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Abstract

We present an ultrafast thermodynamics framework to model heat generation and entropy production in laser-driven ferromagnetic
systems. By establishing a connection between the magnetic field strength of the laser pulse and magnetization dynamics, we model
time-dependent entropy production rates and deduce the associated heat dissipation in epitaxial and polycrystalline FeNi and CoFeB
thin films. Our theoretical predictions are validated by comparison to experimental magnetization dynamics data, shedding light on
thermodynamic processes on picosecond timescales. Crucially, we incorporate recently observed inertial spin dynamics, to describe
their impact on heat generation in pump-probe experiments. As such, this formalism provides novel insights into controlling heat
production in magnetic systems and contributes to advancing the understanding of nonequilibrium thermodynamics in magnetic

systems, with implications for future experimental protocols in spintronics and nanotechnology.
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Significance Statement

Modern technology demands rapid manipulation of magnetic degrees of freedom, emphasizing the need to understand nonequili-
brium behavior in magnets on fundamental scales. In our work, we combine the latest experimental insights on magnetization dy-
namics with the theoretical concept of ultrafast thermodynamics to determine entropy production from magnetic degrees of
freedom in laser-driven magnets, showing it manifests as heat. Our results advance ultrafast thermodynamics, offering a direct
method to measure entropy production previously unattainable. Our novel approach completes the understanding of ultrafast non-
equilibrium dynamics and entropy production, suggesting a novel path to confirm the inertial nature of magnetic dynamics.

Introduction

Manipulation and control of magnetic degrees of freedom have
been central for nanotechnologies, data storage, information pro-
cessing, and spintronics (1). Today, the spin dynamics of magnetic
materials can be excited and probed on subpicosecond time-
scales (2), involving ultrafast demagnetization (3-6), ultrafast
magnetic switching (7), and nonlinear magnonic effects (8). All
of these exciting developments are nonequilibrium processes,
tightly bound to relaxation and dissipation effects. The latter in-
duce entropy and heat production on the characteristic time-
scales of magnetic excitations and motivate the emergent field
of ultrafast thermodynamics (9).

Entropy production, introduced in the nineteenth century,
quantifies irreversibility in thermodynamic cycles, and underpins
the Clausius inequality and the second law of thermodynamics. It
characterizes macroscopic heat and mass transfer processes (10),
such as fluid flow and chemical mixing, and also plays a crucial
role in information theory (11). At the microscopic level (12, 13),
stochastic thermodynamics extends these principles by linking

entropy production to the random forces that act on individual
particles, allowing macroscopic observables to be understood as
averages of fluctuating variables (14). Recently, it has been shown
that the paradigm of stochastic thermodynamics can be extended
to collective excitations such as phonons, allowing to measure the
ultrafast entropy production of phonons in pump-probe experi-
ments (15). For magnetic degrees of freedom, stochastic thermo-
dynamics framework has been developed, involving expressions
for entropy production and fluctuation theorems (16, 17).
Furthermore, stochastic thermodynamics of magnets has proven
powerful in deriving microscopic spin-dynamics equations in-
volving the interaction of spins with a bosonic bath (18).
Interestingly, while entropy production in the stochastic envir-
onment is a well-established concept, measuring entropy produc-
tion experimentally has remained a challenging task (19, 20).
Here, we show how entropy production in magnets can be deter-
mined in pump-probe experiments, where the magnetization is
excited by a pump laser pulse and measured using the magneto-
optical Kerr effect (MOKE). To do so, we assume additive noise as
proposed by Ma and Dudarev (21) and develop the corresponding
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entropy production using a path integral approach (12). Moreover,
in contrast to previous work (17, 22, 23), we include inertial spin
movement, i.e. nutation (see Fig. 1), following recent experimental
results (24-26).

Our work is structured as follows. First, we develop the theory
for the entropy production in a laser driven magnet including in-
ertial effects. Second, we show how entropy production can be
derived from MOKE experiments and compare a theoretical
simulation with data taken from Ref. (26). Finally, we discuss
the contribution of the inertial effect on the total entropy
production.

Stochastic magnetization dynamics

The spin dynamics of a material are routinely described in terms
of the Landau-Lifshitz-Gilbert equation (LLG) (27). Here, we con-
sider two extensions: the inertial response and stochastic noise,
giving rise to the following equation of motion for the magnetiza-
tion M,

M=—yMX(B+}1M+mM+\/2Dh). (1)

The parametersy and 5 are the gyromagnetic ratio and the damp-
ing factor, respectively. Note that depending on the formulation
of the LLG, the damping factor 5 is related to the dimensionless
damping factor «, by the saturation magnetization M; and the
gyromagnetic ratio y, as follows 5 = a/(yMs). Magnetic inertial ef-
fects describe high-frequency spin-nutation terms (28-32)
which have recently been verified in ferromagnetic thin films
(24-26, 33, 34). Nutation enters the LLG (1) with a term
~ 1M x M, involving the angular momentum relaxation time ¢
(35). The inertial spin movement overlaps with precession,
while the entire movement is still damped, as depicted in
Fig. 1. Note that this form of the LLG equation only holds in
the case of a harmonic field (32).

Damping or dissipation is tightly bound to fluctuations, according
to the well-known fluctuation-dissipation theorem. Microscopically,

A

Fig. 1. Spin movement including precession (blue, wide movement) and
inertial spin movement (orange, short oscillations) as described by the
inertial Landau-Lifshitz-Gilbert equation.

the Gilbert damping can be derived from the dissipation of energy
from magnetic degrees of freedom to electrons (36) or a bosonic
bath, e.g. due to phonons (18). This dissipation introduces fluctua-
tions, which are taken into account by adding a stochastic noise
term, denoted by h. According to the LLG in Eq. 1 the magnetic fluc-
tuations only concern the transverse component of the magnetiza-
tion. However, as pointed out by Ma and Dudarev (21) longitudinal
fluctuations can be incorporated, giving rise to the following sto-
chastic Landau-Lifshitz-Gilbert (sLLG), which will be the starting
point in our work,

M = —yM x (B + #M + 77M) — yMs+/2Dh. )
Furthermore, we consider uncorrelated (white) noise. It obeys the
correlation relations

(h(t) =0
(hR(©)) =3t~ )35, D =rksT &)

with unit 1/4/s and correlation factor D. Here, kgT stems from the
thermal nature of the considered noise.

Upto this point, neither the external field nor the internal field
in the sLLG are specified, which means that the equation can be
adjusted to many different systems and experimental setups.

Entropy production in laser driven
magnets

The explicit form of the sLLG in Eq. 2 allows us to use a path inte-
gral approach to compute the entropy production in a laser-driven
magnet, similar to the Ornstein-Uhlenbeck process (12). The sto-
chastic form of the differential equation prevents us from obtain-
ing a unique solution. Instead, each realization of the same
experiment will give a different path M = {M}H in the time interval
between the initial time t; and the final time t;. The probability of
observing this path is denoted by P[M], assuming that all paths
start with a defined initial condition My = M(t;). For Gaussian un-
correlated noise, the probability for the trajectory of the noise
path is given by

P[h] o exp (-% fdth(t)2>. ()

However, the noise path can be expressed in terms of M and its de-
rivatives, according to the sLLG (2),

1 . .. 1.
h=- Mx (B+yM + M) +-M |, 5
MSTD[ (B+7 nf)y} ()
and the noise h can be formally regarded as a function h(M, M).
Furthermore, considering all possible noise paths allows us to re-
late the noise path probability to the probability of the magnetiza-
tion path (12, 37-39), according to

log P[h] =log P[M] + logdet%. (6)

Here, the last term is the Jacobian of the corresponding transform-
ation from h to M, which can be disregarded in the following (12).
Using the paradigm of stochastic thermodynamics (13), the en-
tropy production follows by comparing path probabilities accord-
ing to

) )

T=kp log<m

where P,[M] denotes the probability of realizing the time-reversed
path starting at My and ending in My. As M and B are time-reversal
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odd, it follows that M (M) is time-reversal even (odd). Hence, we
obtain for the forward and backward path probabilities,

2
P[M]ocexp(—ArDledt[Mx(B+;7M+;71M)+1M} ) (8)

and

2
P,[M]aexp<—F1Mz/dt[Mx (B — nM + yzM) +%M} ) (9)

Expressing the entropy production in terms of the entropy pro-
duction rate,

= /dta(t), (10)

we finally obtain (for details see online supplementary material)

[7e(M - M) + (M- B)]

o= 1

o o 0y
=_T[5E(M )+ (M~B)].
The expression (11) is the main theoretical result of our work.
Here, the entropy production rate resembles the form of heat pro-
duction (12, 17), but it has two different origins. One is the well-
known heat produced by the field and the other one is heat pro-
duced by the coupling to the medium. To better understand this
interpretation, consider that this type of heat can be understood
as the work done on the system. In the second term, the work is
performed by the external magnetic field B on the change of mag-
netization. In the first term, on the other hand, the second deriva-
tive M acts on the change of magnetization M, similar to an
external force.

Since the second derivative stems from the inertial term, which
originates in the coupling of system and medium, it can be under-
stood as a form of friction between the studied magnetization and
the surrounding medium. The first term therefore describes the
heat produced due to friction encoded in the second derivative
of the magnetization.

The averages in expression (11) are trajectory averages. In the in-
tegration, we are taking time averages. Combining those two gives a
complete average over the entire space and therefore the average
entropy production of the studied system. To approximate the first
term, i.e. the average over the time-derivative of the magnetization
squared, we use the definition of variance Var(X) = (X?) — (X)2. Due
to white noise, we assume that the variance is constant in time.
Therefore, it follows that 2 My = 2 (M)? and we can rewrite equa-
tion (11) in the more accessible form of

bz—%[%%(M)2+(M~B)]. (12)
Extending the here-derived formalism from the ferromagnetic case
to the antiferromagnetic case is possible. For this purpose, a second
lattice must be introduced, and the two equations must be de-
coupled, if applicable. Based on the two decoupled equations, a
similar strategy can be applied.

Measuring entropy production using
magneto-optical Kerr effect

We continue by applying our approach to extract the entropy in
pump-probe experiments. More specifically, we consider the ex-
periment by Neeraj et al. (26), based on the magneto-optical
Kerr effect (MOKE). The corresponding experimental sample
geometry is outlined in Fig. 2.

.

anisotropy

©

magnetization

bias

laser
ﬁ

Z X

Fig. 2. Schematic for experimental setup. The material’s thin film is
oriented in the xy-plane with an initial magnetization in y-direction. The
thin-film anisotropy is therefore in z-direction. A bias field is applied in
the y-direction, while the pump-laser is perpendicular in the x-direction.

According to this setup, the magnetic field in Eq. 2 is decom-
posed in three terms: the effective magnetic field due to the crys-
talline geometry Biyemal, the bias field By, and the laser field
Biaser,

B(t) = Binternal + Boias + Blaser (t) (13)

We consider a ferromagnetic thin film oriented in the xy-plane.
The thin film geometry causes a magnetic anisotropy oriented in
the z-direction, modeled by

Binternal = _D(M . eZ) €z (14)

with D being a constant, which we set to 1in our simulations. The
initial magnetizationis in the y-direction, caused by a correspond-
ing constant bias field,

By = 0.35Te,. (15)

In their experiments, Neeraj et al. (26) used the TELBE THz laser in
the undulator mode producing linearly polarized light with a
spectral bandwidth of 20%. A typical pulse for a frequency of »
0.8 THz is shown in Fig. 3a. To compare experiment and theory,
we approximate the pulse using a Gaussian envelope with the fol-
lowing functional form,

Blaser = Ho sin (2zft — g)e (=10 /20, (16)

To approximate the magnetic field strength Hy, we assume that
the TELBE THz laser operates with a pulse energy of <104J. This
pulse energy corresponds to the integrated energy density ex-
pressed by Epyige = /}O [AVBL..,, with u, being the vacuum magnetic

permeability. Assuming a laser spot diameter of 1 mm, we obtain
a magnetic field strength of By =0.17 T, from comparing (16) with
Fig. 3a. Fitting the other free parameters we obtain: f = 0.76 THz,
¢=-1.12,to =8 ps and d = 2 ps. The agreement between theoretic-
al and experimental laser field is shown in Fig. 3a.

Prior to excitation, the ferromagnetic thin film is magnetized in
y-direction due to the strong bias magnetic field, M ~ M;ey, with
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Fig. 3. Entropy production per unit cell using magneto-optical Kerr effect. We compare our theoretical model (solid line) with experimental data (26)
(dashed line). a) Magnetic field of the THz laser pulse. b) Reconstructed magnetization. ¢) Computed entropy production using equation (12) for the

experimental data and (18) for the theoretical estimate.

M; the saturation magnetization per unit cell. Assuming that the
precession term in (2) dominates over damping and nutation, we
can approximate (2) by

M, (t) = 7BlaserMs. (17)
Hence, it follows for the entropy production

010) = = 2 BaserM 1) = 20 B 1) (18)

We continue by comparing the theoretical estimate (18) for a thin
film of polycrystalline NiFe (see Table 1 for parameters), with an
entropy production rate (12) computed from experimental data
taken from Neeraj et al. (26). The latter is obtained from the mag-
netic field of the TELBE laser (Fig. 3a) together with the magnetiza-
tion determined using MOKE (Fig. 3b). The result is shown in
Fig. 3c. The entropy production rate per unit cell shows oscilla-
tions with an overall Gaussian shape. As can be seen from the
plot, but also from the total produced heat per unit cell, the theor-
etical result slightly overestimates the experimental data. The

Table 1. Simulation parameters, following Ref. (26). The electron
gyromagnetic ratio y = 2z x 28 GHz/T is universal and identical for
all cases.

“ WO TS/ Mi() 7 (ps)
Polycrystalline NiFe 0.023 14.0575 0.93 12
Epitaxial NiFe 0.0058 3.545 0.93 49
CoFeB 0.0044 2.526 0.99 72

difference of approximately 50% arises due to the partially nega-
tive entropy production rate obtained for the experimental data.
There we can see a slight drift towards negative rates with each
oscillation. This drift stems from the slight drift of the magnetiza-
tion towards negative values, which could be a result of measur-
ing accuracy constraints. However, overall, we can see good
qualitative agreement between theory and experiment.

To shed light into our results, we comment on the negative en-
tropy production rate. the experimental data contain uncertainties
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Fig. 4. Magnetization dynamics for three different ferromagnetic systems after excitation of a 0.2 ps laser pulse with a magnetic field strength of 0.06

T. The azimuthal angle 6 = arcsin(M,/|M]) is plotted.

inherent in experiments. In combination with a high parameter
sensitivity, this makes fitting and simulating difficult. The resulting
discrepancies between simulation and experiment might originate
from these difficulties. In particular, if the laser and the change of
magnetization are mapped slightly out of phase, a negative entropy
production is computed. More generally, we note, that the entropy
production rate computed from a single trajectory is a fluctuating
quantity which can exhibit negative values. Only on average and
on large time-scales, the entropy production is positive.

Inertial effects and entropy production

To discuss the influence of inertial effects on the entropy produc-
tion in nonequilibrium magnets, we perform spin-dynamics sim-
ulations for three different ferromagnetic systems, summarized
in Table 1: polycrystalline and epitaxial NiFe as well as CoFeB.
To do so, we solve the SLLG (2) numerically, following the same ex-
perimental setup as before (Fig. 2). For the pump laser, we assume
a short Gaussian pulse in x-direction,
N

Blaser(t) = Hoe™ 27 é. (19)
Here, we use Ho =0.06 T and to =0.1 ps, where the latter is half of
the duration of the laser pulse, §=0.2 ps. Note that in the expres-
sion for the entropy production, equation (11), only M is a stochastic
variable. Hence, (M- B)=(M)-B. Together with the simplification,
2 My = 2(M)?, leading to Eq. 12, it is sufficient to compute the aver-
age of M which is obtained by neglecting the noise term in Eq. 2. This
approach is furthermore justified by the strong bias field leading
to small deviations from a fixed equilibrium position. To obtain a
numerically stable solution for the nonlinear second-order differen-
tial equation 2, we use the corresponding routines provided in
Mathematica 14.

The magnetization dynamics of the three systems are shown in
Fig. 4. The damped oscillation of the magnetization and the influ-
ence of the inertial movement are clearly visible. Comparing epi-
taxial and polycrystalline NiFe, we observe that a higher ¢ leads to
prominent high-frequency oscillations due to nutation. Note that
all three systems get excited to the same angle from the
pump-laser. Therefore, all differences in dynamics and conse-
quently entropy production stem from the relaxation behavior.
These dynamics have been proven experimentally and previous
numerical results agree with our result (26). Based on the calcu-
lated dynamics, we determine the entropy production rate ac-
cording to Eq. 12, where we choose a temperature of the crystal
(bath) of T=300K. The results are plotted in Fig. 5.

Figure 5a shows the Gaussian pump laser pulse with a max-
imum at 0.1ps. The corresponding entropy production rate per
unit cell is shown in Fig. Sb. It follows the laser pulse with a delay
of 0.026 ps. The maximal entropy production rates are material
dependent and decrease with increasing inertial effects z. To in-
vestigate this effect, we modeled and compared the entropy pro-
duction rate of polycrystalline NiFe with and without inertial
effects, as shown in Fig. 5c. It turns out that inertial effects signifi-
cantly enhance the entropy production rate.

To contextualize the entropy production, we relate it to the pro-
duced heat in the pump-probe experiment on ferromagnetic thin
films. The heat production rate can be computed from the entropy
production rate via q=¢T, where T is the temperature (13).
According to Fig. 5b, the total entropy production in the thin film fer-
romagnets is ~0.5 x 107 ky. Assuming room temperature T ~ 300
K, we get a corresponding heat production of 2 x 10-3'] per unit
cell. Consequently, the heat production in the volume enclosed by
the 15nm thin film and a laser diameter of 1 mm is on the order
of 1.5 x 1071 J. We note, that in this setup, the heat production is sig-
nificantly smaller than the incoming laser energy. For the Gaussian
pulse in (19), we determine for the pulse energy a value of 0.24 4.
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Fig. 5. Entropy production per unit cell of nonequilibrium magnets. a) Magnetic field strength of the pump laser pulse. b) entropy production rates of
polycrystalline NiFe (pNiFe), epitaxial NiFe (eNiFe), and CoFeB. c) Comparison of entropy production rate for polycrystalline NiFe including (r = 12 ps) and
excluding (r = 0 ps) inertial effects. We assume room temperature, i.e. T=300K.

Discussion and conclusion

We developed an ultrafast thermodynamics framework to model
the generated heat and entropy in laser-driven ferromagnetic sys-
tems. We show that these quantities can be determined from the
magnetic field strength of the laser pulse and the magnetization
dynamics, which can be measured, e.g. using the magneto-optical
Kerr effect. We modeled the time-dependent entropy production
rate and inferred the corresponding heat production for three
thin-ilm ferromagnets, epitaxial and polycrystalline FeNi as
well as CoFeB. Furthermore, we compared our theoretical results
with experimental magnetization dynamics data taken from
Ref. (26) and used these data to estimate the entropy production
in these experiments. As a result, our formalism sheds light on
thermodynamic processes on the picosecond time scale.

Our theory incorporates recently detected inertial effects in
magnetic systems and describes their influence on heat production
in pump-probe experiments. Hence, we imagine that this formal-
ism can be guiding for future experiments, either by determining
protocols to avoid sample heating or for tuning heat production,
e.g. in connection to demagnetization experiments.

Our theory has been developed under the assumptions of addi-
tive (transversal and longitudinal) noise and uncorrelated noise.
An extension to multiplicative noise could be achieved, e.g. by
merging our formalism with the work by Bandopadhyay et al.
(17, 23). Furthermore, the assumption of white noise requires
the coupling of the magnet to a phononic bath with an approxi-
mately constant density of states over a large frequency range.
Considering e.g. magnon-phonon coupling, this assumption has
been challenged (18). However, following Ref. (12), we argue that
our formalism of entropy production in driven magnets can be

extended to the case of correlated noise by assuming a noise cor-
relation function vy(t —t') = (hi()h(t')) together with its inverse
vt =t), 35 [dsvit(t = s)uje(s = t') = 8(t — t')d. The corresponding
entropy production rate given in equation (12), will take the
form of a convolution, 6=¢ +ds, With & ~M(t)(vsM)(t)+

(M) ()NA(t) and &5 ~ M(E)(v+B) (1) + (Bxv) (0)MA(D).
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