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Abstract

In this thesis the nature of the exchange interactions which underlie ordered phases in magne-

tic materials is investigated by measuring, with polarised x-ray and neutron scattering tech-

niques, changes in atomic and mesoscopic scale magnetic order which occur as temperature or

pressure is varied. Two systems in particular have been studied; double- and super-exchange

interactions in the complex ferromagnetic oxide CrO2 under increasing hydrostatic pressure

and the temperature dependence of interlayer exchange interactions in Co/Cu0.94Mn0.06 mul-

tilayers.

In the case of CrO2 under pressure, changes in several bond related aspects including

bandwidth, crystal �eld splitting and the exchange coupling constants are expected to a�ect

electronic correlations responsible for long range magnetic ordering. Indeed polarised X-ray

spectroscopy measurements from CrO2 powder compressed within a diamond anvil cell pre-

sented in this thesis indicate a loss of spontaneous magnetisation that can be attributed to a

gradual reduction of the ferromagnetic ordering temperature, TC. Conservative extrapolation

indicates that the critical pressure for the complete disappearance of ferromagnetic ordering,

PC, is in the range 45±11 GPa which is towards the lower end of what has been predicted

previously by band structure calculations. Arguments based on the Goodenough-Kanamori

exchange rules suggest that enhanced antiferromagnetic superexchange interactions at pres-

sure due to changes in bond geometry are responsible for the suppression of ferromagnetism

in CrO2.

These conclusions are based on careful analysis of the Cr K-edge x-ray magnetic circular

dichroism (XMCD) spectra as a function of pressure. In particular, as the K-edge XMCD

signal is sensitive to the orbital polarisation of the highly delocalised 4p states which only

provides an indirect measure of 3d moments, a detailed analysis of the Cr K-edge XMCD

spectra, involving comparison of both WIE0N2k band structure and FDMNES cluster calcu-

lations with experimental results, has been undertaken in order to clarify the link between 3d

spin magnetisation and the 4p orbital polarisation. It is found that S-O interactions in the

�nal state play a dominant role by inducing 4p orbital polarisation from the exchange (spin)

splitting of the 4p band. Furthermore the simulated spectra indicate that close to 20% of the
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observed reduction in the Cr K-edge XMCD signal is due to greater tetragonal distortion of

CrO6 octahedra in the compressed state increasing the crystal �eld splitting of px, py and

pz states and causing stronger quenching of the 4p orbital moment. While this important

quenching e�ect has not previously been considered in analysis of K-edge XMCD it must be

taken into account to correctly determine the 3d magnetisation. Quenching of the 4p orbital

moment should be relevant to any high pressure K-edge XMCD studies on materials which

display similar structural distortions as CrO2 .

In the case of the canonical Co/Cu multilayer system, doping the Cu spacer layer with a

small concentration (4%, 13%) of magnetic Mn atoms has been previously shown to result in

a strongly temperature dependent interlayer coupling that was hypothesised to be the result

of a spin glass phase forming in the CuMn layer. Here polarised neutron re�ectometry (PNR)

is used to measure the magnetic ordering of the ferromagnetic layers within Co/Cu0.94Mn0.06

multilayers with the result that the appearance of canted, or biquadratic, state in otherwise

ferromagnetically coupled samples is observed below ∼100 K. The increase in canting angles

and saturation �elds with cooling corresponds to a roughly exponential rise of both the bi-

linear, J1, and biquadratic, J2, interlayer coupling constants. The magnetisation of the Co

and Mn atoms during the onset of the canted state is measured individually using L2,3-edge

x-ray magnetic circular dichroism (XMCD) spectroscopy.

Loose spin coupling associated with the paramagnetic Mn spins in the spacer layer is eva-

luated in detail for the Co/Cu0.94Mn0.06 system. Several extensions to the existing theory are

made. Namely, summation over the possible Mn spin locations in depth is included, the lateral

variation in exchange due to positional disorder of the Mn impurities which leads to enhan-

ced biquadratic coupling via the �uctuation mechanism is treated and, most fundamentally,

the bilinear loose spin contribution to the interlayer coupling is not ignored. These improve-

ments allow for the parameters of the underlying Ruderman-Kittel-Kasuya-Yosida (RKKY)

exchange to be directly related to the interlayer coupling in the multilayer from loose spins.

The RKKY parameters have been �t to the observed temperature dependence of both the

interlayer coupling and the Mn polarisation and good agreement with both is obtained for

physically reasonable exchange �elds. The ability of the loose spin model to reproduce the

experimental results suggests that no correlation between a spin glass phase and biquadratic

coupling exists but rather that the Mn spins remain paramagnetic over the relevant tempe-

rature range. Finally, opportunities for further experimental tests and theoretical extensions

of the loose spin model are discussed.
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Chapter 1

Introduction

Precise manipulation of nanoscale magnetic structures is fundamental to several components

of modern day computer technology. For example, the most successful and well known ap-

plication of magnetic nanotechnology would be the spin-valve structure that is the active

component of the Giant-magnetoresistance (GMR) sensor used in the read head hundreds

of millions of hard drives worldwide. Emerging technologies related involving the manip-

ulation of magnetic quantities that attempt to build on this success are generally grouped

under the umbrella of spintronics [246, 236] and include such devices as magnetic random

access memory (MRAM) [218, 245], magnetic transistors [149] and magnetic racetrack mem-

ory [165]. To understand how these important nanoscale magnetic structures behave on a

fundamental level it is necessary to confront the electronic origin of magnetic moments and

the exchange interactions which couple them together. One way to gain insight into behaviour

of exchange interactions is to vary a parameter of the system, such as interatomic distance or

temperature, that will modify the exchange coupling between spins and then to observe any

resulting changes in magnetic ordering. Furthermore a powerful way to observe such changes

in magnetic structure is through polarised scattering techniques.

In this thesis exchange interactions in two magnetic systems connected to the �eld of spin-

tronics, namely the complex ferromagnetic oxide CrO2 under compression and a Co/Cu0.94Mn0.06

multilayer series, are investigated using the approach detailed above. In the case of CrO2,

K-edge x-ray magnetic circular dichroism (XMCD) from powder compressed in a diamond

anvil cell is used to probe the high pressure magnetic state and answer questions about the

dependence of double and superexchange interactions on crystal structure. For the multilayer

system both polarised neutron re�ectivity (PNR) and L2,3-edge XMCD are used to measure

magnetic orientation and polarisation of both the ferromagnetic layers and the Mn impurity

spins as a function of temperature. This allows for the temperature dependence of the inter-

layer exchange coupling responsible for determining the ground state magnetic orientation of

1



1.1. Polarisation as a probe of magnetism

the multilayer to be investigated in some detail.

The subsequent three sections provide a brief introduction and background to the mag-

netic exchange interactions present in both CrO2 and Co/Cu0.94Mn0.06 multilayers, as well as

how the polarised scattering results and modeling presented in this thesis can shed light on

these phenomena. In addition to introducing the central concepts and central themes of the

thesis which will continue to be elaborated and developed upon in the following chapters, the

next three sections also function as a thesis outline and summarise how the material in this

document is organised.

1.1 Polarisation as a probe of magnetism

When an x-ray or neutron is incident on a magnetic material, interacts and then scatters

away, information regarding the direction and magnitude of the magnetic moments within

the sample that interact with the probe particle, which may be a subset of the complete

magnetic structure, is encoded in the polarisation states of the outgoing particle. Hence by

controlling the incident polarisation and then analysing that of the scattered or transmitted

radiation it is possible to directly measure very speci�c magnetic quantities. For example,

by manipulating the polarisation state of spin 1 photons, and in particular, by using circular

polarisation where the angular momentum is orientated either with (ε+) or opposite to (ε−)

the direction of travel1

ε+ =
1√
2


1

+i

0

 , ε− =
1√
2


1

−i

0

 (1.1)

X-ray absorption spectroscopy can be used measure the average spin or orbital magnetic

moment in a speci�c atomic orbital (e.g. 3d, 4p, 5f...) of a speci�c element within a compound

(Chapter 2, 2.1). Or in the case of neutrons, which have spin 1/2 and therefore a wave

function that is some combination of the spin up and spin down basis states,

|Ψ〉 =

 Ψ↑

Ψ↓

 (1.2)

the orientation of magnetisation in ferromagnetic layers within a superlattice structure may

be measured by analysing the polarisation dependence of neutrons re�ected from the sample.

In particular, one is interested in the fraction of spin up and spin down neutrons in the

re�ected beam as a function of momentum transfer, given an incident beam of either soley

spin up or soley spin down neutrons as these fractions are linked to the orientation of any
1Here the direction of propagation of the photons is taken to be along the z-axis
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Chapter 1. Introduction

magnetic periodicities present in the layer structure (Chapter 2, 5.2). Often the detailed

information regarding atomic, nano- or even mesoscale magnetic properties obtained from

neutron and x-ray scattering experiments cannot be attained through any other experimental

technique. Scattering experiments can therefore provide an invaluable and unique insight

into, not only the magnetic con�guration of a sample but also, with further interpretation

and modeling, the quantum exchange interactions which are ultimately responsible for the

observed magnetic order.

1.2 CrO2 and magnetism under pressure

The interplay between the crystalline lattice, electronic, orbital, and magnetic degrees of free-

dom in transition metal oxides is a rich source of both theoretically interesting and techno-

logically useful physics including such phenomena as colossal magneto-resistance [48], orbital

ordering [32, 88], and high-temperature superconductivity [42, 84]. One opportunity for the

study of the crystal structure and magnetic ordering is through the application of an external

hydrostatic force in order to induce a controllable distortion of the lattice with the intent to

observe any changes to the magnetic state of the material. There are several general phenom-

ena that can happen to the magnetism of a material as its atoms are forced closer together

under pressure.

1. Magnetic collapse: - With compression the energy spread of the electron bands in

a material (bandwidth) increases and eventually this increase will force the onset of a

non-magnetic state with equal spin up and spin down populations at a critical pressure,

PC [160]. In particular, within a Stoner model of itinerant magnetism a ferromagnetic

state will be stable when I N(0) > 1 where the Stoner integral, I, is determined by

the spin-splitting of the moment carrying electrons in the magnetised state and N(0)

is the density of states at the Fermi level. While I is little e�ected by compression the

increase of in bandwidth reduces N(0) and therefore increasing the pressure can destroy

the stability of the magnetically ordered state. Magnetic collapse has been predicted to

occur [44] and observed [182, 167] in many transition metal oxides.

2. High-low spin transition: The increase in crystal �eld splitting changes overcomes

the tendency for parallel alignment of spins described by Hund's �rst rule with the result

that the ground state of the magnetic ion goes from having a large value of spin moment

to a much smaller, or even zero, value. The high-to-low spin transition can be thought

of the analogue of magnetic collapse in a system with localised magnetic moments and

it is generally a sudden transition occurring at a well de�ned pressure [56].
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1.2. CrO2 and magnetism under pressure

3. New magnetic phases due to changes in exchange coupling constants: One

particularly striking example of this is the rich phase diagram of the doped manganates

which are ferromagnetic (FM) at atmospheric pressure but display three di�erent types

of antiferromagnetic (AFM) under compression [64]. Although the full story of magnetic

interactions in the doped manganates family of compounds is complicated involving

Jahn-Teller distortions [130], phase separation [48, 105], spin canting [206, 190] and

competition between double and superexchange interactions [161], a common theme in

many works dealing with the high pressures is that the appearance of AFM phases are

attributed to increased relevance of super-exchange interactions [120, 57, 119].

With regards to the high pressure state of the ferromagnetic complex oxide CrO2 studied in

this thesis, the results mentioned in the third point above regarding the doped manganates

are highly relevant as in both materials ferromagnetism is stabilised by the double exchange

interaction [49, 117] associated metalisation of one spin channel (Chapter 3, 3.1). Further-

more the Kondo-lattice model involving localised spins interacting with itinerant conduction

electrons has been proposed as appropriate for both systems [238, 48] and much work has been

done investigating of electron correlation e�ects [144, 39, 48] in both materials. The analogy

is continued under compression as tetragonal �attening of CrO6 octahedra which occurs in

the rutile CrO2 is very similar to the distortion of the MnO6 octahedra in La1-xCaxMnO3 that

was correlated with a appearance of a high pressure AFM phase and orbital ordering [57].

Given these similarities it can be expected that compression will e�ect ferromagnetic ordering

in CrO2 and it may be that modi�cation of the exchange coupling constants could induce a

separate form of magnetic ordering. It should be noted however, that evidence against this

possibility comes from existing density function theory (DFT) band structure calculations

�nd that although the energy of a AFM state decreases with pressure FM ordering is always

the lowest energy state [140, 141]. On the other hand again, a separate set of band structure

calculations [168, 199] do �nd that the exchange integrals in CrO2 are highly sensitive to

the locations of the oxygen atoms and this may have implications for the high pressure state

where the octahedra change shape.

The main aim of performing the pressure dependent Cr K-edge XMCD measurements

on CrO2 presented here (Chapter 3, 3.2, 3.3) is therefore to provide further experimental

results regarding the high pressure magnetic state which has largely been only theoretically

investigated at this stage. Comparison of the magnetisation determined from experiment with

predictions from various electronic structure simulations [141, 122, 209] on CrO2 at pressure

will allow for the veracity of such calculations to be tested. We note that while the pressure

range of the current study (0-15 GPa) does not approach the pressures of magnetic collapse

conservative extrapolation of the data allows for the range of the critical pressure, PC, to
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be considerably narrowed (Chapter 3, 3.4). Finally the implications of the current high

pressure XMCD measurements on the balance of double exchange and superexchange in this

important material are discussed on a qualitative level with the aim of motivating further

more rigorous theoretical studies on the issue.

1.3 Co/CuMn multilayers and magnetic interlayer coupling

Magnetic interlayer coupling between two ferromagnets separated by a non-magnetic spacer

layer (F/Sp/F) has been intensively studied during the past years both because of the inter-

esting physics involved as well as the vital role such systems play in spintronics applications

[60, 246]. Copper based superlattice structures, such as Co/Cu multilayers, belong to the

most reported systems in the literature [212] and the ferromagnetic layers are generally cou-

pled by either the oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction

or stray dipole �elds due to rough magnetic interfaces. These interlayer magnetic interactions

are pivotal in determining the orientation and behaviour of magnetisation in F/S/F structures

and are reviewed more completely in Chapter 4.

Doping the spacer layer of Co/Cu multilayers with Mn atoms introduces a extra magnetic

component to the deal with when considering the interactions between the left and right

ferromagnets. Indeed, the presence of Mn will in�uence the overall interlayer coupling between

the ferromagnets and in turn the close proximity of the ferromagnetic layers will e�ect the

magnetic state of the originally paramagnetic Mn impurities. Determining how each magnetic

component behaves and orientates itself involves questions relating to the detail of RKKY

and direct exchange in the vicinity of a structural interface and are of great interest as such

interface phenomena play a central role in several technologically important magnetic e�ects

such as exchange bias [210, 4] and giant magnetoresistance (GMR) [33].

Several studies that speci�cally investigate doping e�ects in magnetic multilayers exist in

the literature. For example, the loose spin coupling expected due to paramagnetic magnetic

impurities [203] has been looked at in several systems [85, 186, 215, 214] with the general result

being that while the strong temperature dependence of the biquadratic (90◦) interlayer cou-

pling is well reproduced there is a question as to whether the large exchange �elds necessary

to account for the experimentally observed coupling strengths are physically reasonable. Fur-

thermore it is unclear whether the practice of simply ignoring the bilinear contribution to the

interlayer coupling from the loose spins, J ls1 , as was done in these studies [85, 186, 215, 214],

is really justi�ed by the argument that it likely cancels out when averaging over the positional

disorder of impurity spins.

Introduction of magnetic impurities into the spacer layer can cause e�ects in addition
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1.3. Co/CuMn multilayers and magnetic interlayer coupling

to loose spin coupling. For example, a room temperature study by Bobo et al. [22] on

Co/Cu1−xNix multilayers found that addition of Ni to the spacer causes a bulging of the Cu

Fermi surface and slightly increased RKKY periods. Kobayashi et al. [114, 115, 185] also

looked out the Co/Cu systems and found that doping of the Cu layer with 4% and 13% Mn

atoms resulted in the appearance of coexisting AFM and FM arrangements upon cooling

due to a partial change in sign of the interlayer coupling. They attributed the temperature

dependence of the interlayer coupling to the formation of spin glass phase with the hypothesis

that 'freezing' of the Mn spins within the spacer causes the net RKKY coupling between

the ferromagnets to change sign. If true, the formation of a spin glass phase within such a

thin spacer layer and its in�uence on the magnetic interlayer coupling would constitute an

interesting and hitherto undescribed phenomenon in the �eld of interfacial magnetism.

The conclusions of Kobayashi et al. [114] were based on magnetometry and magnetoresis-

tance measurements both of which have trouble in distinguishing between coexisting AF and

F domains and canted alignment of the ferromagnets and thus warrant further experimental

investigation. Therefore, to unambiguously determine the low temperature magnetic state of

the Co/CuMn multilayer system and furthermore to detect if a spin glass phase forms as the

interlayer coupling is modi�ed we have fabricated similar Co/Cu0.94Mn0.06 multilayer samples

and performed both temperature dependent PNR and XMCD measurements (Chapter 5).

Observing the temperature dependence of the interlayer coupling and magnetic phase of the

Mn impurity spins allows for the relevant energy scales of the magnetic interactions to be

determined and a consistent model of the interfacial magnetic behaviour to be formulated.

In particular, the Co/Cu0.94Mn0.06 structure is perfect test system for the loose spin

coupling model proposed by Slonczewski [202] and this is expected to manifest as temperature

dependent biquadratic interlayer coupling. A detailed evaluation of loose spin coupling in

the Co/Cu0.94Mn0.06 system has therefore been undertaken (Chapter 6) and importantly

previous issues with the theory, including the disorder of the impurity spin locations and

the possible cancellation of J ls1 , have been treated fully. Having such a detailed model of the

loose spin coupling allows for the parameters of the underlying RKKY exchange responsible for

coupling the Co and Mn spins to be directly �tted to experimental results and the comparison

therefore constitutes a much more rigorous evaluation of the loose spin coupling mechanism

than has previously been undertaken.
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Chapter 2

Polarised Scattering Techniques

This chapter provides some background into the polarisation dependencies of both x-ray ab-

sorption and neutron re�ection and how they are related to the atomic moments and nanoscale

magnetic structures in the sample under study.

In particular, the origin of X-ray Magnetic Circular Dichroism (XMCD) at the L2,3 and K

edges is described using a pedagogical model based on atomic wave functions. This basic model

is useful for clarifying exactly how the spin and orbital moment, as well as S-O interactions, of

electrons within a magnetic material relate to features of the XMCD spectra. The geometry

of a Polarised Neutron Re�ectometry (PNR) experiment on a magnetic sample comprising of

many thin layers is summarised with an emphasis on how the four polarised neutron scattering

cross-sections (R++ , R−− , R+− , R−+ ) are uniquely sensitive to the in-plane magnetisation

vector ~M .

2.1 X-ray magnetic circular dichroism (XMCD)

X-ray Magnetic Circular Dichroism (XMCD) is a polarised X-ray absorption spectroscopy

technique common at today's modern synchrotrons [9, 74]. Experimentally XMCD involves

measuring the di�erence between the absorption cross-section of left and right circularly po-

larised light as the x-ray energy is scanned through an absorption edge. Magnetic contrast

is achieved due to the selection rules for circularly polarised light which restrict the allowed

transitions for left and right circularly polarised photons slightly di�erently. In particular,

the restriction occurs in such a way that left handed photons have more transitions to and/or

from electronic states with a particular direction of magnetic moment than states where the

moment is in the opposite direction (and vice versa for right handed photons). Hence the

di�erence between absorption of left and right polarised photons, the circular dichroism, will

be non-zero in the presence net magnetisation within the sample.

Depending on the details of the electronic transition under study the dichroism spectrum
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2.1. X-ray magnetic circular dichroism (XMCD)

may be sensitive to the spin, ms = 〈ψ| Ŝz |ψ〉, or orbital, mo = 〈ψ| L̂z |ψ〉, electron moment or

some combination of the two. In particular, that fact that the dipole operator for x-ray light

does not couple directly to the electron spin means that the dichroism naturally measures

only the orbital component of the magnetic moment. However, the presence of spin-orbit

interactions mix the spin and orbital components of the electron wave function with the result

that, for a magnetised material with signi�cant exchange splitting, the magnetic dichroism

spectra can also be highly sensitive to the electron spin moment. The role of spin-orbit

coupling in creating x-ray magnetic circular dichroism will be discussed further in Secs. 2.1.1

and 2.1.3 where selection rules which underlie the polarisation dependence of absorption are

explored using atomic wave functions.

A great advantage of the XMCD technique is that, because the x-ray absorption process

involves transitions between speci�c electronic states, the magnetic information gained is

unique to the particular element and even to the particular atomic orbitals involved. Hence, in

complex magnetic system involving several magnetic elements XMCD is one of the few options

available to measure the magnetic polarisation of each element individually. In addition, the

x-ray magnetic contrast can be used to do magnetic imaging [191, 158, 146], magnetisation

depth pro�ling [109, 37] and time resolved studies [70, 10] all without loss of element speci�city.

2.1.1 Interaction of polarised X-rays with matter

From a quantum mechanics standpoint the interaction of an x-ray with the sample can be

described in terms of a probability that the system in an initial state |i〉 evolves into a �nal

state |f〉 given a Hamiltonian Hint that describes how the electric and magnetic �elds of the

incident x-ray perturb atomic energies [213]. The system can go from |i〉 to |f〉 either directly

or via intermediate states |n〉 and as such the expression for the transition probability per

unit time can be expanded in terms these intermediate states. To second order we arrive at

the relation:

Ti→f =
2π

~

∣∣∣∣∣〈f |Hint |i〉+
∑
n

〈f |Hint |n〉 〈n|Hint |i〉
εi − εn

∣∣∣∣∣
2

δ (εi − εf ) ρ(εf ) (2.1)

The �rst term is known as Fermi's Golden Rule and while the second is called the Kramers-

Heisenberg relation [213]. The interaction Hamiltonian is described by the dot product of the

spin and momentum operators with the vector potential describing the electromagnetic �eld

Hint =
e

me
(~P · ~A− i

−→
S ·
−→
k × ~A) =

e

me
(~P · ~A+

−→
S ·
−→
B ). In the x-ray regime the contribution of

the magnetic �eld term is generally small and can be neglected in which case the interaction

of the photon with the atom has no explicit dependence on the spin of the electron. After

quantization of the electromagnetic �eld and separation of the electron and photon parts the
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Figure 2.1: X-ray interaction with an atom showing �rst (left) and second (right) order

processes. The left diagram represents the �rst term in Eq. 2.1 and is related to the x-ray

absorption cross-section. The right diagram represents the second term in Eq. 2.1 and is

related to the resonant x-ray scattering cross-section.

Hamiltonian can be rewritten in the form of an operator that acts on the electronic states |a〉

and |b〉

Ma→b = 〈b| Ô |a〉

Ô = (ε · ~P − i
−→
S ·
−→
k × ~ε) ei~k·~r ∼= ~ε · ~P

(
1 + i~k · ~r − 1

2
(~k · ~r)2 + ...

) (2.2)

where ~k is the wavevector of the photon, ε is the unit polarisation vector of the photon

and ~P is the electron momentum. By normalising to the incident photon �ux in the x-ray

beam, rewriting the electron momentum operator ~P in terms of the length operator ~r and

working within the dipole approximation (which neglects the k-dependence of the transition

by considering only the �rst term in Eq. 2.2) the transition probability of Eq. 2.1 gives

rise to expressions for the x-ray absorption cross-section and the di�erential resonant x-ray

scattering cross-sections

σabs = 4παf~ω |〈b|~ε � ~r |a〉|2 δ (~ω − (Eb − Ea)) ρ(Eb) (2.3)

(
dσres
dΩ

)scat
= α2

f

~2ω4

c2

∣∣∣∣∣∑
n

〈a|~r · ~ε?2 |n〉 〈n|~ε1 � ~r |a〉
(~ω − Enres) + i(∆n/2)

∣∣∣∣∣
2

(2.4)

where αf is the �ne structure constant. In the �rst relation Ea,b are the energies of the

initial and �nal states and ρ(Eb) is the density of the �nal states per unit energy while in the

expression for the resonant scattering cross-section ~ε1 and ~ε2 are the unit polarisation vectors

of the incident and scattered radiation respectively. Despite major di�erences between Eqs.

2.3 and 2.4, such as the fact that absorption is a one photon process and resonant scattering

is a two-photon process, in the case where n = b both expression share the matrix element
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〈b|~ε � ~r |a〉 and thus bear some similarities1. Heuristically, in the �rst case real absorption

occurs but in resonant scattering only virtual absorption of the photon takes place (see Fig.

2.1).

When using an atomic model the states |a〉 and |b〉 can be separated into their radial,

angular and spin parts according to

ψ(a) = Rn,l(r)Yl,ml
(θ, φ)χs,ms = |Rn,l(r) ; l ,ml , s , ms 〉 = |a〉

ψ(b) = Rn′,l′(r)Yl′,m′l(θ, φ)χs′,m′s = |Rn,l(r) ; l′ ,m′l , s
′ , m′s 〉 = |b〉

(2.5)

where the standard de�nitions for the spherical harmonics, Yl,ml
, and the spinors, χs,ms

2,

which encode the orbital and spin components of the electron wave function apply. Eq.

2.5 makes use of the equivalence between the Dirac bra-ket notation and the wave function

approach. With this formalism writing the operator Ô in terms of spherical harmonics will

allow for the matrix elementMa→b to be evaluated using the well known algebraic properties

of the spherical harmonic basis set. In particular, we have for an x-ray propagating in the z

direction (~k || z) with left and right circular polarisation which corresponds to positive (ε+)

and negative (ε−) helicity respectively

ε±z · ~r = (x , y , z)
1√
2


1

±i

0

 = ∓ 1√
2

(x ± iy) = r

√
4π

3
Y1,±1 (2.6)

Therefore the matrix element for left and right circularly polarised light is given by

M±a→b = 〈b| ε±z · ~r |a〉

= 〈ms| m′s〉 R
√

4π

3

〈
Yl′,m′l

∣∣∣Y1,±1

∣∣∣Yl,ml

〉

= δ(ms,m
′
s)R

√
4π

3

∫
sphere

Yl′,−m′l(Ω)Y1,±1(Ω)Yl,ml
(Ω) dΩ

= δ(ms,m
′
s)R (−1)−m

′
l

√
(2l + 1)(2l′ + 1)

 l′ 1 l

−m′l ±1 ml

 l′ 1 l

0 0 0


(2.7)

1These similarities which are made precise by the Kramers-Kronig relation [213] which provides a formal

connection between Eqs. 2.3 and 2.4 in terms of the real and imaginary parts of the scattering factor.

2χ1/2,+1/2 = χ+ =

 1

0

 = ↑ and χ1/2,−1/2 = χ− =

 0

1

 = ↓
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where R =
〈
Rn′,l′(r)

∣∣ r |Rn,l(r)〉 =
∫∞

0 R?n′,l′(r)Rn,l(r) r
3 dr is the radial matrix element.

The integral on the third line of Eq. 2.7 is the de�nition of the Gaunt Coe�cient [237] and it

has been rewritten in terms of the related Wigner 3-j symbols [233, 177] on the fourth line.

The matrix element obeys the expected selection rules for circular polarisation meaning that

a transition is allowed if and only if l′ = l or l ± 1, m′l = m± 1, s′ = s, m′s = ms. It is also

clear from Eq. 2.7 that the dipole operator does not act on the spin components of the wave

function and couples only to the orbital component.

This insensitivity to the electron spin means that S-O interactions play an important role

in the creation of a magnetic circular dichroism signal. In particular, consider the case of

absorption at the L2,3-edge. Here the transition is 2p → 3d and the total absorption will

come from all allowed transitions from the six 2p orbitals to the ten 3d ones. When there

is no spin-orbit coupling but non-zero exchange interaction, both the initial states and the

�nal states will be degenerate except for spin splitting. It such a situation there is only one

absorption edge, the total transition intensities for left and right circularly polarised light

between the spin up manifolds are given by the sums

I+
L = AR2

2∑
m′=−2

1∑
m=−1

∣∣∣M+
2p, ↑ → 3d, ↑

∣∣∣2 =
2

3
AR2

I−L = AR2
2∑

m′=−2

1∑
m=−1

∣∣∣M−2p, ↑ → 3d, ↑

∣∣∣2 =
2

3
AR2

(2.8)

where A = 4π2αf ~ω. Despite the presence of exchange splitting there is no dichroic e�ect

demonstrating that it is indeed necessary to include the spin-orbit splitting of the initial p

states to see a polarisation dependence of the absorption edge. Treating the spin-orbit coupling

correctly requires a deviation from the quantum numbers and wave functions listed in Eq.

2.5. In particular, it is necessary to change to the relativistic basis whose basis vectors are

eigenstates of the spin-orbit operator
−→
L .~S and therefore also the spin-orbit Hamiltonian [225].

The relevant quantum numbers are now the total angular momentum, j, and its orientation,

mj , rather than the spin orientation, ms, and the orbital orientation, ml. Explicitly the

transformation is

| l , s , j, mj〉 =
∑
ml,ms

Cml,ms;j,mj | l , s , ml, ms〉 (2.9)

where the Cml,ms;j,mj that de�ne the change of basis are the well-known Clebsch-Gordan

coe�cients [201]. Hence by evaluating these coe�cients for the case of the 2p manifold

we obtain expressions for the p1/2 and p3/2 states in terms of linear combinations of the

spherical harmonics and spinors of Eq. 2.5 (summarised in Table 2.1) which can be used
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2.1. X-ray magnetic circular dichroism (XMCD)

to determine the transition intensities in a similar way to Eq. 2.7. As example, an L-

edge matrix element, M+
pJ ,mj→dm′l,ms

describing the transition from the 2p to 3d manifolds

(| 2 , 1/2 , j, mj〉 →| 3 , 1/2 , m′l, ms〉) with left circular polarised light, is evaluated for the par-

ticular case of transitions out of the |j, mj〉 = |1/2,+1/2〉 initial sub-state into the spin up d

states (Eq. 2.10) and in this way the transition intensities can be computed.

state label | l , s , j, mj〉 basis | l , s , ml, ms〉 basis

lj j mj Yl,ml
χ±

p1/2 1/2 +1/2
1√
3

(
−Y1,0 ↑ +

√
2Y1,+1 ↓

)
-1/2

1√
3

(
−
√

2Y1,−1 ↑ +Y1,0 ↓
)

p3/2 3/2 +3/2 Y1,+1 ↑

+1/2
1√
3

(√
2Y1,0 ↑ +Y1,+1 ↓

)
-1/2

1√
3

(
Y1,−1 ↑ +

√
2Y1,0 ↓

)
-3/2 Y1,−1 ↓

Table 2.1: Relationship between the eigenstates of the relativistic Hamiltonian which includes

spin-orbit interactions (p1/2, p3/2) and the atomic basis set involving spherical harmonics and

spinors when l = 1 and s = 1/2 (the p orbitals). This is a speci�c case of a more general

transformation between angular momentum basis sets | l , s , ml, ms〉 → | l , s , j , mj 〉 with

j = l + s, l − s and mj = j, j − 1...− j described by the Clebsch-Gordan coe�cients [201].

M+
(p1/2,+1/2)→ (d ,m′l,↑)

= 〈d, m′l, ↑| ε+z · ~r
∣∣p1/2, 1/2

〉

= R
√

4
3π

〈
Y2,m′l

↑
∣∣∣Y1,+1

∣∣∣∣ 1√
3

(
−Y1,0 ↑ +

√
2Y1,+1 ↓

)〉

= 1√
3
R
√

4
3π

∫
sphere

Y2,−m′l(Ω)Y1,+1(Ω)Y1,0(Ω) dΩ

= R
√

2

3

 2 1 1

−m′l +1 0



=⇒ I+
(p1/2,+1/2)→ (d ,+1,↑) =

1

15
AR2 otherwise I+

(p1/2,+1/2)→ (d ,m′l,↑)
= 0

(2.10)

With incident circularly polarised light there are a total of 20 allowed transitions which

contribute to the L-edge and these are plotted in Fig. 2.2 along with their intensities. Al-

though the total transition intensity of left and right circularly polarised light into the d states
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(left of Fig. 2.2) is the same, there is a di�erence in left and right intensity between the spin

up d states and the spin down d states and therefore if they are separated in energy due to

the exchange interaction then there will be a non-zero dichroism signal. Indeed, assuming a

large exchange splitting (say only the spin down d states are above the Fermi level so only

these states accept transitions) the XMCD intensities at the L2 and L3 edges are explicitly

I+
L2
− I−L2

= +
2

9
AR2 and I+

L3
− I−L3

= −2

9
AR2. Where the de�nition of the XMCD as the

absorption of positive helicity light (ε+) minus that of negative helicity light (ε−) when the

magnetisation is parallel to the direction of x-ray propagation, has been chosen such that the

XMCD intensity at the L3-edge is negative in keeping with the convention in the literature

[213] and shall be used throughout this thesis.

Figure 2.2: Origin of X-ray magnetic circular dichroism (XMCD) at the L2,3-edge. The left

diagram shows the transition intensities in an atomic model (note the box refers to the sum

intensity from all of the transitions which pass through it). There is stronger absorption of

left-handed x-rays into the spin up d states at the L3-edge and (vice versa at the L2-edge)

meaning that the photoelectrons act like a 'spin detector' that is sensitive to the exchange

splitting of the 3d states. This picture is similar for a band model of the 3d �nal states (left).

In particular, the procedure for the calculation of matrix elements still applies with the result

that the dichroism signal is sensitive to the di�erence in the density of the spin up and spin

down 3d states, ρ↑(ε)− ρ↓(ε).

Even with a band-like description of the �nal states (shown schematically on the right of

Fig. 2.2) the matrix element approach has some validity as the k-dependent bands can be

13



2.1. X-ray magnetic circular dichroism (XMCD)

written in linear combinations of the atomic orbitals and in this case the energy dependent

XMCD signal will be proportional to the di�erence in the weighting (or density) of up and

down �nal states at a particular energy. Explicitly we have

σ+
L2

(ε)− σ−L2
(ε) = AR2

[(
M+

2p1/2→3d, ↓

)2
ρ↓(ε) +

(
M+

2p1/2→3d, ↑

)2
ρ↑(ε)

−
(
M−

2p1/2→3d, ↑

)2
ρ↑(ε)−

(
M−

2p1/2→3d, ↓

)2
ρ↓(ε)

]

= AR2

(
1

9
ρ↓(ε) +

1

3
ρ↑(ε)−

1

9
ρ↑(ε)−

1

3
ρ↓(ε)

)

= AR2 2

9
( ρ↑(ε)− ρ↓(ε) )

(2.11)

σ+
L3

(ε)− σ−L3
(ε) = AR2

[(
M+

2p3/2→3d, ↓

)2
ρ↓(ε) +

(
M+

2p3/2→3d, ↑

)2
ρ↑(ε)

−
(
M−

2p3/2→3d, ↑

)2
ρ↑(ε)−

(
M−

2p3/2→3d, ↓

)2
ρ↓(ε)

]

= AR2

(
5

9
ρ↓(ε) +

1

3
ρ↑(ε)−

5

9
ρ↑(ε)−

1

3
ρ↓(ε)

)

= −AR2 2

9
( ρ↑(ε)− ρ↓(ε) )

(2.12)

These equations again show that the magnetic dichroism is proportional to the spin polar-

isation of the �nal states and changes sign between the L2 and L3 edges, therefore the story

has not changed signi�cantly with the inclusion of energy dependent bands. To summarise

the L2,3-edge XMCD is a result of the initial state spin-orbit splitting causing a mixing of spin

and orbital wave functions that results in the excited photoelectrons acting as 'spin-detectors'

of the �nal state exchange splitting. This occurs despite the fact that the circularly polarised

x-rays do not explicitly couple to the electron spin.

Finally, we note that since the resonant X-ray scattering cross-section shares the same

M±p→d matrix element (Eq. 2.4) as the absorption cross-section the X-ray resonant magnetic

scattering (XRMS), which is de�ned as the di�erence in scattering cross-section between left

and right circularly polarised light, will have a similar polarisation dependence to the XMCD

(negative at the L3-edge and positive at the L2-edge) and will likewise be sensitive to the 3d

exchange splitting.
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2.1.2 L2,3-edge sum rules

The fact that the L2,3-edge XMCD is sensitive to the 3d spin polarisation, and because

these states are semi-localised, quantitative information regarding the 3d spin and orbital

moments can be determined from integration of the x-ray absorption and x-ray magnetic

circular dichroism spectra. The explicit relation between integrated spectra and moment is

known as a sum rule [34, 220].

By writing the absorption cross-sections for left and right circularly polarised light in terms

of their non-magnetic, µ(ε), and dichroic, δµ(ε), contributions (Eq. 2.17) the polarisation

dependence of µ is made explicit and the connection between the absorption and the dichroism

spectra and the the sum rule formula can be more clearly seen (see also Fig. 2.3). With this

de�nition the XMCD spectrum is fully determined by the polarisation sensitive δµ(ε). In a

purely atomic description, δµ(ε) is proportional to the absorption signal but with opposite sign

(negative and then positive) at the L3 and L2 edges respectively and this is what is depicted

in the schematic Fig. 2.3. A more detailed description of the 3d states, including for example

band structure e�ects or multi-electron interactions which result in multiplet structure [50],

may result in the energy dependence of δµ(ε) being involved than that shown in Fig. 2.3.

µ±(ε) = µ(ε) ± δµ(ε)

=⇒ µ+ − µ− = 2 δµ(ε)
(2.13)

The sum rule relating the integration of the L2 and L3 XMCD peaks was �rst proposed

by Carra et al. [34] and built on their earlier work [220] deriving a general sum rule for the

orbital moment given an arbitrary absorption edge. In the notation of Chen et al. [38] and

with reference to the areas A, B and C in Fig. 2.3 the formulae for the L2,3-edge sum rules

are

morb = −
4
∫
L3+L2

(µ+ − µ−) dε

3
∫
L3+L2

(µ+ + µ−) dε
(10− n3d)

= −2(A+B)

3C
(10− n3d)

(2.14)

mspin = −
6
∫
L3

(µ+ − µ−) dε− 4
∫
L3+L2

(µ+ − µ−) dε∫
L3+L2

(µ+ + µ−) dε
(10− n3d)

(
1 +

7 〈Tz〉
2 〈Sz〉

)−1

' −A+ 2B

C
(10− n3d)

(2.15)
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2.1. X-ray magnetic circular dichroism (XMCD)

Figure 2.3: Schematic of the dependence of x-ray absorption cross-section at the L2,3-edge

of a magnetic material on the circular polarisation of the incident x-rays. The absorption

spectrum of unpolarised light (black) is equal to the average of the absorption from left (red)

and right (blue) circularly polarised x-rays, while the magnetic circular dichroism (green) is

de�ned as the di�erence between absorption of left and right circularly polarised x-rays. The

areas A, B and C are related to the 3d spin and orbital moments in the sample via the sum

rule formula (Eqs. 2.14 and 2.15).

Here the expectation value of the magnetic quadrupole operator 〈Tz〉 is generally small

for the case of a metal with an octahedral crystal �eld [46] and hence the small contribution

from the 〈Tz〉/〈Sz〉 term has been dropped in the subsequent analysis3. n3d is the number of

holes in the d band and is usually determined from electronic structure calculations. Exper-

imental veri�cation of the L2,3-edge sum rule was provided by Chen et al. for the elemental

ferromagnets Co and Fe [38].

There are several special conditions must be satis�ed for such a sum rule to be valid.

Firstly, the fact that the 3d states are have some amount of localisation is important as then

complete integration of the 3d bands (shown schematically on the right of Fig. 2.2) will give

10 electrons. This fact is responsible for the factor (10− n3d) in both Eqs. 2.14 and 2.15. If

the states were completely delocalised the principle quantum number n would not be a good

description of the states which would be a mix of 3d, 4d, 5d... components. In such a case

the requirement that the integral add up to 10 electrons need not apply. Secondly for the

3It should be noted that the error in the moments derived from the L2,3-edge sum rule is estimated to be

5-10% for the late transition metals but increasing with less d orbital occupancy approaching 50% or larger

for 3d4 [175] and this is partly a result non-zero 〈Tz〉 values as well as correlation e�ects [234].
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Chapter 2. Polarised Scattering Techniques

sum rule to be meaningful the Fermi level must cross through the 3d �nal states. This can

be seen by considering the two other possible cases namely that 1) the Fermi level is above

the �nal state bands or that 2) the Fermi level is below the �nal state bands. In the former

case there will be no absorption at all into the 3d shell as there as no unoccupied states. In

the latter case there is technically no moment present as there are no occupied states and this

is re�ected in the sum rule formula by the fact that n3d = 10 so both mspin and morb will

be zero. Such considerations will become important in the context the orbital sum rule for

K-edge XMCD which is discussed in Sec. 2.1.3.

Returning to the L2,3-edge for now and from inspection of the sum rule formulas (Eqs. 2.14

and 2.15) it is clear that the magnitude of the orbital moment is encoded in the asymmetry

of the dichroism at the L3 and L2 edges via the di�erence in areas A and B while the scale

of both spin and orbital moments is determined by how large the dichroism signal is relative

to the absorption intensity due to the factor C in the denominator. In terms of macroscopic

magnetisation the quantity of interest is the total atomic moment, ma, which will be a sum

of the orbital and spin contributions4 :

ma = mspin +morb =
−5A+ 4B

3C
(10− n3d) (2.16)

Eqs. 2.14 and 2.15 have been derived for the ideal case of a magnetically saturated sample

whose moment is aligned with a 100% circularly polarised x-ray beam. In an experimental

situation generally one or more of the conditions will be relaxed. For example, if some fraction

of the atoms probed by the x-ray be are not magnetically saturated this will result in reduced

dichroism for the same amount of x-ray absorption resulting in a smaller value of the moments

determined from an application of the sum rule formula. To quantitatively correct for such

magnetic misalignment e�ects we make use of the fact that only the polarisation dependent

part of the absorption will be a�ected. Hence Eq. 2.13 which gives the absorption coe�cient

can be rewritten for the case of an unsaturated, misaligned sample probed with a fractionally

polarised beam as

µunsat± (ε) = µ(ε) ± Pcirc cosφ
〈m〉
ma

δµ(ε)

=⇒ µunsat+ − µunsat− = Pcirc cosφ
〈m〉
ma

2 δµ(ε)

(2.17)

4Generally the orbital moment is much smaller than the spin moment meaning ma in primarily due to

mspin.
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2.1. X-ray magnetic circular dichroism (XMCD)

Here 〈m〉 is the average moment of atoms within the probing volume (the magnetisation)

and ma is the moment on a single atom (the atomic moment). At saturation 〈m〉 = ma

and the correction factor disappears. Note that the averaging referred to in the quantity 〈m〉

may be either a thermal average or a positional average. An example of the former would

be a ferromagnet above the Curie temperature which would have 〈m〉 = 0 due to thermal

�uctuations and an example of the latter would be an antiferromagnet which would have equal

amounts of +δµ(ε) and −δµ(ε) absorption over the probing volume and therefore 〈m〉 = 0.

The other two factors are φ, which is the angle between the net magnetisation of the atoms

and the x-ray propagation direction, and Pcirc which is the degree of circular polarisation of

the light. It is straightforward to see that these correction factors can be taken outside the

integrals in Eqs. 2.14 and 2.15 so that the total moment determined from sum rule analysis

of the raw spectra, mobserved
a , is

mobserved
a = −

10
∫
L3

(µunsat+ − µunsat− ) dε− 8
∫
L2

(µunsat+ − µunsat+ ) dε

3
∫
L3+L2

(µunsat+ + µunsat− ) dε
(10− n3d)

= −Pcirc cos(φ)
〈m〉
ma

10
∫
L3

(µ+ − µ−) dε− 8
∫
L2

(µ+ − µ−) dε

3
∫
L3+L2

(µ+ + µ−) dε
(10− n3d)

= Pcirc cos(φ)
〈m〉
ma

ma

= Pcirc cos(φ) 〈m〉

=⇒ 〈m〉 =
mobserved
a

Pcirc cos(φ)

(2.18)

The remarkable result here is that the sum rule analysis will give the average moment per

atom in the probing volume 〈m〉, (after correction for the polarisation fraction of the beam

and the angle of net magnetisation to the x-ray propagation direction) without any prior

knowledge of the atomic moment ma. In this way the absorption and XMCD spectra can be

used as an element speci�c magnetometer which has the convenient property that, because the

magnetic signal (XMCD) is by de�nition normalised to the number of atoms being probed,

the magnetisation determined from the sum rule formula has the natural units of µB/atom.
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2.1.3 Origin of K-edge XMCD

The K-edge in a transition metal atom involves transitions5 from the 1s core level to the

unoccupied 4p states. There is no spin-orbital interaction in the initial 1s orbital and therefore

the mechanism at the L2,3-edges where the photoelectrons acts as 'spin detectors' does not

apply and the K-edge XMCD is not sensitive to the �nal state spin polarisation. Instead, the

K-edge XMCD directly measures the orbital polarisation of the 4p �nal states and this can be

seen by considering a K-edge matrix element using a similar formalism to that of Sec. 2.1.1.

In addition it will become clear that a crucial factor in determining whether there will be

non-zero K-edge XMCD is what type of energy splitting occurs in amongst the 4p states. If

the 4p orbitals have a �xed orientation in space, say due to bonding with surrounding atoms,

then the eigenfunctions will be the wave functions |px〉, |py〉 and |pz〉 and in such a case the

matrix element is

M±(s, ↑↓)→ (px,y,z ,↑↓) =
〈
px,y,z, ↑↓

∣∣~ε±z · ~r ∣∣ s, ↑↓〉

= R
√

4
3π

〈
1∑

ml=−1
Gml;x,y,z Y1,ml

↑↓
∣∣∣∣Y1,±1

∣∣∣∣Y0,0 ↑↓

〉 (2.19)

where Gml;x,y,z are the coe�cients required to write the orientated | px,y,z 〉 orbitals in

terms of spherical harmonics6. The transitions corresponding to Eq. 2.19 are shown on

the left of the yellow line in Fig. 2.5. In this basis the two interactions which may lift the

degeneracy of the 4p manifold are the crystal �eld splitting, Ecf , and the exchange interaction,

Eex. From inspection of the transition intensities it is clear that for combination of Ecf and

Eex values the net intensity of transitions with left and right circularly polarised light is equal.

This means that neither the presence of crystal �eld splitting, exchange splitting or both is

su�cient to create a magnetic circular dichroism signal and this fact is summarised by the

table on the right of Fig. 2.5.

However, if for some reason there is orbital polarisation of the 4p states (that is, a di�erence

in energy of states with the quantum number ml) then the XMCD will be non-zero. This can

be seen from the transitions displayed on the right of the yellow line in Fig. 2.5 where the p

states are described by the atomic basis set. The atomic basis would generally apply in gas

phase situation where the absorbing atom is far away from, and therefore not in�uenced by,
5The transition 1s → 4p is the only case allowed within the dipole approximation (see Eq. 2.2) if higher

order terms (such as quadrupole) are included transitions like 1s → 3d become possible [103]. Whether the

higher order transitions contribute can depend on the coordination geometry of the absorbing atom [162].
6Explicitly Gml; x,y,z contains the information that |px〉 =

1√
2
(Y1,−1 − Y1,+1), |py〉 =

1√
2
(Y1,−1 + Y1,+1)

and |pz〉 = Y1,0
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2.1. X-ray magnetic circular dichroism (XMCD)

surrounding atoms. The transitions in this case indicate that the XMCD is still not sensitive

to the �nal state spin polarisation as the existence of orbital polarisation (Eml > 0) is a

su�cient condition for XMCD and is independent of the presence or absence of exchange

splitting. Indeed from looking at Eq. 2.19 it is clear that the x-ray polarisation cannot be

sensitive to the exchange splitting Eex as there is no coupling between the spherical harmonics

and the spinor parts of the wave function.

K-edge 
XMCD

Energy Condition 

0Eex = 0 , Eml = 0

0Eex > 0 , Eml = 0

Atomic Basis

0Eex > 0 , Ecf > 0

> 0Eex = 0 , Eml > 0

0Eex = 0 , Ecf > 0

> 0Eex > 0 , Eml > 0

0Eex > 0 , Ecf = 0

0Eex = 0 , Ecf = 0

Crystal Field Basis

K-edge 
XMCD

Energy Condition 

0Eex = 0 , Eml = 0

0Eex > 0 , Eml = 0

Atomic Basis

0Eex > 0 , Ecf > 0

> 0Eex = 0 , Eml > 0

0Eex = 0 , Ecf > 0

> 0Eex > 0 , Eml > 0

0Eex > 0 , Ecf = 0

0Eex = 0 , Ecf = 0
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K-edge transitions (no S-O)
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3   3
3   3

6   6
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3   3
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Figure 2.4: K-edge transitions in the absence of S-O coupling for the crystal �eld basis (left)

and the atomic basis (middle). The transformation between the two basis sets is given by

the coe�cient Gml;x,y,z. Note that the transition intensities listed must be divided by 18 to

get the correct values in units of AR2. The table on the right summarises the conditions

necessary for K-edge XMCD to exist and the critical requirement is shown to be the orbital

polarisation of the 4p �nal states.

In addition to the energy splitting of the 4p states being determined by crystal �eld or

orbital angular momentum we can consider what happens when spin-orbit splitting plays

a signi�cant role. A K-edge matrix element for circularly polarised light when the 4p �-

nal states are spin-orbit split is given in Eq. 2.20 where the Clebsch-Gordan coe�cients,

Cml,ms; j,mj (Table 2.1), are as de�ned in Sec. 2.1.1. For the L-edge case S-O coupling was

active in the initial core atomic-like states while for the K-edge the situation is markedly

di�erent as the S-O coupling is, instead, active in the �nal valence band-like states. From Eq.

2.20 it can be seen that, as expected, this S-O coupling mixes the spin and orbital compo-

nents with the result that there will be some orbital polarisation induced from any exchange

splitting and by this process the spin quantum number ms of the 4p electrons will have some
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bearing on the transition probability. Indeed, the transitions corresponding to Eq. 2.20 have

been listed in Fig. 2.5 and it can be seen that both S-O splitting and exchange splitting must

be present for a non-zero XMCD signal to be attained.

M±(s, ↑↓)→ (pj ,mj) =
〈
pj , mj

∣∣~ε±z · ~r ∣∣ s, ↑↓〉

= R
√

4
3π

〈
1∑

ml=−1
Cml,ms; j,mj Y1,ml

↑↓
∣∣∣∣Y1,±1

∣∣∣∣Y0,0 ↑↓

〉

= Cml,ms; j,mj R
√

4
3π

∫
sphere

Y1,ms−mj (Ω)Y1,±1(Ω)Y0,0(Ω) dΩ

= −Cml,ms; j,mj R (−1)ms−mj

 1 1 0

ms −mj ±1 0


(2.20)

On the right of Fig. 2.5 a more realistic depiction of the �nal states as they would occur in

an actual magnetic material is shown where the 4p states are highly delocalised and broadened

into k-dependent bands. In order to determine how the magnetic dichroism relates to both

the spin and orbital polarisation in this situation we can evaluate each quantity in terms of

the energy density of the spin-orbit split �nal states. As relativistic basis states of Fig. 2.5

are not are not eigenstates of the spin, Ŝz, or orbital, L̂z, operators Table 2.1 must be used in

order to evaluate the expectation values of the moment operators and therefore the �nal state

spin and orbital polarisation. In particular, if we de�ne for convenience the energy dependent

densities of the S-O split basis states as ρ1 = ρ3/2,+3/2(ε), ρ2 = ρ3/2,+1/2(ε), ρ3 = ρ3/2,−1/2(ε),

ρ4 = ρ3/2,−3/2(ε), ρ5 = ρ1/2,+1/2(ε) and ρ6 = ρ1/2,−1/2(ε), we have for the K-edge magnetic

circular dichroism

σ+
K(ε)− σ−K(ε) = AR2

(
−1

3
ρ1 −

1

9
ρ2 +

1

9
ρ3 +

1

3
ρ4 −

2

9
ρ5 +

2

9
ρ6

)

= −1

3
AR2

[ (
ρ1 − ρ4

)
+

1

3

(
ρ2 − ρ3

)
+

2

3

(
ρ5 − ρ6

)] (2.21)

where in the interests of tidiness the energy dependence (ε) has not been explicitly written.

For the 4p orbital polarisation we have
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2.1. X-ray magnetic circular dichroism (XMCD)

O(ε) = dml(ε) =
∑
n
−→
k

〈
ψ
n
−→
k

∣∣∣ L̂z ∣∣∣ψn−→k 〉 δ(ε)
=

∑
j mj

〈 j, mj | L̂z | j, mj 〉 ρj,mj (ε)

=
∑
j mj

∑
ml,ms

∣∣Cml,ms;j,mj

∣∣2 〈ml, ms| L̂z | , ml, ms 〉 ρj,mj (ε)

= 〈+1, ↑ | L̂z |+1, ↑〉 ρ1 +
1

3

(
2 〈 0, ↑ | L̂z | 0, ↑〉+ 〈+1, ↓ | L̂z |+1, ↓〉

)
ρ2 + ...

= ρ1 +
1

3
ρ2 + ...

=
(
ρ1 − ρ4

)
+

1

3

(
ρ2 − ρ3

)
+

2

3

(
ρ5 − ρ6

)
(2.22)

By the same logic the 4p spin polarisation is given by

S(ε) = dms(ε) =
∑
n
−→
k

〈
ψ
n
−→
k

∣∣∣ Ŝz ∣∣∣ψn−→k 〉 δ(ε)
= 〈+1, ↑ | Ŝz |+1, ↑〉 ρ1 +

1

3

(
2 〈 0, ↑ | Ŝz | 0, ↑〉+ 〈+1, ↓ | Ŝz |+1, ↓〉

)
ρ2 + ...

= ρ1 +

(
2

3
− 1

3

)
ρ2 + ...

=
(
ρ1 − ρ4

)
+

1

3

(
ρ2 − ρ3

)
− 1

3

(
ρ5 − ρ6

)
(2.23)

Hence (from comparison of Eqs. 2.21 and 2.22) we again arrive obtain that the K-edge

XMCD is proportional to the orbital polarisation. This result duplicates what was found by

Guo in his consideration of the K-edge magnetic dichroism using itinerant electron theory [81].

In Guo's approach the link between the orbital and spin moments when spin-orbit coupling

dominates is given by the expression

Ol(ε) = l Slj+(ε)− (l + 1)Slj−(ε) (2.24)

where j± = l ± 1

2
and indeed this relation is satis�ed by the expressions for orbital and

spin polarisation derived above from calculation of matrix elements. The correspondence can

be seen explicitly by de�ning, with reference to Eq. 2.23, the spin polarisation of the p1/2
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and p2/3 manifolds as S1/2(ε) = −1

3

(
ρ5 − ρ6

)
and S3/2(ε) =

(
ρ1 − ρ4

)
+

1

3

(
ρ2 − ρ3

)
. These

expressions for the spin imbalance of the relativistic states can then be substituted Eq. 2.22

to give the orbital polarisation O(ε) = Sp3/2(ε)−2Sp1/2(ε) which is clearly consistent the result

(Eq. 2.24) obtained by Guo [81] given that we are dealing with the particular case of the p

orbitals (l = 1).

p3/2

+3/2
+1/2
-1/2
-3/2

+3/2
+1/2
-1/2
-3/2

p1/2

K-edge transitions (with S-O)

s

εz -

εz+

mj

- 1/2
+1/2

mj

- 1/2
+1/2
- 1/2
+1/2

mj

msms

6     2
2    6

ES-O

ExEx

4  4

ExEx

Ef

4p
bands

1s

— p3/2

— p1/2

+ mj - mj

Figure 2.5: K-edge transitions when S-O coupling in the �nal state is signi�cant. Transitions

given an atomic model for the electron states are shown on the left. Note that the intensities

listed must be divided by 18 to get the correct values in units of AR2. A schematic of the

situation in a solid where the 4p states are highly delocalised and broadened into bands is

shown on the right. Note that the order of the energy splitting of the mj sub-levels shown

here where the mj splitting of p1/2 states is opposite in sign to that of the p3/2 is correct for

perturbation due to exchange interaction. If an applied �eld were responsible for the splitting

of sub-levels via Zeeman interaction then this does not occur and the +mj levels are always

higher in energy [213].

The fact that the XMCD is proportional to the density of the �nal state orbital moment,

dml(ε), suggests that integration of spectra will result in a sum rule for the total 4p orbital

moment 〈Lz 〉p. Indeed several works [220, 81, 9] have derived this orbital moment sum rule
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and it can also be attained from integration of Eqs. 2.22 and 2.21 above:

∫ σ+
K(ε)− σ−K(ε)

σ+
K(ε) + σ−K(ε) + σ0

K(ε)
dε =

∫ −1

3
AR2

[ (
ρ1 − ρ4

)
+

1

3

(
ρ2 − ρ3

)
+

2

3

(
ρ5 − ρ6

)]
1

3
AR2

[
ρ1 + ρ4 + ρ2 + ρ3 + ρ5 + ρ6

] dε

=
∫
− Op(ε)
Np.(ε)

dε

= −〈Lz 〉
np

(2.25)

where σ0
K(ε) is the cross-section for linearly polarised light and np is the number of holes

in the 4p band. It is important to include the contribution from linear polarisation as this

a�ects the normalisation factors and it must be included to obtain consistency with the results

of Guo [81] and Thole [220]. Although we have derived this sum rule in the context of the

K-edge, the work of Thole [220] shows that it is in fact a more general phenomenon and is

valid for any absorption edge. In fact, Eq. 2.25 is again a direct re�ection of the fact circularly

polarised light couples to the orbital angular momentum of the electron and that therefore

the XMCD measures orbital moment. As an example of this generality, we note that the sum

rule for the L2,3-edges discussed in Sec. 2.1.2 is a special case of the orbital sum rule for case

of a spin-orbit split core level. Indeed, Eq. 2.14 demonstrates that integration of the XMCD

over both the L2 and L3 edges gives the �nal state orbital moment in agreement with the

work of Thole et al. [220].

Returning again to the K-edge and we note that there are several practical pitfalls when

applying the orbital sum rule (Eq. 2.25) to highly delocalised 4p states involved in K-edge

absorption. Firstly, the fact that the 4p's are almost entirely unoccupied means that there is

negligible moment present and correspondingly full integration of the p orbital polarisation

should be zero. In addition, at high energies the 4p states become a continuum where the

principle quantum number n will no longer function as a good quantum number and here it

is unclear as to when to stop integration of the spectra in Eq. 2.14.

Despite these limitations regarding the sum rule the K-edge dichroism does, as described

above, provide a direct measure of the local density of the �nal state orbital moment. Exper-

imental con�rmation for this is provided by Antonov et al. [8, 9] who compare dml(ε) from

ab-initio calculations with both the calculated and measured dichroism in several di�erent

compounds and �nd a very close correspondence in all cases. Furthermore, these studies

demostrate that orbital polarisation of the unoccupied 4p bands in a transition metal com-
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pound is only present if the material is magnetised and is clearly therefore induced by the

3d moments responsible for magnetisation. Indeed numerous studies successfully used the

K-edge XMCD to measure magnetisation as a function of some external parameter including,

for example, temperature or pressure [56, 57, 143, 89, 14, 167]. Such studies are correctly

identify the presence of magnetic transitions, such as magnetic collapse [14], ferromagnetic to

antiferromagnetic [111] and the standard ferromagnet-to-paramagnetic transition [111] that

occurs at the Curie temperature thus demonstrating that there is a precise relationship be-

tween net magnetisation and the 4p orbital polarisation in many compounds. The issue of

the origin of the 4p orbital polarisation and exactly how it relates to the 3d spin moment

will be discussed further in Sec. 3.2.2 and 3.3.2 which deal with the interpretation of K-edge

XMCD from ferromagnetic CrO2.

2.1.4 Experimental setup

X-ray absorption spectroscopy requires smooth manipulation of the incident x-ray energy

and in practice this is achieved using synchrotron light which is emitted across a very wide

range of wavelengths from electrons have been accelerated close to the speed of light and

then forced into a circular orbit using a magnetic storage ring. Many synchrotron facilities

around the world have been purpose built to produce such high quality x-ray light to be

used in investigation of the structure and properties of matter. This thesis contains results

of polarised X-ray spectroscopy and scattering experiments performed at two such facilities,

namely the Advanced Photon Source (APS) in Chicago, USA and the Swiss Light Source

(SLS) in Switzerland. In this section some background into the experimental details of the

measurement techniques used at each location is provided. We shall be less concerned with

the origin of the polarised x-ray photons themselves but more interested in the interactions of

the x-rays with the sample material and how such interactions are measured experimentally.

Detection methods There are three di�erent experimental con�gurations which are com-

monly used to measure the absorption of x-rays by a sample. These are transmission, total

electron yield (also known as drain current) and �uorescence yield detection. In a transmis-

sion experiment (blue in Fig. 2.6) the x-ray intensity both before and after the sample is

measured and the relation between the two intensities is given by

I = I0 e
−µρ d = I0 e

−nσ d (2.26)

where µ is the mass absorption coe�cient, ρ is the mass density of the absorbing material

and d is the path length traveled within the sample by the x-rays. An equivalent description

in terms of the absorption cross-section σ and the number density of the absorbing atoms n is
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also given. The absorption coe�cient and the absorption cross-section are simply related by

µ =
nσ

ρ
and both are commonly used to describe the x-ray absorption process. Transmission

experiments have the most conceptually simple setup and this is an advantage as, of all the

detection methods, they are least prone to experimental artifacts.

Figure 2.6: Methods for measuring the absorption of x-rays by a sample. Blue denotes

transmission geometry, green the total electron yield (TEY) current and yellow �uorescence

processes. Re�ection of x-rays by the sample (grey) is a form of scattering (see Eq. 2.4)

and is therefore distinct from the other signals listed here which are related to the absorption

cross-section.

When x-rays are absorbed their energy is transferred to electrons which may be ejected

completely from the sample and this process is known as the photoelectric e�ect. The total

electron yield (green arrows in Fig. 2.6) signal is in fact the current of photoelectrons produced

during absorption. In practice this is determined by measuring the rate at which electrons

are returned to the sample to replace the lost photo-electrons and maintain overall electrical

neutrality. The current of photoelectrons is, to a close approximation, directly proportional

to the absorption coe�cient µ [80]. In some cases geometric or saturation e�ects may need

to be corrected for [76] however most studies simply rely on the fact the TEY ∝ µ. Total

electron yield (TEY) is by its very nature surface sensitive and only provides information

about absorption within roughly one mean-free path of the electron from the sample surface.
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A conducting sample is necessary for TEY detection to work well.

After X-ray absorption a core-hole exists in the atom where the electron has been knocked

out. Other electrons may fall down to this hole and during the process emit an x-ray photon

with the same energy as the initial light. This process is known as �uorescence (yellow in Fig.

2.6) and counting of such photons also provides a measure of the absorption coe�cient [133].

One of the disadvantaged of �uorescence detection is that it can su�er from self-absorption

e�ects which cut-o� the signal when the absorption is large [133]. Self-absorption e�ects are

generally not problematic when the concentration of the element and investigation is low.

The photon in - photon out nature of �uorescence means that it is much less surface sensitive

than TEY detection.

Figure 2.6 shows re�ection (grey lines) of an x-ray from the sample at an angle α. By tuning

the incident x-ray energy to an absorption edge this re�ection can be made into a resonant

process. The resonant re�ectivity signal shares the same matrix element as the absorption (see

Sec. 2.1.1) and therefore will display many of the element speci�c and polarisation dependent

e�ects seen in the absorption signal. The di�erence is that resonant scattering is a second

order process and hence may also display scattering e�ects (such as di�raction or Kiessing

fringes) that do not occur in the absorption. Therefore with proper modeling of the re�ective

and resonant contributions the di�erence in scattering cross-section between left and right

circularly polarised photons, the x-ray magnetic resonant scattering (XRMS), can be used to

perform sophisticated depth dependent magnetic pro�ling [121, 109, 132]. One concern is that

the grazing geometry required for re�ection means that the path length within the material

traveled by the x-ray will be much longer than the depth penetrated from the surface. This

means that when the x-ray energy is centered at a resonant edge where absorption is strong

the re�ectivity signal can be highly surface sensitive [132].

High pressure Compressing a material by increasing applied pressure is useful for studying

the connection between lattice structure and material properties. Experimentally, increased

pressure is achieved through the use of a pressure cell which contains the sample while it is

squeezed between two surfaces (often diamond because of its hardness). The experimentalist is

then faced with the challenge of measuring material properties from within this construction.

The range of magnetic measurements available under pressure are therefore somewhat limited,

however, recent advances in the diamond anvil cell fabrication [47] and synchrotron detection

methods [142, 216, ?, 110] have increased availability and popularity of high pressure XMCD

experiments in particular. Indeed XMCD measurements under pressure have been performed

increasingly frequently since the early 2000's [143, 89, 56, 57, 227, 95] although are still not

very numerous. One of the drawbacks in the high pressure XMCD from transition metal
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compounds is that it is necessary to use the K-edge XMCD signal rather than the L2,3-edge

as harder (higher energy) x-rays are necessary to get signi�cant penetration of the x-ray

through the diamond anvils.

Figure 2.7: Schematic of the diamond anvil cell (DAC) and ion chambers used in high

pressure XMCD measurements at the 4-ID-C beamline of the Advanced Photon Source [83].

The cell consists of three diamond anvils (dark yellow) with the a partially perforated anvil

on the right, the mini-anvil in the middle and the fully perforated anvil on the left [47].

Total path length in diamond traveled by the x-rays is 0.9 mm. The transmission of x-rays is

measured with ion chambers (blue) positioned before and after the sample (green).

A schematic of the CuBe diamond anvil cell setup at the 4-ID-C beamline at the APS

[83] is shown in Fig. 2.7. The diamond anvils have specially made perforations in order to

reduce the path length and therefore the amount of attenuation of the x-rays as they travel

through the cell. More details regarding the diamond anvils, including schematics, can be

found in [47]. A typical experiment involves mixing a powder sample silicone oil which acts as

pressure medium and ensures that every face of the grains within the powder experience equal

compressive force. Helium gas may be used as an alternative pressure medium for the higher

pressure ranges. Measurement of the pressure reached within the cell is achieved through

the use of a ruby �uorescence system which requires small ruby crystallites to be loaded into

the cell with the sample or alternatively through calibration with Cu EXAFS measurements

[83]. The range of possible measurement with this system is 0-20 GPa in pressure and down

to roughly 10 K in temperature. An electromagnet provides the magnetic �eld required to

saturated the sample and has a range of ±7 kOe.

Absorption is measured in transmission geometry with an ion chamber before and after the

sample to detect x-ray intensity. A useful technique for increasing signal quality is the lock-in

detection method where the polarisation is switched between left and right helicity as high

a frequency as can be managed by diamond crystal phase retarders [216]. The XMCD then

corresponds to the absorption signal at this switching frequency and can provide signi�cant

enhancements compared to standard detection methods [216]. Lock-in detection has been

implemented at beamline 4-ID-C at a switching frequency of ∼ 14 Hz and its use is of
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particular importance when measuring the small K-edge XMCD signals from within a diamond

anvil cell.

2.2 Polarised neutron re�ectivity (PNR)

2.2.1 Interaction of polarised neutrons with matter

The potential experienced by a neutron during interaction with a material is

V =
2π~2

m
ρ =

2π~2

m
(ρn ± ρm) (2.27)

where ρ is the scattering length density (SLD) which has contributions from both the

neutron-nuclei interaction, ρn, and the interaction between the neutron spin and any magnetic

moments present in the sample, ±ρm, which is either positive or negative depending on the

relative orientation of the neutron spin. The refractive index within the material can be

determined from Eq. 2.27 using conservation of energy with the result that n = 1− λ
2ρ

2π
[176].

Given that the SLD of typical materials is positive the refractive index will generally be less

than one and consequently the neutrons can get totally externally re�ected from an interface

between air and most materials. The critical angle for re�ection depends on the wavelength

of the neutron and the SLD so that for a magnetic material there will be two separate critical

angles for up and down spin neutrons.

2π

λ
sinαc± = ρc± =

√
4π(ρn ± ρm) (2.28)

For incident angles steeper than the critical angle neutrons will begin to penetrate the sample

with the result that the re�ected intensity will drop sharply and this cuto� point is known as

the critical edge. Using Fresnel's law at the interface [176] the re�ected intensity as a function

of increasing momentum transfer perpendicular to the �lm, qz =
4π

λ sinαi
, is

Rf = 1−

√√√√1−
(
qc
qz

)2

/1+

√√√√1−
(
qc
qz

)2

∝ 1

q4
z

for qz >> qc

(2.29)

The re�ectivity according to the Fresnel description is displayed in Fig. 2.8 and shows most

of the notable features present in a typical re�ectivity pro�le including the critical edge and

Kiessing fringes. In magnetic materials the splitting of the critical edge between up and down
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(a) (b)

Figure 2.8: Schematic of polarised neutron re�ection from (a) a single magnetic interface

(b) a bilayer structure. In the latter case Kiessing fringes from interference of the outgoing

waves is observed. The di�erence in scattering of up and down neutrons is notated by de�ning

polarisation dependent cross-sections R+ and R− (red and blue respectively).

spin states is particularly important as this provides a direct measure of the net moment in

the sample via Eq. 2.28.

If more interfaces are involved then interference between the re�ected waves can occur

introducing oscillations into the re�ected signal (Fig. 2.8). These oscillations are known

as Kiessing fringes and can be analysed to determine the SLD pro�le with depth in the

sample. The problem of deducing the real space sample pro�le from the re�ectivity which is a

representation in frequency space is formally known as the inversion problem. In general the

inversion problem is impossible to solve exactly due to the fact that re�ectivity is related to

the probability of the scattering process occurring rather than the amplitude of the scattering

process occurring which means that phase information is lost [134]. This has the e�ect that

several di�erent sample distributions can result in the same re�ectivity pro�le. Nevertheless,

the expected re�ectivity pro�le for a given sample structure may be computed exactly using,

for example, the Parratt recursion formulation [166] or a matrix recursion approach [21]. In

practice, several programs which do this are freely available including Parratt32, Polar12 and

SimulRe�ec [179]. Fitting of polarised re�ectivity data is then a matter of modifying sample

parameters (which may have extra information or constraints from sample characterisation

with other techniques) until the simulated pro�le matches the experimental one.

In addition to �tting or formally solving for the expected re�ectivity given an SLD pro�le it

is often possible identify prominent features individually. For example, in a multilayer sample

where layers of the same thickness repeat a Bragg peak at the wavevector corresponding to

the multilayer period will be produced according to
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sinα =
nλ

2 d
(2.30)

where d is the spacing between layers, n is the order of the Bragg re�ection, α is the re�ec-

tion angle and λ is the neutron wavelength. In general the inverse relationship between real

space structures and the re�ectivity pro�les means that PNR sensitive to magnetic ordering

within the sample and, in particular, is very sensitive to changes in the period of any magnetic

order present. Therefore, PNR measurements are especially useful in the study of antiferro-

magnetic [171, 170], helical [79, 169] or biquadratic [125, 194, 193] magnetic structures in

multilayer samples.

2.2.2 Spin �ip scattering

In the previous section discussing the up and down magnetic scattering length densities,

±ρm, the tactic assumption made was that the neutron polarisation axis and the direction

of moment in the sample were collinear. This is a particular instance (φ = 0) of the more

general situation where there is some angle, φ, between the magnetisation of the sample and

the neutron spin axis. For the general non-collinear case we would expect that the neutron spin

will undergo procession due to the e�ective �eld within the sample and therefore may have its

spin orientation in�uenced during the scattering process. In such a case there are four possible

combinations of in-going and out-going neutron polarisation and the scattering cross-sections

for each are denoted by R++ , R−− , R+− and R−+. To provide a full description of these

cross-sections given an arbitrary magnetisation orientation the quantum nature of the neutron

spin states (which are those of a spin 1/2 particle [225]) must be considered. In particular, the

wave function will exist in the two dimensional Hilbert space as some combination of the up

and down basis states [60]

|Ψ(z) 〉 =

 Ψ+(z)

Ψ−(z)

 (2.31)

Here the wave function is taken to depend only on the depth coordinate z due to the in-plane

symmetry of the layered sample. The �up� and �down� directions for the neutron spin will

in practice be determined by the magnetic �eld applied in the experiment (the 'guide' �eld)

and we shall take this direction to be the y-axis. The geometry is summarised in Fig. 2.9

and the orientation of the sample surface and polarisation axis to relative to the Cartesian

coordinate system in this �gure shall be adhered to throughout the thesis7. The elements in
7The experimental con�guration in Fig. 2.9 is that of the polarised re�ectometer NERO [205] where the

measurements in this thesis were taken, however in general there is some freedom to choose the relative
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Eq. 2.31 therefore give the amplitude to �nd a neutron with positive, Ψ+(z), and negative,

Ψ−(z), spin projection along the y-axis respectively and we shall refer to these cases as spin

up and spin down. The interaction potential with a single layer is now given by the matrix

 V++ V+−

V−+ V−−

 =
2π~2

m

 ρn 0

0 ρn

+

 ρy ρx

ρx −ρy

 (2.32)

where ρy = ρm cosφ and ρx = ρm sinφ and the angle φ is that between the polarisation axis

and direction of magnetisation within the layer (see Fig. 2.9). The e�ect of this potential is

investigated by substituting into the time independent Shrödinger equation to get two coupled

di�erential equations (Eq. 2.33) which describe the variation of the spin states with the depth

coordinate z . The physical interpretation of these equations is that their solutions correspond

to neutron waves traveling in the z-direction. Hence the solutions of Eq. 2.33 will give the

polarisation dependent transmission and re�ection amplitudes for the neutrons incident on

the sample.

∂2

∂z2
Ψ+(z) +

(
Q2
z

4
− 2m

~2
V++(z)

)
Ψ+(z)− 2m

~2
V+−(z) Ψ−(z) = 0

∂2

∂z2
Ψ−(z) +

(
Q2
z

4
− 2m

~2
V−−(z)

)
Ψ−(z)− 2m

~2
V−+(z) Ψ+(z) = 0

(2.33)

Before proceeding to this solution we note that if the cross terms ρx in the potential zero

then each of Eqs. 2.33 are independent and there will be no mixing of spin states. The

absence of mixing means that the neutron will maintain its original spin orientation during

interaction with the sample in what is known as a non-spin-�ip (NSF) scattering process.

On the other hand if ρx 6= 0 then the V+− and V−+ potentials cause a rotation of the spin

vector which is observed as �ipping of the neutron spin and thus gives rise to spin-�ip (SF)

scattering process.

More completely, solving Eqs. 2.33 gives the polarised re�ection amplitudes [136, 65]

 r++ r+−

r−+ r−−

 =

 R+ cos2 (φ/2) +R− sin2 (φ/2) (R+ −R−) cos (φ/2) sin (φ/2)

(R+ −R−) cos (φ/2) sin (φ/2) R+ sin2 (φ/2) +R− cos2 (φ/2)

 (2.34)

where the details of the angular dependent re�ectivity pro�le are contained in the am-

plitudes R± and only the polarisation dependence is shown explicitly. These amplitudes can

orientation of the scattering plane and polarisation axis. For example, it is possible to perform experiments

where the polarisation axis is long the scattering plane and his may have rami�cations for the type of o�-

specular scattering that it observed [243].
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NSF = Non-Spin Flip, (R++, R- -) α m||
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Figure 2.9: Geometry of a polarised neutron re�ectometry (PNR) experiment showing both

non-spin �ip (purple) and spin �ip (green) processes. The y axis is the neutron polarisation

axis determined by the direction of the applied �eld while the z axis is normal to the sample

surface (the x-y plane). In specular re�ection there is no transfer of momentum in-plane

(qx = 0) and this corresponds to the condition αi = αf =⇒ ∆αf = 0. O�-specular scattering

is characteristed by ∆αf 6= 0 and can be sensitive to lateral (x,y) variation of the SLD (Sec.

5.2.2).

be squared up to get probabilities of re�ection and therefore the polarised scattering cross-

sections

R++ = |r++|2 =
1

4
|R+(1 + cosφ) +R−(1− cosφ) |2

R−− = |r−−|2 =
1

4
|R+(1− cosφ) +R−(1 + cosφ) |2

R+− = R−+ = |r+−|2 = |r−+|2 =
1

4
|R+ −R− |2 sin2 φ

(2.35)

Hence it is clear that a measurement of the NSF cross-sections R++ , R−− allows for a

determination of the magnetisation parallel to the applied �eld m|| and a measurement of

the SF cross-sections R+− , R−+ allow for a determination of the magnitude, but not the

sign, of magnetisation perpendicular to the applied �eld m⊥. Taken together a measurement

of both the SF and NSF cross-section both the magnitude and direction of the in-plane
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magnetisation M can be uniquely determined to within a re�ection about the y-axis. The

inability to distinguish as to whether the magnetisation is turned to the left or right can

be seen from the fact that the cross terms ρx in Eq. 2.32 are only proportional to the

projection of the magnetisation onto the �eld axis, cosφ, and thus are not sensitive to the

sign of φ meaning that the sign of the component of magnetisation along x axis cannot be

determined from a single measurement. The cross terms ρx are purely magnetic and this has

the important consequence that any spin-�ip scattering the occurs is necessarily magnetic in

origin. Eqs. 2.35 also indicate that the spin �ip scattering experienced by spin up neutrons,

R+− is identical to that experienced by spin down neutrons R−+. The ability of PNR to

measure the two components (m|| and m⊥) of magnetisation simultaneously means that it

is particular useful in studies magnetisation reversal, multidomain states and non-collinear

magnetic structures where components of magnetisation perpendicular to the applied �eld

play a signi�cant role.

At this point we must note that the above system of equations (from Eqs. 2.32 to 2.35)

are only strictly valid for a single magnetic layer. A real sample with have a depth dependent

SLD and magnetisation would require an extension to some form of iterative solution [183, 21],

nevertheless most of the salient points regarding spin �ip scattering are included in the above

description. The main qualitative di�erence for the multilayer case not covered above is the

possible breakdown of the equivalence between R+− and R−+ for more complicated layered

samples [178]. Finally, the above discussion is also limited to the case of specular re�ectiv-

ity however scattering with some o�-specular component (i.e. non zero lateral momentum

transfer, see Sec. 5.2.2 for more details) can also occur and provides important information

regarding the lateral (x,y) magnetic structure of the sample. In this thesis the detailed simula-

tions of the PNR from our multilayer samples, including the o�-specular components, carried

out using a program developed by B. Toperverg using the distorted wave born approximation

(DWBA) [243, 183] allow for the magnetic state of the sample to be determined very pre-

cisely from the PNR data. Details regarding these simulations can be found in PhD thesis of

Thomas Saerbeck [184].
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Chapter 3

CrO2 under pressure

In this chapter measurements and interpretation of the Cr K-edge X-ray absorption (XAS)

and X-ray magnetic circular dichroism (XMCD) spectra from the half-metallic ferromagnet

CrO2 as a function of pressure are presented.

Extensive modeling of the XAS and XMCD spectra show that quenching of the 4p orbital

moment associated with increased octahedral distortion under compression can suppress the

K-edge XMCD spectrum independently of the materials magnetisation. After correction for

this orbital quenching e�ect some reduction in the room temperature Cr K-edge XMCD with

pressure remains indicating a loss of magnetisation in CrO2 that is attributed to a linear de-

crease in Curie temperature, TC . The observed weakening of ferromagnetism under pressure

is discussed with reference to existing bandstructure calculations as well as the Goodenough-

Kanamori (GK) exchanges rules which suggest changes in bond geometry may cause stronger

antiferromagnetic superexchange interactions in the compressed state.

3.1 CrO2: a half-metallic ferromagnet

CrO2 is a unique compound for several reasons. Firstly, the exchange splitting of the 3d states

is such that the Fermi level is located in a gap in the spin down states. The result is that with

respect to the spin up electrons CrO2 behaves as a metal but in terms of the spin down states

it is an insulator (Fig. 3.1). This half-metallic property means that conduction in CrO2 is spin

dependent and such a property has applications in the emerging �eld of spintronic devices

[98, 208, 246, 236].

Secondly, CrO2 is one of the few transition metal oxides to be ferromagnetic in its pure

stoichiometric form. The ability of CrO2 to sustain ferromagnetism has been attributed to a

negative charge transfer gap which causes spontaneous transfer of electrons from the oxygen

states to the Cr ions in a phenomenon known as 'self-doping' [117, 112]. This results in a

mixed valence Cr3.7+/Cr4.3− state which allows the double exchange mechanism to operate

35



3.1. CrO2: a half-metallic ferromagnet

[117, 197]. Small tetragonal distortions of the CrO6 octahedra play a critical role in this

scenario as they cause splitting of the t2g orbitals into a localized dxy orbital at lower energy

and the more itinerant dyz+zx and dyz-zx states (see Fig. 3.1b), which hybridize strongly

with the O 2p bands, at higher energies. The dual-nature of the t2g states is important for

ferromagnetism as the lowest energy for the delocalised electrons occurs when the hopping

amplitudes are large, and the largest hopping amplitudes occur for ferromagnetic alignment

of the localised and itinerant spins [238, 189]. This is essentially a description of the double-

exchange mechanism [49], hence it can be said that ferromagnetism in CrO2 is stabilised by

small tetragonal distortions of CrO6 octahedra that increase hopping among the majority t2g

states.
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Figure 3.1: CrO2 partial density of states (pDOS) close to the Fermi level with 3d (a)

and t2g (b) symmetry close to the Fermi level as determined from WIEN2k bandstructure

calculations. The half-metallic nature can be seen from the absence of spin down states at

the Fermi level and the localisation of the dxy orbital is apparent from the small amount of

dispersion or energy spread seen for this state.

The picture is further complicated by electron-magnon (or spin-polaron) interactions which

can be highly relevant in half-metallic systems [238, 90]. In CrO2 these correlation e�ects lead

to �forbidden� non-quasiparticle (NQP) states occurring in the energy gap of the spin down

states very close to the Fermi level and result in lowered polarization at the Fermi level as well

as decreased localization of the dxy state [90, 39, 5]. The possibility that such correlation e�ects

play an important role, combined with the lack of confounding factors such as Jahn-Teller

distortions and phase separation, mean that CrO2 has proved to be a useful testing ground

for theoretical e�orts in determining the band structure of double exchange and correlated

electron systems [5, 39, 127, 238, 231, 144, 224, 45].

Independently of the details surrounding electron-magnon correlation e�ects, the close
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Chapter 3. CrO2 under pressure

link between ferromagnetism and octahedral distortion in CrO2 is supported experimentally

by neutron di�raction measurements showing a shortening of the apical bond below the Curie

temperature, TC [55]. This experimental result suggests that the picture of dxy localisation

due to octahedra distortion and the resulting double exchange has some validity. Therefore,

as the lattice is compressed and the octahedral environment of the Cr ions is modi�ed changes

in bond related aspects such as bandwidth, crystal �eld splitting and the exchange coupling

constants are expected to in�uence the nature ferromagnetism in CrO2. Exactly how com-

pression changes the structural parameters of CrO2 and what is currently known about how

these changes in�uence the ferromagnetic state detailed in the next section.

3.1.1 Compression of the rutile lattice

CrO2 has a rutile structure (Fig. 3.2) consisting of ribbons of edge-sharing CrO6 octahedra

that run parallel to the c-axis [127]. The octahedra are not perfect as the Cr-O bond length in

the apical direction is shorter than that in the equatorial plane resulting in a `�at' octahedron.

In addition the arrangement of the four equatorial oxygen atoms is rectangular rather than

square, meaning that the overall distortion of octahedra is orthorhombic. The basis vectors

describing the position of the Cr and O atoms in the unit cell of Fig. 3.2 have been listed

in Table 3.1. From this listing it can be seen that the Cr positions are determined by the

lattice constants a and c but the location of the oxygen atoms require further speci�cation

by the internal parameter u. Both the apical, BA, and equatorial, BE, bond lengths can be

written in terms of the parameters a, c and u (Eq. 3.1) showing that the internal parameter

u is important in specifying the nature of the octahedral distortion [207].

BA =
√

2u a BE =

√
2
(a

2
− a u

)2
+
c2

4
(3.1)

A recent x-ray di�raction study by Maddox et al. [135], shows that compression of the

lattice by hydrostatic pressure elongates and shortens the equatorial and apical bond lengths

respectively, corresponding to a signi�cant increase in the tetragonal character of CrO6 dis-

tortion. At 12±3 GPa the rutile lattice undergoes a second order phase transition to an

orthorhombic CaCl2-like structure. This change in symmetry is linked with a slight tilt be-

tween adjacent octahedra that occurs in the high pressure phase. The �attening of octahedra

is not strongly a�ected by the phase transition and continues above 12 GPa. We note that

this form of distortion - �attening of octahedra - induced by compression is in fact the very

same distortion mechanism which has been correlated with the onset of ferromagnetic phase

in temperature dependent neutron di�raction studies [55] and associated with the double
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3.1. CrO2: a half-metallic ferromagnet

Figure 3.2: The rutile structure of CrO2 consisting of ribbons of orthorhombically distorted

edge-sharing CrO6 octahedra. Table: Cr-O bond lengths under pressure (after Maddox et al.

[135]) showing that the apical bonds reduce while the equatorial bonds lengthen leading to a

larger tetragonal distortion of the octahedra. J1, J2 and J3 are the nearest neighbour, next

nearest neighbour and third nearest neighbour exchange paths respectively. The Cr-O-Cr

angle associated with the J1 interaction is φ1 = 180◦ − θ while for J2 the relevant angle is

φ2 = 90◦ + θ/2.

exchange mechanism in bandstructure studies [189, 117, 238].

At a high enough critical pressure, Pc, e�ects such as band broadening will quench the

magnetic moment by creating a non-magnetic state with equal up and down spin populations

[44, 160]. Several recent density functional theory (DFT) calculations on CrO2 predict that

this does not occur until pressures greater than 65 GPa and that in the 0-20 GPa region the

magnetisation remains essentially constant [140, 209, 122]. In particular, Matar et al. [141]

use an all electron augmented spherical wave local spin density approximation and �nd that

PC = 120 GPa and that the system remains half-metallic up to 60 GPa. In contrast Srivastava

et al. [209] employ a tight binding linear mu�n-tin orbital method within the local density

approximation and �nd that the pressures for the disappearance of ferromagnetism and the

loss of half-metallicity are 65 GPa and 41 GPa respectively. Note that these calculations

assume a rutile structure although the lattice undergoes a phase transition to orthorhombic
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Chapter 3. CrO2 under pressure

~x ~y ~z

Cr 0 0 0

Cr a / 2 a / 2 c / 2

O u a u a 0

O (1 - u) a (1-u) a 0

O (1/2 - u) a (1/2 + u) a c / 2

O (1/2 + u) a (1/2 - u) a c / 2

Table 3.1: Basis vectors describing the location of the Cr and O atoms in the unit cell of

rutile CrO2.

symmetry at 12 GPa. Srivastava et al. [209] do in fact calculate the electronic structure of the

CaCl2 phase at 9.6 GPa which is very close to the experimentally observed phase transition,

but do not report on its magnetic properties at higher pressures.

To the authors knowledge, only one experimental study on the magnetism of CrO2 at

pressure exists [198] and this involves AC susceptibility measurements over the range of 0 to 5

GPa that show a linear decrease in Curie temperature at a rate of -4.4 K GPa-1. Extrapolation

of the AC susceptibility results to higher pressures was slightly re-interpreted by [7] using

thermodynamics arguments (Sec. 3.4.1) but no further experimental results were added.

Extending the list of experimental information regarding the high pressure magnetic state

of CrO2 as well as pressure range of said measurements will be useful both for comparison to

the various bandstructure calculations with pressure as well as providing further insight into

the origin of ferromagnetism which has shown to be closely linked with the lattice structure.

In addition to the theoretical concerns regarding electronic structure, high pressure results

may be relevant for workers trying to create and understand magnetic properties of thin

CrO2 �lms [128, 180] which often experience interfacial strains due to lattice mismatch that

can result in volume changes in the interfacial region on the order of those seen in the 5-10

GPa pressure range. To this end the Cr K-edge X-ray absorption (XAS) and X-ray magnetic

circular dichroism (XMCD) spectra from CrO2 have been measured up to a maximum pressure

of 15 GPa.

3.2 Ambient pressure XAS and XMCD

3.2.1 Experimental Cr K-edge spectra

CrO2 powder was obtained commercially from Sigma-Aldrich under the name of Magnetrieve

and its purity veri�ed by x-ray di�raction. The sample was sieved through successively smaller
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3.2. Ambient pressure XAS and XMCD

mesh sizes of 75µm, 37µm and 5µm to ensure homogeneity, mixed with silicone oil used as a

pressure-transmitting medium and loaded into a Diamond Anvil Cell (DAC). Cr K-edge XAS

(x-ray absorption spectroscopy) and XMCD pro�les were then measured at beamline 4-ID-D

of the Advanced Photon Source using transmission geometry (Sec. 2.1.4). An applied �eld of

±7 kOe is used to magnetise the sample, and this is su�cient to cause magnetic saturation of

CrO2 along the hard, and therefore also the soft, magnetic axis [43] . The ambient pressure

results are shown in Fig. 3.3 where the partial DOS from DFT band structure calculations

are also displayed in order to aid in interpretation of the experimental spectra.

As we have seen in Sec. 2.1.3 the K-edge electric-dipole transition involves promotion of

an electron from the 1s core-level into the unoccupied 4p states and therefore there is a close

correspondence between the 4p partial DOS and absorption spectra. From looking at the

calculated pDOS from WIEN2k bandstructure calculations (bottom of Fig. 3.3) it is clear

that there are two distinct regions to the 4p states. Firstly, the pre-edge region directly above

the Fermi level (dotted line) where the empty 3d orbitals (t2g ↑, eg ↑, eg ↓) are located a

small amount of 4p character exists due to 3d -4p hybridisation (see also Fig. 3.7). Secondly

at ∼ 10 eV above the Fermi level there is the start of the main 4p band and this is fairly

broad extending over ∼ 20 eV in energy.

This situation involving two regions of 4p states is similar to that found in the doped

manganates, which are also ferromagnetic double exchange systems containing a transition

metal ion in a octahedral crystal �eld. The Mn K-edge transition in the doped manganates

has been extensively studied in an e�ort to determine properties of the 3d orbitals, namely

whether orbital ordering of the 3d orbitals can be observed in resonant K-edge di�raction [63,

18, 93, 88]. The structural similarities between the two systems mean that issues such as 3d -

4p hybridisation, splitting of the 4p states and how this relates to the crystalline environment

of the absorbing atom, which have all been studied in the doped manganates in some detail

by the works mentioned above, are relevant to the case of the Cr K-edge of CrO2 which is

currently under discussion.

The K-edge XMCD signal from CrO2 (middle of Fig. 3.3) is 100 times smaller than

the absorption signal (that is, switching the sense of circular polarisation induces changes in

absorption on the order of 0.1%) and this small e�ect is typical for the K-edge XMCD [87, 9].

The XMCD spectrum consists of three features which have been labeled A, B and C in order

of increasing energy. Peaks A and B have negative and positive intensities respectively and are

situated in the main 4p band while peak C is signi�cantly higher in energy (Fig. 3, bottom)

and shows a positive dichroic signal. Peak A is rather broad (∼ 10 eV) raising the possibility

that it consists of several smaller features.

The measurement of the peaks A and B agrees closely with the spectra reported by
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Figure 3.3: Top: Experimental and theoretical Cr K-edge XAS and XMCD spectra from

CrO2 powder under ambient conditions. E0 is the �rst in�ection point in the main absorption

edge and the Fermi level is indicated with a dotted vertical line. Middle: Experimental XMCD

compared with FDMNES cluster calculations and the 4p orbital polarization from WIEN2k

band structure computations. Bottom: Spin resolved partial DOS from WIEN2k calculation

with the 4p states enhanced (x20) relative to the 3d states for clarity. Distortions away from

a pure octahedral crystal �eld are responsible for the di�erences in the pDOS of the px,y and

pz states.

Attenkofer and Schutz [11] which is the only known previous work to record Cr K-edge XMCD

spectra from CrO2. The energy range measured by Attenkofer and Schutz [11] extended only

25 eV above the Fermi level and hence they did not observe peak C which is described

here for the �rst time. There does exist a magnetic EXAFS (extended x-ray absorption �ne

structure) study by Ahlers et al. [3] on CrO2 which recorded the polarisation dependence of

the K-edge over a much greater energy range. However, the very fact the energy range of

interest to Ahlers et al. in their EXAFS study is signi�cantly extended makes direct spectral

comparison of their results and those presented here, which are concerned with XANES (x-ray

absorption near edge structure) region, di�cult. Finally, we note that no circular dichroism

is observed in the pre-edge region despite the presence of a pre-edge hump in the absorption

spectrum and indications from the theoretical pDOS (bottom of Fig. 3.7) that signi�cant
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3.2. Ambient pressure XAS and XMCD

3d -4p hybridization exists in this energy range.

As discussed in Sec. 2.1.3 the K-edge dichroism measures orbital polarisation of the 4p

states and hence peaks A, B and C correspond to imbalances between the density of states

(DOS) with quantum numbers +ml and −ml in the 4p bands at the particular probing energy.

If the experimentalist wishes to use the K-edge XMCD spectra as an indication of the magnetic

state of a transition metal compound it is therefore of vital importance to understand how

the 4p orbital polarisation relates to the spin-polarisation of the 3d states as this provides the

dominant contribution to the sample magnetisation. In general, it is clear that the 4p orbital

polarisation is in some way induced by the spin imbalance responsible for magnetisation as

�rstly, the K-edge XMCD is not observed in non-magnetic materials [133] and secondly the

K-edge XMCD has been used successfully to observe magnetic to non-magnetic transitions

[57, 89, 14, 111]. Both these facts demonstrate that there is a strong correlation between 4p

orbital polarisation and net magnetisation.

Nevertheless, some subtleties are involved and previous studies into the polarisation de-

pendence of the K-edge in transition metal compounds found that two separate mechanisms,

namely 4p-3d hybridisation and spin-orbit coupling (SOC) within the �nal state, which can

contribute to the creation of 4p orbital polarisation [88]. In particular, work on the K-edge in

NiO [229] and Mn3GaC [217] suggests that close to the Fermi level the 4p orbital moment is

due to 4p-3d hybridisation while at higher energies the 4p orbital polarization is induced from

the exchange splitting of the 4p band via spin-orbit coupling. In the case of the Cr K-edge

from CrO2 a signi�cant amount of 4p-3d hybridization exists in the pre-edge region where

no XMCD is observed which suggests that 4p-3d hybridization is an important e�ect in the

creation of XMCD. Indeed, arguments relating to the coordination symmetry of the absorbing

atom demonstrate that direct 3d -4p hybridisation is forbidden for octahedral coordination,

in which case any hybridisation that does occur must be between the 3d and 4p states of

neighbouring atomic sites [87, 88] which will be weaker than on-site hybridisation.

The large XMCD peaks A and B occur at energies 10-20 eV above the Fermi level cor-

responding to the main 4p band and the studies on similar transition metal compounds

mentioned above [229, 217] found that in this higher energy region 4p orbital polarization is

induced from the exchange splitting of the 4p band via spin-orbit coupling (see Fig. 2.5).

Hence the fact that a no pre-edge XMCD signal is present and the magnetic dichroism only

manifests at higher energies suggests that in CrO2 the dominant mechanism for inducing 4p

orbital polarisation is spin-orbit interactions within the �nal state.

In order to further understand the nature of the link between the 4p orbital polarisation

and 3d spin polarisation, and importantly to determine whether this link is robust with

respect to changes of external parameters like pressure and temperature, absorption and
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Chapter 3. CrO2 under pressure

XMCD spectra from a Cr atom in the rutile lattice have been simulated using both WIEN2k

band structure [19] and FDMNES cluster calculations [101]. Having these models allows for

the a�ect certian parameters, such as structural distortions and magnetisation strength, on

the 4p states to be tested and the knowledge gained from this can aid signi�cantly in the

interpretation of experimental Cr K-edge XMCD spectra.

3.2.2 Theoretical Cr K-edge spectra

3.2.2.1 FDMNES

The FDMNES (�nite di�erence method near edge structure) program calculates x-ray absorp-

tion and resonant scattering cross-sections of a particular edge of a particular element within

a material. This is achieved by solving the Shrödinger equation for the �nal states1 within

a sphere of radius, r, surrounding the absorbing atom. In practice the solution is arrived at

by using the �nite di�erence method or the multiple scattering Green's function formalism

which are both monoelectronic approaches. In the former case the exact atomic potential can

be used whereas in the latter case the calculations is done using the linear mu�n tin orbital

(LMTO) approximation. In general the �nite di�erence method is more computationally ex-

pensive but also more accurate meaning that the Green's function approach is often employed

initially and in situations where calculations times are long.

To model the Cr K-edge spectra from CrO2 the FDMNES calculations were run using

the multiple scattering Green's function method with spin-orbit interactions included and a

primary cluster radius of 7Å. The ferromagnetic ground state is implemented by specifying a

spin imbalance of three up electrons to one down electron within the Cr 3d orbitals resulting

in an e�ective spin moment of 2µB. No contribution from quadrupole transitions has been

included in the calculations as spectra are well reproduced from within the dipole approxima-

tion. The necessity of including S-O coupling in simulation of the XMCD signal results in long

computation times which reduce the cluster size that can be practically accommodated. Even

with parallelised code running on several dedicated processors some compromise between run

time and convergence is required. Through comparison of calculations with di�erent cluster

radii, a value of 7Å was found give convergence in the high energy range (E > 1 eV) where the

main 4p band and the majority of the XMCD is located for a reasonable calculation time2.

Unfortunately, the pre-edge region (E < 0 eV) is not well converged at r = 7Å and therefore

the FDMNES results for these low energies cannot be relied upon.

1The initial (core) states are easy to calculate as they are well described by an atomic model, hence once

the more di�cult �nal states (which include bonding e�ects with other atoms) are solved for spectra can be

determined using the matrix element approach detailed in Sec. 2.1.
2∼ 4-6 days using 7 nodes of the ANSTO Sun computing cluster
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3.2. Ambient pressure XAS and XMCD

A further complication is that the experiment was performed on a magnetically saturated

powder which comprises of many rutile grains with randomly orientated crystal axes. This

means that each grain within the powder will have their magnetisation aligned with the global

�eld axis rather than any local crystallographic direction. Hence to correctly simulate the ex-

perimental situation calculations should be run with the magnetisation orientated along every

non-equivalent crystal axis and the average of these results taken. In practice this powder

average is implemented using a grid of 14 di�erent magnetisation orientations (Fig. 3.4a) and

the resulting spread of K-edge XMCD spectra is displayed in Fig. 3.4b. The average spec-

trum determined from these results corresponds well with the experimental XMCD spectrum

as evidenced from the comparison in Fig. 3.3 above.
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Figure 3.4: (a) The grid of 14 di�erent magnetisation directions used in the ambient pressure

and 7.7 GPa FDMNES calculations3. (b) Results of the FDMNES calculations showing the

di�erences in Cr K-edge XMCD spectra given di�erent alignment of the CrO2 magnetisation.

Note that spectra corresponding to each blue dot in (a) are displayed in (b) however spectra

are only colour-coded with reference to angle from the c-axis. Hence the fact that there is

(close to) only a single line for each colour suggests that there is very little anisotropy of the

4p moment within the a-b plane. Also note that below 1-2 eV in energy the calculations are

not well converged and this leads to spurious features.

Two things are apparent from the spread of spectra in Fig. 3.4b. Firstly, it is clear that the

variation in XMCD with magnetisation direction is not large and peak A, in particular, has

barely any dependence on magnetisation orientation. Secondly, the variation that does exist is

almost entirely due to changes in the angle of magnetisation to the c-axis, which is equivalent

to saying that there is no dependence on angle within the a-b plane. This suggests that

the anisotropy of the 4p orbital polarisation is uniaxial and aligned with the c-axis, which

is exactly the same as the anisotropy behaviour of the 3d spin and orbital moments [75].

44



Chapter 3. CrO2 under pressure

The correspondence between the angular behaviour of the 4p polarisation and 3d moments

is perhaps not surprising as the 3d moment is responsible for inducing the splitting of the

4p states, and indeed the 4p polarisation would not exist without net magnetisation of the

sample.

3.2.2.2 WIEN2k

The WIEN2k calculations were performed in collaboration with Dominik Legut who ran the

code at his home institution the Academy of Sciences of the Czech Republic. The WIEN2k

[19] software package calculates the electron valence band structure of a material using a

density function theory (DFT) approach [99] where an iteration cycle between the charge

density and electric potential is performed until convergence is reached4. Having two sepa-

rate calculational procedures (FDMNES and WIEN2k) is very valuable as it provides some

independent veri�cation of the results obtained from each method. Furthermore, there are

several advantages that WIEN2k has over the FDMNES cluster calculations including the

fact that DFT calculation is self-consistent (the charge distribution and the associated elec-

trostatic potential are compatible) and, in our case, WIEN2k does a better job of simulating

the pre-edge energies where the FDMNES code had convergence issues. FDMNES has some

advantages of its own including the fact that it takes into account the core-hole potential.

The best way to obtain the K-edge XMCD spectrum from the WIEN2k calculations was

found to be to decompose the 4p partial DOS states of CrO2 into the relativistic basis pj,mj

which allows for the density of the orbital, Op(ε), and spin, Sp(ε), polarisation to be computed

using the transformation detailed in Table 2.1. The Cr K-edge XMCD spectrum can then be

simulated by taking a convolution of Op(ε) which accounts for experimental broadening due

to �nite state lifetime and experimental resolution.

The breakdown of the CrO2 4p density of states into the individual pj,mj components is

displayed in Fig. 3.5. In the relativistic basis the exchange splitting manifests as a shift in

energy between the +mj and −mJ sublevels. Interestingly this ±mj splitting has opposite

4Technical details regarding the WIEN2k calculations are as follows. The full potential plane-wave

band structure (FLAPW) calculations were performed using local density approximation for the exchange-

correlation term. The number of total k-points was set equal to 6000 giving at least 768 points in the irreducible

zone. The atomic sphere radii (RMT) were set to 1.78-1.87 (Cr), 1.58-1.66 (O) atomic units where the range in

RMT values is due to changes to the lattice over the pressure range investigated. The cut-o� energy expressed

as the product of the RMT and the maximum plane wave vector is equal to 7, the maximum value of l for

partial waves inside the RMT sphere was set to 10 and the largest reciprocal vector for the charge transfer

is equal to 14 to guarantee the total energy error bar better than 0.00002 Ry per unit cell. All calculations

include valence SO interactions, which are necessary for a non-zero XMCD signal, and the parameter EMAX

= 4 Ry was found to be su�cient for treating the SO interactions.
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Figure 3.5: CrO2 4p partial density of states in the relativistic basis pj,mj (see Table 2.1)

from WIEN2k band structure calculation with magnetisation along [001]. Densities of all six

mj substates are displayed independently. Note that there is a shift in energy between the

±mj states which is indicative of the exchange splitting in the system (the shift is particularly

apparent when looking at the sharp feature at ∼15 eV). The fact that the sign of the ±mj

splitting switches as one goes from the p3/2 to p1/2 states is due to the fact that the spin

and orbital moments are aligned parallel and anti-parallel in the p3/2 and p1/2 manifolds

respectively [213].

sign in the p3/2 and p1/2 manifolds indicating that the p1/2,+1/2 state has primarily spin down,

↓, character while the p1/2,−1/2 state has more spin up, ↑, character and that furthermore the

sign of these spin contributions is reversed for the p3/2 states. The physical explanation is that

in the p1/2 states the spin and orbital moments are aligned antiparallel, hence the direction

of the total angular momentum (which is determined by the orbital component since l > s)

is always opposite to that of the spin angular momentum. For the p3/2 states the spin and

orbital angular momentum are parallel and therefore the spin and total moment are clearly

orientated in the same direction.

These considerations are worth noting as they relate to the fundamental nature of S-O

coupling. Indeed the switch in the sense of spin-splitting mentioned above can be determined

directly from the de�nition of the p1/2 and p3/2 states. That is, under the action of the S-O

Hamiltonian HSO = λ ~L · ~S the energy depends only on the relative orientation of the spin

and orbital moments. Hence there is one energy for states with spin and orbital moments

parallel, j = l+ s, and another for states with spin and orbit moments antiparallel j = l− s.

These two eigenvalues correspond exactly to the energy of the p1/2 and p3/2 states when l = 1
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Chapter 3. CrO2 under pressure

and s = 1/2.

To be even more precise, the quantum numbers j, l, s denote only the magnitude of

angular momentum5 and therefore for a complete treatment the quantum numbers for the

orientation of angular momentum mj , ml, ms must also be considered. There are two rules

which summarise how the orientational quantum numbers for the atomic basis ml, ms relate

to the orientation of total angular momentum mj that labels states in the S-O basis, namely

mj = ml +ms and |mj | ≤ j. With these two conditions there is only a �nite number of ways

that each mj value can be achieved given the range of allowed spin ms and orbit ml values

and each state in the relativistic basis will be a quantum superposition of these. Schematic

vector diagrams for each contributing combination of ml, ms have been listed in Table 3.2

for the speci�c case of the p-orbitals. In addition the probability (not the amplitude) that an

electron in state pj,mj will have the spin and orbit orientation depicted, as determined from

the Clebsch-Gordan coe�cients in Table 2.1, is indicated.

Although strictly speaking, there is no new information in these vector diagrams that is

not contained in Table 2.1 they are useful in that they provide some physical insight into the

change of basis described mathematically by the Clebsch-Gordan coe�cients. For example it

is clear from the sketches in Table 3.2 that the statement �spin and orbital moments are aligned

parallel in the p l+s states� is not immediately obvious from the breakdown of states as, for

example, the p3/2,+1/2 state contains contributions from states with zero orbital moment in

the z-direction (Y1,0 ↑), which could be construed as the orbital moment being perpendicular

to the spin direction, and from states where the moments are antiparallel (Y1,+1 ↓). In neither

case are the spin and orbital moments parallel. Nevertheless, it is true that the expectation

values of the of the spin and orbital operators when applied to a pj,mj state have the same

sign when j = l+s = 3/2 and opposite sign when j = l−s = 1/2 and this may be interpreted

in terms of (anti-)parallel moments.

Returning to the task of calculating the spin polarisation and orbital polarisation of the

4p states in CrO2, we note that expression for both quantities has already been derived in

Eqs. 2.22 and 2.23 and that furthermore the broadening of atomic states into bands is also

accounted for in these expressions. The result of applying Eqs. 2.22 and 2.23 to 4p partial

density of states from WIEN2k calculations is displayed in Fig. 3.6. From these plots it is

clear that although both the spin and orbital polarisation are highly oscillatory they have

a very similar energy dependence and this close correspondence between the two is good

evidence that the orbital polarisation is indeed induced from the spin orbital polarisation

via S-O coupling. Also the oscillatory nature of the polarisation is understandable as the

spin imbalance comes from a small exchange splitting of the complex energy dependent band

5this is the reason why there are only two ways to 'add' l and s)
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3.2. Ambient pressure XAS and XMCD

State Orientation of Angular Momenta

lj mj ml, ms, mj (purple, orange, green)

p1/2 +1/2

−1/2

+1

0

-1

+½

-½

+1

0

-1

+½

-½

+½

-½

+1

0

-1

+½

-½

+1

0

-1

+ 2
3+ 2
3

1
3

+1

0

-1

+½

-½

+1

0

-1

+½

-½

+½

-½

+1

0

-1

+½

-½

+1

0

-1

+ 1
3

+ 1
3

2
3

p3/2 +3/2

+1/2

−1/2

−3/2

+1

0

-1

+½

-½

+1

0

-1

+½

-½

+½

-½

+1

0

-1

+½

-½

+1

0

-1

2
3

+1

0

-1

+½

-½

+ 1
3

+ 1
3

+1

0

-1

+½

-½

+1

0

-1

+½

-½

+½

-½

+1

0

-1

+½

-½

+1

0

-1

+ 2
3

+ 2
3

1
3

+1

0

-1

+½

-½

Table 3.2: Orientation of spin

and orbital angular momenta

in the relativistic pj,mj states.

The relativistic states are eigen-

states of the S-O Hamiltonian

HSO = λ ~L · ~S. Note that the

expectation values of the spin

and orbital operators have the

same sign when j = l + s and

opposite sign when j = l − s.

See also Table 2.1.

structure of the 4p states.

Despite the oscillations in sign of the polarisation there are regions with some net positive

or negative orbital polarisation such that convolution of Op(ε) with an energy dependent

arctan function [101] provides a reasonable match with the experimental Cr K-edge XMCD

spectrum from CrO2 powder (see middle of Fig. 3.3). Note that, in agreement with the orbital

sum rule of Eq. 2.25, the K-edge XMCD is opposite in sign to the orbital polarisation and this

is re�ected in positive orbital polarisation in Fig. 3.6 between 10 and 20 eV. Furthermore, from

inspection of the XMCD spectra in Fig. 3.3 it can be seen that while the WIEN2k orbital

polarisation reproduces peak A well the second peak B is not reproduced in the WIEN2k

calculation and in this region the FDMNES does a better job of simulating the experimental Cr

K-edge XMCD spectrum. The discrepancy between WIEN2k and the experimental spectrum

may be due to the fact that the grid of magnetisation directions used to approximate the

powder average in the WIEN2k calculations comprises only of the three symmetry directions
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Figure 3.6: Top: Spin (red) and orbital (blue) polarisation in the 4p band of CrO2 according

to WIEN2k calculations with magnetisation along [001]. The di�erence in the p3/2 and p1/2

density of states, after each has been normalised to the number of mj substates involved,

p3.2 − 2 p1/2, (green) is also displayed. Bottom: Convolution of both the spin and orbital

polarisation with an energy dependent arctan function [102] with the same parameters as

used in the FDMNES calculations.

[001], [100] and [011], and therefore is not as extensive as that used for FDMNES. Conversely,

the WIEN2k XMCD spectra have the advantage that no large positive peak at pre-edge

energies seen, indicating that the pre-edge feature in the FDMNES spectra (Fig. 3.4b) is

indeed spurious and that larger FDMNES cluster radii are needed to properly simulate the

pre-edge region. Overall, the correspondence between the WIEN2k spectra determined from

Eq. 2.24 and experiment provides further veri�cation of the approach taken by Guo [81] and

the matrix element analysis in Sec. 2.1.3, con�rming that the K-edge XMCD is sensitive to

orbital polarisation of the �nal states.

Finally, also displayed in Fig. 3.6 is the quantity p3./2 − 2 p1/2 which is the di�erence in

the total p3/2 and p1/2 density of states where the mj substates have been integrated over.

The factor of 2 is due to normalisation by the number of mj substates in each of the p3/2

and p1/2 manifolds. Remarkably, this quantity shows a close correspondence to the Cr K-edge

XMCD despite the fact that according to theory the XMCD should be proportional to the

orbital polarisation. In particular, in the region of peak B p3/2 − 2 p1/2 produces a positive

feature and is therefore in closer agreement with experiment than Op(ε). One reason for this
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3.3. Pressure dependence of XAS and XMCD

correspondence may be that p3/2 − 2 p1/2 provides some measure of the energy dependence

of spin-orbit coupling in the 4p band and therefore naturally has a similar line shape to the

net orbital moment. Furthermore if p3/2 − 2 p1/2 were less a�ected by the orientation of

magnetisation with respect to the crystal axis than Op(ε), the error due to the use of only

three magnetisation directions could be worse for Op(ε) and this could account for the fact

that in Fig. 3.6 p3/2 − 2 p1/2 is closer to the experimental spectrum than Op(ε).

3.3 Pressure dependence of XAS and XMCD

3.3.1 Pre-edge

Any change to the exchange splitting responsible for half-metallicity (HM) will a�ect the

position of the minority t2g, eg states relative to the majority eg states is expected to cause

a change in line shape of the pre-edge feature in the absorption spectrum, as the pre-edge

feature is related to the 3d states by and 3d -4p hybridisation. In particular, comparison of

the density of states for the magnetic and non-magnetic cases (see Fig. 3.7b) shows that in

the presence of exchange splitting both the minority t2g and eg states are above the Fermi

level resulting in a double-peaked 4p partial DOS in the pre-edge region .

Therefore, the fact that the pre-edge absorption spectrum shows no substantial change

under compression and is double-peaked at all observed pressures (Fig. 3.7a) is consistent

with CrO2 retaining exchange splitting and half-metallicity up to 15 GPa. The retention of

100% spin polarisation at the Fermi level at 15 GPa is predicted by previous band structure

calculations on the rutile structure [141, 122] and the present WIEN2k calculations which

include the phase transition to a CaCl2-like structure. Srivastava et al. (Fig. 12 of ref. [209]),

however, do observe a small amount of spin in the minority channel at the Fermi level in their

calculation for the CaCl2-like structure at 9.6 GPa signaling a small reduction in HM.

Given the resolution of the experiment the small shifts (<0.5eV) in position of the d

states suggested by Srivastava et al. [209] or indeed Chioncel et al. (Fig. 2 of ref. [39]) to

be responsible for metallisation of the minority spin channel are clearly not observable from

the K-edge XAS. Nevertheless, larger changes to the partial DOS that would occur with a

signi�cant loss of HM or exchange splitting would be expected to cause a consistent change in

the pre-edge feature with pressure and as this is not observed experimentally it is likely that

the ferromagnetic states remains over the pressure range of investigation. We note that more

careful measurements in the pre-edge region with greater resolution to help in separating out

the underlying peaks would be necessary in order to make stronger conclusions regarding how

compression modi�es the 3d states.
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Figure 3.7: (a) Pre-edge region of the experimental Cr K-edge x-ray absorption spectrum

with increasing applied pressure. (b) Comparison of the CrO2 Cr partial density of states

with d and p symmetry for ferromagnetic and non-magnetic cases according to WIEN2k

calculations. Note that the p states have been arti�cially enhanced (x100) to aid in com-

parison. The pre-edge feature is related to the form of the 3d states via 3d -4p hybridisation

and the fact that it is double-peaked at all pressures is consistent with exchange splitting and

half-metallicity persisting in the high pressure state.

3.3.2 Orbital quenching in the 4p band

Experimental Cr K-edge XAS and XMCD spectra at various calculationapplied pressures are

displayed in Fig. 3.8. There is a clear reduction in the magnitude of the K-edge XMCD

signal across all three peaks A, B and C as the lattice is compressed indicating a signi�cant

loss of orbital polarization amongst the 4p states. The question then becomes - what is the

reason for the disappearance of 4p orbital polarisation? In the previous section it was shown

that S-O interactions within the 4p band mix the spin-splitting (which is induced from 3d

magnetisation) with orbital states and this is the origin of the 4p orbital polarisation measured

by the Cr K-edge XMCD. Given that this is the case, we may expect that changes in the

atomic environment of the absorbing atom over the pressure range of measurement, such as

increased distortion of octahedra, may a�ect the balance between S-O coupling and crystal

�eld and therefore the amount of induced orbital polarisation. The unfortunate consequence

is that, if indeed structural changes were to e�ect the 4p orbital polarisation independently

of the 3d moment, this would invalidate the assumption that XMCD signal is proportional to

the net magnetisation of the material and therefore signi�cantly complicate the interpretation
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3.3. Pressure dependence of XAS and XMCD

of K-edge XMCD spectra measured as a function of pressure.
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Figure 3.8: Experimental Cr K-edge absorption and XMCD from CrO2 powder as a function

of pressure showing a uniform decrease in XMCD intensity for all peaks A, B and C but no

discernible change in the absorption spectrum. The XMCD reduction indicates there is a

signi�cant loss of orbital polarisation in the 4p band.

To understand the proposed mechanism linking structural distortions with lessened 4p

orbital polarisation we shall consider in greater depth the phenomenon of orbital quenching

and its relation to coordination geometry. Quenching of the orbital magnetic moment in

a solid occurs due to the crystal �eld from surrounding atoms imposing a preferred spatial

orientation of atomic orbitals. The �xed orientation requires that the orbitals are described

by real spherical harmonics which all have 〈Lz〉 = 0 and thus no net orbital magnetic moment

[200]. Take, for example, the case of p orbitals in a tetragonal crystal �eld6 where the wave

functions (not including spin) will be

1√
2

(− | 1 〉+ | −1 〉) =

√
3

2π

x

r
= | px 〉

i√
2

(| 1 〉+ | −1 〉) =

√
3

2π

y

r
= | py 〉

| 0 〉 =

√
3

2π

z

r
= | pz 〉

(3.2)

and it can be seen from inspection that these states will hacalculationve zero orbital

6In a purely octahedral crystal �eld the p orbitals are degenerate and there will be no orbital quenching

e�ect.
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Chapter 3. CrO2 under pressure

moment as the expectation value of the Lz operator is always zero7 . This e�ect can be

thought of in analogy to traveling waves, which are described by complex-valued wavefunctions

ψ = ei k x and carry momentum, in comparison to standing waves, which are described by

the real-valued wavefunctions ψ = cos (k x) and have no overall momentum. Similarly the

atomic orbitals of Eq. 3.2 are completely real and have, on average, no overall angular

momentum while the complex spherical harmonics Yl,ml
do have a non-zero expectation value

of the angular momentum operator Lz and therefore the possibility of a net orbital magnetic

moment.

Figure 3.9: Splitting of 4p orbitals in a tetragonal crystal �eld. In the case of CrO6 octahedra

in rutile CrO26 the the crystal �eld splitting energy ∆ will depend on degree of tetragonal

distortion from the ideal positions of the oxygen atoms surrounding the Cr site.

The quenching e�ect of the crystal �eld due to surrounding atoms is countered by spin-

orbit coupling which naturally mixes together spin and orbital states. That is, in a magnetized

material where there is appreciable spin moment from exchange interactions the S-O coupling

will `mix back in' states with non-zero orbital angular momentum [213]. In such a case the

amount of orbital moment present will be determined by the relative energy scales of the

spin-orbit interaction and the crystal �eld splitting (CFS). This can be shown explicitly by

using �rst order quantum perturbation theory for the situation where the crystal �eld splitting

is large (the energy levels are as shown in Fig. 3.9) and the S-O interaction acts as a small

perturbation. In such a case quantum perturbation theory [225] gives the �rst order correction

to the spin up and down | pz 〉 states as

∣∣Ψ〉 = | pz , ↑↓ 〉+
∑
ml

〈
ψml

, ↑↓
∣∣HSO | pz , ↑↓

〉
Epz − Eψml

|ψml
, ↑↓ 〉 (3.3)

By writing the spin-orbit Hamiltonian in terms of the raising and lowering operators, L± =

(Lx ± i Ly) and S± = (Sx ± i Sy) as

HSO = λ ~L · ~S = λ [LzSz +
1

2
(L+S− + L−S+)] (3.4)

7The | px 〉 and | py 〉 states each have an equal component of the |±1〉 states, while the | pz 〉 state has no

component of |±1〉 so in all cases 〈LZ〉 = 0.
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3.3. Pressure dependence of XAS and XMCD

and using the properties of these operators the elements of the sum in Eq. 3.3 can be

evaluated. The only non-zero terms are found to be

〈
+1 , ↓

∣∣HSO
∣∣ pz , ↑ 〉 =

〈
+1 , ↓

∣∣ λ [LzSz +
1

2
L+S− +

1

2
L−S+)]

∣∣ 0 , ↑ 〉 =
1

2
λ

〈
−1 , ↑

∣∣HSO
∣∣ pz , ↓ 〉 =

〈
−1 , ↑

∣∣ λ [LzSz +
1

2
L+S− +

1

2
L−S+)]

∣∣ 0 , ↓ 〉 =
1

2
λ

(3.5)

Which can be substituted back into Eq. 3.3 to arrive at the �nal expression for the new

eigenstates (Eq. 3.6) which would reduce to original | pz ↑↓ 〉 states when λ→ 0.

|Ψ, ↑ 〉 = | pz , ↑ 〉+
3λ

4 ∆
|+1 , ↓ 〉

|Ψ, ↓ 〉 = | pz , ↓ 〉+
3λ

4 ∆
| −1 , ↑ 〉

(3.6)

This shows that the S-O coupling does indeed mix back in states with some orbital polarisation

at order
3λ

4 ∆
. Furthermore in agreement with the diagram of S-O split states (Fig. 2.5) if there

is an energy di�erence between the states |Ψ, ↑ 〉 and |Ψ, ↓ 〉, due to say exchange splitting, this

will result in a small orbital moment as well due to the presence of the |+1 , ↓ 〉 and | −1 , ↑ 〉

components. This treatment describes exactly the situation in the 4p band of CrO2 where

S-O interactions are responsible for creating XMCD signal by inducing orbital polarisation

from the existing 4p exchange splitting. However, it is now clear from Eq. 3.6 that if the

crystal �eld splitting, ∆, were to increase with pressure this would cause less orbital moment

to be induced from a given spin splitting and therefore the 4p orbital polarisation would be

reduced independently of any change in the 3d or 4p spin polarisation. To evaluate the extent

to which this orbital quenching e�ect is enhanced with compression it is necessary to know

the pressure dependence of the CFS, ∆.

For the ideal case of p orbitals in a regular octahedral crystal �eld all levels are degenerate

hence distortions away from the ideal octahedral symmetry are responsible for crystal �eld

splitting. Indeed, the natural tetragonal distortion of CrO6 octahedra raises the energy of the

pz orbital while lowering that of the px and py orbitals leading to a crystal �eld splitting. We

note that the px, py and pz states referred to (and shown in Fig. 3.2) are de�ned with respect

to a local coordinate system centered at the Cr site where the z-axis is along the apical bond

and the x and y axes are almost, but not quite, aligned with the equatorial bonds (Fig. 3.2,

top right). The 4px, 4py and 4pz partial density of states in this local basis according to

WIEN2k calculations has been plotted on the left of Fig. 3.10 where it is again clear that the

4p states are very delocalised and therefore spread widely in energy. Nevertheless, the energy
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Chapter 3. CrO2 under pressure

corresponding to the center of each band, EC can be determined from integration [155] using

the condition

Ec∫
Emin

ρ(ε) dε =

Emax∫
EC

ρ(ε) dε (3.7)

The center of the px and pz bands is denoted in Fig. 3.10a by vertical lines and the di�erence

in this values gives a measure of the crystal �eld splitting, ∆. The sign of the splitting, with

px lower in energy than pz and the shortest Cr-O distance (the apical bond) in the z-direction,

reveals with that the 4p states have anti-bonding character with respect to the surrounding

oxygen atoms. As stated in Sec. 3.1.1 compression causes the apical bond, BA, to contract

while the equatorial bond, BE , lengthens and this is illustrated in the top of Fig. 3.10b where

it can be seen that there is a smooth increase the bond length ratio BE/BA and therefore

the tetragonal distortion. As evidenced by the pressure dependence of the splitting shown

in Fig. 3.10a the larger distortion does indeed increase ∆. The growth in CFS according to

WIEN2k is plotted in the lower half of Fig. 3.10b along with that determined from FDMNES

calculations and both have a very similar pressure behaviour. There is some discrepancy

between the magnitude of ∆ in both calculations suggesting that the magnitude of the crystal

�eld splitting may depend on calculational details such as for example �nite wavefunction

basis sets or �nite cluster radii etc. Nevertheless, the trend of ∆ with pressure the same,

increasing by a signi�cant amount (∼ x10) in both the WIEN2k and FDMNES results and

is therefore a much more robust result than the exact magnitude of ∆. Finally we note that

octahedral �attening responsible for the changes in crystal �eld is not greatly e�ected by the

phase transition to the CaCl2-like structure at 12±3 GPa simply introduces a twist between

ribbons of octahedra. The link between tetragonal distortion and crystal �eld means that

as the octahedra become �attened under pressure the ratio of S-O coupling to CFS,
λ

∆
, will

decrease resulting in less induced orbital polarisation (Eq. 3.6) and this will have implications

for the Cr K-edge XMCD.

In summary we expect that there are two independent e�ects that may cause a reduction

in Cr K-edge XMCD: (a) loss of 3d spin polarisation responsible for magnetisation (b) 4p

orbital quenching due to �attening of octahedra. Both e�ects can demonstrated explicitly by

changing the input parameters of the FDMNES calculations using only the ambient pressure

crystal structure. For (a) it is a simple matter of changing the balance of spin up to spin

down electrons in the 3d states. This has been tested with magnetisation aligned close to

[001] (see Fig. 3.11a) and as expected Cr K-edge XMCD intensity is found to be linearly

proportional to the 3d spin moment. For (b) the internal parameter u [207] which speci�es

the locations of the oxygen atoms in rutile structure can be modi�ed so that the tetragonal
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Figure 3.10: (a) 4p pDOS fromWien2k calculation in the local px, py and pz basis (as de�ned

in Fig. 3.2) as a function of pressure. The center of both the px and pz bands is shown and

the di�erence between the two is taken as a measure of the CFS energy ∆ and this is seen to

increases signi�cantly with pressure. (b) Bond lengths and the related tetragonal distortion

of CrO6 octahedra as a function of applied hydrostatic pressure according to x-ray di�raction

data of Maddox et al. [135]. Also shown in the bottom section is the crystal �eld splitting

energy, ∆, determined from the pDOS in both the FDMNES and WIEN2k calculations.

distortion of octahedra is increased but the global lattice parameters which de�ne the unit

cell remain �xed. The resulting K-edge XMCD spectra for increasingly tetragonally distorted

octahedra are displayed in Fig. 3.11 and show a marked decrease in height of the XMCD

peaks. The utility of these calculations is that the demonstrate the applicability of the orbital

quenching argument presented above by isolating the particular structural distortion involved

(�attening of octahedra) and showing that this is su�cient to cause suppression of the Cr

K-edge XMCD spectrum.

Moving on to the experimental situation of increasing hydrostatic pressure where, in order

to quantitatively evaluate the in�uence of the quenching on 4p orbital polarisation, we have

used both FDMNES cluster calculations and ab-initio WIEN2k band structure calculations

to simulate the Cr K-edge XMCD spectra as a function of pressure using the experimentally

obtained lattice parameters of Maddox et al. [135]. The goal is to simulate the expected

decrease in XMCD due to 4p orbital quenching so that it may be separated from any reductions
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Figure 3.11: Cr K-edge XMCD spectra from CrO2 calculated with FDMNES as a function

of (a) spin polarisation of the 3d orbitals and (b) the degree of tetragonal distortion of CrO6

octahedral as the internal parameter u is varied. The decrease of XMCD peak height in (a)

is essentially linear with respect to changes in the 3d spin moment. Results in (b) are for the

case where magnetisation is along the [100] direction, however, simulations with magnetisation

along the [001], [011] and [110] directions have also been performed and very similar results

obtained.

in XMCD signal due to changes in the net 3d spin magnetisation.

In the FDMNES calculation the magnetic state is speci�ed by hand and a magnetic

con�guration of three up and one down electron in the 3d orbitals (giving a total moment of

2 µB) is used for all pressures studied. Justi�cation for the use of a constant 2 µB moment

in the FDMNES comes from the self-consistent WIEN2k calculations, which determine the

natural magnetic ground state through an iterative process and, in agreement with previous

ab-initio studies [141, 122], �nd that the 3d spin moment within a unit cell at 0 K does not

decrease over the pressure range of interest.

Despite the constancy of overall spin moment, the WIEN2k calculations do show a small

reduction in both the local Cr moment and the negative local oxygen moment. This shift in

moment is attributed to increases band width and is very similar to what is found by Matar

and Demazeau [141]. The reduction in local Cr moment is on the order of 1-2%. Hence even

if the local Cr spin moment, rather than that attributed to the entire unit cell, is mostly

responsible for inducing 4p polarisation associated with the Cr site, the fact that such a small

decrease in Cr moment has not been included in the FDMNES calculations (which have a

constant 2µB spin for all pressures) is not expected to have a signi�cant e�ect on the Cr

K-edge XMCD intensity.

The theoretical Cr K-edge XMCD spectra with pressure are from both FDMNES and
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3.3. Pressure dependence of XAS and XMCD

Pressure (GPa) Spin Moment (µB)

Cr O Interstitial Total per f. u.

Ambient 1.80 -0.045 0.290 2.00

7.7 1.79 -0.033 0.276 2.00

14.0 1.78 -0.039 0.298 2.00

Table 3.3: Breakdown of the spin magnetic moment in CrO2 into the moment on the Cr

and O sites and that in the interstitial region as a function of pressure according to WIEN2k

calculations using a constant atomic sphere radius, RMT. A smaller moment on the Cr 3d

and O 2p states within the atomic sphere radius and an increasing contribution from the

interstitial region with pressure suggests increased band broadening and delocalisation in the

compressed state. Nevertheless, the total spin moment per formula unit (f. u.) remains the

same in the pressure range investigated.

WIEN2k are displayed on the left of Fig. 3.12. Some reduction in peak height is apparent

in both cases despite the constancy of 3d spin moment in both calculation, and therefore the

decrease is attributed to the orbital quenching mechanism explained above. The suppression

of calculated orbital moment is quanti�ed by taking the integral of the absolute value of the

theoretical Cr K-edge XMCD spectrum over the energy region containing peaks A and B and

the results of this integration are displayed on the right of Fig. 3.12 (yellow, green) along with

the experimentally observed reduction of the same peaks (red). From this it is clear that the

observed reduction in the experimental Cr K-edge XMCD is steeper than that expected from

the electronic structure calculations given a constant 3d spin magnetisation. This suggests

that some, but not all, of the experimentally observed loss of 4p orbital polarization can be

attributed to quenching from a larger crystal �eld and that a second e�ect that is not included

in either the FDMNES or WIEN2k calculations, must be causing a reduction of 4p orbital

polarization in the experiment.

Given that the electronic structure calculations only simulate the 0 K magnetisation it

may be that the spontaneous magnetisation at room temperature reduces with pressure and

this would account for the discrepancy on the right of Fig. 3.12. This could occur is if the

Curie temperature, TC, were to lower with increasing hydrostatic pressure, as indeed was

observed by Sidorov et al. [198] and the interpretation of the Cr K-edge XMCD results in

light of this phenomenon is the subject of the next section.
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Figure 3.12: Left: Theoretical XMCD spectra as a function of pressure according to

FDMNES cluster calculations and WIEN2k bandstructure calculations given a constant 3d

moment of 2 µB. Right: Integrated intensity of the absolute value of the A and B peaks in

the both experimental and theoretical XMCD spectra as a function of pressure.

3.4 Suppression of ferromagnetism

3.4.1 Reduction of Tc with pressure

The Curie temperature of CrO2 at ambient pressure is 390 K and therefore the room tem-

perature (295 K) magnetisation according to a standard Curie-Weiss model [200] and several

magnetometry studies [168, 55] is only ∼75% of the 0 K magnetisation. This fraction will

decrease the closer that TC comes to room temperature. Such a reduction in spontaneous

magnetisation due to thermal misalignment is expected to reduce the net 3d and 4p spin and

orbital moments by the same proportion and furthermore to occur independently from the

4p orbital quenching. Under these assumptions, the reduction in the experimental Cr K-edge

XMCD signal with pressure can be described by the combined e�ects of a decrease in orbital

polarization due to quenching of the 4p orbital moment and a decrease in 3d magnetisation

due to the lowering of TC. To quantify the contribution of each e�ect, the FDMNES spectra,

which include only reductions due to orbital quenching, are compared with the experimen-

tal spectra, which includes both the orbital quenching and the decrease in magnetisation, to

arrive at a value for the net 3d magnetisation with pressure. This is done using:

XMCDExp(P ) =
M(P )

M(Amb)
XMCDFDM(P ) (3.8)

where XMCDExp(P ) and XMCDFDM(P ) are the normalized integral of the absolute value of

the magnetic circular dichroism at peaks A and B for the experimental and FDMNES spectra

respectively (left of Fig. 3.12). M(P) is the spontaneous magnetisation at room temperature
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3.4. Suppression of ferromagnetism

and pressure P. From Eq. 3.8 the relative reduction in magnetisation, M(P)/M(Amb), can be

determined and related back to the Curie temperature at pressure, TC(P), using a standard

Curie-Weiss molecular �eld model. In particular the average magnetisation m̄ (in µB/atom)

at temperature T with Curie temperature TC is given by the solution to the equation

m̄ = gs S

(
2S + 1

2S
coth

(
2S + 1

2S

gs 3TC m̄

4 (S + 1)T

)
− 1

2S
coth

(
1

2S

gs 3TC m̄

4 (S + 1)T

))
(3.9)

where S = 1 (two electrons of spin half) for CrO2 and the g-factor for electron spin, gs, is

two. Although in the low temperature region spin waves play an important role in determining

the spontaneous magnetisation CrO2 [13], close to room temperature the above mean �eld

approach will be valid. M(Amb) is determined by the Curie temperature at ambient pressure

and this ranges from 386-410 K between various studies [198, 118, 240]. In the present analysis

a value of 395 K obtained from neutron di�raction results [131] to within an error of ±5 K is

used for TC(Amb). While variations in TC(Amb) on the order of 5 degrees introduce some

error in TC(P) at low pressures, they do not signi�cantly a�ect the higher pressure data

points.

The pressure dependence of TC obtained from the Curie-Weiss model is displayed in Fig.

3.13 and �t by a linear decrease with a gradient of -4.74 ±0.9 K GPa−1. This is in good

agreement with the result of Sidorov et al. [198] and extends the region of observation with

the result that the linear dependence continues all the way to 15 GPa. Linear extrapolation

of the Curie temperature decrease results in a critical pressure, Pc, for the onset of a non-

magnetic state of 80 GPa (insert Fig. 3.13). From the work of Angilella et al. [7] it is

clear that a linear extrapolation violates the third law of thermodynamics in the vicinity of

the critical pressure. To be consistent with the laws of thermodynamics it is necessary that

dTC/dP → −∞ as P → PC and to accommodate this condition Angilella et al. [7] proposed

the interpolation formula

TC(P ) = TC(Amb) (1− P

Pc
)γ (3.10)

Typical behaviour of an itinerant ferromagnetic material [148] is found when γ = 1. Fits to

the XMCD data using this equation �nd that there are a range of possible critical pressures,

45±11 GPa which are consistent with the observed low pressure behaviour and the pressure

dependence TC(P ) for a sample of these Pc values is displayed in the insert of Fig. 3.13. The

range of critical pressures resulting from extrapolation the experimental data are in closer

agreement with the calculation of Srivastava et al. [209] which found Pc = 65 GPa, than to

that of Matar and Demazeau [141] which predicted the substantially higher value of Pc =

120 GPa. The fact that both the calculated values are outside the uncertainty range of the
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Chapter 3. CrO2 under pressure

experimental Pc suggest that therefore further re�nements to the theory, such as the inclusion

of phase transitions, may be necessary to resolve the discrepancy.

With the goal of arriving at a physical explanation for the observed TC decrease a qualita-

tive picture of the superexchange interactions and their dependence on Cr-O-Cr bond angles

is discussed in the next section. These arguments provide a complementary approach to the

problem of evaluating theoretical magnetic ordering temperatures compared to that used in

band structure calculations where the total energy of magnetic and non-magnetic states at

0 K and how this changes with compression is used to infer the pressure dependence of TC

[140, 141].
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Figure 3.13: Decrease in Curie temperature, TC, with pressure necessary to account for

the reduction of room temperature magnetisation observed with XMCD. Horizontal error

bars come from pressure relaxation over the period of the XMCD measurement. Insert:

Extrapolation of TC to higher pressures using a linear dependence (dotted line) and the

procedure of Angilella et al. [7] based on thermodynamic arguments.

3.4.2 Super-exchange vs double exchange

The lowering of TC with pressure indicates a weakening of the ferromagnetic exchange re-

sponsible for long range order. One way this could occur would be if the strength of antiferro-

magnetic superexchange (SE) were to increase with compression providing a counterbalance

to the ferromagnetic double exchange (DE) interaction. Since both SE and DE have their

origin in electron correlations due to interatomic hopping it is expected that each interaction

will increase with pressure as orbital overlaps and hopping integrals increase. Indeed, the

increase in bandwidth with compression is observed to strengthen the ferromagnetic double
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3.4. Suppression of ferromagnetism

exchange interaction in several other systems [152, 153] resulting in an increasing TC with

pressure [159]. Also the tetragonal distortion of octahedra associated with the localisation of

the dxy orbital necessary for double exchange, increases with pressure and naively this larger

distortion will also favor DE. However, if an increase in the DE were the dominant e�ect TC

would become larger upon compression. Therefore the observation of the opposite case, a

lowering of TC, suggests instead that there is a rise in the antiferromagnetic SE with pressure

that dominates over any enhancement of DE.

To evaluate this possibility in more detail the nearest neighbour (NN) and next nearest

neighbour (NNN) exchange interactions, denoted J1 and J2 respectively, are considered. Ac-

cording to density functional theory calculations of the hopping integrals amongst the t2g

electrons [238] the contribution of third nearest neighbour interactions will be relatively small

compared to the �rst and second nearest neighbour terms terms [238] providing some justi-

�cation for the fact that J3 and all higher order interactions are neglected in the following

qualitative analysis of superexchange. This ordering of relative exchange strengths is further

borne out by the LSDA + U calculations of Sims et. al [199] which �nd that both J1 and

J2 are more than three stronger than the third nearest neighbour interaction J3. In terms of

geometry J1 couples Cr spins within a ribbon of edge-sharing octahedra running parallel to

the c-axis while J2 couples spins between ribbons in the a-b plane (Fig. 3.2). Overall there

are four times more NNN than NN which means the lowering of TC observed with XMCD

requires a decrease in the quantity J1 + 4J2. Decomposing this further into individual con-

tributions from double exchange and superexchange shows that TC is proportional to J1(DE)

+ 4J2(DE) + J1(SE) + 4J2(SE).

According to the Goodenough-Kanamori (G-K) rules for superexchange [107] bonds that

are close to 180° are generally antiferromagnetic given a similar orbital occupancy of the metal

ion. Indeed several works [40, 147, 244] on metal oxides systems dominated by superexchange

�nd that the Néel temperature is proportional to the cosine squared function of the angle

subtended by the two metal ions and the intervening ligand, i.e. cos2 θ. Hence, as the

pressure increases and the Cr-O-Cr angle associated with the J2 exchange path opens towards

180 which will lead to an increase in the antiferromagnetic superexchange, J2(SE). The other

important exchange integral, J1 has a bond angle of 99° that closes towards 90° for which

the G-K rules state that, J1(SE) is more likely to be weakly ferromagnetic and increasingly

so with pressure. In addition, the length of the Cr-O-Cr exchange path for J1 increases

with pressure following the increase in equatorial Cr-O distance (Table in Fig. 3.2). These

two e�ects combine to reduce the strength of J1(SE) with pressure and as a result J2(SE)

will provide the dominant contribution to the net superexchange at pressure resulting in an

increasingly antiferromagnetic interaction. Hence according to the G-K rules the changes
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in geometry of the exchange paths are consistent with the observation of a reduction in TC

and suggest that the decrease is due to stronger antiferromagnetic SE as the Cr-O-Cr bond

becomes increasingly collinear.

The physics of the double exchange interactions in negative charge transfer materials is

quite involved and rich array of magnetic phases are possible. For example, even within the

DE model, ferromagnetism can become unstable with respect to the formation of helicoidal

or antiferromagnetic order when the negative charge transfer energy becomes large enough

[152, 153]. Including the SE interaction introduces the possibility of canted phases and phase

separation between AFM and FM regions due to competition with DE [49, 57, 77]. Although

there is no need to consider such phases in the measured pressure range the increase of SE

strength suggests such exotic phases may be relevant in CrO2 at higher pressures and lower

temperatures. Indeed, a recent DFT study of exchange interactions in CrO2 [199] considered

a hypothetical spin-spiral arrangement with the screw axis along the c-axis and found that,

due to the antiferromagnetic nature of J3, the non-collinear state could be favoured given a

modi�cation of other exchange parameters. Given these interesting possibilities one goal of

the the above qualitative analysis of the exchange interactions with bond angle is that it may

inspire more rigorous theoretical studies into the relationship between compression and the

balance of double and superexchange interactions in this important half-metallic material.

3.4.3 Future work

There are several possible directions in which the work on the high pressure magnetic state

of CrO2 could be extended. Firstly the Cr K-edge XMCD could be measured out to higher

pressures and also at lower or higher temperatures. Temperature dependent measurements

would be especially useful as they would provide an opportunity to con�rm the hypothesis that

loss of magnetisation is a result of a lowered TC and to search for phases with non-collinear

spin ordering such as the spin spiral con�guration considered by Sims et al. [199].

On the theoretical side the pressure dependence of exchange interactions could be analysed

in more detail. In particular, the e�ect of compression on double-exchange, which is the

dominant mechanism at ambient pressure, could stand further scrutiny. In the above analysis

it is suggested that the fact that the distortion mechanism linked to double exchange, coupled

with the increase in bandwidths, suggest that the double exchange should increase in strength

with pressure. Although both trends have supporting evidence in other works [55, 152, 153]

the best justi�cation for the statement that 'double exchange increases with pressure' would

come from a proper theoretical study of DE interactions in compressed CrO2 lattice.

Finally we note that another caveat to this analysis is the possibility that correlation

e�ects of the type which cause non-quasiparticle states [144, 39] result in some depolarization
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of CrO2 at the Fermi level which could in�uence the Cr spin moment. If such e�ects were

to be increasingly important with pressure then it is clear that a more detailed treatment

of electron-magnon correlations would be necessary to correctly describe the high pressure

magnetic state of CrO2.
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Chapter 4

Interlayer magnetic coupling

This chapter provides some background into the nature of magnetic interactions in Co/Cu

multilayers and summarises the state of current knowledge about interlayer magnetic coupling

in such systems. Particular attention is paid to concepts and results relevant to how coupling

between the ferromagnetic layers will be a�ected by doping the Cu spacer layer with magnetic

Mn atoms.

4.1 Magnetic interactions in F/Sp/F structures

Ferromagnetic thin �lms separated by a nanoscale non-magnetic (or very weakly magnetic)

spacer layer often have a preferred relative orientation of the ferromagnetic layers. This in-

dicates that each ferromagnet is sensitive to the orientation of the other due to some form

magnetic interaction which bridges the non-magnetic spacer layer. A particularly famous

example of this phenomenon is the oscillatory interlayer coupling where the magnetic ground

state of the multilayer structure changes between antiferromagnetic (AF) and ferromagnetic

(F) depending on the thickness of the spacer layer [164]. Indeed, since the discovery of oscilla-

tory interlayer exchange coupling [164] and the giant magnetoresistance e�ect (GMR) [16, 12]

in the late 80's and early 90's interlayer coupling phenomena have been studied intensely,

inspiring numerous experimental and theoretical works dealing with their manifestation in

a variety of spacer layer and ferromagnet con�gurations [60]. A diverse range of magnetic

orientation e�ects have been observed including temperature dependent switching between

AF and F alignment [58], spin �op phases [125] and biquadratic (90◦) ground states [53].

The interlayer coupling responsible for the variety of magnetic orientations can be de-

scribed by specifying the magnetic energy as a function of angle between the two ferromag-

nets, E(θ). One approach is to expand this energy in terms of the dot product of the two

magnetisations (Eq 4.1) resulting in series of exchange constants Jn which describe the cou-

pling in terms of the powers of the cosine function. This phenomenological approach re�ects
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(a) (b)

Figure 4.1: (a) Schematic of a F/Sp/F structure sans spacer layer. (b) Powers of the cosine

function used in the phenomenological description (Eq. 4.1) of interlayer magnetic coupling.

the symmetry inherent in coupling two vectors and is found to correctly describe the coupling

present in many F/Sp/F systems [60].

E(θ) = −a1m1.m2 + a2(m1.m2)2 − a3(m1.m2)3 + ...

= −J1 cos θ + J2 cos2 θ − J3 cos3 θ + ...
(4.1)

The leading term of the expansion, J1, describes the bilinear coupling and causes either

ferromagnetic alignment if it is positive or antiferromagnetic alignment if it is negative. Hence,

the bilinear J1 term favours collinear magnetisation arrangements. The second order term,

J2, introduces a new possible minimum at π/2, known as biquadratic alignment. J2 will

reinforce the bilinear coupling if it is less than zero but will favour right angle alignment of

the ferromagnets if it is positive. Higher order terms in equation 4.1 simply reinforce either

biquadratic or bilinear alignment depending on whether they are odd or even and therefore do

not lead to qualitatively new behaviour. In practice it is therefore generally su�cient to use J1

and J2 to provide a complete description of the interlayer magnetic coupling. Finally it should

be noted that there are some exceptional systems, generally with antiferromagnetic spacer

layers, which are not well described by Eq. 4.1. For example, Fe/Cr/Fe and CoFe/Mn/CoFe

multilayers are better thought of in terms of the proximity magnetism model where the energy

dependence on the coupling angle is polynominal rather than trigonometric [204].

In a complementary approach to the phenomenological expansion of Eq. 4.1 the interlayer

coupling in a F/Sp/F structure can also be studied in terms of the underlying physical inter-

actions responsible for communication between the ferromagnets. These interactions can be

broadly separated into two classes:

1. Exchange interactions due to overlap of electron wave functions
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2. Magnetostatic interactions associated with the dipole �eld of the ferromagnetic layers

The �rst coupling mechanism is clearly relevant in systems with strongly magnetic spacers

layers. For example, in the case of an antiferromagnetic spacer like Cr or Mn the information

regarding the magnetic orientation of the opposite ferromagnet is transferred via the direct

exchange interaction which responsible for the antiferromagnetism of spacer material [67,

72, 204]. Interestingly, the exchange mechanism can also dominate when the spacer is non-

magnetic. In this case a small amount of polarisation amongst the usually non-magnetic spacer

layer electrons is induced by the neighbouring ferromagnets resulting in long range oscillatory

coupling. This form of interlayer exchange can be approached from several di�erent viewpoints

including that of RKKY exchange interactions between the atoms in each of the ferromagnets

[28, 29, 25] or spin dependent re�ection at the interfaces leading to quantum con�nement of

spacer electrons [27, 212, 60].

The dipole �eld produced by an in�nite �at magnetised plane is formally zero [228], hence

the second coupling mechanism relies on the presence of non-homogeneous interfaces between

layers. The nature of the magnetostatic coupling is then dependent the amount of correlation

between the bumps and valleys present at the opposing interfaces as well as the amplitude

and lateral length scale of these features. Dipole interactions are also very important around

the edges of �lms and hence the sample dimensions can have a strong in�uence on this type

of coupling [222, 150].

Amongst the various manifestations of the F/Sp/F system, Co/Cu multilayers are at

the least complex end of the scale as they are comprised of a well behaved non-magnetic

metal, Cu, and one of the three elemental ferromagnets, Co. For this reason they have

functioned as somewhat of a model system for interlayer coupling e�ects and are one of the

most thoroughly investigated structures [139, 137, 138, 173, 164, 126, 115, 114, 116, 104, 195,

192, 96, 94, 29]. In the next two subsections experimental and theoretical results pertaining

to how the RKKY exchange and magnetostatic interactions behave in the particular case of

Co/Cu multilayers are reviewed. The primary focus is magnetic interactions across a Cu(111)

spacer as understanding these will be most helpful in interpreting and modeling how the

interlayer coupling is modi�ed when the spacer layer is doped with Mn as occurs in the (111)

textured Co/CuMn multilayer structure.

4.1.1 RKKY exchange

Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange is due to polarisation of the conduction

electrons surrounding a localised spin and it has the distinctive feature that it oscillates in

sign with distance from the spin in question (Eq. 4.3). It was originally derived by Ruderman

and Kittel [181] in terms of the indirect interaction between nuclear spins via the conduction
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electrons and was later generalised to the case of localised d electron spins associated with

magnetic transition metal impurities embedded within a noble metal matrix by Kasuya and

Yosida [242, 108]. As RKKY exchange is communicated by the polarisation of extended Bloch

states it only occurs in crystalline materials with delocalised electrons. In fact, determining

the form of the interaction involves integrating over the allowed electron momentum states

(k-space) with the result that properties like the period, phase, intensity and temperature

behaviour all depend in some way on the details of the host Fermi surface. For example,

in the free electron approximation the period of oscillation is directly related to the Fermi

wavevector kf (Eq. 4.3) while the magnitude and phase depend on the electronic interaction

between the localised spin and the conduction electrons [25].

For a transition metal the factor a�ecting the magnitude of coupling, Jsd, is determined

by the hybridisation between the d electrons, which carry the moment, and the conduction

s electrons [30]. Analytical treatment of the s-d mixing is possible [6, 25, 108] however in

practice, ab initio calculations are often used to determine the strength of this interaction [126]

and therefore the absolute strength of the RKKY exchange. The other constants a�ecting

coupling strength in Eq. 4.3, such as the e�ective electron mass, m∗, are related to details of

the host Fermi surface.

Hi,j = Jrkky(rij)
−→
Si ·
−→
Sj (4.2)

Jrkky(r) =
4J2

sdm
∗k4
f

(2π)3~2

2kfr cos(2kfr + φ)− sin(2kfr + φ)

(2kfr)4

≈ A
cos(2kfr + φ)

r3
as x→ +∞

(4.3)

When alternating antiferromagnetic and ferromagnetic ground states in multilayer systems

as a function of spacer thickness were �rst observed they were immediately attributed to

RKKY exchange operating across the non-magnetic spacer [164]. Indeed, simply summing

the RKKY exchange between each pair of atoms in the left and right ferromagnets successfully

reproduces the observed periods and the order of magnitude strength of the coupling present

in Co/Cu systems [28]. In this approach, the summation over the two dimensional �lm

combined with k-space integration leads to cancellation of the RKKY interaction (due to

a quickly varying phase) for all but a few special k vectors. In particular, if we de�ne the

perpendicular direction, kz, as normal to the plane of the �lm and k|| as in plane, then to have

a non-zero interlayer RKKY exchange the spanning vector, qz = kuz − kvz , must be stationary

with respect to k||. Here kuz , k
v
z are the z components of two vectors at the Fermi surface

or in other words Ek||,kuz = Ek||,kvz = EF . Geometrically, this condition states that a vector
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connecting adjacent Fermi surfaces in the extended zone scheme along the z direction will

contribute to the coupling if and only if it is at an extremum with respect to k||. Several of

these extremal spanning vectors for FCC Cu are shown in Fig. 4.2a on a cross section of the

three dimensional Fermi surface. In general there can be several locations where the above

condition holds resulting in multiple RKKY periods for a single crystalline orientation of the

spacer layer. Indeed, the overall interlayer coupling predicted by RKKY theory consists of a

summation of the exchange associated with each relevant extremal spanning vector qαz where

each α will have a unique phase, intensity and temperature dependence:

Jrkky1 (z) = −
∑
α

Iα
d2

z2
sin (qαz z + φα)Fα(z, T ) (4.4)

Here the factor Iα =
Φαvz |καxκαy |1/2

4π2d2
sin2(mαπ) [25] which has units of energy per area

determines the intensity of the overall exchange in terms of the parameters Φα, κ
α
x , κ

α
y , vz

which all relate to the geometry of the Fermi surface at the position of the extremal spanning

vector. The dimensionless parameter Φα also includes the amount of hybridisation between the

ferromagnetic layers and the spacer material. The magnetisation dependence enters through

mα which is the amount of spin polarisation of the virtual bound state in the spacer layer

band structure and �nally d refers to the lattice spacing in the z direction [25].

The factor F (z, T ) = z/L(T )
sinh(z/L(T )) where L(T ) = T0

T = vu,vz
2πkBT

describes the temperature

dependence of the RKKY exchange due to thermal broadening at the Fermi level. The

temperature factor causes stronger attenuation of exchange at larger z values and higher

temperatures as described by the attenuation length L(T ) which is related to the vector

average of the Fermi velocities at the position of the extremal spanning vector [25, 60, 173].

The temperature dependence of RKKY exchange is discussed further and more completely in

Sec. 6.1.2.

The predictions of RKKY theory for several spacer layer orientations are plotted in Fig.

4.2b with periods and phase as determined in [28] but with arbitrary intensities and no

temperature dependence included. Also we note that the crystalline lattice has an aliasing

e�ect which means that periods less than the lattice spacing are not observed directly but

instead shift to longer physically observable wavelengths and that this e�ect has been included

when determining the periods displayed in Fig. 4.2b. Although only one extremal spanning

vector can be seen in 4.2a for the (110) direction three more exist at locations not covered in

the slice of the Fermi surface shown. The case of a (111) spacer is particularly suited to the

study of interlayer exchange as only a single RKKY period exists meaning that comparison

between experiment and theory is a simpler proposition. Moreover, the spanning vector for
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(111) is rather small owing to the necking of the Fermi surface resulting in a long easily

observable period of 10-12Å.

(a) (b)

Figure 4.2: (a) Cross-section of the Cu Fermi surface showing the extremal spanning vectors

for (111), (001), and (110) orientated spacers. (b) RKKY exchange strength with depth after

Eq. 4.4 with periods and phases as described in [28].

Generally there is a good match between RKKY theory of Co/Cu and the experimentally

observed oscillation periods and strength of the interaction [212]. For example, for Cu(111)

spacers several works have observed an AFM maximum at 9Å and 19Å [195, 164, 96, 123]

in agreement with the predicted period of 10 Å. Fewer studies have been done investigating

the temperature dependence, however, those that exist �nd that the form of the decrease in

coupling strength with T is well described by F (z, T ) but that the characteristic temperature,

T0, is less than is expected from the curvature of the Fermi surface [173].

At this point it should be noted that comparison between theory and experiment can de-

pend crucially on the quality of samples grown. For example, interface roughness acts as a low

pass �lter for the RKKY oscillations and can also be responsible for magnetostatic coupling

(see Sec 4.1.2). The presence of crystalline defects destroys the lateral periodicity assumed

in the k-space formalism resulting in a cut-o� length in z beyond which the RKKY coupling

breaks down [29]. Also, some groups have observed twinning between HCP and FCC order-

ing in Cu(111) spacers leading to the presence of ferromagnetic inclusions (magnetic pinholes)

and resulting in ferromagnetic coupling by direct exchange [23, 174]. Each of the these e�ects

has the potential to dominate over the RKKY and explain why AFM/FM oscillations may

be weakened or even completely absent for a particular set of samples [62].

Finally we note that other theoretical approaches to the problem of interlayer exchange

70



Chapter 4. Interlayer magnetic coupling

coupling across a non-magnetic spacer exist including quantum con�nement and calculation

of the compete band structure of the system. For the case of Cu spacer, quantum con�ne-

ment leads to the same criterion for the extremal spanning vector as RKKY theory [27, 26].

However, the quantum con�nement model correctly describes e�ects due to wave interference

that occur in trilayers with di�erent capping layer thicknesses [54] where RKKY does not,

meaning that the quantum con�nement model is the more complete description of interlayer

exchange coupling. Furthermore, full ab initio band structure calculations, while technically

more accurate than either model, also give the same periods, strengths and phases as RKKY

theory for the (111) direction [126]. This shows that, at least for a simple metal spacer such as

Cu in a multilayer system, the RKKY approach is su�cient for modeling oscillatory interlayer

exchange interactions and as such this is the approach which shall be used in this thesis to

describe interlayer exchange interaction in the Co/CuMn(111) system.

4.1.2 Stray dipole �elds

This coupling is due to dipole �elds from each ferromagnet interacting with each other across

the spacer layer. According to Demokritov[52] the dipole �eld at the edge of a lattice of spins

decays exponentially with a decay constant proportional to the lattice spacing, hence, for a

perfect interface the dipole �eld will only extend a few angstroms and this is insu�cient to

reach across a typical spacer layer. However, if the interfaces have steps or other forms of

roughness the range of the dipole �eld can be extended signi�cantly. For example, Fig. 4.3a

shows the dipole �eld associated with stepped interface where the steps 1 monolayer in height

(z) and laterally form stripes which are �ve atoms wide (x) and in�nitely long (y). The �eld

has been calculated according to the procedure of Tsymbal [228] and it is clear that the the

dipole �eld extends much further from the interface in the vicinity of the step. Taking care

with the units indicates that it is possible to have �elds on the order of 100mT around 10 Å

from the interface from this kind of roughness which may interact with �eld from the opposite

ferromagnet resulting in coupling of the two layers.

Indeed if the steps at opposing interfaces are correlated such as occurs when there is a

'waviness' or undulation of the interface (Fig. 4.3b) then the dipole interaction has been

shown to favour ferromagnetic alignment [69]. This form of interlayer interaction is known

as 'orange peel' coupling after the dimples on the surface of an orange which provide a nice

visualisation of a wavy two dimensional surface. When the roughness pro�le of the two

interfaces is uncorrelated there is no net bilinear coupling however, the stray dipole �elds may

lead indirectly to a net BQ coupling [20, 52] (see Sec. 4.2.2 for further details).

The dipole �eld from a rough interface will generally have a complex geometry and this

makes analytical calculation of the stray dipole �eld impractical. A more e�cient alternative
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4.2. Origin of biquadratic coupling

(a) (b)

Figure 4.3: (a) In-plane dipole �eld near a bcc ferromagnet with 1 monolayer steps at the

interface. (b) Magnetic �eld in a Co/Cu/Co system with wavy interfaces according to 2D

micromagnetic OOMMF simulations [59]. The length scale of the simulation is 20 x 10 nm

and the maximum �eld strength in the spacer layer is ∼ 0.5T .

way to determine coupling strengths and �eld directions is to employ numeric micromag-

netic calculations. Micromagnetic simulations use numerical methods �nd a self consistent

distribution of magnetisation and dipole �elds given a particular set of material parameters.

Figure 4.3b has been produced by such a simulation using the two dimensional version of

the OOMMF code [59]. The side length of the simulated area displayed in Fig. 4.3b is 20 x

10 nm, the bulk value for the Co magnetisation has been used, the Cu layer is taken to be

completely non-magnetic and the black arrows indicate the magnitude and direction of the

equilibrium dipole �eld. The pattern of arrows indicate that the dipole �elds in the spacer

layer of this wavy sample are primarily orientated perpendicular to the plane of the �lm and

are found to have a maximum strength in the spacer region of ∼ 0.5T .

Magnetostatic interactions are purely geometric in nature so will have little or no temper-

ature dependence. Any temperature dependence that does exist will be due to the decrease in

Ms of the ferromagnets at temperatures close to the Curie temperature. As the spacer layer

is made thicker the strength of the magnetostatic coupling should decrease exponentially [52].

4.2 Origin of biquadratic coupling

To �rst order, both stray dipole �elds and exchange interactions produce bilinear interlayer

coupling favouring either F or AF alignment of the ferromagnets. Empirically, however,

many layered systems display a strong preference for biquadratic (90◦) alignment [60, 53].

Several di�erent physical mechanisms have been proposed regarding how the net coupling

experienced by a F/Sp/F structure may be dominated by the biquadratic term, J2, and

thus can account for the canted magnetic alignment observed in many layered systems. The
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Chapter 4. Interlayer magnetic coupling

mechanisms suggested as the origin of biquadratic coupling include intrinsic BQ coupling

[61, 60], the proximity magnetism model, the �uctuation mechanism [202] and loose spin

coupling [203] and these will be discussed individually in the following sections.

4.2.1 Intrinsic J2

The intrinsic mechanism refers to BQ coupling associated with the interlayer exchange inter-

actions present in an ideal multilayer with perfect interfaces and no defects or impurities in

the spacer layer. Although in RKKY theory (Eq. 4.4) the interlayer exchange coupling is

strictly bilinear, more sophisticated treatments involving quantum well states or band struc-

ture calculations [61, 66, 27] �nd that there are some corrections to the RKKY result and that

higher order terms, such as cos2(θ), do enter into the angular dependence of coupling. Despite

this the intrinsic biquadratic contribution is found to be small compared to the bilinear terms

and therefore the intrinsic J2 is only observable in the pathological case where the spacer

thickness corresponds to node in the J1 oscillation.

4.2.2 Fluctuation mechanism

The �uctuation mechanism [202] is based on the premise that di�erent laterally separated

regions of the �lm have di�erent signs of the bilinear interlayer coupling. The magnetisation

distribution within the ferromagnetic layers is then considered in some detail. Namely '�uc-

tuations' in the local direction of the magnetisation,
−→
M, away from the net magnetisation

direction within the ferromagnet, −→m, close to the interface with the non-magnetic spacer (see

Fig. 4.4a) due to the varying sign of bilinear coupling are analysed. This deformation of

the local magnetisation direction has been plotted in Fig. 4.4b for some typical values of the

exchange sti�ness, A = 1.2 mJ m−1 and lateral length scale, 25Å, of the interlayer coupling

variation, 25Å. Here it can be seen that the orientation of magnetisation '�uctuates' slightly

(< 5◦) around the mean direction, −→m (0◦), close to the interface and that the deformation

decays in amplitude with depth in the ferromagnet. It is found that this interfacial deforma-

tion or '�uctuations' in
−→
M cause a lowering of the total energy when the ferromagnets are at

90◦ to each other, but do not reduce the total energy of the system for bilinear (either F or

AF) alignment and therefore only contribute to the J2 coupling term1. The overall e�ect is

that, in the absence of a strong net bilinear coupling (such as the case where there are equal

1The reason that �uctuations occur for biquadratic but not bilinear alignment can be seen in Fig. 4.1b

where the interlayer coupling energy is plotted as a function of canting angle. It is clear that a small change

of canting angle does not e�ect the energy of the F or AF states as here the derivative with angle is zero.

However, for θ = 90◦ the derivative of coupling energy is is maximum and meaning small changes in angle can

lead to lower overall energy.
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4.2. Origin of biquadratic coupling

proportions of F and AF regions within the �lm), the energy reduction due to �uctuations of
−→
M can stabilise the biquadratic state.

(a) (b)

Figure 4.4: (a) Two ferromagnets aligned at m−m′ = 90◦ showing the geometry considered

in the �uctuation mechanism. The yellow plane will have distribution of exchange energy,

Jf (x, y) which functions as a boundary condition when solving for the local direction of

magnetisation, M, in the volume of the top ferromagnet. (b) Solution to the magnetisation in

the top ferromagnet when Jf (x, y) = 4J sgn(sin(2πx/L)). For the parameters used (L = 25

Å,
∆J

A
= 7.5× 10−3) the �uctuations in angle are small (< 5◦).

For a complete mathematical treatment of �uctuations we consider a three dimensional

magnetisation distribution, ~M(x, y, x), which has a �xed magnitude and an orientation which

varies spatially as described by the angles θ(x, y, z) and φ(x, y, z). The exchange energy of

such a system is

Eex = A

∫
V

(
∇ · ~M

)2
dV = A

∫
V

|∇θ|2 + sin2 θ |∇φ|2 dV (4.5)

where A is the exchange sti�ness with units of energy per unit distance. Eq. 4.5 essentially

describes a penalty in exchange energy for deviations away from the mean magnetisation

direction. In our situation we consider that the magnetisation is only ever aligned in-plane

(φ = 0). We can then write the total exchange energy, including that from interlayer exchange,

for the distribution of magnetisation, θ(x, y, z), in the top layer (the un�lled box in Fig. 4.4a)

as the sum of a volume and surface integral

E = A

∫ d

0

∫ L

0

∫ L

0
(θ2
x + θ2

y + θ2
z) dx dy dz+

∫ L

0

∫ L

0
−Jf (x, y) cos(θ(x, y, 0)− θ′(x, y, 0)) dx dy

(4.6)
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Chapter 4. Interlayer magnetic coupling

where Jf (x, y) is the lateral distribution of interlayer exchange energy at the surface of the

ferromagnet (the yellow plane of Fig. 4.4a). The other surfaces of the rectangular prism are

considered to be free with no energy condition on them and hence do not contribute to the

surface integral. To determine the lowest energy we can employ a variational approach and

require that the energy is stationary with respect to variations of the function θ(x, y, z):

δE = A

∫
V

(2θxδθx + 2θyδθy + 2θzδθz) dV +

∫
S

Jf (x, y) sin(θ̄ − θ̄′) δθ dS = 0 (4.7)

where θ(x, y, 0) and θ′(x, y, 0) have been replaced by their mean values θ̄ and θ̄′ which will

be valid if the �uctuations are small. Eq. 4.7 can be rewritten2 as

δE = −2A

∫
V

(θxx + θyy + θzz) δθ dV +

∫
S

(
Jf (x, y) sin(θ̄ − θ̄′)− 2A

∂θ

∂n

)
δθ ds = 0 (4.8)

Both integrals must be zero in order to be satis�ed for all functions θ hence we �nd that θ

must satisfy

∇2θ = 0 in V, Jf (x, y) sin(θ̄ − θ̄′) = 2A
∂θ

∂z
on S (4.9)

which is Laplace's equation with a boundary condition due to the interlayer exchange. The

boundary condition speci�es the derivative normal to the boundary and is known as a Neu-

mann condition. For this type of problem to have a solution there is a consistency condition

on Eq. 4.9 requiring that integral of this derivative over the entire boundary must be zero

[35] ∫
S

∂θ

∂n
ds = 0 (4.10)

This will restrict the possible distributions of Jf (x, y) that can be treated using this con-

struction. Nevertheless, Slonczewski [202] provided the magnetisation distribution within the

ferromagnet (Eq. 4.11) which solves the partial di�erential equation (PDE) problem for in the

straightforward case where J1d(x, y) = Jl sin(πx/l). The sin(θ̄ − θ̄′) factor in Eq. 4.11 means

that no �uctuations exist for collinear alignment of the ferromagnets and this corresponds to

the fact that to �rst order there is no reduction in energy to be gained by a slight deviation in

magnetisation at the interface away from the means value for either F or AF alignment (see

Fig. 4.1b).

θ(x, z) = θ̄ −
Jl sin(θ̄ − θ̄′) sin(πx/l) cosh(πl (d− z))

2Aπ
l sinh(πl d)

(4.11)

2Using the Divergence theorem and the product rule for di�erentiation we have
∫
V

∇ · (∇θ)δθ dV =
∫
V

∇ ·

(θx, θy, θz)δθ dV =
∫
V

θxδθx+θyδθy+θzδθz dV +
∫
V

(θxx+θyy+θzz)δθ dV =
∫
S

(θx, θy, θz)δθ ·−→n dS =
∫
S

∂θ

∂n
δθ dS

which can be used to go from Eq. 4.7 to Eq. 4.8.
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4.2. Origin of biquadratic coupling

To �nd out the reduction in energy due to �uctuations and therefore the biquadratic coupling

of the multilayer this solution must be reinserted into Eq. 4.6. We note that a factor of two

enters into this process as there are in fact two interfaces (top and bottom ferromagnets)

and so far we have only considered one. We should also point out that the volume integral

is a summation of the exchange cost due to �uctuations and will therefore be positive while

the surface integral containing the boundary condition involves a reduction in energy due to

satisfying the interlayer coupling and will therefore be negative. For the biquadratic state to

be favoured the surface term must overcome the volume term. Hence, evaluating the integrals

in Eq. 4.6 and dividing through by the lateral area involved, L2, gives the energy per units

area of biquadratic alignment. Furthermore because the energy of both F and AF alignment

is exactly zero3, the energy per unit area of the biquadratic state will also directly give the

value of the biquadratic coupling constant, J2:

E[π/2]/L2 = −2
Jl

2l

8π A
coth

(
πd
l

)
, E[0] = E[π] = 0

=⇒ Jfl,1d2 = (1/2E[0] + 1/2E[π]− E[π/2])/L2 =
Jl

2l

4π A
coth

(
πd
l

) (4.12)

The utility of the solution in Eq. 4.11 comes from the fact that the principle of superposition

holds for Laplace's equation meaning the sum of two solutions is also a solution. Hence the

energy due to �uctuations from any distribution of interlayer exchange can be determined

by summation of solutions of the individual Fourier components. For example, in the case

of striped regions of alternating positive and negative J1 with width L the interfacial ex-

change distribution will be given by Jstripes(x, y) = 4J sgn(sin(πx/L)) which after Fourier

decomposition results in coupling of the form

Jfl,stripes2 = −
(

44J
π

)2 l

4π A

∞∑
n=1

1

(2n− 1)3
coth

(
(2n− 1)πd

L

)
≈ −4 (4J)2L

π3A
coth

(
πd

L

)
(4.13)

Interestingly the above equation indicates that the strength of the biquadratic coupling

increases as the length scale of variation in Jf (x, y) grows. The limit on this growth is

provided by the size of domain walls in the ferromagnet and when l approaches this value the

approximation that θ(x, y, z) is small breaks down as lateral domains begin to form.

Although Eq. 4.13 is the most commonly quoted result from the �uctuation mecha-

nism it pertains explicitly to the case stripes with a step function cross-section and the
3This statement relies on the fact that there are equal areas of AF and F coupling. If there were an

imbalance between the two there would be a net bilinear coupling and, although having a non-zero J1 value

would not necessarily e�ect the J2 coupling determined from �uctuations via Eq. 4.12 (as generally for a

bilinear interaction E[π]+E[0] = 0), such an imbalance between AF and F areas would violate the consistency

condition of Eq. 4.10 and would therefore require some generalisation of the mathematical treatment of the

underlying integral equation (Eq. 4.5) presented here.
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Chapter 4. Interlayer magnetic coupling

relation for other geometries may be easily calculated following the procedure of solving

Laplace's equation and Fourier summation as discussed above. For example, for a single

Fourier component in 2-dimensions where the period is the same for the x and y components,

Jf (x, y) = J sin(πx/l) sin(πy/l), the solution of Eq. 4.11 is modi�ed slightly by the inclusion

of a factor of
√

2 :

θ(x, y, z) = θ̄ −
Jl sin(θ̄ − θ̄′) sin(πx/l) sin(πy/l) cosh(

√
2π
l (d− z))

2A
√

2π
l sinh(

√
2π
l d)

(4.14)

The computation of the integrals in Eq. 4.6 for this function results in biquadratic coupling

of the form.

Jfl,2d2 = 2
Jl

2l

8
√

2π A
coth

(√
2πd

l

)
(4.15)

The fact that the lateral variation in J1 can come from any source means that the �uctuation

mechanism a rather general phenomenon. For example, short period RKKY exchange in

terraced samples [85], magnetic dipole interactions from rough interfaces [52], F exchange due

to magnetic pinholes in otherwise AF samples [174, 22] and arti�cially pattened domains [151]

have all been demonstrated to produce lateral variation of J1 and therefore BQ coupling via

the �uctuation mechanism.

4.2.3 Loose spin coupling

Loose spin coupling was proposed by Slonczewski [203] in order to explain temperature de-

pendent biquadratic coupling in magnetic multilayers associated with the presence of param-

agnetic impurities in the spacer layer. In this approach the free energy of the 'loose' impurity

spins is written in terms of the coupling angle, θ, between ferromagnets. The interesting

result is that the J2 contribution in such a situation must always be positive, thus favouring

biquadratic alignment. Furthermore the Boltzmann factor associated with the paramagnetic

spin ensures that the resultant coupling is strongly temperature dependent. A schematic of

the situation is shown in Fig. 4.5.

The impurity spin,
−→
S , is in�uenced by the interaction �eld of the left and right ferromag-

nets, UL and UR, according to the local spin Hamiltonian

H =
−→
M · (

−→
UL +

−→
UR) = g

−→
S µB · (

−→
UL +

−→
UR) (4.16)

In metallic spacers the dominant contribution to ~UL,R will generally be RKKY exchange

(Eq. 4.4), however, there is no fundamental reason why another interaction such as dipole

coupling could equally well be responsible for ~UL,R. As the loose spin has no preferred
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4.2. Origin of biquadratic coupling

Figure 4.5: Schematic of the loose spin coupling scenario involving a paramagnetic spin

sandwiched between two ferromagnets.

direction it is su�cient to know the magnitude of the vector sum of the interaction �elds

U [θ] =
−→
|UL +

−→
UR| =

(
U2
L + U2

R + 2|UL||UR| cos[θ]
) 1

2 in order to determine the free energy:

F [T,U [θ]] = −kBT ln

(
S∑

Sz=−S
exp(−g U [θ]Sz µB/kBT )

)

= −kBT ln

(
sinh(g (S + 1

2)U [θ]µB/kBT )

sinh(2U [θ]/kBT )

) (4.17)

The bilinear and biquadratic coupling strengths are then determined from Eq. 4.17 ac-

cording to

J ls1 = 1
2 (F [π]− F [0])

J ls2 = 1
2 (F [π] + F [0])− F [π/2]

(4.18)

In the case where the interaction
−→
U is due to the RKKY exchange then ~UL(R) will simply

parallel or antiparallel to the direction of magnetisation in the left (right) ferromagnet and

therefore computing the vector sum
−→
|UL +

−→
UR| is straightforward4. In particular, for the

bilinear case where all e�ective �elds and spins are collinear there are only four di�erent

possible sign combinations of ~UL and ~UR and these have been listed in Table 4.1 for both F

and AF alignment of the ferromagnets. For simplicity we have taken |~UL| ≥ |~UR| and nothing

is lost with this assumption as the situation is symmetric with respect to interchange of the

ferromagnets. The notation |~UL| = a, |~UR| = b is used for clarity.

From table 4.1 it is clear that the overall J ls1 is F when ~UL and ~UR have the same sign

and AF when the signs are opposite. The loose spin coupling resemble a chain that is only as

strong as its weakest link in the sense that the net coupling strength is primarily determined

by the weakest of the two interaction �elds UL and UR . This can be seen from the second to

last column on the right of table 4.1 where the quantity 1/2(U(π)−U(0)), which is proportional

4If, for example, ~UL,R were due to interacting dipole �elds rather than RKKY exchange then the geometry

would be more complicated resulting in a non-trivial vector sum

78



Chapter 4. Interlayer magnetic coupling
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Table 4.1: Sign of the bilinear loose spin interlayer coupling, J ls1 , due to a single magnetic

impurity. Four cases are listed corresponding to the possible combinations of the signs of the

left and right interaction �elds UL and UR (++, +-, -+, �). In each case the di�erence in free

energy between AF and F alignment of the ferromagnets will determine which orientation is

the ground state and therefore the sign of J ls1 . Note that the direction of the exchange �elds

UL and UR at the location of the loose spin (orange arrows) does not necessarily correspond

with the sign of UL and UR (green) which is de�ned relative to the ferromagnet orientation.

Without loss of generality the magnitude of the interaction �elds (|~UL| = a, |~UR| = b) has

been chosen such that a ≥ b.

to J ls1 in the case where the free energy is a linear function of the interaction �eld, is listed

and shown to be equal to the strength of the weakest interaction, |~UR| = b, in all cases. That

the weakest interaction is most important in determining the overall strength can also be

seen from the fact that if either the left or right interaction between the ferromagnet and

the magnetic impurity were to disappear there would be no longer be any overall coupling

between the ferromagnets as the chain of magnetic interactions is broken.

So far we have only considered bilinear coupling. To understand how the biquadratic

contribution from loose spins arises the expression for J ls2 in Eq. 4.18 can be scrutinised

in more detail. In particular, we wish to demonstrate that J ls2 > 0 for any combination of

interaction �elds ~UL and ~UR and therefore that the second order loose spin coupling is a

biquadratic interaction. This can be achieved by rewriting Eq. 4.18 in terms of the strength

of the left and right exchange �elds a and b, which are positive quantities, to get
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4.2. Origin of biquadratic coupling

J ls2 = 1
2 F [a− b] + 1

2 F [a+ b]− F [
√
a2 + b2]

= 1
2

(
F [a+ b])− F [

√
a2 + b2]

)
− 1

2

(
F [
√
a2 + b2]− F [a− b]

)
= 1

2 (i2− i1)

(4.19)

The above is a statement that J ls2 will be positive if the di�erence in free energy between

a − b and
√
a2 + b2 is less than that between

√
a2 + b2 and a + b. This condition has been

represented graphically in Fig. 4.6 as a comparison between the size of the two intervals i1

and i2. For a linear F [U ] it is clear from
√
a2 + b2 ≥ a that i1 will have the greater negative

value and so i2 > i1 =⇒ J ls2 > 0. For the non-linear case it is su�cient to note that the free

energy (Eq. 4.17) has essentially a hyperbolic cosine dependence so that dF 2[U ]/dU2 ≤ 0 ∀U

which again implies that i2 > i1 and that J ls2 is always positive. This is means that J ls2

always favours biquadratic alignment and never contributes to the collinear coupling. Hence

the origin of biquadratic coupling in the loose spin model has to do with the geometry of

the exchange �elds experienced by the magnetic impurities under di�erent alignments of the

neighbouring ferromagnetic layers.

√a2+b2√a2+b2

i1

i2

F[U]

0
a-b a a+b U

F 

Figure 4.6: Free energy of a loose spin as a function of the e�ective interaction �eld, U.

Despite the fact that J ls2 is always positive, there is no symmetry to suggest that 90◦

alignment should be energetically favourable compared to the collinear state (see Fig. 4.5)

and one might expect that J ls2 will be small compared to J ls1 . Indeed this is true and can be

veri�ed with further manipulation of the bilinear and biquadratic couplings written in terms

of the magnitude of the left, |~UL| = a, and right, |~UR| = b, interaction �elds. Note that again

a ≥ b:
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|J ls1 | = (F [a− b]− F [a+ b])/2 , J ls2 = (F [a− b] + F [a+ b])/2− F [
√
a2 + b2]

=⇒ |J ls1 | − J ls2 = F [
√
a2 + b2]− F [a+ b]

=⇒ |J ls1 | ≥ J ls2

(4.20)

where the last line follows from the triangle inequality (|−→u | + |−→v | ≥ |−→u + −→v |) and the

fact that F is a monotonically decreasing negative function. Equation 4.20 con�rms that the

bilinear loose spin coupling is always stronger than the J ls2 contribution5 and on the face of it

this suggests BQ alignment can never occur. However, we have so far only considered a single

loose spin and J ls1 may be either positive or negative depending on the sign of the left and

right RKKY interactions. Hence there is the possibility that a summation over all impurity

spins in the spacer will involve some cancellation of bilinear coupling from spins in di�erent

locations resulting in a small overall J ls1 and meaning that J ls2 would dominate experimentally.

This point will be discussed further during quantitative evaluation of the loose spin coupling

mechanism (Sec. 6.1.2 and 6.2).

5A similar result was obtained by Slonczewski [203] by taking the zero temperature limit where (again

assuming |~UL| > |~UR|) the two couplings can be written as J ls
1 = UR sgn(UL) and J ls

2 = U2
R/2|UL| implying

that |J ls
1 | > J ls

2 .
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Chapter 5

Onset of canting in Co/CuMn

multilayers

This chapter describes experimental results pertaining to the temperature dependence of

interlayer magnetic coupling in Co/Cu0.94Mn0.06 multilayers.

The fabrication of the series of Co/CuMn samples with increasingly thick CuMn spacer

layers and their characterisation with x-ray re�ectivity and magnetometry measurements is

detailed. Polarised neutron re�ectometry (PNR) is used to observe the in-plane orientation of

the Co layer magnetisation as a function of temperature and from this the strength of both the

interlayer bilinear, J1, and biquadratic, J2, coupling is determined. The net polarisation of

the Mn spins in the spacer layer is measured over the key temperature region using L2,3-edge

x-ray magnetic circular dichroism (XMCD) spectroscopy.

5.1 Growth and Characterisation of samples

A series of Co/Cu0.94Mn0.06 multilayer samples with di�erent spacer layer thicknesses were

grown by Dr Mannan Ali at Leeds university using magnetron sputtering. The �lm substrate

is a 2cm x 2cm Si(100) wafer with its native SiO2 layer intact. Bu�er and capping layers of Ta

have been included on either side of 30 bilayer repetitions that make up the main multilayer

section so that the resulting structure is

Si(100) / SiO2 / Ta /
[
Co / CuMn

]
× 30 / Ta

where the nominal layer thicknesses are as shown in Fig. 5.1. A base pressure of 1× 10−8

mbar, a Argon working pressure of 3.3× 10−3 mbar and room temperature were used for all

growth processes. The alloy layer was produced by sputtering from a Cu0.94Mn0.06 target. The

layers are found to naturally grow with (111) texture, perhaps because this ensures that each

successive monolayer is a close packed plane. Two separate growth runs were performed on
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Chapter 5. Onset of canting in Co/CuMn multilayers

di�erent days and are denoted in the sample label by 27 and 30. Table 5.1 provides a summary

of the sample series and layer thicknesses as veri�ed by the x-ray scattering measurements

discussed in the following section.

(a) (b)

Figure 5.1: (a) Co/Cu0.94Mn0.06 trilayer with an FCC structure and (111) texture with

AF magnetic alignment. (b) The full Co/CuMn multilayer sample structure including the

substrate, bu�er and capping layers. The thickness of the CuMn spacer layer, th, varies from

15 Å to 26 Å in 1 Å steps across the growth series.

5.1.1 X-ray re�ectivity and di�raction

X-ray re�ectivity pro�les using a Cu α source have been measured from each sample in order

to verify layer thicknesses and sample quality. X-ray data from the series is shown in Fig.

5.2 along with �ts made using the re�nement program Moto�t [154]. The location of the

�rst order Bragg peak provides a sensitive measure of the multilayer periodicity. In Fig. 5.2

the Bragg peak is seen in the Qz region 0.1 − 0.2 Å−1 and this is consistent with periods in

the range from 30 to 50 Å. Unfortunately the x-ray scattering length densities of Co and Cu

are very similar and therefore the re�ectivity pro�les are not very sensitive to the individual

Co and CuMn layer thicknesses, despite giving an accurate measure of the Co/CuMn bilayer

thicknesses via the Bragg peak. The x-ray re�ectivity is sensitive to details such as the

thicknesses of the bu�er, capping and SiO2 layers. In particular, it was found that including

some variation in the thicknesses of the Ta capping layer across the series was necessary to

�t each pro�le. This is attributed to oxidation resulting in an expansion of the Ta capping

layer thickness.

In order to con�rm sample crystallinity and the individual Co and CuMn layer thicknesses

the x-ray scattering measurements have been continued out to higher scattering angles at

which point it is possible to measure di�raction peaks from the multilayer structure (Fig.
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5.1. Growth and Characterisation of samples

Figure 5.2: X-ray re�ectivity from the Co/CuMn multilayer series. Red lines indicate �ts

made with the structural parameters listed in Table 5.1

Figure 5.3: X-ray di�raction from the 027 Co/CuMn multilayer series. Black lines indicate

�ts made with the structural parameters listed in Table 5.1

5.3). The primary (111) di�raction peak is due to Bragg re�ection from the (111) planes and

it has two satellites peaks next to it which relate to the multilayer period. The connection is

that the multilayer structure is essentially a modulation of the crystal structure in the (111)

direction. The presence of these satellite peaks indicate that the sample has highly coherent

crystalline growth in the (111) direction. Fits have been made to the di�raction peaks using

the SuPReX program [73] and from these it is possible to determine the individual Co and Cu
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Chapter 5. Onset of canting in Co/CuMn multilayers

�lm thicknesses. X-ray di�raction has nothing to say about the bu�er, capping and oxygen

layers and hence is nicely complementary to the re�ectivity technique. Results from both

the re�ectivity and di�raction �ts are summarised in Table 5.1 where columns listing the

individual Co and CuMn thicknesses relate to the di�raction data and all of the rest to the

re�ectivity data.

Table 5.1: Layer thicknesses in the Co/CuMn multilayer series. Error bars indicate the

constraints on layer thickness determined from �ts to x-ray re�ectivity and di�raction data.

The nominal as-grown thickness has been quoted for sample 27-09 as no x-ray data was

collected on this sample.

5.1.2 Magnetometry

To characterise the magnetic behaviour of our series of samples and, in particular to deter-

mine information regarding the form of interlayer coupling, magnetometry measurements have

been performed. Several techniques have been used including the magneto-optical Kerr e�ect

(MOKE) for low �eld hysteresis loops at room temperature, AC susceptibility measurements

to look for the Mn spin glass transition and both superconducting quantum interference device

(SQUID) and vibrating sample magnetometry (VSM) to record low temperature hysteresis

loops.

MOKE The magneto-optical Kerr e�ect measures the amount of rotation of the polarisation

vector of optical light upon re�ection from a magnetic material. MOKE hysteresis loops

at room temperature were recorded for the complete sample series by Mannan Ali at the

University of Leeds. The probing depth into a metal of a typical MOKE setup [226, 113] is on

the order of 50-100 Å and hence the information pertains to roughly the top two Co/CuMn

periods of the multilayer structure. As can be seen from Fig. 5.4a the MOKE hysteresis

curves show a de�nite trend with spacer layer thickness, namely for thicker samples the loop

has a greater coercivity and a larger �eld is required to magnetise the sample. To visualise
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5.1. Growth and Characterisation of samples

this trend the loop closure �eld (which we de�ne as the �eld where the magnetisation curves

taken with a increasing and decreasing applied �eld join up) has been plotted as a function

of increasing spacer layer thickness in Fig. 5.4b. Although the curves in Fig. 5.4a look like

the �lms reach saturation within the measured �eld range Vibrating Sample Magnetometry

(VSM) measurements on samples 27-10 and 30-15 at higher �elds reveal some slope in the

magnetisation curve out to the kOe range (Fig. 5.5a). This is the reason that the loop closure

�eld is referred to rather than the more standard saturation �eld, Hs. Nevertheless, it is

clear that a large majority of the magnetisation switches at these low �elds. The decrease in

loop height across the series can be explained by the decreasing relative amount of Co in the

MOKE probing volume as CuMn thickness is increased.
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Figure 5.4: (a) MOKE hysteresis loops at room temperature from the Co/CuMn sample

series. (b) Spacer layer thickness dependence of the loop closure �eld from the MOKE loops.

A schematic of the locations of AF coupling maxima typically found for Cu(111) spacers

is shown in red and the blue highlights indicate samples measured with polarised neutron

re�ectivity.

In terms of what the MOKE loops can tell us about the interlayer coupling we note that in

the thinner samples the magnetisation switches almost completely at very low �elds and this

is indicative of a mainly ferromagnetic or uncoupled �lm where there are very few barriers

to magnetisation reversal. As the spacer layer increases in thickness a larger �eld is required

to reverse the magnetisation. This could be due to a number of things including a greater

component of antiferromagnetic coupling between layers, stronger e�ective anisotropies or

increased domain wall pinning. It should be noted that for pure antiferromagnetic coupling

with no other e�ects present one would expect no, or a least signi�cantly reduced, remnant

magnetisation (i.e. would expect close to zero magnetisation in zero �eld). However, it is clear

there exists signi�cant remnant magnetisation (at least ∼80%) in all of our samples which
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Chapter 5. Onset of canting in Co/CuMn multilayers

suggests that there is a signi�cant ferromagnetic component to the RT interlayer coupling for

all spacer layer thicknesses. Certainly there is no evidence of an oscillation between AF and

F coupling with thickness that would be expected from RKKY exchange in the MOKE loops.

However, we should note that the expected thickness for the �rst AF maximum was missed

in the series of samples grown and the second AF maximum may be weak due to attenuation

of the RKKY from rough interfaces or lateral defects (Sec. 4.1.1) so the absence of observable

RKKY oscillations is not completely unexpected.

VSM and SQUID The temperature dependence of hysteresis loops from the Co/CuMn(19Å)

sample has been recorded using the vibrating sample magnetometer (VSM) instrument at

chemistry department of the University of Sydney. The VSM data sets were further con-

�rmed by SQUID measurements performed on the Quantum Design PPMS instrument at the

School of Physics, University of Western Australia. Figure 5.5a shows VSM hysteresis loops

up to 6kOe between 50K and room temperature which have been normalised to the saturation

magnetisation Ms to make clear the di�erences in the approach to saturation between the

di�erent temperatures. Indeed, a clear trend is seen where the saturation �eld increases as

the temperature is lowered to 100K and below. The increase in Hs points to an stronger AFM

component to the interlayer coupling at low temperatures which is in qualitative agreement

with the results of Kobayashi et al. [114] for a similar system.
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Figure 5.5: (a) Normalised VSM hysteresis loops from Co/CuMn(19Å) multilayer sample

up to 6000 Oe. (b) Minor VSM hysteresis loops focusing on the low �eld (500 Oe) region

which displays the strongest temperature dependence.

To investigate further the low �eld region where the temperature dependence is strongest

minor hysteresis loops, where the �eld is cycled only between ±500 Oe, have been recorded

(Fig. 5.5b). These minor loops have not been normalised to Ms however the temperature
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5.1. Growth and Characterisation of samples

range is signi�cantly below the bulk Curie temperature of Co (1400 K) so the expected increase

in Ms with temperature is not large. In any case, both the normalised loops of Fig. 5.5a and

the raw loops in Fig. 5.5b show a decrease in M with cooling in the low �eld region. This

decrease is opposite to what is expected from thermal e�ects and therefore, as stated above

when considering the increased Hs, should be ascribed to the misalignment of magnetisation

between Co layers due to increasingly AF-type interlayer coupling. Considering the ratio

between the 110 K loop and the 5 K loop at 25 Oe the reduction in moment is on the order

of 15-20%. Geometrically there are several ways in which the reduction in M could occur

including that a small fraction of the multilayer has broken up into AF domains or that there

is an onset of canting between successive Co layers which reduces the projection of M onto

the �eld direction. In order to distinguish between these possibilities and determine the low

temperature magnetic alignment fully polarised neutron re�ectivity has been employed.

Figure 5.6: Left: Imaginary component of the AC susceptibility response of Co/CuMn(19Å)

as a function of temperature. Right: zoomed in version of the low temperatures peak sugges-

tive of spin glass ordering with Tsg= 11 K.

AC susceptibility The AC susceptibility measures the response of sample magnetisation

to an oscillating magnetic �eld and the technique provides the most clear cut experimental

signature of the existence of a spin glass state. Namely, the observation of a cusp in the AC

susceptibility signal with temperature whose location depends on the frequency of driving

�eld is indicative of the spin glass transition, Tsg [17]. In an attempt to observe this cusp and

hence determine whether, and at what temperature, the Mn spins in the Co/CuMn multilayers

freezes into a randomly orientated spin glass state the AC susceptibility with temperature has

been measured. The results are plotted in Fig. 5.6 and most interestingly they show a peak

in the complex susceptibility at 11 K suggestive of Tsg
1. Although no shift in temperature

1Tsg for bulk Cu0.94Mn0.06 alloys is ∼25 K [4], however the �nite size e�ects associated with thin layers

are expected to reduce this value [78]
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of this peak was observed when the frequency was varied this may be due to the limited

temperature resolution of the experiment. There is also a dip close to 90 K which coincides

with the onset of increased Hs in the hysteresis loops. Hence, the AC susceptibility suggests

that the spin glass transition in the CuMn spacer layer happens at a lower temperature (Tsg=

11 K) than the increase in antiferromagnetic character of the interlayer coupling and that the

two are e�ects are independent of each other.

5.2 Polarised Neutron Re�ectivity

Three samples (th = 15 Å, 19 Å and 26 Å) from the Co/CuMn series were measured with the

polarised neutron re�ectometer Nero at the GKSS research facility in Geesthacht, Germany

during two separate beamtimes in July 2008 and August 2009. Neutron re�ectivity pro�les

for each of the four spin dependent cross-sections (R++, R−−, R+−, R−+) have been recorded

at room temperature and 30K in both remanence and saturation. With these locations in

parameter space as a starting point the �eld and temperature dependence of the pertinent

parts of the re�ectivity pattern were then investigated in more detail (Sec. 5.2.3) in order to

fully characterise the magnetic behaviour.

PNR pro�les from all three measured samples were found to be qualitatively similar, hence

only full re�ectivity pro�les from 27-10, with a spacer layer thickness of 19Å are displayed in

the main thesis. Furthermore, for some conditions, such as the room temperature remnant and

low temperature saturated states, there is very little di�erence in the magnetic con�guration

and by extension the PNR pro�le. Therefore in the interests of brevity only one example

of the full polarised re�ectivity pro�les for ferromagnetic (Fig. 5.8) and canted (Fig. 5.9)

magnetic alignment are displayed here. Note that the PNR pro�les will be discussed with

reference to the coordinate system of Fig. 2.9.

5.2.1 Specular re�ectivity pro�les

In order to ensure a well de�ned magnetic history initial saturating �eld (600 mT) was ap-

plied to each multilayer sample at the start of the experimental session. To determine natural

ground state magnetic con�guration of the �lm the applied �eld is then removed2 and the

remnant PNR pro�le measured. Figure 5.8 displays the remnant polarised specular re�ectivity

pro�le from the Co/CuMn(19) multilayer structure at room temperature and the scattering

is indicative of ferromagnetic ordering of the Co layers. The fact that the sample is ferro-

2A small (H ∼7mT) guide �eld must be left even in the nominally 'remnant' condition in order to maintain

polarisation of the neutron probe particles.
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magnetically aligned can be seen from the absence of any spin-�ip scattering3, the splitting of

the non-spin �ip R++ and R−− channels at the critical edge and the fact that the multilayer

Bragg peak is only present in the R−− channel. The absence of spin-�ip scattering indicates

that there is no projection of the magnetisation, M , perpendicular to the �eld direction and

that the magnetic arrangement of the ferromagnetic layers is collinear. Splitting between the

R++ and R−− channels at the critical edge indicates that there is a net moment across the

sample. While the fact that there is a Bragg peak corresponding to the multilayer periodicity

in only the R−− channel but not the R++ suggests that the scattering length density (SLD)

of the Cu layer is very similar to that of Co layer with a positive magnetic contribution.
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Figure 5.7: Schematic of the Co and CuMn magnetic scattering length density (SLD) re-

sponsible for the spin splitting of the critical edge and the multilayer Bragg peak.

Essentially the spin down neutrons experience a periodic potential while the spin up

neutrons experiences a constant potential as, for that channel, there is little contrast between

the Co and CuMn layers (see Fig. 5.7). Any collinear orientations other than ferromagnetic

alignment (such as AF domains) will upset this balance and would result in a peak forming in

the R++ channel at the multilayer periodicity. For these reasons, it is clear that the magnetic

structure at room temperature (right of Fig. 5.8) is ferromagnetic.

The aforementioned inferences made about the magnetic structure from the polarised

re�ectivity can be made precise by simulating the expected scattering pro�le for a particular

structural and magnetic con�guration of the sample. The simulated scattering can then be �t

to the actual data through variation of the model sample parameters. This process has been

undertaken for this data by Thomas Saerbeck using code developed by Boris Toperverg based

on the distorted wave born approximation (DWBA) [243] and the results are indicated in Fig.

5.8 and 5.9 by the solid lines. Details of the simulation of both the specular re�ectivity and
3Although there is some intensity present in the R+- channel in Fig. 5.8 this is an experimental artifact

due to polarising elements which are not 100% e�ective causing some neutrons to 'leak' from the R++ to the

R+−and R−+ channels. The extent of the imperfect polarisation can be quanti�ed from the fraction of spin

�ip neutrons observed in the area of total re�ection in a scattering pattern from a purely ferromagnetic sample

and then taken into account during the quantitative �tting process.
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Figure 5.8: PNR pro�le (circles) from Co/CuMn(19Å) multilayer sample at room tempera-

ture with only the guide �eld of 7mT present. The spin splitting at the critical edge and the

Bragg peak indicate F alignment of the Co layers (right). Solid lines denotes �ts as described

in [184].

the complete two dimensional scattering map for each spin channel along with its relation

to the underlying magnetic domain con�gurations will be given in Thomas's thesis [184].

Nevertheless, the basic magnetic orientation of the Co layers can be correctly inferred from

the raw data by simply observing the critical edge splitting and the polarisation dependence

and Qz location of any Bragg peaks. The data will continue to be discussed on this level

and then later the values of coupling angle and saturation �eld derived from the re�ectivity

simulations of Saerbeck will be used to determine experimental values for J1 and J2 (Sec.

5.2.4). This will lead on to the primary concern of this work which is to investigate the

temperature dependence of interlayer exchange coupling in Co/CuMn - both on the level of

measuring what coupling is present in the system and in modeling the underlying physical

mechanisms responsible for coupling.

The remnant (H = 7mT) polarised specular re�ectivity pro�le from the same Co/CuMn(19Å)

structure (sample 27-10) at 27K is shown in Fig. 5.9. The obvious new feature in this pro�le

is the presence of a peak at half the Qz value of the multilayer Bragg peak. This 1/2 order

peak corresponds to real space features with twice the periodicity of the multilayer structure.

Furthermore, the new peak is due to spin �ip scattering (R+−, R−+) meaning that it orig-

inates from magnetic moments oriented perpendicular to the �eld direction. The magnetic

nature of this peak is further evidenced by the fact that it disappears when a high magnetic

�eld is applied forcing ferromagnetic alignment. Interestingly, the splitting of the non-spin
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Figure 5.9: PNR pro�le (circles) from Co/CuMn(19Å) multilayer sample at 30K with only

the neutron guide �eld of 7mT present. The appearance of the 1/2 order peak in the spin �ip

channel while the critical edge and Bragg peak remain split indicates that there is canting of

the Co layers (right). Solid lines denote �ts as described in [184].

�ip (R++ and R−−) channels remains despite the appearance of the spin �ip peak and this

indicates that there is still a large net moment present in the sample. Hence the underlying

magnetic structure at low temperature must have both

1. an appreciable net magnetisation parallel to
−→
H

2. a magnetic periodicity with depth which is twice the multilayer period when moments

are projected onto the direction perpendicular to
−→
H

The �rst condition clearly rules out the case of pure antiferromagnetic ordering of the Co

layers. Instead we must consider that either some fraction of the sample has broken up into

antiferromagnetic domains with their axis perpendicular to H but with the rest of the layer

retaining ferromagnetic ordering along H, or alternatively that there is a canting between

successive ferromagnetic layers in such a way that the projection of magnetisation onto the H

axis is ferromagnetic and the projection perpendicular to H is antiferromagnetic. A specular

simulation using the program Polar12 [179] is able to rule out the �rst possibility regarding

AF domains. It is found that any magnetic structure with a large enough proportion of AF

domains to account for the signi�cant 1/2 order peak will also cause signi�cant R++ intensity

at the multilayer Bragg peak location due to a loss of magnetic SLD responsible for the special

situation shown in Fig. 5.7.

Therefore it is quite clear from the appearance of the 1/2 order peak, and the fact that

there is no other major change in the re�ectivity pro�le, that the Co layers become canted
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by some angle, θ, upon cooling (right of Fig. 5.9) but that the net magnetisation remains

aligned with the applied �eld. Although the magnetic structure is not fully 'biquadratic' unless

the coupling angle reaches 90◦ the underlying interaction responsible for the canting is the

biquadratic interlayer coupling, J2. Hence the magnetic structure in Fig. 5.9 will be referred

to interchangeably as either a canted or biquadratic state whether or not the coupling angle is

in fact 90◦ without too much sleep being lost over this technicality. The exact coupling angle

involved depends sensitively on the relative intensities of the 1/2 order spin-�ip peak and the

non-spin-�ip splitting at the critical edge and Bragg peak and requires detailed quantitative

�tting of the PNR pro�le to determine accurately. This issue of the 1/2 order peak intensity is

the subject of the next section where the full two dimensional re�ectivity maps which include

the o�-specular scattering are discussed.

5.2.2 O�-specular scattering and the multi-domain state

Specular re�ectivity pro�les display scattering obeying the condition that αi = αf implying

that no in-plane momentum transfer, Qx, occurs during the re�ection process. An ideal

layered sample with perfectly �at, featureless layers4 would in fact produce solely specular

scattering with Q = Qz. However, in real samples lateral variations in the SLD, due to either

structural or magnetic �uctuations, result in a non-zero Qx and therefore some re�ection

intensity with αi 6= αf which is termed o�-specular scattering (Fig. 5.10a). In general a

layered sample will produce stronger specular than o�-specular re�ection resulting in a high

intensity 'specular ridge' at αi = αf surrounded by weaker o�-specular features. Analysis of

the o�-specular re�ectivity can provide valuable information about interfacial roughness and

magnetic domain distributions within layers [243].

The NERO re�ectometer has a two dimensional detector and thus automatically records

both forms of scattering. The full scattering pro�le from 27-10 at 27K and in remanence

is shown in Fig. 5.10b. Here the specular ridge is aligned vertically while the o�-specular

scattering takes the form of horizontal features. The most striking features of Fig. 5.10b is

the strong o�-specular scattering associated with the 1/2 order peak. As the peak is magnetic

this implies the canted state is not laterally uniform but rather that each Co layer is broken

up into magnetic domains. The structural and ferromagnetic Bragg peak does not have a

strong o�-specular component and this is consistent with no large structural contribution to

the lateral SLD variation.

Given the large o�-specular component it is clear that �tting the 1/2 order peak intensity

and determining the coupling angle, θ, requires detailed modeling of the magnetic domain

distribution within each layer. Indeed the �ts of Saerbeck [184] shown in Fig. 5.8 and 5.9 do

4In such a case the sample is fully described by the SLD as a function as z and is e�ectively one dimensional.
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Figure 5.10: (a) Re�ection geometry for o�-specular scattering where Qx 6= 0. (b) Two

dimensional re�ectivity data from sample Co/CuMn(19Å) at 30K and remanence for the R++,

R−− and R+− spin states. The specular ridge extends vertically and signi�cant o�-specular

scattering (which extends horizontally) can be seen around the 1/2 order peak.

include the o�-specular scattering from domains and have been made via integration of the

specular ridge in a simulation of the full two dimensional scattering map. The parameters

describing the magnetic structure underlying these �ts at 300K, 70K (data not shown) and

30K are listed in Table 5.2.

Temperature Co moment Angle to
−→
H Coupling

Angle

Average

Domain

Size

Replication

factor in z

300 K 1.46 µB 0◦ 0◦ NA NA

70 K 1.46 µB +21◦,−21◦ (±2◦) 42◦ (±4◦) 0.5µm 30 bilayers

30 K 1.46 µB +30◦,−30◦ (±2◦) 60◦ (±4◦) 0.43µm 30 bilayers

Table 5.2: Magnetic structure of the Co layers in Co/CuMn(19Å) at 30, 70 and 300 K

determined from �ts [184] to polarised neutron re�ectivity data.

Hence the picture of the low temperature state is one of magnetic domains of average

size 0.5µm which are canted at ±30◦ to the �eld direction and aligned coherently with depth

through all thirty periods of the multilayer structure. Again, to learn about the details of the
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magnetic domain structure and exactly how it relates to the o�-specular PNR the reader is

encouraged to consult the work of Thomas Saerbeck [184] which includes all the particulars

of the �tting process.

CuMn spacer thickness Onset of canted state, Tbq Saturation Field, Hs, at 30 K

15 Å 107 (±5) K 522 (±7) mT

19 Å 107 (±3) K 450 (±7) mT

26 Å 85 (±4) K 240 (±7) mT

Table 5.3: Temperature scale and strength of the low temperature biquadratic alignment in

multilayer samples with di�erent CuMn spacer layers thicknesses.

Now that the PNR results have been interpreted in terms of a canted structure which

forms at low temperatures the magnetometry results can be revisited with this knowledge and

checked for consistency. In particular, accepting that at ∼107 K and above the multilayer

is aligned ferromagnetically (evidence for this is provided in the next section) the smaller

magnetisation in the 70, 30 and 5 K hysteresis loops compared to the 110 K loop will be

due to the onset of canting layers (5.11a). The hysteresis loops in Fig. 5.11a were recorded

from the Co/CuMn(19Å) sample on the SQuID magnetometer at the University of Western

Australia have been used for this analysis because their consistent �eld sampling allows for

the ratios between loops to be taken easily but are in close agreement with the VSM results

of Sec. 5.1.2. Quantitatively, the ratio of magnetisation in the canted state to that of the

ferromagnetic state is simply given byM(T )/M(110K) = cos(θ(T )/2) and the canting angles,

θ(T ), determined from hysteresis loops according to this logic are displayed in Fig. 5.11b

for the various temperatures of interest. Comparison of these canting angles with those

determined by �tting of PNR pro�les (see Table 5.2 and also top right of Fig. 5.13), as a

function of both �eld and temperature, �nd complete consistency between the two techniques.

There is a slight caveat to this analysis as we note that in the 0-1 kOe �eld region the

magnetisation in the 110 K loop is clearly not fully saturated (comparison with VSM loops in

Fig. 5.5a indicate that in fact it is not fully saturated until ∼3 kOe) and therefore is not 100%

ferromagnetically aligned with perhaps some multidomain character due to magnetisation

reversal processes. If the magnetisation reversal were to change signi�cantly between the

temperatures compared here the proposed normalisation process to determine canting angles

could be e�ected. However, the angles determined in Fig. 5.11b do not show any correlation

with degree of magnetisation of the 110 K loop suggesting that the di�erence between loops

are really due to the canted state and that therefore the normalisation process and canting

angles determined from it are valid.

95



5.2. Polarised Neutron Re�ectivity

Overall the close agreement of magnetometry results with both the basic interpretation

of the 1/2 order spin-�ip scattering peak as due to biquadratic alignment in the multilayer, as

well as the canting angles determined from detailed �ts (solid lines in Fig. 5.8 and 5.9) of the

o�-specular scattering to domain distributions [184], provides some independent experimental

veri�cation for the above analysis of the PNR pro�les.
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Figure 5.11: (a) Hysteresis loops at 5, 30, 70 and 110 K from SQuID magnetometry. (b)

Top: Ratio of the 5, 30 and 70 K hysteresis loops, which have a canted magnetic structure

to the 110 K loop which has ferromagnetic alignment. Bottom: Canting angles between Co

layers determined from the fraction of magnetisation compared to the 110 K case. Note that

the values of the angles and moment fractions very close to zero �eld will have no physical

meaning as the magnetisation is reversing and thus is itself close to zero in this region.

5.2.3 Temperature, �eld and thickness dependence

Having understood the origin of the PNR signal and, in particular, that the 1/2 order spin-

�ip (SF) scattering peak provides a sensitive measure of the canting between Co layers, it

is now possible to investigate how the magnetic structure responds to changes in �eld and

temperature by simply recording the 1/2 order SF peak pro�le as a function of these external

parameters. For example Fig. 5.12 shows the R+− intensity in the region of the 1/2 order SF

peak growing as the sample is cooled and canting between the ferromagnetic layers increases.
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Chapter 5. Onset of canting in Co/CuMn multilayers

Fits to the individual peak pro�le in both the specular and o�-specular directions allow for

the canting angle to be determined and the result is shown in the top right graph of Fig. 5.13.

It is clear that the limiting low temperature canting angle does not reach 90◦.

The �eld dependence of the 1/2 order scattering has also been measured. In particular,

su�cient detail has been recorded to determine canting angles at both 30K and 70K (top

right of Fig. 5.13) and it is found that the canting angle reduces almost linearly with applied

�eld. Knowing the �eld required to saturate the canted state is very useful in determine the

strengths of the coupling responsible for the biquadratic state (Sec. 5.2.4).

Figure 5.12: O�-specular R+− scattering from Co/CuMn(19Å) multilayer at the 1/2 order

peak position from 4-100 K.

In addition to recording the full 1/2 order peak pro�le, a �ner temperature and �eld

sampling can be attained by looking at only a single re�ectivity angle in the center of the

1/2 order peak as this saves on signal accumulation times. Such single angle data is shown

at the bottom of Fig. 5.13 and, while it is impossible to extract coupling angles from the

single point, tracking the intensity is useful in determining saturation �eld, Hs, and onset

temperature, Tbq, of the biquadratic state. For example, on the bottom right of Fig. 5.13 the

�eld dependence of the 1/2 order peak at various temperatures is determined and this allows

for the temperature dependence of the saturation �eld, Hs, to be determined (Fig. 5.15a).

The issue of how the CuMn spacer layer thickness in�uences the biquadratic coupling is

also investigated. PNR has been recorded from two other samples, 27-09 and 30-15, in addition

to 27-10 and they have thinner (15Å) and thicker (26Å) CuMn spacer layers respectively. Both

these samples were found to have ferromagnetic alignment at room temperature as well as a

similar low temperature canted state to that observed in the Co/CuMn(19Å) sample. On the

bottom left of Fig. 5.13 the temperature dependence of the 1/2 order peak in each of the three

samples is displayed. It can be seen that the onset of the BQ coupling in the Co/CuMn(19Å)

sample occurs at 107 (±3)K in agreement with the coupling angle data. Usefully, the tem-

perature at which canting appears in the Co/CuMn(15Å) and Co/CuMn(26Å) samples (for

which the full 1/2 order peak pro�le as a function of temperature was not recorded) can also

be determined from the single angle data. This information is summarised in table 5.3 where
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Figure 5.13: Top: Temperature (left) and �eld (right) dependence of the canting angle

derived from �ts [184] of the BQ domain model to the 1/2 order peak pro�le (Fig. 5.12). The

�eld dependence at 70 K has been �tted with J1 = 0.14 mJ m−2 and J2 = 0.095 mJ m−2

following Eq. 5.2 (see also Fig. 6.7) Bottom: R+− intensity at a single angle corresponding

to the 1/2 order peak from samples with a di�erent spacer thicknesses at remanence with

temperature (left) and from Co/CuMn(19Å) multilayer as a function of applied �eld at several

temperatures (right).

it is clear that there is not a large reduction in the transition temperature with spacer layer

thickness and that the BQ state is actually quite robust with respect spacer layer variations.

The �eld dependence of the 1/2 order peak from Co/CuMn(15Å) and Co/CuMn(26Å) was

also recorded and the corresponding saturation �eld is listed in the third column of Table 5.3.

This shows that the coupling reduces in strength as the spacer layer becomes thicker which

is to be expected as the increased distance between ferromagnets generally means greater

attenuation of whichever interaction is responsible for the interlayer coupling.

5.2.4 Experimental J1 and J2

In order to begin to understand the origin of the canted magnetic structure we can relate the

observed canting angles and saturation �elds to the underlying interlayer coupling constants.

This is done by considering the areal energy density of the system when the magnetisation of
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Chapter 5. Onset of canting in Co/CuMn multilayers

adjacent Co layers each make an angle of φ1 and φ2 with the applied �eld, H:

E = −1
2MdH (cos(φ1) + cos(φ2))− J1 cos(φ1 − φ2) + J2 cos2(φ1 − φ2)

−k6d (cos(6φ1) + cos(6φ2))
(5.1)

where d is the thickness of the ferromagnetic layers, M is the volume magnetisation density,

k6 is the six-fold magnetocrystalline anisotropy (MCA) constant and the J1 and J2 coupling

constants are familiar from Eq. 4.1 and are considered to be a function of temperature but not

of the applied �eld. The (111) direction in the FCC lattice has six-fold lateral symmetry and

this accounts for the form of the last term in Eq. 5.2. However, we �nd no need to consider

that a strong MCA exists in our samples to explain our data and this is consistent with

ferromagnetic resonance studies which report that the anisotropy in Co/Cu(111) multilayers

is very weak [192] at k6 ∼ 0.15mJ m−3 roughly eight orders of magnitude less than typical

values for the �eld and exchange terms. Hence in further analysis we will ignore the anisotropy

Figure 5.14: Top view (z direction out of the page) of the Co magnetisation direction in

the multilayer showing the canting angles referred to in Eqs 5.1 and 5.2. The orange and red

arrows refer to magnetisation of two neighbouring Co layers separated with depth, z.

term as insigni�cant. Without anisotropy there is nothing to prevent the net magnetisation

of the two layers from rotating to align with the �eld, such that φ1 = −φ2 (which is indeed

the situation pictured in Fig. 5.9). This means that Eq. 5.1 can now be written in solely as

a function of the canting angle, θ = φ1 − φ2, between the two ferromagnets:

E[θ] = −MdH cos(θ/2)− J1 cos(θ) + J2 cos2(θ) (5.2)

The limiting cases of the remnant state (H = 0) and saturation (H = Hs) are of interest

as experimentally both the �eld and canting angle are known for each of these situations

providing enough information that Eq. 5.2 can be solved for J1 and J2. For example, at

saturation the �eld overpowers the coupling terms forcing ferromagnetic alignment. Mathe-

matically, the condition for ferromagnetic alignment is that total energy be minimum at θ = 0
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5.2. Polarised Neutron Re�ectivity

which is equivalent to asking that E′[θ] = 0 and E′′[θ] > 0. As all terms are cosines the �rst

derivative is always zero at θ = 0 so we only have to worry the second derivative:

d2E(θ)

dθ2
=

1

4
MdH cos(θ/2) + J1 cos(θ)− 2J2 cos2(2θ)

d2E(0)

dθ2
> 0 =⇒ 1

4
MdH > 2J2 − J1 (5.3)

so in fact just at the point of saturation we have that 1
4MdHs = 2J2 − J1. Measurements of

the remnant state provide the canting angle at zero (or very small �eld) which we will denote

by θ0 and this also leads to a condition on the coupling constants. This time we can get it

from the �rst derivative which must be zero at θ0:

dE

dθ0
= J1 sin(θ0)− 2J2 sin(θ0) cos(θ0) = 0

=⇒ cos(θ0) = J1/2J2 for θ0 6= 0

(5.4)

Hence the ground state canting angle is determined by the ratio of the bilinear and biquadratic

interlayer coupling strength and will deviate from ferromagnetic alignment when J2 > J1/2.

The two conditions in Eqs. 5.3 and 5.4 mean that J1 and J2 can be solved for explicitly to

arrive at

J1 =
MdHs cos(θ0)

4 (1− cos(θ0))
(5.5)

J2 =
MdHs

8 (1− cos(θ0))
(5.6)

in agreement with Demokritov's review article on biquadratic coupling [53]. Hence the

data concerning the temperature dependence of canting angles and saturation �elds can be

directly converted into the temperature dependence of J1 and J2. In practice this requires a

small amount of interpolation in order to match up the temperature locations of both data

sets and the interpolated data points have been indicated in Fig. 5.15a by the red dots.

Equations 5.5 and 5.6 are then utilized to produce Fig. 5.15b which shows the temperature

dependence of interlayer coupling in the Co/CuMn(19Å) multilayer. As expected the J2 term

increases substantially in the temperature region corresponding to an increased tendency of

BQ alignment. Interestingly the increase in J2 is accompanied by an increase in the J1 term

which has the e�ect of limiting the canting angle to ∼ 60◦ rather than opening all the way

towards 90◦ which would happen if J2 >> J1.

Finally, in addition to the limiting cases the full �eld dependence of the canting angle can

be determined by simply increasing the H value and minimising Eq. 5.2 numerically with

respect to θ. This has been done for 30K and 70K temperatures and compared with the

measured �eld dependence. Good agreement between the model and experiment is observed

(top right of Fig. 5.13) verifying that Eq. 5.2 provides a realistic description of the magnetic

interactions within the multilayer.
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Figure 5.15: (a) Temperature dependence of canting angle and saturation �eld in

Co\CuMn(19Å). Note that the saturation �eld data are derived from the single angle re-

�ectivity shown at the bottom right of Fig. 5.13. (b) Bilinear and biquadratic interlayer

couplings in Co/CuMn(19Å) as a function of temperature according to Eqs. 5.5 and 5.6.

5.3 Polarised X-ray Spectroscopy

In order to identify any correlation between the magnetic state of the Mn dopant atoms and

the appearance of biquadratic coupling, x-ray magnetic circular dichroism (XMCD) and x-ray

resonant magnetic scattering (XRMS) at the L2 and L3 edges of both Co and Mn has been

recorded as a function of temperature. XMCD is a polarised x-ray spectroscopy technique

which is extremely useful in disentangling the magnetic contributions of individual elements

in a multicomponent system (Sec. 2.1) and in this case it allows for the Mn moments in

the Cu spacer layer to be probed without being swamped by the signal from the nearby

ferromagnetic Co layers. This section will be broken into two parts with the polarised x-ray

resonant magnetic scattering (XRMS) recorded in the surface sensitive re�ection geometry to

be discussed �rst (Sec. 5.3.1) followed by XMCD �uorescence data which is more sensitive to

the bulk of the multilayer structure (Sec. 5.3.2)

5.3.1 Co and Mn L2,3-edge XRMS

X-ray re�ectivity was recorded on beamline 4-ID-C at the Advanced Photon Source (APS)

in Chicago. During the re�ection process the x-ray photon is not technically absorbed and

therefore investigating the polarisation dependence of the L-edge is more correctly termed x-

ray resonant magnetic scattering (XRMS) rather than XMCD. Nevertheless, the XRMS signal

is closely related to the absorption cross-section (Sec. 2.1) and the polarisation dependencies

are similar as, for example, the sense of the di�erence signal switches between the L2 and L3
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peaks in both XMCD and XRMS.
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Figure 5.16: X-ray re�ectivity pro�le from Co/CuMn(19Å) made by scanning the energy,

or equivalently the wavelength, of the incident x-rays. The resonant scattering signal can be

seen at the L-edge energy of the elements present in the sample.

There are two ways that Qz can be scanned in synchrotron x-ray re�ectivity - one is by

changing the x-ray angle of incidence and the other is by scanning the wavelength or energy of

the light. Figure 5.16 shows a re�ectivity pro�le which has been made by scanning the x-ray

energy and here the resonant scattering from Co, Cu and Mn shows up in addition to the

re�ectivity at the energies corresponding to the 2p→ 3d (L-edge) transition. The polarisation

dependence of the resonant scattering at the Co and Mn edges with the angle of re�ection at

5◦ is shown on the left of Fig. 5.17. We note that with this small re�ectivity angle the signal

will be highly surface sensitive and it is estimated that ninety percent of the scattering at

the [38] Co edge comes from the top most layer while at the Mn edge the �rst two or three

layers account for roughly sixty percent of the scattering (see Fig. 5.19). The de�nition of

the XRMS signal used in Fig. 5.17 is

XRMS = IR − IL

The fact that scattering from the layers with the sample (i.e. re�ection) occurs in addition

to the resonant scattering associated with the L-edge means that precise modeling of the

resonant spectra can be quite involved [51, 97]. However, the important fact is that the

XRMS intensity will still be proportional to the moment within the sample and hence the

XRMS signal can be used as a form of magnetometry. Indeed, the sensitivity of the XRMS
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signal to magnetisation can be clearly seen by the measurement of hysteresis loops which are

shown on the right of Fig. 5.17. The hysteresis loops have been made by tuning the energy of

right handed circularly polarised x-rays to the maximum of the XRMS signal and cycling the

applied �eld. The hysteresis data have been normalised to the resonant edge intensity above

background and therefore the vertical scale of the loops in Fig. 5.17 indicates the dichroic

e�ect at the Co edge is ∼35% and for the Mn edge is ∼15% which is in agreement with the

XRMS signal intensity from the full energy dependent spectra. Finally, we note that the

hysteresis loops are inverted so that the large positive intensity corresponds to a positive �eld

resulting in a standard-looking hysteresis loop despite the fact that they have been recorded

at the L3 edge where the dichroic intensity is in fact negative.

The �rst useful piece of information provided by the XRMS spectra is the existence of

signi�cant net Mn polarisation at all measured temperatures including room temperature.

Given that bulk Cu0.94Mn0.06 is paramagnetic at above 25 K [4] net polarisation suggests

that the Mn impurity atoms feel a strong exchange �eld due to the nearby ferromagnets.

Furthermore, the sign of the magnetic signal at the L2,3-edges is the same for both Co and

Mn indicating that the Mn is aligned with the Co and that the coupling between the two is

ferromagnetic. To proceed further and use the XRMS signal to determine the moment on the

Mn or the fraction of the spacer which is polarised would require a more quantitative analysis

involving detailed simulation of the XRMS spectra and this is beyond the scope of the work.

Nevertheless, changes in the XRMS with temperature can provide qualitative information

about the element speci�c magnetic behaviour during the onset of BQ coupling and this is

the approach that has been taken.

Using the XRMS signal to measure magnetisation as a function of external parameters

such as temperature requires checking that the energy dependence of the edge and XRMS

signal does not change with the said external parameter. This is because changes to the

magnetisation distribution or structural parameters may cause modi�cation in the spectral

form of the XRMS resulting in intensity variations of XRMS that are independent of the

net magnetisation. For this reason the full XRMS spectrum has been recorded at several

temperature intervals over the region of interest and the result is shown in Fig. 5.18a. Here it

can be seen that the form of the XRMS at both the Co and Mn edges is very consistent with

temperature suggesting that it is indeed valid to use the strength XRMS signal as a monitor

changes to the moment on both Co and Mn with temperature.

To investigate the temperature dependence in more detail hysteresis loops have been

recorded over the range 30 K to 240 K during both warming and cooling at 10 K intervals.

Hysteresis loops were faster to record, and hence were preferred experimentally, compared to

a scan of the XRMS spectra in energy. The results from the loops are displayed in Fig. 5.18b
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Figure 5.17: Left: X-ray re�ectivity and x-ray resonant magnetic scattering (XRMS) from

Co/CuMn(19Å) at the Co and Mn L-edges. Right: Hysteresis loops with temperature ob-

tained by tuning the energy of right handed circularly polarised x-rays to the maximum of

the XRMS signal (the L3-edge peak) and cycling the applied �eld.

and show a consistent increase in the Mn magnetisation with temperature but no change in the

Co magnetisation with temperature. The fact that there is no decrease in Co magnetisation

is rather surprising as exactly this e�ect has been observed in the magnetometry experiments

and it suggests that there must be some fundamental di�erence between the two techniques.

Indeed, by looking at the temperature dependence of the XRMS coercivity (bottom of Fig.

5.18b) we see that there is a dramatic drop in Hc between 100 and 50K and that this e�ect

also is manifestly missing in the VSM hysteresis loops of Fig. 5.5b. Despite this it is clear

that the Mn closely follows the behaviour of the Co as the coercivities are very similar across

the range of temperatures. This is further evidence that Mn polarisation is simply induced

the nearby Co layers, most likely due to exchange interactions.

The discrepancy between the XRMS and the magnetometry is most likely due to the fact

that the re�ectivity is surface sensitive while the VSM measures the moment of the entire

sample. Therefore the variation in results between techniques can be explained if the topmost

layer Co/CuMn bilayer were to behave somewhat di�erently to the rest of the multilayer. This

is not unlikely as the top layer is in the unique situation where it has only one neighbouring Co

layer while the rest of the Co layers in the stack (except for the bottom layer) each have two
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Figure 5.18: (a) Temperature dependence of the L2,3-edge XRMS spectrum for both Co and

Mn in re�ectivity geometry with αi = 5◦. Spectra at di�erent temperatures have been o�set

for clarity. (b) Temperature dependence of the element speci�c magnetisation and coercivity

as determined from the XRMS hysteresis loops shown in Fig. 5.17.

neighbouring layers. Indeed similar e�ects have been observed [121, 41] in Fe/Ru multilayers

with a twisted magnetic structures where it was found (also by a combination of magnetic

x-ray re�ectivity and PNR) that the outermost layer to have a signi�cantly smaller canting

angle than layers in the center of the multilayer in what is known as a surface twist [33].

In our case the constant Co XRMS signal with temperature suggests that the top Co layer

of the Co/CuMn superlattice does not breakup into biquadratic domains or indeed cant far

away from the �eld direction. In addition the temperature dependence of the coercive �eld

of the top layer must be most extreme than that of the main sample. In order to test the

hypothesis regarding the unique magnetic behaviour of the top layer, and to gain information

on the Mn polarisation relevant to coupling in the bulk of the multilayer, further polarised x-

ray spectroscopy experiments were performed. This time the L2,3-edge XMCD was measured

using �uorescence detection with the express purpose of limiting the surface sensitivity of the

magnetic signal.
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5.3.2 Co and Mn L2,3-edge XMCD

X-ray magnetic circular dichroism (XMCD) spectra from sample Co/CuMn(19Å) were mea-

sured on beamline X11MA at the Swiss Light Source as a function of temperature using

�uorescence detection mode. The �uorescence signal is directly proportional to the absorp-

tion cross-section and hence is simpler to interpret than the XRMS re�ectivity. In particular

the XMCD �uorescence signal can be analysed using the sum rule formalism [34] to deter-

mine individual spin and orbital moments (Sec. 2.1.2) or if there are strong correlation e�ects

mixing of the p1/2 and p3/2 manifolds [219] and precluding an application of the sum rules,

the spectra can be simulated with atomic multiplet theory [211].
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Figure 5.19: Attenuation of x-rays with depth in the sample at the Mn (639 eV) and Co

(778 eV) L3 edges for (a) re�ectivity geometry with incident angle of 5◦ and (b) �uorescence

detection with the solid state detector at 90◦ to the sample normal and an x-ray incident

angle of 25◦.

When tuning the experimental geometry to reduce the surface sensitivity of the signal

there is a trade o� between increasing the incident angle to ensure greater penetration of the

x-ray beam perpendicular to the sample surface and the need to have the circular polarisation

(which is either parallel or antiparallel to the direction of x-ray propagation) along the in-plane

magnetisation axis to ensure a reasonable XMCD e�ect. The magnetisation of the Co/CuMn

layers is in-plane hence the XMCD signal will be strongest at low incident angle where there

is a large projection of the moment onto the polarisation direction. As a compromise between

these two e�ects an incident x-ray angle of αi ∼ 25◦ has been used for the �uorescence

measurements. Estimates of the surface sensitivity of the signal due to standard exponential

beam attenuation for the geometries (see Fig. 5.19) used in both re�ectivity and �uorescence

measurements is shown in Fig. 5.19. In the case of re�ectivity the x-rays must travel both in
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Chapter 5. Onset of canting in Co/CuMn multilayers

and out of the sample at the same low angle whereas in the case of �uorescence the departing

x-rays leave at 90◦ to the sample normal and therefore there is already some reduction in

surface sensitivity for the �uorescence experiment, compared to the re�ectivity experiment,

from this e�ect independent of any changes to the incident angle. Also we note that the

x-ray attenuation coe�cient is greatly enhanced at the resonant edge where the absorption

cross-sections spike and in estimating this e�ect for Fig. 5.19 L3-edge pro�les from total

electron yield data have been used. The main result from Fig. 5.19 is that for the re�ectivity

experiment a substantial fraction of both the Co and Mn signal comes from the �rst bilayer

whereas in �uorescence the fraction from the �rst layer is small and hence the �uorescence

results can be considered indicative of the bulk multilayer.
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Figure 5.20: (a) Co L2,3-edge XAS and XMCD �uorescence spectra from the Co/CuMn(19Å)

multilayer structure (b) temperature dependence of Co atomic moment according to sum rule

analysis of XMCD spectra

Figure 5.20a shows typical (300 K) Co L2,3-edge x-ray absorption spectrum (XAS) and

XMCD from the �uorescence data set with the sample in the remnant state (H = 0). The

XMCD is a substantial fraction of the absorption signal (25% at 300 K) as expected for a

ferromagnetic phase. Application of the L-edge sum rule under the assumption of 7.5 holes

in d band [38] and including correction factors from the 25◦ incident angle and 98% circular

polarisation of x-rays results in a Co atomic moment of 1.33 ±0.24 µB. Here the uncertainty

in the quoted value of moment, as well as the error bars in Fig 5.20b, correspond to the

15-20% error shown by Piamonteze et. al [175] to be inherent in L-edge sum rule analysis

due to core-valence exchange and similar multi-electron e�ects. Nevertheless, within these

error bounds the temperature dependence of the net Co moment (Fig. 5.20b) shows a slight

increase in magnetisation between 300 and 110 K followed by a decrease at lower temperatures

107



5.3. Polarised X-ray Spectroscopy

and this is consistent with the picture from PNR of high temperature ferromagnetic alignment

broken by the onset of a canted phase below 100 K. We note that in general the Co moment

from XMCD is larger than that used in the PNR �ts (1.46 µB) suggesting that the sum rule

slightly overestimates Co moment.

We now turn attenuation to the magnetic behaviour of the dilute Mn impurities in the

spacer layer. Typical Mn L2,3-edge �uorescence XAS and XMCD are shown in Fig. 5.21.

Here it can be seen that XAS which consists of several �ne peaks (labeled a to e) in addition

to the L2 and L3 split and has a branching ratio, BR = I(L3)/(I(L2)+I(L3)) = 0.75, which is

larger than the statistical value of 2/3. Both the large BR and the presence multiplet features,

are indicative of a localised 3d electrons which are subject to atomic multi-electron e�ects

[156, 219, 157]. In particular, if there is mixing between the p1/2 and p3/2 manifolds due to

correlations, such as exchange interactions between the core hole and the valence states, then

absorption intensity may be shifted between the L2 and L3 peak changing the branching ratio.

The mixing of j states invalidates the assumptions underlying the spin sum rule (Eq. 2.15)

leading to inaccuracies in the derived moment. Going towards the low atomic number end

of the transition metal series such multi-electron e�ects become increasingly severe [175, 187]

and in keeping with this trend it is found for Mn atoms that the error in spin moment from

sum rule analysis depends on the precise electron con�guration present. In particular, for a

Mn3+ 3d4 ion the error can be 50% or greater including an uncertainty in the sign, while for

Mn2+ 3d5 the error is estimated at only 30% [175]. In an attempt to provide further insight

into these e�ects direct simulation of the Mn XAS and XMCD spectra with atomic multiplet

theory has been undertaken using the freely available Charge Transfer Multiplet program for

X-ray Absorption Spectroscopy (CTM4XAS) [211].

Comparison between the experimental Mn XAS and that simulated with CTM4XAS is

displayed in Fig. 5.21a where the theoretical spectra (grey lines) correspond to the parameter

set in Fig. 5.21b. It is found that the multiplet features, in particular peaks b, c and the

double peaked L2-edge (d and e), are best reproduced with a predominantly 3d5 electron

con�guration of the Mn atom. In addition to atomic multiplets, CTM4XAS calculates the

in�uence of both charge transfer and crystal �eld e�ects on the absorption spectrum [211].

Indeed the broadening and peak spacing are in�uenced by the strength of the octahedral

crystal �eld, (10 Dq = 0.4 eV), the Slater integral reductions ( Fdd = 1.3 and Fpd = 1.4 )

and the charge transfer energy, which is the energy cost of an electron to hopping from the

surrounding atoms to the Mn ion resulting in a 3d6 L state, (∆ = 4 eV ). However, during the

�tting process it became clear that, while having a Mn2+ ion in a 3d5 ground state is essential

to reproducing the observed multiplet peak structure, there is some range of values for the

other parameters (for example, ∆ = 6.5 eV and 10 Dq = 0.9 eV, Fdd = 1.3 and Fpd = 1.4)
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Figure 5.21: (a) Mn L2,3-edge XAS and XMCD spectra from the Co/CuMn(19Å) multilayer

as a function of temperature (coloured lines) along with spectra from atomic multiplet cal-

culations performed with the CTM4XAS program (grey lines). Note: The vertical scale for

the experimental XMCD is relative to the experimental XAS, while the vertical scale for the

CTM4XAS XMCD spectrum is arbitrary. (b) The underlying CTM4XAS parameters indi-

cating a predominantly 3d5 electron con�guration of the Mn atoms, with a small contribution

from charge transfer to the 3d6 L state.

resulting in XAS spectra that match equivalently well to the experimental case. Therefore

in further interpretation we focus on the fact that the dominant contribution to the XAS is

from the 3d5 con�guration indicating that the Mn atoms exist in a high spin state.

The observation of a large Mn spin moment5, MMn = 4.5 ±0.4 µB, agrees with previous

x-ray spectroscopy studies of thin Mn coverages on a ferromagnetic surface [156, 157, 241]

and dilute Mn impurities in a noble metal matrix [221] that also observe high Mn spin states

as well as positive correlation between branching ratio and spin moment [219]. Interestingly,

however, the spin moment of Mn in the Co/CuMn multilayer suggested by XAS (∼4.5µB)

is larger than that calculated by density functional methods for Mn atoms in a Cu matrix,

MMn = 3.4 µB [24, 68]. This discrepancy may be the result of Mn atoms in direct contact

with the Co layers having a larger spin moment than those in the middle of the spacer layer

5The Mn moment is in�uenced by charge transfer which varies the contribution of the 3d6 L state resulting

in the quoted uncertainly in the Mn moment. The 3d6 and 3d5 con�gurations correspond to MMn = 4 and 5

µB respectively.
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or may signal a de�ciency in the DFT calculations. Evidence for the �rst possibility comes

from XAS and XMCD studies of various Mn coverages on Co(001) surface [156] which �nd

ferromagnetic ordering and a high spin state for only the �rst monolayer and that successive

layers are disordered or antiferromagnetic with a lower spin state. A similar interfacial moment

enhancement has also been described in Co/Mn multilayer samples [92, 106]. Unfortunately,

having measured only one spacer layer thickness it is di�cult to determine experimentally if

such enhancement of the Mn moment at the interface exists in the case of Co/Cu0.94Mn0.06

multilayers.

Nevertheless there is some information regarding the CuMn layer that can be gained from

comparisons of Mn spectra in Fig. 5.21a with previous XAS experiments of Mn growth on

surfaces [188, 156, 157, 241]. Namely these studies conclude that multiplet structure of the Mn

L-edge is only present in the absence of Mn-Mn nearest neighbours as close proximity of Mn

atoms results in d-d hybridisation and much smoother XAS spectra characteristic of itinerant

metallic behaviour. Furthermore while electrons from the Cu matrix also hybridise with the

Mn d states this leads to the formation of a virtual bound state [230, 163] and a moment

which is localised at the impurity site [6]. Hence, the observation of localised 3d electrons

and multiplet structure suggests there are few Mn-Mn nearest neighbours, and consequently

no large clusters of purely Mn atoms, within the CuMn spacer layer.

Fig. 5.21a also displays experimental XMCD spectra at three di�erent temperatures along

with the corresponding CTM4XAS simulation (0 K). The experimental Mn XMCD has the

same sign as the Co XMCD indicating that the net moments of both species are aligned in

similar directions, in agreement with XRMS re�ectivity results. Furthermore the experimental

XMCD is enhanced by cooling such that dichroic intensity at the L3 increases from 7% of

the XAS signal at 300 K to 16.5% at 70 K (Fig. 5.22). This trend of larger magnetisation

at lower temperatures is consistent with induced alignment of paramagnetic Mn spins by

exchange interactions (either direct or RKKY) with the nearby ferromagnetic Co layers.

Ideally by comparing the relative intensity of the XMCD simulated with CTM4XAS (which

assumes magnetic saturation) and the experimental spectrum (where spins may be misaligned)

it should be possible to arrive at a value for the Mn magnetisation and its increase with temper-

ature. Speci�cally at 70 K the % XMCD at the L3-edge in experiment amounts to ∼1/5 of the

theoretical value for XMCD fraction (80%) determined from CTM4XAS and this translates

to a net Mn magnetisation of 0.9 µB/atom. The features in the simulated and experimental

XMCD are, however, not perfectly matched. In particular, in the simulated XMCD the L2

dichroic intensity is heavily lopsided and the positive dichroic intensity at the L3-edge is dou-

ble peaked, but neither characteristic is seen in the experimental spectrum. These di�erences

could occur if the atomic multiplet approach of CTM4XAS were to not accurately describe the
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Figure 5.22: Net spin (blue) and orbital (orange) moments of Mn atoms in the

Co/CuMn(19Å) multilayer at 70, 100 and 300 K according to sum rule analysis of L2,3-edge

XMCD �uorescence spectra which give the total Mn magnetisation in the spacer (yellow).

The multiple data points at a single temperature correspond to XMCD data from individual

σ+ and σ− dichroic pairs and the spread of these points provides an indication of error due

background subtraction and drift of the spectra. The XMCD intensity as a fraction of the

XAS signal (green) is plotted against the right axis while the Mn magnetisation (given that

CTM4XAS predicts 80% XMCD for an atomic spin moment of 4.5µB) corresponding to this

XMCD fraction (red) is plotted against the left axis. Small o�sets in temperature are included

for clarity and are not physical.

hybridisation between the Cu and Mn d -bands which results in localised impurity moments

[6, 230, 129, 163]. In any case, the spectral discrepancies mean that it is hard to evaluate the

reliability of the comparing XMCD intensities to get an estimate of error in the 0.9 µB/atom

value of Mn magnetisation and therefore it should be treated with some suspicion.

Given these de�ciencies L-edge sum rule analysis (Sec. 2.1.2) has been carried out on the

Mn XMCD spectra for comparison with CTM4XAS theory (Fig. 5.22). As discussed above,

although the presence of jj mixing introduces some error in the Mn spin moment value, for the

3d5 con�guration this is estimated to be on the order of 30% and the uncertainty is re�ected

in the errors bars of Fig. 5.22. For the orbital moment there is no theoretical error due to

multiplet e�ects and for the Mn impurities it is found to be small (∼ 0.18 µB) and of opposite

sign to the spin moment. This results in a spin-orbit ratio,mo/ms = -0.04, which is of opposite

sign and slightly larger than that found for a bulk CuMn alloy [24, 68]. Discrepancies in the

sign of orbital moment of Mn between systems may attributed to the fact that Mn is at the

center of the transition metal series with elements of lower atomic number having a negative
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5.3. Polarised X-ray Spectroscopy

SO ratio and elements above having a positive SO ratio. Therefore the relative orientation

of spin and orbital moments in Mn depends sensitively on the degree of hybridisation present

[24].

Application of the spin sum rule to the XMCD indicates a Mn spin magnetisation of ∼1.5

µB/atom within the CuMn layer at 70-100 K . This is slightly larger than that suggested

from scaling of the XMCD spectrum to the CTM4XAS calculation, however in both cases it

is signi�cantly less than the atomic, or saturation spin moment of 4.5 µB indicated by XAS.

Hence it is clear that6, while the Mn spins are far from complete ferromagnetic alignment,

a �nite net magnetisation (between 1/5 and 1/2 of saturation) exists in the spacer layer

and is orientated with the ferromagnet magnetisation. This degree of magnetisation is more

than on order of magnitude larger than that observed in similar Co/Cu1-xMnx multilayers

with a greater concentration (x = 0.5) of Mn in the CuMn alloy layer [2, 1]. In particular,

XMCD measurements on these half-half CuMn layer samples observe a net Mn moment of

only 0.04 µB/atom [2, 1] which suggests that for larger Mn concentrations antiferromagnetic

Mn-Mn interactions in�uence the amount of moment induced in the paramagnetic spins by

the Co layers. Indeed, the degree of alignment of the Mn dilute impurities will be in�uenced

by several e�ects including thermal �uctuation, possible formation of antiferromagnetic spin

conglomerates [15, 82, 31] and variation in the strength and sign of the Co-Mn coupling with

depth in the spacer layer. The Mn spin structure resulting from a combination of these e�ects

is therefore expected to be complex. The magnetic behaviour of the dilute Mn spins, and the

in�uence of the above three phenomena in particular, will be discussed in further detail in Sec.

6.2.2 where the XMCD results are compared quantitatively with a model for the temperature

dependent interlayer coupling in the Co/CuMn multilayer series.

To summarise the element speci�c XMCD and XRMS measurements allow for the mag-

netic properties of Mn and Co to be probed individually. It is demonstrated that there exists

non-zero Mn magnetisation (∼1.5 µB/atom) in the bulk of the Co/CuMn structure that in-

creases with cooling. Furthermore the observation of Mn hysteresis loops which closely follow

the reversal of the ferromagnetic Co layers indicate a strong Co-Mn coupling. Both results

are consistent with paramagnetic Mn spins in the spacer layer which have become polarised

by the RKKY exchange �eld of the ferromagnets.

6Although the total moment is the sum of orbital and spin contributions the orbital moment is small

compared to the spin moment (and even the uncertainty spin moment), therefore in discussing magnetisation

of the CuMn spacer layer spin magnetisation and total magnetisation are essentially equivalent.

112



Chapter 6

Loose Manganese Spins

In this chapter a detailed model of temperature dependent interlayer coupling in Co/CuMn

multilayers is presented and compared with experimental results.

In particular, the model incorporates the RKKY exchange between Co layers, the bilinear

and biquadratic the loose spin couplings from paramagnetic Mn spins as well as an extra

biquadratic contribution which we argue arises from lateral variations in loose spin coupling

associated with random positional disorder of the magnetic impurity atoms. Parameters

describing the nature of RKKY exchange, which is ultimately responsible for all the above

couplings, are �t to the temperature dependence of the canting angle and saturation �eld

observed in neutron scattering experiments. It is demonstrated that the extended loose spin

model is able to reproduce the experimental interlayer coupling behaviour well using RKKY

parameters consistent with what is known about interlayer exchange in Cu(111) spacers.

Finally, the expected polarisation of the paramagnetic Mn spins in the loose spin model is

compared to that observed with Mn L2,3-edge XMCD measurements and found to have the

same sign, a similar magnitude and a qualitatively similar temperature dependence. Addi-

tional experiments that would further test the loose spin coupling model, as well as further

extensions to the theoretical description of the loose spin coupling mechanism, are proposed.

6.1 Coupling model for Co/Cu
0.96
Mn

0.04

Polarised neutron re�ectivity data (Sec. 5.2) show that doping the spacer layer of Co/Cu(111)

structure with Mn results in samples with a strong temperature dependence of the biquadratic

interlayer coupling, J2. In particular, the magnetic alignment transitions from a ferromagnetic

to canted at low temperature (95 ± 15K) and the onset of this canted phase occurs for three

well-spaced (15, 19, 26 Å) spacer layer thickness. The summary of biquadratic interactions

given in Sec. 4.2 indicates that the intrinsic mechanism only applies to very speci�c spacer

thicknesses, which leaves either the �uctuation mechanism or loose spin coupling as possible
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robust explanations for the BQ alignment observed in the Co/CuMn(111) multilayer samples.

In order to determine which mechanism is at work we consider must consider the temperature

and thickness dependence of the interlayer coupling expected for each theoretical scenario and

compare this with the experimentally observed coupling.

In the case of the �uctuation mechanism the expected temperature and thickness depen-

dence of J2 depends entirely on the type of interactions responsible for the lateral variation

of J1. Hence each possible origin of a laterally varying net J1 value must be considered sepa-

rately. As such several combinations of interlayer interactions which could lead to biquadratic

coupling via the �uctuation mechanism are listed below followed by some evaluation of their

applicability to the Co/CuMn(111) system.

1. lateral variation in the sign of RKKY exchange due to rough or terraced interfaces.

2. concurrent AF RKKY exchange and F orange peel coupling. Lateral variation of the

orange peel coupling strength could result in some areas with at net F coupling and

some with net AF coupling.

3. concurrent AF RKKY exchange and F coupling due to magnetic pinholes. A 'pinhole' is

a bridge of ferromagnetic Co connecting the two ferromagnetic layers across the spacer

layer [23, 71]. In the vicinity of a pinhole the coupling will be F but otherwise will be

AF.

4. Biquadratic coupling due to lateral variation of the dipole-dipole coupling associated

with uncorrelated rough interfaces.

Case 1: In a Cu(111) spacer there is a single long RKKY period of at least 9Å (Fig. 4.2b)

meaning that the RKKY sign will not change with a single (or even several) monolayer

change in thickness unless the spacer thickness is positioned exactly at a node in the RKKY

interaction. Again having three samples luckily positioned at nodes is not considered likely,

hence modi�cation of the RKKY exchange due to rough or terraced interfaces could not by

itself be considered to produce lateral changes in the sign of coupling for the Cu(111)/Co

system.

Case 2: Concurrent AF RKKY exchange and orange peel coupling could produce a

strongly temperature dependent J2 if the AF RKKY interaction were to have a low (300 -

500 K) characteristic temperature, T0, and therefore a strong temperature dependence in the

0 - 300 K region. Furthermore, orange peel coupling could induce ferromagnetic alignment

at room temperature for all spacer thicknesses which would be consistent with the MOKE

results (Sec. 5.1.2). However the combination of AF RKKY exchange and the orange peel

coupling is unable to account for the clear increase in the strength J1 during the onset of

114



Chapter 6. Loose Manganese Spins

BQ coupling (see Fig. 5.15b). In particular the temperature dependence of the orange peel

contribution will be very slight and therefore the increase in the AF RKKY exchange strength

necessary for an increase in J2 would also produce an increasing negative J1 which is exactly

opposite to what is observed.

Case 3: Magnetic pinholes have been previously demonstrated to produce low tempera-

ture biquadratic coupling in multilayers which are AF coupled by RKKY exchange at larger

temperatures [23, 174]. In this case the temperature dependence of F coupling is due to loss of

magnetisation in the pinhole at higher temperatures [71]. However, the Co/CuMn multilayers

under discussion are already ferromagnetically coupled at the higher temperatures meaning

that the onset of BQ coupling at low temperature would have to be due to an increase in the

AF RKKY component. Such an increase in AF RKKY exchange at low temperature is pos-

sible and it could be accompanied by an increase F coupling from the pinholes and therefore

could conceivably produce a similar temperature dependence of exchange to that observed

experimentally (Fig. 5.15b). However, the fact that three di�erent spacer thicknesses show

similar behaviour is an argument against this possibility as it is unlikely that all three samples

will have AF RKKY exchange. If any one of the three samples were to be in a F coupled

part of the RKKY oscillation biquadratic coupling via the �uctuation mechanism could not

occur as pinholes can only produce F coupling and their would be no competition between

interactions.

Case 4: The dipole mechanism for biquadratic coupling is not a good explanation for

the experimental results as, �rstly, dipole coupling will be largely temperature independent.

Secondly as can be seen from Fig. 4.3b the dipole �elds are generally weak compared to the

e�ective exchange �eld meaning that the net biquadratic coupling is also weak. For example,

for a 20 Å spacer layer with a large lateral length scale of the roughness features ∼500 Å

Demokritov et al. [52] estimate the upper limit on biquadratic coupling from dipole-dipole

interactions is 0.01 mJ m−2 which is a factor of 40 smaller than observed experimentally in

Co/CuMn.

The conclusion from these arguments is that the observed biquadratic coupling in the

Co/CuMn multilayers is not well explained by lateral variations in RKKY, dipole-dipole or

magnetic pinhole coupling or any combination thereof. Therefore, it remains to consider that

the loose spin coupling associated with the paramagnetic manganese spins is responsible for

the onset of canting between layers at lower temperature. This mechanism �ts well in that

the resultant coupling is strongly temperature dependent by its very nature. Nevertheless,

there are several issues surrounding the loose spin model that require further scrutiny and

to that end the magnetic interlayer coupling in the Co/CuMn multilayer system due to the

Mn impurity spins is modeled in detail with the goal being quantitative comparison between
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loose spin theory and experimental results.

In particular, while previous works [215, 214, 186, 203] have simply used a single value for

each of the exchange �elds ~UL,R to model the loose spin coupling in multilayer systems, we

have taken a more realistic approach and determined the coupling from spins at all depths z

in the spacer layer subject to a z dependent RKKY exchange. This provides a more complete

picture the exchange �elds experienced by the impurity spins and allows for the net loose spin

coupling strengths to be linked back to characteristics of the underlying RKKY interaction.

Furthermore, in previous comparisons [215, 214, 186, 203] of the loose spin mechanism with

experimentally observed canted states the bilinear coupling term J ls1 is ignored with the result

that the second order J ls2 dominates favouring the formation of a canted state. The necessity

of neglecting J ls1 in several loose spin systems prompted the comment from Strijkers et al.

[215] that �Apparently, further re�nements of the theory seem to be necessary�. Indeed, it is

clear that the physical origin of both J ls1 and J ls2 terms is the same (exchange interactions

between paramagnetic impurity spins and the ferromagnets, Sec. 4.2.3) and one should not

be present without the other. Hence in our model J ls1 is included and we evaluate the e�ect

of this term on the net bilinear coupling as a function of both temperature and spacer layer

thickness. Finally, our model also includes an extra contribution to the biquadratic coupling

associated with the positional disorder of paramagnetic Mn impurities that has not been

previously considered. We argue that the random distribution of the Mn spins will result

in lateral variation of the bilinear loose spin coupling J ls1 resulting in a contribution to the

biquadratic coupling via the �uctuation mechanism. The strength of the e�ect has been

evaluated for the 6% Mn doping level and found to be on the same order magnitude and the

J ls2 interaction (Sec. 6.1.3).

6.1.1 Parameters of the loose spin model

The present model of loose spin coupling is based on Eqs. 4.16, 4.17 and 4.18 which are used

to determine the J1 and J2 coupling strengths associated with a loose spin positioned at depth

z within the CuMn spacer layer. The interaction between the loose and the ferromagnet due

to RKKY exchange is taken to have the same period, phase and characteristic temperature

as that between the two ferromagnetic layers (Eq. 4.4). However, for the Co-Mn case the

prefactor Iα determining the strength of RKKY interaction will be di�erent from the Co-Co

case primarily because the hybridisation between the mediating Cu conduction electrons and

the Mn 3d electrons is di�erent to that with the Co 3d spins. Secondly the k-space integration

may be modi�ed for the case of a single spin rather than a second ferromagnetic layer and this

may also in�uence the speci�cs of Iα. Without wishing the rederive the Co-Mn interaction

from a full treatment of the k-resolved electronic structure have simply left the strength of
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the interaction as a parameter to be determined from comparison with experiment. Hence we

can write for the e�ective interaction �eld experienced by a loose spin:

~Ueff = A
d2

z2
sin(qzz + φ)F (z, T ) (6.1)

where A is a constant with units of energy per moment (Telsa) and the factor F (z, T ) contains

the temperature dependence as discussed in Sec. 4.1.1. It is clear that A will be proportional

to both the spin in the ferromagnet, Sf , as well as the strength of interaction between the

conduction electrons of the spacer and both the ferromagnetic atoms, JF , and the impurity

atoms, Jl, hence A ∝ SFJFJl . The moment of the impurity atoms does not enter into the

e�ective exchange �eld but will determine the interaction energy via Eq. 4.16. Hence if we

denote the the spacer layer thickness by th then the left and right exchange �elds are simply

~UL(z) = A
d2

z2
sin(qzz + φ)F (z, T )

~UR(th− z) = A
d2

z2
sin(qz(th− z) + φ)F ((th− z), T )

(6.2)

At this point we should note that treating the ~UL and ~UR as independent, while a reasonable

�rst approximation and the approach taken by Slonczewski [203], could be improved upon

considering how the polarised quantum well states of the Cu electrons within the spacer in�u-

ence the loose spin. This would be equivalent to determining the RKKY exchange experienced

by the loose spin from both the fed-drromagnets at once before performing the integration

over k-space. Such an approach would allow for interference between the electron momentum

states responsible for ~UL and ~UR [94] resulting in a single uni�ed exchange �eld ~Uboth repre-

senting the interaction with the ferromagnets. However, solving for the quantum well states

present at F, AF and BQ alignment and then determining the resultant loose spin coupling

would require reanalysis of the situation described in Table 4.1 and this lies beyond the scope

of this study. Therefore we will proceed with simply using Eq. 6.2 where the left and right

exchange interactions are independent of each other and note that the generalisation to a

quantum well approach will be left to future work.

Values of the total loose spin coupling strengths for the entire multilayer structure, J ls1

and J ls2 , in our model are therefore determined using Eq. 6.2 by summation of the couplings

at each possible atomic location zi. This achieved by explicitly including the z dependence of

the RKKY exchange �elds such that the net interaction �eld experienced by a loose spin is

U(z, θ) = |
−→
U (z, θ) | = |

−→
UL(z, θ) +

−→
UR(z, θ) |

=
(
U2
L(z, θ) + U2

R(z, θ) + 2 |UL(z, θ)| |UR(z, θ)| cos[θloc(z, θ)]
) 1

2

(6.3)
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where θloc(z, θ) is the angle between the left and right exchange �elds at location z.1 The

free energy of a single impurity atom with spin, S, is

F (z, θ) = −kBT ln

(
S∑

Sx=−S
exp(−g U(z, θ)Sx µB/kBT )

)
(6.4)

where Sx is the spin operator in the direction of the net exchange �eld. With these de�nitions

the total coupling due to loose spins located throughout the spacer layer is given by

J ls1 =
1

2

∑
zi

F (zi, π)− F (zi, 0) (6.5)

J ls2 =
∑
zi

1

2
(F (zi, π) + F (zi, 0))− F (zi, π/2) (6.6)

For the case of a (111) textured Co/Cu multilayer zi are the (111) lattice planes of the FCC

structure and for a 19Å spacer this works out to eight discrete Mn positions (Fig. 6.1). There

is a slight complication in that Mn spins in the layers next to the ferromagnets are in direct

contact with the Co atoms and therefore may experience direct exchange due to d-d orbital

overlap [156, 106, 92]. For this reason the spins in the �rst CuMn layer are not considered to

be well described by Eq. 6.1 and have their own particular value for the exchange �eld. This

direct Co-Mn exchange is the reason for the �at sections at the edge of Fig. 6.1. To have an

idea of the typical energy scales involved in direct exchange, the strength of the direct Co-Co

exchange can be computed from the Curie temperature of Co (∼ 1400K) via the expression

[200]

Tc =
2S(S + 1)

3kB
nJo (6.7)

where n is the number of interacting neighbouring atoms and Jo is the exchange integral

between them. In the FCC structure each atom has 12 nearest neighbors and if we consider

that these provide the overwhelming contribution to the exchange, then for bulk Cobalt the

Co-Co exchange strength is ∼ 63T and the exchange �eld experienced by an individual Co

atom is ∼ 755T . Therefore if the direct Co-Mn exchange interaction were on the same order

as the Co-Co one then a Mn atom in the �rst layer of the spacer with three Co neighbors

would experience an e�ective exchange �eld of ∼ 190T . However, this is a rather crude

estimate and therefore it was thought best to instead include the magnitude of the direct

Co-Mn interaction as a parameter of the loose spin coupling model that may be determined

from comparison to experiment.

Structural imperfections at the �lm interfaces can e�ect the interlayer exchange coupling

in several di�erent ways [29] and in our model we have included two e�ects associated with

interfacial roughness. Firstly, the model averages the coupling from a Gaussian distribution
1For bilinear alignment either θloc = θ or θloc = θ + 180◦ depending on the sign of the interaction �elds

(see also Table 4.1). Away from bilinear alignment it is always the case that θloc = θ.
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Figure 6.1: RKKY interactions in the CuMn spacer layer for an ideal structure and parallel

alignment of the ferromagnets. The RKKY parameters are strength (A) = 540 T, period (Λ)

= 10.4 Å, phase (φ) = 95º and an in�nite characteristic temperature (T0). Direct Co-Mn

exchange due to d-d orbital overlap is expected to in�uence Mn spins in direct contact with

the Co layers and this interaction is included in the plot above with a strength of Ad−d = 120

T.

of sample structures with spacer layer thicknesses slightly thinner or thicker than the nominal

value. The Gaussian distribution consists only of samples with a discrete number of (111)

planes in the spacer and has a standard deviation, σ, consistent with the roughness determined

from �tting of PNR data. This type of averaging accounts for the lateral variation spacer

thickness that may occur within a single sample due to certain types of roughness such as

stepped interfaces. The Gaussian roughness acts as a low pass �lter on variations in coupling

strength and therefore will smooth out any short period oscillations present.

Secondly, the e�ect on the RKKY coupling due to the loss of lateral periodicity, either from

lattice defects or interfacial roughness, has been included following the approach of Bruno and

Chappert [29]. They argue that imperfect lateral periodicity relaxes the condition that the

extremal spanning vectors which contribute to the RKKY interaction (Sec. 4.1.1) have no

component in the in-plane direction, q|| = 0. This results in a spread of spanning vectors,

∆qαz , around the original vector qαz which cause RKKY oscillations. The extent of this spread

is determined by the angle between the Fermi velocity and the extremal spanning vector, γα,

and the length scale of the lateral structural coherence, ξ, according to ∆qαz ' tan(γα)/ξ [29].

The e�ect of these extra periods is to wash out the RKKY exchange at larger distances. This

is shown formally in Eq. 6.8 where the attenuation with depth is shown to go as 1/z3 rather

than 1/z2 due to the integration over a range of periods. We note that Eq. 6.8 reduces to Eq.

4.4 for large ξ. The lateral structure coherence length, ξ, enters the loose spin model as an

extra parameter associated with the RKKY interaction. To give an idea of the length scales
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involved the RKKY interaction has been plotted for several values of ξ in Fig. 6.2. It can be

seen that for lateral coherence lengths below ∼ 15Å the RKKY is slightly reduced in intensity,

however, above this value there is very little in�uence of ξ on the interlayer coupling. It is

not expected that lattice defects or stepped interfaces will have any signi�cant in�uence on

the loose spin coupling directly.
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Figure 6.2: Attenuation of the interlayer RKKY exchange interaction due to loss of lateral

periodicity due to lattice defects as described by the lateral coherence length ξ. The interaction

pertains to a Cu(111) spacer where Λ = 10Å and γ = 65◦.

Jrkky,rough1 (z) =
Id2

∆qz

∫ ∆qz/2

−∆q/2

sin((qz + δqz)z + φ)

z2
dδqz

= Id2 cos((qz − 1
2δ∆q)z + φ)− cos((qz + 1

2∆qz)z + φ)

∆qz z3
(6.8)

It has also been argued based on electronic structure calculations of Cu1−xNix alloys

which include the e�ects of positional disorder [123] that the disorder of the impurity atoms

in the spacer will result in an exponential fall o� of the RKKY interaction [124]. However,

the length scales estimated for this e�ect are large (∼ 40Å ) meaning that the e�ect is not

likely to be signi�cant for spacer layer thicknesses considered here and therefore it has not

been included in the model.

We can now list all the parameters which go into the loose spin model (Table 6.1). Sam-

ple characterisation and consistency with previous literature on Co/Cu(111) provides some

constraints for these parameters. For example, the thickness and Gaussian roughness are

determined to within certain errors by the structural characterisation done with x-rays (Sec.

5.1.1). The RKKY phase and period are constrained by previous experimental works [164, 212]

on Cu(111) multilayers which �nd that the location of the �rst AFM peak is very consistent
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between di�erent batches of samples grown by di�erent research groups. Even doping of the

spacer layer with Ni atoms, while it slightly increases the observed period, does not strongly

e�ect the position of the �rst AF maximum [123]. The magnitude of the atomic Mn moment

used in the model is consistent with the high spin state suggested by XAS spectra. Several

parameters including the strength and characteristic temperature of the RKKY interaction

remain unconstrained and can be adjusted to account for the coupling seen experimentally.

Type Symbol Parameter Value Unit

RKKY A Strength �t T

Λ Period 9-13 Å

φ Phase 90-120 ◦

T0 Characteristic Temp. (spacer) �t K Å

T i0 Characteristic Temp. (interface) �t K

Loose Spins MMn local Mn moment 4.5 µB

dMn Mn areal density 0.0106 Å−2

Ad−d direct Co-Mn exchange strength �t T

Ferromagnets MCo Co moment 1.5 µB

dCo Co areal density 0.52 Å−2

JCo/JMn Ratio of the hybridisation

strength between Co-Cu and

Mn-Cu

�t -

Structural th Thickness 14-16, 18-20, 25-27 Å

σ Gaussian Roughness 1-2 Å

ξ Lateral Coherence Length �t Å

Table 6.1: Parameters underlying the loose spin coupling model. The value column lists

constraints on the parameter, or if the parameter is to be completely determined from the

temperature dependence of the experimental coupling angle, saturation �eld and Mn polari-

sation then this is denoted by ��t�.

This completes the list of parameters that in�uence the loose spin coupling itself, however,

we must also consider the fact that the RKKY exchange interaction responsible for coupling

the Co and Mn atoms should also couple the Co layers directly. Indeed, the expected bilinear

coupling in the multilayer due to Co-Co RKKY exchange can be computed using the same

RKKY and structural parameters as for the Co-Mn interaction, with one extra piece of in-

formation; the ratio of the hybridisation of the Co and Mn atoms with the Cu conduction

electrons, JCo/JMn. In the notation of Eq. 6.1 (that is with the same de�nition of the pa-
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rameter A) the e�ective �eld of a Co atom in the �rst layer of the right ferromagnet due to

interaction with the left ferromagnet is

~Ueff,F = A
JCo
JMn

d2

th2
sin(qzth+ φ)F (th, T ) (6.9)

The bilinear RKKY coupling strength is then given by the energy per area of the inter-

action of the �eld with the �rst layer of Co spins. Given that dCo is the areal density of Co

atoms within this layer we arrive at:

Jrkky1 = AdCoMCo
JCo
JMn

d2

th2
sin (qzth+ φ) F (th, T ) (6.10)

In addition to simply evaluating the bilinear coupling strength Eq. 6.10 provides a way for

the energy scale of the RKKY exchange responsible for the loose spin coupling to be compared

with previous works on exchange coupling in Co/Cu multilayers and therefore to determine

if the interaction strengths considered in the model are physically reasonable.

6.1.2 Thickness and temperature dependence of J ls1 and J ls2

Before launching into a comparison with experimental results it is instructive to understand

how the various model parameters a�ect the resulting loose spin coupling. The overall strength

of both the bilinear and biquadratic components of the loose spin coupling are directly propor-

tional to the Mn concentration within the spacer, the magnitude of the atomic Mn moment

and the strength of the RKKY exchange. The other parameters, such as the spacer thickness

or characteristic temperature of the RKKY, also in�uence the loose spin coupling, albeit in

rather more subtle ways that warrant further scrutiny.

For example, increasing the spacer layer thickness causes J ls1 to oscillate in sign inside the

envelope of a decreasing function, meaning that the bilinear loose spin coupling has a similar

thickness dependence as the RKKY interaction itself. This is illustrated in Fig. 6.3 where the

thickness dependence of both J ls1 and J ls2 , with inclusion of roughness e�ects, is plotted. It

can be seen that, |J ls1 | is generally much larger than J ls2 and only at several special thicknesses

where J ls1 is zero would J ls2 dominate experimentally. This demonstrates that the comment

by Slonczewski in his original paper that �J ls2 may dominate experimentally, even through it

is higher order than J ls1 , because the oscillation amplitude of the latter may be attenuated

by �uctuation in spacer thickness� do not hold up to careful evaluation of the interaction

strengths expected in the Co\CuMn(111) system given reasonable structural and exchange

parameters. Indeed the situation is somewhat similar to the case of intrinsic biquadratic

122



Chapter 6. Loose Manganese Spins

JCo/JMn = 0.6

MCo = 1.5 µB

Ad-d = 70 T

MMn = 3.5 µB

ξ = 100 Å

σ = 1.5 Å

T0 = 900 K m

φ = 95°

Λ = 10 Å

A = 550 T

Parameters

JCo/JMn = 0.6

MCo = 1.5 µB

Ad-d = 70 T

MMn = 3.5 µB

ξ = 100 Å

σ = 1.5 Å

T0 = 900 K m

φ = 95°

Λ = 10 Å

A = 550 T
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Figure 6.3: Thickness dependence of loose spin and RKKY coupling in a Co/CuMn multi-

layer at 30 K for the parameters as shown.

exchange 4.2.1 in that the J2 term is only signi�cant at a node in the primary interaction.

This suggests that if loose spin coupling is to explain the experimental results there must

be another reason why J ls1 does not dominate. The direct RKKY coupling according to Eq.

6.10 is also plotted in Fig. 6.3 along with the sum of both couplings J tot1 = Jrkky1 + J ls1 and

it can be seen that the loose spin and RKKY coupling sometimes cancel out completely but

again this only occurs at particular spacer layer thicknesses. The issue of cancellation of J ls1 is

addressed further during the comparison with experiment (Sec. 6.2). Interestingly at spacer

layer thicknesses below ∼ 9Å the loose spin contribution begins to drop o� and this is due

to complete polarisation of the Mn spins in the spacer layer. Complete Mn alignment means

that the loose spin coupling per spin no longer increases as the interaction �elds increase,

however the overall number of Mn spins in the spacer continues to reduce as th is reduced

resulting is weaker loose spin coupling for the thinner spacer layers.

The temperature dependence of the loose spin coupling in the current model is due to

both the Boltzmann factor in Eq. 4.17 as well as the natural temperature dependence of the

underlying RKKY exchange. The characteristic temperature, T0 =
}vf

2πkB
, parametrizes the

temperature dependence of the RKKY interaction due to thermal broadening of the Fermi

level via the factor F (z, T ) = z T/T0
sinh(z T/T0))

2. The characteristic temperature is simply a

measure of the energy needed to populate states just above the Fermi level and the value

of this energy relative to kBT will determine the amount of occupation of these states and

2Note that, as de�ned here, T0 has units of K m and therefore is not strictly a temperature. Instead the

quantity has z T0 units of K and the physical interpretation would be that the characteristic temperature

depends on the distance z from the interface with the ferromagnet with larger distances having the stronger

temperature dependence.
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therefore the attenuation of RKKY exchange. Hence lower values of T0 translate to a more

extreme temperature dependence of the RKKY exchange and loose spin coupling. According

to the RKKY approach to interlayer coupling [29, 25] T0 is determined by the Fermi velocity,

however Persat and Dinia [173] found that experimentally that the temperature dependence

of Co\Cu(111) samples was much more extreme than that calculated from the appropriate

Fermi velocity (vf = 0.67 × 106ms−1). In particular, they found that experimental results

are �t well with z T0 = 99K for a 8Å spacer layer sample and z T0 = 85K for a 22Å spacer

layer sample. In addition to not corresponding to the Fermi velocity these characteristic

temperatures cannot be realised by a single value of T0. The resolution of this contradiction

came from moving beyond to the RKKY approach to a quantum well model considering spin

dependent re�ection from the interfaces. In this case a second contribution to the temperature

factor associated with the interface and therefore not dependent on z is introduced [36]. This

means the temperature dependence of the RKKY has the slightly altered form [196]:

F (z, T ) =
z T/T0 + T/T i0

sinh
(
z T/T0 + T/T i0)

) where T0 =
}vf

2πkB
, T i0 = 2πkB

dφ

dε
|ε=εf (6.11)

where φ is the phase as the asymmetry in the complex re�ection coe�cient. The addition

of the interface term, T i0 is able to explain the results of Persat and Dinia well and is included

in our loose spin coupling model as an extra parameter. With values for the in interface

or spacer characteristic temperature less than ∼ 1000K the temperature dependence of the

resultant loose spin coupling will have a large component due to suppression of the RKKY

exchange in addition to the that from the Boltzmann factor in Eq. 4.17. Finally we note that

the temperature dependence of the interlayer coupling can also be a�ected by the spectrum

of spin waves excited in the multilayer structure [196] however this contribution has not been

included in the loose spin coupling model.

6.1.3 Lateral Variations in J ls1

Given that the bilinear coupling from the loose spins signi�cantly stronger than the bi-

quadratic component it may be relevant to consider in more detail possible lateral variations

in J ls1 due to the natural disorder of the Mn positions. If the lateral variation in J ls1 strength

is signi�cant enough that regions of AF and F coupling occur the net result would be a

contribution to the overall biquadratic coupling by the �uctuation mechanism (Sec. 4.2.2),

which we will denote by Jfluct2 , that would occur in addition to the original J ls2 proposed

by Slonczewski [203]. In order to evaluate the properties of Jfluct2 the length and energy

scales of variation in J ls1 are required and these are determined by the statistical properties

of the spatial distribution of Mn within the CuMn layer. In the absence of any quantitative

experimental information regarding Mn clustering tendencies a uniform probability distribu-
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tion has been used in the model and is expected to provide a reasonable �rst approximation

of the Mn disorder. With a uniform probability distribution each site in the fcc lattice has

exactly 6% probability of being occupied by a Mn atom. Furthermore each impurity atom

has no preference to be near or far from its fellow Mn atoms meaning there is no clustering

or anti-clustering tendency.

To determine the lateral distribution of RKKY exchange from a single loose spin it is

necessary to go one step back from Eq. 6.1 and consider the RKKY interaction between

individual atoms in the ferromagnets and the loose spin rather than the average result from

integration over the entire ferromagnet (see Fig. 6.4). Again we shall avoid working in k-space

and instead we will simply use the expression for the RKKY interaction between two spins

in a featureless electron sea (Eq. 6.12) and denote the strength of the interaction by the

parameter B which will have units of energy.

z

rs

x

y

(0,0,z)(0,0,0)
z

rs
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(0,0,z)(0,0,0)

Figure 6.4: Geometry of a single Mn spin coupled to a plane of ferromagnetic Co atoms by

RKKY exchange.

HCo−Mn(x, y, z) = B
2kfr cos(2kfr + φ)− sin(2kfr + φ)

(2kfr)4

= B
2kf (x2 + y2 + zz)1/2 cos(2kf (x2 + y2 + zz)1/2 + φ)− sin(2kf (x2 + y2 + zz)1/2 + φ)

16k4
f (x2 + y2 + zz)2

(6.12)

It should be noted here that while the lateral coordinates (x, y) denote a position within

the Co �lm the depth coordinate, z, refers the position of the Mn atom and hence they are

not on exactly equal footing. Equation 6.12 gives us the necessary spatial dependence to start

determining any variations in strength of J ls1 however, in order to ensure consistency with

previous expressions of the exchange interaction (Eq. 6.1) we shall perform the summation

of Eq. 6.12 over a plane of Co atoms (Fig. 6.4) and check that it reproduces Eq. 6.1 for the

appropriate choice of the constant B. This summation can be converted to an integral by
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introducing the areal density of Co atoms, dco. Furthermore instead of integrating the over

the plane using both x and y coordinates the expression can be simpli�ed by integrating over

circles of radius s = (x2 + y2)1/2. Hence �nd that the total energy of interaction between a

Mn atom and an in�nite ferromagnetic plane of Co is given by

HF−Mn(z) =
∫∞

0

∫∞
0 dcoHCo−Mn(x, y, z) dx dy

= dcoB
∫∞

0

2kfr cos(2kfr + φ)− sin(2kfr + φ)

(2kfr)4
2πs ds

(6.13)

To make the integration tractable we employ the substitution r′ = 2kfr = 2kf (s2 + z2)1/2,

dr′ = 2kf s ds (s2 + z2)−1/2 = 2kf s ds/r. To arrive at

HF−Mn(z, φ) = dcoB

∞∫
2kf z

2π
r′ cos(r′ + φ)− sin(r′ + φ)

(2kf )2r′3
dr′ (6.14)

Which can be evaluated for speci�c phases to get

HF−Mn(z, 0) = −HF−Mn(z, π) =

dcoB
π(2kfz cos(2kfz)− sin(2kfz)− 2k2

fz
2(π − 2Si(2kfz))

16k4
fz

2
(6.15)

HF−Mn(z, π/2) = −HF−Mn(z, 3π/2) =

− dcoB
1

48k4
fz

2
(π(3 + 6(2γ − 3)k2

fz
2 + kfz(−24kfz Ci(2kfz)

− 2k3
fz

2
2F3((1, 1) ; (2, 5/2, 3) ; −k2

fz
2) + 3kfz ln(16k4

fz
4) + sin(2kfz)))) (6.16)

where Si and Ci are the Sin Integral and Cos Integral functions respectively and pFq(
−→a ;
−→
b ; z)

is the generalised hypergeometric function. Fortunately we are not forced to deal with these

sophisticated functions as the result can be approximated for z > 2kf using an asymptotic ex-

pansion of the Sin Integral function Si(x) w
π

2
− cos(x)

x

(
1 +O(

1

x2
)

)
− sin(x)

x2

(
1 +O(

1

x2
)

)
.

Substituting this into Eq. 6.15 reduces the functional form to a single sine function which

falls o� as 1/z2 (Eq. 6.17). Furthermore graphical comparison indicates that Eq. 6.17 also

approximates the π/2 and 3π/2 phase case of Eq. 6.16 just as adequately for large z values.

HF−Mn(z, φ) w −dcoB
π sin(2kfz + φ)

8 k4
fz

2
for φ = 0, π/2, π, 3π/2 (6.17)

By comparison of Eq. 6.17 to Eq. 6.1 we see that the relation between the constants A and

B is

B = A
8 d2k4

fMMn

πdCo
= A

d2q4
zMMn

2πdCo
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Hence the period (2kf = qz), phase and strength in Eq. 6.12 can be chosen to be consistent

with the values used in Sec. 4.2.3 to determine the average J ls1 and J ls2 . Explicitly we have

HCo−Mn(x, y, z) =

A
d2Mmn

2πdco

qz(x
2 + y2 + zz)1/2 cos(qz(x

2 + y2 + zz)1/2 + φ)− sin(qz(x
2 + y2 + zz)1/2 + φ)

(x2 + y2 + zz)2

(6.18)

To determine the lateral variation in J ls1 in the left ferromagnet from this distribution of

exchange energy the di�erence in free energy of the AF and F alignments must be computed.

Given a single Mn spin located at (0, 0, z) (see Fig. 6.4) the lateral variation in loose spin

coupling experienced by the left ferromagnet is

JMn,ls
1 (x, y, z) = 1/2(F [HCo−Mn(x, y, z)− ~UR(z)MMn]− F [HCo−Mn(x, y, z) + ~UR(z)MMn])

(6.19)

where F[U] is the free energy as de�ned in Eq. 4.17. To determine the total coupling from

the entire Mn distribution it is necessary to sum over all the Mn positions. If the Mn are

located at positions (xi, yi, zi) we can de�ne this distribution in terms of delta functions as

Src(x, y, z) =
∑
i
δ(xi, yi, zi) and then the resultant coupling will be given by the convolution

over the lateral coordinates x and y summed over z positions corresponding to (111) lattice

planes.

J ls1 (x, y) =

th/d∑
n=1

∞∫
−∞

∞∫
−∞

Src(x′, y′, n d) JMn,ls
1 (x− x′, y − y′, n d) dx′ dy′ (6.20)

where d is the (111) lattice spacing and th is the spacer thickness. This expression has

been implemented via a matrix convolution using a uniform probability distribution for the

placement Mn atoms at a 6% doping level. Figure 6.5 provides an example of this process for

a single (111) plane using the parameters in Fig 6.3 and the result of summation across the

entire spacer is shown in Fig. 6.6a for the 19Å thick sample.

To get the biquadratic coupling contribution from J ls1 (x, y) it is necessary to decompose

the distribution into the Fourier components such that the energy due to �uctuations of the

interfacial magnetisation can be determined using the process detailed in Sec. 4.2.2. In

particular a reasonable match can be obtained by using only the two Fourier components

listed in Eq. 6.21 and the distribution of interlayer coupling denoted by this equation has

been plotted in Fig. 6.6b. The intention here is not to be able to reproduce exactly the form

of Fig. 6.6a but simply to arrive at a sensible estimate of the length and energy scales of the

variation in J ls1 and hence determine the magnitude of the contribution to the biquadratic

coupling from such a variation.
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0.96

Mn
0.04

Figure 6.5: Top Left: Random 6% Mn site occupancy of a (111) plane of an FCC lattice. Top

Right: Eq. 6.19 evaluated at 30K and z = 14Å with parameters as listed in Fig. 6.3. Bottom:

Lateral variation of J ls1 experienced by the left ferromagnet determined from a convolution of

the top two images according to Eq. 6.20. The total coupling will be given by the summation

of such images for each (111) plane in the spacer layer.

J ls,sim1 (x, y) = a0 + a1 sin(
πx

l1
) sin(

πy

l1
) + a2 sin(

πx

l2
) sin(

πy

l2
)

where a0 = 2.5, a1 = 2.25, a3 = 2 mJ m−2 and l1 = 32.5, l2 = 8.5 Å

(6.21)

Indeed, by inserting the parameters of Eq. 6.21 into Eq. 4.15 we obtain that the energy due

to �uctuations, and therefore the biquadratic contribution, at 30K is

Jfl2 = 1
4
√

2π A
(a1

2l1 coth
(√

2πd
l1

)
+ a2

2l2 coth
(√

2πd
l2

)

w 0.075 mJ m−2

(6.22)

This estimate has the limitation that the constant term a0 has not been included. The neglect

of a0 is due to the use of the approximation sin(θ(x, y, 0)− θ′(x, y, 0)) w sin(θ̄− θ̄′) = 1 which

does not give consistent boundary conditions (Eq. 4.10) when a0 is included in Jf (x, y). That
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(a) (b)

Figure 6.6: (a) Lateral distribution of loose spin coupling energy, J ls1 (x, y), at 30K due to

the random Mn placement within a 19Å thick spacer layer. Seven Co atoms from one of

the (111) planes of the fcc lattice have been plotted in the bottom left hand corner to aid

in comparison of length scales. (b) Simulation of J ls1 (x, y) using the two Fourier components

listed in Eq. 6.21.

is, if one were to the stick with the approximation sin(θ̄ − θ̄′) = 1 and include a0, the PDE

problem would no longer be well-posed and does not have a well-de�ned solution. To treat

the situation completely consistently it would be necessary to move beyond the solution given

by Slonczewski (Eq. 4.11) and the approximation that sin(θ(x, y, 0)−θ′(x, y, 0)) w sin(θ̄− θ̄′).

Such an extension is beyond the scope of this work. Nevertheless, we can make the heuristic

argument that the as the constant term in Eq. 6.22 does not introduce any lateral variation

of exchange and hence will contribute to the bilinear J1 coupling but not the energy of the

biquadratic state. By this logic the estimate of Jfl2 due to lateral variation of J ls1 given by

Eq. 6.22 will be reasonable.

Jfl2 has been computed using this process at 30K and with A = 550T for each of the

spacer thickness investigated (15, 19 and 26Å)3. The summation of the loose spin coupling

from a random distribution of Mn positions (Eq. 6.20) is computationally intensive so rather

than evaluate Jfl2 explicitly for many temperatures or exchange strengths A we have made

use of the fact that Jfl2 ∝ (J ls1 )2. In particular, the constant of proportionality between Jfl2

and (J ls1 )2 is determined from the 30K value and then the temperature dependence of Jfl2

is recovered by scaling relative to (J ls1 )2. This scaling argument will be correct only if the

length scales of the variation in J ls1 do not change dramatically with temperature. Explicit

evaluation of Jfl2 at 5 K and 110 K indicate that indeed the length scales involved do not

3For Co/CuMn(15Å) it is found that Jfl
2 (30K) = 0.12mJ m−2 and for Co/CuMn(26Å) that Jfl

2 (30K) =

0.0145mJ m−2 given A = 550T
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6.2. Comparison with experiment

change signi�cantly over the temperature range of interest justifying the scaling procedure

as a close approximation to the temperature behaviour of Jfl2 . During comparison with

experimental results it shall be seen that the magnitude of the Jfl2 is of the same order of

magnitude as the J ls1 contribution indicating �uctuations due to Mn disorder are relevant in

loose spin systems.

6.2 Comparison with experiment

6.2.1 Canting angles and saturation �elds

To compare the loose spin model with experimental results J ls1 , J ls2 , Jrkky1 and Jfluct2 are

evaluated over the temperature range of interest for a particular set of parameters and from

these values the theoretical coupling angle, φ0, and saturation �eld, Hs, are determined ac-

cording to Eqs. 5.3 and 5.4. The theoretical φ0 and Hs are then directly compared to the

experimental values and the parameter set modi�ed until a satisfactory �t is attained. This

process has been undertaken for the three sample thicknesses simultaneously. That is, the

input parameters of the loose spin model (Table 6.1) are the same for all three spacer thick-

nesses. Comparison of the theoretical and experimental canting angles and saturation �elds

for the Co/CuMn(Å) sample are shown in Fig. 6.7 where parameters underlying the loose

spin model for these �ts are listed in Table 6.2. For the Co/CuMn(15Å) and Co/CuMn(26Å)

samples only the temperature dependence at a single incident angle was recorded (see Fig.

5.2.3) hence there is no quantitative information regarding the canting angle other than the

fact that it is non-zero below 107 K and 85 K respectively. Nevertheless, �ts to the transition

temperature and saturation �eld can be made and these are displayed in Figs 6.8 and 6.9.

From Figs 6.7 and 6.8 it is clear that the loose spin model is able to reproduce the experi-

mental results of all three samples very nicely using the two independent RKKY interactions

of Eq. 6.2. One of the questions with previous evaluations of the loose spin model [203] was

the contention that the strength of the e�ective exchange �elds experienced by the loose spins

(400-600 T) due to the ferromagnets were unphysically large [60]. The RKKY interaction

strength in the current model is determined by the constant A = 540T and this value results

in e�ective exchange �elds in the spacer layer between 10 -100 T (see Fig. 6.11) at 30 K and

less at higher temperatures. These values are lower than the range quoted from evaluation

of loose spin coupling in the Fe/Al/Fe system [203]. It is worth noting that the scale of the

Co-Mn interaction strength in our model is determined by the strength of J ls2 necessary to

reproduce the experimental J2, hence, the inclusion of the contribution from Jfluct2 has a sig-

ni�cant e�ect on the model as it reduces the RKKY strength which corresponds to a certain

amount of biquadratic coupling. Given that Jfluct2 is the same order of magnitude as J ls2 ,
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Figure 6.7: Left: Fits of the loose spin model to the coupling angle and saturation �eld

of the low temperature biquadratic state observed in the Co/CuMn(19Å) sample with PNR.

The crosses indicate the temperatures for which a full �eld dependence of the half-order peak

has been recorded (see also top right of Fig. 5.13) Right: Temperature dependence of J1 and

J2 necessary to reproduce the coupling angles and saturation �elds shown on the left. The

net bilinear coupling comes from the sum of J ls1 and Jrkky1 while biquadratic coupling is a

result of both J ls2 and Jfluct2 .

including the �uctuation contribution has the e�ect of reducing the RKKY strength needed

to reproduce the experimental results by roughly a factor of two compared to the case of pure

J ls2 coupling.

By employing Eq. 6.10 the value of A used in the model can be compared with previous

experimental values for the RKKY coupling strength in Co\Cu(111) to arrive at a more

precise estimate of the whether the exchange �elds are reasonable. In particular, for the

best �t parameters of Table 6.2 the RKKY exchange in the model would result in a room

temperature bilinear exchange coupling of -0.19 mJ m−2 at 9Å in the absence of loose spins.

This can be compared with experimental values of the coupling observed in Co\Cu(111)

multilayers at the �rst AF peak in the RKKY oscillation listed in Table 6.3. Indeed the value

of RKKY strength in the loose spin model �ts seems reasonable as the predicted bilinear

coupling from Co-Co interaction falls well within the range of experimental variation in Table

6.3. One of the larger uncertainties in this comparison is that including the temperature
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Figure 6.8: Fits of the loose spin model to the transition temperature for the onset of canting

(left) and to the saturation �eld of the canted structure (right) in the Co/CuMn(15Å) and

Co/CuMn(26Å) multilayers observed by polarised neutron re�ectivity. Note that the 1/2

order peak intensity is not a quantitative measure of canting angle hence only the transition

temperatures, and not the canting angle, of experiment and theory can be properly compared.

The J1 and J2 values responsible for these �ts are displayed in Fig. 6.9.
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Figure 6.9: J1 and J2 from the loose spin model found to match best (see Fig. 6.8) with

PNR data from (a) Co/CuMn(15Å) and (b) Co/CuMn(26Å). The underlying parameter set

(Table 6.2) for these �ts is the same as that used for the Co/CuMn(19Å) sample.

dependence causes the strength of the RKKY by as much as a factor of ten or twenty and few
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Type Symbol Parameter Value Unit

RKKY A Strength 540 T

Λ Period 10.4 Å

φ Phase 95 ◦

T0 Characteristic Temp. (spacer) 1000 K m

T i0 Characteristic Temp. (interface) 300 K

Loose Spins Mmn Mn moment 4.4 µB

dmn Mn areal density 0.0106 Å−2

Ad−d direct Co-Mn exchange strength 120 T

Ferromagnets Mco Co moment 1.5 µB

dco Co areal density 0.52 Å−2

Jco/Jmn Ratio of the hybridisation

strength between Co-Cu and

Mn-Cu

0.62 unitless

Structural th Thickness 14.5, 19.1, 25.8 Å

σ Gaussian Roughness 1.7 Å

ξ Lateral Coherence Length 11 Å

Table 6.2: Values of the loose spin model parameters which give the best match between

theory and experiment. (see also Figs. 6.7, 6.8 and 6.9)

detailed experimental studies into the temperature dependence on the Co/Cu(111) system

exist. For example, Jrkky1 predicted by the loose spin model at 9Å and 30 K is -4 mJ m−2

which is larger than has been observed in any Co/Cu system. Nevertheless, given the range of

coupling strengths reported experimentally and the lack of low temperature studies the Co-

Mn interaction strength used in the loose spin �ts of Figs. 6.7 and 6.8 should be considered

physically reasonable.

Another important feature of this model and the �t shown above is the cancellation of the

J ls1 with Jrkky1 which, although it does not have to be exact (the experimentally observed J1 is

not zero), must still be substantial in order that the biquadratic coupling induces a signi�cant

canting angle at the low temperatures. The cancellation is necessary because of the issue that

J ls2 is higher order than J ls1 (Sec. 4.2.3). The balance between these two interactions means

that the predicted coupling angles and strengths are very sensitive to spacer layer thickness

and changes of a fraction of an Angstrom will modify the transition temperature predicted

by the model. A case in point is the exact agreement between the onset of canting in the

Co/CuMn(15Å) and Co/CuMn(26Å) samples shown on the left of Fig. 6.8 which was partly
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6.2. Comparison with experiment

Cu/Co(111) Coupling Strengths (mJ m−2)

Author Thickness (Å) J1 J2 Reference

Marrows 9.75 (sp.), 9.75

(sp. gas

damaged)

-0.15, -0.024 0.085, 0.17 [138, 137]

Schreyer 9, 19, 28 (mbe) -0.54, -0.15, -0.10 - [195]

Parkin 8.5 (sp.) -0.15 - [164]

Johnson 9 (mbe), 9 (sp.) -1.1,-0.5 - [100]

Ives 8 (mbe on GaAs),

8 (mbe on

Sapphire)

-0.33, -0.24 0.165, 0.08 [96]

This work 19 (sp.) 0.13 (at 90 K) 0.079 (at 90 K) This work

Table 6.3: Literature values of observed interlayer coupling strength in Cu/Co(111) multi-

layers giving an indication of the RKKY exchange strength at room temperature. All samples

quoted are antiferromagnetically coupled (most at the �rst AF maximum) as then the cou-

pling strengths can be determined from magnetometry measurements while in the case of

ferromagnetically coupled layers spin-wave measurements are required. Note: sp. = sput-

tered

enabled by �tting the spacer layer thickness used in the model within the allowed range (14-

16Å, 25-27Å) determined from structural characterisation. Hence in the decimal point in the

thickness values quoted in Table 6.2 is in fact important. Nevertheless, the variation in the

transition temperature due to these small thickness changes is roughly ±20 K meaning that

the general behaviour of low temperature canted state due to loose spin coupling is a robust

prediction for these spacer thickness.

Plotting the thickness dependence (Fig. 6.10) of the various interactions using the pa-

rameter set of Table 6.2 provides further information about the cancellation issue. Looking

at Fig. 6.10 the location of the samples investigated are close to nodes in the net bilinear

J tot1 interaction, but always on the ferromagnetic side. Note that the period and phase of

J tot1 can be varied during the �t as several quantities which are �t to (including the ratio

of hybridisation strengths Jco/JMn) play a role in determining this function. Certainly it is

clear that if the model is correct then spacer layer thicknesses less than 14Å and in the range

from 20 to 25Å should have a net antiferromagnetic bilinear coupling (J1 < 0). Therefore we

would expect for samples in this thickness regime that when J2 increases at low temperatures
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Figure 6.10: Thickness dependence of interlayer coupling in the loose spin model given the

parameters listed in Table 6.2. Dotted black lines indicated the spacer thicknesses measured

with polarised neutron re�ectivity.

canting angle will be in the range 180◦ to 90◦ rather than 0◦ to 90◦.4 Such AF coupling can

be viewed as a prediction of the loose spin model and indicates that further low temperature

experiments on the intermediate spacer thicknesses would help greatly in the evaluation of

the loose spin coupling mechanism.

6.2.2 Mn polarisation

In this section the Mn polarisation expected to be induced in the CuMn layer by the RKKY

exchange �elds used loose spin model is compared with the Mn polarisation measured with

XMCD (Secs. 5.3.1 and 5.3.2). It was stated in section 5.3.2 that the main factors in�uencing

the net spacer layer magnetisation would be thermal misalignment of the paramagnetic spins,

strength and variation of the Co-Mn coupling with depth in the spacer and the possible

formation of antiferromagnetic spin structures [15, 82, 31, 86]. The �rst two e�ects can

be treated consistently under assumption that the Mn atoms display perfect paramagnetic

behaviour as in this case the degree of polarisation is determined by the relative energy

scales of kBT and the RKKY exchange �eld. However, the possibility of (anti-)ferromagnetic

correlations due to Mn-Mn interactions is much harder to evaluate as it requires knowledge

of the Mn distribution, the strength and sign of short range Mn-Mn exchange [129] as well as

dynamic e�ects which vary depending on the timescale of observation [145, 232]. Furthermore,

4Having such coupling is not necessarily in contradiction to the MOKE results which suggest ferromagnetic

coupling for all samples as those were taken at room temperature. From looking at Fig. 6.7 the strengths of

J ls
1 and Jfluct

2 are both signi�cantly reduced at room temperature leaving open the possibility that if a small

amount of magnetostatic orange peel coupling were present it would dominate at room temperature resulting

the observed ferromagnetic coupling.

135



6.2. Comparison with experiment

although the temperature scale of spin glass ordering in the CuMn layer is likely ∼11 K

(Sec. 5.1.2) there is evidence that magnetic correlations in the form of Spin Density Waves

(SDW) exist in bulk CuMn alloys above Tsg where the sample is paramagnetic [91, 235].

If similar correlations were to persist in the multilayer case they may e�ect the degree of

induced Mn magnetisation. However quantitative treatment of such complex issues, which

are still being actively investigated in bulk spin glass alloys [172, 239], lies beyond the scope

of this work. Therefore in the following description of the CuMn layer polarisation possible

magnetic correlations between the Mn spins are not investigated and detailed evaluation of

Mn-Mn e�ects is left to future studies.
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Figure 6.11: RKKY exchange �eld experienced by the loose Mn spins with the model

parameters listed in Table 6.2.

The polarisation of an ideal paramagnetic Mn atom under the action of the e�ective

exchange �eld U is given by a standard Brillouin function:

BJ(U) =
2J + 1

2J
coth

(
2J + 1

2J

g J µB U

kBT

)
− 1

2J
coth

(
1

2J

g J µB U

kBT

)
(6.23)

where J is the spin quantum number of the atoms and g is the g-factor. The polarisation

BJ(U) is a number between -1 and 1 which depends on the ratio of the exchange �eld and

temperature and is simply related to the magnetisation, m (in units of µB / atom), by m =

M BJ(U) = g J µB BJ(U) where M is the atomic moment atom. For simplicity we have

assumed that the Mn atoms have only spin magnetic moment in which case J = S and

g = 2. Furthermore, the Mn moment has been determined from the L2,3-edge XAS to be

MMn = 4.5µB which corresponds to S = 2.25.

The expected magnetisation distribution within the spacer layer of the Co/CuMn multi-

layers as a function of temperature can therefore be determined from Eq. 6.23 for a speci�c

set of RKKY parameters given U(z) = |UL(z)+UR(z)| where UL(z) and UL(z) are as de�ned
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in Eq. 6.2. The polarisation of Mn atoms as a function of depth in the spacer layer given the

parameter set of Table 6.2 has been plotted by way of example at 30, 110 and 300 K in Fig.

6.12a. It can be seen that the RKKY exchange is large enough to cause close to complete

alignment the Mn spins at 30 K. Notably the Mn spins in the center of the layer are orientated

opposite to the ferromagnets which has the e�ect of reducing the net Mn magnetisation of

the entire layer substantially. Hence it is clear that the net Mn magnetisation in this model

will be quite sensitive to the period and phase of the underlying RKKY interaction.
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Figure 6.12: (a) Local Mn polarisation within the Cu spacer layer due to RKKY exchange

responsible for loose spin coupling given ferromagnetic alignment of the neighbouring Co

layers. (b) Geometry of the RKKY exchange �eld experienced by a loose Mn spin when the

two ferromagnets are coupled at θ to each other. The viewpoint of (b) is looking down into

the multilayer from above the surface (the z axis is out of the page).

When the Co layers are aligned ferromagnetically (or antiferromagnetically) this net mag-

netisation can be computed by a straightforward summation of the magnitude of the local

polarisation at each lattice position. However, in the case of canted alignment of the Co layers

the exchange �elds ~UL and ~UR will no longer be collinear, and indeed may be orientated at

di�erent directions at di�erent depth within the spacer. It is therefore necessary to perform

a vector summation over the polarisation at each Mn location. In particular Mn spins nearby

the left ferromagnet will tend to align with (or against) the left layer and similarly for spins

close to the right ferromagnet and generally this will result in a smaller net Mn polarisation

when the Co layers are canted than when there is ferromagnetic Co alignment. Explicitly the

net spacer magnetisation (in µB/atom) along the direction of net Co moment will be given

by

mMn =
th∑
i=1

MMnB(U(zi)) cos(γi) , γ = θ/2− β1 = −θ/2 + β2 (6.24)
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Here zi are the locations of the (111) lattice planes, ~U = ~UL + ~UR, B is the Brillouin

function (Eq. 6.23) and γi, is the angle between the local Mn polarisation of the site under

consideration and the applied �eld direction. The geometry of the exchange �eld experienced

by the loose spin and the various angles involved is summarised in Fig. 6.12b. Here the two

exchange �elds ~UL and ~UR are orientated with the Co magnetisation of their respective layers

so for a canting angle of θ between the ferromagnets the �elds ~UL and ~UR are also at an angle

of θ to each other. Furthermore the applied �eld will be orientated along the direction of

net Co magnetisation as in Fig. 5.14. Under this geometry the angle of interest, γ, which

is between the net exchange �eld ~U and the applied �eld H, will be determined entirely by

the strength of the left and right exchange �elds and the canting angle. The explicit relation,

using again |~UL| = a, |~UR| = b, is

cos(γ) =

sign(U)

(
cos(θ/2) (a+ b cos(θ))

(a2 + b2 − 2ab cos(π − θ))1/2
+ sin(θ/2)

(
1− (a+ b cos(θ))2

a2 + b2 − 2ab cos(π − θ)

)1/2
)
(6.25)

Using this result the total Mn magnetisation in the spacer layer can be determined for both

canted and ferromagnetic alignment via the summation in Eq. 6.24. Fig. 6.13 shows the Mn

magnetisation calculated in this way (blue and green triangles) as a function of temperature

given the best �t RKKY parameters. As expected the general trend is that Mn polarisation

increases with cooling, however below 50 K the increase levels o� for ferromagnetically aligned

samples and for the canted state the predicted Mn magnetisation actually decreases in this

temperature range. Inspection of Fig. 6.12a indicates that the reason for the plateau is the

increase in magnetisation of spins in the center of the spacer layer which are aligned opposite

to the ferromagnetic and the rest of the Mn with the result that alignment of these central

spins reduces the net moment in the spacer.

Also shown in Fig. 6.13 is the experimental results for the Mn temperature dependence

from L2,3-edge XMCD (red) and XRMS (yellow). Unfortunately the fact that, without ex-

tensive modeling of the re�ectivity pro�les, the intensity of the Mn XRMS signal cannot be

quantitatively related to the Mn moment means that only the trend with temperature can be

usefully compared to other results - on this level the increase in Mn magnetisation at lower

temperatures observed with XRMS is clearly in agreement with the polarisation increase seen

in loose spin theory. The sum rule analysis of the XMCD �uorescence data does provide a

quantitative indication of the ordered Mn moment and gives values for net Mn moment of

∼1.5 µB/atom at 70 -100 K which are slightly less than those predicted by the loose spin

model of ∼2.5 µB/atom for the same temperature range. Before looking more carefully at

the 1 µB/atom di�erence, we wish to note that the reason the two polarisations are close
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at all is that the Co-Mn RKKY interaction changes sign in the middle of the spacer layer

- if the Co-Mn interaction were ferromagnetic throughout the spacer then the Mn would be

e�ectively 100% polarised and the predicted magnetisation would be the saturation value of

4.5 µB/atom. Hence the period of the RKKY interaction used in the model, which has been

chosen to be consistent with previously observed periods in Cu(111), predicts for ideal para-

magnetic behaviour of the impurity spins, a net magnetisation in the CuMn layer with the

same sign (parallel to the Co magnetisation) and similar magnitude as that observed exper-

imentally. This fair agreement between predicted and observed Mn magnetisation provides

further support for that the proposed model of magnetic interactions in Co/CuMn multilayer

samples, in addition to the �ts to neutron data presented in the previous sections.
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Figure 6.13: . Magnetisation of dilute Mn spins in the CuMn spacer layer of Co/CuMn(19Å)

multilayer. Experimental results of L-edge XMCD experiments (red) are compared to esti-

mates using the RKKY exchange �elds of the loose spin model, the assumption of ideal

paramagnetic behaviour of Mn spins and ferromagnetic (blue) or canted (green) alignment

of the Co layers. The saturation value for Mn magnetisation determined from XAS spectra

(orange) is shown for comparison. Finally the XRMS intensity (yellow) is plotted against the

right axis provides further experimental evidence of increasing Mn polarisation with cooling.

However, as noted above the agreement is not perfect and the experimental value for Mn

magnetisation is consistently lower than that from theory (Fig. 6.13). One reason for this

would be the existence antiferromagnetic correlations between the Mn atoms in the sample,

as such e�ects have not been included in the current modeling. Indeed, x-ray studies on

Co/Cu0.5Mn0.5 multilayers with similar dimensions but higher Mn concentration [1, 2] ob-

serve signi�cantly less Mn polarisation (on the order of 0.04 µB/atom) than we �nd for the

dilute Co/Cu0.94Mn0.06 system. Electronic structure calculations of the more concentrated
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samples indicate there is antiferromagnetic coupling between Mn atoms which would account

for the lowered polarisation. Interestingly the Co-Mn coupling observed in the concentrated

Co/Cu0.5Mn0.5 system is opposite in direction to that observed here in dilute multilayers.

Namely the interfacial Mn spins ( < 7 Å from the interface) in the Cu0.5Mn0.5 layer are

aligned opposite to the Co magnetisation and those further away ( > 7 Å ) are aligned par-

allel to the ferromagnets [1, 2]. This case of antiferromagnetic alignment at the interface is

also observed in straight Co/Mn multilayers [92, 223] where no alloying is present, hence it

suggests that Mn-Mn interactions and the impurity concentration can play a crucial role in

determining Mn orientation relative to the Co layers. Returning to the dilute Co/Cu0.94Mn0.06

system we note that observation of ferromagnetic interfacial Co-Mn coupling with is in agree-

ment with the RKKY model suggests that Mn-Mn interactions do not dominate the magnetic

behaviour of the dilute spins. Nevertheless, this does not completely rule out presence of a

some amount of antiferromagnetic Mn-Mn correlation [91, 31] and if such e�ects were to occur

in the dilute case they could very well account discrepancy between observed and theoretical

magnetisation of the CuMn spacer layer seen in Fig. 6.13.

To summarise XMCD and XRMS observations on Co/Cu0.94Mn0.06 multilayers indicate

a substantial Mn magnetisation in the CuMn layer (∼1.5 µB/atom) that is parallel to the

Co magnetisation. This is consistent with the proposed model of loose spin coupling where

RKKY Co-Mn interactions induce net magnetisation amongst the dilute impurity spins that

changes sign with depth in the spacer. The correspondence between model and experiment

suggests that the Mn spins remain essentially paramagnetic over the temperature range where

biquadratic coupling appears, however, it must be noted that the existence of a some degree

of antiferromagnetic correlations within the paramagnetic state [91, 31] which suppresses the

degree of induced magnetisation cannot be ruled out.

6.2.3 Conclusions and Future work

Overall the ability of the loose spin model to reproduce the observed increase in J1 and J2

at low temperature as well as the sign and order of magnitude of the Mn polarisation within

the spacer layer provides good evidence that loose spin coupling due to the Mn impurities

in the spacer is the origin of the low temperature biquadratic state of the Co/CuMn(111)

system. In this picture a spin glass transition amongst the Mn atoms does not play any role

in determining the coupling, as was suggested by Kobayashi et al. [114] and indeed is likely

that the spin glass transition occurs at lower temperatures (∼ 11K see Fig 5.6) than the onset

of canting between the Co layers. This suggests that the energy scale at which the Mn-Mn

interactions induce cooperative magnetic ordering is lower than the onset of the biquadratic

state and is therefore consistent with the Mn behaving paramagnetically in the temperature
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region where loose spin coupling dominates.

Despite the close agreement between experiment and theory, a few comments can be

made regarding the limitations of the loose spin model as well possible future experiments

and further analysis that could be performed on the Co/CuMn series. Firstly, as only three

samples of di�erent spacer layer thicknesses have been measured at low temperatures (15Å,

19Å and 26Å), the issue of cancellation between Jrkky1 and J ls1 has not been fully tested. In

particular, the parameters used for the underlying RKKY interaction responsible for coupling

the loose Mn spins to the ferromagnets predict that for thickness ranges in between 19Å

and 26Å the net bilinear coupling should be negative (antiferromagnetic). Whether this is

indeed the case could be tested with further magnetometry or PNR experiments on samples

in this intermediate thickness range. Additionally, fabrication of samples located at the �rst

AF maximum would be very useful as, if they were indeed antiferromagnetically coupled, the

strength of the RKKY exchange interaction could be determined from experiment rather than

entering as an extra �t parameter in the coupling model. Finally, another nice experimental

test would be to fabricate samples with varying concentrations (but remaining below the

percolation limit) of Mn as one would expect that the strength of the loose spin coupling

will be linearly proportional to the Mn concentration resulting in some correlation between

transition temperatures and doping levels.

On the theoretical side the description of the interaction between the loose spin and

the ferromagnetic layer could improved upon by moving to a quantum well model [27, 94]

where the left and right exchange interactions are no longer independent of each other (see

comments below Eq. 6.2) and such a generalisation may result in qualitatively di�erent

predictions for J ls1 and J ls2 . Additionally the e�ect of scattering of electron waves from the

Mn impurities on the bilinear RKKY interactions of Eqs. 4.4 and 6.2 has not been included

[204] and this e�ect may also in�uence the predicted couplings. However, evidence against this

possibility comes from evaluation of impurity scattering e�ects in Co/Cu1−xNix multilayers

by Lathiotakis et al. [124, 123] where it was found that addition of Ni impurities in the

spacer simply introduces an exponential damping factor to the RKKY interaction. For low

concentrations of dopant atoms (x > 0.1) the damping results in an RKKY interaction with

a similar oscillatory form but slightly reduced in strength. which suggests that, if the RKKY

interaction in the Co/Cu1−xMnx system behaves a similar way to that calculated for the

Co/Cu1−xNix case, no signi�cant deviations from the loose spin behaviour discussed above

are expected as a result of scattering from impurities.

Even with the caveats the loose spin mechanism appears to be the most convincing expla-

nation of the origin of the low temperature biquadratic state in Co/CuMn(111) multilayers.

Indeed, careful evaluation of the strength and temperature behaviour of the loose spin cou-
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pling using physically reasonable parameters of the underlying RKKY exchange interaction is

able to closely reproduce both the experimentally observed bilinear and biquadratic coupling

behaviour.
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Chapter 7

Summary and Outlook

In this thesis the high pressure magnetic state of CrO2 has been probed using K-edge x-ray

magnetic circular dichroism (XMCD) up to a maximum pressure of 15 GPa. The signi�cant

new results gained from the CrO2 the study are twofold. Firstly detailed modeling of the

K-edge XMCD spectra demonstrates that quenching of the 4p orbital moment can e�ect

the XMCD intensity independently of any changes to to the 3d electrons responsible for

magnetisation. The orbital quenching caused by an increase in crystal �eld splitting relative to

the S-O interactions and is associated with larger tetragonal distortion of the CrO2 octahedra

under pressure. Although quenching of the 4p orbital polarisation is shown to account for only

∼20% of the experimentally observed decrease in K-edge XMCD intensity this is signi�cant

enough that it would change conclusions made regarding the magnetisation as a function of

pressure and therefore it is vital to include the correction for orbital quenching in analysis of

the high pressure magnetic state. We note that the orbital quenching mechanics m described in

this work has not been previously considered in existing studies of K-edge XMCD as a function

of pressure, however, it should be relevant to any compound where similar structural changes

cause there to be larger crystal �eld splitting energies in the 4p bands under compression.

Secondly, the magnetisation of CrO2 is observed to decrease at a rate consistent with a

linear suppression of the ferromagnetic ordering temperature, Tc. Although the Tc decrease

has been observed previously [198], the study presented here extends the pressure range of

measurements to 15 GPa which allows the critical pressure, Pc, for the complete disappearance

of ferromagnetism to be further narrowed down. In particular, extrapolation of the K-edge

XMCD indicated the that Pc occurs in the range 45 ±11 GPa and this is towards the lower end

of the values predicted by existing band structure calculations [141, 209]. Finally, qualitative

arguments based on the Goodenough-Kanamori exchange rules suggest that the straightening

of the Cr1-O-Cr2 bond (here Cr1(2) is a Cr atom located at the center (corner) of the unit

cell) which occurs under pressure should result in a strengthening of the antiferromagnetic
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superexchange (SE) interactions. If the increased strength of antiferromagnetic SE were to

overcome any enhancement of the ferromagnetic double exchange (DE) the net result would

be a lowering of the Curie temperature and this is proposed as an explanation for the Tc

decrease observed experimentally. However, we do note that useful further work would be

to undertake a more rigorous theoretical treatment of exchange interactions under pressure,

especially the in�uence of pressure on double exchange which is the dominant interaction at

ambient pressure, and that this could help to con�rm or deny the proposed story of increased

SE at pressure causing a weakening of ferromagnetism in CrO2 .

The second body of work described in this thesis regards interlayer exchange interactions

in the canonical Co/Cu(111) multilayer system when Cu spacer layer is doped with a small

concentration, 6%, of magnetic Mn atoms. It had been previously shown [114] that the intro-

duction of magnetic impurities into the spacer layer caused there to be strongly temperature

dependent interlayer coupling where the coupling changed sign from antiferromagnetic (AF)

to ferromagnetic (F) on cooling and vice versa. Furthermore this was hypothesized to be

the result of a spin glass phase forming in the CuMn layer. Polarised neutron re�ectometry

(PNR) and L2,3-edge XMCD spectroscopy measurements presented here challenge both these

conclusions, indicating instead that the low temperature magnetic states is one of canting be-

tween ferromagnetic layers brought on by an increase in the biquadratic interlayer coupling,

J2, and that the Mn polarisation over the temperature region of interest is consistent with

the spacer layer spins remaining paramagnetic.

In addition to the experimental study, the temperature dependence of interlayer coupling

in the Co/Cu0.94Mn0.06 multilayer system has been investigated in detail from a theoretical

perspective. In particular, the expected loose spin coupling associated with the Mn impurity

spins embedded in the Cu spacer layer has been thoroughly evaluated and in the process

several extensions to the existing loose spin theory have been made. These include:

1. Explicit summation of coupling fromMn atoms at all possible in depths within the spacer

layer. This allows for the proper oscillatory form of the RKKY exchange interaction

between the ferromagnets and the loose impurity spins to be used in the model. An

additional bene�t from including this summation is that the strength of the net loose

spin coupling can be directly related to the RKKY exchange parameters.

2. A treatment of lateral variation in bilinear loose spin coupling, J ls1 , due to positional

disorder of the Mn impurities. It is demonstrated that J ls1 is stronger (weaker) in the

areas with a greater (lesser) concentration of Mn atoms and that such a variation in

interlayer coupling strength leads to a an extra biquadratic contribution, Jfluct2 , due to

the �uctuation mechanism. This contribution to the coupling has not been previously
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included in the context of the loose spin model, however, we �nd that it is of the same

order of magnitude as the biquadratic coupling that comes directly from the loose spins,

J ls2 .

3. Not ignoring the bilinear contribution to the interlayer coupling from loose spins, J ls1 .

Previous works suggest that J ls1 may cancel out when summed over depth in the spacer

[215, 214, 186, 203], however we �nd that this is not the case and generally the net

J ls1 value is larger than the net J ls2 . In the modeling of the Co/Cu0.94Mn0.06(111)

system we �nd that J ls1 can be partially canceled out by the intrinsic RKKY exchange

interaction Jrkky1 that directly couples the ferromagnetic layers leaving the biquadratic

contributions J ls2 and Jfluct2 to dominate experimentally. However, this cancellation

has some dependence on the spacer layer thickness hence it would be of interest to

investigate the existence of biquadratic coupling in Co/Cu0.94Mn0.06(111) multilayers

over a denser sampling of possible spacer layer thickness than the three (15Å, 19Å and

26Å) investigated in this thesis.

In terms of future theoretical work, there are several further improvements that could be made

regarding the treatment of the conduction electron momentum states responsible for RKKY

exchange. For example, the interaction between the loose spin and the left ferromagnet

is assumed to be independent from the interaction between the loose spin and the right

ferromagnet. This could be generalised by moving to a quantum well model where the RKKY

exchange interactions from the left and right ferromagnets are allowed to interfere resulting in

a uni�ed exchange interaction between both ferromagnets and the loose spin. Also the e�ects

of scattering of electron waves from nearby Mn impurities on the various RKKY exchange

interactions, as well as any in�uence of Mn-Mn interactions, are not included in our model.

Nevertheless, with just the three extensions listed above we �nd that the loose spin model

can be �t to the experimentally determined temperature dependence of coupling angles, sat-

uration �elds in all three samples studies for physically reasonable parameters of the RKKY

exchange interaction. In particular, the best �t parameters for the RKKY interaction which

causes a loose spin to experience an e�ective exchange �eld of

~U(z) = A
d2

z2
sin(qzz + φ)

z T/T0 + T/T i0
sinh

(
z T/T0 + T/T i0)

) (7.1)

were found to be A = 540T , qz = 10.4Å, φ = 95◦, T0 = 1000K and T i0 = 300K. Further-

more the sign and order of magnitude of the Mn polarisation in the spacer is well accounted

for given the RKKY �eld outlined above and paramagnetic behaviour of the Mn spins. Over-

all the ability of the loose spin model to account for all experimental observations on the
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Co/Cu0.94Mn0.06 multilayer system with a single, limited set of parameters makes a convinc-

ing case that loose spin coupling is responsible for the occurrence of the low temperature

canted magnetic phase.
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