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ABSTRACT

We study the interplay between spin waves (magnons) and plasma waves (plasmons) in a ferromagnetic
material, using an augmented Vlasov-Poisson model that includes the electron spin dynamics. The ions
are fixed, but their spins can evolve in time on the unit sphere according to the Landau-Lifshitz equation,
which includes nearest-neighbor magnetic interactions. The two components interact not only through the
electrostatic Coulomb force, but also via magnetic-exchange interaction terms. The linear response analysis
reveals the existence of a wave-particle resonance occurring at the frequency of the magnons. This resonance
gives rise to significant energy exchanges between the magnons and the electrons, resulting in a rapid loss of
the localized magnetism akin to the ultrafast demagnetisation observed in experiments on thin ferromagnetic
films. Depending on the initial electronic spin polarization, the resonance can lead to either damping or
instability of the wave. These results show that wave-particle effects, similar to those frequently encountered

in plasmas physics, may play a key role in spin-polarized plasmas and electron beams.

I. INTRODUCTION

Ultrafast magnetism refers to the study of magnetic
phenomena that occur on extremely short time scales,
typically in the range of femtoseconds to picoseconds. It
focuses on the rapid evolution of magnetic order following
external perturbations, such as laser irradiation, and pro-
vides fundamental insight into the spin dynamics at the
nanoscale. A central topic within ultrafast magnetism re-
search is the interaction between ultrashort laser pulses
and magnetic materials, which enables the observation of
sub-picosecond changes in the magnetic properties of the
sample. The seminal work by Beaurepaire et al." demon-
strated that such laser excitation can induce a rapid loss
of magnetization in ferromagnetic thin films. Despite
significant progress, the microscopic mechanisms under-
lying this ultrafast demagnetization process remain the
subject of ongoing investigation®?3.

Beyond such fundamental physics issues, achieving
control over ultrafast demagnetization across a wide
range of magnetic materials is essential for the develop-
ment of future high-speed spintronic and magneto-optical
devices. While early studies concentrated on ferromag-
netic thin films*®, subsequent research has extended to
systems with more complex magnetic ordering, including
ferrimagnets® and antiferromagnets”. It is also known
that the ultrafast demagnetization facilitates the con-
version of laser pulses into terahertz (THz) electrical
currents®?. This process relies on the generation of spin
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currents in response to electromagnetic pulses, which has
been described in recent computational studies!®. Fi-
nally, spin polarized plasmas have been considered in the
contexts of nuclear fusion research!'''? and plasma wake-
field acceleration, where the generation of highly spin-
polarized electron gases via spin filters has been recently

demonstrated experimentally!314.

A widely adopted theoretical framework to describe
the ultrafast demagnetization is the so-called three-
temperature model'. Tt is a macroscopic (non space-
resolved), phenomenological model that decomposes the
system into three interacting subsystems — electrons, ion
lattice, and spins — each subsystem being described as
a thermal bath at instantaneous thermodynamic equilib-
rium. Using this approach, it was shown that electron-
magnon scattering (representing energy transfer between
the electronic and spin subsystems) occurs on ultrashort
timescales and significantly influences the initial phase of
the ultrafast demagnetization'®17.

In the present work, we investigate the ultrafast
magnetization dynamics from the viewpoint of plasma
physics, using a microscopic phase-space model that
goes well beyond the simple quasi-equilibrium approach
adopted in the three-temperature model'® 2. In our
model, we distinguish two types of magnetism: (i) itin-
erant magnetism, carried by the conduction electrons
that are spatially delocalized (s orbitals) and (ii) fixed
magnetism, carried by localized d-orbital electrons, here-
after denoted simply as “the ions”. The itinerant elec-
trons are described by a set of Vlasov equations gen-
eralized to the case of spin-1/2 fermions, whereas the
fixed ions are modeled by a Landau-Lifshitz equation?!,
which governs the evolution of the ion magnetization
S(z,t) in space and time. The itinerant electrons and
the fixed ions interact with each other through electro-
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static Coulomb forces (Poisson equation) and through
magnetic-exchange interactions modeled in the RKKY
(Ruderman-Kittel-Kasuya-Yosida) approximation®?. A
sketch of the different species intervening in the model,
together with their respective interactions, is provided in
figure 1. We will refer to this mathematical model as
the spin-Vlasov-Poisson-Landau-Lifshitz (sVPLL) set of
equations.

The fastest timescale in this system is given by the
plasmon frequency w, =~ 10%THz, corresponding to
times around 0.1 fs, whereas oscillations of the ion spins
(magnons) have much smaller frequencies wmag ~ 10 —
1000 THz. Phonon modes, i.e., vibrations of the atomic
lattice, occur at even slower frequencies (~ 1THz), cor-
responding to several picoseconds®3. As we are interested
in the dynamics on timescales of a few hundred femtosec-
onds, electron-phonon interactions will be neglected here.

An earlier version of the model, together with a de-
scription of the related computational methods, was de-
veloped in a prior work?*. There, the electron gas
was supposed to be weakly degenerate and therefore
described using the Maxwell-Boltzmann distribution, a
scenario that is appropriate for spin-polarized electron
beams'®14, In contrast, in solid state systems, where
the Fermi temperature is typically larger than 10* K, the
electron gas is highly degenerate even at room tempera-
ture and a Fermi-Dirac distribution should be used.

The present work aims at investigating the combined
electron-magnon (i.e., charge-spin) collective dynamics in
a realistic ferromagnetic material. We will show that res-
onant wave-particle effects, similar to those well-known
from plasma physics, can occur in these systems. In par-
ticular, magnon waves can resonate with the electrons, as
their phase velocity falls within the electron Fermi-Dirac
distribution—i.e, Wmag/k < vp, where k is the wave num-
ber and v the Fermi velocity. This resonance gives rise
to significant energy exchanges between the spin modes
(magnons) and the electrons, resulting in a rapid loss
of the localized magnetism akin to the ultrafast demag-
netisation observed in the experiments'. Note that, in
contrast, plasmons are not resonant, as wp/k: > vp, SO
that Landau damping and other resonant plasma effects
are excluded.

The present work is organized as follows. The details
of the mathematical model are illustrated in Sec. II. The
linear response and dispersion relation is analyzed in Sec.
ITI. Numerical simulations in the nonlinear regime are
shown in Sec. IV and conclusions are drawn in Sec. V.

Il. SPIN VLASOV MODEL

The system considered in this study consists of a fer-
romagnetic layer with a thickness of the order of a few
nanometres, maintained at room temperature. For the
purpose of defining the atomic and electronic parame-
ters, we adopt the properties of pure nickel (Ni), char-
acterized by an atomic density n; = 9.1 x 102 m™3.

electron plasma

ion\)

FIG. 1. Schematic view of the electron-magnon system. The
electron cloud, illustrated as dark blue dots with arrows, rep-
resents the itinerant component of magnetism. In contrast,
the ion spin chain, shown in red, corresponds to the localized
magnetic component. Electron-electron interactions are gov-
erned by the electrostatic potential and involve the vacuum
permittivity 9. Ion-ion interactions arise from magnetic ex-
change between nearest-neighbor ions and are proportional to
the exchange constant J. The coupling between electrons and
ions is described by the magnetic exchange interaction in the
RKKY approximation®?, which links the spin orientations of
the two subsystems through the coupling constant K.

The corresponding interatomic spacing a is set to be
equal to twice the Wigner-Seitz radius r,, defined so that
4mnrd/3 = 1, yielding @ = 0.275nm. In nickel, two
electrons per atomic site populate the conduction band
(Z = 2). However, for simplicity, a charge state of Z = 1
will be assumed everywhere in this work, so that the
electron and ion densities are equal, n; = n.. This as-
sumption that does not alter the physical interpretation
or conclusions of this work. The Fermi energy and Fermi
velocity are respectively: Fp = %(37r2ne)2/3 =7.41eV
and vp = /2Ep/m. = 1.61 x 10m/s, where m, and n,
are the electron mass and number density.

A one-dimensional (1D) configuration with periodic
boundaries is adopted, in which both position and ve-
locity degrees of freedom are aligned along the z-axis. In
contrast, the spin vector (both for the electrons and the
ions) is allowed to evolve in three spatial dimensions.

A. Evolution equations

The spin-Vlasov model?>24 describes the dynamics of
a spin-polarized electron gas through a set of coupled
kinetic equations. In this framework, the electronic de-
grees of freedom are represented by two distribution func-
tions defined over position-velocity phase space: a scalar
function fo(x,v,t) and a vector function f(z,v,t), with
f = (fz, fy, f=). The scalar distribution fy corresponds to
the charge density, while the vector distribution f charac-
terizes the spin density. Both quantities evolve according
to the coupled set of Vlasov equations:

0y | 0y L ViOfy pp OBy O
ot v dx me Oxr Ov me Ox o
of of 1 8VH of "B 8Bion (9f0 €
o Vo om0 v m, ox oo m,oin ¥ E=0



where e > 0 is the absolute value of the electron charge, i
is the reduced Planck constant, m. is the electron mass,
and pp = eh/(2m.) is the Bohr magneton. Here, Vg
is the Hartree potential, solution to the Poisson equa-
tion, while B;,, represents the magnetic field generated
by the ions and experienced by the electrons. The above
Vlasov equations are semiclassical inasmuch as the or-
bital motion of the electrons follows the classical trajec-
tories, while their spin is treated as a quantum variable.
The equations (1)—(2) can be derived from a fully quan-
tum model based on the total Wigner function of the
system23.

All physical quantities can be obtained by integration
of the electron distributions. For instance, the electron
number density n. = [ fodv, magnetization m = [ fdv,
and the charge and spin currents in the x-direction:
Jo = —e [vfodv and Jg = —e [vfdv. The spin-up
and spin-down distributions are related to the fy and
f> components in the following way: fo = f+ + f, and
f: = f+ — fi. The spin-resolved electron densities are
given by: ny | = n. £ |m]|.

The above spin Vlasov equations describe the dynam-
ics of the itinerant magnetism, carried by the conduc-
tion electrons that are not tied to a particular ion, but
rather free to travel within the metal. In order to describe
the fixed, localized magnetism, we consider an ionic spin
chain where each spin S; interacts with its nearest neigh-
bors and is subject to a magnetic field B¢je.. This config-
uration can be modeled by the Heisenberg Hamiltonian

HH:—ZJSi'SiJrl_,uBZBelec’Sia

where J is the magnetic-exchange coupling constant, and
B.cc is the magnetic field generated by the itinerant
electrons. In the continuous limit, the ion spin vector
becomes a continuous function of the position variable
S(x,t), which obeys the Landau-Lifshitz equation®!

oS  a?J 0%’S  pum

— = —8S X — — —S8 X Bgec, 3

ot h x2  h elee ®)
where a is the interatomic spacing. Note that S(z,t)
is a dimensionless quantity. In the case of nickel
atoms, the ion-ion magnetic-exchange coupling constant
is estimated!” to be J = 0.022 eV.

B. Interactions

As illustrated in figure 1, there are three types of inter-
actions governing the dynamics of the itinerant electrons
and fixed ions: (i) the electrostatic Coulomb interactions
between the electrons and the ions (coupling constant
€0), (ii) the ion-ion magnetic exchange (coupling constant
J), and (iii) the ion-electron magnetic exchange (coupling
constant K). In the sVPLL model, all interactions are
treated under the mean field approximation.

The self-consistent electrostatic potential (known as
the Hartree potential in condensed matter physics) is a
solution of the Poisson equation

% e?
axf = go/fodv— Zn;, (4)

where n; is the homogeneous ion density and ¢( is the
vacuum permittivity.

The electron-ion magnetic-exchange interaction is
treated in the RKKY approximation?2. In this approx-
imation, the ions experience an effective magnetic field
B.cc proportional to the magnetization of the electrons

K
Belec(xv t) = 5

f(z,v,t)dv, 5
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where K is the electron-ion magnetic-exchange coupling
constant. Conversely, the electrons experience an effec-
tive magnetic field B;,,s generated by the magnetization
of the ions

KTLZ'

Bion(wvt) = 2HB

S(z,t). (6)

For nickel atoms, the value of the coupling constant can
be estimated as'® K = 0.014 eV nm?®.

The sVPLL system of equations (1)—(2) and (3)-(6)
conserves the total energy

Etot:%//UQfodxdv+uB//f-dedv (7)
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and each component of the total magnetization

Z
Mot = SHB //fdxdv+u3ni/8d:c. (8)

Note that, because of the 1D nature of our model, the
above quantities have to be understood per unit surface.

I1l. EQUILIBRIUM AND LINEAR RESPONSE

In this section, we investigate the linear response of the
sVPLL system, composed of the equations (1)—(2) and
(3)—(6). The procedure follows the analysis developed in
our earlier work for Maxwell-Boltzmann equilibria??.

A. Equilibrium

We decompose the electron distributions and the ion
spin density into a spatially homogeneous equilibrium

and a small perturbation, such as: f;(z,v,t) = f;o)(v) +
£9(z,0,t), with j € {0,2,y,2}, and S(z,t) = S© +



S™M(z,t), where the superscripts (0) and (1) denote re-
spectively the equilibrium and the perturbation. We fur-
ther assume that the equilibrium corresponds to a ferro-
magnetic configuration with all spins aligned along the
z-axis. Accordingly, the equilibrium components satisfy
O = 9 = 8 = ¢ — 0 and S = 1. The
other components of the electron distribution function
féo) and fz(o) are taken to be Fermi-Dirac distributions
at zero temperature. The spin polarization of the elec-
trons at equilibrium may be quantified by the parameter
€ [-1,1], defined as

[ 19 () do
T Ty )

For n = 1 (resp., —1) all electrons are spin polarized
(resp., anti-polarized) along the z-axis; intermediate val-
ues of n correspond to partial polarization.

In ferromagnetic materials, the Fermi temperature is
typically of the order Tr ~ 5 x 10* K. Hence, at room
temperatures, the electron gas is fully degenerate and its
velocity distribution is well approximated by a Fermi-
Dirac distribution at zero temperature. Quantum me-
chanically, this means that the energy levels are all oc-
cupied up to the Fermi energy Er = 2%6(379716)2/3,
while they are empty for energies exceeding Er. In
our semiclassical approximation, this corresponds to an
equilibrium velocity distribution that is constant inside

the Fermi sphere, defined by |[v]? < v%, where vp =

/2Epr/m. is the Fermi velocity.

For spin polarized electrons, the radius of the Fermi
sphere differs for spin-up and spin-down electrons in the
presence of an external magnetic field. In velocity space,
we will denoted vy and v) the Fermi velocities of each spin
component. Further, in the one-dimensional (1D) case
considered here, the 1D velocity distribution along the
z-axis is obtained by integrating the three-dimensional
distribution over the two transverse velocity components,
vy and v,. The resulting 1D Fermi-Dirac distribution at
zero temperature takes a parabolic form in the velocity
variable?®.

Remembering that the spin-up and spin-down distri-
butions are related to the fy and f, components in the
following way: fo = f+ + f, and f. = fy — f|, we can
write the equilibrium 1D Fermi-Dirac distributions as

07
A2 w) = {

wC (v,% — v2) , for v? < v%,

) 0, forv? > vf 1
f¢ () = wC (vf — v2) , for v? < vf, (11)

for v? > v%
(10)

Ds(w, k) =w —

4

where C' = [m./(2h)]3. More details on how to obtain
the above Fermi-Dirac equilibrium are provided in the
Appendix A, where figure 11(a) shows the profiles of the
equilibria.

The Fermi velocities v  can be written in terms of the
unpolarized Fermi velocity vr and the spin polarization
7 at equilibrium. We have

Te :/fT(O)(v)dv+/f£0)(v)dv. (12)

Inserting the equilibria (10)-(11) into the above expres-
sion leads to n, = %WC’(U% + v}). Using the definition
of the Fermi energy and velocity in terms of the electron
density, we obtain v% + vi’ = 2v%. From Eq. (9), the
electron polarization becomes

3 3
vy — v
T 4
v Uy

which yields, finally,

1/3
)

o =op(1+0)%, v =op( - (14)

B. Linear response and dispersion relation

Expressing the perturbed quantities, such as
£ (z,v,t) and SW(z,t) in terms of plane waves
exp(—iwt + ikx), where k is the wave vector and w the
frequency of the wave, leads to a dispersion function
that can be factored as D(w,k) = Dg(w,k) Ds(w, k).
The first branch Dg(w,k) = 0 leads to the usual dis-
persion relation for electrostatic Vlasov-Poisson plasmas
(Bohm-Gross relation), which includes Langmuir waves
and Landau damping. The other branch of the dis-
persion relation Dg(w, k) = 0 corresponds to collective
spin modes that are usually referred to as magnons in
the literature?® and will be analyzed in details in the
forthcoming paragraphs.

The magnon branch of the dispersion function can be
written as??

O ()

Cﬂikﬁ _ Zwrn w?
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where wy, = eBi(S?)l/me = Kn;/h is the Larmor frequency
of the electrons immersed in the equilibrium magnetic
field BZ-(O) generated by the ions and directed along the

z-axis. -

In the limit of small electron polarization n and using
a Fermi-Dirac equilibrium at zero temperature defined
in Egs. (10) and (11), the real and the imaginary parts
of the frequency can be approximated as (further details

are given in the Appendix B):

o = we+ 2o _3hw%
r = Ws T WL 8E,
1 w? (3hwg kvp +wr
——=|(-———n|In|——— 16
Ry (4EF ")nka—wL 16)
and
2
T wi (3hwr o WL
i =——=|-———-n),if — <1
@ 4/€UF <4 EF 77) ! k’UF <
= 0, otherwise. (17)

As mentioned earlier, we take Z = 1 everywhere in this
work.

In the absence of electron-magnon coupling (K = 0),
the magnon frequency is wmae = ws = k%a?J/h =~
2.6x10'2 s~ which is significantly smaller than the plas-
mon frequency w, ~ 1.7 x 10'6 s~1. When the electron-
ion coupling is introduced, the ratio wp/wmag becomes
somewhat larger, but the following scaling remains valid:

wp > kvp ~wr > Wnag-

Typical values of the relevant physical parameters are
summarized in Table I.

The real and imaginary parts of the magnon frequency
are shown in figure 2 as a function of the electron spin
polarization n (left panels) and the wave vector k (right
panels). The dependence of the frequency on 7 is partic-
ularly interesting: below a certain positive 7, the imag-
inary frequency is positive, corresponding to an instabil-
ity, whereas above the threshold it is negative, signalling
the damping of the initial perturbation.

Such threshold corresponds precisely to the electron
spin polarization induced by the magnetic field generated

by the ions at equilibrium, i.e., Bi(gT)L = —Kn;/(2up).
A simple calculation (see Appendix A) shows that the
threshold spin polarization is related to the coupling con-

stant K through the expression

E
K= 5[4 ma)®? = (1= na)??], - (18)

?

which can be written as 7y, ~ %%, for ny, < 1. This
value exactly cancels the imaginary part of the frequency
in the approximate expression given in Eq. (17). Using
the parameters of Table I, we obtain 7, ~ 0.129. This
is the “natural” state of polarization of the electrons, in
the absence of any other constraints such as an external
magnetic field.
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FIG. 2. Linear response of the magnon modes. The solid
orange lines represent the exact dispersion relation (15), the
solid blue lines represent the approximate dispersion relations
(16)-(17), and the green dots correspond to numerical simu-
lations of the full sVPLL system close to equilibrium. The
left panels show the real (a) and imaginary (c) frequencies as
functions of the electron spin polarization 7, varying from —1
to 1, for a fixed wave vector k = 5.29nm~*. The dashed ver-
tical line corresponds to the value 71, for which the imaginary
frequency vanishes. The right panels show the real (b) and
imaginary (d) parts of the frequency as functions of the wave
vector k, varying from 0.3nm™! to 5.3nm™', and vanishing
spin polarization n = 0. Other parameters are given in Table
I.

According to figure 2, if > n (i-e., if the electrons
are more strongly spin polarized than they would natu-
rally be by the ions), then the electronic spin polarization
is damped and tends to return to its initial value. In con-
trast, if 7 < n, an instability is observed: perturbations
are amplified and bring the system away from its equi-
librium. The instability rate increases with decreasing 7,
and is maximal when 1 = —1, i.e., when all the electrons
are spin-polarized in the opposite direction to that of the
ions (anti-polarization).

The presence of an imaginary part in the magnon fre-
quency clearly suggests the occurrence of resonant wave-
particle interactions. The resonance is visible in the ex-
pression of the full dispersion relation, Eq. (15), where
the denominator vanishes for some value of the electron
velocity, similarly to what happens for Vlasov-Poisson
plasmas in the case of Landau damping.

Resonance occurs for a velocity vpes such that

% = % + Vres, (19)
where w/k denotes the phase velocity of the ion spin wave
(magnon) and wr, /k represents the phase velocity of the
electron spin precessing in the magnetic field generated
by the ions. This condition implies that resonance is
achieved when the electron spin precesses at the same fre-



TABLE I. Summary of the physical parameter used in the simulations, broadly relevant to a thin nickel layer.

A Nie [m_3] wWp [s_l} Er [eV] vp [m/s] Lp [nm] K [eV nm3} wrL, [s_l} J [eV] a [nm]
1 9.1x10%® 1.71x 10™® 7.41 1.61 x 10° 9.45 x 1072 0.014 1.95 x 107 0.022 0.275
10°
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FIG. 3. Electron velocity distribution functions at position
x = 0, in arbitrary units. The black dashed line represents the
initial Fermi-Dirac distribution fo(z = 0,v,¢ = 0), the solid
colored lines show the velocity distributions at a later time
for two different wave vectors, k = 1.6nm ™! (blue line, final
time ¢t = 36.5 fs) and k = 2.6nm™" (orange line, final time
t = 124 fs). The dashed vertical lines show the corresponding
resonant velocities.

quency as the magnon, adjusted by a Doppler shift due
to the electron’s velocity v.es relative to the fixed ions.
This resonance exhibits similarities to the Electron Cy-
clotron Resonance Heating (ECRH) mechanism observed
in fusion plasmas, albeit with two key distinctions. First,
the ion spin wave (magnon) assumes the role analogous
to that of the externally applied electromagnetic wave in
ECRH. Second, unlike ECRH where the electron mag-
netic moment arises from orbital motion, in this context
it originates from the intrinsic spin of the electron.

The damped regime observed for n > 7, is sugges-
tive of an effect known as Gilbert damping in magnetic
materials®”2®, whereby the magnetization vector tends
to return to its initial direction when perturbed. Gilbert
damping is usually introduced phenomenologically in the
Landau-Lifshitz equation (3), although its microscopic
origin is still unclear. Our result show that electron-
magnon interactions may constitute a possible channel
contributing to the overall Gilbert damping effect.

In the unstable regime (n < m), the magnon ampli-
tude increases in time until it reaches a nonlinear regime
where the linear approximation is no longer valid. In this
case, significant exchanges can occur between the ions
and the electrons, leading to a loss of magnetization on a
femtosecond timescale, which is reminiscent of the ultra-
fast demagnetization long observed in the experiments!.
These aspects will be discussed in Section IV.

Figures 2(b) and 2(d) show the dependence of the

0 10 20 30 40
timel|fs]

FIG. 4. Temporal evolution of the magnon for three values
of the electron spin polarization, n = 0.9 (green line), n =
—0.9 (blue line), and n = —0.1 (orange line). The figure
represents the amplitude of the lowest Fourier mode of the
Sz(z,t) component of the ion magnetization. The wave vector
is k = 5.29nm™'; other parameters are those given in Table
1.

magnon frequency on the wave vector k, for unpolar-
ized electrons with » = 0. The imaginary part of the
frequency becomes nonzero above a certain wave vector
corresponding to the relation v..s = vp, where v is
the resonant velocity defined in Eq. (19). Indeed, for a
Fermi-Dirac distribution at zero temperature [Eqgs. (10)-
(11)], there are no electrons with velocities larger than
v, hence no wave-particle resonance is possible. Above
this threshold, w; rises steeply because the Fermi-Dirac
distribution has maximum gradient at v = vp. Using
k=1.1nm™! [read from the figure 2(d)] and the param-
eters from Table I, one obtains vpes = 1.63 x 109 m/s,
which is indeed close to vp = 1.61 x 105m/s.

The wave-particle resonance is distinctly observable in
the velocity distribution at = 0, as shown in figure 3
for two values of the wave vector. This result is obtained
from numerical simulations of the full sVPLL system op-
erating in the linear regime, where only a single mode is
weakly excited at the initial time. The presence of res-
onant electrons leads to a distortion of the Fermi-Dirac
equilibrium near the resonant velocity v,es, characterized
by a flattening of the distribution. This behavior is rem-
iniscent of classical plasma phenomena such as Landau
damping.

The evolution of the magnon amplitude (.S, component
of the ion magnetization) is shown in figure 4 for three
representative values of the electron spin polarization.



The cases 7 = £0.9 are respectively damped (n > 0)
and growing (n < 0), and saturate nonlinearly at about
the same time, ¢ ~ 40fs. The observed damping may be
linked to the Gilbert damping effect mentioned earlier?”.
The case n = —0.1 is weakly unstable, as expected from
the diagram on figure 2(c). The real part of the frequency
is much larger for this case, in accordance with figure
2(a).

Finally, we note that the charge branch of the disper-
sion relation, Dg(w,k) = 0, does not exhibit any res-
onant behavior. This is due to the fact that, in solid-
state plasmas, the plasma frequency vastly exceeds the
magnon frequency (see Table I), so that the phase ve-
locity wy/k is much larger than the Fermi velocity of
the metal and no wave-particle interactions can occur.
Therefore, the resonant wave-particle interactions ob-
served in this system are purely magnetic in nature and
do not arise in spin-less plasmas. Nonetheless, the un-
derlying resonant mechanisms bear resemblance to those
encountered in classical plasma phenomena such as Lan-
dau damping.

IV. NONLINEAR REGIME

When the initial configuration is unstable, the pertur-
bation grows exponentially and quickly attains the non-
linear regime, where the linear response analysis of the
preceding section no longer applies. To explore the non-
linear regime, we have solved numerically the full sVPLL
system using an Eulerian code based on a Hamiltonian
splitting method, which was described in detail in our
earlier work??.

The boundary conditions are periodic in x, with period
L and corresponding wave vector ki, = 27/L. The ini-
tial condition is a homogeneous Fermi-Dirac distribution
as in Egs. (10)-(11), perturbed sinusoidally at a certain
wave vector k, usually the lowest mode kyin:

folm,v,t = 0) = £V (v) [1 + & cos(ka)),
fo(z,0,6=0) = fz(o)(v),

Je(z,0,t=0) = fo(o)(v) e cos(kzx),
Fol,v,t =0) = £ (v) e sin(kz),

where féo) = T(O) + f£0)7 fz(o) = fT(O) — f£0)7 and £ <€
1 is a small perturbation. The above initial condition
describes an electron gas that is spin polarized along the
z-direction, with small perturbations in the transverse
plane (x,y). The charge distribution fj is also perturbed
with the same amplitude and wave vector.

We consider a similar initial condition for the ion spin
distribution S(z,t)

Sy(z,t=0)=+1-¢2,
Sz(x,t =0) = e cos(kx),
Sy(x,t =0) = esin(kx),
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FIG. 5. Time evolution of the Fourier modes k., = nkmin =

n 27/ L of the ion magnetization S, (z, t) along the z-axis. The
amplitude of the modes is given by the color code shown at
the right of the figure. At time ¢ = 0, the ion spins are weakly
excited at the mode k1 = 0.264nm ™', which is linearly stable.
At later times (¢ ~ 50fs) several unstable higher harmonics
with n > 1 appear, and for ¢t > 200fs the Fourier spectrum
becomes very broad. The electron spin polarization is n = 0.

whereby the ions are fully magnetized along the z-axis,
while their spin direction is slightly perturbed in the
transverse plane. We emphasize that the perturbation
preserves the norm of the spin vector, with ||S(z,t)|| =1
at each spatial point.

Although one single mode is excited in the initial con-
dition, many more Fourier modes (k, = nkpin, with
n=1,2,...) arise at later times in an unstable configu-
ration. The couplings between these modes are respon-
sible for the nonlinear saturation observed, for instance,
in figure 4. Figure 5 shows the evolution of the various
modes k,, as the instability develops. At t = 0, only the
mode k; = 0.264nm ! is present, but this mode is stable
(w; = 0) because its phase velocity exceeds vp. However,
higher order modes k, may be unstable, as is evident
from figure 2(d). These unstable modes, although not
present in the initial condition, are excited via mode cou-
plings, and start growing exponentially around ¢ = 50 fs.
Note that the growth rate decreases with k [see figure
2(d)], so that higher-order modes become significant at
later times, as is apparent from figure 5. After ¢ ~ 200 fs,
a wide spectrum of modes is excited and the system is
clearly in a strongly nonlinear regime.

Figures 6 and 7 show respectively the charge distri-
bution fo(z,v,t) and the spin distribution f,(x,v,t) at
different times, for an unstable case with n = —0.2 and
Kn;/(hwy) = 0.08. The fundamental mode k = 27 /L =
1.59nm™"' is excited at ¢ = 0 and grows exponentially
due to the wave-particle interactions near the resonant
velocity vres = —0.58vp. After t = 66 fs — see figures 6(c)
and 7(c) — nonlinear effects become dominant and the
distribution function develops phase-space vortices, as is
usually observed in plasma instabilities.

Figure 8 shows the transfer of energy from the electron-
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FIG. 7. Same as figure 6 for the electron spin distribution fz(z,v,t). The values of f; in the first panel (a) have been multiplied

by a factor 200 for better readability.

ion magnetic exchange energy Eynqq = — 521 [[ f(z,v,1):
S(x,t)dzdv to the electrons’ kinetic energy FEyin, =
e [[v? fo(x,v,t)dedv. This transfer of energy, due
to the wave-particle interactions detailed in the preced-
ing sections, is particularly evident during the nonlinear
phase of the evolution, highlighted in green on the figure.

Finally, figure 9 shows the loss of magnetization that
is induced by the wave-particle interactions. Initially,
the ions are fully magnetized along the z-directions. At
later times, their average magnetization over the entire
domain is given by (S.)(t) = [ S.(z,t)dz/L. Following
the instability, part of their magnetization is transferred
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FIG. 8. Time evolution of the electron kinetic energy Fiin =
(me/2) [[v®fodxdv (orange curve) and electron-ion mag-
netic energy Emag = —(Kn;/2) [[ f-Sdzdv (blue curve), for
an initial electron spin polarization n = —0.6 and excitation
wave number k = 2.12nm™'. The energies are expressed in
arbitrary units. The curves are shifted to improve readability:
the kinetic energy is set to zero at t = 0, while the magnetic
energy is set to 0.5 at the final time. The inset shows the
amplitude of the first Fourier mode of the ion magnetization
Sz(x,t) (ie., the magnon amplitude), on a semi-logarithmic
scale. The nonlinear regime is highlighted by the shaded green
background.

to the electrons, whose average spin density is (f.)(t) =
Z [[ f.(z,v,t)dzdv/ [[ fo(z,v,t) dzdv. Such transfer of
magnetization is evident from the blue curves on figure
9, which represents a case with n = 0, i.e., electrons
that are initially unpolarized. When the electrons are
anti-polarized—i.e., polarized in the direction opposite
to that of the ions (orange and green curves)—the loss
of ion magnetization is even larger, and approaches 30%
for n = —0.4.

We note that such loss of magnetization occurs on a
few tens of femtoseconds, in accordance with the experi-
mental findings' 3. Therefore, thee wave-particle mecha-
nism proposed in this work may be a key element in the
still elusive explanation of ultrafast demagnetization oc-
curring in ferromagnetic materials when irradiated with
laser light.

According to figure 9, the loss of magnetization is
greater the larger the difference between the initial elec-
tron polarization 1 and the threshold value 7y, = %IZJFL
for which the imaginary part of the frequency (growth
rate) vanishes. In order to explain this behavior, we con-
sider a simple “quasi-linear” scenario. Due to the insta-
bility, the ion magnetization decreases, while the elec-
trons’ increases (and possibly changes sign if the initial
7 is negative). We postulate that the instability stops
when the instantaneous growth rate vanishes, i.e. when,
from Eq. (17),

§Kni
4 Ep

where S, ; is the final value of the ion magnetization

Sz7f —nfr = 0, (20)
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FIG. 9. Time evolution of the ion magnetization in the z-
direction (S:)(t) = [ S:(z,t)dz/L, expressed as a fraction
of the initial magnetization, for three values of the initial
electron polarization: 7 = 0 (solid blue line), n = —0.2
(solid orange line), and n = —0.4 (solid green line). The
dashed blue line represents the electrons’ average polarization
(f)#) = Z [[ fo(z,v,t)dzdv/ [[ fo(z,v,t) dzdv, for n = 0,
upshifted by 0.9 to improve the readability of the diagram.
The excited wave number is the lowest allowed by the periodic
conditions: k = kmpin = 1.1nm~'. In this case, the electron-
ion coupling constant K is defined by Kn; = 0.3 hwy; it differs
from the value given in Table I for nickel and is closer to the
one that can be observed in cobalt samples®®.

along the z-axis, and 7y is the final value of the electron
polarization, defined by generalizing Eq. (9) to nonequi-
librium situations.

The conservation of angular momentum along z — see
Eq. (8) — implies that

1

1
S0r =1+ 30, (21)

SZ,f + 2

By combining Eqs. (20) and (21), we obtain the final
magnetization as a function of the initial electron polar-
ization n

. n+2
Nen + 2

S5 for — 1 <n < np, (22)

and S, r =1, for 1 > n > nu.

Figure 10 shows the final ion magnetization as a func-
tion of 7, for various wave numbers kLp, where Lp =
vp Jwy. All final magnetization values lie above the curve
defined by Eq. (22), which serves as a lower bound, rep-
resenting the maximum possible demagnetization achiev-
able in this scenario. Such lower bound is attained for
small wave numbers kLr < 1 (large systems), whereas
for kLr =~ 1 the data points are shifted upwards, al-
though the slope of the curve remains the same as in Eq.
(22). Since Ly ~ 0.1nm, which is of the same order as
the interatomic spacing a (see Table I), wave numbers
for which kL = 1 are not very relevant in practice, and
one can consider that the expected demagnetization is
the one given by Eq. (22).
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FIG. 10. Final value of the ion magnetization S; ¢ as a func-
tion of the initial electron polarization 7. The colored dots
represent simulation results for different values of the wave
number kLp, where Ly = vp/wp. The solid black line is the
theoretical result of Eq. (22).

As concluding remarks, one should not forget that our
model is Hamiltonian and does not include any dissipa-
tive effects. Therefore, the magnetization can only be
exchanged between the two species — the itinerant elec-
trons and the localized ions — but cannot be evacuated
out of the system. By incorporating an appropriate dissi-
pative channel, such as electron-phonon couplings (which
have a typical timescale of a few picoseconds), it may be
possible to describe the full demagnetization process, al-
though this would require longer and more time consum-
ing simulations.

It is also important to emphasize that the electron-
magnon interactions described here occur even in the
absence of spin-orbit coupling (SOC), which is not in-
cluded in our model. SOC is a relativistic effect that
couples the electron spin to an internal or external elec-
tric field, which possesses a magnetic component in the
reference frame of the itinerant electron. Many existing
models of the ultrafast magnetization dynamics rely on
SOC as a primary source of demagnetization'®3?. Our
approach shows that resonant electron-magnon interac-
tions can lead to demagnetization on a femtosecond time
scale, even in the absence of SOC.

V. CONCLUSION

In this work, we have explored the complex dynamics
of wave-particle interactions in a spin-polarized plasma,
focusing on the coupling between magnons and plas-
mons within a ferromagnetic material. By extending
the Vlasov-Poisson framework to include spin degrees of
freedom and coupling it with the Landau-Lifshitz equa-
tion for ion magnetization, we developed a comprehen-
sive phase-space approach that captures both itinerant
and localized magnetism.

Our linear response analysis revealed the existence
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of a magnon-electron resonance, a phenomenon analo-
gous to classical plasma effects such as Landau damp-
ing and electron-cyclotron resonance heating. This reso-
nance occurs when the phase velocity of the magnon wave
matches the electron spin precession frequency, adjusted
by Doppler shift. The resulting energy exchange leads to
either damping or instability of the spin wave, depend-
ing on the initial electron spin polarization. Notably, the
threshold polarization at which the system transitions
from damping to instability corresponds to the natural
self-consistent equilibrium induced by the ion-generated
magnetic field.

Numerical simulations confirmed these theoretical pre-
dictions, showing that in the unstable regime, the sys-
tem rapidly evolves into a nonlinear state character-
ized by significant magnetization loss on femtosecond
timescales. This behavior closely mirrors the ultrafast de-
magnetization observed experimentally in ferromagnetic
thin films"3. Furthermore, the damping regime offers a
microscopic interpretation of Gilbert damping, suggest-
ing that electron-magnon resonant interactions may con-
tribute to this effect.

Importantly, our findings demonstrate that wave-
particle resonances — long studied in plasma physics —
play an important role in spin-polarized systems and may
offer new insights into ultrafast magnetization dynam-
ics. This opens avenues for future research in spintronics,
magneto-optical devices, and plasma-based acceleration
schemes, where controlling spin-wave interactions could
lead to novel effects and enhanced performance.
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Appendix A: Equilibrium
1. Electron gas without spin

In the case of a homogeneous equilibrium, the Hartree
potential vanishes, so that the Hamiltonian of a spinless
electron gas is simply

g Melvz + vy +07)
5 .

(A1)

The equilibrium distribution F follows is Fermi-Dirac
distribution. At zero temperature, this implies that all
energy states below the Fermi energy Er are occupied,
while all states above Er are empty. The distribution is
then

_ 2nC

Me

F(H) ©(H — Er), (A2)
where © is the Heaviside step function and C =
[m./(27h)]? is a normalization constant that enforces the
total number of electrons.

The 3D velocity distribution f3P(v,,v,,v,) associated
to F is constant inside the Fermi sphere — defined by
|v]? < vZ, where vy = \/2Er/m, is the Fermi velocity —
and zero outside:

7C, if ||v]|? < v%
0, otherwise.

f3D(UwavyvUZ) = { (A3)

The 1D distribution is obtained by integration f!P(v,) =
J[ f3P dy dz, which yields
2

F0(,) = {ﬂ'C’(v% —v2), ifv? <v% (A4)

0, otherwise.

2. Polarized electron gas

When the electron gas is polarized by a magnetic field
B (either external or internal), the spin degrees of free-
dom cannot be neglected. The magnetic field splits the
electron distribution into two different populations, with
spins either parallel or antiparallel to the field. The
Hamiltonian is a diagonal 2 x 2 matrix H = diag(H+, H),
with
me(v; + vy +02)

2
me(v2 + vi +v2)
2

HT = - ,U/BB (A5)

H = + upB. (A6)

Each population follows its own Fermi-Dirac distribution

27 C
Fr (Hyy) = -

O(Hy,, — p), (A7)

€

where the chemical potential p is the energy needed to
add one electron to the system. The chemical potential
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is adjusted to correspond to the number of particles in
the system, and it plays the same role as Er in the non-
polarized case.

In terms of the velocity, there are now two Fermi
spheres, one for each population, whose radii are v+ and
vy. From Eq. (A7), the energies associated with these
velocities are given by “5¢ v%i = puxpupB. By eliminating
1, one obtains

2
me(v: — v
2upB = % (AR)
Integrating over v, and v,, we finally obtain the 1D
Fermi-Dirac distributions at zero temperature

2 2y if a2 .02
f(O)(va:) B {TFC (v, — ), if vz <wvf

= . (A9)
0, otherwise,
which are identical to the Egs. (11) in the main text.
An example of these equilibrium distributions is shown
in figure 11(a).
Finally if, in Eq. (AS8), we take B to be the mag-
netic field generated by the fully magnetized ions up B =
—Kn;/2, and use Eq. (14), we obtain

iEF

ez

K

(L +n)** =1 -n*%|,

which is the same as Eq. (18) for n = .

3. Low-polarization equilibrium (n < 1)

For low values of 7, the electron charge density féo) =
fT(O) + fio) is almost identical to that of an unpolarized

gas. The z-component of the spin density fz(o) = fT(O) —

ffo) is given by the difference of two truncated parabo-
las with same curvature and boundaries vy ~ v = vp,
see Eq. (A9). Therefore, it can be approximated by a
constant fz(o) = A, within the interval v € [—vp,vF].
The constant A is determined by the normalization con-
dition fi’ip Dy = nen, so that A = nn./(2vr). This
approximation is illustrated in figure 11.

Appendix B: Approximate magnon dispersion relation

In this Appendix, we provide some details on the
derivation of the approximate dispersion relation given
in Egs. (16)-(17).

We first define the following functions, which are useful
for computing the dispersion relation of a Fermi gas at
zero temperature

1 n
Wi () = / Y do.

1V =7
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FIG. 11. Equilibrium distribution of an electron gas with

spin, for a polarization n = 0.7. Top panel (a): Spin-up
and spin-down Fermi-Dirac distributions at zero temperature.
vt and vy are the Fermi velocities for each spin population.
Bottom panel (b): The solid blue line represents the exact
spin distribution in the z-direction f. = f; — f,. The dashed
red line is an approximation valid for low values of 7. The
error (shaded green area) is localized near the Fermi velocity
and comes from the difference v+ — v = 21/3, see Eq. (14).
Here, we used a large polarization 7 = 0.7 to better illustrate
the approximation.

These functions are the Fermi-Dirac counterpart of the
Fried-Conte function Z(y) for a Maxwell-Boltzmann
distribution?'.

In particular, the first two functions Wy and W, are
relevant here, as they intervene in the integrals of Eq.
(15), after some normalization that can be recovered eas-
ily using the scaling property

/ v ’de =a" W, (v/a).

—q U —

Using the definition of the complex logarithmic function,
one can write: Wp(y) = In(1 —v) — In(—1 — ), and
Wi(7) =2+ Wo(7).

With the above mathematical tools and making use of
the low-n approximation illustrated in figure 11, we can
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compute the integrals appearing in Eq. (15):

(0)
/3f ()dv* 47TCUF{2+WWLWO<WWL)],

Y- kUF IC’UF

f(o) 4n w—w
/ d'U = Ci’UF WO TFL .

When these expressions are inserted into Eq. (15), one
gets

a2 2
J o Zwrn @ Anwi h
D(w, k) = w Tk 2 + Zn; CUFQme

271'(,0% w—wyr h nup w—wr,
C W,
+ Zn; UF( kvg  2m. T 3k 0 kvp

3Zn; __ (me )3

Injecting the value of the constant C' = e = (2n%

leads to
a J ~ Zwin

3hw?
D(w,k) =w— — L
(W k) =w—— 2 8Ep

w? (w—wp 3h w—w
REACREE R RN o
4 kJ’UF 4EF k'UF k'UF
The difficulty now lies in simplifying the expression
Wo (%) Using the scaling

wp > kvp ~wr > wg,

which is satisfied for typical sizes k=1 > 1nm (see also
Table I), one can neglect w compared to wy,. In that case,
the imaginary part of the argument of W, vanishes and
one can write

w—wp, —wr, 14 ok
WO< )%WO ():m—i—ln —E
k"UF k"UF 1— ﬁ

The dispersion function then becomes

a’J Zwrn  3hw?
Dlw k) =w = ==k = ==+ g
wy, Wr, 3th 1+ 1:1)1L
L L 2R In|—Fve |
1 kop ( 1Ep +”> (”+ T

Setting D(w, k) = 0, leads to the approximate expres-
sions for the real and imaginary parts of the magnon
frequency, as given in Egs. (16) and (17) of the main
text.
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