further theoretical investigations
of the OISTR effect from a local perspective. In particular it
would be interesting to understand how any element speci-
ficities concerning, for example, the optical absorptions, the
spin-to-orbital angular-momentum transfers and the intersite
spin transfers affect the alloy-magnetization dynamics as a
whole. Moreover, in the case of TM compounds, one would
like to elucidate how the energy and spin-density redistribu-
tions taking place during and shortly after the laser pulse are
mediated by the itinerant electrons responsible of magnetism.

The purpose of this paper is to investigate the laser-
induced magnetization dynamics of binary TM alloys from
a local many-body perspective by extending a previously
proposed electronic theory [30] to multicomponent sys-
tems. In Sec. II the considered pd-band model Hamiltonian
is described that takes into account the interplay between

hybridizations, Coulomb interactions, and spin-orbit cou-
plings. Details on the calculations of the magnetic response
to optical excitations as a function of the microscopic model
parameters are given in Sec. IIl. The results of exact time
propagations are presented and discussed in Sec. IV. The role
of inhomogeneities in the laser absorptions and in the SOC
strengths, as well as the importance of hybridizations and
spin-carrying electronic motion, are quantified. In particular
it is shown how the demagnetization times and any possi-
ble demagnetization delays depend on the element-specific
spin-orbit coupling strengths, on the local environment of the
atoms, and on the spin-density transfer between the sublat-
tices. In this way, a strong interdependence between the local
magnetization dynamics of the different alloy components is
revealed.

II. MANY-BODY MODEL OF TRANSITION
METAL ALLOYS

In order to investigate the laser-induced electronic dynam-
ics in TM alloys we consider the pd-model Hamiltonian

ﬁ:ﬁo—l—ﬁc—l-ﬁso-l-ﬁE(f), (1)

which extends the one proposed in Ref. [30]. The first term,
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describes the single-particle hybridizations of the valence
electrons yielding electron delocalization and metallic behav-
ior. The operator 6;0 (Ciws) creates (annihilates) an electron
with spin o at the orbital o of atom i, where o = nlm corre-
sponds to well-defined radial, orbital, and magnetic quantum
numbers. The model takes into account the 3d electrons,
which are responsible for the magnetic behavior and the 4p
electrons, which are directly involved in optical excitations of
the 3d band. The second term,

o 1 wd [~ ad &
He = EZU[ ”;1 (nfl - l) - Xi:']i s;l ~s;l, &)

takes into account the dominant intra-atomic Coulomb in-
teractions among the d electrons, where ﬁf’ and §l¢ are,
respectively, the total d-electron number operator and spin
operator at atom i. Accordingly U; and J; denote the average
direct and exchange d-electron Coulomb integral at atom i.
The third term,

Aso =Y &Y (1o po iy Cifiors )

i afoo’

describes the SOC of the d electrons, where (I - §)40, g0+ Stands
for the intra-atomic matrix elements of [ - s and &; defines the
SOC strength at atom i. Notice that the sum over « and 8 in
Eq. (4) involves only the d orbitals. Finally, the last term in
Eq. (1) is given by

Hg(t) = eE@t) - ) _(ia|#liB)el,, Cipo, )
iafo

which represents the interaction with the external laser field
E(t) in the intra-atomic dipole approximation. The usual
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atomic selection rules for the position operator £ imply that
only pd and dp transitions enter the sum.

Before closing this section, it is important to remark
that no ad hoc phenomenological spin relaxation terms or
mean-field approximations are involved in the model, which
would break the spin-rotational invariance of H. In fact, the
Hamiltonian given by Egs. (1)—(5) satisfies all the funda-
mental electronic conservation laws [30]. The single-particle
term Hp, the Coulomb interaction Hc, and the dipole in-
teraction with the laser field A conserve the total spin
S =3 s (Hy,S1 = [Ac, 81 = [Hg, §] = 0). Only the SOC
breaks the spin conservation ([Hso, S] ?é 0) while preserv-
ing the total local angular momentum [; 4 §; at each atom
i ([ﬂso,i,- + 8,1 = 0). Notice, moreover, that H, preserves
neither the local I; nor the total orbital moment L =", 1,
since the interatomic hoppings describe the interaction of the
electrons with the lattice potential, which is not rotational
invariant ([Ho, [;] # 0 and [Hp, L] # 0). These fundamental
commutation rules (conservation and nonconservation laws)
are very useful in order to understand qualitatively the roles
played by the SOC, Coulomb interaction, and electron delo-
calization in the dynamics of magnetic alloys.

III. COMPUTATIONAL DETAILS

For the applications we consider a tetrahedral cluster
model, for which the exact solution of the ground state and
subsequent time evolutions can be numerically obtained. The
cluster is divided in the sublattices A and B, as illustrated
in the inset of Fig. 1, which corresponds to a 50% concen-
tration in a binary alloy such as FeNi. As in Ref. [30], the
degeneracy of the bands is reduced in order to limit the nu-
merical effort by considering only three 3d orbitals per atom
(m=—1, 0, and 1) and one 4p orbital per atom (m = 0).
The nearest-neighbor (NN) hopping integrals are taken from
band-structure calculations [71]. For simplicity, the direct
Coulomb integrals U; = 10 eV, exchange integrals J; = 2 eV,
and dp promotion energy Ag,; = 1 eV are assumed to be the
same for both elements. The spin-orbit-coupling strength §; is
varied systematically around the reference value £ = 50 meV
corresponding to homogeneous transition metals [72]. These
parameters yield a FM ground state of the alloy with an almost
saturated spin polarization per atom S, >~ 0.61 % and a small
4p-band occupation n, =2 0.03. The exact time evolutions
of the many-electron wave function are calculated numeri-
cally by means of short-time iterative Lanczos propagations
[73]. The dependence of the electronic dynamics on the mi-
croscopic interaction parameters characterizing the different
alloy components is quantified by contrasting homogeneous
and inhomogeneous optical absorptions and by varying the
strength of the local spin-orbit couplings and of the inter-
atomic hybridizations.

The initial excitation is triggered by the time-dependent
electric laser field E [see Egs. (1) and (5)] which we as-
sume to have a Gaussian envelope with a standard deviation
7, = 1 fs. Choosing such a short pumping pulse has the ad-
vantage that the excitation is almost completely over, before
any significant intrinsic magnetization dynamics takes place.
In this way the initial absorption is clearly separated from
the subsequent relaxation. In addition, calculations have been

performed for longer pulses up to 7, = 80 fs. These show, in
agreement with Ref. [34], that the precise value of 7, does
not affect qualitatively the time dependence of the sublattice
magnetizations after the laser pulse. Short pumping pulses
have also the practical advantage of distributing the absorbed
energy over a relatively broad energy range AE (in the present
case AE ~ 0.6 eV since At > 7, = 1 fs) which renders the
absorption less sensitive to the details of the energy spectrum
of the cluster model used for the numerical propagations.
The considered laser wave length of A = 1050 nm is in the
experimentally relevant range where the absorption is signifi-
cant. The fluence is such that the absorbed energy amounts to
225 meV /atom. It has been verified that the precise value of
A does not alter the postexcitation dynamics in any significant
way [34].

In order to analyze the microscopic processes involved
in the magnetization dynamics of the alloys and to identify
any element specific behaviors, it is very useful to vary the
different model parameters independently and to compare the
corresponding magnetic responses. However, any changes in
the interaction parameters also imply some changes in the
electronic structure of the alloy and its optical absorption,
which are likely to mask or distort, at least to some extent,
the actual role of the microscopic process under study [74].
Therefore, in Secs. IV B and IV E, we compare the dynamics
of alloys with different microscopic parameters by starting
from the same initial electronic state. An appropriate unbiased
choice is the laser excited state of a homogeneous reference
system at time ¢ = 1 fs. The subsequent time propagations
(t > 1 fs) are derived according to the field-free Hamiltonian
of the corresponding alloy. In this way the focus is set on the
element-specific spin dynamics and on the roles played by the
different electronic interactions, which are the main goals of
the present work.

IV. RESULTS AND DISCUSSION

In this section we take advantage of the flexibility of
our model Hamiltonian in order to investigate (i) the conse-
quences of an inhomogeneous laser absorption, which condi-
tions the initial excited state; (ii) the role of element-specific
SOC strengths, which controls the spin-to-orbital angular-
momentum transfer rate; (iii) the nature of the spin-density
flow between the sublattices during the demagnetization pro-
cess; and (iv) the importance of the environment-dependent
interatomic hoppings, which are at the origin of the spin-
density transfer between the different alloy components.

A. Inhomogeneous laser-pulse absorption

We consider an idealized extremely inhomogeneous ex-
citation, in which all the laser absorption takes place on
the atoms of sublattice A. This is achieved by setting the
optical-transition matrix elements (i« |£|i8) = O for the atoms
of sublattice B, while keeping (ix|f|if) in the sublattice A
as in the homogeneous case. The resulting spin dynamics is
compared with the corresponding homogeneous excitation,
in which (i«|f]iB) is the same on all atoms. Since the total
absorbed energy has a strong influence on the degree of de-
magnetization at long times [34] we reduce the laser fluence
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FIG. 1. Time dependence of the average spin magnetization
S;.(t) of sublattice A (blue curves) and sublattice B (red curves)
after an inhomogeneous laser pulse acting only on sublattice A
(solid curves) and after a homogeneous absorption in both sublattices
(dashed curves). The pulse is centered at + = 0 and has a duration
7, = 1 fs. The inset shows the tetrahedral cluster used for the exact
time propagations.

by ~27% in the homogeneous case in order that the total
absorbed energy AE >~ 225 meV/atom is the same in both
cases. All other laser and material parameters, in particular
& = 50 meV, are assumed to be the same for both elements,
as given in Sec. IIL.

Figure 1 shows the time dependence of the average spin
projections S;.(t) = (S;.) at the two sublattices. Starting from
the nearly saturated ground state a remarkable ultrafast mag-
netization dynamics unfolds, which is qualitatively similar
to previous calculations on homogeneous systems [30,34].
This applies in particular to the degree of demagnetization,
from S;; >~ 0.6 /i to S;; ~ 0.3 i, and to the demagnetization
time which is of the order of 50-100 fs. Qualitatively, the
UFD of the alloys can be explained to be the result of three
main local and semilocal contributions, which are analogous
to the homogeneous case considered in Ref. [30]. First, the
initial excitation creates pd electron-hole pairs, which open
new channels for electronic transitions between majority-spin
and minority-spin states of comparable energy. Following the
optically induced occupation changes, an angular-momentum
transfer from the spin to the orbital electronic degrees of
freedom sets in. This process is driven by the spin-orbit inter-
actions and therefore involves a characteristic timescale of the
order of tsoc =~ fi/€ ~ 13 fs. At the same time, any incipient
increase of the local orbital angular momenta [;, due to the
decrease of s;, is very rapidly, though not instantaneously
counteracted by the delocalization of the electrons throughout
the lattice [30]. This orbital-moment quenching takes place
at the much shorter timescale o, > /i/t;; > 0.6 fs, which
is controlled by the hopping integrals #;; responsible for the
interatomic hybridizations (t;; ~ 1 eV). The net result is the
decrease of the spin magnetization at a rate roughly propor-
tional to /i/&, without any lasting increase of the local orbital
moments on the timescale of the demagnetization 74y, >~ 50—
100 fs [43]. In this context it is interesting to note that the

above model explanation of the UFD effect is consistent with
recent DFT calculations of the time dependence of the orbital
magnetic moments of Ni and Co films at the early stages of
the dynamics [36]. Both model and first principles theoretical
results are in agreement with the spin-orbit origin of the ultra-
fast demagnetization and the experimental observation, using
XMCD, that the electronic orbital degrees of freedom are
no reservoir of angular momentum owing to orbital-moment
quenching [30,43,75-77].

Despite the general validity of the above-mentioned argu-
ments, it is still quite remarkable that the time dependencies of
S? and Sf are so similar, even if the optical absorption occurs
only on sublattice A. Indeed, except at the very early stages
of the dynamics to be discussed below (i.e., for 0 < ¢ < 5 fs)
any inhomogeneity in the initial excited many-body state is
rapidly washed away within only a few femtoseconds, having
no significant influence on the rate of change of S;; on the
timescale of the UFD effect (4, = 50-100 fs). Moreover, the
time dependence of S;, following the inhomogeneous laser
absorption on sublattice A is nearly the same as in the case of
a perfectly homogeneous absorption, excluding again the very
short initial times (compare solid and dashed curves in Fig. 1).
We conclude that differences in the optical absorptions of
the material components have no significant influence on the
ultrafast laser-induced demagnetization of itinerant-electron
FM alloys.

In order to identify similarities and differences between the
time dependencies of $% and SZ, it is useful to analyze the
spin dynamics during the optical absorption and the following
few femtoseconds. In Fig. 2 we focus on these early stages
of the dynamics, where significant differences in the local
spin polarizations and in other local properties are revealed.
For the inhomogeneous excitation one observes that the spin
magnetization of the directly excited sublattice A increases
from S? = 0.606 7 to 0.668 /i as soon as the pulse goes over
its maximum intensity [compare the solid blue curve with the
pulse shape in Fig. 2(a)]. At the same time the spin mag-
netization of sublattice B, which is not directly excited by
the pulse, decreases by the same amount from Sf = 0.606 7
to Sf = 0.543 7 (solid red curve). This reveals an extremely
rapid majority spin-density flow from the sublattice B, where
the local orbital occupations are not directly affected by the
laser pulse, toward sublattice A, where holes in the majority
spin band are created by the d to p optical absorption. Once
this spin imbalance is triggered, some oscillations of both Sg‘
and Sf follow on a femtosecond timescale, which are then
progressively damped. Further complementary information is
provided by the corresponding local numbers of electrons n;r
and by the local numbers of majority-spin d electrons njq4
shown in Fig. 2(b). In all these cases the sublattices A and B
show opposite out-of-phase trends, the one increasing while
the other decreases and vice versa.

This remarkable short-time dynamics can be rationalized
as follows. At the very beginning of the excitation, the laser
pulse induces mainly intra-atomic transitions of the major-
ity (up) d electrons of sublattice A into the nearly empty
p orbitals. Subsequently, about 0.5 fs later, the up d holes
left behind on sublattice A are partly filled as a result of
electronic hopping from sublattice B. These two processes
manifest themself as a decrease of ”Zi‘ﬁ’ which matches the
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FIG. 2. Time dependence of (a) the local spin polarization S,
(b) the majority-spin d-electron (total electron) occupations n;s4
(mir), and (c) the local absorbed excitation energies A&, (t) =
&) —52 corresponding to the sublattices A (blue curves) and
B (red curves). Results are given for an inhomogeneous laser ab-
sorption on sublattice A (solid curves) and a homogeneous laser
absorption on both sublattices (dashed curves). The dotted curve in
(c) shows the average absorbed energy AE = (A&, + A&p)/2 in
the inhomogeneous case. The pulse is centered at + = 0 and has a
duration of 7, = 1 fs as illustrated in (a).

shape of the laser pulse, followed by an increase of ny for
t > 0. Notice that the increase in 7} is delayed with respect to
the absorption-induced decrease of ngT, since it can only take
place after a significant number of holes are created in the d
band of sublattice A. This initial magnetization and charge im-
balance between the two sublattices triggers rapid, eventually
damped oscillations of S;;, n;r, and n;44, which are the con-
sequence of electron delocalization. It is important to stress
that the total spin Sg‘ + Sf remains almost perfectly conserved
during all these early dynamical processes. Indeed, the total
spin conservation is granted both by the optical absorptions
and by the electronic hoppings responsible for the interatomic

spin and charge flow. Furthermore, note that on the timescale
of only a few femtoseconds, the effect of the SOC on the local
spin polarizations, even if present, is not quantitatively impor-
tant (/i/& ~ 13 fs). Therefore, no significant demagnetization
can follow and Sf + Sf is nearly perfectly conserved.

The above discussed hopping-driven spin-density flow
deserves to be compared with the OISTR reported in
Refs. [31,62,68] in order to emphasize analogies and differ-
ences. The OISTR effect has been first predicted in TD-DFT
alloy and multilayer studies [31,68] and has also been exper-
imentally observed in FeNi alloys [62]. In the case of FeNi
and according to Ref. [62], it is the result of all-optical and
thus ultrafast transitions from occupied minority-spin delo-
calized Bloch states, whose weight in the local density of
electronic states (DOS) lies predominantly on the Ni sublat-
tice, to unoccupied delocalized states having the same spin
but whose spectral weight lies mainly on the Fe sublattice.
In our model the optical absorption is strictly intra-atomic
[see Eq. (5)]. Therefore, setting the parameter (ie|#]i8) = O at
sublattice B implies that the laser excitation can only change
the orbital occupations at the A atoms. Consequently, the
OISTR appears in our calculations as a two step process: The
creation of majority-spin d holes on sublattice A followed
by a very fast spin-conserving hopping from sublattice B.
The process is indeed very fast, as fast as the typical optical
excitation itself since the characteristic hopping times in TMs
are very small (tpop > 7i/t;; = 1 fs). Our model calculations
thus provide a real-space local perspective to the OISTR ef-
fect, which is complementary to the original band structure or
Kohn-Sham picture [31,68]. From the delocalized perspective,
the spin-density transfer appears as a purely optical process,
although the electronic hoppings and interatomic hybridiza-
tions underly the corresponding band structure and local DOS.
Despite the differences which are inherent to the real-space
versus k-space duality, we believe that both local and band
descriptions of the OISTR reflect the same microscopic quan-
tum processes, namely spin-conserving optical absorption and
interatomic hybridizations.

In addition to the fluctuation and reequilibration of the
local spin magnetizations S;, and electronic densities n;7, one
would like to understand how the inhomogeneously absorbed
energy is redistributed within the alloy. To this aim we cal-
culated the sublattice excitation energies A&, (t) = &£,(t) —
5;), where the sublattice energy &,(¢) and its corresponding

ground-state value 52 are obtained by averaging the field-free
Hamiltonian of each sublattice excluding the hybridizations

between the sublattices:
1 549 549 549
Eq(t) = F(‘#(tn Ho + HC + Hso |1/f(l‘)),
q

where A, HZ, and H, are given by Egs. (2)~(4) including
only the orbitals which belong to sublattice g and N, is the
number of sublattice atoms. Notice that |y (7)) stands for the
many-body Schrodinger ket, whose time dependence follows
the complete Hamiltonian A given by Eqs. (1)—(5).

In Fig. 2(c) the sublattice excitation energies A&, and
A&p are shown as a function of time. The solid (dashed)
curves correspond to an inhomogeneous (homogeneous) ex-
citation and the dotted curve indicates the alloy average
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AE = (AE; + AEp)/2 in the inhomogeneous case. One ob-
serves that the time dependence of AE,(¢) [AER(¢)] correlates
very well with the corresponding time dependence of the d-
electron occupation number nf}T [ndBT]. During the laser pulse
A&, increases until the Gaussian-shaped pulse and the d 1 to
p promotion within sublattice A reach their peak [compare
Figs. 2(b) and 2(c)]. The subsequent decrease of AE4 until the
end of the laser pulse is a consequence of the strong spin-up
electron transfer from sublattice B, as described above. The
filling of the up d holes in sublattice A leads to a significant
decrease of A&, and at the same time to an increase of A&p.
These time-dependent trends reflect the dominant role that the
d electrons play in the alloy binding.

The oscillations of AE4(¢) and AEg(t) are strongly damped
only a few femtoseconds after the laser excitation, as the
absorbed energy is evenly redistributed throughout the alloy.
Once the sublattice energies become nearly the same, the sys-
tem has lost almost all memory of the strong inhomogeneity
of the initial energy absorption. These rapid local-energy and
spin-density reequilibrations, which take place on a timescale
of the order of 7o, = 1 fs, explain why the subsequent demag-
netization process is quite insensitive to any inhomogeneity in
the laser excitation (see Fig. 1). Any possible initial absorption
differences between the alloy components are not very rele-
vant for the subsequent magnetization dynamics, since they
are very rapidly washed out by the itinerant nature of the
electronic states and by the Coulomb interactions among the
electrons.

Although achieving femtosecond time resolution is a
serious current experimental challenge, it is important to the-
oretically investigate the limit of very short pumping pulses
in order to reveal the dynamics of the redistribution of the
optically absorbed energy between the sublattices A and B,
which are much more difficult to see when the pulse dura-
tion is longer than the hopping timescale tho,. Indeed, the
large-amplitude, short-time oscillations of the electron den-
sity between NN atoms belonging to the laser-absorbing and
nonabsorbing alloy components are observed only when the
pumping pulse is very short. In Fig. 2, the pulse duration
7, = 1 fs is comparable to the typical NN electron hopping
time Tpep 2 0.6 fs for hopping integrals of the order of 1 eV.
Calculations for longer pulse durations 7, > 20 fs do not show
such strong short-time effects, even for the most heteroge-
neous absorption. For example, in Fig. 3 results are given for
the time dependence of the sublattice occupation numbers and
local absorbed energies obtained for a pulse duration 7, = 20.
In this case one observes that the differences in the local occu-
pations n;gy and n;7, as well as in the local absorbed excitation
energy AE,, following the inhomogeneous laser absorption
are much less important. In particular the short-time quantum
oscillations due to the electronic hopping have a much smaller
amplitude, which does not affect the general trend.

B. Inhomogeneous SOC strength

The spin-orbit interaction defines the fundamental channel
for the angular momentum transfer between spin and orbital
electronic degrees of freedom and therefore plays a central
role in the UFD effect [30]. Consequently, it is most interest-
ing to investigate the laser-induced magnetization dynamics in
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FIG. 3. Time dependence of (a) the majority-spin d-electron
(total electron) occupations nqy (n;7) and (b) the local absorbed
excitation energies AE, (1) = &,(t) — 53 corresponding to the sub-
lattices A (blue curves) and B (red curves). Results are given for an
inhomogeneous laser absorption on sublattice A. The green curve
in (b) shows the average absorbed energy AE = (A&, + AER)/2.
The pulse is centered at = 0 and has a duration of 7, =20 fs as
illustrated in (a).

alloys which combine elements with different SOC strengths.
For this purpose we consider in the following element-specific
&; keeping all other material and laser-absorption parameters
the same for both elements, as given in Sec. III. The SOC
strength &4 of sublattice A is systematically varied in the range
0 < &4 < 210 meV, while in sublattice B £ = 50 meV is kept
constant (see also the inset of Fig. 1) [78] In magnetic TMs
like Fe, Co, and Ni the SOC constants £ are very similar [72].
Nevertheless, the efficiencies of local spin-orbit transitions
can differ strongly, since they depend on the details of the
DOS and occupation numbers after excitation. For simplic-
ity, these differences in SOC efficiency are modeled in this
work by varying &4 and £g. In order to isolate and identify
the consequences of varying &4 on the electronic dynamics
we consider the same initial excited state in all cases, which
corresponds to the laser excitation of the homogeneous system
having £4 = &5 = 50 meV at r = 1 fs. Since at this time the
intensity of the Gaussian shape laser pulse has dropped to
about 10% of its peak value, we perform all subsequent time
propagations according to the field-free Hamiltonian having
the element-specific £4 and &g. Using the same excited state
for all calculations with different &; allows us to focus on the
influence of inhomogeneities in the SOC on the postexcitation
spin dynamics of the ferromagnet, by avoiding to introduce
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FIG. 4. Average spin magnetization S; () at atoms A (blue
curves) and B (red curves) as a function of time ¢, for &g = 50 meV
and different spin-orbit coupling strengths &, at sublattice A. In all
cases the same initial excited state obtained by laser excitation of
the homogeneous system with £, = & = 50 meV (dashed curves) is
considered. The dotted curves are obtained by fitting the solution of
the phenomenological rate equations (6) and (7) to the corresponding
exact time propagations S;;(¢). In the inset, the logarithm of the
normalized magnetization change o;(t) = [S;;(t) — Si;(0c0)]/ [S?Z —
Si-(00)] is shown as a function of time. The time shifts A between
the onset of the demagnetization in sublattices A and B are indicated
by the horizontal arrows, as obtained from Eq. (8): A =8 fs for
&4 =30meV and A = -5 fs for £, = 70 meV.

any changes in the dynamics resulting from differences in the
initial optical absorption.

In Fig. 4 the spin dynamics S%(¢) and S5(¢) in sublattices
A and B are shown for £ = 30, 50, and 70 meV. Knowing
that the spin-orbit coupling controls the fundamental angular
momentum transfer at the origin of the UFD [30] it is not
surprising that S?(t) decreases faster (slower) with time when
&4 is larger (smaller) than in the homogeneous case (dashed
curves). An analogous behavior has already been observed by
varying £ in homogeneous systems [30,34]. Element-specific
demagnetization times have also been found in experiments
on pure TMs [50]. The authors observed that Ni is found to
demagnetize more slowly than Fe, which can be interpreted
within our model as the consequence of a weaker SOC ef-
ficiency of the former. Much more interesting, however, are
the significant effects of varying &4 on the magnetization
dynamics of sublattice B, where the SOC strength has been
kept constant. As shown in Fig. 4, smaller (larger) values of &4
results in a clearly slower and less strong (faster and stronger)
demagnetization at the B atoms. One concludes that the local
magnetization dynamics at a given atom i depends not only on
the microscopic parameters characterizing this particular atom
but also quite remarkably on the properties of its environment.

In order to highlight the role of the local environment,
we compare in Fig. 5 the spin dynamics of two homoge-
neous systems having & = 50 and £ = 100 meV with the
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FIG. 5. Average spin magnetization S; () at atoms A (blue
curves) and B (red curves) as a function of time ¢ for £, = 100 meV
and &z = 50 meV in comparison with the homogeneous systems
having £ = 50 and £ = 100 meV (dashed curves). In all cases the
same initial excited state corresponding to the laser excitation of the
homogeneous system with £, = &g = 50 meV is considered.

element-specific spin dynamics of the a binary alloy having
&4 = 100 meV and & = 50 meV. One observes that in the
alloy the coupling between the sublattices accelerates the de-
magnetization in sublattice B (faster decrease of Sf) while
slowing down the demagnetization in sublattice A. In other
words, when elements having different SOC efficiencies are
mixed, the demagnetization times are increased (reduced)
at the elements having a stronger (weaker) SOC. These re-
sults are qualitatively in agreement with experiments on FePt,
CoPt, and NiPd alloys [54-56,61], which show that replacing
Co or Fe by Pt accelerates the demagnetization process. Let
us recall that the SOC is much stronger in Pt than in Fe or Co
and that the strong hybridization between the Co or Fe and Pt
atoms induces significant magnetic moments at the Pt atoms.

In the case of FeNi Mathias et al. observed a delay in the
onset of the demagnetization at the Ni atoms relative to the
Fe ones which is followed by a progressive convergence to a
steady demagnetization rate [50]. Similar observations have
been made by other groups [48,57-59]. As shown in Figs. 4
and 5, our calculations are in good qualitative agreement with
this behavior. In the inset of Fig. 4 the logarithm of the normal-
ized magnetization change o;(t) = [S;;(t) — Si;(c0)]/ [S?Z —
Si;(00)] for €4 = 30 and 70 meV is plotted as a function of
time. The approximately linear decrease of In(o;) for ¢ > 10
fs reflects the exponential decay of the magnetization once
the transient processes immediately following the laser exci-
tation are over. Notice that the slopes of In(o4) and In(op)
are practically the same for ¢ > 10 fs. This corresponds to the
steady-state equilibrium that is reached between the various
processes involved in the ultrafast demagnetization, namely
the local spin-to-orbital angular-momentum transfer at the dif-
ferent alloy components, the orbital-moment quenching and
the interatomic spin-density flux. One may then graphically
identify the time shift A relating the sublattice magnetizations
as o4(t) ~ op(t — A). This corresponds to a delay (A > 0)
or an advance (A < 0) of the demagnetization of sublattice
A relative to B depending on whether &4 < &z or &4 > &p
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(see the inset of Fig. 4). A quantitative expression for the
time shift A in the steady state is derived and compared with
experimental observations in Secs. IVD and IVE.

C. Phenomenological rate model

The element-specific spin dynamics derived from the
many-body time propagations can be analyzed a posteriori by
considering the coupled rate equations

ds
i —ka Sa + kap (s — Sp), (6)
dt
and
ds
d—tB = —kBSB —kAB (SB_SA)’ (7)

where 54 = 2 — $%(c0) and s5 =S¥ — 58(c0) denote the
time-dependent spin polarizations of sublattices A and B rel-
ative to their respective long-time equilibrium values Sg‘(oo)
and Sf (00). On the one hand, the demagnetization rates ka
and kp describe the local changes of the spin polarizations
of atoms A and B, whose microscopic origin resides in the
SOC-induced intra-atomic spin-to-orbital angular-momentum
transfer and subsequent orbital-moment quenching. On the
other hand, the rate k4p takes into account the spin transfer
between the sublattices, where the inverse spin-transfer rate
tap =k, gives a measure of the characteristic time involved
in the response of the many-body system to inhomogeneities
in the spin-density distribution. These equations relate the
element-specific spin dynamics of the two sublattices with
each other. They allow us to discern the timescales associated
to local demagnetization and to interatomic spin transfer.

For the homogeneous system having &4 = &£ = 50 meV
(dashed curves in Fig. 4) the best fit of the model to the exact
many-body results is obtained with k4 = kg = 0.021 fs~!,
independently of the value of ksp. In the case of alloys
having different £4 and the same &z = 50 meV we set kg =
0.021 fs~! for all £ and vary only k4 and k. Figure 4
shows that the phenomenological model given by Egs. (6) and
(7) yields very good fits to the exact results, which confirms
the validity of picturing the local magnetization dynamics
in terms of competing spin-density flows. Moreover, it is
interesting to note that the best fits yield almost the same
kap ~ 0.05 fs~! for all &4. This is quite reasonable since kap
reflects the spin-density flux between the two alloy compo-
nents, which is independent of the local spin-orbit-coupling
strengths.

In Fig. 6(a) the optimal local transfer rate k4 is shown as
a function of &, where, for simplicity, we have kept kxp =
0.05 fs~! constant. The proportionality relation between ky
and &4 confirms the interpretation that k; has its origin in
the local spin-orbit interactions at atom i. Figure 6(b) shows
the element-specific demagnetization times 7., which are
defined as the time after which s; = S;;(¢) — S;;(c0) has de-
creased to a factor 1/e of its initial value AS;, = S?Z — S;;(00).
One observes that ré‘m decreases with increasing &4 approxi-
mately as /i/£,, going from 74 = 117 fs for {4, = 0 to T4, =
12 fs for £, = 210 meV. Thus, the A atoms demagnetize faster
(slower) than the B atoms when &4 > &g (€4 < &p). This trend
is consistent with previous results on homogeneous systems
showing that the SOC strength & controls the timescale of the
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FIG. 6. (a) Local demagnetization rate k, of sublattice A (blue
open triangles) and time shift A of the demagnetization of sublattice
A with respect to sublattice B (magenta open circles). Results are
given as a function of the spin-orbit coupling strength &, at the A
atoms for £&; = 50 meV. k, is obtained by fitting the solution of the
rate equations (6) and (7) to the corresponding exact S;‘ (t) and Sf )
using kp = 0.021 fs~! and k43 = 0.05 fs~!. The time shift A follows
then from Eq. (8). (b) Sublattice demagnetization times t&”‘m (blue
filled rhombus) and rfm (red crosses). The lines connecting the points
and the dashed straight line with ks ~ 5x107* fs~! meV~' £, are a
guide to the eyes.

demagnetization process (tqy o 7i/£) [30]. Concerning the B
atoms, we observe that rfm decreases from 93 to 25 fs as &,
increases from &4 = 0 to 210 meV, even though &g = 50 meV
has been kept constant throughout. One concludes that the
rates of change of the local magnetizations are most sensitive
to the local environment of the atoms, a further clear indica-
tion of the importance of spin-density transfer among the alloy
components.

D. Spin-density flow between the sublattices

In order to analyze the spin density flow during the demag-
netization dynamics we consider the case £g = 50 meV and
&4 = 0, which amounts to neglecting the SOC at the A atoms.
This also allows us to simulate physical situations in which
the efficacy of spin-orbit transitions at one alloy component
is strongly reduced, for example, due to a very large local
exchange splitting or a nearly fully occupied d band, in which
case any SOC-induced spin-flips take place almost exclusively
at the B atoms. The solid curves in Fig. 7 show the exact
calculated time dependencies of S? and S? following a 1 fs
homogeneous laser-pulse excitation. The spin dynamics of
the homogeneous system having &4 = & = 50 meV is also
displayed for the sake of comparison (dashed curves). One ob-
serves that the absence of spin-orbit transitions at the A atoms
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FIG. 7. Time dependence of the local spin magnetization S;,(¢) at
the A atoms (blue curves) and at the B atoms (red curves) after exci-
tation with a 1 fs laser pulse (homogeneous field). Results are given
for a binary alloy having &, =0 and &z = 50 meV (solid curves)
and for the homogeneous system having £, = &z = 50 meV (dashed
curves). The dotted curves are obtained by fitting the solution of the
phenomenological rate equations (6) and (7) to the exact results. In
the inset the logarithm of the normalized magnetization changes o;()
are shown. Here the horizontal arrow indicates the delay A involved
in the onset of the demagnetization of sublattice A, as obtained from
Eq. (8).

does not preclude the alloy from demagnetizing throughout
and to a comparable extent as in the homogeneous case, albeit
more slowly. Indeed, not only the sublattice B but also the
sublattice A demagnetizes rapidly as a function of time, within
a few hundred femtoseconds. However, notice that the rate
of change of Sf is significantly smaller than in the homo-
geneous case, where the SOC is also active in sublattice A.
Quantitatively, the demagnetization times obtained from the
exponential fits are 7 >~ 117 fs and 78 ~ 93 fs for £ =0
and & = 50 meV, while in the homogeneous case we have
th =18 ~49 fs [see Fig. 6(b)]. The fact that sublattice
A demagnetizes in an ultrafast way, despite the lack of local
spin-to-orbital angular-momentum transfer at the A atoms,
confirms the importance of the spin-density flow between the
alloy components.

As already observed, the demagnetization timescale 74
is significantly longer than & , which in its turn is longer
than the demagnetization time in the homogeneous case. This
trend can be qualitatively explained by the fact that the de-
magnetization of the A atoms necessarily involves a transfer
of spin density to the B atoms. One may furthermore notice
the presence of a significant time delay A ~ 17 fs in the
onset of the demagnetization of sublattice A relative to B,
which corresponds to the horizontal shift between o4 (7) and
op(t)in Fig. 7 [o4(¢) >~ op(t — A)]. A similar effect has been
observed in experiments on permalloy [48,50,57-59]. Further
details are discussed in Sec. IV E.

In order to better understand the origin of the time shift
A, it is instructive to derive a quantitative expression for
it in terms of the demagnetization and spin-transfer rates
describing the spin dynamics. Figure 7 shows that after a
short transient time of the order of A the spin dynamics

approaches a steady-state regime where both alloy compo-
nents demagnetize at the same rate and where S? (t)and Sf )
decay approximately parallel to each other separated by an
approximately constant time shift A [i.e., S? (t) ~ Sf t— AN
Using the phenomenological spin-transfer model given by
Egs. (6) and (7) one can in fact show that the solution of these
rate equations with equal initial polarizations s4(0) = s5(0)
approaches such a steady-state regime of the form s,(¢) =
sp(t — A) with the time shift A given by

1 kg —ka
 kap kg +ka

In this way the experimentally observed time shift can be
related to parameters ku, kg, and ksp characterizing the spin
dynamics in the alloy. In our case we calculate A using Eq. (8)
once k4, kg, and ksp have been fitted to the exact many-body
propagations. The quality of these fits can be assessed by
comparing full and dotted curves in Figs. 4, 7, and 8. Keeping
&g = 50 meV fixed, we obtain A = 17 fs for £, =0, A = 8
fs for £, = 30 meV and A = —5 fs for £, = 70 meV (see the
insets of Figs. 4 and 7). The correlation between the increase
of k4 and the decrease and change of sign of A with increasing
&4 is also demonstrated in Fig. 6(a), where &4 is varied for
constant &g.

The results discussed in this section have shown that the
spin-density exchange between different components plays a
central role in the laser-induced magnetization dynamics of
metallic alloys. At the origin of such laser-triggered spin-
density flows one finds the electronic hybridizations, which
are responsible of metallic binding and which control the
timescale of the electronic motion in the lattice. They are
therefore expected to play a key role in understanding of the
demagnetization in multicomponent systems. In the following
section, the dependence of the magnetization dynamics on the
interatomic hopping integrals is analyzed in some detail.

®)

E. Role of interlattice hybridizations

A more detailed insight into the spin-density flow across
the alloy and into the resulting relation between demagne-
tization delay and electron delocalization can be achieved
by varying the strength of the hybridizations between the
sublattices. In the following we consider a binary system
with inhomogeneous spin-orbit couplings &4 = 0 and & =
50 meV. The hopping integrals between the atoms belong-
ing to different sublattices A and B are scaled as #;; = « ’8’
with o < 1, while the hopping integrals between atoms of
the same kind remain equal to the original tioj derived from
band-structure calculations. The obtained element-specific
dynamics of 7 and S? are shown in Fig. 8, where the solid
curves correspond to the exact calculated time evolution and
the dotted curves to the best fits obtained by applying the rate
equations (6) and (7). First, one observes that the strength
of the A — B hybridizations does not significantly affect the
ultimate degree of demagnetization AS, = S? — §;(c0). In-
deed, for all considered «, the A atoms reach the same
degree of demagnetization as the B atoms, despite the fact
that £4 = 0 [79]. This is the consequence of the spin polar-
ization transfer between the two alloy components discussed
in Sec. IV B, which remains valid even when the strength
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FIG. 8. Time dependence of the local spin moments S* (blue
curves) and S? (red curves) in a laser-excited binary alloy having
&4 = 0, & = 50 meV and representative values of the scaled hopping
integrals #;; = « tioj between the sublattices A and B. The solid curves
are the result of exact time propagations, while the dotted curves
are obtained by fitting the phenomenological rate equations (6) and
(7). The insets show the logarithm of the normalized magnetization
change o;(t) = [S;;(t) — S,-z(oo)]/[S,QZ — Siz(00)]. The indicated time
delays A have been determined using Eq. (8).
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FIG. 9. (a) Time shift A (magenta open circles) of the demag-
netization of sublattice A with respect to sublattice B, interlattice
spin-transfer rate k4p (purple asterisks) and local demagnetization
rate kp (orange plus signs) as functions of the relative strength
a=t; /t,.oj of the hybridizations between the sublattices A and B.
The hopping integrals between atoms of the same kind remain in
all cases equal to the reference band-structure values tg.. The results
are derived from the fits to the exact time dependencies of S? (t) and
Sf (t) using the rate equations (6) and (7), which are shown in Fig. 8
[see also Eq. (8)]. (b) Sublattice demagnetization times 7, (blue
filled thombus) and 2 (red crosses). The lines connecting the points
and the dashed straight line with kag =~ (16.7 fs)~' o are a guide to
the eyes.

of the hybridizations is diminished (0 < o < 1). In contrast,
the shape of S?(t) as a function of time is obviously quite
sensitive to the strength of the coupling between the sub-
lattices. Comparing the time dependence of S2(¢) and S5(r)
given in the different subfigures of Fig. 8 demonstrates the
development of an increasing delay A in the onset of the
demagnetization of sublattice A (§4 = 0) relative to sublattice
B (3 = 50 meV) as the ratio o between A-B and A-A or
B-B hoppings is reduced. Starting from the homogeneous case
[ =1 in Fig. 8(a)] where the delay is already significant
(A = 17 fs) one observes that progressively decreasing the
A-B hoppings systematically slows down the demagnetization
rate at sublattice A while at the same time the demagnetization
at the B atoms is speeded up [Figs. 8(b) and 8(c)]. Compare
also the inset figures, where the time shift between the nearly
linear decrease of In(o,) and In(op) for not-too-short times is
indicated by the arrows [04(t) >~ op(t — A) fort 2 Al

This behavior can be essentially traced back to the changes
in the spin-transfer rate k4p and timescale tqp = 1/ksp as a
function of «. As shown in Fig. 9(a), k4p is approximately
proportional to «, whereas the local demagnetization rates
remain essentially unaffected by the changes in the interlattice
hoppings: k4 = 0 since £4 = 0 and kp depends weakly on «.
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Quantitatively, k4p decreases by a factor 10 from k45 = 0.059
fs~! (tap = 17 £3) to kap = 0.005 fs~! (745 = 200 fs) as & is
reduced from 1 to 0.125. In the same range of « kg changes to
a much lesser extent, from 0.021 to 0.025 fs~! [see Fig. 9(a)].
This is consistent with the fact that the spin-density transfer
between sublattices is a direct consequence of the electronic
motion between the different atoms. The weak dependence of
kp on « can be explained by recalling that k4 and kp are mainly
controlled by the local spin-orbit coupling strengths &4 and &,
respectively, which have been kept constant throughout these
calculations (see also Sec. IV C).

In Fig. 9(a) A is shown as a function of «. The delay in the
demagnetization at the A atoms with respect to the B atoms
can be qualitatively explained by recalling that the decrease
of Sf starts as soon as the laser excites them, since it is driven
by the SOC-induced spin-flips taking place directly at the
B atoms (¢ # 0). In contrast, a demagnetization in A can
only be the result of spin transfers between the two sublat-
tices which tends to reestablish a homogeneous spin-density
distribution. Since k4 = 0, Eq. (8) implies that A = 14 =
1/kap coincides with the inverse spin-transfer rate between
the sublattices. Thus, A gives a measure of the response of
the many-body system to changes in the spin-density distri-
bution throughout the alloy. Consequently, when the hopping
integrals between the A and B atoms are reduced (o« < 1) the
reaction of sublattice A to the incipient demagnetization in
sublattice B is slower, causing A to increase.

The trends derived from our calcultions should be com-
pared with the UFD experiments on permalloys [41,48,50,57—
60]. In Ref. [50] one observes that the laser-induced demagne-
tization of the Fe and Ni atoms in the NiggFe,( permalloy takes
place at similar rates. However, the demagnetization of Fe
preceeds that of Ni by approximately A ~ 10-20 fs. Similar
observations have been made by other groups [48,57-59].
Furthermore, when Cu is added to the permalloy and the
direct magnetic interactions between the Fe and Ni atoms
are in average reduced, one observes that the delay in the
onset of the demagnetization at the Ni atoms increases to
A >~ 76 fs [50]. Our calculations, where the decrease in FeNi
hybridizations is modeled by a reduction of the hoppings
between the two sublattices, show qualitatively similar trends
(see Figs 8 and 9) Decreasing the interlattice hoppings from
L = tl jtotij = t ;/4 results in an increase of the delay A from
17 to 84 fs, wh1ch is in good agreement with the measured
values. In this context, it is also important to note that other
UFD experiments on permalloys [41,60] have not reported
a significant delay between Ni and Fe. This could be due to
different experimental conditions.

Finally, it is interesting to consider the dependence of
the element-specific demagnetization times 7/, on the hy-
bridizations between the sublattices. Figure 9(b) shows that
at the B atoms t5 decreases from 94 to 50 fs as interlat-
tice hoppings #;; = ozt,-oj are reduced. Qualitatively, the weaker
the majority spin-density flux arriving to sublattice B from A,
the faster the rate at which the B atoms can be demagnetized
by the local spin-to-orbital angular-momentum transfer due to
spin-orbit interactions. In other words, a stronger spin imbal-
ance between SB and SA needs to be established in order to
reach the steady state regime. In contrast, at sublattice A, rdm
increases significantly from 113 to 286 fs with decreasing «.

These results are not only consistent with the local origin of
the demagnetization process at the B atoms but they also con-
firm the importance of the spin-density flux across the alloy
which is driven by the hybridizations between the different
alloy components.

V. CONCLUSION

The optically-triggered magnetization dynamics of
transition-metal binary alloys has been investigated in the
framework of a many-body electronic theory by performing
exact time propagations on a tetrahedral cluster model. The
dependence of the magnetic response on the main microscopic
parameters characterizing the alloy components has been
determined, by paying special attention to understanding
how the various element-specific local magnetic behaviors
are interrelated as a function of time and how they give
rise to the global demagnetization. In the case where the
laser absorption is inhomogeneous, we observe remarkably
rapid spin transfers among the alloy components at the very
early stages of the dynamics, which physically corresponds
to the OISTR previously demonstrated in time-dependent
density-functional studies [31,68]. A local insight into the
OISTR effect is provided, which involves an initial local
optical excitation followed by a rapid redistribution of the
spin-polarized density driven by the interatomic hoppings.
Any laser-induced disparities among the excitation levels
and local electronic occupations of the different elements are
found to be washed away within a few femtoseconds by the
large mobility of the itinerant d electrons.

The magnetization dynamics of the alloys has been shown
to be very sensitive to inhomogeneities in the strength and
effectiveness of the spin-orbit interactions. Element-specific
demagnetization times as well as remarkable delays (respec-
tively, advances) in the onset of the ultrafast demagnetization
at different alloy components have been demonstrated. The
local magnetization dynamics at atoms having a strong and
efficient SOC is slowed down with respect to its pure-element
value (as measured, for example, by the demagnetization rate
kim = rd_n:) when they are alloyed with elements where the
SOC is weak or inefficient. Conversely, the demagnetization
rate at atoms with weak SOC is accelerated by alloying them
with strong spin-orbit coupling elements. This experimentally
observed interdependence [54-56,61] has been shown to be a
consequence of the spin-density flow associated to the motion
of the itinerant d electrons responsible of magnetism.

Furthermore, since the atoms showing a stronger or more
efficient SOC demagnetize faster than those having weaker
SOC, time delays A build up in the demagnetization of the
latter before a steady-state regime is reached. It has been
shown that the importance of the delay A can be enhanced
by reducing the spin-density transfer rate between different
magnetic components of the alloy. This can be modified, for
example, by reducing the interlattice hopping integrals, as in
the present calculations, by introducing vacancies or by alloy-
ing with nonmagnetic elements. Qualitatively similar trends
have been observed in experiments [48,50,57-59].

A simple phenomenological model has been introduced
in order to analyze and interpret the exact many-body
time propagations. In this way the interplay between local,
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spin-orbit mediated demagnetizations and interatomic spin-
density exchanges has been revealed. Despite its simplicity a
remarkably good agreement with the exact many-body propa-
gations has always been obtained, once the rate constants are
appropriately fitted. This not only demonstrates the validity of
picturing the alloy dynamics in terms of local demagnetiza-
tions and interatomic spin flow, but also allows us to identify
and discern these two main physically distinct processes, the
former being governed by the SOC and the latter being driven
by the interatomic hoppings.

The above conclusions reflect the intrinsic collective dy-
namics of the itinerant electrons responsible for magnetism.
They should be therefore qualitatively valid also when
other forms of excitations are used to trigger the initial

out-of-equilibrium state (e.g., hot electrons or spin-polarized
current pulses). The present study emphasizes the fundamen-
tal role played by both the spin-orbit-driven local spin-flip
transitions and the spin-conserving electronic motion in the
ultrafast magnetization dynamics of TM compounds.
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