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CHAPTER 1

Introduction

Even in nowadays science, light interaction with solids is an intriguing area of
research. In particular, if the light can magnetize or demagnetize a ferromagnet
and if, in which timescales, are challenging questions to be yet answered. The
absorption of intense laser pulses by a ferromagnet causes a rearrangement of the
electrons and the magnetic moments through fundamental microscopical phys-
ical processes, such as electron-electron scattering, electron-phonon scattering
and magnon generation. All these processes are accessible with femtosecond
laser pulses. With the time resolution inherent, femtosecond laser pulses in
all-optical pump-probe experiments can be used to study the basic time con-
stants of ultrafast demagnetization, the magnetic precessional modes, as well
as the energy dissipation processes, which all determine the Gilbert damping.
These experiments lighten up a theoretically demanding area, in which both
the dominating interactions and the timescales of the interaction processes are
still subject of extensive research.

Current technological development demands new insight into the magnetiza-
tion relaxation processes in the sub-nanosecond regime. The increased density
of magnetic memories is achieved using giant magneto resistance (GMR) and
tunnel magneto resistance (TMR) effects. Novel non-volatile magnetic devices
are based on Magnetic Random Access Memory (MRAM), in which each bit can
be separately manipulated by means of current controlled write or read. The
timescales of the magnetic recording, limited to the motion of the magnetic
precession, are approaching the ns timescale. Hence, fundamental research on
the magnetization dynamics on the fs scale has become a major interest for the
storage industry.

New approaches have been developed to manipulate spins on the nm scale
and in GHz frequency range. Some of these directly inspired the research in
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this thesis. The thermally assisted writing, for example, is based on the short
anisotropy reduction, which makes it easier to switch the magnetization in
moderate magnetic fields. The engineering of the Gilbert damping parameter
with the emission of spin currents on the ferromagnet/normal metal prevents
the ringing of the magnetization during precessional switching.

The application of ultrashort laser pulses was a major breakthrough in time
resolved studies of magnetization dynamics, which extended time resolution
into the sub ps range. Intensive 80fs laser pulses from a Ti:Sapphire oscillator
with a wavelength of 800nm are used in the all-optical pump-probe scheme to
investigate the magnetization dynamics of thin ferromagnetic samples using the
magneto-optical Kerr effect. The magnetization relaxation upon laser excita-
tion is characterized by an ultrafast demagnetization, which takes place shortly
after the absorption of the pump pulse, and the coherent precession of magne-
tization on the 100ps timescale. The former reflects incoherent, and the later
coherent processes. This can determine both the timescale of the magnetization
relaxation and the ultimate timescale of the energy dissipation processes.

This PhD thesis is organized as follows: The second chapter gives the basic
premises of the theoretical background of magnetization dynamics and derives
the frequency and damping dispersion relation. The third chapter handles
the measurement techniques used in our experiment. Chapters four, five and
six cover the experimental findings regarding magnetization dynamics upon
laser excitations. In detail, the fourth chapter presents ultrafast demagne-
tization. Chapter five gives an overview of the magnetization dynamics on a
100ps timescale using coherent precession modes and incoherent magnetic back-
ground. Chapter six discusses the Gilbert damping parameter, starting with
theoretical approaches to model magnetic damping up to a presentation of the
results on non-local damping for various ferromagnet /normal metal samples. At
the end, a conclusion regarding the main achievements of this thesis is given.



CHAPTER 2

Theory of magnetization dynamics

This chapter presents the basic theoretical premises regarding magnetization
dynamics by deriving the equation of motion for the damped magnetic preces-
sion and introducing the different contributions to the magnetic free energy.
The frequency dispersion relation is then derived for the Kittel £ = 0 mode
and for the standing spin-wave mode, based on the configuration used in our
experiments. Similarly, the relation between the Gilbert damping parameter
and the exponential decay time of the precession amplitude is also derived for
different precession modes.

2.1 Introduction to magnetization dynamics

2.1.1 Magnetization precession

The dynamic behavior of a spin is determined by the equation of motion, which

can be derived from the quantum theory[l]. The time evolution of a spin

observable S is determined by its commutator with the Hamilton operator H:
d

ih—-S =[S, H]. (2.1)

The Hamiltonian, which describes the interaction of the spin with the external
magnetic field, given by its flux B, can be expressed as:

H:—WTBS-B, (2.2)

where pp is the Bohr magneton (up < 0) and g is the gyromagnetic factor for
a free electron. The z-component of the commutator in Eq. 2.1 can be derived
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as:

1S, H] = —WTB[SZ,SIB$+SyBy+SZBZ]

gp
= 77 (152 52 Bi +[52, 5] By)

= igpp (BySy + BySy)

— igup (S x B), ,
with the help of the commutation rules for spin operators:
[SZ’, Sj] = ihe,-ijk .

Corresponding expressions can be derived for the other two components of the
spin, which lead to the spin equation of motion:

d 9giB
—(§)==—"—(8SxB) . 2.3
& (8)= "2 (5 x B) (23)
The derived equation of motion for one spin can be further generalized for the
case of homogeneous magnetization within the macrospin model, considering
the relation between the magnetization M and (S):

M = WTB (S) (2.4)
Therewith, the analogous equation of motion of the magnetization in an external
field H is observed as in case of one spin:

d

EM = —yuoM x H =M x H , (2.5)
where the gyromagnetic ratio v = gup/h is introduced and vy > 0. Eq. 2.5 is
known as the Landau-Lifshitz (LL) equation.

The specific properties of the LL equation are observed for a constant magnetic
field H, due to the vector product specifications:

d d

%M =0, a(M-H)—O.

The first equation states, that the absolute value of the magnetization does
not change during the precession around a constant external field. The second
equation implies that the angle between the magnetization and the external field
is constant during the rotation. The schematically presented magnetization
rotation is shown in Fig. 2.1 a), in which the top of the magnetization vector
marks out a circle around H. The magnetization vector M precesses around
the magnetic field H with the frequency w = 9 H. This frequency is also known
as the Larmor frequency. The derived equation of motion for the magnetization
in an external field H can be generalized for the case in which the anisotropy
fields and the exchange interaction contribute to the magnetic energy by simply
replacing H with the effective magnetic field H ;.



2.1 Introduction to magnetization dynamics
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Figure 2.1: Magnetization torque without damping and with damping term.

2.1.2 Magnetic damping

The Landau-Lifshitz equation implies that the magnetization, once taken out of
the equilibrium position, precesses around the external field H infinitely long.
In reality, though, the magnetization eventually aligns with the external field.
This experimentally observable fact demands the introduction of a dissipation
term into the Landau-Lifshitz equation. As shown in Fig. 2.1 b) the amplitude
of the magnetization precession is gradually reduced until the magnetization
aligns with the external field. To estimate the damping term, Gilbert first
applied a thermodynamical approach in the following form:

« d
Y (Mxim
MS< T )

where « denotes the dimensionless Gilbert damping parameter. It determines
how fast the energy of the magnetization precession is dissipated from the sys-
tem. With this, the equation of motion for the magnetization is given by the
Landau-Lifshitz-Gilbert (LLG) equation:

d « d

The Gilbert damping parameter for transition metals is much smaller than 1,
which allows the magnetization to make a number of precessions before it is
aligned with the external field. The nature of the damping and different contri-
butions to the energy dissipation processes are explained in detail in Chapter
6.

2.1.3 Lagrangian Formalism for the magnetization dynamics

An elegant method to determine the dynamics of the magnetization vector
in an external field can be also derived from the Lagrangian formalism|[1, 2].
The Lagrangian density for the magnetization precession with the generalized
coordinates # and ¢ is given by:

dip

M,
Ho peosh, o= — (2.7)

L=—w-—
v Yo dt
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where w denotes the free energy density functional. The classical equation
describes the motion of the magnetization:

d oL OL

d oL 0L

The free energy density functional of the magnetization in the external field
H = He, is given by:
w=—poMsm - H . (2.10)

Without damping, the magnetization obeys the following equations:
0=0, ¢o=H. (2.11)

The first equation implies that one of the generalized coordinates 6 stays con-
stant during the magnetization motion. The second equation implies that ¢
harmonically changes in time according to the Larmor precession frequency.

The damping term can be explicitly included within the Lagrangian formalism
with a scalar function R[3]. The equations of motion are then given by:

doL oL OR
dt o 00 96
doL _dL  OR
Aty 0o = 0P

=0 (2.12)

- 0. (2.13)

The damping term, for example, can be given in the form of a Rayleigh’s dis-
sipation function, which is proportional to the generalized velocities
M. /.
R = K0 (92+¢>2sin29) .
270

2.1.4 Energies of a ferromagnet

Magnetization dynamics are determined by the effective magnetic field Hyr
in the sample. This field is the derivative of the free magnetic energy over the
direction of the magnetization. Later on, it is used to determine the frequency
of the magnetization precession.

The magnetization is oriented in such a way, that all energy contributions to
the free magnetic energy are reduced. The most important contributions, such
as exchange energy, anisotropy energy, stray field energy and Zeeman energy
are presented in the following sections|1, 4].

Exchange Energy

The tendency of spins to align themselves parallel or antiparallel to each other
is attributed to the exchange interaction. This originates from the Columb
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interaction between electrons and the antisymmetry of the wave function given
by the Pauli principle. The exchange interaction is described by the Heisenberg
Hamiltonian H,;, which is given by:

Hep=— Y JijSiS; , (2.14)

3,j=1

where J;; denotes the exchange integral and \S; are spin operators. The parallel
alignment of the spins in the ferromagnet is the energetically favorable con-
figuration, due to the negative value of the exchange integral. By increasing
the distance between the atoms, the value of J;; decreases rapidly. Therefore, a
good approximation of the sum in Eq. 2.14 may consider only the nearest neigh-
bors. In that case, a value for the exchange integral J;; = J can be derived
from the Weiss classical molecular field theory:

3kTc

T 2:5(5+1) (2.15)

where T denotes the Curie temperature, z the number of nearest neighbors
and S the total spin number. Nevertheless, by replacing the summation in
Eq. 2.14 by an integral over the ferromagnetic sample, the following expression
for the energy of the exchange interaction is derived:

E., = A/ (Vm)? d*r (2.16)
1%
where m is a continuously defined vector quantity. The exchange constant A

is the material constant, expressed by the exchange integral J:

2
a5 (2.17)
a

where a denotes the lattice constant.

The Heisenberg Hamiltonian is completely isotropic and its energy levels do not
depend on the direction in space in which the crystal is magnetized.

Magneto-crystalline Anisotropy Energy

The energy of a ferromagnet depends on the direction of the magnetization

relative to the structural axes of the material. There are different types of

anisotropy which contribute to the free energy of the ferromagnet, such as

magneto-crystalline anisotropy, shape anisotropy and magneto-elastic anisotropy.
The shape anisotropy is often considered as demagnetization energy and will

be presented in the next section. The anisotropy energy is usually small com-

pared to the exchange energy. Nevertheless, the direction of the magnetization

is determined only by the anisotropy in absence of an external magnetic field.

The exchange interaction just tries to align the magnetic moments, regardless

of direction.

The most common type of anisotropy is magnetocrystalline anisotropy, which
is caused by the spin-orbit interaction of the electrons due to the reorientation
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of orbitals and the creation of crystallographic axes. In hexagonal crystals with
out-of-plane anisotropy the magnetic anisotropy energy can be expressed as:

EW:/(—Klmﬁ—Kgmg)d?’r (2.18)
14

Terms of higher order, and in most cases even Ks are negligible:

- if Ky > 0, then the crystallographic z axis is an easy axis, which means it is
a direction of minimal energy

- if K1 < 0, then the crystallographic z axis is a hard axis with an easy plane
perpendicular to it.

Stray Field Energy

Stray field energy is also known as magnetostatic energy, demagnetization field
energy or shape anisotropy energy. It has its origin in the classical interac-
tions between the magnetic dipoles, in particular, within the interaction of the
magnetization in the magnetic field of the sample itself. Gauss’s law for the
magnetic flux density B is given by:

divB = divpy(H + M) =0 . (2.19)
The stray field H; can be defined as divergence of the magnetization:
divH; = —divM . (2.20)

The energy attributed to the demagnetization field is then given by:

1

1
Ey = —MO/ H3dr = ——MO/ M - Hydr . (2.21)
2 all space 2 sample

The stray field energy is always positive as it is shown by the first integral in
Eq. 2.21.

In the approximation of given magnetic charge densities, the stray field energy
can be derived from the volume charge density p, and the surface charge density
0, given by:

py=—divm , os=m - -n , (2.22)

where n is the outward directed surface normal. The potential of the stray field
is then defined as:

M pv('r/) 3 JS(TI) 2
O (r) = 23 d d 9.9
) = ([ e [ ) e

which leads to the stray field Hy(r) = —grad®,(r). Therewith, the demagne-
tization field energy is given by the volume and surface integral as

Bu= o, ( [ purieanide+ [omsanar) . @2y
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Two important implications of Eq. 2.24 light up the main difference between
stray field energy and exchange energy. In contrast to the exchange interaction
energy, which only depends on the nearest neighbors, the demagnetization en-
ergy is characterized by the entire sample. Second, Ej; is proportional to the
saturation magnetization My, as opposed to the exchange energy which scales
with the exchange constant A. This causes domain formation with closure mag-
netization to be more energetically favorable with regard to the single domain
states.

To simplify the calculation of the stray field energy the demagnetization tensor
N is introduced. The stray field can be then expressed as:

Hy=-N-M . (2.25)

The demagnetization tensor is determined by the geometry of the sample. In
case of the homogeneously magnetized ellipsoids, the demagnetizing tensor is a
diagonal matrix. The simplest form of NV is given for the thin homogeneously
magnetized plate in xy-plane with only one non-zero component, N,, = 1. In
this case, the stray field energy is given by:

1

E; = —§MOM§ . (2.26)

Zeeman Energy

The interaction of the magnetization and the external field H gives the Zeeman
energy. In general, it is:

E; = —MO/ M - Hdr . (2.27)
\%

This term is important for the magnetic excitations caused by the external
field. The magnetization will align with the external field, when H overcomes
the contributions from the crystalline-anisotropy and demagnetization fields.

2.2 Derivation of w(H)

To analyze the frequencies observed in our pump-probe experiment, the disper-
sion relation for different precession modes has to be deduced. At first, the case
without magnetic damping is considered for simplicity. For various precession
modes, different contributions to the free magnetic energy are considered, from
which the effective magnetic field and the corresponding frequency dispersion
relation are deduced.

This section derives the Landau-Lifshitz-Gilbert equation in spherical coordi-
nates. From this derivation, the frequency of the magnetic precession is related
to the derivatives of the free magnetic energy. From there, the frequency disper-
sion relations for the Kittel £ = 0 mode and for the standing spin-wave mode
are deduced.
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The Kittel mode is the basic mode in which the magnetization is homogeneous
within the entire sample. It is characterized by the wavevector k£ = 0. This is the
dominant relaxation channel for the magnetization precession in the presence
of external magnetic field H. In this case, Zeeman, stray field and crystalline
anisotropy energy contribution to the free magnetic energy are considered.

For the case of the standing spin waves, magnetic moments precess coherently
with a constant phase shift between neighboring spins. This mode has been also
observed in our experiments. The spin wave is characterized by a wavevector
k # 0. The exchange interaction is explicitly included in deriving the magnon
dispersion relation. The solutions for a wavevector k are then analyzed for
specific boundary conditions.

2.2.1 Landau-Lifshitz equation in spherical coordinates

To derive the general expression for frequency dependence on the external mag-
netic field by both amplitude and orientations relative to the sample magneti-
zation, we first derive the Landau-Lifshitz equation in a more applicable form.
The LL equation of motion in macrospin approximation,

dM

o = “YHoM x Hcjy (2.28)
can be derived with the spherical coordinates[5] schematically presented in
Fig. 2.2, related to the magnetization vector M.

€
Z4A ry
el‘
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Figure 2.2: Spherical coordinate system.

The infinitesimal small change of the magnetization vector is then expressed
by:
dM = Mdre, + Mgdfeq + M sin Odpe,, , (2.29)

where M, denotes saturation magnetization, and 6 and ¢ denote the polar
and azimuthal angle of M in the Cartesian coordinate system. The effective

10
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magnetic field H,; can be expressed in spherical coordinates using the following
expression:

1 OF
H, = — _
eff qusﬁm
_ A (OF_ _10F_ 1 oF
N wo \ or " M, 08 o Mg sinf Op

The left and right hand side in the Landau Lifshitz equation Eq. 2.28 can then

be expressed as:
dM do d_cp

W = MSEEQ+MSSin9dt €y

1 OFe 1 8Fe
1o sinf Oy 0 po 00 7

which leads to the Landau-Lifshitz equation in spherical coordinates:

M x Heff

@ or
dt M sin @ dp
do v OF
dt  M,sinf 00 °

For the small variations around the equilibrium position, the free energy F' can
be converted to a Taylor series, in which the first approximation is given by:

1
F=F+ 5 (Fpp0? + 2Fpp0p + Fppp?) (2.30)

The equations of motion for the azimuthal and polar angle of the magnetization
then become:

do ~y

& = Mosmd (Fopt + Fopp) (2.31)
0 (g6t Fpue) (2.32)
dt ~  M,siné 00 bp® '

The 6 and ¢, which satisfy the previous sets of equations, are given by the small
harmonic oscillations around the equilibrium values, 8y and ¢q:

0—6y = 6O4exp(—iwt)

©—@o = paexp(—iwt) ,

where 04 and ¢4 denote the amplitude of those precessions. The previous
expressions are incorporated into Eq. 2.31 and Eq. 2.32 to derive the following
set of equations:

7Fo, . YFpp
_ 0 =
<Ms sin 0 Zw) i M sind "’ 0
) YFp, .
——0 = 0.
M, sin 6 + <Mssin9+w>gp

11
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The non-trivial solution to the homogeneous system given by the previous equa-
tions exists only when the following condition is satisfied:

RF PF [ 92F \*
w=-—0" S (2.33)
Mgsinf '\l 002 0?2 000
The precession frequency is given by the partial derivatives of the free magnetic
energy with respect to the azimuthal and polar angle of the magnetization M

at their equilibrium values. This formula is used later on to determine the
frequency dispersion relation for different magnetic precession modes.

2.2.2 Derivation of the Kittel formula

In all-optical pump-probe experiments the thermally induced anisotropy field
pulse triggers the magnetization precession in the GHz range. However, the
precession frequency is determined by the stationary effective magnetic field
H_f;. For the homogeneously precessing magnetization described by the Kittel
k = 0 mode, the free magnetic energy is composed of the crystalline anisotropy,
the demagnetization field and the Zeeman term. In spherical coordinates, with
respect to the magnetization vector M, the free magnetic energy F' can be
expressed as follows:

F= — K,sin?6cos®p — K,sin*0sin® ¢ — K, cos § (2.34)
—  poM(Hysinfcos ¢ + Hysinfsing + H, cos )

1
+ §p0M32 cos? 6 .

The relevant partial derivatives which contribute to the precession frequency
(see Eq. 2.33) have to be taken at the equilibrium orientation of the magnetiza-
tion. The orientation of the magnetization can be estimated by comparing the
involved magnetic interactions. In our experiment the maximum external field
applied is pugH, = 150mT in-plane and pugH, = 70mT out-of-plane. The small
thickness of the sample implies that the demagnetization field determines the
easy axis of the magnetization in-plane. The Zeeman term rotates the mag-
netization at a maximum of 7° out-of-plane. Due to the absence of significant
in-plane anisotropies, the magnetization is mostly aligned with the x-component
of the external field, H,. Hence, the partial derivatives in Eq. 2.33 are given
by:

2
F
88? = (—2K, + 2K, — pgM?) cos 20 + poM,(H, sin @ + H. cos 6)
=0
2
F
8— = (2K, — 2K,) sin 0 + poMH, sin 6
8@2 ©=0
O*F 0
8958%—0,1{;,—0 .

12
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The frequency of the magnetization precession, in which the magnetization is
canted for angle 6 in respect to the sample normal, can be expressed as:

2K 2K
7 \/<— Ty == —MoMs> cos 20 + poH, sin 0 + poH, cos 6

- Sin9 ‘ Ms Ms
0K, 2K\ ., :
\/( v — N > sin® 0 + uoH,sin 6 . (2.35)

In the absence of external fields no precession is observed which implies that
K, ~ K,. There is no significant in-plane anisotropy in our sample, therefore
one can assume that K, >> K,. By considering the realistic case with 0 ~ 7 /2,
Eq. 2.35 is further simplified to the following expression:

2K
S
The saturation magnetization of the transition metals is pgMs = 659mT for
nickel, poMg = 2190mT for iron and poMs; = 1833mT for cobalt.

The frequency dispersion relation, given by Eq. 2.36, is the Kittel formula and
describes the homogeneously rotating magnetization (k = 0) within the entire
sample. When the amplitude of the external field is systematically varied, the
Kittel formula can be used to fit the frequency spectrum and to determine the
corresponding out-of-plane anisotropy constant K.

2.2.3 Derivation of the magnon dispersion relation

Besides the volume homogeneous magnetization mode, in which all spins behave
as one macrospin, there are spin-wave modes, which do not obey homogeneous
precession in the entire sample. Due to the large cross section of our sam-
ples, the spin waves which propagate laterally from the area under the pump
laser spot are not important on the ns-timescale[6]. The experimentally ob-
served standing spin waves are attributed to the spin waves which propagate
perpendicular to the sample surface. The spin waves, excited at the sample
surface, travel through the sample into the substrate, where they are reflected
and returned back to the surface. Under special geometrical conditions for the
propagating spin vector k, standing spin waves can form. Fig. 2.3 shows the
standing spin waves of the main order and higher orders with open and fixed
boundary conditions.

The frequency of the exchange interaction dominated modes, such as the stand-
ing spin waves, cannot be described by the Kittel formula derived in the previous
chapter. To derive the frequency distribution of the spin-wave modes, the ex-
change interaction has to be explicitly included in the free magnetic energy. The
contribution of the exchange interaction to the free energy F' is taken directly
from the magnetization vector M by:

A

For = 37z (VM) + (TM)? + (VAL)?) (237)

13
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p=1—" ] p=abl——" | p=q-
N TN e TN
P=3/\/\ p=(3-%)/\/ p=(3-])\/

Figure 2.3: Standing spin waves of different order with open and fixed boundary
conditions[7].

In our experiments, the magnetization oscillates in the yz-plane, while the ex-
ternal field keeps the magnetization aligned with the x-direction. The magne-
tization can be represented by a plane wave exp(—i(wt — k- 7)) at the position
r with the wavevector k. Nevertheless, for the case of thin films, only waves
that travel perpendicular to the sample plane are important. Therefore, the
magnetization vector is given by:

M,
M = Re | M, exp(—i(wt — kz)) , M, = M, , M, =iM, ,M, € R . (2.38)
M, exp(—i(wt — kz))

One has to keep in mind how the standing spin wave is formed within the
sample. Open boundary conditions correspond to the maximum radius of the
precessing magnetization at the sample surface. There is no pinning of the spins
in the interface with the substrate. Therefore, the open boundary conditions for
the spin waves are expected on both interfaces. For the magnetization vector
M defined by the Eq. 2.38, the precession amplitude is given with:

My2 + M? = M; = const(t, z)

The precession amplitude is constant within the entire sample. The spin wave
described by the Eq. 2.38 is shown in Fig. 2.4 a). It is the appropriate presen-
tation of the magnetization vector of the usual propagating spin wave, but not
of the standing spin wave. Fig. 2.4b) shows the standing spin wave with open
boundary condition and node in the middle. The corresponding magnetization
vector M is:

M,
M = Re | M, exp(—iwt)cos kz M, = M, M, =iM, ,M, € R . (2.39)

M, exp(—iwt) cos kz

In this case, the amplitude of the magnetization precession varies with thickness,
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2.2 Derivation of w(H)

with maximum value at the sample surface:

M+ M?
M} + M7

72 2
M, cos” kz = const(t)

0 a2
My.

The open boundary conditions determine a value for the k-vector k = mn/d,
for nth order standing spin wave.

TTVTTUNVT
TTV7TTTYYT

Figure 2.4: Schematical view of the propagating and standing spin waves.

a)

b)

Once the magnetization vector M is known, the contribution of the exchange
interaction to the magnetic free energy, defined by Eq. 2.37, can be calculated:

F., = ]\2152 (0 + k2 (MyQ cos® wt — Mg) + k2 <M5 sin® wt — MZQ))
= L (RN R (0 2))
AN A ()
—_—

const

The precession frequency is then deduced from the total free magnetic energy
comprised from Fi, and the free energy given by Eq. 2.34. The relevant partial
derivatives with respect to the spherical coordinates are:

0*F

0% 0 (—2K, + 2K, — poM? + 2k*A) cos 20 + pioM, (H, sin@ + H., cos 6)
©=0

O*F . .

(9—4,02 = (2K, — 2K, — 2k‘2A) sin? 0 4 po M H, sin 0
=0

O’F 0

896@@:0,11@,:0 .

Therewith, the precession frequency of the standing spin wave, with the realistic
approximation that  ~ /2, and neglecting the in-plane anisotropies, is given

by:
2k2A 2K, 2k%A
w= 7\/<MOHQE — ) <,u0Hx + poMy — —= — ) . (2.40)

M Ms M,
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2 Theory of magnetization dynamics

This depends on the amplitude of the external field, the value of the out-of-plane
anisotropy and the exchange constant. When the value of K, is determined by
fitting the main k = 0 mode with the Kittel formula, the value of 2k?A/M;
can be found by fitting the frequency spectra of the standing spin waves in
Eq. 2.40. The modulus of the |k| vector can be determined from the geometrical
conditions. The value of the exchange constant A can then be derived directly
from the experiments.

2.3 Derivation of «(7,)

To compare the magnetic damping from different experiments and experimen-
tal configurations in regard of strength and orientation of the external field, it
is important to determine the dimensionless Gilbert damping parameter «. In
time resolved measurements, magnetic damping is signatured in the characteris-
tic exponential decay time 7, of the amplitude of the magnetization precession.
This section derives the relation between the damping parameter o and the
decay time T, for the Kittel £ = 0 mode and the standing spin-wave mode. For
this purpose the Landau-Lifshitz-Gilbert equation

‘%/I = oM x H,ss + %M x ‘%4 (2.41)
is linearized for the corresponding effective magnetic field H.y; for each of the
precession modes.

The system of three coupled differential equations derived from linearization of
the LLG equation can be simplified by considering only those magnetization
components that contribute to the precession. For thin films the magnetization

is mainly in-plane, so M, << /M2 + ]\4y2 The external magnetic field H

is applied in the zz-plane. Therefore, we can assume that the magnetization
M is aligned with the x-direction, with a small precession in the yz-plane:
My, M, << M, = 1. In this case, the equations for motion of the precessing
magnetization components are:

My = —ypo(M:Hegpo — MyHegy,.) — abl, (2.42)
M, = —vpo (MsHepfy — MyHegp o) + ol . (2:43)

To further determine the dynamic of the magnetization vector from the sys-
tem of coupled linear differential equations, the effective magnetic field H.;s
has to be explicitly known. Therefore, two separate cases are considered: one
corresponding to the Kittel k¥ = 0 mode and one to the standing spin-wave
mode.

2.3.1 « versus 7, for Kittel mode

The free magnetic energy of the ferromagnet in the external field H com-
prises the Zeeman energy, the demagnetization field energy and the crystalline
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2.3 Derivation of a(7y)

anisotropy term. It can generally be assumed that anisotropy in all three direc-
tions, described by the anisotropy constants K., K, and K, is present. The
following expression holds for the free magnetic energy F:

F= — K,mj—-Kym,—Km’ (2.44)
— oM (Hymg + Hymy + H,m,)
1
+ gquSng s

where m = (mg, m,, m;) denotes the magnetization unit vector. The effective
magnetic field H.yy is then derived as

1 OF
H —— 2.45
eff oM. Om (2.45)
Hy + 2hem,
= H,; = H, + _iofjg m, . (2.46)

H, + <#20I§/73 — Ms) m,

The equations of motions for the M, and M, magnetization components are:

) 2K 2K .
M, = ~yuoMsH, —yuo <Hx + W\; - MO]\; + MS> M, — aM_,(2.47)
S S
) 2K 2K .
M, = H, — Y L) M, M, . 2.48
? THO < C oM * M0M5> vty (248)

One of the methods to solve the coupled linear differential equations for con-
tinuous functions is to make time derivative of higher order and then conceive
one of the variables over the others. Due to the continuous trajectories of the
precessing magnetization vector, the time derivative of the previous equation
can be taken to derive the relations:

. 2K 2K . ..
M, = — H, + L = 4+ Ms> M, — abMl, 2.49
s = oo (H e 2 - 2 (249
- 2K, 2K ) .
M, = H, — v o4 x)M +aM,, . 2.50
THo < /’LOMS /’LOMS Y v ( )

During precession, the end of the magnetization vector lies on a circle in the
yz-plane and the solutions M (t) and M,(t) of the coupled different equations
Eq. 2.47 and Eq. 2.48 differ only in phase. Later on, only the equation of motion
for the M, component is considered:

AK, 2K, 2K,
poMs  poMs  poMs

(1+a?) My, + ayug (2Hw + + Ms> M, +

2K, 2K,
IU’OMS /’LOMS

2K, 2K,

M,=0.
po M MoMs> Y

+ (710’ <Hx + + MS> <Hx v
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2 Theory of magnetization dynamics

The assumed solution is:
M, = Mgexp(—iwt)e_t/m , (2.51)

where w denotes the angular frequency of the precessing magnetization and 7,
the characteristic exponential decay time. The imaginary part of the previous
equation is zero, therefore

1K, 2K, 2K,

) 21w _ _
NOMS /’LOMS /’LOMS

— —wayug (QHZ» +
-

«

(a2+1

+ MS> =0. (2.52)

The solution of the previous quadratic equation for « is:

1 ravpoH' Ao HN 2
a- L wi\/(w> A (2.53)

2 2 2

with the constant H’

H =2H, + + M, . (2.54)

The value of T, yuoH' is much larger than 1 for our experimental conditions.
Therefore, the solution to Eq. 2.53 with the + sign leads to @ >> 1, which
implies that the magnetization precession is overdamped. This is opposite to
our experimental findings. Therefore, only the solution with the — sign is
relevant in this case. With the above introduced H’, the damping parameter o
is determined by:

_|__

2K K K M\t
5 -V ___F u )) . (2.55)
poMs  poMg  poMs 2

a = <7’a7,u0 <Hw +

Samples investigated in this work don’t have pronounced in-plane anisotropy,
therefore the K, and K, constants can be neglected and a simpler expression
used to calculate a:

K, M\
— (7, H, — s . 2.
“ <T wo( po M 3 )) (2.56)

Eq. 2.56 is not applicable when the out-of-plane anisotropy constant K, is
unknown. Therefore, the measurement of the frequency spectra of the Kittel
mode is required to determine the damping parameter. In the limit of high
external fields, the anisotropy contribution to the frequency dispersion can be
neglected, so the damping parameter is inversely dependent on the precession
frequency:

o= (tow)" ! . (2.57)
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2.3 Derivation of a(7y)

2.3.2 « versus 7, for standing spin-wave mode

This section derives the damping parameter « of the standing spin-wave mode
from the exponential decay time 7,. The effective magnetic field is derived from
the free magnetic energy, which is the sum of expressions given by Eq. 2.44 and
Eq. 2.37:

1 O(F +F.,)

H,; = - 2.58
eff oM. om (2.58)
H, + 50[]{\/?5 My
2
= Hepp = H, + 22 Ay, : (2.59)
.+ (254 = M ) e

Applying the same procedure as that for the Kittel mode, the following expres-
sion is derived for the damping parameter of the standing spin-wave mode:

-1
2K, K, K., 2k?A M))
a=|Tevuo | Hy + — — — + — . 2.60
< o < ’ /’LOMS /’LOMS /’LOMS Ms 2 ( )
The in-plane anisotropy constants can be neglected for the samples investigated
within this work, which leads to the final formula to determine « for the standing
spin-wave mode:

K., 2k2A  M,\\
— H, — —* _ —s . 2.61
& <Ta7uo< e AL L + 3 (2.61)

To apply the Eq. 2.61 the out-of-plane anisotropy constant K, and exchange
constant A must be known. Again, the frequency spectra of the Kittel and
standing spin-wave mode are required to determine the damping parameter «
of the standing spin-wave mode.
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CHAPTER 3

Experimental technique

This chapter presents the details of the experimental technique the all-optical
pump-probe approach that allow access the magnetization dynamics on time
scales from 100fs to a few ns. Beginning introduces a small overview of the mea-
surement techniques used to investigate the magnetization dynamics in general.
Thereafter, is an introduction to the all-optical pump-probe approach with a
special focus on the excitation mechanisms of the magnetization dynamics and
the origin of the magneto-optical Kerr effect. There is then a detailed descrip-
tion of the experimental setup, the measurement procedure, the femtosecond
laser system and the electromagnet. The final remarks in this chapter regard
the samples, their deposition and characterization.

3.1 Methods for investigating magnetization dynamics

Magnetization dynamics is an intriguing field of magnetism with a number of
open questions. The term magnetization dynamics mainly stands for a mag-
netization precession, during which the magnetization vector aligns with the
external field. The characteristic timescales of the magnetization processes are
approaching the technological limit for magnetic devices. Therefore, the rele-
vance of the fundamental timescales of the magnetization relaxation goes from
theoretical to practical research.

In the experiments, the magnetization is first taken out of equilibrium, and its
relaxation to the equilibrium position is recorded. Due to the timescale of these
processes, it is possible to separate the near-adiabatic processes, which occur
on a timescale from several picoseconds up to nanoseconds, and the strongly
non-adiabatic processes, which occur on a timescale from a femtosecond up
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3 Experimental technique

to picoseconds after the excitation. The near-adiabatic processes include long
wavelength spin waves, dynamics of the domain walls, and field- and current-
induced magnetization switching. To measure magnetization dynamics at these
timescales, the following techniques are used: Kerr microscopy, magnetic trans-
mission X-ray microscopy (MTXM), spin-polarized low-energy electron mi-
croscopy (SP-LEEM), spin-polarized photoemission electron microscopy (SP-
PEEM), ferromagnetic resonance (FMR) and Brillouin light scattering (BLS).
Processes on a even shorter timescale can be investigated by the time-resolved
Kerr effect (TR MOKE) or the time resolved photoemission electron spec-
troscopy (TR PEES).

Different techniques are used to investigate magnetization dynamics. These
can be generally classified into techniques on the time scale and techniques on
the frequency scale. The most important techniques from each category are
presented in the following.

3.1.1 Techniques on the time scale

Techniques owning the highest time resolution are generally based on the strobo-
scopic principle. Here the intensive excitation by the short laser or the magnetic
field pulse triggers the magnetization dynamics. The magnetization relaxation
is then recorded after a certain time delay. This kind of measurement belongs
to the pump-probe scheme in which the time resolution is achieved by the time
delay between pump (denotes excitation) and probe (denotes measurement of
the magnetic variable) at the sample.

Time resolved Magneto-Optical Kerr Effect (TR MOKE)

This technique is based on the magnetic contrast from the magneto-optical Kerr
effect in the visible light. It denotes the polarization change of the light reflected
from a ferromagnetic sample. Due to the spin-orbit coupling, the Kerr angle is
proportional to the magnetization of the sample. As a pump mechanism, either
short magnetic pulses[8] or an intensive pump-laser pulse can be used, as this
work does. The high temporal and spatial resolution given by the microscope
optics in these experiments allows a high applicability. A detailed explanation
of the experimental setup is given in Section 3.2.

Time resolved second harmonic generation (TR SHG)

This technique is also based on the all-optical approach. It differs from TR
MOKE in that the magnetic contrast originates from the nonlinear response of
the ferromagnetic sample in an intensive laser field. Due to the large electric
fields E of the laser light, the polarization of the sample P is not only linearly
dependent on the electric field, but also the higher order terms:

P=c(xixE+x2xExE+yx3sxExE).
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3.1 Methods for investigating magnetization dynamics

The susceptibility tensor of the first, second and third order is given by x1, X2
and g3 respectively.

The generated second-harmonic light with a significant polarization change in
comparison to the incident light, even with a small intensity, can be directly
related to the electron temperature and the magnetization from the selection
rules[9-11].

Time resolved photoemission electron spectroscopy (TR X-PEES)

This technique is analogous to the time-resolved magneto-optical Kerr effect
at a shorter wavelength: in the X-ray range. The magnetic circular dichro-
ism (XMCD) reveals the magnetic contrast through X-ray absorption which
depends on the relative orientation of the local magnetization and the light’s
polarization vector. Both the size and the direction of the magnetic moments
can be measured element selectively. This magnetic contrast can be used to-
gether with an X-ray photoemission electron microscopy (X-PEEM) to spatially
map the magnetization of the sample[12]. The time resolution is achieved us-
ing a pump-probe scheme, where the magnetic pulses created by a microcoil or
strip line are synchronized with the X-ray photon pulses at the repetition rate
of the accelerator[13]. The main advantages of this method are the element
selectivity and the spatial resolution of 20nm, which is much smaller than that
for the optical methods in the visible range. The time resolution of 70ps is
limited by the synchrotron characteristics and is significantly larger than in the
optical pump-probe experiments[14]. Recently, the femtosecond slicing exper-
iments have been developed in BESSY with the femtosecond X-rays radiation
produced from a single electron bunch. This is a powerful technique with a com-
petitive time resolution and the possibility to separately attribute the orbital
and magnetic moment during the magnetization relaxation[15].

3.1.2 Techniques on the frequency scale

These techniques follow the magnetization dynamics by measuring the frequen-
cies of the coherent magnetization precession based on spectroscopic principle.

Ferromagnetic Resonance (FMR)

Ferromagnetic resonance can be used to investigate the collective magnetization
excitations in the microwave frequency range with a small wavevector. The fer-
romagnetic resonance absorption is similar to the nuclear resonance absorption
with the difference being that FMR probes the magnetic moment of electrons
instead of the nucleus. Generally, the effect is based on the optical transitions
due to the Zeeman splitting in the microwave range.

A constant external field Hy. is applied using an electromagnet with an am-
plitude of 1T to initialize the magnetization direction in the sample. In
the direction perpendicular to the external field, an alternating magnetic field
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3 Experimental technique

H, (t) = H exp(iwt) is applied with the microwave frequency w and an ampli-
tude significantly smaller than H ;.. The magnetization precesses in the effective
magnetic field and the resonant absorption takes place when the frequency of
the H,; equals the magnetization precession frequency. The resonance condi-
tion for a plane surface[16] is given by

wo =7 B'Hdca

where ~ represents the gyromagnetic ratio and B the magnetic induction in the
sample. The ideal ferromagnetic absorption line, as shown in Fig. 3.1, has the

I

0.0

[norm]

abs

,

0
o[rad™]

Figure 3.1: Ideal ferromagnetic resonance absorption line.

Lorentzian shape. Its width Aw can be correlated with the Gilbert damping
parameter o with the expression,

Aw= )
YHo

where pg denotes the vacuum’s magnetic permeability. At interfaces between
ferromagnetic and nonmagnetic layers, there are additional contributions to the
width of the FMR peak which do not originate from the Gilbert damping, but
rather from two-magnon scattering[17]. FMR is a powerful tool to determine
the precessional eigenmodes of different materials[18, 19]. The damping param-
eter can be attributed to each precession mode[20]. Due to the measurement
of the total magnetization of the sample, this method is also used to deter-
mine the enhancement of the Gilbert damping « from the emission of the spin
currents[21].

Brillouin Light Scattering (BLS)

This experimental technique can investigate both lattice and magnetic excita-
tions with wavevectors comparable to the wavevector of the applied laser light
and frequencies in the GHz range. Due to the conservation of energy and im-
pulse, the photon carries information about the wavevector of the phonon or
magnon by which it was scattered. The magnon can be annihilated or cre-
ated in this scattering process with the same probability as for temperatures
higher than T' >10K. Classically, the inelastic scattering of the incident opti-
cal wave from spin-orbit coupling causes a phase-grating in the sample, and
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3.2 All-optical pump-probe experiments

the frequency of the scattered light obeys the Doppler shift equal to the spin-
wave frequency[22]. The quantum and classical scattering processes are shown
in Fig. 3.2. Both surface and volume modes can be measured with this tech-
nique. The surface mode is characterized by the different heights of the Stokes
and Anti-Stokes peaks, due to limited propagation of magnons at the sample
surface.

a) b) ©)

scattered photon
o to L L

L L
a'Lia O-0 O oto o0 o otro

SN X

L
incoming photon

SO\
s WY

Figure 3.2: Schematical representation of Brillouin light scattering. a) scattering process of
phonons at magnons. Inelastic scattering of the light at spin waves: b) magnon and incoming
light propagate in the same direction, ¢) magnon and incoming light propagate in the opposite
direction. Both cases are parallel to the sample plane. Figure taken from [22].

To measure the small shift in frequency, the conventional Fabry-Perot-Inter-
ferometer has to be improved to achieve the contrast needed to resolve the
weak Brillouin doublets. Multipassing was first experimentally realized by
Sandercock[23]. This is done by coupling the two synchronized Fabry-Perot-
Interferometers, which significantly increases the contrast and thereby pre-
vents overlapping of different orders of interference. The Tandem-Fabry-Perot-
Interferometer has a frequency resolution in the sub-GHz range and a contrast
better than 1 : 1019[24].

Magnetostatic modes have been investigated in situ using BLS and are reported
in detail in [25]. Due to the focused laser light, spatially resolved measurements
can also be made with BLS. This technique is also used to investigate dipolar
Damon-Eschbach modes and spatially localized spin waves on structured ferro-
magnetic films[26, 27].

3.2 All-optical pump-probe experiments

As mentioned in the previous section, the pump-probe technique uses a pump
pulse to excite the sample, and a probe pulse to detect the sample relaxation.
By varying the time delay relative to the pump pulse, time resolved measure-
ments are possible. In an all-optical pump-probe scheme both the sample ex-
citation and the detection of the relaxation process is done using laser pulses.
Depending on the probe scheme, both the electron dynamics and magnetization
dynamics can be recorded. To follow electron relaxation upon laser excitation,
time resolved reflectivity is measured. The reflectivity measurements are not
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explicitly included in this thesis. The details are published in [28, 29]. The time
resolved Kerr effect is measured to follow the magnetization relaxation upon
laser excitation.

The intense pump-laser pulse strongly perturbs the ferromagnetic sample. The
energy of the pump-laser pulse is transferred to the sample within the pulse
duration of A7 =80fs. This causes an ultrafast demagnetization of the sample
on timescales of <1ps and triggers the coherent precession of the magnetization
on the 100ps timescale. The excitation mechanisms and relevant time scales for
both regimes are given in the following sections.

3.2.1 Ultrafast demagnetization

Demagnetization upon laser excitation can be attributed to the increased spin
temperature from absorption of the pump-laser pulse. Nevertheless, on timescales
of <1ps, the highly non-equilibrium state is a playground of various intensive
interactions which challenges both experimentalists and theorists. The demag-
netization of the nickel samples was first observed in the all-optical pump-probe
experiments by Beaurepaire in [30].

exitation by inversion thermalization
pump pulse population

E

N(E)K(E) N(E)X(E) N(E)X(E)

Figure 3.3: Schematical representation of the optical excitation by the pump pulse.

The energy of the pump-laser pulse is first deposited to the electron system,
and the further distributed to the phonon and spin system. The excitation
process is shown in Fig. 3.3. Before excitation by the intensive pump-laser
pulse, the electrons satisfy the Fermi Dirac distribution at temperature T'. Ex-
posure to the intensive pump pulse causes optical transitions and induces the
inversion of the population of allowed states with the hot electrons. Due to
electron-electron scattering, the electron system thermalizes to the Fermi-Dirac
distribution at the higher temperature 7'+ AT. The energy is then transferred
from the thermalized electron system to the lattice and spin system by the
electron-phonon and electron-spin scattering processes. The increased sample
temperature causes the loss of the ferromagnetic order as shown in Fig. 3.4.

The ultrafast demagnetization and restoration of the ferromagnetic order on
the ps timescale upon laser excitation can be described using the Three Tem-
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3.2 All-optical pump-probe experiments

Figure 3.4: Schematical view of the demagnetization, caused by an increase of the sample
temperature.

perature model [30, 31]. This model assumes independent electron, lattice and
spin baths temperatures of T., T, and T}, in which the interactions between
them are described by the coupling constants gep, ges and g, shown in Fig. 3.5.

pump pulse P(1)

probe pulse

Figure 3.5: Schematical presentation of the three Temperature model. Figure adapted from
[32].

The temporal evolution of these temperatures is given by the following system
of coupled differential equations:

dT,

Ce(Te) dt = —gep(Te — Tp) — ges(Te — Ts) + P(t)
dT

Cs(Ts) dt - _ges(Ts - Te) - gsp(Ts - Tp)
dT;

Cp(Tp)d—tp = _gep(Tp —Te) — gsp(Ts — Tp,)

in which C,, Cs and C), represent the heat capacities of the electron, the spin and
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phonon system respectively and P(t) denotes the laser field of the pump pulse.
A closed-form expression can be given for the differential equation system[28,
32].

3.2.2 Induced magnetization precession

The absorption of the intensive pump-laser pulse not only induces the reduction
of the magnetization amplitude, but also changes the easy axis of the system
and triggers a precession of the magnetization. This effect was first observed in
[32, 33]. The Anisotropy field pulse describes the ps pulse from the sudden tem-
perature rise which starts the precession of the magnetization. The anisotropy
field pulse is shown in Fig. 3.6.

L

Ht’ff

80 fs pump <lps 1-20 ps < Ins

Figure 3.6: Anisotropy field pulse in all-optical pump-probe experiments.

The absorption of the intensive laser pulse will briefly increase the temperature
of the sample under the pump-laser spot. This temperature rise changes the
anisotropy of the sample and thereby the easy axis of the magnetization, for
a couple of ps. The magnetization then starts to precess around the new easy
axis with a tendency to align with the new effective field. Nevertheless, the
thermally induced anisotropy change takes only a couple of ps, after which the
easy axis is returned to the orientation from before the pump laser illuminated
the sample. The magnetization, already out of equilibrium, is not aligned with
the effective magnetic field and begins to precess around it. The magnetic
damping determines the timescale on which the magnetization aligns with the
effective field. Therefore, the magnetization precession is determined by the
constant effective magnetic field and not by the anisotropy field pulse, which
only triggers the magnetization precession and determines the opening angle of
the magnetization torque.

3.3 Magneto-optical Kerr Effect

Materials which exhibit magneto-optical phenomena can be separated into two
distinct classes by the nature of the interaction. In the first class, the magneto-
optical effect results from the direct action of the magnetic field on the orbital
motion of the electrons, such as the Faraday effect (polarization change of the
transmitted light) or magneto-circular dichroism (different absorption frequen-
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cies due to different polarizations). In the second class, the effect results from
the direct spin-orbit coupling, known as the Kerr effect (polarization change
of reflected light) in ferromagnetic materials. Since spin-orbit interactions are
generally 100-1000 times larger than the maximum Zeeman splitting for a typ-
ical laboratory experiment, the "magnetic interaction” of the equally aligned
spins leads to much larger effects on the orbital motion than the magnetic field
itself.

The Kerr effect can be described as a change in the polarization of light re-
flected from a magnetic sample proportional to the internal magnetization in
the sample itself. It originates from different optical absorption coefficients of
the material for left and right circularly polarized light. The Kerr effect can
be measured in polar, longitudinal and transverse configuration, as shown in

longitudinal transversal polar

Figure 3.7: Configurations for measurement of the Kerr effect.

Per definition, the magnetic field H is applied normal to the film plane for
the polar Kerr effect. Thus it is sensitive to the perpendicular component of
the magnetization. For the longitudinal Kerr effect H is applied in the film
plane and in the plane of the incident light, making it sensitive to the in-plane
component of the magnetization. Finally, for the transverse Kerr effect H is
applied in the film plane, but perpendicular to the incident plane of the light.
The polar and longitudinal Kerr effects are linear in the magnetization and yield
to a complex rotation O of the polarization of the light. The polar signal is
typically an order of magnitude larger than the longitudinal signal because of
different optical prefactors.

3.3.1 Phenomenological origin

The optical response of the material is fully described by an optical suscep-
tibility x, which correlates the induced polarization P with the electric field,
or a dielectric tensor €, which correlates the dielectric displacement D to the
electric field:

P = xFE
D = eE
€ 1+4nmx .
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The dielectric tensor € can be decomposed into a symmetric and anti-symmetric
part[34]. The normal modes of the symmetric part of € are left and right
linearly polarized light, which do not contribute to the magneto-optical effects.
Therefore, without losing generality, only the dielectric tensor for the isotropic
materials is considered:

1 —iQm,  1Qmy
€ = €zx 1Qm, 1 —1Qmy
—iQmy QMg 1

where @ is the magneto-optical constant, defined as Q = i€yy /€ and m =
(Mg, my, m;) is the unit vector of the magnetization vector M. The normal
modes of € are left and right circularly polarized light, with eigenvalues €¢;, and
€R, given by

€, = 1—Qm-k
ER = 1+Qm~k.

The non-zero difference between those eigenvalues gives rise to magneto-optical
effects such as the polarization change of the reflected light from the ferromag-
net.

The expression for the Kerr effect is derived from the Fresnel reflection matrix
R, whose off-diagonal terms originate from spin-orbit coupling. In the basis of
p— and s— polarized light, the Fresnel matrix is expressed as:

Tpp Tps

R=

Tsp Tss

The complex Kerr angle © g for p— and s—polarized light is defined by:

) r

Ok = Ok +iej =2

Tss

er. = #° +iéb — D
Kk = Uk K=

Tpp

The expression for the Kerr angle has been derived from the previous equations
in [35]. Only the final expressions regarding the Kerr angle are presented here
for the limit of optical thin magnetic film, shown in Fig. 3.8. The relevant
optical parameters are incident and transmitted angles 6y, 61 and 65 and indexes
of reflection ng, n; and no in medium 0, magnetic medium 1 and medium 2.
The expressions for the Kerr angle in polar and longitudinal configurations are
presented first, followed by those for arbitrary orientation of the magnetization
and obliquely incident light.

e Polar configuration (m, =1, m, = m, = 0)
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Figure 3.8: Schematical representation of the thin optical film and corresponding optical
parameters. Figure taken from [35].

The complex Kerr angle is given by:

r —cos fy
@s = <£> = 7.00892.5
Kpol Tss)poi  COS (6o — 62)
r cos By
et = (22 =—————-cosfy-Z=
Kpol <rpp pol €08 (60 + 62) S
where = dependents on the thickness d of the magnetic medium given by
- 4rnon2Qd
A (n3 = ng)

e Longitudinal configuration (m, = 1, my = m, = 0)

The complex Kerr angle is given by:

s B <rps> ~ cosby sin®f;

K,ong — o - C T te
Tss ) long ~ COS (0o — 02) sinby

o B Tsp B cos 6y ‘ sin® 0, =
Klong Top ) long €08 (0o + 62) sinb,

e General case for the arbitrary magnetization orientation

The complex Kerr angle is given by:

)

r cos By sin“ 04 _
e = B~ . My——>— —m,cosby | -2

rss  cos(Bg — 62) sin 0

)

r cos 0y m, sin“ 01 _
@% = 2 . Y +m,cosby | -2 .

rpp  cos (By + 62) sin 6

The experimental results agree with the formula presented for the magneto-
optical Kerr effect.
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3.3.2 Quantum mechanical origin

This chapter presents the quantum mechanical nature of the Kerr angle based
on the microscopic electronic structure and the Fermi Golden rule for optical
transitions[36]. Simultaneous occurrence of exchange splitting and spin-orbit
coupling in the band structure of the sample causes a non-zero Kerr effect.

The optical transitions between the initial |¢) and final state |f) of the ferro-
magnet, which give rise to the magneto-optical Kerr effect, are given by the
off-diagonal component of the imaginary part o’ of the conductivity tensor o

7'1'62
0ty (@) = o= > Fle) (L= f(e)- (16 p-| )P = i Ip+] £)P) dwsi—w)
i,f

(3.1)
where py+ = p, & ipy, f(€) is the Fermi-Dirac function, 2 represents the total
volume and wy; = (€5 — €;)/h. Only vertical optical transitions which satisfy
the following selection rules for the dipolar transitions are allowed:

Al = +1
Aml = =£1.
1 | absorption
Pz — Pz —\_~._ spectrum x_+
i it -=-
—\}
W +
X+ !
dix-iy)z- ...... dl, d, Asol l
d(x+iy)z-—- """ l
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------ —Llq
S.0. (x-iy)z
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Figure 3.9: Allowed optical transitions for the transition metal ferromagnet and corre-
sponding absorption spectra versus photon energy. Figure taken from [36].

The allowed optical transitions for the transition metal ferromagnet from the 3d
to 4p level are schematically presented in Fig. 3.9. The energy degeneration of
the d;, and d,, orbital is removed by spin-orbit coupling for energy Ago. The
angular momentum carried by the circularly polarized photons is transferred
to the electron during the optical transition. The transitions from the d,;,
orbital (having m; = 1) and the d,_;, orbital (having m; = —1) to the p,
orbital (having m; = 0) are excited by the absorption of left and right circularly
polarized light, respectively. Due to the exchange interaction, the energy levels
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of the dy+4 orbital for complementary spin orientations are shifted by the
energy Agx. The difference in the absorption spectra for the left and right
circularly polarized light give rise to the Kerr effect descried by Eq. 3.1.

3.4 Measurement setup

This section describes the experimental setup in detail. It first introduces mea-
surement of the Kerr effect by the Photo-Elastic Modulator (PEM) for the
various experimental configurations. Next, it describes time resolved magnetic
measurements based on the double-modulation technique, in which the inten-
sity of the pump beam and the polarization of the probe beam are modulated.
It then briefly describes the femtosecond laser system and makes some final
remarks concerning the specification of the electromagnet.

3.4.1 Detection of the Kerr Effect

For most of the ferromagnetic transition metals, the Kerr angle is in the range of
a few mdeg. Mainly modulating techniques are used to measure this small po-
larization change. These techniques modulate the intensity or the polarization
of light and record the enhanced magnetic signal with a lock-in amplifier. There
are different approaches to measure the Kerr effect, including the crossed po-
larizer configuration, the balanced photodiodes method or using a photo-elastic
modulator. In the first two approaches, the measurement signal is minimized
with the polarizing optical elements and the small, intensity modulated sig-
nal, proportional to the magnetization of the sample, is recorded. A detailed
explanation of those experiments can be found in [37, 38].

The photo-elastic modulator is an active optical element, which is periodically
compressed in one direction by a piezo-electric crystal. The changed optical
characteristics induce a phase shift for only one polarization component of the
light. The PEM is described by a Jones matrix:

o eiA sin wt 0
0 1

where w/2m =50kHz denotes the modulation frequency and A = 7/2 represents
the maximum phase shift.

The setup for measurements of the Kerr effect with the PEM is shown in
Fig. 3.10. The sample is placed between the poles of the electromagnet, whose
field is sufficient to align the magnetic moments of our dominantly in-plane mag-
netized samples. The linear polarized light under the angle ap passes through
the retardation plate. Depending on the orientation of the optical axis ajs of
the retardation plate, the linearly polarized light can be rotated (by a A\/2-
plate) in polarization or it can be transformed to the elliptically polarized light
(by a A\/4-plate). The intensity of the reflected beam is measured after it passes
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Figure 3.10: Setup for the measurements of the Kerr effect by the PEM.

trough the analyzer (oriented at the angle a4) by a lock-in amplifier. The rel-
ative orientation of the polarizer, the retardation plate, the optical axis of the
PEM and the analyzer determine the amplitude of the magnetic signal. The
measured signal can be analyzed by applying the Jones matrix to the described
optical path.

Both Kerr rotation fx and Kerr ellipticity ex can be measured using this
technique. The signal I measured by the lock-in amplifier has both a DC
and AC contribution:

I =Ipc+ I, cos® wt + Iy, cos® 2wt . (3.2)

The following analyzes a brief summary of the final expressions for the mea-
surement signal I for the case when 45° linearly polarized and right circularly
polarized light enter the modulator. The details of the derivation procedure
can be found in [38, 39].

e 45° linearly polarized light

The measurement signal for the 45° linearly polarized incoming beam, when the
optical axis of the polarizer and analyzer are oriented at ap = 0° and aq4 = 45°,
is given by the following expressions:

e = (3 ()o) =

T
I, = J <§) Rex
T
Iy = J <§) R0k — paa) .
Jn represent the nth order Bessel function, R denotes the reflectivity for s-

polarized light and p is the ratio of the reflectivity coefficients for p— and s—
polarized light. The Kerr rotation is shown in Fig. 3.11.
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Figure 3.11: Kerr rotation during one oscillation period of the PEM for a 45° linearly
polarized incoming beam. Kerr rotation is determined by the amplitude of the modulated
signal at 2w.

t=T/4 t=T/2 t=3T/4 t=T

t=0
~ s GK
’ N ’
I : 1 A
\\V w I

TS
\
N /
~_L-7

szx(l XK<X0 XK:XO XK>X0 XK=X()
X=X -X,=0 X=X-X,<0 X=X -X,=0 X=X-X,>0 X=X -X,=0
|
L tek\
+ 1 —»
0 T/4 T2 T/4 T t

Figure 3.12: Kerr rotation during one oscillation period of the PEM for a right circularly
polarized incoming beam. The Kerr rotation is determined by the amplitude of the modulated
signal at w.

e Right circularly polarized light

The measurement signal for a right circularly polarized incoming beam, when
the optical axis of the polarizer and analyzer are oriented at ap = 0° and
aa = 90°, is given by the following expressions:

Idc:_

Ie = Ji (g) R(aa —0k)
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The Kerr rotation is shown in Fig. 3.12.

3.4.2 Detection of the Time Resolved Kerr Effect

The laser induced magnetization dynamics are measured using the time re-
solved Kerr effect. The genuine time resolved magnetic signal is extracted with
a double-modulation technique: the intensity of the pump beam is modulated
by a chopper, and the polarization of the probe beam is modulated by the
photo-elastic modulator. 80fs laser pulses with a central wavelength of 800nm,
at a 250kHz repetition rate and 1uJ energy per pulse are used to excite the fer-
romagnetic sample. A weakened pulse measures the magnetization relaxation.
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Figure 3.13: Setup for the time resolved magneto-optical Kerr effect.

The laser pulses are divided by a beam splitter into the intensive pump and the
weaker probe beams at a ratio of 95:5. The pump pulse impinges orthogonal
to the film surface, while probe beam is tilted at an angle of 25°. They are
focused to spot sizes of 60um and 30um, respectively. The probe pulse obeys
the measurement scheme with the PEM, as described in the previous section,
in configuration with circularly polarized light. The optical path of the linearly
polarized pump pulse is adjustable using the delay stage with a retroreflec-
tor. This enables control of the time delay between the pump and the probe
pulse. The signal of the photodiode is transferred to the lock-in amplifier with
a reference frequency of 11 = 50kHz equal to the frequency of the modulator,
which measures the Kerr rotation 6. The output signal from the first lock-
in is transferred to the second lock-in amplifier with a reference frequency of
ve = 800Hz equal to the frequency of the chopper. The output signal from
the second lock-in amplifier measures the change in the Kerr rotation caused
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3.4 Measurement setup

by the pump beam Afk(t). The sensitivity and time constant of both lock-in
amplifiers are adjusted to achieve a maximal magnetic signal. An overview of
lock-in specifications and measured variables is given in Tab. 3.1.

Vref At Vinae  variable

Lock-in 1 | 50kHz  10us  20mV O
Lock-in 2 | 800Hz 100ms 100mV Abfg

Table 3.1: Lock-in specifications for the time resolved measurements: Vres is a reference
frequency, At is a time constant and V.., denotes sensitivity. The first lock-in amplifier
measures the Kerr rotation 6 of the sample. The second measures the change in the Kerr
rotation Afk induced by the pump pulse.

The double-modulation technique has already been used in other all-optical
pump-probe experiments[32, 38] using pulses with repetition rate of 80MHz.
Our experiment has used the PEM with pulses at a repetition rate of 250kHz
for an amplified Ti:Sapphire laser system.

The biggest problem in time resolved magnetic measurements is separating the
magnetic signal from the pure optical contribution from the reflectivity[40]. Us-
ing the double-modulation technique, the non-polarized reflectivity contribution
to the measurement signal is eliminated by the first lock-in, which measures the
polarization modulated probe beam. The completely asymmetric signal rela-
tive to the orientation change of the external magnetic field implies that the
magnetic contribution is the dominant factor in the measurement signal.

3.4.3 Femtosecond laser system

The femtosecond laser system in our laboratory comprises the self-built Ti:Sap-
phire oscillator[41, 42] and a commercial regenerative amplifier RegA 9030,
both optically pumped by the solid state Verdi V18 laser. The solid state
Verdi V18 laser, developed by Coherent, is one of the leading continuous wave
lasers because of its large outgoing power of 18W at 514nm. The thermal and
spatial stability of the outgoing beam in comparison with gas lasers, such as
the Argon™ laser, is strongly enhanced. Due to the effective absorption of
the Ti:Sapphire crystal, 5.2W are used to pump the Ti:Sapphire oscillator and
11.3W are directed into the RegA system.

The Ti:Sapphire oscillator, based on passive Kerr mode locking, produces 50fs
pulses at A, =800nm at a repetition rate of 80MHz. The energy per pulse
is approximately 1nJ, which is not enough to excite the ferromagnetic sample.
Therefore, the pulses from the Ti:Sapphire oscillator are amplified with a regen-
erative amplifier by factor of 1000. To prevent damage of the optical elements
at the amplification stage, the femtosecond pulses are first expanded in time
to ps pulses and then amplified. At the end of the amplification stage, the
pulses are compressed back to the femtosecond range. The regenerative ampli-
fier model RegA 9030 from Coherent uses an active mode locked (by Q-switch)
cavity at 250kHz to build up the amplified pulse seeded by the Ti:Sapphire
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from the master oscillator[43]. The amplified Ti:Sapphire 80fs pulses at 800nm
at a repetition rate of 250kHz have an energy of approximately 1uJ per pulse.
This energy is sufficient for the all-optical pump-probe experiments described
in the following Chapters.

3.4.4 Electromagnet

The self-built electromagnet, which is used in our experiments, was constructed
in the Central Mechanical Workshop at the Physics Faculty of University of
Gottingen. This electromagnet can adjust the orientation of the external mag-
netic field by almost 360° relative to the sample surface without changing the
pump-probe optics configuration.

Figure 3.14: The self-built electromagnet in monopole (polar) and two-pole (longitudinal)
configuration.

The electromagnet consists of a soft iron core surrounded by coils for the elec-
trical current. A cylindrical reservoir of copper with cooling water is placed
between the iron core and the coils to reduce the heat load at the coils. The
electromagnet can be used in both polar and longitudinal configuration as shown
in Fig. 3.14. In the longitudinal configuration two rectangular iron parts are
added to close the magnetic field lines. In the polar configuration, the magnetic
field lines are open at one end and directed out of the pole. The electromagnet
is placed on a plate, which can be rotated up to 50° in each direction around
the sample holder. This allows the orientation of the external field to vary by
almost 360° relative to the sample surface.

The strength of the induced magnetic field was characterized by Hall probe
measurements at the sample position. The dependence of the magnetic field
amplitude on the electrical current through the coils is shown in Fig. 3.15. The
linear dependence of the magnetic field is 7TmT/A for the polar and 20mT/A
for the longitudinal configuration. Magnetic fields of up to 90mT and up to
200mT can be induced in the polar and in the longitudinal configurations,
respectively. For current densities higher than 10A ,the cooling system of the
coils is not efficient enough and the electromagnet heats up. In the longitudinal
configuration, the magnetic field strength saturates at electrical currents larger
than I >9A.
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Figure 3.15: The current characteristics of the electromagnet: a) polar configuration, b)
longitudinal configuration. The measurement points are fitted with the linear function.

3.5 Samples

This work investigates the magnetization dynamics of thin polycrystalline fer-
romagnetic samples upon laser excitation. Double layers ferromagnet/normal
metal with varied thickness of the ferromagnetic layer were grown specifically
to observe the spin pumping effect. All samples investigated in this thesis are
made by our group.

The samples are grown by electron-beam evaporation in a UHV chamber with
a base pressure of approximately 5 - 10~ ®mbar at room temperature. Low
deposition rates of 0.1—0.5A/ s are applied to increase the quality of the growth,
by allowing diffusion on the film surface during the deposition process itself.
The layers are deposited on a naturally oxidized silicon substrate (100). Due to
the large pump fluencies used in the experiments, a high thermal conductivity
of the substrate is a crucial prerequisite.

Fig. 3.16 is a schematical overview of the deposited samples. In general, the
nickel layers are deposited with thicknesses from 2nm to 150nm. The non-
magnetic layers with palladium, chromium, dysprosium, titanium, aluminum
and copper are deposited with a thickness of b5nm. To prevent oxidation, a
capping layer of 2-3nm copper or 2nm aluminum is deposited on top of the
sample.

a) b) ©)

<

L .
Ni

Si (100)

Al
NM

Ni

Si (100)

NM
Si (100)

Figure 3.16: Schematical presentation of the multilayer samples: a),b) individual samples,
¢) wedge sample.
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In order to have similar excitation by the pump pulse, the first set of samples
is made with a nickel layer deposited on top of the normal metal layer. A
comparison of the damping parameter for different Ni/NM samples reveals,
that interface roughness and defects in growth of the nickel layer have a strong
influence on the measurements. Therefore, a new set of samples was made with
the nickel layer deposited directly on the silicon substrate and the normal metal
layer on top. This ensures that the growth quality of nickel is similar for all
samples.

To increase the homogeneity of the samples with varied ferromagnetic layer
thickness and to avoid the slight differences in the growth conditions, a wedge
sample is grown. This makes a nickel layer with comparable growth quality on
the entire sample at various thicknesses. To prevent strong thickness variations
within the laser spot, an extra long wedge sample is grown. The nickel layer
with a varying thickness from 2nm to 60nm is made by slowly and continu-
ously moving the shutter during the deposition on the 8mm length. This makes
sure that the thickness variation of the investigated region defined by the 60um
laser spot is not larger than 0.4nm. The thickness profile of the nickel layer
is confirmed by reflectivity measurements. A point of significant change in the
optical constants of the silicon substrate and the sample itself determines the
mark at which the wedge sample starts. Thereafter, the thickness of the nickel
layer is extrapolated by assuming a monotone increase in the thickness of the
entire wedge sample also monitored during growth with the shutter manipula-
tion program. Fig. 3.17 shows the reflectivity coefficient for the Si/Ni/Al wedge
sample as a function of thickness of the nickel layer. In the reflectivity spectrum
the wedge shaped nickel layer can be easily recognized for thicknesses smaller
than the optical penetration depth of the laser.

70+
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Figure 3.17: Reflectivity coefficient for the Si(100)/xnmNi/2nmAl wedge sample versus
thickness of the nickel layer.
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3.5.1 XRD characterization

The quality and smoothness of the surface and the interfaces are validated by
the standard low angle X-ray reflectivity measurements. For small scattering
angles, the intensity of the scattered X-rays contains information on the contrast
in the scattering densities of the layer interfaces. This makes interface roughness
and interdiffusion accessible. The XRD measurements are performed on the
Bruker AXS D8 diffractometer in the First Institute of Physics at University of
Gottingen.
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Figure 3.18: Low angle X-ray measurements and corresponding fit for the
Si(100) /5nmCr/2nmNi/2nmCu sample.

The interface roughness of the various samples is characterized using this tech-
nique. The following discusses the characterization for one of the thinnest
samples using low angle X-ray measurements. Fig. 3.18 shows the low angle
X-ray measurements of a Si(100)/5nmCr/2nmNi/2nmCu sample. Due to the
similar optical density of Cr and Ni in the X-ray range and the small thickness
of each layer, the oscillation period mainly mirrors the CrNi double layer. The
roughness of each layer can be determined by fitting the measurement data, as
it done by fitting program Parratt32 and presented in Fig 3.18. The fit agrees
well with the measurement data and reproduces all the important features.
Tab. 3.2 lists the fit parameters

layer Si Cr Ni Cu
thickness - Hnm 2nm 2nm
fit:thickness - 5.7nm 2.2nm 2.4nm

fit:roughness | 0.Inm  0.4nm 0.4nm 0.5nm

Table 3.2: Thickness  specifications and  fit  parameters for  the
Si(100) /5nmCr/2nmNi/2nmCu sample.
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These data lead to the conclusion that roughness, even for the thinnest sam-
ples of the nickel layer, is not larger than 3-5A. The interface roughness is
significantly reduced for thicker layers.
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CHAPTER 4

Ultrafast demagnetization

Only time resolved techniques can explore the magnetization dynamics down
to the fs scale. The all-optical pump-probe approach using the Kerr effect
is one of the most applicable of these techniques, in which the ferromagnetic
sample looses its ferromagnetic order due to the absorption of the laser pulse
on timescales of 100fs. The ultrafast demagnetization of the nickel layer was
first observed in time resolved Kerr effect measurements by Beaurepaire[30],
when they observed a sharp drop in the Kerr signal within a few hundred fs
after the pump pulse was absorbed. Ultrafast demagnetization was explained
by the thermalization of the electron, spin and phonon baths within the Three
Temperature model. Later van Kampen showed that the Kerr effect cannot be
directly interpreted as the genuine signature of magnetization before the elec-
trons and lattice reach thermal equilibrium, because of optical bleaching[32, 33].
The theoretical calculations devoted to the electronic redistributions during the
absorption of the intensive pump-laser pulse made by Oppeneer also concluded
that optical bleaching in the first few hundred fs after excitation influences the
magneto-optical Kerr effect[44]. On the other hand, measurements with time
resolved second harmonic generation by Hohlfeld showed that spin temperature,
which obeys the classical M (T') curve, is established for delay times longer than
the thermalization of the electron system[10]. The maximum of the demagne-
tization peak is observed before electron thermalization is complete. Similarly,
Guidoni has shown that the magneto-optical Kerr signal mirrors the spin dy-
namics after the thermalization time of the electrons[45]. After ten years of
research, the time resolved magnetization signal in the highly non-equilibrium
state of the first ps after excitation by the pump pulse is still not completely
understood.

This chapter presents experimental findings on ultrafast demagnetization of the
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thin nickel films upon laser excitation. The beginning investigates the influence
of the external magnetic fields and the pump fluencies on the demagnetiza-
tion process. Then it covers microscopical simulations based on the oommf
code which agree surprisingly well with measured time resolved spectra even at
timescales smaller than 10ps. Finally, a theoretical explanation of the observed
relaxation times is suggested. Some parts of this chapter are published in [46].

4.1 Variation of the external magnetic field

This section investigates dependence of the demagnetization process on the
external magnetic field. The absorption of the intensive pump-laser pulse by
a ferromagnet causes a highly non-equilibrium state in the electron and spin
system. The thermal energy, which the laser pulse transfers to the electrons
is dominantly higher than the Zeeman energy in an external magnetic field.
Therefore, it is expected that the external magnetic field does not influence the
demagnetization spectra. To the contrary, our experiments showed that the
external magnetic field strongly influences the magnetization relaxation even
during the first 5ps after excitation by a pump-laser pulse.

Fig. 4.1 shows time resolved spectra for the Si(100)/5nmCu/50nmNi/3nmCu
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Figure 4.1: Time resolved spectra for the Si(100)/5nmCu/50nmNi/3nmCu sample at 0mT<
poH =120mT, p(H) =25° and Fpump =50mJ/cm?. The spectra are vertically shifted for
clarity.
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sample, in which the external magnetic field is varied from OmT up to 120mT.
The demagnetization peak depends strongly on the amplitude of the applied
external field. When the external field increases, the magnetization relaxation
is characterized by a larger demagnetization peak since the polar magnetization
component also increases.
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Figure 4.2: Demagnetization peak for the Si(100)/5nmCu/50nmNi/3nmCu sample at
OmT< poH =120mT, o(H) =25° and Fpump =50mJ/cm?.

Fig. 4.2 plots the height of the demagnetization peak, extracted from the time
resolved measurements, versus the amplitude of the external field. The linear
dependence of the demagnetization peak on the amplitude of the applied ex-
ternal field can then be observed. The height of the demagnetization peak is
smaller than the linearly extrapolated one only for external fields smaller than
the saturation field pugHs ~7mT. This dependence implies the magnetic nature
of the magneto-optical Kerr signal even at timescales <1ps after excitation by
a pump laser.

A similar effect is observed for all sample thicknesses. This means that an
alignment of the magnetic moments with the external field during the demag-
netization from absorption of the pump pulse is still important.

4.2 Variation of the pump fluence

This section investigates the dependence of the demagnetization process on the
pump fluence. To control demagnetization of the ferromagnetic layer caused
by absorption of the pump pulse, the laser fluence is varied systematically from
20mJ/cm? to 60mJ/cm?. Fig. 4.3 presents the time resolved spectra for the
Si(100)/5nmCu/50nmNi/3nmCu sample in which the pump fluence is varied
and the external field of poH =80mT is oriented ¢(H) =25° out-of-plane. The
spectra are normalized to one and shifted vertically for clarity. For moder-
ate pump fluencies the magnetization recovers within 3ps after the excitation.
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Figure 4.3: Time resolved spectra for the Si(100)/5nmCu/50nmNi/3nmCu sample at
poH =80mT, o(H) = 25° and 20mJ/cm® < Fpump < 60mJ/cm®. The spectra are nor-
malized and vertically shifted for clarity.

When the pump fluencies are larger than 50mJ/cm?, the remagnetization hap-
pens more slowly.

The time resolved spectra are fitted with the double exponential function, which
includes two remagnetization times 71 and 75. Tab. 4.1 lists the fitting results.
Ultrafast relaxation dominates the remagnetization spectra for small pump flu-
encies on a 100fs timescale. Relaxation time varies from 420fs to 780fs, slightly
increasing with the pump fluence. By increasing the pump fluence to over
50mJ/cm?, the slower remagnetization component with the decay times from

fluence [mJ/em?] | 71 [fs] 72 [ps]
20 420 -
30 450 -
50 800 4.4
60 780 7.1

Table 4.1: Analysis of the restoration of the time-resolved Kerr rotation in the measured
time resolved spectra, using two remagnetization times 71 and 7.
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4.3 Modeling by micromagnetic simulations

4ps to 7ps contribute to the measurement signal. This additional decay time
for highly perturbed systems is also observed for thinner samples at moderate
pump fluencies and high external fields. To model the time resolved spectra
for various pump fluencies, the remagnetization process is reproduced using
micromagnetic simulations using a oommf code[47].

4.3 Modeling by micromagnetic simulations

The micromagnetic simulations can be used to follow the magnetization dynam-
ics in a given effective field using the Landau-Lifshitz-Gilbert equation. The
sample characteristics are incorporated by taking the appropriate terms of the
magnetic energy, such as the anisotropy constant, the demagnetization field and
the Zeeman term, and by defining the Gilbert damping parameter. With an
appropriate temporal and spatial resolution micromagnetic simulations can de-
scribe the magnetization dynamics even in complicated structures. The details
of the micromagnetic simulation principles can be found in [6, 42, 48, 49].

The demagnetization process itself is not included in the model. The highly non-
equilibrium state resulting from the absorption of the pump pulse is represented
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Figure 4.4: Micromagnetic simulation for a 50nm nickel film which is demagnetized 55%.
The evolution of the remagnetization is shown at Ops, 0.7ps, 6.8ps and 16.7ps after excitation.
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by the randomly oriented magnetic moments at the sample surface below a
thickness equal to the optical penetration depth A,,. The excitation rate can
be implemented into the simulations by introducing a starting demagnetization
rate at 7=0. For 7 >0 the simulations are driven in the corresponding effective
field and no further heat transfer is introduced. Even though the temperatures,
which the ferromagnet reaches during the absorption of the pump pulses, can
approach the Curie temperature, the demagnetized surface layer describes the
thermally induced demagnetization observed in the experiment well.
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Figure 4.5: Micromagnetic simulation of the relaxation of the M, magnetization component
for a 50nm nickel film with various demagnetization rates. The spectra are normalized and
vertically shifted for clarity.

Fig. 4.4 shows the microscopical cut through the by-plane for the 50nm nickel
sample at time delays of Ops, 0.7ps, 6.8ps and 16.7ps after excitation by the
pump pulse. The demagnetization profile at zero delay mirrors the penetra-
tion profile of the laser light that decays exponentially on a length scale of
Aopt =25nm. The surface layer is characterized by the grainy profile and the
gradual change of the demagnetization. As the time evolves, small domains
form and spin waves emanate from the excited surface. At a time scale of
700fs, domains in the range of 3-6nm have formed already. The spin-wave front
has penetrated the entire film thickness of 50nm after 6.8ps. The long wave-
length excitations with a typical wavelength of 15-20nm dominate the upper
part of the film, while the dominating wavelength is much smaller, on the order
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4.3 Modeling by micromagnetic simulations

of 5bnm, in the lower part. As the spin wave travels back and forth, standing
waves are observed at a time delay of 16.7ps.

Fig. 4.5 plots the time resolved spectra of the magnetization component M,
versus delay time for various demagnetization rates. Similarly to the experi-
mental results for different pump fluencies, the ferromagnetic order is recovered
within a couple of ps at a moderate demagnetization rate. By increasing the
demagnetization rate to more than 50%, much larger remagnetization times
contribute to the signal. The time resolved spectra can be fitted with the dou-
ble exponential function:

M P (=7/m) +yexp (—7/m2)
MQ 1 +y

, (4.1)

Where n denotes the degree of the demagnetization and + denotes the contri-
bution of each component. Tab. 4.2 lists the determined remagnetization times
T1 and T 2.

Demagnetization [%] | 71 [fs] 72 [ps]
12 140 -
45 240 -
55 250 5.1
75 300 7.7

Table 4.2: Analysis of the restoration of the M, component from the micromagnetic model
using two characteristic remagnetization timescales 71 and 7.

There is very good agreement with the experimentally determined values shown
in Tab. 4.1. Only 7 is underestimated by the micromagnetic model. This could
be due to the reduced exchange interaction during the highly non-equilibrium
magnetization state shortly after excitation, which is not incorporated into the
simulation.

To evaluate the remagnetization process and the additional slow remagnetiza-
tion time, the magnetic modes can also be extracted from the micromagnetic
simulations. Fig. 4.6 presents the Fourier spectrum of the relative change of the
M, magnetization component at different time delays. High spatial frequencies
dominate the magnetization relaxation at 7 =0ps. During the relaxation pro-
cess, the center of the spectral weight moves towards lower spatial frequencies.
At 6.7ps the center is around k,/2m =0.Inm~!, which corresponds to the spa-
tial spin-wave period of 10nm. This frequency spectrum shift to lower k-vectors
for larger delay times describes the energy transfer from high-energy modes to
low-energy modes within the spin-wave relaxation chain. In an ultrafast demag-
netization experiment, the high-energy Stoner excitations are overpopulated by
elementary relaxations of the hot electron system. These decay into short wave
length spin excitations and gradually relax to lower spatial frequency excita-
tions, towards the Kittel £ = 0 precessional mode.
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Figure 4.6: Cut through the micromagnetic simulation for a 50nm nickel film with a
demagnetization of 55%. The corresponding Fourier transformation is presented as a function
of the spatial frequency.

The slow recovery of magnetization for higher pump fluence is observed lately by
Chantrell[50]. This approach is based on the Fokker-Plank equation which in-
troduces a stochastic field term into the Landau-Lifshitz-Gilbert equation. The
excitation mechanism is revealed by the increase in the electron temperature,
which is directly related to the Gilbert damping parameter.

4.4 Conclusion

The time resolved experiments on the ps timescale reveal interesting features of
the demagnetization processes upon laser excitation. The 50nm nickel sample
was investigated by varying the external magnetic field and the pump fluence.

It is shown that the demagnetization peak height scales linearly with the ex-
ternal magnetic field larger than the saturation field. This implies that the
Zeeman term cannot be neglected in the demagnetization process, even though
it is much smaller than the thermal energy of hot electrons.

For higher pump fluencies applied, a slow recovery of the magnetization sig-
nal on the 10ps timescale is observed. Micromagnetic simulations are used to
estimate the relaxation times of the magnetization upon the absorption of the
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4.4 Conclusion

intensive laser pulse. So far, these simulations have appropriately reproduced
experimental results on the sub ns range. The additional relaxation time on the
scale of a few ps is attributed to energy transfer from the high energy spin-wave
modes to modes with lower wave vectors and the Kittel £ = 0 mode.

The observed ultraslow remagnetization connects the Stoner excitations, pop-
ulated during the demagnetization process and attributed to high energy spin
waves, with the coherent magnetization precessions on a longer timescale.
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CHAPTER 5

Magnetization dynamics on a 100ps timescale

Magnetization relaxation after intensive pump-laser pulse excitation is followed
by ultrafast demagnetization, which happens shortly after the pump laser reaches
the sample, and by the coherent and incoherent collective relaxation modes,
which happen on the ns time scale. The pump pulse energy enters the elec-
tron and phonon system and changes the anisotropy of the sample. This change
shifts the orientation of the effective magnetic field and the magnetization aligns
with the new easy axis. The thermally induced anisotropy field pulse lasts no
longer than a couple of ps until electrons, phonons and spins achieve thermal
equilibrium[51]. Once thermal equilibrium is established, the easy axis of the
ferromagnet returns back to the position from before excitation and the magne-
tization starts to precess around a constant effective field. Parts of this chapter
are published in [28, 52].

Fig. 5.1 shows a typical time resolved MOKE spectrum of the 50nm thin nickel
film. The strong negative peak shortly after the pump pulse reaches the sample
represents an ultrafast demagnetization. This is followed by a damped oscilla-
tion plus a background that decays on the nanosecond time scale, marked as
the shaded region in Fig. 5.1. The former reflects coherence, while the later
reflects incoherent relaxation processes, respectively. Lattice cooling through
acoustic phonon emission is signatured in the reflectivity change, which also
contributes to the magnetic signal as the phonon background. Nevertheless,
this optical contribution to the TR MOKE spectrum is considerably smaller
than the magnetic incoherent signal and can therefore be neglected, as shown
later. The time resolved magnetic signal is thus the sum of the coherent and
incoherent part:

AOg(t) = AOF(t) + AGB(t) . (5.1)

This thesis systematically investigates these two aspects of the magnetization
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5 Magnetization dynamics on a 100ps timescale

phonon backround

Figure 5.1: TR MOKE spectrum for a Si(100)/5nmCu/50nmNi/3nmCu sample at poH=-
150mT, @(H)=25° out-of-plane and Fpymp=50mJ/cm?

relaxation upon laser excitation. Controlled variation of the excitation mech-
anism and the effective magnetic field in the sample is achieved by varying
the external magnetic field, in both amplitude and orientation relative to the
sample surface, and by varying the intensity of the pump-laser pulse.

The main characteristics of both coherent and incoherent relaxation processes
are first introduced on different samples by varying the external field amplitude.
Different precession modes appear to depend on the thickness of the ferromag-
netic sample. The basic Kittel mode is the dominant relaxation mode and is
governed by the external magnetic field. The additional precession mode, at-
tributed to the perpendicular standing spin wave, is observed for samples thicker
than the optical penetration depth of the laser light. This mode is governed
by the exchange interaction between spins, and shows weak dependence on the
external magnetic field. Dipole dominated modes are observed for films con-
siderably thicker than the optical penetration depth. These modes are present
even without an external field.

Then the incoherent contribution to the time resolved MOKE spectra is an-
alyzed. The magnetic nature of the background signal is implied by its de-
pendence on the amplitude of the external field. It is attributed to the short
wavelength magnons which do not contribute to the time resolved spectrum
coherently. A phenomenological model is introduced to describe the magnon
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5.1 Coherent precession modes

background.

The time resolved measurements of the magnetization dynamic upon laser ex-
citation give insight not only into the precession modes, which dominate the
magnetization relaxation, but also the time scale of the energy dissipation pro-
cesses. The energy of the magnetization torque dissipates throughout the lattice
or distributes to the other magnetic modes. The Gilbert damping parameter is
found to be dependent on the precession mode. A non-trivial frequency depen-
dence on the damping parameter of the standing spin-wave mode is observed.

The thin ferromagnetic films investigated here have easy axes mainly in-plane.
The out-of-plane component of the external field plays a significant role in trig-
gering and controlling the magnetization precession. The angular dependence
of the magnetization relaxation relative to the angle between the external field
and the sample magnetization is then investigated by focusing on the follow-
ing two aspects: First, the small angles between the magnetization and the
external field, where the limit of triggering the magnetization precession are in-
vestigated. Second, the case in which the field is applied almost perpendicular
to the sample, determining the explicit nature of different coherent modes.

The pump fluence determines the perturbation strength of the magnetization
in the sample. Demagnetization, induced by the temperature increase from
absorbed pump-laser pulse energy, governs the magnetization relaxation. Both
coherent and incoherent magnetization relaxation channels are discussed within
framework. This section is complementary to the discussion presented in the
Chapter 4 concerning pump-fluence dependence on the short timescale.

5.1 Coherent precession modes

The coherent magnetization processes are characterized by the correlated be-
havior of the atomic magnetic moments. The neighbor spins do not relax inde-
pendently in the local effective magnetic field. Rather the exchange correlation
between them causes the coherent behavior observed in the time resolved mag-
netization relaxation spectrum. The precession modes are characterized by the
precession frequency w = 2wv and the Gilbert damping parameter «, which
describes the timescale on which the magnetization aligns with the effective
magnetic field.

In all-optical pump-probe experiments, the magnetization, disturbed from equi-
librium by the intensive laser pulse, starts to precess in the effective magnetic
field. Only the sample surface within the optical penetration depth A, is di-
rectly excited by the pump-laser pulse. The various magnetic precession modes
are triggered in samples with different ferromagnetic layer thicknesses. These
modes can be classified by their origin into those led by the external mag-
netic field, by the exchange field and by the dipole field in the sample itself.
This section investigates the dispersion relation of those three modes in exter-
nal field amplitude dependence. For this purpose, ferromagnetic samples with
thicknesses significantly smaller then A, larger than A,,; and much larger
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5 Magnetization dynamics on a 100ps timescale

than A, are considered separately. For nickel samples, the optical penetration
depth at 800nm is A, = 25nm.

The time resolved MOKE spectra can be directly analyzed in the time regime
and also in the frequency regime using the Fourier transformations. Fitting the
time resolved spectra to the damped sine function gives access to timescales of
magnetization precession and magnetization torque energy dissipation. How-
ever, this fitting method is not effective for complicated time resolved spectra,
which are composed from the different modes. On the other hand, using Fourier
transforms yield the precession modes in the frequency regime. FWHM value
of the Fourier peak in the frequency space gives the information on damping.
The disadvantage of this method is our measurement range of 1ns, which gives
relatively poor frequency resolution in the Fourier spectrum peaks. To solve
this problem, the data can be interpolated with the zero value for delay times
up to 10ns. Nevertheless, Fourier transforms are used only for the complicated
TR MOKE spectra to determine the precession frequencies within this thesis.
The damping parameter is only extracted from the fitting procedure in the time
regime.

5.1.1 Kittel £ =0 mode

This section presents the magnetization dynamics of a 10nm thin nickel sample.
The entire sample is excited directly by the pump-laser pulse. The probe pulse
monitors the averaged magnetization of the entire sample because the thick-
ness is significantly smaller than \,,;. The strength of the excitation pulse is
calculated from the demagnetization rate, which is extracted from the change
of the hysteresis loops at the demagnetization peak maximum, measured with
and without pump pulse. Fig. 5.2 shows these hysteresis measurements of
the Si(100)/5nmPd/10nmNi/2nmCu sample, in which the external field H is
oriented 35° out-of-plane and a pump fluence of F' =40mJ/cm? is applied. De-
magnetization induced by the pump-laser pulse is estimated from the relative
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Figure 5.2: Hysteresis loops for the Si(100)/5nmPd/10nmNi/2nmCu sample with and
without a pump-laser pulse at the maximum of the demagnetization peak. The external field
is oriented 35° out-of-plane and the pump fluence is 40mJ/ cm?.
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5.1 Coherent precession modes

change of the saturation magnetization of 11%. The rectangular shape of the
hysteresis loops implies, that the easy axes of the magnetization lay in-plane.

Fig. 5.3 shows time resolved MOKE spectra of the Si(100)/5nmPd/10nmNi/-
2nmCu sample in which the external magnetic field H is varied in amplitude
from OmT to 150mT. Only one precession mode contributes to the magnetiza-
tion relaxation process. No precession is observed in absence of the external
field. By increasing the external magnetic field amplitude, both amplitude and
frequency of the magnetic precession increase. The external magnetic field shifts
the direction of the effective field further out of plane, which is opposite to the
tendencies of the demagnetization and anisotropy field to keep the magnetiza-
tion in the plane. The frequency increase is expected due to the higher Zeeman
term in the effective field (Eq. 2.36). The precession mode, which dominates
the magnetization relaxation for this sample, is a volume homogenous coherent
mode, which is often called the basic mode or Kittel mode. Here, the spins are
aligned parallel to each other and there is no phase shift between the neighbor
spins, which means that this mode can be characterized with the wavevector
k = 0, due to the formalism of the spin waves.

The time resolved magnetic signal can be modeled with the oscillating function
added to the linear background. The coherent term in Eq. 5.1 is represented

150mT
oH "
omT
0 250 500 750 1000

T [ps]

Figure 5.3: TR MOKE spectra for the Si(100)/5nmPd/10nmNi/2nmCu sample at 0OmT<
poH <150mT, p(H) = 35° out-of-plane and Fyump = 40mJ/cm?.
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5 Magnetization dynamics on a 100ps timescale

by the damped sine function:
A0 = NGy’ sin(wt + o) exp(—t/7a) , (5.2)

where the precession at the frequency w and the starting phase g is modu-
lated by the precession amplitude AG§°, which decays exponentially with the
characteristic time 7.

0 T T T T T
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wH [mT]

Figure 5.4: Frequency spectrum of the basic mode for the Si(100)/5nmPd/10nmNi/2nmCu
sample at 0mT< poH <150mT, o(H) = 35° out-of-plane and Fpump = 40mJ/cm?.

Fig. 5.4 plots the precession frequency extracted from the TR MOKE spectra
versus the amplitude of the external field. The applied magnetic field induces
magnetization precession in the GHz regime, as already observed in the FMR
experiments[53, 54]. By varying the external field from 30mT to 150mT, in-
duced magnetization precession in the frequency range from 3GHz to 7.5GHz
can be observed.

The frequency dispersion of the basic k = 0 mode is fitted to the Kittel formula,
which, for the thin films with out-of-plane anisotropy K, is:

_ _ 2K,
vy = o \/,uOH cos ¢ (uoﬂ cos ¢ + poMs AL > (5.3)

where ¢ denotes the angle between the external magnetic field H and the
sample plane, and My represents saturation magnetization. The out-of-plane
anisotropy constant K, = 5-10°J/m? is determined from the fit. The value
is positive and considerably smaller than 1/2u9M2 as expected for the sample
magnetized in-plane and therefore agrees with our experimental observation
that the easy axis of the system is in-plane, as shown in the hysteresis loop in
Fig. 5.2.
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5.1 Coherent precession modes

5.1.2 Standing spin-wave mode

This section presents the magnetization dynamics of a 50nm thin nickel sample.
The time resolved spectra of the Si(100)/5nmCu/50nmNi/3nmCu sample, in
which the external field is varied from OmT to 100mT, are shown in Fig. 5.5. The
field is oriented 25° out-of-plane and a pump fluence of 50mJ/cm? is applied. No
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Figure 5.5: Time resolved spectra for the Si(100)/5nmCu/50nmNi/3nmCu sample at 0mT<
noH <100mT, ¢(H) = 25° out-of-plane and Fpump = 5OmJ/cm2.

precession is observed in absence of the external field. Increasing the amplitude
of the external field enhances both the precession frequency and amplitude.
The spectra contain the contribution of two oscillations. The lower frequency
oscillation has a precession period of 77 = 100 to 300ps for different values of
the applied external magnetic field. The higher frequency oscillation, with a
precession period of T5 = 40ps, is clearly visible for larger H.

The time resolved spectra in Fig. 5.5 are fitted with the function composed
of the two damped sine functions and the linear expansion. Fig. 5.6 plots the
fitting results for precession frequency of both modes versus the amplitude of the
external field. The frequency v of the lower precession mode takes values from
2GHz up to 7TGHz for the external fields pugH <100mT. The second oscillation
has frequencies 17 ranging from 11GHz up to 13GHz for the external fields
60mT< poH <100mT.

The lower precession mode represents the volume homogeneous Kittel mode
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Figure 5.6: Frequency dispersion of the basic mode and standing spin wave for the
Si(100) /5nmCu/50nmNi/3nmCu sample at OmT< poH <100mT, o(H) = 25° out-of-plane
and Fpump = 5OmJ/cm2. The lines are appropriate fits given by Eq. 5.3 and Eq. 5.5.

introduced in the previous chapter. The precession amplitude of the basic
k = 0 mode is significantly larger than that for higher oscillation, which implies
that the Kittel mode is the dominant coherent channel for the magnetization
relaxation. Kittel formula (Eq. 5.3) describes the frequency dependence of
the main mode on the external field. The out-of-plane anisotropy constant
K, =4.2-10°J/m? is determined from the fit like before.

The higher precession mode can be attributed to the perpendicular standing
spin wave (PSSW), shown in Fig. 5.7.

y

laser pulse

Figure 5.7: Standing spin-wave and k¥ = 0 mode.

The spin waves excited on the sample surface by the pump-laser pulse propagate
through the sample, until they reach the substrate and are then reflected back.
The standing spin-wave mode forms if the film thickness is larger than the
optical penetration depth A,,. The thickness of the ferromagnetic layer and
the order of the standing wave then determine the wavevector k of the spin
wave as shown in Fig. 2.3. The standing first order spin-wave modes have been
observed previously in time resolved pump-probe experiments by van Kampen
et al.[32]. This study determined the dispersion relation of PSSW in regard
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5.1 Coherent precession modes

to the thickness of the ferromagnetic layer. Due to the exchange interaction
between spins given by the constant D, the frequency of the standing spin-
wave mode v is higher than the frequency of the basic mode vy:

vi =+ Dk* k=mn/d. (5.4)

For our experimental condition, where the external magnetic field H is applied
within an angle ¢ relative to the sample surface with the easy axis of the
magnetization in-plane, the magnon dispersion relation is derived from the free
magnetic energy, as described in one of Chapter 2. The frequency dispersion
of the standing spin wave obeys the magnon dispersion relation determined by
the exchange constant A:

~ 2K, 2k2A 2k2A
. H M, — 222 Hcos— . (5.
v= g \/<,u0 cos ¢ + po L TR poH cos ¢ T (5.5)

The experimentally determined precession frequencies fit well with the previous
equation, revealing that 2k?A /M, = —180mT.

The wave vector k of the PSSW can be determined by defining the boundary
conditions at the sample surface and the interface with the substrate. Bound-
ary conditions are defined by pinning the spins at the interfaces. For strong
surface anisotropy fields, spins at the interface are fixed and the fixed boundary
conditions are applied. In our case, however, it is reasonable to neglect pinning
the spins and assume an open boundary condition at each interface. The first
standing spin-wave mode is then characterized by the wavevector k = 7/d. The
fit results yield an exchange constant of A = —1.2-10~21JA~1, slightly higher
than the theoretical value A" = —7.8-10~22JA~! for nickel.

Laterally confined standing spin waves are observed using Kerr microscopy in
the time resolved pump-probe experiments with ultrashort magnetic pulses|20,
55-57]. Spin waves with small wave numbers are investigated in Brillouin light
scattering experiments[27, 58, 59]. Neutron scattering is also a powerful method
to investigate spin waves. Nevertheless, spin waves excited in all-optical pump-
probe experiments have to be considered as one of several channels through
which a highly excited ferromagnetic system tries to relax to the equilibrium
upon laser excitation. Though this kind of experiment offers no new information
about magnon scattering or complementary magnon dispersion relations, it
defines standing spin waves as the process involved in magnetization relaxation
upon laser excitation.

5.1.3 Dipole modes

Zeeman field and by exchange interaction dominate modes discussed in the pre-
vious sections. They are similar in that there is no excited mode in absence of
an external field. Though magnon dispersion relation Eq. 5.5 allows the exis-
tence of the spin waves in absence of an external field, this mode has not been
observed experimentally. Nevertheless, a new type of magnetization relaxation
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Figure 5.8: Time Resolved MOKE spectra for the a) Si(100)/5nmCr/100nmNi/2nmCu
and b) Si(100)/5nmCu/Nil50nm/3nmCu samples at a) OmT< poH <150mT, p(H) = 35°
out-of-plane and Fpymp = 50mJ/cm? and b) 0mT< poH <80mT, ¢(H) = 25° out-of-plane
and Fpump = 40mJ/cm?.

in the absence of an external field is observed for ferromagnetic films with a
thickness much higher than the A,.

Fig. 5.8 shows the time resolved spectra of Si(100)/5nmCr/100nmNi/2nmCu
and Si(100)/5nmCu/150nmNi/3nmCu samples with varied external field am-
plitude. Even in absence of an external field, clear precessional behavior of the
magnetization is observed for both samples. When the external field increases,
a new oscillation enters the time resolved spectra and the magnetic relaxation
becomes quite complex. The unique property of the magnetization relaxation
for those thick samples is ultraslow demagnetization, which is first achieved
100ps after the pump pulses reach the sample. This long demagnetization time
is not reduced by increased external field amplitude.

To explain the existence of coherent precession modes without an external field,
both the excitation mechanism and sample nature, have to be considered. The
sample is a couple of times thicker than the optical penetration depth of the laser
light. The magnetization precession is triggered by the anisotropy field pulse,
which is caused by the temperature increase from pump pulse absorption on the
sample surface. A strong depth profile of distributed thermal energy is present
in the sample. Therefore the pump pulse affects mainly the magnetic moments
at the sample surface leaving those deeper in the sample only slightly disturbed.
Arranged like that, the magnetic moments at the surface lose their magnetic
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5.1 Coherent precession modes

order due to pump-laser pulse absorption, but still feel the magnetic field coming
from the aligned magnetic moments buried deeper within the sample. The
precession modes are then governed by the dipole interaction.

The magnetic relaxation of the 100nm nickel sample is characterized by the
strong incoherent magnon background and by more than one magnetic oscilla-
tion in absence of the external magnetic field. When the external field increases,
the magnetization relaxation spectrum changes in such a way that the external
field suppresses both the incoherent magnon background and the magnetic pre-
cessions. By further increasing the external field to pgH >100mT, two modes
become clearly distinguishable in the spectrum. These can be attributed to the
basic k£ = 0 mode and to the standing spin-wave mode.

Fig. 5.9 shows the Fourier transform of the time resolved spectra without inco-
herent magnon background is extracted, for a 100nm nickel film. The spectra
are quite complicated with a number of modes owning similar frequencies. Nev-
ertheless, the dominating relaxation modes can be recognized by comparing the
spectra in the different external magnetic fields. Four frequencies are observed
that systematically vary with the field. The main & = 0 mode dominates the
magnetization precession for a higher external field. However, magnetization
precession is given by a different mode in absence of the external field. This
mode is suppressed by the Kittel mode, as observed for pgH <60mT. Due to
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Figure 5.9: FFT spectra and main frequencies with attributed modes for a

Si(100) /5nmCr/100nmNi/2nmCu sample.
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5 Magnetization dynamics on a 100ps timescale

their similar frequencies, these modes are almost indistinguishable for higher
fields. The their nature is totally different. By increasing H, two groups of
higher frequencies can be recognized in the spectra. Their similar field de-
pendence implies that they are governed by the same forces. The right side
of Fig. 5.9 plots frequencies versus external field. The dominating precession
mode is in good agreement with the Kittel formula (Eq. 5.3). The higher fre-
quency modes are attributed to the perpendicular standing spin waves of the
second and third order. The fitting function based on Eq. 5.5 perfectly describes
the dispersion for higher frequencies. Although the main precession modes are
identified, the rich frequency spectrum is not completely understood. The va-
riety of modes probably originates from the complex magnetic structure of the
chromium itself.

The magnetic relaxation of the 150nm nickel sample is less complicated than
for the previous case, probably due to the lack of a Cr layer. It comprises
a negligible magnon background and pronounced magnetic precession, which
is again the sum of different oscillations in absence of H. The increase in
external field for this sample does not suppress the magnetization precession.
In contrast, the amplitude of the dominating precession increases for fields of
woH <50mT. Further increase of the external field leads to partially damped
coherent magnetic relaxation.

The Fourier transformations are applied to the time resolved spectra in which
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Figure 5.10: FFT spectra and main frequencies with attributed modes for the
Si(100) /5nmCu/150nmNi/3nmCu sample.
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5.1 Coherent precession modes

the magnetic background, including the slow demagnetization peak, has been
removed. Fig. 5.10 presents the resulting frequency spectrum as a function of
external field. The left side shows the Fourier spectra and the right side shows
the frequency spectrum. The observed modes can be classified by their intensity
in the FFT spectrum. The precession mode with the highest intensity is the
highest frequency mode, represented by olive circles, with values from 5.8GHz
to 8.3GHz for the field poH <80mT oriented 25° out-of-plane. The second
highest intensity mode is mainly represented by blue points and for lower fields
by the black and orange ones. The basic £ = 0 mode has to be present within
the spectrum. Due to good agreement with the Kittel formula, we attributed
blue points to the Kittel mode. The frequencies take values up to 6.7GHz, and
fitting estimates the out-of-plane anisotropy constant to K, =0. The small
anisotropy constant implies that the easy axes of the system are not necessary
in-plane, which agrees with the hysteresis measurements.

The frequencies attributed to the first order standing spin-wave mode are
marked with orange circles. The exchange constant A = —1.3 - 10721 JA1,
determined from the fit, agrees well with the exchange constant attributed to
the standing spin wave of the 50nm thick nickel sample. This mode is present
even in the absence of the external field, though with a significantly smaller
intensity.

Since the Kittel and exchange modes are identified taking the values for the
thinner films, the mode that dominates the time resolved relaxation spectra
can only be attributed to dipolar modes. The excitation mechanism in all-
optical pump-probe experiments assumes that energy of the pump-laser pulse
is deposited to the sample surface within the penetration depth of the laser light.
The non-uniformity of the energy profile within the sample thickness leads to the
excitation of non-homogeneous dipole modes such as surface Damon-Eschbach
mode[22]. The spin-wave vector is parallel to the sample surface and decays
exponentially within the sample thickness. The spin waves belonging to this
precession mode propagate perpendicular to the saturation magnetization on
the sample surface. The dispersion relation of the Damon-Eschbach mode in
external field H is given by the following expression:

2
VPP = %\/Hx (Hy + M)+ ]‘is
where q denotes the wave vector of the surface magnon mode, which is parallel
to the sample surface. This equation can be used to fit the frequencies of
the precession mode which dominates the spectrum. The agreement with the
proposed frequency dispersion relation is good, as shown in Fig. 5.10. So it
determines a spin-wave length of A = 27/q¢ = 4.2um. The resulting wave
vector is much smaller than 10®m™"!, which is the basic assumption of the dipole
character of the observed mode.

In addition to these three modes ( attributed to the Kittel mode, the standing
spin-wave mode and the Damon-Eschbach mode ), additional modes with sig-
nificantly smaller intensity also contribute to the time resolved spectra. These
modes are independent of external field and have constant frequencies of 1.5GHz,

(1 —exp(—2¢d)) , (5.6)
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5 Magnetization dynamics on a 100ps timescale

2.5GHz and 3.7GHz. The small frequencies imply the dipole origin of those
modes. However, the only standing dipole wave modes that can be formed
within the demagnetization spot area are given by the beamwaist of the pump
pulse. The ratio of the observed frequencies is 1.56 : 2.56 : 3.69 = 42 : 52 : 62.
The squared dependence of those modes implies that they are the volume modes.
If we attribute those frequencies to the 4th, 5th and 6th order standing waves,
the basic frequency is ¥°=0.065GHz. Such a low frequency cannot be observed
within our measurement range of 1ns. These modes can be attributed to volume
backscattered dipole modes, as observed in the permalloy dots using Brillouin
light scattering[59, 60]. The frequencies of the backscattered volume modes are
smaller than the Kittel mode frequencies. The lateral confinement, in our case,
is the beamwaist of the pump-laser spot, ~ 60um.

5.2 Incoherent magnetic relaxation

The magnetization disturbed from equilibrium upon laser excitation, relaxes
not only through the coherent precession, as described in the previous chapter,
but also through incoherent processes. The shaded regions in Fig. 5.1 represent
the incoherent magnon and phonon background. The magnetic contribution to
the background signal has never been systematically investigated. Instead, the
background signal is attributed mainly to thermal diffusion in the sample and
creation of acoustic phonons which contribute to the signal both coherently, as
stress waves, and incoherently, as a background. The phonon background enters
the signal because of pure optical effects and is a signature of the lattice tem-
perature change. It can be described by the thermal diffusion equation[28, 29].
Complementary time resolved reflectivity measurements on the same sample
allow the phonon background to be approximated with the small linear con-
tribution. To our knowledge, this is the first work observing the incoherent
magnon background in time resolved magnetization dynamics experiments.

The incoherent magnetic relaxation is attributed to the short wavelength mag-
nons with a short lifetime. The magnon distribution of the ferromagnet after
excitation by a pump pulse can be found in [61]. Within this work, the magnon
background is described by the following equation:

AGBe = A exp(—t/Tmg) , (5.7)
where the amplitude Af5" depends on the external field H, the pump flu-
ence and the adjustment of opening angle of the analyzer(shown in Fig. 3.10)
similar to the precession amplitude Af§°. The magnon decay time 7,,, is one
phenomenological value that describes the characteristic decay time of the to-
tal magnon population number. The distribution of the frequency of the ex-
cited magnons is not directly observable in the background. Nevertheless, the
micromagnetic simulations imply that spin waves with higher k vectors are
excited shortly after the pump-laser excitation. The scattering processes, in-
volving phonons and multiple magnons, happen on a timescale of less than 10ps.
Therefore, the magnon background, still significant for up to 1lns, is attributed
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5.2 Incoherent magnetic relaxation

to spin waves with smaller k and lower energy. 7,,4 describes the time evolution
of those magnons population numbers. The contributions from the magnons
with higher wave vectors have to be considered for timescales smaller than 20ps.

When the characteristic decay time 7,4 is large enough, which is half of the
measurement range in the time resolved measurements, Eq. 5.7 is well approx-
imated by the linear decay function:
Ae%wo _ Aeé@'nco _ Aeinco (5 8)
= , .

lin
where the coefficient AG?Z’-}LCO is inversely proportional to the magnon decay time
Tmg- A0;1°° will be considered a phenomenological constant at this point. The
dependence on the sample nature and external field configuration will be addi-

tionally confirmed in the following experiments.

The magnon contribution to the time resolved MOKE spectrum in external
magnetic field can be positive or negative with respect to the demagnetization
curve in absence of H. For a 50nm thin nickel sample, it contributes positively.
The magnon background contributes negatively for thinner films such as 10nm
nickel film. Last chapter presents also the systematic change of the magnon
background dependence on the thickness of the ferromagnetic layer together
with investigation of the non-local damping by spin currents on wedge samples.
The incoherent background in the time resolved spectra of the Si(100) /5nmCu/-
50nmNi/3nmCu and Si(100)/5nmPd/10nmNi/2nmCu samples, shown in Fig. -
5.5 and Fig. 5.3, is well approximated by the linear function. The dependence on
external magnetic field implies a magnetic origin of the incoherent background.
Fig. 5.11 plots the offset and linear coefficient of the incoherent magnon back-
ground versus the amplitude of the external field for both samples.

The linear increase of the ‘AH{}”CO‘ with the external field originates from the
excitation of additional spin-wave modes, which are available for that specific
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Figure 5.11: Incoherent magnon background for Si(100)/5nmCu/50nmNi/3nmCu (violet
points) and Si(100)/5nmPd/10nmNi/2nmCu (turquoise points) samples. Both the amplitude
and the linear coefficient of the magnon background scales linearly with the amplitude of
H. Opposite signs of the magnon contribution can be attributed to the thickness of the
ferromagnetic layer.
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5 Magnetization dynamics on a 100ps timescale

H. By increasing the amplitude of the external field, the excitation spectrum
of spin waves becomes broader, which contributes to the increased number of
excited magnons. At the same time, the linear coefficient ‘AH;{;{”{ also increases
by increasing the external field. This increase is attributed to the short lifetime
of the excited high energy magnons. A further incensement of the external field
leads to saturation of both the offset and the linear background. In that case,
all available spin waves are excited and magnons cannot absorb the additional

Zeeman energy.

The applied external field H cannot change the linear character of the magnon
background. The exponential character of the magnon background is observed
only for highly excited samples. This is only possible by increasing the exci-
tation rate: either by increasing the pump fluence or reducing the thickness of
the ferromagnetic layer. Deeper analysis is shown later on.

5.3 Mode dependent damping

Previous sections present magnetization relaxation upon laser excitation by
means of magnetization precession modes and emission of short wavelength in-
coherent magnons. Nevertheless, the time resolved spectra contain timescales
of the magnetic energy dissipation processes as well. Direct observable mag-
netic damping in the time domain is the main advantage of pump-probe ex-
periments over other standard techniques used to investigate the magneti-
zation dynamics, such as FMR[62]. This section presents the damping pa-
rameter of the main & = 0 mode and the standing spin-wave mode for the
Si(100)/5nmCu/50nmNi/3nmCu sample.

The Landau-Lifshitz-Gilbert equation describes the magnetization vector, which
follows the precession torque in H,y; and continuously loses energy due to the
damping term, characterized by the dimensionless damping constant «. The
exponential decay time 7, of the precession amplitude can be determined from
the time resolved measurements. The relation between the characteristic ex-
ponential decay time 7, and the Gilbert damping constant « depends on the
sample properties and the applied external magnetic field H. The effective
magnetic field, which governs the precession mode, explicitly determines the
relation «(7,), as presented in the theory chapter. Therefore, the damping
parameter o can be determined separately for each precession mode.

For the basic £ = 0 mode, the effective magnetic field is composed of the Zee-
man, demagnetization and crystalline-anisotropy term. For samples with out-
of-plane anisotropy given by K, the damping parameter o obeys the following

relation:
K, M\
oy = <Ta’yu0 <H cos ¢ — ol + 7)) , (5.9)

where ¢ denotes the angle of the external magnetic field H relative to the
sample plane. The anisotropy constant K, can be determined by fitting the
frequency spectrum of the basic mode with the Kittel formula.
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5.3 Mode dependent damping

For the standing spin-wave mode, the additional exchange interaction term
contributes to the effective magnetic field Eq. 2.37. It can be derived from
the magnetization vector of the perpendicular standing spin wave, as shown in
Chapter 2. From the time resolved spectra in Fig. 5.5 the damping parameter
of the standing spin-wave mode «a; is expected to be significantly larger than
ap. The relation between the characteristic exponential decay time 7, of the
standing spin-wave mode and the damping parameter «; is determined by:

K., 2k2A  M,\\
i —>> . (5.10)
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Figure 5.12: Damping parameter of the basic mode and standing spin wave for the
Si(100)/5nmCu/50nmNi/3nmCu sample at 0OmT< poH <100mT, ¢(H) = 25° out-of-plane
and Fpump = 50mJ/cm?. The lines are guides for the eyes.

As with the case of the basic mode, the frequency spectrum of both basic k = 0
and the standing spin-wave mode have to be known to determine 1. The value
of the anisotropy constant K, and the exchange constant A can be determined
by fitting those frequency spectra with Eq. 5.3 and Eq. 5.5.

Fig. 5.12 presents the damping parameters for the basic mode and for the stand-
ing spin-wave mode of the Si(100)/5nmCu/50nmNi/3nmCu sample versus the
amplitude of the external magnetic field. The damping parameter of the basic
mode ag =0.050(5) is constant for applied magnetic fields poH <100mT. The
standing spin-wave mode is more heavily damped. The damping parameter oy
takes values from 0.135(2) in higher fields, up to 0.230(2) in lower fields. The
pronounced frequency dependence of oy is a result of the two-magnon and re-
lated three-magnon scattering processes, in which the coherent precession mode
scatters with frequency-dependent efficiency at the short wavelength magnons.
The strong incoherent magnon background in the TR MOKE spectra implies a
number of scattering channels, which leads to strong frequency dependence of
aq. Those scattering processes can be excluded by orienting the external field
further out-of-plane, as shown in the following section. The mode dependent
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5 Magnetization dynamics on a 100ps timescale

damping has been observed in time-resolved experiments with short magnetic
pulses|[20].

5.4 Dependence on external field orientation

To further explore the properties of the magnetization relaxation, both the am-
plitude of the external field and the orientation relative to the magnetization
of the sample surface are varied. The maximum external field available in our
experimental setup is insufficient to tilt the magnetization significantly towards
the sample normal. Two configurations are considered. First the importance
of the orientation of the external field in the excitation mechanism, in which
H is mainly in-plane and tilted for the small angle towards the sample normal,
is considered. Second, the other limit, where the field is oriented almost per-
pendicular to the sample surface, introducing new aspects of the magnetization
relaxation with respect to both coherent and incoherent processes. The mea-
surements presented in this chapter are on the Si(100)/5nmCu/50nmNi/3nmCu
sample discussed in Section 5.1.2.

5.4.1 Small angles between magnetization and applied field

The demagnetization caused by the intensive pump-laser pulse is followed by
both the coherent and incoherent magnetic relaxation processes, as seen in
the previous chapters. The external field plays an important role in triggering
the magnetization precession of the in-plane magnetized thin ferromagnetic
sample. The out-of-plane component of the external field tries to cant the
magnetization. Without a small out-of-plane magnetization component, there
would be no observable precession in H, ¢, because Hy is directed dominantly
in-plane due to the demagnetization field.

Fig. 5.13 shows the TR MOKE spectra of the Si(100)/5nmCu/50nmNi/3nmCu
film in an external field of pugH =-60mT. The angle of the applied magnetic
field varies from —25° up to 25° with respect to the sample plane. When H is
completely in-plane, represented by the black curve in Fig. 5.13, the oscillations
are almost negligible with a small precession amplitude. A field oriented only
5° out-of-plane already causes a considerably larger precession amplitude. By
orienting the field further out-of-plane, a increase of the precession amplitude
is observed. The increase of the precession amplitude comes from the larger
opening angle of the magnetization torque induced by the higher out-of-plane
field component. At the same time, the precession frequency ry=4.7GHz and
the damping parameter «=0.048(2) of the magnetization precession stay con-
stant for all angles of the applied field. The effective contribution of the Zeeman
term does not significantly change for the different applied field orientations.
Therefore, the optimal configuration to investigate the characteristic timescales
of the magnetization relaxation processes from the in-plane magnetized samples
occurs when H is oriented = 30° out-of-plane.

By rotating the external field from ¢ to —¢ with respect to the sample plane,
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Figure 5.13: Time Resolved MOKE spectra for the Si(100)/5nmCu/50nmNi/3nmCu sam-
ple at poH =-60mT, —25° < p(H) <= 25° and Fpymp = 50mJ/cm?.

the phase of the magnetic precession is changed by 7. Interestingly, the phase
shift remains 7 even for the smallest tilting angle of only 5°. The time resolved
spectra in Fig. 5.13 are fitted with the damped sine function plus linear ex-
pansion. Fig. 5.15 a) plots the beginning phase versus the tilting angle of the
external field.

The change in magnetization precession starting phase results from the different

- o(H)

Figure 5.14: Schematical view of the magnetization precession when the external field is
oriented ¢ or —¢ relative to the sample plane.
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5 Magnetization dynamics on a 100ps timescale

magnetization orientation relative to H.sr, as shown in Fig. 5.14. The magne-
tization precesses clockwise or counterclockwise depending on the external field,
directed at an angle ¢ or —¢ relative to the sample surface. Also the incoherent
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Figure 5.15: a) The starting phase of the precessing magnetization and b) the amplitude
of the magnon background versus orientation of the external field ¢(H)

magnetic relaxation depends strongly on the orientation of the external field
relative to the sample. It increases linearly with increasing the magnetization
torque opening angle and even changes its sign for larger out-of-plane angles
of H, as shown in Fig. 5.15 b). The absolute values of the incoherent magnon
background depend on the orientation of the analyzer.

5.4.2 Large angles between magnetization and applied field

Fig. 5.16 gives a brief overview of the processes presented in this chapter. The
time resolved spectra of the Si(100)/5nmCu/50nmNi/3nmCu sample are pre-
sented as a matrix, with the Kerr signal plotted versus the external field am-
plitude at a given time delay between pump and probe pulse. The intensity of
the Kerr signal is indicated by the color.

The orientation of the external field varies from in-plane towards out-of-plane.
Both the basic mode with k& = 0 and the first standing spin-wave mode with k =
m/d are recognized in the matrix spectra. The basic mode is characterized with
a higher oscillations intensity and a larger precession period. The standing spin-
wave mode has a smaller precession period and smaller variations in intensity.
For a field oriented 25° out-of-plane, the basic mode dominates the relaxation
process and the standing spin-wave mode is hard to observe. By orienting the
external field further out-of-plane, the frequency of the main mode lowers and
the standing spin-wave mode dominates the relaxation spectrum. For the field
oriented completely out-of-plane only the standing spin-wave mode is observed.
The significant change in magnetization dynamics as a function of external field
orientation relative to the sample plane of the main mode results from reduction
of the in-plane component of the effective field. On the other hand, the standing
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Figure 5.16: Matrix representation of the TR MOKE spectra for the
Si(100)/5nmCu/50nmNi/3nmCu sample at O0mT< poH <80mT and ¢(H)=25°, 50°,
80° and 90° and Fpyump = 50mJ/cm?.

spin-wave mode is almost independent of the external field orientation.

Fig. 5.17 shows the TR MOKE spectra of the Si(100)/5nmCu/50nmNi/3nmCu
film in puoH = —70mT, where the angle of the applied magnetic field varies from
in-plane to out-of-plane. The curves are normalized by their demagnetization
peak amplitudes for better comparison. Again, both the short and the longer
period oscillations can be recognized within the spectrum. When the external
field is oriented with an angle of ¢(H) > 50°, the period of the main preces-
sion mode changes significantly. It strongly increases by increasing the angle
between the sample and H up to a value comparable with our measurement
range for ¢(H) = 90°. On the other hand, the higher oscillations, attributed
to the standing spin waves have a constant frequency for different external field
orientations relative to the sample plane. Nevertheless, this mode, hardly ob-
servable when ¢(H) < 25°, has a clear precession pattern. A number of periods
are identified when the field is oriented more out-of-plane.

The maximum applied external field of ygH = —70mT is not large enough for
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Figure 5.17: TR MOKE spectra for the Si(100)/5nmCu/50nmNi/3nmCu sample at
|po H|=70mT, @(H)=25°, 50°, 80° and 90° and Fpump = 50mJ/cm?. The curves are normal-
ized by the demagnetization peak amplitude for comparison.

the Zeeman term to overcome the demagnetization field, so the magnetization
aligns with H. The magnetization stays mainly in the sample plane with a
maximum canting angle of 8° for a perpendicular external field. Complementary
hysteresis measurements reveal an increase in saturation field from rotating the
external field out-of-plane. Fig. 5.18 shows the hysteresis measurements of the
Si(100)/5nmCu/50nmNi/3nmCu sample for different orientations of H. The
changes in the hysteresis loops are negligible for the external field oriented at
¢(H) < 35. When the external field is oriented 25° out-of-plane, the coercive
field is poH, = 5mT. By rotating the field further out-of-plane, the coercive field
increases up to a value of pgH,. = 50mT for almost perpendicular H. In this
case the finite value of H, originates from the small experimental disalignement
of the relevant field orientation. The coercive field H, is plotted versus ¢(H) in
the inset in Fig. 5.18. The observed increase of the saturation field results from
the demagnetization field, which works against the Zeeman term for systems
with in-plane easy axes and demands more energy to align magnetic moments.

Fig. 5.19 plots the frequency and the damping parameter of both precessing
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Figure 5.18: Hysteresis loops for the Si(100)/5nmCu/50nmNi/3nmCu sample versus the
external field orientation. Inset: the saturation field versus the angle between sample and
external field. The line is guide for the eyes.

modes extracted from the time resolved MOKE spectra versus the external
field direction. The frequency of the main mode varies from vy = 1.8GHz for
¢(H) = 80° to 5.3GHz for ¢(H) = 25° out-of-plane. On the contrary, the
frequency of the higher precession mode vy ~ 12GHz is almost independent of
the field direction. Angular dependence of the basic £k = 0 mode agrees well
with the Kittel formula in Eq. 5.3 and the determined anisotropy constant,
K, = 4.2-10°J/m3. Fig. 5.19 shows a fit as a continuous line. This mainly
mirrors the reduction of the in-plane component of the external field H. The
higher frequency mode can be considered almost constant at v = 11.8GHz
due to its origin in exchange interaction. This makes the contribution of the
Zeeman term negligible in this case.

The damping parameter of the basic mode g is almost constant for all orienta-
tions of H. The observed small increase of g for the perpendicularly directed
external field is unreliable because of the large precession period and the result-
ing uncertainty in determining the exponential decay time. On the contrary,
the damping parameter of the standing spin-wave mode is strongly dependent
on the direction of H. This mode is less damped when the field is oriented
further out-of-plane. There is a huge change in the damping parameter from
ap = 0.190(5) with the field oriented 25° out-of-plane, down to a; = 0.050(5)
for the field oriented at ¢(H) > 50°. In this case, the damping parameter of
the standing spin-wave mode is the same as that for the basic mode, a1 =~ «g.

The strong reduction in damping parameter for «; is explained by the two-
magnon scattering contribution to the damping parameter. Woltersdorf in [63]
attributes the extrinsic damping to the mode conversion mechanism in which
the coherent mode scatters into incoherent modes. The number of the available
incoherent modes is strongly dependent on field orientation in respect to satura-
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Figure 5.19: a) Precession frequency and b) damping parameter for the

Si(100)/5nmCu/50nmNi/3nmCu sample at different orientations of the external field. The
fit according to Eq. 5.3 is shown for vy. Frequency v; is fitted with a constant function. The
lines in b) are guides for the eyes.

tion magnetization. When the angle between H and the magnetization is more
than 7/4, there are almost no available modes to scatter[64]. Our experimental
results confirm this exactly. The reduced number of the available scattering
channels leads to the reduction of «; when the field is rotated out-of-plane.

A significant change in the ratio of the precession amplitude and the incoher-
ent magnon background amplitude also occurs with changing orientation of the
external field relative to the sample. It is much less than 1, if H is oriented 25°
out-of-plane, and grows to almost 3 for fields oriented out-of-plane. This ratio
implies that the dominant relaxation processes are incoherent for in-plane ap-
plied fields, and coherent for out-of-plane applied fields. This also results from
the absence of available incoherent magnon modes into which the coherent mode
can scatter when the applied field is oriented towards larger angles relative to
the magnetization of the sample. In that case, the incoherent magnon back-
ground contribution to the magnetization relaxation is much smaller than the
contribution from coherent precession. This is exactly what our experimental
results imply.

5.5 Dependence on the pump fluence

The previous sections discussed magnetization dynamics upon laser excitation
as a function of external field, which determines together with the anisotropy
and the demagnetization field, the constant effective field, which then gov-
erns the magnetization precession. However, it does not explicitly consider the
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Figure 5.20: TR MOKE spectra for the Si/5nmCu/50nmNi/3nmCu sample at
poH =80mT, o(H) = 25° and 40mJ/cm?® < Fpyump < 70mJ/cm?. The lines are exponential
fits of the incoherent magnon background.

strength of the anisotropy field pulse, which triggers the magnetization pre-
cession. This section investigates the strength of the anisotropy field pulse
and the related magnetization dynamics of the Si/5nmCu/50nmNi/3nmCu
sample, by varying the pump fluence. For a higher pump-beam intensity,
the temperature induced change in the anisotropy is larger, which leads to
the enhanced magnetization disorder. The highly non-equilibrium ferromag-
netic system then relaxes through a number of both coherent and incoher-
ent relaxation processes. Fig. 5.20 shows the time resolved MOKE spectra
of Si(100)/5nmCu/50nmNi/3nmCu sample in which the laser pump fluence is
varied from 40mJ/cm? up to 70mJ/cm?.

Extra precaution is taken to prevent sample damage from the pump fluence.
The sample surface, after hours of constant exposure to the pump laser, is
controlled optically and no indication of damage is noticed. The magnetic
signal is also strongly dependent on excitation. The increase of the sample
temperature beyond the melting point would cause the disappearance of the
magnetic contrast. Excitation by the pump-laser pulse is a cumulative effect
which would lead to a noticeable difference between repeated time-resolved
spectra of the overheated sample. None of these indications are present in
our measurements. In identical repeated time-resolved spectra after hours of
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5 Magnetization dynamics on a 100ps timescale

exposure to the pump pulse, thermal damage of the sample can be excluded.
One has to keep in mind that the energy of the laser pulse is given to the lattice
within a few 100fs to ps and very high temperatures up to 1000K maximum
on the sample surface are reached. Thereafter, the energy is distributed from
the sample surface within 50ps, due to the high thermal conductivity of the
substrate, which is needed for this kind of experiments. The rise of the sample
temperature is not higher than a few 10K.

Both coherent and incoherent magnetization relaxation processes are dependent
on the pump fluence. Fig. 5.21 plots the demagnetization peak amplitude and
the basic mode amplitude versus the pump fluence. An increase in incoherent
magnon background and precession amplitude of both the basic and standing
spin-wave modes follow the increase of the pump fluence. The linear increase of
those amplitudes again confirms that the high pump fluencies do not damage
the sample.

08 demagnetization peak

(o]
1
*
[ns]

'mg

& {04
02

6 0.0

40 50 60 70
F [mJ/cm2]

T

coherent precession

40 50 60 70
F [mJ/cm?]
Figure 5.21: Amplitude of incoherent and coherent relaxation processes for the

Si(100)/5nmCu/50nmNi/3nmCu sample at poH =80mT, o(H) = 25° and 40mJ/cm?® <
Fpump < 7T0mJ/cm?. Tnset: The magnon exponential time 7,4 is plotted versus pump flu-
ence.

The pronounced exponential character of the magnon background for higher
pump fluencies indicates the high non-equilibrium state in which the main re-
laxation processes are the emission of incoherent magnons. The exponential
decay time 7,,, can be used to quantify the time dependent magnon popula-
tion. For a highly excited sample, 7,,4 ~ 400ps is observed. By reducing the
pump fluence, 7,,, increases and the exponential character of the magnon back-
ground disappears. Inset in Fig. 5.21 plots the magnon exponential decay time
versus the pump fluence.

The magnetization relaxation through coherent precession modes does not sig-
nificantly change for different pump fluencies. The Fourier transforms are ap-
plied to the TR MOKE spectra, for which the incoherent magnon background
is removed. Fig. 5.22 shows the results. The Fourier spectrum is presented for
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Figure 5.22: Frequency spectrum of the coherent precession for the
Si(100)/5nmCu/50nmNi/3nmCu  sample at poH  =80mT, ¢(H) = 25° and

4010(1J/cm2 < Fpump < 70mJ/cm2. The FFT spectra are vertically shifted for clarity.

the laser pump fluence from 40mJ/cm? up to 70mJ/cm?. First, one there is

a systematic increase in the intensity of the Fourier peaks with increasing the
pump fluence. Second, the positions of the Fourier peaks do not change for the
applied pump fluencies. The observed modes can be grouped as follows: the
main k£ = 0 mode with vy = 5.4GHz dominating the precession spectrum. The
two lower modes at 1.1GHz and 2.9GHz, which strongly vary in intensity, and
can be attributed to the standing dipole modes. They are excited within the
demagnetization spot area, which stays constant for all pump fluencies, hence
the change in pump fluence originates only from the varied intensity of the
pump pulse. As an approximation, the damping parameter can be estimated
from the FWHM of the Fourier peak, which shows that the damping parameter
of the main mode g does not change with varying pump fluence.

5.6 Conclusion

All-optical pump-probe experiments are the powerful tool to follow magnetiza-
tion dynamics completely, in respect of both coherent and incoherent relaxation
processes and to determine the timescales of energy dissipation. Control of the
optical excitation is achieved simply by varying the pump fluence. By vary-
ing the external field from in-plane to out-of-plane reveals new insight on the
dominate relaxation modes.

The various precession modes are discussed for three regions of nickel layer
thickness. The Kittel mode is present in all films. The magnetic moments in
the entire sample precess in phase. Therefore, this mode has a wavevector k£ = 0.
The standing spin-wave mode is observed for samples thicker than the optical
penetration depth A,,; of the pump laser. The wavevector k is then determined
from sample thickness. Nevertheless, even 2nd and 3rd order standing spin
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5 Magnetization dynamics on a 100ps timescale

waves are observed. Dipole modes dominate the magnetization dynamics of
samples significantly thicker than A,,. Both the surface and volume dipole
modes contribute to the spectra. The Damon-Eschbach mode laterally localized
within the pump-laser spot and the backscattered volume modes of higher order
are observed.

The magnetic damping is also discussed for various precession modes. The
Gilbert damping parameter is found to be dependent on the precession mode.
The standing spin-wave mode is more strongly damped than the Kittel £ = 0
mode. The increased damping can be attributed to the additional energy dis-
sipation from coherent to the incoherent mode conversion in spin waves with
lower wavevectors. This assumption is confirmed by applying the external field
towards the sample normal. This significantly reduces the two magnon scatter-
ing probability and causes the damping parameter of the standing spin-wave
mode to approach the « value for the basic mode. The damping parameter of
the Kittel mode is not significantly influenced by two magnon scattering.

The background in the time resolved spectra is found to have a magnetic ori-
gin. It results from the short wavelength magnons, which contribute to the
magnetization spectra up to 1ns after excitation by the pump pulse. For strong
excitation by the pump pulse, the magnon background decays exponentially
within time. As seen in the micromagnetic simulations, this comes from the ex-
citations of high energy magnons. Their short lifetime originates from the strong
interaction with the Stoner band near the surface of the Brillouin zone. The
high energy spin waves scatter into magnons with lower k vectors. A strongly
excited state is observed when the pump fluence is higher than 50mJ/cm? for
the 50nm thin nickel sample. By reducing the sample thickness, less pump flu-
ence is required to achieve the highly excited state. For small excitation power,
the incoherent magnon background can be approximated by a linear function.
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CHAPTER 6

The Gilbert damping parameter

The magnetization, disturbed from equilibrium by an intensive laser pulse, pre-
cesses around a magnetic field H and tries to align with it on timescale 7, given
by the macroscopic damping parameter . The magnetization vector obeys the
Landau-Lifshitz equation of motion:

dM « dM

— =M xXH+ —M x — 6.1
with a Gilbert form of damping. This equation can be rewritten to the explicit
equation for magnetization:

M
aM 702M><H+ 70612
o

a1+ Moty X MxH) . (62)

with a Landau-Lifshitz form of damping. Microscopically, the Landau-Lifhsitz
form of damping can be derived to agree with the principles of the statistical
physics, contrary to the Gilbert form of damping. These slight differences
between Landau-Lifshitz and Gilbert damping, explain the current induced
domain wall motion experiments by Hayashi el. at.[65, 66]. In this special
case, the Gilbert form of damping does not imply energy minimization and
introduces some additional non-adiabatic term in the equation of motion. The
Landau-Lifshitz form of damping explains the experiment appropriately. This
effect appears only for large magnetization precessions and has no relevance in
our experiments. Therefore, the analysis in this work starts from Eq. 6.1, as
presented in Chapter 2, and considers only the Gilbert damping parameter «.

This chapter presents the Gilbert damping parameter as follows: first, the mi-
croscopic origin of the damping is introduced with the associated classification
of the magnetic dissipation processes. A detailed overview of the theories that
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6 The Gilbert damping parameter

model the damping parameter is then presented. A comparison of the excita-
tion mechanism by pump pulse for various samples gives the introduction to
the experimental findings. To investigate non-local damping by emission of spin
currents, double layers with nickel and various non-magnetic metals are com-
pared in the same experimental conditions. The processes which contribute to
the extrinsic magnetic damping are identified. Finally, the main experimental
results, concerning the enhancement of the damping parameter due to the spin
currents emission are presented for different samples and compared with the
theoretical predictions.

6.1 Different origins of damping

Gilbert implemented the damping parameter « in the Landau-Lifshitz-Gilbert
equation in analogy to a Rayleigh energy dissipation function, based on ther-
modynamic principles [67]. This work introduces the magnetic damping based
on the Professor Féhnle’s Lecture [67, 68]. To characterize the dissipation pro-
cesses with the damping parameter, magnetization vector have to obey the
known equation of motion. The equation of motion is appropriate for just one
of the dynamic variables, while all other degrees of freedom are integrated out.
This is why the damping is determined by energy and momentum transfer from
the considered dynamic variable to the eliminated degrees of freedom. The
Gilbert damping term in the Landau-Lifshitz-Gilbert equation is the first term
in the evaluation of a non-local expression of the equation of motion.

The damping can be classified by the direction of energy transfer into indirect
and direct. If energy is conserved within the magnetic system and redistributed
between different magnetic degrees of freedom, the damping is indirect. Damp-
ing of spin waves by Stoner excitations and mode conversions are examples of
indirect damping.

Direct damping specifies the transfer of energy from the magnetic system to
the other nonmagnetic degrees of freedom, mainly the lattice. It originates
from spin-orbit coupling, and can be classified into intrinsic and extrinsic direct
damping. Magnon scattering on the unavoidable phonons determines the intrin-
sic damping. This is a material characteristic and cannot be reduced. Extrinsic
damping is based on the additional magnon scattering from phonons, caused
by defects and the geometry of the sample. The value of extrinsic damping can
thus be strongly influenced by the sample pattern or by growth quality.

Dissipation of the magnetic energy by the above scattering processes consid-
ered can be characterized as a local process because scattering occurs in the
ferromagnet itself. On the interfaces between the ferromagnet and other ferro-
magnets or normal metals, additional non-local scattering processes contribute
to the damping. Emission of spin waves at the interface of two ferromagnets,
or spin currents at the interface of a ferromagnet with a normal metal, leads to
an increased energy dissipation. This additional non-local damping is strongly
influenced by the adjacent layer thickness, since it occurs at the interfaces.
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6.2 Theoretical modeling of damping

6.2 Theoretical modeling of damping

The derivation of the Gilbert damping parameter « is a challenging task for
theorist. The direct signature of the damping is written in the equation of
motion. Even without damping, there are no experimental variables that are
constants of motion on the microscopic scale. Therefore, it is hard to define an
appropriate equation of motion for the precessing magnetization. The choice
of dynamic variables will primarily influence the quantity and the origin of the
damping parameter. Magnetic damping is considered mainly within two types
of theory.

The first class of theory is based on the direct transfer of magnetic energy to
the lattice, mainly due to magnon-phonon scattering. Spin-orbit coupling is
considered phenomenologicaly via magnetoelastic coupling between the magne-
tization, M (r,t) and lattice strain, é(r,t). The main damping mechanism is
the scattering of magnons at phonons and defects.

The second class of the theory is based on the energy transfer from magnons to
electrons and then to the lattice via electronic scattering. In this case, electrons
inherit the magnetic moments from the spin waves, and then pass them to the
lattice. The transfer from spin to electrons can be based on spin-current inter-
actions (damping by Eddy currents), Coulomb interactions (Breathing Fermi
Surface model) and magnon-electron interaction (s-d model for damping). Elec-
tronic scattering transfers energy and magnetic momentum from the electrons
to the lattice.

The electronic scattering takes place between the spin-up and spin-down states,
which are not orthogonal to each other due to spin-orbit coupling. This results
in non-vanishing amplitudes of the scattering potential at inhomogeneities such
as phonons or defects.

In order to explore different contributions to damping, electronic scattering is
classified by the conservation of spin and the corresponding energy band, as
follows.

e Ordinary scattering or scattering without a spin-flip describes transitions
between states in different bands with the same spin. The transfer of
momentum is relatively small.

e Spin-flip scattering describes transitions for which the initial and the final
state have a different spin. A molecular field strongly reduces this effect
in ferromagnets. The matrix elements of the spin-flip interactions are
calculated by Yafet. Here, the transfer of the magnetic moment is quite
large.

e Intraband scattering describes transitions between the states in the same
energy band. For short relaxation times 7, this scattering dominates the
damping processes and leads to a damping parameter proportional to the
conductivity o.

aX o XT.
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6 The Gilbert damping parameter

e Interband scattering describes transitions between the states in different
energy bands. Scattering relaxation times 7 are large, and the main con-
tribution to damping is proportional to the resistivity p:

axpoxl/T.

The most important models, which describe how to derive the damping of the
precessing magnetization, are presented in the following sections. Damping
by spin-flip scattering is an interesting but indirect approach to determine the
damping parameter. The model includes the results of Yafet’s and Elliot’s work
and explains the experimental results regarding damping from the 1970s well.
The s-d current model and the Breathing Fermi surface model are two later
complementary approaches on the newest state of theory. They belong to the
second set of theories on damping, as classified above, in which the damping
mechanism is based on the electronic scattering by phonons. All these theories
consider only the near-adiabatic regime, and are therefore valid only for the
magnetic relaxation of slow magnetic degrees of freedom. So far, there is no
theory that considers magnetic damping in the high non-equilibrium phase in
which the fast magnetic degrees of freedom and the Stoner excitations comprise
the main damping mechanisms. Nevertheless, there is a remarkable approach
by Koopmans et al.[69] to unify the characteristic damping scale of coherent
precessions with the demagnetization time. Finally, the magnetostatic circuit
theory approach is presented, which is used to determine the enhancement of
the damping parameter from spin current emission.

6.2.1 Damping by spin-flip scattering

Kambersky was one of the first in the 1970s to explore the origin of the magnetic
damping[70]. This chapter presents energy dissipation of the magnetization
torque from spin-flip scattering of itinerant electrons. Damping is derived from
the generalized damping term, which is directly related to the susceptibility of
the system. This model includes contributions from different theories, such as
spin-flip scattering in semiconductors by Yafet, or results of Elliot’s theory of
electronic scattering in metals. Experimental findings are presented at the end
of the section.

Landau-Lifshitz-Gilbert equation describes the magnetization dynamics in an
external magnetic field H:

oM

= /M x <H - (6.3)

A dM
ot ’

& @
where v denotes the magnetomechanical ratio, wy; = vM, and X is a damping
constant. This is related with the Gilbert damping constant o by simple relation

A= ozw]?w /vYMs. In the presence of a transverse harmonic field, the linear
response of the ferromagnet results from the susceptibility:

w—wo+ i w/wy’

x(w) (6.4)
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where w denotes the modulation frequency of the external field and wqg is the
eigenfrequency of the non-perturbed system. The damping constant A is deter-
mined from Eq. 6.4 using the known susceptibility tensor y(w). This macro-
scopic expression for the susceptibility can be derived from microscopic scatter-
ing processes. The macroscopic damping constant A from Eq. 6.3 is related to
the time constants for the relevant energy dissipation processes. Scattering of
itinerant electrons followed by spin-flipping of scattered electrons is the main
damping mechanism considered in this chapter. This process can be described
by the Hamiltonian Hy, given by:

Hyp = (Di g€ gkt + Di g0k chq1) (bg + b5y, (6.5)
k.q

where ¢, and b, describe electron and phonon creation operators, with wave
vectors k and ¢ respectively. hDy , are the matrix elements of the spin-flip
interaction in a semiconductor, derived by Yafet[71].

The susceptibility can also be derived from the equations of motion for the
creation, ST, and annihilation spin operator, S~, using the retarded Green’s
functions, G, suggested by Zubarev|[72]:

@) = - (?)2@5:5*,@

wG(S— 5w = ([97,9T])+G([S,H],5w).

Where H denotes the total Hamiltonian of the system, which includes the spin-
flip scattering Hamiltonian Hg¢. Square brackets | ], denote a commutator
while arrow brackets ( ) indicate the equilibrium mean value.

The damping mechanism includes decay of the collective excitations into phonon
and band-electron excitations. The electron velocity is dominantly higher than
the group velocity of phonons, which implies that the majority of energy transfer
is to phonons and only a much smaller fraction transfers to band electrons.

The damping term I' is derived from the previous equations. It has a compli-
cated form as an integration of spin-flip scattering rates over the Fermi surface
and is not explicitly written here. The damping parameter A is simply related
to the damping term by:

r=x,
WMp

The damping parameter A is then derived as:

A= XPFS>

where xp = ;LQB Zp represents the Pauli susceptibility, from the density of states
at the Fermi level Zp. I'g equals the ”uncorrelated” spin-flip rate and relaxation
time in a nonmagnetic band based on Yafet’s calculations:

1 | Dy gl
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6 The Gilbert damping parameter

Arrow brackets, ( ), denote an average over the Fermi surface. v is the elec-
tron velocity and n, is the occupation number for the states with wave vector
q.
The previous equation can be further simplified according to the estimation of
the I'g given by Elliot[73]:

s =~ (69)*/,

where dg is the deviation of the g factor from the free electron value and 7 is
the electron-phonon scattering time.

The final form of the damping parameter A, derived from the previous equations,
depends explicitly on the total density of states at the Fermi level, Zp:

_ (’%BYZFM (6.6)

The damping parameter A\, due to the spin-flip scattering, is inversely propor-
tional to the electron-phonon scattering time 7. Hence, it is expected that A
increases with increasing temperature.

The damping parameters of iron and nickel, based on the previously described
mechanism, is estimated at about 4 -107s™! and 2 - 108s™!, respectively. Hein-
rich and Frait[74] measured damping parameters of nickel and iron films by the
ferromagnetic anti-resonance (FMAR) in microwave transmission experiments:
AFe) =3-10"s7! and A(Ni) = 3 -103s~!. Furthermore with increasing tem-
perature, iron shows an almost linear increase of the damping parameter at
temperatures around 420K, as predicted by Eq. 6.6. Nickel samples, however,
show no temperature dependence of the damping parameter for a wide temper-
ature range from 200K up to 500K, implying that the spin-flip scattering on
phonons is the dominating damping term in iron and a less important factor in
nickel.

6.2.2 s-d current model

Conduction electrons with energies near the Fermi surface carry spin-dependent
transport processes. Localized electrons with energies far below the Fermi level
determine the magnetization dynamics. Magnetization of both conduction and
localized electrons is considered without orbital moments. The damping mech-
anism is based on the electronic scattering of conduction electrons only. Theory
presented in this section is based on [67, 75, 76].

The localization of d electrons leads to localized magnetic moments, which are
now able to polarize conduction electrons. Therefore, both d (My(r,t)) and s
electrons (mg(r,t)) contribute to the magnetization M:

M(r,t) = My(r,t) + mg(r,t) . (6.7)

Fig. 6.1 shows the orientation of both magnetizations for a homogeneous FMR
mode. With no spin-flip scattering of conduction electrons, the d electrons
and s electrons align from the s — d exchange interaction and precess in phase.
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6.2 Theoretical modeling of damping

With spin-flip scattering of conduction electrons, part of the magnetization of
s electrons dmg will be orientated perpendicular to M. The s and d magnetic
moments are then not aligned. This induces an extra torque, perpendicular to
the precessing d magnetization, which tries to align the s magnetization with
the precessing d moments. The conduction s electrons follow the d electrons
with a phase delay. This causes additional damping which increases for larger
spin-flip rates.

without spin-flip scattering with spin-flip scattering

(T, > ®)

z

-

( ‘Edﬁnite )

z

|

Figure 6.1: s — d model of a homogeneous FMR mode: orientations of the magnetizations
of s and d electrons

The Gilbert equation of motion for the magnetic moment of d electrons is a
starting point of this model:

M 1 dM
¢ — (Mg x Heppa) + —de X a—-2

— = T. 6.8

dt M dt + (6:8)
The H,srq is the effective field influencing the d electrons. The second term
describes the direct damping of the d electrons, and the last term represents
an additional torque due to scattering of conduction electrons. The torque T
originates from the non-colinearity of mg and My, and can be expressed as:

T=— Md XMmg , (69)

Tex My
with 7., as the period of precession of mg around M. To calculate the induced
magnetization mg of the s electrons, the continuity equation has to be applied:

omg(r,t)
ot
where & is the expectation value of the spin-current density tensor operator
and I',..; represents the spin relaxation term due to spin-flip scattering. The
four main contributions to the torque T are derived from Eq. 6.8. Two of them
originate from the d electron magnetization variation in time and the other two
come from the spatial variation of M, and the transport current.

+v'%:_T_Frela

Considering these terms, which are not explicitly stated here, Eq. 6.8 can be
simplified to an equation of the Gilbert type:
M, 1 ,dMy

2 (Myx H My xS
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with a renormalized gyromagnetic ratio v and the damping parameter o/. With-
out transport current of electrons, v and o/ are expressed as follows:

v

= 6.10

v T (6.10)
/ a+&n

= . 6.11

@ 147 ( )

The parameters ¢ and 7 are defined as & = 7., /75 and n = m? ((1 + 52)Md)_1.

755 represents the spin-flip time of conduction electrons, and m! represents the
adiabatic part of induced magnetization in conduction electrons, mg. Fig. 6.2

Aol

ex

sf

Figure 6.2: Additional damping in metals versus the spin-flip time of the conduction
electrons

shows the two main regimes of the damping parameter with respect to the
spin-flip scattering time of the conduction electrons. Eq. 6.12 gives the limit
values of the damping parameter for infinitely small and infinitely large spin-flip
scattering times. For lower spin-flip scattering times, the damping parameter
is directly proportional to the spin flip scattering time, 757. For higher spin-
flip scattering times (overcritical damping), a is inversely proportional to 7.
Thus,
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A higher spin flip rate (7., >> 7o, a o« 7,¢) implies, that the transfer of angular
momentum to the lattice will be fast. Further more, the energy dissipation
will be faster and the damping parameter will be larger for a higher spin-flip
relaxation rate.

In the low spin-flip rate regime (7., << 75¢) the origin of damping is the same
as it is in the model for non-local damping by spin currents at the interface
of the ferromagnet and normal metal described by Tserkovnyak et al.[77], (See
Section 6.2.4). The precessing magnetization in the ferromagnetic layer induces
spin current and spins are "pumped” into the normal metal layer. The spin
polarization of the conduction electrons is conserved for a long time and leads
to the conduction electrons damping of the magnetization in the normal metal
layer. In the s — d model, the spins are ”pumped” into their own delocalized
states rather than delocalized states outside the ferromagnet.

If the spin-flip scattering time scales monotonically with the temperature, then
the dependence a(7,¢) can be interpreted as follows: At lower temperatures and
smaller spin-flip relaxation times, the damping parameter is proportional to the
conductivity o. At higher temperatures and larger spin-flip relaxation times, «
is proportional to the resistivity p. Experiments have shown that the temper-
ature dependence of « includes contributions proportional to the conductivity
and resistivity. Experiments on pure nickel samples with FMAR (ferromagnetic
anti-resonance) showed, that the experimentally determined damping parame-
ter fits perfectly with the model composed of two damping contributions[78].
One of them is proportional to the conductivity and dominates at lower tem-
peratures while the other is proportional to the resistivity and dominates at
higher temperatures. The universality of this law could not be confirmed by
measurements in other ferromagnetic materials.

For transition metals the s — d model predicts typical values of the damping
parameter Aa o 107° — 1073s~!. Experimental values are more on the order
of 1072571, The model underestimates the energy dissipation of the precessing
magnetization by neglecting the d electrons contribution to damping and results
in a much smaller Gilbert parameter « than experimentally determined.

The s — d model adequately describes the effect of current transport in a metal.
To describe damping quantitatively, it is applied to metallic systems with 3d
or 4f impurities, but not to transition metals. d electrons scattering then
becomes significant contribution to damping and cannot be neglected. The
Breathing Fermi surface model, in contrast, considers the damping mechanism
from scattering both s and d electrons on equal footing. This is presented in
detail in the following chapter.

6.2.3 The breathing Fermi surface model
Dipolar, Zeeman and spin-orbit interaction energies determine the Fermi surface
of a ferromagnet in an external magnetic field. Fig. 6.3 presents the transforma-

tions of the Fermi surface in an external electric and magnetic field. Changes
in the magnetization direction during the precession of magnetization or prop-
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Figure 6.3: Deformations of Fermi surface in an external electric and magnetic field

agation of spin waves cause deformations of the Fermi surface from spin-orbit
interaction[79]. The electrons near the Fermi surface try to repopulate the
changing Fermi sea by scattering. The energy redistribution of scattered elec-
trons introduces damping. The model does not identify the microscopic mech-
anisms of the spin energy dissipation. This is incorporated by the phenomeno-
logical electron relaxation times.

Kambersky introduced this new approach to the theory of magnetic damping
in the 1970s[70]. It includes energy estimations based on Clogston’s ”valence-
exchange” semiclassical method in ferrites. Fahnle and his coworkers further
improved the model by introducing the ab initio density-functional electron
theory with a single electron description[67, 80]. Results of their work are
presented below.

In effective single-particle theory, the electron in a band with the index j and a
wavevector k is described by a spinor wavefunction W;z. The orbital momen-
tum in metals is mostly quenched by molecular fields. The spin magnetization
density at point r and time ¢ is:

ms(r,t):—g'uTB 3 ()W (7, 05 U (1, 1), (6.12)

where nji is the occupation number for the electronic state, jk, 0sy /2 is the
spin operator and Wi, is the corresponding spin component of the spinor W .

The band structure energy is the sum of the single electron energies €y,

Enana(t) = > mnt) (Win() | H| win(t) ) = >~ ngn(t)en0)
ik ik

where H represents the effective single-particle Hamiltonian in the density-
functional theory.

The adiabatic approximation is introduced here. The time dependent wave-
function W x,(r, %) is not a solution to the time dependent wave equation, but a
solution to the time independent wave equation for the effective potential which
depends on the momentary directions of the atomic magnetic moments {e;(¢)}.
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Therefore, the wavefunction, single electron energies and occupation numbers
also depend on the orientation of the atomic magnetic moments:

Vie(r,t) = Yp(r,{eit)})
ek(t) = €rl{ei(t)}]

nik(t) = flegr({ei®)})) = fir) -

fjk are the Fermi-Dirac equilibrium occupation numbers, appropriate for the
Fermi energy er [{e;(t)}] and the corresponding Fermi surface.

€jk depends on {e;} because of spin-orbit coupling, even for a homogeneous
magnetization. Small changes of {e;} in time induce variations in Uik, €k and
er and the Fermi surface itself. This small modification of the Fermi surface
from the direction change of the atomic magnetic moments give meaning to the
breathing Fermi Surface model.

Changes in the shape of the Fermi surface cause electron scattering, in which
electrons try to repopulate the Fermi sea. These scattering processes provoke
temporal change in the occupation numbers. In a strictly adiabatic approx-
imation, n;i is equivalent to the equilibrium Fermi-Dirac distribution at all
times. The Breathing Fermi surface model allows nji to follow fj with the
characteristic relaxation time 7 for the corresponding electronic state jk:

dnell) _ ) — el (6.13)

In this slightly non-adiabatic situation, for very small relaxation times 7; ( in
comparison with the time needed for the changes of the momentary directions
e; ), the previous relaxation ansatz can be simplified to

df jk(t)
dt

nik(t) = fir(t) — Tk

In the strictly adiabatic approximation, the equation of motion is:

dM
— = —’yM X Heff s (6.14)
dt
with an adiabatic effective field
1 6F
H.rf=——  —. 1
T M e (6.15)

There is no energy dissipation in this regime. In the slightly nonadiabatic
situation, the following assumption is valid:

1 6Fys

M (567; ’

Hepp = -
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where Fy;; denotes the dissipative free-energy magnetization functional. Fahnle
constructed this in analogy to the band energy functional by including Eq.6.13:

Hepp = o5 ety 28 €0)

j?k

The effective magnetic field can be divided into the anisotropy field, which gives
non-dissipative precession, and the damping field, which determines the energy
dissipation processes.

Heff = Hani+Hdamp

1 8€'k(€)
Hani = _—ijk: 2
yM o de
1 dM
H am, Y AT
damp MY

The damping matrix « is defined as

1 afjk ank ank
_ . IR 7 Ik 6.16
Hm = TN %: % e ey Dem (6.16)

The expression is similar to Drude’s conductivity tensor o,
Of i O€ip O€;,
2 jk 9€jk O€;

=— ; —= 6.17
Tlm =70 %: "% D¢ i1 Oy Ok (6.17)

The relaxation time 7, for processes at the Fermi surface should be independent
of state jk, 7j, = 7. The main temperature dependence of both a and o
comes from the temperature dependence of 7. The relaxation time 7 can be
determined from the corresponding conductivity measurements. For metals
it decreases roughly with 7?2 as temperature decreases to a limit determined
by the residual resistivity. Experimentally, the temperature dependence of «
implies that damping has contributions proportional to the conductivity and
resistivity[78].

The main difference between the Kambersky and Fahnle model is in how the
damping matrix « is calculated. Kambersky divided contributions to damping
into those from the degenerate and non-degenerate bands. For nearly degen-
erate states, only states of the "hole-pockets” on the Fermi surface are consid-
ered. The contribution from the large non-degenerate bands is estimated from
the spin-orbital perturbation energy. The damping parameter in Kambersky’s

model is then
~

T aM

where Zr denotes the density of states at the Fermi level and A\gp is the spin-
orbit coupling constant.

a ZpXio(g — 2)%, (6.18)
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Féahnle further developed the model by including the damping matrix « in the
equation of motion Eq. 6.14. The new equation of motion is of the Gilbert
type for homogeneous magnetization. Only the damping scalar « is replaced
by damping matrix c.

dM 1 dM

T —YM x Hgp; + MM X (a- e > . (6.19)
The damping matrix depends on the orientation of the magnetization. For
magnetization oriented along z-direction, it has the following form:

a® ab 0
a=| a b 0 | . (6.20)
0 0 O

In general, the magnetization change vector dM /dt is not parallel to the damp-
ing field H4,,,. The Gilbert equation derives from Eq. 6.19 for the special case
when dM /dt corresponds to the eigenvectors of the damping matrix a. The
Gilbert damping parameter « is then represented by the eigenvalues aj2 of
the damping matrix a. When magnetization is aligned parallel to a threefold
or fourfold symmetry axis, Eq. 6.19 again reduces to the Gilbert equation. In
bulk samples the damping matrix already has two different eigenvalues. For
systems with reduced dimensionality the difference between a1 and as is even
more pronounced. In monatomic layers and wires, damping parameters can
even be zero for one specific magnetization orientation. Fig. 6.4 presents the
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Figure 6.4: Breathing Fermi surface model: two eigen values of « for nickel for a) bulk
sample and b) monatomic layer[80].

two damping matrix eigenvalues in bulk nickel sample and nickel monolayer.

This method might offer a new approach to optimize trajectories of precessing
magnetization in nanostructered devices in future spintronics.
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The damping is mainly assumed to be dependent on the magnetic anisotropy:
the larger the damping parameter, the larger the magnetic anisotropy. The
breathing Fermi surface model implies that there is no simple relation between
damping and anisotropy fields. The anisotropy is linearly dependent on the
derivatives Oejr/Oe, which effectively compensate for each other in the sum
in Eq. 6.16. On the other hand, by calculating diagonal components of the
damping matrix a, those derivatives contribute quadratically to the sum in
Eq. 6.16, which tangles the simple relation between o and H ;.

Fahnle also included the contribution of orbital moments to the magnetization
in the breathing Fermi surface model. The details can be found in [80].

Only the scattering of electrons near the Fermi surface is considered within this
model, which means that only intraband scattering contributes to the damping.
Relaxation of hot electrons, which are optically excited in much higher energy
bands, dominate the demagnetization process in femtosecond pump-probe ex-
periments. The near adiabatic regime, assumed in the breathing Fermi surface
model, cannot be applied in this case. Therefore, this model can be applied only
on the sub-ns timescale of magnetization dynamics in pump-probe experiments.

6.2.4 Non-local damping

Only local damping mechanisms are considered in the previous models, in which
magnetization energy dissipates within the electron and phonon system of the
ferromagnet itself. This chapter presents the theory of the non-local damping.
Magnetic energy dissipates from the ferromagnetic to the neighboring nonmag-
netic layer. The magnetization torque in the ferromagnet causes emission of a
spin current at the interface with the normal metal. These spins transfer angu-
lar momentum to the normal metal layer and enhance the damping parameter.
The transport theory approach is applied to characterize this damping enhance-
ment for different multilayer structures|[77, 81-84].

N F N
I pump
—_
eff Isb&ck
-]
L d L

Figure 6.5: Non-local damping in trilayer N/F/N: N denotes normal metal layers with
electrochemical potential u. F denotes ferromagnetic layer with precessing magnetization m
and with thickness d

The dissipation term is based on spin dependent scattering at the interface
between the ferromagnet and the normal metal layer. It is derived for the
model structure N/F/N; in which the ferromagnetic layer is embedded into
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6.2 Theoretical modeling of damping

the normal metal medium. Spin pumping to the nonmagnetic layer is then

characterized based on the properties of the ferromagnet, F, and normal metal,
N.

The Gilbert equation of motion for the magnetic unit vector m = M /M, in
which the non-local dissipation processes are neglected, is:

om = —yom X Hepp +agm x Oym | (6.21)
with an effective magnetic field H.yy derived from the free energy F
Heff == —amF(m)

and a damping constant «g. Fig. 6.5 shows a trilayer, N/F/N. F denotes the
ferromagnetic layer of thickness d while N denotes the normal metal layer of
thickness L. 6 is the azimuthal magnetization angle. The energy change due
to the scattering at the N/F interface is:

1 e

E(L,6) = 3 e% In det s(L, 6, ¢€)de ,

where s denotes the scattering matrix of the trilayer N/F/N. The summation
is over all energies up to the Fermi energy ep.

The precession of the magnetization in the ferromagnet induces an exchange
torque 7, which acts on the spins. 7 is responsible for the angular momentum
transfer by electron spins from the ferromagnet into the normal metal. In
non-equilibrium situations, it is the derivative of the energy change over the
magnetization precession angle 6:

0
T = —@E (L,0) .

The conservation of angular momentum demands that 7 corresponds to the
spin injection current Is. Slonczewski[85] incorporates the spin-current effect
on the magnetization dynamics using the additional term in the equation of
motion:

Oom = —yym x Hepp +agm x Oym + 0 I, . (6.22)

MV

V' denotes the volume and M; is the saturation magnetization of a ferromagnet.

The spin-dependent scattering for electrons from the normal metal layers at the
interface is described by scattering matrix, s:

r(r’) and t(t') denote the reflection and transmission matrices of the right(left)
normal metal layer. The matrix elements r7 , and t7 , are the reflection and
transmission amplitudes for spin-resolved incoming n and outgoing n’ states
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6 The Gilbert damping parameter

at energy e and spin orientation o. The scattering matrix depends on the
magnetization direction m over the projection matrices @' and @'

al) = %(&oi&-m)

§nn’,ll’ - Sj"m’,ll’ ’aT + S}wn’,ll’ ’al .
0 is the 2x2 unit matrix and 6 = (6,,6,,6.) is the Pauli matrices vector.
The conductance parameters are grouped into two pairs of 2x2 matrices, g and

t, defined by:

¢ = Z [(5m/ — T (7’5%)1 (6.23)

nn'
o7 = N g, (tg'n,) : (6.24)
nn'

where the summation over n’ denotes all channels in the right normal metal
layer while the summation over n denotes all channels in the right lead in
Eq. 6.23 and left lead in Eq. 6.24. All scattering coefficients and corresponding
conductance parameters are evaluated at ep.

In general, the mixing conductance coefficients, ¢'* and ¢!, are the complex

quantities with real part gil, tll, and with imaginary part g; l, tgl:
gt = glt+igl
th = b il

The precession of magnetization in the ferromagnet triggers emission of spin
currents Iy into the normal metal layer. Total current consists of the DC
current I, current due to imported spins from the ferromagnet IF*™", and
current returned back to the ferromagnet I2%:

I, =10 + Pvmp 4 pback (6.25)

For the case without net current flow through the structure the DC contribution
in Eq. 6.25 can be neglected. The current at the interface with right normal
metal resulting from spins injected from the ferromagnet is:

h dm dm
pump _ 11 Ml
ITR" = gy (Ar mx + A o > , (6.26)

where A'l denotes the spin pumping coefficient
A= Alb 4iAlh = Tt — 411 (6.27)

If the magnetization is constant over time, e.g. dm/dt = 0, there is no spin
current emission. The spin pumping strength is determined from the A™ coef-
ficient. It comprises contributions from reflected electrons from the right metal
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6.2 Theoretical modeling of damping

layer and transmitted electrons from the left metal layer. For ferromagnetic
layers thicker than the spin coherence length A,

™

d > Ne = ———r
Ko = ki

(6.28)

where k},(k}w) represents the spin-dependent Fermi wave vectors. The conduc-
tance coefficient from transmitted electrons ¢t can be neglected. For transition
metals the coherence length is on the order of the lattice constant, a few A.
Therefore, the condition in Eq. 6.28 is fulfilled for all experiments in magne-
tization dynamics. The spin pumping coefficient A! is equivalent to the DC
conductance parameter ¢g''. As shown in [86], the imaginary part giT b of the
conductance parameter is much smaller than the real part gli for realistic F/N

interfaces. Therefore,
A gl glt

To simplify future analysis, one of the normal metal layers can be fully neglected
leaving only one F/N interface for consideration.

The spins, which are pumped out from the ferromagnet, can accumulate at the
F /N interface or relax though spin-flip scattering. The current that is returned
back to the ferromagnet I%®* is governed by the spin accumulation at the
interface and depends on the properties of the normal metal layer. Implicitly
it is:

1% = — pgl I, (6.29)
with the ”backflow” factor 3 defined by

Tsf0sa/h

B = GonL o)

Asq is the spin-flip diffusion length and d,; denotes the effective energy-level
spacing of the states that participate in the spin-flip scattering.

The derived results for spin current I, are incorporated into the equation of
motion Eq. 6.22. Thus, the precessing magnetization m in the trilayer N/F/N
obeys:

Yoh gt
Om = —yom x Hepp + a0+47rMsV 1+ﬁgli m x gym . (6.30)

The additional damping term originates from the energy dissipation due to
non-local damping processes at the N/F interface and depends directly on the
mixing interface conductance gil. The real part of the mixing conductance is

expressed as:
1
Tz
T 9 Z

nn’

2

)

7 d

Tt — Toan

/

and is always positive. Therefore the damping is enhanced through spin current
emission by

Tl

'.)/Oh Jr
Aa = . 31
! MV 13 gl (6.31)
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6 The Gilbert damping parameter

The non-local damping strength is defined by gli and the factor 5. The largest
damping enhancement is observed when 3 — 0, which means, that there is no
back scattered spin current or that it can be neglected. When I%*“* becomes
significant, A« reduces from the maximum value. In the other extreme when
g>>1/ g'! there is no damping enhancement at all. The spin current, which
is pumped to the normal metal layer, is then completely returned back to the
ferromagnet.

For most metals with a low impurity concentration, the factor § can be esti-

mated as: .
B = <2ﬂNch\/§tanh(L/Asd)> s

where N, denotes the number of transverse channels in the normal metal and
€ is the spin-flip probability at each scattering. N, in the first approximation
is estimated from the conductance parameter gli ~ N.,. The enhancement of
the damping parameter is then

~1
__wh oy ¢
Aa = MY gy <1 +7T\/;tanh(L/)\sd)> . (6.32)

The maximal A« is found for normal metal layers with a high spin-flip prob-
ability and film thickness of at least double the spin-diffusion length. Normal
metal layers with those features represent ideal spin sinks. The spin-flip relax-
ation rate is then high enough to overcome spin accumulation at the interface
with the normal metal. The rough estimation of the spin-flip relaxation time
Tsf is

1 4
— x Z",
Tsf
where Z represents the atomic number. The heavier materials, with Z > 50 and
p or d electrons in the conduction band, have a spin-flip probability € >1071,
making them ideal spin sinks. Therefore, large damping parameter enhance-
ment is expected for N/F films in which the normal metal layer is Pd or Pt. In
contrast, for light materials such as Al and Cu and heavier metals with only s
electrons in the conduction band such as Ag, Au or Ta, the spin-flip probability
is considerably smaller, e <1072, making them less effective spin sinks. To re-
duce the spin accumulation at the N/F interface, the thickness L of the normal
metal layer should be a couple of times higher than Azq. Due to the saturating
behavior for the tanh(x) function for x > 3, further enhancement of A« from
increasing the L, is sparing.

On the other hand, Eq. 6.32 implicates that the ferromagnetic layer must be
kept small in volume to observe additional damping from spin current emission.
This is not completely true. The spin current is pumped through the entire cross
section of the F/N interface, so the spin-current induced damping cannot be
dependent on this quantity. The spin pumping coefficient A should be replaced
by the more appropriate normalized interface conductance parameter G, which
is normalized to the cross section S of the F/N interface,

ATl
(R
¢ S’
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in units of Q 1m~2.

sink, is then

The enhanced damping parameter « for the ideal spin

h
a = oo+ Ao = o + ZMT%TSCZ Gll . (633)
A thinner ferromagnetic layer should lead to a higher Aa:.
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Figure 6.6: Damping parameter for the Pt/Py/Pt, Pd/Py/Pd, Ta/Py/Ta and Cu/Py/Cu
trilayers, in which the thickness of the Py layer is varied from 2nm to 10nm, and the thickness
of the Pd, Pt, Ta and Cu layer is 5nm[77].

FMR experiments carried out by Mizukami et al. revealed increased damping
of trilayers with thin permalloy and different normal metals layers, such as
platinum, palladium, titanium and copper[21]. Enhancement of the damping
parameter was inversely proportional to the thickness of the ferromagnetic layer.
Tserkovnyak et al.[77] estimate the change of the damping parameter due to
the emission of spin currents as follows: assuming gll is the conductance of the
isotropic normal metal layer,

L
ald) =k 7

f(d)
fo and f(d) are the atomic magnetization of the permalloy bulk and of the
permalloy films with thickness d, expressed in A. k is an adjustable parameter
representing the number of scattering channels in units of one channel per
interface atom, x o 1. Experimental data of Mizukami fitts well with the
suggested model shown in Fig. 6.6. Experimental data is presented for the
trilayers Pd/Py/Pd, Pt/Py/Pt, Ta/Py/Ta and Cu/Py/Cu. The thickness of
the normal metal layer is bnm for each sample, while permalloy varies from
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6 The Gilbert damping parameter

2nm to 10nm. Fitting determines  to be 1.0, 0.6 and 0.1 for Pt, Pd and
Ta, respectively. The spin pumping effect agrees with the increased spin-flip
relaxation rate for metals with higher atomic numbers. For a trilayer with
Cu, the damping parameter is independent of permalloy layer thickness. Due
to large spin-flip relaxation time for a light material such as Cu, 5nm is not
enough to prevent spin accumulation at the interface with Py, so no significant
increase of damping is observed.

The non-local damping theory, based on spin-dependent scattering at the N/F
interface, also predicts change in gyromagnetic ratio vy from spin current emis-
sion. In an ideal spin sink the change of gyromagnetic ratio is:

Y _ hyo 11
Tl YA (6.34)

The imaginary part of the conductance parameter GiTl ~ (0.01 — 0.06) -10'°-
Q~!'m~2 is significantly smaller then the real part G} and makes up only 2—8%
of the real part G} for a clean and smooth F/N interface[86]. The interface
disorder enhances the mixing conductance mainly through the increase of GiTl
by a factor of 3. A change in precession frequency from spin current emission
is not yet observed.

When the gyromagnetic ratio change cannot be neglected, the enhancement of
the damping parameter A« is described with the following expression for an
ideal spin sink:

Y0

h
a—:a0+Aa:a0—|—7% GV .
Y

ArMyd 7 (6.35)

6.3 Experimental approach

The all-optical pump-probe experiments give unique insight into the timescales
of the magnetization relaxation processes. The characteristic times for the
energy dissipation of the magnetization torque, and thus the damping itself are
directly observed. This is a powerful tool to investigate damping processes in
thin layers.

This work aims to investigate damping enhancement through spin current emis-
sion. A double layer F/N structure using nickel as the ferromagnetic layer is
investigated. Due to the highest intrinsic damping of the transition metals,
which could screen the non-local damping, only few experiments are performed
on the nickel samples. The permalloy and iron films are mainly investigated by
FMR or BLS.

The theory of the non-local damping, Eq. 6.32, predicts that the following
properties determine the damping parameter enhancement:

1. the F/N interface conductance,
2. the thickness of the ferromagnetic layer,

3. the spin-flip relaxation rate and the thickness of the normal metal layer.
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These properties cannot be considered independent from each other. The spin-
flip relaxation rate and the majority of the conductance at the nickel interface
are determined by the choice of the normal metal. Non-local damping origi-
nates from the scattering at the N/F interface. Thence, matching the crystalline
structures and the growth qualities of both layers strongly influence previous
parameters. Following chapter presents additional damping dependence on the
roughness of the F/N interface and number of defects in the layers, by investi-
gating double layers with different metals Pd, Al, Cr, Cu, Ag, Ti, Dy.

All experiments in this work are done on thin continuous films without any
structuring. To enable relatively comparison of the spin sinks efficiency, the
thickness of the normal metal layer is held constant at 5nm. It is estimated
that this is thickness enough for heavier materials to become ideal spin sinks.
For lighter materials, 5nm is insufficient to cause the same effect. The thickness
of the ferromagnetic layer should be small enough to avoid energy dissipation
in the ferromagnet itself. For a thicker ferromagnet, the non-local contribution
to the damping hides behind the intrinsic damping constant, even for the ideal
spin sink. The main objective of this work is to systematically investigate the
non-local damping enhancement by varying ferromagnet thickness from 50nm
to 2nm.

To make systematic and comparative measurements, the experiments are car-
ried out as follows: The samples are measured in longitudinal configuration,
keeping the orientation of the external field constant. The pump fluence is kept
constant for different samples. Special attention is paid to compare the damping
for the exactly same precession mode in samples with different ferromagnetic
layer thicknesses.

The following sections details the magnetization relaxation processes in de-
pendence on ferromagnetic layer thickness. An excitation mechanism in an
all-optical pump-probe approach is the energy transfer from the pump beam to
the electron system, which disturbs the magnetic order of the sample. For sam-
ples thinner than the optical penetration depth, a significant difference in the
deposited energy is observed depending on sample thickness. The same pump
fluence disturbs more the magnetic order in the thinner samples. The following
presents the change of the demagnetization rate in dependence on the sample
thickness. Thereafter, the magnetization relaxation for samples with different
thickness is compared.

6.3.1 Variation of the demagnetization rate

The energy of the pump pulse is distributed within the ferromagnet according
to the thermal profile defined by the optical penetration depth, A,,;. The rate
of the sample demagnetization induced by the pump pulse depends on the
ferromagnetic sample thickness. Comparison of the hysteresis loops made with
and without pump beam, at the maximum of the demagnetization peak, allows
estimating the demagnetization rate in our experiments. Fig. 6.7 shows the
hysteresis loops for Si(100)/5nmCr/xnmNi/2nmCu samples with varied nickel
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layer thicknesses. The measurements are normalized so that the magnetization
of the non-perturbed system is equal to one. The coercive field H,. increases by
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Figure 6.7: Hysteresis loops without (black line) and with (red line) pump pulse for
Si(100)/5nmCr/xNi/2nmCu samples, at the maximum of the demagnetization peak. Pump
fluence Fyump = 50mJ/cm?, external field H is oriented 35° out-of-plane.

reducing the nickel layer thickness. pgH. <10mT for a 30nm thin nickel sample
and poH, = 40mT for a 5nm thin sample. This increase mainly originates from
the growth induced defects in the nickel layer, which are significantly reduced
in thicker samples. By applying the pump pulse, both saturation magnetization
and the coercive field change significantly. Fig. 6.8 plots the demagnetization
rate, extracted from the hysteresis measurements, versus the thickness of the
nickel layer. The pump fluence of Fpypmp = 50mJ/ cm? causes demagnetization
of 20% for nickel samples thicker than 30nm. Reducing the thickness of the
ferromagnetic nickel layer increases the demagnetization rate to 80% in a 5nm
nickel sample. The higher demagnetization rate for thinner samples is expected
from the corresponding increase in electron and spin temperature. Thermally
induced decrease of anisotropy significantly reduces the coercive field under the
pump pulse for measured samples.

The laser induced demagnetization of the ferromagnetic sample is a rather com-
plicated process which cannot be characterized with one parameter such as
the demagnetization rate. Therefore, measurements carried out in this work
are made under identical excitation conditions i.e. external magnetic field and
pump fluence. The magnetic relaxation for the various samples is then analyzed
to compare dynamic magnetic variables of special interest.
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Figure 6.8: Demagnetization rate for Si(100)/5nmCr/xnmNi/2nmCu samples plotted ver-
sus thickness of the nickel layer. The line is a guide for the eyes.

6.3.2 Different magnetization relaxation channels

Fig. 6.9 shows the TRMOKE spectra of a Si(100)/1-60nmNi/5nmDy/2nmAl
wedge sample for different nickel layer thicknesses. The pump fluence is held
constant at 50mJ/cm? with constant external field pgH = —150mT oriented
w(H) = 30° out-of-plane. The Kerr signal changes significantly depending on
ferromagnetic layer thickness, so the analyzer angle is optimized for 10nm nickel
layer and held constant for all other measurements. To eliminate the reflectivity
contribution, measurements are taken at pugH =-150mT and pgH =150mT and
the asymmetric magnetic signal is extracted.

The magnetization relaxation comprises the coherent precession and incoherent
magnon background. Depending on the thickness of the ferromagnetic layer,
one of those two channels dominates the TRMOKE spectra. For ferromagnetic
layers thinner than 6nm, the short wave magnons that incoherently contribute
to the spectra are the main relaxation mechanism. The exponential character of
the incoherent background indicates the highly perturbed magnetization state.
By increasing the thickness of the nickel layer, the exponential character of
the incoherent magnon background disappears, similarly its behavior to exper-
iments with a varying pump fluence on the 50nm nickel sample. However, the
emission of short wave magnons is still the dominant relaxation process. The
maximum demagnetization peak occurs in the 7nm thin nickel sample. The
largest incoherent magnon background is in the 13nm nickel sample. Further in-
creasing nickel layer thickness reduces both the incoherent magnon background
and the precession amplitude. As discussed in the previous chapter, the Kittel
k = 0 mode dominates the precession of magnetization for samples thinner than
the optical penetration depth \,,;. The perpendicular standing spin-wave mode
contributes the relaxation spectra for thicker samples. For samples thicker than
40nm there is no significant change in the relaxation pattern other than slightly
different oscillations attributed to the standing spin wave.
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Figure 6.9: Time resolved spectra for different nickel layer thicknesses, on the Si(100)/1-
60nmNi/5nmDy/2nmAl wedge sample. External field puoH =-150mT is oriented 30° out-of-
plane.

In all-optical pump-probe experiments, it is impossible to extract one magneti-
zation relaxation process by which the perturbed ferromagnetic systems relax
to equilibrium. Depending on the sample properties, the thermally induced
anisotropy field pulse causes magnetization relaxation through various mecha-
nisms. The incoherent magnon background can be extracted to observe clear
oscillation pattern of the coherent magnetization rotation, from which the rele-
vant magnetic parameters can be derived. Details of magnetization relaxation
upon laser excitation have been discussed in the Chapter 5.

6.4 Extrinsic damping for F/N samples

As a preliminary experiment to the investigation of the thickness dependent
non-local damping, the damping parameter for F/N double layers is investi-
gated. Previously described theories modeled damping in a perfect crystal.
The experimentally determined values are higher than theoretical predictions
even for the pure samples, which implies that the calculations do not include
all contributions to the damping. For the F/N structure with polycrystalline
thin layers of different optical and thermal properties, experiment is the only
way to estimate the relevant contributions to the damping.

The 10nm ferromagnetic layer of nickel is held constant, and 5nm normal metal
layer is varied for the following materials: aluminum, copper, palladium, silver
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Figure 6.10: TR MOKE spectra for Si (100)/10nmNi/5nmX double layers, where X = Pd,
Ag, Al, Cu, Dy. The measurements are made with poH = —150mT, ¢(H) = 35° out-of-plane
and Fpump = 4OmJ/cm2.

and dysprosium. The experimental conditions were the same for all measure-
ments: The external magnetic field was pgH = —150mT, oriented p(H) = 35°
out-of-plane with pump fluence of Fjymp =40mJ/ cm?.

The spectra presented in Fig. 6.10 show a clear difference in precession ampli-
tude and incoherent magnetic background. This implies that the nickel layer
perceives different strengths of the anisotropy pulse for each sample. The small-
est precession amplitude occurs in the Si/Ni/Pd double layer and the largest
in the Si/Ni/Dy. The large magnon backgrounds dysprosium and aluminum
show that incoherent processes are an important channel for the magnetization
relaxation for those samples.

Fig. 6.11 plots the precession frequencies of the double layers versus external
magnetic field. The frequencies of the Kittel £ = 0 mode for all samples are
in the same range, of 6GHz to 8.5GHz for applied magnetic fields. The small
equidistant changes are observed, from slightly different crystalline anisotropies
from sample growth.

Fig. 6.12 shows the damping constant of the double layers for different values
of external magnetic field. The damping parameter for the double layer ranges
from 0.039(3) for the Si/Ni/Ag sample, up to 0.067(3) for the Si/Ni/Dy sample.
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Figure 6.11: Frequency spectrum of basic mode for Si(100)/10nmNi/5nmX double layers,
where X= Pd, Ag, Al, Cu, Dy. The lines are fits with the Kittel formel.

The Si/Ni/Al sample has «=0.041(2) while Si/Ni/Pd and Si/Ni/Cu samples
have similar damping parameter 0.048(4). The highest damping is expected in
double layers with dysprosium due to strong spin-orbit coupling for such a heavy
material and additional damping by 4f electrons. The relatively small damping
for the double layers with aluminum, copper and silver results from electronic
configurations with only one s electron in the valence band. Surprisingly, the
damping by silver is the smallest even though it is the heaviest metal of the
three with a completely filled 4d orbital. The damping by the palladium layer
should be higher for such a strong spin sink.

The measured distribution of the damping parameters for double layers with
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Figure 6.12: Damping parameter for Si(100)/10nmNi/5nmX double layers, where
X=Pd, Ag, Al, Cu, Dy.
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Al, Cu, Pd, Ag and Dy results not only from different spin-relaxation rates,
but also from interface roughness between the nickel and normal metal layer.
A similar effect is observed in thin permalloy films[87, 88]. Therefore, it is
classified as extrinsic damping, which is more suitable for these F/N samples
even though it mainly originates from the additional scattering sources at the
N/F interface. To observe non-local damping by emission of spin current, the
thickness of the nickel layer should be reduced to less than 10nm.

6.4.1 Influence of roughness

This section investigates two samples with identical ferromagnetic and normal
metal layers: Si(100)/10nmNi/5nmAl and Si(100)/5nmAl/10nmNi/2nmCu, with
the deposition order of nickel and aluminum layer switched. The samples are
examined using X-ray diffraction and both static and dynamic magnetic mea-
surements to determine the influence of the different growth conditions and
interface roughness on the relevant magnetic parameters such as v and «. The
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Figure 6.13: Low angle XRD measurements for Si(100)/5nmAl/10nmNi/2nmCu and
Si(100)/10nmNi/5nmAl samples.

growth and interface qualities depend on matching materials crystalline prop-
erties. Both aluminum and nickel grow as face centered cubic crystals with
lattice constants of 4.05Aand 3.52A, respectively. The lattice mismatch is 13%
percent for nickel grown on aluminum and -15% for aluminum grown on nickel.
The samples are characterized by low angle X-ray diffraction measurements.
Fig. 6.13 plots the scattered X-ray intensity versus incident angle 6. The rough-
ness of the Si/Ni/Al sample is estimated to be 3-4A. The thickness oscillations
for Si/Al/Ni/Cu sample are insufficient to determine the interface roughness.
Nevertheless, X-ray intensity decay at higher scattering angles mirrors the in-
creased roughness at the interface. One can conclude albeit only qualitatively,
that the sample with nickel grown on aluminum has a much rougher interface
and therefore more growth defects than the sample in witch the nickel is grown
directly on to the silicon substrate.
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Fig. 6.14 shows the hysteresis measurements of both samples. The coercive
field strength is extracted for poH.=4mT in Si/Al/Ni/Cu and poH.=8mT in
Si/Ni/Al The higher coercive field results from increased interface roughness in
the last sample, already implicated by the low angle X-ray measurements. In-
terface roughness between nickel and aluminum layers causes an inhomogeneous
surface anisotropy field, which can locally rearrange the magnetic moments at
the interface and within the nickel layer. Thus a higher external field must be
applied to achieve ferromagnetic alignment of nickel magnetic moments. The
strength of the observed increase in the coercive field results from the pro-

nounced interface effect in thin samples.
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Figure 6.14: Hysteresis loops for  Si(100)/5nmAl/10nmNi/2nmCu  and
Si(100)/10nmNi/5nmAl samples. The external magnetic field is oriented 30° out-of-

plane.

Fig. 6.15 shows the Time Resolved MOKE spectra with identical experimen-

tal conditions for both samples: poH = —150mT, o(H) = 35° out-of-plane

and Fpymp=40mJ/ cm?. The magnetization precession for the 10nm nickel layer

is totally different for both samples. The main precession mode frequency

19=6.7GHz for the Si/Al/Ni/Cu sample is smaller that of 1p=8.6GHz for the
Si/Ni/Al sample. The effective magnetic field, composed of the Zeeman, de-
magnetization and volume crystalline anisotropy term, governs the spins and
determines the precession frequency. The variations in the volume anisotropy
term from nickel layer growth defects for both samples cannot lead to such a
large change in the precession frequencies. Therefore the frequency decrease
in the Si/Ni/Al/Cu sample is attributed to the additional surface anisotropy
field, which reduces the effective field with respect to the Si/Al/Ni/Cu sample.
The temperature increase from the intensive laser pulse influences the surface
anisotropy more than the volume anisotropy, which leads also to higher preces-
sion amplitude in the Si/Al/Ni/Cu sample, compared to the amplitude of the

demagnetization peak.
The time resolved measurements show that the amplitude of the precessing mag-
netization for the same sample decays faster than it does in the Si/Ni/Al sam-
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6.4 Extrinsic damping for F/N samples
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Figure 6.15: TR MOKE spectra for Si(100)/5nmAl/10nmNi/2nmCu  and

Si(100)/10nmNi/5nmAl  samples at poH=-150mT, ¢(H)=35° out-of-plane and
Fpump:40mJ/cm2. Spectra are normalized to the same precession amplitude for the
comparison.

ple. The characteristic exponential decay time of 7,=185ps for the Si/Al/Ni/Cu
and 7,=300ps for Si/Ni/Al sample is observed. Eq.2.56 determines the corre-
sponding damping parameters a=0.110(2) and a=0.044(2). It is noted that the
energy dissipation described by the Gilbert damping parameter « refers to the
energy dissipated in one precession period. An 26% increase in precession fre-
quency alone would decrease the 7, from 300ps to 238ps, hold « constant. The
primary difference between damping parameters can then be attributed to both
the precession frequency difference and characteristic decay time difference due
to magnetic scattering at defects.

The main precession mode, which governs the magnetization relaxation upon
the laser excitation, loses homogeneity due to the defects in the nickel layer
caused by the roughness at the aluminum interface. It scatters into non-uniform
modes, which carry away part of the magnetization torque energy and cause the
additional damping. This mechanism is already proposed in [63], in which the
authors attributed damping enhancement to two-magnon scattering mechanism
for GaAs(001)/Fe/Pd/Au/Fe(001)/Au samples with a self-assembled network
of misfit dislocations. The angular distribution of the damping parameter de-
pending on the external magnetic field, as observed in the experiment, agrees
with the two-magnon scattering theory of Mills[64]. The theory predicts that
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6 The Gilbert damping parameter

there would be no non-uniform modes available for angles larger than 7/4,
which leads to the minimal damping parameter if the external field is perpen-
dicular to the saturation magnetization. The presence of non-uniform modes is
allowed in our experimental configuration, but an enhancement of the number
of defects in the nickel layer, on which the homogeneous mode can be scattered,
reduces the exponential decay time 7.

The roughness of the Ni/Al interface and resulting nickel layer defects for the
Si/Al/Ni/Cu sample enhance the coercive field H. by a factor of two, sig-
nificantly reduce the precession frequency and enormly enhance the damping
parameter to a=0.110.

6.5 Non-local damping

This section presents in detail the experimental results of the non-local damp-
ing by spin currents emission on the ferromagnet/normal metal interface. The
dynamic spin current excited by a precessing moment result from static spin
polarization at the interface following a dynamic movement of a collective mag-
netic excitation. By introducing spin scattering within the non magnetic layer
on a characteristic decay length, the layer acts as a spin-current sink. For each
precession the pumping of a spin current results in a corresponding loss of mag-
netization and damps the precession of the magnetic moment. Double layers
with nickel as the ferromagnet and various spin sinks are made for that purpose.

The effective emission of spin current through a ferromagnet/normal metal in-
terface strongly depends on the thicknesses of both the ferromagnet and the
normal metal layers. The thickness of the ferromagnetic layer has to be small
enough to avoid the extrinsic damping already present in the ferromagnetic
layer itself. On the other hand, the ferromagnetic layer has to have a magnetic
order, so the smallest thickness is determined by the coherence spin length,
which is, on the order of the lattice constant in a ferromagnet. This work inves-
tigates ferromagnetic layers with thicknesses from Inm to 60nm. The thickness
of the normal metal is determined by the spin flip scattering length and spin
accumulation at the ferromagnet interface. An ideal spin sink, as presented
in Chapter 6.2.4, is characterized by the total absorption of the spin current
transmitted through the interface. To avoid spin accumulation at the FM/NM
interface, the spins, pumped from the ferromagnetic layer have to diffuse rel-
atively fast into the normal metal. The interface conductance and spin-flip
time are the main parameters in determining the thickness of the normal metal
layer. Within this work a constant spin sink thickness of 5nm is investigated.
The rough estimation implies that the characteristic scattering length in heavy
materials, such as Cr, Pd, Ag, Au, Dy, is ~1-2nm. Therefore, a 5nm thick
normal metal layer is enough to observe spin dissipation. On the other hand,
the characteristic scattering length in light materials, such as Al, Cu and Ti
is &50nm, so 5nm layers of those materials will not significantly increase the
magnetization torque energy dissipation from ferromagnetic layer.

First, the measurements on individual samples are presented with palladium as
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6.5 Non-local damping

a spin sink. An increase in damping parameter « for samples thinner than 15nm
is observed. At the same time, a systematic decrease in precession frequency
is observed. To avoid the slight differences in the growth conditions and to
increase the number of measurement points at different nickel layer thicknesses,
the wedge samples are made with continuously varied nickel layer thickness.
Measurements on the Ni/Pd wedge sample are presented below. A giant in-
crease in damping parameter for nickel layers thinner than 10nm is observed.
There is non-uniform frequency behavior for the main k£ = 0 precession mode:
a slight increase for thicknesses larger than 10nm and a sharp drop for thick-
nesses smaller than 10nm. The measurements are repeated on Ni/Dy wedge
samples with similar results. The additional damping is attributed to the spin
current emission at the Ni/M interface, which increases the magnetic dissipa-
tion processes in an ideal spin sink such as the 5nm Pd and the 5nm Dy layers.
Measurements on the individual Ni/Cr samples are presented at the end of
section. In contrast to previous samples, additional damping from the Ni/Cr
interface is not Gilbert like and shows strong frequency dependence. Never-
theless, a significant increase in the damping parameter is observed for thinner
nickel layers due to the spin current emission from the nickel into the chromium
layer.

6.5.1 Si/Pd/Ni/Cu individual samples

Experiments were performed on Si(100)/5nmPd/xNi/2nmCu layers, where the
thickness of the nickel layer varies among x=20nm, 15nm, 10nm and 8nm. To
access all details of demagnetization dynamics, measurements are taken in a
large range of external fields, from OmT to 150mT.

The TRMOKE measurements on the 10nm thin nickel layer are shown in
Fig. 6.16. The external field is oriented p(H) =35° out-of-plane and the pump
fluence is Fpump=40mJ/cm?. With no external field, there is no magnetic pre-
cession. Increasing the external field increases the frequency of the magnetiza-
tion precession.

Fig. 6.17 plots the extracted precession frequency versus external field ampli-
tude for all samples. The frequency dispersion versus external field is almost
equivalent for samples with 20nm and 15nm thin nickel layers. For thinner
samples the precession frequencies shift to lower values, leading to the smallest
frequency for the thinnest sample with a 8nm nickel layer. The frequency spec-
trum over the external magnetic field enables measurement of the anisotropy
constant, which is necessary to derive the damping parameter o from the di-
rectly observable exponential decay time 7, in Eq. 5.9.

Fig. 6.18 shows the damping parameter extracted from the TRMOKE spectra
and its dependence on external magnetic field. The damping parameter is
constant over a larger frequency range. This is a signature of the Gilbert like
character of the damping constant. There are some small variations from the
constant value in lower external fields due to the large precession period and
induced higher damping parameter uncertainty. A clear increase of the damping
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Figure 6.16: TR MOKE spectra for Si(100)/5nmPd/10nmNi/2nmCu sample at OmT<
poH <150mT, ¢(H) = 35° out-of-plane and Fyump = 40mJ/cm?.
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Figure 6.17: Frequency spectra versus external magnetic field for the

Si(100)/5nmPd/xNi/2nmCu  samples,  with x=20nm,15nm,10nm and 8nm at
0mT< poH <150mT, @(H) = 35° out-of-plane and Fpymp = 40mJ/cm?®. The lines
are fits with the Kittel formula.
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Figure 6.18: Gilbert damping parameter versus external magnetic field for

Si(100) /5nmPd /xNi/2nmCu samples, with x=20nm,10nm and 8nm at 0OmT< poH <150mT,
©(H) = 35° out-of-plane and Fymp = 40mJ/cm?. The lines are guides for the eyes.

parameter for thinner films is observed. The damping constant takes values
starting from 0.040(2) for the 20nm nickel layer, up to 0.052(1) for the 8nm
nickel layer.

The thickness dependence of the damping parameter is presented in Fig. 6.19.
The increase of the damping constant for samples with a thinner nickel layer is

0.051
0.048
0.045 é
0.042

0.039+

0.036 T T T T T T T

d(Ni) [nm]

Figure 6.19: Damping parameter versus nickel layer thickness for the Si(100)/5nm Pd/x
Ni/2nm Cu samples. The line is fit according to Eq. 6.36.

quantified with the fit function of Eq. 6.36, which is inversely proportional to
the thickness d of the ferromagnetic layer

a(d) = ap + (6.36)

a
7
aq represents the intrinsic damping and a is the spin pumping strength coeffi-
cient. The intrinsic damping «g=0.032 and the spin pumping strength coeffi-
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6 The Gilbert damping parameter

cient d=0.15nm are determined from the fit. The observed additional damping
is attributed to the spin current emission on the Ni/Pd interface, which agrees
with the measured non-local damping in Pd/Py/Pd trilayers measured with
Ferromagnetic Resonance[21, 89].

6.5.2 Si/Pd/Ni/Al wedge sample

To increase the homogeneity of the samples and avoid differences caused by
slightly different growth conditions for each individual sample, a wedge sample is
made where the nickel layer thickness varied from Inm to 60nm. The thickness
of the palladium layer is held constant at 5nm and a 2nm aluminum capping
layer is deposited to prevent oxidation.

The time resolved MOKE spectra are taken with extra precaution to make
equivalent and systematic measurements on the entire wedge sample. The
measurements are done in an external field of pugH =150mT, o(H) = 30°
out-of-plane with a pump fluence of Fjymp = 50mJ /em?. Fig. 6.20 shows the
TR MOKE spectra on the wedge sample with nickel layer thicknesses of less
than 10nm, from which the incoherent magnon background is extracted.
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Figure 6.20: TR MOKE spectra for the Si(100)/5nmPd/xnmNi/2nmAl wedge sample at
poH = —150mT, @(H) = 30° out-of-plane and Fpymp = 50mJ/cm?.

The precession amplitude and number of observed oscillations strongly depend
on the nickel layer thickness. Starting with thicker samples, the oscillation
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6.5 Non-local damping

amplitude increases to a maximum at the 8nm nickel sample, then decays as
thickness is reduced, and finally disappears totally in the 2nm nickel layer. A
shift to lower frequencies in samples with thinner nickel films is also observed.
The samples with thinner nickel layers have only one or two observable oscil-
lation antinodes, which implies a higher damping parameter. The precession
frequency v and the exponential decay time 7, are extracted from the TR
MOKE measurements and plotted versus the thickness of the nickel layer in
Fig. 6.21 and Fig. 6.22.

As observed for the time resolved spectra, the precession frequency is lower in
samples with thinner nickel layers. Two regimes are observable in the frequency
spectrum. Samples with nickel layers thicker than 10nm exhibit a relatively
small frequency shift: 0.5GHz for the 40nm nickel layer. Samples with nickel
layers thinner than 10nm show frequency drops of ~ 5.5GHz for the 3nm nickel
layer. The frequency change for the thinner nickel layers can be also attributed
to the spin current emission at the Ni/Pd interface.
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Figure 6.21: Precession frequency versus nickel layer thickness for the
Si(100)/5nmPd/xnmNi/2nmAl wedge sample at poH = —150mT, ¢(H) = 30° out-of-

plane and Fpump = 50mJ/cm2. The line is a guide for the eyes.

The exponential decay time 7, decreases non-uniformly with reducing the nickel
layer thickness from 7, = 330ps for the 10nm nickel layer down to 7, = 175ps
for the 3nm nickel layer. At around 6nm nickel, the damping time slightly
increases by =~ 20%. This is shown below to be a characteristic feature of
wedge samples.

The damping parameter is derived from 7, by extracting the anisotropy con-
stant from the frequency values. Fig. 6.23 plots the damping parameter versus
the nickel layer thickness on a Si/Pd/Ni/Al wedge sample. The damping param-
eter is almost constant at =0.04 for samples with thicker nickel layers. When
the nickel layer thickness less than 10nm, damping parameter enhancement is
inversely proportional to the nickel layer thickness. « takes values up to 0.142
for the 3nm nickel layer. This additional damping is attributed to the spin
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Figure 6.22: Exponential decay time versus nickel layer thickness for the

Si(100)/5nmPd/xnmNi/2nmAl wedge sample at poH = —150mT, p(H) = 30° out-of-plane
and Fpyump = 50mJ/cm?. The line is a guide for the eyes.

current emission at the Ni/Pd interface.

To characterize the spin pumping strength, the theory of non-local damping by
emission of spin current by Tserkovnyak and Braatas can be applied. Eq. 6.36
gives the appropriate function to describe the increase of the damping and
fit agrees well with the experimental data shown in Fig. 6.23. The values of
the intrinsic damping oy = 0.024(3) and spin pumping coefficient a = 0.33(3)
are determined from the fit. The intrinsic damping constant «g is comparable
with literature values for nickel. Spin pumping coefficient can also be used
as the conductance parameter, and Eq. 6.34 results in a corresponding value
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Figure 6.23: Damping parameter versus nickel layer thickness for the
Si(100)/5nmPd/xnmNi/2nmAl wedge sample at poH = —150mT, ¢(H) = 30° out-of-

plane and Fpymp =50mJ/cm?. The line is fit according to Eq. 6.36.
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Figure 6.24: Normalized frequency change versus nickel layer thickness for the
Si(100)/5nmPd/xnmNi/2nmAl wedge sample at poH = —150mT, p(H) = 30° out-of-plane
and Fpump :50mJ/cm2. The line is a fit according to Eq. 6.34.

of G,Tni = 4.5-10"Q"'m~2. This experimentally determined real part of the
interface mixing conductance is an order of magnitude greater than theoretical
predictions for the Cu/Co and Cr/Fe clean interface and alloy. No calculations
are made for the nickel that consider realistic interface roughnesses. These
would be more appropriate to compare to the G determined in our experiment.

The theory of non-local damping by the spin current emission predicts a change
in the gyromagnetic ratio. The observed reduction of the precession frequency
for a nickel layer, for which the corresponding damping parameter is enhanced,
could result from spin current emission at the FM/NM interface. The experi-
mental values fit well with Eq. 6.34, as shown in Fig. 6.24, with the imaginary
part of the conductance tensor GZN =2.1-10"%Q"'m~2. This value is three or-
ders of magnitude greater than theoretical calculations. Underestimation of the
mixing interface conductance, G1!, for this particular sample and the expected
strong increase of its imaginary part GZT ! , could explain the difference between
the measured and the calculated values.

The increase in damping parameter for samples with thinner nickel layers in
double layers with palladium, by almost triple, results from spin-current damp-
ing. The 5nm palladium layer has proven a good spin sink, causing dephasing
of the spin up and spin down electrons, originating from pumping through mag-
netization torque from the nickel layer. Reduction of the precession frequency
from 9GHz to 5.5GHz is observed in the same thickness range.

6.5.3 Si/Ni/Dy/Al wedge sample

To further investigate the damping by spin currents, the normal metal is switched
and dysprosium is used as the spin sink. The wedge sample Si(100)/Ni/5nmDy/-
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Figure 6.25: TR MOKE spectra for the Si(100)/5nmDy/xnmNi/2nmAl wedge sample at
poH = —150mT, o(H) = 30° out-of-plane and Fyymp = 50mJ/cm?.

2nmAl is made with a varied nickel layer thickness from Inm to 60nm. The time
resolved MOKE spectra are taken with extra precaution to make equivalent and
systematic measurements on the entire wedge sample. The measurements are
done in an external field of pgH=150mT, ¢(H) = 30° out-of-plane, under a
pump fluence of Fpymp=50mJ/cm?. Fig. 6.25 shows the TR MOKE spectra on
the wedge sample with nickel layer thicknesses less than 10nm, from which the
incoherent magnon background is extracted. The dependence of the oscillation
amplitudes on the nickel layer thickness as well as the reduced number of vis-
ible oscillations for thinner films is observable. The precession frequency and
damping parameter are extracted from the time resolved spectra and plotted
versus the thickness of the nickel layer on the Si/Ni/Dy/Al wedge sample in
Fig. 6.26 and Fig. 6.28.

The complicated frequency distribution can be classified into three regions of
the nickel layer thickness: the saturation plateau at ~8GHz for thicknesses
around 10nm, the slow rise of 1GHz over 40nm thickness for thicker samples,
and a sharp drop of 2GHz over 6nm thickness for thinner samples. The change in
precession frequency for thicker layers results from the mode conversion between
the main k£ = 0 mode and the standing spin-wave modes. The giant drop in
frequency for thinner layers is caused by the change in the gyromagnetic ratio
from spin current emission. Independently of the change of the precession
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6.5 Non-local damping

frequency, only the main mode and the corresponding damping parameters are
considered within this chapter.

Fig. 6.27 plots the exponential decay time 7, extracted from fitting the time
resolved spectra in Fig. 6.25, versus the nickel layer thickness. 7, decreases
non-uniformly by reducing the thickness of the nickel layer, taking values from
To = 440ps for a 13nm nickel layer down to 7, = 136ps for a 2nm nickel layer.
For the approximately 3nm, nickel layer the damping time slightly increases by
~ 10%, similar to the wedge sample with palladium.

Fig. 6.28 plots the damping parameter of the main k£ = 0 mode versus the nickel
layer thickness on the Si/Ni/Dy/Al wedge sample. The damping parameter is
almost constant at 0.033(2) for nickel layer thicknesses between 10nm and 20nm.
By reducing the thickness of the nickel layer to under 10nm a giant increase of
the damping parameter is observed, up to a = 0.18 for 2nm. This additional
damping for thin nickel films is from spin-current damping. There is a slight
homogeneous increase of 20% of the damping parameter is observed for thicker
nickel layers, with the maximum value at a thickness of 35nm.

To characterize the spin pumping strength, the damping parameter is fitted
with Eq. 6.36 and the fit is also presented in Fig. 6.28. The proposed model
from Tserkovnyak and Brataas agrees for thicknesses smaller than 20nm. The
intrinsic damping of ap = 0.012(5) and a spin pumping coefficient a = 0.32(3)
are determined from the fit. The corresponding real part of the mixing interface
conductance is Gll =4.5-10"°Q " 'm2, similar to the wedge sample with palla-
dium. The Tserkovnyak and Brataas model describes the damping parameter
enhancement due to the spin current emission, which is the dominating pro-
cess for thin ferromagnetic layers but insufficient to completely describe the
thickness dependence of the damping parameter. Therefore, Eq. 6.36 agrees
well with the experimental results only for nickel layer thicknesses smaller than
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Figure 6.26: Precession frequency versus nickel layer thickness for the
Si(100)/5nmDy/xnmNi/2nmAl wedge sample at puoH = —150mT, ¢(H) = 30° out-of-

plane and Fpymp = 50mJ/cm?. The line is a guide for the eyes.
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Figure 6.27: Exponential decay time 7, versus nickel layer thickness for the
Si(100)/5nmDy/xnmNi/2nmAl wedge sample at poH=-150mT, o(H) = 30° out-of-plane and
Fpump = 50mJ/ecm?. The line is a guide for the eyes.

20nm.

The additional increase of the damping parameter for thicknesses larger than
20nm has a different origin than the spin pumping. Both the Kittel £ = 0
and standing spin-wave mode are present at these thicknesses. The increase in
damping parameter « for the Kittel mode indicates that there are the additional
dissipation processes, in which the magnetic energy is transferred from the
Kittel to the standing spin-wave mode. The effectivity of the mode conversion
depends on the wavevector k = 7/d of the standing spin wave, which explains
the non-monotonic behavior of the damping parameter.
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Figure 6.28: Damping parameter versus nickel layer thickness for the
Si(100)/5nmDy/xnmNi/2nmAl wedge sample at puoH = —150mT, ¢(H) = 30° out-of-

plane and Fpymp = 50mJ/cm?. The line is a fit according to Eq. 6.36.
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Figure 6.29: Normalized frequency change versus nickel layer thickness for the
Si(100)/5nmDy/xnmNi/2nmAl wedge sample at poH = —150mT, ¢@(H) = 30° out-of-plane
and Fpump = 5OmJ/cm2. The line is a fit according to Eq. 6.34.

The non-homogeneous decay in the frequency spectrum can also be explained
by applying the theory of non-local damping by the spin current emission. The
experimental values fit well with Eq. 6.34, as shown in Fig. 6.29, with the
imaginary part of the conductance tensor GZN = 1.7-10'Q~"'m~2. This value
is slightly smaller than that for the Ni/Pd wedge sample.

A damping parameter enhancement from the spin current emission is observed
for nickel/dysprosium layers with 5nm Dy and nickel layer thicknesses smaller
than 10nm. When the thickness of the nickel layer approaches the A, the
increase in damping parameter of the Kittel K = 0 mode is observed, resulting
from the mode conversion to the standing spin wave. The reduction of the
Kittel mode frequency from 9GHz to 6GHz is observed for thicknesses of less
than 50nm.

6.5.4 Si/Cr/Ni/Cu individual samples

This section investigates chromium as a spin sink. For this purpose, samples are
made with a varied nickel layer thicknesses from 2nm to 100nm, with chromium
layer thickness held constant at 5nm, Si(100)/5nmCr/xnmNi/2nmCu. To ac-
cess all details of the demagnetization dynamics, the measurements are taken
in a variety of external fields, from OmT up to 150mT. Fig. 6.30 shows the
time resolved MOKE spectra of a 15nm thin nickel layer sample, with the
external magnetic field oriented ¢(H) = 35° out-of-plane and pump fluence
Fpump = 50mJ /cm?,

The measurements show that the chromium layer makes the magnetization of
the nickel layer quite inert, so higher external magnetic fields are required to
trigger the coherent magnetization precession. Due to the small oscillation am-
plitude, the uncertainty of the experimentally determined magnetic parameters
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Figure 6.30: TR MOKE spectra for the Si(100)/5nmCr/15nmNi/2nmCu sample at 0OmT<
poH <150mT, ¢(H) = 35° out-of-plane and Fyump = 50mJ/cm?.

is much higher than in the previous samples.
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Figure 6.31: Frequency spectrum for the Si(100)/5nmCr/15nmNi/2nmCu sample at 0mT<
poH < 150mT, p(H) = 35° out-of-plane and Fpump = 50mJ/cm?. The line represents the fit

with the Kittel formula Eq.2.40.
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Fig. 6.31 shows the frequency spectrum of the Si(100)/5nmCr/15nmNi/2nmCu
sample. The frequencies fit well with the Kittel formula with an out-of-plane
anisotropy constant of K, = 2.49(5)-10°J/m?. The damping parameter is then
derived from the exponential decay time and plotted versus external magnetic
field in Fig. 6.32.

The strong frequency dependence of the damping parameter is observed, in
contrast with the previous samples, in which the damping had a Gilbert like
character. For a 15nm nickel layer, a goes from 0.08 in higher magnetic fields
to 0.26 in lower fields. A small stagnation in the damping parameter occurs
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Figure 6.32: Damping parameter for the Si(100)/5nmCr/15nmNi/2nmCu sample at 0mT<
poH <150mT, o(H) = 35° out-of-plane and Fpymp = 50mJ/cm?. The line is a guide for the
eyes.

for fields pgH >100mT, so those values can be attributed to the intrinsic value
of the damping parameter. The frequency dependence of « originates from
the antiferromagnetic order of the chromium itself and implies that dissipation
processes are complicated at the Ni/Cr interface.

To observe the damping by spin currents, experiments were performed on
Si(100)/5nmCr/xnmNi/2nmCu layers, in which nickel layer thickness varies
to values of x=2nm, 5nm, 8nm, 10nm, 15nm, 20nm, 30nm and 40nm. Fig. 6.33
shows the TR MOKE spectra of the Si/Cr/Ni/Cu samples with nickel layer
thicknesses from 2nm to 40nm in an external field of poH = —150mT, p(H) =
35° out-of-plane, with a pump fluence Fjypm, = 50mJ/ cm?. These spectra are
quite different. For samples with a nickel layer up to 30nm, only one oscillation
is observed, which is attributed to the Kittel £ = 0 mode. With increasing the
nickel layer thickness a second oscillation also contributes to the spectra. This
oscillation results from the standing spin wave observed for samples thicker
than the optical penetration depth A, of the laser beam.

The time resolved spectra already imply that damping parameter depends on
the thickness of the nickel layer. Only two antinodes are observed for samples
with a thinner nickel layer, which signifies that those samples are more strongly
damped. In contrast, the thicker samples, which are weaker damped, have clear
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Figure 6.33: TR MOKE spectra for the Si(100)/5nmCr/xNi/2nmCu samples at poH =
—150mT, (H) = 35° out-of-plane and Fpump = 50mJ/cm?.

precession patterns up to the 5th oscillation antinode.

Fig. 6.34 shows the frequency dependence of the damping parameters for Si/Cr/-
Ni/Cu samples with a nickel thickness of 12nm and 40nm. As a reference data
set, the damping parameter of the Si(100)/5nmCr/50nmNi/3nmCu sample is
plotted as well. A replacement of the copper layer with chromium already
causes a significant increase in damping by more than a factor of three. The
additional damping with the insertion of a Cr layer shows further enhancement
through reduction of Ni layer thickness. For the Si/5nmCr/12nmNi/2nmCu
sample, « takes values starting from 0.2 for high field and increases up to 0.6
for lower fields. Remarkably, this value corresponds to damping within only
7/60ps to 110ps. The time constant of the damping approaches the period of
the magnetic precession.

Though o depends strongly on the precession frequency, the damping parame-
ters for different samples can be compared with values in higher external mag-
netic fields. Fig. 6.35 presents the damping parameter «, extracted from the
time resolved measurements in pgH = —150mT for samples with different nickel
layer thickness. A homogeneous increase in the damping parameter, inversely
proportional to the thickness of the nickel layer is observed. Fitting Eq. 6.36
determines the value of the intrinsic damping constant oy = 0.10(2) and the
spin pumping coefficient a = 0.67(5). The attributed real part of the interface
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Figure 6.34: Damping parameter versus the precession frequency of the magnetiza-
tion for Si(100)/5nmCr/xNi/2nmCu samples, where x=40nm and x=12nm, and for a
Si(100)/5nmCu/50nmNi/3nmCu sample. The lines are guides for the eyes.

conductance is then G,Tnl =94-100"1m2.

The pronounced frequency dependence of the damping parameter implicates
a complicated energy dissipation process at the Ni/Cr interface. This could
be attributed to two-magnon scattering. A similar effect has been observed
at the Fe/Cr interface[90]. The authors point out that two-magnon scatter-
ing, as a consequence of spatially inhomogeneous exchange bias due to the
antiferromagnet-ferromagnet interface, induces a frequency dependence of .
In our case, however, the effect is much more pronounced and the damping is
measured over a broader field range.

We conclude that the inserted Cr layer acts as a spin sink due to strong spin-
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Figure 6.35: Damping parameter versus nickel layer thickness for the
Si(100)/5nmCr/xNi/2nmCu samples at poH = —150mT, @(H) = 35° out-of-plane

and Fpump = 50mJ/cm?. The line is a fit according to Eq. 6.36.
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6 The Gilbert damping parameter

orbit scattering and complex magnetic order. It is also responsible for the
observed additional damping, which shows strong frequency dependence.

6.6 Conclusion

The all-optical pump-probe experiments are a powerful tool to investigate the
energy dissipation processes. The directly observable dissipation times are the
main advantage of the time resolved measurements compared to techniques re-
lying on the frequency range. The magnetization relaxation upon excitation by
an intensive pump pulse is a complex process that includes of coherent and in-
coherent contributions. This chapter investigated the dissipation of the magne-
tization torque energy of the Kittel ¥ = 0 mode in various ferromagnet/normal
metal samples.

As preliminary work to estimate the effect of spin pumping, the damping pa-
rameter of the double layers with Pd, Cu, Al, Cr, Dy is compared. The small-
est damping parameter is found for the Ni/Ag double layer, and the largest
for the Ni/Dy sample. This agrees with the theory of non-local spin current
by Tserkovnyak, in which the elements with full p and f orbitals are damped
much more strongly than those with s electrons, as for Ag.

The non-local damping is then investigated for spin sinks of 5nm palladium,
dysprosium and chromium. A giant enhancement of the damping parameter
for nickel layers thinner than 10nm is observed. 2-3nm nickel samples show
damping parameter up to three times higher than in the thicker layer. The
damping parameter increases with inversely proportion to the thickness of the
nickel layer. The intermixing conductance coefficients for the Ni/Pd, Ni/Dy
and Ni/Cr interfaces are determined by fitting the experimental values. The
conductance parameters for the double layers with Pd and Dy are similar to
each other, but smaller than those for the double layer with Cr. In general, the
measured values are one order of magnitude greater than theoretical predictions.
It is rather complicated to compare the calculations based on the modeled
interfaces and energy bands with the measurements on the real samples. It
has been shown, that the increased interface roughness is sufficient to double
the damping parameter. The additional damping due to spin-current emission
is expected to have a rather small effect, but due to its tendency to occur at
interfaces, there can be an additional energy dissipation that is not included
into the model of damping by spin currents.

Additionally, with increase of the damping parameter for thinner nickel layers,
the frequency of the Kittel £ = 0 mode decreases in the same thickness range.
The theory of non-local damping by spin currents also predicts a change of
the gyromagnetic ratio proportional to the imaginary part of the mixing con-
ductance coefficient. The theoretical predictions by the same authors imply
that the imaginary part of the mixing interface conductance is much smaller
than the real one. When the appropriate normalized experimentally determined
precession frequencies are fitted to the model of non-local damping by spin cur-
rents, the determined mixing coefficient is three orders of magnitude greater
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6.6 Conclusion

than the theoretically predicted one. This difference is partially attributed to
underestimation of the mixing conductance, especially to the neglected influ-
ence of the interface roughness. There could be also other reasons for preces-
sion frequency decrease for thinner samples. For example, the increase of the
magneto-crystalline anisotropy would cause a similar effect. Larger anisotropy
leads to a higher precession frequency and coercive field. These relations are
expected to be inverse to the layer thickness.

The damping parameter of nickel/chromium double layers is found not to be
of Gilbert type, but rather strongly dependent on the precession frequency.
This indicates the presence of two-magnon processes at the Ni/Cr interface.
Nevertheless, the increase of the damping parameter for films with reduced
nickel layer thickness unambiguously mirrors the spin pumping effect.
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CHAPTER 7

Summary

The all-optical pump-probe technique is a powerful tool to investigate mag-
netization dynamics on sub ns timescales. In contrast to frequency oriented
techniques, time resolved measurements allow direct observation of the basic
time constants of magnetization dynamics with inherent time resolution using
femtosecond laser pulses. The time resolved spectrum is characterized by a
strong negative peak shortly after the pump pulse reaches the sample, which
represents ultrafast demagnetization, followed by damped magnetic precession
plus incoherent background on the ns scale. This work investigates thin tran-
sition metal ferromagnetic films on both long and short timescales upon laser
excitation.

The demagnetization peak is found to be strongly dependent on the external
magnetic field even though the Zeeman energy term is significantly smaller than
the thermal energy from the pump pulse. The remagnetization of the sample
is described by two relaxation times. One is in the range of 400-800fs and is
attributed to the spin-phonon scattering in earlier work. The second relaxation
takes place at a timescale of 5-8ps and is observed for highly perturbed systems,
such as measurements for high pump fluencies. This ultraslow remagnetization
is attributed to the energy transfer from spin waves with higher wave vectors
to those with smaller k-vectors and Kittel £ = 0 mode.

The magnetization dynamics on the 100ps scale are followed by coherent preces-
sion of the magnetization and the incoherent magnon background. The various
spin-wave modes excited are ascribed to three regions of thickness of the nickel
layer. The Kittel k¥ = 0 mode, which describes the coherent homogenous preces-
sion within the entire ferromagnetic layer, is present for all sample thicknesses.
If the sample is thicker than the optical penetration depth A, standing spin-
wave modes up to the third order are also observed. Due to their origin in the
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7 Summary

exchange interaction, those modes exist in both longitudinal and polar configu-
rations. For samples significantly thicker than Ay, the dipole field dominated
modes are also observed. The incoherent background is found to have a mag-
netic origin contributed from the incoherent short wavelength magnons.

The last chapter investigates the Gilbert damping parameter for thin ferromag-
net/normal metal double layers from the perspective of non-local damping by
spin current emission. The nature of the magnetic damping is quite complex
and various processes contribute to the dissipation of the magnetic energy. It
is observed, that the damping parameter is strongly influenced by interface
roughness. Therefore, only samples with a similar growth quality and interface
roughness, can be directly compared by damping parameter. Comparing sam-
ples with various normal metal layers, it is found, enhanced damping by spin
currents emission is observed for the Ni/Pd, Ni/Dy and Ni/Cr double layers.
For these films, a 5nm metal layer completely absorbs the spin current, which
is pumped from the nickel layer. The increase in the damping parameter is
inversely proportional to the thickness of the nickel layer, as expected from
the inverse volume dependence of the spin pumping torque. In addition to the
damping parameter enhancement, the frequency spectrum of the Kittel £ = 0
mode shifts to smaller values when the thickness of the nickel layer is reduced.
This effect results partially from reduction of the gyromagnetic ratio by spin
current emission.
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