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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 thin films. 

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 configurations. Therefore, 59Co NMR (nuclear 

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 was investigated, 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 conducted on the Co layers in all possible combinations of 

Au and Mo buffers/cappings. 

Another of the studied series were Co ultra-thin films grown by molecular beam 

epitaxy (MBE) on an Au(111) buffer in which Co layer thickness dCo is 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 dCo < 3 nm make atomically sharp interface to Au(111) substrate 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 continuous hexagonal 

structure in the thin film samples with dCo < 3 nm. For thicker layers with dCo ≥ 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 frequency to the value 

characteristic for bulk hcp. There were also additionally measured 59Co NMR 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 layer than in samples with 

discontinuous Co layer. 
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Last of the series of studied samples were polycrystalline Au/Co(30nm)/Au 

layers implanted (with 40 keV energy) with different doses of oxygen ions (from 3x1016 

ions/cm2 to 35x1016 ions/cm2). Oxygen ion implantation is a new and efficient method 

of inducing exchange bias effect (EB) in the entire volume of the Co film. NMR 

research has shown that while the as-deposited sample consists of a mixture of fcc Co 

(face centred cubic) and hcp Co (hexagonal close packed) phases and stacking faults, 

implanted samples exhibit different structural features. Although there is no observed 

allotropic fcc › hcp phase transformation, the metallic Co undergoes a significant loss of 

crystalline order. For high fluence implantation, traces of CoO can be envisaged from a 

new 59Co NMR line present at frequency around 490 MHz. 59Co 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, 59Co NMR study from annealed (573 K) samples have shown radical 

structural changes indicating a migration of implanted oxygen from the inner part of the 

Co film due to thermal activation.  This process leads to a partial recrystallization of the 

Co layer. 
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1 
 

Introduction 

 

1.1 Properties of Co and 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 

appears to 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 one 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 density, greater processing power, higher data transfer speed and increased 

storage capacity. 

The aim of this dissertation is the presentation of the results from the 59Co nuclear 

magnetic resonance study of structural and magnetic properties of thin and ultra-thin 

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 magneto-optical 

and spintronic 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 non-magnetic buffer/inter-/capping layer play a 
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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 several ways. 

For example: by post-growth 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, motivated me to 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 (however it may be adjusted by reducing dimensionality and 

growing it on different substrates) [CRA55],[SCH90] it represents a high potential for 

innovative spin-based 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’s) which significantly increases the information storage density in 

mentioned systems [CAR90]. Such films are currently of great interest in relation to 

high-density magnetic recording. Also Co thin films with induced exchange bias effect 

(EB) are widely studied in spintronics because of the fact that this effect is used in 

devices such as MRAM’s or magnetic readback heads in computer hard disks drives 

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 fcc-Co when heated above 689 K [HAN58]. Coexistence of both 

structural phases is frequently 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) substrate [WEB96]) or the appearance of a mixture of fcc and hcp Co (like 

in the case of Co/Au multilayers [JOM00], [KEH00] or polycrystalline Au/Co/Au thin 

films [MEN13]) - despite the fact that in most cases Co tends to grow as hcp on 

Au(111) substrate. Figure 1.1.1 shows the cobalt phase diagram an fig. 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 represent the 

phases of cobalt which were determined by means of in situ x-ray diffraction at high 

pressure and temperature; γ-Co (open squares), ε-Co (open circles), melting curve and 

the magnetic transition temperatures (open diamonds [LAZ94]). The ε/γ -phase line is 

drawn below the stability field of γ-Co and is constrained by the transition temperature 

at ambient pressure [NIS83].  
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Fig. 1.1.2 Schematic illustration of fcc and hcp phase. The crystal structure of Co 

consists of regularly arranged planes of densely packed Co atoms. Depending on the 

order in which the successive 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 [CHE01]. 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 a structural technique 

such as 59Co NMR. 

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

layer: 

 Epitaxial Co thin films with different types of buffer and capping layer (Mo and 

Au) were investigated in order to acquire the knowledge about the actual impact 
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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 metal forming 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 interiors [ch. 3.2, p. 46]. 

 

 Thin Au/Co/Au films were studied 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% and its role 

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 an example of very interesting materials which can be used in 

spintronics.  PMA greatly increases the density of information which can be 

stored which may be used in MRAM’s with magnetic tunnel junctions. 

Au/Co/Au heterostructures are considered to be adequate materials for this 

purpose and are interesting due to interface effects which may have a significant 

influence on the PMA of the layer [ch. 3.3, p. 50].  

 

 Epitaxial and polycrystalline Au/Co(30nm)/Au thin films implanted with 

oxygen ions studied as a function of the oxygen ion dose ranging from 3x1016 

ions/cm2 to 35x1016 ions/cm2. 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 and the occurrence 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 technological 

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 preferential direction for the ferromagnetic spins.  It 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 magneto-resistive memories (MRAM) and 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 implanted oxygen ions strongly 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 ion implantation 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. Since it is a self-limiting process it results in an 

oxide thickness of only a few nm, which forms a single interface between Co 

and CoO. Oxygen ion implantation however, allows for the formation of 

Co/CoO interfaces spread throughout the whole volume of the Co film resulting 

in a creation of multiple FM/AFM interfaces (more effective way of inducing 

strong EB effect). Recent measurements suggest that EB properties of Co-CoO 

systems prepared by ion implantation can be tuned by controllably modifying 

the local microstructure through annealing treatment. This could give the 

opportunity to tailor magnetic properties of such system which increases 

eventual potential of this system [ch. 3.4, p. 68]. 

 

 

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

alien nearest neighbors (NNs) on local 59Co hyperfine field distribution, two series of 

Co1-xMox and Co1-xAux thin film alloys co-deposited on V or Au buffer were prepared 

(ch. 3.1, p. 28). Conclusions obtained on the basis of research on these alloys, in turn, 

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

thin layers described in the latter part of this dissertation. Observed modifications of the 

59Co hyperfine field are being interpreted as a function of: 
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a) Co layer thickness (from 10 nm to 30 nm) and increasing concentration of an Au 

dopant (0 ≤ x ≤ 0,05) in case of Co1-xAux alloys,  

b) increasing concentration of Mo dopant in case of the Co1- xMox alloy (0 ≤ x ≤0,1) 

 

To achieve goals taken at the beginning of the PhD studies, a 59Co nuclear 

magnetic resonance technique (59Co NMR) was chosen as the main research tool. NMR 

often proved to be very useful as a probe of the short-range chemical and topological 

order, especially to study the nanostructure of non-homogeneous magnetic materials 

such as magnetic thin films, multilayers or granular alloys containing magnetic and non-

magnetic components where the interfaces between magnetic and nonmagnetic 

elements exist. These type of materials are extensively studied because of its potential 

technological applications (in data storage/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 systems 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 technique allows to determine the nature of interface in such systems, 

whether it is sharp or diffused. In the case of thin films long-range surface or near-

surface research methods like atomic force microscopy, x-ray diffraction or Rutherford 

backscattering spectrometry often give insufficient information about the 

crystallographic structure of the whole film, especially at the interface areas [VAZ08]. 

However, characteristic feature of the NMR method is that it gives unique short-range 

information about structural and magnetic properties of the studied thin film and allows 

in particular to discriminate between the interface and bulk areas of the sample 

[PAN97], [MEN93]. 

Physical basics of NMR and its uniqueness in gaining short-range information 

regarding the structural and magnetic properties of Co thin films are being described in 

detail in chapter 2. 
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2 
 

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 mechanics. Next, the NMR research methodology will be discussed in 

which terms important for NMR technique such as enhancement factor or restoring field 

will be explained. In 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 

explained. 

 

 

2.1 Physical basics of the NMR technique  

 

The spin of the nucleus is determined by its quantum spin number 𝐼. If the spin 

quantum number 𝐼 of a given nucleus is different from zero, then the nucleus can be 

treated as a magnetic dipole having a magnetic moment 𝜇. The magnitude of the nuclear 

magnetic moment 𝜇 is directly related to the nuclear spin 𝐼 with expression [ABR61, 

TUR69, STA05, SZE12]: 

 

    µ = 𝜸𝑰 =
𝒈𝒏µ𝒏

ħ
𝑰                            (2.1.1) 
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where 𝜸 = 𝒈𝒏
𝒆

𝟐𝒎𝒑
 is a gyromagnetic ratio, which adopts characteristic values for 

various atomic nuclei, µ𝒏  is a nuclear magneton and 𝒉 =
ħ

𝟐𝝅
 is a reduced Planck 

constant. Hamiltonian E𝑍ee, which assumes Zeeman interaction between the nuclear 

magnetic moment µ and the applied external magnetic field �⃗⃗⃗� 𝟎 = (𝟎, 𝟎,𝑯𝟎) can be 

expressed as:  

 

𝑬𝒁𝒆𝒆 = −µ ∙ 𝑯𝟎 = −𝜸𝑰𝒛𝑯𝟎                      (2.1.2) 

 

The external magnetic field �⃗⃗⃗� 𝟎 removes a degeneracy of nuclear spin levels due to the 

magnetic quantum number 𝑚, which determines the eigenvalues of the operator 𝑰𝒛 

assuming the values of  𝒎 = −𝑰,−𝑰 + 𝟏,… , 𝑰 − 𝟏, 𝑰 as illustrated in Fig. 2.1.1. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1.1 2I + 1 energy of the Zeeman levels of the atomic nucleus with a spin I = 1/2. 

In the external H0 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 2I + 1 energy levels with 

energies that are Hamilton's eigenstates E𝑍ee: 

𝜟𝑬 = 𝑬(𝒎 − 𝟏) − 𝑬(𝒎) = 𝜸ħ𝑯𝟎 

 

H0 

m = -1/2 

m = 1/2 

E -1/2 = γħmH0 

E 1/2 = -γħmH0 
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𝑬𝒎 = −𝒎𝜸ħ𝑯𝟎                             (2.1.3) 

 

Selection rules for dipole transitions only allow transitions between levels meeting the 

condition Δm = ± 1. The energy difference between adjacent nuclear spin energy levels 

is: 

𝜟𝑬 = 𝑬(𝒎 − 𝟏) − 𝑬(𝒎) = 𝜸ħ𝑯𝟎                         (2.1.4) 

 

Transitions between adjacent levels can be induced by applying a variable magnetic 

field Happ at Larmor frequency (L), which defines the phenomenon of nuclear 

magnetic resonance (NMR) [TUR69], [FUK81]: 

 

𝛚𝑳 = 𝜸𝑯𝒂𝒑𝒑                          (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 𝐻𝑍ee is dependent on the effective magnetic field acting on the nucleus and 

takes the form: 

 

𝑯𝒁𝒆𝒆 = −µ · 𝑯𝒆𝒇𝒇 = −𝜸ħ𝑰𝑯𝒆𝒇𝒇             (2.1.6) 

 

where H𝑒𝑓𝑓 is the effective magnetic field in the atomic nucleus including the following 

components [RAD65]:  

 

�⃗⃗⃗� 𝒆𝒇𝒇 = �⃗⃗⃗� 𝟎 + �⃗⃗⃗� 𝒅𝒆𝒎 + �⃗⃗⃗� 𝑯𝑭                     (2.1.7) 

 

where �⃗⃗⃗� 𝟎 is the external magnetic field, �⃗⃗⃗� 𝒅𝒆𝒎 is the demagnetizing field, while �⃗⃗⃗� 𝑯𝑭 is 

the hyperfine field (�⃗⃗⃗� 𝑯𝑭 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 of the sample. For thin 
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magnetic layers, the demagnetization field depends on the angle between magnetization 

and normal to the surface. 

 

The hyperfine field �⃗⃗⃗� 𝑯𝑭 is the main contribution to the effective field on the nucleus in 

ferromagnetic materials and its source is the hyperfine interaction between the nucleus 

and the electron shell of self atom and the electrons of neighborig atoms. The hyperfine 

field �⃗⃗⃗� 𝑯𝑭 can be represented as the sum of three elements [WAT61, TUR69]: 

 

�⃗⃗⃗� 𝑯𝑭 = (�⃗⃗⃗� 𝑯𝑭,𝒐𝒓𝒃 +  𝑯⃗⃗⃗⃗ 𝑯𝑭,𝒅𝒊𝒑 + �⃗⃗⃗� 𝑯𝑭,𝑭𝒄)~(
𝒍 

𝒓𝟑
+ (

 −𝒔⃗⃗⃗⃗  ⃗

𝒓𝟑
+ 𝟑

�⃗� (�⃗� · �⃗� )

𝒓𝟓
) +

𝟖𝝅

𝟑
�⃗� 𝜹(�⃗� )) 

(2.1.8) 

 

The first component is the orbital hyperfine field �⃗⃗⃗� 𝑯𝑭,𝒐𝒓𝒃 = �̂�𝒐𝒓𝒃µ⃗ 𝒍𝒐𝒄
𝒍  and it results from 

the non-suppressed orbital moment of magnetically active electrons from not 

completely filled 3d shell. The components of the hyperfine interaction tensor �̂�𝒐𝒓𝒃 are 

positive, which indicates the parallelism of the orbital contribution and the orbital 

magnetic moment. The second component �⃗⃗⃗� 𝑯𝑭,𝒅𝒊𝒑 is a dipole field which is due to the 

spin density of the unfilled 3d orbital of the considered atom and can be written as: 

�⃗⃗⃗� 𝑯𝑭,𝒅𝒊𝒑 = �̂�𝒅𝒊𝒑µ⃗ 𝒍𝒐𝒄
𝒔 . The size and direction of this contribution depends on the 

symmetry of the 3d electron orbitals. The third component �⃗⃗⃗� 𝑯𝑭,𝑭𝒄 is called the Fermi 

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

be expressed as: �⃗⃗⃗� 𝑯𝑭,𝑭𝒄 = �̂�𝒄𝒐𝒓𝒆µ⃗ 𝒍𝒐𝒄
𝒔 . 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 must be non zero: 

|𝜳𝒔↑(𝟎)|𝟐 − |𝜳𝒔↓(𝟎)|𝟐 ≠ 𝟎          (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. [TUR69] 
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2.2 Methodology of NMR research 

 

Contribution to the NMR spectrum on the given frequency  originates from all 

magnetic atoms for which local magnetic field H0 on the nucleus fulfills the condition 

2.1.5. And that is why NMR gives an information on a distribution of local properties of 

all resonating nuclei in the sample which makes NMR complementary to the long-range 

methods. In a nutshell - the field which is experienced by a nuclei of an examined 

ferromagnetic atom consists of magnetic field due to magnetic moment of the whole 

atom and of magnetic field transferred by neighboring atoms. Therefore any change in 

the local symmetry, occurrence of defects, other phases, grain boundaries, stacking 

faults (which may be defined as arrangement alterations from the ideal fcc or hcp Co 

stacking sequence [MIC01] [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 a so-called satellite 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 are very sensitive to the local atomic arrangement, thus it also reflects 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 scale [CER01, JED04, SOR03].  

In order to acquire a structural information about the interface of  ultra-thin film, 

NMR spectra can be compared to those which would result from various structural 

models of interfaces (from a quasi-perfect sharp interface to sharp interfaces containing 

monoatomic steps, defects, granular interfaces or strongly interdiffused interfaces). The 

shape of the interface and the type of mixing can be inferred from spectral simulations. 

Concentration profiles of incorporated impurities, amount of stacking faults or size of 

grains can be evaluated, so characterization of the interface is possible at the atomic 

scale.  NMR probes primarily HHF 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 investigations) of the quantitative relationship between 

the HHF and the local crystallographic and chemical structure before any information 
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and conclusions can be drawn out of the experiment. Moreover using NMR technique a 

local magnetic stiffness of the studied material can be investigated by studying a NMR 

restoring field distribution (NMR Hrest - discussed on the next page). 

59Co NMR experiments were carried out at low temperature (4.2 K), after zero-

field cooling from room temperature, using an automated and phase sensitive spin-echo 

spectrometer. All spectra were taken in the 150–240 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 the NMR spectra were corrected for 

the NMR enhancement factor characteristic to the examined sample following the 

Panissod protocol [PAN01n] 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 materials – enhancement factor and 

restoring field 

 

In magnetic materials the applied alternating magnetic field Happ is only indirectly 

a source of resonance transitions between nuclear spin energy levels [TUR69]. This 

happens due to the magnetic state of the studied material. In ferromagnets, Happ field 

that is applied to excite the resonance transition at the frequency  interacts also with 

the electronic magnetization, located in a certain magnetic field Hrest determining 

magnetization equilibrium. The Hrest can be considered as a kind of a virtual internal 

magnetic field, which is a manifestation of all factors affecting the magnetic stiffness of 

the sample (like magnetocrystalline anisotropy, coercive field or exchange coupling 

between the magnetic layers). During NMR measurement, in order to induce nuclear 

resonance, Hrest needs to be overcome by an applied magnetic field [MAL99], 

[PAN01n]. The external r.f. field Happ causes oscillations of magnetization around the 

equilibrium direction set by Hrest, which in turn translates into the oscillations of the 

hyperfine field vector on the nucleus (HHF). This causes the appearance of an oscillating 

transverse component of HHF: 

 

 𝑯⊥ = 𝑯𝑯𝑭(
𝑯𝒂𝒑𝒑

𝑯𝒓𝒆𝒔𝒕
)                          (2.2.1.1) 

 

which is much stronger than the Happ and this is the field directly responsible for the 

nuclear transitions. The ratio: 

 

 

   
𝑯⊥

𝑯𝒂𝒑𝒑
=

𝑯𝑯𝑭

𝑯𝒓𝒆𝒔𝒕
= 𝜼                           (2.2.1.2) 

 

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 of 100-10000.  
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Fig. 2.2.1.1 The relationship between the magnetization M0 and the hyperfine field HHF,  

and the perpendicular component H⊥ of the hyperfine field responsible for resonance 

transitions. 

 

In many cases there can be a dispersion of the enhancement factor value within the 

same material which is a result of the distribution of magnetization orientation, 

demagnetizing field, etc. [STE67]. The true distribution of enhancement factors is the 

convolution product of these distributions and tends to a log-normal distribution. 

Therefore, the spin-echo intensity signal 𝑺(𝑯𝒂𝒑𝒑, 𝝎) at each frequency  can be 

expressed as a function of the amplitude of the excitation field Happ with the following 

formula [MAL99, PAN01n]: 

 

          𝑺(𝑯𝒂𝒑𝒑, 𝝎) = 𝜼(𝝎)𝑰𝟎(𝝎)𝒆𝒙𝒑 [−
𝒍𝒐𝒈𝟐(

𝑯𝒂𝒑𝒑

𝑯𝒂𝒑𝒑 𝒐𝒑𝒕
)

𝟐𝝈𝟐 ]                 (2.2.1.3) 

 

Z 

X Happ 

M0 

H 

Hrest 

HHF 
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where I0(ω) is the actual signal intensity proportional to the number of nuclei having 

the resonance at , σ  is the width of the Gaussian distribution in log(Happ) 

(experimentally 0,7 ≤ σ ≤ 1,2  for single-phase materials), Happ opt  is the 

experimentally determined optimal r. f. field strength value for which the amplitude of 

the NMR signal is maximal and  is an macroscopic average enhancement factor. The 

spin-echo theory predicts that the maximum of NMR signal intensity is acquired when 

the nuclear spins are subjected to the effective r. f. field strength such that the nuclear 

magnetization rotates 90o from its equilibrium position along HHF. This condition is met 

when H⊥ reaches the value of 𝑯𝒂𝒑𝒑,𝒐𝒑𝒕 such that:  

 

𝝅

𝟐
= 𝜸𝑯𝒂𝒑𝒑,𝒐𝒑𝒕𝝉                   (2.2.1.4) 

 

where γ  is the nuclear gyromagnetic ratio and τ  is the pulse length used in the 

experiment. Consequently the 𝑯𝒓𝒆𝒔𝒕 value, can be directly inferred from eq. (2.2.1.1): 

 

                𝑯𝒓𝒆𝒔𝒕 = 𝑯𝒂𝒑𝒑 𝒐𝒑𝒕 (
𝑯𝑯𝑭

𝑯𝒐𝒑𝒕
) = 𝜷𝑯𝒂𝒑𝒑 𝒐𝒑𝒕                  (2.2.1.5) 

 

Describing the magnetic stiffness of the sample is much easier and more intuitive when 

using Hrest (also because it adopts values comparable to the coercive field) than when 

we use the optimum excitation field. By knowing the Hrest one can acquire the 

information about the magnetic stiffness of the sample. Enlarged value of Hrest indicates, 

that the nuclear spin precession, which gives rise to the NMR signal, is harder to excite 

(requires stronger magnetic field) and thus it can indicate an enhancement of the 

magnetic anisotropy is the system [CHA88] [PAN97].  
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2.2.2 NMR spectrometer used in research 

 

All 59Co NMR studies presented in this dissertation were performed using a 

pulsed, broadband, coherent and phase-sensitive 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.  

 

Fig. 2.2.2.1 Block diagram of nuclear magnetic resonance spectrometer used in 59Co 

NMR thin film studies. 

 

The detailed design of this spectrometer has been described in several works 

[NAD95, NAD03, 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 assigned four directions of the alternating magnetic field Happ in a 

rotating coordinate system: x (0°), y (90°), -x (180°), -y (270°). Subsequently, in the 

phase shifter (b) controlled by the pulse programmer (c), electromagnetic wave pulses 

are formed, and each with specified phases and duration. Phase shifter allows to 

independently control the phase of the pulses. Sixteen combinations of two-pulse 

sequences with phases shifted by 0, 90, 180 or 270 degrees from each other can be 

generated. This makes it possible to encode the sign and phase of the spin echo 
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[HAH50] signal to separate it from false signals, such as the free induction decay 

appearing after the second pulse. The spectrometer has a triple frequency conversion. 

Due to this fact, the desired operating frequency 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 from mixing 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 

940-1520 MHz range. This process ensures spectrometer operation in the range of 20 to 

600 MHz. The amplitude of the excitation field Happ at a given operating frequency of 

spectrometer is then determined by a pulse amplifier which provides an output signal 

amplified to 200 W (g). The desired 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 the transceiver switch (h) to the coil located in the probe (i), 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 the transmission 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 

phase-sensitive detector (j), where 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 constant phase difference of both signals, provided that the phase stability of 

the reference signal is ensured - and this means that the spectrometer is coherent. The 

analog-to-digital converter (k), operating at 10 MHz frequency, is responsible for the 

conversion of the analog signal in the form of dependence of coil voltage versus time  

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 receiving channels can be treated as projections of the nuclear magnetization 

vector on the axes in a rotating coordinate system. The 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 spectra. Echo 

signals from detectors with a phase corresponding to the directions 0 and 180 and 90 

and 270 degrees are subtracted in pairs and divided by two to obtain the average 

components of the spin echo signal 𝑆𝑥 and 𝑆𝑦. Finally, the amplitude of the nuclear 

magnetic resonance signal S [MAL99] at a given frequency is determined by the 

formula  

                                               𝑺(𝑯𝒂𝒑𝒑, 𝝎) = √𝑺𝒔
𝟐+𝑺𝒚

𝟐                                         (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 nearest neighborhood on the hyperfine 

field 

 

In the case of Co material, the resonant frequency of the central Co atom is 

determined mainly 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 the core 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 phases [MEN93], fig. 2.2.3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2.3.1 The figure shows an exemplary 59Co NMR spectrum from a <111> textured 

thin Au/Co/Au layer decomposed into subspectra representing the fcc and hcp phase 

(217-223 MHz) and grain boundaries (~210 MHz) using a fitting procedure described in 
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more detail in [MIC01]. The model takes into account five lines. Two main lines, green 

and magenta, reflect the ABCABC and ABABAB stacking respectively. Next two lines 

representing stacking faults are not visible independently in the fit. Due to a certain 

degree of structural heterogeneity these lines (220 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 the fcc stacking 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 peaks related to fcc and hcp 

phases towards higher (fcc) or lower (hcp) resonance frequencies. This model also 

assumes a random distribution of stacking faults of which content in each 

crystallographic phase is characterized by the binomial law. The last fifth line in the 

model (blue) reflects the signal originating from Co atoms located at the grain 

boundaries. 

Additionally, signal originating from the Co/Au interfaces (low frequency „tail” < 210 

MHz) was fitted by a sum of three Gauss lines. 

 

In bulk Co, where the environment has ideal symmetry, the fcc-Co frequency is 

located around 217 MHz [POR61] and for hcp Co between 222 - 229 MHz (hyperfine 

field in hexagonal Co is anisotropic - when  the  magnetization  is  along  the  hexagonal 

c  axis  the  NMR frequency  is  220-222  MHz,  when it is in  hexagonal c plane the 

resonance frequency is 225-228 MHz) [PAN96]. However, because of the distortions of 

the closest environment around Co due to stacking faults, strains, grain boundaries, etc., 

the fcc/hcp-Co resonance frequencies in examined samples may differ. In a pure 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, incorporation of 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 s-electron polarization which directly alternates the hyperfine field HHF 

on this nucleus (see [RIE68], [KAW76], [SHA79], [MEN93]). This, in a consequence, 

will manifest itself as the new lines, called the satellite lines, in the NMR spectrum 

shifted away from the main line [PAN01n, MAL98]. It has been shown that dominant 

contribution to HHF comes from the first coordination shell [KOB66], [NAS74]. 
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Influence of consecutive neighboring shells decreases significantly with increasing 

distance and usually contributes to the broadening of the NN satellite lines. 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 shift of HHF. In many systems 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 corresponding to  1, 2, 3… alien NN are nearly equally spaced. For this 

reason a spectrum from alloy-like materials consists in successive satellites to the main 

bulk line [MEN93]. Furthermore, HHF depends not only on the type on NN atoms, but 

also on an atomic distance (as can be deduced from pressure experiments and 

theoretical calculations [JON60]) 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 field HHF in ferromagnetic metals can be represented as a 

sum of three components: 

 

     𝑯𝑯𝑭 = 𝑨𝒄𝒐𝒓𝒆𝝁𝒍 + 𝑨𝒄𝒐𝒏𝒅𝝁𝒍  + 𝑨𝒕𝒓𝒂𝒏 ∑𝒏𝒊𝝁𝒊           (2.2.3.1) 

 

where A values are hyperfine coupling coefficients ([KOB66], [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 conductivity 

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 terms in equation 2.2.3.1 are 

proportional to the atom's own magnetic moment 𝝁𝒍. However, the third component 

depends on the number of adjacent magnetic atoms 𝒏𝒊  and the magnitude of their 

magnetic moments 𝝁𝒊 . This explains why the hyperfine field also depends on 

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 the epitaxial Co thin film alloys described in chapter 3.1] Samples were 

fabricated using a MBE system under UHV conditions (10-10 Torr) [WAW17, NAW19]. 

Sapphire wafers (11 2̅0) oriented were used as the substrates. The Co layers were 

deposited on two buffer types: V(110) 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 in co-evaporation process. Required 

concentration was assured by the proper rate ratio of depositing materials (Au: 1-5%; 

Mo: 1-10%). The materials were evaporated from the effusion cells or electron guns. 

The deposition rate was controlled and stabilized by mass spectroscopy detector and 

quartz monitor. Samples were prepared at the Institute of Physics of the Polish 

Academy of Sciences, Warsaw. 

[Regarding the epitaxial thin Co (3nm) films grown on various type of buffer (Au 

or Mo) and capping layer (Au or Mo) described in chapter 3.2] Investigated samples 

were fabricated in a MBE (molecular beam epitaxy) system under UHV conditions 

(10−10 Torr). A buffer Mo(110) 20 nm thick was deposited from an electron gun on a 

(112̅0) sapphire substrate kept at ca. 1000 °C. 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 200 °C to smooth out the surface. The Co layer (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 configurations were grown: 

Mo/Co/Mo, Mo/Co/Au, Au/Co/Mo, and Au/Co/Au [WAW17]. Samples were prepared 

at the Institute of Physics of the Polish Academy of Sciences, Warsaw. 

[Regarding the epitaxial Au/Co(1,5-10nm)/Au heterostructures described in 

chapter 3.3] Heterostructures of Mo/Au/Co/Au with varying Co layer thickness were 

grown on sapphire, oriented normal to the (112̅0) surface, using the molecular beam 

epitaxy (Ribber EVE 32) at a base pressure of 1x10-10 Torr (more detailed description of 

sample preparation and crystallographic characterization can be found in [GLA09], 
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[GLA13]). Molybdenum and cobalt were deposited by an electron-gun vapor source, 

and gold was thermally evaporated from a standard Knudsen cell. Initially, a 20 nm 

thick Mo seed layer was deposited on Al2O3 substrate, heated up to 950 °C, and after 

cooling down an Au buffer layer (20 nm) was grown. Subsequently, the structures were 

annealed (30 min at 200 °C), and the Co (1,5 – 10nm) magnetic film followed by Au 

layer of the 10 nm thickness were deposited at room temperature. Samples were 

prepared at the Institute of Physics of the Polish Academy of Sciences, Warsaw. 

[Regarding the oxygen implanted polycrystalline Co(30nm) thin films described in 

chapter 3.4] Polycrystalline Au(10nm)/Co(30nm)/Au(15 or 30nm) tri-layers were 

grown by a MBE system [MEN13]. Subsequently they have undergone an oxygen 

implantation process at fluences of 3×1016, 5×1016, 10×1016, 15×1016, 20×1016 and 

35×1016 ions/cm2 at the energy of 40 keV. Performed earlier TRIM simulations have 

shown [MEN13] that these conditions give rise to a relatively uniform distribution of 

oxygen ions in the Co layer with 5%, 8%, 15%, 26%, 34%, and 44% concentration 

respectively. All layers were grown at room temperature at a pressure of just about 

3×10−10 mbar. Subsequently, the samples have undergone an annealing treatment with 

the aim to verify the thermal stability of the exchange-biased FM/AFM system 

[MEN14]. The samples were annealed in vacuum (<1·10-6mbar) at 300 oC for 1h.  

Additionally a similar series of polycrystalline samples was grown which were 

implanted with similar doses of oxygen ions/cm2 at the same implantation energy which 

were surface-oxidized prior to implantation. Polycrystalline 

Au(10nm)/Co(30nm)/Au(15 or 30nm) sandwiches were grown by a MBE technique and 

then implanted using oxygen ions, with an energy of 50 keV, at fluences of 5.5×1016, 

8.5×1016, 17.5×1016, 25×1016 and 35×1016 ions/cm2. 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/CoO interfaces after oxygen implantation, a 

serie of three textured Si(100)[substrate]/Cu(100nm)Co(100nm)/Co(100nm)/Au(5nm) 

samples was made by MBE. Two of the samples have undergone an oxygen 

implantation process at fluences of 3.3×1016, 15×1016 ions/cm2 with the energy of 60 

keV. Samples were prepared at the Instituut voor Kern- en Stralingsfysica, KU Leuven. 
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3 
 

NMR results and discussion 

 

3.1 Epitaxial Co thin film alloys 

 

For the correct analysis and interpretation of the NMR spectrum allowing to obtain 

the desired 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 matrix with a well-

known crystal structure and magnetic properties [JAY96], [WOJ97], [THO00], [PAN97]. 

This allows to relate the structural and chemical short range order modification and the 

corresponding changes in the local hyperfine field HHF. The information obtained 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 on 59Co local hyperfine field HHF in 

ferromagnetic metallic 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], [OIK03], [MOR12], [WAW18]). In this chapter 59Co NMR technique was 

used to examine the structural properties in a series of Co1-xAux and Co1-xMox epitaxial 

thin film alloys. This study was performed especially with the aim to verify the actual 

impact of Au or Mo alien atoms on the structural properties of Co and to establish the 

relation between the hyperfine field at 59Co nuclei HHF 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 as reference in following chapters of this dissertation containing 59Co NMR 

analysis of series of Co thin and ultra-thin 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 the 59Co NMR spectrum resulting 

from two different interfaces. 

 

 

3.1.1 Co1-xAux thin films 
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Fig. 3.1.1.1 59Co NMR in V/Co(30nm)/V thin film registered at 4.2 K. The 

decomposition shows Co bulk part with fcc-Co phase (green line), hcp-Co phase (blue 

line), grain boundary contribution (red line) and V/Co interface contribution (dark blue 

line). Magenta points are experimental data acquired from the V/Co0.99Au0.01/V thin 

film. 
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Fig. 3.1.1.1 presents the decomposed 59Co NMR spectrum taken from 

V/Co(30nm)/V sample (black stars). To illustrate the changes introduced by the Au 

admixture the 59Co NMR spectrum recorded from V/Co0.99Au0.01/V thin film was added 

to the graph (magenta line+squares). It is clearly visible that the structure of the 

undoped V/Co(30nm)/V film is multiphase and consists of a mixture of fcc-Co and hcp-

Co phases. NMR line which corresponds to a crystalline fcc-Co is situated at 216 MHz 

which is a lower frequency than that reported for the bulk Co (217,6 MHz) 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 a = 0,303 nm [WEB]. Due to 

different symmetries 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 217,6 MHz to 216 MHz.  The low frequency „tail” of the 

59Co NMR spectrum, extending down from 210 MHz to around 160 MHz, originates 

from a modified/distorted parts of the Co layer (Co atoms located in grain boundaries of 

the epitaxial film (~210 MHz), where a structural disorder due to grain misorientation 

lowers the HHF acting on 59Co nuclear spins; Co from Co/V interfaces - the spectrum 

part in the 160-210 MHz range which is in agreement with the analysis of Co NMR 

spectra in [Co(x nm)/V(1.5nm)]n multilayers [THO00]).  

The 59Co NMR spectrum from the V/Co0.99Au0.01/V alloy (fig. 3.1.1.1. magenta 

squares) is very similar to the one from V/Co(30nm)/V thin film with one difference, 

which is a visible satellite structure (fig. 3.1.1.1. inset - red square mark) that provides 

the evidence for the presence of Co atoms with one or more nearest neighbors (NN) 

replaced by a non-magnetic Au atoms in the first coordination shell. Such chemical 

configurations are characterized by a reduced 59Co hyperfine field HHF and thus the 

resonance frequency is correspondingly smaller.  

The NMR spectrum from Co0.99Au0.01 alloy also clearly shows that discussed layer 

isn’t a single phase material, thus it is not easy to conclude which 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 satellite (204 MHz) 

corresponding to a single Au nearest neighbor, and the second satellite line (192 MHz) 

corresponding to two Au nearest neighbors is similar as between the first satellite and 

the line representing the Co fcc phase, which 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 from fcc-Co. In any 

case, if Au is present in the hcp Co phase, its effect must be similar to that caused by Au 

in the fcc phase. And in fact, this similarity has been shown in the chapter 3.3.1 devoted 

to the experimental results from epitaxial Au/Co(1,5-10 nm)/Au heterostructures 59Co 

NMR study. 

As illustrated in fig. 3.1.1.1, the frequency spacing (Δν) between the main Co line 

in V/Co0.99Au0.01/V NMR spectrum and the first satellite equals around 12 MHz. It is 

significantly smaller than Δν due to the V admixture to Co that equals around 30 MHz 

[THO00] and therefore, V/Co interfacial effects can be omitted as the source of the 

satellite structure in the NMR spectrum of V/Co0.99Au0.01/V. The value by which one 

Au NN reduces the HHF around probed 59Co nuclei can be obtained from the relation 

2πυ = γHHF (γ/2π = 10,054 MHz/T) [ALP94], therefore ΔHHF = Δν/γ = 

12MHz/10,054(MHz/T) = 1,19 T.  

The inferred possibility of the tendency for the selective presence of Au admixture 

in the fcc-Co 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 layer) need to be 

verified in case of the Co layer grown on Au since it is known that the epitaxial growth 

of Co on Au(111) leads to the hcp structure of Co with the epitaxial relation 

Au[111]//Co[0001]. 59Co 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 nominal composition: 

Au/Co0.99Au0.01(30nm)/Au, Au/Co0.99Au0.01(20nm)/Au, Au/Co1-xAux(10nm)/Au (x=0.01, 

0.02 and 0.05). The 59Co NMR spectra recorded for the above-mentioned samples are 

presented in fig. Fig. 3.1.1.2. 
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Fig. 3.1.1.2 59Co NMR spectra recorded for all Au/Co1-xAux/Au thin films. 

 

59Co NMR spectra recorded in the reference layers Au/Co(t)/Au (t = 10, 30 nm) 

(Fig. 3.1.1.2) show that the Co layer for both studied thicknesses gives rise to a single 

59Co NMR line located near 226 MHz (the frequency of hcp-Co phase with 

magnetization aligned in the hexagonal c plane) as expected for Co layer in this 

thickness range. The resonance frequency is slightly shifted towards lower value for a 

thicker layer (10 nm – 225,5 MHz, 30 nm – 224,5 MHz) which gives the first indication 

of some kind of degradation of the layer structure but without the evidence of eventual 

phase separation into a mixture of fcc and hcp phases. Simultaneously the discussed 

59Co NMR lines have characteristic 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. 

Moreover, the low-frequency parts of the discussed spectrum show an intensity bump 

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

is preferentially populated (fig. 3.1.1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1.2 59Co 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 Co in pure hcp (~226 MHz) and modified hcp (~208 MHz) 

local environments as discussed in the text.  

 

 

 

 

Frequency [MHz] 

5
9
C

o
 N

M
R

 s
p

ec
tr

u
m

 in
te

n
si

ty
 [

ar
b

. 
u

n
it

s]
 



 

34 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1.3 59Co NMR spectra from Au/Co(t)/Au, t = 10, 30 nm samples decomposed 

into “soft” (black dots) and “hard” (red dots) components. The spectra are compared 

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

 

A non-uniform character of the r.f. field amplitude (Happ opt), which is required to 

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 [PAN01n], the spin echo NMR intensity has been analysed as a function 

of Happ for each frequency in the studied samples, to separate the spectra corresponding 

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

different Happ opt. As shown in the Fig. 3.1.1.3 (a, b) (right side, vertical scale) the Happ 

opt, which is expressed as NMR restoring field: 𝑯𝒓𝒆𝒔𝒕 = 𝑯𝒂𝒑𝒑 𝒐𝒑𝒕 (
𝑯𝑯𝑭

𝑯𝒐𝒑𝒕
) = 𝜷𝑯𝒂𝒑𝒑 𝒐𝒑𝒕 

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

main Co line located around 226 MHz. The spectra obtained from 30 nm and 10 nm 

thick layers, decomposed using the above procedure, are presented in Fig. 3.1.1.3 (a, b) 

(left side, vertical scale) and on those spectra are superimposed Hrest values (presented in 
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(Fig. 3.1.1.3 (a, b), right side, vertical scale). The course of the Hrest values significantly 

changes with the increasing frequency. The difference in the Hrest values alongside the 

corresponding 59Co 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 regular hcp order represented in the 59Co NMR spectrum by a single narrow 

line around 226 MHz with higher restoring field, as well as the regions that are 

structurally distorted and magnetically softer represented by the line with maximum 

intensity near 220 MHz asymmetrically broadened down to 180 MHz. In further 

discussion in this chapter these two components are called “hard component”, 

representing the regular well-defined hcp-Co structure, and “soft component”, 

representing heavily distorted hcp-Co structure (in terms of arrangement, distances, 

strains and possible composition) and grain boundaries.  

 

 

Fig. 3.1.1.4 Integrated 59Co NMR spectrum intensities of Au/Co(t)/Au (t = 10, 30 nm) 

samples (black squares) compared with the intensities of “soft” (red squares) and “hard” 

(blue squares) spectrum components as a function of the Co layer thickness. 
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The above analysis clearly points to a very fast increase of the distorted „soft” regions 

in the films with respect to the regular well-defined “hard” hcp-Co regions with the 

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 in 10 nm thick layer is definitely dominating over the 

distorted „soft” component whereas in thicker sample the situation is quite opposite, 

which suggests that the structure of the Co layer grown above the thickness of 10 nm 

becomes heavily deteriorated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1.5 59Co NMR spectra registered for Au/Co0.99Au0.01(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/Co0.99Au0.01(30 nm)/Au layer. 

 

 

59Co NMR spectrum registered for Au/Co0.99Au0.01(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 hcp-Co phase material in case of the pure Co film becomes a 

multiphase when an Au is added. This can be clearly seen in the spectrum by the 

presence of lines at 215,5 MHz and around 221 MHz, representing fcc-Co phase and 

hcp-Co phase with numerous fcc stacking faults, respectively. Moreover, the spectrum 

reveals the satellite structure similar to that present in case of the V/Co0.99Au0.01(30 

nm)/V layer. The frequency position of the satellites is the same for both systems and 

equals 204 MHz for the first satellite line and 192 MHz for the second.  

If spectra of Au/Co0.99Au0.01(30 nm)/Au and V/Co0.99Au0.01(30 nm)/V thin films 

are compared, which are similar to each other at first glance,  it can be seen that the 

satellite linewidth is visibly smaller in the case of Au/Co0.99Au0.01(30 nm)/Au layer. The 

satellite structure in the spectrum is better separated from the main Co lines than in case 

of V/Co0.99Au0.01/V layer, which in turn allows to conclude, that if in the spectrum from 

Au/Co0.99Au0.01(30 nm)/Au there is another satellite line that could be associated with 

Au atoms in hcp-Co, its intensity is comparably low. This observation is in agreement 

with the previous result obtained for V/Co0.99Au0.01/V film and both show that despite 

the fact that Co and Au make the non-soluble system [OKA85], a small amount of Au 

can be alloyed with fcc-Co when grown as a thin film.  

 

59Co NMR spectra obtained for the Au/Co1-xAux (10 nm)/Au (x = 0.01, 0.02, 0.05) 

and Au/Co0.99Au0.01(20nm)/Au samples show significantly different structural properties 

of Co layer than those observed in case of Au/Co0.99Au0.01(30 nm)/Au thick film. These 

layers retain hcp structure without any clearly visible trace of transformation to a 

mixture of defected hcp and fcc phases. However, in the range characteristic for fcc-Co 

there is present a signal intensity which could be associated not only for strongly 

defected hcp-Co phase but also for a origin of an eventual residual fcc-Co phase (not 

distinguishable due to huge predominance of hcp phase and overall highly defected 

crystalline structure, which leads to a broadening and loss of detail in the NMR 

spectrum). In the frequency range characteristic for the satellite structure in 30 nm thick 

layer, the spectra shape in 20 nm and 10 nm Co1-xAux 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) 59Co NMR spectra registered from the Au/Co1-xAux/Au (x = 0, 0.01, 

0.02, 0.05) layers. (b) 59Co NMR spectra of Au/Co1-xAux/Au (x = 0, 0.01, 0.05) layers 

decomposed into magnetically soft (black points) and hard (red points) components. 

Blue lines represent acquired Hrest values. 

 

As expected, judging by the lack of the structural transformation of 10 nm thick Co 

layers, the Hrest registered for these layers keeps the properties characteristic for the pure 

Co layer as shown in fig. 3.1.1.6 (b) (blue lines). The corresponding spectra 

decomposition into “soft” and “hard” components are illustrated in the Fig. 3.1.1.6 (b). 

It shows that while the total intensity 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 interatomic distances become larger which is reflected in 

the reduced hyperfine field HHF experienced by 59Co nuclei. In addition, a volume of the 

magnetic Co decreases systematically with the increasing nominal Au concentration in 

the layers. The same reduction applies to 20 nm and 30 nm thick layers. 
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Taken together, the results seem to suggest that when growing the Co layer by co-

deposition of Co and Au, a small amount of Au dopant (around 1%) can be present in a 

Co film. However, direct evidence for the presence of Au in the film in the form of a 

regular satellite structure in the NMR spectrum associated with the replacement of Co 

NN by Au was only observed when the crystallographic structure of the layer contained 

the fcc-Co phase. This situation was observed for the growth of the Co layer on the V 

buffer, where the layer was characterized by a multi-phase crystal structure already in 

the case of undoped Co, or in the case of a layer on the Au buffer layer at a sufficiently 

large Co thickness. The experimental results show that for 10 and 20 nm thick Co layers 

the hcp-Co structure is stable enough, and the presence of Au is not detectable as the 

satellite structure in NMR spectrum. However, the crystallographic structure of the layer, 

while still hcp, deteriorates, as indicated by 59Co NMR results. Hcp structure of the Co 

layer codeposited with Au becomes unstable around the thickness of 30 nm, and only 

this partial transformation to the fcc Co structure reveals the presence of Au impurity in 

the layer. This observation clearly proofs that Au must be also present in the thinner 

layers. This is because the final thickness of the layer it is not predetermined during the 

growth. Therefore if Au is present in the 30 nm multiphase layer it is also present in the 

body of 20 and 10 nm thick films with hcp structure. Most likely, the maintenance of a 

partial coherence with the Au substrate and the presence of Au impurity introduces such 

a deformation in the network of the hcp structure that its influence on the local field on 

Co nuclei is comparable or greater than the replacement of one magnetic neighbor with 

a non-magnetic Au. The presence of a "soft" component, in addition to a "hard" 

characteristic for the undistorted hcp-Co structure, in the NMR spectra for layers with a 

thickness below 30 nm, may support this hypothesis. Only structural relaxation and 

transformation to the multiphase fcc/hcp state directly reveal the presence of Au in the 

layer.  

However, that raises the question on the origin and on the structure of the “soft” 

component present in the spectra for the undoped Co layers. A closer look at the 

comparison of the spectra of both 30 nm Au/Co/Au layers (pure and co-deposited with 

Au) in Fig. 3.1.1.7, especially at the frequency areas characteristic for fcc-Co and 1-st 

satellite the in the Au/Co0.99Au0.01(30 nm)/Au sample, allows for a certain conclusions 

to be drawn about the origin of the fcc-Co phase in the Au/Co0.99Au0.01(30 nm)/Au 

sample. The intensity of the 59Co NMR spectrum at these frequencies is also clearly 
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present in the case of a pure sample, in which this region of the spectrum represents 

strongly defected and magnetically soft areas of the sample (fig. 3.1.1.3), enclosing 

highly defected hcp-Co phase, grain boundaries and probable Co:Au interface areas. 

Note, that the frequency range and the spectrum shape of the “soft hcp” component in 

the spectrum from the nominally pure 30 nm Co layer is somewhat similar to the 

spectrum from the fcc Co, including the satellite structure due to Au impurities, in the 

spectrum for Co0.99Au0.01 alloy. This is evidenced in fig. 3.1.1.7 where the spectra from 

the two films are shown in the respective frequency scale shifted by 5,5 MHz, in order 

to enhance the similarity between the spectrum shape. 
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Fig. 3.1.1.7 59Co NMR spectra registered from the a) reference Au/Co(30nm)/Au layer 

and the b) Au/Co0.99Au0.01(30nm)/Au layer. Note the 5,5 MHz shift between the 

frequency range for the upper (a) and the lower (b) panels. The insets show the satellite 

structure of the spectrum from Au/Co0.99Au0.01(30nm)/Au layer (lower) and the drastic 

rise of the low intensity tail of the “soft hcp” component for Au/Co(30nm)/Au. The 
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arrows indicate the frequency positions of the satellites due to Au in fcc Co in 

Au/Co0.99Au0.01/Au system and due to Au in “soft hcp” phase in Au/Co/Au system.  

 

The frequency spacing between the main line and the satellites in the fcc Co structure is 

the same as the spacing between the main line and the intensity bump in the tail of the 

“soft hcp” line (see the arrows in fig. 3.1.1.7 indicating the frequency positions of the 

respective lines). In fact, the spectrum from the “soft hcp” component looks similarly to 

the spectrum from the fcc phase but broadened and shifted up in the frequency scale by 

5,5 MHz. This leads to a hypothesis that the magnetically “soft” component is due to 

the Au admixture present in the hcp-Co layer, despite the fact that the layer was 

intentionally grown as the chemically pure Co film. Au atoms have bigger atomic 

radius and when replacing Co, even at a very low concentration, they would introduce a 

long range structural distortion around its position, thus lowering the 59Co NMR 

frequency from 226 MHz to around 220 MHz. At the same time Co atoms having Au as 

the NN would have experienced the reduced HHF giving rise to the intensity bump 

around 208 MHz. In this scenario the magnetically “soft” hcp component of the layer 

would be a precursor of the fcc Co phase with the Au admixture on the level of 1 at %, 

that is observed in the 30 nm thick Co layer when Co was co-deposited with Au. But 

what is the reason for the presence of Au in the nominally pure Co film? The highly 

probable scenario is that during the growth of Co film Au atoms migrate from the Au 

buffer to the grain boundary regions helping to accommodate the large lattice mismatch  

at Au(111)/Co(0001) interface. As pointed out by Fruchart [FRU03], considering 

Co/Au(111) system there are several results suggesting that “the grain boundaries might 

consist of Au atoms that are extracted from the substrate”. To support this interpretation 

Fruchart et al. quote results like the core-level photoemission electron spectroscopy 

[MAR97], the lifting of the Au reconstruction during the Co dots lateral growth that 

releases 4 % atomic layer of Au [MAR99], or the wetting of several-atomic layer-thick 

Co films with Au atoms upon extremely moderate annealing [SPE95]. The results from 

59Co NMR study fully agree with this interpretation.  
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3.1.2 Co1-xMox thin films 

 

This subchapter is based on results acquired by the author of this dissertation from the 

59Co NMR study of Co1-xMox alloys which have been published in [NAW19] in 2019. 

The 59Co NMR spectra recorded for the V/Co1-xMox/V (x = 0, 0.01, 0.04, 0.1) thin 

films are presented in fig 3.1.2.1. Spectra decomposition showing the changing satellite 

structure with the increasing concentration of the Mo impurity is presented on fig. 

3.1.2.2. 
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Fig. 3.1.2.1 59Co NMR spectra corresponding to the V/Co1-xMox/V alloys with Mo 

impurity concentrations x = 0, 0.01, 0.04, 0.1 (inset – 5x magnification), recorded at 4.2 

K. 
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Fig. 3.1.2.2 59Co NMR spectra in 

V/Co1-xMox/V thin films 

registered at 4.2 K, for Mo 

content x = 0, 0.01, 0.04 and 0.1. 

The decomposition shows the 

satellite structure corresponding 

to Co with the nearest neighbor 

configurations composed of (12-

n) Co and n Mo atoms.  
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Due to a Mo doping the shape of the spectra undergo a significant modification 

revealing changes in the HHF distribution. First change is the evidential progressive 

decrease of the spectrum intensity in the high-frequency part of the spectrum ( > 210 

MHz) corresponding to the well-defined crystalline Co environments in the fcc-Co and 

hcp-Co phases. Second new feature is the emergence of a satellite structure in the lower 

frequencies of the NMR spectrum corresponding to Co with the nearest neighbor 

configurations composed of (12-n) Co and n Mo atoms. For the V/Co0.99Mo0.01/V film a 

single broad satellite line around 176 MHz is observed in the spectrum. Further growth 

of Mo concentration results in a structure consisting of two visible satellite lines as can 

be seen in the 59Co NMR spectra recorded for V/Co0.96Mo0.04/V and V/Co0.90Mo0.1/V 

layers. The frequency spacing Δν between the main line and the subsequent satellite 

lines is immense (over 43 MHz) and is not constant like in various Co-based alloy 

systems studied in the past [MEN93], [MAL98]. Moreover a progressive shift of the 

entire spectrum towards lower frequencies is visible with increasing Mo concentration 

(see fig. 3.1.2.1).  The above relation points to a very strong dependence of 59Co 

resonance frequency on the local Mo concentration, i.e. a number of Mo NNs, as well as 

on the average concentration of Mo in Co film. Based on the detailed analysis it is 

predicted that Co becomes nonmagnetic when surrounded by 3-4 Mo NNs for the 

concentration as low as 20-30% [NAW19]. All of these features indicate a strong global 

influence of Mo dopant on Co structure and magnetic properties which is in agreement 

with the literature [WAW17].   

There is still another aspect of Mo doping which has to be discussed. Closer 

analysis of the 59Co NMR spectra from fig. 3.1.2.1 and fig. 3.1.2.2 shows that both the 

undoped layer and the one with 1% Mo admixture are multiphase with clearly visible 

fcc- and hcp-Co environments. However it is impossible to distinguish the 

corresponding structure in the satellites. Moreover for layers with higher Mo 

concentration (V/Co0.96Mo0.04/V and V/Co0.90Mo0.1/V) the hcp and fcc components of 

the main line evolve into one broad peak asymmetric towards lower frequencies (with 

similar shape as the satellites). This hints that Mo atoms do not show any visible 

preference to enter a particular Co crystallographic phase in the studied thin film alloys. 

If it were so, then (taking into account two phase composition of the discussed alloys) 

three different satellite structures could have been expected with the intensity ratio 2:1:1. 
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In hcp-Co the HHF is anisotropic and it has been shown by 59Co NMR studies in 

hexagonal Co:Cu and Co:Mn alloys [MAL98] that the frequency of the satellites 

depends on the position of an alien NN in the matrix. Two different satellite frequencies 

have been observed experimentally and related with the two possible structural 

configurations: an alien atom replacing one of six Co NN in the hexagonal plane of the 

central atom; and one of the three Co NN located in the two planes located below/above 

this plane. Similar double satellite frequency could be expected in hcp-Co:Mo alloy. As 

for the cubic fcc-Co, the HHF is isotropic and most likely remains such when modified 

by the Mo NN. Taking all of this into account, in discussed Co1-xMox alloys one satellite 

would originate from the fcc-Co:Mo and two from hcp-Co:Mo, each one consisting of 

the satellite sequences corresponding to n = 0, 1, 2… Mo NNs with a specific location 

in the NN structure. However, 59Co NMR spectra for Co0.96Mo0.04 and Co0.90Mo0.1 

layers presented in fig. 3.1.2.1 show only one very broad satellite structure which can be 

explained in two ways. First one is that all three satellites are present but their frequency 

spacing is very similar and they merge into one broad satellite structure. Second 

possibility is that this is a result of blurring of the HHF differences between fcc-Co and 

hcp-Co phases due to the crystal lattice distortion which is caused by the large lattice 

mismatch between Co and Mo. Moreover, a very large frequency spacing between the 

satellites and the position of the main line suggest that the impact of Mo NN is not 

limited to the first neighbor shell but it extends to the second shell. Assuming the 

influence of Mo atom located in the second coordination shell on the HHF at the nucleus 

of the central Co atom, the asymmetry of the main line (and to less extent of the satellite 

lines) can be explained by this effect. However the most probable explanation of the 

progressive modification of the of the main peak representing pure Co environments in 

the Co1-xMox layers showed in fig. 3.1.2.1 is that all listed effects are present and 

contribute consecutively to the observed asymmetric broadening. 

To sum up, the observed satellite structure in the 59Co NMR spectra can be, 

without a doubt, assigned to Co atoms having one (in case of the first satellite) or two 

(in the case of the second satellite) Mo atoms as NNs. The observed effect of alloying 

Mo into Co on magnetic properties is stronger than that obtained by Shan [SHA93]. The 

observed strong effect (highly dependant on Mo concentration [NAW19]) of Mo alien 

atoms on HHF of Co extends beyond the first coordination shell. 
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3.2 Epitaxial thin Co (3nm) films grown on various type of 

buffer (Au or Mo) and capping layer (Au or Mo) 

 

This chapter is based on the 59NMR results obtained by the author of this 

dissertation, which were published in [WAW17]. 

 

Systems where Co is deposited on Mo (110) or Au (111) buffers gained recently 

attention in terms of their potential use in various spintronic devices. It was shown, that 

properly designed heterostructures consisting of ferromagnetic Co and non-magnetic Au 

may have a strong perpendicular magnetic anisotropy (PMA) [GLA14].  The potential 

of such systems is large, especially that these materials can be important elements of 

MTJ’s which was shown already by Carcia and Zeper [CAR90]. Heterostructures of the 

Co/Au, Co/Pt, Co/Pd type, characterized by a large perpendicular magnetic anisotropy 

were also used in the design of MTJ’s where the resistivity depends on spin alignment 

of the two magnetic electrodes separated by an insulating layer [CHA16]. Moreover, 

Kisielewski et. al showed also that that the PMA in the Co films deposited on an Au 

buffer is extremely sensitive to the cap layer [KIS02] and for this reason there is a 

strong need to study and understand the influence of the Au interface on the Co thin 

films.  

At the same time Co/Mo system is considered to be a promising candidate for 

high-density magnetic recording media and for potential applications in magnetic 

sensors due to its high magnetic anisotropy energy, magnetization saturation (MS), and 

low coercivity (HC). More importantly, a recent extensive study has been initiated 

towards  using Co/Mo/Co three-layer irradiated by Ga [WAW17n] and lighter ions such 

as Ne or Ar [WAW18] for fabrication of a double-layer magnonic crystals, 

demonstrating periodical modulation of magnetization and the interlayer coupling 

strength in a scale of several dozen nanometers. The body centred cubic structure of Mo 

is appropriate for growth of Co thin film due to its high surface energy and low inter-

diffusion resulting in a reasonably chemically sharp Co/Mo interface. It was recently 

shown that in the Co layer deposited on the Mo buffer a well-developed two-fold in-

plane magnetic anisotropy occurs [WAW17] which is a result of the growth of Co on 

the Mo (110) buffer. Moreover, in the Mo thickness range between 0,5 and 1,0 nm the 
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interlayer coupling of magnetization is antiparallel. It has been shown that ion beam 

irradiation changes the interlayer coupling character and causes a gradual suppression of 

the ferromagnetic properties.  

In this chapter are presented the results of 59Co NMR study of epitaxial Co thin 

films with different types of buffer and capping layer (Mo and Au). These samples were 

investigated in order to acquire the knowledge about the actual impact of the upper and 

lower interface on the structural and magnetic properties of the Co layer, depending on 

the nature of the metal forming the second layer. 

 

Fig. 3.2.1 depicts 59Co NMR spectra registered for Co thin films in four different 

configurations of capping or buffer layer - Mo/Co/Mo, Au/Co/Au, Au/Co/Mo and 

Mo/Co/Au. The positions of main peaks are in 222 - 229 MHz frequency range which is 

far above the frequency of face centered cubic Co (in bulk fcc-Co the NMR frequency 

extrapolated to 0 K is 217,6 MHz [POR61]) and is characteristic for hexagonal Co.  For 

this thickness the uniaxial anisotropy is overcome by the shape anisotropy and in-plane 

magnetization orientation is expected. Therefore hyperfine field anisotropy should not 

be a factor determining the NMR frequency of hcp-Co. Every deviation from ideal 

structure influences the HHF and therefore shifts the NMR resonance frequency. The 

actual Co NMR resonance frequency in such thin layers (dCo = 3nm) depends highly on 

the type of a buffer and a capping layer and hence it depends from a combination of 

several factors such as occurrence of additional strains, dislocations or local 

enhancement of magnetic moment of Co atoms (which was theoretically predicted for 

very thin Co layers grown on Au buffer [WAL12]). Spectra analysis performed using 

fitting procedure [BUB00] and presented in fig. 3.2.1 shows a dominant contribution 

from the hcp-Co environments with the minor contribution from the fcc-phase as well 

as from Co atoms located at the grain boundaries. Spectra recorded for Au/Co/Mo and 

Mo/Co/Au also have a minor contribution from the defected fcc-Co phase which derives 

primarily from the accumulation of fcc stacking faults in the hcp-Co phase.  
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Fig. 3.2.1 59Co NMR spectra 

obtained for Mo/Co/Mo, 

Au/Co/Au, Au/Co/Mo and 

Mo/Co/Au samples. Black 

dots represent experimental 

data, magenta line represents 

hcp-Co phase, green fcc-Co 

and blue are the grain 

boundaries.  
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The structure of Co layer in Au/Co/Au thin film is rather homogeneous and 

lacks the fcc-Co phase. At the same time, the component originating from the grain 

boundaries is not very much exposed in relation to the whole spectrum. However, the 

NMR resonance frequency is shifted towards higher frequencies (229 MHz). This effect 

is associated with growth of Co on Au(111) buffer and very thin layer thickness (dCo = 3 

nm). A similar effect was observed for the Au/Co(d ≤ 3nm)/Au heterostructures  

described in chapter 3.3 and its possible origin is discussed in more detail in chapter 

3.3.1. 

In the case of Mo/Co/Mo thin film, the structure of Co layer is clearly 

multiphase and consists of the located at 222 MHz which represents the heavily 

defected hcp-Co phase with a large amount of fcc stacking faults in hcp-Co phase, fcc-

Co hump located at 215,5 MHz, and large amount of grain boundaries located at ~210 

MHz. However, the amount of fcc-Co phase is still minor in comparison to the hcp-Co. 

Despite the fact, that Co structure grows irregularly and defected on Mo buffer, which is 

especially visible in NMR spectrum from Mo/Co/Mo sample in the large contribution 

from fcc-Co phase and stacking faults, this effect is not so noticeable in Mo/Co/Au thin 

film in which hcp-Co resonance frequency is close to bulk Co (227 MHz). Moreover, 

the Co layer in Au/Co/Au and Mo/Co/Au samples seems to have better and more 

homogeneous crystalline structure (very low contribution from the defected fcc-Co part 

and moderate contribution stacking faults in contrast to Mo/Co/Mo and Au/Co/Mo thin 

films). This phenomenon may be explained by the introduction of strain by the Au 

capping layer which forces deep ordering of the crystalline structure of the Co layer.  

In conclusion, in the case of samples grown on an Au buffer, a better crystal 

structure of Co can be noticed (and this effect is most strongly observed in the case of 

Au/Co/Au thin film). On the other hand, growth of Co on the Mo buffer or the addition 

of the Co/Mo interface in general causes the degradation of the Co crystal structure and 

generation of large amount of fcc-type in hcp phase (as well as within the grain 

boundaries) stacking faults resulting in (with a sufficiently large accumulation) the 

formation of the fcc-Co phase. This in turn leads to the lowering of the resonance 

frequency to 222 MHz in the case of Mo/Co/Mo sample. The use of Au as a capping 

layer has a positive effect on the structure of the Co layer, making it more uniform and 

well-defined. 
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3.3 Epitaxial Au/Co(1,5 - 10 nm)/Au heterostructures  

 

In the past years there have been numerous publications which gave information 

regarding growth, structural and magnetic properties of Au/Co/Au systems (e.g. 

epitaxial growth of Au/Co/Au layers studied by TEM [ARD97], [SCH92]; epitaxial 

growth of Co films on Au(111) studied by STM [VOI91] and GISAXS [LER08]; 

growth of Co/Au multilayers studied by TEM and HREM [KEH00] as a function of Co 

layer thickness; ultra-thin Au/Co(dCo = 0 – 7 nm)/Au trilayers layers studied with a 

combination of in situ electron diffraction, AFM and x-ray scattering [KUM07], 

Au/Co/Au heterostructures with varying Co layer thickness [KUR07], [GLA14]). Role 

of Co/Au interface in Au/ Co/Au/MgO/Au heterostructures was investigated by 

Gladczuk et. all. [GLA14] and Haag et. al. [HAA16] which reported how important is a 

structure of a Co/Au interface in terms of the structural and magnetic properties of the 

Co film.  However there are yet unsolved or only partly solved issues in the case of thin 

and ultra-thin Au/Co/Au heterostructures, like the actual role of the Au/Co interfaces 

and Co layer thickness on the magnetic and structural properties of these systems. Such 

systems are extremely interesting to study because of the interface effects arising due to 

the interface sharpness, roughness or strain induced to their crystallographic structure 

which is caused by the mean lattice mismatch (14%) between Co and Au [ARD97]. 

Moreover, interface defects can act as pinning centers for domain walls, which modify 

mechanisms of magnetization reversal. 

Occasional NMR experiments on systems containing Co/Au(111) interface were 

performed, however the case of the Co/Au interface and the dependence of structural 

properties from dCo weren’t investigated there [CES89], [BUB00].  Moreover the 

growth method and conditions were different than for the samples presented in this 

dissertation (great importance of growth characteristics was shown by Kingetsu and 

Sakai [KIN93]). 

The following chapter presents 59Co nuclear magnetic resonance study of the 

epitaxial Au/Co(0001)(dCo=1,5-10 nm)/Au(111) heterostructures which reveal that 

above a certain Co layer thickness dCo = 2,5 nm a visible structural transition to a 

relaxed hexagonal structure takes place in the entire volume of the Co film. Moreover, 

hexagonal Co layers with dCo < 3 nm make atomically sharp interface to Au(111) 
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substrate in major part of the interface. A number of studies on similar Au/Co/Au 

heterostructures with varying Co layer thickness have already been performed, however 

with a usage of different techniques [KUR07] [GLA14]. Therefore 59Co NMR study 

would be a perfect complement to the already existing investigations, bringing (due to 

its short-range character) additional unique information regarding the growth, structure, 

phases and magnetic properties of the Co layer. 

 

As mentioned in the earlier part of this chapter (3.2), properly designed Au/Co/Au 

heterostructures may demonstrate a strong perpendicular magnetic anisotropy [GLA14]. 

This effect is investigated by many groups and in different types of systems which 

reported that the magnitude of the PMA in very thin films is strongly influenced by such 

factors as: their internal structure, thickness, type and quality of the interface 

(interaction of the atoms at the interface and strains induced by the lattice mismatch 

between the two layers). However the most important role was ascribed mainly to 

structural and hybridization effects at the interface. Ab initio electronic band 

calculations [WAN94] [UJF96] imply that the interface anisotropy originates from the 

hybridization of the 3d Co and 5d Au orbitals. It influences the electronic bands from 

Co d orbitals that are in the plane of the surface or being perpendicular to it. Differences 

between the spin-orbit energies for spin parallel and perpendicular to the surface 

significantly affects the magnetic anisotropy. In the Au/Co/Au heterostructures are 

present two Au/Co interfaces (up and bottom) which are grown in different conditions. 

This strongly influences the electronic interaction of Co and Au surface atoms due to 

the fact that arrangement of the nearest neighbors is not uniform along the interface. 

[HAM01].  
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3.3.1 Experimental results 

 

The NMR spectra from the Au/Co/Au samples are presented in fig. 3.3.1.1. 

Concerning the structural characterization, acquired 59Co NMR spectra demonstrate that 

Co films mainly consist of a hcp-Co phase which is consistent with the literature data 

(previous experiments like X-ray diffraction or EXAFS indicate that Co grown on 

Au(111) buffer have a hcp structure for films thicker than 4 ML [MAR99], [BEL99]).  
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Fig. 3.3.1.1 59Co NMR spectra recorded at 4.2 K, corresponding to the samples with dCo 

= 1,5 – 10 nm. For layers with dCo ≥ 3 nm a structural transition to a relaxed hexagonal 

structure takes place in the entire volume of the Co film which manifests itself in shift 

of the NMR frequency towards lower values and (inset) rise of the NMR spectra 

intensity at 190 - 210 NMR frequency range. 
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Each spectrum can be divided into two parts: the one originating from crystalline 

metallic Co, which manifests itself by a broad clearly visible peak in higher frequencies, 

and the other one originating from the defected or regular hcp-Co structure having 

nonmagnetic Au NN (interfaces with the Au buffer and capping layer) and defects such 

as grain boundaries (which may be defined as interface between two grains or 

crystallites where Co areas are defected, but still it is a  ferromagnetic and metallic Co 

which gives a contribution to the spectrum [CER01, JED04]) which is visible as a long 

tail extending to the lower frequencies of the spectra. For samples with 3 nm and higher 

Co thicknesses the NMR line which corresponds to a crystalline hcp-Co is situated at 

225,5 MHz. However for samples with dCo < 3 nm, Co atoms located inside a bulk of 

the layer reveal a higher resonance frequency (229 MHz) than that reported for a bulk 

sample with magnetization in the hexagonal plane. As for the interfacial part of the 

spectra (< 200 MHz), a characteristic permanent structural fragment can be 

distinguished which is a reflection of Co atoms which have nonmagnetic NN in their 

closest surrounding (fig. 3.3.1.1. - inset). Each alien non-magnetic NN shifts down 

corresponding Co NMR frequency [PAN01], [PAN01n]. Areas characteristic for sharp 

interface can be distinguished, which is visible in the bump observed at 191,5 MHz in 

the NMR spectra (for the Co layers with thicknesses ranging from 1,5 nm to 2,5 nm) 

which most likely originates from the Co atoms in hcp (ABA stacking) in configuration 

with 9 Co NN (6 in the same plane and 3 in the upper plane) and 3 Au NN (in the lower 

plane) - fig. 3.3.1.2.  
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Fig. 3.3.1.2 Due to the fact, that examined Co thin films are epitaxially grown, a 

sequence of 3 planes can determine the frequency in NMR spectrum. 

 

Assuming that the 191,5 MHz hump reflects hcp-Co in configuration with 9 Co NN and 

3 Au NN, and that the frequency spacing  Δν between main hcp-Co line in Au/Co(dCo<3 

nm)/Au spectra and subsequent satellites originating from Co with 1, 2 and 3 Au NNs is 

nearly additive, then the frequency spacing Δν can be estimated at ~ 12,5 MHz. The 

value by which one Au NN reduces the HHF around probed 59Co nuclei is obtained from 

the relation 2πυ = γ HHF (γ/2π = 10,054 MHz/T) [ALP94], and therefore ΔHHF = Δν/γ = 

12,5 MHz/10,054(MHz/T) = 1,24 T. This value is very similar to the one obtained from 

30 nm thick Co0.99Au0.01 alloys in which appearance of the satellite structure was 

associated mainly to the presence of Au in the fcc-Co phase (Δν = 12,5 MHz).  

Recorded 59Co NMR spectra from examined Au/Co/Au heterostructures show 

unobserved earlier structural transition which takes place in the entire volume of the Co 

film after increasing the thickness of layer from 2,5 nm to 3 nm (see fig. 3.3.1.1). This 

modification of the structure includes two main features. First one is a frequency shift of 

the Co crystalline bulk part to the lower frequencies. An explanation for this 

phenomenon may be the fact that to a certain layer thickness, Co grows epitaxially on 

Au(111) in form of polygonal 2 ML high islands which grow laterally with increasing 

coverage, as was observed by Voigtländer et. al. via STM [VOI91]. It does not form an 

uniform layer hence, although the magnetization is in the plane, there is most probably 
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present a demagnetizing field acting on an independent Co islands (similarly as 

observed in the the case of formed Ag1-xCox nanoclusters in annealed Ag1-xCox thin 

films [JED04]) the contribution of which is opposite to the direction of magnetization 

causing the NMR resonance frequency shift to the higher values. Once a continuous 

layer is formed at a certain layer thickness (2,5 nm ≤ dCo ≤ 3 nm [VOI91]) this 

contribution will disappear and the NMR resonance frequency will take near bulk-like 

values which is in fully consistent with results presented in this chapter as shown in  

Fig. 3.3.1.1. 

Second feature of the structural rearrangement seen in the NMR spectra recorded for 

discussed Au/Co/Au heterostructures is an increase of the intensity at 190 – 215 MHz 

frequencies. This cannot be explained only by lowering of the frequency of the „bulk” 

part of the spectrum. Various publications ([ARD97], [KUM07], [WAL12]) report that 

first Co layers at the Co/Au(buffer) interface suffer large isotropic in-plane tensile 

strains extending over the whole volume of the film which are a result of the 14% 

Co/Au mean lattice mismatch [DUP90]. The strain is strongest at the first and second 

Co layer and then it relaxes gradually with Co layer thickness. Rising NMR intensity in 

the low-frequency part of the NMR spectra is a reflection of the appearance of greater 

amount of Co atoms having 1 and 2 nonmagnetic Au NN . It can be understood, that at a 

critical Co layer thickness (2,5 nm < dCo < 3 nm) energetically more favorable becomes 

partial breaking of the continuity of the Co layer with the buffer and emergence of 

misfit dislocations. Generation of dislocations at the Co/Au bottom interface as a 

mechanism of strain release was reported already by Ardhuin [ARD97] and Kumah 

[KUM07]. The strain at the bottom interface is released not only by dislocations, but 

also by an incorporation of Au atoms into stressed Co layers (mainly into generated 

dislocations), especially in the grain boundaries. Such mechanism was proposed by 

Cagnon et. all. [CAG01]. This mechanism is consistent with 59Co NMR results 

presented in this chapter and explains the rise of the NMR intensity in the 190-215 

frequency range.  

The structural transition in the sample is also visible in the restoring fields Hrest 

which were recorded during the 59Co NMR study (fig. 3.3.1.3). Averaged values of Hrest 

are presented in table 3.3.1.1. The Panissod protocol [PAN01n] is used to retrieve the 

value of the Hrest acting on electronic magnetization giving rise to resonance at a given 

frequency. In thin films one of the reasons which may lead to the Hrest increase is a 
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noticeable amount of defects which pin down the magnetization. Second reason for this 

matter can be non-uniform/discontinuous crystalline structure of the studied layer - 

NMR work focusing on Co/Cu multilayers with different dCo [JED98] imply a 

significant role of the layer structure. The anisotropy of discontinuous Co in form of 

small grains is larger than that of the continuous layer which is seen in rising Hrest for 

very thin Co layers. 

 

Table 3.3.1.1 Presented averaged values of Hrest in the dependence of the rising Co layer 

thickness clearly indicate higher magnetic stiffness in the case of layers with dCo < 2,5 

nm than in the case of layers with dCo > 2,5 nm. The dCo = 2,5 nm layer thickness can be 

considered as the borderline thickness at which the overall structural transformation of 

the Co layer occurs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dCo [nm] Averaged Hrest [Oe] 

1,5 393 

2 364 

2,5 212 

3 60 

5 49 

10 55 
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Fig. 3.3.1.3 a) Averaged restoring field as a function of Co layer thickness. Samples 

with 1,5 – 2,5 nm dCo are distinctly magnetically harder than thicker samples, (inset - 

dependence of the Hrest on the NMR frequency for all samples); b) Dependence of the 

restoring field on the NMR frequency samples shows, that studied samples are 

magnetically inhomogeneous. It can be clearly distinguished, that “bulk part” 3) is 

significantly harder than the Co/Au interfaces 1) (mainly due to hcp-Co structure which 

is anisotropic) whereas grain boundary areas 2) are magnetically softest – inset shows 
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Hrest for all examined samples. It can be seen that strained samples with 2,5 nm > dCo ≥ 

1,5 nm have generally a significantly larger values of Hrest when comparing to the Co 

samples with dCo > 2,5 nm. This again suggests an appearance of a structural change in 

the samples at the point near dCo = 2,5 nm. 

 

It can be noticed from fig. 3.3.1.3 b) that frequencies corresponding to areas of bulk Co 

are being rather magnetically harder (have higher Hrest with maximum near the NMR 

frequencies of the bulk hcp Co) than Co/Au interface regions (~150-200 MHz) which 

can suggest, that strains in the Co/Au interface induced by the lattice mismatch have a 

small influence on Hrest and are rather lowering the local magnetic stiffness. At the same 

time Hrest reaches minimum values in the grain boundary regions and small grains 

(~200-210 MHz) which can be understood, that these areas are having lowered 

magnetic anisotropy and are magnetically softer than bulk Co and interface areas. 

Overally enhanced Hrest values for thinner samples originate, with a high degree of 

probability, from discontinuous character of the Co layer. In mentioned earlier work 

[VOI91] which focuses on the STM examinations of the grown Co ultra-thin films was 

shown that, in the case of samples with very low thicknesses (dCo < 2,5 nm) the 

structure maintains its discontinuous granular character. However upon the dCo around 

12 ML (~2,4 nm) a granular structure disappears and surface develops to a 10 - 30 nm 

size terraces. This is reflected in presented here NMR results for samples with 2,5 nm ≥ 

dCo ≥ 1,5 nm in which rise in the Hrest values is caused by the discontinuities of the 

crystalline structure which can be considered as pinning centers of the magnetization. 

Upon a certain layer thickness (2,5 nm ≥ dCo ≥ 1,5 nm) the structure of the sample 

improves in depth which is obviously reflected in the reduction of Hrest values for 

thicker samples  dCo  ≥  3 nm. 
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3.3.2 Modeling of the interfaces 

 

In order to achieve more information from the NMR spectra about the structure of 

the Co samples, especially in the interface areas, spectra simulations were carried out 

which were based on a model describing an interface between two chemically different 

materials (fig. 3.3.2.1). 

 

 

 

 

 

 

 

 

Fig. 3.3.2.1 a) NMR spectrum of 2 nm Co sample fitted with a model describing 

concentration profile of alien atoms in the Co interfacial layers. Dashed red line 

represents case where one of the interfaces is sharp in the whole plane and the other one 

is mixed; straight black line represents the case of asymmetric mixed interfaces; dots 

represent experimental data. b) NMR spectrum of 3 nm Co sample fitted with the same 

model as for the 2 nm sample for the case of asymmetric mixed interfaces. 

 

The model assumes that the Co layer structure can be considered as a stack of 

single monoatomic layers with a dense packing structure arranged in the direction 

perpendicular to the layer. Consequently it is taken under consideration that each Co 

atom in hcp(0001) and fcc(111) structure has got 12 NN located at 3 adjacent atomic 

planes (3 above, 3 below and 6 in the middle like presented in fig. 3.3.1.2). In each of 

this planes Co atom considered as a central to his 12 NN can have either only Co NN, or 
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can have a dopant of alien atoms of particular concentration and probability of the 

occurrence of particular nearest neighbor configuration consisting of 12-n Co atoms and 

n alien atoms can be described by the binominal law. Those atoms are influencing the 

HHF and thus cause a change of the 59Co NMR frequency. Assuming fcc (111) stacking 

(ABC) (or hcp (0001) stacking (ABA)) the probability of finding Co atoms which are 

surrounded by N nearest-neighbor of the X-type (e.g. Au, Cu or Ni) atoms, in the ith 

atomic layer is given by: 

 

 

 

          (3.3.2.1) 

 

with the binomial distribution function defined as: 

 

 

 

       (3.3.2.2) 

 

where pj is the concentration of X atoms and nj is the number of nearest neighbor X 

atoms in the jth atomic layer and the summation is taken for all sets satisfying                            

 

 

Line intensity from Co atoms located in the ith atomic layer: 

 

         (3.3.2.3) 

 

The model assumes an existence of pure Co bulk like layer, which is accounted for by 

an additional line at the frequency and of the intensity corresponding to the layer 

thickness and its structure (fcc or hcp), and subsequent layers which are considered to 

be „interface“. In these „interface" layers are present areas of pure Co and Au/Co alloy-

like areas with certain Au concentrations. Simulations of the up and down interfaces 

with the assumption, that in one of the interfaces was a sharp chemical transition 
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between pure Co layer and pure Au layer in whole plane didn’t actually reproduce the 

experimental data (fig. 3.3.2.1 a)  – dashed line). The intensity in the region around 190 

MHz frequency in the simulated spectrum was noticeably bigger in comparison to the 

experimental points which was an argument that such model doesn’t work properly. On 

the other hand, spectral fitting with the assumption that in the samples are two non-

identical asymmetrical interfaces, and one interface is mixed while the second one 

consists of regions where are remains of the sharp interface which are being separated 

by mixed regions where Co atoms have a varied numbers of Au nearest neighbors, 

allows to accurately reproduce the experimental data (fig. 3.3.2.1. a) – straight line). 

This lets to draw a conclusion, that in the Co/Au interface pure Co areas coexist with 

much bigger ones of cobalt embedded in Au rich, disordered (alloy-like) regions. 

Averaging over the whole interface area it resembles (and may be treated in this way) a 

mixed three dimensional Co/Au interface layer with partial fragments of sharp interface 

and mixed fragments where Co atoms have Au NNs in plane, and can be simulated in 

this way (fig. 3.3.2.2). Again, this cannot be regarded as a chemically mixed interface, 

but rather as a very rough and discontinuous Co interface.  

In the case of Au/Co/Au thin films with Co layer thicknesses ranging from 1,5 nm 

to 2,5 nm (based on the conclusions obtained from STM studies on epitaxially grown 

Co ultra-thin films on Au(111) buffer [VOI91]) there are present most probably two 

asymmetric interfaces (which results from best matching fitting parameters): the lower 

one Au/Co 1 ML thick which consists of areas with sharp interface (70%) and areas of 

half-mixed (Co0.5Au0.5) interface (30%) and the upper one which is mixed interface of 2 

ML thickness where in first ML (closer to last pure Co layer) is a 15% concentration of 

Au atoms (Co0.85Au0.15) and second ML (closer to last pure Au layer) is a 30% 

concentration of Au atoms (Co0.70Au0.30) - fig. 3.3.2.3. However, samples with dCo ≥ 3 

nm behave in a different way. There is a noticeable shift of the intensity towards lower 

frequencies which may indicate relaxation happening throughout the system. Another 

observable thing is rise in the intensity, especially in the 190-205 MHz area, which is 

most probably caused by three factors: shift in the intensity to the lower frequencies, 

higher amount of grain boundary regions and change in the interface region, more 

precisely, migration of Au atoms the Au buffer to the grain boundary regions helping to 

accommodate the large lattice mismatch at Au(111)/Co(0001) interface, which was 

postulated in the case of Au/Co1-xAux/Au thin films discussed in chapter 3.1.1.  
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Because of this fact, simulations of the interfaces in samples with Co layer thicker than 

2,5 nm had to be modified (fig. 3.3.2.4). The mixed Co/Au areas in the lower interface 

had to be enlarged in the fit. The lower Au/Co interface is 1 ML thick which consists of 

areas with sharp interface (50% of the total area in th layer) and areas of Co50Au50 two 

dimensional random alloy (50% of the total area in the layer). The upper one (1 ML 

thick) is mixed in the whole layer where Au alien atoms or vacancies are taking about 

57% of the layer area which suggests that upper interface in thicker samples is 

somewhat more flattened/less mixed. Received data fits very accurately reproduce the 

experimental data. 

 

The decomposition of 59Co NMR spectra recorded for Co thin films in Au/Co(2nm)/Au 

and Au/Co(3 nm)/Au systems, with a distinction between up and down interfaces, are 

presented in fig. 3.3.2.3 and fig. 3.3.2.4 respectively. 
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    2 nm                         3 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)          b) 

 

Fig. 3.3.2.2 A schematic of upper and lower interfaces with the concentrations of Au 

and Co atoms for a) 2 nm thick sample and b) 3 nm thick sample. This is only an 

averaging over the whole interface. In fact, the interface surface consists of a 1 ML pure 

Co steps (and in the case of the upper interface of 2 nm Au/Co/Au sample - 2 ML) 

distributed throughout the interface and which are separated by areas of Co atoms 

having Au NN. 
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Fig. 3.3.2.3 (up) The deconvolution of 59Co NMR spectra recorded for Au/Co(2 nm)/Au 

thin film into components representing “bulk” hcp-Co part of the sample, grain 

boundaries and asymmetric Co/Au interfaces; (in the middle) Au/Co interface between 

Au substrate and Co layer contribution where are shown: contribution from the last bulk 

pure Co layer and from interface layer consisting of pure Co patches (70% of the layer 

area - sharp Au/Co interface) and patches build of Co50Au50 two dimensional random 
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alloy (30% of the layer area); (in the bottom) Co/Au interface between Co layer and Au 

capping layer showing the contribution from the last bulk pure Co ML and the mixed 2 

ML interface build from two dimensional Co85Au15 random alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.2.4 (up) The deconvolution of 59Co NMR spectra recorded for Au/Co(3 nm)/Au 

thin film into components representing “bulk” hcp-Co part of the sample, grain 
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boundaries and asymmetric Co/Au interfaces; (in the middle) Au/Co interface between 

Au substrate and Co thin film contribution where are shown: contribution from the last 

bulk pure Co monolayer and from interface layer consisting of pure Co patches (50% of 

the layer area) and patches build of Co50Au50 two dimensional random alloy (50% of the 

layer area - sharp Au/Co interface); (in the bottom) Co/Au interface between Co and Au 

capping layer showing the contribution from the last bulk pure Co monolayer and the 

mixed interface layer build from two dimensional Co43Au57 random alloy. 
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Data acquired from the spectra simulations also indicate, that rising intensity in 

low-frequency part of the spectra for Co samples thicker than 2,5 nm is caused not only 

by the shift in the intensity, but also by the increasing amount of grain boundaries (fig. 

3.3.2.5). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.2.5 NMR spectra of 2 nm (left) and 3 nm (right) thick Co samples fitted with a 

model describing profile of concentration of alien atoms in the Co interface layers. The 

black-white striped area illustrates the component corresponding for the grain 

boundaries 

In the case of 3 nm thick Co sample the component corresponding to grain boundaries 

takes about 15% of the whole spectra intensity while in the case of 2 nm thick sample it 

takes only 9,8% of the whole spectra intensity. This may be explained by the fact, that 

after certain Co thickness, the Co areas are starting to relax and merge into bigger 

terraces of about 2 ML height. Observable discontinuous area becomes quasi-

continuous and “empty” areas are being filled with Au atoms.  
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3.4 Oxygen implanted polycrystalline Co(30nm) thin films 

 

The last part of the chapter regarding the NMR results on Co thin films I have 

devoted to the NMR measurements on polycrystalline Co thin films implanted with 

oxygen ions in order to create CoO antiferromagnetic compound (AF) and to induce the 

exchange bias effect. Thin films with EB are currently frequently studied due to their 

wide technological applications [NOG99], [NOG05], [PAR99]. Exchange bias effect is 

used in spintronic devices, such as magnetic read heads of hard disk drives [NOG99], 

[NOG05] or magneto-resistive memories (MRAM) [PAR99]. Because of this fact it 

plays an important role in modern computer technology.  Nowadays, one of best known 

EB systems consists of ferromagnetic cobalt and antiferromagnetic cobalt oxide created 

through Co surface oxidation. However, since surface oxidation is a self-limiting 

process, it results in an oxide thickness of only a few nm, which forms a single interface 

between Co and CoO [GRU00]. But recently, an oxygen ion implantation was 

introduced as an alternative technique to form CoO embedded in entire volume of 

ferromagnetic material [DEM10] (e.g. in the interior of a thin ferromagnetic film). It has 

been shown that implantation of oxygen ions into thin Co films locally induces the 

formation of antiferromagnetic cobalt oxides giving rise to exchange bias phenomena. 

Whereas ion irradiation has been previously used to structurally and magnetically 

modify magnetic materials at the nanoscale [FAS08], this approach yields a new 

application for ion implantation. In contrast to Co/CoO bilayers, which exhibit a single 

planar AFM/FM interface, it has been expected that oxygen ion implantation would 

result in multiple AFM/FM interfaces (i.e. more granular-like) distributed throughout 

the most of the volume of the layer [DEM11] which in turn would lead to an enhanced 

exchange bias properties for a given thickness of the Co layer [DEM11, DEM12] and to 

critical changes in properties, such as the magnetic reversal mechanism [DEM10]. 

Moreover, it has been shown that, using a single-energy ion implantation approach, a 

uniform oxygen distribution profile in the Co layer can be acquired [MEN13]  thus 

leading to further enhancement of exchange bias properties in comparison to AFM/FM 

bilayers or oxygen-implanted FM layers with Gaussian-like inhomogeneous oxygen 

depth distribution (improved loop homogeneity, enhanced exchange-coupling 

magnitude, increased blocking temperature). Due to the fact, that EB effect is being 
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induced with oxygen ion implantation it is adequate to ask a question about the behavior 

of such granular systems under thermal-activation effects. This was another of the 

problems in which I managed to gain insight into during my work under this PhD thesis. 

Menéndes et. al. [MEN14] has suggested that oxygen ions spread mainly throughout the 

Co sample in the grain boundaries, tend to diffuse to the Co/Au interface areas due to 

the annealing treatment. This would be caused by thermal activation effects which lead 

to pronounced separation of Co and oxygen and, consequently, migration of oxygen. 

Since characteristic properties of oxygen-implanted Co systems may 

significantly differ from those of superficially oxidised Co/CoO bilayers, it was the aim 

of my work to investigate it. In this chapter I present a detailed NMR analysis of the 

role of implantation process, as well of the role of annealing treatment in the EB 

properties of oxygen-implanted Co thin films with a uniform oxygen-depth profile. The 

purpose of this study is to understand, by means of NMR, the actual impact of oxygen 

ion implantation on Co polycrystalline ferromagnetic thin films (its role in modifying 

the structural and magnetic properties) and to verify the actual influence of annealing 

treatment on magnetic and structural properties of already implanted Au/Co/Au 

samples.  
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3.4.1 Exchange bias effect 

 

This section will briefly present the phenomenological description of the exchange 

bias (EB) effect. EB effect was first observed W. H. Meiklejohn and C. P. Bean in 1956 

in surface-oxidized Co particles which were accidentally cooled in a magnetic field far 

below Néel temperature TN of CoO [MEI56]. They observed shift and broadening of the 

hysteresis loop with respect to the one obtained after cooling without magnetic field. At 

first, this phenomenon was called unidirectional anisotropy. However, in order to 

underline the origin from the interfacial exchange interaction between a ferromagnetic 

(FM) and antiferromagnetic (AFM) material (uncompensated spins AFM at the 

interface [GöK01]) which results in a preferential direction for the ferromagnetic spins, 

nowadays it is named exchange anisotropy. When the first monolayer of the AFM 

aligns with the FM and the subsequent monolayers of the AFM order antiparallel with 

each other we are dealing with uncompensated interface fig. 3.4.1.1. a). However, 

antiparallel spin alignment within a monolayer characterizes compensated interface at 

which the effect of spins pinning the FM layer is canceled giving rise to a net zero HEB 

fig. 3.4.1.1. b). Occurrence of a compensated or uncompensated interface depends on 

the characteristic AFM and the crystalline directions. For example, CoO exhibits a 

compensated interface for epitaxial [100] and [110] layers and an uncompensated 

interface structure for epitaxial [111] and polycrystalline [111] layers.  

 

 

 

 

 

 

Fig. 3.4.1.1 Schematic representation of a) an uncompensated FM/AFM interface and 

(b) a compensated FM/AFM interface. 

FM 

AFM 

a) b) 



 

71 | P a g e  

 

Various theoretical models have been proposed over the years, trying to explain certain 

aspects of this phenomenon [NOG05, NOG99, RAD07, MAL88, BER99, STA00, 

KIW01], however none of them fully describes the complicated nature of this effect. 

Meiklejohn and Bean proposed an intuitive model explaining FM/AFM coupling and 

resulting exchange bias effect. This model is schematically shown in Fig. 3.4.1.2. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.1.2 Schematic representation of the intuitive model for EB proposed by 

Meiklejohn and Bean. 1) When the system is cooled below Néel temperature TN in an 

external magnetic field, in an uncompensated FM/AFM interface, a ferromagnetic 

coupling originates at the interface between the FM and the first monolayer of the AFM. 

2) Reversal of the external magnetic field causes the reorientation of FM spins. At the 

same time the AFM spins will not reorient due to the strong AFM anisotropy. However, 

because of the coupling at the interface they will exert a torque on the FM spins. 3) Due 

to the the torque on the FM spins, a higher magnetic field has to be applied in order to 

overcome the FM/AFM coupling and to saturate the spins in the direction opposite to 

the FC direction, which thus results in the shift of the hysteresis loop towards negative 

fields. 4) Reversal of the magnetic field back to the initial field direction causes the FM 

spins to rotate with the aid of the internal field of the FM-AFM coupling. The FM spins 

will then align with the external magnetic field at lower fields.  
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Two effects characteristic for EB, shift and a broadening of the hysteresis loop of the 

FM, can be expressed with two quantities, the exchange bias shift and the coercivity: 

 

𝐻𝐸 =
1

2
(𝐻𝐶2 + 𝐻𝐶1)    

𝐻𝐶 =
1

2
(𝐻𝐶2 − 𝐻𝐶1)    (3.4.1.1) 

 

where HC1 and HC2 are the coercive fields of the descending and ascending branches of 

the hysteresis loop, respectively. HE is zero in the absence of EB and HC increases after 

the induction of EB. The shift of the hysteresis loop is in the opposite direction to the 

external field direction according to model proposed by Meiklejohn and Bean (however, 

EB shifts in the direction of the external magnetic field have been observed in FeF2/Fe 

bilayers [NOG96]). 
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3.4.2 Experimental results 

 

Figure 3.4.2.1 a) shows the NMR spectrum recorded for the non-implanted 

Au/Co(30nm)/Au thin film.  It consists of two main components: the one originating 

from the bulk pure Co areas seen in the spectrum as high-frequency peaks reflecting fcc 

and hcp crystalline Co phases and stacking faults (> 210 MHz), and a low-frequency 

part (< 210 MHz) originating from the Co areas with highly distorted lattice symmetry, 

Co atoms having nonmagnetic NN and grain boundary areas. In order to obtain a 

quantitative information about the phase content the deconvolution of the 59Co NMR 

spectrum from an as-deposited non-implanted Au/Co(30nm)/Au thin film has been 

performed. The illustrated individual spectral components correspond to the structural 

elements of the layer (fig. 3.4.2.1 a). Blue line reflects the fcc-Co phase (217 MHz) and 

red highly defected hcp-Co phase (223 MHz). The green line reflects the signal 

originating from Co atoms located at the grain boundaries. The signal originating from 

the Co/Au interfaces (<  210 MHz) was fitted by an additional Gauss lines (magenta 

line) which represent Co atoms in configurations in which one two or three Co NN are 

replaced by nonmagnetic Au NN. 

Figure 3.4.2.1 b) shows the NMR spectra recorded for the oxygen implanted 

Au/Co/Au thin films (implantation fluence ranging from 0 to 35×1016 ions/cm2). The 

NMR measurements show that the ion implanted samples exhibit significantly modified 

structural features. The metallic ferromagnetic Co undergoes a significant structural 

transformation revealed by several 59Co NMR spectrum modifications. The first 

modification is the progressive decrease of the spectrum intensity in the high-frequency 

part of the spectrum (above 216 MHz), corresponding to the well-defined crystalline Co 

areas. Second modification is the enlargement of the low-frequency part of the NMR 

spectra, especially at the grain boundaries, extending to lower frequencies. Detailed 

NMR analysis of these structural features resulting from oxygen implantation will be 

discussed in the latter part of this chapter. 
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Fig. 3.4.2.1  (a) 59Co NMR spectrum recorded for non-implanted Au/Co/Au sample 

(black dots correspond to the experimental data, red line represents hcp-Co phase, blue 

– fcc-Co phase, green – grain boundaries and magenta - Co/Au interface area). (b) 59Co 

NMR spectra, recorded at 4.2 K, corresponding to the non-implanted sample and 
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samples implanted with oxygen ions at 3×1016, 5×1016, 1×1017, 2×1017 and 3.5×1017 

ions/cm2. 

The loss of the signal from the crystalline ferromagnetic metallic Co can be linked to 

two factors.  One is of chemical character and it is the formation of CoxOy phase which 

is antiferromagnetic insulator in 4.2 K. Transformation from the ferromagnetic metallic 

Co to Co2+ ionic state characteristic for CoO compound changes the 59Co resonance 

frequency due to the different electronic state. The second factor responsible for the 

depletion of the crystalline Co signal is a structural modification in the spots where 

highly energetic oxygen ions had collisions with Co target nuclei leading to a modified 

structure extending from a grain-boundary-like regions in ferromagnetic metallic Co to 

an non crystalline amorphous-like Co structure with strongly damped ferromagnetic 

properties and progressively lowered 59Co resonance frequency. This transformation is 

evidenced from an increase of the spectra intensity centred around 210 MHz and 

extending down to 150 MHz. However, to this spectral range also some contributions 

from chemical intermixing diminishing 59Co hyperfine field and leading to a lower 

resonance frequency can be anticipated: an injection of Au atoms from the capping 

layer into the volume part of the Co sample due to collision with oxygen ions, leading to 

the enlargement of the upper Co/Au interface area or replacement of Co magnetic 

nearest neighbors with weakly bound oxygen ions or even atomic voids.  

In order to verify which mechanism is responsible for the observed structural 

changes, additional 59Co NMR studies were carried out in analogous Co samples not 

capped with Au overlayer but with oxidized Co surface. The 59Co NMR study have 

shown that, regarding the loss of crystalline order, samples without Au capping behave 

similarly to those with Au capping layer which unambiguously allowed to verify that 

Au capping does not play any significant role in the appearance of the low-frequency 

59Co NMR signal (Fig. 3.4.2.2). The contribution to the low frequency part of the 

spectrum from Co:Au mixing caused by oxygen  implantation is negligible and 

structural damage of Co dominates in the low-frequency signal below 210 MHz.  
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Fig. 3.4.2.2 Comparison of oxygen implanted Au/Co/Au and Au/Co/CoO samples. 

 

Figure 3.4.2.3 presents the structural evolution of thin Au/Co/Au layers with an 

increasing dose of implanted oxygen ions. Performed 59Co NMR spectra decomposition  

clearly demonstrate that the relative content of the hcp-Co and fcc-Co phases in the 

samples remains nearly constant with the increasing implantation fluence. From this it 

can be concluded that ion implantation in this case does not lead to an allotropic fcc → 

hcp phase transformation. In addition, as a result of the ion implantation process, an 

enlarged low-frequency component of the NMR spectrum appears (visible in fig. 3.4.2.3 

as a blue area below the frequency of 210 MHz). The low-frequency component arises 

already at the lowest fluence but the shape of it is established at 5x1016 ions/cm2 fluence 

and remains almost unaltered at higher implantation fluences (fig. 3.4.2.4).  
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Fig. 3.4.2.3 Evolution of an Au/Co/Au system depending on the dose of implanted 

oxygen. Orange part represents crystalline, metallic parts of Co layer. Blue part 

represents areas of Co layer modified by oxygen implantation.  
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Fig. 3.4.2.4 Intensity dependence of the “bulk” part of the Co layer and areas, modified 

by implantation, on oxygen dose. Blue dots are representing regions with distorted 

structure modified by oxygen ion implantation (like grain boundaries, vacancies, Co/Au 

interfaces); orange dots represent pristine sample areas (crystalline metallic fcc-Co and 

hcp-Co and grain boundaries); lines are introduced to guide the eye. 

 

The low-frequency component has its maximum close to ~210 MHz frequency 

which is ascribed to the areas of grain boundaries. The enlargement of the signal at 

these NMR frequencies indicates the appearance of a great number of regions in which 

Co closest environment is highly defected due to oxygen implantation and their 

structure reminds the structure of grain boundaries which divide the large monolithic 

areas of the non-defected Co into smaller ones. However, an increase of spectrum 

intensity of the low-frequency part extends also to the lower frequencies, which 

indicates an increase of Co atoms in a position with non-magnetic NNs or reduced 

number of NNs shifting down resonance frequency of Co. As shown in the earlier part 

of this chapter, this effect cannot be assigned to the enlargement of the upper Co/Au 

interface (thrusting of the Au atoms from the capping layer into the volume part of the 

Co sample by the implanted oxygen ions). A puzzling phenomenon in the case of the 

studied implanted Au/Co/Au thin films is that despite gradual decrease of the amount of 

crystalline metallic and structurally well-defined Co (seen as orange area in fig. 3.4.2.3 

and orange points in fig. 3.4.2.4), the low-frequency profile behaves rather 

independently and remains practically unchanged when applying higher doses of 
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oxygen (see fig. 3.4.2.4). Therefore, the appearance of the low-frequency component 

cannot be the only reason of the decrease of the signal reflecting the “bulk” crystalline 

Co part of the layers. 

An additional explanation for this phenomenon is the creation of CoO in the 

sample. Co2+ atoms when forming a chemical bond with oxygen have strongly modified 

electronic structure in comparison to metallic Co and therefore will have a different 

resonance frequency which was observed by [OKA77]. Direct observation of 59Co 

NMR signal from Co2+ in Co implanted films have not been carried out systematically 

since 59Co NMR signal from CoO is hardly observable due to AF structure of CoO. 

However a dedicated 59Co NMR experiment on Au/Co/Au sample implanted with 

1x1016 ions/cm2  fluence has shown a very broad (330 – 580 MHz frequency range) 59Co 

NMR signal in 4.2 K temperature centred around 490 MHz (fig. 3.4.2.5) corresponding 

to Co2+ ions in Co1-xOx like environment indicating formation of Co oxides due to 

oxygen implantation. This is a direct proof of the assumption above and a second 

explanation for the disappearance of the high-frequency signal originating from 

crystalline part of the Co layer. Recoded resonance frequency is not far from the one 

reported by Okada and Yasuoka in CoO single crystal in 4.2 K (498 MHz) [OKA77]. 

 

 

 

 

 

 

 

 

Fig. 3.4.2.5 59Co NMR spectrum recorded from one of the implanted Au/Co/Au 

samples (1x1016 ions/cm2 fluence). Signal intensity around 490 MHz is characteristic for 

Co2+ ions in CoO. This confirms a formation of Co oxides (AF in 4.2 K). Black dots are 

the experimental data and the black lines are just to guide the eye. 
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Additionally, during a 59Co NMR study of oxygen implanted Au/Co/Au samples 

also NMR restoring field measurements were performed. The 59Co NMR Hrest of the 

different samples indicates a significant increase of magnetic stiffness at 4.2 K with 

growing fluence, which confirms a presence of EB caused by AF CoO since this 

increase of Hrest is absent at the temperatures above Néel temperature of CoO (e.g. RT) 

(Fig. 3.4.2.6). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.2.6 Formation of CoO is confirmed from a strong increase of Hrest in 4.2 K.  

 

In order to verify the hypothesis assuming grain-boundary oxidation mechanism in 

examined polycrystalline samples, a serie of textured Cu/Co/Au trilayers was prepared 

which were implanted with similar doses of oxygen ions with similar energies like in 

the polycrystalline samples. Due to the fact, that textured samples have better crystalline 

structure than the polycrystalline samples, the amount of grain boundary areas in those 

samples in significantly lower (8 % of total spectrum intensity).  The comparison of 

59Co NMR spectra from polycrystalline samples with spectra acquired from textured 

ones shows (fig. 3.4.2.7) that oxygen implantation of textured layer with similar dose 

doesn’t have exact impact on the structure like in the polycrystalline samples. It can be 

clearly seen that the spectrum in the frequency range characteristic for grain boundaries 
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(~210 MHz) undergoes significantly less changes in comparison to polycrystalline 

sample in which, at similar implantation dose, a rapid increase of the intensity 

characteristic for Co atoms stacked in the grain boundary areas can be observed. 

Therefore, a theory of grain-boundary transport of implanted oxygen ions in 

polycrystalline samples is likely true.  
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Fig. 3.4.2.7 Comparison of polycrystalline (red lines) and textured (black lines) samples 

(spectra taken at 4.2 K). 

 

Based on the knowledge obtained from the 59Co NMR study for individual 

samples, an example pattern of structural changes in the Co layer can be deduced which 

occurs due to the ion implantation process. Because of the fact that presented in this 

chapter Au/Co/Au samples are polycrystalline which contain a high amount of grain 

boundaries (14% of the total 59Co NMR spectrum intensity) implanted oxygen is most 

likely transported through them where it embeds forming CoxOy compounds (Fig. 

3.4.2.8 b) as it was reported earlier [DEM11]. With growing implantation fluence the 

number of grain boundary areas in which CoO is forming is increasing. Already at the 

lowest fluence the number FM/AFM (Co/CoO) interfaces is rapidly increasing up to the 

state of near saturation at 10x1016 ions/cm2 dose. At larger doses of implanted oxygen 

the amount of grain boundary areas stay at the almost constant level and at the same 

time a rapid decrease of well-defined crystalline Co areas (having 12 Co NN) occurs. It 
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suggests, that the two lowest implantation doses cause the formation of a "skin-like" 

structure consisting of cobalt oxide formed at the grain boundaries around the Co grains. 

Subsequently irradiated ions with time only further degrade the already existing 

morphological condition in the sample. Volume of the Co grains decreases, in contrast 

to the surface area of Co grains (and thus area Co/CoO interface) which remain 

quantitatively the same. This in turn suggests changes in Co/CoO interfaces such as the 

appearance of CoO erosions of Co grains (Fig. 3.4.2.8 c) or oxygen and cobalt oxide 

inclusions in Co grains, thus increasing the Co/CoO interface to Co grain size ratio. 

This “erosion” effect occurs in such a way that, despite the crystalline volume of Co 

decrease, the quantitative volume of the Co/CoO interface areas remains almost 

unchanged or very slightly decreases and appears in the sample in the same way as 

shown in fig. 3.4.2.8 c.  

 

 

 

 

 

Fig. 3.4.2.8 Schematic representation of Co layer structure changes occurring after 

oxygen implantation process (a – non-implanted Co structure, b – implanted with small 

oxygen dose, c – heavily implanted Co structure). Blue areas represent crystalline Co; 

green areas represent areas of Co defected by oxygen implantation in which Co atoms 

are neighboring with oxygen, CoO or vacancies; black areas represent areas of formed 

CoO. 

a)                          b)                  c)   
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Fig. 3.4.2.9 Comparison of the NMR spectra from annealed and non-annealed series for 

a) lightly-implanted and b) heavily-implanted Co samples. 
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The CoO areas inside the grain boundaries are enlarging with the growing implantation 

fluence (not visible clearly on the NMR spectra in the experiment due to its 

antiferromagnetic nature) at the expense of the metallic crystalline Co. This is the 

reason of a strong loss of "bulk Co" signal in the NMR spectrum along with an increase 

in the intensity (and almost unaltered from a certain oxygen ions dose) of the signal 

from the destroyed by implantation but still ferromagnetic Co. 

In order to acquire a better understanding about the behavior of the FM/AFM 

implanted Au/Co/Au system, a series of 59Co NMR study of an Au/Co/Au samples 

implanted with oxygen ions that have undergone the process of annealing have been 

performed (fig. 3.4.2.9). Menéndez et. al. suggested that oxygen ions spread mainly 

throughout the Co sample in the grain boundaries tend to diffuse to the Co/Au interface 

areas due to the annealing treatment [MEN14] which is caused by thermal activation 

effects leading to a pronounced separation of Co and oxygen and, consequently, oxygen 

migration. Already at first glance one can see a significant difference between NMR 

spectra from annealed samples comparing to non-annealed ones. Annealing treatment 

draws back most of the structural changes which were introduced due to the oxygen 

implantation. It initiates a partial structural reconstruction of Co layer leading to a 

significant improvement of crystalline structure which is seen in the restoration of the 

signal originating from the crystalline ferromagnetic metallic Co (fig. 3.4.2.9). Radical 

reduction of the intensity in the low-frequency part of the NMR spectra suggests a 

disappearance of areas of distorted Co structure, areas where Co atoms have oxygen 

nearest neighbors and areas with CoxOy phase. Hence a reduction of FM/AFM 

interfaces is caused by a probable oxygen migration from the grain boundaries. This is 

especially seen in the drastic reduction of the measured Hrest (magnetic stiffness) of the 

annealed samples in comparison to oxygen implanted non-annealed ones (Fig. 3.4.2.10) 

which can be linked to a decreased magnitude of EB effect which follows the oxygen 

migration and reduction of FM/AFM interfaces. 
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Fig. 3.4.2.10 Change in the magnetic stiffness (restoring field - Hrest) due to the 

annealing treatment (strong reduction of exchange bias effect caused by decrease of 

FM/AFM interfaces). 

 

The interpretation of actual influence of annealing treatment on oxygen implanted 

Au/Co/Au samples, based on the NMR experiment and analysis, is following. 

Annealing treatment at chosen conditions causes a thermal activation of oxygen ions, 

and hence a diffusion of those ions from grain boundaries in the inner parts of the 

sample. The oxygen transport happens over grain boundaries and is followed by a 

partial recrystallization process caused by migrating oxygen ions. In other words 

oxygen diffusing through grain boundaries causes a local rearrangement of Co atoms to 

fcc-Co-like or hcp-Co-like structures, seen in the NMR spectra as mentioned earlier 

changes. Presented data and conclusions drawn from 59Co NMR spectra analysis are 

fully in line with the results shown in [MEN14].  
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4  
 

 

Conclusions 

 
 

The subject of this dissertation was to study the local magnetic and structural 

properties of thin and ultra-thin Co films using a 59Co nuclear magnetic resonance 

technique. The research was divided into several stages, in which thin cobalt layers 

were studied in various buffer/capping layer configurations and cobalt layer thickness, 

due to their potential to be used as an element of spin valves in MTJ’s [CAR90], and 

when subjected to O ion implantation with the aim to induce a strong EB effect 

[DEM10], [MEN13].  

However, at the initial stage of research 59Co NMR experiments were performed 

on Co1-xMox and Co1-xAux thin film alloys. These experiments were designed as a base 

and starting point to further NMR studies of Co thin films. Their purpose was to reveal 

an actual influence of alien NN (Au and Mo) atoms on hyperfine fields around Co 

matrix atoms, which would be significantly helpful in analysis and then proper design 

(especially in tailoring magnetic properties) of spintronic systems based on, or 

consisting of such materials. For example in the case of Co1-xMox NMR study it is 

expected that the obtained results will prove useful in explaining the phenomenon of 

intermixing effects in Co/Mo/Co three-layers system subjected to the ion beam 

irradiation [WAW17a] which is aimed at fabrication of  double-layer magnonic crystals. 

 59Co NMR study of the Co1-xAux alloys has shown that structure of the Co layer 

depends strongly on the material used as the buffer and on the Co layer thickness. 

V/Co1-xAux (dCo=30nm)/V layers exhibit a multiphase fcc/hcp-Co crystalline structure. 

However, in the case of  Au/Co1-xAux/Au samples, while the as-deposited 

Au/Co(dCo=30nm)/Au layer and Au/Co1-xAux/Au layers with a thickness dCo < 30 nm 

have only visible hcp-Co crystalline structure, the Au/Co0.90Au0.01(dCo=30nm)/Au layer 
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exhibit a multiphase mixture of  hcp-Co and fcc-Co (for the most part) phases (similarly 

like in samples grown on V buffer) with a clearly marked satellite originating from the 

Co atoms in the 11 Co + 1 Au NN environment. Presence of Au dopant in the film in 

the form of a regular satellite structure in the NMR spectrum was only observed directly 

when the crystallographic structure of the layer contained the fcc phase. It has been 

estimated, that Au as fcc-Co nearest neighbor lowers its 59Co NMR frequency by 

around 12 MHz which corresponds to the reduction of the hyperfine field by 1,19 T. 

Nevertheless, the indirect presence of Au dopant in the case of Au/Co1-

xAux(dCo<30nm)/Au samples was also detected in the magnetically “soft” strongly 

defected hcp-Co component of the layer accompanying magnetically "hard" 

characteristic of the undistorted hcp-Co structure. The “soft” hcp area of the layer is 

considered as a precursor of the fcc Co phase with the Au admixture on the level of 1 

at %, that is observed in the 30 nm thick Co layer when Co was co-deposited with Au. 

At layer thickness of 30 nm a structural relaxation and transformation to the multiphase 

fcc/hcp state directly reveal the presence of Au in the layer. Moreover, existence of the 

magnetically “soft” structural hcp component has been also observed in the as-deposited 

Au/Co(dCo < 30nm)/Au thin film. Explanation for this phenomenon may be the fact that 

during the growth of Co film some Au atoms migrate from the Au buffer to the grain 

boundary regions helping to accommodate the large lattice mismatch at 

Au(111)/Co(0001) interface (as was pointed out by Fruchart [FRU03]). 

The 59Co NMR study of the Co1-xMox alloys revealed that each Mo nearest 

neighbor overwhelmingly decreases the resonance frequency of Co. The frequency shift 

is significantly bigger than in the case of Au NN in Co1-xAux alloys. Primarily,  at very 

small Mo concentration (x ≈ 0) each Mo nearest neighbor lowers the 59Co NMR 

resonance frequency by over 43 MHz, which corresponds to the reduction of hyperfine 

field by 4,34 T. This particularly means that at the temperature of 4,2 K, the Co atoms 

become conceivably non-magnetic already with five molybdenum atoms that have 

penetrated into the nearest neighborhood of the cobalt atom. Obviously this effect 

increases with Mo concentration due to the additive contribution from Mo in the more 

distant coordination shell. The extrapolation to Mo concentration higher than the one 

used in the study predicts that Co atoms become non-magnetic when they are already 

surrounded by 3 Mo nearest neighbors for the concentrations x = 0,2 - 0,25 [NAW19]. 

As for the structural properties, no preference has been observed in forming the fcc or 
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hcp Co1-xMox alloy in the studied concentration range (0 < x < 0,1). However, alloying 

of Mo and Co significantly increases the amount of stacking faults, which stays in 

agreement with the results of theoretical calculations for binary alloys [ACH17], 

[ACH18].  

In my work I have also studied epitaxial thin Co (3nm) films grown on various 

type of buffer (Au or Mo) and capping layer (Au or Mo). The idea of the carried out 

study was to investigate the effect of buffer and capping layer on the structural and 

magnetic properties of the Co layer. The conclusions drawn from the recorded 59Co 

NMR spectra of are following: only in the Mo/Co/Mo sample the fcc-Co phase is 

clearly visible alongside the hcp-Co phase. In light of the results obtained for Co1-xMox 

alloy samples the presence of the fcc-Co phase in this case can be attributed to the 

alloying at the double Co/Mo interface and overall structural heterogeneity with large 

contribution from stacking faults and grain boundaries as a result of growth of Co on 

Mo substrate. In the case of samples grown on an Au buffer, a better crystal structure of 

Co can be noticed. The use of Au as a capping introduces additional strain to the Co 

layer also has a positive effect on the structure of the Co layer, making it more uniform 

and well-defined, which implies an important role of the Au capping in deep ordering of 

Co crystalline structure. 

The next step resulting from previous measurements was to use 59Co NMR 

technique to examine structural and magnetic modifications of epitaxial Au/Co(dCo = 

1,5 – 10 nm)/Au heterostructures in the dependence on Co layer thickness. 

Obtained results show that each Au nearest neighbor of Co in hcp stacking decreases its 

NMR frequency by around 12,5 MHz which corresponds to the reduction of hyperfine 

field by 1,24 T. This frequency shift is very similar to the one caused by 1 Au NN of Co 

in fcc stacking acquired from the study of Co1-xAux alloys (12 MHz). 59Co NMR spectra 

analysis show that upon a critical layer thickness (2,5 nm ≤ dCo ≤ 3 nm) Co layer grows 

in discontinuous/non uniform manner. Bottom Co/Au interface in samples with dCo ≤ 

2,5 nm remains atomically sharp in the major part of the contact area. However above 

this level of dCo a visible structural modification to a continuous/uniform hexagonal 

structure occurs in the whole volume of the sample. It manifests itself in the shift of the 

NMR frequency towards lower values and (most of all) in rise of the NMR spectra 

intensity at 190-210 MHz frequency regions which is caused by the appearance of 

larger amount of grain boundaries and migration of Au atoms from the Au buffer to the 
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grain boundary regions helping to accommodate the large lattice mismatch (as was 

postulated in the case of  Co1-xAux alloys). Described structural changes upon crossing 

the critical Co layer thickness alter also their magnetic properties - 59Co NMR restoring 

fields have revealed a significant decrease of magnetic stiffness at 4.2 K in Co layers 

with dCo > 2,5 nm. 

The final stage of research work was 59Co NMR investigation of oxygen 

implanted Au/Co/Au and Au/Co/CoO thin films which has shown that while the as-

deposited sample consists of a mixture of fcc and hcp-Co phases and stacking faults, 

implanted samples exhibit different structural features. Although there is no allotropic 

fcc › hcp phase transformation in polycrystalline samples, the metallic Co undergoes a 

significant loss of crystalline order. For high fluence implantation, traces of CoO can be 

envisaged from a new NMR line present at around 490 MHz. 59Co NMR restoring fields 

indicate a large increase of magnetic stiffness at 4.2 K due to the exchange anisotropy 

introduced by the presence of antiferromagnetic CoO (i.e. EB). This in turn confirms 

that oxygen ion implantation is an adequate technique to form AFM CoO in the interior 

of thin Co layers. The comparison of 59Co NMR analysis of the polycrystalline, textured 

and annealed polycrystalline oxygen-implanted samples confirms the existence of 

proposed earlier grain boundary oxidation mechanism [DEM11]. 59Co NMR studies 

from annealed (573 K) samples have shown radical structural changes indicating a 

migration of implanted oxygen from the inner part of the Co film due to thermal 

activation and re-crystallization process assisted by diffusion of oxygen atoms from the 

inner part of the Co film. This in turn causes reduction of significant amount of 

FM/AFM interfaces and massive weakening of EB effect which is clearly visible in the 

average Hrest values in 4.2 K comparing to the results acquired before annealing 

treatment. 
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