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Version abrégée

Les développements vers la compréhension des propriétés de transport a l'interface
entre deux métaux différents - ferromagnétique et non magnétique - ainsi que la
découverte de la magnétorésistance géante ont suscité un fort intérét a la fois de la
communauté scientifique mais aussi de I'industrie électronique avec la perspective
d’utiliser le spin des électrons dans des systemes électroniques rapides, a 1’échelle
nanométrique. La polarisation de spin obtenue en injectant un courant a travers
une nanostructure magnétique est appelée “accumulation de spin”. Au cours de
ce travail de theése, nous avons utilisé la résonance magnétique nucléaire (RMN)
du ®°Co a champ nul sous courant afin de sonder cet effet. Aucune mesure locale
de Paccumulation de spin n’a été rapportée a notre connaissance. La RMN était
une technique de choix pour cette étude, étant donné qu’elle permet de sonder de
maniere locale la structure électronique et sa dynamique.

Dans la premieére partie de cette thése, nous présentons les spécificités de la RMN
dans les ferromagnétiques. Nous examinons également l'effet attendu sur le signal
RMN du fait de accumulation de spin. Dans une deuxiéme partie, nous décrivons
et caractérisons les différents échantillons que nous avons étudiés au cours de ce
travail de theése : des granulaires, des nanofils multicouches et des piliers de taille
micrométrique. La troisiéme partie est consacrée a la description des spectres RMN
du %?Co obtenus pour divers échantillons. Nous avons également mesuré les temps
de relaxation spin-spin et spin-réseau dans les échantillons granulaires de Co/Cu.
Cette étude est cruciale dans le choix des meilleurs candidats pour les expériences
de RMN sous courant. Enfin, nous avons utilisé une technique de résonance nu-
cléaire ferromagnétique excitée et détectée électriquement, développée dans le cadre
de cette these. Cette technique présente plusieurs avantages par rapport a la RMN
classique : aucune bobine ni aucun circuit résonnant ne sont nécessaires et surtout,
cette technique ouvre de nouvelles perspectives sur la possibilité d’étudier de plus
petits échantillons, qui n’auraient pas pu I’étre par des méthodes de RMN classique.
Une nette amélioration en découle, car le courant nécessaire pour obtenir les densités

de courant voulues sont de fait plus faibles, et ainsi, le champ créé par ce courant est

ix



diminué. La résonance nucléaire ferromagnétique excitée et détectée électriquement
a été utilisée pour les mesures sous courant. Les densités de courant injectées étaient
suffisamment élevées dans les échantillons pour induire des effets mesurables sur les

spectres obtenus, qui sont décrits et interprétés dans la partie finale de ce manuscrit.

Mots-clés: RMN a champ nul, nanostructures, échantillons magnétoresistifs,
accumulation de spin, résonance nucléaire ferromagnétique excitée et détectée élec-

triquement.



Abstract

Developments towards an understanding of the nature of conductance at the inter-
face between two different metallic layers - ferromagnetic and non magnetic - as
well as the discovery of giant magnetoresistance have stirred attention from both
the scientific community as well as the electronics industry, with the prospect of
using the spin of electrons in fast, nano-sized electronic devices. The spin polariza-
tion obtained by driving a current through a magnetic nanostructure is referred to
as “spin accumulation”. In this thesis work, we use ?Co zero-field nuclear magnetic
resonance (NMR) under an additional current in order to probe spin accumulation.
To the best of our knowledge, no local measurement of spin accumulation has yet
been reported. NMR was chosen as the most appropriate technique for this study,
as it is a local probe of the electronic structure and its dynamics.

In the first part of this thesis, we present the main characteristics of NMR, in
ferromagnets. We also discuss the effect expected in the NMR, due to spin accumu-
lation. In the second part, we describe and characterize the different samples that
we investigated during this study: granular samples, multilayered nanowires and
micro-pillars. The third part is devoted to the description of Co NMR lineshapes
obtained for different samples. In addition, we measured the spin-spin and spin-
lattice relaxation times in the Co/Cu granular samples. This study is of tremendous
importance to choosing the best candidate sample for NMR, experiments under ad-
ditional current. Finally, we used a method of electrically excited and electrically
detected ferromagnetic nuclear resonance (EDFNR) developed during the course of
this work. This technique presents several advantages over standard FNR: neither
coil nor resonant circuit is needed and, overall, EDFNR opens the possibility of
studying samples with much fewer nuclei than is achievable with standard nuclear
resonance methods. This could provide an important development to decrease the
current needed for the same current density in the samples, which is of great in-
terest due to the smaller magnetic field created by the reduced current. EDFNR
was applied to measure the nuclear resonance in the samples under an additional

applied current. The current densities achieved were high enough to induce mea-

xi
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surable effects in the EDFNR spectra, which are interpreted in the final part.

Keywords: Zero-field NMR, nanostructures, magnetoresistive samples, spin

accumulation, electrically excited and detected FNR.
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Chapter 1

Introduction

Electrons possess a charge and a spin. By analogy to electronics, where charges
are manipulated through an electric field, a new field of research has emerged,
exploiting the spin and its influence on the electrical conduction in ferromagnets:
spintronics, short for “spin-based electronics”. This emerging field is nowadays in
rapid development.

The technical basis of spintronics goes back to the mid-1930s, when Mott proposed
the spin-dependent conduction: ferromagnetic materials doped with impurities ex-
hibited anomalous resistivity trends. The resistance of ferromagnets being a com-
plex function of their impurities has been explained with a two spin-channel model.
This model treats the charge carriers - spin up T and down | electrons - as rela-

tively independent families between which spin-flip scattering rarely occurs. T and

Image above adopted from: “Putting electronics in a spin”, by Jonathan Fildes
http://news.bbc.co.uk/1/hi/technology/6935638.stm.
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| represent respectively majority and minority spin directions, i.e. spin antiparallel
and parallel to the local magnetization. We underline here that in the magnetic
metals community, “spin up” and “majority spin” are synonymous and refer to the
electron magnetic moment which is antiparallel to the electron spin for Fe, Ni and
Co. Indeed, for a free electron: i = —gupS/h, where | §| = h/2.

The conduction by the two independent channels is assumed to be parallel, if we
do not take spin-mixing contribution into account.

An essential ingredient for spintronics is the very different density of states of the
two different electron spins in a ferromagnetic metal. Any current that flows is
primarily mediated by s-electrons, due to their smaller effective masses compared
to the d-electron masses. However, the d-electrons present a very different density
of states due to the splitting caused by the exchange interaction. Hence, the most
frequent scattering event is from “s” electrons to “d” electrons. Consequently, the
mobilities of the channels T and | are very different. Thus, a current flowing in a
ferromagnetic metal with both s-like and d-like character at the Fermi surface Er
would be mediated primarily by the high mobility carriers, 7.e. the majority carri-
ers, which present the higher occupation number at the Fermi level. One must then
expect spin-dependent conductivities. A major consequence of the spin-dependent
conductivities is the ability to generate a spin-polarized current by passing a current

from a ferromagnet to a paramagnet, as discussed below.

The 2007 Nobel Prize for Physics was awarded to Albert Fert [1] and Peter
Griinberg [2] for “the discovery of giant magnetoresistance (GMR)”. GMR was dis-
covered in thin films made of alternating magnetic and non-magnetic layers and is
at the root of spintronics. This phenomenon occurs when conduction takes place
in nanostructured materials where magnetic materials alternate with non-magnetic
metals over distances shorter than the spin diffusion length 155 (see below). A clear
understanding of the GMR was given by Johnson [3]. In his description, Johnson
uses the electron spin to establish a model of the density of states of multilay-
ered magnetic/non magnetic/magnetic films. This model is simplified by giving the
bands a simple shape and by allowing one spin subband to be entirely below Ep.
At equilibrium, when no current is applied, the Fermi levels align (Figure 1.1 top).
Let us now consider a current flowing perpendicularly to the interfaces, from the
ferromagnet F1 to F2 (Figure 1.1 bottom). In F1, only electrons in the spin-up
subband are available for transport, as they are near Ep. In this configuration,
the current passing across the interface between the ferromagnet F1 and the para-

magnet P will be spin-up polarized, if we consider that no spin-flip events occur.



N,(E) Ny(E)

F1 F2, parallel F2, anti-

parallel

Figure 1.1: Model of the densities of states of two ferromagnetic films in interfa-
cial contact with a paramagnetic film. In equilibrium, the Fermi levels align (top).
When a current is driven through the sandwich the voltage drop across the trilayer
depends on the orientations of the magnetizations of the ferromagnetic films (bot-
tom). Inset: Configuration of the measurement and the sandwich structure under
consideration. After [3].

Thus, the chemical potential of the spin-up subband in P will be raised above its
equilibrium value, which will be compensated by a lowering of the spin-down sub-
band. The rise of spin-up in P will have a back-effect on F1, by raising its chemical
potential. If the magnetizations of the two adjacent ferromagnetic layers F1 and
F2 are parallel, the chemical potential of F2 will also rise to align with that of the
spin-up subband of P. Therefore, in this configuration the spin-up will have a highly
conducting path, thus lowering the overall resistivity of the layers. However, if the
magnetization of F2 is antiparallel to the one of F1, then its chemical potential will
align with that of the spin-down subband of P and the chemical potential of F2
is lowered with respect to equilibrium. Consequently, each spin channel has to go
through a combination of a path with a large conductivity and with a small one. A
higher resistivity of the layers will be measured. Applying a magnetic field to the
sample allows the magnetic layer to be changed from the anti-parallel state to the
parallel state.

The historical data of the first observation of GMR by the group of A. Fert is
given in Figure 1.2. Interest in GMR was stirred both in the research community
as a challenge to understand spin-dependent transport and for its commercial ap-
plications, leading to an improvement of read heads sensibilities of computer hard

disks and contributing to an increase in data storage density, but also for industrial
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Figure 1.2: Experimental illustration of GMR. After [4].

sensors and devices.

Depending on how the current flows with respect to the metallic multilayer, there
are two configurations: current in plane (CIP) [4, 5] and current perpendicular to
plane (CPP) [6]. The CPP-GMR has revealed spin accumulation effects, govern-
ing the propagation of a spin-polarized current through a succession of magnetic
and non-magnetic layers. Spin accumulation determines the exchange coupling be-
tween current and magnetization that is presently under investigation by various
groups worldwide. It is a consequence of the spin dependence of the conductivity
of ferromagnetic metals, which is responsible for the GMR effect. It has been de-
scribed theoretically in [7]. In that paper, Valet et al. used a Boltzmann description
of spin-dependent transport, which extended the standard treatment by assuming
spin-dependent distributions for | and | spins, and using distinct, spin-dependent
electrochemical potentials.

The physics of spin accumulation is explained in Figure 1.3, where electrons
are flowing from the magnetic to the non-magnetic metal. Far from the interface
in the ferromagnet, the spin up current is larger than the spin down while on the
other side, far from the interface, the current is equally distributed between both
spins. Therefore, there is an accumulation of spin up carriers at the interface and
depletion of spin down carriers. This can be seen as a splitting Ap between the
Fermi energies (chemical potentials) of the spin up and spin down electrons. Spin
accumulation decays exponentially away from the interface on a length scale called
the spin diffusion length. Throughout [7], the authors considered the spin diffusion
length to be much larger than the mean free path (I, > \). An estimation of I, in
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Figure 1.3: Schematic of spin accumulation at an interface between a ferromagnetic
and a non-magnetic layer (a) spin up and down currents outside the spin accumu-
lation zone; (b) Interfacial splitting of the chemical potentials Ep T and Ep |. The
arrows symbolize the spin flips that control the progressive depolarization of the
electron current between the left and the right. After [1].

the Co layers was given by Piraux [8], from CPP-GMR data on Co/Cu multilayers:
he found a value of about 60 nm at low temperature, getting down to about 40 nm

at room temperature.

How large is a typical value for spin accumulation for multilayered nanowires?
According to T. Valet et al. [7] (Figures 1.3 and 1.4), the maximum of the spin
accumulation is at z = 0, 7.e. at the interface between the two ferromagnetic metals.
A numerical estimate of Ap;y = Ap = Bepp® lff j is now given. [ is the bulk
spin asymmetry coefficient which measures the spin asymmetry of the Co resistivity
and equals 0.36, according to [8], for Co/Cu multilayered nanowires produced by
electrodeposition. We take pp* = 6 x 1077 Q.m from the same reference; e is
the electron charge and we substitute the typical number: lf F = 60 x 1072 m
for Co. Ap is proportional to the current density j: Ap = r j, where Ay is in 'V,
r is the interface resistance in Q.m? and j is in A/m?. A reasonable value for j is
the experimental, approximate limit beyond which one has to worry about electro-

migration, namely j = 10! A.m=2 = 10° A /cm?. This leads to Ay = 1.3x107% eV,
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Figure 1.4: Result of the Valet-Fert model: position-dependence of the electro-
chemical potential on a bilayer system for the case of antiparallel arrangement of
the magnetizations of two semi-infinite ferromagnetic metals. After [7].

which is the maximum possible value for Ap, at the interface. The minimum
value, i.e. Au = 1.3 x 107° eV is found by taking the resistivity of pure Co,

pr* = 6 x 107% Q.m. Therefore, we have for our samples:

1.3x107° eV < Ap<1.3x107% eV

Whereas spin accumulation is conceptually evident, its experimental verification
by direct measurement turns out to be a challenge. Direct evidence for spin accu-
mulation comes from transport measurements. It was measured for the first time
by Johnson and Silsbee [9] by using ferromagnetic/non-magnetic interfaces. To do
S0, they relied on a three terminal device in order to distinguish spin currents from
charge currents. Nowadays, such measurements are carried out in configurations
such as the one of Figure 1.5, referred to as non-local measurements [10, 11, 12].
A current I is driven into one ferromagnetic electrode (Col) while the potential V
of a second nearby electrode (Co2) is monitored at zero current. The current I is
collected in a third electrode away from the voltage electrode. This measurement
is analogous to a three-electrode configuration in an electrochemical measurement.
If a non-zero voltage is detected, it must come from the electrochemical potential
arising from spin accumulation effects.

A magnetic demonstration of spin accumulation was achieved with a non-local
spin valve [13]. The accumulation of spins is thought to have caused the flipping
of the magnetization of a nanomagnet positioned at the voltage-probing electrode.
In this type of measurement of course, experimental arguments are needed to show

that the current itself is not the cause of the switch.
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Figure 1.5: Non-local measurement configuration (top). Electrochemical potential
for up and down spins, distances in units of the spin diffusion length; Solid line :
electrochemical potential in the absence of spin effects (bottom). After [12].

The physics of spin accumulation is of great interest, as it plays an important
role in many fields of spintronics. For instance, it remains one of the great challenges
of spintronics using semiconductors to inject and modulate spin-polarized carriers

electrically, without the application of external magnetic fields.

This thesis is devoted to a search by nuclear magnetic resonance (NMR) for
evidence of the spin accumulation at interfaces between non-magnetic and ferro-
magnetic layers. NMR offers the possibility to use the nuclear spin as a local probe.
Therefore this search aims to provide a local characterization of spin accumulation,

independent of transport measurements and models.






Chapter 2

Design of the NMR

experiment

2.1 NMR in ferromagnets

NMR is a powerful tool for the study of ferromagnetism, as the nuclei can be seen
as probes of the electronic structure, due to the hyperfine field. In our case, i.e.
for 59Co-NMR, the magnetic moment is carried by the ion of interest. This makes
the NMR of ferromagnets more complex than standard NMR, as the unpaired 3d-
electron spins are the source of an effective magnetic field that affects the nuclei.
This spontaneous field is the hallmark of NMR in ferromagnets. Due to the hyper-

fine field, NMR experiments can be performed without an external magnetic field.

Image above adopted from: http://www.waite.adelaide.edu.au/NMR/NMR.htm.

9
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A magnet can be used but is not required. The Zeeman splitting of the nuclear spin
states is mainly due to the internal hyperfine field.

We give in this section a brief review of the peculiarity of NMR in ferromagnets, by
expressing the NMR Hamiltonian, addressing the hyperfine field and the enhance-

ment factor.

2.1.1 NMR Hamiltonian

NMR consists of the excitation and detection of transitions between nuclear energy
levels. The resonance frequencies observed correspond to the transition frequencies

between eigenstates of the nuclear Hamiltonian:

A ~

Hnuclear = HZeeman + Hquadrupole + Helectronfnucleus + Hinternuclear (21)

A review of the four terms is given in [14].

The first term of (2.1) corresponds to the interaction of the nucleus with the
external magnetic field. In NMR of ferromagnets, no external field is needed to lift
the degeneracy of the nuclear spin levels. Due to the spontaneous magnetization,
this can be achieved by the internal local field felt by the nuclear spin, that can be
approximated to be the hyperfine field. We performed zero-field NMR in this thesis
work.

Nuclei having spins larger than I = % present a nuclear electric quadrupole mo-
ment. This moment can interact with the electric field gradients created by the
crystal structure. In the case of a cubic environment, no effect of the electric field
gradient is expected to be seen on the nuclei. Nevertheless, defects such as vacan-
cies or deformations can lower the symmetry and could give rise to a quadrupolar
splitting of the spin levels.

We refer to the interaction of the nuclear spin of a magnetic atom with its own
uncompensated 3d (or 4f) electron shell as the hyperfine (hf) interaction. This
has to be distinguished from the interaction between the nuclear spin and electron
shells of foreign magnetic atoms, for which the main source is often the dipole-
dipole interaction, which is a direct internuclear interaction. Indirect internuclear
interactions can also take place via the electron spins (RKKY interactions with
conduction electrons and Suhl-Nakamura interactions with virtual magnons).

For a magnetically ordered material and without an applied magnetic field, we

can express the total effective field sensed by a nucleus as follows:
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Btot = Bhf + Bdipolar (22)

where By is the mean static hyperfine field used to describe the hyperfine cou-
pling in Co atoms and Bygipoiar is the dipolar field arising from the dipole-dipole
interaction between the nuclear magnetic moment and the atomic magnetic mo-
ments of all the other atoms in the solid. This total effective field leads to a nuclear
energy level splitting AE of magnitude AE = hfres = hy | Brs + Baipoiar |

where f..s is the NMR resonance frequency.

2.1.2 The hyperfine field

The hyperfine field is due to the interaction of the nuclear spin with the net electron

magnetization and lifts the degeneracy of the nuclear spin levels. It can be expressed
as:

Hpp = 1-AS (2.3)

where I is the nuclear spin operator, A is the hyperfine interaction constant and

S is the total spin operator of the atom. According to [15], when the surroundings of

the lattice sites where the nuclei are located is not of cubic symmetry, the parameter

A is a tensor of second rank possessing the corresponding symmetry. Since in solids

the electronic spin moment flipping time is very short compared to the time needed

by a nuclear spin to achieve one Larmor precession, the nucleus feels an effective

spin moment <S>. Equation (2.3) can then be written as

ﬂhf = h’ythf 1 (2.4)

where 7, is the nuclear gyromagnetic ratio and By is given by:
B ! A<S> (2.5)
hf = T .
7
In magnetically ordered materials, <S> is significantly different from zero and
for Co, By attains a value of 22 T.

It is the spatial distribution of electron spin polarization close to the observed

nucleus that leads to the hyperfine field. By, is the sum of three contributions [16]:

Bhf = Bhfcontact + Bhfdipolar + Bhforbital (26)

where
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® By, rcontact is the Fermi contact field [17], which originates from the spin po-
larization of all electrons, essentially the s-shells within the volume of the
nucleus. This contribution is the largest contribution to the hyperfine field,

for 3d-ferromagnetic materials:

8

Bhfcontact = ?,UIBm(O) (27)

where m(0) is the spin density at the nucleus. From equation (2.7), the
contact field vanishes unless there is an imbalance at the nuclear site between
the spin up and the spin down electron densities. Core polarization occurs
due to the majority s electrons that will be pulled into the region of the spin
polarized 3d shell since the exchange interaction is attractive. This results
in an excess of minority electrons at the nuclear position, i.e. a negative
polarization (antiparallel to the local moment). The spin polarization arising
from 4s electrons has two sources: the repopulation effect due to the presence
of the 3d moment that leads to more majority and less minority occupied
4s states and therefore to a positive local contribution to Bj fcontact; and the
hybridization of the valence 4s wave functions with the spin polarized 3d wave
functions of the neighboring atoms induces a weak 4s valence polarization
leading to a transferred polarization. As the transferred contribution depends
essentially on the magnetic moment of the neighboring atoms, the contact

field is made sensitive to the local environment.

® By, tdipolar is the dipolar field from electrons outside the nucleus volume, i.e.

the spin density of the d-shell, which vanishes for sites with cubic symmetry.

® By forvitar is the orbital field, which is not expected in a cubic environment
either, due to the quenching of the orbital angular momentum. However, a
small orbital moment can be induced due to spin-orbit coupling. This leads
to a positive orbital hyperfine field, as the orbital moment is parallel to the

spin moment for a more than half filled d shell, i.e. opposite to the contact

field.

The hyperfine field is indicative of the local environment of the nucleus: the
different phases present, if any and defects. Therefore, the NMR, spectrum reflects
the distribution of frequencies due to the distribution of local environments around
the nuclei. As we already mentioned, Co can be found in two phases: hexagonal close
packed (hcp) and face centred cubic (fcc). These two structures present different

local hyperfine fields and it is therefore possible to discriminate between them (see
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Chapter 4). The hyperfine field not only makes possible the detection of a NMR
signal without any external field applied at the Larmor frequency w; = v | By |
of the nuclei considered but also gives rise to an enhancement of the radio-frequency

(rf) power both in excitation and in detection (see below).

2.1.3 The enhancement factor

In ferromagnets, it is the dynamic component of the hyperfine field induced by the
applied rf field that excites the resonance rather than the external applied rf field
itself [18, 19]. As 7. =~ 103y,, radio-frequencies are almost static for the elec-
tron spins and the electron magnetization follows the applied rf magnetic field B;.
Therefore, the nuclei feel the motion of the electron spins along By i.e. a rf field
B, that is very much larger than the external rf field: B,y = B; +n Bi, where
7 is the enhancement factor, depending on the strength of the hyperfine coupling
and 7 Bj is the field contribution due to the electronic magnetization. As usually

n>> 1, Brf ~ nBl

Moreover, after the rf excitation, the nuclei precess in the plane perpendicular
to the effective field and this precession acts on the electron spins. As v, ~ 1037,
the electron spins follow the nuclear spins and it can be shown [15] that the e.m.f.
created in the receiver coil by the electron spins is 1 times larger than the one created
by the nuclear spins. Consequently, in ferromagnets, there is an enhancement of
the signal both in excitation and in detection.

The enhancement factor gives rise to tremendously enhanced signals and we only
need a low power level to flip the nuclear spins. As a consequence, the rf pulses
used can be short (few hundred ns), which allows an excitation over a large range
of frequencies. This is very convenient for us, as we are working with broad spectra

(see chapter 4).

2.2 Effect of spin accumulation on the NMR

In this section, we give a quantitative estimate of the frequency shift and broadening
that we could expect in the Co-NMR line due to spin accumulation by using a

formalism similar to the one used for Pauli paramagnetism in a non-magnetic metal.

We consider conduction electrons as an ensemble of spins % We use the notation

+ for the absolute spin direction, s, = :l:%. The energy levels m = % and m = —%

split under a static homogeneous applied magnetic field. The populations of the lev-
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Spin accumulation Pauli paramagnetism

Figure 2.1: Density of states g(E) of 4s bands: illustration of the imbalance in
population due to spin accumulation (left); splitting of energy bands due to the
effect of an applied field B for a spin parallel (+) or antiparallel (-) to B if we
consider that the electrons interact with B only via their magnetic moment through
the Zeeman interaction (right). EF is the Fermi energy.

els are Ny and N_ and the total amount of conduction electrons is: N = Ny + N_.
The polarization of the electronic spins can be written as: A N =N, - N_.

We introduce the density of states g(E) of the electrons. Spin accumulation (a) will
generate an imbalance in population, which can be compared to Pauli paramag-

netism (p), as illustrated in Figure 2.1.

As the spin bands are assumed identical, the spin-dependent density of states

for the spin accumulation is given by:

gL(B) = 3 g(F) 28)

In this case, we assume two spin populations in thermodynamic equilibrium with

the bath, but not among themselves, that is, we write:

A

Nt = /dE 9%4(E) fro(E,po F 7”) (2.9)

where

1

fFD(Equ) = 1 + e(B—po)/(ksT) (210)

and the second argument of fpp in (2.9) is the Fermi level.

. . . . , Ap .
We can change the variable of integration, posing E’ = E £+ S}
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1 A
Nt = /dE/ 3 g(E' F 7”) frp(E's po) (2.11)
We can compare this result with the one that is obtained when deriving Pauli
paramagnetism, where the spin bands are shifted by the Zeeman splitting due to
an applied field B. Thus, their density of states is:

9L (E) = 5 g(EF upB) (2.12)

N =

As the spin system is assumed to have reached equilibrium in the field B, the
Fermi level remains p for both spin bands. We therefore have the following spin

populations in the Pauli paramagnetism case:

1
NI = /dE 3 9(E F upB) frp(E, o) (2.13)

Equations (2.11) and (2.13) are similar.

In the paramagnetism case, we have upB < FEp, where E is the Fermi energy
in zero field and in the spin accumulation case, we have, according to our calculation
of Ap (see Chapter 1): B¢ < e~ Ep = imeovd = 3eV.

According to [20]:
MP = —pp (NY — NZ) = pup (upB) g(Er) (2.14)

Therefore, for the spin accumulation we have:

M* = —pp (N§ = N2) = up (—-) 9(Er) (2.15)
From (2.14) and (2.15), we get:

Me Ap Be

M¢ ~ 2upB B

(2.16)

where B? is defined here as the effective field that would have to be applied to
the nuclei in order to produce by paramagnetism as much spin polarization as the

spin accumulation does.

By taking up = 9.27 x 1072* J/T and Ap = 1.3 x 107* eV (see Chapter 1)

we get:
A 1.3 x 107% 1. 10~
Bgnaw: / = 3 <10 i 6 x 0 = 11T
2up 2 x 9.27 x 10~24

And for Ay = 1.3 x 107° eV, we have B®. = 0.11 T.

min
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Figure 2.2: Form of the chemical potential in a multilayer: alternate ferromagnetic
(FM) and non-magnetic (NM) layers. After [7].

We stress that the given estimates are optimistic, as we take the maximum value
for spin accumulation, i.e. the value at the interface instead of taking into account

the sinh shape of Ay in the ferromagnetic layer (see Figure 2.2).

In NMR, the paramagnetic shift of the nuclear resonance is known in the liter-

ature as the Knight shift K [21].

A ABP 8
af = == < uk(0) |*>g, X¥ (2.17)

K =
[ B 3

with uy(r) is the modulating part of the Bloch function ¢ = uy(r)e’™r.
According to [22], K = % = 1.86 % in the ferromagnetic hep phase of Co. Since
the nuclei resonate at 226.7 MHz at 80 K, this means that the contribution of the

conduction electron spin paramagnetism to this frequency is 4.2 MHz.

From B®, we can deduce the shift in frequency expected from spin accumulation

Af = K- B° (2.18)
2w
1.
Afmae = ng % 10.054 x 10° x 1.1 = 0.2 M Hz;

Afmin = 20 kHz

In a ferromagnet, the chemical potential always has the form depicted in Fig-
ure 2.2. Due to the sinh shape of Ay in the ferromagnetic layer, Apu varies from
-Ap to Au. Therefore, the expected effect on the NMR line would be a broadening

rather than a shift. The maximum shift has to be compared to the linewidth ob-
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tained for **Co in our Co/Cu multilayered nanowires, i.e. 7.7 MHz (see subsection
4.4.2 in Chapter 4). We expect to be able to detect a broadening of a tenth of
the linewidth. In the field B® calculated above, conduction electrons would cause a

shift spread over:

A=K % (2B%) = 2 Af (2.19)

i.e. Dpae = 0.4 MHz and A,,;,, = 0.04 MHz. Unlike A,,;,, we could detect
the broadening A,,., directly on the lineshape. In order to detect the spread
of frequency A, we could do dynamic measurements. Indeed, A,,;, causes a

dephasing characterized by:

1 27 2up 1

* - - B

2_K7A#_Afmin

(2.20)

i.e. T3 = 50 ps, which is an additional apparent relaxation process due to the

voltage injected. This relaxation was measured in our case (see chapter 5).






Chapter 3

Samples and characterization

Producing a sample suitable for the detection of spin accumulation by NMR
is a crucial step in this work. Therefore, in this chapter we would like to give a
review of different samples which have been considered and of the methods used to
characterize their properties.
It is well established that there are two types of materials displaying the giant
magnetoresistance (GMR) effect: multilayered systems containing alternating fer-
romagnetic/non ferromagnetic metal layers [4, 6] and granular thin films containing
magnetic impurities (clusters or nanoparticles) in a diamagnetic matrix [24, 25]. In
this work, we investigated both types of samples and we characterized them with
magnetic and magneto-transport measurements, electron and atomic force micro-

scopies.

Figures above: TEM micrograph of Co/Ag multilayered nanowires, picture adopted from [23]
(left); TEM micrograph of Co nanoparticles without the Cu matrix, courtesy of Prof. Antonio
Domingues dos Santos, Sdo Paulo University (Brazil) (right).

19
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3.1 Sample design

Three parameters turned out to be of paramount importance for the design of the

sample:

e We need to have at least 1017 Co atoms in order to have a good NMR

signal to noise ratio, as shown in section 4.2;

e Co should have a fcc structure, as the corresponding peak in the NMR line
is narrower than for the hcp. Also, the effect of a current applied to the
sample would be more easily detected. It has been shown [26] that by dop-
ing the Co layer with Cu during the formation of multilayered nanowires by

electrodeposition, Co crystallizes in the fcc phase;

e a current density of 10 A/cm? (see chapter 1) has to flow through the
sample for the spin accumulation effect to be detected by NMR. This is the
main limiting parameter and it imposes certain geometrical restrictions, to-

gether with the number of Co atoms required.

Two different types of samples that fulfilled the requirements itemized above

were fabricated and studied during this thesis: granular and multilayered ones.

3.1.1 Granular sample (CIP configuration)

The granular samples offered the advantage of being shaped easily, by ultraviolet
(UV) lithography. In order to utilize the maximum available surface of the NMR
coil, we shaped the samples as meander stripes, as described in subsection 3.2.1.
The substrates used for deposition were 2 inches in diameter and the mask used for
the lithography is sketched in Figure 3.1 (right).

We considered two structures: a wide one, sketched in Figure 3.1 (left) and a narrow

one. The dimensions of the metallic deposits considered were: several hundred nm

Figure 3.1: Sketches of the wide structure of the granular sample studied (left) and
of the mask used for the lithography (right).
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in thickness, w = 0.25 mm in width for the “narrow” structure; w = 0.5 mm in
width and 140 mm in total length for the “wide” structure. The concentration of
Co nanoparticles in the matrix was either 30 % or 35 %, leading to a total amount
of Co atoms inside the NMR coil > 10'7. If we consider a thickness of 400 nm,
these structures imply the injection of 2 A for the wide structure and of 1 A for the

narrow one, in order to reach the current densities needed.

3.1.2 Multilayered sample (CPP configuration)

In parallel to the granular systems, we investigated another family of samples in
this work: the multilayered one, either in the form of nanowires or micro-pillars.
The spin accumulation in these systems, where the current is applied perpendicular
to the plane, is larger than for the granular systems, where the current flows in the

plane.

Nanowires

If we suppose that the maximum current that we can inject in the sample is
Inaz = 2 A, the total sample cross section has to be at a maximum S,,,, with
Smaz = 2 x 1079 cm?. In order to have 10'7 Co spins, the volume of Co required is
V = 1.1 x 107% ¢m3. Since our nanowires are Co/Cu multilayers, this means that
we need to have a total length of 1.1 cm! Effectively, we should contact at least 1834
commercial polycarbonate membranes (6 pm thick) in series, which is not realistic!
However, we bypassed this problem by developing a device in a 75 pum thick poly-
imide template that fulfills both requirements, the current density and the minimum
amount of Co atoms needed in the sample. To do so, we adapted the flexible printed
circuit board expressed in [27] to our purpose, in collaboration with Dr. Hanna
Yousef and Prof. Klas Hjort of the Materials Department at Uppsala University
(Sweden). We designed a lithographed device composed of cavities (vias) (Figure
3.2 (left)), defined by UV lithography and filled with sub-micron sized pores with
specific characteristics (pore density, pore diameter, area of one via and number
of vias). We sealed one side of the porous template with a Cu layer (the working
electrode) which we then isolated in order to prevent deposition on it. We grew the
wires by electrodeposition in the pores (220 to 350 nm diameter).

After deposition in such a device, electrical contacts were made on the top and
bottom (by use of UV lithography). Thus, the sample consisted of interconnected
sub-micron wire bundles in series. The top interconnections of Ni wires between

two adjacent vias are illustrated in Figure 3.2 (right).
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Figure 3.2: SEM pictures of one via revealing the pores (left), and top view of a
device showing vias interconnected in series with Cu contacts, after electroplating;
the caps above the wires are clearly visible (right). Courtesy of Dr. Hanna Yousef,
Uppsala University (Sweden).

Figure 3.3: Picture of the four samples showing the 600 (on the upper left and
bottom right sides), 800 (top right) and 1000 (bottom left) square vias.
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Number of vias | Number of Co atoms
600 1.2 x 1077
800 1.6 x 10'7
1000 2 x 107

Table 3.1: Number of Co atoms contained in a 600, 800 and 1000 vias sample.

The final system was composed of 4 different samples lithographed on a single
75 pm thick polyimide foil with 1000, 800 and twice 600 square via contacts (Figure
3.3). Each contact has a surface S. of 120 pm x 120 pm, with a center-to-center
distance between two contacts of 150 pm.
The pore density is d, = 1.3 x 107 pores/cm? and the pore diameter 200 nm,
leading to a surface for one wire of S, = 3.14 x 107 m2. If we inject I = 2 A
in the sample, the current density would be: j = m = 3.4 x 105 A/cm?,
which is a relevant value for our study. The number of Co atoms contained in each
sample is summarized in Table 3.1.

The electrodeposition in such devices will be discussed in the subsection 3.3.4.

Micro-pillars

We also designed another type of multilayered samples, by UV lithography: micro-
pillars. The pillars have been contacted in pairs at the bottom and at the top in
such a way that we would get a structure in series. The final structure is pictured
in Figure 3.4. The volume of interest (without the contact pads) had to fit in an
area of 7.85 x 107° m?, i.e. the maximum surface of the NMR coil. In order to
be able to inject 1 A in those samples to get the current density needed, the pillar
area was 10 umx 10 pm. The total thickness of a pillar was 250 nm (leading to an
effective thickness of 125 nm of Co per pillar) and each metal layer was 5 nm thick.
The pillars were spaced at 5 um from one another. There were 250,000 pillars in

total, leading to 2.84 x 10'7 Co atoms in the sample.

Figure 3.4: Picture of the final sample, 10.6 mm long and containing 250,000 mul-
tilayered micro-pillars of 10 pum x 10 pm connected in series; each pillar is 250 nm
thick.
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3.2 Co/Ag and Co/Cu granular samples

3.2.1 Fabrication

We cleaned the glass and Si substrates successively with acetone, isopropanol and
deionized water and dried them for 5 min at 160 °C. In order to improve the adher-
ence of the metallic deposit to be sputtered, we also exposed the glass substrates
to an oxygen plasma for 5 min, using the plasmaline 415 in the Institute of Quan-
tum Photonics and Electronics (IPEQ) at EPFL. We used the following conditions:
power of 100 W, Oy flux of 60, pressure: 0.39 torr.

We spin coated the substrates with an adhesion promoter (Hexamethyl-1,1,1,3,3,3-
disilazane, Merck), at 5000 rpms for 10 s prior to the spin coating with the pho-
toresist AZ5214E, with the same rotational speed, for 30 s. The thickness of the
photoresist at the end of the lithographic process was around 1.4 pym. After 3 min,
we softbaked the sample at 90 °C for 3 min, in order to make the resist photosen-
sitive. AZ5214E is a reversible photoresist which can be used both as positive or
negative resist. We used it as a negative resist, which means that the areas exposed
to UV light will polymerize. Exposure to UV light through the lithography mask
was for 1.5 s. This step was followed by a post exposure bake (PEB). The exposed
photoresist cross-links on PEB at 115 °C for 2 min and loses its photosensitivity. We
achieved an exposure without mask for 15 s, in order to make previously unexposed
areas soluble to the developer solution. Finally, the substrates were immersed in
the developer (MF319) for 40 s in order to remove the non-exposed photoresist. We
rinsed the patterned sample obtained with deionized water and we exposed it to a
final oxygen plasma, for 5 min.

The Ag and Cu films containing Co nanoparticles were blanket-deposited at RT
all over the substrates, covering the photoresist and areas in which the photoresist
has been cleared. This work was done in a DC magnetron discharge by codeposition,
meaning that both the nanoparticle gun (Co) and the sputtering gun (Cu, Ag) are
working simultaneously. The sputtering has been done through collaborations with
Dr. Yuansu Luo in Géttingen University (Germany), for Co/Ag and Prof. Antonio
Domingues dos Santos, Sdo Paulo University (Brazil), for Co/Cu.

We ended the process by removing the photoresist by lift-off: we removed the
photoresist under the film with acetone, taking the film with it, and leaving only
the film which was deposited directly on the substrate.

For the Co/Cu deposited at higher temperature (573 K), the sputtering was
made directly on cleaned substrates. The lithography was achieved after deposition,

using a positive resist (S1813), that was to protect the area of interest (meander
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Co/Ag Co/Cu Co/Cu
Name of the sample 3 2 2442, 2479
Temperature of deposition RT RT 573 K
Composition CozgAgrg | Coz5Cugs | CosoCurg
Thickness of the deposit (nm) 400 500 1000, 770
Area of the sample in NMR coil (mm?) 55.6 85.8 55.6
Area of the entire structure (mm?) 74.4 98.4 74.4
Number of Co atoms from M(H) curve: RT RT 80 K
- in NMR coil (x10'7) 2.5 9.0 5.3, 7.3
- in the entire structure (x10'7) 3.4 10.3 7.1,9.8
Estimated size of Co nanoparticles (nm) 5 LD LD
Substrate Si Glass Glass
Lithography before/after deposition before before after
Structure studied wide narrow wide
SizNy4 capping layer no no yes

Table 3.2: Characteristics of the Co/Ag and Co/Cu samples studied. LD stands
for large distribution.

stripes) from the argon etching. The lithography and etching were made by Dr.
Mohamed Abid, in SFI Trinity laboratory (Ireland).

The Table 3.2 summarizes the different characteristics of the granular samples
that we investigated. In order to evaluate the thickness of the metallic deposits,
we made sure that no photoresist was left over the samples by cleaning them with
aceton and then exposing the glass substrates to an oxygen plasma for 5 min, using
the plasmaline 415 in IPEQ at EPFL. We used the following conditions: power of
100 W, O2 flux of 60, pressure: 0.39 torr. We determined the thicknesses with a
Surface Profiler, KLA-Tencor Alpha-Step 1Q, in IPEQ. We stored the samples 3
and 2 under a Ny atmosphere, but they got completely oxidized over a period of a
month, which was revealed by the loss of the ®**Co zero-field NMR signal, CoO being
antiferromagnetic. In order to prevent aging, storage was under continuous primary
pumping and a thin capping layer of SizN, was sputtered over the samples, except
on the contact pads to allow electrical contacts to be made. We also studied a Co
reference sample (see subsection 5.3.2) where no spin accumulation is expected. Co
was sputtered on glass by Dr. Mohamed Abid. In order to be in similar conditions
as for the samples 2442 and 2479, we patterned the Co sample and studied the wide
structure. Additional Co/Cu samples differing by about a factor of two in thickness
(samples 880 and 1880) were made on glass at higher temperature, to improve the
quality. The Table 3.3 summarizes the different characteristics of these three latter
samples.

We made the contacts by gluing 0.125 mm thick Au wires with epoxy conductive

glue on the contact pads of the samples and then heating the samples for 1 h at
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Co Co/Cu Co/Cu
Name of the sample Co 880 1880
Temperature of deposition RT 573 K 573 K
Composition Co CosoCurg Cos¢Curg
Thickness of the deposit (nm) 350 880 1880
Area of the sample in NMR coil (mm?) 55.6 55.6, 85.8 55.6
Area of the entire structure (mm?) 74.4 74.4, 984 744
Number of Co atoms from M(H) curve at 80 K:
- in NMR coil (x10'®) 1.9 1.6, 2.4 2.7
- in the entire structure (x10'®) 2.5 2.1, 2.7 3.6
Lithography before/after deposition after after after
Structure studied wide | wide, narrow wide
Capping layer Ta SigNy SisNy

Table 3.3: Characteristics of the Co and Co/Cu samples studied.

150 °C under a Ny atmosphere.

3.2.2 Giant magnetoresistance and magnetic characteriza-

tions

The Co/Ag and Co/Cu granular samples that we studied presented GMR, at room
temperature (RT), as illustrated in Figures 3.5 and 3.6. We define the GMR ratio
by: RAé’if;RP, where R4 p is the maximum resistance of the sample, observed when
there is an antiparallel coupling between adjacent ferromagnetic layers and Rp
the minimum resistance, when the layer magnetizations are all aligned with the
direction of the external applied magnetic field. The magnitude and shape of GMR
is typical for these types of materials.

We performed the magnetic characterization using a Quantum Design MPMS-7
superconducting quantum interference device (SQUID) magnetometer. The mea-
surements were performed on films deposited either on kapton tape or on glass,
with the field parallel to the film plane.

In order to investigate the various magnetic interactions taking place in the sam-
ples, we achieved Zero Field Cooled vs. Field Cooled (ZFC vs. FC) experiments.
First, the sample is cooled to liquid He temperatures under no magnetic field ap-
plied. Then a small magnetic field (100 Oe) is applied and the net magnetization
is measured while heating the sample: this is the ZFC part of the curve. FC is
achieved by measuring the magnetization under a magnetic field while cooling. The
FC curve will diverge from the ZFC one at the blocking temperature T . The ZFC
vs. FC measurements as well as the magnetization as a function of the applied
magnetic field (M (H)) curves that we obtained for the different granular samples

are displayed in Figure 3.7. For our NMR experiment, it is necessary for the mag-
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Figure 3.5: GMR of three different granular systems studied: Co/Ag (top), Co/Cu
produced at RT (middle) and at 573K (bottom) and sketches of the current and
magnetic field orientations used for each measurement.
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Figure 3.7: Magnetic characterization for the three different granular systems stud-
ied: Co/Ag (a) and (b) and Co/Cu produced at RT (c¢) and (d) and at 573K (e) and
(f). The measurements were performed on films deposited on kapton tape, with the
field parallel to the film plane.
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netization to be blocked at 80 K, as we are working at liquid nitrogen temperatures.
The Co/Ag sample (Figure 3.7 (a) and (b)) presented a typical behavior of magnetic
nanoparticles with a blocking temperature T ~ 200 K. The Tp is below RT when
the ferromagnetic particles are small. Below Tpg is the ferromagnetic state (FM)
and above Tp, the superparamagnetic state (SP). The SP at RT is supported by
the shape of the M (H) curve. The M (H) curve also reveals a smaller value of the
coercive field (He = 7 Oe) together with a lower magnetization value, compared to
the Co/Cu samples.

Concerning the Co/Cu samples (Figure 3.7 (¢), (d), (e) and (f)), the magnetic mea-
surements revealed that they were in the ferromagnetic regime in the temperature
range investigated, i.e. T¢ >> 300 K.

We determined the magnetic susceptibilities x at 80 K from the M(H) curves dis-
played in Figures 3.8 and 3.9 for the Co/Cu and for the Co films. The values that

we obtained are summarized in Table 3.4.
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Figure 3.8: Field dependence of magnetization M at T = 80 K for the Co/Cu films:
sample 880 (left) and sample 1880 (right). The solid lines represent the gradient
used to calculate x. The measurements were performed on films deposited on glass,
with the field parallel to the film plane.

Sample X
Co/Cu 2442 | 4.9
Co/Cu 2479 | 1.7
Co/Cu 880 | 4.9
Co/Cu 1880 | 3.0

Co 9.6

Table 3.4: Magnetic Susceptibilities x determined at 80 K for the different samples
of interest.
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Figure 3.9: Field dependence of magnetization M at T = 80 K for the Co sample
(top) and the Co/Cu films: sample 2442 (middle) and sample 2479 (bottom). The
solid lines represent the gradient used to calculate y. The measurements were
performed on films deposited on glass, with the field parallel to the film plane.
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3.3 Co/Ag, Co/Au and Co/Cu multilayered nanowires

3.3.1 Fabrication

To produce metallic multilayered nanowires in a simple, cheap and controlled way,
we have used electrodeposition into ion track-etched polymer membranes [28, 29].
Electrodeposition allows us to modulate many parameters in order to optimize the
process such as the pH of the electrolyte (acidic conditions in order to prevent oxide
formation), the bath concentration, the temperature, and the applied DC current.
We carried out the synthesis in a single-bath electrolyte with a three-electrode

electrochemical cell, consisting of:

- a working electrode: one side of the porous membrane is made conductive
by a sputtered layer of Au (or Pt/Ag), typically 300 to 500 nm thick and is
isolated from the electrolyte. The working electrode acts as a cathode, where

the reduction of the metallic ions occurs:
M +ne” —= M (3.1)

The filling up of the pores with the desired metal M layers (M = Ag, Au, Cuor
Co) is done with a pulse-potential deposition technique by applying the opti-
mized negative potentials for each species, yielded by a cyclic voltammogram
of the bath;

- aninert counter electrode in Au (or Pt), which plays the role of an anode where
oxidation takes place and provides the electrons necessary for the reduction

(3.1);

- a saturated Ag/AgCl reference electrode filled with KCl, to stabilize the po-

tential difference applied between the working and counter electrodes.

We did all the depositions under potentiostatic control, which means that the
potential between the working and reference electrodes is kept at a given value. We
monitored the current flow between the counter and working electrodes.

Co/Ag [23] and Co/Au [30] multilayered nanowires were fabricated in 20 pm
long polycarbonate membranes by Dr. Sima Valizadeh in Uppsala, Sweden.

We electrodeposited the Co/Cu multilayered samples with an AMEL potentio-
stat, model 2049. We used 6 pm thick polycarbonate membranes as templates, with
pore diameters of about 80 nm and a pore density of 6 x 10® pores/cm?, that we
sputtered on one side with Au. The electrodeposition window was a disk of 7 mm in

diameter. We used the following electrolyte, containing: 1 M CoSO,4.7H20 (Fluka),
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0.025 M CuSQO4.5H20 and 0.728 M H3BOs3, at pH 3.2 and we kept it at 35 °C during
deposition, under continuous stirring. The more reactive metal (here, Cu) will co-
deposit with the less noble one (Co) and therefore its concentration in the electrolyte
is kept dilute, in order to decrease the impurities in the Co layer. Calibrations of
the time needed to fill the pores with each metal individually, evidenced by a rapid
increase of the deposition current, provided the optimal deposition rates used for
the multilayers.

One of the Co/Cu multilayered nanowire samples that we fabricated, named
ARdn4, was used for a preliminary NMR study presented in subsection 4.4.2. For
this sample, we deposited each layer of Cu for 0.6 s at —0.5 V vs. Ag/AgCl and
each Co layer for 0.08 s at —1.0 V vs. Ag/AgCl. This sample fulfilled the first two
requirements mentioned in section 3.1 and its characterization by means of elec-
tron microscopies, magnetic and magnetotransport measurements will be described

below.

3.3.2 Characterization by electron microscopy

We performed all the electron microscopy studies at the central facility and Inter-
disciplinary Center in Electron Microscopy (CIME) of EPFL.

We took scanning electron microscopy (SEM) micrographs using a XL30 FEG
microscope in conventional mode. The investigations that we did with SEM showed
that the nanowires were cylindrical and proved the high level of inhomogeneity of
the growth throughout the membrane.

We used a Philips CM20 transmission electron microscope (TEM), operating
at 200 kV in order to evidence the multilayered structure of the electrodeposited

nanowires. We found a significant influence of the Co salt used on the electrodepo-

50 nm

Figure 3.10: TEM micrograph of the Co/Cu sample ARdn4, evidencing the multi-
layered structure.
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sition process. The salt which has always been used in the group (CoSO4.H50) was
not available commercially anymore so we had to use CoSO,4.7H>0. Transmission
electron microscopy, as well as transport measurements, showed that the nanowires
grown with Co sulfate heptahydrate salts from one supplier were granular, whereas
the same salt from a different supplier gave multilayered nanowires. Figure 3.10

shows a TEM micrograph of ARdn4, evidencing the multilayered structure.

3.3.3 Giant magnetoresistance and magnetic characteriza-
tion

Figure 3.11 shows a GMR ratio of about 14 %, obtained for the sample ARdn4.

We applied the magnetic field in the plane of the layers and did the measurement

in the current perpendicular to plane geometry. The blue and red curves represent

the field sweep, respectively up and down.

360 — T

GMR =13.7% 1
at 300K

350 I

340

R (Q)

-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
H_ (kOe)

ext (

Figure 3.11: Giant magnetoresistance measurement of the Co/Cu multilayered
nanowire sample ARdn4 in current perpendicular to plane and magnetic field in
plane geometry.

The M (H) curve that we measured at 300 K is given for sample ARdn4 (Figure
3.12). The measurement was performed with the field perpendicular to the axis of
the wires. The Co/Cu multilayered nanowires behave as a soft ferromagnet, as the

coercive field H¢ is small, 220 Oe.

Knowing that the magnetic moment per Co atom in Co metal equals 1.7 pp,

where pp is the Bohr magneton [31], we can deduce the number of Co atoms
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Figure 3.12: Magnetization as a function of the applied magnetic field at T = 300 K
for the Co/Cu multilayered nanowire sample ARdn4. The measurement was per-
formed with the field perpendicular to the axis of the wires.

contained in the samples from the saturation magnetization M,, in A.m~*:

MV
N 1.7/1]3

Nco ; (3.2)

where pp = 9.274 x 1072 A.m?, and V is the volume of the sample, in m?.

If we assume that all the pores were completely filled in the sample ARdn4, the

volume of the sample is estimated to be 7 x 107'2 m3 which leads us to:

11.9 x 10° x 7 x 1012
NCO -
1.7 x 9.274 x 10—24

= 5.3 x 10" atoms. (3.3)

The saturation magnetization value at room temperature for fcc Co [31] is 20 %
larger than the value that we measured. This is compensated by the pore filling,

which we overestimated.

In order to satisfy the current density requirement, we had to switch from com-
mercial templates to the lithographed polyimide ones described in subsection 3.1.2,

with interconnected sub-micron pores in series.
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3.3.4 Longer nanowires interconnected in series

The first step of the work was for us to achieve deposition in non-lithographed poly-
imide templates, which also implied mastering the electrodeposition in longer pores.
Prior to deposition, we immersed the membranes in a 50 % ethanol and 50 % water
solution in order to improve the wettability of the pores. We successfully produced
Cu, Co and Co/Cu nanowires in 75 pm thick polyimide membranes, with a pore
density of 1.3 x 107 pores/cm? and with etched pores of approximately 200 nm
in diameter. We deposited the multilayers on a 8 mm diameter disk at 33°C un-
der continuous stirring of the solution described in subsection 3.3.1 with deposition
times of tg, = 4.2 s and to, = 0.08 s, and the sample presented up to 14 % of
GMR. We used O,/CF4 plasma etching (using Tepla equipment in the IPEQ, with
a pressure of 0.71 mbar, 10 % CFy4 in O3 and a power of 300 W) in order to remove
the polyimide to image the sub-micron wires by SEM (see Figure 3.13, left) and by
STEM.

STEM was achieved using a Philips CM300 microscope, operating at 200/300 kV at
the CIME of EPFL in collaboration with Dr. Marco Cantoni. These studies were
carried out in order to evidence the multilayered nature of the deposited sub-micron
wires. Figure 3.13 (right) shows one such wire, collected from a sample that exhib-
ited 11 % GMR and put on a holey carbon grid. Electron diffraction analysis (inset

of Figure 3.13, right) showed that the samples fcc structure is monocrystalline over

distances of the order of 1 pum.

100 nm Ewecton image 1

Figure 3.13: SEM micrograph of homogeneous sub-micron Cu wires, revealed by the
etching of about 40 pum of the polyimide membrane with the use of an oxygen plasma
(left), and STEM darkfield image obtained with the annular dark field detector
(ADF) of a Co/Cu multilayered sub-micron wire (right) and electron diffraction
pattern of Cu [112] zone axis showing monocrystallinity and the related indexation
(inset, right).

The next step was to seek the optimal deposition parameters of Co and Cu in

the sub-micron wires of the device described in subsection 3.1.2 and to use them
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for the Co/Cu multilayered wires electrodeposition.
It was crucial to improve the wettability of the pores before deposition. For such

a purpose, we investigated two different processes:

- soaking of the sample in water with a few drops of Triton X100, in the elec-

trolyte or in a low-acidic solution of SnCly [27] for times up to several hours;

- ultrasonication in a 50 % water and 50 % ethanol bath or in the electrolyte

for times up to 20 min.

This step was followed by an immersion of the sample in the electrolyte for 30 min,
in order to fill the pores to be deposited. A typical system of four samples mounted
for electrodeposition as well as a Cu sample after deposition are showed in Figure
3.14.

A high filling rate of the pores across the entire exposed surface is the manda-
tory condition to end the lithographic process by contacting the caps of the nanowires
between two adjacent vias and getting good electrical contacts. Unfortunately, we
could not achieve this, independent of the wetting process used. Therefore, we

abandoned this structure.

TRy
10sESEeTi2 - 13 14 15
Figure 3.14: Picture of the four samples system, ready for electrodeposition and

of the 600 square vias, after Cu electrodeposition, evidencing Cu caps and clearly
showing an inhomogeneous growth.

3.4 Co/Cu interconnected pillars in series

The samples were fabricated by Dr. Mohamed Abid, on Si wafers by UV lithography
and sputtering in a DC magnetron. The following procedure was used: a 5 nm thick
Ti layer was sputtered all over the wafer, followed by a 70 nm thick Au layer. Then
a positive photoresist (S1813) was spin coated and the lithographic mask with the

bottom contacts (opaque on the mask) was placed over the wafer and submitted
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to UV exposure. All the areas of the wafer that were exposed to the UV radiation
were removed by reactive ion etching (RIE), under argon, leaving the substrate
with the Au bottom contacts. The wafer was then cleaned with acetone, in order to
remove the photoresist that was still on the top of the contacts. 5 nm Co/ 5 nm Cu
multilayers were sputtered all over the substrate and again, the positive photoresist
was spin coated. The second part of the lithographic mask, with 10 x 10 pm opaque
squares was carefully aligned on the substrate. RIE was used again, in order to
remove the Co and Cu metal between the Co/Cu pillars of interest. An insulator,
SiOq, was deposited in order to surround the pillars. Then the photoresist that was
still over the pillars was removed, with acetone. A Ti/Au layer was sputtered all
over the sample and a last photoresist layer was spin coated over it. The third part
of the lithographic mask, with the top contacts, was aligned. This was followed by
a UV exposure and by RIE in order to remove the Au around the contacts. Acetone
was used to remove the leftover photoresist. And finally, a Ta layer was deposited

over the sample in order to prevent it from oxidation.

The Figure 3.15 gives an overview of the sample at three different stages: the Au
bottom electrodes (left), a tapping mode atomic force microscopy (AFM) image of
the Co/Cu multilayered micro-pillars deposited on the bottom electrodes (middle)
and a SEM micrograph of the final structure, in which all the 250,000 pillars are

contacted in series (right).

The main limitation of this kind of samples was their very high resistance, be-
tween 13 and 44 kOhm. Nevertheless, we investigated them by NMR (see subsection

4.4.3), as the geometry remained very convenient for our experiment.

Figure 3.15: SEM micrograph of the bottom electrodes (left); tapping mode AFM
image of the Co/Cu pillars deposited on the bottom contacts (middle) and SEM
micrograph of the final contacted structure (right). Courtesy of Dr. Mohamed
Abid, SFI Trinity laboratory (Ireland).
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3.5 Conclusions

In this chapter, we have presented the different samples considered for the search
of spin accumulation evidence by NMR.

Two different methods were used for their fabrication: electrodeposition in track-
etched membranes and sputtering on lithographed substrates.

We also presented their characterization which was done with different methods,
such as: magnetic and magneto-transport measurements, electron and atomic force
microscopies.

Some of the samples produced could unfortunately not be used for the NMR
experiment under current: the structure with Co/Cu multilayered submicron wires
connected in series was abandoned due to two main issues encountered during elec-
trodeposition (high level of inhomogeneity and low filling of the pores).

The Co/Cu micro-pillars presented a resistance that was too high. Nevertheless
we still investigated their NMR response.

Finally, the granular samples were judged to be good candidates to be measured
both in standard NMR and in the NMR under current experiment, as presented in

the following chapters of this thesis.






Chapter 4

Microscopic properties of Co

nanostructures by NMR

NMR experiments yield both static and dynamic information about the nuclear
environment through the analysis of lineshapes and relaxation times [14, 21], re-
spectively. The NMR lineshape provides the distribution of the hyperfine fields in
the samples; in particular, it gives local information about the structure (presence
of the hep and fec phases, for instance) and the interfaces.

The pioneering work on zero-field NMR of a ferromagnetic transition metal was

done by Gossard and Portis [18, 19], on 59Co.

Hcp and fcc cobalt pictures adapted from I. Stankovic, M. Kroger, and S. Hess, "recognition
and analysis of local structure in polycrystalline configurations," Computer Physics Communica-
tions, vol. 145, pp. 371-384, 2002.

41
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In the present work, we used zero-field NMR as a main characterization in a
study of the spin polarization of conduction electrons in magnetic nanostructures.

This chapter is devoted to studies by NMR of 59Co in the different samples of
interest, multilayered and granular, that were previously described. We had the
opportunity, at the beginning of this work, to receive multilayered nanowires with
different metal spacers. We examined what the NMR looked like in multilayered
nanowires of Co/M, with M = Ag, Au, Cu. We examined also the Co-NMR of gran-
ular samples. We will address as well the spin-lattice (T) and the spin-spin (T2)
relaxation times for the main samples that we studied and report the temperature

dependance of their lineshapes.

4.1 NMR spectrometer

The zero-field experiments were carried out on a home-made spectrometer that uses
a fast digitizer (from Spectrum Systementwicklung Microelectronic GMBH, 8 bit
data acquisition, 2 channels, 100 MHz sampling rate per channel usually operating
at 50 MHz). The accumulation is done in a HT-Basic program.

We used a pulsed spin echo NMR experiment in this work. We performed the
measurements with a so-called “dynamic” continuous flow cryostat, Oxford CF1200,
and the temperatures were calibrated with a AuFe/chromel thermocouple.

During this thesis, a probe allowing current injection was fabricated, as illus-
trated in Figure 4.1. The point in view in designing this probe head was that we
planned initially to have samples made of membranes on flat substrates. We wanted
then a probe head that optimized the volume of the coil used to produce the rf field.
A coaxial line brings the rf to the resonant circuit. Another coax is used to feed

the current to the sample.

Gold wires connected to
Sample between the sample

the two plates . _

Gold wires connected to the sample

Coaxial

cable for NMR
experiments
under current

One turn of
the NMR coil

Sample between
the two plates

Figure 4.1: Probehead allowing current injection, referred to as the “new” probe.
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4.2 Number of observed nuclei

We carried out experiments on the multilayered nanowires sample ARdn4 in order
to determine the sensitivity of our NMR spectrometer. We extracted the number
of Co atoms contained in the sample by SQUID measurements (see subsection
3.3.3). The signal-to-noise ratio obtained by NMR was satisfactory at 80 K, i.e. it
corresponded to what can be expected for a sample of the same number of nuclei,
set in a resonator of habitual shape. Another study was undertaken with Co powder
and we showed that the minimum number of nuclei that we can hope to detect in a
reasonable amount of time in order to carry out our various NMR characterizations

and investigations under currents, is of the order of 107 Co nuclei.

4.3 Preliminary remarks on *?Co NMR

% Co has a natural abundance of 100 %, a nuclear spin I = 7/2 and a gyromagnetic
ratio of 7, = 27 x 10.054 MHz/T.

We used a spin-echo sequence to observe the NMR signals. This sequence, shown
in Figure 4.2, is composed of two square pulses of identical duration t, separated
by a variable delay time 7 of several microseconds. The optimised pulse length was
the one that maximized the spin-echo amplitude. Typically, t = 0.18 us for all the
samples that we will describe below except for the granular one deposited at 573 K,
where t = 0.25 us. The estimated range of frequencies covered by such pulses is
Av = % = 2.8 MHz and 2 MHz, respectively. The echo could not be observed after
a single scan: every echo was measured by averaging at least 10,000 times (which
takes approximately 4 min), going up to 100,000 times for the micro-pillars. This
data taking time is determined, not by the repetition rate, but by the ability of the
acquisition card, the interface and the computer to accumulate data properly.

We determined the lineshapes by measuring the echo integral at a certain num-
ber of discrete values of frequency (point-by-point method), due to the large width
of the resonance line (up to 10 MHz).

spin echo

+
i+

'
4

T T Acquisition time Repetition time

Figure 4.2: RF output for one of the 8 phases of the sequence used and position of
the echo in the acquisition window.
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As mentioned previously, Co can crystallize in two stable crystallographic struc-
tures: hep, in the case of a ABABAB stacking and fcc for a ABCABC stacking; Co
has 12 nearest neighbors in both structures. A difference in the magnitude between
the hyperfine fields in the fcc and hep phases leads to different resonance frequencies

for both phases. The positions of the bulk °Co NMR lines are the following:

- At 80 K, the resonance frequency of the hcp Co phase is 226.7 MHz and for
the fcc phase, 216.9 MHz.

- At RT, these values become: 221 MHz (hcp) and 213.1 MHz (fcc).

We underline that at 80 K the signal of 107 Co spins is easily detected due to
the amplification factor (see subsection 2.1.3) that increases the Co NMR intensity.
Figure 4.3 sketches the two resonance circuits used for the measurements pre-
sented in this chapter. The resonance circuits were made to suit the susceptibility
of the samples being measured, independent of the probe used. Unlike the so-called
“new” probe (on the right) the “old” probe (on the left) did not allow any current

injection.

"OLD" PROBE "NEW" PROBE

used to measure multilayered nanowires used to measure micro-pillars and granular samples

47 pF 33 pF Coaxial 10 pF Coaxial
5kv Sample 5kv cable 5kv Sample cable
1214 pF  hductance %

Inductance for
50 Q matching

Inductance for
50 Q matching

|
|
|
|
e = '
Il I
1,2-14pF  jhquctance %

= |
= |
|
|

Figure 4.3: Sketches of the resonance circuits used for 3Co zero-field NMR.
The description of the samples studied in the next sections is given in chapter

3. Well-defined and narrow lineshapes are prerequisite conditions for detecting spin

accumulation on the NMR.

4.4 %Co NMR in multilayered samples

In this preliminary study, we investigated the **Co zero-field NMR lineshapes of

different multilayered nanowires.
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We found that the structural properties of the cobalt layers strongly depend
on 3 parameters: the non-magnetic metal used as a spacer (Ag, Au or Cu); the

thickness of the layers and the diameter of the nanowires.

4.4.1 Co/Ag and Co/Au nanowires
Co/Ag multilayered nanowires

The lineshape obtained for the Co/Ag multilayered nanowires is shown in Figure
4.4.

There are two main contributions to this spectrum: one arising from the bulk
Co, above 210 MHz, called the main line and due to nuclei which are all equivalent
and one from the interfaces, at lower frequencies. We fitted the experimental
points with three Gaussians.

One can clearly distinguish three spectral features in Figure 4.4: besides the
prominent line at 223.8 MHz, there is a line at 216.3 MHz and a tail, from 204 MHz
down to 160 MHz.

10 nm Co/8 nm Ag
250 nm diameter

fcc

Spin echo integral (a.u.)

160 170 180 190 200 210
Frequency (MHz)

240

Figure 4.4: Zero-field lineshape of ®**Co in a Co/Ag multilayered nanowires sample,
at T = 80 K; the wires are 20 pm long. The symbols represent the experimental
points and the solid line, the fit. The vertical lines represent the positions of the
bulk fcc and hep Co frequencies. The dashed lines represent the Gaussian peaks
comprising the fit.

The prominent line, located between the hep and fcc main resonance frequencies,
could be due to intrinsic stacking faults (ABCA'CABC), according to [32]. The

faults could be produced by dislocations that compensate the lattice mismatch n
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between Co and Ag, defined by: n = 28e—%4s

3(acotaag)

for adjacent layers, n = -14 % according to [33]. The line at 216.3 MHz can be

, where a is the lattice constant;

attributed to the bulk fcc resonance frequency. Finally, at lower frequencies, the
broad line arises from Co atoms having Ag atoms in their nearest neighbor shell.
Therefore, the broad decrease observed is a signature of diffuse interfaces. It has
been shown in Co,Ag;_, granular films [34] that each Ag atom substituted for
Co decreases its resonance frequency by about 12 MHz. The line at 204 MHz
would therefore correspond to Co atoms having one Ag neighbor. Co and Ag are
immiscible elements, even less miscible than Co and Cu. We would then expect
the part of the spectrum corresponding to the interface to be sharp, instead of
presenting a long tail. However, the growth process generated by electrodeposition
is far from equilibrium, so the notion of immiscibility is of little relevance in this
case. For example, Co and Cu are known to be immiscible also, but the Co/Cu
multilayered nanowires produced by our group for GMR studies were found to have
as much as 15 % Cu in the Co. This is due to the fact that electrodeposition of Co is
done at a potential of —1.0 V, whereas —0.1 V would be sufficient to deposit Cu. As
a consequence, when applying —1.0 V, all ions get depositions at roughly the same
rate. We limit the concentration of non-magnetic metal in the ferromagnet by using
electrolytes with a very low concentration of ions of the non-magnetic metal. X-ray
diffraction measurements have been achieved on the Co/Ag multilayered nanowires
[23] and showed that the Co layers deposited contained 3 weight % of Ag, whereas
the Ag layers were 100 % pure. van Alphen et al. interpreted sputtered Co/Ag
multilayers NMR spectra [35], but for thinner layers than in our case. They also
observed a tail in 1.5 nm Co/2 nm Ag multilayers, which has been interpreted from
the first stages (2 Co monolayers) of the growth. Thus, in order to explain the high
intensity of the interfacial spectrum that we observed (meaning that Co atoms are
in imperfect surroundings), we can make the assumption that the Co in the wires
presumably started to grow the same way as for [35], i.e. in many three-dimensional
islands, that merged to form a continuous layer. This is in accordance with the facts
that there are weak interactions between Co and Ag and that the surface energy of

Co is much larger than the surface energy of Ag.

Diffuse interfaces are known to give poor GMR performance, and correlatively of
low spin accumulation. We decided not pursue work with Ag spacers for this reason.
Spin accumulation, when it arises, spreads over a distance from the interface of the
order of the spin diffusion length. It is not limited to an atomic scale. It seemed
that it made more sense to stay with systems that present the sharpest interfaces

and the most GMR. It has been shown [35] for sputtered Co/Ag multilayers with
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thin Co layers that an annealing treatment would sharpen the interfaces (“back-
diffusion” of Co and Ag). We did not investigate this for our samples, as we would
not be able to get to the current density needed for our NMR experiment under
current with nanowires. This is because we were not able to contact the bundles of

nanowires in the vias, as the filling rate was not high enough (see chapter 3).

Co/Au multilayered nanowires

We studied three Co/Au multilayered nanowires samples by NMR, with different Co
and Au thicknesses and different pore diameters. The spin-orbit interaction plays
an important role in Au, which would make the spin diffusion length much too
short, imposing spacer thicknesses that are not controllable by our growth process.
We have good control of layer thickness down to about 10 nm, not much less. In
experimental measurements on lateral spin valve devices, large values of the spin
diffusion length have been reported, from 63 nm at 10 K [36] to 168 nm at 15 K
[37], however there is no consensus in these results. Therefore, Au would not be
considered the ideal spacer layer for detection of spin accumulation by NMR. But in
the interest of fully exploring the candidate spacer layers available, we did a NMR
characterization which is presented in Figure 4.5.

All the envelopes present a full width at half maximum (FWHM) of around

10 MHz. For each sample, we fitted the experimental data with three Gaussians:

- 12 nm Co/4 nm Au (Figure 4.5, top): the spectrum observed signals the
presence of many stacking faults, certainly due to the small pore diameter
(100 nm). Bubendorff et al. [38] showed a similar spectrum for 2 nm thick Co
films electrodeposited on Au (111) using a solution with pH 4 and deposited
under an overpotential of 0.18 V. They attributed the prominent line at 225
MHz either to a small lattice expansion of Co due to the large mismatch
(14 %) between hep Co and fee Au or to defects in the hep stacking. We also
observe a contribution of the nuclei in the fcc phase, at 216.9 MHz. And at
lower frequency, around 208 MHz, we clearly see the line corresponding to Co

atoms with one Au neighbor, which is probably shifted due to faults.

- 10 nm Co/6 nm Au and 10 nm Co/4 nm Au (Figure 4.5, middle and
bottom): the pore diameter is 250 nm and we only observe lines at frequencies
corresponding to the fcc structure, both in bulk and in stacking faults [32].
The signal arising from the bulk fcc phase dominates the one coming from
the fcc stacking faults observed at 221.7 MHz for the Co/6 nm thick Au

nanowires and at 222.5 MHz for the Co/4 nm Au nanowires. The samples
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Figure 4.5: Zero-field lineshapes of 59Co in different Co/Au multilayered nanowires,
at T = 80 K; the wires are 20 pm long. The symbols represent the experimental
points and the solid lines, the fit. The vertical lines represent the positions of the
bulk fcc and hep Co frequencies. The dashed lines represent the Gaussian peaks
comprising the fit.
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also show a small contribution at 208 MHz, due to Co atoms with one Au

neighbor, probably shifted due to faults.

The stacking faults are omnipresent in each spectrum, probably due to the mismatch
between the two elements. The relatively small pore diameter (100 nm) features
mainly hep stacking faults, whereas 250 nm diameter pores feature the fcc phase,
either in bulk or with stacking faults.

In contrast to the Co/Ag multilayered nanowires, we found well-defined line-
shapes for Co/Au multilayers. But out of concern regarding the strong spin-orbit

interaction, Au was not further considered for our experiments.

4.4.2 Co/Cu nanowires

We present the NMR signals that we obtained on the sample ARdn4 in Figure
4.6. This sample has also been investigated by magnetic and magneto-transport
measurements (see subsection 3.3.3).

We fitted the spectra with three Gaussians. As expected, only the fcc phase is
present for our 5 nm Co/5 nm Cu sample.

The main line frequency is slightly lower (214.4 MHz) than that of bulk fcc
Co, which can be attributed to strains resulting from the difference in the lattice
constants between Co and Cu. In [39] thin films of Co/Cu multilayers were grown
over oxidized silicon substrates by e-beam evaporation and the stress was studied
by NMR. Indeed, changes in volume induce variations of the value of the hyperfine
field: ABps/Bry = —1.16AV/V; that is, a shift of the center of the peak of
Af = ~yAByy. The authors found 0.4 % of mismatch per MHz. Hence the shift of
Figure 4.6 with respect to tabulated fcc corresponds to a mismatch of 1 %. Prof.
Valerio Scarani had considered more closely the state of strain of electrodeposited
nanowires, as a function of temperature. He concluded that the deposits appeared
as if they were stretched out, or in other words, as if the atoms did not have enough
time to find their equilibrium position before being blocked by further atoms being
deposited. The line at 204 MHz corresponds to Co atoms having one Cu atom in
their nearest neighbor shell and the line at 190 MHz shows the Co atoms with two
Cu nearest neighbors.

The limitation induced by the requirements on sample shape (see section 3.1)
contributed to our choice of discarding the Co/Cu multilayered nanowires for
our experiment.

Nevertheless, Cu was kept as a spacer, for two main reasons: Co and Cu
are two commonly sputtered elements (we remind the reader that sputtering is the

technique used for micro-pillars and granular samples, that we will describe below)



50 Chapter 4. Microscopic properties of Co nanostructures by NMR

| 5nm Co/5nm Cu
80 nm diameter fcc | hep

Spin echo integral (a.u.)

A ® N =7, 17, ] |

160 170 180 190 200 210 220 230 240
Frequency (MHz)

Figure 4.6: Zero-field lineshape of 9Co in the Co/Cu multilayered nanowires (sam-
ple ARdn4), at T = 80 K; the wires are 6 pum long. The symbols represent the
experimental points and the solid line, the fit. The vertical lines represent the
positions of the bulk fcc and hep Co frequencies. The dashed lines represent the
Gaussian peaks comprising the fit.

and above all, Co/Cu samples present a high magnetoresistance.

4.4.3 Co/Cu micro-pillars

We investigated by NMR the 5 nm Co/ 5nm Cu micro-pillars described in the
previous chapter, after the whole lithographic process, before making the top con-
nections. Even if the thicknesses of the Co and Cu layers were the same as for
sample ARdn4, the different fabrication method used (sputtering instead of elec-
trodeposition) results in a different lineshape (Figure 4.7). This dependence on
the mode of fabrication has also been observed by Panissod [40] for several other
fabrication techniques (molecular beam epitaxy, diode sputtering, etc...). The 59Co
signal was very low and therefore we had to accumulate 10 times longer than usual.

We fitted the experimental points with two Gaussians. As already described,
the spectrum is typical of a fcc structure shifted from the bulk frequency due to
strains (line at 214.6 MHz) and to nuclei in stacking faults (at 221.6 MHz).

This sample was not retained for the NMR experiment under current because of
three main limitations: the low Co signal obtained (due to the low Co concentration
in the sample), the shape of the NMR line observed and the very high resistance
that this sample would have if we completed the contacting on top of the pillars.

We would expect a resistance of tens of kOhms if we did. It would then not be
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5 nm Co/5 nm Cu
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Spin echo integral (a.u.)
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Figure 4.7: Zero-field lineshape of ®**Co in the Co/Cu multilayered micro-pillars, at
T = 80 K. The symbols represent the experimental points and the solid line, the fit.
The vertical lines represent the positions of the bulk fcc and hep Co frequencies.
The dashed lines represent the Gaussian peaks comprising the fit.

feasible to drive a large current density in this sample.

4.5 °"Co NMR in Co/Cu granular samples

We could not detect any NMR signal on the Co/Ag granular samples, even at 10 K,
i.e. below the blocking temperature (see Figure 3.7 (a) in subsection 3.2.2). The
annealing of the sample at 400 °C for one hour did not lead to a better result. The

absence of NMR signal for these samples is currently not understood.

Nevertheless, we obtained very encouraging results on the Co/Cu granular sam-
ples, sputtered both at RT and at 573 K. We will present the lineshapes observed
as well as the spin-spin and spin-lattice relaxation times that we measured. The

effect of the temperature will also be addressed.

4.5.1 Co/Cu fabricated at RT

We studied a Co/Cu granular sample - referred to as sample 2 in the previous
chapter - fabricated at RT and presenting 2 % GMR.
As illustrated in Figure 4.8, the NMR spectrum revealed a very narrow and

well-defined line. Only the fcc phase was present with an FWHM of 0.7 MHz which

was very promising for our purposes.



52 Chapter 4. Microscopic properties of Co nanostructures by NMR

T T T T T T T
5 ‘ ]
o S fcc
i e ] fce -
© (o) / \
N 9 1
— = ]
© = .
[l o ]
oD L5 / \ i
[0} o | /- i
= £
£ & [N \c‘--rx..fw ]
o 214 216 218 220
% B <~ Frequency (MHz) \ —=||«— 0.7 MHz+
~
o ~ \
£ ~
(%_ L ~ \ i
~
~ A
< -.!l% sl
| L | L | L | L |

160 170 180 190 200 210 220 230 240
Frequency (MHz)

Figure 4.8: Zero-field lineshape recorded for °Co in the Co/Cu granular sample
deposited at RT, measured at T = 80 K. The inset shows a zoom of the spectrum,
for more clarity.

We also analyzed the temperature dependance of the 59Co lineshape. In Figure
4.9 (top), we present the lineshape of 9Co at several temperatures between 80 K
and 300 K. We observed that the intensity of the line was greatly reduced with
increasing temperature. We believe that this effect does not depend on Ts, but
that it is due to the Boltzmann factor hw/kpT and to the frequency dependent
factor coming from the e.m.f induced in the coil by the magnetization. This is
illustrated in the inset of Figure 4.9 (top), where we present the lines corrected for
both factors. The intensities of the lines obtained are constant over the temperature
range considered. The width of the line does not seem to change between 80 K and
300 K.

In the temperature range of interest, the hyperfine field of Co in this sample
presents a linear dependance vs. T%/? (Figure 4.9 (bottom)), as expected from
the temperature dependence of the magnetization due to spin waves. This is in
good agreement with previous studies on ®"Fe [41] and on fec 59Co [42] and hep
(o [43]. The data that we obtained in the temperature range studied are in very
good agreement with the data of Jaccarino [42], which is illustrated in Figure 4.9
(bottom).

Figure 4.10 illustrates the curve obtained for the T9 measurement of this gran-
ular sample, at 80 K. We fitted the experimental points with a single exponential.

We used a saturation recovery sequence for the determination of Ty, instead of

an inversion recovery sequence. This was motivated by the fact that in ferromag-
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Figure 4.9: Zero-field lineshapes recorded for **Co in the Co/Cu granular sample

deposited at RT, for several different temperatures (top).

The inset shows the

lineshapes corrected for the Boltzmann factor and for the frequency dependent
factor. NMR frequency of 59Co vs. T3/ obtained for our sample, compared to the
results of Jaccarino (bottom).
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Figure 4.10: Spin-echo integral as a function of 27 values in the Co/Cu granular
sample fabricated at RT, measured at 80 K; the symbols represent the experimental
points and the solid line, the fit. The inset shows the pulse sequence used for To
measurement; we used 7 = 5 us.

netic metals, the 7/2 and the 7 pulses are not well-defined. In the inset of Figure
4.11 (top), we present the sequence we used to measure T; in the Co/Cu granu-
lar sample deposited at RT. First, we destroyed the magnetization by a saturation
sequence of pulses. Various pulse sequences can be used for such a purpose. Our
destruction consisted of four long pulses, whose length is similar to the measured
Ty (10-20 ws). The application of these pulses in 4 different directions (x, -x, v,
-y) in the plane perpendicular to the effective field gave a satisfactory destruction
of the signal. Then, we waited a certain recovery time, called recovtime before
measuring the signal with a spin echo sequence. We found a typical magnetization
recovery curve by plotting the echo integral vs. the recovery time on a logarithmic
scale as illustrated on Figure 4.11 (top). We obtained the spin-lattice T; relaxation
times by fitting the magnetization recovery curves by single exponentials. T and

Ts obtained for different temperatures are summarized in Table 4.1.

T(K) [ T1 () [ To ()
80 341 15.6
150 255 14.5
300 163 12.7

Table 4.1: T; and Ts relaxation times as a function of the temperature T for
the Co/Cu granular sample fabricated at RT. T; and T9 were measured at the
maximum of the NMR line.



4.5. 59Co NMR in Co/Cu granular samples 55

350

w
o
o

180ns180ns

N - ) )

o ol o &)

o o o o
T T T T

Spin echo integral (a.u.)

0 sl PR ETTT] B S AR TTT] B AR TTT| B AW TTT] B S A W R TTT] M S AW TIT!
1E-7 1E-6 1E-5 1E4 1E-3 0.01 0.1 1

Recovtime (s)

0 1 | 1 | 1 | 1 | 1 | 1
50 100 150 200 250 300 350

Temperature (K)

Figure 4.11: Spin-echo integral as a function of recovery time values in the Co/Cu
granular sample fabricated at RT, measured at 80 K; the inset shows the pulse
sequence used for T1 measurement; we used 7 = 5 us (top). Evolution of 1/T; as a
function of the temperature for zero external field (bottom). The symbols represent
the experimental points and the solid line, the fit.
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1/T; is proportional to the temperature over the whole investigated tempera-
ture range and under zero external magnetic field in the Co/Cu granular sample
fabricated at RT, as illustrated in Figure 4.11 (bottom).

There are various possible contributions to the nuclear spin relaxation rates.
The work achieved on both theoretical and experimental understanding of the spin-
lattice relaxation times in Co was quite controversial, as presented in [44]. The signal
can arise either from spins in a domain wall or in a domain, according to Weger
[45], who attributes an exponential relaxation and linear temperature dependence
of 1/T; to nuclei in domains. The temperature dependence of the nuclear spin
relaxation rates 1/T; in our sample is well described by: %1 = CT + D with
C = 146 (sK)"! and D = 1753 s7!. The slope was close to the value of
13 (sK)~! obtained by Weger [45] and Jaccarino [46].

Unfortunately, we had an issue with oxidation of this sample, and due to the
loss of NMR signal, we did not drive any current into it. In order to reduce the
oxidation to the minimum, an additional Si3sN, capping layer was deposited on top
of all the following samples.

To improve the quality of the following samples, their fabrication was done at
higher temperatures (573 K) and the shaping of the samples in the form of meanders
was done after a uniform deposition, by reactive etching. As reported below, we
never again obtained spectra with such a narrow resonance. It is not clear why
this sample had such a narrow resonance. It may be that it had large grains of fcc

structure only.

4.5.2 Co/Cu fabricated at 573K

The Co/Cu granular sample fabricated at 573 K that we will describe below was
protected against oxidation with a SigNy layer. The lineshape that we observed
(Figure 4.12) presented a larger FWHM (6.4 MHz) than the granular sample de-
posited at RT. Nevertheless, only the fcc phase was present.

A study of the lineshapes for different temperatures was also carried out, as
shown in Figure 4.13 (a). The loss of signal with temperature was even more obvious
than for the sample deposited at RT. We corrected the spectra for the Boltzmann
and the frequency dependent factors coming from the e.m.f induced in the coil by
the magnetization (see Figure 4.13 (b)). Nevertheless, there remained a loss of
intensity that we attributed to the decrease of Ty when increasing temperature for
this sample. This was compatible with our Ty data (Table 4.2). Assuming that
Ty is frequency independent, we observed no effect of temperature anymore on

the integral of the corrected NMR line when we added the correction for T effects
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Figure 4.12: Zero-field lineshape recorded for 5°Co in the Co/Cu granular sample
deposited at 573 K, measured at T = 80 K.

(Figure 4.13 (c)). We also obtained a linear dependance of the **Co NMR frequency
vs. T3/2 in agreement with [41, 42, 43], illustrated in Figure 4.13 (d).

T, was measured as described previously with the saturation recovery sequence
sketched in Figure 4.14 (top). In order to visualize the effect of such a sequence,
we Fourier-transformed the echo obtained at the resonance frequency for several
recovery times. The results are presented in Figure 4.14 (middle). For a very
small recovery time value, we observed a hole in the spectral line, produced by the
destruction of the magnetization. Magnetization recovery took place by varying the

recovery time.
T; values are summarized in Table 4.2, together with To values.

The temperature dependence of the nuclear spin relaxation rates 1/T; obtained
under zero external magnetic field in the Co/Cu granular sample fabricated at
573 K is linear, as illustrated in Figure 4.14 (bottom). 1/T; is well described by:
7 = OT+ D with C = 42.4 (sK)~! and D = 2097 s~'. These values are somewhat
higher than the ones obtained for the sample deposited at RT. The origin of this

increase is currently not understood.

This sample was studied under current, as we will describe in the following

chapter.
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Figure 4.13: (a) Zero-field lineshapes recorded for 9Co in the Co/Cu granular sam-
ple deposited at 573 K, for several different temperatures; (b) Lineshapes corrected
for the Boltzmann factor and for the frequency dependent factor; (c) Lineshapes
corrected for the Boltzmann factor, for the frequency dependent factor and for Ts;
(d) NMR frequency of >?Co vs. T3/2 obtained for our sample.

T (X) | Ty (us) | Ty (ps)
80 175 15.7
100 123 14.8
150 67 10.4

Table 4.2: T; and T, relaxation times as a function of the temperature T for
the Co/Cu granular sample fabricated at 573 K. T and Ty were measured at the

maximum of the NMR line.
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Figure 4.14: Pulse sequence used for T; measurement for the Co/Cu granular sam-

ple fabricated at 573 K (top). Illustration of the magnetization recovery at 80 K for
different recovery times using the saturation sequence (middle). Evolution of 1/T;
as a function of the temperature for zero external field; the symbols represent the

experimental points and the solid line, the fit (bottom).
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4.6 Conclusions

In this chapter, we have addressed a °°Co NMR study, encompassing the lineshapes
obtained for different magnetoresistive samples, T; and T as well as the tempera-
ture dependance of the lineshapes and relaxation times.

We were interested to have a fcc phase only, as well as a narrow and well-
defined NMR line. We found that Cu was a good candidate for our purposes.
We turned to granular films, as they were in the end the only feasible method of
insuring a sufficient sample size and yet a small enough cross section that we could
reach the current densities that we aimed for. This was supported by a fairly good
magnetoresistance found in these samples. However, this choice meant that we
lost the assurance that the current would be entirely driven through the Co/Cu
interface. It was a compromise we had to make in order to move on to exploring
the effect of a current on the NMR, rather than taking the risk of working further
on the making of an ideal sample.

Two main Co/Cu granular samples were studied by NMR. The first one was
deposited at RT and was very promising, due to a narrow and well-defined fcc
line, as well as good signal over noise ratio up to RT. We carried out a study of
the temperature dependence of the lineshape, which was in very good agreement
with the literature, in the temperature range investigated. The decrease of the
signal with increasing temperature was interpreted as coming from the Boltzmann
factor, together with the frequency factor due to the e.m.f induced in the coil by
the magnetization. Unfortunately, the sample oxidized and we could not go to
further studies, under current. Even though the lineshape was broader for the
second sample (sample 2442), only the fcc phase was present. The temperature
dependence of the lineshape was found to be due to Ty for this sample. For the
two Co/Cu granular samples, T and Ts relaxation times were measured. In both
cases, T was well fitted by single exponentials, so we could attribute the signal as
arising from the nuclei in domains.

Additional samples were made at higher temperature (573 K), to improve the
quality and were as well protected against oxidation with a SisN4 layer. These
samples together with the sample 2442 were studied further, under current. This

will be described in section 5.3 of this thesis.
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5.1 Introduction

Our journey to search evidence of spin accumulation by NMR - also called ferro-
magnetic nuclear resonance (FNR) - lead us to a potentially powerful tool in the
perspective of looking at very small samples: the electrically excited and electrically
detected FNR (EDFNR). On one hand, the excitation was made using the spin-echo
technique by sending pulsed voltages at radio frequencies, directly to the sample.

In this chapter the pulse applied will be referred to as the equivalent current arising

61
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in the sample, I,;. And on the other hand, the peculiarity of EDFNR is to detect
the voltage at the contacts of the magnetoresistive sample by the receiver arm of
a NMR spectrometer. This detection can also be referred to as voltaic detection.
As others have proposed [47], we have attempted to detect the coherent motion of
the electronic magnetization as a variation in the resistance of the magnetoresistive
sample because it is expected to push further the limitation of a minimum sample
size. It turns out that the voltaic signal is much larger than any magnetoresistive
signal one might have had in our samples. So in effect, we remained with the voltaic
detection. An additional DC voltage enables us to seek for spin accumulation. In
this case also, the applied voltage is expressed in term of the equivalent current.
The magnetoresistive samples chosen for this study are the granular meander 2442
and his twin-brother, sample 2479 as well as samples 880 and 1880.

In this chapter, we first compare standard FNR to electrically excited and de-
tected FNR. Next, we address the main results obtained by sending an additional
DC voltage to the sample, seeking for spin accumulation evidence. Because of the
effect of Joule heating encountered during the DC experiments, voltage was then
applied in short pulses. A high current density (up to 5 x 10° A/cm?) was applied
to the samples and we will show and discuss its effect on all the granular systems

of interest.

5.2 Comparison between NMR and electrically ex-

cited and detected FNR

In our electrically excited FNR experiment, we excited directly the samples by
pulsed I, . No resonant circuit was longer needed, which was very convenient. The
50 Q matching issue of the probe was overcome by the resistance of the samples
themselves, close to 50 Q at RT for the samples 2442 and 2479. At 80 K, the
resistances were: R = 36.5 2 for sample 2442 and R = 38.3 Q for sample 2479.
Filipkowski et al. predicted that it is feasible to detect electrically nuclear spin
echoes in fce Co thin films [47]. They claimed that it should be possible to detect a
signal from a sample of any size, as long as it is above the superparamagnetic limit,
below which fluctuations of the magnetization can decrease Ts. In fact, we can show
that the limit of current density implies a limit on the volume of sample that can
be measured by magnetoresistive measurements. After much effort, we were unable
to detect a magnetoresistive signal. It is possible that the random orientation of
the magnetic grains and the fact that roughly all spins precess together throughout

the sample, imply that there is no change in the resistance due to the precession of
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the nuclear spin. As no signal was detectable by this method, we used the electrical
detection which consists in monitoring the voltage across the sample after the rf
current (and any DC voltage) has been turned off.

The circuit diagram used for the electrically excited and detected FNR experi-

ment is illustrated in Figure 5.1.

230 MHz Preamplifier
low pass filter

Rf pulse JL | l'kl'l .
generator | L _LUUUU_L ?

Coaxial
cable

L 4wy
'ﬁ/ Sample

Figure 5.1: Circuit diagram for electrically excited and detected FNR. The rf power
from the power amplifier (left) is driven into the sample. The voltage at the contacts
of the sample is detected by the receiver arm of a NMR spectrometer.

Signal

A study of the voltaic signal amplitude as a function of the rf pulse length,
for several different attenuations (pulse levels) has been carried out by electrical
excitation and detection. The result, showed in Figure 5.2 is very similar to what
can be observed in standard NMR: the higher the rf power level, the greater is the
signal at the optimal pulse length. This is explained for the most part by the fact
that the line is broad compared to the effective rf field. This dependence of signal
intensity on rf level is well known in FNR. A review of FNR in zero field can be
found in [44].

In Figure 5.3 we show the signal vs. pulse length for a granular sample where it
is likely that spin accumulation is at play and for a pure Co sample, where surely
no spin accumulation is expected. We get about the same response curve for both
samples; The differences are consistent with the voltage driven through the samples
at a set power level, because the resistance of the samples vary and because the
pure Co sample has about 2 times larger susceptibility than the granular Co/Cu
sample (see Figure 3.9, chapter 3).

For comparison, standard NMR has been carried out, using a resonant circuit
for both excitation and detection. The sample was connected to the coaxial cable,
in order to be in similar experimental conditions than for electrically excited and
detected FNR. We connected a 50 ) terminaison to the other end of the coax. How-
ever, the signal obtained when the sample was disconnected did not differ by much
in signal intensity from the signal obtained when the coax was connected. When

carrying out electrically excited and detected FNR, the rf coil was disconnected.
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Figure 5.2: Zero-field amplitude of the voltaic signal of °Co in the Co/Cu granular
sample 2442 vs. rf pulse length, for different pulse levels, relative to the maximum
output of the rf pulse board. The rf pulses are further amplified with a set gain.
At 0 dB, the rf pulse at the output of the power amplifier is of about 6 W. The
spin echo sequence uses two pulses of equal lengths and equal phases. We used
electrically excited and EDFNR, at T = 80 K and 7 = 10 us.
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Figure 5.3: Zero-field amplitude vs. pulse length for 6 W rf power on Co and
Co/Cu (sample 2442) meanders at T = 80 K and for comparison, equivalent curve
for inductive pick-up of the signal for sample 2442.

A comparison between the lineshapes recorded for standard NMR, and electri-

cally excited and EDFNR at the optimal pulse length (0.3 us) and at 0 dB atten-
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uation is presented in Figure 5.4. If normalized, the curves match. We fitted each
spectrum by two Gaussians. The bulk fcc Co resonance frequency is at 216.5 MHz
and the line at 208 MHz can be attributed to Co atoms with one Cu neighbor that
is probably shifted due to stacking faults.

We point out here that depending on the experimental conditions, the signal
intensity can be comparable for the two techniques. This depends on the coil used
for NMR (due to the filling factor), and on the resistance of the sample (mismatch
problem) and the available rf power for electrical excitation and detection. Never-
theless, the use of the sample itself as an “antenna” instead of the tuned circuits is
very convenient, especially for broad lines because no tuning is longer needed. And

electrically excited and detected FNR could be more convenient for small samples.
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Figure 5.4: Lineshapes recorded for ®*Co in the Co/Cu granular sample 2442 mea-
sured at T = 80 K, obtained by standard NMR at zero field (squares) compared to
the electrical excitation and detection directly on the sample (circles). The sym-
bols represent the experimental points and the solid line, the fit. The vertical line
represents the position of the bulk fcc Co frequency.

In order to prove that the observed signal is not due to a field created in the
loop formed by the leads and the sample, we compared the amplitude of the spin
echo vs. pulse length obtained with and without Cu shielding (see Figure 5.5).
We clearly see that the shielding does not affect at all the optimal 7 pulse length

i.e. the rf field needed to flip the nuclear spin by an angle 7. As the rf fields are
the same with and without shielding, we can conclude that there is no effect of an
external field due to the leads and sample. Therefore, the signal observed is due to

the self-inductance of the sample.
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Figure 5.5: Zero-field amplitude vs. pulse length on the Co/Cu meander (sample
2479) at T = 300 K with (squares) and without (triangles) Cu shielding. The
measurement was done at 0 dB.

Evidently, in the present context of the search for NMR evidence of spin ac-
cumulation, pushing the detection limits was significant in data taking time. We
attribute the electrical signal to the voltage obtained by the self-inductance of the
sample. As the rf field is channelled into the sample itself, the filling factor is 1.
With this technique, we were able to detect 3 x 10'® Co atoms (the number of
atoms being confirmed by SQUID measurements) at room temperature, on a 5 mm
long piece of sample 2479. Straightforwardly, the electrical excitation and detection
were efficient, despite the very small size of the sample. We recall that this sample
size corresponds to 10 monolayers of Co on a 1 cm?. All the results presented next

were obtained with this technique.

5.3 Electrically excited and EDFNR under addi-

tional bias current

We used the granular samples and the electrical excitation and detection to study
the effect on the NMR of an additional voltage applied to the sample, thus imposing
a steady or pulsed current through the sample in order to seek evidence of spin

accumulation.
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5.3.1 Continuous voltage

The circuit diagram used for the experiment is sketched in Figure 5.6. A 270 MHz
low pass filter has been added at the output of the rf pulse generator in order to
decrease the fluctuations of the rf pulses. The current source used was a Keithley
2400. 120pF, 1kV capacitors were added in series to the crossed-diodes in order
to prevent the DC voltage from entering into the transmitter arm of the NMR
spectrometer. A bias tee was also used to ensure that the DC voltage is applied to
the sample only and to ensure all of the AC voltage is across the contacts of the

sample in the receiver arm of the NMR spectrometer.

+
Bias Tee 1
Anritsu K251 DC
BW =50 kHz
to 40 GHz
230 MHz \ i
Preamplifier
270 MHz 112?( \;/)F low pass filter -
—_ ——
Rf pulse JL H
generator
200 nF

p!
F T T Tkv
= 1 Signal

= b Coaxial
cable

B M Sample

Figure 5.6: Circuit diagram for electrically excited and EDFNR under additional
continuous voltage. The rf power from the power amplifier and the continuous
voltage Ipc provided by a Keithley 2400 current source are driven into the sample.
A bias tee is used in order to drive the DC voltage through the sample and the
AC voltage at the contacts of the sample is detected by the receiver arm of a NMR
spectrometer.

q

We recorded the **Co line under a continuous current of 75 mA by averaging
every echo 1,000 times and we compared it to the line obtained without any ad-
ditional DC voltage under the same conditions. We used the full rf power. The
results are shown in Figure 5.7. A shift of ~ 0.5 MHz of the line occurred under
DC voltage. This corresponds to a heating of ~ 30 K (see Figure 4.13, chapter 4).
We confirmed the heating is due to the Joule effect by measuring the resistance vs.
DC current (showed in the inset of Figure 5.7). This measurement was carried out
with the Keithley current source connected directly to the sample coaxial cable.

We figured out that the bias tee was leaking, i.e. part of the rf signal was go-
ing into the current source and, more troubling, DC current was flowing into the
preamplifier because the capacitance of the bias tee is quite large and we operate
on a time scale not long enough compared to the RC time constant of this capacitor
(R =50 Q) for a complete isolation. This resulted in the saturation of the pream-

plifier. These issues were dealt with by replacing the bias tee with low and high
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Figure 5.7: Lineshape recorded for 59Co in the Co/Cu granular sample 2442, mea-
sured at T = 80 K, obtained by electrically excited and EDFNR with no additional
voltage (circles) compared to the lineshape obtained under Ipc = 75 mA (trian-
gles). The symbols represent the experimental points and the solid line, the fit to
several gaussians. The inset shows the resistance vs. current measurement carried
out at T = 80 K.

pass filters for all the following measurements. In order to avoid the effect of Joule
heating encountered during the DC experiments, we then applied the voltage in

short pulses.

5.3.2 Pulsed voltage

The setup used for the experiments under pulsed voltage is sketched in Figure
5.8. The additional voltage pulses expressed as I were generated by the NMR
spectrometer itself, by amplifying the TTL pulses with Apex voltage amplifiers.
We used two different amplifiers: PA05 supplied by an EL 302 T current source
could amplify up to 11 V and PB50 supplied by an Acopian power supply Model
WI0ONT280, up to 80 V. We also replaced the bias tee by low and high pass filters.

The same lineshape measurement as the one described above for the DC voltage
has been carried out when the voltage was pulsed, as sketched in Figure 5.9 (top).
Every echo was measured by averaging 1,000 times. The purpose of this measure-
ment was to verify that the heating effect was suppressed. We were not aiming for
a detection of a line shape change due to spin accumulation. Hence the choice of
only 1,000 echoes for this averaging. We used the amplifier PA05, and the voltage

was pulsed during the first half of the spin echo sequence. The result obtained for
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Figure 5.8: Circuit diagram for electrically excited and EDFNR under additional
pulsed voltage. The rf power from the power amplifier and the pulsed voltage
provided by the amplified TTL pulses coming from the spectrometer are driven
into the sample. Low and high pass filters replace the bias tee. The pulsed voltage
is driven through the sample and the AC voltage at the contacts of the sample is
detected by the receiver arm of a NMR spectrometer.

q

pulsed I = 75 mA is showed in 5.9 (bottom), together with the lineshape measured
without any additional voltage. No shift of the line was observed anymore and

therefore, we can state that the effect of Joule heating no longer occurs.

Furthermore, a pulsed current as high as I = 1.12 A was able to be applied
during the entire echo sequence, as illustrated in Figure 5.10. The sample used
was the twin-brother of sample 2442, sample 2479. We recall that its resistance
at 80 K was 38.3 2. The solid line represents the fit, with two Gaussians, of the
points taken without additional voltage (circles). The experimental points taken
under I (triangles) are not shifted from the line which confirms that no effect of
Joule heating could be detected in the sample due to the voltage, even under these

conditions.

Several different experiments were carried out depending on the position of the
voltage pulses I with respect to the echo sequence. The voltage pulse length was
t = 3 ps in the configurations (a), (b) and (c) as sketched in Figure 5.11 (I). The
effect of the voltage on the spin echo integral obtained at the resonance frequency
of #Co in the Co/Cu granular sample 2479 was investigated for each configuration.
Similar behaviors were also found in the sample 880 and confirmed the trend. The
results obtained are shown in Figure 5.11 (IT and ITI). Applying the voltage pulse
after the first rf pulse (configuration (b)) or after the second one (configuration (a))
leads to a similar behavior, that is a significant decrease of the spin echo integral
as a function of the applied I. In the configuration (c), one expects a refocusing of

the spins and indeed no decrease of the signal integral was detected.



70 Chapter 5. Electrically excited and detected ferromagnetic nuclear resonance

| spin echo

300 ns 300 ns
P . -

II (LA 3

T ! T

1.4 — T T T T T T T T " T 1
e Nol(v=0V)
= Pulsed|=75mA (v=27V)

1.2 |
1.0 |
0.8 |
0.6 -
0.4 -

0.2

0_0 L | L | L | L | L | L | L | L
208 210 212 214 216 218 220 222 224

Frequency (MHz)

Normalized spin eho integral

Figure 5.9: RF output and pulsed voltage sequences used for the experiment; we
used 7 = 5 us (top). Lineshape recorded for **Co in the Co/Cu granular sample
2442, measured at T = 80 K, obtained by electrically excited and EDFNR with
no additional voltage (circles) compared to the lineshape obtained under pulsed
I = 75 mA (squares); the symbols represent the experimental points and the solid
line, the fit to several gaussians (bottom).

In order to investigate further the decrease obtained in configuration (a) of Fig-
ure 5.11 and determine whether the effects observed are due to the field induced by
the current during the voltage pulses only, or if there is a fingerprint of spin accu-
mulation in our measurements, we repeated the measurement on the Co meander
thin film made by Dr. Mohamed Abid. No spin accumulation is expected in such a
sample. The resistance of the Co sample at 300 K was 179 2 and at 80 K, 83.6 €.
We present here the results obtained for 7 = 20 s, which shows a similar behavior
to 7 = 10 us. We first carried out an experiment in order to find out which current
I provided the same magnetic induction B for the two different samples (Co and
CoCu). To do so, we normalized and plotted the spin echo integral obtained as a
function of I for the two samples. We found an identical destruction of the signal,

i.e. the two currents would create a similar B in the sample for I, = 500 mA and
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Figure 5.10: RF output and pulsed voltage sequences used for the experiment (top).
Lineshape recorded for **Co in the Co/Cu granular sample 2479, measured at
T =80 K, obtained by electrically excited and EDFNR with no additional voltage

(circles) compared to the experimental points obtained under pulsed I = 1.12 A
(triangles); the solid line represents the fit of the points taken without I (bottom).

Icocu = 1 A.

Several voltages I, from 130 mA to 1 A, were pulsed after the second rf pulse for a
set time t (Figure 5.12 (left)). After the voltage is turned off, we inspect the nuclear
signal. We show the results obtained for the Co sample, compared to the CoCu
sample in Figure 5.12 (right). The data were fitted by Gaussians (see equation 5.9
below). We observe that at a given B, i.e. for I, = 500 mA and Ig,c, = 1 A, the
two samples show a similar behavior. Thus, the effect observed is probably due to
the field created by the current, which could hide the spin accumulation effect in
such micron-sized structures.

In order to check whether the effects that we are observing are only due to
the field induced by the current, we plotted the data observed for the Co and the
different Co/Cu samples as a function of the field B that is created by the 4 us long
voltage pulses, applied after the first (similarly the second) rf pulse (Figure 5.13).
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Figure 5.11: RF output and pulsed voltage sequences (a), (b) and (c) used for the
different experiments (I). Spin echo integral of **Co in the Co/Cu granular sample
2479 (IT) and in the sample 880 (III) for several pulsed voltages configurations (a)
to (c) as a function of the current I; The measurements were done at T = 80 K by
electrically excited and EDFNR, at the resonance frequency.

If we consider that the magnetization M is linearly related to the magnetic field H,

the relationship between B and H can be written as:

AB = ppAH+M) = po(l+ x)AH (5.1)

I

In our samples, the field at the surface of the wire can be approximated by: H = 5,

where I is the current pulsed after the first rf pulse and w is the width of the meander

(0.5 mm for the “wide” structure and 0.25 mm for the “narrow” structure). Thus:

B = mo(l+x)5e (5.2)

B is therefore proportional to I-(1 + x)/w, where x is the magnetic susceptibility
determined in subsection 3.2.2 of chapter 3. Figure 5.13 shows a similar trend for

all the samples, except for sample 2479. The different behavior obtained with this
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Figure 5.12: RF output and pulsed voltage sequences used for the experiment (left).
Comparison of the normalized spin echo integral of **Co in the Co and Co/Cu
(granular sample 2479) meander structures for several pulsed voltages I as a function
of the length of the pulse t; The measurement was done at T = 80 K by electrically
excited and EDFNR, at the resonance frequency 217 MHz; The symbols represent
the experimental points and the solid line, the fit with gaussians (right).

latter sample is not yet understood. Thus we have a successful scaling of the data
for both a sample of Co where we do not expect spin accumulation and for granular
samples where we hope to have it. This indicates that, for current pulses of 4 us,
most if not all of the decay observed is due to the field induced by the current.
Nevertheless, we do not expect to detect any spin accumulation for the short times
t, as discussed in chapter 2, so we investigated what happens at longer times. The
different graphics where the normalized echo integrals are plotted vs. the length of
the applied voltage pulses t (Figures 5.14, 5.15, 5.16) can allow us to estimate the
Oersted field created, by the procedure explained below.

As we have seen above, the current flowing in the samples produces an additional
source of spin echo decay. The value of the magnetic field produced by the current
can be extracted from the corresponding decay curves. We use the general formalism
of Recchia et al. [48] and consider an ensemble of nuclear spins pointing along the
z axis, which corresponds to the direction of the local hyperfine field. After the
first rf pulse, the nuclear spins point along the x axis and start to rotate within the
xy plane under the presence of the local fluctuating field B, accumulating at phase
¢(t). The derivation is performed in the rotating frame. The second rf pulse will

change the sign of the phase and the signal observed at 27 is given by:

[ cosg - P(¢)do

MED = 2 pg)as
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Figure 5.13: Normalized spin echo integral of >*Co in the Co and in the different
Co/Cu meander structures for voltages pulsed during t = 4 us after the first rf
pulse as a function of the field. We used 7 = 10 ps. The measurements were done
at T = 80 K by electrically excited and EDFNR, at the resonance frequency.

where My is the signal at 7 = 0 and P(¢) is the probability distribution factor

for the accumulated phase. We consider a Gaussian distribution of the phases:

S ex __&
PO = i ( 2 <¢2>> (54)
and the signal at M(27) is given as:
2
M(27) = My - exp(— <¢2 >) (5.5)

where <¢2> is the second moment of P(¢). Thus, the determination of the signal
amplitude reduces to the determination of <¢2>.
Back to our case, the application of dc voltage pulses gives rise to an additional

phase d¢:

¢'(2r) = ¢(21) + o (5.6)

and

(¢2(27)) = (#(27)) + (86°) + 2(6-8¢) = (¢°(27)) + (8¢*)  (5.7)

since (¢) = 0.
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Finally:

(¢?(27)) = (¢°(27)) + +¥*Bit? (5.8)

where t is the duration of the voltage pulse and B is the longitudinal component
of the magnetic field produced by the current. As a result, the echo decay is given

as:

M’ (27)
My - exp (—

212 42
_ . 0 Byt

<¢2>) = A exp( 5 ) (5.9)

2

where A is a constant determined by the best fit to the experimental data and

B can be written as:

B, - CB - C@(l—kx)l _ a(l+x)]

1
2 w w (5 0)

where C is a proportionality factor and @ = C& can be extracted from the
data obtained from the Co meander shown in Figure 5.14. Equation 5.9 has been

applied to fit as well as to the simulations of the NMR data in the following analysis.
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Figure 5.14: Normalized spin echo integral of ®**Co in the 350 nm thick Co with
a “wide” meander structure for voltages pulsed during a time t after the first rf
pulse as a function of t for two different currents. We used 7 = 20 ps. The
measurements were done at T = 80 K by electrically excited and EDFNR, at the
resonance frequency. The solid lines represent the fit to equation 5.9 and lead to
the given values of B.
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From the fits to the data shown in Figure 5.14 for pure Co, we can extract B
at 0.13 A, where the signal drops by 35 % and B at 0.5 A where the drop becomes
95 %:

B(0.13 A) =7.4-107* T and B(0.5 A) = 19.2 - 10~* T, leading to:

Biw 7.4 %x107% x 0.5 x 1073
0.13 A) = = = 27x107" T.m.A !
o )= v 013 x 10.6 x "
and
Biw 19.2 x 107% x 0.5 x 1073
05 A) = = = 18x107" T.m.A !
05 4) = 7555 0.5 x 10.6 x "

We would like to point out here that « can also be determined from a normalized
spin echo curve vs. current, for a fixed time t = 4 us: for this method we obtained
the same value for « as the value of «(0.13 A) above. However, we cannot decide
with certainty which value of « is the most likely. Since both values are acceptable,
we will simulate the data obtained on Co/Cu with each of them.

Figure 5.15 shows the normalized spin echo integral of °9Co ws. t in the different
Co/Cu meanders for voltages pulsed during a time t after the first rf pulse, for
several different currents. The symbols represent the data and the solid lines, the
simulations obtained by calculating B in equation 5.9 taking the value of o found
in the Co sample, at a current of 0.5 A, «(0.5 A). The samples 880 and 1880 differ
by a factor of about 2 in thickness. Therefore, we can compare what we obtain
in samples that have the same induced field, but one has twice as large a current
density as the other. The general trend, for all the samples considered, is to have
the experimental data under the simulations, i.e. we expect that an additional field
sums up to the field created by the current. We would like to see here a signature
of spin accumulation.

Nevertheless, Figure 5.16 presents the simulations obtained by calculating B in
equation 5.9 taking «(0.13 A). Except for the sample 2479 (Figure 5.16 (d)) where
the data are below the simulations for every current, it does not confirm this trend.
We cannot explain why this particular sample shows a different behavior to the
others, as all of them present a similar GMR ratio (see subsection 3.2.2 in chapter
3) and therefore spin accumulation is expected for all of them. The results obtained
show that the simulations describe nicely the data obtained at low current (up
to 0.295 A) for the samples 880 (“wide” structure) and 1880 (see Figure 5.16 (a)
and (c)). The spin echo decay of these data can therefore be explained entirely by
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Figure 5.15: Normalized spin echo integral of 3Co in the different Co/Cu meanders
(a), (b), (c) and (d) for voltages pulsed during a time t after the first rf pulse as a
function of t for different currents. We used 7 = 20 us. The measurements were done
at T = 80 K by electrically excited and EDFNR, at the resonance frequency. The
solid lines represent the simulations obtained with equation 5.9 with B calculated
using « = (0.5 A); the squares correspond to I = 0.13 A, the circles to 0.295 A,
the diamonds to 1 A and the triangles to 1.5 A.
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Figure 5.16: Normalized spin echo integral of °Co in the different Co/Cu meanders
(a), (b), (c) and (d) for voltages pulsed during a time t after the first rf pulse as a
function of t for different currents. We used 7 = 20 us. The measurements were done
at T = 80 K by electrically excited and EDFNR, at the resonance frequency. The
solid lines represent the simulations obtained with equation 5.9 with B calculated
using o = «(0.13 A); the squares correspond to I = 0.13 A, the circles to 0.295 A,
the diamonds to 1 A and the triangles to 1.5 A.
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the field created by the injected current. At higher currents and for the “narrow”

structure of the sample 880, the simulations are always under the experimental

data (Figure 5.16 (a), (b) and (c)), meaning that the spin echo decay created by

the current is smaller than expected from the calculated field. This may be due to

the fact that our calibration of a was done with a wide structure and it may not
I

apply to the narrow structure. In other words, the approximation H = 5 may be

too rough.

5.4 Conclusions

The search for evidence of spin accumulation lead us to the electrically excited and
detected FNR, which is a very interesting technique because no coil and no resonant
circuit are needed. It would also allow us to measure smaller samples.

We showed in this chapter that pulsed voltages had to be applied in order to re-
move any Joule heating effect. Several granular samples were studied. One sample
behaved as if it had a very strong effect of spin accumulation. However, we believe
rather that this sample is a fluke, there is something strange about it, though none
of our characterizations (SQUID measurements, NMR lineshape and GMR) show
any peculiarity compared to the others. We believe that the results obtained with
this sample were not relevant, as the influence of the field created by the additional
voltage on all the other micron-sized samples seems pretty well under control as
shown by the scaling of the spin echo decays. The other samples show evidence for
a decay beyond the effect of the field induced by the current, provided one of our
estimates of the calibration of this field is correct. It should be kept in mind that
if we were to trace error bars about the estimated decay due to the induced field,
the data points would appear inside the error bars.

We can see two ways of getting beyond the present status of the experiment:

e We make samples of the same shape, but with smaller thicknesses, differing
by a factor of two. Thus, we compare what we have in samples that have the

same induced field, but one has twice as large a current density as the other.

e We can improve our detection limit, thanks to EDFNR, so that we can work
with much smaller samples, opening the possibility to go back to the multi-
layered nanowires, i.e. to a CPP geometry where we know that the current

has to cross the different interfaces.






Chapter 6

(General conclusions and

perspectives

The principal method employed in this work to search for evidence of spin ac-
cumulation was NMR. The main advantage of this technique is that it can be seen

as a local probe of the nuclei.

For this study, the samples had to be large enough in order to provide enough Co
atoms to be detected by NMR and at the same time small enough to get a high cur-
rent density by injecting as low current as possible. Several different samples were

therefore chosen and were investigated by various methods, from magnetic and mag-

Image above adopted from: http://www.technologyreview.com/files/11009/Spintronics chip
x220.jpg
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netoresistive characterizations to electron microscopy. We have shown throughout
this thesis that even though some of the samples presented very interesting proper-
ties, such as a good GMR observed in the multilayered nanowires suggesting a high
spin accumulation at the interfaces, they did not fulfill all the requirements needed.
The granular Co/Cu systems appeared to be the best choice for our study, even

though 2 to 4 A were needed in order to reach a current density of 106 A /cm?.

A preliminary **Co NMR study was made on different samples, notably on the
granular samples. We were interested to have a fcc phase only and a narrow and
well-defined NMR line. We also investigated the temperature dependance of the
lineshapes and T; and Ty relaxation times. As Ty was well fitted by single expo-

nentials, we could attribute the signal as arising from the nuclei in domains.

We found that the electrically excited and detected FNR was opening the possi-
bility to work with a smaller number of Co atoms than possible with standard NMR.

In the model that we used to fit the data that we obtained in the NMR exper-
iments carried out under current, we assumed that the effect observed on the spin
echo decay was due to the Oersted field created by the current. We showed that
this field was large in these samples, due to their dimensionality. It could therefore

possibly hide the effect of spin accumulation that we were seeking.

The data presented in this thesis may serve as an input for future experiments.
The measured granular samples were too thick, i.e. we needed to apply too much
current in order to detect the desired effect. We could therefore repeat the different
measurements in thinner samples (few tens of nanometer thick), where the field
created by the current injected would be less, as the current would be less to reach
the same current densities. But we remind the reader here that in granular systems,
the current path is complex. Therefore, if we had layers in the CPP configuration
such as in Co/Cu multilayered nanowires, we would know that the current has to
cross all the interfaces. Now, with the prospect of efficient detection of the NMR
by means of the electrical detection described in chapter 5, there is the possibility
that a much simpler structure could be sufficient to detect the NMR. This simpler
structure would be much more likely to be produced in a reasonable time and
effort. The possibility offered by electrically excited and detected FNR to decrease
the sizes of the samples could allow us to measure samples in the CPP geometry, i.e.

multilayered nanowires. For such samples, spin accumulation could be detected by
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injecting lower currents. Another interesting experiment would be to work at lower
frequencies: Figure 4.6 in chapter 4 shows that the Co/Cu multilayered nanowires
present a clear shoulder in the NMR, spectrum arising from Co atoms having one
Cu neighbor in their nearest neighbor shell. This would be the spectral place to
look for spin accumulation. The sample size has so far prevented us from going in
this direction. This can be reconsidered as we manage to measure much smaller

samples by EDFNR than by regular inductive FNR.






Appendix A

Samples investigated

To help the reader, Table A.1 presents the main samples investigated during this

work. Only some granular ones were suitable (/) for the NMR experiment under

additional current.

s Characterization
Type of sample Composition Name achioved Comments
GMR, SEM, curr§nt (ien.sfy
Nanowires Co/Cu ARdnd | TEM, M(H), i%‘}?lrifis lﬁo‘z
ZFCFC, NMR fulfilled
. GMR, SEM, curr§nt density
Long nanowires Co/Cu - TEM requirement not
fulfilled
. . . too low filling
Long %nter.conne,?cted Co/Cu ) optical micro- rate, lithographic
nanowires in series scope
process not ended
Interconnected Co/Cu ) SEM, AFM, | very high resis-
pillars in series NMR tance
GMR, M(H), .
Granular meanders Co/Ag 3 JFCFC no NMR signal
GMR, M(H), 1
Granular meanders Co/Cu 2 ZFCFC, NMR sample oxidized
. GMR, M(H),
Granular meanders Co/Cu 2442, 2479 ZFCFC, NMR V4
GMR, M(H),
Granular meanders Co/Cu 880 ZFCFC, NMR Vv
GMR, M(H),
Granular meanders Co/Cu 1880 ZFCFC, NMR v
) GMR, M(H),
Granular meanders Co Co ZFCFC, NMR Vv

Table A.1: Main samples investigated during this thesis work.
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Appendix B

Mn Zero field NMR in a
(Ga,Mn)As thin film

(Ga,Mn)As is a III-V based DMS that has been discovered recently [49, 50, 51].
Magnetization measurements revealed the presence of ferromagnetic order at up to
185 K in (Ga,Mn)As films [52, 53]. It is known that the impurity phase MnAs can
be formed, i.e. Mn37 ions.

5®Mn has a natural abundance of 100 %, a nuclear spin I = 5/2 for Mn and a

gyromagnetic ratio of v, = 27 x 10.6 MHz/T.

Image above adopted from: “Determination of the local concentrations of Mn interstitials and
antisite defects in GaMnAs”, F. Glas, G. Patriarche, L. Largeau, A. Lemaitre, Phys. Rev. Lett.
93, 86107 (2004): GaMnAs unit cell. In addition to Mn substitutional, two kinds of defects are
present: As antisites on Ga sites, and Mn interstitials. Two types of interstitials are considered,
1 and 2, with either As or Ga neighbors. The authors identified the first species as the dominant
one.
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Figure B.1: Spin echoes observed in the (Ga,Mn)As thin film, at T = 8 K and
f = 245 MHz. The detection method differs: standard NMR, (dashed line) and
electrical detection (solid line).

We performed both zero-field NMR and electrical detection (with standard ex-
citation with the coil) on a thin film of GaAs doped with 6 % of Mn and covered
with a layer of As to protect it against oxidation. The sample was provided to us
by Dr. Sima Valizadeh in Uppsala, Sweden. The dimensions of the sample are:
200 nm in thickness, 12 mm in width and 13 mm in length. If we consider a density
PGass = 5.32 g.cm ™3 for GaAs, the sample should contain approximately 4.16 x 106
Mn spins.

The sample was wrapped in Teflon tape and inserted into a home-made rf coil
of 5 turns and 0.8 mm inner diameter. The excitation was made with the rf coil.
In order to achieve electrical detection on the sample, we made two contacts on a
diagonal of the film. Due to the high resistance observed (around 800 £2), the signal
that we detected was lower than the one observed by standard NMR, as illustrated
in Figure B.1. We carried out zero-field NMR where the number of scans/point used
was 30,000 and 7 = 5 us. We found an optimal pulse length of t = 1 us. The 5*Mn
lineshape that we obtained is given in Figure B.2. The experimental points were
fitted by a gaussian line centered at 231 MHz. The resonance frequencies are about
5 MHz lower than those observed for bulk ferromagnetic MnAs [15, 54], MnAs being
the most probable magnetic impurity in GaMnAs phase. This difference may be
attributed to an orthorombic distortion of the unit cell [55]. The signal for Mn?*
is expected around 670 MHz and up to 710 MHz [56, 57]. This confirms that the

signal arises from Mn®t and not from Mn?*, i.e. the majority ions in GaMnAs, as
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Figure B.2: Zero-field lineshape of 5°Mn in the (Ga,Mn)As thin film, at T = 8 K.
The symbols represent the experimental points and the solid line, the fit.

we would have expected.

After we performed this measurement, we became aware of the zero-field NMR
of the Mn3* in the MnAs impurity phase in a film of GaMnAs reported by Hwang
et al. in [58]. They also detected the Mn3* in MnAs in the same frequency range.
We don’t know of anyone having detected the Mn?* signal in GaMnAs.

Tt is now needed to achieve NMR at higher frequency (i.e. 670 MHz and above)

in order to detect Mn2?T.






Appendix C

Electrodeposition of Au

nanowires

A Nanbwires o
Polycarbonate @ =170,nm

/
4

200 nm : o NANO WIRES

This work was done in collaboration with Dr. Mohamed Abid and Dr. Jean
Gamby at the Pierre et Marie Curie University in Paris, France and led to a paper
in Lab on a Chip (see the reference to the image above).

Random arrays of gold nanowires were made by electrodeposition into a track

etched polycarbonate (PC) membrane (30 pm thick). A thin metal film of gold was

Image above adopted from: “Polycarbonate microchannel network with carpet of Gold
NanoWires as SERS-active device”, J. Gamby, A. Rudolf, M. Abid, H. H. Girault, C. Deslouis, B.
Tribollet, accepted in Lab Chip, DOI:10.1039/B820802F (2009): SEM-FEG micrograph showing
the Au nanowire network inside the microchannel after selective plasma etching of the polycar-
bonate membrane. The size of most nanowires is estimated to be in the range 170-180 nm.

91



92 Appendix C. Electrodeposition of Au nanowires

sputtered on one side of the porous membranes to serve as the cathode. The growth
was performed at 55 °C in a conventional one-compartment cell with three electrode
configurations: A gold foil acts as the counter electrode, a reference electrode of
Ag/AgCl and the working electrode is the gold layer deposited on the polycarbonate.
A solution of sodium gold (I) sulfite bath (Metakem) (gold content = 5 g/L) was
used to electrodeposit gold on the polycarbonate membranes with a pore density
of 10® pores per cm? (pore diameter 200 nm). The deposition potential was -
0.65 V. The nanopores filling was monitored by measuring the plating current.
The deposition was stopped before three-dimensional caps began to form on top
of the few first emerging wires, which was revealed by a sudden increase of the
plating current. After removing the conductive gold layer, one layer of polyethylene-
terephtalate (PET) was laminated on each side of the membrane. The PET/PC
gold nanowires/PET system was exposed to an ArF excimer laser beam in order
to define a 35 pum deep cavity, which reaches the surface of the polycarbonate (see
Figure C.1 (A) and (C)). We used argon plasma etching with an argon pressure of
380 mbar and a power of 100 W applied for 4 hours in order to remove 15 pym of
polycarbonate (Figure C.1 (B)).

The Au nanowires in the microchannel are Surface-enhanced Raman scattering
(SERS) active systems. Observation of large increases in the Raman cross sec-
tion allowed us the collection of vibrational signatures which are not detectable
in a straightforward manner by Raman techniques due to the high fluorescence
level of bare PC. This device seems a promising tool for sensing the absorption of

biomolecules.
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Electrodeposition of gold nanowires (NWs)
into polycarbonate (PC)

PC with NWs

Lamination with two PET foils

v

mictochanhel '
with
nanowires: ‘..

Microchannel + NWs

Photoablation process

Figure C.1: (A) Schematic illustration of the microchannel network fabrication
with embedded Au nanowires 3-D arrays; (B) SEM-FEG micrograph of the Au
nanowires after selective plasma etching of polycarbonate; (C) SEM micrograph of
the microchannel containing the metallic nanowires.






Appendix D

SQUID measurements on

BaVSs

This work was done in collaboration with Dr. Ana Akrap and Prof. Léaszlé Forré,
EPFL, Switzerland. We achieved susceptibility and magnetization measurements
using a SQUID magnetometer on BaVS3 samples where two types of disorder were
produced: a sulfur deficiency produced by heating at elevated temperatures and
point defects, produced by fast electron irradiation [59]. The latter one lead to a

paper in Physical Review B [60].

Image above: BaVS3 crystal structure.
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The influence of point defects on the metal-insulator transition in BaVS;
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To investigate the nature of the metal-insulator transition which takes place in BaVSs at
Tvirr = 70K, we study pure samples of BaVSs irradiated by fast electrons, which introduce point
defects. Our results show that the metal-insulator transition is gradually weakened and shifted to
lower temperatures by introducing the defects, in close analogy to systems where metal-insulator
transition is due to a Peierls mechanism. Additionally, we study the influence of point defects on

the temperature-pressure phase diagram of BaVSs.

PACS numbers:

I. INTRODUCTION

BaVSj3 is a quasi one-dimensional itinerant spin-1/2
system, built from VS3 chains spaced by barium atoms.
The vanadium 3d' electron is shared equally between two
bands, a wide quasi one-dimensional d,> and a narrow
isotropic eg4 band."? Despite the chainlike crystal struc-
ture and the quasi-one-dimensionality, BaVS3 is electri-
cally nearly isotropic.? It is believed that this is due to
the fact that electron correlations strongly reduce the on-
chain conductivity. At ambient pressure, the compound
undergoes three transitions: a structural transition from
hexagonal to orthorombic symmetry at Tg ~ 240K, a
metal-insulator transition at Ty =~ 70 K, and a magnetic
transition at Tx = 30K, where an incommensurate anti-
ferromagnetic order is established. By diffuse X-ray scat-
tering it was observed that a commensurate tetramer-
ized structure develops below Ty, suggestive of a Peierls
transition in the quasi one-dimensional d,» band.* How-
ever, no charge disproportionation larger than 0.01e~
was found below Ty by anomalous scattering at vana-
dium K-edge.® Therefore, it is still not firmly established
what is the mechanism of the metal-insulator (MI) tran-
sition. In many classical charge or spin density wave
systems it has been studied how the radiation damage
influences the phase transition. A similar response of the
metal-insulator transition in BaVS3 to point defects may
suggest that its origin is in the long-range density wave
formation. Irradiation by a beam of fast electrons can be
used to produce defects in a controlled way. Studies of
several systems featuring a Peierls phase transition have
shown that point defects locally perturb the coherency
of the static charge ordering, and may ultimately pre-
vent the system from long-range ordering.

Presence of defects is also related to an interesting is-
sue in BaVSs3: its extreme sensitivity to disorder, seen in
several of its physical properties.® For example, sulphur
content has a very important influence on the properties
of BaVS3. Strongly sulfur-deficient samples are known
to exhibit no MI transition and to have a ferromagnetic
groundstate.” Moreover, the structural transition occur-
ring at Tg can be detected in the resistivity only in the

samples with a stoichiometric sulfur content. Still, no
systematic study of how the defects influence the MI
transition and the phase diagram has been investigated
so far.

Here we report an ambient and high-pressure trans-
port study of BaVS3 where point defects were induced
by fast electron irradiation. We find that by introduc-
ing interstitials and vacancies by knock-on collisions, the
MI transition is progressively smeared out and shifted to
lower temperatures. Under high pressure, the Ty line
in the phase diagram is pushed towards lower pressure
values.

II. METHODS

The crystals of BaVS3 were grown in Tellurium flux,
and annealed in sulfur atmosphere at high temperature.®
Several long needle-like crystals were cut perpendicular
to the chain direction. In this study we use six samples,
coming from two single crystals. The starting crystals
are of high quality, which is evidenced by a sharp metal-
insulator transition at ambient pressure and a high resid-
ual resistivity ratio (RRR ~ 50) in the metallic phase,
under 2.0 GPa. The samples obtained by cutting the
starting crystals across the chain direction have typical
dimensions 1.25 x 0.20 x 0.20mm?. The irradiations are
carried out with 2.5MeV electrons in the low tempera-
ture facility of the Van de Graaff accelerator at the LSI
of Ecole Polytechnique in Palaiseau. Electron fluences
ranging from 0.0 up to 6.65 - 10'%¢~ /ecm? are applied to
various pieces of the cut single crystals. The irradiation is
performed with the samples immersed in liquid hydrogen,
at the temperature of 20 K. The electron flux is limited to
10* e~ /cm?s to avoid heating of the samples during irra-
diation. The thickness of the samples (~ 200um) is small
compared to the penetration depth of the electrons, war-
ranting homogeneous damage throughout the samples.
Ambient pressure resistivity is measured in situ, along
the VS5 chains. The susceptibility and magnetization are
measured in a Quantum Design SQUID apparatus. The
high pressure resistivity measurements are performed in
a clamped piston-cylinder cell, where kerosene is used as
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FIG. 1: (Color online) The temperature dependence of resis-
tivity (top panel) and its logarithmic derivative for the same
single crystal irradiated by different electron fluences. The
sample was kept below 100 K, except in the case of the last
two curves where the annealing time and temperature is in-
dicated in the parentheses.

pressure medium.

III. RESULTS AND DISCUSSION

The top panel of Figure 1 shows the temperature de-
pendence of the resistivity, for a single sample repeti-
tively treated by electron radiation. The measurements
of resistivity are performed in situ, at ambient pressure,
directly after irradiating the sample and annealing it for
a brief interval of several minutes at 100 K. The defects
produced by irradiation are fairly sensitive to thermal
migration, which is why the temperature range of the
measurement is limited to 20 — 80 K. The resistivity of
the sample above the MI transition increases under ir-
radiation. The lower panel of the Figure 1 shows the
logarithmic derivative d(log p/d(1/T)) in the same tem-
perature range. The transition at 70 K in the pure sample
shifts to lower temperatures, and is significantly widened
by the presence of defects. In fact, before the Ty is de-
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FIG. 2: (Color online) The dependence of the transition tem-
perature on the electron fluence, during the irradiation of four
different samples. The samples were maintained on tempera-
tures below 100 K.

creased by 10 K, the metal-insulator transition is already
completely smeared out. The broadening and the shift
of the transition under the influence of defects has been
seen in several systems that undergo a CDW transition.”
Such behavior is reminiscent of a Peierls mechanism driv-
ing the metal-insulator transition. Because the defects
pin the phase of the density wave, coherence between
the chains is weakened. The transition is thus shifted to
lower temperatures and gradually suppressed. The de-
crease of Ty is monotonous and approximately linearly
dependent on electron fluence, as it can be seen in the
Figure 2.

The resistivity at temperatures below the MI transi-
tion decreases as the electron dose is increased. After
irradiating the sample by a fluence of 3.14 - 10'%~ /cm?,
the resistivity at 35 K decreases by more than 20 times.
There are two reasons for the lowered resistivity. Firstly,
the defects introduce localized states through which elec-
trons can hop, enhancing the conductivity of the insulat-
ing phase. Secondly, the semiconducting gap is weak-
ened because the pinning effect decreases the coherence
volume of the CDWs. The value of the semiconduct-
ing gap decreases as the irradiation dose grows, from the
initial value of ~ 530K to ~ 440K after the dose of
3.14 - 10"e~ /em?. Here, the values of gap are extracted
from the temperatures dependence of the resistivity be-
tween 50 and 30 K, using a fit to the activated behavior:

A
- = 1
P=Poexp i (1)

A similar disorder-induced decrease of the gap has pre-
viously been observed in several CDW systems.”

When the samples of BaVS3 are irradiated by the flux
of fast electrons at the temperature of 20 K, various scat-



tering processes may take place, resulting in displace-
ments in all the three atomic sublattices. The cross-
sections for Ba, V and S atoms depend on the value of
the threshold energy, F;, which is the minimum energy
necessary to eject an atom from its site. Typical values
of E4 range from 10 to 30eV depending on the struc-
ture and material. For example, F,; values for O and Cu
displacements in YBayCu3zO7_s are respectively 10 and
15eV.10 As BaVS; is a rather open structure, we may
suppose that the values of E; are relatively low. The
number of defects created per VSs unit is ng = O'(ii - ¢t
where o is the cross-section for displacing the atom i
from its site and ¢t is the electron fluence. Calculations
of ng, by taking for instance E; = 5eV for S and 15eV
for V, lead to a total number of displaced V and S atoms
per VS3 plane ng = 2.0 - 1072 for an electron fluence of
10* e~ /em?. Here we do not consider the defects in the
Ba sublattice because Ey for Ba is presumably large and
moreover, these defects would not be expected to have
such an important influence onto the physics of BaVSg
as S and V defects. Finally, even though this absolute
value of ng may not be very accurate, it allows a com-
parison between the different crystals studied.

Annealing the sample at room temperature drastically
reduces the concentration of impurities. From a sam-
ple irradiated by 3.14 - 10%¢~ /cm?, shown in Figure 1,
where the transition is practically wiped out, the anneal-
ing at 300K for several days recovers the phase tran-
sition at a temperature with only a slightly less sharp
peak in the logarithmic derivative, and merely ~ 1K
lower than in the pure sample. This indicates that a vast
part of the defects are easily recombined through ther-
mal diffusion. The peak in the resistivity derivative of the
3.14 - 10"e~ /em? curve is positioned between the peaks
of the curves measured in situ after irradiation fluences
of 0.19 and 0.3 - 10'%¢~ /cm?. Using the above estimates
of displacement cross-sections, this would correspond to
ng ~5-1073, i.e. 0.5% V and S displacements per unit
formula. Since the sulfur atoms are expected to thermally
migrate easier than the vanadium atoms, when the sam-
ple is annealed by warming up to room temperature, it
is likely that the majority of remaining defects are in the
V sublattice.

Another way of estimating the number of defects which
remain after electron irradiation and a subsequent an-
nealing at 300 K is through a measurement of magnetic
susceptibility. We have investigated three pieces of the
starting single crystal, irradiated respectively by the to-
tal electron fluences of 3.3-101%~ /em?, 1.6-10'%~ /cm?
and 0.0e” /cm?. The irradiated samples showed a de-
crease in the Ty of 1.9K and 0.8 K, respectively. For
a pure BaVS3 sample, the temperature dependence of
magnetic susceptibility shows a 1/T behavior down to
Twr, a sharp anti-ferromagnetic-like drop below the MI
transition, and a negligible Curie tail below ~ 15 K.? The
presence of defects does not influence the high tempera-
ture part significantly, but it considerably increases the
low-temperature Curie contribution. The magnitude of

the Curie tail due to the presence of defects can be eval-
uated using the following formula:

_ Ndef :U/gﬁ’ (2)
T

Here Nger is the density of defects, and peg is their effec-
tive magnetic moment. If we assume that the majority
of the defects in the samples are due to spin-1/2 cations
V4* and spin-1/2 anions S~, we obtain that the effec-
tive spin-only moment is peg = 1.73up. Using the above
formula, we may estimate that the density of defects cor-
responding to a fluence of 10'%~ /cm? and a subsequent
annealing at room temperature for several days approx-
imately equals 0.5% of defects per unit formula. The
latter result is approximately a factor of 3 off the esti-
mate we got from the above calculation using the cross-
sections for V and S atom displacements, which implies
that there may be other non-negligible contributions to
the Curie tail.

As we have seen, the MI transition in BaVS3 can be
completely suppressed by introducing the point defects.
Another way to do so is to apply hydrostatic pressure
to the sample. The temperature dependence of the re-
sistivity under various pressures, for a pristine sample
and a sample with irradiation-produced point defects, is
shown in upper panel of Figure 3. The external pressure
gradually diminishes nesting, destroying the tetrameriza-
tion along the chains, which leads to a decrease of Ty
and a complete suppression of the insulating phase under
Per = 2.0 GPa.lt

The lower panel of Figure 3 shows the phase diagram
of BaVSj3 in the presence of defects, in comparison to a
pure sample. We observe that the Ty phase boundary
is shifted to lower pressures and lower temperatures as
the number of defects increases. The p. for a sample
irradiated by 6.27 - 10~ /cm? is 0.3 GPa lower than for
the pristine sample. We believe that the reason there is a
decrease in Ty is the same as for the ambient pressure:
adding the defects pins the phase of the CDW in the d,-
band, which weakens the coherence between the chains.
The semiconducting gap is related to the transition tem-
perature through the mean field relation A = mkgTyy.
They are both determined by the energy gain which re-
sults from lowering the electronic states energy due to
the lattice deformation. If the 3D coherence volume of
the CDWs is reduced by pinning effects on defects, the
electronic energy gain is diminished and so is the Peierls
gap. In case of BaVS3, m ~ 12 and seems to be approxi-
mately independent of pressure (up to ~ 1.8 GPa)'? and
of defect concentration.

The most interesting part of the effect of point defects
on the phase diagram is that close to p.,. In the pris-
tine sample the insulating phase rapidly collapses above
1.7 GPa.!® This collapse is attributed to the strong in-
teraction of the d.» and e, electrons. When pressure
decreases the amplitude of the CDW, by reducing the
nesting, the internal magnetic field generated by the e,
electrons further diminishes the nesting by the Zeeman
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FIG. 3: (Color online) Top panel: temperature dependence
of the resistivity at different pressures, shown for a pristine
sample (straight line) and a sample irradiated by a fluence of
6.27- lolgef/cmz. Bottom panel: phase diagram of a pristine
sample of BaVSj3, compared to two samples where defects
were introduced by electron irradiation.

splitting of £kr. When point defects are present, they
not only pin the CDW, but also introduce disorder into
the ferromagnetically arranged e, electrons. The long
range magnetic order of the e, electrons is then reduced
and the collapse of the insulating phase becomes more
gradual than for the pristine sample.

When p > 2.0GPa, in a pure BaVS3 sample the
Peierls transition is suppressed and a metallic state per-
sists down to T' = 0K. Figure 4 shows the resistivity
curves for three parts of a single crystal sample, irra-
diated by different electron fluences, under a high pres-
sure, p = 2.8 GPa. When defects are introduced into
the sample, the resistivity is enhanced in the whole ther-
mal range. Without dwelling on the details of the low
temperature dependence of resistivity, which will be dis-
cussed elsewhere,!* we focus on the high temperature
range. In particular, above ~ 150K the temperature de-
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FIG. 4: (Color online) The temperature dependence of resis-
tivity for three pieces of the same single crystal irradiated by
different electron doses, under 2.8 GPa.

pendence of the resistivity becomes progressively more
linear as the defect density increases. A similar progres-
sion can also be seen in the resistivity curves at lower
pressures (top panel of Figure 3). Such an effect of de-
fects on the shape of the resistivity indicates that there
may be a change in the energy dispersion of a collective
mode responsible for the conduction electron scattering
in this temperature range. Since at such high temper-
atures the electronic scale is expected to give less tem-
perature dependence, a remaining possibility is that the
introduced defects alter the phononic energy spectrum.
For example, if point defects broaden the phonon disper-
sion, by modifying the elastic constants, then there may
be more phonons available for electron-phonon scattering
already at lower temperatures than in the pristine sam-
ple. This in turn lowers the temperature where a term
linear in temperature appears in the resistivity. By Ra-
man spectroscopy, two possible candidates were found:
~ 193em™! and ~ 350 cm ™! modes,'® which appear in
the temperature range relatively close to room tempera-
ture. Finally, such a phononic interpretation of the high-
temperature part of the resistivity is in accord with our
rather elevated estimate of the defect density, of the order
of one percent.

IV. CONCLUSION

We have shown that the pinning of the density wave
to the defects gradually destroys the three-dimensional
order. With ~ 5% of defects, the metal-insulator tran-
sition is suppressed entirely. Furthermore, the influence
of defects on the phase diagram is such that the Tyq
is lowered and its sudden drop above 1.7 GPa becomes
less pronounced. Finally, the strong influence of the de-



fects on the thermal dependence of the resistivity at high
temperature suggests that the point defects may infer
changes to the phononic spectrum.
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