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Abstract. Ferromagnetic materials when subjected to intense laser pulses leads to reduction of their magnetisation on an
ultrafast scale. Here, we perform an ab-initio calculation to study the behavior of ultrafast demagnetisation as a function
of film thickness for Nickel as compared to the bulk of the material. In thin films surface formation results in
amplification of demagnetisation with the percentage of demagnetisation depending upon the film thickness.

INTRODUCTION

In 1996, Beaurepaire et.al. introduced Femtomagnetism [1] establishing that the magnetisation can be
manipulated on femtosecond timescale by applying intense laser pulses. This triggered several
experimental works [2—6] demonstrating laser induced ultrafast demagnetisation in ferromagnets. Such an
optical control of spins with light is the holy grail in the field of memory storage.

To understand the underlying physics of femtomagnetism theoretically several studies have been
performed and almost all of these are based on simple models [7, 8]. It is only recently a fully ab-initio
work was performed [9,10] and it concludes that the underlying physics of ultrafast demagnetisation is
due to the spin-orbit coupling induced spin-flips [11] in both thin films and bulk. Additionally, in case of
the films the symmetry breaking due to the surface formation enhances the demagnetisation [11]. In the
present work we further study this physics by varying the thickness of the Nickel films and see that as the
film thickness increases the magnitude of demagnetisation decreases.

In order to perform these theoretical calculations we use the Time-Dependent Density Functional
Theory (TDDFT) [12—15], which is a well-established and sophisticated ab-initio theory to study the
light-matter interactions. TDDFT makes no assumptions regarding the underlying physics or the material
under investigation and provides us, with a clear picture of laser induced demagnetisation.

Methodology

To capture the demagnetisation process we require a time evolving electronic wave- function, which
within TDDFT [14] is obtained from the Kohn-Sham (KS) Hamiltonian given as:
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where c is the speed of light, o are the Pauli matrices and 4., (7, t) is the vector potential representing
an applied laser field. We disregard_the spatial dependence of the vector potential A,,.(7,t) by
considering the so-called dipole approximation. The KS effective potential vg(r,t) = Ve, (1, t) +
vy (r,t) + vye(r, t) comprises of the external potential v,,,, the classical electrostatic Hartree potential
vy and the exchange-correlation (XC) potential vy.. Similarly, the KS magnetic field is written as
B(1,t) = Beyt(t) + By (1, t) where B, (t) corresponds to the magnetic field of the applied laser pulse
plus possibly an additional magnetic field and By (7, t) is the XC magnetic field. For calculating the XC
potential and magnetic field the adiabatic local spin density approximation (ALDA) is used. The final
term of Eq. (1) is the spin-orbit coupling term.

The dynamics of the magnetisation is given by the Heisenberg equation of motion:

im-(r ) = i1/:*(r O |eyp@r,t) + i@, 0)s; iw(r M)
at Jt ’ LA TR ot ’

= i, OHG Y@, ) + YT, 05, (- Hsp (1, 1))

= i([Hg, 6,7, t)]) 2

where 1 is the two component spinor-valued KS orbital (Pauli spinors) Substituting Hg from Eq. 1 in Eq. 2
and in the absence of external magnetic field (i.e. the materials which are spontaneous magnets) we get

3
d 1
—M(t)|‘ - ﬁf d3r2 €1jm VU (1 8) X J o (1)
t jm .
J

) 2] [T0r ) x 1D
=Ffd3r ly x | Vo (r, 0 x 1, (. )
¢ zl | xJ,a 0], 3)

This equation indicates how the dynamics of magnetisation is guided by spin-currents in the system,
for example the z-component reads:

0 1 e R
EMZ(t) = Z—sz r X. [Vvs(r, t) x J,(r, t)] — 9. [Vus(r, t) X ], (r,t)] (4)

Results

In order to study the behavior of demagnetisation as a function of film thickness we study four cases; laser
induced spin dynamics in 3, 5 and 7 atomic layers thick Nickel films and the bulk of Nickel. To study
demagnetisation a pump laser pulse is applied perpendicular to the surfaces of the layered Nickel which has the
magnetisation pointing in-plane. Application of the laser pulse results in excitation of the electrons to higher energy
level which eventually leads to onset of demagnetisation process. We start with the systems at t=0 in their ground
state, hit it with a laser pulse of intensity 9.23x109 W/m2 and watch the system evolve in time. The relative
magnetic moment M, (t)/M, (t = 0) for all the four setups is shown in Fig 1. The percentage of demagnetisation in all
the four setups is different being only ~ 15% in bulk. The thin films of Nickel of different thickness show different
degree of demagnetisation (~ 40%, ~ 39% and ~ 33% in 3,5 and 7 Monolayers of Nickel respectively) showing the
decline in demagnetisation as the thickness of layers increase. The reason of having a higher magnitude of
demagnetisation in layers was attributed to a larger spin-current arising on the surface due to the symmetry breaking
[9-11].
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FIGURE 1: Top panel: The eclectric field of the applied laser pulse with an intensity of 9.3 X 1015 W/cm2 and a
FWHM of 103.35 fs. Lower panel: The dynamics of the z-component of the magnetic moment for different layers of Nickel
and bulk Nickel simulations.

Conclusions

The phenomena of ultrafast demagnetisation can be put to practical use in designing new electronic devices,
however, for this it is crucial to know how significantly the behavior of the surface (or interface) differs from the
bulk of the material. To measure demagnetisation experimentally, the technique employed is either probing the
surface or the interior of the material. This work shows how the percentage of demagnetisation would be very
different when probed with surface sensitive techniques, like Kerr effect, as compared to other techniques that probe
either the average or interior of the sample.

Calculation Details
All simulations are performed using Elk [17] code, which is a state-of-the-art all-electron code. Nickel in its

face-centered structure having a lattice constant of 3.52 A is simulated. For bulk calculations a grid of 8x8x8 k-
points and for film 8§x8x1 k-point grid is used. For time propagation a time step of 0.002fs was used.
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