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Each magnetic system is characterized by equilibrium and metastable magnetic states, 

corresponding to global respective local minima of the total energy of the magnetic system. 

The transition of the magnetization from one state to another, under the influence of an 

external magnetic field, temperature or a spin polarized current is a dynamic process, called 

the magnetization dynamics, whose characteristic time depends on the type of excitation, 

the material parameters as well as the spatial dimensions of the magnetic system.  

In order to describe the dynamics of the magnetization processes Landau and Lifshitz 

were the first to derive a mathematical expression in the form of a non- linear differential 

equation. It has been later extended by Gilbert and the corresponding equation of motion for 

the magnetization dynamics is nowadays known nowadays as the Landau-Lifshitz-Gilbert 

equation [Landau &  Lifshitz1935, Gilbert1955]. Modifications of LLG are currently under 

discussion in order to include the action of a spin polarized current on the magnetization 

dynamics.  

Since 1940, the studies of the magnetization dynamics in different magnetic systems 

have become of large interest, in particular with respect to the industrial applications such as 

magnetic memories. One of the first magnetic recording devices based on the magnetization 

dynamics used ferrite heads to write and read the information. Because the ferrite 

permeability falls above 10 MHz [Doyle 1998], the read/write process was possible only with 

a reduced rate. An important improvement (i.e. decreased response time) was obtained using 

magnetic thin film heads. Upon reduction of the dimensions of the magnetic system (i.e. 

reduced film thickness compared to the other two dimensions) strong demagnetizing fields 

will be induced, and thus a high value of the demagnetizing factor (~1) creating a large 

anisotropy field perpendicular to the film surface. In this way, reasonable permeabilities for 

applied frequencies larger than 300 MHz were obtained in thin magnetic films devices 

[Doyle1998]. 

Both the increase of the data storage capacity (decreasing the magnetic unit dimensions 

down to micro- or nano- meters) and the decrease of the access times (of nanoseconds and sub 

nanoseconds for MRAM devices), are the major challenges of current research work. 

Consequently, one has to be concerned in a first step by the dependence of the magnetic 

properties upon reducing the sample dimensions. Figure I.1 gives a classification of the 

characteristic magnetic processes as a function of the magnetic system dimensions (or the 

spins number S of the magnetic system). From the hysteresis curves presented in figure I.1 the 

different magnetization reversal processes can be investigated such as: the nucleation, the 

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

magnetic moment particle.  

 
Figure I.1: 

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

In the second step, one has to consider the time scale of the different processes, some of 

which are indicated in figure I.2.  

On the femtosecond time scale, the characteristic processes correspond to the 

relaxation of the electron system [Beaurepaire1996, Beaurepaire1998, Guidoni2002]. 

The picosecond time scale corresponds to the precession frequencies of a metallic 

ferromagnetic system (typical GHz). Back et al. [Back1998, Siegmann1995] have 

demonstrated for the first time experimentally a new concept based on the reversal by 

precession for perpendicularly magnetized Co/Pt multilayers using strong in plane magnetic 

field pulses of 2 – 4.4 ps duration obtained at the Standford Linear Accelerator Center. This 

has then been followed by time-resolved pump-probe experiments on the laboratory scale by 

[Freeman1992, Doyle 1993, He 1994, Doyle 1998, Hiebert 1997, Freeman 1998, Stankiewicz 

1998, Zhang 1997, Koch 1998] for in-plane magnetized soft magnetic materials. Later, in 

2002-2003, [Gerrits2002, Schumacher2002, Schumacher 2002B, Schumacher 2003, 

Schumacher2003B] have shown as well that it is possible to suppress the ringing effect after 

the precessional reversal of the magnetization which is an important condition for the 

application in MRAM devices. Besides the studies on the reversal mechanism, these time-
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resolved dynamic measurement techniques yield also the free-oscillations of the 

magnetization after pulsed- or stepped- magnetic field excitation from which the 

ferromagnetic resonance frequency and information on the damping can be obtained 

[Silva1999].  

Magnetization reversal process that occur over a time of nanoseconds and above, 

include the coherent rotation and reversal by domain wall nucleation and propagation, as well 

as associated relaxation processes [Freeman1991, Russek 2000, Russek 2000B, Binns2003, 

Williams 1950, Slonczewski 1991].  

 
Figure I.2: 

Characteristic time scales for the magnetization dynamics 

 

Due to the characteristic times of the magnetization reversal by precession, which are of 

some hundreds of picoseconds, this process has been considered as a promising concept to be 

used in magnetic random access memories (MRAM).  It will allow to reduce the response 

time of the devices from some nanoseconds (in the present devices) to some hundreds of 

picoseconds. However, several limitations will occur for this so-called Field Induced 

Magnetic Switching (FIMS) concept (precessional and Stoner Wohlfahrt), when scaling the 

system size.  

Therefore other concepts have been proposed such as the Thermally Assisted Switching 

(TAS) and the Current Induced Magnetic Switching (CIMS). The corresponding MRAM cell 

design of these processes are presented in figure I.3. Current realizations of FIMS devices use 

two orthogonal pulsed magnetic fields generated by two conductors. These devices were 
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intended to induce the Stoner-Wolfarth reversal but they can be also used to induce the 

precessional reversal using shorter magnetic field pulses. The TAS uses the temperature 

dependence of the write field by sending current pulses through a tunnel junction while 

applying a magnetic field pulse through the word/bit lines. The CIMS uses a high density, 

spin polarized current that passes through the tunnel junction to switch the storage layer. In 

this case, no magnetic field is required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure I.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 of the challenges was to reach similar results on magnetic samples with planar 

anisotropy using laboratory facilities. 

In this context, my work was aimed at establishing a high- frequency measurement 

technique to characterize the magnetization reversal processes and the magnetization 

dynamics with a resolution on the picosecond time-scale. This technique has been used to 

characterize the precessional reversal process in different magnetic systems such as 
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continuous films and patterned single- and multi- layer structures, which have applications in 

MRAM devices. My work focused on the realization of an experimental set-up and on the 

realization of the samples, adapted to high- frequency experiments, using different preparation 

techniques such as magnetic thin film sputtering, ultra-violet lithography as well as different 

etching techniques.  

 

 

This manuscript is structured as follows: 

i)  In the first chapter, I give a short introduction of some static and dynamic aspects 

of micromagnetism.  

ii)  The second chapter is focused on the pump-probe measurement technique. Several 

fundamental aspects related to the transmission line theory are described, which 

are important for the design of the pump part. Furthermore, the basic concepts of 

the probe technique such as the magneto-optical Kerr effect, the magneto-resistive 

effect and the inductive effect are presented. The experimental setup used in my 

work will then be described based on these theoretical considerations.  

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

iv)  The experimental results related to the magnetization dynamics (precessional 

reversal, small angle oscillations) both in magnetic micron-sized samples and 

continuous magnetic thin films are given in the fourth chapter. For a complete 

interpretation and understanding of the experimental data, the results are compared 

to macrospin simulations. 

 

 

Four annexes are available at the end of this manuscript: 

Annexe 1: The calculation of the magnetic field induced by a DC-current that traverses a 

conductor of rectangular section 

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

Annexe 3:  The macrospin simulation code 

Annexe 4:  Jones Matrices for optical components and simulations of the magneto-optic Kerr 

effect 

Annexe 5: The dielectric tensor that defines the Fresnel coefficients corresponding to the 

Kerr reflected signal.  
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Abstract 

 

The first chapter is dedicated to the presentation of some aspects of micromagnetism. 

After a brief recall of notions related to the magnetic moments of an electron, the 

characteristic energies and the associated magnetic fields in a continuous ferromagnetic 

material are presented. The equilibrium and metastable magnetic states correspond to global 

respective local minima of the total energy. The transition from one stable state to another or 

the relaxation from an out-of-equilibrium state towards the nearest minimum is given by the 

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

for given boundary conditions will yield the magnetization trajectory (evolution of M
r

in 

time). Here, both, small angle magnetization perturbations that correspond to linear 

solutions, as well as the magnetization reversal (Stoner-Wolfarth and precessional reversal), 

will be addressed.  

 

Résumé 

 

Le premier chapitre est dédié à la présentation de certains aspects de la théorie du 

micro-magnétisme et des notions de base reliées au moment magnétique de l’électron. Nous 

présentons des détails concernant les concepts micro-magnétiques appliqués dans les 

matériaux ferromagnétiques en introduisant les énergies caractéristiques et les champs 

magnétiques associées. Les états magnétiques d’équilibre sont dérivés de la minimisation de 

l’énergie totale du matériau ferromagnétique. 

La deuxième partie est dédiée à l’équation Landau-Lifshitz qui définie la variation 

temporelle de l’aimantation. Nous discutons ses applications dans la théorie du micro-

magnétisme et en particulier les solutions linéaires qui correspondent aux faibles 

perturbations de l’aimantation ainsi que le renversement de l’aimantation (model Stoner-

Wolfarth et précessionnel).  
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1.1. M AGNETIC MOMENTS  

 

The electron in an atom has two angular momenta: i) the orbital angular momentum, L
r

, 

and ii) the spin angular momentum S
r

. The corresponding magnetic moments, Lµ
r

 or Sµ
r

 are 

respectively: 

Sµ

Lµ

SS

LL
rr

rr

g

g

-=

-=
      (1.1) 

where gL and gS  represent the orbital and respective the spin gyromagnetic factors.  They are 

given by Planck’s constant, h , Bohr magnetron, Bµ 1, and the gyromagnetic splitting factor, 

gL or gS: 

m

e
µ

µ
g B

B
SLSL 2

    ;,,

h

h
==g      (1.2) 

In the spin-orbit coupling cases the total angular momentum is given by: SLJ
rrr

+= , and 

the corresponding total magnetic momentum by Jµ JJ

rr
g-= . Here the gyromagnetic factor 

can be expressed in a similar way as in equation 1.2. Neglecting the orbital contribution to the 

total angular momentum, L = 0 and J = S, the Landé factor (gL,S) is equal to 2, while in the 

case with S = 0 and J = L, the Landé factor is equal to 1 [Ashcroft1976, Kittel1966].  

Considering an arbitrary external magnetic field,H
r

, the evolution in time of the 

magnetic momentum µJ of an electron (fig.1.1), is defined by the angular momentum – type 

equation of motion: 

( ) 0  ;0 >´-= JJJ
J Hµµ

dt

µd
gg

rr
r

    (1.3) 

where µ0 =  4p10-7 H/m. This equation describes a precessional motion of the magnetic 

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

Hconst
m

Heµ
f

e

*=×= .
2
1 0

p
    (1.4) 

f is called the Larmor frequency. The constant in equation 1.4 has in SI 2 units the value 

3.52*104 Hz/(A/m). This value corresponds to one precession period of 357 ns for a magnetic 

field equal to 1 Oe. The Larmor frequency increases and in consequence, the precession time 

decreases with increasing magnetic field.  

                                                 
1 

eB meµ 2/h=  where e and me is the charge and the mass of the electron 
2 e = 1.6*10-19 C; µ0 = 4p * 10-7 T* m/A; me = 9.1*10-31 Kg;  H(A/m) = H(Oe) * 79.58 



CHAPTER 1: Static and dynamic aspects of micromagnetism   

 

23 

 

 

 

 
 Figure 1.1 
Precessional motion of a magnetic moment 

around an arbitrary external magnetic field H
r

, 
determining its frequency f. 

 

In ferromagnetic materials, the spins are strongly coupled by the exchange interaction. 

Therefore, there is no strong variation of the orientation of the magnetic moments jµ
r

 from 

one lattice site to the next. This allows the introduction of an average magnetic moment, 

called magnetization, M
r

: 

V

µ

M j
jå

=

r
r

      (1.5) 

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

around an effective field in a continuum theory [Chikazumi1997]. It is the basis of Brown’s 

equations [Brown1963] as well as the Landau-Lifshitz-Gilbert equation [Landau & 

Lifshitz1935, Gilbert1955]: 

( )effHµM
dt
Md rr
r

0´-= g     (1.6) 

where )(1091.87
2

19 HzOeg
m

e
g

e

×××=×= -g . One basic assumption of the theory of 

micromagnetism is the existence of a spontaneous magnetization vector that has a constant 

amplitude: constM =
r

.  

The effective magnetic field in equation 1.6 is given by the derivative of the total energy 

of the ferromagnetic system: 

EH Meff
r

r
-Ñ=       (1.7) 

In the following, the total energy, E, is derived.  

 

 

 

 

 

Jµ
r

H
r

Jµd
r

Jµ
r

H
r

Jµd
r
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1.2. ENERGY AND MAGNETIC F IELDS OF A MAGNETIC SYSTEM 

 

The total energy of a magnetic system has different contributions coming from 

exchange energy (Eex), magneto-crystalline anisotropy energy (Eu), dipolar energy (Edip), and 

Zeeman energy (Ez): 

zeemandipuex EEEEE +++=      (1.8) 

Hence, the corresponding effective magnetic field has four contributions:  

zeemandipuexMeff HHHHEH
rrrrr

r +++=-Ñ=    (1.9) 

 

i)  The exchange energy 

 

The exchange energy in a system of N spins is defined as:  

( )å å
= =

×-=
N

i

N

j
jiijex µµJE

1 12
1 rr

     (1.10) 

where Jij is a positive parameter (in ferromagnetic systems) that represents the exchange 

integral corresponding to the interaction between the magnetic moments i  and j .  This 

interaction is strongest for adjacent moments and therefore local. In ferromagnetic materials, 

it favors parallel alignment of the spins. In continuous media, of volume V, the exchange 

energy is expressed as: 

( )[ ] ( )[ ] ( )[ ]{ }dVrmrmrmAE
V

zyxexex ò Ñ+Ñ+Ñ= 222 rrr
, ( )

S
zyx M

M
mmmm

r
r

=,,    (1.11) 

where Aex  is the exchange constant that is proportional to the exchange integral Jij, Ñmx,y,z is 

the spatial gradient ( r
rÑ ) of the magnetization normalized components corresponding to the 

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

orientation of the magnetization with respect to the crystal axis.  

 

ii)  The magneto-crystalline energy 

 

Due to the interaction between the magnetic moments and the crystalline lattice via 

spin-orbit interaction, the orientation of the magnetic moments has preferential directions 

given by the underlying symmetry of the lattice. The deviation of the magnetic moments from 

this direction increases the system energy that is called magneto-crystalline anisotropy 

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

2

1 ÷÷
ø

ö
çç
è

æ
×-=

S
uu M

M
uKE

r
r

     (1.12) 

where u
r

 is the unit vector, along the direction of the uniaxial easy axis, Ku is the uniaxial 

anisotropy energy constant, and MS is the magnetization modulus.  

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

the unitary vector m
r

: 

( )muu
Mµ
K

H
S

u
u

rrr
××=

0

2
     (1.13) 

 

iii)  The magnetostatic energy 

 

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

a demagnetizing field, dH
r

. The corresponding energy is expressed as: 

( ) ( ) rdrHrMµE
V

ddip

rrrrv
××-= ò02

1
    (1.14) 

This energy is small 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 the spatial distribution of the magnetization vector.   

The corresponding demagnetizing field is equal to: 

MNH d

rr
×-=       (1.15) 

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

( )rN
r

.  

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

magnetization vector M
r

 for which the tensor N  takes the form of: 

 

00

00

00

 
ú
ú
ú

û

ù

ê
ê
ê

ë

é
=

z

y

x

N

N

N

N , Nx + Ny + Nz = 1    (1.16) 

A consequence of the demagnetizing energy is the non-uniform magnetization 

distribution, such as magnetic domains. These are created to avoid surface and volume 

magnetic charges.  



CHAPTER 1: Static and dynamic aspects of micromagnetism   

 

26 

iv)  Zeeman energy 

 

The energy determined by the interaction between the magnetization M
r

 and an external 

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

extzeeman HMµE
rr

×-= 0      (1.17) 

every magnetic moment of the magnetic system tends to align parallel to the external 

magnetic field, extH
r

. The external magnetic field can include a static bias field (Hbias) as well 

as a time varying field pulse (hp) or a harmonic high frequency field (hrf).  

 

 

1.3. LANDAU-L IFSHITZ -GILBERT EQUATION  

 

The evolution of the magnetization in time and space under a local effective field 

( )trHeff ,
rr

 is described by the Landau-Lifshitz (LL) equation proposed in 1935 [Landau & 

Lifshitz 1935]. This equation is similar to equation 1.6 but with a supplementary damping 

term:  

( ) ( )( )eff
S

eff HµMM
M

HµM
t

M rrrrr
r

020
' ´´-´-=

¶
¶ l

g       (1.18a) 

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

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

exerted by the effective field effH
r

 and describes the Larmor precession of the magnetization 

vector around effH
r

. 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 been proposed by Gilbert in 1955 [Gilbert 1955]: 

( ) ÷÷
ø

ö
çç
è

æ

¶
¶

´+´-=
¶

¶
t

M
M

M
HµM

t
M

S
eff

r
rrr

r
a

g 0       (1.18b)3 

 

                                                 
3 Here 

em

e
g

2
×=g  
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where a  is the damping constant of positive value, a  > 0. The precessional term: 

( )effHµM
rr

0´  is here replaced by t
M

¶
¶

r
. In this way, the damping leads not only to the 

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

precessional motion itself.  

The Landau-Lifshitz-Gilbert equation 1.18b can be transformed into the Landau-Lifshitz 

form (1.18a) when using ( )21' agg +=  and ( )21 aagl += SM  [Mallinson1987]. We have 

gg ='  and SMagl =  in the condition of small damping (a  << 1). 

In the Landau-Lifshitz-Gilbert equation the damping constant a  appears as the 

parameter responsible for the magnetization relaxation toward the equilibrium state (or the 

closest minimum) [Miltat2002]. In absence of damping (a  = 0) the magnetization M
r

 

precesses indefinitely around the effective field effH
r

 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]. For a  ¹  0 the magnetization executes precessions around the 

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

exponentially attenuated.  

 

 
 
 
 
 
 
 
 
Figure 1.2 
Attenuated magnetization precessions around 
the effective field, for a  > 0 

 

 

The value of the damping factor is a material property. In literature, values are given 

ranging between a  = 0.005 up to 0.1 [Miltat2002], for instance: a  = 0.008 for a NiFe sphere 

[Bauer2000], or a  = 0.031 for a thin bi- layer of CoFe/NiFe of a spin valve 

[Schumacher2002]. 

 

M

Time
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The LLG equation is a coupled non- linear second order differential equation that 

describes the static magnetization distribution as well as its dynamics. The latter contains the 

small and larger angle deviations of the magnetization from its equilibrium state. Only for few 

situations, analytical solutions to the LLG equation can be obtained, in the static as well as in 

the dynamic case. One analytic solution of the dynamic case can be obtained for small 

amplitude oscillations around equilibrium upon linearization of the LLG equation. This case 

will be considered in section 1.4. In general cases, the solutions to the LLG equation are 

obtained by numerical simulations, which have been intensively developed in the past 5-10 

years as an important tool for the understanding of micro-magnetism. 

One simplified approach to solving the Landau-Lifshitz-Gilbert equation numerically is 

the representation of the total system by a single macroscopic spin. In this case, the LLG 

equation can be solved relatively easily by common numerical integration methods such as 

Runge Kutta [Numerical_Recipes]. This approach has been used in this work as described in 

Annexe 4. 

If one is only interested in the static magnetization distribution, the 

equilibrium/metastable states of a ferromagnetic system can be obtained from the variational 

principle for the energy [Brown1963, Miltat1994]: 

( )
( ) 0

0
2 >

=

ME

ME
r

r

d

d
       (1.19) 

where ( )ME
r

 represents the total energy of the system. These lead to Brown’s equations: 

surface at the 0/

andbulk  in the 0

=¶¶´

=´

nmm

Hm eff
rr

rr
     (1.20) 

 

 

1.4. SMALL ANGLE MAGNETIZA TION DEVIATION  

 

Spin waves 

The general solutions of the linearized LLG equation are spin waves that correspond to 

the propagation of “small perturbations” through sample. These perturbations are 

characterized by a well-defined spatial correlation of the phase j  and of the deviation angle or 

spin wave amplitude q (fig.1.3). In the particular case, when the magnetic moments precess in 

phase in the entire magnetic system, the precession mode is uniform (j  = 0, q = const.) 

(fig.1.3b).  
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Figure 1.3: Spin wave mode of wave vector k
r

: a) Finite wavelength 0¹k
r

 

and b) uniform precession mode 0=k
r

 ( ¥=l ).  
 

The spin wave frequency carries information about system energy such as the 

anisotropy energy, the external magnetic fields or the saturation magnetization (MS). 

Therefore, measurements of spin wave frequencies are an important tool to characterize 

magnetic systems. There are two complementary types of experiments that are commonly 

used to study spin waves, Brillouin L ight Scattering (BLS) [Cochran1995, Hillebrands1995] 

and FerroM agnetic Resonance (FMR) [Heinrich1995, Celinski1997, and Farle1998]. In the 

BLS spin waves of wave vector k
r

 can be created or annihilated in contrast to the FMR 

excitations in which no momentum is transferred and only those modes are excited for which 

the total momentum is zero, 0=k
r

.  

Besides those conventional measurements, recently new types of measurement 

techniques in the time domain have been presented in the literature [Silva1999, Celinski1997, 

Crawford1999, Freeman1992, Russek2000B], similar to the one described in this thesis. They 

are based on a pump-probe technique, which employs coplanar wave-guide devices and 
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allows one to determine the natural precession frequency from the damped oscillations 

measured in the time domain (see chapter 2).  

Because, for magnetization dynamics experiments, the natural frequencies set the time-scale, 

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

 

Uniform Ferro-Magnetic Resonance mode 

The FMR technique consists of the measurement of the absorption of the microwave 

energy when a spatially uniform microwave (rf ) magnetic field excites the magnetic moments 

in a system. A minimum in the microwave spectrum occurs when the rf-frequency coincides 

with the magnetization precession frequency.  

The equation of motion of the magnetization for small amplitude precessions is obtained 

from the linearized Landau-Lifshitz-Gilbert equation (eq.1.18b) in the lossless case (a  = 0) 

[Kittel 1947].  

Solutions of the linearized equation yield the precession frequency as a function of the 

second derivate of the energy [Farle1998, Miltat2002]: 

22

2

2

2

2

sin ÷÷
ø

ö
çç
è

æ

¶¶
¶

-
¶
¶

¶
¶

=
jqjqq

g
g
w EEE

M
    (1.21) 

  

 

 

 

 
       Figure 1.4:  

Spherical coordinates for the magnetization 
and magnetic field vectors used in the 
calculation of the ferromagnetic resonance 
frequency 

 

 

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

obtains the Kittel equation: 

]2cos)cos(][4cos)cos([
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1 2
muHmSmuHm HHMHH jjjpjjj

qg
w

+-++-=   (1.22) 

where the angles q, j m and j H are defined in figure 1.4. H represents the external magnetic 

field whose orientation is defined by the angles j H and qH (here the external field is 
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considered in the film plane, qH=90°), Hu represents the uniaxial anisotropy field and its 

orientation is defined by  q and j m. The microwave field is considered to be perpendicular to 

the external field. 

Considering the particular case of a magnetic thin film in (x,y) plane excited by a rf-

magnetic field, Hrf,  parallel to the ox-axis, in an external magnetic field, H,  parallel to oy-

axis, the magnetic susceptibility associated to the rf-magnetic field is defined as: 

2

0

1 ÷÷
ø

ö
çç
è

æ
-

==

w
w

c
c H

rf

x
rf H

M
    (1.23)  

where 
H

M y
H =c . We observe that the variation of the magnetic susceptibility as a function 

of w, has a maximum for 0ww = . The imaginary parts of the magnetic susceptibility, Im(cm) 

characterize the energy absorption that appears in the magnetic system due to excitation by an 

rf-magnetic field. The absorbed microwave power, Prf, in a magnetic thin film, is defined as 

[Celinski 1997]: 

[ ] 2
Im

2

1
rfrfrf HP ×= cw           (1.24) 

For an external rf -magnetic field of frequency pw 2/=f  equal to the frequency 

pw 2/00 =f  of the magnetization precessions, the rf-energy is entirely absorbed by the 

magnetic system. The frequency f0 is called the ferromagnetic resonance frequency. 

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

thin film (eq.1.24) is at maximum value. 

 

 

1.5. M AGNETIC LENGTHSCALES  

 

Coming back to the static magnetization distribution, there exist different magnetic 

length scales that characterize the magnetic static distribution. These length scales are derived 

from the competition between the internal energies of the system (defined in section 1.2), the 

exchange, magnetostatic, and magneto-crystalline energies.  

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

width of a domain wall, given by the Bloch wall parameter: 
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K
Aex=D0       (1.25) 

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

exchange length: 

2
0

2

S

ex
ex Mµ

A
l =       (1.26) 

 

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

2
0

2

SMµ

K
Q =       (1.27) 

 

1.6. DOMAIN WALLS  

 

Barkhausen found the first experimental confirmation of the magnetic domain concept 

in 1919 [Barkhausen1919]. He discovered that the magnetization process in an applied field 

contains discontinuous variations named Barkhausen jumps, which he explained as magnetic 

domain switching4. Further analysis of the dynamics of this process [Sixtus 1931] led to the 

conclusion that such jumps can occur by the propagation of the boundary between domains of 

opposite magnetization.  

In 1932, Bloch [Bloch1932] analyzed the spatial distribution of the magnetization, M, in 

the boundary regions between domains, finding that they must have a width of several 

hundred lattice constants, since an abrupt transition (over one lattice constant) would be in 

conflict with the exchange interaction. Two basic modes of the rotation of the magnetization 

vector can be defined for domain walls:  

i) The three dimensional (3D) rotation of the magnetization from one domain through a 

180° wall to the other domain, determining a Bloch wall (fig.1.5a). Here the magnetization 

rotates in a plane parallel to the wall plane. This wall is characteristic to bulk materials or 

thick films. 

ii) The two dimensional (2D) rotation of the magnetization from one domain through a 

180° wall to the other domain, determining a Néel wall. Here the magnetization rotates 

perpendicular to the wall plane. This type of walls appears in thin magnetic films, where the 

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

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

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

to rotate in-plane.  

The transition from a Bloch wall to a Néel wall occurs roughly when the film thickness, 

t, becomes comparable to the wall width, �Gw. (Hubert1998). 

 

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

 

The width of a domain wall (�Gw) is proportional to Bloch parameter, (�' 0) defined in 

equation 1.25. The Néel wall is thinner than the Bloch walls Bloch
w

Néel
w �G�G ��  where the width of 

a Bloch wall can be estimated by:   

0�'� �S�GBloch
w                 (1.28) 

 

 

1.7. MAGNETIZATION REVERSAL MECHANISMS  

 

As a function of the sample dimensions and the type of excitation fields (static or 

pulsed, of variable sweep rate – dH/dt, of different orientations with respect to the uniaxial 

anisotropy) one distinguishes between different classes for the magnetization reversal 

processes, for which the most important ones are detailed below: 

i) Reversal obtained by nucleation and domain wall propagation 

ii)  Reversal by uniform rotation of the magnetization  

iii)  Reversal by magnetization precession 
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1.7.1. DOMAIN WALL DYNAMICS  

 

The first magnetization curve and the hysteresis loop of an extended ferromagnetic 

material (note: this does not hold necessarily for nanomagnets) characterize the quasi-static 

reversal of its magnetization (fig1.6) in a varying external magnetic field. On the first 

magnetization curve (fig.1.6), the magnetization alignment parallel to the external field is 

realized by reversible wall displacements and non-coherent rotation from point A to point B 

and then by coherent rotation from B to the saturation point C [Kittel1966]. Wall 

displacement increases the magnetic domain surface that has the magnetization parallel to the 

external magnetic field and consequently, decreases the magnetic domain with the 

magnetization anti-parallel to the external magnetic field [Koch1998, Choi2001].  

On the hysteresis curve, decreasing the external field from positive saturation (point C), 

the nucleation of reversed magnetic domains sets in at a certain value of the magnetic field as 

we can observe in point D on figure 1.6. Depending on the sample type and magnetic 

homogeneity, the dynamics from the point D to F may include domain wall displacements, 

and non-coherent or coherent magnetization rotations.  

 

Figure 1.6 
Magnetic domain configuration corresponding to different points on the first magnetization 

curve and hysteresis loop 
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One important parameter that characterizes the domain wall propagation in the presence 

of an external magnetic field is the wall velocity, v. This velocity can be deduced by 

integrating the Landau-Lifshitz-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 neighboring magnetic domains with their magnetizations “up” and 

“down” separated by a 180° Bloch domain wall. The Bloch wall magnetization is oriented in 

the wall plane and perpendicular to the domain magnetization. An “up” magnetic field exerts 

no torque on the domain magnetization since the angles between the field and the domain 

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

wall magnetization and the external field ( HM wall

rr
´ ) rotates the magnetization out of the 

wall plane by an angle j wall, from point 1 to point 2 as shown in the figure 1.7. This creates a 

strong demagnetizing field, hd, perpendicular to the wall plane, which induces a precession of 

the magnetization around hd, 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 to a wall propagation from left to right in figure 1.7 with 

the velocity v.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 
a) Ferromagnetic structure composed of magnetic domains and domain walls;          
b)  Bloch wall displacement mechanism 
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( KAex» ), to the gyromagnetic factor, g, and is inversely proportional to the damping 

parameter l  [Doyle 1998]: 

( )CA
exS HHµ

K
AM

v -×µ 0l
g

     (1.29) 

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

t :  

( )
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µ
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HH
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HHµ
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w
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-=

-×µ

=

g
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l
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t

with 

 ;    

    

1

0

0

     (1.30) 

The parameter Sw represents the switching coefficient and it is defined as the ratio 

between the sample length, L, and the effective wall mobility, µ. These relations have been 

verified by numerous experiments in the past for larger (bulk) samples [Rado 1963].  

It is noted that the reversal mechanism depends on the external magnetic field sweep 

rate (dH/dt). For example, Camarero et al [Camarero2001] studied the influence of the 

external field sweep rate (dH/dt) on the magnetization reversal dynamics. They revealed that 

the magnetization reversal is dominated by domain wall displacements for low dH/dt values 

and by nucleation processes for higher dH/dt values in exchange coupled NiO-Co bilayers.  

A nice parallel between the reversal of cluster particles of variables densities on the 

substrate and the reversal dominated by domain dynamics in thin films [Ferre1997] was 

experimentally realized in 2003 by Binns et al. [Binns2003]. He showed that at low coverage 

of the substrate with clusters, the switching dynamics of the sample remains the same as in 

the clean substrate while above a certain limit of coverage, a significant acceleration of the 

magnetic reversal was observed with a fast component due to a reversal propagating through 

the cluster film. Its conclusion was that the velocity of the propagation, rather than the rate of 

reverse magnetization nuclei, dominates the reversal through the cluster film, the average 

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

 

The coherent rotation model was developed by Stoner-Wolfarth [St.-W. 1948] and 

Louis Néel [Néel 1947]. This model considers the magnetization reversal of a mono-domain 

particle in an external magnetic field, H.  In this case, the rotation of the magnetic moments 

increases the anisotropy energy while the exchange energy remains constant.  

Figure 1.8 shows the evolution of the mono-domain particle energy as a function of the 

applied magnetic field, H, which defines the equilibrium angle q  of the magnetization 

direction with respect to the uniaxial anisotropy easy axis. The total energy of the particle is 

the sum over three terms: the demagnetization, Zeeman, and magneto-crystalline energies. 

The normalized energy is written as [Wernsdorfer 1996]: 

( ) ( )jqq --= cos2sin 2 hE      (1.31) 

where the angles q and j  are specified in figure 1.8, and h represents the ratio between the 

external field energy and the magneto-crystalline anisotropy energy constant, K: 

K
MHµ

H
H

h
K 2

0==      (1.32)  

We consider the particle to be in one of the energy minima at zero field, as shown in 

figure 1.8 on the symmetric curve for h = 0. This corresponds to the magnetization parallel to 

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

0=¶ Eq       (1.33) 

 

 

 

 

 
 

 
Figure 1.8 

Total energy of the particle-magnetic 
system for different external 
magnetic fields at an angle p-j  = 
30°. The local minimum is shown 
with the black dots. [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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angles q. Increasing the field values, the difference between the energy minimum and energy 

maximum is decreasing going to zero at a critical magnetic field, hc. This corresponds to a 

saddle point where the second derivate of the energy is zero:  

02 =¶ Eq               (1.34) 

From (1.31 – 1.33) we obtain an expression of the critical reversal field, hc, as a function 

of the angle j   between the direction of the applied field and the uniaxial anisotropy direction: 

( ) 2/33/23/2 cossin

1

jj +
=ch               (1.35) 

The angle q0 defined as the angle between the magnetization M
r

 and the direction oz, for 

which the magnetization reversal occurs, can be expressed as:  

jq 3/1
0 tantan -=            (1.36) 

The critical field, hc, for which the reversal occurs as a function of the angle j , (eq.1.36) 

is presented by the Stoner-Wolfarth astroid in figure 1.9. The curve ( )j0hh
rr

=  delimitates the 

region of reversal ( ( )j0hh
rr

³ ) from the region of non-reversal ( ( )j0hh
rr

< ).  

 
 
 
 
 
 
 
 

Figure 1.9 
Stoner-Wolfarth astroid that defines the limit  
between the non-reversal (inner region) and 
reversal (outer region) regions.  

 

 

 

 

Referring to figure I.1 from the general introduction, this process appears in single-

domain magnetic systems, where quasi-static external fields are applied parallel to the 

direction to which the magnetization should be reversed.  

Wernsdorfer et al. experimentally verified the Stoner-Wolfarth model on magnetic 

nanoparticles of 50-150nm dimensions. Despite a clear single-domain character of the 
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1995]. For non-zero temperatures, the switching field becomes a stochastic variable and the 

magnetization switching takes place before the energy barrier goes to zero [Bonet 1999, 

Thirion 2002]. 

Stoner-Wolfarth reversal is actually used in MRAM applications (see FIMS – fig.I.3 – 

general introduction), the magnetic memory being reversed by the total field obtained with 

two magnetic field pulses (Hy and Hz in figure 1.9) obtained with two conductor lines 

perpendicular to each other. The time scales, characteristic to this reversal, are in the 

nanosecond range.  

In order to understand the time limits that occur during the coherent rotation reversal, 

we consider a Stoner-Wolfarth particle represented by an ellipsoid with the long axis parallel 

to the oy-axis. We will analyze the details that appear during the coherent rotation of the 

magnetization toward an external magnetic field applied parallel to this oz-axis as shown in 

figure 1.10. We suppose that the amplitude of the external magnetic field is slowly increased 

up to the anisotropy field value (Hk). This means that for each value of the external magnetic 

field (7 values on figure 1.10) the magnetization “has the time” to relax parallel to its current 

effective magnetic field.  

Figure 1.10 
Quasi-static relaxation of the magnetization during its reversal by coherent 
rotation in a Stoner-Wolfarth particle 

 

For H = 0 the magnetization is parallel to the oy-axis position that corresponds to one 

local minimum of the symmetric curve from figure 1.10. Increasing the magnetic field from 

zero to 0.1HK (applied parallel to +oz axis) the angle corresponding to the local minimum 

varies from 0° to about 10°, corresponding to the new orientation of the effective field. The 
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motion around the effective field. Equivalent relaxation processes are obtained increasing the 

external field up to the value equal to 0.7HK, 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 field (dH/dt) has an important influence on the 

magnetization rotation in a macrospin particle. As in the example given above, for small 

values of the sweep rate, the magnetization relaxes parallel to the intermediate effective field. 

If the value of dH/dt is large enough, an adiabatic excitation of the macrospin system can be 

induced. For this the corresponding rise-time needs to be smaller than the characteristic 

precession time (~100ps).  

Several studies have been performed in order to characterize the magnetization reversal 

induced by variable magnetic fields of frequencies more or less important (from MHz to tens 

of GHz). Recently, Bauer et al [Bauer2000] analyzed the response of a mono-domain particle 

of ellipsoidal shape to magnetic pulses of variable duration, amplitude and shape. Two 

switching mechanisms were evidenced: one corresponding to the uniform rotation obtained 

for long pulses (2.75ns – figure 1.11a) and the other to the precessional reversal for shorter 

pulses (0.25ns – figure 1.11b). The former mechanism was described in this section while the 

latter one will be detailed in the following.  

 

 
Figure 1.11: Switching diagrams corresponding to the a) Stoner-Wolfarth and b) precessional 
reversal [Bauer 2000] of an ellipsoidal shape particle characterized by Nx = 0.008, Ny = 0.012 and 
Nz = 0.98. 
 
 
 
 
 
 
 

(a) (b)(a) (b)
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1.7.3. PRECESSIONAL REVERSAL  

 

The magnetization switching by precession is obtained by applying very fast rising 

magnetic field pulse perpendicular to the initial magnetization direction stabilized by the 

uniaxial anisotropy [Bauer2000, Miltat2002]. The excitation rise-time should be in the sub-

nanosecond range in order to realize adiabatic excitation. Larger rise-times (about some ns) 

would determine the magnetization to continuously relax parallel to the intermediate effective 

fields (that correspond to intermediate magnetic field values in the pulse rise-time interval). 

The switching is obtained in half a precession period of the magnetization, corresponding to 

about some hundreds of picoseconds. Comparing to the Stoner-Wolfarth reversal, the 

precessional reversal is characterized by shorter switching times. It is the fastest switching 

process known until today, being characterized by switching times of the same order as the 

precession period, and relaxation processes or thermal fluctuations do not influence the 

reversal since the excitation is adiabatic.  

The excitation field induces a large demagnetizing field perpendicular to the film 

surface that results in a mostly in-plane magnetization precession. The origin of the strong 

demagnetizing field perpendicular to the film surface and the precessional reversal steps will 

be detailed in the following. 

 

Precessional reversal – step no. I: Out-of-plane motion of the magnetization (figure 1.12.I) 

We consider the initial magnetization orientation in the plane of the thin film (point 1 on 

figure 1.12.I). A pulsed magnetic field is applied perpendicular to the magnetization direction 

and in the film plane, determining a new effective field ( duPeff hHhh
rrrr

++= ) in the film 

plane. In this case hd has a negligible value since the magnetization lies in the film plane and 

N|| is almost zero. This will give rise to a precessional motion of the magnetization around the 

in-plane effective field, and lead to an out-of-plane component of the magnetization 0¹^M . 

As thin films are characterized by a very large demagnetizing field perpendicular to the film 

plane ( 1»^N ), the demagnetizing field increases its value very rapidly ( ^^^ -= MNhd ) and 

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

The new effective magnetic field is now quasi-perpendicular to the film surface and has a 

relatively large value ( ^++= duPeff hHhh
rrrr

). For instance an out of plane deviation of 1° of 

the magnetization corresponds to mz = 0.0175 that determines a demagnetizing field 
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perpendicular to the film plane: OemNh zzd 183=-=^  for MS
NiFe = 853 emu/cm3. This value 

is much larger than the anisotropy field value (Hu) or the external pulsed magnetic field (~10 

Oe – 100 Oe).  

 

Precessional reversal – step no. II: Magnetization precession in the film plane (figure 1.12.II) 

The magnetization continues its motion with an in-plane precession around the effective 

field (curve defined by points 2 and 3 on figure 1.12.II), which is quasi-perpendicular to the 

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

is characterized by frequencies in the GHz range.   

 

Precessional reversal – step no. III: Magnetization precession stopped in a switched position 

(figure 1.12.III) 

Choosing the right parameters for the magnetic field pulses (amplitude, rise-time, width) 

and the magnetic material (damping parameter, sample dimensions, internal fields) the 

magnetization relaxes parallel to the reversed position (point 3 on the figure 1.12.III)  after 

executing half (1/2), one and a half (3/2), two and a half (5/2), … precession cycles. The 

minimum switching time is obtained after half a precession. Usually each reversal by 

precession is followed by small precessions of the magnetization around the effective field 

called ringing that is a source of noise in MRAM devices and increases the effective 

switching time. The precessional reversal that has no ringing is called a ballistic reversal. In 

2002/2003, Gerrits et al and Schumacher et al. [Gerrits2002, Schumacher2002, 

Schumacher2002B] presented the magnetization reversal in half a precession period by 

coherent rotation of the magnetization avoiding ringing.   

 

  
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 to micron-sized 

magnetic particles.  

This was the challenge of this work. As we will see in chapter 4, the precessional 

reversal was evidenced both in micron-sized samples and continuous magnetic thin films, 

characterized by an in-plane uniaxial easy axis. Furthermore, we evidenced the stochastic 

character of the dynamics, which is related to the dynamic processes that are not-correlated 

for different regions of the sample and to the stroboscopic nature of the measurement 

technique.  
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DESIGN, DEVELOPMENT AND EXP ERIMENTAL SETUP  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



CHAPTER 2: The stroboscopic pump-probe technique: design, development and experimental setup      47 

 

Abstract: 

Depending on the properties to be investigated, there are a variety of techniques to 

probe the magnetic state as a function of some given external parameters (e.g. the applied 

field). Most of these techniques probe a stable, equilibrium or metastable state (such as 

magnetometric techniques) when the system has relaxed. Others, probe the stationary 

dynamic states such as FerroMagnetic Resonance (FMR). Most of these techniques are 

“slow” and require several milliseconds to probe the magnetic states. These techniques 

cannot be used to follow the transition between different equilibrium states (such as domain 

wall propagation or magnetization oscillations), induced by the variation of the external 

parameters. 

In order to access these transient states, time-resolved measurements are required with 

sub-nanosecond time resolution. One powerful technique is the stroboscopic pump-probe 

technique 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 motion, whose precession period lies in the range of 100 – 

1000 ps. Thus, sub-nanosecond time resolution is required. In this chapter, we describe the 

pump-probe technique developed during my thesis work. 

As PUMP, we have used the magnetic field of an electromagnetic wave induced in a 

transmission line onto which the magnetic sample is placed. These magnetic fields are 

produced by applying voltage signals on the transmission line, which can be either short 

pulses or steps delivered by a commercial pulse generator or a continuous wave of high 

frequency delivered by a signal generator integrated in a network analyzer.  

The magnetization evolution in time is stroboscopically PROBED using three physical 

effects: the Magneto-Optical Kerr Effect (MOKE), the Magneto-Resistive (MR) Effect, and 

the Inductive Effect. These different techniques are adapted to measure different processes. 

FMR type experiments were realized using the MOKE experiments and the inductive 

technique and the magnetization reversal was evidenced using the Magneto-Optical Kerr and 

Magneto-Resistive effects.  

In this chapter, the basic designs as well as the realization of such experiments are 

described. The propagation of high-frequency voltage signals in a conducting wire requires 

specially designed transmission lines. Therefore, a brief review of the transmission line theory 

is presented in section 2.3. The different probe techniques and the corresponding 

experimental realization are presented in section 2.5.  
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Résumé 

 
Il existe une variété des différentes techniques pour sonder l’état magnétique en 

fonction des paramètres externes (ex. le champ magnétique appliqué). La plupart de ces 

techniques permettent l’étude d’un état magnétique stable (techniques magnétométriques). 

D’autres techniques, comme la Résonance Ferro-Magnétique (RFM), sondent les états 

dynamiques stationnaires. La majorité de ces techniques nécessitent des temps de mesure de 

l’ordre de plusieurs millisecondes.  Elles ne peuvent pas être utilisées pour mesurer les états 

transitoires  induits par la variation relativement abrupte des paramètres externes dans des 

petites échelles de temps (ps, ns).  

Pour accéder à l’aimantation caractéristique des états transitoires, qui décrivent 

l’évolution du système d’un état d’équilibre vers un autre (propagation des parois, 

oscillations de l’aimantation), des mesures résolues en temps sont nécessaires. Un exemple 

correspond à la technique stroboscopique pompe-sonde, où, le délai entre la pompe et la 

sonde est ajusté en fonction de l’échelle temporelle du processus à mesurer.  

Dans notre cas, l’intérêt est de mesurer la dynamique de l’aimantation pendant le 

mouvement précessionnel, qui a des temps caractéristiques dans la gamme 100 – 1000ps.  En 

conséquence, des résolutions temporelles inférieures à la nanoseconde sont demandées.  

Dans ce chapitre, nous présentons la technique pompe-sonde développée pendant ma 

thèse. La pompe correspond aux impulsions de champ magnétique de haute fréquence 

induites dans des guides d’onde coplanaires sur lesquelles les échantillons magnétiques ont 

été lithographiés.  L’évolution temporelle de l’aimantation est étudiée en utilisant : l’effet 

Kerr magnéto-optique, l’effet magnéto-résistif et l’effet inductif. Nous présentons la 

réalisation expérimentale des mesures résolues en temps et, en particulier, de la partie pompe 

(l’ adaptation de la ligne de transmission) et de la partie sonde (des différentes configurations 

de mesure pour accéder aux différentes composantes de l’aimantation).  

 

 

 

 

 

 

 

 



CHAPTER 2: The stroboscopic pump-probe technique: design, development and experimental setup      49 

 

2.1. PUMP – PROBE TECHNIQUE  

  

Töpler performed the first pump-probe experiment in 1867 [Töpler1867]. He used a 2µs 

spark to initiate a sound wave and than photographed the propagation using a second spark 

triggered with an electrical delay. The first pump-probe experiment using an ultrashort laser 

pulse and an optical delay was used to measure the transient response of a germanium sample 

subjected to a 10ps pulse [Auston1974]. A detailed chronology of the origin of the pump-

probe experimental technique is provided by Ippen and Shank, along with other methods 

using ultrashort light pulses [Shapiro1977].  

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

We consider a magnetic system that is characterized by the dynamic response M(t) as 

given in figure 2.1b induced by the pump excitation shown in figure 2.1a.  Here, the pump is 

represented by magnetic field pulses that carry frequencies in the same interval as the natural 

frequencies of the magnetic sample.  

Figure 2.1 
Schematics of the synchronized “pump-probe” technique 

 

The measurement of the magnetization dynamic response, M(t), with a high time 

resolution is realized using a short-duration PROBE signal (fig.2.1c, d). This probe is delayed 

with respect to the pump (with the delay Dt1, Dt2, …) in order to measure successive points, 

M(Dt1), M(Dt), … of the dynamic response, M(t).  
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In these type of experiments, the time resolution is determined by three elements: i) the 

probe signal duration, ii) the time interval between two successive delay values and iii) the 

jitter1 of the pump, probe or delay, that defines the synchronization between the pump and the 

probe signals. 

In our experiments a common pump has been used, composed of an impedance matched 

coplanar waveguide onto which the magnetic sample is positioned. Depending on the sample 

size and structure to be measured, we have used three different types of probes. Figure 2.2 

presents the experimental techniques used to pump and probe the magnetization dynamics in 

micron-sized samples using MOKE, MR and the inductive effect in time and frequency 

domain.  

In the following three sections (2.2 – 2.4) we will first concentrate on the requirements 

and 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 pump-probe experiment one may define a number of 

requirements. Studies of the magnetization precessional motion are possible if the excitation 

signal contains frequencies in the same interval as the frequencies to be excited in the 

magnetic sample (about 1-10GHz in the case of metallic magnetic samples). This requires 

either high frequencies for a sinusoidal excitation signal delivered by the network analyzer or 

short rise-times (30-100ps) for the voltage pulse as delivered by a pulse generator. Short rise-

times of the pump pulses correspond to an adiabatic excitation (see sections 1.7.2. and 1.7.3. 

from chapter 1) of the magnetic systems where the thermal fluctuations can be neglected 

[Back1998]. In order to cover the various dynamical processes to be studied, a voltage source 

needs to be defined, that has a variable output voltage as well as variable field pulse lengths.  

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 be designed such that sub-

nanosecond time voltage pulses (or GHz continuous wave voltages) propagate with minimum 

attenuation. This means that they have to be impedance matched all over their length.  

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

                                                 
1 The jitter of a signal is defined as the width at half-amplitude of the gaussian function, centered in t0, which defines the 
probability to trigger a signal at the moment t0. 
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i)  the contacts between the line and the electronic equipment delivering or 

registering the high frequency signals, 

ii)  the widths of the transmission line. This varies from the contact region (100µm) 

towards the micron-sized sample (few µm), where the line width determines the 

amplitude of the magnetic excitation field. For example, for magnetization reversal 

studies, the applied field pulses should be larger than the anisotropy field value 

which is of the order of a few tens of Oe.  

 

 
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 experiments.  

 

 

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 surrounded by a ground 

plane. Two equivalent approaches are used to describe such wave propagation: i) 

electromagnetic wave propagation theory (Maxwell’s theory) and ii) transmission line theory.  
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The first theory is a general approach to the electromagnetic wave propagation in space 

and time based on Maxwell’s equations. The propagation velocity of the electromagnetic 

wave in the dielectric of the line, characterized by the dielectric relative permitivity, er, and 

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

wave velocity in air: smc /103 8×= . It is expressed as: 

rr

c
v

me ×
=       (2.1) 

When the surrounding dielectric is composed of different materials with different er and µr,  

(for example a layered structure or different materials on the top and bottom of the metallic 

line) the velocity is given by the effective parameters:  

effeff

c
v

me ×
=      (2.2) 

where eeff and µeff are the effective constants.  

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

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

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

transmission line is considered, as well as their time dependence:  

( )
( ) f2 ),exp(),(

)exp(),(

2

1

pwjw

jw

=+×=

+×=

tjxItxI

tjxVtxV
    (2.3) 

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

corresponding to the frequency range of 1-15 GHz. 

 
 

Figure 2.3: 
Scale of wavelength and the   
corresponding frequencies in air 
(c = 3 108 m/s) 
 

 

We distinguish two cases depending on the relative ratio between the system size, L, to 

be studied and the wavelength, l : 

·  For L << l  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 smaller than some millimeters at 

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

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

resistances in series corresponding to the line resistance (R1 and R2) and the load 

resistance R0. 

 
 
 
 
 
 
 

 
Figure 2.4: L << l  

a) Simple circuit representation; b) equivalent circuit 
 

·  For L > l , the circuit dimensions become comparable to the wavelength and the 

application of the Kirchoff’s laws on the overall circuit is not sufficient, since there is a 

propagation delay between two points of the circuit. The time-dependent phenomena 

along the circuit are described as a distributed-parameter network, where voltages and 

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

 
Figure 2.5: L » l  
a) Transmission line of a length comparable with the wavelength; b) The 
infinitesimal circuit element (dx << l ); 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 << l  that can be solved by Kirchoff’s laws. The 

dielectric capacity, dxC× , and the dielectric conductance, dxG×  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 resistance, dxR× , and the inductance, dxL × , 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 lumped element circuit of 

infinitesimal length (dx ®  0), which is represented in figure 2.5, lead to the time-domain form 

of the transmission line, or telegrapher, equations: 
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     (2.4) 

Considering the sinusoidal steady-state condition, with cosine-based phasors (eq.2.3), 

the equations 2.4 become: 
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where  

( )( )CjGLjRj wwbag ++=+=       (2.6) 

is the complex propagation constant. 

The solutions of the electromagnetic wave equations 2.5 are:  
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where the xe g-  term represents wave propagation in the positive x-direction; the xeg  term, 

stands for the wave propagation in the negative x-direction, and Z0 represents the 

characteristic impedance of the transmission line that is defined as: 
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The characteristic impedance (eq. 2.8) is a complex variable that is linked to the voltage 

and current phase-changes introduced in the circuit by the inductive (Ldx) 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 resistance (R) and on the shunt conductance (G) of the 

dielectric medium between the line and the ground plane. In this case, the losses introduced 

by the Joule effect in the conductor line and by the conduction in the dielectric have to be 

considered for the evaluation of the characteristic impedance. In several practical cases, the 

transmission line losses can be neglected (R = G = 0) resulting in a simplification of the above 

results. In this case, the characteristic impedance reduces to the frequency independent 

relation its value being dependent only on the values of L and C: 

C
L

Z

LCjj

=

=+=

0

wbag
     (2.9) 

Some others parameters of the wave propagation in transmission lines in the lossless 

case (R = G = 0) are: 

- the electromagnetic wavelength:  
LCw

p
b
p

l
22

==                      (2.10) 

- the electromagnetic wave phase velocity: 
LC

vp

1
==

b
w

            (2.11) 

In practical cases, transmission lines are used to transmit electromagnetic energy to an 

arbitrary device, characterized by the load impedance ZL. As a function of the values of the 

load impedance ZL, three special cases of the terminated lossless transmission lines can be 

distinguished as described in the following.  

 

 

2.3.2. THE TERMINATED LOSSLE SS TRANSMISSION LINE 

 

We assume that an incident wave of the form xjeV b-+
0 is applied to a transmission line at 

x < 0 and that the line is terminated with an arbitrary load impedance ZL as shown in figure 

2.6. 

In this case the characteristic impedance expressed by equation (2.8) for x = 0 becomes: 
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From here the voltage reflection coefficient is: 
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Figure 2.6:  
Transmission line terminated in a 
load impedance ZL 

 

 

We consider a step voltage signal, applied on a ZL-terminated transmission line, and 

different terminations. The short circuit (ZL =  0) determines a negative reflection of the 

voltage step (G = -1). The impedance matching to the circuit (ZL = 50W) determines no-

reflection of the voltage (G = 0). The open circuit (ZL = ¥ ) induces a positive reflection of the 

voltage step (G = +1). All three cases are presented in figure 2.7. The reflection appears after 

a time vDtr /=  necessary for the wave to return, defined as the ratio between the total 

distance, D, crossed by the wave before and after reflection and the wave velocity, v. 

The total voltage and current waves can be written as a function of the voltage reflection 

coefficient: 
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In equations 2.14, we observe that a positive reflected voltage, 0>G , corresponds to a 

negative reflected current. In this context, it is important to mention that the magnetic field 

polarity is the same as the current polarity.  

 

 

 

 

 

 

 
Figure 2.7: 
ZL-terminated transmission line 
reflections 

 

In summary, the voltage and the current are described as a sum of the incident and 

reflected wave giving rise to interferences. For a zero reflection (G = 0 on figure 2.7), the load 

impedance ZL is matched to the transmission line, i.e. ZL =  Z0. In this case, there is no 

interference and all the incident power is absorbed by the load. If the load is mismatched to 
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the transmission line, ZL ¹  Z0, 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: 

 ( ) G-= log20dBRL             (2.15) 

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

a matched transmission line is Z0 = 50W.  

 

 

2.3.3. SCATTERING MATRIX  

 

In practice, a complete characterization in the frequency domain of a transmission line is 

realized by measuring the scattering matrix using a network analyzer (N.A.) as shown in 

figure 2.8. The N.A. delivers at port 1 a sinusoidal signal in a large range of frequencies and 

measures the transmitted power at port 2 or the reflected power at port 1. We can consider the 

transmission line as a “black box” which will be connected at two ports 1 and 2 as shown in 

figure 2.8. 

Applying an incident power P0 to port 1, we obtain a standing wave composed by two 

waves, which propagate into the positive and the negative x-direction respectively. The 

transmitted power will be measured at port 2 (P12) and the reflected one at port 1 (P11). In the 

same way, by applying the incident power to port 2 we will measure the transmission at port 1 

(P21) and the reflection at port 2 (P22).  

  
                                                                                                   
 
 
Figure 2.8: Schematics of the two port 
transmission line 

 
 

 

The scattering matrix is defined as: 

ú
û

ù
ê
ë

é
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2221

1211
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SS
S             (2.16) 

where the transmission parameters are1:  

                                                 
1 These definitions are valid supposing that the load impedances for port 1 and port 2 are both Z0.  

Transmission linePort 1 Port 2Transmission linePort 1 Port 2Transmission linePort 1 Port 2
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and the reflection parameters are related to the parameter G defined above:  
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For dB values of the scattering parameters, we use an equivalent expression to (2.15).  

 

A symmetrical transmission line has a symmetrical scattering matrix. If the transmission 

line is perfectly matched to Z0 there will be no reflection and the scattering matrix will be 

equal to the identity matrix: ú
û

ù
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é
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. A lossless transmission line is characterized by:  
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2.3.4. TYPES OF TRANSMISSION LINE:  STRIPLINES , MICRO -STRIPLINES , WAVEGUIDES  

 

As a function of the ground plane geometry with respect to the centerline of a 

transmission line, one can distinguish between several transmission line types. The coaxial 

cable represents the ideal transmission line where the ground plane surrounds perfectly the 

center-conductor of the cable. In practical cases, one uses cuts of the 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 estimate the distribution of the vectors E
r

 and 

H
r

, and implicitly the electromagnetic wave propagation conditions [Pozar1998, Gupta1996].  

The coplanar wave-guide, grounded or not, is obtained by a horizontal cut of the coaxial 

cable. A planar conductor line placed between two horizontal metallic planes (the ground 

plane) represents the Coplanar Wave-Guide (CPW). Another metallic plane placed at a certain 

distance under the wave-guide, transforms it in a Grounded Coplanar Wave-Guide (GCPW). 

A vertical cut of a coaxial cable determines the Strip-Line (SL) and the Micro-Strip-Line 

(MS). In all cases, a planar conductor line is placed at a certain distance with respect to the 

ground plane. In addition, the SL contains one more ground plane fixed above the conductor 

line.  

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

are usually patterned by lithographical techniques. The transmission lines presented in figure 
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2.9 have advantages and disadvantages with respect to (i) the facility of the patterning 

process, (ii) the possibility of integrating them in electronic devices, and (iii) the field 

homogeneities. 

One of the advantages of MS lines or CPW with respect to SL is their planar geometry. 

Photolithographic processes in a single step can easily pattern them, while a stripline would 

demand a minimum of two-steps. 

One of the disadvantages of MS with respect to CPW is that, in a MS, the distance 

between the two conductors is fixed as determined by the dielectric layer thickness, while in 

CPW, the gap between the centerline and the ground plane can be varied, leaving the 

possibility to match the transmission line over all its length. For electronic devices the MS are 

preferred over CPW because of their reduced surface. In our experiment, this is not important 

since we use one single device to realize the measurement and, for the moment, we are not 

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

 
Figure 2.9: 

Transmission line examples: 
striplines, micro-striplines, coplanar and grounded coplanar wave-guides 
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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 following, we present the 

experimental realization of the transmission line, which is a compromise of the equipment 

available, and the ideal requirements from the theory. 

Firstly, we detail the characteristics of the electric pulse delivered by a commercial pulse 

generator. Secondly, we present estimations on the magnetic field and electric resistance 

values for rectangular conductor lines. Thirdly, we present the transmission line design and 

characterization focusing on the choices of the substrate material, the metallic material as well 

as the geometric shape.  

 

 

2.4.1. VOLTAGE PULSE CHARACT ERISTICS  

 

The pump consists of the pulsed magnetic field created around a 50W-matched coplanar 

wave-guide, into which voltage pulses are delivered by a commercial pulse generator. Two 

pulse generators were available, at the beginning of my thesis: the model 10060 delivered by 

Picosecond Pulse Labs and the model Avtech. The most important parameters for the incident 

pulse are its rise-time, pulse width, pulse amplitude, and the pulse shape quality (small 

overshoots amplitudes).  

 

Rise-time 

The rise-time is defined by the time interval when the pulse amplitude varies between 10% 

and 90% from its maximum value. These values determine the maximum frequencies that are 

induced in the magnetic system that is measured. Since the characteristic frequencies of the 

magnetization oscillations to be studied are in the 1-10GHz range, rise-times smaller than 

100ps, are needed.  

 

Width and amplitude 

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

1mV to larger than 10V) to study different processes characterized by different characteristic 

times (e.g. for the relaxation processes in the ns time scale) and to control the oscillations 

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

The overshoot (positive voltage peak that appears just after the pulse rise-time) and the 

voltage oscillations that follow it are represented on figure 2.10. In order to minimize parasitic 

effects on the magnetic response, it is desirable to keep the overshoots smaller than 5% from 

the maximum pulse amplitude. The presence of the overshoots on the incident pulse creates 

supplementary oscillations of the magnetization that superpose on the magnetization 

oscillations due to the pulse rise-time.  

 

Trigger 

Further requirements concern the pulse generator trigger. The internal and external triggers 

are used in the stroboscopic measurement (internal when the pulse generator trigger dictates 

the trigger of an other apparatus, and, external when the pulse generator is triggered by one of 

the other apparatus). The manual trigger is useful in quasi-static measurements when we are 

interested in the magnetic state of the sample after one single magnetic field pulse. The pulse 

repetition rate should be adjustable between 1Hz and some hundreds of kHz.  

 

The pulses delivered by the Avtech pulse generator have as properties: amplitude 

variable between 0 and 20V, pulse width between 0.3 and 2ns, rise-time and fall- time in 100/ 

200 ps range, and jitter2 of  ± 15ps. These parameters were not satisfying for our purposes.  

For our study we have chosen the PICOSECOND PULSE LABS PULSE GENERATOR MODEL 

10060A with parameters of 55ps rise-time, 100ps – 10ns pulse width, 10V maximum 

amplitude and overshoots smaller than 5%. The trigger repetition rate for this model can be 

varied from 1Hz to 100kHz. 

The high-frequency magnetic responses and the pulses delivered by the Picosecond 

Pulse Labs pulse generator were visualized on a high frequency oscilloscope fabricated by 

Agilent. The oscilloscope parameters are: 20GHz bandwidth, maximum noise smaller than 

1mVrms, and vertical resolution of 12bits (15 with averaging).  

In figure 2.10, we present the incident voltage pulses of 2ns width, 55ps rise-time and 

0.15V amplitude delivered by Picosecond Pulse Labs pulse generator model 10060A, 

measured on the 20-GHz bandwidth Agilent oscilloscope.  

 

 

                                                 
2 The jitter of the pulse generator characterizes the probability to deliver a pulse at the moment T0, which is fixed 
by the trigger. A jitter of ±15ps means that there is a non-zero probability to have pulses delivered at (T0 ± 15ps).  
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Figure 2.10:  
Voltage pulse of 2ns duration, 
55ps rise-time and 0.15V 
amplitude visualized on a 
20GHz oscilloscope 

 

 

 

2.4.2. RECTANGULAR MICRO -STRIPLINE  

 

For pulse amplitudes of voltage U, the current value in a line of resistance R is equal to 

U/R. The current that traverses the line determines the amplitude of the magnetic field pulse 

obtained around the line (B ~ I). Both the magnetic field and the electrical resistance vary as a 

function of the conductor line dimensions. In the following, we discuss the dependence of 

both the magnetic field and electrical resistance on the width, length, and thickness of a 

conductor line of rectangular section.  

 

Magnetic fields calculation 

We use the Biot-Savart law: 
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to calculate magnetic field values in different points defined by the vector r
r

, induced by the 

constant current density, J, that goes through the conductor line of rectangular section defined 

by the vector 'r
r

. The vector A
r

 represents the vector potential associated to the magnetic 

induction B
r

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

The magnetic field vectors are represented in figure 2.11 as a function of the coordinates 

y and z parallel to the conductor width and thickness, respectively. Different field amplitudes 

are represented with different colors. The magnetic fields were calculated at a distance of  

77.5 nm with respect to the surface of the conductor line of 275 nm thickness (fig.2.11 a, b, c, 
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and f) for a 66 mA current value3. Three values for the line width (2 µm, 5 µm and 10 µm) 

were considered. Increasing five times the width from 2 µm up to 10 µm, we observe a 

decrease of the magnetic field values by 4.3 times (from about 182 Oe down to 42 Oe in the 

middle of the line where y = 0). Large magnetic fields (180 Oe – 190 Oe) are obtained for 

very reduced widths of the conductor line (2 µm).  

 

 
Figure 2.11: 
Magnetic field configuration for different values of the line widths: 2µm (a), 5µm (b), and 10µm 
(c) for a rectangular conductor line (d). Magnetic field values as a function of the line thickness 
(e) and width (f) 

 

 
                                                 
3 The magnetic field calculations were realized in the absence of a ground plane near the stripline.  
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As we can see in figure 2.11e, the field is quasi- independent of the line thickness for 

widths larger than 5µm. Smaller values of the line width (2µm) determine a strong decrease 

of the field values, upon increasing the line thickness. In figure 2.11e, the field calculation 

was realized for a current value of 100 mA.  

In conclusion, the magnetic field decreases by increasing the conductor line width and 

increasing thickness. Hence, 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 µm      (2.20) 
 

Here we have to mention that conductor line widths of 50 µm were used in the dynamic 

measurements obtaining magnetic field amplitudes about 25 Oe for maximum amplitude of 

the voltage pulse of 10V. This value was large enough to observe the magnetization reversal 

by precession in a sample characterized by an anisotropy field about 20Oe but higher order 

excitations require larger magnetic fields.  

 

Electrical resistance  

From the transmission line theory (section 2.3), the transmission of the electromagnetic 

wave is optimum for small values of the line resistance. 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, r , (e.g. r Cu =1.7E-8 W m), and the line length, L, 

and is inversely proportional to the line width, w, and thickness, t :  

[ ]
tw

L
R

×
=W r       (2.21) 

We observe that to decrease the resistance value the thickness, t, and the width, w, 

should be increased. Figure 2.12 presents the electrical resistance values as a function of the 

conductor thickness, t, and the width, w. We observe that resistance values smaller than 15W 

(for which the line is considered lossless in a first approximation) are obtained for: 

w = 50µm;  t > 30nm; 
w = 20µm;  t > 70nm; 
w = 10µm;  t > 150nm;             (2.22) 
w = 5µm;  t > 270nm; 
w = 2µm;  t >> 300nm; 
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Figure 2.12: 
Resistance values for a rectangular conductor line as a function of the line thickness and width 

 
 

In conclusion, we observe that the conditions 2.21 and 2.22 are opposed and the 

experimental solution should contain a compromise between them. Comparing figure 2.11, 

and 2.12, we observe that for metallic layer thickness values between 10 nm and 300 nm and 

width between 2 µm up to 50 µm the magnetic field values vary between the 10 Oe up to 305 

Oe. Increasing the layer thickness, in order to minimize the resistance, the field values 

decreases. For our purposes – the magnetization dynamics study in samples characterized by 

internal fields in the range of 30-300 Oe, magnetic fields of 100 Oe are sufficiently high. 

Thus, acceptable resistance values (~15W) are obtained for layer thickness larger than 250 

nm. In this interval, the values of the magnetic field are smaller than 280 Oe.  

In this work, the metallic layer thickness was chosen to be 275nm, while the widths 

varied between 10µm and 50µm over a length of 5mm for realizing the transmission lines for 

the magnetization dynamic study.  

 

 

2.4.3. THE SIGNIFICATION OF 3dB ATTENUATION LIMIT  

 

Once a transmission line is realized, its properties can be characterized with respect to 

its attenuation of the transmitted power as well as to its bandwidth. The attenuation in 

transmission lines can be characterized both in the time and the frequency domain. The 

characterization of a device in the frequency domain is realized by comparing the measured 

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

Let us suppose a theoretical example with an electric pulse of 50ps rise-time applied on 

five different Devices Under Test (DUTi, i = 1,5). Each device represents a frequency filter 

and we suppose that they attenuate differently the high frequency components of the incident 

pulse. This is equivalent to an increase of the rise-time values of the transmitted pulses. 

Figure 2.13 presents the incident pulse and the five different transmitted pulses characterized 

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

 
Figure 2.13: 
Calculated transmission parameter supposing an incident pulse rise-time of 50ps and 
several transmitted pulse rise-times: 50, 55, 60, 65, 70ps 
 

The transmission scattering parameter S12 is calculated as the square root of the ratio 

between the transmitted and the incident power (see equation 2.17). Figure 2.13 presents the 

parameter S12 that corresponds to each transmitted pulse. In the first case, the transmitted 

pulse rise-time of 50ps corresponds to a total transmission of the incident power and the 3dB-

bandwidth of the device is larger than the maximum frequency that characterizes the incident 

pulse. Rise-times of 55ps, 60ps, 65ps and 70ps for the transmitted pulses, in the 2nd, 3rd, 4th 

and 5th cases, larger than the incident pulse rise-time of 50ps, correspond to the 3dB-

bandwidths of devices around 20GHz, 13GHz, 10GHz and 8GHz, respectively.  
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2.4.4. TRANSMISSION 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 matching all over the line length. For 

this, line dimensions, metallic material, and substrate material parameters play an important 

role in the value of the characteristic impedance of the line that has to be matched to 50W.  

The geometries for two types of transmission lines: MS and CPW were estimated using 

the Txline [Txline], Serenade, and Ensemble software available at CRTBT/CNRS laboratory.  

In both cases, the line widths, necessary to create high magnetic field pulses (see section 

2.4.2), should have about tens of micrometer values. Electrical contacts, which use the 

bonding technique, the silver painting or high frequency contacts (as we will see in the 

following), need larger contact surfaces with widths about some hundreds of micrometers.  

In consequence, the line width has to be varied between hundreds of micrometers in the 

contact regions and tens of micrometers in the center.  

Variable width over the line length results in a variable impedance that may induce 

reflections of the incident electromagnetic wave that propagates through the transmission line 

[Pozar1998]. The modality chosen to match the line geometry to no-reflection transmission of 

the high frequency signal will be discussed in the following for two types of transmission 

lines: MS and CPW.  

 

The MS matching 

The MS matching can be realized by varying its width (w) and the substrate thickness 

(h) in order to obtain a characteristic impedance of 50 W. For the same value of the thickness, 

larger line widths determine larger impedance values. For the 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 named “taperisation” and 

the corresponding impedance can be written as: 
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In this case, we have an exponential variation of the line width over the line length that 

minimizes the reflections over a certain bandwidth. Figure 2.14a presents the exponential 

tapering for a MS of 275µm width at the contact region and 20 µm in the middle over a length 
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L of about 1 mm, width values for which the characteristic impedances are 50 W and 112 W, 

respectively. The dimensions were estimated using the Txline software [Txline] for 20GHz 

wave frequencies, for Si dielectric of 300 µm thickness, 11.3 dielectric constant, and 0.003 

loss tangent and for Cu conductor of 275nm thickness.   

Finally, the MS design was not used because of the impossibility to realize the contacts 

on the lower ground plane and on the line, using a SMA connector fixed on the line with 

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 width over the line 

length, the advantage of the CPW with respect to the MS is that the CPW can be matched to 

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 design of the 50W-matched CPW. The 

dimensions were estimated using the Txline software [Txline] for 20GHz wave frequencies, 

with the following parameters: Si dielectric of 300µm thickness, and of 12.9 dielectric 

constant, and a Cu conductor of 300nm thickness.   

 
 
 
 
 
 
 
 
Figure 2.14: 
a) Exponential tapered 
micro-stripline and          
b) 50W-matched coplanar 
wave-guide 

 

In our experiment, we have chosen the CPW as transmission line to generate the high 

frequency pulsed magnetic field. From an experimental point of view, this geometry was 

advantageous with respect to the MS because of the modality to realize the electrical contacts.  

In the following, we detail this aspect by presenting some results on the characterization 

in the frequency and the time domain of different devices, which have been realized at the 

beginning of my thesis. The differences between them consists in i) the modality to realize the 
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electrical contacts, ii) different geometries of the transmission lines, iii) different substrates 

and iv) different metallic composition of the multilayers used in the patterned transmission 

lines.  

 

Frequency-domain characterization 

In the frequency domain the quality of the entire device (fig.2.15), that contains the 

transmission line, the contacts, the connectors and the cables, is characterized by measuring 

its scattering matrix using the network analyzer (see section 2.3).  

The first device (fig.2.15A) corresponds to a MS deposited on the top of a Si substrate 

of low resistivity (5 Wcm) with sharp variations of the width along the line length onto which 

the contacts were realized by bonding. The scattering transmission parameters S12 or S21 are 

smaller than the 3dB limit*  and we observe very large reflections (scattering parameters: S11 

or S22) for a large number of frequencies in the interval from 150MHz up to 20GHz. These 

results can be explained by the presence of abrupt variations of the MS width (from 1000µm 

down to 65µm) that induce important reflections in our device. In this example, the contacts 

made by bonding are un-matched for high- frequency experiments. They behave as 

perturbating transmission lines in cascade with the one we want to test.  

The second one (fig.2.15B) corresponds to the same MS but with contacts realized using 

coaxial-SMA connectors and Ag painting on the metal surface. The transmission in the line 

has losses less than 3dB for frequencies below 10GHz. We obtained an improvement of the 

transmission in this device characterized by a 3dB-bandwidth, much larger than in the first 

example (about 10GHz).  

Besides unmatched line dimensions and contacts further criteria to consider is the 

substrate. The dielectric permitivity, e, and the loss tangent, d  represent two parameters of 

importance for the electromagnetic wave propagation in transmission lines.   

In the examples presented in figures 2.15A and 2.15B, the relatively important 

conductivity of the doped Si-substrate, equivalent to large values of the substrate loss tangent, 

determines dielectric losses in the electromagnetic wave transmission.  

The un-doped Si is characterized by tabulated small values of the loss tangent (d =10-3 – 

3 10-3) and high values for the dielectric permitivity (e =11.7– 12.9), values that are of 

interest for lossless high- frequency experiments, as we have realized in this work. The third 

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

                                                 
*  The 3dB attenuation corresponds to a voltage ration: VTransmitted/Vincident = 0,708.   
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resistivity (between 5E+3 and 1E+4 Wcm) onto which the electrical contacts were realized 

using 50W matched high frequency connectors. The results reveal a good transmission (S12 

and S21 > -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.  

Figure 2.15: 
MS and CPW frequency-domain characterization using the network analyzer 
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Alternatives to the Si substrates are Al2O3 (d = 5 10-4  – 2 10-3, e = 9.6 – 10.1), and 

GaAs (d = 5 10-4  – 1 10-3, e = 1.9) [Txline]. 

 

In conclusion:  

Ø The substrate should have good dielectric properties (high resistivity, high dielectric 

constant, small loss tangent); 

Ø The entire circuit, from the source generator (network analyzer, pulse generator, 

oscilloscope) to the device and then the measuring apparatus (network analyzer, 

oscilloscope), composed by: cables, connectors, bias T, etc. has to be matched to 50W-

impedance. This exclude from the beginning the connection types such as bonding or 

with silver painting, the SMA connectors and coaxial cables of reduced 3dB-bandwidth.   

Ø The CPW has to be matched to 50W all over its length by adjusting the gap between the 

ground and the centerline. The 50W-matching of the MS is realized using the 

“taperisation” technique.   

Ø Considering the 3dB-bandwidth values of 10GHz and 20GHz respectively, for the 

devices presented in figures 2.15B and respective 2.15C, the rise-time of the transmitted 

pulse will be equal to 65ps or respective 55ps, for an incident pulse with 50ps rise-time. 

The 3dB-bandwidth of the MS represented in figure 2.15A has a very small value, 

which means that it can be used in DC-experiments or low-frequency experiments but 

not in high- frequency studies.  

Ø The disadvantage of the device presented in the figure 2.15B, are the contact quality 

since the contacts between the SMA connectors and the metallic surface through the 

silver painting are not characterized by good properties at high- frequency and their 

properties change from one contact to another.  

 

Considering all the disadvantages and the advantages of the devices that have been 

already tested, with respect to the purpose of our study (the magnetization dynamics 

characterization in a high bandwidth), we have chosen the device presented in the figure 

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

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

 

A) SMA connectors 4 (fig.2.16A) 

The first characterization measurements were realized using SMA or coaxial connectors 

of bandwidth in the 20 GHz range. Two examples of connectors used in our experiment are 

presented in the figure 2.16A. These connectors were not adapted to our experiment because 

of the low bandwidth (< 10GHz) of the connections between the connectors and the 

transmission lines. In consequence, we used the microprobes connectors, matched to high-

frequency experiments, that will be described in the following. 

 

B) Microprobes connectors 5(fig.2.16B) 

They were used to realize high- frequency measurements and their properties are: 

Ø 50W-impedance matching in a large bandwidth up to 40Ghz; 

Ø Three micron-sized contacts (50x50µm2) providing contact to the centerline and 

to the ground plane of the CPW; 

Ø The distances between contacts are fixed to 300µm, 200µm, 150µm, etc.  

Ø The contacts are flexible; 

Ø The connections realized with these connectors are characterized by a higher 

quality (high bandwidth – 20GHz that determines quasi- identical pulse shapes 

from one experiment to another).  

 

In order to realize good contacts the microprobes were fixed on x, y, z motion stages6 

characterized by micron-sized values of the displacement step, in order to realize a correct 

alignment between the sample contact regions and the connectors. The contact is realized by 

visualizing the sample with a stereoscope, and moving the connectors on vertical direction 

with oz-displacement stage. Figure 2.16 presents the image on a monitor of the three contacts 

of a microprobe aligned and contacted with the CPW. The flexibility of the microprobes is a 

parameter that becomes very important during the contact operation since a good contact is 

obtained after exerting a small pressure on the microprobes once it is in contact with the 

metallic surface. 

 
 

                                                 
4 Fabricated by RADIOSPARE 
5 Fabricated by CASCADE M ICROTECH 
6 Fabricated by MELLES GRIOT 
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Figure 2.16 
A) SMA connectors and   B) 
Microprobes connectors (Cascade - 
Microtech) 

 

 

Time-domain characterization 

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

The transmitted and reflected signals measured using the time domain reflectometry 

(TDR) and the time domain transmission (TDT) modulus of a specific digital oscilloscope of 

20GHz bandwidth, revealed informations on the device electrical resistance (RD) and 

characteristic impedance (ZD). Here, three types of CPW were measured, both of the same 

geometry, deposited on the same substrate but of different metallic composition: one with Cu 

and the other two with Au of two different thicknesses. The lithographically patterned CPW 

were composed by metallic multilayers of structures: i)[Cu/Ta]x4/Pt; ii)[Au/Ta]x3 and 

iii)[Au/Ta]x4. The measurements were performed using the experimental setup presented in 

figure 2.17a using a 50W termination. The role of the Ta layer is to increase the 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 with the microprobes, the 

metallic layer is damaged. This is due to the poor adherence of thick metallic layers to the Si 

substrate. Using the Ta layer between Cu and Si substrate and dividing Cu or Au thickness in 

several layers (n° of layers = 4, 5, …) the line adherence was improved.  

Figure 2.17b presents the TDR results obtained on three CPW that are compared to the 

three reference levels that correspond to the 50W-termination, short - or open – circuit. For a 

50W-terminated line we observe small positive reflections from which the reflection 

coefficient can be estimated:  

G = 14% for [Cu(50nm)/Ta(5nm)]x4/Pt(5nm) structure, 

G = 11% for [Au(50nm)/Ta(5nm)]x3 structure and 

G =  8%  for [Au(50nm)/Ta(5nm)]x4 structure. 

100µm

B) 50Wmatched picoprobes connectors for BW = 40GHz

A) SMA connectors

100µm100µm100µm

B) 50Wmatched picoprobes connectors for BW = 40GHz

A) SMA connectors
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Figure 2.17: 
a) TDR experimental setup;  
b) TDR measurements on: 

i)    [Cu/Ta]x4/Pt  
ii)   [Au/Ta]x3  
iii) [Au/Ta]x4  

CPW using a termination of 50W. 
c) zoom around the 50W - level. 

 

 

 

 

 

 

 

 

 

 

 

 

The centerline width values are 100µm on the contacts regions and 10µm in the center. 

The metallic thickness was 275nm and the gap was calculated [Txline] to match the CPW 

impedance to 50W over all the line length. The reflection coefficient is defined by equation 

2.13 where Z0 = 50W and ZL represents the device characteristic impedance. As the CPW 

geometry was calculated in order to have W== 50CLZL  in the lossless approximation, 

the fact that G is larger than zero leads us to the conclusion that the line resistance is not 

negligible and the total impedance becomes larger than 50W. From 2.13 we deduce the 

formula: 

G-

G+
=

1

1
0ZZL      (2.24) 

and we obtain 66,3W, 62,4W and 58.7W for the characteristic impedance of 

[Cu(50nm)/Ta(5nm)]x4/Pt(5nm), [Au(50nm)/Ta(5nm)]x3 and [Au(50nm)/Ta(5nm)]x4 

structure, respectively.  
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The characteristic impedance for a transmission line (eq.2.8), characterized by a lossless 

dielectric, G = 0 (high resistivity Si-substrate), is expressed by: 

Cj

LjR
Z

w

w+
=0      (2.25) 

Increasing the resistance values, R, the impedance Z0 increases also. This explains the larger 

impedance of the Cu line (66W) with respect to the Au line (58.7W) since the Cu resistivity is 

larger than Au resistivity. A larger section of the line obtained with 4x Au-layers with respect 

to only 3x Au- layers determines a decrease of the electrical resistance, and in consequence, 

the electric losses are reduced. Nevertheless, because of the lack of Au target in the sputtering 

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

 

2.4.5. CONCLUSIONS 

 

Magnetic field pulses of high frequencies can be obtained in 50W-matched transmission 

lines whose geometries are calculated using the transmission line theory and the telegrapher 

equations. There are four particular types of transmission lines that represent cuts from the 

coaxial cable:  i) the stripline, ii) the micro-stripline, iii) the coplanar wave-guide, and iv) the 

grounded coplanar wave-guide.  

The experimental devices characterization was realized in frequency- and time- domain, 

using the 20GHz – network analyzer and the 20GHz – oscilloscope, respectively. They 

revealed a large bandwidth (20GHz) and reduced reflections due to the electrical resistance of 

the line for 50W - CPW lithographically patterned on the surface of a Si-substrate of high 

resistivity using as contacts 50W-microprobes flexible connectors directly on the line surface.  

The metal thickness value is chosen in order to have small resistance values and 

sufficiently high magnetic fields. The width was varied in the dynamic study between 

maximum 50µm down to 2µm.  

As a function of the CPW termination, one (50W termination) or two voltage pulses can 

be obtained of the same (open circuit) or opposite polarity (short circuit) (fig.2.7), which will 

be used for realizing different types of experiments (magnetization reversal experiments using 

two magnetic field pulses of the same polarity and FMR types measurements using one single 

magnetic field pulse).  
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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 mention the magneto-optic Kerr and Faraday 

effect [Freeman1991-2000, Gerrits2002, Crawford1996-2000], magneto-resistive 

[Russek2000, Schumacher2002-2003] and inductive effects [Silva1999], X-ray Magnetic 

Circular Dichroïsm (XMCD) or Magnetic Linear Dichroïsm in the Angular Distribution 

(MLDAD) [Binns 2003, Bonfim2001, Back1998]. In addition to the time resolution, spatial 

resolution can be obtained with the magneto-optic effect or the XMCD where the optical or 

X-ray beam is focused onto the sample surface up to micron-sized dimensions. Furthermore, 

all three components of the magnetization vector can be measured using the MOKE for 

appropriate choice of the measurement geometry. Samples of dimensions smaller than the 

beam spot dimensions cannot be measured easily with these probe techniques. In these cases, 

we can use the magneto-resistive or inductive effects, at the cost of performing a global 

measurement of the magnetization dynamics.  

During this work we have developed three probe techniques, namely, the time resolved 

magneto-optic Kerr effect, the magneto-resistive effect as well as the inductive technique. The 

theoretical background and the experimental setup of the three types of probes are described 

in the next sections. 

 

 

 

 
 

Figure 2.18: 
Magnetic samples (4 x 8)µm2 lithographically 
patterned on the centerline of a coplanar wave-guide 

 

 

 

 

The device consisted of the CPW (the pump line) to induce the excitation field ( )th
r

, and 

the magnetic sample patterned on top of the pump line, characterized by the magnetization 

( )tM
r

 (see sample preparation in chapter 3). Figure 2.18 presents 4x8µm2 magnetic samples 

on top of the centerline of the CPW of 10µm width.  
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2.5.1. THE M AGNETO -OPTIC PROBE 

 

The magneto-optic probe uses the interaction between the electric field of a laser beam, 

E
r

, incident on the magnetic sample and the electrons of the sample which feel the sample 

magnetization, M
r

 via the spin-orbit interaction. Among the magneto-optic effects, we 

mention Faraday, Kerr, and Voigt effects. They will be discussed in the following but we will 

focus on the Magneto-Optic Kerr Effect (MOKE) that will be used as magneto-optic probe in 

the dynamic experiments.  

 

2.5.1.1. M AGNETO – OPTICAL EFFECTS  

 

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

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

harmonic electric field of a light wave, ( )trE ,
rr

, depends on the field direction, as given by the 

permitivity tensor, re . When a magnetic induction, B
r

, is applied to an isotropic dielectric, 

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

called magneto-optical effects. An appropriate expression of the tensor re  can be derived in a 

molecular approach, by considering the motion of bound electrons in the presence of both a 

harmonic field, ( ) tieEtrE w-=
rrr

,  and a static field B
r

, as described by the Lorentz force law. 

[Palmer1996] (see Annexe 6).  

As a function of the orientation of the light propagation, incidentk
r

 with respect to the 

magnetic induction, B
r

 one distinguishes between two magneto-optical effects: 

a) The Faraday rotation for incidentk
r

|| eH
r

 (fig.2.19a); 

b) The Cotton-Mouton or Voigt effect for eincident Hk
rr

^  (fig.2.19b). 

 

Faraday effect  

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

magnetic field along the direction of propagation incidentk
r

|| eH
r

 [Palmer1996, 

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

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

magnetic field He, a variation of the sign of k
r

 (propagation vector) will reverse the sense of 



CHAPTER 2: The stroboscopic pump-probe technique: design, development and experimental setup                 78 

 

rotation of the incident wave polarization (clockwise Û  counterclockwise). The relation 

between the Faraday rotation angle qF and the magnetic field intensity He, was established 

experimentally by Faraday in 1846 and can be written in the form: 

( )-+ -µ= nnlHR eVF     q     (2.26) 

where RV is known as the Verdet constant and l  is the medium length. The Faraday rotation is 

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

 
Figure 2.19:  

Faraday effect (a) and Cotton-Mouton or Voigt effect (extra-ordinary refraction – b – and ordinary 
refraction – c) 

 

The Cotton – Mouton or Voigt effect  

This effect corresponds to the linear magnetic birefringence of an incident light that 

traverses a medium that behaves as a 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 wave propagation direction, the medium is 

characterized by two refraction indices named: the ordinary (no) and the extraordinary (ne) 

refraction indices. The two refraction indices determine two refracted beams: the ordinary 

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

field, waveE
r

 || eH
r

, and the extraordinary beam when the two vectors are perpendicular to each 

other, waveE
r

 ^  eH
r

. This phenomenon is known as the linear magnetic birefringence. The 

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

D = (no  - ne) lHAl
c eCM=

p

w

2
         (2.27) 

where w is the light frequency, ACM is the Cotton – Mouton constant and l is the medium 

length. In general, this constant is a function of the nature of the substance, the light 

wavelength, and the temperature [Vonsovskii1974]. This effect is smaller compared to the 

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

b) He || ox c) He || oya) He || oz

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

x

y

z

incidentk
r

incidentE
r

eH
r

b) He || ox c) He || oya) He || oz



CHAPTER 2: The stroboscopic pump-probe technique: design, development and experimental setup                 79 

 

Faraday rotation and its measurement requires magnetic inductions of the order of a few Tesla 

[Palmer1996]. 

Similar effects are observed in the reflection of electromagnetic wave on the 

ferromagnetic metallic surfaces. They correspond to the Magneto-Optical Kerr Effect 

(MOKE) which will be detailed in the following.  

 

The Kerr effect 

 

The Magneto-Optical Kerr Effect (MOKE) consists in a non-zero rotation angle (qK) or 

ellipticity (eK) of the electric vector of a linearly polarized light after its reflection from 

magnetic and non-magnetic sample surfaces.  

In ferromagnetic metals, the interaction between the vector E
r

 of the incident 

electromagnetic wave and the electrons can qualitatively be described as a linear oscillating 

motion of the electrons due to the electric field E
r

, and a superposed perpendicular oscillating 

motion due to the Lorentz force induced by the magnetization, M
r

, of  the magnetic medium. 

The result of this interaction is a rotation of the initial polarization which transforms the 

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

value and is defined as: 

     

 

KKK jeqq +=~   (2.28) 

 

   

 

 

Typical values of the real part of the Kerr rotation, qK, are e.g. for Fe 

deg013.0)30( =°CNiFe
Kq  and for Co deg016.0)30( -=°CCo

Kq  [Kim2002] 1. Typical values for 

the imaginary part (ellipticity eK) of the Kerr rotation are e.g. deg010.0)30( =°CNiFe
Ke  and 

deg088.0)30( =°CCo
Ke  [Kim 2002] 1.  

 

 

                                                 
1 Measurement configuration is specified in the reference: [Lee2000] 
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The Kerr effect is a linear magneto-optic effect, i.e. the rotation of the light polarization 

is linearly proportional to the magnetization value (qK ~ M). The interaction of the 

electromagnetic wave with the magnetic medium is described by the wave equation 

[Atkinson]: 

( ) ( ) ( ) ( )wweww ,ˆ,, 2
0

2 rEkrErE
rrrrrr

=Ñ-D    (2.29) 

where ( )w,rE
rr

 represents the electric field vector, 0k  the wave vector amplitude and ( )wê  the 

electrostatic permitivity tensor corresponding to the magnetic medium. The permitivity tensor 

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

of the magnetization components m1, m2 and m3, as: 

( ) ( ) ( )SMQQnn

QimQim

QimQim

QimQim

n ,  ,  ,

1

1

1

ˆ

12

13

23
2 wwwe ==

ú
ú
ú

û

ù

ê
ê
ê

ë

é

-

-

-

=   (2.30) 

The Kerr effect is used to study the surface magnetization (more exactly from the 

sample surface down to approximately 30nm depth) of ferromagnetic materials since it is 

obtained by reflection on metallic samples.  

In a MOKE experiment, superposed to the Kerr effect may occur the Faraday or the 

Voigt effect. The Faraday effect appears when the light passes transparent media of the 

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

Faraday rotation, Faradayq , adds to the total angle of rotation. In the MOKE measurements, 

where one measures the intensities corresponding to the electric fields of the wave 

( *EEI ×= ), the Faraday effect appears as a parabolic dependence of I as a function of the 

external field, He for high magnetic fields.  

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

in the following sections.  
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2.5.1.2.  M AGNETO -OPTICAL K ERR EFFECT 

 

Experimental Kerr configurations 

One distinguishes three different experimental Kerr configurations, polar, longitudinal 

and transversal, as shown in figure 2.20: 

i)  In the polar configuration, one measures the magnetization component parallel to the 

plane of incidence and perpendicular to the magnetic film surface.  

 

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

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

 

iii)  In the transversal configuration, we are mostly sensitive to the magnetization 

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

film. 

 
 

 
Figure 2.20:  

MOKE experimental configurations: polar, longitudinal, and transversal 
 

The electric vector,E
r

, is decomposed into two orthogonal basic components Ep and ES, 

which are perpendicular to the wave-vector, k
r

. The EP -component is parallel to the plane of 

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

Thus, the vector E
r

 is written as:    

ú
û

ù
ê
ë

é
=

S

P

E

E
E
r

     (2.31) 
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The Kerr rotation and ellipticity are defined as a function of the electric field 

components defined in the EP-ES coordinate system [Atkinson]. Several experimental 

configurations have been used to measure the magnetization components or the Kerr rotation. 

All of them have been deduced from the calculations of the electric field components parallel 

to EP and ES. In the following, we present the schematics of a basic MOKE experiment.  

 

Schematics of a MOKE experiment 

The experimental MOKE setup used in our experiment is presented in figure 2.21. For 

the light source, a laser is used since it is characterized by a coherent and a monochromatic 

light emission. The polarizer is used to obtain an incident linearly polarized light that is 

focused on the sample with a lens (fig.2.21). After the reflection from the magnetic sample, 

the divergent beam is focused by a second lens onto the analyzer, which “analyzes” the 

reflected beam by separating its P and S components. The detector is represented by one or 

several photodiodes that are sensitive to the light wavelength. In special experimental 

situations that will be detailed in section 2.5.1.3. and 2.5.1.4, a half-wave plate is inserted 

between the second lens and the analyzer. 

 

 

 

 

Figure 2.21 
MOKE general schematics 

 

 

 

 

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

of the complex value of the wave electric vector E: 

*2
EEEI ×==      (2.32) 

where E*  is the conjugate of the electric field, E.  

The calculation of the electric vector after the interaction of the light with the optical 

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

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

A formalism that calculates the electric field vector of the light passing through optical 

components uses the Jones 4x4 matrices, [JM], as a mathematical representation of lenses, 

polarizers, samples, etc. The electric vector, 2E
r

, corresponding to the light after its 

interaction with a system, is expressed as a function of the electric vector of the incident light, 

1E
r

, using the equation:  

[ ] 12 EJME system

rr
=      (2.33) 

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

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

corresponding to each optical component: 

[ ] [ ] [ ] [ ] [ ] polarizersampleanalyzersystem JMJMJMJMJM ×××= 2/l  (2.34) 

Here, we neglect the Faraday effect in lenses.  

The Jones matrices for the polarizer (analyzer), magnetic samples, and half-wave plate 

will be presented in the following.  

 

Polarizer (analyzer) Jones matrix 

The polarizers used, consists of birefringent media, which refract differently the 

polarization parallel respectively perpendicular to the polarizer/analyzer axes, obtaining two 

different beams (fig.2.22). These systems are equally used to analyze the light polarization 

after its reflection from the magnetic sample. In this case, they are called analyzers.  

 

 
 
 

Figure 2.22 
a) Glan-Thompson and b) Wollaston 
polarizing prisms 

 
 
 

In certain cases, only one beam is transmitted (the second one being absorbed) (e.g. 

Glan-Thompson polarizing prism in figure 2.22a) and other cases, both beams are transmitted 

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