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Abstract

Well known multiferroic compounds ThMnO3 and DyMnOg3 show a strong cou-
pling between antiferromagnetism and ferroelectricity. Magnetic susceptibility
data for both compounds have been taken, showing large magnetic anisotropy,
and providing strong evidence for the existence of crystal field effects up to 150 K
above Ty (~40 K). Further evidence for crystal field effects is given by a measure-
ment of the magnetic heat capacity of ThMnO3.

A new group of multiferroic compounds, of the form Sm;_,Y,MnOs3, were dis-
covered as part of this work. The parent compound, SmMnQOs3, is not ferroelectric
and exhibits commensurate A-type antiferromagnetic order below Ty~58 K. By
doping with Y on the Sm site, significant changes are seen in the magnetic prop-
erties, with a feature seen in the susceptibility data at ~24 K for = = 0.4,0.5
corresponding with a peak in the dielectric constant and the onset of an electric
polarisation (~275 uC m~2 for Smg ;Yo 5MnO3) along the crystallographic c-axis.
The magnetoelectric coupling seen in Smg Y 4MnO3 and Smg 5Y5MnOj5 is linked
to alterations in the local structure of the Mn-O octahedra, and in particular to
the Mn-O-Mn bond angle, which can be tuned by Y doping.

The zero-field electric properties of Sm;_,Y,MnOj3 (x = 0.4, 0.5) are very sim-
ilar to those of TbMnQOg, but show markedly different magnetic field dependence.
Neutron diffraction and X-ray resonant scattering experiments were performed
on Sm;_,Y,MnOj3 (z = 0, 0.4, 0.5) in order to attempt to determine the mag-
netic structure of the Y doped compounds. Evidence was found for a sinusoidally
modulated collinear order of the Mn moments along the b-axis below Tn;~47 K,
and cycloidal Mn order in the b-c¢ plane below Tyo~24 K. This magnetic model is
similar to that of TbhMnOQO3, and it is proposed that the difference in the magnetic
field dependence of the electric properties seen in ThMnOs3 is due to coupling of
the Mn moments with the strongly anisotropic Th moments.

The studies of Y doping were extended to the GdMnOg3 system. Prelimi-
nary measurements show a similar magnetoelectric coupling in polycrystalline
Gd;_, Y, MnO;3 (x = 0.1-0.4). Further research has been carried out on this group
of compounds as a consequence of this work.

X



Chapter 1

Introduction

This thesis details work carried out on rare earth manganite materials (of the
form RMnOj3 or Ry_,Y,MnOg, with R representing the rare earth element) which
show multiferroic properties. As an introduction, the underlying physics relevant
to these compounds will be discussed. A summary of the research in the field of
multiferroics is then presented, leading into an outline of the current challenges
faced by researchers, and the motivation for this work.

The term ‘multiferroic’ was initially coined by Schmid [1] to define a material
possessing two or more primary ferroic properties (ferroelectricity, ferromagnetism,
ferroelasticity) which occur in the same phase. Such materials can exhibit cross-
coupling between these different properties (Figure 1.1), making the field of mul-
tiferroics very attractive for research from both a fundamental and technological
point of view [2-6].

Research activity into multiferroics has been steadily increasing since sev-
eral major breakthroughs in 2003-4 (Figure 1.2) [7-9]. In the vast majority of
cases, the term “multiferroic” refers to the coexistence of (anti)ferroelectricity
and (anti)ferromagnetism.

Ferroic materials are defined as possessing spontaneous order, the direction of
which can be switched by an external field. A ferromagnet has a spontaneous
magnetisation M and shows hysteresis under an applied magnetic field H. A fer-
roelectric has a spontaneous polarisation P and shows hysteresis under an applied
electric field E. A ferroelastic has a spontaneous strain € and shows hysteresis

under an applied stress o. Such spontaneous order typically occurs as a result of a



Chapter 1. Introduction

P
Ty &
+ - + -
E
P
mM!

Figure 1.1: Multiferroics can show coupling between ferroelectric, ferromagnetic and
ferroelastic properties. Figure from Ref. [3]
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Figure 1.2: Publication history found for a Web of Science search for “magnetoelectric”
(inset: results for “multiferroic”).
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phase transition, when the material is cooled below a particular temperature. The
following sections provide a brief description of ferroelectricity and the magnetic

order most relevant to the studies in this thesis.

1.1 Ferroelectricity

A (proper) ferroelectric possesses a spontaneous polarisation of the electric dipole
which can be switched by the application of an electric field. This polarisation is
due to a lack of inversion symmetry within the crystal structure. For example,
consider the classic perovskite of the form ABQOs, in which a central positive B-ion
(a transition metal element) is surrounded by an octahedron of negatively charged
oxygen ions (Figure 1.3). A shift in the position of the B-site ion would break
the inversion symmetry and cause the induction of a dipole moment, giving rise
to ferroelectric order. Such shifts can occur during structural phase transitions, in
which the system moves from a high to low symmetry state (e.g. cubic to tetrago-
nal). One of the best known examples of a proper ferroelectric is BaTiO3 [10, 11].
In the majority of ferroelectric perovskites, the B-site atom has an empty d elec-
tron shell, which allows covalent bonding with the full p orbitals of the the oxygen
atoms. Ferroelectricity can also occur due to the existence of lone pairs of electrons
on the outer shell of the A-site atom, which are highly susceptible to polarisation.
This is the cause of ferroelectricity in BiFeOs (Section 1.4.1), for example.

In an improper ferroelectric, the spontaneous polarisation is not due to a polar

© oxygenatom

Figure 1.3: Perovskite crystal structure, showing a dipole moment generated by a dis-
placed B-site atom
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Figure 1.4: Magnetic order: (a) ferromagnetism, (b) antiferromagnetism, (c) ferrimag-
netism

displacement of the ions, but occurs as a result of some other effect within the
material. In a geometric ferroelectric, the dipole moment occurs due to non-polar
lattice distortions, due to e.g. electrostatic forces rather than changes in chemical
bonding. An example of this is in YMnOg3, where a ferroelectric state is due to a
buckling of the rigid MnOs bipyramids [12]. In charge ordered ferroelectrics, the
spontaneous polarisation is dependent on electron correlations in the material [13].
Such charge ordered ferroelectricity is observed in LuFe,O4 [14]. Improper ferro-
electricity can also occur due to magnetic order, a topic which will be covered in

more detail in the following sections.

1.2 Magnetism

1.2.1 Magnetic order

Magnetic order in a material occurs due to the interactions between magnetic
moments. The interactions between neighbouring spins S; and S; are described
by the Heisenberg model, with the Hamiltonian given by

H == J;SiS; (1.1)

ij

The value J;; is called the exchange constant, and describes the nature of the in-
teraction between S; and S;. If J;; is positive, neighbouring spins favour a parallel
alignment, and the system is ferromagnetic. If J;; is negative, neighbouring spins
favour an antiparallel alignment, and the system is antiferromagnetic. Antifer-

romagnetism can exist in many forms, with the common theme of sublattices of



Chapter 1. Introduction

moments arranged so as to cancel each other out, and give no net magnetisation
in the absence of an applied magnetic field. If the sublattices are not equally
opposed (such that a net magnetisation is present), the system is called ferrimag-
netic. These different configurations are illustrated in Figure 1.4.
Antiferromagnetic order can be described as commensurate (i.e. the periodicity
of the spins is linked to the crystal structure), or incommensurate. Examples of
commensurate antiferromagnetic order are A-type and G-type order, as shown in
Figure 1.5. Examples of incommensurate antiferromagnetic order are sinusoidally
modulated spin density waves, and cycloidal order, in which the spins change
orientation along the propagation direction inside a circular or ellipsoidal envelope

(Figure 1.6).

@) , (b)) .
P — P
g < P
- ¢ —_— -
© _, «— d) _
= > e
e — - e
= e =] B

Figure 1.5: (a) A-type, (b) G-type, (¢) C-type and (d) E-type commensurate antiferro-
magnetic order

Q) — P e—e——cs—>— —

o 1/ 2~\J/AN\T1/

Figure 1.6: (a) sinusoidal and (b) cycloidal incommensurate antiferromagnetic order
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1.2.2 Local environments
1.2.2.1 Crystal fields

The anions and cations in a crystal will generally arrange themselves in such a
way as to minimise the effects of electrostatic repulsion. This arrangement is
dependent on the atomic orbitals, and can have a significant influence on the
magnetic properties which are exhibited.

The compounds central to this thesis have perovskite crystal structures (Sec-
tion 1.1), with a central Mn*" ion surrounded by an octahedron of O?” ions.
Electrostatic forces in this case occur between the d orbital of the Mn ion and
the p orbitals of the oxygen ions. The d orbitals, such as those in the Mn*" (3d*)
ions, can take five different forms: the e, levels (d,2 and d,2_,2), defined with the
orbitals pointing along the z-, y- and z-axes; and the ty, levels (d,,, d,. and d,)
in which the orbitals point between the axes. The three p orbital types, p,, py
and p., point along each respective axis. Therefore, in the octahedral environment
the e, orbitals will be in a higher energy configuration than the ¢, orbitals [15].
There is a corresponding splitting of the d orbital energy levels, as shown in Fig-
ure 1.7. The amount of splitting, A, is dependent on such factors as the geometry
of the octahedra, the repulsion between the ions, and the effects of Jahn-Teller

distortion, as discussed below.

e
-7 T I
3A/5
o
20/5
free ion TTee L '
octahedral

Figure 1.7: Crystal field splitting of the d orbital in an octahedral crystal environ-
ment [15].
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1.2.2.2 Jahn-Teller distortion

Distortions of the crystal structure can occur in magnetic systems, which have
the result of lowering the overall energy. An example of Jahn-Teller distortion
is found for the magnetic Mn®* ion, which has 4 electrons in the partially filled
3d shell, in an octahedral system. The preferred spin configuration in this case
(according to Hund’s first rule) is for the spins to all align parallel, which would
give three electrons in the lower energy t,, levels and the remaining electron in
the higher energy e, level. By distorting the octahedra via a stretch along the
z-axis and a contraction along the z- and y-axes, the e, and ty, levels are split in
energy such that the lone electron in the e, state can now occupy a lower energy

level (Figure 1.8).

A _______——"_— dxz—y2
e, —/— - I
0.
Ad A ’—' | dxy
2g <::::~\\\\ A A
d ,d
xz’ Tyz

Jahn-Teller distortion

——

Figure 1.8: Jahn-Teller distortion for a Mn3* ion in an octahedral environment [15].
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1.2.3 Magnetic interactions
1.2.3.1 Superexchange

Long range magnetic order occurs due to the exchange interaction between mag-
netic moments. Direct exchange refers to the interaction between neighbouring
moments, but if the process occurs via some intermediate process it is termed in-
direct exchange or superexchange. For example, consider a system with two mag-
netic atoms, each with a single d-orbital electron, separated by an oxygen atom. In
an ionically bonded system, the oxygen ion will have two electrons in its p-orbital
which will overlap with the d-orbitals of the magnetic atoms (Figure 1.9). The
energy of the system is lowered if the magnetic atoms order antiferromagnetically,
since the electrons are then free to move from the oxygen ion to either magnetic
ion. Conversely, if the magnetic ions order ferromagnetically, the oxygen electrons

will not be able to move due to the Pauli exclusion principle.

’

ST () T

’
1
1

—-
-

(@) |
o
© H

Figure 1.9: Two magnetic atoms, M, separated by an oxygen atom, O. (a) Antiferro-
magnetic alignment of the magnetic atoms is favoured due to superexchange, since this
gives the electrons on the oxygen atom freedom to move, as shown in (b) and (c) [15].
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1.2.3.2 Dazyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya (DM) interaction is a process similar to superexchange,
where the intermediate process is via spin-orbit interaction rather than an oxygen
ion. An exchange interaction occurs between the excited state of a magnetic ion
and the ground state of the neighbouring ion. For spins S; and S;, a new term in

the Hamiltonian is then given by
A =D- (S;xS,) (1.2)

The Dzyaloshinskii-Moriya vector D is finite when the crystal field does not have
inversion symmetry with respect to the centre between S; and S;. The effect
of the DM interaction is often to provide a small canting of the moments in an
antiferromagnetic structure, resulting in weak ferromagnetism. The DM inter-
action favours non-collinear spin ordering, which has important implications for

multiferroic properties (Section 1.6)

1.3 The magnetoelectric effect

The relation for the free energy of a material in an electric field E and/or a

magnetic field H can be expanded as follows [2]:

F(E,H)=F,— P°E;, — M H,
1 1
- §€O€ijEiEj - éﬂoﬂz’jHiHj — o B H,;

1 1
- §ﬁijkEiHij - §”Yz‘ijiEjEk — ..

where € is the permittivity, p is the permeability, and « is a second rank tensor
known as the magnetoelectric susceptibility tensor. This equation can be differen-
tiated to give the electric polarisation P and the magnetisation M of the material

(with the superscript S denoting spontaneous components):

oF 1
PZ'(E, H) = _8E- = F)is —+ €0€ijEj + Oéinj + 561‘ijij + ’YiijiEj — ... (13)
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(a) Ferromagnet (b) Ferroelectric (c) Multiferroic

o ® ©
/ \ ¥ \N S \N
© o
OM@ OM@ @ P¢ @M@ ME®

Pt P} Pt
Spatial inversion: Timereversal:  Spatial inversion: ~ Time reversal: Spatial inversion:  Time reversal:
M invariant M switched P switched P invariant M invariant M switched
P switched P invariant

Figure 1.10: The effect of spatial inversion and time reversal on (a) ferromagnets, (b)
ferroelectrics and (c) multiferroics. Adapted from Eerenstein et al. [16]

It can be seen from Equations 1.3 and 1.4 that « describes a cross-coupling between
the electric polarisation and magnetic field, and the magnetisation and electric
field, respectively. This coupling is the so-called linear magnetoelectric effect.
The terms 3 and 7 describe higher order coupling, which shall be omitted from
the following discussion.

For the majority of materials there is no cross-coupling between electric and
magnetic properties. This can be explained by examining the effect of time and
spatial inversion operations on the system. The electric polarisation and electric
field change sign under spatial inversion, and are invariant under time reversal.
Conversely, the magnetisation and magnetic field are invariant under spatial in-
version and change sign upon time reversal. The magnetoelectric susceptibility
tensor is invariant for a material with inversion symmetry. If we take the example
of the electric polarisation (just looking at the cross-coupling term), P = oH,
applying spatial inversion gives —P = aH. This can only be consistent with the
original state if & = 0. The same result is reached if time or spatial inversion
operations are applied to either the polarisation or the magnetisation, meaning
that no magnetoelectric coupling can exist in such a material. A non-zero value
for a can only occur for a material which breaks both time and spatial inversion
symmetry (Figure 1.10).

In 1961, experiments confirmed that a magnetoelectric coupling was present
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in antiferromagnetic CryO3, which shows an electric field induced magnetisation
and a magnetic field induced electric polarisation (Figure 1.11) [17, 18]. These
discoveries initiated a great deal of research into magnetoelectrics over the next
decade. However, the weak magnetoelectric coupling observed meant that the po-
tential technological applications for such materials were limited. In 1968, Brown
et al. [19] proposed that the magnetoelectric coefficient of a material was restricted

by its electric susceptibility x¢, and magnetic susceptibility x"*:
af; < XixG (1.5)

Therefore, a material can only show a strong magnetoelectric coupling if it has
a high electric and/or magnetic susceptibility, i.e. it is ferroelectric and/or ferro-
magnetic. Few compounds were found to show both magnetic and ferroelectric
properties, and so the research on the subject of magnetoelectrics largely declined

by the mid 1970s.

~E-INDUCED |Ot§p'°| o
50 r ! 4 14
X108
© H-INDUCED VOLTAGE
12
a0 |
10 »
®
p |
g
0 | >
8 3
=
o :
6

)
20 | e 2
)
o
>

4

10
2
0 0

o] 100 200 300
TEMPERATURE (°K)

Figure 1.11: Temperature dependence of the magnetoelectric effect in CryOgz (filled
circles: electric field induced, open circles: magnetic field induced ME effect). Taken
from Folen et al. [17].
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1.4 Multiferroics - the revival of magnetoelectric research

Research into the magnetoelectric effect remained at a low level until as recently
as 2003. A combination of events at the start of the decade led to the renewed
interest in the field. Hill examined the question ‘Why are there so few magnetic
ferroelectrics?” from a theoretical viewpoint in 2000 [20]. In most ferroelectric
materials, such as the classic example of BaTiOgz [10, 11], the ferroelectricity is
caused by hybridisation of empty d orbitals of the B-site ions with the occupied
p orbitals of the surrounding octahedra of oxygen atoms [21]. Magnetic order,
however, requires a partially filled d electron shell, and so the two properties are
seemingly incompatible. Hill, however, also showed that this was not a steadfast
rule, and went on to suggest materials which could be studied in order to find
strong magnetoelectric properties with the aim of prompting further research.
Three major experimental breakthroughs in multiferroics research occurred in
2003-4: the discovery of enhanced magnetoelectric coupling in thin films of BiFeOg
by Wang et al.; [8] and the magnetic control of electric polarisation in ThMnOj
by Kimura et al. [7], and in TbMnyOs by Hur et al. [9]. Since then, several new
multiferroic materials have been discovered and studied. Highlighted below are

some of the most well studied examples of multiferroics.

1.4.1 BiFeO;

BiFeOg3 shows ferroelectric order at T ~1100 K, and antiferromagnetic order
at Ty = 643 K [22]. The bulk spontaneous polarisation in single crystals of
BiFeOs is ~6.1 pC cm™2, rather small for a ferroelectric compound with such a
high Curie temperature [23|. By comparison, the room temperature spontaneous
polarisation values of well known ferroelectrics BaTiO3 (T« = 381 K) and PbTiO;
(T = 763 K) are ~26 uC cm ™2 and ~60 nC cm™2, respectively [11, 24]. Wang et
al. discovered that the polarisation magnitude was greatly increased in thin films
of BiFeO3 grown onto a SrTiOz (100) substrate. The crystal structure of BiFeOs
was found to change from rhombohedral in bulk form to pseudo-tetragonal (with a

slight monoclinic distortion) in the thin film form. For a film of ~200 nm thickness,
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Figure 1.12: (a) Magnetic hysteresis loop for a BiFeOg film of 70 nm thickness (blue
data is in plane, red data is out of plane of film), and (b) electric hysteresis loop for
a BiFeOj3 film of 200 nm thickness, measured at a frequency of 15 kHz. All data was
measured at room temperature. Adapted from Wang et al. [8].

the polarisation was measured to be ~55 uC cm™2 at room temperature, an

increase of nearly an order of magnitude from that in the bulk form (Figure 1.12).

The antiferromagnetic domains in BiFeOj were found to change orientation
under an applied electric field by Zhao et al. [25]. This property occurs at room
temperature, and so makes BiFeOj3 desirable for use as a data storage media (since
data could be written using less energy than using applied magnetic fields). Much
of the recent work on BiFeOj3 has focused on potential technological applications
of the thin film compounds, with work detailing the electric (and magnetic) do-
main structures and properties of BiFeOg thin films, or doped/composite variant

materials [25-27].

1.4.2 TbMnO;

ThbMnOj3 was found to be ferroelectric by Kimura et al. in 2003, with a spontaneous
electric polarisation along the c-axis developing at the same temperature as a
magnetic phase transition (Figure 1.13) [7]. Heat capacity and magnetisation
data for TbMnOs3 clearly show three transitions, occurring at 41 K, 27 K and
7 K (Figure 1.13(a)). The magnetic properties of ThMnOj3 were first reported by
Quezel et al. in 1977, where the transition at 41 K was attributed to an ordering
of the Mn3* moments and the transition at ~7 K was found to be due to the
ordering of the Th** moments [28]. The transition at 41 K was further described

by Kimura et al. to be a sinusoidally modulated antiferromagnetic order with the
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Figure 1.13: Temperature dependences of (a) magnetisation and heat capacity, (b)
dielectric constant and (c) electric polarisation for single crystal TbMnQOs, illustrating
the correlation between electric and magnetic properties. Taken from Kimura et al. [7]

spins aligned along the b-axis [29], but the exact nature of the transition at 27 K -
which coincides with the onset of the spontaneous polarisation - was still unclear.
The most significant result from the paper of Kimura et al., however, is the giant
magnetoelectric coupling found in ThMnOjs. This coupling is demonstrated by
the application of a magnetic field along the b-axis resulting in a change in the
electric polarisation direction from the c- to the a-axis, a so-called polarisation
flop (Figure 1.14). Observation of the magnetisation versus magnetic field along
the b-axis (Figure 1.14(c)) shows a metamagnetic transition at ~4.5 T - the same

applied field as that which causes the polarisation flop.

1.4.3 Tle’l205

Shortly after the discovery of multiferroic properties in ThMnQOg3, Hur et al. found
that ThMnyOj also shows a very interesting magnetoelectric coupling. [9] Due to
the existence of Th3*, Mn3t and Mn*t moments, the magnetic interactions are

not quite the same as those found in ThMnO3. ThMn,O5 shows 3 magnetic tran-
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sitions, with long range antiferromagnetic order of the Mn3* and Mn** moments
at ~43 K, Mn spin reorientation at ~24 K, and a further transition at ~38 K
which coincides with a ferroelectric polarisation along the b-axis.

The application of a magnetic field along the a-axis has a significant effect on
the electric polarisation. At 3 K, a magnetic field of ~2 T causes the polarisa-
tion to completely change direction - i.e. from +b to -b (Figure 1.15(b)). This
polarisation flipping was demonstrated multiple times with no apparent loss in
magnitude (Figure 1.15(c)). This behaviour has clear implications for the realms

of data storage, where media would need to be erasable and rewritable.

1.4.4 DyMnO,

Shortly after the giant magnetoelectric effect was discovered in ThMnO3, similar
properties were found by the same group in DyMnOj [30]. The magnitude of the
spontaneous polarisation that develops below the cycloidal ordering temperature is
significantly larger in DyMnOg than ThMnOj in zero magnetic field (Figure 1.16).
As with TbhMnOQOg3, the polarisation develops along the c-axis, and can be switched

to the a-axis with a magnetic field applied parallel to b.

o2 .| ! | ' | ' I
/‘\‘ RMnQO3,
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Gd Eu . .
(9] m— } y y } y .
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Figure 1.16: Electric polarisation along the c-axis of single crystal RMnOgs (R = Eu,
Gd, Tb, Dy). Note: the magnitude of the polarisation is given in pC cm~2, rather than
uC m~2. Solid line: sample pre-cooled to 2 K, dashed line: pre-cooled to 7 K. The
arrows signify the magnetic ordering temperatures of the R moments. Taken from Goto
et al. [30]
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1.4.5 GdMnO;

Goto et al. also reported data on GdAMnOg, and found that no (or only extremely
small) spontaneous polarisation was seen along the c-axis at zero applied magnetic
field. Kimura et al. later reported that similar properties are seen along the a-
axis, with only a very small polarisation (~35 uC m~2) appearing below 10 K [31].
However, it was found that applying a magnetic field parallel to b induces a much
larger electric polarisation, with ~540 pC m~2 measured at 6 T (Figure 1.17).
There was no observed change in the direction of the electric polarisation with a

magnetic field applied along any of the principal crystallographic axes.
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Figure 1.17: Electric polarisation along the a-axis of GAMnOQOg, with the magnetic field
applied parallel to b. Taken from Kimura et al. [31]

1.5 Classification of multiferroics

Since the discovery of the materials highlighted above, Schmid’s definition of a mul-

tiferroic [1] has evolved. Multiferroics are now put into one of two main classes [6]:

1.5.1 Type-I multiferroics

In type-I multiferroics the magnetic and ferroelectric ordering occur at different
temperatures, and due to different processes. The result of this is that there is a
weak coupling between them. The ferroelectric state generally arises at a higher
temperature, with the spontaneous polarisation being of order 10-100 uC cm~2.

An example of a widely studied type-I multiferroic is BiFeOjs (Section 1.4.1).
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1.5.2 Type-II multiferroics

In a type-II multiferroic the ferroelectricity is directly caused by magnetic order.
This implicitly means that a strong coupling must exist between the two orders.
The most well known example of a type-II multiferroic is ThMnOs3, in which a
cycloidal antiferromagnetic ordering induces a spontaneous electric polarisation at
~27 K (Section 1.4.2). Due to the strong coupling that exists in such a material,
it is often possible to alter the ferroelectric polarisation of a type-II multiferroic
with an applied magnetic field, or vice versa. The practical drawback of this class
of multiferroic is that the magnitude of the polarisation is much lower than that
of a type-I multiferroic (of order 1072 uC cm™2).

One of the major current challenges facing researchers in the field of multifer-
roics is to find a material which has both the electric polarisation magnitude of a
type-I multiferroic and the strong magnetoelectric coupling of a type-II multifer-

roic.

1.6 Understanding the magnetoelectric effect in TbhMnOj;

By 2005, strong magnetoelectric coupling had been discovered in ThMnOj3 and
DyMnO3; with GdMnO3 also showing an electric polarisation under an applied
magnetic field [30, 31]. Research then began to focus on understanding the nature
of the magnetic phase which induced the ferroelectricity in these compounds.

Kenzelmann et al. [32] carried out neutron diffraction experiments on ThMnOs
single crystals. Below 41 K, data corresponding to a sinusoidal magnetic order
of the Mn*" moments were found (Figure 1.18(a)), in agreement with the model
proposed by Kimura et al. [7]. However, the magnetic phase below 27 K was
not found to be commensurate as previously thought, therefore discounting an
incommensurate-commensurate “lock-in” transition as the cause of ferroelectricity.
Instead, the phase was proposed to be cycloidal, with the Mn?** moments in the
form of an ellipsoidal spiral in the b-¢ plane (Figure 1.18(b)).

The appearance of a ferroelectric order in ThMnOg3 was described by Kenzel-

mann et al. by analogy with the description for a similar effect in NigV,0g [33].
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Figure 1.18: (a) The sinusoidal magnetic order of the Mn spins below 41 K, and (b) the
cycloidal magnetic order below 27 K in TbMnOs. The black arrow in (b) represents the
electric polarisation. Adapted from Kenzelmann et al. [32].

The spontaneous polarisation was proposed to be due to the cycloidal order of
the Mn*" moments breaking the magnetic spatial inversion symmetry and thus
allowing a coupling between the magnetic and electric order parameters (see Sec-
tion 1.3). Using symmetry arguments, the direction of the electric polarisation
was correctly predicted for Ni3gV,Og and ThMnOs.

A microscopic model for describing the magnetoelectric coupling in non-collinear
magnets such as TbMnOj3 was presented by Katsura et al. [34]. It was proposed
that the electric polarisation is induced by a spin current, jg oc S; x S;, for neigh-

bouring spins S; and S, separated by a vector r;;:

In TbMnO3, the magnetic Mn atoms are connected by non-magnetic oxygen
atoms, with Mn-O-Mn bond angle ¢ (Figure 1.19). The spins propagate along
the b-axis and spirally ordered in the b-c plane (i.e. (S; x S;) is parallel to a). Ac-
cording to equation 1.6, the induced polarisation will be proportional to (bx a) and
will therefore point along the c-axis, as confirmed by experiment (Figure 1.13). A
similar result was also found by Mostovoy, using a phenomenological approach [35].
As shown in Figure 1.14, the electric polarisation switches from the c- to the a-axis
under an applied magnetic field along the b-axis. According to Equation 1.6, a
cycloid in the a-b plane, propagating along the b-axis would be expected in this
state (such that r;;//b, js//c, P//a). This spin configuration was experimentally

confirmed by Aliouane et al. [36].
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Figure 1.19: Electric polarisation induced by cycloidal magnetic order in ThMnOs.

Sergienko et al. proposed a link between the Dzyaloshinskii-Moriya (DM) in-
teraction and the onset of ferroelectricity in systems which show non-collinear spin
order [37, 38]. The DM vector D shown in Equation 1.2 is proportional to x X r;;,
where x is the displacement of the oxygen atom (Figure 1.19). The DM interaction
energy is therefore increased by pushing the negative O ions away from the pos-
itive Mn ions, resulting in an electric polarisation. Supporting this theory is the
fact that the electric polarisation is found to be perpendicular to the direction of
magnetic propagation for all incommensurate multiferroics, as would be expected
by Equation 1.2.

As the displacement x of the oxygen atoms increases, the Mn-O-Mn bond angle
¢ decreases, suggesting an important link between ¢ and the existence of multifer-
roic properties.Goto et al. suggested a link between the multiferroic properties seen
in ThMnO3 and DyMnOs and ¢ in 2004 (Figure 1.20) [30]. It was apparent that
the cycloidal magnetic order was only seen for ¢ in the range 144.5° < ¢ < 145.8°,
implying a strong link between the relative positions of neighbouring Mn atoms
and the magnetic frustration they experience. It has also been proposed that the
magnetic ordering of the rare earth moments plays a part in inducing the cycloidal
Mn3* phase [39)].

Recent X-ray scattering experiments on ThMnO3 have confirmed that the Th3*
moments order as well as the Mn3* moments at the ferroelectric transition temper-

ature, with a component along the b-axis [40, 41]. This result confirmed previous
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Figure 1.20: Magnetic phase diagram for RMnOs (AF = antiferromagnetic), taken
from Goto et al. [30]. The grey area indicates the region in the phase diagram where a
cycloidal Mn order and strong magnetoelectric coupling is observed.

predictions [32], and has potentially important implications for understanding the
nature of the magnetoelectric effect in ThMnOg3. The description of the magnetic
structure of ThMnOj3 was also modified by Wilkins et al. to include a slight canting

of the of the Mn®* moments in the c-direction in the sinusoidal magnetic phase,

and an out of plane canting in the cycloidal phase.

1.7 Recent research and motivation for this work

In the past 5 years, research into the multiferroics has branched into several differ-
ent areas. The use of multiferroics for technology is currently a widely researched
field, and the fundamental physics governing the strong magnetoelectric coupling

seen in multiferroics is still not fully understood.

1.7.1 Technological applications

In the field of spintronics the spin of an electron, rather than (or in addition to)
its charge is used to carry information. Spintronic devices, therefore, can retain
information without an applied electric current (i.e. are non-volatile) and so have
a much lower power consumption than typical charge-based devices. Spintronics

could theoretically be used for magnetic random access memory (MRAM). The
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ability to change the magnetisation state of a sample with an applied electric field
would mean that less power is used, and so multiferroic materials could prove to
be very important to this field. Papers on multiferroic thin films frequently cite
potential use in spintronics as a motivation for research.

A problem with using multiferroics in the field of spintronics is that they typ-
ically show antiferromagnetic order, and therefore have little or no overall mag-
netisation. One way of overcoming this is the synthesis of composite materials
of antiferromagnetic multiferroics and ferromagnets. The magnetisation of the
ferromagnet is linked to the antiferromagnet due to exchange bias. In principle,
applying an electric field to the material would change the ferroelectric polarisation
of the multiferroic antiferromagnet and thus the direction of the antiferromagnetic
order. This, in turn, would flip the magnetisation direction of the ferromagnet.
This process is illustrated in Figure 1.21, taken from Ramesh & Spaldin [4]. This
process does not strictly require a multiferroic material, rather one with a strong
magnetoelectric response. A similar effect was found by Zavaliche et al. for a com-
posite thin film consisting of CoFe;O4 nanopillars inside a BiFeO3 matrix [42], and
research is currently focusing on producing a technologically viable thin film ma-
terial.

Another proposed practical application for multiferroic materials is as read
heads for magnetic storage devices [43, 44]. Presently, read heads make use of
magnetoresistance effects, with the resistance experienced by the device being
dependent on the magnetic orientation of the domains in the storage media. Mea-
suring this resistance requires a test current to be supplied to the read head, but a
multiferroic device could generate an output voltage in the absence of an external
current. This would then lead to reduced power consumption of the device, which

is particularly valuable for battery powered handheld devices.

1.7.2 lexYxMIlO‘O,

Now that the causes of multiferroic behaviour are better understood, it has been
possible for new multiferroics to be synthesized. One such branch of research

has concentrated on composite multiferroics, which are made up of 2 (or more)
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Figure 1.21: A theoretical picture of an applied electric field changing the ferromagnetic
alignment of a material due to exchange bias. The material is made up of a ferromagnetic
(FM) layer on top of a ferroelectric antiferromagnet (FE/AFM). Taken from Ramesh &
Spaldin [4]

compounds that have respective ferroelectric and ferromagnetic properties. The
magnetoelectric response in such materials can be very large, and can occur at
room temperature. Examples of well studied composite multiferroics are PbTiO3-
CoFey0y, CoFeyOy-(1-2)PbZrg 52 Tig 4803 and BaTiOs-CoFe,Oy4 [45-47].

From a fundamental point of view, composite multiferroics do not help us to
understand the physics which causes the magnetoelectric coupling in single phase
compounds. A relatively new area of research with explores this theme involves
developing new multiferroics based on doping non-multiferroic materials. Such
research makes up a substantial part of this thesis.

The rare earth manganite (RMnOs) series shows various different magnetic
states as the lanthanide atom is changed. The RMnOj3 compounds (R = La, Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy) form as orthorhombically distorted perovskite
structures, space group Pbnm. For R = La-Eu, the compounds have A-type
antiferromagnetic order (Figure 1.5) [48].

As discussed in Sections 1.4.2; 1.4.4, TbMnO3 and DyMnO3; are multiferroic,
with frustrated magnetism in the form of cycloidal ordering of the Mn?* moments
inducing ferroelectricity. GdMnOj also shows an electric polarisation under an
applied field (Section 1.4.5).

The RMnOj compounds (R = Ho, Er, Tm, Yb, Lu, Y) form as hexagonal
structures, but can be prepared as orthorhombic with high pressure synthesis.
These compounds have been found to show type-I multiferroic behaviour, with

antiferromagnetic order occurring at low temperature (<100 K), and ferroelectric
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order at high temperature (>500 K) [49-55]. The R-site moments typically order
at low temperatures (<10 K) across the RMnOj series.

Based on the phase diagram of the RMnOj series (Section 1.6), Ivanov et al.
doped EuMnO3 and GAMnOg3 with non-magnetic Y, with the aim of reducing the
Mn-O-Mn bond angle and inducing multiferroic properties [56]. A spontaneous
electric polarisation was found for both Eu;_,Y,MnO3 and Gd;_,Y,MnO3 at x
= 0.2 and 0.1, respectively. The magnitude of the spontaneous polarisation in
EugsY2MnOj is ~700 pC m~2 at 0 T, a similar value to that found in ThMnOs,
but pointing along the a-axis rather than the c-axis. The application of a mag-
netic field along the c-axis causes a suppression of the polarisation along a at
~5 T. A smaller electric polarisation of ~75 uC m~2 is also seen along the c-axis
in zero field (Figure 1.22). Gd;_,Y,MnO3; was found to show a relatively small
polarisation along the c-axis of ~20 pC m~2, which could also be suppressed by
an applied magnetic field along the c-axis [56]. The results for Eu;_,Y,MnOs;
were expanded upon by the same group in the following year for Y-doping up to a
concentration of =0.5 [57]. An increase in the electric polarisation magnitude to
~1200 uC m~2 was found for Eug s95Y0.40sMnO3 by Noda et al. [58] and Yamasaki
et al. for EuggYo4MnOj3 [59]. Both papers reported a polarisation flop from the
a-axis to the c-axis with a magnetic field applied along the a-axis of ~4 T. The
magnitude of the electric polarisation that developed along the c-axis was approxi-
mately 3-4 times smaller than that along the a-axis. Up to the present date (April
2010), papers have continued to be published trying to further understand the
multiferroic properties of Euy_,Y,MnOj3 [60-62]. The papers on Eu;_,Y,MnOs;
often state that there is no magnetic moment contribution from the Eu®* ions,
since the free ion has a total angular momentum J = 0 [57-59]. They therefore
infer that the strong rare earth moments of Th** and Dy3* ions are not necessary
for the magnetic frustration of the Mn®" moments in the RMnOs; compounds.
However, it is still possible that rare earth-Mn interactions can enhance multifer-
roic properties, as proposed for DyMnOj3 by Prokhnenko et al. [63]. An electric
polarisation flop where similar values of polarisation are seen along the initial and

flop directions could also be linked to a strong coupling between the rare earth
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Figure 1.22: Magnetic field dependence of (a) magnetisation, (b) longitudinal magne-
tostriction, and electric polarisation along the (¢) ¢- and (d) a-axis for EuggYp2MnOs.
The magnetic field is applied parallel to the c-axis at 4.5 K. Taken from Ivanov et
al. [56]
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and Mn?" ions.

The Mn-O-Mn bond angle has been found to decrease with increasing Y con-
centration in Nd;_,Y,MnOg3, with an associated change in the magnetic proper-
ties [64]. Ferroelectric properties have subsequently been found for this group of
compounds with z = 0.4 — 0.55 [65].

The compounds studied in this thesis are the rare earth manganites of the
form RMnOjz (R = Sm, Tb, Dy) and R;_,Y,MnO3 (R = Sm, Gd). TbhMnOs;
and DyMnOj3 are well studied compounds, and were chosen as a starting point
for the project. The procedure for single crystal growth was refined using these
compounds, and measurements of magnetic and electric properties were made, as
detailed in Chapter 3. The magnetic susceptibility data along the three principal
crystallographic axes of TbhMnO3 and DyMnOs3, the heat capacity of ThMnOj3 in
an applied magnetic field, and the magnetisation data for DyMnOg3 are unpub-
lished elsewhere at the time of writing. Similar data for a new group of multiferroic
compounds, Sm;y_,Y,MnO3 (z = 0.4,0.5) are presented in Chapter 4. The pro-
duction of Sm;_,Y,MnOj3 (both polycrystalline and single crystal samples), and
the measurements of magnetoelectric properties were carried out for the first time
as part of this project. This work was prompted by the research discussed in Sec-
tion 1.7.2, with the aim of further understanding the fundamental physics which
leads to multiferroic properties. The following chapter presents results of neutron
diffraction and X-ray resonant scattering experiments, conducted as an attempt to
determine the magnetic structure of Sm;_,Y,MnOj. Initial work on compounds
of the form Gd;_,Y,MnO3; and Gd;_,Lu,MnOj; is detailed in Chapter 6, which

were studied as a follow-up to Sm;_,Y,MnOs.
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Chapter 2

Experimental methods

Several different experimental techniques were utilised for the investigations de-
scribed in this thesis. This chapter details these techniques, covering sample prepa-
ration and characterisation, laboratory measurements of magnetic and electric
properties, and the underlying physics of neutron scattering and X-ray resonant

scattering experiments carried out at central facilities.

2.1 Sample preparation

All samples used for the experiments detailed in this thesis were made at the
University of Warwick. Polycrystalline samples were synthesised by solid state
reaction. This was carried out by mixing and grinding together stoichiometric
ratios of the required metal oxide powders, followed by furnace heating. Typically,
powders were heated 3-4 times for 12 hours at temperatures up to 1400—1500°C.
Hygroscopic starting compounds (those which absorb moisture from the air) such
as Nd2O3 and Y503 were pre-heated for 4 hours at 1100°C to remove impurities

before reacting with other oxides.

2.2 X-ray diffraction

Powder X-ray diffraction was used to check phase formation and determine the
crystal structure of synthesised samples. Incident X-rays are scattered by a poly-

crystalline sample according to Bragg’s law
nA = 2d sin 0 (2.1)
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where A\ is the wavelength of the X-ray beam, 6 is the incident angle, and d is
the distance between crystal planes. The value for d is dependent on the Miller
indices h, k and [. Two different X-ray machines were used to record the diffrac-
tion patterns presented in this thesis: a Philips PW1720 X-ray generator, which
uses Cu K, radiation (A ~ 1.54A); and a (more advanced) Panalytical X'Pert
Pro multipurpose X-ray diffraction system (MPD), with monochromated Cu K,

radiation.

2.3 Single crystal growth

Single crystal samples are vital to understand the physics exhibited by samples
which have high magnetic/ferroelectric anisotropy (i.e. significantly different be-
haviour is seen along different crystallographic directions). This is especially the
case in multiferroic compounds, where the application of a magnetic field along one
crystallographic direction could affect the electric properties seen along another
direction, and vice versa. Single crystals are also necessary in order to observe
local magnetic behaviour (such as domains and short-range correlations) using
neutron diffraction or X-ray scattering.

The single crystal specimens used for the measurements presented in this thesis
were grown using the floating zone method. Samples need to be in the form
of polycrystalline rods before crystal growth can be carried out. Polycrystalline
materials were made into rods by compacting the powder into a waterproof balloon
before compressing isostatically by submerging in water and applying high pressure
(>150 kg cm™2). The resulting rod was sintered again for 12 hr at ~1400°C to
make it less likely to crumble upon handling.

The resultant rod (the feed rod) is then suspended using platinum wire (which
is non-reactive and has a high melting point) inside the optical floating zone fur-
nace, as shown in Figure 2.1. Inside a sealed quartz tube, the rod is suspended
from a shaft above a crystal of either the same compound, or one with similar
lattice parameters (the seed). The shafts are then counter-rotated and the feed
and seed are brought close to each other at the centre of the furnace. At this

point, light from halogen (or xenon) bulbs is focused by using ellipsoidal mirrors
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quartz chamber

gas outlet «— ellipsoidal reflectors

halogen bulbs

polycrystalline feed rod

molten zone ) «— gas inlet
single crystal / seed rod
counter-rotating
drive shafts

=l =

Figure 2.1: Schematic of a two-mirror floating zone image furnace

inside the furnace, creating a region of high temperature. The temperature in this
region is gradually increased until both rods reach their melting points, at which
point they are brought together to make a molten zone, held together by the sur-
face tension of the material. The counter-rotation helps to homogenise both the
temperature and the composition in this region. The rods are then both lowered
through the hot region such that the length of the feed rod is transformed from
polycrystalline to a molten state, and then into a single crystal as it leaves the
high temperature zone and resolidifies upon slow cooling.

The stability of the molten zone can be maintained by remotely controlling
the power to the bulbs to raise/lower the temperature in the zone, and by con-
trolling the individual rate at which each shaft is lowered, as well as making small
adjustments to their positions if necessary. Crystal growth can be carried out
in an atmosphere of air, oxygen, argon or a combination of these gases (an ar-
gon atmosphere could be used for a compound that is particularly reactive with
oxygen, for example). The crystal growth rates for samples described in this the-

sis have ranged from 5-10 mm/h. The furnaces used for crystal growth were the
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NEC SC-N35HD and Canon Machinery SC1-MDH 11020 two mirror furnaces, and
the Crystal Systems Inc. F-ZT-10000-H-IV-VPS and FZ-T-12000-X-VI-VP four
mirror furnaces.

Using the floating zone method, crystals up to 80 mm in length and 8 mm
in diameter were grown. Large crystal sizes are particularly useful for neutron
scattering experiments (Section 2.9), where signals are small. There is no contam-
ination of samples with the floating zone method, since growths are carried out
in a closed atmosphere without the need for a crucible (unlike the Bridgman and
Czochralski methods). Compositions of dopants tend to be uniform in the grown
boules, and are representative of the composition of the feed rod. However, the
gravity-based nature of the crystal growth means that there is a limitation on the

size of the crystals grown compared to, for example, the Czochralski method.

2.4 X-ray Laue method

Single crystal quality and orientation are determined using the X-ray Laue tech-
nique. A “white” beam of X-rays is used for this technique, i.e. the beam is not
single wavelength. The range of X-ray wavelengths gives a range of Ewald spheres
of different radii, meaning that a large portion of reciprocal space is diffracted
simultaneously. The setup is such that the incident X-ray beam is fired from
the centre of a scintillator screen, and is backscattered towards the screen by the
crystal (Figure 2.2. Images are recorded using a charge-coupled device (CCD)
connected to a computer. The peak emission of the (GdOS:Tb) scintillator screen
is at 500nm, which matches the quantum efficiency response of the CCD. Image-
Pro Express software! allows control over the data collection, including exposure
times and number of images recorded. Samples were mounted on a triple-axis
goniometer which allowed rotation and translation in each axis/direction to be
remotely controlled from a computer. This allowed samples to be checked and
aligned without having to shut down the X-ray power supply to access the sample

area.

"http:/ /www.mediacy.com/
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detector screen

sample

— incident beam

> scattered beam

Figure 2.2: The X-ray Laue technique

Using OrientExpress software,? Laue patterns for single crystals can be simu-
lated, provided that information is known on the crystal space group and lattice
parameters. These patterns can then be used to orient single crystal samples. Typ-
ically, oriented single crystals are cut using a low speed diamond saw, such that
the crystallographic directions of interest are normal to the cut surface. The crys-
tal pieces used for the measurements presented in this thesis were parallelepipeds,
with each face perpendicular to a principal crystallographic direction (the a-, b-
and c-axes for orthorhombic systems). The dimensions of these samples were

2

~ 3 %X 2 % 2mm* or smaller.

2.5 Magnetic properties

2.5.1 Superconducting QUantum Interference Device (SQUID)

The SQUID magnetometer is an instrument which is very sensitive to magnetic
fields, making it ideal for measuring subtle changes in the magnetic behaviour of a
sample when it is subjected to different temperatures, magnetic fields or pressures.
The magnetometer comprises a SQUID attached to pick up coils which sit inside
a superconducting magnet. Samples are fixed to non-magnetic tufnol holders with
GE (General Electric) varnish, and then placed on the end of a non-magnetic

sample rod between the pick up coils. Liquid helium and liquid nitrogen are used

*http://www.ccpld.ac.uk/ccp/web-mirrors/lmgp-laugier-bochu/
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to cool the magnet and control the temperature inside the sample space. To take
measurements, a magnetic field is applied to the sample as it is slowly moved
through the coils in a series of 32 steps. The magnetic response of the sample
generates a current in the pick-up coils which in turn is detected by the SQUID.
The SQUID is shielded from the magnetic fields so as to detect only the current
from the pick-up coils. After the sample has been moved through the specified
range (typically 4 cm), the measured signal is fitted and then converted into a
magnetic moment value in electromagnetic units (emu). A schematic diagram of
the SQUID is shown in Figure 2.3. Two different SQUID magnetometers were used
to take the measurements presented in this thesis - a Quantum Design MPMS-5S
and MPMS-XL. The MPMS-5S can be used to take magnetisation measurements
over a temperature range of 1.8 —400 K and applied magnetic field range of up to
+5 T. The MPMS-XL is able to reach +7 T.

Typical measurements carried out with the SQUID were of magnetic suscepti-
bility versus temperature at a rate of ~1 K/min when measuring around magnetic
transitions, or 2-5 K/min if measuring the paramagnetic behaviour over a large
temperature range. Magnetic susceptibility can be measured in both zero-field
cooled (ZFC) and field cooled (FC) situations. A zero-field cooled measurement
involves the sample being cooled from the high temperature paramagnetic state
to base temperature before a magnetic field is applied to the sample, and in a field
cooled measurement the field is applied beforehand. There can be a significant
difference between the ZFC and FC data depending on the nature of the magnetic

order present in a material.

2.5.1.1 Interpreting susceptibility data

In the paramagnetic state of a material, the susceptibility is expected to behave
according to the Curie-Weiss law. For a ferromagnet with Curie temperature 7¢,

this law is given as

(2.2)
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pick-up coils

Figure 2.3: Schematic of a SQUID magnetometer

where C' is the Curie constant, a value which is dependent on the material under

study. For a general magnetic system, this law is rewritten as

C

- (2.3)

X

where 6 is the Weiss temperature. The value of 6 can be determined by plotting
1/x (Figure 2.4), and gives information on the nature of the magnetic properties of
a material. For a material which is paramagnetic down to 0 K, § = 0. A positive
value of # indicates a ferromagnetic material, with § = T expected. A negative
value of 6 indicates an antiferromagnetic material, with § = —Ty expected. This
relation assumes that, for antiferromagnets, the molecular field on a magnetic
sublattice is purely dependent on the magnetisation of the other sublattice, and
discrepancies between the values of § and -Ty are common in practice [15].

The value of C' can be used to calculate the effective magnetic moment, g
present in a sample, according to

o — MPerNa
3k

where pp is the Bohr magneton, kg is the Boltzmann constant (both in c.g.s.

(2.4)

units), N is Avogadro’s number and peg = #eft/us. The magnetic moment of an
ion can be theoretically calculated from the orbital (L), spin (S) and total (J)

angular momentum values:
Pt = g3/ J(J + 1) (2.5)
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—— Paramagnetic 1 /X
X —— Ferromagnetic
—— Antiferromagnetic

6 T —9 6 T

Figure 2.4: (a) Curie-Weiss behaviour of the magnetic susceptibility of different magnetic
systems, above the magnetic ordering temperature, 6. (b) Plotting the inverse suscepti-
bility gives straight line data, with 6 given by the intercept with the temperature axis.
0 = 0 for a paramagnet, 0 > 0 for a ferromagnet, and 6 < 0 for an antiferromagnet.

where ¢gj is the Landé g-value, given by

3 S(S+1)—L(L+1)
2" 2J(J +1)

g3 = (2.6)

2.5.2 Vibrating Sample Magnetometer (VSM)

The Oxford Instruments VSM is an instrument that is suited to smoothly varying
the applied magnetic field, up to £12 T. This makes it a more suitable instrument
than a SQUID magnetometer for measuring the field dependence of the magneti-
sation of a sample (although the SQUID has greater sensitivity). As with the
SQUID magnetometer, a current is induced in the pick-up coils due to the motion
of a magnetic sample between them. The motion is given by a vibration of the
sample at a constant frequency of 55 Hz. Measuring the magnetisation of a sam-
ple along different crystallographic directions gives information on its magnetic
anisotropy, and the size of the magnetisation can be related to the magnetic order
present. The VSM can also be used to observe sample hysteresis and metamag-
netic transitions.

The size of the magnetisation observed under an applied magnetic field can
be compared with theoretical values to further understand the behaviour of a
magnetic system. If an applied magnetic field is sufficient to saturate the magnetic

moments in a sample, the expected saturation magnetisation is given by
Mg =nJgsup (2.7)
where n is the number of atoms per unit volume.
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2.5.3 Physical Properties Measurement System (PPMS)

The PPMS is used to measure the heat capacity of a sample, usually as a function
of temperature, but also as a function of applied magnetic field. The sample is
placed on a 3x3 mm? platform in the middle of a “puck” (Figure 2.5). The plat-
form is suspended by wires, which isolate the platform from thermal contact with
the system, and are also used for platform heating and temperature measurement.
The sample is attached to the platform using Apiezon grease (N-grease for low
temperature measurements and H-grease for measurements above room temper-
ature). This puck is then placed inside a superconducting magnet which has a
temperature range of 2-400 K, and is capable of applying magnetic fields up to
+9 T. The heat capacity is then determined at a particular temperature by apply-
ing a small increase in temperature (typically ~5% of the current temperature)
and measuring how long the sample takes to return to the initial temperature.
Because both the sample platform and the Apiezon grease will contribute to this
relaxation time, it is necessary to initially take an addenda measurement, where
the heat capacity of just the puck and the grease is measured over the temperature
range required for the sample measurement. This addenda is then subtracted from
the subsequent measurement with the sample present. Samples for heat capacity
measurements can be either polycrystalline or single crystal for zero field measure-
ments, since the heat capacity is a bulk value. However, if a magnetic field is to
be applied along a certain crystallographic direction, a single crystal is necessary.
The sample should be relatively thin (ideally less than 1 mm) to avoid the effects
of a thermal gradient between the platform and the top of the sample, and should
have a large surface area to improve the accuracy of the measurement (a larger

sample will have a larger relaxation time upon a change in temperature).

2.5.3.1 Interpreting heat capacity data

The heat capacity, C, of a sample at a particular temperature gives information
on the entropy, S, present in the system. At constant pressure, this relationship

is given by
08
Cp=T|— 2.8
»=7(37), 28)
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- thermocouple /

sample k( . heating wires

stage

Figure 2.5: Sample puck, inserted into PPMS for heat capacity measurements

The entropy of a system is given by the following equation for a fixed volume, V'

where F'is the Helmholtz free energy, a portion of the total internal energy, E of

and magnetic field, B:

the system defined as
F=U-TS (2.10)

From equation 2.9, it can be seen that a change in the energy of the system will
have an associated entropy change, and so measurements of the heat capacity are
useful for observing phase transitions, which appear as sharp peaks as a func-
tion of temperature. Determining the magnetic entropy also gives quantitative

information on the magnetic order present in the sample:
S=RIn(2J +1) (2.11)

where R is the molar gas constant (8.314 m? kg s~ K~! mol™!) and J is the total
angular momentum of the magnetic ion.

In order to extract the magnetic entropy from the total entropy, phonon con-
tributions need to be subtracted. This can be achieved by measuring the heat
capacity of a non-magnetic analogue of the sample, and then subtracting its heat
capacity. This non-magnetic compound is known as a phonon blank, and is cho-
sen to have a molecular weight and crystal structure as close as possible to the
magnetic compound in order to have an accurate representation of its lattice con-

tribution to the heat capacity.
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2.6 Dielectric constant measurements

A material is referred to as a dielectric if it can be electrically polarised upon the
application of an electric field. This polarisation occurs due to electric dipoles
orienting themselves in response to the applied field. An internal electric field
within the dielectric is generated (the electric displacement field), and acts to
compensate the external field. The electric susceptibility of a dielectric, x. is a

measure of how strongly the polarisation, P, is dependent on the applied field, E:
P = x.c0E (2.12)

where gy is the permittivity of free space (8.854 x107'* Fm~!). The electric
susceptibility is a dimensionless quantity, and is related to the permittivity, €. For

a material with a relative permittivity, &,
e =c¢coer = (1 + xe)0 (2.13)

The relative electric permittivity is also referred to as the dielectric constant. The
electric displacement field, D is also directly linked to the electric polarisation and
the dielectric constant:

D=cE+P (2.14)

Referring to Equations 2.12 and 2.13, this relation can be expressed as
D =¢c, E (2.15)

The behaviour of dielectric materials in response to external electric field is well
illustrated in the case of the parallel plate capacitor. For two electrodes of area
A, separated by a distance d across a vacuum (Figure 2.6), a capacitance develops

when an electric field is applied:
O = (2.16)

If a dielectric material is then inserted between the two electrodes (Figure 2.6),

the electric field is reduced, and the capacitance increases:

gogr A

="

(2.17)
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‘ dielectric ‘

Figure 2.6: A parallel plate capacitor, where the electrodes are separated by (a) a
vacuum, and (b) a dielectric material

Experimentally, the dielectric constant of a material can be determined by mea-
suring its capacitance, assuming its dimensions are well known.

In order to measure the electric properties of multiferroic materials, a new
PPMS sample insert was made by Professor C.V. Tomy (EPSRC Visiting Fellow,
2008-09). This insert allowed the sample to be placed inside a superconducting
magnet for measurements to be made from 400 K to 2 K, and in magnetic fields
up to 9 T. The application of a magnetic field whilst measuring electrical proper-
ties is very important for demonstrating the existence of multiferroic properties.
The sample insert could be connected to an impedance analyser, an electrometer
or a high voltage power supply as required. A schematic diagram and photo-
graph of the sample insert can be seen in Figure 2.7. A LabVIEW program was
developed (by C.V. Tomy and summer student Ashley Chapman), enabling com-
puter control of the PPMS operations and communication with the impedance
analyser, electrometer and voltage supply. Part of the work carried out for this
Ph.D. was helping to set up this electric measurement system, and performing
trial experiments in order to standardise results(Section 2.8).

Samples used for electric properties measurements need to have two flat, op-
posite faces (i.e. of the form of a parallel plate capacitor) and are attached to the
insert using GE varnish. Electrical contacts are made by coating the flat faces
with silver paste (Du Pont 4929N conductor paste) and attaching wires. During
the course of testing this new system, it was discovered that to reduce noise in the
measurements it was best to use a thin sample (<1 mm thick) with a relatively

large surface area (>5 mm?). It was also found that silver paint alone did not give
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sample

Figure 2.7: (a) Schematic diagram of the sample insert for electric properties measure-
ments. (b) Close up of the sample connection point (the arrow indicates the point where
the sample is attached)
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sample electrode (silver conducting
paste on sputtered gold)
silver wire
solder
GE varnish B sample holder
O O

Figure 2.8: Illustration of sample mounting and connection for dielectric measurements

sufficient electrical contact with the surface of the sample, and so gold sputtering
was used as a base before silver paint was used to attach the wires (Figure 2.8).
For measurements of the dielectric constant, an Agilent 4294A impedance anal-
yser was connected to the PPMS sample insert. The sample capacitance was then
measured as a function of temperature, and used to calculate the dielectric con-

stant using Equation 2.17.

2.7 Polarisation measurements

Measurements of the electric polarisation were conducted by detecting the pyro-
electric current as a function of temperature. This method is commonly used for
multiferroics [7, 66|, where the polarisation magnitudes are small compared with
those of standard ferroelectrics. Samples were prepared in a similar manner as
for capacitance measurements, with electrodes sputtered on opposite faces of the
crystal. The sample insert was first connected to a high voltage power supply
(Stanford Research Systems PS310). A voltage of 150-200 V mm~! was applied
across the sample, at some temperature far above the ferroelectric transition tem-
perature (7¢). Keeping the voltage applied, the sample was then cooled through
Tc to a low temperature value (2-10 K). At this point, the high voltage was
removed from the sample.

Since polarisation measurements are concerned with the bulk polarisation within
the sample, it was important to remove the effect of surface charges which had

built up due to the application of an electric field. A bleed resistor box was built
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for this purpose (Section 2.8.3), which dissipated the surface charge when the
voltage supply was disconnected. It was found that it was necessary to leave sam-
ples connected to the bleed resistor for 30-60 min for sufficient removal of surface
charge. The sample was then connected to a Keithley 6517A electrometer, and
the temperature of the sample was increased (at a rate of 1-5 K min™!) whilst
measuring the pyroelectric current. The electrometer has a very high sensitivity,
essential for measuring the small pyroelectric current which is of the order of 1 pA
= 1072 A. This sensitivity introduces the practical problem of making sure the
measured signal is not influenced by ground loops, or stray electric fields from
equipment connected to the mains power supply - or even movement of people
near the equipment.

The temperature dependence of the pyroelectric current will typically show a
finite signal in the ferroelectric phase, with a sharp anomaly at T. Above T,
the signal becomes flat, showing that electric polarisation no longer exists in the
system. In order to convert the data into a measure of the polarisation (in Cm~2),

the following relationship is used:

_ [

P== (2.18)

The pyroelectric current data is measured as a function of temperature and time
by the LabVIEW program. The data is integrated with respect to time, from the
final time to start time. This integration method ensures that zero polarisation
is calculated in the temperature range where the pyroelectric current is zero (i.e.
above T¢). The integral of the current is divided by the sample area (electrode
area) to give the polarisation, which can be plotted against temperature. This
process is shown in Figure 2.9. In order to determine the crystallographic axis

along which the polarisation develops, single crystal specimens are required.
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2.8 Standardisation of polarisation measurements

The electric polarisation measurements in this thesis utilised the method of mea-
suring the pyroelectric current, as described in Section 2.7. Since this technique
used a new setup at the time, it was important to standardise the results prior to
making measurements on new, untested compounds. Since the polarisation data
for TbMnOg are well reported, a single crystal of this compound was used as a
control sample to allow standardisation of measurements. The pyroelectric cur-
rent that develops in these systems is extremely small (of the order of 10 pA), and
so measurements were found to be very sensitive to external effects. It was also
found that the sample preparation and measurement procedure have a significant
impact on the quality and reliability of the data. Initially, there were problems
with obtaining reproducible results for the polarisation, and the magnitudes mea-
sured were a lot smaller than expected. Alterations to the experimental method
drastically improved these results, and resulted in much better data being taken

first for TbMnOg, and then for Smg ;Yo 5MnO;3 (as shown in Section 4.2.6).

2.8.1 Electrical contacts

The sample under test was electrically connected to the PPMS insert by attaching
wires from the sample to a removable mount, as shown in Figure 2.8. Fine silver
wire (2 0.125 mm or 0.05 mm) was used for this connection, with silver paste (Du
Pont 4929N conductor paste) joining the wires to the opposing crystal faces, and
solder connecting the wires to the mount. Initially, the opposing sample faces were
coated with just a layer of silver paste, but it was discovered that this resulted in
insufficient surface contact between the wires and the sample. This problem was
overcome by first sputtering gold contacts onto the sample faces, giving a fine base
layer covering as much of the surface as possible. Silver paste was then used on
top of this layer to connect the wires to the sample mount. Gold sputtering was
carried out using a Polaron range sputter coater. Electrical contacts were checked

before inserting the sample into the PPMS by using a standard multimeter.
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2.8.2 Sample thickness

In order to electrically pole the sample under test, a high voltage was applied.
According to published methods, a suitable voltage for this purpose was generally
~150 V. mm—1 [7, 66]. The initial TbMnOsy single crystal sample was cuboid in
form, with dimensions 1, = 1.19 mm, I, = 1.89 mm and 1. = 2.70 mm, where 1, is
the length of the crystal parallel to the a-axis, etc. Since the electric polarisation
direction in TbMnOs is along the c-axis (in zero magnetic field), this meant that
a very high voltage needed to be applied in order to pole the crystal (405 V).
This introduced two problems into the experiment, before any measurements were
taken. Firstly, a result of applying such a high voltage was that the current often
tripped when cooling, resulting in an inconsistency in the amount of poling of the
sample. The high voltage also generated a significant amount of heat, making
it difficult to cool the sample to 2 K, and degrading the electrical contacts with
repeated application of the electric field. The solution to this problem was to use 3
different crystals of ThMnQOs, in the form of plates with the surface normal parallel
to each principal crystallographic axis. These plates had typical dimensions of

~2x2x <1 mm?

, meaning that a much lower voltage could be applied to satisfy
150 V. mm™!, and (in certain situations) the electrode area could be calculated

more accurately.

2.8.3 Removal of surface charge

Once the sample is cooled to the starting temperature for measurement, a surface
charge is present due to the application of a high voltage. Since the pyroelectric
current measurement is concerned with purely bulk polarisation, this charge needs
to be removed. Initial attempts to remove surface charge involved connecting the
sample to earth, by touching the wires connected to the sample to an earth point.
This was quite a crude method, with varying lengths of time (in the region of 15 s)
for earthing introducing inconsistencies into the experimental method. Human
contact was also a potential issue, since there could be some significant charge
transfer associated. It was discovered that samples needed to be short-circuited

for a much longer time than we had been doing previously, up to 90 min [66].
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A bleeder resistor box, consisting of three 330 k2 resistors, was incorporated
into the circuit in order to accomplish the removal of surface charge. When the
high voltage was turned off, the resistors acted to dissipate any current left in
the circuit (i.e. from the surface charge). The system was left connected to the
bleeder resistor for 60 min before connecting the electrometer and beginning the
pyroelectric current measurement. The pyroelectric current, by definition, arises
due to a change in temperature of the sample, so should not be affected by the

draining of the surface charge.

2.8.4 Measurement procedure

The high voltage is applied to the sample in the paraelectric phase, so that when
the sample is cooled through the ferroelectric transition there is as much poling of
the crystal as possible. Initially, the voltage was applied at 90 K (the ferroelectric
transition temperatures, Txo, for Sm;_,Y,MnO3 and TbMnOj3 compounds lie be-
tween 25-30 K). To be certain that no error was occurring due to some remnant
ferroelectric polarisation above Tyo, later measurements on Smg5Yo5;MnO3 were
taken after applying the high voltage at 300 K. The sample was always cooled to
10 K at a rate of 10 K min~!. If the sample was further cooled down to 5 K or 2 K,
this was set at a rate of 1-2 K min~!. Cooling was always slower than expected
from the set rate; this was likely due to heating effects from the high voltage
through sample wires and across the sample. When the sample was warmed or
cooled to a particular temperature, the system was set to wait for 5-10 min to
ensure the temperature was stable before removing the high voltage.
Measurements of the pyroelectric current were taken at a rate of 5 K min~—! for
TbMnO; and Smg Y4 MnO;5 samples, and at 1 K min~! for Smg5Y;MnOs. The
slower method was eventually used in order to obtain more data points around
the ferroelectric transition temperature. This can be important due to the sharp
nature of the peak (over a range of ~1 K) in the pyroelectric current measured
around transition temperatures. Due to the extremely sensitive nature of the
experiment, the static fields of people walking past the PPMS can cause significant

spikes in the pyroelectric current. This is especially problematic when measuring
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around electric phase transitions.

2.8.5 Pyroelectric current and polarisation for TbMnOQO;

The result of refining the pyroelectric current measurement procedure can be seen
in Figure 2.10. The sample was a cuboid single crystal, with dimensions 1, =
1.17 mm, 1, = 1.91 mm and 1. = 0.92 mm. The pyroelectric current was measured
along the c-axis (where polarisation is expected in zero magnetic field), such that
the electrodes covered an area of ~2.24 mm? and were separated by 0.92 mm. Five
sets of data were taken, to make sure that the results were reproducible. Each test
was taken under the same conditions: The high voltage (150 V mm™' = 138 V)
was applied at 90 K, and the sample was cooled to 10 K at 10 K min~—!, and then to
2 K at 1 K min~!. The voltage was then removed, and the bleed resistor drained
the surface charge for ~10 s. The electrometer was then connected, and the
pyroelectric current was measured whilst increasing the temperature at 5 K min=—?.
These results were a significant improvement on previous data, both in terms of
consistency and magnitude of polarisation measured. The installation of the bleed
resistor box seems to have been an important factor, but the time taken to remove
surface charge was still very short (the charge removal time of 90 min reported
in Ref. [66] was discovered after these data were taken, and was applied to the
measurements of Smgs5YosMnO3 presented in Section 4.2.6).

It can be seen from Figure 2.10(a) that the values measured for the pyroelectric
current have a good degree of consistency, especially when considering the size of
the variations between different data sets is ~1 pA. The largest differences between
the data sets seems to be the magnitude of the peak seen at T, this is possibly
due to the short amount of time taken to pass through the transition at 5 K min™?.
Figure 2.10(b) shows that even small differences in the pyroelectric current can
have relatively large effects on the value of the polarisation calculated. This is due
to the cumulative effect of integration over time that is made when converting to
P. The sensitivity of the polarisation to the pyrocurrent seems to be a common

issue, and is a possible reason for the discrepancies between the reported values

for the polarisation along the c-axis in TbMnOs [7, 31].
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Figure 2.10: (a) Pyroelectric current and (b) polarisation versus temperature for
TbMnO3. Tests 1-5 were taken under the same conditions, to test the reproducibility
of the data. The inset for (b) shows the results of a typical polarisation measurement
before the refined technique was applied.
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The polarisation data shown in Figure 2.10 are in good agreement with those
reported by Kimura et al. in the comprehensive study of the magnetoelectric
properties along all three crystal axes [31], albeit with polarisation magnitudes
slightly smaller (~500 uC m~2 at 2 K for the measurements shown in Figure 2.10,
compared with 600 nC m~2 Kimura et al.). The sharp peak in the pyroelectric
current corresponds to the cycloidal ordering of the Mn moments, but is 2-3 K
higher in temperature than expected. This is possibly due to a lag between the
environment temperature measured by the PPMS (which is the recorded value),
and the actual sample temperature, due to the fast heating rate. The feature in the
data seen at low temperatures corresponds to the ordering of the Th moments.
This result is also seen in Ref. [31], and illustrates the clear effect that the Th

magnetic order has on the electric polarisation.

2.8.6 Summary of polarisation measurements

In conclusion, a measurement of the pyroelectric current is a good technique for
measuring a small electric polarisation, and so is particularly useful to Type-II
multiferroics such as ThMnOs3. To summarise the optimum conditions determined

for measurements of the pyroelectric current:

e a base electrical contact made by gold sputtering, onto which wires can be

connected with conducting paste
e the sample under test must be thin (no thicker than 1 mm)
e 150 Vmm™! is a sufficient applied voltage for poling the sample

e the voltage should be applied high above the ferroelectric transition temper-
ature, and should not be removed until the sample has been cooled to base

temperature

e the sample should be left connected to the bleed resistor for a minimum of

1 hr to remove the surface charge

e measurement of the pyroelectric current should be carried out at 1-5 K min~*
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e people must not walk past the experimental setup whilst measurements are

being taken, since they will introduce significant electrical noise

Using this method, the polarisation was measured for ThMnO3, and found to agree
with previously published data. Measurements of the polarisation of Smg 5Yo5MnO3

were carried out using the above method (Section 4.2.6).

49



Chapter 2. Experimental methods

2.9 Neutron scattering

The following theory of neutron scattering covers the diffraction process, i.e. elas-
tically scattered waves, from both crystal (nuclear) and magnetic structures. This
theory is applicable to the experiment conducted at GEM (ISIS), as presented in
Chapter 5.

Neutron scattering is a tool which allows both the nuclear and the magnetic
structure of a material to be examined. Unlike X-rays, neutrons have no electrical
charge, and so do not strongly interact with the electron cloud of an atom. The
result of this is that neutrons can probe deeper into a material than X-rays, and the
effect of absorption does not increase with the size of the atom. These properties
are particularly useful for defining the crystal structure of a compound, since the
positions of relatively light atoms (e.g. oxygen) can be determined even when
alongside much heavier rare earth atoms and transition metal ions.

Importantly, neutrons have a spin value of /2, allowing them to interact with
the magnetic moments present in a sample. The interaction between the intrinsic
magnetic moment of the neutron, uy, and the atomic magnetic field, B (which
is due to the resultant spin and orbital angular momenta of the atom [67]) is de-
scribed by a potential of the form —uy - B. Neutron scattering can therefore be
used to determine the magnetic structure of a compound, as well as its crystal
structure. It is typical for neutron scattering experiments to complement labo-
ratory measurements of the bulk magnetic properties of samples to give a more
detailed picture of the magnetic properties of a system.

A disadvantage of using neutrons is that scattering is weak - only a small frac-
tion of the incident neutron beam is scattered by the nuclei in the sample. This,
combined with the fact that the incident neutron flux produced by a neutron
source will be orders of magnitude smaller than the photon flux from an X-ray
source means that, generally, much longer counting times are required in neutron
scattering experiments than in X-ray scattering experiments. Also, samples are
generally required to be large for magnetic measurements using neutrons, provid-

ing a practical problem for single crystal work (ideally, crystals should be of the
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order of 1-5 cm?).

It is necessary to go to central facilities to conduct neutron scattering experi-
ments. At the Institute Laue-Langevin (Grenoble, France) neutrons are produced
by a reactor source, by the nuclear fission of uranium. At ISIS (Oxfordshire,
UK), a proton beam is accelerated to high energy before it collides with a heavy
metal target, causing neutrons to be produced by spallation. The neutrons at
ISIS are produced in bursts rather than in the continuous flow at the Institute
Laue-Langevin. Experiments are generally carried out in evacuated conditions, to

reduce/remove the effect of neutrons scattering with air particles.

2.9.1 Nuclear neutron scattering

In a neutron diffraction experiment, neutrons fired upon a sample have an incident
wavevector k;, and scattered wavevector ky. The scattering vector, Q, is then

defined as (assuming elastic scattering)
Q=k; — k¢ (2.19)

The effective cross section, o, seen by the neutron beam is related to the nuclear

scattering length, b, an atom (and isotope) dependent quantity:
o = 4nb? (2.20)

The differential cross section, g—g, is defined as the number of neutrons scattered
into a solid angle d{2 per second, as a fraction of the incident flux (It is assumed
that the distance between the sample and detector is large compared with the
dimensions of the sample and detector, such that d2 is well defined [67]). This
value represents the probability of detecting a neutron over a solid angle range, and
is dependent on the values of Q and b. For a neutron beam elastically scattered

by an array of n atoms, the differential cross section is given by
2

j—; =) byexp(iQ-r,) (2.21)

where r is the vector describing the position of the nucleus the neutron interacts

with. For a crystal with lattice parameters a, b and c:
r=za+yb+ zc (2.22)
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Scattering from a crystal occurs when the Laue condition is satisfied:
Q=G = ha" + kb* + Ic* (2.23)

where a*, b* and c* are the reciprocal space lattice parameters (a* = 27/a, etc),
and h, k and [ are the crystal Miller indices. The differential cross section in this
case is given by

do

L N2|F. .2 2.24
10 1™ (2.24)

where N is the number of unit cells in the crystal. Fj;,; is the nuclear structure

factor, and is given by
Fru = Z b, exp 271 (ha, + ky, + 12,)] (2.25)

The intensity, I, of the scattered beam is related to to the nuclear structure factor
67
I x |Fhkl‘2 (226)

2.9.2 Magnetic neutron scattering

As mentioned above, neutrons are also scattered by the magnetic moments in a
crystal. Magnetic scattering only occurs from components of the magnetisation
which are perpendicular to the scattering vector Q. The magnetic structure factor,
Fys, is given by
Far = [(Q)u; exp (1Q-1;) (2.27)
J

where f; is the magnetic moment at the jth site, and f;(Q) is the magnetic form
factor (as given by the dipole approximation), which gives the Q-dependence of the
magnetic scattering from an atom. The magnetic scattering intensity is dependent

on Fyy, as with the nuclear scattering case [67]:

Iy o< |[F o (2.28)

If a neutron powder diffraction experiment utilises measurements of the scattered

intensity as a function of the scattering vector, Q or the crystal d-spacing, any
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peaks found can then be related to the magnetic or crystal structure of the com-
pound. In order to distinguish between nuclear peaks and magnetic peaks, mea-
surements can be taken at temperatures in the paramagnetic phase, where no
magnetic order (and thus no magnetic Bragg peaks) are expected. Models of the
magnetic structure can then be determined by using Rietveld refinement of the
data. The analysis of results in Chapter 5 was carried out using the Fullprof suite

of programs [68, 69].
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2.10 X-ray resonant magnetic scattering

2.10.1 Introduction

X-ray resonant scattering (XRS) is a complementary technique to neutron scat-
tering for the study of magnetic materials. As discussed in Section 2.9, neutrons
are able to probe the magnetic moment of an atom via an interaction between the
intrinsic magnetic moment of the neutron, uy, and the atomic magnetic field, B
(which is due to the resultant spin and orbital angular momenta of the atom [67]).
This interaction is described by a potential of the form —py - B. XRS, on the other
hand, does not involve a direct interaction with the net magnetic moments in a
sample. The scattering in this case is electric in nature, and is element and elec-
tron shell specific with respect to the magnetism of a sample [70]. Such scattering
occurs when the incident X-ray photon energy is tuned close to an atomic absorp-
tion edge, as shown in Figure 2.11. The photon transfers energy to an electron in
the core shell corresponding to the absorption edge (photon absorption), exciting
the electron from its energy shell. The excited electron subsequently decays back
into the core level (over a timescale of 107161071 s [71]), with the emission of
the scattered photon. The incident and scattered photon energies are equal, such
that the scattering can be thought of as an elastic process. The overall scattering

event is a two-step process: photon-absorption followed by emission.

Vacant states
(e.g.5d band of Sm) / \

hw ho

Core level
(e.g. 2p,, of Sm)

Figure 2.11: The two-step process which leads to X-ray resonant scattering (XRS) from
a magnetic ion. The incident photon (left) excites a core electron into a vacant state in
a shell possessing magnetic polarisation. The excited electron subsequently decays into
the core hole, with the emission of a scattered photon (right). Since the incident and
scattered photons have equal energy (hw), XRS is an elastic process.
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The vacant state occupied by the excited electron in the scattering event may

be a partially filled atomic orbital in a magnetic moment carrying shell (e.g. the

4f shell of a rare-earth ion), or an empty state in a band which is exchange split

by the presence of local magnetic moments (e.g. the 5d shell of a rare-earth ion)

[70]. The presence of such vacant states indicates the presence of localised mag-

netic moments. Since the excitation of an electron must obey the Pauli exclusion

principal, XRS is therefore an element and atomic shell specific probe of local mag-

netisation [70]. This attribute makes XRS a very useful complementary technique

to neutron scattering, alongside the following factors:

e Since the incident X-ray energy needs to be tuned to probe specific absorp-
tion edges, the use of synchrotron radiation facilities is required for XRS
experiments. Synchrotrons have much higher fluxes than neutron sources,
meaning that although magnetic scattering cross sections for XRS can be
weaker than for neutron scattering, magnetic scattering intensities tend to
be much higher in XRS experiments. This allows data to be collected more
quickly in XRS experiments, and also means that far smaller samples (a
surface area as small as 2 x 2 mm?) can be used compared with neutron

scattering studies.

Detecting changes in probe polarisation due to scattering is easier for XRS
than for neutron scattering. This is because synchrotron X-rays are intrin-
sically highly polarised, and detection of the scattered beam polarisation is

more straightforward for X-ray scattering experiments.

The resolution in the scattering vector Q is usually much better in XRS
experiments, giving more accurate determination of, for example, the anti-

ferromagnetic wavevector and magnetic correlation lengths.

XRS can be used to study the magnetic properties of elements which are
strongly neutron-absorbing. An example pertinent to this work is the natural

isotope abundance of Sm.

In the following subsections, the concepts of XRS discussed above will be expanded

upon, before a description of the synchrotron beamline and experimental setup
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used for the XRS study of Smg5Yo5MnO3 (the results of which are presented in
Section 5.2.4).

2.10.2 X-ray photoelectric absorption

X-ray photoelectron absorption (Figure 2.12) is the first step in the process of
XRS, and takes place when the incident photon energy is matched to an atomic
absorption edge (or binding energy) of an element within the sample under study.
The absorption edge of an element represents the minimum energy required to
excite a core electron, such that it overcomes its binding to the nucleus. Since the
core shells occupied by electrons are discrete, quantised levels of energies that vary
from element to element, absorption edges are element-specific quantities. The
result of this is that XRS is an element-specific scattering probe. (As discussed
later in this chapter, the technique is also an electron shell specific scattering probe
of magnetism, meaning that it is possible to determine the shell corresponding to
the magnetic polarisation giving rise to the scattering. This point relates to the
electric multipole nature of XRS, and its associated polarisation dependence.).

By convention, the absorption edges of an element are denoted by the letters
K, L, M and N, which refer to the binding energies of electrons in levels with
principal quantum number n = 1, 2, 3 and 4, respectively. A subscript number
distinguishes the non-degenerate shells in the n > 2 levels, which have different
angular momentum values. This notation is illustrated in Figure 2.12, which shows
the ejection of an electron from the 2p; /5 sub-level. This process occurs when the
2p1/2 electron absorbs an X-ray photon of energy greater than or equal to the Ly
absorption edge of the atom. The K and L absorption edges of the (3d) transition
metal and (4f) rare earth elements are probed by so-called hard X-rays, with
photon energies greater than ~ 3 keV.

X-ray photoelectric absorption occurs in several processes, and is not exclusive
to XRS. The promotion and subsequent decay of an electron from its core shell can
be either elastic or inelastic in nature. In an elastic process, such as XRS, no energy
is transferred to the sample. Inelastic processes involve, for example, the emission

of a fluorescence photon or Auger electron, with energy lower than that of the
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Energy Ms (3d5/2)6
M4 (3d3/2)4
M3 (3p3/2)4
M, (3p,,)’
M, (3s)?
L3 (2p3/2)4
L, (2p, )*
L, (2s)?
v K (1s)?

Figure 2.12: Atomic energy shells, with labels of the form (nl;)%*!, where n, | and
7 are the principal, orbital angular momentum and total angular momentum quantum
numbers, respectively. The value of 2j+1 represents the degeneracy of the shell. The
green arrow represents the example of an Ly edge excitation, where an electron in the
2p1 /2 sub-level absorbs a photon of sufficient energy to be ejected from the atom.

incident photon. Significant XRS only occurs when the incident energy is tuned
within a window of width ~ a few eV, centered on an absorption edge, whereas
inelastic processes (such as those mentioned above) will continue to occur for
energies far (i.e. many eV) greater than the absorption edge. Inelastic scattering
processes give the largest contribution to the linear X-ray absorption coefficient,
1, of a material. A typical plot of i versus incident photon energy exhibits distinct
increases at points where the photon energy passes through an absorption edge of

any one of the constituent elements (Figure 2.13).

2.10.3 Scattering amplitudes and their polarisation dependence

As discussed in Section 2.10.1, XRS involves the absorption of an X-ray photon
by an electron, which is then excited into a different energy level. The available
energy levels for the electron to move in to are determined by the atom’s electronic
configuration, as are the magnetic properties of the material. XRS is therefore
sensitive to element and shell specific magnetisation in a sample by probing the
vacant states associated with these magnetic moments.

In this subsection, the scattering amplitudes associated with XRS due to a
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Figure 2.13: X-ray attenuation versus incident photon energy for Sm. Sharp increases
in attenuation occur when the energy is tuned through the M, L and K edges of
the element. Data taken from the Lawrence Berkeley National Laboratory website -
http://henke.1lbl.gov/optical_constants

magnetic moment will be quoted from the literature. The polarisation aspects of
these amplitudes allow determination of the electron shell to which a core electron
is excited in XRS. Initially, a brief introduction to the polarisation dependence of
Thomson scattering will be given. The purpose for this is to provide the simplest
example of a polarisation factor (and its origin) in X-ray scattering, before moving
on to the more complex case of XRS, where the polarisation factors will be quoted
directly from the literature. In Chapter 5, the scattering amplitudes for the latter
case will be used to interpret the data from an XRS experiment on Smg 5Y ¢ 5MnOs.

Thomson scattering can be classically described as the elastic scattering of
an X-ray beam by electrons present in a sample. The incident X-ray beam has a
time-oscillating electric field component, oriented perpendicular to the wavevector
k (the magnetic field component of the beam is neglected for Thomson scatter-
ing). This electric field interacts with the electrons in a material, causing them
to oscillate in the direction of the field, with the acceleration of the electrons re-
sulting in the radiation of scattered X-rays of the same frequency (therefore same
energy) as the incident beam. The intensity of the scattered X-rays is dependent

on the direction of view towards the material with respect to the incident electric
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polarisation, e. For example, if an observer is looking along the direction parallel
to e, they will also be viewing along the direction of oscillation of the electrons.
In this direction, the amplitude of oscillation will appear to be zero, and thus no
scattering will be seen in this direction.

The polarisation dependence of Thomson scattering is represented by the term
€ - & in the Thomson scattering amplitude (scattered intensity oc |amplitude|?),
where € is the electric polarisation of the scattered wave - which is perpendicular
to the scattered wavevector, k’ - and the " symbol denotes a unit vector. As well
as having a polarisation dependence of the form & - e, the amplitude of Thomson
scattering from an atom also depends on the atomic form factor (which comprises
a Fourier transform of the atom’s electronic charge distribution, p(r)). The Thom-
son scattering amplitude is therefore given by f°(Q) < & - é [ p(r)e *Q *dr, where
Q is the scattering vector, given by Q = k' — k.

At X-ray energies far from an absorption edge, the total elastic scattering
amplitude associated with an element is given solely by the Thomson scattering
amplitude term. When the incident X-ray energy is tuned close to an absorption
edge, additional terms appear in the total scattering amplitude. For X-rays of
photon energy hAw incident upon a material, the total scattering amplitude for a

given element in the material is given by [72]

fror(Quw) = Q) + f'(w) +if"(w) (2.29)

where f'(w) and f”(w) are the so-called resonant (or anomalous) scattering terms,
which are found for both magnetic and non-magnetic materials. At an elemental
absorption edge, the increase in the absorption cross-section, o,, for that element

gives an increase in i f”(w) according to

f'(w) =~ ( - ) T4 (2.30)

4mrgc
In practice, f’'(w) can then be derived from if”(w) using a Kramers-Kronig trans-
form [72]. Thus, in principle, the resonant scattering terms can be determined from
the absorption coefficient of a material, demonstrating the intrinsic link between

X-ray scattering and absorption.
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Table 2.1: Labeling convention for orbital angular momentum values

One of the first observations of resonant scattering due to magnetic order in a
sample was made by Gibbs et al. during synchrotron X-ray studies of Ho metal.
The team discovered a large increase in the intensities of peaks at magnetic satel-
lite positions when tuning the incident X-ray energy through the Ls absorption
edge [73]. Satellite positions are points in reciprocal space at which diffraction is
forbidden by the crystal structure, but allowed by some other order (e.g. antiferro-

Y

magnetism); the positions are “satellites 7 of the structural Bragg positions. This
discovery helped to initiate research into XRS of magnetic materials. Hannon et
al. explained the resonant signal reported by Gibbs et al. at the Lg 3 edges of Ho in
terms of electric multipole (EL) processes [70]. The E1 (or electric dipole) process
involves the excitation of a core (2p) electron to a vacant state in the 5d band. The
change in the orbital angular momentum, [, between these energy shells is 1 unit
of momentum, since the [ values for the p and d states are 1 and 2, respectively
(Table 2.1). The E2 (or electric quadrupole) process involves the excitation of a
core (2p) electron to a vacant state in the 4f shell, the change in [ in this case

being 2 units. The total scattering amplitude for E1 processes was determined by

Hannon et al. [70] to be
fer=(&-&)FO —i(& xé) 2, FV + (& -2,)(é 2, FP (2.31)

where Z,, is the unit vector of the magnetic moment on the nth resonant ion. The
first term (the term in F(®)) is not dependent on magnetic order - since it has no
z dependence - but describes resonant charge scattering of the X-ray beam, i.e.
it gives a resonant correction to Thomson scattering. This term shows a similar
polarisation dependence to Thomson scattering (€' - €). The second term (the term
in FM) is linear in %,, and when entered in a structure factor,® will give rise to
first harmonic satellite reflections from an antiferromagnetic sample. This term

explains the observations by Gibbs et al. of a resonant signal at antiferromagnetic

3The intensity of X-ray diffraction due to scattering from a crystal or magnetic structure is determined
as the modulus squared of the sum of scattering amplitudes (multiplied by phase factors) of the atoms
in the corresponding (crystal or magnetic) unit cell. This sum is called the structure factor.
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satellite positions in Ho, and will be used to explain the XRS signals observed for
Smo5YosMnOs later in this thesis (Chapter 5). The third term (in F®) relates
to second harmonic satellite reflections, and is beyond the scope of this thesis.

Each of the terms in Equation 2.31 gives a separate contribution to the resonant
f'(w) and f”(w) terms for a magnetic atom. The real and imaginary components
of each term arise due to terms of the form F™. Each F™ is composed of a
different combination of terms denoted by Fp s, which describe the probability of
transitions between electron shells in the ion. A given Fp ), term describes the
probability for a given two-step process as shown in Figure 2.11. The subscripts L
and M represent the change in orbital angular momentum, [ (L = Al =1 for an
electric dipole (E1) interaction, and 2 for an electric quadrupole (E2) interaction),
and angular momentum value, m;, respectively, between the core and excited
state. The energy dependence of the XRS intensity (o< |Fpas|?) has a Lorentzian-
like form, which is due to the general form of the denominator of F7,,.

As stated above, the second term in Equation 2.31 will later be used to explain
the XRS measurements on Smg5Yo5MnO3. This term is given by Hannon et al.
[70] as

FO = <Zk> [F1y — Fy_4] (2.32)

where k is the X-ray wavevector. This term vanishes (F) = 0) when Fy; =
F}_1. So in order to have a finite value for this scattering term, there must be an
asymmetry in the states available for the excited electron to move to, such that the
probability of a transition L = +1, M = +1 is not equal to that of a transition L =
+1, M = —1. As well as being key to XRS from antiferromagnetic systems, such
asymmetry is the origin of the phenomenon of X-ray Magnetic Circular Dichroism,
which is observed in absorption experiments on ferromagnetic materials [71].
The factor (& x &) -z, in the second term in Equation 2.31 indicates that
the strength of the scattering depends, in a complex way, on the orientations of
the polarisation vectors of the incident and scattered photons with respect to the
magnetic moment (magnetic polarisation) that is probed at the resonance. This
factor is expressed by Hill and McMorrow in terms of the possible changes in the

linear polarisation of the X-ray beam occurring during the XRS process [74]. The
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four possible changes between linear polarised states of the incident and scattered

photon are given in the form of a 2 x 2 matrix:

c—o 77—
(2.33)

oc—-1m 7™—7

where o and 7 denote polarisation components perpendicular and parallel to the
scattering plane, respectively.

By writing the general (unit) magnetic moment Zz, from Equation 2.31 in the
form of components with respect to an experimental vector basis 61,273 (as de-
fined in the next section), Hill and McMorrow expressed the 2 x 2 matrix for E1

scattering due to FM) as

0 21 cos 6 + z3 sin 0
O J— ' ’ (2.34)
z3 sin 0 + z; cos 6 —29 sin 26

where 6 denotes the Bragg angle (equal to half of the scattering angle) [74].

2.10.4 Scattering geometry and nomenclature in XRS experiments

An example of the setup in a XRS experiment can be seen in Figure 2.14. The
scattering plane is defined by the incident, k, and scattered, k', wave-vectors
and contains the scattering vector Q = k’ — k. In this example the scattering
plane is vertical and normal to the sample surface. The incident and scattered
beams make the same angle, 6, with the sample surface, which is the case of a
specular scattering condition (diffracting planes parallel to the sample surface).
Consequently the scattering vector is normal to the sample surface. A rotation
about the scattering vector is called an azimuthal rotation, with an angle defined
by . U, Uy and Uz are a set of orthogonal axes in the laboratory frame onto
which the scattering is projected. Us is defined as pointing antiparallel to Q, and
Uy is perpendicular to the scattering plane, pointing in the direction parallel to
k x k’. Uy lies in the scattering plane, and orthogonal to Us.

Another consideration of the experimental geometry concerns the polarisation
of the incident and scattered X-ray beams. As mentioned above, the incident X-ray
is o polarised if the electric field component of the beam, € is perpendicular to the

scattering plane and 7 polarised if e lies within the scattering plane. Depending on
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‘ \ detector

positions

polarisation a
analyser crystal N

Figure 2.14: An example of the scattering geometry in a XRS experiment. The polari-
sation analyser allows separation of the o and m components of the scattered beam. The
orthonormal vectors U; are defined as Us//-Q and Uy //k x k’ Dashed lines refer to the
direction perpendicular to the page.

the interaction cross-section, the polarisation of the scattered beam can be different
from the initial beam. If the electric field component of the incident X-ray beam is
polarised perpendicular to the scattering plane (i.e. in the o configuration) and no
change in polarisation is observed, the scattering process is referred to as o — o’.
Conversely, a change in polarisation after scattering from the sample is known as
o— 7.

The final component in the experimental geometry is the polarisation analyser
crystal. The choice of analyser crystal is dependent on the X-ray energy at which
the XRS measurement is performed. A crystal is selected which has a specular
reflection of Bragg angle (6ca) very close to 45° (the approximate Brewster’s
angle of solids in the X-ray wavelength range) at the given X-ray energy of the
measurement. The crystal analyser is used to separate the o — ¢’ and 0 — 7’
channels by rotation about an axis parallel to k. The o — 7’ setting corresponds
to the analyser surface lying at an angle of O to k/, and its surface normal

perpendicular to €/ . In contrast, the o — ¢’ setting has the surface normal of the
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crystal analyser perpendicular to €.

In practice, there is some finite leakage of the unwanted component (o or )
of the scattered beam, due to the nature of the analyser crystal which separates
the two polarisation states. As stated, a crystal is picked which has a Bragg angle
as close to 45° as possible for the energy that the X-ray is tuned to, giving a
scattering angle at the analyser of ~90°. The detector therefore points toward
the analyser in a direction almost exactly parallel to the unwanted polarisation
direction. However, any deviation of the (analyser) Bragg angle from 45° will
result in some leakage of unwanted polarisation, as will the finite mosaic spread of
the crystal. An often more significant factor than the analyser leakage is a non-
perfect linear polarisation of the incident X-ray beam - e.g., rather than being
100% o polarised, only 95% of the incident photons are o and the other 5% are
elliptically polarised. This is an issue particularly for bending magnetic beamlines,
such as the XMaS beamline at the ESRF, Grenoble (the beamline used for the
XRS results in this thesis).

The effects that lead to a leakage between the two channels are collectively
described by a leakage factor. Experimentally, this factor is determined by com-
paring the diffraction signal at a normal Bragg position between the rotated and
unrotated polarisation channels. The factor is then given as a percentage, e.g.
[(signal in o — 7’)]/[(signal in ¢ — ¢”)] x 100. For normal Bragg scattering the
polarisation factor is that of Thomson (charge) scattering, as described above, i.e.
€ - é. In the case of a perfectly linearly polarised incident beam, the 2 x 2 matrix

(as above) corresponding to Thomson scattering is

1 0

o>
o
I

(2.35)
0 cos 26

Thus, for an ideally operating polarisation analyser crystal, the leakage factor

would be zero.

64



Chapter 3

Magnetoelectric properties of TbMnOQO;
and DyMnOQO;

TbMnOj is a well studied multiferroic compound, as discussed in Section 1.4.2.
However, there are several properties which remain unreported in the literature,
particularly with regards to the magnetic susceptibility and the heat capacity
data. DyMnOs is known to exhibit similar multiferroic properties to ThMnOs,
but much less information has been published on the bulk magnetic properties of
this compound. The principal aim of the work presented in this chapter was to
address some of the incomplete areas of research for these compounds, in order
to further understand the nature of the magnetoelectric coupling. The results
presented in this chapter represent the initial study of such compounds by the
research group at the University of Warwick. Therefore, it was also beneficial to
begin the research with well studied compounds, such that the method of sample
preparation and single crystal growth could be refined for future studies. Another
important use of ThMnOj3; was in standardising the results of pyroelectric current
measurements, as detailed in Section 2.8.

There are three magnetic ordering temperatures for ThMnO3 (DyMnO3). At
Tni~41 K (39 K), the Mn moments show a sinusoidal antiferromagnetic order
along the b-axis [7]. At Tno~27 K (19 K), the Mn moments order in a b-c cy-
cloid [32]. Tt is known that the Th moments also order at this temperature, with
modulation along the b-axis [40], but it is not currently known if a similar order

of the Dy ions is present in DyMnQOs. The ferroelectric polarisation for ThMnOs3
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and DyMnOj also occurs at Tns. At Tnz~7 K (9 K), the rare earth moments
order independently of the Mn moments. The nature of the coupling between the

magnetic and electric order in ThMnQOj is discussed in more detail in Section 1.6.

3.1 Sample preparation

Polycrystalline ThbMnO3 and DyMnOj3 were synthesised by reacting stoichiometric
quantities of Th4O7 (99.9%), Dy203 (99.99%) and MnO, (99+%). The procedure
used for heating the powders is given in Table 3.1. The powder mixture was
thoroughly ground between each heating. Approximately 30 g of material was
produced for each batch, from which two feed rods of each compound were pre-
pared as described in Section 2.3. Single crystal growths of TbMnO3 and DyMnOs3
were then carried out by the floating zone method.

Four attempts were made to grow a single crystal of TbMnOs. The best
quality crystal was grown using a Crystal Systems Inc. F-ZT-10000-H-IV-VPS
four mirror furnace, in an atmosphere of Ar and with a growth rate of 10 mm/hr
(following the procedure in Ref. [31]). The resultant boule broke into pieces upon
removal from the image furnace (Figure 3.1). It is possible that the boule broke
due to the a large thermal gradient inside the furnace (i.e. the hottest region in
the centre of the furnace, with much lower temperatures within centimetres of
this point). A single crystal of DyMnOj; was grown in an atmosphere of air, at
a rate of 5 mm/hr (an Ar flow was reported to result in hexagonal, rather than
orthorhombic, DyMnOj [31]).

Several pieces of the TbhMnO3 boule were found to be of high crystal quality
using the X-ray Laue technique. Using published information on the crystal space
group (Pbnm) and lattice parameters of ThMnOj3, simulated Laue patterns were

generated using the OrientExpress program. By comparison with the simulated

Heating Temperature (°C) Duration (hours) Comments

1 1300 (1200) 12 TbsO7 (Dy203) + MnO»
2 1300 (1200) 12 Th4O7 (Dy203) + MnOq
3 1400 12 feed rods 4+ powder

Table 3.1: Sample heating procedure for ThMnO3 (DyMnOs3)
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Figure 3.1: Pieces of a grown boule of ThMnQj3, which broke upon removal from the
image furnace.

images, it was possible to orient the crystal with respect to the three principal
crystallographic axes (i.e. the a-, b- and c-axes), as shown in Figure 3.2. The
crystal was then cut for magnetic/electric properties measurements using a low
speed diamond saw, as described in Section 2.4. The DyMnOj3 boule was found
to be not single crystal along most of its length, but small single crystal volumes
were isolated.

TbMnOj is a much more actively studied compound than DyMnQOg, and its
magnetic properties are better understood. The larger amount of single crystal ma-
terial available for TbMnO3 compared with DyMnOg3 made it a more straightfor-
ward task to isolate ThMnOs crystal pieces for laboratory measurements. There-

fore, the majority of the results presented below are from measurements on ThMnO3.

3.2 Magnetic susceptibility

At present, the only magnetic susceptibility data for TbhMnOg3 in the literature
consists of measurements on polycrystalline samples, and the limited single crys-
tal data given by Kimura et al. (which covers a temperature range of 10-50 K for
an unknown orientation) [7]. The following DC susceptibility data were measured
along the a-, b- and c-axes of ThMnO3 with an MPMS SQUID magnetometer
(Figure 3.3). It can be seen that the magnetic properties in ThMnOj3 are highly
anisotropic, with the magnitude and temperature dependence of the susceptibil-

ity being significantly different along each axis. A quantitative analysis of the
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Figure 3.2: X-ray diffraction patterns along the (a) a-, (b) b- and (c) c-axes of a single
crystal of TbMnOs, taken using the Laue technique (The overexposed area below and
right of the centre of each image is due to damage to the detector screen, and is not
related to the crystal quality).
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Figure 3.3: Magnetic DC susceptibility along the principal crystallographic axes of a
TbMnOg3 single crystal as a function of temperature. Measured in an applied magnetic
field of 0.1 T

susceptibility data was carried out by calculating the effective magnetic moment,
Peft, found along each axis (Section 2.5.1.1). Since there are two magnetic ions

present in TbhMnOs, Th*" and Mn?*, only an overall moment for ThMnO; can

be determined. This moment is given by
Peg(TbMnO3) = p*(Tb) + p*(Mn) (3.1)

The Curie constant, C', was determined by the method described in Section 2.5.1.1.
The inverse susceptibility data along each principal axis of TbhMnO3 are shown in
Figure 3.4. Due to the anisotropic nature of the magnetism in ThMnOs, the 1/y
values along each axis show significant differences. Also, a Curie-Weiss dependence
is not seen until temperatures much higher than 7yx; = 41 K along any direction.
The results of the Curie-Weiss fits are shown in Table 3.2.1 The theoretical effective

moment of TbhMnO3 was calculated by adapting Equation 2.5:

Pei(Th.) = gV J1o(J16 + 1) + G500V i (Sain + 1) (3.2)

Tt should be noted that the errors given for the values of C, # and peg are from the fit to the data,
and do not account for errors in the sample mass, external sources of magnetism or the calculated values
of the magnetic susceptibilities from the data recording program.
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C (emu K mol™!) 0 (K) Deft Fit range (K)
H//a 15.15(2) 0.3(5)  11.002(7)  200-400
H//b 13.33(1) F17.6(2)  10.320(4) 100-400
H//c 16.75(5) 128(1)  11.57(2)  250-400
Crystal average 14.784(4) -30.8(1)  10.869(1) 250-400
Polycrystalline  14.376(3) -21.87(4) 10.718(1) 60-400

Table 3.2: Curie constant, C', Weiss temperature, 0, and effective magnetic moment,
Peft, for TbMnOgs (Tny=41 K). Obtained from Curie-Weiss fits to inverse susceptibility
data for a single crystal, a crystal average calculated as (x4 + X5 + Xc)/3, and powder
from a crushed crystal piece. The expected peg value for TbMnQOsg is 10.93.

The angular momentum values were taken for the ions Th*" (L =3, S =3, J
= 6) and Mn*" (L = 0, S = 2, J = 2, assuming orbital quenching) and give a
theoretical effective moment of 10.89 up. A slightly different value for p is found
by using the experimentally determined values of p for Th*" (9.77) and Mn?"
(4.82) in Ref. [15]. Putting these numbers into Equation 3.1 gives an expected p
for TbMnO3 of 10.93.

Moderate agreement with the expected value of p is found from the data along
the a-, b- and c-axes. The values of # are all far from —Ty = —41 K. However, the
average value of # over the three axes is -40 K. A possible explanation for the 6
discrepancy is the existence of another source of magnetic susceptibility (e.g. the
sample holder, the varnish attaching the sample to the holder) acting to shift the
data. To test this, fits to the data were made adding on a further term in the

susceptibility, xo:
C

= T——9 + Xo (3.3)

X

Values of yq found from fits to this equation were all very small (no larger than
0.008 emu mol™!), implying that there was no significant contribution to the
susceptibility from another source.

The susceptibility along the c-axis does not follow Curie-Weiss behaviour, with
a straight line not seen in 1/x up to 250 K. It is possible that this behaviour is
a result of additional short range magnetic correlations still present in the system
up to high temperatures, or crystal field effects. The broad feature seen in the

x versus temperature data along the c-axis could result from changes in the spin
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state of the system occurring as electrons have enough energy to move between
different energy levels, which are split by the local crystal environment of the
magnetic ion (Section 1.2.2.1). A detailed evaluation of the crystalline electric
field levels would be required to test this suggestion.

At the time of writing, there was no published high temperature magnetic sus-
ceptibility data for single crystal ThbMnO3. However, Blasco et al. [75] carried out
such a study on polycrystalline TbhMnOg3, with Curie-Weiss analysis. For com-
parison with the results of Blasco et al., a piece of TbMnOj3 crystal was crushed
into powder for magnetic susceptibility measurements. The temperature depen-
dence of the susceptibility and its inverse are shown in Figure 3.5. An effective
moment of 10.718 £ 0.001 up was found for this sample, in good agreement with
the theoretical value, and the value of 10.68 up reported by Blasco et al.. The
1/x data were also found to be linear over a similar temperature range (from 60 K
upwards), much closer to Tx;. The value for  was calculated as -21.9 K for the
polycrystalline sample, which is closer to -Ty; than the values obtained from the
single crystal data. An average of the susceptibility data along the three principal
crystallographic axes - i.e. (xq+ X» + Xc)/3 - gives similar results to the polycrys-
talline data, as shown in Figure 3.6. Analysing these data gives § = —30.8(1) K
and peg = 10.869(1), which is very close to the expected value of 10.93 calculated
above.?

The fact that the polycrystalline inverse susceptibility shows Curie-Weiss be-
haviour close to Ty suggests that magnetic correlations are not present in the
system above 60 K. This argument is also supported by the calculated value of peg
- a value close to the full expected magnetic moment is expected in the paramag-
netic regime. The close agreement between the crystal average and polycrystalline
susceptibility data suggests that the behaviour seen for the H//a,b,c data are
real, and that the Curie-Weiss law is not sufficient to model the behaviour along
specific crystal directions for TbMnOs. Instead, the deviation from Curie-Weiss
behaviour in the single crystal sample is likely due to crystal field effects, espe-

cially the broad feature in the data seen for H//c. A literature search showed

2Changing the fit range for crystal average data to 60 — 400 K does not significantly affect the fit,
with § = —31.67(3) K and peg = 10.883(1) in this case.
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Figure 3.4: Magnetic DC susceptibility and inverse susceptibility for ThMnOg, along
the (a) a-axis, (b) b-axis, and (c) c-axis. Measured in an applied magnetic field of 0.5 T
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no information on the crystal field excitations in ThMnOj3, making it difficult to

conclusively interpret the susceptibility results above.
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Figure 3.5: Magnetic DC susceptibility and inverse susceptibility for a crushed single
crystal of TbMnOgs. Measured in an applied magnetic field of 0.5 T

3.3 Magnetisation

The magnetisation data for ThMnOj3 has been previously published [7, 28, 31],
and was repeated as part of this project in order to look for any new features
for the single crystal samples grown at the University of Warwick, and to test the
reproducibility of the data in advance of work on new multiferroic compounds. The
magnetisation of TbhMnO3 was measured using a vibrating sample magnetometer
(VSM) along the three principal crystallographic directions (Figure 3.7). The data
presented below are in very good agreement with those published by Kimura et
al. [31].

As with the magnetic susceptibility temperature profiles, the magnetisation
as a function of applied magnetic field shows large anisotropy. The a-axis is
clearly the “easy” magnetic axis, with a field of approximately 2 T causing a near-
saturation of the signal at 2 K and 1.45 K (Figure 3.8(a)). The magnetisation

continues to slowly increase above this field, reaching a value of ~6 up/formula
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Figure 3.6: (a) Magnetic DC susceptibility and (b) inverse susceptibility for polycrys-

talline TbMnQOs, and an average of the data along the a-, b- and c-axes. Measured in
an applied magnetic field of 0.5 T
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unit at 10 T for temperatures of 12 K and below. A small amount of hysteresis
is seen upon returning the applied field to zero in this direction. Kimura et al.
proposed that the saturation with H//a was linked to the Th moments [31], as

discussed further below.

M (n, / formula unit)

H (T)

Figure 3.7: Magnetisation of a single crystal of TbMnOg versus applied magnetic field
along the principal crystallographic axes, taken at 1.45 K

The most interesting magnetic behaviour occurs when a magnetic field is ap-
plied along the b-axis (Figure 3.8(b)), with 2 distinct metamagnetic transitions
seen below 9 K. The metamagnetic transitions for H//a and H//b were described
by Kimura et al. by analogy with ThFeO3 [31]. It was proposed that the Th
moments lie in along two Ising axes in the a-b plane, as shown in Figure 3.9.
The application of a magnetic field parallel to the a-axis causes the moments la-
belled 1 and 2 to change direction in a one-step process, resulting in the observed
large increase in magnetisation (Figure 3.9(a)). A different situation occurs when
a magnetic field is applied parallel to the b-axis, with a two-step spin reversal
(Figure 3.9(b)). The metamagnetic transition of the Th moments with H//b~5 T
coincides with a change in the orientation of the Mn moments from a b-c cycloid to
an a-b cycloid [36], and corresponds to the point at which the ferroelectric polari-

sation flops from the ¢- to the a-axis (Section 1.6). The Th moments were initially
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Figure 3.8: Magnetisation of a single crystal of TbMnOj3 versus applied magnetic field
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H=0 2T<Hb<5T Hb>5T

Figure 3.9: Tb moment configuration in ThMnOg, showing spin reversal under a mag-
netic field applied along (a) the a-axis, and (b) the b-axis. Magnetic field values given
correspond to measurements taken at 1.45 K. Adapted from Kimura et al. [31]

thought to order at ~8 K, which seems to be reflected by the rapid smearing
out of the metamagnetic transitions with H//b above this temperature. However,
there are still transitions visible in this configuration up to 20 K. It has now been
confirmed that the Th moments also order along the b-axis at the Mn cycloidal
transition temperature ~27 K [40, 41], which is a possible explanation for this
behaviour.

From Equation 2.7, the expected saturation magnetisation of the Th?** ions
was calculated as 9 pp. It is known that the behaviour of the Th moments
and the Mn moments are strongly coupled, with Aliouane et al. confirming that
the application of a magnetic field parallel to the b-axis results in a change in the
orientation of the Mn cycloid from the b-¢ plane to the a-b plane [36]. It is possible
that a similar coupling is found for H//a, and the plateau in the magnetisation is
at a value lower than the saturation magnetisation of the Th3* moments due to
some antiparallel arrangement of the Mn magnetic sublattice.

The features in the magnetisation with H//b are more pronounced with lower
temperature, with the low field transition disappearing above 5 K, and the tran-
sition at ~5 T becoming smeared out and shifted toward higher magnetic field
with increasing temperature. Less hysteresis is also seen at higher temperatures.

This behaviour also suggests that the metamagnetic transitions are linked to the
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the additional ordering of the Th moments at ~7 K. No data appear to have been
published confirming the exact nature of the low temperature magnetic order of
the Th moments in ThMnOj3, with reports usually focusing on the ferroelectricity-
inducing Mn order.

The c-axis of TbMnQOj is the “hard” magnetic axis, with magnetisation of no
more than 1.2 pp/formula unit found for magnetic fields of 12 T in temperatures
up to 20 K (Figure 3.8(c)). The small magnetisation along this axis agrees with
the susceptibility data shown in 3.2. A magnetic transition develops at 11 T when
the sample temperature is 5 K, with a large amount of hysteresis seen (the width
of the loop being greater than 5 T). This behaviour was proposed by Kimura
et al. as being due to a magnetic transition of the Mn moments to a canted

antiferromagnetic (paraelectric) state [31].

3.4 Specific heat

The heat capacity data on TbMnOg in the literature are currently limited to zero
magnetic field data taken over the range 2-50 K [7]. The data presented below
greatly expand on this, with zero field data taken over a larger temperature range
(0.6 — 400 K), and measurements of the heat capacity taken in applied magnetic
fields up to 9 T. The magnetic field dependence of the heat capacity is also shown
at two fixed temperatures, and the heat capacity data of a non-magnetic analogue
compound are subtracted to separate out the magnetic contributions of the heat
capacity.

The specific heat of TbMnO3 was measured as a function of temperature in
several magnetic fields using a Quantum Design PPMS (Section 2.5.3). The results
are shown in Figure 3.10. As reported by Kimura et al., there are 3 distinct peaks
in the specific heat, corresponding to the sinusoidal order of the Mn®** moments
at ~41 K, the cycloidal order of the Mn®*" moments at ~28 K, and the ordering
of the Th*" moments at ~7 K [7]. Magnetic fields were only applied along the
a-axis of the crystal piece for practical reasons - since this is the magnetic easy
axis, it meant that there would be minimal torque on the sample due to moments

re-aligning, and therefore there would be no damage to the wires supporting the

78



Chapter 3. Magnetoelectric properties of ThMnO3 and DyMnOs5

sample stage in the puck.

For successively higher applied magnetic fields, there is a gradual smearing out
of the low temperature peak corresponding to the ordering of the Th3* moments
until it has nearly completely disappeared at 9 T (the highest field the PPMS is
capable of achieving). This implies that the magnetic field is sufficient to force the
Th3* moments into the saturated paramagnetic state. This is further confirmed
by inspection of the magnetisation data for H//a, which show a near-saturation
above 8 T for 7' < 9 K.

Another change that is seen due to an applied magnetic field is the shift of
the Mn3" ordering peak at ~41 K towards higher temperature, with an overall
change of ~1.5 K in 9 T. This behaviour was also reported in the phase diagram
of TbMnO3 by Kimura et al., from measurements of the dielectric constant [31].
To more closely observe the changes due to an applied magnetic field, scans of the
specific heat as a function of field were also carried out at 3 K and 60 K. These
scans are shown in Figure 3.11. The sharp peak seen at 3 K corresponds to the
saturation of the Th moments, as seen in Figures 3.8(a) and 3.10. The gradual
rise in the specific heat as a function of field at 60 K (in the paramagnetic phase)
is as expected from the general trend shown in Figure 3.10.

In order to infer purely magnetic specific heat data for ThMnOjs, a non-
magnetic analogue of LaGaO3 was also measured as a function of temperature,
giving the lattice contribution to the specific heat. Polycrystalline LaGaO3 was
prepared by reacting together stoichiometric ratios of LayO3 and GayO3, and the
heat capacity of a piece of a LaGaOj3 pellet was then used for measurements of
specific heat. This lattice contribution was then subtracted from the specific heat
data of TbMnOj3 (Figure 3.12). Since the LaGaO3 and ThMnO3 compounds have
different molecular masses, the temperature values of LaGaOs were normalised
by multiplying by the ratio of the effective Debye temperatures of the two com-
pounds, with the method used by Bouvier et al. [76]. For a general magnetic

compound R,,X,Z, and non-magnetic compound R] X! Z, this ratio is given by

=

(Mx:)? +p(Mg)? | °

Op(RnX,Z,) m(Mg)? +n
+n(Mx)? + p(Mz)?

(3.4)

Op (R, X 2Zp) m(Mpg)

njo Nl
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Figure 3.10: Specific heat/temperature versus temperature for a single crystal of
TbMnOs3, with magnetic fields applied along the a-axis

where ©p is the Debye temperature and M is the molecular mass of each atom.

This relationship was adapted for TbMnO3 and LaGaO3 as follows:

1
3

Op(ThMnOy) _ [ (Mia)? + (Man)® +3(0Mo): |* _ o0 g

Op(LaGaOs) | (Mqp)? + (Mywm)2 + 3(Mo)

ol Njw

Equation 3.4 is most accurate for low temperatures, where the Debye model pre-
dicts that the heat capacity is proportional to 7°. The heat capacity data for
TbMnOj3 and the Debye corrected LaGaO3 are shown in Figure 3.12. It can be
seen that there is a non-zero value for the phonon-subtracted specific heat - and
therefore still entropy in the system - up to ~200 K, over 150 K higher than
the magnetic ordering temperature Ty; = 41 K. This entropy is possibly due to
short-range correlations in the system persisting well into the paramagnetic state,
or the existence of crystal field effects. The presence of apparent magnetic order
above Ty; was also found in the magnetic susceptibility data (Section 3.2).

The difference in heat capacity between TbhMnO3 and LaGaOs, Cgg, was in-
tegrated to find the magnetic entropy, Smag, as shown in Figure 3.13. A point was

added to the data before integration, at zero temperature and zero heat capac-
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Figure 3.11: Specific heat/temperature versus magnetic field along the a-axis for a single
crystal of TbMnOs, at (a) 3 K and (b) 60 K
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Figure 3.12: Specific heat data for a single crystal of ThMnOs and a phonon blank
of LaGaOs3 in zero applied magnetic field. The blue data shows the purely magnetic
specific heat, calculated as C(TbMnOs3)-C(LaGaOs3)

ity. This allowed extrapolation of the maximum entropy, since 2 K was the lowest
point at which measurements were initially made. To prevent the slightly negative
Cag values above 177 K affecting the integration, these data were set to zero. A

theoretical maximum entropy of 34.7 J mol~! K~! was calculated for TbMnO3 by

adapting Equation 2.11,
Smag(TbMnO3) = R In(2Jpps+ + 1) + R In(2Jype+ + 1) (3.6)

with the total angular momentum values Jrps+ = 6 and Jyus+ = 2. The mea-
sured magnetic entropy reached a saturation at ~23.4 J mol™* K~!. A large
discrepancy therefore was found between the expected maximum entropy and the

experimentally observed entropy.

3.4.1 Low temperature specific heat

Two possible reasons for the lower than expected value of Sy, are the lattice
contribution derived from LaGaQg, or the existence of a large amount of entropy
below 2 K which was not measured. To test the for heat capacity contributions

below 2 K, a helium-3 insert was used to lower the sample temperature to 0.6 K.
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Figure 3.13: Magnetic entropy for TbMnOgs. The red dotted line shows the expected
maximum entropy, calculated from Equation 3.6

Measurements of the specific heat were then taken in zero field, and with fields of
3T and 5 T applied along the a-axis (Figure 3.14).

A large increase in the heat capacity is seen below 2 K, which appears to be the
tail of a peak located below the range of measurement. Peaks in low temperature
heat capacity data are characteristic of hyperfine transitions. These peaks occur
due to transitions between energy levels split by the magnetic contribution from
the nucleus of an atom, and provide a much smaller contribution to the heat capac-
ity than lattice effects (which scale as T?) at higher temperatures. The hyperfine
contribution to the heat capacity is expected to scale as AT 2 at temperatures
above the hyperfine transition of an ion, with the coefficient A being related to
the ion’s hyperfine field, Hy:

2 2
pips R (T +1 5
A= H, :

3k ( I ) o (3.7)

where [ and p; are the nuclear spin quantum number and the nuclear magnetic
moment of the ion, respectively, R is the molar gas constant (8.315 J mol~t K1)

and puy is the nuclear magneton (5.051 x 10727 J T=1) [77]. Applying the method
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Figure 3.14: Low temperature specific heat data for a single crystal of ThMnOs, with
magnetic fields applied along the a-axis

of Scurlock and Stevens [78], a fit was made to the zero field low temperature
heat capacity data, giving a value for A of 0.2027(7) J K mol~!. For Th, I = 3/2
and pu; = 1.5. Putting these values into Equation 3.7 gives Hys = 382(1) T, in
reasonable agreement with the value of 312(2) T given by Li et al. [79]. If instead
the hyperfine transition is assumed to be due to the Mn ions, with I = 3/2 and
w1 = 3.461 (Ref. [80]), the hyperfine field is calculated as 181(1) T, over an order of
magnitude larger than the values of ~9 T for Mn quoted in the literature [78, 81].
The feature in the low temperature heat capacity data is therefore assumed to be
the tail of a Tb hyperfine peak.

Since no additional magnetic contribution is present in the low temperature
heat capacity data, it is proposed that an incorrect lattice contribution from
LaGaOj is the main factor in the measured magnetic entropy being lower than
expected.

By separating the heat capacity data for the peaks corresponding to the Th

order and the Mn order, a rough estimate of the contribution of each ion can be
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made. From Equation 3.6, the total expected entropy for TbhMnOj3 is made up
of 21.3 J mol~! K~! from Tb and 13.4 J mol~! K~! from Mn. The Tb peak was
integrated between zero temperature and 17 K (at which point the peak corre-
sponding to the Mn cycloidal order begins), showing an entropy contribution of
~7.7 J mol™' K~!, far below the expected value. A possible reason for this low
value is that the complete magnetic entropy of Th is not contained in this tem-
perature range, i.e. there is still a Tb magnetic contribution to the heat capacity
above 7 K. This is supported by the results of Wilkins et al., which show the
existence a finite Th order at Tys = 27 K [41]. The entropy found by integrating
over the two Mn ordering peaks (between 17 K and 50 K) was ~9.1 J mol~* K1,
which is also lower than expected - even if possible contributions from Tb are
neglected. A further entropy contribution of ~7.0 J mol~! K~ is calculated in
the paramagnetic state. This result again seems to point to an incorrect lattice
contribution, since there is an underestimate of the magnetic entropy across the
temperature range of the experiment. Due to time constraints, no further work

was carried out trialing different potential phonon blanks for ThMnOs.

3.5 Dielectric constant

Extensive information on the dielectric constant and electric polarisation of ThMnOs3
exists in the literature [7, 31]. As discussed in Section 2.8, this made ThMnO3 an
ideal compound for standardising the results of the new electric properties mea-
surement system, developed as part of this project. Presented below are data from
measurements on ThMnOj3 which illustrate the link between magnetic and electric
order.

The dielectric constant of ThMnO3 was measured along the c-axis, using the
method detailed in Section 2.6. This is the crystallographic direction along which
the electric polarisation develops at Tyo~ 28 K. The dielectric constant data are
shown in Figure 3.15. The trend seen is the same as reported for ThMnOjy [7], with
a sharp peak seen at Txo. The magnitude of the measured dielectric constant is ~
28, which is lower than the previously reported value of ~37. Also, there is some

noise visible in the data. These problems are most likely due to a poor electrical
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Figure 3.15: Temperature dependence of the dielectric constant along the c-axis for
TbMnOj3, measured at 10 kHz

contact with the sample, since only a layer of silver conducting paste was used on

each face (as discussed in Section 2.8).

3.6 Electric polarisation

The electric polarisation of ThMnOj; was measured using the refined method as
described in Section 2.8. Figure 3.16 shows the polarisation along the c-axis in
zero applied magnetic field (the field dependence of the electric polarisation as
reported by Kimura et al. is detailed in Section 1.4.2 [31]). As with the peak
in the dielectric constant seen along this crystallographic direction, the electric
polarisation develops at approximately the same temperature as the peak in the
magnetic susceptibility and heat capacity data corresponding to the cycloidal order
of the Mn moments. The value of the electric polarisation measured at 2 K is
~550 1C m~2, which is slightly lower than the value of ~600 uC m~2 reported
by Kimura et al. [31], but there is a strong agreement with the temperature
dependence of the polarisation.

A comparison of the temperature dependences of the magnetic and electric
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Figure 3.16: Temperature dependence of the electric polarisation along the c-axis of
TbMnOs, calculated from a measurement of the pyroelectric current.

properties of ThMnQOj is shown in Figure 3.17, illustrating the strong coupling be-
tween the two properties. The slight temperature discrepancy for the polarisation
data is believed to be due to thermal lag, as the measurement was carried out at

5 K/min (as opposed to 1-2 K/min for the susceptibility and dielectric constant

measurements, and a much slower rate for heat capacity measurements).
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Figure 3.17: Temperature dependence of (a) magnetic susceptibility and specific heat,
(b) dielectric constant, and (c) electric polarisation for single crystal ThMnOg. All data
except specific heat measured along the c-axis. The apparent shift in T2 observed in
the polarisation measurement is a result of thermal lag, due to rapid sample heating
(5 K min~! rather than 1-2 K min~1).

88



Chapter 3. Magnetoelectric properties of ThMnO3 and DyMnOs5

3.7 DyMnOg

DyMnOj3 shares many of the magnetoelectric properties seen in ThMnO3 (Sec-
tion 1.4.4), but much fewer data exist on this compound in the literature. It is in-
teresting to measure the magnetic properties of DyMnQOs, to learn more about the
nature of magnetoelectric coupling in the RMnO3 compounds. As will be shown
below, there are significant differences in the magnetic behaviour of DyMnO3 and
ThMnO3, particularly in the susceptibility data. The single crystal magnetic sus-
ceptibility and magnetisation data presented below have not been reported in the

literature.

3.7.1 Magnetic DC susceptibility

The magnetic susceptibility along the a- and b-axes of DyMnOj3 are shown in
Figure 3.18. The susceptibility is anisotropic, with the susceptibility along the a-
axis approximately 4 times greater than that along the b-axis. The susceptibility
does not follow Curie-Weiss behaviour until above 200 K along the a- or the b-axis.
There is also a slight deviation from linearity of the 1/x data above 300 K. This is
not thought to be due to magnetic order so far above Ty; (~39 K), and is possibly
due to a crystal field effect, or some external source of magnetism (e.g. from the
sample holder) which becomes apparent in this temperature range. The results
of Curie-Weiss fits to the data are shown in Table 3.3. The expected effective
moment was calculated as 11.71 ug, using Equation 2.5. The measured values for
Peg are in good agreement with the expected value, implying the moments are in
the paramagnetic state above 200 K. The initial magnetic ordering temperature
in DyMnOj is ~39 K, where the Mn moments antiferromagnetically align. The
measured value for € along the b-axis is in moderate agreement with this value,
but not so along the a-direction.

No single crystal magnetic susceptibility data with Curie-Weiss analysis were
found in the literature for DyMnOg, but a polycrystalline study was conducted by
Chen et al. [82]. Similar behaviour is seen for the polycrystalline sample as for the

single crystal presented here, with the magnitude of the polycrystalline suscepti-
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bility lying in between the a-axis and b-axis data. As reported for ThMnOj3 [75],
the susceptibility of polycrystalline DyMnOj3 shows Curie-Weiss behaviour close
to the magnetic transition temperature, with 1/x being linear above 50 K. The
effective moment calculated by Chen et al. was 11.19 ug, which is in reasonable
agreement with the expected value of 11.71 ug, but not as close as the single
crystal data. Chen et al. found 6 = -25.3 K for polycrystalline DyMnOs3.

The features in the magnetic susceptibility data for DyMnQOg are very different
to those seen along the same axes in TbhMnOjg, showing that the effect of rare
earth magnetism plays a significant role in the magnetic properties of the RMnOj3
systems. The difference between the Néel temperature and the onset of Curie-
Weiss behaviour, implies that a similar crystal field situation exists here as in
TbMnOj3 (Section 3.2). This is also supported by the calculated values of € for both
DyMnOg3 and TbMnOj3 being significantly different to -7Tx. The strong influence
of crystal field effects on the magnetic properties of these compounds underlines

the need to study single crystal (rather than polycrystalline) samples.
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Figure 3.18: Magnetic susceptibility versus temperature for single crystal DyMnOs.
Measured in an applied magnetic field of 0.5 T along the a- and b-axes
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Sample state C (emu K mol~!) 6 (K) Deft Fit range (K)
H//a 17.153(2) 37.0(4)  11.707(1)  200-400
H//b 16.667(8) +49.7(2) 11.540(3) 200-400

Table 3.3: Curie constant, C', Weiss temperature, 0, and effective magnetic moment,
Peft, for DyMnQOs. Derived from a Curie-Weiss fit to inverse susceptibility data for
single crystal samples

8T H/la

M (ug / formula unit)

Figure 3.19: Magnetisation of a single crystal of DyMnOj3 versus applied magnetic field
along the principal crystallographic axes, taken at 5 K

3.7.2 Magnetisation

The magnetic field dependence of the magnetisation along each axis is shown in
Figures 3.19 and 3.20. The behaviour along the a-axis (Figure 3.20(a)) is similar
to that seen for ThMnOg, with the saturation above 2 T at 1.5 K most likely due
to ordering of the Dy moments. The size of the saturated magnetisation along the
a-axis is ~8 pup/f.u., which is higher than the value of ~6 ug/f.u. in ThMnOs.
The expected saturation moment for Dy** ions is 10 g, compared with 9 pp for
Th3T ions. It is also possible with DyMnOj that an antiparallel arrangement of the
Mn magnetic sublattice is the cause of magnetisation along the a-axis, being lower
than the saturation magnetisation of the Dy®" moments. With a magnetic field
applied along the b-axis (Figure 3.20(b)), metamagnetic transitions are seen below

10 K, although they are not as distinct as those found in TbMnOj (Figure 3.8(b)).
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Kimura et al. report a change in the electric polarisation direction from the c- to
a-axis with a field applied along the b-axis of DyMnOj [31]. No features are seen
in the magnetisation along the c-axis (Figure 3.20(c)).

It is interesting to note that the behaviour of the magnetisation along the three
principal axes is not equivalent at 50 K. The magnitude of the magnetisation along
the c-axis is approximately one quarter of that along the a-axis at 6 T, implying
that the moments are constrained from pointing along the c-axis as easily. Since
this temperature is in the paramagnetic phase (Tx; for DyMnOj is ~39 K), the

difference between the data sets is likely due to crystal field effects.

92



Chapter 3. Magnetoelectric properties of ThMnO3 and DyMnOs5

M (g / formula unit)

M (p, / formula unit)

15 4

M (u / formula unit)
p -
(6)] o

0.0 L 1 L 1 L 1 L
0 2 4 6 8

H (T)

Figure 3.20: Magnetisation of a single crystal of DyMnOQOgs versus applied magnetic field
in different temperatures, measured along the (a) a-, (b) b-, and (c) c-axis
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3.8 Conclusion

TbMnOj3 shows a clear link between magnetic and ferroelectric properties (Fig-
ure 3.17) Although ThMnOj is one of the most widely studied of the multiferroics,
there are still unanswered questions raised by the properties presented above. In-
teresting new observations include the magnetic susceptibility not obeying Curie-
Weiss behaviour until well above Ty, alongside the existence of magnetic entropy
in the system over a similar temperature range. These results point towards
magnetic correlations in the system above Ty, or crystal field effects. This be-
haviour is especially pronounced in the susceptibility measurement along the c-axis
(Figure 3.4(c)), which shows a broad hump over a range of ~200 K in the para-
magnetic phase. The results of heat capacity measurements under an applied
magnetic field confirmed the proposal that the magnetisation saturation seen for
H//a is due to the Th moments [31]. These heat capacity data correspond with
the magnetoelectric transitions presented by Kimura et al. in the phase diagram
of TbMnOj3 (Figure 3.21). The metamagnetic transitions observed in Section 3.3
are also shown on these phase diagrams for H//b and H//c. The metamagnetic
transitions coincide with the magnetoelectric transitions along these directions, as
expected.

The data presented also illustrate the contrast between the properties of ThMnOs3
and DyMnOgs. The magnetic susceptibility shown by the two compounds is
markedly different, although similar crystal field effects also appear to be present
in DyMnOj. The magnetisation data for DyMnO3 do not show the distinct meta-
magnetic transitions for H//b seen for TbMnOj, although they are still present.
For both compounds, these transitions appear to be strongly linked to the rare
earth magnetic order, being pronounced below the ordering temperatures for Th
and Dy, respectively. The importance of the Tb ions in ThMnOg is apparent
when observing the magnetic field dependence of the electric polarisation [7, 31].
Since there is only a small amount of published data on the magnetic order of the
Thb ions, it is currently difficult to further understand the magnetic interactions

between the Th and Mn ions.
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The measurements of the dielectric constant and electric polarisation along the
c-axis of ThMnOj gave results similar to those published by Kimura et al. [7, 31].
Although no new information was found from these results, they are important
in that they serve to show the single crystal samples had been correctly synthe-
sised, and to standardise the results of the electric properties measurement system
(Section 2.8). This was a necessary step before conducting similar measurements
on the new multiferroic compounds of the form Sm;_,Y,MnOs3, which will be

discussed in the following chapters.
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Figure 3.21: Magnetoelectric phase diagrams of ThMnOg for (a) H//a, (b) H//b and
(c) H//c, taken from Kimura et al. [31]. The black circles, triangles and diamonds
represent data obtained by measurements in Ref. [31] of dielectric constant, pyroelectric
(or magnetoelectric) current, and magnetisation, respectively. The red and green circles
represent heat capacity and magnetisation data measured for this Thesis.
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Chapter 4

Magnetoelectric properties of

Sml_xYanO?,

In the multiferroic compounds ThMnO3 and DyMnOs, the ferroelectric properties
are coincident with a cycloidal magnetic order of the Mn** moments (Section 1.6).
It has been proposed that this magnetic order is dependent on the crystal struc-
ture [30] of the compounds, as well as the magnetic interaction between the rare
earth moments and the Mn moments [32, 40, 41].

The RMnOj3 compounds for R = La-Ho have an orthorhombically distorted
perovskite structure (space group Pbnm), with a central Mn atom surrounded by
an octahedron of oxygen atoms (Figure 1.3). The Mn-O-Mn bond angle represents
the degree of tilting between adjacent Mn-O octahedra, and describes the local
distortions in the structure. The manganites with larger rare earth ionic radius (R
= La, Sm, Eu) exhibit non-ferroelectric A-type antiferromagnetic order. As the
Mn-O-Mn bond angle ¢ decreases with decreasing rare earth ionic radius [83], the
magnetic frustration increases, resulting in the cycloidal magnetic ground state
seen in ThMnOj3 and DyMnOj (Figure 1.20).

In order to understand the emergence of multiferroic behaviour in the RMnOs;
compounds, it is highly desirable to study the effects of altering the Mn-O-Mn
bond angle in non-multiferroic/weakly multiferroic materials. As seen in Sec-
tion 1.7.2, several groups have succeeded in discovering multiferroic properties
in EuMnOj3 by doping with Y at the Eu site [56-59]. This result is evidence

for the existence of a relationship between ¢ and the cycloidal magnetic order
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of the Mn®* moments. The electric polarisation develops along a different crys-
tallographic direction in Eu;_,Y,MnO3 to ThMnO3; and DyMnOs, suggesting a
possible connection with the existence of rare earth magnetism [39]. At present,
no data has been published explicitly confirming the magnetic structure of the
Eu;_,Y,MnO3z compounds.

The work presented in the following two chapters focuses on Y-doped SmMnOs.
This was a logical choice of compound in attempting to gain a fuller picture of the
behaviour of the RMnOj series for two main reasons. SmMnQj is the neighbour-
ing compound to EuMnOj3 in the RMnOj series (ionic radius values: Sm > Eu
> Th). Also, unlike Eu®", Sm3* ions possess a finite magnetic moment, but with
a magnitude of less than a fifth of those of Th3" and Dy3*. The purpose of study-
ing the Sm;_,Y,MnOj3 compounds was therefore to test if multiferroic properties
could be induced by doping as with Eu;_,Y,MnOj, to measure the change in
¢ with Y-doping, and to shed further light on the relationship between the rare
earth magnetic order and the ferroelectricity-inducing Mn order. Y was used as a
dopant for two principal reasons: the ionic radius of Y is smaller than that of Sm,
and it is a non-magnetic element. It is important to not introduce further sources
of magnetic interaction into the system when studying the effect of doping on the
magnetic properties. Presented in this chapter are details of the sample prepa-
ration and characterisation of polycrystalline and single crystal Sm;_,Y,MnOs,
with bulk heat capacity, magnetic and electric properties measurements. The data

are then summarised in a phase diagram (Figure 4.30).

4.1 Polycrystalline Sm;_,Y,MnOj;

As an initial study, small amounts (2-3 g) of polycrystalline Sm;_, Y, MnO3 (z = 0,
0.25, 0.4, 0.5, 0.6) were synthesized in order to observe phase formation and any
changes in the magnetic and/or electric properties.

4.1.1 Sample preparation

Polycrystalline samples were synthesized by heating stoichiometric ratios of SmyOg

(99.9%), Y203 (99.99%) and MnOq (99+%) powders. The procedure used for
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Heating Temperature (°C) Duration (hours) Comments

1 1100 4 Y203 preheat

2 1100 12 SmsO3 + Y903 + MnOy
3 1400 24 SmsO3 + Y203 + MnOs
4 1400 12 pellets + powder

Table 4.1: Sample heating procedure for the preparation of Sm;_,Y,MnO3 (z = 0-0.6)

heating the powders is given in Table 4.1. Since Y03 is hygroscopic (i.e. it
absorbs moisture from the air), this powder was heated to remove impurities prior
to mixing with the Smy0O3 and MnOy powders. Pellets of each composition were
pressed before the final sintering, from which pieces were cut for magnetic and
dielectric measurements. Electrical contacts were painted onto the flat surface of

the pellets using silver paste, as described in Section 2.6.

4.1.2 X-ray diffraction

Preliminary powder X-ray diffraction patterns were taken with a Philips PW1720
X-ray generator, with 0.02° increments and a counting time of 2 s/step. These
patterns show that the synthesized compounds are single phase for 0 < z < 0.5,
since no additional peaks are seen for this Y doping range (Figure 4.1). At z = 0.6,
additional peaks were seen in the diffraction pattern (Figure 4.2). These peaks
correspond to YMnOj [84], indicating that this doping level is above the solubility
limit of the series. More detailed diffraction patterns of the x = 0, 0.4 compositions
were taken with a Panalytical X'Pert Pro multipurpose X-ray diffraction system,
and are shown in Figures 4.3 and 4.4. A Rietveld refinement of the latter data sets
was performed with Topas Academic [85], giving the crystal structure information
shown in Table 4.2.

There are two different Mn-O-Mn bond angles, ¢; and ¢5, found for perovskite
structures with corner-sharing oxygen octahedra, as shown in Figure 4.5. Since
there are two ¢; values and four ¢, values, the mean bond angle presented is a
weighted average of the two angles. It is important to note that powder X-ray
diffraction is not an ideal method for determining the Mn-O-Mn bond angles for
systems such as those in the RMnOQOg series. The relatively small atomic number

of the oxygen atoms (8) compared with those of the rare earth (57-71), Y (39)
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Figure 4.1: X-ray diffraction patterns for polycrystalline Sm;_,Y,MnO3 (z = 0-0.5),
taken with a Philips PW1720 X-ray generator (Cu K, radiation).

and Mn (25) atoms makes them harder to see with X-rays, making it difficult
to accurately determine oxygen atomic positions. A more suitable method for

determining ¢ is to use neutron diffraction, as presented in Chapter 5.
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Figure 4.2: X-ray diffraction pattern for polycrystalline Smg 4Yo6MnOgs, taken with a
Philips PW1720 X-ray generator (Cu K, radiation). Peaks in the pattern not observed
for x = 0-0.5 correspond to the X-ray diffraction data for YMnOs3 [84].
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Figure 4.3: X-ray diffraction pattern for polycrystalline SmMnOQOj;, taken with a Pana-
lytical X’Pert Pro multipurpose X-ray diffraction system (Cu K,; radiation). The red
line shows the observed data, the black line is the fit to the data using Topas Academic,
and the blue line is the difference between the two. Inset: close up of the fit in the
region of the high intensity peaks, for detail.
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Figure 4.4: X-ray diffraction pattern for polycrystalline Smg Yo 4MnOg, taken with a
Panalytical X’Pert Pro multipurpose X-ray diffraction system. The red line shows the
observed data, the black line is the fit to the data using Topas Academic, and the blue
line is the difference between the two. Inset: close up of the fit in the region of the high
intensity peaks, for detail.
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Figure 4.5: (a) Crystal structure of SmYo4MnO3 (space group Pbnm), from refined
powder X-ray diffraction data. Illustrations of the (b) a-c and (c¢) a-b planes indicate
the different bond angles, ¢ and ¢s.
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SmMn03 Sm0_6Y0.4Mn03

a(A) 5.36010(16)  5.31722(5)
b (A) 5.79368(14)  5.83555(5)
c(A) 7.4932(2)  7.42946(6)
vV (A% 232.70(6)  230.528(3)

Mn-O1-Mn, ¢; (x2) 148.4(5)°  148.5(3)°
Mn-O2-Mn, ¢y (x4) 148.5(5)°  142.1(3)°
(¢) 148.5(5)°  144.2(3)°

Reliability factors

Rp(%) 2.572 2.338
Ryp (%) 3.722 3.070
Rexp (%) 2.311 2.302
X2 1.610 1.334

Table 4.2: Lattice parameters and Mn-O-Mn bond angles for SmMnOs and
Smg6Y0.4MnO3 (space group Pbnm for both compounds), from refined powder X-ray
diffraction data.

4.1.3 Magnetic properties

The magnetic properties of Sm;_,Y,MnOj3 (x = 0 — 0.5) are shown in Figure 4.6.
Pure SmMnOj is known to exhibit a magnetic transition due to the ordering of
the Mn?" spins at Ty~60 K [86], this is reflected by a sharp increase in the
susceptibility at this temperature. No polycrystalline susceptibility data were
found in the literature for SmMnQOg, but the behaviour is similar to that seen in
the single crystal compound, discussed in Section 4.2.2.

The Néel temperature measured in the Y doped samples is lower than that
found in SmMnOj3, with values of ~48 K for x = 0.4 and ~46 K for x = 0.5.
The size of the observed magnetic susceptibility in the Y-doped samples is seen
to decrease by two orders of magnitude from the parent compound. In SmMnO3,
there is a small canting of the Mn3*t moments, causing a weak ferromagnetic
component of the magnetisation. By doping at the Sm site with non-magnetic
Y, this ferromagnetic component is rapidly suppressed. Magnetic susceptibility
versus temperature plots on the Y substituted compounds show an additional
magnetic anomaly developing at T~21 K as the doping is increased to x = 0.4,
and at T~19 K for = 0.5 (Figure 4.6(b)). These temperatures are similar to

those of the transitions seen in TbMnO3 and DyMnOs where the Mn3* moments
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show a cycloidal ordering. The transition in Sm;_,Y,MnOj is subtle, and possibly
appears smeared out due to the polycrystalline nature of the samples. It was clear
that single crystal samples were required to gain a clearer picture of this feature

in the susceptibility data.

4.1.4 Dielectric properties

A measurement of the temperature dependence of the dielectric constant of pure
SmMnOj3 shows featureless data, which decrease smoothly with decreasing tem-
perature (Figure 4.7). A well defined peak in the dielectric constant begins to
develop as x is increased, being most pronounced for x = 0.4 and 0.5. This peak
is observed at the same temperature at which the cusp in the magnetic suscepti-
bility is seen for these compositions (Figure 4.8) - a clear indication of the coupling
between magnetic and dielectric properties in the Sm;_,Y,MnO3 compounds.
The results of the susceptibility and dielectric constant measurements on poly-
crystalline Sm;_,Y,MnQOj3 are presented in a proposed phase diagram in Fig-

ure 4.9.
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Figure 4.6: Magnetic DC susceptibility of polycrystalline Sm;_, Y, MnO3 as a function
of temperature, measured in an applied magnetic field of 0.01 T. The purple arrow
points to the possible new magnetic transition seen in the Y-doped compounds
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Figure 4.7: Dielectric constant of polycrystalline Smy_,Y,MnO3 as a function of tem-
perature, measured at 10 kHz
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Figure 4.9: Proposed phase diagram for the Sm;_, Y, MnO3 compounds as a function
of Y concentration. Circles and triangles represent transitions observed in magnetic
susceptibility and dielectric constant data, respectively. PM = paramagnetic, AFM
= antiferromagnetic, PE = paraelectric, FE = ferroelectric. The red area represents
multi-phase compounds.
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4.2 Single crystal Sm; ,Y,.MnOQOg

4.2.1 Sample preparation

It is clear from the results on the polycrystalline Sm;_,Y,MnOg3 samples that the
observed magnetic and dielectric transitions are coupled. Therefore, the next step
was to produce single crystal samples for the x = 0,0.4, 0.5 compositions using the
floating zone method (Section 2.3). Crystals were grown at a rate of 6-8 mm /hr in
an atmosphere of 50% Ar / 50% O,. The boules were typically 7 mm in diameter,
and 60-70 mm in length (Figure 4.10), but broke into pieces upon removal from
the furnace, or shortly afterwards.

Crystal quality and orientation were determined using the X-ray Laue tech-
nique (Figure 4.11). For all three compositions, the boules had a polycrystalline
or glassy surface, with single crystal beneath. Using published information on
the crystal space group (Pbnm) and lattice parameters of SmMnOj3, simulated
Laue patterns were generated using the OrientExpress program. By compari-
son with the simulated images, it was possible to orient the crystal with respect
to the three principal crystallographic axes (the a-, b- and c-axes), as shown in
Figure 4.11. The lattice parameters of SmMnOg3 were sufficient for generating
the simulated patterns since it was assumed that the Y doping did not result in
large changes in these values (i.e. such that the principal axes became indistin-
guishable/incorrectly assigned). This assumption was subsequently confirmed by
experiment (Table 5.2). The growth axis was generally close to the c-axis (within
5-10°). The single crystal portions of each boule were isolated, and then cut
into 2-3 mm? parallelepipeds, such that each face had a principal crystallographic

direction as the surface normal.
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Figure 4.10: Boules of (a) SmMnOs3 and (b) SmggYp4MnO3 grown using the floating
zone method.

4.2.2 Magnetic susceptibility
4.2.2.1 SmMnO;

The temperature dependence of the magnetic DC susceptibility along the c-axis of
SmMnOj is shown in Figure 4.12. The behaviour seen is in agreement with previ-
ously published data [29, 82, 87|, with magnetic order developing at Ty ~58 K. As
the sample is cooled, the susceptibility gradually increases until ~24 K, at which
point y drops sharply, becoming negative below 7 K. This behaviour is explained
by Mukhin et al. [87] as being due to an antiparallel alignment of the weakly fer-
romagnetic Sm and Mn magnetic moments, due to a Sm-Mn exchange interaction.
The magnetic susceptibility and inverse susceptibility up to 300 K are shown in
Figure 4.13.

A quantitative analysis of the susceptibility data was carried out by calculating
the effective magnetic moment, peg, as done for ThMnOj3 (Section 3.2). The inverse
susceptibility data was found to be linear above 120 K, i.e. over 60 K above Ty
(Figure 4.13). There is possibly a similar crystal field effect in SmMnOj3 to that
found in TbMnOg, but only limited crystal field analysis has been carried out on
SmMnOs [88]. The results of the Curie-Weiss fits are shown in Table 4.3.
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Figure 4.11: X-ray diffraction patterns along the (a) a-, (b) b- and (c) c-axes of a single
crystal of SmggYo.4MnOgs, taken using the Laue technique.
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Figure 4.12: Zero field cooled and field cooled magnetic DC susceptibility along the
c-axis of SmMnQgs, measured in an applied field of 0.01 T

Using Equation 2.5, the theoretical effective moment for SmMnOj is given as
4.97 ug. If, instead, the experimentally observed values of p for Sm3* and Mn3+
are used [15], the expected value of p is calculated to be 5.12. The values for
Pet Obtained along the a-, b- and c-axes of SmMnQOj3 are in good agreement with
the latter value of 5.12, with all axes agreeing to within 4%. The values of peg
measured along each axis are consistent with each other to within 1%. As seen

for TbMnOg, the values of 6 are far from -Ty= —59 K (Section 3.2).

4.2.2.2 Sml,xYanO;;

The temperature dependences of the magnetic DC susceptibility along the princi-

pal crystallographic axes of Sm;_, Y, MnO3 (x = 0.4, 0.5) are shown in Figure 4.14.

C (emu K mol™1) 6 (K) Deft Fit range (K)
H//a 3.527(1) -27.9(1)  5.309(1) 120-300
H//b 3.436(1) 21.10(7)  5.240(1) 120-300
H//c 3.480(1) -18.6(2)  5.273(3) 120-300

Table 4.3: Curie constant, C', Weiss temperature, 0, and effective magnetic moment,
Deft, for SmMMnOj3. Obtained from a Curie-Weiss fit to inverse susceptibility data.
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Figure 4.13: Field cooled magnetic susceptibility and inverse susceptibility for SmMnQOs3,
along the (a) a-, (b) b-, and (c) c-axis. Measured in an applied magnetic field of 0.5 T
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The zero field cooled data have been omitted since there was negligible difference
between ZFC and FC data along the three axes in both compounds. It can be
seen that much smaller values of y are seen as the doping level is increased. This
is expected with decreasing Sm content, since the weak ferromagnetic Sm order
is the cause of the high value of x in pure SmMnOj; [87]. The behaviour along
the a-, b- and c-axes for x = 0.4 and 0.5 are reminiscent of those seen in ThMnOs3
(Figure 3.3), with the features in the data most pronounced along the c-axis. The
small features seen in the polycrystalline susceptibility data are clear peaks in
the single crystal data (albeit slightly shifted upwards in temperature), seen more
clearly in Figure 4.24.

The magnetic susceptibility and inverse susceptibility data (up to 300 K) for
SmogYo4MnOs and Smg5Yo5MnO3 are shown in Figures 4.15 and 4.16. The
results of Curie-Weiss fits to the data are shown in Table 4.4. The expected values
of p for Sm;_, Y, MnOj3 were determined from the experimentally obtained values

for Sm** and Mn®" ions [15] using

p(Stm1_, Y, MnOy) = /(1 — 2)p(Sm*)? + p(Mn**)2 (4.1)

which gives p(SmggYo4MnO3z) = 5.00, and p(SmgsYo5MnO3) = 4.97. As with
SmMnO3, agreement is found to within a maximum of 4% for all values of p. A
slight underestimate of p is seen along each axis for SmMnO3 and Sm;_, Y, MnOg,

with the measured values systematically higher than expected.

C (emu K mol™!) 6 (K) Deft Fit range (K)

Smo 6Y0.4MnO3

H//a 3.373(1) 34.2(1)  5.191(1) 110-300
H//b 3.304(1) -30.46(7)  5.138(1) 110-300
H//c 3.317(1) -30.61(7) 5.148(1) 110-300
Sm0.5Y0.5Mn03

H//a 3.307(3) -32.1(2)  5.140(2) 120-300
H//b 3.331(1) -37.24(6) 5.159(1) 100-300
H//c 3.287(1) 133.10(7)  5.125(1) 110-300

Table 4.4: Curie constant, C', Weiss temperature, 0, and effective magnetic moment,
Peft, for Sm;_,Y,MnOs (z = 0.4, 0.5). Obtained from a Curie-Weiss fit to inverse
susceptibility data.
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Figure 4.14: Magnetic DC susceptibility along the principal crystallographic axes of
Sm;_,Y,MnOs (z = 0.4, 0.5) single crystals, measured in an applied magnetic field of
0.01 T. The green arrows indicate magnetic features along the c-axis which have arisen
as a result of Y doping
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4.2.3 Magnetisation

The magnetisation data for SmggY4MnO3 and Smg5Y5MnO3 are shown in Fig-
ures 4.17 and 4.18, respectively. As with the susceptibility data, there is little
qualitative difference between the magnetisation data of the two compounds, but
the magnitudes are smaller for Smg5Y(5MnQOs, where less Sm is present. A satu-
ration point is not seen along any axis, which is unlike the behaviour of ThMnOj3
where there is a saturation of the Th moments with H//a. From Equation 2.7,
and the angular momentum values for Sm (S = 3/2, L = 5, J = 5/2), the satu-
ration magnetisation for the Sm ions in Smg Y4 MnO3 and Smg ;Yo 5MnO3 were
calculated as 0.43 ug and 0.36 ug, respectively. The saturation magnetisation for
the Mn (J = 2) ions is 4 up for both compounds. The largest magnetisation re-
sponses are seen at 1.5 K with H//a = 10 T (the maximum field applied in these
measurements), and are ~0.9 pg/f.u. for SmysYo4MnOg, and ~0.75 pg/fu. for
Smg5Yo5MnOs. It is clear that there is a magnetisation response from both the
Sm and the Mn sites, since these values are larger than the saturation magneti-
sation of Sm3* alone. This is expected for an applied magnetic field as large as
10 T. The difference between the maximum values measured for SmggYo4MnOsg
and Smg5Yo5MnQOs3 is larger than that expected if the only difference between the
compounds was the contribution from the Sm site. It therefore follows that the
Y doping has an effect on the magnetisation of the Mn sublattice, as well as the
Sm sublattice. This is not surprising, when considering the difference between the
magnetic properties of the Mn sublattice in SmMnOj3 (A-type antiferromagnet)
and YMnOj (geometrically frustrated antiferromagnet [89]). By comparison, in
TbMnOj the sharp increase in the magnetisation with H//a is understood to be
due to the Tb ions (Section 3.3). However, since the magnetic order from indi-
vidual ions can not be separated for a magnetisation measurement, it is unclear
whether the features observed are due to the Sm or Mn moments.

Features are seen in the magnetisation data at 1.5 K with H//b and H//c,
although they are not as distinct as those in ThMnOs. In order to understand
the nature of these features, it is useful to compare the magnetisation data with

the magnetic field dependences of the electric properties of SmggYo4MnO3 and
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Smg5Yo5sMnO3 (Sections 4.2.5 and 4.2.6). With H//c over a similar range (0 —
9 T), significant changes are seen in the dielectric constant and polarisation. It
is therefore believed that the application of a magnetic field along this direction
causes a reorientation of the Mn moments (this is discussed further in Section 4.3).
For H//b, no significant changes are seen in the temperature dependence of the
dielectric constant, implying that a magnetic field applied along this direction does
not result in a significant change in the order of the Mn moments.

Since the metamagnetic transitions seen along the b-axis of ThMnOj3 are as-
sumed to be due to the Th moments (Section 3.3) [31], the weaker magnetic
moment of Sm (as well as the smaller molar proportion of Sm ions) is thought
to be the reason for the less distinct transitions observed for SmggYo4MnO3 and
Smo5YosMnO3. It is a significant result if there is indeed a weaker coupling
between the rare earth moments and Mn moments in Sm;_,Y,MnOs3, since the
strong coupling between Tb and Mn moments is important to the nature of the

magnetoelectric properties in ThMnOj.
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Figure 4.18: Magnetisation versus magnetic field along the (a) a-, (b) b- and (c¢) c-axis
of Sm0_5Y0,5Mn03.
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4.2.4 Heat capacity

The heat capacity data for SmggYo4MnO3z and Smg5Yo5MnO3 show 3 distinct
peaks, corresponding to the features seen in the magnetic susceptibility along the
c-axis (Figure 4.19). The respective temperatures at which these features are seen
shall from now on be referred to as Tx1, Tn2 and Tns, with Tx; > Tno > Ths. Sim-
ilar heat capacity properties are also found in ThMnOj (Section 3.4 and Ref. [7]).
By comparison, the published heat capacity data for SmMnOj3 show only one
peak, at Tny=>58 K, corresponding to the A-type antiferromagnetic ordering of the
Mn moments [29]. It is assumed that the peaks at Tx; and Txy correspond to
ordering temperatures of the Mn®*" moments. More detailed experiments (e.g.
using neutrons or synchrotron X-ray scattering) are needed to verify the magnetic
structure.! The peak at Tys is assumed to be due to a low temperature ordering
of the Sm moments, by analogy with TbhMnQOg. This peak is quite broad for both
compounds, which implies short-range order between the Sm** moments (a sharp
peak in heat capacity data would be expected if long-range order was present).
The peaks at Tys for both compounds are less pronounced than the corresponding
peak in ThMnOs.

The magnetic contribution to the heat capacity for both SmggYo4MnO3 and
Smg5Yo5MnO3 was isolated by subtracting the heat capacity data of a phonon
blank compound. LaGaOs; was used as a phonon blank, since it has a similar
molecular mass and crystal structure to the Sm;_,Y,MnO3 compounds, and con-
tains no magnetic ions. To account for the slightly different molecular masses
between LaGaOs and the Sm;_,Y,MnO3z compounds, the temperature values for
the LaGaOj3 data were normalised by multiplying by the ratio of the effective De-
bye temperatures of the two compounds [76]. Equation 3.4 was altered to account
for the shared Sm, Y site:

3

Op(Smy_, Y, MnO;) _ (Mra)2 + (Mga)? + 3(Mo)?
Op(LaGaO3) (1 — 2)(Mgm)2 4+ 2(My)2 4+ (My)? + 3(Mo)?

wl—=

(4.2)

where ©p is the Debye temperature and M is the molecular mass of each atom.

L An issue with performing neutron scattering experiments on the Smi_,Y,MnOgs compounds is the
large neutron absorption cross-section of Sm, as discussed in the following chapter.
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Figure 4.19: Heat capacity/temperature versus temperature for single crystal

SmgY0.4MnO3z and Smg5Y(o5MnQOs, in zero applied magnetic field
The Debye correction factors for LaGaOswere 1.06 and 1.08 for SmggYo4MnOg
and Smg5Yo5MnOs, respectively.?. The heat capacity values for LaGaOs were
also scaled by a factor of 1.04 in order to match those of the Sm;_,Y,MnO;3
compounds at high temperature (where only a lattice contribution is expected).
It possible that this correction needed to be made for Sm;_,Y,MnOj3 (and not
TbMnOj3) because the assumption of a similar lattice contribution from LaGaOj
breaks down due to the large difference in molecular mass between La (138.91)
and Y (88.906). The correction to the LaGaO; data only has a small impact
on the results presented below. Figure 4.20 shows the lattice subtraction for
SmgYo4MnOs and Smg5Yo5MnO3. There is still a finite magnetic heat capacity
(Crnag) for both compounds up to ~100 K above Ty;, as found for ThMnOs
(Figure 3.12), but the magnitude of C,, drops much quicker by comparison.
Integration of the magnetic heat capacity data with respect to temperature
gives the magnetic entropy in the system. Prior to integration, the values of

Chag corresponding to the overlap between the Sm;_,Y,MnO3 and LaGaOg3 data

2The Debye factors are greater than one for the Sm;_,Y,MnOs compounds since they have a lower
molecular mass than LaGaOs. The opposite is true for TbMnOg
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Figure 4.21: Magnetic entropy as a function of temperature for SmggYo4MnOgs and
Smg5Yp5MnO3. The dotted lines represent the expected total magnetic entropy for
each compound

were set to zero. For SmggY4MnOs, Chae was set to zero above 140 K, and
for Smg5Yo5MnOg3, Cpas was set to zero above 125 K. The magnetic entropy
data for the Sm;_,Y,MnO3 compounds are shown in Figure 4.21, reaching max-
imum values of 16.6 J mol~' K=! for SmgsYp4MnQOs, and 15.6 J mol~! K~ for
Smg ;Y05 MnOs.

The expected total magnetic entropy for each compound is determined by

adapting Equation 2.11:
Smag(Sm1_; Y, MnO3) = (1 —2)RIn[2J(Sm) + 1] + RIn[2J(Mn) + 1]  (4.3)

where J(Sm) = 5/2 and J(Mn) = 2. The expected Sy values for Smg Y4 MnO;
and Smg5YosMnO;5 are 22.3 J mol~! K=! and 20.8 J mol~! K=, respectively, as
shown by the dotted lines on Figure 4.21. The magnetic entropy measured for
each compound is therefore not enough to account for the expected values.

In order to determine the reason for the lower than expected entropy, the peaks
in the magnetic heat capacity were separated and integrated individually. For the
peak at Tys, a data point was added at zero temperature, zero heat capacity, to

include the region beyond the practical measurement range. Integrating this peak
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(assumed to be due to the Sm ordering) gives entropy values of 3.6 J mol~t K™!
and 3.3 J mol™! K=! for the SmosYo4MnO3; and SmgsYosMnOs compounds,
respectively. The expected Sm magnetic contributions are 8.9 J mol™' K~! in
SmgYo4MnOs and 7.5 J mol™' K~! in Smgs5Y5MnOs, far higher than those
measured. Integrating the peaks at Txe and Ty; (assumed to be from Mn or-
der) gives Spmag = 13.0 J mol™! K~ for SmgsYo4MnO;z and 12.3 J mol™! K~ for
Smg 5Yo5MnOs, which are reasonably close to the expected value of 13.4 J mol~! K.
The observation of a broad peak in the heat capacity data at Tys, and the
fact that the magnetic entropy is lower than expected below this temperature give
evidence which points towards clustering of Sm atoms, but the data do not provide
conclusive proof. Alternative possible explanations are a smaller than expected
magnetic moment, or the Sm order is not confined to temperatures below Tys,
and that additional Sm magnetic entropy is found at higher temperatures. If this
is indeed the case, it would imply that a lower than expected Mn contribution is
also present, since the entropy given by the peaks at Tx; and Txe could not be
solely assigned to Mn order. In ThMnOsg, the link between the magnetic order
of the Th moments and the Mn moments is key to the metamagnetic transitions
with H//b and the resultant electric polarisation flop. The different behaviour of
the Sm moments is therefore interesting when describing the dielectric constant
and electric polarisation, and their magnetic field dependence, as discussed in the

following sections.
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A (mm?) d (mm)

Sm0.6Y0,4Mn03

E//a 6.02 3.56
E//b 9.65 2.22
E//c 7.90 2.71
Sm0.5Y0,5Mn03

E//a 4.84 0.92
E//b 7.08, 3.91% 0.63
E//c 5.41 0.91

Table 4.5: Crystal dimensions of Smg Y 4MnOg and Smg5Yo.5MnO3 used for dielectric
measurements (* the crystal piece for Smg 5Yo5MnOg E//b broke in two after the H//a
measurement, the H//b, ¢ measurements were carried out with the smaller piece).

4.2.5 Dielectric properties

One of the most interesting properties seen in multiferroic materials is the abil-
ity to change the direction of the electric polarisation with an applied magnetic
field (or vice versa). Such behaviour is key to Type-II multiferroics, therefore it
was important to test for the presence of such magnetoelectric coupling in the
Sm;_, Y, MnOj single crystals. Electric properties measurements were taken with
a purpose-built sample insert for a Quantum Design PPMS, as described in Sec-
tion 2.6. The dielectric constant was measured as a function of temperature for
SmoYo4MnO3 and Smg5Y(5MnOj3 in the presence of magnetic fields up to 9 T.
The magnetic and electric fields could each be applied along the three principal
crystallographic axes, giving 9 permutations of sample configuration (Figures 4.22
and 4.23).

SmgYo4MnOs and Smg5Yo5MnO3 show very similar dielectric properties,
and so are discussed together below. The main differences between the dielectric
data for the two compounds are the slightly lower value of Tys for Smg 5Y5MnOg
(as expected from the heat capacity measurements shown in Figure 4.19), and the
smaller magnitude of the dielectric constant for Smg;YosMnO3 with £//a and
E//b. 1t should be noted that the measurements presented for SmgsY(sMnO;
were with a refined sample preparation method, as detailed in Section 2.8. Three
separate single crystal pieces were used for Smg 5Y (5 MnO3 measurements, whereas

one piece was used for Smg Y 4MnOs3. The electrode area, A, and sample thick-
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ness, d, for each measurement configuration are shown in Table 4.5.

The dielectric constant as a function of temperature shows large anisotropy
between the a, b and c-axes. Features in the dielectric constant develop along
the a- and c-axes at Tys, implying a coupling between the magnetic and electric
properties (Figure 4.24). The zero-field features are similar to those previously
published for ThMnOj3 [31], but the behaviour under an applied magnetic field is

markedly different, as discussed below.
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4.2.5.1 E//a

The broad feature in the dielectric constant below Tyo is gradually smeared out
with increasing H //a. No significant change is seen for H//b in Smg5Yo5MnOs,
but a steady increase in the size of the feature is seen in SmggY4MnOs. The
most interesting behaviour occurs with H//c, where the broad feature becomes
a more pronounced peak as the magnetic field is increased, with the maximum

amplitude occurring around 5 T for SmgYq4MnO3 and 7 T for Smg5Yo5MnOs.

4.2.5.2 E//b

No features are seen in the dielectric constant along the b-axis for Smg 5Y o 5MnOs,
and only a very small peak is seen for SmggY4MnOg3. These features are assumed
to be due to a small degree of crystal twinning between the a- and b-axes, which
have lattice parameters close to one another in the orthorhombic RMnOs per-
ovskites. The likelihood of twinning is evidenced by the behaviour of the feature
in £//b for SmgY04MnOgz showing a similar response under H//c as for E//a.
Otherwise, applying a magnetic field up to 9 T along each crystallographic axis

causes no change in the dielectric constant in this direction.

4.2.5.3 E//c

The sharpest peak in the dielectric constant is measured along the c-axis, and
occurs at Tno. No significant changes are seen in this peak when applying a
magnetic field parallel to the a- and b-axes, but for a small decrease in the peak
magnitude, and shift in temperature of ~2 K with H = 9 T. As with E//a, the
most significant change is seen with H//c. As the field is increased, there is a
gradual decrease in the peak temperature up to 5 K by 9 T, by which point the

peak has been nearly completely suppressed.
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Figure 4.24: Comparison of magnetic and dielectric data as a function of temperature
along the c-axis of a Smg 5Y.5MnQOg single crystal, showing a coincident phase transition
at TN2N24 K
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4.2.6 Electric polarisation

Following the study of the magnetic field dependence of the dielectric constant
for SmgYo4MnO3 and Smg 5Y(5MnOs3, the next step was to measure the electric
polarisation along the a- b- and c-axes. The polarisation was measured using the
technique outlined in Section 2.8. Polarisation measurements were also taken with
a magnetic field applied along the c-axis, since this field direction was found to
give the largest changes in the dielectric constant behaviour. Due to the amount
of time needed to take measurements of the electric polarisation, magnetic fields
were not applied along the other crystal directions. It is important to note that the
magnitudes of the polarisation presented below have not been calibrated against
a standard material. The pyroelectric current measurement technique is not used
for standard ferroelectrics, which exhibit much larger polarisations and have tran-
sition temperatures much higher than those of Type-II multiferroics. Since taking
the measurements of electric polarisation for SmggYo4MnOs3, the measurement
technique was further refined and improved as detailed in Section 2.8. The data
for Smg 5Y5MnO3 shown here represent the slightly improved quality of the data
due to the technique refinement.

The zero field electric polarisation data for SmggYo4MnO3 are shown in Fig-
ure 4.25. It can be seen that a large electric polarisation develops along the c-axis,
with only small polarisation magnitudes seen along the other two crystal direc-
tions. The magnitude of the electric polarisation measured along the c-axis is
~160 #C m~2 at 10 K. Using the improved measurement technique outlined in
Section 2.8, a polarisation of 270 ©C m~2 was measured at 10 K for Smg 5Y¢5MnO;
(Figure 4.27).

As with the dielectric constant data, applying a magnetic field along the c-axis
was found to show significant changes to the polarisation along the a- and c-axes,
with no real change along the b-axis (Figure 4.26). The polarisation along the
c-axis, P., was found to greatly decrease with increasing magnetic field, becoming
almost zero at 9 T. P, increased approximately four-fold upon the application of
a magnetic field of 9 T along the c-direction, although the magnitude is still only

13% of that of P, at zero field. The temperature dependence of the dielectric con-
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Figure 4.25: Temperature dependence of the electric polarisation of Smg¢Y(y.4MnOs,
measured along the principal crystallographic axes in zero magnetic field.

stant and electric polarisation of SmggYo4MnO3 and Smg5Yo5MnO3 show very
similar properties to those of TbhMnOj3, with a peak in the dielectric constant and
an electric polarisation seen along the c-axis in each compound. The most signif-
icant difference between the different materials is the effect of applying magnetic
field. In the Sm;_,Y,.MnO3 compounds, the application of a magnetic field along
the c-axis causes the greatest change in the electric properties, suppressing both
the peak in the dielectric constant and the electric polarisation along the c-axis.
By comparison, in ThMnOj3 these changes occur with H//b. Also, with E//c in
TbMnO3 an additional peak appears in the dielectric constant at low temperature
- at Txs for 5 T. This peak moves to higher temperatures (towards the peak at
Tno) as the magnetic field is increased. If the magnetic order of the Th moments
at Tz is responsible - directly or indirectly - for this additional peak, the lack of
such behaviour in SmggY4MnO3 and Smg ;Yo 5MnOg3 can possibly be linked to
the absence of a metamagnetic transition with a field applied in this direction (Fig-
ures 4.17 and 4.18). The magnitude of the electric polarisation in Smg5Y(sMnO;
is just over 50% of the magnitude of that in ThMnO3 (~520 uC m~2 in Ref. [31]).
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SmgY.4MnOg, with magnetic fields applied parallel to the c-axis.
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Figure 4.27: Temperature dependence of the electric polarisation along the c-axis of
Smg 5Y0.5MnOg3, with magnetic fields applied parallel to the c-axis.

4.3 Discussion

The results obtained for the electric polarisation in zero magnetic field suggest
a similar structure of the Mn moments as that found in TbhMnOg, ie. a cy-
cloidal structure with the spins in the b-c¢ plane and propagating along the b-axis.
This model would account for the similarities in the susceptibility data between
Sm;_, Y, MnO3 and TbMnO3, and agrees with the theoretical prediction of the
polarisation direction given by Equation 1.6. However, bulk crystal data alone are
not sufficient to confirm such a magnetic structure model. The magnitude of the
electric polarisation measured is ~50% of that found in TbMnO3 and ~23% of that
in EugYo4MnOs3 [31, 59], but 13 times that seen in Gdg oY1 MnOj3 [56]. It is not
currently known if this difference in magnitude is partly due to the measurement
technique.

There is a similar dependence of the electric polarisation on the applied mag-
netic field seen for SmgY4MnO3 and EuggYo4MnOs. The electric polarisation
in SmggY0.4MnOs is parallel to the c-axis in zero field, and applying the magnetic
field parallel to the c-axis causes a suppression of this polarisation. The magnetic

field also causes an increase in the electric polarisation along the a-axis to a value
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which is ~13% that of the zero field polarisation along c. Conversely, the electric
polarisation in Eug¢Yo4MnOg is parallel to the a-axis in zero field, and applying
a magnetic field parallel to the a-axis causes a suppression of this polarisation.
The magnetic field also causes an increase in the polarisation along the c-axis to
a value which is ~21% that of the zero field polarisation along a [58].

By analogy with the theory and experimental results discussed in Section 1.6
(32, 34], a polarisation switch from the ¢- to the a-axis implies that the mag-
netic state of Sm;_,Y,MnOg3 has been changed. According to the discussion by
Mostovoy [35], the magnetic spiral will change orientation under a sufficient mag-
netic field, with the spins then rotating about the magnetic field direction. As-
suming this is the case for SmggY(4MnO3 and Smg5Y5MnO3, a magnetic field
applied along the c-axis would cause the spins to rotate about ¢, i.e. in the a-b
plane (illustrated in Figure 4.28). Again referring to Equation 1.6, the result of
this magnetic reorientation would be a change in the direction of the electric po-
larisation to the a-axis. An increase in the polarisation along the a-axis was indeed
found with H//c, but of a much smaller magnitude than that of the polarisation
along the c-axis in zero field. This result suggests two possible outcomes: a mag-
netic field of 9 T applied along the c-axis is enough to disrupt the b-c cycloid, but
not sufficient to completely reorient the spins in the a-c plane; or the switching
of the polarisation is strongly dependent on the coupling between the rare earth
and the Mn moments in the RMnOj systems. With regards to the latter case,
it is now known that there is a strong coupling between the Thb moments and
the Mn moments in ThMnOj [36, 40, 41], and it is possible that this coupling
cannot be replicated in a system such as SmgsYo5MnOgz, which has a smaller
magnetic contribution from the rare earth site. In order to determine the precise
nature of the magnetic field dependence, neutron diffraction and/or X-ray scat-
tering experiments are required. Another observation made by Mostovoy is that
the application of a field along the b-axis should result in an electric polarisation
of zero, following the same logic. It is possible that the magnetic fields applied in
these measurements were not sufficient to reorient the Mn moments into the a-c

plane, and that at higher fields the polarisation could potentially go to zero.
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Figure 4.28: Proposed magnetic model for Smg ¢Y.4MnO3 and Smg 5Y 9 5MnOg, showing
the effect on the Mn moments of a magnetic field applied parallel to the c-axis
Mostovoy notes that this model of magnetoelectric behaviour does not apply
to ThMnOs, in which a magnetic field applied along the b-axis, rather than the
c-axis, causes the polarisation flop. This is attributed to the strongly anisotropic
magnetic moment of the Th ions coupling with the Mn spins. The Tbh moments
have been found to order along the a-axis at the ferroelectric phase due to mag-
netic polarisation from the Mn moments [32, 41, 90]. It appears to be the case that
a strong magnetic field along the b-axis reorients the Th moments and changes
Mn ordering from a b-c¢ cycloid to an a-b cycloid - with a resultant change in the
electric polarisation to the a-axis. The a-b cycloidal order of the Mn spins under
H//b was confirmed experimentally by Aliouane et al. [36], and indicates a strong
magnetic coupling between the Th and Mn moments. This argument does not
appear to apply to the Sm;_,Y,MnO3 compounds. The Sm3* ions possess a rela-
tively weak magnetic moment (fiefr(Sm)~1.7 g, ftefr(Th)~9.7 pup [15]), and due
to the Y doping there is proportionally less Sm than Tb in the respective systems.
In addition, the introduction of Y on the A-site of the compound will lead to in-
terrupted exchange pathways between the magnetic ions. Therefore, the magnetic
order of the Mn spins would not be expected to have such a strong dependence on
the Sm moments. If the nature of the electric polarisation in ThMnOj is strongly
dependent on the Tb order, the weak coupling between the Sm and Mn moments

could also account for the weaker polarisation seen in Sm;_,Y,MnO3 compared

with that of ThMnOs.

138



Chapter 4. Magnetoelectric properties of Smi_, Y, MnOg

4.4 Conclusion

A detailed study of the bulk magnetic and electric properties of Sm;_,Y,MnOg3
has been presented. Doping SmMnOg3 with Y results in large changes to the mag-
netic properties, with an additional magnetic transition developing at Txo~25 K
for x = 0.4 and 0.5. This magnetic transition coincides with the onset of an
electric polarisation, giving strong evidence for the existence of multiferroicity
(Figure 4.29). Initial X-ray studies show the value of the Mn-O-Mn bond angle in
Sm;_,Y,MnO3 moving towards that of ThMnO3 (~145°) with increasing x. The
occurrence of local structural distortions in the Mn-O octahedra brought about
by the Y doping appear to induce cycloidal magnetic order in Sm;_,Y,MnOs,
thereby giving rise to multiferroic properties. It is proposed that the Mn moments
orient in a cycloid in the b-c¢ plane at Tys, which causes an electric polarisation to
develop along the c-axis. Comparisons with theoretical predictions and the results
found for TbhMnOg3 appear to confirm this, but the magnetic structure cannot be
conclusively deduced without further study.

Proposed phase diagrams for Smg 5Y5MnO3 are shown in Figure 4.30, showing
the observed transitions and magnetic/electric phases. These phase diagrams
illustrate the different magnetic field dependences of ThMnO3 and Smg 5 Y5 MnO3.

Investigations of the exact nature of the magnetic order in the Sm;_,Y,MnOs3
compounds are essential in order to understand the magnetoelectric coupling
mechanism. As a continuation of this study, powder neutron diffraction and X-ray
resonant scattering experiments were carried out on Sm;_,Y,MnOj3, the results

of which are presented in the following chapter.
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Figure 4.29: Temperature dependence of (a) magnetic susceptibility and heat capacity,
(b) dielectric constant, and (c) electric polarisation for single crystal Smg5Yo5MnOs.
All data except heat capacity measured along the c-axis.
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Figure 4.30: Phase diagram of Smg 5Yo5MnO3 from this study, with magnetic field ap-
plied parallel to the (a) a-, (b) b- and (c) c-axis. Circles, squares and triangles represent
transitions in heat capacity, magnetisation and dielectric constant data, respectively.
PM = paramagnetic, AFM = antiferromagnetic, PE = paraelectric, FE = ferroelectric.
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Magnetic structure of Sm;_, Y, MnOQOs;

The interesting coupling between bulk magnetic and ferroelectric behaviour ob-
served in Sm;_, Y, MnOj3 (x = 0.4, 0.5) were discussed in the previous chapter.
The Y-doping on the Sm site is found to result in a new feature in the magnetic sus-
ceptibility and heat capacity, coinciding with a peak in the dielectric constant and
electric polarisation along the c-axis. These properties are very similar to those
found in TbMnO3 and DyMnOj (Sections 1.4.2 and 1.4.4). However, applying a
magnetic field to Sm;_,Y,MnOj3 has a different result on the electric properties
when compared with TbMnOj3. In ThMnOg, a cycloidal magnetic ordering of the
Mn?** moments induces ferroelectricity by breaking inversion symmetry [32, 34].
Since one of the effects of doping SmMnO3 with Y is to change the Mn-O-Mn
bond angle to a value similar to that of the multiferroic RMnO3 compounds, it
was important to determine if the Mn magnetic ordering that develops at ~25 K
in Sm;_,Y,MnOj3 (as indicated by magnetic susceptibility measurements) is also
cycloidal in nature. It is also important to attempt to determine the cause of the
magnetoelectric coupling seen in Sm;_,Y,MnOj3, and compare it with ThMnO3.
Two experiments were carried out with the aim of determining the magnetic struc-
ture of Sm;_,Y,MnO3s, one using neutron diffraction on the GEM instrument at
ISIS, UK, and another using X-ray resonant scattering on the XMaS beamline at

the European Synchrotron Radiation Facility (ESRF), France.
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5.1 Neutron scattering from SmMnO3; and Sm Y ;4MnO3

5.1.1 The GEM beamline (ISIS)

The GEneral Materials instrument is a neutron diffractometer which is used to
determine the crystal structure and magnetic structure of materials, as well as per-
forming structural studies on disordered materials such as glasses and amorphous
metals [91]. GEM can detect scattered neutrons over a large range of scattering
angles, with high resolution. Since magnetic Bragg peaks can be detected with
GEM, the instrument can be used to observe changes in the magnetic structure
of a sample brought about by changes in temperature or applied magnetic field.
The layout of the GEM diffractometer can be seen in Figures 5.1 and 5.2.
There is a long incident path of 17 m, allowing the flight path and time-of-flight
to be well defined. Before reaching the sample, the beam is collimated and a series
of choppers define an incident wavelength range (typically 0.05 to 3.40 A). The
sample sits inside an evacuated sample tank surrounded by the detector banks.
There are 8 banks of detectors on GEM, which allow a wide range of scattering
angle, 260 to be covered. This results in a large observable range of scattering vector
Q, due to the relation = 4rsin@/X. The banks contain ZnS/%Li scintillator

detectors which are narrow in width, allowing a high Q resolution.

5.1.2 Experimental methods

The natural isotope of samarium is highly neutron absorbing, with an absorption
cross section, o, of 5922(56) barns for thermal neutrons [92]. It is not practical to
carry out a neutron diffraction experiment with compounds containing this isotope
due to the extremely long counting times required to acquire a sufficient signal to
noise ratio. Instead, an isotope enriched Sm,QOj3 starting powder containing %4Sm
(0, = 8.4 barns) was used to prepare samples of SmMnO3 and Smg Y 4MnOj3 for
work on GEM. Polycrystalline samples were prepared, since the cost of the isotope
enriched samarium oxide meant that it was not possible to purchase enough for

single crystal synthesis. The preparation procedure for these samples is given in

Table 5.1.
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Figure 5.1: Schematic diagram of the GEM diffractometer [91].
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Figure 5.2: The arrangement of the detector banks on the GEM diffractometer [91].

To observe the temperature dependence of the magnetic order in SmMnO3 and
Smg Y 04MnOs, diffraction scans were taken with GEM on **Sm isotope enriched
powders, at a range of temperatures both below and above the respective magnetic
transition temperatures of the two compounds. For SmMnOj3, scans were taken
from base temperature (1.5 K) to 65 K, at intervals of 10 K (intervals of 4 K
around Ty ~ 58 K). For Smg¢Y(4MnOg, scans were taken from 1.5 K to 60 K,
in intervals of 1.5 K. Longer scans with improved statistics were also taken at one
temperature point in each different magnetic phase, including base temperature
(1.5 K) and room temperature (300 K).

Rietveld refinement of the nuclear and magnetic structure of the two com-
pounds was carried out using WinPLOTR, in the FullProf Suite of programs [68,
69]. The diffraction data from banks 3, 4 and 5 were refined together, since
these banks gave data which had the best balance between Q-resolution and count

rate [91].

5.1.3 SmMnO; results

A comparison of the diffraction patterns obtained at 1.5 K and 300 K for SmMnO3

can be seen in Figure 5.3. Since the 300 K data is far above the magnetic transition
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Heating Temperature (°C) Duration (hours) Comments

1 1100 4 (Y203 preheat)

2 1100 12 SmeO3 (+ Y203) + MnOy mixture
3 1400 24 Sme03 (+ Y203) + MnOy mixture
4 1400 12 SmsO3 (+ Y203) + MnOy mixture

Table 5.1: Sample heating procedure for synthesis of ®*Sm-enriched SmMnOs and
SmgYp.4MnOs. Comments in parentheses apply to the Smg Y4 MnO3 compound
only.

temperature, only nuclear Bragg peaks are seen. A Rietveld refinement of the
300 K pattern was carried out using the orthorhombic Pbnm space group as a
basis, the results of which can be seen in Table 5.2. The average Mn-O-Mn bond
angle, (Mn-O-Mn), was calculated from a weighted average of the Mn-O1-Mn
(x2) and the Mn-O2-Mn (x4) angles (this weighting is due to the arrangement of
the oxygen octahedra in the crystal, as illustrated in Figure 4.5). The Mn-O-Mn
bond angles determined from the fit to the data for SmMnQOg3 are consistent with
those published by Kimura et al. [29].} with an average value of 147.76(2)°. The
lattice parameters and atomic positions determined for SmMnOj are similar to
those published by Chen et al. (from refined XRD data) [82]. For comparison,
the Mn-O-Mn bond angle of multiferroic ThMnO3 was found to be 145.26(4)° by
Alonso et al [83].

At 1.5 K, additional peaks are present in the diffraction pattern (most notice-
ably at ~7.5 A), which correspond to the magnetic order in SmMnQOj3. The order
in SmMnOs3 has been proposed by Kimura et al. to be that of an A-type antifer-
romagnet [29], so this model was used as a starting point for refinement of the
magnetic structure. A good fit to the data was found for an A-type commensurate
order with the spins oriented along the b-axis, as shown in Figure 5.4. The mag-
netic R-factors for the fits at 1.5 K were 1.06, 3.14 and 3.12, for banks 3, 4 and 5
respectively. An illustration of the A-type magnetic order proposed for SmMnOj3
is shown in Figure 5.6. This magnetic model was then used to fit the magnetic
Bragg peaks as a function of temperature. The temperature dependence of the

magnetic moment (Figure 5.5), shows the system has zero net magnetic moment

!The value of ¢ for SmMnO3 given by Kimura et al. was interpolated from the values of the other
members of the RMnOs series, taken from Ref. [83].
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SmMn03 Sm0,6Y0,4Mn03
1.5 K 300 K 1.5 K 300 K

a (A) 5.3584(6) 5.3548(6) 5.3118(5) 5.3141(5)
b (A) 5.7959(6) 5.8131(7) 5.8290(6) 5.8432(5)
c (A) 7.4608(8) 7.4771(9) 7.4047(7) 7.4219(7)
v (A% 231.71(4)  232.75(5)  229.27(4)  230.46(4)
Sm/Y de (x y %)
T 0.98588(19) 0.98531(19) 0.98397(16) 0.98383(13)
Y 0.07339(14) 0.07426(13) 0.07870(11) 0.07918(9)
B (A% 0.338(19)  0.60(2) 0.170(15)  0.385(15)
Mn 4b (3 00)
B (A% -0.01(3) 0.11(3) 0.03(3) 0.19(2)
01 4e (x y %)
T 0.0949(2) 0.0951(2) 0.10196(19) 0.10210(15)
Y 0.4736(2) 0.4734(2) 0.46910(18) 0.46846(15)
B (A% 0.22(2) 0.40(3) 0.23(2) 0.399(19)
02 8d (z y z)
T 0.70725(17) 0.70766(18) 0.70454(15) 0.70490(12)
Y 0.32114(16) 0.32176(16) 0.32497(13) 0.32540(11)
z 0.04729(12) 0.04736(12) 0.05004(10) 0.05023(8)
B (A% 0.242(16)  0.442(19)  0.232(14)  0.414(13)
Mn-O1-Mn, ¢; (x2) 148.204(3)  148.209(3)  145.729(2)  145.676(2)
Mn-02-Mn, ¢ (x4) 147.59(5)  147.53(5)  145.92(4)  145.84(3)
(#) 147.82(2)  147.76(2)  145.86(1)  145.79(1)
Ryp 5.28 3.74 6.76 4.50

5.89 4.29 5.03 4.15

6.63 4.59 5.42 4.55
Bragg R-factor 3.14 4.22 2.20 2.23

3.53 5.92 2.27 2.15

3.88 4.87 2.37 2.26
Magnetic R-factor 1.06 - 7.10 -

3.14 - 3.98 -

3.12 - 5.03 -

Table 5.2: Refined unit cell, atomic position and thermal parameters for SmMnQO3 and
SmgY0.4MnO3 (space group Pbnm for both compounds), where B is the isotropic
temperature factor. The three values for each reliability factor are from the refinement
of the data from banks 3, 4 and 5, respectively.
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Figure 5.3: GEM diffraction patterns from bank 3 for SmMnOs, taken at 1.5 K and
300 K

(i.e. is in the paramagnetic state) at ~57 K, as implied by the susceptibility data
shown in Figure 4.12. The values for the magnetic moment are fixed to zero at
temperatures when magnetic Bragg peaks can no longer be seen in the diffrac-
tion patterns. As expected, the magnetic moment value increases with decreasing

temperature, as the magnetic disorder due to thermal energy is reduced.

5.1.4 Sm0_6Y0_4Mn03 results

As with SmMnO3, the crystal structure of SmggYo4MnO3 was fitted to an or-
thorhombically distorted perovskite structure represented by the space group Pbnm.
As can be seen in Table 5.2, the a and ¢ lattice parameters are smaller as a result
of the Y doping, whilst the b lattice parameter is larger. Also, the atomic positions
are shifted, with a change in the tilting of the MnOg octahedra. This is quantified
by the (Mn-O-Mn) bond angle of 145.79(1)° seen for SmgY4MnO3, a value very
close to that of TbhMnO3 and thus in the bond angle range shown by the shaded
region in Figure 1.20.

It can be seen from Figure 5.7 that the magnetic peaks present at 1.5 K in

SmgYo4MnO3 are different to those found in SmMnQOs. In order to model the
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Figure 5.4: Fitted data for SmMnO3s at 1.5 K, from bank 3 of GEM. The red points
shows the data, the black line is the fit to the data, and the blue line underneath shows
the difference between the two. The upper and lower green ticks represent nuclear and
magnetic Bragg reflections, respectively.
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Figure 5.5: Temperature dependence of the Mn magnetic moment magnitude in
SmMnOs3, along the b-axis.

149



Chapter 5. Magnetic structure of Smy_, Y, MnOs3

a
b
C :‘,——O-V
<

Figure 5.6: The A-type magnetic order proposed for the Mn moments in SmMnOs.
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Figure 5.7: GEM diffraction patterns from bank 3 for SmggY4MnOs, taken at 1.5 K
and 300 K
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data, the magnetic structure of ThMnO3; was used as a template. At the ferro-
electric phase transition in TbMnOs, the magnetic ordering of the Mn?T moments
changes from an incommensurate sinusoidal ordering propagating along the b-axis
to a cycloidal ordering, with the spins rotating in the b-¢ plane 1.6. A description
of how Fullprof models such a magnetic structure is given in the following section,

followed by the results of the fit for SmggY4MnOs.

5.1.5 SmyY(4MnO3; magnetic structure model

Each lattice point in a crystal structure can be described by the crystallographic
vector R:

R=za+yb+ zc (5.1)

where a, b and c are the crystal cell vectors and z, y and z are integers. The
refinement in Fullprof treats the magnetic structure of a compound as being made
up of a Fourier series of magnetic moments, p. For an atom j in a unit cell [, this

Fourier series is given as
tj = Z Skj exp [—2mik - R (5.2)
k

where k is the magnetic propagation vector. The Fourier component of the mag-

netic moment on atom j is given by Si;:

1 . .
Sk, = 3 [myju; + img;v;] exp [—2m¢kj] (5.3)

where u; and v; are orthogonal unit vectors of the magnetic moment and ¢ is the
magnetic phase factor.

The values m;; and my; define the nature of the magnetic order. For example,
if my; = 0, the magnetic structure is sinusoidal, with an amplitude of m; and a
periodicity given by the propagation vector. If msy; is non-zero, a complex compo-
nent is introduced, causing the spins to rotate in a helix/cycloid. The rotation of
the spins is inside a cylindrical envelope for my; = my;, and an ellipsoidal envelope
for all other values.

The magnetic structure of SmggY(4MnO3 below the first magnetic transition
temperature, Tx1~50 K was refined by assuming a sinusoidal Mn?** order prop-

agating along the b-axis - a magnetic moment ;. Refinements were also carried
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Figure 5.8: Fitted data for SmggYo4MnOs3 at 1.5 K, from bank 3 of GEM. The red
points shows the data, the black line is the fit to the data, and the blue line underneath
shows the difference between the two. The upper and lower green ticks represent nuclear
and magnetic Bragg reflections, respectively.

out using a model with an additional imaginary term to represent cycloidal order,
propagating along the b-axis with the spins rotating in the b-c¢ plane - the mag-
netic moment is then given by pp + .. This imaginary component along ¢ was
added to the data taken below Tyns. Good fits were found to the data using this
model, with magnetic R-factors at 1.5 K of 7.10, 3.98 and 5.03 for banks 3, 4 and
5, respectively. The fit to the data at 1.5 K is shown in Figure 5.8.

The cycloidal magnetic structure can be represented by an elliptical envelope
inside which the Mn magnetic moments rotate (Figure 5.9), along with a prop-
agation vector which describes the period of rotation with respect to the crystal
structure. The temperature dependence of the Mn magnetic moment is shown
in Figure 5.10(a), showing the onset of cycloidal order at Tx2~27 K in the form
of a moment component along the c-axis. This behaviour is very similar to that
reported for ThMnOj [7, 32]. The development of the elliptical envelope is also
illustrated in Figure 5.11.

The variation of the magnetic propagation vector with temperature is shown in
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Figure 5.9: Illustration of the elliptical envelope which describes cycloidal magnetic
order.
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Figure 5.11: Temperature variation of the envelope describing the Mn cycloidal magnetic
order in SmggYg4MnOgs. The flat lines along the b-direction for T>27 K represent
collinear sinusoidal order.
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Figure 5.12: The sinusoidal magnetic order proposed for SmggY4MnO3 between 50 K
and 27 K, with the propagation and amplitude modulation both along the b-axis.

a
a

f‘——»/ VSN Rt
—A NN Vo
A AT N b

Figure 5.13: The cycloidal magnetic order proposed for SmggYo.4MnO3 below 27 K.
The Mn?* moments rotate in the b-c plane and propagate along the b-axis, with a
propagation vector of approximately 0.274 A1 at 1.5 K.
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Figure 5.10(b). The model is set with the magnetic propagation along the b-axis,
as with TbhMnOj3. Below the ferroelectric transition temperature the value of the
propagation vector increases slightly from ~0.272 A~! at 30 K to ~0.274 A~!
at 1.5 K. The behaviour of the propagation vector for ThMnOj3 reported by
Kenzelmann et al. [32] is different, with a large drop in magnitude from ~0.287
to 0.276 A~ between 40 and 30 K, with a slight gradual increase with decreasing
temperature up to ~0.2768 at 2 K.

It should be noted that equivalent fits are obtained for the SmggYq4MnOs
data by instead using a real component along both the - and c-axes, i.e. pup +
te. The spin structure in this case would be a sinusoidal order along b which is
canted towards the c-axis. The two models cannot be differentiated with neutron
diffraction data on a powder sample, but by analogy the model of TbhMnOsj is
assumed. A single crystal sample would be needed to more decisively state the
magnetic structure with neutron diffraction, a practical issue due to the cost of
sufficient isotope-enriched Sm for crystal growth. The effect of magnetic order
of the Sm ions has been neglected from this analysis for the following reasons:
the magnetic moment of the Sm®" ions is relatively small (peg(Mn®*T)=4.82 up,
et (SM3T)=1.74 1up), coupled with the weaker contribution due to Y dilution on
the A-site of the compound; and the fits are of good quality without accounting

for Sm order.

5.1.6 Conclusion

In conclusion, the results of the powder neutron diffraction experiment on SmMnOj3
and Smg Yo 4MnO3 show that Y doping causes a significant change in the Mn-
O-Mn bond angle, moving it towards the value found in the multiferroic RMnOg
compounds. The doping also results in a change in the magnetic structure from
the A-type antiferromagnetic order seen in SmMnOgs. It is proposed that the
magnetic order of the Mn moments has two phases: an incommensurate sinu-
soidal phase below Ty, and a cycloid in the b-¢ plane below Tyo. If this is the
correct magnetic structure, it is similar to that seen in ThMnQOg3. The data provide

further evidence that the Mn-O-Mn bond angle plays a very important role in the
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cycloidal magnetic ordering of the Mn®*" moments which results in ferroelectric
polarisation.

In the following sections, an experiment utilising X-ray resonant scattering
(XRS) on single crystal Smg5Yo5MnOj is presented. The aim of this experiment
was also to learn more about the magnetic structure of the Sm;_,Y,MnOj3 com-

pounds, using a complementary technique to neutron scattering.
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5.2 X-ray resonant scattering from Smg5Y(;MnQOj;

5.2.1 The XMaS beamline (ESRF), and experimental setup

The XRS study presented in this thesis was carried out at the XMaS (X-ray
Magnetic Scattering) beamline, which is located at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France [93]. XMaS is a bending magnet
source and offers an X-ray photon energy range of 2.3 keV - 15 keV, a range that
spans the M-edges of the actinide elements and the L-edges of the lanthanides
(rare earths).

The experimental layouts of the optics and experimental hutches of XMaS are
shown in Figures 5.14 and 5.15, respectively. The incident beam energy (wave-
length) is selected by a double crystal monochromator situated in the optics hutch,
and a toroidal mirror subsequently focuses the beam such that a high incident flux
can be provided to a small sample area (at the centre of rotation of the diffractome-
ter, Figure 5.15). The focused beam spot size at the sample position is 0.8 mm
(vertical) x 0.4 mm (horizontal). The harmonic rejection mirrors (Figure 5.15)
were used in the study on Smgs5Yo5MnOg3 to ensure that the beam arriving at
the sample position contained just one energy (wavelength, \) component, i.e.
any higher energy components that emerged from the monochromator and then
reflected off the toroidal mirror (e.g., \/2) were rejected.

Since antiferromagnetic order in Smgs5Yo5MnO3 occurs at low temperature

(~47 K), the XRS study was conducted using a Joule-Thomson (J-T) cryostat
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Figure 5.14: Schematic view of the incident beam optics on the XMaS beamline. Bottom
scale shows distance from the X-ray source. Taken from Brown et al. [93]
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Figure 5.15: Schematic view of the beam conditioning in the experimental hutch on
the XMaS beamline (note that the phase-plate was not used in the XRS experiment
presented in this thesis). Bottom scale shows distance from the X-ray source. Taken
from Brown et al. [93].

(base temperature 1.7 K) mounted on the diffractometer (Figure 5.15). The cryo-
stat has beryllium windows through which the incident and scattered beams can
pass (beryllium has a low atomic number and, hence, a low X-ray absorption coef-
ficient). The cryostat mount of the XMaS diffractometer is equipped with an zyz
translation stage, allowing micrometer-precision sample positioning with respect
to the incident X-ray beam.

In the present XRS study, a vertical scattering geometry was used. The sam-
ple mount used gave the option to switch to a horizontal geometry during the
investigation. However, the drawback of the mount was that it prevented the
measurement of the azimuthal dependence of the XRS (the measurement of the
scattering as a function of rotation, v, of the sample about the scattering vec-
tor), since over certain ranges of ¢ the sample mount blocked the incident and/or
scattered beam.

Since the incident beam was horizontally (linearly) polarised (in the plane of
orbit of the electrons passing through the bending magnet), the use of a verti-
cal scattering plane implied a o polarised incident beam (see above) during the
XRS study. In order to analyse the (linear) polarisation state(s) of the scattered
photons following XRS, a polarisation analyser assembly was mounted on the
diffractometer. The assembly comprises two rotation circles, one associated with
the analyzer Bragg angle (f0ca, as described above) and the other allowing the

analyzer crystal and detector to be simultaneously rotated (by an angle, ) about
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the direction of the scattered beam, k', emerging from the sample. By rotating 7
such that the detector pointed toward the analyser crystal along a direction par-
allel to the o’ (7’) vector, the o’ (7’) component was not diffracted (was filtered
out) by the analyser crystal. It was therefore possible to analyse the o — ¢’ or
o — 7’ channels (as described in Section 2.10.4) during the XMaS experiment.

The example of the ¢ — 7’ setup is shown in Figure 5.16.
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5.2.2 Previous XRS studies on TbhMnOs;

An experiment to further understand the magnetic structure of the Sm;_,Y,MnO3
compounds was carried out on the XMaS beamline at the ESRF (Section 5.2.1),
using X-ray resonant scattering. Before presenting the results of this study, a
brief summary of the results of scattering experiments aimed at determining the
magnetic structure of ThMnOj (a well-studied type-1T multiferroic compound) is
given. These studies will later be referred to when discussing the XRS results for
Sm5Yo5sMnOs.

As with TbhMnQOs, the multiferroic state appearing in Smg 5Y o 5MnO3 coincides
with a second antiferromagnetic phase transition seen in magnetic susceptibility
measurements (Section 4.2.2). The temperature for the transition, Tyy ~ 24 K,
is very close to Txo in ThMnOgj. The magnetic susceptibility results provide
initial evidence to suggest similar antiferromagnetic behaviour in the two systems
and, hence, a similar mechanism for multiferroic behaviour. In neutron scattering
studies, ThMnO3 has been found to show four different types of magnetic satellite
reflection, which correspond to four different classifications of magnetic structure,
referred to as A-, F-, G- and C-type structures. These magnetic reflections are
classified by their Miller indices, i.e. their h, k and [ values (A-type: h + k =
even, | = odd, F-type: h+ k = even, | = even, G-type: h + k = odd, | = odd,
C-type: h+ k = odd, [ = even). Contrasting reports have been published on the
magnetic satellite peak types observed in TbMnOj3. The initial powder neutron
study by Quezel et al. [28] found predominantly A-type magnetic peaks, with weak
G-type peaks and no C- or F-type reflections. This result was later reproduced
by Blasco et al. [75], again using the technique of neutron powder diffraction.
Kajimoto et al. [94] found peaks corresponding to A-, G-, F- and C-type order in
a neutron diffraction experiment on single crystal ThMnOj3. A large increase in
the intensity of the G-, F-, and C-type peaks was measured below the magnetic
ordering temperature which coincides with the ferroelectric order (at Tng ~ 27 K).
Kajimoto et al. attributed the A- and G-type peaks to magnetic order along the
b-axis, but the analysis of the F- and C-type peaks was only able to conclude

that moments were ordered along either the a- or c-axis. Kenzelmann et al. [32]
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found that only A-type peaks exist in the magnetic phase above Tys, confirming
the existence of a sinusoidal phase with the moments aligned along the b-axis.

Thus in all of the above neutron diffraction studies, signals were observed at
A-type satellite positions (h,k & ¢,l), characterized by h + k = even and | = odd.
The incommensurate wavevector, denoted by ¢, was found to be approximately
0.28 reciprocal lattice units (rlu). Signals at the C-, F- and G-type satellite po-
sitions (associated with the same value of ¢ but different odd/even permutations
of h, k and [) were also observed in some but not all of these studies [94]. As
discussed in Section 1.6, the link between ferroelectricity and the magnetic struc-
ture in ThMnOj3 was determined by Kenzelmann et al. [32]. By analysing neutron
diffraction intensities of the A-type satellite reflections as a function of scattering
vector, (), Kenzelmann et al. concluded that the antiferromagnetic ordering in the
multiferroic phase of TbMnOs corresponds to Mn®** moments arranging in a b-c
cycloid.

Several investigations have used XRS to study the magnetic structure of ThMnO3
[41, 90, 95]. An important study was carried out recently by Wilkins et al. [41],
using soft X-ray energies corresponding to the Tbh My 5 and Mn Ly 3 absorption
edges. The experiment included an analysis of the dependence of the Mn Ly edge
XRS intensity at the F-type satellite position (0,q,0) as a function of sample az-
imuth rotation, v, about the scattering vector, as well as the i-dependence of
second harmonic satellites at (0,2¢,0) and (0,1 —2¢,0) (an F- and C-type position,
respectively). Wilkins et al. discovered evidence for a modified version of the mag-
netic structure determined by Kenzelmann et al.. It was concluded that the A-, F-
and C-type satellite reflections can be assigned to one, coherent antiferromagnetic
structure, represented by a b-c¢ cycloid canted in the a-axis direction.

An important conclusion of Wilkins et al. is that it is not necessary to invoke
the idea of different antiferromagnetic (structural) domains existing in ThMnOj
in order to explain the observation of satellite types (i.e, the C- and F-type) in
addition to the A-type. However, it should be noted that the G-type satellite
reflection is not yet explained by the model of Wilkins et al.. It appears that

further progress needs to be made in order to fully understand the different ob-
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servations made in scattering studies on ThMnQOj3. For example, Kajimoto et al.
[94] observed A-, G-, F- and C-type magnetic reflections in a single crystal neu-
tron diffraction study on ThMnOj, whereas Kenzelmann et al. [32] observed only
A-type reflections.

Given the observation of similar anomalies in the magnetic susceptibility for
TbMnO3 and Smg5Y(5MnOg3, i.e. a higher temperature feature at Tx; and a
lower temperature feature at Tyo, one might expect the appearance of similar
AFM structures in Smg5Y(5MnO3 as those indicated by the scattering studies on
ThbMnOj3 discussed above. If this is the case, the features would correspond to
a sinusoidal antiferromagnetic structure at Tno< T < Tnjand a cycloidal type
structure at T' < Tx2. The XRS results on Sm;_,Y,MnO3 presented below
(alongside the neutron scattering results given in the first half of this chapter)
are suggestive of a magnetic ordering similar to that of TbMnOg3. However, given
that Sm;_,Y,MnOj3 is a new multiferroic system, the magnetic structural infor-
mation available from scattering experiments on this material is largely incom-
plete in comparison to the information available on ThMnOjs (the information on
Sm;_, Y, MnOjs is limited to that presented in this thesis). Wilkins et al. showed
soft X-ray resonant scattering to be a powerful tool in determining the magnetic
structure of ThMnOj3. Traditionally, however, this technique is used following an
XRS study in the hard X-ray energy regime, which is less of a technically chal-
lenging technique than soft XRS, due to X-ray absorption considerations. In the
case of TbhMnO3, studies at a rare-earth L edge (performed separately by Mannix
et al. [90] and Voigt et al. [95]) preceded the soft XRS study of Wilkins et al..
Similarly, the XRS results presented below on Sm;_,Y,MnO3 were obtained at
a rare-earth L edge - the Sm Ly edge. The Ly edge was used rather than the Lg
edge because it is known from the XRS literature that for light rare-earth systems
the Ly edge resonant signals are stronger than Lj signals [71, 96]. Since Tb is a
heavier rare-earth element, the Th L3 edge was used for the hard XRS studies of
TbMnOs3 [90, 95].
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polarisation
analyser crystal n,

b*[[n

detector

Figure 5.16: X-ray scattering set-up from a Smg 5Yo5MnO3 crystal for the experiment
at XMaS (sample surface area ~10 mm?). The reference azimuth (¢ = 0) has the c-axis
in the scattering plane. In this case, the sample is orientated to give an A-type (0,4-¢,1)
satellite reflection. Scattering is in the plane of the page, dotted lines refer to directions
perpendicular to the page.

5.2.3 Experimental methods

As discussed in Section 5.1.2, a problem with performing neutron scattering exper-
iments on Sm;_, Y, MnO3 compounds is the large neutron absorption cross-section
of Sm, meaning that isotope-enriched Sm is required. Employing X-ray scattering
avoids the issue of prohibitively high probe attenuation by the sample, allowing the
use of the (much cheaper) natural isotope of Sm and meaning that single crystal
samples could be used. The experiment on XMaS used a piece of Smg5Yy5MnO3
single crystal.? The crystal was oriented and cut into a cuboid with the b-axis
perpendicular to the X-ray scattering surface, and the a- and c-axes perpendicu-
lar to the adjacent faces (Figure 5.16). The scattering surface was polished to a
0.25 pm finish using diamond lubricant.

The incident energy was tuned to the Sm Lo edge (~7.32 keV). A gold (Au)

2The original aim was for both Smg.6Y0.4MnOgs (which was the composition used for the experiment
at GEM, Section 5.1.4) and Smg.5Y0.5MnO3s to be studied at XMaS, but due to time constraints this
was not possible. The magnetic structures of the two compositions are not expected to be drastically
different from one another, from observation of the magnetic and electric properties presented in the
previous chapter.
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Type h+k l reflection

A even odd (0, 4-¢q, 1)
F even even (0, 4-q, 0)
G odd odd (0, 3+q, 1)
C odd even (0,3+q, 1)

Table 5.3: Magnetic satellite reflection positions measured for Smg 5Yo5MnOg

crystal with a surface normal parallel to the [111] crystallographic axis was used
as the polarisation analyser. For X-rays of an energy tuned to the Sm L2 edge
(7.323 keV), the Bragg angle of the Au (222) reflection (fca) is very close to 45°.
The leakage factor measured with the Au (222) analyser on the (0,4,1) Bragg
reflection was approximately 1%. This value is typical of leakage factors measured
on XMasS.

Since the bulk magnetic and electric properties of Smg5Y5MnO3 showed very
similar properties to those of ThMnOs3, a similar experimental setup was used as
that of Mannix et al., who previously performed an XRS experiment on ThMnOs3
at the Th Lj edge, using the XMa$S beamline [90]. The sample was aligned such
that the azimuthal angle (as defined in Figure 2.14) was zero when the c-axis
was oriented parallel to the (vertical) scattering plane. A search was conducted
for A, F', G and C-type peaks at satellite positions (h,k £ ¢,l), where ¢ is an
incommensurate wavevector. Scans were taken with varying ¢ to search for the
existence of peaks due to incommensurate magnetic order. The h, k and [ values

for the different peak positions that were searched for are listed in Table 5.3.

5.2.4 Smy;Y5;MnO; results

Sm Ly XRS was observed in Smg5Y,5MnOj3 in the multiferroic phase (T < Tyo
~ 24 K) at the A-, C-, F-, and G-type satellite positions listed in Table 5.3, and
associated with an incommensurate wavevector ¢ ~ 0.31 rlu. This wavevector is
similar to that found for the ordering of the Mn 3d magnetic moments in ThMnOg
(gvn ~ 0.28 rlu [32, 90]). The energy dependence of the Sm Ly XRS signal at
the A-type (0,4-¢,1) satellite position, measured at 1.7 K, is shown in Figure
5.17. These data were measured in the ¢ — 7’ channel, and are representative

of the Sm Ly resonance also found at the F, C' and G-type positions (at base
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temperature). The fluorescence (green line) measurement is also shown in Figure
5.17 (this measurement was taken with the polarisation analyser crystal removed
and at a diffractometer setting corresponding to a position in reciprocal space
close to that of the A-type satellite, to ensure a similar beam penetration depth
into the sample as during the satellite measurement).

The similarity between the positions of the peak in the XRS and the white
line (peak) in the fluorescence in Figure 5.17 is indicative of an E1 (2p;/, — 5d)
resonant process. The absence of any XRS in the 0—o channel, over a range of 1
values, is further indication of E1 XRS. It is therefore understood that the Sm Lo
edge resonant scattering is sensitive only to spin polarisation in the 5d band of Sm.
This is a similar situation to that in XRS studies at the Th L3 edge of ThMnOj3
(90, 95], i.e. in those studies the XRS mechanism was understood to only involve
vacant states in the 5d band of Th. Based on the TbMnO3z; XRS studies on the
Th Ls edge [90, 95], and the Th M, 5 edge [41, 97] XRS studies on ThMnOs, it is
possible that below Txs in Smg5Yo5MnOs3, the Sm Ly edge E1 XRS signal is due
to spin polarisation of the 5d band produced by the Sm 4f moments, which are
ordered magnetically in the same configuration as the Mn 3d moments. This is

discussed in more detail in the following subsection.

165



Chapter 5. Magnetic structure of Smy_, Y, MnOs3

Intensity (counts/sec at 200 mA)

Energy (keV)

Figure 5.17: Scattering intensity at (0,4-¢,1) as a function of incident X-ray energy in
the 0 — 7/ channel. The energy is tuned across the Sm Ly absorption edge (7.323 keV).
The data were collected at 20 sec/point, and are monitor corrected. The red line is a
Lorentzian fit to the data. The green line is a measurement of the Sm Lo fluorescence,
scaled to the o — 7 resonance.
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Figure 5.18 shows the XRS signal for the A-, F-, C- and G-type peaks mea-
sured in this experiment, at 1.6 K, 12 K and 35 K. The lowest two temperatures
correspond to the proposed cycloidal magnetic ordering phase of Smg 5Y(5MnO3,
and 35 K is in the proposed collinear sinusoidal order phase. In the XRS and
neutron scattering experiments conducted on ThMnOg3, the A-type satellite re-
flection was always present, meaning this reflection is unambiguously linked with
antiferromagnetic ordering. Based on this, a detailed temperature dependence of
the A-type peak for Smg5Y(;MnO3 was conducted, with scans taken from 1.6 K
to 30 K in increments of 1-2 K. The temperature dependence of the integrated
intensities of the A-type peaks are shown in Figure 5.19. Although detailed tem-
perature dependences were not carried out for the other peak types (due to time
constraints), the intensities of the other peak types at 1.6 K, 12 K and 35 K
are also shown, for comparison. It can be seen that the F-type peak intensity is
approximately twice as large as that of the A-type peak across the temperature
range, and approximately ten times larger than the C' and G-type peaks. All peak
types were observed at the base temperature of 1.6 K. The C-type peak disap-
pears at ~12 K, and the A-type peak appears to go to zero at approximately Tio
~24 K. The F and G-type peaks persist until some point between 12 K and 35 K,
but more data points are needed to determine the temperature more accurately.

The experiment was concluded with a search for independent Sm magnetic
order, again at the Sm Ly edge. An Sm incommensurate wavevector approximately
equal to that of Th in TbMnO3 was assumed, i.e. gsm ~ grp ~ 0.42 rlu [90]. No

magnetic satellite peaks were found at the positions expected for Sm order.
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Figure 5.19: Temperature dependence of the integrated intensities of the different mag-
netic satellite reflections observed in Smg 5Y o 5MnOg, measured in the o0 — 7’ channel
at the Sm Lo absorption edge. Solid lines are guides to the eye. The vertical dashed line
represents the magnetic transition temperature, T2, which corresponds to the onset of
multiferroic order.
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5.2.5 Discussion

At the time the XMaS experiment was conducted on Smg5Yo5MnO3, the inter-
pretation of the different magnetic peak types observed in TbhMnO3 was that they
were from different magnetic domains within the sample [90]. Since then, the mag-
netic structure has been refined by Wilkins et al. to give a more complex model
which allows for each peak type, and is consistent with the results and predictions
of Kenzelmann et al. [32, 41]. In this model, the Mn moments in the collinear si-
nusoidal phase are slightly canted in the c-direction, and in the b-c cycloidal phase,
the moments are tilted into the a-axis. It was also found that the Th 4f band
shows magnetic order coinciding with the Mn cycloidal phase transition [41, 97],
countering earlier arguments that the Th moments were not ordered until below
7 K. There is clearly a strong link between the Th and Mn magnetic order in this
cycloidal /ferroelectric phase, as shown by the unexpected behaviour of the electric
polarisation under an applied magnetic field [35] (Section 4.3).

The results of several X-ray scattering experiments were utilised in order to
give an accurate picture of the magnetic structure of TbMnOj3, including detailed
azimuthal scans of the different peak types, measurements at the K, and L-edges
Mn and the K, L and M-edges of Th, and non-resonant scattering [41, 90, 97].
Since we have only conducted one XRS experiment on Smg5Yo5MnOs3, limited
information is available. Therefore, it is not yet possible to directly deduce the
full details of the magnetic structure of Smg5Y(;MnO3, however we can still infer
possible behaviour by comparison with the results published for ThMnOj.

It is not possible to directly infer the magnetic structure of the Mn moments
from the XMaS data. A search for the Mn K edge was carried out during the
XMasS study, however, this proved unsuccessful. Since the energy range available
at XMaS (2.3 keV - 15 keV) does not cover the Mn Ls 3 edges (Mn Ly = 0.650 keV,
Mn L3 = 0.639 keV), a study of (soft) XRS at these edges could not be performed.

The possible transitions from the Mn K edge are

ls — 4p - Dipole (E1) transition
1s — 3d - Quadrupole (E2) transition
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The 4p band polarisation is weak, resulting in a low dipole (E1) XRS amplitude at
the Mn K edge. Although the 3d band shows stronger polarisation, quadrupolar
transitions are statistically (quantum mechanically) less likely events than dipole
transitions, meaning there is also a low XRS amplitude for quadrupole (E2) tran-
sitions. It could be possible to overcome the problem of low K edge XRS signal
intensity with an insertion device beamline (such as ID20), which has a higher
beam intensity, or by tuning the X-ray to soft energies. The latter method allows
resonances at the Mn Lj 3 edges, meaning that the 3d state can be observed via
dipole transitions.

Although measurements were taken at the Sm Ly edge, it is still possible to
obtain information about Mn ordering. For example, in a magnetic system con-
taining two magnetic ions ‘A’ and ‘B’, the ordering of the ‘A’ ions can magnetically
polarise the ‘B’ ions. This can happen since the ‘B’ ions experience internal mag-
netic fields due to the ordering of the ‘A’ ions (dipolar interaction between the ‘A’
and ‘B’ magnetic moments). In this case, measurements of the magnetic prop-
erties of the ‘B’ atoms would indirectly uncover information about the magnetic
properties of the ‘A’ ions. Electronic orbitals in an ion can also be polarised due to
the magnetisation of other orbitals in the same ion. For example, a magnetic 4 f
band in Sm can potentially polarise the unoccupied 5d level. Possible transitions

from the Sm L, edge are

2py — 5d - Dipole (E1) transition
2p1 — 4f - Quadrupole (E2) transition

The magnetic order from Sm3" ions is due to the partially filled 4f level, but
from the XMaS results it seems that we did not probe this energy band since we
detected no evidence of quadrupolar transitions. The energy scans measured only
show single peaks; quadrupolar interactions would occur slightly lower in energy
than dipole transitions (of the order of a few eV), meaning a split peak would

be expected if any E2 transitions were measured. Also, we only measure reso-
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nant scattering in the ¢ — 7’ channel and not in ¢ — ¢’. This is as expected
for dipole transitions, where the ¢ — ¢’ component of the matrix is zero. For
quadrupole transitions, a finite signal in o — ¢’ is expected, with the first order
term (analogous to Equation 2.32) dependent on the out of plane (z3) component
of the magnetic moment [74]. If we assume the moments were aligned in the
diffraction (b-c) plane with our experimental set-up, an E2 signal would only be
found in ¢ — ¢’ upon significantly changing (by more than ~20 to 30 degrees) the
azimuth angle, which would produce components of the magnetic moments out of
plane. The study of the 0 — ¢’ channel as a function of azimuth angle conducted
at XMaS did not reveal any (0 — ¢’) XRS signal, however, the study was only
conducted over a limited angle range (A1) ~ 4 30 degrees; subsequent changes in
¥ resulted in shadowing by the sample mount).

In order to directly probe the 4f state of Sm using dipolar transitions, “soft”
X-rays would be needed, such as in the experiment conducted by Wilkins et al.
on TbMnOj [41]. Specifically, by studying at the My 5 edges of Sm (~1.7keV),
dipole transitions from the 3d to the 4 f levels (as observed by Wilkins et al.) can be
probed. Nonetheless, our study at the Sm Ly edge, which has revealed XRS due to
transitions to the 5d band of Sm provides valuable preliminary information on the
magnetic structure of Smg5Yo5MnQOs3, since, by comparison with the XRS studies
(both soft and hard) on ThMnOj, we can conclude that the antiferromagnetic
configuration (hence magnetic satellite reflections) associated with the polarisation
of the Sm 5d band is representative of the magnetic order associated with the (4f)
Sm and (3d) Mn magnetic moments.

In the following two subsections, a discussion of the Sm L, XRS in the two

different temperature regimes, Tno< T <Tn; and T' <Tyg, is made.

5.2.5.1 Tno < T <11

At the Sm Ly edge, very weak peaks are seen in the 0 — 7’ channel corresponding
to A- and F-type satellite positions in the temperature range Txo< T <Ty; (Figure
5.18). By comparison, in ThMnOj3 an F-type satellite is seen at the Tb Lj edge,
but not at the Th My or M5 edges, where no order is reported [41, 90, 97]. Since
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the L3 edge probes the 5d states and the My 5 edges probe the 4f states of Tb,
these results can be explained as being due to a polarisation of the Tbh 5d band
due to the collinear sinusoidal ordering of the Mn ions. Since a weak signal is seen
in the same temperature range for Smg 5Y5MnOs, it is proposed that this is due

to a polarisation of the Sm 5d band by an ordering of the Mn moments analogous

with ThMnOs.

5.2.5.2 T < TIno

In the temperature range T° < Tno for Smg5Yo5MnO3, one observes a gradual
increase in the intensity of the A-, F-, G- and C-type peaks with decreasing
temperature, although a detailed temperature dependence was only taken for the
A-type peak. In TbMnOs, a resonant signal appears below Tyo at the Th My
edge at A-type satellite positions, and at the My edge at A- and C-type satellite
positions, demonstrating that the 4f magnetic moments of Th are ordered and
strongly linked to the Mn cycloidal order in this phase [41, 97]. The sudden
increase in the XRS signals in Smg ;Y 5MnO3 at the Sm Ly edge therefore points
towards a similar process, with the Sm 4f band being influenced by a cycloidal
order of the Mn moments, causing a polarisation of the Sm 5d states.

Since the M, ;5 edges of Sm (in the soft X-ray regime) were not studied in
this experiment, and no evidence was found of satellite reflections corresponding
to independent Sm ordering (i.e. at a different value of ¢), we can not directly
infer order of the Sm moments. Further XRS experiments are needed to more

completely understand the magnetic structure of Smg5Yy;MnOs3.
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5.3 Conclusion

The experiments presented in this chapter utilised neutron diffraction on polycrys-
talline Smg Y o4MnOjz (***Sm isotope enriched) and X-ray resonant scattering on
single crystal Smg5Yo5MnO3. These experiments provide evidence that points to-
wards magnetic ordering of the Mn®* moments which is similar to that observed
in TbhMnOQOg, that is, a sinusoidal collinear order along the b-axis in the region Tio
< T <Tw (24 K < T < 47 K), and a cycloidal order in the b-c¢ plane below
Tno. If this model is indeed the case, it agrees well with the results presented in
Chapter 4, as discussed in Section 4.3. In particular, the existence of a b-c¢ cycloid
alongside the observation of an electric polarisation developing along the c-axis at
the same temperature agrees with the model of Kenzelmann et al. and Katsura et
al. (Section 1.6) [32, 34]. This would also be a significant result with regards to the
effect of Y doping in SmMnQO3, which exhibits simple A-type antiferromagnetic
order. One point of note is the slight discrepancy found between the incommen-
surate wavevector, ¢, measured in the two experiments. At base temperature, the
neutron diffraction experiment measured g ~ 0.274 rlu for SmggYo4MnO3, and
the XRS experiment measured ¢ ~ 0.31 rlu for Smg5Yo5MnO3. This discrepancy
is possibly due to the different sample compositions, and the planned future XRS
experiments may shed further light on this issue (single crystal SmggYo4MnOj3
has also been prepared for XRS experiments).

The crystal structure determination of SmMnO3 and SmggY4MnOj3 from the
neutron powder experiment at GEM confirm that the Mn-O-Mn bond angle, ¢
decreases due to Y doping, as expected [30, 64]. In Smg Yo 4MnOs3, ¢ is 145.79(1)°
at room temperature, close to the value reported for ThMnOs of ~145.4° [30]. By
comparison, ¢ for SmMnO3 was found to be 147.76(2)° at room temperature. This
result provides strong evidence that tuning ¢ allows control of the magnetic - and
therefore multiferroic - properties in the rare earth manganite systems.

It should, however, be noted that the results presented in this chapter provide
only preliminary information on the magnetic structure, and more experiments

are required in order to arrive at a complete picture of the magnetic ordering. Nu-
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merous complementary neutron scattering and XRS studies have been carried out
on single crystal ThMnO3, meaning that the magnetic structure has been refined
over a period of time, whereas experiments carried out on the Sm;_,Y,MnOj3
compounds are limited to those presented in this chapter. Due to the neutron
scattering experiment being carried out on a polycrystalline sample, and the non-
straightforward nature of the magnetic order, a different magnetic model can be
fitted to the data for T < Ty (that of a canted sinusoidal order, rather than a
cycloidal order, see Section 5.1.4). It would be beneficial to conduct a neutron
scattering study on single crystal Sm;_, Y, MnOg, but due to the strongly neutron-
absorbing nature of Sm this is not practical. The key to further understanding
the magnetic structure of the Sm;_,Y,MnO3 compounds therefore appears to be
further XRS experiments. The azimuthal dependence of the A-, F-, C- and G-
type satellite reflections, may shed more light on the orientation of the magnetic

moments present below Txo. Also, the use of soft X-rays could be used to directly

probe the 4f band of Sm and the 3d band of Mn via dipole (E1) XRS.
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Magnetoelectric properties of

Gdl_xYQCMHOg

Subsequent to the studies on the Sm;_,Y,MnO3 compounds, a similar approach
was adopted to GdAMnO3. GdMnOjs only exhibits a small electric polarisation
in the absence of an external field, but an applied magnetic field along the b-axis
gradually increases the polarisation magnitude (Figure 1.17) [31]. The polarisation
develops parallel to the a-axis, rather than the c-axis as seen in ThMnOg3, DyMnO3
and the Sm;_,Y,MnO3 series.

The reason for the different magnetoelectric behaviour seen in GAMnOj is not
clear. Kimura et al. suggest a link to the position of GdAMnOj3 in the magnetic
phase diagram for the RMnOj series (Figure 1.20) [31] - i.e. the larger Mn-O-Mn
bond angle, ¢ (the reported value of ¢ for GdAMnOj; is ~146.2° [29, 30]). The
connection between ¢ and the occurrence of a ferroelectric polarisation, has been
shown for Sm;_,Y,MnOs in the previous chapters. It is also proposed that the
magnetic properties of the rare earth atoms play a crucial role in inducing the
cycloidal magnetic ordering of the Mn®* moments, and that the large magnetic
anisotropy found in Th and Dy is an important factor in their multiferroic be-
haviour. Feyerherm et al. [39] found that in DyMnOj, the ordering of the Dy*"
moments is induced by the Mn3* ordering and, in turn, enhances the ferroelectric
polarisation by a factor of three. They also propose that in GdMnOg3, a mag-
netic field applied parallel to the b-axis causes an ordering of the Gd** moments

which stabilises the cycloidal Mn?* ordering and so induces the observed electric
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polarisation. Due to the high neutron absorption cross sections of Dy and Gd,
experiments done to date to observe the magnetic structure have been carried out
using synchrotron X-ray diffraction.

In order to further understand the magnetoelectric behaviour of GAMnO3, and
to build on the results obtained for Sm;_,Y,MnOg, a similar approach of doping
with Y at the rare earth site has been applied, with the aim of inducing changes
in the magnetoelectric properties. Ivanov et al. [56] first published results for
Gdp9Y0.1MnO3 in 2006, showing that doping with Y induces a spontaneous elec-
tric polarisation (i.e. in zero applied magnetic field). The magnitude of the spon-
taneous polarisation measured along the c-axis of GdggY1MnO3z (~20 pCm~2)
is small compared with that seen in ThMnOjz (~800 nCm~?2). The data on the
polarisation were limited to one plot as a function of magnetic field, and no data
were reported on the magnetic structure or the Mn-O-Mn bond angle of the new
compound.

The following data are from preliminary measurements on polycrystalline sam-
ples, taken with the aim of building upon the results of Ivanov et al. to further

understand the conditions necessary for multiferroicity in the RMnOQOj series.

6.1 Gdl_xYanOg

6.1.1 Sample preparation

Polycrystalline samples of Gd;_,Y,MnOj3 (z = 0.1-0.5) were synthesised by re-
acting together stoichiometric ratios of Gd;O3, Y203 and MnOs powders. The
procedure used for heating the powders is given in Table 6.1. Pellets were pressed
and sintered for magnetic and dielectric measurements, as with the Sm;_, Y, MnOj3
(Section 4.1.1). Both Gd;03 and Y503 are hygroscopic, and so these powders were

heated prior to mixing with the MnO, powder.

6.1.2 X-ray diffraction

Powder X-ray diffraction was used to check the phase formation of the prepared
Gd;_, Y, MnO3 compounds. X-ray diffraction was carried out using a Philips

PW1720 X-ray generator, with a counting time of 2 s/step in 0.02° increments.
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Heating Temperature (°C) Duration (hours) Comments

1 1100 4 Gds0O3 and Y203 preheat
2 1100 12 Gdi1_,Y,MnO3 powder
3 1400 24 Gd;_,Y,MnO3 powder
4 1400 12 Gdi_,Y,MnOg3 pellets

Table 6.1: Sample heating procedure for Gd;_, Y, MnO3 (z = 0.1-0.5)

For x = 0.1-0.4, single phase compounds were formed, with X-ray patterns similar
to that published for GAMnOj; (Figure 6.1) [98]. For x = 0.5, additional peaks
were seen in the diffraction pattern, corresponding to pure YMnOj [84].

High quality powder X-ray diffraction data were taken for GdggYooMnO3 us-
ing a Panalytical X'Pert Pro multipurpose X-ray diffraction system, shown in
Figure 6.2. A Rietveld refinement of these data was performed with Topas Aca-
demic [85], giving the crystal structure information shown in Table 6.2. As dis-
cussed in Section 4.1.2, powder X-ray diffraction data do not give as accurate bond

angle values as neutron diffraction.
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Figure 6.1: Powder X-ray diffraction patterns for Gd;_,Y,MnOg3 (z = 0.1-0.4).
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Figure 6.2: X-ray diffraction pattern for polycrystalline GdAMnOs, taken with a Panalyt-
ical X’Pert Pro multipurpose X-ray diffraction system. The red line shows the observed
data, the black line is the fit to the data using Topas Academic, and the blue line is the
difference between the two. Inset: close up of the fit in the region of the high intensity
peaks, for detail.
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Gdo_gYo,QMHOg
a (A) 5.30621(3)
b(A) 5.86297(3)
c(A) 7.41768(4)
V(A% 230.765(2)

Mn-O1-Mn, ¢y (x2) 142.9(3)°
Mn-O2-Mn, ¢ (x4) 145.5(
(Mn-O-Mn) 144.6(

Reliability factors

Ry (%) 2.223
Rup(%) 2.851
Rexp (%) 2.358
x> 1.209

Table 6.2: Lattice parameters and Mn-O-Mn bond angles for GdpsYo2MnO3 (space
group Pbnm), from refined powder X-ray diffraction data

6.1.3 Magnetic properties

Magnetic susceptibility versus temperature data for Gd;_,Y,MnOsz z = 0.1-0.4
are shown in Figure 6.3. As with the Sm;_,Y,MnO3 compounds, the addition of
Y at the rare earth site causes a suppression of the susceptibility - z = 0.4 has
a value of y at 2 K which is under 40% of the magnitude of x = 0.1. This is
to be expected, since the large effective moment of Gd (7.94 up) is suppressed
by the Y substitution. There are no features apparent in the susceptibility data
for any composition. This is in contrast to Sm;_,Y,MnOg, where a slight feature

developed in the magnetic susceptibility at ~20 K as x was increased.

6.1.4 Dielectric properties

The dielectric constant versus temperature data for Gd;_,Y,MnO3 (x = 0.1-0.4)
were taken for samples cut from sintered polycrystalline pellets, with the pellet
piece sizes given in Table 6.3. Sample contacts were made by coating opposing
faces of the pellets with silver paint, and connections were made as described in
Section 2.6.

The results of the dielectric constant measurements are shown in Figure 6.4.
A peak in the dielectric constant is seen for each composition, and the application

of a magnetic field of 9 T causes the peak to shift towards higher temperature and
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x (emu mol” Oe'1)

) 20 40 60 80 100
Temperature (K)

Figure 6.3: Zero-field cooled magnetic susceptibility versus temperature for polycrys-
talline Gdq_,;Y,MnOg3, taken in an applied field of 0.01 T

decrease slightly in magnitude for x = 0.2 and 0.4. For x = 0.3, the application
of a magnetic field appears to cause the magnitude of the peak in the dielectric
constant to increase, but the zero field peak is below the temperature range of the
measurement. By comparison, a peak in the dielectric constant of single crystal
GdMnOj has been reported by Kimura et al., along the a- and c-axes [31]. The
peak in GAMnOs3 occurs at ~24 K, with the peak temperature shown to increase
with an applied magnetic field along any direction. Changes in the magnitude of
the peak in the dielectric constant for GAMnOj3 are seen with H//c - a decrease
in the peak size along the a-axis and an increase along the c-axis. No explanation
is given by Kimura et al. for this behaviour.

The data for the x = 0.3 pellet is a lot noisier than that seen for the other
compositions. From observation of the different sample dimensions used, it ap-
pears that this is due to the relatively large thickness of the pellet used for the
measurement, since the area is larger than those of the x = 0.1 and 0.2 composi-
tions and smaller than the x = 0.4 compound. It is also possible that an inferior

electrical contact was made with the pellet.
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x  Pellet thickness (mm) Pellet area (mm?)

0.1 1.02 14.10
0.2 1.01 15.52
0.3 1.25 20.98
0.4 0.98 34.62
0.5 1.02 28.21

Table 6.3: Gd;—,Y,MnOg pellet dimensions for dielectric measurements (cuboid pieces)

The dependence on the peak in the dielectric constant with an applied magnetic
field shows that there is magnetoelectric coupling in the Gd;_,Y,MnO3 com-
pounds as in GAMnOj3. Unlike Sm;_,Y,MnOj3 (polycrystalline and single crystal
samples), there is no feature in the magnetic susceptibility that corresponds to
the peak in the dielectric constant. Since the magnetic susceptibility data taken
were for a polycrystalline sample, it is possible that an oriented single crystal of
Gd;_,Y,MnO3 may show distinct features in the susceptibility, just as was seen
for Sm;_,Y,MnOQOg3. Single crystals of Gd;_,Y,.MnO3 would also allow measure-
ments of the magnetic and dielectric anisotropy of the compounds, as well as
polarisation measurements to observe ferroelectric properties. The magnitude of
the polarisation would show whether or not doping with Y causes an increase in
the magnetoelectric effect in Gd;_, Y, MnOs3.

Due to time limitations, it was not possible to prepare and orient single crys-
tal compounds of the Gd;_,Y,MnOj series for magnetic and electric properties

measurements for this thesis.
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6.2 Gdl_mLuanO;),

Another approach to altering the multiferroic properties of GAMnO3 was to dope
with lutetium. Like YT, Lu®* has a smaller ionic radius than that of Gd, and so
again the aim of doping on the Gd site was to alter the crystal parameters of the
compound. Lu is the last member of the lanthanide series, and therefore Lu®* has
a full 4f shell (4f'*) and carries no magnetic moment. This means that Lu is a
suitable dopant, since (as with Y) there are no additional magnetic interactions

between the Mn3T moments and the A-site moments to consider.

6.2.1 Sample preparation

Polycrystalline samples of Gd;_,Lu,MnO3 (z = 0.3 - 0.5) were synthesised by re-
acting together stoichiometric ratios of GdyO3, LusO3 and MnO, powders. These
doping levels were chosen as a starting point, since magnetoelectric coupling was
present in both Sm;_,Y,MnO3; and Gd;_,Y,MnOj3 around = = 0.4. The proce-
dure used for heating the powders is given in Table 6.4. Pellets were pressed and

sintered to be used for magnetic and dielectric measurements.

Heating Temperature (°C) Duration (hours) Comments

1 1100 4 Gds O3 preheat

2 1100 12 Gds03, LugO3 and MnOs mixture
3 1400 24 Gd5 03, LusO3 and MnOs mixture
4 1400 12 powder and pellets

Table 6.4: Sample heating procedure for Gd;_,Lu,MnOg3 (x = 0.3 — 0.5)

6.2.2 X-ray diffraction

X-ray diffraction was carried out on Gd; _,Lu,MnO3 (z = 0.3—0.5) using a Philips
PW1720 X-ray generator, with a step size of 0.02° and a counting time of 2 seconds
per step. The results of the measurements are shown in figure 6.5. It can be seen
that even for the lowest doping level (z = 0.3), there are clear peaks which do

not appear in the GdAMnOj3 diffraction pattern. These peaks can be matched to
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hexagonal phase LuMnOj3 [84], showing that the compounds did not form as single

phases.

6.3 Conclusion

We have shown that single phase Gd;_,Y,MnO3 can be prepared for x = 0.1-0.4,
but Gd;_,Lu,MnOj is multi-phase for any amount of Lu doping. The dielectric
behaviour of the Gd;_,Y,MnO3 compounds show similar properties to the parent
compound up to x = 0.4. For each compound, the dielectric constant is shifted
under an applied magnetic field of 9 T, showing that magnetoelectric coupling
is present for each of these compounds. The bond angle for GdggYo2MnO3 was
found from powder X-ray diffraction to be 144.6(3)°. This result provides further
evidence that altering the Mn-O-Mn bond angle of the RMnQOj series provides a
method of controlling the magnetic order, and that this angle is therefore a crucial
factor for the existence of a multiferroic state.

Further work into the Gd;_,Y,MnO3 and Gd;_,Lu,MnO3 compounds is cur-
rently being undertaken by the Superconductivity and Magnetism group at War-
wick. Post-doctoral research assistant Da-Qian Liao has successfully grown single
crystal samples of Gd;_,Y,MnQOg, and magnetic, dielectric and electric polarisa-
tion measurements have been measured. Also, Gd;_,Lu,MnO3; was found to be
single phase for z = 0.1-0.2, and also showed interesting magnetoelectric proper-
ties. Papers detailing the magnetoelectric properties of polycrystalline and single

crystal Gd;_,Y,MnO3 and Gd;_,Lu,MnO3 are currently in preparation.
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Figure 6.5: (a) Powder X-ray diffraction patterns for Gd;_,Lu,MnO3 (z = 0.3 — 0.5),

with peaks due to LuMnOs marked by asterisks. (b) A reference XRD pattern of
LuMnOg [84].
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Conclusions

Research into multiferroics has been highly active in the years following the dis-
coveries of strong magnetoelectric coupling in 2003 [7-9]. Throughout the course
of this Ph.D. (2006-2010) the number of papers on the topic has greatly increased,
with ~1350 publications in this time period compared to 281 beforehand. A great
deal of progress has been made into understanding the fundamental causes of mul-
tiferroic behaviour, and developing multiferroics for technological applications.

The majority of research into the understanding of type-II multiferroic be-
haviour (where magnetism and ferroelectricity show a strong coupling) has focused
on ThMnOs. As discussed in Section 1.6, a cycloidal ordering of the Mn** mo-
ments breaks inversion symmetry and causes an electric polarisation to develop.
It was proposed by several groups that this non-collinear Mn order was related to
the crystal structure (specifically the Mn-O-Mn bond angle, ¢) and the magnetic
interaction between the Th*™ and Mn*" moments [29, 30, 63].

The initial work carried out for this thesis used ThMnO3 as a compound to
confirm the procedure for single crystal synthesis, and to test for reproducibility
of the published magnetoelectric properties. Additional work to that in the liter-
ature was also carried out on ThMnOj3. Single crystal magnetic susceptibility was
measured to 400 K along each principal crystallographic direction, showing that
ThbMnOj3 does not follow Curie-Weiss behaviour until temperatures far above Ty
(over 200 K above Ty in the case of H//c). This behaviour is proposed to be due
to crystal field effects, but no information on the crystal field levels of ThMnOj3

is present in the literature. Also previously unreported was the heat capacity of
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TbMnOs under an applied magnetic field. The peak corresponding to the Th3*+
order becomes smeared out with increasing H//a, corresponding with the satu-
ration point seen in the magnetisation data. Entropy analysis of TbhMnO3; was
conducted by subtracting the heat capacity data of a phonon blank of LaGaO3.
It was found that magnetic entropy is still present in ThMnO3 up to ~150 K,
over 100 K above Tx. The temperature at which no magnetic entropy remains in
TbMnO3 coincides with the onset of Curie-Weiss behaviour in the magnetic sus-
ceptibility, providing further evidence for crystal field effects. The total entropy
measured was significantly lower than expected, implying that a better fit to the
lattice contribution than that given by LaGaOj is required.

TbMnO3 was used to standardise measurements of the dielectric constant and
electric polarisation as a function of temperature (reproduced from Kimura et
al. [7]), using a new measurement system developed for this project. The method
for sample preparation and measurement of these properties was refined using the
published data on ThMnOj as a reference, allowing higher quality dielectric and
polarisation data to be measured for further samples.

A new multiferroic compound, Sm;_,Y,MnO; (z = 0.4,0.5), was developed,
following on from the work on Ry, Y, MnOj3 (R = Eu, Gd) in the literature [56-59].
The magnetic properties of polycrystalline SmggYo4MnO3z and Smg5Yo5MnO3
were found to be significantly different to those of the parent compound, with
an additional feature in the susceptibility data at ~25 K for these compounds.
A peak in the dielectric constant coinciding with the magnetic feature was also
found for x = 0.4,0.5. Single crystals of Sm;_,Y,MnO3 (z = 0,0.4,0.5) were
synthesised, and evidence of a strong magnetic field dependence on the dielectric
constant was found. Measurements of the electric polarisation were made by using
the pyroelectric current method, refined using ThMnOj3 as a standard. It was
found that the electric polarisation develops along the c-axis of SmggYo4MnOs3
and Smg ;Yo 5MnO3. The application of a magnetic field along the c-axis causes a
complete suppression of this polarisation, with a simultaneous increase along the
a-axis.

The magnetic and electric properties of Sm;_,Y,MnO3 show many similarities
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with those of ThMnQOg3, such as large magnetic anisotropy, and an electric polari-
sation occurring along the c-axis coincident with a magnetic transition. The mag-
netic susceptibility of Sm;_, Y, MnO3 shows Curie-Weiss behaviour above ~110 K,
with good agreement between the measured and expected magnetic moment. Fea-
tures are seen in the dielectric constant along the a- and c-axis at Ty = 25 K
which are similar in zero magnetic field to the same crystal directions in ThMnO3.
However, the behaviour of the magnetisation, dielectric constant and electric polar-
isation show different behaviour under an applied magnetic field in Sm;_, Y, MnOg
and TbMnOs3. This is believed to be related to the magnetic interaction between
the Sm®** moments and the Mn3®* moments. In TbMnOs, the Th3" moments
are aligned parallel to the a-axis in the Mn®* cycloidal phase. A metamagnetic
transition occurs when applying a magnetic field parallel to the b-axis which is
thought to correspond to a reorientation of the Th*™ moments [31], with a cor-
responding switch of the Mn3*t cycloid to the a-b plane and a polarisation flop
from the c-axis to the a-axis [36]. In Smg Yo 4MnO3z and Smg5Y(5MnO3, no such
metamagnetic transitions were seen along the a-, b- or c-axis. The electric polar-
isation in Sm;_,Y,MnO3 was suppressed along the c-axis with H//¢, but only a
small increase in the polarisation along the a-axis was found. This behaviour im-
plied a weaker coupling between the rare earth moments and the Mn?** moments
in Sm;_,Y,MnOg3 to that in TbMnO3, most likely due to the weaker magnetic
moment of Sm3*, coupled with the A-site dilution with Y.

Neutron diffraction and X-ray resonant scattering (XRS) experiments con-
ducted on Sm;_,Y,MnO3 have provided evidence for a magnetic model of the
Mn?" moments similar to that of ThMnQs, i.e. a collinear sinusoidal order along
the b-axis for Tyo < T < Tn1, and a cycloidal order in the b-¢ plane for T' < Tys
(as illustrated in Figure 7.1). This model agrees with the theoretical predictions
(and experimental results for ThMnO3 and DyMnQO3) for a polarisation along the
c-axis [32, 34, 35]. The crystal structures of SmMnO3 and Smg Y4 MnO3 were
measured using neutron diffraction, showing that ¢ is altered from 147.76(2)° to
145.79(1)° by doping with Y. When comparing with the values of ¢ for other mem-

bers of the rare earth manganite series (Table 7.1), there is a clear link between ¢
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Figure 7.1: Illustration of the proposed magnetic order of the Mn3t moments in
SmgY0.4MnO3 and Smg5Y(o5MnOj3, based on neutron diffraction and XRS data.

and the existence of multiferroic properties, explicitly confirming previous propos-
als [29, 30]. Thus, it has been shown that doping with non-magnetic Y provides
a way of altering the magnetic properties of a system and causing multiferroic
behaviour. Table 7.1 shows a comparison of the electric polarisation and magne-
toelectric properties exhibited by TbhMnOs3, EuggY4MnO3z and Smg ;Y 5MnO3.
Although Smg5Y5MnO3 has a relatively small electric polarisation, the values
for each compound are much lower than those found in ferroelectric materials
with practical applications. For example, PbTiO3 has a room temperature spon-
taneous polarisation of ~60 uC cm™2 (600 000 £C m~2) [24]. Tt is interesting to
note that the polarisation flop occurs with a magnetic field applied along a differ-
ent crystallographic direction for each of the three multiferroic compounds. For
Smg5YosMnO3 and EuggYo4MnOs3, a magnetic field applied along the same di-
rection as that of the electric polarisation causes the flop. This can be understood
from the interpretation of Mostovoy [35], discussed in Section 4.3 and illustrated
for Smg5Yo5MnOs in Figure 4.28. This result also agrees with the proposal of Ya-
masaki et al. that the Mn spins in EugY4MnO3 propagate along the b-direction
in an a-b cycloid in zero magnetic field, and a b-c¢ cycloid under an applied mag-
netic field (from Equation 1.6, Py—o o bx [axb] oc a, Py,/, o bx[bxc] o c). It
therefore seems that the Mn moments behave in a similar manner under an applied

magnetic field for both Smg5YosMnOs and EuggYo4MnOs, and are not strongly
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Tan03 Eu0_6Y0.4Mn03 Sm0_5Yg,5Mn03

P magnitude (2C m~2) 600 1200 275

P direction c-axis a-axis c-axis
P flop due to H//b H//a H//c
P flop direction a-axis c-axis a-axis

Table 7.1: Comparison of the electric polarisation, and magnetoelectric coupling exhib-
ited by TbMnOs [7, 31], EugY0.4MnOs [58] and Smg5Y05MnO3 (this work).

(or at all) influenced by magnetism from the rare earth site in the ferroelectric
regime, unlike ThMnO3 and DyMnOj;.

In order to better understand the magnetoelectric behaviour of Sm;_, Y, MnQOs,
there are several possible experiments that could be conducted in the future. Out-
lined below are some experiments that would help to answer questions raised by
the data presented in Chapters 4 and 5.

The heat capacity data obtained for SmggY4MnO3 and Smg5Yy5;MnOg3 pro-
vide evidence for a possible clustering of Sm atoms, i.e. the atoms are not evenly
spread throughout the crystal. A local probe such as extended X-ray absorption
fine structure (EXAFS) could be used to prove or disprove this proposal. In order
to understand the results of the magnetic entropy analysis of Smg Yo 4MnO3 and
Smg5Y05MnOj3 (Section 4.2.4), it would be useful to measure the crystal field lev-
els of these compounds. Such measurements could also shed further light on the
effect of Y doping.

Due to the limited neutron diffraction and XRS data available at present on
the Sm;_, Y, MnOj3 compounds (currently, the work is limited to that presented in
this thesis), the results presented in Chapter 5 provide only preliminary informa-
tion on the magnetic structure of SmgY4MnO3 and Smg5Y(5MnOg3, and more
experiments are required in order to arrive at a complete picture of the magnetic
ordering. Although single crystal neutron scattering experiments are commonly
used for this purpose, this is not a practical approach with Sm;_,Y,MnOs3 for two
main reasons. Most importantly, the neutron absorption cross section of Sm is
very large, therefore making single crystal specimens of Sm;_,Y,MnOj; for neu-
tron scattering experiments would require isotope-enriched Sm in large amounts,

leading to high costs. Since crystal growth is not guaranteed to work each time,
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this makes this approach particularly unfeasible. Also, isolating a sufficiently large
single crystal piece could prove difficult since the boules were prone to breaking
into small pieces after crystal growth. To gain a clearer picture of the magnetic
structure of Sm;_,Y,MnOs3, the best approach seems to be further XRS exper-
iments. X-ray scattering requires small sample pieces and the absorption cross
section is not a factor.

A follow-up to the experiment conducted at XMaS (Section 5.2.2) has been
proposed and accepted, and will take place in early 2011. This experiment will
aim to complete the work that was not finished in the initial experiment due to time
constraints, in particular gaining more information on the azimuthal dependences
to learn more about the orientation of the magnetic moments. Now that interesting
results have been found using XRS, it will also be easier to apply for beam time
on a more high demand instrument such as ID20 at the ESRF. ID20 has a higher
beam intensity than XMaS, which would allow us to probe the Mn K edge. Soft
XRS experiments are needed to directly probe the 3d states of Mn and the 4f
states of Sm (the states which are responsible for magnetic order in the respective
atoms), following a similar approach to that used in Refs [41] and [97]. Suitable
beamlines for such soft XRS experiments are ID08 at the ESRF, or 110 (BLADE)
at the Diamond Light Source, UK. The latter beamline is due to begin accepting
users for experiments from December 2010. It should be noted that using soft
X-rays is not always the best initial approach when studying a new system, since
the Q-range of measurements is limited, and the measurements are more sensitive
to sample surface quality. It is more common for hard X-ray experiments (using,
for example, XMa$S or ID20) to be used to gain an initial picture of the system,
before following up with soft X-ray experiments.

Magnetoelectric coupling was also demonstrated in Gd;_,Y,MnO;3 (z = 0.1-
0.4), in polycrystalline form. GdMnOj; has a weak electric polarisation which
is increased by the application of a magnetic field [31]. The Mn-O-Mn bond
angle was found to decrease from ~146.2° in GAMnOj3 [29] to a value of 144.6(3)°
in GdpgYpoMnOs3. This new bond angle is close to that of ThMnOs3, so the

expected result of Y doping is to induce a zero magnetic field electric polarisation
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Compound ¢ (degrees) ME coupling Source
NdMnOs3 ~149.5 No Ref. [64]
SmMnO3 147.76(2) No This work
Nd0,55Y0,45Mn03 ~147.0 Yes Ref. [64]
GdMnOg3 ~146.2 Yes Ref. [30]
SmgYp.4MnOg 145.79(1) Yes This work
ThMnOs3 ~145.4 Yes Ref. [30]
DyMnOs ~144.7 Yes Ref. [30]
GdpgY02MnOg 144.6(3) Yes This work

Table 7.2: Comparison of the room temperature bond angles and the existence of mag-
netoelectric (ME) coupling in the rare earth manganite compounds.

in the Gd;_,Y,MnO3 compounds. Further work is currently being carried out
at the University of Warwick on the Gd;_,Y,.MnOj compounds, and also the
Gd;_,Lu,MnOj series, which were found to be single phase for compositions (z =
0-0.2). Table 7.2 shows a summary of the Mn-O-Mn bond angles for members of
the rare earth manganites, determined by this study and reports in the literature.

A clear link can be seen between ¢ and the existence of magnetoelectric coupling.

The discovery of multiferroic properties in the R;_,Y,MnO3 compounds has
shed further light on the nature of the magnetic order which leads to ferroelec-
tric polarisation. This magnetoelectric coupling is still not fully understood, and
remains a challenge for future research. Another common trend in multiferroics
research is in the area of technological applications, such as data storage media
and data reading devices (Section 1.7.1). Composite materials are the most likely
candidates for such applications. Although work into technological applications is
still at an initial stage, this seems to be an exciting future direction for research

into multiferroics.
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