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Abstract

Magnetic and structural properties of an ultrathin Co layer strongly depend on
the type of the upper and lower interface. Therefore, it is crucial to have an insight about
different interface effects and their influence on magnetic properties of Co Ithi fi
Due to the fact, that different systems containing Co thin films are nowadays an
important elements of spintronic devices it is pivotal to study their magnetic and
structural properties in different interface configuratiditserefore >®Co NMR (nucler
magnetic resonance) technique was used for this purpose in the case of several series of
samples containing thin Co layers as the main component.

The influence of the upper and lower surfaces on the structural and magnetic
properties of the Co layer wasvestigated, depending on the nature (crystal structure
and interaction force between the two components) of the metal forming the second
layer. The Co with Au and Mo metals were selected as the most common for spintronic
devices. The research was cortédcon the Co layers in all possible combinations of
Au and Mo buffers/cappings.

Another of the studied seri@gere Co ultrathin films grown by molecular beam
epitaxy (MBE) on an Au(111) buffer in which Co layer thicknessisl varied from 1,5
nm to 10 nm. Samples were investigated due to a crucial role of Co/Au interface in
defining the perpendicular magnetic anisotropy (PMA) in this system. It was shown that
Co layers with do < 3 nm make atomically sharp interface to Au(llubstrate in
significant part of the Co/Au interface area. Co atoms located inside a bulk of the layer
reveal a higher resonance frequency than that reported for a bulk hcp Co sample with
in-plane magnetization which reveals a distorted/not fully caotis hexagonal
structure in the thin film samples witlkgk 3 nm. For thicker layers withcd® 3 nm a
structural transition to a uniform hexagonal structure takes place in the entire volume of
the Co film evidenced by a downshift of the resonance freyuda the value
characteristic for bulk hcp. There were also additionally measS8@aNMR restoring
fields of the samples at 4.2 K temperature which have revealed a significantly lower
magnetic stiffness in samples where Co makes a continuous layen tseamples with

discontinuousCo layer.



Last of the series of studied samphesre polycrystalline Au/Co(30nm)/Au
layers implanted (with 40 keV energy) with different doses of oxygen ions (fromt%x10
ions/cnt to 35x13° ions/cnf). Oxygen ion implantatios a new and efficient method
of inducing exchange bias effect (EB) in the entire volume of the Co NIMR
research has shown that while thedaposited sample consists of a mixture of fcc Co
(face centred cubic) and hcp Co (hexagonal close packed@sphad stacking faults,
implanted samples exhibit different structuf@atures. Although there is no observed
allotropic fcc U hcp phase transformati on,
crystalline order. For high fluence implantation, éaof CoO can be envisagidm a
new>°Co NMR line present at frequency around 490 M#¥Zo NMR restoring fields
indicate a large increase of magnetic stiffness at 4.2 K temperature due to the exchange
anisotropy introduced by the presence of antiferromagnetic CoO (i.e. exchange bias
effect). Moreover®®Co NMR study from annealed (573 K) sdegphave shown radical
structural changes indicating a migration of implanted oxygen from the inner part of the
Co film due to thermal activationThis process leads to a partial recrystallization of the

Co layer.
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Introduction

1.1 Properties of Coand the aim of the work

The device miniaturization alongside with traditional electronics (which is based
on electrons as a source of information) slowly reaches its technological limits.
Addition of another degree of freedom to the electron into conventional electronics
appeardo be a promising solution of this problem, which can revolutionize future IT
industry. This new electronic is called spintronics and it is an emerging field of
nanoelectronics which involves the detection and manipulation of electron spin which
can have pe of two possible orientations (known as down and up) resulting in an
additional two binary states. Carrying information in both the charge and spin of an
electron potentially offers devices with a greater diversity of functionality, increased
memory densy, greater processing power, higher data transfer speed and increased
storage capacity.

The aim of this dissertation is the presentation of the results froAiGbenuclear
magnetic resonance study of structural and magnetic properties of thin anttioltra
cobalt films. Thin metallic magnetic films showing uniaxial magnetic anisotropy
perpendicular to the plane of the film along with multilayers showing tailorable
coupling between successive magnetic layers are of great interest in magficb
andspintronic applications. In the case of such systems an important and active role in
the defining of the layer properties play the interface areas which may strongly
influence the properties of the thin film comparing to the bulk materials. The interfaces
between the magnetic layer and the -nmagnetic buffer/intefcapping layer play a

4| Page



decisive role in determining the interactions and couplings that affect the magnetization
[SCH99] hence they can be designed to exhibit the desired properties in a saysral w
For example: by posirowth temperature treatment; by selecting materials of suitable
properties that determine the growth mode (such as crystallographic structure, alloying
potential); or even by ion beam irradiation, including implantation process.

The need to know the influence of interface on the properties of Co thin films,
which are widely used as an element of spintronic devices, motinetéal take on this
subject. Because of the fact that Co is a ferromagnetic metal with relatively high spin
polarity of valence electrons and which has got a very high Curie temperature reaching
1388 K for bulk Co powever it may be adjusted by reducing dimensionality and
growing it on different substratefCRA55],[SCH90]it represents a high potential for
innovative spirbased devices. For example, sufficiently thin hexagonal Co films with
perpendicular magnetic anisotropy (PMA) can be used as a source of highly polarized
spin current in magnetic random access memories (MRAM) with magnetic tunnel
junctions (MTJ 0 s ) which significantly 1incineases
mentioned systemsCJAR9(. Such films are currently of great interest in relation to
high-density magnetic recordind\lso Co thin films with induced exchange bias effect
(EB) are widelystudied in spintronics because of the fact that this effect is used in
devices such as MRAMOGs or magnetic readba
and due to this, they play an important role in modern computer technology.

Hcp-Co is the most common form of cobalt single crystal under ambient
conditions. It is commonly known that at equilibrium conditions this phase structure
transforms into fcaCo when heated above 689 [HANS58]. Coexistence of both
structural phases is fragntly observed for systems far from equilibrium. In the case of
thin films, selecting the appropriate substrate on which Co is grown, growth parameters
or layer thickness may lead to growth of Co as fcc (for example, Co tends to grow as fcc
on Cu(100) sustrate [WEB96]) or the appearance of a mixture of fcc and hcp Co (like
in the case of Co/Au multilayefJOMOO0], [KEHOO] or polycrystalline Au/Co/Au thin
films [MENL13]) - despite the fact that in most cases Co tends to grow as hcp on
Au(111) substrateFigure 1.1.1 shows the cobalt phase diagamfig. 1.1.2 shows
schematic illustration of fcc and hcp phase.
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Fig. 1.1.1 The phase diagram of cobalt taken from [YOO98]. The symbols regresent

phases of cobalt which were determined by mearna eitu x-ray diffraction at high

pressure and temperatureCo (open squaresyJCo (open circles), melting curve and

the magnetic transition temperatures (open diamonds [LAZ94]) UThghase line is

drawn below the stability field a-Co and is constraindaly the transition temperature

at ambient pressure [NIS83].
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Fig. 1.1.2Schematic illustration of fcc and hcp pha3de crystal structure o€o

consistsof regularly arranged planes of densely packedatoms Depending on the
order in which thesuccessive layers are stacked, one of the two crystal structures will be
formed: face centered cubic for ABCABC stacking or a hexagonal closed packed
structure for ABABAB stacking. In both structures the cobalt atom has twelve nearest
neighbors (NN).

The magnetic properties of nanometric Co depend on its structure, which in turn is
sensitive to the underlying microstructure [CHEO1]. Therefore, it is crucial to control
the growth of the structure and all parameters that have a high influence on it such as
surface morphology and its roughness in particular. Therefore, there is a need to check
the quality and structural properties of the eventual layer (and thus the correctness of the
selected growth parameters). For this, it would be adequate to use aattectinique
such as°Co NMR.

Three types of systems were investigated in which the main element was a thin Co

layer.

1 Epitaxial Co thin films with different types of buffer and capping layer (Mo and
Au) were investigated order to acquire the knowledge about the adgtuphct
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of the upper and lower interface on the structural and magnetic properties of the
Co layer, depending on the nature (crystal structure and interaction force
between the two components) of the métaiming the second layer. The Co

with Au and Mo metals were selected as the most common for spintronic
devices. The research was conducted on the Co layers in all possible

combinations of Au and Mo interiofeh. 3.2, p. 8].

Thin Au/Co/Au films were stuéd because of the important role of Co/Au
interface in defining of the perpendicular magnetic anisotropy (which
significantly increases the density of information in Magnetic Random Access
Memories- MRAM). In this system, lattice mismatch reaches 14% igdole

is investigated in Au/Co(t)/Au thin film epitaxial layers as a Co layer thickness
in the range (1 <t <10 nm). Layers were made in IFPAN by the MBE method.
Sufficiently thin magnetic films which exhibit perpendicular magnetic
anisotropy are anxample of very interesting materials which can be used in
spintronics. PMA greatly increases the density of information which can be
stored whi ch may be used i n MRA MG s
Au/Co/Au heterostructures are considered to be adequaterials for this
purpose and are interesting due to interface effects which may have a significant
influence on the PMA of the layer [ch. 3.350].

Epitaxial and polycrystalline Au/Co(30nm)/Au thin films implanted with
oxygen ions studied as a fuinn of theoxygen iondose ranging fron8x10t°
ions/cnt to 35x1G%ions/cnt. The studies were performed in order to investigate
the effects of oxygen implantation on the Co layer structure and to find a
correlation between changes in the structure andc¢berrence of the exchange
bias effect (EB). The hypothesis about the allotropic transformation of fcc / hcp
Co as a possible effect of implantation was also verified. Thin films with
induced exchange EB effect are widely studied due to their wide tec/cell
applications. It is generally accepted that exchange bias originates from the
interfacial exchange interaction between a ferromagnetic (FM) and
antiferromagnetic (AFM) material (uncompensated spins at the interface) which
results in a preferentiatlirection for the ferromagnetic spinslt typically
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manifests itself by a shift and a broadening of a hysteresis loop of the FM. EB
effect is used in spintronic devices, such as magnetic read heads of hard disk
drives or magnetoesistive memories (MRAMand due to this fact it plays an
important role in modern computer technology. One of the best known EB
systems consists of FM cobalt and AFM cobalt oxide, created through Co
surface oxidation.In this dissertation, the main focus will be placed on
observation, understanding and explanation of the influence which has
implantation on the structural and magnetic properties of studied systems.
Previous studies suggest that implantegigenions strangly modify primarily

grain boundary regions [DEM11, MEN13]. However, the actual impact of the
implantation on the samples structure remains still unclear. The second
important issue is the actual effect of annealing treatment on already implanted
systems Oxygen ionimplantation is a recently introduced method of inducing
EB effect in Co material which is being far more effective than already used and
well known surface oxidation. Sindgeis a selflimiting process it results in an
oxide thickness of onla few nm, which forms a single interface between Co
and CoO. Oxygen ion implantation however, allows for the formation of
Co/Co0 interfaces spread throughout the whole volume of the Co film resulting
in a creation of multiple FM/AFM interfaces (more effee way of inducing
strong EB effect). Recent measurements suggest that EB propertiesCafCCo
systems prepared by ion implantation can be tuned by controllably modifying
the local microstructure through annealing treatment. This could give the
opportunty to tailor magnetic properties of such system which increases

eventual potential of this systgeh. 3.4, p68].

However, in the first step, in order to better understand the impact of Au or Mo

alien nearest neighbors (NNs) tmtal >°Co hyperfinefield distribution two series of

CowxMox and Ca-xAuy thin film alloys cedeposited on V or Au bufferere prepared

(ch. 3.1, p. 8). Conclusions obtained on the basis of research on these alloys, in turn,

made an important contribution to the determorabf the structure of interfaces in Co

thin layers described in the latter part of this disserta@mserved modifications of the

5Co hyperfine field are beg interpreted as a function: of
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a) Co layer thickness (from 10 nm to 30 nm) and increasmgcentration of an Au
dopant (0 O x QAWalwys) in case of Co
b) increasing concentration of Mo dopant in case of the®mxa |l | oy (1)0 O x OO0

To achieve goals taken at the beginning of the PhD studi€dCa nuclear
magnetic resonance teéhne €°Co NMR) was chosen as the main research tool. NMR
often proved to be very usefak a probe of the shemnge chemical and topological
order, especially to study the nanostructafenorthomogeneous magnetic materials
such as magnetic thin filmsyultilayers or granular alloys containing magnetic and non
magnetic componentwhere the interfaces between magnetic and nonmagnetic
elements existThese type of materials are extensively studied because of its potential
technological applications (in datstorage/recording, field detectors, magnetic tunnel
junctions) or for its fundamental purposes (surface/interface magnetic anisotropy,
exchange bias effect, spin dependent scattering and tunnel magnetoresistance). The
structural complexity of those syste allows their properties to be tailored by selecting
the proper components, structure and mixture. Therefore, it is obvious that
understanding the interactions at the interfaces alongside with its structure is crucial,
and NMR techniqueallows to determne the nature of interface in such systems,
whether it is sharp or diffusedn the case of thin films longange surface or near
surface research methods like atomic force microscopgy xiffraction or Rutherford
backscattering spectrometry often givensufficient information about the
crystallographic structure of the whole film, especially at the interface préa98].
However, taracteristic feature of the NMR method is that it gives unique-stwoge
information about structural and magnetic s of the studied thin film and allows
in particular to discriminatebetween the interface and bulk areas of the sample
[PAN97], [MEN93].

Physical basics of NMR and its uniqueness in gaining shage information
regarding the structural and magnegiroperties of Co thin films are being described in

detail in chapter 2.
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NMR technique

This chapter is devoted to a detailed description of the used NMR technique.
Firstly, the physical basics of the technique will be discussed in terms of the principles
of quantum mechanicdNext, the NMR research methodology will be discussed in
which terns important for NMR technique suche@shancement factor or restoring field
will be explained.n addition, the apparatus used for the measurements will be briefly
described and the influence of the nearest neighbor atoms on the NMR spectrum will be

explaned.

2.1 Physical basics of the NMR technique

The spin of the nucleus is determined by its quantum spin nui@lifethe spin
guantum numbeiOof a given nucleus is different from zero, then the nucleus can be
treated as a magnetic dipole having a magnetic momé@rte magnitude of the nuclear
magnetic moment is directly related to the nuclear sp@with expression [ABR61,
TURG9, STAO05, SE12]:

A g kblAL (2.1.1)

i
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where 7 I D; is a gyromagnetic ratio, which adopts characteristic values for

various atomic nucleiA is a nuclear magneton anfj iZ is a reduced Planck
constant. HamiltoniarEeee, Which assumes Zeeman interaction between the nuclear

magnetic moment O and thesPapplh ecdnbext er n;
expressed as:

Paw AJ rkq (2.1.2)

The external magnetic fielfp removes a degeneracy of nuclear spin levels due to the
magnetic quantum numbér, which determines the eigenvalues of the operfor
assuming the values aof th £ B hAE h Easillustrated in FigR.1.1.

 Eapl P b Y

o F O FO Al

Ewz=- 1 Yol

Fig. 2.1.121 + 1 energy of the Zeeman levels of the atomic nucleus with a spin | = 1/2.
In the external bl magnetic field, the degeneracy of energy levels is removed and

splitting into 2I + 1 equidistant Zeeman levels occurs.

As a result, the energy level of nuclear spin is split into 21 + 1 energy levels with

energies that are Hamilton's eigensté&igs:
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= O Al (2.1.3)

Selection rules for dipole transitions only allow transitions between levels meeting the
conditongm = N 1. The energy difference bet wee

is:

S F O F O Al (2.1.4)

Transitions between adjacent levels can be induced by applying a variable magnetic
field Happ at Larmor frequency W), which defines the phenomenon of nuclear
magnetic resonance (NMR) [TUR69], [FUK81]:

UR | — (2.1.5)

In the magnetically ordered material, a strong magnetic field is present in the area of the
nucleus, which is mainly the result of hyperfine interactions. In this case, the Zeeman
Hamiltonian'Qee is dependent on the effective magnetic field acting on the nucleus and

takes the form:

T Aﬂ-ll ﬁUL_”Ill (2.1.6)

whereHamis the effective magnetic field in the atomic nucleus including the following

components [RADG65]:

.0l P a0 - (2.1.7)

wheresP is the external magnetic fielghm _ s thedemagnetizindield, while £, . is

the hyperfine field 42, , is the dominant contribution to the effective field for atoms
with magnetically active 3d shell , e.g. cobalt). The demagnetization field is the result of

long-range dipole interaction and is closely related to the shape eathple. For thin
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magnetic layers, the demagnetization field depends on the angle between magnetization

and normal to the surface.

The hyperfine fielg?, . is the main contribution to the effective field on the nucleus in
ferromagnetic materials and #gsurce is the hyperfine interactibetween the nucleus

and the electron shell of self atom and the electrons of neighborig atbenbyperfine

field 92, ; can be represented as the sum of three elements [WAT61, TURG9]:

X A . @ ¥y BYD Z
Tha Tadhrt BA=FTHRE ¥ 5 > —%e

(2.1.8)

The first component is the orbital hyperfine figR| .5 »4 = ,,ﬁ . and it results from

the nonsuppressed orbital moment of magnetically active electrons from not
completely filled 3d shell. The components of the hyperfine interaction tensppre
positive, which indicates the parallelism of the orbital contrdsutand the orbital
magnetic moment. The second compor@ntm - [s a dipole field which is due to the
spin density of the unfilled 3d orbital of the considered atom and can be written as:
T2 M — == A . 4 The size and directionfathis contribution depends on the
symmetry of the 3d electron orbitals. The third compog@nts 1is called the Fermi

contact term, which is particularly important in metals with unfilled 3d orbital and can

be expressed a2, 45 &+ =L. é‘ 1 For the atoms of the iron group, the magnetic field
around the nucleus originates mainly from the Fermi contact term. However, in order
for the magnetic field to be induced by the Fermi term, the electronic spin density at the

nucleus mushbenonzero:

Fy S Py S (2.1.9)

The above condition denotes the spin polarization of the inner shell s electrons and it is
caused by the exchange interactions of the inner shell electrons with the electrons of the
unfilled d orbital. [TURG9]
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2.2 Methodology of NMR research

Contribution to the NMR spectrum on the given frequewcgriginates from alll
magnetic atoms for which local magnetic field &h the nucleus fulfills the condition
2.1.5. And bhat is why NMR gives an information ordastribution of local properties of
all resonating nuclei in the sample which makes NMR complementary to thediogg
methods. In a nutshell the field which is experienced by a nuclei of an examined
ferromagnetic atom consists of magnetic field duentgnetic moment of the whole
atom and of magnetic field transferred by neighboring atdiinerefore any change in
the local symmetry, occurrence of defects, other phases, grain boundaries, stacking
faults (vhich may be defined as arrangement alteratioms fthe ideal fcc or hcp Co
stacking sequencgMIC01] [MEN94]), strains or incorporation of alien (magnetic or
nonmagnetic) atoms in the nearest neighborhood modifies local hyperfine field (and
thus resonance frequency) which results in @adled satelte structure of the NMR
spectra which is different for various atomic arrangements and chemical configurations.
In other words NMR spectrum reflects the distribution of the hyperfine fields in the
sample, which argery sensitive to the local atomic argement, thus it alseflects a
variety of chemical and topological configurations around the probed nuclei which
makes this technique a very suitable instrument for the structural examination of
ferromagnetic thin films on the nanoscopic s¢@lER01,JED04, SOROB.

In order to acquire a structural information about the interface of -thitnafilm,
NMR spectra can be compared to those which would result from various structural
models of interfaces (from a qugmrfect sharp interface to sharp interacentaining
monoatomic steps, defects, granular interfaces or strongly interdiffused interfdees).
shape of the interface and the type of mixing can be inferred from spectral simulations.
Concentration profiles of incorporated impurities, amount afkatg faults or size of
grains can be evaluated, so characterization of the interface is possible at the atomic
scale. NMR probes primarilydd around the observed nuclei which in turn determines
the position of the NMR lines and which depends on the local structure and chemical
environment. Structural examination carried out by the help of NMR need a prior
knowledge (acquired by other investigats) of the quantitative relationship between

the Hir and the local crystallographic and chemical structure before any information
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and conclusions can be drawn out of the experinMateover using NMR technique a
local magnetic stiffness of the studiecterial can be investigated by studying a NMR
restoring field distribution (NMR Kst- discussed on the next page).

*Co NMR experiments were carried out at low temperature (4.2 K), after zero
field cooling from room temperature, using an automated aadepbensitive spiacho
spectrometer. All spectra were taken in thei28@ MHz frequency range with 1 MHz
step at several values of the r.f. field amplitude. Due to the heterogenic character of the
enhancement factor in the examined samples, all of thR Ejpéctra were corrected for
the NMR enhancement factor characteristic to the examined sample following the
Panissod protocol [PANO1n] in order to ensure that resulting NMR spectra reflect the

actual number of nuclei resonating at a given frequency.
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2.2.1 NMR in magnetic materialsi enhancement factor and

restoring field

In magnetic materials the applied alternating magnetic fig}g isl only indirectly
a source of resonance transitions between nuclear spin energy levels [TURG69]. This
happens due to the magnetic state of the studied material. In ferromagpetseldd
that is applied to excite the resonance transition at the fregwenteracts also with
the electronic magnetization, located in a certain magnetic fiest ddtermining
magnetization equilibriumThe Hest can be considered as a kind of a virtual internal
magnetic field, which is a manifestation of all factors affegthe magnetic stiffness of
the sample (like magnetocrystalline anisotropy, coergiglel or exchange coupling
between the magnetic layers). During NMR measurement, in order to induce nuclear
resonance, kkt needs to be overcome by an appliethgnetic yeld [MAL99],
[PANO1n]. The external r.f. field khp causes oscillations ahagnetization around the
equilibrium direction set by kkt, which in turn translates into the oscillations of the
hyperfine field vector on the nucleudHg). This causes thappearance of an oscillating

transverse component ofiH

. A= (2.2.1.1)

ﬂ:l"||>.v<

which is much stronger than theyggand this is the field directly responsible for the

nuclear transitions. The ratio:

a4 Jaz ¢ (2.2.1.2)

T T >y V<

is called the NMR enhancement factor and its value depends on the type of the material

but typical value of the enhancement factor is in the order oLQ000.
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Fig. 2.2.1.1 The relationship between the magnetizatipar the hyperfine field kt,
and the perpendicular componeng &f the hyperfine field responsible for resonance

transitions.

In many cases there can be a dispersicdh@tnhancement factor value within the
same material which is a result of the distribution of magnetization orientation,
demagnetizing field, etc. [STE67The true distribution of enhancement factors is the

convolution product of these distributions and tends to antoghal distribution.
Therefore, the sphecho intensity signa{| ﬂ+_&0 at each frequencyv can be
expressed as a function of the amplgwaf the excitation fieldHapp With the following
formula [MAL99, PANO1N:

{9+ tobkogemm == (2.2.1.3)
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where) 5 is theactualsignal intensity proportional to the number of nuclei having
the resonance atv, A is the width of the Gaussian distribution in IBiggy
(experimentally Tfx A plt for singlephase materids ( is the
experi ment alodtijal rdfefieleestrangtmvalae for which the amplitude of
the NMR signal is maximal anld is an macroscopic average enhancement factoe
spinecho theory predicts that the maximum of NMR signal intensity is acquired when
the nuclear spins are subjedtto the effective r. f. field strength such that the nuclear
magnetizatiorrotates 90from its equilibrium position alonfy . This condition is met

when( reaches the value gfy _o__guch that:

2 At W (2.2.1.4)

wherer is the nuclear gyromagnetic ratio apds the pulse length used in the

experiment. Consequently the, o wglue can be directly inferred from e.2.1.J:

IR =|=_a._1_|%ﬂ—1< 7] 4 i 4 (2.2.1.5)

Describing the magnetic stiffness of the sample is much easier and more intuitive when
using Hest (also because it adopts values comparable to the coercive field) than when
we use the optimum excitation fieldy knowing the kkst one can acquire the
information about the magnetic stiffness of the sample. Enlarged value:drfidiicates,

that thenuclearspin precession, which gives rise to the NMR signal, is harder to excite
(requires stronger magnetic fieldnd thus it can indicate an enhancement of the
magnetic anisotropy is the syst¢@HA88] [PAN97].
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2.2.2 NMR spectrometer used in research

All *°Co NMR studies presented in this dissertation were performed using a
pulsed, broadband, coherent and pkesssitive spin echo spectrometer [Fig. 2.2.2.1]
which was designed and built in the NMR laboratory in the Department of Physics of
Magnetism IP PAS.

computer
impulse programmer
c)
intermediate - § _ - N
frequency amplifier - mtermedlat.e. |ntermed\at.e‘ |mFyI5e power
- 40 MHz, phase shifter frequency amplifier - frequency amplifier - amplifier — 20 — 600
A/Cswitch, o 360 MHz 920 MHz MHz (g)
integrator (k) (b)
four channel reference PTT switch (h)
detector - 40 MHz (a) local oscillator - 320 local oscillator - 1280 frequency synthesizer
MHz (d) MHz (e) —940 - 1250 MHz (f)
probe (i)
intermediate
frequency amplifier- intermediate intermediate low-noise broadband
40 MHz, phase- O frequency amplifier O frequency amplifier O preamplifier — 20 -
sensitive four channel -360 MHz -920 MHz 600 MHz

detector (j)

Fig. 2.2.2.1Block diagram of nuclear magnetic resonance spectrometer us&doin
NMR thin film studies.

The detailed design of this spectrometer has been described in several works
[NAD95, NADO3, MEN94]. The radio frequency reference generator (a) provides a
continuous, constant 40 MHz signal. This generator has four output channels, on which
the signal is phase shifted by 90 degrees in comparison to the previous channel. These
four channels can be assign®ur directions of the alternating magnetic filghp in a
rotating coordinatex s(yls8t0eAm2,7 xA)(.0 ASu b sye q(u9e0
phase shifter (b) controlled by the pulse programmer (c), electromagnetic wave pulses
are formed, and eachith specified phases and duratioRhase shifter allows to
independently control the phase of the pulsexteen combinations of twpulse
sequences with phases shifted by 0, 90, 180 or 270 degrees from each other can be

generated. This makes it possiblo encode the sign and phase of the spin echo
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[HAH50] signal to separate it from false signals, such asfré® induction decay
appearingafter the second puls&he spectrometer has a triple frequency conversion.
Due to this fact, the desired operatingguency is obtained in three stages: 1) formation

of first intermediate frequency 360 MHz, resulting from mixing a 40 MHz signal with a
320 MHz signal generated in the oscillator d), 2) formation of second intermediate
frequency 920 MHz, resulting frommixing with a 1280 MHz signal generated in the
oscillator e) 3) the 920 MHz signal obtained as a result of this transformation is then
mixed with a variable frequency signal from the synthesizer (f) which operates in the
9401520 MHz range. This processseires spectrometer operation in the range of 20 to
600 MHz. The amplitude of the excitation fieldghlat a given operating frequency of
spectrometer is then determined by a pulse amplifier which provides an output signal
amplified to 200 W (g). The desd amplitude of the signal in a given experiment is
selected by setting the appropriate attenuation of the output power by the decibel
attenuator situated at the output of the amplifier. The amplified impulses are directed
through thetransceiverswitch (H to the coil located in the probe ,(in which the
studied sample is placed. The coil acts as a transceiver. The received spin echo signal is
then transformed in the receiving chain to a 40 MHz signal using the reverse procedure
to the one used in theatismission chain. This triple frequency conversion allows the
rejection of false signals of harmonic frequencies relative to the base resonance
frequency. The spin echo signal with a carrier frequency of 40 MHz then goes to the
phasesensitive detector (jwhere in each of the four channels it is compared with the
40 MHz reference signal from the reference generator (a). Multiplication of the spin
echo signal by a reference signal and then cutting off the variable component by a filter
ensures a constanhase difference of both signals, provided that the phase stability of
the reference signal is ensurednd this means that the spectrometer is coherent. The
analogto-digital converter (k)operating at 10 MHz frequencis responsible for the
conversionof the analog signal in the form of dependence of coil voltage versas tim
into a series of digits specifying the amplitude of the spin echo signal sampled with a
resolution of 10 samples per microsecond. Each of the signals received in four
orthogonal reeiving channels can be treated as projections of the nuclear magnetization
vector on the axes in a rotating coordinate sysifidm.use of those channels is required

to recover the amplitude of the signal independent of the phase shift which occurs
during frequency scanning. The accumulation of the signal is performed in two-steps
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short accumulation at fixed frequency followed by accumulation of full spdettzo

signals from detectors with a phase corresponding to the directions 0 and 180 and 90
and 270degrees are subtracted in pairs and divided by two to obtain the average
components of the spin echo sigi@and ™Y Finally, the amplitude of the nuclear
magnetic resonance signal S [MAL99] at a given frequency is determined by the

formula

{3 v A (2.2.2.1)

Fig. 2.2.2.2 Picture showing the apparatus used in the experiments performed for this

dissertation.
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2.2.3 Influence of the nearesheighborhood on the hyperfine
field

In the case of Co material, the resonant frequency of the central Co atom is
determinedmainly by the twelve Co nearest neighbors located in three adjacent densely
packed atomic planes. Depending on the order of the atomic planes stacking (ABAB or
ABCABC) the symmetry of arrangement of Co atoms and distances of the nearest
neighbors from theore are different and the central Co atom shows the response at
frequencies characteristic for the individual phase (either hcp, fcc or stacking faults in
both phasefMEN93], fig. 2.2.3.1).

grain boundaries

20 - ':
1 Co/Au interface zon(x

140 160 180 200 220 240 260

."-I- -

59Co NMR spectrum intensity [arb. units]

Frequency [MHZz]

Fig. 2.2.3.1The figure shows an exempla’3Co NMR spectrum from &111> textured
thin Au/Co/Au layerdecomposed into subspectra representing the fcc and hcp phase
(217-223 MHz) andgrain boundaries (~210 MHging a fitting procedure described in
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more detail in [MIC01].The model takes into accouinte lines Two main linesgreen

and magentageflect the ABCABC and ABABABstacking respectivelyNext two lines
representing stacking faults are not visibleeipendently in the fitDue to acertain
degree of structural heterogeneiiyese lineg220 MHz corresponding to one hcp fault

in the fcc structure and, at the same time, two fcc faults in the hcp stacking; 223 MHz
corresponding to two hcp faults in thee fetacking or one fcc fault in the hcp structure)

are not separable from the fcc an hcp lines. In the fit, parameters corresponding to the
amount of hcp and fcc stacking faults are broadening the peakedreldtc and hcp
phasestowards higher (fcc) otower (hcp) resonance frequenci@his model also
assumes a random distribution of stacking faults of which content in each
crystallographic phase is characterized by the binomial law. Thdiftastine in the

model (blue) reflects the signal originatin from Co atoms located at the grain
boundaries.

Additionally, signal originating from the Co/Au interfacds 0 w f r e qu<e2iac'y At a
MHz) was fitted by aum of three€sauss lines

In bulk Co, where the environment has ideal symmetry, the&&trequency is
located around 217 MHz [PORG61] and for hcp Co between-22®8 MHz (hyperfine
field in hexagonal Co is anisotropievhen the magnetization is along the hexagonal
c axis the NMR frequency is 2222 MHz, when it is in hexagonalplane the
resonance frequency is 2228 MHz)[PAN96]. However, because of the distortions of
the closest environment around Co due to stacking faults, strains, grain bounttaries, e
the fcc/hcpCo resonance frequencies in examined samples may differpure bulk
metal sample with magnetization oriented in a specific direction (state corresponding to
a single domain) the NMR spectrum has a single line originating from nuclei that are all
in the same crystallographic configuration. However, incorporaif alien atoms into
the crystal lattice in the vicinity of the nucleus locally modifies the electronic structure
leading to a change in the magnitude of the surrounding magnetic moments and to the
reduction of the glectron polarization which directblternates the hyperfine fieldnr
on thisnucleus (se¢RIE68], [KAW76], [SHA79], [MEN93). This, in a consequence,
will manifest itself as the new lingsalled the satellite lingesn the NMR spectrum

shifted away from the main lifeANO1n, MAL98]. It has been shown that dominant

contribution to HF comes from the first coordination shdglKOB66], [NAS74.
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Influence of consecutive neighboring shells decreases significantly with increasing
distance and usually contributes to the broadening of the Nilitgalines. Therefore,

in a system where Co is mixed with another element, the Co resonance frequency
depends on chemical composition of its NN composition. Replacement of a NN Co
atom by an alien or nonmagnetic atom results in a shiftsef H many sgtems this

effect is (almost) additive (i.e. the shift due to n Co neighbors replaced by n alien atoms
is a multiple of the shift caused by a single admixture atom) and satellite lines for
configurations correspondi nglyspaced. Fbr,this2 , 3é
reason a spectrum from alldike materials consists in successive satellites to the main
bulk line [MEN93]. Furthermore, Hr depends not only on the type on NN atoms, but
also on an atomic distance (as can be deduced from pressumremexpe and
theoretical calculationsJON6Q) and on the local symmetry. Therefore, the shift of a

spectrum can be also linked to the atomic volume or to the lattice strains.

Phenomenologically hyperfine field4Hin ferromagnetic metals can be represented as a

sum of three components:

Nq7 =% Hg =x-.Ha =B H (2.2.3.1)

where A values are hyperfine coupling coefficiefkgB66], [PAN82], [YAS71]).

The first component determines the polarization of the core electrons as a result of the
exchange interaction between the magnetic moment of the 3d valence electrons and 1s
electrons. The second component is associated with the spin polarization of isttgduct
electrons as a result of interaction with its own magnetic moment. In addition, the third
component originates from polarized valence s electrons hybridized with the d orbital of
directly adjacent magnetic atoms. In general, the first two termsuiitieq 2.2.3.1 are
proportional to the atom's own magnetic montgptHowever, the third component
depends on the number of adjacent magnetic atonasd the magnitude of their
magnetic moment${.. This explains why the hyperfine field also deperais
neighboring magnetic atoms and why changes in the hyperfine field are mainly caused
by changes in the closest neighborhood.
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2.2.4 Preparation of the samples

[Regarding theepitaxial Co thin film alloyslescribed in chapter 3.1] Samplesre
fabricatel using a MBE system under UHV conditions t4Torr) [WAW17, NAW19].
Sapphire wafers (10) oriented were used as the substrates. The Co layers were
deposited on two buffer types: 340) 2.5 nm thick or Au(111) 20 nm thick (Au buffer
was deposited on Mo(110) film coating the sapphire substrate). Different buffers
affected the structure of grown Co(111) layer (thickness range from 10 to 30 nm).
Doping of the Co layers was obtained iro-evaporation process. Required
concentration was assured by the proper rate ratio of depositing materials%%a: 1
Mo: 1-10%). The materials were evaporated from the effusion cells or electron guns.
The deposition rate was controlled and stabilized lagsrspectroscopy detector and
guartz monitor. Samples were prepared at the Institute of Physics of the Polish
Academy of Sciences, Warsaw.

[Regarding theepitaxial thin Co (3nm) films grown on various type of buffer (Au
or Mo) and capping layer (Au or Maescribed in chapter 3.2jivestigated samples
were fabricated in a MBEn{olecular beam epitaxysystem under UHV conditions
(101° Torr). A buffer Mo(1D) 20 nm thick was deposited from an electron gun on a
(11c0) sapphire substrate kept at ca. 1300 An Au buffer in the reference samples
was fabricated by evaporation of an Au 20 nm thick layer from an effusion cell on the
earlier grown Mo film. Deposition at room temperature was followed by 30 min
annealing at 208C to smooth out the surface. The Cgeda(3nm) was grown both on
the Mo and Au buffers at room temperature. The 5 nm thick Au or Mo cap layers were
deposited at room temperature. In addition, the Mo cap layer was covered with the 5 nm
thick Au layer. In this way, four sandwich sample confadions were grown:
Mo/Co/Mo, Mo/Co/Au, Au/Co/Mo, and Au/Co/AWYAW17]. Samples were prepared
at the Institute of Physics of the Polish Academy of Sciences, Warsaw.

[Regarding the epitaxial Au/Co(1,510nm)/Au heterostructureslescribed in
chapter 3.3]Heterostructures of Mo/Au/Co/Au with varying Co layer thickness were
grown on sapphire, oriented normal to the¢@)lsurface, using the molecular beam
epitaxy(Ribber EVE 32) at a base pressure of 1¥brr (more detailed description of

sample preparan and crystallographic characterization can be foundiGbhAQ09],
26| Page



[GLA13]). Molybdenum and cobalt were deposited by an eleajwon vapor source,
and gold was thermally evaporated from a standard Knudsen cell. Initiallyni 20
thick Mo seed layer was gesited on AIOs substrate, heated up to 980C , and aft
cooling down an Au buffer layer (20m) was grown. Subsequently, the structures were
annealed (3@nin & 200A C) and itlbnen) magneti¢ film féllowed by Au
layer of the 10nm thickness wre deposited at room temperatuBamples were
prepared at the Institute of Physics of the Polish Academy of Sciences, Warsaw.
[Regarding thexygen implanted polycrystalline Co(30nm) thin filmasscribed in
chapter 3.4] Polycrystallan Au@0Onm)/Co(30nm)/Au(15 or 30n) tri-layers were
grown by a MBEsystem[MEN13]. Subsequently they have undergoneoaygen
i mplantation procébssb5a10l#fl a@d¢ta ®lafdo 37 10
3 5 1'8iéns/cnt at the energy of 40 keV. Performedlea TRIM simulations have
shown [MEN13] thathese conditions give rise to a relatively uniform distribution of
oxygenions in the Co layer with 5%, 8%, 15%, 26%, 34%, and 44% concentration
respectively.All layers were grown at room temperature at asgpuee of just about
31 1019 mbar. Subsequently, the samples have undergone an annealing treatment with
the aim to verify the thermal stability of the exchahigsed FM/AFM system
[ MEN14]. The sampl es wePnbar)ar3a0€totla.d i n vact
Additionally a similar series of polycrystalline samples vgaswn which were
implanted with similar doses okygenionscn? at the same implantation energy which
were surfacexidized prior to implantation. Polycrystalén
Au(10nm)/Co(30nm)/AU5 or 30m) sandwiches were grown by a MBE technique and
then implanted usingxygeni ons, with an energy of, 50 ke
8. 5% 101751215k 0 68 3%%ohsicrf. Those samples were grown in order
to verify the eventual role of the Au capping overlayer during the implantation process.
Moreover, in order to demonstrate a crucial influence of the amount of grain
boundaries in the process of creation of Co/CoOfetes after oxygen implantation, a
serie of thre textured Si(100)[substrate]/Cu(100nm)Co(100nm)/Co(100nm)/Au(5nm)
samples was made by MBE. Two of the samples have undergonexyaen
i mplantation pr oce$%s 1&todsent withnhe ensrgy off60 3. 31 1
keV. Samples were prepared at thgtituut voor Kern en Stralingsfysica, KU Leuven.
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NMR results and discussion

3.1 Epitaxial Co thin film alloys

For the correct analysis and interpretation of the NMR spectrum allowing to obtain
thedesired information about the unknown type of interface it is obligatory to examine a
known referential system in which hyperfine fields (short range order) are altered in a
controlled manner. One way to do this is to put the alien element in a matria wét
known crystal structure and magnetic propeitidsr96], [WOJ97], [THOOO], [PAN97].

This allows to relate the structural and chemical short range order modification and the
corresponding changes in the local hyperfine fielg Fihe information oldined by this
procedure can be in turn used in the final analysis of an experiment performed in a
system of unknown short range order (in the interfaces particularly).

An influence of Mo and Au dopant of’Co local hyperfine field He in
ferromagnetic matllic Co of known crystallographic structure has never been studied
intentionally despite the fact that Co thin films in various combinations with Au and Mo
buffer or capping layers make many studied artificial materials showing new properties
([KUH94], [0IK03], [MOR12], [WAW18]). In this chaptef®Co NMR technique was
used to examine the structural properties in a series o0 and Ca-xMox epitaxial
thin film alloys. This study was performed especially with the aim to verify the actual
impact of Au @ Mo alien atoms on the structural properties of Co and to establish the
relation between the hyperfine field 28Co nuclei Hir and the structural/magnetic

character of the local environment enriched with the Au or Mo dopant. This knowledge
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will be used a reference in following chapters of this dissertation contaifidg NMR
analysis of series of Co thin and uittan samples with Au interfaces. However, in the
case of Co layers in which buffer is of different type of material than the capping layer,
it is not possible to clearly distinguish the effect on*i@o NMR spectrum resulting

from two different interfaces.

3.1.1 Ca-xAuxthin films
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Fig. 3.1.1.1°°Co NMR in V/Co(30nm)/V thin film registered at 4.2 K. The
decomposition shows Co bulk part with f€o phase (green line), h&o phase (blue
line), grain boundary contribution (red line) and V/Co interface contribution (dark blue
line). Magenta points are experimental data acquired from theo¥d@m oi/V thin

film.
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Fig. 3.1.1.1 presents the&lecomposed®®*Co NMR specum taken from
V/Co(30nm)V sample(black stars) To illustrate the changes introduced by the Au
admixture the®Co NMR spectrumiecorded from V/CegsAuo.or/V thin film wasadded
to the graph(magenta line+squares)t is clearly visiblethat the structure of the
undopedv/Co(30nm)V film is multiphase and consists of a mixture of-f@c and hcp
Co phasesNMR line which corresponds to a crystalline-Co is situated at 216 MHz
which is a lowerfrequency than that reported for the bulk Co (BIMHz) which shows
a strain introduced because of the growth of Co on V buffer. V adopts bcc crystalline
structure and grows in [110] direction with lattice constant é863nm WEB]. Due to
different synmetries of the V and Co and lattice mismatch at the Co/V interface Co
grows anisotropically strained [WAW17] which is visible in the shift of the resonance
frequency from bulk literature 2)§MHz to 216 MHz.The | ow frequency
%Co NMR speaum, extending down from 210 MHz to around 160 MHuiginates
from a modified/distorted parts of the Co lay€o atoms located in grain boundaries of
the epitaxial film (~210 MHz), where a structural disorder due to grain misorientation
lowers the Hr ading on>°Co nuclear spinsCo from Co/V interfaces the spectrum
part in the 16210 MHz rangewhich is in agreement with the analysis of Co NMR
spectra in [Co(x nm)/V(1.5nm)]n multilayers [THOQO]

The *°Co NMR spectrum from th&/Coogoluo.oyV alloy (fig. 3.1.1.1.magenta
squares) is very similar to the one framMCo(30nm)V thin film with one difference,
which is avisible satellite structuréfig. 3.1.1.1.inset- red square mark) tharovides
the evidence for the presence of Co atoms wite or more nearest neighbors (NN)
replaced by a nemagnetic Au atoms in the first coordination shell. Such chemical
configurations are characterized by a reduti&@b hyperfine field Hr and thus the
resonance frequency is correspondingly smaller.

The NMR spectrum fronCoo.99Aug.01alloy also clearly shows thaliscussedayer
i snot a s i ngthes itppsma sasy ton@rnclade wigicdh of the Co phases,
whether hcp or fcc, is a host for the Au dopant. However, a deeper spectrum analysis
allows the observation that the frequency spacing between the first sg@2lliteViHz)
corresponding to a single Au nearest neighbor, and the second satelliteORngliiz)
corresponding tawo Au nearest neighbors smilar as between the first satellite and
the line representing the Co fcc phaséich lead to the conclusion, that that the
satellite structure is caused by the presence of Au in the fcc Co phase. However, it
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cannot be ruled out that a small fraction of Au is also in hcp Co but the corresponding
satellite structure is not visible because it overlaps with the line froaACéccdn any

case, if Au is present in the hcp Co phase, its effect must be similar to that caused by Au
in the fcc phaseAnd in fact, this similarity has been shown in the chapter 3.3.1 devoted
to the experimental results frospitaxial Au/Co(1,510 nm)/Au heterostructure¥Co

NMR study.

As illustrated infig. 3.1.1.1, the frequency spacing § between the main Co line
in V/Coo.99AuUo0.0/V NMR spectrumand the first satellite equals around MBz. It is
significantly smaller thap 3due to the V admixture to Co that equals around 30 MHz
[THOOO] and therefore, V/Co interfacial effects can be omitted as the source of the
satelite structure in the NMR spectrum of V/&Auo.o/V. The value by which one
Au NN reduces the Kk around probed®Co nuclei can be obtained from the relation
2° g FF (00H 27 ,054 MHzO) [ALP94], thereforeqHwr = & =
12MHz/10,054(MHz/T) = 119T.

The inferred possibility of the tendency for the selective presence of Au admixture
in the fceCo phase areas in the multiphase Co layer grown on V buffer layer (in which
the fcc Co phase accounts for about 50% of the volume in the undoped layen beed
verified in case of the Co layer grown on Au since it is known that the epitaxial growth
of Co on Au(1l1ll) leads to the hcp structure of Co with the epitaxial relation
Au[111]//Co[0001].%°Co NMR experiment has been carried out in the reference Co
layers Au/Co(t)/Au, with t = 30, 10 nm and in Co layers of the nhominal composition:
Au/C00.99AU0.01(30nM)/Au, Au/Ce.99AU0.01(20nM)/Au, Au/CaxAux(10nm)/Au (x=0.01,

0.02 and 0.05)The >*Co NMR spectra recorded for the abewentioned samples are
presented in figkig. 3.1.1.2.
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Fig. 3.1.1.2°Co NMR spectra recorded for &L/Cor.xAux/Au thin films.

5%Co NMR spectra recorded in the reference layers Awj@a( (t = 10, 30 nm)
(Fig. 3.1.1.2) show that the Co layer for both studied thicknesses gives rise to a single
®Co NMR line located near 226 MHz (the frequency of -Bgp phase with
magnetization aligned in the hexagonal c plane) as expected for Coifayeis
thickness range. The resonance frequency is slightly shifted towards lower value for a
thicker layer (10 nni 225,5 MHz, 30 nmi 224,5 MHz) which gives the first indication
of some kind of degradation of the layer structure but without the evidémesantual
phase separation into a mixture of fcc and hcp ph&euiltaneouslthe discussed
%Co NMR lines havecharacterist asymmetric tails extending towards lower
frequencies (down to 180 MHz). This feature unambiguously reveals the presence of
structurally or compositionally modified Co environments. Spectrum intensity in these

low-frequency tails increases with the growing layer thickness meaning that the
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population of such deformed Co environments increases as the layer becomes thicker.
Moreove, the lowfrequency parts of the discussed spectrum show an intensity bump

around 208 MHz, which suggests that some certain type of modified Co environments

is preferentially populatedig. 3.1.1.29.
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Fig. 3.1.1.2°Co NMR spectra recorded for the 30 and 10 nm thick Co layers, grown on

Au buffer and covered with Au capping layer. Arrows indicate the characteristic
frequencies corresponding to Copare hcp (~226 MHz) and modified hcp (~208 MHZz)

local environments as discussed in the text.

33| Page



50

Au/Co(10nm)/Au
—o— soft +hard
—— soft
—— hard

e e —— e —

I aiie o

=420

=410

—— restoring field|

5%Co NMR spectrum intensity [arb. units]

Fig. 3.1.1.3°°Co NMR spectra from Au/Co(t)/Au, t = 10, 30 rsamples decomposed

into

with the restoring fields (right side scale) characteristic for each sample (blue lines).

A nonuniform character of the r.f. field amplitude §dlop), Which is required to

Frequency [MHZz]

Asofto (bl ack

dot s)

and

g
% pd
0 T T : T I a 'k‘&" 10,0 ;%
2004 b) | Au/Co(30nm)/Au 1225 T
: —o—soft + hard i ] e
il 200 —
10 ] soft w @]
—— hard b 1475 2
100 —w .VAVAUFJ‘\ vl'\VMAVV"MWW .‘ }3\ ,
' A 1150
501 |— restoring field| \
' R ‘ 4125
0 st | B e B =
160 170 180 190 200 210 220 230 240

fihar do

(red

induce the maximum intensity of NMR signal in studied layers allows to relate the

structural inhomogeneity of the material to the magnetic one. Following the broad

description in [PANO1n], the spin echo NMR intensity has been sathlgs a function

of Happfor each frequency in the studied samptesseparate the spectra corresponding

to different soft and hard magnetic components of the Co layers corresponding to

different Hyppopt. As shown in the Fig. 3.1.1.3 (a, b) (right sigertical scale) the Kp

opt, Which is expressed as NMR restoring fiejds | v < +_ﬂ__q—u ) 4 i 4
Ao -

(2.2.1.5) demonstrates a rapid increase in the frequency range corresponding to the

main Co line located around 226 MHz.€lkpectra obtained from 30 nm and 10 nm

thick layers, decomposed using the above procedueepresented in Fig. 3.1.1.3 (a, b)

(left side, vertical scale) and on those spectra are superimpas@dltes (presented in
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(Fig. 3.1.1.3 (a, b), right sideertical scale)The course of thélestvaluessignificantly

changes with the increasing frequentiie difference in the kk values alongside the
corresponding®Co NMR spectrum frequency range and the spectrum shape implies the
conclusion that the discussed layers are magnetically inhomogeneous, which is a result

of a structural irregularity. In all layers exist structurally homogeneous regions, where

Co exhibits regulancp order represented in tP€o NMR spectrum by a single narrow

line around 226 MHz with higher restoring fields well as the regions that are
structurally distorted and magnetically softer represented by the line with maximum
intensity near 220 MHz symmetrically broadened down to 180 MHz. In further

di scussi on i n this chapter t hese t wo cCo
representing the regular welefined hcpC o structur e, and Nso
representing heavily distorted h€o structure i terms of arrangement, distances,

strainsand possible compositipand grain boundaries.
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Fig. 3.1.1.4Integrated®®Co NMR spectrum intensities @u/Co(t)/Au (t = 10, 30 nm)
samples (black squares) companed t h t he i ntensities of fAsof

(blue squares) spectrum components as a function of the Co layer thickness.
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The above analysis clearly points to a
in the films with respect to theegular welld e f i ne d - rgiodsowithhticep
rising thickness of the Co layer up to 30 nm. As shown in fig. 3.1.1.4, the integral
fraction of the regular hcp regions 10 nm thick layer is definitely dominating over the

di storted As bdreasdin thiaken pamplee thet situation is quite opposite
which suggests that the structure of the Co layer grown above the thickness of 10 nm

becomes heavily deteriorated.
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Fig. 3.1.1.5°°Co NMR spectra registered for Au/€®Auoo0i(30 nm)/Au layer (black

line and points) and for the referential Au/Co(30 nm)/Au layer (blue line/empty points).

The inset pictures the satellite structure in the Au#a®uo.01(30 nm)/Au layer.

%%Co NMR spectrum registered for Au/€Auo.01(30 nm)/Au sample is shown in
fig. 3.1.1.5 and compared with the spectrum from the reference Au/Co(30 nm)/Au layer.

This comparison shows distinctly the structural difference between the two films. The
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layer that is the single hgpo phase material in case of the pure Co film becomes a
multiphase when an Au is added. This can be clearly seen in the spduxtrtime
presence of lines at 2B6MHz and around 221 MHz, representing-@c phase and
hcp-Co phae with numerous fcc stacking faults, respectively. Moreover, the spectrum
reveals the satellite structure similar to that present in case of the dA0001(30
nm)/V layer. The frequency position of the satellites is the same for both systems and
equak 204 MHz for the first satellite line and2L®Hz for the second.

If spectra of Au/Ce9sAU0.01(30 nm)/Au and V/C@gsAuo.01(30 nm)V thin films
are comparedwhich are similar to each other at first glande,can be seen that the
satellite linewidth is visibly smaller in the case of AudG#\uo.0(30 nm)/Au layer. The
satellite structure in the spectrum is better separated from the main Co lines than in case
of V/Con.99Auo.0/V layer, which in turn allowgo concludethat if in the spectrum from
Au/Cm.99AU0.01(30 Nnm)/Au there is another satellite line that could be associated with
Au atoms in hcgCo, its intensity is comparably low. This observation is in agreement
with the previous result obtained forGho.9eAuo.0/V film and both show that despite
the fact that Co and Au make the raluble system [OKA85], a small amount of Au

can be alloyed with fe€o when grown as a thin film.

Co NMR spectra obtained for the Au/Géux (10 nm)/Au (x = 0.01, 0.02, 0.05)
andAu/Cao.99AU0.01(20nm)/Au samples show significantly different structural properties
of Co layer than those observed in casAIC0o.99AU0.01(30 nm)/Authick film. These
layers retain hcp structure without any cleavigible trace of transformation to a
mixture of defected hcp and fcc phases. However, in the range characteristicGor fcc
there is present a signal intensity which could be associated not only for strongly
defected hcfCo phase but also for a origin ah eventual residual f&€o phase (not
distinguishable due to huge predominance of hcp phase and overall Hejbbted
crystalline structurewhich leads to a broadening and loss of detail in the NMR
spectrum). In the frequency range characteristitersatellite structure in 30 nm thick
layer, the spectra shape in 20 nm and 10 nmx@ux layers remains essentially the
same as in the spectrum corresponding to the pure Co layers and does not show any

trace of new satellites
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Fig. 3.1.1.6(a) *°Co NMR spectra registered from the AuiGAux/Au (x = 0, 0.01,
0.02, 0.05) layers. (’Co NMR spectra of Au/CexAux/Au (x = 0, 0.01, 0.05)ayers
decomposed into magnedity soft (black points) and hard (red points) components.

Blue lines represent acquireckédvalues.

As expected, judging by the lack of the structural transformation of 10 nm thick Co
layers, the Rstregistered for theslayers keeps the properties characteristic for the pure

Co layer as shown irfig. 3.1.1.6 (b) (blue lines). The corresponding spectra
decomposition into Asofto and Ahardo comp
It shows that while the totalniensity is reduced, the relative population of both
components is not significantly altered. Evidently, while 10 nm thick Co films maintain

their original ABAB sequence of stacking of densely packed monoatomic layers
specific to the hcp phase, the interatc distances become larger which is reflected in

the reduced hyperfine fielddd experienced by°Co nuclei. In addition, a volume of the

magnetic Co decreases systematically with the increasing nominal Au concentration in

the layers. The same reductiapplies to 20mand 30 nm thick layers.
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