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Each magnetic system is characterized by equilibrium and metastable magnetic states,
corresponding to global respective local minima of the total energy of the magnetic system.
The trangition of the magnetization from one state to another, under the influence of an
external magnetic field, temperature or a spin polarized current is a dynamic process, called
the magnetization dynamics, whose characteristic time depends on the type of excitation,
the material parameters as well as the spatial dimensions of the magnetic system.

In order to describe the dynamics of the magnetization processes Landau and Lifshitz
were the firgt to derive a mathematical expression in the form of a ron-linear differential
equation. It has been later extended by Gilbert and the corresponding equation of motion for
the magnetization dynamics is nowadays known nowadays as the Landau-LifshitzGilbert
equation [Landau & Lifshitz1935, Gilbert1955]. Modifications of LLG are currently under
discussion in order to include the action of a spin polarized current on the magnetization
dynamics.

Since 1940, the studies of the magnetization dynamics in different magnetic systems
have become of large interest, in particular with respect to the industrial applications such as
magnetic memories. One of the first magnetic recording devices based on the magnetization
dynamics used ferrite heads to write and read the information. Because the ferrite
permeability falls above 10 MHz [Doyle 1998], the read/write process was possible only with
a reduced rate. An important improvement (i.e. decreased response time) was obtained using
magnetic thin film heads. Upon reduction of the dimensiors of the magnetic system (i.e.
reduced film thickness compared to the other two dimensions) strong demagnetizing fields
will be induced, and thus ahigh value of the demagnetizing factor (~1) creating a large
anisotropy field perpendicular to the film surface. In this way, reasonable permeabilities for
applied frequencies larger than 300 MHz were obtained in thin magnetic films devices
[Doyle1998].

Both the increase of the data storage capacity (decreasing the magnetic unit dimensions
down to micro- or nano- meters) and the decrease of the access times (of nanoseconds and sub
nanoseconds for MRAM devices), are the major challenges of current research work.

Consequently, one has to be concerned in afirst step by the dependence of the magnetic
properties upon reducing the sample dimensions. Figure |.1 gives a classification of the
characteristic magnetic processes as a function of the magnetic system dimensions (or the
spins number S of the magnetic system). From the hysteresis curves presented in figure 1.1 the
different magnetization reversal processes can be investigated such as: the nucleation, the

propagation and the annihilation of domain walls for multi-domain particles, the uniform
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rotation of the magnetization for single-domain particles and quantum phenomena for one
magnetic moment particle.

macroscopic *  1Nanoscopic
Permanent Micron- Nano- Clusters Molecular  Individual

magnets particles particles clusters spins
1 ] | | I 1 |
| | 1 5 } | | i |

s=10"" 10'° 10 1 10¢ 10 100 16 10 1

Multi - domain Single- domain M agnetic moment
Nucleation, propagation and Uniform rotation Quantum tunneling, quantization,
annihilation of domain walls curling guantum interference

—
1

1 L 3 g 1 1
BT 0 100 ' P i
pH(MT) ucl'ﬁ‘l'}l

Figurel.l:
Mesoscopic physics: from macroscopic to nanoscopic magnetic systems [Wernsdorfer 2001]

In the second step, one has to consider the time scale of the different processes, some of
which are indicated in figure |.2.

On the femtosecond time scale, the characteristic processes correspond to the
relaxation of the electron system [Beaurepaire1996, Beaurepaire1998, Guidoni2002].

The picosecond time scale corresponds to the precession frequencies of a metallic
ferromagnetic system (typical GHz). Back et a. [Back1998, Siegmannl1995] have
demonstrated for the first time experimentally a new concept based on the reversal by
precession for perpendicularly magnetized Co/Pt multilayers using strong in plane magnetic
field pulses of 2 — 4.4 ps duration obtained at the Standford Linear Accelerator Center. This
has then been followed by time-resolved pump-probe experiments on the laboratory scale by
[Freeman1992, Doyle 1993, He 1994, Doyle 1998, Hiebert 1997, Freeman 1998, Stankiewicz
1998, Zhang 1997, Koch 1998] for inplane magnetized soft magnetic materials. Later, n
2002-2003, [Gerrits2002, Schumacher2002, Schumacher 2002B, Schumacher 2003,
Schumacher2003B] have shown as well that it is possible to suppress the ringing effect after
the precessional reversa of the magnetization which is an important condition for the

application in MRAM devices. Besides the studies on the reversal mechanism, these time-
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resolved dynamic measurement techniques yield aso the free-oscillations of the
magnetization after pulsed- or stepped- magnetic field excitation from which the
ferromagnetic resonance frequency and information on the damping can be obtained
[Silva1999].

Magnetization reversal process that occur over a time of nanoseconds and above,
include the coherent rotation and reversal by domain wall nucleation and propagation, as well
as associated relaxation processes [Freeman1991, Russek 2000, Russek 2000B, Binns2003,
Williams 1950, Slonczewski 1991].

| time
—® 4 4
0 fs ps ns® us
Electron and Magnetization precessions Relaxation processes,
spin dynamics and reversal by precession domains nucleation and
walls propagation

I s 20} ]

5" %'R H = 300 Oe . A
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st st G_GAAAﬂf\ﬁ _: J;i}

. 2.0

: Apemroniten] | 00 ./\Aﬂﬂﬂﬂﬂﬁﬁ
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o —
]
]
1
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Time(fs) Time(ns) Time(us)
[Beaurepaire 1998] [Freeman 1992] [Binns 2003
Figurel.2:

Characteristic time scales for the magnetization dynamics

Dueto the characteristic times of the magnetization reversal by precession, which are of
some hundreds of picoseconds, this process has been considered as a promising concept to be
used in magnetic random access memories (MRAM). It will allow to reduce the response
time of the devices from some nanoseconds (in the present devices) to some hundreds of
picoseconds. However, several limitations will occur for this so-called Field Induced
Magnetic Switching (FIMS) concept (precessional and Stoner Wohlfahrt), when scaling the
system size.

Therefore other concepts have been proposed such as the Thermally Assisted Switching
(TAS) and the Current Induced Magnetic Switching (CIMS). The corresponding MRAM cell
design of these processes are presented in figure 1.3. Current realizations of FIMS devices use
two orthogonal pulsed magnetic fields generated by two conductors. These devices were
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intended to induce the Stoner-Wolfarth reversal but they can be also used to induce the
precessional reversal using shorter magnetic field pulses. The TAS uses the temperature
dependence of the write field by sending current pulses through a tunnel junction while
applying a magnetic field pulse through the word/bit lines. The CIMS uses a high density,
spin polarized current that passes through the tunnel junction to switch the storage layer. In

this case, o magnetic field is required.

MRAM WRITING READING

FIMS
Field I nduced M agnetic Switching

|| Transistor

= OFF

TAS

Thermally Assisted Switching ’

_—

Reference |_/ﬁ — Storage

layer layer

Transistor
ON

"I_U :

CIMS

A
Current I nduced M agnetic Switching
Reference layer —
Polarizers

Figurel.3
MRAM — switching processes in applications

In January 2000, when this PhD work started, the precessional reversal was aready
evidence by Back and al. [Back1998] in systems with perpendicular anisotropy (Co/Pt multi-
layers) using synchrotron radiation techniques, at the Stanford Linear Accelerator Center.
Therefore, one of the challenges was to reach similar results on magnetic sampleswith planar
anisotropy using laboratory facilities.

In this context, my work was aimed at establishing a high-frequency measurement
technique to characterize the magnetization reversal processes and the magnetization
dynamics with a resolution on the picosecond time-scale. This technique has been used to

characterize the precessional reversal process in different magnetic systems such as
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continuous films and patterned single- and multi- layer structures, which have applications in
MRAM devices. My work focused on the redlization of an experimental set-up and on the
realization of the samples, adapted to high-frequency experiments, using different preparation
techniques such as magnetic thin film sputtering, ultra-violet lithography as well as different

etching techniques

This manuscript is structured as follows:

) In the first chapter, | give a short introduction of some static and dynamic aspects
of micromagnetism.

i) The second chapter is focused on the pump-probe measurement technique. Several
fundamertal aspects related to the transmission line theory are described, which
are important for the design of the pump part. Furthermore, the basic concepts of
the probe technique such as the magneto-optical Kerr effect, the magneto-resistive
effect and the inductive effect are presented. The experimental setup used in my
work will then be described based on these theoretical considerations.

i) In the third chapter the sample preparation and characterization are detailed.

iv) The experimental results related to the magnetization dynamics (precessional
reversal, small angle oscillations) both in magnetic micron-sized samples and
continuous magnetic thin films are given in the fourth chapter. For a complete
interpretation and understanding of the experimental data, the results are compared

to macrospin simulations.

Four annexes are available at the end of this manuscript:
Annexe 1. The calculation of the magnetic field induced by a DC-current that traverses a
conductor of rectangular section
Annexe 2: The calculation of the Fourier transform of discretely sampled data
Annexe 3. The macrospin simulation code
Annexe 4: Jones Matrices for optical components and simulations of the magneto-optic Kerr
effect
Annexe 5: The dielectric tensor that defines the Fresnel coefficients corresponding to the
Kerr reflected signal.
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Abstract

The first chapter is dedicated to the presentation of some aspects of micromagnetism.
After a brief recall of notions related to the magnetic moments of an eectron, the
characteristic energies and the associated magnetic fields in a continuous ferromagnetic
material are presented. The equilibrium and metastable magnetic states correspond to global
respective local minima of the total energy. The transition from one stable state to another or
the relaxation from an out-of-equilibrium state towards the nearest minimum is given by the

Landau-LifshitzGilbert equation, which describes the magnetization dynamics. Its solution,

for given boundary conditions will yield the magnetization trajectory (evolution of M in
time). Here, both, small angle magnetization perturbations that correspond to linear
solutions, as well as the magnetization reversal (Stoner-Wolfarth and precessional reversal),
will be addressed.

Résumé

Le premier chapitre est dédié a la présentation de certains aspects de la théorie du
micro-magnétisme et des notions de base reliées au moment magnétique de |’ électron. Nous
présentons des détails concernant les concepts micro-magnétiques appliqués dans les
matériaux ferromagnétiques en introduisant les énergies caractéristiques et les champs
magnétiques associées. Les états magnétiques d’ équilibre sont dérivés de la minimisation de
I’ énergie totale du matériau ferromagnétique.

La deuxieme partie est dédiée a I’éguation Landau-Lifshitz qui définie la variation
temporelle de I’aimantation. Nous discutons ses applications dans la théorie du micro-
magnétisme et en particulier les solutions linéaires qui correspondent aux faibles
perturbations de I’aimantation ains que le renversement de I’aimantation (model Stoner-

Wolfarth et précessionnel).
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1.1. MAGNETIC MOMENTS

The electron in an atom has two angular momenta: i) the orbital angular momentum, L,
and ii) the spin angular momentum S. The corresponding magnetic moments, H, or fg are

respectively:

—

Mo =-0,
Hs =-0sS
where g and gs represent the orbital and respective the spin gyromegnetic factors. They are

I

(1.1)

given by Planck’s constant, 7, Bohr magnetron, i ! and the gyromagnetic splitting factor,
JL Of Os.

fi
Os™= gL,S%; Hg :|j_m (1.2

In the spin-orbit coupling cases the total angular momentum isgivenby: J =L +S, and
the corresponding total magnetic momentum by i, =-g¢ Jj . Here the gyromagnetic factor

can be expressed in asimilar way asin equation 1.2. Neglecting the orbital contribution to the
total angular momentum, L = O and J = S the Landé factor (gL s) is equa to 2, while in the
casewith S= 0 and J = L, the Landé factor is equal to 1 [Ashcroft1976, Kittel 1966].
Considering an arbitrary external magnetic field, H, the evolution in time of the
magnetic momentum ; of an electron (fig.1.1), is defined by the angular momentum — type
equation of motion:
di;
dt

where o = 4107 H/m. This equation describes a precessional motion of the magnetic

:_gJ(HJ ’ “OH); g,>0 (13

moment around the external magnetic field characterized by the frequency, f:

H
. LI (1.4)

p m,
f is called the Larmor frequency. The constant in equation 1.4 has in S| 2 units the vaue
3.52*10* Hz/(A/m). This value corresponds to one precession period of 357 ns for a magnetic
field equal to 1 Oe. The Larmor frequency increases and in consequence, the precession time

decreases with increasing magnetic field.

! Up = Hh/ 2m, Wheree and meisthe charge and the mass of the electron
2e=1.6*10°C; ho= 4p*10" T*mM/A; m.= 9.1¥10" Kg; H(A/m) = H(Oe) * 79.58
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H.
/
\_

Figurel.l
Precessonal motion of a magnetic moment

around an arbitrary external magnetic field H |
determining its frequency f.

In ferromagnetic materials, the spins are strongly coupled by the exchange interaction
Therefore, there is no strong variation of the orientation of the magnetic moments {; from
one lattice site to the next. This allows the introduction of an average magnetic moment,
called magnetization, M :

o
ak;

for which a similar equation to 1.3 can be derived to describe the magnetization precession
around an effective field in a continuum theory [Chikazumi1997]. It is the basis of Brown's
equations [Brownl1963] as wel as the LandauLifshitzGilbert equation [Landau &
Lifshitz1935, Gilbert1955]:

dd_l\t/l =- Q(M ’ Uol:'eff ) (1.6)

whereg:gx2|i:87.91><109><g(0e'1tz). One basic assumption of the theory of
m,

micromagnetism is the existence of a spontaneous magnetization vector that has a constant
amplitude: |M| = const .
The effective magnetic field in equation 1.6 is given by the derivative of the total energy
of the ferromagnetic system:
Hy =-NE (1.7)
In the following, the total energy, E, is derived.
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1.2. ENERGY AND MAGNETIC FIELDS OF A MAGNETIC SYSTEM

The tota energy of a magnetic system has different contributiors coming from
exchange energy (Ee), magneto-crystalline anisotropy energy (E.), dipolar energy (Edip), and
Zeeman energy (E,):

E=E, +E,+E, +E (18)

di p zeeman

Hence, the corresponding effective magnetic field has four contributions:

— ~ — — — —

Hy =-NgE=H,+H,+H, +H (1.9

zeeman

i)  Theexchange energy

The exchange energy in asystem of N spinsis defined as:

Eex =- %éN éN JI] (H ) (110)

=1 J:

LY

where J; is a positive parameter (in ferromagnetic systems) that represents the exchange
integral corresponding to the interaction between the magnetic moments i and j. This
interaction is strongest for adjacent moments and therefore local. In ferromagnetic materials,
it favors paralel alignment of the spins. In continuous media, of volume V, the exchange
energy is expressed as:

M

= \%HNW(F)]Z +[Nmy (F)]2 + [NmZ(F)]Z}dV . m(m,, my,mz)= Y (1.11)

S
where A is the exchange constant that is proportional to the exchange integral Jj, Nmyy; is
the spatial gradient (N ) of the magnetization normalized components corresponding to the

ox, oy and oz axis. The exchange interaction is isotropic, resulting in no preferentia
orientation of the magnetization with respect to the crystal axis.

ii)  The magneto-crystalline enerqy

Due to the interaction between the magnetic moments ad the crystalline lattice via
spinorbit interaction the orientation of the magnetic moments has preferential directions
given by the underlying symmetry of the lattice. The deviation of the magnetic moments from
this direction increases the system energy that is caled magneto-crystalline anisotropy
energy.
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In the case of a uniaxial magnetic anisotropy, the energy takes the form:

—

2
& Mo
1- gu x— = (1.12)

E, =K,
Mg o

where U is the unit vector, along the direction of the uniaxial easy axis, K, is the uniaxial
anisotropy energy constant, and Ms is the magnetization modulus.
From 1.7 and 1.12 the uniaxial anisotropy magnetic field is expressed as a function of

the unitary vector m:

H, =—— (i xm) (1.13)

iil)  The magnetostatic energy

For a uniformly magnetized sample, magnetic poles appear on its surface, giving rise to

ademagnetizing field, I:|d . The corresponding energy is expressed as.
(N B A
Eqp =~ - Ho OM (F)xH, (F) e (1.14)
\

This energy is small compared to the exchange energy between neighboring moments thus it
has no direct influence on the paralel aignment of neighboring spins. However, it is of long
range and therefore will influence the spatial distribution of the magnetization vector.

The corresponding demagnetizing field is equal to:
H, =- NV (1.15)

where N is the demagnetizing tensor, which in its most general case is position dependent

N(F).

In homogeneously magnetized samples, the demagnetizing field is opposed to the

magnetization vector M for which the tensor ﬁ takes the form of:

N, 0 0y
=_é ¥
N=g0 N, O0f N+ Ny+N,=1 (1.16)
g0 0 N,j

A consequence of the demagnetizing energy is the nortuniform magnetization
distribution, such as magnetic domains. These are created to avoid surface and volume

magnetic charges.
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iv) Zeeman energy

The energy determined by the interaction between the magnetization M and an external

magnetic field is called Zeeman energy. In order to minimize this energy, defined by:
E, o = - MM XH (1.17)
every magnetic moment of the magnetic system tends to aign paralel to the externd
magnetic field, I:Ieqt . The external magnetic field can include a static bias field (Hpias) as well

as atime varying field pulse (hp) or a harmonic high frequency field (hr).

1.3. LANDAU-L IFSHITZ-GILBERT EQUATION

The evolution of the magnetization in time and space under a local effective field
H, (F.,t) is described by the LandauLifshitz (LL) equation proposed h 1935 [Landau &
Lifshitz 1935]. This equation is similar to equation 1.6 but with a supplementary damping

term:

!
Mg

ﬂﬂ_l\:l—'g (M Uo eff)'

Here, the parameter | expresses the magnitude of the damping, and is called the

(l\7I ’ (M ’ UoI:'eff )) (1.189)

relaxation frequency. The first term corresponds to the torque on the magnetization vector

exerted by the effective field H,, and describes the Larmor precession of the magnetization

vector around de . The second term corresponds to the phenomenological damping torgue,

which is responsible for the reorientation of the magnetization vector towards the effective
field.
An dternative equation has been proposed by Gilbert in 1955 [Gilbert 1955]:

ﬂﬂ—'\?Lg( oH o )+ = gvl ﬂ:;:'o (1180)°

, el
Here 9 = 9% —

2m,
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where a is the damping constant of positive value, a > 0. The precessional term:
(I\7I ’ poﬁeﬁ) is here replaced by ﬂM/‘ﬂt' In this way, the damping leads not only to the

readignment of the magnetization towards the effective field but it acts also on the
precessional motion itself.

The LandaurLifshitzGilbert equation 1.18b can be transformed into the LandaurLifshitz
form (1.188) whenusing g'=g/(1+a?) and | =agvl/(1+a?) [Mallinson1987]. We have
g'=g and | =adMV inthecondition of small damping (a << 1).

In the LandauLifshitzGilbert equation the damping constant a appears as the
parameter responsible for the magnetization relaxation toward the equilibrium state (or the
closest minimum) [Miltat2002]. In absence of damping (a = 0) the magnetization M
precesses indefinitely around the effective field H,, and will never align paralel to the
effective field. The damping mechanism is associated to the coupling between the magnetic
spins and other degrees of freedom (phonons, electrons) as well as impurities and defects)
[Miltat2002, Bailleul2002]. For a * 0O the magnetization executes precessions around the

effective field as shown in figure 1.2, which are characterized by an angle that is
exponentially attenuated.

Time

Figurel1.2
Attenuated meagnetization precessions around

the effectivefidd, fora > 0

The value of the damping factor is a materia property. In literature, values are given
ranging between a = 0.005 up to 0.1 [Miltat2002], for instance: a = 0.008 for a NiFe sphere
[Bauer2000], or a = 0.031 for a thin bi-layer of CoFe/NiFe of a spin vave
[Schumacher2002].
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The LLG equation is a coupled nonlinear second order differential equation that
describes the static magnetization distribution as well as its dynamics. The latter contains the
small and larger angle deviations of the magnetization from its equilibrium state. Only for few
situations, anaytical solutions to the LLG equation can be obtained, in the static as well asin
the dynamic case. One analytic solution of the dynamic case can be obtained for small
amplitude oscillations around equilibrium upon linearization of the LLG equation. This case
will be considered in section 1.4. In genera cases, the solutions to the LLG equation are
obtained by numerical simulations, which have been intensively developed in the past 510
years as an important tool for the understanding of micro- magnetism.

One simplified approach to solving the Landawr LifshitzGilbert equation numerically is
the representation of the total system by a single macroscopic spin. In this case, the LLG
equation can be solved relatively easily by common numerical integration methods such as
Runge Kutta [Numerical _Recipes]. This approach has been used in this work as described in
Annexe 4.

If one is only interested in the datic magnetization distribution, the
equilibrium/metastable states of a ferromagnetic system can be obtained from the variational
principle for the energy [Brown1963, Miltat1994]:

dE(M )= 0
z (1.19)
d2e(M)>0
where E(M ) represents the total energy of the system. These lead to Brown’'s equations:
m” H, =0inthe bulk and (1.20)

m” qm/ 9n = 0 a the surface

1.4. SMALL ANGLE MAGNETIZATION DEVIATION

Spin waves

The general solutions of the linearized LLG equation are spin waves that correspond to
the propagation of “small perturbatiors” through sample. These perturbations are
characterized by awell-defined spatial correlation of the phasej and of the deviation angle or
spin wave amplitude q (fig.1.3). In the particular case, when the magnetic moments precess in
phase in the entire magnetic system, the precession mode is uniform (j = 0, g = const.)
(fig.1.3b).
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a) Spin wave k10
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Figure 1.3: Spin wave mode of wave vector k: a) Finitewavelength k 1 0
and b) uniform precessonmode kK =0 (I =¥).

The spin wave frequency carries information about system energy such as the
anisotropy energy, the external magnetic fields or the saturation magnetization (Ms).
Therefore, measurements of spin wave frequencies are an important tool to characterize
magnetic systems. There are two complementary types of experiments that are commonly
used to study spin waves, Brillouin Light Scattering (BLS) [Cochran1995, Hillebrands1995]
and FerroM agnetic Resonance (FMR) [Heinrich1995, Celinski1l997, and Farle1998]. In the

BLS spin waves d wave vector k can be created or annihilated in contrast to the FMR
excitations in which no momentum is transferred and only those modes are excited for which
the total momentum is zero, Kk = 0.

Besides those convertional measurements, recently new types of measurement

techniques in the time domain have been presented in the literature [Silval999, Celinski1997,
Crawford1999, Freeman1992, Russek2000B], similar to the one described in this thesis. They

are based on a pump-probe technique, which employs coplanar wave-guide devices and
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allows one to determine the natural precession frequency from the damped oscillations
measured in the time domain (see chapter 2).
Because, for magnetization dynamics experiments, the natural frequencies set the time-scale,

we will derive in the following the uniform mode frequencies for a continuous thin film.

Uniform Ferro-Magnetic Resonance mode

The FMR technique consists of the measurement of the absorption of the microwave
energy whena spatially uniform microwave (rf) magnetic field excites the magnetic moments
in asystem A minimum in the microwave spectrum occurs whenthe rf-frequency coincides
with the magnetization precession frequency.

The equation of motion of the magnetization for small amplitude precessions is obtained
fromthe linearized Landau-LifshitzGilbert equation (eq.1.18b) in the losdess case (@ = 0)
[Kittel 1947].

Solutions of the linearized equation yield the precession frequency as a function of the
second derivate of the energy [Farle1998, Miltat2002] :

_ T’ET’E ®T°E 6
Msng 1071 7 §Taj 5

(1.21)

Figure 1.4:
Spherica coordinates for the magnetization
and magnetic field vectors used in the
calculation of the ferromagnetic resonance
frequency

i<

Using the energy expression of a continuous film of uniaxial in-plane anisotropy, one

obtains the Kittel equation:

w_ 1
g sng
where the angles g, j m and j y are defined in figure 1.4. H represents the external magnetic

JIHcos( - ) +H,cos’j , +4pM][H cos ,,- j ,)+H,cosZ ] (1.22)

field whose orientation is defined by the angles j 4 ad gy (here the externa field is
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considered in the film plane, g4=90°), Hy represents the uniaxial anisotropy field and its
orientation is defined by g and j . The microwave field is considered to be perpendicular to
the external field.

Considering the particular case of a magnetic thin film in (x,y) plane excited by arf-
magnetic field, Hy;, paradlel to the ox-axis, in an externa magnetic field, H, parallel to oy-
axis, the magnetic susceptibility associated to the ri-magnetic field is defined as:

M c
Cy = X = H > (1.23)
H .
rf i BN 9
W, g

M
where ¢, = ?y We observe that the variation of the magnetic susceptibility as a function

of w, has a maximum for w =w,. The imaginary parts of the magnetic susceptibility, Im(cm)

characterize the energy absorption that appears in the magnetic systemdue to excitation by an
rf-magnetic field. The absorbed microwave power, Py, in a magnetic thin film, is defined as
[Celinski 1997]:

2

P :%WIm[CerHrf

(1.24)

For an externa rf-magnetic field of frequency f =w/2p equa to the frequency
fo =w,/2p of the magnetization precessions, the rf-energy is entirely absorbed by the
magnetic system. The frequency fo is called the ferromagnetic resonance frequency.

Ferromagnetic resonance occurs for the frequency value for which the absorbed power in the

thin film (eg.1.24) is a maximum value.

1.5. MAGNETIC LENGTHSCALES

Coming back to the static magnetization distribution, there exist different magnetic
length scales that characterize the magnetic static distribution. These length scales are derived
from the competition between the internal energies of the system (defined in section 1.2), the
exchange, magnetostatic, and magneto-crystalline energies.

The competition between the exchange energy and the anisotropy energy defines he

width of adomain wall, givenby the Blochwall parameter:
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D, = \/% (1.25)

The competition between the exchange energy and the magnetostatic energy defines the

_ | 2A
l, = /qué (1.26)

The quality factor compares the magneto-crystalline to the magnetostatic energy:

2K
HoM &

exchange length:

Q= (1.27)

1.6. DOMAINWALLS

Barkhausen found the first experimental confirmation of the magnetic domain concept
in 1919 [Barkhausen1919]. He discovered that the magnetization process in an applied field
contains discontinuous variations named Barkhausen jumps which he explained as magnetic
domain switching®. Further analysis of the dynamics of this process [Sixtus 1931] led to the
conclusion that such jumps can occur by the propagation of the boundary between domains of
opposite magnetization.

In 1932, Bloch [Bloch1932] analyzed the spatial distribution of the magnetization, M, in
the boundary regions between domains, finding that they must have a width of severa
hundred lattice constants, since an abrupt transition (over one lattice constant) would be in
conflict with the exchange interaction Two basic modes of the rotation of the magnetization
vector can be defined for domain walls:

1) The three dimensional (3D) rotation of the magnetization from one domain through a
180° wall to the other domain, determining a Bloch wall (fig.1.5a). Here the magnetization
rotates in a plane parallel to the wall plane. This wall is characteristic to bulk materials or
thick films.

i) The two dimensional (2D) rotation of the magnetization from one domain through a
180° wall to the other domain, determining a Néel wall. Here the magnetization rotates
perpendicular to the wall plane. This type of walls appears in thin magnetic films, where the

in-plane rotation of the magnetization has a lower energy than in the classical Bloch wall

* Interpretation considered not valid today
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mode (fig.1.5b). This is due to the demagnetizing field produced by the Bloch wall spins that

point perpendicular to the film surface. In order to reduce these fields, the magnetization starts

to rotate in-plane.
The transition from a Bloch wall to a Néel wall occurs roughly when the film thickness,

t, becomes comparable to the wall width, ¢,,. (Hubert1998).
)
£ ts

T 1=\

(b) t<3,

d,, €(10 nm—hundreds of nm)

Figure 1.5:

180° magnetic domains walls:
(a) Bloch walls in a bulk material (b) Néel walls in a thin magnetic film

The width of a domain wall (J,) is proportional to Bloch parameter, (4)) defined in
equation 1.25. The Néel wall is thinner than the Bloch walls 5/ < §%*" where the width of

a Bloch wall can be estimated by:
S = 7N, (1.28)

1.7. MAGNETIZATION REVERSAL MECHANISMS

As a function of the sample dimensions and the type of excitation fields (static or
pulsed, of variable sweep rate — dH/dt, of different orientations with respect to the uniaxial

anisotropy) one distinguishes between different classes for the magnetization reversal

processes, for which the most important ones are detailed below:
1) Reversal obtained by nucleation and domain wall propagation

i1) Reversal by uniform rotation of the magnetization

ii1) Reversal by magnetization precession
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1.7.1. DOMAIN WALL DYNAMICS

The first magnetization curve and the hysteresis loop of an extended ferromagnetic
material (note: this does not hold necessarily for nanomagnets) characterize the quas-static
reversal of its magnetization (figl.6) in a varying external magnetic field. On the first
magnetization curve (fig.1.6), the magnetization alignment parallel to the externa field is
realized by reversible wall displacements and non-coherent rotation from point A to point B
and then by coherent rotation from B to the saturation point C [Kittel1966]. Wall
displacement increases the magnetic domain surface that has the magnetization parallel to the
external magnetic field and consequently, decreases the magnetic domain with the
magnetization anti-parallel to the external magnetic field [Koch1998, Choi2001].

On the hysteresis curve, decreasing the external field from positive saturation (point C),
the nucleation of reversed magnetic domains setsin at a certain value of the magnetic field as
we can observe in point D on figure 1.6. Depending on the sample type and magnetic
homogeneity, the dynamics from the point D to F may include domain wall displacements,

and nortcoherent or coherent magnetization rotations.

Magnetic domain
Domain wall

II(-

10

05F

= 00
A
-05}F
I a first magnetization curve
10 E b: hysteresis loop
20 0 20 40 5]
H(u.a)
- --- i T il I e = N
C ' 'D | E
e ' ! _— -
1 1 !
I —»i [ —> i
1
T T e
1 |
1 1
L}
— i
— D> )
s Pl —_—
e —mem 1
H3 H_, H

Figurel.6
Magnetic domain configuration corresponding to different points on the first magnetization
curve and hysteresis loop



CHAPTER 1: Static and dynamic aspects of micromagnetism 35

One important parameter that characterizes the domain wall propagation in the presence
of an externa magnetic field is the wall velocity, v. This velocity can be deduced by
integrating the LandauLifshitzGilbert equation (1.18b) over the domain wall width
[Malozemoff1979, Hubert1998]. Since the displacement mechanism of a Bloch wall has some
similarities to the precessional reversal process (detailed in section 1.7.3) it will be detailed in
the following.

We suppose two neighboring magnetic domains with their magnetizations “up” and
“down” separated by a 180° Bloch domain wall. The Bloch wall magnetization is oriented in
the wall plane and perpendicular to the domain magnetization An “up” magnetic field exerts
no torque on the domain magnetization since the angles between the field and the domain

magnetization vectors are 0° and 180°, respectively. Contrary, the torque between the domain

wall magnetization and the external field (M., ~ H) rotates the magnetization out of the

wall
wall plane by anangle j wai, from point 1 to point 2 as shown in the figure 1.7. This creates a
strong demagnetizing field, hq, perpendicular to the wall plane, which induces a precession of
the magnetization around hy, rotating the magnetization from point 2 to point 3.
Consequently, the wall magnetization aligns with the domain magnetization that is paralel to
the external field. This is equivalent to a wall propagation from left to right in figure 1.7 with

the velocity v.
a) b) \ .
Magnetic domain ‘ ,ﬁ '
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Figurel.7
a) Ferromagnetic structure composed of magnetic domains and domain walls;
b) Bloch wall displacement mechanism

The domain wall velocity, v, is proportional to the difference between the external field,

Ha, and the coercive field, Hc, to the sample magnetization, Ms, to the wall width
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(» 1/,6\% /K), to the gyromagnetic factor, g, and is inversely proportional to the damping

parameter | [Doyle 1998]:

\a% gl\l/ls\/%x“o(HA' Hc) (1-29)

Equation 1.29 can be rewrittento obtain a more general expression for the reversal time,

1_v
t L
Ms A
“T ?mO(HA_ He)
(1.30)
:_O(HA' Hc)1

The parameter S, represents the switching coefficient and it is defined as the ratio
between the sample length, L, and the effective wall mobility, p. These relations have been
verified by numerous experiments in the past for larger (bulk) samples [Rado 1963].

It is noted that the reversal mechanism depends on the external magnetic field sweep
rate (dH/dt). For example, Camarero et a [Camarero2001] studied the influence of the
externa field sweep rate (dH/dt) on the magnetization reversal dynamics. They revealed that
the magnetization reversal is dominated by domain wall displacements for low dH/dt values
and by nucleation processes for higher dH/dt values in exchange coupled NiO-Co bilayers.

A nice paralel between the reversal of cluster particles of variables densities on the
substrate and the reversal dominated by domain dynamics in thin films [Ferrel997] was
experimentally realized in 2003 by Binns et a. [Binns2003]. He showed that at low coverage
of the substrate with clusters, the switching dynamics of the sample remains the same as in
the clean substrate while a&ove a certain limit of coverage, a significant acceleration of the
magnetic reversal was observed with a fast component due to a reversal propagating through
the cluster film. Its conclusion was that the velocity of the propagation, rather than the rate of
reverse magnetization nuclei, dominates the reversal through the cluster film, the average

switching time for a cluster in this case being about 10ns.
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1.7.2. COHERENT MAGNETIZATION REVERSAL — STONER-WOLFARTH MODEL

The coherent rotation model was developed by Stoner-Wolfarth [St.-W. 1948] and
Louis Néel [Néel 1947]. This modd considers the magnetization reversal of a mono-domain
particle in an external magnetic field, H. In this case, the rotation of the magnetic moments
increases the anisotropy energy while the exchange energy remains constant.

Figure 1.8 shows the evolution of the mono-domain particle energy as a function of the
applied magnetic field, H, which defines the equilibrium angle g of the magnetization
direction with respect to the uniaxial anisotropy easy axis. The total energy of the particle is
the sum over three terms. the demagnetization, Zeeman, and magneto-crystalline energies.
The normalized energy is written as [Wernsdorfer 1996]:

E =sn2(q)- 2hcos(g - j ) (1.31)
where the angles g and j are specified in figure 1.8, and h represents the ratio between the
external field energy and the magneto-crystalline anisotropy energy constant, K:

h=H - RMH (1.32)
Ho 2K

We consider the particle to be in one of the energy minima at zero field, as shown in
figure 1.8 on the symmetric curve for h = 0. This corresponds to the magnetization parallel to
the easy axis of the particle where the first derivate of the energy function is zero:

1,E=0 (1.33)

-3

E{B)

Figurel.8
Tota energy of the particle-magnetic
system for different externa
magnetic fields at an angle p§ =
30°. The local minimum is shown
with the black dots. [Wernsdorfer
-180° -90° 0° 90° g 1807 1996]

Applying a magnetic field into the opposite direction of the magnetization the

symmetric curve becomes asymmetric and the local energy minimum moves toward positive
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angles g. Increasing the field values, the difference between the energy minimum and energy

maximum is decreasing going to zero at a critical magnetic field, he. This corresponds to a
saddle point where the second derivate of the energy is zero:

12E=0 (1.34)

From (1.31 — 1.33) we obtain an expression of the critical reversal field, he, as afunction

of theanglej between the direction of the applied field and the uniaxial anisotropy direction:

h = 1 (1.35)

c . ) \3/2
(Sln2/3j + cos?'? )

J
The angle qo defined as the angle between the magnetization M and the direction oz, for
which the magnetization reversal occurs, can be expressed as:
tanq, = - tan"?] (1.36)
The critical field, he, for which the reversal occurs as a function of the angle | , (eq.1.36)
is presented by the Stoner-Wolfarth astroid in figure 1.9. The curve h = ﬁo(] ) delimitates the

region of reversal (h3 hy(j )) from the region of nonreversal (h <h,(j )).

» Figurel9

H,  Stoner-Wolfarth astroid that defines the limit
between the non-reversal (inner region) and
reversal (outer region) regions.

Referring to figure 1.1 from the genera introduction, this process appears in single-
domain magnetic systems, where quasi-static external fields are applied paralel to the
direction to which the magnetization should be reversed.

Wernsdorfer et al. experimentally verified the Stoner-Wolfarth model on magnetic
nanoparticles of 50-150nm dimensions. Despite a clear single-domain character of the
particles, they showed that a distribution of switching field exists, whose width increases by

decreasing the temperature and becomes constant at very low temperatures [Wernsdorfer
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1995]. For nonzero temperatures, the switching field becomes a stochastic variable and the
magnetization switching takes place before the energy barrier goes to zero [Bonet 1999,
Thirion 2002].

Stoner-Wolfarth reversal is actually used in MRAM applications (see FIMS - fig.l.3 —
general introduction), the magnetic memory being reversed by the total field obtained with
two magnetic field pulses Hy and H; in figure 1.9) obtained with two conductor lines
perpendicular to each other. The time scales, characteristic to this reversal, are in the
nanosecond range.

In arder to understand the time limits that occur during the coherent rotation reversal,
we consider a Stoner-Wolfarth particle represented by an ellipsoid with the long axis parallel
to the oy-axis. We will analyze the details that appear during the coherent rotation of the
magnetization toward an external magnetic field applied parallel to this oz-axis as shown in
figure 1.10. We suppose that the amplitude of the externa magnetic field is lowly increased
up to the anisotropy field value (Hy). This means that for each value of the external magnetic
field (7 values on figure 1.10) the magnetization “has the time” to relax parald to its current
effective magnetic field.

H=0.1H,
H=0.2H,
H=03H,
H=05H,
H=0.7H,
H=10H,

O B N W b

Energie (a.u.)

60 0 60 120 180 240
Angle (deg)

Figure1.10
Quasi-static relaxation of the magnetization during its reversal by coherent
rotationin a Stoner-Wolfarth particle

For H = 0O the magnetization is parallé to the oy-axis position that corresponds to one
local minimum of the symmetric curve from figure 1.10. Increasing the magnetic field from
zero to 0.1Hk (applied parallel to +oz axis) the angle corresponding to the local minimum
varies from 0° to about 10°, corresponding to the new orientation of the effective field. The

magnetization relaxes into this new local minimum executing a small-angle precessional
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motion around the effective field. Equivalent relaxation processes are obtained increasing the
externa field up to the value equal to 0.7H, value for which the local minimum is obtained
for an angle of 90°. In this case, the maximum and the two minimum points confound in a
minimum point. Further increasing of the external magnetic field values decrease the energy
of the minimum but |eaves the angle constant at 90°.

The sweep rate of the magnetic field (dH/dt) has an important influence on the
magnetization rotation in a macrospin particle. As in the example given above, for small
values of the sweep rate, the magnetization relaxes parallel to the intermediate effective field.
If the value of dH/dt is large enough, an adiabatic excitation of the macrospin system can be
induced. For this the corresponding rise-time needs to be smaller than the characteristic
precessiontime (~100ps).

Several studies have been performed in order to characterize the magnetization reversa
induced by variable magnetic fields of frequencies more or less important (from MHz to tens
of GHz). Recently, Bauer et al [Bauer2000] analyzed the response of a mono-domain particle
of elipsoidal shape to magnetic pulses of variable duration amplitude and shape. Two
switching mechanisms were evidenced: one corresponding to the uniform rotation obtained
for long pulses (2.75ns — figure 1.11a) and the other to the precessiona reversal for shorter
pulses (0.25ns — figure 1.11b). The former mechanism was described in this section while the

latter one will be detailed in the following.

Hy[ O]

pulse:
002 TS0

Se:

1
0.0/0.25/0.0

Figure 1.11: Switching diagrams corresponding to the a) Stoner-Wolfarth and b) precessiona
reversal [Bauer 2000] of an ellipsoidal shape particle characterized by N, = 0.008, N, = 0.012 and
N, =0.98.
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1.7.3. PRECESSIONAL REVERSAL

The magnetization switching by precession is obtained by applying very fast rising
magnetic field pulse perpendicular to the initial magnetization direction stabilized by the
uniaxial anisotropy [Bauer2000, Miltat2002]. The excitation rise-time should be in the sub-
nanosecond range in order to realize adiabatic excitation. Larger rise-times (about some ns)
would determine the magnetization to continuously relax parallel to the intermediate effective
fields (that correspond to intermediate magnetic field values in the pulse rise-time interval).
The switching is obtained in half a precession period of the magnetization, corresponding to
about some hundreds of picoseconds. Comparing to the Stoner-Wolfarth reversal, the
precessional reversal is characterized by shorter switching times. It is the fastest switching
process known until today, being characterized by switching times of the same order as the
precession period, and relaxation processes or thermal fluctuations do not influence the
reversal since the excitation is adiabatic.

The excitation field induces a large demagnetizing field perpendicular to the film
surface that results in amostly in-plane magnetization precession The origin of the strong
demagnetizing field perpendicular to the film surface and the precessional reversal steps will
be detailed in the following.

Precessional reversal — step no. I: Out-of-plane motion of the magnetization (figure 1.12.1)
We consider the initial magnetization orientation in the plane of the thin film (point 1 on
figure 1.12.1). A pulsed magnetic field is applied perpendicular to the magnetization direction
and i the film plane, determining a new effective field (hy =h, +H, +h,) in the film
plane. In this case hy has a negligible value since the magnetization lies in the film plane and
N isamost zero. Thiswill give riseto a precessional motion of the magnetization around the
in-plane effective field, and lead to an out-of-plane component of the magnetization M " * 0.
As thin films are characterized by a very large demagnetizing field perpendicular to the film
plane (N" » 1), the demagnetizing field increases its vaue very rapidly (h; =-N"M") and

will oppose the out-of-plane motion of the magnetization, this movement being slowed down.

The new effective magnetic field is now quas-perpendicular to the film surface and has a
relatively large value (ﬁeff = ﬁp +H, +ﬁd“ ). For instance an out of plane deviation of 1° of

the magnetization corresponds to m, = 0.0175 that determines a demagnetizing field
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perpendicular to the film plane: h; =- N,m, =1830e for MgV = 853 emu/cm®. This value

is much larger than the anisotropy field value (H,) or the external pulsed magnetic field (~10
Oe - 100 Oe).

Precessional reversal — step no. I1: Magnetization precession in the film plane (figure 1.12.11)
The magnetization continues its motion with an in-plane precession around the effective

field (curve defined by points 2 and 3 on figure 1.12.11), which is quas-perpendicular to the

film plane. The precession time is about some hundreds of picoseconds and thus, this process

is characterized by frequencies in the GHz range.

Precessional reversal — step no. I11: Magnetization precession stopped in a switched position
(figure 1.12.111)

Choosing the right parameters for the magnetic field pulses (amplitude, rise-time, width)
and the magnetic materia (damping parameter, sample dimensions, internal fields) the
magnetization relaxes parallel to the reversed position (point 3 on the figure 1.12.111) after
executing half (1/2), one and a half @/2), two and a half (5/2), ... precession cycles The
minimum switching time is obtained after half a precession. Usually each reversal by
precession is followed by small precessions of the magnetization around the effective field
caled ringing that is a source of noise in MRAM devices and increases the effective
switching time. The precessiona reversal that has no ringing is called a ballistic reversal. In
2002/2003, Gerrits et a ad Schumacher et a. [Gerrits2002, Schumacher2002,
Schumacher2002B] presented the magnetization reversal in haf a precession period by

coherent rotation of the magnetization avoiding ringing.

Figurel.12:
Precessional switching mechanism
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In redity, macrospin systems are difficult to be experimentally obtained and in
conseguence, it is desirable to apply this concept of precessiona reversal to micron-sized
magnetic particles.

This was the challenge of this work. As we will see in chapter 4, the precessional
reversal was evidenced both in micronsized samples and continuous magnetic thin films,
characterized by an in-plane uniaxia easy axis. Furthermore, we evidenced the stochastic
character of the dynamics, which is related to the dynamic processes that are not-correlated
for different regions of the sample and to the stroboscopic nature of the measurement

technique.






CHAPTER 2
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Abstract:

Depending on the properties to be investigated, there are a variety of techniques to
probe the magnetic state as a function of some given external parameters (e.g. the applied
field). Most of these techniques probe a stable, equilibrium or metastable state (such as
magnetometric techniques) when the system has relaxed. Others, probe the stationary
dynamic states such as FerroMagnetic Resonance (FMR). Most of these techniques are
“dow” and require several milliseconds to probe the magnetic states. These techniques
cannot be used to follow the transition between different equilibrium states (such as domain
wall propagation a magnetization oscillations), induced by the variation of the external
parameters.

In order to access these transient states, time-resolved measurements are required with
sub-nanosecond time resolution. One powerful technique is the stroboscopic pump-probe
technique wher e the delay between the pump and the probe is adjusted depending on the time
scale of the event to capture. Here we are interested in registering the magnetization
evolution during precessional motion, whose precession period lies in the range of 100 —
1000 ps. Thus, sub-nanosecond time resolution is required. In this chapter, we describe the
pump-probe technique devel oped during my thesis work.

As PUMP, we have used the magnetic field of an electromagnetic wave induced in a
transmission line onto which the magnetic sample is placed. These magnetic fields are
produced by applying voltage signals on the transmission line, which can be either short
pulses or steps delivered by a commercial pulse generator or a continuous wave of high
frequency delivered by a signal generator integrated in a network analyzer.

The magnetization evolution in time is stroboscopically PROBED using three physical
effects: the Magneto-Optical Kerr Effect (MOKE), the Magneto-Resistive (MR) Effect, and
the Inductive Effect. These different techniques are adapted to measure different processes.
FMR type experiments were realized using the MOKE experiments and the inductive
technique and the magnetization reversal was evidenced using the Magneto-Optical Kerr and
Magneto-Resistive effects.

In this chapter, the basic designs as well as the realization of such experiments are
described. The propagation of high-frequency voltage signals in a conducting wire requires
specially designed transmission lines. Therefore, a brief review of the transmission line theory
is presented in section 2.3. The different probe techniques and the corresponding

experimental realization are presented in section 2.5.
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Résumé

Il existe une variété des différentes techniques pour sonder |'état magnétique en
fonction des parametres externes (ex. le champ magnétique appliqué). La plupart de ces
techniques permettent I’ étude d'un état magnétique stable (techniques magnétométriques).
D’autres techniques, comme la Résonance Ferro-Magnétique (RFM), sondent les états
dynamiques stationnaires. La majorité de ces techniques nécessitent des temps de mesure de
I’ordre de plusieurs millisecondes. Elles ne peuvent pas étre utilisées pour mesurer les états
transitoires induits par la variation relativement abrupte des parametres externes dans des
petites échelles de temps (ps, ns).

Pour accéder a |’aimantation caractéristique des états transitoires, qui décrivent
I’évolution du systeme d'un éat déquilibre vers un autre (propagation des parois,
oscillations de I'aimantation), des mesures résolues en temps sont nécessaires. Un exemple
correspond a la technique stroboscopique pompe-sonde, ou, le délai entre la pompe et la
sonde est ajusté en fonction de I’ échelle temporelle du processus a mesurer.

Dans notre cas, I'intérét est de mesurer la dynamique de I’aimantation pendant le
mouvement précessionnel, qui a des temps caractéristiques dans la gamme 100 — 1000ps. En
conséquence, des résolutions temporelles inférieures a la nanoseconde sont demandées.

Dans ce chapitre, nous présentons la technique pompe-sonde développée pendant ma
thése. La pompe correspond aux impulsions de champ magnétique de haute fréquence
induites dans des guides d’ onde coplanaires sur lesquelles les échantillons magnétiques ont
été lithographiés. L’évolution temporelle de I'aimantation est étudiée en utilisant : I’ effet
Kerr magnéto-optique, I'effet magnéto-résistif et I'effet inductif. Nous présentons la
réalisation expérimental e des mesures résolues en temps et, en particulier, de la partie pompe
(I’adaptation de la ligne de transmission) et de la partie sonde (des différentes configurations
de mesure pour accéder aux différentes composantes de I’ aimantation).
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2.1. PUMP— PROBE TECHNIQUE

Topler performed the first pump-probe experiment in 1867 [Toplerl867]. He used a 2us
gpark to initiate a sound wave and than photographed the propagation using a second spark
triggered with an electrical delay. The first pump-probe experiment using an ultrashort laser
pulse and an optical delay was used to measure the transient response of a germanium sample
subjected to a 10ps pulse [Austoril974]. A detailed chronology of the origin of the pump-
probe experimental technique is provided by Ippen and Shank, along with other methods
using ultrashort light pulses [Shapiro1977].

A schematic of the pump-probe technique is presented in figure 2.1.

We consider a magnetic system that is characterized by the dynamic response M(t) as
given in figure 2.1b induced by the pump excitation shown in figure 2.1a. Here, the pump is
represented by magnetic field pulses that carry frequencies in the same interva as the natural

frequencies of the magnetic sample.

DELAY: 0Dt Dt,
I 1
: | |
PUMP ||; i i @
I 1 1
. | i
i i
) i
MO i i (b)
| ! !
i i Time
PROBE 1 i i
©t) ! : ©
T /’/ T E ,I/ i
| i . Time
PROBE2 | 1 i i
o) || : : @
1 ) |
! S /i
------------ T|me
PROBE i
(ot)
i=34.

Figure2.1
Schematics of the synchronized “pump-probe”’ technique

The measurement of the magnetization dynamic response, M(t), with a high time
resolution is realized using a short-duration PROBE signal (fig.2.1c, d). This probe is delayed
with respect to the pump (with the delay Dt;, Dty, ...) in order to measure successive points,

M(Dt1), M(Dt), ... of the dynamic response, M(t).
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In these type of experiments, the time resolution is determined by three elements: i) the
probe signa duration, ii) the time interval between two successive delay vaues and iii) the
jitter' of the pump, probe or delay, that defines the synchronization between the pump and the
probe signals.

In our experiments a common pump has been used, composed of an impedance matched
coplanar waveguide onto which the magnetic sample is positioned. Depending on the sample
size and structure to be measured, we have used three different types of probes. Figure 2.2
presents the experimental techniques used to pump and probe the magnetization dynamics in
micronsized samples using MOKE, MR and the inductive effect in time and frequency
domain.

In the following three sections (2.2 — 2.4) we will first concentrate on the requirements
and redlization of the pump and then we will discuss in section 2.5 the different probe

techniques.

2.2. PUMPAND PROBE REQUIREMENTS

For the realization of such a pump-probe experimert one may define a number of
requirements. Studies of the magnetization precessional motion are possible if the excitation
signal contains frequencies in the same interval as the frequencies to be excited in the
magnetic sample (about 1-10GHz in the case of metallic magnetic samples). This requires
either high frequencies for a sinusoidal excitation signal delivered by the network analyzer or
short rise-times (30-100ps) for the voltage pulse as delivered by a pulse generator. Short rise-
times of the pump pulses correspond to an adiabatic excitation (see sections 1.7.2. and 1.7.3.
from chapter 1) of the magnetic systems where the thermal fluctuations can be neglected
[Back1998]. In order to cover the various dynamical processes to be studied, a voltage source
needs to be defined, that has a variable output voltage as well as variable field pulse lengtls.

The transmission lines into which the voltage pulse are delivered (pump) or which are
used to capture a fast changing voltage signa (probe) need to be designed such that sub-
nanosecond time voltage pulses (or GHz continuous wave voltages) propagate with minimum
attenuation. This means that they have to be impedance matched all over their length.

There are two critical points aong the transmission which we would like to point out:

! Thejitter of asignal is defined as the width at half-amplitude of the gaussian function, centered in to, which defines the
probability to trigger asignal at the moment t,.
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i) the contacts between the line and the electronic equipment delivering or
registering the high frequency signals,

ii) the widths of the transmission line. This varies from the contact region (100um)
towards the micron-sized sample (few pm), where the line width determines the
amplitude of the magnetic excitation field. For example, for magnetization reversal

studies, the applied field pulses should be larger than the anisotropy field value
which is of the order of afew tens of Oe.

Probel: MOKE

Laser 20ps/1W peak-power
N
Pump 1. \ P 4
network analyzer N\ l I Vs Probe 3a: FMR
network analyzer
Pump 2:
Pulse generator fl f'\l Probe3b: TDR/TDT
ﬂ | h 20GHz oscill oscope
_—L_
Probe2: MR

20GHz oscilloscope

Figure2.2
“Pump-probe’ experimental techniques

An analysis of the transmission line theory is presented in the following section in order
to establish the detailed requirements necessary to impedance match the pump and probe lines
in high frequency experiments.

2.3. TRANSMISSION LINE THEORY

The propagation of an electromagnetic wave in a medium is defined as a problem with
boundary conditions. In our case, this is given by a conducting line surrounded by a ground
plane. Two equivalent approaches are used to describe such wave propagation: i)

electromagnetic wave propagation theory (Maxwell’s theory) and ii) transmission line theory.
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The first theory is a genera approach to the electromagnetic wave propagation in space
and time based on Maxwell’s equations. The propagation velocity of the electromagnetic
wave in the didectric of the line, characterized by the dielectric relative permitivity, e, and
the magnetic relative permeability, p, has a smaller value with respect to the electromagnetic
wave velocity inair: ¢ =3x10°m/s. It is expressed as:

c
€ xm

When the surrounding dielectric is composed of different materials with different e, and W,

V= (2.2)

(for example a layered structure or different materials on the top and bottom of the metallic
line) the velocity is given by the effective parameters:
v 2.2)
eeff er!eff

where egr and e are the effective constants.

The transmission line theory was initially developed to solve the problem of signal

transfer over long distances in telecommunications. Its principa result is the telegrapher

equation In this theory the spatial distribution of the current and voltage along the

transmission line is considered, as well as their time dependence:
V(xt) =V(x)exp( jwt +] ,)

() =1 (x)xexp(jwt + ,),w = 2pf

To give an idea of the relevant length-scale, figure 2.3 presents the wavelengths

(2.3)

corresponding to the frequency range of 1-15 GHz.

¥ f 3N 30cm 6cm 2cm ¢ -

| Wavelength | =— Figure2.3:
E Scale of wavelength and the
: corresponding frequencies in air

Wavefreguency () (¢ =3'10° mig)
0 100MHz 1GHz 5GHz 15GHz

We distinguish two cases depending on the relative ratio between the system size, L, to
be studied and the wavelength | :

For L << | thereisno propagation between two points of the circuit at a given moment

t. For example, this would be the case for a circuit smaller than some millimeters at

10GHz (corresponding to | = 3cm). As the voltage and current are constant, allover the

circuit length, at a moment in time, t, Kirchoff’s laws can then be applied to the overall
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transmission line represented by the equivalent circuit in figure 2.4. It consists of three

resistances in series corresponding to the line resistance (R; and R;) and the load

resistance Ry.

a) ' R, : b equivalent Rc:ircuit

] ] 1
Vo ' l] _—
i ' I Ro ﬁ
L SR

i : X _¢|
i0 L Ohm'slaw: Vs —| (R+R,+Ry)

Figure2.4: L <<
a) Simple circuit representation; b) equivalent circuit

For L > |, the circuit dimensions become comparable to the wavelength and the
application of the Kirchoff’s laws on the overal circuit is not sufficient, since there is a
propagation delay between two points of the circuit. The time-dependent phenomena
aong the circuit are described as a distributed-parameter network, where voltages and

currents can vary in their magnitude and phase over the lengths.

a) dx <<I

Resistance per line length: R[W/ m;
Inductance per line length L[H/m;
Conductance per line lengthG[S/m];
Capacitance per line length C[F/ni;

R 9
B . ix) i(x+alx, 1)

I+ 1 — [ [

. . + Rdx  Ldx | | +

Iv(x,t) v(x+dx )l v(x.t) de|:| Cdx  v(x+dx,1)
I = | . | —|_ .

- X - x+dx X

I T

infinitesimal element circuit equivalent representation:

Figure2.5: L » |

a) Transmisson line of a length comparable with the wavelength; b) The
infinitesmal circuit element (dx << | ); c¢) The equivalent circuit of the lumped
element.

The lumped circuit of a transmission line (fig.2.5) is represented by an infinitessmal
element of the line characterized by dx << | that can be solved by Kirchoff’s laws. The
dielectric capacity, C:dx, and the dielectric conductance, G:dx define the capacitive and

resistive properties of the dielectric between the two conductors represented in figure 2.5 by
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(+) and (-). Theresistance, R:dx, and the inductance, L :dx, define the conductor properties

as the resistive losses, and respective the electromagnetic induction.

2.3.1. TELEGRAPHER EQUATIONS OF TRANSMISSION LINES

Kirchhoff’s voltage and current laws applied to the equivalent lumped element circuit of
infinitessimal length (dx ® 0), which is represented in figure 2.5, lead to the time-domain form

of the transmission line, or telegrapher, equations:

M:_ R)q'(x1t)_ Ldl(x’t)

o o (2.4)
M =-G N(X,t)- C dV(X,t)

X dt

Considering the sinusoidal steady-state condition, with cosine-based phasors (eq.2.3),
the equations 2.4 become:
dav(x)

dx?

%(Zx)-gle(x):o

-g2¥/(x)=0
2.5)

where

g=a+jb =./(R+jwL)G + jwC) (2.6)
is the complex propagation constant.
The solutions of the el ectromagnetic wave equations 2.5 are:
V(X) =V, e % +V, &
1 (X) :\é—ie'@’X - \;—iegx @7
where the e % term represents wave propagation in the positive x-direction; the e* term,
stands for the wave propagation in the negative x-direction, and Zp represents the

characteristic impedance of the transmission line that is defined as:

5 Vo o Vo _ [RejwL 2.9)
®ur 1, \G+jwe

The characteristic impedance (eg. 2.8) is a complex variable that is linked to the voltage
and current phase-changes introduced in the circuit by the inductive (dx) and capacitive

(Cdx) elements. In the case of real transmission lines, the characteristic impedance vaue
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depends also on the line series resistance (R) and on the shunt conductance G) of the
dielectric medium between the line and the ground plane. In this case, the losses introduced
by the Joule effect in the conductor line and by the conduction in the dielectric have to be
considered for the evaluation of the characteristic impedance. In several practica cases, the
transmission line losses can be neglected (R = G = 0) resuting in a simplification of the above
results. In this case, the characteristic impedance reduces to the frequency independent
relation its value being dependent only on the values of L and C:

g=a+jb =jw.LC

D (2.9)
%o ‘\E

Some others parameters of the wave propagation in transmission lines in the lossless
case(R=G=0) are:

- the electromagnetic wavelength: | = »__ X (2.10)
b wJLC
- the electromagnetic wave phase velocity: v, = % = iC (2.11)
Y

In practical cases, transmission lines are used to transmit electromagnetic energy to an
arbitrary device, characterized by the load impedance Z,. As a function of the values of the
load impedance Z,, three special cases of the terminated lossless transmission nes can be
distinguished as described in the following.

2.3.2. THE TERMINATED LOSSLESSTRANSMISSION LINE

We assume that an incident wave of the form V. e ™ is applied to a transmission line at

X < 0 and that the line is terminated with an arbitrary load impedance Z, as shown in figure
2.6.

In this case the characteristic impedance expressed by equation (2.8) for x = 0 becomes:

:V(O) _\/OJr +V0- Z

= 2.12

S10) V- T (212
From here the voltage reflection coefficient is:
vV, Z -2

G=2=_"t °© (2.13)

VvV, Z, +Z,
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V(x), 1(X) i
Vo+e_ o Z, b 7 Figure2.6:
: L Transmission line terminated in a
— o — ' load impedance Z,

=< Y

| 0

We consider a step voltage signal, applied on a Z -terminated transmission line, and
different terminations. The short circuit £ = 0 determines a negative reflection of the
voltage step (G = -1). The impedance matching to the circuit ¢ = 50W) determines no-
reflection of the voltage (G= 0). The open circuit (Z_ = ¥) induces a positive reflection of the
voltage step (G= +1). All three cases are presented in figure 2.7. The reflection appears after

atime t = D/v necessary for the wave to return, defined as the ratio between the total

distance, D, crossed by the wave before and after reflection and the wave velocity, v.
The total voltage and current waves can be written as a function of the voltage reflection
coefficient:
V(¥ =V, (e + G ™)
[ (x :ﬁ(e' . Ge"bx) (2.14)
Z0
In equations 2.14, we observe that a positive reflected voltage, C> 0, corresponds to a
negative reflected current. In this context, t is important to mention that the magnetic field

polarity is the same as the current polarity.

V(t)“
_T_ G=1 Z =¥
V, =V,
| | G=0 ZL = Z0
+ - = \/*
Vo Vo =-Vo Figure2.7:
0 T L G=-1 Z, =0 Z, -terminated transmission line

i reflections

In summary, the voltage and the current are described as a sum of the incident and
reflected wave giving rise to interferences. For a zero reflection (G= 0 on figure 2.7), the load
impedance Z, is matched to the transmission line, i.e. Z. = Z. In this case, there is no

interference and all the incident power is absorbed by the load. If the load is mismatched to
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the transmission line, Z. 1 Zy, only a part of the available power of the generator is delivered

to the load impedance, giving rise to a reflected wave or a Reflected “Loss” (RL) which, in
decibels (dB), is defined as:

RL(dB) = - 20l0g/d (2.15)

In high-frequency electronics the conventional value for the characteristic impedance of

a matched transmission line is Zg = 50W.

2.3.3. SCATTERING MATRIX

In practice, a complete characterization in the frequency domain of atransmission lineis
realized by measuring the scattering matrix using a network analyzer (N.A.) as shown in
figure 2.8. The N.A. delivers at port 1 a sinusoidal signa in a large range of frequencies and
measures the transmitted power at port 2 or the reflected power at port 1. We can consider the
transmission line as a “black box” which will be connected at two ports 1 and 2 as shown in
figure 2.8.

Applying an incident power Pg to port 1, we obtain a standing wave composed by two
waves, which propagate into the postive and the negative x-direction respectively. The
transmitted power will be measured at port 2 (P12) and the reflected one at port 1 (P11). In the
same way, by applying the incident power to port 2 we will measure the transmission at port 1
(P21) and the reflection at port 2 (P2y).

Port 1 POt 2 Figure 2.8 Schematics of the two port
Wm transmission line

The scattering matrix is defined as:

; S ¢
=gh el (2.16)
%21 S22 u

where the transmission parameters are’:

! These definitions are valid supposing that the load impedances for port 1 and port 2 are both Zo.
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E E
S, = % ad S, = % (2.173)
0 0

and the reflection parameters are related to the parameter G defined above:

P P
S, = /Fﬂ ad S, = /g (2.17b)
0 0

For dB values of the scattering parameters, we use an equivalent expression to (2.15).

A symmetrical transmission line has a symmetrical scattering matrix. If the transmission
line is perfectly matched to % there will be no reflection and the scattering matrix will be

g4 0
equal to the identity matrix: g 13. A lossless transmission line is characterized by:
a

$1+8,=5;,+S;, =1 (2.18)

2.3.4. TYPESOF TRANSMISSION LINE: STRIPLINES, MICRO-STRIPLINES, WAVEGUIDES

As a function of the ground plane geometry with respect to the centerline of a
transmission line, one can distinguish between severa transmission line types. The coaxial
cable represents the ideal transmission line where the ground plane surrounds perfectly the
center-conductor of the cable. In practical cases, one uses cuts of the coaxia cable for which

electromagnetic field configurations are shown in figure 2.9. In each case, approximate
analytical equations can be obtained in order to estimate the distribution of the vectors E and

H , and implicitly the electromagnetic wave propagation conditions [Pozar1998, Guptal996].

The coplanar wave-guide, grounded or not, is obtained by a horizontal cut of the coaxial
cable. A planar conductor line placed between two horizontal metallic planes (the ground
plane) represents the Coplanar Wave-Guide (CPW). Another metallic plane placed at a certain
distance under the wave-guide, transforms it in a Grounded Coplanar Wave-Guide (GCPW).
A \ertical cut of a coaxial cable determines the Strip-Line (SL) and the Micro-Strip-Line
(MS). In all cases, a planar conductor line is placed at a certain distance with respect to the
ground plane. In addition, the SL contains one more ground plane fixed above the conductor
line.

Transmission lines of micron-sized dimensions are necessary in memory devices, which

are usually patterned by lithographical techniques. The transmission lines presented in figure
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2.9 have advantages and disadvantages with respect to (i) the facility of the patterning
process, (ii) the possibility of integrating them in electronic devices, and (iii) the field
homogeneities.

One of the advantages of MS lines or CPW with respect to SL is their planar geometry.
Photolithographic processes in a single step can easily pattern them, while a stripline would
demand a minimum of two-steps.

One of the disadvantages of MS with respect to CPW is that, in a MS, the distance
between the two conductors is fixed as determined by the dielectric layer thickness, while in
CPW, the gap between the centerline and the ground plane can be varied, leaving the
possibility to match the transmission line over al its length. For electronic devicesthe MS are
preferred over CPW because of their reduced surface. In our experiment, this is not important
since we use one single device to redlize the measurement and, for the moment, we are not

interested in the increase of the density of such devices on awéafer.

- magnetic field

Stripline: — dectricfidd

Coplanar wave-guide; Coaxial line:

Grounded coplanar wave-guide:

-----------

< 2o < S ——— et <

Micro-stripline:

Figure2.9:
Transmission line examples:
striplines, micro-striplines, coplanar and grounded coplanar wave-guides
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2.4. EXPERIMENTAL SOLUTIONSFOR THE PUMP

Section 2.3 presented the theoretical aspects of the transmission line theory and the
advantages and disadvantages of different geometries. In the following, we present the
experimental realization of the transmission line, which is a compromise of the equipment
available, and the ideal requirements from the theory.

Firstly, we detail the characteristics of the electric pulse delivered by a commercial pulse
generator. Secondly, we present estimations on the magnetic field and electric resistance
values for rectangular conductor lines. Thirdly, we present the transmission line design and
characterization focusing on the choices of the substrate material, the metallic material as well

as the geometric shape.

2.4.1. VOLTAGE PULSE CHARACTERISTICS

The pump consists of the pulsed magnetic field created around a 50W-matched coplanar
wave-guide, into which voltage pulses are delivered by a commercial pulse generator. Two
pulse generators were available, at the beginning of my thesis: the model 10060 delivered by
Picosecond Pulse Labs and the model Avtech. The most important parameters for the incident
pulse are its rise-time, pulse width, pulse amplitude, and the pulse shape quality (small

overshoots amplitudes).

Risetime

The rise-time is defined by the time interval when the pulse amplitude varies between 10%
and 90% from its maximum value. These values determine the maximum frequencies that are
induced in the magnetic system that is measured. Since the characteristic frequencies of the

magnetization oscillations to be studied are in the 210GHz range, rise-times smaller than
100ps, are needed.

Width and amplitude
The pulse width and amplitude have to be variable (from 100ps to 10ns and respective from

1mV to larger than 10V) to study different processes characterized by different characteristic
times (e.g. for the relaxation processes in the ns time scale) and to control the oscillations

induced in the magnetic system.
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Overshoot and the oscillations just after the pulse rise-time

The overshoot (positive voltage peak that appears just after the pulse rise-time) and the
voltage oscillations that follow it are represented on figure 2.10. In order to minimize parasitic
effects on the magnetic response, it is desirable to keep the overshoots smaller than 5% from
the maximum pulse amplitude. The presence of the overshoots on the incident pulse creates
supplementary oscillations of the magnetization that superpose on the magnetization

oscillations due to the pulse rise-time.

Trigger

Further requirements concern the pulse generator trigger. The internal and external triggers
are used in the stroboscopic measurement (internal when the pulse generator trigger dictates
the trigger of an other apparatus, and, external when the pulse generator is triggered by one of
the other apparatus). The manual trigger is useful in quas-static measurements when we are
interested in the magnetic state of the sample after one single magnetic field pulse. The pulse
repetition rate should be adjustable between 1Hz and some hundreds of kHz.

The pulses delivered by the Avtech pulse generator have as properties. amplitude
variable between 0 and 20V, pulse width between 0.3 and 2ns, rise-time and fall-time in 100/
200 psrange, and jitter? of + 15ps. These parameters were not satisfying for our purposes.

For our study we have chosen the PICOSECOND PULSE LABS PULSE GENERATOR MODEL
10060A with parameters of 55ps rise-time, 100ps — 10ns pulse width, 10V maximum
amplitude and overshoots smaller than 5%. The trigger repetition rate for this model can be
varied from 1Hz to 100kHz.

The high-frequency magnetic responses and the pulses delivered by the Picosecond
Pulse Labs pulse generator were visualized on a high frequency oscilloscope fabricated by
Agilent. The oscilloscope parameters are: 20GHz bandwidth, maximum noise smaller than
1mVrms, and vertical resolution of 12bits (15 with averaging).

In figure 2.10, we present the incident voltage pulses of 2ns width, 55ps rise-time and
0.15V amplitude delivered by Picosecond Pulse Labs pulse generator model 10060A,

measured on the 20-GHz bandwidth Agilent oscilloscope.

2 Thejitter of the pulse generator characterizes the probability to deliver a pulse at the moment To, which is fixed
by thetrigger. A jitter of +15ps means that there is a non-zero probability to have pulses delivered at (To + 15ps).
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015 -k
T O
H - vershoots

B/ ! < i

2 H| il i

) : ; i .

> 005F ; - | Figure 2.10:
{ i Voltage pulse of 2ns duration,
1% 55ps risetime and 0.15V
i L } : amplitude visualized on a

e . 20GHz oscilloscope

1 1 ::I " 1 " 1
380 400 420 376 378 380 382
Time (ns)

2.4.2. RECTANGULAR MICRO-STRIPLINE

For pulse amplitudes of voltage U, the current value in a line of resistance Ris equa to
U/R. The current that traverses the line determines the amplitude of the magnetic field pulse
obtained around the line (B ~ I). Both the magnetic field and the electrical resistance vary as a
function of the conductor line dimensions. In the following, we discuss the dependence of
both the magnetic field and electrical resistance on the width, length, and thickness of a

conductor line of rectangular section.

Magnetic fields calculation
We usethe Biot-Savart law:

Hod (e - -\ dr
)|F- F

(2.19)

to calculate magnetic field values in different points defined by the vector 1, induced by the

constant current density, J, that goes through the conductor line of rectangular section defined
by the vector F'. The vector A represents the vector potential associated to the magnetic

induction B . The details concerning the analytical calculus are presented in annexe 1.

The magnetic field vectors are represented in figure 2.11 as a function of the coordinates
y and z parallel to the conductor width and thickness, respectively. Different field amplitudes
are represented with different colors. The magnetic fields were calculated at a distance of
77.5 nm with respect to the surface of the conductor line of 275 nm thickness (fig.2.11 a, b, c,
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and f) for a 66 mA current value®. Three values for the line width (2 um, 5 pm and 10 pm)
were considered. Increasing five times the width from 2 pm up to 10 um, we observe a
decrease of the magnetic field values by 4.3 times (from about 182 Oe down to 42 Oe in the
middle of the line where y = 0). Large magnetic fields (180 Oe — 190 Oe) are obtained for
very reduced widths of the conductor line (2 pum).
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Figure2.11:

Magnetic field configuration for different values of the line widths. 2um (a), 5um (b), and 10um
(c) for arectangular conductor line (d). Magnetic field values as a function of the line thickness
(e) and width (f)

3 The magnetic field calculations were realized in the absence of aground plane near the stripline.
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Aswe can see in figure 2.11e, the field is quas-independent of the line thickness for
widths larger than 5um. Smaller values of the line width (2um) determine a strong decrease
of the field values, upon increasing the line thickness. In figure 2.11e, the field calculation
was realized for a current value of 100 mA.

In conclusion, the magnetic field decreases by increasing the conductor line width and
increasing thickness. Herce, relatively small sections of the conductor lines are required in
order to obtain magnetic fields larger than for example the internal magnetic fields of a few
tens of Oe. This leads to the condition of:

w< 50 pm (2.20)

Here we have to mention that conductor line widths of 50 um were used in the dynamic
measurements obtaining magnetic field amplitudes about 25 Oe for maximum amplitude of
the voltage pulse of 10V. This value was large enough to observe the magnetization reversal
by precession in a sample characterized by an anisotropy field about 200e but higher order

excitations require larger magnetic fields.

Electrical resistance

From the transmission line theory (section 2.3), the transmission of the electromagnetic
wave is optimum for small values of the line resistance. Idedlly, the resistance should be
neglected but, in the real case, it has to be minimized. The eectrica resistance of the line is
directly proportional to the metal resistivity, r, (e.g. r cu =1.7E-8 Wm), and the line length, L,

and isinversely proportiona to the line width, w, and thickness, t:

L
Riw]=r = (2:21)

We observe that to decrease the resistance value the thickness, t, and the width, w,
should be increased. Figure 2.12 presents the electrical resistance values as a function of the
conductor thickness, t, and the width, w. We observe that resistance values smaller than 15W
(for which the line is considered lossless in a first approximation) are obtained for:

w =50um; t>30nm;

w=20um; t>70nm;

w =10um;  t>150nm; (2.22)
w = 5um; t > 270nm;

w = 2um; t >> 300nm;
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Figure2.12:
Resistance values for arectangular conductor line as a function of the line thickness and width

In conclusion, we observe that the conditions 2.21 and 2.22 are opposed and the
experimental solution should contain a compromise between them. Comparing figure 2.11,
and 2.12, we observe that for metallic layer thickness values between 10 nm and 300 nm and
width between 2 um up to 50 um the magnetic field values vary between the 10 Oe up to 305
Oe. Increasing the layer thickness, in order to minimize the resistance, the field values
decreases. For our purposes — the magnetization dynamics study in samples characterized by
internal fields in the range of 30-300 Oe, magnetic fields of 100 Oe are sufficiently high.
Thus, acceptable resistance values (~15W) are obtained for layer thickness larger than 250
nm. In thisinterval, the values of the magnetic field are smaller than 280 Oe.

In this work, the metallic byer thickness was chosen to be 275nm, while the widths
varied between 10um and 50um over a length of 5mm for realizing the transmission lines for

the magnetization dynamic study.

2.4.3. THE SIGNIFICATION OF 3dB ATTENUATION LIMIT

Once a transmission line is realized, its properties can be characterized with respect to
its attenuation of the transmitted power as well as to its bandwidth. The attenuation in
transmission lines can be characterized both in the time and the frequency domain. The
characterization of a device in the frequency domain is realized by comparing the measured

transmission and reflection parameters with the 3-dB bandwidth limit.
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What isthe 3dB limit?

Let us suppose a theoretical example with an eectric pulse of 50ps rise-time applied on
five different Devices Under Test (DUT;, i = 1,5). Each device represents a frequency filter
and we suppose that they attenuate differently the high frequency components of the incident
pulse. This is equivalent to an increase of the rise-time values of the transmitted pulses.
Figure 2.13 presents the incident pulse and the five different transmitted pulses characterized

by the rise-time values: 50ps, 55ps, 60ps, 65ps, and 70ps.

Incident pulse Transmitted pulse Transmission parameter S, = FT(V,,) / FT(V)
L | 10
10 _—o0—0—0 d 1,0
D% - /
08 |rise-time =5 50 N R P dos
9% risetimes: e vitutrriey. e - ¥ %ﬁ.};
06 —Ops 06
o [ p— % m
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Figure2.13:
Calculated transmission parameter supposing an incident pulse rise-time of 50ps and
severd transmitted pulse rise-times: 50, 55, 60, 65, 70ps

The transmission scattering parameter Sp» is calculated as the square root of the ratio
between the transmitted and the incident power (see equation 2.17). Figure 2.13 preserts the
parameter S;, that corresponds to each transmitted pulse. In the first case, the transmitted
pulse rise-time of 50ps corresponds to a total transmission of the incident power and the 3dB-
bandwidth of the device is larger than the maximum frequency that characterizes the incident
pulse. Rise-times of 55ps, 60ps, 65ps and 70ps for the transmitted pulses, in the 29, 39, 4"
and 5" cases, larger than the incident pulse rise-time of 50ps, correspond to the 3dB-
bandwidths of devices around 20GHz, 13GHz, 10GHz and 8GHz, respectively.
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2.4.4. TRANSMISSION LINEDESIGN AND CHARACTERIZATION

Transmission line design

The first step in the transmission line preparation is the realization of their design,
respecting high frequency properties and impedance matching all over the line length. For
this, line dimensions, metallic material, and substrate material parameters play an important
role in the value of the characteristic impedance of the line that has to be matched to 50W.

The geometries for two types of transmission lines: MS and CPW were estimated using
the Txline [Txline], Serenade, and Ensemble software available at CRTBT/CNRS laboratory.

In both cases, the line widths, necessary to create high magnetic field pulses (see section
2.4.2), should have about tens of micrometer values. Electrical contacts, which use the
bonding technique, the silver painting or high frequency contacts (as we will see in the
following), need larger contact surfaces with widths about some hundreds of micrometers.

In consequence, the line width has to be varied between hundreds of micrometers in the
contact regions and tens of micrometers in the center.

Variable width over the line length results in a variable impedance that may induce
reflections of the incident electromagnetic wave that propagates through the transmission line
[Pozar1998]. The modality chosen to match the line geometry to no-reflection transmission of
the high frequency signal will be discussed in the following for two types of transmission
lines: MS and CPW.

The MS matching

The MS matching can be realized by varying its width (w) and the substrate thickness
(h) in order to obtain a characteristic impedance of 50 W. For the same value of the thickness,
larger line widths determine larger impedance values. For the M S that demand variable width
dimensions over its length, the reflections minimization can be realized using an exponentia
dependence for the line characteristic impedance. This technique is named “taperisation” and

the corresponding impedance can be written as:
1 a&Z 0
z=2,e" whee Z,=50W and a=—Ing="= (2.23)
L gzo &

In this case, we have an exponential variation of the line width over the line length that
minimizes the reflections over a certain bandwidth. Figure 2.14a presents the exponential

tapering for aMS of 275um width at the contact region and 20 um in the middle over alength
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L of about 1 mm, width values for which the characteristic impedances are 50 W and 112 W,
respectively. The dimensions were estimated using the Txline software [Txline] for 20GHz
wave frequencies, for Si dielectric of 300 um thickness, 11.3 dielectric constant, and 0.003
loss tangent and for Cu conductor of 275nm thickness.

Finally, the MS design was not used because of the impossibility to realize the contacts
on the lower ground plane and on the line, using a SMA connector fixed on the line with

slver painting.

The CPW matching

The CPW design represents an alternative for the transmission line to use in our
experiment. Even if the centerline of the CPW presents variation of the width over the line
length, the advantage of the CPW with respect to the MS is that the CPW can be matched to
50W al over its length by choosing the correct values for the gap between the centerline and
the horizontal ground plane. Figure 2.14b presents the design of the 50W-matched CPW. The
dimensions were estimated using the Txline software [Txline] for 20GHz wave frequencies,

with the following parameters. Si dielectric of 300um thickness, and of 12.9 dielectric

constant, and a Cu conductor of 300nm thickness.

8 e
X
\l S 0 d -
x=0
w(0) = 100um; G(0) = 66um; Z, = 50W Figure2.14:
Z=50W 112w . a) Exponentia tapered
w(d) = 20pm; G(d) = 16um; Z, = 50W micro-stripline and
| b) 50W-matched coplanar
wave-guide
3 b J

In our experiment, we have chosen the CPW as transmission line to generate the high
frequency pulsed magnetic field. From an experimental point of view, this geometry was
advantageous with respect to the MS because of the modality to realize the electrical contacts.

In the following, we detail this aspect by presenting some results on the characterization
in the frequency and the time domain of different devices, which have been realized at the

beginning of my thesis. The differences between them consists in i) the modality to realize the
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electrical contacts, ii) different geometries of the transmission lines, iii) different substrates
and iv) different metallic composition of the multilayers used in the patterned transmission

lines.

Freguency-domain characterization

In the frequency domain the quality of the entire device (fig.2.15), that contains the
transmission line, the contacts, the connectors and the cables, is characterized by measuring
its scattering matrix using the network analyzer (see section 2.3).

The first device (fig.2.15A) corresponds to a M S deposited on the top of a Si substrate
of low resigtivity (5 Wem) with sharp variations of the width along the line length onto which
the contacts were realized by bonding. The scattering transmission parameters S, or Sy are
smaller than the 3dB limit” and we observe very large reflections (scattering parameters: Spi
or S,) for alarge number of frequencies in the interval from 150MHz up to 20GHz. These
results can be explained by the presence of abrupt variations of the MS width (from 1000um
down to 65um) that induce important reflections in our device. In this example, the contacts
made by bonding are un-matched for high-frequency experiments. They behave as
perturbating transmission lines in cascade with the one we want to test.

The second one (fig.2.15B) corresponds to the same M S but with contacts realized using
coaxia-SMA connectors and Ag painting on the metal surface. The transmission in the line
has losses less than 3dB for frequencies below 10GHz. We obtained an improvement of the
transmission in this device characterized by a 3dB-bandwidth, much larger than in the first
example (about 10GH2z).

Besides unmatched line dimensions and contacts further criteria to consider is the
substrate. The dielectric permitivity, e, and the loss tangent, d represent two parameters of
importance for the electromagnetic wave propagation in transmission lines.

In the examples presented in figures 2.15A and 2.15B, the relatively important
conductivity of the doped Sksubstrate, equivalent to large values of the substrate |oss tangent,
determines dielectric losses in the electromagnetic wave transmission.

The un-doped Si is characterized by tabulated small values of the loss tangent (d =107 —
3 10%) and high values for the dielectric permitivity € =11.7— 12.9), values that are of
interest for lossless high-frequency experiments, as we have realized in this work. The third

example (fig.2.15C) represents a 50W-matched CPW patterned on a Si substrate of very high

" The 3dB attenuation corresponds to a voltage ration: Vrrangmitted! Vincident = 0,708.
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resistivity (between 5E+3 and 1E+4 Wcm) onto which the electrical contacts were realized
using 50W matched high frequency connectors. The results reveal a good transmission (Sp2
and $; > -3dB) in alarge interval of frequencies (up to 20 GHz) and implicitly the reflection
parameters are very reduced with respect to the previous two cases in the same frequency

range.

A) Bonding connection on the micro-stripline:
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B) Direct contact on the micro-stripline using SMA connectors:
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C) Direct contact on a coplanar wave-guide using 50Wmatched pico-probes

connectors:
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Figure2.15:

MS and CPW frequency-domain characterization using the network analyzer
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Alternatives to the Si substrates are ALOs; (d = 5 10% — 2 103, e = 9.6 — 10.1), and
GaAs (d =510 —1103 e= 1.9) [Txling].

In conclusion:

»  The substrate should have good dielectric properties (high resistivity, high dielectric
constant, small loss tangent);

» The entire circuit, from the source generator (network analyzer, pulse generator,
oscilloscope) to the device and then the measuring apparatus (network analyzer,
oscilloscope), composed by: cables, connectors, bias T, etc. has to be matched to 50W-
impedance. This exclude from the beginning the connection types such as bonding or
with silver painting, the SMA connectors and coaxial cables of reduced 3dB-bandwidth.

»  The CPW has to be matched to 50W al over its length by adjusting the gap between the
ground and the centerline. The 50W-matching of the MS is redlized using the
“taperisation” technique.

»  Considering the 3dB-bandwidth values of 10GHz and 20GHz respectively, for the
devices presented in figures 2.15B and respective 2.15C, the rise-time of the transmitted
pulse will be equal to 65ps or respective 55ps, for an incident pulse with 50ps rise-time.
The 3dB-bandwidth of the MS represented in figure 2.15A has a very small value,
which means that it can be used in DC-experiments or low-frequency experiments but
not in high-frequency studies.

»  The disadvantage of the device presented in the figure 2.15B, are the contact quality
since the contacts between the SMA connectors and the metallic surface through the
silver painting are not characterized by good properties at high-frequency and their

properties change from one contact to another.

Considering all the disadvantages and the advantages of the devices that have been
already tested, with respect to the purpose of our study (the magnetization dynamics
characterization in a high bandwidth), we have chosen the device presented in the figure

2.15C, i.e. 50W-matched CPW lithographically patterned on a Sksubstrate of high resistivity

with contacts realized directly on the line surface with 50W-microprobes flexible connectors.
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High frequency connectors

A) SMA connectors * (fig.2.16A)

The first characterization measurements were realized using SMA or coaxia connectors
of bandwidth in the 20 GHz range. Two examples of connectors used in our experiment are
presented in the figure 2.16A. These connectors were not adapted to our experiment because
of the low bandwidth (< 10GHz) of the connections between the connectors and the
transmission lines. In consequence, we used the microprobes connectors, matched to high

frequency experiments, that will be described in the following.

B) Microprobes connectors °(fig.2.16B)
They were used to realize high-frequency measurements and their properties are:

» 50W-impedance matching in alarge bandwidth up to 40Ghz;

> Three micronsized contacts (50x50pn¥) providing contact to the centerline and
to the ground plane of the CPW;

» The distances between contacts are fixed to 300um, 200pum, 150um, etc.

» The contacts are flexible;

» The connections realized with these connectors are characterized by a higher
quality (high bandwidth — 20GHz that determines quasi-identical pulse shapes

from one experiment to another).

In order to realize good contacts the microprobes were fixed on x, y, z motion stages
characterized by micronsized values of the displacement step, in order to realize a correct
alignment between the sample contact regions and the connectors. The contact is realized by
visualizing the sample with a stereoscope, and moving the connectors on vertical direction
with ozdisplacement stage. Figure 2.16 presents the image on a monitor of the three contacts
of a microprobe aligned and contacted with the CPW. The flexibility of the microprobes is a
parameter that becomes very important during the contact operation since a good contact is
obtained after exerting a small pressure on the microprobes once it is in contact with the

metallic surface.

4 Fabricated by RADIOSPARE
® Fabricated by CASCADE MICROTECH
® Fabricated by MELLES GRIOT
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((A) SMA connectors

Figure2.16
A) SMA connectors and B)
Microprobes connectors (Cascade -
Microtech)

Time-domain characterization

Asafina point, we compare three CPW of different metallic compositions.

The transmitted and reflected signals measured using the time domain reflectometry
(TDR) and the time domain transmission (TDT) modulus of a specific digital oscilloscope of
20GHz bandwidth, revealed informations on the device electrica resistance (Rp) and
characteristic impedance (Zp). Here, three types of CPW were measured, both of the same
geometry, deposited on the same substrate but of different metallic composition: one with Cu
and the other two with Au of two different thicknesses. The lithographically patterned CPW
were composed by metalic multilayers of structures. 1)[Cu/Talx4/Pt; 11)[Auw/Tax3 and
ii)[AuTa]x4. The measurements were performed using the experimental setup presented in
figure 2.17a using a 50W termination. The role of the Ta layer is to increase the metalic layer
adherence to the Si substrate. We have experimentally observed that during the contact
realization on one single metallic layer of Cu, of 300nm thickness with the microprobes, the
metallic layer is damaged. This is due to the poor adherence of thick metalic layers to the Si
substrate. Using the Ta layer between Cu and Si substrate and dividing Cu or Au thicknessin
severd layers (n° of layers=4, 5, ...) the line adherence was improved.

Figure 2.17b presents the TDR results obtained on three CPW that are compared to the
three reference levels that correspond to the 50W-termination, short - or open — circuit. For a
50W-terminated line we observe small positive reflections from which the reflection
coefficient can be estimated:

G = 14% for [Cu(50nm)/Ta(5nm)]x4/Pt(5nm) structure,
G= 11% for [Au(50nm)/Ta(5nm)]x3 structure and
G= 8% for [Au(50nm)/Ta(5nm)]x4 structure.
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The centerline width values are 100um on the contacts regions and 10um in the center.
The metallic thickness was 275nm and the gap was calculated [Txline] to match the CPW
impedance to 50W over al the line length. The reflection coefficient is defined by equation

2.13 where Zy = 50W and Z, represents the device characteristic impedance. As the CPW
geometry was caculated in order to have Z, =./L/C =50W in the lossless approximation,

the fact that G is larger than zero leads us to the conclusion that the line resistance is not
negligible and the total impedance becomes larger than 50W. From 2.13 we deduce the
formula:

1+C
°1- G
and we obtan 66,3W, 624W and 58.7W for the characteristic impedance of
[Cu(50nm)/Ta(5nm)]x4/Pt(5nm), [Au(50nm)/Ta(5nm)]x3 and [Au(50nm)/Ta(5nm)]x4
structure, respectively.

Z, =2

(2.24)
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The characteristic impedance for atransmission line (eg.2.8), characterized by alossless
dielectric, G = 0 (high resistivity Sksubstrate), is expressed by:

z, = / R+ jwi (2.25)
jwC

Increasing the resistance values, R, the impedance Z, increases also. This explains the larger

impedance of the Cu line (66W) with respect to the Au line (58.7W) since the Cu resistivity is
larger than Au resigtivity. A larger section of the line obtained with 4x Au-layers with respect
to only 3x Au-layers determines a decrease of the electrical resistance, and in consequence,
the electric losses are reduced. Nevertheless, because of the lack of Au target in the sputtering

machine, during this study we used CPW composed of Cu and Ta layers.

2.4.5. CONCLUSIONS

Magnetic field pulses of high frequencies can be obtained in S50W-matched transmission
lines whose geometries are calculated using the transmission line theory and the telegrapher
equations. There are four particular types of transmission lines that represent cuts from the
coaxial cable: i) the stripline, ii) the micro-stripline, iii) the coplanar wave-guide, and iv) the
grounded coplanar wave- guide.

The experimental devices characterization was realized in frequency- and time- domain,
using the 20GHz — network analyzer and the 20GHz — oscilloscope, respectively. They
revealed alarge bandwidth (20GHz) and reduced reflections due to the electrical resistance of
the line for 50W - CPW lithographically patterned on the surface of a Sisubstrate of high
resistivity using as contacts 50W-microprobes flexible connectors directly on the line surface.

The metal thickness value is chosen in order to have small resistance values and
sufficiently high magnetic fields. The width was varied in the dynamic study between
maximum 50pm down to 2um.

As afunction of the CPW termination, one (50W termination) or two voltage pulses can
be obtained of the same (open circuit) or opposite polarity (short circuit) (fig.2.7), which will
be used for realizing different types of experiments (magnetization reversal experiments using
two magnetic field pulses of the same polarity and FMR types measurements using one single

magnetic field pulse).



CHAPTER 2: The stroboscopic pump -probe technigue: design, development and experimental setup 76

2.5. THE PROBE

Time-resolved measurements of the magnetization dynamics can be realized using
different probe techniques. Among them, we mention the magneto-optic Kerr and Faraday
effect [Freemanl1991-2000, Gerrits2002, Crawford1996-2000],  magneto-resistive
[Russek2000, Schumacher2002-2003] and inductive effects [Silval999], X-ray Magnetic
Circular Dichroism (XMCD) or Magnetic Linear Dichroism in the Angular Distribution
(MLDAD) [Binns 2003, Bonfim2001, Back1998]. In addition to the time resolution, spatial
resolution can be obtained with the magneto-optic effect or the XMCD where the optical or
X-ray beam is focused onto the sample surface up to micron-sized dimensions. Furthermore,
all three components of the magnetization vector can be measured using the MOKE for
appropriate choice of the measurement geometry. Samples of dimensions smaller than the
beam spot dimensions cannot be measured easily with these probe techniques. In these cases,
we can use the magneto-resistive or inductive effects, at the cost of performing aglobal
measurement of the magnetization dynamics.

During this work we have developed three probe techniques, namely, the time resolved
magneto-optic Kerr effect, the magneto-resistive effect as well as the inductive technique. The
theoretical background and the experimental setup of the three types of probes are described
in the next sections.

ground
h(t), M(t) |
4 i Figure2.18:
" Magnetic samples (4 x 8)um’ lithographically
: | patterned on the centerline of a coplanar wave-guide
10pm
<—>u ground

The device consisted of the CPW (the pump line) to induce the excitation field h(t), and
the magnetic sample patterned on top of the pump line, characterized by the magnetization
M (t) (see sample preparation in chapter 3). Figure 2.18 presents 4x8un? magnetic samples
on top of the centerline of the CPW of 10um width.
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25.1. THEMAGNETO-OPTIC PROBE

The magneto-optic probe uses the interaction between the electric field of a laser beam,
E, incident on the magnetic sample and the electrons of the sample which fedl the sample

magnetization, M via the spin-orbit interaction Among the magneto-optic effects, we
mention Faraday, Kerr, and Voigt effects. They will be discussed in the following but we will
focus on the Magneto-Optic Kerr Effect (MOKE) that will be used as magneto-optic probein

the dynamic experiments.
2.5.1.1. MAGNETO - OPTICAL EFFECTS

The non-symmetric binding of the outermost electrons of their constitutive ions causes

optical anisotropy in crystals. As a result, the electron displacements, under the action of the

harmonic electric field of alight wave, E(F,t), depends on the field direction, as given by the

permitivity tensor, e=r. When a magnetic induction, B, is applied to an isotropic dielectric,

the medium becomes electrically anisotropic for electromagnetic waves, giving rise to so-

called magneto-optical effects. An appropriate expression of the tensor e=r can be derived in a
molecular approach, by considering the motion of bound electrons in the presence of both a
harmonic field, E(F,t)=Ee ™ and a tatic fidd B, as described by the Lorentz force law.
[Palmer1996] (see Annexe 6).

As a function of the orientation of the light propagation, k with respect to the

incident
magnetic induction, B one distinguishes between two magneto-optical effects:
a) TheFaraday rotation for K ...]| H. (fig.2.19a);

b) The Cotton-Mouton or Voigt effect for k A I:Ie (fig.2.19Db).

incident

Faraday effect
This effect corresponds to a circular birefringence in an isotropic dielectric by a
magnetic field along the direction of propagation k H

incident "

[Palmer1996,

Vonsovskii1974]. This phenomenon is defined by two different refraction indices (n* and n’)

for right- respectively left- circularly polarized light. For a given direction of the external

magnetic field He, a variation of the sign of k (propagation vector) will reverse the sense of
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rotation of the incident wave polarization (clockwise U counterclockwise). The relation
between the Faraday rotation angle gr and the magnetic field intersity He, was established
experimentaly by Faraday in 1846 and can be written in the form:

qr =R,/ H.J H (n+ - n') (2.26)
where Ry is known asthe Verdet constant and | is the medium length. The Faraday rotation is

alinear effect in the field He, with a constant of proportionality given by Verdet constant.

—

= Z = z
Ei ncident E| ncident Ei ncident

ki ncident - kl ncident

: r H J
VN e/YAy#ﬁ,y
| |
X/

a) He|l oz b) H, || ox c) Hell oy
Figure 2.19:
Faraday effect (a) and Cotton-Mouton or Voigt effect (extra-ordinary refraction — b — and ordinary
refraction — c)

The Cotton — Mouton or Voigt effect

This effect corresponds to the linear magnetic birefringence of an incident light that
traverses a medium that behaves as a biaxia crysta if it is placed in an external magnetic field
perpendicular to the light propagation direction.

If the magnetic field is perpendicular to the wave propagation direction, the medium is
characterized by two refraction indices named: the ordinary (n,) and the extraordinary (ne)
refraction indices. The two refraction indices determine two refracted beams. the ordinary

beam that corresponds to the electric vector of the wave parallel to the externa magnetic

fied, E,.. || H,,and the extraordinary beam when the two vectors are perpendicular to each

other, E,.. » H,.. This phenomenon is known as the linear magnetic birefringence. The

difference between the phases of the two beams can be expressed empirically as:

w

D= (no - ne) 200

| = Ay, H.l (2.27)

where w is the light frequency, Acw is the Cotton — Mouton constant and | is the medium
length. In general, this constant is a function of the nature of the substance, the light

wavelength, and the temperature [Vonsovskii1l974]. This effect is smaller compared to the
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Faraday rotation and its measurement requires magnetic inductions of the order of afew Tesla
[Palmer1996].

Similar effects are observed in the reflection of electromagnetic wave on the
ferromagnetic metallic surfaces They correspond to the Magneto-Optical Kerr Effect
(MOKE) which will be detailed in the following.

The Kerr effect

The Magneto-Optical Kerr Effect (MOKE) consists in a non-zero rotation angle (gk) or
ellipticity Ex) of the electric vector of a linearly polarized light after its reflection from
magnetic and non- magnetic sample surfaces.

In ferromagnetic metals, the interaction between the vector E of the incident

electromagnetic wave and the electrons can qualitatively be described as a linear oscillating
motion of the electrons due to the electric field E , and a superposed perpendicular oscillating
motion due to the Lorentz force induced by the magnetization, M , of the magnetic medium.
The result of this interaction is a rotation of the initia polarization which transforms the

linearly polarized wave into an elliptically polarized wave. The Kerr rotation has a complex

value and is defined as:

____________________________________________ A

Linear polarized Elliptical polarized:

fOg

Qx =0 + J& (2.28)

Typical values of the real part of the Kerr rotation, gk, are eg. for Fe
. "F¢(30°C) = 0.013deg and for Co q<° (30°C) = - 0.016deg [Kim2002] *. Typical values for
the imaginary part (ellipticity ex) of the Kerr rotation are e.g. ey °(30°C) = 0.010deg and

e® (30°C) = 0.088deg [Kim 2002] *.

! Measurement configuration is specified in the reference: [Lee2000]
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The Kerr effect is a linear magneto-optic effect, i.e. the rotation of the light polarization
is linearly proportional to the magnetization value (gk ~ M). The interaction of the
electromagnetic wave with the magnetic medium is described by the wave equation
[Atkinson]:

DE(r,w)- N?E(r,w) = k2é(w)E(r,w) (2.29)
where E(F,w) represents the electric field vector, k, the wave vector amplitude and é(w) the
electrostatic permitivity tensor corresponding to the magnetic medium. The permitivity tensor
is written as a function of the complex refraction index n, the complex Voigt constant Q and
of the magnetization components m;, my and ms, as.

1 - IimQ imZQg
éw)=n’gimQ 1 -imQy n=nlw), Q=Qw,M,) (2.30)
g imQ imQ 1
The Ker effect is used to study the surface magnetization (more exactly from the

D D~

sample aurface down to approximately 30nm depth) of ferromagnetic materials since it is
obtained by reflection on metallic samples.

In a MOKE experiment, superposed to the Kerr effect may occur the Faraday or the
Voigt effect. The Faraday effect appears when the light passes transparent media of the

experimental setup (lenses or glass substrates), which are submitted to a magnetic field. The

Faraday rotation, Qg ., alds to the total angle of rotation. In the MOKE measurements,

where one measures the intensities corresponding to the electric fields of the wave
(I = E:E"), the Faraday effect appears as a parabolic dependence of | as a function of the
externa field, He for high magnetic fields.

Details on the experimental configurations used in MOKE measurements, are described

in the following sections.
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2.5.1.2. M AGNETO-OPTICAL KERR EFFECT

Experimental Kerr configurations
One distinguishes three different experimental Kerr configurations, polar, longitudinal
and transversal, as shown in figure 2.20:
i) Inthe polar configuration, one measures the magnetization component paralel to the

plane of incidence and perpendicular to the magnetic film surface.

ii) The longitudinal configuration is generally used to measure the magnetization

component paralel to the plane of incidence and oriented in the plane of the magnetic film.
iii) In the transversal configuration, we are mostly sensitive to the magnetization

component perpendicular to the plane of incidence and oriented in the plane of the magnetic
film.

LONGITUDINAL TRANSVERSAL

M T incidence plane M T incidenceplane M ~ incidence plane
M ~ sample surface M || sample surface M || sample surface

Figure 2.20:
MOKE experimental configurations: polar, longitudinal, and transversal

The electric vector, E, is decomposed into two orthogonal basic components E, and Es,

which are perpendicular to the wave-vector, k . The Ep -component is paralld to the plane of

incidence, while the Es -component is perpendicular to the plane of incidence (fig. 2.20).

Thus, the vector E iswritten as:

(2.31)

m

I
Juily
o\
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The Ker rotation and ellipticity are defined as a function of the electric field
components defined in the Ep-Es coordinate system [Atkinson]. Several experimental
configurations have been used to measure the magnetization components or the Kerr rotation.
All of them have been deduced from the calculations of the electric field components paralléel

to Ep and Es. In the following, we present the schematics of a basic MOKE experiment.

Schematics of a MOKE experiment

The experimental MOKE setup used in our experiment is presented in figure 2.21. For
the light source, a laser is used since it is characterized by a coherent and a monochromatic
light emission. The polarizer is used to obtain an incident linearly polarized light that is
focused on the sample with a lens (fig.2.21). After the reflection from the magnetic sample,
the divergent beam is focused by a second lens onto the analyzer, which “analyzes’ the
reflected beam by separating its P and S components. The detector is represented by one or
several photodiodes that are sensitive to the light wavelength. In specia experimental
situations that will be detailed in section 2.5.1.3. and 2.5.1.4, a haf-wave plate is inserted
between the second lens and the analyzer.

\\/
\ Figure2.21
Polarizer

MOKE genera schematics

lens (¢

The intensity of the light measured by the detectors is equal to the square of the modulus

of the complex value of the wave electric vector E:
| =|E| = ExE’ (2.32)
where E" is the conjugate of the electric field, E.
The calculation of the dectric vector after the interaction of the light with the optical

components, the polarizer, the lenses, the magnetic sample, the analyzer and eventually the

half-wave plate is realized using the Jones matrix formalism.
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Jones matrix formalism

A formalism that calculates the electric field vector of the light passing through optical
components uses the Jones 4x4 matrices, [JM], as a mathematical representation of lenses,
polarizers, samples, etc. The electric vector, E?, corresponding to the light after its

interaction with a system, is expressed as a function of the electric vector of the incident light,
E’, using the equation:
E? =[IM]penE* (2.33)

where the matrix [JM] represents the Jones matrix associated to the optical system.

system

The Jones matrix of the entire system can be decomposed into the Jones matrices

corresponding to each optical component:

[JM ]system = [‘]M ]analyzer >{JM ]I /2 >{‘]M ]sample >{‘]M ]polarizer (234)

Here, we neglect the Faraday effect in lenses.
The Jones matrices for the polarizer (analyzer), magnetic samples, and half-wave plate
will be presented in the following.

Polarizer (analyzer) Jones matrix

The polarizers used, consists of birefringent media, which refract differently the
polarization parallel respectively perpendicular to the polarizer/analyzer axes, obtaining two
different beams (fig.2.22). These systems are equally used to analyze the light polarization

after itsreflection from the magnetic sample. In this case, they are caled analyzers.

(a) Glan-Thompson polarizing prism\ 4 b) Wollaston polarizing prism h
4 Figure2.22
}k T a) Glan-Thompson and b) Wollaston
polarizing prisms
\_ AN _J

In certain cases, only one beam is transmitted (the second one being absorbed) (e.g.
Glan-Thompson polarizing prism in figure 2.22a) and other cases, both beams are transmitted

(e.g. Wallaston polarizing prism in figure 2.22b). The Jones matrices for the two cases are:

2 3 )
snq, xcosq , U
oS Qe P F’(. (Glan Thompson polarizing prism) (2.359)

é
‘JM]_:é . 2
3N g, >XC0sqp SIS u
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7 - s'n AY
eooe g PE (Wollaston polarizing prism) (2.35h)

IM =é.
? e3ngpe Co(p ()

where gp is the angle between the polarizing prism axis and P-axis of the system.

Half-wave plate Jones matrix

The haf-wave plate rotates the polarization plane by an angle 2g (fig.2.34). The

bisectrix of this angle is called the half-wave plate axis. The corresponding Jones matrix is:

M, ,, = &os(2q, ) - 9”(2%)3 (2.36)

gsn(ZqL) COS(ML) u

where . is the angle between the half wave plate axis and the P-axis.

Figure2.23
i Rotation induced by a half-wave plate

M agnetic sample Jones matrix

The interaction between the incident vector, E', and the magnetic sample is described

by amatrix that contains as parameters the Fresnel coefficients (rj; 2)
CELU_G ToolE,
= 0é_-
=L~ L ov i e
eEsu SRS ueEé u

The Fresnel coefficients are complex numbers which depend on the optical properties of

D> Q\

(2.37)

the sample such as the complex refraction index n, the angle of incidence q (fig2.20), the
complex Voigt constant Q, and the polar, longitudinal and transversal magnetization
components: mp, my and my respectively. The r;, coefficients can be written as a function of
two coefficients which are magnetization independent (rS, or rg) and five coefficients,
which depend on the transversal (rg.), longitudinal (ricorry) or polar (r2orrd)

magnetization component [Atkinson, Kang2000, Wilkes2000]:

2 For Fresnel coefficients we use the reference axis of the light beam: P and S as presented in figure 2.20.
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_ ncosq - g Jngan(Zq)

I 0 t

ir =ro +r

:. P2 cosq +g (n2 cosq +g)2 e

: é snqu

i g Mg |
iMes = janCOSQ 2 = I’PPS - Ips
! (cosq + g)(n cosq +g) (2.38)
i dnq u

| o

Ire = jn*Qcos =18 +r
: « = Jn"Qcosq (cosq +g)(n cosq +g) e Tl
fp —C0SO-9_ “ro

f % cosq+g

where g = m .

As it can be observed in (2.38), for a given material (fixed n, Q constants), the Fresnel
coefficients depend strongly on the incidence angle, g, of the incoming polarized light and of
the three magnetization components.

The interest is to find particular experimental configurations for which one measures

only one component of the magnetization.

Figure 2.24 presents the dependences of the modulus, |r,|, and the phase, d, of the

complex Fresnel coefficients as a function of the angle of incidence g using the following
complex valuesfor nand Q: n =305+ j:1236; Q =- 0.0376 + j :0.0066 .

For g = 0, rpp depends only on the polar magnetization component, m,,. For larger values
of the angle g, the reflected light contains information on al magnetization components: my,
my and M.

To measure separately each component of the magnetization (longitudinal, transversal
or polar) particular geometries of the experimental setup can be used. Perpendicular incidence
(g = 0) is generaly used to measure the polar magnetization component. The others two
components of the magnetization (longitudinal or transversal) can be measured for incidence
angles g > 0 by choosing special angles on the polarizer (gp) and analyzer (ga) settings. The
values of the angles gp and ga for a longitudinal or respective transversal MOKE experiment
can be deduced by analyzing the mathematical expression of the beam intensity recorded by
the detectors (fig.2.21). Severa detection mechanisms have been envisaged for different
MOKE experiments. Among them we can mention: i) the single detection where the beam

refracted by the analyzer is recorded on one single detector (Imoke = Ip) and ii) the differential
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detection where we measure the difference between the intensities of two detectors (Imoke =

Ip1-Ip2).
q (deg) q (deg)

a) 0 20 40 6 8 1000 20 40 6 80 100
10 T T T — T o T T 9,0m
| |rPS/mp|:|rSP/mp|
0.8r g 16,0m

: Il
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; | 43,0m
0,4t

b) 0,2} 10,0
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Figure2.24:

Variation of the modules (a) and phases (b) of the complex Fresnel
coefficients, function of the incidence angle on the sample q

In the following we present the single detection mode for the light reflected by the
magnetic sample for two polarizations of the incident light and (P and respectively 9.
Considering a magnetic sample represented by a magnetic thin film with a uniaxial
anisotropy, the stable magnetic states of the sample are characterized by an in-plane direction

of the magnetization vector. In this case the polar component is zero (my = 0).

Single detection mode

i) For an S-polarized incident light (gp = 90°), the reflected signal (E') is proportional to
Fresnel coefficients r., and r& (from equation 2.37), and thus indirectly to the longitudinal

magnetization component, my:

L1 N , < - N s [

Er =gEP3=gPP rpsago Uzg' rPSHEi (2.39)
Cr U™ € Cri € o U-s .
eEéu & rssueEsU élss @

In this configuration, one can realize a longitudinal MOKE measurement choosing an

angle close to zero on the analyzer (e.g. Glan-Thompson polarizing prism — see figure 2.22)
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and measuring the intensity of the refracted light ( E[) that is proportional to my in a single
detection mode.

ii) For aP-polarized incident light (ge = 0°), the reflected signal (E') is proportional to
Fresnel coefficients rp, and rl, (from equation 2.37), which are proportiona both to the

longitudinal and transversal magnetization components:

eE 3 gPP rPsl;eiEl
é e I
eEéu e lss800 & Te

ér T
=&

)C\ .

V.
UEp (2.40)
u

Depending on the analyzer setting, close to 0° or to 90°, we can obtain a signal

proportional to m; and m; respectively. For an analyzer angle close to 0°, we measure the E;

component. In this case the signal is composed of an offset of large value (rg, ~0.2 —1on
figure 2.24) and a much smaller term proportional to the transversal magnetization component
(rss ~0—0.006 on figure 2.24). In our experimental set-up it turned out that the second term
is of the order of the experimental noise and thus not measurable. At an angle close to 90°, on
the amdlyzer (e.g. Glan-Thompson polarizing prism — see figure 2.22) the refracted beam
corresponding to E¢, is proportional to rg, and with this to the longitudina component of the
magnetization, m; in a single detection mode.

The two experimental configurations presented above, were characterized by reduced
ratios signal / noise Using these configurations, we obtained a signal/noise ratio about 13 for
a NiFe continuous thin film of 5nm thickness. Furthermore, since the magnetic systems to
study have micronsized dimensions, the signal/noise becomes even more reduced?, and, thus,
anew detection setup isrequired.

To optimize the measurement sensitivity (to minimize the noise with respect to Kerr

signal), we used a differential detection

Differential detection mode

We will show that for certain values of the angles of the polarizer and analyzer settings
(see configurations given below) the difference between the light intensities of the two beams
refracted from the amalyzer is proportional more or less to the longitudinal or transversal

components of the magnetization.

% The reflections of the light (spot of 15um diameter) on the boards of micron-sized sample (20 x 40 pnf)
determine a supplementary noise
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These configurations are:

Longitudinal configuration: qgp = 0°, ga = 45°
Transversal configuration: gp = 45°, ga = 90°

In the two cases, we used as analyzer a Wollaston prism (fig.2.22). Each rotation of the
analyzer axis corresponds to different positions for the two detectors used in the differential
detection. Experimentally it is less convenient to change the detector position for each
rotation of the analyzer. In consequence, we used a half wave plate between the sample and

the analyzer in order to rotate the reflected beam before its incidence on the analyzer.

analyzer axis (0°) analyzer axis (45°)

Figure2.25

The rotation of the andyzer axis
determines the rotation of the
detector postions

Using the expressions presented above for the Jones matrices for the Wollaston prism
used as analyzer (eg.2.35b) and for the half-wave plate (eg.2.36), for q, =29, we have the
equivalence:

[‘JM ]j\/%llaston = [‘]M ]lquLz [‘JM ]\(Zonastor (241)

In consequence, using a haf wave plate and maintaining the analyzer at 0°, the two
configurations have the angle parameters:

Longitudinal configuration: gqp = 0°,q. = 22.5°,ga = 0°%;
Transversal configuration: gp =45°,q. = 45°,ga=0°.

In the following, we detail the longitudinal and the transversal configurations as these

have been used during this work.
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2.5.1.3. LONGITUDINAL KERR EFFECT CONFIGURATION

Thelongitudinal configuration measurement, in our case, was realized using:

i) Incident light P-polarized (gp = 0°)

i) Angle on the analyzer equal to ga = 45°.

We measured the difference between the intensities recorded on the two detectors:
Dl =1 ,- lg,.

Using the Jones matrix of the polarizer for gp = 0° the transmitted electric field vector
E? isgiven by:

eE u él OUéE,U_€ELU
4% ol S0l

After the reflection from the magnetic sample, taking all magnetization contributions

(2.42)

into account (polar, longitudinal and transversal) the electric field is expressed as:

30 A p I NAE 2
?E ,_gpp” Ips - rPsljlgEPljl
0 xR

eEsu er rsp s 0600

(2.43)
Using a Jones matrix for a Wollaston prism (2.35b), for ga = 45°, we obtain the electric
field P and Scomponents:
€E-U J— é - WeEu
s( 2 gl' 1U sU
The intensities of the two beams incident on the two detectors are calculated as.

=) =2z 2z - L) = A 1)

2

(2.45)
* 1 *
122 (B =52+ EHER + B = 2 e 1 A +1)
where 13 =(E3 ){E3)
Considering the complex form for the Fresnel coefficients:
Ty =|rij|exp(jdij) ij=pp.sp (2.46)
we obtain:
1
12 = [l - Aronlrae|cosd +ra ]2
2 (2.47)

1
14 = hrpp|2 + rpp|re | coOSd +|rs,:|2]|7P
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where d =d,, - dg,.
The difference DI corresponding to the differential detection is expressed as:
DI =1g- 15 =15 rppre| cosd (2.48)
The expression (2.48) contains all three-magnetization components: m,, my and m in the
coefficients: rpp and rg. Introducing the analytical expressions of Fresnel coefficients

(eg.2.38) in the DI form (2.48) we obtain a complex analytical expression for DI from where

the contribution of each component of the magnetization is difficult to obtain.

A) m, m,, m time dependence:

m, = M{/M,

0 1 2 3 4 0 1T 2 3 4 0 1 2 3 4

Time (ng) Time(ns) Time(ns)

B) DI dependence and fit parameters

900U 900y
= O(au) A —= — longitudinal contribution: P*m
i O fit function: _ j] trensversal contribution: P* m
600p - D=P+Pm+P m+Pm 600p - 9‘;! —= — polar contribution: P *m,
] P1=-2.1353E-7 (+2.4195E-8) . '..i " Dlirgiugina P
o f P2=000062 @ 1.2443E-7)
300u - q 4 P3=-2.2049E-7 (+2.4105E-8) i 3

PA=000211  (+1.1303E-6)

E , 25 3,0
Time(ns) Time (ns)

Figure2.26:*
Longitudinal configuration: ge = 0°, ga = 45°

In consequence, we have redlized a numerical fitting of the calculated DI ° as a function
of the values of m;, m and m,. We used the time-dependence of m;, m and m, resulting from
macrospin simulations (see Annexe 3 and chapter 4 — section 4.2.7.4). The macrospin results

were obtained using the parameters. damping parameter a = 0.03, magnetization value Ms =

4 Attention to the scalein the polar component representation
> MOKE simulations are detailed in Annexe 4
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860 emu/cm®, and demagnetizing parameters: N. = 0.0067, Nt = 0, Np = 0.9933. The
magnetization, initially oriented parallel to the transversal direction (in the sample plane and
perpendicular to the plane of incidence), will reverse under an applied pulsed magnetic field
of 155 Oe amplitude, parallel to the longitudinal direction (in the sample plane and parallel to
the plane of incidence). Details concerning the magnetization reversal will be discussed in
chapter 4.

Figure 2.26B represents the calculated DI values for the configuration: polarizer gp = 0°,
analyzer ga = 45° and angle of incidence q = 45°. We used the following complex values for

nand Q: n,, =305+ | 1.236; Q. =-0.0376+ ] x0.0066. As we can observe in equations

247, lIp and Is contain an important contribution due to the transversal magnetization
component. By measuring the difference between them, we should expect a quas-zero
contribution of the transversal component to DI. If we suppose that we have a linear variation
of DI withmy, my and m as expressed in the next formula:

Dl =R +P,m +RPm, + P4mp (2.49)
by fitting this function to the calculated curve, we obtained the values for the parameters. P
= -213107, P, = 6.2:10%, P3 = -2.24-107 and P4 = 2.11-10°. We observe that P, and P, are
three or four orders of magnitude larger than P and P3, which demonstrate that the polar and
longitudinal contributions are more important than the transversal ones. Because the polar
magnetization component during the reversal is smaller with respect to the longitudina or
transversal magnetization values, the polar part in the fina Ker result has a reduced

contribution. This is clearly demonstrated by representing the curves of the products P,m,,
P,m, and P,m, asafunction of time (fig.2.26B). We observe that the transverse contribution

can be neglected while the polar and longitudinal components have ~ 25% respective ~75%
contribution to the total result respectively. This configuration is named “longitudinal”
because, in genera, in static MOKE measurements on magnetic samples with planar
anisotropy, the polar component can be neglected. In dynamic MOKE measurements,
(characteristic times of sub-nanoseconds) the magnetization vector gains a non-zero polar
component and its contribution to the final result should be considered.

In conclusion in a dynamic or datic “longitudinal Kerr effect configuration” when
using an angle of incidence of q = 45°, the measured signal contains negligible information

on the transversal magnetization component (m,). The most important part of the signd
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contains information about the longitudinal component of the magnetization (M) but also on
the polar component (my).

Note: the parameters used in the MOKE calculations were: Q. = 0.0376+i x0.0066 and
N, = 3.05+i x1.236.

2.5.1.4. TRANSVERSAL K ERR EFFECT CONFIGURATION

The transversal configuration measurement, in our case, was realized using:
1) Polarizer angle of g, = 45°;
i) Anayzer angle of ga = 90°.

The difference between the intensities is measured on the two detectors: DI =1, - | ,.

With a 45° angle on the polarizer (gp = 45°), the Ep and Es components of the incident
polarization are equal:

eE u_14 LEE u_éEEU

0728 el &

After the reflection from the magnetic sample, the E,® and Es® components can be

(2.50)

calculated as shown in equation 2.43.
For an analyzer angle of 90° (ga = 90°) the electric field components Ep and E<' are:
éE;U_& 1ueE u

3 sQ H gL OGRES G

Taking the complex form for the Fresnel coefficients as in equation 2.46 we obtain:

(2.51)

1 :(E“)><(E4 * = grsp|2 +2| SF,||r§’£|cosd +|r,%|2l)whered =dg - d 252
><(E = | hpp - 2rppros|cosdy + Feg|’ ]Whered =dp - dpg

The difference between the two intensitiesis:
Dl=13-12=1, ><grsp|2 +2|rSP||r§S|cosdS +|r§s|2 - |ree|” + 2o |Fos| cOS, - |rps|28 (2.53)

Figure 2.27B represents the calculated differential intensity DI for the configuration:
polarizer g, = 45°, analyzer ga = 90° and angle of incidence g = 45°. As we can observe in
equations 2.52 and 2.53 both the Ip and Is intensities but also the difference DI, contain

contributions due to all magnetization components. Supposing the same linear variation of DI
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as expressed in the formula 2.49, by fitting this function to the calculated curve (fig2.27B) we
obtain the following values for the parameters: P; = 0.1235, P, = 2.2.10, P3 = 1.41-10° and
P4 = 4.71-10°3. We notice that all parameters have comparable values.

A) m,m, m, time dependence:
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B) DI dependence and fit parameters
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Figure2.27:

Transversal configuration: gp = 45°, qa = 90°

To better visualize the contribution of each component to the final result we have traced
the variation of the products: P,m, P,m and P,m  asa functionof time (fig.2.27B). We

observe that the dominant contribution comes from the transverse magnetization component,
while the polar and longitudinal components have small but non-negligible contributions to
the total result.

In conclusion, in a transversal Kerr effect configuration, the measured signal contains
information of all the three components of the magnetization: transversal, longitudinal, and

polar. The dominant contribution of the signal is proportional to the transversal component of
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the magnetization (m;) but there are non-negligible contributions that come from the polar

(mp) and longitudinal magnetization components (m;).

2.5.1.5. EXPERIMENTAL MOKE sETUP

The MOKE measurements were redized using the so-caled “longitudinal” and
“transversal” experimental configurations, aready described in the previous section They
required as components: a light source, a polarizer, the magnetic sample to study, a half-wave
plate, an analyzer, and the two detectors used in the differential detection. Furthermore, we
added a chopper, microscope objective, and focusing lens, as is shown on the picture in figure
2.28. The optica components are detailed in the following.

Light source
The light source corresponds to an infrared (IR) laser diode fabricated by Advanced

Photonic Systems It delivers partially polarized laser pulses characterized by the wavelength
| = 810 nm, pulse duration: 20 ps, pulse peak power: 1 W, variable pulse repetition frequency
(we used a frequency of 100 KHz). It is used in both dynamic and static MOKE

measurements.
Polarizer
The polarizer is a Glan Thompson polarizing prism and it is used to linearly polarize the

incident light beam (fig.2.22).

M icroscope objective

The light is focused onto the magnetic sample using a 20x, 16 mm working distance
microscope objective. The minimum spot dimension obtained during this study was of about
15 pm diameter.

Focusing lens
After the reflection from the magnetic sample, the beam is focused onto the detectors

(through a half-wave plate) using a convergent lens.
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Half-wave plate and analyzer

The half wave plate rotates the polarization of the reflected beam and the analyzer
(Wollaston prism) separates the beam in two beams, with two orthogonal polarizations using
aWollaston prism (fig.2.22).

Detectors

Andyzer

Focusing lens

Figure 2.28
MOKE experimental setup

Detectors
The two beams refracted by the analyzer (fig. 2.22) are captured by two silicon
photodetectors characterized by a detection window centered on the laser wavelength. The

differential detection consists on measuring the difference between the intensities of the two
beams (DI = Ip1 — Ipy).

Stereoscope
A stereoscope fabricated by Olympus with a 1.2 x objective and 10x ocular, is used to

visuaize the laser spot on the sample and the high frequency microprobes connections to

electrically contact the coplanar waveguide.

The experiments realized using the differential detection have shown that the noise was
reduced from 20uV to about 5uV. With our experiment, we obtained a signal/noise ratio
about 30 on a NiFe sample of 20 x 40um? (5uV noise for asignal variation of 150uV).
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To further improve the signal/noise ratio, the Kerr signals corresponding to voltage
signals about 200 UV have been measured using a lock-in detection scheme. This uses a

modulation technique that will be detailed in the following.

Laser modulation in a MOKE experiment

The incident light delivered by the laser is characterized by two frequencies i) the wave
frequency 370-10'2 Hz; and ii) the pulse frequencies — about 100 KHz These frequencies are
too high for a lock-in amplifier, which measures signals of reduced amplitude characterized
by frequencies of several hundreds of Hz

The modulation of the incident light is realized using a chopper. In this way one obtains
alight intensity modulation for frequencies about some hundreds of Hz Figure 2.29 compares
the non-modulated with the modulated laser signal. For a pulse repetition rate of 100 KHz, the
time interval between two consecutive pulses is 10 us. After the modulation realized by the
chopper, laser pulses are transmitted to the sample only in a time-window of 4 ms duration
from the full interval of about 7 ms that corresponds to the chopper modulation frequency of
140 Hz (see figure 2.29B). The lock-in measures the light intensity, DI, that is proportional to

the Kerr effect integrated over the entire time interval t of measurement (time constant). In
our case the time constant was set on the lock-into 300 ms.

In a static measurement, the externa magnetic field is maintained constant for a time
larger than 300 ms and the result characterizes the equilibrium magnetic state that

corresponds to the externa field value.

A) Non-modulated laser signal B) Modulated laser signal
1:pulsm = 100KHz modulation frequency:
A

140Hz,~7ms
“ o —

laser frequency:
100 KHz, 10 us

~DI

L L/ J 7
lock-in: 300 ms

Figure 2.29
The modulation of the incident laser
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We use the same measurement technigque in the dynamic measurements. The details of

this measurement will be presented in the following.

2.5.1.6. DYNAMIC M OK E EXPERIMENT

The time-resolved measurements have been realized using the synchronized
stroboscopic pump-probe technique already described in section 2.1. The experimental setup
is schematically presented in figure 2.30.

OuUT 1 DELAY GENERATOR OUT 2
100kHz trigger frequency
delay =toyr, - toun v
— PULSE GENERATOR LASER |—
50ps rise-time 20ps pulses duration
100ps — 10ns pulse duration 1W peak power
10V maximum amplitude 100kHz repetition frequency
100kHz repetition frequency
PUMP Stroboscopic time trace: PROBE

IMOKE

Picoprobes connectors
(3dB bandwidth 40GHz)

Semi-rigid cables
(3dB bandyvidth ~ 26GHz)

!

CPW (3dB bandwidth ~15 GHZ)

Figure 2.30: Schematic of the dynamic MOKE experimental set-up

The delay between the probe pulses (laser) and the pump pulses (voltage pulse
generator) is realized using a commercia delay generator. It synchronizes the pump and probe

by delivering two pulses (OUT1 and OUT?2), delayed one with respect to the other. These will
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serve as external trigger for the laser and the pulse generator. For one pump pulse delivered at
time Ty there is one probe pulse delivered at To + Dt; (e.g. Dtj = 0, 10 ps, 20 ps...10ns..). The
synchronization between the pump and the probe is characterized by the jitter value, which is
less than 10 ps.

One probe pulse (of 20 ps duration) is not enough to realize a measurement for a value
Dti. In consequence, the stroboscopic measurement averages the Kerr sgnal over severad
probe pulses. As we mentioned before in a static MOKE experiment one measures one point
in about 300 ms. During this time, we obtain about 17.2-10° probe pulses. As the pump and
probe frequencies are equal, the number of the pump pulses is equal to the number of probe
pulses. In consequence, a point on the stroboscopic time trace is averaged over 300 ms (time
interval chosen on the lock-in), corresponding to about 17.2:10° dynamic equivalent events.

The pump and probe frequencies are limited by the maximum frequency on the pulse
generator that is of 100 KHz.

In this context, we have to mention that a stroboscopic measurement is valid if two
conditions are respected: i) the sample has to be in the identical initial magnetic state before
each excitation field. Thisis realized by resetting the system after each pump pulse in the time
window of 10 ps and ii) The magnetization vector follows the same trajectory during and
after each excitation field pulse.

Using the dynamic MOKE experiment we measured the magnetization dynamics in
20x40unt spin valve systems (see results in chapter 4). Since the laser spot dimensions are
large, about 15pum? diameter, the measurement of the magnetization dynamics in spin-valves
of smaller dimensions (4x8un? or 2x4um?) was not possible. In consequence, we used as
probe the MR effect for which the experimental setup will be presented in the next section.
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2.5.2. THE MAGNETO —RESISTIVE PROBE

The MR probe uses the magneto-resistive effect to measure the magnetization dynamics
in multilayer magnetic systems. Details of some basic aspects of this effect and the
experimental realization of the static and time-resolved measurements will be presented in the
following. The redlization of the MR experiment connected to the device preparation and

further details of the design are presented in chapter 3.

2.5.2.1. M AGNETO-RESISTIVE EFFECTS

The magneto — resistance (MR) characterizes the response of the electrical resistance of
a system under an externa magnetic field. To quantify the magneto-resistive effect, usually
one uses the relative changes of resistance OR/R), resistivity (Dr/r) or electron mean free
path between two scattering processes (DI /1 ).
There are several types of MR effects to be distinguished:
) Anisotropic Magneto — Resistive effect (AMR);
i) Giant Magneto — Resistive effect (GMR).

A) Anisotropic Magneto — Resistive effect (AMR)

The Anisotropic Magneto — Resistance is an internal property of a sample and it is
related to the anisotropy of the atomic charge distribution in magnetic materials. The orbital
momentum direction of the charge distribution in an externa magnetic field is defined by the
spin-orbit coupling. As a function of the relative orientation between the external magnetic
field and the current, the electrical resistance of the sample has different values because the
conduction electrons have different probabilities of scattering.

The AMR signal is proportional to the magnetization component, which is parallel to
the current direction. The transverse geometry is characterized by a perpendicular relative
orientation between the magnetic field and the current, the minimum value of the resistance
corresponds to the saturation magnetic field value when the magnetization becomes
perpendicular to the current direction (fig. 2.31a). In a longitudinal configuration,
characterized by parallel relative orientations between the magnetic field and the current, the
saturated magnetic state corresponds to a maximum vaue of the resistance as the

magnetization is aligned paralel to the current direction (fig. 2.31b). In both cases, the
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maximum (fig. 2.31a) or minimum (fig. 2.31b) on the curves corresponds to the magnetic

coercive field value where the magnetic state of the sample is characterized by total spin

disorientation.
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The amplitude of the AMR effect is about 1% and it can reach 3% in the case of
permalloy (NiggFeg,). The AMR is defined as:

R, —R R 2R
AR =— L where R, =—+—+ (2.54)
R, R, 3 3

where R, represents the resistance in a zero magnetic field supposing total disorder.

AMR(%) =

B) Giant Magneto — Resistive effect (GMR)

The GMR is defined as the variation of the electrical resistance of a multilayer system
(minimum two ferromagnetic layers separated by a non-magnetic one), as a function of the
relative orientation between the layer magnetizations. Parallel (antiparallel) relative
orientation of the magnetizations of the two layers corresponds to a minimum (maximum)
value of the electrical resistance (fig.2.32).

The electrical resistances equivalent to parallel and anti-parallel states are (fig. 2.32):

2rR R+r
R., = and R.,, =—— 2.55
=t and Ry = (2.55)

where r (respectively R) is the electrical resistance corresponding to the electron with a spin
parallel (respectively anti-parallel) to the layer magnetization.
The magneto-resistance is defined as:

R, - R Y
AR Ky =Ry (R-r (2.56)
R Ry R+r
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Magneto-resistive measurements on spin-valves or tunnel junctions yield informations

on the magnetization orientation of the free layer with respect to the pinned layer.

1) Parallel state
\ equivalent schema:
e R R
\ y A
‘ ’ r r
freel ¥ \ e
reelayer| <G> R )
spacer < e e
pinned layer |  EI— 2) Anti-parallel state
Spacer: \ \ egjival ent schema:
- metallic layer (spin-valves) §¢' r R
- oxyde layer (tunnel junctions) 1 A
ﬁ R ;
AR &
~ e €

Figure2.32:
Electron trajectories and equivalent electric circuit for parallel and antiparallel statesin
amagnetic multilayer sample (CPP geometry).

In the following, our experimental setup is described for static and dynamic magneto-

resistive measurements.

2.5.2.2. M AGNETO-RESISTIVE EXPERIMENTAL SETUP

The Magneto-Resistive measurements were realized on micronsized magnetic samples
(spin valves or tunndl junctions) patterned on the centerline of a coplanar waveguide, the
pump line. The probe line measures the variation of the CIP (Current In Plane) magneto-
resistance in a two-point contact configuration (see figure 2.33). Thisis realized by using a
Keithley multi- meter to deliver a constant current to the sample and to measure the voltage
changes.

In total, the dynamic MR device is characterized by 4ports. Static measurements are
performed using the two contacts represented by port 3 and 4. A DC current is send in the
probe line at port 3 (Ps) and the voltage is read on the same port for different terminations (OW

or 50W) at port 4 (Py).
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Figure 2.33:

“Pump” and “probe” transmission lines (a) and the experimental setup used in static
and dynamic MR measurements

Dynamic measurements are realized using the configuration represented in figure
2.33b.The pulse generator is connected to P; and applies a voltage pulse to the pump line,
creating an excitation field. The termination 2 at port 2 (P,) determines whether there is a
second pulse traveling back. For 50 W there is no reflected pulse, while for short (open)
circuit one obtains a reflected voltage pulse of opposed (same) polarity. A Keithley current
generator and the 20 GHz oscilloscope are connected through a Bias T to Ps. The termination
Z>, (generaly 50 W), is connected to P,. The Bias T is used aswell to separate the alternative
(AC) signa and the continuous one (DC) from the total voltage signal (AC + DC) measured
on the probe line, port Ps. The DC voltage signal contains the static MR response while the
dynamic MR response is measured on the 20 GHz oscilloscope. The oscilloscope is a
sampling oscilloscope realizing “stroboscopic” measurement. The voltage resolution is about
20 pV that can be improved by realizing averaging over several time traces.

Usually for MR values about 1% and for resistance values of about 30 W (for a spin-
valve), we expect a variation of the resistance about 0.3 W. For a current value about S5mA this

corresponds to a voltage variation of 1.5 mV.



CHAPTER 2: The stroboscopic pump -probe technigue: design, development and experimental setup 103

2.5.3. THEINDUCTIVE PROBE

During this work, we have developed the inductive effect to characterize the linear
magnetization dynamics in magnetic systems. This will be detailed in the following.

In this case the probe corresponds to transmitted power of the incident high frequency
pump pulse applied to a CPW. The sample is postioned on top of this CPW. The
measurement can be readized in frequency as well as in time domain as a function of the
external magnetic field or of the pump field frequency. Here | will present some aspects of the

theory of inductive effect, as well as on the experimental setup.

2.5.3.1. INDUCTIVE EFFECT
The inductive effect appears in the magnetic materials as a consequence of a transient
external magnetic field: H(t). It is described by the Faraday law:

ﬂB
It

where B = uo(ﬁ + M) and M isthe magnetic sample magnetization.

N" E= (2.57)

The magnetic fields in the x, y and z directions produced by a current density J that

traverses a rectangular stripline of volume Win the x-direction, has the components (see

Annexe 1):
H.(F)=0
2 dr 0
H, ‘ﬂé a2 (2.58)
| aP
N Md L Ted §
H z(r ) =- == [ a——
% JwEr- T,
where the 1, ' represent the vectors corresponding to the coordinates were the magnetic

field is calculated and the coordinates of the stripline, respectively and dr'= dxdydz.

Silva et a [Silva 1999] presented magnetic field solutions deduced from the reciprocity
theorem adapted to gap recording heads [Bertram 1994]. Neglecting the zcomponent of the
magnetic field, H,, since it is too weak to cause the magnetizationto go out of the plane, the
magnetic flux that winds around the waveguide center conductor from a magnetic sample of
thicknesst, length |, and width w, may be calculated as [Mallinson 1993, Bertram 1994]:

_& AN\

| mple

H, (1. x v, 2M, (x,y, z)or" (2.59)
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The inductive voltage is produced by the change in flux:

dF
V=-— 2.60
" (2.60)

Experimentally, one measures, in the presence of a magnetic field, the inductive voltage
that is proportiona to the variation of the magnetization component that is parale to the
magnetic pump field. In the following, we describe the experimental setup developed during
this work to measure the magnetization component that is parallel to a high-frequency

magnetic field.

2.5.3.2. EXPERIMENTAL SETUP

The measurement is realized by connecting Port 1 of the coplanar waveguide to the
pulse generator and Port 2 to the 20 GHz digital oscilloscope for time domain measurements
(TDRor TDT). In the frequency domain technique, ports 1 and 2 are connected to a network
analyzer which provides a continuous wave voltage at a given frequency and which measures
the transmitted power (fig.2.2).

In the time-domain, the oscilloscope detects only the pulse that traverses the line in the

same direction as the driving voltage pul se.

From 2.59 and 2.60 we obtain:
d a&'’? o) dvi
V, = const ><—§ OM, (y)dy== const x—~ (2.61)
dte .7, & at
: : . Z
where the constant depends on the line electrical resistance (Roc): const = ————.
Z,+05R .

By integrating the measured voltage pulse, the average value of the magnetization that rotates
can be estimated:

M, = const™ x¢V dt (2.62)

From 2.62 it is obvious that we are sensitive to the magnetization component that is
parallel to the excitation magnetic field.

In the frequency domain the network analyzer is used both to pump and probe the signal

absorption. This can be realized by varying the signal frequency and the external magnetic
field.
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For the studies presented in Chapter 4, the inductive technique has not been used.
Therefore, Fig. 2.34 shows representatively the results obtained for a 2 x 100 um? FeNi wire
that has been deposited ontop of a 2.8 wide CPW centerline.
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Fig. 2.34: Time domain traces and frequency domain absorption spectra for a
FeNi wire obtained with the inductive technique.
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2.6. PUMP-PROBE TECHNIQUE — STATE-OF-ART

In the following, a short overview it is presented over different magnetization dynamics
experiments, presented in the literature that use the pump-probe technique.

Freeman et a [Freeman 1991, Freeman 1992, Elezzabi 1996, Freeman 1996, Freeman
1997B] were the first to realize pump-probe experiments to study the magnetization dynamics
in magnetic systems with a sub-nanosecond time resolution They used as pump the magnetic
field pulses induced in coplanar waveguide traversed by electric pulses obtained by a
photoconductive switch in a GaAs semiconductor (fig.2.35a). As probe they used both the
Faraday effect to determine the negnetic field profile induced in the CPW (fig.2.35b) as well
as the Kerr effect with a spatia resolution of some micrometers. The pump and probe laser

pulses had durations in hundreds of femto-seconds range.
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Figure2.35
a) The experimental setup; b) The 2D magnetic image scan of the transmission line coil taken at 70 ps
after optical excitation [Elezzabi 1996]

Similar pump-probe experiments were used to characterize the magnetization dynamics
in permalloy elements [Gerrits 2002, Gerrits 2002B]. They showed that the pump-pulse could
be taillored by using two independent triggered GaAs photoswitches excited Ti-sapphire laser
pulses of 150 fs duration (fig.2.36). Both pulses are of opposite sign and dlightly delayed one
with respect to the other. In this case, the in-plane magnetization components are measured by
Magnetization induced Second Harmonic Generation (MSHG) while the polar component is
measured using the linear polar magneto-optical Kerr effect. The spatial resolution was
determined by the laser spot dimensions equal to 3um by Sum.

Crawford et a [Crawford 1999] used as pump voltage pulses from a pulse generator and
as probe the second harmonic magneto-optic Kerr measurements.
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Figure2.36
Pumpl- pump2 — probe experimental scheme [Gerrits 2002B]

Using as pump the ultrashort magnetic field pulses of duration 0.2 — 4 ns, obtained by
applying voltage pulses from a commercia generator through a 50 W adapted coplanar
waveguide Schumacher et al studied the magnetization dynamics in 1um x 4um GMR
devices using as probe the MR effect [Schumacher 2002, Schumacher 2003]. Similar
measurements but on tunnel magnetic junctions have been realized by Koch et a [Koch
1998].

Using the inductive effect as probe and pulses or steps (5 V amplitude and 80 ps rise-
times, 200 ps pulses width) obtained by a photoconductive switch on a commercial InGaAs
photodiode, Silva et a [Silva 1999] studied the magnetization dynamics in thin-film
permaloy. The inductive effect was measured in time-domain using a 18 GHz bandwidth

oscilloscope. The experimental setup is presented in figure 2.37.
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=1 . 5 Experimental setup for the inductive
St I measurement [Silva 1999).

Finaly | would like to mention that Bonfim et a [Bonfim 2001] realized measurements
of the magnetization dynamics using as probe the XMCD and as pump magnetic pulses
induced in a copper microcoil [Mackay 2000], which are synchronized with the xray photon
pulses at the repetition frequency of the ESRF (357 KHz in a single bunch mode), obtaining a

time resolution in the nanosecond range.
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Abstract

In this chapter we present the experimental techniques and the major steps during the
preparation of experimental devices. These devices are composed of : i) the transmission line,
ii) the magnetic sample patterned on the transmission line and iii) the “read” line (for the
magneto-resistive device). We used preparation techniques such as: the ultraviolet (UV) or
the deep ultraviolet (DUV) lithography, the ion beam etching, the reactive etching, the
sputtering technique. The characterization of the intermediate steps was realized using the
atomic force microscopy (AFM), the magnetic force microscopy (MFM), or the scanning
electron microscopy (SEM). These yield us information on the topographic and magnetic
structure of micron-sized magnetic samples (20x40 um?, 4x8 um?) and on the quality of the
insulating layer between the “read” and “write” lines. We propose some improvements of

devices used for magneto-resi stive measurements, which can be envisaged in the future.

Résumé

Dans ce chapitre nous présentons les techniques expérimentales ains que les
principal es étapes de la préparation des dispositifs expérimentales. Ces dispositifs de mesure
sont composeés par: i) la ligne de transmission, ii) I’ échantillon magnétique fixé sur la ligne
de transmission et iii) la ligne de lecture (pour le dispositif prévu pour les mesures magnéto-
resistives). Ils ont été réalises en utilisant comme techniques de préparation : la lithographie
UV et UV profond, la gravure ionique et réactive, le dépbt par pulvérisation cathodique.
Pour caractériser les étapes intermédiaires nous avons utilisé la microscopie a force
atomique et magnétique et la microscopie électronique a balayage. Ils nous ont fourni des
informations sur la couche isolante entre les lignes d’ écriture et de lecture ains que sur la
structure magnétique des échantillons de taille micronique (20x40pum?, 4x8unt). Des
améliorations dans la structure des certaines dispositifs envisageable dans le futur, sont

ppr OpOSES.
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3.1. INTRODUCTION

The redlization of devices used in time-resolved magnetization measurements requires

the use of different preparation techniques. These will be presented in this chapter along with

the actual fabrication of the devices studied during this work.

Two to three steps can be distinguished in the sample preparation which are presented

in figure 3.1:

i)

The patterning of the coplanar wave-guide pump-line using UltraViolet (UV)
lithography fr centerline width values between 2um and up to 50um. Figure 3.1a,
presents the images of two coplanar waveguides, with 50um and respective 10um
centerline width.

The patterning of the magnetic sample on top of the centerline. The size of these
samples varies between 20 x 40pm?, 4 x 8um? and down to 2 x 4un?. Figure 3.1b
presents the images of two samples: a20 x 40um? NiO based spin-valve and a 4 x
8um? IrMn based spin-valve. An insulating layer was aways deposited between the
magnetic layers and the pump line.

For the magneto-optic and inductive probes, the sample preparation is finished after

these first two steps. For static and dynamic MR measurements, we need a supplementary

step that consists of:

ii)

The patterning of the high frequency electrical contacts orto the magnetic sample
surface as shown in figure 3.1c. Here, a specia attention was given to the electical

insulation between the pump and probe lines.

This chapter is divided into three parts.

The first part of this chapter focuses on the description of the experimental techniques
that have been used for the device preparation and which are commonly used for the
patterning of micronsized elements. These are Ultra-Violet (UV) and Deep-UV
(DUV) lithography, Reactive lon Etching (RIE), lon Beam Etching (IBE), lift-off, and
thin film sputtering.

In the second part the techniques used for the device characterization during and after
the patterning process, are presented. The topography/magnetic contrast of the
samples were measured with the Atomic / Magnetic Force Microscope (AFM / MFM).
The quality of the oxide between the pump-line and the magnetic sample or the probe
line is analyzed by conductive AFM. Scanning Electron Microscopy (SEM) was used
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to measure and analyze the edge roughness of the surfaces etched in a reactive process
(RIE).
I1l. Thethird part is focused on the actual sample preparation and characterization.

CIP contacts

wave-guide centerline

e e e
eSS SS S SS s SSSS S SS S SS S S S S S SS S S,
R R
e Ess s ssSSs S Ss S S S S S SSS S SS S SS S S S S EE RS,
e

B L T T T

.

W
L

Al

Figure 3.1: Optica photographs showing different steps in the sample preparation:
a) Coplanar waveguide, (b) Magnetic samples and (c) CIP contacts patterning.

3.2. SAMPLE PREPARATION TECHNIQUES

3.2.1. SPUTTERING TECHNIQUE

The sample preparation contains steps during which metallic or oxide thin films have
been deposited by sputtering®.

The sputtering technique belongs to the category of plasma deposition [Parsons1991],
[Richardt1997], [Vossen1991]. It is used for a wide variety of applications like magneto-
optical storage media, compact discs, conductors and barriers for large-scale integrated
circuits, different kinds of coatings, etc. The main advantages of using a sputtering device are:

Versatility. Since the sputter process is based on the momentum transfer and not on a

chemical or thermal reaction, virtualy any kind of material can be sputtered;

! For this, different sputtering machines have been available at CEA/DRFMC, CEA/LETI and Louis Neel
Laboratory/CNRSin Grenoble.
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Film uniformity over large aress;
Surface smoothness and thickness control;

High deposition rates.

We consider two electrodes in a vacuum chamber and an external high voltage power
supply (fig. 3.2). The material to be deposited, the target, is fixed to the cathode and the
substrates to the anode. Considering that 2V is the applied bias between the anode and the
cathode, the electric field would be 2V/d, where d the distance between the anode and the
cathode. An electric discharge between the anode ard cathode is formed in the presence of the
argon gas introduced in the vacuum chamber at a low-pressure (2.7 102 mbar). This will
partialy ionize the gas and the ions may strike the cathode with sufficient energy to cause the
gjection of surface atoms ard the emission of secondary electrons, which will cause further
ionization of the gas. Very rapidly, a condition known as breakdown is installed and the
plasma is stabilized. The principal source of electrons to sustain the plasma is the secondary
electronemission caused by the bombardment of the cathode by the ions. DC and RF sources
are equally used nowadays to power the plasma. In a general sense, the RF-powered discharge
operates in the same way as the dc-powered. In both cases, a voltage is applied between the
cathode and the anode, a breakdown occurs and plasma is formed and sustained. RF power,
though, allows the use of insulating materials as sputtering targets and it increases the level of
ionization in the plasma.

(b)

® Target atoms; @ Argonions; = Electrons;

Figure 3.2: Sputtering device: (a) plasma is switched near the target surface; the argon ions are
striking the target and create the gection of target atoms, shutter position is closed; (b) the shutter
opens, the target atoms are sputtered on the substrate.
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During this study, single layers and multilayers have been deposited using magnetron
sputter sources. Magnetrons below the target create a magnetic field paralel to the target
surface. Combined with the electric field, it causes a drift of the secondary electronsin closed
orbits in front of the target surface. This spatial confinement of the secondary electrons close
to the target enhances the efficiency of the plasma, so that a magnetron can operate in lower
gas pressures and voltages compared to nonmagnetron sources. Differert target
configurations exist. In particular, we used the two kind of target geometries: i) two targets
placed with their surface parale to the substrate holder (plane targets) and ii) two targets
forming a45° angle with respect to the plane of the substrate holder (convergent targets). The
sputtering rate, generally controlled by the DC or RF applied bias and the gas pressure, is also
modified by the geometric arrangement of the targets.

Most deposition processes of magnetic layers, oxide layers, metallic non magnetic
layers, have been realized in the sputtering machines of CEA/DRFMC/SP2M — Grenoble. In
general, al sputtered magnetic layers were characterized by an induced anisotropy. Its
direction was not known for the sputtering installation used in our sample preparation since
the magnetrors were changed quite regularly, during the time of this study. The maximum
thickness of oxide sputtered was 50nm, its value being limited by the deposition time (50nm
in 10min). A longer time for oxide deposition ( > 1 hour) induced instabilities in the
installation functionality.

3.2.2. OPTICAL LITHOGRAPHY TECHNIQUE

The optical lithography was realized at Siemens in Erlangen, Germany 2 and Nanofab
laboratory in Grenoble, France®.

This is a specia technique used to tansfer a pattern designed on a mask, onto a
photosensitive resist that covers the sample. Here, the three steps necessary for the
lithography process are described (fig.3.3).

a) The first step corresponds to the coating of the cleaned sample surface with a thin
(0.3um — 3um) layer of a photosensitive substance called photo-resist, as shown in figure
3.3.a To ensure homogeneity and continuity of the photo-resist layer, this is realized on a

spinning vacuum chuck.

2 Siemens AG, ZT MF 1, Paul-Gossen-Strasse 100, 91034 Erlangen, Germany
3 Nanofab— CNRS, 25, Av.des Martyrs, 38042, Grenoble, French
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b) In the second step, which is presented in figure 3.3.b, the resist is irradiated with
Ultra-Violet (UV) or Deep- Ultra-Violet (DUV) radiation through a physical mask. The mask
isaglass or plastic plate, orto which the patterns that we want to transfer on the sample are
designed as a succession of transparent and opague surfaces. It can be negative or positive. A
positive mask corresponds to opague regions associated to the designed geometries. The
wavelength value of the incident irradiation, the thickness of the resist and the performance of
the mask aligner limit the spatial resolution of the process. The UV ( yv = 360nm) mask
aligner, has a minimum spatial resolution of 10um, while, for the DUV ( yy = 250nm),
characterized by a smaller wavelength, the minimum spatial resolution is about 0.5um.

¢) The third step in the lithographical process corresponds to the development of the
resist. As a function of the resist used (positive or negative), the lithographic process leads to
a positive respectively negative reaction between the photosensitive substance and the UV
irradiation (figure 3.3c). After a positive reaction, the resist that has been irradiated is
developed while in a negative one the norrirradiated region is developed. Consequently, as a
function of the mask polarity and of the resist type we have two situations: i) a positive mask
and a positive resist is equivaent to a negative mask and a negative resist, and ii) a positive
mask and a negative resist is equivalent to a negative mask and a positive resist.

The resists used in the UV lithography were S-1818 for positive reaction and U1-310 for
negative reaction.

The resists used in the DUV lithography were UV-3 for positive reaction and UVN-2 for
negeative reaction.

UV(l =360nm/DUV (I =250nm )

Lt

@ (b) ©

Resist; |:|Sample; |;|Mask;

1) Positiveresist 2) Negativeresist

Figure3.3:
Lithography processes. resist coating on the sample surface (a); UV/DUV irradiation of the
resist through a physical mask (b); development for positive or negative resist (C)
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There are two alternative techniques that are generally used to obtain patterned samples:
1) etching and/or ii) lift-off techniques. These are presented in figure 3.4.

The etching technique

In the first case, the initial sample, substrate-S (S in our case), is entirely covered by a
thin film of the material to be patterned, the sputtered layer (SL). In the next step, a photo-
resst is spun onto the film and the mask design is transferred on the photo-resist using a
positive process (positive mask + positive lithography or negative mask + negative
lithography). In the third step, the entire sample surface is etched resulting in non-etched
regions, which were covered with resist, and etched regions, with no resist. After etching

metallic film, theresist is dissolved in acetone in an ultrasonic bath.

1) Etching technique: 2) Lift-off techmique:

la)§+ SL 2a) 5:
v

Ib) 5+ SL + positive patterned resist : 2h) 5+ megative patterned resist :

A7 —
IfrE sputtering
RIE

lc) S+ patterned (SL+ positive resist): 2c) 5+ patterned negative resist + SL:
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| I
AMIOM Acefone
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}
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Figure3.4:
Etching / Lift-off techniques
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The lift-off technique

In the second case, a negative patterned resist (negative mask + positive lithography or
positive mask + negative lithography) is obtained directly on the substrate (S). In the next
step, the thin layer is sputtered on the entire sample. Then, the surfaces covered with resist
and the deposited film, are cleaned in acetone in an ultrasonic bath obtaining the similar

patterned sample asin the first case.

3.2.3. IONBEAM ETCHING (IBE)

A schematic representation of the lon Beam Etching (IBE) device is presented in figure
3.5. The gas used for the plasma cregation is argon (Ar). The source consists of a discharge
chamber with a hot filament cathode (usually of Tungsten) and an anode. When the filament
is heated electrons are emitted and accel erated towards the anode. Under appropriate pressure
conditions dense plasma is created by the ionization of the Ar gas inside the chamber. The

ions produced in the discharge chamber are moving in a stochastic manner.

Ar* dense plasma —

anode
collimated ion beam

| I / i

| [ |

i > :

cathode i i
(hot filament) i H > :
: — e

Vacuum chamber /..

anode doublegrid

Figure 3.5: The lon Beam-Etching (IEB) device

In order to produce a collimated beam of these ions, one side of the chamber is equipped
with a pair of grids that are aligned. The first grid is positively biased. Thus, the plasma
cannot penetrate the grid. Individua ions, however, may travel through the holes of the first
grid. If they do so, then they experience a strong accelerating field due to the negative biasing
of the second grid and they travel in the form of a monochromatic ion beam towards the
target, which is kept at ground potential. The etching rate of the ion beam depends drastically
on the material.
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We use this etching technigue to pattern the CPW. The major disadvantage of one of the
available installation (available a8 CNRS — Grenoble) was the impossibility to obtain a good
etching calibration since the etching rates were changing from one process to ancther.
Furthermore, the process was not uniform over the entire surface of the sample. In
consequence, only the steps where an over-etch was not critical were realized with this
equipment. Most of the magnetic sample etching was realized using the etching equipment
avallable at CEA/LETI - Grenoble.

3.24. REACTIVE ION ETCHING (RIE)

In a Reactive lon Etching (RIE) device, presented in figure 3.6, a reactive gas, such as
SFs, CHF3, or O, is introduced into the grounded chamber. In our case we used the SFg to etch
Si. The substrate to be etched is placed on an electrode, which is supplied by an RF source.
When the RF plasmais formed, the gas molecules are broken down in fragments and radicals.

plasma

reactive gas | vacuum pump

sample

Iﬁ
J 1

electrode -

RF generator

Figure 3.6:
The Reactive lon Etching (RIE) device

A significant number of these radicals are ionized (positive ions) and they bombard the
substrate (negatively polarized due to the more mobile electrons of the plasma). During the
reactive etching, gaseous species from the plasma react with surface atoms to form
compounds or molecules. In our case, we used SF6 to etch the Si substrate. Due to the
formation of reactive gaseous species in the plasma, the etching rate is much higher than in a
gaseous medium without plasma. RIE is material selective as the etching rate depends on the
chemical reaction of the gaseous species with the materials existent on the wafer surface. The
chemical effect (formation of reactive gases) introduces an isotropic etching while the

physical effect (sample bombardment) creates an anisotropic etching. To obtain vertical edges
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during the reactive etching, it is necessary to keep equilibrium between etching parameters:
gas debit, pressure, etching time and RF power.

We used this processto etch Si substrate since it is characterized by alarger etching rate
(2 min for 300 nm S)) than the IBE technique for Si (~ tens of minutes for 300 nm Si) and it is
uniform over the sample surface.

During this study, we have used both the etching and the lift-off techniques to obtain
micronsized patterned samples. The lift-off was generally used to obtain the tramsmission
lines, the CIP contacts, single-layer magnetic patterned samples, and 20x40un? spin-valve
samples, while the smaller spin-valves were patterned using the IBE. It is possible to use the
lift-off technique to pattern samples smaller than 20x40pm? but in this case the appearance of
over-flanks at the sample would destroy the magnetic properties of the spin-valve realizing a
direct contact between the soft and hard magnetic layers.

3.3. SAMPLE CHARACTERIZATION TECHNIQUES

Topographic characterization of the samples was realized using Atomic Force and
Scanning Electron Microscopes (AFM and SEM). A qualitative study of the magnetic
contrast in samples with in-plane anisotropy was realized using Magnetic Force Microscopy
(MFM) measurements. The conductive AFM (C-AFM) was used to perform measurements on
the oxide between two conductors. the pump line and respectively the probe line.

The AFM, MFM, and C-AFM measurements were realized using the Dimension 3100
Scanning Probe Microscope with a Nanoscope 1V controller. The SEM images were redlized
at LETI — Grenaoble.

3.3.1. ATomic FORCE MICROSCOPY (AFM)

Atomic force microscopy [Binnig1986] is a powerful technique for probing the surface
of the thin film layers and deducing valuable information of its topological features, fast and
accurately. AFM operates by scanning a very sharp and tiny tip attached to the end of a
cantilever across the sample surface (fig. 3.7). The tip approaches the surface of the sample
and interacts with it via Van der Waals forces. The interaction translates in a cantilever
deflection or a change in the cantilever’s oscillating frequency, depending on the operational
mode of the AFM: contact or tapping. The deflection or the frequency changes of the
cantilever are detected by an optical system consisting of a laser beam, which is reflected on
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the cantilever. The vertical and the horizontal deflection are measured using a split
photodiode detector that analyses the reflected beam. The displacement of the cantilever in
the three directions is done by means of a piezoelectric scanner, combining independently
operated piezo-electrodes for X, Y and Z direction into a single tube. The two operating
modes that have been used, contact — AFM and tapping — AFM, are described in more detail

in the following.

—— Feedback loop —»@

Detector <

Z — Scanner tube
Figure 3.7
o Piezo Atomic Force Microscope
Split photodiode \ | ) )
detector \N _— Tip & cantilever
Sample surface

Contact mode AFM

As we have mentioned the changes in the cantilever’s deflection are monitored with a

split photodiode detector as the tip is scanning the sample surface [Martin1987]. A feedback
loop maintains a constant deflection between the cantilever and the sample by vertically
moving the scanner at each data point to maintain a ‘ set-point’ deflection. By maintaining a

constant cantilever deflection, the force between the tip and the sample remains constant. The

force F is calculated from Hook’s law: F =- kx, where k is the spring constant and x the
deflection. Soring constants usually range from 0.01 to 1.0 N/m, resulting in forces ranging
from nN to uN. The distance the scanner moves vertically at each point (X,y) is stored by the

computer to form the topographic image of the surface.

Tapping mode AFM

In the tapping operational mode the cantilever is oscillated near its resonarce frequency

with the amplitude ranging typicaly from 20 to 100 nm. The tip lightly ‘taps the surface
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while scanning, contacting the surface at the bottom of its swing. The feedback loop
maintains constant oscillation amplitude by maintaining a constant RMS of the oscillation
signal acquired by the split photodiode detector. In order to maintain a constant oscillation
amplitude the scanner has to move vertically at each point (x,y). The vertical position of the

scanner is stored by the computer, to form the topographic image of the sample surface.

3.3.2. M AGNETIC FORCE M ICROSCOPY (MFM)

The magnetic force imaging is a feature provided by the atomic force microscope. In
MFM we use a tapping mode cantilever equipped with a special magnetic tip [Rugar1990,
Boef1990]. The tip is first scanned over the sample in order to obtain the topographic
information. After each scan line, the feedback is turned off and the tip is raised above the
sample to a user-defined height (20-100nm) to perform a second scan of the surface
measuring any far field contribution, such as magnetic forces (at that height only long range
forces can be detected while Van der Walls forces related to the topography are negligible).
This feature of the Dimension 3100 microscope is called Interleave node. The topography
data acquired during the first scan are used to maintain the tip at a constant height. The
existence of magnetic forces shifts the resonant frequency of the cantilever by an amount
proportional to vertical gradients in the magnetic forces on the tip. Resonant frequency shifts
are very small (from 1 to 5 Hz for a resonant frequency of about 100 Hz) and can be detected
either by phase detection mode or by amplitude detection mode. Phase detection measures the
cantilever’s oscillation phase relative to the piezo-drive, and amplitude detection measures the
oscillation amplitude. In both cases, the measured signal is proportional to the second
derivative of the stray field emanated from the sample [Gritter1995]. Phase detection is much
superior than amplitude detection and has been used in this thesis to measure samples with

very low net magnetic moment with in-plane magnetisation.

3.3.3. CONDUCTIVE AFM

The Conductive AFM (C-AFM) mode of the microscope realizes maps of currents,
corresponding to the sample surface, by keeping the sample at a bias voltage and scanning the
sample surface in contact mode with a conductive tip connected to ground (fig.3.8). A linear

amplifier with a range of 1pA to 1pA senses the current passing through the sample. The
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topography and current image of the sample surface are measured simultaneously, enabling
the direct correlation of sample local topography with its electrical properties. In this study,
C-AFM was used to characterize the resistivity of the oxide between the pump and the probe

line of a MR-device during sample preparation.
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3.3.4. SCANNING ELECTRON M ICROSCOPY (SEM)

Scanning Electron Microscopy (SEM) is used for characterizing surface topography,
measuring line widths, and determining material properties [Kittel 1966, www1].

In a SEM, afine beam of high-energy electrons coming from an electron gun is scanned
across the sample by scan coils, while a detector counts the number of low energy secondary
electrons or back-scattered electrons given off from each point on the scanned surface. The
signal obtained from these types of electrons conveys information on the topology of the
sample.

We used SEM to calibrate the RIE and to estimate the quality of the steps formed in S
after the reactive etching.
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3.4. SAMPLE PREPARATION AND CHARACTERIZATION

This section details the actual preparation and characterization of samples and devices
used to realize high-frequency time-resolved experiments.

We present first in section 3.4.1. the coplanar wave-guide micro-fabrication and in
section 3.4.2. the magnetic sample patterning using the two alternative methods: etching and
lift-off. The MOKE and inductive studies require micron-sized magnetic samples (simple
magnetic layers or multilayers) directly deposited on the pump CPW. The MR measurements
were realized on similar micron-sized magnetic samples embedded in MR devices as
presented in section 3.4.3. We present the different steps in MR device realization and its
characterization. Then we discuss the disadvantages of the design resulting from the poor
isolation between the pump and probe lines. Finally, we present two alternatives for the MR

device fabrication, as perspectives for an improved MR device.

3.4.1. COPLANAR WAVE-GUIDES PREPARATION

As mentioned in chapter 2, we used as transmission line the coplanar wave-guide
(CPW) of micron-sized dimensions composed of metallic multilayers of the structure:
[Ta(5nm)/Cu(50nm)] x 4 or x 5. They have been patterned on silicon substrate of high
resistivity (5-10° and 10* Qcm) using UV and DUV lithography. The micron-sized CPW have
been realized using both the etching and the lift-off technique (see section 3.2.2). Both
processes use the same mask.

For the etching technique, the initial sample is the Si-substrate onto which continuous
metallic layers have been deposited. The CPW were patterned by UV positive lithography and
IBE.

For the lift-off technique, the initial sample is the Si-substrate. The CPW were patterned
by UV negative lithography and metallic layer sputtering followed by lift-off.

The principal steps in the sample patterning are detailed in figure 3.9a.

We realized two CPW using these techniques, characterized by 20pm centerline width
by etching and respective 50 pm centerline width by lift-off. The border roughness was larger

for 20 um than for the 50 um centerline width (see images from figure 3.9b). After several
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experimental trials, we deduced that it was due to the UV lithography resolution (mask' +

aligner) and was independent of the technique used.

(a) Initial sample:
Si/[ TaSnm/Cu50nm],/PtSnm

(b) Initial sample:
Si substrate

Si-substrate

Figure 3.9
a) Coplanar waveguides patterning; b) AFM images of two CPW of 20um and
respective 50 um centerline width

3.4.2. MAGNETIC SAMPLE ELABORATION

All samples were directly grown on top of the [TaSnm/Cu50nm]xn/PtSnm buffer used
in the coplanar waveguide elaboration. These samples, studied in MOKE or MR experiments,
were either single magnetic thin films and spin-valves samples with a NiO or [rMn anti-

ferromagnetic pinning layer.

a) MOKE samples
Single magnetic layers (NiFe) or NiO-based bottom spin valves samples of 20x40 pum’

dimensions were patterned by lift-off on top of the CPW surface with a centerline of 50 um

width.

' The UV lithography was realized using masks printed on a latex substrate; the masque had already some
irregularities on the line borders on the original design (in the range of some um) and furthermore the resolution
on the final mask depends on the width of the writing-line during the printing process of the mask (this was
about 10 um).
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Four sets of magnetic structures were realized:

(1) Single continuous NiFe layer: NiFe(5nm);

(i) A spin-valve structure: NiO(44nm)/Co(2.7nm)/Cu(3nm)/Co(0.2nm)/NiFe(10nm).
(i1i1)) The hard layer of the spin valve: NiO(44nm)/Co(2.7nm)/Cu(3nm);

(iv) The soft layer of the spin valve: Cu(1nm)/Co(0.2nm)/NiFe(10nm);

Figure 3.10a presents the preparation processes and the mask used in the sample micro-
fabrication. With a positive mask, and a negative UV resist, the micron-sized pattern of the
mask was transferred on the centerline of a CPW. The sample was defined then by lift-off

after the layer deposition by sputtering.

Initial sample: Final sample (zoom)

é //////////////////////////////////% Process: Mask:

| | UV lithography; Pl -,
spin-valve sputtering; 40um

Lift-off

E Coplanar o & istrate Coplanar Magpnetic
:Wave-gulde wave-guide sample

Figure 3.10

a) Sample patterning by lift-off;
b) AFM images of two 20x40pm’
samples: spin valve and soft layer
of the spin valve.

In figure 3.10b, we present two AFM images obtained on two 20x40pum” samples, the
spin valve, and soft layer of the spin valve.

The samples were deposited by sputtering at room temperature in Ar atmosphere at a
pressure of 2.7-10mbar. Prior to the deposition of magnetic layers an oxide layer (Al,03) of

40 nm thickness was deposited by sputtering.

b) MR magnetic samples
MR experiments were realized on IrMn based spin valves of 4 x 8 umz and 2 x 4 umz.

The MR device requires two superposed transmission lines, realized at two levels, both
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matched for the wave transmission in the 10 GHz range. One corresponds to the pump using
sharp magnetic field pulses to excite the magnetic sample. The other line is to probe the static
or dynamic MR signal.

The superposition of the two lines at a distance equal to the oxide thickness that is
sputtered between them (about 50 nm), determines the presence of a RLC coupling between
these lines as shown in figure 3.11. Parallel respectively perpendicular relative orientation of

the two high frequency CPW determines different types of the coupling between the two

lines:
1) Resistive coupling determined by a direct contact between the two lines in the
case when the oxide is not continuous;
i1) Inductive coupling if a voltage pulse applied on the pump line induces a voltage
in the probe line based on the induction law of Faraday.
iii) Capacitive coupling due to the oxide between the two conductors.

a)

Probe line
oxide

L=
sl
[l
Il
ke

Pump line

B TC Figure 3.11
| The RLC coupling between the pump and
probe lines in a MR device

To minimize the coupling we have to decrease the inductance, L, and the capacitance C,
and to increase the resistance, R. This is better achieved for a perpendicular geometry between
the two lines. In this geometry, the inductance, L, is decreased since the magnetic field
created by one line is parallel to the other. On the other hand, the capacitance values are
decreased and the resistance values are increased by decreasing the superposed surface
between the two conductors (C ~ S, R ~1/S). Increasing the oxide thickness will determine a
decrease of L and C values, and an increase of R.

Calculations realized for coplanar waveguides [using software such as Txline and
Serenade] have shown that the two lines should be isolated by a dielectric of large permitivity
(&r = 12.9), a reduced loss tangent (0.001), and thickness larger than 1 pum. If the isolation
layer thickness is smaller than Ium one can induce a strong electromagnetic coupling

(“cross-talk’) between the two transmission-lines, which disturbs both the pump magnetic
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field and the probed signal. As mentioned above a decrease of the cross talk was obtained by
patterning the probe-line perpendicularly to the pump-line.

Different approaches for the fabrication of the insulating layer between the pump and
probe lines have been tested in order to minimize the RLC coupling.

In the first approach, the insulating layer is deposited on top of the CPW (fig.3.12).
However, several difficulties, which are described in the following, rendered this method less

suited.

SiO; - insulating layer

We realized two similar processes to deposit SiO, on top of the CPW on a large surface
equal to 4 x 5 mm? (fig.3.12).

In the first process — A (fig.3.12A), the SiO; is directly deposited on top of the patterned
CPW. In this case, the insulating layer follows the pump-line profile, with large variations
equal to the pump-line thickness (~250 nm). Furthermore, these large inhomogeneities of the
sample surface propagate to the probe-line, inducing large variations in the probe-line cross-
section that can be sources of reflections of high-frequency wave transmission.

In the second process — B (fig.3.12B), a quasi-uniform isolation between the two lines is
obtained if the oxide thickness is thicker than the pump-line thickness (toxige >> 250 nm). The
solution was to fill the gap of the pump-line with the insulating layer using the lift-off
technique (see figure 3.4), before the deposition of further insulating layer on the entire
surface of the sample, as shown in figure 3.12-B.

The difficulty of these two approaches (A and B) is given by the long time needed to
realize the oxide deposition by sputtering (for a rate deposition of 3.4 nm/min the time
necessary to deposit 250 nm is about 74 min!) on the available equipment during this thesis.
Furthermore, the adherence of very thick oxide layers on metallic layers such as Pt or Cu was

poor resulting in a damaged oxide layer for the subsequent preparation processes.

Pyrallin-insulating layers

A second approach was to replace the oxide-insulating layer obtained by magnetron
sputtering with a special resin named Pyrallin. The advantage of this method consisted in the
possibility to obtain a very thick insulating layer (about 5 pm thickness) in a very short time
by spin coating. Furthermore, after annealing of the resist at temperature and times following
the sequences:

» 27°C-200°C (4°/min) in air
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» 200 °C — 30 min. in air

» 200 °C—350°C (2.5 °C/min) in nitrogen;

» 350 °C — 60 min. in nitrogen;

» gradually cooling to room temperature
the resist layer becomes insoluble in acetone or other solvents. This is a necessary condition
for the subsequent preparation processes. Unfortunately, during the next step of sample
elaboration, the Pyralin layer adherence proved to be bad and it partially came off the
substrate surface.

In conclusion, the deposition of an insulating layer directly on the CPW over a large

surface of 4 x Smm was not optimum in this case.

A) . . B) . .
* pump-line patterning;  pump-line patterning;
* insulating layer deposition; * insulating layer deposition in the gap;
* probe-line patterning » insulating layer deposition;

* probe-line patterning

Insulating layer Probe-line: I— iInsulating layer Probe-line: _E
>>250nm ~250nm  — >>250nm ~250nm '

Si substrate
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~2 Sonm ~250nm

£ S S S S LS

' ]
| |
| |
| |
| |
| |
| |
! i
| |
| |
| |
| |
| |
| |
| |
! i
| |
| |
| |
| |
| |
| |
| |
| |
\ 7/

Figure 3.12
First concept in MR sample preparation

The solutions chosen to optimize the sample preparation are discussed in the following.
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Unique-ground plane

Firstly, to obtain the sample planarization before the deposition of the probe-CPW,
instead of depositing an oxide layer in the pump-CPW gap as presented above in figure 3.12B
we have chosen to embed the pump-CPW and the oxide layer in Si substrate®.

Secondly, to improve the insulating layer adherence to the metallic surface, we
minimized the surface where the pump-CPW and probe-CPW were superposed. This was

achieved by using a unique ground plane.

This process has 4 steps (see figure 3.13) which are presented in the following.

1) The pump-CPW that contains the unique ground plane for both pump and probe
CPW and the terminations of the probe-CPW centerline are embedded in Si
(figure 3.13-1).

i) The micron-sized samples of dimensions: 2 x 4um® and 4 x 8 pm®, are obtained
by IBE as shown in figure 3.13 — 2.

1i1) The etching (ionic or reactive) of the contact regions “to open” the contacts (fig.
3.13-3).

iv) CIP contacts patterning by lift-off as shown in figure fig. 3.13 — 4.

In the following section, each step of this procedure and its step-by-step characterization

are described more in detail.

? Ideally we should embed completely the pump-CPW and the oxide layer in Si. In reality, when we are
depositing the stack 1 (see process steps presented in figure 3.13) it is possible that i) a part of the thickness of
the oxide is outside the Si (if tyump-ine < trie < tpump-iine T toxide) OF ii) @ part of the magnetic stack is also embedded
in Si (lf tpump-line: * toxide < trRIE < tpump-line * toxide T tspin-valve)~
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Step no.1
Si substrate
Probe-line ﬂDUV lithography
[[] si350umy/photoresist
Ml si zsoum)
RIE: Si 250nm
stackl deposition
lift-off
Pump-line [] si350um)
B si (349.75um)sstack 1
Step no.2 DUV lithography
W Sample IBE
[ si350um)
_ B si (349.75um)/stack 2
Sample Si (349.75 um)/stack2/sample
DUV lithography

Step 1n0.3 IBE or RIE

[ si350pm)
B si (349.75um)/stack 2

Si (349.75 um)/stack2/sample
[] si(349.75um)/stack 3

DUV lithography
Step no.4 contaitisft sl())lf{;termg
T [] si3s50um)
: B si 349.75um)sstack 2
100pum

Si (349.75 um)/stack2/sample
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Figure 3.13 Lithographical procedure in MR sample elaboration

(oxide on contacts)

Stack 1: [TaSnm/Cu50nm],/Si0,50nm/TaSnm/NiFe3nm/IrMn7nm/Co3nm/Cu2.5nm/Co Inm/NiFe4nm/Pt2nm

Stack 2: [Ta5nm/Cu50nm]s/SiO,50nm;
Stack 3: [TaSnm/Cu50nm]s;
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3.4.3. SAMPLES PREPARATION FOR DYNAMIC MR MEASUREMENTS

Step no.1: CPW embedding in Si substrate (fig. 3.13 — 1)

The pattern transfer of the CPW in Si is realized using the DUV negative lithography on
a UVN2 photo-resist through a positive mask®. The CPW profile has been obtained with a
negative contrast (i.e. the Si substrate that is not-covered with the resist corresponds to the
CPW). In the next step the samples were introduced in the vacuum chamber of the RIE
installation. We have experimented two RIE processes using as reactive gases either (SFs+0,)
or (SFe). SEM images (presented in figure 3.14) were obtained on the etched samples, after
the cleaning of the sample surface of the resist in acetone in an ultrasonic bath.

RIE with respect to IBE yields an isotropic etching. This means that the etching process
may occur under the photo-resist layer, which normally is used to protect the surfaces that it
covers. Thus for long etching times and for a ratio: etched width / etched depth < 1 the
profiles of the walls might become oblique. To avoid this, usually, oxygen can be mixed with
SFs as the reactive gas at low pressure. The inconvenience is the large value of the etching
velocity of the resist by oxygen®. SFq etches also the resist but with a reduced etching rate. In
our case, the resist thickness is equal to the etching depth (about 0.3 pm). As we are interested
in keeping the resist on the sample surface after the RIE process, we had to make a
compromise between the gasses to use and the etching time.

Several RIE procedures were tested.

The first one corresponds to an etching time of about 64 minutes in SFs. We observed
that after etching there was no resist on the sample surface, the etching time being much
longer than the resist etching time. The complete etching of the resist layer was not good for
the next two processes: the deposition of stackl and its subsequent lift-off (that are presented
in the next paragraphs). However, the etching depth was about 3.55 um and the walls were
vertical and very well defined as we can observe on the image from figure. 3.14A.

The second case corresponds to a smaller etching time, about 2 minutes in SF¢. The
image presented in figure 3.14B shows that the etched depth was about 0.32 pm with well-
defined vertical walls. Moreover, the resist was not completely etched.

In the third case, for the same etching time but using an (SF¢ + O,) atmosphere, the

etched depth was of about 0.4 um as shown in figure 3.14C.

3 All the masks have a positive contrast;
* Oxygen is often used to clean the samples surfaces of resist residues
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No difference between the wall profiles corresponding to the absence or presence of
oxygen in the etching chamber was observed. Thus, we decided to use only SF¢ as etching

reactive gas for 2 minutes as etching time.

Tgi = 2min; SF

Figure 3.14
SEM images on etched Si substrates using RIE

The next process of step no.l (fig.3.13) consists in the deposition by sputtering of the
wave-guide metallic layers, the SiO, - insulating layer and spin-valve magnetic layers:
[Ta5Snm/Cu50nm]s/
Si0:50nm/Ta5nm/NiFe3nm/IrMn7nm/Co3nm/Cu2.5nm/Co I nm/NiFe4nm/Pt2nm
on the entire surface without removing the resist that remains in the CPW gap regions.
The last process of step no.l corresponds to the lift-off. One of the conditions to
accomplish is:

Total sputtered thickness < etching depth + resist thickness

In our case, this condition is fulfilled since the total sputtered thickness was about 352.5
nm, the etching depth about 320 nm, and the resist thickness larger than 100 nm’. Compared
to the usual case the lift-off process required a longer time in acetone plus ultrasonic bath

because the resist was hardened during the RIE and sputtering deposition.

5 Here, we have the case: tyump-iine (275nm) < trig (320nm) < tyymp-tine (275nM) + toyige (50nm) when a part of the
oxide layer thickness is not embedded.
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For a perfect planarization, before the sputtering of the CIP contacts, the difference
between the deposition level and Sklevel should be zero. We measured this level using the
tapping AFM technique. For a sample with a2 pm wide centerline, the difference between the
Si and sputtered layer levels was about 3.5 nm (fig. 3.15A). For a sample with 10 pm width of
the CPW centerline, this difference was about -6.8 nm (fig. 3.15B). The difference between
the two cases is probably due to the calibration precision of the RIE process that introduces
discrepancies larger than 10 nm. These values (3.5 nm or 6.8 nm) are much smaller than the
CIP contacts thickness (275 nm) that will be deposited in the last step. Hence a relatively
good planarization is obtained with this method. The peaks observed in figure 3.15
correspond to holes on the sample surface located at the line borders between the deposited
stack and Si. These could induce contacts between the pump and the probe lines. This aspect
has been characterized after the next step of the process (magnetic sample patterning) and

will be discussed in the next paragraphs.

Aot
ne

R :
8 '

" Centert

Figure3.15

Sample analysis after step no.1
usng the tapping AFM
technique
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Sep no.2: Magnetic sample pattering (fig 3.13-2)

The magnetic sample patterning contains two processes. the positive DUV lithography
to define the sample geometry and lon Beam Etching. The lithography was realized by using
the positive photo-resist: UV 3.

The resolution of the lithographic process using this resist with DUV radiation is about
0.5 pum. In our case, the minimum sample dimensions that are designed on the masks are
about 1 x 2 pn?. All the lithography steps were redlized after the alignment between two
successive masks. Since the microscope objective of the aligner had an insufficient spatial
resolution, the alignment of a 1 x 2 pm? dot on a 2 um-width line was not possible. In
conclusion, the resolution of the entire process limits the size of devices designed for MR
measurements to about 2 x 4 um?.

In order to limit the material re-deposition on the sample borders during the IBE, the
sample substrate is rotating in a plane inclined with 30° with respect to the vertical direction.
The calibration of the IBE need to be very exact since the etching should be stopped at the 50
nm oxide layer. Thisis a very important condition to respect because this oxide represents the
insulating layer between the pump- and probe- line.

The oxide layer was characterized in contact-AFM experiments. The images presented
in figure 3.16 show the oxide conductivity map, obtained with the conductive AFM
technique, in comparison withthe topographic map.

Considering a bias voltage of 45,67 mV between the ground plane of the CPW and the
AFM conductive tip, the 333 pA current peak shows a decrease of the electrical resistance at
the border between the ground plane of the CPW and the silicon of about 137 MW. This is
equivalent to a short circuit between the ground plane of the CPW and the tip through the
oxide layer. On the topographic image, we observe that the region of reduced resistance
corresponds to a “hole’, of about 125 nm depth and 156 nm width, which is due to the non
uniform deposition of the entire stack near the etched borders.

In order to reduce the possibility of a short circuit between the CIP contacts and the
lower CPW, an additional oxide layer of 30 nm was deposited using the lift-off technique,
keeping the resist on the sample®.

® Theresist used to etch the magnetic sample.
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Optical image Topographic AFM image  Conductive AFM image

bias: 45,67mV

~ 125 nm ~333 pA

~ 156 nm

Figure 3.16

(a) Optical image of the sample obtained with the AFM optical microscope; (b) Topographic and
(c) conductive AFM images corresponding to the edges between the waveguide gap and its
ground plane.

Step no.3: Oxide etching to define the contacts on the probe-line (fig 3.13-3)

After step 2 the sample is completely covered with 80 nm of SiO, except the spin valve
sample. The next step consists in opening windows in the oxide in order to define the CIP
contact regions. Consequently, this step contains a negative DUV lithography and an IBE
process. This requires a precise calibration in order to be sure to etch the entire oxide layer
(etched thickness >> 80 nm). Tapping AFM images have been realized in order to measure
the etching depth. In figure 3.17 we observe that there is a difference of about 131 nm
between the oxide and etched levels. This means that the metallic layers have been over-
etched by a depth equal to 51 nm. Since the total thickness of the metal thickness is 275 nm,
50 nm less is not important and will be filled by subsequent deposition of the CIP contacts.

Measuring the misalignment between the contact hole and the probe-line observed in
figure 3.18, we can estimate the alignment precision during the DUV lithography, which in

this case is between 1 um and 2 um.
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Contact hole
Probe-line
Si/Si0,(30nm)
Figure 3.17
i AFM characterization of the etched depth
e \ | I 131 during the third step
~ 131 nm
L«'.w&wﬂ/mw-/\ﬁl

/

Step no.4: CIP contact deposition (fig 3.13-4)

This step contains the DUV negative lithography that defines the CIP contact lines, the
sputtering deposition of the multilayer: 5 x [Ta(5nm)/Cu(50nm)]/Pt(2nm) and the lift-off. In
this case, the alignment is very important since the overlap region between the probe line and
the sample is 1 um long. Figure 3.18 presents optical images of the final samples.

The process presented above for the preparation of MR devices has some disadvantages
mostly related to the RLC coupling between the pump and probe line. This coupling is
determined on the one hand by the direct contact between the lines and on the other hand by
the low thickness of the insulating layer. This can be corrected by inverting and improving

several steps as is presented in the following two alternatives.

Figure 3.18

Optical images of the
final samples previewed
for MR measurements

4 x 8 um? samples dimensions; 2 x 4 um? samples dimensions;
10um centerline width; Sum centerline width;
6um gap between the contacts on the sample.  3um gap between the contacts on the sample.
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3.4.4. FIRST ALTERNATIVE PREPARATION PROCESS FOR DYNAMIC MR DEVICES

This alternative is very similar to the previous one and it contains an improved isolation
between the pump and probe line. It is currently being tested in collaboration with LETI —
CEA, Grenoble and has not been realized throughout this work.

The main idea is to realize the complete embedding of the metallic CPW in silicium. This
is realized using step 1 of the previous process (fig.3.13) but with a stack 1 consisting of
[Ta/Cu]s. In step 2 a thick oxide layer (thicker than 500 nm) is deposited on the entire surface.
The third step corresponds to the sample preparation by lift-off. This requires a deposition of
the spin-valve and then its etching. Since the magnetic properties of the spin valve are
influenced by the oxide roughness, before step 3 the entire surface of the oxide is planarized up
to a roughness value similar to the one of the initial substrate (RMS ~ 1-2 A). Step 4 consists in
the opening of the contacts in the oxide and the final step corresponds to the CIP contact

deposition by lift-off.

3.4.5. SECOND ALTERNATIVE PREPARATION PROCESS FOR DYNAMIC MR DEVICES

The second alternative corresponds to an inversion of the steps presented in figure 3.13.
and is about to be tested in collaboration with LETI — CEA, Grenoble.

The first step corresponds to the magnetic sample preparation by lift-off directly onto the
substrate. In step no. 2, the CIP contacts are deposited by lift-off on the sample. The third step
consists in the deposition of a thick layer of oxide on the entire sample. In the fourth and fifth
steps the pump line, the probe lines and the ground plane are deposited by lift off realizing the
contacts on the lower CIP contacts. In this way, the non-uniformities that appear between the

metallic surfaces and the Si in the first process are avoided.
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Abstract

In this chapter, we present experimental results obtained with timeresolved pump-
probe techniques. The probe consists of longitudinal and transversal Magneto-Optical Kerr
Effect (MOKE) and the MR effect. The samples consist of NiO and IrMn based spin-valves
and NiFe magnetic thin films.

We obtained the magnetization reversal by precession in 20x40pm?- sized NiO based
spin-valves and NiFe continuous magnetic thin films deposited on a glass substrate. FMR-
type experimentswere realized to measure the uniaxial anisotropy field.

Quas -static measurements were realized using both MOKE and MR effect. Smilar
results have been obtained on NiO and IrMn based spin-valve samples. These were influenced
by a very complex magnetic structure of the free layer of the spin valves.

Macrospin simulations have been realized to explain some aspects of the magnetization

precessional movement.

Résumé

Dans ce chapitre, nous présentons les résultats expérimentaux obtenus en utilisant les
techniques pompe-sonde résolue en temps. Comme sonde, nous avons utilisé I’ effet Kerr
magnéto-optique dans les configurations longitudinale et transversale et I’ effet magnéto-
résistif. Nous avons ainsi étudié des structures de type vanne de spin (couches continues et
plots de taille micronique) et des couches continues de NiFe déposees sur un substrat de
verre.

Nous avons obtenu |e renversement par précession dans des plots de 20x40pum? (avec un
empilement de type vanne de spin ou seulement une couche libre) et dans les couches
continues de NiFe déposées sur verre. Des mesures de type RFM nous ont permis de mesurer
le champ d’ anisotropie uniaxiale.

En utilisant I’ effet Kerr et |’ effet magnéto-résistif, nous avons réalisé des mesures quasi-
statiques. Les résultats sont similaires sur différents échantillons (vannes de spin avec NiO ou
IrMn comme couche antiferromagnétique) en éant influencés par la structure magnétique
trés complexe de la couche libre.

Des simulations macrospin ont été réalisées pour expliquer certains aspects liés au

mouvement précessionnel de I’ aimantation.



CHAPTER 4: M agnetization dynamicsin micron-sized spin valve elements 142

4.1. INTRODUCTION

In this chapter, experimental results obtained using the time-resolved longitudinal and
transversal MOKE and the MR effect are presented. The samples consist of NiO and IrMn
based spin-valve elements of micron-sze.

The results are organized as follows.

Section 4.2 is dedicated to the static characterization of micronsized NiO-spin valves.
From the static hysteresis loops obtained with MOKE the anisotropy and the coercive field
values are deduced, while MFM imaging is used to characterize the magnetic homogeneity of
the sample. In section 4.3 the dynamic response to easy axis and hard axis field pulses is
presented using the time-resolved stroboscopic MOKE. The dynamic response for weak
pulses is used to study the damped oscillations towards equilibrium from which the
ferromagnetic resonance frequency is deduced. Subsequently, the reversal under strong field
pulses is investigated (precessional switching). The characteristic parameters of the
precessional switching are deduced by comparing the experimenta results with the results
obtained from macrospin simulations.

In section 4.4 results on the static and dynamic MR measurements are presented for
IrMn based spin-valve structures. Quasi-static MR experiments evidenced the partial
switching by precession of the sample magnetization. The low signal/noise ratio did not allow
us to obtain a time resolved signal from these structures. This has been caused by an
important cross-talk between the read and write line as well as by the low value of the
magnetic field pulse amplitude obtained with the MR device. In consequence, the MR device
was characterized in order to distinguish the sources of the crosstalk, and the possibilities to
minimize it.

Section 4.5 presents preliminary results on the precessiona reversal obtained in

continuous films of permalloy deposited on a glass substrate.
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4.2. STATIC MOK E MEASUREMENTSOF NiO-BASED SPIN VALVES

Both continuous films and micron-sized lithographically patterned spin valve elements
have been staticaly and dynamically characterized using the Magneto-Optic Kerr Effect
(MOKE).

The NiO-based bottom spin valve structure is.

NiO(25nm)/Co(2.7nm)/Cu(3nm)/Co(0.2nm)/NiFe(10nm)
The micron-sized elements were patterned by optical lithography to a size of 20x40 pm? on
top of the centerline of a [Ta(5nm)/Cu(50nm)] x 4/Pt(5nm) coplanar waveguide of 50pum
width The fabrication of these samples has been described in chapter 3.

This spin-valve is composed of the magnetic soft bi-layers: Co(0.2nm)/NiFe(10nm) and
the hard bi-layers: NiO(25nm)/Co(2.7nm) separated by a nonmagnetic spacer of Cu(3nm).
The Co(2.7nm) layer is exchange coupled to the NiO layer that was deposited at oblique
incidence to obtain a strong uniaxial anisotropy. In this case, the exchange coupling between
the NiO anti-ferromagnetic layer and the adjacent Co layer results in an enhanced coercivity
of the pinned Co layer rather than in a shift in the hysteresis loop [Chopra2000, Chopra
2000B, Cartier 2002]. No annealing was performed on these samples. The role of the thin
Co(0.2nm) layer at the interface between Cu spacer and the free NiFe layer is to obtain the
maximum difference in scattering rates of spin “down” and spin “up” electrons at the Co/Cu
interfaces. [Parkin1993, Dieny1994]. The Cu-spacer thickness is chosen to be of 3nm. This
value is a compromise since asmaller value (~1 nm) would lead to an increased coupling
between the two ferromagnetic layers (due to the presence of pinholes or strong magnetostatic
coupling in this range of the spacer thickness) while a larger value decreases the flux of the
polarized electrons transmitted from one ferromagnetic layer to the other [Dieny1991].

The hysteresis curves, obtained on continuous films using MOKE and Vibrating Sample
Magnetometer (VSM), are presented in figure 4.1.
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Figure4.1
(@ VSM and (b) MOKE hysteresis loops obtained on the continuous film of NiO-based
bottom spin-valve

The VSM clearly shows the reversal of the soft layer for a coercive field value of about
11 Oe and of the hard layers corresponding to a larger coercive field value of about 250 Oe
(fig.4.1a). Similar results were obtained using MOKE (fig.4.1b). The different shapes of the
loops obtained by VSM and by MOKE are explained by opposite signs of the Kerr reflectivity
of the Co and NiFe layers [Kim 2002]. The minor loop (point 2 in fig 4.1 @ measured with
MOKE is shifted by 8 Oe with respect to zero field indicating the existence of a weak orange-
peel coupling between the two layers.

Asit is shown in figure 4.1, points 1 and 3 correspond to the magnetic state where the
magnetization of the soft and the hard layers are parallel while the flat region between points
2 and 3 corresponds to the anti-paralel magnetic state. In applications these two distinct
magnetic states correspond to the logical value “0” and “1” respectively.

4.2.1. MICRON-SIZED (20 X 40um?) RECTANGULAR ELEMENTS

The static characterization of micron-sized NiO-based spin-valves has been redized
usng MFM and MOKE experiments. Three different magnetic samples of the same lateral
dimensions (20 x 40 pum?) but different multilayer structures have been lithographically
patterned on top of a CPW with 50 um centerline width (fig.4.2).

) The first sample corresponds to the soft layer:

Cu(3nm)/Co(0.2nm)/NiFe(10nm)

i) The second one represents the hard layer:
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NiO(44nm)/Co(2.7nm)/Cu(3nm)
i) The third is the entire spin-valve structure:
NiO(25nm)/Co(2.7nm)/Cu(3nm)/Co(0.2nm)/NiFe(10nm)

éopl anar waveguide

Ta(5nm)/Cu(50nm)] x 4/Pt(5nm)

a)

NiFe(10nm)
B —» Co(0.2nm) E
Cu(3nm)

b)

X
=< Cu£3nm)
A Magnetic sample Co(2.7nm)

—» NiO(44nm)

0
Nireion) I
Co(0.2nm)
Cu(3nm)
_ —» Co(2.7nm)

NiO(44nm)

Figure4.2.
Micron-sized NiO-based samples derived from the spin valve structure: (a) soft layer;
(b) hard layer; and (c) the entire NiO-based spin-valve

All these samples have been deposited by sputtering. A uniaxia anisotropy has been
induced parallel to the oy-direction as shown in figure 4.2. Two types of geometries have
been realized for each of the three magnetic samples presented above (i, ii and iii). These two
geometries differ by the orientation of the element long axis as well as the orientation of the
easy axis with respect to the stripline. Notably, for

sample geometry (A), the easy axis (E.A) is perpendicular to the magnetic field
pulse (hy),

sample geometry (B), the easy axis (E.A) is parallel to the magnetic field pulse
(h).
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4.2.2. STATICMFM CHARACTERIZATION

Magnetic Force Microscopy (MFM) was used to characterize the magnetic domain
structure of the samples. MFM images of the isolated free layer (fig.4.4) revea a magnetic
contrast similar to a magnetization ripple structure [Hoffman 1968, Hubert 1998], which
reflects the irregular polycrystalline nature of the films deposited by sputtering.

Figure4.4:

MFM images of the
isolated free layer in
the center of the
rectangular sample

The corresponding images in figure 4.5a of the entire spin-valve rectangle reveal the
existence of “white” and “black” regions. The white regions increases its surface in time most
likely due to the MFM tip stray field upon scanning across the element (no external field has
been applied). A zoom reveals that the two regions correspond to two “magnetic domains’
where the ripple magnetic structure is more or less dense. For example, the zoom in figure

4.5b of a dark region shows a dense ripple contrast, similar to the contrast of the isolated free
layer of figure 4.4.
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Figure4.5:

MFM images of the spin valve rectangle:
a) The time evolution of the magnetic
contrast of the spin-valve rectangle;
b) 10 x 10um’ zoom of a dark region in
the center of the sample.

time

4.2.3. STATIC MOKE MEASUREMENTS

Static MOKE measurements were performed on 20 x 40 pn? magnetic samples along
the easy and hard axis direction From this, the easy axis coercivity and the in-plane uniaxial
anisotropy field values are estimated. It is reminded that the spatial resolution is of
15 x 15 pn determined by the laser spot diameter. The hysteresis loops, measured for all
samples presented above, are givenin figure 4.6.

The coercive fields of the isolated (Co/NiFe) soft layer are about 3.5 Oe for sample A
and 3.8 Oe for sample B, while the corresponding anisotropy fields are 20 Oe for sample A
and 15 Oe for sample B.

The coercive fields of the isolated hard layer are about 175 Oe for sample A and 140 Oe
for sample B, while the corresponding anisotropy fields are greater than 600 Oe.
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Figure4.6:

MOKE hysteresis loops for micronsized samples for externa fields applied
paralel to the ox- and oy- axis respectively; the minor hysteresis loops for the
spin-vave samples correspond to the filled-color regions.

On the hysteresis loops of the entire spin valves, we observe a coercive field of about
21 Oe (sample A) and 23 Oe (sample B) for the soft layer and 53 Oe (sample A) and 59 Oe

(sample B) for the hard layer. The minor hysteresis loop of the integrated soft Co/FeNi layer
is shifted by 17 Oe, which is attributed to a dipolar coupling between the hard and the soft

layer.
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4.3. DYNAMIC M OK E STUDIESOF NiO-BASED SPIN VALVES

The study of different dynamical processes (precessional reversal, relaxational processes
and small angles precessions) has been realized using both the longitudinal and the transversal
MOKE configurations on both sample A and sample B, as shown in figure 4.3.

Samples of type A are oriented such that the magnetic field pulse is perpendicular to the
easy axis. This corresponds to the configuration necessary to induce the precessional reversal
as well as small angle oscillations. The small amplitude oscillations have been followed using
the longitudinal Kerr effect to probe the magnetization component perpendicular to the easy
axis. For the processional reversal both the longitudinal and transverse Kerr effect have been
used.

Samples of type B are oriented such that the magnetic field pulse is parallel to the easy
axis. (fig.4.3b). For these structures, only partial reversal followed by relaxational processes
were observed. We used as pump magnetic field pulses parallel to the easy axis with durations
between 2 ns and 10 ns, and as probe, the longitudina MOKE, sensitive to the magnetization
component parallel to the pump magnetic field.

In al cases, the maximum voltage fixed on the pulse generator, 10 V, determined the
amplitude of the magnetic field. Experimentally we observed that for the same amplitude,
10V, pulses shorter than 500 ps have areal amplitude that is smaller than 10 V. For instance,
apulse of 200 ps duration and of Ug = 10 V has an amplitude of about 90%* Uy, i.e. 9 V. The
magnetic field values corresponding to pulse amplitudes between 9 V and 10 V, vary between
22.50eand 25 Oe ™.

1 In these calculations, we neglected the skin depth (equal to 22um in Cu for 20GHz) since the CPW thickness
has a much smaller value (0.225um).
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4.3

upon application of short field pulses. This has been redlized using the time resolved
longitudinal MOKE measurements on the isolated soft layer, sample A. Magnetic field pulses
of 20 Oe amplitude and of 500 ps duration have been applied for different bias fields oriented
parallel to the hard axis. The oscillations of the magnetization component parallel to the hard

1. FMR TYPE MEASUREMENTSIN THE TIME DOMAIN

The magnetization oscillations around the equilibrium effective field can be studied

axis are presented in figure 4.7A.
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A) FMR measurements and Kittel dispersion for the isolated soft layer;
B) Fast Fourier Transformations (FFT) from which the resonance frequency was deduced

with a certain precision (precision defined by Df).
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Increasing the bias field values from 0 Oe to 40.9 Oe, the oscillation frequencies
increase from 1.1 GHz to 21 GHz. The frequency vaues have been estimated after
calculating the Fast Fourier Transformation (FFT) of each experimental time-trace. The initial
FFT spectrum (which is not presented here) was characterized by a large peak. Eliminating
the first oscillation from the experimental time traces we have distinguished more precisely
the characteristic frequency corresponding to each bias Nevertheless, the calculation of the
characteristic frequency is not precise because of the non-zero width of the peak on the FFT
gpectra. In consequence we included a certain “error” for the frequency calculation (f = fo £
Df).

In figure 4.7A we present the calculated frequency values as a function of the bias field.

Using the Kittel dispersion equatior’:

f :%'\/(Hanis-l_ Ha(t)(H anis+ He(t + MS) (41)

we can fit this variation as a function of five parameters: i) the anisotropy field, Huis, ii) the
Ms value, iii) the g value 3, iv) the error corresponding to the external magnetic field values
(DHext)* and v) the error corresponding to the resonance frequency (Df).

Using the formula: f = Df +(g * const * sqrt((Hanis + Hext + DHext)* ( Hanis + Hext + DHext
+ My))) the experimental data are well fitted for an anisotropy field about 19 Oe, a saturation
magnetization of about 800 emu/cm?®, a g value of 2.17, an external field error of 0.5 Oe, and
a resonance freguency error of -0.3 GHz We observe that the anisotropy value obtained from
the fit (20.17 Oe — fig.4.7) has the same value as the one obtained in the static measurements
(20 Oe - fig. 4.6). The values obtained for g and M are in agreement with the values obtained
in the literature [Silval999, Lopusnik2003, Nibarger 2003].

It should be noted that time traces calculated from a macrospin model which uses the
values of parameters deduced above, do not fit all the experimental oscillations of figure 4.7.
We suppose that the magnetic field pulse excites several frequencies in the magnetic samples
due to either a relatively strong field pulse or the finite sample size and sample inhomogeneity
of the magnetic state. In this case further investigations are required in order to determine
more exactly the characteristic frequencies of the magnetic system and the above analysis

corresponds to an average behavior.

2 equation written in the International System of Unities;
34—
9= /s
* During measurements, the magnetic field val ues have been recorded with a certain precision (+ DHey), Which, in
this case, is taken into account.



CHAPTER 4: M agnetization dynamicsin micron-sized spin valve elements 152

4.3.2. HYSTERESISLOOPSIN THE PRESENCE OF SHARP MAGNETIC FIELD PUL SES

Magnetization hysteresis loops of the type A spinvalve element as well as of the
isolated soft layer element Q0 x 40 pm?) have been recorded in the presence and in the
absence of magnetic field pulses. This has been done for easy and hard axis hysteresis loops
with the external field applied parallel to the transversal Hiransversal) respective longitudinal
(Hiongitudina) directions (see sample configurations on figures 4.3 and 4.8). The transversal and
respective longitudinal directions have been defined with respect to the experimental MOKE
configurations (see chapter 2). More precisely, the transversal (longitudinal) direction
corresponds to the direction that is perpendicular (parallel) to the pulse magnetic field as
indicated in figure 4.8.

External field parallel to the transversal direction

20 x 40 pn? sized spin valves
Figures 4.8al and 4.8b1 present respectively the transversal and the longitudinal Kerr
easy axis hysteresis loops obtained in the absence of pulsed magnetic fields.

The transversal loop (fig.4.8al) presents the variation of the magnetization component
that is parallel to the external field H_, °. We can clearly observe the magnetization reversal

corresponding to the free and hard layer of the spin — valve with a coercive field value of
about 25 Oe for the free layer and of 53 Oe for the hard layer.

The longitudina loop (fig.4.8b1) presents the variation of the magnetization component
that is perpendicular to the external field. This component should be zero at saturation when
the magnetization is aligned paralel to the external field. For magnetic fields smaller than the
saturation field, processes such as domain nucleation, domain wall displacements and
coherent/incoherent rotation may occur determining, for an external field equal to the coercive
field, the magnetization reversa. On the experimental curve we observe two peaks that
correspond to the coercive magnetic states of the free layer and a smal variation
corresponding to the hard layer. The amplitudes of these peaks are related to the variation of
the magnetization component that is perpendicular to the external field during the
magnetization reversal dominated by the magnetization incoherent rotations. Supposing that
the magnetization at the positive saturation (Hs: > 0) is orientated to the right, the positive and

® Inversed shape asin figure 4.1b
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respective negative peaks correspond to the anti-clock-wise rotation of the magnetization. On
the longitudina loop the Kerr-intensity values at saturation (positive and negative) should be
the same since the longitudina component of the magnetization is zero. In this case we
observe a certain difference between the Kerr intensities at positive and negative saturation,
which can be explained as a misalignment between the incidence plane of the Kerr

experimental set-up and the external field direction.
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Figure4.8

Longitudina and transversal hysteresis loops obtained in the absence and presence of magnetic
field pulses.

We redlized the same measurement in the presence of magnetic field pulses, applied
perpendicular to the external field (and thus along the hard axis). These field pulses have an
amplitude of 25 Oe, with a duration of 7 ns and a repetition rate of 100 KHz. It is noted that
the signal for each field value on the hysteresis loop is averaged over 300 ms (time constant
of the lock-in), while a single magnetic pulse is applied every 10 ys. This yields tens of
thousands of pulses per measured point. It is furthermore noted, that the time between each
pulse (10us) is considerably longer than the magnetic relaxation time of a few ns, see for
example figure 4.7.
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On the longitudina loop, we observe two positive peaks (fig.4.8cl) instead of one
positive and a negative one as in figure 4.8b1. Furthermore, the amplitude of the two peaksis
larger in the presence of magnetic field pulses (fig.4.8c1) thanthe amplitude of the two peaks
in the absence of magnetic field pulses (fig.4.8b1). This isexplained by the presence of pulsed
field, which provides a bias during the magnetization rotation From positive to negative
saturation the magnetization executes an anti-clock-wise rotation while from the negative to
positive saturation the magnetization executes a clock-wise rotation, favoring an intermediate
orientation for the magnetization that is parallel to the excitation magnetic field pulse.

Similar experiments have been performed on the isolated 20 x 40 pn? — sized soft |ayer.
The results are presented in figure 4.8a2, b2 and c2 in the absence and respective presence of
magnetic field pulses. In the presence of perpendicular pulsed fields, the longitudinal loops
reveal two positive peaks. It is furthermore noted that, in this case, the vaue of the coercive
field decreases from 5 Oe in the absence of magnetic field pulses to about 3 Oe in the
presence of magnetic field pulses.

In order to explain this decrease of the coercive field of a micronsized sample,
characterized by a complex magnetic structure, we will compare the equilibrium states of a
macrospin system with the equilibrium states of a complex magnetic systemin the presence

of excitation magnetic field pulses.

Macrospin system

Successive magnetic pulses of 2 ns duration, delayed by 10 ps, determine a decrease of
the barrier height between two minima, during the time of the pulse, and an increase of the
barrier height during the interval between pulses (see figure 4.9 and figure 1.10 from chapter
1). The decrease/increase of the barrier height is reversible in the macrospin mode.

Complex magnetic system

In the case of a magnetic system, characterized by a very complex magnetic structure
(e.g. magnetization ripple structure and inhomogeneous demagnetizing fields from sample
edges), in the presence of magnetic field pulses of duration d and delayed by Dt, one can
define two magnetic states corresponding to the intervals d and Dt. The variation of the
energy of this magnetic system between the two states is not always reversible (as for a
macrospin system) because of multiple irreversible processes that may occur (e.g. the
irreversible processes due to impurities or defects that act as blocking centers on the domain

wall propagation). Furthermore, successive pulses of the same polarity would propagate
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domain walls by aways increasing the favored domains, if the magnetization in these
domains is parallel to the magnetic field. Thus, it is possible that after the first magnetic field
pulse the system will not completely relax toward its initial state. The second pulse will
induce a new irreversible state, and so on. Furthermore, considering that the amplitude of the
magnetic field pulses ( 20 Oe - 25 Oe) is comparable to the uniaxial anisotropy field (20 Oe),
we can suppose that certain magnetic field pulses might localy induce reversed magnetic
domains and initiate the reversal at a lower coercive field.

Macrospin system:

o N NS S
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Figure 4.9: The influence of successive pulses applied perpendicular to the
EA on amacrospin system or on magnetic systems characterized by a more
complex structure (e.g. ripple magnetic structure)

Furthermore, after tens of thousands of similar irreversible processes induced by

thousands of magnetic field pulses, the static hysteresis loop characterizes the variation of an

”6

“averaged magnetization vector”® that is oriented away from the uniaxia easy axis direction.

Due to this deviation, the angle between the magnetization orientation and the external field is

® averaged over tens of thousands pulses
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smaller than 180°, and in consequence, the coercive field decreases (with respect to the case
of al80° angle between the magnetization and the external field as in the absence of magnetic
field pulses).

External field parallel to the longitudinal direction

A similar decrease of the coercive fidd, was observed on the same sample but for an
external magnetic field perpendicular to the easy axis and parallel to the pulsed magnetic
field. This decrease is explained similarly as described above.

Applying an external magnetic field parallel to the hard axis of the sample (longitudinal
direction) we evidenced a decrease of the coercive field value in the presence of magnetic
field pulses of 16 Oe amplitude, 2 ns duration and 100 KHz repetition rate (fig.4.10) from
8 Oeto about 2 Oe. The decrease of the coercive field can be explained as above.

This configuration has been used to measure time-traces corresponding to the

magnetization dynamics induced by pulses of 25 Oe amplitude and 5 ns duration.
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Hard axis hysteresis loops obtained in
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: e field pulses obtained with the
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In the following, we present time-resolved MOKE results obtained on samples A and B.
The first result corresponds to the magnetization large angle deviation observed for pulse

amplitude of 25 Oe and durations larger than 2ns.
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4.3.3. LARGE-ANGLE MAGNETIZATION ROTATIONS OBSERVED WITH THE TIME-RESOLVED
STROBOSCOPIC MOKE

Sample A — spin valve

In order to investigate large angle rotations without reversal, we recorded stroboscopic
time traces on 20 x 40 pm? spin valves whose uniaxial the easy axis is oriented perpendicular
to the magnetic field pulses. Both static and dynamic experiments were performed using the
longitudinal MOKE where one measures the magnetization component parallel to the pulsed
magnetic field (see the insets of figures4.11 —4.13).

The datic hysteresis loop with a field applied perpendicular to the easy axis reveds a
typica hard axis loop, see figure 4.11. The reversal of the soft and respectively hard layer of
the spin valve are not resolved and we can only deduce the anisotropy field of the entire spin
valve which is about 55 Oe.

The dynamic measurements were realized in zero-bias field that corresponds to two
possible remanent states. On the hysteresis loop these are represented by points B and A
obtained after sample saturation in respectively positive and negative external fields. (fig.
4.11).

Remanence B; H,, > 0 Remanence A; H; <0
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Figure 4.11: Large angle magnetization deviation and small angle oscillations induced by
large magnetic pulses 250e/5ns

On figure 4.11b and c, the time traces obtained for magnetic pulses of 25 Oe amplitude
and 5 ns duration are shown for both remanent states. Due to the relatively large amplitude of
the pulsed field and the long duration, the magnetization reorients during pulse application
into its new effective field direction, determined by the vectoria superposition of the
anisotropy field and the pulsed field. This reorientation induces a variation of the Kerr signa
from point A to C and from point B to D for the two remanent states resepectively. We

observe that for the same pulse amplitude we obtain a larger variation of the signal in case A
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(fig.4.11¢c) than in case B (fig.4.11b),, However the fina signa level is the same
corresponding to a longitudinal magnetization component with a value of about 0.6 Ms.
Assuming coherent rotation of the magnetization from, this state would correspond to a
deviation of the magnetization with respect to the longitudinal axis of about 53° a 54° as
shown in figures 4.11b and c.

The aignment of the magnetization parallel to the effective field (during the pulse
duration — 5 ns — and after the pulse is stopped) is realized by small angle attenuated
precessions of the magnetization around the effective field direction that takes about 3 ns. On
figure 4.11b and c these precessions appear as small amplitude oscillations of the longitudinal
component of the magnetization. These are characterized by frequencies around 1.15 GHz.

Similar experiments were realized on spin valves characterized by an easy axis parallel
to the pulsed magnetic field (sample B). Time-resolved results obtained in the longitudinal

MOKE configuration are presented in the following.

Sample B — spin valve

Static and time-resolved stroboscopic measurements were realized on 20 x 40 pm? spin-
valves — sample B. As in the previous case, we measured the magnetization component
parallel to the pulsed magnetic field. We used pulses of 25 Oe amplitude and durations equal
to2ns, 5 ns, 8 nsand 10 ns.

On the static hysteresis loop, fig. 4.12a, one distinguishes between the reversal of the
soft and hard layers. The static measurements on the spin valve sample revea a maor
hysteresis loop centered in zero field and two minor loops that are shifted by about £17.5 Oe
(fig.4.12a—loops | and I1).

The dynamic measurements were realized for a bias fiedld of about —17.5 Oe
corresponding to point A on figure 4.12a. In order to have the same initial magnetic state
before each excitation, we used an open termination of the CPW that determined two
magnetic pulses of opposite polarity. The delay between the two pulses was about 17 ns.

Due to the geometry, the pulsed field is now paralléel to the easy axis and will not induce
a precessiona reversal. However, since the pulsed field amplitude is larger than the static
coercive field, a reversal or partial reversa can be induced [Choi2001, Choi2001B,
Koch1998]. The time-traces in fig. 4.12a revea a partial reversal of the magnetization for al
the pulse widths (2 ns, 5 ns, 8 nsand 10 ns).

The incident magnetic pulse has not sufficient amplitude and width to realize the
complete reversal of the magnetization.
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All traces are characterized by a fast rising edge of the magnetization, which reaches
about the same signal level, followed by arelaxation, where the signal level slowly decreases.
Hence upon increasing pulse width from 2 ns to 5 ns, the total Kerr signal variation is larger.
A likely process might be a partia reversal of the magnetization (by either rotation or wall
nucleation) and a subsequent wall propagation under the pulsed field, which tends to increase
the reversed domain volume [Choi2001, Choi2001B, Koch1998]. For the back reversal we
observe a similar effect, however the relaxation is much slower. Unfortunately, there was no
possibility to increase the magnetic pulse amplitude since we used the maximum voltage

delivered by the pulse generator of 10V.
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In order to analyze the fast rising edge, we compared the experimental results to
the macrospin simulation (details see section 4.2.7.4.) upon using the following
parameters:

Damping constant a = 0.02, Landé factor g = 2.18, in-plane demagnetizing
factors: Nx = 0.0012 and Ny = 0.0006 0006 (corresponding to an ellipsoid of
20 X 40 pum?)
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The wiaxia anisotropy field and the initial magnetization quasi-parallel to
the longitudinal axis (there is a small misalignement ~ 1° between the initial
direction of the magnetization and the longitudinal axis); H, = 21.5 Oe; M
= 800.4 emu/cm?®.

Incident magnetic field pulse of 25 Oe amplitude and 2 ns, 5 ns, 8 nsand 10
ns durations applied anti-parallel to the initial magnetizationdirection;

The results are presented in figure 4.12b. For the macrospin simulations, we have
chosen a large anisotropy field (21.5 Oe) in order to obtain partia reversal of the
magnetization. Lower values for the anisotropy field lead to a complete reversal of the
longitudinal magnetization.

From the macrospin simulations when the pulse is stopped, the magnetization returns to
theinitia direction very rapidly obtaining a very sharp transition.

On the experimental time-traces obtained for pulse width of 5 ns, 8 ns and 10 ns just
after the pulses are stopped we observe sharp variation of the magnetization as in the
macrospin model followed by relaxational processes corresponding most likely to domain
wall displacements.

On the experimentally time-trace corresponding to magnetic pulses of 2 ns width, the
relaxational processes do not appear because the pulse width is to short to induce an
observable relaxation effect.

Sample B — isolated soft layer

Similar results have been obtained for the isolated Co/NiFe free bi-layer (fig.4.13).

In this case, we used only one magnetic field pulse, obtained with a 50 W termination on
the CPW. To assure the same magnetic state before each pulse, we kept a bias field between —
10 Oe and —7 Oe. Pulses of 20 Oe amplitude, 5 ns widths and two different bias fields,
partidly reverse the magnetization from point A to B or C. Pulses of 10 ns width induce a
larger variation of the Kerr signal (from point A to D) that determines alonger relaxation time
(~50 ns).
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Figure4.13
Partial reversal of the magnetization of 20 x 40 pn¥ — sized soft layer by magnetic pulses of 25 Oe
amplitude and 5 ns, 10 ns durations applied antiparalel to the initial magnetization

In conclusion, sections 4.3.2. and 4.3.3 represent the validation of the dynamic
experimental setup by measuring time-traces characterized by a time resolution of tens of
picoseconds using the stroboscopic Kerr effect for different configurations of the field pulse
with respect to the uniaxial anisotropy direction. Furthermore, we evidenced the decrease of
the coercive field in the presence of magnetic field pulses and partia reversal of the

magnetization induced by pulses of several nanoseconds duration.

In the following we present the time resolved magnetic response of sample de type A to
shorter magnetic field pulses of duration of some hundreds of picoseconds, applied

perpendicular to the easy axis.
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4.3.4. PRECESSIONAL REVERSAL
4.3.4.1. EXPERIMENTAL EVIDENCE FOR PRECESSIONAL REVERSAL

The precessional reversal consists in the magnetization switching in half of a precession
cycle induced by short magnetic field pulses applied perpendicular to the easy axis (see
chapter 1, section 1.7.3). In this case, the magnetic field pulse acts like a “ trigger” of the
precessional motion, while the demagnetizing field is the “ motor” of the reversal.

As pump, we used short magnetic pulses, of some hundreds of picosecond duration arnd
of maximum 25 Oe amplitude. These are applied perpendicular to the easy axis of a
20 x 40 unt — sized isolated soft layer or spin-valve structure (samples A in figure 4.2). The
time-resolved measurements of the magnetization dynamics were realized using the
transverse MOKE, stroboscopically synchronized to the pump as detailed in chapter 2.
Transverse MOKE corresponds here to the measurement of the magnetization component
perpendicular to the pump magnetic field as shown in figure 4.3. In a stroboscopic
measurement, the magnetic state of the sample before each pump and probe pulse must be the
same. In our case, supposing that the first pump pulse realizes the magnetization switching
from +M to —M, we need a second pulse to reverse the magnetization back to + M, before the
following probe pulse is triggered. In consequence, the second magnetic pulse has to be
triggered in the interval between two successive laser-probe pulses. Experimentaly, we
realized this using a short-ended CPW that produces a reflected magnetic pulse of the same
polarity, but that is delayed with respect to the incident magnetic pulse by about 15 ns (fig.
4.14A). The delay vaue is given by the length of the cable between the CPW-end and the
short-circuit. Since the resistance of the CPW is not negligible (R ~15 W), some part of the

incident power is lost in the line by Joule dissipation In consequence, the reflected pulse has

a smaller amplitude with respect to the amplitudes of the incident pulse (h; » 0.85 ><hip from

TDR measurements).

The effect of the incident and the reflected magnetic pulses on the transverse
magnetization component is summarized in figure 4.14B for the isolated soft layer for
different values of the pulse widths (300ps, 350ps, 400ps, 450ps, 500ps, 600ps, 650ps and

700ps) and amplitude of about 250e. Each of these curvesis the average of at least eight time
traces.
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First, we consider the time trace obtained for pulse width of 400ps (fig.4.14 - 3). For the

initial magnetization, M, , oriented to the left in figure 4.14 — 3 the incident magnetic pulse,
hi, perpendicular to M, , induces a transition from M, to M., while the second pulse resets

the magnetization from M, to M,. Comparing this variation with the static magnetic curve,

we conclude that M, corresponds to a complete reversal of the magnetization.

To demonstrate this as a reversal by precession, we have to consider the characteristic
parameters of this type of switching (see figure 1.12 from chapter 1):

1. The precessional switching is characteristic to in-plane magnetized thin magnetic films,
capable of creating large demagnetizing fields (hq >> H,) along one direction;

2. The magnetic films are characterized by a uniaxial anisotropy, that stabilizes the
magnetization direction;

3. The pump magnetic field is perpendicular or quasi-perpendicular to the initial direction
of the magnetization (or the easy axis— EA);

4. The pulse width (Dt) should have values in the same range as the precession period T,
in order to induce reversal in plane in a half-precession period. Increasing the pulse
width, the magnetic states induced change from reversed to nonreversed states. The
influence of the pulse amplitude and width on the magnetization switching was
evidenced in 2003 by Schumacher et al. [ Schumacher2003].

The first three points are accomplished by the experiment since these results have been
obtained on a permalloy thin film element of 10 nm thickness with a uniaxial anisotropy field
about 20 Oe and magnetic field pulses of 25 Oe applied perpendicular to the easy axis. The
demagnetizing factor corresponding to the film thickness is close to 1, determining a very
high demagnetizing field for alow value of the magnetization component perpendicular to the
film thickness. As mentioned in chapter 1, an out of plane deviation of 1° of the
magnetization corresponds to a demagnetizing field perpendicular to the film plane: of 1830e
for M JYIPe = 853 emu/cnt, a value that is much larger than the anisotropy field value, 200¢".

As we have shown in section 4.2.4, the FMR freguencies in this sample lies between 1.1
GHz and 2.1GHz for bias fields between 0 and 410e. The frequency values correspond to
complete precession periods between 500ps and 900ps. From the Kittel equation of dispersion
(eg.4.1), the precession times decrease for higher fields (for 4300e the extrapolated

! Macrospin simulations (see section 4.2.7.3) revealed an initial deviation out-of-plane of the magneti zation of
about 2.5° that deter mines demagnetizing field about 4300e.
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frequencies are 6.3GHz that corresponds to precession periods of 160ps). The third point is

accomplished using pulse widths values in the same range as the precession periods (pulse
widthsT 300ps— 700psin figure 4.14).

A) Two magnetic pump pulses:
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Figure 4.14
Transversal MOKE measurements that evidenced the precessional reversd in the isolated
free layer of the spin valve structure

For pulse width of 300ps (fig.4.14 — 1), we observe no switching. The pulse width or
amplitude, is not large enough to induce the magnetization reversal. In consequence, after the
pulse is stopped, the magnetization relaxes back to its initia state. For larger pulse widths,
350ps, 400ps and 450ps (fig.4.14 — 2, 3 and 4) and 250e amplitude, we observe that the
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magnetization switches between the two levels, M, and M, by a process that corresponds to
the magnetization reversal by precession, asjustified above.

The precessiona reversal, at least for a macrospin system, is characterized by two
discrete remanent states corresponding to non-reversal and to complete reversal. In contrast to
this, larger widths of the pulses resulted in our experiments in intermediate magnetic states
defined by the ratio: 0 < DM ; /M ¢ < 1 (0 corresponds to non-reversal and 1 to reversal), that

were observed for pulse durations of 500ps, 600ps, 650ps and 700ps (fig.4.14 — 5, 6 and 7).
Here, DM corresponds to the difference of the signal levels before and after the incident

pulse. In order to understand this reduced remanence we have to consider that one point on
the experimental stroboscopic time-trace represents an average value over tens of thousands
of individua switching events. In this context, one question is. What happened after one
single switching event?

To answer this, quasi-static experiments were realized to measure the remanent state of

the magnetic sample after successive field pulses. These will be detailed in the following.

4.3.4.2. REDUCED REMANENCE

We have statically measured the remanent state after single switching everts, induced
by pulses of 25 Oe amplitude delayed by 5 seconds, using the transversal MOKE. These
‘single shot” measurements were realized for the same bias field, pulse width and amplitudes
as in the stroboscopic measurements, but with a 50 W termination © suppress the reflected
pulse. The results are presented in figure 4.15 for three different pulse widths of 100ps, 300ps,
and 400ps.

This type of experiment characterizes more generally the switching probability and
stability of a device. The remanent state in the stroboscopic data, defined by DM in figure
4.14, can be deduced from the quasi-static measurements as the average value of the remanent

states, M, (fig.4.15), after single switching events using the formula:

1 &
DM = W><é’[ DM}, (4.3
i=l

For pulse width of 400ps, the switching is quasi-perfect, the value of DM |, being equal

to 2Ms for each pulse®. In this case, the switching probability of 72 events (in the interval of

2 The magnetization varies between Ms (reversal) to -Ms (non-reversal) after each pulse.
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measurement of about 6 minutes) is about 100%. The average value of the remanent

magnetization is:DM; =2M g, a result that has also been obtained with the stroboscopic

measurements (see figure 4.14-3).

The switching stability is characterized by the magnetization stability in the time-
interval between two successive magnetic field pulses, which in our case is 5 sec. During this
time, the magnetization value does not change.

For pulse widths of 300 ps, and 100 ps we observe switching events with DMg smaller
than 2Ms. This effect is more pronounced for 100 ps than for 300 ps or 400 ps. Quasi-static
measurements realized for larger widths of the pump pulses (500ps, 600ps, etc.), yield a
similar result as the ones presented for 100ps or 300ps in figure 4.15. To explain this, we have
to consider the complex magnetic structure that was observed on the MFM images (fig.4.4
and 4.5). In this context, we can consider that before each magnetic field pulse the local
magnetization is characterized by a distribution of its orientation with respect to the magnetic
field direction. Macrospin ssimulations, which will be presented in section 4.2.7.4, lead to the
conclusion that the switching depends strongly on the value of the angle between the initial
orientation of the magnetization and the perpendicular direction to the pulsed magnetic field.
In consequence, partial switching processes occur only in those regions where the
magnetization is amost perpendicular to the magnetic field pulses.
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The reduced remanence observed on the stroboscopic time-traces presented above
(fig.4.14) can be dso a consequence of the switching failure that is obvious for pulses of

100ps durations (points 1 and 2 on the figure 4.15). Considering that, initially the odd pulses
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switch the magnetization toward the +1 state, and that the incident pulses sample the
transition to the positive remanent state +1, one switching failure will determine a sampling of
a negative remanence instead, until the next switching failure occurs. One switching failure in
the middle of the time-measurement (~300ms) determines zero signal in a stroboscopic
measurement. As a consequence, the average value in the stroboscopic experiment will be
much reduced, even though the sample might have more or less completely switched. The
presence of strong fluctuations as well as the probability for a switching failure to occur is
larger in the transition range from reversal to nontreversal. In this context, it is interesting to
note that for pulse widths of 100ps the quasi-static measurements (fig.4.15) show that the
complete reversal can be induced although the stroboscopic measurement indicated zero
remanent value (DM = 0).

In conclusion, the reduced remanent state observed on the stroboscopic results
corresponds i) to the partial magnetization switching where only a part of the sample volume
is reversed, and ii) to the switching faillures. An important aspect to retain is that a zero
stroboscopic result is not equivalent to the absence of precessional switching processes.

The precessional character of the magnetization switching detailed above is more
obvious when one represents the magnetization trajectory. The experimental traectory of the

magnetization will be presented in the following section.
4.3.4.3. M AGNETIZATION TRAJECTORY

We measured the longitudinal and the transverse magnetization components using time-
resolved MOKE experiments. The planar representation of the two components yields the
magnetization trgjectory in the film plane. From this, one evidences the precessional character
of the magnetization switching by precession.

The longitudina and transversal stroboscopic time-traces were obtained using the
geometrical configurations presented in figure 4.3a. The results are presented in figure 4.16
for pulse widths values of 300ps, 350ps, 400ps, as well as the magnetization trajectory for
300ps pulse width.

These results show very clearly the magnetization reversal in half-precession cycle. The

first pulse, h!, induces the fast magnetization reversal from the left orientation to the right

and the reflected pulse, ﬁ; from the right to the left.
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Furthermore, the two successive field pulses of the same polarity reverse the

magnetization along similar trgectories. In particular, the longitudinal magnetization

component my is aways positive for the initial and the back reversal (fig.4.16). Thisis due to

the fact that the torque - M~ h_(t) exerted by the incident and reflected field pulses induces

opposite out of plane magnetization components for the initial and the reversed

magnetization. As a corsequence, the initial magnetization precesses in a clockwise rotation

sense around the out of plane demagnetization field while the reversed magnetization

precesses in an anticlockwise rotation sense.
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The stroboscopic time-traces obtained with time-resolved longitudinal and transversal
MOKE for 300ps, 350ps and 400ps. Magnetization trgjectory in the precessiona
switching corresponding to a pulse width of 300ps.

(Ar) 1M

In contrast to the transverse component, the longitudinal component shows weak ringing

and arelaxation of afew ns (fig.4.16). The oscillations of the longitudinal component of the

magnetization are more visible (these are proportional to cosg, where g is the angle between

the magnetization and the pulse direction) than the ringing of the transverse component



CHAPTER 4. Magnetization dynamicsis spin valve micron-sized elements and continuous films 169

(which is proportional to sinqg). The fact that some ringing is visible might be attributed to the
relatively larger oscillation amplitudes.

More observations concerning the results on the precessional reversal have been
evidenced from the comparison between the experimental data to macrospin simulations.

They will be detailed in the following.

4.3.4.4. M ACROSPIN SIMULATIONS

A better understanding of the precessional magnetization dynamics (reversal as well as
small angle precession) is possible by comparing results to simulation for a macrospin system
solving the LandavrLifshitz —Gilbert equation (eq.1.18b, chapterl) for.

It is noted that care has to be taken when comparing the experimental results to
simulations since the real system is far from being a single macrospin (see MFM image in
figure 4.4).

Considering the reduced terms:

m(mx,my,mz)zMﬂ, hih,.h,.h,)=—2 and t =t M, (4.4)

S S

the LandaurLifshitz —Gilbert equation transforms to the system:

ﬂTX = 1+1a (m h,- m,h )+a ><my(mxhy- ) a>m,(mh, - mh )] f ( x’my’mz)
ﬂ1;tf1y _. 1+1az (mh, - mh,)+a>m,(mh, - mh,)- a>m (mh, - mh )=t (m.m,m) 45
1T‘”_th: 1_:51 [(”Lh -m, h )+a xm (mzh m,h ) axm ( h, - mzhy)]z fz(mx’my’mZ)

The equations 4.5 were integrated using the 4" order Runge-Kutta method [Numerical
Recipes], which is detailed in Annexe 4.

The macrospin simulation results were compared to the experimenta time-trace
obtained on the isolated micronsized soft layer (sample A), in a MOKE experiment, for
incident pulses of 25 Oe amplitude and 300ps width as shown in figure 4.17°. The uniaxia
anisotropy is parald to the ox-axis and has a value about 20 Oe as obtained from the static
measuremerts (fig.4.6) and fromthe FMR results (fig.4.7).

3 This experiment was realized in a different moment with respect to the one presented in figure 4.14 and
different experimental conditions (as the focusing on different regions on the sample) determined changes in the
stroboscopic response, as the precessional reversal obtained for smaller pulse widths.
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Using the parameters:

a=0.013,g=218 N,=0,N, = 0;

H, = 200e (|| ox);

hp, = 250e (|| -oy), pulse rise-time = 55ps, pulse fall-time = 60ps, pulse width = 300ps;
Ms = 800.4 emu/cnT (magnetization initial orientation parallel to (—ox) axis);

we obtained the simulated curve presented in figure 4.17.

Z00m

------ macrospin smulations
—— experimental result

-- macrospin smulations
Experimenta result

15 1:0 ]:5 2,'0 2:5 3:0 3I.5 40
Time (n9) Time (ns)

Figure4.17

Precessonal reversal of the
magnetization: experimental and
simulated time traces

Comparing the experimental time trace to the smulated curve around the rising edge of
the pulse one can distinguish:
1) A larger switching time in the experimental case (~1ns);
i) The existence of an undershoot just before the magnetization reversal;
Iii) The absence of the oscillations after the magnetization reversal on the experimental
time trace.
In the following, we discuss each of the three aspects mentioned above as a function of

the damping, a, the anisotropy field, Hy, the magnetic pulse amplitude h,, and width w, and of
theanglej between the easy axis and the ox-axis (fig.4.17).
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i) The switching time

Due to the undershoot, a 10% - 90% value for the reversal time cannot be defined.
Therefore, the estimated value of 1.2 ns for the experimental switching time corresponds to
the start of the pulse and the point where the magnetization first reaches its final value. The
switching time in the experimental case is larger than in the ssimulated time trace, which is
estimated to be about 0.4ns.

This can be explained considering that the dynamic processes of a very complex
magnetic structure introduce a supplementary damping that can be envisaged in the macrospin
simulations by the increase of the effective parameter a.

In the following we will analyze the dependence of switching time on the damping
parameter, magnetic pulse amplitude and anisotropy field values.

The values of the other parameters used in the macrospin calculations are:

g=218,Ny=0,N,= 0;

Hy [] ox;

h, || -0y, pulse rise-time = 55ps, pulse fall-time = 60ps, pulse width = 300ps,
Ms= 800.4 emu/cnT (magnetization initial orientation parallel to — ox - axis);

Switching time as a function of effective damping

Figure 4.18a presents the simulated time-traces for 4 different values of the damping
parameter, a = 0.013, 0.02, 0.03, and 0.035, for an anisotropy field about 20 Oe and pulse
amplitude of 25 Oe. Comparing them to the experimental results, we observe that increasing
the damping parameter, the switching time of the magnetization is also increased. This is due
to a slower response of the magnetization to the excitation pulse. We observe that for about a
= 0.02 the inclinations of the experimental and simulated time-traces are about the same.
Nevertheless, because of the undershoot just before the magnetization reversal, the
experimental time-trace is shifted with respect to the simulated data by about 250 ps.

The switching time dependence on the magnetic pulse amplitude (hp)

Figure 4.18b presents the smulated data for 5 different values of the pulsed field
amplitudes, hy, = 25 Oe, 17 Oe, 16 Oe, 15.75 Oe for an anisotropy field of about 20 Oe and a
damping parameter of 0.013. We observe that decreasing the pump amplitude, the system
response is longer, and consequently, the switching time is increased. For a small value of the
pulse amplitude (16 Oe) the switching time is very long ( >1 ns). In this case, the

magnetization motion is delayed after arotation of 90° and finally relaxes parallel to the
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reversed state. Decreasing the amplitude to 15.75 Oe the magnetization reaches the 90°

deviation and finally relaxes to the nonreversed orientation.

The switching time dependence on the magnetic anisotropy (Hy)

Similar results have been obtained increasing the magnetic anisotropy value. Figure
4.18c presents the simulated curves for 5 values of the anisotropy field, 20 Oe, 35 Oe, 36 Oe,
36.75 Oe. For an anisotropy field about 36.75 Oe the magnetization deviates by about 90° and
then relaxes to the nonreversed state. For values about 35 Oe or 40 Oe we obtained longer
switching times but the shift between the experimental and the simulated traces is about the

same as in the previous cases.
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In conclusion, the reversal is produced if the energy given to the system by the externa
magnetic pulse is sufficiently high to pass the potential barrier corresponding to the
precessional switching. By increasing the damping parameter, and the anisotropy field or by
decreasing the pulse amplitude, the ratio: pulse energy over the damping in the magnetic

system is decreased and for certain values of these parameters, the switching fails.
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We analyzed the dependence of the magnetization switching on the ratio hy/Hy for four
values of the damping parameters (0.013, 0.02, 0.03 and 0.035). For this, pulse amplitude —
anisotropy field diagrams have been calculated using the macrospin model. The results are
presented in figure 4.19. The light-gray or dark-gray regions correspond respectively to the
(hp, Hy) values for which the magnetization is reversed (R) or nonreversed (NR). The
transition from reversal to nonreversal regions corresponds to the linear dependences.

> fora=0013; h'™ =055xH,+4.7

> fora =002 h™ =058xH,+65
> fora =003 h™ =062xH,+9.3
>

p

fora =0.035; hy™ =0.63xH, +11

50F

SO0 0 0EE0EEaaaa8aE 0 a8
.

Figure4.19: Pulse amplitude — anisotropy field switching diagram calculated for
a = 0.013,0.02,0.03 and 0.035
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The (hp, Hy) values corresponding to the transition between reversal and nonreversal
regions have corresponding time-traces similar to the ones obtained for hy, = 15.75 Oe and for
Hy = 36.75 Oe that are presented in figure 4.18b, c.

We observe that increasing the damping parameter while keeping a constant value of the
anisotropy field, we need a larger value for the pulsed magnetic field to obtain the reversal.

In conclusion, as a function of a, h, and Hy, values, the switching time may vary
between 0.4ps to 1ns as shown in the examples presented above. Nevertheless, an important

point that remains to be explained is the undershoot.

ii) The undershoot

The misalignment between the easy axis and ox-axis
We will show that a misalignment between the easy axis and the ox-axis may result in
an undershoot of the transversal magnetization component variation just before the switching.
We redlized macrospin simulations using an anisotropy field of about 20 Oe, pump
pulses of 25 Oe amplitude, deviation angles | between the easy axis and the ox-axis equal to
20°, -15°, -10°, -5° and 0° (see figure 4.20) and 4 different values for the damping parameter,
a = 0.013, 0.02, 0.03, and 0.035. Considering the following values for the parameters used in

the macrospin simulations:

g=218,N,=0,N,=0; H,= 20 Oe
hy || -0y, pulse rise-time = 55ps, pulse fall-time = 60ps, pulse width = 300ps;
Ms = 800.4 emu/cnt

we obtained the results presented in figure 4.20.

Firstly, we observe that the undershoot amplitude increases by increasing the value of
the deviation angle. Among the results presented here (fig.4.20), the largest undershoot
amplitude was obtained for a deviation of (-20°). The undershoot obtained in the
experimental measurements is comparable to the ssimulated one for deviation comparable to
(-15°) and (—20°), being quasi-zero for (-5°) or (-10°).

Secondly, we observe that for:

i) ] =-5%°anda =0.035,

i) j =-10° -15°anda =0.03 and 0.035,

il)j =-20°anda =0.02, 0.03 and 0.035,
the magnetization switching induced by the reflected pulse fails (fig.4.20)
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In consequence, increasing j (the angle between the initial magnetization and the ox-
axis), the damping vaue, for which the magnetization switching fails, decreases. For
example, for a = 0.3 the switching induced by the reflected pulse fails for initial deviation
angles larger than 10°. This behavior does not correspond to the experimental result where
the magnetization switches for both the incident and the reflected magnetic pulse.

In conclusion, the undershoot cannot be explained entirely by the deviation of the easy
axis with respect to the ox-axis. Small deviations (up to— 10°) can be always envisaged since
the magnetic sample is characterized by a complex magnetic configuration, similar to the
magnetization ripple structure, as observed on the MFM images previously presented, bu, the
undershoot due to this misalignment is smaller than the one obtained on the experimental
time-trace.

The second possible explanation of the undershoot is related to the Kerr measurement

configuration and it is detailed in the following.

Longitudinal and polar contributionsin the transversal MOKE signal
As mentioned in chapter 2, in a time-resolved transversal MOKE experiment the Kerr

intensity (DI) contains informations on al the three components of the magnetization. This is

transversd
Dl Kerr

expressed by the linear dependence®: =R +Pm +P,m +Pm,, where Py =
0.1235, P, = 2.2:10*, P; = 1.41:10°% and P, = 4.71-10°.

In figures 4.21a and b we present the time variation of DI calculated as a function of my,
my and mp, which were obtained from the macrospin simulations for a = 0.013, 0.02, 0.03 or
0.035,] = 0° hy = 25 Oeand H, = 20 Oe. The other parameters used in the macrospin
simulations were the same as above.

Figure 4.21d, presents the traces corresponding to P.m;, Pamy, and Psm,. We observe
that both bngitudinal and polar contributions present negative peaks corresponding to the
incident pulse just before the magnetization reversal and peaks of opposite signs
corresponding to the reflected pulse. On the simulated DI trace we can distinguish an
undershoot corresponding to the incident pulse and an overshoot (fig. 4.21c) corresponding to
the reflected pulse. The undershoot and the overshoot are determined by the sum and
respective, difference, between the amplitudes of the polar and longitudinal peaks,
corresponding to the incident and reflected magnetic pulses. The overshoot has smaller

amplitude than the undershoot since their amplitudes can be expressed as:

“ For the set of parameters (n,Q) specified in chapter 2
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D
DI

under shoot = szl + F)4rnp (4 6)
overshoot — ~ sz + P4mp

In consequence from equations 4.6 it is possible to determine the longitudinal and the

polar components corresponding to the undershoot and respective overshoot using:

m. = DI under shoot + DI over shoot
P P
4
DI DI .7
m = undershoot over shoot
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Figure 4.21: The undershoot due to the polar and longitudina components of the
magnetization for a = 0.013, 0.02, 0.03, and 0.035.

On the experimental time trace presented in figure 4.21a, the overshoot is not obvious
since during the time interval between the incident and the reflected pulse one observes a
magnetization relaxation. This might be due to domain wall propagation in such magnetic

systems characterized by complex magnetic structure as shown on the MFM images (fig.4.4).
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Furthermore, the overshoot is not visible on all the experimental time-traces since its
amplitude becomes comparable to the experimental noise.

In conclusion the undershoot is mostly determined by the polar and longitudinal
magnetization component but this does not exclude a possible misalignment between the easy

axis of the magnetic sample and the ox-axis.

iif) The absence of oscillations on the experimental time-trace

In order to understand the absence of oscillations, it has to be noted, that the
stroboscopic technique measures the average response of a large number of reversal cycles
(approx. 70000). This requires a high correlation, and hence a high level of reproducibility of
the magnetization configuration between all switching events [Freeman 2002].

The absence of oscillations on the experimental trace can be explained by the
fluctuations of the remarent state values observed in the quasi-static measurements (fig.4.15).
More precisely, different remanent states correspond to different magnetic configurations on
the sample and thus different oscillation modes, which are uncorrelated from one switching
event to the next. Consequently, the magnetization oscillations, which are excited during and
after the main reversal and which relax the energy acquired from the field pulse, will not be
well correlated, from one switching event to the next. Therefore, an average over all these
events reduces the oscillation amplitudes.

It is furthermore noted, that even for ideal reversal (DMr/2M 1), it has been calculated
[Miltat 2000] for the case of sub-micron rectangles, that the finite size effect induces
inhomogeneous magnetization oscillations throughout the sample, which leads to rather
irregular variations in the average magnetization component instead of correlated periodic
oscillations.

In this context, we also would like to draw attention to the role which the effective
damping factor might play for the visbility of the ringing effect for a macrospin or
equivalently for the coherent oscillations averaged over the sample as probed by the
experiment. The amplitude of the ringing oscillations of the transversal component are
reduced by almost a factor of ten when increasing a for instance from 0.013 to 0.035 (see
figures 4.18a and 4.20). This strong decrease with a modest increase in a is due to the
exponential decay law, which describes the variation of the oscillation amplitudes Slva
1999].
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The switching failure

We observed from the simulations that for certain parameters @, hy, Hy, j * 0), the
reflected pulse does not induce the magnetization switching even though the incident pulse
reverses the magnetization (fig. 4.20). In the following, we discuss this aspect and its
influence on the stroboscopic result.

For magnetization deviation angles j * 0, the relative orientation of the magnetizations
with respect to the incident and respective the reflected pulse, are not equivalent (ff .| [ ,|,

fig.4.22). This determines nonequivalent switching processes induced by the incident and by
the reflected magnetic field pulses. In consequence, in certain configurations, the

magnetization is reversed by the incident pulse, while the switching fails after the reflected

pulse.
Figure4.22
- The initia orientations of the
5& magnetizations M, and M,

___-\_-___\____ e with respect to the incident and
\ respective reflected pulse (ﬁi
and ﬁr) are characterized by
different anglesf ;1 f ..

This can explain a loca switching failure, which is one of the mechanisms of the
reduction of the remanent state observed on the quas-static measurements. The
experimentally evidence of these were obtained and are presented on the figure 4.15, points 1
and 2.

Switching diagrams

The switching diagram represents a bi-dimensional representation of the reversed (R)-
or nonreversed (NR) regions, which are defined by the points (X, Y) where X and Y
coordinates are represented by parameters such as pulse amplitude, pulse width, or the angle
] between the magnetization and the ox-axis, etc. One of the disadvantages of these diagrams
isthat they contain no information on the ringing after reversal.

In the following we present a) the pulse amplitude versus the pulse width diagram for 4
values of the damping parameter, a = 0.013, 0.02, 0.03, and 0.035 and b) deviation j versus
pulse width diagram for a = 0.02.
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a) The amplitude/width diagram
Using the macrospin simulation code, we calculated the pulse amplitude versus pulse
width diagram, such diagrams have been realized and experimentally confirmed by
Schumacher et al. [Schumacher 2003].
For the macrospin simulations, we used the parameters:
g=218,Ny=0,N,=0;
H,= 20 Oe
h,T (10— 100) Oe || -oy; pulse rise-time = 55ps, pulse fall-time = 60ps, pulsewidth T (50ps — 1ns);
Ms = 800.4 emu/cn?

The diagrams are presented in figure 4.23 for pulse widths between 50ps and 1ns and
amplitudes from 10 Oe to 100 Oe. We observe dark and light grays regions, which correspond

to either non-reversal (NR) or respective reversal (R), of the macrospin magnetization.

hp (Ce)

400 600
pulsewidth (ps)

h (Oe)

BE 88 88 3838

200 400 600 800 1000

pulse width (ps) pulse width (ps)

Figure4.23
Amplitude-width diagram obtained by macrospin smulations

On these diagrams, the point A corresponds to the transition from non-reversa to

reversal. The corresponding time trace is presented in figure 4.18b for h = 15.75 Oe. For the
entire first dark-gray region (1), the magnetization is not reversed even for large widths of the
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pulses. For larger damping values, the “idands’ observed for a = 0.013 are shifted to higher
magnetic pulses (larger than 1000e for a > 0.02). Also, increasing the damping parameter,
the points B, on all diagrams, become closer to the lower dark region (). The time traces
corresponding to these points can be observed on figure 4.18a.

On al diagrams, for constant magnetic field pulse amplitude, increasing the pulse width
one passes from dark-gray to light-gray regions, or from nonreversed to reversed

orientations.
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To better understand this transition from one reversed region to a nonreversed one, we
obtained the macrospin time-traces corresponding to five points on the diagram for a = 0.02.
They correspond to h, = 47 Oe and pulse widths of 50 ps (P1), 250 ps (P2), 0.5 ns (P3), 0.8 ns
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(P4) and 1.1ns (Ps). The time-traces and the magnetization trajectories in the xy-plane are
presented in figure 4.24.

The first point (P1) characterizes the first dark-gray region (1) where the reversal is not
obtained. The magnetic field pulse induces deviations of the magnetization vector smaller
than 90° (in this example the magnetization rotation angle is about 60°).

The second point (P2) corresponds to the magnetization reversal by precession and it
characterizes the first light-gray region (11).

Increasing the pulse duration, we obtain the time-trace corresponding to the third point
(P3). At the third point it is noted that the magnetization does not completely reverse and after
the pulse stops it returns toward its initial state. In this case, we obtain a nonreversal state
(second dark-gray region (11)) but not as a consequence of a 360° complete precession.
Smaller damping or larger pulse amplitude should lead to a larger angle deviation and
eventually to adeviation larger than 180°.

Continuing to increase the pulse duration the magnetization starts an oscillation around
the 90°-deviation direction as we can observe for the durations of 800ps (P4) and 1ns(Ps). For
800ps pulse width, after one entire precession around the pulse direction, the magnetization
relaxes paradlel to the reversed orientation. For larger pulses, eg. 1.1ns duration, the
oscillating motion of the magnetization takes a longer time, and, finally the magnetization

relaxes parallel to the non-reversed direction.

The angle/width diagram

In the analysis of the results obtained on magnetic systems characterized by a complex
magnetic structure, it is important to have a reversal diagram of the pulse width, w, as a
function of the magnetization deviation angle, j .

We have obtained the pulse width versus deviation angle diagram using the parameters:

g= 2.18,Ny=0,N,= 0;a = 0.013

H,=200e,j T (0°-360°)

h, = 25 Oe|| -0y, pulserise-time= 55ps, pulsefall-time = 60ps, pulsewidthT (50ps— 1ns);
Ms= 800.4emu/cnt;j T (0°-360°);

It is presented in figure 4.25 in polar coordinates.



CHAPTER 4. Magnetization dynamicsis spin valve micron-sized elements and continuous films 183

Figure4.25

Polar representation of the switching
diagram that represents the pulse
width as a function of the
magnetization deviation anglej .

Pulse width (ns)

In this particular case, one can define the conditions for the magnetization switching for
both the incident and the reflected pulse. Considering a given pulse width (W) represented in
the diagram by the white circle, the magnetization that has the orientation inside the angle
(Dj ) (see figure 4.25), and which is characterized by a pulse width corresponding to a light
gray region, reverse for both incident and reflected magnetic field pulses. We call this the
critical switching angle. In al the other cases, the magnetization does not switch or switch

only once. On figure 4.25, Dj =20°, that determines a deviation angle of the magnetization

of maximum 10°.
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4.3.4.5. PRECESSIONAL MAGNETIZATION SWITCHING - CONCLUSIONS

During this work, we obtained similar precessional reversal results on the isolated and
integrated soft layer Co/FeNi. These are summarized in figure 4.26a and 4.26b, which

represents the ratios DM  / 2M 4 obtained for the two magnetic samples.

Different stroboscopic time traces correspond to measurements realized at different
positions on the sample. In consequence, here we present 2 (4.26a) or 4 (fig.4.26b) traces that
correspond to different measurements. From these, we deduced an interval for the pulse
widths, of approximately 300 ps to 550 ps, where precessional reversal of the magnetization
was experimentally obtained on both samples. The simulated values for the reversa
correspond to a larger interval for the widths (150 ps to 550 ps) for 25 Oe pulse amplitude as
shown on figure 4.23.

This can be explained considering:

» The precessiona reversal events of fluctuating amplitude were obtained for widths
smaller than 300 ps during the quas-static measurements (fig.4.15) even if on the
stroboscopic curves the response was zero.

» On the amplitude-width switching diagram presented in figure 4.23, increasing the
effective damping parameter, the value of the pulse duration for which the reversal is
obtained increases.

» Considering the angle-width switching diagram presented in figure 4.25, we observe that
for non-zero deviations of the easy axis with respect to ox-axis(eg. ] = 190°), the pulse
duration interval corresponding to reversal decreases.

In consequence, including an increased effective damping parameter (due to sample
inhomogeneities or internal field inhomogeneities) and a deviation angle j of the initial
magnetization we obtain the calculated diagram represented in figure 4.26¢ that corresponds
to the experimental pulse width interval for which the magnetization switching is obtained.
The diagram amplitude-width was obtained for | = 187° and a = 0.025. The others
parameters used in the macrospin calculations were:

g= 218, Ny=0,N,=0;
H, = 200¢;

hl (20-30)Oe || -oy, pulserise-time= 55ps, pulsefall-time = 60ps;widthw1 (50ps— 1ns)
Ms = 800.4 emu/cnT;
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4.4. PRECESSIONAL REVERSAL ON MICRON-SIZED IRM N-BASED SPIN VALVES

M agneto-Resistive (MR) static and dynamic measurements were realized on IrMn
based bottom spin valves of structure:

Ta(5nm)/NiFe(3nm)/Ir Mn(7nm)/Co(3nm)/Cu(2.5nm)/Co(1nm)/NiFe(4nm)/Pt(2nm)
The sample preparation for dynamic MR measurements is more complex than for optical
measurements since the electrical contacts necessary for Current-1 n-Plane (CIP) or Current-
Perpendicular to -Plane (CPP) demand supplementary preparation and characterization steps.
All details concerning the sample preparation are described in chapter 3. The optical
photograph of a finalized device realized for CIP-MR measurements, is presented in figure
4.27. It consists of :

i) The coplanar waveguide (CPW) used to obtain high frequency magnetic field

excitations;

ii) The micronsized magnetic sample etched on top of the centerline of the CPW, isolated

from the metal surface by a SO layer of 50nm thickness,

iif) The CIP contacts deposited on top of the magnetic sample and isolated from the bottom

CPW by a SO, layer of 50nm thickness.

Current-1 n-Plane contacts Port 3 Coplanar waveguide

CIP) "~ (CPW)

Magnetic samples
(here 4 x 8umd)
easy axis|| ox

Port 4

Figure4.27
The optical photograph of a MR sample composed by the CPW, magnetic samples,
and CIP contacts
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Nine magnetic samples have been patterned on the centerline of the waveguide but only
the one in the middle was used to measure the MR effect. The other samples have been
patterned for future static and dynamic MOKE measurements. Actually, the laser spot is
larger than 4 x 8um? and the Kerr signal has a very large noise because of diffusive reflection
of the incident light on the sample borders.

Three different MR-devices have been designed for the MR dynamic measurements:

) Of 10um centerline width and magnetic sample dimensions of 4 x 8um?;

i) Of 5pm centerline width and magnetic sample dimensions of 2 x 4um?;

i) Of 2um centerline width and magnetic sample dimensions of 1 x 2um?.

Because of the poor spatial resolution of the lithography process (see chapter 3), we
finalized only the first two devices. For the third device, it was impossible to pattern the CIP

contacts on the magnetic sample surface.
4.4.1. STATIC MAGNETO-RESISTIVE CHARACTERIZATION

The IrMn based bottom spin valve consists of a pinned layer: IrMn/Co and a soft layer
Co/NiFe separated by a Cu spacer. The pinning direction of the hard Co layer was defined by
annealing at 150°C for 30min in the presence of an external magnetic field applied parallel to
the short axis of these elements. The exchange coupling between the IrMn anti- ferromagnetic
layer and the Co ferromagnetic layer will determine the displacement of the hysteresis |oop of
the pinned layer with respect to zero field. Due to orange peel coupling between the hard and
the free layer [Néel1962], the minor loop is also shifted from zero fields.

The static characterization of the spin-valve was realized by measuring the MR effect in
the longitudinal (I || H) and the transverse (I * H) configuration (as detailed in the chapter 2)
using the two points contact in CIP geometry (CIP contacts on figure 4.27).

The dynamic MR-device is characterized by 4 ports: the first and the second for the
pump line, and the third and the fourth for the probe line (fig.4.27).

The static MR measurements were realized by applying a constant current (I = 0.3mA)
to port 3, varying the external magnetic field, and measuring the variation of the voltage in the
magnetic sample. The corresponding MR hysteresis loop is presented in figure 4.28. Because
the measurement is redlized in two point contacts mode, the total resistance value of about
96W include besides the spin valve, the line, and the termination resistances.

In general, the MR signal is asuperposition of the AMR and GMR effect. As shown in

chapter 2, the AMR is at maximum (minimum) when the current is parallel (perpendicular) to
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the magnetization direction. In the transverse configuration, where the externa field is
perpendicular to the current, at saturation, the AMR is minimum, and, it becomes maximum
around the coercive field. From the transverse loop, (fig.4.28), we deduce a coercive field
value of about 10 Oe for the free layer and around 300 Oe for the hard layer. On the
longitudinal loop, we observe two minima corresponding to the coercive fidd values of the
soft layers that are due to the AMR effect. In this case, the AMR is maximum for saturation.
The sample dimensions are small enough to induce a nonnegligible demagnetizing
field, which tries to keep the magnetization parallel to the long dimension of the sample. The
estimated value for the averaged demagnetizing field for an elliptical shape of 4pum x 8um x
5nm is about 80e. The competition between the uniaxia anisotropy induced during the
sample deposition and annealing (|| to the short axis of the magnetic sample) and the shape

anisotropy (|| to the long axis of the magnetic sample), will favor the creation of magnetic

domains.
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Figure4.28
The transversa and longitudind MR measurements of 4x8um?® IrMn-based
bottom spin valve

The measurements realized in the transverse configuration (fig.4.28), for the external
magnetic field parallel to the short dimension of the magnetic sample (4um), reveal a coercive
field of 10 Oe. Comparing the longitudinal and transversal measurements, we conclude that

the axis parallel to the short element direction is an easier magnetic direction.
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Static minor loops realized in the presence of short magnetic pul ses are characterized by
a smaller coercive value as compared to the one when the pulses are absent, as shown in
figure 4.29. These results are similar to those obtained on NiO-based spin valve samples using
MOKE (see section 4.2.5).
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o o The minor hysteresis loops of IrMn-
50 based bottom spin-valve in the presence
910} - and absence of magnetic field pulses of
B T et 500e amplitude and 1ns duration.
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4.4.2. THE CHARACTERIZATION OF THE ELECTRONIC DEVICE

Using a 50W termination connected at port 4 of the MR device we realized MR
measurements for three different terminations connected at port 2: short-circuit, 50W and open
circuit. Port 1 is connected to the pulse generator.

An idea MR-device should have similar resistance values in the three cases, and
consequently, similar MR responses. In our case, we obtained three different values for the
electrical resistances as measured with the Keithley:

» For a short termination of port 2 we obtained avaue of 11.4 W,
» For a50W termination of port 2 we obtained a value of 36 W,
» For an opentermination of port 2 we obtained avalue of 73.6 W.

Furthermore, the MR hysteresis loops look quite different as we can observe n figure
4.30 and the MR values vary between 0% for ashort termination at B to 0.7% for a 50W
termination at P, and 1.78% for an open termination at P».

These results can be explained considering the existence of short-circuits between the
pump line and probe line and/or the lower ground plane. In this case, one measures not only
the probe line and sample resistance but aso the resistance connected in parallel due to the

pump line and/or to the lower ground plane.
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The resistance value of the sample was estimated to about 2W, and of the probe line to
about 15W. A 50W termination at port 4 should give a resistance about Rample + Rorobeline +
S0W = 67W.

A short termination at port 2 determines a significant part of the current to pass in the
pump line or the ground plane, explaining the lower value of the resistance, 11.4W, on figure
4.30a

A 50W termination at port 2 determines an equivalent resistance of about 36W. In this
case, using the estimated value of the probe line and the sample of about 67W we should have

_ B7TW:50W
uivalent 67W+ 5OW

An open termination determines no short circuit and the equivalent resistance was about

an equivaent resistance value about R 28.6W.

73.6W. In this case, we should measure the probe line and the sample resistance (67W).
The experimental values of the resistances are larger than the estimated ones by about
7W. This difference originates from the contact resistances, which can be more or less

important as a function of the contacts quality on the probe line surface.
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The variation of the MR-device resistance as afunction of the termination to port 2 for a device
characterized by a short circuit between the pump and probe lines

In the following, we discuss the equivalent DC circuit of the MR device in the ideal and

the real cases.

DC equivalent circuits of the MR-device
As mentioned above, in the ideal case, the pump, and probe lines should be perfectly
isolated from each other. Each element of the device has an equivalent resistance value:

R _CPW for the pump line, R CIP for the CIP contacts, and R _sample for the magnetic
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sample. The equivaent circuit is presented in figure 4.31, taking only ohmic resistances into

account. We suppose that the two lines are impedance matched to 50W over al their length.
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The equivaent circuit of an ided MR device

The equivalent DC circuit for the real case is presented in the figure 4.32.
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Figure4.32
The equivalent circuit of area MR device

As we have already mentioned in chapter 3, C-AFM images evidenced that the borders
of the metallic pump line and of the ground plane are characterized by a reduced resistance of
the oxide. We consider that these regions most probably will develop short circuits to the
lower pump line or ground plane during the measurements. On the DC equivalent circuit
(fig.4.32) these are defined by the resistances: R oxide 1, R _oxide 2, R _oxide 3and R_oxide
4. The results presented in figure 4.30 are a consequence of the values of these resistances.
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The short circuits mentioned above amplify the cross-talk between the two lines, making
it more difficult to measure low signals obtained in the dynamic measurements. |mportant
voltage oscillations have been recorded in the CIP contacts as a consequence of the LC
coupling between the two lines. Figure 4.33, presents the high-frequency signal (the cross
talk) induced in the CIP contacts by voltage pulses of 5V amplitude and 5ns duration applied
on the lower pump CPW. The measurement was realized with a 20GHz oscilloscope
connected to port 3, with two 50W-terminations at port 2 and 4. The pulse generator was
connected to port 1 and delivered pulses with a frequency of 100 KHz.
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Varying the externa magnetic field, we have not found any modification of the
oscillation frequency, as expected if they had been due to the magnetization changes in the
sample. Furthermore, the oscillation frequency, about 7 GHz, is larger than the typical
frequencies of the magnetization precessions (~1 GHz).

As the cross-talk was important, the first MR experiments realized on these devices
consisted in quasi-static MR measurement of the remanent magnetic states induced by
successive magnetic field pulses delayed by several seconds. The results obtained for pulses
of different amplitudes (28 Oe, 38 Oe and 48 Oe) and durations from 150 ps to 500 ps are
presented in the following.
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4.4.3. REMANENCE MAGNETO-RESISTIVE MEASUREMENTS

Similar measurements to the ones presented in section 4.2.7.2. of this chapter were
realized on IrMnbased bottom spin valves using the MR effect. These consist on the
measurements of the magneto-resistance of the spin valve induced by successive magnetic
field pulses of the same polarity.

These MR measurements were realized for 100pA DC current through the CIP contacts
and about 300e bias field in order to center the minor loop in zero field (see MR datic
hysteresis loop presented in figure 4.34a). Quasi-static MR results obtained for magnetic field
pulses of the same polarity (obtained with a 50W termination at port 2) and delayed by about
10 seconds are presented in figure 4.34b. In the first 80 seconds the external magnetic field
was varied from =100 Oe to +100 Oe to measure the maximum and minimum resistance
levels, Rnax and Ryin. We adjust the bias field, Hex, SO that the sample is in the remanent point
A in order to compensate the shift of the soft layer hysteresis loop originated from the
exchange interaction between the pinned layer and the free layer. Then, magnetic field pulses
of 48 Oe amplitude and 150ps width were applied to the magnetic sample every 10seconds.
The amplitude of 480e was calculated for a constant excitation voltage of 5V applied to CPW
of 10um centerline width. Taking into account that the pulse duration is very short (150ps) for
arise-time or fal time about 55ps, the real amplitude of the voltage pulse is about 4.5V. The
skin depth effects were not considered here since the CPW thickness (0.275um) is smaller
than the skin depths (some pm).

Referring to the precessional reversal process detailed in chapter 1, fig.1.8, each
magnetic field pulse should realize a transition between the two extreme level s represented by
Rmin @nd Rnax. This result was not obtained, but we observed that the MR signal toggles
between two relatively well-defined levels, defined by the resistances of points C and D on
the static hysteresis loop (see figure 4.34a and b).

Magnetic force microscopy (MFM) imaging was performed using an external bias field
of about 300e, which corresponds to the remanent configuration of the soft Co/NiFe layer,
compare point (A) in figure 4.34a. The complex contrast of the MFM image corresponds to a

disordered magnetization configuration, where the magnetization orientation varies locally.
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(a) Static MR hysteresis loop; (b) Quasi-static
MR measurement that evidences the loca
precessiona reversal; (¢) MFM image obtained
for Heq ~ 300€e

Similar measurements were realized for different pulse amplitudes (280e and 380e) and
widths (between 200ps and 500ps). The results are presented in figure 4.35.

Figure 4.35A shows that a decrease of the pulse amplitude from 380e to 280e for the
same duration of the magnetic pulse (200ps), determined a decrease of the amplitude of the
resistance variation and an increase of the number of the switching failures (fig.4.35A).
Furthermore, changing the pulse width, as shown in figures 4.35 B, C, D, the resistance
variation changes its amplitude and becomes even zero for pulses of 380e amplitude and
500ps width. Switching failures, as observed in MOKE experiments (see figure 4.15 from
section 4.2.7.2) can be observed on the results presented in figure 4.35C.

All these results can be interpreted considering that the alternation in the MR level is the
consequence of reversal of the local magnetization by precession. It would be inconsistent
with a domain wall propagation process, since successive field pulses of the same polarity
would propagate a wall by aways increasing the favored domain, thus successively
increasing the MR. Furthermore, wall propagation would be less sensitive to the pulse width,
while precessional reversal is only realized for certain values of the pulse width, matched to
the pulse amplitude and the interna fields of the ssmple. The much lower MR ratio of 0.4%
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of this loca reversal as compared to the MR value of 2% for the full reversa (fig.4.34) is

explained by the dispersion of the magnetization direction throughout the sample.
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Figure4.35
MR quas-static measurements that evidence the local precessional reversal for two
values of the magnetic pulse amplitudes (380e and 480e) and variable duration

Let us suppose that an angle/width diagram similar to the one presented in figure 4.25
can be associated to the magnetic system. Considering a uniform distribution of the angles |
in the magnetic sample, the critical angle qc, (see section 4.2.7.4 — switching diagrams), is
proportional to the value of the partial variation of the magneto-resistance (MRocal). IN

consequence, the partia variation of the MR signal (MR\qca) Can be estimated by:

M
Row  — %o _900(0) (48)
Ilemaximum 180°

In our case the distribution of the angles j, is not uniform since the sample is

characterized by a relatively easy axis. If the easy axis is characterized by an angle (in our
case 0°), which is smaller than the critical angle, qc, the ratio defined above (eq.4.8) is larger.
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The precessional character of the local magnetization switching was further verified by
guasi-static measurements obtained for two different terminations for the pump-line at port 2:
50W that determined one single magnetic pulse and the short circuit to induce in the pump
line a reflected magnetic pulse of the same polarity. The results presented in figure 4.36 show
very clearly that for one magnetic field pulse of 480e amplitude and 150ps width, about 16%
of the total magnetization switches by precession, while two successive magnetic pulses of

the same polarity determine two half-precessions obtaining a final nonreversed fina state.
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Figure 4.36:

MR quas-static measurements that evidence the loca precessiona reversa for two
different terminations of the pump CPW (50W and short circuit)

In conclusion, we evidenced the loca magnetization reversal by precession
characterized by a MR of 0.4% which is smaller than the 2% corresponding to the entire MR
signal obtained on the minor hysteresis loop. For a DC current of 100uA, the partid MR
variation should correspond to a voltage variation of

DV =DR:1 =134V 4.9

In consequence, the dynamic MR measurements should reveal, a variation of the MR
signal of about 13.4uV (similar to the stroboscopic MOKE results presented in section
4.2.7.1). In the following, we present some aspects on the dynamic MR experiments as: cross
talk and its minimization and voltage resolution during these measurements.
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4.4.4. DYNAMIC MAGNETO-RESISTIVE MEASUREMENTS

The stroboscopic measurements were realized using the experimental setup presented in
figure 4.37. Port 1 is connected to the pulse generator and port 2 to the termination impedance
Z,. One or two magnetic pulses can be obtained as aready mentioned in chapter 2. The MR
effect has two contributions. the static MR (DC) that is proportiona to the voltage changes
measured by a Keithley after applying a constant current in the probe line and the dynamic
MR (AC) that is proportional to the high frequency variation of the magnetization and
captured on the 20GHz oscilloscope. The two components AC and DC are separated by a bias
T connected to port 3. Usually we used 50W for the termination connected to port 4, but this
can be changed to a short circuit. Here we have to mention that for a short termination at port
4 the oscilloscope records the high-frequency signal (composed by MR dynamic response,
cross talk, inductive effect) and its reflection. The open circuit cannot be envisaged for port 4

sincein this case the DC current is zero.

20 GHz oscilloscope RG] BigsT FRC (I-ctKer:;[eislue{eV)

AC +D(C

Port 3

[ e N

Pulse generator —[Pot2g—1 Z

e B

il

Z,
Figure4.37

Experimental setup of the dynamic MR measurement

An important cross talk may appear and results in a decrease of the transmitted power in
the excitation line. This, in consequence, decreases the amplitude of the induced magnetic

field. Furthermore, the existence of a cross talk is equivaent to an un-matched line, which

resultsin a distortion of the magnetic field pulse. In consequence, the characterization of the
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cross-talk is important. For this we considered two MR devices. MR1 with a relatively good

isolation between the two lines (see schematics in figure 4.31) and MR2 that contains a short

circuit between the pump and probe CPW (see schematics infigure 4.32).
In both cases, three measurements were realized:

i)  The incident pulse measurement. The pulse generator is connected directly to the
oscilloscope.

i)  The transmitted pulse recorded at port 2. The pulse generator is connected to port 1 and
the oscilloscope at port 2. 5S0W-terminations are connected at ports 3 and 4.

iil)  The cross-talk measurement at port 3. The pulse generator is connected to port 1 and the

oscilloscope at port 3. 50W-terminations are connected at ports 2 and 4.

All signals are equally attenuated on the oscilloscope input by two attenuators of 3dB
and 20dB. In consequence, the incident pulse amplitude is attenuated from 1V down to
7imV.

The results are presented in figure 4.38 for MR1 for incident voltage pulses of 1V
amplitude and 2ns duration.

Incident pulse: 1V / 2ns

0,08 008

a ’{"_ V, =715mV b vV, =643mV
0,06 - 006 |
~—~ ~—~
S 004f S, 0t
g g
> >
0,02 002 |
0,00 -—"'—j 0,00
44,0 445 45,0 45,5 46,0 465 44,0 445 45,0 45,5 46,0 465
Time (ns) Time (ns)
**rg incident pulse (RT
Inci ulse =
1000L€ | pulse (RT = 50ps)
[ 006
500 transmitted pulse (RT = 125 ps
/>'\ - )
2 o S oo
) g
> >
500 0,02
-1000 |
0,00
44,0 44,5 45,0 455 46,0 465 44,1 44,2 443 444 445
Time(ns) Time (ns)
Figure4.38

MRL1 device characterization: a) the incident pulse; b) the transmitted pulse; c) the
cross-talk; d) the rise-times of the incident and transmitted pulses
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The transmitted pulse in the pump-line of the first device has a smaller amplitude
(64.3mV) with respect to the incident pulse (71.5mV). This is due to the Joule losses in the
line and to the crosstak (fig.4.38 a and b). As seen in figure 4.38c, the cross-talk is zero
during the pulse width and presents two peaks of about 1mV that corresponds to the incident
pulse rise-time and fal-time. The coupling between the two lines can be resistive, capacitive,
and inductive due to the electrical resistance (R), capacitance (C), and inductance (L),
between the pump and probe lines. In this case, the coupling is not resistive since the
amplitude of the cross-talk is zero but the high-frequency components of the incident pulse
are decreased by the LC coupling between the pump and probe lines. This is a consequence of
the relatively thin oxide layer between the pump and probe line, a thickness which is not
matched to 50W impedance. Txline calculations [Txline] have shown that a good isolation
between the two lines is obtained for oxide layers thicker than 1um. The cross-talk signal
determines the increase of the transmitted pulse rise-time (RT) from the initial value of 50ps
to 125ps asis observed in figure 4.38d.

The results obtained on MR2 for incident pulses of 2V amplitude and 5ns duration are
presented in figure 4.39.
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MR2 device characterization: a) the incident pulse; b) the transmitted pulse; )
the cross-talk; d) the rise-times of the incident and transmitted pulses
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This is cheracterized by a short circuit between the pump and the probe lines
determining an RLC coupling. The resistive coupling is equivalent to large amplitudes of the
cross-talk signal (63mV that corresponds to 44% from the incident pulse of 143mV) and
consequertly alow value of the transmitted pulse amplitude (25mV) (fig.4.39a, b, and c). The
consequences of the LC coupling are an increased rise-time of the transmitted pulse (120ps)

with respect to the incident pulse rise-time (58ps) as we can see in figure 4.39d.

During the dynamic MR measurements, the signal measured at port 3 on the
oscilloscope as a function of the external magnetic field has two contributions that originate
from the inductive effect due to the cross-talk signal and due to the magneto-resistive effect.

The inductive effect was characterized with TDR measurements in the probe-line as a
function of the external field. The oscilloscope was connected to port 3, the pulse generator to
port 1 and 50W terminations to ports 2 and 4. Voltage pulses of 5V amplitude and 1ns
durations were applied on the CPW. On the oscilloscope, we recorded the cross-tak as a
function of the external magnetic field. The results are presented in figure 4.40a for nine
values of the external magnetic field in the interval between —900e and 800e. Figure 4.40b
presents the traces from which we subtracted the trace obtained for Hext = -90 Oe (DV = Vhext
— V.g00e) in oOrder to evidence more clearly the effect of the external field on the crosstak.
We observe a maximum variation of the pulse amplitude as a function of the external field of
about 5001V obtained for 800e.
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Figure 4.40: a) Cross-talk signa variation as a function of the externa magnetic field; b) The
subtracted cross-talk signd: DV = Ve — V 900e-
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The inductive effect induced by the cross-talk in the magnetic sample determines the
variation of the cross-talk amplitude (e.g. DV oe = V8o 0e — V-000e 1S @bout 5001V) and of the
cross-talk fal-time (evidenced by the negative peaks corresponding in figure 4.40b). This
measurement was realized on a device was characterized by an important RLC coupling.

As mentioned above, in the dynamic experiments we expect a dynamic MR variation
about 14V, a vaue that is much smaller than the inductive effect.

The inductive effect may be subtracted from the MR result considering that for two DC
currents in the probe line (that are used to measure the MR effect) of the same value but
different signs (Ipos and Ineg) the MR effect has opposite signs while the inductive effect has
the same sign. Thisis expressed as.

V(l oc = O) =Vur * Vinaucive (4.10)
V(l oc < O) = - Vur *Vinducive

In consequence, the MR effect can be expressed as.

ViR :V(I DC >0)' V(I pc < 0) (4.11)

Figure 4.41 presents the time traces obtained on the oscilloscope in a dynamic MR
measurement induced by the excitation pulse of 100e amplitude and 350ps width in the probe
line for a zero external field and £ 5mA DC current delivered by the Keithley multimeter.
This MR device is characterized by a LC coupling that determines two peaks corresponding
to the rise and fal times of the pump pulses. On the time traces obtained for positive
respectively negative DC currents — V(Ipc >0) and V(Ipc <0), we can observe some
oscillations characterized by a frequency of about 0.4GHz as shown in figures 4.41a and b.
On the MR trace, these oscillations due to the inductive effect in the MR device, have been
subtracted (fig. 4.41c).
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Dynamic measurements were realized on samples characterized by the LC coupling for
which the incident, transmitted and the cross-talk signals were similar to those presented in
figure 4.38 using the experimental scheme shown in figure 4.37.

The MR experimenta device is very senditive to the amplitude of the pump voltage
pulses applied on the excitation line, and, to the repetition frequency of voltage pulses. We
observed that amplitudes larger than 1V (corresponding to 10 Oe for a 10um CPW line width)
determined short circuits in the device for repetition frequencies of 100KHz and,
consequently, the increase of the cross-talk signal. Larger pulse amplitudes are possible but
only in the quas-static experiments where the pulses repetition rate was about 0.1Hz (1pulse
each 10seconds).

In conclusion, due to experimental limitations (that determined a maximum pulse
amplitude of 10 Oe) it has not been possible to obtain a time-resolved signa of the
precessiona switching that was previously obtained in quasi-static measurements for pulse
amplitudes of 28 Oe, 38 Oe, and 48 Oe.

In the following, we present preliminary results on the precessional reversal obtained on

magnetic continuous films deposited on a glass substrate.

4.5. PRECESSIONAL REVERSAL ON CONTINUOUSMAGNETIC FILMS—PRELIMINARY RESULTS

Stroboscopic dynamic MOKE measurements were realized on continuous thin magnetic
films, of NiFe of 30nm thickness, deposited on a glass substrate. The sample was fixed onthe
CPW with the magnetic layer in contact to the pump line. The laser is focused through the
glass substrate on the magnetic sample that is in contact with the centerline of the CPW. The
dynamic time-traces for two excitation pulses of the same polarity and delayed by 10ns are
presented in figure 4.42a. The pulses were characterized by 200ps, 300ps, 400ps, and 600ps
width and 700e nominal amplitude. Similar to the MOKE results obtained on micron-sized
magnetic dots, in this case, the magnetization is reversed by precession by the incident pulse,
and then, the reflected pulse is used to return the magnetization to the initial state. Comparing
the stroboscopic traces with the static MOKE loop we observe that the Kerr signal variation
induced by the first pulse corresponds to a complete reversal of the region of the continuous

magnetic film where the laser spot was focused.
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Figure 4.42: MOKE measurements on continuous NiFe magnetic thin films of 30nm thickness
deposited on a glass substrate a) Static and dynamic MOKE results; b) Dynamic
MOKE results obtained for pulse amplitude of 70 Oe amplitude and 200 ps, 300 ps,
400 ps and 600 ps durations

Furthermore, we observe a negative peak just before and after the reversal, which has
very large amplitude, comparable to Ms. We explain this as a consequence of the Faraday and
Voigt effects in the glass substrate (see chapter 2) induced by the magnetic fields pulse but
needs further investigations. The first peak is observed in al traces and the second peak
appears only for 100ps, 150ps, 450ps, 550ps, 600ps and 650ps values of the pulse widths
(fig.4.43). Both pesks are clearly observed in cases where the precessiona reversa is not
obtained (for pulse widths of 100ps, 550ps, 600ps, 650ps ) or when the magnetic state relaxes
toward the initial magnetic state after the reversal induced by the first pulse (150ps, 450ps).
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For pulse widths of 200ps, 300ps, 400ps for which the magnetization is maintained in
the reversed position, the second peak is not visible. In this case, Faraday and Kerr effects
have the same variation in the negative sense and we consider that the Faraday effect cannot
be distinguished. Further experiments will be realized on these continuous films to better
characterize the precessional reversal in these systems and also to study the magnetization

small angle oscillations using both longitudinal and transversal MOKE.



CONCLUSIONS

AND

PERSPECTIVES






CONCLUSIONS AND PERSPECTIVES 207

CONCLUSIONS

Time-resolved measurements of the magnetization dynamics were used to characterize
processes such as smal angle magnetization precessions, magnetization reversal by
precession and relaxational processes due to the nucleation or domain wall propagations, in
the picosecond time scales.

My work can be divided in three distinct parts. One concerns the conception and the
elaboration of the experimental setup in a pump-probe configuration, for time-resolved
magnetometric measurements with time resolution of sub-nanoseconds. The second consisted
on the elaboration of the magnetic devices to measure (magnetic samples patterned on top of
coplanar waveguides for magneto-optical measurements and contacted with CIP contacts for
MR measurements). The third was the characterization of the magnetization dynamics in
several magnetic systems using the magneto-optic Kerr and the magneto-resistive effects.

Of great importance and complexity was the redlization of the pump-probe technique
matched for high-frequency experiments. The pump consists of high-frequency magnetic field
pulses with rise-times sufficiently small to realize adiabatic excitations. These field pulses are
obtained by applying wltage pulses onto a high bandwidth (> 20 GHz) coplanar waveguide
(CPW) matched to an impedance of 50W. The voltage pulses are delivered by a commercial
pulse generator and the contacts on the coplanar waveguide are realized with high-frequency
matched microprobe connectors. We used the Magneto-Optic Kerr Effect (MOKE) as probe
in two different configurations. longitudina and transversal. The analysis of these
configurations revealed the presence in the recorded Kerr intensity of all the magnetization
components: longitudinal, transversal, and polar. Considering a magnetic sample with in
plane anisotropy, the polar component is negligible during static measurement. Each
perturbation of the magnetization is followed in the next nanoseconds by the magnetization
precessions with a non-negligible value of the polar component. As a consequence, the Kerr
polar contribution becomes important in the stroboscopic Kerr time-trace, the measured signa
being a mixture of polar, transversal and longitudinal components.

The samples studied in this work were prepared using UV and DUV lithography
processes and were characterized by AAM, MFM, SEM, VSM, MOKE, and MR. A specia
device was needed for dynamic MR measurements. particular attention was given to the

high-frequency insulation between the pump and the probe lines.
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Magnetization dynamics results were obtained recording $roboscopic time-traces on
NiO-based spin valve micronsized magnetic samples using the magneto-optical Kerr as
probes. The magnetic sample size that can be measured by MOKE experiments is given by
the collimated laser spot-size (15um diameter), whilein a MR experiment the sample size can
be smaller than 1um.

For the NiO-based spin valves, two different geometries were used, with the in-plane
easy axis parallel or perpendicular to the pulsed magnetic field (sample B and respective A, in
chapter 4, figure 4.3). We evidenced the magnetization reversal by precession both in the soft
layer and in the entire spin valve in configuration A. For certain values of the pulse duration
the precessional switching is characterized by a reduced remanence. By quas-static
experiments, the magnetic state was measured after successive magnetic field pulsed delayed
by about 5 seconds, and it was demonstrated that the reduced remanence is due to norn
repetitive reversal events. This is due to magnetization and internal field inhomogeneities,
giving riseto alocal misalignment between the magnetization vector and the pulsed magnetic
fidd. These explain the occurrence of switching failures which reduce the average
magnetization value measured in the stroboscopic time trace, which averages over tens of
thousands events.

For the IrMnbased spin valves, quas-static MR measurements revealed loca
magnetization reversal by precession. Due to the very complex magnetic structure, only the
magnetic domains that have the magnetization quasi-perpendicular to the pulsed magnetic
field reverse. So far, dynamic MR measurements have not been possible because of the cross
talk signal and because the pulsed magnetic field amplitude was too low for the given device.

For a better understanding of the phenomena underlying the magnetization dynamics
(precession), an important part of my work was dedicated to macrospin simulations. In this
way, switching diagrams can be defined describing reversed vs. nonreversed magnetic states
as a function different parameters of interest: the pulse amplitude and width, the uniaxial
anisotropy field and the angle j . Each specific case was treated in this manner, the macrospin

simulation being an important and useful tool to characterize the precessional reversal.
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PERSPECTIVES

There are still few aspects needing further studies and improvements.

Firstly, 1 would like to mention the minimization of the laser spot (better collimating
optics) and the realization of dynamic measurements on smaller samples (nanometer scale).

Secondly, the MR-device should be improved using the lithographical procedures
specified in chapter 3. The short-circuits sources could be minimized by inter-changing the

lithographical steps and depositing thicker insulating layers (> 1um) between the two lines.
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ANNEXE 1: ANALYTICAL CALCULATION OF THE MAGNETIC FIELD INDUCED BY A

DC-CURRENT IN A RECTANGULAR STRIPLINE

We have written a program to calculate the magnetic field created by a DC current of

density, J, that traverses a metallic stripline of rectangular section. The solution of the
analytical expression of the magnetic field, derived from the Biot-Savart law has been

evaluated numerically. Here we present first the analytical expression.

Tk

—

The coordinate system used here is defined by the unity vectors:

Figure Al.1
Stripline traversed by a DC-
current in xyz - coordinates

x(i)

Step 1. Biot-Savart law
We consder a metallic stripline parallel to the ox-axis traversed by a DC current as
shown in figure A1.1. The magnetic field created by the current density J =J % is expressed
using Biot-Savart’s law:
B=N, A (AL1.1)
where A represents the magnetic potential vector. This can be calculated by integrating the

following expression over the volume V =dr":

|

rs HOJ \- xd
A=——q7—7 (AL12)
4p V' r- |

where ' and 1 are defined on figure A1.1.

=TS

Biot-Savart law (expression A1.1) becomes:

5=Hod o o) dr AL3
4IC)gx(rl) (A13)
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Since:
i ] k
SR I | el
Roor=n L Waio- o)+ &L - 09+kE0 AL4
: ﬂxﬂyﬂz()mﬂzgﬂyg (AL4)
1 0 O
we obtain:
B, =0
J&d 9
T Al5
° = Sk 15 A
_ Md (T d 0
w Qs 7]
These equations become:
5
B _ljl;)J ﬂg - = - = dx'dy’ dz
Z -X) +(y- V) +(z- Z)
vIZg(x- x)? +(y- y) +(z- 2) 2 ALO
e 0
BZ:-EC‘%Q = = = — ‘dx'dy'dz
P IE(x- ) +(y- y) +(z- 2) 5
Considering that
18 1 ° 1% 1 0
f2&(x- x +(y- y)’ +(z- 2 5 ﬂz‘*\/x XV +(y- y)f+(z-2)° 5
} (AL7)
18 1 ° 9F 1 9
W &(x- x)? +(y- y) +(z- 2f 5 “VQJX X)?+(y- yf +(z- 2 5
we obtain
x é G
UOJi .yi - 1 a4 s _ -
B — OoIX'gly’' - B,=B,]
S R g\/(x XV +(y- y)f +(z- 2) z:zlg Y
. (AL8)
e 1 ‘y:)’2l‘:| .
Gixdize U B, =B,k
*xla - xP +(y- yP+(z- 27|, §
The expressions A1.8 can be written as:
B :Bx‘y‘22 _ BX'Y'Zl
y ~ Py y (AL19)

— RXY22Z" _ X'}z
B, =B} - B}
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where;

e 1

y Mod 2 2 %
By =- Kol ey e
P &/(x X) +(y- yf +(z- z,)°

1

BXYn? = sz z
' OjgjeJxx (- o) +(z- 2

Step 2: The calculation of theterms B)** and B}

a) B;yzn

To caculate the first integral of A1.10 we changed the variables as follows:

IX-X'=U  IX-X =U; X- X =U,

[ yoy - o _, jax=-du
1y y__ ’1y yl__ l,. y y2__ 2 ':\dyI:'dV
12- 2, =Wy 12- 4 =W, Z- Z, =W,
In consequence, we obtain:
» Jui vz\ e l:l
e = M N ) e —L § n=12

The second integral can be easily solved obtaining:
By ™ =- % (‘;iu*n(vh/uz +V? +vv§] =12
The expression A1.13 can be also written as:

X'y'z, X'Y»Z, X' .
Byy n :ByY2n _ Blezn,

n=12

where:

XYmZy — H ‘Jui 8 =
B --4P%ucy1u>4n§/m+\/u2+vm2+wnzgn,m—1,2

Using A1.9 and A1.14 we obtain:
B, =(B*= - B2 )- (B - B }nm=12

y y

u

u n=12

U

u (A1.10)

u

4 m=12

U

u
(A1.11)
(A1.12)
(A1.13)
(A1.14)
(A1.15)
(A1.16)
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b) B}V
Using the variables defined in A1.11, from A1.10 we obtain:

. gt é 1 u
g = For d du d dw)é _( (AL17)
4p W Wy 8 u® +v? +W H

The second integral can be easily solved obtaining:

B} vn* :% c‘;ju*n(w+1/u2+v,i+wzl " m=12 (A1.18)
Wy
U

The short form of the expression A1.18 is:

BZX YmZ — B;/( YmZ2 _ B;/( Yma ; m= 1’2 (Allg)
where:

BV :M(‘jiu *n (Wn + U + V2 +vv§); mn=12 (A1.20)

Py,

From A1.9 and A1.20 we obtain:

B, = (B;IYle - B )_ (BZX‘yzzl - BXa ); mn=12 (A1.21)

In the following, we calculate the terms of the expressions A1.16 and Al1.21, ByX'ymZn and

X'YmZ,
BZ mén

Step 3: Thecalculation of the terms B and B}

B =- ZCI’TJ Clu ﬂngy- ym)+\/u2 +(y- vy, ) +(z- z, )2% nm=12 (A1.22)
Uy
The integral from A1.22 can be calculated as [ Schabes1987]:

dn[z+1/h2+z +e ]dh h><ln[z+1/h2+z +e ] h+e>erctang——

e€g

- e><arctan9 2_+z|n{1 +yh2+2%+e ]

eth +z2°+e?
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Using this result, we obtain:

B =~ Lo (x )ingly - y,)+flx- XV +y- o} +z- ) &

4o 1
(x x z Z, arctanb:
%]
& ' g (A1.23)
- (Z_ Zn)arctang (X ZX)(y- ym)2 = l;l+
z- Z,W(x- XP +(y- o) +(z- 2,)° §
(v v )ingox- )+l P +ly- o F + (2 3§
and, in consequence:
By - B;zYmZn _ B;&szn (A124)
The final analytical result for By is:
By — B;z)’zzz _ BXZYZzl _ szylzz + BX2Y121 - B;(ﬂ’zzz + B;(ﬂ’zzl + B;&)ﬁzz _ B;lylzl
2 0J \
B =- B3 h (- x)ingly - v,)+ J(x- )P+ v+ 2]
- (x- %)+ (z- z,) 2 (A1.25)
n @
€ ) u
) (z- . )arctane (x- x My ym)2 : U+
n)\/(x XI) +(y' ym) +(Z' Zn) H
(- oI x ) eifb )+ (- v )+ (e 2 g fmnt =12
In asimilar way, we obtained for B, the result:
Bz - szyzzz _ BX2y122 _ szyzzi + szylzl _ B;(lyzzz + B:1y122 + B:1y221 _ Bleylzi
B, = ‘Z’o Lo x)Ingz- 2)+4/(x- x )+ (y- v, ) +(2- 2,)° U-
- o
- (x= %)+ (y- y,)actang> - )ﬁ (A1.26)
e ) u
~(y- y, )arctané (X XI)(Z Z,) Ot

&y~ oWl %) +(y- y, ) +(z- 2, 8
+(z- zn)lng(x- x,)+J(x- x P +(y-y. ) +(z- zn)zgg; mn,|

12
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The expressions A1.25 and A1.26 for the magnetic field I§(O, By,BZ) in different

regions around the stripline have been evaluated numerically. It is noted that these
calculations are valid for DC-currents and do not take into account the high-frequency effects

such as the skin depth.

In the following, we present some fragments of the main program that estimates the two
components of the magnetic field B, = B and B, = B, using the functions f1, f2, {3, g1, g2,

g3.

f1(a,b,c)=a* (log(b+sgrt(a** 2+b** 2+c** 2))-1)

f2(a,b,c)=c* atan(a/c)-c* atan((a* b)/(c* sqrt(a* * 2+b* * 2+c** 2)))
f3(a,b,c)=b*log(a+sgrt(a** 2+b** 2+c** 2))

gl(ab,c)=a* (log(c+sgrt(a** 2+b** 2+c** 2))-1)

g2(a,b,c)=b* atan(a/b)-b* atan((a* c)/(b* sqrt(a* * 2+b** 2+c** 2)))
g3(a,b,c)=c*log(at+sqrt(a** 2+b** 2+c** 2))

B1=B1+f1(ul,v2,w2)+f2(ul,v2,w2)+f3(ul,v2,w2)
B1=B1-f1(ul,viw2)-f2(ul,v1,w2)-f3(ul,vi,w2)
B1=B1-f1(ul,v2,wl)-f2(ul,v2,wl)-f3(ul,v2,wl)
B1=B1+f1(ul,vl,wl)+f2(ul,vi,wl)+f3(ul,vli,wl)
B1=B1-f1(u2,v2,w2)-f2(u2,v2,w2)-f3(u2,v2,w2)
B1=B1+f1(u2,v1,w2)+f2(u2,v1,w2)+f3(u2,v1,w2)
B1=B1+f1(u2,v2,wl)+f2(u2,v2,wl)+f3(u2,v2,wl)
B1=B1-f1(u2,v1,wl)-f2(u2,v1,wl)-f3(u2,v1i,wi)

B2=B2+gl(ul,v2,wl)+g2(ul,v2,wl)+g3(ul,v2,wl)
B2=B2-g1(ul,v2,w2)-g2(ul,v2,w2)-g3(ul,v2,w2)
B2=B2-g1(ul,v1,wl)-g2(ul,vl,wl)-g3(ul,vl,wl)
B2=B2+gl(ul,v1,w2)+g2(ul,vl,w2)+g3(ul,vl,w2)
B2=B2-g1(u2,v2,w1)-g2(u2,v2,wl)-g3(u2,v2,wl)
B2=B2+g1(u2,v2,w2)+g2(u2,v2,w2)+g3(u2,v2,w2)
B2=B2+g1(u2,v1,wl)+g2(u2,v1,wl)+g3(u2,vi,wl)
B2=B2-g1(u2,v1,w2)-g2(u2,v1,w2)-g3(u2,v1,w2)
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ANNEXE 2: FOURIER TRANSFORM OF DISCRETELY SAMPLED DATA

A physical process can be described either in the time domain, by the values of some
guantity h as a function of time t, e.g., h(t), or in the frequency domain, where the process is
specified by giving its amplitude H (generally a complex number indicating phase aso) as a
function of frequency f, that is H(f), with -1 < f <1. For many purposes it is useful to think of
h(t) and H(f) as being two different representations of the same function. One goes back and

forth between these two representations by means of the Fourier transform equations:

¥

H(f)= plt)e® dt

¥ (A2.1)

¥

ht)= H (f Je>"af

¥

We have written a program that calculates the Fourier transformation [Numerical
Recipes] of afunction h(t) that is sampled at evenly spaced intervals in time. Let D denote the
time interval between consecutive samples, so that the sequence of sampled valuesis:

h, =h(nD) wheren=...-3,-2,-1,0,1,2,3, ... (A2.2)

The reciprocal of the time interval D is called the sampling rate; if D is measured in
seconds, for example, and then the sampling rate is the number of samples recorded per
second.

For any sampling interval D, there is also a special frequency §, caled the Nyquist
critical frequency, given by

1
fo=— A23
c =55 (A2.3)

To estimate the discrete Fourier transform from a finite number of sampled points, we
suppose that we have N consecutive sampled values:
h. © h(t, ), where t, © kD, fork=0,1,2, ...,N-1 (A2.4)
We suppose that N is even. With N numbers of input (A2.4), we will be able to produce N
independent numbers of output for the discrete values of the frequencies:

fnol, Wherenz-ﬁ,...ﬂ (A2.5)
ND 2 2
The extreme values of n in A2.5 correspond exactly to the lower and upper limits of the

Nyquist critical frequency range.
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The Fourier transform of a discrete function, hy, is expressed as a discrete sum that

approximates the integral givenin A2.1.

¥ N-1
H(f,)= chit)e™"'dt » D§ he®"* (A2.6)
- ¥ k=0

N-1 .
Denoting: H, = § he®"™ the discrete Fourier transform of the N points of hy, is:
k=0

H(f,)=DxH, (A2.7)
wheref, isgiven by A2.5.

In the following, we present the essential part of the program that calcul ates the complex
Fourier transforms (Tc) of a discrete function, h(t,) as afunction of itsrea (Tr) and imaginary
(Ti) part:

do 200 I=1,N+1
np=I-1-N/2
Sr=0.0d0
Si=0.0d0
freq(l)=np/(N* delta)
do 100 i=1,N
tn(i)=(i-1)*delta
fn(i)=hp(tn(i)* (1e+9))
FTr(i,)=Ffn(i)* cos(2* PI* (i-1)* np/N)
FTi(i,)=fn(i)*sin(2* PI* (i-1)* np/N)
FTc(i,)=DCMPLX(FTr(i,l),FTi(i,l)
Sr=Sr+FTr(i,l)
Si=Si+FTi(i,l)
100 continue
Tr(l)=delta* Sr
Ti(l)=delta* Si
Tc()=DCMPLX(Tr(l),Ti(l))
200  continue



ANNEXE 3: Macrospin simulations 227

ANNEXE 3: M ACROSPIN SIMULATIONS

In this annexe, we present the program that solves the LandauLifshitz —Gilbert equation

for a macrospin system. As presented in chapter 1, the LandarLifshitz equation has the form:

M L, &, MO
AL (v E Heﬁ)+icé|v|'ﬂ—3 (A3.1)
1t Mg t 5
Considering the reduced terms:
m:ﬂ,ﬁzi,anolt=t||v|S (A3.2)
MS S
the Landau-Lifshitz —Gilbert equation transforms to the system:
ﬂ_t:- 1+a 2 _(myhz - rnzhy)+a >q‘T’ly(rnx[-]y - myhx)_ a >q‘nz(mzhx - rnxhz) = f><(rn><’rny’mz)
ﬂm 1 . o
ﬂ_ty - 1+a 2 .(mzhx - rnxhz)-'-a >q‘nZ(rnth - mZhy)- a mx(mxhy ) %hx) = fy(rnx’my’mz)
ﬂrT]Z _ 1 - - _
ﬂ_t - 1+a2 (rnxhy - rrlyhx)-i-a Xrnx(mzhx - mxhz)_ a >1‘ny(rnyhz - rnzhy) - fz(mx’my’mz)
(A3.3)
This system is integrated using the 4™ order Runge-K utta method [Numerical Recipes].
The solutions can be expressed as:
m, :ﬁ+k_2 +k_3+ k4
6 3 3 6
y y y y
m :k_1+k_2+£+k_4 (A3.4)
Y 6 3 3 6
6 3 3 6
where the integration congtants k', i= 1,2, 3andj = X, y, zare defined as:
klx = dtxfx(mx,my,mz)
x ek 0
= doxt, in, + SLm,m,
2 (A354)

X .

ks =dt><fx§emx+k—2,my,nyi
2 a

ki = dtxf, (m, +kz,my,m,)
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I =dtxf, (m, my,m,)
y

kY :dt><fy§6mx,my+k—l,ng

2 -
e (A3.5h)
;s
ky =dt ><fy§ernx,my +k—2,ng
2 g
k) =dt Xfy(rnx, m, + kg{,mz)
k’ =dt sz(mx,my,mz)
K, =dt xf, gmx ,m,,m, +
(A4.50)

Q-0 Q-I-I-O:

N|@i N|FN

ks, =dt xf, gmx ,m,,m, +

k4 :dtxfz(mx’rny’mz-l_ks)

In these expressions, dt is the time-step.

A convergent solutionfor the calculation was obtained for dt = 100fs.



ANNEXE 4: Jones matrices for optical components and simulations of the magneto-optic Kerr effect 229

ANNEXE 4: JONES MATRICES FOR OPTICAL COMPONENTS AND SIMULATIONS OF THE

MAGNETO-OPTIC KERR EFFECT

As indicated in chapter 2, section 2.5.1.2., the measured Kerr signal is sensitive to the
longitudinal, transversal or polar magnetization components in the different experimental
configuration (longitudinal and transverse). In order to characterize the contribution of each of
these components to the measured Kerr signal we have written a program to calculate the
Kerr signa intensity for each optical component of the experimental setup (magnetic sample,
polarizer, analyzer, half wave plate) using the Jones formalism.

In the following, we deduce the Jones matrices of GlanThompson and Wollaston
polarizing prisms (chapter 2, equation 2.35a and b) and of the half-wave plate (chapter 2,
equation 2.36).

POLARIZING PRISM

The polarizing prisms are used to obtain two beams of polarizations parale and
respective perpendicular to their axes (see chapter 2, figure 2.22).

Here, we deduce the Jones matrix of the polarizing prisms considering that the prism
axisis oriented under a positive angle, g > 0, with respect to the P-axis (defined in chapter 2,
section 2.5.1.2).

Considering that the incident light is characterized by the vector E,, after the polarizer
one obtains a beam with the polarization parallel to the polarizer axis, caled here Pq (fig.
A4.1). We can consider two coordinate axes. i) the (P,S) — system corresponding to the

MOKE configuration and ii) the (Pg, Sq) — system corresponding to the prism.

‘\3‘

) A

\ P

%
Pq
>0
\ S
Figure A4.1
q>0 (P,S) and (Pq, Sq) coordinate systems

»
|

! S
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The electric vector, E, can be expressed in two different coordinate axes using the

rotation matrix, A .

Thus, we have:
_ éETU - _éEMu
E =& _;uand E =¢&__ q (Ad.2)
& S
SEMU _éE°U écosq SnQUuéE”U
where gEi u:AgE1 0=é .q 4% ' (A4.3)
Sq sU—¢e s
eéEr'a  éEq & 9ng cosqueErg

Since, the two beams refracted from the prism have the polarizations parallel to the axis

Pg and S , for the two beams we obtain the electric vector E, which in the (Pg, S
coordinate system has the components:

eE Pq u Pq
é w4 a= gElsq u (A4.4)
a a
The coordinates of the vectors E[® and E;* in the (P, § coordinate system can be
obtained from their coordinates in the (Pg, ) coordinate system after a rotation of the

coordinate system by a negative angle, q < O:
e )
Ep )

§E§‘1%Pl)_écos( q) sn(-q)ue 0 u_éosq - snqué O U

U_écos(-q) sn(- q)uéEfu_ écosq -anueEP‘*u 745
i &sn(-a) cos-q)€o i &ng cosg Ko d |

a=a A (A4.5b)
Ex )’ & sn(-q) cos-q)EEFH &ng  cosq fRESY
a In a Glan-Thompson polarizing prism, we use only one refracted beam

characterized by the expression A4.5a. This expression becomes:

dEP ) U _ écosq -anueEPqu ecosq - s q técosq anueElu
NEEry L o= s 1(A4.6)
EP &sing cosq 0 ean cosq g O 0 ueE

From here, we obtain the Jones matrix for a Glan Thompson polarizing prism, IMgr:

€ cos’q snqcosql
é. ., 0
gngcosq  Sn’q

Mg, = (A4.7)

b) In a Wollaston polarizing prism we use both refracted beams which are

characterized by:



ANNEXE 4: Jones matrices for optical components and simulations of the magneto-optic Kerr effect 231

U éosq -anueEPqu écosq - Sinq écosq anueElu

dEr )

= A4.8
§E§q5 &ing coxg 1§ Hean cosg &0 o Kest g (A48)
which is similar to A4.6 and:

dEs 'U_éosq - snqué 0 U_ éosq -anue 0 0 E]U
sU= g w0 & Li(A29)
E &&nq  cosq HEES &&ng cosq B sng coqueElA
From A4.8 and A4.9 we obtain:
dePa )0 € cos’q  snq cosqUEEU
qu su=g. _2 QZEgg (A4.10)
EX )’y &nqcosq  sn’q géE’q
and
s U é dn? - dnq cosq UEE," U
AEZ U:é q qz q(é lSl:I (A411)
ES)’y & snqcosg  cos’q  (gE’q

During MOKE experiments, we were not interested in the P and S components of the
electric field refracted by the Wollaston prism, but in the intensity of the two beams that are
characterized by E® and E)" defined in A4.3. In consequence, in MOKE calculations we
used as Jones matrix for the Wollaston prism (the analyzer) the expression:

_ écosq anqu

JM
"€ dnq cosqd

(A4.12)

HALFWAVE PLATE

The half wave plates rotates the incident electric vector, E,, by an angle 2g as shown in
figure A4.2.

Figure A4.2
Angle definitions for a half wave plate

Dy
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Considering a half wave plate characterized by the axis deviated from the P-axis by the

positive angle q) /2, we can write the two vectors E, and E, as.

-~ éE"u _écosa U
E1=gElsu=E1é. a
&ra &sSnag
(A4.13)
écosla +29)

Since a =q, ,, - g these equations becomes:

éE"0 écos2g - sn EE" U
& sU=é_ B sU (A4.14)
éE;n éIn2g  cosy ekl

obtaining the Jones matrix for a half wave plate given by:

_éosyy -dnu

M, ,, = A4.15
1712 gq-n 2q COSZ} H ( )

In the MOKE — program the matrices that define the polarizer (GlanThompson
polarizing prism), the analyzer (Wollaston polarizing prism), the magnetic sample and the

half wave plate have been introduced as subroutines:

SUBROUTINE POLARISER(th,E1,E2)
double precision th,E1(2),E2(2),dJM (2,2)
JIM(1,1)=cos(th)* cos(th)
JIM(1,2)=sin(th)* cos(th)
JIM(2,1)=sin(th)* cos(th)
IM(2,2)=sin(th)*sin(th)
E2(1)=IM(1,1)*E1(1)+IM(1,2)*EL(2)
E2(2)=IM(2,1)*E1(1)+IM(2,2)*EL(2)
END SUBROUTINE
!******************************************************************************************
SUBROUTINE ANALY SER(th,E4,E5)
double precision th,JM(2,2)
double complex E4(2),E5(2)
IM(1,1)=cos(th)
IM(1,2)=sin(th)
IM(2,1)=(-1)*sin(th)
IM(2,2)=cos(th)
E5(1)=IM(1,1)* E4(1)+IM(1,2)*E4(2)
E5(2)=IM(2,1)*E4(1)+IM(2,2)*E4(2)
END SUBROUTINE
!******************************************************************************************
SUBROUTINE MG_SAMPLE(rpp,rps,rsp,rss,E2,E3)
double precision E2(2)
double complex rpp,rps,rsp,rss
double complex E3(2)
E3(1)=rpp*E2(1)+rps*E2(2)
E3(2)=rsp* E2(1)+rss*E2(2)
END SUBROUTINE

| *kkkkkhhkkkhhkhhhkhhhkhhkhhkhhkhkhhkhhkhhhkhhhdhhhhhhhkhhkhhhkdhkhdhkhhhkhhhdhhhhhhhkhhxhhkdhkrdhkrdxhhxdhxx
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SUBROUTINE HALF_WAVE_PLATE(thl ,E3,E4)
double precision thl,JM(2,2)
double conplex E3(2),E4(2)
JIM(1,1)=cos(2*thl)
IM(1,2)=(-1)*sin(2*thl)
JM(2,1)=sin(2*thl)
JM(2,2)=cos(2*thl)
E4(1)=IM(1,1)*E3(1)+IM(1,2)*E3(2)
E4(2)=IM(2,1)*E3(1)+IM(2,2)*E3(2)
END SUBROUTINE

| Rk hkhkhhkkh kA kA kA kA Ak h Ak dhkhhk kb khhkkh Ak hhkkhhkkhkdhkhhhkhhkhkhdxhdxhhhhhhkhhrxhhxhhxhhrdhxhhkxd

The Jones matrix of the magnetic sample is defined using the Fresnel coefficients (see
chapter 2, equations 2.38).
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ANNEXE 5. THE DIELECTRIC TENSOR

The interaction between a crystal and an electric field E is expressed by the relation:
P=g,(e - 1)E=e,c,E (A5.1)

where P isthe polarization, ep = 8.8542E-12 (F/m) is the permittivity of free space, e, isthe
relative permitivity and ce represents the electric susceptibility. For an anisotropic crystal, e,
and c are represented by tensors.

In the following, we deduce the dielectric tensor, €., associated to magneto-optical
effects (defined in chapter 2 and [Palmer1996]).

The motion of bound electrons in the presence of both a harmonic field

E(r,t)= E(F)e™ and astatic field B, is described by the Lorentz force law:

mF +k,f=-eEe™ -& B (A5.2)
where T is the electron displacement from the equilibrium position, k, = mw? is the elastic
binding force constant (where wy is called the resonance frequency of the bound electron), me
and (-e) are the electron mass and respective the electron charge. Assuming that the

displacement i acquires the same harmonic time dependence as the wave, we obtain the time
independent relation:

Wz-w2)r-iw=-(r" B)=- ¢ (A5.3)
me me
Considering that the polarization P is defined by:
ﬁ:ié p=- Ne (A5.4)
\%
from (A5.3) we obtain:
2
wz-w2)p- w2 (p B)="Cg (A55)
me me

Considering that the magnetic field is parallel to oz-axis, we obtain:
ik
P, Pl=
0O B

PB- jPB (A5.6)

<

0
o
11
o ., U —

From (A5.5) and (A5.6) we obtain:
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: W2 - w?)p, - iwwP,

where:

represents the cyclotron frequency.
From (A5.7) we obtain:

BN
..PX: pa

io _Ne* 1
A T

|

|
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I Ne? 1
I —

|

|

|

z

The equation (A5.1) can be aso written as:

LU &, o, o KED
a
Pl —eoécyx Cy Cyruabyy

éva € ey u
@Pz gczx Czy CZZ$EZH

The dielectric tensor, €, , becomes:

él 0 04 &, ¢

0 1 Ou+eyx
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(A5.7)

(A5.9)

(A5.9)

(A5.10)

(A5.11)

(A5.12)
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In these expressions

defines the plasma frequency.

In the case of the Faraday effect, the Verdet constant is expressed as [Pamer1996]:

pew \w

2 2\2
| onome(Wo - W )

while the Cotton-Mouton effect (see chapter 2) is defined by [Palmer1996]:

2 .2,,3
W w

K - Ky s v

(A5.13)

(A5.14)

(A5.15)

In the expressions presented above we have not taken into account the magneto-optical

effects induced by the sample magnetization, M (M oM y,MZ). Considering in (A5.5) the

general expression for the magnetic induction: B = uo(ﬁ + M) with an external field parallel

to ozaxis, H(0,0,H,) we can obtain, instead of (A5.7), the following equation system:

~ = Ne* -
AXP = xE

me
e 2 2 - Well, - Wel, u
a W,-w -|—(H+MZ) I—M, q
é M M €0, eE
& Wel, 2 2 CWel, e u_ NeTé_ 0
ST(H*‘MZ) Wy - W - 'TMxﬂéPyl]_ m &y
e ™ .
AW W ez z
e _j equy i equx wZ-w? U
e m, m, ¢

This system can be solved:

p= AN g me s - D
m

e

using the inverse of the matrix A, At thatis expressed as.

(A5.16)

(A5.17)
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A 1
-1 r 1
=7 W2)|_6N§ _W2)2_ CZ(M)(2+|\/|§+(H +MZ)2)]X
¢ (w2 - w?)- cm? SiC(H+M W2 w2+ C° MM, - C°M (H +M,)- iCM, w2 - w?)i
SIC(H+M Jwz-w2)+C2M M, fwz-w ) c?M? c2M y(H +M) icM (w wz)ﬂ
& C?M,(H +M,)+iCM,(WZ - w?) - C?M,(H +M)+iCM @v w3 Wg-w)-ci(H+Mm,)?
where C =2
m,
(A5.18)

The matrix from (A5.18) represents the sum over two matrices that correspond to the
linear magneto-optical effects, L, and respectively nonlinear magneto-optical effects, NL.

The expressions of these matrices are:

é 1 -iC(H+M,) -iCM 1
L = WwZ-w?)gC(H +M,) 1 -iCM, g
& iCMm, iCM, 1 4
é -C™M; C’M,M, - C*M,(H +M, )0
NL=§ C’MM, - C'M? CM,(H +M,) § (A5.19)
& C°M,(H+M,) -CM,(H+M,) -C*(H+M,}{

Considering only the linear effects (neglecting terms such as M;M ;), for H = 0, from

(A5.17), (A5.18) and (A5.19) we obtain the dielectric tensor:

él 0 0i W &1 -icm, -icmu
6 =% 1 o+ © gCM, 1 -icMm, (A5.20)
< Y me (W2 - W2)2 = :
@ 0 15 Moo gcm, icm, 1 H
This equation is equivaent to:
¢ 1 -iQM, iQM,
=n’giQM, 1 - |QMXU (A5.21)
& iQM, iQM, 14
where:
Ne?
n’ =1+ .
m.e (vv W2)
2
=W Ne (A5.22)

m  Ne®*+ meeo(vv(f - W2)2
Wel, xﬂ'
m
We observe that the permitivity tensors (A5.21) and (2.30) from chapter 2 are
equivalent.  In chapter 2 we used the normalized values for the magnetization

Q:

components, m = M, /M






RESUME :

En utilisant la technique pompe-sonderésolue en temps, nous avons étudié la
dynamique de I'aimantation dans des couches minces magnétiques avec une résolution
temporelle de 20ps. La pompe est constituée par les champs magnétiques de hautes
fréguences induits par des impulsions de tension appliquées sur une ligne coplanaire. Comme
sonde, nous avons utilise |'effet Kerr magnéto-optique et I’ effet magnéto-résistif. Nous
présentons la préparation des échantillons en utilisant le dépbt de couches minces par
pulvérisation cathodique, la lithographie UV, ainsi que différentes techniques de gravure.
Les résultats sur la dynamique de I'aimantation correspondent au régime des petites
perturbations (de type Résonance Ferromagnétique) et a celui des grandes perturbations (ex.
le renversement de I’aimantation). Nous avons mis en évidence le renversement par
précession dans des vannes de spin de taille micronique et dans des couches minces

continues.

ABSTRACT:

Using a time-resolved “pump-probe” technique, we have studied the nagnetization
dynamics in magnetic thin films with a time resolution of about 20ps. As pump we used the
high-frequency magnetic fields induced by voltage pulses applied on a 50W-matched
coplanar wave-guide. As probe we used the Magneto-Optical Kerr effect and Magneto-
Resistive effect. We present the wave-guide and device preparation realized by UV
lithography, sputtering and various etching techniques. The magnetization dynamics results
concern both small angle perturbations, such as Ferromagnetic Resonance, and large angle
perturbations such as the magnetization reversal. For the latter case, we have evidenced the
magnetization reversal by precession, in micron-sized spin-valve elements and continuous
magnetic films. This process, known &s the fastest magnetization reversal process, has direct

applications in Magnetic Random Access Memories (MRAM) devices.
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