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Abstract

The study of ultrathin magnetic films offers novel magnetic phenomena due

to the reduced symmetry of these two dimensional (2D) systems. The mag-

netic anisotropy differentiates behaviour in ultrathin films from the bulk envi-

ronment, as additional anisotropies emerge from the ultrathin film thickness

and the inherent strain of ultrathin films. In this work, the in-plane magnetic

anisotropy of strained ferromagnetic (FM) ultrathin Co(0001) films grown on a

W(110) substrate is measured over a range of temperatures (150-320 K). Low

energy electron diffraction (LEED) and Auger electron spectroscopy (AES)

were used to determine the film structure and thickness. The anisotropy is

derived from the quotient of the saturation magnetization and the transverse

susceptibility, which are measured using the surface magneto-optic Kerr effect

(SMOKE). The results are comparable to estimates by Fritzsche et. al [1].

This work’s second objective is to study the Néel transition in antiferromag-

netic (AFM) ultrathin films. The zero net magnetization of AFM materials

and the minute sample size of ultrathin films make magnetic measurements

impossible with conventional methods. Progress has been made using a three

dimensional (3D) stack of many such films, although stacking films compli-

cates the magnetic anisotropy. An alternative approach is to study a single

AFM ultrathin film that is coupled by the interfacial exchange interaction to

a FM ultrathin film. The interfacial exchange interaction is an anisotropy

of AFM/FM bilayers that causes a change in the in-plane transverse mag-
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netic susceptibility as the temperature passes through the Néel point. The

upper layers of ultrathin Co/W(110) films were oxidized to produce ultra-

thin CoO/Co/W(110) films, creating an AFM/FM bilayer system. SMOKE

measurement of the transverse magnetic susceptibility of the FM Co layer re-

veal the Néel transition of the AFM layer indirectly through the interfacial

exchange interaction.
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Chapter 1

Introduction

1.1 Ultrathin magnetic films

Ultrathin magnetic films are true two dimensional (2D) systems that display

novel phenomena and provide a necessary test for magnetic theories at low

dimensionality [2]. Ultrathin films have thicknesses less than that of a magnetic

domain, on the order of 0.1 to 10 monolayers (ML) of atoms. Exotic magnetic

behaviours arise from ultrathin magnetic films because the high surface to

volume ratio brings about the importance of surface phenomena. Magnetism

in condensed matter systems is based on the interaction of neighbouring atoms;

therefore, the atomic neighbourhood, which differs for bulk and surface atoms,

dictates the magnetic properties of a sample. As ultrathin films lack structural

integrity to withstand small vibrations, they must be grown on a substrate,

the atoms of which constitute the atomic neighbourhood of the film’s surface
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atoms. The opposite surface may have a completely different neighbourhood,

be it vacuum, gas, or another film. The substrate is a plane of a single crystal,

in the case of this work a tungsten (110) surface (W (110) surface), with few

defects. Besides altering the atomic neighbourhood of the surface atoms, the

substrate affects the atomic neighbourhood within the film by influencing the

crystal structure of the film, as it is the template for film growth. Ultrathin

magnetic films are an exciting field of research that provides new information

on complex magnetic interactions that are essential to the development of

magnetic data storage devices and the blossoming field of spintronics.

1.2 Magnetic anisotropy of ultrathin films

The magnetic properties of a crystal are extremely sensitive to the spatial

properties of the lattice. Lattices are made up of discrete regularly spaced

points, making the crystalline environment intrinsically anisotropic. This gives

rise to the magnetic anisotropy, which is the directional dependence of the

magnetization of atoms arranged on a crystal lattice. The magnetization of

the crystal has a preferred direction, called the easy axis, that is dependent

on the symmetries of the crystal lattice.

The total magnetic anisotropy is composed of three parts:

• Magnetocrystalline anisotropy is the directional dependence of the

magnetization due to the symmetries of the lattice.

2
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• Shape anisotropy is the directional dependence of the magnetization

due to the shape, or boundary of the crystal, which affects the direction

of magnetization through demagnetization fields.

• Magnetoelastic anisotropy is the directional dependence of the mag-

netization due to strain changing the symmetries of the lattice.

The shape and magnetoelastic anisotropies are secondary to the magnetocrys-

talline anisotropy in bulk materials where there are no surfaces; however, in

ultrathin films the relative importance of each contribution can be tuned by

varying characteristics of the film such as the thickness, the substrate on which

the film is grown, and the temperature. This opens a door to new magnetic

phenomena. A further discussion of anisotropies will be presented in the next

chapter.

Ultrathin magnetic films must be kept in an ultrahigh vacuum (UHV)

chamber or be capped by a nonmagnetic layer to protect the delicate films from

the environment. A capping layer significantly changes the spatial crystalline

structure of a film, compromising its magnetic anisotropy [3, 4]. This is called

an ex situ measurement. To study the magnetic properties of a film in its most

basic form, it must be grown and analyzed in UHV conditions, that is, in situ.

One of the main goals of this work is to measure the magnetic anisotropy

of Co ultrathin films grown on a W (110) substrate in situ. In order to do

this, Co ultrathin films will be examined by the surface magneto-optic Kerr

effect (SMOKE). This method allows in situ magnetic measurements within
3
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the surface plane (longitudinal and transverse) and out of the surface plane.

SMOKE detects the magnetization of the sample through the coupling of the

electron spins of the sample to the polarization of a reflected laser beam. The

rotation of the plane of linear polarization is measured using crossed polarizers.

The sample size needed for SMOKE measurements is on the scale of microns

to a millimetre squared, depending on whether the beam is focused on the

sample or collimated. In this work a collimated beam is used because the

sample is large (∼ 1 cm2). The main disadvantage of this method is that the

magnetic information obtained is not absolute but must be calibrated.

There are other measurement techniques that have the sensitivity to quan-

tify the magnetic anisotropy of ultrathin films. Superconducting quantum

interference device (SQUID) magnetometry, magnetoresistance (MR) [5], and

ferromagnetic resonance measurements (FMR) [6] sample the entire crystal

and thus require uniformity across a large area. These methods have inherent

technical difficulties when implementing in situ measurements; therefore, ex

situ measurements are favoured. MR measurements are obscured by a direct

dependence on impurities in the sample, interface roughness, and tempera-

ture [5]. SQUID magnetometry is extremely sensitive, but must be performed

at low temperatures that require the sample be placed in a cryostat. Bril-

louin light scattering (BLS) can be implemented in situ and requires relatively

small sample sizes [7]. BLS and FMR are powerful techniques for measur-

ing dynamic magnetic processes [5], although magnetic anisotropies must be

4
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inferred by examining resonance frequencies of spin waves. These methods

require large applied fields that are difficult to achieve in situ. Scanning elec-

tron microscopy with polarization analysis (SEMPA) provides in situ images

that directly measure the magnetization vector [5]. SEMPA does not allow

for a field to be applied while measuring, making it difficult to quantify the

anisotropy. SMOKE is ideal for anisotropy measurements because it allows in

situ direct measurements of the local magnetization.

1.3 Antiferromagnetic ultrathin films

An antiferromagnet will spontaneously order below a critical temperature,

called the Néel temperature (TN), into a state where neighbouring spins are

arranged antiparallel to each other resulting in zero net magnetization. This

is referred to as the Néel transition, named after Louis Néel who was awarded

the Noble prize for his discovery of antiferromagnetism [8]. Antiferromagnetic

(AFM) ultrathin films are particularly difficult to study as they have the addi-

tional challenge of very small sample sizes that render standard bulk magnetic

measurement techniques impossible. Even surface techniques used to make

magnetic measurements cannot directly quantify the susceptibility of AFM

ultrathin films. The limited experimental information on AFM systems [9],

arising from their zero net magnetization, leaves potential for new phenom-

ena to be found, possibilities for spintronic applications, and the discovery of

the quantum ground state for AFM materials. An alternative approach is to
5
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measure the magnetic response indirectly by magnetically coupling an AFM

ultrathin film with a ferromagnetic (FM) ultrathin film and then looking for

changes in the FM susceptibility due to the presence of the AFM ultrathin

film. A further discussion of measurement techniques and exchange coupling

will be presented in the next chapter. Observing the Néel transition in an

AFM ultrathin film is the second focus of this work.

6



Chapter 2

Theory

This chapter will examine the necessary theoretical background required to

understand the experimental results. The first sections of this chapter will

consider magnetic interactions in ultrathin film systems, with a particular

focus on the magnetic anisotropy, followed by an introduction to the magnetic

measurement techniques used in this work, and finally a discussion of coupled

AFM and FM ultrathin films.

2.1 Magnetism

The magnetic field, B, can be broken down into two parts, the magnetization,

M, and the H field. Mathematically this is expressed as [10]:

B = 4πM + H. (2.1)

7
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M is dependent on the intrinsic properties of the particles in the system.

In itinerant ferromagnets, the electron is by far the largest contributor to

M. Electrons have an intrinsic magnetic dipole moment, m, because of their

intrinsic charge and angular momentum. Intrinsic angular momentum, or

spin, is a quantum mechanical phenomena. The m of an electron is given by

equation 2.2:

m = µBS (2.2)

where µB is the Bohr magneton and S is the spin angular momentum. The

azimuthal angular momentum is not included because the electrons are delo-

calized in metallic ferromagnets (such as Co). These electrons, called itinerant

electrons, act as an electron gas. The angular momentum of an electron about

a nucleus is quenched as the itinerant electrons are not confined to the region

surrounding the nucleus. The magnetization is the sum of magnetic moments

per volume of sample:

M =
1

V

N∑
m (2.3)

where N is the number of magnetic moments in volume V . The exchange

and dipolar interactions, as well as the magnetic anisotropy, are the three

phenomena that govern the magnetization.

The H field encompasses all components of the magnetic field B that are

not due to the magnetization; its definition arises from equation 2.1:

8
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H ≡ B− 4πM. (2.4)

The H field is created by electric currents and by fluctuations in the electric

field.

2.2 Exchange interaction

The exchange interaction, a combination of Coulomb repulsion and the Pauli

exclusion principle, is largely responsible for magnetic ordering in solids. The

Pauli exclusion principle states that two indistinguishable fermions cannot

exist in the same quantum state because the total wave function of a fermion

system must be antisymmetric under fermion exchange. Electrons (which are

fermions) that have different spin states can occupy the same space, resulting

in an increase of the Coulomb energy. If electrons have the same spin state then

they must be spatially separated, thus reducing the Coulomb energy. As this

interaction concerns electrons cohabiting the same space, it is a short range

interaction. The Heisenberg Hamiltonian is used to describe the exchange

interaction, which is given by equation 2.5:

Hex = −J
NN∑
i,j

Si · Sj (2.5)

where the sum is carried out over nearest neighbours and J is the exchange

coupling constant. The sign of J dictates the magnetic ordering of a spin

9
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system. If J is positive then the energy is minimized when neighbouring spins

are aligned parallel to each other such that the summation in equation 2.5

is maximized. The parallel alignment of spin is called ferromagnetism. FM

materials (or ferromagnets) produce a large magnetization. When J is nega-

tive the spins are antiferromagnetically ordered, meaning neighbouring spins

are arranged antiparallel to each other, minimizing the summation in equation

2.5. AFM materials (or antiferromagnets) have a zero net magnetization as

there are equal contributions to the magnetization from opposite directions.

Magnetic ordering occurs at temperatures where the exchange interaction is

greater than the thermal energy. As mentioned above, the transition temper-

ature for AFM systems is TN ; in FM systems the transition temperature is

called the Curie temperature (TC).

2.3 Dipolar interaction

The dipolar interaction in magnetic systems causes one magnetic dipole to

align on the dipolar field produced by other dipoles. The energy of the dipolar

interaction of N dipoles at the lattice sites ri, due to the field of the N-1 other

dipoles, is given by:

Hdip =
Ω

2

N∑
i,j

1

r3ij

Si · Sj − 3(Si · r̂i,j)(Sj · r̂i,j)
 (2.6)

where Ω is a constant. The sum is carried over all dipoles in the system, ri,j is

10
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the vector connecting the dipole at site i to that at site j, and r̂i,j is the unit

vector associated with ri,j. The dipolar interaction shown in equation 2.6 is

negligible at short range in comparison to the exchange interaction; however,

it is the dominate long range magnetic interaction. In FM systems, the dipolar

interactions between spins within a domain are additive, making the dipolar

interaction one of the primary interactions between FM domains. Contrast-

ingly, in AMF systems, antiparallel spins have opposing dipolar interactions,

thus nullifying the long range effect.

The dipolar Hamiltonian promotes two different magnetic states in FM

ultrathin films depending on whether the spins are aligned in or out of the

film’s plane. For spins that are aligned out of the plane of the film, the first

term of equation 2.6 is minimized when spins are antiparallel to each other, as

they would be in an antiferromagnet. The second term of equation 2.6 is zero

because ri,j is perpendicular to Si and Sj for the vast majority of lattice site

pairs. The manifestation of the long range AFM dipolar interaction in FM

films with out of plane spin alignment is the formation of striped FM domains

of alternating up and down magnetization, producing a long range AFM effect

[11].

In the scenario where the spins are aligned within the plane, the second

term is minimized. The second term favours spins aligned head to tail along

the vector between the spins. In this case a semi infinite number of spins can

be aligned along the vector connecting the spins, making the second term of

11
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equation 2.6 dominant. The dipolar interaction will promote a single domain

FM film.

The dipolar interaction is also responsible for demagnetization fields that

arise in domains with their magnetization out of the plane; this is a short

range effect of the first term of equation 2.6. Demagnetization fields are caused

by uncompensated poles at surfaces or interfaces (analogous to the effect of

surface charge in a polarized dielectric). The demagnetization field for an

ellipsoid with constant magnetization is given by:

Hdemag =
←→
N M (2.7)

where
←→
N is the second rank demagnetization tensor.

←→
N is dependent on the

shape of the crystal, and the sum of its components must equal 1. N can be

diagonalized along the principal axis of an ellipsoid [12]. For a sphere, Nxx =

Nyy = Nzz = 1/3. A semi-infinite ultrathin film domain can be approximated

to a flat ellipsoid, such that Nxx = Nyy = 0 and Nzz = 1; therefore, Hdemag =

NzzMz = Mz. The demagnetization field (and the energy associated with it)

is maximized when spins align perpendicular to the plane (maximum number

of uncompensated poles at interfaces, H = Mz), and is nullified for spins

aligned in the plane (0 uncompensated poles at interfaces, H = 0). The

demagnetizing field thus promotes in-plane magnetization. This is the basis

for shape anisotropy, which will be discussed more in the next section.

12
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2.4 Magnetic anisotropy

Magnetic anisotropies are the directional dependancies of the magnetization

on the physical structure of the crystal. Many of the unique phenomena oc-

curring in ultrathin films can be attributed to magnetic anisotropies, as dif-

ferences in atomic neighbourhoods and sample shape cause the anisotropies

to vary greatly from that of the bulk [3]. The energy density associated with

anisotropy is appropriately labelled the magnetic anisotropy energy density

(MAE). As mentioned in section 1.2 there are three mechanisms for the mag-

netic anisotropy: shape anisotropy, magnetocrystalline anisotropy, and mag-

netoelastic anisotropy. The direction for which the MEA is minimized is called

the easy axis, which is the preferred direction of magnetization. The hard axis

is the least energetically favourable direction.

Néel [13] predicted that the anisotropy can be phenomenologically com-

prised of a surface contribution [Energy/Area] that encompasses asymmetries

at surfaces and interfaces, and volume contributions [Energy/V olume] that

are consistent throughout the film. The surface and volume contributions to

the total anisotropies are made-up of the shape, magnetocrystalline, and mag-

netoelastic anisotropies. The total volume energy density of an ultrathin film,

ftot, multiplied by the thickness, t, gives the energy per unit area, σtot. It can

be described by equation 2.8.

σtot = ftott = fbulkt+ finterface1 + finterface2 = fbulkt+ fsurface (2.8)
13
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The subscripts “interface1” and “interface2” account for the film/substrate

and the film/UHV interfaces having different contributions to the total anisotropy.

The surface anisotropy is the sum of the two interface anisotropies. By exam-

ining how anisotropy varies with thickness, the surface and volume contribu-

tions can be isolated [3, 14] as the surface contribution will be independent of

thickness and the volume contribution will be proportional to the thickness.

This allows for the dominant contribution to the anisotropy (surface or vol-

ume) to be selected by changing the thickness of the film. Lattice dislocations

that relieve interface induced strain lead to a nonlinear relation between the

anisotropy and thickness.

2.4.1 Shape anisotropy

The shape anisotropy is caused by the demagnetization field, and is thus a

consequence of the dipolar interaction (see section 2.3). The energy density

due to shape anisotropy is given by:

fshape =
Eshape
V

= 2π(M
←→
N M). (2.9)

For ultrathin films the demagnetization tensor N only has one non-zero ele-

ment Nzz; therefore, equation 2.9 simplifies to:

fshape = 2πM2 cos2 θ (2.10)

where θ is the angle between the magnetization and the surface normal. In-

plane magnetization will be favoured as it reduces the energy density. Because
14
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it is a constant throughout the thickness of the film, the shape anisotropy is

a volume anisotropy, but it manifests itself as a surface anisotropy due to its

effect being independent of thickness.

2.4.2 Magnetocrystalline anisotropy

The inherent asymmetries of a lattice cause magnetocrystalline anisotropy.

The spin-orbit interaction is primarily responsible for coupling the lattice

anisotropies to the magnetization.

Itinerant ferromagnets like Co have delocalized electron band states whose

occupancy is dependent on whether the state’s energy is above or below the

Fermi energy. In the Stoner model the exchange interaction will favour the

spin up or down states lifting the degeneracy of spin band states. This causes

the energy of states with favourable (unfavourable) spin orientation to drop

below (rise above) the Fermi energy, which effectively populates (vacates) these

states. The spin imbalance, resulting from the majority of occupied states

having the favourable spin orientation, produces a net magnetization.

The band structure of a lattice is heavily dependent on the spatial charge

distribution as Coulombic interactions are dominant within crystals. The or-

bital configuration dictates the spatial charge distribution, which in turn af-

fects the spin band energies through the relativistic spin-orbit interaction,

given by [15]:

15
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HSL = −λoL · S (2.11)

where S is the electron spin and L is the orbital spin, which is related to the

orbital configuration. The relativistic spin orbit coupling shifts the spin bands

by causing hybridization of the spin states. In some M directions the shift

in energy due to this interaction occurs in spin states near the Fermi energy,

changing the overall system energy. The energy is dependent on the direction

of the spin in relation to the charge distribution; this energy dependence is

called an anisotropy energy.

For a hexagonal bulk crystal the volumetric contribution of the magne-

tocrystalline anisotropy energy density is phenomenologically given by the

power series expansion:

fC = K2 sin2 θ +K4 sin4 θ (2.12)

where K2 and K4 are the anisotropy constants, and θ is the angle between the

c axis and the magnetization. The energy is azimuthally isotropic according

to equation 2.12 – a fair representation of experimental data [3]. For Co the

magnetization prefers to lie uniaxially along the c axis (K2 and K4 are greater

than zero). As the symmetry of the bulk environment is broken at the sur-

face, the band structure and therefore the magnetocrystalline anisotropy must

change at the surface, thus contributing to the surface anisotropy. It should be

noted that without the magnetocrystalline anisotropy, ferromagnetism would

16
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not exist as the exchange and dipolar interactions are independent of the lat-

tice construct.

2.4.3 Magnetoelastic anisotropy

Strain causes distortion of the crystal lattice; it is not surprising then that

strain also contributes to the total magnetic anisotropy [16]. Anisotropy due

to strain is called the magnetoelastic anisotropy, which is related to the phe-

nomena of magnetostriction, where the crystal lattice is deformed in order to

accommodate magnetic ordering in the sample [17]. The effects of magne-

tostriction are small (∼ 1% distortion) as the electrostatic energy holding the

lattice together is much greater than that of the magnetic ordering. The mag-

netoelastic anisotropy is the inverse of magnetostriction, for it is concerned

with how lattice deformations affect the magnetic ordering. A small lattice

deformation will produce a small change in the electrostatic energy but can

drastically affect the magnetic energy of the system [18]. Deformation of the

lattice redistributes the charge, consequently altering the magnetocrystalline

anisotropy as well; therefore, the magnetoelastic anisotropy is the change in

the magnetocrystalline anisotropy due to strain. Consideration of the mag-

netoelastic anisotropy can be avoided by calculating the magnetocrystalline

anisotropy from the band structure of the strained crystal. Despite this, cal-

culating the magnetoelastic anisotropy is useful as it is more straight for-

ward to compute and provides a comparison of the strained and unstrained

17
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anisotropies. The energy density due to the magnetoelastic anisotropy for an

elastically isotropic medium is given by:

f(E) =
3

2
λmσ cos2 ψ (2.13)

where σ is the stress, which is proportional to the strain via the elastic modulus

γ (σ = εγ). This leads to:

f(E) =
3

2
λmεγ cos2 ψ (2.14)

where λm is the constant that relates magnetostriction and strain, and ψ is

the angle between the magnetization and the direction of strain. The factor

of cos2 ψ creates either an easy or a hard axis along the direction of strain,

depending on the sign of λm and whether the strain is tensile or compressive.

The energy density is linear with strain because the lattice spacing is far away

from the magnetic equilibrium spacing.

The magnetoelastic anisotropy can differ greatly between films grown on

different substrates [3], which must be regarded when making comparisons

between experiments. In ultrathin films strain occurs during growth due to

lattice mismatch between layers. The lattice mismatch is given by:

η =
aA − aB
aA

(2.15)

where aA and aB are the lattice constants of adjacent layers A and B. Two

layers will stretch to fit each other below a critical thickness if η is not too large.
18
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The layer with the larger lattice spacing will undergo compressive strain and

the other layer will undergo tensile strain. The amount of strain experienced by

each layer depends on the ratio of the elastic moduli: the film with the smaller

modulus will experience more strain. The relative thickness of the films also

contributes to the strain as a thicker film will have more bulk material that

favours the bulk lattice spacing at the cost of limiting the flexibility of the

interface layer. If the stretching occurs without introducing defects in the

crystal, it is said to be in the “coherent” regime and the strain is described by

equations 2.16 and 2.17:

εA =
−η

1 + γAtA
γBtB

(2.16)

εB = η + εA (2.17)

where γA and γB are the elastic moduli of layers A and B, with corresponding

thicknesses tA and tb, respectively. Because the anisotropy energy density is

dependent on film thickness, it becomes difficult to separate the magnetoe-

lastic effects into volume and surface contributions unless tB � tA, when it

can be attributed as purely a volume contribution. If the thickness is greater

than the critical value, dislocations in the crystal appear in order to relieve the

lattice of strain. This is called the incoherent regime. In this study the magne-

toelastic anisotropy breaks the azimuthal symmetry of the magnetocrystalline

anisotropy of a hexagonally packed film.
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2.4.4 Representation as a field

The anisotropy can be represented as an effective field, Haniso, that acts upon

the spins in the crystal. The relation between the anisotropy field and energy

can be found by minimizing the free energy. The spins within a ferromagnet

are subject to an effective field Heff [19]:

Heff = − ∂f

∂M
= − 1

Ms

∂f

∂φ
= Haniso + Happ (2.18)

where f is the total energy density, Ms is the saturation magnetization, φ is

the angle between M and the easy axis, and Happ is the applied field. This

assumes that |M| = Ms. The energy density can be expressed by the following:

f = −Kaniso cos2 φ−M ·Happ = −Kaniso cos2 φ−MsHapp cos θ (2.19)

where Kaniso is the first order anisotropy constant and θ is the angle between

the applied field and the magnetization. For the special case where the applied

field is perpendicular to the easy axis, θ = π/2− φ; therefore:

f = −Kaniso cos2 φ−MsHapp sinφ. (2.20)

At equilibrium the free energy is at a minimum and its derivative with respect

to φ will be equal to 0:

∂f

∂φ
= 2Kaniso cosφ sinφ−MsHapp cosφ = 0. (2.21)

20



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

Rearranging, the equation provides an expression for Happ:

Happ =
2Kaniso

Ms

sinφ. (2.22)

Representing the anisotropy contribution to the free energy as an anisotropy

field, the free energy can be rewritten as:

f = −M ·Haniso −M ·Happ = −MsHaniso cosφ−MsHapp sinφ. (2.23)

Differentiating with respects to φ at equilibrium gives:

∂f

∂φ
= MsHaniso sinφ−MsHapp cosφ = 0, (2.24)

which rearranges to become:

Happ = Haniso tanφ ' Haniso sinφ. (2.25)

Combining equations 2.22 and 2.25 allows Haniso to be expressed as:

Haniso =
2Kaniso

Ms

. (2.26)

The anisotropy field will lie along the easy axis. This is valid for small fields

where φ is small. The field representation is a more convenient description

because the anisotropy can easily be related to experimental quantities.
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2.4.5 Anisotropy of ultrathin Co/W(110) films

The anisotropy of bulk hcp Co is given by equation 2.12, where K2 = 5.28 ×

106 erg
cm3 and K4 = 0.95 × 106 erg

cm3 at room temperature [20, 21]. As mentioned

in section 2.4.2, the magnetization prefers to lie along the c axis. The sur-

face anisotropy also has a sin2 θ dependence along the c axis and a surface

anisotropy constant of Ksurface = 0.84 erg
cm2 [22].

For a Co film grown on W(110), the shape and magnetoelastic anisotropies

must be considered. The magnetoelastic contribution can be estimated by

looking at how the bulk lattices would stack on top of each other, as shown

in figure 2.1. The Co lattice presents the hcp (0001) plane when grown on bcc

W(110). The cubic lattice constant of bulk W is 3.16 Å, and the basal plane

spacing for Co is 2.51 Å. The lattice mismatch defined in equation 2.15 gives a

misfit of 20.5% along the W [001] direction and a misfit of -3.0% along the W

[11̄0] direction. The resulting Co structure has been reported to be dilated by

2.8% or 2.5% along the W[11̄0] and compressed by 2.4% or 0.7% in the W[001]

compared to the bulk structure by Pinkvos et. al [23], or the identical findings

of Bansmann et. al [24] and Ociepa et. al [25]. Assuming a coherent structure,

using equation 2.14, an elastic constant of ∼ 1012 dyne
cm2 , and a magnetostriction

constant of 5×10−5 [26], it is found that the in-plane magnetoelastic anisotropy

is on the order of the magnetocrystalline anisotropy (106 erg
cm3 ) present in the

bulk. With the addition of shape anisotropy it is very reasonable for M to

lie in the crystal plane. As the magnetocrystalline and shape anisotropies
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are relatively isotropic in the plane of the film, the symmetry of the strain

selects the in-plane easy axis of magnetization along the W [11̄0] axis. This

strong uniaxial in-plane anisotropy was confirmed experimentally with spin-

polarized low-energy electron microscopy (SPLEEM) by Pinkvos et. al [23].

They found that almost all domains contributed to micrographs with electrons

polarized along the W[11̄0] axis and only domains close to defects contributed

to micrographs with electrons polarized along the W[001] axis. Later work

by the same group [4] detected that a minority of spins were tilted out of the

plane and that the tilt decreases with increasing film thickness (∼ 35◦ at 3

ML and ∼ 5◦ at 8 ML). A qualitative measurement of the magnetocrystalline

anisotropy was made by Kleibert et. al [27] using the transverse magneto-optic

Kerr effect (T-MOKE).

Previous measurements using torsion oscillation magnetometry (TOM) of

the anisotropy of epitaxial ultrathin Co/W(110) films by Fritzsche et. al pro-

vide an estimate for the surface and volume contribution of the in-plane

anisotropy [1]. They have identified two different thickness regimes below

and above a critical thickness, termed the coherent and incoherent regimes.

In the coherent regime, the strain due to lattice mismatch (between the film

and substrate) is the same throughout the volume of the film; therefore, the

magnetoelastic anisotropy contributes to the volume anisotropy. The coherent

regime includes films with thicknesses of 0 to < 2 nm (10 ML). In the inco-

herent regime, the strain due to lattice mismatch is relieved by stacking faults
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Figure 2.1: Diagram of Co lattice (red) on top of W(110) plane (black). The cubic

lattice constant of bulk W is 3.16 Å and the basal plane spacing for Co is 2.51 Å.

between layers, such that the magnetoelastic anisotropy contributes to the

surface anisotropy as well. The incoherent regime includes films with thick-

nesses above > 2 nm. The total volume contribution to the anisotropy for the

coherent regime is estimated to be 2.5× 106 erg
cm3 and drops to 0.3× 106 erg

cm3 in

the incoherent regime because of lattice relaxation. The surface contribution

is negligible for the coherent regime and equal to 3× 107 erg
cm2 in the incoherent

regime. Surprisingly, the critical thickness of 10 ML does not correspond to

the onset of large magnetic domains at 6 ML, as found by Pinkvos et. al [23]

for ultrathin Co/W(110) films. This could be due to differences in growth

procedure.
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2.5 Magnetic measurements

2.5.1 Magnetic susceptibility

The magnetic susceptibility is a measure of the ease of inducing magnetization,

M, in a sample in response to a magnetic field, H. The susceptibility is defined

by a second rank tensor in the limit of H→ 0:

χi,j =
∂Mi

∂Hj

(2.27)

where i, j = x, y, z. The easy axis of magnetization is usually chosen to be

the x or z direction. The diagonal terms of χ will correspond to the change in

magnetization along the easy and hard axes induced by fields along these axes.

The susceptibility along the easy axis is called the longitudinal susceptibility

because the change in magnetization is along the axis of magnetization (as

shown in figure 2.2(a)). Longitudinal susceptibility corresponds to a change

in the magnitude of the magnetization due to a spin reorientation, domain

wall motion, spin reversal, or Curie transition. For a film with an easy axis

in the plane of the film there will be two distinct transverse measurements

(in and out of the plane). The ease of wiggling the magnetization away from

the easy axis by applying a field in a direction perpendicular to it is called

the transverse susceptibility (as shown in figure 2.2(b)). The extent of this

wiggling is a measure of the magnetic anisotropy: the stronger the anisotropy

the more difficult it is to tilt the magnetization away from the easy axis. The
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anisotropy energy is inversely proportional to the transverse susceptibility.

(a) (b)

Figure 2.2: Diagram of a) longitudinal and b) transverse susceptibility. The mag-

netization, M, is in black; the applied field, ∆H, is in red; and the change in

magnetization, ∆M, is shown in green.

In this work the in-plane transverse alternating current (ac) susceptibility

will be measured by applying a small transverse alternating magnetic field in

the plane and looking at the change in magnetization. By using a dual phase

lock-in measurement technique, the ac susceptibility can be broken down into

a real part (in phase with the applied field) and an imaginary part (out of

phase by π
2
):

χ = χ′ + iχ′′. (2.28)

The imaginary part corresponds to work done on the system by the mag-

netic field or, equivalently, dissipation of energy by magnetic degrees of free-

dom. Examples of phenomena that would contribute to the imaginary sus-
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ceptibility include the reversal of spin blocks near a phase transition or the

movement of domain walls over energy barriers due to structural defects.

2.5.2 Magnetic hysteresis loops

Magnetic hysteresis loops are a measurement of magnetization versus an ap-

plied direct current (dc) field. In paramagnetic and ferromagnetic systems the

magnetization will reach a saturation value, Ms, when a large enough field is

applied, corresponding to all of the spins in the system aligning parallel to each

other. The saturation field (the field required to saturate the magnetization)

has a minimum along the easy axis. This work relies on hysteresis loops to

quantify the saturation magnetization along the easy axis in order to calibrate

measurements of the anisotropy energy density of ultrathin Co/W(110) films.

The difference between the hard and easy axis saturation fields can be used for

anisotropy measurements; however, these measurements will differ from small

field results as the angle between the magnetization and the easy axis (φ in

equation 2.18) will not be linear with H for large fields. Saturation fields along

the hard axes are often too large to realize experimentally, as is the case in

this work.

The hysteresis loop shown in figure 2.3 is of a FM 20 ML Co/W(110) film.

The square shape of the loop suggests that there is domain wall motion across

the area being probed. When the magnetic domain wall between spin up and

down domains moves across the probing area, the measured magnetization will
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change as the spin up area becomes smaller and the spin down area becomes

larger or vice versa. In order to move the domain wall the magnetic energy

must overcome the pinning energy. Once unpinned, the domain wall is free

to move, the magnetization changes sharply, and a square curve is produced.

Pinning occurs at defects in the crystal lattice (grain boundaries, inclusions,

vacancies, etc.) that cause a large local anisotropy. The flat top and bottom of

the loop indicates that Ms is reached, although this could just be the satura-

tion of one of several domains in the probing area. Another shape of hysteresis

loop often occurs in FM systems because the probing area consists of many

smaller domains. As the applied field overcomes the pinning energy for each

domain, the magnetization increases slightly in the direction of the applied

field; the addition of these slight increases produces a smooth continuous “S”

shaped hysteresis loop.

2.5.3 Measuring the magnetic anisotropy

The magnetic anisotropy can be derived from the transverse susceptibility and

the saturation magnetization. The effective field inside the sample is the vector

sum of the anisotropy field and the applied field (as shown in figure 2.4). The

angle ψ is also the angle between the tilted magnetization and the easy axis.

Using the small angle approximation,

tanψ = ψ =
4πHext

4πHaniso

=
M⊥

Ms

(2.29)
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Figure 2.3: Example of a hysteresis loop of a 20ML Co/W(110) film. Ms marks

the saturation magnetization.

where M⊥ is the component of the magnetization perpendicular to the easy

axis, Haniso is found by rearranging equation 2.29:

Haniso = Ms
Hext

M⊥
=

Ms

χtrans
. (2.30)

By measuring χtrans the need for very large fields to saturate the magnetization

along the hard axis is avoided, enabling in situ measurements of the anisotropy.

2.6 AFM/FM coupled systems

Antiferromagnetism is difficult to observe using magnetometry as the macro-

scopic magnetization is zero. The additional challenge of the small sample size

of an ultrathin film is that it is difficult to induce a sizeable moment by apply-
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Figure 2.4: Vector addition diagram for both magnetic fields and magnetization

in the sample. The H and M triangles are similar; the magnetic deflection is

exaggerated.

ing a field. Conventional methods of probing magnetic structure in ultrathin

films are not sensitive enough to directly observe antiferromagnetism. One ap-

proach to overcome these experimental limitations is to study AFM ultrathin

films that are magnetically coupled to FM layers through their interface by

the exchange interaction; this coupling is achieved by a bilayer film comprised

of an AFM ultrathin film over a FM ultrathin film or vice versa. Instead of

measuring the AFM signal directly, the magnetization of the FM ultrathin

film is monitored and compared to that of an uncoupled FM ultrathin film.

Deviations of magnetization in the coupled system from the uncoupled system

are due to the magnetic ordering of the AFM layer acting on the FM layer

through the interfacial exchange interaction.
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2.6.1 Interfacial exchange interaction

The interfacial exchange interaction is an anisotropy between AFM and FM

materials that was first discovered in 1956 by Meiklejohn and Bean [28] while

studying oxidized Co. In order to observe the exchange bias it must be that

TC > TN [29], so that when field cooling, the FM layer is magnetically or-

dered before the AFM layer undergoes the Néel transition (as shown in figure

2.5(b)). The ordered FM spins at the interface impose a boundary condition

on the AFM ultrathin film, which creates a preferential order to the film as it

undergoes the Néel transition. Below TN , the AFM/FM bilayer is locked into

this preferred orientation (as shown in figure 2.5(c)). Applying a field does not

affect the AFM layer because there is no net moment. The FM ultrathin film

responds to the field, but is pinned by the AFM layer at their interface. Thus,

the FM system experiences an additional surface magnetic anisotropy due to

this interfacial exchange coupling. By characterizing the anisotropy of the FM

layer it is possible to indirectly characterize the AFM layer; for example, its

temperature dependence should reveal TN .

Flipping the FM spins (as shown figure 2.5(d)) puts the system in a high

energy spin configuration. In order to reduce its energy the system will create

a domain wall or, for the case of thiner AFM ultrathin films, the spins in

the AFM layer will flip as well. Unlike other anisotropies discussed thus far,

interfacial exchange is unidirectional as opposed to uniaxial. In the case of

demagnetized zero field cooled films there is still a local interfacial exchange;
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(a) T > TC > TN (b) TC > T > TN (c) TC > TN > T (d) TC > TN > T

Figure 2.5: Diagram of the interfacial exchange interaction. AFM and FM ultra-

thin films are shown in green and purple, respectively. a) Both FM and AFM ultra-

thin films are magnetically disordered. b) Below TC the FM ultrathin film becomes

ordered, thus setting a boundary condition on the ordering of the AFM ultrathin

film. c) Below TN the AFM ultrathin film orders according to the boundary set by

the FM ultrathin film. d) Flipping the FM magnetization increases the energy of

the system. Note that c) or d) could represent the preferred spin alignment at the

boundary.
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however, there will not be a net bias because the domains will be randomly

ordered. Interfacial exchange creates a unidirectional anisotropy so the energy

density can be phenomenologically expressed by:

fex = Kex cosψ (2.31)

where Kex is the anisotropy coefficient due to the interfacial exchange in-

teraction. The hysteresis loop is characteristically affected by the interfacial

exchange interaction [28]. The exchange bias causes a shift in the hysteresis

loop of the FM layer along the applied field axis as a result of the interfacial

exchange interaction being a unidirectional anisotropy.

Kex is sample dependent as it is sensitive to the structural properties of the

AFM ultrathin film [30]. The affect of the interfacial exchange increases with

increasing interface roughness and decreases with increasing AFM crystallite

size because these properties are related to the number of uncompensated

spins present at the interface. Uncompensated spins are key to the interfacial

interaction; therefore, a greater number of them enhances the affect of the

interfacial exchange anisotropy. The energy required for AFM domain reversal

affects the strength of interfacial exchange because, if the energy to flip a

domain is small, an applied field will easily be able to flip both the FM and

AFM domains.
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2.6.2 Ultrathin CoO/Co/W(110) films

CoO is an AFM rock salt structure (as shown figure 2.6), where alternating

(111) planes are composed entirely of Co or O. TN for bulk CoO is 290 K.

Above TN , CoO is a paramagnetic material, while below TN , in the AFM

state, bulk CoO is a monoclinic structure due to magnetostriction (see section

2.4.3). This slight distortion from the cubic lattice is a combination of a

tetragonal (c/a = 0.988 at 10 K) and a smaller trigonal distortion [31]. There

has been much debate on the magnetic structure of AFM CoO since the 1950’s

[32, 33, 34, 35, 31, 36, 37]; yet, more experiments are needed to reach consensus

[36, 37]. Jauch et. al [31] found that the spins from the Co2+ ions lie within

the ac plane of the monoclinic structure, along the [ ¯0.325, ¯0.325, 0.888] axis in

reference to the cubic structure. The spins in each (111) plane are parallel to

each other and are aligned antiparallel to the spins of neighbouring planes. The

antiparallel alignment of consecutive planes produce a zero net magnetization.

Additional anisotropies further complicate the determination of the axis of

magnetization in ultrathin film systems.

To create exchange anisotropy, it is best to present the (111) plane of

CoO at the interface, as this will ensure uncompensated spins at the interface.

To promote the growth of the (111) plane, CoO films are grown on hexag-

onal substrates [38, 39]. Co/W(110) is a good candidate for the substrate

as it has a hexagonal surface and TC > TN for Co films thicker than 1.77

ML [40]. The rectangular centred lattice of the W(110) surface provides an
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Figure 2.6: 3D representation of rock salt structure of CoO. Co atoms are in red

and the O atoms are in blue.

in-plane easy axis, removing the in-plane isotropy of bulk Co. The CoO/Co

interface provides the strongest interfacial exchange interaction system in com-

parison with the other transition metals and their corresponding monoxides

[41]. CoO/Co/W(110) is the ideal system to probe the Néel transition via the

interfacial exchange interaction.
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Chapter 3

Experimental Procedures

In this chapter the techniques used to produce, characterize, and probe the

magnetic properties of ultrathin films will be discussed.

3.1 Ultrahigh vacuum systems

Ultrathin magnetic films are susceptible to surface contamination because of

their large surface to volume ratio. To protect films from reactive gas con-

taminants, such as CO and O2, films must be kept under ultrahigh vacuum

(UHV) or capped by a nonmagnetic layer. By capping the magnetic film, ex

situ measurements can be performed; however, the capping layer will interfere

with the shape anisotropy and introduce strain in the system altering the mag-

netoelastic anisotropy of the magnetic film. In situ measurements allow the

unaltered film to be examined. To do this, measurements must be conducted
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under UHV conditions, which are reached at pressures ∼ 10−10 Torr, so that

films remain free of contaminants for 4 to 5 hours.

To achieve UHV conditions in the stainless steel vacuum chamber used in

this work (see figure 3.1), a series of pumping techniques must be employed.

First, a rotary pump is used to lower the pressure from atmospheric pressure

(760 Torr) to 10−2 Torr. The rotary pump is left running continuously as a

backing pump on the valve leading to the vacuum chamber in order to reduce

the pressure gradient across the valves. At low enough pressures rotary pumps

will leak oil vapours into the system, thus a molecular sieve trap is used to

prevent contamination from oil vapours. The trap contains porous pellets that,

due to their large surface area, are effective in absorbing oil vapours and other

large molecules.

Once the system pressure reaches 2 × 10−1 Torr the cold trap is cooled

by submersion in liquid nitrogen. The cold trap is a series of tubes placed

inbetween the rotary pump and the system, such that it uses the rotary pump

as a roughing pump. Gas molecules condense on the inner surfaces of the cold

tubes, causing the pressure to decrease to ∼ 10−6 Torr.

The UHV valve is then closed, separating the cold trap and rotary pump

from the system. The ion pump valve is opened to connect the ion pump

(already at ∼ 10−9 Torr) to the system; this must be done slowly to avoid

tripping the pump. The ion pump will run continuously and will bring the

pressure down to ∼ 10−9 Torr. Because the ion pump works by absorption, it
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Figure 3.1: Diagram of vacuum system. The � symbol represents a valve. The

evaporator is used to grow the film. The AES and LEED apparatus is used to

characterize the film.
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does not create any noise in optical measurements via mechanical vibrations

and it can be contained within the vacuum chamber, which prevents leaks in

the vacuum. The ion pump ionizes gas molecules with a plasma; the ions are

then accelerated by an electric potential towards a titanium cathode. The col-

lision between the ions and the cathode sputter titanium onto the surrounding

surfaces. The elemental titanium will readily react with gas molecules (such

as CO, CO2, and O2) to form solid compounds. Noble gases will not react

with the titanium but may be trapped by sticking onto the cathode.

The system must be baked out to remove gases absorbed on the inner

surfaces of the chamber by heating the system to 350-390 K in an oven for 12-

48 h, depending on the amount of atmospheric exposure to which the surfaces

were subjected. The pressure is monitored by an ion gage that will shut off

the heating if the pressure rises past ∼ 10−6 Torr in order to protect the ion

pump. Only with baking out can the ion pump reach 10−9 Torr. After baking

out, the system is left to cool until it is safe to handle.

The final pumping system is the titanium sublimation pump (TSP), which

brings the pressure from 10−9 Torr to the UHV regime (∼ 10−10 Torr). The

TSP is composed of a thick titanium filament that is heated by a high ac cur-

rent (45 A). When first turned on, the pressure increases due to gases leaving

the surface of the filament; further heating causes titanium to sublimate on to

the surrounding surfaces. Gas molecules will react with titanium surfaces to

form solid compounds reducing the pressure, as they did in the ion pump.
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The filaments of components used to grow films and take measurements

must be heated up to remove any residual gases by running a current through

each filament for 45 min in a process called degassing. After each filaments is

heated the TSP is used to trap the escaped gases.

3.2 Sample holder and substrate

Figure 3.2: Photograph of sample holder from the top window of the vacuum cham-

ber. The thermocouple and heating coil are obscured from view by the Helmholtz coils

and substrate, respectively.

The sample holder (figure 3.2) used in this work has three degrees of trans-

lational motion and two degrees of rotational motion, which are necessary to
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align the sample for film growth and different measurement techniques. As

shown in figures 3.1 and 3.2, the evaporator and Auger electron spectroscopy

(AES)/low energy electron diffraction (LEED) apparatus are on opposite sides

of the vacuum chamber. The sample holder has an axis of rotation out of the

page of figure 3.1 and along the sample arm in figure 3.2, while holding the

substrate in the centre of the chamber, so that it can rotate to face either

system. The other axis of rotation is normal to the plane (vertical line along

the centre of figure 3.1 and out of the page in figure 3.2), enabling the sam-

ple to rotate relative to a pair of Helmholtz coils used to provide an applied

in-plane magnetic field. This permits magnetic measurements along different

crystallographic directions. There is a second pair of Helmholtz coils that are

normal to the plane, which provide an out of plane field.

A W95Rh5/W74Rh26 thermocouple is embedded in a hole in the side of

the substrate. A W filament behind the substrate can heat the substrate via

radiation or electron bombardment. Radiative heating can be used to raise

the temperature of films up to ∼ 600 K, while electron bombardment cleans

the substrate and reaches ∼ 2500 K. To achieve electron bombardment, a

large potential difference of ∼ 2 kV is applied between the filament and the

substrate, then a current of ∼ 3 A is run through the filament. High energy

electrons will overcome the work function of the filament and be accelerated

towards the substrate, thus colliding with it and heating it up. The substrate is

also thermally connected to a heat sink that can be used to cool the substrate
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to a minimum of 115 K. The heat sink is cooled by a pipe that carries liquid

nitrogen in and out from outside the vacuum chamber.

This work uses a single crystal of W with dimensions of 1.1×0.6×0.2 cm3,

cut to show the W (110) plane (as shown in figure 3.2). W is used for the

substrate for numerous reasons. It has a high melting temperature so its

surface can be cleaned by heating it to temperatures at which other molecules

will desorb from its surface. W does not contribute a magnetic moment to

the system as it is paramagnetic. High surface energy prevents diffusion of

other atoms into the W substrate and promotes surface wetting [23]. W is

not reactive with other elements in the system. C is an exception and readily

forms WC, a very stable compound even at high temperatures.

C contaminants are introduced to the system whenever it is opened for

maintenance. To remove these contaminants, the substrate is heated to ∼ 1000

K by electron bombardment in an O2 atmosphere of 3× 10−6 Torr. O2 strips

WC of its C to form CO and CO2. The presence of carbon on a W(110)

substrate changes the structures of Co films from the hcp (0001) surface to the

fcc (100) surface [23, 42], which affects the band structure and consequently

the magnetic anisotropy of the Co film. To ensure all experimental results are

free from C contamination, the amount of C on the film is determined by AES.
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3.3 Auger electron spectroscopy

AES is a surface analysis technique that uses the unique electron energy con-

figurations of atoms to identify the composition of a surface [43]. This method

measures the number of Auger electrons emitted from a surface as a function

of the emission energy.

A beam of monoenergetic electrons, accelerated by an electron gun, is

incident normally on a surface [44]. The emitted Auger electrons are analyzed

by a series of concentric semi-spherical gold grids. The grids are centred around

the point of contact between the electron beam and the surface. The electric

potential of the grids are set such that they can only be traversed by electrons

with energies greater than a certain energy. The transmitted electrons are

picked up by a semi-spherical screen that is concentric with the grids. The

number of transmitted electrons at a certain energy is directly measured using

the current flowing from the screen to ground. A diagram for the AES setup

is shown in figure 3.3; the charge coupled device (CCD) camera is part of the

LEED apparatus, which shares the electron gun and screens.

AES is only concerned with Auger electrons that arise when a core electron

is removed by a collision with an electron from the incident beam, leaving a

low energy vacancy in the atom (depicted in figure 3.4(a)). An electron from

a higher energy level will drop down to fill the vacancy, either producing an

X-ray or transferring energy to another electron of a similar initial energy.

If energy is transferred between electrons, the electron that gains energy is
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Figure 3.3: Diagram of AES and LEED apparatus. The electron gun provides

a beam of monoenergetic electrons that are diffracted off the sample at a normal

angle. Gold screens are set at electric potentials such that only electrons with energies

greater than a particular energy can pass through and be detected by the phosphorous

screen.
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emitted with a kinetic energy equal to that of the transition energy of the

other electron (as shown in figure 3.4(b)). The emitted electron is called an

Auger electron, and has an energy characteristic of its parent atom. Auger

electrons provide information from only the surface atoms as they have a short

elastic mean free path (∼ 10 Å).

(a) (b)

Figure 3.4: Diagram of creation of an Auger electron. a) Low energy core electron

is removed via collision with an electron from an electron beam. b) Higher energy

electron transitions to fill vacancy and Auger electron is emitted to conserve energy.

The majority of detected electrons come from secondary back scattered

electrons instead of Auger electrons. The energy spectrum of secondary back

scattered electrons is smooth but large in comparison to that of Auger elec-

trons. In order to isolate the information from the Auger electron spectrum,
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the derivative of the total electron distribution is taken; peaks in the Auger

spectrum are sharp so they create large peaks in the derivative of the distribu-

tion. The Auger spectrum of the W(110) substrate from 150-190 eV is shown

in figure 3.5.

Figure 3.5: Auger spectrum of W(110) substrate. This spectrum is used as a

reference spectrum for film thickness calibration.

AES is used in this work to determine film thickness and to identify the

growth mode by monitoring the amplitude of the spectrum from the substrate

and that of the film material as a function of the growth time. As a film grows

the spectrum of the substrate is attenuated. The attenuation is defined as the
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fraction by which the clean substrate Auger spectrum is multiplied to produce

the substrate spectrum when a film is present. Figure 3.5 is the reference spec-

trum for thickness calibration for films grown on W(110). Counterintuitively,

the attenuation is said to increase when this fraction decreases. A graph of

attenuation versus growth time is called an uptake curve (as shown in figure

3.6).

There are three different growth modes for epitaxial ultrathin films. In the

Frank-van der Merwe (FvdM) growth mode, full layers of atoms are completed

layer by layer (see figure 3.7(a)). For this to occur the surface energy of the

substrate must be greater than the addition of the surface energy of the film

material and the interface energy. The amplitude of the Auger spectrum of

the substrate is reduced (attenuation increases) linearly with coverage until

the first monolayer is complete because the amount of covered substrate is

proportional to the completeness of the layer. The second monolayer increases

the coverage but, because the attenuation depends exponentially on thickness,

the second layer cannot change the attenuation at the same rate as the first.

The attenuation increases linearly as the second layer completes with a smaller

slope, as seen in figure 3.6. Subsequent layers have smaller and smaller linear

rates of increasing coverage. The rates decrease exponentially as a function of

the number of completed layers. By plotting the uptake curve, the time taken

to complete one monolayer can be identified by the first kink in the curve

(where the rate changes) and used as a calibration for thickness of the film for
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Figure 3.6: Uptake curve of Co on a W(110) substrate. A Stranski-Krastanov

(SK) growth mode is observed, with the completion of the first monolayer occurring

after a growth time of 105 s.
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varying growth times.

The other two growth modes have substrate surface energies less than the

sum of the surface energy of the film material and the interface energy. The

Volmer-Weber (VW) growth mode minimizes coverage of the substrate by

forming islands of the film material that will be several monolayers thick be-

fore the first monolayer is complete (see figure 3.7(c)). The uptake curve is

exponential with no features indicating the completion of a monolayer. In the

Stranski-Krastanov (SK) growth mode the first monolayer is completed before

islands form for higher film thicknesses (as shown in figure 3.7(b)). There is

a kink in the uptake curve corresponding to the completion of the first mono-

layer, so the growth time per monolayer can be found. The first monolayer

will complete because the film atoms wet the substrate.

The uptake curve for Co grown on the W(110) substrate is shown in figure

3.6. The kink indicating the completion of the first monolayer occurs at a

growth time of 105 s. This growth time is used as a calibration for the evap-

orator so that films of a known thickness can be grown (see section 3.5). The

film grows in the SK growth mode as there is not an obvious kink at 210 s,

where two monolayers would have formed in the FvdM growth mode.

3.4 Low energy electron diffraction

LEED is an elastic scattering technique for examining the 2D structure of

surfaces [45]. The diffraction patterns obtained from LEED can also be used to
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(a) (b) (c)

Figure 3.7: Diagram of growth modes of ultrathin films for different amounts of

growth material: top < 1 ML, middle 1 ML, bottom > 2 ML. The substrate is

shown in grey and growth material is shown in blue 1 ML thick rectangles. a)

Frank-van der Merwe (FvdM) growth mode; monolayers are completed one after

another. b) Stranski-Krastanov (SK) growth mode; the first monolayer is completed

then island growth starts where some regions of the film are thicker than others. c)

Volmer-Weber (VW) growth mode; island growth begins before the first monolayer

is complete. The first monolayer is completed when islands merge together.
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determine the uniformity of a film and the strain in the crystal, thus providing

a prediction for the magnetoelastic anisotropy [1]. By observing the intensity

of the LEED peaks as a function of beam energy, the inter-planar spacing can

be inferred from Bragg’s law.

Figure 3.3 shows the AES and LEED apparatus. A monoenergetic beam

of electrons emerging from the electron gun strikes the sample perpendicular

to its surface. The backscattered electrons are collected by a series of grids

(described in section 3.3) set at electric potentials such that only elastically

diffracted electrons can pass through them. Once through the grids, the elasti-

cally scattered electrons are accelerated onto a phosphorous screen with a 5 kV

potential. The absorption of an electron by the phosphorous screen releases

a photon, allowing for the electron diffraction pattern to be viewed through a

window by eye or a CCD camera. To reduce noise, 50 images are averaged to

form one image for each LEED pattern.

The energy range of LEED (20-300 eV) ensures that only the surface of the

sample is probed; therefore, the diffraction pattern will be characteristic of the

2D surface structure. An elastically scattered electron with an initial linear

momentum perpendicular to the substrate will be reflected in the opposite

direction from which it came unless it gains crystal momentum from the lattice

along the plane of the film. When this occurs the momentum parallel to the

surface possessed by the reflected electron (k′‖ ) is given by equation 3.1:
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k′‖ = k‖ + G (3.1)

where k‖ is the initial parallel wave vector (= 0) and G is a reciprocal lattice

vector of the film surface. The displacement of electrons parallel to the surface

creates a picture of the surface’s reciprocal lattice, which is observable because

of the fluorescence produced by electrons hitting the phosphorous screen. The

diffraction pattern describes the symmetries present on the surface of the lat-

tice, and can be used to quantitatively find the reciprocal lattice vectors by the

geometry of the LEED setup or through comparing to the diffraction pattern

of a known surface. In this work all LEED measurements are made compar-

atively to the W(110) LEED pattern, as the pattern is well defined and the

reciprocal and real lattice structure is known. The geometrical approach is

not favoured because variations in the spherical grids distort the pattern. The

real space primitive lattice vectors (a1 and a2) of the surface can be obtained

from the primitive reciprocal lattice vectors (b1 and b2) using the following

relations,

a1 = 2π
b2 × n̂

b1 · (b2 × n̂)
(3.2)

a2 = 2π
n̂× b1

b2 · (n̂× b1)
(3.3)

where n̂ is the unit vector normal to the surface. G in equation 3.1 is a linear

combination of primitive reciprocal lattice vectors b1 and b2.
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Figure 3.8 shows a negative LEED image for the W(110) surface, with

incident electrons having an energy of 139.0 eV. The electron gun appears as

the shadow of a centred circle with an extending support arm that blocks the

central diffraction spot. The faint shadow of a set of Helmholtz coils is seen as

two horizontal bars above and below the diffraction spots in figure 3.8. The

primitive reciprocal lattice vectors are labelled b1 and b2, and are given as

follows:

b1 =
2π

aW
(x̂+

ŷ√
2

) b2 =
2π

aW
(x̂− ŷ√

2
). (3.4)

Using equations 3.2 and 3.3 the real space lattice vectors are found to be:

a1 = aW (
x̂

2
+

ŷ√
2

) a2 = aW (
x̂

2
− ŷ√

2
) (3.5)

where a1 and a2 correspond to a rectangular centred lattice that is expected

for the (110) plane of bcc crystals such as W. The constant aW is the cubic

lattice constant of W, which is equal to 3.16 Å. The magnitude of these vectors

is needed to calculate the lattice constant of other surfaces:

|b1| = |b2| = bW =

√
3

2

2π

aW
(3.6)

and

|a1| = |a2| =
√

3

2
aW . (3.7)
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Figure 3.8: Negative LEED image of W(110) substrate. The energy of the incident

electron beam is 139.0 eV. The primitive reciprocal lattice vectors b1 and b2 are

shown as well as their sum and difference. The shadow of the electron gun and

Helmholtz coils are faintly visible.
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As mentioned above, the W(110) surface is used to convert reciprocal lat-

tice vectors to real space measurements. In order to obtain information on

a hexagonal lattice from comparing its LEED pattern to that of the centred

rectangular surface of W(110), a conversion factor is needed, especially if the

two diffraction patterns are of different incident energies. The lattice vectors

and corresponding reciprocal lattice vectors of a hexagonal structure are given

below:

a1hex = ahex(
x̂

2
+

√
3ŷ

2
) a2hex = ahex(

x̂

2
−
√

3ŷ

2
) (3.8)

and

b1hex =
2π

ahex
(−x̂− ŷ√

3
) b2hex =

2π

ahex
(−x̂+

ŷ√
3

). (3.9)

The constant ahex is the basal plane lattice constant of a hcp structure. Note

that

|a1hex| = |a2hex| = ahex (3.10)

and that

|b1hex| = |b2hex| = bhex =
2√
3

2π

ahex
. (3.11)

Using the quotient of equations 3.6 and 3.11, the following expression provides

a solution for ahex in terms of bW , bhex, and aW :
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ahex
aW

=
2
√

2

3

bW
bhex

. (3.12)

Unfortunately the reciprocal lattice vectors bW and bhex are not measured

directly and must be calculated. From the energy equation of a free electron,

an expression of k′‖ (see equation 3.1) is given by:

k′‖ =

√
2meE

~2
sin θ =

√
2meE

~2
x

R
(3.13)

where E is the energy of the incident beam, ~ is the reduced Planck’s constant,

me is the mass of an electron, θ is the angle between the electron trajectory

and the surface normal, x is the displacement parallel to the surface, and R is

the radius of the screen. k′‖ is equivalent to G, which is a linear combination

of reciprocal lattice vectors b. For primary diffraction points, k′‖ = b, which

provides the following equality:

bW
bhex

=

√
EW
Ehex

xW
xhex

(3.14)

where EW and Ehex are the energies of the incident electron beam and xW and

xhex are the distances from the centre of the LEED pattern to the diffraction

peak for the W and hexagonal LEED images, respectively. Equation 3.12 thus

becomes:

ahex
aW

=
2
√

2

3

√
EW
Ehex

xW
xhex

. (3.15)
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The quantities in equation 3.15 are measurable from the electron beam control

and the LEED pattern.

The variation of the intensity of the central diffraction spot with chang-

ing energy can be used to determine the inter-planar spacing. For an initial

electron beam normal to the surface, resonance beam energies corresponding

to maxima in the intensity of the central LEED spot will satisfy the Bragg

condition:

d =
n

2
λ (3.16)

where d is the inter-planar spacing, n is the diffraction order, and λ is the de

Broglie wavelength. The relationship between the resonance energies and the

corresponding diffraction order is shown in equation 3.17,

E

n2
=

h2

8med2
(3.17)

where h is Planck’s constant. Equation 3.17 is only valid for an incident

beam normal to the surface; otherwise, a factor of cos θ (θ being measured

from the plane normal) must be included. Experimentally the incident beam

is tilted by ∼ 7◦ from the normal so that the central diffraction spot is not

obscured by the shadow of the electron gun. This angle is small enough to

be approximated as a normal incidence. The energy can be plotted versus

the diffraction order squared and the slope can be used to solve for the inter-

planar lattice spacing. Figure 3.9 shows the energies corresponding to LEED
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intensity maxima of the central diffraction spot for the W(110) surface. The

spacing is found to be 2.23 ± 0.01 Å using equation 3.17, which agrees with

the expected value of 2.23 Å. Because the crystal is almost perfectly ordered,

intensity peaks can be observed at much higher frequencies; however, this is

not the case for thin films where peak intensity maxima become very difficult to

identify above ∼ 300 eV . Only the very bright maxima were used in this graph

as dimmer local maxima occur due to multiple scattering events. Multiple

scattering is only a concern for well ordered crystals as it will not contribute

extra intensity peaks in ultrathin films. Determining what is the diffraction

order corresponding to the first observed resonance energy is not trivial and

requires fitting E versus n2 to a straight line.

3.5 Ultrathin film growth

3.5.1 Ultrathin metallic films

Magnetic ultrathin films are often made of Co, Ni, and Fe, which are all

FM metals. These metallic ultrathin films can be grown effectively using

evaporation in UHV.

The evaporator in figure 3.10 uses electron bombardment to heat up the

metal source wire (purity > 99.99%). A high current (3.5 A) is passed through

the filament, fil, near the metal source that acts as a supply of thermally

emitted electrons. A high voltage (1.75 kV) is applied to the source, which
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Figure 3.9: Plot of the energies of LEED intensity maxima of the central diffraction

spot versus diffraction order for W(110). The slope corresponds to a spacing of

2.23 ± 0.01 Å. The energy range is much larger than normally used for LEED,

which is acceptable because the crystal is uniform with depth. For ultrathin films

intensity peaks are rarely observed above ∼ 300 eV.
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is then is advanced towards the filament by the retractable holder that can

be controlled from outside the vacuum. As the source is nearing the filament,

the thermally emitted electrons are accelerated and focussed onto the tip of

the wire. The heat from the electrons striking the source melt the tip of the

metal and causes metal atoms to evaporate into the vacuum. The evaporated

atoms are collimated into a beam by a pair of apertures, ap1 and ap2, and

strikes the sample normal to its surface. The second aperture is isolated from

ground and kept at a potential of +23 V to attract evaporated atoms that were

ionized by the bombarding electrons. The ion current from this wire, IC, is a

measure of the atomic flux exiting the evaporator onto the sample. The ion

current is held constant during evaporation by adjusting the position of the

source metal relative to the filament to ensure a constant rate of growth. The

bombardment current measured by the high voltage wire is also monitored

during evaporation as it indicates the amount of metal being evaporated. The

bombardment current is not affected by additional ionized gas, which occurs

when growing a film in the presence of O. The evaporator is water cooled to

prevent gases from desorbing from its components.

The room temperature thickness calibration from the uptake curve in figure

3.6 equates a thickness of 1 ML Co with 105 s of Co evaporation at an ion

current of 1.0 nA (1 ML = 1.75 nA min), corresponding to a growth rate of

0.57 ML/min. Ultrathin films grown at room temperature showed the sharpest

LEED diffraction spots. Above ∼ 400 K (420 K in bulk) Co undergoes a
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Figure 3.10: Cross sectional diagram of evaporator used to grow metallic films.

met is the high purity metal source, ap1 and ap2 are the first and second apertures,

fil is a W filament, Hold is the retractable source holder, cooling is a water cooling

coil, HV is a high voltage wire, HC is a high current wire, and IC is the wire carrying

the ion current. Black lines are conducting, brown colouring represents insulating

material, blue represents water, and orange is the source metal. The thick black line

separating the UHV and Atm pressure is not in electrical contact with the HV, HC,

and IC wires.

61



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

transition from a hcp lattice to an fcc lattice, introducing disorder into the

system that is visible by looking at the width of the LEED diffraction spots.

3.5.2 Ultrathin metal oxide films

The AFM ultrathin CoO film studied in this work is a metal oxide. The metal

oxide ultrathin films were grown on top of an ultrathin Co film to create an

AFM/FM coupled bilayer system. To produce ultrathin metal oxide films,

evaporation was combined with two oxidation mechanisms: exposure growth

and reactive growth. The ultrathin oxide films were grown at room temper-

ature as at higher temperatures the Co/W(110) is more disordered and ab-

sorbed O may be rapidly diffused away from the Co(0001) surface prohibiting

the formation of CoO[46].

Exposure growth is a tested way to produce ultrathin CoO films on Co

[38, 46, 47, 48, 49, 50, 51, 52, 53]. To grow an ultrathin metal oxide film by

exposure growth, an ultrathin metallic film is grown using evaporation prior to

being oxidized by exposure to a partial O2 pressure of ∼ 10−6 Torr. Exposure

is measured in Langmuirs (L) where 1 L = 10−6 Torr s. In this work exposures

ranging from 5-10000 L were used. Exposure growth will produce a bilayer

film if the oxidization does not penetrate to the lowest layer of the parent film,

which depends on the amount of exposure and the thickness of the parent

film. The advantages of this method lie in its simplicity and the fact that the

interfacial exchange interaction is greatest in exposed films [30, 53]. The main
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disadvantage of this oxidization method is that it is difficult to determine the

thickness of the oxide layer. Because the O is absorbed from the surface and

then diffuses through the lattice to lower layers of the film, the interface be-

tween the metal and metal oxide is assumed to be rough. Work by Getzlaff et.

al [52, 54] show that at room temperature two O species, chemisorbed O and

CoO, exist simultaneously for oxidized ultrathin Co/W(110) films, although

at higher exposures (> 100 L) CoO dominates. Both Duò et. al [47] and

Gruyters [41] estimate a saturation thickness of 20 Å, corresponding to an

exposure of ∼ 104 L for a bulk Co sample. Castro and Küppers [51] estimate

the depth of the oxide layer of an oxygen saturated hcp Co (0001) surface to

be 10 Å, based on the depth of their ultraviolet photoemission spectroscopy

(UPS) probe. Smardz et. al [55] found that when Co films of thicknesses > 5

nm are exposed to atmospheric conditions, the saturated CoO oxide layer has

a thickness of 25 Å. At lower temperatures (< 130 K) Co3O4 is the oxide

formed by exposure of Co films [51, 52].

Reactive growth is achieved by growing an ultrathin metallic film by evap-

oration, only in an elevated partial O2 pressure. Metal and O atoms com-

bine simultaneously with film growth, ensuring uniform distribution within

the AFM film. The amount of Co deposited on the film is known from the cal-

ibration of the evaporator and can be used to estimate the film thickness. This

method allows for the creation of bilayer systems with different compositions

(e.g. CoO/Ag [56, 57] and CoO/Au [39]) and a sharper interface, although
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such an application is not evident in this work. Some exposure occurs be-

fore evaporation begins, while the O pressure is slowly raised (to ensure the

pressure does not rise too much). It seems that reactive growth is the bet-

ter method, but it has the experimental drawback that the filament must be

heated in an O rich environment. The surfaces of the evaporator absorb a lot

of O that is released in subsequent uses of the evaporator, creating a high O

partial pressure local to the evaporator. This is unwanted as it contaminates

the subsequent growth of pure ultrathin Co films. To remove the excess O the

evaporator must be degassed several times, which is a time consuming process.

3.6 Magnetic measurements

SMOKE has become a popular method for the measurement of magnetization

in ultrathin films because it can be performed in situ, has a linear dependence

on the magnetization, and is relatively inexpensive to implement. This section

will briefly explain the mechanism of SMOKE and discuss the optical system

used to measure this effect.

3.6.1 Surface magneto-optic Kerr effect

SMOKE describes how the light is reflected off an ultrathin magnetic film on

top of a substrate. The thickness limit for SMOKE is set by [58]:
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2π

λ
|N |t� 1 (3.18)

where λ is the wavelength of the reflected light, N is the complex index of

refraction of the film, and t is the thickness of the film. If this condition is not

met, rotation of the polarization caused by the magnetization of the sample is

said to be due to the magneto-optic Kerr effect (MOKE).

Linear polarized laser light will be reflected off the surface according to the

Jones reflection matrix R [59]:

R Ei =

 rss rsp

rps rpp


 Eis

Eip

 =

 Ers

Erp

 = Er (3.19)

where the subscripts s and p refer to light polarized perpendicular and parallel

to the scattering plane, respectively, and the subscripts i and r refer to the

incident and reflected light, respectively. Light will be unchanged in polar-

ization if R is diagonalized. The off diagonal components will be non zero if

the surface possesses a net magnetization. If this is the case, rsp and rps are

linearly related to the off diagonal elements of the dielectric tensor εd, which

can be expressed by equation 3.20 [60]:

εd = N2


1 iQ 0

−iQ 1 0

0 0 1

 (3.20)

65



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

where Q is the magneto-optic Voigt parameter. Q is proportional to the mag-

netization of the film; therefore, the change in polarization is also proportional

to the magnetization. The change in polarization for measurement in the lon-

gitudinal orientation (magnetization parallel to plane of incidence and parallel

to the film surface) and polar orientation (magnetization parallel to plane of

incidence and perpendicular to the film surface) is given by the following [61]:

ΦLON = sin θ
4π

λ

Ns

1−N2
s

Qt (3.21)

ΦPOL = − cos θ
4π

λ

N2

1−N2
s

Qt (3.22)

where Ns is the complex index of refraction of the substrate. The transverse

orientation (magnetization perpendicular to plane of incidence and parallel to

the film surface) produces a small (∼ 0.01%) change in the intensity of light

that is proportional to magnetization [62]. In this work, only longitudinal

SMOKE will be employed, despite the fact that we are examining the trans-

verse susceptibility. This is because for these measurements the applied field

and the change in magnetization will be transverse to the relaxed magnetiza-

tion and longitudinal to the plane of incidence; in reference to figure 2.2(b)

the plane of incidence is parallel to ∆M and ∆H.
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3.6.2 Optical setup

The optical system used to observe SMOKE is shown in figure 3.11. A col-

limated beam of light, originating from a 5 mW HeNe 632.8 nm laser (type

UniPhase 1125p), passes through a Glan-Taylor polarizing prism (labelled “Po-

larizer” in figure 3.11), reflects from a pair of adjustment mirrors (not shown),

and goes into the UHV chamber via a quartz window. The laser beam is re-

flected off of the sample at an angle of incidence of 45◦. The reflected beam

leaves the UHV chamber through another quartz window, and is then is po-

larized by the analyzer prism, a second Glan-Laser polarizing prism. A HeNe

red-line 10 nm band filter is used to eliminate noise from other wavelengths of

light. Finally the beam is focused onto a Si photodetector.

Performing SMOKE measurements in situ complicates the optical system

as the laser beam must pass through two quartz windows. If these windows are

stressed, their index of refraction develops a dependence on the polarization of

light, a phenomenon is called birefringence. To keep UHV conditions the win-

dow must be bolted to the chamber, which causes enough stress in the quartz

to cause birefringence. If the index of refraction is dependent on the polariza-

tion, a phase shift will occur because one polarization will travel through the

window faster than the other, causing the linearly polarized light to become

elliptical; this is illustrated in figure 3.11. Previous work in our group [63]

has shown that, by tilting the polarization slightly away from s or p polar-

ization, the birefringence of the windows can be used to negate the ellipticity
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Figure 3.11: Diagram of the optical setup used to observe SMOKE. Laser: 5 mW

HeNe 632.8 nm laser. Polarizer: Glan-Taylor polarizing prism. Windows: 7 cm

thick quartz windows. UHV: ultrahigh vacuum chamber. Sample: film and substrate

mount of manipulator arm. Analyzer: Glan-Laser polarizing prism. PD: HeNe red-

line 10 nm band filter and silicon photodetector. The laser beam is in red and its

polarization is indicated by the shorter bars.

caused by reflection from the metallic sample when the light is no longer s or

p polarized. The advantage of this method is that there are no extra optical

components that require alignment, such as a quarter wave plate, facilitating

the achievement of high extinction and sensitivity. The disadvantage is that

information of the ellipticity is lost.
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3.6.3 Magnetic hysteresis measurements

Magnetic hysteresis measurements use dc magnetic fields to probe the magne-

tization of the sample. The optical apparatus must be optimized to achieve

the sensitivity required to measure the magnetic properties of ultrathin films.

Using the diagram in figure 3.11, the photodetector (PD) experiences an in-

tensity of light, I, given by:

I[θ] = Imax(sin
2 θ + ε) (3.23)

where Imax is the maximum intensity (polarizer and analyzer have the same

polarization), θ is the angle measured from cross polarization (at minimum

intensity, polarizer and analyzer have π
2

difference in polarization), and ε is

the extinction ratio. The extinction ratio is defined as the intensity ratio of

the crossed and parallel polarizers, and indicates the quality of polarizers. The

polarizers used in this work have an extinction ratio < 10−6.

The SMOKE signal will be a small perturbation dθ of the polarization

angle about the angle θ set by the analyzer. From the derivative of equation

3.23 with respects to θ:

∂I

∂θ
= 2Imax sin θ cos θ. (3.24)

The small angle approximation gives:

δI = 2Imaxθδθ. (3.25)
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Combining equations 3.23 and 3.25 provides a quantity called the contrast,

which is related to the signal to noise ratio:

δI

I[θ]
=

2θδθ

θ2 + ε
. (3.26)

The contrast reaches a maximum when θ =
√
ε ≡ θset. This angle can be eas-

ily found because the corresponding intensity is twice the minimum intensity

according to equation 3.23:

I[θ = 0] = Imaxε (3.27)

and

I[θ = θset] = 2Imaxε. (3.28)

Then the Kerr rotation of the polarization can thus be found in absolute units:

ΦKer = δθ =
δI

2Imax
√
ε
. (3.29)

To achieve sensitive SMOKE measurements, the extinction ratio (contrast)

must be minimized (maximized), by systematically rotating the polarizer and

subsequently rotating the analyzer to find the best extinction ratio.

Once the minimum extinction ratio is found the analyzer is set at twice the

minimum (θset = ε). Now the system is ready to perform magnetic hysteresis

measurements by applying a dc magnetic field either in or out of the sam-

ple plane by the Helmholtz coils (see section 3.2). The field is slowly cycled
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through its full range (-60 to 60 Oe) multiple times to measure the average

change in intensity by the photodetector as a function of field. For best results

several loops were averaged.

3.6.4 Ac susceptibility measurements

Measurements of the ac susceptibility employs the same optical apparatus used

for hysteresis measurements. For these measurements an alternating magnetic

field is applied by the Helmholtz coil at a frequency determined by the refer-

ence frequency of a lock-in amplifier. The signal measured by the photode-

tector is fed to the lock-in amplifier, which isolates intensity fluctuations at

the reference frequency from the rest of the signal. The lock-in amplifier is

a dual-phase amplifier that measures two different signals, one in phase with

the reference signal and the other out of phase by π
2
. The in phase and out of

phase components correspond to the real and imaginary parts of the complex

susceptibility, as mentioned in section 2.5.1.

For optimal susceptibility measurements the analyzer angle θset is not sim-

ply related to the extinction ratio because frequency dependent signal-to-noise

issues become significant [64]. The analyzer angle used in this work is θset =

24 arcminutes, which gives the best signal to noise ratio [65].

The Kerr rotation is found by converting the intensity measurements by

the photodetector using equation 3.29. The magnetization is proportional to

ΦKer; therefore, the susceptibility is also directly related to ΦKer. In absolute
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optical units the susceptibility is given by:

χ =
ΦKer

Ho

=
δI(θ2set + ε)

2θsetI[θset]Ho

(3.30)

where Ho is the applied field, equations 3.23 and 3.29 have been used to elim-

inate Imax from the right side of the equation, and I(θset) is the instantaneous

dc intensity. To put this in cgs units a conversion factor relating the magne-

tization to the Kerr rotation is needed,

χ =
Ms

ΘKt

δI(θ2set + ε)

2θsetI[θset]Ho

, (3.31)

where Ms is the bulk saturation magnetization, ΘK is the Kerr rotation per

saturated monolayer, and t is the thickness of the monolayer. Ms for bulk Co

is 1450 emu
cm3 . ΘK is in detail a complicated function of the optical properties of

the band structure. In ultrathin films, this can depend sensitively on the film

structure and strain; therefore, ΘK must be calibrated experimentally from a

hysteresis loop.

A phase shift occurs between the reference frequency of the lock-in amplifier

and the signal from the photodiode. The capacitance and inductance of the

field coils and various electrical components of the measuring system cause

the phase shift. To put the in (x) and out (y) of phase components into real,

Re(χ), and imaginary, Im(χ), parts of the susceptibility, the phase shift is

corrected by a rotation matrix:

72



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

 cosφ − sinφ

sinφ cosφ


 x

y

 =

 Re(χ)

Im(χ)

 (3.32)

where φ is the phase difference. The phase shift for the system used in this

work has previously been reported to be 135◦ [65]. Small adjustments are made

to ensure accuracy; for example, the measured susceptibility is prevented from

passing through zero.

The ac susceptibility is usually measured as a function of temperature,

although this work also examines the susceptibility versus applied field. This

method is ideal for the detection of magnetic phase transitions and can be

used to find the order of a transition.

3.6.5 Ground loops

In this work the susceptibility of an ultrathin Co film is measured far below

TC , where size of the susceptibility is small and stays relatively constant with

temperature, making it hard to differentiate from a constant background sig-

nal for a linear χ. The magnetization will be linear with the applied field

(for small fields). Any offset that scales with field is troublesome to eliminate.

Because a lock-in technique is used, noise must occur near the reference fre-

quency; therefore, noise must come through radio frequency (RF) interference

or ground loops. RF interference is minimized by using coaxial cables and

spacing various components away from each other.

Ground loops occur when two or more separate points on a circuit are at
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different potentials even though they are all supposedly grounded. A circuit

that has two grounded points, G1 andG2, will have a ground loop if VG1 6= VG2.

In the case that VG1 > VG2, G1 can be considered to be connected to G2

through a resistor (RG); therefore, current will flow from G1 to G2 through

RG in parallel with the rest of the circuit, causing unwanted current in the

circuit.

A high current audio amplifier used to provide alternating current to the

Helmholtz coils was creating a ground loop with the lock-in amplifier and

the photodetector. The photodetector is grounded to the metal casing that

encapsulates it, which was bolted on to the UHV chamber such that an elec-

trical connection was formed. The UHV chamber acts as a ground for many

devices used in the lab, and was somehow connected to the ground of the au-

dio amplifier creating noise at the reference frequency. To stop the noise the

connection between the photodetector and the UHV chamber was broken by

using a rubber spacer and nylon bolts, isolating the photodetector from any

stray currents in the UHV chamber. The audio amplifier was put on a sepa-

rate ground circuit from the rest of the system to relieve the ground circuit of

the system from the high current of the audio amplifier. This helped reduce

the noise, even though using different grounds is a common source of ground

loops, which is most likely the cause of the remaining noise.

The noise is measured by taking measurements with the laser beam blocked

or turned off, so that any signal registered by the lock-in amplifier is due to
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noise. Before the alterations to the system to reduce the effects of ground loops,

the noise was 2.5× 10−6 V, compared to 0.58× 10−6 V after the modifications

for an applied field of 10 Oe; the equivalent Kerr rotations are 27.6 nrad and

5.5 nrad, respectively. The remaining noise is removed from the signal by

subtracting the blocked signal that is completely due to noise.
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Chapter 4

Results and Discussion

The results of the experiments performed in this work are presented and dis-

cussed in this chapter. The first section will cover the structural and magnetic

properties of ultrathin Co/W(110) films, including calculations of the in-plane

anisotropy, which will be compared to estimated values by Fritzsche et. al [1].

The second section will provide a comparison of ultrathin CoO/Co/W(110)

films produced by exposure and reactive growth. Experimental observations

showing the Néel transition via the interfacial exchange coupling between AFM

CoO and FM Co layers will also be discussed.
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4.1 Ultrathin Co/W(110) films

4.1.1 Structure of ultrathin Co/W(110) films

In section 3.3 AES is used to obtain the growth rate of Co, which was 105

s/ML, by measuring the attenuation of the W spectrum from 150 to 190 eV.

A peak in the Auger spectrum shown in figure 4.1 at 778 eV corresponds to

a LMM transition in Co, confirming that Co is deposited on the sample. The

sample was determined to be free of contaminants, such as C and O, via AES

detection. The growth mode of ultrathin Co/W(110) films was determined by

AES to be a SK growth mode in section 3.3 as well. This is supported by

Pratzer and Elmers’s [66, 67] detailed scanning tunnelling microscopy (STM)

and scanning tunnelling spectroscopy (STS) work that found that a pseudo-

morphic (ps) monolayer forms at a coverage of about 0.7 ML after annealing

to 635 K. Above this coverage the initial monolayer become close-packed, with

subsequent layers being bulk-like and growing in the SK growth mode [25, 66].

Johnson et. al [68] also report the existence of a ps monolayer and achieve the

FvdM growth mode (see section 3.3) by growing with a substrate tempera-

ture of 100 K. In the present study, the LEED pattern of a 1 ML Co/W(110)

film matches the 8x1 LEED pattern of a close-packed monolayer reported by

Pratzer and Elmers [67]; therefore, the kink in the uptake curve in figure 3.6

corresponds to the completion of a close-packed monolayer. At steps between

a monolayer and a double layer, smaller fcc and hcp triple layers form, but
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triple layer islands that form on top of a double layer away from steps are all

hcp [66]. The majority of the triple layer islands are hcp and were determined

to be thermodynamically more favourable. Knowing that the hcp packing is

preferable is important when considering the magnetocrystalline anisotropy,

as it is weaker in the fcc packing.

Figure 4.1: The 778 eV AES peak of a 10 ML Co film (blue). AES spectrum of

the W(110) surface (black).

LEED was used to determine the properties of the lattice. Figure 4.2 shows

the LEED pattern for ultrathin Co films of different thicknesses and compa-

rable energies. In figure 4.2(a) the diffraction pattern of a 1 ML Co/W(110)

film is shown. The diffraction spots due to the W(110) surface and ultra-

thin Co film are circled in green and red, respectively. The W(110) spots are

still visible as LEED is sensitive to the top 3-4 ML. At 3 ML of coverage the
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Co LEED spots are more intense than the W(110) spots (as shown in fig-

ure 4.2(b)). Once the coverage reaches 5 ML the W(110) LEED pattern is

no longer visible. The LEED pattern of a 10 ML Co film is shown in figure

4.2(c). Using the diffraction pattern with equation 3.15, the hexagonal lattice

spacing is determined to be 2.6 ± 0.1 Å, which is consistent with the bulk

hexagonal lattice parameter of 2.51 Å. The length of the reciprocal lattice

vector is found by averaging the measurements from the diffraction pattern of

the distance from the centre spot to the six spots of the hexagonal pattern and

the distance between neighbouring spots on the hexagonal pattern; the error

is given by the standard deviation of this set of values.

The arrows in figure 4.2(b) indicate the crystallographic directions of the

W substrate. The [0001] or fcc [111] direction of the ultrathin Co film is par-

allel to the [110] direction of the W substrate, which is called the Nishiyama-

Wassermann orientation [23, 24, 25]. The LEED spots have a similar spacing

along [11̄0] for the W and Co surface, yet are significantly different along the

[001] direction, corresponding to lattice mismatch in real space. The lattice

mismatch along the [001] direction is 20.5% as predicted in section 2.4.5. The

narrow LEED spots (similar width to those of the W(110) substrate) are in-

dicative of long range order within the film [25].

The inter-planar spacing of Co was found by observing the intensity of the

central LEED spot using the method described in section 3.4. Figure 4.3(a) is a

graph of the LEED intensity maxima energies versus diffraction order squared.
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(a) (b) (c)

Figure 4.2: LEED patterns of ultrathin Co films on W(110): a) 1 ML with incident

beam energy, EB = 89.1 eV; b) 3 ML, EB = 88.0 eV; c) 10 ML, EB = 91.6 eV.

In a) spots due to the W lattice are circled in green and spots due to the Co lattice

are circled in red. In b) the crystallographic directions of W(110) in reciprocal space

are given, which are the same in all LEED images. In c) the hexagonal basal lattice

constant corresponding to the reciprocal lattice vectors is given.
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The inter-planar spacing is found to be 2.02±0.09 Å, which is consistent with

the bulk value of 2.035 Å. The inter-planar spacing corresponds to half of the

c lattice parameter of the standard hcp unit cell, as each cell has atoms in the

A and B oriented planes. The order of diffraction of the first observed peak,

no, was determined by minimizing the mean squares difference of a linear fit

of the resonant energies versus diffraction order squared.

Lattice parameters of ultrathin films and bulk materials can differ by <

10% in length; therefore, it can be useful to calculate a set of bulk resonant

energies using the Bragg condition to serve as an assessment of the selection of

no. As the spacing is similar the variance between energies should be small for

reasonable selections of no. The variance between the expected and measured

resonance energies is given by:

σE =
1

N

N−1∑
n=0

(E ′n − ECo
no+n)2 (4.1)

where N is the total number of diffraction points observed, E ′n is the observed

energy of the nth LEED intensity maxima minus an offset energy to account

for the work functions of the filament and the film, and ECo
n is the nth expected

resonance energy of bulk Co, which varied greatly for different values of no.

The offset was determined by fitting the data to the expected energy series.

The variance is plotted as a function of no in figure 4.3(b), indicating that it

is reasonable for no to be the second order of diffraction as this corresponds

to a minimum in the variance. This is in accordance with the linear fitting.

81



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

(a)

(b)

Figure 4.3: LEED analysis of a 10 ML Co/W(110) film. a) Plot of the energies

of the central LEED spot intensity maxima versus diffraction order. The slope of

this graph corresponds to an inter-planar spacing of 2.02 ± 0.09 Å. b) Plot of the

variance between the expected and measured resonance energies versus no.
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4.1.2 Hysteresis measurements

Magnetic hysteresis measurements of FM ultrathin Co/W(110) films are pre-

sented in figure 4.4. A single 10 ML Co sample is shown in figures 4.4(a),

4.4(b), and 4.4(c). It was annealed at 400 K for 150 s. The hysteresis loop

with field directed along the 11̄0 axis in figure 4.4(a) indicates magnetic rever-

sal. The square shape of the loop suggests that the magnetization is flipped

due to the motion of a domain wall across the probing area and that the height

of the loop equals twice the saturation signal. A field of 50 Oe is required to

flip the magnetization by π. The magnetization prefers to lie on the 11̄0 axis,

identifying it as the easy axis. In figure 4.4(b) the dc field is applied along the

hard 001 axis. The slight slope corresponds to the magnetization being tilted

away from the easy axis by the applied field; the line of best fit (shown in red)

has a slope of 0.09± 0.01 µrad
Oe

. In figure 4.4(c) the applied dc magnetic field is

out of the plane of the sample. No sizeable dc signal is present. The hysteresis

loop of a 20 ML Co/W(110) film is presented in figure 4.4(d). This loop is

significantly less noisy because a smaller gain was used on the photodetector.

Hysteresis loops were obtained for only two of eight samples. This is be-

cause dc measurements require superior optical alignment compared to ac

measurements that use lock-in detection. The height of the hysteresis loop is

needed for the determination of the anisotropy as the value of Ms is taken as

half of the height of the loop. The Kerr rotation, assuming saturation magne-

tization, is found to be 2.0± 0.5 µrad
ML

for the 10 ML film and 0.9± 0.1 µrad
ML

for
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the 20 ML film. Partial pinning of domain walls in the probing area, as well as

a nonlinear relationship between the saturation magnetization and film thick-

ness, is responsible for the disparity between the 10 ML and 20 ML results.

Oepen et. al [69, 70] obtained a saturation Kerr rotation of 19.5± 0.5 µrad
ML

for

ultrathin Co/Cu(001) films and 16.5± 1 µrad
ML

for ultrathin Co/Cu(1117) films,

which are both an order of magnitude greater than values found in this work.

4.1.3 Transverse susceptibility measurements

To test the SMOKE system’s ability to detect a small rotation of the magneti-

zation by a transverse field (see figure 2.2(b)), the Kerr rotation was measured

as a function of the applied transverse field strength. Figure 4.5 shows the

result of this experiment using the raw data acquired from the photodetector.

This is an important result as the susceptibility relation in equation 3.31 is

only valid when the magnetization increases linearly with applied field. This

condition holds for fields of at least 10 Oe, which is the maximum field pro-

duced by our amplifier. Susceptibility measurements in the rest of this work

used an applied field of 10 Oe as the larger field provides a greater signal.

As mention in section 3.6.5, remaining ground loop noise must be removed

by subtracting blocked measurements, which are photodetector measurements

taken when a field is applied and the laser beam is blocked by a beam stop.

There is still an offset in the photodetector output that is independent of the

applied field; a zero field measurement thus sets the zero ac magnetization.
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(a) In-plane longitudinal (b) In-plane transverse

(c) Out of plane transverse (d) 20 ML, In-plane longitudinal, Sample C

Figure 4.4: Plots of hysteresis measurements of 10 ML (a-c) and 20 ML (d)

Co/W(110) films with field applied in the: a), d) [11̄0] direction; b) [001] direction;

c) [110] direction.
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Figure 4.5: Plot of transverse magnetization versus applied field for a 20 ML Co

film. The magnetization is measured in V, which is the form of the raw data from

the photodetector.

The transverse susceptibility of ultrathin Co/W(110) films was measured

as a function of temperature in order to evaluate the magnetic anisotropy

using the method outlined in this work and to serve as a comparison for the

susceptibility of coupled ultrathin CoO/Co/W(110) films. The films were

magnetized along the easy axis by performing dc magnetic measurements that

apply large fields. The zero field and blocked transverse measurements are

made before zero field cooling below 150 K. Field cooling is not possible as

running a dc field for an extended period of time causes the Helmholtz coils

to overheat. Once cooled, the zero field and blocked transverse measurements

are then made again to verify consistency at low temperatures. Transverse
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susceptibility measurements are made as the sample is being heated radiatively

at a rate of 0.02 K/s, so that data can be binned. The data is put into bins

of ∼ 1 K; each bin has an average value of ∼ 90 points. The in phase and out

of phase parts of the blocked susceptibility measurement (accounts for noise

in the system) and the zero field susceptibility measurement (taken as the

true zero Kerr rotation) are subtracted from their corresponding parts from

the susceptibility signal. Equation 3.30 is then used to convert the signal to

optical units and the phase is adjusted using a rotation matrix.

The number of samples in this study was limited by the amount of time

required to perform the experiments, which each took at least 24 h of attentive

supervision. The slow rate of heating (0.02 K/s) means that susceptibility

measurements can take up to 2.75 h, plus 1-2 h to cool the sample. This must

be performed twice, before and after oxidation. Oxidation and the warming

of filaments are lengthy procedures as well.

Figure 4.6 shows the susceptibility of three different 20 ML Co/W(110)

films. The imaginary part of the susceptibility has been enlarged five times

for clarity. All samples are fabricated the same way. Numerous factors, such

as contamination due to residual O2 gas and out gassing of the evaporator’s

casing or filament, may explain the difference in the measured susceptibilities.

Sample A is free of obvious defects and represents the expected form of the Co

transverse susceptibility: the real component increases linearly with increasing

thermal energy and the imaginary component is featureless. Sample B has a
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(a) Sample A (b) Sample B (c) Sample C

Figure 4.6: Plots of transverse susceptibility of ultrathin Co/W(110) films versus

temperature.

non-reproducible jump in the imaginary component at ∼ 230 K and then a

jump back at ∼ 290 K, which may be caused by accidental movement of the

optics or electrical wires when refilling the liquid nitrogen reservoir. Sample

C has an irregular form in its real part that decreases with temperature. To

quantify the temperature dependence of the transverse susceptibility, the real

part of the susceptibility was fitted to a straight line. The fitting parameters

for the 20 ML Co film in figure 4.6 are presented in table 4.1. The transverse

susceptibility of a 10 ML Co/W(110) film was found to be 45± 3 nrad
Oe

at room

temperature.
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Sample Slope [ nrad
Oe K

] Intercept [nrad
Oe

] Variance [nrad
2

Oe2
]

A 0.162± 0.002 132.6± 0.5 1.6

B 0.196± 0.003 67.5± 0.6 4.1

C −0.029± 0.003 60.5± 0.8 4.5

Table 4.1: Linear fit coefficients of the transverse susceptibility (samples A, B, and

C) with increasing temperature.

4.1.4 Determination of anisotropy

The anisotropy field, Haniso, of the ultrathin Co film can be found using equa-

tion 2.30, provided accurate measurements are made of the transverse suscep-

tibility and the saturation magnetization. The derivation of Haniso of sample

C at room temperature is given as an example:

Haniso =
Ms

χtrans
=

18 µrad

51 nrad/Oe
= 350 Oe (4.2)

where χtrans is the transverse susceptibility that was discussed in the previous

section. The anisotropy field is calculated using optical units as this avoids

estimating the saturated magnetization. The Kerr rotation corresponding to

Ms is found from the longitudinal hysteresis loops presented in figure 4.4. A

hysteresis loop belonging to sample C is presented in figure 4.4(d), and gives a

saturated Kerr rotation of 18±2 µrad. Unfortunately this is the only hysteresis

loop obtained in this work for a 20 ML Co/W(110) film. Accordingly, the

anisotropy fields of all of the 20 ML samples are calculated using the saturated
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Kerr rotation of sample C. Figure 4.7 presents the anisotropy field as a function

of temperature. The error bars are representative of the uncertainty in the

saturated Kerr rotation. In samples A and B the anisotropy field decreases

with temperature, showing that increasing thermal energy decreases the effect

of the anisotropy.

Equation 2.29 is only valid if the small angle approximation is applicable

to the angle ψ in figure 2.4 (ψ < 10◦). Any error incurred by the small angle

approximation used in equation 2.29 should be much smaller than the relative

error of Ms, which is ∼ 10%. For an applied field of 10 Oe, the error in the

small angle approximation is ∼ 1% for sample A and smaller for samples B

and C. This is acceptable as ∼ 1% is an order of magnitude smaller than the

relative uncertainty in Ms.

The saturated Kerr rotation for a 10 ML Co/W(110) film was found to be

20 ± 4 µrad, which is half the height of the hysteresis loop in figure 4.4(a).

Using the transverse susceptibility of 45± 3 nrad
Oe

, the anisotropy field is found

to be 400± 100 Oe.

According to equation 2.26 a factor of Ms/2 is needed to express the

anisotropy fields in terms of energy density. Assuming the films are saturated,

Ms for Co is 1450 emu
cm3 . To compare this work with the anisotropy energy

densities measured by Fritzsche et. al [1], the results must be converted to SI

units using a factor of 10 erg
cm3 = 1 J

m3 . The anisotropy energy densities at room

temperature are presented in table 4.2.
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(a) Sample A (b) Sample B (c) Sample C

Figure 4.7: Plots of anisotropy fields of ultrathin Co/W(110) films versus temper-

ature.

The anisotropy for the 10 ML sample can also be found using the hysteresis

loop in figure 4.4(a) and the slope from figure 4.4(b). The slope is the trans-

verse susceptibility as it measures the change in the transverse magnetization

with applied field. Using equation 2.30, the anisotropy field is found to be

220± 60 Oe. This method is not as accurate because it is a dc technique that

accepts noise of all frequencies; however, it does produce an energy density

of the same order of magnitude as that found by a combination of ac and dc

techniques.

Fritzsche et. al [1] plot the anisotropy energy density multiplied by the

film thickness in order to separate the volume and surface contributions of the

total anisotropy energy density. The unit cell parameters from their LEED

results give a thickness of 0.20± 0.01 nm/ML, which agrees with the present
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Sample Anisotropy Field Anisotropy Energy Density

Co [Oe] cgs [105 erg
cm3 ] SI [104 J

m3 ]

10 ML 400± 100 3± 0.7 3± 0.7

20 ML A 100± 10 0.73± 0.07 0.73± 0.07

20 ML B 150± 20 1.1± 0.1 1.1± 0.1

20 ML C 350± 40 2.5± 0.3 2.5± 0.3

Table 4.2: Anisotropy energy densities for 10 ML and 20 ML (samples A, B, and

C) Co/W(110) films at room temperature. The values from sample C were derived

from one experiment where both the transverse susceptibility and a hysteresis loop

were measured on the same film.

work. The anisotropy energy densities in table 4.2 are overlaid on the data

from Fritzsche et. al [1] in figure 4.8. The product of the energy density and

the film thickness is expressed as the free energy per area on the y axis. The

data from this work is denoted by coloured diamonds: the 10 ML sample is

in red, and samples A, B, and C are in blue, orange, and green, respectively.

Sample C is highlighted with an “x” because it is the only sample where both

the transverse susceptibility and a hysteresis loop were obtained. The results

from this work produce anisotropy energy densities an order of magnitude

smaller than that of the bulk (K2 = 5.28× 106 erg
cm3 ) and close to an eighth of

what has previously been reported by Fritzsche et. al [1] in the cases of the 10

ML sample and sample C.
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Figure 4.8: Plot of film thickness multiplied by anisotropy energy density versus

film thickness from [1], with data from this work overlaid: 10 ML sample is in red,

and samples A, B, and C are in blue, orange, and green, respectively. Sample C

is highlighted with an “x” because it is the only sample for which the transverse

susceptibility and a hysteresis loop were obtained. The energy density multiplied by

the film thickness is expressed as the free energy per area.
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Disagreement between these results is not surprising considering that the

magnetic anisotropy is sample dependent. De Jonge et. al [3] tabulated

anisotropy measurements of ultrathin Co films grown on different substrates.

They showed that the surface anisotropy constant, Ks, of ultrathin Co/Pd(111)

films can vary by a factor of 5.8 and that the volume anisotropy constant, Kv,

can vary by a factor of 2.4. Ks and Kv are the intercept and slope, respec-

tively, of a straight line on a graph of film thickness multiplied by anisotropy

energy density versus film thickness (see section 2.4 and figure 4.8). Variation

in the measurement of the anisotropy constants commonly occurs for ultrathin

Co film systems; therefore, is not completely unreasonable for the anisotropy

energy densities to differ by a factor of eight.

An inaccurate value of the saturated Kerr rotation could be the source

of the discrepancy between the results in this work and those of Fritzsche

et. al [1]. Oepen et. al [69, 70] found a saturated Kerr rotation an order of

magnitude greater for ultrathin Co/Cu(001) and Co/Cu(1117) films than what

is reported here. A difference in the saturation Kerr rotation is expected for

various substrates as the band structure within the film will differ; however,

the large disparity suggests that the magnetization is not saturated and that

the observed hysteresis loop is due to domain wall motion in a fraction of

the probing area. If domain pinning creates an energy barrier that is greater

than the magnetic energy supplied by the applied field, the magnetic domain

structure is frozen. To achieve saturation magnetization a larger applied field
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is needed. Domain pinning does not affect the transverse susceptibility when

all the domains in the probing area are magnetized along one of the directions

of the easy axis because the measured magnetization is perpendicular to the

easy axis. If two antiparallel magnetic domains are subject to a transverse

field, their magnetization will be tilted in the same direction, thus having

an additive effect on the transverse magnetization. The inconsistency of the

appearance of hysteresis loops is consistent with domain pinning because, if

all of the domains within the probing area are pinned, a hysteresis loop would

not be observed. The same domain pinning argument could also explain the

large variation in the saturation Kerr rotation per monolayer between the 10

ML and 20 ML samples.

Pinning is not the only reason the saturated Kerr rotation per monolayer

would be smaller than expected; it would differ for thicker films because the

rate at which the anisotropy increases changes at a critical thickness. As men-

tioned in section 2.4.5, Fritzsche et. al [1] have identified the coherent and

incoherent regimes. The data in this work lie in the incoherent regime; there-

fore, the saturated Kerr rotation per monolayer is expected to be smaller than

in a film in the coherent regime because of the kink in anisotropy versus thick-

ness curve. It is difficult to say whether the small saturation Kerr rotation per

monolayer is accurate without further dc measurements with higher magnetic

fields.

The reduction in ground loop noise allowed the transverse susceptibility
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of ultrathin Co films to be measured distinct from any critical transitions.

A novel technique that uses ac susceptibility measurements and dc hystere-

sis measurements was employed to determine the anisotropy energy density.

Although the results are reasonable, they are about a factor of eight smaller

than what was predicted by Fritzsche et. al [1]. Both the ac and dc magnetic

measurements contain inconsistencies; therefore, more samples are necessary

to arrive at a definitive value of the anisotropy energy density.

4.2 Ultrathin CoO/Co/W(110) films

In this section the properties of ultrathin CoO/Co/W(110) films produced by

two different methods, exposure growth and reactive growth, will be compared

using AES and LEED. The transverse susceptibility of ultrathin CoO/Co/W(110)

exposure growth films is presented as proof of observation of the Néel transi-

tion.

4.2.1 AES of ultrathin CoO/Co/W(110) films

AES cannot be used to determine the growth rate of the CoO layer for exposure

growth and reactive growth because the Co spectrum of the Co base layer is

indistinguishable from that of the Co atoms in the CoO layer; however, AES

still provides valuable information on the constituents of the film. Typical

Auger spectra of both growth methods are presented in figure 4.9. The three
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KLL peaks of O are present between 460 eV and 530 eV, and a LMM peak

of Co is observable between 760 eV and 800 eV. Both methods yield similar

spectra varying only slightly in amplitude. AES is almost equally sensitive to

O and Co; therefore, the surface is composed of O as the size of the largest O

KLL is greater than twice that of the Co LMM signal.

Figure 4.9: Auger spectra for ultrathin CoO films grown by exposure and reactive

growth. Peaks at energies ranging from 460 to 530 eV correspond to the O KLL

peaks. Peaks at energies ranging from 760 to 800 eV correspond to the Co LMM

peaks.

4.2.2 LEED of ultrathin CoO/Co/W(110) films

LEED patterns for exposure and reactive growth methods produce similar

results. Figure 4.10 is a collection of LEED patterns of 10 ML Co/W(110)
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films for different amounts of O2 exposure. The incident beam energy, amount

of exposure, and associated lattice spacing are given below each image. The

LEED pattern is independent of the amount of exposure over the range of

5-5000 L, indicating that the top layers of the Co film oxidize after only 5 L

of exposure. Figure 4.10(d) includes bars indicating the lattice vectors used

to calculate the in-plane lattice spacing, which on average was found to be

3.0± 0.1 Å.

The LEED images for reactive growth samples are presented in figure 4.11.

The incident beam energy, equivalent Co thickness, O2 pressure during growth,

amount of O2 exposure, and associated lattice spacing are given below each

image. The results for reactive growth samples produced in pressures of 10−8

and 10−9 Torr have been omitted because O desorbing from within the evapo-

rator created a higher local O pressure than what was read by the ion gauge.

Again, there is little variation in the LEED patterns.

The LEED images show that both growth methods produce films with

hexagonally packed surfaces and an in-plane lattice spacing of 3.0 ± 0.1 Å,

which agrees with the 3.012 Å bulk lattice spacing of CoO. The diffuse diffrac-

tion spots are characteristic of a polycrystalline sample with the crystallites

maintaining preferential orientation. Lee et. al, in their study of the oxida-

tion of the Co(0001) surface [71], claim that oxidation initially forms islands

of CoO that increase in depth and girth with increasing O2 exposure to even-

tually coalesce and fully cover the Co(0001) surface. The oxide film is in-
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(a) 78.6 eV, 5 L, 3.1± 0.1Å (b) 66.0 eV, 50 L, 2.9± 0.1Å

(c) 61.8 eV, 550 L, 3.0± 0.1Å (d) 88.0 eV, 5,000 L, 3.0±0.1Å

Figure 4.10: LEED images of ultrathin CoO/Co/W(110) exposure growth films.

The incident beam energy, amount of O2 exposure, and the hexagonal lattice spacing

for each sample are provided below the images. All samples had a Co film thickness of

10 ML. In d), reciprocal lattice vectors used to determine lattice spacing are drawn.
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(a) 88.7 eV, 5 ML, 10−7 Torr,

52 L, 3.0± 0.1Å

(b) 84.0 eV, 10 ML, 10−7 Torr,

105 L, 3.0± 0.1Å

(c) 84.2 eV, 10 ML, 10−6 Torr,

1050 L, 3.0± 0.1Å

Figure 4.11: LEED images for reactive growth of ultrathin CoO/Co/W(110) films.

The incident beam energy, the equivalent Co film thickness, O2 pressure, and the

hexagonal lattice spacing are provided below each image. All samples were grown on

a 10 ML Co/W(110) film. In a), reciprocal lattice vectors used to determine lattice

spacing are drawn.

100



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

trinsically disordered due to grain boundaries between islands, resulting in a

diffuse LEED pattern much like the patterns in figures 4.10 and 4.11. Suscep-

tibility measurements of AFM/FM bilayers are dependent on the size of the

islands or grains as the grain size affects TN and the strength of interfacial ex-

change interaction (see section 2.6.1). Specific heat measurements of ultrathin

CoO/SiNx films by Molina-Ruiz et. al [9] found that TN increases with grain

size and is thus indirectly related to film thickness. Changes in the intensity of

the LEED spots can be attributed to different filament temperatures (hotter

filaments emit more electrons).

The inter-planar spacing for ultrathin CoO/Co/W(110) films is found using

the beam energies that correspond to LEED intensity maxima, as described in

section 3.4. Figure 4.12(a) (4.12(b)) plots the LEED intensity maxima energies

versus O2 exposure (O2 pressure) for exposure (reactive) growth samples. On

the left side of each graph, the resonant energies of Co are listed. In figure

4.12(a) the resonant energies of the 500 L and 5000 L sample are identical,

indicating that the structure within the probing depth of LEED has the same

inter-planar spacing for both samples. The 5 L sample has an intermediate

set of resonance energies; therefore, the structure changes within the LEED

probing depth. Matsuyama and Ignatiev’s [46] work on the oxidation of the

Co(0001) plane found that exposures greater than 150 L are required to observe

an ordered CoO structure, which is consistent with these results. In figure

4.12(b) no intermediate structure is observed for reactive growth samples.
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All O2 pressures correspond to the same set of resonant energies, even for

pressures as low as 10−9 Torr. This is unreasonable as the number of O atoms

that would come into contact with Co atoms at this pressure is much less than

that needed to create a film composed of equal amounts of Co and O. Sindhu

et. al [39] found that a minimum pressure of 10−4 Pa (7.5 × 10−7 Torr) is

needed to produce CoO films via reactive growth on a Au (111) substrate. As

stated above, there is additional O present that desorbs from the surfaces of

the evaporator, which likely contributes to the lack of intermediate structure.

The amount of O that will desorb from the evaporator is small compared to

the ambient O present for pressures of 10−7 Torr and 10−6 Torr.

(a) Exposure growth (b) Reactive growth

Figure 4.12: Plot of resonant energies of the central LEED spot versus: a) exposure

to O2; b) O2 pressure during growth. Lines are drawn connecting points of equal

diffraction order. In b), the O2 exposure during a 10 ML growth is given below the

pressure.
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The determination of no and justification for assigning a different diffrac-

tion order to the first observed resonant energies of the oxidized and unoxidized

films come from linearly fitting the energies to the diffraction order squared.

All fits should have an intercept between -10 and -25 eV as this is the range

of intercepts given by the linear fits for the inter-planar spacing of the W(110)

substrate and Co films (these spacings could be definitively determined by

fitting alone). Determining no based solely on the best fit of the slope cannot

be done in some cases because the fit is dependent on n2. As n increases the

distance between points on the n2 axis increase quadratically so that the fit

will be better for higher no; for the extreme case of no = ∞ a horizontal line

gives a perfect fit. It is wise then to compare the resonant energies to an

expected set of resonant energies to see what value of no is reasonable. For

oxidized Co films the expected energies of bulk Co and CoO will be used for

comparison as the bulk Co spacings were found for Co films. The effect of the

oxidization could just be a surface effect; if so, the inter-planar spacing would

resemble that of Co. Figure 4.13 shows the variance between the measured

resonant energies of an oxidized Co film and the expected resonant energies of

bulk Co and CoO. The bulk Co energies are best fit for no = 2 and the bulk

CoO energies are best fit for no = 3. An offset that is determined by fitting

the energies to the expected bulk result is removed from the data so that any

experimental offset does not contribute to the variance.

From figure 4.13 it can be seen that the variance is smallest for a CoO
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Figure 4.13: Plot of variance between expected bulk and measured resonance en-

ergies versus no for an oxidized Co film. The black (blue) line is the variance with

respect to the Co (CoO) resonant energies.

spacing with no = 3. Table 4.3 lists no values with: variance; intercept energy,

Eint, from the linear fit of the resonant energies versus diffraction order squared

graph (E versus n2); and the inter-planar spacing derived from the E versus

n2 graph. For W and Co samples the variance is small and the choice in no

is obvious; however, the variance of W is higher as greater energy intensity

peaks were used. Of reasonable no values, no = 2 for Co corresponds to the

best fit of the E versus n2 graph. The W and Co samples set the range of

expected values of Eint as their value of no can be confidently determined from

the known lattice spacing in the case of W and from the line of best fit for Co.

For the exposed samples, the minimum in variance occurs when no = 3 in the
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CoO lattice model, which has an Eint that coincides within the range specified

by the W and Co samples. The level of confidence in the model is determined

using the f ratio of the variances. There is a 91% confidence level in the CoO

no = 3 model over the Co no = 2 model and a 89% confidence level over the

CoO no = 4 model. For the reactive growth samples the variance is minimized

for the CoO no = 4 model; although the variance is similar to that of the CoO

no = 3 model. There is a 57% confidence level in the CoO no = 4 model over

the CoO no = 3 model and a 86% confidence level over the Co no = 2 model.

The Eint range set by the W and Co samples is best fit by no = 3, making

this model the best choice. From this evidence, it can be concluded that the

first observed intensity maxima for exposure and reactive growth samples are

labelled as no = 3 and that the CoO layer extends past the surface.

Figures 4.14(a) and 4.14(b) are the E versus n2 plots for a 5000 L exposure

growth sample and a 10 ML reactive growth sample at a partial O2 pressure of

10−7 Torr, respectively. The slope of the graph is used to find the inter-planar

spacing with equation 3.17. The spacing for these particular exposure growth

and reactive growth samples are 2.37± 0.04 Å and 2.26± 0.08 Å, respectively.

Some variation from bulk values is reasonable in strained ultrathin samples.

Table 4.4 shows that the average inter-planar spacing of many exposure growth

films match the bulk spacing, while the average of many reactive growth films

is slightly smaller. The average in-plane and inter-planar spacing of multiple

samples is listed in table 4.4, with bulk values for CoO and Co3O4. Co3O4 is
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Sample Model no σ [eV2] Eint [eV] d [Å]

W(110) W 5 7.4 −22± 3eV 2.23± 0.07

Co 10 ML Co 2 4.1 −11± 1eV 2.01± 0.01

Co 10 ML Co 2 210 6± 6 2.13± 0.05

+ CoO 3 66 −24± 5 2.37± 0.04

5000 L O2 CoO 4 190 −55± 5 2.60± 0.07

Co 10 ML Co 2 693 5± 9 2.16± 0.03

at 10−6 Torr O2 CoO 3 257 −30± 7 2.36± 0.03

+ 1050 L O2 CoO 4 214 −68± 7 2.54± 0.03

Table 4.3: Comparison of measured and expected resonance energies. The second

column is the model lattice used to find the expected energies. no is the order of the

first observed peak; σ is the variance; Eint is the intercept energy of the E versus n2

graph; d is the inter-planar spacing.

another common oxide of Co that also has hexagonal lattice structure in the

(111) plane, but with a much larger lattice spacing [72]. The two structures

share a common fcc O sublattice that only differs in size by ∼ 5% [73]. It is

also AFM but has a much lower Néel temperature of 40 K [74], which is below

the temperature range of our system and is thus unwanted. The LEED analysis

clearly shows that CoO is being formed instead of Co3O4. Both exposure and

reactive growth methods produce CoO films of thicknesses greater than the

probing depth of LEED. As stated in section 3.5.2, exposure growth films are
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favoured as exposed films create the greatest interfacial exchange interaction

and the process of reactive growth compromises the purity of subsequent Co

film growth.

(a) Exposure growth (b) Reactive growth

Figure 4.14: Plots of resonant energies of the central LEED spot versus diffraction

order squared for ultrathin CoO/Co/W(110) films. Using equation 3.17 the slope

gives inter-planar spacings of a) 2.37± 0.04 Å and b) 2.26± 0.08 Å.

4.2.3 Transverse susceptibility of ultrathin CoO/Co/W(110)

films

The three samples of Co/W(110) used to find the in-plane anisotropy (A, B,

and C) were subsequently exposed to 5000 L (A and B) or 10,000 L (C) of O2

to produce ultrathin CoO/Co/W(110) films. These exposures nearly saturate

the film, so the oxide layer is expected to be 10-25 nm thick [41, 47, 51, 55].
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Lattice Exposure Reactive CoO Co3O4

parameter growth growth bulk bulk

ahex: In-plane

hexangonal 3.0± 0.1 3.0± 0.1 3.012 5.716

lattice spacing [Å]

d: Inter-

planar 2.41± 0.09 2.31± 0.05 2.459 4.667

spacing [Å]

Table 4.4: Inter-planar spacings and in-plane lattice spacings for exposure and

reactive growth of ultrathin CoO films, bulk CoO, and bulk Co3O4.

Exposure growth was used because it prevented the evaporator from absorbing

oxygen that spoils the purity of subsequent Co films. Transverse susceptibility

measurements of ultrathin CoO/Co/W(110) films were performed on all three

samples over a large temperature range to find evidence of the Néel transition

via the interfacial exchange interaction between the AFM CoO and the FM

Co layers. The lower limit of the temperature range was ∼ 150 K due to the

limitation of our cooling system; however, this is sufficiently cool as it has been

shown that hcp Co (0001) forms Co3O4 when oxidized at 120 K [51], and that

150 K is below previously reported Néel temperatures for films greater than 1

nm [75]. The upper temperature limit is selected to be ∼ 320 K as this is well

over the bulk Néel temperature of 290 K.
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The transverse susceptibility of the CoO/Co/W(110) samples is shown in

figure 4.15 along with the real part of the parent Co film’s transverse suscep-

tibility, except in (b), which is a close-up of sample A’s susceptibility. The

difference in susceptibility at room temperature (above TN) is likely caused

by the consumption of the FM layer by oxidation in order to create the AFM

layer. This difference is largest in sample A where the susceptibility of the

film after exposure drops to a quarter of its initial value. In samples B and

C the change in susceptibility over the entire temperature range is obviously

greater for the oxidized film compared to the parent film – this is also true for

sample A. The disparity between the transverse susceptibility of the ultrathin

CoO/Co/W(110) and Co/W(110) films increases at lower temperatures as the

AFM layer of the ultrathin CoO/Co/W(110) film will become ordered below

TN , contributing an additional term to the anisotropy through the interfacial

exchange interaction. In all three samples, a broad hump in the real part of

the transverse susceptibility curve occurs near 200 K. The rate at which the

susceptibility rises with increasing temperature is greater at temperatures be-

low this hump than above it, corresponding to temperatures below and above

TN . In samples B and C there is clearly a broad peak in the imaginary sus-

ceptibility curve that has a similar width and temperature range as the hump

in the real part of the susceptibility. Sample A gives a hint of such a feature,

but it is uncertain. This imaginary peak indicates energy is being absorbed

by the system, corresponding to an increase in the degrees of freedom of the
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magnetic moments in the Co layer as the constraint imposed on the trans-

verse susceptibility by the interfacial exchange interaction vanishes during the

Néel transition. At temperatures below (above) TN , the magnetic moments

are frozen in place (move freely); therefore, energy is not dissipated into the

system. At TN the magnetic moments respond sluggishly when they become

unfrozen. This is analogous to mechanical friction in that motion is slowed by

dissipating energy into the system. The peaks are broad, which is to be ex-

pected of a rough polycrystalline sample as previous studies have shown that

TN is strongly related to crystallite size and film thickness [75, 76]. These fea-

tures in the transverse susceptibility are definite signs of the Néel transition.
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(a) Sample A (b) Sample A

(c) Sample B (d) Sample C

Figure 4.15: Plots of transverse susceptibility of ultrathin CoO/Co/W(110) films

versus temperature. The real part of the transverse susceptibility of the parent Co

film is shown in a), c), and d); b) is a close-up of a).
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Chapter 5

Conclusion

5.1 Anisotropy of ultrathin Co/W(110) films

This study performed in situ measurements of the in-plane magnetic anisotropy

of ultrathin Co/W(110) films using SMOKE. Ultrathin Co/W(110) films were

first grown and characterized by AES and LEED, which clearly showed a well

ordered Co (0001) film. Next, the ability of the SMOKE apparatus to mea-

sure the transverse magnetic susceptibility of an ultrathin Co/W(110) film was

tested. Experiments were subsequently performed to ensure a linear magnetic

response from the film to an applied field. Background noise obscuring the sig-

nal was diminished five-fold by isolating components of the apparatus in order

to prevent a ground loop. Once the noise was removed, susceptibility mea-

surement sensitivities of ∼ 1 nrad
Oe

(∼ 10 nrad absolute) were achieved and the

magnetization was found to vary linearly with field. Magnetic hysteresis and
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susceptibility measurements were made to determine the in-plane magnetic

anisotropy.

The magnetic hysteresis loops provide a measure of the Kerr rotation of

the saturated magnetization of 10 ML and 20 ML Co/W(110) films. The Kerr

rotation per monolayer for a saturated film was found to be 2.0 ± 0.5 µrad
ML

for a 10 ML sample and 0.9 ± 0.1 µrad
ML

for a 20 ML sample. As both of

the samples fall in the incoherent thickness regime, where the anisotropy is

not linear with thickness, these values of the Kerr rotation are lower than

what is expected for thinner films within the coherent regime. Even with

this consideration, these values seem low in comparison to results obtained

for the saturated Kerr rotation per monolayer for ultrathin Co/Cu(001) and

Co/Cu(1117) films by Oepen et. al [69, 70], which were an order of magnitude

greater. The square shape of the hysteresis loops indicates that domain wall

motion is responsible for the change in magnetization. It is possible that

the magnetization only changed in a fraction of the entire probing area, thus

producing a smaller signal. This would be caused by pinning of domain walls,

which inhibits spin reversal. The discrepancy between the 10 ML and 20

ML films and the large number of samples where a hysteresis loop was not

obtained could also be attributed to partial or complete pinning in the probed

area. More dc measurements with larger fields are required to confirm the

reported value of the saturated Kerr rotation per monolayer.

The transverse susceptibility was successfully measured for three samples
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over a large range of temperatures. Although they differed in magnitude,

samples A and B showed the expected linear dependency of the transverse

susceptibility on the temperature, with similar slopes of 0.162±0.002 nrad
Oe K

and

0.196 ± 0.002 nrad
Oe K

. Samples A and C showed the expected small featureless

imaginary components. The inconsistencies in these measurements have been

attributed to varying amounts of contaminants in the system. A thorough

cleaning of the evaporator and a larger sample population is necessary to

accurately determine the transverse susceptibility.

The transverse magnetic anisotropy was successfully calculated from the

quotient of the saturation Kerr rotation of the film and the transverse sus-

ceptibility, which were both measured in situ by SMOKE. The results were a

factor of eight lower than estimates by Fritzsche et. al [1]. This is reasonable

considering the inconsistencies in the magnetic saturation and transverse sus-

ceptibility measurements. In order to verify the results of this work, a study

with more samples, a clean evaporator, and a larger field is required. Beyond

this, a more complete set of film thicknesses would provide a better comparison

to the work by Fritzsche et. al [1].

114



A. Bartlett; M.Sc. Thesis Dept. Physics & Astronomy

5.2 Néel transition in ultrathin CoO/Co/W(110)

films

Observing the in situ Néel transition in AFM ultrathin films is a daunting task

because of the zero net magnetization and minute sample size; nonetheless,

this was achieved by SMOKE measurements of the transverse susceptibility

of a coupled AFM/FM bilayer film. CoO/Co/W(110) bilayers created the

choice system of study by providing a strong interfacial exchange interaction

and an in-plane easy axis. AES and LEED studies were used to determine the

successful growth of ultrathin CoO/Co/W(110) films by reactive and exposure

growth methods. The exposure growth method is preferred because it creates

the greatest interfacial exchange interaction and due to the fact that reactive

growth compromises the purity of subsequent Co film growth. The hexagonal

LEED pattern marks the presence of the (111) plane of CoO, which is desired

as this surface should maximize the interfacial exchange interaction.

Transverse susceptibility measurements show that all samples have overall

decreases in susceptibility compared to the corresponding parent films due

in part to consumption of the FM Co layer to form the AFM CoO layer.

The real part of the susceptibility increases monotonically with temperature

by a rate greater than that of the parent Co films. The greater slope may

be caused by changes to the band structure and/or additional anisotropy of

the interfacial exchange interaction. The magnitudes of the slope and the
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susceptibility of the three samples vary, but this is expected as the transverse

susceptibility of the parent films differed. A broad hump in the real part of the

transverse susceptibility at 200 K accompanied by a change in slope on either

side occurs in all samples. A matching hump at the same temperature has

been observed in the imaginary susceptibility of samples B, C, and possibly

A. The coincidence of these peeks is a clear indication of the Néel transition.

The real peak corresponds to the reorientation of magnetic moments and the

imaginary peak corresponds to an increase in the degrees of freedom of the

magnetic moments. The polycrystalline film produces a broad peak as TN

is sensitive to grain size. The Néel transition of an in situ AFM ultrathin

CoO/Co/W(110) film has been observed and TN was found to be around 200

K.

The results for TN in this experiment were surprisingly consistent, despite

the variation in the transverse susceptibility. Having parent Co/W(110) films

with consistent magnetic properties would allow for more information to be

obtained from these experiments. Hysteresis measurements would be helpful

in determining what affect the CoO layer had on the anisotropy of the Co

layer. Lesser oxygen exposures would allow a study of the Néel transition

versus oxide thickness.
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[47] Duò, L., Finazzi, M., Ciccacci, F., and Braicovich, L. Interaction of oxy-

gen with polycrystalline cobalt studied by inverse-photoemission spec-

troscopy. Phys. Rev. B 47(23), 15848–15851 (1993).

[48] Clemens, W., Vescovo, E., Kachel, T., Carbone, C., and Eberhardt, W.

Spin-resolved photoemission study of the reaction of O2 with fcc Co(100).

Phys. Rev. B 46(7), 4198–4204 (1992).

[49] Klingenberg, B., Grellner, F., Borgmann, D., and Welder, G. Low-energy

electron diffraction and X-ray photoelectron spectroscopy on the oxida-

tion of cobalt (112̄0). Surf. Sci. 383, 13–24 (1997).

[50] Brundle, C. R., Chaung, T. J., and Rice, D. W. X-ray photoemission

study of the interaction of oxygen and air with clean cobalt surfaces.

Surf. Sci. 60(2), 286–300 (1976).
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