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Abstract

A femtosecond laser pulse triggers an ultrafast spin current pulse in a transition metal ferro-
magnet /heavy metal bilayer. The heavy metal acts as a spin detector with the ability, owing
to the inverse Spin Hall effect, to convert the spin current into a transient charge current. This
charge current radiates a THz pulse, making this simple bilayer an efficient spintronic THz
emitter. In this thesis, we are able to measure such currents electrically on-chip. We then
probe the spin current transport in thin film fabricated heterostructures where a specific layer
is inserted between the ferromagnet and the heavy metal.

First, we consider the spin current transport in magnesium oxide(MgO) layer and demon-
strate a short spin diffusion length of 2A. Surprisingly, we show that heavy metal 5d elements
with less than half filled d shell hinder significantly the spin current transmission due to mag-
netic moment reduction of the transition metal ferromagnetic layer at the interface. Based on
theoretical calculations, we prove that this effect is due to 3d-5d orbital hybridization effects
and can be eliminated with the insertion of thin oxide MgO or tantalum nitride (TaN). Fur-
thermore, we fabricated a multilayer where MgQO is used to decouple multiple spintronic THz
emitters. For a specific number of repeats, we show that its on-chip performance is almost
doubled and significantly exceeds its free space radiation output.

In contrast to the short spin dissipation in MgO, we demonstrate a spin diffusion length of
~4nm in antiferromagnetic insulator LaFeOs. We confirm the long distance spin transport in

oxides with antiferromagnetic order.
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Zusammenfassung

Ein Femtosekunden-Laserpuls 16st einen ultraschnellen Spinstrompuls in einem Ubergangsmetall—
Ferromagnet/Schwermetall-Doppelschichtsystem aus. Das Schwermetall fungiert als Spin- De-
tektor, der aufgrund des inversen Spin-Hall-Effekts in der Lage ist, den Spinstrom in einen
transienten Ladungsstrom umzuwandeln. Dieser Ladungsstrom strahlt einen THz-Puls ab, was
diese einfache Doppelschicht zu einem effizienten spintronischen THz-Emitter macht. In dieser
Arbeit sind wir in der Lage, solche Strome elektrisch auf dem Chip zu messen. Anschliefflend
untersuchen wir den Spinstromtransport in diinnschichtgefertigten Heterostrukturen, bei denen
eine spezielle Schicht zwischen dem Ferromagneten und dem Schwermetall eingefiigt ist.

Zunéchst betrachten wir den Spinstromtransport in einer Magnesiumoxid(MgO)-Schicht
und zeigen eine kurze Spindiffusionslinge von 2A. Uberraschenderweise zeigen wir, dass 5d-
Schwermetallelemente mit einer weniger als halb gefiillten d-Schale die Spinstromiibertragung
aufgrund der Verringerung des magnetischen Moments der ferromagnetischen Schicht des Uber-
gangsmetalls an der Grenzflache erheblich behindern. Auf der Grundlage theoretischer Berech-
nungen weisen wir nach, dass dieser Effekt auf 3d-5d-Orbital-Hybridisierungseffekte zuriick-
zufithren ist und durch das Einfiigen von diinnem Oxid MgO oder Tantalnitrid (TaN) beseitigt
werden kann. AuBerdem haben wir eine Multischicht hergestellt, bei der MgO zur Entkop-
plung mehrerer spintronischer THz-Emitter verwendet wird. Fiir eine bestimmte Anzahl von
Wiederholungen zeigen wir, dass die Leistung auf dem Chip fast verdoppelt wird und die
Strahlungsleistung im freien Raum deutlich tbertrifft.

Im Gegensatz zur kurzen Spindissipation in MgO zeigen wir eine Spindiffusionsliange von
~4nm im antiferromagnetischen Isolator LaFeO3. Wir bestatigen den Langstrecken-Spintrans-

port in Oxiden mit antiferromagnetischer Ordnung.
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Chapter 1

Lead In

Shining an ultrashort laser pulse on a magnetic material can lead to a transient magnetic
quenching on the subpicosecond time scale(T). This discovery, dating from 1996, triggered
the fascinating field of femtomagnetism. This simple loss of the magnetic moment has been
under investigation since then, triggering an endless stream of controversies and different views
to answer the question: where does the spin angular momentum go? The complexity of this
question lies in the fact that at this ultrashort time scale, all relevant subsystems: electrons,
phonons, magnons and spins are coupled.

Yet, after almost 25 years, there has been still no definite answer but progress has been
made. One recent breakthrough(2l) showed the transfer of the magnetic moment from the
electrons directly to the rotational degree of freedom of the atoms, creating circularly polarized
phonons, which in turn result in the ultrafast Einstein de Haas effect(3).

Another interesting non local mechanism that has been suggested and demonstrated, is
the superdiffusive spin transport model(d). This model claims that the magnetic moment is
carried away from the excited region by extremely mobile electrons. Therefore, in a magnetic
material, ultrafast transport properties of electrons depend on their spin polarization which
yields ultrafast spin currents enabling spintronic THz emitters(5). Another way to generate spin
currents in a certain material is through microwaves. When the ferromagnet is at ferromagnetic
resonance, it pumps a spin current to an adjascent layer.

The aim of this thesis is to investigate spin transport in different regimes and in different
materials. A typical structure consists of a ferromagnet, an interlayer and a heavy metal.
The ferromagnet serves as a spin current generator. This spin current is partly converted to
a measurable charge current in the heavy metal layer, effect referred to as inverse spin Hall
effect. By inserting an interlayer in-between, one can monitor the subsequent behaviour of the
spin current.

The thesis is organized as follows:

In Chapter some fundamental concepts of condensed matter physics and spintronics
are briefly introduced. In the next Chapter most relevant experimental techniques and
instruments are presented. Then come four results chapters:

Chapter [4f we consider a ferromagnet(FM)/5d heavy metal(HM) bilayer, where the FM is
CoFeB and the HM is either platinum(Pt) or tantalum (Ta). We insert magnesium oxide(MgO)



in between the FM and the HM and we investigate the ultrafast spin current injection for
different MgO thicknesses. The spin current decays and is suppressed after Inm of MgO in
both cases. However, in the case where Ta is used as a HM, the signal appears to be enhanced
for very thin MgO with an effective thickness of one monolayer. We demonstrate through
ab-initio density functional theory combined with transport calculations that the Ta layer
suppresses the magnetic moment of the adjacent transition metal ferromagnet which affects the
spin polarization at the interface and therefore the spin injection efficiency.

Chapter [5f We fabricate a multilayer composed of multiple spintronic THz emitters, each
being a typical CoFeB/Pt bilayer, separated by thin layers of MgO and demonstrate its opti-
mized on-chip performance in contrast to a limited free space radiation output.

Chapter @ We investigate the ultrafast spin transport in tantalum nitride (TalN). We also
show that thin TaN can be used to decouple the Ta from the CoFeB and therefore enhance the
spin current injection efficiency through the interface.

Chapter [7} We demonstrate ultrafast spin current generation in ferromagnetic half metal
Lag.67510.33MnO3(LSMO) /Pt bilayer and investigate the spin current transport in the anti-
ferromagnetic insulator LaFeO3(LFO) used here as an interlayer. A spin diffusion length of
around 4nm is extracted demonstrating the long distance of spin transport in insulating anti-
ferromagnets.

Finally, in Chapter || we draw general conclusions and outlooks are given.



Chapter 2

Theoretical Background

2.1 Fundamental concepts in condensed matter physics

[

2.1.1 Electrons in solids

In the quantum mechanical picture, electrons are described by a wavefunction and thus are
treated as waves. In the free electron model, the wavefunction of the electron is unbound and
oscillatory defining a specific energy and momentum for the electon.

This model fails in the description of electrons in real systems specfically in a solid. This
translates into a many body problem where one single electron feels the interaction of the
local atoms distributed in the lattice as well as the other electrons. Owing to the extremely
astronomical numbers of interactions (order of 10%*), other methods have to be considered to
solve this. In the independent electron approximation, all the interactions can be viewed as an
external potential U(r).

Bloch states Considering a periodic lattice of atoms, the Coulomb interaction originating
from each atom can be described as a periodic potential. The Hamiltonian of an electron is

then written as :
H = —h*V?/2m + U(r) (2.1)

Where U(r+R) = U(r) for all R in the Bravais lattice. The peridocity of the potential U
leads to significant consequences on the wavefunction of the electron. This is stated in Bloch’s
theorem (9)):

Unie(r) = ™ Tup(r) (2.2)

Where u,k(r+R) = unk(r) and n,k are two quantum numbers and usually thought of as an
energy level number and a wavevector respectively. k is not a real wavevector and is called
crystal momentum of the electron. For each quantum number n, one can construct the electron
energy €,k = h2k2 /2m* depending on the momentum k, refered to as bands. The whole set of

€nx constitute the band structure of the solid. Above, m* is the effective mass of the electron

IReferences from (6} [7; 8 9% [10) are used throughout this section.
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and depends on the band structure. In this picture, the ground state of N Bloch electrons can
be realized by just occupying all the “one electron” states €, respecting the Pauli exclusion
principle. The energy level seperating the occupied states from the unoccupied ones is referred
to as the Fermi level ep. Since the electrons are fermions, they obey the Fermi Dirac distribution

statistics:
fle;p, T) = (1+ expl(e — p) /kpT)) ™" (2.3)

Here € is the energy, p is the chemical potential, kp is the Boltzmann constant and T is the

temperature.

2.1.2 Angular momentum and magnetic moments
Orbital angular momentum

In the classical picture, angular momentum 1 of a particule is defined as the cross product of

its position r and its momentum p:
l=rxp (2.4)

This definition can be extented to the quantum mechanical world where the definition takes a

mathematical form of:
L=—ihrxV (2.5)

This implies certain properties on the angular momentum which would be defined as follows:
[Li7 LJ] = iheijkLk (26)

Based on the quantum mechnical formalism, this infers that it is impossible for a given precision
to measure all components of the angular momentum which is a consequence of the Heisenberg
uncertainty priciple. Nonetheless, it is possible to have a common basis for L; with L? since
[L?,L;] = 0. Usually, the z axis is chosen as the quantization axis (i.e. L, is considered) . The

eigenvalues are then defined based on two quantum integer numbers [ and m; :

L2y, >= B2+ 1) ¢, >

2.7)
LzW)lmz >= hmlhblml >

where for a given [, m; satisfies the condition —I < m; < I. These two quantum numbers define

the orbital state of the electon.

Spin angular momentum

In addition to its orbital angular momentum, the electron holds an additional intrinsic angular
momentum called spin. Unlike its orbital counterpart, the spin of the electron doesn’t have a
classical analogue and it’s solely a quantum mechanical property. Its discovery came to light
from the Stern Gerlach experiment in 1921 and its quantum mechanical derivation arose from
the generalized Schrodinger equation after taking into account relativistic terms. It is then
called the Dirac equation where the solutions are called spinors. The spin operator s is a set

of sx,8y,S; 2 X 2 matrices. s, is chosen to be diagonal with two eigenvalues corresponding to

4



msh with m; = :I:%. These two states are called spin up and spin down for plus and minus

respectively.

Magnetic moment

Both angular momenta give rise to a magnetic moment depending on their expectation values:

m:—%(g<sz>+<lz >) (2.8)
Where g = 2.0023 is the electron g-factor and up = 232 is the Bohr magnetron. Given an

external magnetic field, the electron’s magnetic moment experiences a magnetic energy of the
form :
e=—poH  -m (2.9)

This easily now accounts for the two dots seen in the Stern Gerlach experiment corresponding

of the two eignevalues of the latter energy term.

2.1.3 Magnetic ordering

A single electron has at least a net magnetic moment arising from its spin angular momen-
tum. Nonethless, in an atom, the total magnetic moment is proportional to the total angular

momentum of the whole ensemble of electrons:

p=~h=—gupJ (2.10)

Unlike the case of a single electron, the expectation value of J can vanish and this is due to the
Pauli’s exclusion principle which dictates that two electrons cannot occupy the same orbital
unless they have opposite spins. In addition to the spin-orbit coupling, the orbital occupancy is
determined by Hund’s rule. In a case where the total angular momentum is zero, the magnetic
response of the atom or the susceptibility is determined by Lenz’s law and has a negative
valueE| This is called diamganetism. If the expectation value is nonzero, then a nonzero
magnetic moment dominates the magnetic response. In this case, we have paramagnetism and
its susceptibity is much larger than the diamagnetic one y?*"* ~ 1072 > x%® ~ —107%. In a
solid, the paramagnetic and diamagnetic contributions persist and their corresponding magnetic
responses vanish when the external magnetic field is omitted. On the other hand, another class
of material can hold a magnetic order where a non zero spontaneous magnetization arises and

persists even at zero field. These are ferromagnetic materials.

Ferromagnetism and Stoner model

As we have seen, each atom carries a magnetic moment arising from the total spin and orbital
contributions of the electrons provided Hund’s rules are satisfied. In the case of a paramagnetic
material, all the atomic magnetic moments are randomized and the overall magnetization is
zero. Only when an external magnetic field is applied, the atomic moments would favor to align

with the external field overcoming the thermal fluctuations responsible for their randomization.

2The atom creates a magnetic field that opposes the external field.
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Figure 2.1: Schematic illustration of the Stoner-band model of ferromagnetism for TM ferro-
magnets. The 3d density of states are exchange split with an exchange splitting energy A.,.
The Fermi level crosses the band resulting in an imbalance of occupied states for majority and
minority spin channels.

In a ferromagnet however, a spontaneous magnetization is formed below a certain temperature
called Curie temperature, 7. In a similar fashion to the paramagnet, a ferromagnet could
be understood from a mean field theory approach where the “external field” is replaced by
an internal field arising from the magnetic moments. This theory is called the Weiss mean
field theory(11)). Nonetheless, a certain interaction is required to account for this intrinsic
internal field. This interaction is called the exchange interaction and has solely an electrostatic
origin reflecting the Coulomb repulsion between two electrons in conjunction with the Pauli’s
exclusion principle. As an example, let’s consider a molecule consisting of two hydrogen atoms.
The wavefunction of the two electrons of both atoms should be antisymmetric with respect to
the exchange of the two electronsﬂ This implies that either its spatial part or the spin part is
antisymmetric. This entails that two states are formed with a total spin S = 0 called singlet
state and S = 1 called triplet state. Their names reflect respectively their degeneracies. The

energy difference between these two levels is written:

ES —ET =2J (2.11)

3This is due to the fermionic nature of electrons.



Here J is the exchange constant and is expressed with integrals of the overlapping of the
wavefunctions of the electrons and the so called exchange integraﬁ
In conjuction with his work on the helium atom He, Heisenberg generalized this problem to
interacting spins and established in 1928 the Heisenberg exchange interaction with the following
Hamiltonian:
Hpx =—-2J51 -5, (2.12)

Where S; and Sy are two spin operators. In this picture, a positive value of J would result in
a parallel alignment and therefore a ferromagnetic coupling and negative value in antiparallel
alignment, i.e. antiferromagnetic coupling. It is indeed this interaction that accounts for the
internal mean field giving rise to the sponstaneous magnetization in solids. Nonetheless, in this
picture, the magnetic moments are only treated as they are localized and with wavefunctions
overlapping between the neighbouring atoms resulting in the exchange interaction. This model
is called the Heisenberg model explains well certain ferromagnetism, for example in rare earth
elements which is due to the high localization of the inert f shell. However, it fails to account
totally for the magnetism of the early transition metals(TM) in which we will focus on in this
thesis. For example, in rare earth elements, adding all the atomic magnetic moments together
in the localized picture would account for, to a good agreement, the overall magnetic moment
of the material. However, in the case of TMs, the disagreement is very largeﬂ Therefore,
another picture is needed to explain this discrepancy which brings us to the picture of band
magnetism and the Stoner model of itinerant ferromagnetism(12). As indicated in the name,
itinerant refers to“travelling”. In this case, it is inferred that conduction electrons or delocalized
electrons play an important role. Indeed, we need to consider a typical density of states of an
early TM. Before that, let’s go back to a free electron gas in three dimensions. The density of
states has a parabolic dependence on the energy and is spin degenerate. The filling of states is
done according to the Fermi Dirac distribution and defines the Fermi energy er and we have
N4y = Ny = N/2. Once we apply a magnetic field, neglecting for the sake of the argument the
orbital contribution, the degeneracy is lifted and the energy landscape is shifted for both spin

channels giving:

N 1
Ny = 0 + §N(EF),LL0,LLBH

R (2.13)
Ny=5- §N(€F)M0MBH

This imbalance in the number of electrons for both spin channels is a consequence of the Fermi
Dirac distribution and for this new energy landscape favours the alignment of the spin parallel
to the external field. This is called Pauli’s paramagnetism with a typical magnetic susceptibily
Pt ~ 1075, The net resulting magnetization is M = (Ny — N))up = N(ep)uopsH. Once
the magnetic field is zero, the magnetization vanishes. It is the Pauli’s exclusion principle

that hinders the parallel alignment associated with favorable potential energy. In other terms

4depending on the overlap of the wavefunctions, the favorable state would have a bonding or antibonding
character which historically contributed to the quantum mechanical understanding of chemical bonding

5Considering a real TM solid with a certain crystal structure, crystal fields would lift the degeneracies of the
d subshell. This results in a locking of the orbital spatial configuration by the electric fields of the neighbouring
nuclei. This energy exceeds largely the magnetic splitting energy of the levels due to an external magnetic field
which results in a vanishing contribution of the orbital magnetic moment. This is referred to as the quenching
of the orbital angular momentum. Nonetheless, taking this into consideration doesn’t help to account for the
gap between the total magnetic moment and the sum of the atomic magnetic moments.
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the increase in kinetic energy associated with occupying higher states outweighs the potential
energy. In TMs however, considering the band structure effects and the exchange energy, the
parallel spin alignment can counter the kinetic term only in a certain considition expressed by
Stoner as :

IN(ep) > 1 (2.14)

This is known as the Stoner criterion(13)) and expresses a sufficient condition for itinerant fer-
romagnetism. [ here known as the Stoner parameter is material dependent and reflects the
localization of the wavefunctions around the Fermi level. In another intuituve picture, it cap-
tures the strength of exchange per electron. Another important point, is that a large density of
states is needed which to a certain approximation scales inversely with the bandwidth. This is
well achieved for an almost filled 3d shell giving a large density of states at the Fermi level and a
more localized character compared to, for example 4d or 5d shells. The Stoner criterion is there-
fore only verified for three TMs which are Fe, Co and Ni which will be considered in this thesiﬂ
In Fig. we show a typical density of states of a TM ferromagnet in the Stoner-band model.
One more interaction contributes to the long range ordering of the itinerant ferromagnetism is
the s-d exchange interaction which is a coupling between a more 'delocalized’(compared to the
d electron) sp electron with the d electron. This adds another mediator between neighbouring

d electrons.

2.1.4 Magnetic anisotropy

Magnetic anisotropy (I4)) is a property inherent or induced in a certain material that lowers the
magnetic free energy of the system in a certain direction or plane. There are various types
of magnetic anisotropies. Namely the shape anisotropy, magnetoelastic anisotropy, surface

anisotropy and magnetocrystalline anisotropy.

e Shape anisotropy Taking a finite sized material with a spontaneous magnetization in-
duces changes in its magnetic energy due the magnetic poles that form on the surfaces(I5]).
This energy is also called magnetostatic energy and arises from the dipole dipole inter-
action between all the magnetic dipoles considered in the material preferably orienting
them head to tails. This results in a field opposing the magnetization M, called the
demagnetizing field Hy:

Hy=-N-M (2.15)

Where N is the demagnetizing factor and depends on the geometry of the sample. There-
fore the magnetization within the material is reduced by the demagnetizing field. The
more anisotropy there is in N, the more it is impinged on the magnetization. When the
seperation between the extremities of the material gets larger, the farther are magnetic
poles from each other and the less is the shape anisotropy felt. In the thin film limit for

unpatterned samples, the main contribution arises from the out of plane direction.

e Magnetocrystalline anisotropy This type of anisotropy(16) is intrinsic to the crys-

tal structure of the material itself owing to the combined action of spin-orbit coupling

6The Stoner criterion successfully explains the ferromagnetic ordering of TMs but fails within the model
itself to give a correct estimate of the Curie temperature.
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and electostatic crystal fields. Depending on the crystal order of a particular system,
anisotropic crystal fields are formed and act on the electron orbital degree of freedom.
This shapes the electron orbitals and bonding charge distribution in a more energetically
favourable way. Due to spin-orbit coupling, the spin degree of freedom feels the changes
to the electron orbitals. This opens a correlation channel between the spin and the lattice
which favours certain directions easier for the spins to orient along. Such a direction is
called an easy azris. Depending of the symmetry of the crystal, an easy plane can be

formed. The direction where the magnetic energy is rather increased is called a hard azis.

2.1.5 Spin-orbit interaction

Spin-orbit interaction(SOI) is an interaction term coupling the spin and the orbital momenta of
an electron. This coupling term appears as a relativistic correction in Schrodinger equation. To
have an intuitive understanding of it in a semiclassical way, let’s consider an electron moving
in a uniform electric field E without any external magnetic field in the Laboratory frame of
reference. However, applying the Lorentz transformation to the equation of motion of the

electron, the latter experience in its own frame of reference a non vanishing magnetic field

C

B = —VVXQE, where v = ﬁ is the Lorentz factor. Nonetheless, the Spin-orbit coupling

(SOCQ) is a purely relativistic term and can be dereived from fully relativistic Dirac equation:

Hy(r)= iﬁ% (r)
H = —€V(r) + fmc* + a.[cp + eA(r)]

(2.16)

Where H is the hamiltonian for an electron in an external scalar potential V(r) and vector

potential A(r). « is a vector of 4 x 4 matrices expressed with Pauli spin matrices. 5 is a 4 x 4

. O g i IQ 0 o ¢1
(el eel) e

where I5 is a 2 X 2 unit matrix. ¥ is a spinor containing two component vectors 1, describing

matrix.

the two spin electron and 15 is the component arising from relativistic effects. One can then
derive the so called Pauli equation. By eliminating the vector potential in non magnetic media
and for non relativistic limit with v < ¢, the Pauli equation reduces to the Schrodinger equation

with the following additional term:

Hsoc x 0.[VV(r) x p] (2.18)

which can be further reduced considering the following expension V (r) = %%r S =0/2 and

L=rxp
Hgsoc =¢&(r)L -8 (2.19)

In principle the spin-orbit term originates from the potential felt from all the other electrons in
the atom as well as the nuclear field. The most preponderent contribution is the nucleus and

therefore |¢(r)|oc 4% ~ Z¢ in the vicinity of the nucleus core. This makes spin-orbit coupling

"This expension is valid if V(r) = V(r) is spherical symmetric
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term scale with the atomic number and therefore it is considerable for heavy elements. As we
will see in later sections, SOC in heavy elements is responsible for fundamental phenomena
inheretent to the field of Spintronics notably the Spin Hall effect. Also the SOC is responsible
for spin relaxation in the bulk and can act differently in inversion symmetric compound leading
to Elliot Yafet scattering and inversion symmetry breaking compounds giving rise to Dyakonov

Perel type of scattering, both of which will be discussed throughly in later sections.

2.2 Spintronics: an overview

Spintronics is the generic term for spin electronics. In contrast to conventional eletronics where
the information vector is the charge of electron, in Spintronics, the degree of freedom of interest
is the spin of the electron. Attempts are made to utilize and control the spin momentum of the
electron. The first effect that brought interest in magnetism with electronic current is known
as Magnetoresistance. It was discovered by Lord Kelvin even 40 years before the discovery
of the electron itself. Magnetoresistance is a phenomena responsible for an asymmetry in the
resistivity of the material under an external magnetic field depending on its relative orientation
with the current. This is called Ordinary Magnetoresitance (OMR) and its value is less than
1% for field as high as 1 Tesla. When extended to metals having an intrinsic magnetization,
i.e. ferromagnetic metals, this is called Anisotropic Magnetoresistance (AMR)(17) where the
material shows high resistivity value when current and magnetization are parallel and lower
value when they are perpendicular to each other(I8). AMR can reach values up to 1-2%. Later
on, in the late 1980s, another magnetoresistance effect has been discovered and with it came
the advent of the field of Spintronics. This effect is called the Giant Magnetoresistance(20; 21).

Owing to the development of atomic deposition techniques, multilayers with thicknesses as
small as Inm have been enabled. Heterostructures with single atomic elements with certain
defined interfaces can be realized. In particular, having two (or more) magnetic layers seper-
ated by non magnetic metallic spacer can induce in special cases an antiparallel alignment of
the magnetization. This device structure is called a spin valve. To achieve an antiparallel
magnetization orientation configuration, various methods can be implemented. One is via the
interlayer exchange coupling which oscillates between ferromagnetic and antiferromagnetic ex-
change depending on the spacer layer’s thickness(22]). This form of interaction is called the
RKKY interaction. Another way is two have two magnetic materials with two different coer-
cive fields and finally a pinned layer through exchange bias with an antiferromagnetic layer or
a synthetic antiferromagnet. Historically, the GMR effect has been observed in 1988 in Fe/Cr
multilayers in Fert’s group (see Fig. [2.2(a)) and in Fe/Cr/Fe trilayer in Grunberg’s group.
When a current is passed throough the structure, the registered resistance drops from its high-
est value at zero field (i.e. antiparallel configuration) to its lowest value for higher magnetic
field values where the both magnetizations are parallel. Contrary to OMR or AMR, GMR can
reach high values up to 200%. Despite the fundamental interest in this effect, it has enabled a
tremendous technological development of magnetic sensors and memory devices (23} 24} 25} 26)
notably hard disc drives(HDD) (See Fig. 2.2fc)and (d)). Two types of geometrical configura-
tions are used. Historically, current-in-plane(CIP) devices have been made where the contacts

to the heterostructure is made on the sides making the electrical current flow in plane. This
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Figure 2.2: GMR concept (a) GMR result in Fe(3nm)/Cr(0.9nm) multilayers. (b) Schematic
illustration of the mechanism of GMR. In the upper panel, the two magnetizations are anit-
parallel which hinders the spin transport of a specific spin channel in one layer or another,
therefore enhancing the resistance of the stack. In lower panel, the parallel configuration of the
magnetizations enables a more efficient spin transport for the majority spin channel in both
layers, whereas increased scattering states are available for the minority one. The transport
of the majority spin channel shortcuts the minority one which results in a reduced resistance
compared to antiparallel configuration. (c¢) Schematic representation of a GMR head in hard
disk drives (HDD). (d) Micrograph stored magnetic bits in a HDD. (Taken from (19)).

measurement techinique holds an advantage of accessing a sizeable and measureable resistance
of the device, yet display lower values compared to the current-perpendicular to-plane(CPP)
counterpart. In this latter geometry (27)), contacts are made from top to bottom, the current is
flowing perpendicular to the interfaces and the resistance is measured between these contacts.
The challenge has been yet to access the resistance of the device made small compared to the
Ohmic resistances of the contacts. First experiments for example implemented superconducting
contacts(28} 29; [30; [B1). Nonetheless, with this geometry, GMR has reached values as high as
220% in Fe/Cr.

The GMR effect occurs due to the spin dependent scattering in the multilayer(32). In
other words, the conductivities of both spin channels are different(see Fig. b)) This can
be qualitatively explained using Mott’s picture(33} 34) where two itinerant independentﬂ spin

8No spin mixing is considered for the relevant travelling distances in metal thin films, therefore these two
spin up and spin down channels can be independently treated as two conductivities organized in parallel.
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channels for up spin and down spin are considered. These spins are carried by the sp conduction
electrons and their scattering rates is modulated by the density of states in the 3d channel. Due
to the fact that the 3d densities are exchange split, the available states are different, therefore

the scattering rates for both spin channels are different.

To illustrate this, one needs to consider a typical band structure of a 3d ferromagnetic
element. As the bands are exchange split, the Fermi level usually lies somewhere in the minority
d band. Usually the majority spin d band can be fully occupied (e.g. Co) or slightly partially
occupied like in the case of Fe. One now needs to evaluate the scattering rates for both sp
conducting spin channels which is dependent on the available density of states at the Fermi
level roughly inversily proportional to the Fermi velocity. This adds a correlation between
the scattering lifetime and the Fermi velocity. The mean free path and thus the resistivity
will be then be spin dependent. For example, for Co/Cu/Co, the majority d band of Co is
fully occupied and the conduction of majority spin channel is carried by the very mobile and
delocalized sp electrons despite the reduced density of states whereas the minority spin electrons
experience a strong sp-d hybridization and get a localized and low mobility character which
enhances their resistivity. In the case of Fe/Cr/Fe however, although the resistivity of the
majority spin channel is slightly higher than the majority one, it is actually the minority spin

channel that is responsible for the conduction.

Indeed, another important factor comes into play which is the band matching at the interface
between the elements. In the case of Co/Cu, the band structure of Cu and Co are similar for
the majority spin channel of Co and in the case of Fe/Cr, the band matching happens for the
minority spin channel. Hence, a spin down electron doesn’t feel a potential difference entring
Cr whereas a spin up electron feels a potential step which yields strong scattering and therefore
large interfacial resistance. Taking all these points into account, when the magnetizations
are parallel in a GMR spin valve device, the conductive spin channel in the first layer would
still experimence minimal scattering in the second layer + interface contrary to the other spin
channel that is hindered in both layers and interfaces. Consequently the total conductance is
given by the conductive chennel. In the antiparallel case, the conductive spin channel in the
first layer would experience large scattering in the second layer + interface and the other way
around for the second spin channel. In this case, both spin channels experience contribute to a

large resistance. This asymmetry accounts for the GMR effect.

Another important MR effect further stretched the possibilities and fundamentals of Spin-
tronics. This is called Tunneling Magnetoresistance(TMR) and in contrast to its GMR ana-
logue, the device rather contains a non magnetic insulator spacer layer and is called a Magnetic
Tunnel Junction(MTJ). Similar to GMR, TMR exhibit an analogue low and high resistivity
state for parallel and antiparallel magnetizations configuratiosn respectively. The origins of
TMR go back to 1975 -which is even earlier than the GMR effect- where it was reported by
Julliere in Fe/Ge-O/Co(36). Yet, due to the difficulty to reproduce the results, further develop-
ment and investigations were lacking. Nevertheless, due to discovery of GMR and inauguration
of the hunt for large MR ratios, TMR has regained more interest in the following years. One
key year was in 1995 where Miyazaki and Moodera (37 [38)reported MR ratios of 18% at room
temperature using 3d ferromagnet and amorphous Aluminium oxide as a tunnel barrier. This

boosted further the focus on TMR, where optimizations further increased the MR ratios.
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Figure 2.3: SOT magnetization switching in different geometries. (a) The magnetiza-
tion is directed out of plane due to a perpendicular magnetic anisotropy. A current is passed in
the heavy metal (Ta) layer to create a spin current acting on the magnetization via SOT. The
switching is assisted with an external in plane magnetic field needed to break the symmetry.
Simulation results of the macrospin dynamics during the switching is shown. (b) In this config-
uration the magnetization is pointing in the plane of the film and perpendicular to the applied
current direction. Corresponding simulation results are shown in the bottom panel.(c) The
magnetization is pointing in the same direction as the applied charge current. Deterministic
bipolar switching is enable with the assistance of an external magnetic field directed along the z
direction. Corresponding simulation results are shown in the bottom panel. (Taken from (35))).

One more key important milestone is the implementation of crystalline insulating barriers
where MR ratios even reaching values of around 200% were obtained at room temperature with
crystalline MgO based MTJs(39; [40; 41)). The key physics of TMR is a symmetry filtering(42;
[43)) which will be discussed for crystalline insulating barriers. Indeed, the states of the bands in
the ferromagnet need to couple to the evanescent tunneling states of the barrier (44} (45} (46} [42)
in order to reach the second ferromagnet and their decay length depends entirely on their
symmetry. In 3d ferromagnets like Fe and Co, the spd hybridized state called A; state, which
displays a high spin polarization, can tunnel through MgO and recouple through the A; states
in the second ferromagnet electrode in the parallel alignment case. Other states can tunnel
but their decay length is much smaller than the one of A;. In the antiparallel case, the A;
doesn’t tunnel efficiently anymore and is almost fully suppressed. Yet, a resonant tunneling
occurs due to interface resonant states which reduces the effective total spin polarization and

in consequence the MR ratio.

Spintronics offers more prowesses and discoveries that popped up one after the other. One
important effect is called the spin transfer torque or STT. This phenomena has been predicted
beforehand by Slowenski(48) and Berger(49) who argued that in magnetic/non magnetic mul-
tilayers, a spin polarized current injected from a ferromagnet could transfer its spin momentum
to a second ferromagnet (505 51 525 53} 545 55]). Under the influence of the exchange interaction,
the incoming spin polarized current would align to the local magnetization which will acquire
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Figure 2.4: Schematic showing possible ways of interacting with the spin degree of free-
dom.(Taken from (47)).

its transverse component. This results in a torque acting on the magnetization. This result is
remarquable as it enabled the control of magnetization without the use of external magnetic
fields. As a consequence, in a well defined nanopillar device, a spin polarized current can be
used to even switch a magnetization(56) or cause its precession which generated microwave
osciallators called spin transfer oscillators(57 [58]).

One big step for Spintronics is to enable the field free control of magnetization without the
use of external magnetic fields but through spin momentum transfer. More possibilities emerged
in this direction where it was possible to generate pure spin currents. One way is use spin-orbit
interaction. Indeed, a material with strong spin-orbit interaction like a 5d heavy metal such as
Pt,Ta or W is endowed with the ability to convert a charge current into a pure spin current
flowing in the perpendicular direction, effect referred to as the Spin Hall Effect(SHE)EkIEQI; [60).
This discovery marked a tremendous breakthrough in the field and inaugurated a new subfield
called spin-Orbitronics. Similar to the prowess of STT, a Spin Hall material attached to a
magnet could in principle inject pure spin current though the interface, thus acting on the
magnetization through torques. This is called spin-orbit torque (SOT) and it offers less power
consumption than the STT. Usually the switching requires the assistance of a field to break the
symmetry. This could be achieved with external magnetic field (such a process is illustrated in
Fig. , an exchange bias or an interlayer exchange.

Other spin-orbitronics mechanisms of spin to charge conversion can even live at interfaces.

9First evidence was observed in semiconductor GaAs and GaAsIn films as well as p-n junctions.
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This is the case for Rashba Edelstein effect(61]) where the interface acts as a 2D electron gas,
under broken inversion symmetry. This leads to spin momentum locking responsible for an
interfacial spin-orbit field called Rashba field (62} 63]). It is also worth to mention another class
of materials that possess spin to charge conversion property, called topological insulators(64).
These materials are insulating in the bulk but conducting on the surface. Due to topologically
protected electronic states at the surface exhibiting spin momentum locking, passing an electri-
cal current yields a spin accumulation. Spintronics offers a whole playground involving different
intercoupled phenomena that can interact directly or indirectly with the spin degree of freedom
as shown schematically in Fig. [3.:4] These external tools involve magnetic fields, electric fields,
strain, spin torques and light. Light is of particular interest for it boosted the dynamics to
femtosecond(fs) regime. Indeed, magnetization control has been achieved optically through in-
tense fs laser pulses. Subsequently to such a laser pulse, the magnetization experiences ultrafast
quenching in the subpicosend time scale(Il). With this, came about the birth of the field of
femtomagnetism offering a lot of complexity and rich unexplored physics. In some cases, the ul-
trafast demagnetization could lead to the complete reversal of the magnetization. This is called
all optical switching which gained a lot of attention due to the potential technological prospects
it can offer. As will be discussed in more details in a later section, this ultrafast quenching
process is accompanied by superdiffusive spin currents(4]) which enabled ultrabroadband THz

generation(5)) and therefore a means of probing the local magnetization (63]).

2.3 Spin transport and spin dynamics

2.3.1 Spin to charge conversion

As pointed out briefly in section [2.2] new effects emerged yielding pure spin current generation
without the need for external magnetic field or ferromagnets. Due to spin-orbit coupling, it
is possible to convert longitudinal electric currents into spin currents in the bulk of certain
materials due to SHE and at interfaces due to REE. SHE is extensively used throughout this
thesis. Before we point out the mechanisms responsible for such an effect, we need to review

the principles and fundamentals of Hall voltages.

Anomalous Hall effect

The first discovered Hall effect(66) refers to the production of a transverse voltage accross a
finite conducting material under a flow of longitudinal current, placed in an external magnetic
field. This transverse voltage arises due to the external magnetic field and scales with it. This
Hall effect can be explained by the classical Drude model and has its origin in the Lorentz
force exerted on the conduction electrons deflecting them from their trajectories in a similar
fashion thus creating an imbalance on the transversial sides of the material. This Hall effect is
known as the ordinary Hall effect(OHE) in contrast to its anomalous counter part. What came
to be known as the anomalous Hall effect (AHE)(67)) is the same effect seen in ferromagnetic

materials where the transverse voltage has an additional dependence on the magnetization and
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can be expressecﬂ empirically by:
PH = —Pay = RoH + R4 M, (2.20)

Where the first part of the right hand side is the OHE as it scales linearly with the external
magnetic field H and the second part stems from the AHE where the dependence of the Hall
voltage can show non linear behaviour before saturation of the magnetization. After saturation,
the OHE is dominant. This means that even without an external field the electrons gain a
transverse velocity and its origin cannot be explained by the intrinsic magnetic field of the
ferromagnet. Indeed, it would require a field with a strength ranging around a hundred Tesla.
The mechanisms responsible for the AHE can be of two kinds which are denoted intrinsic and
extrinsic contributions. Interestingly, the intrinsic contribution arises solely from the band
structure, whereas the extrinsic contributions refer to deflections due to scattering events on
impurities, defects or phonons in the solid. The first theoretical consideration to account
for a free scattering contribution was done by Karplus and Lutttiker(68) who considered the
interference between the electron Bloch states, taking spin-orbit interaction into consideration,
in the perturbative approximation. This gives an anomalous velocity to the electron responsible
for its deflection. Later on, the formalism has been revised under the concept of Berry phase (69))
or Berry curvature in which the derivation of the electron’s velocity straightforwardly pinpoints
to a Hall term :

 Den(K)

vn (k) = — SE x Qu(k) (2.21)

hok h

The first term is the normal velocity term for an electron with a crystal momentum k in the nth

band. The second term is always perpendicular to the external electric field E. This gives rise
to a Hall term as long as €, (k) is non zero. ., (k) is called Berry Curvature of the nth band.
In this perspective, by simply writing down the Hall conductivity using Kubo’s formalism (70])

for a Hamiltonian describing non-interacting Bloch electrons with |n,k > eigenstates:

62
r= =50 [l )20 (222)

where f(e) is the Fermi Dirac distribution. The Berry curvature €2, (k) is related to the Berry
phase a, (k) via:
(k) = Vi X an(k) (2.23)

As can be seen from the formula, the intrinsic contribution of the AHE is the integration of the
Berry curvature through the whole Fermi sea. Interestingly, AHE has its intrinsic contribution
depending entirely on the Topology of the band structure. Equivalently, the AHE conductivity
has a finite value as soon as the Berry curvature is non zero. Based on symmetry considerations,
the Berry curvature satisfies the following conditions for inversion invariant and time reversal
invariant systems respectively:

Qn(k) = Qn(*k)

Qn(k) = —Q(—k) (224

10The transverse resistivity is considered here and defined as the ratio between the transverse voltage by the

longitudinal current, pyy = Vuy

Jea
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In the case where both are preserved, it is straightforward that the Berry curvature vanishes

a) Intrinsic deflection

Interband coherence induced by an
external electric field gives rise to a A——
velocity contribution perpendicular to
the field direction. These currents do
not sum to zero in ferromagnets.

d(f—) oF Electrons have an anomalous velocity perpendicular to
= — the electric field related to their Berry's phase curvature
dt  hok
b) Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

c) Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling
of the electron or the impurity.

Figure 2.5: The three essential mechansims responsible for AHE shown in cartoons illustrat-
ing the delfection of electrons to the perpendicular direction to the applied electric field E,
depending on the direction of their spins. (Taken from (7T))).

and so does the AHE. The AHE arising in magnetic materials is due to the time reversal
symmetry breaking due to the presence of the magnetic order. It is also worth noting the
essential role of SOC as it is responsible for the multiband effect, band crossings(i.e. magnetic
monopoles) and gives the band their non trivial topological feature leading to non zero Berry
curvature contributions(72)). Besides the intrinsic contribution, two extrinsic contributions are
considered. They are separated according to their dependence on the transport lifetime 7 or

equivalently on the longitudinal resistivity p,,:

1. Skew scattering: This type of scattering has been proposed by Smit(73} [74) as the
main source for AHE. The origin of the formalism is traced back to Mott. Indeed it
formulates that in the presence of SOC, scattering due impurities could deflect electrons
in transverse directions. Usually, the transition probability between two Bloch states is
symmetric or equivalent in the Fermi’s golden rule approximation. In higher order terms
of the perturbation field, the symmetry between the two reciprocal transitions is broken
due to the presence of the magnetization. Pictorially, this gives rise to a finite scattering
probability for the electron to scatter to a new state with an additional momentum
perpendicular to the incident momentum direction and the magnetization. Both then

longitudinal and Hall conductivities scale with the lifetime 7.
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2. Side jump scattering: This mechanism has been identified first by Smit(74]) and later
on reinforced by Berger (1964)(75) where he considered a Gaussian Bloch wavepacket
scattering off a spherical impurity in the presence of SOC. It is fundamentally different
from the skew scattering as it doesn’t involve transitions between two Bloch states. This
scattering generates a transverse contribution independent of the lifetime 7 and falls in

the same category as the intrinsic contribution.

Spin Hall effect

Similar to the previous case of AHE, applying a longitudinal electric current in a conducting
material endowed with SOC, the SHE creates an imbalance of electron populations in the
transverse direction according to the direction of their spin, making spin up and spin down
electons deflect in opposite directions. This mechanism creates a pure spin current resulting
in a spin accumulation at the edge of the material with opposite spin polarizations. The spin
polarization is perpendicular to both incident and deflected directionE Ilustration of the
process is depicted in Fig. For a certain charge current j., the transverse spin current can
be expressed as follows:

js=0sHj. x O (2.25)

Osp is called the spin Hall angle and quantifies the efficiency of the conversion. Similar to AHE,

the SHE has an intrinsic contribution and both extrinsic contributions (77} [78]).

1. Intrinsic contribution (79} 60; 80} [81): stems from the topology of band structure where
SOC is again an essential ingredient responsible for creating anticrossings and magnetic
monopoles in the reciprocal space. These hot spots possess a non zero spin Berry curvature
which acts as a fictitious magnetic field in k-space and therefore due to the SOC, acts as
an effective ”Lorentz” force deflecting electrons in opposite directions according to their

spin polarization direction.

2. Extrinsic contributions(59): The same concepts derived for the AHE apply to SHE.
Indeed, the skew scattering contributes to the Spin Hall but in this case the magnetization
is replaced by the spin polarization of the electron, therefore deflecting opposite spins in
opposite directions. The side jump is a scattering process between an incoming Gaussian
Bloch wavepacket and a spherical impurity. If the wavepacket contains a spin-orbit cou-
pled term scattering a scalar impurity potential, we refer to this scattering as the intrinsic
side jump. If on the other hand, the wavepacket scatters off a spin-orbit coupled impurity,
it is called extrinsic side jump. In both cases, SOC is the responsible agent for deflecting

electrons in the transverse direction according to their spin polarization.

2.3.2 Spin relaxation processes
Bloch-Torrey equations

A non equilibrium spin polarization in a solid is brought back to equilibrium through certain

mechanisms refered to as spin relaxation and dephasing mechanisms. Historically, two relevant

11Spin-orbit coupling induced charge current scattering into a spin current was already predicted by
D’yakonov-Perel but the term SHE was coined as such by Hirsch(76) later on.
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a) b)

SHE ISHE
non-magnetic non-magnetic

Figure 2.6: (a) Illustrartion of the Spin Hall effect: A charge current J; gives rise to a spin
current Jg in the perpendicular direction. The spin polarization of the electrons is orthogonal to
both charge and spin current directions. (b) Illustration of the inverse Spin Hall effect where a
spin current is converted to a charge current. The same symmetries as in the SHE are respected.
(Modified from (82)).

relevant relaxation times 77 and T, have been defined. They account for spin lattice relaxation
time and spin decoherence time respectively. These definitions date from electron spin resonance
(ESR) experiments and describe phenomenologically well the magnetization dynamics under
the influence of an external magnetic field B(t) within the Bloch-Torrey formalism (83} [84):

LD ) < Bl - M;ﬂz(t)
de—i(t) = 7(M(#) x B()), - MT(t) o
dJ\/;f;(t) = ~(M(t) x B(t)), — %IMO

Where 7 is the gyromagnetic ratio. If one considers a static magnetic field along the z direction
with an time oscillating transverse component B(t) = Byz+b , the longitudinal component M,
would precess around the static magnetic field until reaching its equilibrium position M = Myz
within 7T} time scale. This relaxation happens via momentum scattering where the spin transfers
energy to the lattice mediated by spin phonon coupling. Therefore 77 is known as the relaxation
time. The transverse magnetization components precessing in phase around the static field with
the Larmor frequency wy = 7By will lose their phase due spin-spin interactions within the 75
time scale and therefore T is denoted as the dephasing or decoherence time. For conduction
electrons in solids, one can average these dynamics over the thermal distribution of electrons.
In this case, one can have Ty = T5(85}[86). This is due to what is called motional narrowing(87).
To illustrate this, let’s consider a random dephasing field B associated with an average Larmor
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frequency w'El The randomization time of this field is given by 7. called correlation time.
Given the condition w < T—lc, T7 and T, become equal. In solids, the time constant 7, can be
approximated with momentum scattering time 7, which is typically smaller than a ps. Even for
fields up to hundreds of Tesla, the condition w < % holds and could be considered in the case of
metals. This means that an electron precessing at a frequency w would experience a dephasing
within the period of time 7,. On average, the phases acquired after certain time ¢ cancel out
since it can be equivalently positive or negative but its root-mean-square is (wr,)?(t/7,)"/2.
The time at which this expression reaches unity governs the dephasing dynamics and defines

the new relaxation time experienced by all components of the magnetization :

(2.27)

Consequently, for conduction electrons in semiconductors and metals, one can consider one
single quantity for spin relaxation time also refered to spin lifetime. In the following sections we
will focus in more detail on the most prominent spin relaxation mechanisms in metals mainly

the Elliott-Yafet and D’yakonov Perel mechanisms.

Elliott-Yafet mechanism

N

Spin flip

Figure 2.7: Cartoon illustrating the Elliot-Yafet spin scattering mechanism. The electron holds
its spin between each momentum scattering with a small but finite probability of flipping it at
a momentum scattering event.

12 = ~|B].
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By considering the combined action of SOC and momentum scattering off a phonon or an
impurity, Elliot proved that this can lead to spin flips. First, one needs to include SOC which
couples the spin of the electron Bloch wavefunction to the scalar potential of the lattice. To
explain the mechanism, at least two bands need to be considered (i.e. a conduction band and
an addional one nearby). Considering the typical magnitude of SOC and the energy distance
between the bands, the single electron Bloch wavefunction contains a mixture of both spin
up and spin down states. For electrons with the quantum numbers n and k in an inversion

symmetrical solid, the wavefunction is written as :

Wrier (1) = [ank(0) 1> +bpic(r)[4>]e™

. 2.28
Woiel (r) = (a5 g (1) 4> by, e (1) 1>]e™ (229

Where % ~ % < 1. Ais the strength of the SOC and A is the energy distance between the two
bands. Taking into account this ratio, one can still refer to ¥,y and ¥,k as spin "up” and
spin "down” respectively. In this picture, there is a finite but small probability coming from
the HE term that would flip a spin "up” in band n with crystal momentum k to a spin ”down”

in the other band n’ with the crystal momentum k’. We have then the following relation :
< Csct [V Tty > [P [0 |< Wt [V Wrrior > [ (2:29)

where V' is the momentum scattering potential. Translating this relation into relaxation rate
terms yields the Elliott relation(88) displaying the proportionality between the momentum

scattering rate 1/7, to the spin relaxation rate 1/7,:

1/7s = [b]* /7,

(2.30)
1/7s ~ (Ag)* /7

Here Ag is the shift of the electron’s g factor from the free electron value go = 2.0023 and would
arise from the orbital momentum of the Bloch wavefunction which is non zero when the SOC
is present, leading to Ag = |b|]. Consequently, as depicted in Fig. after certain scattering
events, there is a probablity that the electron flips its spin while conserving it in between the
events. Elliott’s relation shows roughly the proportionality between the two 75 and 7, which
depends strongly on the scatterer itself and therefore certain deviations from this simple relation
can happen. For example, at low temperatures, scattering by impurities dominates whereas at
higher temperatures scattering by phonons takes over. Due to the relation 1/7, ~ p(T") and
band structure considerations, Yafet(89)) established the following relation in centrosymmetric
solids :

1/7,(T) o p(T) (2.31)

Yafet’s relation combined with Elliott’s gives a more consistance picture of spin phonon scat-

tering.
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Figure 2.8: Cartoon illustration of the D’ykonov Perel spin scattering: The electron spin expe-
riences a momentum dependant spin-orbit field leading to its precession with a (k) frequency.
At each momentum scattering event, the field is randomized and the spin’s phase experiences
a random walk which leads to the loss of the spin information and consequenctly its relaxation.

Dyakonov-Perel mechanism

This mechanism (90; OT)) requires also SOC and additionally inversion symmetry breaking. This
causes the non degeneracy of the momentum states of spin up and spin down in one banﬂ
This spin splitting can be translated into a magnetic-like field also called spin-orbit field By, (k),

with a Hamiltonian written in the following form:
1
H((k) = Eha.ﬂ(k) (2.32)

Where Q(k) = 72By, (k) is a frequency term equivalent to the Larmor frequency. This field
is entirely derived from the band structure and is k dependent. Its Hamiltonian displays a
Zeemann-like interaction hence the connotation of "magnetic field” though it doesn’t create
any spin polarization. Nevertheless, the electrons experience a precession around it with the
Larmor frequency §2(k). This field acts as a random fluctuating field that randomizes after
each scattering event time 7,. In the regime where Q,,7, < 1, the dephasing is inhibited due
to motional narrowing as seen in the earlier section. As illustrated in Fig. the electron

precesses around each random field within the time 7,. Equivalently, the spin phase is in the

L3From here on, let’s consider |a| to be in the order of unity for simplicity.
M Unlike Eliott-Yafet formalism, one band here is sufficient to derive the relaxation process.
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random walk regime which would result in a spin relaxation time :
/PP =02 7, (2.33)

Interestingly, D’yakonov Perel and Elliott Yafet relaxation times have a very distinct depen-
dences on the momentum scattering times. While for the former, the spin phase is randomized
between the scattering events due to a k dependent precession frequency, for the latter the spin
phase is conserved in between the scattering events and experiences a flip finite probability

during the collision.

2.3.3 Electrical spin injection and detection

Figure 2.9: Illustration of the spin injection at a FM/NM interface. When a non equilibrium
spin polarization is created at the interface, the chemical potentials for spin up and spin down
near the interface are split. The difference is the spin accumulation which drives the spin
current. The averaged chemical potential of the two materials would equal each other once the
spin current is dissipated in both layers with their respective spin diffusion lengths. (Taken
from (92).)

One important goal in the field of Spintronics is to generate a non equilibrium spin polar-
ization and use it as a vector to vehiculate and manipulate magnetic information. To transport
and process spin information in a particular thin film material, three fundamental conditions
have to be met which consist of a spin generator, spin detector and a spin transport channel.
Spin polarization generation can be achieved using the spin filtering effect in a ferromagnet
or as stated earlier via spin galvanic effects such as SHE in materials endowed with SOC. In
this case, the spin source is usually used as a contact and will be interfaced with another
material of interest. One major aspect of spintronics is to complement the semiconductor
technologies by interfacing spintronic components with current CMOS technologies aiming at
substituting the charge with spin degree of freedom. In this case, a ferromagnetic contact is
usually used to inject non equilibrium spin polarization in the semiconductor. In SOT-MRAM
technologies, the use of spin-orbitornics interface a ferromagnet with a large spin to charge
conversion material(93} 945 05). In this case, via spin galvanic effects such as SHE, the SOC

material is the spin source which injects a non equilibrium spin polarization in the ferromagnet
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through the interface. Let’s consider the spin injection from a ferromagnet to a non magnetic
material (96; 97 98} [99; 100} [10T]) which will be focused on later in this thesis. In the Stoner
picture, the bands for both spin channels in a ferromagnet are split. The consequent magneti-
zation is the result of this imbalance of the number of occupied carriers for both spin channels,
ie. M o (ny —ny). Spin transport depends on the excitation process involved of the non
equilibrium spin polarization. In steady state electric transport, the energy scale of interest is
within the Fermi level. The spin dependent density of states at the Fermi level leads to spin

dependent conductivities o4 and for a diffusive system can be written using Einstein’s relation:
2
opy = € pr(Ep)Dyy (2.34)

Where p4, is the density of states at the Fermi level and Dy is the diffusion constants for either

spin channel. The transport is carried by the net spin polarization P defined as :

p=2t"% (2.35)
o+ oy

Since the spin scattering time is much longer than other scattering processes, chemical
potentials may be defined as 4 and g for spin up and spin down channels respectively. If a
current is flowing in the structure, given the different conductivities for both spin channels and
Ohm’s law, the chemical potentials split near the interface. This results in a non equilibrium
spin polarization defined as a spin accumulation us equal to the non equilibrium chemical
potential difference between the two spin channels at the interfaceE As depicted in Fig.
the average chemical potential difference Ap is the driving froce for the chemical potential
splitting. In the steady state, this spin accumulation, therefore the spin current, diffuses in the
NM and can be treated with the spin diffusion equation(100; 99; 101} 102):

= DV2u, — % ) (2.37)

Where D is the diffusion constant and 7, is the spin relaxation time. It follows that the spin
accumulation decays exponentially to its zero equilibrium value with a characteristic length
constant called the spin diffusion length I in the non magnetic material defined as Iy = /D7s.
Ideally, generating a net non equilibrium spin polarization of 100% in the NM is the ultimate
efficient spin injection. For example, attempting to use a half metal where only states of one
spin channel lie at the Fermi level could within this simple framework lead to a maximum
spin polarization. Yet, it is hindered by interface impedence mismatch. In a normal metallic
ferromagnet as well, the efficiency of the spin polarization transmission is reduced. Many factors
are responsible for such a reduction. We will further briefly introduce the impedence mismatch,

the interface reflectivity and the spin-memory loss.

15The spin current is defined as follows :
Js=Jt—Jy =0sVp+ 0oV (2.36)
where 05 = oy — oy, p = (uy —py)/2 and 0 = oy + 0. In the case of the NM, o5 = 0 so the spin current is

entirely defined by the non equilibrium spin accumulation.
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Impedence mismatch

By considering the previous FM/NM system and define the interface region as ”C” for contacﬂ
Here, we assume that the there is no spin scattering mechanism at the interface in other words
spin current is not losﬂ Following the the spin current continuity equations in all three regions

as illustrated in more details in these relevant studies(99; [103; [[04}; [105]), we obtain :

_ RpPr+ R;Pc

P, =
Rr+ Rr+ Ry

(2.38)
Where Rp,Rc and R[] are the effective resistances of the ferromagnet, interface and NM
respectively. Pp and P; are the spin polarizations of the FM and interface respectively. P;
measures the average spin polarization in all regions and therefore the efficiency of the spin
injection. Depending on the relative strengths of the resistances, we can point to two distinct

regimes:

1. Tunneling contact: In this regime, we have the condition:Rc > Rp, Ry which results
in P, = Pco. This is a very interesting case since the Pz can dependent on symmetry
consideration of tunneling states from the FM to the NM. This is the case in tunnel
junctions for example where large spin polarizations can be selected as mentioned in
Section for Fe/MgO/Fe.

2. Transparent interface: This regime is characterized by the condition Rc < Rp, Ry. In

this case, the P; reduces to : R
FLF

P, = Brt R (2.39)

From here on, the resultant polarization would depend on the relative strength between

Rp and Ry. If Rp < Ry, then P, = %‘;PF < Ppr. As a result of this large impedence

mismatch, the spin injection efficiency is poor and this is one of the fundamental obstacle

of spin injection from a ferromagnet into semiconductors. In the case where Rp ~ Ry,

which is usually the case for normal metals, then the spin polarization is on the order

of the polarization of the FM, P; ~ Pp. This case corresponds to the 3d ferromagnet

interfaced with a 5d heavy metal studied further in this thesis.

When we consider a system with a good impedence matching, the interface between the FM
and the NM can still electronically hinder the transmission of the spin current depending on
the band matching between both materials resulting in a reduced transmission. This is called

interface reflectivity and will be discussed in a Landauer approach in the following section.

Interface reflectivity and Landauer Biittiker transport formalism

The Landauer Biittiker (LB) (106} [107) approach determines the current transported through
a non interacting quantum system also called scattering regiorﬂ It is therefore used in the

single electron approximation and band theory taking into account only elastic scattering. The

16The contact could be simply the interface or a junction between the two regions such as a tunneling junction
17This is not the case when we consider the spin-memory loss which would be explained in a later section

op’

154 1y . -
18Rr = -4 Ry = ﬁ and R¢c = AET% where Y is the conductivity of the contact.
19Tt can also be extended to the mesoscopic scale.
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Figure 2.10: Schematic illustration of the Landauer Biittiker approach. The scattering region
”S” is connected through leads to reservoirs, here L for left and R for right, with well defined
chemical potentials, temperatures.

scattering region could be atomic layers, a tunnel barrier or a simple interface. A general
illustration of the LB approach is depicted in Fig. Two reservoirs are connected to the
scattering region ”S” through two leads which we will refer to as ”L.” and ”R” for left and right
respectively. The two reservoir are in equilibrium and incoherent in a way that any electron
enters the reservoir, it thermalizes with the electronic system losing its phase information.
However, the leads have well defined modes related to the Bloch wavefunctions of the electrons.
One more approximation is that the lead/reservoir interface is reflectionless. As a result, right
propagating in the +k directior@ states in the scattering region are occupied by electrons
coming from the lead ”L” and vice versa. Applying a voltage V between the two leads yields

a shift in their chemical potentials, i.e. eV = up — pr. The LB formula gives the current:

(V)= 1 / T(E,V)[fo(E + eV) — fr(E)|dE (2.40)

Where f(E) is the Fermi Dirac distribution and T'(E, V) = Tr(tt') = Yapltasl®. tis called
the transmission matrix and its element ¢,5 describes the transmission probability between a
Bloch state a in the left lead to be transmitted to a Bloch state § in the right lead. The
total probability of the transmission is summed over all the states in the bias voltage window
defined by the voltage V' around the Fermi level. This constitutes the main result of this
approach linking the resistance of an object to the probability of the transmission of electronic
states through it. In this thesis, the FM/NM interface is considered as the scattering region
and spin resolved currents can be calculated which equivalently determines the spin interfacial

transparency.

20This direction is defined from left to right.
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Spin-memory loss

As been stated earlier, spin is not a conserved quantity and describing its transport through a
material require a spin flip process giving a certain spin diffusion length which is nominally a
bulk property. In a picture where non conserving spin scattering occurs at the interface, the
interface can be defined its own resistance and spin flip parameter. This spin flipping parameter
is referred to as Spin-memory loss (SML) and describes the non conservation of a spin through
the interface. It is generally quantified by the parameter §. To make sense of d, let’s assume
the interface to be a bulk material with a certain spin diffusion length (! and thickness t;, then

by shrinking the thickness down to zero, § is then written:
0= lim — (2.41)

SML parameter 6 measures therefore the probability of an electron spin to flip its direction

once it traverses the interface. The probability reads :
P=1-¢"? (2.42)

SML has been originally characterized in CPP magnetorisistance measurements and little is

known about its origin. It will be considered in Chapteifd]

2.3.4 Spin precession and Landau Lifshitz Gilbert equation

A B

Figure 2.11: Magnetization dynamics in a ferromagnet. (A) Case of magnetization dynamics
without damping: precessional motion of the magnetization vector around the effective field
H with a constant cone angle. (B) Case of magnetization dynamics with damping: the mag-
netization spiral around the effective field H until its complete relaxation bringing it to its
equilibrium position parallel to H. (Taken from (I08])).

Similar to the Block-Torrey equations, the magnetization dynamics driven by an external

magnetic field Hc¢s can be evaluated through the phenomenological Landau Lifshitz Gilbert
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(LLG) (109 110)) equation:

d d
d—rzl:ffymxHeff+amx d—? (2.43)

Where |m(t)|= |M(t)|/Ms, M(t) being the instantaneous microscopic magnetization and M,
is the saturation magnetization. The first term on the right hand side describes the precessional
motion of the magnetization around H.sy, which is the driving effective magnetic field of the

dynamics through energy conserving interactions. H.rs can be extracted from the free energy

_ 1 bH
poMs OIML”

different contributions where the most prominent ones are the exchange field, Zeemann field,

density functional of the system or the Hamiltonian H (M) via Hepp = This gives
magnetoanisotropic field, demagnetizing field and any other external sources (e.g. microwave
field, laser field...). This term is energy conserving and induces a precessional motion of the
magnetization with a constant cone angle around the driving field with a frequency ~y|Heyy|.
On the other hand, the second term which was phenomenologically added by Gilbert is the
damping term and describes the dissipation of the energy relaxing the magnetization to an
equilibrium position along H.fr. The constant quantifying this dissipation or damping is o
and is called the Gilbert damping constant. This damping term originates from the coupling
of the magnetization to the phonon bath through the SOC where the dissipated energy is
transfered as angular momentum to the lattice. The LLG equation can be extended by adding
a term taking into account the interaction between the local magnetization and the spin of a
moving electron (such as a spin polarized current). This term (48} 49)) is called the Slonczewski

spin transfer torque and reads:
Tsrr(r) o« (j.V)m + fm x (j.V)m (2.44)

Where the first term is refered to as the field like term and the second as the damping like
term. This nomenclature is evidenced by the symmetry of the torques. The field like torque
can contribute to the driving precessing force in contrast to the other that can be added to the
Gilbert damping term. Interestingly, depending on the polarization direction of the current,
the damping like torque can in fact cancel the damping like torque and outcome it which
enables Spin torque nano oscillators as well as magnetization switching in nanodevices. As a
spin current induces changes in the magnetization dynamics through the action of a torque, a
precessing magnetization can transfer angular momentum to a free electron in a non magnetic
layer N through an interface in a FM/NM bilayer. This creates a spin accumulation at the

interface. This is called spin pumping and will be discussed in detail in the next section.

2.3.5 Spin pumping and Ferromagnetic resonance
Ferromagnetic resonance (FMR)

Before discussing the spin pumping mechanism, we will discuss the concept of ferromagnetic
resonance(FMR) enabling a coherent precession of the magnetization. To illustrate the principle
of the FMR, a generic example of magnetic resonance will be presented. Let’s consider an ion
with a magnetic moment m and an electronic angular momentum AS. These two are related

via m = yhS. When it is subject to external magnetic field H along the z direction, the levels
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Figure 2.12: Tlustration of the magnetic resonance condition for a free electron. Upper panel:
The Zeemann field is responsible for a splitting of the energy band with a spacing proportional
to the external magnetic field. An electromagnetic radiation with a frequencyr excites the
system resonantly between the statesms = —1/2 and ms = 1/2. Middel and bottom panels:
Magnetic susceptibility and absorption profile with respect to the external field at resonance.

(Taken from (ITT)))

become non degenrate according to the Zeemann splitting. The Zeemann Hamiltonian reads:
H,=-mH=—~hHS, (2.45)
Where the Eigenvalues €; are equally spaced:

€; = —vhHmgy

(2.46)
me=—-8,—(S—1),.....8

ms is the magnetic quantum number. This gives an energy spacing of Ae = vABy. Therefore,
magnetic dipole transitions can be excited with a radiation of angular frequency wg giving the

resonance condition (10):

wo =vH (2.47)

This is a general condition of magnetic resonance. To achieve this, usually an AC magnetic
field is applied in a direction in the plane perpendicular to the z direction. This adds non

zero diagonal terms to the Zeemann Hamiltonian and therefore mixes states with the dipole
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selection rule Amg = +1 at resonance. This condition is general to magnetic resonance and can
be called differently for different systems. For system of ions with unpaired electron spin, it is
called electron parametric resonance(EPR) or electron spin resonance (ESR)(112). For nuclear
spin, it is called nuclear magnetic resonance (NMR) and for a system with exchange coupled

magnetic moments such as in a ferromagnet, it is referred to as ferromagnetic resonance.

As a next step, let’s consider a ferromagnetic material at the FMR condition and derive its
magnetic susceptibility. We can consider again the LLG equation. As stated earlier, besides
the external DC field Hy we drive the resonance with an ac magnetic field. The dynamics of
the magnetization M(t) are governed by the Larmor frequency v|H,s¢| which falls in the GHz
regime. Therefore, applying an external radio frequency (rf) field h,; provided the condition

|hy | < | Hol, results in the following expressions:

H.py = Hy + hrf

(2.48)
M(t) ~ M, + m(t)

Where M is the static magnetization at equilibrium and m(t) is the dynamic component
driven by the rf field with |m|< M. So the magnetization component along z can be assumed
to be equal to Mz and m is in the x-y plane. Assuming m(t) o e™! and following the
linearized Landau Lifshitz approaclﬂ derived by Heinrich et.al.(IT3} [1T4), one can derive from

the dynamics of transverse magnetization averaged per unit area in the film the two following

equations: .
o iw
—i—M, + B M, =
v 5=, 5 M (2.49)
W W :
[H—i— My +i—=M, = Mydhyg
Y

Where all the added parameters are expressed as follows:

Keff
B=Hy+4nMss + 2]1\4 (3 + cos(46))
2k
H=Hp+ ]\41 cos(40) (2.50)
S
2K

47TM€ff = 47TDZMS -

M,

Where 6 is the in plane angle between the external magnetic field and the magnetization, D,
is the demagnetizing factor, 2Kff 7 and QK;jf f are effective constants for surface in plane four

fold and uniaxial anisotropies respectively. The rf response characterized by the susceptibility

X is :

M, Md[B — i (-50)]
1

o B2 (5 A= 2 G — (22 (2:51)

X:

21For simplicity, the Gilbert damping term is omitted.
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After seperating the real and imaginary part of x = x/ + x//, we obtain:

X Ho—Hpmr
AH? + (Hy — Hpyr)? (2.52)
” AH '
o
XNEAT? ¢ (Ho — Hryr)?
With AH = % is the effective damping of the magnetic material and scales linearly with

the frequency of the rf field. Hpprgr is the resonance field. The absorption signal depends is
proportional to x// and therefore at the resonance condition Hy = Hpprr, X/ is maximized and
has a Lorenzian shape with a half width at half maximum (HWHM) equals to AH. Setting

the Gilbert damping « to zero, Hp g is the solution of the following equation :

BH = ()2 (2.53)
v
Let’s consider the case where the external field is parallel to the equilibrium magnetization(i.e.
6 = 0), we find then the Kittel formula(IT5]) :

w 2K€ff Keff
(;)2 =[Hpmp +47Mesy + ]\41 I[Hrmr + 2;4 ] (2.54)
S S

The resonance field therefore shifts with the anisotropies of the sample and the linewidth
depends on the damping through:
AH =2 (2.55)
Y
These are the two relevant parameters extracted from an FMR experiment. We will discuss later
in secrtion3.2] in more details the experimental implementation of the FMR and the extraction

of the relevant quantities.

FMR driven Spin pumping

We have seen that a spin current can transfer angular momentum to the local magnetization
via a torque inducing its precession. Reciprocally, it has been argued that a precessing mag-
netization loses angular momentum by emitting a spin current. Historically, such a relation
has been suspected. For example, Janossy and Monod and Silsbee et.al. claimed a coupling
between a dynamical magnetization and spin accumulation in adjacent normal metals(I17). It
was only until the work of Tserkovnyak that the formalism of spin pumping(IT8} 119} [120])
was developped, using the same matrix scattering formalism developped earlier by Brouwer for
parametric charge pumping in a quantum dot(I21]). Hence the name. A precessing magnetiza-
tion in a ferromagnet can be assumed to be in the adiabatic regime considering the momentum
scattering rates in metals. In order for the spin pumping to take place, a channel for the vehic-
ulation of the spin current has to open and this is done by interfacing the ferromagnet with a
normal metal. Spin pumping occurs strictly at the interface and builds a spin accumulation in
the normal metal that as we saw in an earlier section decay through a diffusion process in the
normal metal. The latter can then act as a reservoir or a spin sink. The interaction between
conduction electrons at the interface with the magnetization results in a transfer of angular

momentum directed from the ferromagnet to the normal metal in a form of a pure spin current
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Figure 2.13: Tllustration of the FMR Spin pumping: The precessing magnetization of a ferro-
magnet, adjascent to a normal metal layer, pumps a pure spin current Js in the normal metal.

(Taken from (I16))).

expressed as:

h dm dm
1 Armx e = Aige)

Where A, and A; are related to the scattering matrix elements which characterize the interface

pump _
17 =

(2.56)

conductance. We have :
1
AT = 5 Z |’r:rrnn - T;Lnn|2+|tgzn - t;;LLn|2
mn

Ai =TIl b () + 60 (6)"]

mn

(2.57)

Where 7] (r ) is the interface reflection coefficient in the normal metal for spin up (spin
down) from an transverse mode m to a mode n at the Fermi level. ¢/] (¢t ) is the transmission
coefficient into the normal metal (from another lead or layer interfaced with the ferromagnet)
for spin up (spin down) from a transverse mode m to a mode n at the Fermi level. To quantify
the efficiency of the transmission of the spin current through the interface, another parameter is
defined as the interface DC conductance matrix and called the spin mixing conductance (SMC)

¢°7". Tt is related to the reflection matrix through :
97 =D (Gmn = i (r770)") (2.58)

This gives the relation A, +iA4; = g™ — t™ with ™+ = #/I (#/+ )*. For ferromagnets thicker
than the coherence lengt}@ Afe = w/(ky — k}) with k4 (k) ) being the spin up (spin down) Fermi

22For transition metals, this characteristic length is equal to few monolayers.
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wavevector. In this case, the transmitted states interfere coherently at the interface leading to
t™ = 0. Tt is also demonstrated that A; can be neglected for ballistic and diffusive contacts(122))
which leaves only the relation A, ~ g™ leading to :

d
Tm x 28 (2.59)

h
rump —
s e di

This gives a clear important feature of the spin pumping which is the fact that the spin current
depends entirely on the interface conductance properties. As can be seen from equation (1.59),
the spin current has the same symmetry as the Gilbert damping and this constitutes the main
consequence of the spin pumping mechanism : The loss of the angular momentum due to
the precession is transported away as a current which results in an enhanced damping of the
ferromagnetic material. Therefore, this spin pumping induced damping augments effectively
the intrinsic damping «g of the ferromagnet. We can define the total effective damping as the

intrinsic damping with the additional damping due to the spin pumping process :

gupg™t

2.60
47TMStF ( )

ap/N = oo +
Where ¢ is the Lande factor and ¢ is the thickness of the ferromagnet. This means that one can
access the interface properties through frequency dependent linewidths measurements of the
FMR spectrum. It is worth to mention that similarly to a charge battery, owing to spin pump-
ing, a ferromagnet/normal metal interface can be viewed conceptually as a spin battery(123)
when the ferromagnet is driven at resonance. A spin voltage (i.e. spin accumulation) is built
dragging a maximum spin current that is expressed by the equation (1.59). Nonetheless, this
case has limitations. Due to spin-orbit scattering the normal metal is so far assumed to be a
perfect spin sink and dissipates the total spin current injected. However, when the spin flip rate
is slower than the spin injection rate, the spin accumulation at the interface induces a backflow
of spin current into the ferromagnet. In general, only the component of i perpendicular to m
is responsible for this since the parallel component is cancelled by an opposite flow from the
ferromagne@ The backflow spin current is then :
gN

—Z—m X fs X m (2.61)

IBackflow _
5 47

To feel the effect of this current on the spin mixing conductance (i.e. additional Gilbert damp-
ing), we define € = % the ratio between the momentum scattering rate and the spin flip rate.
The diffusive model for the spin accumulation in the normal metal holds as long as € < 1. The

modified Gilbert damping then reads:

hy?g™
47V + (Vetanh(L/ea)) 1]

Oeff = 0 + (2.62)
The damping is then increased for L > Asq and a large e. Light metals with atomic numbers
Z < 50 and heavy elements with only s electrons in the conducting channel would have e < 1072,

These elements would be poor spin sinks. On the contrary, elements like Pt, Pd or Ta would be

23provided that the frequency of the precession and the spin flip rate in the ferromagnet are slower than the
injection (into the ferromagnet).
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much better spin sinks owing to the relatively large e < 10~'. This is due to the high atomic
number and/or p and d character of the conduction electrons. This trend in the effective

enhancement of the Gilbert damping has been reported by Mizukami et.al.(124)).

2.4 Ultrafast optical excitation of magnetic heterostruc-

tures

2.4.1 Ultrafast demagnetization
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Figure 2.14: Ultrafast demagnetization in Ni. On the left hand side: (a) The time resolved
experimentally deduced spin(full black circles) and electron (white squares) temperatures. (b)
time evolution electron,lattice and spin temperatures during ultrafast demagnetization, accord-
ing to the three temperature model. On the right hand side: time resolved remanant Magneto-
Optical Kerr Effect (MOKE) signal of a 20nm Ni film with a laser fluence of 7m.J/em?. The
signal is normalized to the one without the pump beam.(modified from (IJ)).

Ultrafast optical excitation of magnetic materials is a field of intensive research and it offers
a variety of fundamental science as well as technological opportunities. It allows to access the
world of condensed matter down to the femtosecond time scale. More specifically the birth of
the field of femtomagnetism started with a single experiment in 1996(I) that showed a sur-
prising result. Bigot and Beaurepaire carried out this experiment by shining a 60 femtosecond
laser pulse on a Ni thin film and measured subsequently the magneto-optical response using a
pump and probe technique. Surprisingly, the magnetic order gets quenched down to 50% of its
initial value in the sub-picosecond time scale followed then by a slow recovery that span over
few tens of picoseconds. This ultafast demagnetization is generic and happens in multiple mag-
netic systems (125} [126; [127; [128; 129; [130). Moreover, Beaurepaire et.al. performed reflectivity
measurements which probe the electronic temperature of the system. This ultrafast quench-
ing has been further confirmed and observed with other techniques such as second harmonic
generation(125). Moreover, time resolved and spin resolved two photon emission measurements

registered a sub picosecond magnetic quenching on ultrathin Ni and Fe films (~1nm) with a
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demagnetization time constant around 300-500 fs for both(126; [131)). Later on time resolved
x-ray circular dicroism (XMCD) has been carried out for a Ni film showing an ultrafast decrease
of the spin and orbital moments with a similar time constant ~ 130 + 40 fs(132). These latter
experiments confirmed the actual loss of spin moment. This surprising result triggered intensive
debates on the fundamental principles of ultrafast magnetism. Several mechanisms have been

reported and will be reviewed shortly in this section. Before diving into the microscopic con-
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Figure 2.15: Ultrafast processes after laser pulse excitation in a metal(a) The photon
energy is first transferred to the system creating a coherent polarization leading to a non thermal
electron hole. The electrons redistribute their energies due to electron electron scatterings until
thermalization at around 100fs. Then the electronic system transfer energy to the phononic
system through electron phonon coupling processes at later times. After roughly 1ps, the
electronic and phononic system are in equilibrium and share the same temperature T, ~ T,.
(Taken from (I33))).

didates for ultrafast demagnetization, we briefly review the ultrafast processes resulting from
an optical laser pulse in metals. For a metal at equilibrium, the electronic system is in thermal
equilibrium according the distribution of Fermi Dirac having a proper defined temperature 7.
At this equilibrium state, the lattice is also defined with its own temperature 7; and in equi-
librium with electronic system (T, = 7T;). As illustrated in Fig. when the metal absorbs
the photon enegy deposited by the laser, the electronic system is excited to higher states lying
in higher energy levels defined by the laser energy. These states lie above the Fermi level and
the electronic system is driven out of equilibrium and its distribution deviates from an equi-
librium Fermi Dirac one. These new electron states are called hot electrons. Due to electron
electron scattering processes occurring in the first hundreds of femtosecond, the electronic sys-
tem thermalizes and can be assigned its electronic temperature. In a longer time scale, in the
picosecond regime, the difference between the lattice temperature and the electron temperature
acts as a driving force to restore the equilibrium of the two systems with each other through
electron-phonon scattering(134). In noble metals, the hot carriers occupying high energy sp
states experience a ballistic transport with velocities ~ 105m/s just after their excitation and
diffusive transport with velocities ~ 10*m/s after the electron electron scattering takes place.
For magnetic systems, the situation becomes more complicated since the spin degree of free-
dom plays a major role. In ferromagnets, the density of states are spin split with the exchange
energy (Ag, ~ leV). For 3d transition metal ferromagnets, the excited states are different for
both spin species. Indeed the lifetime and velocities of the excited states are spin dependent.

The minority spins are excited to an unfilled d band with high scattering rates due to the
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large density of states which results in a quicker thermalization of the electron system with the
lattice and lower mobility which reduces the ballistic transport (I35} [136). On the other hand,
the mobility of the electrons in the sp band in a magnetic material is similar to that in noble
metals. Spin dependent hot electron transport has been demonstrated in magnetic thin film
heterostructures(I37; 138} 139 [140). In the same perspective, Battiato et.al(@ [14T)). claim
that this transport of spins accompanies the demagnetization and partly explains it. This is
referred to as superdiffusive spin transport model and will be discussed later on in more details.
Electron phonon coupling plays also a major role due to spin-orbit interaction. The electron
can flip its spin due to Elliot-Yafet like type of scattering at the sub-picosecond time scale. An-
other important ingredient that needs to be considered in ferromagnetic materials is thermal

magnons which offer also a channel of spin flips(142).

4 \
Laser ( Electrons
pulse T

Figure 2.16: Schematic illustration of the three temperature model. All electronic, lattice and
spin subsystems have well defined temperatures and are coupled to each other. The laser pulse
deposits energy directly in the elctronic system.

Before we review few of the microscopic candidate mechanisms for the ultrafast demagneti-
zation, we present here a phenomenological model developed by Beaurepaire(l]) where he used
T as the temperature of the spin system considered as a heat bath@ This model couples
the electron, spin and lattice heat baths with ad-hoc coupling constants relating the relative
temperature differences which acts as a driving force for angular momentum transfer between

the subsystems (see Fig. [2.16):

T,
Ce ddt = —Ga(T. = Ti) = Ges(T. — Ts) + P(t)
dT
Cs dt = _Ges(Ts - Te) - Gsl(Ts - Tl) (2.63)
dT;
Oyt = =Gul(Ti = T.) = Gu(Ty = 1)

24This temperature has been introduced in 1991 by Vaterlaus(I43)
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Where C; is the heat capacity of the heat bath i and G;; is the coupling constant between
two heat baths ¢ and j. P(t) here represents the energy deposited by the laser. This model
can be used to fit the data and shows the different channels for energy exchange in the non
equilibrium regime but certainly lacks a physical and meaningful description of the processes
responsible for such dynamics. Moreover, it assumes the thermalization of the heat baths at
all times which is not necessarily the case.

In the following, we will introduce briefly few of the competing microscopic mechanisms

suggested to account for the ultrafast demagnetization:

1. electron phonon coupling (144} 145t 146} [T47: 148} [149): One of the most followed theory
for the ultrafast quenching of the magnetization is one that considers a spin flip channel
in the ultrafast time scale. The majority channel flips its spin transfering the angular to
the lattice through an ultrafast Elliot Yafet mechanism. As we saw earlier, due to SOC
the spin states are mixed and the probablity that a spin gets flipped depends on |bs/|
which can be 25 times larger for the case of the transition metal ferromagnets compared

to the one of Cu for example.

2. SOC mediated spin flips(I50; [151)): This process is different from the previous one for
it transfer the spin angular momentum to the orbital channel which dissipates it almost
immediately to the lattice due to the interaction of the itinerant electrons with the field po-
tential of the nuclei. Based on ab-initio time dependent density function theory (TDDFT)
calculations, Elliot et.al.(I52]) claim that the spin flip process can take action in a very
fast time scale down to 15fs. Tows and Pastor(I50]) also used a many body theory where
the angular momentum exchanged between the spin system and the orbital system is
transferred directly to the lattice through the electronic hopping which is responsible for
dynamical orbital quenching. This effect is almost instantaneous and happens in the time
scale of < 1f s@ The orbital system is not an angular momentum reservoir and here acts
only as a mediator for enegry transfer. This is in agreement with XMCD measurement
where the orbital and spin angular momentum have been measured simultaneously and
both show rapid quenching with a slightly faster dynamics for the orbital system(132]).

Nevertheless, the angular momentum is not accumulated in the orbital degree of freedom.

3. electron magnon spin flips(153} [154): In this case, the electrons would flip their spins due
to electron magnon scattering. It is argued that the system would conserve overall the
total spin angular momentum, but with the action of SOC, the magnon moment would
differ from the difference of the spin momenta caused by the spin ﬁip(155)ET herefore,
the total magnetic moment is allowed to decrease. In a second step, it is believed that

magnon would transfer its momentum to the lattice for the same reasons evoked earlier.

2.4.2 Superdiffusive spin transport

This process is rather different from the previous mentioned processes as it doesn’t include

spin flip processes where the magnetization is locally altered. It states that the magnetic

25This time is characteristic of the orbital character itself and for an electron in the d band, this time is
approximately ~ /Wy =~ 0.1fs where Wy = 6eV is the width of the d band.
26Spin up and spin down are mixed and are not completely disentangled quantities.
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Figure 2.17: Superdiffusive spin transport: In the sketch, the three different regimes are
illustrated: The black line represents the movement of an electron in the standard diffusive
regime with almost infinte amount of scatterings, the blue line the ballistic regime with no
scattering and the red line the superdiffusive regime with a certain number of scatterings.
(Taken from (I56))).

moment is driven away from the excited region. We will focus in detail on this approach as
it constitutes the driving engine for the ultrafast currents generated in thim film magnetic
heterostructures throughout this thesis. Upon laser excitation, as we saw earlier, an electron
hole pair forms where the electron is excited to high energies defined by the photon energy.
Battiato was interested in solving the diffusion problem of the excited particles in a film with
a thickness compared to the mean free path of the excited particles which is around tens of
nanometeIiZ]7 also the same range of values for the optical skin depth in metals. This case is
an intermediate state between the ballistic motion where no scattering event happens (i.e. the
lifetime can be viewed infinite) and the diffusive motion consequence of a random walk with
an infinite scattering events. Due mostly to electron electron scattering, the excited electron
oust another from below the Fermi level and scatters as a result to a lower level of energy
closer to Fermi level. The second excited electron generated would be called second generation
electron. Battiato solved this dynamical problem by summing over all ballistic parts of the
whole trajectory considering the distribution of the previous ballistic walk as the starter for
the next generation. For a particle with a lifetime equal to 7 &~ 10fs, the evolution of the
process starts ballistically for time ¢t < 7 and becomes diffusive at times around 100fs. The
diffusion process in between is anomalous and called superdiffusive process. These regimes are
characterized by the exponent of the time variable with which the variance of displacement

varies with time:
o2 oc 2/ dw (2.64)

27The lifetime of excited particles is around tens of nanometers and in the ballistic regime the velocity is
around 1nm/fs.
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Where d,, is called anomalous diffusion exponent and we have ballistic and standard diffusion
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Figure 2.18: Superdiffusive spin transport: (a) time dependence of the anomalous diffusion
exponent for a particle moving with a constant velocity. The black line is calculated for a particle
lifetime 7 = 10fs and the dashed one is for 7 = 40fs. Energy and spin dependent velocity(b)
and lifetime (c) of electrons and holes in an ideal material. The spin up channel is represented
with black line and the spin down channel with the dashed line. (Taken from (I56])).

regimes for d, = 1 and d,, = 2 respectively. Superdiffusive transport is for d,, > 1. For a typical
3d ferromagnet, both spin channels experience different transport because of the spin dependent
density of states. In Fig. we show calculations of the spin dependent velocity and lifetimﬂ
of quasiparticles(electrons and holes) in an ideal ferromagnet where spin up quasiparticl@ lies
in a very dispersive band above the Fermi level and less below and the minority remain in
localized bands below and above the Fermi level. This is a simplified case but captures the
physics of the transport. Yet, it has some similarities with real systems. for example, lifetimes
are similar for both spin channel in Fe, the velocities are very asymmetric approaching the
behaviour of the one in the Figure. This contrasts with the case of Ni where the asymmetry is
pronounced in the lifetimes. In both cases, this leads to a superdiffusive spin dependent current
vehiculating spins away of the absorption region. Nonetheless, it is important to mention that
sofar the role of the holes has been neglected due to their low energieﬂ, which is the case
until local thermal equilibrium. Consequently after electon electron scattering processes the
electron and hole energies both approach the Fermi level and the gap between their velocities
and lifetimes closes up. Therefore, the diffusion of holes starts contributing and counters the
spin current transported by electrons. This explains the fact that the demagnetization peaks
at around hundreds of femtoseconds and does not prolong longer. Other processes are also
responsible for this at longer time scales namely due to electron phonon coupling. Battiato
considered also a bilayer consisting of a 3d ferromagnet and a normal metal. In this case,
the demagnetization is even enhanced due the diffusion of the spin current to the normal layer

which acts then as spin sink. This phenomena came to be the source of spintronic THz emitters.
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Figure 2.19: Schematic illustration of the SDSE: A temperature gradient leads to a
discontinuity of the charge chemical potential between the FM and the NM. This is the charge
Seebeck effect. The chemical potential is split around the interface due to different Seebeck
coeflicients for both spin channels generating a spin accumulation driving a spin current that
decays in each layer away from the interface with a spin diffusion length r and y for both FM
and NM respectively. This is the SDSE. (Taken from (I57)).

2.4.3 Thermal-based processes

As mentioned before, when a metal is excited with a laser pulse, the temperatures of its elec-
tronic, spin and phononic subsystems change subsequently with different time scales depending
on their intercoupling. Therefore, thermal processes based on temperature gradients between
the species within or between the subsystems can act as a driving force for spin current gen-
eration. Two main thermal mechanisms are responsible for spin current generation which are

briefly presented below:

Spin-dependent Seebeck effect: As predicted by Silsbee and Johnson(@ﬂ this effect is
the spin resolved version of the normal conventional charge Seebeck effect. Imaginatively, same
as in a thermocouple where a temperature gradient generates a chemical potential gradient,
a ferromagnet can be considered as a single unit combining two thermocouples for both spin

channels(I57). The property defining the amount of current generated is quantified by the

28includes electron phonon coupling, defect and impurity scatterings.

29The holes carry the spin current in the opposite direction to the one carried by electrons. In the early stage
of ultrafast transport, their contribution is neglected due to their lower velocities until their energies approach
the Fermi level, same as for the case of electrons. Their dynamics cannot be neglected then. This gradually
decreases the spin current.

30Hence a lower mobility in this case.

310riginally called spin Seebeck effect when it was observed experimentally by Uchida et.al.(I59) The spin
Seebeck effect now refers to magnonic Seebeck effect as will be seen in the next paragraph.
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Seebeck coefficient which in in the linear response regim@ could be expressed as :

Olno(e)

S — —eLyr 9
“ho Oe er

(2.65)
Where Ly is called the Lorenz constant. In a ferromagent, both spin species possess different
scattering rates and different density of states at the Fermi level. Therefore, they possess differ-
ent Seebeck coefficients rendering their responses to the temperature gradient to be different.
This difference is imprinted in the change in their respective chemical potentials which is by
definition a spin voltage ,uﬂ The gradient of this spin voltage is consequently a spin current
flowing along the temperature gradient direction. When interfaced with a metal, a heat current
can be generated at the interface, for example by resistive heating of the ferromagnet or by
asymmetry in the absorption of the laser power between the two adjacent materials. This heat
current drives consequently a spin accumulation ps at the interface, which can be treated as
before in the framework of the Valet-Fert spin diffusion equation. In this sens, the superdiffusive

spin current model could be seen as a non thermal version of the SDSE.

(a) Longitudinal spin Seebeck effect (LSSE)  (b) Anomalous Nernst effect (ANE) (c) Proximity anomalous Nernst effect
paramagnetic metal paramagnetic metal
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Figure 2.20: Schematic illustration of electromotive thermal processes. (a) SSE: a
temprature gradient perpendicular to the FM/NM interface generates a spin current in the
same direction which is converted to a charge current in the third orthogonal direction in the
NM due to ISHE. (b) ANE: a temperature gradient accross a FM, with VI' LM, creates a
charge current in a direction perpendicular to both the magnetization and the temperature
gradient. (¢) Proximity induced ANE: a temperature gradient perpendicular to the FM/NM
interface induces an ANE charge current in the NM due to the induced magnetic moments in
the NM. (Modified from (I61))).

Spin Seebeck effect: Even though the spin Seebeck effect(162]) is a general term pointing to
the generation of a spin voltage under the influence of a temperature gradient, it actually refers
to the generation of a magnonic voltage at the interface between a ferromagnet and a metal.
The temperature difference between the electronic temperature of the metal and the magnonic
temperature of the ferromagnet acts as a driving force for pumping spin current. The SSE is
fundamentally different from the SDSE. In the former, similar to spin pumping, the magnonic
excitations in the FM transfer spin angular momentum at the interface to the adjacent layer
via the electron magnon coupling mediated by the s-d exchange. This creates a spin current
carried by the electrons in the normal metal. Whereas, in the latter case, the spin current is

generated from the difference of thermoelectric power of electrons in the FM itself. For this

32This is a derivation of Mott’s law(9) using Sommerfeld approximation dictating that the conductivity can
be expressed linearly as an expansion of kT terms.
33In the literature, there is still some confusion on the nomenclature(I60) on whether the spin current js o

T _ gl ; STeT_stot
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reason, the SSE can be also observed in insulating FMs(163). The spin current can then be
expressed :
Js = S(TM =T (2.66)

Where S is the Seebeck coefficient. TN and TEM are the electronic temperature and the
magnonic temperature of the non magnetic metal and the ferromagnet respectively. Usually
both SDSE and SSE are detected electrically once the spin current is converted to a charge
current via the ISHE. Another thermal based electromotive contribution has to be taken into

account as it overlaps with these two effects: the Anomalous Nernst effect.

Anomalous Nernst effect: The anomalous Nersnt effect (ANE) (164} [165; [166) is the gen-
eration of a transverse charge current driven by a temperature gradient in a conducting ferro-
magnet. It has its origin in the Berry curvature and is therefore an intrinsic property of the
material. In other words, it represents the thermal version of the AHE. When the ferromagnet
is interfaced with a normal metal, the latter can acquire an induced magnetism at the interface.
In this case, when the ferromagnet is insulating for example, ANE can still occur in the non
magnetic metal due to the proximity effect. This is refered to as proximity ANE as depicted

in Figure 2.20.

2.4.4 Spintronic THz generation
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Figure 2.21: Illustration of the broadband THz generation in a spintronic emitter. A femtosec-
ond laser pulse induces ulrafast demagnetization in the ferromagnet, launching an ultrafast spin
current directed from the FM to the HM where it gets converted to a transient charge current,
owing to the SHE of the material. This charge current radiates an electromagnetic wave which
extends in the THz regime.

One of the big technological prowess of ultrafast spintronics is the development of highly
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efficient, broadband and scalable THz emitters(167). As noted in the earlier sections, ultrafast
demagnetization is accompagnied by a transient spin current. In a metallic FM/NM bilayer
structure, this spin polarized current diffuses to the NM layer where it gets converted to a
charge current due a spin galvanic effect inherent to the interface or the NM layer itself such as
IREE or ISHE respectively. This charge current carries the same symmetry as the spin current
pulse itselﬁ The converted spin current radiates a THz pulse with a broad coverage band
of the frequency domain extending from 1 to 40 THz. The charge current originating from
the bilayer comprises few different contributions and can be optimized. It contains radiation
coming from the dynamics of magnetic dipoles, the anomalous Nernst effect, the photogalvanic
spin effects at the interface and ISHE in the bulk of the NM layer. With a careful choice of
materials, the THz Signaﬁ can be further increased to large values exceeding those of available
traditional THz sources in the market such as ZnTe crystals. Indeed, the ISHE depends on
the material and its strength is evaluated by the spin Hall conductivity or the spin Hall angle.
A clear correlation exists between the SHC and the THz peak signal(5). The THz transient
can be detected using THz time domain spectroscopy as we will see in the next chapter. The

radiated THz electric field can be expressed in the following manner:

dr — do
2 pol

dn 1 _(dF+dN)
tanh e STH=z
) (2/\1\1 ) Nair + Neub + Zo(0pdp + ondN)
(2.67)

Where here P,;s is the absorbed laser power. dr,cr and dy and oy are the thicknesses and

Pabs
FEryg, x ————— tanh
THz X drp +dn a (

conductivities of the ferromagnet and the normal layer respectively. dy is an effective thickness
below which the ferromagnet loses its ferromagnetism. Apy is a characteristic length for the
saturation of the spin polarization in the ferromagnet and Ay is the spin diffusion length in the
normal layer. ng,, nsyp and Zy are the refractive indexes of ambiant air and of the substrate
and impedence of vacuum respectively. Finally, s;g, characterizes the attenuation of the THz
radiation in metallic medium. The first term represents the energy absorbed by the layers.
The second term quantifies the generation of the spin current flowing in the ferromagnet. The
third term represents the diffusion of the spin accumulation in the normal metal layer. The
fourth term takes into account the total impedence of the layers and the reflections of the THz
wave between the interfaces of the air medium and the substrate. The last term corresponds

effectively to the attenuation of the THz wave in the metallic layers(5} [170).

34The spin current pulse can be mostly considered as unipolar. Yet, theoretical calculation within the frame-
work of the Boltzmann transport formalism shows a bipolar shape of the current with a fast contribution arising
solely from the mobile majority spin electrons followed by a small slower contrbution with the opposite spin
polarization (168} [169).

35arising mostly from the ISHE of the NM, when it has a large spin Hall conductivity.
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Chapter 3

Experimental Methods

In this Chapter, all experimental means and methods used in this thesis are presented. In the
first part, the main film growth method is introduced followed by a brief review on the tech-
niques needed for the deposited film characterization. Then, two main investigation techniques
of spin dynamics, depending on the excitation method, are introduced: namely the ferro-
magnetic resonance driven spin pumping technique and the femtosecond laser pulse induced

magnetization dynamics measured with a pump and probe scheme.

3.1 Sample fabrication and characterization

3.1.1 Film deposition: magnetron Sputtering

Film deposition consists of techniques used in laboratories as well as industry to manifacture well
defined atomic multilayers with controlled interface roughness below 1nm and even controlled
layer by layer growth depending on the process used. Here we present mainly the magnetron
sputtering technique which is the most used film deposition method throughout this thesis.

Sputtering is the most common and used technique in industry and is relevant for nowadays
semiconductor industry. In addition to its low cost, ease and flixibility with the materials of
interest, it offers high controllable deposition rates, density, stocheometry and purity of the film
of interest and is suitable for multilayers with roughnesses down to 2A.

To discuss the fundamental principle of a sputter system, we consider the simplest sputter
apparatus which is called a DC diode consisting of two plates: the anode and cathod, sitting
a vacuum chamber(I72)). The anode is attached to the substrate holder where the film of
interest is bound to grow and the cathod is attached to the material targeted for this process.
Therefore, the latter is referred to as a target. An inert gas, called sputtering gas, usually
argon gas (Ar) is introduced to the chamber. By applying a voltage between the plates above
a certain threshold, electrons are ejected and collide sufficiently with Ar gas resulting in its
ionization forming a plasma. The resulting Ar ions are positively charged and are attracted
to the cathod. The electrons with a lighter mass form a so called sheath layer next to the
cathod and result in a large potential drop, called the cathod drop. This mechanism amplifies
the ionization process even further as the heavier Ar™ ions are accelerated through the cathod

potential drop creating secondary electrons from the cathod which in turn are accelerated and
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Figure 3.1: DC diode sputtering. Schematics of a typical DC diode sputtering.(taken from

(171))

contribute to the plasma through Ar-electron collisions and electron electron scatterings. This
yields the condition for a self sustaining plasma with a constant plasma current. Due to the
fact that secondary electrons can be lost to the anode, this simple sputtering technique is no
longer used and has been replaced by magnetron sputtering in the 1970s(I73]).

Indeed, magnetron sputtering provides a better efficiency of the ionization process through
a confinement scheme. Permanent magnets are added to the cathod enabling trapping of the
secondary electrons owing to the Lorenz force in cycloidal motion parallel to the target surface.
This increases greatly the ionization process in the vicinity of the target. Once the Ar™ ions
current hits the target, their energies is transferred to the atoms at the surface ejecting a certain
number of atoms that are accelerated to the anode where they adhere to the substrate. The
efficiency of this process is quantified by the sputter yield defined as the ratio between the
number of ejected atoms and the number of incident ions.

In our magnetron sputter apparatusﬂ the Ar mass flow is kept constant at 55SCCHE| and
the deposition Ar pressure is usually kept at 3mTorr. The base pressure of the chamber during
deposition is less than 3.107° Torr. All metallic relevant targets (for example CoFeB, Pt, Ta,
Co, Ni..) are fed with a DC power supply except for MgO which is powered with an RF power
supply with a typical frequency of 13.56 MHz. This brings the advantage of longer residence

1Magnetron sputtering apparatus customized by AJA company.
2standard cubic centimeters per minute.
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Figure 3.2: Magnetron sputtering. Schematics of a magnetron sputtering apparatus.(taken

from (I71]))

times in the plasma and higher collision rates. Moreover, it is suitable for insulating targets
such as MgQ, since it prevents charge accumulation on the cathod surface. In our system, as
can be seen in Fig. [3.3], the MgO target sits at a right angle relative to the substrate holder and
can be moved farther or closer with the use of an off-axis sputter gun motor. This brings the
advantage of deposition optimization to insure that excess of oxygen ions are avoided during
the deposition process leading to a better interface with the CoFeB layer compared to standard

on-axis deposition.

3.1.2 X-ray diffractometer (XRD)

X-ray diffraction is a powerful technique used to investigate the crystal structure of thin
films(175). This is possible owing to the matching between the atomic distances in a crys-
tal and the x-ray wavelength. Let’s consider a periodic structure, for example atomic planes
with a fixed inter plane distance, and an x-ray beam incident with the certain angle 6 relative
to the surface. The incident beam experience a diffraction as the atomic arrangement acts
as a three dimensional grating, generating well defined diffraction pattern spots called Von

Laue/Bragg diffraction spots. The constructive interference condition came to be known as the
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Figure 3.4: XRD.Bragg’s law for (a) real space and (b) reciprocal space.(Taken from (I74))

Bragg’s law (10):
n\ = 2dhk18in(9) (3.1)

Where n is an integer, A is the wavelength of the x-ray, 6 is the Bragg angle and dpy; is the
interplanar distance between (hkl) planes indexed with Miller indicesEl For a cubic lattice for

example with a lattice constant ag, the interplanar spacing dpg; is written as:

ao

S (3.2)
h? + k2 + 12

dpgr =

3Bragg and Von Laue were awarded the Nobel price in 1915 for this discovery as it proved the regular atomic
arrangement in solids.
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An x-ray diffractometer (XRD) consists of a well defined x-ray source, a goniometer and a
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Figure 3.5: XRD. (a) Schematic of the powder X-ray diffraction geometry. (b) Experimental

setup.(Taken from (I74)).

detector. In the following, we will explain in more details the roles of the x-ray source and the

goniometer in the powder XRD function mode(I74]):

1.

X-ray source: Generation of x-rays is done in vacuum tube diodes. Subjected to a bias
voltage of typically —40kV, electrons are ejected from the filament and accelerated in the
direction of the anode kept at ground potential. Through a Bremstrahlung process, a
process of inelastic scattering with atoms, the incident electron loses energy in a form of
a radiation in the x-ray energy range. Usually, copper is the most used material for XRD
with a characteristic wavelength of 1.5418A, known as the Cu K, radiation. Additional
filter foils and monochromators and a slit are installed after the x-ray source to obtain a

monochromatic continuous and a well spatially confined x-ray beam.

Goniometer: As evidenced by Bragg’s law, for a certain sample orientation, sweeping
the angle 6 would result in diffraction peaks in the 26 direction, relative to the incident
angle. Therefore a precise control of the relative angle between the sample holder, source
and detector is required. For this matter, the system is mounted on a goniometer with
the sample stage at the center and the source and detector at the periphery. The go-
niometer controls precisely the azimuthal angle¢ of the sample, which is the rotation in
the plane of the sample’s surface as wel as the angle w in the goniometer plane. These
two angles are usually adjusted through rocking curves to get the sample crystallographic
planes perpendicular to the plane of incidence. In the case of a sample with a random
polycrystalline orientations, there are no preferred angles. The source and the detector
are moved freely along the circumference. To insure good illumination of the sample,
therefore better difftaction intensities, the x-ray beam is diverged from the x-ray source,
diffracted at the sample and refocused at the detector. In Fig. we show a 6 — 26 scan
where the source and the detector are moving accordingly to keep their relative angles

constant. This geometry is refered to as the ”Bragg-Brentano” geometry.
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Figure 3.6: Atomic force microscopy. Schematics of a typical AFM intrument.(modified

from (I76]))

3.1.3 Atomic Force Microscopy (AFM)

Unlike most common microscopy techniques, Atomic Force Microscopy (AFM), doesn’t require
the usage of any sort of beam, rather it is a highly precise force sensor(I77)). In a typical
AFM apparatus, the sample is placed on a high precision piezoelectric stage that can be moved
in all three directions. The AFM force sensor probe is a sharp tip of a conical shape with a
certain apex curvature, defining its spatial imaging resolution (typically around few to tens
of nanometers). It’s usually made out of silicon or silicon nitride. The tip is mounted on a
flexible cantilever which bends according to the force felt by the tip above the sample surface.
Therefore measuring accurately the deflections of the cantilever translates into measuring the
tip-sample interaction force. Usually, an optical approac}ﬁ is used for this purpose with the laser
beam directed onto the cantilever surface and reflected to a position sensitive photodiode. An
intuitive understanding of the AFM would be to imagine the sample topography, as it is being
scanned in x-y direction, modulates the force field acting on the tip. Therefore reconstructing
this field equivalently determines the sample’s topography. This is a simplified picture for the
main forces acting on the tip are of two different natures. An attractive force due to Van der
Waals interaction dominates if the distance between the sample and the tip is large enough
whereas at lower distances, the repulsive electrostatic forces dominate. The interplay between
these two forces in conjuction with the operation mode of the tip determines the interaction and
thus the imaging process. Indeed, there are several modes of operation for the AFM categorized

in static and dynamic modes. Here, we present shortly some of them:

1. Contact mode: In this static mode, the tip is brought to a distance of less than a few
Angstrém to the sample surface where the repulsive electrostatic forces are dominating.
The feedback circuitry, keeps the tip close to the sample surface and drags it along the
surface topography. In this case, the cantilever has a very small spring constant (<1N/m),

to prevent the tip from wearing out. This mode suffers the lateral forces experienced by

4Some techniques use a tuning fork approach instead.
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the tip as well as contamination on the sample surface.

2. Noncontact mode: In this dynamical mode, the tip is at typical distances of few tens to
hundred Angstrém experiencing the week Van der Waals forces (in the order of 10712 N)
as compared to the contact mode. The tip is stiff and is coupling to a vibrational system
near its resonant frequency with typical frequencies ranging from 100 to 400 kHz. The
stiff tip resists the attractive forces with the help of the feedback system which maintains
the vibrational frequency as well as the sample to tip distance to a constant level. This
in return gives small signals and slower scans compared to the case of the contact mode.
On the other hand, it is a non invasive technique with less risk of damaging the sample

or the tip.

3. Tapping mode: The tapping is also a dynamical mode and similar to the noncontact
mode, the cantilever is brought to vibrate near its resonant frequency. The difference
between both is in the vibrational amplitude which is much larger for the tapping mode.
As its name suggests, the tip (with spring constants in the range of 10-100N/m) is allowed
to tap the sample surface during its oscillations. The forces acting on the tip are mainly
the repulsive forces which are large enough to affect its oscillation motion. Therefore the
feedback system is set to maintain the vibration amplitude constant. The tapping mode
holds the advantages of the noncontact mode in addition to being more sensitive and

provides faster scans.

3.1.4 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy(179) is a powerful technique for microstructural character-
ization of samples as well as resolving atomic resolution features of a specimen. It utilizes an
electron beam which can be focused on the sample. The changes in intensity of the diffracted
electron beam gives the so called diffraction contrast relevant to investigate specific regions of
the material (defects, dislocations) and the phase of the diffracted beam can be used to recon-
struct a high resolution image of the region of interest in the sample. We will explain briefly
both phenomena in the following part.

TEM uses an electron gun which provides an electron beam that can be guided and focused
using magnetic lenses onto the sample where it gets diffracted. The transmitted and diffracted
electrons are then guided, once again through lenses, to a viewing screen(see Fig. . At this
point no apparent contrast can be viewed. Indeed each point in the back focal point contains
electronic rays coming from all points of the specimen. However, placing an objective aperture
before the back focal can whether in one case block the transmitted (not diffracted) light,
allowing only the diffracted electrons to pass or the other way around. In the first case, we call
this type of imaging Dark field imaging (DF) and in the other case Bright field imaging (BF).
Since their relative intensities are antagonist, blocking one mode of transmission increases the
apparent intensity coming from the other mode. In other terms, regions of the sample ”that
diffract would appear bright in DF and dark in BF and regions that don’t appear dark in DF
and bright in BF”. This is how the diffraction contrast is obtained.

More importantly for this thesis, the TEM is capable of reconstructing a high resolution

image resolving the individual atoms in the specimen. This is called high resolution TEM
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Figure 3.7: TEM. Schematics of a typical TEM instrument.(modified from (178]))
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Figure 3.8: TEM. Illustration of Bright field, Dark field and High-resolution TEM.(modified
from ([I80))

(HRTEM). To explain its working principle, let’s consider a spherical waveform of electrons

o1



diffracted from the specimen, the waveform of the electronic wave experiences a phase shift
traversing the material until it falls on the viewing screen. The diffracted wavefunction ¥ (Ak)
is the Fourier transform of the scattering factor in the material f(r). Ak is the scattering

wavevector. f(r) is expressed as follows:
1 > —1 T
f0) = 5 [ w@akeSEraan) 33)

In order to reconstruct f(r), a clear access to ¥(Ak) as well as a certain large coverage of

Ak is needed. This selection would define the spatial resolution of the microscope according

~ 2
to dr ~ 3T

trancates the Ak range and hinders the spatial resolution needed for atomic imaging. A larger

Therefore, placing an objective aperture as in the case of DF or BF imaging

apertureﬂ is then placed to allow the transmitted or ”forward scattered” electrons and only
one diffracted beam to pass. The first beam acts as a reference and the resulting wavefunction
at the screen is an interference pattern between the reference and the diffracted beam giving
then access to f(r) which contains all the information about the atomic arrangement in the
specimen. Reconstruction of the image requires sofisticated computer simulations to fit the
experimental images. Moreover, another important parameter needed for HRTEM imaging of
ultrathin multilayers is the defocus of the objective lens which can enhance greatly the contrast
and enable even resolving the interface between similar atomic layers (in terms of their atomic

number 7).

3.1.5 Vibrating Sample Magnetometry (VSM)

Vibrating Sample Magnetometry(I82) or VSM is a technique that enables the measurement of
the magnetic moment of a sample in an external magnetic field(183). The magnetic sample is
mounted on a holder, usually in the form of a tube, in between the poles of an electromagnet.
Depending on the type of measurement, the sample is attached accordingly to perform in plane
or out plane magnetic measurements. The advantage of the VSM is that it is a non invasive

technique. It can measure signals down to 10~ %emu.

As depicted in Fig. the sample holder vibrates perpendicularly to the external mag-
netic field at a fixed frequency. For a fixed sample position, due to Faraday’s induction law,
the magnetic flux of the sample is picked up as an AC voltage by two coils placed near the
electromagnet poles. The magnetic signal can be filtered out with a Lock-in amplifier. When
the magnetic field is swept, changes in the magnetic signal are recorded and the hysteresis loop

is registered.

5A maximum range of Ak is obtained without placing any aperture but the waves which are the most tilted
from the optical axis, i.e. with the largest Ak would suffer spherical aberration of the obejective lens. Therefore,
there is a certain compromise between the size of the aperture and the spherical aberation. It was not until
around the year 2005, owing to computer processing and better optics which improved the spherical aberration,
that the resolution of the HRTEM was boosted to around 0.8A.
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Figure 3.9: VSM. Schematics of a typical VSM intrument.(modified from (181))

3.2 Ferromagnetic resonance driven spin pumping
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Figure 3.10: FMR. Schematics of the FMR setup.

Ferromagnetic resonance is a widely used measurement technique that measures the absorption
spectrum by feeding a microwave to the sample of interest under the FMR condition. The
FMR condition which denotes the coherent precession of the magnetization of the magnetic
sample happens in the GHz regime, i.e. can be triggered by microwaves. For a certain external

magnetic field, the FMR condition is reached and the absorption spectrum registers a peak.
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The microwave is fed to the sample through a coplanar waveguide as depicted in Fig. |3.10)
The sample of interest is cut to a size of around 2x3 mm? and placed face down on top of the
transmission line of the waveguide sitting on a holder between the poles of an electromagnet. A
signal generator is used to provide a radio frequency current to the waveguide. The frequency
span covers frequencies up to 20 GHz. Furthermore, a modulation of the external field is used
by setting additional coils around the poles of the electromagnet. Frequencies around 50-100
Hz are used and the rf out signal of the transmission line of the waveguide is fed into a Lock-in
amplifier. The magnitude of the oscillating magnetic field can be tuned to typical values around
50041
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Figure 3.11: (a) Schematics of FMR spin pumping in a typical FM/HM bilayer. The spin
current is pumped to the HM which acts as a spin sink, therefore effectively increasing the
damping of the FM. (b) Magnetic field dependence of the absorption spectra at the FMR
condition for various microwave frequencies.

As was discussed in details in Section the FMR absorption spectrum is proportional
to the imaginary part of the microwave susceptibility x” which is a function of the external
field H..;. Taking the modulation field h,,e*°* into account and considering that h,, < Hegt,
we can use Taylor expansion of the susceptibility with respect to time. We then obtain:

_dx

X(Hezt + hmeiwot) ~y(H) + iwohyme@ot
dHezt

(3.4)

Therefore using the lock-in signal, locked at the frequency wq, retrieves only the dflx - com-

ponent of the susceptibility. wg being the frequency of the modulation field which is different

from w used as the frequency of the microwave exciting the sample.
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Figure 3.12: (a) Frequency dependence of the FMR linewidth. The linear fit is used to extract
the effective Gilbert damping. (b) The resonance field dependence of the microwave frequency
fitted using Kittel’s formula.

In Section we mentioned that the fitting of the FMR spectra leads to the extraction of
two parameters : the resonance field H,.s and the linewidth AH,,. The first one is fitted with
the Kittel formula and therefore one can extract the g-factor and the effective magnetization

M. s which gives information about the magnetic anisotropy field through:
Meyy = Mg — Hy, (3.5)

where Hy, is the anisotropy field and Mg is the saturation magnetization. The second parameter

of importance is the linewidth related to the Gilbert damping through :

AH,, = AHy + %% (3.6)
Here AHj is called the inhomogeneous broadening and ideally should tend to zero. Its value is
correlated to the irregularities and defects of the sample.

Next, we show an example of FMR results of a simple case study. The sample is a bare
CoFeB(4nm)/Pt(2nm) bilayer sandwiched between two TaN thin layers. In Fig. the FMR
spectra is shown for frequencies ranging from 10 GHz to 18 GHz. The corresponding resonances
and linewidths are extracted and plotted in Fig. where we also show the corresponding
values of M,y and the effective Gilbert damping o of the system.

3.3 Short laser pulses and THz detection techniques

Laser amplified pulses in the femtosecond time scale are used throughout all the experiments
described in this thesis. In the first part, we will review the fundamental key points to achieve
such pulses and their characteristics. To access the ultrafast response signal of a sample, we
employ a time resolved pump and probe method. Once the pump laser pulse hits the sample,
ultrafast response is triggered.

Various methods based on the pump and probe process can be used to detect the transient

response of the system. In a first appraoch, we use the an rf probe connected to a fast sampling
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oscilloscope to measure the transient response whether on-chip or in free space. This is the
mainly used detection method in this thesis. The two next approaches use a probe laser pulse
and electro-optic sampling to reconstruct the signal. One detects the free space radiation and
the second detects the on-chip transient.

Herein, we review the amplification process of laser pulses, discuss the pump and probe

measurement scheme and briefly introduce the various THz response detection techniques.

3.3.1 Amplified femtosecond laser pulses
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Figure 3.13: Schematics of a chirped pulsed amplification laser system. (Taken from (184)).

LASER is an acronym for Light Amplification Stimulated Emission Radiation. As specified
in the name, a laser is a cavity enclosed within two mirrors (one of which is partly transmittive to
couple out the radiation) containing a gain medium. Usually, electrons in the gain medium are
excited to higher levels constantly, before feeding the cavity with the light beam that needs to
be amplified for it to "lase”. This is called population inversion and is a necessary condition for
the amplification of the light which happens on the basis of the stimulated emission discovered
by Einstein. The light inside the cavity bounces back and forth and more photons are generated
during each round trip. At this stage the amplification outcomes the losses in the cavity and
the former is reduced with the amount of photons generated in contrast to the latter, until they
fully compensate each other. This is the operating condition of a laser with certain conditions
for the light to sustain itself. Indeed, it has to interfere constructively with itself creating a

coherent oscillating light inside the cavity. This is an important feature for the laser as it
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is primarily a resonant cavity with a gain medium. Several modes satisfy this condition and
they are called longitudinal modes. In the frequency domain, these modes are separated by
Av = ¢/2l, where c is the speed of light and [ is the length of the cavity.

In order to achieve pulse operation, modulating the phases of the longitudinal modes of the
laser, i.e. Mode Locking is required. In our case, It is passive mode locking which requires an
optical Kerr effect medium. This means that the light Gaussian beam intensity modulates the
refrative index of the medium itself which in turn acts as a lens, called a Kerr lens. With the
combined action of the chirped mirrors needed to compensate for the group velocity dispersion,
this acts in favour of reducing the pulse length until stable femtosecond pulses regime is achieved.
At this stage, the oscillator is delivering ultrashort pulses of a pulse width around ~ 100fs at a
high repetition rate of 80MHz, with a pulse energy in the nJ range.

The next step is to obtain ultarashot femtosecond pulses with energies in the pJ-mJ range.
For this, Chirped Pulse Amplification(185) is neededﬂ Schematics of this technique are shown
in Fig. The oscillator laser pulses are stretched to the nanosecond time scale and fed
to the regenerative amplifier, which in our case consists of a Yb:KGW lasing medium with a
central wavelength characteristics of 1028 nm. The medium is pumped with ”high brightness
diode bar modules delivering up to 60W of power” (I88]). Pockels cells pulse pickers transmit
pulses after a certain amount of passes of the seeded pulse for amplification. This reduces the
repetition rate to 100 kHz in our case. The pulses then are compressed again in time reaching
a pulse duration of around 280 fs and a pulse energy up to 2mJ and average power of 8W (I88)).
The PHAROY oscillator can be locked to an external clock. This feature will be utilized in

our sampling oscilloscope detection technique, discussed in more details further below.

3.3.2 Pump and probe technique

The pump and probe technique is a powerful technique that provides access to ultrafast dy-
namics. A typical pump and probe experiment involves a pump laser pulse powerful enough
to excite a dynamical response in the sample. The probe pulse is usually a fraction (less than
5%) of the pump pulse as it should interact with the sample without altering the dynamics.
It is delayed from the pump pulse in a controlled way. Usually a mechanical stage is used to
induce such a delay. To provide a time resolved evolution of the response signal, the delay is
incremented by a step at every pump pulse which hits the sample at a regular rate. The time
resolution is affected by two parameters which are the pulse width and the mechanical step
resolution provided by the delay stage.

Throughout this thesis, we are interested in probing ultrafast currents in the sample. These
currents generate an electric field which can be radiated or guided through a waveguide. Three

detection methods will be presented here below.

3.3.3 Sampling oscilloscope detection

The measurement setup is displayed in Fig.[3.15] The laser is providing a laser pulse as a pump

at a rate of 100kHz. The pulse is guided and focused on the sample with spot size of around

6This technique was awarded half of the Physics Nobel prize in 2018 (186} [187).
"Name of the laser from the Light and Conversion company.
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Figure 3.14: Illustration of a simple pump and probe scheme. The pump and probe pulses are
delayed in time using a mechanical stage.

200-300pm. This detection technique involves an electrical probe detection enabled by an rf
coplanar probeﬂ connected to a sampling oscilloscope. In our case, we are using a Tektonix
DSA 8200 with a sampling Time Domain Reflectometry (TDR) module(80E10) with a typical
response width of 10ps and a bandwidth of 50GHz. The sampling oscilloscope trigger clock is
sychronized with the laser with the seeding signal of 80MHz, the rate at which the light pulse
comes out of the oscillator and therefore prior to the amplification stage. This adds a certain
delay in the order of 30ns for the laser pulse to travel through the amplification stage until
it reaches the sample generating the waveform of interest. The electrical trigger has a certain
delay around 24ns which matches the delay of the light pulse, making the acquisition possible.

In Fig. we illustrate the working principle of the sampling module. A trigger event is
selected and the acquisition is delayed by a certain time intrinsic to the equipment, T;,;. This
time can be tuned over a certain range by adding a controllable delay T,,;. The overall delay
is then Tys = Tipt + Tent- The light pulse is delayed with a time T,. The repetition rate of
the amplified laser stage is 100kHz. Therefore the waveform is generated every 10 ps. For the
first acquisition point at T = T, the sampling oscilloscope is armed for the next event with
a certain time around Ty,.,, ~ 25 ps and shifts the trigger delay by 1ps, time at which the next
point of the waveform is acquired. This procedure is repeated until the generation of the entire
waveform.

Two measurement schemes can be employed with this detection technique. Whether the
rf probe tip is contacting the sample’s surface or hovering above it with a certain distance
as shown it Fig. a) and Fig. a) respectively. These two schemes are referred to as
”Contact Mode” (CM) and ”Noncontact Mode” (NCM) respectively. In the first scheme, the

8The pitch between the two tips of the probe is around 100um.
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Figure 3.15: Measurement scheme using rf probe-sampling oscilloscope detection
technique. (a)The laser source delivers a optical pulse with a central wavelength of 1030nm
that is guided and focus on the sample’s surface with an illumination spot covering the rf-
probe pins’ spacing. The probe is connected to the sampling module, which is connected to
the oscilloscope. A synchronization line connects the laser system to the sampling oscilloscope
allowing the waveform recontruction. (b) Zoom on the sample side. The sample is placed
between the poles of an electromagnet generating a magnetic field perpendicular the voltage
U(t) measured by the rf-probe tip.

probe measures directly the current on the sample whereas in the second scheme the tip acts as
an antenna, hence measuring the emitted free space radiation from the current flowing in the
sample. In Fig. b) and Fig. b) , we show a typical time resolved waveform response for
both measurement schemes. The free space measured voltage is proportional to the derivative

of the current flowing in the sample. Both signals are shown in Fig.[3:19] The sample considered

59



Acquired

B
L
15t Acquisition .
point . waveform
1t Trigger 2nd Trigger H
event event : .
Tas ) > B oy
. - " “’
1 Yeant Yant
[ \ ——___ 2 Acquisition
Tint T::nt\ Tarm Tyt 1ps point

10 us
—_—
Light travellingtime : Ty .'". :.'_
, R L X X I
— » 5 v y %
(7 "n.: -‘.-“‘ '-/-" *a o .T'.'. "t‘"-
Amplification ™ Amplification ~
—|
stage Sample stage Sample
‘\ v J

Figure 3.16: Sampling oscilloscope working principle. Illustration of a repeating wave-
form reconstruction for the first two acquisition points.
here is Sapphire/CoFeB(30)/Ta(20)/TaN(15). Thicknesses in parenthesis are in A.
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Figure 3.18: Noncontact Mode (NCM). (a) Schematics of the NCM for a typical FM/HM
bilayer sample. A laser pulse triggers a spin current oriented from the FM to the HM. The spin
up and down electrons, depending of the Magnetization direction, move in opposite directions.
The SHE in the HM converts the spin current into a charge current that radiates an electro-
magnetic wave which is measured by the rf-probe, hovering on top of the sample’s surface. (b)
time resolved measured signal for two magnetization orientations in the NCM.

Next, we present two detection techniques which involve a probe laser pulse and an electro-
optic sampling detection techniqu(fl One is used to measure the radiated THz electric field

from the sample and the second measured the on-chip THz response.

9A comparative study between the sampling oscilloscope detection technique and the free space THz electro-
optic sampling technique can be found here(189).
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Figure 3.17: Contact Mode (CM). (a) Schematics of the CM for a typical FM/HM bilayer
sample. A laser pulse triggers a spin current oriented from the FM to the HM. The spin up
and down electrons, depending of the Magnetization direction, move in opposite directions.
The SHE in the HM converts the spin current into a charge current J. that is measured by
the rf-probe, in contact with the sample’s surface. (b) time resolved measured signal for two
magnetization orientations in the CM.
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Figure 3.19: Comparison between the first derivative of the signal acquired from the CM and
the one from the NCM.
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3.3.4 Free space electro-optic sampling detection

(2) na- A’
fs det. \THZ L ; plate Pol. Balanced detection
pulse BS Igl

S S G () S

Figure 3.20: Free space electro-optic time domain sampling detection scheme. The
incident THz transient falls on the nonlinear crystal. Due to the Pockel’s effect, the probe pulse
polarization is rotated with an amount proportional to the THz electric filed. Polarization
optics and balanced photodetection are used to measure the s and p polarizations of the pulse.

(Modified from (190)).

The free space detection aims at reconstructing the electric field radiated by the sample.
For this matter, materials endowed with the linear electro-optic effect (Pockel’s eﬁ"ect)lﬂ are
used (191t 192). This effect denotes the change of the refractive index of the medium linearly
with the electric field applied. This applies to certain metrials with broken inversion symmetry.
Subjected to a certain electric field E(¢), the material develops a birefringence An o« E(t).
Typical crystals are used such as ZnTe. The linearly polarized probe pulse then interacts with
the birefringent medium experiencing an ellipticity change in its polarization. This ellipticity
can be detected using a balanced detection scheme where it goes through a A\/4 plate and a po-
larizing beam splitter feeding then two beams to two photodetectors. The signal resulting from
the subtraction of both detected signals is proportional to the ellipticity, therefore to the bire-
fringence, which leads to the transient electric field of interest. Illustration of the measurement

scheme is displayed in Fig. [3.20

3.3.5 On-chip electro-optic sampling detection

Once the response is generated, subsequent to the laser pulse excitation, the ultrafast current
can be guided through a metallic waveguide. One possible design is two have two golden stripes
in contact with the two ends of the sample. These contacts extend in a parallel fashion. The
transient current would create an electric field between the stripes. In this case, the substrate
used is a linear electro-optic effect material with similar properties to the crystals used in
the previous detection method. In this case, lithium niobate (LiNbO3) is the substrate of
choice. Similar to the free space electro-optic sampling technque, the probe beam hits the

region between the stripes and acquires an ellipticity after its propagation through the LiNbO3

10Such as ZnTe crystal.
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substrate. The same detection method is used to access the ellipticity and from there reconstruct

the transient electric field.
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Chapter 4

Spin injection efficiency in
Ferromagnet /heavy metal bilayer

and spin transport across MgO

One important goal for the field of spintonics is the manipulation of magnetization through spin
currents. For this matter, usually a nanomagnet is interfaced with another non magnetic layer
responsible for the spin current(SC) generation through a charge to spin conversion mechanism,
such as SHE. The spin current migrates through the bilayer’s interface to the ferromagnet where
it exerts a torque on the magnetization, thus enabling its switching. Consequently, a hunt for
materials enabling larger spin currents is essential for a better performance. Yet, equally
important is the transmittivity of the interface. In this Chapter, we show that for a typical
transition metal 3d ferromagnet(FM) interfaced with a 5d heavy metal(HM), the spin injection
through the interface can be limited and reduced due to 3d-5d orbital hybridization effects
responsible for significant magnetic moment reduction at the interface. We conjecture that this
effect should be present for all heavy metals with less than half filled d shell. Furthermore, we
point to the insignificant spin-memory loss in our systems, therefore not needed to account for
our results. We also demonstrate that this effect can be eliminated by atomic scale engineering
with oxide interlayer(e.g. MgO interlayer). We further confirm the suppression of the spin

current transmission after Inm of MgO interlayer extracting a spin diffusion length of ~ 2A.

4.1 Motivation

Generating spin currents is paramount for the field of Spintronics and has important technolog-
ical implications. Indeed, the magnetization of the ferromagnetic element can be manipulated
by the action of a torque excerted by individual spin momenta(93; [193; 04 [194). This gen-
erates a precession of the magnetization and in some conditions the total switching of the
magnetization direction. This effect is present in various sprintronic fields such as magneto-
random acess memories (MRAM) technology, displacement of spin textures such as chiral do-

main walls and skyrmions for racetrack applications(195} 196 197; 198} 199) as well as spin
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torque oscillators(200]).

Generally, spin currents can be generated (1) by passing an electrical current through a
ferromagnet. This method is usually used in a spin valve geometry where the ferromagnet of
interest is interfaced with a non magnetic layer and another ferromagnetic layer that has its
magnetization pinned. Indeed, by passing an electrical current through the structure, the elec-
trons become spin polarized in the pinned layer and migrate through the non magnetic element
to the ferromagnet of interest called free layer where they transfer their angular momenta to the
local magnetization. This is called spin transfer torque. (2) Another method uses a layer with
the property to convert charge currents into spin currents. Such materials exhibit a sizeable
spin-orbit coupling(SOC) such as in heavy metals where the conversion process due to spin Hall
effect(SHE) (201} 202} [82]). Additionnally, the conversion process can take place at an interface
endowed with SOC. Such a phenomenon is called a Rashba-Edelstein effect. When the spin
generator layer is interfaced with the ferromagentic element, the spin current -generated via
the Spin Hall effect or Rashba Edelstein effect- exerts a torque on the magnetization called spin

orbit torque owing to its spin-orbit coupling origin.

Reciprocally, spins can be pumped from the FM into the HM where the SC is converted to a
charge current via the inverse SHE (ISHE). This approach may be demonstrated via microwave
induced precession of the magnetization(202; 203) or via ultrafast optical excitation(204; B)).
The latter example is the basis of ultrabroadband and efficient terahertz (THz) emitters(5; 205}
[I89). To maximize the SC generation, the focus has been on the search for materials with a
large spin to charge conversion property. For spin Hall materials, such a quantity is defined as
the spin Hall angle and quantifies this conversion or equivalently the spin Hall conductivity for
a given electrical conductivity of the material itself. Intense research has been carried out to

maximize the former and minimize the latter.

Figure 4.1: Transmission electron microscopy micrograph acquired at FEI TITAN 80-300
electron microscope showing the layered structure with Pt as a heavy metal and the MgO
interlayer in its cubic phase with (001) orientation. From bottom to top: TaN(1.5), CoFeB(2),
MgO(1.7), Pt(4), TaN(1.5). All thicknesses are in nm.
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Equally important, the interface between the spin current source and the ferromagnet
can potentially hinder significantly the transmission of the spin current. Electronic trans-
parency (200)of the interface towards spin channels is of fundamental importance. Moreover,
the spin degree of freedom is not conserved and can be subjected to spin mixing at the in-
terface, therefore assigning it a quantity called the spin mixing conductance. This quantity
has been used widely in ferromagnetic resonance spin pumping experiments to quantify the
spin transparency of the interface(207). Additionally, it has been reported that interfaces
can host phenomena responsible for the loss of the spin momentum and reports date from
magneto-resistance measurements(208; 209). This effect is referred to as spin-memory loss
(SML) (2105 211k 212¢ 2T3) and is responsible for limited spin current transmission through the
interface. The origin of SML is still debatable, nonetheless, it has been claimed to depend of
interfacial SOC(214; 215; 216; 213 217), disorder (2105 218)), lattice mismatch(210) and non
collinear magnetization at the interface. In this regard, models have been developped where
the interface is accounted for as a bulk material with its own spin resistance and spin diffu-
sion length. Based on this phenomenological model, SML has been employed systematically to
account for the discrepancies between different spin Hall angle measurements.

In this chapter, by utilizing two spin injection techniques, we are able to clearly dissernate
the total amount of the spin current that gets generated compared to the spin current that gets
converted in the heavy metal material via the ISHE. We demonstrate that depending on the
heavy metal (whether Pt or Ta), the spin injection efficiency is unaltered in the first case and
heavily reduced in the second. Ab-initio density functional theory combined with spin transport
calculations demonstrate that due to 3d-5d orbital hybridization effects, the magnetic moment
at the interface is significantly reduced when Ta is used as a heavy metal, thus limiting the spin
polarization and consequently its transmission. This effect can be eliminated with the addition
of atomic scale thin MgO interlayers. We further demonstrate that a small/inexistance SML
is present in our systems and therefore is not needed to explain our results. Indeed, the spin
interface transparency accounts totally for all spin conserving relevant parameters rendering it

the figure of merit for quantifying the efficiency of the spin current transmission.

4.2 Samples

The ferromagnet of choice is CoggFegoBaog(CoFeB). Two heavy metals, Pt and Ta, are consid-
ered. All the films are prepared on sapphire substrates using magnetron sputtering. The struc-
ture of the films is TaN(15)/CoFeB(20)/ MgO(t)/ Pt(40)/TaN(15) and TaN(15)/CoFeB(20)/
MgO(t)/Ta(30)/TaN(15) where t varies between 0 and 17A. The thicknesses displayed in paren-
thesis are in A. All the layers except for MgO have been grown using DC magnetron sputtering.
For the MgO layer, rf sputtering is employed and an Off axis gun is used to facilitate the crys-
tallinity of the layer on top of the CoFeB and eliminate the excess of the oxygen ions. A
transmission electron micrograph of CoFeB/MgO(17A)/Pt can be seen in Fig. confirming
the (001) orientation of the MgO crystal structure. Atomic Force Microscopy is carried out on
all samples and the measured root mean square(rms) value of the roughness is less that 2A.
AFM graphs are provided in Fig. and Fig. for both Pt and Ta series respectively. Sheet

resistance measurements using four point probe are performed on all samples and results are
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Figure 4.2: Atomic Force Microscopy scans of 2 x 2um? areas the CoFeB/MgO /Pt samples
for various MgO thicknesses. The root mean square roughness (RMS) is displayed for every
micrograph.

-
*
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Figure 4.3: Atomic Force Microscopy scans of 2 x 2um? areas the CoFeB/MgO/Ta samples
for various MgO thicknesses. The root mean square roughness (RMS) is displayed for every
micrograph.

shown in Fig. [£.4] Additionally, all samples display an in-plane magnetic anisotropy which is
required for the experiments.
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Figure 4.4: MgO thickness dependence of the sheet resistivity, measured with a 4 point probe
method, for CoFeB/MgO/Ta and CoFeB/MgO/Pt.

4.3 Ultrafast optical spin injection

At first, we consider an ultrafast spin injection by utilizing femtosecond laser pulses. The
laser pulse illuminates the whole film structure. The electronic temperature of ferromagnet is
heated and non thermal hot electrons are generated which thermalize the in the sub picosecond
regime(around 100fs). The majority electrons are excited to higher energy states where they
earn an sp-orbital character responsible for more mobility than the minority counterpart which
are less mobile due to their d orbital character. This asymmetry in electron’s velocities leads
to a superdiffusive spin current(4). This spin current pulse is directed towards the heavy metal
where it gets converted via the inverse Spin Hall effect into a transient charge current. More
details about this process are found in Section This ultrafast charge current radiates
an electric field with dynamics confined to the subpicosecond regime and its Fourier spectrum
extends to the THz regime (up to 40 THz)(5). Usually, electro-optic sampling is used to access
the real time signal with a a sufficiently high time resolution down to a few tens of femtosecond.
Details on this detection technique are found in Section In our experiment, we access the
sub-THz current on the sample with an rf tip connected to a fast sampling oscilloscope limited

to 50 GHz bandwidth. Details of the setup and its functionalities are explained in Section [3.3.3]

The laser photon energy is equal to 1.1eV and the laser fluence is set to around 0.5 mJ/cm?.
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Figure 4.5: Ultrafast ISHE measurements. (a) Time-resolved ISHE signal for opposite
magnetization directions. (b) Time-resolved ISHE signal for the HM=Pt sample with different
MgO thicknesses ranging from 0 to 17A.(c),(d) MgO-thickness dependence of the ISHE signal
amplitude and the calculated spin-current transmission per unit cell for HM=Pt and HM=Ta,
respectively. Note that for HM=Ta, the ISHE signal has negative values due to the negative
sign of the spin Hall angle of Ta.

An external magnetic field with a value around 50mT is applied to saturate the magnetic film
in plane. In Fig. a), we show a typical time dependent signal response for both opposite
magnetic field directions. As can be seen, the waveforms are symmetrical confirming their
magnetic origin. From here on, the difference signal is considered, since it filters all non magnetic

related components.

Next, we examine the behaviour of the signal with the insertion of MgO. In Fig. b)7 we
show the ISHE signals for various MgO thicknesses for the case of the ‘P’ batch. The signal
is decreasing gradually with increasing MgO thickness. The peak value is taken as the ISHE
signal amplitude. In Fig. [£.5|c) and (d), we show the MgO thickness dependence of the ISHE
signal amplitude for both heavy metals. In the case of HM=Pt, the signal exhibits a small
plateau (extending according to the fit to almost one effective thickness of one monolayer(ML)
of MgO) and then the signal decreases, vanishing after ~8A of MgO thickness, with a decay
length of ~2A according to the exponential fit. We note that free space THz field detection has
been performed and results are shown in Fig. Both techniques show the same behaviour
of the MgO thickness dependence of the signal amplitude. The same experiment is repeated

for the case Hm=Ta. In contrast to the case HM=Pt, the ISHE signal amplitude is enhanced
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Figure 4.6: (a) Time resolved THz signals measured on CoFeB(20A)/MgO/Pt(20A) for differ-
ent MgO thicknesses. (b) MgO thickness dependence of the root mean square value of the free
space electro-optic sampling THz signals in comparison with the fast sampling scope technique
used in our study for CoFeB/MgO/Pt.
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Figure 4.7 MgO thickness dependence of the normalized ISHE signal for various photon
energies: 1.1eV, 2.2eV and 4.4eV.

by ~20% with a maximum at around 2A of MgO and followed by a similar decay as for the
case of HM=Pt. Note that in this case case, the signal has a negative value, i.e. opposite sign

compared to the one of Pt. This is due to the negative sign of the spin Hall angle of Ta which
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confirms the spin Hall origin of the signal.

Moreover, the same experiments for the case of HM=Pt are repeated with different photon
energies of 2.2 and 4.4 eV with comparable laser fluences. The results are shown in Fig. [1.7]
No noticeable difference is found for the MgO thickness dependence of the ISHE signal for the

different photon energies.

4.4 Theoretical calculations

14.00
10.72
7.87
5.47
3.50
1.97
0.87
0.22
0.00

Energy (eV)
LDOS (eV~1)

z (R) z (A)

14.00
10.72
7.87
5.47
3.50
1.97
0.87
0.22
0.00

Energy (eV)
LDOS (eV~1)

10 20 30 10 20 30
z (R) z(A)

Figure 4.8: The zero-bias projected local density of states (LDOS) of the Fe/MgO/Ta junc-
tion for different monolayers of MgO barrier. The horizontal white dashed lines indicate the
Fermi level. The vertical dashed lines denote the interface between Fe(left), MgO(middle) and
Ta(right).

Ab initio calculation based on density functional theory have been performed and fed to
transport calculations based on the Landauer Buttiker formalisnﬂ To model our system,
we use interface builder in the QuantumATK package to construct a common unit cell for
Fe/MgO/HM trilayers. The MgO matches well the bee Fe in its (001) orientation where the
oxygen atoms face directly the Fe atoms. We consider HM=Pt and HM=Ta. For the case of Pt,
we consider it in its body centered tetragonal structure giving a mismatch of 3% with bee Fe.
As for the case of Ta, We build a 1 x 3 supercell of Ta (110) in its body centered cubic phase.
The MgO has been varied until 6MLs and to account for effective thicknesses less than one ML,

LCalculations have been performed by Dr. Ersoy Sasioglu.
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Figure 4.9: The zero-bias projected local density of states (LDOS) of the Fe/MgO/Pt junc-
tion for different monolayers of MgO barrier. The horizontal white dashed lines indicate the
Fermi level. The vertical dashed lines denote the interface between Fe(left), MgO(middle) and
Pt(right).

we consider intermixing between the first Fe and HM ML at the interface and MgO. A sketch of
the device structure with 4 ML of MgO and Ta as a HM is shown in supplementary Fig. a).
Ground-state electronic structure calculations are carried out using DFT, implemented in the
QuantumATK R-2020.09 package (219) with Perdew-Burke-Ernzerhof (PBE) parametrization
of the generalized gradient approximation for the exchange-correlation (XC) functional (220).
We use PseudoDojo pseudopotentials (221)) and LCAO basis sets. A dense 20x20x 1 (20x7x 1)
k-point grid for Pt case (Ta case) and a density mesh cut-off of 120 hartree are used. The
total energy and forces converge to at least 1 x 10~*eV and 0.01 eV/ A, respectively. The
transport calculations are carried out using DFT combined with the nonequilibrium Green’s
function method (NEGF). We use a 20 x 20 x 172 (20 x 7 x 172) k-point grid for Pt and Ta
case in self-consistent DFT-NEGF calculations. The current is calculated within a Landauer
approach [57], where I(V) = 2¢ 3" [ T7(E,V)[fL(E,V) — fr(E,V)]dE. Here V denotes the
bias voltage, T?(E,V) is the spin-dependent transmission coefficient for an electron with spin
o and fr(E,V) and fr(E,V) are the Fermi-Dirac distributions for the left and right leads
which translates here to FM and HM, respectively. We assume that the electronic system is
thermalized and thus temperature effects on transport properties can be taken into account

via the Fermi-Dirac distribution function. The transmission coefficient 77 (FE, V) is calculated

72



1,07 Fe/Ta || Fe/MgO/Ta |
1L (1ML) |
0,5 1t -
S
3 I 1
> Al o NN __
o) 0, 0f-==cmmmmee g g === Eq- E-
[b]
P 1L 1
LU
-0,5 1L _
. — Maj-spin 1L 4
— Min-spin
108 . . N 1 . . -
0,5 1,0 1,5 2,0 25 0,0 0,3 0,6 0,9 1,2
Transmission Transmission

Figure 4.10: (a) The atomic structure of the Fe/MgO/Ta junction. (b) Spin-resolved transmis-
sion spectra for Fe/Ta and Fe/MgO/Ta junctions with one monolayer of MgO. Inset: voltage
bias dependence of the ratio of the spin current transmission for Fe/MgO(1ML)/Ta compared
to Fe/Ta

using a 100 x 100 (100 x 34) k-point grid for the Pt and Ta cases.

In order to reveal the mechanism responsible for the enhanced ISHE signal in samples
with MgO interlayer and HM =Ta, ab-initio transport calculations are combined with density
functional theory (DFT). Fig. [1.5[c) and (d) show the calculated MgO thickness dependence
of the SC for a small bias voltage of 50~mV. Clearly, for both Pt and Ta as HM the calculated
SC well reproduces well the corresponding experimental ISHE data. For the case of Pt, the
spin current decreases monotonously with the MgO thickness after showing a plateau behavior
up to 2A. By contrast when Ta is used as HM, one first finds an increase of the SC for 1 ML
of MgO followed by a rapid decay matching well the experimental results.

To understand the origin of the overall rapid decay of the SC with MgO thickness, we
consider the projected local density of states (LDOS) for both systems, where the thickness ¢
of MgO barrier varies from 1 ML to 4 MLs. The results are shown in Fig. and Fig. for
both HM=Pt and HM=Ta respectively. Interestingly, the MgO layer is actually metallic for
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a thickness of up to 2 MLs and only starts opening a band gap for thicknesses larger than 3
ML. With increasing MgO barrier thickness the transport mechanism changes gradually from
a metallic transport to a tunneling behavior and thus, as expected the SC drops exponentially
with a decay length close to 2A as shown in Fig. c) and (d).

Fig. b) shows the spin- and energy-dependent transmission spectrum for the case of
Fe/Ta and Fe/MgO(1ML)/Ta. One finds that around the Fermi level the transmission is
reduced by more than 50% for both spin channels when 1 ML of MgO is inserted at the Fe/Ta
interface. However, this reduction is larger for the spin-down channel (minority-spin), which
leads to an enhancement of the overall SC, i.e., the absolute value of the 7T — T at the Fermi
level for Fe/MgO(1ML)/Ta is about 30% larger than the corresponding value in Fe/Ta case
(see Fig. [4.10(b)). This enhancement of the SC is linked to the recovery the magnetic moment
of Fe(Co) and hence the spin polarization at the Fe/Ta (CoFeB/Ta) interface.

4.5 Magnetic moment reduction at the interface

Fe/Ta Fe/MgO/Ta Fe/Pt Fe/MgO/Pt
Fe(B) || Fe | Ta Fe Ta Fe | Pt || Fe Pt
Magnetic 0.80 | -0.16 || 2.92 | -0.002
moment(up) 2.3 0.57 | -0.22 || 2.92 | -0.03 292102 | 289 | -0.06
1.13 | -0.21 || 2.91 -0.03

Table 4.1: Calculated magnetic moments for interfacial and bulk(B) layers in Fe/HM with
and without one ML of MgO. For the case of Ta as a heavy metal, three atoms per layer are
considered.

It is known that when elementary 3d ferromagnets are interfaced with transition metals
with less than half filled 5d shell such as Hf, Ta, or W the magnetic moment at the interface
is reduced (222)). In some cases (e.g. NigiFejg) this effect can even give rise to formation of a
magnetically dead layer (223). This suppression of the magnetic moment can be qualitatively

explained on the basis of the Stoner model by considering the density of states at the Fermi
level N(EF) (see Fig. and Fig. a)) and the Stoner parameter.
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Figure 4.11: DOS for majority and minority spin for bulk Fe and the three different interfacial
Fe atoms at Fe/Ta interface. The magnetic moment is shown for all cases.

4 2.0
—— Maj-spin Er Co/Ta —— Maj-spin Ee Co/Ta
—— Min-spin —— Min-spin
—~37co (bulk) ~13co (int-1)
| m=1.82 g | m=0.27 up
> >
2 210
(2] w0
o o
[a) [a)
0.5
o—6 -4 -2 0 2 0'0—6 -4 -2 0 2
Energy (eV) Energy (eV)
2.0 2.0
—— Maj-spin Er Co/Ta —— Maj-spin Er Co/Ta
—— Min-spin —— Min-spin
~157co (int-2) ~137 co (int-3)
|> m=0.13 ug |> m=0.62 ug
) Lio
wn (2]
o o
o [a)
" \’\%_%
0'0—6 -4 -2 0 2 0'0—6 -4 -2 0 2

Energy (eV) Energy (eV)

Figure 4.12: DOS for majority and minority spin for bulk Co and the three different interfacial
Co atoms at Co/Ta interface. The magnetic moment is shown for all cases.
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bulk Co and the three interfacial Co atoms at Co/Ta interface.
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Figure 4.14: (a) and (c¢) Magnetic field dependence of the absorption spectra at the
ferromagnetic resonance for various rf excitation frequencies for CoFeB/4.5MgO/Pt and
CoFeB/5MgO/Ta respectively. (b) and (d) Frequency dependence of the ferromagnetic res-
onance linewidth for CoFeB/MgO/Pt and CoFeB/MgO/Ta respectively with various MgO
thicknesses.

Due to extended 5d orbitals of the early transition metals the strong Fe(3d)-Ta(5d) hy-

bridization at the interface transfers the Fe-3d weight around the Fermi level to lower energies
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and thus N(EF) is substantially reduced. Therefore, the Stoner criterion for the Fe atoms at
the interface is hardly satisfied. Note, that for simplicity only Fe atoms are considered in the
calculations. However, we want to point out that for Co atoms at the interface the reduction
of N(EF) is even larger than for the Fe case as illustrated in Fig. and Fig. [£.13{b). Thus
the Co magnetic moments at the interface with Ta are also strongly suppressed. As one moves
from the left to the right within the row of Elements in the Periodic Table, the nuclear charge
of the HM increases causing the d-wave functions to contract. This reduces the hybridization
between Fe(3d)-Pt(5d) orbitals and causes an enhancement of the Fe magnetic moments at the
Fe/Pt interface.

The calculated DFT values of interface magnetic moments are presented in Table [£.1] and
show that the spin magnetic moment of the Fe atoms at the interface layer are reduced to an
average value of 0.8, which only corresponds to 30% of the Fe bulk magnetic moment. The
reduced spin polarization at the interface layer also leads to a reduced spin current transmission.
Interestingly, the insertion of 1 ML MgO at Fe/Ta junction causes the recovery of magnetic
moment of Fe at the interface, resulting in an enhancement of the spin dependent transmission

and SC in agreement with experimental data.

4.6 Spin pumping via ferromagnetic resonance
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Figure 4.15: ISHE signals, enhanced damping and interface magnetic moments.
MgO-thickness dependence of the ISHE signal amplitude and the enhanced damping due to
spin pumping for (a) HM=Pt and (b) HM=Ta. The top panels of (a) and (b) show the
calculated magnetic moment per atom at the interface for (a) Fe and Pt and (b) Fe and Ta.
The red open circle in panel (b) represents the corrected enhanced damping by considering the
reduced magnetic moment as determined by the VSM measurement. The red fit is a function
of a plateau up to 2.240.1 A followed by an exponential decay with a decay length of 240.2 A.

Here we consider spin pumping from the ferromagnet by ferromagnetic resonance technique.

For this, the samples are placed on top of a coplanar waveguide enabling a microwave excitation.
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For each frequency of the microwave, the external in plane magnetic field is swept and the total
microwave absorption is registered at the ferromagnetic resonance. The additional damping
caused by the MgO/HM capping layers due to spin pumping can be extracted (see Fig. .
More details about the technique are found in Section [3.2] This effect is sensitive to the total
spin current emitted by the ferromagnet, while the electrically measured ISHE signal is only
sensitive to the fraction of the spin current pumped into the HM layer.

We emphasize here that, despite the difference in the excitation energies between the two
techniques, the relevant electronic transport occurs in a small energy window close to the Fermi
level. Tt has been recently demonstrated that ultrafast laser excitation leads to a generalized
spin voltage driving the spin current(224). This notion is supported by measurements where
the spin current does not depend on the photon energy from 0.8 to 1.5 eV(225)). Here, we
extend this range by showing results between 1.1 and 4.4 eV (see Fig. . We find no notable
difference of the ISHE signal for the three different photon energies as a function of the MgO

barrier thickness.
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Figure 4.16: CoFeB thickness dependence of the saturation magnetization per area for
CoFeB/20Ta and CoFeB/2MgO/20Ta. All thicknesses are in A. The fit is a linear function
used to extract the effective thickness of the non magnetic interface layer.

In Fig. we show the enhanced damping Aa due to the proximity of the HM layer as
a function of the MgO interlayer thickness and compare it to the thickness dependence of the
corresponding inverse SHE signal. For the case of HM=Pt, the ISHE signal and the additional
damping exhibit the same MgO thickness dependence as shown in Fig. a). In contrast,
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for the HM=Ta case, the enhancement of the SC transmission for thin MgO interlayers is not
observed for the additional damping as shown in Fig. M(b) Instead the damping due to
spin pumping reduces in a similar fashion as observed for HM=Pt. This implies, that part
of the spin current pumped in the HM=Ta case is not delivered to the HM layer. However,
one needs to consider the magnetic moment suppression at the FM/Ta interface. From the
calculations (which correspond to zero temperature) one expects only one atomic layer with
reduced magnetization. At 300 K thermal fluctuations enhance the thickness range of the
suppressed moment to about 3 atomic layers. This effect is often referred to as magnetically
dead interface layer (226; 227 228} [229) and was confirmed for the present samples using
vibration sample magnetometry(VSM) as shown in Fig. 4.16, For a 2 nm thick CoFeB layer
the depolarization of 3 atomic layers corresponds to a reduction the magnetic moment by about
25%. Since the enhanced damping scales inversely with the magnetic moment per interface area
as 1/(Msd), where d is the thickness of the magnetic layer (230; [122]) one can expect an increase

of the enhanced damping by 25% when the MgO spacer layer is absent.
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Figure 4.17: Local magnetic anisotropy energy for both heavy metals without MgO and with
one ML of MgO.

Hence most of the deviation between enhanced damping and ISHE amplitudes can be ex-
plained by this effect. In the following we discuss the relevance of spin memory loss (SML) for

the experiments above. SML can be quantified by the parameter § as follows:

JHEM — (1 - 6)J,. (4.1)

Here, JHM s the spin current on the HM side, and J; is the total spin current pumped from the
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FM side. In the case of HM=Pt, there is very close correspondence between the ISHE voltage
and the enhanced damping due to spin pumping implying that SML is a small effect at the
Pt/CoFeB interface with dp; < 0.05. For HM=Ta, the results imply that o7, < 0.10 is needed
to account for the remaining difference between enhanced damping and ISHE signals. With the
insertion of 1 ML of MgO, the magnetic moment recovery at the interface enhances the spin
current transmission and simultaneously suppresses the enhanced damping as well as the SML
(see Fig.[4.15|(b)). We want to point out that SOC is neglected in the transport calculations. To
estimate the impact of SOC at the various interfaces, we calculate the layer-resolved magnetic
anisotropy energy (MAE) (see Fig. . At the Fe/Ta interface, MAE is enhanced by more
than a factor of 5 compared to the Fe/Pt or the Fe/MgO interface. This is in line with the

experiments indicating enhanced spin relaxation for the FM/Ta interface.

4.7 Heavy metal Ta thickness dependence
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Figure 4.18: Tantalum thickness dependence of the relative increase of the ISHE signal for the
case of CoFeB/MgO(2A)/Ta compared to the reference samples without MgO.

In the following section, we monitor the recovery of the spin polarization at the interface for
different Ta thicknesses by evaluating the ratio of the ISHE signal’s amplitude with and without
thin MgO interalyer. The results are shown in Fig. For a certain thickness of the FM, the

ratio decreases exponentially with the Ta thickness and saturates at around 20% increase for
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Ta thickness of 40A. For thinner Ta, around 20A, the increase can reach values up to 85%.

This could be due to the induced magnetic moments in Ta.

4.8 Discussion and conlusion

Inserting MgO interlayers between FM and HM layers suppresses the spin current transmission
exponentially with a decay length of ~ 2 A. This effect can be well explained by the calculated
spin-current transmission. By combining ISHE and spin-pumping measurements as a function
of MgO thickness, we demonstrated a connection between reduced magnetic moments at the
HM/FM interface and potentially a small SML contribution at the CoFeB/Ta interface. Based
on calculations of the electronic structure, we conjecture that the effect interface moment reduc-
tion occurs for all 5d heavy metals with less than half-filled d-shells(222)) and when interfaced
with 3d ferromagnets. The insertion of an atomically thin MgO interlayer is sufficient to recover
the interface polarization of the ferromagnet. We demonstrated that spin current transmission
for two highly relevant HM/FM interfaces can be well modeled without considering spin re-
laxation (such as SML). Hence we conclude that it is physically more reasonable to discuss
the incomplete spin current transmission across these interfaces by a transmitivity parameter
(related to matching of the electronic bands) rather than attributing it to SML.

In summary, we demonstrated that the orbital hybridization between FM and HM layers
at the interface can lead to two effects which need to be avoided for efficient spin injection:
(1) reduced spin polarization of the FM and (2) enhanced spin relaxation. We show, an MgO
interlayer with a thickness of 2 A leads to optimum results for the spin injection at Ta/CoFeB
interfaces. We believe that chemical control of the interface hybridization at the atomic scale
(e.g. by ultrathin oxide layers) as demonstrated here is a promising approach to tune and
enhance the interface spin transmission and thereby improve the efficiency of many spintronic

devices.

81



Chapter 5

On-chip optimized THz

spintronic emitter

A huge advance in THz wave generation has been enabled by spintronic THz emitters (STE)
owing to their spin to charge conversion (S2C) feature reaching and even surpassing the perfor-
mance of the conventional ZnTe crystal. Efforts have been focused to enhance their performance
as radiative emitters mainly by optimizing the materials and the efficiency of the S2C conver-
sion. In this letter, we demonstrate that stacking STEs seperated by MgO insulating barrier

layers greatly enhances their on-chip performance compared to the free space radiation output.

5.1 Motivation

THz frequency range (0.1-30 THz) covers the electromagnetic spectrum lying between the
microwave and the far-infrared bands. The generation of THz pulses(231; 232) has been
a first great achievement that enabled THz-time domain spectroscopy. This provided nu-
merous advantages and applications(233} [234]) ranging from non invasive and non destructive
imaging(235t 236]), chemical species identification(237; 238), biomedical applications(239; 240),
probing dynamics and properties of the four states of matter(241} 242]), and even ultrafast
magnetometry(65)). This frequency range is less utilized than its microwave counterpart due to
the limitation of efficient and intense THz sources and adequate detectors.

The most common ways to generate a THz pulse is by femtosecond laser pulse induced pho-
tocurrent generation by electrons and holes in photoconductive semiconductors(243; 244} 245))
such as GaAs and InAs as well as by optical rectification in electro-optic nonlinear crystals(240;
247 [192)) such as ZnTe, GaP. These emitters suffer a limited bandwidth in some cases. Ad-
ditionally, generating intense pulses has been enabled by using liquid(248)), plasma or gaseous
media(249; 250; 251)). However, this would require intense laser pumps in the order of 0.1-1
mJ. All the aforementioned emitters rely on the electron’s charge used as a source.

Another way, which opened a new possibility to generate THz pulses is through the ma-
nipulation of the spin degree of freedom. This spintronic emitter, indeed, proved to generate
low cost, ultra broadband, efficient, highly flexible and scalable THz sources(204; [5]). Indeed,

shining a femtosecond laser pulse on a simple ferromagnet (FM) and normal metal (NM) bi-

82



layer generates a THz pulse. The laser generates an ultrafast spin current pulse pointing from
the FM to the NM. At the stage where the spin current is generated, the key mechanism that
enables the THz generation is the S2C conversion feature which depends mainly on the NM and
also on the interface. The main mechanism for S2C is the inverse spin Hall effect(ISHE), which
is a property of the material and whose strength is quantified by the spin Hall angle. Thus,
improving the performance of these STEs translates to enhancing the spin Hall conductivity of
the NM.

Some other attempts to increase the radiation output were implemented by dielectric cavity
implementation(252)) or by stacking STEs separated by dielectrics(253) or by an insulating
barriers(254 255). In this latter case, the radiation increases slightly indeed but drops after
few repeats.

In this work, by optically exciting a typical CoFeB/Pt bilayer we probe the performance
of its signal using a fast sampling oscilloscope limited to the GHz regime. We show that by
stacking several STEs seperated by MgO as thin as 7A increases drastically the efficiency of
the on-chip THz response, until saturation for a certain number of repeats. We confirm that
the behaviour is different for the free space radiation THz output where the signal decreases
with the number of repeats. We further explain these results with a simple model based on the

impedance of the medium of the THz wave.

5.2 Samples and experimental setup

The full structure of the films consist of Sapphire (substrate)/TaN(15)/[Pt(20)/ CoFeB(15)
/MgO(7)]n/ TaN(15) with n an integer being the number of repeats. The layer thicknesses
noted in the parenthesis are in A. All the layers are grown using magnetron sputtering following
the same procedure in Chapter @] An external magnetic field is applied to saturate the mag-
netization in the plane of the film and the whole structure is excited with a femtosecond near
infrared laser pulse with 1030 nm wavelength. This creates a net shift in the chemical potentials
of both spin channels of the FM leading to a spin current moving perpendicular to the interface
from the FM to the Pt layer. Due to its high S2C conversion ratio, the SC is converted to an
ultrafast transient charge current, flowing in plane perpendicular to the magnetization.

When probed with electro-optic sampling detection technique, this current extends typically
to a broad frequency range up to ~30 THz(L67)). In our experiment, we use an rf probe antenna
connected to a sampling oscilloscope with a cut-off frequency of 50 GHz. More details of our
experimental technique can be found in Section [3.3.3] The advantage of this technique is the
ability to probe the current on the sample as well as the emitted radiation. Indeed, the former
case is realized by contacting the rf probe antenna on the sample’s surface and the latter by
hovering it some distance away from the sample, as illustrated schematically in Fig. We
will refer to these two measurement schemes as ’contact mode’(CM) and 'noncontact mode’
(NCM) respectively. These modes are already explained in more details in Section m

For both measurement modes, the corresponding time resolved ISHE signals are displayed
in Fig. for one single CoFeB/Pt bilayer (i.e. N=1). For either measurement scheme, the
waveform is inverted with the inversion of the external magnetic field as expected from the

symmetry of the SHE since the spin polarization is inverted. To additionally eliminate any
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Figure 5.1: Schematics of the Spintronic emitter multilayer displaying the CM and the NCM
measurement schemes for on-chip and free space radiation voltages. The laser pulse has a
perpendicular incidence on the sample surface. Yet, for illustration purposes, the pulse is here
tilted from real angle of incidence.

non magnetic contribution to the signals, the difference between the two waveforms, for both
magnetic field directions, is considered and its amplitude value is defined as the absolute value

of the peak amplitude.

We note Vo and Vpg the signal amplitudes for the on-chip CM and the free space NCM
ISHE signals respectively. In the NCM, the signal amplitude depends strongly on the distance
between the sample and the antenna, as shown in Fig.[5.3] The distance is kept constant for all
the samples considered. However, in order to minimize additional errors in the measurements
due to, for example slight height differences in the considered substrates, the following NCM
measurements are taken at a distance of 55um away from the sample. This distance offers a

good trade-off between the amplitude of the signal and the signal to noise ratio.
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Figure 5.2: (a) and (b) time resolved measured on-chip and free space radiation voltages for
both CM and NCM respectively.
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Figure 5.3: Free space radiation signal’s amplitude with the rf-probe (antenna) sample distance.

5.3 Laser fluence measurements

In Fig. the laser fluence dependence of the signal amplitude for both CM and NCM is
shown for N=1..6 repeats. Interestingly, the on-chip saturation voltage keeps increasing with
the number of repeats whereas the free space saturation voltage increases for N=2 and then
starts decreasing for N>3. This is better illustrated in Fig. where only the saturation
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voltage for both cases is normalized to the one of a single BL (i.e. N=1). For the CM case,

the normalized on-chip saturation voltage increases drastically and saturates at a value equal

to ~ 1.9 for N=4. On the other hand, the normalized free space saturation voltage increases

to a value of ~ 1.3 for N=2 and then starts decreasing reaching a value of ~ 1.1 for N=6.
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Figure 5.5: Number of bilayers (repeats) dependence of V% for both CM and NCM respec-
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5.4 Model

To better understand this behaviour, let’s consider the charge current density j flowing in
each bilayer n. This current radiates an electric field E™. Our film stacks considered here are
much thinner than the wavelength and attenuation length of the THz wave. Therefore, we
can assume a constant electric field in each bilayer as well as a constant effective attenuation
length s of the THz wave traversing each bilayer. In this case, the electric field generated from

a certain bilayer n can be expressed as:

—nd

E" o Zpr(w)jie s
1

Zon(@) = /BL dzo(Z',w)

Where d is the total thickness of a single BL. Zp (w) is the impedance of a single BL and

(5.1)

is inversely equal to f pr, dz0(Z',w) which is the corresponding sheet conductivity. For the

following calculations, the measured DC sheet conductivity will be considered instead.
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Figure 5.6: Number of bilayers dependence of the sheet resistance of the samples.
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1

The main difference between both measurement schemes is the total impedance of the system
which depends on the medium of propagation of the THz wave. In the NCM, the THz wave has
to propagate through the multilayer and air. As specified in (204 [5; [170), the effective length

s is expected to be larger than the bilayer thickness, since the THz wave experience multiple
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reflections at the metal/dielectric interfaces. This leads to further simplifications of the total
impedance of system (formula shown in Section [2.4.4]). After summing all the contributions of
the electric fields £, the total electric field after the sample can be written as:

N .p —nd . _(N+2)d .

EFS Dono1doe s _ jee~ 3 sinh (§4)
O . - -

%JLSW—FS(N) [%W—FS(N)] smh(%)

(5.2)

Where ns,, and ng;,- are the refractive indices of the substrate and air respectively. Zy = 3772
is the impedance of the vacuum. S(N) is the measured DC sheet conductivity of the multilayer
with N bilayers, shown in Fig. 5.6

As for the case of the on-chip voltage, the same summation over the THz waves propagating
within the sample is considered. The THz charge current flows in the multilayer in contact to
the rf probe. Ohm’s law can be applied to the system considering that the probe has an internal

impedance of Z5y = 50€2. A simple voltage divider gives:

N ., _nd . _(N42d
EOC « Zn=1 Jc€ = Jc€ 2s smh(];]—j) (5.3)
tot - N .
7=+ S(N)  [z=+ S(N)] sinh (£)

The calculated saturation fields based on this model are compared to the experimental values
in Fig.[5.71 Despite the simplicity of the model, it fits quantitatively well the data with a single
fitting parameter s =196A. This value satisfies the condition (s > d) and is in agreement with
previous works (167 [T70]).
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Figure 5.7:  (a) and (b) Number of bilayers (repeats) dependence of the normalized V%
and the corresponding normalized signal calculated from the model, for both CM and NCM
measurement schemes respectively.

The saturation of the signal with the number of repeats is reproduced. The model then
confirms that this is indeed due to the attenuation of the THz wave within the multilayers.
Also, the main difference between the two cases is the impedance difference between those of
the probe, air and multilayer. For radiative case, as the number of the repeat increases, the
sheet conductance of the multilayer becomes much bigger than the shunt conductance, and the
Eq. reduces to a simple Ohm'’s law, therefore following the trend of the sheet resistance.
As for the CM case, the sheet conductance of the multilayer is smaller than the standard
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conductance of the probe, equals it at N=3, and is slightly above it for 4<N. This explains
qualitatively the behaviour of the data points.

5.5 Discussion and Conclusion

As demonstrated in the previous Chapter, 7TA of MgO is thick enough to suppress the spin
current flowing from one bilayer to the next bilayer. The coupling between these bilayers is
only due to dipolar fields. Therefore, this choice of MgO is valid and further demonstrated by
comparing two stacks having only two repeats with MgO thicknesses of 7A and 10A (data not
shown).

Stacking multiple STEs separated by an MgO interlayer enhances the THz wave generated.
This enhancement has however an upper limit. Indeed, due to reflections at the interfaces
and attenuation of the THz wave in the metallic layers, the THz wave’s amplitude is bound
to saturate after a certain number of repeats. We have demonstrated that this enhancement
is different for the radiated THz wave as well as for the on-chip THz current flowing in the
sample. Indeed, in the latter case, the THz output is almost doubled and, in the former case,
increases slightly and starts decreasing again.

Such a multilayer of [CoFeB/Pt/MgO]y repeats was fabricated and measured with an
electro-optic sampling detection technique(255]) and agrees well with our results qualitatively
and quantitatively, even though our detection method is limited to 50GHz in frequency. The
reason for this decrease, is the impedance mismatch between the air medium to where the
THz wave is emitted and the sheet resistance of the multilayer stack. On the other hand, the
on-chip THz wave keeps increasing further with the number of repeats as the impedance of the
structure and the standard impedance of 50¢2 of our rf probe are closer in values. Therefore

our STE multilayer is more suited for on-chip technology integration.
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Chapter 6

Spin transport across TalN

In this study, we consider tantalum nitride (TaN) first as a spin sink and secondly as an
interlayer between a ferromagnet(FM) and a heavy metal(HM). By considering ultrafast optical
excitation and electrique detection technique, we show that a small spin Hall effect (SHE) is
present in TaN extracting a spin diffusion length ls4 ~10A. When used as an interlayer, the
spin current transmission decreases differently depending on the heavy metal used. For the case
of Ta as a heavy metal, depending on the stacking order, few Angtroems of TaN can enhance
substantially the signal to values exceeding 80%. A decay length in the range of 10-20A is
extracted depending on the stacking order. As for the case of Pt used as a heavy metal, the
spin current transmission through thin TaN is unaltered for low laser fluences and is reduced
with increasing the fluence. A decay length in the same range of 10-20A is also extracted.
Moreover, considering ferromagnetic resonance spin pumping for the case of Pt as a heavy

metal, the enhanced damping decays with a characteristic length of~6A.

6.1 Ultrafast spin injection in CoFeB/TalN

All the layers in this study are grown using magnetron sputtering on Sapphire substrates.
First, we consider a layer stack consisting of CoFeB(30)/TaN(t=0..200). The thicknesses in
parenthesis are in A. Resistivity measurements are conducted using a standard 4 point probe
setup. The sheet resistance(R) of the bilayer can be expressed in the following manner:

1 d d

Ry prv pN

where dp)s and dy are the thicknesses of the ferromagnetic layer and the TaN layer respec-
tively. Similarly, ppas and py are the resistivities of the ferromagnetic layer and the TaN
layer respectively. In Fig. a), the resistivity of the bilayer is shown and fit with Eq. .
The extracted values for the resistivities are ppp; = 540u.cm and py = 1100p2.cm. A test
sample consisting of Sapphire//CoFeB(30A)/MgO(60A) gives a resistivity pra; = 580uf.cm
which agrees well with the extracted value from the model.

The ultrafast spin current injection is realized by a femtosecond laser pulse with a central

wavelength of 1030nm. The signal is subsequently measured with an rf coplanar probe con-
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Figure 6.1: (a) TaN thickness dependence of the sheet resistance of the CoFeB/TaN stack. (b)
Time resolved ISHE signal for different thicknesses of the TaN layer.

nected to a sampling oscilloscope module with a 50 GHz cut-off frequency. The magnetic field
is set in both directions with a field amplitude of 50mT high enough to saturate the film in
plane. By switching the magnetic field, the signal reverses and the difference between the two
traces is considered. In Fig. b), we present the time resolved measured signal for different

thicknesses of the TaN capping layer for a laser fluence of ~1.7mJ/cm?

. Depending on the
thickness, the signal can feature a fast contribution prior to a slow one happening later in time.
The slow contribution is attributed to the recovery of the magnetization in the ferromagnet
and doesn’t affect the faster contribution which is of interest here. We note the peak value of
the signal of this contribution for the different TaN thicknesses and plot it against the thick-
ness for different fluences in Fig. The amplitude rises significantly for a thickness of TaN
> 50A. Two scenarios are possible: whether the signal originates from ISHE in the TaN or
from the ferromagnet due to Anomalous Nernst effect. For this purpose, we insert MgO(lOA)
between the FM and TaN(60A). The time resolved signal is shown in Fig. b). The ultrafast
contribution disappears, which is a clear indication that the signal is indeed originating from

the TaN layer.

Following the procedure in (5t [I70), we fit the corresponding signal obtained with:

dy — dy
lsd

dpptdn )
s

E o tanh ( )Rse™ (6.2)
Where the dy and 54 are the thickness and the spin diffusion length of the TaN layer. dj is
introduced here as a shift to make the fitting possible. s is the effective attenuation length of
the THz wave in the heterostructre. We use the fit function RS used to fit the experimental
resistivity Rs data. The results are shown in Fig. [6.3] The fit reproduces very well the data

and the extracted parameters are shown in Table [6.1]
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Figure 6.2: ISHE signal amplitudes in CoFeB/TaN for different fluences. TaN thick-
ness dependence of the ISHE signal amplitude in CoFeB/TaN for various laser fluences. The
red line is the fit considered using Eq. (6.2)).

Fluence (mJ/cm?) || La(A) | s(A) | do(A)
0.42 9.2 292 41.8
0.69 9.2 292 39.2
1.01 9.6 261 38.5
1.42 10.7 237 37.5

Table 6.1: Extracted values of spin diffusion length l;4, THz attenuation length s and dy for
various laser fluences.

The ranges of the values for s agree with those in the literature(5} [I70). The spin diffusion

length extracted increases slightly with the laser fluence.
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6.2 Ultrafast spin injection across TaN with Ta as a heavy

metal

6.2.1 Results

In this section, TaN is used as interlayer between the ferromagnet CoFeB and heavy metal Ta.
The film structure consists of CoFeB(30)/TaN(t)/Ta(20)/TaN(15) grown by magnetron sput-
tering on Sapphire substrates. The thicknesses in parenthesis are in A. Various TaN thicknesses,

ranging from 0 to 50A, are considered.

a) | | b)
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Figure 6.3: Time resolved ISHE signal for different thicknesses of the TaN layer in
CoFeB/TaN/Ta (a) and Ta/TaN/CoFeB (b).

The same experiment is repeated for this samples. In Fig. a), we show typical time
resolved waveform of the signal registered for different TaN thicknesses for the CoFeB/TaN/Ta.
The laser fluence considered is ~1.0mJ/cm?. The peak amplitude of the waveform quantifies
the strength of the ISHE current. In Fig. the dependence of the ISHE signal’s amplitude on
the TaN thickness is shown for various laser fluences. The signal has a sharp increase reaching
a maximum for TaN thickness of 10A and starts decaying exponentially for larger thicknesses
of the TaN layer. An exponential fit is used for all traces starting from a TaN thickness of
15A. The measurements are acquired for laser fluences ranging from 0.02 to ~1.5mJ Jem?. In
Fig. a)7 we present the laser fluence dependence of the decay length extracted from the fit.
We note that the intrinsic contribution of the TaN to the ISHE signal is subtracted in order to
extract the corresponding decay length. The decay length increases slightly from 17A for low
fluences to around 19A for high fluences.

Next, the same experiments are repeated for the reversed stacking order. The behaviour is
surprisingly different. In Fig. [6.3{(b), we show the time resolved waveforms of the signals for
various TaN thicknesses. In Fig. the TaN thickness dependence of the signal amplitude is
shown for various laser fluences. In this case, an increase is registered as well but for a TaN
thickness of 5A for low laser fluences. The signal decays exponentially in these series as well
and an exponential fit is used starting from a TaN thickness of 5A. In Fig. a), the laser
fluence dependence of the decay length is shown. In this case, the decay also shows a slight

tendency to increase with laser fluence and can be averaged to a value of 1342A.
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Figure 6.4: Absolute value of the ISHE signal amplitudes in CoFeB/TaN/Ta and
Ta/TaN/CoFeB for different fluences. TaN thickness dependence of the ISHE signal
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exponential fit, used to extract the decay length AT and AT, These decay lengths are assigned
to CoFeB/TaN/Ta and Ta/TaN/CoFeB respectively.
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Figure 6.5: (a) Fluence dependence of the decay length for both CoFeB/TaN/Ta and
Ta/TaN/CoFeB series. (b) Fluence dependence of the maximum increase ratio for both stacking
orders.
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6.2.2 Discussion

Both series show an exponential decay of the ultrafast ISHE signal with the TaN thickness. In
the CoFeB/TaN/Ta case however, a sharp increase for thin TaN thicknesses, peaking at 10A,
is found. For the other reversed stacking order, a smaller increase is found for low fluences
and lower TaN thickness of 5A. The increase for both cases is fluence dependent. Indeed, in
Fig. b)7 we note the ratio between the maximum peak due to the TaN interlayer and the
sample of reference, i.e. without the TaN interlayer. Both traces show a monotonous decrease
of the ratio. In the case of CoFeB/TaN/Ta, the increase can reach values up to 80% at low

fluences.

As evidenced in Chapter [4 the 3d-5d orbital hybridization at the interface between the
Ta atoms and either the Fe or the Co atoms reduces significantly the magnetic moment at
the interface. This effect generates a magnetic dead layer which can be eliminated with the
insertion of the TaN layer. In this case, the interaction between the Ta and the FM is reduced
and the magnetic moment at the interface is recovered. Comparing the apparent enhancement
of the signal for both stacking orders entails that the magnetic moment suppression is larger
in CoFeB/TaN/Ta. In this stacking order, the Ta layer is sputtered on top of the ferromagnet.
In this condition, the Ta elements are heavy and therefore possess a high kinetic energy, which
ensures their peneration in the ferromagnetic layer. However, in the reversed stacking order,
the Co and Fe elements are lighter and therefore are sputtered on top of the Ta layer with less

kinetic energy, yielding a less intermixing with the Ta atoms.

The fluence dependence of the decay length for both cases can be seen in Fig. a).
Interestingly, substantial difference between both cases is found. For CoFeB/TaN/Ta, the
decay length can be averaged to a value of ~ 18A contrasting a lower value of 13A for the

reversed stack case.

6.3 Spin injection across TalN with Pt as a heavy metal

6.3.1 Ultrafast spin injection

In this section, TaN is used as an interlayer and Pt as a heavy metal. The film stack consists
of CoFeB(40)/TaN(t)/Pt(20)/TaN(15). The thicknesses in parenthesis are in A. The TaN
thickness ranges between 0 and 50A.

The same experiments carried out for the HM=Ta case, are repeated for the case of Pt
as a heavy metal. In Fig. [6.6] the TaN thickness dependence of the ISHE amplitude of the
signal is shown for various laser fluences. The signal decays exponentially with increasing the
TaN thickness. Interestingly, for TaN thickness of 5A, the ISHE is unchanged compared to the
one of the reference sample, i.e. without TaN, at low fluences and starts relatively decreasing
with the laser fluence. After subtracting the ISHE contribution of the TaN, we extract the
corresponding decay length for every laser fluence. The results are shown in Fig. The
decay length decreases monotonously with the laser fluence with values confined between 12
and 164, i.e. 12A< ALPYF <16A.
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Figure 6.6: ISHE signal amplitudes in CoFeB/TaN/Pt for different fluences. TaN
thickness dependence of the ISHE signal amplitude in CoFeB/TaN /Pt for various laser fluences.
The red line is an exponential fit, used to extract the decay length \F?.

6.3.2 FMR spin pumping

FMR spin pumping technique is herein conducted on the same samples with Pt as a heavy
metal. The samples are placed on top of a broadband coplanar waveguide delivering contin-
uous microwave with frequencies ranging from 8GHz to 18GHz. The absorption spectra is
registred and the corresponding linewidth is extracted. The additional damping is deduced
and plotted against the TaN thickness in Fig. The damping is normalized to the case of
CoFeB(40)/TaN(50), i.e. aepr = Qprr/ran/pPt — CFM/TanN- By considering an exponential fit
of the decay part of the signal, we extract a decay length )\ﬁt’FMR = 6A+0.8A.

6.3.3 Discussion

The insertion of TaN layer between CoFeB and Pt reduces the measured ISHE signal. For thin
TaN thickness of 5A, however, the signal is almost unchanged for low laser fluences, as compared
to reference samples. With increasing the laser fluence, the ISHE signal of the sample with TaN
starts decreasing compared to the one without. Moreover, the results are reproducible after
reducing the laser fluence again. Therefore, structural changes due to the laser are ruled out.
This process means that the whether the spin current generation or the interface spin

transmittance is laser fluence dependence. One possible explanation for this effect could be due
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to the induced magnetism in the Pt layer.

As evidenced by density functional theory calculations in Chapter 4l the orbital hybridiza-
tion at the interface between the CoFeB layer and the Pt layer induces a small net magnetic
moment in the order of ~0.2up in the Pt layer. In the Stoner model, this translates into a shift
between the majority and minority density of states of the Pt interfacial layer. Therefore, the
number of available states for both spin channels at the Fermi level differ from each other, which
influences the amount of spin current generated. For the same arguments evoked in Chapter
the electronic system can be considered thermalized, hence obeying a Fermi Dirac distribution.
With increasing the laser fluence, the temperature of the electronic system is increased which
stretches the distribution tail above the Fermi level. The assymmetry in the occupancy of the
density of states for both spin channels in the Pt increases further. However, with the insertion
of the TaN layer, the induced magnetic moment in the Pt layer is suppressed which restores
the symmetry between the density of states for both spin channels.

Moreover, the decay length extracted for both measurement techniques differs by at least a
factor of 2. Two possible effects could be the reason for such a discrepancy.

(1) In FMR, the spin polarization at the interface follows the magnetization precession
and therefore pumps spin angular momentum with two components parallel and perpendicular
to the film plane. Whereas, in the ultrafast spin injection technique, the spin polarization

is in plane. One could conjecture that the out of plane component of the spin polarization
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Figure 6.8: FMR spin pumping in CoFeB/TaN/Pt. TaN thickness dependence of the
enhanced Gilbert damping in CoFeB/TaN/Pt.

experiences a different spin relaxation than its in plane counterpart.
(2) With the insertion of the TaN layer, the spin build up in the TaN /Pt generates a backflow

of spin current which reduces with increasing the TaN layer thickness. This effect would result

in a decay length in the order of lg‘, which is in the order of 5A if we use the value of the spin

diffusion length extracted from Section

6.4 General discussion

The insertion of TaN between the ferromagnet and either heavy metal (Ta or Pt) yields a decay
of the ISHE signal. The extracted decay lengths are similar for low laser fluences and start
diverging from each other with increasing the laser fluence. While it is increasing with the laser
fluence for the HM=Ta case, it decreases for the HM=Pt case.

For both cases, the extracted decay length is confined between 10A and 20A. These values
constitute a lower bound to the spin diffusion length in TaN and agree with the value l;4 ~10A,
extracted from the ISHE measurements when TaN is used as a spin sink in Section [6.1

These preliminary results need to be interpreted carefully with an adequate model in order
to make claims about the relevant mechanisms taking place. For example, normalizing our ISHE

signals by the sheet resistance of the samples leads to an enhanced decay length in the range of
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25A(data not shown). Indeed, the analysis is not straightforward when the resistivity of each
sample needs to be taken into account. In this perspective, similar decay lengths in the range
of 20A-10A are extracted with THz time domain spectroscopy on FM/Cu/HM 256; 257; 258)
and FM/Au/HM(259) contrasting by at least one order of magnitude the spin diffusion lengths

measured in these same materials by non local spin injection or GMR measurements(260; 261]).

6.5 Conclusion and Outlook

We demonstrated a small spin Hall signal in TaN. Using the spin diffusion model, we extracted
a spin diffusion length value of ~10A.

As a second step, we used TaN as an interlayer between the FM and a selected HM. In the
case of Ta as a HM, thin TaN (thickness < 10A) enhances the measured ISHE. This behaviour
is assigned to the recovery of the magnetic moment at the interface due to the 3d-5d orbital
hybridization between the Ta and the ferromagnetic atoms. For thicker TaN, the ISHE signal
decays in all systems with either HM. The decay length depends slightly on the laser fluence
and span the range between 10A and 20A.

FMR spin pumping was also conducted for the case of Pt used as a HM and shows a decay
length of ~6A which differs at least by a factor of 2 from the value extracted from the ultrafast
laser induced spin injection.

We reckon that TaN could be a good candidate to investigate the mechanism of SHE as well
as the related models to quantify it, relying mostly on FMR spin pumping and ISHE measure-
ments. Indeed, for typical relevant HMs such as Pt or Ta, the values for the spin Hall angle
span over one order of magnitude. Moreover, the spin relaxation processes dominating are still
unclear. The difficulties in the analysis lies certainly in the modelling. For example, thickness
independent resistivity of the HM and thickness dependence resistivity yield completely differ-
ent conclusions about the mechanism governing the spin relaxation as well as the values of the
relevant parameters.

In this regard, TaN offers tunability in its resistivity depending on the Ny level. It can
be tuned down to bare Ta resistivity in its 8 phase (around 100-200uf).cm) to more than
1000u£2.cm for TaN. Seperation between the intrinsic and extrinsic contributions to the SHE,

could be facilitated by theoretical calculations.
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Chapter 7

Spin transport across insulating

Antiferromagnet

In this chapter, by interfacing the well known half metallic ferromagnet(FM) Lag 7Sr0.33MnO3
with Pt, we demonstrate a femtosecond laser induced spin current generation in the bilayer,
detected electrically as a charge current owing to the ISHE in Pt. We monitor then the trans-
mission of the spin current by adding an insulating antiferromagnetic interlayer with various
thicknesses. The antiferromagnet(AF) considered is LaFeO3(LFO). A spin diffusion length of
~ 4nm is extracted, which is one order of magnitude larger than the one we demonstrated in
MgO. This result demonstrate the relevance of the antiferromagnetic order in LFO for the long

distance spin transport.

7.1 Motivation

Antiferromagnets are gaining further attention recently in the field of Spintronics as they hold
fundamentally interesting different physics than their ferromagnet counterparts. AFs are in-
herently more suited for integration in spintronic devices since they produce no net magnetic
field, therefore offer the advantage of robustness against stay magnetic fields. This is a very
important feature since spintronic devices are scaled down to the nanometer size and crosstalk
due to magnetic fields is a limiting factor that needs to be eliminated. Conseqeuntly, AF's
would enable high density storage platform. Moreover, antiferromagnet exchange energy is
two orders of magnitude higher than in ferromagnets, which shoots the dynamics of the Néel
vector to the sub-THz up to the THz regime(262; 263} 264; 265). This feature would indeed
allow the Néel staggered magnetization to be controlled, and potentially be switched within few
picoseconds. An interesting breakthrough in the recent years showed the possibility to switch
the orientation of the Néel vector electrically, on demand, between two orthogonal directions
in CuMnAs(266; 267) as well as in Mny Au (268} [269). This is believed to be caused by the Néel
spin-orbit torques mechanism predicted by Zelezny et.al.(270).

One more advantage of AFs is their abundance in the insulating phase. Not only Joule
related effects are eliminated but they are also endowed with low magnetic dissipation. Besides

the potential of utilizing AFs as a main write/read spintronic device, they offer a new platform
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of transporting spin information. Indeed, it has been discovered recently that AF insulator a-
Fes O3 can transport steady state spin currents over long distances up to few microns(271). This
interesting result triggered further theoretical and experimental works in order to unravel the
possible scenarios behind this phenomenon. It is believed that antiferromagnetic magnons are
the vectors responsible for the spin transport. Other materials have also been considered such
as NiO(272; 273} 274) and CoO (275 276} 273)). Their corresponding spin diffusion lengths(SDL)
have been evaluated. Conversely, the values of SDL can differ from study to the other, being
scattered over two orders of magnitude from few nanometers (277 278} [279; 280; 281} 272} 273}
274) to hundreds of nanometers(282)). This is inherent to the material considered as well as
the technique used. For example, in a-Fe;Og3, non local geometry measurements, using dc spin
current injection and detection through Pt wires, is used (271} 283)). Another way to measure
the dissipation of spin currents in AFs, is through the usage of a ferromagnet,as the spin source,
and a non magnetic normal metal(NM), endowed with a spin to charge conversion property
(e.g. SHE). The AF is then sandwiched in between with various thicknesses. Exciting a spin
current in the structure generates a magnon current in the AF which propagates towards the
NM where it can get detected as a charge current. In this configuration, it is claimed that
the SDL can be affected by two magnon scattering process in the ferromagnet(282). It was
also shown that the SDL is also affected by domain walls which act as spin scatterers(284).
Moreover, it is suggested that a spin current pumped at a FM/AF interface is transported

through the AF by two evanescent antiferromagnetic modes (285} [286]).

In this study, we consider a similar approach to evaluate the spin dissipation in the insulating
AF LFO. As a ferromagnet, we use the half metal LSMO and for the NM, Pt is used. We use
femtosecond laser pulses to generate a spin current in the LSMO/Pt structure, which we detect
electrically as a transient charge current owing to the ISHE in Pt. We monitor then the signal
with the insertion of the LFO layer with various thicknesses. The signal is enhanced by ~20%
for LFO thickness of 3nm and then decays with a decay length of ~4nm.

7.2 La0.67Sr0.33Mn03(LSMO)

Lag.¢7510.33MnO3 or simply LSMO is a doped perovskite manganite of the form A;_,B,MnOg
where A is a trivalent rare earth element and B is a divalent alkaline rare earth element (287)).
It is a ferromagnet that has one of the largest Curie temperature with T ~ 350K (288; 289)
among its group. The ferromagnetic order in LSMO is established due to the double exchange
interaction between the Mn atoms. Moreover it is a half metal, i.e. showing metallic behaviour
for the majority spin channel with 3d character lying at the Fermi level and an insulating be-
haviour for the minority spin channel. The Fermi level lies consequently in the pseudo gap of
the minority channel. This material attracts a lot of interest in the field of Spintronics for it pro-
vides nearly 100% spin polarization at the Fermi level showing Colossal Magnetoresistance(290)

in magnetic tunnel junctions(291} 292)).
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Figure 7.1: LFO unit cell (a) Schematic illustration of the LFO unit cell, with Fe spins
pointing along the a-axis of the orthorhombic unit cell. (b) View of the buckling angle «
mediated by the Fe-O-Fe superexchange coupling. (Taken from (293))).

7.3 LaFeO;(LFO)

LaFeOs or LFO is a G-type antiferromagnet(294) oxide with the highest reported Néel tem-
perature in the orthoferrite family approaching Ty ~ 740K (293). It has a disorted perovskite
structure of the form ABOj3 which favours either cubic or orthorombic crystal structure depend-
ing on the substrate(295). The AF order is established through the superexchange coupling
of the iron atoms through the 7 orbitals of the oxygen atoms. As can be seen in Fig. b),
the Fe-O-Fe bonds have a buckling angle o < 180°. This is responsible for the enhancement
of Néel temperature. As a consequence, this tilting of the FeOg octahedral is responsible for
a staggered Dzyaloshinskii-Moriya (DMI), i.e. alternating sign from one atom to the other,
between neighbouring spins showing even weak ferromagnetism in the bulk(296]). In its bulk
form, the spins are aligned along the orthorhombic a-axis(297) due to the magnetocrystalline
anisotropy. In the thin film limit, the anisotropy decreases and the spins would lie in plane in
the [001] and [010] pseudo cubic directions(298]).

7.4 Samples

Our LSMO/LFO heterostructures were fabricated on (001)-oriented SrTiO3(STO) substrates
using pulsed laser deposition (248 nm excimer) during the growtkﬂ Stoichiometric LSMO and
LFO targets were ablated at a laser energy density of approximately 1J/cm? and a repetition
rate of 5 Hz for the growth. The thickness of LFO and LSMO thin films were controlled by
the pulse number of laser. During growth of LFO and LSMO, the substrate temperature was

1This process has been carried out by Dr. Chuanshou Wang.
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maintained at 750 and 700 °C respectively at an oxygen environment of 0.13 mbar. Afterwards,
the films were cooled to room temperature at 0.1 atm of oxygen with a cooling rate of 15°C/min.
The LSMO is grown first with a fixed thickness of 40nm. Next, the LFO layer is grown. Multiple
samples with different LFO thicknesses up to 13nm are fabricated. The Pt layer however is
grown using magnetron sputtering. In this case, everytime the vacuum is broken to take out
each sample of the Pulsed Layer Deposition chamber, it is immediately stored in a separate
small vacuum chamber and later on, within the day, transferred to the sputtering system. The
same procedure is repeated for all samples. A 4nm Pt layer is deposited on all of them. In
Fig.[7.2)(a), we show an XRD graph confirming the (001) orientation of both eiptaxial LSMO(30)
and LFO(60) grown layers. Thicknesses are in nm. In Fig. b), an AFM micrograph is shown

for the same sample.
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Figure 7.2: X-ray diffraction (XRD) and Atomic force microscopy(AFM) for
STO/LSMO/LFO. 20 — w XRD scan of the LSMO/LFO structure grown on (001) oriented
STO substrate. Two distinct peaks of LSMO(002) and LFO(002) indicate the epitaxial growth
of the structure.
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Figure 7.3: Laser pulse excitation of the LSMO/LFO /Pt structure. Schematics of the
laser pulse excitation of the LSMO/LFO/Pt trilayer. A magnetic field is applied in plane and
the rf-probe tip is positioned in contact with the sample surface conformally to ISHE symmetry.

7.5 Ultrafast laser excitation

Under a fixed external magnetic field value of 50mT, the trilayer is excited with a laser pulse
with a central wavelength of 1030 nm as can be seen in the sketch in Fig. [7.3] The LSMO
ferromagnet is subsequently demagnetized. This launches a spin current pulse oriented from
the LSMO towards the Pt layer where it gets converted to a charge current pulse owing to
the SHE in Pt. This current is measured as a voltage using coplanar rf probe connected to a
sampling scope. Details about the setup are provided in Section [3.3.3

We switch the external magnetic field direction and we note the two symmetric traces of the
resultant measured charge current, shown in Fig. We take the average difference between
the two traces and show in Fig. a) the corresponding traces for the samples with LFO
as interlayer. As the LFO thickness increases, the signal amplitude is reduced. The peak
amplitude is considered and in Fig. b) is plotted against the LFO thickness. For small LFO
thickness of 3nm, the signal is first enhanced by almost ~20% and then starts decaying for
larger thicknesses. An exponential fit is used and a decay length of 3.9 + 0.5nm is extracted.
The fluence dependence of the amplitudes for all samples is shown in Fig. a). Similarly,
the decay length of the signal with the LFO thickness is extracted for various fluences. The
result is shown in Fig. b). The decay length increases slightly with the fluence. The same
experiment has been repeated for additional photon energies of 2.2 eV and 4.4 eV. The results
are qualitatevely almost unchanged. For 4.4 eV however, the increase at 3nm LFO is higher
and reaches almost 40% of the reference signal. Results are shown in Fig. [7.7

To confirm the crucial role of the antiferromagnet, the LFO interlayer has been replaced with

a 3nm thick SrTiO3(STO) layer and no signal has been observed. This is expected since, STO
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Figure 7.4: ISHE signals in LSMO/Pt. Time resolved ISHE signals of the LSMO/Pt
reference sample for two magnetic field directions.
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Figure 7.5: ISHE signals in LSMO/LFO/Pt. (a) Time resolved ISHE signals for different
LFO thicknesses. (b) LFO thickness dependence of the amplitude of the measured voltage.

is an insulating oxide offering no channel of transmission for the spin current, thus suppressing
its transmission.
THz time domain spectroscopy using free space electro-optic sampling detection has been

conducted on all samples. Interestingly, no magnetic signal is observed. A very small signal
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Figure 7.6: (a) Laser pulse energy dependence of the signal’s amplitude for different LFO
thicknesses. (b) Laser pulse energy dependence of the extracted decay length of the measured
signal for LSMO/LFO/Pt.
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Figure 7.7: Normalized ISHE signal amplitude in LSMO/LFO /Pt for different laser
photon energies. LFO thickness dependence of the normalized ISHE signal amplitude for
different photon energies (1.1, 2.2 and 4.4 eV).

has been measured and doesn’t reverse with the external magnetic field (data not shown).
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7.6 Magnetometry measurements
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Figure 7.8: VSM and SQUID results for LSMO/LFO/Pt. (a) VSM normalized magnetic
hysteresis loops for different thicknesses of LFO. Comparatif of SQUID normalized magnetic
hysteresis loops for the reference sample without LFO and with 7nm LFO at 200K(b), 100K (c)
and 10K(d).

Moreover, room temperature VSM has been carried out for all the samples and results are
shown in Fig. a). The coercive field for the reference sample is the same as the one with
3nm LFO. For higher thicknesses of the LFO layer, the coercive field is increased which could be
indicative of interfacial coupling between the FM and AF. Superconducting Quantum Interfer-
ence Device (SQUID) magnetometry is also conducted on LSMO /Pt and LSMO/LFO(7nm)/Pt
at 200K, 100K and 10K. The results are shown in Fig. [7.§b), (c) and (d) respectively. Both co-
ercive fields increase with decreasing temperature. At 10K, the sample with the LFO interlayer

shows a clear exchange bias.

7.7 Discussion

From earlier reports on ultrafast demagnetization in half metallic systems, it has been observed
that a two step demagnetization process takes place(299; [300; B01). In the first step, subpi-
cosecond fast demagnetization takes place. Its microscopic origin is still debatable, same as in

the case of transition metals. Nevertheless, it could involve high energy electronic excitation
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responsible for ultrafast spin currents (i.e. non local spin transport) or local phonon/magnon
or both spin flip scatterings mediated by SOC. Upon equilibration of the electronic system via
electron electron scattering, at a time scale below 1ps, the system relaxes back to dynamics
governed at the Fermi level where the density of states for the minority channel is heavily re-
duced. Therefore, spin flips, due to intermixing between the two spin channels such as in Elliot
Yafet scattering mechanism, are not allowed(300]). This means that the coupling between the
electron system and the spin system is effectively suppressed. According to the three temper-
ature model, the spin system is, as a result, only coupled to the lattice and the spin dynamics
are governed by spin lattice coupling which constitutes the second step of the demagnetization
process with a time constant in the order of hundreds of picoseconds.

The fact that no THz signal was observed in our experimets, rules out the spin current
generation originating from the first step of the demagnetization process. This leaves the
second step, where it is believed that the spin system is quenched due to SOC mediated spin
flip scattering(302} B03)).

Interestingly, one can wonder about the spin current generation process. Indeed, this gen-
eration process is taking place in the second step of the demagnetization and therefore cannot
be assigned to the non local ballistic, diffusive or superdiffusive electronic transport. Moreover,
this is in line with our photon dependent energy measurements. Also, if the spin degree of
freedom is transferred only to the lattice via spin phonon scattering, then no mechanism for
spin current generation is possible. Another coupling channel is therefore needed.

One possible channel of spin transport is through the magnonic system. Indeed, the laser
pulse excites magnons through the ultrafast spin Seebeck effect. The electronic temperarture of
the Pt layer and the magnonic temperature difference acts as a driving force for the generation

of the spin current at the interface:
js = K(T" = T,;°M9) (7.1)

Where K is the spin Seebeck coefficient.

With the insertion of the AF LFO layer, we note a larger coercive field compared to the
reference sample, without the LFO layer. This agrees well with earlier reports(304; [305]) and is
indicative of the exchange coupling between the AF and FM. Upon coupling to temperatures
around 10K, a clear exchange bias is observed, in agreement with the results in(304).

Furthermore, we confirm the long distance transport of spin current. Indeed, the SDL is
found to be around 4nm which goes beyond the limit of what can be expected from a bare
insulating material, as demonstrated in Chapter [ This is further confirmed with a control
sample where LFO is replaced by a 3nm layer of STO. In this case, no signal is observed proving
the suppression of the spin current transmission. However, the 4nm value of the SDL differs
from what has been reported in bulk a-FesO3 (271 283)) crystal as well as thin films. However
it agrees well with reported values for CoO(275]) or NiO(279; 280; 281). As aforementioned,
the SDL in insulating antiferromagnets depends highly on their magnetic domain structure as
domain walls can scatter spin waves and therefore effectively reduce the propagation length of
the spin current(284). Hence, more knowledge about the magnetic structure of our system is
needed.

It is well established that the LSMO/LFO bilayer system exhibit a spin flop coupling at
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the interface (306} B05; 307 B08; 304 309), i.e. the magnetic moment of the FM is 90°oriented
relative to the Néel vector of the AF. Additional measurements with rotating sample azimuthal
angle does not alter the ISHE results. This would be expected if such a spin flop coupling is in
fact present in our samples. This points to the fact that the magnetization of the ferromagnet
and the Néel vector could be locked together. Furthermore, it is well known that, in the bulk
LFO, a small spin canting due to the Dzyaloschinski Moriya interaction (DMI)(296)) is present.
In the thin film limit, it has been already reported that this canting could be stronger and
responsible for an exchange bias(304]). In our structure, if the ferromagnet’s magnetization is
saturated along the [001] direction, then the Néel vector points in the [010] direction. The DMI
would induce a small rotation around the (001) axis, resulting in a canting of the spins, hence
acquiring a small component on the [001] direction. All these points need to be addressed and
probed to have a better understanding of the spin current transmission at the interface as well
as in the antiferromagnetic layer.

Moreover, the enhancement of the ISHE signal has been reported several times in the
literature for the AF NiO(273} 272} 280 277 [278) for similar thicknesses as the one reported in
our study. (285) claims that this is indeed an amplification of the spin current, i.e. more spins

are pumped out of the lattice, which happens for a certain thickness of the AF.

7.8 Conclusion and Outlook

We have demonstrated the ultrafast spin current generation in the half metallic ferromagnet
LSMO, when interfaced with the SHE heavy metal Pt. This spin current generation process is
not trivial as it doesn’t take place in the subpicosecond time scale. It definitively accompanies
the second step of the demagnetization, where the spin and the electronic subsystems are
believed to be decoupled. This leaves the spin Seebeck effect giving rise to elementary exciations
of the magnetic system, called magnons. To the best of our knowledge, no such spin current
generation in this slow demagnetization regime (in comparison to the one in the subpicosecond
time scale) has been reported so far.

As a next step, we demonstrated the spin current dissipation in LFO extracting a SDL of
~4nm. We also reported an enhancement of the measured ISHE signal for an LFO thickness
of 3nm.

The coupling between the LSMO and LFO layers at the interface is still unknown in our
system. Nonetheless, we report a uniaxial exchange bias at low temperatures.

As a next step, it is needed to determine the Néel vector orientation using x-ray magnetic
linear dichroism for all samples. This would give insights on the FM/AF coupling at the
interface and therefore more information about the coupling process between the ferromagnetic

magnons and the magnon current in the AF.
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Chapter 8

Conclusion and future

perspectives

8.1 Summary

e Chapter 4: A typical transition metal FM CoFeB interfaced with a 5d HM is considered.
An MgO interlayer is inserted at the FM/HM interface and different samples with various
MgO thicknesses were fabricated using magnetron sputtering. Two samples series with
either Pt or Ta as a HM were considered. By performing ultrafast optical spin injection
and ISHE electrical detection, we showed that MgO reduces substantially the spin current
transmission with a spin diffusion length of 2A. Moreover, for ultrathin MgO layers ~ 2A,
we showed a significant enhancement of the ISHE signal for the case when Ta is used as
a HM. This effect is absent when Pt is used as a HM. By performing DFT calculations in
conjunction with Landauer Biitticker transport formalism, we calculated the spin currents
in Fe/MgO /Pt and Fe/MgO/Ta. The calculated currents reproduce well the ISHE data.
Moreover, we were able to elucidate the origin of the apparent enhancement of the ISHE
signal in the case of HM=Ta. Indeed, we found that due to 3d-5d orbital hybridization
effects, the magnetic moment at the interface is heavily reduced. This effect is present
for all 5d elements with a less than half filled d shell. By performing FMR spin pumping,
we proved that considering a certain magnetic dead layer accounts for all our results and
therefore no SML is needed. Furthermore, the striking correspondence between the ISHE
and FMR data for the case of HM=PT strengthens the argument that no notable SML

is present in our system.

e Chapter 5: We optimized the on-chip performance of a typical STE. We considered a
CoFeB/Pt bilayer as a standard STE. We fabricated a multilayer with different repeats
of the bilayer separated by thin MgO layers. We performed ultrafast optical excitation of
the multilayers driving spin currents in each bilayer. These spin currents are converted to
transient charge currents. We have conducted two different measurement schemes where
we measure the on-chip electric current and the free space radiation. With increasing the

number of repeats, we demonstrated that the on-chip signal is enhanced up by a factor
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of two until saturation for a number of repeats N=4. Whereas, the free space radiation
signal slightly increases by 30% for two repeats and starts decreasing continuously with
increasing further the number of repeats. Based on a model, we confirmed that this
difference is accounted for by the impedance mismatch between the multilayer and the

medium of the propagation for the THz wave.

e Chapter 6: We fabricated samples consisting of CoFeB/TaN bilayers with various thick-
nesses of TaN. By performing laser induced ultrafast spin injection and subsequent elec-
trical detection, we showed that the TaN layer exhibit a small ISHE signal measurable
for TaN thicknesses exceeding 50A for nominal laser fluences. From thickness dependent
measurements of the ISHE, we extracted a spin diffusion length equal to ~10A. Next,
TaN is considered as an interlayer inserted between CoFeB and two choices of HMs: Pt
and Ta. The measured ISHE is then monitored with changing the thickness of TaN. For
the case of Ta=HM, ultrathin TaN layer with a thickness <10A enhances the signal sig-
nificantly up to 80%. We believe that this enhancement is due to the magnetic moment
recovery at the interface, also reported and explained based on theoretical consideration
in Chapter[d For the case of HM=Pt, no such effect is present which confirms further the
aforementioned argument. With increasing the TaN thickness, the ISHE signal eventu-
ally decays for both systems with a characteristic length confined between 10A and 20A.
These values constitute a lower bound for the spin diffusion length in TaN. Interestingly,
the decay lengths are slightly different between the two systems where only the heavy
metal is changed. Moreover, they show opposite trends of the laser fluence dependence of
their corresponding decay lengths. Interestingly, the TaN thickness dependence of FMR
spin pumping data, conducted on the samples with HM=Pt, shows a similar decay of the

enhanced effective damping but with a smaller value ~6A.

e Chapter 7: We performed femtosecond laser pulse excitation with electrical detection on
the half metal ferromagnet LSMO interfaced with a Pt layer. Using a sampling oscillo-
scope with temporal resolution of 20ps, we clearly measured a signal that switches with
the magnetic field confirming the spin current generation process in the half metal. Since
no signal was detected using free space electro-optic detection technique, we confirmed
that the spin current generation process should take place in the second slower step of the
demagnetization of the LSMO. Next, we monitor the behaviour of the ISHE signal with
the insertion of the antiferromagnetic insulator LFO. The ISHE signal is enhanced at an
LFO thickness of 3nm and starts decaying with increasing the thickness. We extracted a
spin diffusion length of ~4nm. This value is one order of magnitude higher than the one
of MgO. This confirms that the antiferromagnetic ordering is responsible for long distance

spin transport.

8.2 General remarks and future perspectives

e A typical FM/HM bilayer is at the heart of spintronics applications. Both layers can
exchange spin angular momentum via spin currents. Besides the intrinsic properties of

the materials to generate or convert spin currents, the interface is of crucial importance
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for efficient spin current transmission or equivalently spin transfer via spin torque. We
have indeed shown that orbital hybridization effects at the interface can alter the spin
polarization and as a result the spin current transmission. We therefore point out to the
interface transparency as a figure of merit rather than ascribing the limitation of spin
current to SML. Consequently, as we have shown, orbital hybridization related phenom-
ena results in a significant discrepancy between the FMR spin pumping data and ISHE
measurements, which are two techniques widely used, simultaneously, to characterize spin
Hall materials via thickness dependent measurements. In this case, SML is usually ac-
counted for to properly fit the data leading to the extraction of relevant parameters such
as spin Hall angle and spin diffusion length(310; 211]). However, the resistivity is also
a crucial parameter for such an analysis(311). For example, the same analysis with a
thickness dependent resistivity yields an SML factor 6 ~2% in S-Ta(312]), which is one

order of magnitude less than in(310]).

Depending for example on the dominating spin relaxation mechanism, the spin diffusion
length scales differently with the resistivity (Elliot-Yafet or D’yakonov Perel). Even for
the case of Pt, which is the most extensively studied spin Hall material, it is still unclear
if one of the above mechanisms is dominating or both are present (311} [BT3} B14: BT5E
316]). Therefore, considering a constant(i.e. grain boundaries and surface scattering are
neglected) or thickness dependent resistivity yields a constant or thickness dependent
spin diffusion length. Along this perspective, it has been suggested recently that the spin
diffusion length in Pt depends on its out of plane resistivity (316). To point out further
the importance of the resistivity of the layers, let’s consider the systems studied in this

thesis.

Inserting oxide layer such as MgO at the FM/HM interface doesn’t alter the sheet resis-
tance of the studied samples and therefore we don’t have to make extra assumptions for
our analysis. However, in the case of TaN as an interlayer, the resistivity of the stack
changes with the TaN thickness and the analysis becomes more complicated. Surprisingly,
the MgO thickness dependence of the FMR and ISHE data, for the CoFeB/MgO/Pt,
match very well. However, a large discrepancy is found when TaN is used an interlayer.
This difference hints into the relevance of the resistivity which correlates directly to the

spin relaxation mechanism in place.

The usage of TaN as an interlayer offers a great advantage of tuning its resistivity by
changing the Ny level. Performing FMR and ISHE measurements on different TaN,
layers would shed light on the differences between the mechanisms involved in the two

techniques.

So far the FMR spin pumping performed throughout this thesis has been in the in-
plane geometry. It would be interesting to conduct out-of-plane FMR spin pumping
measurements. The main difference between its in-plane counterpart is the directions
of the magnetization components that are “pumped” through the interface. In the out-
of-plane geometry, all the pumped components are in plane, in contrast to the in-plane
configuration where one out-of-plane component is present. This could confirm whether

there is any difference between the out-of-plane and in-plane spin relaxation rates.
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e In the last chapter, we demonstrated clearly spin current generation in the LSMO/Pt
bilayer on a time scale of hundred of picoseconds. Conversely, sub-picosecond THz emis-
sion has been shown in both half metals CoyFeAl(BIT) and Fe;O4(318) interfaced with
Pt. These materials exhibit less half metallicity than LSMO and as demonstrated by
Miiller et.al.(300), the demagnetization time depends on the spin polarization at the
Fermi level. It would be then required to perform time resolved magneto-optical Kerr
effect and reflectvity measurements on our LSMO/Pt bilayer in order to gain insights

about the demagnetization behaviour.

Confirming that the spin current generation is linked to the second long step of the de-
magnetization translates to confirming the link between magnon excitations and SOC
mediated spin lattice coupling. This goes in line with a suggested mechanism of ultra-
fast demagnetization combining the simultaneous action of electron phonon and electron
magnon scattering(I55). Our results show the advantage of using electric detection of
subsequent ultrafast demagnetization induced spin currents for half metallic systems. A
promising route is to explore, using our technique, Heusler half metallic materials which
offer a big range of tunability of the spin polarization at the Fermi level (30T]), hence the
demagnetization time. This could act as a switch turning on and off the sub picosecond

processes.

e We have also clearly demonstrated a nanometer scale transport of spin currents in the
antiferromagnetic insulator LFO. Even though the coupling between between the LSMO
and LFO is still unknown, one first step is to use x-ray linear magnetic dichroism to
resolve such a coupling. Another route worth exploring, is to anneal the samples in the
presence of a magnetic field which has been reported to give a handle on the exchange
bias(304). Therefore, investigation of the strength of the exchange bias and its correlation
with the spin transport could be realized. Furthermore, Raman spectroscopy can be used
to determine the magnon modes in our samples. This could potentially shed light on the

evanescent magnon modes responsible for the spin transport.
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