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All-optical control dynamics of magnetization in sub-10 nm metallic thin films are investigated, as
these films with quantum confinement undergo unique interactions with femtosecond laser pulses.
Our theoretical analysis based on the free electron model shows that the density of states at Fermi
level (DOS¢) and electron—phonon coupling coefficients (G) in ultrathin metals have very high
sensitivity to film thickness within a few angstroms. We show that completely different magnetization
dynamics characteristics emerge if DOS; and G, depend on thickness compared with bulk metals. Our
model suggests highly efficient energy transfer from femtosecond laser photons to spin waves due to
minimal energy absorption by phonons. This sensitivity to the thickness and efficient energy transfer
offers an opportunity to obtain ultrafast on-chip magnetization dynamics.

Quantum confined magnetic nanomaterials such as magnetic ultrathin metals and alloys, and diluted magnetic
semiconductors (DMS), provide rich emerging new physics'~. There is also significant research on the quantum
confinement effect in the atomic thin semiconductors for novel spin-based photonic quantum technologies and
applications*. Metallic magnetic thin films have been investigated in applications such as femtosecond (fs) laser
pulse switching of magnetization®%. Elemental magnetic metals with low spin-orbit coupling are ideal for this
purpose. The mechanism of all-optical switching (AOS) of magnetization includes the electron bath thermaliza-
tion after illumination by a fs laser pulse, followed by spin and phonon baths coupling with electrons via the elec-
tron-phonon coupling. Magnetic metallic ultrathin films (thicknesses less than 10 nm) behave differently to the
fs laser pulse because of the change in the density of state at the Fermi level due to the quantum confinement"*'°.
The free-electron theory of metals provides the opportunity to understand the quantum effects associated with
the film thickness. Because of its simplicity, the thin-film quantum well is appropriate and provides an introduc-
tory justification to the quantum size effects'!. This effect directly changes the electron heat capacity constant
(known as Sommerfeld coeflicient, y) and coupling between electron and phonon. This concept is defined as
all-optical quantum manipulation of magnetization.

In this study, we theoretically investigate the magnetization dynamics for sub-10 nm isolated, free-standing
metallic thin films after exposure to a femtosecond laser pulse, the schematic description of which is shown
in Fig. 1. The laser pulse power is directly transferred to the electron bath, and the electron temperature (T,)
increases quickly in the sub-picosecond timescale. Electron thermalization results in a sharp decrease in the
magnetization of the thin film. Due to the electron-phonon coupling, as shown on Fig. 1, T, balances its energy
with a phonon bath, and reaches thermal equilibrium. The magnetization of the film is recovered in the follow-
ing picoseconds. This energy transfer has been studied with microscopic three temperature model (M3TM)!>!3.
Due to the lack of more rigorous or quantum approaches, we stick to the M3TM as a clearly non-ideal but rather
illustrative one for describing the ultrafast laser-magnetism interaction in quantum-confined nanometals. To
investigate the quantum confinement effects on the magnetization dynamics, first, we calculate the electron
density of state at Fermi level (DOSg), electron-phonon coupling coefficient (G,,), Sommerfeld coefficient (y),
and magnetization dynamics in quantum-confined magnetic metals using M3TM'*!°. Then, we analyze the
variability of magnetization dynamics as a function of film thickness. Previous studies investigated the laser
light interaction with magnetic material'*"**, however, quantum effects associated with the film thickness on the
magnetization dynamics have not been examined.
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Figure 1. (Left) The schematic of ultrashort (femtosecond) laser pulse interaction with the metallic magnetic
ultrathin film. (Right) Coupled interaction between electron, phonon, and magnetization is shown. We
investigate the energy transfer by employing extended microscopic three temperature model.

In this paper, we used M3TM as a tool to show quantum size oscillations manifested in observables like mag-
netization. The idea of the quantum size effect on the electron-phonon coupling will lead to additional theoretical
and experimental in the field of laser-induced spintronic phenomena. The coefficients used to solve M3TM dif-
ferential equations are derived from microscopic Hamiltonians, such as Frochlich electron-phonon interaction.

Other studies report various micromagnetic models to describe laser-induced magnetization dynamics, which
exhibit a similar structure of rate of equations®*-*’. Manchon et al.?? propose a microscopic theory of the laser-
induced magnetization dynamics under the three-temperature framework and derive the equations that govern
the demagnetization at arbitrary temperatures. A self-consistent random phase approximation is developed and
a set of dynamic equations for the time-dependent temperatures of electrons, spins, and lattice are explicitly
expressed in terms of the microscopic parameters. The resulting equations are similar to the phenomenological
three-temperature model. Similarly, a self-consistent spin-phonon dynamical model based on the LLB equation
and the quantum version of LLB (qLLB)**-%, as useful methods to model interesting phenomena where the
magnetic and temperature dynamics are relevant are proposed. These models consider the dependence of the
magnetization dynamics on bath temperatures using a simple spin-phonon Hamiltonian, which is also valid for
simple spin-electron Hamiltonian. Another approach based on a many-body pd-band Hamiltonian?® predicts
that the degree of demagnetization correlates with the average number of electrons excited by the laser or the
average number of absorbed photons. This study suggests that the laser-induced ultrafast demagnetization effect
could be used in ferromagnetic small clusters, nanoparticles and granular systems to reveal the size and struc-
tural dependence. Moreover, microscopic theory of ultrafast out-of-equilibrium magnon-phonon dynamics in
insulators® is explained by the energy transfer between the phonon, and spin baths and the induced change of
phonon populations is calculated based on the Fermi’s Golden rule calculating the scattering terms and coupled
energy rate equations.

These studies provide resembling rate equations with common characteristic dependences on microscopic
interaction coefficients. Therefore, similar quantum size oscillations could be expected by using different models.

The magnetization behavior is captured by the Landau-Lifshitz-Bloch equation (LLB)*, which describes the
time and temperature dependent change of the magnetization after interaction with a fs laser pulse. This model,
though, does not study the energy balance between the electron and phonon baths. M3TM does not include
the coupling of spins with electrons and phonons. The magnetization dynamics is influenced by the energy
balance parameters such as G, y, and spin-flip ratio (R) determining the timescales of magnetization change.
A more comprehensive model is needed to include both magnetization dynamics and electron (phonon) bath
equilibrium.

In many magnetic materials, weak spin-orbit interactions significantly reduce spin-electron and spin-phonon
scattering. Magnetic metallic systems with large spin—orbit coupling, such as transition metal interfaces, 2D
electron gas, or emergent phenomena such as SrTiO5/LaTiO; interfaces which yield emergent superconductiv-
ity and large spin-orbit coupling®, and also transition metal dichalcogenides*~' are excluded from the scope
of this study. Our model here is advantageous due to eliminating some scattering events such as spin-phonon
and spin electron scattering.

Results

Microscopic three temperature model (M3TM) and magnetization dynamics. For our model
shown in Fig. 1, we solve the M3TM including magnetization dynamics (extended M3TM) in the Egs. (1)-(3)
based on Koopmans’s model®.

dT
ced—: = —Gep(Te — Tp) + P(1) (1)
dT
p
CPK = _Gep (TP - Te) (2)
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Parameter | Explanation Value
G, Heat capacity of phonon 2.33x10° (J m3 K1)°
C. ?I;)a)t capacity of electron (dependent of electron temperature Co=yT.(J m™ Ky
Calculated in the methods section and shown in Fig. 2
Y Y ¢:DOS; (Jm3K?)!
Yo Sommerfeld coefficient (C,/5T() 743.22 (Jm3 K2)°
Thickness-dependent e-p coupling coefficient (see the meth-
Gep GoDOS; ods section and Fig. 2)!
Calculated in the methods secti d shy in Fig. 2
Go (nKa/h)A(w?) (V?]cnlig Ie(f[l)r} e methods section and shown in Fig,
R R=spin-flip ratio=Ryx DOS; 17.2x 10" (s71)>3
Te Curie temperature of Ni 627 (K)°
Table 1. Parameters used in extended M3TM.
dm T TC
— =Rm-"(1—mcoth( m— (3)
dt Tc Te

where T, (T,) is electron (phonon) temperature, and m is the magnetization. The details of the rest of the param-

eters appearing in Eqs. (1)-(3) is given in Table 1. These differential equations describe the energy transfer from

femtosecond laser pulse P(t) to electron, phonon, and magnetization (m =|M,|/M,). The spin-flip ratio (R) in

Eq. (3) is a parameter that determines the kinetics of the transient magnetization change. According to Ref.’

the spin-flip ratio depends on G, which further depends on the DOS; and thickness of the ultrathin film L,
We consider the incoming laser pulse power as a Gaussian single pulse per unit volume as

Pty = L exp =L ( ! )2

oL Pl (& (4)
where P :dl_—%, I, and t, are the laser pulse fluence in ] m™ and pulse width (fs), respectively. The injected laser
fluence is normalized to a fixed thickness d, to capture the pulse energy per unit volume.

We have considered simplifications in the differential equations which describe the electron and phonon tem-
perature profile. Immediately after the illumination by the sub-picosecond laser pulse, two competing processes
occur at the non-equilibrium state of the excited electrons. The non-thermalized electrons move with a velocity
close to the Fermi velocity and continue to thermalize into a Fermi-Dirac distribution through collision. It takes
a finite time for the excited electrons to travel and complete the thermalization®’. But in our study, the electron
thermalization time is considerably shorter than the laser pulse duration. Moreover, for sub-picosecond pulses,
the laser energy is primarily absorbed by the free electrons on the film’s surface. Most of the electron thermal
energy is then transferred to the lattice; meanwhile, another part of the energy diffuses to the electrons in the
deeper sub-surfaces. Because the pulse duration is too short, the laser is turned off before thermal equilibrium
between the electrons and lattice is reached®*. In fact, on the picosecond time scale, longitudinal temperature
gradients and transverse heat propagation are neglected due to the small sample thickness'®.

To the best of our knowledge, there is no former experimental or theoretical study on all-optical control of
magnetization dynamics of quantum confined ultrathin metals, which considers the thickness dependence of
G, and y in the extended M3TM. Due to the low thickness of the thin films and quantum confinement effects,
the electron-phonon coupling (G,,) changes dramatically with the film thickness in the nanometer (nm) regime.
However, there is an experimental report on the effect of thickness on the laser induced demagnetization time
of the Co/Pd multilayers with a few nm thickness of each layer, by measuring the Kerr signal of different laser
excitation and a various number of layers®.

Due to the quantum confinement in the electron density of states at the Fermi level, both the electron-phonon
coupling and Sommerfeld coefficient cannot be considered constant, which we have included these confinement
effects in our analysis accordingly. However, our analysis is based on several assumptions (see “Methods”) which
are justified in the considered parameters. One of the important assumptions is neglecting the size effects on
phonon bath by using the typical bulk value of phonon specific heat. In finite-size systems, such as thin metallic
films, confinement effects could influence the thermal properties of the lattice phonons. Size effects are most
significant for thermal transport®®, on contrary, thermodynamic properties, such as specific heat, do not change
significantly with the size provided the temperatures of interest are much lower than the Debye temperature.
The primary effect of the finite size is to have fewer states to count in the calculation of specific heat. In strict
mathematical terms, the continuum approximation to the states in the k-space cannot be made in the finite size
systems, and the sum over the states cannot be replaced by an integral. However, at low temperatures, the ratio
of the exact specific heat determined by the summation to the integral is close to one. For example, it is about ~
0.9856 for Aluminum thin film, using the Debye model phonon dispersion relation®’. Accordingly, neglecting
the size effects on phonon bath by using the typical bulk value of phonon specific heat is a reasonable approxi-
mation in our calculations.
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(a/)\ Chemical Potential vs. film thickness for Ni (b) Density of states vs. film thickness for Ni
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Figure 2. Thickness dependent quantum-confinement effect. (a) Chemical potential 1/, (finite temperature
Fermi energy), (b) density of states at the Fermi energy g, (c) electron—phonon coupling coefficient G, and
(d) Sommerfeld coefficient y as a function of ultrathin film thickness L,. Both p/y, and g are dimensionless,
normalized with their corresponding bulk values. The parameters are considered of Ni thin film and details are
given in Table 1.

Effect of film thickness (L,) on chemical potential (p), Fermi level electronic density of states
(9¢), electron—phonon coupling (G,), and Sommerfeld coefficient (y). In our numerical calcula-
tions, we solve Egs. (1)-(3) which is based on Koopmans’s model®, for experimentally available Ni thin-film
parameters (see Table 1). In this study, we use the laser fluence of 28 m] m™ and the pulse duration of 50 fs.

In Fig. 2a,b, L,-dependence of chemical potential y and DOS; at Fermi energy are shown, respectively. Both
p and g are dimensionless, normalized with their corresponding bulk values. We consider parameters for Ni,
which has AM{w?) =49.5 meV?', and it is converted to J? in the numerical calculations. The depth of the metallic
confinement potential is assumed to be V,=10 eV. The V, value is theoretically infinite, however, in the free
electron model (FEM) simulations, its value is considered as a finite number comparable to its bulk Fermi value'.

The FEM perfectly reflects the oscillations in the DOS, G, and C, as the result of quantum confinement for
the metals whose valance electrons lie in p-band such as Al. Since Ni is a transition metal with an almost full
d-band structure’, the possible complexity in the configuration of electrons in the Fermi level would require
beyond free electron methods to determine the DOSy, such as density functional theory (DFT). However, FEM
still captures the essential physics behind the quantum size effects even for transition metals and more complex
structures!!. Ab initio methods confirm the conclusions of the free electron model**.

The oscillations of G, (Fig. 2c) and y (Fig. 2d) are due to the Fermi level oscillations translated to DOS,
arising from the quantum confinement (cf. Eq. (8) in “Methods”). This essential physics (discreteness of the k,)
remains the same irrespective of the simplicity or complexity of the Fermi surface. Failure of the continuum
approximation in the confined direction yields discrete plateaus for the electronic states. Accordingly, the forma-
tion of such quantum well states (QWS) in the confined direction captures the basic physics of the quantum size
effects, manifested as size-dependent oscillations in physical observables**-*3. We show the Fermi level oscilla-
tions in Fig. 2¢c, which translates to DOSp, hence to G, and C.. For Ni, although the d-band structure leads to
a more complicated Fermi level than Al which decreases the magnitude of G, compared to the values used in
the experimental studies'. Even if the decrease in these terms is not entirely in agreement quantitatively with the
reported values, our model still reflects the effect qualitatively. FEM predicts quantum size effect oscillations in
the magnetization but should be regarded as a qualitative description for the magnetic metals with more complex
Fermi configurations such as Ni. The effect can be studied more rigorously and quantitatively using ab initio
calculations of the band structure, Fermi level, and DOSg. Furthermore, it can be optimized by considering more
complex materials using beyond FEM analysis. In this work, we will be presenting the essential physics and pre-
dicting quantum size effect in magnetization in the same spirit of quantum size effects in electronic conduction.
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Figure 3. (a) Transient T,, T,, and normalized magnetization (m =|M,|/M;) for 20 A thick Ni film illuminated
with Ij=28 mJ] m™ Gaussian single laser pulse of 50 fs width. (b) Zoomed-in version of (a) 500 fs after
illumination. Note that the Y-axis units are different in (a) and (b).

Microscopic three temperature model coupled with magnetization dynamics. Here, we discuss
the quantum confinement effect on the magnetization dynamics for Ni thin film. In Fig. 3, the magnetization
dynamics and transient electron and phonon temperatures calculated from the extended M3TM are shown
for 20 A Ni thin film. According to Fig. 3, illuminated with a Gaussian single laser pulse of I,=28 mJ m2, the
magnetization of the Ni thin film decreases in sub-100 fs due to the thermalization of the electron bath and
E-Y scattering. Due to the low heat capacity of the electrons, T, reaches 1.5T, of Ni (940.5 K). However, due to
electron-phonon coupling, T, cools down to an equilibrium temperature with phonon (lattice) in 200 fs, and the
magnetization recovers to close to its initial value (> 96%), in around 1 ps. Note that T, in Fig. 3b is not constant
(since the magnetization recovery is not completed in 500 fs), and its increasing rate is very low compared to T,
and it is not completely visible in Fig. 3b (T,(100 fs) = 302.3 K, T,(500 fs) = 302.7 K).

Note that Fig. 3b shows the temporal change of the magnetization, electron, and phonon temperatures, before
reaching the equilibrium (which occurs 15 ps after laser pulse incidence). The sudden rise of the T,, due to the
lower electron heat capacity, in the non-equilibrium state is in the range of a few fs.

We also calculated the effect of the pulse width on the magnetization dynamics and electron and phonon
temperature. The results are shown in the supplementary information Figs. S9-S11. Increasing the pulse width
decreases the laser power injected to the thin film which leads to an increase in the demagnetization time as
well as electron equilibration time. Choosing very long pulse durations, suppresses the injected laser power and
increases the laser fluence needed for recovery of the magnetization after quenching, which is not favorable for
the scope of our manuscript. In addition, we have considered the condition where the incoming laser fluence is in
the range of the experimental values, with only 20% absorption in the quantum confined thin film. We compared
the results of M3TM for the nm-thick non-quantum confined and angstrom-thick quantum confined Ni film,
the results of which are shown in supplementary Fig. S12. For more extensive investigation, we also compared
the effect of laser pulse width (both in fs and ps regimes) on the temporal behavior of the magnetization, elec-
tron, and phonon temperatures in nm-thick and angstrom-thick Ni film, in supplementary Figs. S13 and S14.

Dependence of the magnetization dynamics on film thickness (L,). Figure 4a shows the magneti-
zation dynamics based on the extended M3TM for different thicknesses of Ni thin film. Results show that the
film thickness has a minimal influence on timescales of the demagnetization and recovery. However, it changes
the demagnetization ratio (the dip on the magnetization curve). The effect of thickness on the magnetization dip
is shown in Fig. 4b for different L, values 10- 50 A. In Fig. 2, due to the change in the DOS; at sub-5 nm (50 A)
thickness regime, the electron-phonon coupling, and Sommerfeld coefficient change considerably with increas-
ing film thickness. In Figs. 2 and 4a,b, the dips have the same positions, however, their amplitudes are different.
This indicates that the change in the rate (G,,) triggers a stronger magnetization loss/recovery without altering
the spin wave emission spectra.

Figure 4c,d show the dependence of T, and T, maxima on the film thickness, respectively. The modulation of
the electron temperature maxima with increasing the film thickness is similar to the behavior of G, (Fig. 2) and
demagnetization dip (Fig. 4b). The electron temperature and the magnetization dip change sharply for certain
values of thickness, e.g., 22 to 22.5 A (or 25.5 to 26 A, 29 t0 29.5 A, 32.5 to 33 A, 36 t0 36.6 A, 39.5 to 40 A, 43
to 43.5 A, 46.5 to 46 A). The electron temperature can go up to 3300 K depending on L,. The extreme sensitivity
of electron temperature (i.e. 3300 to 2620 K) to the thickness L, (22 to 22.5 A) shows that piezoelectric modula-
tion can be a viable method for controlling “hot electrons” The fact that electron temperature exceeds the Curie
temperature does not prevent the nanomagnets from recovering magnetization. Due to increasing electron
temperature, chemical potential gradient causes charge currents within metallic nanomagnets (see p as a func-
tion of T, in the Supplementary Fig. S2a). Still, since the highest electron temperature never exceeds 3300 K, the
chemical potential difference is less than 1%.

We also investigate the sensitivity of our results to the size of the potential well and include them in the Sup-
plementary Information (Figs. S4-S7), the finite size of the well does not change the qualitative predictions of

Scientific Reports |

(2021) 11:15976 |

https://doi.org/10.1038/s41598-021-95319-6 nature portfolio



www.nature.com/scientificreports/

a b
(a) M vs. time for Ni - 1, = 28 mJ/m?-50 fs (b) M dips vs. L, for Ni-l,=28 mJ/m>-50 fs
1 y 0.959 — : . : . .
— 10A
— 15A
0.99r — 25n|] g o585}
S T

s’ a

s, 0098 —40A[l 5 goss}

s — 45A ]

= — 5ol =

N
097}
Z 09575}
0.96/
e 0.957 L— . . . . .
0 5 10 15 20 25 30 35 40 45 50 20 25 30 35 40 45 50

© At (ps) d) L,(A)

c Max. Te vs. Lz for Ni-Io=28 mJ/m?2-50 fs Max.Tp vs. Lz for Ni-Io=28 mJ/m?2-50 fs
3300 — : - . - . 302.74 — : . . - -
3200 302.735

__ 3100 302.73
3 <
-, 3000 =, 302,725}
= =
% 2900 X s0272f
= =
2800 302.715}
2700 30271}
2600 — : : . . . 302.705 L= : . . . .
20 25 30 35 40 45 20 25 30 35 40 45 50
L,(A) L,(A)

Figure 4. Effect of Ni film thickness L, on (a) magnetization dynamics, (b) demagnetlzatlon dlp, (c) maximum
of electron temperature T, T,, and (d) maximum of phonon temperature T, for L,=10 A, 15A,204,25 4,304,
354,404,45 A, and 50 A The Ni thin film is illuminated with I,=28 m] m =) Gaussian single laser pulse. The
rest of the parameters are given in Table 1. The zoomed-in version of panel (a) is included in Supplementary
Information (Fig. S3).

our model. Particularly, independent of the quantum well depth, the quantum confinement effect reduces G,
and consequently affects the transient magnetization behavior as well as the electron and phonon temperatures.
This also affects the laser energy needed for manipulation of the magnetization, as discussed extensively in the
previous part.

Discussion

Energy transfer from a fs laser pulse to the lattice and magnon system. Considering the lack
of spin coupling, the fs laser pulse manipulates the magnetization without excess energy concentration in the
lattice, resulting in the minimal change of phonon temperature. If we assume that the heat capacity of the nm
thick Ni film is equal to the bulk value, with the Gaussian laser pulse fluence of I,=28 mJ m~2 and the spot size
of 100 pm, the temperature change of a 2 nm-thick Ni film with the density of 8900 kg m™>, is calculated as
Eler=2.184x 10710 J=M xcx AT - M (mass) =py; -V=1.4x10"" kg and the specific heat capacity of Ni (c) is
4407 (kg °C)". As a result, the temperature change in the thin film is AT =3.545 °C. The laser fluence ranges for
ultrafast magnetization switching of metallic magnetic thin films vary from 1 to 14 mJ cm™ (10-140 ] m™2) in the
literature!>***, Even if we consider an upper limit of 10 ] m™ as incoming laser energy, the thin film temperature
change would be AT =1276 °C, which is still below the melting point of the Ni (1455 °C). Therefore, as long as
the fluence is low, there is no significant thermal drift in the metal.

After equilibration with the electron bath all the laser pulse energy goes to the phonon bath. So the energy
absorbed by the phonon is equal to E,=C,- AT,. The maximum phonon temperature change is for the film
w1th the thickness around 35 A, which is around 0.022 K. So the energy absorbed by the phonons is simply

=(2.33x10°J m™ K) x (/4 x (100 x 10~ m) %) x (3.5x 10~ m) x (0.022 K) = 1.4 x 10~'2J. From thermodynamic
standpoint, phonon energy change (heat) is the difference between the injected energy into the system from
laser pulse and the energy change in the spins (work done). The efficiency of work done by laser pulse on spins
is =1 = Qpponon/ Quser- The absorbed energy for increasing the lattice temperature is Qpponon = 1.4x 107 J and the
laser energy is 2.184 x 107° . The efficiency is =99.36%. In Supplementary Information, we consider a condition
where the spin-electron, and spin-phonon scattering are not neglected. Since a part of the laser energy is lost due
to the scattering phenomena, the laser energy needed to manipulate and recover the magnetization increases.
Considering the laser fluence of 35 mJ m™ (Qy; =2.73 x 1071°), the increase in the phonon temperature maxima
for 35 A film does not considerably change, which is shown in Figure S8b in the Supplementary Information.
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However, due to the excess laser energy needed for recovery of the magnetization, the work done by the laser on
the spins increases which increases the efficiency to n=99.48%.

In summary, we investigated the all-optical magnetization dynamics in the quantum confined magnetic Ni
ultrathin films. Our theoretical model shows that due to the quantum confinement in the films with the thick-
nesses of a few tens of angstrom, the electron-phonon coupling coefficient (G,,) in the M3TM is highly sensitive
to the film thickness and could not be considered constant. This effect changes the amount of magnetization drop
after interaction with the fs laser pulse, but not the timescales of the magnetization. In addition, we show that
our qualitative predictions of magnetization dynamics in the quantum-confined ultrathin magnetic films are
not sensitive to the size of the quantum well. We show that, laser-induced magnetization dynamics could drive
ultrafast exchange-driven magnetization oscillations*®. Furthermore, the quantum confinement effect decreases
the lattice temperature change due to the lower laser fluences needed for magnetization control in Ni ultrathin
film. Thus, the energy efficiency of exciting spin waves with lasers could be enhanced®.

Our study shows that the choice of the film thickness in the angstrom regime could help modulation of mag-
netization with around three orders of magnitude lower laser fluences compared to the reported experimental
values. We also show that the energy transfer rate from the laser pulse to the lattice is so low that the lattice
temperature stays far below both Curie temperature and the melting point of the Ni. The quantization of energy
levels perpendicular to the film due to the thin film’s electron confinement leads to the oscillatory dependence of
many properties on the film thickness due to quantum size effects. Despite the small oscillations as the result of
quantum confinement, the effect is measurable by various experimental means such as magneto-thermoelectric
measurements*, Kelvin probe force microscopy*, Hall-bar magnetoresistance measurement®, and scanning
tunneling spectroscopy (STS) technique®'. These methods are reported to measure the quantum size effect in
different metallic and also more complex thin films.

In addition, this study suggests the researchers to expand further the understanding the nature of laser-matter
interaction under the effect of quantum confinement on the laser-induced dynamics including the electron
temperature profile affected by optical reflectivity and optical extinction in nanolayers and nanostructures.

Methods

Quantum confinement effects on DOS, G,,, and y. Our physical system, which consists of a fer-
romagnetic ultrathin metal illuminated by an ultrashort (femtosecond) laser pulse, can be microscopically
described by a generic Hamiltonian for interacting electron and phonon baths that reads,

H = He + Hp + Hep (5)

where H, and H,, are the Hamiltonians of free electrons and phonons, respectively. H,., models the electron-
scattering from the lattice, ignoring the spin flips. We remark that the baths are, in fact, not exactly free. The
calculation of the electron-phonon coupling parameter G, in the two-temperature model proceeds by applica-
tion of Fermi’s golden rule using H,,. In the Supplementary Information, we present a more extensive review
on the derivation in Ref.?, which is based upon pioneering works®>. It allows for including beyond free electron
theory effects and arbitrary DOS.

We can write the temperature gradient between the baths such that

dT.
e? = _Gep (Te - Tp) (6)

electron-phonon coupling factor G, is given by
Gep = Tth?»(ooz)gF (7)

where ky is the Boltzmann constant, \ is the electron-phonon mass enhancement parameter®, and {w?) is the
second moment of the phonon®. At low temperatures, we can take C,=yT,, where y=nkg’gy/3, according to
the Sommerfeld expansion®. Numerical examination of C, for different metals at higher temperatures, which is
beyond the scope of the present contribution, can be found in the literature!. A similar equation can be obtained
for the phonon bath. These equations can be changed to temperature rate equations using the corresponding
specific heats. Finally, introducing the additional terms for the laser pulse absorption and heat diffusion, the
two-temperature model®® can be developed.

The sensitivity of g to the variations of the thickness of the ultrathin film, L,, allows for additional control
over the electron-phonon coupling G,,,. We use the free electron model, while the electrons are confined in a
potential well of size L, and depth V. This limits k, to be always less than k,,, = (2mV,)"?/h. Quantization of
k, according to'’, reduces the finding temperature-dependent Fermi energy is a counting problem of electrons
living on disks confined in the Fermi sphere with temperature-dependent radius.

L K
K,L, = n,m — 2sin 1 (t—z) (8)
op

Allowed k, form a set k, whose dimension is temperature dependent. The physical reason for the oscillations
with L, is due to the discreteness of the electronic wave number along the finite thickness direction, k,.

At zero temperature, the number of electrons can be determined by'.
LyLy
472 k, <kp

N=2 (ki —k7) 9)
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where L, and L, are the long, transverse sizes of the ultrathin film (L, K L,, Ly). At finite temperatures, we should
use N = 23", f, where the Fermi-Dirac distribution would contain temperature-dependent Fermi energy u(T)
such that

LyLy 1
N=2"1 ZkZeKz / dkxdky EO T 5 1 (10)

Using
E(k)—h—2<k§+ 24k2) (11)
T 2m ky

the integral can be evaluated analytically such that
k2 — k2
l+exp<MTZ>:| (12)

where k, is the temperature-dependent Fermi wavenumber. We use scaled variables such that the length scale
is ap, the temperature scale is T and the energy scale is Eg. This equation generalizes the zero temperature
counting problem in Eq. (9), which determines the quantum confinement effect on DOS at Fermi energy to
finite temperatures. In Supplementary Information, we describe a method in Ref.!° with which one could find
how the L, dependence of DOS at Fermi level changes with temperature, to be able to take into account this size
effect for G, At the range of temperatures we are interested in, the temperature dependence of G, is negligibly
different than the zero temperature results.
Assumptions that we considered in this manuscript are as the following:

T

— In
nL, k€K,

n—

1. The thin film is a thermally isolated and free-standing ultrathin layer of magnetic metal. So, due to its very
low thickness, compared to the optical penetration depth of the laser pulse, the heat diffusion through the
film thickness is neglected.

2. 'The spin-phonon and spin-electron coupling are neglected in our model. So, spin-related scattering events
such as spin-phonon and spin-electron scattering is overlooked, which can be significant in the species with
low spin-orbit coupling.

3. In the free electron model, we considered a rectangular electron potential well with the constant depth of
V,=10eV.

4. Our model assumes that C, is not dependent on the thickness and temperature in the considered time and
thickness regime.

5. We neglect the heat conduction in the lattice, since in pure metal heat conduction is negligible compared to
that of electron heat.

6. Due to the very short laser pulse and very low thickness of our films, we neglected non-thermal excitation
after interaction with the laser pulse.

Data availability
Supplementary information accompanies this paper along with the MATLAB codes containing our model
calculations.
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