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Abstract

In-plane magnetization reversal in a magnetic thin-film nanoparticle subject to out-
of-plane picosecond range pulses of magnetic field is investigated. Micromagnetic
simulations of the system for a variety of parameters are performed and fully support
an earlier analytical prediction of this effect. The dependence of the z-pulse switch-
ing on the pulse shape, intensity, and duration, as well as on the size and shape
of the nanoparticle are analyzed and reveal the resonant character of the effect. A
nanostructured device design is proposed for experimentally verifying the effect, in
which a 100 nm scale magnetic nanoparticle is integrated with a coplanar stripline
for producing strong, ultrafast out of plane field pulses. The field distribution in
the coplanar stripline circuit is computed numerically and is used to optimize the
design parameters for achieving efficient z-pulse switching expected in the system.
A mask-less method of fabricating the nanodevices is developed based on Focused
Ion Beam (FIB) lithography and characterized using Atomic and Magnetic Force
Microscopy. The multilayer films for FIB patterning are deposited using multi-
target sputtering. It is found that using a capping layer with suitable parameters
protects the magnetic film and improves the in-plane definition of the FIB pattern.
Atomic and Magnetic Force Microscopy confirmed good shape definition of the 100
nm scale devices produced as well as the single domain character of the nanoparti-
cle magnetization. Relatively large dipole fields from the magnetic tips were found
to sometimes switch the particle magnetization during scanning, which was coun-
teracted by employing a constant height scanning method with high tip elevation
during the magnetic characterization.
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Chapter 1

Introduction

Experimental physics is a thrilling field of study, where theory can be challenged and
unexpected phenomena observed. While theoretical physicists encounter non solv-
able integrals experimental physicists deal with technological limits, cost of materials
or building of their own measurement facilities. The journey may be different, but
the goal remains the same: bringing another brick in the wall of the understanding
of nature. This quest towards knowledge can be driven in different ways: sometimes
new observations that need explanations encourage theoretical work on the subject,
and in other cases theoretical predictions lead to experimental investigations. This
is the latter process that originated the present thesis, in the field of nanomagnets.

Magnetism is a phenomenon that has long been catching the interest of human
beings, as people like Hypprocates (Greece, c. 460 BC – c. 370 BC) or Guiguzi
(China, c. 400 BC) wrote about the attractive power of lodestones towards iron.
Since that time there’s water under the bridge, and the subject has been well studied
and understood. Quantum theory of magnetism states that sources of magnetism in
materials are mostly the orbital angular motion of the electrons around nuclei and
their “intrinsic” (or spin) moment. Applications have followed the understanding of
this kind of physics and in particular, the discovery of Giant Magneto-Resistance
(GMR) by A. Fert and P. Grünberg in 1988 (for which they received the Nobel
prize in 2007), dealing with the dependence of some structural material’s resistance
on the applied magnetic field, opened the door towards spin transport electronics
(also called spintronics). While “classical” electronics use the fundamental charge
of the electron as an information carrier, the idea is here to exploit the magnetic
moment associated with its spin. One of the applications based on that discovery
is called Magnetic Random Access Memory (MRAM), a type of memory which
presents the double advantage of being non-volatile and directly accessible in any
random order. Each memory element contains one bit of information (0 or 1) which
is stored by the magnetization orientation a nanomagnet. The nanomagnet can
in principle be a single ferromagnetic particle or a synthetic antiferromagnet (SAF)
consisting in two ferromagnetic layers, generally of elliptical planar shape, separated
by a non magnetic metallic layer. The latter creates a dipole coupling resulting in
a antiparallel configuration of the magnetic moments, which gives its name to the
magnet. The two possible orientations of the moments in the active part of MRAM
storage elements is read using the Tunnel Magneto-Resistance (TMR), an variation
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of the GMR. This all forms the background of the thesis which deals with the
magnetization reversal of nanomagnets. Therefore Chapter 2 aims to lay out the
context in which this study takes place.

This study focuses more particularly on a way to make a nanomagnet switches
its magnetization orientation by applying a magnetic pulsed field perpendicular to
the plan of the device (z-pulse). Until now, only the precessional response has
been previously discussed, but theoretical calculations predicts the possibility of an
inertial reversal of the moment in nanomagnets after a z-pulse. A description of this
“z-pulse switching” is given in Chapter 3. Micromagnetic simulations are used here to
show how this switching depends on the shape of the particle and the applied pulse,
and the effort here is also focused on making a suitable sample. Chapter 4 presents
the different experimental techniques used in this study, including the micromagnetic
simulation software, circuit simulations, maskless fabrication of nanomagnet using
a focused ion beam as well as magnetic force microscopy as a means to determine
the magnetization orientation of the particle. Chapter 5 finally discusses both the
numerical results and the first conclusions regarding this experimental process.
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Chapter 2

Spintronics and nanomagnets

This chapter aims to lay out the background and motivation of this project. Some
notions of magnetism are reminded to be able to introduce the technology of Mag-
netic Random Access Memory (MRAM), in which nanomagnets are used.

2.1 Magnetism background

2.1.1 Magnetoresistance

As it has been mentioned previously, the magnetoresistance effect is of first impor-
tance in spintronics. It allows, inter alia, to measure the magnetization orientation
of the free layer in memory bit elements. There exist several types of magnetore-
sistance, but the common idea is that some materials or configurations of materials
change their electrical resistance when applying a magnetic field to them. First
observed by William Thomson in 1856 [1], the now called Anisotropic Magneto-
Resistance (AMR) refers to the fact that ferromagnetic metals exhibit a difference
in resistivity (up to 50% in Uranium [2], only a few percents for most of others)
depending on the angle between the direction of the current and the direction of
the magnetic field. But let us take a deeper look at the Giant and Tunnel Magneto-
Resistance (GMR and TMR), the ones of interest here as both of them can be used
in MRAM.

GMR

GMR is a quantum mechanical effect related to the spin of the electron, discovered
in 1988 independently by the groups of Albert Fert [3] in Paris, France, and Peter
Grünberg [4] in Jülich, Germany. This phenomenon is observed in thin films su-
perposition, alternating ferromagnetic (FM) and non magnetic (NM) metals. The
original observations were made on (001)Fe/(001)Cr superlattices at 4.2K and the
resulting change in resistance is shown in FIG 2.1 in the case of an in plane cur-
rent. MRAM devices use however perpendicular to the plane currents but the idea
is globally the same. Now what is the origin of this difference? We must look at
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Figure 2.1: Giant magnetoresistance of three Fe/Cr superlattices at 4.2K obtained
in[3]. The current and the applied field are along the same [110] axis, in the layer
plane.

the way electrons scatter in ferromagnets, and therefore recall some theory of spin
transport as first described by N. F. Mott and reviewed in [5].

Electrical conduction in metals can be treated as occurring in two channels,
corresponding to the spin-up and spin-down electron populations, distinguished by
the projection of their spin along the z-axis (for example). Scattering processes
that implies spin flip have usually a smaller probability than those which left it
unchanged which allows one to consider these two channels independent. Now,
while the scattering rate for the spin-up and spin-down electrons are the same in
non-magnetic metals, a difference arises in the case of ferromagnetic metals, as
illustrated in FIG 2.2a. Here a FM/NM/FM structure is considered, in the cases of
parallel and antiparallel magnetizations. The theory of spin polarized transport is
based on the electronic band structure in solids, also called density of states (DOS).
It relates to the energy levels that are accessible by an electron within the material.
There are ranges of energy that are allowed (allowed bands), separated by gaps
(forbidden bands) and, as stated above, it is interesting to consider the case of spin
up and down independently. The electrons of the material fill up those bands up to
the Fermi level, following the Fermi-Dirac distribution, but in ferromagnets there
is a difference between the number of spin up and spin down electrons: it is said
that the electrons with spin parallel to the magnetization are the majority spins,
the others are the minority spins. This is represented in the DOS by a shift between
of the majority and the minority energy band, also referred as “exchange-split”. As
it can be seen in FIG 2.2b, the density of state at the Fermi level is higher for
the minority spins than for the majority spins, offering a higher probability for the
conduction electrons to scatter into those available states. They travel with a higher
resistivity. For the interested reader, a more detailed description of the quantum
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theory of ferromagnetism is given in [6].

a)

b)

c)

Figure 2.2: Illustration of the 2 channels model a) Scattering in FM/NM/FM struc-
tures. Big vertical arrows correspond to the orientation of the magnetization, the
upper (lower) horizontal arrow illustrates the path of the spin-up (-down) electrons,
the star-like symbols represent scattering due to antiparallel spin/magnetization in-
teraction. b) The corresponding DOS in the d-band of each layer, spin-down on the
left of the energy axis, up on the right. The difference in the number of available
states at the Fermi level (dash line) is clearly apparent in the ferromagnets. c) The
resistor model schematics of a) and b). The size of the resistor gives its relative value
to the others. Rap is the resistance when the electron has its spin antiparallel to
the magnetization, Rp when they are parallel, and RNM is the non-magnetic layer’s
resistance.

Let’s now come back to the idea of GMR. By tuning the thickness of the non-
magnetic layer, it is possible to have an antiferromagnetic coupling (left side of the
figure). The total resistance R↓↑, in the notation of FIG 2.2c is

R↓↑ =
Rap +Rp +RNM

2
(2.1)

A strong enough applied magnetic field can align the two magnetization parallel to
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each other (right side of the figure) and the resistance R↓↓ becomes

R↓↓ =
(2Rap +RNM) (2Rp +RNM)

2 (Rap +RNM +Rp)
(2.2)

which is smaller than (1) for Rap > Rp > RNM . Finally the magnetoresistance ratio
is given by

GMR =
R↓↑ −R↓↓

R↓↓
=

(Rp −Rap)
2

4RapRp

(2.3)

TMR

Another case of magnetoresistance occurs in magnetic tunnel junction (MTJ), where
the non-magnetic layer of the previous structure is replaced by a thin insulator.
When it is thin enough (a few nanometers), electrons can “tunnel” through this
barrier with a probability depending on their spin and the magnetization on both
side of the barrier, giving rise to the TMR. The phenomenon has been first observed
by M. Jullière (University of Rennes, France) in 1970 in Fe/Ge-O/Co-junctions at
4.2 K with a relative change of 14% [7]. This effect can give nowadays up to 600%
TMR [7] at room temperature which represent quite an interest for applications.

Jullière gave a model to explain the effect using the spin polarizations of the
ferromagnetic electrodes which are given by:

P =
D↑(EF )−D↓(EF )

D↑(EF ) +D↓(EF )
(2.4)

where D↑,↓(EF ) are the previously mentioned DOS at the Fermi level. With P1,2

being the polarization of the two ferromagnets, the TMR is given by

TMR =
R↓↑ −R↓↓

R↓↓
=

P1P2

1− P1P2

(2.5)

In 1989, J. C. Slonczewski [8] derived the conductance G of a FM/I/FM structure
starting from the Hamiltonian of a single electron tunneling through a rectangular
barrier separating two free-electron-like ferromagnets. In this model the dependence
of G on the angle θ between the directions of magnetization of the ferromagnets can
be written as:

G (θ) = G0

(
1 + P 2cos(θ)

)
(2.6)

where P is the effective spin polarization of tunneling electrons which follows:

P =

(
k↑ − k↓
k↑ + k↓

)(
k2 − k↑k↓
k2 + k↑k↓

)
(2.7)

In this expression k↑,↓are the Fermi wave vectors and k is the wave vector inside the
barrier:

k =

√(
2m

~2

)
(U − EF ) (2.8)
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where U is the height of the barrier. What is really interesting in Slonczewski’s
model is this dependence on the height of the barrier which wasn’t taken into ac-
count in Jullière’s model.

In conclusion, GMR and TMR allow one to measure (read) the relative ori-
entation of two thin magnetic films, which is an interesting feature for memory
applications.

2.1.2 Magnetic anisotropy

Another interesting concept to introduce is the magnetic anisotropy, which concerns
directly the shape of nanomagnets and choice of material. The following description
is based on [10]. Some ferromagnetic materials have the property to align their
moment in a preferential direction which corresponds to one of the easy axes (EA)
of the material, by opposition of hard axes (HA), directions in which it takes more
energy to magnetize the material. The reasons for energetically favorable directions
of spontaneous magnetization are multiple:

• The magnetocrystalline anisotropy is due to spin-orbit interaction, i.e. the
interaction between the spin moment and the orbital moment of the electrons
of the atoms. Therefore, the easy axes are in this case related to the princi-
pal axes of the crystal lattice. To the lowest order, in the case of uni-axial
anisotropy, the magnetic energy Ema per unit of volume V is:

Ema
V

= K1 sin2 (θ) (2.9)

where K1 depends on the material composition and temperature and θ is the
angle between the magnetization and the main symmetry axis of the crystal.
Note that the result is completely different for K1 > 0 and K1 < 0. The
important thing to remember in the present study is that materials with high
magnetocrystalline anisotropy have high coercivity meaning that it’s hard to
change their magnetization: they form the hard ferromagnetic material group.
On the other hand when the magnetocrystalline anisotropy is low, the coer-
civity is as well; they are called soft ferromagnetic materials.

• The shape anisotropy occurs in single domain particle having all its micro-
scopic moment oriented in the same direction, at rest and during a change of
magnetization. This anisotropy is due to long range magnetic dipolar interac-
tion and can be describe by a demagnetizing field Hd given by:

−→
Hd = −N .

−→
M (2.10)

where M is the magnetization vector and N the shape dependent demagne-
tizing tensor. For our study, we can approximate the shape of the spin-flop
layers as thin ellipsoids which general formulas for Nx,Ny, Nz are given in [11].
The magnetic contribution of the energy is Zeeman type, where the magnetic
moment tends to align with the external field:

Ed =
−µ0

2

ˆ

V

−→
M ·
−→
Hd dV (2.11)
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In order to decrease this energy, the magnetization takes the orientation in the
direction of small component of N which correspond to the long axis in the
case of the ellipsoid. This effect is also partly responsible for the hysteresis in
the curve of magnetization as a function of applied field in thin elliptical film.

• The exchange anisotropy refers to the interaction at the interface of a
ferromagnetic material and an antiferromagnetic one. In that case the ferro-
magnetic magnetization can be pinned by the exchange interaction with the
antiferromagnet. That effect can be used to have a fixed reference layer in a
MTJ for example.

There are other sources of magnetic anisotropy such as the magneto-elastic anisotropy
(related to the stress in the material) but it is not of our main interest here.

2.2 An introduction to MRAM
We have now everything needed to understand the principle of Magnetic Random
Access Memory, the main motivation for this project. Once the principle of one
element of this technology will be understood, the architecture of writing and reading
will be given. The model discussed here is the field-write type reviewed in [12, 13].

2.2.1 One bit of information

The whole point of memory devices is to be able to access the piece of information
stored in one element. Several constraints have to be respected in a storage element.
First, its magnetization should be uniform, as in a single domain particle, so its size
has to be typically under 1 µm. This is also an advantage for the density of the
memory. Moreover, the magnetic moment must have a preferential stable axis such
as the long axis in thin film elliptical nanomagnets. It should finally not be too hard
to switch the orientation of the magnetization and therefore a soft ferromagnetic
material such as Permalloy (NixFe1−x) is suitable.

TMR is commonly used to read the direction of the magnetization due to its
high resistance ratio between the parallel and antiparallel states. A MTJ is therefore
built (in the simplest model) with a first layer whose anisotropy is very high (due for
example to an exchange coupling with a antiferromagnetic layer) and which therefore
would not change its magnetization under an applied field. This reference layer is
separated from a free layer by a non-magnetic dielectric spacer playing the role of
the tunnel barrier. The free layer can have its magnetic moment switched under
an excitation, constituing the writing operation of the bit. The usual convention
defines the low resistivity (parallel) state as the digital information “0” and the high
resistivity state as “1”. Those structures as presented in FIG 2.3 are also called
spin-valves.

This very simple structure has however several flaws. First, the parallel and
antiparallel states have different level of energy due to dipolar and/or exchange
coupling and this is where the antiferromagnets come into play. Indeed, replacing
the reference layer by a SAF with closed magnetic flux and therefore no net magnetic
moment (FIG 2.3a) allows to get rid of the undesirable effect. The TMR, depending
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Figure 2.3: Illustration of a simplified bit element, or spin-valve for a) Stoner Wohl-
farth MRAM and b) toggle MRAM. Arrows illustrate the magnetization orientation.

only on the layers on either side of the tunnel barrier, still remains while there’s
no magnetic bias to disturb the free layer at zero applied field. This structure
is usually described by the Stoner-Wohlfarth (SW) model for coherent rotation of
magnetization in a single domain particle [14]. Another possibility, known as the
toggle MRAM, is to replace also the free layer by a SAF (FIG 2.3b) , to avoid the
half selected problem described in the next section. But let us now take a look at
the architecture proposed for how to write and read the information in these two
different models.

2.2.2 Architecture

The storage elements form a two-dimensional array, where the rows are called the
word-lines (WL) and the columns the bit-lines (BL) and magnetic fields are induced
by electrical current pulses in the wires placed along those lines (FIG 2.4). In the
SW-MRAM, the easy axis of the magnetic particles is along the WL and the hard
axis along the BL (FIG 2.3).

The magnetic anisotropies of the particle implies an hysteresis in the curve of
the magnetization as a function of the applied field which is interesting to represent
by the stability domain of the magnetization in the Hx −Hy plane, in which there
is no switching. Hx and Hy are respectively the word line and bit line induced fields
and the frontier of this domain is defined by the astroid equation:

H2/3
x +H2/3

y = H
2/3
i (2.12)

with Hi the anisotropy field of the assumed single-domain magnetic element. As
represented in FIG 2.5a, a combination of Hx and Hy allows to write “1” or “0” in the
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Figure 2.4: Illustration of a simplified MRAM architecture. After W.J. Gallagher
and S.S.P. Parkin [12]

storage element situated at the cross-section of the selected lines. The careful reader
can notice a first emerging problem here. Indeed, when a current goes through one
of the lines, an induced field is applied to all storage elements along the line which
are then “half-selected”. This results in a reduction of the activation energy (see FIG
2.5b) of the switching and favor spontaneous switching by thermal excitation of the
half-selected bit. This non-desired effect can be avoided in toggle MRAM by using
a SAF in lieu of the single particle magnet [13], laying the easy axis at an angle of
45◦ from the WL. Because of the absence of a net magnetic moment (FIG 2.5e),
there is an appreciable reduction in the bit-to-bit dipole field coupling, but the main
interest lies in the shape of the stability domain (FIG 2.5c). In this structure, the
activation energy increases when the applied field increases on a half-selected bit.

The switching process in toggle MRAM follows a 4 steps operation, called box-
field excursion (FIG 2.5f). First, a field is applied by the WL. The two macroscopic
moments enter into a scissors state, with the net magnetic moment pointing in the
direction of the field. Then a current in the BL induces an additional field, mak-
ing the moments rotate adiabatically towards the new direction of the total applied
field. As the WL field is decreased to zero, the moments continue their rotation.
Finally, the BL field is also decreased and the moments go back to an antiparallel
state, but in the opposite configuration.

As the switching induced by a perpendicular to the plane field does not follow
the same physics, the rigorous description of the toggling is left aside in this thesis.
The motivations of the intensive research on nanomagnets have now been exposed:
they are the main component of a potential universal memory. This thesis aims to
put the foundations of a novel method of the magnetization switching of elliptical
thin film particles. Both single layer magnets and SAFs are considered here, through
micromagnetic simulations and sample fabrication for z-pulse applications.
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Figure 2.5: Illustrative switching by Stoner–Wohlfarth reversal and toggle MRAM.
In traditional Stoner–Wohlfarth switching, use is made of a single free layer which
switches when a field is applied across the critical switching curve, or “astroid” (a).
When a field is applied along the half-select direction, the activation energy decreases
dramatically (b). In toggle switching use is made of two magnetic free layers which
switch when a rectangular field excursion crosses the L-shaped critical switching
curve (c). When a field is applied along the half-select direction, the activation
energy initially increases, making the bit more stable (d). In zero field, the moments
line up anti-parallel because of the dipole fields arising from the magnetic poles at
the edges of the bit (e). The intrinsic anisotropy, aligned at 45 degrees to the bit
and word fields, determines the zero-field orientation. When a box-field excursion is
applied, as in (f), the moments adiabatically rotate perpendicularly to the applied
field, thus toggling the state of the bit. After D.C. Worledge [13].
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Chapter 3

Z-pulse switching theory for SAF

A theory of the z-pulse switching for SAF on a magnetic substrate has been written
by Yu. I. Dzhezherya, K. Demishev, and W. Yurchuk in an unpublished paper, as a
collaboration with the spintronics group at KTH . This chapter lays down the ideas
of this work but here, we consider for simplicity only a SAF without substrate, to
be consistent with the simulations and the experimental study.

3.1 Theory
The model presented here is for a single domain synthetic antiferromagnet, meaning
that in each of the layer, the magnetization is represented by a constant in norm
vector. This first approximation is in general efficient for submicrometer particles.
The geometry of the problem is given in FIG 3.1, for elliptical magnets with small
eccentricity. We first consider different energy contributions to the system, and write
the Lagrangian in suitable coordinates. Then using the Landau-Lifshitz-Gilbert
(LLG) equation, a switching criteria of the SAF is derivated for perpendicular to
the plane pulsed magnetic field.

3.1.1 Energy considerations

In this system there are three contributions to the potential energy, in addition to
the kinetic energy.

Zeeman energy

Each of the magnetic moment
−→
Mi = Ms

−→mi (Ms being the saturation magnetization
of the layer i=1,2) in the presence of an external magnetic field

−→
Hz will tend to align

parallel or antiparallel to the field: it’s the Zeeman energy density contribution (in
cgs units):

Wz = −2πM2
s .hz(m1z +m2z) (3.1)

where hz = Hz

4πMs
.
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Figure 3.1: Coordinates of the single domain SAF problem. Two magnetic layers 1
and 2 are separated by a non-magnetic spacer. A field is applied in the z direction,
making the moments M1,2 deviate from the horizontal plane by an angle ξ1,2. In the
xOy plane, their orientation relative to the x axis is given by φ1,2.

Dipole origin interlayer coupling

The NM spacer allows a dipole coupling between the two layers (exchange coupling
is neglected here). The interlayer dipole coupling coefficients are given by:

γi =
1

4πV

ˆ

V1

ˆ

V2

dV dV ′
∂2

∂xi∂x′i

1

|−→r −−→r ′|
(3.2)

where V = V1 = V2 is the volume of the layers. The corresponding interlayer
coupling density energy is:

Wic = 2πM2
s [γxm1xm2x + γym1ym2y + γzm1zm2z] (3.3)

Anisotropy energy

As given in section 2.1.2, the anisotropy contribution of the energy density is:

Wa = 2πM2
s

[
Nx

2
(m2

1x +m2
2x) +

Ny

2
(m2

1y +m2
2y) +

Nz

2
(m2

1z +m2
2z)

]
(3.4)

where the demagnetizing factors are given by:

Ni =
1

4πV

ˆ

V1

ˆ

V1

dV dV ′
∂2

∂xi∂x′i

1

|−→r −−→r ′|
(3.5)

Let us now do a little bit of physical considerations. Given the fact that the
layers are thin elliptical particles with small eccentricity, one can assume:

Nx < Ny � Nz ≈ 1 (3.6)
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Because of this shape anisotropy, the magnetization deviation from the xOy plane
is very small:

|ξi| � 1 (3.7)

Moreover, the coefficients γi satisfy the estimates:

γx, γy ∼ (Ny −Nx) (3.8)

A change of variable is also interesting at this point. The magnetic moments can
be written in angular variables:

−→mi =

 cos (φi) sin
(
π
2
− ξi

)
sin (φi) sin

(
π
2
− ξi

)
cos
(
π
2
− ξi

)
 (3.9)

and using the notation χ = φ2−φ1
2

, Φ = φ1+φ2
2

, mz = ξ1 + ξ2, and lz = ξ1 − ξ2, one
can derive to the second order the total energy density (using all previous eqs from
(13) to (21)):

W = W0 + πM2
s [(γy + γx) cos 2χ− (γy − γx) cos 2Φ− (Ny −Nx) cos 2Φ cos 2χ]

+
1

2

(
m2
z + l2z

)
− 2hzmz (3.10)

where the first term W0 = π (Nx +Ny)M
2
s is a constant and can be left aside in the

next derivations.

Kinetic energy

The kinetic energy of the moments in the new coordinates is given by:

K =
~Ms

2µB

[
2
dΦ

dt
+ lz

∂χ

∂t
−mz

∂Φ

∂t

]
(3.11)

Normalized Lagrangian

Finally, the normalized Lagrangian of the system is chosen to be written as:

L

2πM2
s V

=
lz
ω0

∂χ

∂t
− mz

ω0

∂Φ

∂t
− 1

2
(γy + γx) cos 2χ+

1

2
(γy − γx) cos 2Φ

+
1

2
(Ny −Nx) cos 2Φ cos 2χ− 1

4

(
m2
z + l2z

)
+ hzmz (3.12)

where ω0 = 4πµBMs

~ . One can notice that the term dΦ
dt

has been dropped from the
kinetic energy since the Lagrangian is defined up to a total time derivative of an
arbitrary function of the generalized coordinates.
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3.2 LLG equation and influence of a short pulse
magnetic field

Dynamics in magnetic material are governed by the Landau-Lifshitz-Gilbert (LLG)
equation:

d
−→
M

dt
= −γ

−→
M ×

−−→
Heff +

α

Ms

−→
M × d

−→
M

dt
(3.13)

This equation shows how a z-pulse influence the in-plane orientation of the moments.
The demagnetization field in the z direction induces a torque with the moments
laying in the x direction (first cross product term). This force oriented initially in
the y direction initializes the rotation.

In the present context, the most suitable way to formulate it is in a conventional
system of Lagrange equations with a given Lagrangian L (eq3.12):

d

dt

∂L

∂ṁz

=
∂L

∂mz

d

dt

∂L

∂Φ̇
=
∂L

∂Φ
d

dt

∂L

∂l̇z
=
∂L

∂lz

d

dt

∂L

∂χ̇
=
∂L

∂χ
(3.14)

From eqs 3.12 and 3.14, one obtains the system:{
1
ω0

dΦ
dt

+ 1
2
mz − hz = 0 a)

1
ω0

dmz

dt
= (γy − γx) sin 2χ+ (Ny −Nx) sin 2Φ cos 2χ b)

(3.15)

{
1
ω0

dχ
dt
− 1

2
lz = 0 a)

1
ω0

dlz
dt

= (γy + γx) sin 2χ− (Ny −Nx) cos 2Φ sin 2χ b)
(3.16)

Combining eqs 3.16 a and b gives the second order equation:

1

ω2
0

d2χ

dt2
− 1

2
(γy + γx) sin 2χ+

1

2
(Ny −Nx) cos 2Φ sin 2χ = 0 (3.17)

which has for particular solution χ = ±π
2
. So when a field is applied perpendicularly

to the plane in a SAF, the angle between the moments of the two layers are constantly
antiparallel.

A short pulse is modelized by the Dirac delta function: hz = h0.∆t.δ(t) where
h0 is the reduced amplitude of the field, ∆t the pulse duration, and δ(t) the delta
function. In the case χ=π

2
, eqs 3.15 a and b become:{

1
ω0

dΦ
dt

+ 1
2
mz = h0.∆t.δ(t) a)

−1
2ω0

dmz

dt
= (Ny −Nx − (γy − γx)) sin Φ cos Φ b)

(3.18)

Now, assuming that mz does not significantly change during the infinitesimally
short pulse, the integration of eq 3.18a on the time ∆t around 0 yields the initial
condition:

Φ (0)− Φ (∆t) = h0ω0∆t (3.19)
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One can then define a dimensionless variable τ = 2πt
T

where T = 2π

ω0

√
Ny−Nx−(γy−γx))

is the characteristic period of the “acoustic” magnetization oscillations in SAF, and
the system 3.18 is reduced after the pulse to a single second-order equation in Φ:

−d
2Φ

dτ 2
+ sin Φ cos Φ = 0 (3.20)

Eq 3.20 gives the dynamics of the SAF after a magnetic pulse perpendicular to the
plane. Integrating it once yields:(

dΦ
dτ

)2

2
+ Ueff (Φ) = E (3.21)

Ueff (Φ) =
(cos Φ)2

2
(3.22)

where Ueff is the effective potential energy of the SAF, E is an integration constant
which depends on the initial state of the system and the magnetic pulse parameters.
FIG 3.2 shows that there are two equivalently stable states in this system for Φ1,2 =
±π

2
. Reversal of the magnetization is going for one ground state to the other.

Figure 3.2: Effective potential energy of a SAF magnetization orientation.

Recalling the effect of the pulse on the angle (eq 3.19), we have the condition on
the pulse to go from Φ1 to Φ2:

Φ2 − Φ1 =
π

2
≤ ω0.∆t.hz (3.23)

The criterion of applicability of the theory presented here is that the pulse du-
ration ∆t has to be small compared to the characteristic time of the system (here
T ):

∆t.ω0

√
Ny −Nx − (γy − γx)� 2π (3.24)
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This equation combined with eq 3.23 allows us to derive the condition on the am-
plitude of the pulse in order to translate the potential barrier and induce a magne-
tization reversal:

Hz/Ms � π
√
Ny −Nx − (γy − γx) (3.25)
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Chapter 4

Experimental techniques

One of the most exciting thing with modern experimental physics is the panel of
equipment that is commercially available nowadays, and allowing great progress in
the different fields of research. This chapter is an introduction to the techniques
used in this thesis work, from computational facilities to nanofabrication tools.

4.1 Micromagnetic simulations
The powerful tools available in computational physics will help us to predict qual-
itatively and quantitatively the behavior of nanomagnets in response to a z-pulse.
It represents an important intermediary step between theory and experiment as it
broadens our understanding of the phenomenon. The software used to numerically
solve our problem is the Object Oriented Micro Magnetic Framework (OOMMF)
developed by the National Institute of Standards and Technology (NIST). OOMMF
applies a finite elements method where each element of the mesh has uniform mag-
netization, and the LLG equation is time dependently integrated by a Runge Kutta
method for each of those magnetic moments. The program used in this thesis is
based on the oxsii file from [15].

Both single layer particle and SAF have been considered, varying the size of the
nanomagnet as well as its eccentricity. The pulse has a basic shape where one can
define its duration, rise time and fall time, and its maximum value. The cell size
is 1-5nm cubic. The magnetic material properties are the one of Permalloy, with a
saturation magnetization ofMs = 840 ·10−3A/m, exchange constant 1.3 ·10−11 J/m
and a damping constant α = 0.013. The initial state is a uniform magnetization
along the easy axis.

4.2 Magnetic fields
The matter discussed in this section is the generation of a perpendicular to the plane
pulsed magnetic field. A first simple design is proposed with alternative solutions,
and numerical simulations method for the field distribution are presented.
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4.2.1 Perpendicular pulsed field design

The duration of the magnetic pulse needed for this experiment is in the sub nanosec-
ond range. It can be induced by a current pulse pumped through an appropriate
circuit. The Biot and Savart law tells us that a static magnetic field can be induced
by steady currents through a wire:

−→
B (−→r ) =

µ0

4π

˛
C

Id
−→
l × (−→r −

−→
r′ )∣∣∣−→r −−→r′ ∣∣∣3 (4.1)

We are definitely not dealing with magnetostatic here, but this simple law is useful
to formulate broad ideas of a set up. What it indicates is that the magnetic field
created in a point M at a distance r of a current I flowing in a straight direction d

−→
l

(as a simple example) is perpendicular to the plane containing d
−→
l and M.

One of the simplest geometries for this project is called slotline [16]. Compatible
with thin film technology, this structure offers two contributions to the field Hz from
each side of the line (FIG 4.1) and due to the symmetry of the system, the planar
component of the field cancels out in the middle. The short circuit connecting the
two sides of the slotline also contributes to Hz in its vicinity, but it is interesting to
have numerous magnets in the slotline to increase the chance to have a nice sample,
with the right shape at the right field.

Figure 4.1: Design of the coplanar circuit for the z-pulse experiment.

Impedance matching

The wiring used to connect this circuit has a 50 Ω impedance. To minimize the
reflection at the interface between our structure and the rest of the circuit, the
impedances have to match. As the bandwidth we are working with is quite narrow,
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the problem is quite simple: the dimensions of FIG 4.1 simply have to be tuned to
obtain a 50 Ω impedance. Quasi-static impedance formulas for coplanar waveguides
are listed in [17], which for the case of an infinitely thin slotline (in this reference
called coplanar stripline) is:

Z0 =
120π
√
εeff

K(k′)

K(k)
(4.2)

Here K is the complete elliptical integral of the first kind [18], with arguments k and
k’ depending on the geometry (in the notation of FIG4.1):

k =

√
1−

(
S

2W + S

)2

(4.3)

k′ =
S

2W + S
(4.4)

In addition to that, equation 4.2 contains the term εeff corresponding to the effective
dielectric constant, a function of the geometry of the circuit and the substrate’s
properties. In the case of a two layer substrate for example, the expression of εeff
is:

εeff = 1 +
1

2
(εr1 − 1)

K(k)K(k′1)

K(k′)K(k1)
+

1

2
(εr2 − εr1)

K(k)K(k′2)

K(k′)K(k2)
(4.5)

where 2 is the layer on top of 1, εri (i=1,2) the corresponding dielectric constants,
and:

ki =

√√√√√1−
sinh2

(
πS
4hi

)
sinh2

(
πS

2(2W+S)hi

) (4.6)

k′i =
√

1− k2
i (4.7)

noting hi the height of dielectric i. Those formulas don’t include a frequency depen-
dence which mostly is important for attenuation calculation.

Now before going further, it is important to take into consideration the other
parameters that are important to determine the geometry. For example, there are
two reasons for the slotline not to be two wide. First, it is obvious that the wider
the space between the striplines, the lower the field in the center.

It can be argued that putting the magnet close to the edges would solve this
problem as the field is stronger, but its gradient as well and we do not want a too
non-uniform distribution. Secondly, the milling process of the FIB (later referred as
“fibbing”) take quite some time and using too high current (which would result in
a faster process) might just mill away everything including the magnetic particles
and give uneven edges.

A further discussion of this argument will be given in section 4.3.2. In addition
to that, the 25 µm diameter wires used to connect the striplines to the rest of the
circuit need at least a 100x100 µm2 area to be soldered (and that is in the case of
a successful first soldering try). In the end, some of those constraints might collide
and solutions would have to be thought about. Solving equation 4.2 in Wolfram
Mathematica 7 (which includes the complete elliptical integral of the first kind but
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Figure 4.2: Top view of complete design for a 50 Ω circuit with constant ratio S/W.

takes k2 as an argument, diligence) for the case of a 500 µm silicon wafer covered by
a 0.1 µm thick silicon dioxide (εr1 = 11.68, εr2 = 3.9) yields that for the coplanar
striplines to have a 50 Ω impedance, the ratio S

W
needs to be around 7

100
in the range

10 µm < W < 200 µm. Considering this criteria, a structure as presented in FIG
4.2 with constant ratio S

W
of the coplanar stripline should present a 50 Ω impedance

and have space for the wire bonding.
The last point that need to be considered is the influence of the short at the end

of the slotline. According to [17], this acts as an inductance whose theoretical value
has not been computed in the case of coplanar striplines. For other geometries, it
appears that classical theory underestimates greatly this value anyway.

Maximum current

An important question has also to be considered. Indeed, for the value of field that
is needed in this experiment, one can expect the density of current high enough
to blow the wires. To help us in this investigation, let’s introduce Onderdonk’s
equation [19]. It theoretically gives the fusing current Ifus (A) and the time t(s) it
takes for a wire of cross section A (circular mils) to melt:

Ifus = A ·

√
log(1 + Tm−Ta

234+Ta
)

33 · t
(4.8)

with Tm the melting temperature of the material, Ta the ambient temperature, both
in ◦C. Changing to square mils unit and taking the values for copper, it simplifies

21



in:
Ifus =

0.188 · A√
t

(4.9)

The highest density of current in our structure is situated in the top part. For a
(willingly small) cross section of 5µm ∗ 0.1µm (7.75 · 10−4mil2) and a duration of
1ns (to be large) the fusing current intensity is about 4.6A which is pretty high: we
should be safe, but the current needed to produce the right value of field will have
to be numerically computed.

4.2.2 Circuit simulation

Once again, computational physics is on our side. The current and field distribution
in the designed circuit are not trivial to predict analytically, but software solutions
such as COMSOL Multiphysics propose finite element methods to solve Maxwell’s
equations.

AC/DC module or RF module?

Two modules are available, with pros and cons in each of them: the AC/DC module
can solve problems in the quasi-static approximation, while the RF (radio frequency)
module is suitable for high frequency electromagnetic fields.The range of application
of those two different modules is determined by the electrical size of the system. This
number is the ratio between the largest distance between two points in the structure
and the wavelength of the electromagnetic fields [20]. The wave length of a 200ps
pulse (5GHz) is 6 cm and the largest distance of the circuit is about 800µm, so the
electrical size here is 1/75. This is in the range of application of both modules, so
in theory, we are free to choose any of them.

In the AC/DC module, the power is injected by a terminal that can be chosen
to be the cross section of one of the microstrips, the ground being at the other end’s
cross-section.This is very convenient as it allows us not to care about the wiring from
the coaxial cable that brings the excitation to the slotline. However, this module
contains only a frequency domain solver and not a time dependent one (standing to
reason in a quasi-static approximation).

On the other hand, the RF module can solve time dependently the current and
field distributions for a Gaussian pulse propagating through the circuit, which is
exactly what we aim to do. The drawback is however the way the current is brought
into the system: a surface of dielectric material must be defined as a port with
determined power, voltage or current. In our case it means that we have to add two
coaxial cables, each one of them having their inner cable connected to a side of the
slotline. This geometry is quite close to the real set up excluding the relative size of
the wires compared to the slotline. One can expect non-realistic reflections in this
configuration, but it allows one to estimate the relation between the current going
through the circuit and the induced field in the slotline. This is therefore the model
used in this study.
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Boundary conditions, geometry and mesh size

In every numerical simulation, one must consider the problem of boundary condi-
tions. As we are only interested in the fields close to the slotline, it is possible to
assume zero fields at the boundaries if they are far enough. This assumption will
have to be checked during the simulations.

The simulated geometry is presented in FIG 4.3a and b. The width ratio slot-
line/strip is 7

100
and the slotline is 1.5 µm. the length of the structure is chosen to

be 75 µm.

Figure 4.3: Geometry of the COMSOL simulation, RF module. a) Top view, b)
Cross section at the level of the coaxial cables

Finally, our geometry presents the inconvenient to have very high ratio of dimen-
sions, in other words it is very flat. Unfortunately we cannot work in 2D as we are
interested in the fields inside the slotline so we have to consider the thickness of the
conducting layers (100 nm). This gives rise to meshing mismatches between large
volume like the air or the silicon wafer. Therefore, the thickness of the striplines
are set to 0.2 µm instead of 0.1. This simply means that the current density of the
actual circuit will be two times higher than in the simulations.

4.3 Maskless nanofabrication of nanomagnets
It is now time to present the facilities that made the fabrication of our sample
possible.

4.3.1 Sputtering deposition

The first step of the process is the deposition of thin films on a substrate Si/SiO2
which is done by the sputtering deposition technique, or more exactly magnetron
sputtering. It is a physical vapor deposition (PVD) method where atoms are ex-
tracted from a target and deposited onto a substrate. The resulted film has a similar
composition as the source material. Let us look into the details of this process il-
lustrated in FIG 4.4.

In a pre-pumped vacuum chamber, targets made of the materials that are sup-
posed to be deposited are placed on top of negatively charged electrode as well as
a set of magnets. Tens of millimeters above this, face down, the substrate on which
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Figure 4.4: Schematic of the magnetron sputtering. Argon atoms coming from gas
injection get ionized by the free electrons ejected from the target by the electrode
and trapped in the field lines created by the magnets. Positive ions thereby created
are accelerated towards the electrode, and by hitting the target, a target particle is
released and ballistically travels till the substrate.

the deposition has to be done is rotating steadily. A gas (usually argon) is injected
in the chamber at a controlled pressure (typically 30 mTorr). When a power is
applied to the electrode beneath one of the targets, free electrons are ejected in the
chamber and trapped in the field lines created by the magnets. The atoms from
the gas can be ionized by those accelerated electrons i.e. taking one of the outer
shell electrons of the atoms, creating a plasma at a certain height above the target.
Those ions are positively charged and therefore accelerated towards the negative
electrode. On their way down, they energetically hit the target and by transfer of
momentum, collision cascades occur in the atomic structure of the material. When
a cascade recoils and reaches the surface with an energy greater than the surface
binding energy, particles such as atoms, clusters or molecules will be ejected: it’s the
sputtering process. Being electrically neutral, those particles will thereafter travel
at high energy (tens of eV) in straight lines until they hit a surface, such as the
sample rotating above the plasma, slowly depositing a thin film. Now, recalling that
a plasma is a dynamic state of the matter, ionized atoms of the gas can recombined
with the free electrons in the air, and the excess of energy thereby won is released by
emitting a photon, explaining why the plasma glows in the chamber during the de-
position. Those atoms are constantly ionized/recombined with the electrons coming
from the target.

It should also be noted that the pressure of the gas is usually decreased once the
plasma is stable in the chamber to optimize the deposition (sputtered atoms could
hit gas atoms if the pressure were too high), and that all power sources used in this
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thesis are DC. For deposition of dielectric material, as there are no free electrons,
one usually uses RF power, but it is not of our concern for now.

Parameters Several parameters allow to calibrate the deposition rate of thin film
for each target: the power applied on the electrode, the pressure of gas for the
plasma, and of course the time the substrate is exposed to the plasma. Table
4.1 presents the different calibrations used in this present work, on an AJA orion
sputtering system.

Material Argon pressure DC power Deposition rate

Tantalum (Ta) 5 mTorr 5% of 750 W 36 (Å/min)

Copper (Cu) 5 mTorr 15% of 500 W 44.8 (Å/min)

Permalloy (Py80) 5 mTorr 10% of 750 W 21.9 (Å/min)

Cobalt Iron Boron (CoFeB) 5 mTorr 20% of 750 W 24.4 (Å/min)

Table 4.1: Deposition parameters in the AJA orion system

Ta is used as a seed layer to help the growth of copper on top of the SiO2 of the
wafer and on Permalloy (3-6 nm). Cu is used for the wiring of the circuit (100nm)
and for the non magnetic spacer in SAF (5nm). Py80 (as for Ni80Fe20) and CoFeB
are the magnetic materials used for the nanomagnets.

4.3.2 Focused ion beam

This section is titled “maskless nanofabrication” as the technique used is able to pat-
tern shapes by directly milling the material deposited by sputtering, in the contrary
of classical lithography methods that uses different kinds of masks. Let us describe
the properties of this Focused Ion Beam (FIB) [21].

The FIB principle is similar to the one of Scanning Electron Microscope (SEM),
but instead of using a focused beam of electrons to image a sample in a vacuum
chamber, it uses ions focused on the sample to remove some material. Indeed, when
an electron is accelerated to a sample, its energy will be transmitted to electrons
of atoms of the material without damaging it, but accelerated ions are larger and
heavier (their momentum is about 370 times larger than the one of electrons) and
their energy can be enough to damage the atomic structure of the sample and even
sputter away atoms (see section 4.3.1). For the analogy, it is like trying to move a
football by hitting it with a ping-pong ball or with another football.

Most of the commercial systems use liquid gallium sources because of the numer-
ous advantages of this element. Its low melting temperature is very convenient as no
high heating system is needed to create the gallium liquid phase. The properties of
Ga result also in a high brightness (current of ions per unit source area) and finally
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its element number (31) gives an optimal momentum transfer capability to mill a
wide range of material.

Figure 4.5: Schematic of a FIB column. Adapted from S. Reyntjens and R. Puers
[20]

Ion column

The column of a FIB is schematically represented in FIG 4.5. It is permanently
maintained in a 1.10−7 mbar vacuum. The positively charged ions are extracted
from the ion source (top) by a strong electric field (typically 7000V), the source be-
ing a liquid gallium cone formed on the tip of a tungsten needle. The spray aperture
narrows the beam a first time before its condensation in the first electrostatic lens.
Then comes the upper octopole to adjust the beam stigmatism. In the middle of the
column is situated the variable aperture, where the beam current can be varied be-
tween 1pA and 10nA, noting that the lower the current, the higher the resolution in
the milling process. The blanking aperture works as an on/off switch and the lower
octopole deflects the beam, to follow a pattern defined by the user in the software
for example. Finally, the second lens focuses the beam to its maximum resolution.

Dual beam system

Constructors of FIB have noticed the great advantages that offers a dual beam
system, combining a SEM with a FIB column. Indeed, even if the FIB is able to
scan the surface topography and relative composition by collecting the electrons
emitted by the ion/matter interaction, this method of imaging is destructive for the
sample (there is a constant milling when scanning). Therefore, a SEM allows the
user to observe the sample, but also to move the sample to the area by aligning
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the two beams on the same spot. Then, a snapshot image with the FIB allows to
position the pattern on the exact area that needs to be milled.

In those systems, the SEM column is usually vertical and the FIB column is
positioned at 52o from it, as shown in FIG 4.6, and the sample stage can be tilted
to face perpendicularly either of the beams. In addition to the two columns, there is
a needle used to inject gases close to the sample for platinum deposition processes.
A chemical compound (containing Pt) is brought under the ion beam and Pt is
therefore deposited locally on the surface of the sample. Once the sample is placed
in the chamber, a turbo pump allows to reach a vacuum bellow 10−5Torr.

Figure 4.6: Picture of the chamber of the Dual beam system FEI nova 200 in the
Nanostructure lab of KTH

The process of setting the dual beam system is as follows:

1. The sample being at 0◦(horizontal), the SEM is focused on a particle of about
1 µm in diameter (impurity of the surface or dust), and the stigmatization is
also corrected.

2. The distance sample/column is then optimized so that tilting the sample stage
does not shift the x and y position on the sample. Tilted to 52◦, the sample
is now facing the FIB column.

3. The next thing to do is to align the two beams on the same spot. As the SEM
has been centered on a particle, the FIB is turned on for a short time, milling
a square area around the spot where the beam is centered. Going back to
the SEM imaging and decreasing the magnetization allows to see this milled
area and therefore where the FIB is centered. Without moving the sample,
the electron beam is shifted and aligned on the center of the milled square.
The user must be aware that there is a non negligible drift of the beams in the
system, which has to be corrected regularly during a session, by readjusting the
electron beam shift after fibbing a pattern for example. Nevertheless, aligning
the two beams allows to target quite accurately the area to be milled.
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Patterning nanopillars

The software controlling this dual beam system provides only basic shapes for the
milling patterns, such as circles and rectangles. However, a bitmap can be loaded
and used as a pattern where the RGB code determines how a pixel is exposed to
the ion beam. R (red) is not active in the current version and is therefore set to
0 everywhere. G (green) is the ON/OFF switch of the exposure of a pixel, ON for
any value of G different of 0, OFF otherwise. Finally, B (blue) determines the dwell
time per pixel. If it is set to 0 the dwell time of a pixel will be 100 ns. If it is set
to 255 the maximum user interface setting dwell time is used. FIG 4.7a shows an
example of bitmap used to pattern the nanopillars. On the software, setting the
size of this image to 1x1 µm2 allows to pattern in theory a pillar of 120x144 nm2 in
this example. A second pattern (FIG 4.7b) is used to milled the whole square area
around the pillar. The motivations of this two steps process are that first it allows
to used two different currents for a first “fine” step at 1 pA and a second “coarse” and
faster step at 10 pA, secondly, it allows to minimize the exposure time of the area
around the pillar, decreasing the beam drifting effect. For MFM measurements, it
is preferable to have a larger milled area around the particle, and 2x2 µm2 second
step has been used.

An important point when using the bitmap is that the resolution greatly influ-
ences the depth of the milling. One cannot trust the set depth for bitmap pattern
( which in any case is calibrated for Si, but quite similar to Cu) but should instead
check the time exposure.In the example of FIG 4.7a, a set depth of 8 nm will result
in an actual depth of 60 to 80 nm, for a total time of 54 sec. This value allows to
obtain relatively steep edges without having too much drift during milling.

a) b)

Figure 4.7: 500x500 pixels bitmap of a) a 60x72 pixels ellipse. b) Complementary
bitmap, to mill a larger area without damaging the pillar by the stray beam. Blue
parts: RGB=0,1,255, black parts: RGB=0,0,0.

Defects in the FIB

There are primarily two things to be taken into account for the patterning of nanopil-
lars with a FIB. The first one is that the ion beam is not a perfect cylinder where
the inside would have the focused ions and the outside would be free of any accel-
erated particles. The reality is closer to a Gaussian distribution, and an example of
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experimentally determined profile of the ion beam at 1 pA is given in FIG 4.8. One
can therefore expect a similar shape on the sides of the patterned area, preventing
steep edges at the top of the pillars or even milled a small part of it. From this
fact we infer that having the nanomagnet on the very top of the pillar is not the
best configuration, but a protective layer whose thickness will have to be determined
enables to bypass this problem.

The other point to be aware of is the radius size of the beam, depending on the
current. One can expect the patterned pillar to be smaller than the theoretical size
in the bitmap.

Figure 4.8: Experimentally determined ion beam profile for a beam current of 1 pA.
After J. Anguita, R. Alvaro, F. Espinosa [22]

On the whole, the FIB seems to offer a fast maskless way to fabricate nanopillars.
However, there are some disadvantages that will have to be overcome.

4.4 Scanning probe microscopy
The usual way to experimentally observe the switching of a nanomagnet is to use
a magnetic tunnel junction and measure the magnetoresistance effect as describe
in section. But as a first approach to the z-pulse switching we are only interested
to see whether or not a reversal happens in response to the perpendicular field. It
has been shown that Magnetic Force Microscopy (MFM) can measure of the dipole
created by nanomagnets, single layer particles as well as synthetic antiferromagnets
[23]. The signal is lower for the latter because of the closed flux of the structure but
in both case, the orientation of magnetization of the particle was deetrmined by this
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technique. The previous work concentrated however on quite elongated particles,
with length/width ratio of 2 to 4 (to be checked), which results in a stronger moment,
therefore easier to observe with MFM. Theoretically, the smaller this ratio, the easier
the reversal occurs, so this is not an advantage for us. But let us first describe the
principle of Atomic Force Microscopy (AFM) of which MFM is a sub branch, and
that will be used to image the shape of the nanomagnet fabricated by the process
describe previously.

4.4.1 Atomic force microscopy

AFM is a type of microscopy aiming to give the topography at the nanoscale by
scanning the surface of a sample with a very thin tip, usually in the shape of a cone
with in the extreme case only one atom at the end (the radius of the tip used in
this thesis are in the range of tens of nanometers). This tip is situated at the free
end of a cantilever, which is fixed to a stage (FIG 4.9a) that is held by a scanner.
Because of the great accuracy they offer, piezoelectric elements are used to move
the tip in x,y and z directions, as they exhibit mechanical strain resulting from an
applied electrical field.

a) b)

Figure 4.9: a) Illustration of an AFM probe b) Feedback loop for height measure-
ment, with beam deflection measurement. The z piezo is controlled electronically
to correct the height of the tip when the laser (red line) is not centered on the
photodiode (AB rectangles). After R. Howland and L. Benatar [24]

Static mode

When the tip is approached to a sample, forces between the tip and the surface
lead to the deflection of the cantilever, following Hooke’s law. The measure of this
deflection gives the needed information to reconstruct the force. In the system used
in this study, the light of a laser beam is reflected on the back of the cantilever
and collected by a position sensitive detector (PSD) consisting of two photo-diodes.
When the cantilever is bent, one of the diode receives more light and the output
signal is proportional to the deflection (FIG 4.9b). In static mode, a feedback loop
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uses this information to correct the height of the probe and keep the force between
the sample and the tip constant. Hence, recording the height position of the system
gives the topography of the surface.

Tapping mode

But there is a major problem with this static way of scanning a surface. Indeed,
at room temperature, a liquid meniscus tends to form on the sample, causing the
tip to stick on the surface. To bypass this artifact, the intermittent contact or
“tapping” mode has been invented. The cantilever acts as a resonator, with a defined
resonance frequency. In tapping mode, it is driven near this specific frequency by
a small piezoelectric element mounted directly in the probe holder. The oscillation
amplitude of the cantilever, between 100 and 200nm, is the new information used
to probe the forces of the surface. As the tip comes closer, the lower limit of the
oscillation amplitude is limited by the repulsive Van der Waals and electrostatic
forces. A feedback loop is then use to correct the height of the probe in order to
keep the oscillation amplitude constant. In addition to the height measurement,
one can record a map of this amplitude variation, as well as a map of the frequency
shift between the driving one and the actual cantilever frequency. This latter way
of detecting the forces is called phase imaging.

In this thesis, AFM is used to characterized the shape of pillar fabricated by the
maskless process described in the previous section. The images are recorded with
a Dimension Icon AFM, with Budget Sensors Tap300 tips (resonance frequency of
300kHz, force constant of 40N/m, tip radius <10nm, 20◦< tip cone angle < 30◦)
and Bruker RTESP (300kHz, 40N/m, 8nm nominal, <20◦)

4.4.2 Magnetic force microscopy of nanomagnets

As mentioned above, AFM can be used to measure other forces than the surface
forces. Magnetic forces have a longer range of interaction than Van der Waals or
electrostatic forces and can therefore be detected away from the sample, where the
other ones are not acting anymore. That is why MFM operates in non-contact
mode, giving an image of the spatial variation of magnetic forces at the surface of a
sample.

To be able to interact with the magnetic field created by the magnetization of
the sample, the tip is coated with a ferromagnetic material and can be modeled by
a dipole, attracted or repelled by the field lines in the vicinity of the sample with a
force given by [25]:

−→
F = µ0(q +−→m.

−→
∇)
−→
H (4.10)

where q and −→m are the effective monopole and dipole of the probe,
−→
H the near

sample microfield and µ0 the permeability of vacuum. As it scans the surface of
a magnetic sample, the resonance frequency fr of the cantilever changes from the
natural frequency fn as a function of the magnetic force variation ∂Fz

∂z
. In the model

of a damped harmonic oscillator (valid for small oscillations) with spring constant
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k, it is given by :

fr = fn

√
1− 1

k

∂Fz
∂z

(4.11)

It can be noticed that for attractive interaction (∂Fz

∂z
> 0), the phase difference fr−fn

is negative (dark contrast in the image), while for repulsive interaction (∂Fz

∂z
< 0) it

is positive (bright contrast). An illustration of the tip sample interaction is given
in FIG 4.10a, in the example of a nanomagnet, with its corresponding phase image
given in b.

a) b)

Figure 4.10: Illustration of a) tip/nanomagnet interaction for MFM measurement,
b) MFM phase image (top view of a). Dark region is where the force is attractive,
bright region is where the force is repulsive.

Tapping/lift scanning mode

Figure 4.11: Tapping/lift mode for MFM measurements. A first trace/retrace scan
is done to record the topography profile of the line (1), then the probe is lifted to
a certain height (2) and a second trace/retrace scan is done on the line, the height
position following the previously recorded profile (3).
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In the system used for this study (equipped with the software nanoscope v8), the
pre-set scanning mode available is a tapping/lift mode, where for each line of the
scan, a trace and retrace is first done in tapping mode, measuring the topography of
the surface (like in AFM measurement). Then the tip is lifted up to a user set height
where the short range forces are overcome by magnetic forces, and the same line is
scanned with the tip following the same profile variation recorded in the tapping
mode. This is the interleave mode during which the cantilever is still driven near its
resonant frequency, and the phase imaging give information about the force gradient
above the scanned area. As shown in FIG 4.11, this process allows the tip to be at
a constant height from the surface and no topography effect should appear during
the imaging.

Magnetization reversal due to magnetic tip stray field

Figure 4.12: Illustration of the magnetization reversal in a nanomagnet due to
magnetic tip stray field.

It has been shown previously that the moment state of submicrometer nano-
magnets can flip due to the interaction with the stray field of magnetic tips [23].
The mechanism illustrated in FIG 4.12 occurs from a certain tip/sample distance.
Therefore, in the scanning mode described above, a reversal of the magnet’s moment
is expected during the tapping mode trace and retrace, which is not desired.

Constant height scanning mode

The solution not to modify the state of the particle while imaging it is simply to
scan in the lift mode only and never come down at the surface. 1-2 nm deep cross
marks situated a couple of micrometers away from the particles can be used as a
starting point of the scans. The following process has been established:
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1. In the MFM tapping lift mode, the probe is engaged to the surface. The scan
is centered on a cross mark, and its desired size is set.

2. The scan is paused and the interleave disabled.

3. In order to disable the feedback loop (which would keep the tip in contact with
the surface), the integral and proportional gain are set to 0.

4. Using the stepper motor (usually used to engage the tip to the surface) the z
position is set around 100nm above the surface.

5. The x-y position of the piezoelectric elements is offset of the known parti-
cle/crossmark distance.

6. The scanning starts again.

The major inconvenience with this technique is the accuracy of the stepper motor.
Its resolution is not defined precisely in the user manual, so the main indicator of the
height is the quality of the result, which can be compared with a classical tapping
lift mode image. In general, the contrast in phase image is greater with this method
for a height of 100 nm defined with the stepper motor than a tapping/lift mode
at the same defined height, as shown in FIG 4.13. The tip/nanomagnet distance
at which there is no reversal of the magnetization also has to be calibrated for a
particular size of magnet, but the optimization might be complex due to the bad
accuracy of the stepper motor.

In this thesis, the tips that are used are Budget Sensors Multi75M-G (resonant
freq. 75 kHz, force constant 3 N/m), Veeco MESP (resonant freq. 60-100 kHz,
force constant 1- 5 N/m) and Bruker MESP-RC (resonant freq. 113-161 kHz, force
constant 5 N/m).

a) b)

Figure 4.13: MFM images of a 80GB hard drive disk, 1x1 µm2 with budget sensor
Multi75M-G. a) 100 nm tapping/lift mode, b) 100 nm constant height mode
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Chapter 5

Results and discussion

We finally arrive to the results of the work that has been done in this thesis. In a first
part, micromagnetic simulations of the z-pulse switching in single layer nanomagnets
are presented and discussed. Going on with numerical results, the field distributions
of the circuit, computed in COMSOL, are also shown . In a second part, the results
of characterization of the fabrication method as well as of the MFM imaging of
nanomagnets are detailed.

5.1 Numerical results

5.1.1 Simulation of z-pulse switching in nanomagnets

We now begin our investigation with the study of elliptical single layer particles and
the following question: what parameters does the magnetization reversal induced by
perpendicular-to-the-plane pulsed field depend on? The objective here is not only to
test the theory of chapter 3 but also to determine the optimal shape of the magnets
as well as the pulse characteristics: its duration, shape and amplitude.

Let us first have a look at the influence of the amplitude of a 400ps triangular
pulse on a 120x100x2.5 nm particle. The amplitude is swept from 90 mT to 335
mT. The result is quite surprising as different kinds of switching behaviors occur at
different values of amplitude. FIG 5.1 summarizes the occurrence of switching for
this particle and pulse as a function of the field amplitude.

“Resonant” switching

For the lowest pulse amplitude which induces a switching (FIG 5.2a), the behavior
of the magnetization differs from the analytical theory. Indeed, it is predicted that
there is switching if the total magnetic moment rotates a sufficient angle during
the pulse, but in this case, the moment rotates in one direction of an angle less
than π

2
, and starts to rotate back in the other direction after reaching a maximum.

If the fall of the pulse is synchronous with this second rotation, then the moment
has enough energy to rotate an angle greater than π

2
. As the amplitude increases,

a double switching occurs where the after pulse rotation is 360o (FIG 5.2b). At
some amplitudes it does not switch at all (FIG5.2c), at others it switches as in
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Figure 5.1: Number of 180omagnetization rotation as a function of the 400 ps tri-
angular pulse amplitude for a 120x100x2.5 nm particle.

the first process (FIG 5.2d), and for a pulse with almost twice the initial switching
amplitude, a new kind of reversal occurs (FIG 5.2e). This time the first rotation
is of more than π

2
and allows the moment to continue its rotation after the pulse,

following the analytical description of the chapter 3. Increasing again the pulse
allows a direct switching (FIG 5.2f).

We can therefore qualify this “z-pulse switching” as a “resonant” switching. In-
deed, one can expect the first type of reversal to occur only if the fall of the pulse is
synchronous with the second rotation, corresponding to an in phase second “kick” to
the system. For the analogy, one can compare this to someone practicing horizontal
bar. To start doing circles around the bar, the gymnast performs a first incomplete
swing in one direction and while rotating back, gives another impulse to be able to
rotate completely. It explains why the behavior of the magnetization is depending on
the pulse amplitude: when it increases, the period of the first oscillation increases
too, and the second kick is not synchronous with the second oscillation anymore
(FIG 5.2c) and no switching occurs. In other words, one can say that changing the
pulse amplitude changes the resonant frequency of the system. Before going further
in the investigation, it can be noticed that this behavior is also present for square
pulses, at lower intensity and different duration, but with a more defined rise and
fall time corresponding to the first and second kick. Therefore we continue the study
with square pulses.
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a)

b)

c)
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d)

e)

f)

Figure 5.2: Normalized magnetization components as a function of the simulation
time for 400 ps triangular pulses applied to a 120x100x2.5 nm particle. a) 90mT,
b) 130mT, c) 152mT, d) 158mT, e) 162mT, f) 175 mT.

Geometrical considerations

To be able to experimentally observe the switching of a nanomagnet, we need to
determine what is the most suitable geometry, expecting the resonant frequency to
change with the size and shape of the particle. For example, one can expect the
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aspect ratio of the magnet (easy axis/hard axis length ratio) to be an important
parameter. Indeed, the anisotropy increases with the eccentricity of the particle
which is not favorable for the in-plane oscillation of the moment. As it can be seen
in FIG 5.3, the period and amplitude of the first oscillation decrease as the aspect
ratio increases for pulses of equal intensity. From a critical aspect ratio value, the
field is not strong enough to induce a reversal during the second rotation and we
will therefore consider particles with aspect ratio of 1.2.

Figure 5.3: Easy axis x component of the normalized magnetization as a function
of the simulation time for square pulses applied to 5 nm thick particles and 100 nm
hard axis with aspect ratio of a) 1.2, b) 1.4, c) 1.6. The period and amplitude of
the first oscillation decrease as the aspect ratio increases.

Talking about anisotropy, it is interesting to look at the influence of the particle
thickness, as it determines the perpendicular anisotropy of the film. FIG 5.4 rep-
resents the switching amplitude of 200 ps square pulses for 120x100 nm particles
as a function of the film thickness. The relation is linear, and from a critical value
of thickness (>15 nm in this case) there is no resonant switching for this value of
pulse duration. These data confirm that a thicker particle, due to its lower demag-
netization factor Nz, needs a higher field to create a sufficient torque in the first
oscillation. As we go on, we will use the value of 5 nm for the thickness, which
should be reasonable for the fabrication process.

Finally, we are interested in the size of the particle. For a fixed aspect ratio of
1.2 and a constant pulse amplitude of 1000 Oe, we vary the hard axis width of the
particle and search for the shortest square pulse duration that induces a resonant
switching. FIG 5.5 shows the result and indicates that one can switch particles up
to almost 300nm wide for this value of field by tuning the pulse duration. This
represents quite an advantage for the experiment, as first bigger particles are more
easily patterned, and secondly lower frequencies and lower pulse amplitudes requires
less powerful RF equipment.
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Figure 5.4: Linear behavior of the 200 ps switching pulse amplitude of 120x100 nm
particles as a function of the thickness of the film. After a critical value of the
thickness, the field is never strong enough to induce a resonant switching for that
pulse duration.

a)

b)

Figure 5.5: Exponential dependence of resonant switching square pulse duration as
a function of the magnet size (5 nm thick), with constant aspect ratio of 1.2. b) Easy
axis component of the normalized magnetization as a function of the simulation time
for 5 nm particle of size 1) 60x72 nm, 2) 120x144 nm, 3) 200x240 nm. The period
and amplitude of the first oscillation increase with the size of the magnet.
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5.1.2 Fields distribution of the proposed circuit

The next step of the project is to experimentally observe this “resonant” switching.
In the previous section we have shown that theoretically, pulses of about 1000 Oe in
amplitude and with duration in the range 150-300 ps are suitable to induce this kind
of switching in elliptical nanomagnets with aspect ratio of 1.2. The pulse’s shape
will however be more like a Gaussian distribution, between a square pulse and a
triangular one.

We present in this section the field distribution of the circuit proposed in section
4.2 computed with COMSOL Multiphysics. FIG 5.6a and b are a 2D mapping of the
current and magnetic field z component of the circuit at the maximum amplitude of
the pulse. The current takes the shortest path in the structure and is concentrated
on the inside edges of the striplines and especially around the end of the slotline:
This area would be the weak point if the current density were enough to damage
the wires. The pulse is Gaussian and have a duration of 400ps, the amplitude is
2A and more than 99% of the current found its way through the structure to the
output cable.

Figure 5.6: a) Current distribution on a 2D plane situated at the circuit surface
level. b) The corresponding z component of the magnetic field
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Figure 5.7: Field distribution (z component) along the corresponding lines of FIG
5.6: a) along the slotline, in its middle, b) across the slotline, 25µm away from the
short.

The thickness of the real circuit is half of the simulated one. Therefore, to reach
this value of 1500 Oe in the slotline, only 1A is necessary, in theory, which for a 50
Ω impedance corresponds to 50 V, or 50 W. Positioning a magnet closer to the end
of the slotline allows one to reach higher field amplitude, or the same value at lower
input currents, but the price to pay is that it loses uniformity along the line.

5.2 Experimental feasibility of maskless fabrication
of nanomagnets

In this section, we present first the characterization of nanopillars patterned by FIB
lithography, and in a second part MFM images of the fabricated nanomagnets.

5.2.1 Characterization of nanopillars

Nanopillars have been patterned following the process described in section 4.3. The
AFM imaging of a nanopillar fabricated through a 144x120 nm ellipse in a bitmap
pattern is given in FIG 5.8 in a 3D version and with its easy and hard axis profiles.
The set depth for the 1pA milling around the particle is 8nm, corresponding to a
57s exposure time and a 70nm height in reality.

As it can be seen on the vertical profiles, the top of the pillar has less steep edges
than the middle, due to the Gaussian shape of the ion beam. About 30 nm below
the top, the steepest edges are found, with an angle with the horizontal line between
53o and 68o. At this height, the actual size of the cross section of the pillar is about
175x140 nm, which gives an aspect ratio of 1.25 and a much bigger particle than
expected. This has to be taken into account when designing the actual samples, as
it is important to have a capping layer of 30 nm in order to have a nice shape for
the nanomagnets.
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a)

b)

Figure 5.8: a) 3D topography of a pillar with a theoretical 144x120 nm elliptical
cross section. b) Vertical profiles of the easy and hard axes. The actual size at the
optimum edge steepness height is 175x140 nm.

5.2.2 MFM characterization of single layer magnets

The MFM imaging method to determine the magnetization orientation of single layer
magnetic particles has been tested on a sample with the following sputter deposited
layers, from bottom to top: Ta(6 nm)/Cu(80 nm)/Ta(5 nm)/Py(10 nm)/Ta(3 nm)/Cu(20
nm). The protective layer is not as thick as it should be, but for MFM imaging only,
it does not matter as much as for the z-pulse. Switching of a big 800x200 nm particle
during tapping/lift scanning mode is observed in FIG 5.9

The very same particle is now imaged using the constant height lift mode set at
100 nm from the bottom of the particle which is about 30 nm high, including the 20
nm cover layer, so the tip is scanning about 90 nm above the magnet. This time no
switching occurs during the scan, and by bringing the tip in contact with one end
of the particle, the magnetization is reversed and imaged by the constant lift mode
again, demonstrating both orientations of the magnetic moment, as shown in FIG
5.10.

This was easy because the studied particle is quite big. Now, we are interested
in doing the same thing with smaller particles. FIG 5.11 presents the example of
a 216x180x10 nm particle, all scans being from bottom to top. For an assumed
height of 50 nm (100 nm above the bottom of a 70 nm high pillar) above the magnet
(a), a reversal still occurs. Rising the height to 85 nm (b), the contrast fades away
a bit and a reversal remains, at a higher point however. This indicates that the
smaller the scan around the particle, the better the chances not to make it switch
its magnetization. At 119 nm (c and d), we finally get an imaging of the magne-
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a) b)

Figure 5.9: Tapping/lift mode imaging of a 800nm*200nm*10nm magnet with a
Multi75M-G tip. a) Topography, b) Phase imaging in lift mode at 80 nm above the
surface, scanning from bottom to top.

a) b)

Figure 5.10: Constant lift mode imaging of a 800x200x10 nm magnet with a MESP
tip, about 90 nm above the particle. a) Before reversal. b) After reversal.

tization without disturbing and are able to make it switch willingly. The contrast
at this height is not very high, but we are still able to qualify the occurrence of a
magnetization reversal in the magnet, which is the objective of these measurements.

Finally, provided that one is able to find the particle on the surface without
using a contact mode, the constant lift mode proposed here is able to determine the
magnetization orientation of a magnet. Particled of size as small as 164x140x10nm
can be imaged providing an appropriate size of the scan and the minimum height at
which the tip does not disturb the magnetization, which has to be determined for a
particular sample, whose imperfect shape influences these parameters.
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Figure 5.11: Constant lift mode imaging of a 216x180x10 nm magnet with a Bruker
MESP-RC tip. a) 100 nm above the bottom of a 70 nm pillar, b) 135 nm, c) 169
nm, d) 169 nm after reversal.
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Chapter 6

Conclusion

Time is not always the staunchest ally in the exercise of a Master thesis. As we
are concluding here, it is clear that the final step of the project still remains: to
experimentally observe magnetization reversal in elliptical nanomagnets resulting
from a perpendicular to the plane magnetic pulse. The foundations of this experi-
mental investigation have however been well established. In a first preliminary step,
micromagnetic simulations confirmed the occurrence of such z-pulse switching and
even revealed its resonant character that was not predicted in the original analyt-
ical theory. Additionally, micromagnetics offers a powerful tool for optimizing the
experimental parameters - the nanomagnet’s shape and size, and the pulse dura-
tion and amplitude. Taking into account considerations of impedance matching and
the existing technological facilities in the Albanova Nanolab, a nanodevice allow-
ing the application of an ultrafast magnetic field perpendicular to the plane of a
thin-film magnetic nanoparticle was designed. Microwave circuit analysis was used
to obtain and optimize the field distribution in the device for a given current or
voltage input pulse. This device, integrating a high-speed electrical circuit and a
magnetic particle, was patterned by a focused ion beam. The mask-less fabrication
method presents the advantage of being fast and straightforward, but an extensive
investigation revealed that the defects of the beam give rise to blunt edges at the
top of the patterned pillars. To reduce this problem, the magnetic multilayer was
covered by a nonmagnetic protective layer of about 30 nm, which significantly im-
proved the in-plane pattern definition. Finally, magnetic force microscopy was used
to characterize the magnetization orientation of the particle. As the magnetized tips
themselves induce a reversal of the magnetization during tapping mode scanning,
a constant height scanning process using the stepper motor has been established
in order to leave the magnet undisturbed during imaging. Because of the resulting
restriction on the minimum tip/particle distance, it remains challenging to obtain
a clear contrast during imaging for particles smaller than 160nm in diameter which
according to the simulation can still be switched with appropriate pulse duration.
Moreover, to be able to localize accurately the particles in this MFM mode, cross
marks have to be added to the circuit design. On the whole, the experiment is ready
to be implemented, providing that a sufficient microwave power can be supplied to
the circuit. For an in depth study of the phenomenon the initial theory would also
need to be completed to include a description of the resonant switching. On a more
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personal level, beyond all the experimental and numerical techniques I have learned,
this thesis has brought many reflections and made my scientific mind grow up sig-
nificantly. It revealed the importance of self-organization and planning in order to
keep control of the progress of a project, and focus on one thing at a time. My view
of the research in physics has been broadened and I have experienced new feelings,
such as the excitement to see an idea being developed or the frustration in front
of many experimental attempts giving no satisfying results. Patience and persever-
ance seem in the top 5 qualities of a researcher, especially for an experimentalist
who should always believe in what he is doing. That is why I would like to conclude
by giving this quote attributed to Mark Twain, which in my opinion summarizes
quite accurately the work of great inventors and researchers:

"They did not know that it was impossible, so they did it!"
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