2504.17769v1 [cond-mat.mes-hall] 24 Apr 2025

arxXiv

Bringing light into the Landau-Lifshitz-Gilbert equation: Consequences of its fractal
non-Markovian memory kernel for optically induced magnetic inertia and magnons

Felipe Reyes-Osorio and Branislav K. Nikoli¢*
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The Landau-Listhitz-Gilbert (LLG) equation has been the cornerstone of modeling the dynam-
ics of localized spins, viewed as classical vectors of fixed length, within nonequilibrium magnets.
When light is employed as the nonequilibrium drive, the LLG equation must be supplemented with
additional terms that are usually conjectured using phenomenological arguments for direct opto-
magnetic coupling between localized spins and (real or effective) magnetic field of light. However,
direct coupling of magnetic field to spins is 1/¢ smaller than coupling of light and electrons; or both
magnetic and electric fields are too fast for slow classical spins to be able to follow them. Here, we
displace the need for phenomenological arguments by rigorously deriving an extended LLG equation
via Schwinger-Keldysh field theory (SKFT). Within such a theory, light interacts with itinerant
electrons, and then spin current carried by them exerts spin-transfer torque onto localized spins,
so that when photoexcited electrons are integrated out we arrive at a spin-only equation. Unlike
the standard phenomenological LLG equation with local-in-time Gilbert damping, our extended one
contains a non-Markovian memory kernel whose plot within the plane of its two times variables ex-
hibits fractal properties. By applying SKFT-derived extended LLG equation, as our central result,
to a light-driven ferromagnet as an example, we predict an optically induced magnetic inertia term.
Its magnitude is governed by spatially nonlocal and time-dependent prefactor, leading to excitation
of coherent magnons at sharp frequencies in and outside of band of incoherent (or thermal) magnons.

Introduction.—The ninety-year-old Landau-Lifshitz
equation [1], with Gilbert (LLG) form of damping [2, 3],
has been the cornerstone [4-9] of modeling dynamics of
localized spins within nonequilibrium magnets, whenever
such spins can be approximated [10] by classical vectors
S, (t) of fixed length (|S,(¢)] = 1) localized at sites n
of the crystalline lattice. However, since the LLG equa-
tion is phenomenological [1-3, 11] in nature, its applica-
bility to new experimental situations requires additional
terms [12-16] that are typically not rigorously derived
(as is the case of the LLG equation itself [1, 11]). In-
stead, they are fitted to experiments with typically only
a partial [13, 14, 16] success. In the case of magnets
driven by laser light of sufficiently low intensity (to avoid
demagnetization effects [17-19] which otherwise change
|Sn ()| as nonclassical [10, 20, 21] effect beyond [21-25]
capabilities of LLG description), one finds in the liter-
ature arguments for various torque-type terms involving
real or optically induced effective magnetic fields, such as
the Zeeman torque o< By, (t) x S, (¢), where the magnetic
field B, (t) of light directly couples to localized spins [26—
28]; torque o 9;BL(t) X S, (t) due to the derivative of
the same real magnetic field [29]; torque due to mag-
netostriction effect [30, 31], where electric field of light
E/(t) couples to the spin-dependent electric polarization
x S, (t) - Spy1(t); torque exerted by the angular momen-
tum of light [32-34], which also provides a contribution
to the inverse Faraday effect [15, 35-39] where torque
x Re[iEg(t) x E} (t)] x S,(t) is nonzero for circularly
polarized light [14]; and torque from the inverse Cotton-
Mouton effect [15, 40, 41] due to linearly polarized light
X GapysSE()EL(t)EL(t), where gopys is a symmetric
tensor.

However, due to the smallness of By (t) when com-
pared to Ep(t), direct coupling between light and local-
ized spins is generally smaller than the coupling between
light and itinerant electrons by a factor of 1/¢ where ¢
is the speed of light. Thus, in first-principles calcula-
tions [22-25] via time-dependent density functional the-
ory (TDDFT), which do not make any intuitively mo-
tivated assumptions about the underlying physics or the
system under investigation, including terms for direct ab-
sorption of light angular momentum by electron spin [42]
provides negligible effect [24, 25]. In addition, slow clas-
sical degrees of freedom like S,,(t) cannot [43] follow fast
oscillations of electromagnetic field of visible or mid-
infrared lasers, often employed experimentally [17, 44].
Even in THz range [26-28, 44], where resonant follow-
ing is possible in principle, a sufficiently strong laser-
spin coupling remains difficult to achieve since the field
amplitude of THz laser pulses is limited compared with
visible and mid-infrared lasers. Finally, recent experi-
ments [45-48] on optical excitation of magnons in two-
dimensional magnets, where single- and many-body elec-
tronic states are precisely mapped [47] and can be ac-
cessed by tuning the laser frequency, reveal how excita-
tion of such electronic states always precedes and medi-
ates excitation of magnons [45]. Therefore, a more realis-
tic physical picture is that of optical spin-transfer torque
(STT) [49-53] exerted by the spin current of photoex-
cited electrons onto the localized spins, as itinerant elec-
trons can instantaneously [43, 54, 55] respond to applied
laser light. However, constructing the proper STT term
in the LLG equation requires spatio-temporal profile of
spin current [56, 57] or nonequilibrium spin density [57—
59], where attempts have been made to guess such input
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quantities empirically [49, 52, 53, 60, 61] or extract them
from experimentally measured quantities [62] (which is
a highly ambiguous procedure [55, 63] as spin current is
not directly measurable).

Recently, it has been understood [64—69] how to rig-
orously derive the LLG equation from nonequilibrium
quantum field theory [70-72] in Schwinger-Keldysh for-
mulation. The starting point of such derivations are
localized quantum spins interacting with a surrounding
bath of electrons [64, 65, 68] or phonons [66, 67]. The
spin dynamics is then approximated into the classical
limit while the bath is integrated out within the func-
tional integral [70, 71] of Schwinger-Keldysh field theory
(SKFT). The end product of such derivations is not the
standard [1], but instead an extended LLG equation with
a non-Markovian memory kernel. The kernel encodes
time-retardation and damping effects stemming from the
bath degrees of freedom that are never infinitely fast and
always lag behind [73-75] localized spins.

In this Letter, we derive an extended LLG equation
via SKFT for a system of localized spins interacting with
electrons responding to laser light, where the latter two
are considered as a bath and integrated out. Thus ob-
tained LLG equation

S, = —S, x (B + BE — acd;S,) (1)
8% 3 [ o ()80,

is in general non-Markovian integro-differential one, i.e.,
dependent on the entire history of the system rather than
just its current state; as well as nonlocal because it cou-
ples spins S,,(t) and S,/ (t) at any two lattice sites n
and n’ (we use shorthand notation 9; = 9/0t). Its non-
Markovianity [76] stems from ultrafast dynamics induced
by the driving electric field of light, while its nonlocal-
ity [64] is due to the propagation of electronic spin cur-
rents [57, 59, 75]. When its memory kernel, n,,(¢,t’) ex-
pressed [Eq. (12)] in terms of electronic Keldysh Green’s
functions (GFs) [70, 77], is plotted in the plane of two
times ¢-t/, its geometry exhibits a remarkably complex
structure with fractal properties [78] [Fig. 1(c) and 1(d)]
on the proviso that fs laser pulse (fsLP) is sufficiently
intense. For lower fsLP amplitude, 1, (¢,t") can be ex-
panded to second order in ¢t — t' to produce an inertial
LLG (iLLG) equation

Sy = =S, x (B + BS — agsS,) (2)
+ 80 X Y [Anw ()0eSnr + Lp ()07 S0

where magnetic inertia [28, 67, 73, 79-90] is the last term
on the right-hand side. Magnetic inertia and its physi-
cal origins have been the subject of recent intense theo-
retical [67, 73, 79-83], experimental [28, 84, 88, 90] and
applications [89] pursuits because of its “neglect” in the
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FIG. 1. The memory kernel (¢, ') [Eq. (12)] of SKFT-derived
extended LLG Eq. (1) plotted as a function of two-times ¢ and
t’ for an example [74] of a single localized classical spin S(¢) in-
teracting with itinerant electrons in 1D. The kernel is Marko-
vian [64] in (a), where light is absent; and non-Markovian
in (b)—(d), where electrons are driven by fsLP of central fre-
quency w = 0.3y and with its vector potential |A(¢)| plotted
at the bottom of each panel. The width of fsSLP in panels (b)
and (d) is A = 200%/~, whereas in panel (c) it is A\ = 20%/7.
Finite values of the kernel away from the time diagonal t = ¢’
indicate greater memory effects. As the amplitude z of fsLLP
increases in (b)—(d), the plot of n(t,t') in ¢t-t' plane becomes
a fractal characterized by noninteger dimension d.

original LLG equation [1-3, 11] where only « S,,, 9;S,,
terms are included. Unlike recently derived magnetic in-
ertia terms with constant prefactor—such as, due to rel-
ativistic effects [81, 82], phonon bath [67] or outflowing
spin angular momentum from open systems [73]—the one
driven by light in Eq. (2) contains time-dependent pref-
actor I,/ (t) which is also spatially nonlocal. Note that
spatial nonlocality of Gilbert damping prefactor A, (t)
in iLLG Eq. (2) has been found in prior SKFT deriva-
tions [64], but its time-dependence in this study is a con-
sequence of light. The non-Markovian LLG Eq. (1) and
its approximation in the form of iLLG Eq. (2) are the
central results of our study, whose predictions are illus-
trated on examples in Figs. 2 and 3 where a single or
many, respectively, slow classical localized spins S,,(t)
interact with itinerant electrons responding fast to light
acting as their nonequilibrium drive.

Results and Discussion.—To gain insight into the ef-
fects of the non-Markovian nature of SKFT-derived LLG
Eq. (1), we first apply it to a simple model of a sin-
gle localized spin S(t) which interacts via sd exchange
of strength Jsq [56, 91] with spin of itinerant electrons
within an infinite one-dimensional (1D) tight-binding
(TB) chain with a single orbital per lattice site and
nearest-neighbor hopping parameter v (note that simi-
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FIG. 2. Time evolution of a single localized classical spin
S(t) interacting with itinerant electrons within an infinite
1D TB chain, as computed from the non-Markovian LLG
Eq. (1) in an external static magnetic field along the z-axis,
B®* = 0.01ve., and with electrons driven by a train of fsLPs
of amplitude (a) z = 1 and (b) z = 5, respectively. At
t = 0 spin is slightly tilted away from the z-axis, and for
its time evolution in (a) and (b) we use the memory kernels
from Figs. 1(b) and 1(d), respectively. Panels (c) and (d) plot
FFT amplitude spectra of S®(¢) from panels (a) and (b), re-
spectively. Note that in the absence of fsLPs panel (¢) and (d)
contain only a single peak (dashed black line) whose position
is determined by |[B**|.

lar model has been treated numerically in Ref. [74] us-
ing finite-length TB chain and nonequilbrium drive dif-
ferent from light). Thus, the matrix elements of the
electronic Hamiltonian in the position representation
are Hy pi1,000 = —7V0se7, and electronic band disper-
sion is €,(k) = —2vycos(ka). Here, 050 is the Kro-
necker delta and a is the lattice constant. The inter-
nal magnetic field due to integrated-out electrons B¢
in Eq. (1), as given by the integral in Eq. (11), van-
ishes due to the time-reversal symmetry of the electronic
Hamiltonian. In turn, the non-Markovian memory kernel
n(t,t') = mi1(t,t') due to the same integrated-out elec-
trons is nonzero and obtained by numerically computing
Eq. (12) for specific time profiles of the vector potential
A(t) of applied light. Figure 1 shows the structure of
n(t,t') in t-t' plane for different fsSLPs whose vector po-
tential A(t) = zexp (—%) cos(wpt)e, contains a Gaus-
sian envelope and where z = eA,ax/ah is the dimension-
less amplitude [54] of the vector potential; A determines
the duration of fsSLP; and wy, is its central frequency. In
the absence of light, z = 0, the non-Markovian mem-
ory kernel has a finite value only close to the time di-
agonal ¢ = t' [Fig. 1(a)], meaning that localized spin is
not influenced by its orientation at previous times. This
is because the characteristic timescale for the dynamics
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FIG. 3. (a) Magnon spectrum of a chain of 30 localized clas-
sical spins Sy, (t), as extracted [7, 9] from FFT of S;;_15(¢) in
the middle of the chain, which interact with itinerant elec-
trons hopping along an infinite 1D TB chain. The dynam-
ics of Sy (t), precessing around the z-axis, is computed from
iLLG Eq. (2) where the nonequilibrium drive for electrons is
CW light of frequency wr = 5.5J (also marked by vertical
dashed line). The vectors S, (¢t = 0) are initially thermalized
at kgT = 0.02J, so that their evolution via iLLG Eq. (2) with
I,/ (t) = 0 and A,/ being time-independent [64] in the ab-
sence of light produces a spectrum [enclosed within left gray
box in panel (a)] of incoherent (or thermal) magnons [19, 93].
In contrast, all four sharp peaks in panel (a) at frequencies
w(il) = wr £0.23/m1 and w(f) = 3wy, £+ 0.23/m1 are optically
excited coherent magnons obtained from full iLLG Eq. (2).
Panel (b) shows FFT amplitude spectra for a range of wr,
revealing a linear relation between the frequency of optically
excited coherent magnon peaks and wr,. Note that peaks from
panel (a) are included in (b) as intersection of dashed red line
at wr = 5.5J and tilted yellow traces.

of electrons in the absence of light is governed by their
Fermi energy and, therefore, is much shorter than that
of slow classical localized spins. In other words, in the
absence of light, the non-Markovian memory kernel is
well-approximated by a first order truncation of its se-
ries in powers of ¢ — ¢/, reducing to the nonlocal-in-space
but local-in-time damping tensor found in Refs. [64, 92].
Conversely, introducing light-electron coupling into this
system makes the memory kernel fully non-Markovian in
Figs. 1(b)—(d), i.e., it is finite away from the time diago-
nal ¢’ < t extending to all previous times at which fsLP
is operative. Furthermore, increasing amplitude of fsSLP
from z = 1 to z = 5 leads to self-similar fractal structure
of n(t,t') when plotted in the t-t' plane [78], for which
we obtain (via the box-counting method [78]) noninteger
dimension d = 1.2 [Figs. 1(c) and 1(d)]. Note that in-
creasing the duration of fsLP from Fig. 1(c) to 1(d), at
the same z, makes the self-similarity of unraveled fractals
even more conspicuous.

The properties of n(¢,t') unraveled by Fig. 1 directly
translate into the physics of spin dynamics driven by a
train of fsLPs, as displayed in Fig. 2. For example, for
low amplitude z = 1 of fsLPs, we find additional light-
induced peaks in the fast Fourier transform (FFT) am-
plitude spectra of S*(t) trajectories [Fig. 2(a) and 2(c)].
Otherwise, in the absence of light, FF'T amplitude spec-



tra exhibit only a single peak encoding the precession
of spin around the z-axis due to applied external static
magnetic field along that axis. In addition, for sufficiently
intense fsLP, z = 5 [Fig. 2(b) and 2(d)], we observe ul-
trafast switching of spin orientation from positive to neg-
ative z-axis. Such magnetization switching via optical
(instead of traditional current injection driven [56]) STT
has been amply explored experimentally [49, 50, 94] and
for technological applications [51, 94]. However, its mi-
croscopic understanding, and thereby ability to control
it, is lacking, as the STT term introduced into the LLG
equation in prior attempts to model such an effect was
simplistic and justified by intuitive reasoning [49, 52, 53].

When the amplitude of fsLP is z < 1, the mem-
ory effects in the extended LLG Eq. (1) are diminished
[Fig. 1(b)]. This makes it possible to approximate the
non-Markovian kernel 7,/ (¢,t') by a second order trun-
cation of its Taylor series in powers of t — t/, thereby
leading to time-local iLLG Eq. (2) with an optically in-
duced magnetic inertia term. Note that in Eq. (2) we
emphasize that the magnitudes of both nonlocal damp-
ing and magnetic inertia are governed by time-dependent
prefactors A,/ (t) and I, (t), respectively. In the case of
light-driven itinerant electrons within 1D TB chain, we
compute these functions analytically as

A () T (1) 1

N T[T A@)P

+ cos(2kp|n —n'|) |,
"o m

3)

where 79 and 7, are parameters proportional to JZ,.

To gain insight into the effect of optically induced mag-
netic inertia, we apply Eq. (2) to our second simple model
in which 30 localized spins, S, () where n = 1-30, inter-
act via sd exchange of strength Js; with spins of itinerant
electrons hosted by an infinite 1D TB chain. The local-
ized spins also interact with each other via Heisenberg
exchange J, as described by their classical Hamiltonian

H=— Z [an ' Sn-‘rl + K(S'Z)QL (4)
where K = J/2 introduces magnetic anisotropy along
the z-axis.  The itinerant electrons are driven by
continuous-wave (CW) light described by vector poten-
tial A(t) = 0.5sin(wpt)e,, and light-induced parameters
are set as o = 0.01 and 71 = 0.08/J. The optically
excited magnon spectrum in Fig. (3) is extracted [7, 9]
by performing FFT of S*(¢) for n = 15 in the middle
of the chain. Let us recall that the LLG equation de-
scribes magnons as classical spin waves [4, 7, 93, 95| aris-
ing due to collective precessional motion of localized spins
Sn(t). The initial orientation S, (¢ = 0) is randomized
in accord with a thermal distribution, and FFT ampli-
tudes are averaged over 100 such configurations. Note
that evolving such an initial state in the absence of CW
light produces incoherent (or thermal) magnons [19, 93]
over a continuous band J < w < 4J of frequencies [en-
closed within the left gray box in Fig. 3(a), as a guide to
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the eye]. Once CW light is applied, the FFT amplitude
spectrum reveals the emergence of four sharp peaks of co-
herent [19, 93] magnons in Fig. 3(a). Their frequencies,
w(il) =wr, £0.23/m; and wf) = 3wy, £0.23/m1, are gov-
erned by the frequency of light wy and the strength of
magnetic inertia [determining parameter 7, via Eq. (3)].
Such optically induced magnetic inertia is also respon-
sible for an additional band of incoherent magnons at
frequencies 6J < w < 10J, which is associated with nu-
tation in S,,(t) trajectories [enclosed within the right gray
box in Fig. 3(a)]. While the band of nutation-generated
magnons has been discussed [85-87] for magnetic iner-
tia terms derived due to mechanisms not involving light,
for which I,,,,- is a time- and spatially independent con-
stant, optically induced magnetic inertia generates two
sharp peaks of coherent magnons outside either preces-
sional thermal or nutational bands of incoherent magnons
in Fig. 3(a). The same result is replicated (dashed red
line) in Fig. 3(b), which plots the spectra of optically
excited magnons for a range wy with coherent magnon
frequencies [yellow traces in Fig. 3(b)] depending linearly
on it.

Models and SKFT-based Methodology.—Our starting
point is a fully quantum many-body Hamiltonian describ-
ing the interaction of itinerant electrons and localized
quantum spins, H=H,+H,y+ Hg. The first term, f[e,
is a general Hamiltonian for electrons on a TB lattice
subjected to an external electromagnetic field

ge = Z éIwHZZ’/ Cro ei(rn_r",)fA(t)- (5)

Here, h = 1; &l _ (é,,) creates (annihilates) electrons with
spin ¢ on lattice site n and position vector r,; H;{g,' is
a matrix element of the electronic Hamiltonian; e is the
electron charge; and A(t) is spatially uniform, but time-
varying vector potential in the Coulomb gauge which cou-
ples to the Hamiltonian via the Peierls phase [96, 97].
The momentum representation of the Hamiltonian in

Eq. (5) is given by

ﬁe = Zga(k - eA)&]T(g-Q;kOW (6)

where e,(k) is the energy-momentum dispersion;
Uko = 3ot Usor (k)¢50 annihilates an  electron
with momentum k and spin o; and U, (k) is the matrix
that diagonalizes Eq. (5) in the basis of Bloch states.
We assume that itinerant electrons to which light cou-
ples directly in Eqgs. (5) and (6) are either intrinsic to a
ferromagnetic metal irradiated by light or provided by a
normal metal layer attached [16, 92] to a ferromagnetic
insulator. The Hamiltonian commutes with itself at dif-
ferent times, allowing for straightforward determination



of the Keldysh GFs [77, 98]

G}Ifa _ 72‘9(15 B t/)efiftt/ds ac,(kfeA(s))’ (7&)
Gﬁo’ — i9(t’ _ t)e_iftt/ds e,,(k—eA(s))’ (7b)
Gi, = —i[1-2 f(sg(k))]e*iftt/dSEo(k*EA(S))7 (7¢)

where superscripts R/A/K refer to the retarded, ad-
vanced, and Keldysh components of the GF, respectively,
and f(e) is the Fermi-Dirac distribution. The electronic
spin density operator, 8, = Y. 0,4/¢} éner Where o is
the vector of the Pauli matrices, couples to the local-
ized spin operator S, at the site n via sd exchange of
magnitude Jgq, as described by ]:Isd = —Jsa Zn Sn -S,,.
Finally, Hg is the Heisenberg-type Hamiltonian describ-
ing interaction between S,, operators [such as Eq. (4),
but with S,, — S,,].

Constructing a quantum field-theoretic description of
the same system requires real fields S,, for the lo-
calized spins, which are obtained as the expectation
value of spin operators in the spin coherent states [72],
(0,9|S,10,0) = S,.. In addition, for describing electrons
we need Grassmann fields 1y as the eigenvalues of the
fermionic coherent states, Uy [Vi) = i |1x) [70]. The
SKFT action S = Sg + S corresponding to the Hamil-
tonian H is the sum of two terms

Sg = /dtng (8,5% x 8¢+ BSE]),  (8a)
S. = / dtdt’ " iy (1) Gieo (£, ) b1, ()
ko

4 / i3S Jaathn S500 (8h)

n aoo’

where Sg and S, are the actions of the localized spins and
itinerant electrons, respectively; S, includes the contribu-
tion from the sd exchange; and BT[S¢] = -9 /0S|,
is the effective magnetic field due to localized spins de-
scribed by the classical Hamiltonian H [4, 6], such as
Eq. (4) we employ in this study. The superscripts ¢, ¢
refer to the classical and quantum components of the
localized spin field given by the so-called Keldysh rota-
tion [70] SF = S¢ + $S%, where S¥ are the fields on the
forward and backward segments of the Keldysh closed
time contour [70, 77]. Similarly, ¥, = (YL, ¢g)T, where
b = g5k £9f) and ¢ = S5 (4R £ 4y). We addi-

tionally use O notation for 2 x 2 matrices, such as
> GIIEU Gﬁ(a Qo SSL’Q %ng’a
Gxo = ( 0 Géo— ) Sn - %Sg,a S.,CL’Q ) (9)

in the so-called Keldysh space [70].

The electronic action S, in Eq. (8b) is integrated out
perturbatively to second order in the Jsq coupling [64],
thereby yielding an effective action for localized spins

only, S = Sg + 5, where S’ is given by
S = /dtng. [Bg+/dt'znw(t, t’)SfL/(t’)] (10)
n n’

Here a stochastic noise due to terms quadratic in the
quantum fields has been neglected in order to focus on
the deterministic limit [64, 66]. Within this action, local-
ized spins are exposed to light indirectly via light driving
electrons out of equilibrium, so that their integration out
introduces a local magnetic field into Eq. (1)

e _ 77/(]5(1 dk K
B, = — /B oyt Torin [Qk (t,t)a}, (11)

as well as non-Markovian memory kernel, nzf, (t,t"). This
kernel is also nonlocal and generally given by the tensor

.
N o[ dKAD e aren e
() = —20(t —t — = a)(rn—r,
nnn( ) 2 ( )/BZ(271_)2d€

X Trgpin |0 GR(L )0 GE (1, 0)] + Hee., (12)

where Gy = UT(k)GyU (k); the integrals [5, are over the
first Brillouin zone; the partial trace Trgpin is over spin
space only; and (¢ — ') is the unit step function. Min-
imizing the effective action, via its functional derivative
being ST /6S2 = 0, yields the non-Markovian extended
LLG Eq. (1) for classical components of spin fields S¢
[note that for simplicity we drop the superscript ¢, using
S, =S¢ in Egs. (1) and (2)].

For numerically integrating the iLLG Eq. (2), ad-
ditional variables L, = S, x 8;S, are typically em-
ployed [99] to convert it into a system of first-order
differential equations. However, the nonlocality of our
SKFT-derived iLLG Eq. (2) suggests the necessity of
many more such variables—such as, Ly,» = S,, X 0;Sy/
for all pairs of sites n and n'—thereby making its nu-
merical integration quite challenging. Thus, for Fig. 3
we simplify numerics by spatially averaging the nonlo-
cal damping and inertia terms, i.e., Ay () = Ay (€) O
and I, (t) = Inp(t)dnn. Note that in both Egs. (1)
and (2), we add a conventional local-in-time Gilbert
damping term [2, 3, 6] whose magnitude is governed by
ag as material-dependent constant that is measured ex-
perimentally [100] or computed by including spin-orbit
coupling [82, 101] or phonon [66, 67] or both [102] effects.
In all calculations in Figs. 2 and 3, we use ag = 0.003.

Conclusions and Outlook.—We demonstrate a field-
theoretic derivation of an extended LLG equation which
describes opto-magnetic coupling within light-driven
magnets as an effect mediated by fast photoexcited itin-
erant electrons that are integrated out within the func-
tional integral of SKFT to arrive at LLG-type equa-
tion for slow localized spins. This approach displaces
the need for various phenomenological terms and phys-
ical pictures that have been invoked [15, 26, 40] to de-
scribe direct coupling of light to local magnetization,



or STT of photocurrent [49, 52, 53, 60, 61] on local
magnetization, by adding such terms into the standard
(Markovian) LLG equation [1, 11]. The simplicity of
phenomenological terms cannot replicate the complex-
ity of rigorously derived Egs. (1) and (2) as our cen-
tral results. This is because Eq. (1) contains a non-
Markovian memory kernel expressed in terms of Keldysh
GF [Eq. (12)], whose expansion (for sufficiently low inten-
sity of light) in Eq. (2) reveals optically induced magnetic
inertia. Such inertia term, which is distinct from previ-
ously derived [67, 73, 81] inertia terms by having a time-
dependent prefactor due to light, is shown to generate
sharp peaks of coherent magnons governed by the fre-
quency of light and properties of electron—localized-spin
interaction. Thus, we anticipate that coding our Egs. (1)
and (2) into LLG-based simulation packages [4, 6, 8, 9]
will offer an accurate tool for understanding and control-
ling optical magnetization switching [49, 51, 94] or ex-
citation of magnons [45-48, 103] in recent experiments,
as also intensely pursued for applications in magnon-
ics [93, 104] and quantum information [105-107]. Finally,
we note that our theory is not directly applicable to fSLP
interacting with electrons having a gap in their energy
spectrum, as exemplified by Mott insulators where typ-
ically used laser light of subgap frequency never excites
itinerant electrons [14, 15, 40]. But even in that case,
light should be coupled to electrons via an appropriate
quantum many-body (such as Hubbard [21]) Hamilto-
nian, rather than assuming “off-resonant” [40] direct cou-
pling of light to local magnetization.
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