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We present a self-consistent mean-field model based on a two-component Pauli-like equation that incorporates
quantum and relativistic effects (up to second order in 1/c¢) for both external and internal electromagnetic fields. By
taking the semirelativistic limit of the Dirac-Maxwell equations in the presence of an external electromagnetic field
we obtain an analytical expression of a coherent light-induced mean-field Hamiltonian. The latter exhibits several
mechanisms that involve the internal mean fields created by all the electrons and the external electromagnetic
field (laser). The role played by the light-induced current density and the light-induced second-order charge
density acting as sources in Maxwell’s equations are clarified. In particular, we identify clearly four different
mechanisms involving the spins that may play an important role in coherent ultrafast spin dynamics.
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I. INTRODUCTION

Under intense light-matter conditions, relativistic correc-
tions may play a significant role in various systems like dense
plasmas [1], heavy atoms and molecules [2,3], or condensed-
matter systems [4]. A theoretical description of the associated
charge and spin dynamics can be in principle investigated using
relativistic versions of density functional theory (DFT) based
on the Dirac-Kohn-Sham equations and relativistic mean-field
or Dirac-Hartree-Fock models [5-8]. However, these fully
relativistic descriptions involve a four-component Dirac wave
function, where the role played by the electronic spinor is
concealed, as well as the physical mechanisms that involve the
spin degrees of freedom. Such approaches are therefore not
useful to validate or uncover new mechanisms in the physics
of condensed matter where only electronic two-component
Pauli spinors are considered.

An understanding of ultrafast spin-light interactions is
particularly required in the field of femtomagnetism, where the
ultrafast demagnetization of ferromagnetic samples induced
by femtosecond laser pulses has been studied for almost two
decades [9-11] without reaching any consensus regarding
the physical mechanisms that underly the quick loss of
magnetization. Many relevant proposals have been suggested
to explain the ultrafast spin dynamics, ranging from spin-
flip scattering involving magnons [12], electrons [13,14], or
phonons [15], to superdiffusive spin current theory [16] or
angular momentum transfer with light [17].

This issue has taken a new turn with an experiment per-
formed on ferromagnetic films [4], showing how to eliminate
the ultrafast demagnetization associated to thermal effects and
therefore how to have access to the coherent magneto-optical
response of the spins. This result indicates that the response of
the material induced by a 50-fs laser pulse interacts coherently
with the spins to produce a significant magneto-optical effect
during the pulse propagation. According to the authors of
[4], the observed results may be explained by the relativistic
interaction between spins and photons through the Foldy-
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Wouthuysen (FW) Hamiltonian representing the expansion
of the Dirac Hamiltonian at second order in power of 1/c
[18]. The major role is played by a spin-orbit coupling (SOC)
involving the electromagnetic field of the laser pulse which
goes beyond the usual SOC due to the electric field of the ions.

To gain a sound understanding of these coherent effects, a
theoretical description requires the modeling of the nonlinear
dynamics of a quantum-relativistic system of many interacting
electrons excited by an intense and ultrashort electromagnetic
field including all the light-matter terms up to second order in
1/c. Unfortunately, an analytical solution of such a many-
electron system does not exist, and its numerical solution
using ab initio methods is beyond the ability of present-day
computers. To circumvent this problem, one may work within
a mean-field theory, where the global effect of the N-particle
interactions are incorporated in an effective field that acts on a
one-particle Hamiltonian. Furthermore, it is worth mentioning
that a mean-field derivation including all second-order terms
in 1/c is a required step before adding further effects such as
exchange and correlations.

To achieve this task, in a previous work [19], we laid
the foundations of a two-component self-consistent mean-
field model originating from the semirelativistic limit of
the Dirac-Maxwell equations at second order in 1/c. It has
been shown that a self-consistent theory valid up to second
order in 1/c requires the semirelativistic expansion of the
charge and current densities acting as sources in the Maxwell
equations, themselves expressed as a power series in the
inverse of the speed of light [20]. This model preserves the
mathematical structure of the Schrodinger or Kohn-Sham
equations [21]. In a further work we found that the model is
able to describe all the electromagnetic interactions occurring
in a two-electron system (as described by the Breit-Pauli
Hamiltonian), such as the spin-orbit and spin-other-orbit
interactions as well as the spin-spin interaction [22]. Moreover,
the model clearly explains how these interactions are created
within the single-electron Foldy-Wouthuysen Hamiltonian
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involving the internal electromagnetic potentials originating
from the electronic charge and current densities.

In the present work, we consider the addition of an ex-
ternal electromagnetic field that creates light-induced sources
leading to a coherent effective mean-field Hamiltonian. The
latter represents the coherent electromagnetic response of the
spin-polarized electron gas induced by the external excitation.
It contains precisely four identified mechanisms involving the
spin degrees of freedom that can be associated to spin-orbit
and spin-other-orbit interactions both induced by the external
light pulse. A dimensionless analysis based on realistic values
of light-matter conditions shows that these coherent effects
may play a role in the experimental trends observed in [4].
The present results can also enlighten the discussion about
the mechanisms underlying the origin(s) of the laser-induced
demagnetization.

Finally, let us also mention interesting works that have
tried to evaluate the contribution of the relativistic effects
proposed in [4]. The incorporation of light-induced relativistic
terms on hydrogenlike atoms [23] or semiclassical Drude-
Voigt model [24,25] shows that these effects may produce
a magneto-optical contribution, whereas a more recent ab
initio investigation on the linear magneto-optical response
functions [26] concluded that their contributions are negligible.
However, each of the above studies was performed within
radically different approximations, so that the debate is still
open. We hope that the present work will help focus on the
particular spin-light interaction obtained within the Dirac-
Maxwell model, which appears to be relevant for addressing
the issue of ultrafast coherent magneto-optics.

The paper is organized as follows. In Sec. II, we present
the semirelativistic Dirac-Maxwell system in the presence of
an external electromagnetic field leading to the light-induced
mean-field model, including the role of the microscopical
sources. We show in Sec. III that these light-induced effects
are not negligible within current light-matter conditions and
we perform a detailed analysis of the microscopic mechanisms
involving the spins. We conclude in Sec. IV.

II. THEORY

A. Semirelativistic limit of the self-consistent Dirac-Maxwell
equations in the presence of an external electromagnetic field

We consider a many-electron system in the presence of
an external electromagnetic field (for instance, a laser pulse)
where both quantum and relativistic effects can in principle
play a significant role. In a quantum relativistic mean-field
approach, the electron dynamics is governed by the Dirac
equation (¢ = —e with e > 0),

0w
lh? = [ca - (p — qAext — qAin)

+mc?B + qPex + qPind] ¥, (1)

where a distinction is made between the external potentials
(Dext, Aexe) related to the laser pulse and the internal potentials
(Pine,Ajne) created by the presence and the motion of all the
electrons. The Dirac wave function is a bispinor W = (¢, x)
where ¢ and x are, respectively, the electron and positron Pauli
spinors and « and 8 are the Dirac’s matrix [18]. Equation (1)
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FIG. 1. Scheme of the self-consistent model.

is coupled self-consistently to the Maxwell equations written
in terms of the scalar and vector potentials (®y, Ay) (k = ext,
int) in the Lorentz gauge (V - Ay 4+ 122 = (),

c ot

1 9%
_Aq)ext + = ext — 0’

a2

32A, @
_AAext + Cl_z atzm =0
and
1L PP _
_Acbim + L_z a2 %» (3)

2A. .
—AAjy + 558 = gpuoj,

where the sources are expressed with the four-component
Dirac current density as

N
(pcj) = > (ww;, vlaw). 4)
i=1

Equations (1)-(4) constitute a fully relativistic model for
describing the quantum dynamics of a system of N interacting
electrons in the mean-field approximation. A scheme of this
self-consistent model is depicted in Fig. 1.

In the present work, the internal electromagnetic fields are
treated in the Coulomb gauge (V - Aj = 0) along with the
quasistatic approximation (AAjy > Ciz 32‘?;"‘). In this frame-
work, the Maxwell’s equations (3) have to be modified and,
following the procedure detailed in [27,28], can be expressed
in terms of two Poisson-like equations

CAD. — 9P
{ e )
—AAin = qojr,

where jr is the transverse component of the current density j
(by definition j = jr + jL, where ji is the longitudinal current
density with V - jr = 0 and V A ji = 0 [29]). The analytical
solutions of Egs. (5) can be expressed as [27]

Pi) = 1 [ LXPX) (©)
4rey |x — X/|
q o S i) r(r - j(x))
Ap(x) = 220 [ 4 T
=7 | & (2|x i Taxexp )
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where r = x — X’ In addition, the external fields will be also
treated in the Coulomb gauge and described by the quantities
Dext and Aext'

We consider now the semirelativistic limit of the Dirac-
Maxwell system of Egs. (1), (2), and (5) valid up to the
second order in powers of 1/c, where only the electrons
should be considered. The Dirac bispinor is transformed into
a two-component Pauli spinor W = (¢, x) — ¢. Using the
Foldy-Wouthuysen transformation, the Dirac Hamiltonian in
the presence of an electromagnetic field [Eq. (1)] is expanded
to second order in 1 /¢ (also at second orderin 1/m) [19,30,31]
to give

[P - q(Aext + Aim)]2

H = mC2 + B + q(q)ext + Diyy)
m
h h2
_g_mo VA (Aext + Amt) q V (Eext + Eml)
qh
~am? 20 (Eext + Ein) A [P — ¢(Aexe + Aind]. (8)

Here, the first term on the right-hand side is the electron rest
mass energy, the next two terms are the standard Schrodinger
Hamiltonian in the presence of an electromagnetic field, the
fourth term is the Pauli spin term (Zeeman effect), the V - E
term is the Darwin term, and the last term represents the spin-
orbit coupling (SOC).

In Eq. (8) we neglected the term —(‘;;2132)4 which is the
first relativistic correction to the electron mass (expansion of
the Lorentz factor y to second order). This assumption is
motivated by the fact that this term introduces fourth-order
derivatives in the evolution equation, unlike the nonrelativis-
tic Schrodinger equation which only contains second-order
derivatives. Another important point is that this term is of
third order in 1/m, which is beyond the purpose of this work.

Working within the nonrelativistic Pauli limit also requires
one to take the low-speed limit of the Maxwell equation.
We focus first on Egs. (5) involving the internal potentials
produced by the sources. It has already been shown in [19,22]
that the charge and current densities can be expanded in powers
of 1/c with p =p(0)+p(2>+... and j :j(0)+j(2)+... as

p© = pio, 9
0= %(qu ~9V6) ~ "lpA
+%VA (#'a ), (10)
PP = sV V@' V- (¢'ap) A A)
_S;L;zv L@l A (VO + (Vo) nag),  (1D)
==t 1 2(¢>T 0P NE— j 35, V(®'9)
inr 9
G5, (@10 A (VO + (Vo A ag)
T (@lod A A) (12)
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In order to build a model treating at the same order the
equation of motion (Pauli) and the field equations (Maxwell)
one should also expand Maxwell’s equations (6) and (7) to
the second order in powers of 1/c by writing the electromag-
netic potentials as ®y = o0 4 <I>1(§t) +---and Ay = Affff
Afft) - [20]. Consequently, the Poisson-like equations (5)
are related to the above sources given in Eqgs. (9)—(12) as
follows:

A =0, (13)
0)
—ADO = _‘1': : (14)
0
qj(O)
— AAQ = =L (15)
€oC
(@)
qp
— AP = — (16)
0

The second-order current density j® should be neglected
since it would give rise to an internal potential of order 1/c*.
However, that is not the case for the term p® which is needed to
have a complete description. If some external electromagnetic
fields are also present (e.g., the laser pulse) these can be
assumed to be of zeroth order. The external potentials of
Egs. (2) can thus be written as ®¢y = CIDEB()t and A = A(e?()t.
Let us now look at the different terms that make up the
current and charge densities. As for the current density j©, the
first term on the right-hand side of Eq. (10) denotes the orbital
charge current, while the last one represents the spin current

10 N
ion =5, (0V4' = ¢'V9). a7

h .

Jon =5V A (¢00). (18)
The middle term in Eq. (10) reads as _](O) = %q&Tq&A and is an
electronic current induced by any vector potential (sometimes
called the “paramagnetic current”). In the present work,
restricted to order 1/c? and 1/m?, jo can only be induced by
the external vector potential, Aey; = Aix)t being of zeroth order.

Indeed, the internal vector potential Amt , being of second order,

would induce a second-order current .](01)2) — Jff) creating a

potential that is of fourth order in 1/c. Therefore only the
vector potential originating from the external electromagnetic
field is considered here, and the associated current is marked
with the subscript “field” meaning “field induced”

0, = —%¢T¢Am. (19)

The above remarks also apply for the second-order density
@, which can be split into the following three types of terms:

orb 8 (20)
2
Pion = —3 o A (Vo) + (Vg Aae). 21)
h
P =V (@lod) A AG). @)
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The quantity ,0Orb originates from the Darwin term illustrating
a correction to the potential energy due to the so-called
Zitterbewegung (trembling motion of the electron in a volume

of size )% where Ac = mi is the Compton wavelength
c

[18]), while pigi)n and ,oﬁeld are obtained from the spin-orbit
interaction. Thereby, it has to be noted that the light-induced
term pf(ize{d involves also the spin.

As a consequence, the internal fields involving the light-
matter operators in the Foldy-Wouthusen Hamiltonian of

Eq. (8) are split into the following terms:
2) 2)
{q>mt @(0) + CD( + lez)zn + o (ﬁe]d’

()] 2 (@)
Aine = Aorb + Agpzn + Aheld’

(23)

with their analytical expressions using Egs. (6) and (7) given by

dx’ p(k) (x)
(k)
— § : 24
Pint 47‘[60 / [x — X/| @4)

(D) yor (D) or
A _ quo Ji X)) r(r-j, (x))
= , (25
A Z/ <2|x—x/| * 2lx — x/J? (23)

where the superscripts ® and ) denote respectively the type

&_0 @ @2 @ +2)_2 @ @
of sources (=", i, Epgn, fiele) and God =g > 5 oo field)>

which refer to the equation sets [(9),(20),(21), (22)] and
J

int __ 0) 2) ?2)
U™ = q(CI)( + cborb + (Dspm orb spin

It has been shown in [22] that the above potential is
equivalent to the Breit-Pauli interaction in the Hartree approx-
imation. More importantly, it was shown precisely how the
light-matter operators of the single-electron FW Hamiltonian
couple to the different types of internal fields to recover all the
electron-electron interactions involved in a two-body system
at second order in 1/c. Here, we just recall that the first term

g®© is the usual Hartree term while ¢®% and quL S ADO

orb
are mean contact terms. The magnetic dipolar term — iA(ZL p
m orl

illustrates the coupling between the electron momenta. The
term 4#22‘7 - V@ A pis obviously the spin-orbit interaction
with the mean electric field and the second-order potential
q @22}]1 represents the spin-orbit interaction of the mean particle
mov1ng around the electron charge. The Zeeman interaction

a v /\Agrb) denotes a spin-other-orbit coupling due

to the orbital motion, whereas — qA(Pm p also represents
a spin-other-orbit coupling involving the charge motion and
the others spins of the system. The last term representing
a Zeeman effect related to the spin current of the system
—the (VA AQ)) logically gives the spin-spin interaction.
Finally, we focus our attention on the last term of Eq. (26)
denoted U™. This term represents a light-matter interaction
between the internal mean fields of the system and the external

qh
)= LA 4% b Loy a (a2
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[(17),(18),(19)]. Finally, by plugging Eq. (23) into Eq. (8),
with the analytical form of Egs. (24) and (25), one obtains the
low-energy Pauli equation

2

ind? — (mc2 + X Lueung U;;:>¢, (26)
ot 2m

which constitutes with Eqs. (13), (14), (15), and (16) a

self-consistent mean-field model at second order in powers of

1/c in the presence of an external electromagnetic field.

The Pauli Hamiltonian is composed of three groups of terms
U, U™, and UM The first (U®X') incorporates the coupling
between the electron and the external field. It is just the FW
Hamiltonian of a single electron in the presence of an external

electromagnetic field with V A Aext = Bexe and Eext || Aexe:

X q qh
U™ = qDex; — EAext -p+ m Aez;x[ 2m0 “Bext
gl qh
- 8m2c2 - Lext — ma : Eexl AP. (27)

Note that the paramagnetic current operator acting on
a wave function ¢ leads to ——(p ext + Aext - P)O =
—5=(2Aexi - (PP) + (V - Aex)). In the Coulomb gauge the
second term is zero.

The term U™ is related to the mean internal interactions
created by the other electrons of the system, and reads as

qh
m2c?

2
+AG) + g 5 AP+ e VO Ap.

q
orb spln) 8m2c2
(28)

(

electromagnetic field

2
2 qd . q 2 ()
Uel;: =q P — ZAﬁeld ‘Pt EAexl (Aorb + Aﬁeld)

2
q qh e)
+;Aext : Aiﬁ)m o (V A Ajea)
2
q°h
ymeneld (VOO A Acy). (29)

It represents a coherent light-induced mean field displaying
two important properties. First, such term is created by the
external field U = UN(A,) and is therefore a coherent
interaction, in the sense that these effects do not exist if the
external field is turned off UM(Aex = 0) = 0. Then, all the
terms in Eq. (29) contain at least one mean internal potential
suggesting these effects include all the electrons of the system.
It thus represents a macroscopic response of the system to the
initial light perturbation. The importance and the outcomes of
these terms are discussed in Sec. III.

Among all the interactions representing UM, it can be
seen that three terms act only on the electronic charge:

the magnetic dipolar interaction with —%Afize)ld -p and two
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orb

242 2
other terms originating from the energylike term % that involves the different vectors A of the problem: LAy - A% and

2
LAy - Age)ld. Their analytical forms are given below by replacing Af)zﬂ)3 and A%ze)ld with their expressions:

i i
q 2) q Ko (¢1 ¢iquxt) I‘[I‘ : (¢, ¢iquxl)]
— —AfP= - p, 30
m eld TP = |:471m Z/ ( 2% — x| 2x —x P P (30)
[ 260pii | 2x(@lpigi - 1)
—A " A(Z) . qMO / i Pi®i i Pi @i ’ 31
o Ao = At Z x—x|  x—xF G
2 2 i i
q ) q —q Mo (¢ digAcx)  TIr - (¢ digAcx)]
—A Xt A = —A X . 32
SN eld T fhext Z/ ( 2|x — X/| + 2x — x|? (32)

The coherent light-induced mean ﬁeld exhibits also two terms involving directly the spin degrees of freedom. The first one comes

from the Zeeman interaction with — a (VA Afﬁz 1a) and the second from the spin-orbit operator — = zzh O A Aex)-
They precisely read as
T i

qh @ qﬁ =L / (D igAex))  XIT - (P PigAext)]
——0-(VAA)=—— , 33
2 ® (VN Aan) = =30 Va2 Zj 2x—x| | 2x-xP &9

2 2 /
q-h () q-h / dx ¢> &

— (VO ANAy) = ——— t- 34
4m2C20 ( e t) T am2e? 47T€0 E X— x| Aext (34)

Finally, one can also see two terms containing the spins indirectly Via the internal fields of the system. The second-order potential

energy qCDheld has spin-light-induced properties due to the term pﬁeld [see Eq. (22)] and the operator ’fn—zAm Ag%m couples the
external vector potential with the one of the spin system. In both cases, the spin represented by the Pauli matrix o remains inside

the integrals

B\ [ dXV - (¢lod) A gAex)
(D(Z) — q _ / i i ext ’ 35
4 field q4JT€() 4m2c? ; |x — x| (35)
2 N T T
VA(po¢:) rxlr-VA(po¢:)]
—Aex PRGN BN Ll / dx’ i i . 36
t Bspin TG e ; X 2|x — x| * 2|x — x|3 50)

A detailed analysis of the last four terms is performed in Sec. III.C. We show quickly in the next paragraph how the latter
interactions are related to those of the Breit-Pauli Hamiltonian.

(

B. Equivalence with the Breit-Pauli Hamiltonian within the 2 = # . The latter can be built from the classical Darwin
Hartree mean-field approximation 0

52 Vi'Vj +e =2 (Vi 1ij)(VjTij) [35]’ Wthh rep-

: D
Lagrangian L~ =¢ 27, 207

The Breit-Pauli Hamiltonian describes the interaction

between two moving electrons at second order in 1/c.
It has its origin in the nonrelativistic limit of the Breit
Hamiltonian H® describing the retardation effects on the
electromagnetic energy between two electrons in the Dirac’s

resents the classical energy of two ‘moving charges U =
5% (@i®j —qivi - A;), where ® and A are obtained
by expanding to second order in 1/c¢ the Liénard-Wiechert
potentials [36]. The Breit-Pauli Hamiltonian Hi}? P completes
the classical description by adding the quantum and relativistic
properties due to the electron spins

héz r;; r;;
<0j'r—3]/\(Pj —2Pi)—0i'r—3j/\(lli —2Pj)>
ij

i

formalism: H® = —ézaz';f;f —ézw [32-34], where
ij
|
HEP _nhzéza o é? pi - Pp; n rij - (pj - rij)pi
i 202 O 2m2c2 \ 1y r?j 4m2c2
he? G0 G, 0 (0; -1i)0;-T1i})
_ _ 8 Psry — 2290 500 T 0, - Lij
4m2c2( 3 (rig) P +

ij

t

where the first line of Eq. (37) denotes “spin-free” terms through a contact operator and the coupling between the electronic
momenta, the second line represents the “spin-orbit™ and “spin-other-orbit” interactions, and the last line illustrates the “spin-spin”
interaction. It has been shown in [22] that, for a system of N interacting electrons, the Breit-Pauli operators in the mean-field
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Hartree approximation are equivalent to the operators of U™ given by Eq. (28). When one considers an additional external
field (e, Acx), the Breit-Pauli Hamiltonian is modified into Hilfp — Hl.?P (Acx). Indeed, by performing a Foldy-Whouthuysen
transformation on a Dirac-Breit two-electron system, one can show that the modification brought by the external field up to
second order in 1/c only requires the canonical substitution p; > p; — g;Aexc and p; = P;j — qjAcx [37]. Consequently, these
modifications only affect the spin-free, spin-orbit, and spin-other-orbit terms of Eq. (37) leading to

HBP(Ayy) = HE? + &2 (Pi g jAext n rij - (qjAex - l‘,-j)pi) n 22 (inext P, N ri; - (P, .rl.j)quext)
ij ext) — ij o
ij

2m?2c? r3 2m?c? Fij r

L Ly

éz < _ Qiq‘iAgxl —giq rij : (Aext : rii)Aext)

2m2c? rij 4 r?j
héz l',']' rij
+W o;- V_3 N (2inexl - QjAext) —0;- 3 A (zq_iAexl - CIiAext) . (38)
ij ij

In this case, the exact Hamiltonian of the N interacting electrons in the presence of an external electromagnetic field at second
order in powers of 1/c is given by

H=3) [mc2 +§ 5,*;,} ZZ[ + HB”<Aext>}

i=1 i j#E

The modifications that bring the external field are twofold: (i) an action on each electron given by U ”;, which is just the
FW Hamiltonian at second order in 1/m; (ii) the addition of the extra terms given by Eq. (38). By taking the total wave
function of the system in the Hartree approximation ¢(ry, ...,ry) = ¢1(r;)¢2(r2) ... ¢y (ry) and using the Lagrange method
of undetermined multipliers, one obtains the Hartree-Breit- Pauli equations for a spinor ¢;(r;) = ¢, which is a solution of the

single-particle Pauli equation: (p +mc? + U™+ UBP + UBE, )¢ = ih52, where UB! is equivalent to Eq. (28) and UZF,
represents the contribution of the new terms of Eq. (38). The latter are split into spin-free terms (sf) and spin terms (o)
as USEy) =" UGLs, +7 USl,). The expressions of the mean fields given by the first three spin-free terms of Eq. (38) read
respectively as

ex ‘Aex : /
s, Uel;fI(JA) 2 2(Z/dx¢ (X)(lqj Xll + I‘(i;_xllpr))(pj(x)) -p

— LA, P Eq. (30)

m

p r(p; - 1) ,
2 3 A Z/dw(x)( ’X,|+|X_’X,|3>¢,-<x),

i#j

2 Ao-A3): Eq. B1)

m orl

ex 'Aex : ’
5o A Z/dw(x)( s —r(f;_;/|3r))¢j<x), (39)
i#]j

2
T Aexi-Aly: Eq. (32)

where the underbraces indicate the correspondence of each term with the spin-free terms obtained in Egs. (30), (31), and (32).
The case of the spin terms is a bit more tricky but does not present major difficulties. These mean-field interactions are shown
below in Eq. (40) and correspond to the four spin terms of Eq. (38) respectively taken from the left to the right of the last line

) qhe he? / r
Ul = paon 2 [ axaj00(es 8 5 )6,00= 5 3 [ ax i (o 5 A aida o)
i#]

Spin-other-orbit: 2 = Aext- Aﬁpm Eq. (36) Spin-orbit:q @:azeid: Eq. 35)
he 52
~ 5737 Zfdxqb 04 )( A, ext)qﬁj(x)Jr Z/dxqs 0% )—¢,(x) A At
i#]
Spin-other-orbit: —ﬂ (VAAge)ld) Eq. (33) Spin-orbit:— 2 Lo -(VOOAA): Eq. (34)

(40)
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The equivalence with the spin terms of Eq. (29) is indicated
in the underbraces and can be understood as follows.
In Eq. (38), the four spin operators refer to particle i
or j with the subscripts indicated in the spins (0,0 ;)

and the electronic charges (g;,q;). When applying
the Lagrange method of undetermined multipliers
§< ¢(ry,...,ry)|U tt(A)|d)(r|, ...,ry) > =0, the operators

related to partlcle i (0;,9iAcx) are taken out of the integral
becoming (0,gAcx), While those of particle j (0;,q;A)
remain inside the integral. Hence the first spin-other-orbit
term involving (0 j,g;Acx) in Eq. (38) leads to a term looking
like ~ gAex f dx’...o;, which can obviously be identified
0 ’fn—zAw Aglz)fn of Eq. (36). Then, one can see that for
the second term, exhibiting a spin-orbit interaction, both
quantities o ; and g ;A will be kept inside the integral and
can only correspond to the term qd>§le)ld of Eq. (35). The
same procedure is used to attribute the spin-other-orbit term

(0,gjAcxi) tO — a (VA (ze)ld) and the last spin-orbit term

(07,giAex) tO — nz 2(7 (VQD( ) A Acxo)-

The equlvalence of the light-induced mean field originating
from the Dirac-Maxwell equations with the Breit-Pauli Hamil-
tonian in the presence of an external electromagnetic field is
still valid. This fact may appear less surprising if one notes
that both approaches are performed under the same conditions,
namely the Coulomb gauge and the quasistatic approximation.
Anyway, following this particular result, one can claim that the
light-matter operators involving the spin can be attributed to
the spin-orbit and spin-other-orbit interactions, both induced
by the external electromagnetic field.

III. DETAILED ANALYSIS

A. Order of magnitude of the light-induced mean-field terms

The Pauli-like Hamiltonian in Eq. (26) exhibits three types
of terms, namely the interaction with the external field U, the
mean internal interactions U™, and the semirelativistic light-
induced mean field U™. We propose, as a first approximation,
to express these Hamiltonians with dimensionless parameters
involving the internal and external parameters of the system.
The first term U is the FW Hamiltonian at second order in
1/c. In their seminal paper, Foldy and Wouthuysen explained
that the dimensionless quantities in their transformation were

L -V and mhcz o7 [30]. By considering a time-dependent external
electromagnetlc field, the spatial (time) derivative can be
replaced by A~! (w) and the dimensionless quantities read

as )\TC (%), where Ac = 2L is the Compton wavelength and

mc
wc = 2/% is the Compton frequency. Then, by using the
following relations involving the external electromagnetic
field quantities |Bex| % [Aext/Al, |Eext] & |Pext/Als |Pexi ~

|cAcxt|, and | Eex| = |cBext|, one may express U as

ext )‘C )‘C : -3
U™~ oo (1454 (57) +0(c7)). @D

where @ is the scalar potential of the external electro-
magnetic field. In the case of the internal mean field U int
which also represents an expansion to second order in 1/c,
the electric field is due to the Coulomb interaction and
the wavelength of the external field has to be replaced by
a characteristic electronic distance. By taking the distance
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between two interacting electrons r;;, one can see that the
operators of U™ can be expressed as

O R
ij ij

where N is the number of electrons in the system. Finally,
the light-induced mean field UM, which belongs exclusively
to the second order in 1/c, is composed of both internal and

external properties and thus reads

U ~ N—e<k—c> (eq)e“> +0(c?). @3

rij \rij mc?

We want to estimate the importance of the light-induced mean
field UM, Being itself of the second order in 1/c it has
to be compared to the second-order energy corrections of
the internal mean field U™, Indeed, it is the spin-orbit, the
spin-other-orbit, and the spin-spin interactions that contribute
to the magnetic ordering of the N-electron system. The latter

are represented by the second term in Eq. (42) and can be

2
written as Uy ) ~ Y& (AC

). The light-induced mean field can

modify the internal ordermg without necessarily reaching the
ionization regime for which one needs to have at least the en-

ergy of the Coulomb interaction U™©® ~ ’\r]—ez Consequently,
ij
using @y = (EexiA) we define a yield parameter 7 that reads

int
U _ r,~j eEeX[A

ext

Uint) -

n= e me? (44)
With a basic dimensionless approach, the yield parameter
finally depends only on the intrinsic electron wavelength (the
Compton wavelength: Ac = 2.42 x 1072 m), a characteristic
electronic distance (7;;), and the amplitude and wavelength of
the external electromagnetic field.

To get a quantitative estimation, we propose to focus on
the experiment where the coherent ultrafast magneto-optical
measurements were performed on ferromagnetic nickel thin
film [4]. As mentioned in the Introduction, the authors
suggested that the observed trends originate from a relativistic
coupling between spin and photons through a Zeeman effect
and a spin-orbit coupling involving the electromagnetic fields
of the laser as well as the coherent magnetic response of all
the interacting spin-electron gas (including all the field terms
up to second order in 1/c). The present model accurately
describes these effects at least in the mean-field approximation
(without exchange and correlation effects). In Ref. [4], the
50-fs laser field was centered at A ~ 800 nm with an intensity

& around & = 1 mJ/cm? and the thickness of the nickel
ceEL 10><£0(mllcm2)
e

film was 7.5 nm. Using the relation
[24] one can estimate E.q ~ 4 x 108 V/m. The ch01ce of
an electronic distance is maybe more difficult. One could take
rij & 10719 m, or even larger since r;; could also represent the
typical interelectronic distance in the nickel film. For instance,
with r;; included in the interval r;; € [107'° m, 3 x 107'° m]
one obtains 1 € [3%,9%]. Even using the lower limit, the
result is not so negligible considering the rough approximation
provided by the dimensionless analysis. Hence it would be
relevant to perform a sophisticated and rigorous analysis based
on a numerical study, which should be able to give a more
precise estimation of 7.
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However, these effects may play a really important role by
employing a larger field amplitude. With an electric field am-
plitude of E¢y = 10'° V/m, a value that is currently available
in laboratories, the value of 5 can easily reach n &~ 65% even
with r;; & 10719 m. Therefore, these coherent effects appear
to be somehow important, and we thus perform a detailed
analysis of the related mechanisms in the following section.

Here, let us mention a few comments about the do-
main of validity of the model regarding the specifications
of the external electric field. It must be first emphasized
that the model is no longer valid if the field energy is
close to the electron mass energy where the phenomenon
of particle-antiparticle creation occurs. It corresponds to an
electric-field amplitude of Eey = ZTCE ~ 10'® V/m. It must be
also checked under which conditions higher-order corrections
can be omitted. For instance, we show in [37] that it exists, at
third order in 1/m, a coherent coupling between the external
fields and the internal fields. For an electric field amplitude
of 10'* V/m the contribution of the third-order terms with
respect to the second-order terms has been estimated to be
about 2%. Therefore, below this electric field amplitude value,
contributions of third order may be neglected.

In a more general context, we show in [31] that the FW
expansion at higher orders in 1/m may be grouped into two
categories: (i) the direct couplings between the spin and the

external field that reads as g @y (1 + (ATC) + ('\TC)2 4+ --4); (ih)

the expansion of the kinetic energy mc?g(1 + mTz—;)l/z. The
FW procedure at fourth and fifth order leads also to mixed
operators of these two types. For the first category of terms (i),
higher orders can be neglected as soon as the laser wavelength
remains sufficiently large compared to the Compton wave-
length, Ac. For instance, this is the case for a visible or UV
radiation, and even for the beginning of the soft x-ray spectrum.
By taking A =1 nm one gets (ATC) ~ 1073. Consequently,
one would need an electric-field amplitude of 8 x 10'> V/m
for having the third-order correction quxt)\(%c)B equal to

~ 2 . o

the second-order term é(%) computed using r;; ~ 2 A.
i\ Tij

Concerning the category (ii), the kinetic energy expansion

. — 4 . . . . .
leading to (%m?:‘z) is more singular. This term varies according
to m™ and ¢2 and therefore belongs to an intermediate

order compared to (/\TC)"’ where m and ¢ evolve together.
In the present work, we made the choice to neglect it. It
is justified if <Py < —(L)2 & P <2x10 kgms™!,
where P = p — gAcxt — ¢Ajne. This condition is satisfied for an
electron momentum p ~ 9 x 1072 kgms~! (rough estimate
using the Fermi velocity of Ni Ref. [38]) and an internal field
—qAjy = ez—’\f ~ 10728 kgms~!. The case of the external field

is more tricky. Using the experimental conditions of Ref. [4],
Eeq ~ 4 x 108 V/m and A = 800 nm, one gets —qA¢ X
ch%l/\ ~ 1072 kgms~! leading to a value of % which is
not so far from the limit value for which this term must be
considered. The latter is equal to Ey ~ 3 x 10° V/m for A =
800nmand E. ~ 5 x 10'°V/m for A = 50 nm. Nevertheless,
it must be emphasized that this term does not affect the spins.

However, higher amplitudes of the electric-field require

more careful attention because crossed terms like p - A3, p?A2,
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or p° - A may influence the charge dynamics and introduce
additional spatial derivatives. Starting from the condition
P <2x 107 kgms™! with p~ 9 x 1073 kgms~! and
A = 800 nm, crossed terms become important respectively for
—qAeq ~ {5 x 107241073, 10722} kgms~! corresponding
to an electric-field amplitude of Ee ~ {10'°,3 x 10'°,3 x
10!} V/m. These values increase with the wavelength of
the laser. Indeed, in the mid-UV spectrum for A = 50 nm,
the critical electric-field amplitudes are Eqy =~ {2 X 10" 4 x
10M;5 x 102} V/m.

Consequently, one can argue that the present description
of the spin dynamics is valid when the external electric-
field amplitude is below approximately 3 x 10° V/m for
wavelengths within the visible spectrum. A larger amplitude
of the external electric field may be also used by employing a
shorter wavelength (=~ 5 x 10' V/m for A = 50 nm).

B. Mechanisms involving the coherent spin dynamics

As explained in the Introduction, the origin of the quick loss
of magnetization following the interaction of a ferromagnetic
sample with an ultrafast femtosecond laser pulse is still under
active debate. The demagnetization process occurs within two
kinds of physical interactions. The first is related to the electro-
magnetic ordering of the system induced by the polarization of
the external electromagnetic field, while the second is linked to
its internal disorder created by the associated thermal effects.
In the last case, the heat filled by the laser generates an increase
of the system temperature, and the thermal agitation modifies
randomly each spin-orientation leading to a diminution on the
average magnetization of the sample.

The coherent magneto-optical signal extracted from the
experiment performed in [4] shows that light-induced coherent
effects play an important role in the first few femtoseconds
of the demagnetization process. It is legitimate to ask what
are the main physical mechanisms underlying these effects.
For that purpose, let us analyze the spin terms of the Pauli-
like Hamiltonian of Eq. (26) that only involve the external
electromagnetic field and the spin degrees of freedom “U.
One may distinguish

(IU — UUeXt +(7 Ué;:,
where U represents the direct coupling between the spin
and the laser through the Zeeman interaction and a laser-
induced spin-orbit coupling with
qh qh

_%G : Bext - ma : Eext A p, (45)

and ° U stands for the indirect coupling between the spin and

the laser which reads as

o Uext _

o yrin qh ) q2h
Uex: = _Zma : (V A Aﬁeld) - 4m2620 ’ (VCD(O) A Aext)
®) (]2
4Pl + Ao A (46)

The operators in Eq. (45) illustrate a direct interaction between
the laser electromagnetic field and the electron spin. The latter
have already been mentioned in other works [4,23,31] and do
not constitute the purpose of the present work.
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FIG. 2. Mechanisms of type (A) (see details in text).

Let us now focus on the elements of Eq. (46), which can be
separated into two types of interactions as follows.
(A) The first two terms exhibit explicit]y the Pauli spinor o

and involve a Zeeman- lrke interaction — ‘21—0 (VA Aﬁeld) and

a SOC-like operator — ;4 "o - (VOO A Auy). They represent

the mean-charge responses [characterized by (@O, A® feta)]
acting on the electron spin
eld and L T At - A@

(B) The two others g& spin depict the
interaction between the electronic charge g and the spin
dependent mean-field terms. They illustrate the mean-spin
responses.

Let us focus first on the terms of type (A).

(A1) The Zeeman-like term — %a (VA Agze)ld) can be eas-
ily understood. The electron spin interacts with the magnetic
field created by the motion of charges induced by the laser field.
Indeed, the external vector potential Ay creates an internal
current in(?ld = — LT Ay leading to a vector potential Asze)ld
which is finally "related to a light-induced magnetic field
B =V A A%ze)l 4- This intuitive picture is depicted on the left
panel of Fig. 2.

(A2) The spin-orbit mechanism — 4 , -0 - (VOO A Ay)
is the usual one involving the electron momentum p to which
we add the momentum associated to the external vector
potential p = p — gA.x. The motion of the electronic charge
is modified under the action of gA.y, as well as its orbital
angular momentum with respect to the positions of the other
electrons. The effective magnetic field seen by the electron
spin is therefore modified during the action of the pulse and
reads VOO A A, (see right panel of Fig. 2).

(B1) As for the second-type terms acting on the charge,
one can see that the operator £ ACX[ ASpm represents an
electromagnetic energy involving two vector potentials: the
one of the light A and one of the system A®  The latter

spin*
is created by the internal spin current jgg)in as depicted in the
left panel of Fig. 3. This interaction can be seen as an energy

term looking like % or as a paramagnetic dipolar coupling
where gA.y substitutes to the electron momentum p. We
remember also that the magnetic field V A A2) generated by

spin

FIG. 3. Mechanisms of type (B) (see details in text).

O, that couples to the electron spin via a Zeeman interaction
corresponds to the internal spin- spin interaction given in U™,

(B2) Finally, the last term qcbﬁeld is the most surprising.
The electronic charge feels a second- order Hartree poten-

tial that is related to the charge density pi), = -4V
(9T ) A Aey), this latter quantity being a function of both
the spin and laser field. The two vectors o and Ay generate
another one (o) A Aey) Which is finally associated to an
effective electric field E (see right panel of Fig. 3).

As a summary, the connection between these interactions
and the microscopic sources producing the electromagnetic
field is depicted in Table I. Given the order of magnitude of
the coherent effects within current light-matter interaction con-
ditions, and following the above analysis, one would suggest
that these four mechanisms,may play an important role within
the first few femtoseconds of the demagnetization process.

IV. CONCLUSIONS AND PERSPECTIVES

In this work, the semirelativistic limit of the self-consistent
Dirac-Maxwell equations was obtained up to second order
in 1/c in the presence of an external electromagnetic field.
The result consists on the availability of a self-consistent
two-component mean-field model that incorporates all the
quantum and relativistic effects occurring at order 1/c?. The
model also leads to a coherent light-induced semirelativistic
Hamiltonian that can describe the coherent interaction of an
ultrafast laser pulse with a system of N interacting electrons
in the mean-field approximation. The latter appears to be
relevant to current laser-matter conditions. We have extracted
four clearly identified mechanisms that involve the interaction
of the external laser pulse with the spin degrees of freedom.
They can be seen as light-induced spin-orbit interaction and
light-induced spin-other-orbit interaction. We hope that the
present work will lead to promising numerical investigations in
a near future. Also, we believe that these results can be helpful
to enlighten the issue of the microscopic interactions in the
light-induced ultrafast spin dynamics. However, at this current
step, the model presents several limitations that have to be
incorporated in future analytical and numerical developments.
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TABLE 1. Origin of the different types of interaction terms in the semirelativistic light-induced mean-field Hamiltonian U™ [Eq. (29)].

ext

Coulomb Paramagnetic I Paramagnetic 11 Zeeman Spin-orbit
Sources qo? —LA® . p CAD . Ay — e (V AAD) — L (VOO A Au)
o© Spin-orbit [Eq. (34)]
i Spin free [Eq. (32)]
IO Spin-other-orbit [Eq. (36)]
i, Spin free [Eq. (30)] Spin free [Eq. (31)] Spin-other-orbit [Eq. (33)]
o, Spin-orbit [Eq. (35)]

First, one should be able to produce numerical calculations
of the charge and spin dynamics and see how strong the
light excitation should be to perturb significantly the equi-
librium state fixed by the internal electromagnetic interactions
[39,40]. Furthermore, the set of obtained equations appears to
be a time-dependent self-consistent Schrodinger-Poisson-like
system including magnetic properties. It thus belongs to a
well-known framework which can be in principle numerically
solved [41]. Another goal of such modeling is to establish
a hierarchy between the mechanisms that involve the spin
degrees of freedom, and to determine which mechanisms are
the most relevant ones, depending of course on the initial
conditions given by the choice of a physical system. Also,
one should go beyond the Hartree approximation which
neglects the exchange and correlations effects. The latter
playing an important role in ferromagnetic materials, we
hope to incorporate them in a future work. Finally, another

improvement would be to incorporate a second (or multiple)
light pulse(s) to describe efficiently the nonlinear optical
effects. Indeed, most experimental techniques that extract
information on the ultrafast spin and charge dynamics are
based on nonlinear time-resolved pump-probe or four-wave
mixing experiments, whose experimental signals exhibit a
nonlinear combination of pump and probe beam intensities.
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