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Abstract

For over half a century, the technological promise of spins manipulable by a small voltage has

captivated the interest of experimental and theoretical researchers alike. However, if thin-�lm

multiferroics are to be incorporated into future data storage devices, a much greater understand-

ing of their behaviour and how they di�er from their bulk counterparts is required. In this thesis,

we probe the fundamental multiferroic properties of BiFeO3 �lms through a combination of state-

of-the-art di�raction and microscopy techniques. We investigate the coupling between magnetic,

ferroelectric, and structural order, with a focus on domains, and how the domain structure may

be manipulated in order to tailor the multiferroic properties of the material.

Using non-resonant magnetic x-ray scattering (NXMS) and neutron di�raction, we study the

magnetic and structural properties of (111)pc-oriented BiFeO3 �lms. Contrary to the general

belief that to they grow as a rhombohedral monodomain, we �nd that they comprise a sub-

micron texture of monoclinic domains. The magnetic structure is found to be intimately coupled

to the structure, resulting in the propagation vector being locked to the monoclinic b-axis. This

magnetoelastic coupling opens up a route to strain-engineer the magnetic domains via epitaxial

strain. By growing BiFeO3 �lms on a lower-symmetry, TbScO3 substrate, we are able to engineer

a magnetic, structural and ferroelectric monodomain, coherent over the entire �lm, constituting

an increase in the domain size by over �ve orders of magnitude.

We directly demonstrate the coupling between ferroelectric and magnetic order parameters of

the cycloidal magnetic structure. Using NXMS polarimetry to measure directly the magnetic po-

larity, we show that upon switching the ferroelectric polarisation, the magnetic polarity switches

accordingly—a major rearrangement of the magnetic structure, with each spin rotating by 90°
on average. This goes counter to idea that magnetic and ferroelectric order parameters are only

weakly coupled in type-I multiferroics.

Finally, using photoemission electron microscopy we are able to directly image the sub-

micron magnetostructural domain structure. We further show that there is a strong interfacial

coupling between the magnetostructural domains of BiFeO3 with a ferromagnetic overlayer. The

BiFeO3 domains are found to impose a uniaxial anisotropy in the overlayer, opening up a route

to control ferromagnetic domains.
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Definitions of symbols and constants

ki (kf) : Initial (�nal) wavevector of x-ray photon

Ei (Ef) : Initial (�nal) energy of x-ray photon

K : Scattering wavevector K = kf - ki

G : Reciprocal lattice vector

R : Direct lattice vector

(h, k, l) : Miller indices

µB : Bohr magneton µB = eh̄/(2me)

TN : Néel temperature

TC : Curie temperature

a, b, c : Basis vectors of the direct lattice

a∗, b∗, c∗ : Basis vectors of the reciprocal lattice

M(r) : Magnetisation at (r)
M(K) : Magnetic structure factor at (K)

q : Magnetic propagation vector

σ : Pauli spin matrices

J : Exchange constant

ε (ε′) : Incident (�nal) polarisation vector of x-ray photon

P : Electric polarisation

H(r) : Magnetic �eld strength at r
µ(r) : Magnetic moment at r

Acronyms

BFO : BiFeO3

STO : SrTiO3

SRO : SrRuO3

TSO : TbScO3

NXMS : Nonresonant x-ray magnetic scattering

PEEM : Photoemission electron microscopy

XMLD : X-ray magnetic linear dichroism

XMCD : X-ray magnetic circular dichroism
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4 Chapter 1. Introduction to multiferroics

1.1 Introduction

T

he study of electronic and magnetic phenomena in solids is central to the pursuit

of cutting-edge technology. Functionality in modern consumer electronics, ranging

from touch sensors in mobile devices to nonvolatile data storage in hard disk drives,

stems directly from the intrinsic electronic and magnetic properties of their constituent materials.

Led by the continued search for novel materials and trend towards device miniaturisation, recent

research into what have been termed multiferroics1
has attempted to combine electronic and

magnetic properties into a single multifunctional material. Multiferroics are materials in which

two or more ‘ferroic’ properties coexist. Below their critical temperature, ferroic materials possess

certain macroscopic properties which are both spontaneous (i.e. they exist independently of any

external �elds) and switchable (i.e. they can be manipulated by external �elds). The interplay

between di�erent ferroic properties in multiferroics (�g. 1.1) leads not only to a broad spectrum

of rich and fascinating fundamental physics, but also to many novel mechanisms that promise

important practical applications.

The principal technological potential of multiferroics lies in lowering the energy cost of

computation in data storage and logic devices. Since its invention in 1963,
3

the complementary

metal–oxide–semiconductor (CMOS) �eld-e�ect transistor has driven technological progress

at an extraordinary rate. In what has become known as ‘Moore’s Law’,
4

advances in CMOS

technology have approximately doubled the density of transistors in integrated circuits ev-

ery two years.
5

However, this scaling down of components has led to increased energy con-

sumption and heat generation to such a degree that these issues have become a serious limi-

1
H Schmid. Ferroelectrics, 162: 317–338, 1994.

3
FM Wanlass Low stand-by power complementary �eld e�ect circuitry US Patent 3,356,858 Dec. 1967

4
GE Moore. Electronics, 38: 114–117, 1965.

5
RR Schaller. IEEE Spectrum, 34: 52–59, 1997.
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Figure 1.1: Relationship between di�erent ferroic orders. In singly ferroic materials, a

spontaneous electric polarisation P, magnetisation M or strain ε will form below a certain critical

temperature. These can be controlled by an electric �eld E, magnetic �eld H or mechanical stress

σ respectively. In multiferroics there are coupling mechanisms allowing for additional methods

of control, for example, switching the electric polarisation with an applied magnetic �eld. After

Spaldin et al. (2005).
2

tation on device performance.
6

The current cost of CMOS computation is ~10−11
J/bit,

7
many

orders of magnitude more than the Landauer limit, which gives a theoretical lower limit of

E = kBT ln 2 ~ 3× 10−21
J/bit.

8
Ferroic materials o�er an alternative to the CMOS transistor,

storing the binary information in their spontaneous properties. The spontaneous magnetisa-

6
K Bernstein et al. P. IEEE, 98: 2169–2184, 2010.

7
RK Cavin, P Lugli, and VV Zhirnov. P. IEEE, 100: 1720–1749, 2012.

8
R Landauer. IBM J. Res. Dev., 5: 183–191, 1961.
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tion of ferromagnetic materials has already proven an e�ective medium for non-volatile data

storage
9

and has been the central component of commercial hard disk drives since the 1950s.
10

The persistence of the magnetisation, allowing information to remain even in the ‘o�’ state of a

device (a property shared by all ferroic materials), is a clear advantage over the volatile state of

CMOS-based devices. However, the high energy cost associated with switching the magnetisa-

tion of these materials (~10−8
J/bit

11
) prevents them from providing a viable alternative on their

own. A multiferroic device, encompassing multiple ferroic orders, o�ers a di�erent approach. By

allowing the magnetic state to be controlled through its coupling to one of the other ferroic prop-

erties, a multiferroic device could harness the non-volatile nature of the magnetic state whilst

remaining energetically cheap to switch.
12–14

Although an ordered magnetic moment switchable

solely by an applied electric �eld is impossible due to symmetry constraints,
15

there are many

other routes to exploiting this coupling. This thesis comprises an investigation into the coupling

between magnetic order and other ferroic orders in multiferroic materials, with the view to create

prototype logic devices based on electrical and mechanical control of magnetic order.

A key property of ferroic materials, fundamental in both their theoretical and experimental

study, is that they conform to de�nite symmetry principles. All ferroic materials are crystals, such

that their atoms are ordered in a periodic lattice which is invariant under a group of symmetry

operations known as a space group. The symmetry elements of a space group consist of some

combination of point and translational operations. These include both pure operations i.e. proper

and improper rotations, mirror re�ection, inversion, and centering and lattice translations, and

compound operations i.e. screw axes (translation + rotation) and glide planes (translation +

re�ection). The 230 space groups can be generated by combining the 32 point groups with the

9
NA Spaldin. Magnetic materials: Fundamentals and applications. Cambridge University Press, 2010.

10
IBM RAMAC 650 announcement Sept. 1956

11
PC Lacaze and JC Lacroix. Non-volatile memories. John Wiley & Sons, 2014.

12
JF Scott. Nat. Mater., 6: 256–257, 2007.

13
M Bibes and A Barthélémy. Nat. Mater., 7: 425–426, 2008.

14
F Matsukura, Y Tokura, and H Ohno. Nat. Nano., 10: 209–220, 2015.

15
SW Cheong and M Mostovoy. Nat. Mater., 6: 13–20, 2007.
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14 Bravais lattices.

The manifestation of ferroic order in a crystal is necessarily associated with the loss of some

of these symmetry operations. These broken symmetries put strict constraints not only on the

allowed form of any ferroic properties, but also on any potential coupling between them. This is

stated succinctly in Neumann’s principle:
16

“ The symmetry of any physical property of a crystal must include

the symmetry elements of the point group of the crystal. ”

Thus understanding the symmetry of the ferroic phase enables vital insights into the system.

Symmetry analysis is a technique used extensively throughout this thesis, both in designing

experiments to probe speci�c properties of ferroic materials and in interpreting the results of

these experiments.

A further consequence of symmetry breaking in ferroics is the existence of domains, where

di�erent regions of the crystal have ferroicly ordered in di�erent orientations (equivalent by

the broken symmetry elements of the parent structure). It is this domain structure and its

response to external �elds that gives ferroic materials their highly non-linear and hysteretic

behaviour. From both a technological and experimental perspective, the e�ects of domains can

be problematic since they can obfuscate (or even completely negate) the intrinsic properties of a

material. However, if properly understood, domain e�ects can also be exploited to very �nely

tune the properties of a material.

The focus of this thesis is thin �lm BiFeO3, its multiferroic domain structure and how this

may be manipulated to control its properties. In the remainder of this chapter, I will give an

introduction to ferroic and multiferroic materials, their properties and classi�cation, followed by

a brief introduction to domains.

16
FE Neumann and OE Meyer. Vorlesungen über die Theorie der Elasticität der festen Körper und des Lichtäthers:

gehalten an der Universität Königsberg. vol. 5 BG Teubner, 1885.
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1.2 Ferroic Materials

Upon changing the environmental conditions of a material, it can undergo a phase transition,

entailing a spontaneous change of symmetry in which its structure changes. For example, as

depicted in �g. 1.2(a), upon cooling a crystal through a certain critical temperature, Tc, it will

undergo a phase transition from a disordered liquid (point group ∞∞m) to a solid with long-

range periodic order (and a discrete point group), thus breaking the isotropic translational and

rotational symmetry of the disordered phase.

A ferroic material is a one that can undergo one or more ferroic phase transitions. A ferroic

phase transition is de�ned as a non-disruptive
17∗

phase transition that entails a lowering of

the point-group symmetry of the material. For example, in a ferromagnetic phase transition,

disordered spins on a lattice will align along a certain direction, which breaks the higher rotational

symmetry of the parent phase (�g. 1.2(b)). In contrast, crystallisation is an example of a non-

ferroic phase transition, since unlike the ferromagnetic transition, it breaks the non-disruptive

condition.

An important consequence of a ferroic phase transition is long-range ordering of at least

one macroscopic tensor property. In ferroelectric materials, for example, the appearance of a

spontaneous polarisation at the critical temperature can result from a long-range polar distortion

of the crystal structure (�g. 1.2(c)). Given that in the parent phase, two or more of the possible

orientations of this property are equivalent by symmetry and thus degenerate, this tensor prop-

erty will in general be inhomogenous (usually discontinuously so) over the material in the ferroic

phase. These regions, known as domains, di�er in their orientations of the tensor property and

17
M Guymont. Phys. Rev. B, 24: 2647, 1981.

∗
A phase transition is non-disruptive if the new structure can be described (its symmetry elements, Wycko�

positions of atoms, etc., can be located) in the frame of reference of the old structure after a continuous distortion

that does not entail an additional change of symmetry. This requires, for instance, that the high-symmetry axis

of the parent phase coincides with the high-symmetry axis of at least one of the domains of the ferroic phase and

atomic displacements are small enough that there is a one-to-one correspondence of all atoms and bonds between

both phases. See Guymont (1981)
17

for further details.
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Figure 1.2: Symmetry breaking phase transitions. Schematic depictions of the onset of

ordering below the critical temperature in the case of a, crystallisation, b, ferromagnetic ordering

and c, ferroelectric ordering.

are related to one another by the broken symmetry operators of the parent phase. This domain

structure can be modi�ed by its conjugate �eld: an external electric, magnetic or stress �eld (or

some combination of the three) that couples directly to the macroscopic tensor property. In the

above example, ferroelectric domains can be modi�ed by the application of an external electric

�eld. There do exist, however, some ferroic materials with conjugate �elds that are not so easily

experimentally realisable. For example, the conjugate �eld of an antiferromagnet would be a

staggered magnetic �eld with a periodicity on the atomic length scale.

1.2.1 Thermodynamics of ferroic phase transitions

Phase transitions can be understood in terms of the Gibbs free energy of the involved phases.

Consider a ferroic crystal under the in�uence of an external magnetic �eld (Hi), electric �eld
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(Ei), and a uniaxial stress (σij). The generalised free-energy di�erential can be written as
18

dF = −SdT − HidBi − EidDi − eijdσij, (1.1)

where S is the entropy, and Bi, Di, and εij are the magnetic �ux density, electric displacement,

and strain, respectively. We can write the latter three quantities each as a sum of a spontaneous

component (denoted by the subscript (s)) and any induced components, due to the presence of

external �elds. Magnetic �ux density may be induced by magnetic �elds (magnetic permeability),

electric �elds (magnetoelectricity) and applied mechanical stress (piezomagnetism). In this case,

the magnetic �ux density can be written as

Bi = B(s)i + µijHj + αijEj + Qijkσij + ..., (1.2)

where µij, αij and Qijk are the coe�cients of the magnetic permeability tensor, magnetoelectric

tensor, and piezomagnetic tensor respectively. Similarly, for the electric displacement we have

Di = D(s)i + εijEj + αijHj + dijkσij + ..., (1.3)

where εij and dijk are coe�cients of the dielectric permittivity tensor and the piezoelectric tensor,

respectively. Finally, the strain is given by

εij = ε(s)ij + sijklσkl + dkijEk + QkijHk + ..., (1.4)

where sijkl are the coe�cients of the elastic-compliance tensor.

We can obtain an expression for the free energy, F, by substituting the expressions for Bi, Di

and εij into eq. (1.1), combining terms and integrating. Since they are equivalent by symmetry,

this applies equally for all domains, regardless of their orientation. To classify ferroic materials,

18
VK Wadhawan. Introduction to ferroic materials. CRC press, 2000.
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we can consider calculating the di�erence in the free energy for two di�erent domains of a ferroic

crystal, ∆F = 2F− 1F, with reference to a set of measurement axes. Noting that, by de�nition,

D(s)i = ε0Ei + P(s)i and B(s)i = µ0Hi + M(s)i, we obtain

−∆F =

Primary ferroic terms︷ ︸︸ ︷
∆P(s)iEi + ∆M(s)iHi + ∆ε(s)ijσij +

Secondary ferroic terms


1
2 ∆εijEiEj +

1
2 ∆µijHiHj +

1
2 ∆sijklσijσkl+

∆αijEiHj + ∆dijkEiσjk + ∆QijkHiσjk,
(1.5)

where tertiary and higher order terms have been omitted since they are outside the scope of this

thesis.
∗

A ferroic crystal will have a �nite value for at least one of the terms in eq. (1.5). These can

be further categorised into full or partial ferroics: in a full ferroic, ∆F is non-zero for all pairs

of orientation states, whereas in a partial ferroic, only a subset of pairs of orientation states

give a �nite ∆F. We now describe a classi�cation of ferroic materials based on Equation (1.5),

classifying them in terms of their tensor properties and their relationships to external �elds.

1.2.2 Primary ferroics

The �rst three terms of eq. (1.5), which are linear in the conjugate �elds, describe what are known

as primary ferroics. These are ferroelectrics, ferromagnets and ferroelastics, respectively.

Ferromagnetism

If ∆M(s)i is �nite for at least one pair of domains (for any i), i.e. the two domains di�er in

their spontaneous magnetisation, then the crystal is said to be ferromagnetic. This also includes

∗
These higher order e�ects are often di�cult to observe as they are easily masked by any primary or secondary

e�ects also present in a system. Two tertiary e�ects that will be mentioned brie�y are magneto- and electro-striction,

which correspond to terms ~ σH2
and ~ σE2

, respectively.
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ferrimagnetic materials and weak ferromagnets. Long range magnetic order may also come in

the form of antiferromagnetism or more complex, non-collinear structures.

Historically, ferromagnetism is the oldest ferroic property known to science, its study dating

back to the ancient Greeks.
19

From its �rst recorded practical use in the magnetic compass by

Chinese mariners
20

to its use in the �rst electric power plant providing power generation to Man-

hattan, New York,
21

ferromagnetism has contributed vitally to technological development over

the past millennium. Now, magnetic materials play a crucial role in many devices across various

sectors including audio technology, telecommunications, energy distribution and generation,

and data storage.
9

Spontaneous magnetic order in crystalline solids is caused by exchange interactions between

nearby magnetic ions. The exchange interaction is quantum mechanical in nature and arises from

the fact that the overall electron wavefunction must be antisymmetric under particle exchange

to satisfy the Pauli exclusion principle.
22

Consider a system comprising two interacting electrons

labelled a and b at positions r1 and r2, respectively. Their overall wavefunction can be written as a

product of the spatial and spin components such that the symmetric-spin, antisymmetric-spatial

(singlet) state is given by

ψS =
1√
2
[ϕa(r1)ϕb(r2) + ϕa(r2)ϕb(r1)]χS, (1.6)

and the antisymmetric-spin, symmetric-spatial (triplet) state is given by

ψT =
1√
2
[ϕa(r1)ϕb(r2)− ϕa(r2)ϕb(r1)]χT, (1.7)

where χS and χT are the symmetric and antisymmetric spin-only wavefunctions, respectively.

19
JF Keithley. The story of electrical and magnetic measurements: From 500 BC to the 1940s. John Wiley & Sons,

1999.

20
CW Chen. Magnetism and Metallurgy of Soft Magnetic Materials. New York: Dover Publications, 1986.

21
C Sulzberger. IEEE Power Energy M., 11: 76–85, 2013.

22
W Pauli. Z. Phys. A, 31: 765–783, 1925.
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The di�erence in energy between these two states is what de�nes the exchange constant:

Jab =
ET − ES

2
=
∫

ϕ∗a(r1)ϕ∗b(r2)Hϕa(r1)ϕb(r2)dr1dr2, (1.8)

which quanti�es the interaction between the two spins, and whether it is energetically favourable

for them to align or antialign. This can be generalised to a many body system, giving an expres-

sion for the e�ective spin-Hamiltonian,
24

or, as it is better known, the Heisenberg Hamiltonian:

H = 2 ∑
i>j

JijSi · Sj, (1.9)

where Jij is the isotropic exchange constant that describes the interaction between spins i and j.

Note that if Jij < 0 for all neighbouring spins, the system will order ferromagnetically whereas,

if Jij > 0, they will order antiferromagnetically. If multiple exchange interactions are present

or if spins in certain geometries (on a triangular lattice, for instance) are antiferromagnetically

coupled, these interactions can result in magnetic frustration, which can stabilise more complex,

24
SJ Blundell. Magnetism in condensed matter. OUP, 2003.

Table 1.1: Classi�cation of primary and secondary ferroics. After Newnham (2005).
23

Ferroic class Orientation state di�er in Switching force Example

Primary

Ferromagnetic Spontaneous magnetisation Mi Magnetic �eld Hi Co

Ferroelectric Spontaneous polarisation Pi Electric �eld Ei BaTiO3

Ferroelastic Spontaneous strain εij Mechanical stress σij CaAl2Si2O8

Secondary

Ferrobimagnetic Magnetic susceptibility µij Magnetic �eld Hi Hj NiO

Ferrobielectric Dielectric susceptibility εij Electric �eld EiEj SrTiO3

Ferrobielastic Elastic compliance sijkl Mechanic stress σijσkl SiO2

Ferromagnetoelectric Magnetoelectric coe�cients αij Magnetic �eld and electric �eld Cr2O3

Ferromagnetoelastic Piezomagnetic coe�cients Qijk Magnetic �eld and mechanical stress FeCO3

Ferroelastoelectric Piezoelectric coe�cients dijk Electric �eld and mechanical stress NH4Cl



14 Chapter 1. Introduction to multiferroics

CYCLOIDal Magnetic order

Helical Magnetic order
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Figure 1.3: Noncollinearmagnetic structures. Competing exchange interactions can stabilise

non-collinear magnetic structures. For example, nearest neighbour, JFM < 0, and next-nearest

neighbour, JAFM > 0, can result in a ground-state (a,) cycloidal spin structure where spins rotate

in a plane containing the propagation vector (Q ⊥ e) or a (b,) helical spin structure in which

the spins rotate in a plane orthogonal to the propagation vector (Q ‖ e). Here Q is the magnetic

propagation vector and e is the spin rotation axis.

often incommensurate, spin arrangements such as helical or cycloidal magnetic structures as

shown in �g. 1.3.

This direct exchange interaction is dependent on a spatial overlap of the electron orbitals

of neighbouring magnetic ions. However, in many ionic solids, this exchange mechanism does

not account for the interaction between magnetic ions since they are separated su�ciently that

the orbital overlap is negligible. There is instead an indirect exchange interaction, known as

superexchange, whereby a non-magnetic ion (usually O
2 –

) located between the magnetic ions

mediates the exchange.

The nature of the superexchange interaction depends largely on the crystal structure, specif-

ically on the bond angle between the non-magnetic and magnetic ions.
25,26

This e�ect, amongst

25
JB Goodenough. Phys. Rev., 100: 564, 1955.

26
J Kanamori. J. Phys. Chem. Solids., 10: 87–98, 1959.
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others, allows the crystal structure to in�uence the magnetic structure, and vice versa. This

interaction between magnetic and structural order is particularly important in the context of

multiferroics as it provides a mechanism that can couple the magnetic structure to other ferroic

properties.

Ferroelectricity

If ∆P(s)i in eq. (1.5) is �nite for at least one pair of orientation states of a crystal, it is said

to be ferroelectric. Ferroelectricity, unlike ferromagnetism, is very much a 20th century phe-

nomenon, having been �rst observed in 1920 by Joseph Valasek.
27

In measurements of the material

known as Rochelle salt, Valasek demonstrated hysteretic switching of the polarisation with an

applied electric �eld. In the following decades, a new series of ferroelectrics based on a family of

hydrogen-bonded compounds was discovered: namely the potassium arsenates and phosphates,

including the material KH2PO4 (better known as KDP).
28,29

The polarisation in these compounds

results from an order–disorder transition that involves ordering of the H
+

ions in the hydrogen

bonds to create ferroelectric domains.
30

The �rst observation of ferroelectrics in non-hydrogen-

bonded compounds was in the perovskite oxides in the 1940s.
31–33

The most notable of these is

BaTiO3,
34,35

a material that now sees common use in modern capacitors and transducers.
36

For

BaTiO3 (and several other perovskite oxides with d0
transition metal ions), the ferroelectric state

arises from a polar distortion of the covalently-bonded O
2 –

–Ti
4+

octahedra, lowering its overall

bond energy. In recent years, there has been a signi�cant increase in the research interest in

27
J Valasek. Phys. Rev., 17: 475, 1921.

28
G Busch and P Scherrer. Nat. Sci., 23: 737–737, 1935.

29
G Busch. Helv. Phys. Acta, 11: 269–298, 1938.

30
JC Slater. J. Chem. Phys., 9: 16–33, 1941.

31
BT Matthias and JP Remeika. Phys. Rev., 76: 1886, 1949.

32
BT Matthias. Phys. Rev., 75: 1771, 1949.

33
G Shirane, S Hoshino, and K Suzuki. Phys. Rev., 80: 1105, 1950.

34
B Wul. Nature, 156: 480, 1945.

35
B Wul. Nature, 157: 808, 1946.

36
GH Haertling. J. Am. Ceram. Soc., 82: 797–818, 1999.
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ferroelectricity, with many new materials and ferroelectric mechanisms being discovered.
37

Ferroelectrics (and in fact all ferroics) can be categorised into proper and improper ferroics. In

a proper ferroelectric, the order parameter is proportional to the spontaneous polarisation
∗

such

that the polarisation results directly from a structural phase transition that lowers the point group

symmetry to a polar group. For example, some perovskite oxides have a transition metal ion with

an electron lone pair in their outer shell (e.g. Bi
3+

in BiFeO3). The ferroelectric ordering of the

molecular dipoles of these highly-polarisable ions can then lead to a macroscopic polarisation.

The spontaneous polarisation in an improper ferroelectric emerges at a phase transition

in which the primary order parameter is not the spontaneous polarisation. The polarisation

arises instead through some coupling to the primary order parameter, which will have di�erent

transformational properties to the polarisation. Improper ferroelectricity was �rst observed in

gadolinium molybdate Gd2(MoO4)3,
38

which, unlike all proper ferroelectrics, shows no anomaly

in the dielectric constant at TC. The order parameter in this case is a soft acoustic mode that

couples to the polarisation through the piezoelectric e�ect.
39

Another family of improper ferro-

electrics that is particularly relevant to this thesis have a spontaneous polarisation that arises

due to a magnetic phase transition. The classic example of which is TbMnO3, where the low

temperature, cycloidal magnetic ordering induces a polar distortion of the crystal structure.
40,41

Ferroelasticity

If at least two domains of a crystal di�er in their spontaneous strain (i.e. ∆ε(s)ij in eq. (1.5) is

�nite), the crystal is said to be ferroelastic. Ferroelastic domains may be thought of as a special

case of structural twins that di�er from the parent structure only by small atomic displacements

37
JF Scott. Science, 315: 954–959, 2007.

∗
It is possible to further di�erentiate between proper and pseudoproper ferroelectrics, where, in the latter case,

the order parameter has the same symmetry as the polarisation, but is not the polarisation itself.

38
LE Cross, A Fouskova, and SE Cummins. Phys. Rev. Lett., 21: 812, 1968.

39
SE Cummins. Ferroelectrics, 1: 11–17, 1970.

40
T Kimura et al. Nature, 426: 55–58, 2003.

41
H Katsura, N Nagaosa, and AV Balatsky. Phys. Rev. Lett., 95: 057205, 2005.
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such that the non-disruptive condition is not broken. Although proper ferroelastics do exist, most

ferroelastic materials are improper,
42

with their spontaneous strain appearing through coupling

to some other primary instability. This instability may also be elastic in character, such as in

antiferrodistortive (cell-doubling) phase transitions where the order parameter is a soft mode

or it can originate from other forms of ferroic order. For example, although the domains in the

orthorhombic phase of BaTiO3 di�er in their spontaneous strain, the order parameter describing

the tetragonal–orthorhombic phase transition is in fact a polarisation.
43∗

Magnetic order may

also induce (improper) ferroelasticity through magnetostriction or other spin-lattice coupling

mechanisms.
44,45

1.2.3 Secondary ferroics

Materials for which there are �nite terms in eq. (1.5) that are quadratic in the external �elds (Ei,

Bi and σij) are known as secondary ferroics. In contrast to their primary counterparts, these

exhibit no di�erence between domains in their spontaneous magnetisation, polarisation or strain.

They instead di�er in their induced magnetisation, polarisation or strain, when an external �eld

is applied. By applying an appropriate combination of external �elds, Ei, Bi and εij, it is then

possible to switch between secondary ferroic domains. From a practical perspective, secondary

and higher-order ferroics are of signi�cant interest because they often exhibit coupling between

properties that would otherwise behave independently. However, because the coercive �elds

for switching ferroic domains rise very sharply with the order of the ferroic phenomenon,
46

it

is often not possible to detect secondary and higher-order ferroic e�ects in materials where the

42
JC Toledano and P Toledano. Phys. Rev. B, 21: 1139, 1980.

43
YA Izyumov and VN Syromyatnikov. Phase transitions and crystal symmetry. vol. 38 Springer Science & Business

Media, 2012.

∗
BaTiO3 is also an example of a partial ferroic as, although 90° domains di�er in their ferroelastic tensor, 180°

domains do not.

44
E Ascher et al. J. Appl. Phys., 37: 1404–1405, 1966.

45
P Toledano et al. Jpn. J. Appl. Phys., 24: 179–181, 1985.

46
VK Wadhawan. Phase Transit., 3: 3–103, 1982.
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corresponding primary e�ects are also present.

Crystals that have two or more domains with a di�erence in their free energy ∆F ~ E2
, H2

and

σ2
are ferrobimagnetic, ferrobielectric, and ferrobielastic, respectively. These materials produce

a di�erence in the magnetic, dielectric and elastic susceptibility between domains. For example,

α-quartz is a ferrobielastic with two possible ferrobielastic domains, known as Dauphiné twins.

The two orientation states have no di�erence in their spontaneous strain but di�er in their elastic

susceptibility such that, if an external mechanical stress is applied, a strain di�erence is induced

between them.
47

By applying a mechanical stress in the appropriate direction, it is then possible

to switch between the two ferrobielastic orientation states.
48

Secondary ferroics with domains di�ering in their free energy as ∆F ~ EH, Eσ and Hσ (the

latter three terms of eq. (1.5)) are ferromagnetoelectric, ferroelastoelectric and ferromagnetoe-

lastic, respectively. These materials are of particular interest since they allow a magnetisation,

polarisation or strain to be controlled by a non-conjugate external �eld
∗
. For instance, ferromag-

netoelectrics, which are especially relevant to this thesis, allow a magnetisation to be controlled

via an electric �eld.

(Ferro)Magnetoelectricity

A ferromagnetoelectric, more commonly referred to simply as a magnetoelectric, has a �nite

∆αij for at least one pair of orientation states. In a magnetoelectric, it is possible to induce a

magnetisation (polarisation) with an applied electric (magnetic) �eld, as can be seen clearly in

eq. (1.2) (eq. (1.3)).
49

This e�ect is referred to as the linear magnetoelectric e�ect, usually to di�er-

entiate it from the looser de�nition of magnetoelectricity, which can refer to any kind of coupling

47
MA Carpenter et al. Am. Mineral., 83: 2–22, 1998.

48
TL Anderson, RE Newnham, and LE Cross. “Coercive stress for ferrobielastic twinning in quartz” in: 31st

Annual Symposium on Frequency Control. 1977. IEEE 1977. 171–177

∗
Here, non-conjugate �eld refers to an external �eld that would not be the conjugate �eld of a ferroic property

in the case of the corresponding primary ferroic.

49
M Fiebig. J. Phys. D Appl. Phys., 38: R123–R152, 2005.
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between magnetic and electric order parameters
∗
. Importantly, a magnetoelectric material re-

quires both spatial-inversion to be broken (i.e. the crystal and/or the magnetic structure must be

non-centrosymmetric) and time-inversion to be broken (i.e. the material must be magnetically

ordered).

The linear magnetoelectric e�ect, predicted by Dzyaloshinskii in 1959 ,
50

was �rst observed

in Cr2O3 in 1960,
51

which, due its room-temperature magnetoelectricity, is now one of the most

studied magnetoelectric materials. Below its Néel temperature, Cr2O3 enters a collinear antifer-

romagnetic structure lowering its symmetry to the (noncentrosymmetric) magnetic point group

3′m′
, satisfying the symmetry requirements for magnetoelectricity. Switching magnetoelectric

domains requires the simultaneous application of electric and magnetic �elds, originally this

was achieved by ‘poling’ the material through the transition,
52

but since then has been achieved

isothermally.
53

(Ferro)Magnetoelasticity and (Ferro)Elastoelectricity

It is also possible for materials to display an induced magnetisation or polarisation under an

applied mechanical stress or, conversely, an induced strain under an applied magnetic or electric

�eld. Materials that show these properties have a �nite ∆Qijk (ferromagnetoelastics) or ∆dijk

(ferroelastoelectrics) in eq. (1.5), respectively, i.e. the elements of the piezomagnetic or piezoelec-

tric tensors di�er between domains. In addition to these linear e�ects, there exist higher-order

phenomena that couple magnetic and electric orders to mechanical order. Notably, magneto- or

electro-strictive materials display an induced strain that varies quadratically with the applied

magnetic or electric �eld, respectively .
18

∗
In these cases, the magnetic and electric order parameters may not simply be the magnetisation or polarisation.

For instance, in an antiferromagnet, the magnetic order parameter can be the staggered magnetisation, or, for

complex, noncollinear magnetic structures, it may be the magnetic helicity or magnetic polarity.

50
IE Dzyaloshinskii. Sov. Phys. JETP , 10: 628–629, 1960.

51
DN Astrov. Sov. Phys. JETP , 11: 708–709, 1960.

52
S Shtrikman and D Treves. Phys. Rev., 130: 986, 1963.

53
T Ashida et al. Appl. Phys. Lett., 106: 132407, 2015.
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Magnetostriction is of particular interest as it provides a mechanism for coupling the magnetic

structure to the crystal structure. It is present in all magnetic materials and although it is of higher-

order, it is typically much larger than the piezomagnetic e�ect.
23

Magnetostrictive e�ects tend

to be small, producing strains on the order of 10−6
. One exception to this is the alloy known

as Terfenol-D (Tb1 –xDyxFe2, x~ 0.3) whose magnetostrictive strain reaches 0.6 % at saturation,
54

and is utilised in magnetomechanical sensors, actuators and transducers.
55

Furthermore, magnetoelastic phenomena can drive the emergence of a ferroelectric polari-

sation, providing further mechanisms for magnetoelectric coupling. This is observed in some

antiferromagnets through exchange-striction, an e�ect analogous to magnetostriction but where

the induced strain varies quadratically with the staggered magnetisation rather than the applied

�eld (or magnetisation). For instance, in the type-II multiferroics TbMn2O5, GdMn2O5, YMn2O5

56–58
the ferroelectric polarisation is driven by movement of the oxygen or metal ions to optimise

superexchange energy. These small atomic displacements add coherently throughout the crystal

to give rise to a net ferroelectric polarisation.

1.3 Multiferroics

A multiferroic is a ferroic material that can undergo at least two ferroic phase transitions such

that multiple forms of ferroic order coexist or a single ferroic phase transition at which multiple

forms of ferroic order emerge. More speci�cally, it is convention that multiferroicity refers to

the existence of multiple forms of primary ferroic order i.e. ferromagnetism, ferroelectricity

and ferroelasticity, along with their ‘antiferro’ and ‘ferri’ counterparts, plus any other forms of

ferroic order that would appear as terms linear in their conjugate �eld in eq. (1.5) (such as those

23
RE Newnham. Properties of materials: Anisotropy, symmetry, structure. Oxford University Press, 2005.

54
D Jiles. Introduction to magnetism and magnetic materials. CRC press, 2015.

55
AG Olabi and A Grunwald. Mater. Design, 29: 469–483, 2008.

56
LC Chapon et al. Phys. Rev. Lett., 93: 177402, 2004.

57
PG Radaelli et al. Phys. Rev. Lett., 101: 067205, 2008.

58
N Lee et al. Phys. Rev. Lett., 110: 137203, 2013.
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Figure 1.4: Relationship betweenmultiferroic andmagnetoelectric materials. In the spin

domain, ferromagnetic materials form a subset of magnetically polarisable materials and in the

charge domain, ferroelectric materials form a subset of electrically polarisable materials. In the

ideal scenario, the magnetisation (polarisation) of a magnetoelectric multiferroic material can be

switched hysteretically by applied electric (magnetic) �eld, as shown by the orange hysteresis

loop. After Eerenstein et al. (2006).
59
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describing rotating magnetic structures). Interest in multiferroics falls principally with those

exhibiting both spontaneous magnetic and ferroelectric order, with some coupling between the

two (see �g. 1.4), often referred to as ‘magnetoelectric multiferroics’. Although, these materials

may indeed exhibit the linear magnetoelectric e�ect, the term ‘magnetoelectric’ is being used

here with its looser de�nition, referring to some general coupling between magnetic and charge

order. I shall adopt this nomenclature for the remainder of the thesis.

A magnetoelectric multiferroic comes with important symmetry restrictions. For a crystal

to support both a polar polarisation vector and an axial magnetisation vector, it must have a

point group that leaves these vectors invariant and, hence, necessarily breaks spatial- and time-

inversion symmetry. Of the 233 Shubnikov magnetic point groups, only 13 of them: 1, 2, 2
′
,

m, m
′
, 3, 3m

′
, 4, 4m

′
m
′
, m
′
m2
′
, m
′
m
′
2
′
, 6 and 6m

′
m
′
, satisfy this constraint.

60
These symmetry

restrictions further put constraints on the type of coupling allowed between the magnetic and

ferroelectric order.

1.3.1 Classification of multiferroic materials

Multiferroic materials can be classi�ed into type-I and type-II multiferroics, the primary di�er-

ence being the origin of their ferroelectricity.

Type-I multiferroic materials

In type-I multiferroics, the ferroelectric transition occurs independently of the magnetic transi-

tion, at a separate critical temperature, as depicted in �g. 1.5(a). Although the co-existence of

the two orders will generally result in some coupling between the polarisation and magnetic

structure, the ferroelectric and magnetic order parameters are not directly coupled, often be-

ing described as ‘weakly’ coupled .
61

Type-I multiferroics, typically being proper ferroelectrics,

have a large ferroelectric polarisation on the order of 100 µC/cm
2
. They also typically have high

60
KF Wang, JM Liu, and ZF Ren. Adv. Phys., 58: 321–448, 2009.

61
D Khomskii. Physics, 2: 20, 2009.
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critical temperatures, with the ferroelectric ordering occurring above room temperature, and

the magnetic ordering occurring typically in the 50–200 K range. BiFeO3, the classic example

of a type-I multiferroic, ferroelectrically orders at 1100 K
62

and antiferromagnetically orders at

643 K,
63

making it one of the very few room-temperature multiferroics.

Type-II multiferroic materials

In a type-II multiferroic, the ferroelectric polarisation arises simultaneously with the magnetic

ordering at a single transition driven by a magnetic order parameter (�g. 1.5). Type-II multifer-

roics are thus, by de�nition, improper ferroelectrics in which the polarisation is induced by the

magnetic ordering. Their ordering temperatures, in contrast to type-I multiferroics, tend to be

rather low ( <50 K). This is because the non-centrosymmetric magnetic structures required to

drive the system into the ferroelectric state generally arise from magnetic frustration.
61

They

also have spontaneous polarisations typically much lower than those of type-I multiferroics, on

the order of 0.1 µC/cm. However, given that it is the magnetic ordering itself that causes the

ferroelectricity, type-II multiferroics will exhibit, in principle, much stronger magnetoelectric

coupling.
15

This class of multiferroics was �rst discovered in 2003 when Kimura et al. observed

that the cycloidal magnetic ordering of TbMnO3 induced a ferroelectric polarisation. They found

this polarisation could then be rotated by 90° with an applied magnetic �eld.
40

A similar e�ect

was subsequently observed in TbMn2O5, in which a magnetic �eld could completely reverse the

ferroelectric polarisation.
64

1.3.2 Coupling mechanisms

The di�erence in the transformative properties of the magnetic (time-asymmetric) and electric

(space-asymmetric) order parameters imposes symmetry constraints on the possible coupling

62
JR Teague, R Gerson, and WJ James. Solid State Commun., 8: 1073–1074, 1970.

63
I Sosnowska, TP Neumaier, and E Steichele. J. Phys. C: Solid State, 15: 4835, 1982.

64
N Hur et al. Nature, 429: 392–395, 2004.
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Figure 1.5: Type-I and type-II multiferroics. Type-I multiferroics (a,) have independent

ferroelectric and magnetic ordering transitions at separate temperatures. Below TC1, a local

ionic or charge displacement (blue arrows) gives rise to a macroscopic ferroelectric polarisation,

but the system remains magnetically disordered. The system then enters the multiferroic phase

at TC2 as the spins (black arrows) order in the presence of the pre-existing polarisation. Type-II

multiferroics (b,) become magnetically ordered and ferroelectric simultaneously at a single phase

transition. The primary magnetic instability driving the transition couples to and induces a

ferroelectric polarisation.

between the magnetic and electric order. The linear coupling between (P, E) and (M, H) described

by Maxwell’s equations is not intrinsically achievable within a material as it requires these vectors

to vary both spatially and temporally. Thus any coupling between the static P and M within

a multiferroic must be nonlinear in nature, resulting from interactions between charge, spin,

orbital and lattice degrees of freedom.
15

For a system with an inhomogeneous magnetisation, a
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third-order coupling can lead to a magnetically induced ferroelectric polarisation given by:
65

Pi = Tijkl Mj∂k Ml, (1.10)

where Tijkl
is a parity-even materials tensor describing the coupling. Evaluating the coe�cients

of Tijkl
in a cubic system, this simpli�es to

P ∝ [(M · ∇)M−M(∇ ·M)] . (1.11)

This spatially varying magnetisation is present in all non-collinear magnetic structures, such as

the helicoidal spin arrangements shown in �g. 1.3.

Although the above considerations based on Landau theory show that ferroelectric and mag-

netic order may be coupled to one another, they explain nothing of its microscopic origin. A

magnetically induced polarisation may arise from one or more microscopic mechanisms, the main

three being the inverse Dzyaloshinskii-Moriya e�ect, exchange-striction, and d–p hybridisation.

We can therefore write the spontaneous polarisation as

P =

Dzyaloshinskii-Moriya︷ ︸︸ ︷
PDMrij × (Si × Sj) +

Exchange-striction︷ ︸︸ ︷
PMS(Si · Sj)rij +

d–p hybridisation︷ ︸︸ ︷
PO[(rij · Si)Si − (rij · Sj)Sj], (1.12)

where rij is a vector connecting the positions of the two spins Si and Sj.

The �rst term results from the inverse Dzyaloshinskii-Moriya (DM) interaction,
66,67

a rel-

ativistic correction to the superexchange interaction described by the Hamiltonian HDM =

Dij · (Si × Sj), which can explain the ferroelectric polarisation induced by magnetic structures

with a cycloidal component. The spin-orbit interaction couples two adjacent non-collinear spins

to the lattice and causes a displacement of the ligand perpendicular to the bond (�g. 1.6). If

65
M Mostovoy. Phys. Rev. Lett., 96: 067601, 2006.

66
IE Dzyaloshinskii. Sov. Phys. JETP , 19: 960–971, 1964.

67
T Moriya. Phys. Rev., 120: 91, 1960.
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all ligands in the structure are displaced in the same direction, this leads to a net polarisation.

Alternative proposed mechanisms that give rise to a polarisation of the same form are the spin-

current model, in which the spin current induces an electric dipole moment between the pairs

of spins (analogous to a charge current generating a magnetic �eld),
41

and the electric-current

cancellation model, a purely electrical model in which electric currents preferentially cancel to

give a net polarisation.
68

Si

rij

x

Sj

O2-

Figure 1.6: The antisymmetric Dzyaloshinskii-Moriya interaction. The DM interaction is

given byHDM = Dij · [Si × Sj]. The Dzyaloshinskii vector Dij is proportional to the spin-orbit

coupling constant λ and the displacement of the O
2 –

ligand, Dij ∝ λx× rij. After Cheong and

Mostovy (2007).
15

The second term, which has the form of a ferromagnetic exchange interaction, is the so-called

exchange-striction term. In a magnetically ordered phase, this will cause the crystal structure to

deform, potentially producing a local polarisation. For certain spin arrangements, the magnetic

ions may displace uniformly, giving rise to a net polarisation. We note that this term can give

rise to ferroelectricity even in a collinear magnetic structure, such as that in the orthomanganites

HoMnO3

69
and TmMnO3,

70
and does not depend on the spin-orbit interaction

68
J Hu. Phys. Rev. Lett., 100: 077202, 2008.

69
S Picozzi et al. Phys. Rev. Lett., 99: 227201, 2007.

70
IA Sergienko, C Şen, and E Dagotto. Phys. Rev. Lett., 97: 227204, 2006.
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The �nal term results from a spin-orbit-induced variation in the metal–ligand d–p hybridis-

ation and can describe the magnetically induced polarisation resulting from some non-collinear

magnetic order in triclinic, monoclinic and trigonal crystal structures.
71

In contrast to the in-

verse DM interaction, which only gives a polarisation for a cycloidal magnetic structure, the d–p

hybridisation term can produce a polarisation for a proper-screw (helical) magnetic structure.

This mechanism successfully describes the magnetically induced ferroelectricity in delafossite

compounds such as CuFeO2

72
and CuCrO2.

73

1.4 Domains

An important consequence of the lowering of point-group symmetry at a ferroic phase transition

is that the ferroic phase must have two or more domains. At the phase transition, domains are

nucleated throughout the material, a process that locally breaks certain symmetry operations of

the parent phase. These symmetry operations may be broken in two or more di�erent directions,

resulting in homogeneous regions of the material all with the same crystal and/or magnetic

structure but di�erent orientations, chiralities and/or locations. These domains, along with the

interfaces between them, known as domain walls, constitute the domain structure of a material.

The expected number of ferroic domains and how they are related to one another can be

determined by considering the symmetry groups of the ferroic and parent, or ‘prototype’, phases.

If G and H denote the symmetry groups of the prototype and ferroic phases, respectively, then

the possible number of ferroic domain types is simply the ratio |G|/|H|∗. Furthermore, domains

can be transformed into one another by the exact symmetry operations of the prototype phase

that were broken at the phase transition. For example, consider the cubic-to-tetragonal phase

transition in BaTiO3, which lowers the point group symmetry from m3̄m to 4mm. This reduces

the number of symmetry operators from 48 to 8, thus 48/8 = 6 is the number of ferroelectric

71
TH Arima. J. Phys. Soc. Jpn, 76: 073702–073702, 2007.

72
T Kimura, JC Lashley, and AP Ramirez. Phys. Rev. B, 73: 220401, 2006.

73
S Seki, Y Onose, and Y Tokura. Phys. Rev. Lett., 101: 067204, 2008.

∗
Here |G| denotes the order i.e. the number of symmetry operators, of the symmetry group G.
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domains in the tetragonal phase, corresponding to the polarisation lying along the ±x, ±y, and

±z directions. These can then be transformed into one another with the broken inversion, mirror,

and 4-, 3- and 2-fold rotation operations of the cubic phase.

Domain control

Given that all domain variants of a ferroic phase are symmetry equivalent, a ferroic material will

generally order with equal populations of all domain variants. This will often lead to a cancelling

out e�ect, causing any ferroic properties to average to zero at the macroscopic level. It is, however,

possible to lower the energy of certain domains relative to the others by applying an appropriate

external �eld whilst cooling through the phase transition. This process, known as ‘poling’, biases

the growth of certain domains, which can be used, for example, to force a ferroelectric material

into a monodomain state by applying an electric �eld at the phase transition.

Applying external �elds within the ferroic phase will have a similar e�ect in energetically

biasing certain domains. However, in this case, it is the �eld-driven motion of domain walls,

enlarging some certain domains and shrinking others, that will change the domain population.

Thus, switching a ferroic material isothermally typically requires much larger �elds than those

required to pole the material. The energetics of the domain structure including domain wall dy-

namics, anisotropy, and the energy cost of any stray �elds are the dominant factor in determining

the hysteretic behaviour of ferroic materials.
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2.1 Introduction

A

lthough multiferroic materials are in general characterised by the coexistence

of magnetic and electric order parameters at the macroscopic level, it is essential

to understand the fundamental physics that underpins these phenomena. To fully

understand this behaviour requires probing materials on length scales spanning many orders of

magnitude: from the macroscopic length scales of a device, all the way down to the electronic

and atomic structure of the material.

The interaction of x-ray and neutron radiation with condensed matter systems provides such

a probe. Their wavelengths are comparable to the interatomic distances in crystalline materials

(~1 Å), and thus interference e�ects can be readily exploited to reveal details of the microscopic

structure. Both x-rays and neutrons are particularly appropriate for the study of multiferroics

since they are sensitive not only to the structural changes associated with ferroelectric and

ferroelastic phase transitions, but also to magnetic ordering via their magnetic component. These

details can be probed either locally, or on average, over an entire device, simply by changing the

geometry of the experiment. Furthermore, the ability to �nely-tune the nature of the radiation–

matter interaction by altering the incident energy and polarisation, combined with spectral and

polarisation analysis of the scattered radiation, makes these techniques exceptionally versatile.

In this chapter, I will outline the theory and application of the x-ray and neutron techniques

used throughout this thesis. These primarily consist of magnetic di�raction and microscopy

measurements. After introducing the basic concepts of di�raction, I will discuss the interac-

tion between x-rays and neutrons with matter, and thus how these interactions determine the

scattering cross-sections. Finally, x-ray photo-emission electron microscopy is discussed, a com-

plementary technique that allows imaging of both ferromagnetic and antiferromagnetic domains

with a resolution on the order of a few tens of nanometres.
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2.2 Di�raction fundamentals

When x-ray or neutron radiation scatters from a crystalline material, the interaction with the

periodic lattice causes interference e�ects, which, in certain geometries, give rise to sharp peaks

in the scattered radiation. The positions and relative intensities of these peaks can then be used

to deduce detailed information on the microscopic structure of the material. Figure 2.1 depicts

a generic scattering experiment: x-rays or neutrons with wavevector ki and energy h̄ωi are

scattered by a crystalline sample into a state with �nal wavevector kf and energy h̄ωf. We can

characterise this process by the associated change in wavevector, known as the scattering vector :∗

K = kf − ki. (2.1)

Although in general, both elastic (h̄ωf− h̄ωi = 0) and inelastic (h̄ωf− h̄ωi 6= 0) scattering pro-

cesses will occur, the dominant process is elastic, and for the di�raction experiments performed

in this thesis, it can be assumed that the intensity due to inelastic scattering is negligible. In the

elastic case, we have that |ki| = |kf|, and thus the scattering vector K, is related to the scattering

angle 2θ by

|K| = 4π sin θ

λ
. (2.2)

In a di�raction experiment, one measures the scattered intensity I(K) as a function of scattering

angle (and hence K). To relate this to the properties of the crystal, it is necessary to consider

the interaction potential between the radiation and the material. As shown later in this chapter,

the rate of scattering for a given scattering vector (to which the intensity is proportional) is

dependent upon the Fourier transform of this interaction potential:

W ∝
∣∣∣∣∫

material

dr eiK·rHint(r)
∣∣∣∣2 δ(Ef − Ei), (2.3)

∗
Here we adopt the crystallographers’ convention for the sign of the momentum transfer. The momentum

transferred to the sample is h̄ki − h̄kf.
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k i , ωi k f , ωf

θθ

πi

σi

πf

σf

Figure 2.1: Scattering of radiation from atomic planes in crystalline sample. The incident

(scattered) wavevector and angular frequency are denoted by ki and ωi (kf and ωf), respectively.

The dashed lines are parallel to the atomic planes such that θ is half the scattering angle. For

x-rays, the directions of the polarisation states σ and π are shown for incident and scattered

beams.

whereHint is the interaction potential and the delta function ensures that energy is conserved.

The initial (�nal) energy of the system is given by Ei = h̄ωi + Ea (Ef = h̄ωf + Eb), where

Ea (Eb) is the initial (�nal) energy of the material. Equation (2.3) is valid only in the �rst Born

approximation,
74,75

where the wavefunction calculation of the scattered radiation is expressed as

an expansion in the interaction potential, and then only the �rst term is considered. This is only

applicable if the potential can considered in some sense ‘weak’ and is equivalent to stating that,

apart from the change in wavevector, the plane-wave form of the incident radiation wavefunction

is unchanged by the scattering process.

74
LD Landau and EM Lifshitz. Quantum mechanics: Non-relativistic theory. Pergamon, 1958.

75
M Born. Z. Phys. A, 38: 803–827, 1926.
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For crystalline materials, it is useful to re-express the general position as r = Rm + x, where

Rm is a lattice vector locating the origin of the mth
unit cell and x is a position within the unit

cell. Substituting this into eq. (2.3) and using the periodicity of potential with the crystal lattice

i.e. Hint(Rm + x) = Hint(x), we obtain

W ∝

∣∣∣∣∣
Bragg condition︷ ︸︸ ︷[
∑
m

eiK·Rm

] Structure factor︷ ︸︸ ︷[ ∫
cell

dx eiK·xHint(x)

] ∣∣∣∣∣
2

δ(Ef − Ei). (2.4)

The �rst term in square brackets depends only on the crystal lattice and its e�ect is to impose the

di�raction or Laue condition. Due to the fact that the points Rm are evenly distributed in space,

this term will in general sum to zero unless the terms add up coherently, thereby limiting the

scattering vector to the set of vectors for which constructive interference will occur. The sum is

non-zero if and only if

K ·Rm = 2π × integer. (2.5)

This is known as the Laue condition and de�nes the set of points known as the reciprocal lattice.

Consider a three-dimensional crystal whose real-space (direct) lattice is described by the set

of vectors R = n1a + n2b + n3c, where n1, n2 and n3 are integers, and a, b and c are the basis

vectors of the lattice. We may de�ne an associated reciprocal lattice, which consists of the set of

vectors that satisfy the Laue condition. These reciprocal lattice vectors are given by

G = ha∗ + kb∗ + lc∗ (2.6)

where h, k and l are integers (commonly known as Miller indices), and a∗, b∗ and c∗ are the basis

vectors of the reciprocal lattice. These basis vectors form the dual basis of the direct lattice and

are related to the direct basis as follows:

a∗ =
2π b× c
a · (b× c)

, b∗ =
2π c× a
a · (b× c)

, c∗ =
2π a× b
a · (b× c)

. (2.7)
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Thus for constructive interference occur, producing an isolated peak in the scattered intensity

(known as Bragg peaks), we require the scattering vector to be equal to a reciprocal lattice vector

i.e.

K = G. (2.8)

This condition relates the points at which these peaks are observed to the real-space crystal

lattice and can be shown to be equivalent
76

to the much celebrated Bragg’s law,
77

given by

nλ = 2d sin θ (2.9)

where n is an integer, λ is the wavelength of the incident radiation, and d is the spacing between

the family of atomic planes associated with the corresponding di�raction peak. We may then

write the �rst term in eq. (2.4) as a delta function:

∣∣∣∣∣∑m eiK·Rm

∣∣∣∣∣
2

=
(2π)3

Vcell
Ncell δ(3)(G−K), (2.10)

where Ncell is the number of unit cells in the portion of the sample contributing to the scattering

and the (2π)3/Vcell prefactor arises from the delta function normalisation.
76

The second term in square brackets (of eq. (2.4)) is known as the (unit cell) structure factor.

This depends on the ionic and electronic charge distribution within the unit cell and determines

the relative intensities of the di�raction peaks. The structure factor F(K) can be simpli�ed by

making the substitution x = xn + x′ where xn is the position of an atom inside the unit cell and

x′ is position relative to this. Substituting this into the expression for the structure factor, we

�nd

F(K) =
cell

∑
n

fn(K) eiK·xn , (2.11)

76
J Als-Nielsen and D McMorrow. Elements of modern X-ray physics. John Wiley & Sons, 2011.

77
WH Bragg and WL Bragg. P. Roy, Soc. A Math. Phys., 88: 428–438, 1913.
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where the atomic form factor fn(K) is given by

fn(K) =
∫

atom
dx′ eiK·x′ Hint(xn + x′). (2.12)

The form factors for x-rays and neutrons are very di�erent. This is due to the distinct nature

of their interactions with matter. X-rays mostly interact with the electron density and hence

x-ray form factors increase with the number of electrons on each atom (or the atomic number).

Neutrons on the other hand, interact almost exclusively with nuclei and their form factors depend

on the nuclear properties of the atoms present in a material.
∗

The thermal motion of the atoms can also be taken into account by convolving the atomic

positions with a function describing their spread of displacements due to thermal motion.
78

This

will result in an extra multiplicative factor in the Fourier transform ofHint(r). This extra factor

Tn(K) is called the Debye-Waller factor
79,80

and is given by:

Tn(K) = exp(〈i(K · un)〉), (2.13)

where un is the displacement of the nth
atom. If the motion is isotropic and harmonic, the thermal

motion will result in a Gaussian distribution of atomic displacements about the average position

with a mean-squared value of 〈u2
n〉 and the Debye-Waller factor is then given by

Tn(K) = exp(−8π2〈u2
n〉 sin2 θ/λ2). (2.14)

Including this term in the structure factor gives

F(K) =
cell

∑
n

fn(K) Tn(K) eiK·xn , (2.15)

∗
Though the dependence of neutron form factors on atomic number is much less systematic than for x-rays.

78
MT Dove. Structure and dynamics: An atomic view of materials. vol. 1 Oxford University Press, 2003.

79
P Debye. Ann. Phys., 348: 49–92, 1913.

80
I Waller. Z. Phys. A, 17: 398–408, 1923.



38 Chapter 2. Experimental techniques

which, along with eq. (2.10), we can �nally substitute into eq. (2.4) to give a scattering rate

W ∝
(2π)3

Vcell
Ncell

∣∣∣∣∣ cell

∑
n

fn(K) Tn(K) eiK·xn

∣∣∣∣∣
2

δ(3)(G−K) δ(Ef − Ei). (2.16)

In the following two sections we consider the interaction Hamiltonians for x-rays and neu-

trons with matter and how we can calculate the corresponding atomic form factors (and thus

the relative peak intensities), in each case.

2.3 X-ray di�raction

In 1912, shortly after their discovery by Röntgen,
81

von Laue and coworkers demonstrated the

utility of x-rays as a probe of the structure of crystalline materials.
82

The following year saw

the development of Bragg’s law,
77

laying the foundations of modern crystallography. Since then,

x-ray di�raction has become an invaluable technique for studying the atomic structure of a vast

range of compounds, ranging from relatively simple inorganic crystals up to complex proteins.
83,84

These measurements rely on the leading term in the scattering cross section, that of Thomson

scattering, which results from an interaction between the electric �eld of the x-rays and charge of

the electrons. It was later shown, in a measurement of the antiferromagnet NiO by De Bergevin

and Brunel in 1970,
85

that x-rays could also be used to study the magnetic structure of solids by

exploiting a much weaker interaction between the x-ray magnetic �eld with electron spin. As

is shown later in this section, this interaction gives rise to scattering approximately six orders

of magnitude weaker than the charge component. This has been overcome with the advent of

so-called third-generation synchrotron x-ray sources, which constitute a ~1012
factor increase of

intensity compared to early lab-based x-ray sources.
76

Furthermore, synchrotron sources allow

81
WC Röntgen. Science, 3: 227–231, 1896.

82
W Friedrich, P Knipping, and M Laue. Ann. Phys., 346: 971–988, 1913.

83
J Als-Nielsen and G Materlik. Phys. Today, 48: 34–41, 1995.

84
WA Hendrickson. Phys. Today, 48: 42–50, 1995.

85
F De Bergevin and M Brunel. Phys. Lett. A, 39: 141–142, 1972.
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the x-ray energy to the be tuned to certain transitions within a compound, resulting in a resonant

enhancement of the magnetic signal.
86,87

These recent advances have brought magnetic x-ray

scattering to the forefront as an established technique for studying magnetism in condensed

matter systems.

2.3.1 Interaction of light with a collection of electrons

This section comprises an overview of the derivation of the x-ray scattering cross section, of

which more rigorous theoretical treatments can be found in many textbooks
76,88,89

and articles.
90–93

Following the discussion by Blume,
91

we shall �rst consider the interaction between electromag-

netic radiation and a collection of electrons and then concentrate on the case of a periodic

structure. Consider the non-relativistic Hamiltonian for a system of electrons interacting with a

vector potential A:

H =

Kinetic energy︷ ︸︸ ︷
∑

j

1
2m

[
pj −

e
c

A(rj)
]2

+

Coulomb interaction︷ ︸︸ ︷
∑
i>j

V(|rj − ri|)−

Zeeman interaction︷ ︸︸ ︷
eh̄

2mc ∑
j

sj · [∇×A(rj)]

−

Spin-orbit interaction︷ ︸︸ ︷
eh̄

2m2c2 ∑
j

sj ·
{

E(rj)×
[
pj −

e
c

A(rj)
]}

+Hrad,

(2.17)

where ∑j sums over all electrons. The �rst four terms account for both electron–electron and

electron–�eld interactions, andHrad is the Hamiltonian describing the electromagnetic radiation

86
Kazumichi Namikawa et al. J. Phys. Soc. Jpn, 54: 4099–4102, 1985.

87
Doon Gibbs et al. Phys. Rev. Lett., 61: 1241, 1988.

88
Y Waseda, E Matsubara, and K Shinoda. X-ray di�raction crystallography. Springer, 2011.

89
SW Lovesey and SP Collins. X-ray scattering and absorption by magnetic materials. OUP, 1996.
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�eld. The �rst term is the total kinetic energy of the electrons
∗74

and the second term is the

repulsive Coulomb interaction between pairs of electrons. The third term is the interaction of

the electron’s spin with the magnetic �eld B = ∇×A. The fourth term describes the spin-orbit

interaction between the spin of the electron and the magnetic �eld generated by the orbital

motion of the electron due to the electric �eld.

In the spin-orbit term, we substitute the electric �eld for E = −∇φ − Ȧ
c , where φ is the

Coulomb potential generated by the electrons. Here it is necessary to note that the vector po-

tential is linear in the photon creation and annihilation operators ĉ†
u(k) and ĉu(k). Given that

a scattering process requires the interaction Hamiltonian to contain terms that annihilate one

photon and create another, the terms which are quadratic and linear in A will contribute as

�rst- and second-order perturbations, respectively. Thus we neglect any spin-orbit terms that

are linear in A, as they will give rise to terms of order (v/c)4
in the expression of the transition

rate. The resultant Hamiltonian may then be decomposed into electron–electron interactions,

H0, perturbations due to electron–�eld interactions,H′, and the �eld-only component,Hrad:

H = H0 +H′ +Hrad, (2.18)

where the electron–electron interactions (including the electron kinetic energy) are given by

H0 = ∑
j

1
2m

p2
j + ∑

i>j
V(|rj − ri|)−

eh̄
2mc ∑

j
sj · [∇φ(rj)× pj] (2.19)

∗
It can be shown that replacing the momentum p with the canonical momentum p− e

c A(r) in kinetic energy

operator produces the correct equation of motion for an electron in an electromagnetic �eld.
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and the electron–�eld interactions are given by

H′ =

H′1 ∝ A2︷ ︸︸ ︷
e2

2mc2 ∑
j

A2(rj)−
eh

2(mc)2
e
c2 ∑

j
sj ·
[
Ȧ(rj)×A(rj)

]
− e

mc ∑
j

pj ·A(rj)−
eh̄

2mc ∑
j

sj · [∇×A(rj)].︸ ︷︷ ︸
H′2 ∝ A

(2.20)

The terms inH′ have been grouped according to their dependence on the vector potential and

thus which term in the perturbation expansion they will contribute to.

2.3.2 Calculating the x-ray sca�ering cross section

To calculate the scattering cross section, we consider the transition rate from an initial state

|a; ki, ε̂i〉, describing the electron-cloud/photon system in which the electrons are in the collective

state |a〉 and the photon has momentum h̄k and polarisation ε̂i, to the �nal state |b; kf, ε̂f〉,

in which the electrons are in the collective state |b〉 and the photon has momentum h̄kf and

polarisation ρ f . We then make the following two approximations: �rstly, the kinematic (or Born)

approximation,
74,75

such that we may treat both the incident and outgoing light as plane waves

(of the form eik·r
), and secondly that the x-rays constitute a weak probe of the electrons such

that their interaction with them may be treated as a perturbation to the unperturbed states. The

transition rate from the initial state |a; ki, ε̂i〉 to the �nal state |b; kf, ε̂f〉 is then given by Fermi’s

golden rule:

W =
2π

h̄

∣∣∣∣∣〈b; kf, ε̂f| H′1 |a; ki, ε̂i〉+ ∑
n

〈b; kf, ε̂f| H′2 |n〉 〈n| H′2 |a; ki, ε̂i〉
Ea + h̄ωi − En

∣∣∣∣∣
2

g(ωf) δ(Ef − Ei),

(2.21)

where g(ωf) is the photon density of (�nal) states.
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From the point of view of magnetic scattering, an important distinction is made between

nonresonant and resonant scattering. In the nonresonant regime, where h̄ωi � Ea − En, both

the �rst-order and second-order terms in eq. (2.21) will give rise to scattered intensity due to

interactions with the magnetic state of the electrons. In the resonant regime, the energy of

the incident x-rays is tuned to that of an atomic transition such that h̄ωi ~ Ea − En. This will

minimise the denominator of the second-order term, leading to a large resonant enhancement

of the magnetic scattering cross section, by up to eight orders of magnitude.
94

Nonresonant sca�ering

In nonresonant x-ray di�raction, the energy of the incident x-rays is tuned far from any atomic

transitions, usually in energy ranges h̄ω > 5–10 keV. These so called ‘hard’ x-rays allow a large

volume of reciprocal space to be accessed (see eq. (2.2)). As mentioned above, it is necessary to

consider the contributions from both �rst- and second-order terms to calculate the nonresonant

scattering cross section. Initially, considering just the �rst-order term in eq. (2.21), we can

substitute inH′1 and evaluate the matrix elements to obtain a transition rate:

W(1) =
(2π)3h̄c4

V2ω2

(
e2

mc2

)2

×

 ∣∣∣∣∣∑j
eiK·rj

∣∣∣∣∣
2

|ε̂f · ε̂i|2 +
(

h̄ω

mc2

)2
∣∣∣∣∣∑j

eiK·rjsj · ε̂f × ε̂i

∣∣∣∣∣
2
 g(ωf)δ(Ef − Ei),

(2.22)

94
J Fink et al. Rep. Prog. Phys., 76: 056502, 2013.
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Then substituting in the photon density of states g(ωf) =
V

(2π)3
ω2

f
h̄c3 and dividing by the incident

�ux I0 = c/V, we obtain the (double) di�erential cross-section:
∗

(
d2σ

dΩdEf

)(1)

=

Thomson scattering︷ ︸︸ ︷
r2

0

∣∣∣∣∣∑j
eiK·rj ε̂f · ε̂i

∣∣∣∣∣
2

δ(Ef − Ei)

+ r2
0

(
h̄ω

mc2

)2
∣∣∣∣∣∑j

eiK·rjsj · ε̂∗f × ε̂i

∣∣∣∣∣
2

δ(Ef − Ei)︸ ︷︷ ︸
Magnetic scattering

(2.23)

where r0 ≡ e2/(mc2) is the Thomson scattering length.

The �rst term here corresponds to the interaction of the electric-dipole �eld of the radiation

with the charge of the electrons. Classically, this can be interpreted as an oscillation of the elec-

trons by the electric �eld of the incident radiation, resulting in electromagnetic dipole radiation

of the same wavelength i.e. the scattered beam. The scaling of Thomson scattering with the

atomic number Z is contained in the ∑j eiK·rj
term. This can be seen by decomposing this term

into a sum over unit cells, atoms and electrons (as in section 2.2), which gives

∑
j

eiK·rj ∝
cell

∑
n

f 0
n(K) eiK·xn δ(3)(G−K) (2.24)

where the Thomson form factor is
† f 0

n(K) =
∫

atom dx′ eiK·x′n(x′) ∝ Zn.

The polarisation factor ε̂∗f · ε̂i describes the polarisation of the scattered beam for a given

incident polarisation. From the point of view of synchrotron experiments, where the incident

x-rays are polarised in a particular direction, it is convenient to represent this factor as a matrix

in a basis whose components are perpendicular (σ) and parallel (π) to the di�raction plane (see

�g. 2.2) i.e.

∗
The ratio of the number of particles scattered into direction (θ, φ) with �nal energy Ef per unit solid angle per

unit time per unit energy divided by incident �ux.

†
Here we have reexpressed the sum over the electrons around an atom as an integral over the electron density

n(x′).aw
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ε̂σ→σ ε̂σ→π

ε̂π→σ ε̂π→π

 (2.25)

where ε̂σ→π means the polarisation state of the incident x-ray photon ε̂i is σ, and the polarisation

state of the scattered photon is ε̂f is π. Thus we can write the polarisation factor as

ε̂f · ε̂i =

1 0

o cos 2θ

 . (2.26)

It is important to note that this matrix being diagonal means that Thomson scattering cannot give

rise to any σ→ π or π → σ rotation of the polarisation of the incident beam. Furthermore, the

cos 2θ dependence the ε̂π→π channel means that, for π-polarised incident x-rays, the intensity

at a scattering angle of 2θ = 90° will be zero. As discussed in section 3.3.1, this behaviour can be

utilised in polarisation analyser crystals to �lter out all but a single linear polarisation channel

of the scattered beam.

The second term in eq. (2.23) is the �rst-order contribution to the magnetic scattering. Here

we note that the constant factor

(
h̄ω
mc2

)2
gives the intensity ratio of nonresonant magnetic scatter-

ing to charge scattering. It is also necessary to include the ratio of magnetic (Nm) to nonmagnetic

(N) electrons
∗

and the ratio of the magnetic ( fm) and charge ( f ) form factors
†
. The intensity

ratio is therefore given by
91

IMagnetic

IThomson
≈ Nm

N

(
h̄ω

mc2

)2 f 2
m
f 2 ~ 10−6, (2.27)

where the 10−6
factor has been calculated for Fe with h̄ω = 10 keV, but it is typical of non-

resonant magnetic signals in general.
89

Thus, it is usually only possible to measure antiferromag-

netic or rotating (incommensurate) magnetic structures, which give rise to magnetic di�raction

∗
Only unpaired electrons contribute to the magnetic scattering whereas all electrons contribute to charge scat-

tering.

†
The magnetic form factor of an atom falls o� faster than the corresponding charge form factor as the magneti-

sation density is more spatially di�use than the charge density.
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Figure 2.2: Scattering geometry of an x-ray di�raction experiment. ki and kf are the

incident and scattered x-ray wavevectors, respectively and θ is half the scattering angle. The

incident (�nal) polarisation state is given by ε̂i (ε̂f) and the components of the polarisation

perpendicular and parallel to the scattering plane are denoted by σ and π, respectively. The

vectors u1, u2 and u3 de�ne a useful basis in which magnetic structure factor calculations can

be carried out.

peaks at points in reciprocal space where charge scattering is not present. As discussed in the

following section, it is also possible to exploit di�erences in the polarisation of x-rays arising

from charge and magnetic scattering processes to separate the two components.

To calculate the full nonresonant magnetic scattering di�erential cross section, we must also

consider the second-order terms in eq. (2.21). Substituting inH′2 and evaluating the commutators,
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it can be shown that the total magnetic di�erential cross section is given by
91

(
d2σ

dΩdEf

)
NXMS

= r2
0

(
h̄ω

mc2

)2
∣∣∣∣∣

Magnetic structure factor︷ ︸︸ ︷
∑

j
eiK·rj

[
sj · PS +

iK× pj

h̄k2 · (ε̂∗f × ε̂i)

] ∣∣∣∣∣
2

δ(Ef − Ei)

(2.28)

where PS = ε̂∗f × ε̂i + (k̂ f × ε̂∗f )(k̂ f · ε̂i) − (k̂i × ε̂i)(k̂i · ε̂∗f ) − (k̂ f × ε̂∗f )(k̂i × ε̂i). The

magnetic structure factor M(K) can then be written explicitly in terms of the Fourier transforms

of the electron spin magnetisation S(K) and the atomic orbital magnetisation L(K):

M(K) = [S(K) · PS + L(K) · PL] (2.29)

where PS and PL are the orbital and spin polarisation factors, respectively. PS is given above

and PL = −K̂× [(ε̂∗f × ε̂i)× K̂] 2 sin2 θ. The Fourier transforms of the spin and orbital mag-

netisation are de�ned by:
∗

S(K) =
∫

eiK·r S(r)dr = ∑
n

eiK·rn f S
n (K) sn

L(K) =
∫

eiK·r L(r)dr = ∑
n

eiK·rn f L
n (K) ln

(2.30)

where S(r) is the spin magnetisation, f (s)n (K) and sn are the spin magnetic form factor and spin

angular momentum of the nth
atom, respectively, and L(r), f (l)n (K) and ln are the corresponding

quantities relating to the orbital magnetisation. Equivalent to the Thomson scattering calculation,

the polarisation factors may be conveniently expressed in the σ–π basis:

PL =
K2

2k2

 0 −(k̂ + k̂′)

k̂ + k̂′ 2k̂× k̂′

 , PS =

 k̂× k̂′ −k̂′(1− k̂ · k̂′)

−k̂(1− k̂ · k̂′) k̂× k̂′

 (2.31)

∗
Note that these sums ∑n now sum over all the atoms in the material, rather than the electrons.
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The full magnetic structure factor is then given by

M(K) =

 sin(2θ)S2 −2 sin2(θ)[cos(θ)(L1 + S1)− sin(θ)S3]

2 sin2(θ)[cos(θ)(L1 + S1) + sin(θ)S3] sin(2θ)[2 sin2(θ)L2 + S2]


(2.32)

where Si (Li) are the components of the spin (orbital) structure factor in the ui basis (�g. 2.2).

The complex polarisation dependence of the magnetic scattering is an extremely useful prop-

erty for several reasons. Firstly, we note that, unlike for Thomson scattering, there are o�-

diagonal elements in this matrix. Thus, measuring intensity in the ε̂σ→π and ε̂π→σ channels

is one method that can be used to isolate the magnetic signal from the much brighter charge

scattering. Secondly, we note that the diagonal elements of this matrix depend only on the mag-

netisation oriented perpendicular to the scattering plane, while the o�-diagonal elements depend

on the magnetisation oriented within the di�raction plane. This directional dependence allows,

with the correct experimental geometry, the full magnetic structure of a material to be solved.

Finally, the di�ering polarisation dependencies of the spin and orbital components allows their

relative contributions to the magnetisation to be determined.
95

Resonant x-ray sca�ering

In resonant x-ray scattering, the incident x-ray energy is deliberately tuned to an atomic transition

energy within the material and hence is in the so called ‘soft’ range, h̄ω < 5–10 keV. This excites

virtual transitions of absorbing electrons, which strongly enhances the intensity of both charge

and magnetic scattering. This resonant enhancement comes with another important advantage,

of ‘element-speci�c’ measurements: given that the transition energies are unique to each atomic

species in a material, the incident energy may be tuned to isolate the magnetism associated with

a single species of atom. One limiting factor of resonant scattering is that, due to the low energies

involved (on the order of ~100 eV), only a small region of reciprocal space is accessible.

The e�ect of the resonant enhancement on the di�erential scattering cross section is made

95
D Gibbs et al. Phys. Rev. B, 43: 5663, 1991.
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most clear when it is written in terms of scattering amplitudes. If we denote the total coherent

elastic scattering amplitude of the nth
ion in a material, then the di�erential cross section is given

by (
d2σ

dΩdEf

)
RXMS

=

∣∣∣∣∣∑n
an(K) Tn(K) eiK·rn

∣∣∣∣∣
2

δ(Ef − Ei) (2.33)

We can express the scattering amplitude as a sum of four components:
96

an =

∝ W(1)︷ ︸︸ ︷
a0

n + aspin

n +

∝ W(2)︷ ︸︸ ︷
a′n + ia′′n (2.34)

where the former and latter pairs of terms correspond to processes described by �rst- and second-

order terms in Fermi’s golden rule (eq. (2.21)), respectively. a0
n = r0 f 0

n is the Thomson scattering

amplitude and aspin
is the nonresonant magnetic scattering amplitude (associated with the second

term in eq. (2.23)). The scattering amplitudes a′ and a′′ correspond to the resonant, second-order

terms in eq. (2.21), which describe dispersive and absorptive scattering processes. As discussed

in the previous section, in the nonresonant regime, scattering associated with these two terms

and with aspin
results in a total magnetic scattering amplitude of amag

n = ir0(h̄ω/mc2)Mn(K),

where Mn is the magnetic structure factor of the nth
ion. In the resonant condition however,

these terms are resonantly enhanced by electric and magnetic multiple transitions. In fact, it

is the electric multipole transitions that are the dominant processes and thus resonant x-ray

scattering could be considered an ‘indirect’ probe of the magnetic structure.
96

The resonant scattering amplitude, calculated for a dipole–dipole transition is given by
93

f res
j = (ε̂∗f · ε̂i)F(0) − i(ε̂∗f × ε̂i) · µ̂jF(1) + (ε̂∗f · µ̂j)(ε̂i · µ̂j)F(2), (2.35)

where F(0)
, F(1)

and F(2)
are constants determined by the atomic properties and speci�c transi-

tion(s) excited by the x-ray photon [de�ned in Hill and McMorrow (1996)
93

]. The �rst term in

96
JP Hannon et al. Phys. Rev. Lett., 61: 1245, 1988.
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Non-resonant scattering Resonant scattering

virtual transitionAtomic levels

Continuum

k i k f k i k f

Figure 2.3: The di�erence between nonresonant and resonant x-ray scattering. In nonres-

onant scattering, the electron oscillates in response to the electric �eld of the incident x-ray and

emits light of the same frequency and polarisation. In resonant scattering however, the electron

makes a virtual transition to and from a higher atomic level, radiating an x-ray as it relaxes to

the ground state. After Als-Nielsen and McMorrow (2011).
76

eq. (2.35) has no dependence on the magnetic moment and thus contributes only to the charge

scattering at the Bragg positions. The second and third terms produce the �rst and second

harmonics of the magnetic satellites, respectively. The full magnetic structure factor is then:

M(K) = ∑
n

eiK·rn

{
F(0)

1 0

0 cos 2θ


− iF(1)

 0 z1 cos θ + z3 sin θ

z3 sin θ − z1 cos θ −z2 sin 2θ


+ F(2)

 z2
2 −z2(z1 sin θ − z3 cos θ)

z2(z1 sin θ + z3 cos θ) − cos2(z2
1 tan2 θ + z2

3)

}
(2.36)

Given that the second harmonic satellites tend to be signi�cantly weaker,
97

it is usually only

the �rst two terms of this equation that are of interest. Similar to the nonresonant structure

factor (eq. (2.32)), the complex polarisation dependence allows the full magnetic structure to be

97
G Helgesen et al. Phys. Rev. B, 52: 9446, 1995.
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reconstructed from a resonant scattering measurement. Although, in this case, it is not possible to

extricate the spin and orbital components of the magnetic moment (one of the major advantages

of nonresonant over resonant x-ray scattering).

Thus in general, the di�erential cross section for magnetic scattering can be written

(
d2σ

dΩdEf

)
Magnetic

∝∣∣∣∣∣cell

∑
j

amag
n (K) eiK·xn Tn(K)

∣∣∣∣∣
2

|ε̂ · ε̂′|2 δ(3)(GM −K) δ(E), (2.37)

where amag

n is the appropriate scattering amplitude (either resonant or nonresonant) and we have

decomposed the sum over atoms as in section 2.2 to obtain the Laue condition. GM is a reciprocal

lattice vector of the magnetic structure, which can be related to the crystal structure reciprocal

lattice by GM = G± τ, where τ is the propagation vector of the magnetic structure.
∗

2.4 Neutron di�raction

Neutrons were discovered in an experiment by Chadwick in 1932
98

in which he showed they were

chargeless particles with a mass approximately equal to that of a proton. Thus, neutrons with

energies in the thermal range (~25 meV) have a wavelength given by the de Broglie relationship:

λn =
h

mnv
~ 1.8 Å, (2.38)

which is comparable to the interatomic spacing in crystalline materials. The potential of neutrons

as a di�raction probe was �rst realised in 1945–1946 by Wollan and Shull
99

at Oak Ridge National

Laboratory. Neutron di�raction has since become an invaluable technique for studying both the

∗
In the case of a higher harmonic magnetic satellite the reciprocal lattice vector would be GM = G± nτ, where

n is the degree of harmonic.

98
J Chadwick. Nature, 129: 312, 1932.

99
CG Shull. Rev. Mod. Phys., 67: 753, 1995.
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Figure 2.4: Variation of neutron scattering lengths by element. The real part of the (bound)

coherent scattering lengths of the �rst 50 elements in the periodic table given in units of the

Thomson scattering length. Only the scattering length of the most abundant isotope is plotted.

Data taken from Sears (1992).
101

crystal and magnetic structure of materials.
100

Although they have some overlap, neutron and x-ray scattering can be seen as complementary

techniques, each bringing certain advantages depending on the experimental details. Since x-rays

scatter from the electrons in a material, the scattering amplitude is proportional to the atomic

number, making light elements very di�cult to detect. Neutrons, on the other hand, readily

scatter from light elements because (nonmagnetic) scattering of neutrons is due to scattering

from nucleii via the strong force, the strength of which depends upon the scattering length.

As shown in �g. 2.4, the scattering length varies rather erratically from element to element

(and isotope to isotope) over the periodic table but is generally large enough to allow neutron

di�raction measurements of compounds containing almost any element.
102

This variation with

element o�ers a further advantage over x-rays, as it allows neighbouring elements (of similar

100
GE Bacon. X-ray and neutron di�raction. Pergamon, 1966.

102
DS Sivia. Elementary scattering theory: For X-ray and neutron users. Oxford University Press, 2011.
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atomic number) to be distinguished with a much higher sensitivity. Although the cross-section

for charge scattering of x-rays and neutrons are similar (see �g. 2.4), the absorption cross-section

for neutrons is much lower
∗
. Therefore another advantage is that neutrons will likely have a

penetration depth much larger than the sample dimensions, allowing the entire sample to be

measured simultaneously. One major disadvantage of neutron di�raction is the requirement for

much larger samples than are needed for x-ray di�raction due there being only relatively low

�ux available at neutron facilities
103

.

Neutrons can also be used to study the magnetic state of a material though interactions

between the unpaired electrons in the material with the neutron’s intrinsic magnetic moment

µn = −γµNσ (2.39)

where the gyromagnetic ratio γ = 1.913, the nuclear magneton is given by µN = eh̄/2mp and σ

is the Pauli spin operator. Importantly, the intensity of this magnetic scattering is of comparable

size to that of the nuclear scattering.
104

It is for this reason that neutrons have traditionally been

used over x-rays in the study of magnetic materials, although this is becoming less true with

continuing advances in modern x-ray techniques. The �rst successful application of magnetic

neutron scattering was achieved by Shull and Smart in 1949,
105

where their measurements of

MnO also constituted the �rst experimental evidence of antiferromagnetism. The use of polarised

neutrons as an even more sensitive probe of the magnetic structure was later demonstrated, also

by Shull and coworkers.
106

∗
Although the strong force is a very strong interaction, it is very short ranged (acting over ~10−14

m) and thus

the probability of interaction is low.

103
T Chatterji. Neutron scattering from magnetic materials. Gulf Professional Publishing, 2005.

104
GL Squires. Introduction to the theory of thermal neutron scattering. Cambridge university press, 2012.

105
CG Shull and JS Smart. Phys. Rev., 76: 1256, 1949.

106
R Nathans et al. J. Phy. Chem. Solids, 10: 138–146, 1959.
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2.4.1 Calculating the neutron sca�ering cross section

As discussed in the previous section, the interaction of neutrons with a crystalline solid is very

di�erent to that of x-rays. In the di�erential cross sections, these di�erences are contained mainly

in the form factors, but also in the polarisation dependence
107,108∗

.

Nuclear sca�ering

The strength of the neutron–nuclei interaction results means that, for nuclear scattering of

thermal neutrons, the Born approximation is invalid. This can be overcome, however, through a

clever ‘trick’ proposed by Fermi,
109,110

in which the interaction potential is replaced by �ctitious

one that is suitably weak (such that the Born approximation is valid) but that reproduces correctly

the scattered wavefunction calculation to �rst order. We are then able to use the same formalism

as was employed for x-rays in section 2.3.2 and calculate the rate of scattering from Fermi’s

golden rule. Given that the neutron–nuclei interactions are extremely short-ranged relative to

the long de Broglie wavelength of neutrons, the interaction potential is approximated by a delta

function in the Fermi pseudo-potential:
104

HNuclear(r) =
2πh̄2

m ∑
j

bnδ(3)(r− rn), (2.40)

where m is the mass of the neutron and bn is the scattering length of the nth
nucleus. Substituting

this into eq. (2.12) gives the simple result

f j = (2πh̄2/m)bj, (2.41)

107
M Blume. Phys. Rev., 130: 1670, 1963.

108
F Tasset. Physica B, 297: 1–8, 2001.

∗
The cross sections for scattering of polarised neutrons and their derivations can be found in Blume (1963)

107

and Tasset (2001)
108

but I will not discuss them further here.

109
Enrico Fermi et al. Ric. Sci., 7: 13–52, 1936.

110
G Breit. Phys. Rev., 71: 215, 1947.
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where we have assumed the incident and �nal neutron beams can be described as plane waves.

The di�erential cross section for nuclear scattering of neutrons is then given by

(
d2σ

dΩdEf

)
Nuclear

= Ncell
(2π)3

V

∣∣∣∣∣cell

∑
n

bn eiK·xn Tn(K)

∣∣∣∣∣
2

δ(3)(G−K) δ(Ef − Ei), (2.42)

where bn is the scattering length of the nth
nucleus in the unit cell.

Magnetic sca�ering

The magnetic interaction between the magnetic moment of the neutron µn and the magnetic

�eld produced by the unpaired electrons in the material B(r) is given by

HMagnetic(r) = −µn · B(r). (2.43)

If electron has a magnetic moment µe = −2µBs, the magnetic �eld at a distance d = r− rj from

the jth electron is given by

B(r) =

BS(r)︷ ︸︸ ︷
µ0

4πd2 ∑
j

(
∇× µe,j × d̂

)
−

BL(r)︷ ︸︸ ︷
µ0

4πd2 ∑
j

(
2µB

h̄
p× d̂

)
(2.44)

where BS(r) and BL(r) are the contributions to �eld resulting from the spin and orbital motion

of the electrons, respectively. By substituting eqs. (2.43) and (2.44) into Fermi’s golden rule we

can calculate the di�erential cross section:

(
d2σ

dΩdEf

)
Magnetic

=

(
γre

2µB

)2

|M (Q)|2 δ(Ef − Ei), (2.45)

where re = µ0e2/(4πmmrme) is the classical electron radius and the magnetic interaction vector

M (Q) is de�ned as the component of the magnetic structure factor i.e. the Fourier transform

of the magnetisation, perpendicular to the scattering plane, such that M = K̂× [M(Q)× K̂].
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In the dipole approximation this may be written in the familiar form:

(
d2σ

dΩdEf

)
Magnetic

= Ncell
(2π)3

V

(
γre

2µB

)2
∣∣∣∣∣cell

∑
n

fn µn eiK·xn Tn(K)

∣∣∣∣∣
2

δ(3)(G−K) δ(Ef − Ei),

(2.46)

where µn and fn are the e�ective magnetic moment and magnetic form factor of the nth
atom in

the unit cell, respectively.

2.5 X-ray photoemission electron microscopy

Photoemission electron microscopy (PEEM) is a powerful imaging technique employed across a

wide range of �elds, from materials science to biology. Modern x-ray PEEM allows di�erences

in absorption properties to be imaged over the surface of a material with a resolution on the

order of 10 nm. PEEM is an indirect probe of the absorption coe�cient as it does not directly

measure photoelectrons resulting from the absorption of the x-ray photon, but rather the Auger

electrons emitted during the relaxation process that follows. As shown in �g. 2.5, when an

atom absorbs a resonant x-ray photon, the following relaxation process to �ll the core hole may

either emit an x-ray photon (�uorescent x-ray emission
∗
) or eject a higher-level electron (Auger

electron emission
111

). The ratio between rates of �uorescence and Auger yields varies depends

upon the atomic species present in the material, the dominant process being Auger emission

for lighter elements (Z . 50) and �uorescence for heavier elements.
112

The number of Auger

electrons emitted is proportional to the number of x-ray photons absorbed (or alternatively, the

absorption coe�cient σA), and thus can be used to probe the properties of states involved in the

x-ray absorption process.
113

This can be used to study the structural, chemical and importantly,

magnetic, properties of a material surface at the nanoscale.

∗
This process is similar to resonant x-ray magnetic scattering (see �g. 2.3), although in that case, the transition

is virtual.
111

P Auger. Sur les rayons [beta] secondaires prodiuts dans un gaz par des rayons x. Gauthier-Villars, 1925.

112
LC Feldman and JW Mayer. Fundamentals of surface and thin �lm analysis. Elsevier, 1986.

113
JC Vickerman and I Gilmore. Surface analysis: The principal techniques. John Wiley & Sons, 2011.
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Figure 2.5: X-ray �uorescence vs Auger electron emission. There are two possibilities fol-

lowing the x-ray excitation of a core electron: �uorescent x-ray emission or Auger electron

emission. In �uorescent emission, an outer-shell electron recombines with the core hole, produc-

ing and x-ray photon. Auger electron emission is where the energy released by the electron–hole

recombination is transferred to another electron. This Auger electron is ejected from the atom

with a kinetic energy (h̄2q2/(2m)) equal to the di�erence between the energy of the initial relax-

ation process and the binding energy of the ejected electron. After Als-Nielsen and McMorrow

(2011).
76

The �rst working photoemission electron microscope was built by Brüche in 1932, where he

used ultraviolet light to excite the electrons and was able to image the surface of a metal.
114,115

x-ray PEEM was �rst demonstrated in 1988
116

and shortly afterwards, Stöhr et al. observed the

�rst high resolution images of magnetic domains using X-PEEM.
117

In the latter experiment, con-

trast between magnetic domains was achieved by exploiting a phenomenon known as dichroism,

which results in di�erent absorption properties of magnetic domains for di�erent x-ray polari-

sations. It is this dependence on the incident x-ray polarisation that allows magnetic domains

to be di�erentiated and mapped over the surface of a magnetic material. Probing magnetic do-

114
E Brüche. Naturwissenschaften, 20: 49–49, 1932.

115
E Brüche. Z. Phys. A, 86: 448–450, 1933.

116
BP Tonner and GR Harp. Rev. Sci. Instrum., 59: 853–858, 1988.

117
J Stohr et al. Science, 658–661, 1993.
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mains with nanoscale resolution is ideal for studying multiferroic materials, many of which have

features on this lengthscale, these being either the intrinsic domain structure or a fabricated

device architecture. These measurements provide complementary information to the previously

discussed x-ray and neutron techniques, which average over much larger length scales.

The following section comprises an overview of x-ray absorption cross-section calculations

in the context of x-ray dichroism experiments, roughly following the treatment by Als-Nielsen

and McMorrow (2011).
76

The interested reader is also referred to the in-depth discussions covered

in several other textbooks.
89,118–120

2.5.1 Calculating the x-ray absorption cross section

The relevant term of the x-ray–electron interaction Hamiltonian H′ (see eq. (2.17)) for photo-

electric absorption by a single electron is:

H
Absorption

=
e

mc
p ·A, (2.47)

where we have neglected any contributions from magnetic dipole transitions, as these are about

1–2 orders of magnitude smaller for typical x-ray edges.
96

As depicted in �g. 2.6, we consider

an absorption process in which an x-ray photon in the state |k, ε̂〉γ is annihilated and a bound

electron, with a binding energy Eb, is ejected into the continuum where it ends in the �nal state

|q〉e with a momentum p = h̄q and energy Ef = h̄2q2/(2m). We can then calculate the x-ray

absorption cross section analogously to the calculation for x-ray scattering (see section 2.3.2),

with three primary di�erences. Firstly, given that an absorption process requires the interaction

Hamiltonian to contain terms that annihilate the incident photon, and remembering that the

118
W Heitler. The quantum theory of radiation. Courier Corporation, 1954.

119
DC Koningsberger and Roelof Prins. X-ray absorption: Principles, applications, techniques of EXAFS, SEXAFS,

and XANES. John Wiley and Sons, New York, NY, 1988.

120
J Feng and A Scholl. “Photoemission electron microscopy (PEEM)” in: Science of microscopy. Springer, 2007.
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vector potential is linear in the photon annihilation and creation operators, we see that this

perturbation will contribute as a �rst-order perturbation
∗
. Secondly, the process is not elastic

as some of the photon energy will be lost to the electron binding energy, requiring an incident

energy of Ei = Eb + Ef. Finally, the electron may be emitted in any direction and thus it is

necessary to integrate the scattering rate over the entire solid angle of 4π steradians. We can

Figure 2.6: Photoemission of an electron by an x-ray photon. The incident wavevector and

angular frequency of the photon are denoted by ki and ωi, respectively and the directions of

the polarisation states σ and π are also indicated. The ejected electron has momentum p = h̄q,

energy Ef = h̄2q2/(2m) and is emitted in the direction (θ, φ). The polar angles (θ, φ) are de�ned

in a coordinate system where the z axis and x axis are aligned along the incident wavevector k and

polarisation ε̂ directions, respectively. The translucent blue sphere indicates that all directions

of q for the emitted electron have a �nite probability.

obtain the di�erential cross section by substituting eq. (2.47) into Fermi’s golden rule, which

∗
As opposed to in a scattering process, where this interaction term appears as a second-order perturbation since

scattering of an x-ray photon requires terms that both annihilate one photon and create another.
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gives

(
d2σ

dΩdEf

)
Absorption

=
mqV2

2π2h̄3

∣∣∣e〈q| e
mc

p ·A |k, ε̂〉γ
∣∣∣2 δ(Ee + Eb − h̄ωi) (2.48)

where the modulus squared of the matrix element can be shown to be equal to
76

∣∣∣e〈q| e
mc

p ·A |k, ε̂〉γ
∣∣∣2 =

(
eh̄
m

)2 2πh̄
V2ω

(q2 sin2 θ cos2 ϕ)φ2(K) (2.49)

where K = k−q is the wavevector transfer, the photoelectron is emitted in a direction (θ, φ) (see

�g. 2.6) and ϕ(K) =
∫

ψe(r)eiK·rdr is the Fourier transform of the bound-electron wavefunction.

Integrating the di�erential cross section with respect to �nal energy and angle of emission we

obtain the absorption cross section:

σA =

(
eh̄
m

)2 1
πωc

I(K)︷ ︸︸ ︷∫
φ2(K)q2 sin2 θ cos2 ϕ δ(Ee + Eb − h̄ωi)dq (2.50)

where the absorption properties are described by integral I(K). Thus, apart from the
1
ω factor,

the dependence of the absorption process on the energy, polarisation and direction of the incident

x-ray is entirely determined by the initial electronic state of the ejected electron.

2.5.2 X-ray dichroism

A dependence of the absorption cross section on the incident photon polarisation is called dichro-

ism. Dichroism occurs when there are anisotropies in the system, these can be both due of charge

(e.g. molecules aligned along a chain in a Polaroid sheet) and magnetic (e.g. spins aligned along

their easy axis in a ferromagnet) origin. For the purposes of imaging magnetic domains, the do-

mains of ferromagnetic and antiferromagnetic materials may be imaged with contrast between

x-ray polarisations using x-ray magnetic circular dichroism (XMCD) and x-ray magnetic linear
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dichroism (XMLD), respectively.

X-ray circular magnetic dichroism

In an XMCD experiment, the di�erence in absorption between left-circularly polarised (LCP)

and right-circularly polarised (RCP) x-rays can be used to determine the local magnetic moments

in a ferromagnetic material. This dichroism results from selection rules governing electronic

transitions from core states to higher-energy, spin-split unoccupied states, resulting in preferen-

tial absorption of one handedness of light over the other. This splitting of the unoccupied states

causes an imbalance in the number of available states with respect to the electrons’ angular

momenta mJ . Given that LCP and RCP photons carry spin-angular momenta of opposite sign

(and thus will produce photoelectrons with opposite angular momenta when absorbed), this

imbalance in states causes a proportionate di�erence in the absorption of each polarisation.

By measuring a ferromagnetic material in an applied magnetic �eld, it is possible to quan-

titatively determine both the spin and orbital contributions to the magnetisation using sum

rules that combine XMCD measurements over the LII and LIII edges.
121,122

As well as using an

applied magnetic �eld to split the unoccupied states (these being the 3d and 4 f states for the

�rst series of transition metals and rare earths, respectively), this splitting can also occur in the

absence of any external �elds, simply due to the internal �eld within a ferromagnetic domain.

XMCD-PEEM is now a widely used technique that exploits the contrast between magnetisation

directions to image the ferromagnetic domains at the the surface of magnetic materials.
123

Un-

like di�raction, requiring a coherent assembly of atoms, PEEM could in principle distinguish

individual atoms, however, the mean free path of the Auger electrons puts a physical limit on

the spatial resolution of ~2 nm. Practically, the resolution is limited to a few tens of nanometres

by the electron optics although this is now reaching the physical limit with modern aberration

121
BT Thole et al. Phys. Rev. Lett., 68: 1943, 1992.

122
P Carra et al. Phys. Rev. Lett., 70: 694, 1993.

123
CM Schneider and G Schönhense. Rep. Prog. Phys., 65: 1785, 2002.
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correction techniques.
124,125

The circular dichroism can be described with a cos θ dependence upon the incident circular

polarisation σ k̂i such that

I = (k̂i) ∝ σ(k̂i · µ) = |µ| cos θ (2.51)

where σ̂ is the helicity of the circularly polarised x-ray and θ is the angle between the x-ray

helicity and the local moment direction µ̂. By exploiting this interaction, it therefore is possible

to measure the projection of the local magnetic moments onto the incident x-ray direction. Thus,

by taking two images at 90° to one another, a full vector map of the magnetisation at the surface

may be obtained.

X-ray linear magnetic dichroism

In contrast to XMCD, XMLD measures the expectation value of the square of the magnetic

moment projected along the direction of the x-ray polarisation, and thus can be used to mea-

sure antiferromagnetic materials. X-ray dichroism between linear polarisation states was �rst

demonstrated in 1986,
126,127

and the �rst images of antiferromagnetic domains recorded using

XMLD-PEEM were later obtained in 1999.
128

As well as from magnetic order, linear dichroism can originate from anisotropies in the charge

distribution. Linearly polarised x-rays preferentially excite electrons into states whose spatial

distribution has a larger projection along the ε̂ vector,
129

which can give rise to nonmagnetic

linear dichroism in materials where the d or f orbitals have some anisotropic character. By

symmetry, this e�ect is limited to crystals with lower than cubic symmetry
129

and is particularly

124
T Schmidt et al. Ultramicroscopy, 126: 23–32, 2013.

125
RM Tromp et al. Ultramicroscopy, 110: 852–861, 2010.

126
BT Thole, G van der Laan, and GA Sawatzky. Phys. Rev. Lett., 55: 2086, 1985.

127
G van der Laan et al. Phys. Rev. B, 34: 6529, 1986.

128
J Stöhr et al. Phys. Rev. Lett., 83: 1862, 1999.

129
J Stöhr. J. Electron. Spectrosc., 75: 253–272, 1995.
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important in the context of multiferroics as there can be contributions to the linear dichroism

both from the ferroelectricity as well as from the magnetic order.
130

It is thus important to design

experiments that can distinguish these two components.

The x-ray polarisation dependence of absorption for a (collinear) magnetic material is given

by
131

I(ε̂) ∝ (3(ε̂ · µ)2 − 1) = |µ2|(3 cos2 θ − 1) (2.52)

where ε̂ is the linear polarisation direction such that θ is the angle between the linear polarisation

and the axis along which the local antiferromagnetic spins are aligned. XMLD measurements

tend to be more experimentally challenging than XMCD measurements as the magnitude of

dichroism is signi�cantly weaker, however, using careful measurements, it is possible to measure

the angular dependence of the XMLD and use this information map the antiferromagnetic axis

over the surface of a material.
132,133

130
S Polisetty et al. J. Phys. Condens. Matter , 24: 245902, 2012.

131
D Alders et al. Europhys. Lett., 32: 259, 1995.

132
K Arai et al. J. Phys. Soc. Jpn, 79: 013703, 2009.

133
K Arai et al. Phys. Rev. B, 85: 104418, 2012.
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3

Coherent magnetoelastic domains in

multiferroic BiFeO3 films

The physical properties of epitaxial �lms can fundamentally di�er from those of bulk single

crystals, even in �lms thick enough that size e�ects become negligible. In this chapter, we

use a combination of non-resonant x-ray and neutron di�raction techniques to understand the

domain structure of (111)pc-BiFeO3 �lms and �nd that they comprise a submicron texture of

antiferromagnetic domains, which are magnetoelastically coupled to a coherent crystallographic

monoclinic twin structure. This unique texture, which is absent in bulk single crystals, should

enable control of magnetism in BiFeO3 �lm devices via epitaxial strain.

65
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3.1 Introduction

A

s discussed in section 1.1, electrical manipulation of spins in multiferroic materials is

a promising route to a new generation of fast, low consumption electronics.
14,59,134

Although direct electrical control of ferromagnets is challenging, much progress

has been made towards electrical switching of antiferromagnetic spins.
135

Multiferroic BiFeO3

(BFO) is one of the most promising materials: at room temperature, BFO is both ferroelectric

and antiferromagnetic, and its spins can be rotated by switching the direction of the electrical

polarisation.
136,137

Thus far, a fundamental limitation towards practical BFO devices has been the

lack of understanding of the interplay between ferroelectricity, magnetism and lattice distortions

(ferroelasticity). The interactions between these ferroic orders in BFO is further complicated

by the presence of domains, requiring a comprehensive model to account for the numerous

ferroelectric, magnetic and ferroelastic domain variants that can coexist within a single material.

If properly understood, the coexistence and interplay of these room-temperature multiferroic

properties in BFO o�ers a unique framework to engineer novel and highly-tuneable physical

properties in epitaxial �lms.

The properties of domains in multiferroics have been studied for over 50 years, however, only

in the last two decades has the development of atomic resolution microscopy techniques revealed

their true complexity. These techniques have lead to discoveries not only regarding the domain

morphology but also the behaviour of the domain walls. In some cases, novel functionality,

not present in the bulk can be found in the wall itself. This phenomena is seen in BFO, where

recently it has been shown that 109° and 180° domain walls between ferroelectric domains are

14
F Matsukura, Y Tokura, and H Ohno. Nat. Nano., 10: 209–220, 2015.

59
W Eerenstein, ND Mathur, and JF Scott. Nature, 442: 759–765, 2006.

134
R Ramesh and NA Spaldin. Nat. Mater., 6: 21–29, 2007.

135
X He et al. Nat. Mater., 9: 579–585, 2010.

136
T Zhao et al. Nat. Mater., 5: 823–829, 2006.

137
W Ratcli� II et al. Phys. Rev. B, 87: 140405, 2013.
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electrically conductive.
138–140

Not only is this seen for domain walls in the as-grown state, but

for those electrically written into the material.
141

Furthermore, it has been shown that the density

of domain walls in BFO controls the exchange bias between BFO and ferromagnetic layers in

BFO heterostructures.
142

As a result of recent developments in synchrotron and neutron source technology, cutting

edge di�raction techniques can now be applied to thin �lms to obtain complementary information

to scanning probe techniques; these are sensitive to the long-range structural and magnetic

ordering within domains and provide a quantitative measurement of the relative populations of

domains. In this chapter we employ nonresonant x-ray magnetic scattering (NXMS) and neutron

scattering to investigate the multiferroic domain structure of 1 µm-thick BFO �lms.

3.1.1 Physical properties of BiFeO3

Being one of the few single-phase materials to exhibit room-temperature magnetoelectric cou-

pling, BFO is the most intensively studied multiferroic to date.
134

The following sections comprise

a brief overview of the structural and magnetic properties of BFO, and how these properties can

be altered when grown in thin-�lm form.

Crystal structure

At a ferroelectric Curie temperature of TC = 1103 K, BFO undergoes an improper structural

phase transition from the orthorhombic β-phase (space group Pbnm143
) to the polar α-phase. In

the α-phase, it has a rhombohedral distorted perovskite structure (pictured in �g. 3.1) in which

the Bi
3+

and Fe
3+

cations are displaced away from their centrosymmetric positions along the

138
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139
S Farokhipoor and B Noheda. Phys. Rev. Lett., 107: 127601, 2011.

140
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141
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142
LW Martin et al. Nano Lett., 8: 2050–2055, 2008.

143
DC Arnold et al. Phys. Rev. Lett., 102: 027602, 2009.
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[111]pc (indexed in pseudo-cubic (subscript pc) setting of the unit cell) axis.
144

This gives rise to

a ferroelectric polarisation of |P|~100 µC/cm
2
, the largest of all known multiferroics. The space

group of the α-phase is generally accepted to be the rhombohedral space group R3c, with lattice

parameters ah = bh = 5.571 Å and ch = 13.868 Å in the hexagonal (subscript h) setting.
144–146

The pseudo-cubic cell is aligned such that the 3-fold axis [001]h lies along the pseudo-cubic

[111]pc (see �g. 3.1(d)).

There is, however, some debate on whether the bulk α-phase may have a symmetry lower

than R3c with a few recent studies suggesting monoclinic and triclinic structures. Sosnowska

et al. recently proposed a monoclinic Cc 147
structure from synchrotron powder di�raction mea-

surements and Wang et al. suggest a triclinic P1 148
structure based upon a combined study of

synchrotron x-ray di�raction, neutron powder di�raction, and single-crystal electron di�raction.

The latter proposed structure was found to be the most stable in a recent density-functional-

theory study.
149

Magnetic properties

Figure 3.1d shows the magnetic structure of bulk BFO, which antiferromagnetically orders at a

Neél temperature of TN ∼ 640 K. The structure can be described locally as G-type (i.e. with

each spin being almost antiparallel to all its neighbours) as can be seen on the red pseudo-cubic

cell. Dzyaloshinskii-Moriya interactions, caused by the ionic displacements associated with the

ferroelectric polarisation, produce a local rotation of the Fe magnetic moments, resulting in a long-

period (l~62 nm) cycloidal modulation with moments rotating in a plane containing P ‖ [001]h

and the magnetic propagation vector k (indicated by the double-headed green arrow).
63
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Figure 3.1: Summary of crystal and magnetic structure. a, Top down (along c axis) projec-

tion of BFO crystal structure showing the relationship between the rhombohedral (grey) and

monoclinic (green) unit cells. Only the top quarter of the unit cell is draw for clarity. The hexago-

nal and monoclinic settings are indicated by subscript h and m, respectively. The direction of the

magnetic propagation vector k2 is also shown. b, Schematic illustration of the �lm architecture

c, Side on (along bh axis) projection of BFO crystal structure showing the relationship between

the rhombohedral (grey) and monoclinic (green) unit cells and their axes. d, Magnetic structure

of BFO. The propagation vector has been scaled to accentuate the cycloid. Also shown is the

pseudo-cubic cell (red).
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Magnetic ordering breaks the symmetry of the three-fold axis, giving rise to three symmetry

equivalent k-domains, with magnetic propagation vectors k1 = (δ, δ, 0)h, k2 = (δ,−2δ, 0)h

and k3 = (−2δ, δ, 0)h and δ = 0.0045 at 300 K. In high-quality bulk single crystals, antiferro-

magnetic cycloidal domains were previously imaged by NXMS and found to be of the order of a

millimetre in size.
150

3.1.2 BiFeO3 thin films and devices

The physical properties of BFO �lms can deviate signi�cantly from their bulk counterparts and

these di�erences are principally determined by the thickness of the �lm and the strain induced

by the �lm–substrate lattice mismatch.
151,152

If properly understood, the dependence of the struc-

tural, ferroelectric and magnetic properties of BFO �lms on these parameters can be used to

optimise their behaviour for use in devices (for further details see section 4.1). Typical BFO

device architectures are based on thin-�lm heterostructures, and include a ferromagnetic layer,

which can be switched via coupling to the BFO spins at the interface, as recently demonstrated

for the (001)pc �lm orientation.
153,154

However, the lack of a comprehensive understanding of

the interplay between ferroelectricity and antiferromagnetism at the BFO interface has thus far

represented a fundamental limitation towards engineering high-performance devices. To gain a

detailed insight into the multiferroic properties of BFO �lms, we focus on the (111)pc orientation

as it provides, in principle, a model system with minimal extrinsic e�ects: in this orientation,

the out-of-plane polarisation is maximal and importantly, three-fold symmetry is not broken

150
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151
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154
T Gao et al. Nano Lett., 17: 2825–2832, 2017.
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by the substrate, leaving the crystal structure reportedly rhombohedral.
155–160

Furthermore, the

magnetic modulation is not �xed by symmetry but can occur along three equivalent propagation

directions that lie in the plane of the �lm.

In theory, (111)pc-oriented �lms should also be the most attractive for applications but are

in practice plagued by electrical breakdown and fatigue problems.
161

Consequently, recent re-

search has focussed on the (100)pc or (110)pc orientations, which switch deterministically and

reliably over 106
cycles .

161
The poor performance of (111)pc-oriented �lms has been linked to a

non-deterministic four-stage switching process in which the two intermediate stages have three

symmetry-equivalent polarisation directions. Neighbouring regions of the sample randomly

follow di�erent switching pathways, and can become pinned due to the formation of charged

domain walls.
161,162

This reduces the switchable polarisation and forms conductive pathways,

leading to electrical breakdown. Precise electrical dialling of magnetism in (111)pc BFO de-

vices would therefore require simultaneous control of the ferroelectric and ferroelastic switching

pathways and of the magnetic modulation.

Through the NXMS and neutron di�raction measurements presented in this chapter, we

attempt to gain a comprehensive understanding of the fundamental mechanisms, at the level of

domains down to the atomic level, which underpin the functionality and limitations of BFO �lms.

A comprehensive understanding of this behaviour opens up routes to manipulate the multiferroic

properties of BFO �lms, potentially allowing the aforementioned problems, especially those

associated with the presence of domains, to be eliminated.
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3.2 Sample preparation

3.2.1 Thin-film growth

1 µm-thick epitaxial �lms of BFO were grown
∗

in the (111)pc orientation (with the hexagonal

c-axis surface normal) using double-gun o�-axis sputtering onto a (111)pc-oriented SrTiO3 (STO)

single-crystal substrate .
160

The two sputter guns are o�set from the centre of the substrate such

that their overlapping �ux pro�les produce a uniform �ux over the substrate. The uniformity

is further enhanced by continuously rotating the substrate mount during growth. The �lms

are grown at 1000 K in a 300 mbar atmosphere of Ar:O2 in a ratio of 3:1. This high pressure

atmosphere ensures the correct stoichiometry in the �lm and minimises ion damage to the �lm

during growth.

Before depositing the BFO layer, a 35 nm-thick SrRuO3 (SRO) layer was deposited on the STO

substrate by 90° o�-axis sputtering.
163

This layer is grown at 820 K in a 250 mbar atmosphere of

Ar:O2 in a ratio of 3:2. The role of this layer is twofold: �rstly, it elastically biases the �lm to grow

as a ferroelectric monodomain,
164,165

and secondly, it acts as a bottom electrode in experiments

in which an out-of-plane electric �eld is applied. After the BFO is grown, a Pt capping layer is

deposited by DC on-axis sputtering both to protect the �lm surface and, if patterned appropriately,

to act as a top electrode.

∗
All BFO �lms investigated in this thesis were grown by our collaborators Dr. Wittawat Saenrang, Jonathon

Schad and Prof. Chang-Beom Eom at the University of Wisconsin-Madison. They also performed all atomic force

microscopy and P-E loop measurements.
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3.2.2 Characterisation

The crystallinity and epitaxy of the BFO �lms are measured using a Rigaku SmartLab four-circle

laboratory-based x-ray di�ractometer �tted with a copper Kα x-ray source. Figure 3.2a shows a

rocking curve of the (006)h re�ection, which has a full width at half maximum of 0.12°. This is

relatively narrow in comparison to reported values for �lms grown by sputtering,
159,160

pulsed

laser deposition,
158,159,166

and molecular beam epitaxy,
167

and thus con�rms the high crystalline

quality of the �lms. However, we note this is still four times as broad as for a bulk single crystal,

also shown in �g. 3.2(a), indicating the presence of strain, inhomogeneity or mosaic spread in

the �lm.

Figure 3.2c and d show a θ-2θ scan measured along the specular (111)pc direction and a

reciprocal space map around the (112)pc �lm and substrate peaks. These show that the BFO �lm

was grown epitaxially on the STO substrate with no other structural phases present except for

the BFO �lm, SRO bottom electrode and STO substrate. From the peak position of the BFO �lm

layer, we �nd that the BFO �lm is relaxed with pseudocubic lattice parameters a = 3.96(8)Å

and α = 89.5(2)°. The STO cubic lattice parameter is found to be a = 3.91(1)Å, which is within

error of the bulk STO value of a = 3.901 Å.
168

The ferroelectric properties were measured using a Radiant Technologies Precision multifer-

roic tester at room temperature. Figure 3.2b shows a representative P-E hysteresis loop measured

at 10 kHz on a 150 µm diameter circular Pt top electrode. The remanent �eld of 102 µC/cm
2

is comparable to the highest reported literature values for (111)pc-oriented BFO �lms.
155,156,160

With this diameter of electrode, the remanent polarisation was found to be stable for ~104
cycles,

consistent with previous reports.
161

For much larger electrodes, such as 700 µm× 200 µm, the

number of switching cycles for which the polarisation remained stable was greatly reduced, on

166
YH Chu et al. Appl. Phys. Lett., 90: 252906, 2007.

167
H Shu-Min et al. Chinese Phys. B, 23: 036801, 2014.

168
Yu A Abramov et al. Acta Crystallogr. B, 51: 942–951, 1995.
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Figure 3.3: Atomic force microscopy measurements. Atomic force microscopy a, image and
b, line profile showing the atomically smooth surface of 1 µm-thick (111)c BiFeO3 films. AFM
data were measured with a Bruker MM-SPM with Nanoscope V.

the order of 1–10 cycles.

The surface topography of the �lms was characterised using atomic force microscopy (AFM),

measured with a Bruker MM-SPM with Nanoscope V. To minimise damage to the surface, the

images were measured in ‘tapping mode’ (rather than ‘contact mode’) with the tip oscillating at

its mechanical resonant frequency (a few hundred kHz). Figure 3.3a shows an AFM image of a

5 µm× 3 µm region of the surface and �g. 3.3(b) shows a representative line pro�le. From these

data, it is clear the surface of the �lms is atomically smooth, with a typical step size on the order

of ~1 Å.

3.3 Synchrotron x-ray and neutron di�raction measure-

ments of BiFeO3/SrTiO3 films

To probe the magnetic structure of the �lm, we measured by NXMS and neutron di�raction

the magnetic satellite re�ections due to the long-range incommensurate magnetic ordering,

which occur near structurally-forbidden Bragg peaks such as the N = (0, 0, 3(2n + 1))h peaks
∗
.

Although this family of peaks is extinct due to R-centring, the magnetic structure (space group

∗
Although the satellite peaks are also present about the structurally-allowed Bragg peaks N = (0, 0, 6n)h, they

are not observable as the short propagation vector means they fall within the tails of the much brighter (a factor of

~106
brighter for x-rays) Bragg peaks.
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Cc) breaks this symmetry and thus the magnetic peaks are observable at these positions.

3.3.1 Experimental details

Non-resonant x-ray magnetic di�raction on I16

The synchrotron NXMS experiments were performed on beamline I16,
169

Diamond Light Source

(UK) using a six-circle kappa di�ractometer in the re�ection (vertical scattering) geometry, as

shown in �g. 3.4. The incident x-ray beam energy was tuned to 4.9 keV, which was selected

for several reasons. Firstly, it is o�-resonance of all chemical elements present in the sample,

such that resonant scattering processes need not be considered. A calculation of the resonant

contribution, following that in Walker et. al. (2013)
170

yields a ratio of non-resonant to resonant

contributions to the scattering to be 0.02494 r0 : 0.00029 r0 at this energy, where r0 is the

Thomson scattering lenght. There are then two important, but competing factors that a�ect the

choice of energy. To minimise absorption by air and the Pt capping layer, a high energy is desired.

However, using a higher energy increases the probability of multiple scattering processes (given

the larger Ewald sphere), which can overshadow the magnetic signal. The chosen energy of

4.9 keV adequately satis�es both these criteria.

Conversion of the incident x-ray polarisation from σ-polarised x-rays to circularly polarised

x-rays was achieved using a 100 µm-thick diamond quarter-wave plate. The scattered x-ray

polarisation was determined using a pyrolytic-graphite polarisation-analyser crystal scattering

at the (004) re�ection, which is built on the detector arm of the di�ractometer such that any

linear polarisation channel may be selected. The majority of the measurements were taken at an

azimuthal angle of φ = 90° with respect to the (100)h direction, identi�ed as an experimental

geometry in which multiple scattering was minimised. The beam footprint at the sample was

set to 50 µm× 90 µm rms.

169
SP Collins et al. , 1234: 303–306, 2010.

170
HC Walker et al. Science, 333: 1273–1276, 2011.
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Figure 3.4: Non-resonant magnetic x-ray scattering experimental setup. The incident and

scattered x-ray beam directions are indicated by the blue arrows. The incident x-rays are linearly

polarised with their E-�eld vector perpendicular to the scattering plane (σ-polarised). These may

be converted to circularly polarised x-rays of either handedness using a diamond phase plate.

The polarisation of the scattered x-rays is measured using a graphite analyser crystal, which can

be rotated to select any linear polarisation channel.

Single-crystal neutron di�raction on WISH

Single-crystal neutron di�raction measurements were performed on the WISH instrument
171

at

ISIS, the UK pulsed Neutron and Muon Spallation Source. The sample was oriented with the

(00l)h zone axis in backscattering geometry, which allowed for the highest resolution measure-

ment of magnetic satellites of the N = (003)h space-group-forbidden re�ection. The neutron

beam size at the sample position was 20 mm x 20 mm, fully illuminating the sample. Data taken

at room-temperature and 10 K were found to be entirely consistent but with an improved signal-

to-background in the 10 K dataset.

3.3.2 Results

The di�raction pattern expected from each of the magnetic k-domains is a pair of peaks at posi-

tions N± ki, where ki is the propagation vector of the corresponding magnetic domain. This

171
LC Chapon et al. Neutron News, 22: 22–25, 2011.
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Figure 3.5: E�ect of monoclinic distortion on di�raction pattern. a, Schematic of the

expected di�raction pattern about the N = (009)h for the undistorted, rhombohedral structure

with all three magnetic k-domains contributing to the di�racted signal. b, Schematic showing

the e�ect of the monoclinic distortion model on the di�raction pattern, where the undistorted

(translucent) and distorted (opaque) di�raction patterns.
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Figure 3.6: Magnetic x-ray and neutron di�raction reciprocal space maps. a, Reciprocal

space map about (009)h measured at room temperature by NXMS with linear polarised x-rays.

b, Reciprocal space map about the (003)h measured at 10 K by neutron di�raction. The white

circle in the lower left corner indicates the instrumental resolution. The scale bar in the bottom

left shows the magnitude of the propagation vector (both images on the same scale) and the

reciprocal lattice directions (in the hexagonal setting) are indicated by the translucent black

arrows.

is indeed what has been previously observed from a BFO single crystal by NXMS with a small

x-ray beam (such that only a single domain is illuminated).
150

If populations of all three domains

are illuminated, one should observe a star of six satellite peaks as depicted in �g. 3.5(a), with

the red, green and blue peaks corresponding to propagation vectors k1, k2 and k3, respectively.

Figure 3.6a shows the di�raction pattern we observe by NXMS around the N = (009)h position,

which is in stark contrast with these expectations: within a large scanned volume of reciprocal

space about the N = (009)h, we observe only three re�ections resembling a triangular shape —

a seemingly impossible situation, since for any satellite at N + k there must be a corresponding

satellite at N− k as the Fourier decomposition of a real, periodic magnetic structure necessarily

contains +k and −k components. The only explanation consistent with this di�raction pat-

tern is that each of the peaks in the triangle contains contributions from two domains (thereby

preserving a total of six satellites), with the midpoint of each pair of satellites being displaced

away from the pseudo-rhombohedral (009)h position. In fact, the observed di�raction pattern

is well modelled by introducing a small monoclinic distortion that translates the six magnetic
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satellites in reciprocal space such that pairs of neighbouring re�ections lie approximately on top

of each other, resulting in three composite peaks {+k1,−k2}, {+k2,−k3} and {+k3,−k1}

(see �g. 3.5(b)).

At this point, it is worth noting that the intensities of the three peaks in �g. 3.6(a) is consistent

with scattering from a region of the sample where all three magnetic (and hence monoclinic)

domains are equally populated. This implies that the characteristic domain size must be signi�-

cantly smaller than the beam pro�le of 50 µm x 90 µm, placing an upper limit of the order of ~1 µm

on the domain size, in stark contrast to mm-size domains observed in bulk single crystals.
150

To

ensure this result was representative of the entire �lm, we repeated this measurement at multiple

(& 15) positions over the sample and the same relative peak intensities were observed uniformly.

Furthermore, the same scattering was also observed in a neutron di�raction measurement of

the magnetic satellites about the N = (003)h position where the beam illuminated the entire

sample, as shown in �g. 3.6(b). This strongly suggests the majority of the �lm comprises a co-

herent twin pattern of monoclinic micro-domains, each associated with a particular direction of

the propagation vector.

In chapter 6, we probe the near-surface domains of a (111)pc-oriented BFO �lm using x-ray

magnetic linear dichroism photoemission electron microscopy (XMLD-PEEM). We are able to

directly image the sub-micron monoclinic/magnetic domain texture, which is found to be fully

consistent with the model we use to explain the di�raction results of this chapter and con�rms

that typical domain size is indeed ~ 500 nm.

As well as the intensity centred at the three composite peak positions, there are lines of

di�use intensity in the intermediate regions, along the ‘sides’ of the triangle. This suggests there

is some disorder in the periodicity of the cycloid, potentially due to phase slip defects or con-

�nement of the long-period cycloid caused by the small magnetic domain size. The fact that this

intensity is not present in the centre of the triangle, at the pseudo-rhombohedral (009)h position,

provides further evidence for the presence of three structural domains, with their equivalent

(009)h position displaced to be centred between the pairs of composite peaks.
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As discussed in section 2.3.2, the polarisation dependence of magnetic x-ray scattering can

be used to obtain very detailed information about the magnetic structure of a material. For

rotating magnetic structures such as that of BFO, circularly polarised x-rays provide a highly

sensitive probe. The scattered intensity of the circularly polarised x-rays depends strongly on

the relative directions of the magnetic propagation vector(s) of the illuminated domain(s) and on

the wavevectors of the incident and outgoing x-rays. We can therefore use circularly polarised

x-rays to deconvolute the intensities that we predict to be scattering into overlapping regions of

reciprocal space. Reciprocal space maps about the (009)h measured with σ, left-handed circular

and right-handed circular polarised incident x-rays are shown in �g. 3.7(a–c).

To obtain quantitative information about the magnetic structure and relative domain pop-

ulations from these di�raction measurements it is necessary to compare the observed peak

intensities to theoretical intensities simulated for a multi-magnetic/monoclinic sample. The fol-

lowing section comprises a derivation of the geometrical aspect of the NXMS cross-section for

the composite peaks, taking into account the polarisation of the incident x-rays and linear polar-

isation channel selected by the polarisation analyser. The resulting simulated reciprocal space

maps are shown in �g. 3.7(d–f).

3.3.3 Calculating the x-ray magnetic cross-section

This derivation utilises the density matrix formalism for calculating di�raction peak intensities.

As shown in section 2.3.2, the magnetic structure factor M(K) may be expressed as a matrix

in the σ–π basis. Similarly, we may also write matrices that describe the polarisation of the

x-ray beam and polarisation analyser. For a given scattering vector K, Poincaré vector P and

polarisation analyser angle η, the intensity of a magnetic re�ection can then be written as

I(K, P, η) ∝ tr[D(η) ·M(K) · ρ(P) ·M(K)†] (3.1)
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Figure 3.7: Magnetic x-ray di�raction polarisation dependence. a–c,Reciprocal space maps

about (009)h measured at room temperature by NXMS with σ, left circular and right circular

polarised light, respectively. The measured (009)h position is slightly o� centre due to the

sphere-of-confusion error of the di�ractometer. d–f, Simulated NXMS reciprocal space maps

about (009)h with σ, left circular and right circular polarised light, respectively where the added

noise has been modelled as Poissonian. g–i, Azimuthal line cuts through the measured (circles)

and simulated (lines) NXMS reciprocal space maps with σ, left circular and right circular polarised

light, respectively. The location of the line cut is shown by the white dotted circles in (a–c). The

scale bar in the bottom right shows the magnitude of the propagation vector (all images on the

same scale) and the reciprocal lattice directions (in the hexagonal setting) are indicated by the

black arrows.
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where D(η) and ρ(P) are matrices representing the polarisation analyser and incident beam

polarisation, respectively.

X-ray polarisation

In the density matrix formalism the beam polarisation may be written as

ρ =
1
2
(I + P · σ) = 1

2

 1 + P1 P2 − iP3

P2 + iP3 1− P1

 (3.2)

where P = (P1, P2, P3) gives the Poincaré-Stokes representation of the polarisation and σ =(( 1 0
0 −1

)
,
(

0 1
1 0

)
,
( 0 −i

i 0

))
is a vector of the Pauli matrices

∗
. Light polarised linearly perpendic-

ular (ε̂σ) to the scattering plane corresponds to P = (1, 0, 0), which gives the corresponding

polarisation matrix

ρ =

1 0

0 0

 . (3.3)

According to our convention, in which we de�ne a plane-wave as ψ = ei(k·r−ωt)
, left-handed

and right-handed circularly polarised light correspond to P = (0, 0,±1), respectively. This gives

the corresponding polarisation matrices

ργ =
1
2

 1 −γi

γi 1

 , (3.4)

where γ = ±1 for left-handed and right-handed circularly polarised light, respectively. Accord-

ing to this de�nition, the light is left-handed (right-handed) when, from the point of view of an

observer looking at the source from a �xed upstream position, the electromagnetic �eld vectors

rotate counterclockwise (clockwise).

∗
Note that due to how the elements of P are conventionally ordered, the order of the Pauli matrices here is

σ = (σ3, σ1, σ2), according to their usual numbering.
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Polarisation analyser

The behaviour of the polarisation analyser depends upon the miscut angle θM and the angle of

the analyser η. De�ning ζ = cos2(2θM), the matrix D is written

D(η) =

 cos2(η) + sin2(η)ζ sin(η) cos(η)(ζ − 1)

sin(η) cos(η)(ζ − 1) sin2(η) + cos2(η)ζ

 . (3.5)

The miscut angle depends upon the material used for the analyser crystal and the Bragg re�ection

it is aligned to scatter from. These are usually chosen to such that 2θM~90° and thus ζ � 1. In the

optimal case that ζ = 0, the polarisation analyser transmits a single linear polarisation channel

of the scattered light, which may be chosen through the value of η. For instance, choosing a

polarisation analyser angle of η = 90 will give

D(η) ≈

0 0

0 1

 , (3.6)

which will transmit only the π-polarised component of the scattered x-rays. By combining

this with σ-polarised incident x-rays, it is possible to isolate the σ–π element of the magnetic

scattering. Given that almost all charge-scattering processes do not result in any rotation of the

polarisation, we employ this technique to �lter out any non-magnetic background. It is, however,

still necessary to avoid multiple-scattering processes as these can result in �nite intensity in the

σ–π channel.

Magnetic polarisation factor

The nonresonant magnetic structure factor M(K) is derived in section 2.3.2 and here we apply

this to the case of the cycloidal magnetic structure of BFO. The Fe
3+

ions in BFO have a
6Sground

state with a completely quenched orbital momentum.
172

Although a small component of orbital

172
CY Kuo et al. Nat. Commun., 7: 12712, 2016.
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Figure 3.8: Scattering geometry and conventions used for NXMS calculations. ki and kf
are the incident and scattered x-ray wavevectors, respectively and θ is half the scattering angle.

The incident (�nal) polarisation state is given by ε̂i (ε̂f) and the components of the polarisation

perpendicular and parallel to the scattering plane are denoted by σ and π, respectively. The

vectors u1, u2 and u3 de�ne a the basis in which the magnetic structure is expressed for the

purposes of the calculation. The magnetic propagation vector is given by q and the φ is angle

between q and the scattering plane.

angular momentum can be induced through mixing with higher-lying states through spin-orbit

coupling and Fe 3d-O 2p hybridisation
173

, this is negligibly small compared to the spin angular

momentum, as has been shown in previous NXMS measurements.
150

Thus, we consider only the

spin contribution to the magnetic structure factor and we obtain

M(K) = S(K) ·PS =

 sin(2θ)S2 −2 sin2(θ)[cos(θ)S1 − sin(θ)S3]

2 sin2(θ)[cos(θ)S1 + sin(θ)S3] sin(2θ)S2

 ,

(3.7)

173
JY Kim, TY Koo, and JH Park. Phys. Rev. Lett., 96: 047205, 2006.
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Figure 3.9: Cycloidal magnetic structure. Sites related to Fe1 and Fe2 by R-centring are

translucent and sites related by lattice translations in the a direction have been omitted for

clarity. The cycloid shown here has a magnetic polarity (cycloidal sense of rotation) de�ned by

β = −1.

where the Fourier transform of the magnetic structure S(K) = (S1û1 + S2û2 + S2û3) has been

expressed in the ûi basis de�ned in �g. 3.8. From eq. (2.30) we have that

S(K) = ∑
n

e−iK·rn fn(K) sn · I (3.8)

and therefore, to calculate the components Si, the �rst step is to express the magnetic structure

in the ûi basis.

The incommensurate cycloidal magnetic structure of BiFeO3 is depicted in �g. 3.9, where sn

is the spin angular momentum of the nth
ion in the material as position rn. To calculate sn, we

describe the cycloid by two orthogonal components snûq and s′nû3 with a phase shift of π/2

between them. We de�ne ûq = cos(φ)û1 + sin(φ)û2 as a unit vector along the cycloid in the

+q propagation direction, where φ is the angle between û1 and the propagation vector of the
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cycloid q (see �g. 3.8). We can then write sn as

sn(rn) = sn cos(q · rn)ûq + s′n sin(q · rn)û3. (3.9)

This can be expressed as the sum of a complex vector and it’s complex conjugate

sn(rn) =
1
2eiq·rn [snûq − i s′nû3] +

1
2e−iq·rn [snûq + is′nû3] (3.10)

= 1
2eiq·rnm∗n +

1
2e−iq·rnmn (3.11)

where mn = snûq + i s′nû3. For a circular modulation sn = s′n, and we have that mn = sn(ûq −

βi û3) where β = −1 (+1 ) for a cycloid rotating clockwise (counterclockwise) as it propagates

along the ûq direction when viewed with ûq as right axis and û3 is down (see �g. 3.9).

If the nth atom is at position ds within the nth unit cell, we can write rn = Rm + ds, where

Rm is the position of the origin of the mth unit cell (see �g. 3.9). Substituting eq. (3.11) into

eq. (3.8), we obtain

S(K) =
1
2

{
∑
m

ei(−K+q)·Rm ∑
s

ei(−K+q)·ds fs m∗s + ∑
m

ei(−K−q)·Rm ∑
s

ei(−K−q)·ds fs ms

}
.

(3.12)

where we note that in a given unit cell, mn = ms since lattice translations change only the

phase factor. This expression will only be non-zero for discrete values of K = G± q, where

G = ha∗ + kb∗ + lc∗ is a reciprocal lattice vector. We hence have that:

S(G + q) = ∑
s

e−iG·ds fs m∗s (3.13)

S(G− q) = ∑
s

e−iG·ds fs ms. (3.14)

As shown in �g. 3.9, there are six magnetic ions in the hexagonal unit cell of BFO. Two sites

related by the c-glide: Fe1 at [0, 0, z] and Fe2 [0, 0, z + 1
2 ], plus four related to these by R-centring
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+[1
3 , 2

3 , 2
3 ] and +[ 2

3 , 1
3 , 1

3 ]. The complex vector ms is identical for atoms related by R-centring but

since the glide plane contains the spin direction, magnetic moments on the Fe1 and Fe2 sites are

antiparallel and hence mFe2 = −mFe1. Summing over these 6 sites, we then obtain the Fourier

transform of the spin magnetisation, calculated for G = (0, 0, l) re�ections:

S(G00l ± q) = 2s f
Fe

3+(ûq ± βi û3)(1 + e−i 2πl
3 + e−i 4πl

3 )e−2πilz, (3.15)

from which we can then extract the components of Si to substitute into eq. (3.7).

Satellite peak intensities

We now consider measuring the magnetic satellites arising due to the cycloidal magnetic structure

in BFO about the N = (0, 0, 9)h reciprocal lattice position (indexed in the hexagonal lattice).

Substituting K = N± q into eq. (3.15) we obtain the magnetic structure factor of the N± q

re�ections

S(N + αq) = 6s f
Fe

3+(ûq + αβi û3)e−18πiz = 6s f
Fe

3+e−18πiz


cos(φ)

sin(φ)

−αβi

 (3.16)

which we have parameterised in terms of α = ±1. Substituting this into eq. (3.7), and a detector

angle of η = 90° into eq. (3.5), we obtain an expression for the expected intensity with linear

σ-polarised light

Iσ ∝ 2 sin2(2θ)
(

ζ sin2(φ) + sin2(θ) cos2(φ)
)
+ 8 sin6(θ) (3.17)

which, for a given re�ection and detector angle i.e. constant θ and η, depends only on the

orientation of the cycloid φ. The corresponding expression for circularly polarised light is given
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Figure 3.10: Composite magnetic satellites. Schematic of the distorted di�raction pattern

with values of φ and α marked for each composite peak, where φ is measured clockwise from

û1. The direction of û1 for the particular azimuth each reciprocal space map in �g. 3.7(a–c) were

measured at is indicated.

by

Iγ ∝(ζ + 1)
[
sin2(2θ)

(
sin2(φ) + sin2(θ) cos2(φ)

)
+ 4 sin6(θ)

]
− 4αβγ(ζ − 1) sin(2θ) sin3(θ) sin(φ)

(3.18)

which again depends on the orientation of the cycloid (φ), but also depends (namely in the sign

of the last term) on the magnetic polarity of the cycloid (β), which satellite peak is measured (α)

and the handedness of the circularly polarised x-rays (γ).

By summing the appropriate peak intensities, we can calculate the intensities of the composite

peaks observed in our (111)pc-BFO �lms, as shown in �g. 3.10. At an energy of 4.9 keV, we have
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that 2θ = 110.34° for each peak and the polarisation analyser miscut is θM = 49.3° giving a

value of ζ = 0.0224. For σ-polarised light, we can write the intensity as

Iσ ∝ V1 + V2 sin2(φ) + V3 cos2(φ) (3.19)

where we have introduced the constants

V1 = 8 sin6(θ) = 2.45,

V2 = 2ζ sin2(2θ) = 0.04,

V3 = 2 sin2(2θ) sin2(θ) = 1.18.

(3.20)

Substituting in the values for φ for each peak, we �nd that peaks A and B have equal intensity

given by

Iσ
A = Iσ

B ∝
1
4
(8V1 + 3V2 + 5V3) (3.21)

and peak C has an intensity given by

Iσ
C ∝

1
4
(8V1 + 6V2 + 2V3) (3.22)

Since V2 is negligible relative to V3, it is clear that peak C will be slightly weaker than A and B.

We can express this as a ratio of intensities:

Iσ
C

Iσ
A
= 0.866 ≈

√
3

2
(3.23)

The reciprocal space map in �g. 3.6 was measured at an azimuthal angle 90° relative to this, and

hence the intensities are inverted and the ratio in this case is given by

Iσ
C

Iσ
A
= 1.15 ≈ 2√

3
. (3.24)
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Similarly for circularly polarised light we can write the intensity as

Iγ ∝ W1 + W2 sin2(φ) + W3 cos2(φ) + W4αβγ sin(φ) (3.25)

where we have introduced the constants

W1 = 4(ζ + 1) sin6(θ) = 1.25,

W2 = (ζ + 1) sin2(2θ) = 0.90,

W3 = (ζ + 1) sin2(2θ) sin2(θ) = 0.61,

W4 = −4(ζ − 1) sin(2θ) sin3(θ) = 2.03.

(3.26)

Substituting in the values for φ and α for each peak, we �nd that peaks A and B have equal

intensity given by

Iγ
A = Iγ

B ∝
1
4

(
8W1 + 3W2 + 5W3 + 2

√
3βγW4

)
, (3.27)

and peak C has an intensity given by

Iγ
C ∝

1
4

(
8W1 + 6W2 + 2W3 − 4

√
3βγW4

)
. (3.28)

It is clear that the W4 term is dominant in accounting for the di�erence in intensity between

peak A (or B) and peak C. For left-handed circularly polarised light (γ = +1), peak C is bright

and A and B are weak and vice versa for right-handed light (γ = −1). We can express this as a

ratio:

Iγ
C

Iγ
A
=

4.15− 3.51βγ

3.93 + 1.76βγ
≈ 1− βγ

1 + βγ/2
. (3.29)
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3.3.4 Discussion

The observed peak intensities shown in �g. 3.7 are found to be in quantitative agreement with

above theoretical calculations for a sample containing equal populations of all three cycloidal

domains. A simultaneous �t of the model discussed above to the three NXMS reciprocal space

maps shown in �g. 3.7, yields χ2
ν = 1.418 (reduced chi squared). The �tting was performed

with the propagation vector, monoclinic distortion, peak width, and depolarisation factor as

global parameters, but with di�erent scale factors and background parameters for the linearly

polarisation and circular polarisation measurements. The depolarisation factor accounts for the

imperfect circular polarisation of the beam and any polarisation dependence of the background

(for instance due to muliple scattering) and represents the depolarised fraction of the incident

beam in the model. The resulting �t parameters are shown in table 3.1 and the corresponding

simulations, generated with these parameters, are shown in �g. 3.7. We also note that, although

our model does not account for the di�use scattering in between the pairs of peaks, we see that

this intensity also has the expected polarisation dependence.

We �nd our circular-polarisation data (�g. 3.7(b, c)) are only consistent with a value of β =

−1 i.e. for left-handed circularly polarised light (γ = +1), peak C is bright and A and B are

weak and vice versa for right-handed light (γ = −1). Noting the ferroelectric polarisation

of our �lm is in the −c (û3) direction, we �nd that this agrees with the sign of the coupling

between the ferroelectric polarisation and cycloidal magnetic polarity reported in Johnson et al.

Table 3.1: Reciprocal space map �t parameters.

Depolarisation factor 0.115(2)
Propagation vector δ 0.004 30(6)Å

−1

Monoclinic distortion 0.030(5)°
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(2013)sjcitep[]johnson2013x for a bulk single crystal sample. The Iγ
C/Iγ

A ratio thus becomes

Iγ
C

Iγ
A
=

4.15 + 3.51γ

3.93− 1.76γ
≈ 1 + γ

1− γ/2
. (3.30)

Crystallographic details

As be seen from table 3.1, the best �t to the experimental di�raction data is achieved by tilting the

c∗h axis by 0.030°± 0.005° away from the [001]h direction and orthogonal to ±ki. In real space,

this corresponds to changing both the monoclinic angle βm and the cm/am ratio (�g. 3.1(c)),

whilst �xing the direction of [101]m to the surface normal. Our monoclinic structure (�g. 3.1(a,

b)) has the same symmetry as the MA or MB fully relaxed structures, of (100)pc and (110)pc

�lms of similar thickness.
157

In principle, the monoclinic distortion should also be observable

as a splitting of the charge peaks. However, since the width of the charge peaks is an order of

magnitude larger than the expected split, we could not observe this e�ect even at high Miller

indices.

The monoclinic distortion breaks threefold symmetry, and the overall crystal symmetry of

BFO is lowered from R3c to Cc. In the Cc structure, the electrical polarisation is contained within

a plane parallel to the family of c glide planes, whereas the propagation vector is perpendicular

to it. The lowering of symmetry gives rise to three equivalent monoclinic domains, related by

the three-fold symmetry of the parent rhombohedral structure; we label these M1, M2 and M3

in �g. 3.11. The monoclinic lattice parameters for domain Mi (subscript mi) are related to the

rhombohedral lattice parameters (subscript h) by the transformations:

am1 = [−1/3, 1/3, 1/3]h

bm1 = [1, 1, 0]h

cm1 = [1/3,−1/3, 2/3]h

am2 = [−2/3,−1/3, 1/3]h

bm2 = [0,−1, 0]h

cm2 = [2/3, 1/3, 1/3]h

am3 = [1/3, 2/3, 1/3]h

bm3 = [−1, 0, 0]h

cm3 = [1/2,−2/3, 2/3]h,

respectively, with αm = γm = 90° and βm = 54.148 67°. This monoclinic cell is the same as
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that of the MA or MB monoclinic structures
174∗

well known to exist in (100)pc and (110)pc �lms

.
157,175–177

Coherent magneto-elastic twinning

It is important to note that our model requires that the magnetic and structural (monoclinic)

domains must be topographically coherent with each other – in other words, monoclinic domain

boundaries are also magnetic domain boundaries such that there is a one-to-one relationship be-

tween the structural and magnetic domains. This constraint is naturally imposed by the fact that

the symmetry of both the structural and magnetic domains is Cc, which is hence the magneto-

structural domain symmetry, a fact that also holds for the large single crystal domains. Fur-

thermore, within each of these magneto-structural domain types k1/M1, k2/M2 or k3/M3 the

direction in which the c∗h axis tilts must always be the same. If this were not the case, the mag-

netic di�raction would consist of two triangles rotated by 180
◦

around the c-axis, rather than of

a single triangle, as observed experimentally. Although less obvious, this also follows naturally

from symmetry considerations, since the high-symmetry (R3c) parent structure does not possess

a 2-fold axis along ch, and as a consequence the two directions of the c∗h tilt are not equivalent.

Our observations are therefore consistent with the absence of twinning by merohedry over the

whole �lm.

Figure 3.11 illustrates the proposed coherent domain structure of our (111) BFO �lms. Fig-

ure 3.11(a–c) show the three settings of the monoclinic unit cells (M1, M2 and M3) with respect

to the rhombohedral cell. The associated magnetic propagation vector, which is always collinear

with the b-axis of the monoclinic cell, is also shown. To minimise the energy cost associated

with domain wall formation, the twins meet coherently, sharing a speci�c crystallographic plane,

174
D Vanderbilt and MH Cohen. Phys. Rev. B, 63: 094108, 2001.

∗
These share the same cell with the polarisation con�ned to the c-glide plane, lying along [u, u, v] where u < v

or u > v for MA or MB, respectively.
174

175
G Xu et al. Appl. Phys. Lett., 86: 182905, 2005.

176
G Xu, J Li, and D Viehland. Appl. Phys. Lett., 89: 222901, 2006.

177
H Liu et al. Appl. Phys. Lett., 98: 102902, 2011.
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common to both twins. It follows that walls between neighbouring M1/M2 and M2/M3 domains

necessarily share the (1̄11)m and (1̄1̄1)m planes, respectively, where the planes are indexed in

the M2 lattice. The remaining twin planes can be obtained by cyclically permuting the indices.

A possible domain con�guration, based on this model, is shown schematically in �g. 3.11(d). It

is clear that, according to these constraints, single domains can vary arbitrarily in size but the

angles at which di�erent domains meet is �xed. The distortion vectors, indicating the direction

of displacement of the c∗h axis tilt, are also shown as �lled white arrows. There are only three

(rather than six) such vectors, consistent with the 3-fold parent symmetry and the absence of

merohedral twinning. If the vertical topography of the �lm varies continuously without any

steps, a further constraint is that the distortion vectors must meet head-to-head or tail-to-tail,

as shown. Although the monoclinic angle βm and the cm/am ratio are, in general, independent,

these parameters are in fact constrained in a coherent twin model, due to the exact lattice match-

ing at the interfaces. The exact relationship between the change in monoclinic angle ∆βm and

the cm/am ratio can be derived as:

c′m
a′m

=
(cm/am) sin(βm)

(cm/am) sin(∆βm) + sin(βm + ∆βm)
, (3.31)

where the primed variables are those of the distorted monoclinic structure.

3.4 Conclusions

In this chapter, we have presented a neutron and x-ray di�raction study of multiferroic domains in

1 µm-thick (111)pc-oriented BFO �lms. We have found that unstrained BFO �lms grown on three-

fold symmetric STO substrates are in fact not rhombohedral, as is generally believed, but undergo

a small, monoclinic distortion away from the bulk rhombohedral structure. This monoclinic

distortion is consistent with reported structures of relaxed (100)pc- and (110)pc-oriented �lms
157

and single crystals.
147

Unlike with the (100)pc- and (110)pc-oriented �lms, three-fold symmetry

is not broken at the BFO–STO interface and the resulting interaction with the substrate stabilises
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a sub-micron texture of coherent monoclinic twins. This texture is reminiscent of the dense

polydomain states that are thermodynamically stable in ferroelectric perovskites such as PbTiO3

in the presence of mis�t strain.
178

Our observations further demonstrate that the domains in (111)pc BFO �lms break three-fold

symmetry in both magnetic and crystal sectors such that the magnetic and monoclinic domain

structures are coherent, having matching topography and symmetry elements. These conclusions

are further corroborated by the XMLD-PEEM measurements discussed in chapter 6, in which

we directly image the magnetostructural domain structure and �nd it to be consistent with the

twinning model proposed here, both in terms of domain size and orientation of the domain walls.

The coupling between the magnetic structure and the monoclinic distortion, results in the

magnetic propagation vector being locked to the monoclinic b-axis of the structural domains.

The magnetic domain structure of (111)pc-oriented �lms should therefore be controllable by

strain and substrate miscut as for other BFO orientations. By choosing an appropriate, non-three-

fold-symmetric substrate that biases the growth of one monoclinic domain over the other two,

one should be able to grow (111)pc-BFO �lms as a single multiferroic domain. This may provide

an BFO �lm with maximal ferroic properties, combining the full, surface-normal ferroelectric

polarisation with a magnetic structure coherent (up to the level of phase-slip domains) across

the entire �lm.

These results further indicate a possible solution to the polarisation fatigue and electrical

breakdown exhibited by (111)pc-BFO �lms upon switching. Since the structure is locally mono-

clinic, it breaks the symmetry that makes the three-switching pathways equivalent and thus it is

likely that the switching, rather than being non-deterministic, is pre-biased by the monoclinic dis-

tortion. In a monodomain �lm, it may be possible to achieve deterministic switching via a unique

switching pathway. In principle, this could remove any polarisation fatigue/charged domain wall

e�ects that would otherwise prevent the use of (111)pc-BFO �lms in practical devices.

As well as the results regarding the domain structure of the BFO �lms, the NXMS technique

178
VG Koukhar, NA Pertsev, and R Waser. Phys. Rev. B, 64: 214103, 2001.
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used to investigate them is also novel. The NXMS measurements presented in this chapter con-

stitute the �rst application of non-resonant x-ray magnetic scattering to studying magnetism in

thin �lm multiferroics. In this case, our NXMS results enabled us to fully characterise both the

magnetic and crystal structure of the �lms, from the relative cycloidal/monoclinic domain popu-

lations, down to the cycloidal plane of rotation and magnetic polarity of the magnetic structure.

Many contemporary studies working on multiferroic thin �lms and devices use bulk transport

and magnetisation measurements or surface sensitive techniques such as scanning probe mi-

croscopy and X-PEEM measurements to characterise the behaviour of the material.
134,159,179,180

NXMS provides a unique insight into these materials, probing the magnetic structure on the

atomic scale, which, along with ability to readily apply �elds in-situ, allows device functionality

to be understood at a fundamental level. Although the neutron di�raction measurements (also

only relatively recently applied to magnetic thin-�lm systems
181,182

) provide similar information,

the high reciprocal- and real-space resolution o�ered by NXMS, along with the ability to re�ne

the measurement with polarimetry, make NXMS an ideal tool for investigating multiferroic epi-

taxial �lms. This technique could be further applied to many other functional antiferromagnets

in device con�gurations.

179
LW Martin et al. J. Phys. Condens. Matter , 20: 434220, 2008.

180
D Sando, A Barthélémy, and M Bibes. J. Phys. Condens. Matter , 26: 473201, 2014.

181
CF Majkrzak. Physica B, 221: 342–356, 1996.

182
A Schreyer et al. J. Appl. Phys., 87: 5443–5448, 2000.
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4

Substrate control of multiferroic do-

main populations in BiFeO3 films

The presence of domains in ferroic materials can diminish their macroscopic ferroic properties

and hence their usefulness in device applications. From an experimental perspective, measuring

a multidomain sample can complicate the interpretation of material properties and their under-

lying mechanisms. In the previous chapter, we found that the magnetic and crystallographic

domain structures of BFO were intimately coupled, potentially allowing the control of magnetic

domains through epitaxial strain. In this chapter, we attempt to grow a (111)pc-BFO �lm that

is a magneto-structural monodomain through substrate engineering. By using an orthorhombic

TbScO3 substrate, we are able to grow a �lm that comprises a coherent, 1 µm× 10 mm× 10 mm

crystallographic, magnetic, ferroelectric and ferroelastic monodomain.

101
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4.1 Introduction

I

n epitaxially grown BFO �lms, the e�ect of lattice mismatch between the �lm and the sub-

strate can induce strain up to levels of several percent, which can cause the structural,

magnetic and electric properties to deviate from their bulk counterparts .
151,152

Structurally,

this can result in the �lm having a lower symmetry than rhombohedral bulk-like BFO, allowing

tetragonal, monoclinic and orthorhombic phases through particular combinations of substrate

strain and �lm orientation.
180

This in turn a�ects the ferroelectric and magnetic properties of the

�lm allowing them to be ‘strain engineered’. Using the wide range of commercially-available

perovskite substrates, it is possible to choose precisely the magnitude and direction of the sub-

strate strain applied. This is principally determined by the composition and orientation of the

substrate, but can be further tuned by applying a miscut to the surface of the substrate. Substrate-

induced changes can be used to rotate the polarisation vector,
183

alter the Curie temperature,
184

and tune the propagation vector and plane of rotation of the magnetic moments.
185

By growing

�lms below a certain critical thickness of ~100 nm, it is even possible to remove the cycloidal

rotation entirely.
154

The domain structure, both in terms of domain size and morphology can also be tailored

via substrate engineering.
186,187

Growing BFO �lms that are ferroelectric and ferroelastic mon-

odomains can be reliably achieved through a combination of a conducting bu�er layer between

151
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152
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180
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the substrate and BFO �lm to bias the growth of a single ferroelectric domain,
164,165,188

and, de-

pending on the orientation of the �lm, an appropriate substrate miscut to bias the growth of

a single ferroelastic domain.
189

However, reliably engineering a BFO �lm comprising a single

cycloidal magnetic domain has not previously been achieved. Although single-magnetic-domain

�lms of BFO have been previously reported, this has only been achieved in ultrathin, (100)pc-

oriented �lms.
172

By growing a 4 nm �lm on a NdGaO3 substrate, which imposes a large in-plane

anisotropic strain on the BFO layer, Kuo et al. were able to engineer a BFO �lm comprising a

G-type antiferromagnetic monodomain, however, �lms above this thickness grown on the same

substrate were seen to revert to a multidomain state.

The magnetoelastic coupling we have observed in the BFO/STO �lms opens up the possibility

to strain engineer the magnetic domain structure of BFO. By engineering the BFO in a such way

as to bias the growth of a single monoclinic domain, the one-to-one coupling between magnetic

and structural domains will ensure that the entire �lm would also comprise a single magnetic

k-domain. In an attempt to grow a 1 µm-thick (111)pc-BFO �lm comprising a single monoclinic

and magnetic domain, we have adopted two di�erent approaches. Firstly, we try to break the

three-fold symmetry of a (111)pc-STO substrate by introducing a miscut along a particular

direction. Secondly, we use a substrate of lower symmetry, which provides a mechanism to break

three-fold symmetry even in the absence of a miscut.

To determine the relative magnetic k-domain populations of the substrate-engineered BFO

�lms, we measure by NXMS and neutron di�raction the magnetic satellite peaks arising from the

cycloidal magnetic structure. The experimental setup and method are identical to those described

in the previous chapter (see section 3.3).
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4.2 Substrate miscut - 4° miscut SrTiO3 substrate

A 1 µm-thick (111)pc-BFO �lm was grown on a STO substrate that had been miscut at an angle of

4° along a direction parallel to the [010]h direction in the BFO layer. This direction is parallel to k

and orthogonal to the distortion direction (tilting direction of c?) of the k2/M2 magnetostructural

domain we observed in the (111)pc �lm grown on a non-miscut STO substrate (see section 3.3.4).

This miscut breaks three-fold symmetry between the monoclinic domains with the distortion

directions of the M1, M2 and M3 domains pointing (approximately) down the slope, perpendicular

to the slope, and (approximately) up the slope of the miscut, respectively. The growth procedure

was otherwise identical to that described in section 3.2.1, including the SRO bu�er layer to bias

a single ferroelectric domain.

4.2.1 Nonresonant magnetic x-ray and neutron di�raction recip-

rocal space mapping

Figure 4.1a shows a reciprocal space map measured by NXMS about the N = (009)h position

and the corresponding neutron di�raction pattern, measured about the N = (003)h position,

is shown in �g. 4.1(b). The theoretical intensities calculated from the model discussed in sec-

tion 3.3.3 �t the data well (χ2
ν = 2.2) with a propagation vector of δ = 0.0042(1)Å

−1
, consistent

with the result obtained on the non-miscut BFO/STO �lm. By allowing the magnetic domain pop-

ulations to freely re�ne during the regression, we �nd that the k-domains are equally populated

and the neutron data indicate that this result is representative of the entire �lm. We therefore

�nd that, applying a 4° miscut to a STO substrate along the [010]h BFO direction appears to have

no observable e�ect on either the magnetic domain populations or domain size.
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Figure 4.1: Magnetic x-ray and neutron di�raction reciprocal space maps of BFO/STO
(4°miscut). a, Reciprocal space map about (009)h measured at room temperature by NXMS with

linear polarised x-rays. b, Reciprocal space map about the (003)h measured at room temperature

by neutron di�raction. The white circle in the lower left corner indicates the instrumental

resolution. The scale bar in the bottom left shows the magnitude of the propagation vector (both

images on the same scale) and the reciprocal lattice directions (in the hexagonal setting) are

indicated by the translucent black arrows.

4.3 Substrate symmetry - Orthorhombic TbScO3 sub-

strate

A 1 µm-thick (111)pc-BFO �lm was grown on an orthorhombic TbScO3 (TSO) substrate oriented

such that the specular direction is [011]o, indexed in the orthorhombic (subscript o) TSO unit

cell. The BFO layer is oriented such that the bh axis of the BFO lines up with the ao axis of the

TSO substrate. The growth procedure was otherwise identical to that described in section 3.2.1,

including the SRO bu�er layer to bias a single ferroelectric domain.
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Figure 4.2: Magnetic x-ray and neutron di�raction reciprocal space maps of BFO/TSO.
a, Reciprocal space map about (009)h measured at room temperature by NXMS with linear

polarised x-rays. b, Reciprocal space map about the (003)h measured at room temperature by

neutron di�raction. The white circle in the lower left corner indicates the instrumental resolution.

The scale bar in the bottom left shows the magnitude of the propagation vector (both images on

the same scale) and the reciprocal lattice directions (in the hexagonal setting) are indicated by

the translucent black arrows.

4.3.1 Nonresonant magnetic x-ray and neutron di�raction recip-

rocal space mapping

Figure 4.2 shows a reciprocal space map measured by NXMS about the N = (009)h position.

Instead of the ‘triangular’ di�raction pattern we have observed in our (111)pc-oriented �lms thus

far, we observe only a single pair of satellite peaks positions at ±k2 relative to the N = (009)h.

This demonstrates that the region of the �lm illuminated by the x-ray spot is within a single

cycloidal domain. The theoretical intensity calculation �ts the data well (χ2
ν = 1.618) and yields a

propagation vector of δ = 0.0042(1)Å
−1

. We note that the increase in the peak intensity relative

to the previous measurements of the multidomain BFO/STO �lms is consistent with scattering

being condensed into just two satellite peaks. To test whether this result was representative of

the entire �lm, we repeated this measurement at several other positions over the sample and

obtained an identical result at each position.
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The corresponding neutron di�raction pattern, measured about the N = (003)h position,

is shown in �g. 4.1(b). Given that the neutron beam illuminates the entire sample, this veri�es

that the entire �lm comprises a magnetic monodomain. The propagation vector of the cycloidal

domain is k2, which is along the [010]h direction of the BFO and the [100]o direction of the

TSO substrate. We also note the absence of the di�use tails of intensity between the two peaks,

which indicates the magnetic structure is largely coherent throughout the �lm. This would be

consistent with the hypothesis that the small domain size in the multidomain BFO/STO �lms is

an important factor in causing the disorder resulting in the di�use scattering observed in those

�lms.

4.3.2 Nonresonant magnetic x-ray polarimetry

To further characterise the magnetic structure of the BFO/TSO monodomain �lm, we performed

polarisation analyser scans of the magnetic peak intensity using linear and circular polarised

x-rays. These measurements can be used to extract information on the �ne details of the cycloidal

magnetic structure and are especially sensitive to the plane of rotation of the cycloid. Figure 4.3a

and b show polarisation analyser scans of the (009)h + k2 and the (009)h − k2 peaks, respec-

tively. To account for the sphere-of-confusion error of the polarisation analyser, at each value

of η, a rocking curve of the polarisation analyser crystal is recorded and the integrated area of

the rocking-curve scan is used as a measure of the scattered intensity. Although the polarisation

dependence of the data is reminiscent of what one would expect, i.e. identical behaviour on both

peaks for σ-polarised x-rays and the interchanged behaviour for circular-left and circular-right

polarised x-rays between peaks, the η-dependence for all polarisations does not have the ex-

pected shape. Importantly, η-dependences for left- and right-handed x-ray polarisations must

be mirror images of one another (i.e. related by a re�ection about their midpoint in intensity) for

a cycloidal magnetic structure, regardless of the plane of rotation. This suggests the unexpected

η-dependences may be due to an extra polarisation dependence originating from the background.
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Figure 4.3: Polarisation analyser scans of magnetic satellite peaks of BFO/TSO. Polarisa-

tion analyser scans of the (009)h + k2 peak (a,) (009)h − k2 (b,) peak, measured with incident

linear horizontal (red), circular left (green) and circular right (blue) polarised x-rays. The cir-

cles show the experimentally measured intensities and the solid lines show the results of a

least-squares re�nement of a sin-squared function as a guide to the eye. Simulated polarisation

analyser scans of the (009)h + k2 (c,) and (009)h − k2 peaks (d,) for the a single cycloidal mag-

netic domain. (e,) Polarisation analyser scans of the background measured with incident linear

horizontal (red), circular left (green) and circular right (blue) polarised x-rays All measurements

were taken at room temperature.
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Figure 4.3c and d show the theoretical η-dependences of the scattered intensity expected

for a single cycloidal domain measured on the (009)h + k2 and the (009)h − k2 peaks, respec-

tively. Comparing these to the corresponding measurements in �g. 4.3(a) and (b), it appears the

discrepancy is somewhat systematic. A polarisation scan of background, shown in �g. 4.3(e),

reveals the strong polarisation dependence of the background to be the source of the discrepancy.

This polarisation dependence arises due the fact that the scattering processes contributing to the

background predominantly scatter into the σ–σ channel. Although in many experiments this

background dependence is small relative to the magnetic signal and thus may often be neglected,

it is crucial to account for it in thin-�lm di�raction experiments because the scattering volume

is so low.

To obtain the polarisation dependence of the pure magnetic signal without the additional

background component, we perform the following background subtraction: for each value of

η we perform a rocking-curve scan of the polarisation analyser crystal both on the magnetic

peak and on the background. We then subtract the rocking curve of the background from the

that of the magnetic peak and integrate the background-subtracted rocking-curve scan. The

resulting background-corrected polarisation analyser scans of the (009)h +k2 and the (009)h−

k2 peaks are shown in �g. 4.4(a) and (b), respectively. These now appear to have the expected

η-dependence and we can �t the intensities predicted by the model described in section 3.3.3 to

the data.

The solid lines in �g. 4.4(a) and (b) show �ts of the theoretical η-dependences of the scattered

intensity to the data and it is clear that they describe the data very well. These were performed

by simultaneously re�ning the theoretical scattered intensity of all three polarisations calculated

for a single cycloidal domain parameterised only by a global scale, constant background, and

depolarisation factor. This factor accounts for the imperfect circular polarisation achieved by

the phase plate. For both circular polarisations, the beam was found to be 93 % polarised where

the remainder of the beam was modelled as being totally unpolarised, which is consistent with
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Figure 4.4: Background-corrected polarisation analyser scans of magnetic satellite
peaks of BFO/TSO. Polarisation analyser scans of the (009)h + k2 (a,) and (009)h − k2 peaks

(b,) measured with incident linear horizontal (red), circular left (green) and circular right (blue)

polarised x-rays. The circles show the experimentally measured intensities and the solid lines

show the results of a least-squares re�nement of the theoretical scattered intensity for a single

cycloidal domain. All measurements were taken at room temperature.

previous reports using an identical experimental setup.
150

We therefore conclude that the data is

only consistent with a cycloidal magnetic structure with spins rotating in a plane containing the

[001]h (out-of-plane) direction and the k2 (in-plane) propagation vector direction. These scans

also indicate the sample is a monodomain in the magnetic polarity (the ‘sense of rotation’) of

the cycloidal magnetic structure, as the opposite magnetic polarity domain would have opposite

circular polarisation dependence (i.e. the blue and green data points would be interchanged). We

can infer that this measurement of magnetic polarity is representative of the entire �lm: given

that the magnetic polarity is coupled directly to the ferroelectric polarisation, and the �lm is a

ferroelectric monodomain (with the polarisation pointing along the [001̄]h direction), we would

expect the magnetic polarity to be homogeneous.

4.4 Conclusions

In summary, we have successfully engineered a (111)pc-BFO �lm that is a single ferroelectric,

structural and magnetic domain. Using NXMS and neutron di�raction, we determined the mag-

150
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netic structure and relative domain populations of (111)pc-BFO �lms grown on a miscut STO

substrate and an orthorhombic TSO substrate. Despite the three-fold symmetry of the STO

being broken by the 4° miscut, this did not have any observable e�ect on the relative domain

populations or size of the domains when compared to an equivalent �lm grown on non-miscut

STO. However, using the bias from a TSO substrate, we found that we were able to eliminate

the magnetic/monoclinic k1/M1- and k3/M3-domain populations entirely, such that the entire

�lm comprised a k3/M3 monodomain, increasing the domain size by �ve orders of magnitude.

Using x-ray polarimetry we were able to con�rm that not only is the sample a single domain in

the propagation vector but also in the magnetic polarity of the cycloidal magnetic structure.

Growing a truly monodomain (111)pc-BFO �lm, coherent (up to the level of any mosaicity)

across the entire 10 mm × 10 mm �lm, represents a crucial step towards realising a BFO-based

logic device. Not only does a monodomain �lm provide a model system to study both bulk

and surface e�ects in BFO, but the elimination of extrinsic domain e�ects means that the full

functionality of BFO may be realised. Furthermore, using a monodomain �lm in a heterostructure

device has clear advantages as, depending on the termination layer of BFO, it could provide an

entirely uniform interaction at the interface.
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5

Electrical switching of magnetic po-

larity in a multiferroic device

Despite the many encouraging results in multiferroic device research in recent years, there has

been relatively little progress in relating macroscopic device switching to microscopic changes in

the magnetic structure at the atomic level. In particular, electrical reversal of a magnetic order

parameter in a Type-I multiferroic has yet to be observed. In this chapter, we measure by NXMS

the e�ect of electrical switching on the magnetic polarity of a (111)pc-BiFeO3 �lm device, a

direct test of the fundamental coupling between magnetism and ferroelectricity. We �nd that the

magnetic polarity switches reversibly upon switching the ferroelectric polarisation and are able

to map this over the device, distinguishing between regions of the sample electrically addressed

into the two magnetic states with a resolution of a few tens of microns.

115
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5.1 Introduction

O

ne of the most interesting and technologically useful properties of multiferroics is

their magnetic response to an applied electric �eld. This coupling between ferro-

electricity and magnetism is manifest in the Landau free energy expansion for the

multiferroic phase, which will contain a term that is the product of ferroic order parameters

representing the magnetic and ferroelectric order. Typically, this consists of an antiferromag-

netic order parameter that is quadratic in the magnetic moments
∗

and is linearly coupled to the

ferroelectric polarisation.

The various coupling mechanisms discussed in section 1.3.2 di�er in the nature of this

magnetic order parameter: for the most common cycloidal multiferroics,
65

this parameter is

represented by a magnetic polarity, and is commonly referred to as “cycloidal rotation direc-

tion” or “magnetic chirality”
†
. For the other two known varieties — ferroaxial

190
(including

p-d hybridised
71

) multiferroics and exchange-striction multiferroics
56

— this order parameter is

represented by a magnetic helicity or a staggered exchange scalar �eld, respectively.

In the case of BFO, a cycloidal multiferroic, the quadratic order parameter is the magnetic

polarity λ. This is a vector quantity that describes not only the plane of rotation of the cycloid,

but also its ‘sense of rotation’ i.e. the handedness of rotation from one spin to the next along the

propagation vector k, when the spins are viewed from a given direction. The magnetic polarity

is de�ned as λ ≡ k× Si × Sj, where Si and Sj are spins on adjacent sites that are sequential

along the direction of k. This is depicted in �g. 5.1, which shows two cycloidal spin arrangement

of opposite magnetic polarity.

∗
For the magnetic order to exist in the absence of any external magnetic �elds, time reversal symmetry requires

that this order parameter an even power of the angular momentum operators.
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k
λ

λ

a

b SjSi

Figure 5.1: De�nition of magnetic polarity. a,b, Magnetic spin cycloids of opposite magnetic

polarity.

The term in the free energy describing the linear coupling of λ to the polarisation is given by

FMF = ν λ · P, (5.1)

where ν is the coupling constant. Therefore, in the absence of any other magnetic anisotropies,

the magnetic polarity should remain parallel or antiparallel (determined by the sign of ν) to the

polarisation.

5.1.1 Electrical control of magnetism in multiferroics

A clear consequence of the linear coupling to P in eq. (5.1) is that if the polarisation were to

change direction, the magnetic polarity should change accordingly. This behaviour is mirrored

for any linear coupling of magnetism to ferroelectricity, thus enabling control of the magnetic

structure with an electric �eld. Electrical control of magnetic domains at low temperature has

indeed been demonstrated on bulk single crystals of several Type-II multiferroics by neutron
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polarimetry
57,191–193

and magnetic x-ray scattering.
194

In the latter study, Fabrizi et al. were able

to exploit the small x-ray beam size to image the gradual switching of magnetic cycloidal domains.

The use of this microdi�raction technique to image magnetic domains has since been expanded

to other (non-switching) studies of both Type-I
150

and helical Type-II
195

multiferroics.

Electrical control of the magnetic order parameter in a Type-I multiferroic has yet to be

unambiguously demonstrated. As discussed in section 1.3.1, the coupling between ferroelectricity

and magnetism in Type-I multiferroics is often described as ‘weak’
61

due to the independent

origins of their ferroelectric and magnetic order. A direct observation of the coupling between

magnetic and ferroelectric order parameters in a Type-I multiferroic would therefore shed light

on the nature of this interaction and is a missing milestone in the quest for practical applications

of these materials.

Switching magnetic polarity in BiFeO3

Given its room-temperature multiferroicity and large ferroelectric polarisation, BFO is the ideal

system in which to demonstrate this coupling. Although electrical manipulation of spins in BFO

has been demonstrated in numerous studies (see below), the exact mechanism is obscured by the

simultaneous changes in the ferroelastic state of the material upon switching the polarisation.

As discussed in section 3.1.1, the spontaneous electric polarisation P is directed along one of

the [111]pc axes of the BFO pseudo-cubic cell and is associated with a ferroelastic distortion along

the same direction, resulting in the rhombohedrally distorted perovskite structure discussed in

section 3.1.1. The polarisation can be switched by 71°, 109°, or 180° between the 8 possible [111]pc

57
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directions, where switching by 71°, 109° is also accompanied by a switching of the ferroelastic

state.
159

It has been shown that when switching between 71° ferroelastic domains in single crystals

of BFO, that both direction of the cycloidal propagation vector and the spin rotation plane can

be manipulated,
196–198

where the spin rotation plane rotates as would be expected due to the

coupling to the ferroelastic domain via magneto-elastic strain.
185

Similar experiments have been

performed on (100)pc-oriented thin �lms of BFO, where the changes to magnetic structure were

observed with XMLD-PEEM
136,199

and neutron di�raction.
137,199

These experiments similarly

demonstrated a rotation of the cycloid plane upon 71° switching, although the cycloid plane was

seen to deviate from its expected orientation, instead lying closer to the plane of the �lm.

In spite of these encouraging results, there has been relatively little progress in understand-

ing macroscopic device switching in terms of the microscopic multiferroic mechanism coupling

the magnetic structure to the polarisation, at the atomic level. Since the rhombohedral axis is

unchanged when the polarisation is switched by 180°, the ferroelastic domain also remains un-

changed and thus observing the response of the magnetic polarity under 180° electrical switching

would constitute an unambiguous measurement of coupling between ferroelectricity and mag-

netism in BFO. Obtaining such information in an epitaxial �lm device requires a polarimetric

scattering technique with both high sensitivity and high spatial resolution — a combination that

had not been achieved so far.

Having understood the complex domain structure of (111)pc-oriented BFO �lms in chapters 3

and 4, here we present the results of a NXMS study in which we measure changes in the magnetic

polarity induced by ferroelectric switching of a BFO epitaxial-�lm device. Unlike previous studies,
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Figure 5.2: Optical images of the BFO-�lm device. Camera a, and microscope b, optical

photographs of the (111)pc-BFO �lm device. The electrodes are wire bonded to a chip carrier

and the SRO layer is contacted via conductive silver paste.

our (111)pc-oriented device architecture has the full component of the electric polarisation

aligned parallel to the applied (surface-normal) electric �eld, such that 180
◦

switching of both

electric polarisation and magnetic polarity may be achieved. We further use microdi�raction to

map the magnetic polarity over the device with a 50 µm× 50 µm resolution.

5.2 Experimental details

5.2.1 Film preparation and characterisation

1 µm-thick epitaxial �lms of (111)pc-oriented BFO were grown on (111)pc-oriented STO sub-

strates using an identical procedure to that described in section 3.2.1. In this study, the SRO

bu�er layer, as well as biasing the �lm to grow as a ferroelectric monodomain, also ful�ls the

role of bottom electrode for switching the polarisation and for polarisation hysteresis loop mea-

surements. 300 µm× 200 µm× 25 nm Pt top electrodes were patterned on the surface of the

�lm using photolithography, as can be seen in �g. 5.2. The electrodes were then wirebonded to a

chip carrier and the SRO layer was contacted to the chip carrier using conductive silver paste, as
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can be seen in �g. 5.2. This setup allows electric �elds to be applied along the [111]pc direction,

perpendicular to the surface of the �lm.

The structural, ferroelectric and AFM characterisation of the �lm yielded results consis-

tent with the previous batch, for which the characterisation measurements are discussed in

section 3.2.2.

5.2.2 Preparing the ferroelectric state of the device

We label the ferroelectric domain with polarisation directions along [111]pc (surface normal,

pointing out of the �lm) and [1̄1̄1̄]pc (surface normal, pointing into the �lm) as FE ↑ and FE ↓,

respectively. The as-grown state of the �lm is a FE ↓monodomain, as tested by P-E loop measure-

ments on electrodes on this sample and piezoresponse force microscopy on other representative

samples. Regions of the sample were switched into the FE ↑ polarisation state prior to the exper-

iment by applying a number of successive triangular waves at 5 kHz, with a maximum voltage

of 22 V. To test the reversibility of this process, we switched some of these regions back into

the FE ↓ polarisation state, using an inverted signal. The electric �eld pro�les used to prepare

the ferroelectric state of the BFO �lm are shown in �g. 5.3(a) and (b) and the corresponding

responses of the polarisation are shown in �g. 5.3(c) and (d).

5.2.3 Nonresonant magnetic x-ray sca�ering experimental details

As shown in section 3.3.3, the magnetic polarity of the cycloidal magnetic structure in BFO may

be determined by NXMS. Using circularly-polarised incident x-rays, in conjunction with a post-

scatter linear polarisation analyser, produces a scattered intensity that is highly sensitive to the

magnetic polarity of the illuminated magnetic domains. In this study, all NXMS measurements

were made on beamline I16, Diamond Light Source, and use an almost identical method and

experimental setup to that described in section 3.3.1. One important di�erence is that it was

necessary to use the primary beam (upstream) exit slits to reduce the x-ray beam cross section
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Figure 5.3: Preparation of the ferroelectric state. Electric �eld pro�les applied to prepare

the a, FE ↑ and b, FE ↓ states of the BFO �lm. The response of the ferroelectric polarisation

to the �eld pro�les preparing the c, FE ↑ and d, FE ↓ states. The corresponding start and end

points on the �eld pro�les and polarisation measurements are shown by the green and red circles,

respectively. The black arrows indicate the electric-�eld sweep direction.
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to≈ 50 µm× 50 µm. This was to ensure that, when measuring a region of the sample under one

of the electrodes, that only the switched region was illuminated by the beam and any intensity

coming from the surrounding, switched region was minimal. The experiment was performed

with an incident x-ray beam energy of 4.8 keV and an azimuthal angle of φ = 94° with respect

to the (100)h direction, which was identi�ed as an experimental geometry in which multiple

scattering was minimised.

5.3 Results and discussion

5.3.1 Nonresonant magnetic x-ray reciprocal space mapping

To determine cycloidal magnetic polarity of the FE ↑ and FE ↓ states, we measured by NXMS

the magnetic satellite re�ections that occur near the structurally-forbidden N = (009)h Bragg

peak using circularly polarised x-rays. This measurement was performed both on a ‘virgin’,

unswitched region of the �lm (in the FE ↓ state), and on an electrode which had been switched

into the FE ↑ state. Given that the �lm is grown on STO, we expect the same multidomain texture

that was observed in chapter 3 with a typical domain size on the order of ~100 nm. We therefore

expect approximately equal populations of all three k/monoclinic-domains to fall under the x-

ray spot and hence to see the characteristic triangular di�raction pattern. For more details, see

section 3.3.2.

Figure 5.4a and b show, for a region of the sample in the ‘virgin’ FE ↓ state, reciprocal space

maps of the magnetic satellites about the N = (009)h position for left-circular and right-circular

polarised light, respectively. Figure 5.4e and f show the equivalent measurement on a region of

the sample that has been switched into the FE ↑ state. We note that, as the di�raction intensity

is centred at the same point in reciprocal space for the FE ↓ and FE ↑ states, both states are in the

same pseudo-rhombohedral ferroelastic domain. The data agrees well with the corresponding

simulations, shown in �g. 5.4(c, d) and (g, h), respectively, and with previous measurements



124 Chapter 5. Electrical switching of magnetic polarity in a multiferroic device

F
i
g
u

r
e

5
.4

:M
agnetic

di�
raction

reciprocalspace
m
aps.

N
X

M
S

R
e
c
i
p

r
o

c
a
l
s
p

a
c
e

m
a
p

s
a
b

o
u

t
(009)h

w
i
t
h

l
e
f
t
-
c
i
r
c
u

l
a
r

a
n

d
r
i
g
h

t
-

c
i
r
c
u

l
a
r

p
o

l
a
r
i
s
e
d

l
i
g

h
t
,

r
e
s
p

e
c
t
i
v
e
l
y

i
n

t
h

e
v
i
r
g

i
n

F
E
↓

s
t
a
t
e

(a,b,
)

a
n

d
t
h

e
(
n

o
m

i
n

a
l
l
y
)

F
E
↑

s
t
a
t
e

(c,d,
)
.

F
i
t
t
e
d

N
X

M
S

r
e
c
i
p

r
o

c
a
l

s
p

a
c
e

m
a
p

s
a
b

o
u

t
(009)h

w
i
t
h

l
e
f
t

c
i
r
c
u

l
a
r

a
n

d
r
i
g

h
t

c
i
r
c
u

l
a
r

p
o

l
a
r
i
s
e
d

l
i
g

h
t
,

r
e
s
p

e
c
t
i
v
e
l
y

i
n

t
h

e
v
i
r
g

i
n

F
E
↓

s
t
a
t
e

(e,f,
)

a
n

d
t
h

e

(
n

o
m

i
n

a
l
l
y
)

F
E
↑

s
t
a
t
e

(g,h,
)
.

A
z
i
m

u
t
h

a
l
l
i
n

e
c
u

t
s

t
h

r
o

u
g
h

t
h

e
m

e
a
s
u

r
e
d

(
c
i
r
c
l
e
s
)

a
n

d
�

t
t
e
d

(
l
i
n

e
s
)

N
X

M
S

r
e
c
i
p

r
o

c
a
l
s
p

a
c
e

m
a
p

s
w

i
t
h

l
e
f
t

c
i
r
c
u

l
a
r

a
n

d
r
i
g

h
t

c
i
r
c
u

l
a
r

p
o

l
a
r
i
s
e
d

l
i
g

h
t
,

r
e
s
p

e
c
t
i
v
e
l
y

i
n

t
h

e
v
i
r
g

i
n

F
E
↓

s
t
a
t
e

(i,j,
)

a
n

d
t
h

e
(
n

o
m

i
n

a
l
l
y
)

F
E
↑

s
t
a
t
e

(k,l,
)
.

T
h

e

l
o

c
a
t
i
o

n
o

f
t
h

e
l
i
n

e
c
u

t
s

a
r
e

s
h

o
w

n
b
y

t
h

e
w

h
i
t
e

d
o

t
t
e
d

c
i
r
c
l
e
s

i
n

(
a
–

d
)
.

T
h

e
s
c
a
l
e

b
a
r

i
n

s
h

o
w

s
t
h

e
m

a
g

n
i
t
u

d
e

o
f

t
h

e
p

r
o

p
a
g

a
t
i
o

n

v
e
c
t
o

r
(
a
l
l

r
e
c
i
p

r
o

c
a
l

s
p

a
c
e

m
a
p

s
o

n
t
h

e
s
a
m

e
s
c
a
l
e
)

a
n

d
t
h

e
r
e
c
i
p

r
o

c
a
l

l
a
t
t
i
c
e

d
i
r
e
c
t
i
o

n
s

(
i
n

t
h

e
h

e
x
a
g
o

n
a
l

s
e
t
t
i
n

g
)

a
r
e

i
n

d
i
c
a
t
e
d

b
y

t
h

e
t
r
a
n

s
l
u

c
e
n

t
b
l
a
c
k

a
r
r
o
w

s
o

n
t
h

e
r
e
c
i
p

r
o

c
a
l

s
p

a
c
e

m
a
p

s
.

T
h

e
n

o
i
s
e

a
d

d
e
d

t
o

t
h

e
�

t
t
e
d

m
a
p

s
h

a
s

b
e
e
n

m
o

d
e
l
l
e
d

a
s

P
o

i
s
s
o

n
i
a
n

.



5.3. Results and discussion 125

taken with higher statistics (see section 3.3.2). The simulations shown here are generated with

the parameters obtained by simultaneously �tting all reciprocal space maps (see section 5.3.2).

Although these data were measured with increased counting times relative to those show in

section 3.3.2 on equivalent BFO/STO �lms, the signal-to-noise ratio is signi�cantly worse. This

is due to the smaller beam size, which results in reduction in incident �ux by a factor of ~ 6.

The theoretical intensity calculation for the composite magnetic peaks shown in �g. 5.4 yields

IC

IA,B
≈ 1 + βγ

1− βγ/2
(5.2)

where the subscript denotes the individual peaks, labelled as A, B, and C (using the same labelling

scheme as in chapter 3, see �g. 3.5) and where γ = +1 or −1 for left circular and right circular

polarised light, respectively. The direction of the magnetic polarity is parametrised by β = −λ·n̂
|λ| ,

where n̂ is the �lm surface normal. It is clear the sign of the second term in both the numerator

and denominator of this ratio will invert if either of γ or β are changed, which is indeed what

we observe when switching x-ray circular polarisation (�g. 5.4(a) vs (b)) and switching magnetic

polarity (�g. 5.4(a) vs (e)). We �nd that magnetic polarity of a given domain is aligned antiparallel

to the FE polarisation, hence β = +1 or −1 for the fully-polarised FE ↑ state and FE ↓ state,

respectively, and ν = −1 in eq. (5.1). This is in agreement both with our (better statistics) data on

another BFO/STO �lm (section 3.3.2) and with a previous study on a bulk single crystal sample.
150

5.3.2 Magnetic polarity domain fractions

To quantitatively determine the domain populations of the β = ±1 magnetic polarity states for

the FE ↑ state and FE ↓ states, the reciprocal space map data were �t using an identical model to

that described in section 3.3.3. The switched percentage of magnetic polarity was obtained from

a simultaneous �t of all four reciprocal space maps, measured with both circular left and circular

right polarised light on both a virgin, FE ↓ region of the sample and a switched, FE ↑ region (data
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Figure 5.5: Magnetic polarity domain fractions.a, Ferroelectric polarisation of the sample

measured while switching from the virgin FE ↓ state into the FE ↑ state. The black arrow indicates

the electric-�eld sweep direction. b,c, The �tted percentage fraction of both the β = +1 and β =
−1 magnetic polarity domains of the measured regions for the FE ↑ and FE ↓ states, respectively,

as indicated by the coloured arrows.

shown in �g. 5.4(a, b) and �g. 5.4(e, f)). Four parameters describing the β = ±1 magnetic polarity

state populations for both the FE ↑ and FE ↓ measurements were re�ned along with the three

k-domain fractions, global parameters for the propagation vector and monoclinic distortion, and

peak shape and background parameters. A global depolarisation factor was also included to

account for the contribution from a weak multiple scattering peak centred on the N = (009)h

position and the imperfect e�ciency of the x-ray phase plate. Previous measurements with better

statistics and no contributions from multiple scattering showed that the virgin FE ↓ polarisation

state has 100 % population of the β = −1 magnetic polarity state. The depolarisation factor was

calculated by comparing this value to the value obtained from the �t to the data shown in �g. 5.4.

The model was found to �t the data well, with the simultaneous �t yielding χ2
ν = 1.484. As

shown in �g. 5.5(b, c), we found that there was a 93.0(6)% switch of magnetic polarity from the

virgin FE ↓ state to the FE ↑ state. We further �nd, consistent with the results in section 3.3.4,

that the three k-domains are equally populated in both the unswitched and switched states,

within error. The unswitched 7 % could be explained by a fraction of the �lm being pinned in the
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FE↓ state, likely due to the bias at the BFO/SRO interface that stabilises a FE ↓ monodomain in

the as-grown BFO �lm.
164,165

A small pinned fraction would not be detected in the ferroelectric

polarisation measurement in �g. 5.5(a) since this measurement is relative i.e. there is an arbitrary

o�set in the magnitude of P. Furthermore, although the majority of the beam intensity was

focussed into an ≈ 50 µm x 50 µm footprint, low intensity tails of the beam may extend slightly

beyond this so it is possible that a small region of the surrounding �lm in the FE↓ state was

illuminated. The depolarisation factor was found to be 0.194(4), which is signi�cantly larger

than the 0.07 depolarisation factor obtained in section 4.3.2. This is likely due to the multiple

scattering peak centred on the (009)h position, which was not present in those measurements

and whose polarisation dependence will be convoluted with that of the magnetic peaks.

5.3.3 Mapping magnetic polarity over the device

The response of the magnetic structure to electrical switching was further investigated by map-

ping in real space the magnetic polarity over an extended region of the device. Figure 5.6a and b

show real space maps of an area of the sample containing regions that have been switched up and

an area containing a region that has been switched up and then down again, respectively. These

images were collected by rastering a 50 µm x 50 µm beam over the sample surface and recording

the intensity of peak C (�g. 3.5) at each point. The intensity was measured with both left-handed

(+) and right-handed (-) circular polarisation at every position. The maps were constructed by

plotting the dichroic asymmetry, (I+C − I−C )/(I+C + I−C ); this quantity should be negative for the

FE↓ state (�g. 5.4(a, b)) and positive for the FE↓ state (�g. 5.4(e, f)). In �g. 5.6(a) it is clear that,

for the majority of the sample region that has been switched into the FE↑ state, the magnetic

polarity has also switched relative to the unswitched �lm in the FE↓ state. This is further made

clear by overlaying the real space measurements onto an optical image of the device, shown in

�g. 5.7.

164
DD Fong et al. Phys. Rev. Lett., 96: 127601, 2006.

165
JE Giencke et al. Curr. Opin. Solid State Mater. Sci., 18: 39–45, 2014.
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Figure 5.7: Mapping magnetic polarity over a device. a, Photo of the (111)pc-BFO �lm. b,
Optical image of the (111)pc-BFO �lm surface. Maps of the magnetic polarity (see �g. 5.6) are

overlaid showing regions of the sample switched into the FE ↓ and FE ↑ state and the direction

of the FE polarisation is shown by the white symbols.

The areas where the magnetic polarity appears not to have switched are concentrated around

the edges of the switched electrodes. This can largely be explained by the resolution limitation

of the measurement (indicated by the white dotted circle in �g. 5.6(a)), but it is also possible

that electric-�eld edge e�ects resulted in incomplete FE switching at the outside of the pads. By

contrast, the sample region below the electrical pad that has been switched into the FE↑ state and

then back into the FE↓ state, has unchanged magnetic polarity relative to the surrounding region

of unswitched BFO, indicating that the magnetic state is recovered entirely. This also rules out

the possibility that the change in contrast is due to an e�ect related to the sample having been

switched at all, independent of the direction of polarisation.
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5.4 Conclusions

In summary, we have demonstrated electrical switching of magnetic polarity in a BFO device at

room-temperature, a direct measurement of the multiferroic coupling between antiferromagnetic

and ferroelectric order parameters. By combining circularly polarised x-rays and post-scatter

polarisation analysis, we determined absolutely the magnetic polarity of the cycloidal magnetic

structure for two FE polarisation states. We further use this to map the magnetic polarity over

the device with a 50 µm× 50 µm resolution, demonstrating that the magnetic polarity of micron

scale regions of the sample may be addressed by an electric �eld. The observed reversal of the

magnetic polarity of the cycloid represents a major rearrangement of the magnetic structure,

with magnetic moments rotating on average by 90° upon switching. Furthermore, since these

samples consist of equal populations of submicron k-domains, we have been able to show that

this e�ect occurs equally in all three species of magnetic domain.

The observed response of the magnetic structure to electrical switching is in contrast to

the general belief that the coupling between magnetism and ferroelectricity is rather weak in

Type-I multiferroics,
61

and the form of the is in full agreement with theoretical predictions.
200

The experimental demonstration of polarity switching in a BFO device represents a crucial step

towards developing full control of the interfacial exchange interactions in BFO-based composite

multiferroic devices.

Furthermore, the ability to map the magnetic order parameter directly over a device structure

illustrates the utility of NXMS as a technique for studying the microscopic mechanisms behind

the macroscopic behaviour of multiferroic devices, on a tens-of-micron lengthscale. In principle,

the resolution of this technique could be further increased down to submicron lengthscales by

using Kirkpatrick-Baez mirrors to focus the incident x-ray beam.

200
AM Kadomtseva et al. JETP Lett., 79: 571, 2004.
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6

PEEM investigation of a multiferroic

heterostructure

The conclusions we have reached so far about the multiferroic domain structure of (111)pc-

BiFeO3 �lms have been inferred from di�raction measurements, which average over the thou-

sands of domains that fall within the x-ray or neutron beam pro�le. In this chapter, we use vector-

mapped x-ray magnetic linear dichroism photoemission electron microscopy (XMLD-PEEM) to

directly image the sub-micron scale cycloidal domain structure. Adopting the twinning model

of chapter 3, we are able to construct a full vector map of the magnetostructural domains in

unprecedented detail. Using circular dichroism in conjunction with XMLD-PEEM we then go on

to examine the correlations between this domain structure and the ferromagnetic domains in a

ferromagnetic overlayer. We �nd that there is a one-to-one correspondence between multiferroic

and ferromagnetic domains, opening up a route for future exchange-bias multiferroic devices.

133
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6.1 Introduction

T

he phenomenon of exchange bias can be used to stabilise ferromagnetic (FM) spins

along a certain direction in a magnetic heterostructure.
201,202

This e�ect is widely

employed in modern magnetic-storage technology, such as in spin-valves used in

magnetic read heads, where the magnetic moments in the hard FM reference layer are pinned

by the interfacial exchange-bias interaction with an antiferromagnetic (AFM) underlayer.
203,204

The consequences of the interaction between the FM and AFM layers are, �rstly, that the AFM

axis imposes uniaxial anisotropy in the FM layer and secondly, depending on the terminating

layer of AFM spins, there may further be a unidirectional anisotropy for the FM spins, signi�ed

by a characteristic shift of the FM hysteresis loop along the magnetic �eld axis.
205,206

Microscopically, it is generally accepted that the key component of the exchange-bias mech-

anism is the pinned layer of spins in the ferromagnet and the terminating layer of spins in the

antiferromagnet to which they are coupled.
207

This can be well understood in terms of interfacial

exchange between the spins in the FM layer and an uncompensated i.e. having �nite magneti-

sation, termination layer of spins in the antiferromagnet. However, exchange bias e�ects have

also been observed in bilayers with compensated spins in the AFM termination layer.
201,208,209

The microscopic theory in these cases is not fully understood, especially in case of complex,

non-collinear antiferromagnets such as BFO.
201,202,210

This picture has then yet another level of

201
J Nogués and IK Schuller. J. Magn. Magn. Mater., 192: 203–232, 1999.

202
L Duò, M Finazzi, and F Ciccacci. Magnetic Properties of Antiferromagnetic Oxide Materials: Surfaces, Interfaces,

and Thin Films. John Wiley & Sons, 2010.

203
B Dieny et al. Phys. Rev. B, 43: 1297, 1991.

204
JC Mallinson. Magneto-resistive and spin valve heads: fundamentals and applications. Academic Press, 2001.

205
WH Meiklejohn and CP Bean. Phys. Rev., 102: 1413, 1956.

206
WH Meiklejohn. J. Appl. Phys., 33: 1328–1335, 1962.

207
AE Berkowitz and K Takano. J. Magn. Magn. Mater., 200: 552–570, 1999.

208
JX Shen and MT Kief. J. Appl. Phys., 79: 5008–5010, 1996.

209
PJ van der Zaag et al. J. Magn. Magn. Mater., 148: 346–348, 1995.

210
NC Koon. Phys. Rev. Lett., 78: 4865, 1997.
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complexity if there are AFM domains that di�er in the direction of their AFM axis.

As well as having applications in traditional magnetic storage media, exchange bias could

also be used in a multiferroic memory device, to couple the AFM structure of the multiferroic

to a FM overlayer.
13,134

By exploiting the magnetoelectric coupling in the multiferroic layer to

electrically switch the magnetic structure, and thus the AFM spins at the interface, it is proposed

that the magnetisation of the FM layer could be controlled with an electric �eld. Some success

has been achieved in this regard: measurements on prototypical devices, involving a thin FM

layer grown on top of BFO, have shown a reorientation of the FM moments upon switching the

ferroelectric polarisation of BFO.
154,180,211–214

This has also been demonstrated in using other

systems such as the multiferroic YMnO3

215
and the magnetoelectric Cr2O3.

53,216
In BFO-based

heterostructures, it has been shown that the overlayer magnetisation can be completely reversed

upon switching between 71° ferroelastic domains
153,217

— an e�ect, which was believed to be

forbidden by simple symmetry considerations.

Despite these promising results, the exact nature of the coupling between BFO and the FM

layer is not fully understood, especially in the presence of multiple ferroelectric, ferroelastic

and/or AFM domains. For progress to be made towards a functional ferromagnet/BFO hetero-

structure device, it is critical to develop a detailed understanding of the AFM domain structure of

BFO. Although we have already learned much about the domain structure through the di�raction
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measurements of chapters 3 to 5, these measurements average over the thousands of domains

that fall within the x-ray or neutron beam pro�le. In this chapter, we use vector-mapped XMLD-

PEEM to directly image the sub-micron scale AFM domain structure of epitaxial (111)pc-BiFeO3

�lms. We then repeat this experiment on a Co/BFO heterostructure to study domain correlations

between the AFM BFO domains with the FM Co domains in the overlayer. By imaging the FM-Co

and AFM-BFO domains using, respectively, XMCD-PEEM and XMLD-PEEM at the same spot on

the sample surface, we are able to directly image the domain overlap between the two layers.

6.2 Experimental details

6.2.1 Film preparation and characterisation

For the initial investigation to observe the multiferroic domains in BFO, we use the same �lm

as was measured in chapter 3; a 1 µm-thick epitaxial �lms of (111)pc-oriented BFO grown on

a (111)pc-oriented STO substrate. In order to investigate the interfacial correlations between

multiferroic and ferromagnetic domains, a further batch of �lms was grown with a layer of Co

deposited directly on top of the BFO as well as an Al capping layer, both by on-axis DC sputtering

at room temperature.

For a PEEM experiment, the Pt or Al metal capping layer ful�ls an additional role: as well as

protecting the sample surface from mechanical damage, moisture damage and oxidation of the

Co layer, it also acts as a source of electrons that can replace those ejected by the x-ray absorption

processes. This prevents the sample surface gaining a net charge, which would otherwise perturb

the local electrostatic �eld and lead to image distortions and anomalous features in the data.

Given that the maximum depth from which Auger electrons can escape the sample is ~ 5 nm, it

is necessary keep the thickness of the capping layer to . 2 nm. For the Co/BFO �lms, both the

Co and Al layers were grown with a thickness of 1 nm as the electrons coming from the BFO

layer have to exit through both layers.
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The structural, ferroelectric and AFM characterisation of the �lm yielded results consis-

tent with the previous batch, for which the characterisation measurements are discussed in

section 3.2.2. The ferromagnetic properties of the Co layer on the bilayer �lms were also char-

acterised prior to the PEEM experiment by magneto-optical Kerr e�ect (MOKE) measurements.

It was found that the Co layer exhibited a characteristic hysteresis loop with a coercive �eld of

8 mT.

6.2.2 X-ray photoemission electron microscopy

Measurements were carried out on beamline I06,
218

Diamond light Source (UK) using an Elmitec

SPELEMM-III microscope, which can routinely achieve a spatial resolution of 50 nm. The micro-

scope was operated with an accelerating potential of 20 kV between the sample and objective

lens. The sample manipulator has a motorised stage that allows in-plane translations of the

sample and rotations of the sample in the range −30° < φ < 150° about the surface normal

direction. The incident x-ray energy and polarisation is set by tuning the undulator gaps and row

phase. The insertion device on I06 allows incident x-ray energies between ~ 100 eV and 1500 eV

and both circular and linear (at arbitrary angle) polarisation. The x-rays illuminate the sample

at a grazing incidence angle of 16°.

To image the AFM domains in BFO, we record images with x-rays that are linearly polarised

in the plane of the �lm (σ) at two energies E1 and E2 close to the Fe LI I I absorption edge. These

two energies were identi�ed prior to the PEEM measurements using the XMCD/XMLD x-ray

dichroism endstation on I06. Absorption spectra with both incident in-plane (σ-) and out-of-

plane (π-) polarised x-rays were measured, where the x-ray absorption was measured by a

drain current from the sample. When subtracted, two extrema with opposite sign in the XMLD

spectrum at energies E1 and E2 were observed.

We record images with σ-polarised x-rays only, to reduce the measurement time, rather than

218
SS Dhesi et al. , 1234: 311–314, 2010.
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taking images using both σ- and π- polarised x-rays
∗
. From this we can calculate the XMLD

asymmetry:

ILD =
Iσ
E1
− Iσ

E2

Iσ
E1
+ Iσ

E2

, (6.1)

where the energies E1 = 708.2 eV and E2 = 708.9 eV and correspond to−0.2 eV and 0.4 eV from

the Fe LI I I absorption edge, respectively. Although this does not constitute a true dichroism

measurement in which images measured with orthogonal linear polarisations are subtracted

from one another, ILD does give equivalent information. However, it will also reveal any other

features that have a non-dichroic energy dependence, which would otherwise be removed by the

subtraction of images at orthogonal polarisations. In this case our �lms had no non-dichroic

resonant features and thus using the expression in eq. (6.1) su�ced.

Due to weakness of the XMLD signal from BFO, reasonable signal to noise could only be

achieved by averaging & 200 asymmetry images, each composed of average of 20 images (10

each at E1 and E2) each with a 1 s exposure time. Thus, the cumulative measurement time for a

complete measurement at a given azimuth is ~ 2 h.

To image the ferromagnetic domains in the Co overlayer, we record images with left- and

right-handed circularly-polarised incident x-rays at both on- and o�-resonance energies. The

XMCD asymmetry is then given by

ICD =
I+ − I−

I+ + I−
, (6.2)

where I± = I±E1
/I±E2
− 1 are the normalised resonant intensities for left and right circular po-

larised x-rays. Here E1 (777 eV) and E2 (770 eV) are, respectively, the on-resonance and pre-edge

o�-resonance energies taken at the Co LI I I absorption edge. The division by the o�-resonance

energy accounts for any di�erence in incident �ux between the two circular polarisations and

any inhomogeneous illumination of the �eld of view.

∗
Although the scattering plane is not well de�ned for an absorption process, for convenience we have adopted

the polarisation notation from x-ray di�raction. We de�ne ‘scattering plane’ for X-PEEM to be the plane containing

the incident x-ray wave vector and sample surface normal direction.
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6.3 Imaging magnetostructural domains in a BiFeO3

film

As discussed in section 2.5.2, the x-ray absorption cross section of linearly polarised x-rays

depends upon the projection of the x-ray polarisation onto the magnetic moments. This depen-

dence results in a contrast, observable by XMLD-PEEM, between AFM domains with di�erent

orientations of their AFM axis oriented di�erently with respect to the x-ray polarisation direc-

tion. In the case of (111)pc-BFO, the contrast between cycloidal k-domains is slightly more

complex due to the rotating magnetic structure. As shown in section 3.3.3, a spin cycloid may be

decomposed into two orthogonal spin-density waves, aligned along in-plane and out-of-plane

directions, which are dephased by π/2. Although the out-of-plane components of the three

k-domains are identical, the propagation direction of the in-plane components di�er by 120° and

thus should be observable in their XMLD contrast. Figure 6.1 shows XMLD-PEEM images of a

~ 8 µm-diameter circular region of the surface of the �lm measured with σ-polarised x-rays over

a range of azimuthal angles. Contrast features with length scales on the order of < 1 µm are

clearly visible in all images collected. This is consistent with the maximum domain size inferred

from the x-ray and neutron di�raction data discussed in chapter 3.

To con�rm the in-plane nature of the contrast between di�erent k-domains, we recorded an

XMLD image with π-polarised x-rays. This was found to show identical features to the image

recorded with σ-polarised light at a sample azimuth 90° away but with signi�cantly weaker

contrast, consistent with the small contrast expected due to the ~ 16° grazing incidence angle of

the x-rays. The magnetic origin of the PEEM contrast is further corroborated by its temperature

dependence (60 % reduction at 475 K), which was found to be quantitatively consistent with

the temperature dependence of the ordered moment,
219

and was reversed upon cooling. These

data con�rm the cycloidal magnetic ordering at the surface of our (111)pc �lm, with in-plane

219
M Ramazanoglu et al. Phys. Rev. B, 83: 174434, 2011.
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propagation vectors and planes of rotation orthogonal to the �lm plane, identical to the bulk

magnetic structure we measured with NXMS (see section 3.3.4). We note that any ferroelastic

contribution to the PEEM contrast
136

can be ruled out as our (111)pc �lm is a ferroelectric

monodomain.

To extract the full domain structure of the �lm, it is necessary to observe the angular depen-

dence of the XMLD signal. The intensity of the XMLD signal for a cycloidal magnetic structure,

is obtained by a spatial average of the collinear AFM case discussed in section 2.5.2. Therefore

the polarisation dependence of the XMLD signal on the x-ray linear polarisation for a single

cycloidal domain is given by

ILD ∝ M2
[

3
2
(k̂ · Ê)2 +

3
2
(ẑ · Ê)2 − 1

]
, (6.3)

where M2
is the square of the local magnetic moment, while k̂ and ẑ are the directions of the

propagation vector and of the surface normal, respectively, and Ê is the polarisation vector of

the light. The �rst term generates the XMLD contrast between k-domains as, regardless of the

polarisation direction, the 2nd term gives the same for all three domains. The signal is maximum

(∝ +M2/2) for Ê along the propagation vector, in which case the signal from the other two

domains is ∝ −5M2/8. With π-polarised x-rays, Ê is aligned 16° to surface normal and the

XMLD signal is almost equal for all three domains (∝ +M2/2), consistent with our observations

of weak contrast.

The XMLD images in �g. 6.1 are arranged such that images in the same column were taken

at azimuthal angles 90° apart. From eq. (6.3), we would expect these images to be inverses of

one another. Although, there are some optical distortions due to the change in orientation of the

sample with respect to the optical axes of the microscope, it is clear that light and dark regions

are interchanged between these images.

136
T Zhao et al. Nat. Mater., 5: 823–829, 2006.
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6.3.1 X-ray magnetic linear dichroism image processing

During an XMLD measurement, it is necessary to regularly correct for both beam and sample

drift, typically resetting both every 10–20 min. Given that each image in �g. 6.1 is the average of

~ 200 asymmetry images, the sample drift requires each asymmetry image to be drift corrected

(although this is usually done using the sum Iσ
E1 + Iσ

E2 image as a reference), before they are

averaged. Beam drift results in a slight variation of the beam pro�le between asymmetry images,

and thus when they are averaged, the �nal image ends up with an highly nonlinear background.

To account for this, the outer ~ 2 µm region of the image is cropped as this e�ect is accentuated

at the edges and then a polynomial background is subtracted to �atten the image.

Due to the fact we are comparing images taken at di�erent sample rotations, the astigmatism

corrections induce optical distortions of the image that vary with sample azimuth. As the sample

is rotated, the relative orientation of the sample and optical axes changes and thus any elliptical

distortion of the image is applied along a di�erent direction in the image. This e�ect can clearly

be seen between the two images taken at φ = 15° and 105°: the light feature in the upper centre

of the 15° image is elongated in the vertical direction relative to the corresponding dark feature

in the 105° image. To correct for these optical distortions, we apply an a�ne transformation

(linear scale and skew along two orthogonal directions) to map features on each rotated image

to match those on the image taken at 0°∗.

6.3.2 Angular reconstruction

To construct a full vector map of the cycloidal k-domains at the surface of the �lm, we combine

XMLD-PEEM images taken at appropriate angles that maximise the contrast of a single magnetic

domain. Maximal contrast between one domain and the other two is achieved by aligning the

polarisation vector of the incident x-rays such that they are either parallel (one domain light/two

∗
The images shown in �g. 6.1 have been cropped and �attened, but they have not been drift or distortion

corrected.
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Figure 6.2: Binarisation of PEEM images to extract single domains. Three PEEM images

where the light regions indicate the (a,) k1-, (b,) k2-, and (c,) k3-domain regions. The upper

row of images are the combined processed data taken an azimuthal angles with the polarisation

vector of the light both perpendicular and parallel to the propagation vector. The lower row of

images have been binarised using the threshold method described in the main text.
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domains dark) or perpendicular (one domain dark/two domains light) to the k-vector of the

domain. We therefore use three pairs of images highlighted in �g. 6.1, where those highlighted

red, green and blue correspond to maximal contrast for k1, k2 and k3 domains, respectively. We

combine the pairs of images for the ith domain by inverting the image taken with the polarisation

perpendicular to ki and adding it to the image with the polarisation parallel to ki. The �nal three

images in which the light areas correspond to the k1, k2 and k3 domains are shown in �g. 6.2(a),

(b) and (c), respectively.

These images are then converted to binary maps using a threshold value centred between the

light and dark regions. Additionally, a small-width intensity band centred on this threshold value

is subtracted, assuming this region to be the domain walls. Finally, the images are smoothed

using a median �lter to reduce the level of high-frequency noise and any defects are masked (as

shown by the white circle in �g. 6.2). The binarised images showing the locations of the k1, k2

and k3 domains are shown in �g. 6.2(a), (b) and (c), respectively. These appear to be along the

lines of what we would expect: roughly one third of each image consists of light regions and the

domain walls show a clear hint of some orientational dependence.

To generate a full vector map of the cycloidal domains, we assign each of the binary images to

red, green and blue, respectively (see �g. 6.3(a–c)), and then combine the three images to generate

�g. 6.3(d). We �nd that the majority of the image corresponds to the three magnetic domains we

expect, consistent with the x-ray and neutron di�raction results in section 3.3.2. However, there

are some regions where the binary maps overlap, resulting in areas that are cyan/purple/yellow.

These may be explained by a combination of e�ects. Due to the weak �nite XMLD contrast, there

is a small inherent uncertainty in the exact value of the threshold that should be used to discretise

the images. This is exacerbated by the polynomial background subtraction that does not fully

account for the nonlinear background, resulting in a threshold that is not uniform over the whole

image. Furthermore, the linear distortion correction does not entirely compensate for the optical

distortions, which will also result in some overlapping regions. Finally, the escape probability

of the electrons falls o� with depth and hence PEEM preferentially probes the domains at the
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very surface. However, if the domain topography changes with depth in the top ~ 5 nm, then

these underlying domains may be apparent and overlap with other domains at the surface. The

black areas correspond to regions being below the threshold for all three images and could be

considered to be ‘domain walls’, although, due the issues discussed above, these areas will likely

also contain edges of domains that were not fully resolved.

Thus the contrast in �g. 6.3 is consistent with approximately equal populations of the three

k-domains (see �g. 6.4(c)) present at the sample surface. Given that these domains are in fact

magnetostructural, then by imaging the magnetic domain structure, we have simultaneously

imaged the monoclinic domain structure, since their topography is identical (see section 3.3.4).

Comparing the observed domain structure to the schematic domain structure predicted from

di�raction measurements, shown in �g. 3.11, we see there are many similarities. Three regions

that particularly seem to agree with the model are indicated by white dotted areas, with the

corresponding schematic domain pattern depicted adjacent to them. Importantly, orientations

of the domain boundaries primarily correspond to those predicted by the twinning model: we

see that the red/green, green/blue and blue/red domain boundaries are parallel to the (110)h,

(12̄0)h and (2̄10)h planes, respectively.

6.3.3 X-ray magnetic linear dichroism sign convention

There is an assumption in the sign of the dichroism, namely that when the incident x-ray polari-

sation is aligned parallel to a particular k-direction, the corresponding domains show up as light

areas and the other two domains, whose k-vectors are not aligned with the polarisation, appear

as dark regions. Depending on the sign of the dichroism, these light and dark regions could be

interchanged, which would drastically change both the binary maps and resulting vector map in

�g. 6.3.

From the x-ray and neutron di�raction data discussed in section 3.3.2, we know that the

majority of the domains must have propagation vectors along the three principal ki directions i.e.
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Figure 6.4: XMLD sign convention for magnetic k-domains. Discrete XMLD-PEEM vector

maps constructed using the original convention (a,) and the opposite convention (b,) Histograms

showing the percentage of di�erent coloured regions in the maps generated using the original

convention (c,) and the opposite convention (d,). The scale bar refers to a and b.

there must be a majority of red/green/blue domains. Thus, in principle, this ambiguity could be

resolved from a single XMLD image with the polarisation either parallel or perpendicular to the

propagation vector. Assuming that there are equal populations of all three domains, there should

be one domain, consisting of approximately 1/3 of the image, that is distinct from the other two.

The sign of the dichroism should then be evident from the colour of this domain. Given that the

light/dark proportions of the image are sensitive to the threshold used to binarise the images, we

adopt a more robust approach involving all three XMLD images and compare the vector maps

generated from both sign conventions.
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We therefore need to repeat the image binarisation process using the opposite convention,

i.e. starting with the images where the x-ray polarisation is aligned perpendicular to each k-

domain and choosing a binarisation threshold centred between new (inverted) the light and

dark contrasts. The discrete vector maps generated from both the original convention (i.e. the

convention used to generate �g. 6.3) and the opposite convention are shown in �g. 6.4(a) and (b),

respectively. The histograms shown in �g. 6.4(c) and (d) show the proportions of red/green/blue,

cyan/purple/yellow and black/white regions in each vector map. Clearly, the opposite convention

results in a much higher percentage of cyan/purple/yellow than red/green/blue regions and thus

can be discounted.

6.4 Ferromagnetic/multiferroic domain correlations in

a Co/BiFeO3 heterostructure

Having directly imaged the near-surface multiferroic domain structure of a (111)pc-BFO �lm,

and found it to be consistent with our domain model inferred from di�raction measurements,

we now turn our attention to the e�ect these domains may have on an adjacent FM layer. To

study the FM/AFM correlations, we measure a Co (1 nm)/BFO (1 µm) heterostructure using a

combination of XMCD- (to image FM domains) and XMLD-PEEM (to image AFM domains). By

tuning the incident x-ray energy to the Fe and Co LIII edges, we are able to isolate the dichroism

signal from each layer, and thus image the overlapping FM/AFM domains at the Co/BFO interface.

6.4.1 Vector mapping cycloidal domains in BiFeO3 layer

A map of the cycloidal k-domains of the BFO layer, obtained using an identical method to that

described in section 6.3.2, is shown in �g. 6.5(a). However, due to time constraints, we were only

able to measure XMLD-PEEM images with a su�cient signal-to-noise ratio at sample rotations

of φ = 0° and 60°. These two images allow us to isolate the k1 and k2 domains; the k3 domains
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were assumed to be the negative space left over after binarising these two images. We �nd

that the magnetic domain structure of BFO at the BFO/Co interface is largely consistent with

the domain structure previously observed with XMLD-PEEM (�g. 6.3), both in terms of typical

domain size and domain boundary orientations.

6.4.2 Vector mapping ferromagnetic domains in Co layer

We next image the FM domains in the corresponding region of the Co overlayer using XMCD-

PEEM. Given than an XMCD measurement images the projection of the local Co magnetisation

along the incident x-ray directions (see eq. (2.51)), we can construct a vector map by combining

two images, one at 0° and one at 90°. Figure 6.5b shows a vector map of the in-plane magnetisation

of the Co overlayer in the heterostructure. We note that it was not possible to image the Co layer

in its ‘as-grown’ state because the sample was characterised prior to this measurement by MOKE.

Thus, to leave the Co magnetised in a known direction prior to imaging both the BFO and CO

layers, we applied a magnetic �eld of 275 mT along the [2̄1̄0]h direction. As expected, the net

magnetisation appears to be along the direction the �eld was applied, shown by the black arrow

labelled B. This can be seen more clearly in the polar histogram of the Co moment directions

(grey) shown in �g. 6.5(c), which is centred on the [2̄1̄0]h direction.

6.4.3 Domain correlations

Comparing the BFO and Co domain structures, there seems to be a correlation between the

two, with k1 domains (red) matching the turquoise areas, k2 domains (green) matching the

green/blue areas, and k3 domains (blue) matching the yellow/green areas. To examine this e�ect

in more detail, we use the three binary maps of the BFO domains as masks on the Co image. This

process generates a subimage containing only the regions of Co image that lie directly above the

corresponding ki domain of the BFO. The three subimages corresponding to the Co domains on

top of the k1, k2 and k3 domains are shown in �g. 6.5(e), (f) and (g), respectively. We then take
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polar histograms of each of these images, which are shown in red, green and blue in �g. 6.5(c),

respectively.

If there were no correlation between the BFO and Co domains, we would expect the red,

green and blue polar histograms to be identical, with the only anisotropy imposed by the �eld

applied before imaging. Given that there are three distinct lobes corresponding to Co regions

overlapping the k1, k2 and k3 domains, we see that the BFO domains have had a dramatic e�ect

on the Co domains. It appears that each BFO domain has imposed a di�erent uniaxial anisotropy

in the Co layer. For the k1 and k2 domains, this axis is parallel to the cycloidal propagation

vector, whereas for the k3 domain, it is perpendicular to propagation vector.

The microscopic mechanism that produces this coupling remains a matter of speculation.

Given that the net moment of a cycloid averages to zero over a single period, the interaction must

be fundamentally di�erent to the exchange coupling that causes exchange-bias for an uncom-

pensated layer of AFM spins. Perpendicular coupling between FM domains and simple collinear

AFM domains has previously been observed in Co/NiO heterostructures for both compensated

and uncompensated NiO termination layers.
220

In this study, van der Laan et al. attribute the

coupling to strain-induced changes in the magnetocrystalline anisotropy at the CoNiO interface.

Recalling that the BFO domains are also structural in nature, it could be that strain also plays

a role in the coupling we observe. One could speculate that for a given FM domain, there are

two minima in the energy landscape, corresponding to aligning perpendicular or parallel to the

cycloidal propagation vector, and that competition between this anisotropy and ferromagnetic

interactions between Co domains could stabilise domains along either direction.

6.5 Conclusions

In summary, we have directly imaged the cycloidal magnetic domain structure of (111)pc-

oriented-BFO �lms using vector-mapped XMLD-PEEM and, in doing so, we have simultaneously

220
G van der Laan et al. Phys. Rev. B, 83: 064409, 2011.
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imaged the monoclinic domain structure to which the magnetic structure is coupled. We �nd

that the magnetostructural domains are fully consistent with previous NXMS and neutron di�rac-

tion measurements (section 3.3.2) both in terms of their size and morphology. Although simple

90° AFM domains had been imaged prior to this study,
128

measuring a full vector map of AFM

domains with ~ 50 nm resolution is, to our knowledge, unprecedented. Given its high spatial

resolution, this technique is applicable to many other AFM systems in device con�gurations;

it has since been applied to the orthoferrite LaFeO3 to image the six-fold magnetostructural

domains.
221

By combining this technique with XMCD-PEEM we were able to image the AFM–FM domain

correlations in a Co/BFO heterostructure. We found that the cycloidal domains in BFO imposed

an easy-axis anisotropy in the Co layer such that there is an almost one-to-one coupling between

the BFO cycloidal domains and FM domains in the Co. It seems the direction of the anisotropy

axis imposed in the Co can be either parallel or perpendicular to the propagation vector of the

corresponding BFO domain. This coupling is rather surprising since naively one might think that

for a rotating magnetic structure, any interaction should average to zero. However, its presence

motivates further work to fully understand the mechanism and has signi�cant implications for

future multiferroic devices that exploit coupling to a ferromagnetic layer. For instance, if one

were able to switch between di�erent cycloidal domains, one would, in principle, be able to

switch the direction of the Co layer.

128
J Stöhr et al. Phys. Rev. Lett., 83: 1862, 1999.

221
I Hallsteinsen et al. APL Mater., 5: 086107, 2017.
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7.1 Summary

BiFeO3 is a material whose impressive room-temperature functionality and rich multiferroic

properties have led to it being the most intensively studied multiferroic to date. Despite this

attention, a BFO-based device demonstrating robust and reversible control of ferromagnetic do-

mains that is well-understood in terms of its microscopic mechanisms is yet to be demonstrated.

Progress has been hindered in many cases by the multiple ferroelastic, ferroelectric and magnetic

domains typically present in BFO �lms. These domains not only lessen the macroscopic multi-

ferroic properties of BFO, but also obfuscate the roles of spin, charge and strain in the switching

process. In this thesis we have endeavoured, through the use of state-of-the-art di�raction and

microscopy techniques, to gain a detailed and comprehensive understanding of the multiferroic

domain structure of thin-�lm BFO.

In chapter 3 we used nonresonant x-ray magnetic scattering and neutron di�raction to probe

the domain structure of 1 µm-thick (111)pc-oriented BFO �lms. We chose this orientation to

minimise extrinsic e�ects as it preserves the high-symmetry axis of the crystal structure, and thus

results in �lms that are, in principle, as close to a model bulk-like system as possible. Contrary

to the general belief that (111)pc-BFO �lms grow as of a rhombohedral monodomain, we found

that they in fact comprise a sub-micron texture of monoclinic twins. We further found that

the magnetic and monoclinic structures, which share the same group–subgroup relationship to

the parent phase, are intimately coupled such that magnetic propagation vector is locked to the

monoclinic b-axis.

With this coupling in mind, in chapter 4 we attempted to bias the growth of a single magne-

tostructural domain. Firstly, we attempted to break the three-fold symmetry of the (111)pc-STO

interface by applying a 4° miscut to the substrate. However, this appeared to have no e�ect on

the domain structure of the BFO �lm, giving results consistent with �lms grown on non-miscut

STO. Secondly, we grew �lms on [011]o-oriented TbScO3, an orthorhombic substrate that intrin-
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sically breaks three-fold symmetry. In this case, the e�ect on the domain structure was dramatic,

resulting in the entire 10 mm× 10 mm �lm comprising a ferroelastic, ferroelectric and magnetic

monodomain.

In chapter 5, we investigated the e�ect of electrical switching on the magnetic structure of

thin-�lm BFO. Despite the vast amount of research on electrical control of magnetism in BFO,

electrical switching of the magnetic order parameter in BFO, or indeed any type-I multiferroic,

had not been unambiguously demonstrated. Using NXMS, a technique that uniquely combines

sensitivity to the magnetic structure on the atomic scale, with high real space resolution, we

were able to measure and map the magnetic polarity over a BFO device. Contrary to the general

belief that the coupling between magnetism and ferroelectricity in type-I multiferroics is weak,

our results demonstrated that, upon 180° switching of the ferroelectric polarisation, the magnetic

polarity is correspondingly switched.

Finally, we investigated the interfacial coupling and domain correlations between thin-�lm

BFO and a ferromagnetic Co overlayer. In an experiment demonstrating unprecedented detail

in antiferromagnetic imaging, we used vector-mapped XMLD-PEEM to image the near-surface

cycloidal magnetic domain structure of BFO. The domain structure was found to be entirely

consistent with previous di�raction results. We then used a combination of XMLD- and XMCD-

PEEM to image the magnetic domain structures of both the BFO and Co layers at the same spot.

We found that there was a one-to-one coupling between the domains in each layer, where the

BFO domains had imprinted an easy-axis anisotropy into the Co layer.

7.2 Outlook

The work presented in this thesis constitutes a signi�cant step towards realising a functional

multiferroic device. The detailed understanding we have gained of (111)pc-oriented BFO �lms

provides a foundation for subsequent work on BFO-based devices. In particular, the observation

of monoclinicity and domain texture, and the explicit demonstration of coupling between mag-
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netic and ferroelectric order parameters will inform future switching and device studies, allowing

their results to be understood in greater depth.

Furthermore, we have demonstrated certain phenomena that may provide new functionality

in future BFO-based devices. The observed coupling between magnetic and structural domains

opens up a new route to strain engineer the domain structure of BFO �lms. By exploiting this

e�ect, we successfully engineered a monodomain �lm, thus creating a truly model system, void of

any extrinsic domain e�ects, and highly attractive from both an experimental and technological

perspective. This magnetoelastic coupling has many other potential applications that it would

be valuable to investigate, such as using patterned substrate strain to ‘write’ magnetic domains

or biasing a ferroelectric switching pathway to resolve issues of polarisation fatigue.

Given that a likely architecture for a multiferroic device involves coupling to a ferromagnetic

layer, the correlations between cycloidal and ferromagnetic domains we observed in the Co/BFO

heterostructure are clearly of technological signi�cance. In order to better understand the nature

of the coupling mechanism, it would be useful to observe the behaviour of the domains as a

function of applied magnetic and electric �elds, and then to repeat the measurements with the

BFO layer replaced with a monodomain �lm. These results should elucidate somewhat how the

interfacial coupling may be exploited to control the ferromagnetic layer.

Finally, we have developed several cutting-edge techniques for studying magnetism in thin

�lms. We have reported the �rst application of both NXMS polarimetry and vector-mapped

XMLD-PEEM to studying magnetism in these systems and, more broadly, the combination of

NXMS, neutron di�raction, and vector-mapped XMLD-PEEM allowed us to gain a detailed picture

of the interplay between magnetism and lattice from 1 cm to less than 100 nm—an approach

applicable to many other functional antiferromagnets in device con�gurations.
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