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ABSTRACT 

Metastable fcc Co(001) ultrathin films were grown on fcc Cu(001) 

single crystal substrate by means gf Molecular Beam Epitaxy (MBE). The 

growth was monitored using the Reflection High Energy Electron 

Diffraction (RHEED) technique. MEED intensity oscilliations revealed that 

metastable fcc Co(001) grows on a fcc Cu(001) substrate in a quasi layer-by- 

layer mode and RHEED patterns showed that Co atoms follow the in-plane 

spacing of the Cu template. The magnetic properties of Co ultrathin 

structures were investigated by employing the Ferromagnetic Resonance 

(FMR) technique. The FMR measurements on single cobalt layer samples, 

Cu(001)/~/Cu, were used to determine the fcc Co(001) magnetic 

parameters such as the in-plane and the perpendicular magnetic anisotropies, 

the spectroscopic g-factor and the magnetic damping. 

The ultrathin cobalt films exhibited large uniaxial perpendicular 

anisotropies with the hard axis normal to the film plane and large fourfold in- 

plane anisotropies with the easy axes along the el 10> crystallographic 

directions. The thickness dependence of the perpendicvlar uniaxial 

misotropy and the fourfolci in-plane anisotropy were measured. Both 

anisotropies are shown to be well described by a sum of contributions from a 

constant tern and from a term proportional to lld. The constant term is due 

to tetragonal distortions of the fcc Co(001) lattice, and the lld dependent 

term originates from the intrinsic interface anisotropy. The temperature 

dependence of the magnetic anisotropies is discussed. 

The exchange coupling between Co layers though the fcc Cu spacer 

layer was studied in several Cu(001)/Co/CulCo/Cu structures. The FMR 



iv 
studies revealed that the magnetic properties of single Q layers are different 

from the magnetic properties of films of the same thickness situated in 

Co/Cu/Co triliayer structures. 
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Chapter 1 

Intrsdanctisn 

Ultrathin magnetic metallic structures grown by means of the Molecular 

Beam Epitaxy (MBE) technique have become important in the study of 

material science. A variety sf interesting systems have emerged in the past 

decade. One of them is fcc Co(001) which is a metastable structure stabilized 

at low temperatures by growing the Co film on a Cu(001) surface template 

11.11. Though much attention has been given to studies of the growth and 

electronic state properties of this system, relatively little is known about its 

basic magnetic properties. This thesis provides a detailed account of the 

magnetic properties of single fcc Co(001) ultrathin layers, and presents 

magnetic studies of several trilayer samples consisting of two ultrathin layers 

of fcc Co(001) separated by a layer of fcc Cu(OO1) . 

Ultrathin magnetic films of 3d transition metals exhibit unique magnetic 

properties. Since ultrathin structures contain only a few atomic layers their 

growth must be characterize precisely. Such important aspects as the 

preparation of the substrate, the anealing temperature, the growth 

temperature, the thickness of the film and the surface structure during the 

growth need to be addressed. 

The growth and tools used for the structural characterization are 

discussed in Chapter 2. The kblecular Beam Epitaxy technique allows one 

to produce clean uitrathin fiims having sharp interfaces. in most cases, films 

having reproducible properties can be grown using the same growth 

conditions. Reflection High Energy Electron Diffraction (RHEED) patterns 



and WEED intensity oscillations were used to determine the quality of the 

film growth. 

Chapter 3 is devoted to the ferromagnetic resonance (FMR) technique. 

The power of ferromagnetic resonance is explained, and it is shown that this 

technique can be used to determine the basic magnetic properties of fcc 

CofOOl). 

In Chapter 4 the experimental results are reported and discussed. The 

measurements on the single Co layers are used to extract their basic 

magnetic properties. Trilayer structures consisting of two Co magnetic layers 

separated by a non-ferromagnetic Cu interlayer are used to determine the 

exchange coupling between the cobalt layers. 



Chapter 2 

Growth of Metastable fcc Co(001) Ultrathin Structures 

2.1 Introduction 

At room temperature cobalt has a hexagonal close packed (hcp) 

structure with the base lattice parameter of 2.507 A and the c-axis spacing of 
C4 

4.069 A. The fcc structure is stable at temperatures over 750K with the bulk 

lattice constant whose cube edge is 3.548 A. FCC Co(001) can be stabilized at 

low temperatures by depositing Co atoms on an fcc Cu(001) single crystal 

substrate. In this work the MBE technique was used to grow fcc Co(001) 

ultrathin films. The surface of the bulk Cu crystal, having a lattice spacing of 

3.61 5 A, acts as a template for the Co atoms. The lattice mismatch of 1.8% 

between the bulk fcc Co and Cu is sufficiently small that the deposited Co 

atoms follow the in-plane spacing of the fcc Cu template. In the direction 

perpendicular to the Co film surface the lattice spacing is reduced from 

(3.61512)A so that the Co lattice can be described as a tetragonally 

distorted fcc structure [2.1]. 

2.2 Molecular Beam Epitaxy apparatus 

Epitaxial growth of the ultrathin films was carried out in a Physical 

Electronics (Q) MBE-40 system. The layout of this system is shown in 

Figure 2.1. The system consisis of two interconnected ultrahigh vacuum 

chambers: the analysis chamber and the growth chamber. The copper 

substrate was mounted on a molybdenum holder and inserted into an 
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Figure 2.1, Simplified diagram of a Physical Electronics MRE-400 series 

system. 

introductory chamber (intro chamber). The introductory chamber was held at 

a low 10-6 Torr pressure by means of a turbomolecular pump. The intro 

chamber was sealed off from the rest of the MBE machine by means of a 

pneumatic valve. In order to insert the substrate, the intro chamber was back 

filled with a dry N2. Then the sample was attached to the transfer rod. The 

chamber was closed and the nitrogen was pumped out by means of the turbo 

pump. The end of the transfer rod was then driven by an electric motor from 

the intro chamber into the analysis chamber though a teflon seal and a 

pneumatic valve. 

The analysis chamber was used for the substrate preparation. The 

substrate was cleaned at room temperature by sputtering with an Ar+ ion 

beam from an Ar+ gun. The end of the transfer arm which housed the 



5 
substrate holder could be tilted towards the Are ion gun. During the 

sputtering process the MBE machine was filled with argon to -5x 10-5 Torr. 

Some of the argon atoms diffused into the ionization chamber of the gun 

where they were ionized, accelerated to -2keV and collimated into a beam 

which was rastered over the substrate. X-ray Photoemission Spectroscopy 

(XPS) and Auger Electron Spectroscopy (AES) were used to monitor the 

elemental composition of the substrate. The AES was particularly useful for 

monitoring the surface contaminants and atoms from previously grown 

structures. During the AES measurements the chamber was kept in the low 

10-10 Torr range by means of an ion pump. The vacuum was monitored by 

means of ionization gauges. 

In AES the high energy electron beam -2-10 keV impinges on the 

sample m d  leads to ar? kser shell vacmcy fornation (fnr example I(-shell). 

The electrons of the ionized atoms which occupy outer energy levels (for 

example L-shell electrons) can then fill the vacant core level and the residual 

energy can be given to a third electron either in the same or in a more 

shallow level. Upon acquiring the kinetic energy in this way, the third 

electron (called an Auger electron) is ejected from the atom. The residual 

energy that becomes available as the electron kinetic energy is determined by 

the atomic electron levels involved in the Auger process. For kinetic energies 

larger than the work function of the spectrometer, the Auger electrons leave 

the sample and a fraction of them enters the input aperture aperature of a 

double pass Cylindrical Mirror Analyzer (CMA). The CMA allows one to 

obtain the electron energy distribution N(E) of electrons leaving the sample. 

Each element has unique energy levels, and hence the kinetic energies of the 

ejected Auger electrons are distinctive for that element and are visible as 

sharp but small peaks in N(E). The Auger signal can be enhanced by 



6 
applying a small energy modulation. In this case one monitors the energy 

derivative of the electron energy distribution, dN(E)/dE. The derivative 

signal, dN(E)/dE, has significantly enhanced Auger peaks relative to the 

background. The elemental identification is carried out by comparing the 

measured dN(E)/dE curves with the set of standard spectra listed in the 

handbook published by Physical Electronics (a) 12.21. AES allows one to 

determine the elemental composition of the surface of the substrate (Auger 

electrons provide information about the composition of the topmost 5-30 A 
of the specimen because electron mean free path in solids range from 5-30 A 
for electron kinetic energies ranging from - 10 eV to - 1 keV). A detailed 

description of AES can be found elsewhere (2.31. 

The sputtering and annealing process (repetitive sputtering and heating 

of the sample) was continued unti! only the substrate atoms were observed in 

the measured Auger spectra. After a sputtering and annealing cycle, the clean 

Cu(001) substrate was transferred to the growth chamber. The cryopump in 

the growth chamber maintained the vacuum in the low 10-10 Torr range. The 

growth chamber housed several evaporation cells which were surrounded by 

a cryoshroud cooled with liquid nitrogen. The cobalt atoms were evaporated 

from a fine cobalt wire wound around a tungsten filament. The tungsten 

filament was heated by means of a dc power supply. A power of -45 watts 

was needed to reach a Co deposition rate of - 1 monolayer (ML) per minute. 

The growth of films was initiated and terminated by means of pneumatic 

shutters which operated in conjunction with the individual sources. The 

thickness and structure of deposited films were monitored using an in-situ 

Reflection High Energy Electron Diffraction (RHEED) system. A 

magnifying lens was used to focus a small area of the RHEED screen onto a 

photomultiplier tube in order to follow the intensity of the MEED specular 
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spot as a function of the film thickness during the growth. The thickness of 

the films was double-checked using a crystal thickness monitor placed 1 cm 

above the substrate. The WEED system was the only tool used for the 

structural studies and therefore it will be discussed in more detail in the 

following section. 

2.3 Reflection H i ~ h  Enerw Electron Diffraction (RHEED). 

The Reflection High Energy Electron Diffraction technique provides a 

reciprocal space image of the sample surface. In RHEED an impinging 10- 

30 keV electron beam strikes the sample at small angles with respect to the 

surface, -1". The low angle of incidence of the electron beam contributes to 

the surface sensitivity of RHEED. In order to penetrate 1.8 A (1 ML of Cu 

substrate) electrons must travel approximately 100 A in the sample at an 

angle of 1 ", which is larger than the inelastic mean free path of electrons (50 

A at i0keV). Hence, in such a configuration, the elastically scattered 

electrons originate only from the top atomic surface layer. This surface 

sensitivity allows one to continuously monitor the structure of the grown 

overlayers. 

2.3.1 Kinematic approximation. 

In the following the kinematic approximation will be used to interpret the 

main qualitative features of RHEEI) patterns. First, consider just two point 

scatterm separated by vector lrl= AD (see Figure 2.2). In order for a 

constructive interference $0 occur the path difference between the two rays 

scattered by each ofthe atoms must be an integral number of wavelengths. 

From Figure 2.2 the path difference is AC-BD. If we call the unit vector 
A 

dong the incoming rays &, and the unit vector along the scattered rays k, , 



Figure 2.2 The calculation of the path difference between two atomic 

scatterers. 

then the condition for constructive interference can be written as follows 

where m is an integer and h is the wavelength of the impinging electrons. 

Multiplying by 2 6 k  yields 

2n A 2n A 

where k, = k,, kf = - k are the incident and scattered wave vectors, 
a a 

and K=kfki is the scattering wavevector. If we consider not just two point 

scatterers, but an Mnite 2-D array of point scatterers, then the above 

condition must be hold for all vectors r =R=n la1+n2a2 of the atomic mesh, 

where nl,n2 are integers and al and a* are the in-plane primitive lattice 

vectors. In order that equation (2.2) is satisfied for any in-plane vector R, the 

scattering wavevectors, K, must be equal to the reciprocal lattice vectors, G, 

of the 2-D atomic mesh t2.41: 



Note that the condition (2.2) is satisfied for any value of the scattering 

wavevector in the direction perpendicular to the surface, KI. Therefore, it 

follows that the reciprocal space of the 2-D atomic mesh consists of rods 

perpendicular to the sample surface and originating at those discrete 

reciprocal lattice points which are generated by the two in-plane basis 

vectors bl and b2 : 

t x a ,  a, x t  
b, = 2 ~  and b2 = 2 K 

la1 a2 I la1 a2 l 

where i? is a unit vector normal to the surface. In mathematical terms the 

reciprocal lattice space is described by the vector G of the form: 

where m and rnl are integers, p is an arbitrary number in k1 and i? is a unit 

vector normal to the surface. The normal component of scattering 
wavevector, KL, is found from energy conservation in elastic scattering: 

The ideal (001) surface of the fcc lattice can be viewed as a square atomic 
a 4 5  &I% 

mesh having the in-plane lattice vectors a, = -i and a, = - 
3 3 j 9  
L L 

where i and 1 are the unit vectors parallel to the sides of a square (see Figure 



Figure 2.3. (a) "' P / A n + \  1 S 1 rm r ne rcc (uw) plane snown in rear space. r ne plane can be 

viewed as a square mesh whose unit cell is shown by the 

dashed lines. The base of the fcc lattice cube is shown as a 

solid line. Throughout this thesis all the references to the 

directions in the real space are with respect to the fcc lattice 

as shown in the figure. 

m e  reciprocal space consists of rods perpendicular to the 

surface which are located on the square mesh of side - 
2 4 2 ~  . The square outlined by the broken line indicates 

a 

the unit cell. The convention for numbering rods in the 

reciprocal space used in this thesis is indicated in the figure. 





I 1  
2.3 (a)). The reciprocal space consists of lines going through the discrete 

2- v 12 En 
points of a square mesh spanned by the in-plane basis vectors: b, = 

- EI 
j 

2 4 2 ~ ~  
and bZ = i , see Figure 2.3 (b). 

ff 

2.3.2 The Ewdd construction. 

The Ewald construction is a simple geometric construction that allows 

one to visualize elastic scattering in RHEED, see Figure 2.4. If we draw the 

wavevector ki of the incident electron in the k-space such that its tip is 

pointing to the origin of the reciprocal lattice, then a sphere centered on the 

starting point of ki and having a radius 1 k,l = I ki 1 will intercept the 

reciprocal lattice rod. For example for the 10 keV incident electron beam the 

Ewald sphere having a radius lkiI = 
d2mE 

= 5 2 k 1  is sufficiently large to 
tt 

intercept the reciprocal rods of the fcc (001) surface having a spacing of 
2JZn 

= 2.5A-' along the el 10> direction if the angle of incidence is 
a 

greater than 2.8". The scattered electron beam wavevectors k, are obtained 

by connecting the center of the sphere with these intercepts, see Figure 2.4. 

The scattered beams form an image on the phosphorescent screen as 

shown in Figure 2.5. The bright spot in the shadow of the fluorescent screen 

is a part of the incident beam which misses the sample. The intense specular 

spot corresponds to the intercept of the Ewald sphere with the [0,0] 

reciprocal rod. Inelastic scattering creates a bright background in the upper 

part of the screen: the presence of the opaque sample produces a distinct 

shadow on the screen. 



Ewald's sphere 

eciprocal lattice rods 

(1 9 0 1  

rods 

Figure 2.4. The Ewald construction for the diffraction from the square 2-D 

mesh. Oniy the f i t  row of reciprocal rods is shown. 



Fluorescent screen 

incident beam diffracted beam incident beam diffracted beam 

Figure 2.5 Incident and scattered electron beam trajectories obtained from 

Ewald construction and the corresponding RHEED pattern 

created on the phosphorescent screen. Only the beams which hit 

the screen are shown. 

2.3.3 RHEED Intensities for Point Scatteress. 

So far the discussion is valid for a perfect infinite 2-D lattice. MBE 

growths are rarely perfect. The real surfaces are not represented by infinite 

planes but contain atomic terraces having finite dimensions. Therefore, it is 

interesting to investigate the role of atomic terraces on RHEED. The 

simplest picture can be obtained by using a single atomic terrace containing 

NxN atoms. The scattering amplitude, f(K), is proportional to the Fourier 

Transform of the scattering potential, U(r), [2.5]: 
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where K = k, - k, is the scattering wavevector. In the simplest case the 

scattering potential, U(r), can be represented by a sum of delta functions: 

where R=n la is the in-plane lattice vector, and n l, n2 are integers 

limited by the size of the terrace: l<n 1<N,l<n2<N. The Fourier Transform 

of the potential in equation (2.8) gives: 

This expression can be evaluated using simple algebra. The square mesh of 

the ideal fcc (001) surface (shown in Figure 2.3 (a)) is used as an example, 

but the discussion is similar for any surface. The ivtensity of the scattered 

beams, I ( K ) ~ ~ ( K ) I ~ ,  is given by: 

where Kx and Ky are the components of K parallel to al and a2, 

sin2(-hl~jllai~) 
respectively. For a perfect infinite surface the 2 terms 

sin2(-$~jllai 1) 
2 z  27c 

converge to delta functions peaked at K, = - m,, K, = - m, where ml 
la1 l la2 l 
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and m2 are integers and Kz is arbitrary. This corresponds to the reciprocal 

lines for an infinite plane described in Section 2.3.1. For finite dimensions 

the positions of the rods do not change; however, the intensity is broadened 

in the K, and Ky directions. The width, w, of the rod is given by the terrace 
2n 

size L, w = - where L=Nlal. From the RHEED geometry, see Figure 2.6, 
L ' 

/ Broadened Rod 

Figure 2.6. Ewaid construction for a finite 2-D mesh whose rods have a 

finite width in k-space. 
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one can see that the intersections of the rods with the Ewald sphere become 

broadened. The broadening is asymmetric. It is significantly wider in the 

direction of the reciprocal rods (perpendicular to the shadow edge). The 

width of the scattered specular beam, S, along the reciprocal rod is inversely 

proportional to sin 8: 

where 0 is the angle of the incident beam to the sample surface. The width, 

W, perpendicular to the reciprocal rod is: 

For small angle of incidence 0= 1 " (sin1 " =O.Oi745) the ratio S/W=60 which 

leads to a streaky pattern if L is small enough. 

The above discussion was limited to one single atomic terrace. Real 

surfaces consist of atomic terraces separated from each other by atomic 

steps. In the simplest case one can consider a two atomic layer surface for 

which the top atomic layer is partially covered, and one atomic layer below 

is fully covered, see Figure 2.7. 

Figure 2.7. Schematic view of the cross section of the surface atoms of the 

atomic layer system. 



Assuming that the intensity of the specular spot is given by the scattering 

from uncovered atoms only, see Figure 2.7, equation (2.9) can be rewritten 

as follows (for a surface having only two levels): 

R uncovered part of filled layer top layer 

where 17 is the fractional coverage of the top layer, c is the spacing between 

layers and t is the vector normal to the surface. Equation (2.13) is exact for 

a surface whose terraces have dimensions much larger than the lattice 

constant [2.6]. For a surface whose terraces have a wide range of sizes 

equation (2.13) is only approximate, but it can still be used to discuss the 

intensity in a qualitative manner. Surfaces having randomly distributed 

terrace sizes are discussed in detail by Pukite [2.6]. 

Equation (2.13) represents a simple kinematic interference. The phase 

difference cp between the incident and the specular beam is given by: 

The intensity I of the specular beam which follows from (2.13) is 

The perpendicular scattering wavevector KL and the corresponding phase 

angle cp can be continuously adjusted by changing the incident angle 8, see 

equation (2.14). For the Bragg conditions @even integer )n the intensity of 
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the specular beam for the two atomic layer surface is I = 1 and is therefore 

indistinguishable from that of a single atomic layer surface (one large terrace 

without steps). But for other incident angles the intensity of the specular spot 

depends on the presence of terraces. The intensity decreases and reaches a 

minimum I = (2 q -  1)2 for the anti-Bragg condition, cp=(odd integer )rr. In a 

simple kinematic theory the total number of scattered electrons depands only 

on the number of scatterers in the surface. It follows that a decreased 

intensity in the center of the specular beam @=(even  integer)^ ) leads to an 

increased intensity of the diffracted electrons around the center. The specular 

beam broadens and results in a streaky specular spot. The scattering in real 

space is usually represented by the intersection of the Ewald sphere with the 

reciprocal rods in k-space, as discussed in Section 2.3.2. It turns out that in 

the case of randomly distributed steps the reciprocal rods are periodically 

broadened [2.7], see Figure 2.8. The thinnest segments correspond to the 

Bragg conditions. The thickest segments correspond to the anti-Bragg 

conditions. The specular spot profile has a Lorenzian-like shape having the 

width which is given by the intersection of the Ewald's sphere with the [0,0] 

reciprocal rod [2.7]. The broadening of the reciprocal rod originates in the 

finite size of terraces (see the treatment of the single terrace above). For 

randomly distributed terraces the width of the reciprocal rod at the anti- 

Bragg condition is inversely proportional to the average terrace size [2.6]. 

For a 10 keV WEED incident beam the Bragg and anti-Bragg 

conditions can be adjusted by changing the angle of incidence, 0, in the 



Figure 2.8 

reciprocal 
space 

The reciprocal rods for sucfaces with (a) large extended terrace of 

size L (perfectly flat surface) @) random1 y distributed terraces of 

average size L (stepped surface); n is an integer. The widths of 

the rods are exaggerated For the graphical puqose, and hence the 

intersections of the Ewald sphere with the reciprocal lattice rods 

are not to scale. Intersectio~s below the shadow edge are not 

shown. 

range of a few degrees. The formula (2.14) which was derived by using a 

simple kinematic approach can be employed only as a guideline. Dynamic 
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aspects of the electron scattering play a significant role in RHEED. The 

Bragg and anti-Bragg conditions are usually found experimentally by 

monitoring the strength of RHEED intensity oscillations as a function of the 

incident angle (discussed in the next section). 

A schematic drawing of a RHEED pattern for the incident beam along 

the < 100> azimuth of the fcc Cu(001) surface at the anti-Bragg condition is 

shown in Figure 2.9. The position of RHEED streaks and their widths are 

given by the intersection of the Ewald's sphere with the reciprocal rods, see 

above. The separation, p, between the streaks is proportional to the 
47r 

separation between the reciprocal lattice rods along the <loo> azimuth, -, 
a 

and the width, o, of the specular streak is given by 

211. 
a=C (see equation 2.1 1 ), 

L sin 8 

where C is a common geometrical factor which depends on the distance 

between the sample and the fluorescent screen. From the above equations the 

average terrace size, L, is given by: 

where a is the fcc Cu lattice parameter. 



\ 

\ specular [0,0] spot , 
I 
I 

/ 
/ 

&- 
/ [-1,-11 spot 

Figure 2.9 Schematic picture of the RHEED pattern for the incident beam 

aiong the azimuth of the fcc Cu(001) surface. 



2.3.4. WEED intensity oscillations, 

Equation (2.15) shows that for the anti-Bragg condition the intensity of 

the specular spot can be expected to oscillate with the degree of coverage. 

Consider a simple picture in which the growth can be described by a layer- 

by-layer growth, see Figure 2.10. 

layer-by-layer mode quasi layer-by-layer mode 

Figure 2.10. Models for the growth modes discussed in the text. Lines 

indicate rows of atoms. 

The layer-by-layer mode refers to a growth in which the add-atoms fill all 

the voids before a new atomic layer is nucleated. It means that only the top 

atomic layer is partially filled. In that case the intensity of the specular spot 

is proportional to the expression given by equation (2.15). For Bragg 

conditions cp=(even integer )IC the intensity of the specular beam does not 

change during the growth. For other incident angles the intensity of the 

specular spot oscillates during the deposition. Oscillations consist of 

repeatable parabolas with maxima corresponding to a completely filled layer 

(q=l) and minima corresponding to a half filled layer (q=0.5). For anti- 

Bragg conditions W o d d  integer )n the oscillations are most pronounced, 

see Figure 2.1 1. For less perfect growths in which the top two atomic layers 

can be partially filled the RHEED oscillations are still observable, but the 

cusps illustrated in Figure 2.11 are not pronounced and the oscillations have 
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a sinusoidal-like behavior. For growths in which the last three layers exhibit 

appreciable partial coverage the RHEED intensity oscillations converge 

rapidly to zero [2.8]. Therefore, the presence of MEED oscillations 

indicates a quasi layer-by-layer growth in which the surface roughness is 

confined mostly to the top two atomic layers, see Figure 2.10. After several 

initial oscillations the oscillatory period reaches a stationary value which 

corresponds to the deposition of one additional atomic layer. The initial 

oscillations require a longer period of time due to a non-trivial 3-D growth of 

the first couple of layers: the growth of the second layer starts well before 

the completion of the first one. 

0 1 2 3 4 5 

Growth time 
7. blgure 2.11. REEED oscillations for a perfect layer-by-layer growth with 

anti-Bragg condition cp=(2n+l)n, n integer. 



2.4 S a m ~ l e  ~ r e ~ a r a t i o n  and ~ r o w t h  characterization. 

2.4.1 Preparation of the fcc Cu(001) substrate 

The Cu(001) substrate used as a template for the growths of ultrathin 

films studied in this thesis was prepared by Dr. Kirschner's group, the Freie 

Universitat Berlin, Germany. A single crystal Cu disk, 3 mm thick and 20 

mm in diameter, characterized by a mosaic spread of less than 0.1 ", was cut 

so that the [OOI] crystallographic orientation was within 0.2" of the (001) 

axis. The Cu crystal was polished using 1 Km diamond paste. After insertion 

into the Ultrahigh Vacuum System, UHV, the crystal surface was prepared 

by cyclic sputtering (Vion = 600eV, Iion = 4pA/crn2, 15 min.) and annealing 

( 1000 K, 10-20 min.). The total cycling time required to obtain an 

uncontaminated surface with large atomic terraces was approximately five 

days. After this treatment the surface showed sharp Low Energy Electron 

Diffraction (LEED) and Reflection High Energy Electron Diffraction 

(RHEED) patterns and no visible contamination in the Auger electron 

spectra. In addition, Scanning Tunneling Microscope (STM) micrographs of 

the Cu(00 1) templates showed large extended atomic terraces (some up to 

200 nm wide), separated by bands of piled-up monatomic steps [2.9]. 

The Cu(001) crystalline disk was reconditioned before each growth by 

sputtering for 2 hours at 100 "C to remove the previous structure, followed 

by 1/2 hour sputtering at 400 "C and then annealing until the temperature 

reached 650 "C (15-20 min. at NO "C I T 5 650•‹C). This procedure resulted 

in a clean Cu (001) crystal surface which exhibited sharp RHEED streaks. 

Due to the sudden deterioration of the copper substrate, after a large 

number of growths, the Cu(001) had to be revived. A good Cu(001) surface 

with large extended terraces up to 300 nm was most likely recovered when 
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the following procedure was performed: after sputtering the surface of the 

substrate at room temperature (Vion=600 eV, Iion=4 pA/cmZ ) to remove 

contaminants the temperature was increased to 900 K and sputtering was 

continued for 10 hours with voltage and current reduced to 500 eV and 0.1 

p~Icm2, respectively r2.101. 

2.4.2 Film preparation and nomenclature 

The epitaxial growth of ultrathin fcc Co(08 1) films was carried out in 

the Physical Electronics MBE-400 system described in Section 2.2. Each 

ultrathin layer of fcc Co(001) was grown on the fcc Cu(OO1) template, 

covered with a copper layer and a protective gold layer on top, see Figure 

2.12(a). A sample containing an additional iron layer between the cobalt and 

the second copper layers was also grown. Each trilayer structure was grown 

with two cobalt layers separated by a copper spacer layer and covered by 

additional Cu and protective Au layers, see Figure 2.12(b). See Tables 2.1 

for a list of all samples used in this work. Beams of Cu, Co, Fe or Au were 

created using a tantalum boat for Cu, a tungsten wire for Fe and Co, and a 

pyrolytic BN crucible for the Au depositions. Growths were performed at 

temperatures in the range 330-410 I f ,  see Table 2.1 for the details. The - 
quality of the growth was monitored by means of the RHEED patterns and 

MEED intensity oscillations. 
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Table 2.1 List of aj single Co layer b) Co/Fe layer and c) multilayer samples. 

a) Single layer samples 

C) Trilayer samples 

1 Growth Temperature (K) 

Growth Temperature (IS) 

375(4Co) 410(6 Cu) 345(10 Co: 

300 



a) Single layer samples 

b) Muitiiayer samples 

Figure 2.12. Schematic side view of the layered 
structures used in this work. 
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2.4.3 MEED pattern sf the Cu substrate and deposited films 

RHEED patterns for the fcc Cu(001) surface are shown in Figure 2.13. 

The RHEED pattern along the <110> azimuths (of real space) show 

diffraction streaks corresponding to the intersects of the Ewald sphere with 

the [1,0] and [2,0] reciprocal rods, see Figure 2.13(a). Along the< 100> 

azimuth only the diffraction spots corresponding to the intersects of the 

Ewald sphere with the [l ,1] reciprocal rods are observable, see Fig. 2.13(b). 

One could in principle change the streak profile by varying the incidence 

angle of the electron beam from the Bragg to the anti-Bragg condition, as 

shown in Section 2.3.3. This effect was not clearly pronounced for the fcc 

Cu(001) substrate. The absence of sharp streaks for the incidence angle 

corresponding to the Bragg condition is caused by the presence of a mosaic 

spread in the substrate. The widths of the observed streaks suggest that the 

mosaic spread in our substrate was -0.15". This is somewhat larger than the 

value of 0. lo claimed by Dr. Kirschner's group. It is therefore possible that a 

part of the observed width was caused by finite size terraces. Detailed 

angular studies are difficult due to the presence of inelastic scattering 

(Kikuchi bands) which ragidly changes with the angle of incidence and can 

strongly affect the apparent width. For that reason a lower bound limit for 

the terrace size was estimated by using the full width of the streaks. Equation 

(2.18) leads to the average terrace size =35 nm for well prepared Cu 

substrates, 30 m for Cu Nms grown on Co, and 20 nm for Co films grown 

on Cu, all growths carried out at RT. The MEED patterns of Co films show 

that the cobalt overlayer foZIows the in-plane spacing of the fcc Cu(001) 

substrate, see Figure 2. U(c). 

AU samples were covered by an epitaxial layer of Au before being exposed 

to ambient conditions. Au grows on Cu(001) substrates in the (11 1) 



figure 2.13. RHEED - patterns at the anti-Bragg condition corresponding to 

the incident beam along (a) the <110> azimuth of the fcc 

Cu(001) substrate, (b) the < 100> azimuth of the fcc Cu(001) 

substrate, (c) the c110> azimuth of the fcc Co(OO1) film, and (d) 

the<100> azimuth of the fcc Co(001) film. 
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orientation. There are two nonequivalent orientations of the Au(1 I 1) with 

respect to the Cu(001). These are rotated by 30 with respect to each other. 

Both orientations repeat every 60" and that results in RHEED patterns 

characterized by an overall 12 fold in-plane azimuthal symmetry. 

2.4.4 M E E D  oscil%atioms of Co and Cu. 

The growths of Co and Cu exhibited strong sinusoidal like oscillations 

indicating that the growths proceeded in the quasi layer-by-layer mode (as 

discussed in Section 2.3.4). The deposition rates were slow, typically 

-1 monolayer (ML)/min. The regular periodicity of the RHEED oscillations 

established the time required to form a full atomic layer. Co layers grown on 

a Cu substrate acquire a regular periodicity after the second atomic layer. 

The outer (second) Co film grown on a Cu interlayer establishes a regular 

RHEED oscillati~~l periodicity after the third atomic layer, see Fig. 2.14. 

This behavior is caused by the deviation of the growth from the quasi layer- 

by-layer mode for the first two atomic layers [2.11]. The film thickness 

determined from the RHEED oscillations was confirmed by using the quartz 

crystal thickness monitor. 

The thicknesses sf the individual layers were determined by using the 

total deposition time divided by the stationary period of oscillations. In our 

growths either the maxima or the minima of the RHEED oscillations were 

close to an integral number of ML (within 0.2 Me). That means that the 

RHEED oscillation phase varied by n from one sample to another. However, 

the RHEED oscillation phase in many cases remained the same within the 

given structure; that means that all growths carried out for the same structure 

reached an integral number of ML either at a RHEED oscillation maximum 

or at a minimum. For example for the 4Co/6Cu/10.3Co sample the maxima 
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of the intensity oscillations corresponded to an integral number of ML in all 

three layers, see Figure 2.14. It appears that the RHEED oscillation phase 

was affected by substrate features, as yet unknown, which changed during 

the preparation of a new substrate. 

Deposition Time (seconds) 

Figure 2.14. RHEED oscillation during the growth of Co and Cu. 

2.5 Tetrayonal distortion of the k c  Co(OO1) films 

Them-al-Energy Atomic Scattering (TEAS) Low-Energy Electron 

Diffraction (LEED) studies 12.121 showed that for the f is t  10 monolayers 

(ML) the fcc Co structures grown on Cu (001) substrates have a ~(1x1)  

symmetry with cobalt expanded in the plane of the surface to match the 
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spacing of the Cu(001) template (1.7% expansion with respect to bulk fcc 

Co). Our RHEED patterns support that view. Detailed LEED investigations 

in combination with dynarnical scattering calculations revealed a changing 

tetragonal distortion for films 3 ML and thinner [2.1]. Further studies by 

Extended X-ray Absorption Fine Structure (EXAFS) [2.13], TEAS and 

LEED [2.12] showed that the vertical compression of 5 ML films and thicker 

is more or less constant and amounts to -2.2% with respect to bulk fcc Co 

(corresponding to a ratio c/a 0.96), see Figure 2.15. Hence, a homogeneous 

and constant strain due to lattice mismatch is expected for samples between 

5-10 ML in thickness. The tetragonal compression along the surface normal 

has a pro found effect on the magnetic properties of Co (00 1) structures, as 

will be demonstrated in Chapter 4. 

Figure 2.15. Schematic side view of the fcc Cu(001) substrate and the 

tetragonally distorted fcc Co(001) film. 



Chapter 3 

FMR Theory for Ultrathin Films 

3.1 Introduction 

The ferromagnetic resonance (FMR) technique was employed in order 

t~ determine the basic magnetic properties of ultrathin Co(001) structures 

such as the effective dem-gnetizing fields, the magnetic anisotropies, the 

spectroscopic splitting factor g, and the Gilbert damping parameter G. 

Detailed descriptions of P;MR can be readily found in works by Gurevich, 

Urquhart, and Heinrich [3.1,3.2,3.3]. The purpose of this chapter is to 

introduce a quantitative description of FMR which gives a basic 

understanding of this technique in the ultrathin film limit. Ferromagnetic 

films are called u l t ra th  when the film is thin enough so that the exchange 

interaction locks all of the atomic magnetic moments together across the 

layer. In an ultrathin film the magnetic moments across the film thickness are 

parallel and point in one common direction. The film responds to the total 

torque acting on it like a single, giant magnetic molecule. The effect of a 

spatially varying exchange field and a quantitative approach to the thin film 

limit is discussed in detail in reference 3.3. 

3.2 Landau-Lifshitz eauatiom of motion for ma~etization 

In ferromagnetic resonance, the ultrathin ferromagnetic films are 

subjected to arr external dc field and a small alternating magnetic field of 

microwave frequency o which is perpendicular to the dc field. The magnetic 

moments in the thin film precess around the static magnetization due to the 
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ac torque exerted by the ac field. In general, the total magnetic moment is the 

vector sum of all atomic magnetic moments: 

all atoms i 

where M,,, is the total magnetic moment and pi are the atomic magnetic 

moments. At saturation, the magnetic moments in an ultrathin film are 

parallel giving a resultant magnetic moment: 

all atoms i 

where pi is the magnitude of atomic magnetic moments, and the sum is over 

all atoms in the film. The rate of change of the angular momentum si of an 

atom is equal to the sum of the torques acting on it. This leads to: 

dsi atom - = Pi x Hi,, 
dt 

atom Each atomic magnetic moment responds to its effective field Hi,efl . 
The atomic magnetic moment pi is related to its angular momentum si by 

the gyromagnetic ratio, y, [3.1] : 
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where I el is the electron charge, g is the spectroscopic splitting factor, m is 

the electron mass and c is the velocity of light. Substituting (3.4) into 

equation (3.3) yields: 

which is the Landau-Lifshitz (L-L) equation of motion for a magnetic atom. 

Summing over all atoms in the film yields: 

atom = -x [f ir  x Hi,@ ] LC- 
y i dt 1 

Since all the magnetic moments in the ultrathin film point in one common 

direction we can write equation (3.1) as follows: 

where M is the magnetization per unit volume, Vtotal is the film volume, 

l&.l = pi is the atomic magnetic moment and 

is the unit vector pointing in the common direction of the atomic moments in 

the ultrathin film. Now we can use equations (3.8) and (3.9) to rearrange 

equation (3.7): 



Equation (3.10) can be written as: 

where 

Heff is the scaled sum of effective fields acting on each atom, and M,,, is 

the total magnetic moment of the film. Equation (3.11) gives us both static 

and dynamic solutions. In the static case, 

and, therefore, the magnetization M will be parallel to the total static 

effective field Hefp In the dynamic case, the general solutions to the L-L 

equation of motion (3.1 1) are non-linear and complex. However, in FMR, 

the magnetization M is nearly parallel to HeR: 



Figure 3.1 The coordinate system for FMR. 

In that case, 

Let's consider a solution of equation (3.1 1) in the coordinate system shown 

in Figure 3.1. Heff can be very complex and will be dealt with later on, but 

here we wilt consider a simple case when &pHdc,, where Hdc is the static 

externally applied field. The external field Hdc and the magnetization M can 

now be written as: 



where free harmonic oscillation were assumed: 

Substituting the above equations into equation (3.1 1) yields: 

In order for the above equations to be consistent the determinant must be 

equal to zero which gives the expression for frequency of the oscillations: 

Further, substituting equation (3.19) into (3.18) yields: 

which indicates that the vector mo is right-hand circularly polarized. 

Therefore, vector M precesses around the direction of the applied dc field 
* mdc with a frequency OI = &: my=mocoswt, mz=rnosinot. 

In real systems the precession is damped through dissipation 

processes, therefore, an alternating rf magnetization is needed to supply 



energy to maintain the precessional motion. In FMR studies, the static 

external field Hd, is combined with a small if magnetic field h and all the 

internal fields represented here by Hintemd : 

Pi atom H ,  = C - H y o m  ~ . e f f  = C -(H, + H , , , , ~ ~ ~  + II) 
I Worn, i W o r n ,  

atom --LH. . = Hdc + (x p I ,internal 
1 . W o t d  

The L-L equations (3.1 1) must be solved with Heff which includes all 

of the internal fields to be defined in the next section. But the picture doesn't 

change in the presence of internal fields, except that the precessional 

resonant frequency is now dependent not only on the external field but also 

on parameters describing the internal fields. In FMR, the power supplied by 

a small rf microwave magnetic field h of frequency oo is partly absorbed by 

the film to maintain the precession. As the external field is varied, the 

resonance frequency of the precessional motion is changed. At the resonant 

field, Hm, the microwave frequency oo equals the precessional frequency of 

the film, and the microwave absorption reaches a maximum. The following 

sections of this chapter show how the various magnetic properties of the 

ultrathin film can be extracted from the FhR measurements. The next 

section defi aes the geometxy of rR%R measurements, then the iniemal fieids 

are discussed, and finally solutions of the L-L equations of motion are 

presented for the s m d  amplitude h i t .  



3.3 Geometry sf FMR 

All measurements were carried out in the parallel configuration. L. In 

this c ~ ~ g u r a t i o n  the applied static dc field, Hdc, and the saturation 

magnetization, Ms, are in the plane of the film. Figure 3.2 shows the 

geometry of the parallel configuration with the appropriate coordinate 

system. The ultrathin ferromagnetic cobalt films were grown on a non- 

magnetic copper substrate with the normal along the [001] crystallographic 

axis. The z-axis is chosen to lie along this normal. In the plane of the film, 

the x-axis is attached to the equilibrium saturation magnetization vector Ms. 

The static field, Hdc, is applied at an angle (p with respect to the [I001 

crystallographic direction. Due to the internal fields Ms is at an angle 8-(p to 

the dc field Hdc. The saturation magnetization makes an angle 0 with the in- 

plane crystallographic axis [loo]. The external field can be rotated in the 

plane of the film thereby changing the angle cp to any desired value. The 

incident microwave magnetic field, h = h,j . exp(-imt), is linearly 

polarized and perpendicular to the external dc field, i.e. approximately along 

the y-axis for small Bq. For simplicity we shall assume that h is 
perpendicular to &. The rf response, m = (my? + m,?) exp( k - iwt ), to 

small rf fields must be obtained by solving the Landau-Lifshitz equations of 

motion combined with Maxwell's equations with appropriate boundary 

conditions [3.2]. However, for the ultrathin film limit, the spatial variation 

across the fdm can be neglected. Therefore, only the time dependence, 

exp(- imt ), will be considered. 



Figure 3.2. Geonetry of the parallel configuration of FMR and the related 

coordinate system. 



In realistic systems the motion of magnetization is damped by 

dissipative processes. The dissipation is usually described by the Gilbert 
dM effective field which acts as a frictional torque, HG = - [3.4,3.5]. The L- 
dt 

L. equation of motion including a damping term can be written : 

where the effective magnetic fieid, &ff, consists of all the static and rf 

magnetic fields: 

is the applied magnetic field, and 

is the rf microwave magnetic field. HD is the demagnetizing field, and Hk is 

the magnetocrystalline anisotropy field. Due to strong damping and small rf 

field, the magnetization M makes only small deviations from the equilibrium 

saturation magnetization &. The second order and higher terms of small rf 

magnetic components, imlcclM,~, can be neglected. Hence, the linear 

response of the film is 



3.4 Internal fields 

Due to the spin-orbit interaction the energy of the atom depends on the 

direction of the magnetization with respect to the crystallographic axes. 

Assuming that the spatial variations are slow compared with a lattice 

constant, the energy density E is given by: 

and the magnetization is given by 

where Eatom is the energy per atom, and Vatom is the atomic volume per 

atom. For an fcc lattice with a lattice constant a: 

The effective fields can be obtained from the free energy density E of the 

film expressed as a function of magnetization using variational calculations 

[3.6,3.4,3.1] which lead to: 



where E is the free energy density. It follows that the internal field H;:.Er,,tJ, 

acting on atomic moment "i" is given by equation (3.28) with energy Eatom 

corresponding to the atomic energy of the atom "i": 

This expression can be now employed to calculate internal fields in 

equation (3.21) for an ultrathin film which has N atomic layers each 

containing n atoms. The interfaces are located at i=l and at i=N, see Figure 

3.3 below. 

layer N-1 

layer 4 

Figure 3 3. Ultrathin film of N atomic layers with n atoms in each layer used 

to calculate the bulk and interface contributions of the internal 

magnetic fields. 



For simplicity let us assume that the atomic magnetic moment pi is 

independent of the atom position. Further, let's assume that all atomic 

magnetic moments possess the bulk energy and that the interface atomic 

moments have additional magnetic energies which originate in the broken 

symmetry at the interfaces. Pursuing only the internal part of the effective 

field in equation (3.2 1): 

where k is the layer index and 1 is the position of an atom within the kth 

layer; MtOtal=N np is the magnitude of the total magnetic moment of the 

film. But the number of monolayers can be obtained by dividing the 

thickness of the film "d" by the interatomic spacing " a" both in angstroms. 

This leads to another useful expression for the effective internal fields: 



The total effective internal field acting on atomic moments in the film 

consists of two contributions: one which is a bulk contribution, and another 

which originates in the interfaces and decreases inversely with increasing 

thickness of the film. 

At this point we have derived the meaning of the macroscopic fields 

for ultrathin films, One would like to evaluate the effective internal fields 

using equation (3.28) knowing the magnetic energy densities, usually called 

magnetic anisotropies. Magnetic anisotropies are macroscopic quantities 

which have to satisfy the symmetry of the sample. Let us restrict further 

discussion to the geometry of Co(001) samples which have the bulk 

tetragonal symmetry with the sample normal oriented in the (001) direction, 

see Figure 2.15 in Chapter 2. 

3.5 The ma~netocrvshlline anisotro~v 

Magnetocrystalline anisotropy energies originate from the microscopic 

spin-orbit interaction. Since the orbital motion of an electron is coupled to 

the crystalline structure, the total internal energy depends on the direction of 

magnetization with respect to the crystal axes. The magnetocrystalline 

anisotropy energies have to satisfy the symmetry of the crystal. They favor 

certain directions of magnetization within a crystalline sample. 

Phenomenologically, the magnetocrystalline energy can be expressed as a 

function of the angles between the magnetization, M, and the 

crystallographic axes. In order to represent magnetocrystalline energy in an 

arbitrary direction one can expand it in powers of directional cosines 

between M and the three cubic axes. Due to the invariance of energy upon 

time reversal all the odd powers of the direction cosines, ai's, in the 
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expansion must disappear. For a perfect cubic lattice, any interchange of the 

direction cosines, a fs ,  should result in the same energy. Therefore, the terms 

of the form af . a; . a; must have, for any given combination of 1, rn, n, 

the same coefficient for any given interchange of i, j and k. One can write: 

" 
second order term 

first fourth-order term 

v 

second fourth order term 

first sixth h e r  term 

v 

second sixth order term 

2 2 2  +C6,a, &a3 +. ...... . .. ... . . - -- 
third sixth order term higher order terms 

where Ci,'s are the constants of the ith order nth tern. By using the identity 

a: + a: + a: = 1, we can modify the expression for the anisotropy energy 

as follows 13.71: 

where Ek is the magnetocrystalline anisotropy energy per unit volume, 

referred to as the cubic anisotropy energy from here on, Kits are the 

anisotropy constants which determine the strength of the anisotropies, and 



are the directional cosines. Mi are the components of magnetization along 

the c ~ b i c  axes i, and Pi are the angles that the magnetization makes with the 

cubic axes i. Ultrathin films are often tetragonally distorted. The vertical 

compression along the [001] axis makes the anisotropy constants for the 

normal direction Kil different than the in-plane constants Kip Tetragonal 

distortions reintroduce the second order powers into the magnetocrystalline 

anisotropy. The total energy can be written as: 

The constant term has been dropped because it does not contribute to the 

effective fields, see equation (3.28). Let's consider second order terms. By 

using the trigonometric identity a: + a: + a: = 1 one can eliminate a, and 

a2: 

The cmstmt tern can be ignored because it does not coniPibuie to the 

effective field. unimia! misotropy energy is defined by: 
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Therefore, the total misotropy energy can be expressed as: 

where the first term is the fourfold in-plane anisotropy characterized by the 

in-plane anisotropy constant K l l i ,  the second term is the fourfold 

perpendicular anisotropy characterized by the constant Kll, and the third 

term is the uniaxial anisotropy characterized by the uniaxial anisotropy 

constant K,. Higher order terms are usually not needed. In the parallel 

configuration (M, lies in the surface of the film) the effective field due to the 

fourfold perpendicular anisotropy is negligible in MIP, because the out-of- 

plane component of magnetization, M[OO1l=m,, is small. Therefore, the 

anisotropy energy applicable for the parallel configuration is: 

Consider the uniaxial anisotropy contribution to the energy. For 

negative K,, the uniaxial anisotropy energy is minimum when the 

magnetization is in the plane of the film. This plane is called an easy plane. 

The uniaxial contribution then favors the in-plane orientation of 

magnetization. The normal direction [001] is called a hard axis. As the 

magnetization rotates away from an easy plane (~[0011=900) in either 

direction the uniaxial anisotropy increases, reaching maximum when the 

magnetization is oriented along the hard axis (P ~0011=00 or 180'). The 

behavior is periodic with period of 180". If K, is positive then the normal 

axis is the preferred direction, and becomes the easy axis. 
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Next, consider the behavior of the fourfold in-plane anisotropy 

contribution. For negative Kill the preferred directions, easy axes, within the 

plane are along the <1 10> axes. The [loo] and the [010] directions are then 

hard axes. For positive Kl the behavior is reversed: the [ 1001 and the [O 1 01 

are the easy directions. The two easy axes are perpendicular, within the (00 I ) 

plane, and are rotated 45" with respect to the two hard axes. 

The magnetocrystalline anisotropy energies give rise to the anisotropy 

fields. They can be calculated using equation (3.28). In order to perform the 

indicated differentiations, the magnetization components need to be 

expressed in the x,y,z coordinate system for the parallel configuration of 

Figure 3.2. 

M [ l ~ ~  = ~ , c o s e -  M, sine 
M~Qlol = M, sin f3 + My cos f3 

M[QOl] = Mz 

The anisotropy effective fields, up to a linear power in my and m,, can be 

obtained using equations (3.28), (3.39) and (3.40): 

K1ll -M, sin 4 0 + 3 9  e x p ( - i ~ )  (1 - cos 4 @)If +-[ 2 ~ :  

where the approximation M,=M, has been used. 
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For simplicity, consider the dc field and the saturation magnetization 

(3.41) the crystalline anisotropy fields are as follows: 

where H lll=2Klll/Ms is usually used to describe the strength of the fourfold 

in-plane field, and H,=2Ku/M, is usually used to describe the strength of the 

uniaxial perpendicular anisotropy field. The effective uniaxial and fourfold 

in-plane anisotropies include both bulk and surface contributions as per 

equation (3.3 1 ). From that equation: 

where 

are the in-plane fourfold and uniaxial perpendicular surface anisotropy 

constants. Hence, the effective fourfold in-plane and uniaxial perpendicular 

anisotropy fields consist of bulk and surface contributions: 



where K:;'~ , ~ , b U l ~ ,  K; ,,, Ki describe the strength of bulk and surface 

fourfold in-plane and perpendicular uniaxial anisotropies. All relevant 

interfaces must be considered in both K; ,, and K," . The thickness dependent 

interface term represents the difference in the magnetic properties between 

the bulk layers and the interface layers [3.8,3.9]. It follows from equation 

(3.27~) that the first principle calculations anisotropy constant for an fcc 

surface net are related to the macroscopic constants per interface by: 

where a is the fcc lattice constant. 

3.6 The demametizin~ fielld 

When a magnetic material of finite dimensions is placed in a 

magnetic field, the induced magnetic poles at the surface of the sample 

oppose the magnetization. -This ~pposing field is referred to as the 

demagnetizing field. It originates in the long range dipole-dipole interaction 

that acts between magnetic moments. Due to its dependence on the shape, 

the restoring demagnetizing energy is often called the shape anisotropy 



energy. Consider the parallel configuration employed in the study of Co(001) 

ultrathin structures, see Figure 3.4. The magnetization, Ms, tilted away from 

the surface of the ferromagnetic film has a small component mZ 

Figure 3.4. The demagnetizing field, hd, in the parallel configuration. 

perpendicular to the surface. The induced magnetic poles at both interfaces 

result in the restoring demagnetizing field: 

or, in other words, in thz restoring demagnetizing energy: 

which favors the in-plane orientation of magnetization. 4nD is the effective 

demagnetizing factor. For an ultraahin film whose thickness is a few atomic 

layers, the factor 4zD is calculated by averaging over the discrete sum of 

dipolar magnetic fields acting on a magnetic atom in every lattice plane. For 

an fix lattice with the [GO11 axis along the film normat i3.10, appendix of 

3.1 11: 



where N is the film thickness in monolayers (ML). In the continuum limit 

(N+ w), this factor is just 4rr. It is worth pointing out that the shape 

anisotropy has its own constant term plus l/N thickness dependent term (see 

equation 3.51 above) that behave like a bulk field and an interface anisotropy 

field that varies like lld. 

3.7 Resonance condition 

Upon substituting equations (3.23-3.26,3.41, and 3.49) into (3.22), 

with time dependence exp(-iwt), the L-L equations of motions for parallel 

configuration, linearized in hy, my, and m, , become: 

where the d magnetization components parallel and perpendicular to the film 

sudace, my and m,, are averaged across the film thickness per unit area. 

Because the demagnetizing field, 4rDM,, and the uniaxial perpendicular 

2-qff 
misotropy field, , are indistinguishable within the framework of 

Ms 
equations (3.52), the effective demagnetizing field, 4zMeff, is introduced: 



The microwave power absorbed by the ultrathin film, Pa, is proportional to 

the imaginary part of the rf susceptibility, Im( x), Pa-ah(  X)h:. By 

eliminating m, from equations (3.52) one can obtain an expression for the rf 

susceptibility ~ = f +  ill"-mylh y: 

where 

and 

2 K;: 
f i = ~ ~ c o s ( @ - p ) +  cos 4 8 

4 

mt r ne imaginary part of the susceptibiiity f t ,  and hence the absorbed 
microwave power, Pa, reach maximum when the denominator of equation 

(3.54) is minimum. This condition occurs when the real part of the 

denominator is zero: 



The shift in the resonance due to the magnetic damping is small and can be 

neglected yielding a simpler form of the resonance condition: 

where H, is the resonant field corresponding to a particular frequency o. 

From measurements of H, as a function of cp at different microwave 

frequencies one can determine most of the magnetic properties of an ultrathin 

film. From the frequency dependence of HE, one can obtain the gyromagnetic 

ratio, ;:, and the effective demagnetizing field 4xMeff. Sufficiently different 

microwave frequencies are necessary. Use of 24 GHz and 74 GHz should be 

adequate in most cases. Then the g-factor can be obtained from equation (3.5). 

The angular dependence of H, yields the fourfold in-plane anisotropy field, 

2X;"; 
. The perpendicular uniaxial anisotropy is then obtained from equation 

Ms 
(3.53) using the demagnetizing field with D calculated for a finite fcc lattice as 

in equation (3.51) and using the saturation magnetization, M,, obtained from a 

static measurement- Studying tfie thickness dependence of anisotr~pies may 

allow one to separate the bulk and the surface contributions as in equations 

(3.45) and (3.46). 



3.8 FMR linewidth 

The d v ~ m i r  J A d a ~ p i n g  -- can be studied by the means of the FMR 

linewidth, AH, which is the field separation between the extrema of the 

derivative of the absorption - dxW/dH. The microwave frequency 

dependence of the FMR linewidth can be described in ultrathin films as 

[3.12] 

where the frequency dependent part arises from the intrinsic magnetic damping 

and AH(0) is caused by magnetic inhomogeneities incorporated into the film 

structure during the growth [3.13]. AH(0) is often used as a measure of the 

quality of epitaxially grown films. 

3.9 FMR a~~aratus.  

A block diagram of the FMR apparatus is shown in Figure 3.5. 

Microwave frequencies in the range of 10-100 GHz are required. A klystron 

supplies microwave power to a resonant cavity located between the pole 

pieces of an electromagnet. The klystron frequency is locked to the cavity 

resonant frequency by modulating the klystron reflector voltage by a small 

ac signal at 70 kHz [3.14]. The ferromagnetic sample to be studied forms the 

end wall of the cavity. The microwave cavity is coupled to the waveguide 

through a small coupling hole in the top part of the cavity, see Figure 3.6. A 

smdl coupling hole was used in order to operate in an i i i i de i c~~p ld  mode, 

see Appendix A. An increase in the microwave absorption of the sample 

decreases the quality factor of the cavity, QCavity, and in the case of the 

undercoupled mode leads to an increase of the reflected microwave power, 
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see Appendix A. The FMR signal is measured by monitoring the reflected 

power from the cavity as a function of the applied dc field Hdc At the 

resonant field, Hres, the microwave absorption of the sample reaches a 

maximum, and in the undercoupled case it leads to a maximum amplitude of 

the reflected microwave electric field, E,. 

I 
1 - ock-in amplifier 

t 
I Diode 

Klystron . 

Electromagnet 
\ 

\ 
\ 
\ I I 

Figure 3.5. Block diagram of the FMR apparatus. 
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The reflected microwave field amplitude, E,, is detected by means of a 

microwave diode detector which generates a dc voltage proportional to E,. 

Formula (A. 13) from the appendix suggests that the maximum 

sensitivity can be reached for the critically coupled cavity (Po=l, see 

Appendix A). However in this case the microwave diode works in its 

quadratic response and for small AE, the diode becomes insensitive. One 

needs to increase Po to provide a sufficient reflected microwave power 

which assures an optimum microwave diode performance. A maximum 

performance is achieved by using a coupling parameter Po in the range of 

1.8<Poc3 which corresponds to the reflection of 30%-50% of the incident 

microwave power. For the diode output above 10 mV the microwave diode 

response is linear (maximum sensitivity). The optimum noise performance of 

the diode is achieved by terminating its output with a 1 kQ resistor which 

results in a dc current of -10 ~ 4 .  

The FMR measurements are carried out using a low frequency 

modulation of the external field (at 125 Hz). The signal from the diode 

detector acquires an ac component (at 125 Hz) which is measured using a 

lock-in amplifier detection (phase sensitive detection) to improve the signal- 

to-noise ratio. The, resulting final signal is proportional to the field derivative 

of the reflected microwave absorption. 

The microwave cavity used in the 36 GHz measurements was operated 

in the TQlz mode [3.15]. The substrate diameter (-20 mm) was larger than 

the cavity diameter (-1 1 rnrn at 36 GHz), and hence the entire end of the 

cavity was formed by the sample, see Figure 3.6. The sample was separated 

from the cylindrical body of the microwave cavity by a thin kapton foil in 

order to eliminate other microwave modes which are otherwise present in 

this type of cavity. A non-conducting kapton foil also prevents eddy currents, 
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generated in the cavity by the low frequency field modulation, from 

shielding the specimen from the modulation field. The TEo mode has its 

electric field at the end wall along the azimuthal direction only and 

approaches a zero value at the cavity walls. Therefore the internal cavity 

quality factor, Qcmity, is not affected by the absence of the electrical contact 

between the end wall and the cylindrical body. In the parallel configuration 

the dc applied field is oriented along the sample surface, see Section 3.3. The 

cylindrical symmetry of the rf magnetic field permitted full 360' in-plane 

angular FMR studies. 

.Waveguide 

II 

Coupling hole 

Microwave 
cavity 

r 

d.c magnetic field 

Kapton foil 
Ultrathin 
Co structure 

Substrate 

Figure 3.6. Microwave cavity used in the parallel configuration of FMR 

measurements at 36 GHz. 

With a constant incoming power the reflected amplitude of the 

microwave electric field changes linearly with the absorbed microwave 

power in the sample. The power absorption, Psmple, is proportional to the 

imaginary part of the rf susceptibility x"=Im( my/hy), Psample -0 Xt' h:, see 
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Section 3.7. Equation (3.54) for X" gives a typical resonance Lorentzian-like 

lineshape. The maximum absorption occurs at the resonance field, Hres, see 

equation (3.58). The linewidth of the resonance peak is given by the 

microwave losses. For small modulation of the dc field (appreciably smaller 

than the FMR linewidth) the measured signal is proportional to the dc field 

derivative d~"/dH. The resonance field, HE,, is given by the zero crossing of 

df1/dH, and the FMR linewidth AH is equal to the field interval between the 

extrema of d~"/dH,  see Figure 3.7. 

1 2 3 

O / Magnetic Field (kOe) Resonant Field H res 

Figure 3.7. An example of the FMR signal in the Cu/4Co/6Cu/20Au sample. 

The zero crossing of the absorption derivative yields the resonant 

field HE,, and the field interval between its extrema yields the 

FMR hewidth AH. 



Chapter 4 

Ferromagnetic Resonance studies of Ultrathin fcc 
Co(001) Structures 

4.1 Introduction 

In this chapter the ferromagnetic resonance studies of ultrathin layers of 

metastable fcc Co(001) grown on a Cu(OO1) substrate are presented. The 

epitaxial growth procedure and the nomenclature used to represent samples 

were described in Chapter 2. There have been many studies of the structure 

of fcc Co(001) grown on a single crystal Cu(001) substrate, see Chapter 2; 

however, its magnetic properties have not been as extensively studied as in 

this work. The magnetic studies in this thesis give a detailed account of the 

basic magnetic properties of ultrathin metastable Co(OO1) grown on a 

Cu(001) template. Magnetic parameters such as magnetic anisotropies, the 

spectroscopic g-factor and the magnetic damping were obtained from the 

FMR measurements on single cobalt layer samples Cu(OOl)/Q/ Cu. Cobalt 

layers separated by a nonmagnetic Cu interlayer in sandwich structures 

(trilayers) Cu(001) /Co/Cu /Q/Cu were used to study the exchange 

interaction across the Cu spacer. 

4.2 Ex~erimental results and analysis of mametic anisotropic 

The in-plane easy and had magnetic axes are simple to determine 

experimentally. Equation (3.58) shows that for the saturation magnetization 

oriented along the easy axis the resonant field, Heay, reaches a minimum 

and for the magnetization oriented along the hard axis the resonant field, 
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Hhard, reaches a maximum. The measurements showed that the <loo> 

crystallographic axes are the hard axes, and the < I  10> directions are the easy 

axes, see Figure 4.1. The measured resonance fields of ultrathin Co layers 

had relatively low values (1-5 kOe at 36GHz, room T) compared to that of 
0 
- (-12 kOe at 36 GHz, assuming g=2 in equation 3.5). Low resonance 
Y 

fields, imply that 4nMeff>>Hres, see equation 3.58. In this case a simple 

analysis can be carried out on the back of an envelope. One wishes to obtain 

the magnetic properties immediately after the FMR measurements are 

performed and for that reason this simplified approach will be demonstrated - 

2G:: below. For ~ T ~ M , ~ ~ > > H ,  and 4xM,&> - equation (3.58) becomes: 
MS 

2 K;: (7)' = 4 Meff (Hew - ,) for the easy axes ,lo> (4.1 a) 

and 

2 f G .  Equations (4.1) can be used to estimate the in-plane fourfold anisotropy, - . 
Ms 

For example the resonance fields in the 4 ML Co sample, see Figure 4.1, result 



2 4 6 

Magnetic Field (kOe) 

Figure 4.1 The FMR signal measured at 36.3 GHz (room temperature) for the 

Cu(001)/4Co/6Cu/20Au sample along the (a) easy and (b) hard 

magnetic axes. The shift in the resonance field between the easy 

and the hard axes is caused by the fourfold in-plane anisotropy 

field. 

in - K" - - -1 me. Then equation (4. lb) yields 4nMeff - 46 kOe. This value 
Ms 

is significantly larger than the saturation induction 4nM, (17.87 kOe for hcp 

cobalt). Therefore, the film normal is a hard axis for the perpendicular uniaxial 

anisotropy, and the sample plane is an easy plane. The above approximate 
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calculations immediately give one an idea about how strong the anisotropy 

fields are in fcc Co(001) structures. 

4.2.11 Calculations of the e-factor. 

In order to perform complete quantitative studies of the magnetic 

properties of fcc Co(001) films one needs to obtain a precise value of the 

gyromagnetic ratio y (g-factor, see equation 3.5). This can be achieved by 

measurements of H, for at least two sufficiently different microwave 

frequencies. In this work, the g-factor was calculated from the FMR 

measurements of the Cu/lOCo/lOCu/2OAu sample at 23.8, 36.3 and 72.9 GNz. 

It was found that the measurements carried out at 23.8 and 36.3 GHz done did 

not provide reliable values for the g-factor and 4nMefp The reason is that for 

low microwave frequencies the term Hre, (< 5 kOe) which appears in the first 

bracket on right hand side of equation (3.58) can be neglected. In this case the 

measured resonance fields are able to determine well only the product 

( 0 )  
(see equations (4.1)) and not the individual values for g-factor 

Y 4xMef 
and 4nMeff. One needs to increase at least one of the microwave frequencies to 

bring H,, to a value which is not negligible compared to 4nMew FMR 

measurements at 72.9 GHz fulfilled this requirement (H,, - 12kOe). 

Accurate values of the g-factor, 4nMeff and - 2K" in the 10 ML Co 
MS 

sample were obtained by using a Surface Physics Laboratory program (written 

by Dr Ura,uhart)- In this program equation (3 .58) is used to fit the measured 

resonance fields HE&) at two different microwave frequencies. The 10 ML 

Co sample was measured at 23.8,36.3 and 72.8 GHz. For 23.8 and 36.3 GHz 

the measurements were carried out along the easy and hard axes, while at 
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72.9 GHz a full angular dependence was obtained. From these measurements 

two groups of data were created. The first group used the results h m  23.8 and 

72.9 GHz measurements and the second group used the results from 36.3 and 

72.9 GHz measurements. For each group a MINUIT minimization routine 

determined the self-consistent values of 4aMeff and g-factor and the 

2 K;: corresponding values of - for each microwave frequency. The values of 
Ms 

4zMeff and g-factor were determined by iteration using the resonance 

conditions at two microwave frequencies for each group of data starting at g=2. 

The results of these analyses are shown in Table 4.1. 

The value of 4xKff was found weakly dependent (less than 1 % 

variation) on the dc magnetic field. The g-factor was found to be almost 

independent of the field; its average value was found to be g = 2.16. The value - 

2 G -  of the in-plane 4-fold anisotropy, - was found to depend somewhat on the 
4 

field. It increased by 7-8% with an increasing dc field. 

TABLE 4.1: Magnetic properties of Cul lOCo/lOCu/20Au sample at 

different microwave frequencies. 

The above measurements of the same sample Cu/lOCo/10Cu/20Au at 

23.8,36.3 and 72.9 GHz were also used to study the linewidth, AH, as a 

function of the microwave frequency f. The frequency dependence of the 

FREQUENCIES 

(GW 
Ms 

(kOe) 

4xM eff 

( k W  

f2 

2.16 

2.16 
24 - 73 

36 - 73 

34.4 

34.6 

-1.26 (at 24GHz),-1.36 (at 73GHz) 

-1 -29 (at 36GHz),- 1.36 (at 73GHz) 
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Iinewidth shows negligible zero frequency linewidth , AH(0) - 5 Oe, see 

equation (3.59). A low value of my@) si?ows that the Co uitrathin films 

exhibit very good macroscopic homogenities. From the slope of the 

linewidth versus frequency plot the Gilbert-damping coefficient was found 

to be G = (3.1 * 10~k0.2*10~) sec-I, see Figure 4.2. 

Experimental points 

Theoretical fit using equation (3.59) 

I.. 
0 20 40 60 80 

Frequency, f (GHz) 

Figure 4.2 The plot of the tinewidth, AH, as a function of the frequency, f ,  

for the Cu@U 1 )/ 1 Ko/lOCu/20Au sample. The linewidth, AH, 

was measured for the FMR signal at room temperature along the 

easy magnetic axis. Errors in the measured linewidth are smaller 

than 5% (error bars are smaller than the points). 



71-A I rlr: remaining samples were measured at 36 GHz at room and liquid 

nitrogen temperatures. Due to a large in-plane fourfold anisotropy field the 

saturation magnetization Ms is not in general parallel with the do field Hdc. 

The angle cp-Q between Ms and Hdc depends on the orientation of Hd, with 

respect to the in-plane crystallographic axes. The anisotropy pulls Ms away 

from the direction of Hdc when the applied field is not along an easy 

crysiaSiographic axis. However for the applied fieid directed along the hard 

axis the saturation magnetization, %, is parallel with the field when 

2K;:: 
Hdc> - . For our samples Hd, >- 2K", and therefore the measurements 

Ms 4 
of H,, carried out along the easy and hard axes were unaffected by dragging 

the saturation magnetization, Ms, behind the d.c. field, Hdc The majority of 

the measurements were performed with the field applied along the easy and 

hard magnetic axes only for which Ms and Hdc are parallel. In this case 

equation (3.58) can be used with and a set of equations for the easy and 

hard zxes can be solved to obtain the values of the in-plane magnetic 

anisotropy and 4nMeE The analyses were carried out using g=2.16 which 

was found for the Cn / 1OCo / lOCg / 20Au sample, see Section 4.2.1, The 

saturation magnetization, Ms, was taken to be that of the bulk Co 

(4~,=17.87kOe). The results for all single-layer cobalt samples are 

summarized in Table 4.2 14-11. 

In order to study the in-plane fourfold anisotropy in more detail, an in- 

plane angular dependence of H,,(cp) was measured for the trilayer sample 

Cu(001) / 4.3 Co / 6 Cu /4 Co / 17 Cu / 20 Au at 36.3 GMz. The theoretical f i t  
to the experimental data, H,(cp), must include the dragg:ng angle @. The 

MINUIT -based mninimization program available in the Surface Physics 
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MINUIT -based minimization program available in the Surface Physics 

Laboratory was used to fit all the experimental points, H,,(cp), with the 

formula (3.58) which accounts properiy for the dragging angle q-0, see 

Figure 4.3. 

TABLE 4.2 : Single-layered Co samples grown on a Cu(001) substrate. 
All measurements were carried out at 36 Ghz. Ts is the 
temperature of the substrate during the growth of the Co layer. 
Data is presented in the face-centered tetragonal coordinate 
system where ax ,  a a are directional cosines with respect 

Y' 
to <loo> axes. See Appendix A for comparison of the fct and 
the bct coordinate systems. ( H, = 2 K:' /M, ). Errors in 
anisotropies are smaller than 5%. 

SAMPLE 

* using 4nM s = 17.87 kOe for hcp Co. 



0 90 180 
Angle of magnetic field from (1 10) axis (deg) 

Fig. 4.3. The in-plane angular dependence of the resonance field, H,, 

observed for the Cu(001)/4.3Co/6Cu/4Co/17Cu/20Au sample at 

36.3 GHz. The solid line represents a theoretical fit using the 

following magnetic parameters: 4 ~ M ~ ~ f 4 0 . 8  kOe, 

2~, ' : :  -- - - 1-05 kOe (obtained from Table 4.3). 
Mx 

Note that the FMR field around the easy magnetic axis changes 

mere slowly with angle than around the hard axis. This behavior is caused by 

the dragging of the saturation magnetization behind the external field due to 

a strong in-plane 4-fold anisotropy. 
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A. Perpendicular uniaxial anisotropies 

The single-layered Co samples show large negative uniaxial anisotropy 

fields indicating that the film surface is an easy plane ( or, in other words, the 

surface normal is the hard axis) (see table 4.2). The uniaxial anisotropy is the 

result of magnetocrystalline and magnetoelastic energies. The shape 

anisotropy due to demagnetizing fields is eliminated from the uniaxial 

anisotropy by using the formula (3.53) for a finite fcc lattice, see Chapter 3 : 

where d is the film thickness in monolayers (ML). The thickness dependence 
2 K:* 

of - is shown in Figure 4.4a for liquid-nitrogen and in figure 4.4b for 
M, 

room temperature. At both temperatures the uniaxial anisotropy field can be 

fit with a constant plus a term dependent on l/d: 

where d is in mondqers (MI-). The smnk lyl vv lLI1 I -7 rno==!qws of Co from 

Table 4.2 is omitted from the fitting procedure at 295IC,, because its Curie 

temperature is below room temperature [3.10,4.2]. The case of liquid 

nitrogen will be addressed in the discussion. Corresponding anisotropy 

constants are: 



at liquid nitrogen temperature, 

and at room temperature, 

The shape anisotropy contribution to the bulk and the surface terms has 

already been subtracted using formula (4.4). The surface term value is 

quoted per one interface. 

B. Fourfold in-plane anisotropies 

The strong negative fourfold in-plane anisotropy fields favor the < 1 10> 

as the easy axes (see table 4.2). The thickness dependence of this anisotropy 

is shown in Figure 4.5a for liquid-nitrogen and in Figure 4 3  for room 

temperature. Again, a constant plus a term dependent on l/d was used to 

describe the behavior: 



1 + 1 . d - ]  kOe at room T 
d 

where d is in ML. Samples 1.7 ML and 3.3 ML of Co were omitted from the 

fit as will be explained in the discussion. The values of bulk and surface 

anisotropy constants are given below for reference: 

at liquid nitrogen temperature, 

at room temperature, 

The value of the surface terms correspond to one interface only. 



Thickness d (ML) 

0 2 4 6 8 10 12 

Thickness d (ML) 

Fig. 4.4. The perpendicular uniaxial anisotropy as a function of thickness of 

Cof001) f b  for (a) 77 K and (b) 295 K. The full circles indicate 

experimental data used to fit the bulk and surface contributions to 

anisotropy as described by equations (4.5) in the text. The empty 

circles indicate the 1.7 ML Co sample. 



0 2 4 6 8 10 12 

Thickness d (ML) 

0 2 4 6 8 10 12 

Thickness d (ML) 

Fig. 4.5. The fourfold in-plane anisotropy as a function of thickness of 

Co(OO1) for (a) 77 K and (b) 295 K. The full diamonds indicate 

experimental data used to fit the bulk and surface contributions to 

anisotropy as described by equations (4.7).The empty diamonds 

indicate the 1.7 and 3.3 ML Co samples (not used in the data fit). 



3.2.4 Discussion 

For an ideal fcc lattice there would be no crystalline bulk contribution to 

the perpendicular uniaxial anisotropy. Therefore, the large negative constant 

terms in equations (4.5) are a consequence of the tetragonal distortion of a 

Co lattice grown on Cu(001). This contribution favors the surface of the film 
2 K : ~  

as an easy plane. The thickness dependent part of - is well described by 
4 

the l/d term, and it also favors an easy plane. LEED studies indicate a 

constant and homogenous strain for Co/Cu(001) films thicker than 4 ML 

12. l a ,  see Chapter 2. Therefore the interface anisotropies are most likely 

responsible for the measured l/d terms in these films. This is similar to 

Co/Pd(001) superlattices where the strain was also found to be independent 

of the Co layer thickness up to 6 ML [4.3]. However, this stands in contrast 

with Co/Cu(l 1 1) superlattices for which the measured apparent surface 

anisotropies are a consequence of the magneto-elastic energy with strains in- 

versely proportional to the Co layer thickness [4.4]. Our results indicate that, 

additionally to 6.5,8.5 and 10 ML Co, the 4 ML Co/Cu(OOl) sample also 

follows the constant strain behavior. But thinner samples deviate from the 

constant plus thickness dependent term behavior predicted by equations(4.5) 

and (4.7): this deviation is discussed below. 

The 1.7 ML sample for both the uniaxial and the in-plane anisotropies 

and the 3.3 ML sample for the 4-fold in-plane anisotropy were excluded 

from the fitting procedure which led to equations (4.5) and (4.7). The reason 

for this is two-fold. Firstly, as mentioned in the Chapter 2, detailed LEED 

investigations revealed that the strain in Co films thinner than 4 ML is thick- 

ness dependent. For CO coverages less than 4 ML the tetragonal distortions 
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are smaller [2.10], thus resulting in the reduction of the magneto-elastic 

volume contribution to the magnetic anisotropies. Secondly, scanning 

tunneling microscopy (STM) studies of Co grown on Cu(OO1) [4.5], and our 

reflection high-energy elec tron-diffraction (RHEED) oscillations, see 

Chapter 2, indicate that the first two layers of Co exhibit a deviation from 

layer-by-layer growth. Islands belonging to the second atomic layer are 

created before the first laytr is completed. Such roughness causes local 

demagnetizing fields at the surface which tend to decrease the surface 

anisotropy (make it less negative). Hence, for samples thinner than 4 ML, the 

deviation from the simple constant volume and l/d dependent surface term 

behavior is due to both smaller ietragonal distortions and increased film 

roughness. 

The role of surface roughness and changing lattice strains discussed 

above is visible in the measured uniaxial and in-plane anisotropies plotted in 

Figures 4.4 and 4.5. While the magnitude of the uniaxial anisotropy of the 

1.7 ML sample at 295K is strongly decreased as compared to the value given 

by equation (4.5) ( by -60%, see Figure 4.4(b)) mainly because the Curie 

point is just below room temperature [3.10], the observed lower magnitude 

(by -20%, see Figure 4.4(a)) of the uniaxial anisotropy at 77K (well below 

Tc) is attributed mostly to reduced strain and increased surface roughness. 

Those effects are even more pronounced in the 4-fold in-plane anisotropy. At 

both 77K and 295K temperatures the magnitude of the fourfold in-plane 

anisotropy of the 1.7 ML Co sample is decreased by -80% and -90% 

respectively, see Figure 4.4. The 3.3 ML sample showed an appreciably 

smailer change in the in-plane anisotropy; 12% at LN2 temperature, and 

19% at room temperature. Considering the fact that the Co film surface 
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topology does not change for thicknesses greater than 3 ML, this reduction 

can be attributed mainly to the reduced strain in the 3.3 ML thick Co sample. 

The value of the bulk contribution to the uniaxial anisotropy can be 

estimated using the magnetoelastic energy for a tetragonally distorted cubic 

lattice [4.6]: 

For the case of equal in-plane expansion (e,,=eyy=ell and e,=eL) equation 

(4.9) can be simplified to (using the identity a: + CZ: + $=I) 

l4 
- const + B, (el - e,,) 4 E ~ ~ ~ . ~ ~ -  - (4.10a) 

where 

Here e, , e,  are the in-plane and the peqendicular strain tensor components, 

a,, is the magnetostriction constant, and ell, c12 are the elastic moduli. The 

strains quoted in Chapter 2 give ex,=eyy=e11=0.0175 and ez=eL=-0.022. The 

elastic constants for fcc Co are c 1 = ~ . 4 ~ x  1012 ergs/cm2 c 12= 1.60~ 10 

ergs/cm2 [4.7]. In order to explain the strength and sign of the volume 

contribution to the perpendicular uniaxial anisotropy using the above strains 

and elastic constants one needs to use a positive magnetostriction constant of 

hlOn==2.2x lom4 for the lzttice strains observed in fct Co. This value is about 

a factor of two larger than those found in Co rich fcc Pd-Co alloys 

(hIm=1 -3 x lo4) 14.81, and has the same sign and order of magnitude as 

magnetostriction constants of Co-Fe and Co-Ni alloys. In addition, the bulk 



uniaxial anisotropy constant for fcc Cu(OOl)/Co films, 
ergs ~,b""=-10.8-10~ - 3'  and that for fcc Pd(OOl)/Co films, 
an 

~,b""  = -3.2 lo7 5 [4.9,4.10] have the same sign and the ratio 
cm3 ' 

(3.2- 107+10.8.106=2.96) which is not far away from the ratio of their vertical 

compressions (2.2%+9.6%=4.36 [ref.4.9]). This emphasizes the importance 

of tetragonal distortions for the strength of uniaxial anisotropies. The linear 

magnetoelastic theory applied to tetragonally distorted structures is fairly 

successful in, at least, qualitative predictions of the bulk contribution to 

uniaxial anisotropies. 

fn contrast to our CoKu(001) films, surface contributions to the uniaxial 

anisotropy in CofPb(UUl),(l10),(111) E4.101 and Co/Pt(001),(110),(111) 

[4.11,4.12] films are positive favoring the film normal as the easy axis. A 

negative value of the surface anisotropy in Co/Cu(001) structures is very 

surprising considering the fact that even the formation of an ordered alloy 

(Copt31 in Copt interfaces did not result in substantial modification of 

surface anisotropies [4.13,4.14]. Recent ab initio band structure calculations 

l4.151 predict that the interface uniaxial anisotropy of an uncovered fcc 

Co(001) atomic layer grown on a Cu(001) substrate has a total anisotropy 
ergs 

K:=- 0.8- , but a Co(001) covered by Cu(001) layer has nearly zero 
em2 

positive interface anisotmpy. Our results contradict these theoretical 

calculations. The interface anisotropy constant is definitely a non negligible 
ergs 

negative number at room temperature, K: = - 0.26 - , which becomes 
em2 

ergs 
temperature, K: = - 0.5 1 - , see equations (4.6b) and.(4.6d). However, 

em2 

our samples are thicker than one mondayer and they are significantly 
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strained; they perhaps exhibit a different behavior than the single monolayer 

which was used in the theoretical predictions in reference 4.15. 

Recently, magnetic anisotropies of Co grown on Cu(001) have been 

determined by Brillouin light scattering [4.16]. Studies of the fourfold in- 

plane anisotropy by Krams et a1 showed the same sign and order of 

magnitude for volume and surface contributions as our results. The uniaxial 

perpendicular anisotropy determined in that paper, however, did not exhibit 

the volume contribution apparent from our studies, and for Co covered with 

2 ML Cu, the thickness dependent term indicated that the surface normal was 

an easy axis in disagreement with our result. The absence of a bulk 

contribution to the uniaxial anisotropy in their result is very surprising since 

tetragonal distortions of Co(UO1) grown on Cu(001) are expected to lead to a 

large volume uniaxial anisotropy as indicated by equations (4.10). 

Calculations based on Niel's model predicted perpendicular surface 

anisotropies for CoIAu and CdCu texturized films in accordance with 

experiment [4.17]. It is therefore interesting to compare our results with the 

value of the surface uniaxial anisotropy calculated from Nkel's model. In 

Neel's theory the interactions between two atomic magnetic moments 

separated by a vector r are given by: 

W ( T )  = l ( r )  cos2 @ + q(r)  cos4 9 

where 1 and q are Neel's coefficients of pair interaction, r is the distance 

between the atoms, and $ is the angle between vector r and magnetic 

moments. The Nee1 coefficient 1 can be estimated from magnetoelastic 

constants [4.6]. Using the magnetoelastic constants for hcp Co, Bruno [4.17] 
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obtained the value of 1 =6.1~10-16. Using Neel's model one can show that 

the surface anisotropy in the fcc Co(001) surface is given by: 

I ergs 
Kl: = ,= 0.47- 

a- cm' 

where a is the in-plane lattice constant. The positive value for Ki indicates a 

perpendicular easy axis surface anisotropy for the case of Co(OOl), in 

contradiction to our experinrental results. This should not be too surprising 

since Neel's approach assumes a free surface, not a covered one, as was in- 

vestigated in our studies. Our results suggest that predictions of the behavior 

of the surface anisotropy invoking Nkel's coefficients determined from the 

bulk magnetoelastic model have to be treated with some caution.The 

thickness dependent part of the uniaxial anisotropy is strongly dependent on 

temperature, while the thickness independent part does not change 

appreciably upon cooling to liquid nitrogen temperature. A 10% change in 

the volume term can be attributed to the temperature dependence of the 

magnetostriction constant in equation (4.10b). For example for fcc Ni, the 

change in magnetostriction constant klO0 upon cooling from 300 K to 77 K 

is approximately 9% [4.18]; therefore, klO0 for fcc Co might show a similar 

change. In order to explain the temperature dependence of the l/d term using 

the renormalized surf-dce anisotropy due to fluctuations caused by 2-D spin 

wave theory [4.19] one needs a decrease in saturation magnetization of ap- 

proximately 17%. Unfortunately, the author is not aware of any published 

studies related to the dependence of the magnetization on temperature for 

samples 4 ML and thicker of Co grown on Cu(001). 
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The fou6old in-plane anisotropy has a large constant term due to lattice 

strains and a 1/d dependent term most likely due to a surface fourfold in- 

plane anisotiopy. The constant term favors < 1 10> as easy axes at both liquid 

nitrogen and at room temperature. The temperature dependence of the 

thickness dependent term is strking: at LN2 temperature its negative value 

also prefers < 1 10> as an easy axis, but upon heating to room temperature the 

sign changes and favors <loo> as the easy axis, see equations (4.7). Such 

behavior is not likely due to thermal fluctuations; for samples 3 ML and 

thicker the critical point is above 600 K [3.10], and hence at room 

temperature the thermal fluctuations should be negligible [4.20]. This 

reversal in sign of the thickness dependent term upon heating from 77 K to 

300 K might be caused by a complex dependence of the spin-orbit 

contribution to the 3d valence-band energies on the sample temperature. On 

the other hand, the volume tern is not significantly affected by the tempera- 

ture change. This is in complete contrast with bcc Fe [4.6] for which the 

thickness independent part changes by nearly 30% upon cooling from room 

to liquid nitrogen, but the lld term remains virtually unchanged. 

The microwave losses are studied by the ferromagnetic resonance 

linewidth, AH. The FMR linewidth is usually characterized by the zero 

frequency linewidth, AH(@), and by the Gilbert damping, G, see Section 3.8. 

Figure 4.2 shows that AH(0) was found to be -5 Oe. This is a unique case. 

For example in the case of Fe the zero frequency linewidth, AH(O), was 70 

Ue for a 10 ML iron film [4.2 11. AH(0)-5 Oe testifies to a good macroscopic 

homogeneity of the Co films. The Gilbert damping parameter, 

3.1~108 sec- 1, is three times larger than that in hcp Co (G = 1x108 sec -1 ) 

[4.22] and significantly larger than that observed in Fe films and in bulk Fe 

[4.21, 4.231 (G = 0.84 x108 sec-I), but it is comparable to the Gilbert 
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damping for bulk Ni 14.241 (2.45 x108 sec-1). It is interesting to note that the 

-factors for fcc Co (g=2.16), hcp Co (g=2.18)and for fcc Ni (g=2.19) are 0 

also similar. The deviation of the g-factor from its free electron value 

(g = 2.0) reflects the contribution of the spin-orbit coupling to the 3d valence 

band magnetic moments. Moreover the intrinsic damping and the magnetic 

anisotropies in 3d metals also originate in the spin-orbit interaction [4.25]. 

The cubic anisotropy in bulk Ni is large at cryogenic temperatures (-2.7 kOe 

at LN2) and it is negative as in fcc Co layers (e.g. -2.2 kOe for 4 ML thick 

Co), see Table 4.2. Therefore the similar behavior of the g-factors, the 4 fold 

crystalline anisotropies and the intrinsic Gilbert damping parameters in fcc 

Co and fcc Ni suggests that the contributions of the spin orbit interaction to 

their 3d bands are very similar. 

4.3 Exchan~e cou~ling between Co lavers 

FMR measurements are very useful for the study of the magnetic 

coupling between ferromagnetic layers. The theory of exchange coupled 

ultrathin trilayers (two ferromagnetic layers separated by a non-magnetic 

interlayer) has been extensively reviewed [4.26,4.27,4.28]. Here a summary 

of the main features which are relevant to the measured results are presented. 

As pointed out in Chapter 3 the magnetic moments within each 

ferromagnetic layer precess together as a unit. The interlayer exchange 

interface energy per unit area, E,,, can be written in the form: 

where I is the exchange coupling coefficient between the layers, MI and M2 

are the saturation magnetizations in the individual films. The exchange 



84 
coupling between two ferromagnetic layers leads to two precessional modes. 

For the acoustic mode the magnetic moments precess in phase; for the 

optical mode the magnetic moments in the two films precess out-of-phase. 

The character of the magnetic coupling can be determined from the relative 

positions of the acoustic and the optical modes. For the antiferromagnetic 

coupling the optical mode is located at a higher field than the acoustic mode. 

For the ferromagnetic coupling the situation is reversed: the optical peak is 

located at lower fields than the acoustic peak. The positions and the 

intensities of both modes depend in a complicated way on the strength of the 

exchange coupling, but they can be calculated using the L.-L. equations of 

motion which include the effective fields arising from the exchange coupling 

l4.261. One should point out that the optical mode is only observable in FMR 

measurements if the individual ferromagnetic layers in the absence of 

exchange coupling have different resonance fields 14.261. The coupling to 

the RF driving field is very weak if the two films have identical magnetic 

properties. 

Recent measurements t4.291 have shown that the fcc Co sandwiched 

between two Cu layers can result in antiferromagnetic coupling between the 

Co films. We have investigated the exchange coupling in several Co-Cu 

trilayer samples [3.10]: 

(a) Cd4Co/6Cd10.3Co/ll Cu/20Au, 

(b) Cu/4Col6Cu/4Co/3 Fe/6Cu/2OAu, 

(c) Cu/4.3Co/6Cu/iCCo/ 17Cu/2OAu, 

(d) CiiilL!Cd! wd! d! OCd20Au. 

The layers particiwting Y in the mqnetic coupling are underlined and the 

underlined parts (with integer numbers only) will be used to identify these 
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specimens. The FMR technique was used to investigate the exchange 

coupling in these structures. 

4.3.1. Ferromagnetic Resonance on 4Co/BCu/10.34=0 

The magnetic properties of the individual Co films give sufficiently 

different resonance fields (The resonance fields in 10 ML Co and 4 ML Co 

films were 0.32 and 0.66 kOe apart along the easy and hard axes 

respectively) so that FMR could be used to measure a moderately strong 

exchange coupling in the trilayer systems. Indeed the sample 4CoI6Cul l OCo 

exhibited optical peaks at larger fields than the acoustic mode peaks and this 

clearly indicated a weak antiferromagnetic coupling at both room and at LN:! 

temperatures, see Fig.4.6. It is surprising that the optical peaks were very 

weak in spite of the fact that they were close in field to their respective 

acoustic peaks. The weak optical peaks indicated that the magnetic 

properties of the individual Co layers changed significantly as a result of 

their incorporation into a trilayer structure with the result that their resonance 

fields were even closer than those of the single layers. 

Computer fits of the 4Co/6Cu/lOCo trilayer data were carried out by 

adjusting the values of 4rrMeff (in each constituent layer), the in-plane 

2 G  anisotropy - , and the exchange coupling between layers, see Figs 4.6/c) 
Ms 

and 4.6(d). Unambiguous fits were possible to achieve since the low 

intensity of the optical mode required the magnetic properties of the 

constituent layers to be nearly the same. The position of the acoustic peak 

provided a good starting estimate of 4 n K f f  for the thicker Co layer. The 

exchange coupling was estimated from the position of the optical mode. The 

value of 4xMeff for the thinner layer was then determined from the intensity 
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Fig. 4.6 The FMR signal in the 4Co/6Cu/10.3Co sample along the (a) easy 

and (b) hard magnetic axes at 36.3 GHz and T=300 K. Note that the 

optical peaks are weak and occur at higher fields than the acoustic 

peaks, and therefore the exchange coupling between the Co layers is 

antiferromagnetic. Note also that the optical peak along the hard axis 

lies closer to its acoustic counterpart than that along the easy axis. 

This shows that the exchange coupling is stronger along the easy 

axis. (c) and (d) are the calculated FMR lines using the theory of the 

exchange coupled bilayers for the sample whose measurements are 

shown in (a) and (b). The magnetic parameters for the 4ML (A) and 

10.3ML (B) of Co(OO1) films were determined by fitting the 

positions and intensities of both the acoustic and optical peaks. The 

best fits were obtained by using the following parameters: 

(A)= 37.3 kOe , ( 4 x ~ I ~ ~ ) ~ ) =  34.2 kGe (see Table 4.3). (47&Ieff) - 

The exchange coupling along the easy axis, .Ieasy = -0.052 ergs/crn2, 

is higher than that observed for the hard axis, Jhard = -0.025 

ergs/cm2. 



(c) easy axis (d) hard axis 
- theory - theory 

3 J < 
Mag~etic Field (kOe) 
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of the optical mode. Measurements along the hard and easy magnetic axes 

determined the in-plane crystalline anisotropy. Fits were carried out 

iteratively until p o d  agreement was achieved in the resonance peak 

positions and in the relative intensities of the measured optical and acoustic 

peaks, along both the hard and easy magnetic axes. Results of this analysis 

are shown in Table 4.3. Note that the value of 4rrMeff obtained for the 

thinner Co layer was found to be substantially smaller than that obtained 

from measurements on a single layer. The lattice strains in the trilayer 

structures may be decreased compared with strains in the single layer 

structures. A relaxation of lattice strains would result in lower perpendicular 

uniaxial anisotropies. It is also interesting to point out that the strength of the 

antiferromagnetic exchange coupling is not isotropic. It is noticeably larger 

along the easy axis (-.05 ergs/cm2) than along the hard axis (-.028 ergs/crn2). 

4.3.2. Ferromagnetic Resonance on 4Co/6Cu14Co/3Fe 

In order to increase the difference in resonance fields in the Co layers 

the outer CoICu interface was changed. The sample Cu/4Co/3Fe/9Cu/20Au 

was grown. It exhibited the magnetic properties of a well behaved 

ferromagnetic film, see Table 4.2. The magnetic properties of the 

Cu/4Co/3Fe/Cu film were very different from those measured for a single 

separate Co layer, see Table 4.2. The presence of the Fe significantly 

decreased 4zMeff. In fact, 4rrMef~16.2 kG, in the Cu/4C0/3Fe/Cu sample is 

very close to the saturation induction of fcc Co(00 1). Most likely this is 

because the uniaxial anisotropy is significantly decreased. Tie in-plane 

K,':: - -0.41 kOe compared 4-fold anisotropy was also strongly decreased, - - 
4 

with -1.10 kOe for Cu/4Co/6Cu/20Au. The magnetic properties of the 
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4Co13Fe layer are close to an average of those observed for individual 4Co 

and 3Fe layers. 

The FMR fieids in the Cul4CoiCu and CulKoiWeiCu samples were 

very different. The resonance fields along the easy and hard axes differed by 

4 and 4.6 kOe respectively. Their magnetic properties were different enough, 

s;e Table 4.2, so that a trilayer sample consisting of those structures 

separated by a Cu spacer was well suited for the study of the magnetic 

coupling using the FMR technique.The trilayer sample 4Co/6Cu/4Co/3Fe 

was grown and indeed the optical peaks were clearly visible, see Fig. 4.7. 

The optical peaks were found at smaller fields than the acoustic peaks. The 

4Co and 4Co/3Fe layers were coupled ferromagnetically. The addition of a 

3 ML Fe film on the outside of the Co layer changed the sign of the 

exchange coupling between the two Co layers. In contrast to the 

4Col6CullOCo trilayer, the FMR measurements in this sample were very 

easy to interpret. One did not have to change the magnetic properties of the 

individual layers in order to get a good fit between theory and experiment, 

see Tables 4.2 and 4.3. The exchange coupling was the only important 

parameter which was adjusted to fit the data obtained for fields along both 

the easy and the hard magnetic axes, see Table 4.3. In contrast with the 

4Co/6Cu/10.3Co trilayer, the metastable 4 ML Co film in the 

4Co/6Cu/4Co/3Fe trilayer did not appear to change its magnetic 

anisotropies. 

The ferromagnetic exchange coupling in the 4Co/6Cu/4Co/3Fe 

triiayer was found to be isotropic and to increase rapidly upon cooling. At 

1042 temperatures it increased by 3.5 times; this is very close to the ratio of 

room and LN2 temperatures. Such a large increase in the ferromagnetic 
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coupling with decreasing temperature was previously observed for FelPdlFe 

trilayers [4.28]. 

T=295K 
easy axis { 110) 
f=36.3 GHz 

Optical 
Peak 

Magnetic Field (kOe) 

Fig. 4.7. The FMR signal along the easy axis in the sample 

4Co/6Cu/4Co/3Fe/Cu. The solid line is a computer fit using the 

theory of the exchange coupled bilayers. The parameters used to fit 

the data are shown in Table 4.3. Note that the optical peak is weak 

and that it occurs at a smaller field than the acoustic peak: the 

exchange coupling between the Co layers is therefore 

ferromagnetic. 



4.33. Ferromagnetic Resonance on 4Co/lOCu/lOCo 

Tke FMR data obtained for the K o / l  OCu/lOCo displayed two FMR 

peaks, see Fig. 4.8. However the low field weak peak observed in this 

sample is definitely not related to the optical mode. It is located at a field 

Low Field 
Peak 

T=295K 
easy axis { 1 10 j 
f=36.3 GHz 

Magnetic Field (kOe) 

Fig. 4.8. The FMR signal in the sample 4Co/lOCu/lOCo/lOCu/2OAu. The 

dc field is along the easy axis. The low field weak peak is located 

below the saturation field and it does not correspond to the optical 

mode. In order to enhance the peak in the lower field it was 

necessary to increase the sensitivity of measuremeEt resulting in 

clipped higher peak. 

which is too small to saturate the sample. The absence of the optical mode is 

very likely due to the fact that the resonance fields of 4Co and lOCo layers in 

the 4CollOCdlOCo trtlayer are very nearly equal which results in a 



nqligible intensity of the optical mode. This is a surprising result since the 

optical mode was observed in the sample 4Co/6Cu/lOCo. Apparently, the 

magnetic properties of the individual layers are more equalized in the trilayer 

containing the thicker 10 ML copper spacer than in that containing 6 ML Cii. 



Chapter 5 

Summary of magnetic properties of fee Co(001) 
ultrathin structures 

Co(001) films grown on an fcc Cu(001) substrate show a strong 

perpendicular uniaxial aniwtropy with the hard axis along the film normal. 

The in-plane fourfoid anisotropy is also strong with the easy axes along the 

c110> crystallographic directions. Both anisotropies can be represented by 

bulk and surface contributions. The bulk terms of the uniaxial anisotropy are 

mainly attributed to tetragonal distortions resulting from lattice mismatch 

between metastable fcc Cof001) and fcc Cu(001). The surface term is most 

likely due to the broken symmetry at the interfaces. The surface uniaxial 

perpendicular anisotropy in Co/Cu(001) structures is negative in contrast to 

other Co structures which possess a positive surface anisotropy: a positive 

surface anisotropy corresponds to a tendency to align the magnetization 

along the specimen normal. 

The uniaxial anisotropies in the 1.7 ML sample and the in-plane fourfold 

anisotropies in the 1.7 ML and in the 3.3 ML samples exhibit a deviation 

from the simple behavior described by a constant term plus a l/d term. The 

uniaxial and the fourfold in-plane anisotropies in the 1.7 ML sample at 77K 

are lowered (in absdute vafue) due to the decreased strain and the increased 

y.f Ut abb -- mughness. rnqpetic at-ris~tmpies in the 1.7 P 6 L  siimpk zt 29558 

are additionally decre=-O k a ~ ~ e  TC lies j?lst below room teI.nperatwe. The 

decrease of the fourfold in-plane anisotropies in the 3.3 ML sample can be 

mainly attributed to reduced s-. 
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The temperature dependence of both anisotropies is very strong. The 

bulk terms are not appreciably changed upon cooling from room to liquid 

nitrogen temperatures, but the surface terms are very strongly affected by the 

cooling. In the case of the uniaxial anisotropy the bulk term is most likely af- 

fected by a temperature dependence of the magnetostriction constant, The 

l/d term behavior might be explained using fluctuations due to 2-D spin 

wave theory if the change in magnetization upon heating from 77 K to 300 K 

is -17 %. The temperature dependence of the surface contribution to the 

fourfold in-plane anisotropy is intriguing, and cannot be explained by a 

simple model. 

Similar magnitudes of the g-factors, the 4 fold in-plane anisotropies and 

the intrinsic Gilbert damping in ultrathin fcc Co(001) layers and those of 

bulk fcc Ni suggests that the contribution of the spin-orbit interaction to their 

3d bands is very similar. Ultrathin fcc Co(001) layers and bulk hcp Co also 

have similar g-factors, but the Gilbert damping in fcc cobalt is three times 

larger than that in hcp cobalt. 

FlMR studies of two Co(001) layers exchange coupled through a 

Cu(001) interlayer show that the magnetic properties of the individual 

Cu/Co/Cu layers are significantly modified in exchange coupled structures. 

In Cu/Co/Cu/Co/Cu structures the magnetic properties of the constituent Co 

layers are very s d a r  despite differences in their thicknesses. As a result 

the optical peaks in the FMR response are either very weak or unobservable. 

The only observable antiferromagnetic exchange coupling was found in the 

4Co/6Cu/lO.?Co trilayer. The exchange coupling in that sample was 

anisotropic with the coupling larger along the easy magnetic axis. 

A single f h  of 4Cd3Fe exhibits properties expected from the strong 

coupling of a 4 EvlL Co to a 3 ML Fe layer. When combined into a trilayer 
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4Co/6Cul(4Co/3Fe), the two magnetic layers retained their individual 

properties while coupling ferromagnetically across the Cu spacer. This was 

in strong contrast with the behavior of a trilayer 4Co/6Cu/lOCo in which the 

coupling was found to be antiferromagnetic and the two Co layers did not 

retain their individual properties. 



APPENDIX A 

Undercoupled microwave cavity 

The microwave cavity is characterized by its quality factor. The cavity 

quality factor, QCavity, is given by: 

where W is the microwave power stored in the cavity and PCavity describes 

the microwave power absorption inside the cavity. The microwave power 

absorption PcWity is the sum of the microwave power absorption of the 

sample, Psmpte, and the microwave power absorption of the other parts of 

the cavity (i.e. other walls), PWds: 

or in terms of the quality factors, 

Hence the changes in the power absorption of the sample result in the 

changes of the quality factor of the cavity, QCavi, 
'J 

The cavity is coupled to the waveguide through a small coupling hole 

(an orifice). The external quality factor QeXt is given by: 



where Poria,, represents a leakage of the microwave power through the 

coupling hole and depends on the size of the orifice. The ratio 

Qext = 'cavity P =  
Qcavity 'orifice 

is called the microwave cavity coupling parameter. The reflected amplitude 

of the microwave electric component, E,, from the cavity is given by [3.14]: 

where Eo is the incident microwave amplitude. In the following discussion 

Eo= 1. For j3= 1 (critical coupling) all the incident power is absorbed and the 

cavity is matched to the waveguide. The microwave cavity is undercoupled 

for P> 1 and overcoupled for P< 1. Formula (A.6) allows one to determine the 

dependence of the reflected amplitude , E,, on the power absorbed by the 

sample, PsmPle. The FMR measurements were carried out using an 

undercoupled cavity. The quality factor of the cavity QcWity is given by: 

I - - -(I+ L,, x), 
Qcavity IV 

where 



'sample x =  
P 
" walls 

The parameter x represents the microwave absorption in the filn~. Equation 

(AS) can be rearranged as 

The reflected amplitude is then given by 

&-l-1-x 
E, + AE, = 

p;I+l+x 

For a weak microwave absorption in FMR x<<l and the change in the 

reflected microwave amplitude can be approximated using the Taylor 

expansion: 

The reflected amplitude in the absence of an FMR signal is given by: 

(A. 10) 

(A. I 1 )  

Then the change in the reflected microwave amplitude is linearly 

proportional to the FMR absorption, 



Note that for an undercoupled microwave cavity an increase in the 

microwave absorption leads to an increase of the reflected microwave 

amplitude AE, (in this case both E, and AE, are negative). 
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(A. 13) 
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APPENDIX IB 

Comparison of the face-centered-tetragonal and the body-eentered- 

tetragonal coordinate systems. 

The distorted fcc Co(001) lattice can be viewed as either face-centered 

tetragonal (fct) or body-centered tetragonal (bct), see figure A. 1 below: 

Figure A. 1. View of the (001) plane: the full circles indicate Co atoms in 

one plane, the empty circles indicate atoms in the plane 1.74 A 
above. The face-centered tetragonal bases are shown in 

continuous lines and body-centered tetragonal in dashed lines. 

The in-plane expansions along [loo] and [010] are the same, 

while the compression is along [001] direction. 
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It is informative to find a relationship between magnetic anisotropies in fct 

and bct lattice coordinate systems. For an fct film the in-plane 4-fold 

magnetic anisotropy energy is 

- 1 4 

4, - - - ~ , % c t  ( %, fct + a?.9 fct 2 ) 

where ax,fct, ay,fct, a, fct are direction cosines with respect to <loo> axes 

for the face-centered tetragonal lattice. For a bct film the in-plane 4-fold 

magnetic anisotropy is 

Here ax,bct, a y , h t  are direction cosines with respect to in-plane < 1 10> axes 

and az,bct is a directional cosine with respect to [OGl] axis. For the fct lattice 

the directional cosines are: 

where 8 is the polar angle with respect to the [001] axis and @ is the 

azimuthal angle with respect to the [I001 axis. The bet lattice is rotated by 

d4 with respect to the fct lattice: 

Upon substituting the above equations into equation (B.2) we obtain: 



- - -- 1 v e f f  -:-4 
A~ Il bct 

n ~ ) 1 -  (sin cos - + cos sin 
4 4 

- 1 sin4 8 
- -- G f b c t  [(COS @ - sin 41)~ - (sin @ + cos $)'I 

2 4 

- 1 sin4 8 
- - - bet [((cos - sin @)'r - ((sin + cos @)')'I 

2 4 L 

- - 1 sin4 8 
- - G f b c t  [(I - 2 sin @ cos @)2 + (1 + 2 sin @ cos $)'I 

2 4 



By comparing the above equation with equations (3.38) and (B.2) we can 

conclude that a simple rotation of the coordinate system from the fct to the 

bct lattice affects not only the sign of the in-plane 4-fold anisotropy, but also 

the value of the perpendicular anisotropy. From the last term in equation 

(B.5) one can see that: 

In addition, the second term in equation (B.5) contributes to the 

perpeildicular uniaxial anisotropy and the third term to the 4-fold 

perpendicular anisotropy. The first term is just a constant that does not affect' 

effective anisotropy fields. In our studies the 4-fold perpendicular anisotropy 

can be neglected. By using equation (3.29) and (B.5) , one can compare the 

uniaxial anisotropies , ~ f 5 ~ ,  and H Z ~ ~ ,  , for the bct and the fct lattice 

coordinate systems: 

KI'' and 4 m, were calculated using the bct coordinate system by 
MS 

solving a set of two resonance conditions (3.35) for an easy and a hard axis. 

The results a e  shown in Table E. I : 



TABLE B. 1 : Single-layered Co(O0 1) samples grown on Cu(O0 1) 

All measurements were carried out at 36 Ghz. Ts is the 

temperature of the substrate during the growth of Co layer. 

Data is presented in the body-centered cubic coordinate 
system where ax , a are directional cosines with respect to 

Y 

in-plane 4 1 0 >  axes, and nZ is the directional cosine with 

respect to [OO 11 axis. 

* using 47rM s = 17.87 kOe for hcp Co. 

SAMPLE 

In the fct lattice coordinate system the in-plane fourfold anisotropy 

K'' , are large negative numbers, see table 4.1, whose absolute energies, - 
Ms 

Ts 

values are equal to those of table B.1 calculated for the bct coordinate 
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system.. However, the effective perpendicular demagnetizing fields, 4 nMeff, 

2 Icefi 
and the perpendicular uniaxial anisotropy fields, L, in fct are larger in 

4 

are valid and it is difficult to say which one is more appropriate. However, 

the fct coordinate system is usually employed, and the analysis in the main 

body of this thesis was carried out using the fct system. 

absolute value by 3 G-f - 
4 

(compare table 4.1 with table A. 1). Both analyses 
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