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Each magnetic system is characterizedefuilibrium and metastablenagnetic states
corresponding to global respective looahima of thetotal energy of the magnetic system.
The transitionof the magnetization fronone state to anotherunder the influence ofn
external magnetic fieldlemperaturer a spin polarized current is a dynamic processled
the magnetization dynamics whose characteristic timdepend on the typeof excitation,
the material parameters as well as the spatial dimensions of the magnetic system

In order to describe the dynamics of the magnetization procésseiau and Lifshitz
were the first to derive anathematical expression in the form ofcarhinear differental
equation.It has been later extended by Gilbert and the corresponding equation of motion for
the magnetization dynamics is nowadadysown nowadays as theandauLifshitzGilbert
equation[Landaué& Lifshitz1935, Gilbert1955]Modifications of LLG are cuently 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 resfmetite industrial applications such as
magnetic memories. One of the first magnetic recording devices based on the magnetization
dynamics used ferrite heads terite and read the information. Because the ferrite
permeability falls above 18IHz [Doyle 1999, the read/write process was possible only with
a reduced rate. An important improvement (decreasedesponse time) was tdbned using
magnetic thin filmheads.Upon reduction othe dimensiomof the magnetic system (i.e.
reduced film thickness compeal to the other two dimensionsjrong demagnetizing fields
will be induced,and thus &igh value of the demagnetizing factg¢rl) creating a large
anisotropyfield perpendicular to the film surface. In this way, reasonableepéilities for
applied frgguencies larger than 300IHz were obtained in thi magnetic films devices
[Doyle1998].

Both the increasef the data storage capacity (decreasing the magnetic unit dimensions
down to micre or nane meters) and the decreasf the access timesf(nansecodsand sub
nanosecondr MRAM deviceg, are the major challenges airrentresearch work.

Consequently, one has to be concerned in a firstistepe dependence of the magnetic
propertiesupon reducingthe sample dimensions. Figure 1.1 gives a clasgibn of the
characteristic magnetic processes as a function of the magnetic system dimensions (or the
spins numbes of the magnetic systgnirom the hysteresis curves presented in figurdHel
different magnetization reversal processes can be igagsil suchas: the nucleation the

propagationand the annihilation of domain walld§or multtdomain particlesthe uniform
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rotation of the magnetization for singl#gomain particles anguantum phenomeni@r one

magnetic moment patrticle.

Permanent Micron- Nanc Clusters Molecular Individual
magnets particles particles clusters spins
Multi - domain Single- domain Magnetic moment
Nucleation, propagation and Uniform rotation Quantum tunneling, quantization,
annihilation of domain walls curling quantum interference
Figure I.1:

Mesoscopic physicgrom macroscopic to nanoscopic magnetic systéifesisdorfer 2001

In the second step, one has to consider the time scale of the different processes, some of
which are indicated in figure2.

On the femtosecond time scalethe charactestic processescorrespond tothe
relaxation of theslectronsysteniBeaurepaire1996, Beaurepdig98, Guidoni2002.

The picosecond time scaleorresponds to the precession frequencies of a metallic
ferromagnetic system (typical GHz)Back et al. [Backl98, Siegmann295] have
demonstrated for the first time experimentadly newconceptbased orthe 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 Sthord Linear Accelerator Centerhis
has then been followed by tirtesolved pumgprobe experiments on the laboratory scale by
[Freeman1992, Doyle 1993, He 1994, Doyle 1998, Hiebert 1997, Freeman 1998, Stankiewicz
1998, Zhang 1997, Koch 1998pr in-plane magnetized soft magnetic materials. Later, i
20022003, |[Gerrits2002, Schumacher2002, Schumacher 2002Bwun&cher 2003,
Schumacher2003B] have shown as well that it is possible to suppress the ringing effect after
the precessional reversal of the magaéittm 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 dynaimm measurement techniques vyieldlso the freescillations of the
magnetization after pulsedor stepped magetic field excitation from which the
ferromagnetic resonance frequency and information on the damping can be obtained
[Silval1999].

Magnetization reversal process that occur over a timaamiosecond and above,
include the coherent rotatiand reversaby domain wall nucleation and propagation, as well
as associated relaxation procesfaggemanl1991, Russek000, 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
c
S
®
N
©
c
(o]
©
S
Time(fs) Time(ns) Time(us)
[Beaurepaire 199B [Freeman 199 [Binns 20038

Figurel.2:
Characteristic time scales for the magnetization dynamics

Due to thecharacteristic timesf the magnetization reversdly precessiorwhich are ¢
somehundreds opicosecondghis proces$as been considered apromising concept to be
used in magnetic random acceasemories(MRAM). It will allow to reducethe respons
time of the devices from some nanoseconds (in the present devices) to some hundreds of
picoseconds.However, several limitations will occur for this -salled Field Induced
Magnetic Switching (FIMS) concept (precessional and Stoner Woh/fatlirén scahg the
system size.

Thereforeother concepts have been proposed such ashtéemally Assiste®witching
(TAS)andthe Current Induced MagnetiSwitching (CIMS) The corresponding MRAM cell
design of these processa® presented in figure [.@urrent ralizations ofFIMS devices use

two orthogonal pulsed magnetic fields generated by two conductors. These devices were
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intended to induce the Stor®folfarth reversal but they can be also used to induce the
precessional reversal using shorter magnetic feltbes. TheTAS uses the temperature
dependence othe write field by sending current pulses throughunnel junction while
applyinga magnetic fieldpulsethrough the word/bit lines. TheCIMS usesa high density
spin polarizedcurrentthat passeshrough the tunnel junction to switch the storage layer.

this case, m magnetic field is required.

MRAM WRITING READING

FIMS
Field InducedM agneticSwitching

Il Transistor Transistor

= OFF

TAS

ThermallyAssistedSwitching ’
o

Reference |‘/ —| Storage
layer layer

Transistor
ON

Transistor
ON

"I_U ;!|
hr

CIMS A
Currentl nducedVl agneticSwitching =_-
Reference layer — —_— -
Polarizers

ransistor

lll—”—
o4
Z3

Transistor
ON

Figure .3
MRAM - switching processes in applications

In January 2000, when this PhD work started, the precessional reversal was already
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 ofhechallenges was to reach similar results on magnetic lsamjithplanar
anisotropyusing laboratory facilities.

In this context, my workwas aimedat establishing a higfrequency measurement
technique to characterize the magnetization reversal processes and the magnetization
dynamics with a resolution othe picosecondtime-scale This technique has been used to

characterize the precessional reversal procesgliffierent magnetic systemsuch as
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continuousfilms and patterned singleand multi layer structures, which have applications in
MRAM devices.My work focused on the realization of an experimentalupeand m the
realization of the sampleadaptedo high frequencyexperimentsusing different preparation
techniquesuchas magnetic thin filmsputtering, ultraviolet lithographyas well as different

etchingtechniques

This manuscript istructured as follows

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

ii) The second chapter is focused on the pymgibhemeasuremertechnique. Several
fundametal aspects relatetb the transmission lintheory are described, which
are important for the design of the pump part. Furthermore, the basic concepts of
the probe technique such e magnetepticalKerr effect the magnetoesistve
effect and the indictive effectare presented. The experimental setup used in my
work will then be described based on th#soretical considerations.

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

iv) The experimental resulteelated tothe nagnetization dynamics (precessional
reversal, small angle oscillations) both in magnetic nm&iaed samples and
continuous magnetic thin films are given in the fourth chapter. For a complete
interpretation and understanding of the experimental dataeslits are compared

to macrospin simulations.

Four annexes are availaldéthe end of this manuscript:

Annexe 1:The calculation of the magnetic field induced byD&-current that traverses a

conductor of rectangular section

Annexe 2:The calculationof the Fourier transform of discretely sampled data

Annexe 3:The macrospin simulation code

Annexe 4: Jones Matrices for optical components and simulations of the magpetd<err
effect

Annexe 5:The dielectric tensor that defingdbe Fresnel coeffients corresponding tahe

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 momesftsan electron the
characteristic energies and the associated magnetic fields in a continuous ferromagnetic
material are presented.h& equilibriumand metastablenagnetic statesorrespond toglobal
respective locaminima of the total energy. The transitidrom onestablestate to anotér or
the relaxation from an oubf-equilibrium state towardshe nearest minimuns given bythe

LandaulLifshitzGilbert equation which describeshe magnetizatiordynamics Its solution,

for given boundary conditions wilfield the magnetization trajectory (evolution o in
time). Here, both, small angle magnetization perturbations that correspond to linear
solutions, as well as the magnetization reve(SabnerWolfarth and precessional reversal)

will be addressed
Résumé

Le premier chapitre est dédi la présentation decertainsaspects de la théorie du
micro-magnétisme et daotions de base reliées au moment magnétique de I'éleddiauns
présentons des détailsoncernantles concepts micrmagnétiques appligués dans les
matériaux ferromagnétiques en introduisant krsergiescaractéristiques et les champs
magnétiques associées. Les états magnétiques d’équilibrdé&présde laminimisationde
I'énergie totale du matériau ferromagnétique.

La deuxiéme partie est dédiée a I'équation Land#shitz qui définie la variation
temporelle de l'aimantationNous discutons ses applications dans la théorie du micro
magnétismeet en particulier les solutions linéaires qui correspondent daibles
perturbations de lI'aimantation ainsi que le renversement de I'aimantation (model Stoner

Wolfarth et précessionnel).
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1.1.M AGNETIC MOMENTS

The electron iran atom has two angular momenjahe orbital angular momentum;,,
1
and ii) thespin angular momentun®. The corresponding magnetic momen|l§, or ;'15 are
respectively
r 1
Ho=-g.L
r r
Hs =-0sS

whereg_andgs represent the orbital and respective the spin (ggoetic factors They are

(1.1)

given byPlanck’s constanth, Bohr magnetron,; ! and the gyromagnetic splitting factor,

OL OrQs.

h
Os™= gL,su_hB; Hg :|j_m (1.2)

1 1 1
In the spirorbit coupling cases the total angutaomentum is given byd =L +S, and
: . r ! .
the corresponding total magnetic momentum py =-g,J. Here the gyromagnetic factor

can be expressed in a similar way as in equation 1.2. Neglecting the orbital contribution to the
total angilar momentumL = 0 andJ = § the Landé factorg( s) is equal to 2, while in the

case withS = 0andJ = L, the Landé factor is equal to 1 [Ashcroft1976, Kittel1966].
Considering an arbitrary external magnetic fidelld, the evolubn in time of the

magnetic momenturp; of an electron(fig.1.1), is defined by the angular momentuntype

equation of motion:

dy, r.

F—-gj(pJ uOH), g,>0 1.3)

where 4y = 4107 H/m. This equation describes a precessional motion of the magnetic

moment arond the external magnetic field characterized by the frequéncy,

ey, H
:ixL =const* H (1.4)
2p m,

f is called the Larmor frequencyhe constant in equation 1.4 has in?Slnits the value
3.52:10* HZ(A/m) This value corresponds tme precession peribof 357 nsfor a magnetic
field equal tol Oe The Larmor frequency increases andconsequencehe precession time

decreasewith increasing magnetic field.

! Up = |€1h/2me wheree andm is the charge and the mass of the electron
2e=1.6*10°C; uo = 4p*10" T*m/A; me = 9.1*10°' Kg; H(A/m) = H(Oe) * 79.58
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H,

| 9y
ll'l Figure 1.1
J Precessional motiorof a magnetic moment
1
around an arliiry external magnetifield H ,
determiningits frequencyf.

In ferromagnetic materials, the spins are strongly coupleithdgxchange interaction

Therefore, there is no strong variation of thiéentation of themagnetic moments;'ij from
one lattice site to the next. This allows the introduction of an average magnetic moment,
called magnetizationl\l/l :

o |
a kM
o

\Y

for which a similar equation to 1.3 can be derived to describe the magoatacession

r
M = (1.5)
around an effective fielth a continuum theorfChikazumil997]. It isthe basis of Brows
equations [Brown1963] as well asthe LandadLifshitz-Gilbert equation [Landau &
Lifshitz1935, Gilbert1955]
dM rooor
—= 'g(M “oHeff)

o (1.6)

wheregg = g><2|i =87.9140° xg(Oe* xHz). One basic assumptiorof the theory of
m,

micromagnetism is the existence of a spontaneous magnetization tteathias aconstant
I
amplitude |M| = const.

The effective magnetic field iequation 1.6s given by thelerivative of thetotal energy

of the ferromagnetic system

Hy =-N E (1.7)

In the following, the total energ¥, is derived.
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1.2.ENERGY AND MAGNETIC F IELDS OF A MAGNETIC SYSTEM

The total energy of a magnetic system has different contriutbmming from
exchangeenergy(Eey, magnetecrystalline anisotropyenergy(E,), dipolarenergy(Edip), and
Zeemarenergy(E,):

E=E+E,+E, +E (1.8)

dlp zeeman

Hence, the corresponding effective magnetic field has four contributions:

Heff :_N |\;|E:He +H +Hd|p Hzeeman (19)
i)  The exchange energy
The exchange energy in a systenNadpins is defined as:
18 & r
Eex =- Eé é JI] (H ) (110)

LY

21 =
where iJ is a positive parametgin ferromagnetic systemshat represents the exchange
integral corresponding to the intetian between the magnetic momentsand j. This
interaction is strongest for adjacent moments and therefore local. In ferromagnetic materials,
it favors parallel alignment of the spins. In continuous media, of volume V, the exchange

energy is expressed:as
E... = OAJm, ()] + [, (F)F + [8m, () hav , i, m, m,)= L

\Y S

(1.11)

whereAq is the exchange constant that is proportional to the exchange indggRahy y ,is

the spatial gradient(N) of the magnetization normalized components corneging to the

0X, oy and oz axis. The exchange interaction is isotropic, resulting in no preferential

orientationof the magnetizatiowith respect tadhecrystal axis.

i)  The magnetarystalline energy

Due to the interaction between the magnetic momerastlan crystalline latticevia
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 enetiggt is called magnetorystalline anisotropy

energy.



CHAPTER 1: Static and dynamic aspects of micromagnetism 25

In the case of a uniaxial magnetic anisotropy, the energy takes the form:

ro.o
1 flen 8

(1.12)
MS z

E, =K,

where U is the unit vector, along the direction of the uniaxial easis, K, is the uniaxial
anisotropy energy constant, alid is the magnetization modulus.

From 1.7 and 1.12 the uniaxial anisotropy magnetic field is expressed as a function of
the unitary vectom:

H, == x({ ) (1.13)

i)  The magnetostatic energy

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

a demagnetizing fieldH, . The corresponding energy is expressed as:
1 vy .roryor
Eqp =~ 5 Mo OM (F) 3, (r ) e (1.14)
\

This energy ismall compared to the exchange energy between neighboring moments thus it
has no direct influence on the parallel alignment of neighboring spins. However, it is of long
range and therefore will influence tepatial distribution of thenagnetization vector.

The corresponding demagnetizing field is equal to:

H, = - N M (1.15)
where N is the demagnetizing tensawhich in its most general case is position dependent
N(T).

In homogeneously magnetizednsples, the demagnetizing field is opposed to the

magnetization vectoM for which the tensorﬁ takesthe form of:

N, 0 0y

=_é ¥

N=g0 N, 0p Ne+Ny+N,=1 (1.16)
g0 0 N,j

A consequence ofhe demagnetizing energy ithe nonruniform magnetization
distribution, such asmagnetic domainsThese arecreated to avoid surface and volume

magnetic charges.
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iv) Zeeman energy

1
The energy determined by the interaction between the magnetizdtiamd an external

magnetic field is called Zeeman energy. In order to minimize this energy, defined by:

1 1
Ezeeman: - HOM ><Hext (117)
every magnetic moment of the magnetic system tends to align parallel to the external
1
magnetic field,H,, . The exernal magnetic field can include a static bias fiélglaf as well

as a time varying field pulséd) ora harmonic high frequency fieldg).

1.3.LANDAU-L IFSHITZ -GILBERT EQUATION

The evolution of the magnetization in time and space under a localieffdieid

H o (rr ,t) is described bythe LandadLifshitz (LL) equation proposech i1935 [Landau &

Lifshitz 1935]. Thisequationis similar to equationl1.6 but with a supplementary damping
term:
LY I A S RV A AU A AU
_:'Q(M lJ'OHeff)__z(M (M “OHeff)) (1.18a)
qt M S
Here, the prameterl expresses the magnitude of the damping, and is called the

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

1
exerted bythe effective fieldH_, and describes the Larmor precession of rtregnetization

1
vectoraroundH . The second term corresponds to the phenomenological damping torque,

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

I I
™ rooor a &, Mo
—=-qgM H +—CM ——= 1.18b
T g( Ho eff) Msé it ( y

3 = |e|
Hered = 0% —

2m,
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where a is the damping constanbf positive value,a > 0. The precessional term:
(I\'/I ’ p0|l|eff) is herereplaced by ﬂM/.”t. In this way, the dampinteads not only to the

realignment of the magnetization towards the effective field but it acts also on the
precessional motioitself.

The LandatLifshitz-Gilbert equation 1.18ban betransforned into the LandatlLifshitz
form (1.18a)when using g'=g/(1+a 2) and | =agM S/(1+a 2) [Mallinson1987]. We have
g'=g andl =agMg in the condition of small damping (<< 1).

In the Landaiifshitz-Gilbert equation the damping constanta appears as the
parameter rgponsible for the magnetization relaxation toward the equilibrium $tat¢he
closest minimum)[Miltat2002]. In absence of dampinga = 0) the magnetizationl\'/l
precessesndefinitely around the effective fieldl-'|eff and will never align parallel 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]. Fora * 0O the magnetization executes precessions around the

effective field as shown in figure 1.2vhich are characterized by an angle that is

exponentiallyattenuated

Time

Figure 1.2
Attenuated ragnetization precessionsaround

the effective fieldfora >0

The valueof the damping factois a material propertyln literature valuesare given
rangingbetweena = 0.005 up to 0.1 [Miltat2002for instancea = 0.008for a NiFe sphere
[Bauer2000], ora = 0.031 for a thin bilayer of CoFe/NiFe of a spin vale
[Schumacher2002].
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The LLG equation is a coupled nbnear second order differential equation that
describes the static magnetization distributeanwell asts dynamics. The latter contains the
small and larger angle deviations of the magnetizatan its equilibrium state. Only for few
situations, analytical solutions the LLG equation can be obtaine the static as well as in
the dynamic caseOne analytic solution of the dynamic case can be obtainednfaf
amplitude oscillationsround egilibrium upon linearization othe LLG equation. This case
will be considered in section 1.4n general cases, the solutions to the LLG equation are
obtained by numerical simulations, which have been intensively developed in thelBast 5
years as an ingotant tool for the understanding of miensagnetism.

One simplified approach to solving the LandaishitzGilbert equation numerically is
the representation of the total system by a single macroscopic spin. In this case, the LLG
equation can be solvedlatively 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 static magnetization distribution, the
equilibrium/metastale states of a ferromagnetic system can be obtained from the variational
principle for the energy [Brown1963, Miltat1994]:

e )=0
(1.19)
d2e(mM)>0

where E(I\'/I ) represents the total energy of the system. These lead to Breguesions:

m" H,, =0in the bulk and
r
m

r (1.20)
" qIm/ 9in = 0 at the surfaci

1.4.SMALL ANGLE MAGNETIZA TION DEVIATION

Spin waves
The generalsolutions of the linearized LLG equation are spin waves that correspond to

the propagation of “small perturbat®n through sample. These perturba are
characterized by a wetlefined spatial correlation of the phasand of the deviation angle or
spin wave amplitudg (fig.1.3). In the particular case, when the magnetmments preas in
phase in the entire magnetic system, the precession nsodaiform( = 0, q = const)
(fig.1.3b).
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Figure 1.3 Spin wave mode of wave vecthr. a) Finite wavelengttk * O
and b) uniform precession mode=0 (I =¥ ).

The spin wavefrequency carries information about system energy such as the
anisotropy energy, the external magnetic fields or the saturation magnetizlighn (
Therefore, measurements of spin wave frequencies are an important tool to characterize
magnetic systems. The are two complementary types of experiments that are commonly
used to study spin waveBrillouin Light Scattering (BLS) [Cochran1998]illebrands1995]
and FerroM agneticResonance (FMR) [Heinrich199%elinski1997 and Farle1998]. In the

1
BLS spin waves fowave 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 zerdalt, =0.

Besides those conv@nal measurements, recently new types of measurement
techniques in the time domain have been presented in the literature [Silv&&889ki1997
Crawford1999 Freeman1992, Russek2000B], similar to the one described in this thesis. They

are based on aump-probe technique, which employs coplanar wguede 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, theah&tequencies set the tingeale,

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

Uniform FerroMagnetic Resonance mode

The FMR technique consists of the measurement of the absorption afithevave
energywhena spatially uniformmicrowave ) magnetic fielcexcitesthe magnetic moments
in a system A minimum in the microwave spectrum occurs wtierf-frequency coincides
with the magnetization precession frequency.

The equation omotionof the magnetizatin for smallamplitudeprecessionss obtained
fromthe linearized LandadLifshitz-Gilbert equation (eq.1.18h)n the lossless casa € 0)
[Kittel 1947.

Solutions of the linearized equation yield the precession frequency as a function of the
second derate of the energfFarle1998 Miltat2003:

2F q2 BME &
w__ g “Eﬂ_f-g“'?i (1.29)
g Msing \fq° 1] flali o
A
Z
- o
Figure 1.4:
y Spherical coordinates for the magnetization
I U S > and magnetic field vectors used in the
e calculation of the ferromagnetic resonance
&L_x frequency
X g I

Using the enggy expression of a continuous film of uniaxialplane anisotropy, one

obtains the Kittel equation:

w_ 1
g sinqg
where the angleg, j m andj 4 are defined in figure 1.4d represents the external magnetic

JIHcos{ -] ,)+H,codj  +4pMJI[H cos{ - ,)+H,cosq ] (1.22)

field whose orientation is deed by the angle$y and gy (here the external fields
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consideredin the film plane g4=90°), H, represents the uniaxial anisotropy field and its
orientation is defined byg andj m. The microwave field is considered to be perpendicular to
the external &Id.

Consideringthe particular case of a magnetic thin film in (x,y) plane excited iy a
magnetic field Hs, parallel tothe ox-axis in an external magnetic field{, parallel to oy
axis,the magnetic susceptibility associated to theafnetic fidd is defined as:

M, c
Cy = w = H — (1.23
rf av 9
Wo g

M
where c 2#. We observe that the variation of the magnetic susceptibility as a function

of w, has a maximum fow =w,. The imaginary parts of the magnetic suscegybilm(cm)

characterize the energy absorption #ygpears in the magnetic systedne to excitatiofy an
rf-magnetic field The absorbed microwave powé;, in a magnetic thin film, is defined as
[Celinski 1997]:

2

P, =%w|m[crf]>1Hrf

r

(1.29
For an externalrf-magnetic field of frequencyf =w/2p equal to the frequency

fo =w,/2p of the magnetization precessions, tfieenergy is entirely absorbed by the

magnetic system. The frequendy is called the ferromagneticesonance frequency.
Ferromagnetic resonance occurs for the frequency value for which the absowezdn the

thin film (eq.1.24 is at maximum value.

1.5.M AGNETIC LENGTHSCALES

Coming back to the static magmretiiondistribution, there existdifferent magnetic
length scaleshatcharacterize the magnetic static distidou These length scalese derived
from the competition between the internal energies of the system (defined in section 1.2), the
exchange, magnetostatic, and magi@ystalline energe
The competition between the exchangeergyand the anisotropy energy definés t

width of a domain wallgivenby theBlochwall parameter
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o, = [P
K

(1.29

The competition between the exchange energy and the magnetostatic defiesg/the

_ [2A,
loy = YE (1.2

The quality factor compasd¢he magnetarystallineto the magnetostatic energy

2K
HoM &

exchange length:

Q:

(1.27)

1.6.DOMAIN WALLS

Barkhausen found the first experimental confirmation of nfegnetic domain concept
in 1919 [Barkhausen1919]. He discovered that the magnetization priacassapplied field
containsdiscontinuous variations namdhrkhausen jumpsvhich he explained as magnetic
domain switchind. Further analysis of the dynamio 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 magnetizitjan,
the bounday regions betveen domains, finding that thewust have a width of several
hundred lattice constantsjnce an abrupt transition (over one lattice constant) would be in
conflict with the exchange interactiofwo basic modes of the rotation of the magreion
vector can be defined for domain walls:

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

i) The two dimensional (2D) rotation of the magnetization from one domain through a
180° wall to the other domairdetermining a Neéel wall. Here the magnetization rotates
perpendcular to the wall planeThis type of walls appears thin magnetic flmswherethe

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 the demagnetizing field producég the Bloch wall spins that
point perpendicular to the film surface. In artie reduce these fields, the magnetization starts
to rotate in-plane.

The transition from a Bloch wall to a Né&eall occurs roughly when the film thickness,

t, becomes comparable to the wall widi, (Hubert1998).

I IV

@t>G b)t< G
G ¢ (10 nm—hundreds of nm

Figure 1.5:
180° magnetic domains walls:
(@) Bloch walls in a bulk material (b) Néel walls in a thin magnetic film

The width of a domain wall §) is proportional to Bloch parameter,o) defined in
equation 1.25. The Néel wall is thinner than the Bloch wal§'  G°*" where the width of

a Bloch wall can be estimated by:

G s, (1.28)

1.7. M AGNETIZATION REVERSAL MECHANISMS

As a function of the sample dimensions ahd type of excitatin fields (static or
pulsed, of variable sweep rate — dH/dt, of défd orientations with respect to the uniaxial
anisotropy) one distinguishes between diffieérelasses for the magnetization reversal
processes, for which the mostgortant ones are detailed below:

i) Reversal obtained by nucleatiand domain wall propagation
i) Reversal by uniform rotation of the magnetization

iii) Reversal by magnetization precession
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1.7.1. DOMAIN WALL DYNAMICS

The first magnetizatio curve and the hysteresis loop an extendedferromagnetic
material (note: this does not hold necessarily for nanomagrektajacterize the quastatic
revesal of its magnetization (figl)6in a varying external magnetic fiel®n the first
magnetization cure (fig.1.6), the magnetizain alignment parallel tadhe external field is
realized by reversible wall displacements and-camerent rotation from point A to point B
and then by coherent rotation from B to the saturation point C [Kittel1986]ll
displacemenincreagsthe magneticdomain surface that has the magnetization parallel to the
external magnetic field and consequently, deceabe magnetic domain with the
magnetization anparallel to the external magnetic field [Koch1998, Choi2001].

On the hysteresis curve, decregsihe external field from positive saturation (point C)
the nucleation of reversed magnetic domains sets icatt@n value of the magnetic field as
we can observe in point D on figure6lDepending on the sample type and magnetic
homogeneity,lte dymmics from the point D to Fnay includedomain wall displacements,

and norcoherent or coheremagnetizatiomotations.

Magnetic domain
Domain wall
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Figure 1.6
Magnetic domain configuration corresponding to different points on the first magnetization
curve and hysteresis loop
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Ore important parameter that characterizes the domain wall propagation in the presence
of an external magnetic field is the wall velocity, This velocity can be deduced by
integrating the Landalifshitz-Gilbert 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 neighbpg magnetic domains with ¢lr magnetizations “up” and
“down” separated by a 180° Bloch domain wall. TBlech wall magnetization is oriented in
the wall plane and perpendicular to the donraegnetizationAn “up” magnetic field exerts
no toque on the domain magnetizatismce tk angles between the field and the domain

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

1 1
wall magnetization and the external fiel (,,~ H) rotates the magnetization out of the

wall planeby ananglej wai, from point 1 to point 2 as shown in the figure 1.7. This creates a
strong demagnetizing fieltlg, perpendicular to the wall plane, which induces a precession of
the magnetization aroundhy, rotating the magnetization from point 2 to point 3.
Consequently, the wall magnetization aligns with the domain magnetization that is parallel to
the external field. This is equivalent gowall propagation from left to right in figure 1.7 with

the velocityv.

a) b) L .

Magnetic domain ‘

. Domrilin wall
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Figure 1.7
a) Ferromagnetic taicture composedf magnetic domains and domain walls;
b) Bloch wall displacement mechanism

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

Ha, and the coercive fieldHc, to the sample magnetizatioMs, to the wall width
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(»JA\EX/K ), to the gyromagnetic factoig, and is inversely proportional to the damping

parametet [Doyle 1998:

gM S A\ax
I K

VH XUO(HA’ Hc) (1.29)

Equation 1.2%an berewrittento obtain a more general expressiontfar reversal time

1_v
t L
H glv:_s Aéx >‘“o(HA' Hc)
(1.30
:ﬁ(HA- Hc)1

The parametelS, represents the switching coefficient and it is defined as the ratio
between the sample length, and the effective wall mobilityp. These relations have been
verified by numerougxperiments in the past for larger (bulk) sampRado 1968

It is noted that the reversal mechanistapendson the external magnetic field sweep
rate (dH/dt). For example,Camarero et al [Camarero2001] studied the influence of the
external fieldsweeprate (dH/dt on the magnetization reversdynamics. They revealed that
the magnetization reversal is dominateddmymain wall displacements for low dH/dt values
andby nucleation processes for higléi/dt values in exchange coupled NiCo bilayers.

A nice parallel between the reversal of cluster particles of variables densities on th
substrate and the reversddminated by domain dynamics in thin films [Ferrel9%/&s
experimentally realized in 2003 by Binns et al. [Binns2003]. He showeda@thaiv coverage
of the substrate with clusters, the switching dynamics of the sample remains the same as in
the clean substrate whilbave a certain limit of coverage significant acceleration of the
magnetic reversal was observed with a fast component dueeteeesal propagating through
the cluster film. Its conclusion was that the velocity of the propagatithrer than the rate of
reverse magnetization nugleiominates the reversal through the cluster film, the average

switching time for a cluster in thsase being about 10ns.



CHAPTER 1: Static and dynamic aspects of micromagnetism 37

1.7.2. COHERENT MAGNETIZATION REVERSAL —STONER-WOLFARTH MODEL

The coherent rotatioomodel was developed by Stoféfolfarth [St-W. 1948] and
Louis Néel [Néel 1947]This model considers the magnetization reversal of a rdonaain
partcle in an external magnetic field. In this case,He rotation ofthe magnetic rmments
increases the anisotropyiergy while the exchange energy remains constant.

Figure 1.8shows the evolution of the momomain particle energy as a function of the
applied magnetic field,H, which defines the equilibrium anglg 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 meagysttiine energies.

The normalized energy is written as [Wernsdorfer 1996]:

E =sin2(q)- 2hcodg -j ) (1.3)
where the angleg andj are specified in figure 1.8, arfd represents the ratio between the
external field energy and the magnetgstalline anisabpy energy constank:

h=H - RMH (1.2)
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 flor= 0. This corresponds to the magnetization parallel to

the easy axisf the particle where the first derivate of the energy function is zero:

1,E=0 (1.33)

Figure 1.8
Total energy of the particlenagnetic
system for different external
magnetic fields at an angle-j =
30°. The local minimmm is shown
with the black dat. [Wernsdorfer
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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anglesg. Increasing the field values, thifference between the energy minimum and energy
maximum is decreasing going to zero at a critical magnetic fieldThis corresponds to a
saddle point where the second derivate of the energy is zero:
12E=0 (1.34)
From (131 — 1.33) we obtain an expression of the critical reversal figddas a function
of the anglg between the direction of the applied field and the uniaxial anisotropy direction:

h = 1
c T (. /3. /3 \3/2
(sm j +cos’ j)

(1.3)

The angleqo defined as theanglebetween the magnetization'/l and thedirectionoz for
which themagnetizatiorreversalbccurs can be expresseck

tanq, = - tan"?j (1.3)

The critical field,h;, for which the reversal occurs as a functiothefanglg , (eq.1.3%

is presented by the Stor@rolfarth astroid in figure 1.9. The curvi'e = ll’lo(] ) delimitates the

region of reversall 3 F]O(j )) from the region of nereversal b< F]O(J ).

» Figure 1.9

H,  StonetWolfarth astroidthat defines theimit
between the nereversal(inner region)and
reversalouter region) regions

270

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

Wernsdorfer et al. experimentally verified the Stewlfarth model on magnetic
nanoparticles of 5@50nm dimensions. Despite a clear singtenain 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 notzero temperatures, the switching field b@es a stochastic variable and the
magnetization switching takes place before the energy barrier goes to zero [Bonet 1999
Thirion 2002].

StonerWolfarth reversal is actually used in MRAM applications (see FIM&).1.3 —
general introduction), the magreetnemory being reversed by the total field obtained with
two magnetic field pulsetH{ and H; in figure 1.9) obtained with two conductor lines
perpendicularto each other The time scales, characteristio this reversal, are irthe
nanosecondange.

In ader to understand the time limits that occur during the coherent rotation reversal,
we consider a StonaNolfarth particle represented by an ellipsoid with the long axis parallel
to the oy-axis. We will analyze the details that appear during the coheatation of the
magnetizatiortoward an external magnetic field applied parallel to t#saxis as shown in
figure 1.10. We suppose that the amplitude of the external magnetic field is slowly increased
up to the anisotropy field valuélf). This means thaor each value of the externadagnetic
field (7 values onfigure 1.10) the magnetization “has the time” to relax parallélstaurrent

effective magnetic field.

H=0
H=0.1H,
H=0.2H,
H=0.3H,
H=0.5H,
H=0.7H,
H=1.0H,

O B N W b

Energie (a.u.)

60 0 60 120 180 240
Angle deg
Figure 1.10

Quasistatic relaxation of the magnetization during its reversakdiyerent
rotationin a StoneiWolfarth particle

For H = 0 the magnetization is parallel to tlog-axis position that corresponds to one
local minimum of the symmetric curve from figure 1.10. Increasing the magnetic field from
zero t00.1H (applied parallel to ez 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 -@mgle precessional
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motion around the eftdive field. Equivalent relaxation processes are obtained increasing the
external field up to the value equal to B/ 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 leaves the angle constant at 90°.

The sweep rate of the magnetic fielddd/dt) has an important influence on the
magnetization rotation in a masgn particle.As in the examplegiven above, for small
values of the sweep rate, the magnetization relaxes parallel to the intaaredthative field
If the value ofdH/dt is large enough, an adiabatic excitation of the macrospin system can be
induced For this the corresponding risiene needs to besmaller tharthe characteristic
precessiotime (~100ps).

Several studies have been performed in order to characterize the magnetization reversal
induced by variable magnetic fields of frequencies morkess important (from MHz to tens
of GHz). Recently,Bauer et al [Bauer2000] analyzed the response of a rdonwin particle
of ellipsoidal shape tomagneticpulses of variable duratipramplitude and shape.Two
switching mechanismsvere evidencedone coresponding to the ufdrm rotation obtained
for long pulses (2.75ns- figure 1.11a) and the other to the precessional reversal for shorter
pulses (0.25ns figure 1.11b).The former mechanism was described in this section whigle t

latterone will be detaied in the following.

Figure 1.11: Switching diagrams corresponding to the a) StdNelfarth and b) precessional
reversal [Bauer 2000] of an ellipsoidal shape particle characterized$®.808, 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 perpendiculdo the initial magnetization direction stabilized by the
uniaxial anisotropyBauer2000, Miltat2002]The excitation ris¢gime should bein the sub
nanosecond range in order to realize adiabatic excitation. Largdmise (about some ns)
would determine the magnetization to continuously relax parallel to the intermediate effective
fields (that correspond to intermediate magnetic fielthes in the pulse riseme interval).

The switching is obtained inalf a precession period of the magnetization, corresponding to
about some hundreds of picoseconds. Comparing to the Stgsifarth reversal, the
precessional reversal is characterizedsihgrter switching times. It is the fastest switching
process known until today, being characterized by switching times of theasdereas the
precession perigdand relaxation processes or thernfhlctuations do not influence the
reversal since the ekation is adiabatic.

The excitationfield inducesa large demagnetizing field perpendicular to the film
surface thatesults in anostly in-plane magnetization precessidine origin of the strong
demagnetizing field perpendicular to the film surface tredprecessional reversal steps will

be detailed in the following.

Precessional reversal step no. I: Oubf-plane motion of the magnetizati(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 m the film plane, determining a neeffective field (I1eff = F\P + I—I|u +F1d) in the film

plane. In this casky has a negligible value since the magnetnralies in the film plane and

N is almost zero. This wilgive rise toa precessional motion of the magnetization around the
in-plane effective fieldand lead tan outof-plane component of the magnetizatidvh” * 0.

As thin films are baracterized by very large demagnetizinfield perpendicular to the film

plane(N" » 1), the demagnetizing field increases its value very rapigly=- N"M ") and

will oppose the oubf-plane motion of the magnetization,g2hmovement being slowed down.

The new effective magnetic field is now qupsrpendicular to the film surface and has a

relatively large valuet(, =h, + H, +h; ). For instance an out of plane deviation of 1° of

the magnetization corresponds te, = 0.0175 that determines a demagnetizing field
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perpendicular to the film planen; =- N,m, =1830e for Ms"'"® = 853 emu/cri This value

is much largeithan the anisotropy field valug@d,) or the external pulsé magnetic field(~10
Oe-100 Qe).

Precesional reversal step no. Il: Magnetization precession in the film pléingure 1.12.11)
The magnetization continues its motion with ampliane precession around the effective

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

film plane. The precession time is about some hundredeagqronds anthus, this process

is characterized by frequencies in the GHz range.

Precessional reversat step no. Ill: Magnetization precession stopped in a switched positio
(figure 1.12.111)

Choosing the right parameters for the magnetic field pulses (amplitudénresavidth)
and the magnetic material (damping parameter, sample dimensions, internal fields) the
magnetizatiorrelaxes parallel to theeversed position (pai 3 on the figure 1.1RI) after
executing half (1/2), one and a hd&@ft2), two and a half (5/2), ..precessiorcycles The
minimum switching time is obtained after half a precession. Usually each reversal by
precession is followed by small precessiohshe magnetization around the effective field
called ringing that is asource of noise in MRAM devices and increatiee effective
switching time The precessional reversal that has no ringing is calledlstic reversal In
2002/2003, Gerrits et al @n Schumacher et al. [Gerrits2002, Schumacher2002,
Schumacher2002B] presented the magnetization reversal in half a precession period by

coherent rotation dhe magnetization avoidingnging.

Figure 1.12:
Precessional switching mechanism
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In reality, macrospin systems are difficult to be experimentally obtained and in
consequence, it is desirable to apply this concept of precessional reversal tosaed
magnetic particles.

This was the challenge of this work. As we will see in chapter 4, theegsi®nal
reversal was evidenced both in miemired samples and continuous magnetic thin films,
characterized by ann-plane uniaxialeasy axis. Furthermore, we evidenced the stochastic
character of thelynamics, which igelated tothe dynamic processehat are netorrelated
for different regions of the sample and the stroboscopimature of the measurement

technique.






CHAPTER 2

THE STROBOSCOPIC PUMP-PROBE TECHNIQUE :

DESIGN, DEVELOPMENT AND EXP ERIMENTAL SETUP
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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 ftion of somegiven external parameters (e.g. the applied
field). Most of these techniques probe a stable, equilibmunmetastablestate (such as
magnetometric échniques) when the system hataxed. Others probe the stationary
dynamic states such as ff@Magnetic Resonance (FMR). Most of these techniques are
“slow” and require several milliseconds to probe the magnetic states. These techniques
cannot be used tfollow the transition between different equilibrium states (suctiasain
wall propagation omagnetization oscillations)induced by the variation of the external
parameters.

In order to access tise transientstatestimeresolved measurements are required with
subnanosecond time resolutiorOne powerful technique is the stroboscopic pyorgbe
technique where 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 motiomvhose precession period lies in thenge of 100 —

1000 ps. Thus, subanosecond time resolution is required. In this chapter, we describe the
pumpprobe technique developed during my thesis work.

As PUMP, we have used the magnetic fielciofelectromagnetic wavaduced in a
transmission lie orto which the magnetic sample is placed. Sehmagnetic fields are
produced byapplying voltage signals on the transmission liméjich can be eitheishort
pulses or steps delivered by a commercial pulse generat@a oontinuous wave ofiigh
frequencydelivered by a signal generator integrated in a network analyzer.

The magnetization evolution in time is stroboscopically PROBED using three physical
effects: the MagnetOptical Kerr Effect (MOKE), the Magne®esistve (MR) Effect, and
the Inductive Ef#ct. These different techniques are adaptededasnre different processes.
FMR type experiments were realized using the MOKE experiments and the inductive
technique and themagnetizatiomeversal was evidenced using the Magr@ptical Kerr and
MagneteResistive effects.

In this chapter, the basic designs as well as the realization of such experiments are
described. The propagation of higlfequency voltage signals in a conducting wire requires
specially designed transmission lines. Therefore, a brieéwewof 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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Résumeé

Il existe une variété dedifférentestechniques pour sonder |'état magnée en
fonction des parametres externes (ex. le champ magnétique appligu@lupart de ces
techniques permettent I'étude d’'un état magnétique stable (techniques magnétométriques).
D’autres techniques, comme la Résonance F&tagnétique (RFM), sondenes états
dynamiques stationnaires. La majorité de ces techniques nécessitent des temps de mesure de
I'ordre de plusieurs milliseconde<lles ne peuvent pas étre utilsepour mesurer lestats
transitoires induits par la variationrelativement abrug des parameétres externdans des
petiteséchelles de temps, ns)

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

Dans notre cas,l'intérét est de mesurer la dynamique de l'aimantation pendant le
mouvement précessionnel, qui a des temps caractéristiques dans la gam#id@0ps. En
conséguence, des résolutions temporelles inférieures a la nanoseconde sont demandées.

Dans ce chapie, nous présentons la technique porapede développée pendant ma
these. 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 lithographés. L’évolution temporelle de I'aimantation est étudiée en utilisbetfet
Kerr magnéteoptique, l'effet magnétésistif et I'effet inductif. Nous présentons la
réalisation expérimentale des mesures résolues en temps et, en particulier, de lpqraptée
(" 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 puraprobe experimenin 1867 [TOplet867]. He used a 2us
spark to initiate a sound wave and than photographed the propagation using a second spark
triggered with an electrical delay. The first pwpmbe experiment using an ultrashl@ser
pulseand anoptical delaywas usedo measure the transient response of a germanium sample
sibjected to a 10ps pulse [Ausi@74]. A detailed chronology of the origin of the pump
probe experimental technique is provided by Ippen and Shank, along with other methods
using Utrashort light pudes [Shapird977].

A schematic of the puraprobe 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. Heneurtp is
represented by magnetic figpdilses that carrfrequencies in the same interval as the natural

frequencies of the magnetic sample.

DELAY: 0Dt Dt,
. ! -
[l |
PUMP ; i (@
! !
M( : ! (b)
1 ]
PROBE 1 i
©t,) : (©)
1
T /’/ T : l/
i ' ! Time
PROBE 2 | i i i
@) | ! ! @
1 ) |
' /) H : | :
------------ Tlme
PROBE i
(ot)
i=34.

Figure 2.1
Schematics ofhie synchronized “pumprobe” technique

The measurement of the magnetization dynaresponse, M(t), with a high time
resolution is realized using a shdudration PROBE signal (fig.2.1c, d). This probe is delayed
with resgect to the pump (with the del®y;, Dty, ..) in order to measure successive points,

M(Dt1), M(Dt), ... of the dynamic rgmnse, M(t).
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In these type of experiments, the time resolution is determined by three elements: i) the
probe signal duration, ii) the time interval between two successive delay values and iii) the
jitter' of the pump, probe or delay, that defines the byoiization 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 measure®, 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 aritde inductive effect in time and frequency
domain.

In the followingthree sections (2.2 2.4) we will first concentrate on the requirements
and realization of the pump and then we will discuss in section 2.5 the different probe

techniques.

2.2.PUMP AND PROBE REQUIREMENTS

For the realization of such a purppobe experiménone may define a number of
requirementsStudies 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 (aboutlDGHz in the casefanetallic magnetic samples). This requires
either high frequencies for a sinusoidal excitation signal delivered by the network analyzer or
short risetimes (30100ps) for the voltage pulsesdelivered bya pulse generatoiShort rise
times of the pump peescorrespond to aadiabatic excitation (see sections 1.7.2. and 1.7.3.
from chapterl) of the magnetic systems whetee thermal fluctuations can be neglected
[Back1998].In order to cover the various dynamical processes to be studiettage source
needs to be defined, that has a variable output voltage as well as variable field pulse length

The transmission lines into which the voltage pulse are delivered (pump) or which are
used to capture a fast changing voltage signal (probe) need to beedesigh 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 along the transmission which exgdalike to point out:

! The jitter of a signal is defined as the width at-aalfplitude of the gaussian function, centereg,imvhich defines the
probability to trigger a signal at the momegt 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 thetransmission line. This varies from the contact region (100um)
towards the micresized sample (fewam), 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 anisdisigywalue
which isof the order of a few tens of Oe.

Probe 1: MOKE

Laser 20ps/1W peghower
A
Pump 1: \ y; 7
networkanalyzer r\ y; Probe 3a: FMR
h(t)s 7 networkanalyzer
[ T \V4 <
Pump 2:
Pulse generato Probe 3b: TDR/TDT
ﬂ 20GHz oscilloscope
T p—
Probe 2: MR

20GHz oscilloscope|

Figure 2.2
“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 exgriments.

2.3. TRANSMISSION LINE THE ORY

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 surroundedrbynd
plane. Two equivalent approaches are udeddescribe such wave propagat i)

electromagnetic wavpropagation theoryMaxwell’s theory)and ii) transmission line theory.
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The first theory is a general approach to the electromagnetic wave propagation in space
and time based orMaxwells equatims. The propagation velocity of the electromagnetic
wave in the dielectric of the line, characterized by the dielectric relative permigyitgnd

the magnetic relative permeability;,, has a smaller value with respect to the electromagnetic

wave velodty in air: ¢ =3x10°m/s. It is expressed as:

v=—2 2.1)

Je,m
When thesurroundingdielectric is composeaf different materials with differené, and .,
(for example a layered structure or different materials on the topaiom of the metallic
line) the velocity is given by the effective parameters:
c

ve——— 2.2)
eeff xn]eff

whereeerrandpess are the effective constants.
The transmission line theory wasitially developed to solve the problem of signal
transér over long distances telecommunicationslts principal reslt is the telegrapher
equation In this theory the spatial distribution of the current and agelt along the
transmission lings considered, as well as their time dependence:
V(xt) =V(x)exp(jwt +] ;)
| (x,t) = 1(x)xexp(jwt +j ,),w = 2pf

To give an idea of the relevant lengttale, figure 2.3 presents the wavelengths

(2.3)

corresponding to the frequency range -df5LGHz.

¥ __ 3m 30cm 6cm 2cm
. c
= ! Wavelengthl =+ Figure2.3:

E Scale of wvavelength and the

correspondingfrequencies in air

. « Wave freﬁgency 4] (c = 316 m/s)
0 100MHz 1GHz 5GHz 15GHz

We distinguish two cases depending on ttedative ratiobetween the system sj4g to

be studied and the wavelendth
ForL << | there is no propagation between two points of the circuit at a given moment
t. For example, this would be the case for a circuit lem#tan some millimeters at
10GHz (corresponding tb = 3cm). As the voltage and current are constant, allover the

circuit length, ata momentin time, t, Kirchoff’'s laws can then be appligd the overall
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transmission line represented thg equivalenticcuit in figure 2.4. It consists of three

resistances in series corresponding to the line resistddcand R) and the load

resistancdsy.
a) ' R, : b) equivalent circuit
] ] 1
Vol i i —
| : ; Ry
| -, L&t

0 , L ohm's law:Ve = (R +R, +R)

Figure 2.4:L <</
a) Simple circuit representation) equivalent circuit

For L > I, the circuit dimensins become comparable to the wawgiéh and the

applicationof the Kirchoff's laws onthe oveall circuit is not sufficient, since there is a
propagation delay between two points of the circuit. The-temendent phenomena
along the circuit are describexs a distributegharameter network, where voltages and

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

a) dx <<I

Resistance per line lengtR[W/ m;
Inductanceper line lengti.[H/m;
Conductanceer line lengtiG[S/ng;
Capacitanceer line lengttC[F/nj;

b) ,(i’xt dx 3 c)
J—L - i(x.t) i(x+dx,t)
1+ I — - —
. . + Rdx  Ldx | | +
lv(x,t) v(x+dxt)l v(X,t) Gdx Cdx v(x+dx,1)
= 1 - | —|_ .
; X ;x+dx dx
infinitesimal element circuit z equivalent representation

Figure 2.5:.L » |

a) Transmission line ofa length comparable with the wavelength; b) The
infinitesimal 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 infinitesimal
element of the line characterized by dx <that can be solved by Kirch&fflaws. The
dielectric capacity,C:dx, and the dielectric conductanc&: 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 {). The resistanceR: dx, and the indttance,L :dx, define the conductor properties

as the resistive losses, and respective the electromagnetic induction.

2.3.1. TELEGRAPHER EQUATIONS OF TRANSMISSION LIN ES

Kirchhoff's voltage and current laws applied to the equivalent lumpgedegit circuit of
infinitesimal length dx® 0), which is represented in figure 2.5, lead to the tdnmain form

of thetransmission line, or telegrapher, equations

ﬂV(X,t) - R>1-(X,t)- L dlgx,t)
X t

ED IPSIPARI: V%) 24)
X dt

Considering the sinusoidal stesstate condition, withcosinebased phasors (eq.2.3),

the equations 2.4 become:

I VORE

%(Zx)-gle(x):o

(2.5)

where

g=a+jb =./(R+jwL)G + jwC) (2.6)
is the complex propagation constant.
The solutions of the electromagnetic wave equations 2.5 are:
V(X) =V, e % +V, &
* V, (2.7)

V,
[(X) =2e%- 2 g
ZO ZO

where thee ® term represents wave propagation in the positidirection; the e term,

stands for the wave propagation in the negatiwdirection, andZ, representsthe

characteristic impedancef the tansmission line that is defined as:

5 Vo o Vo _ [RejwL 2.8)
®ur 1, \G+jwe

Thecharacteristic impedancéeq. 2.8) is a complex variable that is linked to the voltage
and current phasehanges introduced in the circuit by the inductivéx) and capacitive

(Cdx) elements. In the case of real transmission lines, the characteristic impedance value
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depends also on the line series resistaRpearfd on the shunt conductan& 6f the
dielectric medium between the line and the ground plane. In this case, thertssesed

by the Joule effect in the conductor line and by the conduction in the dielectric have to be
consideredfor the evaluation of thecharacteristic impedance. In several practical cases, the
transmission line losses can be neglected (R = G = ()imgsa 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 oé twave 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; = w__1 (2.11)
" b .LC '

In prectical cases, transmission lines are used to transmit electromagnetic energy to an
arbitrary device, characterized by the load impedaficeAs a function of the values of the
load impedance,, three special cases of the terminated lossless transmissi®rcdn be

distinguished as described in the following.

2.3.2. THE TERMINATED LOSSLE SS TRANSMISSION LINE

We assume that an incident wave of the fafiie” ™ is applied to a transmission line at

X < 0 and that the line is terminated with aniadyy load impedanc&, as shown in figure
2.6.

In this case the characteristic impedance expressed by equation (2.8)@drecomes:

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

= 2.12

S10) V- T (212)
From here theoltage reflection coefficiems:
vV, Z -2

G=2=_"t °© (2.13)

VvV, Z, +Z,
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V(x), I(x) !
_— _— _— 1
- I
V, e o Zo, b 2 Figure 2.6:
! L Transmission line terminated in a
— o — ' load impedance Z

o
x< Y

We consider a step voltage signal, applied o#, @erminated transmission line, and
different terminations. The short circut (= 0) determines a negative reflectiori the
voltage step3 = -1). The impedance matching to the circdit € 50W) determines no
reflection of the voltage@ = 0). The open circuit4, = ¥) induces a positive reflection of the
voltage stepG = +1). All three cases are presented in figure ZIve 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,
The total voltage and current wassean be written as a function of the voltage reflection
coefficient:
V(¥ =V, (e + G ™)
) :ﬁ(e' . Ge"bx) (2.14)
Z0
In equations 2.14, we observe that a positive reflected vol@ge), corresponds to a
negative reflected current. In this contexis iimportant to mention that the magnetic field

polarity is the same as the current polarity.

V() A

_T_ G=1 Z =¥

V, =V,
| | G=0 ZL = Z0

+ - = +
Vo Vo =-Vo Figure 2.7:
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 vave giving rise to interferences. For a zero reflect®r Q on figure 2.7), the load
impedanceZ, is matchedto the transmission line, i.eZ. = Z,. In this case, there is no

interference and all the incident power is absorbed by the load. If theslog@dmatched to
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the transmission lineZ. 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 highfrequency electronics theonventional valudor the characteristic impedance of

a matched transmission lineds = 50W.

2.3.3. SCATTERING MATRIX

In practice, a complete characterization in the frequency domain of a transniiissics
realized by measuring the scattering matrix using a network analyzer (N.A.) as shown in
figure 2.8. The N.A. deliverat port 1 a sinusoidal signal in a large range of frequencies and
measures the transmitted power at port 2 or the reflectedr@avwwert 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 powePg to port 1 we obtain a standing wave composed by two
waves, which propagate into the piog and the negative-direction respectively. The
transmitted power will be measured at porP2) andthe reflected one at port P4}). In the
same way, by applying the incident power to port 2 we will measure the transmission at port 1
(P21) and thereflection at port 2R5,).

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

The scattering matrix is defined as:

, S ¢
5= &n 2 (2.16)
%21 Szzu

where the transmission parameters-are

! These definitions are valid supposing that the load impedances for port 1 and port 2 Zge both
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Si, =1/% and S, a/% (2.17a)
0 0

and the reflection parameters are related to the para@defmed above:

S, = /% ands,, = /% (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 ta Zhere will be no reflection anthe scattering matrix will be

: : éL Ou o :
equal to the identity matr|>§) 1(,. A lossless transmission line is characterized by:
a

$1+85,=5,+S;, =1 (2.18)

2.3.4. TYPES OF TRANSMISSION LINE: STRIPLINES , MICRO -STRIPLINES , WAVEGUIDES

As a functionof the ground plane geometry with respect to the centerline of a
transmission line, one can distinguish between several transmission line types. The coaxial
cable represents the ideal transmission line where the ground plane surrounds perfectly the
centerconductor of the cable. In practical cases, one uses cuts of the coaxial cable for which

electromagnetic field configurations are shown in figure 2.9. In each case, approximate
analytical equations can be obtained in order to estimatfigtrdoution of he vectorsE and

H , and implicitly the electromagnetic wave propagation conditions [Pozar1998, Guptal996].
The coplanar wavguide, grounded or not, is obtainega horizontal cut of the coaxial
cable. A planarconductor line placed between two horizontal metallic planes (the ground
plane) represents the Coplanar Wd&weide (CPW). Another metallic plane placed at a certain
distance under the wavguide, transforms it in a Grounded Coplanar Wéwede (GCPW).
A \ertical cut of a coaxial cable determines the Sitiipe (SL) and the MicreStrip-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 figgd #ie conductor
line.
Transmission lines of micresized 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 respgc)t the facility of the patterning
process,(ii) the possibility of integrating them in electronic devicesd (iii) the field
homogeneities.

One of the advantages of MS lines or CPW with resfge&L is their planar geometry
Photolithographic process in a single step can easily pattern them, while a stripline would
demand a minimum of tweteps.

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 dielectricthagianess, while in
CPW, the gap between the centerline and the ground plane can be varied, leaving the
possibility to match the transmission line over all its length. For electronic devices the MS are
preferred over CPW because of their reduced surfacaur experiment, this is not important
since we use one singleviceto realize the measurement and, for the moment, we are not

interested in the increase of the density of such devices on a wafer.

------------ magnetic field

Stripline: — electric field

Coplanar wave-guide: Coaxial line: Grounded coplanar waveguide:

UL Ay,

iEfév_ .............................. : :,' e <
e _i ﬂi‘i'& <

Figure 2.9:
Transmission line examples:
striplines,micro-striplines, coplanar and grounded coplanar waguwieles



CHAPTERZ2: The stroboscopipump-probe techniquaelesign development and experimental setup 60

2.4.EXPERIMENTAL SOLUTION S FOR THE PUMP

Section 2.3 presented the theoretical aspects of the transmission line theory and the
advantages and disadvantages of different geometries. In the followengpresent the
experimental realization of theeansmission 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. Thirdlg, present the transmission lidesign and
characterization focusing on tbhoices of thesubstratemateriglthe medllic material as well

as the geometrishape.

2.4.1. VOLTAGE PULSE CHARACT ERISTICS

The pump consists of the pulsed magnetic field createadnda 50N-matched coplanar
wave-guide, into which voltage pulsemre deliveredby a commercial pulse generatdwo
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 riséime, pulse width, pulse amplitude, and the pulse elgmlity (small

overshoots amplitudes).

Risetime

The risetime 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 magnetigystem that is measured. Since the characteristic frequencies of the
magnetization oscillations to be studied are in #i®GHz range, riséimes smaller than
100ps, are needed.

Width and amplitude
The pulse width and amplitude have to be variable (fid@ps 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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Overshootaindthe oscillations just after the pulse rHeme

The overshoo{positive voltage peak that appears just after the pulsetime@ and the
voltage oscillations that follow dre represented on figure 2.10.order to minimize parasitic
effects on the magneticesponseit is desirable to keefhe overshoots smaller than 5% from
the maximum pulse amplitude. The presence of the overshoots on the incidemtrgatss
supplementary oscillations of the magnetization that superpose on the izetgpret

oscillations due to the pulse ritiene.

Trigger

Further requirements concern the pulse generator trigger. The internal and external triggers
are used in the stroboscopic measuremetgrfal when the pulse generator trigger dictates

the triggerof another apparatus, anexternalwhen the pulse generator is triggered by one of

the other apparatus). The manual trigger is useful in-gtetss measurements when we are
interestedn the magnetic state of the sample after one single magnetipdisie. 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 2ngimesand faltime in 100/

200 ps range, and jitteof + 15ps. These parameters were not satisfying for our purposes.

For our study we have choséine PICOSECONDPULSE LABS PULSE GENERATORMODEL
10060A with parametersof 55ps risetime, 100ps— 10ns pulse width, 10Vmaximum
amplitude and overshoots smaller than 5%. The trigger repetition rate for this model can be
varied from 1Hz to 100kHz.

The highfrequency magnetic responses and the pulses delivered by the Picosecond
Pulse Labs pulse generator were visualized dnga 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 2ty Wa5ps risdime and
0.15V amplitude delivered by Picosecond Pulse Labs pulse generator model 10060A,

measured on the 2BHz bandwidth Agilent oscilloscope.

2 The jitter of the pulse generatcharacterizes the probability to deliver a pulse at the momenthich is fixed
by the trigger. A jitter oft15ps means that there is a reTo probability to have pulses delivered ai £TL5ps).
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2.4.2. RECTANGULAR MICRO -STRIPLINE

For pulse amplitudes of voltage U, the current value in a line of residRascequal to
U/R. The current that traverses the line determines the amplitude of the magnetic field pulse
obtained sound 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, iakdetis of a

conductor line of rectangular section.

Magnetic fields calculation

We usethe BiotSavart law:

Hod (e . Ty dr
N 2.19
zp OV )W (2.19)

to calculate magnetic field values in different points defined by the vectarduced bythe

B(F) =R, - A=

constant current density, that goes through the conductor line of rectangular section defined
1 ! . - .
by the vectorr'. The vector A represents the vectgrotential 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. Diffeethtamplitudes
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 valdeThree valuedor the line width (2 pm, 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 whergy = 0). Large magnetic fields (180 Oe 190 Oe) are obtained for

very reduced widths of the conductor line (2 pum).
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Figure 2.11:

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

3 The magnetic field calculations were realized i éibsence of a ground plane near the stripline.
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As we can seen figure 2.11e, the field is quasidependent of the line thickness for
widths larger than 5um. Smaller values of the line width (2um) determine a strongsgecrea
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. Hex 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 um (2.20)

Here we have to mentionathconductor 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 @ample 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 smallvalues of the line resistance. Ideally, the resistance should be
neglected but, in the real case, it has to be minimized. The electrical resistance of the line is
directly proportional to the metal resistivity, (e.g.r c, =1.7E-8 Wm), and the line lerny, L,

and is inversely proportional to the line widih,and thickness;
L
RW|=r — 2.21
w=r— (2.21)

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

w =50um; t>30nm,;

w =20um; t>70nm;

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

W = 2um; t >> 300nm,;
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Resistance values for a rectangular conductor line as a function of the line thickness and width

In conclusion, we observe that the conditions 2.2d 2122 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 figtlgs 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 purposethe magnetization dynamics study in samples characterized by
internal fields in the range of 380 Oe, magnetic fields of 100 Oe are sufficiently high.
Thus, acceptable resistance values YWlare obtained for layer thickness larger than 250
nm. In this interval, the values of the magnetic field are smaller than 280 Oe.

In this work, the metallic &yer thicknessvas chosen to b@75nm, while the widths
variedbetween 10um and 50pover alength of 5Smnfor realizng the transmission lines for

the magnetization dynamic study.

2.4.3. THE SIGNIFICATION OF 3dB ATTENUATION LIMIT

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

transmission and reflection parameters with t#aB3andwidth limit.
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What is the 3dB limit?

Let us suppose a theoretical example with an electric pulse of 50yisn@sapplied on
five different Devices Under Test (DYT = 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-tiree values of # transmitted pulses.
Figure 2.13 presents the incident pulse and the five different transmitted pulses characterized

by the risetime values: 50ps, 55ps, 60ps, 65ps, and 70ps.

Incident puls: Transmitted puls Transmission paramete ,= FT(V,,) / FT(V,)

1.0F | 1.0
W% _____, /

|rise-time + 50|

1

10

0.8

(R /| [SR—— Y
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T I, Y. . S, i e
rise-times: 3dB attenuation lim e
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Figure 2.13:
Calculated transmission parameter supposing an incident psésiime of 50ps and
several transmitted pulse rgmes: 50, 55, 60, 65, 70ps

The transmission scattering parame®gs is calculated as the square root of the ratio
between the transmitted and the incident power (see equation 2.17). Figure 2.18 flresen
parameterS;, that corresponds to each transmitted pulse. In the first case, the transmitted
pulse risetime of 50ps corresponds to a total transmission of the incident power and the 3dB
bandwidth of the device is larger than the maximum frequdratycharacterizes the incident
pulse. Riseimes of 55ps, 60ps, 65ps and 70ps for the transmitted pulses, iff t8d, 21"
and 3" cases, larger than the incident pulse-fisee of 50ps, correspond to the 3dB
bandwidths of devices around 20GHz, 13GH2GHz and 8GHz, respectively.
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2.4.4. TRANSMISSION LINE DESIGN 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 mgtelfii overthe 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 matchéd to 50

The geometries for two types of miemission 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 abouéns of micrometer values. Electrical contacts, which use the
bonding technique, the silver paintingr high frequency contacts (as we will see in the
following), need larger contact surfaces with widths about some hundreds of micrometers.

In consequencgdhe 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 electromagnetiave that propagates through the transmission line
[Pozar1998]. The modality chosen to match the line geometry-teftextion 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 widih dnd the substrate thickness
(h) in order to obtain a characteristic impedance oh6For the same value of the thickness,
larger line widths determine larger impedance valuesthi®MS that demand variable width
dimensions over its length, the reflections minimization can be realized using an exponential
dependence for the line characteristic impedance. This technique is hamed “taperisation” and
the corresponding impedance canNyéten as:

ax 1 ﬂL O
Z=27, where  Z,=50W  and a=—In T (2.23)
L gZO 4

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

tapering for a MS of 275um dih at the contact region and 20 um in the middle over a length
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L of about 1 mm, width values for which the characteristic impedances aktabd 112W,
respectively. The dimensions were estimated using the Txline software [Txline] for 20GHz
wave frequenies, 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 the line, using a SMA connector fixed on the line with

silver 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 widthhevéne
length, the advantage of the CPW with respect to the MS is that the CPW can be rwatched
50W all over its length by choosing the correct values for the gap between the centerline and
the horizontal ground plane. Figure 2.14b presents the deéitpe 5@\-matched CPWThe
dimensions were estimated using the Txline software [Txline] for 20GHz wave frequencies,
with the following parametersSi dielectric of 300um thickness, araf 12.9 dielectric

constant, ané Cu conductor of 300nm thickness.

vy
| ] 1
W) - \ X) I —8
N ground X
¥ RN 0 d -
x=0
w(0) = 100um; G(0) = 66umZ, =500 Figure 2.14
= sow 112w <=d a) Exponential tapered
w(d) = 20um; G(d) = 16pmZ, = 50W micro-stripline and
) b) 50A~-matched coplanar
a) b) wave-guide

In our experiment, we have chosen the CPW as transmission line to generate the high
frequency pulsed magnetic field. From an experimental poiniegi, 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 offeli€nt 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) diffeent metallic composition of the multilayers used in the patterned transmission

lines.

Frequencydomain characterization

In the frequency domain the quality ofhe entire device (fig.2.15), that contains the
transmission line, the contacts, the connectord 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 MS deposited on the top of a Si substrate
of low resistivity (5Wcm) with sharp variations difie width along the line length onto which
the contacts were realized by bonding. The scattering transmission paraBigtersy; are
smaller than the 3dB limitand we observe very large reflections (scattering param&ars:
or ;) for a large numhbeof 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 wmatched for higlfrequency 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 MS but with contacts realized using
coaxialSMA connectors ahAg painting on the metal surface. The transmission in the line
has lossedess tharBdB for frequencies below 10GHz. We obtained an improvement of the
transmission in this device characterized by a-BdBdwidth, much larger than in the first
example (abut 10GHz).

Besides unmatched line dimensions and contacts further criteria to consider is the
substrateThe dielectric permitivity,e, and the loss tangend, represent two parameters of
importance for thelectromagnetiovave propagation in transmissilines

In the examples presented in figures 2.15A and 2.15B, the relatively important
conductivity of the doped-Substrate, equivalent to large values of the substrate loss tangent,
determines dielectric losses in the electromagnetic wave trar®smissi

The undoped Si is characterized by tabulated small values of the loss tathgeir@{ —

3 10% and high values for the dielectric permitivigy £11.7- 12.9) values that are of
interestfor lossless higlirequency experimentas we haveealizedin this work. The third

example (fig.2.15C) represents avddnatched CPW patterned on a Si substrate of very high

" The 3dB attenuation corresponds to a voltage ratigi;s¥ited Vincigent = 0,708.
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resistivity (between 5E+3 and 1EMcm) onto which the electrical contacts were realized
using 5@ matched high frequency connectors. Thelteseveal a good transmission; £S

and $1 > -3dB) in a large 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 micrestripline:

0 4 8 12 16 20 0 4 8 12 16 20
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al a2 0.6 Jos
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b1l b2 oq r {os
0.4 3 Ho4
0,2+ r 10,2
0,0r, A A N i M N N N N . 40,0

0 4 8 12 16 20 0 4 8 12 16 20
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B) Direct contact on the micro-stripline using SMA connectors

0 4 8 12 16 20 0 4 8 12 16 20

SMA connectors 14

Port 1 Port2 of > 7%% w’—‘—\ A0
/\ 0,6 r 40,6
04 3 {os
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Groundplane .
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0 4 8 12 16 2 0 4 8 12 16 20
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C) Direct contacton a coplanar waveguide using 50/ matched pico-probes

connectors:
0 4 8 12 16 20 0 4 8 12 16 20
1,0f T 1,0
50Wpico-probesconnectors  of StV st J08
0,6} + T 0,6
Port 1 Port 2,1 1 04
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ool |21I ° 1 - 00

0 4 8 1‘2 1‘6 20 (I) 4 2‘3 ll2 1‘6 2‘0
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Figure 2.15:
MS and CPW fquencydomain characterization using the network analyzer
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Alternatives to the Si substrates a#é,0O; (d = 5 10* — 2 10% e = 9.6 — 10.1), and
GaAs (1 = 510% —1 10°% e = 1.9) [Txline].

In conclusion:

@  The substrate should have good dielectrigpprties (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), compsed by: cables, connectors, bias T, etc. has to be matched/o 50
impedance. This exclude from the beginning the connettmes such as bonding
with silver painting, the SMA connectors and coaxial cables of reduced@d@width.

@ The CPW has to bmatchedo 50W all over its lengtlby adjusting the gap between the
ground and the centerlinéThe 50W-matching of the MS is realized using the
“taperisation” technique.

@  Considering the 3dBandwidth values of 10GHz and 20GHz respectively, for the
devices presented in figures 2.15B and respective 2.15C, théimseof the transmitted
pulse will be equal to 65ps or respective 55ps, for an incident pulse with 50pmase
The 3dBbandwidth of the MS represented in figure 2.15A has a very small value,
which means that it can be used in @&periments or lovfrequency experiments but
not in highfrequency studies.

@  The disadvantage of the device presented in the figure 2.15B, are the contact quality
since the contacts between the SMA connectors and ttedlimsurface through the
silver painting are not characterized by good properties atflegjnency and their

properties change from one contact to another.

Considering all the disadvantages and the advantages of the devices that have been
already testd, 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. 5S®-matched CPW lithographically patterned on-suistrate of high resistivity

with contacts realized directly on the line surface wittW5@icroprobe flexible connectors.
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High frequency connectors

A) SMA connectoré (fig.2.16A)

The first characterization measurements were realized using SMA or coaxial connectors
of bandwidthn 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
transmissin lines. In consequence, we used thi&roprobe connectors, matched to high

frequency experiments, that will be described in the following.

B) Microprobes connector¥fig.2.16B)
They were used to realize higlequency measurements and their propedies
@ 50W-impedance matching in a large bandwidth up to 40Ghz;
@ Three microrsized contacts (50x50ifnproviding contact to the centerline and
to the ground plane of the CPW;

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

Q

The contadt are flexible;
@ The connections realized with these connectors are characterized by a higher
quality (high bandwidth- 20GHz that determines quadentical pulse shapes

from one experiment to another).

In order to realize good contacts thecroprobe were fixed on x, y, z motion stades
characterized by micresized 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 steszope, 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 microprobealigned and contacted with the CPW. The flexibility of theeroprobe is a
parameter thabecomes very important during the contact operation since a good contact is
obtained after exerting a small pressure on thieroprobs once it is in contact with the

metallic surface.

* Fabricated byRADIOSPARE
® Fabricated byCASCADE MICROTECH
® Fabricated byELLES GRIOT
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("A) SMA connectors

.

(B) 50W matched picoprobes connectors for BW = 40GHz )
Figure 2.16
. A) SMA connectors and B)
/v 100um Microprobes conneets (Cascade-
! R Microtech)
. y

Timedomain characterization

As a final point, we compare three CPW of different metallic compositions.

The transmitted and reflected signals measured usingithe domain reflectometry
(TDR) andthe time domain transmissiohdT) modulus of a specific digital oscilloscope of
20GHz bandwidth, revealed informations on the device electrical resist&ageald
characteristic impedancé&p. Here, three types of CPW were measured, both of the same
geometry, deposited on the sambsirate 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 metallic multilayers of structures: i)[Cu/Ta]x4/Pt; ii)[Au/Ta]x3 and
ii[Au/Ta]x4. The measurements were performed using the experimental setup presented in
figure 2.17a using a 3Wtermination. The role of the Ta layer is to increase the metallic 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 withriceoprobe, the
metallic layer is damaged. This is due to the poor adherence of thick metallic layerssto the
substrate. Using the Ta layer between Cu and Si substrate andgl@idior Au thickness in
several layersn’ 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 th&-&Jrmination, 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 at®0um 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 3 over all the line length. The reflection coefficient is defined by equation

2.13 whereZ, = 50W ard Z; represents the device characteristic impedance. As the CPW
geometry was calculated in order to hade =./L/C =50W in the lossless approximation,

the fact thatG is larger than zero leads us to the conclusion that the line resistance is not
negligible and the total impedance becomes larger 8 From 2.13 we deduce the
formula:

1+C
°1- G
and we obtain 66\, 62,4V and 58.W for the characteristic impedance of
[Cu(50nm)/Ta(5nm)]x4/Pt(5nm), [Au(50nm)/Ta(5nm)]x3 andhu(50nm)/Ta(5nm)]x4

structure, respectively.

Z, =2 (2.24)
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The characteristic impedance for a transmission line (eq.2.8), characterized by a lossless

dielectric,G = 0 (high resistivity Ssubstrate), is expressed by:

7, = |[REIuwL (2.25)
jwC

Increasing theesistance valuesy, the impedanc&, increases also. This explains the larger
impedance of the Cu line (8§ with respect to the Au line (580 since the Cu resistivity is

larger than Au resistivity. A larger section of the line obtained witiAdxayers 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 th study we used CPW composedCaf and Ta layers.
2.4.5. CONCLUSIONS

Magnetic field pulses of high frequencies can be obtained\Wri@tched transmission
lines whose geometries are calculated using the transmission line theory and the telegrapher
equations. There are four particular typEstransmission lines that represent cuts from the
coaxial cable: i) the stripline, ii) the miestripline, iii) the coplanar wavguide, and iv) the
grounded coplanar wavguide.

The experimental devices characterization was realized in freguandtime- domain,
using the PGHz — network analyzer and the 20GHz oscilloscope, respectively. They
revealed a large bandwidth (20GHz) and reduced reflections due to the electrical resistance of
the line for 5QV - CPW lithographically patterned on the sudaaf a Sisubstrate of high
resistivity using as contacts\BBmicroprobe 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 wasried in the dynamic study between
maximum 50pum down to 2um.

As a function of the CPW termination, one {8@rmination) or two voltage pulses can
be obtained of the same (open circuit) or opposite polarity (short circuit) (fig.2.7), which will
be used forealizing 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).
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2.5. THE PROBE

Time-resolved measurements of the magnetization dynamics can be realized using
different probe techniques. Among them, we menti@mmagnet-optic Kerr and Faraday
effect [Freemanl199P00Q Gerrits2002, Crawford19962000], magnetgesistive
[Russek2000,Schumacher2002003] and inductive effects [Silval999],-rdy Magnetic
Circular Dichroism (XMCD) or Magnetic Linear Dichroism in the Angular Distribution
(MLDAD) [Binns 2003, Bonfim2001, Back1998]n addition to the time resolutiorspatial
resdution can beobtainedwith the magneteoptic effect or the XMCDwhere the optical or
X-ray beam is focusednto the sample surface up to micreimed dimensions. Furthermore,
all three components of the magnetization vector can be measured using the MIOKE
appropriate choice of the measurement geom8@ynples of dimensions smaller than the
beam spot dimensions cannot be measured easily with these probe techniques. In these cases,
we can use the magnettesistive or inductive effects, at the cost offpamning aglobal
measurement of the magnetization dynamics.

During this work wehave developed three probe techniques, nantetytime resolved
magneteoptic Kerr effect the magneteresistiveeffect as well as the inductitechnique The
theoretical bekground and the experimental setup of the three types of probes are described
in the next sections.

ground
r r
h(t), m(t)
Figure 2.18:
- Magnetic samples (4 x 8)dmlithographically
patterned on the centerline of a coplanar wauide
10pm
<—>u ground

The device consisteaf the CPW (he pump line) to induce the excitation fid'm{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 4r@gnetic samples
on top of the centerline of the CPW of 10um width.
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2.5.1. THE M AGNETO -OPTIC PROBE

The magnetmptic probe uses the interaction between the electric field of a laser beam,

E, incident on the magnetic sample and éhectronsof the samplewhich feel the sample

magnetization, M via the spirorbit interaction Among the magnetoptic effects, we
mention Faraday, Kerr, and Voigt effects. They will be discussed in the following but we will
focus on the Magne-Optic Kerr Effect (MOKE) that will be used as magnreftic probe in

the dynamic experiments.
2.5.1.1.M AGNETO — OPTICAL EFFECTS

The norsymmetric binding of the outermost electrons of their constitutive ions causes

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

harmonic electric field of a light Wavé'E(rr,t), depends on the field direction, as given by the

permitivity tensor,e_r. When a magnetic inductiorils, is applied to an isotropic dielectric,

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

called magnetmptical effects. An appropriate expression of the ter;ocan 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 static fieldB, as described by the Lorentz force law.
[Palmer1996 (see Annexe 6).

As a functionof the orientation of the light propagatiork, with respect to the

incident
magnetic induction,ll3 one distinguishes between two magrejtical effects:

a) The Faraday rotatiorfor I%ncidemn Ille (fig.2.199;

b) The CottoAMoutonor Voigt effectfor l|< A Ille (fig.2.190.

incident

Faraday effect

This effect corresponds to a circular birefringence in an isotropic dielectric by a

magnetic field along the direction of propagatioi; H, [Palmerl996,

incident” e

Vonsovskiil974]. This phenomenon is defined by two different refraction indicemn¢n’)

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

1
magnetic fieldHe, a variation of the sign ok (propagation vector) will reverse the sense of
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rotation of the incident wave polarization (clockwiSe counterclockwise). The relation
between the Faraday rotation angje and the magnetic field intgty He, was established
experimetally by Faraday in 1846 arwhn be written in the form:

qr =R,/ H.J H (n+ - n') (2.26)
whereRy is known aghe Verdet constant anldis the medium lengtiThe Faraday rotation is

a linear effect in the fieldHe, with a constant of proportionality given by Verdet constant.

r r r

Z z

z Eincident Eincident Eincident
r r r r

H e kincident r k"“’idem I_rl kincident

iy, |y =iy

a) Hell oz b) H [] ox €) He |0y

Figure 2.19:
Faraday effect (a) and Cottdmouton or Voigt effect (extrardinary refraction- b — and ordinary
refraction— c)

The Cotton- Mouton or Voigt effect

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

If the magnetic field is perpendicular to the waropagation direction, the medium is
characterized by two refraction indices nam#te ordinary (n,) andthe extraordinary(ne)
refraction indices. The two refraction indices determine two refracted bebhmsirdinary

beamthat corresponds to the electvector of the wave parallel to the external magnetic

field, E | Ille, andthe extraordinary bearwhen the two vectors are perpendicitaeach

wave

other E, . " Il|e. This pheaomenon is known athe linear magnetic birefringencdhe

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

W
2pc

D= (No - Ne)——1 = A, H,l (2.27)

wherew is the light frequency, ofy is the Cotton— Mouton congnt andl is the medium
length. In general, this constant is a function of the nature of the substance, the light

wavelength, and the temperature [Vonsovskiil9Miis effect is smaller compardd the
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Faraday rotation and its measurement requires magnetictions of the order of a feWesla
[Palmer1996].

Similar effects are observed in the reflection of electromagnetic wave on the
ferromagnetic metallic surfaces They correspond to the Mago-Optical Kerr Effect
(MOKE) whichwill be detailed in the fbowing.

The Kerr effect

The MagneteOptical Kerr Effect (MOKE) consistén a norzero rotation anglegg) or
ellipticity (ex) of the electric vector of a linegr polarized light after its reflectiorfrom

magnetic and nemagnetic samplsurfaces.

In ferromagnetic metals, the interaction between the vedorof the incidet

electromagnetic wave and the electrons can qualitatively be described as a linear oscillating
motion of the electrons due to the electric fiéd and a superposed perpendicular oscillating

motion due to the Lorentz force induced by the magnetizaﬁlbm,of the magnetic medium
The result of this interaction is rotationof the initial polarizationwhich transformsthe
linearly polarizedwave into anelliptically polarizedwave. The Kerr rotation has a complex

value and is defined as:

d

Qx =0 + J& (2.28)

_____________________________________________

Typical values of the real part of the Kerr rotatiogs, are e.g. for Fe
q2F¢(30°C) = 0.013deg andfor Co q° (30°C) = - 0.016deg [Kim2002] . Typical values for
the imaginary part (ellipticityex) of the Kerr rotationare e.g. ey ™(30°C) = 0.010deg and

e<’ (30°C) = 0.088deg [Kim 2002] .

! Measurement configuratiamspecifiedin the referencefiee2000]
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The Kerr effect is a linear magnetptic effect, i.e. the rotation of the light polarization
is linearly proportional to the magnetization valugk ~ M). The interaction of the
electromagnetic wave with the magnetic medium is described by the wave equation
[Atkinson]:
DE(F,w)- R2E(F,w) = k28(W)E(F w) (2.29
where I'E(rr W) represents the electric field vectdt, the wave vector amplitude arifw) the
electrostatic permitivity tensor corresponding to theynedic mediumThe permitivity tensor

is writtenas a function of the complex refraction index n, the complex Voigt constant Q and

of the magnetization componemts, np and n3, as:

é 1 - Im,Q imZQg
éw)=r’§imQ 1  -imQy n=nWw) Q=Qlw,M,) (2.30)

g imQ imQ 1
The Kerr effectis used to study theurface magnetization (more exactly from the
sample grface down toapproximately30nm depth)of ferromagnetic materialsince it is
obtained by reflection on metallic samples.
In a MOKE experiment, superposed to the Kerr effect may otteaiFaradayor the
Voigt effect The Faraday effect appears when tight passes transparent media of the

experimental setup (lenses or glass substrates), whicdulneittedto a magnetic fieldThe

Faraday rotationg,.q.,,» adds to the total angle of rotation. In the MOKE measurements,

where one measurethe intensities corresponding to the electric fields of the wave
(I = E:E"), the Faraday effect appears as a parabolic dependericasoé function of the
external fieldHe for high magnetic fields.

Details on the experimental configuaats 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 configuratjoisy, longitudinal
andtransversal as sbwn in figure 2.20:
i) In the polar configuration, one measures the magnetization component parallel to the

planeof incidenceand perpendicular to the magnetic film surface.

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

component parallel to the plara# incidenceandorientedin the plane of the magnetic film.

i) In the transversal configuration, we are mostly sensitive to the magnetization
component perpendicular to the plasfeincidenceand orientedin the plane of the magtic

film.

LONGITUDINAL TRANSVERSAL

r r
—> M ©® M
M1 incidence plane MT incidence plane M A~ incidence plane
M ~ sample surface M || sample surface M ||sample surface
Figure 2.20:

MOKE experimental configurationgolar, longitudinal, andtransversal

The electric vectorlIE, is decanposed into two orthogonal basiomponents, andEs,

which are perpendicular to the wawveector, k . The Ep -component iarallel tothe plane of

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

Thus,the vectorI'E is written as:

(2.31)

M=

1
Jui;
[t ey
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The Kerr rotation and ellipticity are defined as a function of the electric field
components defined in th&p-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 parallel

to Ep andEs. In the following, we present the schdiosiof abasicMOKE experiment.

Schematics of a MOKE experiment

The experimentaMOKE setup used irour expaiment is presented in figure 2.21. For
the light source, a laser is used since it is characterizedcbherentand amonochromatic
light emission. The polarizer is used to obtain an incident linearly polarized light that is
focused on the sample withlans (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 Rsand S components. The detector is represented by one or
several photomdes that are sensitive to the light wavelength. In special experimental
situations that will be detailed in section 2.5.1.3. and 2.5.1.4, avaga# plate is inserted

between the second lens and the analyzer.

Figure 2.21

. Polarizer MOKE general schematics

lens Oe

Sample I\pl (F )

The intensity of the light measured by the detectors is eqtia sguare of the modulus

of the complex value of the wave electric vedor
| =|E| = ExE’ (2.32)
whereE’ is the conjugate of the electric fiel,
The calculation of thelectric vector after the interaction of the light with the optical

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

halt 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 matrid®é4, ps a mathematical representation of lenses,
polarizers, samples, etc. The electric vecté%, correspondingto the light after its

interaction with a system, is expressed as a function of the electric vector of the incident light,
EL, using the equation:
E2 = [IM], perE? (2.33)

where the matrix{JM] represntsthe Jones matrix associatiedthe optical system.

system
The Jones matrix of the entire system can be decomposethén Jones matrices

corresponding to each optical component:

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

Here, we negledhe Faraday effect in lenses.
The Jones matrices for the polarizer (analyzer), magnetic samples, avbkalplate
will be presented in the following.

Polarizer (analyzer) Jones matrix

The polarizers used, consists of birefringent media, which refract differently the
polarization parbel 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 its reflectionfrom the magnetic sample. In this case, they are called amalyzer

(a) GlarThompson polarizing pris}1 4 b) Wollaston polarizing prism\

Figure 2.22
a) GlanThompson and b) Wollaston
polarizing prisms

3K i

. J

J

In certain cases, only one beam is transmitted (the second one being absorbed) (e.g.
GlanThompson polarizing prism in figure 2.22a) and othergds®h beams are transmitted

(eg. Wollaston polarizing prism in figure 2.22b). The Jones matrices for the two cases are:

é i u
_é cosg,  sing, "COSQPQ (Glar Thompson polarizing prism (2.35a)

JMl—e. . o
&SiNgp XC0Yp SIn“0p u
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