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ABSTRACT

Metastable fcc Co(001) ultrathin films were grown on fcc Cu(001)
single crystal substrate by means of Molecular Beam Epitaxy (MBE). The
growth was monitored using the Reflection High Energy Electron
Diffraction (RHEED) technique. RHEED intensity oscillations 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(OOl)/ Co/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 <110> crystallographic
directions. The thickness dependence of the perpendicular uniaxial
anisotropy and the fourfold in-plane anisotropy were measured. Both
anisotropies are shown to be well described by a sum of contributions from a
constant term and from a term proportional to 1/d. The constant term is due
to tetragonal distortions of the fcc Co(001) lattice, and the 1/d dependent
term originates from the intrinsic interface anisotropy. The temperature
dependence of the magnetic anisotropies is discussed.

The exchange coupling between Co layers through the fcc Cu spacer
layer was studied in several Cu(001)/Co/Cu/Co/Cu structures. The FMR



v
studies revealed that the magnetic properties of single Co layers are different

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

Co/Cu/Co trilayer structures.
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Chapter 1
Introduction

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 of 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
[1.1]. 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(001) .

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 Molecular Beam Epitaxy technique allows one
to produce clean ultrathin films 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
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and RHEED 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
Co(001).

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
4.069 A. The fcc structure is stable at températurestzver 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
3.615 A, acts as a template for the Co atoms. The lattice mismatch of 1.8%
between the bu]k fcc Cor 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

(3.615/2)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 (®) MBE-400 system. The layout of this system is shown in
Figure 2.1. The system consists of two interconnected ultrahigh vacuum
chambers: the alialysis 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 MBE-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 N,. Then the sample was attached to the transfer rod. The
chamber was closed énd 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 through 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



substrate holder could be tilted towards the Art+ ion guh. During the
sputtering process the MBE machine was filled with argon to ~5x10-5 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 6f the substrate. The AES was particularly useful for
monitbring 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 and leads to an inner shell vacancy formation (for example K-shell).
The electrons of the ionized atoms which occupy ‘outer energy levels (fbr
example L-shell electrons) can then fill the vacant core level and the residual
energy can be givenrto 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 Augér electrohs are distinctive for that element and are visible as

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



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 (®) [2.2]. 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 [2.3].

The sputtering and annealing process (repetitive sputtering and heating
of the sample) was continued until 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 RHEED 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 I cm
above the substrate. The RHEED 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 High Energy 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 10keV). Hence, in such a configuration, the élastica]]y 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 RHEED patterns. First, consider just two point
scatterers separated by vector |r| = AD (see Figure 2.2). In order for a
constructive interference to occur the path difference between the two rays
scattered by each of the atoms must be an integral number of wavelengths.

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

along the incoming rays f(i, and the unit vector along the scattered rays ﬁ,,



Figure 2.2 The calculation of the path difference between two atomic

scatterers.

then the condition for constructive interference can be written as follows

AC-BD:relEf—rOIA(!:mA 2.1)

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

Multiplying by 27/A yields
rO(kf—k,.)=r0K=27tm (2.2)
2r

”
A
and K=kK; is the scattering wavevector. If we consider not just two point

27

k., Kk, = —/'L—k s are the incident and scattered wave vectors,

where Kk; =

scatterers, but an infinite 2-D array of point scatterers, then the above
condition must be hold for all vectors r=R=na;+n,a, of the atomic mesh,

where n{,n; are integers and a; 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 [2.4]):



K=G (2.3)

Note that the condition (2.2) is satisfied for any value of the scattering
wavevector in the direction perpendicular to the surface, K | . 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 by and b, :

¢ Xxa,

b =27———L
lal xa2|

a, xc

(2.4)
ja, X a,)

and b, =27

where € is a unit vector normal to the surface. In mathematical terins the

reciprocal lattice space is described by the vector G of the form:
G =mb,+mb, + pc (2.5)

where m | and m, are integers, p is an arbitrary number in A'and € is a unit

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

k| = |K;] (2.6)

The ideal (001) surface of the fcc lattice can be viewed as a square atomic

av?2 : av2

mesh having the in-plane lattice vectors a, = 1 and a, = - J,

where 1 andj are the unit vectors parallel to the sides of a square (see Figure
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Figure 2.3. (a) The fcc (001) plane shown in real space. The 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.
(b) The reciprocal space consists of rods perpendicular to the

surface which are located on the square mesh of side
221

a

. The square outlined by the broken line indicates

the unit cell. The convention for numbering rods in the

reciprocal space used in this thesis is indicated in the figure.
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2.3 (a)). The reciprocal space consists of lines going through the discrete

227 4
J

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

227
vz 1, see Figure 2.3 (b).

and b, =
a

2.3.2 The Ewald construction.
The Ewald construction is a simple geometric construction that allows
one to visualize elastic scaftering in RHEED, see Figure 2.4. If we draw the

wavevector K; 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 Kk, and having a radius lkf| = lkil will intercept the

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

\N2mE

Ewald sphere having a radius ]kil = — ~ 52A" is sufficiently large to

intercept the reciprocal rods of the fcc (001) surface having a spacing of
2\27

a

= 2.5A7" along the <110> direction if the angle of incidence is

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

reciprocal lattice rods

rods

[0,0]
rod

Figure 2.4. The Ewald construction for the diffraction from the square 2-D
mesh. Only the first row of reciprocal rods is shown.
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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 Scatterers.

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

NXxN atoms. The scattering amplitude, f(K), is proportional to the Fourier
Transform of the scattering potential, U(r), [2.5]:

1 e,
f(K)=— [eiKer -U(r’)-dr’ 2.7
(X) ar 4 ) (2.7)

sample
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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:

U(r) e Y 8(r-R)5(z) 2.8)

where R=n;a,+n,a, is the in-plane lattice vector, and n, n, are integers

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

of the potential in equation (2.8) gives:

(K) oc Ze—lKOR — Z ~iKenja, Z —iKen,a, (2.9)

n,=1 n,=l

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 i“tensity of the scattered
beams, I(K)OCIf(K)Iz, is given by:

sinz(%NIKx”all) siHZGN|Ky”a2|)

) =\ Of = sinz(—;-IKxHall) | sinz(%le“azl) e

where K, and K are the components of K parallel to a; and ay,

sinz(—;-Nin“ai!)

respectively. For a perfect infinite surface the terms
o , | sin ( K|l l)

2 2
converge to delta functlons peaked at K, = d m, K = ] ”]
a,

m, where m,
lall
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and m, are integers and K, 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

2r
sizeL, w= L where L=Nlal. From the RHEED geometry, see Figure 2.6,

Ewald Sphere

Broadened Rod

Figure 2.6. Ewald 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 6:

27

= 2.11
L-sin@ (2.11)

S

where 6 is the angle of the incident beam to the sample surface. The width,

W, perpendicular to the reciproéal rod is:

W="= 2.12)

For small angle of incidence 8=1° (sinl°=0.01745) 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.

Seesecs 2200050005000 S S006 0000050

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

atomic layer system.
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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):

f(K) oc ze—iKoR — ze—ixonw + ze_ix.gz_n -e_ix"c'é
R

uncovered part of filled layer top layer

<N+ (l-1n)-e*

where 7] is the fractional coverage of the top layer, c is the spacing between
layers and C 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 ¢ between the incident and the specular beam is given by:
p=Kecc=K c=2kcsin0 | (2.14)
The intensity I of the specular beam which follows from (2.13) is
Lo<|n+(1- n)-e'“"[2 =n*+(1-n) +2n(1-1n)cos @ (2.15)

The perpendicular scattering wavevector K| and the corresponding phase

angle @ can be continuously adjusted by changing the incident angle 6, see

equation (2.14). For the Bragg conditions @=(even integer )T the intensity of

(2.13)
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the specular beam for the two atomic layer surface is o< 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 7 < (27~ 1)2 for the anti-Bragg condition, ¢=(odd integer )r. In a
simple kinematic theory the total number of scattered electrons depands only
on the number of scattefers in the surface. It follows that a decreased
intensity in the center of the specular beam (@=(even integer)n ) 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 thé 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
bfoadened [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 L [2.6].
For a 10 keV RHEED incident beam the Bragg and anti-Bragg

conditions can be adjusted by changing the angle of incidence, 6, in the
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condition
<p=(_ 2n+1)n

\ Bragg
\‘condition
1‘<p=(2n)1t

I
1
]
| afakats bl ilial b A ol R -g. -
| ) shadow
\ /! edge

4

Ewald
S~y -

’ circle

-

[-1,-1] [0,0] [1,1]  origin of
rod rod rod the
reciprocal
space

(a) (b)

Figure 2.8 The reciprocal rods for sutfaces with (a) large extended terrace of
size L (perfectly flat surface) (b) randomly distributed terraces of
average size L (stepped surfaée); n is an integer. The widths of
the rods are exaggerated for the graphical purpose, and hence the
intersections of the Ewald sphere with the reciprocal lattice rods
are not to scale. Intersections 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
aiﬁove. The separation, p, between the streaks is proportional to the

: i : . 4
separation between the reciprocal lattice rods along the <100> azimuth, —,
a

p=Cﬂr—; (2.16)
a

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

2
oc=C dd (see equation 2.11), 2.17)

Lsin 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:

[~—%P (2.18)
2-0-sin@

where a is the fcc Cu lattice parameter.
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Figure 2.9 Schematic picture of the RHEED pattern for the incident beam

along the <100> azimuth of the fcc Cu(001) surface.
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2.3.4. RHEED 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 @=(even integer )T 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
(n=1) and minima corresponding to a half filled layer (n=0.5). For anti-
Bragg conditions @=(odd integer )1t the oscillations are most pronounced,
see Figure 2.11. 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 RHEED 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 depoéition 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.

Intensity (arbitrary units)

] i

]
0 1 2 3 4 5
Growth time

Figure 2.11. RHEED oscillations for a perfect layer-by-layer growth with

anti-Bragg condition ¢=(2n+1)7, n integer.
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2.4 Sample preparation and growth 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
Universitit 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 [001] crystallographic orientation was within 0.2° of the (001)
axis. The Cu crystal was polished using 1 pum diamond paste. After insertion
into the Ultrahigh Vacuum System, UHV, the crystal surface was prepared
by cyclic sputtering (Vion = 600eV, lion = 4uA/cm?2, 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(001) 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 400 °C < T < 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 (V;o,=600 eV, ljon=4 LA/cm?2 ) 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

ILA/cm?, respectively [2.10].

2.4.2 Film preparation and nomenclature

The epitaxial growth of ultrathin fcc Co(001) 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(001) 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 K. sce Table 2.1 for the details. The
quality of the growth was monitored by means of the RHEED patterns and
RHEED intensity oscillations.
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Table 2.1 List of a) single Co layer b) Co/Fe layer and c) multilayer samples.

a) Single layer samples Growth Temperature (K)
1.7Co/11.5Cu/20 Au 330
3.3C0/6Cu/20 Au 375
4Co/6Cu/20 Au 300

6.5 Co/16.5Cu/20 Au 300
8.6Co0/10.5Cu/20 Au 300
10Co/10Cu/20 Au 355

b)4Co/3 Fe/8.5Cu/20 Au 300

c) Trlayer samples Growth Temperature (K)
4Co/6Cu/103Co/11Cu/20Au [375(4Co) 410(6 Cu) 345(10 Co)
4Co/6Cu/4Co/3Fe/6Cu /20 Au 300
43Co0/6Cu/4Co/17Cu/20 Au 300
4Co/10Cu/10Co/10Cu/20 Au 300
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2.4.3 RHEED patterns of 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 [1,1] 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
correspondirig' 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 0.1° 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 rapidly 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 L =35 nm for well prepared Cu
substrates, 30 nm for Cu films grown on Co, and 20 nm for Co films grown
on Cu, all growths carried out at RT. The RHEED patterns of Co films show
that the cobalt overlayer follows the in-plane spacing of the fcc Cu(001)
substrate, see Figure 2.13(c).
All samples were covered by an epitaxial layer of Au before being exposed
to ambient conditions. Au grows on Cu(001) substrates in the (111)
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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 <110> azimuth of the fcc Co(001) 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(111) 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 RHEED oscillations 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 oscillatica 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 of 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 ML). That means that the
RHEED oscillation phase varied by  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.

4ML Co on Cu(001)

W\/\/W 6ML Cu on 4ML Co(001)
10.3ML Co on 6ML Cu(001)

0 300 600 900

Deposition Time (seconds)

RHEED Specular Spot Intensity
(arb. units)

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

2.5 Tetragonal distortion of the fcc Co(001) films

Thermal-Energy Atomic Scattering (TEAS) and Low-Energy Electron
Diffraction (LEED) studies [2.12] showed that for the first 10 monolayers
(ML) the fcc Co structures grown on Cu (001) substrates have a p(1x1)
symfnetry 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 dynamical 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 profound effect on the magnetic properties of Co (001) structures, as

will be demonstrated in Chapter 4.

1.7%
lateral
expansioni
AR\ JA I J\
Y N \J/ \JV N [001]
vertical
compression O Q O O
£ N N A I > 100
N L/ L/ 1 4
l O| O | O | O | Qcostams
O[O [0 ][0 O

OO0 000

Figure 2.15. Schematic side view of the fcc Cu(001) substrate and the
tetragonally distorted fcc Co(001) film.
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Chapter 3

FMR Theory for Ultrathin Filins

3.1 Introduction

The ferromagnetic. resonance (FMR) technique was employed in order
to detérmine 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 FMR 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 ultrathin 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 equation of motion for magnetization

In ferromagnetic resonance, the ultrathin ferromagnetic films are
subjected to an external dc field and a small alternating magnetic field of
microwave frequency ® 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:

M= DA 3.0

all atoms i

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

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

parallel giving a resultant magnetic moment:

total Z ﬂ (32)

all atoms i

where L 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 s; of an

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

ds

—d; = [, xH.7 (3.3)

atom

Each atomic magnetic moment responds to its effective field H; ;".
The atomic magnetic moment /I, is related to its angular momentum s; by

the gyromagnetic ratio, v, [3.1]:
=i (34)

lelg
— 1°15 3.5
Y 2mc G:2)
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where | 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:

_Lap

—_ Hatom 3_6
il (3.6)

ieff

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

Summing over all atoms in the film yields:

Zd”'=— > [, xH] (3.7)

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

direction we can write equation (3.1) as follows:

Mtotal = MVtotal Zﬁl = Zvlﬁzl = VZUZ;‘ = VZ.U, (38)

where M is the magnetization per unit volume, V. is the film volume,

| ,.] = U, is the atomic magnetic moment and

.M,
L — ota, 39
M 3:9)

i total

=i

V=

=

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):



1 aM - -
— k= =N (W) x B | = - < Y [ HE ]

y dt i
(3.10)
==X X e [ = M, > Z[ H,]]
Mtoml toml
Equation (3.10) can be written as:
1 dM
— T total _ Mrotal X Heﬁ" , (3[ D)
y dt ‘
where
2 Mlﬂg (3.12)

total

H_¢; 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,

MxH, =0 (3.13)

and, therefore, the magnetization M will be parallel to the total static
effective field H¢. In the dynamic case, the general solutions to the L-L

equation of motion (3.11) are non-linear and complex. However, in FMR,

the magnetization M is nearly parallel to Hg:



37

Q1S
small

P2
Figure 3.1 The coordinate system for FMR.

In that case,

M=M, +m; |m|<<|M,| (3.14)

Let's consider a solution of equation (3.11) in the coordinate system shown
in Figure 3.1. H.¢ can be very complex and will be dealt with later on, but

here we will consider a simple case when Hg=H,  , where H_ is the static

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

now be written as:
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He = i‘[{dc (315)
M = XM, + mexp(—it) (3.16)

where free harmonic oscillation were assumed:

mexp(—iwt) = (mxi+m_y§'+m:2)exp(——ia)t) (3.17)

Substituting the above equations into equation (3.11) yields:

m_ =0

iom,—ym H, =0 (3.18)
ymH, +iom, =0

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:

w=7YH, (3.19)

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

m, = —im, (3.20)

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

Therefore, vector M precesses around the direction of the applied dc field

Hy with a frequency @ = yf,.: my=mgcos®t, m,=msin®t.
In real systems the precession is damped through dissipation

processes, therefore, an alternating rf magnetization is needed to supply
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energy to maintain the precessional motion. In FMR studies, the static

external field H ;. is combined with a small rf magnetic field h and all the

internal fields represented here by H, . 1

(H, +H"" h)

.u' alom_
Z ’5’./7 —ZM

iinternal *
Iotal i total
— H :l’lz Hatom + h 3 21
dc + Z i,internal ( . )
i total
= H Hmremal

where H.

internal iinternal

__Z H,; 7 pgatom

total

The L-L equations (3.11) must be solved with H_ ¢ 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 ®y 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, Hres, the microwave frequency ®, 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 FMR measurements. The next

ection defines the geometry of FMR measurements, then the internal fields
are discussed, and finally solutions of the L-L equations of motion are

presented for the small amplitude limit.
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3.3 Geometry of FMR

All measurements were carried out in the parallel configuration.

vy
e

this configuration the applied static dc field, Hgc, and the saturation
magnetization, M, 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, Hy, is applied at an angle ¢ with respect to the [100]

crystallographic direction. Due to the internal fields M is at an angle 6-¢ to
the dc field H 4. The saturation magnetization makes an angle 6 with the in-
plane crystallographic axis [100]. The external field can be rotated in the
plane of the film thereby changing the angle ¢ to any desired value. The
incident microwave magnetic field, h = by - exp(—iwt), is linearly
polarized and perpendicular to the external dc field, i.e. approximately along
the y-axis for small 8-@. For simplicity we shall assume that h is
perpendicular to M. The tf response, m = (my)7 + mzﬁ) exp(kz —imt), 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 film can be neglected. Therefore, only the time dependence,

exp(—iwt), will be considered.
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"~ [010]

Figure 3.2. Geometry 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

) . . . oM
effective field which acts as a frictional torque, H; o< —5— [3.4,3.5]. The L-
t

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

_liM_;z[MxH ]- G _lmxM (3.22)
y dt T 2. M2 o

5

where the effective magnetic field, Heff, consists of all the static and rf

magnetic fields:

H,=H,+h+H,+H, (3.23)
e —
HY
where H, = H,cos(6— ¢)-X+ H,sin(0 - ¢)-¥ (3.24)

is the applied magnetic field, and

h=h, exp(~iwt)y =(0,h, exp(—ier),0) (3.25)

is the rf microwave magnetic field. Hp, is the demagnetizing field, and H 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 M. The second order and higher terms of small rf

magnetic components, Iml<<IM|, can be neglected. Hence, the linear

response of the film is
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M=M, +m-exp(~iar)= MX+(my+mz) exp(—iwr)
Vs /. . \ (326)
= (Ms,my exp(—iat), m, exp(—iwt))

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:

E = Laon (3.27a)

V ’

atom
~and the magnetization is given by

M=+ (3.27b)

atcm

where E ., is the energy per atom, and V., is the atomic volume per

atom. For an fcc lattice with a lattice constant a:
= —atom (3.27¢)
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:
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JE(M) (BE OE 6’E]
= - (3.28)

T M oM, oM,’ oM.

where E is the free energy density. It follows that the internal field H*"

internal

nen

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

Il ",

corresponding to the atomic energy of the atom

E —
Hatam - a atOM(‘u') (329)

I, internal a —
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=1 and at i=N, see Figure

3.3 below.

n atoms

o000 er
-0 ca—ea—ea e

<'> ------- @_é_@ Iay:er 4
O _______ @_@_@ layer 3
O ....... 9__@_@ layer 2
Q _______ @_@__@ layer 1

Figure 3.3. Ultrathin film of N atomic layers with n atoms in each layer used

O P P P
ONONOROZSEE

QO QP Q Q-
ORORORO;

to calculate the bulk and interface contributions of the internal

magnetic fields.
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For simplicity let us assume that the atomic magnetic moment L, 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 (3.21):

N n
- Z u, atom Z u’kl atom
mternal 1 internal k.l internal
M,

total k=1 I=1 otal
_ H k nl o N
Z M ngulk M (Hinterface + Hmterface )
k=1 total total
I N
M n z Hbulk M (Hinterface + Hinterface )
total k=l total
_ MU k nu I N
- M nNHbulk (Hmterface + Hmterface)
total total
H U 1 U N
N ngulk +— nHmterface nHinterface
total total total
=H,,+1H _+1lg" (3.30)

bulk N mterface N interface

where k is the layer index and 1 is the position of an atom within the kth
layer; M;a=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 " @” both in angstroms.

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

eff N
Hiﬂ!efﬂal int erface + aHmt erface ) (3 3 1)

=H,,, + (‘li(aHl
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The total effective internal field acting on atomic moments in the filin
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 magnetocrystalline anisotrepy

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, aj's, in the
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expansion must disappear. For a perfect cubic lattice, any interchange of the

direction cosines, Qj's, should result in the same energy. Therefore, the terms
of the form ¢! - o -o; must have, for any given combination of 1, m, n,

the same coefficient for any given interchange of 1, j and k. One can write:

E =G+ +05)

—

~
second order term

+C, (o + o5 + )

—

v
first fourth order term

2,2 2.2 2.2
+C,(afa; + alal + a5

-

v
second fourth order term

+C, (of + a5 + a5

~
first sixth order term

4 .2 4 .2 4 2 4 .2 4 2 4 .2
+Cy, (00l + af ol + dal + oo + ool + ) (3.32)

-~
second sixth order term

+Cy 00500 + .,

A v
higher order terms

~
third sixth order term

where C;j's are the constants of the ith order nth term. By using the identity

0(12 + o + o2 =1, we can modify the expression for the anisotropy energy

as follows [3.7]:

E =-K, ——%Kl(a{‘ +o; +as )+ Kyotoial+.. (3.33)

where Ey is the magnetocrystalline anisotropy energy per unit volume,

referred to as the cubic anisotropy energy from here on, K|'s are the

anisotropy constants which determine the strength of the anisotropies, and



48

M, M
[100] - _ “"o10]
o, = cosﬁ[m] == a, = cosﬁ[mol =
’ (3.34)
_ Mgy
oy = €08 fipgy = — =

are the directional cosines. M; are the components of magnetization along

the cubic axes i, and f3; 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 K, different than the in-plane constants K. Tetragonal

distortions reintroduce the second order powers into the magnetocrystalline

anisotropy. The total energy can be written as:

1 1.,
E,=-Ky(al +a2)- K, o3 --2-K1,,(a;‘ +a3)- Eklla;‘——... (3.35)

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 ¢ + &t + o2 =1 one can eliminate oy and
Oy

Eyn= _Koﬂ(l - a32 ) - KO.La’;Z ==Ky - (KOl — Koy )ag‘ (3.36)

The constant term can be ignored because it does not contribute to the

effective field. The uniaxial anisotropy energy is defined by:

E,=-K,0;5 , K, =Ko Ky (3.37)
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Therefore, the total anisotropy energy can be expressed as:

1 1
E, = _-Z-Km(a]“ + a;‘)—aKua;‘ -K,0} (3.38)

where the first term s the fourfold in-plane anisotropy characterized by the
in-plane anisotropy constant K, the second term is the fourfold

perpendicular anisotropy characterized by the constant K ; , 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 FMR, because the out-of-

plane component of magnetization, Mgo;}=m,, is small. Therefore, the

anisotropy energy applicable for the parallel configuration is:

E = —%Km(al“ +0; )~ K05 (3.39)

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 (B[OOI]=90°) in either
direction the uniaxial anisotropy increases, reaching maximum when the
magnetization is oriented along the hard axis (B [001;=0° or 180°). The

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

axis 1s 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 K, the preferred directions, easy axes, within the

plane are along the <110> axes. The [100] and the [010] directions are then
hard axes. For positive K, the behavior is reversed: the [100] and the [010]
are the easy directions. The two easy axes are perpendicular, within the (001)
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.

M0y =M, cos - M sin6

M[om] =M, sin@+ M, cos ) (3.40)
Mooy =M,

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

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

H, = 21‘1;2 [M (3+cos48)—3m, -exp(—iwt)- sm49]
+ Eﬁmz—[—M’ sin46+ 3m, -exp(—iwt)-(1- cos49)]§' (3.41)
2K m, exp(-—lc)r)
MZ

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

oriented along the major [100] axis (9=0), see Figure 3.2. From equation

(3.41) the crystalline anisotropy fields are as follows:

Hk —_ 2Kmi+_2_1_<l mz
M M

L) 5

]exp(—-ia)t)i (3.42)

5

where H |;=2K /M is usually used to describe the strength of the fourfold
in-plane field, and H;=2K, /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 (3.31). From that equation:

| L

Klejgr _ Klbﬁlk + i( q K vinerface 4 o KN,iinte'face) - Klb:lk + ‘_;_( Kll]f " KII\;{S )(3_ 43)

KT = K 4 i( ak meeee 4 g Kl:v,inrerface) = K™ + %(K&'S + KV ”)(3.44)

where

1, Li N, N.,i
Kl l.; _ aKl lentelface,Kl “s - aKl Hxntelface (3433)
Ki,s =a K‘i.interface, K;Vs =a Ki\/,interface (3 443)

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:



N
| %)

1

Klejﬁx = Klblﬁlk +EK151| (3.45)
. ik . L s
K7 =K + K (3.46)

where K[} , K™, K}, K 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:

2Ks,atom
Kiy=—H— (3.47)
a
2Ks,atom
K=" (3.48)
a

where a is the fcc lattice constant.

3.6_The demagnetizing field

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

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

the surface of the ferromagnetic film has a small component m;

Figure 3.4. The demagnetizing field, h 4, in the parallel configuration.

perpendicular to the surface. The induced magnetic poles at both interfaces
result in the restoring demagnetizing field:

hd = —47:sz =(0,0,—4 zDm_exp(—iwt)) (3.49)

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

4
E,= —Z—ij (3.50)

which favors the in-plane orientation of magnetization. 47D is the effective
demagnetizing factor. For an ultrathin film whose thickness is a few atomic
layers, the factor 4D is calculated by averaging over the discrete sum of
dipolar magnetic fields acting on a magnetic atom in every lattice plane. For
an fcc lattice with the [001] axis along the film normai [3.10, appendix of

3.11]:




54
(3.51)

41D = 471_(1_ 0.2338)

where N is the film thickness in monolayers (ML). In the continuum limit
(N— o0), this factor is just 47. It is worth pointing out that the shape
anisotropy has its own constant term plus 1/N thickness dependent term (see
equation 3.51 above) that behave like a bulk field and an interface anisotropy

field that varies like 1/d.

3.7 Resonance condition
Upon substituting equations (3.23-3.26, 3.41, and 3.49) into (3.22),
with time dependence exp(-i®t), the L-L equations of motions for parallel

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

y’
eff eff .
Hocos(9—¢)+4nDMs—2K" + K (3+cos49)-—l—a—)—(—;—— m,
5 2MS y yMS )
i@
——m,=0 3.52
y (3.52)
eff . .
{Hﬂ cos( 6 — go)-i-ZKAcosclO—@— G }my -*-l—almz = Mh,
M, Y WM, Y

where the rf magnetization components parallel and perpendicular to the film

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

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

2K

anisotropy field, —*— , are indistinguishable within the framework of

5

equations (3.52), the effective demagnetizing field, 4nM .y, is introduced:
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AKeﬁ'
2R (3.53)

e

47M,; = 47DM, —

The microwave power absorbed by the ultrathin film, P, is proportional to
the imaginary part of the rf susceptibility, Im( ), P,~Im( x)hi. By

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

susceptibility x=y'+ ix"zmyfhy:

M (B— o i)
X /. ™, 5 (3.54)
[g-i“li)[ﬁ-i“_’ﬁ)-(.@)
Y ™, Y "M, Y
where
- K&
B=H, cos(B——qo)+47rMeﬁ+21u' (3+cos46) (3.55)
and
of
H = H,cos(6— ¢)+Z—A§‘—“cos49 (3.56)

5

reTs

The imaginary part of the susceptibility %", and hence the absorbed
microwave power, P,, reach maximum when the denominator of equation
(3.54) 1s minimum. This condition occurs when the real part of the

denominator is zero:



Rel'(é_la) G )(H_la) G )_(_al) =0 (3.57)
I\ YW vy M) \Y)

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

neglected yielding a simpler form of the resonance condition:

eff

2
[0 K
(?) = (Hm cos(6~)+4nM,, +—2——1“—/Iﬂ—(3+cos49))-

5

(3.58)

2KT
H_ cos(6—¢)+—Lcos46
MS
where H ¢ is the resonant field corresponding to a particular frequency ®.
From measurements of H . as a function of ¢ at different microwave
frequencies one can determine most of the magnetic properties of an ultrathin
film. From the frequency dependence of H . one can obtain the gyromagnetic

ratio, v, and the effective demagnetizing field 4TM,¢. 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,

2Ky . o : . .
=11 The perpendicular uniaxial anisotropy is then obtained from equation

s
(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 the thickness dependence of anisotropies may
allow one to separate the bulk and the surface contributions as in equations

(3.45) and (3.46).
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3.8 FMR linewidth AH

The dynamic damping 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 ~ dy"/dH. The microwave frequency

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

[3.12]

G

o L
AH = AH(0) + 1.16 Y Ms’ (3.59)

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 apparatus.
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
small coupling hole was used in order to operate in an undercoupled mode,
see Appendix A. An increase in the microwave absorption of the sample

decreases the quality factor of the cavity, Qc,yjty» and in the case of the

undercoupled mode leads to an increase of the reflected microwave power,
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N

see Appendix A. The FMR signal is measured by monitoring the reflected

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

resonant field, Hq¢, 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..

Y

0kH
Klystron power <—E—> ock-in amplifier
supply

¢ [}
Klystron Diode
Electromagnet

_ - — ~125Hz lock-in amplifien
Microwave

Cavity --
A
/ Hall y
Modufation Probe Bell /\
Coils »] Gauss
Meter X \/
x-y recorder

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 (By=1, 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 B to provide a sufficient reflected microwave power
which assures an optimum microwave diode performance. A maximum
performance is achieved by using a coupling parameter B in the range of

1.8<B<3 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 k€2 resistor which
results in a dc current of ~10 pPA.

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 TE;, mode [3.15]. The substrate diameter (~20 mm) was larger than
the cavity diameter (~11 mm 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 TE;, 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, Qc,yity» 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.
I < Waveguide
o Coupling hole
Microwave
cavity
- Kapton. foil
T EREESRKESSRRERRRRetexy ¢ Ultrathin
- Co structure
d.c magnetic field <«—— 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, P, is proportional to the

1

imaginary part of the rf susceptibility y "=Im( my/h y), Psamplc~w X" hy2 , see
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Section 3.7. Equation (3.54) for %" 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 dy "/dH. The resonance field, H ., is given by the zero crossing of

dy "/dH, and the FMR linewidth AH is equal to the field interval between the
extrema of d"/dH, see Figure 3.7.

— T—Linewidth AH

]

T
36.3 GHz
easy axis [110]
room T

|
1
"

Absorption Derivative

| { |

Resonant Field Hres Magnetic Field (kOe)

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 Hp, and the field interval between its extrema yields the

FMR linewidth 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(001) 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(001) 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(001)/Co/ Cu. Cobalt
layers separated by a nonmagnetic Cu interlayer in sandwich structures

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

interaction across the Cu spacer.

4.2 Experimental results and analysis of magnetic anisotropies

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

experimentally. Equation (3.58) shows that for the saturation magnetization
oriented along the easy axis the resonant field, He,y, reaches a minimum

and for the magnetization oriented along the hard axis the resonant field,
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Hpards reaches a maximum. The measurements showed that the <100>

crystallographic axes are the hard axes, and the <110> 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

@ (~12 kOe at 36 GHz, assuming g=2 in equation 3.5). Low resonance
Y
fields, imply that 4ntM>>H ¢, 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

eff
1

2K
below. For 4nMq¢>>H (o and 4TMg>> Y

5

equation (3.58) becomes:

2 eff
(%J — 47Z'.Meﬁ'(Hea.ry - %‘—] for the easy axes <110> (4.1a)

s

and

2 eff
[ﬁ;’_j = 4nMeﬁ(H,m + -2—]‘1%] for the hard axes <100>.  (4.1b)

eff
Equations (4.1) can be used to estimate the in-plane fourfold anisotropy, —-:
2K _ Hygy = o wr

M 2

5

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

2K

in ~ —1 kOe. Then equation (4.1b) yields 4ntM,¢ ~ 46 kOe. This value

5

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.

4.2.1 Calculations of the g-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/10Co/10Cu/20Au sample at 23.8, 36.3 and 72.9 GHz.

It was found that the measurements carried out at 23.8 and 36.3 GHz alone did
not provide reliable values for the g-factor and 4tM,¢. The reason is that for

low microwave frequencies the term H,.¢ (< 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

o
[—(2) 2 (see equations (4.1)) and not the individual values for g-factor
y T eff

and 4t ¢r. One needs to increase at least one of the microwave frequencies to
bring H_ to a value which is not negligible compared to 47M.¢. FMR

measurements at 72.9 GHz fulfilled this requirement (H_ . ~12kOe).
eff
Accurate values of the g-factor, 4TM, ¢ and 2—}5—1—"— in the 10 ML Co

L)

sample were obtained by using a Surface Physics Laboratory program (written
by Dr Urquhart). In this program equation (3.58) is used to fit the measured
resonance fields H .. (¢) 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 from 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 4TM.¢ and g-factor and the
eff
corresponding values of —;IL"— for each microwave frequency. The values of

5

4nM, ¢ 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 4ntM,¢r 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
2K7

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

S

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

TABLE 4.1: Magnetic properties of Cu/10Co0/10Cu/20Au sample at

different microwave frequencies.

eff
2Ky
FREQUENCIES 41tM eff M g
S
(Ghz) (kOe) (kOe)
24 -73 344 -1.26 (at 24GHz),-1.36 (at 73GHz) 2.16
36-73 34.6 -1.29 (at 36GHz),-1.36 (at 73GHz)Y 2.16

The above measurements of the same sample Cu/10C0/10Cu/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
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linewidth shows negligible zero frequency linewidth , AH(0) ~ 5 Oe, see

equation (3.59). A iow vaiue of AH(0) shows that the Co ultrathin 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¥108+0.2%108) sec’!, see Figure 4.2.

® Experimental points
— Theoretical fit using equation (3.59)

400 T i ;
g AH(0)=4.6 Oe
= 300 F G=3.110° sec™ i
<
= A
2 200 | =
=
£
-
e 100 -
=
A

AH=4.6+4.45f

] ] ]

0 20 40 60 30
Frequency, f (GHz)

Figure 4.2 The plot of the linewidth, AH, as a function of the frequency, f,
for the Cu(001)/10C0/10Cu/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).
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4.2.2 Magnetic anisotropies

The 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 Mj is not in general parallel with the dc field H 4c.
The angle ¢—0 between Mg and Hgc depends on the orientation of H gc with
respect to the in-plane crystallographic axes. The anisotropy pulls Mg away
from the direction of H4c when the applied field is not along an easy

crystallographic axis. However for the applied field directed along the hard

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

K 2K
H;> _z_ll For our samples H ;. S22

5 5

, and therefore the measurements

of H., carried out along the easy and hard axes were unaffected by dragging
the saturation magnetization, Ms, behind the d.c. field, Hy.. The majority of
the measurements were performed with the field applied along the easy and
hard magnetic axes only for which Mg and H 4. are parallel. In this case
equation (3.58) can be used with ¢=0 and a set of equations for the easy and
hard axes can be solved to obtain the values of the in-plane magnetic
anisotropy and 4tM,¢r. The analyses were carried out using g=2.16 which
was found for the Cu / 10Co / 10Ca / 20Au sample, see Section 4.2.1. The

saturation magnetization, Mg, was taken to be that of the bulk Co
(4nM=17.87kOe). The results for all single-layer cobalt samples are

summarized in Table 4.2 [4.1].
In order to study the in-plane fourfold anisotropy in more detail, an in-

plane angular dependence of H . (¢) was measured for the trilayer sample

Cu(001)/ 4.3 Co/6Cu/4 Co/ 17 Cu/20 Au at 36.3 GHz. The theoretical fit
to the experimental data, H . (¢), musi include the dragg'ng angle ¢—8. The

MINUIT -based minimization program available in the Surface Physics



69

MINUIT -based minimization program available in the Surface Physics

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

formula (3.58) which accounts properly for the dragging angle ¢—9, 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. Ty is the

temperature of the substrate during the growth of the Co layer.

Data is presented in the face-centered tetragonal coordinate
system where o, ay, az are directional cosines with respect

to <100> axes. See Appendix A for comparison of the fct and
the bet coordinate systems. (H, = 2K% /M.). Errors in

anisotropies are smaller than 5%.

295K 77K
SAMPLE T Hy™ 4nMeff 2;(/5? Hy* 4nMeff 2;??
S S

(K) | (kOe) (kOe) (kOe)|(kOe) (kOe) (kOe)

1.7Co/11.5Cu/20Au | 330 |-15.5 | 30.9 | -0.065|-39.9 | 55.3 | -0.60
3.3Co/6Cu/20Au 375 |-27.1]43.7 | -0.85 [-37.9 | 545 | -2.09
4Co/6Cu/20Au 300 |-264 | 433 | -1.10 {-344 | 51.2 ] -2.21
6.5C0/10.5Cu/20Au | 300 {-22.0 ] 39.2 | -1.25 |-26.3 | 43.5] -2.04
8.6Cc/10.5Cu/20Au | 300 1-204 | 37.8 | -1.27 |-23.5| 409 | -1.83
10Co/10Cu/20Au 355 |-19.2 1 36.7 | -1.29 {-21.5] 39.0 | -1.81
4Co/3Fe/8.5Cu/20Au | 300 | X | 162 | -0.41 X | 165 -0.60

* using 47M § = 17.87 kOe for hcp Co.
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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: 4tM,=40.8 kOe,

2K5
M

5

= -1.05 kOe (obtained from Table 4.3).

Note that the FMR field around the easy magnetic axis changes
more 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 :

0.2338

K7
H _ 2K,

u

= 475( 1- )Ms —47M,, (4.4)

5

where d is the film thickness in monolayers (ML). The thickness dependence
2KY . C . .
of “— is shown in Figure 4.4a for liquid-nitrogen and in figure 4.4b for

5

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

fit with a constant plus a term dependent on 1/d:

eff
2K, 2[—-13.6—82.2:;-] kOe atLN, T (4.5a)

5

2KF

= [-—15. 2~42. 5;11—] kOe atroom T (4.5b)

s

-

where d is in monolayers (ML). The sample with 1.7 monolayers of Co from
Table 4.2 is omitted from the fitting procedure at 295K, because its Curie
tem perature 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,

K% = 9.63-10° =5 = —0.963 ﬂj (4.62)
cm m
KS =-0.508 <& = _0.508 ™ (4.6b)
cm” m

and at room temperature,

Ko = —10.8-10° <8 = 108 M (4.6¢)
cm m
KS=-0.263 28 = 0263 ™ (4.6d)
cm m

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 <110>
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 4.5b for room
temperature. Again, a constant plus a term dependent on 1/d was used to

describe the behavior:

eff
2Ky, =[—I.51—3.011] kOe atLN, T (4.7a)
M d

5
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eff
-2—&..[ -1.41+ 117;:’ kOe atroom T (4.7b)

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,

Khi = 1.07-10° 8 = 0.107 2
cm’ m’ (4.8a)
K5 =-1.86-107 gf; =-1.86-107 I‘;‘j (4.8b)
at room temperature,
K*# = ~1.00-10° & = 0.100 M2 (4.8¢)
cm m
KS,=7.24-10° & —7.24.10° ™ (4.8d)
Cm m

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



Uniaxial perpendicular

(a)

Uniaxial perpendicular

(b)

Fig. 4.4.

74

77K
O H H t T T
K> = - 9.63*10° erg/em’
3 ol KS =- 0.508 erg/cm’ |
=
>
o
e
5]
2R Ty S .
=
<
_60 1 i ! J 1
0 2 4 6 8 10 12
Thickness d (ML)
295K
0 T T T T T
K:’J““‘ =-10.8*10° erg/cm’
~ -10 } 2
g K; =-0.263 erg/cm
= o)
2
S 20 b -
2
§=
< 230 B i
_40 L 1 i 1 i
0 2 4 6 8 10 12

Thickness d (ML)

The perpendicular uniaxial anisotropy as a function of thickness of
Co(001) film 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.
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Fig. 4.5. The fourfold in-plane anisotropy as a function of thickness of
Co(001) 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).
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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

eff

u

as an easy plane. The thickness dependent part of 1s well described by

5

the 1/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
[2.10], see Chapter 2. Therefore the interface anisotropies are most likely
responsible for the measured 1/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(111) 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(001) 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 1s 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(001) [4.5], and our
reflection high-energy electron-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 layer 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 1/d dependent surface term
behavior is due to both smaller tetragonal 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

smaller change in the in-plane anisotropy; 12% at LN5 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]:

E, e = Be 0 +e 00 + e.0’) | (4.9)

magel —

For the case of equal in-plane expansion (e,,=¢€, =€, and e,, =€ ) equation

yy
(4.9) can be simplified to (using the identity af + a_f + azz =])

E™ = const+ B(e, —¢ )0t (4.10a)
where
3
B 2—5)“100(6'11 ~¢;) (4.10b)

Here e, ¢, are the in-plane and the perpendicular strain tensor components,
A, is the magnetostriction constant, and ¢} c, are the elastic moduli. The

strains quoted in Chapter 2 give e,,=e,,=€;,=0.0175 and e, =¢, =-0.022. The

Cyy
elastic constants for fcc Co are ¢1;=2.42x1012 ergs/cm? c;,=1.60x1012
ergs/cm? [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

A100~2.2% 1074 for the lattice strains observed in fct Co. This value is about

a factor of two larger than those found in Co rich fcc Pd-Co alloys
(A100~1.3x 10‘4) [4.8], and has the same sign and order of magnitude as

magneiostriction constants of Co-Fe and Co-Ni alloys. In addition, the bulk
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uniaxial anisotropy constant for fcc Cu(001)/Co films,

K™ =-10.8-10° =2, and that for fcc Pd(001)/Co films,

WwALL

Kbulk — _32 . 107 erg

cm’
(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.

In contrast to our Co/Cu(001) films, surface contributions to the uniaxial
anisotropy in Co/Pd(001),(110),(111) [4.10] 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
(CoPt3) in Co/Pt interfaces did not result in substantial modification of
surface anisotropies [4.13, 4.14]. Recent ab initio band structure calculations
{4.15] predict that the interface uniaxial anisotropy of an uncovered fcc
Co(001) atomic layer grown on a Cu(001) substrate has a total anisotropy

K =-08—72 ¢ gs , but a Co(001) covered by Cu(001) layer has nearly zero

cm

positive interface anisotropy. Our results contradict these theoretical

calculations. The interface anisotropy constant is definitely a non negligible
ergs

negative number at room temperature, K =
cm’

larger in magnitude when cooled to a liquid nitrogen

temperature, K, =— 0. 51 , see equations (4.6b) and.(4.6d). However,

m

our samples are thicker than one monolayer 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-
plare anisotropy by Krams et al 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(001) grown on Cu(001) are expected to lead to a
large volume uniaxial anisotropy as indicated by equations (4.10).

Calculations based on Néel's model predicted perpendicular surface
anisotropies for Co/Au and Co/Cu 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 Néel's model. In
Neel's theory the interactions between two atomic magnetic moments

separated by a vector r are given by:
w(r) = I(r)cos’ ¢ +q(r)cos’ ¢ 4.11)

where I and g 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 Neel coefficient I can be estimated from magnetoelastic

constants [4.6]. Using the magnetoelastic constants for hcp Co, Bruno [4.17]



81
obtained the value of 1=6.1x10-16, Using Neel's model one can show that

the surface anisotropy in the fcc Co(001) surface is given by:

ergs

cm

K =-L —0.47

i

4.1

where a is the in-plane lattice constant. The positive value for K indicates a

perpendicular easy axis surface anisotropy for the case of Co(001), in
contradiction to our experimental results. This should not be too surprising
since Néel'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 Néel'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 A1 upon cooling from 300 K to 77 K

is approximately 9% [4.18]; therefore, A for fcc Co might show a similar

change. In order to explain the temperature dependence of the 1/d term using
the renormalized surface 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 fourfold 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 anisotropy. The constant term favors <110> as easy axes at both liquid
nitrogen and at room temperature. The temperature dependence of the
thickness dependent term is striking: at LN temperature its negative value
also prefers <110> as an easy axis, but upon heating to room temperature the
sign changes and favors <100> 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 term is not significantly affected by the tempera-
ture change. This is in complete contrast with bec Fe [4.6] for which the
thickness independent part changes by nearly 30% upon cooling from room
to liquid nitrogen, but the 1/d 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(0), 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(0), was 70
Oe for a 10 ML iron film [4.21]. AH(0)~5 Oe testifies to a good macroscopic
homogeneity of the Co films. The Gilbert damping parameter,
3.1x108 sec-1, is three times larger than that in hep Co (G = 1x108 sec-1)
[4.22] and significantly larger than that observed in Fe films and in bulk Fe
[4.21, 4.23] (G = 0.84 x108 sec-1), but it is comparable to the Gilbert
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damping for bulk Ni [4.24] (2.45 x108 sec-1). It is interesting to note that the

g-factors for fcc Co (g=2.16), hep Co (g=2.18)and for fcc Ni (g=2.19) are
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 N1 1s large at cryogenic temperatures (-2.7 kOe
at LN?2) 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 Exchange coupling between Co layers

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:

Mi-M>
MiM> -

Eex =-1J (4.18)

where J is the exchange coupling coefficient between the layers, M and M,

are the saturation magnetizations in the individual films. The exchange
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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 fiilms 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
[4.26]. 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 [4.26]. The coupling to
the RF driving field is very weak if the two films have identical magnetic
properties. |

Recent measurements [4.29] 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) Cu/4Co/6Cu/10.3C0/11Cu/20Au,

(b) Cu/4Co/6Cu/4Co/3Fe/6Cu/20Au,

(c) Cu/4.3Co/6Cu/4Co/17Cu/20Au,

(d) Cu/4Cc/10Cu/10C 6/10Cu/20Au.
The layers participating in the magnetic 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/6Cu/10.3Co

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 4Co/6Cu/10Co
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?2
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/10Co trilayer data were carried out by

adjusting the values of 4tM¢ (in each constituent layer), the in-plane

eff
1l

anisotropy , and the exchange coupling between layers, see Figs 4.6(c)

5

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 4TM, for the thicker Co layer. The

exchange coupling was estimated from the position of the optical mode. The
value of 4TM,¢; 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(001) 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:

(‘2‘&‘ )N = 122k0e( )(B) -1.18 kOe

@M, M= 37.3k0e -:vleff)(B) 34.2 kOe (see Table 4.3).
The exchange coupling along the easy axis, Jeasy = -0.052 ergs/cm?2,
is higher than that observed for the hard axis, Jhard = -0.025

ergs/cm?.
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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 good 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 4tM,¢ 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/cmz) than along the hard axis (-.028 ergs/cmz).

4.3.2. Ferromagnetic Resonance on 4Co/6Cu/4Co/3Fe

In order to increase the difference in resonance fields in the Co layers
the outer Co/Cu 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 4,41 In fact, 4nM, =162 kG, in the Cu/4Co/3Fe/Cu sample is
very close to the saturation induction of fcc Co(001). Most likely this is

because the uniaxial anisotropy is significantly decreased. The in-plane
eff
4-fold anisotropy was also strongly decreased, —7”’— =-0.41 kOe compared

5

with -1.10 kOe for Cu/4Co/6Cu/20Au. The magnetic properties of the
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4Co/3Fe layer are close to an average of those observed for individual 4Co

and 3Fe layers.

The FMR fields in the Cu/4Co/Cu and Cu/4Co/3Fe/Cu 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,
<_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
4Co/6Cu/10Co 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
trilayer was found to be isotropic and to increase rapidly upon cooling. At
ILN? temperatures it increased by 3.5 times; this is very close to the ratio of

room and LN?2 temperatures. Such a large increase in the ferromagnetic
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coupling with decreasing temperature was previously observed for Fe/Pd/Fe

trilayers [4.28].

) T=295K

= easy axis {110}

=~ o f=36.3GHz -
-

I

Q

2

®

2 P e mrmnm e
3,

-

c -

2 Optical

£ Peak

2

L

<

| | |
2 6
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.
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4.3.3. Ferromagnetic Resonance on 4Co/10Cu/10Co

The FMR data obtained for the 4Co/10Cu/10Co 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

o~ | T=295K
B easy axis {110}
> f=36.3 GHz
o]
2
z
=
£
L
< | X
=
.8
B Low Field
S Peak
L
<
0 2 4 6
Magnetic Field (kOe)

Fig. 4.8. The FMR signal in the sample 4Co/10Cu/10Co/10Cu/20Au. The
dc field is along the easy axis. The low field weak peak is locatéd
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 measurement 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 10Co layers in
the 4Co/10Cu/10Co trilayer are very nearly equal which results in a
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negligible intensity of the optical mode. This is a surprising result since the
optical mode was observed in the sample 4Co/6Cu/10Co. 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 Cu.
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Chapter 5

Summary of magnetic properties of fcc Co(001)
ultrathin structures

Co(001) films grown on an fcc Cu(001) substrate show a strong
perpendicular uniaxial anisutropy with the hard axis along the film normal.
The in-plane fourfold anisotropy is aiso strong with the easy axes along the
<110> 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 Co(001) 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 1/d term. The
uniaxial and the fourfold in-plane anisotropies in the 1.7 ML sample at 77K
are lowered (in absolute value) due to the decreased strain and the increased
surface roughness. The magnetic anisotropies in the 1.7 ML sample at 295K
are additionally decreased because T¢ lies just below room temperature. The
decrease of the fourfold in-plane anisotropies in the 3.3 ML sample can be

mainly attributed to reduced strain.
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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
1/d term behavior might be explained using fluctuations due to 2-D spin
wave theory if the changé 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.

FMR 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 Cw/Co/Cu/Co/Cu structures the magnetic properties of the constituent Co
layers are very similar 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/10.3Co trilayer. The exchange coupling in that sample was
anisotropic with the coupling larger along the easy magnetic axis.

A single film of 4Co/3Fe exhibits properties expected from the strong
coupling of a 4 ML Co to a 3 ML Fe layer. When combined into a trilayer
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4Co0/6Cu/(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/10Co in which the

coupling was found to be antiferromagnetic and the two Co layers did not

retain their individual properties.
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APPENDIX A

Undercoupled microwave cavity

The microwave cavity is characterized by its quality factor. The cavity

quality factor, Qcavity’ is given by:

W

Qcavity = P (Al)

cavity

where W is the microwave power stored in the cavity and P, describes
the microwave power absorption inside the cavity. The microwave power
absorption Py, is the sum of the microwave power absorption of the
sample, Pg, e and the microwave power absorption of the other parts of

the cavity (i.e. other walls), P, ;s

Pcavity = Psample + Pwalls (Az)
or in terms of the quality factors,
1 _ 1 + 1 (A3)

Qcavity Qsample Qwalls

Hence the changes in the power absorption of the sample result in the
changes of the quality factor of the cavity, Qcavity'

The cavity is coupled to the waveguide through a small coupling hole
(an orifice). The external quality factor Q,,, is given by:



97

W (A4)

QCX( = P

orifice

where P represents a leakage of the microwave power through the

coupling hole and depends on the size of the orifice. The ratio

P_.
ﬁ — Qex[ — cavity (AS)

Qcavily Poriﬁce

is called the microwave cavity coupling parameter. The reflected amplitude

of the microwave electric component, E, from the cavity is given by [3.14]:

E _1-8 (A.6)

where Ej is the incident microwave amplitude. In the following discussion

Ey=1. For B=1 (critical coupling) all the incident power is absorbed and the

cavity is matched to the waveguide. The microwave cavity is undercoupled

for B>1 and overcoupled for B<1. Formula (A.6) allows one to determine the
dependence of the reflected amplitude , E, on the power absorbed by the

sample, Pg, 1 The FMR measurements were carried out using an

undercoupled cavity. The quality factor of the cavity Qc,yy is given by:

1
Qcavily

- P{;ﬂs (1+x), (A7)

where
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X = sample (AS)

walls

The parameter x represents the microwave absorption in the film. Equation

(A.5) can be rearranged as

ﬂz‘%;,—n walls(1+x)=‘%x—["(l"'x):ﬂo(l"'x) (A.9)

walls

The reflected amplitude is then given by

._l_ _
E +AE = Po —1=x (A.10)
i S A -
0

For a weak microwave absorption in FMR x<<1 and the change in the
reflected microwave amplitude can be approximated using the Taylor

expansion:

1-5 2B,x
E +AE, ~-——bo__“ho (A.11)
L+f, (1+8,)

The reflected amplitude in the absence of an FMR signal is given by:

l—ﬂ
E 0 A.12
' l+ﬂ0 ( )

Then the change in the reflected microwave amplitude is linearly

proportional to the FMR absorption,



AE = 2B,x

r - R \2
{1+IJ0}

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).

99

(A.13)
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APPENDIX B

Comparison of the face-centered-tetragonal and the body-centered-

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:

®—O- Oo—@

71 N\
7/ N
T / ’ )
/ N
QO & O
/ S ’ \
\ /

/7 /4 N\ 7/ \\
& & @
\\ [100] // \\ /

N\ P4 \ /

O | O [

\ /
\ /
\ /

Nl
& —O—®
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 [100] 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
Ek,fct = _5 Kl{fcl (at,fcl + av,fcl) (Bl)

where Ot fet, Oy, fct, Oz, fct are direction cosines with respect to <100> axes
for the face-centered tetragonal lattice. For a bet film the in-plane 4-fold

magnetic anisotropy is

bt 1l bet x,bet

E, =——;-Keﬂ’ () e + Xl ) (B.2)

Here otk bet, Oy, bet are direction cosines with respect to in-plane <110> axes

and 0z bt is a directional cosine with respect to [0G1] axis. For the fct lattice

the directional cosines are:

o =sinb-cosd, @, =sin6-sing, o, = cosf (B.3)

X

where 0 is the polar angle with respect to the [001] axis and ¢ is the
azimuthal angle with respect to the [100] axis. The bct lattice is rotated by

1t/4 with respect to the fct lattice:

P4

. A T o T
o, b, =SING- cos((b +-Z) , O, =8iN0O- sm(«;b + —4—) , &, =cosO(B.4)

Upon substituting the above equations into equation (B.2) we obtain:
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€ 4 7 4
Ek.bct =73 Klj?lrbct (COS ¢ +sin ¢ )

=—-21- e . sin* @ COS4($+4)+QF (¢+ H

4 4
T . . T . T . T
~~K#  sin*6 (cos¢cosz—51n¢51nZ) —(51n¢cosZ+cos¢51llz-) }

- 4
;Kf’ﬁcbct sm4 0 (cos ¢ —sin ¢)4-—(sin¢+cos¢)4]
1 .- sin*@] . 2 . 2\2]
2K,fg‘bm 1 ((cos¢—sm¢)2) ——((sm¢+cos¢))
- 4. i
;Kff,ﬁ,‘ba 51“4 9 (1-2sin ¢ cos ¢’ + (1+2sin g cos 9’|
. 4
; Kf’ﬂrbct sm4 0 _2 +8sin® ¢ cos’ ¢]
1 eff Sin49’ 2 2 .2 . 2
2K1 v b2+4(1—cos ¢)cos ¢+4(1—sm ¢)sm ¢]
. 4 ‘
;Kf{{bct -5%2_6—4cos4 ¢ —4sin* 9]

1 .03 |
=-7 K7, sin® 9[5 —(cos* ¢ + sin* ¢)}

= _%Kf{m sin* 6 + %Kl‘”{m sin* 9(0054 ¢ +sin* ¢)

3

1
= -Z Kf‘ﬁrbc[ (1 — cos’ 8)2 + 5 Klejzrbcl (ax fet + Q,, fC')

3

. 3
L

€ 3 €
7 Kl'ﬂrbct S Z Kljzrbct a42

L e
ff
7fct zfct+—Kl Ilbcl(axfcz+a fct)
2

3 3

€, (4 3 €, 1 €,
Ek,bct = _ZKljgrbct + 5 Kljnfbct 0 o = _2_Klﬁrbct 0 o + ‘2’ Kllebct (a;’,fcz «, fct )(B 5)

erc‘ Z,fCt
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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
bcet 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:

K ==K\ o (B.6)

In addition, the second term in equation (B.5) contributes to the
perpendicular 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 , H?  and Hlf{j;ct , for the bet and the fct lattice

coordinate systems:

3KS |
H? =HT - _—All" fe (B.7)

b

2KT
—LL and 4 7M., ;- were calculated using the bet coordinate system by

5

solving a set of two resonance conditions (3.35) for an easy and a hard axis.

The results are shown in Table B.1:



TABLE B.1: Single-layered Co(001) samples grown on Cu(001)

All measurements were carried out at 36 Ghz. Ty is the

104

temperature of the substrate during the growth of Co layer.

Data is presented in the body-centered cubic coordinate

system where a. oey are directional cosines with respect to

in-plane <110> axes, and o, is the directional cosine with

respect to [001] axis.

295K 77K

SAMPLE T Hy* 4nMefr 2;(;? Hy* 4nMeff 2II\(:1lt't

: S s

(K) | (kOe) (kOe) (kOe)|(kOe) (kOe) (kOe)

1.7Co/11.5Cuw/20Au | 330 |-154 | 30.8 | 0.065]-39.0 | 544 | 0.60
3.3Co/6Cu/20Au 375 {-25.9 | 425 | 0.85 |-347 | 51.3 | 2.09
4Co/6Cu/20Au 300 |-25.1 | 419 | 1.10 |-31.3 | 48.1 | 2.21
6.5C0/10.5Cu/20Au | 300 {-20.1 | 373 | 1.25 |-232 | 404 | 2.04
8.6C0/10.5Cu/20Au | 300 {-18.5| 359 | 1.27 |-20.8 | 382 | 1.83
10Co/10Cu/20Au 355 |-173 {348 | 1.29 |-18.8 ] 363 | 1.8l
4Co/3Fe/8.5Cu/20Au | 300 X | 156 | 041 X | 156 0.60

* using 4M g = 17.87 kOe for hcp Co.

In the fct lattice coordinate system the in-plane fourfold anisotropy

. 2KT
energies, ——

s

values are equal to those of table B.1 calculated for the bct coordinate

, are large negative numbers, see table 4.1, whose absolute



105

system.. However, the effective perpendicular demagnetizing fields, 4 7M.,
K

and the perpendicular uniaxial anisotropy fields, M“ , In fct are larger in

k)

eff
i

absolute value by (compare table 4.1 with table A.1). Both analyses

k)

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.
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