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Chapter 1

Introduction

1.1 Spintronics

The evolution of the microelectronics industry, where flow of electric charge
is the driving force, is summarized in Moore’s Law. This law implies that
microprocessors will double in computing power every 18 months as elec-
tronic devices shrink. However, this will reach a limit as the size of the
transistor approaches the dimension of atoms. Well before this limit there
will already be severe problems with leakage and heat dissipation.

This is one of the reasons, in addition to the relevance for fundamental
physics, why scientists have been eager to exploit another property of the
electron, its intrinsic angular momentum known as spin. Spin is a purely
quantum mechanical phenomenon, and is linked to the magnetic moment
of the electron. The projection of the magnetic moment along a certain
quantization axis can exhibit only two values ±1

2
gµB, where g is the gyro-

magnetic ratio and µB = e~/2me the Bohr magneton, the basic unit of the
magnetic moment [1].

The motion of spins, like the flow of charge, can also carry information.
A few of the advantages of spin over charge are: first, the spins can be
easily manipulated by applied magnetic fields; second, the spins have a long
coherence, or relaxation, time - once created it tends to stay that way for
a long time, unlike charges states, which are destroyed by scattering with
impurities or other charges.

These characteristics together with control over fabrication techniques
which allowed access to the micro- and nano-scale regime (early 1980’s)
opened the possibility of developing a new research field called spintronics
(spin-based electronics). Spintronics offers opportunities for a new gener-
ation of devices combining standard microelectronics with spin-dependent
effects that arise from the interaction between spin of the carrier and the
magnetic properties of the material [2, 3].
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6 Chapter 1. Introduction

Basic research in spintronics is moving rapidly to smaller structures and
novel materials, as well as focusing on new physical phenomena. This re-
search has already led to the introduction of a variety of devices, from
magnetic sensors for magnetic hard drives to a novel non-volatile magnetic
random access memory (MRAM). For the continuing development of spin-
tronics devices, however, we need a much better understanding of two fun-
damental issues: spin injection/detection (how spins are created and mea-
sured) and spin transport/dynamics (how spins move/act in metals and
semiconductors).

The discovery of giant magnetoresistance (GMR) phenomenon in the
late 1980’s by Baibich et al. [4], was a stimulus for the field, in part be-
cause of its rapid incorporation into commercial devices, as the readhead
in magnetic hard disc drives (IBM, 1997). The GMR sandwich structure
consists of alternating ferromagnetic and non-magnetic (paramagnetic or
normal-metal) metal multilayers. The electrical resistance of the multi-
layer structure changes (more than 50%) with the relative orientation of
the magnetization direction of the ferromagnetic layers. A low resistance
state occurs if the magnetization direction of the different layers are aligned
parallel. The anti-parallel configuration has a higher resistance. The phys-
ical origin of GMR comes from the spin dependent scattering of electrons
both at the ferromagnet/normal-metal interfaces and in the bulk of the
ferromagnet layers.

Other important discovery in the field of spintronics which has applica-
tion in MRAM devices is tunneling magnetoresistance (TMR). Where two
ferromagnet layers are separated by a thin (about 1 nm) insulator layer. The
TMR is the change of the tunneling current between the magnetic layers
that depends on the relative magnetization directions of the two ferromag-
netic layers [5, 6].

There is particular interest in spin based semiconductors devices because
of the possibility of easier integration with traditional semiconductor tech-
nology. Although this can offer clear advantages and despite several years
of effort, many basic question remain to be answered, see refs. [3, 7, 8].

Metallic spintronics. The subject of this thesis falls under the heading
of metallic spintronics and, in particular, explores ferromagnetic magnetiza-
tion and spin dynamics (in normal-metals) at frequencies in the GHz-range.
In addition to understanding the basic physics of magnetization and spin
dynamics at high frequencies, we were able to develop new microwave mea-
surement techniques.

Twenty years ago, pioneering experiments on spin injection were per-
formed by Johnson and Silsbee [9] on ferromagnet/normal-metal/ferromagnet
lateral spin-valve structures to demonstrate spin transfer from a ferromag-
net into a normal-metal. They used a four terminal spin valve (permal-
loy/aluminium/permalloy) device at temperatures below 77 K. By apply-
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ing a bias voltage across a permalloy/aluminium junction a spin polarized
current is injected into the aluminium. The injected spin current creates a
spin accumulation close to the interface that decays spatially on the scale
of the spin relaxation length. The second permalloy electrode placed within
this distance is used to detect the spin imbalance in the aluminium.

Recently, Jedema et al. [10, 11] here in Groningen, clearly demonstrated
the effect at room temperature in mesoscopic metallic spin-valve devices.
The reduced size of the devices helped to increase the detected signal by six
orders of magnitude as compared to the seminal experiment of Johnson and
Silsbee. Similar results were obtained by Kimura et al. [12] and Valenzuela
et al. [13]. For overall reviews that focus on spin-polarized transport, see
refs. [3, 14–18].

In addition, in the last few years there has been a growing interest in
spin dynamics at high frequencies induced by the spin transfer torque, a
phenomenon predicted by the Slonczewski [19] and Berger [20]. In a spin
valve structure (ferromagnet/normal-metal/ferromagnet ′) with the magne-
tization of the ferromagnets non-collinear (neither parallel nor antiparal-
lel), the situation becomes more complicated. By sending a charge current
through the structure, a non-collinear to the free layer (ferromagnet ′ is as-
sumed to be soft with easily rotated magnetization) spin-current and spin
imbalance can appear in the normal-metal. In this case an angular mo-
mentum is absorbed by the magnetization of the ferromagnets. Due to the
angular momentum conservation, the macroscopic magnetization receives a
torque equal to the absorbed angular momentum. This can have dramatic
consequences for magnetization dynamics in nanostructures, leading to var-
ious instabilities and even reversal of the magnetization of the free layer
[21–23].

This interest is motivated not only by the wish to understand the physics
underlying the new phenomenon but also to its potential for device appli-
cations. An application is magnetization switching in magnetic memories
(MRAM). In these devices, externally generated magnetic fields are used
to reverse the magnetic moments. A current pulse through perpendicular
ferromagnet/normal-metal/ferromagnet ′ spin valves can reverse the free
layer magnetization more effectively in small structures since one does not
waste energy on generation of a magnetic field outside of the sample, thus
also improving possibilities for further miniaturization.

1.2 Motivation

The central subject of this thesis is to study the inverse effect of the spin
transfer torque effect, called spin pumping. Spin pumping [24] is a mecha-
nism where a pure spin current, which does not involve net charge currents,



8 Chapter 1. Introduction

is generated at the interface between a ferromagnet with a precessing mag-
netization and a normal-metal region. There are several motivations for the
experiments presented in this thesis:

Study the inverse effect of the spin transfer torque. As shown
above, a detailed understanding of the spin transfer effect is necessary not
only from the point of view on fundamental physics, but also for the techno-
logical design of future devices. Therefore understanding the spin pumping
effect would result in a better understanding also of the spin transfer torque.

Create a highly efficient spin source. The method developed by
Johnson and Silsbee [9] for the injection of spins by charge transfer across a
ferromagnet/ normal-metal interface is a very useful technique, however for
technological applications it has limitations. The polarization of the spin
current (defined by Eq. 2.7) is only a few percent (1-20%), which means
that only a fraction of the total (charge) current is used in the process of
spin injection. Spin injection by the precessing magnetization, i.e. spin
pumping, can be used as an alternative source for spins into normal-metals
(or semiconductors), the polarization of the spin current in this case is 100%.

Advances in understanding the basic physics are not possible without de-
veloping new measurements/analysis techniques. Research on magnetic/non-
magnetic structures benefits enormously from the use of microwave measure-
ment techniques. First, because the magnetization and spin dynamics are in
this frequency range. Second, by probing the ac-properties of such systems,
the measurement bandwidth is increased drastically, enabling experiments
on shorter time scales with larger signal to noise ratios than in traditional
dc- or low frequency transport measurements. In chapters 5 and 6 we dis-
cuss a new technique to control on-chip the magnetization of a individual
submicron ferromagnetic element by inducing ferromagnetic resonance.

1.3 Outline

In the course of this thesis work, a number of different topics in mesoscopic
spintronics and magnetization dynamics have been covered in a systematic
approach to the goal of studying the spin pumping effect.

Chapter 2 covers some background information, with an introduction to
the basics physics of spintronics. A general discussion of spin torque transfer
and spin pumping effects is given. The chapter ends with discussion about
magnetization dynamics of a ferromagnetic strip.

Chapter 3 is devoted to the device fabrication processes. Measurement
techniques and on-chip ac generation of the magnetic fields are also dis-
cussed.
The remainder of the thesis describes the experimental results. This covers
three different topics:



References 9

1. Chapter 4 presents the measurement of dc spin accumulation in
multiterminal mesoscopic lateral devices. This is an extension of the
Jedema et al. [14] work.

2. Inducing and detecting ferromagnetic resonance of a single sub-
micron permalloy strip. We discuss two detection methods, inductive
detection of the oscillating magnetic flux due to the magnetization
dynamics (Chapter 5 ) and dc anisotropic magnetoresistance measure-
ment (Chapter 6 ). In addition, in Chapter 8 we describe a detection
method for microwave spectroscopy on magnetization reversal dynam-
ics of a submicron cobalt strip. These techniques were an important
precursor to the spin pumping work.

3. In Chapter 7 we present direct electrical detection of spin pumping,
using a lateral normal-metal/ferromagnet/normal-metal device, where
a single ferromagnet in ferromagnetic resonance pumps spin polarized
electrons into the normal-metal.
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Chapter 2

Spin injection concepts

2.1 Spin injection due to charge current

2.1.1 Electrical properties of ferromagnetic metals
In contrast to paramagnetic materials, where the electron spins interact
only with an external magnetic field, the spins in ferromagnetic materials
interact strongly with each other, each of them trying to align the others in
its own direction. Even in the absence of an applied field this effect, called
exchange interaction, creates a certain degree of order which is the cause
of a non-zero average magnetic moment in zero field, the main difference
between paramagnetism and ferromagnetism. The collective ordering of the
electron spins creates a macroscopic magnetic moment, i.e. magnetization.
The Stoner model assumes that the density of states (DOS) for the majority
(those antiparallel to the local magnetization) and minority electrons is
often nearly identical, but the states are shifted in energy with respect to
each other by the exchange energy. This implies that the DOS at the Fermi
energy becomes different for the two spin sub-bands, as it is shown in Fig.
2.1. The electrons at the Fermi energy are those responsible for electric
transport; in metallic ferromagnets, such as the transition metals, Ni, Fe,
Co, the conducting electrons are spin polarized, and a charge current is
accompanied by a current of spins.

The electrical transport in metallic ferromagnets, assuming weak spin-
flip scattering processes can be described by a two-channel resistor model,
according to which currents of two spin populations flow in parallel. As a
result, the total current can be expressed as two parallel electron currents,
which are in turn limited by resistors in series that represent bulk scattering.
Given this, in ferromagnets the conductivities for the spin-up (↑) and down
(↓) channels are different, σ↑,↓ = e2N↑,↓D↑,↓ (Einstein relation) [1]. Here N↑,↓
is the spin dependent DOS at the Fermi energy, D↑,↓ the spin dependent
diffusion constant. Throughout this thesis our notation is ↑ for the majority

11



12 Chapter 2. Spin injection concepts

spin direction and ↓ for the minority spin direction. The current flowing in
a bulk ferromagnet is spin polarized, with polarization defined as

αF ≡ j↑ − j↓
j↑ + j↓

=
σ↑ − σ↓
σ↑ + σ↓

(2.1)

where j↑↓ are the spin-up and spin-down current densities. In transition
metal ferromagnets the magnitude of αF is in the range of 0.3 to 0.7.

Figure 2.1: Calculated densities of states of copper, cobalt and iron. Dashed
line denotes the position of the Fermi level [2].

2.1.2 The basics of spin transport
The electron transport through a diffusive channel is a result of a differ-
ence in the electrochemical potential of two connected electron reservoirs
[3]. The electrochemical potential µch is by definition the energy needed to
add one electron to the system, usually set to zero at the Fermi energy (this
convention is adapted throughout this text), and accounts for the kinetic
energy of the electrons. In the linear response regime (|eV | < kT ), the elec-
trochemical potential equals the excess electron particle density n divided
by the density of states at the Fermi energy, µch = n/N(EF ). In addition
an electron may also have a potential energy, e.g. due to the presence of an
electric field E. The additional potential energy for a reservoir at potential
V should be added to µch in order to obtain the electrochemical potential
µ = µch − eV , where e denotes the absolute value of the electron charge.

The theory of spin transport is focused on the diffusive transport regime,
which applies when the electron mean free path (le) is shorter than the
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device dimensions. In this limit the physics can be described by Boltzmann
or diffusion equations. Valet and Fert [4] have analyzed the GMR effect in
magnetic multilayers using a spin polarized linear Boltzmann equation to
derive a diffusion equation including spin-flip scattering. For vanishing spin-
flip scattering it reduces to the two-current model (spin-up and spin-down)
pioneered by Mott [5]. This idea was followed by Fert and Campbell to
describe the transport properties of Ni, Fe and Co based alloys [6]. Van Son
et al. [7] have extended the model to describe transport through transparent
ferromagnetic metal-nonmagnetic metal interfaces. An alternative model,
based on thermodynamic considerations, has been put forward and applied
by Johnson and Silsbee [8].

In the following we discuss spin transport in a diffusive normal (param-
agnetic) metal in the linear response regime using the two-current model.
Assuming the spin life time is much longer than the momentum relaxation
time, the two spin species can be treated as separate, weakly connected, en-
sembles with their own electrochemical potentials assigned to them. Ohm’s
law applies for both spin species separately

j↑ =
σ↑
e

∂µ↑
∂x

; j↓ =
σ↓
e

∂µ↓
∂x

(2.2)

The next step is the introduction of spin-flip processes, described by a spin-
flip time τ↑↓ for the average time to flip an spin-up to a spin-down and τ↓↑
for the reverse process. Particle conservation requires:

1

e
∇j↑ = − n↑

τ↑↓
+

n↓
τ↓↑

;
1

e
∇j↓ = +

n↑
τ↑↓

− n↓
τ↓↑

(2.3)

with n↑ and n↓ being the excess particle densities for each spin. Detailed
balance imposes that N↑/τ↑↓ = N↓/τ↓↑, so that in equilibrium no net spin
scattering takes place. As pointed out already, usually these spin-flip times
are larger than the momentum scattering time τe = le/vF . The transport
can then be described in terms of the parallel diffusion of the two spin
species, where the densities are controlled by spin-flip processes. It should
be noted, however, that in particular in ferromagnets (e.g. permalloy [9–
11]) the spin-flip times may become comparable to the momentum scattering
time. Combining the above equations and using the Einstein relation the
effect of the spin-flip processes can be described by the following diffusion
equation (assuming diffusion in one dimension only):

D
∂2(µ↑ − µ↓)

∂x2
=

(µ↑ − µ↓)
τsf

, (2.4)

where D = D↑D↓(N↑ + N↓)/(N↑D↑ + N↓D↓) is the spin averaged diffusion
constant, and the spin relaxation time τsf is given by: 1/τsf = 1/τ↑↓+1/τ↓↑.
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Note that τsf represents the timescale over which the non-equilibrium spin
accumulation (µ↑ − µ↓) decays and therefore is equal to the spin lattice
relaxation time T1 used in the Bloch equations: τsf = T1 = T2 [12]. Using
the requirement of (charge) current conservation, the general solution of Eq.
2.4 for a ferromagnetic or nonmagnetic wire is now given by:

µ↑ = A + Bx +
C

σ↑
exp(−x/λsf ) +

D

σ↑
exp(x/λsf ) (2.5)

µ↓ = A + Bx− C

σ↓
exp(−x/λsf )− D

σ↓
exp(x/λsf ) , (2.6)

where we have introduced the spin relaxation length λsf =
√

Dτsf . The
coefficients A,B,C, and D are determined by the boundary conditions im-
posed at the junctions where the wires are coupled to other wires. In the
absence of interface resistances and spin-flip scattering at the interfaces,
the boundary conditions are: 1) continuity of µ↑, µ↓ at the interface, and 2)
conservation of spin-up and spin-down currents j↑, j↓ across the interface.
The non-equilibrium spin accumulation can relax due to spin-flip scattering
by spin-orbit interaction and magnetic impurities. In metals the spin relax-
ation is described by the so called Elliott-Yafet mechanism [13, 14]. In this
mechanism the electron spin relaxation is explained in terms of spin-orbit
coupling in combination with momentum scattering by impurities (at low
T) and phonons (at high T).

2.1.3 The ferromagnet/normal-metal interface

In order to transfer the magnetization from a ferromagnet (F) into a normal-
metal (N), a charge current is passed through the F/N interface. As dis-
cussed above, the conductivities for the two spin species are different in
ferromagnets and the channel with the highest conductance carries more
current than the other. On the other side, in the non-magnetic metal, the
conductivities are equal. Therefore at the interface between the two metals,
a conversion of the excess spins occurs, resulting in a spin accumulation
(µ↑ − µ↓) that decays into both metals over the spatial distances λN (spin-
flip diffusion length in normal-metal) and λF (spin-flip diffusion length in
ferromagnet), see Fig. 2.2. The interface plays a central role because it
contributes with extra resistance (spin dependent or independent) to the
total channel resistance.

The transparent F/N interface. Since the discovery of GMR, the
electron charge and spin transport properties across the transparent F/N
interface have attracted considerable attention. By solving the diffusion
equation with the appropriate boundary conditions, one finds that the po-
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larization of the current across the interface is given by

α =
j↑ − j↓
j↑ + j↓

= αF
1

1 + (1− α2
F )σF λN

σNλF

(2.7)

where σN and σF are the conductivities of N and F. Note that the amount
of spin current injected through the F/N interface is different than the
bulk polarization (αF ) of F. The position dependence of the electrochemical
potentials is drawn in Fig. 2.2. Although µ↑ and µ↓ are continuous at
the interface, µ0 = αµ↑ + (1 − α)µ↓ is not (µ0 is defined as the value
that electrochemical potential would have without a nonequilibrium current
distribution). Thus, the current conversion process in N and F gives rise to
an additional voltage drop (∆µ). The spin-coupled interface resistance is
then given by [15]

Rs =
∆µ

ej
= α2

F

λNσ−1
N

1 + (1− α2
F )σF λN

σNλF

. (2.8)

The above equations show that the magnitude of the polarization of the cur-
rent and the spin-coupled resistance is essentially limited by ratio of σ−1

N λN

and σ−1
F λF . Since the condition λF ¿ λN holds in almost all cases for metal-

lic systems, this implies that the spin diffusion length in F is the limiting
factor to obtain a large polarization. This problem becomes progressively
worse, when (high conductivity) metallic ferromagnets are used to inject
spin polarized electrons into (low conductivity) semiconductors and has be-
come known as “conductivity mismatch” [16, 17]. Another way to look at
it is that the ferromagnetic metal behaves as a very effective spin reservoir
because once the electron is diffused (back) into the ferromagnetic metal its
spin is flipped very fast. The proximity of the ferromagnetic metal disturbs
therefore a non-equilibrium spin population present inside the nonmagnetic
metal. The transparent contact is nevertheless the injection method pur-
sued by Johnson and Silsbee (1985) in their seminal experiment, obtaining
spin signals in the pV range, and by Jedema et al. (2001), with µV signals.

The tunnel barrier F/I/N interface. A way to increase the effi-
ciency of spin injection is to introduce a spin dependent interface with a
resistance much higher than the spin independent resistance [17, 18]. Ex-
perimentally this is done by inserting a thin insulating layer between F and
N, creating a tunnel barrier for the electrons. Also, the high spin dependent
resistance causes the electrons, once injected, to have a negligible probability
to lose their spin information by returning back into the ferromagnet. The
tunneling spin polarization for a F/I/N tunnel barrier junction is defined as

P ≡ g↑ − g↓

g↑ + g↓
(2.9)
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Figure 2.2: Spatial variation of the electrochemical potentials for spin-up
and spin-down electrons with a current flowing through an F/N interface.
The dashed lines represent µ0 (see text). The spin diffusion lengths λN , λF

characterize the decay of spin accumulation ∆µ away from the interface into
N and F regions [15]. The figure corresponds to λN = 5λF .

where g↑(g↓) is spin-up (spin-down) conductance.
In tunneling regime the technological interest is monopolized by F/I/F

magnetic tunnel junction (MTJ) structure. In this system the two ferro-
magnetic electrodes are separated by a thin insulating layer, and the resis-
tance depends on the relative orientation of the electrodes’ magnetization,
i.e. tunneling magnetoresistance (TMR). Julliere (1975) [19] formulated a
model for the change of conductance G (1/resistance) between the parallel
(↑↑) and antiparallel (↑↓) magnetization in the two F electrodes.

TMR ≡ G↑↑ −G↑↓
G↑↓

=
2P1P2

1− P1P2

(2.10)

where the polarization P = (N↑ − N↓)/(N↑ + N↓) is expressed in terms
of spin DOS [20]. The discovery of large room-temperature TMR [21] has
increased interest in the study of MTJs, with focus on magnetic random-
access memory devices [22].

2.1.4 Bloch equations

The spin accumulation in N can be manipulated in two ways. First, via
the magnetization direction of the F electrodes, source and detector. Sec-
ond, with a transverse applied magnetic field which causes precession of the
spin accumulation around the field direction, i.e. the Hanle effect. When
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the ferromagnets’ magnetization vectors and spin accumulations are non-
collinear (neither parallel nor antiparallel) to each other, the two-current
model cannot be used anymore. The concept of up and down spin states
must be replaced by a representation in terms of σ̂x, σ̂y and σ̂z operators
[23]. The spin dependent chemical potentials (µ↑, µ↓) are replaced by a spin
dependent chemical potential in the three orthogonal directions (µx, µy, µz).

In the presence of the transverse applied field (in the z-direction) and
assuming 1-dimensional diffusion along the x-direction, the response of the
spin accumulation can be described by the Bloch equations

∂µx

dt
= γBµy − µx

τsf

+ D
∂2µx

∂x2
, (2.11)

∂µy

dt
= −γBµx − µy

τsf

+ D
∂2µy

∂x2
, (2.12)

∂µz

dt
= − µz

τsf

+ D
∂2µz

∂x2
. (2.13)

where γ = gµb/~ is gyromagnetic ratio, g is the Lande factor and µb =
e~/2me is the Bohr magneton.
In a metal, and in zero field, there is no distinction between the longitudinal
(spin lattice) relaxation time T1 and the transverse (dephasing) relaxation
time T2, thus we will consider them equal. This set of equations can also
be used in the case of ac spin injection experiment (chapter 7), to describe
the dynamics of the spin accumulation into N.

2.2 Spin injection due to magnetization pre-
cession

So far the discussion has focused on stationary magnetic states (dc regime).
In the following we concentrate on spin currents induced by magnetization
precession, the so-called spin pumping effect. Moreover, to link this with
the stationary case we first discuss the spin transfer torque effect.

2.2.1 Spin transfer torque effect
Slonczewski [24] and Berger [25] predicted that angular momentum is trans-
ferred from spin polarized currents to the magnetization of the ferromag-
nets when charge currents are sent trough F1/N/F2 spin valves with non-
collinear magnetizations. This can excite and even switch the magnetization
direction of the F2 (here, F2 was assumed to be the softer ferromagnet), see
Fig. 2.3. Experiments with pillar-type structures [26–29] confirmed these
predictions.
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Spin transfer induced magnetization dynamics is a consequence of the
spin transport at the N/F interface. The basic process is described in a
picture, where an electron is arriving from N with spin-up state |↑〉 at the
N/F interface. This is basically a scattering problem, where the spin com-
ponents of the incoming electron can be reflected back into N, or can be
transmitted into F. We assume that the F is halfmetallic (i.e. the interface
is transparent only to the majority spins) and has a magnetization direction
in the x-positive axis. This means that at the Fermi energy there are only
spin states available in the positive x-direction. In the coordinate system
of the ferromagnetic magnetization the incoming spin-up electron is not a
eigen state but a linear combination of right |→〉 and left |←〉 polarized spin
states. Since no |←〉 states exist in F, this component cannot enter and is
reflected. On the other hand the |→〉 component continues into the F. Con-
sequently, both of the outgoing spin states (transmitted and reflected) lie
along the x axis, while the incoming spin state is perpendicular to the mag-
netization. Due to conservation law of angular momentum results that the
spin component perpendicular to the magnetization must be absorbed by
the F. Thus an angular momentum is transferred to F. Therefore a torque
(T) acts on the F which tends to rotate the magnetization direction as
shown in Fig. 2.3.

Figure 2.3: Schematic of spin transfer torque exerted by a spin current.
The spin angular momentum is absorbed by the ferromagnet, generating an
effective torque on the magnetization [30].

Some additional points need to be considered in the case of transition
metal ferromagnets like Ni, Fe, Co, which are not fully polarized. As dis-
cussed above the electron transport in these metals is diffusive and both
spin channels conduct. Since minority electrons from N can now enter F, a
transverse spin can penetrate F in principle. However, because of the ferro-
magnetic exchange interaction, the energy of the spin components parallel
and antiparallel to the magnetization M will be different. The correspond-
ing precessional motion of the spin direction around the direction of M
depends on wave vectors (k↑F , k↓F ), which leads to destructive interference of
the spin components perpendicular to M. The distance at which the trans-
verse component of the spin current disappears is called the ferromagnetic
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coherence length, π/|k↑F − k↓F | [30]. In transition metals is usually a few Å,
much smaller than mean free path or spin diffusion length.

A general description of spin transport in N/F hybrid systems within
the framework of magnetoelectronic circuit theory was given by Brataas
et al. [31, 32]. To describe the interaction of the electrons spin with the
magnetization at the N/F interface, a “spin mixing” conductance g↑↓ was
introduced, which can be expressed in terms of the spin dependent reflec-
tion coefficients at the interface. It was found that the magnitude of the
spin torque is directly proportional to the spin mixing conductance [32].
Physically, g↑↓ is a material parameter that describes how a given spin ac-
cumulation transmits a torque to the magnetization at a certain interface.
g↑↓ was evaluated for different interfaces by first principle band calculations
by Xia et al. [33] and compared with experiments provided that the interface
g↑↓ is renormalized to include bulk material scattering. For most ferromag-
nets (except ferromagnetic insulators) the imaginary part of the g↑↓ is very
small, thus will be disregarded it the following. For metallic structures, the
band-structures calculations show that real part of g↑↓ is close to Sharvin
conductance of the N [34].

2.2.2 Spin pumping effect

Introduction. It is natural to expect that if a spin current can induce
magnetization motion, then the reciprocal or inverse process may also be
possible: a moving magnetization in a ferromagnet (F) can emit a spin
current into an adjacent conductor.

The transfer of spin angular momentum by the precessing magnetization
of F in contact with N was described by Tserkovnyak et al. [35] and the effect
is called “spin pumping”. They used the formalism of parametric charge
pumping [36] developed in the context of mesoscopic scattering problems in
order to show that the time-dependent magnetization induces spin emission.

A simplified picture of the process is given in Fig. 2.4. Let us first con-
sider a F/N junction at equilibrium. In F, there is a larger population of
spins that are in the direction of magnetization than are antiparallel. If the
magnetization direction is suddenly switched, then the bands shift in energy
instantaneously. However, in order to go back to the equilibrium situation
there has to be spin transfer from one spin population to another one (spin
relaxation). If F is in contact with N this transfer of spins can go via N.
Thus the spin relaxation process for F is modified when it is in contact with
an adjacent N, and depends on the spin relaxation properties on N. In the
main, an oscillating spin current is emitted into N when the magnetiza-
tion is switched back and forth by an oscillating magnetic field. A way to
periodically change magnetization direction is to put F into ferromagnetic
resonance (FMR), where circular precession of the magnetization can be
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Figure 2.4: (a) Population of spin-up and spin-down bands in equilibrium.
(b) Suddenly reverse the magnetization direction. The arrows denoted spin
flow from one spin population to another one. (c) Equilibrium situation
again but with magnetization in opposite direction. [Adapted from ref.
[37]]

resonantly excited by a small applied rf magnetic field. This is described in
a more detail in section 2.3.

Spin currents at the interface. Assuming the FMR state, Tserkovnyak
et al. [35] have calculated the spin pumped current using a scattering matrix
approach based on the microscopic details of the interface,

Ipump
s =

~
4π

g↑↓m× dm

dt
. (2.14)

g↑↓ is the real part of mixing conductance. This equation shows that the
spin current which goes into N is perpendicular both to the magnetization
direction m and to the change of m with time. This current has ac and dc
components, however in the limit ωτN À 1 (see later discussion), the time
averaged pumping current reads |〈Ipump

s 〉t| = Idc = ~ωg↑↓sin2θ/4π.
To sum up, the magnetization precession induces an emission of spins ori-
ented transverse to m into N. Because transport in metals is diffusive, this
transverse component is lost everywhere in F, except on the ferromagnetic
coherence length, close to the interface. Therefore, it can be transmitted by
diffusion of the electrons to N, resulting in a transverse spin current (spin
pump current).

Depending on the spin related properties of the N, the spin current
emission has two limiting regimes. When the N is a good “spin sink” (in
which spins relax fast), the injected spin current is quickly dissipated and
this corresponds to a loss of angular momentum and an increase in the
effective Gilbert damping of the magnetization precession. This has been
observed experimentally in nanopillars structures [38–41]. The total spin
current is given by Ipump

s .
The opposite regime is when the spin-flip relaxation rate is smaller than

the spin injection rate. In this case a spin accumulation µN
s builds up in
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Figure 2.5: The F/N structure in which the resonant precession of the
magnetization direction m pumps a spin current Ipump

s into N. The spin
pumping builds up a spin accumulation µN

s in N that drives a spin current
Iback

s back into the F. The component of the Iback
s parallel to m can enter into

F. Since the interface and the bulk conductances of F are spin dependent,
this can result in a dc voltage across the interface.

the normal-metal (Fig. 2.5). The spin accumulation can diffuse away from
the interface, but can also diffuse back into the F. This back flow current is
given by

Iback
s =

g↑↓
2πN

[µN
s −m(m · µN

s )] , (2.15)

where N is the one-spin density of states. The total spin current in this
case is IF

s = Ipump
s + Iback

s .

Spin battery. A spin battery operated by FMR has been proposed
by the Brataas et al. [42] in the limit of weak spin-flip scattering in the F.
The spin accumulation in N can be calculated by solving the spin diffusion
equation,

∂µN
s

∂t
= DN

∂2µN
s

∂x2
− µN

s

τN

(2.16)

where τN is the spin-flip time and DN is the diffusion coefficient in N. We
assume that the spin diffusion length in N is much larger than the spin
precession length lω ≡

√
DN/ω (ω is precessional frequency), i.e. λN =√

DN/τN À lω, or equivalent by ωτN À 1. This means that if the length
of N is larger than lω, the x, y components of spin accumulation are fully
averaged (due to dephasing) and the remaining z component is constant
and along the static magnetic field direction [42]. The time averaged spin
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accumulation 〈µN
s 〉t = µN

z z in the N close to the interface reads [42]

µN
z = ~ω

sin2θ

sin2θ + η
, (2.17)

where θ is the precession cone angle and η is a reduction factor determined
by the ratio between injection and spin-flip relaxation times.
In principle, this spin accumulation can be measured electrically by using a
second ferromagnet as a spin dependent contact, placed at a shorter distance
compared to the spin-flip length [42, 43].

Voltage at F/N interface. Importantly, Wang et al. [44] have pre-
dicted a more direct way to detect the spin pump effect in which the precess-
ing ferromagnet acts also as the detector. We have to take into account that
the spin accumulation µN

s in a diffusive metal drives the spin current Iback
s

back into the F. The component parallel to m can enter F. Moreover, since
the interface and the bulk conductances of F are spin dependent, this can
result in charge accumulation close to the interface and thereby a dc volt-
age across the interface. The chemical potential difference (voltage) across
the interface has been calculated by Wang et al. [44] following the lines of
the Brataas et al. [42] model, but including the spin diffusion back into F
and spin-relaxation in F. As mentioned above, the relevant length-scale for
the averaging of the transverse (x, y) components of the spin current is lω.
Therefore for a device with dimensions larger than lω the spin-up (down)

effective conductances g
↑(↓)
ω of the interface are composed of the interface

conductances g↑(↓) in series with a conductance of the bulk N over a length
scale of lω. These relations are given by g

↑(↓)
ω = g↑(↓)/(1 + g↑(↓)/gω) and the

mixing conductance g↑↓ω = g↑↓/(1 + g↑↓/gω), where gω = (σNA)/lω (A is the
area of the interface). pω = (g↑ω − g↓ω)/(g↑ω + g↓ω) is also introduced.

In the limit of large spin-flip in F and the size of N À λN and for small
angle precession (θ → 0), the chemical potential difference is given by [44]

∆µ0 =
pωg↑↓ω

2(1 + gN

gF
)(1− p2

ω)(g↑ω + g↓ω) + 2gN

θ2~ω , (2.18)

where gN (gF ) is the conductance of the bulk N (F) over a length scale of λN

(λF ). For a thorough review of the above discussion see ref. [44]. In chapter
7 we show that a dc voltage Vdc = ∆µ0/e is detected at the F/N interface
when the F in ferromagnetic resonance pumps spins into N in combination
with spin dependent conductivities of the F.

Interface currents matching. In this section, we describe a simple
way to find the voltage (similar to Eq. 2.18) using spin-currents matching
at the interface [45]. By writing all the currents involved in the process and
matching them at the interface, all components of the spin accumulation
at the interface can be determined. It is convenient to transform the equa-
tions into a rotating frame of reference in which the uniform magnetization
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motion can be formally eliminated, and the unit magnetization vector is
m̂ = (sinθ, 0, cosθ).
Basically for this problem we have to consider three currents with their
components. First, the spin pumping current (Eq. 2.14) is given by

Ipump
s,⊥ = g↑↓sinθ~ω . (2.19)

The back flow current consists of a term parallel to m̂ and a term per-
pendicular to m̂, and it is written in terms of spin accumulation µ at the
interface

Iback
s = gF µ‖ + g↑↓µ⊥ . (2.20)

The sum of Eq. 2.19 and 2.20, Ipump
s + Iback

s = IF
s , is the total spin current

on the F side of the interface.
The spin current on the N side of the interface is found by solving the
Bloch equations for the spin accumulation in N. From this the current at
the interface is given by [46]

IN
s = gω




µx − µy

µx + µy
gN

gω
µz


 (2.21)

in terms of µ at the interface. This current has three components. The
z component is determined only by the usual spin relaxation process. For
the x and y components, two effects are important: precession, which re-
sults in mixing of the two components, depending on the time spent in
N; and averaging, which reduces the total amplitude of the components.
µ is determined by matching (conservation) the currents at the interface
IN
s = IF

s = Iback
s + Ipump

s . The dc voltage at the interface is proportional to
the projection of µ onto m̂,

V = −pµ · m̂ ' −p
gω

gF

(
1− gN

gω

)
cos θ sin2 θ~ω . (2.22)

The simple form of Eq. 2.22 results from the relative independence of the dc
voltage on g↑↓. Let us compare the different conductances in the problem:

gF

A
=

σF

λF

=
6.6× 106Ω−1m−1

5nm
' 1× 1015 1

Ωm2

gω

A
=

σN

lω
=

3.1× 107Ω−1m−1

300nm
' 1× 1014 1

Ωm2

gN

A
=

σN

λN

=
3.1× 107Ω−1m−1

500nm
' 8× 1013 1

Ωm2
. (2.23)

According to ref.[33],
g↑↓

A
≈ 5× 1014 1

Ωm2
. (2.24)
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Here F denotes permalloy (Py) with σPy = 6.6 × 106Ω−1m−1, for com-
parison Co has σCo = 4.2 × 106Ω−1m−1 and N denotes Al with σAl =
3.1 × 107Ω−1m−1, for comparison Cu has σCu = 3.5 × 107Ω−1m−1, all at
room temperature.

Finally, let‘s estimate Eqs. 2.18 and 2.22. We assume θ ≈ 5◦ (sin2θ =
0.01) and ω = 1011s−1 (~ω = 65µeV ). First Eq. 2.22, using p = 0.4

this equation gives ≈10-20 nV. Second Eq. 2.18, using pω = 0.06, g↑
A

=

0.31×1015Ω−1m−2 and g↓
A

= 0.19×1015Ω−1m−2 (from ref. [15]), the voltage
is also of the order of 10-20 nV.

2.3 Magnetization dynamics
Part of the classical approach to ferromagnetism is to replace the spins by a
classical macro-spin vector ~M magnetization. The time-dependence of the
magnetization can be obtained directly by calculating the torque acting on
~M by an effective magnetic field H,

d ~M

dt
= −γ ~M × ~H, (2.25)

where γ = gµb/~ is gyromagnetic ratio, g is the spectroscopic splitting
factor (Lande factor) and µb = e~/2me is the Bohr magneton. This equation
represents an undamped precession of the magnetization. From experiments
actual changes of the magnetization are known to decay in a finite time. The
damping is just added as a phenomenological term to Eq. 2.25

d ~M

dt
= −γ ~M ×

(
~H − α

γMs

d ~M

dt

)
= −γ ~M × ~H +

α

Ms

~M × d ~M

dt
, (2.26)

where α is the dimensionless Gilbert damping constant, of order 10−2 in F
thin films. This form of the equation, named Landau-Lifshitz-Gilbert, LLG,
is due to Gilbert, which can be derived from an older form of the Landau
and Lifshitz equation [47]. This equation is used throughout this thesis to
describe the resonant motion of the magnetization in our devices. In the
following we solve this equation for a ferromagnetic strip, the relevant case
for the experiments described in this thesis.

2.3.1 Ferromagnetic resonance of a ferromagnetic strip
The most commonly used technique for inducing magnetization coherent
rotation is ferromagnetic resonance (FMR). FMR is the physical process
whereby magnetization is rotated by an rf magnetic field hrf , with angu-
lar frequency ω, that is resonant with the magnetization precession fre-
quency in an external magnetic field h0, oriented perpendicular to hrf .
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We consider a thin ferromagnetic strip, single domain with the equilib-
rium magnetization along x direction and a saturation magnetization Ms

as shown in Fig. 2.6. As shown in equation 2.26, in order to account for
the torque acting on ~M , we have to define the effective field. Taking into
account the applied fields, the demagnetization fields and neglecting the
uniaxial anisotropy, the components of the effective field inside the strip
are ~H = (h0 −Nxmx,−Nymy, hrf −Nzmz). Where Nx, Ny and Nz are the
demagnetization factors that depend only on the shape of the ferromagnet,
the sum of them is equal to 1. Due to large aspect ratio of our strip, Nx

can be neglected, then Ny can be approximated by Ny ≈ t/w (t and w are
the strip’s thickness and width). Nz is simply given by 1 − Ny. Due to
the non-zero Ny and Nz factors the magnetization precessional path around
the direction of the applied field h0 is elliptical. Assuming the small angle
limit, we simplify the problem by setting the time derivative of ~M along the
direction of h0 equal to zero, dMx

dt
= 0 such that ~M(t) = (Ms,my(t),mz(t)).

If the rf field is sinusoidal, its time-dependence can be expressed by a factor
eiωt, and the same factor can then be inserted into the steady state solution
of my and mz. Using all these assumptions and omitting all terms which
are higher that linear in α, the equations of motion for the amplitudes are

iωmy = γhrfMs − γmz(h0 + Nz)− iωα mz (2.27)

iωmz = γmy(h0 + Ny) + iωα my .

Setting hrf = 0 and taking the determinant of above linear equations to
be zero, Kittel equation [48] results:

ω2
0 = γ2(h0 + NyMs)(h0 + NzMs) . (2.28)

This equation gives the resonant precessional frequency of the coherent ro-
tation mode (uniform mode) as a function of the external magnetic field.
As will be shown, by measuring the applied field dependence of the resonant
frequency, one can obtain the parameters Ny, Nz and Ms.
It is convenient to give the solutions for my and mz in terms of the com-

plex susceptibilities χy and χz, where ~M = ~χhrf and ~χ = ~χ ′ + i~χ ′′. The
components for my are as follows

χ′y =
αγMsω

2A

(ω2 − ω2
0)

2
+ (αω)2 A2

(2.29)

χ′′y =
−γMsω(ω2 − ω2

0)

(ω2 − ω2
0)

2
+ (αω)2 A2

(2.30)

and for mz

χ′z = αχ′y −
γ

ω
(h0 + NyMs)χ

′′
y (2.31)

χ′′z = αχ′′y +
γ

ω
(h0 + NyMs)χ

′
y (2.32)
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Figure 2.6: Left, schematic representation of the magnetization ~M preces-
sion around the direction of the applied field h0. Besides this field there is
also an rf field hrfcosωt which “pushes” the magnetization off-equilibrium
and into small amplitude Larmor precession around h0. On the right side
is indicated the geometry of the ferromagnetic strip.

where A = γ(2h0 + NyMs + NzMs). As shown in Fig. 2.6 the average
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Figure 2.7: The real and imaginary part of the χy and χz susceptibilities
are calculated at ω/2π = 10 GHz, using parameters Ms = 1 T , α = 0.01
and γ/2π = 28 GHz/T.

precession cone angle θc(t) can be determined from the relation sin2 θc(t) '
θ2

c (t) = (1/m2
s)(m

2
y + m2

z). We found that θ2
c can be written as the sum of a

time-independent term and terms with time-dependence at twice the driving

frequency, θ2
c = θ2

dc + θ2
c (2ωt), where θ2
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Evaluating this angle gives
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Detecting FMR of a single submicron-strip all on-chip is conceptually sim-
ple, but experimentally difficult to realize, as it requires a strong microwave
driving magnetic field as well as a method for detection. We show in chapter
6, that dc transport measurements, in particular anisotropic magnetoresis-
tance on the ferromagnet are a sensitive probe for microwave induced FMR.
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Chapter 3

Device fabrication and
measurement techniques

3.1 Introduction
The advance of the electron beam lithography technique permits nowadays
fabrication of nano-scale devices. This makes possible to study spin depen-
dent electron transport in metals, in which the relevant length scale for spin
transport is of the order of 500 nm at room temperature. In this chapter,
we give a detailed description of the various device fabrication methods and
measurements techniques. The chapter is divided into three main sections.
First, we discuss the experimental techniques necessary to fabricate our de-
vices. Second, we describe the exact fabrication procedure of each device
used in the remaining of this work. In the last section, the measurement
techniques are discussed.

3.2 Device fabrication techniques
The fabrication process can be divided into two main steps: (i) The creation
of an evaporation mask using electron beam lithography (EBL), (ii) metal
deposition with subsequent lift-off.

3.2.1 Creating an evaporation mask using electron beam
lithography

We used two different resist recipes in combination with EBL to fabricate
the evaporation masks [1]. The main steps in the fabrication procedure are
schematically shown in Fig. 3.1.
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dry etching: 02
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Figure 3.1: Schematic of the fabrication steps of evaporation mask. The top
row shows the bi-layer resist system. The following rows show the tri-layer
resist system used to create a suspended Ge mask with defined undercuts
for shadow depositions [1].

Bi-layer resist

• First an organic resist layer is spun onto a Si substrate, polymethyl
methacrylate (PMMA) 2010 (Du Pont Elvacitate, medium molecular
weight), 4% in clorobenzene, or 8% in n-butyl acetate, and subse-
quently baked at 170◦C for 10 minutes.

• A second organic resist, PMMA 2041 (Du Pont Elvacitate, high molec-
ular weight) dissolved in 2.2% O-xylene is spun on top of the first one
and baked for 30 minutes at same temperature. O-xylene is a weak
solvent and hence it is used to prevent intermixing of the two layers.
The typical thickness of the total bilayer is 300 to 400 nm.

• Then the device pattern is written using focussed e-beam. This breaks
the polymer chains in the resist and the exposed parts can be subse-
quently removed by developing the sample for 60 seconds in a 1:3 so-
lution of MIBK (methyl-isobutyl-ketone) and IPA (2-propanol). Elec-
trons backscattered at the substrate interface and a lower molecular
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mass cause the bottom resist to be developed faster than the top one.
This forms a resist profile with a small undercut, which is important
for a good lift-off.

Tri-layer resist

To achieve a larger and more stable undercut we have used a tri-layer resist.
Here, a Ge layer will form the actual mask as it has the required mechan-
ical strength to form a large suspended mask. This recipe is used for the
fabrication of devices with shadow mask evaporation technique [1, 2]. An-
gle shadow evaporation is a necessary technique for fabrication of tunnel
barriers between the contacts in a controlled way.

• In the first step (Fig. 3.1), a copolymer PMMA/MMA 33% dissolved
in methoxy-ethanol is spun onto the wafer and baked for 20 minutes
at 170◦C, producing a 1.1 µm thick layer.

• Second, a 40 nm Ge layer is evaporated on top of the bottom resist.

• Third, a 300 nm thick, 950K PMMA 2% in chlorobenzene is spun on
top of Ge and baked for 10 minutes at 140◦C.

• The bottom and top resist layers have different sensitivities for e-
beam radiation, which enables a selective exposure by varying the
induced charge dose (400 µC/cm2 both layers, 100 µC/cm2 bottom
layer) by the e-beam using a low current beam of 40 pA (37 keV).
In this way large undercuts under the Ge layer are created, which
permits deposition of metals at large angles.

• After the sample pattern is written by e-beam, the top layer is devel-
oped in IPA:MIBK 3:1 for 45 seconds.

• This serves as a mask for the reactive ion etching of the Ge layer in
a CF4 plasma. The etching process (pressure 25 µBar at 40 W power
for 45 seconds) is monitored using a laser interferometer.

• Next, the bottom layer is developed in IPA:MIBK 3:1 for 50 seconds.

• In the last step the top layer and any remaining polymer in the narrow
openings are removed by oxygen plasma etching (pressure 9 µbar with
40 W power for ∼3 minutes).

3.2.2 Metal deposition and lift-off
The deposition of the metals (e.g. Py, Co, Al, Cu, Ge, Pt) is done in a
e-beam evaporator with a base pressure of 10−7 mbar with deposition rates
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of 0.1-1 nm/second. The principle of angle (shadow) evaporation technique
is shown in Fig. 3.2. A sample holder positioned upside down that can be
tilted and rotated is used. An example of the angle shadow evaporation
process is presented in the following. This device was fabricated by four-
angle evaporation of three different metals. Figure 3.3(left) shows a scanning
electron micrograph (SEM) of the Ge mask prepared as describe above (Tri-
layer resist), while the Fig. 3.3(right) shows the picture of the device. In the
Fig. 3.3(left) the black color corresponds to the regions where Ge is etched
and the whitish contour around the etched dark regions is the undercut.
As shown in Fig. 3.3(left), in the center of the device the carved undercut
formed a suspended Ge bridge. This is sustained by undeveloped resist
located away of the central region. First, 15 nm thick Au layer is deposited
from below under an angle of 45◦ with the substrate surface. In this way two
Au strip are formed, see the SEM picture. Second, an Al layer is deposited
from the left side under an angle of 65◦ and another Al layer from right side
under an angle of −65◦. In this way a continuous Al strip (40 nm thick)
underneath the suspended Ge bridge is formed. Third, without breaking
the vacuum, an Al2O3 oxide layer is formed at the Al surface by exposing
the sample to 2 · 10−2 mbar pressure of pure O2 for few minutes. Next, a
Co (60 nm thick) layer is deposited from the top under an angle of −45◦ in
such way that overlaps with the Au strips deposited first.

The final step in the fabrication process is lift-off. In this step the
remaining resist is dissolved by immersing the sample in hot (50◦C) acetone
for 15 minutes. Then, the sample is rinsed in cold acetone and dried with a
nitrogen flow. Figure 3.3(right) shows a SEM image of a device after lift-off.

 

Suspended mask 

Ballast 

Substrate 

h 

θ 

d 

θ’ 

Figure 3.2: The principle of shadow (angle) evaporation technique. Left,
the evaporations are done one perpendicular and one under an angle θ, the
resulting structures are shifted by a distance d. Right, at large angles the
metal is deposited onto the side wall of the resist, and therefore removed
upon lift-off [1].
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Figure 3.3: Left, top view of the suspended Ge mask design to fabricate
a lateral spin valve device shown in the right panel, via four angle shadow
evaporation process. The dark regions which appear in the electron micro-
graph correspond to regions where the Ge is etched (openings in Ge). The
metal deposition angles are as shown. Right, a SEM image of the finished
device which consist of a strip of Al crossed by a Au and a Co strip.

3.3 Fabrication procedure for the individual sam-
ples

In this section we describe in detail the fabrication process of two different
types of devices studied in this thesis, Device A and Device B. For the
Device B type, the angle evaporation technique was used in the fabrication
process. Devices are fabricated on p-doped Si wafers with a 500 nm thick
thermally grown SiO2 insulating layer on the top.

3.3.1 Device A

The Device A fabrication necessitates four separate EBL steps for the
different circuitry parts. The device consists of a single permalloy strip
connected by four (see Chapter 6) or two (see Chapter 5 and Chapter 7)
nonmagnetic leads for ac and dc measurements. Close to the ferromagnetic
strip a thick metallic wire, i.e coplanar strip waveguide (CSW), is used for
ac magnetic field generation. We proceed as follows:

step 1: CSW and contacts. A 2′′ Si wafer is cleaved into small chips (∼2×2
cm). One chip is cleaned with hot acetone for 5 minutes, then placed
on a hotplate at 150◦C for 5 minutes. 950K PMMA (AllResist AR-P
671.04) 2% in chlorobenzene, is spun at 4000 rpm (300-400 nm thick)
for 60 seconds and subsequently baked at 170◦C for 30 minutes. Here,
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only one resist layer is used because the metal is evaporated perpen-
dicular and the undercut is not crucial. Then the design (pattern) is
written into the resist by focused e-beam, for this step we use a probe
current of 1 nA (with 10 keV) and a magnification of 50×. We de-
veloped in a 3:1 (IPA:MIBK) solution for 60 seconds. The developed
chip is loaded into the e-beam evaporator, and 3 nm Ti and 150 nm
Au are deposited. Ti creates a good adhesion of the Au layer. A 150
nm thick Au film is necessary for the CSW in order to allow a high
density ac current to pass trough it. After lift-off in acetone about
6×2 patterns are created, each consists of 4 wirebond pads continued
with leads, 4 markers and a CSW, see Fig. 3.4(left). Markers are
necessary for alignment in subsequent EBL steps.

step 2: Permalloy strip. We use same resist system as is step 1, e-beam with
a probe current of 19 pA and 500× magnification, e-gun evaporation
and lift-off to deposit a single permalloy strip, 20-40 nm thick with
0.3×3 µm2 lateral size, see Fig. 3.4(right).

step 3: Pt electrodes. Next, the conventional bi-layer resist (described in
Fig. 3.1) is used. It is necessary to use as a bottom layer PMMA
2010 dissolved in n-butyl acetate in order to prevent the milling of the
Py surface. Prior to deposition of the 30 - 60 nm thick Pt contacts
layer (Fig. 3.4(right)), the Py surface is insitu cleaned by Argon ion
milling, using an acceleration voltage of 500 V with a current of 10
mA for 30 seconds, removing the oxide and few nm of Py material to
ensure transparent contacts. A gentle lift-off process is required.

step 4: Al electrodes. Same conventional PMMA bi-layer resist as in the
previous step is used. An 170 nm thick Al layer is deposited to connect
the Pt contact strips to Ti/Au leads. Insitu Ar etching is used prior
to the Al leads deposition to clean the Pt and Au surface.

Figure 3.4 shows SEM images of the device for the intermediate fabrication
steps.

3.3.2 Device B
EBL with angle evaporation technique was employed to fabricate Device
B type. The spin valve device Device B1 (see Chapter 4), consists of an
aluminium island connected by means of four cobalt electrodes through the
tunnel barriers. The Device B2 (see Chapter 8) consists of a cobalt strip
connected by four aluminium electrodes.

step 1: CSW and/or contacts. In the first step, 8 leads connected to
large bonding pads and two coplanar waveguides (only for Device
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Figure 3.4: SEM images of a lateral mesoscopic device, Device A. A series
of progressive magnification are shown. Left, overall view of the 2×2 mm
device, showing 4 wirebond pads and a coplanar strip waveguide (CSW), 150
nm gold thick. Middle, the gold leads coverage via aluminium leads (poor
visible) into the center of the device. The 4 markers used for alignment are
visible here. Right, close view of the central region which consists of a 35
nm thick permalloy ferromagnetic strip positioned close to the CSW and
contacted by four platinum strips.

B2) consisting of 5 nm Ti and 40 nm Au are fabricated using UV-
optical lithography and e-gun evaporation. We used a optimized op-
tical lithography recipe with a resolution down to ∼1 µm. However,
due to the low reproductivity factor and acquisition of a new e-beam
machine later we replaced UV-optical lithography step with e-beam
lithography.

step 2: Tri-layer resist. We used the conventional tri-layer resist process to
create a suspended Ge mask on top of 1.2 µm thick PMMA-MMA
base layer with precise predefined undercuts.

step 3 ′: Al strip, oxidization and Co electrodes. For Device B1, we
evaporated through the suspended mask 20 nm of Al at an angle of
35◦ to form a strip of 1 µm × 150 nm lateral size. Next, we expose
Al to pure oxygen at a pressure of 10−2 mbar for 10 minutes to form
a thin Al2O3 layer. In the last step, without breaking the vacuum,
four Co electrodes 50 nm thick are deposited perpendicular to the
substrate to connect the Al strip, see Fig. 3.5(a).

step 3 ′′: Co strip and Al electrodes. For Device B2, the metal deposition
is reversed. First a 40 nm thick Co strip with lateral size 2 µm ×
130 nm is evaporated perpendicular to the substrate, deposited close
and parallel to the coplanar waveguide. Next, in the same vacuum
cycle, four Al fingers are deposited under an angle of 28◦ to form
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clean contacts with the Co strip, see Fig. 3.5(b).

Figure 3.5: SEM images of the lateral spin valve devices, (a) Device B1 and
(b) Device B2. At the right, are close view of the central regions.

After lift-off, the chip is cut in 2.5×2.5 mm small chips, each containing
one complete device. The chips are glued to a standard 16 pin chip carrier.
Electrical connections from the chip to the chip-carrier are made by ultra-
sonic bonding using Al/Si(1%) wires. The high frequency connections are
made by a microwave probe.

3.4 Measurement techniques
Spin transport measurement in metals can be performed also at room tem-
perature. Except for the measurements presented in Chapter 4, all mea-
surements have been performed at room temperature.

The low frequency measurement electronics consists mainly of a lock-
in amplifier (Stanford Research 830) and a home made voltage to current
(V-I) convertor with a differential voltage amplifier. Four terminal current
controlled measurements (for low resistive devices) are done using standard
lock-in method: a reference ac voltage with a specific frequency from the
lock-in is fed to the V-I convertor, next depending on the control feed back
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resistance a current (10 nA to 1 mA rms) is sent to the device. The detected
voltage is amplified by the differential voltage amplifier (with common mode
rejection ratio of 120 dB) up to 104 and measured with the lock-in. Mea-
surements are controlled by using a GPIB interface to a computer running
LabView. At low temperatures the measurements have been performed in
a dilution refrigerator with base temperature of 100 mK. Noise filtering on
each wire is achieved by three RC low pass filters is series (each with 4 KΩ
resistance and 1 nf capacitance) and a copper powder filter. Higher mag-
netic fields up to 8 T are achieved with a superconducting magnet.
On-chip generation of microwave magnetic fields.
To generate high frequency signals a microwave signal generator (R&S
SMR40) is used which covers a frequency range from 10 MHz to 40 GHz and
for power detection a spectrum analyzer (R&S FSP40) with operating fre-
quencies from 9 KHz to 40 GHz with 1 Hz to 10 MHz resolution bandwidth.
The transmission rf lines which guide rf signals from the signal generator to

Figure 3.6: (a) Schematic diagram of the on chip coplanar strip waveguide
(CSW). The CSW is terminated by a narrow wire that shorts the two planes.
The wire acts as a shorted termination of the 50 Ω transmission line and
therefore the highest current density in the terminating short and thereby
generating a microwave magnetic field. (b) SEM picture of a device, visible
are the termination of the CSW as well as ferromagnetic strip connected
with four contacts. (c) Schematic drawing of the cross-section of the CSW
and ferromagnetic strip deposited on the top of the Si/SiO2 substrate.

termination with minimal losses consist of semirigid coaxial cables (Paster-
nack Enterprises, up to 26.5 GHz, non-magnetic), coplanar strip waveguide
(CSW) fabricated on-chip, and the connection between them. Special care
needs to be given to these connections in order to minimize reflections. This
is done via a microwave probe (GGB Industries, Picoprobe 40A, loss < 1
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dB, dc to 40 GHz).
A shorted CSW is used for generating a microwave magnetic field. The

shorted CSW consists of two sheets (signal and ground line) of metal shorted
at the end by a wire on the Si/SiO2 surface of our chip design to carry
electromagnetic fields in a large bandwidth over a long distance. Our EBL
fabricated gold CSWs have thicknesses from 150 up to 300 nm. The CSW is
designed to match 50 Ω characteristic impedance of the coax line, up to the
shorted end, to minimize power loss due to reflections. We have done this
by introducing a tapering in the wave guide structure. This is possible by
changing the dimensions a and b (see Fig. 3.6(a)) but keeping the ratio (a/b)
constant. We estimate this geometrical factor, using Ref. [3], to be 0.035.
Since the end wire has an resistance of 1-5 Ω less than the characteristic
impedance, it represents a shorted termination and the current is maximum
at the wire. As shown in Fig. 3.6(c), by sending an alternating current
trough an CSW an oscillating magnetic field is generated. By placing a
ferromagnetic strip within one wavelength (which is a few mm at 30 GHz)
from the wire, the ferromagnetic strip is in the near-field region and the
electric field and magnetic field distribution produced by the ac current
should be the same as for a dc current [4]. At a distance r (smaller than the
wavelength) from the center of the wire, a current I through a wire with
circular cross-section thus produces a magnetic field brf = µ0I/2πr, and no
electric field (µ0 is the magnetic susceptibility in vacuum). If the wire is
located at 1 µm away from the strip, we need a current of about 10 mA
(9 dBm, rf power) to produce a 1 mT microwave field. Energy dissipation
by high frequency currents in transmission lines takes place through ohmic,
dielectric and radiation losses [4]. In our case the cross-section of the shorted
wire is so small that the on-chip ohmic losses dominate; which are of the
order of 10 µW for I=1 mA [5].
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Chapter 4

Spin accumulation probed in
multiterminal lateral all-metallic

devices

We study spin accumulation in an aluminium island, in which the dc injec-
tion of a spin current and the detection of the spin accumulation are done
by means of four cobalt electrodes that connect to the island through tunnel
barriers. Although the four electrodes are designed as two electrode pairs
of the same shape, they nonetheless all exhibit distinct switching fields.
As a result the device can have several different magnetic configurations.
From the measurements of the amplitude of the spin accumulation, we can
identify these configurations, and using the diffusion equation for the spin
imbalance, we extract the spin relaxation length λsf = 400± 50 nm and an
interface spin current polarization P = (10 ± 1)% at low temperature and
λsf = 350± 50 nm, P = (8± 1)% at room temperature.

4.1 Introduction
It is an interesting question what happens to the transport properties in
non-magnetic conductors if the carriers are spin polarized. This is both a
fundamental question in the field of spintronics and has also practical ap-
plications [1]. In an all-electrical setup, spin polarized carriers are injected
by driving a charge current from a ferromagnet into a paramagnetic con-
ductor. This induces an imbalance between the two spin populations, that,
for diffusive systems, extends over a distance of order λsf =

√
Dτsf from the

interface. τsf is the spin lifetime and D the electron diffusion constant for
the conductor. If a second ferromagnet is present within λsf from the injec-
tor, it can be used to detect the spin accumulation. In order to study spin

This chapter has been published in Physical Review B.
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polarized transport in a non-magnetic metal using a lateral device, a true
multi-terminal device is needed. By spatially separating the current path
from the voltage probes, one can distinguish between spin accumulation
and spurious interface-dependent phenomena. This technique, pioneered
by Johnson and Silsbee [2], has been successfully extended to the study of
spin transport in diverse systems, from metallic systems at low and room
temperature [3–7] to carbon nanotubes [8], and to a lesser extent, in semi-
conductors [9], superconductors [10] and organic materials [11]. In the case
of metallic systems, the interface between the ferromagnet and the metal
has been varied from transparent to tunneling. Valenzuela et al. [12] have
used a lateral spin valve device to probe the magnitude and sign of the po-
larization of a ferromagnet/Al2O3/Al contact as a function of the applied
bias voltage.

Figure 4.1: (Top) Scanning electron microscope (SEM) image of the device.
Visible are the Al island and the four Co contacts of two different widths:
the wider electrodes connecting the island at its ends, have a lower switching
field. (Bottom) The measurements are taken in the local and the non-local
configuration. In the local measuring configuration, a current I is injected
from Co1 to Co3 and the voltage difference V = V + − V − is detected
between Co2 and Co4. In the non-local measuring configuration, a current
I is injected from Co2 to Co1 and the voltage difference V = V + − V − is
detected between Co3 and Co4.

Recently, the spin accumulation in a diffusive Al island, with all lateral
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dimensions smaller than λsf has been studied [13]. The island is connected
to four Co electrodes via tunnel barriers for injection/detection of the spin
accumulation. However, this system suffers from several drawbacks such
as difficulty of fabrication and, more importantly, large magnetic fringing
fields at the end of the electrodes, which can affect the spin accumulation.
Also it is not straightforward to reduce the island’s volume to increase the
spin accumulation.

In this work, we focus on a 1-D system (only one lateral dimension
larger than λsf) in which an Al island is connected with four in-line Co
electrodes, as shown in Fig. 7.15. The orientation of the electrodes’ mag-
netization is pinned along the electrode axis in the substrate plane by the
shape anisotropy and can be switched by an external magnetic field in the
ŷ-direction. The inner/outer electrode pairs are designed to have different
widths. As the switching field is lower for the wider (outer) electrodes, we
have a control on the magnetization of the individual electrodes. However,
we will see that the switching fields for identically designed Co electrodes
may not be the same. This is due to the small differences produced during
the fabrication and to magnetic interactions between the electrodes ends.
Here, we study the spin accumulation as a result of the different orientations
of the four Co electrodes and we show how, from the magnitude of the spin
accumulation, we can infer the magnetic configuration of the electrodes, as
well as the polarization of the Co/Al2O3/Al contacts and the spin diffusion
length λsf in Al.

4.2 Theoretical model

The theoretical analysis of the spin imbalance in our Al strip is based on the
model for diffusive transport introduced by van Son et al. [14], Johnson and
Silsbee [15] and refined by Valet and Fert [16]: there transport was analyzed
for transparent ferromagnetic/non-magnetic (FM/N) interfaces. It was later
understood [17–20] that the efficiency of the injection, i.e. the ratio spin
polarized current to total current, can be increased by interposing a spin
dependent interface between FM and N, such as a high resistance tunnel
barrier.

To evaluate qualitatively the experimental results, we model the sys-
tem as i) one dimensional and we assume injectors and detectors to be
ii) collinear (parallel or antiparallel to ŷ), and iii) point-like. Assump-
tion i) and iii) are justified by the fact that previous measurements re-
ported λsf = 500 nm at RT, [4, 13], larger than the island’s and con-
tacts’ width, and ii) because shape anisotropy keeps the magnetization
in-plane and in the direction of the contact. The contacts’ positions of
Co1, Co2, Co3, Co4 electrodes to the Al island are at d1, d2, d3 and d4,
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with 0 ≤ d1 < d2 < d3 < d4 ≤ L. We assume that a charge current I is
injected at d2 and extracted at d1. As the injectors are ferromagnetic, the
injected charge current is partially spin polarized, Is = PiI, (P < 1 and
i = 1, 2). This produces a space dependent spin accumulation in the Al
island µ(x) = µ̃(x, d2) − µ̃(x, d1) (the minus sign because of the opposite
directions of the charge current) where µ̃ = (µ↑ − µ↓)/2. The spatial de-
pendence of µ(x) in the Al strip, can be calculated by solving the 1-D spin
coupled diffusion equation, Eq. 2.4, with boundary conditions ∂µ↑,↓/∂x = 0
at either ends of the island x = 0 or x = L, that is, no charge or spin current
at x = 0, L. The solution is given by [21]

µ̃(x, di) =
eλsfIPi

2σA

[
exp

(
−|x− di|

λsf

)
+ Ci exp

(
− x

λsf

)
+ Di exp

(
x− L

λsf

) ]

(4.1)
where σ and A are the conductivity and sectional area of the Al strip and
Ci and Di are given by

Ci =
cosh[(L− di)/λsf ]

sinh[L/λsf ]
Di =

cosh[di/λsf ]

sinh[L/λsf ]
(4.2)

In the limit L À λsf , one recovers the 1-D equation [4]

µ̃(x) =
eλsfIPi

2σA
exp(

−x

λsf

) (4.3)

and in the limit L ¿ λsf , one finds the 0-D expression [13]

µ̃0 =
τsfIPi

eN(EF )V
=

eλ2
sfIPi

σAL
(4.4)

If we assume that the ferromagnetic detectors positioned at d3 and d4

have polarization P3 and P4. We measure the difference of the detectors’
potentials at this points, V (d3)− V (d4) = V + − V −. Then the spin depen-
dent resistance is given by (V +−V −)/I = [P3µ(x = d3)−P4µ(x = d4)]/eI.
Note that in the local configuration, an Ohmic background contribution is
also expected.

4.3 Spin valve measurements
The devices (see Fig. 7.15) are made by e-beam lithography and two-angle
shadow mask evaporation process. The details on device fabrication are
given in the chapter 3. The resistance of the Al/Al2O3/Co tunnel junctions
ranges from 20 − 60 Ω · µm2, depending on the oxidation time. Measure-
ments of the interfaces conductance with the Al in the superconducting
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state revealed the possible presence of regions with high transparency at
the interface, so the transport through the contacts is not entirely by tun-
nelling [22]. As mentioned above, the inner/outer Co electrodes have been
designed to have different widths, with the outer contacts at 150 nm and
the inner ones at 80 nm. This allows us to independently flip the magneti-
zation direction of the electrodes, when an external magnetic field is slowly
swept (≈ 1–2 mT/second), along the contacts’ direction. Nevertheless, we
will present measurements in which sometimes the narrow contacts switch
at lower fields than the wider ones. Measurements were performed at about
2 K and at room temperature by standard ac lock-in techniques, with a
modulation frequency of 17 Hz, as describe in chapter 3. The measure-
ments presented here are taken in the local and the non-local configuration,
see Fig. 4.1. Note that due to the one-dimensional size of our Al strip, a non
vanishing spin dependent signal arises even if the injectors and detectors are
parallel.

4.3.1 Non-local spin valve configuration

In the non-local measuring configuration a current I is injected from Co2
to Co1 and a voltage V is detected between Co3 and Co4. Since no charge
current flows through the voltage detectors, our device is not sensitive to
interface or bulk magnetoresistance related effects [3], but only to the spin
degree of freedom.

Figure 4.2 shows two typical non-local spin valve measurements for dif-
ferent devices at low temperature. The plotted signal is (V + − V −)/I, as
a function of the in-plane (in the ŷ direction) magnetic field. Referring to
Figure 4.2(a) device A, at +200 mT, all contacts’ magnetization are aligned
parallel to the external magnetic field, in the +ŷ direction. We sweep the
magnetic field toward negative values. At -80 mT, the two larger electrodes,
namely Co1 and Co4, flip their magnetization (antiparallel configuration),
and the detected signal increase to 90 mΩ above a zero background. Upon
increasing the magnetic field further to -120 mT, the two smaller electrodes,
Co2 and Co3, flip, the magnetization of the four contacts is parallel again,
but now in the opposite direction (−ŷ). The reverse trace show a similar
behavior. Also for repeated sweeps, the field at which the magnetization
switching occurs is within 20 mT of the given values. Now, what happen if
all four Co electrodes switch their magnetization at different fields? Figure
4.2(b) shows such a measurement for device B. We interpret the additional
steps in the signal as the fingerprint of different magnetic configurations of
the electrodes. Again, at -170 mT, we start with a parallel configuration
of the Co electrodes and with a background level of +70 mΩ (the nature
of which is unknown). Ramping the field to positive values, at +75 mT,
Co1 flips, the injectors are antiparallel and the signal increase above the
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Figure 4.2: Non-local spin valve measurement: the transresistance V/I as
a function of the in-plane magnetic field for positive and negative sweep
direction. (a) Device A, two switch traces of the cobalt electrodes and (b)
Device B, four switch traces, at low temperature (2 K).

background level by +17 mΩ. At +90 mT the other largest electrode, Co4,
reverses, so that also the detectors are antiparallel to each other. The spin
signal increases now by +90 mΩ above the background level. At 106 mT,
Co3 strip flips, the detectors return to parallel and the signal drops by 20
mΩ below the background level. The electrodes stay in this configuration
until reaching a field of +120 mT, when the other smallest electrode, Co2,
switches and the signal reaches the background level. The sweep to negative
fields shows a similar behavior, with a difference in the value of the spin
signal, probably due to presence of the magnetic domains in the Co strips.

It is worth mentioning at this point that, given the symmetric positions
of the electrodes on the island, one cannot tell whether the electrode flipping
at the lowest field, for example in Fig. 4.2(b), is Co1 or Co4. This uncer-
tainty could have been avoided, for instance if the electrodes were arranged
in a wide, narrow, wide, narrow fashion (and if the switching field is deter-
mined by the lateral dimension of the electrode only). Figure 4.3 top panel
shows data for device C measured at room temperature. The behavior is
similar to that of device B. The spin signal of 6-7 mΩ is smaller due to a
lower spin relaxation length, and a somewhat smaller interface polarization
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Figure 4.3: (Top) Experimental data (dots) and fitting results (lines) using
eq.1 for non-local spin valve at room temperature, device C. The letters
a to d represent the different magnetic configurations as described below.
(Bottom) Spatial dependence of µ↑ and µ↓ electrochemical potentials in the
Al island for the magnetic configurations a to d, as in the top panel. The
filled (open) dots indicate the potential measured by the V + and V − probes.

at room temperature. For both positive and negative sweep directions of
the magnetic field, we identify five magnetic configurations, a, b, c+, c– and
d.

To clearly illustrate the spin contributions in different magnetic config-
urations, we refer to Fig. 4.3 (Bottom). Here we show schematically the
spatial dependence of the spin-up (µ↑) and spin-down (µ↓) chemical po-
tentials in the Al island, for the different magnetic configurations, when a
charge current is injected from I+ to I−. V + and V − represent the position
of the voltage probes. Let us assume, for the moment, the contacts to be
100% spin polarized: V +, V − would detect either µ↑ or µ↓, according to the
magnetization direction of the contact.

In the configuration a in which all contacts are parallel, and the spin
related signal arises from the spatial dependence of µ↓(x).

When Co1 flips, configuration b, the injectors are antiparallel, a non-
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uniform spin accumulation is present in the Al island, and relaxes from the
points of injection, giving rise to a spin current Is ∝ σN · ∇(µ↑ − µ↓). Note
that the charge current I ∝ ∇(µ↑+µ↓) at Co3 and Co4 is absent. Although
the detectors are still parallel and sensitive only to spin down channel, the
signal is somewhat larger than in configuration (a), as it can be seen in the
measurement, by 1.6 mΩ.

When Co4 reverses, configuration c+ (black dots), also the detectors are
antiparallel, the V + electrode detects µ↓ and V −, µ↑. In this configuration,
with both injectors and detectors antiparallel to each other, we obtain the
highest spin contribution, that is 6 mΩ in our measurement. When also Co3
flips, configuration d, the detectors now measure the spatial dependence of
µ↑, so that the magnitude of the signal is the same as in configuration b but
with opposite sign. In the reverse trace, configuration c– (open dots) the
notable difference is that Co3 flips before Co4 and the signal changes sign
as V + is sensitive to spin up while I+ injects spin down electrons.
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Figure 4.4: Non-local spin accumulation at room temperature, device D.
The fitting based on Eq. (4.1) returns λsf = (350±50) nm and a polarization
of P = (8± 1)%.

In the fitting of the data using Eq. 4.1, the free parameters are |Pi| = P
and λsf , the position of the electrodes are as determined from the SEM
micrographs. Also, a constant background is added to the calculated signal.
We find at low temperature a spin diffusion length λsf = 400±50 nm and an
interface polarization P = (10± 1)% and λsf = 350± 50 nm, P = (8± 1)%
at room temperature. Both these values are slightly smaller than previously
found [4, 12, 13]: for the polarization, due to the nonuniform tunnel barriers
in our devices [22]; for λsf , probably because of the enhanced spin flip rate
at the Al surface [23].

Figure 4.4 shows a non-local spin valve measurement at room tempera-
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ture for device D. We observe, while sweeping at positive fields, at around
+14 mT, an extra step in the signal and we interpret this as Co4 flipping
its magnetization through an intermediate step. We also note in the reverse
trace that Co3 reverses before Co4. Also here, the fit follows well the ex-
perimental data: this implies that all junctions have the same polarization.

4.3.2 Local spin valve configuration

Figure 4.5: (Top) Spin valve data in the local measuring configuration at low
temperature, device E. The letters a to e represent the different magnetic
configurations. (Bottom) Spatial dependence of µ↑ and µ↓ electrochemical
potentials in the Al island for the magnetic configurations a to e, as in the
top panel. The filled dots indicate the potential measured by the V + and
V − probes.

In addition, we performed spin valve measurements in the local mea-
suring configuration. Here, a current I is injected from Co1 to Co3 and a
voltage V is detected between Co2 and Co4. The result is shown in Fig.
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4.5. A similar behavior as for non-local configuration is visible with a spin
signal of 130 mΩ on the top of an Ohmic background contribution of 1.8 Ω.
For both positive and negative sweep directions of the magnetic field, we
identify five magnetic configurations, a, b, c, d and e. Figure 4.5(Bottom)
shows schematically the spatial dependence of the spin-up (µ↑) and spin-
down (µ↓) chemical potentials in the Al island, for the a-e magnetic config-
urations. Also here, we can identify the spin contributions in these different
magnetic configurations.

4.4 Conclusions
In summary, we have studied spin accumulation in an Al island, connected
by four Co electrodes through low resistance junctions. Due to the small
differences produced during the fabrication and to magnetic interactions be-
tween the Co electrodes ends, the switching fields for identically designed Co
electrodes may not be the same. From the measurements of the amplitude
of the spin accumulation we can identify the sequence of the magnetization
switching of the ferromagnetic contacts. The analysis based on Eq. (4.1)
allows us to extract λsf and P .
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Chapter 5

On-chip detection of
ferromagnetic resonance of a
single submicron permalloy

strip

We measured ferromagnetic resonance of a single submicron ferromagnetic
strip, embedded in an on-chip microwave transmission line device. The
method used is based on detection of the oscillating magnetic flux due to
the magnetization dynamics, with an inductive pick-up loop. The depen-
dence of the resonance frequency on applied static magnetic field agrees very
well with the Kittel formula, demonstrating that the uniform magnetization
precession mode is being driven.

5.1 Introduction

Recent discoveries of novel phenomena in mesoscopic systems containing
nanomagnets pave the way to new spintronics devices[1–3]. Brataas et al. [4]
proposed a new application of ferromagnetic resonance (FMR), a so-called
spin battery. In such a device, a spin current flows into a paramagnetic
metal from its interface with a precessing ferromagnet, which is resonantly
driven with an rf magnetic field. A number of experiments [5–10], have
been used to measure FMR on thin ferromagnetic films or on ensembles of
small ferromagnets. This work measured rf-power transmission or absorp-
tion with a coplanar waveguide with ferromagnetic material on top of it,
or with ferromagnetic material in a microwave cavity. However, these mea-
surements do not provide enough sensitivity to measure FMR of a single

This chapter has been published in Applied Physics Letters.
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permalloy strip

submicron ferromagnetic strip, and cannot be implemented into a lateral
multi-terminal device needed for a spin battery device.

We present here experiments which detect FMR of a single submicron
permalloy (Ni80Fe20, or Py) strip, and show that driving of a Py strip with
an external rf field can result in resonant excitation of pure uniform mag-
netization precession, unlike earlier work on Co strips [11], where mainly
domain wall resonances and possibly spin wave modes were excited. We
studied microwave transmission in a setup with two on-chip coplanar strip
wave guides (CSW), see Fig. 5.1. The waveguide with the short at its end
is used for generation of a high-amplitude, localized rf magnetic field hrf (t).
This is used for driving the magnetization of a submicron Py strip, that is
embedded in a small pick-up coil. Oscillations of the magnetic flux in this
coil induce a microwave signal in the second CSW, of which the power is
detected with a spectrum analyzer [12]. Besides a contribution from the
driving field (the source flux), we find that precession of the strip’s mag-
netization gives a contribution (the FMR flux) to the flux in the pick-up
coil (superposition of source flux and FMR flux), and that this can be used
as a highly sensitive probe for FMR of an individual nanomagnet. Mea-
surements are done by slowly sweeping a static magnetic field H0 applied
along the Py strip and perpendicular to hrf , while the generated power at
the applied rf frequency was measured by a spectrum analyzer [12]. All the
measurements are done at room temperature.

Note, however, that symmetry arguments predict that this type of FMR
signals should be zero for our geometry. Upon precession, the magnetization
has oscillating components transverse to its equilibrium direction (parallel
to the strip’s easy axis). For these, the component in the device plane does
nominally not result in field lines that pierce the loop. For the out-of-plane
component, the flux coming out of the top surface of the strip exactly equals
the flux piercing the surrounding sample plane, and the field falls of rapidly
with increasing distance from the strip. Consequently, also this component
does not cause a flux in the loop if the loop’s boundary is assumed to coincide
exactly with the strip’s central axis. Our FMR signals are due to deviations
from these exact symmetries, which are hard to quantify for devices that
we can realize at this stage. Based on the details of our geometry, we
believe that the non-zero flux coupling is dominated by the out-of-plane
component. Note that the Py strip position is slightly off-center relative to
the Cu contacts, see Fig. 5.1(b).

The devices were fabricated by evaporating a Py strip (25 nm thick,
0.3 × 3 µ m2 lateral size) at 2.5 µm distance from the shorted-end of the
CSW, and connecting it with Cu leads (80 nm thick) to the other CSW. For
Py and Cu e-beam lithography and lift-off was used. The CSW structures
were made of Au (300 nm thick) by means of optical lithography on a
lightly doped silicon wafer with a 500 nm thermal oxide surface layer. The
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Figure 5.1: (a) Schematic diagram of the device. On the left side an rf
current is driven through the shorted end of the coplanar strip, which gen-
erates an rf magnetic field hrf (Biot-Savart law). On the right, a loop that
contains a submicron Py strip is connected to another coplanar strip. RF
power that results from oscillating magnetic flux in this loop is measured
with a spectrum analyzer. Magnetization precession of the Py strip con-
tributes a magnetic field hFMR to the total magnetic field. (b) Scanning
electron microscope picture of central part of the device (rotated by 90◦

with respect to the upper figure).

two CSW are designed to have 50 Ω impedance [13] and connected by means
of microwave picoprobes to the rf signal generator and spectrum analyzer.
For all measurements the output power of the signal generator was set at
20 dBm (100 mW), the power that reaches the sample, however, is reduced
by a few dB.

5.2 Results and discussion
Figure 5.2(b) shows a typical output signal as a function of the static mag-
netic field (H0), taken for an applied rf frequency of 8 GHz. Two well defined
20 µV dips at H0 = ±80 mT are observed on top of a few mV background.
By measuring the transmitted power on a chip without the ferromagnetic
strip, it was found that the background signal is unrelated to FMR, and
due to a parasitic capacitive coupling between the two CSW (also discussed
later). Figure 5.2(d) shows the position of the dip for different frequen-
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Figure 5.2: (a), (b) and (c) Measured ac voltage as a function of static
magnetic field for an applied rf magnetic field at frequency 5 GHz, 8 GHz
and 11 GHz. (d) The static magnetic field dependence of the resonance
frequency, as derived from the dips in the ac voltage versus magnetic field.
The squares represent the experimental data, the curve is a fit to the data
using the Kittel formula.

cies of the rf field as a function of the static applied field. The squares
correspond to the experimental data, while the solid line is a fit with the
Kittel formula for the uniform precession mode [14]: ω2

0 = γ2H0 (H0 + MS),
where γ is the gyromagnetic ratio (same as Eq. 2.28 with Ny=0 and Nz=1).
From the fit, the saturation magnetization of the Py strip was found to be
about µ0MS= 1 T and the gyromagnetic ratio γ= 176 GHz/T, consistent
with earlier reports [7]. The excellent fit demonstrates that the magneti-
zation vector of the Py strip was driven in the uniform precession mode.
The amplitude of the FMR signature was measured as a function of the
amplitude of the rf driving field at 9 GHz (Fig. 5.3), showing a linear de-
pendence. The voltages out of resonance (but close to FMR dips) are taken
as background and subtracted from the data. The magnetization preces-
sion around the direction of an effective field ~Heff only results in a small
time-dependent component of the magnetization perpendicular to the easy
axis ~M (t) = mx (t) · x̂ + my (t) · ŷ + MS · ẑ that can be described by the
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Figure 5.3: Measured ac voltage as a function of static magnetic field for a
sequence of amplitudes of the rf driving field, at 9 GHz. The inset shows a
linear dependence for the amplitude of the FMR signature in the measured
ac voltage on the amplitude of the driving field (applied rf voltages scale is
used, derived from the applied power assuming 50 Ω load impedance).

linearized Landau Lifschitz Gilbert (LLG) Eq. [15]

d ~M

dt
= −γ

[
~M × ~Heff

]
+

α

MS

[
~M × d ~M

dt

]
(5.1)

where α is the dimensionless Gilbert damping parameter. We solved this
equation under the assumption that the strip can be treated as a single do-
main thin film with a demagnetizing field only in the out-of-plane direction
and the crystal anisotropy field is neglected, thus the effective field can be
written as ~Heff = [−my (t) + hrf (t)] · ŷ + H0 · ẑ.

The solution of this equation can be presented as the magnetic suscep-
tibility tensor χij (ω). In our particular case only χxy and χyy components
are required and since we assume that the out-of-plane component of mag-
netization dominates the magnetic flux contribution in the loop, the χxy

can be excluded due to symmetry consideration [16]. The χyy has a form
(further tensor indices are omitted for simplicity)

χ (ω) = γMS
γH0 + iωα

ω2 − ω2
0 − iωαγ (2H0 + MS)

(5.2)

In Figure 5.4(d), we plot the real and imaginary parts of magnetic sus-
ceptibility as a function of the static magnetic field (H0) for an rf field of 8
GHz frequency, with γ=176 GHz/T, µ0MS= 1 T and α= 0.015. The imagi-
nary part of χ (ω) describes the out-of phase magnetization precession. This
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results in the absorption peak observed in conventional FMR experiments,
with a linewidth increasing linearly with frequency and being a function of
α. Figures 5.4(a)-(c) show the measured signal around the resonant fre-
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Figure 5.4: (a),(b),(c) Measured ac voltage as a function of the static mag-
netic field, around the resonance position for the frequencies 4 GHz, 8 GHz
and 14 GHz, shown by squares. The line is the fit to the data using equation
(5.3) (with the value for ϕ in the plot). (d) The real and the imaginary
parts of the susceptibility χ calculated using equation (5.2) for rf field fre-
quency 8 GHz, γ= 176 GHz/T, MS= 1 T and α= 0.015.

quency for three typical rf frequencies 4, 8, and 14 GHz (the squares) from
a different sample. We note here that the FMR dip shape changes from a
Lorentzian to a more complex shape as the frequency changes. This is due
to a parasitic capacitive coupling between the two CSW, meaning that there
is an extra contribution to the voltage created by the applied rf field. This
can also be understood as a phase shift (ϕ) between the voltage created by
the source flux and the voltage due to the FMR flux. We fit the change in
voltage observed at resonance using the following function:

∆V (ω) ∝ A(ω) · (Im[χ(ω)] · cos(ϕ) + Re[χ(ω)]sin(ϕ)) (5.3)

where A(ω) depends on the amplitude of the hrf and on the coupling be-
tween the time dependent magnetization and the FMR flux generated by
this. With A(ω) and ϕ as fit parameters, all the measured signals could be
fit very well Fig. 5.4 (a)-(c). These fits allow us to determine the Gilbert
damping parameter, which was found to be α= 0.015 ± 0.005. This value
is larger than the value α= 0.007 commonly accepted for a thin film of Py
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[6, 17]. Our higher value can be due to the spatial inhomogeneities of the
driving field hrf and magnetic inhomogeneities at the strip edges [9].

Finally, we turn to estimating the precession cone angle, an important
parameter for the spin battery proposal. An upper limit can be estimated
by assuming that all the rf power from the signal generator leads to rf
current in the short at the end of the left CSW. The the rf field amplitude
driving the strip is then ∼ 3.8 mT, which gives a precession cone angle of
θy ≈ hrf/(αMS) = 13◦. A lower limit can be obtained from the amplitude
∆V of the resonances in the measured ac voltage, θy = ∆V/(ω · S · MS),
where S is the effective coupling area of the asymmetries that lead to non-
zero flux coupling. If we assume an upper limit for this asymmetry of a
reasonable fraction of the strip’s surface, 3000 × 10 nm2, a measured ac
voltage amplitude of 20 µV at 10 Ghz gives a cone angle of θy = 2.5◦. This
indicates that the cone angle is a few degrees in our experiment. Further
examination and modelling of the asymmetries that lead to non-zero flux
coupling and the microwave circuitry is needed for a better understanding
of the magnitude of the measured signal.

5.3 Conclusions

In summary, we demonstrated the resonant excitation and detection of the
ferromagnetic resonance uniform mode of a single submicron ferromagnetic
strip, embedded in an on-chip microwave transmission line device. We ob-
tain a precession cone angle of a few degrees, and a Gilbert damping param-
eter α= 0.015 ± 0.005. These results are promising for further studies on
new mechanisms for controlling magnetization and electron spins in lateral
nanodevices at high frequencies, as for example the spin pumping proposal.
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Chapter 6

Large cone angle magnetization
precession of an individual

nanopatterned ferromagnet with
dc electrical detection

The ferromagnetic resonant state of an individual, nanopatterned permalloy
element has been detected by measuring its anisotropic magnetoresistance.
Here, we demonstrate on-chip resonant driving of large cone-angle magne-
tization precession of an individual nanoscale permalloy element. Strong
driving is realized by locating the element in close proximity to the shorted
end of a coplanar strip waveguide, which generates a microwave magnetic
field. We used a microwave frequency modulation method to accurately
measure resonant changes of the dc anisotropic magnetoresistance. Pre-
cession cone angles up to 9◦ are determined with better than one degree
of resolution. The resonance peak shape is well-described by the Landau-
Lifshitz-Gilbert equation. Dc voltages due to the ac components of the
resistance are also measured due to rectification with induced ac currents
in the sample.

6.1 Introduction
The microwave-frequency magnetization dynamics of nanoscale ferromag-
netic elements is of critical importance to applications in spintronics. Pre-
cessional switching using ferromagnetic resonance of magnetic memory el-
ements [1], and the interaction between spin currents and magnetization
dynamics are examples [2]. To understand the behavior of these small fer-
romagnets, it is necessary to measure the dynamical magnetization param-

The main results of this chapter have been published in Applied Physics Letters.
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eters and particularly the angle of precession. This kind of information can
be obtained by ferromagnetic resonance (FMR) experiments, in which typ-
ically it is the absorption spectra of the applied microwave power that is
measured, which requires a significant amount of absorbing material in order
to obtain reasonable signals. Thus ensembles of identical elements deposited
directly onto a coplanar waveguide have been studied [3]. More common for
spintronics applications is the use of time-resolved Kerr microscopy [4, 5]
to directly image the magnetization dynamics of a ferromagnetic element,
however it is difficult to extend this technique to very small submicron size
scales. For device applications, methods are needed to reliably drive large
angle magnetization precession and to electrically probe the precession angle
in a straightforward way.

Figure 6.1: (a) Schematic diagram of the device. (b) Scanning electron
microscope image of device with four contacts.

In other recent experiments, dc voltages have been measured in nanoscale,
multilayer pillar structures that are related to the resonant precessional
motion of one of the magnetic layers in the pillar [6, 7]. In one case the
dc voltage is generated by rectification between the microwave current ap-
plied through the structure and its time-dependent giant magnetoresistance
(GMR) effect [7]. Similar voltages have been observed for a long Py strip
that intersects the shorted end of a coplanar strip waveguide, which was
related in part to rectification between microwave currents flowing into the
Py strip and the time-dependent AMR [8].

We present here strong on-chip resonant driving of the uniform magneti-
zation precession mode of an individual nanoscale permalloy (Py) strip, see
Fig. 6.1. The precession cone angle is extracted via dc measurement of the
anisotropic magnetoresistance (AMR), with angular resolution as precise as
one degree. An important conclusion from these results is that large preces-
sion cone angles (up to 9◦ in this study [9]) can be achieved and detected,
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which is a key ingredient for research on spin pumping effect [10, 11]. More-
over, measurements with an offset angle between an applied field and the
equilibrium direction of the magnetization show dc voltage signals even in
the absence of applied dc current, due to the rectification between induced
ac currents in the strip and the time-dependent AMR.

In the previous chapter we have demonstrated the detection of FMR in
an individual, nanoscale Py strip, located in close proximity to the shorted
end of a coplanar strip waveguide (CSW), by measuring the induced mi-
crowave voltage across the strip in response to microwave power applied
to the CSW [12]. However, detailed knowledge of the inductive coupling
between the strip and the CSW is required for a full analysis of the FMR
peak shape, and the precession cone angle could not be quantified.

In the AMR effect (see Fig. 6.2(a)), the resistance depends on the
angle θ between the current and the direction of the magnetization as:
R(θ) = R0 − ∆R sin2 θ, where R0 is the resistance of the strip when the
magnetization is parallel to the direction of the current and ∆R is the
difference between the resistance when magnetization is parallel to the cur-
rent (along the axis of the strip) and when it is perpendicular. When the
dc current and the equilibrium magnetization direction are parallel and the
magnetization of the Py undergoes circular, resonant precession about the
equilibrium direction, the dc resistance will decrease by ∆R sin2 θc, where
θc is the cone angle of the precession. Since the shape anisotropy of our
Py strip causes deviation from circular precession, θc is an average angle of
precession.

In chapter 2 the angle was calculated by using the relation sin θc(t) '
θc(t) = 1

ms

√
m2

y + m2
z. We have found that θ2

c can be written as the sum of a
time-independent term and terms with time-dependence at twice the driving

frequency, θ2
c = θ2

dc + θ2
c (2ωt), where θ2

dc = 1
2

(
h1

ms

)2 (
χ′2y + χ′′2y + χ′2z + χ′′2z

)
.

Evaluating this angle gives:

θ2
dc =

1

2

(
h1

2hc + ms

)2 1 +
(

γ
ω

)2
(hc + Nyms)

2

(
γ
ω

)2
(h0 − hc)

2 + α2
. (6.1)

The resonance field hc for the uniform precessional mode is related to ω
by Kittel’s equation [13]

ω2 = γ2µ2
0 (hc + (1−Ny) ms) (hc + Nyms) . (6.2)

The change in dc voltage due to the AMR effect is then V = Idc∆R sin2 θdc '
Idc∆Rθ2

dc. Evaluating θ2
dc gives the result

V = A
1(

γµ0

ω

)2
(h0 − hc)

2 + α2
, (6.3)
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where A = 1
2
Idc∆R( h1

2hc+ms
)2(1 + (γµ0

ω
)2(hc + Nyms)

2). Eq. 6.3 has a simple

functional form A
(
(x− xc)

2 + α2
)−1

. Thus, normalizing the dc magnetic

field to the frequency (x ≡ γh0

ω
) provides a handy way to fit our data [14].

6.2 Experimental results

6.2.1 Device layout
Figure 6.1(a) shows the schematic diagram of the device used in the AMR
experiment. A Py strip is located adjacent to the shorted end of a coplanar
strip waveguide (CSW) and contacted with four in-line Pt leads. The CSW,
Py strip, and Pt leads were fabricated on a Si/SiO2 substrate in separate
steps by conventional e-beam lithography, e-beam deposition, and lift-off
techniques (details of the fabrication techniques can be found in chapter
3). The CSW and most of the contact circuit and bonding pads for the
strip consisted of 150 nm Au on 5 nm Ti adhesion layer. Figure 6.1(b)
shows an SEM image of the 35 nm thick Py strip, with dimensions 3× 0.3
µm2 and the 50 nm thick Pt contacts (the Py surface was cleaned by Ar
ion milling prior to Pt deposition, to insure good metallic contacts). Pt
was chosen so as to avoid picking up voltages due to the spin pumping
effect [10, 11]. In general a microwave power of 9 dBm was applied from a
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Figure 6.2: (a) The AMR of a typical device, as a function of an in-plane
magnetic field h0 applied parallel (top curve) and perpendicular (bottom
curve) to the Py strip. (b) Direct measurements of resonance cone angle
using AMR for given frequencies of the h1 field.

microwave generator and coupled to the CSW (designed to have a nominal
50 Ω impedance) via electrical contact with a microwave probe. This drives



6.2. Experimental results 65

a microwave-frequency current of order 10 mA through the CSW, achieving
the highest current density in the terminating short and thereby generating
a microwave magnetic field h1 of order 1 mT normal to the surface at the
location of the strip. A dc magnetic field h0 is applied along the axis of the
strip, perpendicular to h1. In this geometry we have previously shown that
we can drive the uniform FMR precessional mode of the Py strip [12]. All
measurements were performed at room temperature.

6.2.2 AMR measurements, no rf applied

Using a standard lock-in technique, a 5 µA ac current at a frequency of
17Hz was sent through the Py strip via the outer contacts, while the voltage
between the inner contacts was measured as a function of the h0 applied
parallel and perpendicular to the long axis of the strip, see Fig. 6.2(a). An
AMR response of ∆R

R0
∼ 1.7% was determined for the strip. This calibration

of the AMR response will allow accurate determination of the precessional
cone angle, as described below.

6.2.3 AMR measurements, with rf applied

Next the measurements are carried out as before, but in addition the mi-
crowave field h1 is applied. Figure 6.2(b) shows traces of the resistance as
a function of the h0 applied long axis of the strip (sweeping from −0.4 to
+0.4 T) at four different driving rf frequencies (rf power) 10 GHz (13 dBm),
12 GHz (12 dBm), 14 GHz (12 dBm) and 16 GHz (11.5 dBm). Clear dips
in the resistance signal are observed at particular values of the static mag-
netic field, which scales with the driving frequency (see further discussion).
These correspond to a cone angle θc ' 6 − 8◦. We find, however, that the
peak shapes are difficult to fit accurately. The current can of course be
increased substantially, but we find the limiting factor to be due more to
the large background resistance R0 that contributes to drift and noise in
the experiment.

In order to achieve good detection sensitivity, and to better isolate sig-
nals due to the resonance state, removing the background resistance signal
due to R0 and dc voltage offsets in the amplifier, the measurements are
done using a microwave frequency modulation method. In this method, the
frequency of the microwave field is alternated between two different values
5 GHz apart, while a dc current is applied through the outer contacts to the
strip. A lock-in amplifier is referenced to the frequency of this alternation
(at 17 Hz), and thus measures the difference in dc voltage across the inner
contacts between the two frequencies, V = V (fhigh)−V (flow). Only the ad-
ditional voltage given by the FMR-enhanced AMR effect will be measured
when one of the microwave frequencies is in resonance. A diagram of this
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Figure 6.3: (a) Dc voltage measured at Idc = 400µA as a function of h0

using the frequency modulation technique, where each curve represents V =
V (fhigh)−V (flow), with flow,high increasing in 1 GHz increments, and fhigh−
flow always 5 GHz. The curves are offset by 700 nV for clarity. (b) The
peak at flow = 10.5 GHz for a number of currents between -300 and 300
µA. (c) The peak height from the data in (b) plotted vs. the current. The
line is a linear fit to the data.

method is shown in the next chapter Fig. 7.2(b).

Figure 6.3(a) shows a series of voltage vs field curves in which both flow

and fhigh are incremented in 1 GHz intervals, at a constant dc current of
400 µA and using 9 dBm rf power. We focus here on the 9 dBm data, since
we can apply this power over the entire 10 to 25 GHz bandwidth [9]. The
curves feature dips and peaks at magnetic field magnitudes corresponding
to the magnetic resonant condition with either fhigh or flow, respectively.
In Fig. 6.3(b) we focus on the peak for f = 10.5 GHz, and show curves
for different currents ranging from -300 to +300 µA. The peak height scales
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linearly with the current as expected for a resistive effect (Fig. 6.3(c)). The
linear dependence shows that there is no obvious heating effect up to 400
µA. From the slope of 1.325 mΩ we obtain an average cone angle θc = 4.35◦

(at 9 dBm) for this frequency.

Interestingly, in Fig. 6.3(b) a small, somewhat off-center dip is observed
even for zero applied current, giving an intercept of −30 nV in Fig. 6.3(c).
We will discuss this in detail in the next section.
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Figure 6.4: (a) Resonant peaks at various frequencies ranging from 10.5 to
21.5 GHz in 1 GHz steps, as a function of the field h0 normalized to the
frequency. Solid lines are the fits of Eq. 6.3 to the data. (b) The frequency
of the peak vs. its center position hc. The line is a fit of Eq. 6.2 to the
data. (c) The field h1 calculated from the fit coefficients to the data in (a)
and (b), as a function of frequency.

Each peak from the data shown in Fig. 6.3(b) has been averaged with
peaks at the same frequency, and replotted in Fig. 6.4(a) as a function of
γ
ω
µ0h0. The solid lines are fits of Eq. 6.3 to the data, in which A and hc are

free fit parameters for each curve, and we have required α to be the same
for all of the peaks, resulting in a best-fit value α = 0.0104. A plot of the
frequency vs the center position of each peak hc is shown in Fig. 6.4(b).
The excellent fit of Eq. 6.2 to the data verifies that this is the uniform
precessional mode, and yields values of µ0ms = 1.06 T and Ny = 0.097 as
fit parameters. In contrast to the results of the previous chapter, finite Ny

is required for a good fit to the data. However, note that Ny is still ten
times smaller than Nz. A rough estimate of Ny is thickness/width, and the
smaller thickness of the Py in the previous chapter made Ny negligible.
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With these values we can extract the driving field h1 from the peak fit
parameter A (Fig. 6.4(c)). In agreement with our initial estimates, the field
is of order 1 mT, but drops off by roughly a factor of two between 10 and
20 GHz, consistent with frequency dependent attenuation of our microwave
cables and probes.

Figure 6.5 shows the dc voltage measured as a function of h0 field for
different values of the driving microwave-frequency current at 15.5 GHz
(right) and 20.5 GHz (left). In the inserts we observe a linear (except
at high values) dependence of peak/dip amplitudes on the square of the
microwave current. This is consistent with θ2

c dependence of the AMR.
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Figure 6.5: The dc voltage measured as a function of h0 field for different
value of the driving microwave-frequency current at 15.5 GHz (right) and
20.5 GHz (left) and using Idc = 400µA. The inserts show the amplitude of
the dc voltage as a function of the square of the microwave current.

6.2.4 AMR rectification effect

Theoretical model of the bulk rectification effect. We now discuss
the possibility to measure dc voltages in the absence of any applied dc
current. It has been recently reported [7] that when a microwave frequency
current is applied through a GMR pillar structure, a dc mixing voltage is
measured due to rectification between the GMR and the current. In our
device, there are microwave currents induced in the strip and detection
circuit due to capacitive and inductive coupling to the CSW structure, and
thus there is the possibility for rectification between the time-dependent
AMR and induced microwave currents. We express the induced current as
Iin = I1 cos ωt + I2 sin ωt, which is true regardless of whether the induced
current is caused by inductive or capacitive coupling with the CSW. To
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Figure 6.6: (a) Schematic representation of the elliptical precession in the
case of an offset angle φ between the h0 and the long axis of the strip. (b)
Schematic diagram of a device with two contacts. Indicating that when the
rf circulating currents enter and leave the strip, they also pass through a
large angle relative to the magnetization. The asymmetry in the entry and
exist paths can lead to a rectification effect at the contacts thus a dc voltage
is created.

investigate if this time-dependent current together with a time-dependent
resistance can result in a voltage that contains a dc component, different
precessional situations in the ferromagnet were considered [15].

First, for a circular precession of ~M around the direction of the current,
the cone angle θ is constant in time such that the resistance in not time-
dependent. Therefore, there will be no rectification term in the voltage in
this situation.

Second, an elliptical precession is investigated. Here during one rotation
of ~M , every angle of the ellipse is met at least twice. The angle of the
precession depends thus on twice the driving frequency such that the change
in resistance of the ferromagnet is time-dependent

R(t) ' −∆R
1

2
(θ2

a + θ2
b − (θ2

a − θ2
b )cos(2ωt)), (6.4)

where θa, θb are the max and the min rotation angles. Multiplication
of the time-dependent term with the induced current yields products in
cos(ωt)cos(2ωt) and sin(ωt)cos(2ωt) which do not result in a dc term. For
rectification to occur, the resistance must also have first harmonic compo-
nents.
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The third case, for an offset angle φ between the applied field and the
long axis of the strip i.e. the direction of the current through the strip, see
Fig. 6.6(a). Now the resistance of the ferromagnet is approximately given
by

R(t) = −∆R sin2

(
φ +

my(t)

ms

)
' −∆R

(
sin2 φ +

my(t)

ms

sin 2φ

)
, (6.5)

where the last relation is obtained by taking a series expansion of (my/ms)
around φ. As discussed in chapter 2, my(t) can be written in terms of
a in-phase and out-of-phase component χ′y(ω)hrf cos ωt + χ′′y(ω)hrf sin ωt.
Multiplying this with the induced current yields terms including cos2(ωt)
and sin2(ωt). This results in a dc voltage term

Vdc = −1

2

h1

ms

∆R(I1χ
′
y + I2χ

′′
y) sin 2φ. (6.6)

Therefore, a dc voltage can be generated by means of an induced ac current
when there is an offset angle.

DC voltage due to rectification effect. To test the prediction of
Eq. 6.6, data were taken without any applied current at different angles
between the h0 field and the strip. Figure 6.7 shows resonance peaks at
f = 17.5 GHz and at f = 12.5 GHz for five different angles. The zero angle
(φ = 0) is with respect to the geometry of our device, however since we
cannot see the submicron strip it is quite likely there is some offset angle
φ0 at this position. For the 17.5 GHz data, rotating the field by −5◦ causes
the peak to practically disappear. At −10◦ the peak reverses sign. This is
in agreement with Eq. 6.6, with an offset angle φ0 = −5◦. However, the
data at f = 12.5 GHz shows almost no peak signal already at φ = 0 even
though there has been no change in the setup. Moreover, in this data we
more clearly see contribution from a dispersive lineshape, corresponding to
the I2χ

′′
y term in Eq. 6.6. For each frequency, we fit Eq. 6.6 to all the curves

simultaneously, where we have used the parameters for the magnetization
extracted earlier and allowed only I1, I2 and an offset angle φ0 to be free
parameters. For the 17.5 GHz data, we obtain φ0 = −6.1◦, I1 = −28 µA,
and I2 = 8 µA. For the 12.5 GHz data, we obtain φ0 = −1.5◦, I1 = 23
µA, and I2 = 11 µA. At both frequencies, the induced current is mostly in
phase with the driving frequency, and roughly one-tenth to one-hundredth
of the current flowing through the CSW short. The large difference in φ0

between 12.5 GHz and 17.5 GHz is likely due to a frequency dependence
of the induced currents and how they flow through the Pt contacts to the
Py. Such a contact effect illustrated in Fig. 6.6(b), and analyzed in the
appendix is also a likely explanation for some features in the data, such
as small peaks and dips occurring to the left (higher field magnitude) of
the primary peaks in Fig. 6.7, that are not easily described by our model.
Similar features can also be observed in Fig. 6.3(a).
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Figure 6.7: Voltage peaks at f = 17.5 GHz (left) and at f = 12.5 GHz
(right) without any applied dc current, for different angles φ between the
h0 and the long axis of the strip. Solid lines are fits of Eq. 6.6 to the data.

6.3 Conclusions

The method and analysis presented here are valid for any ferromagnet un-
der the conditions that it exhibits AMR and a uniform FMR precession
mode. Additional anisotropy fields in hard ferromagnets will modify the
Kittel equation. Situations in which a uniform precession mode cannot be
obtained, such as when there are multiple domains and/or resonant modes
[16], could also be detected by AMR but will require a more sophisticated
analysis.

For the purposes of this experiment we have used a relatively long strip
geometry with four in-line contacts. However, two contacts are sufficient
and there is no particular limit to how small the ferromagnetic element can
be, as long as it can be electrically contacted and dc current applied along
the equilibrium magnetization direction. In terms of resolution, we estimate
that precessional cone angles as precise as one degree can be resolved. The
rectification effect may be used to detect when the element is in resonance
and can give information about induced microwave currents in the structure
even when a dc current is not applied. The experiments have provide some
important information for the spin-pump experiments that will be describe
in the next chapter.
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6.4 Appendix
This appendix contains additional discussion of the rectification effect at
the contacts.
Current flow in-plane (transverse component).
Considering our device geometry (Fig. 6.1), in principle when the rf cir-
culating currents enter and leave the strip, they also pass through a large
angle relative to the magnetization. An asymmetry in the entry and exist
paths, can exit in the devices with different contact materials, due to dif-
ferent conductivities of the contacts. This asymmetry in combination with
a time dependent AMR, which can contain a component with rf frequency
ω, can lead to a rectification effect at the contacts such that a dc voltage is
created. For simplicity we leave out any offset angle here, but this contri-
bution will be included in Eq. 6.11. Assuming current flow only in the x-y
plane (see Fig. 6.6(b)), we model [14] this in a 1-d picture by integrating
the resistance per unit length:

R = −∆R
my

ms

(
1

L

∫

enter

sin 2β(l)dl +
1

L

∫

exit

sin 2β(l)dl

)
(6.7)

Let’s assume the currents go through perfect circular arcs of equal lengths
δl (thus with radius of curvature r = 2

π
δl) as they enter and leave the strip.

We then assume that the arcs are of different lengths and we get:

R = −∆R
my

ms

(
2

π

δlexit − δlenter

L

)
= −∆R

my

ms

ζy (6.8)

Multiplying with the rf current gives a dc voltage. As can be seen the
problem is reduced only to a single parameter ζy which defines the asym-
metry in the entry and exist paths. The solution to overcome this effect is
to fabricate devices with contacts at the ends of the strip, extending along
the long axis. In this geometry the induced rf current flows through the
contacts predominantly parallel to the magnetization direction. This will
be discussed in chapter 7.
Current flow in/out-of-plane (perpendicular component).
Given the argument discussed above, i.e. different conductivities of the con-
tacts, it is natural to expect also a dc contribution from the current flow
in/out of the plane, along the z axis. For this we must consider the angle
of the current with the magnetization mz:

R = −∆R

L

mz

ms

∫ L

0

sin (2βz(l)) dl (6.9)

As above, the problem is reduced to just the asymmetry in the contacts,
parameterized now with ζz:

R = −∆R
mz

ms

ζz (6.10)
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Including all contributions then, the dc voltage due to rectification ef-
fects, e.g. bulk (offset angle), contacts (current flow in-plane and current
flow in/out-of-plane) is:

Vdc = −1

2

h1

ms

∆R
[
(I1χ

′
y + I2χ

′′
y)(sin 2φ + ζy cos 2φ) + ζz(I1χ

′
z + I2χ

′′
z)

]

(6.11)
In the following we estimate the possible contributions to the measured

signal of the rectification effect at the contacts. Having determined the
induced rf currents, the contribution of the contacts, e.g. current flow in-
plane and current flow in/out-of-plane, can be calculated using Eq. 6.11. By
using the maximum asymmetry in the contacts, ζy = (δlexit − δlenter)/L =
0.3/3 = 0.1 (0.3 µm is the overlap between a contact and the strip, 3 µm is
the length of the strip), the highest rf current contribution I1 = 20 µA, ∆R
= 0.22 Ω, hrf = 1.5 mT, ms = 1 T and χ′y = 100 at 13 GHz, the contribution
due to current flow in-plane is 30 nV. To calculate the contribution due to
the current flowing in/out-of-plane we estimated χz= 0.4 χy, we found for
this contribution 15 nV.



Chapter 7

Electrical detection of spin
pumping due to the precessing

magnetization of a single
ferromagnet

We report direct electrical detection of spin pumping, using a lateral normal-
metal/ferromagnet/normal-metal device, where a single ferromagnet in fer-
romagnetic resonance pumps spin polarized electrons into the normal metal,
resulting in spin accumulation. The resulting backflow of spin current into
the ferromagnet (Py) generates a dc voltage due to the spin dependent con-
ductivities of the ferromagnet. By comparing different contact materials
(Al and /or Pt) and different contact geometries, we find, in agreement
with theory, that the spin-related properties of the normal metal dictate
the magnitude of the dc voltage.

7.1 Introduction
Recent theoretical work in the field of spintronics [1, 2] proposes to real-
ize nanodevices in which a so-called spin pumping mechanism is used for
polarizing electron spins in a normal-metal (paramagnetic) region. Spin
pumping [1] is a mechanism where a pure spin current, which does not in-
volve net charge currents, is emitted at the interface between a ferromagnet
with a precessing magnetization and a normal-metal region. It is an im-
portant new mechanism for controlling spin injection, since other electronic
methods based on driving an electrical current through a ferromagnet (F)-
normal-metal (N) interface [3] are strongly limited by the so-called con-
ductance mismatch [4]. Until now however, spin pumping has only been

The main results of this chapter have been published in Physical Review Letters.
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demonstrated with thin multilayers, in coupled systems, where it appears
as an enhanced damping of magnetization dynamics in ferromagnetic reso-
nance experiments [5–8].

In this chapter, we present spin pumping with a single nanomagnet
in an electronic device, in which it is directly detected as a dc voltage
signal. This opens up new ways to detect magnetization dynamics on a
nanoscale. The elementary mechanism is based on the parametric spin
pumping proposed by Tserkovnyak et al. [1] and described in section 2.2.2
of this thesis. We will now repeat the main points here. As shown in Fig.
7.1(c), a spin current Ipump

s is pumped by the (resonant) precession of a
ferromagnet magnetization into an adjacent normal-metal region. The spin
current can be written as

Ipump
s =

1

4π
~g↑↓m× dm

dt
(7.1)

where m represents the magnetization direction and g↑↓ is the real part of
the mixing conductance [9, 10], a material parameter which describes the
transport of spins that are noncollinear to the magnetization direction at
the interface and is proportional to the torque acting on the ferromagnet
in the presence of a noncollinear spin accumulation in the normal metal
[11, 12]. Depending on the spin-related properties of the normal-metal, two
regimes exist. When the normal-metal is a good “spin sink” (in which spins
relax fast), the injected spin current is dissipated rapid and this corresponds
to a loss of angular momentum and an increase in the effective Gilbert
damping of the magnetization precession [5–8]. However, in the limit of the
spin flip relaxation rate smaller than the spin injection rate, a spin angular
momentum builds up in the normal-metal, i.e. a spin accumulation µN

s

(difference between the chemical potentials for spins up and down) exists
in the normal-metal close to the interface [2].

7.2 Detection principle
Due to electron diffusion in the normal metal, the spin accumulation can
diffuse away from the interface and in principle, can be measured electrically
by using a second ferromagnet as a spin dependent contact, placed at a
distance shorter than the spin flip length [2, 13]. Some early experiments
based on this method are discussed in the appendix.

In addition, Wang et al. [14] predicted a more direct way to detect it
by converting the spin accumulation into a voltage using the precessing
ferromagnet as its own detector, as illustrated in Fig. 7.1(c) and discussed
in section 2.2.2. As a result of µN

s a backflow current goes back into F. The
component parallel to m can enter F and gives rise to a dc voltage due to
the spin dependent conductivities (bulk and interface) of the ferromagnet.
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Figure 7.1: (a) Schematic diagram of the device. On the lower side, through
the shorted-end of a coplanar strip a current Irf generates an rf magnetic
field, denote by the arrows. The Py strip in the center produces a dc voltage
∆V = V +−V −. H denotes the static magnetic field applied along the strip.
(b) Scanning electron microscope pictures of the central part of the devices.
(c) The F/N structure in which the resonant precession of the magnetization
direction m pumps a spin current Ipump

s into N. The spin pumping builds
up a spin accumulation µN

s in N that drives a spin current Iback
s back into

the F.

Therefore, in a device geometry where a ferromagnet is contacted with
two normal-metal electrodes, any asymmetry between the two contacts can
result in a net dc voltage. The largest such asymmetry is obtained when
one of the metal electrodes is a spin sink (for which we expect negligible dc
voltage) such as Pt, while the other has a small spin flip relaxation rate, such
as Al. Here, we describe precise, room-temperature measurements of the
dc voltage across a ferromagnetic strip contacted by Pt and Al electrodes
when the ferromagnet is in resonance.

As control devices, we also used contact configurations consisting of two
Pt electrodes and two Al electrodes. For these devices we expected no signal
because: (i) Symmetry reasons, the voltages for identical interfaces are the
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same (but opposite) and their contribution to ∆V cancels. (ii) Pt has a
very short spin diffusion length, resulting in a small spin accumulation, a
small backflow and thus a lower signal.

Figure 7.2: Schematic diagrams of the experimental setup and of the mi-
crowave frequency modulation method. (a) A TTL signal at a reference
frequency fref (17 Hz) generated by a Lock-in Amplifier (master device) is
first fed into a frequency doubler. Then, the TTL at 2xfref is fed into a
CW Microwave Generator. At each TTL input, the CW Generator pro-
vides frequency hopping of the rf current switching between fhigh and flow

at fref . The dc voltages produced by the device are amplified and de-
tected by the Lock-in Amplifier as a difference ∆V = V (fhigh) − V (flow).
(b) At the bottom, the resonant frequency dependence on the static mag-
netic field is shown. Next, the diagrams of the dc voltage vs. static mag-
netic field corresponding to the resonance at high and low frequencies. On
top, the measured difference in dc voltage between the two frequencies,
∆V = V (fhigh)− V (flow) is plotted.

7.3 Device fabrication and measurement tech-
nique

Figure 7.1(a) shows a schematic illustration of the lateral devices used in
the present study. The central part of the device is a ferromagnetic strip
of permalloy connected at both ends to normal metals, Al and/or Pt (V −

and V + contacts). The devices are fabricated on a Si/SiO2 substrate us-
ing e-beam lithography, material deposition and lift-off. A 25 nm thick Py
strip with 0.3×3 µm2 lateral size was e-beam deposited in a base pressure of
1x10−7 mBar. Prior to deposition of the 30 nm thick Al or/and Pt contact
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layers, the Py surface was cleaned by Ar ion milling, using an acceleration
voltage of 500 V with a current of 10 mA for 30 sec, removing the oxide and
few nm of Py material to ensure transparent contacts. We measured in total
17 devices (this includes 4 devices with a modified contact geometry, de-
scribed later in this chapter). The different contact material configurations
are shown in Fig. 7.1(b).

Figure 7.2(a) illustrates the experimental setup for the measurements.
We measured the dc voltage generated between the V +, V − electrodes as
a function of a slowly sweeping magnetic field (H) applied along the Py
strip, while applying an rf magnetic field (hrf ) perpendicular to the strip.
We have shown in the previous two chapters that a submicron Py strip can
be driven into the uniform precession ferromagnetic resonance mode, using
a small perpendicular rf magnetic field created with an on-chip coplanar
strip waveguide [15] positioned close to Py strip (similar geometry as shown
in Fig. 7.1). For the applied rf power 9 dBm, an rf current of ≈ 12 mA
rms [16] passes through the shorted-end of the coplanar strip waveguide
and creates an rf magnetic field with an amplitude of hrf ≈ 1.6 mT at
the location of the Py strip. We confirmed with AMR measurements that
on-resonance the precession cone angle is ≈ 5◦, see chapter 6.

To reduce the background (amplifier) dc offset and noise we adopted a
lock-in microwave frequency modulation technique. During a measurement
where the static magnetic field is swept from -400 mT to +400 mT, the
rf field is periodically switched between two different frequencies and we
measured the difference in dc voltage between the two frequencies ∆V =
V (fhigh) − V (flow) using a lock-in amplifier. For all the measurements the
lock-in frequency is 17 Hz and the difference between the two microwave
frequencies is 5 GHz. A diagram of the measurement method is shown in
Fig. 7.2(b).

7.4 Detection of spin pumping

7.4.1 A. Transverse electrode device geometry
Figure 7.3 shows the electric potential difference ∆V from a Pt/Py/Al de-
vice. Just as in the previous chapter, upon sweeping the static magnetic
field in a range -400 mT to +400 mT, a peak and a dip like signal are
observed at both positive and negative values of the static field. Since we
measured the difference between two frequencies, the peak corresponds to
the high resonant frequency (fhigh) and the dip to the low resonant fre-
quency (flow), see Fig. 7.2(b). For the opposite sweep direction, the traces
are mirror image. We measured 8 devices with contact material Pt/Py/Al.
The measured resonances are all in the range +100 nV to +250 nV. No-
tably, the dc voltages are all of the same sign (always a peak for fhigh),
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Figure 7.3: The dc voltage ∆V generated by a Pt/Py/Al device in response
to the rf magnetic field plotted as a function of the static magnetic field.
The frequencies of the rf field are as shown. The peaks (dips) correspond
to resonance at fhigh(flow). The data are offset vertically, for clarity.

meaning that for Pt/Py/Al devices, the Al contact at resonance is always
more negative than the Pt contact.

First, we look at the peak/dip position dependence of the rf frequency.
In Figure 7.4(a), the dc voltage in gray scale is plotted versus static field
for different high (low) frequencies of the rf field. Figure 7.4(b) shows the
fitting of the peak/dip position dependence of the rf field frequency (dotted
curve) using Kittel’s equation for a small angle precession of a thin-strip
ferromagnet [18]:

f =
γ

2π

√
(H + N‖MS)(H + N⊥MS) (7.2)

where γ is the gyromagnetic ratio, N‖, N⊥ are in-plane (along the width of
the strip) and out-of-plane demagnetization factors and MS is the saturation
magnetization. The fit to this equation (see Fig. 7.4(b)) gives γ = 176
GHz/T, and N‖µ0MS = 60 mT, N⊥µ0MS = 930 mT, consistent with earlier
reports (chapter 6) [19, 20]. The fit confirms that the dc voltage appears
at the uniform ferromagnetic resonance mode of the Py strip. Secondly,
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Figure 7.4: (a) Gray scale plot of the dc voltage ∆V , measured func-
tion of static field for different high (low) frequencies of the rf field from
the Pt/Py/Al device [17]. The dark (light) curves denote resonance at
flow(fhigh). (b) The static magnetic field dependence of the resonance fre-
quency of the Py strip (dots). The curve is a fit to Eq. 7.2. (c) The
amplitude of the dc voltage from a Al/Py/Al device as a function of the
square of the rf current, at 13 GHz and 139 mT (dots). The line shows a
linear fit.

we measured the peak/dip amplitudes for different values of the applied
rf current [16] (Fig. 7.4(c)). We observe here a linear dependence on the
square of the rf current. This is consistent with the prediction of the spin
pumping theory, as explained below.

Further, we studied several control devices where the both electrodes are
of the same non-magnetic material, Al (5 devices) or Pt (4 devices). Here
we expected no signal because of the reasons mentioned above. The results
from Al/Py/Al devices show smaller signals than Pt/Py/Al devices, with
a large scatter in amplitude and both with positive and negative sign for
the resonance at fhigh. Values for the 5 devices are -100 nV (shown in Fig.
7.5(a)), +25 nV, +30 nV, +75 nV and +110 nV. In contrast, all 4 Pt/Py/Pt
devices exhibit only weak signals less than 20 nV (with resonance signals
barely visible, as in Fig. 7.5(b)).
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Figure 7.5: The dc voltage ∆V generated across the Al/Py/Al (a) and
Pt/Py/Pt (b) devices as a function of the static magnetic field. The fre-
quencies of the rf field are as shown.

The overall values of the dc voltages as a function of different contact
materials are shown in Fig. 7.6. The figure can be summarized in three
main points:

First, we attribute the signals from Al/Py/Al devices to the asymmetry
of the two contacts (possibly caused by small variation in the contact ge-
ometry and interface, see Fig. 7.1(b)). Depending on the asymmetry, the
signals therefore have a scatter around zero.

Second, in the Pt/Py/Pt devices, independent of possible asymmetry,
we expected and found very small signals. We therefore conclude that the
resonances measured with the Pt/Py/Al devices arises mainly from the
Al/Py interface.

Third, the Pt/Py/Al devices have signals that are always positive, on
average ≈ +150 nV , and with a scatter comparable in amplitude to that of
Al/Py/Al devices around zero.

The scatter in the signal amplitude of the Pt/Py/Al devices can be
attribute to sample variation (different interface quality and overlap) and
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Figure 7.6: Overall distribution of the amplitude of the dc voltages as a
function of different contact materials. Different symbol represents different
batch of samples. This includes 4 devices with longitudinal electrode device
geometry, indicated by symbol (◦) and discussed in section 7.4.2.

more important to different rf power at the short (different hrf ). The last
one, due to different position and contact resistance of the pico-probe on
the CSW.

7.4.2 B. Longitudinal electrode device geometry

We also verified that the observed resonances do not arise from a contact or
a bulk rectification effect that can result from a time-dependent anisotropic
magneto resistance (time-dependent AMR). We analyzed in chapter 6 that
due to the capacitive and inductive coupling between the coplanar strip
waveguide and the Py strip an rf current can be induced in the detection
circuit. When the rf circulating current enters and leaves the strip, it will
also in principle pass through a large angle relative to the magnetization.
Asymmetry in the entry and exit paths, due to different conductivities of
the two contacts, in combination with the time-dependent AMR, can lead to
a rectification effect (transverse contact rectification effect) at the contacts
such that a dc voltage is created. Such a contact effect may also contribute
to the data presented in the Fig. 7.3, giving the asymmetric peak/dip shape
(not a Lorentzian shape as expected from Eq. 7.3).

To find a possible contribution to the measured resonance signals, we
have studied 4 devices similar to Fig. 7.1(b), but now with contacts at
the ends of the Py strip, extending along the long axis of the strip, see
Fig. 7.7(d) for a SEM image. In this geometry the induced rf current flows
through the contacts predominantly parallel to the magnetization direction.
This suppresses the possible contribution to the measured dc voltages from
a rectification effect at the contacts [21]. The result for a Pt/Py/Al and a
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Figure 7.7: The dc voltage generated by Al/Py/Pt (a) and Pt/Py/Pt (b)
devices for a device geometry shown in Fig. (d). (c) The comparison of the
signals for the two Pt/Py/Al devices, one with longitudinal electrode device
geometry (bold line) and other with transverse electrode device geometry.
(d) SEM picture of an longitudinal electrode geometry, Pt/Py/Al device.

Pt/Py/Pt device are shown in Fig. 7.7(a),(b). For the Pt/Py/Al devices
we measured signals equal to the average value measured with the previous
device geometry, while the Pt/Py/Pt devices show no signal as expected.

Figure 7.7(c) shows the result at fhigh = 18.5 GHz, flow = 13.5 GHz for
two Al/Py/Pt devices, with longitudinal (bold line) and transverse (normal
line) electrode device geometry. Interestingly, devices with the longitudinal
electrode geometry exhibit, in addition to the main peak, additional peaks
at higher fields. We assume these are related to end mode resonances, since
in this contact geometry we are sensitive also to the magnetic structure of
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the ends of the Py strip. Except for the multi-peak structure, we found
no significant difference in the measured dc voltages between this geometry
and that shown in Fig. 7.1(b). In addition to the rectification effect at the
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Figure 7.8: The dc voltage at fhigh = 18 GHz, flow = 13 GHz for (a)
Pt/Py/Al and (b) Pt/Py/Pt devices for different angles between the static
field and the long axis of the strip.

contact, a bulk rectification effect can exist in our devices. It was shown in
chapter 6, that a dc voltage is measured due to a rectification effect between
the AMR and the rf currents if there is an offset angle between the applied
field and the long axis of the strip. We misaligned the direction of the static
field with respect to the Py strip long axis by 5◦ and measured the voltage
at fhigh = 18 GHz, flow = 13 GHz. The results for Pt/Py/Al and Pt/Py/Pt
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Figure 7.9: To isolate the contribution from different effects we per-
formed: (a) The sum between the voltage at offset angle of 10◦ and −10◦,
V (10◦) + V (−10◦), vs. static field for Pt/Py/Al and Pt/Py/Pt devices.
The result represents 2 times contribution from spin pumping effect. (b)
The difference between the voltages, V (10◦)− V (−10◦), which represents 2
times contribution from bulk rectification effect, as explained in the text.

devices are shown in Fig. 7.8. We see significant contributions from the bulk
rectification effect only at offset angles larger than 5◦. This rules out that
small offset angles (which may be present for the other geometry) caused
significant effects in the results, at most 10-20 nV.

In the following, the above results are analyzed taking into account that
the voltages measured in Pt/Py/Al devices are due to two effects: (i) spin
pumping, and (ii) bulk rectification effect for a non-zero offset angle. As
we have seen (chapter 6), from these two effects only the bulk rectification
depends on the sign of the offset angle. This means that if we take the
sum of the voltages measured at 10◦ and −10◦, V (10◦) + V (−10◦), we get
2 times the contribution from the spin pumping effect, with a Lorentzian
peak shape according to Eq. 7.3. And it is natural to expect no signal if
we do the same operation for Pt/Py/Pt devices. These results are shown
in Fig. 7.9(a).
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Figure 7.10: Zoom-in of Fig. 7.9(a) at fhigh= 18 GHz peak for the Pt/Py/Al
device. The data (dots) look like a superposition of many Lorentzian func-
tions, with the same width (9 mT), suggesting that the peaks are indepen-
dent.

On the other hand if we subtract, V (10◦) − V (−10◦), we get 2 times
the contribution from the bulk rectification effect. Figure 7.9(b) shows the
resulting signal, which is practically the same for both devices. This is to
be expected because the bulk rectification effect should not depend on the
contact material.

A zoom-in of Fig. 7.9(a) around fhigh= 18 GHz peak is shown in Fig.
7.10. The data (dots) look like a collection of many independent Lorentzian
peaks, with the same width. Further study is necessary to determine the
origin of the extra peaks measured in these devices.

7.5 Analysis

7.5.1 Contribution from AMR rectification effects

We now consider a quantitative assessment of all possible contribution to
the measured signal from AMR rectification effects (Eq. 6.11) which we
discussed in chapter 6. These are: (i) bulk rectification effect, (ii) trans-
verse contact rectification effect, and (iii) perpendicular contact rectification
effect. The third effect arises from the rf current flow from the electrode
down into the ferromagnetic strip (along the direction of the rf field), which
is the same in both device geometries. Both contact rectification effects in
principle should cancel for equivalent contacts. All three depend primarily
on the rf circulating current, which varies from device to device, depending
on position of the pico-probe and frequency. In a similar device geometry
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(chapter 6) we have measured the current to be 20 - 30 µA.

(i) Bulk: A rough estimate of an upper bond for this contribution as-
suming an offset angle of 2◦ gives 20 nV. In the data, Fig. 7.8(b), it is far
less than this value.

(ii) Transverse contact: This contribution, which is present only in de-
vices with the transverse electrode geometry is estimated at 30 nV.

(iii) Perpendicular contact: This is from rf current flow from the elec-
trode down into ferromagnetic strip (along the direction of the rf field),
which is the same in both device geometries. In section 6.4 we calculated
this contribution to be 15 nV.

The sum of these contributions can have any value between -65 and 65
nV, and this can add or subtract to the average spin pumping signal (150
nV), thus given rise to extra scatter in the data, see Fig. 7.6.

In addition to comparing the signal magnitude due to rectification ef-
fects, it is also important to discuss the difference between the signal shape
due to these effects. It should be noted that each of the three rectification
effects discussed above, can have a signal shape which can be any combi-
nation between absorptive and dispersive peak shape. On the other hand,
spin pumping signal is only absorptive (Lorentz shape).

7.5.2 Spin pumping model

The spin pumping model is described in chapter 2. We will now discuss the
main results here. As can been seen in Fig. 7.1(c), due to a time depen-
dent magnetization direction m, the pumped spin current has a constant
component in the z direction and oscillating components in x and y direc-
tions. The dynamics of x and y components of spin are controlled by the
length scale lω =

√
DN/ω (DN is the diffusion coefficient in the N and ω

is the precessional frequency) which describes the length scale over which
the averaging of x and y components occurs. In our experiment lω of Al is
order of 200-300 nm. This means that in principle we have to fully model
spin dynamics in this region. However, we follow Wang et al. [14] to get
a qualitative estimate of the effect. It is assumed that x, y components
are fully averaged and therefore zero and the remaining z component is
constant and along the static magnetic field direction [2]. Also, for small θ
the component of spin accumulation µN

s parallel to m is approximatively
equal to µN

s . This component can diffuse back into F and give rise to a dc
voltage due to spin dependent conductivities. Thus a voltage of pωµN

s will
be generated across the interface. For small angle precession this results in
[14]

Vdc =
pωg↑↓ω

2(1 + gN

gF
)(1− p2

ω)(g↑ω + g↓ω) + 2gN

θ2~ω , (7.3)
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where pω = (g↑ω − g↓ω)/(g↑ω + g↓ω) and g↑ω(g↓ω) is spin-up (down) effective
conductance of the Py/Al interface [22]. The quadratic dependence of Vdc

on θ in Eq. 7.3 is in agreement with the experimental data (see Fig. 7.4(c)).

Assuming a one-dimensional model of the spin pumping, an amplitude
of the voltage is estimated using Eq. 2.18 of the order of 20 nV. This
is somewhat less than the values observed experimentally. This because
the model do not take in consideration, device geometry, disorder at the
interface, and assume an homogeneous magnetization in the ferromagnet.

7.6 Conclusions

In conclusion, we have measured a dc voltage due to the spin pumping
effect, across the interface between Al and Py at ferromagnetic resonance.
We find that the devices where the Al contact has been replaced by Pt show
a voltage close to zero, in good agreement with theory.

To rule out possible contribution from the rectification effects to the
measured signal, we have studied devices with different (transverse and
longitudinal) electrode geometries. The analysis supports the interpretation
of our results as being due to spin pumping effect.

Although the prediction of the spin pumping model agrees with the ob-
served dc voltage values, a more detailed description is required that would
include the elliptical precession motion of the ferromagnet’s magnetization
as well as the spin dynamics in N [23].

These results demonstrate the feasibility of directly converting magne-
tization dynamics of a single nanomagnet into an electrical signal. Which
can lead to new technological applications.
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7.7 Appendix
This appendix contains additional discussion and data of the spin pumping
effect.

7.7.1 Magnetization precession cone angle
In order to obtain the magnetization precession cone angle θ we performed
anisotropic magneto resistance (AMR) measurements. The measurements
were carried out as before (at 15.5 GHz), but in addition a dc current
(typically 50 µA) was sent trough the Py strip. As shown in Figs. 7.11(a)
and 7.11(b), around the ferromagnetic resonance an extra signal due to the
AMR effect is measured. That is linear with the applied dc current, see
Fig. 7.11(c). For the AMR effect, the change in the resistance (V/I) of the
Py depends on the angle between the dc current and the (time-averaged)
direction of the magnetization as R(θ) = R0 + ∆RAMR · cos2(θ), where R0

is the resistance of the strip when the magnetization is perpendicular on
the direction of the current and ∆RAMR is the change in the resistance
between parallel and perpendicular directions of the magnetization. From
the amplitude of the dc-current-induced contribution to the resonance, and
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using a measured AMR value of 1.7% for our Py strip, we obtained θ ≈ 5◦.
This value is consistent with the value θ ≈ hrf/(αMS) = 6◦ calculated
using the solution of the linearized Landau-Lifshitz-Gilbert equation. Here
a damping parameter of α = 0.01 results from fitting the AMR voltage
shape at resonance with the frequency dependent value of θ2 (Eq. 6.3,
chapter 6). An example of the fitting results is shown in Fig. 7.11(d). This
analysis is discussed in detail in chapter 6.
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Figure 7.11: (a), (b) The dc voltages measured at fhigh= 15.5 GHz with
different dc bias currents. (c) Dependence of peak and dip height from the
data in (a) and (b) on dc current. The line is a linear fit to the data. (d)
An example of the fitting results (solid curve) only for the AMR voltage
shape [V(-400µA) - V(400µA)]/2, using Eq. 6.3.

7.7.2 Contacts position and high power dependence
In order to confirm that the detected resonance signals correspond to the
uniform precession mode and not to nonuniform modes (spin-waves), we
fabricated extra Al/Py/Pt devices with a modified contact geometry, see
Fig. 7.12 for the SEM images. For the longitudinal spin-wave modes the
component of the magnetization function of the longitudinal position (z
direction) is not constant [24]. Therefore, studying Al/Py/Pt devices where
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Al electrode is placed on different positions can be used for detection of spin-
waves. The position of the signal versus static magnetic field is different for
spin-waves compared to the uniform precession mode. Figure 7.12 show
the results for a device with Al contact at the middle and Pt contact at
end (Fig. 7.12(a)) and for a device with Al contact at the end and Pt
contact at middle (Fig. 7.12(b)). The static magnetic field dependence of
the resonance frequency is identical for both devices and with the one shown
in Fig. 7.4(b), thus corresponding to the uniform precession mode.

Figure 7.12: (a) and (b) The results of two Al/Py/Pt devices with different
contact geometry, as show in the SEM pictures.

The application of more rf power increases the amplitude of the voltage
according with Eq. 7.3, but can also excite the spin-wave modes. Figure
7.13 shows the results for two Al/Py/Al devices with contacts geometry
as in the SEM pictures for a rf power of 20 dBm (assuming 50 Ω load
impedance this results in 2.2 V applied voltage). Note that the rf power
applied so far was 9 dBm (0.6 V). Interestingly, the device shown in Fig.
7.13(b) exhibit apart from the main peak (denoted by squares), additional
peaks denoted with different symbols (bullets and triangles). The higher
sensitivity for this device geometry is in line with the above discussion.
The uniform mode was fit with Kittel’s equation using N‖µ0MS = 55 mT,
N⊥µ0MS = 980 mT. This is plotted in Fig. 7.14 together with the others
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Figure 7.13: (a) and (b) The results of two Al/Py/Al devices with different
contact geometries (see the SEM pictures) using a rf power of 20dBm.

two modes. A more detailed study, both theoretical and experimental is
needed for a better understanding of the detection of the spin-waves by
spin pumping.

7.7.3 Results with cobalt

This section describe our early work on spin pumping using a cobalt strip for
spin injection and a spin valve device geometry for detection. As mentioned
above, in this detection scheme, the spin current pumped by the precessing
F strip can be measured using a second F electrode as a spin dependent
contact, placed at a shorted distance compared to the spin diffusion length
λN (see chapter 2).

Figure 7.15 shows a SEM picture of a Co/Al/Co spin valve device pre-
pared using e-beam lithography and two-angle shadow evaporation tech-
nique. This technique is necessary to produce clean Co/Al interfaces (see
chapter 3). First, 35 nm thick Co layer is deposited from below under an
angle of 35◦ with the substrate surface. In this way two Co strips (200 nm
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Figure 7.14: The static magnetic field dependence of the resonance fre-
quency for the uniform mode denote by squares and for the spin wave modes
denoted by bullets and triangles of the Py strip. The curve is a fit to Kittel’s
equation 7.2 using N‖µ0MS = 55 mT, N⊥µ0MS = 980 mT.

and 80 nm wide and 600 nm length) are formed. Next, an Al layer (40
nm thick) is deposited at normal incidence onto the substrate. Prior to
above steps a coplanar waveguide (CPW, 300 nm Au) is fabricated using
optical lithography. The difference in the widths of F strips is required to
get different coercive fields and resonant frequencies.

The Co/Al/Co spin valve data
In the spin valve measurement a spin polarized current P ·I is injected from
Co1 into the Al island, where P is the interface current polarization of the
Co/Al interface. The spin imbalance created at the Co1/Al interface diffuses
isotropically away from the interface, and at L = 250 nm distance some
portion of the spins reach the Co2 detector. A voltage difference of P ·∆µ
is detected for parallel and antiparallel configuration of the magnetization
of the two Co strips. Figure 7.16 shows the spin valve signal V/I at room
temperature as a function of an applied in-plane field along the long axis
of the Co strips. The measurement was performed using standard lock-
in detection techniques with an ac current of 50 µA at 74 Hz. At large
negative field the magnetizations of both Co strips are parallel and point
to the same direction (of the field). As the magnetic field is swept through
zero to positive field, at 20 mT the magnetization of Co2 reverses and a
decrease of the detector signal is observed. The device is in the antiparallel
configuration. As the field is further increased, the Co1 strip flips at 60 mT,
and a parallel configuration is recovered. Figure 7.16 also shows V/I while
sweeping the field from zero to negative, here the antiparallel configuration
is found between -20 and -60 mT. The total signal R = V/I measured is
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Figure 7.15: Scanning electron micrographs showing the spin valve device,
which consist of two Co strips (Co1 and Co2), an Al island and Co contacts
(1-4). Bottom image, zoom-out of the top image, showing also the coplanar
waveguide.

R = ROhm ± (1/2)RS, where ROhm is the ohmic resistance of Al, RS is
spin dependent resistance, and signs + and - correspond to the parallel and
antiparallel alignments. Solving the diffusion equation (Eq. 2.4), RS is
given by [25, 26]

RS =
4α2

F

(1− α2
F )2

RN

(
RF

RN

)2
e−L/λN

1− e−2L/λN
(7.4)

where αF = (σ↑F − σ↓F )/(σ↑F + σ↓F ) is the bulk current polarization of Co,
RF = λF /σF AF and RN = λN/σNAN represents the resistance of N and
F with cross sections AF and AN and lengths λF and λN . In principle,
the fit of RS vs. L (distance between Co1 and Co2) with Eq. 7.4 would
yield the spin polarization αF and λF , the spin flip length of the Co. Since
we measure a single device (we have one value of L), we use λF =50 nm
and λN=500 nm from a different experiment [3] and using parameters for
Co and Al, σ−1

F = 50 nΩm, σ−1
N = 5 nΩm we find αF = 0.25. With the

above parameters we estimated the current polarization at the interface
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P = 2αF

1−α2
F

(
RF

RN

)
to be of order of 2%. This means that the efficiency of

detection of spin accumulation from the spin pumping effect will only be
2%.
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Figure 7.16: Spin valve four-terminal resistance (V/I) as a function of the in-
plane magnetic field for positive and negative sweep direction. The arrows
indicate the magnetic field sweep direction. The measurements start from
zero field, the magnetization of the electrodes were prepared in a parallel
configuration and opposite to the field sweep direction.

Spin pumping experiment
For the spin pumping measurement we have used the lock-in microwave
frequency modulation method described before, here the lock-in frequency
is 17 Hz and the difference between the two microwave frequencies is 1 GHz.
We measured the dc voltage ∆V = V (fhigh) − V (flow) generated between
the 4(V +) and 3(V −) electrodes as a function of the dc magnetic field,
while applying the rf field perpendicular to the device plane. A voltage
difference of P∆µ is expected for parallel and antiparallel configurations of
the Co strips magnetization when Co1 is in ferromagnetic resonance, in the
absence of any applied current. Figure 7.17 shows an example of voltage vs
dc field for fhigh = 10.3 GHz and flow = 9.3 GHz. Sweeping the dc field in
a range -200 to 200 mT and back, peak and dip like signals are observed
at both positive and negative values of the field. These values however, do
not correspond to the antiparallel configuration of the spin valve data (20
to 60 mT).

A possible explanation for the measured voltages is that the signals are
produced and detected by the same ferromagnet, due to the time-dependent
AMR. Moreover, as shown in Fig. 7.15 bottom, the detection loop contains
not only the Co2 strip but also two extra Co electrodes which are partially
exposed to the rf field. Taking into account this, it is hard to distinguish
from which electrode the voltage is measured. Unfortunately, the use of
shadow evaporation technique which creates extra Co electrodes makes dif-
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ficult to understand the results. Next step was to measure a device with a
single Co island between two Al electrodes.
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Figure 7.17: Dc voltage measured as a function of static field using the
frequency modulation technique, with fhigh = 10.3 GHz and flow = 9.3
GHz. The arrows indicate the field sweep direction.

The single Co strip data
To simplify the problem, we fabricated devices which consist of a single Co

Figure 7.18: Left: The dc voltage (in gray scale ) generated by a single
Co strip in response to the rf field plotted as a function of the static field
applied along the strip. The field sweep direction is from positive to negative
values. The signal at low frequencies, around -50 mT is due to domain wall
resonance. Right: Calculated, resonant frequency dependence of the static
field using Kittel’s equation. Insert: SEM image of the single Co strip
device.

island (300 nm wide and 500 nm length), see insert of Fig. 7.18. Prior to the
spin pumping type measurement, the AMR of the strip was measured. From
this data, the field value at which the magnetization reversal by domain
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wall nucleation and propagation [27, 28] (switching field) occurs was found
to be about 50 mT. Figure 7.18 (left) shows in gray scale the dc voltage
generated between the V +, V − electrodes as a function of the static field
applied along the length, with the rf field perpendicular. The static field
is swept from positive to negative values, the lock-in frequency is 17 Hz
and the plotted frequency represents f = flow + 0.5 = fhigh − 0.5 GHz. A
small dc voltage occurs at low frequencies and around -50 mT. Note that
this value corresponds to the switching field of the Co island. Fig. 7.18
(right) shows the frequency vs. field for the uniform resonance mode of the
Co island calculated using Kittel’s equation, to compare with the measured
signal.

We have recently demonstrated the detection of domain (wall) resonance
in a Co strip, using a similar measurement setup [29], by looking how the
switching field changes with the frequency of the rf field. The idea is,
before the reversal when the strip magnetization breaks up into domains
and reduces the magnetostatic energy [30], the Co strip becomes expose
to domain (wall) resonance. Thus for a given frequency of the rf field a
magnetic domain can be in resonance with the field and importantly produce
the measured voltage.

In summary, based on our discussion in chapter 6 about induced rf cur-
rents and AMR rectification, it is more likely these voltages are due to AMR
rectification than to spin pumping. The rectification could occur between
an induced rf current and a domain (wall) with magnetization resonantly
precessing around an axis non-colinear with the rf current. The magnitude
of the voltages are consistent with this interpretation.
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Chapter 8

Microwave spectroscopy on
magnetization reversal

dynamics of nanomagnets with
electronic detection

In this chapter, we demonstrate a detection method for microwave spec-
troscopy on magnetization reversal dynamics of nanomagnets. Measure-
ment of the nanomagnet anisotropic magnetoresistance was used for probing
how magnetization reversal is resonantly enhanced by microwave magnetic
fields. We used Co strips of 2 µm × 130 nm × 40 nm, and microwave fields
were applied via an on-chip coplanar wave guide. The method was applied
for demonstrating single domain-wall resonance, and studying the role of
resonant domain-wall dynamics in magnetization reversal.

8.1 Introduction
It is crucial for the implementation and miniaturization of magnetic and
spintronic devices to understand the magnetization dynamics of nanostruc-
tures at GHz frequencies. Our goal is to create and detect large amplitude
ferromagnetic resonance [1] (FMR) of individual nanomagnets. This is of
interest for realizing fast magnetization reversal, and for driving spin cur-
rents into adjacent normal metals [2]. Cavity-based microwave techniques
have been used for studying FMR, but these are not sensitive enough for
studies of individual nanomagnets and the dynamics of individual domain
walls. Gui et al. [3], however, recently showed with a ferromagnetic grat-
ing that DC transport measurements on the ferromagnet can form a very
sensitive probe for microwave induced FMR, charge dissipation, and their

This chapter has been published in Journal of Applied Physics.
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interplay. Earlier experiments already showed that transport measurements
also allow for probing the magnetic configuration of individual submicron
structures. Ono et al. [4] using the giant magnetoresistance (GMR) effect,
and Klaui et al. [5] using the anisotropic magnetoresistance (AMR) effect,
have detected domain wall motion in magnetic nanowires. Work on current-
induced dynamics of a single domain wall in a magnetic nanowire by Saitoh
et al. [6] allowed for determining the domain wall mass. Further, the GMR
effect was used for real-time detection of the dynamics of spin valve de-
vices [7, 8] and for observing spin-transfer induced magnetic oscillations at
GHz frequencies [9]. We demonstrate here how the AMR effect can be used
for detecting how microwave magnetic fields resonantly enhance magneti-
zation reversal of individual nanomagnets that are embedded in electronic
nanodevices. This allows for analyzing the magnetization dynamics in the
metastable state prior to reversal of the magnetization.

I+

I-

V+

V-

Co Al

1 µm5 µm

CPW

(a) (b)
Figure 8.1: (a) Optical microscope picture of the device including the CPW
with a short at the end. (b) Scanning Electron Microscope picture of the
Co strip, contacted by four Al fingers.

8.2 Experimental realization
We use devices that are patterned by electron beam lithography. In a first
step, a gold coplanar waveguide (CPW) is defined with standard lift-off
techniques (Fig. 8.1 (a)). The short at the end of the CPW forms a 2 µm
wide microwave line, and provides the microwave magnetic field. Then a
device containing the nanomagnet is fabricated close to the microwave line
with shadow mask techniques [10]. In this chapter we concentrate on the
case of a cobalt strip of 2 µm × 130 nm × 40 nm. It is deposited by e-beam
evaporation parallel to the microwave line at 2 µm distance. In the same
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vacuum cycle, four aluminum fingers are deposited that form clean contacts
with the Co strip (Fig. 8.1 (b)). The microwave field is perpendicular to
the plane of the sample and the equilibrium direction of the magnetization,
which is a condition for driving the FMR [11]. The CPW is connected to a
microwave signal generator via microwave probes with 40 GHz bandwidth.

Our detection method of FMR is based on microwave-assisted magneti-
zation reversal [12, 13]. Slowly sweeping a static magnetic field parallel to
the strip’s long dimension is used for inducing a sudden switch event be-
tween the two saturated magnetic configurations. When microwave-driven
FMR occurs, the magnetic configuration is excited out of a metastable state,
and the static-field induced switching occurs at values closer to zero field.
The switching fields are deduced from recording the strip’s resistance R(H)
during the field sweep. When approaching the switching field, the magne-
tization is pushed slightly out of its zero-field configuration, which causes a
reduction of the strip’s AMR (the strip’s AMR ratio is about 0.6%). Mag-
netization reversal is identified from a sudden return to the zero-field AMR
value (Fig. 8.2). The resistance of the sample is measured in a four probe
geometry (see Fig. 8.1) with a lock-in detection technique and 5 µA ac bias
current. All measurements are done at room temperature.

8.3 Results and discussion

The switching of the samples is first characterized without applying a mi-
crowave field. In our particular sample, two types of R(H) curves can be
obtained (Fig. 8.2). This can be understood when considering that in high-
aspect-ratio samples as used here, magnetization reversal occurs by domain
wall nucleation and propagation [4, 14]. The R(H) curve • shows first a
small reversible decrease of the resistance [15], and then a sharp transi-
tion towards the initial resistance at ≈55 mT, noted as upNoP . At this
field a domain wall propagates through the strip. For the R(H) curve 4,
the resistance also decreases progressively up to dnP at ≈55 mT, but then
drops sharply. R is then constant up to upP at ≈65 mT, where a jump
towards the initial value is observed. In this case, instead of propagating
directly through the sample, the domain wall gets pinned between the volt-
age probes (probably by some defect arising from the lithographic process),
and a higher field is needed to unpin the domain wall [5]. The decrease
in resistance ∆R is due to the spin distribution in the domain wall, which
gives a negative contribution to the AMR. By comparing ∆R to the total
variation of resistance ∆RAMR, we can estimate the width of the domain
wall by W = d∆R/∆RAMR ≈ 250 nm, with d=0.5 µm the distance be-
tween the voltage probes. This value is comparable to the width of domain
walls observed in Co rings of thickness and width similar to our sample
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[16]. We now turn to discussing microwave-assisted switching, measured in
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Figure 8.2: Resistance vs. static magnetic field H curves measured at room
temperature. Here H is parallel to the strip’s longest dimension and slowly
swept from -100 mT to +100 mT. With the same sample, two behaviors
denoted by • or 4 can be observed.

static field cycles while applying a microwave magnetic field as well. We
first set the amplitude of the microwave field to a value of 2.2 mT [17], and
study the frequency dependence of the switching fields. Figure 8.3(a) shows
results for upNoP and dnP . The upNoP and dnP values are distributed over
0.5 mT due to thermal broadening. In order to gain accuracy, the R(H)
curve for each frequency was performed 10 times and we plot the averaged
values. Within the precision of the measurement upNoP and dnP are equal:
the value of the field at which the domain wall appears between the voltage
probes is the same for reversal with and without domain wall pinning. Fur-
ther, we observe two resonances where the switching fields are decreased at
4.2 and 6.6 GHz. As in FMR measurements, the width and amplitude of
these resonances are linked to the Gilbert damping parameter α.

Figure 8.3(b) shows how the switching fields upNoP and dnP depend
on microwave amplitude HMW , recorded for the frequencies 3, 4.2, and 6.6
GHz. The data taken at 3 GHz (outside the resonances in Fig. 8.3(a)) does
not depend on HMW . For the data at 4.2 and 6.6 GHz, however, the switch-
ing fields upNoP and dnP decrease linearly with HMW . The precision of our
measurement does not allow to discriminate the 4.2 and 6.6 GHz curves.
The same procedure is used to analyze the microwave dependence of upP .
Figure 8.3(c) presents results for upP vs. frequency. Here only one resonance
is detected around 4.4 GHz. This behavior is confirmed in Fig. 8.3(d): The
switching field upP stays constant when HMW is increased for both 3 GHz
and 6.6 GHz microwave fields. When the frequency of the microwave field
is set to 4.2 GHz, upP decreases with HMW with a step-like dependence.
We rule out that the observed phenomena are not FMR related but due to
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Figure 8.3: (a) Average of upNoP (4) and average of dnP (•) vs. frequency
with a 2.2 mT microwave field. (b) Average of upNoP and dnP vs. HMW at
3 GHz ¤, 4.2 GHz •, 6.6 GHz 4. The line is the fit to the model. (c) •
: upP vs. frequency with a 2.2 mT microwave field (d) upP vs. HMW at 3
GHz ¤, 4.2 GHz •, 6.6 GHz 4.

resonances in the microwave system. Resistance vs microwave amplitude
at high static magnetic field (200 mT), showed heating, but the frequency
dependence at fixed amplitude showed variations less than 5 mΩ. With
a microwave power of 14 dBm (corresponding to 2.2 mT) such resistance
variations of the sample correspond to power variations in the microwave
line smaller than 1 dBm, and these cannot explain the large variations in
switching fields that we observe (see the reference curves at 3 GHz from Fig.
8.3(b) and (d) where the power is swept up to 18 dBm). We thus conclude
that we observe FMR enhanced switching.
The interpretation of the results relies on the knowledge of the magnetic con-
figuration before switching. At static fields slightly below upP the magnetic
configuration is known: it consists of two domains separated by a pinned
domain wall between the voltage probes. The magnetic configuration at
fields just below to upNoP and dnP is less clear: the magnetization in the
sample can be close to uniform, or a domain wall can already be nucleated,
but outside of the voltage probes. Examination of the involved resonance
frequency values shows that in our experiments magnetization reversal is
always initiated by domain wall dynamics, and not by the dynamics of the
uniform mode. According to the Kittel formula, the resonance frequency of
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the uniform mode is:

f = γ0/(2π)
√

[H + (Ny −Nx)HD][H + (Nz −Nx)HD] (8.1)

Nx,y,z are the demagnetizing factors and HD the demagnetizing field. With
Nx,y ≈ t/wx,y (t= thickness, w= width), Nz = 1−Nx−Ny, HD = 1.8 T and
H = - 60 mT, we find funiform ≈ 21 GHz. This is far from the measured
values, and the observed resonance frequencies also occur well outside the
error margin for this estimate. The resonant mode for upNoP and dnP at
4.2 Ghz is then more likely to be a domain wall resonance, just as for the
4.4 GHz resonance in upP . To confirm this last statement, we solve the
following equations for domain wall motion [18]:

∂σ

∂x
=

Ms

γ0

(θ̇ + αW−1ẋ) = MsH −MsHC
x

xc

, (8.2)

∂σ

∂θ
=

Ms

γ0

(−ẋ− αWθ̇)

= WHDMs sin θ cos θ −WMsHMW cos(ωt) . (8.3)

Here σ is the domain wall energy per unit area, Ms the saturation magne-
tization, γ0 the gyromagnetic ratio, ω the microwave angular frequency, x
represents the domain wall displacement along the strip and θ, the out-of-
plane angle of the domain wall, is a deformation parameter. The last term
in Eq. 8.3 accounts for a quadratic pinning center of width xc and strength
HC [19]. For a constant domain wall width W and small displacements, we
calculate

f =
γ0

2π

√
ηHDHC , (8.4)

HSW = HC [1− η
HMW

αHD

] . (8.5)

Here f is the resonance frequency for the domain wall, with η = W/xc.
Using the values HD = 1.8 T, HC = 57.5 mT, and f = 4.2 GHz, we find
with Eq. 8.4 that η = 0.22. With W = 250 nm this gives xc ≈ 1 µm
which is a reasonable value since the extension of the potential well can
be much larger than the physical dimensions of the pinning center [5]. Eq.
8.5 was obtained by using for the switching condition the depinning of the
domain wall at x > xc and neglecting HC compared to HD. This formula
allows us to fit the curve at 4.2 GHz of Fig. 8.3(b). Using the value η =
0.22, the model fits the experimental data very well for α = 0.013, close
to the 0.01 value measured in polycristalline cobalt [20]. As a conclusion,
both the value of the resonance frequency (4.2 GHz) and the switching field
dependence of upNoP and dnP on HMW at 4.2 GHz confirm that we see
single domain wall resonance. We also observed resonances around 4 GHz
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in smaller Co samples (600 nm × 130 nm × 20 nm) where the structure
of the domain wall should be similar to the one observed in 2 µm × 130
nm × 40 nm strips. When the domain wall is pinned between the voltage
probes, the dependence of the switching field upP is non-linear with respect
to the amplitude of the microwave field. This can be explained by strong
oscillations in a non-quadratic pinning center. Additionally to the domain
wall resonance at 4 GHz, we have observed a resonant mode at 6.6 GHz.
This resonance could be attributed to spin-waves or edges mode that can
assist the onset of a reversal process.

8.4 Conclusions

We have demonstrated a detection method for FMR in nanomagnets, based
on transport measurements and microwave-assisted magnetization reversal.
We have used AMR measurements to probe how magnetization reversal of
a Co strip is enhanced by resonant microwave magnetic fields. In this high-
aspect ratio samples the magnetization reversal occurs by domain wall nu-
cleation and propagation. This reversal mechanism is confirmed by our ob-
servations. Contrary to traditional FMR techniques, the presented method
allows to study single domain wall dynamics.
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Summary

This thesis describes a series of experiments aimed at the understanding
of the physics of magnetization and spin dynamics in the GHz frequencies
range (1 - 40 GHz) in hybrid submicron ferromagnet/normal-metal devices.
Understanding and control of the interplay between charge, spin and mag-
netization dynamics in ferromagnet/normal-metal structure is required for
further development of nanoscale spintronic devices. In addition to un-
derstanding the basic physics of magnetization and spin dynamics at high
frequencies, we were able to develop two new microwave measurement tech-
niques.
The major results of this thesis are as follows:

1. The influence of multiple electrode magnetic configurations on the
spin valve signal in a four ferromagnetic terminal spin valve device is
observed (chapter 4).

2. New methods to induce and detect on-chip ferromagnetic resonance
in an individual, submicron permalloy strip are developed (chapter 5
and 6).

3. Anisotropic magnetoresistance detection of resonantly enhanced mag-
netization reversal by microwave magnetic fields in an single cobalt
strip (chapter 8).

4. Dc electrical detection of the spin pumping effect due to the precessing
magnetization of a single ferromagnet (chapter 7).

We started with an extension of work done here in Groningen by Jedema,
et al. and Zaffalon, et al.. In general, in a four-terminal measurement on a
lateral spin valve device, at least two electrodes should be ferromagnetic, one
for spin injection and the second for detection. For practical reasons, it is
easier to fabricate devices with all four electrodes ferromagnetic. In chapter
4, we studied dc spin accumulation in an Al island, connected by four Co
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electrodes. Due to the small differences produced during the fabrication and
to magnetic interactions between the Co electrodes, the switching fields for
identically designed Co electrodes may not be the same. However, from the
measurements we can identify the sequence of the magnetization switching
of the ferromagnetic contacts.

Next we focused on high frequency experiments. Advances in under-
standing of the high frequency physics of ferromagnet/normal-metal struc-
tures are not possible without developing new microwave measurement tech-
niques. In chapter 5 and 6 we describe two experiments in which we induce
and detect on-chip ferromagnetic resonance (FMR) in an individual, sub-
micron ferromagnetic element, and measured its precession cone angle with
the dc anisotropic magnetoresistance (AMR) effect.

In these experiments, a ferromagnetic permalloy strip is embedded in
an on-chip, lateral microwave transmission line device. Strong on-chip res-
onant driving of large cone angle magnetization precession of the element
is achieved by locating the element in close proximity to the shorted end
of a coplanar strip waveguide which generates an intense, local microwave
magnetic field. In the first method, the FMR uniform precession mode is
measured by inductive detection of the oscillating magnetic flux due to the
magnetization dynamics (chapter 5). In the second method, by applying a
dc current across the stripe and measuring its AMR, we determine the cone
angle of the precessing magnetization with high precision. The perfect fit of
the experimental data with the Kittel equation for the uniform precession
mode demonstrates the viability of both methods.

In an early attempt to detect FMR in a submicron cobalt strip (chapter
8), we developed a new detection method for microwave spectroscopy on
magnetization reversal dynamics of the strip. We used AMR measurements
to probe how magnetization reversal of a Co strip is enhanced by resonant
microwave magnetic fields.

All these techniques were an important precursor to the spin pumping
work, which is the main result of this thesis. In chapter 7, we demonstrate
that simply the motion of the magnetization of a ferromagnet can generate
a voltage. This is due to the spin pumping effect, where the motion of the
magnetization pumps a pure spin current (without a charge current) into
an adjacent normal-metal region, resulting in a spin accumulation. The
spin accumulation induces a backflow of spin current into the ferromagnet
which generates a dc voltage due to the spin dependent conductivities of the
ferromagnet. By comparing different contact materials (Al and/or Pt) and
different contact geometries, we find, in agreement with theory, that the
spin-related properties of the normal metal dictate the magnitude of the dc
voltage. Therefore, an important characteristic is that the same ferromagnet
acts as both the source as well as the detector of the spin pumped current.
This offers a very sensitive method for electrical detection of magnetization
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dynamics.
This thesis presents a systematic study on mesoscopic physics in par-

ticular on metallic spintronics. Starting with a lateral spin valve device
which was a simple extension of the previous work done here in Groningen,
we have successfully introduced high frequency measurement techniques by
the incorporation of on-chip waveguides. The main focus was the precise
fabrication and layout of submicron metallic structures for different func-
tionalities: delivery of high-intense and localized microwave magnetic fields,
ferromagnetic stripes for electrical spin injection and detection, and various
paramagnetic metals as spin transport channels.

The detection of spin pumping offers novel insight into the fundamental
physics of spintronics and could lead to new technological applications.
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Samenvatting

Dit proefschrift beschrijft een reeks experimenten met het doel de fysica te
begrijpen van magnetizatie en spin dynamica in het GHz frequentiebereik
(1 - 40 GHz) in hybride submicron ferromagneet/niet-magnetisch-metaal
devices. Het begrijpen en beinvloeden van de interactie van lading, spin
en magnetizatie dynamica in ferromagneet/niet-magnetisch-metaal devices
is noodzakelijk voor verdere ontwikkeling van spintronika devices op de
nanoschaal. Naast het begrijpen van de onderliggende fysica van mag-
netizatie en spin dynamica bij hoge frequenties, hebben we twee nieuwe
microgolf meettechnieken ontwikkeld. De belangrijkste resultaten van dit
proefschrijft zijn:

1. De invloed van verschillende magnetische configuraties van electroden
op het spin valve signaal is gemeten in een spin valve device met 4
ferromagnetische contacten (hoofdstuk 4).

2. Nieuwe methoden zijn ontwikkeld om ferromagnetische resonantie on-
chip te genereren en te detecteren in een submicron ferromagnetische
strip (hoofdstuk 5 en 6).

3. Detectie van magnetizatie inversie in een enkele Cobalt strip als gevolg
van in resonantie versterkte microgolf magnetische velden, door met-
ing van de anisotropische magnetoweerstand (hoofdstuk 8).

4. DC elektrische detectie van het spin pumping effect als gevolg van de
precederende magnetizatie in een enkele ferromagneet (hoofdstuk 7).

We zijn begonnen in het verlengde van het werk dat hier in Groningen
is gedaan door Jedema et al. en Zaffalon et al.. In het algemeen moeten,
in een 4-punts meting van een lateraal spin valve device, ten minste twee
van de electroden ferromagnetisch zijn, n voor spin injectie en de tweede
voor spin detectie. Vanuit praktisch oogpunt is het eenvoudiger om alle
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4 contacten ferromagnetisch te maken. In hoofdstuk 4 hebben we de DC
spin accumulatie in een Al eiland bestudeerd dat verbonden was met 4 Co
electroden. Als gevolg van de kleine variaties in het fabricage proces en
magnetische interacties tussen de Co electroden kan het omslagveld voor
identiek ontworpen Co electroden toch iets verschillen. Evenwel kunnen we
uit de metingen de volgorde van magnetizatie omslag van de ferromagnetis-
che contacten herleiden.

Daarna hebben we ons gericht op experimenten bij hoge frequentie.
Vooruitgang in het begrijpen van de fysica van ferromagneet/niet-magnetisch-
metaal bij hoge frequentie kan niet geboekt worden zonder de ontwikkeling
van nieuwe microgolf meettechnieken. In de hoofdstukken 5 en 6 beschri-
jven we twee experimenten waarin we ferromagnetische resonantie (FMR)
on-chip genereren en detecteren in een enkel, submicron ferromagnetisch
deeltje. Daarin meten we ook de precessie hoek door middel van het DC
anisotropische magnetoweerstand (AMR) effect.

Voor deze experimenten is een ferromagnetische permalloy stip aange-
bracht in een laterale microgolf transmissielijn. Sterke aandrijving van
de grote precessie hoek van de magnetisatie precessie is gekregen door
het element in de nabijheid van het kortgesloten eind van een microgolf
transmissielijn te plaatsen welke een sterk lokaal microgolf magnetisch veld
genereert. Met de eerste methode is de uniforme precessie mode geme-
ten door middel van inductieve detectie van een oscillerende magnetische
flux door de magnetizatie dynamica (hoofdstuk 5). In de tweede meth-
ode is door het aanbrengen van een elektrische stroom en het meten van
de anisotropische magnetoweerstand de precessiehoek bepaald van de mag-
netizatieprecessie met hoge precisie. De perfecte fit van de experimentele
data aan de Kittel formule voor de uniforme precessie mode demonstreert
de toetsbaarheid van beide methoden.

Bij een eerdere poging om FMR te detecteren in een submicron Co strip
(hoofdstuk 8) hebben we een nieuwe detectie methode voor microgolf spec-
troscopie van magnetizatie omslag dynamica van de strip ontwikkeld. We
hebben AMR metingen gedaan om te meten hoe de magnetisatie omslag van
een Co strip versterkt wordt door resonante microgolf magnetische velden.

Al deze technieken waren een belangrijke voorloper van het spin pump-
ing work, het belangrijkste resultaat in dit proefschrift. In hoofdstuk 7
laten we zien dat alleen al de beweging van de magnetizatie van een fer-
romagneet een spanningsverschil kan genereren. Dit is het gevolg van het
spin pumping effect, waarbij de beweging van de magnetizatie een pure spin
stroom (zonder ladingsstroom) in een aangrenzend niet-magnetisch-metaal
kan sturen. Dit resulteert in een spin accumulatie. Deze spin accumulatie
genereert een terugstroom van spin stroom in de ferromagneet waardoor
er een DC spanningsverschil ontstaat als gevolg van de spin afhankelijke
geleiding van de ferromagneet. Door verschillende contact materialen (Al
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en/of Pt) te vergelijken in verschillende geometrieen vinden we, in overeen-
stemming met de theorie, dat de spin gerelateerde eigenschappen van het
niet-magnetische metaal de grootte van het DC signaal bepalen. Een be-
langrijke waarneming is dus dat dezelfde ferromagneet de bron en ook de
detector van de spin stroom is. Daardoor is dit een zeer nauwkeurige meth-
ode voor de elektrische detectie van magnetizatie dynamica.

Dit proefschrift presenteert een systematische studie in de mesoscopische
fysica, in het bijzonder aan de metallische spintronica. Beginnend met een
lateraal spin valve device, welke een simpele uitbreiding was van vorig werk
gedaan hier in Groningen, hebben we succesvol hoge frequentie meettech-
nieken geintroduceerd door middel van microgolf structuren op standaard
Si/SiO2 chips. De focus lag op de precieze fabricatie en layout van de
submicron metallische structuren voor verschillende functionaliteiten: het
creeeren van hoog intense en gelokaliseerde microgolf magneetvelden, ferro-
magnetische strips voor electrische spin injectie en detectie en verscheidene
paramagnetische metalen als spin transport geleiders.

De detectie van spin pumping bied inzicht in de fundamentele fysica van
de spintronica en kan leiden tot nieuwe technologische applicaties.
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