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We theoretically investigate the optically-induced demagnetization of ferromagnetic FePt using
the time-dependent density functional theory (TDDFT). We compare the demagnetization mecha-
nism in the perturbative and nonperturbative limits of light-matter interaction and show how the
underlying mechanism of the ultrafast demagnetization depends on the driving laser intensity. Our
calculations show that the femtosecond demagnetization in TDDFT is a longitudinal magnetiza-
tion reduction and results from a nonlinear optomagnetic effect, akin to the inverse Faraday effect.
The demagnetization scales quadratically with the electric field E in the perturbative limit, i.e.,
∆Mz ∝ E2. Moreover, the magnetization dynamics happens dominantly at even multiples nω0,
(n = 0, 2, · · · ) of the pump-laser frequency ω0, whereas odd multiples of ω0 do not contribute. We
further investigate the demagnetization in conjunction to the optically-induced change of electron
occupations and electron correlations. Correlations within the Kohn-Sham local-density framework
are shown to have an appreciable yet distinct effect on the amount of demagnetization depending on
the laser intensity. Comparing the ab initio computed demagnetizations with those calculated from
spin occupations, we show that electronic coherence plays a dominant role in the demagnetization
process, whereas interpretations based on the time-dependent occupation numbers poorly describe
the ultrafast demagnetization.

I. INTRODUCTION

A number of experiments in the late 1990s, pioneered
by Beaurepaire et al., unanimously unveiled the possibil-
ity of ultrafast laser-induced demagnetization of metallic
ferromagnets [1–3]. Ultrafast demagnetization received
tremendous attention due to the prospects of manip-
ulating magnetic moments orders of magnitude faster
than then-known conventional techniques. This remark-
able discovery brought forth the field of femtomagnetism
[4, 5], the development of which could benefit ultrafast
spintronics and faster magnetic data storage devices [6].
The field of femtomagnetism is currently well established
with recent additions of laser-induced magnetic phase
transition [7], coherent control of antiferromagnetic spin
waves [8], and all-optical magnetization switching [9], to
name a few.

Apart from its vast technological applications, the
physics underlying fast demagnetization continues to fas-
cinate researchers. It is one process that gives access to
a time-domain understanding of scattering mechanisms
between electrons, spins and phonons. However, there
are several fundamental issues yet unresolved in ultra-
fast demagnetization, such as the transfer of angular mo-
mentum, interpretation of the magneto-optical signals
of nonthermal electrons, and the entangled mechanisms
of ultrafast demagnetization on short and longer time
scales [4, 10, 11].

The demagnetization mechanism is initialized by an
electronic excitation induced by the external laser field,
with typically an 800-nm wavelength. This is followed
by the thermalization of electrons, diffusion of spins, and
thermal equilibration through interactions between elec-
trons, spins, and phonons [1, 4, 12]. It is nearly im-
possible to have a single theory incorporating all these

processes happening at different time and length scales.
However, the initial step can be assumed to be governed
by the electron-photon interaction, at least for a short
laser pulse of a few femtoseconds duration. Moreover,
there has to be a non-linear optical process that demag-
netizes the material, as there is no linear coupling be-
tween spins and photons, except as a relativistic interac-
tion [13].

To understand how the nonequilibrium electron exci-
tation relates to the mechanism of ultrafast demagneti-
zation requires a fully quantum mechanical theory. Real-
time time-dependent density functional theory (TDDFT)
[14] has recently been successful in disclosing some of the
key aspects of optically-induced demagnetization, includ-
ing the role of spin-orbit coupling [15], the role of electron
correlations [16–18], the role of noncollinear spins [17],
and optical intersite spin-transfer (OISTR) [19–23].

In the present work, we addresses how essentially non-
linear optical excitations can induce ultrafast demagne-
tization, employing TDDFT simulations. We use the
L10-ordered phase of the iron platinum alloy (L10 FePt)
for this study. This material is a strong candidate for
magnetic recording due to its high magneto-crystalline
anisotropy [24, 25] and it has been thoroughly investi-
gated in recent theoretical and experimental studies [26–
29]. Moreover, FePt is a two-component ferromagnet
which allows us to explore also the role of inter-site exci-
tations.

II. METHODOLOGY

We performed real-time TDDFT calculations to un-
derstand the microscopic mechanism of ultrafast demag-
netization. We used exchange-correlation functionals
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within local spin density approximation (LSDA) [30].
Our TDDFT calculations within adiabatic LSDA are per-
formed on a real-space grid, as implemented in the Oc-
topus package [31]. Fully relativistic, norm-conserving
Hatwigsen-Goedecker-Hutter (HGH) pseudo-potentials
were employed, for which relativistic corrections are im-
plemented as a nonlocal operator.

We solved time-dependent Kohn-Sham equation
(TDKS) to obtain the laser-induced changes in the Kohn-
Sham Bloch state of the n-th band at k in the Brillouin
zone. The TDKS equation in atomic units reads,

i
∂

∂t
|ψnk(r, t)〉 =

{
1

2

(
−i∇ +

1

c
A(t)

)2

+ vext + vnl

+vH[n(r, t)] + vxc[n(r, t)]

}
|ψnk(r, t)〉 .

(1)

Here, |ψnk(r, t)〉 is a Pauli spinor with the inclusion
of relativistic corrections. The laser field is incorpo-
rated through the vector potential A(t), vext is the ex-
ternal potential representing the electron-ion interaction,
and vnl is the nonlocal part of the potential accounting
for relativistic corrections. vH and vxc are the Hartree
and exchange-correlation potentials, respectively. In the
present work, wave functions are time propagated with a
time step of 4.8 attoseconds.

To comprehend the importance of time-dependent elec-
tron correlations, we have also time-evolved the Kohn-
Sham wave functions freezing vH and vxc to their ground
state values. This is called an independent particle (IP)
approach, as the electrons are excited in the ground-state
band-structure, irrespective of how other electrons are
time-evolved [17, 32]. Note that with correlations we
mean here those within the Kohn-Sham DFT framework,
not an additionally added electron Coulomb interaction.

The lattice parameters of the primitive tetragonal unit
cell of L10 FePt are a, b = 2.72 Å, and c = 3.76 Å [27].
We sampled the Brillouin zone with a 9 × 9 × 9 grid
and the unit cell with a uniform spacing of 0.13 Å. The
magnetic ground state is in reasonable agreement with
previous works, with magnetic moments of 2.87 µB (Fe)
and 0.29 µB (Pt) along the c axis [27, 33].

The vector potential of the laser field is modeled with
a sin2 envelope. In this case, the fluence of a laser pulse
with peak intensity I0 and duration T is obtained as
3I0T /8. Throughout the paper, we use a laser pulse lin-
early polarized along the x axis with a carrier wavelength
of 800 nm (~ω0 = 1.55 eV) and a pulse duration of 15
fs. The magnetization mentioned in the manuscript is
spin magnetization unless stated otherwise. Also, as the
change in magnetization is observed only along the z axis,
other components are not further considered here.
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FIG. 1. Laser-induced change in the magnetization (scaled)
of L10 FePt for incident laser intensities (fluences) of (a)
1010 W/cm2 (56.25 µJ/cm2), and (b) 2×1012 W/cm2 (11.25
mJ/cm2), calculated within TDDFT (violet) and IP (orange)
approaches. The vector potential of the laser field (grey) has
a central wavelength of 800 nm.

III. RESULTS

In Fig. 1, we present the change in magnetization cal-
culated for L10 FePt with laser pulses of peak intensities
1010 W/cm2 (Fig. 1(a)) and 2×1012 W/cm2 (Fig. 1(b)).
Their respective fluences are 56.25 µJ/cm2 and 11.25
mJ/cm2. These two laser pulses are respectively referred
to as ‘weak’ and ‘strong’ throughout the paper.

We observe that the change in magnetization starts
after a few femtoseconds of the laser interaction. More-
over, the order of magnitude of demagnetization scales
with peak intensity. A noticeable demagnetization close
to 25% is achieved for the strong pulse (Fig. 1(b)), while
for the weak pulse it is about 0.23%. Interestingly, the
magnetization changes even after the laser pulse. This
change for the weak pulse is like a long wavelength os-
cillation, whereas the material continues to demagnetize
for a few more femtoseconds for the strong pulse.

At this point it is instructive to remark that, propa-
gation effects are not in the present calculations. Thus,
the laser fluence is completely absorbed in the unit cell
and is not the same as the pump fluence outside of the
material, as usually denoted in experiments. Specifically,
the energy transferred per unit cell of the material for
the weak and strong laser pulses are 23 meV and 3 eV,
respectively. The latter value is significantly higher than
typical experimental values.

Comparing results from the TDDFT and IP ap-
proaches reveals that the electron correlation enhances
demagnetization (see Fig. 1). This indicates the strong
influence of time-dependent electron correlations in the
microscopic mechanism of ultrafast demagnetization. A
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FIG. 2. (a) Laser-induced change in magnetization as a func-
tion of the peak intensity of the laser field. Magnetization
dynamics in the frequency domain (G, see text for definition),
for incident laser intensities of (b) 1010 W/cm2 and (c) 2×1012

W/cm2.

similar conclusion was obtained for Ni in Ref. [17]. In
addition, the importance of choosing a better exchange-
correlation functional beyond LSDA [18], and the signif-
icance of going beyond the adiabatic approximation in
TDDFT [16] were discussed recently.

In the following subsections, we perform a systematic
investigation, to show how the possible mechanism of ul-
trafast demagnetization in TDDFT is related to an opto-
magnetic effect, the inverse Faraday effect [34]. Further-
more, we demonstrate how the role of electron correla-
tions is different in weak and strong intensity regimes. Fi-
nally, we discuss additional contributions to the element-
resolved magnetization dynamics and highlight the role
of coherence in the demagnetization process, in contrast
to the optically-induced changes of electron occupations.

A. Nonlinear mechanism of the demagnetization

We presented in Fig. 1 how the order of magnitude
of demagnetization scales with the laser intensity. In
Fig. 2(a), we show how demagnetization depends on the
peak intensity of the laser field. The change in the mag-
netization is estimated at the end of the laser pulse. In
Fig. 2(a), we see a linear dependence of ∆Mz on laser
intensity up to an intensity order of 1011 W/cm2. How-
ever, there is an apparent deviation from this behavior
in a stronger laser field.

To understand the magnetization dynamics in the fre-
quency domain, we define G = |FT (∂Mz/∂t)|2, where

FIG. 3. (a) A typical frequency distribution of an ultra-short
laser field with central frequency ω0. (b) Electronic Raman
excitation, and (c) two-photon absorption, where |n〉, |l〉, and
|m〉 are electronic states at a particular k point.

FT is the Fourier transform. Figures 2(b) and 2(c)
present calculated G for the weak and the strong laser
fields, respectively. The figures reveal that the change in
magnetization happens at even orders of the pump laser
frequency. For a material with inversion symmetry, the
dynamical symmetry of the time-dependent Hamiltonian
allows the magnetization to follow this behavior (see Ap-
pendix A for the proof).

For the weak laser, the prominent magnetization
dynamics happens close to zero and 2ω0 frequen-
cies (Fig. 2(b)). Let us try to understand the pos-
sible mechanisms of magnetization dynamics in the
weak/perturbative limit of laser interaction. The typ-
ical frequency distribution of an ultrashort laser pulse
with central frequency ω0 is shown in Fig. 3(a). The fig-
ure shows that a range of frequencies centered around ω0

co-exist in the laser field. From Figs. 2(a) and 2(b), we
can deduce that the change in magnetization is due to a
mechanism described as

∆Mi(ω
′ ± ω′′) = αijkEj(ω

′)E∗k(ω′′) + c.c., (2)

where αijk is the optomagnetic susceptibility, E(t) is the
electric field of the laser, and ω′, and ω′′ are frequencies
of the laser field.

It is well known that there is no linear coupling term
between spins and photons within the dipole approxima-
tion. This implies that the mechanism of light-induced
change in magnetization is a nonlinear optical process
involving at least two photons. Schematic diagrams of
two possible electronic processes that satisfy Eq. (2) are
shown in Figs. 3(b) and 3(c). Let us consider different
electronic states at a particular k point in the Brillouin
zone. Intuitively, one of the processes is when an elec-
tron in state |n〉 jumps to another state |m〉, close in
energy, with an intermediate higher energy state |l〉 (see
Fig. 3(b)). This is the electronic Raman scattering when
|m〉 6= |n〉, otherwise called electronic Rayleigh scatter-
ing. These mechanisms contribute to magnetization dy-
namics close to zero frequency. It is interesting to note
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that the electronic Raman process was proposed to cre-
ate a laser-induced effective magnetic field resulting in
the inverse Faraday effect [10, 35]. However, this theory
was obtained from thermodynamic energy considerations
for circularly-polarized laser light interacting on nonab-
sorbing media. Recently, an ab initio material-specific
theory confirmed the role of these electronic processes in
the inverse Faraday effect [36–38].

The difference between the causes of the inverse Fara-
day effect and ultrafast demagnetization is an additional
contribution from the two-photon absorption (Fig. 3(c)).
The two-photon absorption is responsible for the mag-
netization dynamics close to 2ω0 in Fig. 2(b). Note
that, for a centrosymmetric material, electric-dipole tran-
sitions are observed between electronic states of opposite
parity. In contrast, two-photon interactions such as the
electronic Raman or two-photon absorption happen be-
tween states of the same parity. So, the selection rules
between initial and final states for these processes are
similar to electric quadrupole or magnetic dipole transi-
tions [39]. Moreover, these electronic processes depend
on having a range of frequencies in the laser field, point-
ing out their relation to the ultrashort duration of the
laser pulse.

One of the advantages of real-time TDDFT is that it
does not restrict us to the perturbative limit of light-
matter interaction. Hence, higher-order processes such
as four-photon absorption are included by default in the
calculation. Moreover, all these higher-order interactions
have their Raman and Rayleigh counterparts, all con-
tributing near the zero frequency. However, when the
laser pulse is weak, we can see that the higher-order in-
teraction terms are much weaker, typical for the pertur-
bative limit (note the logarithmic scale in Fig. 2 (b)). In
contrast, in Fig. 2 (c), we can see that second and fourth-
order dynamics are happening with comparable intensity.
This shows the highly nonperturbative nature of the un-
derlying high-intensity mechanism. These nonperturba-
tive contributions are responsible for the deviation from
the linear intensity dependence in Fig 2(a). In short,
we have demonstrated the essential sub-femtosecond pro-
cesses of ultrafast laser-induced demagnetization.

Previous calculations of the light-induced change of the
magnetization through the inverse Faraday effect – which
can happen even with linearly polarized light in a ferro-
magnet – gave values 10−2−10−3 µB per atomic volume
for (continuous wave) laser intensities of 1010 W/cm2

[38], quite comparable with the TDDFT result.

B. Insights from out-of-equilibrium spin-dependent
occupations

In this section, we will explore the role of band struc-
ture, spin-dependent occupation numbers, electron cor-
relation, and coherence in the mechanism of ultrafast de-
magnetization through the formalism of density matrices.

It is important to mention that spin-orbit coupling

is at the heart of ultrafast demagnetization in TDDFT
[15] also of these nonlinear optomagnetic processes [38].
Without spin-orbit coupling, the spin can obviously not
be changed. We start therefore with considering the
Kohn-Sham Bloch state, ψnk(r), which is a linear super-
position of pure spin states given by, ψnk(r) = [ank(r)|↑
〉 + bnk(r)|↓〉]eik·r. For majority-spin, the term bnk de-
scribes the spin mixing in the Bloch state. Consider a
dipole allowed transition between two of such states sep-
arated by an energy of ~ω0. The dipole transition of
an electron between these states could change the spin
polarization due to the different amounts of spin mix-
ing present in these states. This is analogous to the
Elliott model for spin loss due to electronic transitions
[40], which has been considered previously [41–44]. This
mechanism is referred to as demagnetization due to light
absorption in Ref. [45]. However, this needs to be recon-
ciled with the idea that electric dipole transition should
preserve magnetization. Below, we will show that a
change in spin mixing and the related spin occupation
numbers does not necessarily imply a change in magne-
tization during the laser interaction.

Next, we introduce the density matrix. The set of ex-
cited Kohn-Sham wave functions, {|ψnk(t)〉} can be ex-
panded in terms of the ground-state Kohn-Sham wave
functions,

{
|ψ0
nk〉
}

, as |ψnk(t)〉 =
∑
m α

nk
m (t)|ψ0

mk〉. The
time-dependent density matrix elements between states
|ψ0
ik〉 and |ψ0

jk〉 can be defined as

ρkij(t) =
∑
n

fnkα
nk
i (t)αnk∗j (t), (3)

where fnk is the initial occupation of |ψ0
nk〉. Here, the

diagonal elements of the density matrix elements gov-
ern the time-dependent occupations, and off-diagonal ele-
ments describe the electron coherence between the states.

The nonequilibrium electron occupations can be esti-
mated as, g(ε) =

∑
n,k ρ

k
nnδ(εnk−ε), where εnk is the en-

ergy eigenvalue of the state |ψ0
nk〉. In Figs. 4(a) and 4(c)

we show the electron occupations after the laser pulse for
the weak and the strong laser fields. The green shaded
area in Fig. 4 depicts the density of states of the electrons.

The nonlinear mechanisms described in Sec. III A guar-
antee only a change in the magnetization. It is the pe-
culiar shape of the density of states in ferromagnets that
guides demagnetization. It is clear from the density of
states that any nonequilibrium spin occupation tends to
demagnetize the material. This is also true even if the
laser field has a helicity [38] unlike the inverse Faraday
effect in nonmagnetic materials.

For getting a better picture, the spin-resolved change
in occupations after the laser pulse is plotted in Figs. 4(b)
and 4(d). For the weak pulse, optical transitions happen
for electronic states between ±~ω0. On the other hand,
when the laser pulse is strong, transitions happen even in
the range ±2~ω0. In both cases, an increase in the num-
ber of minority electrons and depletion in the number of
majority electrons can be recognized.
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FIG. 4. Laser-induced modification of electron occupations (orange line) after the laser pulse for a laser of peak intensity
(a) 1010 W/cm2, and (c) 2×1012 W/cm2. Majority and minority electrons are represented, respectively, by the positive and
negative y axis. The ground-state density of states is shown by the green shaded area. Panels (b) and (d) show the laser-induced
change in the electron occupations corresponding to panels (a) and (c), respectively.

ΔMocc (IP)

ΔMocc (TDDFT)

ΔMtot (IP)

ΔMtot (TDDFT)

FIG. 5. Ultrafast laser-induced demagnetization computed
with TDDFT (∆Mtot) along with the magnetization change
due to change in the electronic occupations (∆Mocc) for
a laser of peak intensity (a) 1010 W/cm2, and (b) 2×1012

W/cm2. For comparison, results computed with the IP ap-
proximation are also given.

The contrasting difference in the weak and strong laser
regimes observed here is in the role of electron correla-
tions. When the laser pulse is weak, the excited electron

occupations are the identical for TDDFT and the IP ap-
proximation. This is surprising since the same is not true
for the demagnetization shown in Fig. 1(a), where elec-
tron correlations enhance demagnetization. On the other
hand, for a stronger laser pulse, dynamical electron cor-
relations increase the amount of spin-flip excitations.

To better understand the time-evolution of the elec-
trons, we analyze the equation of motion of the density-
matrix elements. The time-dependent Kohn-Sham

Hamiltonian can be effectively written as, ĥ(t) = ĥ0 +

δhee(t) + ĥlm(t). Here, ĥ0 is the ground-state Hamil-
tonian. The time dependence in the Hamiltonian is at-
tributed to dynamical changes in the electron-electron
potentials, δhee(t), and the laser-matter interaction,

ĥlm(t). The difference between the IP and TDDFT ap-
proaches is the presence of the δhee(t) term in the Hamil-
tonian. The equation of motion for the density-matrix
elements is given by,

∂

∂t
ρnn′ = −i

{
ρnn′(εn − εn′)− [ρ̂, δĥee + ĥlm]nn′

}
. (4)

Note that these excitations happen between different
states at a particular k point, and the k-index is im-
plicitly included. The magnetization dynamics follows
as,

∂

∂t
M = −i

∑
nn′

{
Mn′nρnn′(εn − εn′) + Mn′n[ρ̂, δĥee]nn′

}
,

(5)
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where Mnn′ are the matrix elements of the magnetization
operator.

We could notice a few points from Eq. (5). The role
of spin-orbit coupling strength is evident with the pres-
ence of Mnn′ , which would otherwise be zero between
different states. Moreover, as expected, there is no linear

dependence of ĥlm and the magnetization appearing.
In Fig. 5 we compare the change in magnetization Mtot

within the TDDFT and IP approaches with the demag-
netization due to the changes in the occupation numbers.
We define the magnetization due to a change of spin oc-
cupations Mocc as

Mocc(t) =
1

Nk

∑
n,k

Mk
nnρ

k
nn(t), (6)

where Nk is the number of k points. By definition,
Mocc = Mtot in the ground state. We can clearly see
from Fig. 5 that Mocc and Mtot (same as in Fig. 1) have
different temporal behaviors.

We start by analyzing the magnetization due to spin-
occupation numbers. Figure 5(a) shows that Mocc is the
same within TDDFT and IP approaches when the laser
pulse is weak, consistent with Fig. 4(b). However, the be-
havior of Mocc has considerable deviation close to the end
of the laser pulse for the strong pulse (Fig. 5(b)). From
Eq. (4), it is evident that, after the laser pulse, modifica-
tions in electron occupations are governed by the change
in electron correlations. Thus, Mocc is expected to be a
constant after the laser pulse when calculated within the
IP approach, in agreement with Fig. 5. The role of elec-
tron correlation for the strong laser pulse is in increasing
the number of excited electrons, resulting in a higher de-
magnetization. In addition, electron-correlation-driven
modifications in Mocc continue to demagnetize the ma-
terial five more femtoseconds after the laser pulse. It is
essential to mention that the mechanism of demagneti-
zation for a strong laser pulse is beyond a static band-
structure picture.

When an electron is excited by light, an electronic
coherence is formed between states in addition to the
transfer of occupations. As mentioned earlier, electronic
coherence is included in the off-diagonal density-matrix
elements. So, the difference between Mocc and Mtot is
this contribution. It is evident that the first driving term
in Eq. (5) is entirely governed by electronic coherence.
For example, when a two-photon absorption modifies the
magnetization, the magnetization dynamics will have a
frequency component of 2ω0. On the other hand, the long
wavelength oscillations observed in Fig. 1(a) are due to
the electronic coherence contribution of electronic Raman
excitations. Clearly, in Fig. 5(a), the role of electron-
electron interaction is to enhance the electron coherence
between the states keeping the occupations of electrons
fixed. We explain below how this is related to the elec-
tronic Raman mechanism.

Electronic Raman excitations do not have to change
the occupation of states. Suppose |m〉 and |n〉 are two

partially occupied states. Consider the case when the
electronic Raman process happens between these states
simultaneously back and forth. This means that there is
no transfer of occupation between these states, but co-
herence is induced. Such a process requires two electrons
at different electronic states to communicate. This is why
the coherence contribution increases during the laser in-
teraction with the support of dynamic modification of
electron correlations.

Additionally, we note that the change in Mocc starts
even before the total magnetization Mtot begins to de-
magnetize. The demagnetization due to a change of the
spin occupations has already reached about 75% at the
middle of the pump pulse, whereas Mtot just begins to re-
duce. The rapid change of the spin occupations can be at-
tributed to dipole excitations between spinor states with
different spin mixing, as discussed in the beginning of this
section. However, such excitations conserve clearly the
total magnetization, compensated by electron coherence.

Note that the relative contribution from the coherence
is weaker for a strong laser pules. In addition, persistence
of these effects is characterized by the dephasing time,
which is usually shorter than the thermalization time of
electrons.

Our findings are furthermore supported by the spectral
distribution of excited Kohn-Sham wave functions pre-
sented in Appendix B. These show that electronic transi-
tions happen at ±~ω0 for the weak laser intensity, while
some transitions occur also at ±2~ω0 for the strong laser
intensity. The magnetization-changing electronic Raman
transitions near ~ω ≈ 0 increase notably with laser in-
tensity as well as with the dynamical modification in the
electron correlations, giving a stronger demagnetization.

In short, our results show how the role of electron
correlation in ultrafast demagenetization is distinct de-
pending on the laser intensity. In the strong laser
field, electron correlation modifies the electron occupa-
tion substantially, even after the laser pulse, resulting in
a stronger demagnetization. On the other hand, in the
weak field, electron correlation enhances the electronic
Raman excitations and results in an enhanced demag-
netization even without changing the occupations. This
illustrates how the role of electron coherence is crucial in
understanding these processes and proves that a change
in spin occupation does not necessarily imply a change
in magnetization.

C. Element-resolved contributions

So far, we have discussed how the net magnetization of
the material changes due to the laser interaction. In this
section, we explore the element-resolved changes in mag-
netization when a weak or strong laser interacts with L10
FePt. For that, the magnetization is calculated within
atomic spheres, and, in addition, the interstitial contri-
bution is analyzed.

Figure 6 presents the element-resolved change in mag-
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(a) (b)

(c) (d)

(e) (f)

FIG. 6. Element-resolved change in magnetization of L10 FePt for a laser with a peak intensity of 1010 W/cm2 (left panels),
and 2×1012 W/cm2 (right panels). The demagnetization of Fe and Pt is normalized in panels (a) and (b). The absolute value
of the demagnetization is given in panels (c) and (d). Change in the magnetization in the interstitial region is presented in
panels (e) and (f).

↑

↑

(a) (b)

(c) (d)

FIG. 7. The change in the number of majority (top panels)
and minority electrons (bottom panels) around atoms when
lasers of peak intensity 1010 W/cm2 (left panels) and 2×1012

W/cm2 (right panels) interact with FePt. The spin-orbit cou-
pling is turned off in these calculations.

netization for weak (left panels) and strong (right panels)
laser pulses. Interestingly, the demagnetization in Pt is
larger compared to Fe in the weak laser field [Fig. 6(a)].
In contrast, Fe demagnetizes comparatively more in the
strong external field, and an initial magnetization in-
crease is observed on Pt during the pump laser field
[Fig. 6(b)]. The increase of magnetization on Pt and a
decrease on Fe has previously been referred to as optically
induced spin transfer (see also [19, 20, 22]). A fluence de-
pendence of OISTR has been computed for FePd3 alloy
in Ref. [23].

To understand the underlying process, we compare the
element-resolved demagnetization with and without spin-
orbit coupling in Figs. 6(c) and 6(d). Moreover, the time-
resolved magnetization in the interstitial region is shown
in Figs. 6(e) and 6(f).

We observe a change in magnetization on Fe and Pt
even without the spin-orbit coupling. This can be under-
stood in a similar way as the change of spin polarization
due to optical excitation in the Elliott model [40]. But
instead of spin mixing, we have a Bloch wave function
of hybridized Fe and Pt states. Before excitation, the
wave function consists of mainly spin-majority electrons
localized at the Fe atom. The laser excites electrons to
unoccupied states with a different hybridization amount
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of Fe and Pt states. Such processes conserve the to-
tal spin magnetic moment but delocalize it within the
unit cell. The redistribution of electrons to delocalized
states also changes the number of spin-polarized electrons
within the atomic spheres. This charge redistribution
is the background of OISTR. This optical charge trans-
fer is strongest near the peak of the laser pulse, and it
also induces magnetization in the interstitial part of the
unit cell as shown in Figs. 6(e) and 6(f). In contrast to
OISTR, the mechanism of demagnetization occurs within
the atomic spheres due to the requirement of spin-orbit
coupling. This is also supported by the close resemblance
of the interstitial magnetization increase with or without
spin-orbit coupling.

To understand the delocalization of spin among differ-
ent regions of the unit cell, we plot the change in the
number of spin-polarized electrons in Fig. 7. The spin-
orbit coupling is turned off to examine the effect of inter-
site excitations. In the weak field limit, we see there is
no significant change in the number of electrons around
Pt (Fig. 7(a) and 7(c)). The charge transfer happens be-
tween regions Fe and the interstitial region close to Fe
(not shown here). This means there is no charge transfer
between Fe and Pt in the weak field case. However, in the
strong laser field, we see a decrease of majority-spin and
increase of minority-spin electrons on Fe and the oppo-
site on Pt. Effectively, the re-distribution in the excited
state implies that majority electrons are transferred from
Fe to Pt (Fig. 7(b)), whereas the minority electrons are
transferred from Pt to Fe (Fig. 7(d)). Both these effects
are comparable in magnitude and give rise to a net op-
tical intersite transfer of spin polarization from Fe to Pt
atomic spheres. This process is however not responsi-
ble for the laser-induced demagnetization which requires
spin-orbit interaction as well as coherence, as shown in
Sec. III B.

In short, in addition to the underlying spin-flip mech-
anism, OISTR is also strongly intensity dependent. This
results in dissimilar element-resolved demagnetization
dynamics depending upon the laser intensity [23]. The
element-resolved demagnetization is governed by the
spin-flip excitations of electronic Raman-type for the
weak field. Since these spin-flip excitations depend
on spin-orbit coupling, Pt demagnetizes more than Fe.
When the laser pulse is considerably strong, the spin po-
larization on Pt initially increases by OISTR and then
demagnetizes due to spin-flip Raman excitations, result-
ing in a weaker concomitant demagnetization.

IV. DISCUSSION

Previously, several mechanisms have been proposed to
explain ultrafast optically induced demagnetization [4].
Among these are influence of spin-orbit coupling [46],
transfer of angular momentum to phonons [47, 48], ultra-
fast magnon generation [49–51], transfer of spin angular
momentum to orbital angular momentum [52], effect of

electronic correlations [16, 52], superdiffusive spin trans-
port [12, 53], and OISTR [19–22, 54].

Within the here-applied TDDFT framework, it is not
possible to investigate phonon and magnon quasiparticle
scattering as demagnetization channels and neither su-
perdiffusive transport, which occurs on a length scale of
several nanometers and a time scale of femtoseconds to
picoseconds. Our calculations are consistent with previ-
ous work [46] and TDDFT calculations that emphasized
the importance of spin-orbit coupling [15]. The observed
need to account for density-functional electron correla-
tions is furthermore consistent with previous TDDFT
investigations [16, 17].

To investigate the spin-to-orbital angular momentum
transfer [52] we present a comparison of laser-induced
changes in the spin and orbital contributions of the mag-
netization in Appendix C. We find that there is practi-
cally no change of the orbital magnetization, in contrast
to the strong reduction of the spin magnetic moment (see
Fig. 9). This might seem to rule out the proposed trans-
fer to orbital angular momentum [52], but we note that
it was pointed out recently that real-time ab initio meth-
ods violate angular momentum conservation even at the
electronic level [55].

OISTR [19] appears as a redistribution of spin-
polarized electrons due to light absorption, present even
without spin-orbit coupling. Our calculations show that
there is not only a light-induced change of occupations
on the Fe and Pt atoms, but also a comparable change
in the interstitial region (see Fig. 7), consistent with
dipole transitions occurring to more delocalized states.
The change in magnetization purely from OISTR can be
quantified only when the spin-orbit coupling is turned
off. In this scenario, it is easy to see that the estimate
is related to the electronic occupations projected on the
atomic spheres. This estimate, similar to Mocc, does
not depend on the electron coherence. This is further
supported by the fact that the change in magnetization
due to Mocc and OISTR start at an earlier time than
the actual demagnetization (see Fig. 5). Thus, unlike
for the demagnetization, time-dependent electron occu-
pations can be used to interpret OISTR. As the total
demagnetization is zero during OISTR, the magnetiza-
tion decreases on Fe and increases in the interstitial re-
gion and on Pt. Such signature of magnetization on the
nonmagnetic atom has been observed recently in com-
pounds consisting of ferromagnetic and nonmagnetic el-
ements [21, 22], using magneto-optical detection in the
extreme ultraviolet (XUV) regime. It should be noted
however that the measured optical and magneto-optical
signals are significantly modified through the presence
of nonequilibrium electron occupations [11]. These can
lead to an artificial increase in the magneto-optical sig-
nal as was shown for the demagnetization of elemental
Ni [56, 57], where OISTR is absent. It is therefore not
straightforward to attribute an increase in the magneto-
optical signal to OISTR.

Lastly, we can elucidate the material-specific nature of
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ultrafast demagnetization by comparing that of Fe in L10
FePt and of body-centered cubic (bcc) Fe. The computed
demagnetizations are compared in Appendix D, Fig. 10.
The results show that Fe in L10 FePt is demagnetized
ten times more than elemental bcc Fe. This can be at-
tributed to the strong spin-orbit coupling of Pt which
assists the electronic Raman-type spin-flip excitations.
Moreover, as the density of states of the two materials is
different, the qualitative demagnetization behavior and
demagnetization time are also considerably different.

V. CONCLUSIONS

Employing the TDDFT approach, we have investi-
gated how optically induced demagnetization proceeds
in ferromagnetic FePt in the perturbative and nonper-
turbative limits of light-matter interaction.

Our first key finding is that the demagnetization dom-
inantly occurs at zero-frequency excitations and, to a
lesser extent, at even multiples of the pump-laser fre-
quency ~ω0, whereas there is vanishing demagnetization
occurring at excitations at odd multiples of ~ω0. The
dominant demagnetizing light-matter interaction is iden-
tified as an electronic Raman process, akin to the in-
verse Faraday effect. This is vindicated further by our
findings that the demagnetization happening during the
laser pulse is a longitudinal, nonlinear effect that scales
as ∆Mz ∝ E2 in the perturbative limit. This finding is
in addition consistent with the fact that there is no non-
relativistic, linear coupling between the spin and photon
field [13]. Moreover, we find that in the nonperturbative
regime the magnetization dynamics due to electronic Ra-
man excitations and OISTR are distinct.

Our second key finding is the importance of electron
coherence for the demagnetization process. The signif-
icance of electron coherence, expressed by nonzero off-
diagonal density-matrix elements, becomes evident when
one compares demagnetization to the optically-induced
change in spin occupations. The temporal evolution of
spin occupations is drastically different from that of the
magnetization. Moreover, a change in spin occupation
caused by the optical excitations between Bloch states of
different spin mixing doesn’t result in a change in magne-
tization in the initial phase of the light interaction. This
observation is relevant for OISTR, which is a redistribu-
tion of atomic spin occupations due to the laser pulse,
as these do not include electron coherence and, hence,
cannot adequately describe the time evolution of demag-
netization.

Our third finding is the importance of correlations
within the Kohn-Sham framework. These have an ap-
preciable influence on the demagnetization and cooper-
ate with the electronic Raman transitions to enhance the
demagnetization.

Summarizing, our TDDFT calculations provide insight
in how the process of ultrafast laser-induced demagne-
tization takes place. We believe that our findings will

be helpful for the understanding and interpretation of
optical demagnetization measurements on an ultrashort
times scale, during and immediately after the laser exci-
tation.

Appendix A: Magnetization behavior in the
frequency domain

Consider the time-dependent Kohn-Sham Hamiltonian
described in Eq. (1). For simplicity, we assume that the
above Hamiltonian is time-periodic, with the period of

the laser pulse, i.e., ĥ(r, t + τ) = ĥ(r, t). Moreover, the
periodicity of the laser field implies that A(t + τ/2) =
−A(t). This approximation neglects any non-periodic
modification in the exchange-correlation terms and as-
sumes a slowly varying envelope for the laser field.

L10 FePt has inversion symmetry in its ground state.
However, this symmetry is broken when the light-matter
interaction term (∝ A(t) · p̂) is present. We recognize
that the time-periodic Hamiltonian has the following dy-
namical symmetry in which one simultaneously applies a
space inversion (r → −r) and a time translation by half
the time period (t→ t+ τ/2).

We can define a unitary operator Û related to the

above dynamical symmetry as ĥ(r, t) = Û ĥ(−r, t +

τ/2)Û†. Similarly, the transformation on the magneti-

zation operator is m̂(r, t) = Ûm̂(−r, t+ τ/2)Û†. More-
over, using the above transformation in the TDKS equa-
tion, we can show that the wave functions transform as
Û†ψ(r, t− τ/2) = ψ(−r, t).

From the above relations, we obtain the space-time
relation of the magnetization as m(r, t) = m(−r, t +
τ/2). Finally, we get the time dependence of the net
magnetization by integrating m(r, t) in the unit cell as
M(t) = M(t+ τ/2). The Fourier transform of M(t) in
orders of the laser frequency, ω0 = 2π/τ , can be written
as

M(nω0) =

∫
M(t)einω0tdt

=

∫
M(t+ τ/2)einω0(t+τ/2)dt

= einπM(nω0) .

(A1)

Thus, the magnetization dynamics driven by light is due
to electronic processes at even orders of the laser fre-
quency, whereas odd orders do not contribute, consistent
with our TDDFT calculations.
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FIG. 8. The spectral distribution of excited Kohn-Sham wave
function in FePt using the TDDFT and IP approaches for a
laser with peak intensity of (a) 1010 W/cm2, and (c) 2×1012

W/cm2. The difference ∆η (= ηTDDFT − ηIP) of the spec-
tral distributions of the two approaches is shown by the blue
shaded lines in (b) and (d).

Appendix B: The spectral distribution of excited
Kohn-Sham wave functions

The spectral density of the excited state wave function
at the end of the laser pulse is defined as,

η(Ω, t) =
∑
m,n
m6=n

∑
k

fnk|αk
mn(t)|2δ(εmk − εnk − Ω). (B1)

This quantity contains all electronic excitations between
states at different energies in the material. To distin-
guish the excited electrons, we exclude the projection of
wave functions on their ground state wave function in the
summation.

The spectral density of the excited state carries infor-
mation such as, at what energies electrons are excited.
In Fig. 8(a) and (b) we present η(Ω) calculated for the
TDDFT and IP approaches, for the laser with weak and
strong intensities, respectively. The spectral distribution
shown is computed at t = 20 fs. The difference ∆η from
these two approaches is shown by blue lines in Fig. 8(b)
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) [
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]
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FIG. 9. Calculated change in the spin and orbital magnetiza-
tions during the ultrafast demagnetization of FePt. The laser
parameters used are the same as in Fig. 1(b).

and (d). We observe that electronic excitations happen
dominantly at the frequencies of the laser field. The im-
balance between the peaks at +ω0 and -ω0 indicates ab-
sorption.

Electronic excitations close to zero frequency are
clearly visible in Fig. 8(c), representing the electronic
Raman transitions that cause the demagnetization. The
difference in η for the TDDFT and IP approaches shows
that electronic Raman transitions are enhanced by dy-
namical modifications in the electronic correlations.

Appendix C: Comparison of spin and orbital
demagnetizations

Figure 9 compares the calculated change in spin and
orbital angular momentum during ultrafast demagnetiza-
tion. The laser parameters are the same as in Fig. 1(b).
It is evident that the change in orbital angular momen-
tum is comparatively small. Specifically, in TDDFT the
lost angular momentum in the spin part is not transferred
to the orbital angular momentum of the electrons.

Appendix D: Comparison to demagnetization in bcc
Fe

Figure 10 compares the ultrafast demagnetization of
Fe in L10 FePt with that of iron in the body centered cu-
bic (bcc) unit cell. The unit cell of iron is modeled with
a lattice parameter of 2.48 Å. The bcc Brillouin zone is
sampled with a grid of 12 × 12 × 12. The demagneti-
zation of Fe in FePt is about ten times larger than that
in bcc Fe. The main reason for the stronger demagne-
tization is the strong spin-orbit coupling of Pt which is
favorable for spin-flip Raman-type excitations.
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[41] D. Steiauf and M. Fähnle, Phys. Rev. B 79, 140401

(2009).
[42] M. Krauß, T. Roth, S. Alebrand, D. Steil, M. Cinchetti,

M. Aeschlimann, and H. C. Schneider, Phys. Rev. B 80,
180407 (2009).

[43] K. Carva, M. Battiato, D. Legut, and P. M. Oppeneer,
Phys. Rev. B 87, 184425 (2013).

[44] A. Baral, S. Vollmar, S. Kaltenborn, and H. C. Schnei-
der, New J. Phys. 18, 023012 (2016).

[45] P. Scheid, G. Malinowski, S. Mangin, and S. Lebègue,
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