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Abstract
Orthorhombic rare-earth manganites o-RMnO3 (R = Gd - Lu) host a wide variety
of multiferroic phases. They represent a unique class of materials for which a spontaneous ferroelectric polarization is induced by an antiferromagnetic ordering of spins
and are therefore classified as spin driven multiferroics. The microscopic mechanisms
causing such multiferroicity is found to vary depending on the R-ion radius. Multiferroic properties in RMnO3 also attracted studies under pressure and magnetic field. In
the first section of the present work the bulk properties of o-LuMnO3 are revisited and
the magnetic ground state is refined.
We studied the physical properties of epitaxially grown o-RMnO3 (R = Gd - Lu)
thin films on YAlO3 substrates. Key results include the construction of a multiferroic
phase diagram for strained films which is significantly altered compared to the bulk.
The multiferroic ground state is found to have a commensurate E-type order modified
by strain from the bulk magnetic ground state independent of the R ion radius. We
proposed a strain induced modification of the microscopic mechanism and a change
of the exchange interactions between Mn ions to explain our results. In addition an
incommensurate magnetic order was found to coexist with the E-type order, which
represents an incommensurate ferroelectric phase. The spin structure of the incommensurate ferroelectric phase was studied by magnetic field dependent diffraction studies
using non-polarized neutrons combined with resonant x-ray diffraction and polarized
neutron scattering.
This thesis therefore represents a systematic and comprehensive study of the magnetic and electric properties of epitaxially strained RMnO3 (R = Gd - Lu) thin films
and provides detailed insight on strain induced changes of the microscopic mechanism.
Our measurements represent the first successful polarized and non-polarized neutron
diffraction experiments on thin RMnO3 films. The results establish epitaxial strain as
a tuning parameter for multiferroicity.

Keywords: Multiferroics, diffraction, magnetic order, ferroelectric, strain.

Zusammenfassung
In orthorhombischen seltene Erden Manganiten o-RMnO3 (R = Gd - Lu) findet
sich eine Vielzahl von multiferroischen Phasen. Sie repräsentieren eine einzigartige
Materialklasse, in der eine spontane ferroelektrische Polarisation durch eine antiferromagnetische Ordnung induziert wird, und werden daher als magnetische Ferroelektrika bezeichnet. Dabei variiert der die Multiferroizität verursachende mikroskopische
Mechanismus abhängig vom R-Ionenradius. Multiferroische Eigenschaften in RMnO3
waren ebenfalls interessant für Studien mit Druck und magnetischen Feldern. Im ersten
Abschnitt der vorliegenden Arbeit werden die Volumen eigenschaften von o-LuMnO3
erläutert und der magnetische Grundzustand wird präzisiert.
Wir haben die physikalischen Eigenschaften epitaktisch gewachsener dünner o-RMnO3
(R = Gd - Lu) Filme auf YAlO3 -Substraten untersucht. Die Schlüsselergebisse beinhalten die Erstellung eines multiferroischen Phasendiagramms für verspannte Filme,
welches sich im Vergleich zum Volumen signifikant verändert. Es zeigt, dass der multiferroische Grundzustand eine kommensurable E-Typ Ordnung aufweist, die sich durch
Spannungen (Strain) vom magnetischen Grundzustand des Volumens unabhängig vom
R-Ionenradius unterscheidet. Wir schlagen einen durch Spannungen induzierte Modifikation des mikroskopischen Mechanismus und eine Änderung der Wechselwirkung
zwischen den Mn-Ionen vor, um unsere Resultate zu erklären. Zusätzlich wurde eine
zur E-Typ Ordnung koexistierende inkommensurable magnetische Ordnung gefunden,
die eine inkommensurable ferroelektrische Phase repräsentiert. Die Spinstruktur dieser
inkommensurablen ferroelektrischen Phase wurde mittels Diffraktion mit nicht-polarisierten
Neutronen in Abhängigkeit des magnetischen Feldes, mittels resonanter Röntgendiffraktion und mittels polarisierter Neutronenstreuung untersucht.
Die vorliegende Arbeit stellt daher eine systematische und umfassende Untersuchung
der magnetischen und elektrischen Eigenschaften epitaktisch verspannter dünner RMnO3
(R = Gd - Lu) Filme dar und verschafft einen detaillierten Einblick in dehnungs induzierte Änderungen des mikroskopischen Mechanismus. Unsere Messungen sind die
ersten erfolgreich durchgeführten Diffraktionsexperimente mit nicht-polarisierten und
polarisierten Neutronen an dünnen RMnO3 Filmen. Die Ergebnisse weisen epitaktische
Spannungen als Paramter für Multiferroizität nach.
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Chapter 1

Introduction

Technological developments of devices for information storage are based on magnetic
materials owing to their capability to retain a magnetic state in the absence of an
external field, which is characterised by magnetic hysteresis [1]. Electronic devices
based on the manipulation of the spin degree of freedom is another topical theme in
material science with the goal to develop new functionalities [2]. A major breakthrough
in this field was the discovery of the giant magneto-resistance effect, i.e the tuning
of the resistance of a magnetic systems by manipulation of the relative spin state by
an external current [3–5]. This allowed development of high density memory storage
devices.
Device operations also rely on electronic sensors or switches which use the mechanical or electrical energy for data storage and transmission. These devices are based on
materials which can retain an electric state or show electrical hysteresis loops. Therefore, most ongoing research for improvement of device performance are centred around
ferromagnetic and ferroelectric materials. But, some of the physical challenges which
limit this development are material engineering on an industrial scale, device optimization and the boundary on the reduction of size limit.
This triggered the search for materials which can substitute the existing mechanism
driving the advancement of storage and sensors. An alternative route is the study of
multiferroic materials, which is the primary topic of this thesis. These materials have
an unique capability to host multiple ferroic or antiferroic properties simultaneously
implying the coexistence of more than one hysteretic behaviour. They provide an
unique opportunity to design a memory device which can work on multi logic state
instead of the existing binary logic state for data transfer [6]. One can also manipulate
the magnetic (electric) domains by external electric (magnetic) field in multiferroic
materials which are classified as magnetoelectrics.
The most promising candidates for magnetoelectric materials are TYPE-II multiferroics since the origin of the ferroic order is caused by another order parameter. The
most commonly observed phenomenon is the ordering of spins in the magnetic state
which induces a lowering of the crystal symmetry and as a consequence a spontaneous
ferroelectric state appears. A strong coupling of the magnetic and electric order parameters in these materials highlights the role of the parent crystal structure in defining the
multiferroic properties. Therefore, tuning the crystal structure can modify the physical
properties and a conventional technique used is applying pressure. An alternative route
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is to utilise the lattice mismatch induced by strain in epitaxially grown thin films.
We present studies highlighting the ability of strain to tailor the microscopic mechanisms for the multiferroic properties in orthorhombic (o-) RMnO3 (rare-earth : R =
Gd - Lu) films. In the bulk phase, RMnO3 demonstrates a wide variety of spin driven
multiferroic properties and unique spin-lattice couplings originating from strong frustrations due to competing magnetic interactions. We investigated the role of strain on
the dominant interaction parameter which stabilizes the ground state in multiferroic
RMnO3 .
Significant variations in the magnetic and electric properties were found in thin
films compared to the bulk. In the next step we developed a better understanding of
the microscopic mechanism causing the multiferroicity in the strained films. We also
performed a comprehensive study of bulk LuMnO3 to obtain a reference framework of
the multiferroic properties of a RMnO3 with a non-magnetic R-ion and therefore show
the effects of Mn spin ordering only. The remaining sections of the thesis comprises
the multiferroic properties of strained RMnO3 films grown on (010) oriented YAlO3
substrates.
The magnetic order of the strained thin films were investigated using neutron diffraction. Diffraction with unpolarized and polarized neutrons to resolve the magnetic order is a common and efficient tool for bulk samples. It also gives access to a larger
Ewald sphere1 and measurement of adequate magnetic reflections is possible. However,
RMnO3 thin films (∼10 - 40 nm) have limited scattering volume which combined with
small scattering cross-section of neutrons for magnetic Mn ions (ρ ∼ -3.73 e−24 cm2 ) imply weak magnetic signals for thin films. This is the drawback of these measurements.
We also used resonant soft X-ray diffraction to study the magnetic order of the
thin films as a complementary tool since at resonance mode the magnetic signal gets
amplified and allows measuring weak signals unambiguously. The drawback of this
technique is the limited section of the Ewald sphere accessible and the measurable
magnetic reflections are not adequate to resolve the magnetic structure. Therefore, we
combined both these techniques to obtain conclusive results on the magnetic state of
thin films.
Our work of performing a systematic study of magnetic order of thin films with
neutron diffraction is one of very few studies performed in the community of nanometer
thin film and interface studies. To the best of our knowledge we are the only group
who managed to study thin films (∼ 100 nm) with polarized neutron diffraction. In
diffraction with polarized neutrons the magnetic signal drops by almost a factor of 10
which further increases the difficulty of measuring thin films with weak magnetic signals.
The present work also highlights the advancement of instrumentation and the expertise
achieved in the experimental procedure. We combined the magnetic properties with
dielectric properties to construct a multiferroic phase diagram for strained RMnO3 (R
= Gd - Lu) thin films complementary to the bulk studies, which provides an insight to
effect of strain on the multiferroic mechanism.
1

A definition of Ewald sphere and description of its construction is presented in Chap. 4., Sec 4.1.3
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In Chapter 2 and 3, a brief introduction to multiferroics and methodology of sample
growth is discussed. A description of the experimental techniques and the study of
multiferroic properties of bulk LuMnO3 is discussed in Chap. 4 and 5, respectively.
The remaining part of the thesis is related to the results and discussion of the different
studies performed on thin films. Among these, chapter 6 is dedicated to a systematic
study of multiferroic properties performed on the (010) oriented RMnO3 (R = Gd - Lu)
thin films highlighting the capability of epitaxial strain. This is followed by a discussion
on magnetic field induced study of the magnetic order of these films and evidence on a
possible soliton like magnetic order is presented in chapter 7. Additionally, in chapter 8
a brief insight to the use of polarized neutron diffraction is presented as an alternative
tool which can be used to refine a magnetic order in strained films. Finally, in chapter
9 an overall conclusion of the results and outlook for future studies are discussed.

Chapter 2

Basic concepts of magnetism,
electric order and multiferroicity
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Magnetism

Magnetism is a physical phenomenon found in materials associated with magnetic fields
which is caused by the motion of electric charges and the corresponding intrinsic property is magnetic moment (µ). These materials are also known as magnets and the parameter magnetic moment determines the force experienced by magnets in the magnetic
field. In quantum mechanics the magnetic moment is defined in terms of total angular
momentum J = L + S, µ = −gµB J, where µB = |e|h/4πme is the Bohr magneton and
g is the Landé factor. The magnetic materials are classified based on magnetic susceptibility (χM ) defined as a ratio of the magnetization M (magnetic moment per unit
volume) induced by an external magnetic field H, χM = M/H. Paramagnetic materials
show no ordering of moments at H = 0 and defined by χpara = C/T , whereas ferromagnetic materials show spontaneous ordering of moments in the absence of an external
field and the susceptibility is characterised by the Curie-Weiss’s Law, χF M = C/(T −θ).
The ferromagnetic ordering temperature is defined as the Curie temperature T = TC .
The other type is an antiferromagnetic material which show ordering of moments in two
different sublattice aligned opposite to each other, independent of the applied H-field
but without any net magnetization. These are defined by χAF M = C/(T + θ) and this
thesis work is predominantly based on antiferromagnetic materials. The antiferromagnetic ordering temperature is called Neél’s temperature (TN ). A material where the
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(a)

(c)

(b)

(d)

Figure 2.1: Schematic examples of (a) paramagnetic, (b) ferromagnetic, (c) antiferromagnetic and (d) ferrimagnetic order.
sublattice magnetization do not cancel out is known as ferrimagnetic (Fig. 2.1). Ordering of moments in ferromagnetic (FM) materials is defined by a propagation vector Q
= 0 in reciprocal length units, whereas in antiferromagnetic materials the ordering is
characterised by Q 6= 0.
Among the different interactions featured by magnetic moments the dipolar interactions which is expressed in terms of dipole moments (µi , i =1,2) and separation between
them (r) as:
E=

µ0
3
[µ1 .µ2 − 2 (µ1 · r)(µ2 · r)]
4πr3
r

(2.1)

are significantly weak (< 1 µeV, for µ = 1µB and r = 1 A) to induce long range
ordering in magnetic materials. A stronger interaction term such as exchange interaction (≈ 1eV) is necessary. Interatomic exchange interactions in solids arise due to
overlapping of electronic orbitals of neighbouring atoms and leads to correlation of electrons. An exchange interaction can be mediated by several mechanisms depending on
the material. We discuss here few of them relevant to the present work.
Direct exchange
Direct exchange arises from a direct overlap of electronic wave functions of the
neighbouring atoms and follows the Pauli’s exclusion principle implying the need for
opposite parity in the symmetry properties of the spatial and spin component of the
wave functions [7, 8]. The exchange energy in a two spin system is the energy difference
between parallel and antiparallel spin configuration. For many electron system the
exchange energy is given by the expectation value of a Heisenberg Hamiltonian :
Hex = −2

X

Jij Si Sj

(2.2)

i<j

where, Jij is the exchange integral representing the coupling between spin moments

2.1. Magnetism
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Jex

Figure 2.2: Direct exchange energy for few magnetic ions as a function of interatomic
distance r normalised by the radius of 3d orbital r3d . Adapted from [9]. A negative
value of exchange energy imply an antiferromagnetic (AFM) state whereas a positive
value leads to a ferromagnetic (FM) coupling of spins. This is known as the Bethe-Slater
curve.
(Si , Sj ). The orbital overlap depends on the interatomic distance and therefore, Jij
varies with change in the interatomic distance. At a large distance the overlap decreases and the exchange coupling gets reduced leading to the loss of magnetic order.
Superexchange
Superexchange is an indirect exchange interaction and is mediated by a bridging
ion. A prominent example is MnO where the interaction between Mn spins occurs via
oxygen ions. Here the 3d orbitals overlap with oxygen 2p orbitals and the electrons
from oxygen orbitals can hop into the partially filled orbitals of magnetic ions. In a
model case, the electrons hopping from the oxygen orbitals will pair with Mn electrons
such that they have opposite orientation of spins following Pauli’s exclusion principle
and after the electrons hop back to empty oxygen orbital, the spins of the Mn ions will
be aligned antiparallel to each other [see Fig. 2.3]. Therefore the random orientation
of Mn spins are now forced to attain an antiferromagnetic orientation mediated by the
bridging oxygen. The energy corresponding to the superexchange interaction follows a
similar formulation as described for direct exchange in eqn. 2.2 and therefore, change
in the bond distance between the magnetic ions (Mn) and bridging ion (O) or the
bond angle can induce change in the interaction parameter Jij 1 . The superexchange
1

A ferromagnetic order of magnetic spins is also possible if Jij > 0.
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or

or

O
Mn

Mn

Figure 2.3: Schematic showing superexchange interaction mechanism and the induced
antiferromagnetic order of Mn spins.
interaction also depends on the electronic configurations of the magnetic ions and get
strongly affected by structural distortions which can modify the interaction path via
oxygen orbitals. It is to note that in metal oxides the direct exchange is reduced since
the crystal structure can induce an increase of the distance between adjacent magnetic
ions. Therefore, the superexchange interaction plays a more crucial role in stabilizing
a magnetic order in most metal oxides.
Biquadratic interaction
In many magnetic materials the ground state was found to also depend on contributions from weak higher order exchange interaction terms such as the biquadratic
exchange interaction. Biquadratic exchange [10, 11] which is given as :
X
Hbi = −
Aij (Si · Sj )2
(2.3)
i<j

is an isotropic interaction and unlike the first order direct exchange or superexchange, this interaction do not allow free rotation of spin orientations which is a characteristic of the Heisenberg spin model [8]. In case of an active biquadratic interaction
term all the spins in the ground state are aligned either parallel or antiparallel to each
other similar to a Ising-type spin model [8].
Dzyaloshinskii-Moriya interaction
The other commonly found interaction term is Dzyaloshinskii-Moriya (DM) interaction which allow non-collinear and canted ordering of spins in materials. It is incor-
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rj

ri
x
rij
Si

Dij

Sj

Figure 2.4: Schematic of DM interaction mechanism with red and black circle as
magnetic and bridging ion, respectively. The Dzyaloshinskii vector Dij points normal
to the triangle spanned by the ions and is given by Dij ∝ (ri × rj ) = rij × x [12].
porated as a relativistic correction of the superexchange interaction. Microscopically
it is identified that the coupling of spin and orbital degrees of freedom induce a DM
interaction [13, 14], which suggest that compounds with large spin-orbit coupling can
have an active DM interaction term driving the ground state towards a non-collinear
spin order. Similar to superexchange in DM interaction the magnetic ions also interact
through the bridging ion and is given by :
X
HDM = −
Dij · (Si × Sj )
(2.4)
i<j

where, Dij is the Dzyaloshinskii vector [Fig. 2.4]. The role of DM interaction in
context of the present work and the corresponding Dzyaloshinskii vector is further discussed in Sec. 2.3.2.1.
Single ion anisotropy
In magnetic materials the spontaneous magnetization tends to orient along one or
more specific direction. The energy required to change the preferential direction of
the magnetization is known as the magnetic anisotropy. There are several mechanisms
for magnetic anisotropy but we restrict our discussion to only single-ion anisotropy to
remain within the scope of this thesis. Single-ion anisotropy which is also commonly
known as magneto-crystalline anisotropy is estimated by the interaction of the orbital
moment of magnetic ions and the surrounding crystal field. This interaction is then
transferred to the spin moment through spin-orbit coupling and hence the magnetic
energy required to reorient the spin depends upon the direction of the spin relative to

10
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(a) disorder-order-type

(b) displacive type

Figure 2.5: Schematic of ferroelectric ordering mechanisms (a) disordered-to-order type
showing a non-zero polarization for the ordered state and (b) displacive type ordering
in BaTiO3 representing a ABO3 structure where Ba = A and Ti = B cite ions . Finite
polarization occurs for an off-centric position (upward shift from the equatorial plane
of oxygen ions) of the Ti ion. Taken from [15].
the crystal axes. Therefore, the single ion anisotropy (sia) is given in terms of spins
expressed in local coordinate system of the material,
Hsia = −C

X

(Sri )2

(2.5)

i

where, C is a constant coefficient which also depends on the crystal symmetry. A
model system hosting an active sia term to reproduce the spin model is discussed in
further details in Sec. 2.4.

2.2

Ferroelectricity

A material that possesses electric dipole moments which are spontaneously and collectively ordered is called ferroelectric and the phenomenon is known as ferroelectricity
[16, 17]. This criteria is necessary but not sufficient for ferroelectricity. In a ferroelectric
material the orientation of polarization would switch following the change in polarity of
an external electric field. There are two most widely found mechanism for ferroelectric
ordering. Firstly, when there is charge separation between the positive and negative
charge centres electric dipole moments are created but an effective polarization is only
obtained when the dipoles are ordered such that there is no cancelation of local moments
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[Fig. 2.5 (a)]. This is known as disorder-order type ordering [18] which is analogous to
the transition from a paramagnetic to a ferromagnetic ordering. Secondly, when there is
a structural transformation in a crystal such that a displacement of an ion occurs from
a symmetric position with respect to oppositely charged ion. This induces an effective
dipole moment and the mechanism is known as displacive type ordering. A family of
model example is ABO3 perovskite materials where the positively charged B cite ion is
located at a symmetric position with respect to the negatively charge oxygen ions and
when the B-ion shifts upward or downward it no longer stays symmetric and an net
polarization appears in the material [19]. Since there is a loss of symmetry element this
type of ordering will also induce changes in structural properties due to the transformed
structural phase [Fig. 2.5 (b)].

2.3

Multiferroicity

Multiferroics were conventionally defined as materials that host two or more ferroic order
parameters such as ferromagnetic (FM), ferroelectric (FE), ferroelastic or ferrotoroidic
simulateneously in the same phase [20] [Fig. 2.6]. However, with the recent discovery
of a new variety of multiferroic materials this definition has been extended to include
materials with antiferromagnetic (AFM) order. FM and FE materials show spontaneous
magnetization (M ) and polarization (P ) which are switchable by external magnetic (H)
and electric (E) field respectively. On the other hand ferroelastic materials experience
strain (ε) due to stress (σ) and an electro-magnetic source (S) vector induces a toroidal
moment in a ferrotoroidic material [21] as summarized in (Fig. 2.6). These ferroic orders
follow a definite set of symmetry operations as listed in Fig. 2.7 (a).
Multiferroics that show coexistence of magnetic and electric order are known as magnetoelectric (ME) materials [Fig. 2.7 (b)] and are rare, since these existence requires
the violation of space and time symmetry simultaneously. Beside these symmetry arguments, the scarcity of ME multiferoic material can also be addressed with respect to
the electronic structure. Ferroelectricity requires filled electronic bands. This suggests
a d0 state which contradicts the partially filled electronic bands necessary for ferromagnetism [22]. This implies that ME materials need to follow unique mechanisms to cause
a FE ordering in magnetic materials. Based on the origin of the multiferroic properties,
they are categorised as TYPE-I and TYPE-II.
TYPE-I multiferroics have an independent microscopic mechanism responsible for
the magnetic and electric order [23–25]. One of the most prominent example is the
BiMnO3 perovskite (ABO3 ) which has a highly polarizable electronic lone pair on Bi
ion at the A site inducing ferroelectricity and a magnetic ion at the B site (Mn) responsible for ferromagnetism [26–28]. Additionally, mutually exclusive mechanisms for
multiferroicity indicate that the coupling of electric and magnetic orders is weak in
TYPE-I multiferroics. Hexagonal rare-earth manganites which also belong to the class
of TYPE-I multiferroics exhibit magnetism originating from transition metal Mn ions
and a ferroelectric order is caused by a geometrical frustrations of the oxygen cage
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Figure 2.6: Schematic of different ferroic orders, corresponding fields and the hysteresis
cycles. Adapted from [34].

[29, 30]. They feature a strong coupling due to close correlation between the order
parameters and the lattice structure.
On the other hand, in TYPE-II multiferroics the magnetic order induces the ferroelectricity and exhibit significantly stronger coupling of the magnetic and electric
order parameters than the TYPE-I materials [31–33]. They are further classified in
terms of the microscopic mechanism driving the multiferroicity which we discuss later
in Sec. 2.3.2. Our work is focussed on studying the multiferroic properties of a specific family of TYPE-II materials. Therefore, from here after we discuss properties
corresponding solely to the TYPE-II multiferroics.
A magnetoelectric coupling is also termed magnetoelectric effect and one of the earliest materials showing a ME effect was Cr2 O3 , which had a magnetoelectric coefficient
of ≈ 4 × 10−12 Tm V−1 . Thus, an external electric field of 1 V nm−1 can induce a
magnetic moment of µ ≈ 4 × 10−3 µB per Cr ion [22, 35]. Phenomenologically, the ME
effect can be described within the Landau theory of phase transitions. The expansion
of free energy (F ) for a magnetoelectric system in terms of electric (E) and magnetic
(H) field is given in eqn. 2.6 [18].
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Figure 2.7: (a) Space and time symmetry operations on all ferroic orders. Taken from
[21]. (b) Schematic of the relationship between ferromagnetic (FM), ferroelectric (FE),
multiferroic (MF) and magnetoelectric (ME) materials. Adapted from [22].

1
1
F (E, H) = F0 − Pis Ei − Mis Hi − ε0 εij Ei Ej − µ0 µij Hi Hj − αij Ei Hj
2
2
1
1
− βijk Ei Hj Hk − γijk Hi Ej Ek − ......
2
2

(2.6)

where F0 is the free energy at the ground state, subscripts (i, j, k) are spatial variable
components, Ei (Hi ) is an electric (magnetic) field component, Pis (Mis ) is a component
of spontaneous polarization P s (magnetization M s ), ε0 (µ0 ) is dielectric (magnetic) susceptibility in vacuum and εij (µij ) is the corresponding second-order tensor. The tensors
αij and βijk , γijk are coefficients for the linear and non-linear ME effect. Minimisation
of the free energy gives a relation between P (M ) and H (E):

Pi (E, H) = −

∂F
1
= Pis + ε0 εij Ej + αij Hj + βijk Hj Hk + γijk Hi Ek + ......
∂Ei
2

Mi (E, H) = −

(2.7)

∂F
1
= Mis + µ0 µij Hj − αij Ej + βijk Ei Hj + γijk Ej Ek + ......
∂Hi
2
(2.8)

A finite magnetoelectric effect requires that coupling coefficients (say α or β) have
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an odd parity under space and time reversal to keep the free energy invariant. A
phenomenological discussion based on symmetry analysis for the ME effect in spin
driven multiferroics is presented later. Note, that a linear ME coupling defined by
Pi = αij Hj , as well as the magnitude of the coefficient is limited by the geometrical
mean of the electric (χE ) and magnetic (χM ) susceptibility ≈ α2 < ε0 µ0 χE χM [18]. It
follows that α alone cannot explain a strong ME coupling and the need for a bilinear
or trilinear coupling terms was demonstrated recently [36–38].

2.3.1

Symmetry arguments

In the previous section we mentioned that the spin driven TYPE-II multiferroics have
an intrinsic strong magnetoelectric coupling. These materials feature a specific type
of magnetic spin structure which breaks the spatial inversion symmetry and induces
an electric order. In this section a brief insight is presented on the microscopic mechanisms and symmetry arguments which can explain the multiferroicity in these materials.
Multiferroicity is governed by the symmetries of the electric and magnetic order. The
electric polarization P changes sign on spatial inversion in all coordinates, r → −r and
stays invariant under time reversal, t → −t whereas an opposite transformation rule
holds for magnetization M. This implies that a coupling between (P, E) and (M, H)
can only occur when these components both vary in space and in time, and in such case
the spatial derivative of E is proportional to the time derivative of H and vice versa
[39].
In other words, only a non-linear coupling is possible between a static P and M
and the lowest order term for such ME coupling is quadratic in both P and M. It
is proportional to −P2 M2 such that the ME coupling stays invariant for r → −r and
t → −t transformations. But this do not induce ferroelectricity since the corresponding
energy gain is overcompensated by the energy cost of a lattice distortion +P 2 . On
the other hand, if the magnetic ordering is inhomogeneous in space and the M varies
over the crystal, a third-order coupling term PM∂M is allowed by symmetry. Such
a coupling term which is linear in P can give rise to polarization with the onset of
spin ordering which varies spatially and breaks the spatial inversion symmetry. For
example in a cubic crystal symmetry, an electric polarization induced by a magnetic
ordering is given as P ∝ [(M · ∂)M − M(∂ · M)]. This symmetry argument highlights
the role of magnetic frustrations which induces spatially variations of magnetization
and consequently causes ferroelectric order.
Magnetic frustrations exists due to competing microscopic interactions. A simple
one dimensional spin arrangement case with a ferromagnetic interaction J < 0 between
neighbouring spins stabilizes a uniform ground state with parallel spins. This ordered
0
state is frustrated by an antiferromagnetic next-nearest-neighbour interaction J > 0.
0
When the competition gets stronger such that the relative interaction ratio is J /|J| >
1/4, a spiral or sinusoidal phase is induced. This phase can be described by Sn =
S1 e1 cos Q · r + S2 e2 sin Q · r, where e1 and e2 are orthogonal unit vectors and the wave
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Figure 2.8: Frustrated spin chain in one dimension with competing FM (J < 0)
0
and AFM (J > 0) P
interactions. The spin chain has isotropic Heisenberg model type
0
Hamiltonian, H = n [JSn Sn+1 + J Sn Sn+2 ]. Schematic of (a) sinusoidal SDW spin
0
order, (b) spiral order for J /|J| > 1/4,
spin order, showing
P (c) up-up-down-down
0
0
chain of Ising spins σn = ±1 and H = n [Jσn σn+1,n+1 + J σn σn+2 ] for J /|J| > 1/2.
Adapted from [39].
0

vector Q is defined by cos(Q/2) = −J /4J. If S1 or S2 is zero, the ground state is a
sinusoidal spin density wave (SDW) which stays invariant under r → −r and fails to
induce FE ordering [Fig. 2.8 (a)]. If both S1 and S2 are non-zero, a spiral phase is
stabilized with an axis of spin rotation along e3 = e1 × e2 [Fig. 2.8 (b)]. The spiral
phase breaks both the time and space reversal symmetry. This is based on the fact
that in spiral phase a change of sign in all the spin coordinates inverts the direction
of the rotation of spins. The induced polarization is transverse to both e3 and Q ;
P||[e3 × Q], where Q is along the chain direction. Note, that ferroelectric order also
occurs in collinear spin arrangements such as in Fig. 2.8 (c), which we will discuss in
the following section.

2.3.2

Microscopic mechanisms

Ferroelectricity in TYPE-II multiferroics are mostly mediated either by an antisymmetric exchange striction for materials with a non-collinear spin structure or by a symmetric
exchange striction mechanism for materials with collinear spin structure2 as shown in
Fig. 2.9. In this section we will discuss these mechanisms in details.
2

There are also cases where contribution of both the mechanisms are present [41–43].
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Jab > 0
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(a) an&symmetric stric&on

Figure 2.9: Schematic of multiferroic mechanisms. (a) Antisymmetric striction due to
(Si × Sj )-type DM interaction, which induces a shift of the ligand ion (X). This causes a
finite polarization. Here eij represents a vector connecting the ith and j th ion. (b) Symmetric exchange (Si · Sj )-type striction mechanism with alternating nearest neighbour
FM (Jab < 0) and AFM (Jab > 0) exchange interactions inducing a collective movement
of the ligand ion, represented by small black arrows and causing a net polarization along
a axis. Adapted from [40, 41].
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Figure 2.10: Schematic of (a) exchange striction due to antisymmetric inverse DM
interaction causing separation of the positive and negative charge centers, and inducing a polarization in magnetic spirals and (b) symmetric exchange striction. Here eij
represents the line connecting the ith and j th ion. Solid arrows correspond to direction
of oxygen shift or polarization if the exchange interaction parameter is FM and shaded
arrow corresponds to the shift for an AFM interaction. Adapted from [17, 39].
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Ferroelectricity in materials with non-collinear magnetic order

Recently, several microscopic mechanisms have been presented to explain the ferroelectricity in materials with a non-collinear magnetic order such as spin spirals. Beside
the spin current model [44] and the electric current cancellation model [45], the most
commonly preferred microscopic mechanism to explain the multiferroicity is the inverse effect of the antisymmetric Dzyaloshinskii-Moriya interaction (DMI) based on
exchange striction approach [13, 14, 46, 47]. As discussed in Sec. 2.1, DM interaction
between magnetic ions favours a non-collinear ordering of the spins and in inverse DM
interaction the non-collinear order induces the bridging ligand ion to shift relative to
the magnetic ion. This phenomenon is also known as exchange striction. So, in other
words the crystal lattice experiences a change as a consequence of the magnetic ordering. One model example is the DM interaction between spins of the transition metal
(TM) ions such as Mn which is mediated by oxygen ions. To explain the mechanism we
consider the Dzyaloshinskii vector Di,j=i+1 shown in Fig. 2.4, which is related to the
the unit vector ri,j=i+1 along the line connecting the nearest neighbour spins of ions i
and j = i + 1, and the corresponding shift of oxygen ions (x) by Di,i+1 ∝ (x × ri,i+1 ).
In a spiral phase the vector product Si × Si+1 do not change sign for any pairs of neighbouring spins. The DM interaction therefore pushes the negative oxygen ions always in
the same direction perpendicular to the spin chain of the positive magnetic ions. This
induces a net macroscopic polarization [Fig. 2.10 (a)]. One model spin structure found
in TYPE-II materials hosting inverse DM interaction effects is a bc spiral phase with the
spins rotating along the b axis of the unit cell, i.e eij || b . In this case the term Si × Sj
points along the a axis into the plane of paper and polarization P ∝ [eij × (Si × Sj )]
points along the c-axis [Fig. 2.10 (a)]. This is also true for an incommensurate ab spiral
magnetic phase where eij || b and the spins are rotating in the ab plane suggesting that
the Si × Sj points along the c axis and the polarization P ∝ [eij × (Si × Sj )] points
along the a-axis.
2.3.2.2

Ferroelectricity in materials with collinear magnetic order

A collinear magnetic order is stabilized in a frustrated spin chain by the competition of
the nearest-neighbour (NN) FM and next-nearest-neighbor (NNN) AFM interactions,
which allows only Ising like spin up or down orientations. This is also known as the
ANNNI model[48]. A strong frustration between the NN FM (J < 0) and NNN AFM
0
0
(J > 0) such that J /|J| > 1/2 stabilizes a spin up-up-down-down (↑↑↓↓)-type ground
state [Fig. 2.8 (c)]. In this spin configuration the exchange striction induces a collective
displacement of the negatively charged oxygen ions relative to the positively charged
Mn ions and the direction of this displacement depends on the exchange interaction
parameter (Jij ) between neighbouring Mn spins [Fig. 2.10 (b)]. The oxygen anions shift
upwards away from the line connecting the cations, which is represented by eij , when the
NN interaction is AFM (Ji,i+1 > 0) and when the NN interaction is FM (Ji,i+1 < 0) the
anions shift downwards. Macroscopically, materials hosting this mechanism produce
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Figure 2.11: Schematic showing collinear E-type magnetic phase given by E1 -type spin
structure (↑↓↓↑) and E2 -type spin structure (↑↑↓↓) along the b axis. The spin order is
coupled antiferromagnetically along the c axis . Blue, red and yellow spheres represents
the magnetic ions, non-magnetic ions and oxygen ions respectively.
an effective polarization although microscopically the polarization appears to cancel
out. As shown in Fig. 2.9 (b), the shifting of oxygen ions in the material with nearly
collinear ordering of spins produce microscopic polarization along the x and -y axis (local
coordinate axis) which macroscopically generates polarization along the a axis [41]. A
phenomenological description using Landau analysis showed the ME coupling term in
multiferroics with collinear magnetic ordering has the form of P (L21 − L22 ), where L1 =
S1 +S2 −S3 −S4 and L2 = S1 −S2 −S3 +S4 are the antiferromagnetic order parameters
[49]. A prominent collinear magnetic ordering found in TYPE-II multiferroics featuring
this mechanism is an E-type order. In E-type antiferromagnetic order the collinear
spin structure can have two possible arrangements which are degenerate and described
by E1 and E2 domains. The spins of the magnetic ions in E1 -type are aligned as updown-down-up (↑↓↓↑) and in E2 -type they are up-up-down-down (↑↑↓↓), i.e the spins
are either parallel or antiparallel to each other representing an Ising type spin model
[Fig. 2.11]. This implied that phenomenologically the ME coupling term in this case
is given by P (E12 − E22 ). Note, that compared to magnetic spirals, here the exchange
interaction is symmetric and do not depend on the spin-orbit coupling implying a larger
induced polarization.

2.4

Bulk orthorhombic RMnO3 : A TYPE-II multiferroic

In the family of TYPE-II multiferroic materials our topic of interest is the rare-earth
manganite RMnO3 . At ambient conditions they crystallize into a hexagonal phase with
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Figure 2.12: (a) Orthorhombic P bnm structure of RMnO3 , (b) cubic pervoskite structure with no distortions, (c) effect of Jahn-Teller distortions leading to asymmetric
Mn-O bond length in the basal plane of the oxygen cage, adapted from [53] and (d)
effect of the additional octahedra tilting and rotating in ab-plane. Atoms shown by
coloured spheres, R or A-ion (Green), Mn or B-ion (Blue) and O (red) for manganites
or ABO3 . Here, the Mn-O1-Mn and Mn-O2-Mn bond angles are shown, where O1 and
O2 are the apical and octahedra connecting oxygens, respectively. Figures generated
using the VESTA[54].
P 63 mc symmetry when the R-ion radius (R = Y - Ho) is small, whereas an orthorhombic
phase with P bnm structure is stabilized if the R-ion radius is large (R = La -Dy)
[50]. Note, that the P bnm symmetry can be obtained by simple transformation rules
from the conventional P nma space group, which is the preferred notation of symmetry
settings for orthorhombic phase by the crystallographic community. Transformation
from P nma (phase 1) to P bnm (phase 3) is achieved using a1 → b2 , b1 → c2 and c1 →
a2 . In this work, we are focussed on studying the properties of RMnO3 in orthorhombic
phase with P bnm symmetry. A metastable orthorhombic phase is stabilized in RMnO3
independent of the R ion using high-pressure growth techniques or low-temperature soft
chemistry [51, 52].
A P bnm crystal symmetry is characterised by symmetry elements in terms of
the crystallographic principle axes (a, b, c). It has a glide plane perpendicular to the
a − axis with a glide component of half of the unit vector along b, a diagonal glide
plane perpendicular to the a-axis and b-axis, and a mirror plane perpendicular to the
doubled b-axis and c-axis. These elements can be summarised into a group : G =
{1, 1̄, 2a , 2b , 2c , mab , mbc , mac }. The possible Bragg reflections are governed by the general rules (0kl) : k = 2n, (h0l) : h + l = 2n, (h00) : h = 2n, (0k0) : k = 2n, (00l) :
l = 2n.
The crucial difference between an orthorhombic RMnO3 and other perovskite struc-
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ture (ABO3 ) is the inherent distortions in the orthorhombic phase. In orthorhombic
(o)-RMnO3 beside the R-ion, there are also corner sharing MnO6 octahedra as shown
in Fig. 2.12 (a). The orthorhombic distortions consist of Jahn-Teller (JT) distortions
along the apical oxygen in the MnO6 octahedron Fig. 2.12 (c). Additionally, the oxygen
cage also experiences a GFO3 -type tilting and rotations [55] [Fig. 2.12 (d)]. These distortions lift the electronic degeneracy of the eg orbitals in the electronic configuration of
Mn3+ ions. A direct consequence of the JT distortions inducing variation in the Mn-O
bond lengths is the staggered ordering of d3x2 −r2 /d3y2 −r2 orbitals in the ab-plane [56].
This structural distortions and tilting of the octahedra can be explained√by a stability
factor also known as the Goldschmidt tolerance factor t = [rA + rO ]/[ 2(rB + rO )],
where rA , rB and rO are the ionic radii of A, B and O-ion [57]. At tolerance factor of
t = 1, all the symmetry elements of the cubic ABO3 structure is retained, however at
t 6= 1, the crystal lattice experiences distortions such as octahedral tilting to stabilise
the structural ground state [58]. Similarly, in RMnO3 with t ∼ 0.8 the MnO6 octahedra
show an inherent tilting and an orthorhomic phase is stabilized at the ground state.
This induces buckling of the Mn-O-Mn bond and the bond angle decreases to lower
values than 180◦ . The degree of tilting also parameterised as the deviation (∆) angle
from 180◦ increases with decrease in the R-ionic radius [59] [see Fig. 2.12 (d)]. However,
the JT distortion stays almost unchanged with variation of the R-ion. Note, that due
to JT effect the electronic configuration of Mn3+ ions in RMnO3 also gets modified3 .
The R-ion radius plays a significant role in dictating stabilization of a variety of magnetic structure in RMnO3 . In the following section an overview on the R-ion radius
effecting the magnetic structure of bulk RMnO3 is presented and as a consequence how
the multiferroicity changes is also highlighted.
In bulk RMnO3 (R = La - Gd), the magnetic transition temperature (TN ) decreases
monotonically with a decrease of the R-ion radius [Fig. 2.13 (a)][60]. In addition to the
JT distortions, there is also a R-ion radius dependent octahedra tilting which plays a
central role in tuning the magnetic interactions responsible for stabilizing the magnetic
ground state in RMnO3 [42]. For R = La - Sm, a magnetic transition to a antiferromagnetic A-type phase was observed at TN ∼ 60 - 140 K. The A-type ordering is
described by ferromagnetically coupled spins within the ab-plane [Fig. 2.13 (b)] and an
antiferromagnetic coupling of the spins along the c-axis. However, for R = Eu, Gd an
intermediate incommensurate magnetic phase appeared at the antiferromagnetic ordering temperature TN ∼ 50 K (R = Eu) and 43 K (R = Gd), well above the stabilisation
of the A-type ground state at T = Tlock ∼ 43 K (for EuMnO3 ) and 23 K (for GdMnO3 )
[43, 61–63]. This intermediate incommensurate phase was also found for R = Tb - Lu
compared to R = La - Sm which do not host this incommensurate phase. This implied
that with a decrease in the R-ion radius there is a significant change of the microscopic
interactions in the RMnO3 .
For, R = Tb, Dy the incommensurate AFM ordering occurs at T ∼ 40 K which re3

The degeneracy of the d-orbitals of Mn3+ is lifted by crystal field splitting and JT effect resulting
in half filled t2g and eg orbitals.
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Figure 2.13: (a) Phase diagram of RMnO3 showing variation of magnetic phases depending on R-ion radius [Taken from [42]]. (b) Schematic of A-type order in LaMnO3
and (c) E-type order in HoMnO3 , both projected in ab plane [Taken from[60]].
tained the inversion symmetry elements of the paramagnetic phase but an accompanied
transition at lower temperatures Tlock ∼ 28 K (for TbMnO3 ) and 18 K (for DyMnO3 )
breaks the spatial inversion symmetry and induces a ferroelectric ordering dominantly
driven by asymmetric Dzylashonskii-Moriya type exchange striction [41, 60, 64–71].
This low temperature phase is found to show a non-collinear bc-cycloidal spin structure,
whereas the incommensurate phase is described by a sinusoidal modulated collinear
spin arrangement. For R = Ho - Lu, the paraelectric incommensurate phase appears at
TN1 ∼ 39 - 43 K, which on cooling locks in to a collinear commensurate E-type order
with an up-up-down-down (↑↑↓↓) spin structure for temperatures varying between 26
K and 35.5 K depending upon the system [42, 43, 49, 59, 72–76]. In the commensurate
phase the spins form FM zigzag chains in the ab-plane [Fig. 2.13 (c)] and each chain
is antiferromagnetically coupled. This ground state also manages to induce a ferroelectric order but with a complementary mechanism, symmetric exchange striction. It
is noteworthy to mention that evidence of a possible ab-cycloidal ground state is also
observed in doped samples Eu1-x Yx MnO3 [43], suggesting chemical pressure dependent
ferroelectricity in otherwise paraelectric A-type EuMnO3 .
The results obtained are summarized in a plot of the multiferroic properties of
RMnO3 (R = Gd - Lu) [see Fig. 2.14 (a), (b)]. The multiferroic properties was reported
to vary depending on the R-ion radius. A switching of the polarization axis from P ||c to
P ||a is observed along with an increase of its magnitude on lowering the R-ion radius. A
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Figure 2.14: (a), (b) Multiferroic phase diagram of RMnO3 for R = Eu - Lu and
Eu1-x Yx MnO3 and (c) RMnO3 structure showing the Mn and O ions to depict the
exchange interactions (Jij ) between the Mn spins. A tilted local coordinate system
(ζ, η, ξ) of ith MnO6 octahedra is also shown. Taken from [41].
significant number of theoretical studies have been conducted to explain and reproduce
the multiferroic properties of o-RMnO3 using Monte Carlo simulations. Here a brief
summary is presented on the most relevant findings to explain our present results.
A classical Heisenberg model on a cubic lattice was addressed and a simple spin
model described by a Hamiltonian [68, 77]:
D
E
H = HJ + Hsia
+ Hsia
+ HDM + HK

(2.9)

was considered where,
HJ =

X

Jij Si Sj

i,j
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(2.10)
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Figure 2.15: Schematic of two possible configurations of magnetization orientation
E . (a) Configuration A with angle between
favoured by single ion anisotropy term Hsia
◦
magnetization and b axis as either 0 ≤ θ ≤ 90◦ or 180◦ ≤ θ ≤ 270◦ . (b) Configuration
B, with either 90◦ ≤ θ ≤ 180◦ or 270◦ ≤ θ ≤ 360◦ .

To represent the interactions, the crystal structure of RMnO3 was considered showing the magnetic Mn ions and the bridging O ions [see Fig. 2.14 (b)]. A local coordinate
system (ζ, η, ξ) is also marked along with the orientation of the principle axes of the
unit cell (a, b, c) and a cartesian coordinate system (x, y, z). The first term HJ , in eqn.
D ) and third term
2.9 describes the exchange interaction of Mn spins. The second (Hsia
E
(Hsia ) are single-ion anisotropy terms and describes the preferred orientation of magD is responsible in causing a hard
netization which is related to the crystal lattice . Hsia
magnetization along the c-axis, i.e it does not favour orientation of moments along the
E induces an alternating hard and easy
c axis and forces them to lie in the ab plane. Hsia
axis in the ab-plane, implying that it favours a magnetization orientation which have
either configuration A or B as shown in Fig. 2.15. Simultaneous orientation of moments
with both configurations A and B is not favoured. The single-ion-anisotropy depends
upon interaction of Mn spins with crystal lattice and therefore the spins are expressed
in terms of a local coordinate system (ζ, η, ξ) [see Fig. 2.14 (c)]. The strength of the
single-ion anisotropy terms also depends on the respective coefficients D and E. The
third term is the Dzyaloshinskii-Moriya interaction, HDM which favours a non-collinear
spin ordering. Here, dij is the Dzyaloshinskii vector associated to the non-collinear
ordering of Mn spins in the Mn(i)-O-Mn(j) bonds. To express the dij vector, a set of
DM interaction coefficients are considered such as αab , βab , γab corresponding to the DM
ab and α , β for the DM interaction term along the c axis
interaction in the ab plane HDM
c c
c
HDM . Finite values of αab , βab , γab imply that Hab
DM is active and favours a non-collinear
c
spin structure in the ab plane whereas finite αc , βc values suggest HDM
is active which
causes canting of spins towards the c axis. The final term HK stands for lattice elastic
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Jab (FM)

Jb (AFM)

Figure 2.16: (a) Theoritical phase diagram of RMnO3 in T − Jb energy landscape.
(b) Exchange interaction paths for Ja and Jb , (c) Real space spin configurations of
coexisting states showing a spiral phase sandwiched between E-type domains. [Taken
from[41]].

energy with K as the elastic constant.
The DM interaction coefficients (α, β, γ) and other interaction parameters (Jab , Jc ,
Jb , D, E) were calculated and except Jb all other terms stayed almost independent
of the variation of the R-ion radius. In fact, calculations showed on increasing the Jb
parameter, we can end up having an E-type order starting from a A-type order through
incommensurate spiral phases [Fig. 2.16 (a)]. This is highly important in context of our
studies since we will use this conclusion to explain our results. These terms were found
to be adequate to explain the origin of spin spiral phase in RMnO3 . The competition
of the single-ion anisotropy term with the DM interaction term was identified to be
responsible for causing the flipping of the spiral plane from ab to bc. However, this
discussion failed to explain the collinear E-type order.
Successive studies based on an Ising spin model were attempted to explain the
E-type phase but failed to reproduce the spiral phase [60, 78]. Later, a biquadratic
spin interaction mechanism and staggered modulation of FM exchanges were proposed,
which revealed the importance of spin-phonon coupling to stabilizes the E-type order
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[11, 79]. In the present scenario the Peierls-type spin-lattice coupling term is incorporated as responsible to induce ferroelectricity in E-type multiferroics via symmetric
magnetostriction [41].
In the formulation of interaction terms for a spin model represented by eqn. 2.9, the
exchange interaction term HJ for the nearest-neighbour (NN) ferromagnetic coupling
of Mn spins which is sensitive to the Mn-O-Mn bond angle was modified. The corre0
sponding exchange interaction parameter was expressed as Jij = Jab + Jab δi,j in the
ab-plane, where δ is the shift of O-ion between the ith and jth Mn ions perpendicular
0
to the 180◦ linear configuration, and Jab = ∂Jab /∂δ is the variation of the exchange
interaction induced. When the NN FM interaction gets stronger the Mn-O-Mn bond
0
angle increase, implying a positive Jab and vice versa.
Additionally, the necessity for a weak FM exchange along the a-axis Ja to generate a E-type ordering was identified. The next-nearest-neighbour (NNN) interaction
parameter Jb between the Mn spins was varied, which increases with decrease in the
R-radius. The basis of this idea can be easily understood considering the exchange path
for Jb in the ab-plane [Fig. 2.16 (b)]. The exchange path consists of two O 2p orbitals
between two Mn eg orbitals neighbouring along the b-direction and the interaction is
superexchange type which promotes an antiferromagnetic ordering of the Mn spins4 .
Due to increase in the orthorhombic distortion on lowering the R radius, the overlap
of the O 2p orbitals increase. This increases the electron hopping probability between
oxygen ions and reduces the interaction path and consequently enhances the interaction
Jb which favours a collinear E-type spin ordering.
However, a cycloidal deformation of the E-type collinear spin order was also predicted and to find the driving interaction parameter for the deformation of the collinear
ab and HE interactions was
spin ordering in the ab-plane the relative strength of HDM
sia
E ) plays a more domicalculated. It was found that the single-ion-anisotropy term (Hsia
nant role in inducing a finite staggered magnetization both along the a and b-axis. And
c ) was identified to be responsible for
the DM interaction term along the c-axis (HDM
the canting of the moments out of the ab-plane. Due to the proposed non-collinearity
of spins in E-type order, contributions of both symmetric (S · S)-type and asymmetric
(S × S)-type mechanisms to the effective polarization is expected in this case.
The other most exciting ground state predicted is the possibility for a metastable
coexisting state composed of E-type domains which are spatially separated by incommensurate spiral domains [Fig. 2.16 (b)]. This was proposed to be realised energetically
by considering an incommensurate phase trapped in a local energy minimum within the
E-type state. These predictions would be used in discussing our results.

4

This interaction is also applicable for electrons in the t2g orbitals of Mn3+ ions.

Chapter 3

Growth of epitaxially strained
RMnO3 films

In Chap. 2 we presented the multiferroic properties of bulk o-RMnO3 which suggested
that they exhibit several competing interactions responsible for stabilising the multiferroic ground state. The subtle balance between the interactions of magnetic spins also
imply that the microscopic mechanism can be tailored by external parameters. Frequently the magnetic interactions inducing a variation in physical properties are found
to be tuned by applying chemical pressure by doping the parent compound or by application of a hydrostatic external pressure [80–83]. Also, successful attempts were made
using external magnetic field to manipulate the ground state [61, 80].
The other alternative approach is to apply strain by growing materials on crystalline
substrates which forces the system to adapt the structural properties such as lattice parameter and phases of the substrate [Fig. 3.1 (a)]. The lattice mismatch between the
substrate and the film induces epitaxial strain in crystalline films. In the present work
we employed this approach for growing thin film samples which provided us with an
opportunity to have a handle on an external strain parameter 1 .
Challenges of thin film growth
The immediate impact of this kind of growth process is the system can grow with
its chemical unit cell locked to the substrates and with increase in thickness it starts
relaxing towards it original bulk like lattice parameters by allowing different forms of
defects such as line defects [Fig. 3.1 (b)]. These kind of films can be broadly classified
as incoherently grown and prevents from revealing the detail and precise informations
on physical properties due to lack of control over the defect density. Ideally, the systems
which do not relax and stay strained through out the thickness is most desirable and
allows a systematic study of different properties. These are known as coherently grown
films [Fig. 3.1 (c)]. Some of the limiting factors responsible towards achieving the
coherently grown films are the choice of substrate orientations and crystallinity, growth
1
The studies on bulk LuMnO3 sample in Chap. 5 was prepared by solid state reaction from Lu2 O3
and Mn2 O3 under high pressure (∼ 6 GPa) and temperature (∼ 1500 K) [42], in collaboration at the
National Institute for Materials Science (NIMS), Japan. Bulk growth technique is beyond the scope of
this thesis and therefore not discussed in details.
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(a)

(b)

(c)

Incoherently strained

Coherently Strained

Film

Substrate

Figure 3.1: (a) Schematic of film deposited on a substrate, (b) Cartoon of incoherently
strained growth with line defects and (c) coherently strained sample. Adapted from
[15, 84].

conditions (temperature and background gas) and film thickness. The other crucial
aspect is the crystallinity of films, a non-crystalline or amorphous film is not efficient to
perform directional studies and therefore the next challenge beside the coherent films
is to obtain highly crystalline epitaxial films. A single phase material is complicated
to grow and depending upon the substrate a twinned structure or dislocations can also
appear. In an epitaxial strained film, the lattice parameter can experience shrinking of
its unstrained in-plane lattice parameter due to compressive strain or expansion from a
tensile strain depending on the lattice parameters of the substrate [Fig. 3.2].
One of the common practices to grow oxide thin films in orthorhombic phase is by
using substrates such as LaAlO3 , SrTiO3 , NdGaO3 and YAlO3 [15, 86–88]. However,
the studies using SrTiO3 as a substrate showed that systems such as TbMnO3 develop
twinned structures when grown as thin films and the ferromagnetism observed was explained by domain walls in the modified crystal structure [89]. Recently, exciting studies
on SrTiO3 was conducted showing the unique capability of strain. SrTiO3 in bulk phase
is paraelectric but when strain is applied by growing them as thin films on DyScO3 it
starts showing room temperature ferroelectric order [90]. Also, when DyScO3 was used
as a substrate to grow EuTiO3 films, it exhibited ferromagnetism and ferroelectricity
in an otherwise paraelectric antiferromagnetic bulk EuTiO3 [91].
Our samples
In our studies RMnO3 films were grown using pulsed laser deposition (PLD) technique by my colleague Kenta Shimamoto as a part of his doctoral work [15]. So the
details on the growth conditions followed has been discussed in his thesis. The mechanism of the growth process is based on using lasers to evaporate the material which for
a target and the evaporated plasma plume then condenses on the substrate [Fig. 3.3
(a)]. The plasma is composed of charged particles which are then directed towards the
substrates by external electric field. The other important feature is the role of back-
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Unstrained

(a)

Compressive

(b)

Tensile

(c)

Figure 3.2: (a) Unstrained cubic sample, (b) Growth under compressive and (c) tensile
biaxial in-plane strain. Adapted from [85].
ground gas since the molecules of this gas collide with target molecules to further ionise
them. The substrate is also heated to control the growth temperature. The details
on the samples which were used in the present studies are summarised in Table. 6.3.
As documented in the table we worked on samples which are (1 0 0), (1 1 0) and (0
1 0) oriented and grown epitaxially on (1 0 0), (1 1 0) and (0 1 0) oriented YAlO3
substrates, respectively [Figure. 3.3 (b)]. For oxide films, PLD technique is often used
as a preferred choice for growth owing to their capability of maintaining the oxygen
stoichiometry precisely. In the growth process for RMnO3 films, the necessity of homogeneously heating the substrate and importance of making a correct choice of substrate
was identified [92]. Based on these studies and orientation of the film we designed our
measurement geometry accordingly, which is discussed in the results sections (Chap. 6
and 7).
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YAlO3

(a)

(b)

Figure 3.3: (a) Schematic of pulsed laser deposition (PLD) chamber showing the
mechanism of thin film growth and (b) Cartoon of the RMnO3 samples which are
grown by this technique on YAlO3 . Adapted from [93].

RMnO3
(R)

Table 3.1: Summary of samples used.
Thickness
Orientation
Dimension
(nm)
(out-of-plane) mm × mm

Label

Gd

10

(0 1 0)

5 × 10

G1

Tb

44

(0 1 0)

5 × 10

T1

Tb

44

(0 1 0)

10 × 10

T2

Tb

14

(0 1 0)

5×5

T3

Tb

80

(1 0 0)

10 × 10

T4

Dy

16

(0 1 0)

5 × 10

D1

Ho

14

(0 1 0)

5 × 10

Ho1

Tm

16

(0 1 0)

5 × 10

Tm1

Yb

14

(0 1 0)

5 × 10

Yb1

Lu

13

(0 1 0)

5 × 10

L1

Lu

100

(0 1 0)

10 × 10

L2
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The physical properties of materials are mainly described by its crystal structure,
magnetic phase and ability to host electric dipole moments. These properties can be
probed by different techniques which we discuss in this chapter.

4.1

X-ray diffraction for structural properties

Structural properties in crystalline materials are related to a periodic arrangement of
ions, which follow certain rules known as crystallographic symmetry operations. These
rules help in identifying a definite structural phase of crystals which follow a certain
set of symmetry operations. Under symmetry operations, an ion can be transferred to
a different position which is equivalent to its initial position and in process generate a
crystal structure. In a crystal, the ions related by symmetry have a similar environment
in space. In our work we are interested in the physical properties of crystalline thin
films and therefore detail knowledge on their structural properties is crucial before we
start investigating other properties. An ideal tool to study the symmetry related crystal
structure is diffraction using X-ray source.
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La#ce planes
d sinθ

Figure 4.1: Schematic showing formulation of Bragg’s law, where 2dsinθ is the optical
path difference between incident and scattered beam should correspond to an integer
phase difference for interference intensity. Adapted from [94].

4.1.1

Basic principle

Diffraction in crystals occur under certain condition when electromagnetic radiations are
shined on them. If the spatial separation of atomic planes also known as lattice planes is
comparable with the length scale of the wavelength of the radiation, then the scattered
radiation can experience constructive and destructive interferences. Considering the
typical length scale of separation (d) of lattice planes (∼ 0.1 - 0.4 nm), the corresponding
radiation used for diffraction is x-rays. X-rays interact with matter through the electrons
at the atomic sites. In diffraction, when collimated and monochromatic X-rays are
incident on periodically separated lattice planes at angle θ with the normal to the
surface it gets reflected such that the angle between the reflected and incident beam
is 2θ. The path difference between an incident and reflected beam depends on the
separation of lattice planes (d) and the angle of incidence (θ). For diffraction this
spatial path difference should correspond to the phase difference for constructive or
destructive interference also given by integer multiple of x-ray wavelength (Fig. 4.1).
This phenomenon is formulated as the Bragg’s law for periodic crystals, 2d sin θ = nλ,
where n is an integer and λ wavelength of the x-ray. Based on this equation we can relate
a diffraction pattern to definite crystal structure necessary to identify the symmetry or
atomic positions in the materials.
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kf

r

ki.r kf.r
Figure 4.2: Schematic of scattering phenomenon by electron density ρ(r).

4.1.2

Formulation of scattering conditions

In our work we have restricted ourselves within using elastic scattering process in which
the energy of the incident and scattered beam stay unchanged, and the momentum is
conserved. The momentum transfer (Q) occurs into the scattered medium such that
|ki | = |kf |, where |ki(f ) | represents momentum of incident (scattered) beam. The most
essential quantity in x-ray diffraction is the effective flux of the beam Φ0 incident on
the scattering system, which is defined as the number of photons passing through an
unit area cross-section every second. If the intensity or rate of scattered x-rays is given
by I, which is measured by a detector placed at a distance R from the scatterer and
subtends a solid angle ∆Ω, then the scattering process is quantified by a differential
cross-section, (dσ/dΩ) = I/(Φ0 ∆Ω).
In classical model, the differential scattering cross-section for one electron can be
formulated as, (dσ/dΩ) = r02 P , where r0 ≈ 2.82 fm is the classical radius of an electron
also known as Thomson scattering length. Here, P = |ε̂i · ε̂f |2 is the polarization factor
and ε̂i(f ) is the polarization of incident (scattered) x-rays. The scattering amplitude
√
can be described such that, (dσ/dΩ) = AA∗ and Aelec = r0 P . Now scattering from
an atom can be considered as scattering from the electron charge density of the atom
ρ(r), in units of the electron charge. Scattering of incident x-ray plane waves (ki ) by a
volume element of the charge density at r from the origin will add a phase difference
(∆φ) to the scattered plane wave (kf ) expressed in terms of the scattering vector Q
and r: ∆φ(r) = (ki − kRf ).r = -Q · r [Fig. 4.2]. On integrating over the full charge
density, we get f (Q) = ρ(r)exp[i.Q · r], where f (Q) is the atomic form factor. So,
the scattering amplitude of an atom (Aatom ) is atomic factor times the amplitude for
electron scattering, Aatom = f (Q) × Aelec . Therefore, the differential scattering crosssection for atom is (dσ/dΩ) = Aatom (Q)A∗atom (Q) = |f (Q|2 r02 P .
As discussed, the scattering amplitude of an atom is proportional to the Fourier
transform of the charge density and this definition can be extended to define the scat-
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tering amplitude of a crystal which is formed by periodic lattice sites and basis such as
atoms or molecules. So, the scattering amplitude of crystal (Acrystal ) is proportional to
the Fourier transform of a real space lattice also known as reciprocal space lattice and
given as:
1

Acrystal = r0 P 2 F (Q)

P

R

(4.1)

exp[iQ · R]
P

summing over all the reciprocal lattice points R and F (Q) = j fj exp[−iQ · rj ] is
the structure factor for a crystal summed over j atoms in the unit cell and rj = a1 r1
+ a2 r2 + a3 r3 is the position of the jth atom in terms of all three principle axes r1 , r2 ,
r3 . And the differential scattering cross-section for a crystal can be deduced as:
3

(dσ/dΩ) = Acrystal A∗crystal = r02 P N (2π)
V

P

G δ(Q

− G)|F (Q)|2

(4.2)

where, a cubic unit cell is considered with number of unit cell same along all the
principle directions and V is the unit cell volume. G = hr∗1 + kr∗2 + lr∗2 is the reciprocal
lattice vector in terms of reciprocal lattice principle axis vectors (r∗1 , r∗2 , r∗3 ) and integers
(h, k, l) also known as Miller’s indices which are used to describe a family of lattice
planes. Experimentally the measured scattered intensity (I) is proportional to the
differential scattering cross-section and therefore is related to the crystal structure factor
as I ∝ |F (Q)|2 . It is to note, that the condition which should be respected for a finite
scattering intensity is Q = G which is essentially the Laue condition. This implied the
scattering vector Q = hr∗1 + kr∗2 + lr∗3 and for the structure factor to be non-zero the
exponential term Q · rj = (hr∗1 + kr∗2 + lr∗3 ) · (a1 r1 + a2 r2 + a3 r3 ) must be equal to
2πm, where m is an integer. This is also consistent with the definition of reciprocal
lattice vectors r∗j since they are orthogonal to the real space lattice vectors ri . In X-ray
diffraction, we probe the crystal structure in terms of its reciprocal lattice space and
explain the appearance or absence of reflections based on the Laue’s conditions.

4.1.3

Experimental setup

A typical diffraction setup used in laboratory is called a x-ray diffractometer consisting of three basic components, an x-ray source (Cu-tube), sample stage and a detector
[Fig. 4.3] in Bragg-Brentano geometry described by the scattering vector (Q) always
being normal to the surface of the sample. For our studies we used a Siemens D500
powder diffractometer, a Seifert 3003 PTS and Rigaku SmartLab high-resolution fourcircle diffractometers. The diffractometers are equipped with monochromators to select
Cu Kα1 , Soller slits and scintillation detectors. The Siemens diffractometer has two
variable angles, the sample stage (ω) angle with the incident beam and the detector
angle (2θ) as shown in Fig. 4.4 (a), is used to measure out-of-plane lattice parameters
by θ- 2θ scans and sample thickness of thin films by x-ray reflectivity. The Seifert and
Rigaku diffractometers have four degrees of freedom as marked in Fig. 4.4 (b,d) allows
estimating lattice parameters precisely by measuring reciprocal space maps. The recip-
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Q = kf - ki
ki

kf

ω=
Sample stage

Figure 4.3: Schematic of a typical x-ray diffractometer set up featuring the vectorial
formulation of the scattering vector Q = kf − ki in terms of the incident (ki ) and final
(kf ) wave vectors.
rocal space geometry for diffraction is presented in Fig. 4.4 (c).
Types of scans
A depiction of the diffraction measurements in real and reciprocal space geometry
is essential to understand the methodology followed to obtain the lattice parameters
and information on the strain state in thin films. The real space geometry on both the
diffractometers is indicated in Fig. 4.4. The angle between the incident wavevector ki
the sample stage is marked as ω and the scattering angle between the scattered wave
vector kf and the incident wavevector is marked as 2θ. In case of realistic samples
with possible miscut of crystals, often the perpendicular to the sample stage and the
scattering vector are not collinear and the angular separation or offset between them
is marked as ∆ω. In other words, the sample stage and the in-plane coordinate axes
are not co-planar [15]. In reciprocal space, the lattice is described by the vector G
and the Ewald sphere formulation is used to explain the diffraction process. For the
Ewald sphere, ki is kept fixed at one end to the origin and the sphere is described by
a set of points for which |Q + kf | = |ki | [Fig. 4.4 (c)]. For diffraction intensity the
Ewald sphere must intersect the reciprocal lattice points, implying the Laue’s condition
Q = G. Therefore, with the sample fixed, changing ω rotates the Ewald sphere in
the reciprocal space around the origin and 2θ changes the detector position measuring
at different scattering angles. The ψ (psi) and φ (phi) changes the reciprocal lattice
position keeping the Ewald sphere fixed. The reciprocal lattice can be tilted in the
scattering plane and the sample stage by ψ, while using φ it can be rotated around the
axis normal to the sample stage. Different types of scans for films grown on substrate
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Figure 4.4: (a) An image of Siemens D500 powder diffractometer with the incidence
angle ω and scattering angle 2θ marked. (b) A picture of Rigaku four-circle diffractometer which is similar to a Seifert 3003 (not shown) except, here the scattering plane
is vertical. The angle between normal to the sample stage (û) and the lattice plane (Q)
marked as ∆ω, (c) a reciprocal lattice cross-section projected in the scattering plane.
Blue circles are the reciprocal lattice points, the dotted red line the sample stage and the
solid red line is normal to the stage, whereas the Q⊥ is normal to the crystallographic
plane. The offset between sample stage and the crystallographic plane is marked as
∆ω. (d) shows all the four degrees of freedom available in Riga to rotate the sample
beside the XYZ translation in the Rigaku diffractometer. Adapted from [95].
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probes the reciprocal space composed of lattice points from both and are listed here
Fig. 4.5 (a,b).
θ/2θ scans
To measure the out-of-plane lattice spacing a θ − 2θ scan is an ideal tool, in which
0
the Ewald sphere and the detector are moved such that ω − ∆ω = θ = 2θ/2 as shown
in the Fig. 4.5 (c). The crystallinity of the film can be derived from the peak shape.
Rocking scans
A rocking scan is performed by tilting the sample stage (ω) and keeping the detector
fixed such that the scan is circumferential around the reciprocal space origin [Fig. 4.5
(d)]. Using the line shape of the scattering intensity peak, we can derive lateral correlation of the film.
Reciprocal space mapping scans
To map out the cross-section of reciprocal lattice points, a sequence of 2θ/ω scans
are conducted by the Seifert and Rigaku diffractometer and generate a reciprocal space
map (RSM). For each RSM scan, the ω is varied and the intensity measured is plotted
in (2θ/ω) space. The real space (2θ/ω) plot are transformed in to the reciprocal space
[Fig. 4.5 (e)] using the following relations,
Q⊥ =
Qk =

4π
λ sinθcos(θ
4π
λ sinθsin(θ

− ω)
− ω)

(4.3)

The two dimensional RSM scan beside giving the lattice parameters both in-plane
and out-of-plane for films, it allows examination of the crystallinity and visualisation
of the strained state of films. From relative position of the film and substrate in RSM
scan we can identify if the film gets strained coherently with the substrate or relaxes
to lattice parameters different from the substrate and hence the reciprocal space lattice
points get differently aligned [Fig. 4.5 (a),(b)].

4.2

SQUID magnetometry: Macroscopic magnetic studies

To measure the magnetic moment of our samples we employed a Superconducting Quantum Interface Device (SQUID) magnetometers, a Quantum Design MPMS-XL 1 and
a vibrating sample magnetometer inside a PPMS (physical property measurement system) 2 . These superconducting devices work on measuring variation in magnetic flux
and converting the output voltage signal. The output voltage is a periodic function
1

At Laboratory for Scientific Developments and Novel Materials (PSI)
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Figure 4.5: (a) Schematic of reciprocal lattice space for a relaxed film on a substrate is shown in xz-plane. For simplicity a cubic symmetry is considered with the
lattice parameters of the film (af ) longer than the substrate (as ). (b) When the film
is strained coherently such that along the x-axis the lattice parameters are comparable
(afx ) whereas along z-axis the film parameters are still longer (asx ). (c) schematic of
θ-2θ scan, (d) a rocking scan and (e) a reciprocal space map scan.
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(b)

(c)

Figure 4.6: (a) Schematic of a superconducting loop linked by Josephson junction.
(b) The output response in MPMS for thin films mounted in a plastic straw and (c)
electronics circuit used in a SQUID system. Adapted from [97, 98].
of flux threading through superconducting loops which are connected by two weakly
coupled links also known as Josephson junctions. These junctions are connected in
parallel to the loop which has an inductance (L). The SQUID has pick up coils which
measures the variation of flux in these junctions which is the electromagnetic induction and evaluates the strength of the magnetic field [Fig. 4.6]. Sensitivity of a typical
SQUID is around 10−5 Φ0 , where Φ0 ≈ 2 × 10−15 T m−2 [96]. In terms of magnitude
for moments this is around ≤ 10−8 e.m.u [97]. This set up allows measuring samples
with weak magnetic signal or limited magnetic volume such as our thin films.
The challenges in these technique include picking up signals from oxygen trapped
between in the glue used to mount the sample or stray fields due to contamination
from handling samples with magnetic stainless-steel tweezers [99]. So careful sample
preparation is necessary to avoid any form of magnetic contaminations. The sample were
mounted either on a plastic straw (MPMS-XL) or a quartz bridge (VSM, PPMS) using
non-magnetic adhesives such as Varnish or Apiezon N grease. To remove any trapped
oxygen molecule in the glue the sample is pressed sufficiently long enough on the plate.
Magnetic contribution due to oxygen exhibit an antiferromagnetic transition at T ∼
43 K which is close the magnetic ordering temperature of most RMnO3 compounds.
Note, that the substrate YAlO3 is non magnetic and for magnetization measurements
under magnetic field, a diamagnetic correction from the substrate corresponding to the
background contribution was made.
2

At Department of Physik, University of Freiburg.
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Study of magnetic order

Magnetometry has limited capabilities when it comes to obtaining a detailed information on the magnetic order and resolving multiple magnetic phases. The ideal tool
to studies these properties is using magnetic scattering and one of the most effective
probe is a neutron beam due to its inherent properties. Neutrons with thermal energy
∼ 26 meV has de Broglie’s wavelength which is comparable to the interatomic distance
in materials, similar to X-rays, and exhibits interference effects. Neutrons are also
charge less particles and interact with nuclei which permits strong scattering even from
lighter elements. But its most useful property is the magnetic moment, with which it
can interact with unpaired electrons of magnetic atoms and allows the study of magnetic spin arrangements in materials. A brief summary on the numerical values for
the velocity, energy, wavelength of neutrons used to classify them as cold and thermal
neutrons are presented in Appendix. A. There are mainly two types of neutron sources
existing presently in the world, the reactors and the spallation neutron sources. Most
of our experiments are performed at 57 MW high flux nuclear reactor at the Institut
Laue-Langevin (ILL) in Grenoble, (France) and 10 MW continuous source at the Swiss
Spallation Neutron Source (SINQ) in Paul Scherrer Institut, Villigen (Switzerland).

4.3.1

Neutron diffraction

The theory and formulation of neutron diffraction is similar to the X-ray diffraction,
with the basic difference of the magnetic moment of the neutron µn = 9.645 × 10−27
J T−1 [100]. A master equation describing the neutron scattering can be expressed in
terms of differential scattering cross-section [101]. Considering, the state of incident
neutron beam defined by the momentum vector (k0 ), spin state (σ0 ) and wavelength
(λ0 ) gets scattered to the final state (k1 ), spin state (σ1 ) and wavelength (λ1 ), the
differential cross-section can be formulated as [101] :


dσ
dΩ


=

1 X
Wk0 ,σ0 ,λ0 →k1 ,σ1 ,λ1
N ΦdΩ

(4.4)

k1

where, Wk0 ,σ0 ,λ0 →k1 ,σ1 ,λ1 represent a transition from state 1 → 0 and Φ is the flux
of incident neutrons. Implementing Fermi’s golden rule we get,
Wk0 ,σ0 ,λ0 →k1 ,σ1 ,λ1 =

2π
~ |h1| V

|0i |2 ρk1 σ1 (E1 )

(4.5)

where, V is the interaction potential between the neutron and the sample and
ρk1 σ1 (E1 ) is the final density of scattered states per unit energy interval. In experiments we measure the scattering intensity of neutrons, which is Iscatt ∝ (dσ/dΩ).
Note, that in this work we restrict our selves within the framework of elastic neutron
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Figure 4.7: Schematic cartoon of the < 1|V |0 > matrix element with the spin and
orbital contributions. The orientation of the components of FM⊥ in eqn. 4.7 relative to
the scattering vector Q is shown. The red area imply that the vectors Q and Q̂×(si × Q̂)
lie in the same plane whereas the blue area suggest that the Q and pi × Q̂ are in the
same plane.
scattering and probing the static properties of the sample3 .
Magnetic neutron scattering
The scattering intensity which is proportional to the differential cross-section implies
that the interaction potential (V ) determines the intensity of scattered neutrons. So
by measuring the scattered intensity we are directly probing the interaction potential
between the sample and neutrons. In case of magnetic ordering the interaction potential
consists of the spin and orbital motion of the electron. It comprises of terms which
represent the neutron spin state given by Pauli spin operator σ, and the momentum p
and spin s of an electron. So to study the magnetic ordering by neutron scattering we
probe the magnetic interaction potential in given as :
"
#
s × r̂
1 p × R̂
V(r) = −γµN 2µB σ · curl( 2 ) −
(4.6)
R
~ R2
where, γ = -1.913 is the gyromagnetic ratio and µN is the magnetic dipole moment
of neutron. Next, theP
matrix element h1| V |0i can be expressed as the summation over
ith magnetic ions by i h1| V |0i = 4πγµN 2µB σ · FM⊥ (k0 − k1 ), where
3

Discussions on inelastic neutron scattering and probing the dynamic properties of systems is beyond
the scope of this work and details of its formulation are mentioned in [101]
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Figure 4.8: Variation of the form factor for Mn3+ ion calculated for the scattering
vector Q, implying the intensity of magnetic reflections at higher Q get reduced due to
lowering of the form factor.

FM⊥


X
i
=
Q̂ × (si × Q̂) +
(pi × Q̂) · exp(iQ.ri )
~Q

(4.7)

i

Here, the incident and scattered neutron functions are Aeik0 ·r|σ0 i and Aeik1 ·r|σ1 i
where A is a constant. The matrix element h1| V |0i which is proportional to FM⊥ and
represents the magnetic order is described pictorially in Fig. 4.7. Note, that the matrix
element is expressed in terms of the scattering vector Q, which is defined as Q = k1 − k0
and FM⊥ is the magnetic interaction operator related to the magnetization of the system
and can be represented as FM⊥ = FM⊥S + FM⊥L = (Q̂ × FM × Q̂), where the vector
FM = FMS + FML = (1/2µB )[M(Q)]. Here, the substripts S,L imply the spin and
orbital components and M(Q) is the magnetization of the sample in reciprocal space
obtained by Fourier transform of the magnetization in the real space M(r). So we can
summarize as,
1
FM (Q) =
[M(Q)]
2µB
Z
M(Q) = [M(r)]exp(iQ · r)

(4.8)

The projection of M(Q) on to the plane perpendicular to Q is FM⊥ , and is related
by,
FM⊥ = Q̂ × (M(Q) × Q̂)

(4.9)
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Imag ∞ FM (Q)

Q

M(Q)
FM (Q)= Q x (M x Q)
M (Q) = M x Q

Figure 4.9: Schematic of the relation between the scattering unit vector Q̂ and magnetic interaction vector FM⊥ (Q). It shows that the magnetic scattering intensity is
proportional to the magnetization component which is normal to the scattering vector
Q.
For scattering by unpaired electrons localised at magnetic atom site which are periodically arranged in a crystalline lattice, we consider that the magnetic atoms are
located at Ri and electrons exhibit a L.S coupling, then the magnetization vector is
given as
FM =

X

fi (Q)µi exp(−iQ.Ri ),

(4.10)

i

where fi (Q) is the magnetic (atomic) form factor unique to atom since it is the
Fourier transform of the magnetic electron density at the atomic centre. It varies with
Q as shown for the Mn3+ -ion case in Fig. 4.8. The magnetic moment at the atomic site
Ri is given here by µi = (1/2)Si .
For crystal the atomic position can be given as Ri (t) = Rl + rd + ui (t), where
Rl is the lth unit cell, rd is the equilibrium position of the atom and the ui (t) is
the displacement of the atom from the equilibrium position. In direct unit cell the
coordinates of the atomic position can be defined in terms of the principle axes of crystals
as Rl = l1 a + l2 a + l3 a and the reciprocal lattice vector as G = ha∗ + kb∗ + lc∗ = τ .
Incorporating these parameters the magnetization vector is formulated as :
FM (Q) = γr0

iQ·rd e−Wd (Q)
d fd (Q)hµd ie

P

(4.11)

which is also known as magnetic unit cell structure factor and e−Wd (Q) is the DebyeWaller factor for thermal fluctuations of the atoms. The magnetic differential crosssection for a crystal gets reduced to :
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dσ
dΩ


=

1 2π 3 X
δ(Q − τM )|FM⊥ (τM )|2
Nm v0 τ

(4.12)

M

where, FM⊥ = Q̂ × (M × Q̂) is the magnetic interaction vector [Fig. 4.9] and
τM = τ ± qm , is the reciprocal lattice vector for the magnetic unit cell. The periodicity
of the magnetic unit cell is described by a propagation vector qm and when the Bragg’s
conditions Q = τM is fulfilled magnetic reflections are generated.
Table 4.1: List of calculated normalised magnetic structure factor FM (Q) for different
spin models.
H K L
τ
000
010
001
100
011
0 -1 1
1 -1 0
111
1 -1 1
021
003
131

E
τ + qm
0
0
1
0
0.23
0.96
0
0.41
1
0.06
0.67
0.04

bc
τ − qm
0
0
1
0
0.96
0.23
0
1
0.41
0.23
0.67
0.13

τ + qm
0
0
0.83
0
0.19
0.21
0
0.78
1
0.43
0.43
0.21

ab
τ − qm
0
0
0.83
0
0.19
0.21
0
1
0.78
0.57
0.43
0.32

τ + qm
0
0
1
0
0.22
0.29
0
0.43
0.53
0.31
0.54
0.13

τ − qm
0
0
1
0
0.22
0.29
0
0.53
0.43
0.42
0.54
0.19

sinusoidal
τ + qm τ − qm
0
0
0
0
1
1
0
0
0.29
0.29
0.37
0.37
0
0
0.42
0.42
0.69
0.69
0.06
0.13
0.57
0.57
0.04
0.08

In our studies we measure a set of elastic magnetic reflections, where the intensity
of the peak is related to the differential cross-section by Imag ∝ (dσ/dΩ) ∝ |FM⊥ (Q)|2 .
This implies that the magnetization component which is normal to the scattering vector
Q is solely responsible for the magnetic scattering intensity. In experiments we measure
the scattering intensity and obtain the integrated intensity for corresponding reflections
and then compare them with the calculated intensity for spin models from the respective
magnetic structure. A comparison of calculated magnetic structure factors FM (Q) corresponding to the scattering intensity for a commensurate E-type order (qm = 0.5 b∗ )
with magnetization only along the b axis (ma = 0, mb 6= 0, mc = 0), an incommensurate
bc spiral order (ma = 0, mb 6= 0, mc 6= 0), ab spiral order (ma 6= 0, mb 6= 0, mc = 0) and
sinusoidally modulated (ma = 0, mb 6= 0, mc = 0) spin order (qm = 0.27 b∗ ) is presented
in Tab. 4.1. The magnetic structure factor FM (Q) for each model was calculated using
eqn. 4.10 with magnetic form factor fi (Q) of Mn3+ ions of the unit cell in RMnO3 with
P bnm symmetry. The magnitude of the magnetic moment µi corresponding to each

4.3. Study of magnetic order

45

spin model was adapted from the bulk studies [64, 71, 73].
A survey of the Tab. 4.1 suggest that from the normalised FM (Q) values we can
obtain a strong indication on the spin structure of the magnetic phase. For example,
to identify an E-type order there are two possible routes. Firstly, the peak position of
the magnetic reflection is at a commensurate position (qm = 0.5) compared to other
incommensurate phases (qm 6= 0.5). Secondly the ratio of normalised magnetic structure factor between (0 1+qm 1) and (0 1-qm 1) is (∼ 0.23 : 0.96), which is significantly
different from every other spin models where the ratio is ≈ 1 : 1. In the incommensurate phase the bc or ab spiral and sinusoidally modulated spin order can have the same
modulation wave vector (qm ). So the best tool to resolve these models is by comparing
the relative normalised FM (Q). In case of bc spiral the (1 1-qm 1) is the strongest reflection which is not true for other spin models with incommensurate order. To resolve
between a sinusoidal and ab spiral phase (0 2±qm 1) is one of the ideal reflections to
compare. It is relatively stronger when there is a ab spiral phase compared to sinusoidal
phase where the (0 2+qm 1) is almost absent. Additionally, note that the (0 qm 1)
reflection is one of the strongest reflection for every spin structure. Therefore, this table
highlights the strength of neutron scattering technique in resolving magnetic structure
of materials. We used the same procedure by comparing the measured intensity with
calculated intensity to identify the magnetic order and resolve the magnetic structure
in our systems. Explicit example of the procedure followed is presented and discussed
as part of the analysis of our results in Chap. 5, Sec. 5.3.
Commensurate and Incommensurate phase
A magnetic structure can be classified as commensurate or incommensurate based
on the periodicity of the magnetic unit cell relative to the structural or nuclear unit cell.
In case of a commensurate phase, the periodicity of magnetic unit cell can be described
as a rational multiple of the nuclear unit cell periodicity. For the incommensurate phase,
the magnetic unit cell and the nuclear unit cell, do not have simple relationship. To
understand this let us consider the magnetic moment distribution (µj ) in real space
of
ion located at a position d away from the origin is given as µj =
P jth qmagnetic
qm
m
is the complex valued basis vectors giving the
qm Sj exp[−2πiqm · d]. Here Sj
values of magnetization components along the crystallographic axis and is one of the
parameters which we obtain during refinement of magnetic structure. When magnetic
spin of a system is aligned along the a-axis in the ab-plane such that Sjqm = (1 0) and
qm = (1/2 1/2), the magnetic moment can be described by µj = Sjqm (-1)m+n and
d = mâ + nb̂. This suggest that the magnetic unit cell is double the nuclear unit cell
along both a and b-axis, and represents a typical case of commensurate order [Fig. 4.10
(a)]. It is to note since µj = Sjqm [cos(−2πqm · d) − isin(2πqm · d)], so in commensurate
phase the sine term is absent and the moment reduces to a real value.
However, when the sine term is non zero, the moment becomes imaginary which is
unphysical and we include the complex conjugate of the propagation wave vector(-
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Figure 4.10: (a) Cartoon illustrating a commensurate phase, the nuclear (black square)
cell and magnetic (red square) cell is marked. The blue arrows indicated the spin moments at the ionic site, (b) A transverse-spin density wave representing an incommensurate order, (c) a spin structure with moments varying in size both along b and a-axis at
consecutive layers and (d) a cycloidal phase in ab-plane with propagation wave vector
along the b-axis, and equivalent imaginary and real components of the basis vector.
Adapted from [102].
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Figure 4.11: (a) Image of the DMC diffractometer at SINQ, PSI with the monochromator, sample stage, detector and k0 , k1 implying incident and labelled. (b) Schematic
drawing of the diffractometer showing different components. Adapted from [103].
qm ) to describe the moment as µj = Sjqm exp[−2πiqm · d] + Sj−qm exp[2πiqm · d]
where Sj−qm = (Sjqm )∗ makes the moment real. This expression can be expanded
as, µj = 2R(Sjqm )[cos(−2πqm · d)] + 2I(Sj−qm )[sin(2πqm · d)]. Now if we have Sjqm
= (1 0) and qm = (0 1/5), the sine term gets to zero but the moment gets real. This
represent the case of an incommensurate phase with variation of moment size transverse to the propagation vector direction (b − axis) and is also known as a transverse
spin density wave [Fig. 4.10 (b)]. Other complex examples involve the basis vector
being complex valued such that we obtain the modulation of the moment magnitude
in ab-plane [Fig. 4.10 (c)] or when the R(Sjqm ) = I(Sjqm ) the spin structure gets to an
incommensurate cycloidal phase [Fig. 4.10 (d)].
Instrumentation
Diffractometer
For studying the magnetic order in bulk powder samples by neutron diffraction, the
ideal tool is a diffractometer. A diffractometer setup is composed of a monochromator,
collimator, monitor, diaphragm or slits, filter, sample table and detectors [Fig. 4.11,4.12].
They operate in two-axis mode with the flexibility of rotating the monochromator and
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Figure 4.12: (a) Image of the HRPT diffractometer at SINQ, PSI. (b) Schematic drawing of the HRPT diffractometer with all the different mechanical components installed
for the measurements. Adapted from [104].

the sample table. A monochromator which is composed of an assembly of crystal plates
selects or allows neutrons within a well-defined energy or wavelength band. It consists
of crystal plates which obey the Bragg equation,
nλ = 2 · d · sin θ

(4.13)

where, d is the spacing between the lattice planes of the crystal, θ is the Bragg angle
corresponding to the scattering angle 2θ between the incident and scattered beam. So
depending on the interplanar distance d the monochromator crystals select neutrons of
a specific wavelength with resolution given by,
∆λ
∆d
= cot θ∆θ +
λ
d

(4.14)

For a beam divergence of ∆θ ∼1◦ and scattering under 2theta = 90, the wave
length resolution is ∆λ/λ ∼ 1% for a perfect crystal, i.e ∆d ≈ 0. Experimentally it
is hard to achieve this since crystals in monochromator are formed of crystallites and
the angular distribution of crystallites causes mosaicity which leads to finite variation
in the interplanar spacing and ∆d/d 6= 0. This increases the value of ∆λ/λ > 1%
and therefore the resolution is limited by the instrumental constraints. Monochromator
are often classified depending on the of focussing of neutron beam in the horizontal
or vertical plane. For example, if the beam divergence is reduced along the vertical
height of the neutron beam, it is known as vertical focussing monochromator [105].
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This is achieved by allowing a curvature of the monochromator crystal assembly set
up. In modern instruments a combination of vertical and horizontal focussing is used.
Typical monochromator crystals used are Pyrolytic Graphite (PG) (002) oriented with
d ∼ 3.35Å, Copper (220) with d ∼ 1.28Å, Ge (311) with d ∼ 1.71Å and Heusler alloy
(Cu2 MnAl) (111) with d ∼ 3.43Å.
The other component which is widely used to improve the resolution is the collimator. It reduces the divergence of beam such that the neutron beam gets almost parallel
and are focused at the sample. They are constructed as arrays of absorbing neutron
channels which allow neutrons with defined angular distribution typically of 200 (0.33◦ ),
600 (1◦ ) and 800 (1.33◦ ). This is obtained at the expense of neutron beam intensity but
a focussed beam with low divergence reduces unwanted contribution to the scattered
intensity from the sample holder and other mechanical parts and allows identification
of features in the reflection intensity explicitly originating from the sample [105]. Most
commonly used collimators are lamellar Soller collimators made of Si material printed
with absorbing coating of Gd2 O3 or TiGd and radial foil collimators made of Mylar
material (polyester) coated with Gd2 O3 . A slit system also serves a similar purpose by
defining the optimum window for collimated neutron beam to pass before they interact
with the sample.
To remove the higher order contribution to the neutron beam intensity and improve
the signal-to-noise ratio optical filters are also used. Filters are also composed of crystals
which scatter neutrons within a specific energy band, i.e they have a cutoff wavelength
(λcut ) and neutrons with wavelength λ ≤ λcut are only scattered and neutrons with
λ ≥ λcut are no longer present in the neutron beam. Few typically used filters are
Be filter operating at T ∼ 77 K with λcut ∼ 3.96 Å which corresponds to neutrons
with maximum possible energy of Emax ∼ 5.2 meV which gets scattered through the
filter, BeO filter operating at T ∼ 77 K with λcut ∼ 4.38 Å (Emax = 4.26 meV) and
PG filters with λcut ∼ 6.7 Å (Emax = 12.2 meV)4 [106]. The operating temperature
of filters correspond to Debye temperature (θD ) and for operation of the filters they
should be cooled to T < θD so that the thermal vibrations are reduced. Additionally
the lattice spacing d in these crystals depends on temperature and the Bragg condition
for scattering is fulfilled at the operating temperature.
He3

: He3 + n1 → p+1 + H3 + ∆E = 764KeV

BF3

: B10 + n1 → Li1 + α2+ + ∆E = 2.3M eV

(4.15)

The final set up in the diffractometer instrument is the detector. The scattered
neutrons are detected indirectly by nuclear reaction of neutrons with light gases. The
byproduct of the reaction is calibrated as proportional to the scattered neutrons. These
are called proportional counters and other varieties such as position sensitive detectors
(PSD) are also used. Depending on the experimental requirements a single 1-D or 2-D
4

PG is a layered material and hence a single operating temperature cannot describe the different
properties together.
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area detectors are used. The two most commonly used gases in these detectors are He3
and BF3 gas with 90% enriched B10 . Neutrons ionise the He3 and BF3 gases creating
positively charged protons and the corresponding ionising current is transformed to
the scattered intensity of neutrons. Note, that in modern instruments scintillation
counters and other modified PSD are also used. Additionally there are monitors to
count the neutron particles incident which works on a similar ionisation of gas process.
An appropriate monitor count value is fixed during intensity measurement which is used
to normalize the scattering intensity.
For the neutron scattering experiment, the sample is mounted in a cylindrical vessel
and exposed to monochromatic beam and due to the polycrystalline nature we obtain
reflections from multiple lattice plane path at the same time. This allows us to identify
the structural phase of the sample. For magnetic diffraction, first and foremost we
search for the magnetic propagation vector (qm ) so that identification of the magnetic
reflections can be done. Using, this information a significantly large number of reflections are measured at q = (h, k, l) ± qm . From there on, we start refining the spin
structure by comparing with calculated magnetic intensities from different magnetic
models. One of the different routes followed for refinement are representation analysis
using BasIreps program within the F ullP rof package platform used for refining chemical and magnetic spin structure [107]. A complementary yet equally effective tool used
is the magnetic space group symmetry analysis to confirm the magnetic spin structure.
In our analysis we used both these tools.
DMC and HRPT
For measurements of powder samples we used the cold neutron (λ = 2.3 − 5 Å) high
flux diffractometer DMC at the Paul Scherrer Institut (PSI), Swiss Spallation Neutron
Source (SINQ), Villigen, Switzerland [Fig. 4.11] [103]. In DMC the monochromator
is PG (002), we operated at λ = 4.5 Å with resolution ∆d/d ∼ 0.008 − 0.01 Å and
PSD BF3 detectors. The magnetic propagation wavevector qm was identified for bulk
LuMnO3 sample. Next we used a high resolution (∆d/d < 0.001 Å) powder diffractometer (HRPT) for thermal neutrons (λ = 0.94 - 2.953 Å) with multiple He3 PSD set
up within the SINQ facility [Fig. 4.12][104]. The large detector set up allowed coverage
of a wide scattering angle of 160◦ . At HRPT, we operated at λ = 1.89 Å. For both
instruments we used 800 collimators after the monochromator for focussing of the neutron beam and PG between the monochromator and the sample to remove higher order
contamination of incident beam. We measured magnetic reflections in both these set
up to study the magnetic spin structure of bulk LuMnO3 .
D10
Unlike, the polycrystalline samples, the single crystals or in our case epitaxial single
phase crystalline thin films require flexibility of instruments to access a larger Ewald
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Q
k1
k0

Figure 4.13: Schematic drawing of the D10 diffractometer with available attachments
to the set up [108].

sphere in the reciprocal space for reflections with different combinations of (h, k, l) values. This will allow measurements up to large scattering wave vector Q and adequate
number of reflections for analysing the structural or magnetic order. A most suited instrument which allows reorientation of the sample position is a four-circle diffractometer
with an Euler cradle having capability to rotate samples about the in-plane and outplane axis relative to the local coordinates of the sample. One such diffractometer is
the high-flux thermal neutron triple-axis diffractometer with four-circle set up, D10 at
ILL, Grenoble, France. Considering, the sample scattering volume in our thin films
the large available flux allowed measurements of weak magnetic signals within reasonable time frame. The design geometry of D10 consists of a pyrolytic graphite (PG)
monochromators which allows selecting incident energy of 2.5 meV < E < 68 meV, collimator section, followed by an adjustable nozzle aperture size with a minimum beam
size of 10×8 mm2 and an Euler cradle with sample mounting option which provides
access to a larger Ewald sphere. After the sample stage there is vertically focussing
analyser to improve the q resolution since this is a thermal neutron instrument which
has limited q resolution. The analyser reduce contribution from incoherent scattering
and improves the signal-to-noise ratio [Fig. 4.13]. The analyser is followed by the detectors. There are two available options for detectors which we used, a 80×80 mm2
area detector for searching structural reflections of the film and substrates and a He3
single detector for measuring magnetic signals from the films with low background. The
relative resolution of energy in this instrument is δE/E ∼ 5 ×10−3 . In this set up an
analyser option is present which works on a similar principle as monochromator and
here PG (002) crystals with vertical focussing is used. The analyser scatters neutron of
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Figure 4.14: (a) A Joule-Thompson cooling unit, (b) D10 diffractometer with sample
inside a double walled shielding casing to ensure vacuum (∼ 10−6 mbar) and allows
continuous cooling in He3 environment [108].
a specific energy and leads to improvement of the q-resolution and the signal-to-noise
ratio. For our thin film samples with limited scattering volume the analyser option
is crucial and allows resolving weak magnetic signals unambigously. For cooling sample below the magnetic ordering temperature a Joule-Thompson cryo-cooler was used
[Fig. 4.14]. It provided continuous cooling of the sample even with the movement of the
sample stage at the Euler cradle. We also used other cold neutron diffractometers with
λ ∼ 5 Å such as MORPHEUS and ORION at PSI, SINQ, Switzerland to define a scattering plane, necessary for experiments which do not have a four-circle set up [Fig. 4.15].
Triple axis spectrometer
To study the magnetic order in thin films beside the need for a high flux, two other
crucial parameters necessary are an analyser which can allow in improving the signal-toratio and the q resolution (q/q) of the instrument for unambiguously identifying features
in magnetic reflections. So the majority of magnetic phase studies on our thin films
were performed on one such very efficient cold neutron triple-axis spectrometer RITA-II
at PSI [Fig. 4.16]. Similar to a conventional triple-axis spectrometer (TAS), RITA-II is
build with a monochromator consisting of PG (002) crystals providing incident energy
spectum of 2.5 meV < E < 20meV, a sample stage with a goniometer providing a tilting
option of ± 15 degrees and also equipped with a state-of-the-art flexible 9 blade PG
(002) analyser followed by a He3+ position sensitive detector [109] [Fig. 4.17]. The
monochromator which can be rotated about the vertical axis by A1 motor allowed us
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Figure 4.15: (a) MORPHEUS and (b) ORION instrument. The blue translucent
shadow is representing the horizontal plane of scattering and the scattering vector Q,
which is along the bisector of the scattering angle formed by the wave vectors k0 and
k1 must lie on this horizontal plane.
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Figure 4.16:
(a) Schematic of RITA-II spectrometer showing the monochromator
with rotation motor A1, flight path with monitor and collimator, sample stage (A3),
combined rotation of the analyser-detector housing (A4). (b) Image from a 2D position
sensitive detector (PSD), showing the scattered intensity by 9-blade analyser.
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(a) Picture of the RITA-II, (b) the 9-blade analyser and (c) a PSD

in selecting the operating energy. We used energy E = 9 meV to align the scattering
plane and measuring structural reflections. The magnetic reflections were measured
with E = 3.7, 4.6, 14 meV depending on the experimental requirements. Depending
on the requirement we can mount collimators (200 , 400 , 800 ) to focus the incident beam
and a PG is placed between the monochromator and the sample to reduce scattering
from higher harmonics of the incident beam. Additionally, a Be filter was placed in the
scattering path between the sample and the analyser to allow neutrons within a specific
energy band (< 5.2 meV). This prevents contamination from higher order terms of the
scattered neutron intensity. In our case the films measured mostly are less than 50
nm which implied weak magnetic signal. An analyser set up which reduces incoherent
scattering from different mechanical parts is necessary and therefore we installed the
analyser placed after the Be filter and the detector. This improves the signal-to-noise
ratio significantly by almost a factor 5 and provides a better q resolution. Note, that
compared to thermal or hot neutron instruments the q resolution is better with cold
neutrons since δq/q ∝ δ(1/λ)/(1/λ) and λ for cold neutrons is larger than thermal
neutrons [Appendix. A]. So we preferred measuring most of our films at high resolution
cold neutron RITA-II spectrometer.
For experiments at RITA-II, the scattering plane is horizontal and therefore to
change atomic planes scattering the neutrons the sample must be mounted with a
defined and aligned geometry, such as in our case we measured with (0, K, 0) - (0, 0, L)
lying in the scattering plane. To change the scattering atomic plane, the sample has to
be mounted in an alternative fashion. To fine tune the alignment of the scattering plane
into the horizontal plane the goniometers at the sample stage can be used. We used He
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flow cryostats and cryomagnets for cooling the sample at RITA-II. The sample holder
was designed such that the crystallographic bc-plane of the sample is in the horizontal
plane and yet must have least aluminium (Al) components to reduce the background
contribution. We also avoided using any form of glue which is the other source of
incoherent scattering.

4.3.2

Spherical neutron polarimetry

An advanced tool to improve understanding of magnetic order is the full polarization
analysis of the scattered neutron beam by spherical neutron polarimetry (SNP). The
basic principle for SNP is using polarized spin state of incident neutron beam and measuring the polarized spin state after interaction with the sample, and depending on
intensity of different combinations of spin state we can unambiguously derive information of the magnetic components [110, 111].
Neutrons with spin as an angular momentum has a quantum number s =1/2 and
its polarization can be described as ℘ = 2hŝi = hσ̂i, where σ are the Pauli’s matrices
for the neutron spin operators and can be be incorporated in the definition of the
magnetic moment for neutron µn = γn µB σ̃. For unpolarized beam, |℘| = 0, and when
polarized |℘| = 1. The individual polarization of neutrons canPbe summed over to
give the polarization of the incident neutron beam P̃ = (1/N ) j p~j . Similar to the
unpolarized neutrons we can define the interaction potential by a matrix operator P
which can transform the initial polarization state λ0 to scattered polarization state λ1 .
The initial and final state of polarization can be defined by selecting the spin state
along the applied polarizing magnetic field as spin up or |+i state and spins antiparallel
to the polarizing field axis as spin down or |-i state. As summarized in eqn 4.16, the
different combinations of the spin states can be used to gain information on the nuclear
contributions (N (Q)) due to nuclear density and magnetic contributions (M (Q)) due
to the magnetic intensity. Intensity at the measurement channels (Uij ) are represented
such that a flipping of the spin states on scattering is registered as spin-flip (SF) intensity
whereas if there is no change in the spin state, it is given by the non-spin flip (NSF)
intensity or cross-sections.
I ++ = N(Q) + M⊥z (Q) , |+i → |+i (NSF)
I −− = N(Q) − M⊥z (Q) , |−i → |−i (NSF)
I +− = M⊥x (Q) + M⊥y (Q), |+i → |−i (SF)

(4.16)

I −+ = M⊥x (Q) - M⊥y (Q) , |−i → |+i (SF)
A finite spin-flip or non-spin flip intensity can be used to realise qualitatively the
existence and directionality of magnetization components as illustrated in Fig. 4.18. A
spin structure with finite magnetic interaction vector component F⊥ lying in a plane
normal to the scattering vector Q would imply when polarization of the incident neutron
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Figure 4.18:
(a) Schematic showing the direction of the scattering vector Q and
plane with non-zero components of magnetization, (b) Both magnetization component
contribute to spin-flip (SF) magnetic intensity when polarization axis of neutron is along
Q, (c) when polarization axis is perpendicular to Q, one component gives non-spin flip
(NSF) and the other SF intensity. Adapted from [102].
beam is along Q, all the magnetic scattering is SF intensity whereas, when P ⊥ Q we
will have both the SF and NSF intensity since at least one component of F⊥ is along
P. Now, the polarized intensity (I±i, ±j ) can be extended into measuring all three XYZ
axis allowing a full polarization analysis for i, j = x ,y ,z and using these intensities
we can form a polarization operator or matrix P defined as, P = (I ij - I −ij )/(I ij +
0
I −ij ). To summarise, the relationship between incident polarization P and scattered
polarization P can be given by the Blume-Maleev equation [112–116] in tensor form:
0

00

P = PP + P

(4.17)

00

where, P describes the rotation of the incident polarization and P is the additional
polarization created due to scattering. It is essential to define the coordinate system
followed in the lab frame to have a better sense of direction for the experiments. A
set of right-handed orthogonal axes is considered with x along the scattering vector
−Q, and y, z perpendicular to Q (in our case we kept z vertical). The most crucial
component in the magnetic scattering cross-section is the magnetic interaction vector
FM⊥ , since the intensity I ∝ |FM⊥ |2 . In shorthand it is also given as,
M⊥ = Q̂ × (M × Q̂)

(4.18)
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It adds directionality to the magnetic structure factor F(Q). This imply, there is
no component of M⊥ along the x axis. Incorporating the terms originating due to
magnetic, nuclear scattering and the interference between them we can generate the
00
components of P and P [110, 115, 116] as :

Pxx = (N 2 − M 2 )/Ix
Pxy = Jnz /Ix
Pxz = Jny /Ix
,
Pyy = (N 2 − M 2 + Ryy )/Iy
Pyz = Ryz /Iy
P =  Pyx = − Jnz /Iy
2
2
Pzx = − Jny /Iz
Pzy = Rzy /Iz
Pzz = (N − M + Rzz )/Iz





−Jyz /I
00
P =  Rny /I  ,
Rny /I
where,
N2 = N N ∗ (N (Q) = nuclear structure factor) and M2 = M⊥ M∗⊥ and other components are described in terms of them as :
Ix = N 2 + M 2 + Px Jyz ,
Iy = N 2 + M 2 + Py Rny ,
Iz = N 2 + M 2 + Pz Rnz ,

(4.19)

I = N 2 + M 2 + Px Jyz + Py Rny + Pz Rnz ,
where, Rij = 2R(M⊥i M∗⊥j ), Rni = 2R(N M∗⊥i ), Jij = 2I(M⊥i M∗⊥j ) and Jni =
2I(N M∗⊥j ). It is to note each of the matrix elements are derived from the definition
of using the intensities in the SF (I ±∓ ) and NSF (I ±± ), which consists of combined
information from the nuclear, magnetic, chiral magnetic terms and interference of the
nuclear-magnetic terms are summarized in Appendix. B.
Instrumental setup for polarization analysis
The classical instrumental set up used in a triple-axis spectrometer for polarization analysis of the scattered neutron beam consists of a polarizing monochromator,
spin flippers, sample field region followed by another set of spin flippers and analyser
with analysing field and at the end a detector [117] [Fig. 4.19]. The polarising field
used was always kept vertical such that the incident neutron wavelength selected by the
monochromator gets polarized along the polarising vertical field, they are then guided to
◦
the spin flipper F1 which can flip the polarization of neutron by 180 and after the beam
gets scattered, it passes through a second flipper F2 and guided to an analyser allowing
neutrons along the analysing field. These neutrons are then measured by the detector.
The four cross-sections which can be measured are I ++ , I +− , I −+ , I −− , the first and
second sign in the superscript imply the polarization of incident and scattered beam,
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Figure 4.19: Schematic of experimental arrangement for classical polarization analysis
[117]. Red dot and arrows represent the direction of neutron spin, black broken arrow
used for labelling and solid black arrow gives neutron beam direction.
respectively. If F1 is switched off, then the incident beam is polarized along the polarising field so the sign is "+" and when F1 is swithced off, then it is "-". Since here the
polarising field is only along the z-axis, so I ++ = I zz , I +− = I z z̄ , I −+ = I z̄z , I −− = I z̄ z̄ .
It is to note the sample field is also fixed only along the vertical axis (z). This can be
extended to three dimensional analysis by using three perpendicular Helmoltz coils at
the sample position. With these the sample field can be made parallel to any arbitrary
direction which allow the scope of a XYZ polarization analysis necessary for measuring
cross-sections I ±i±i , i = x, y, z and a multidetector can measure different combinations
of polarization of scattered intensity simultaneously [111]. But due the sample field
configuration, the information of the incident polarization perpendicular to the scattered beam polarization is lost.
CryoPAD
However, to measure the polarization component of the scattered beam perpendicular to the incident polarization such as I ij , i 6= j or in other words the off-diagonal
elements in the polarization matrix an unique set up is used called CryoPAD which exploits the shielding capabilities of superconducting Meissner screens to prevent abrupt
change between magnetic field regimes [118]. A horizontal cross-section of the CryoPAD
is shown in Fig. 4.20, showing a cryostat with two Meissner shields form a hollow cylinder where the sample can be inserted. The incident beam is first polarized along its
direction in the horizontal plane and then it enters into a nutation region which allows
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Figure 4.20: Schematic of the CryoPAD showing the different components used to
obtain zero-field sample chamber for polarization analysis [117].

CryoPAD

k0

Pi
Q
Pj
k1

Figure 4.21: Cartoon of IN20 instrument set up with dotted circle representing the
CryoPAD mounted and arrows show direction of incident (Pi ) and scattered polarization
(Pj ) relative to Q [108].
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Figure 4.22: Image of IN20 showing the local experimental geometry and the scattering
plane (yellow shaded region).
a slow adiabatic rotation of the field direction and hence polarization of incident beam
perpendicular to its original direction. Then there are two precession coils between the
inner and outer shields, which makes the incident polarized beam to precess about a
horizontal field. This prevents it from getting depolarized and the information of the
incident polarization axis before the scattering by the sample is not lost. An identical
mechanism is followed for the outgoing path towards the analyser to retain the information of the scattered polarization. So the Meissner shields serves the purpose of
isolating the zero-field region for interaction of neutron beam and the sample.
For our experiment we used a CryoPAD setup at the hot neutron triple-axis spectrometer IN20, ILL, Grenoble which has high neutron flux necessary for our measurements concerning the limited sample volume. The incident beam had energy ∼ 14.6
meV and unlike the schematic of the instrument shown in Fig. 4.21 (a), we mounted
a CryoPAD at the sample stage for complete transfer of the polarization transfer matrix. This allowed us to perform a zero-field neutron polarimetry. The incident beam
polarization was around 88% and used a 800 collimation before the sample. We used
a Heusler (111) crystals both for polarising at the monochromator and analyser. The
scattered beam were detected using a He3 single detector. An image of the entire set
up from our experiment is shown in Fig. 4.21 (b). The high-flux IN20 set up is one of
the very few available triple axis spectrometer capable of performing polarized neutron
studies on small samples and allowed us measuring thin films of thickness 100 nm. The
vertical focussing analyser provided a better q resolution necessary to resolve features of
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the magnetic intensity. Note, that the magnetic signals in thin films are weak and when
using polarized beam the intensity is further reduced which limits performing spherical
neutron polarimetry on thin films. However, the development of the IN20 components
with CryoPAD set up we were possible to obtain conclusive results.

4.3.3

Resonant Soft X-ray diffraction

Complementary to neutrons, diffraction using soft x-rays can be used as an alternative
tool to study the magnetic order in materials. Interaction of photons with bound electrons occurs through coupling of the electric and magnetic field of the incident photon
with the atomic magnetic moment [119]. In elastic x-ray scattering measurements, the
0
0
0
00
scattering amplitude is given by fn (k, k , ε̂, ε̂ , }ωk ) = fn0 + fnmag + fn + ifn , where ω
0
0
frequency of x-rays, |k, ε̂i and |k , ε̂ i describe the wave-vector and polarization of the
initial state and scattered state of photons. The components fn0 and fnmag are energy
0
00
independent non-resonant terms, whereas fn and ifn are resonant energy dependent
terms. These terms appear when the incident photon energy lies close to the absorption edges of elements such as L-edges (2p → 3d) for Mn ion for our case and causes
transition of core electrons to electronic states above the Fermi energy level. Since the
energy regime used in our work is within the soft x-ray limit, the diffraction technique
is also known as Resonant Soft X-ray diffraction (RSXD).
The elastic scattering amplitude for the resonance component can be computed by
implementing the perturbation method as described by Blume et al. [120]. It includes
the magnetic spin density components. In resonance scattering there are two principle
mechanisms concerning the core-hole transitions, an initial photon annihilated or a
final photon created and a photoelectron created in an intermediate state with energy
Eint . This state is probed with energy }ω = Eground − Eint and the resonant electrons
interact with a photon radiation field enhancing the weak magnetic signals. Considering
the dipole-dipole transitions, the magnetic form factor can be expressed as:
0

F(Q) = (ε̂ × ε̂) ·

X

mj · eiQ·rj

(4.20)

j

This allows studying the periodicity of magnetic order and ordering temperature for
magnetic transitions. The draw back of RSXD technique is the accessible Ewald sphere
is limited and do not allow us to measure most of the strong magnetic reflections of
the possible spin models found in RMnO3 . As presented in Tab. 4.1, strong magnetic
reflections at Q = (0 0±q 1), (1 1±q 1) and (0 0±q 3) are not reachable and therefore
conventional refinement of magnetic structure by comparing calculated and measured
scattering intensity is not possible. Here, magnetic reflections Q = (0 k ± q 0) can
be measured which is although not sufficient to resolve the magnetic structure but
can be used to study the magnetic order. To understand the corresponding magnetic
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parameter which can be probed by the (0 k ± q 0) reflection we can calculate the
magnetic form factor given by eqn. 4.20 for magnetic Mn ion positions of RMnO3 at
rMn1 = (1/2 0 0), rMn2 = (0 1/2 0), rMn3 = (1/2 0 1/2), rMn4 = (0 1/2 1/2) in the
commensurate magnetic E-type phase. Substituting these values and Q = (0, k ± q 0)
reflection the magnetic form factor F(Q) for x-ray scattering reduces to zero in case of
E-type magnetic order [eqn. 4.21, 4.22].
0

F(Q) =(ε̂ × ε̂) · [m1 ei(0
+ m3 ei(0

q 0)·(1/2 0 0)

q 0)·(1/2 0 1/2)

+ m2 ei(0

+ m4 ei(0

q 0)·(0 1/2 0)

q 0)·(0 1/2 1/2)

(4.21)
]

0

F(Q) = (ε̂ × ε̂) · [m1 + m3 + eiq/2 (m2 + m4 )]
0

F(0 q 0) = (ε̂ × ε̂) · [2mc (1 + eiq/2 )]

(4.22)

This is owing to the spin structure for E type order, which has sublattice magnetization components at Mni (i = 1 − 4) ions as m1 = [ma mb mc ], m2 = [-ma mb
mc ], m3 = [-ma -mb mc ] and m4 = [ma -mb mc ] [73]. So, the intensity of (0 q 0) :
I(0 q 0) ∝ |F(0 q 0)|2 solely depends on the mc component of sublattice magnetization
and is insensitive to both the ma and mc components. This is complementary to the (0
q 1) reflection measured by neutron diffraction which is sensitive to every components
of magnetization. RSXD measurements showing finite intensity of (0 q 0) is a direct
proof of the magnetic phase having a non-zero mc component. We used this property of
RSXD to identify magnetic order in very thin films (10 nm) where magnetic intensity
obtained by neutron diffraction is weak and also small thickness in real space implied
broad peak shape in reciprocal space leading to magnetic order analysis challenging.
Note, that the reflections (0 q 0) and (0 q 1) belong to the same order parameter defining the same magnetic phase. More detailed discussion on formulation of the scattering
amplitudes are presented elsewhere [121–124].
Experimental section
The RSXD measurements were performed at the XTreme end-station of the beam
line X11MA of Swiss Light Source (SLS), PSI, Switzerland5 . The details of the beam
line are described in Ref. [127]. The instrumental set up for the RSXD experiment is
shown in Fig. 4.23 (a). To study the magnetic order of Mn3+ ions by tuning the incident
energy to 643 eV at the L3 -edges for LuMnO3 and GdMnO3 films. The sample was
mounted such that the scattering plane is defined by the a and b axis i.e (H00)-(0K0),
and the c axis is normal to the scattering plane [Fig. 4.23 (b)]. Here, the scattering
plane is horizontal. We used linearly polarized photon beam for our experiments. A
π-polarized (ε̂π ) beam lies in the scattering plane and can be defined as linear horizontal
beam whereas a σ-polarized (ε̂σ ) beam is normal to the scattering plane and defined as
5

A more detailed description of the technique, experimental geometry and instrumental set up are
presented elsewhere [125].
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Figure 4.23: (a) The XTreme end-station (From https://www.psi.ch/sls/xtreme) [125]
(b) Schematic of experimental geometry used. The photon beam are characterised by
the propagation vector (k) and polarization of light (ε). The incident and scattered
0
0
beam are represented by (k0 , επ , εσ ) and (k1 , επ , εσ ). The scattering plane lies along the
ab plane of the films and Q = (0 q 0) || b. Adapted from [126].
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linear vertical beam. This geometry remain unchanged for the polarized scattered beam
0
0
(ε̂π , ε̂σ ). The corresponding scattering intensity for the polarized beam is proportional
to the magnetic form factor, Iπ (Q) ∝ |Fπ (Q)|2 and and Iσ (Q) ∝ |Fσ (Q)|2 , where Fπ
(Q) and Fσ (Q) can be formulated in terms of eqn. 4.20 as :
0

X

0

X

Fπ (Q) = (ε̂π × ε̂π ) ·

mj · eiQ·rj

j

Fσ (Q) = (ε̂σ × ε̂σ ) ·

mj · eiQ·rj

(4.23)

j

A non-zero Iπ (Q), would suggest that finite moments along the c axis normal to
the scattering plane is present whereas in case of Iσ (Q) 6= 0 would suggest moments
along the b axis. In our experimental geometry the b axis is along Q = (0 q 0), which
indicates that for Iσ (Q) there is no magnetization component normal to the scattering
wave vector (Q). Therefore, the Iσ (Q) would be negligible whereas significantly large
intensity of Iπ (Q) would suggest mc 6= 0, induced by canting of moments towards the c
axis which is consistent with our results. So for the present experimental geometry the
scattering intensity for RSXD with polarized beam is blind to the moments along b axis.
The measurements were conducted in collaboration with SLS by M. Ramakrishnan and
Y.W. Windsor.

4.4

Electrical property measurements

In multiferroic materials, beside the magnetic properties it is essential to investigate
their capability to show ordering of electric dipole moment and exhibit spontaneous
ferroelectric (FE) polarization. Additionally, a FE ordering is characterised by a hysteresis loop under application of an external electric (E -) field, in other words the dipole
moments must switch their orientation on reversing the E-field. To identify the onset
of ferroelectric order at TFE , capacitance measurements were performed, which can be
scaled to dielectric constant of the material and the FE loops were measured using the
Positive-Up-Negative-Down (PUND) technique. These measurements were conducted
by K. Shimamoto at PSI, and the details on the experiments and instrumentation are
discussed as a part of his doctoral thesis [15]. We only mention the electrical properties
of thin films here to improve the understanding of the present work.
We had electric order measurements on thin films which have an in-plane orientation of the polarization axis. An interdigited electrode pattern was deposited using the
photolithography and a lift-process at the cleanroom facility of PSI, Synchrotron Radiation and Nanotechnology (SYN) - Laboratory for Micro and Nanotechnology (LMN)
by D. Marty [Fig. 4.24]. These electrodes consists of Au layer on top Ti layer, which
is used as an adhesive layer. For (110) oriented films, polarization response along the
in-plane c-axis and [1 -1 0] direction was measured, whereas for the (010)-oriented films
this electrode pattern was used to probe along the c and a-axis.
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Figure 4.24: (a) Sample with interdigited finger-like electrode deposited, (b) schematic
of the finger structure for measuring in-plane polarization along the a and c-axis, (c)
Low-temperature set-up built at Laboratory for Multiscale Materials Experiments, PSI
[15] and (d) sample probe for PPMS at LDM, PSI showing contacts for capacitance
measurements under external magnetic field (H).

Experimental setup
Two different experimental set up was used to perform low temperature capacitance
measurements. One is the in-house set up equipped a capacitance probe, Agilent E4980
LCR meter working at AC voltage amplitude of 100 mV and frequency fixed at 15
kHz [Fig. 4.24 (c)] [15, 128]. The other alternative set up used is a Physical Property
Measurement System (PPMS) at Laboratory for Scientific Developments and Novel
Materials (LDM), PSI, which works on a similar principle as SQUID. The operating
frequency used for our measurements is around 13.3 kHz. The measurement probe used
is build in-house at LDM, which allows the capacitance measurement as a function of
temperature at different magnetic fields (µ0 H = 0 - 9 T) [Fig. 4.24 (d)]. The PUND
method uses a Sawyer-Tower circuit probing technique to trace the FE loops and the
magnitude of spontaneous polarization, in other words measuring the electric order parameters as discussed in detail elsewhere [15].
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Second Harmonic Generation

An alternative tool to study the electric order induced by magnetic spin arrangements is using non-linear optics second harmonic generation (SHG) technique. In the
process of SHG, simultaneous absorption of two photons with identical frequency (ω)
is followed by re-emission of a photon with frequency 2ω. Since a non-linear response
is related to the symmetry properties of materials, a finite SHG signal imply electricdipole order due to removal of inversion symmetry of materials. This property is used
to study the ferroelectric properties of materials [129]. Similarly, long-range magnetic
ordering, which breaks the time-reversal symmetry induces additional contributions to
the SHG signal. This process allows studying the magnetic structure in materials. In
the present work we used the concept of a magnetic order inducing the breaking of the
spatial inversion symmetry and leading to electric-dipole contributions to the SHG. A
more elaborate description on the SHG technique and its usage is presented in Ref. [130].
P
(2)
The SHG process is expressed by, Pi (2ω) = ε0 ijk χijk Ej (ω)Ek (ω). The electricfield components of the incident light are Ej,k (ω), whereas Pi (2ω) represent the nonlinear polarization, which acts as the source of the SHG wave. A ferroelectric state
(2)
with spontaneous polarization is parameterised by the susceptibility term χijk and the
intensity of SHG signal is described in terms of these tensor terms. The symmetry analysis combined with observed active susceptibility components allow the identification of
the orientation direction of ferroelectric polarization. Also, the appearance of the finite
SHG intensity is used to determine the ferroelectric ordering temperature.
SHG with polarized beam was used to study the electric order of TbMnO3 films at
Department of materials, ETH Zurich by Sebastian Manz and Morgan Trassin. The
light pulses emitted at 1 KHz from an amplified Ti:sapphire laser system was used with
an optical parametric amplifier [131]. The light pulses had a photon energy of 1 eV
with a pulse length of 120 fs and pulse energy between 2 - 20 µJ. Further details on the
technical aspects of SHG is discussed in Ref. [132, 133].
Pyroelectric measurements for powder samples
The above mentioned techniques were employed for crystalline thin films but for
polycrystalline powder LuMnO3 samples, the dielectric measurements were performed
using pyroelectric studies by our colleagues from National Institute for Materials Science
(NIMS), Japan [73]. Pyroelectric current is generated in materials when there is a
spontaneous electric polarization and therefore, can be used to study the onset of electric
order in multiferroics.
The ferroelectric polarization was determined using a 0.43 mm thin hardened pellet
of polycrystalline LuMnO3 covered with an area 6.03 x 10−6 m2 of silver epoxy. The
sample was cooled from T = 50 to 2 K in poling electric fields of up to Ep = 3000 kV/m,
after which the electric field was reduced to zero and the sample was allowed to discharge
for 1000 seconds. After the discharge at T = 2 K the residual current was reduced to
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10−14 A, suggesting that the pyroelectric measurements were not affected by trapped
charges. The pyroelectric current was measured using a Keithley 6517 A electrometer
with increasing temperature and at different ramping speeds. To verify the absence of
contributions of trapped charges to the pyrocurrent, a stop and go ramped pyroelectric
measurements were performed [76]. The temperature dependence of polarization is
identical for different ramping sequences. This confirms that trapped charges do not
affect the pyroelectric current measurements. The real and imaginary coefficients of
dielectric constant were measured using an Agilent E4980A LCR meter. Frequency
dependent measurements confirm that the Maxwell-Wagner effect does not affect the
measurements.
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Motivation

Orthorhombic RMnO3 has been a topic of recent studies owing to its wide variety
of magnetic and electric properties, as summarized in Chap. 2.4. LuMnO3 has the
smallest rare-earth radius and shows a transition to an incommensurate antiferromagnetic phase, with a successive transition to a collinear E-type magnetic ground state
with spins oriented along the b-axis, which induces a spontaneous ferroelectric polarization along the a-axis [59]. However, recent Monte Carlo simulations of a realistic
spin model for RMnO3 [41] show that the collinear E-type magnetic order might be
strongly distorted due to spin-orbit interactions. In these simulations a Hamiltonian
comprising of different interactions terms was considered as explained in Chap. 2.4 and
an attempt was made to identify the interactions responsible for the canting of Mn3+
spins away from its collinear ordering along the b axis in the E-type phase. Such a
canting implied that the sublattice magnetization components ma and mc are non-zero
beside the dominant sublattice magnetization component mb and the phenomenon was
interpreted as a cycloidal deformation of the collinear E-type phase which induces a
E in the ab-plane and
non-collinearity 1 . It was found that the single-ion anisotropy Hsia
the Dzyaloshinskii-Moriya interaction HDM are the potential candidates driving the
non-collinearity2 .
1
This chapter is adapted from our recent article on the multiferroic properties of bulk orthorhombic
LuMnO3 [73]. So most of the textual sections and figures are derived from this article.
2
The commensurate magnetic phase is represented as E-type whereas the constant for single-ion
E
anisotropy Hsia
is given by E.
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E is shown to be
For exchange interactions which give rise to a spiral state, Hsia
responsible for an elliptically deformed ab-plane cycloid while a similar deformation is
c
ab
also caused by the HDM interactions which includes both HDM
(along c) and HDM
(along ab). For exchange interactions which result in a commensurate E-type order,
E and H
the temperature dependence of the average value of the two terms Hsia
DM
indicates that the single ion anisotropy term plays a more dominant role in inducing
the non-collinearity of the E-type phase [41]. This implied that the canting of Mn3+
spins mainly occurs in the ab-plane of the RMnO3 unit cell. Note, that in this study the
values for the Dzyaloshinskii-Moriya interaction and for the single ion anisotropy were
estimated with the exchange interactions for LaMnO3 and deviations due to change
in the R-ion radii was assumed to be negligible. The difficulty in obtaining accurate
values for small exchange interactions (∼ 0.01 − 3 meV) [134] and their dependence on
the rare-earth ion leaves room for a different scenario where the Dzyaloshinskii-Moriya
interactions might play a more prominent role. Therefore, it is desirable to search for
E
experimental evidence of magnetic order which can be used to compare the role of Hsia
and HDM terms [73].
In our studies we intended to resolve the magnetic order of LuMnO3 and verify
the proposed deformations in the magnetic structure. A discussion is presented on the
interaction parameter which plays a more dominant role in stabilizing the observed
magnetic structure in ground state of LuMnO3 . Additionally, measurements of the
electric order was performed to show the multiferroicity of the material. [73].

5.2

Structural properties

Neutron diffraction experiments were performed on powder sample of mass ≈ 5 g, to
study the structural phase at room temperature (T = 300 K) in the paramagnetic
phase. This was conducted at DMC, PSI with a wavelength of 1.9 Å. A set of around
150 structural reflections was measured and the nuclear structure was refined using
the Rietveld refinement option available in the FullProf package [107]. The calculated
intensity of the structural model converged well with the observed intensities and represented a P bnm symmetry in excellent agreement with earlier studies [Fig. 5.1] [59].
The different quantities, also known as agreement factors are computed to identify the
quality of the fit, between the calculated and observed intensity of reflections, using the
following relations [107]:
P obs
cal |
|IK − IK
P obs
RB = 100 ×
|IK |

(5.1)

P obs 1/2
cal )1/2 |
|(IK ) − (IK
P obs 1/2
RF = 100 ×
|(IK ) |

(5.2)
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sP
Rwp = 100 ×

wi |yiobs − yical |2
P
wi (yiobs )2

s
Rexp = 100 ×



P

Rwp
χ =
Rexp
2

n−p
wi (yiobs )2

(5.3)

(5.4)

2
(5.5)

cal and I obs are the calculated and observed intensity of the K th Bragg
where, IK
K
q

peak, wi = 1/ Iiobs , yical and yiobs are the gross intensity at ith step of iteration. In
the relation for expected weighted factor (Rexp ), n represents the number of points in
the intensity pattern after subtraction of the background points and p is the number of
parameters refined. These refinement factors describe the quality of agreement of the
measured data wth the calculated model. The intensity R-factors namely the Bragg
factor (RB ) and crystallographic factor (RF ) represent the difference of the scattering
intensity (IK (Q)) and the structure factor (Fhkl (Q)) respectively between the observed
and calculated value. The scattering intensity is related to the structure factor by,
IK (Q) ∝ |Fhkl (Q)|2
X
Fhkl (Q) =
fj exp[−iQ · rj ]

(5.6)

j

where, fj is the form factor and rj is the position for the jth atom in the unit cell.
So, the intensity and structure factor can be calculated depending on the symmetry
of the structural model. If the RB and RF factors are low (∼ 1) then the structural
model is considered as producing the best representation of the structural phase of the
system.
The weighted-profile factor (Rwp ) is useful to identify whether the poor quality of
agreement between calculated and observed intensity is due to wrong structural model
or the instrumental parameters used is incorrect. The expected weighted factor (Rexp )
which compares each point of the diffraction pattern instead of the entire intensity
gives an alternative measure of the convergence for refinement and essentially shows
the data quality. The relative ratio between Rwp and Rexp given by the χ2 which represent the agreement between the observed and calculated values after including external
correction factors such as background intensity from the sample holder, instrumental
parameters and beam size gives a more physically acceptable measure of the quality of
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Figure 5.1: (a) Representative plot showing powder diffraction pattern for powder
LuMnO3 at T = 300 K. The solid red line represent calculated intensity, the vertical
bars represent the peak positions, the bottom solid line indicates the difference between
observed and the calculate intensity, (b) Schematic of the chemical unit cell generated
using the Vesta package [54].
refinement. In ideal case the χ2 should be closer to 1 implying appropriate inclusion of
all possible corrections in the calculated model.
From refinement of our data we obtained the Bragg (RB ) factor = 2.65, crystallographic (RF ) factor = 1.76, weighted profile (Rwp ) factor =11.2, expected weighted
profile (Rexp ) factor = 6.06 and the Goodness of fit indicator given by χ2 = 3.41. These
factors suggest that our calculated model has good convergence with the experimentally
observed model and reproduces most of the observed intensity features.

Atom
Lu
Mn
O
O

Table
Label
Lu
Mn
O1
O2

5.1: Refined atomic positions and symmetry.
x
y
z
Wyckoff Site Symmetry
-0.018
0.0853
0.25
4c
.m
0.5
0
0
4b
-1
0.1214 0.4568
0.25
4c
.m
0.698
0.3315 0.05689
8d
1

The refined unit cell lattice parameters obtained are : a = 5.2023 Å, b = 5.7839
3
Å, and c = 7.3137 Å with a unit cell volume V = 220.068 Å . The details on the
positions of the atoms are summarized in Tab.5.1. The orthorhombic distortion of the
oxygen octahedron in the structure induces an asymmetric Mn - O2 bond length in the
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equatorial plane. The short bond length in the plane is l(Mn - O2) = 1.8946 (15) Å
and the long bond length is l(Mn - O2) = 2.2162 Å. The bond length with the apical
oxygen stays unchanged of l(Mn - O1) = 1.9505 (8) Å. In LuMnO3 , Mn ions are the
only magnetic ions and occupy four equivalent positions in the chemical unit cell defined
by the P bnm symmetry at r1 = (1/2 0 0), r2 = (0 1/2 0), r3 = (1/2 0 1/2) and r4
= (0 1/2 1/2). In Tab. 5.2 we list a set of nuclear reflections and (0 2 2), (2 0 2) and
(1 1 0) are highlighted as the most intense reflections, also indexed in Fig. 5.1.
Table 5.2: List of few nuclear reflections.
H
1
1
0
1
0
0
1
2
1
2
0
2
2
1
1

5.3

K
0
1
0
1
2
2
1
0
2
1
2
1
0
2
3

L
1
0
2
1
0
1
2
0
0
0
2
1
2
2
1

I obs
584
2970
1749
1441
544
530
871
854
1276
1738
6243
4538
5316
1812
2345

I cal
563.86
3276.91
1873.98
1493.28
507.16
510.24
881.9
827.57
1307.64
1605.53
6001.25
4410.17
5132.04
1674.95
2557.33

A non-collinear E-type magnetic ground state

To characterise the magnetic order of the Mn spins in LuMnO3 , the first step is to
identify the magnetic modulation wave-vector (qm ). It describes the relation between
the magnetic unit cell and the nuclear chemical cell as explained in Chap. 4.3.1. Powder
diffraction data were taken at different temperatures on cooling. At T = 50 K, only the
nuclear reflections are observed [Fig. 5.2 (a)]. However, on cooling to T = 38 K, additional magnetic reflections appear for example at the (0, ±qb , 1) wave-vectors [Fig. 5.2
(c)]. The magnetic reflections indicate an incommensurate magnetic ordering with wave
vector Q = (0, qb , 0), where qb is the magnetic modulation wave vector along the b-axis,
with qb 6= 0.5. On further cooling at T = 5 K and 2 K, the incommensurate reflections
are absent. Instead commensurate magnetic reflections (0, 1/2, 0) and (0, 1/2, 1) were
observed [Fig. 5.2 (b,d)].
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Representation Analysis
To resolve the magnetic structure in the incommensurate and commensurate phase
a set of magnetic reflections (h k ± qb l) were measured at T = 38 K and T = 2
K, respectively [73]. As discussed in section 4.3.1, the intensity of magnetic scattering
I(Q) ∝ |FM⊥ (Q)|2 , where FM⊥ (Q) = Q̂×(FM × Q̂) and the magnetic structure factor
FM is related to the moments of the j th ion by FM ∝ µj eiQ·rj . Here the moment µj =
Cj Sjk , where Cj are the coefficients for computing the magnitude of moments and Sjk
are the basis vectors representing the orientation of the moments. By refinement of the
measured data the basis vectors (Sjk ) and the coefficients (Cj ) are found such that the
experimental and calculated peak intensity show best agreement.
For refinement a representation analysis which is developed from Landau’s theory
of second-order phase transitions is employed. In a magnetic phase, a second-order
transition implies that an ordering of magnetic moment can be described by a moment
distribution function whose components are given by only one irreducible representation (IRREP) [135–137]. In this method all the symmetry elements of the paramagnetic
space group are considered and the goal here is to find an IRREP which can provide
a basis vector that can reproduce the magnetic scattering intensity pattern. Symmetry elements of P bnm are operated on experimentally identified magnetic propagation
vector k= (0 qb 0) and the symmtery elements which leave k invariant constitute a
subgroup called the little group Gk .
For P bnm, the symmetry elements explained in Chap. 2.4 are represented in a group
G0 = {1, 1̄, 2a , 2b , 2c , mab , mac , mbc }. The function of each symmetry element can be
better understood when these are operated on a general ionic position r = (x, y, z)
such as 1 operating on r takes it back to (x, y, z). Similarly, 1̄(r) = (-x, -y, -z), 2a (r)
= (x+1/2, -y+1/2, -z), 2b (r) = (-x+1/2, y+1/2, -z+1/2), 2c (r) = (-x, -y, z+1/2),
mab (r) = (x, y, -z+1/2), mbc (r) = (-x+1/2, y+1/2, z), mac (r) = (x+1/2, -y+1/2,
z+1/2). So when the symmetry elements (except translation) are operated on k, the
little group is found as Gk = {1, 2b , mab , mbc }. The symmetry elements of Gk are then
operated on magnetic Mn ions at r1 (Mn1 ) = (1/2 0 0), r2 (Mn2 ) = (0 1/2 0), r3 (Mn3 )
= (1/2 0 1/2), r4 (Mn4 ) = (0 1/2 1/2), r5 (Mn5 ) = (1/2 1 0), r6 (Mn6 ) = (0 3/2 0),
r7 (Mn7 ) = (1/2 1 1/2) and r8 (Mn8 ) = (0 3/2 1/2). This transformation of the spatial
coordinates of Mn ions is combined with the transformation of the magnetic moments
under the same symmetry elements of Gk . This information is then combined with
the transformation of magnetic moments at each Mn ion site under the same symmetry
operations3 . Using this method a natural representation (Γk ) in terms of a set of
IRREPs is generated and then using the projector operator method4 the appropriate
3
Note, that the moments are axial vectors, which transform like a polar vector under a proper
rotation but an additional sign change has to be added in case of improper rotations such as reflection
or inversion [138].
4
Details on the projector operator method is explained in Ref. [107].
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Figure 5.2: Powder neutron scattering patterns from LuMnO3 measured using HRPT,
as a function of scattering angle 2Θ at (a) T = 50 K showing only nuclear scattering,
and (b) T = 2 K showing additional magnetic peaks such as (0, 1/2, 0) and (0, 1/2,
1). (c, d) Bragg peak powder patterns measured using DMC at T = 38 and 5 K. (a−d)
The vertical bars indicate magnetic and nuclear (upper row) Bragg peaks. The bottom
solid line indicates the difference between the experiment and the model [73].
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basis vectors are found. This whole computation was done using BasIreps module of
FullProf [107] and a set of IRREPS were identified for both the incommensurate and
commensurate phase. For each IRREP and their linear combination the scattering
intensity is calculated to reproduce the measured intensity.
The magnetic structure in the high temperature incommensurate (HTI) phase is
described by a single IRREP. The best fit with χ2 = 5.21 was obtained for a structure
described by the representation Γ3IC , according to the Kovalev notation [139]. The basis
vectors (Sjk ) of Γ3IC have the moments at Mn positions : Mn1 = (1/2 0 0), Mn2 = (0
1/2 0), Mn3 = (1/2 0 1/2) and Mn4 = (0 1/2 1/2) described by m1 = -αm2 = -αm3
= m4 such that they have the following characters χ(I) = 1, χ(2b ) = −α, χ(mbc ) = −α
and χ(mab ) = 1, where α = exp(iπq). The character table implies that the moments
under inversion (I) and reflection symmetry operations by the ab mirror plane (mab )
stay invariant whereas gains a phase factor given by α and flips in orientation under
symmetry operations of 180◦ rotation about b-axis (2b ) and the reflection by the bc
mirror plane (mbc ). Refinement using these basis vectors it found that the magnetic
structure is described by one single-order parameter with an amplitude given by m3IC =
√
2 [0.54(4), 1.28(2), 0.00(3)] µB of the Mn3+ ions at T = 38 K. These basis vectors
are identical to the incommensurate order in TmMnO3 [76]. Here the superscript 3
denotes the irrep and subscript IC denotes the incommensurate phase. The magnetic
structure in the HTI phase is amplitude-modulated with moments collinear in the bcplane (Fig. 5.3a), forming an angle (≈ ±23◦ at T = 38 K) with the b-axis in the abplane [Fig. 5.3(b)].
The magnetic structure in the low temperature commensurate (LTC) phase is described by a two-dimensional IRREP. At T = 5 K, the best agreement was obtained
with χ2 = 2.94 for the magnetic ordering involving Γ1C [139] defined by the non-zero
characters: χ(I) = 2 and χ(mab ) = 2. The magnetic moments of the Mn3+ ions were
found to be non-collinear and lying in the bc-plane, with m1C = [0.00(2), 3.67(1), 0.25(2)]
µB at T = 5 K, where the subscript C signifies the commensurate phase (Fig. 5.3c,d).
Importantly, the magnetic structure differs from the magnetic structure in the commensurate phase of TmMnO3 [76], and from a previously reported magnetic structure
of LuMnO3 [59], where the moments of the Mn3+ ions are completely collinear along
the b-axis. The moments were observed to be tilted in the bc-plane forming an angle
θ = ±3.9◦ with the b-axis at T = 5 K (Fig. 5.3c). In the ab-plane, the moments are
aligned along the b-axis [Fig. 5.3(d)].
The magnetic order in the LTC phase can be described by non-collinear E-type
antiferromagnetic ordering. There are four antiferromagnetic domains for the E-type
order. These can be grouped in two pairs which are described in terms of sublattice
magnetization (Sub mag) for Mn ions equivalent positions: Mn1 : (0.5 0 0), Mn2 : (0
0.5 0), Mn3 : (0.5 0 0.5), Mn4 : (0 0.5 0.5), Mn5 : (0.5 1 0), Mn6 : (0 1.5 0), Mn7 :
(0.5 1 0.5) and Mn8 : (0 1.5 0.5), summarized in Tab. 5.3. Domains in the same pair
transform one into the other by time reversal (e.g. reversing all the sublattice magne-

5.3. A non-collinear E-type magnetic ground state

(a)

77

(b)

c
a

a
b

(c)

Lu Mn O

b

(d)

a

c
a

c

b

b

c

Figure 5.3: Schematic cartoon of the magnetic structure (a), (b) at TC = 35.5 K
< T < TN = 39 K and (c), (d) at T < TC projected onto the bc plane and the ab
plane are shown respectively. In the amplitude modulated incommensurate phase (a),
(b) the Mn3+ spins are oriented along the b axis and tilted towards the a axis. In
the commensurate phase (c),(d) the spins ordering with the non-collinear E1 type is
shown. The spins in the non-collinear E1 type showed tilting away from the b-axis
towards the c-axis (θ ∼ ±3.9◦ ). It violates the inversion symmetry along the a-axis
inducing a ferroelectric polarization below TC along the a-axis, (d) +P a (E1 ) (yellow
arrows). Here, the tilting and magnitude of moments are exaggerated as a guide to eye.
Taken from [73].
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Figure 5.4: (a) Temperature dependence of the magnetic Bragg peak intensity at Q =
(0, 1/2, 1) in the commensurate phase and the intensities at the Q = (0, q, 1) and Q =
(0, 1-q, 1) Bragg peak positions for 0.47 < q ≤ 0.5. (b) Comparison of the temperature
dependence of magnetic reflections (0, q, 1) and (1, q, 1). (c) Temperature dependence
of the magnetic wave vector, q along the b-axis. (d) Temperature dependence of the
magnetic correlation length. The vertical dotted lines indicate the TC = 35.5 K and
TN = 39 K [73].
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Figure 5.5: Temperature dependence of the Mn3+ sublattice magnetization components (a) |ma | , (b) |mb |, (c) |mc | and (d) the magnitude of the total sublattice magnetization√with varying temperature. In the incommensurate phase the magnitude is
scaled by 2. The vertical dotted lines indicate the TC = 35.5 K and TN = 39 K [73].
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tization components). The first pair of domains have E1b -type staggered magnetization
along b and O1c -type staggered magnetization along c (see Tab. 5.3). The second pair
is composed by the domains with staggered magnetization along b of the E2b -type and
O2c -type staggered magnetization along c. Elements of the first pair transforms into
elements of the second pair by the inversion symmetry of the paramagnetic space group
P bnm. Note, that the LTC antiferromagnetic phase has no ferromagnetic component
unlike when there is a canted-AFM phase which leads to weak ferromagnetism [140–
142]. In our case the spin canting in the bc-plane only generates the non-collinearity of
the magnetic order.

Table 5.3: Domains of the E-type order parameter (O.P.) [73].
Sub
mag.

Mn1
( 21 00)

Mn2
(0 12 0)

Mn3
( 21 0 12 )

Mn4
(0 12 12 )

Mn5
( 12 00)

Mn6
(0 32 0)

Mn7
( 12 1 12 )

Mn8
(0 32 21 )

E1

E1a
E1b
O1c

0
mb
mc

0
-mb
-mc

0
-mb
mc

0
mb
-mc

0
-mb
-mc

0
mb
mc

0
mb
-mc

0
-mb
mc

E2

E2a
E2b
O2c

0
mb
mc

0
mb
mc

0
-mb
mc

0
-mb
mc

0
-mb
-mc

0
-mb
-mc

0
mb
-mc

0
mb
-mc

O.P.

Temperature dependent variation of magnetic parameters
To follow the magnetic transitions from PM to IC and IC to C phase found in
LuMnO3 , we measured the magnetic reflections on cooling with step size of ∆T ∼ 0.5
K [73]. The Mn spins ordered into an long-range antiferromagnetic phase at Neél’s
temperature TN = 39 K. Then we observed that the satellite magnetic reflections (0,
q, 1), (0, 1 − q, 1) and (1, q, 1) with q 6= 0.5 have identical behaviour at TC = 35.5 K
< T < TN = 39 K as shown in [Fig. 5.4 (a,b)]. Below TC , the magnetic order changes
to a commensurate phase with qb = 0.5 and consequently the integrated intensities
of the strongest magnetic reflections in the E-type phase (0, 1/2, 1) and (1, 1/2, 1)
was observed to follow closely a similar temperature dependence [Fig. 5.4 (a,b)]. In
fact, the intensity of the weak (0, 1/2, 0) reflection when scaled by a factor 60 also
matches the temperature dependence of the (0, 1/2, 1) and (1, 1/2, 1) reflections. We
also present the temperature dependence of the wave-number qb [Fig. 5.4 (c)], and the
magnetic correlation length in the incommensurate and commensurate phase [Fig. 5.4
(d)]. To illustrate the transition from incommensurate to commensurate phase we
plotted the variation of the wave-number qb as function of temperature [Fig. 5.4 (c)].
In the incommensurate phase qb changes rapidly for T > TC = 35.5 K, but in the
commensurate phase it locks to qb = 0.5 at TC . The observed transitions at TN
and TC are consistent with the peaks observed in the temperature dependence of the

5.4. Ferroelectric properties

81

specific heat [42]. The magnetic correlation length derived from the width of (0, q, 1)
reflections never exceeds 20 nm even in the LTC phase [Fig. 5.4 (d)], which implied that
the magnetic domain are very small and the density of domain walls is high.
We want to stress here that the emergence of the (0, 1/2, 0) reflection in the commensurate phase of o-LuMnO3 is solely due to the Mn3+ spin ordering. This is unlike
the case for the commensurate phase of o-TbMnO3 under high pressure [143, 144], where
the onset of the (0, 1/2, 0) reflection was suggested to originate from the ordering of
magnetic Tb3+ ions. However, in LuMnO3 the Lu ion is non-magnetic. The (0, 1/2,
0) reflection in LuMnO3 appears at TC = 35.5 K so that the commensurate phase of
LuMnO3 exhibits a non-collinear E-type ordering of Mn magnetic moments in the bc
plane. In LuMnO3 , the finite intensity for (0, 1/2, 0) represents canting of spins towards
the c axis which is supported by a finite magnetic structure factor F(0 1/2 0) for mc 6=
0 independent of the mb and mc values.
The sublattice magnetization components along the crystallographic axes at different temperature are obtained from refinement of the powder diffraction data as shown
in Fig. 5.5. This is the only study showing the temperature dependence of the sublattice magnetization components of Mn ions in RMnO3 (R = Gd - Lu) to the best of
our knowledge. The dominant sublattice magnetization component is mb points along
the b-axis in both the HTI and LTC phases. In the HTI phase, there is an additional
sublattice magnetization component along the a-axis, which at TN is almost as large as
mb . At TC , ma gets reoriented towards c-axis. The variation of the magnitude of the
Mn3+ spin moment hmi is shown in Fig. 5.5 (d). It was observed to increase sharply in
the incommensurate phase but below TC its increase slows down and around T = 10 K
saturated to ≈ 3.65µB .

5.4

Ferroelectric properties

The polarization of electric dipole moment were first identified by dielectric measurements and thereafter the magnitude of the spontaneous polarization was measured [73].
These studies are summarized in Fig. 5.6. The temperature dependence of the real part
of the dielectric susceptibility, ε0r measured on warming, [Fig. 5.6 (a)] shows a peaklike feature at T ∼ 35.5 K which suggest that the onset of a polar ordering occurs at
TF E = 35.5 K, which coincides with the stabilisation of the LTC non-collinear E-type
state at TC . A shift of the peak of dielectric susceptibility curve to lower temperature when measured on cooling confirms that the phase transition from paraelectric to
ferroelectric state is first-order type. A spontaneous polarization appears at TC which
increase monotonically in magnitude on cooling and saturates at T < 6 K [Fig. 5.6
(a-c)]. This is coincides with the hump-like feature in the temperature dependence of
ε00r . The electric polarization (P ) demonstrated poling under applied E-field showing
the sensitivity of the electric dipoles to external field [Fig. 5.6 (c) Inset].
Next, we studied the effect on the size of the polarization of cooling in different
electric (E)-fields. The spontaneous polarization increased with increase in the E-field
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Figure 5.6: (a), (b) Temperature variations of the real and imaginary part of dielectric
constants, ε0r , ε00r respectively, measured at a frequency f = 100 kHz on cooling (solid
circle) and warming (open circle). (c) T - variation of the spontaneous electric polarization (P ) measured after electric field cooling of Ep = 3000 kV/m. The dotted lines
mark the TN and TC . (Inset) Switching of the ferroelectric polarization with a poling
electric field of |E| = 833 kV/m is shown. (d) T -variations of P after cooling under
different applied E-fields. (e) T -variations of the P normalized to the value at T = 2
K. (f) Poling E-field dependence of the electric polarization magnitude at T = 2 K for
LuMnO3 and TmMnO3 [76]. The lines are guides to the eye. The vertical dotted lines
indicate the TC and TN [73].
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[Fig. 5.6 (d)]. P (T ) for different E-fields were scaled by the polarization measured at
2 K [Fig. 5.6 (e)]. The functional form of P (T ) has a weak dependence on the applied
E-field. However, the temperature dependence of P (T )/ P (T = 2 K) clearly shows a
slight increase within the temperature range 10 K < T < 30 K with decreasing E-field.
A comparison of E-field dependent polarization P (E) [Fig. 5.6 (f)] at 2 K between
o-LuMnO3 and o-TmMnO3 [76] shows that the electric polarization P in LuMnO3 is
almost double that of TmMnO3 .
Large polarization, P ≈ 2600µC/m2 was observed for the polycrystalline LuMnO3
with a poling electric field E = 3000 kV/m under ambient pressure at T = 2 K. An
intrinsic value Po ≈ 5200µC/m2 was estimated for the single crystalline phase considering it should be almost double the polarization in the polycrystalline phase. This
calibration factor 2 used for obtaining the polarization for single crystal phase (Po ) is
related to the geometry of sample used for the polarization measurements5 .
The polarization P(E) obtained at T = 2 K was limited by the applied E-field
to our disposal. The large polarization is also a good indication of the better sample
quality essential for the polarization studies. The Po obtained here is comparable to
previous studies [145, 146] and is in good agreement with the theoretically predicted
Po ≈ 4600µC/m2 for RMnO3 with a E-type magnetic order originating from the symmetric exchange striction of the spin-lattice coupling [41]. Note, that the allowed axis of
polarization in single crystal of o-LuMnO3 with a non-collinear E-type order6 is along
the a axis similar to the HoMnO3 [147].
In the imaginary part of the dielectric susceptibility ε00r [Fig. 5.6b] we observed a
hump like feature at T = 8 K beside the peak at TC . No anomaly has been observed
in the specific heat [42] and the ε00r peak appears with a reduced maximum intensity
(28%) compared to the ε00r peak at TC . This broad peak can not be caused by the
magnetic ordering of R - ions unlike TmMnO3 , since Lu is non-magnetic. In TmMnO3 ,
the magnetic Tm moments order at TNTm = 4 K, leads to lowering of the energy and
the additional magnetic entropy due to the disordered Tm-ions, is released (small peak
in the specific heat) [42] and a corresponding anomaly in the magnetic susceptibility is
also observed [76].
We propose that the broad peak at T = 8 K is caused by the dynamics of domain
walls. The movement of domain walls across the boundaries is facilitated by the absorption of energy which in turn can induce a broad peak in the temperature dependence in
the imaginary part of the dielectric susceptibility [148]. In fact, the real and imaginary
dielectric constants show a weak frequency dependence [Fig. 5.7] that is qualitatively in
agreement with the presence of domain walls. There is no significant shift of the TC and
the hump-like feature also stays almost unaffected. A relatively small correlation length
5

Polarization in polycrystalline sample is the average of the polarization components (Pa , Pb , Pc )
suggesting that Ppoly ∼ (1/3) Po . As explained in Chap. 4.4, we used very thin 0.43 mm disc like
pallets such that polarization for only two possible components can be assumed and Po ∼ 2×Ppoly .
6
A Landau theory analysis is discussed in Appendix. D justifying the polarization along the a axis
induced by a non-collinear E-type order.
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Figure 5.7: Showing temperature dependence of real and imaginary part of dielectric
constants,ε0r , ε00r respectively, at frequency f = 1 kHz, 10 kHz, 100 kHz and 1MHz.
suggests a smaller domain size and hence a higher density of domain walls. The domain
walls are expected to have multiferroic character. Further studies, such as dielectric
measurements under high magnetic fields, will be necessary to confirm the existence of
the multiferroic domain walls.

5.5

Microscopic mechanisms inducing non-collinearity

In this section, we propose a scenario to explain the microscopic origin of the observed
non-collinear magnetic ordering of the LTC phase by comparing interactions parameters
for crystal symmetry of o-RMnO3 . In this approach a simple spin model for RMnO3 is
considered similar to the earlier studies using Monte Carlo (MC) simulations in Ref. [41,
68] as described in Chap. 2.4. Within this model, we considered a DM interaction
vector which is allowed by the crystallographic symmetry [149] of RMnO3 . In our
measurements we observed components of moments lying within the bc-plane [Fig. 5.8],
so we discuss the DM interaction term which can be responsible for the coupling of (E1b ,
E2b ) and (O1c , O2c ). One of these interactions is the DM coupling between neighbouring
Mn3+ spins along the c-axis is given by:
b

c

E .O
HDM
=

X

c
b
αi,i+c/2 (Sib Si+c/2
− Sic Si+c/2
)

(5.7)

i

where, αi,i+c/2 changes sign under a translation by c/2 and has a constant absolute
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Figure 5.8: Schematic of the spin structure in the E1 -domain projected on the bcplane. Blue arrows here resemble collinear c-axis spin component. The DMI coupling
parameter αc switches sign along the c-axis.
value α. This term drives a uniform canting of the LTC collinear state with E a = 0,
E b 6= 0 and Oc = 0 to a non-collinear state 7 with E a = 0, E b 6= 0 and Oc 6= 0.
The microscopic interactions in eqn. 5.7 indicates that a collinear state with Etype sublattice magnetization purely along b (e.g. E1b ) might be unstable towards a
state described by a sublattice magnetization along c of the O-type (e.g O1c ). Our
measurements yield a ±3.9◦ angle between mb and mc which is lower than the ±9◦
angle predicted using the coupling strength adopted in Ref. [41]. We propose that
the variation of the tilting angles may arise since the MC simulations were performed
with coupling strengths representative of LaMnO3 , which can vary for LuMnO3 with a
smaller R-ion radius.
As described in Chap. 2.4 Monte Carlo simulations performed in [41] yielded a noncollinear magnetic structure where the E-type order along the b axis is strongly canted
in the ab plane (φ ≈ ±25◦ ) and weakly canted in the bc plane (θ ≈ ±9◦ ). However,
experimentally we only found evidence of the mb and mc components. This is a strong
evidence that the interactions responsible to stabilise a tilting of the moments in the
ab-plane are weak in o-LuMnO3 .
To investigate the interactions inducing the various types of canting and compare
their relative strength which can explain the experimentally observed magnetic structure, we consider a Hamiltonian of the same form as discussed in Chap. 2.4 in accordance
with Ref. [41]. It comprises of terms such as exchange interaction (Jab ), DM interaction
(HDM ), single-ion anisotropy (Hsia ) and elastic lattice energy (HK ). For our analysis
we kept the exchange interactions between next-nearest-neighbour Mn spins fixed as
7

We cannot exclude the contributions from other microscopic interactions such as single-ion
anisotropy and exchange interaction terms which can induce tilting of spins towards c axis and stabilise
the non-collinear E-type order.
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Figure 5.9: E and αc dependence of |S a |/|S b | (left panels) and |S c |/|S b | (right panels)
in the ground state spin configuration of the model described elsewhere [41], obtained as
described in the text. Here, E and D represent the single ion anisotropy in the ab plane
and along the c axis, respectively, whereas (α,β,γ) are DM interactions in ab plane and
c axis. The upper, middle and lower panels shows the results for different values of the
relevant interactions with spin-orbit origin. The black star represents the canting size
corresponding to the coupling parameters in [41]. The dark areas in (e),(f) represents
the coupling strengths which correspond to the experimentally observed canting of the
magnetic moments. All the coupling strengths are presented in meV. Taken from [73].
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Jb = 2.4 meV, which is found to play a dominant role in stabilising the E-type ground
state. We study the minimal energy state of such a model by numerically minimizing
the Hamiltonian for a unit cell doubled along the b axis and with periodic boundary
conditions in every crystallographic direction.
Single ion anisotropy which is related to the crystal field is determined by the position of the oxygens coordinating each of the four Mn3+ ions in the crystallographic unit
cell. Here we consider the positions of the oxygen ions as adapted in Ref. [41] which is
consistent with experimentally determined positions8 .
The strength of the single ion anisotropy is determined by the two coupling constants
D and HE as described in Chap. 2.4. These
E and D in the interaction terms Hsia
sia
coupling constants are defined in terms of spin components in the local tilted coordinate
axes of the MnO6 octahedron [see Fig. 2.14 (b)]. The role of D term is discussed stating
that it is associated with the anisotropy axis with a large c component and tiny ab plane
components which point mainly along a. Such an anisotropy for negative (positive)
values of D favours the main component of the spins to be along (perpendicular to)
the c direction. The coupling E is the strength of anisotropy axis which have the main
components in the ab plane.
Independent of its sign, E favours spin components both in the a and b direction.
We note that in order to obtain a magnetic ground state with dominant component of
spins mainly along the b-axis, the following scenario have to be realized. For negative
values of D favouring spin orientations mainly along the c-axis, the term with strength
E which favours spins in the ab plane must be dominant while for positive values of D
favouring spins in ab plane, E can be small. Due to the orientation of the anisotropy axes
in the ab plane associated with E, sizeable values of the constants E (∼ 0.2 meV with
respect to the size of the exchanges couplings ∼ 0.01 meV - 3 meV) induce canting of
spins towards the a-axis. The canting of spins away from the collinear E-type magnetic
moments along b is induced by the symmetry of the E and D anisotropy axis in the
unit cell and leads to a staggered magnetization along a and c.
The Dzyaloshinskii-Moriya (DM) interactions between nearest-neighbour Mn3+ ions
that are allowed by symmetry have their strength determined by five coupling constant (αab , βab , γab , αc , βc ), as described in Chap. 2.4 [41, 149]. The direction of the
Dzyaloshinskii vectors associated with these constants changes in the unit cell. The
way in which the Dzyaloshinskii vectors are staggered restricts the types of canting
that the DM interaction can induce to the E-type magnetic order. In-plane DM interactions do not contribute to any canting when the magnetic unit cell is obtained by
doubling chemical unit cells along the b direction. In particular, the contribution to
the energy of the interaction associated with αab vanishes for states with wave vector
qa = 0. The interactions associated with βab , γab either do not favour spin canting away
from the dominant component along b or favour states which are not compatible with
8

Structural models with small deviations in the positions of the oxygen ions as obtained in LuMnO3
was tested, but it failed to explain the discrepancy between the observed and calculated canting directions.
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qb = 0.5, respectively. The DM interactions between Mn3+ neighbours along c favour
sublattice magnetization along a and c which have the same symmetry properties of E b .
When the interaction associated to αc perturbs the E-type magnetic ordering along b, it
induces a sublattice magnetization along c of the Oc type. The interactions associated
with the coupling βc do not couple to the magnetic moments along b and is active only
when canting from collinearity along b is induced by other couplings.
Fig. 5.9(a) and (b) show, the single-ion anisotropy E and DM interaction αc dependence of spin ratio |S a |/|S b | and |S c |/|S b | in the numerically obtained ground state for
the couplings used in [41]. The canting obtained with the values of αab , βab , γab , αc , βc ,
D and E used in Ref. [41] are marked by the black star symbol and compare well with
their calculated result (|S a |/|S b | ∼ 0.5 and |S c |/|S b | ∼ 0.17). Fig. 5.9 (c)-(d) show the
same ratio of spin components but for αab = βab = γab = βc = 0 keeping D unchanged.
No clear variation in the landscape of |S a |/|S b | and |S c |/|S b | indicate a weak dependence of the canting on the strength of the coupling strengths. We note that the small
discrepancy of the two cases at low values of E is related to extremely small cantings
induced by βc .
We also identified that the canting along the a direction is mainly controlled by the
strength of E, while that along c is mainly controlled by the parameter αc . This has
two implications. First, no experimental evidence for canting along a, suggests that the
components of magnetic moments along a are smaller than the instrumental sensitivity
(0.01 µB or, equivalently, 0.15 degrees). This indicates that the value of E in LuMnO3
is likely much smaller than the exchange coupling constants in Ref. [41]. Secondly, the
observed canting of spins along the c direction implies that the value of αc (≈ 0.2 meV)
is slightly smaller than (0.42 meV) used in Ref. [41]. This implies that the contributions
from the single ion anisotropy and the DM interactions is different in our case.
Fig. 5.9(e) and (f) show the dependence of the |S a |/|S b | and |S c |/|S b | when the
value of single ion anisotropies is strongly reduced (D = 0.02 meV, E ≤ 0.005 meV)
while αc is kept on to the same order of magnitude (≤ 0.25 meV) which corresponds to
the experimentally obtained ratio of the spin components in the bc plane (|S c |/|S b | =
0.25/3.65 ∼ 0.07). Clearly, when D is reduced, we do not observe any drastic change in
the dependence of the canted components along c. This suggest that the αc term plays
a more dominant role in reproducing our experimental results and the variation with
the canting obtained in Ref. [41] likely due to an overestimation of the role of single ion
anisotropy.
To conclude, we present a comprehensive study of multiferroicity of bulk LuMnO3 .
These studies was performed as a part of generating a framework, which would help us
to understand better the magnetic ground state of RMnO3 when deposited epitaxially
under strain in thin films. We managed to obtain direct evidence on the non-collinearity
of E-type with Mn moment tilting away from the b axis in the bc plane. This implied
finite intensity of magnetic reflection (0, 1/2, 0) beside the strongest reflection (0, 1/2,
1) should be considered as a crucial indication of the existing non-collinearity in the
LTC phase. The DMI term was identified to be responsible for such spin canting in
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the ground state. An indirect yet strong indication of the spin driven ferroelectric
ordering was derived from the concomitant appearance of anomalies in the temperature
dependence of the electric and magnetic properties. We will carry this knowledge into
our next section to explain the multiferroicity of strained orthorhombic RMnO3 (R =
Gd - Lu) thin films.
In absence of adequate reflections for refining the magnetic structure such as for
crystalline thin films due to limited scattering volume, identifying the forbidden reflections helps to rule out possible magnetic spin models. This realisation on the magnetic
structure would be exploited to explain our results from magnetic studies of epitaxially
strained thin films.

Chapter 6
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This chapter is dedicated to demonstrate the effect of external epitaxial strain in
modifying the physical properties of orthorhombic RMnO3 (R = Gd - Lu) when grown
as thin films on o-YAlO3 substrates1 . The strain is related to the lattice mismatch
between the film and the crystalline substrate and depends on the growth orientation.
As a consequence the magnetic and electric properties which originate from the interionic interactions, are expected to be modified by a change of the substrate orientation.

6.1

TbMnO3 : A case study for revealing the impact of
strain

TbMnO3 was selected as a model system, since its multiferroic bulk properties are
well documented [31]. As discussed in Chap. 2.4 the magnetic order of TbMnO3 bulk
single crystals showed a transition to a non-polar incommensurate sinusoidally modulated ordered phase below TN ∼ 41 K with a monotonically decreasing qM n ∼ 0.285b∗
on cooling [60, 64–67]. This is followed by a transition to a multiferroic phase below
T < 28 K which is described by a bc-spiral magnetic order with constant qM n ∼ 0.276b∗ .
1

This chapter is adapted from few of our recent articles on tuning the multiferroic properties of
orthorhombic RMnO3 [131, 150, 151].
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(a)

(b)

(c)

Figure 6.1: Structural properties of TbMnO3 films. (a) θ − 2θ scan of TbMnO3 (0 1
0) oriented (top) and (1 0 0) (bottom) film. The YAlO3 substrate peaks are marked by
asterisk. Reciprocal space maps (b), (c) of the relaxed (1 0 0) film showing the (4 0 2)
and (3 1 0) reflections, respectively. Bulk peak position is marked by open circle[131].

The multiferrocity in the bc-spiral phase was identified to originate from a dominant
antisymmetric inverse Dzyaloshinskii-Moriya interaction [41, 68, 69]. Another transition is found at TNT b = 7 K, related to the ordering of Tb spins. Due to subtle balance
of frustrations, the multiferroic ground state was identified to be prone to significant
modifications on application of external pressure and magnetic field [80, 143]. Additionally, thin film studies on strained RMnO3 have revealed magnetic properties, which
are otherwise absent in the bulk phase [152, 153].
To investigate the effect of strain on the multiferroicity of TbMnO3 , we deposited
thin films on YAlO3 substrates. The films were grown epitaxially with (1 0 0) and (0
1 0) directions oriented out-of-plane [131]. The thickness of the (1 0 0) oriented film
(labelled as T4 in Tab. 3.1) is 80 nm, whereas the (0 1 0) oriented film (labelled as T1 in
Tab. 3.1) is 44 nm thick. The crystallinity of the films were confirmed by out-of-plane
θ − 2θ scans as shown in Fig. 6.1 (a). As evident from the scattered x-ray intensity, the
reflections are sharp (width in 2θ ∼ 0.3◦ ) but not limited by instrumental resolution

6.1. TbMnO3 : A case study for revealing the impact of strain

93

(2θ ∼ 0.1◦ ). They are located at Bragg’s peak position for (2 0 0), (4 0 0) and (0 2
0), (0 4 0) reflections corresponding to the single crystalline phase for (1 0 0) (lower
profile) and (0 1 0) (upper profile) oriented films grown on (1 0 0) and (0 1 0) substrates, respectively. The lattice parameters (x = a, b, c) and the magnitude of strain
[ηx = 100 × (xbulk − xf ilm )/xbulk ] experienced by the films were estimated from the
reciprocal space maps (RSMs) presented in Fig. 6.1 and 6.2. The reflections observed
(4 0 2) and (3 1 0) from the RSMs of (1 0 0) film, illustrate that its in-plane lattice
parameters (b and c) can be described in reciprocal space by Qb and Qc [Fig. 6.1 (b)
and (c)]. The peak positions of these reflections are located close to the expected position for the bulk phase implying that the (1 0 0) film has a relaxed structure and the
variation from bulk lattice parameters is minimal. For the (0 1 0) film which has the
ac plane clamped to the substrate, the reflections (1 3 0) and (0 4 1) were measured
and contrary to the (1 0 0) oriented film, in this case the peak positions clearly deviate
from the bulk [Fig. 6.2 (a)-(d)]. This indicates that the (0 1 0) film is strained and
as a consequence the out-of-plane parameter, which is along the b axis gets expanded
by 1.7 %. The derived lattice parameters for these films and the size of the applied
strain are summarized in Tab. 6.1. The other complementary feature in the structural
properties of these films is the peak shape of the reflections. The (1 0 0) film displays
a large mosaicity with broadened (4 0 2) and (3 1 0) peaks, whereas the (0 1 0) has
better crystallinity as indicated by the sharp and a narrow spread of (1 3 0) and (0 4 1)
reflections. Therefore, from hereafter we will refer to the (1 0 0) film as the "relaxed"
film and the (0 1 0) film as the "strained film".

Table 6.1: Lattice parameters and strain (compressive: +, tensile: - ) of TbMnO3 films.
YAlO3
TbMnO3
Relaxed
Strained
bulk [154]
5.180

bulk [155]
5.293

(1 0 0) film
5.30
(- 0.1%)

(0 1 0) film
5.182
(+ 2.1%)

b (Å)
(strain)

5.329

5.838

5.82
(+ 0.3%)

5.936
(- 1.7%)

c (Å)
(strain)

7.371

7.403

7. 41
(- 0.1%)

7.371
(+ 0.4%)

a (Å)
(strain)

Study of the magnetic phase
To reveal the multiferroic properties of these films, we investigated the magnetic
transitions and the magnetic ground state of these films by neutron diffraction. Limited
scattering volume of thin films for neutron diffraction restricts measurement of adequate
magnetic reflections with appreciable intensity. This prevents resolving the magnetic
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(a)

(c)

(b)

(d)

Figure 6.2: Structural properties of TbMnO3 films grown on (0 1 0) oriented YAlO3
substrates. Reciprocal space maps (a), (c) of the strained (0 1 0) film showing (1 3 0)
and (0 4 1) reflections, respectively. Bulk peak position is marked by open circle[131].
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(b)

Mn3+
Tb3+

Figure 6.3: Magnetic diffraction of TbMnO3 films. Reflection (0 qk 1) of (a) relaxed
(1 0 0) oriented film at T = 2 K, 15 K and 30 K, peak around qk ∼ 0.428 at T = 2 K
correspond to ordering of Tb3+ spins and (b) strained (0 1 0) oriented film at T = 5
K, 15 K, 31 K and 50 K. (Inset) Showing the narrow width of magnetic reflection close
to resolution of the instrument (black line) [131].

structure of the thin films by conventional approach of comparing the observed and
calculated scattering intensity and refining the spin models. To overcome this challenge
we used an alternative approach to study the magnetic order. For materials with P bnm
crystal symmetry and magnetic ordering vector along the b axis (0 q 0), one of the
strongest reflection is (0 q 1) as discussed in Chap. 4.3.1 [see Tab. 4.1]. So, we measured
magnetic reflections of the films in the scattering plane defined by (0 K 0) - (0 0 L)
for identifying the magnetic propagation wave vector (q) and consequently classifying
the magnetic order. This approach gives a qualitative analysis of the magnetic phase
and is found to be sufficient to describe the multiferroic properties of the thin films.
We assumed that the crystal symmetry in these films compared is not changed from
the bulk symmetry. However, one can expect significant variations of the atomic bond
lengths and the magnitude of the orthorhombic distortions mediated by the strain.
Fig. 6.3 shows k-scans along (0 qk 1) at different temperatures both for the relaxed
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STRAIN

(a) Relaxed TbMnO3 (1 0 0)

(b) Strained TbMnO (0 1 0)
3

qk = 0.29

qk = 0.50

Figure 6.4: Cartoon of strain induced transformation from (a) an incommensurate bc
cycloid phase in the bc plane of the relaxed film to (b) a commensurate E-type phase
in the ab plane for the strained film [131].

(a)

(b)

Al

Figure 6.5: Representative scans of TbMnO3 strained films showing (a) the (0 q 1) at
T < TN (1.5 K) and T > TN (60 K). Peak at qk ∼ 0.445 correspond to scattering from
Al sample holder. (b) Temperature dependence of (0 q 2) reflection showing onset of
Tb order at TNR ∼ 8 K. (Inset) Showing broad (0 q 2) reflection measured at T = 8 K
[151].
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and strained film [131]. The relaxed film showed ordering of the Mn spins with an
incommensurate magnetic wave vector qk ∼ 0.29 (r.l.u) below T = 30 K [see Fig. 6.3
(a)], similar to the bulk [64]. We can consider a bulk like bc cycloidal Mn spin ordering
occurs in the relaxed film [Fig. 6.4]. In contrast the strained film showed a commensurate
ordering of the Mn spins with qk = 0.50 (r.l.u) [Fig. 6.3 (b)] below T = 31 K. The wide
k scan at T = 15 K shows no additional peak in the range 0.2 ≤ qk ≤ 0.55. This
rules out the presence of a bulk-like magnetic phase in the strained film and the strain
thus modified the magnetic order of the Mn spins [Fig. 6.3 (b)]. This commensurate
phase can be considered as an E-type (↑↑↓↓) similar to the ground state of powder
LuMnO3 , although a detail refinement of the magnetic structure is necessary. However,
considering the wave vector qk = 0.5 and P bnm crystal symmetry, the possible magnetic
structures which can break spatial inversion symmetry is very few and in absence of
refinement, the E-type phase is a reasonable assumption.
On further cooling, additional peak around qk ∼ 0.428 was observed at T = 5 K for
the relaxed film which corresponds to the ordering of the Tb spins, due to the unpaired
4f electrons. However, no such feature was observed around qk ∼ 0.428 in (0 qk 1) at
2 K [Fig. 6.5 (a)] implying two possible scenarios, either the Tb ordering is suppressed
by the strain or the ordering has become short-range and the (0 qk 1) reflection is
no longer sensitive to corresponding magnetic intensity. Absence of the Tb order due
to structural defects is also possible. The broad peak close to qk ∼ 0.445 originates
from the incoherent scattering of the aluminium sample holder and persists above the
magnetic transition temperature (TN ).
A rocking (omega) scan of (0 qk 2) confirmed that the Tb ordering is present [64]
[Fig.6.5 (b)]. It is found that the Tb ordering occurs at TNR ∼ 8 K, but the reflections
are broad in omega (width ∼ 0.5◦ ) suggesting a short-range ordering. The other striking
feature of the magnetic ground state of the strained films is the narrow peak width (δqk ∼
0.0155 Å−1 ) in qk of the magnetic reflection (0 qk 1) which is close to the instrumental
resolution [Fig. 6.3 (b) (Inset)]. This revealed that the out-of-plane correlation length,
ξ ∼ 2π/δqk of the magnetic order is around ξ ∼ 40 nm which corresponds to the film
thickness. Therefore, we managed to show unambiguously, an incommensurate ground
state of TbMnO3 is modified to a commensurate E-type antiferromagnetic ground state
by epitaxial strain [Fig. 6.4].
Additionally we also found that the transition from the paramagnetic to the antiferromagnetic phase of the strained films occurs at TN ∼ 41 K [Fig. 6.6 (a)]. This is
close to the transition temperature TM ∼ 42 K estimated from the anomaly in the magnetization as determined by temperature dependent SQUID magnetometry [15, 150].
Below TN , the magnetic phase is incommensurate with qk ∼ 0.49 - 0.495 and locks in
to a commensurate E-type phase below Tlock ∼ 31 K [Fig. 6.6 (b)]. The integrated
intensity of (0 qk 1) reflections at different temperatures is shown in Fig. 6.6 (a), which
is proportional to the magnetic order parameter [156]. Additionally, peak intensity of
(0 qk 1) was measured by performing 1 point k-scan at the peak position for different temperature. The temperature dependence of the peak intensity is similar to the
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Figure 6.6: Temperature dependent multiferroic studies of strained TbMnO3 films.
(a) Integrated intensity and peak intensity of (0 qk 1) magnetic reflection. The black
dashed line is guide to eye. (b) Magnetic modulation wave vector qk computed from the
peak position (0 qk 1), (c) Normalized capacitance (∆C = (C(T ) − C(50K))/C(50K))
measured along the a and c axis. Inset shows a ferroelectric hysteresis loop measured
at T = 15 K. [131].

6.1. TbMnO3 : A case study for revealing the impact of strain

99

integrated intensities [Fig. 6.6 (a)]. This implies that the peak intensity can also be
used within a reasonable approximation as an indirect and qualitative estimate of the
temperature dependence of the magnetization in these thin films. Also, this suggests
that the peak width (δqk ) stays almost unchanged with increase in the temperature.
Study of ferroelectric properties
To probe the dielectric properties of the strained film the temperature dependence of
capacitance was measured and a divergence in the capacitance behaviour was found at
TFE ∼ 41 K along the a axis, implying a transition to an ferroelectric (FE) ordered state
[Fig. 6.6 (c)]. However, no dielectric response was found along the c axis, which implies
a strain induced modification of the electric state compared to bulk [31]. A ferroelectric
hysteresis loop was measured under external electric field at T = 15 K along the a
axis [(Inset) Fig. 6.6]. A spontaneous polarization (P ) along the a axis at T = 15 K
was found up to almost 2 µC cm−2 for a 14 nm thick TbMnO3 film (sample T3) as
shown in Fig. C.1 [Appendix. C]. This is almost twenty-five times larger than the bulk
values [31] and corresponds to polarization values, which were predicted for HoMnO3
with an E-type magnetic order [131, 147, 157]. As discussed in Chap. 2.3.2.2 an E-type
magnetic order can break the spatial inversion symmetry in P bnm crystals inducing a
spontaneous polarization along the a-axis mediated by a symmetric exchange striction
mechanism2 . This suggests that the multiferroic ground state characterised by P || a
in the strained films is possibly caused by the commensurate E-type magnetic order.
The value of P in the strained film is significantly larger than the polarization in bulk
TbMnO3 with E-type order induced by an external pressure of 5.2 GPa at T = 5 K,
P ∼ 1 µC cm−2 . However, it is comparable with P ∼ 1.8 µC cm−2 observed in an
external magnetic field of µ0 H = 8 T [80, 143].
The ferroelectric state in the strained film was further probed by second harmonic
generation (SHG) technique. SHG is a non-destructive method, which is sensitive to
the breaking of the spatial inversion symmetry of crystals in the ferroelectric phase
[129, 158, 159]. The temperature dependence of SHG signal shows a transition to the
ferroelectric state at TFE ∼ 41 K consistent with the dielectric studies. TFE in the
strained films is about 15 K higher than in the bulk-like relaxed films [Fig. 6.7 (a)
(Inset)] [159] and even with respect to the bulk crystals [31].
The SHG intensity which was measured with polarised light confirmed the flipping of the polarization direction from P ||c for bulk-like relaxed film to P ||a for the
strained film [Fig. 6.7 (b)]. In this measurement the polarization of the incident light
was polarised along the [1 0 0] direction of the film and the outgoing polarization was
mapped. From the crystal symmetry of orthorhombic TbMnO3 , we know it has a point
group symmetry mm2, where 2-axis || P . In bulk phase for P ||c, the relevant SHG
2

A phenomenological Landau free energy analysis for E-type order also confirmed that the allowed
orientation of polarization is along the a axis in RMnO3 crystals with P bnm symmetry, as presented
in Ref. [49, 147] and Appendix. D.
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Figure 6.7: Polar response of TbMnO3 films using SHG. (a) Temperature dependence
of the SHG intensity of the strained film. (Inset) for the relaxed film. (b) Experimental
geometry for SHG. The incoming light with frequency ω is polarized along [1 0 0]
and the outgoing response with doubled frequency 2ω is measured. Each point at the
polar plot correspond to the outgoing beam intensity measured as a function of angular
variation (φ). This shows at φ = 90◦ and 270◦ , the intensity vanishes and confirms no
ferroelectric polarization along the c-axis [131].
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(2)

tensor components are χccc , χcaa and χaca . In the strained films, with the reorientation
(2)
of the polarization along the a axis, the dominant tensor component becomes χaaa .
SHG intensity is proportional to P 2 and in strained film the intensity is significantly
larger than the relaxed bulk-like film [Fig. 6.7 (b)][131, 159]. In the bulk-like relaxed
film the polarization is caused dominantly by antisymmetric exchange striction due to
non-collinear spiral ordering of spins and therefore the size of polarization is weak as
discussed in Chap. 2.3.2.1. Whereas, in the strained film with E-type ground state the
polarization is caused by a symmetric exchange striction and hence a larger polarization
value is expected. This indicates that the multiferroic mechanism in TbMnO3 can be
tuned by strain.
Summary
Therefore, these studies reveal that strain can play the role of a tuning parameter for multiferroic properties of TbMnO3 . It can stabilise an E-type order with
an increase in the ferroelectric ordering temperature TFE and polarization P which is
oriented along the a direction consistent with the symmetry analysis [147]. The modification from an incommensurate magnetic order in bulk inducing polarization to a
commensurate order driving the ferroelectric ordering imply that the multiferroic mechanism is tuned in the strained film. An antisymmetric magnetostriction such as inverse
Dzyalonshinskii-Moriya interaction, responsible for multiferroicity in non-collinear incommensurate magnetic order [41, 44, 47] is replaced by a more dominant symmetric
magnetostriction for magneto-electric coupling under the application of epitaxial strain3
[41, 49, 77]. Note, that a ferroelectric phase is observed already below TN much earlier
than the onset of the E-type order suggesting ferroelectricity in the incommensurate
phase (Tlock < T < TN ). To understand the ferroelectric incommensurate phase better
we performed further studies, which is discussed in Chap. 7, 8.

6.2

R-ion size independent multiferroic ground state

The modification of the multiferroic properties in TbMnO3 by epitaxial strain motivated us to study the effect of strain on the entire series of RMnO3 (R = Gd - Lu)
[0 1 0] thin films and to investigate the effect on the multiferroic behaviour as a function
of R-ion radius. Following a scheme as described in Sec. 6.1 the crystallinity and lattice
parameters were determined by x-ray diffraction [150]. A set of reciprocal space maps
showing (1 3 0) and (0 4 1) reflections are presented in Fig. 6.8. It shows that the films
have a narrow spread of the reflections and are highly crystalline. The position of the
reflections compared to the bulk value (marked by open circle) are used to estimate
the strain. The measured lattice parameters and strain in these films are summarized
3

A microscopic understanding was developed to explain these results which is presented in Sec.
6.3.3.
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Figure 6.8: Structural properties of RMnO3 strained films grown on (0 1 0) oriented
YAlO3 substrates. Reciprocal space maps showing (a) (1 3 0) and (b) (0 4 1) reflections
of the films for R = Gd - Lu and the substrate YAlO3 . The open circles represent the
corresponding bulk Bragg peak position. Taken from [150].
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Table 6.2: Lattice parameters, thickness and strain of RMnO3 thin films [42, 150, 155,
160].
R-ion Thickness a (Å) b (Å) c (Å)
a (Å)
b (Å)
c (Å)
(nm)
bulk
film
(strain %)
Gd
10
5.318
5.866 7.431
5.183
5.976
7.372
+ 2.5%
- 1.9%
+ 0.8%
Tb

14

5.293

5.838

7.402

5.181
+ 2.1%

5.939
- 1.7%

7.373
+ 0.4%

Dy

16

5.278

5.834

7.378

5.177
+ 1.9%

5.905
- 1.2%

7.381
- 0.04%

Ho

14

5.257

5.835

7.361

5.179
+ 1.5%

5.876
- 0.7%

7.372
- 0.15%

Er

38

5.226

5.793

7.348

5.178
+ 0.9%

5.842
- 0.85%

7.377
- 0.4%

Tm

16

5.228

5.808

7.317

5.182
+ 0.9%

5.807
+ 0.02%

7.37
- 0.7%

Yb

14

5.216

5.799

7.299

5.176
+ 0.8%

5.78
+ 0.3%

7.371
- 0.97%

Lu

13

5.197

5.787

7.296

5.177
+ 0.4%

5.772
+ 0.3%

7.37
- 1.02%

in Tab. 6.2. It is noticeable that the a axis parameter is compressed independent of
the R-ion radius but the c axis is compressed for large R-ion (R = Gd - Dy) radii and
expands for smaller R-ion (R = Ho - Lu) radii. As a consequence the b axis parameter
decreases with decreasing R-ion radius except for R = Yb and Lu. This is the only
lattice parameter whose behaviour is comparable to the bulk [42, 155, 160] and plays a
prominent role in determining the multiferroic ground state. The ferroelectric studies
to identify TFE and magnetic susceptibility measurements to obtain the magnetic transition temperature TM were performed by K. Shimamoto [150], which are summarized
in Appendix C. For every RMnO3 (R = Gd - Lu) thin film a spontaneous polarization
along a is found independent of the R-ion radius and the magnitude of polarization is
also comparable P ∼ 1 - 2 µC cm−2 .
Systematic study of the magnetic order of strained RMnO3 thin films
In this section we present a study of magnetic order on each epitaxial RMnO3 (R
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Figure 6.9: (a) Image of the sample mounted on a sample holder made of Al with b
and c axis in the horizontal scattering plane for neutron diffraction. The curved arrow
represent the option of tilting the sample about b (Tilt 1) and c (Tilt 2) axis to align
them in the horizontal scattering plane. (b) Image of sample glued to Al plate by Ag
paste for x-ray diffraction.
= Gd - Lu) strained film. In addition to the neutron diffraction experiments we also
exploited the resonant soft X-ray diffraction to study the magnetic phase in these films.
For neutron diffraction samples were mounted with bc plane in the horizontal scattering plane using an in-house sample holder as shown in Fig. 6.9 (a). For resonant
x-ray scattering experiments the sample was glued to a Al plate by Ag paste Fig. 6.9
(b). In RMnO3 , the rare earth ionic radius decreases monotonically moving from the
lighter R-ion (Gd) towards the heavier Lu ion [42]. The magnetic studies of the strained
RMnO3 thin films are presented moving from GdMnO3 towards LuMnO3 and reveal
the dependence of the magnetic properties on the R-ion radius.
GdMnO3
Following the brief discussion on properties of bulk GdMnO3 in Chap. 2.4, a first
order magnetic phase transition from PM to an incommensurate or long wavelength
magnetic structure was identified to occur at TN ∼ 43 K with a magnetic modulation
wave vector of qM n ∼ 0.48 along the b-axis for Mn3+ spins [61, 62] which decreases
monotonically with T . On further cooling the magnetic order stabilises into a commensurate A-type AFM order at Tlock ∼ 23 K. Evidence on weak ferromagnetism (WFM)
was observed in the A-type phase originating from canting of spins towards the c-axis
and the commensurate order was described as canted-A-type AFM [161], albeit no de-
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tailed study on the magnetic structure has been reported yet. A canting of Mn3+ spins
polarises the Gd 4f spins and at TNGd = 6.5 K the Gd moments order as A-type AFM
due to an interaction with the Mn spins [62, 161–163]. Kimura et al. [61] showed
that the ferroelectric ordering in GdMnO3 only existed within the temperature window
5.1 K < TFE < 8.2 K with a weak polarization of P = 4 × 10−3 µC cm−2 . To study
the magnetic order of Mn3+ ions in GdMnO3 film we probed the unpaired 3d electrons
at the Mn3+ sites by X-ray diffraction at the Mn L2,3 absorption edge [151].
For the magnetic studies we used a 10 nm thick strained GdMnO3 film (sample G1
in Tab. 3.1). In Fig. 6.10(a), we present q-scans along (0 q 0) measured at different
temperatures. The peak position of the (0 q 0) reflection, which indicates the modulation wave-vector of the magnetic unit cell along the b-axis is plotted as a function of
temperature in Fig. 6.10(b). A transition from a PM to AFM phase in GdMnO3 was
identified at TN ∼ 41 K. from the temperature dependence of the integrated intensity of
the (0 q 0) reflections [Fig. 6.11(a)]. Below, TN ∼ 41 K the modulation wave vector q
increases steadily towards q ≈ 1/2 (r.l.u) suggesting GdMnO3 exhibits an incommensurate magnetic order which finally locks into a commensurate E-type order with q ≈ 1/2
at Tlock-in ∼ 17 K.
The other crucial aspect is the sensitivity of the magnetic reflection (0 q 0) to
the canting of the Mn spins towards the c-axis. Therefore, the magnetic phases are
modulated along the b-axis with a finite sublattice magnetization along b and c . The
c-axis canting of Mn spins was also found in recent reports on RMnO3 (R = Y, Tm, Lu)
[73, 152, 164–166]. Therefore, we show for GdMnO3 the intermediate incommensurate
phase and E-type commensurate ground state, both having canted moments along the
c-axis. The limitation in this measurement technique is the reachable minimum sample
temperature (T ∼ 9 K) which restricted us from probing the effect of the Gd 4f - Mn
3d spins interplay on the magnetic order, which occurs below TNGd ∼ 5 K in the bulk
phase[61].
To overcome this limitation complementary studies were conducted using neutron
diffraction and the magnetic order was investigated below T = 10 K. We measured
the strongest magnetic reflection, (0 q 1) estimated for an E type order similar to
the TbMnO3 strained film studies, with a dominant magnetization component along
the b-axis [73]. The peak intensity of (0 q 1) was measured on cooling to study the
role of the Gd moments on the Mn magnetic order is shown in Fig. 6.11(b). The
temperature dependent behaviour of the peak intensity is a direct confirmation of Gd
and Mn moments coupling indicated by the drastic increase (∆I ∼ 110%) of the peak
intensity at TNGd ∼ 10 K. The transition from the disordered-to-ordered phase of Gd
moments at TNGd is sharp and of first-order in comparison to the second-order phase
transition of the Mn moments at TN . The increase of the (0 q 1) peak height is possibly
due to the interaction of unpaired 4f electrons with 3d electrons of the Mn3+ ion.
We observed a slight increase in the ordering temperature (TNGd ∼ 10 K) of the
Gd
Gd spins under strain as compared to bulk (TN,bulk
∼ 6.5 K) [161]. The other intriguing question which we address is the magnetic order of GdMnO3 below TNGd . In
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Figure 6.10: (a) Temperature dependence of the magnetic reflection (0 q 0) of 10 nm
(010) oriented GdMnO3 film measured using X-ray diffraction. The peak-like feature at
q ∼ 0.55b∗ is an oscillation observed in specular reflectivity due to finite film thickness.
(b) Plot of the temperature dependent magnetic modulation vector (q) along the b-axis
with lowering of temperature derived from the (0 q 0) and (0 q 1) reflections [151].

Figure 6.11: (a) Variation of the integrated intensity of (0 q 0) reflections of GdMnO3
revealed the onset of the AFM phase below TN ∼ 41 K. (b) Temperature dependence of
the normalised peak intensity for (0 q 1) reflection showing drastic increase below TNGd
due to 4f ordering[151].
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Fig. 6.10 (Inset), we show that the Mn magnetic order remains unchanged and retains the commensurate (CM) E-type phase with q ∼ 0.5. The magnetic properties of
strained GdMnO3 thin films were found to be consistent with their ferroelectric properties. Analogous to TbMnO3 films, a spontaneous polarization was obtained below
TFE ∼ 39 K along the a axis with appreciably large magnitude of 1 µC cm−2 , which is
absent in bulk phase. The detailed of these studies are documented elsewhere [15, 150].
These results are in strong contrast to the multiferroic properties of bulk GdMnO3 .
A small ferroelectric polarization Pa ≈ 0.06 µC cm−2 at 14 K under an external magnetic
field with a commensurate order and wave-vector q = 1/4 was observed in bulk [62].
However, an E-type order was predicted in bulk GdMnO3 under external pressure and
magnetic field to explain the enhanced ferroelectricity (P ||a)[83], without any direct
evidence of the magnetic ground state. In our case the studies based on magnetic
scattering intensity provide adequate evidence for the E-type magnetic order of the
strained GdMnO3 film and supports the ferroelectric polarization P ||a.
It is noted, that due to a limited scattering volume and small thickness (∼ 10 nm)
of the GdMnO film the (0 q 1) reflection obtained using neutron diffraction is weak
and broad (not shown here). On the other hand, X-ray scattering in the resonance
mode enhanced the weak magnetic signals and allowed the unambiguous determination
of the ordering temperatures from the temperature dependent plot of the (0 q 0). Also,
the X-ray diffraction has a better q-resolution which is preferable for estimating the
magnetic modulation vector at different temperatures. The observation of both the (0
q 0) and (0 q 1) reflection implies, that the ICM and CM phase can be defined by the
same order parameter which have a sublattice magnetization along the b and c-axis [73].
TbMnO3 and DyMnO3
A detailed description on the multiferroic studies of strained TbMnO3 thin films was
discussed in Sec. 6.1. Considering that the TbMnO3 which has a smaller R-ion radii
than GdMnO3 and consequently experiences a slightly larger orthorhombic distortion,
the multiferroic ground state stayed unchanged. This implied that strain played a more
dominant role compared to the structural distortions.
DyMnO3 in bulk phase experiences significantly stronger distortions since (rDy <
rT b < rGd ) and is located deep inside the cycloidal ordered phase within the multiferoic
phase diagram of o-RMnO3 [42, 63, 145]. A magnetic transition in to an ICM collinear
sinusoidal phase with wave vector qM n = 0.36 - 0.385b∗ occurs at TN ∼ 40 K which stays
paraelectric in bulk DyMnO3 [66, 71]. A successive phase transition to a ferroelectric
cycloidal phase occurs below TC ∼ 18 K for both Dy and Mn spins, defined by a lockedin wave vector relation [66, 70], qDy = qM n = 0.385b∗ . The magnetic ordering of Mn
moments and the induced ordering of the Dy moments result in an enhancement of the
polarization [167]. Further lowering the temperature below TNDy ∼ 6.5 K induces an
independent ordering of Dy spins [66, 71].
Neutron diffraction studies on the strained DyMnO3 thin films (16 nm thick, sample
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D1 in Tab. 3.1) revealed that the onset of the AFM phase occurs at TN ∼ 42 K using the
temperature dependence of the normalised peak intensity of (0 q 1)[168] in Fig. 6.12(a).
The other outstanding feature is the sharp increase of the intensity (∆I ∼ 350%) below
TNDy ∼ 8 K, which reveals that the induced ordering of Dy spins is qualitatively very
similar to GdMnO3 . However, the jump is more dramatic compared to GdMnO3 . In
the AFM phase the Mn spins shows an incommensurate (qM n 6= 0.5b∗ ) ordering and
a transition to a commensurate E-type order occurs at Tlock-in ∼ 30 K as shown in
Fig. 6.12 (a) (Inset). The onset of the E-type magnetic order in DyMnO3 , similar to
the TbMnO3 occurs at a higher temperature than in GdMnO3 . In Fig. 6.13(a), we show
the representative scans of a (0 q 1) reflection of DyMnO3 measured below Tlock-in to
confirm the E-type order with qM n = 0.5b∗ .
Similar to GdMnO3 and TbMnO3 , a FE polarization pointing along the a-axis was
observed in DyMnO3 films. The ferroelectric onset temperature TFE ∼ 36 K was found
to be higher than in bulk (TFE ∼ 31 K) with a polarization P ∼ 1 µC cm−2 . It is
noteworthy that the onset of ferroelectricity at TFE and the locked-in E-type phase at
Tlock-in are not concurrent. This is similar to the multiferroic behaviour of the GdMnO3
and TbMnO3 thin films. Compared to previous reports on DyMnO3 films having compressive strain in the ab-plane, our films experience a compressive strain in the ac-plane
[150, 169]. Therefore, compared to the previous studies on films [169] the modification
in multiferroic properties we observe can be ascribed to the direction and the magnitude
of the applied strain. Bulk DyMnO3 , at high magnetic fields (µo H > 7 T) showed a
switching of the FE polarization from P ||c to P ||a, but with a different magnetic order
compared to the films discussed here [61, 71, 170]. In bulk DyMnO3 , a comparable
multiferroic phase in these films is defined by an E-type and a polarization along the
a-axis. This was achieved using chemical pressure by doping [82] or external isotropic
pressure [83].
HoMnO3
In the RMnO3 series, the multiferroic ground state of bulk HoMnO3 is characterised
by a commensurate E - type phase which is obtained in other manganites (R = Gd
- Dy) by epitaxial strain or external parameters such as magnetic field and pressure.
HoMnO3 follows a similar scheme of magnetic transitions beginning with the onset of
an ICM sinusoidal phase at TN ∼ 41 K, followed by the stabilization of a commensurate
E-type order with qM n = 0.5 along the b-axis at TC ∼ 26 K [72]. Induced ordering
of Ho3+ spins with qHo = qM n occurs below T ∼ 15 K. A non-collinear spin structure
with components in the ab plane was observed. Infact, the independent ordering of
Ho ions was observed below TNHo ∼ 6.5 K. The studied electric properties confirmed
the incommensurate phase to be paraelectric and a polarization along the a-axis only
appeared below TC in the commensurate phase due to a symmetric Mn-Mn exchange
striction in the ab-plane inducing cooperative movement of O− ions with respect to the
Mn3+ ions [49, 74].
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Figure 6.12: Normalised peak intensity of (0 q 1) reflection and magnetic modulation
wave vector (Inset) of (a) DyMnO3 , (b) HoMnO3 , (c) TmMnO3 and (d) YbMnO3 . The
solid lines are guide to eye and dotted lines (inset) mark the commensurate order at
qM n = 0.5b∗ [151].
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Here also, we followed a similar strategy to reveal the magnetic order of strained
HoMnO3 film (14 nm thick, sample Ho1 in Tab. 3.1) by measuring (0 q 1) as a function
of temperature. The antiferromagnetic transition occurred at TN ∼ 41 K as shown
in Fig. 6.12(b). The antiferromagnetic phase is found to have an incommensurate
magnetic order following the magnetic behaviour of o-RMnO3 (R= Gd - Dy) thin films.
Also, the tendency of the magnetic order to lock into a commensurate E-type order is
replicated and occurs here at Tlock-in ∼ 30 K as presented in Fig. 6.12(b) (Inset). In the
commensurate phase the magnetic reflections (0 q 1) were centered around qM n = 0.5b∗ ,
implying an E-type magnetic order for Mn spins below Tlock-in [Fig. 6.13(b)]. A wide
q-scan was conducted at T = 10 K to confirm the absence of any incommensurate phase
found in bulk above T ∼ 30 K with a wave vector qM n ∼ 0.4 [72].
The other prominent feature in the temperature dependence of the (0 q 1) peak
intensity is the rare-earth ordering induced increase in its intensity below TNHo ∼ 8
K of ∆I ∼ + 450% at T ∼ 1.5 K (Fig. 6.12(b)). Compared to a similar behaviour
observed for other o-RMnO3 (R = Gd - Dy) films, the jump was most dramatic. These
results indicate the Ho spins are coupled to E-type-ordered Mn spins. The increased
peak intensity of (0 q 1) is proportional to an effective moment due to the Ho-Mn
coupling and suggests a possible tool for designing systems to obtain a large effective
magnetization, often a desirable parameter to study magnetic order within a reasonable
time frame specifically when dealing with limited sample volumes.
We would like to point out that the absence of anomalies in the dielectric properties of o-RMnO3 films with the emergence of commensurate order at Tlock-in and the
rare-earth ordering at TNR was also observed in HoMnO3 . A ferroelectric transition was
found at TFE ∼ 39 K and a large polarization up to 1 µC cm−2 along the a-axis was
obtained [150]. The increase in the FE onset temperature at TFE > Tlock-in suggested
that even in HoMnO3 a ferroelectric incommensurate phase persists unlike its bulk,
consistent with the multiferroic behaviour in strained RMnO3 thin films.
TmMnO3 , YbMnO3 and LuMnO3
The multiferroic properties for RMnO3 with smallest rare-earth ion radii (R = Tm
- Lu) are very similar and undergo transition from a PM to incommensurate paraelectric phase at TN ∼ 42 K (TmMnO3 ), 43 K (YbMnO3 ), 39 K (LuMnO3 ) and subsequently stabilizes into a commensurate E-type order at Tlock-in ∼ 32 K (TmMnO3 ),
36 K (YbMnO3 ) and 35.5 K (LuMnO3 ) [42, 43, 73, 75, 76]. This commensurate phase
induces spontaneous ferroelectricity at TFE ≈ Tlock-in with P ||a and the dominant microscopic mechanism in these systems is the symmetric exchange striction [41, 147]
compared to the antisymmetric exchange striction in case of TbMnO3 and DyMnO3 .
TmMnO3 strained film (16 nm thick, sample Tm1 in Tab. 3.1) showed the transition
to the incommensurate phase occurs at TN ∼ 38 K followed by an E-type phase at
Tlock-in ∼ 28 K [see Fig. 6.12(c)]. No change in the peak intensity of (0 q 1) at T <
15 K, implying no clear indication of Tm ordering as shown in Fig. 6.13 (c) and also
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Figure 6.13: Plots showing q scans for (0 q 1) magnetic reflections at different temperatures of (a) DyMnO3 , (b) HoMnO3 , (c) TmMnO3 and (d) YbMnO3 [151].
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(0 q 2) was absent at the base temperature T ∼ 1.5 K. The ferroelectric ordering was
found to occur at TFE ∼ 35 K and a polarization of 1 µC cm−2 along a axis comparable
to other strained RMnO3 films was also found. The magnetic transition temperatures
(TN , Tlock-in ) are reduced compared to bulk whereas the onset to ferroelectricity (TFE
) occurs at slightly higher temperature.
For YbMnO3 film (14 nm thick, sample Yb1 in Tab. 3.1) , the AFM phase appeared
at TN ∼ 37 K as shown in the peak intensity of (0 q 1) [Fig. 6.12(d)]. Similar to RMnO3
(R = Gd - Tm) strained films the magnetic ground state of YbMnO3 demonstrated a
E-type spin ordering identified from the (0 q 1) reflection at T ∼ 1.5 K [see Fig. 6.13(d)].
However, a poor signal-to-noise ratio restricted the identification of the lock-in temperature to the commensurate phase [Fig. 6.13(d)]. It is noted that the magnetic order of
YbMnO3 was not changed by epitaxial strain compared to bulk. The other intriguing
behaviour appeared concerns the Yb ordering below TNY b ∼ 8 K [Fig. 6.12(d)]. Beside,
the TNY b being slightly higher than in bulk, more importantly the Mn ordering wave vector shifted to an incommensurate value qM n 6= 0.5b∗ [Fig. 6.13(d)]. This feature also
induced a reduction in the intensity of the (0 q 1) reflection [Fig. 6.12(d)], suggesting a
possible suppression of the E-type Mn order due to Yb-Mn interaction. This property
is categorically different from other o-RMnO3 films with magnetic R ions. The ferroelectric transition temperature in this case reduced slightly to TFE ∼ 34 K compared
to bulk and the P ||a ∼1 µC cm−2 stayed similar to all other films [150].
LuMnO3 with the smallest R-ion radii and experiencing strongest distortion is an
ideal system to study the Mn order independent of the interplay with 4f rare-earth
spins since Lu is non-magnetic. The magnetic ground state of the strained LuMnO3 film
(13 nm thick, sample L1 in Tab. 3.1) was also found to be E-type AFM by measuring the
(0 q 1) reflection at T = 14 K [Fig. 6.14(a)]. On heating to Tlock-in ∼ 31 K close to TFE ,
the commensurate E-type order is preserved. The onset of a long-range-ordered AFM
phase was observed at TN ∼ 36 K from the temperature dependence of the (0 q 1) peak
intensity [Fig. 6.14(b)], which is significantly lower than the ordering temperature TM
observed by measuring magnetic susceptibility [Fig. 6.14(b) Inset] [150]. This difference
is also observed for ErMnO3 [171], TmMnO3 and YbMnO3 . However, the polarization
was still oriented along the a axis similar to bulk but TFE ∼ 32 K is smaller than bulk
and also the magnitude increased by factor of 2 up to P ∼ 1 µC cm−2 .
It is noted, unlike other strained o-RMnO3 (R = Gd - Ho) films, here we do not
have enough evidence on the magnetic order at Tlock-in < T < TN due to a weak
signal-to-noise ratio and the limited time frame available to obtain conclusive results.
However, the coexistence of a paraelectric phase above TFE and a commensurate magnetic order with qM n = 0.5b∗ can safely be ruled out by symmetry considerations.
Instead an ICM phase with a centrosymmetric magnetic symmetry can be considered
as a feasible scenario. In other words, the magnetic order of LuMnO3 film contrary to
the o-RMnO3 (R = Gd - Yb) does not host an ICM FE phase and the multiferroic
properties are not changed. Instead, the onset of ferroelectricity and E-type ordering
coincides (Tlock-in ≈ TFE ) and bulk multiferroicity is replicated with a lower ordering
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Figure 6.14:
(a) Magnetic reflections (0 q 1) of LuMnO3 measured at 14 K, (b)
temperature dependence of (0 q 1) peak intensity showing the TN and (Inset) Zerofield (ZFC) and field-cooled (FC) with µ0 H = 0.05 T || a axis, magnetic susceptibility
measurements showing TM from Ref. [150, 151].
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temperature[73].
Magneto-electric studies
Dielectric property studies under the influence of an external magnetic field is a
common experimental approach to study the coupling of the magnetic and electric order
parameters in a magneto-electric multiferroic [31]. Reorientation of the spin structure
in a field can induce changes in the dielectric properties and this implies a modification
of the microscopic mechanism that drives multiferroicity. For the o-RMnO3 thin films
discussed here, the ferroelectric polarization always points along the a-axis (P k a)
[150]. We have studied GdMnO3 with large R ion radius and LuMnO3 with smallest
R ion radius in the RMnO3 (R = Gd - Lu) entire series. In Fig. 6.15 we plot the
normalised capacitance, ∆C = (C(T ) - C(50 K))/C(50 K), which is proportional to
the dielectric constant, in an applied magnetic field µo H along the a-axis (µo H k P )
and the c-axis (µo H ⊥ P ).
For the GdMnO3 film, the normalised capacitance ∆C along the a-axis has a cusplike peak and shows a shift of TFE as a function of the magnetic field along the a-axis
and the c-axis [see Fig. 6.15(a,b)]. At zero magnetic field TFE ∼ 38.3 K and ∆C ∼ 3 %
is close to the results reported previously [150]. The other feature observed is a small
hump-like increase in ∆C around T ∼ 8 K is likely due to the contribution of the
induced Gd-ordering below TNGd . On applying a magnetic field TFE shifts towards a
higher temperature (∆T ∼ 0.7 K at µo H = 9 T) but the height and shape of ∆C
stays unchanged. Also, the small hump at low-T is suppressed, implying that the
contribution due to Gd-ordering is reduced. These changes in the dielectric properties
are independent of the direction of the applied magnetic field.
As discussed earlier in GdMnO3 film the ferroelectric ordering occurs at a temperature above the lock-in temperature for E-type ordering (TFE > Tlock-in ), which
implied that the incommensurate phase is also ferroelectric. The magnetic field dependent change in the dielectric properties thus suggest, that the incommensurate magnetic
order is weakly affected by the external magnetic field and causes a small increase in
TFE . The magneto-dielectric behaviour is however, independent of the magnetic field
direction and suggests the absence of any in-plane anisotropy along the ac-plane.
In case of LuMnO3 film, the temperature dependence of ∆C along the a-axis showed
almost no variation in TFE under application of field up to µo H = 9 T [see Fig. 6.15
(c,d)]. At TFE ∼ 31 K, the ∆C ∼ 3.5 % is unchanged on altering the direction of the
applied field. Also, we do not observe any hump-like peak at low-T , consistent with the
absence of a magnetic moment for the R-ion in LuMnO3 . So, in LuMnO3 where the
incommensurate phase is paraelectric and the E-type phase is solely responsible for the
FE polarization, the applied magnetic field do not cause any change in the dielectric
properties. This behaviour is in agreement with the electrical property studies of bulk
LuMnO3 in applied magnetic fields [43].
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Figure 6.15: Normalised capacitance (∆C = (C(T ) - C(50 K))/C(50 K)) along the
a-axis under applied magnetic field (µo H) along the a-axis (µo H k P ) and the c-axis
(µo H ⊥ P ) for GdMnO3 in (a) and (b), respectively and for LuMnO3 in (c) and (d),
respectively [151].
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Figure 6.16: Multiferroic phase diagram of bulk RMnO3 presented in Ref. [150] and
adapted from [43, 73, 174, 175].

6.3

Redefining the multiferroic phase diagram by strain

In this section we will discuss how the multiferroic phase diagram of bulk o-RMnO3 as
shown in Fig. 6.16 gets modified by epitaxial strain. The epitaxial strain is induced by
(010) YAlO3 substrate, which causes significant changes to the physical properties. We
combined the results of ferroelectric and the magnetic studies to redefine the mutliferroic
phase diagram of epitaxially strained o-RMnO3 thin films [see Fig. 6.17] [42, 150, 151].
The multiferroic ground state stabilised by epitaxial strain in these films is characterised
by P ||a and does not show any dependence on the R-ion radius. However, the onset
temperatures of the ferroelectric and magnetic phases of the o-RMnO3 films showed a
variation on decreasing the rare earth ion radii. Tab. 6.34 summarizes the magnetic and
electric transition temperatures of o-RMnO3 in the bulk and film phase for comparison.
The most prominent features in the phase diagram (Fig. 6.17) are as follows :
(1) The antiferromagnetic ordering temperature TN estimated as the onset temperature for the (0 q 1) and (0 q 0) reflection intensity shows a dependence on decreasing
the R-ion radius. This is in contrast to the magnetic ordering temperature TM obtained
using magnetic susceptibility measurements, which shows no dependence on the R-ion
radii [150].
(2) A paralelectric ICM phase exists in the temperature window TFE < T < TN .
4

The parameters for bulk is taken from Ref. [42, 61, 62, 64, 66, 72, 73, 75, 76, 172, 173] and for
films from Ref. [131, 150, 151]).
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Figure 6.17: Multiferroic phase diagram of RMnO3 showing the R ion radius dependence of magnetic and electric transition temperatures. Values of TM and TFE are taken
from Ref. [150, 151]. Schematic image of the E-type magnetic order of Mn spins in ab
plane shown. The atoms are represented by blue (Lu), green (Mn) and red (O) spheres.
Magnitude and direction of spin is drawn as a guide to the eye.
This phase is also observed in bulk but the temperature range hosting the intermediate
ICM phase decreases with decrease in the R-ion radius [41, 43, 63]. Here, this behaviour
is slightly different since an almost consistent ICM-PE region is observed independent
of the R-ion radius.
(3) The incommensurate phase shows a spontaneous ferroelectric polarization in
the temperature window Tlock-in < T < TFE and this region gradually shrinks with a
decrease in the R ionic radii. In fact, in the case of LuMnO3 , this ICM-FE phase fails
to exist. An exception to this tendency in TFE was observed for DyMnO3 .
(4) A magnetic ground state with a commensurate E-type Mn spin ordering below
Tlock-in and a large electric polarization along the a-axis obtained by epitaxial strain is
sustained independent of the R ion radius.
(5) The ordering temperature for E-type order (Tlock-in ) do not show any variation
except in case of GdMnO3 where the transition to the commensurate phase occurs at
a significantly lower temperature.
(6) The spin ordering of magnetic rare-earth ions occurs below rare-earth ordering
temperature TNR and induces an abrupt change in the (0 q 1) peak intensity except in the
case of TbMnO3 , TmMnO3 and YbMnO3 . The overall weak dependence of the ordering
temperature on the R ionic radii is consistent with bulk (TNR ∼ 4 - 7 K) [61, 72, 75, 161]
with small variations in the absolute values.
From the presented phase diagram of the o-RMnO3 films, we confirm that the

118

Chapter 6. Epitaxial Strain : A tuning parameter for multiferroicity

Table 6.3: Multiferroic transition temperatures of o-RMnO3 .
RMnO3

TN (K)
Bulk Film

TFE (K)
Bulk Film

Tlock-in (K)
Bulk Film

TNR (K)
Bulk

Film

GdMnO3

43

42

8(15)

39

23

17

6.5

10

TbMnO3

41

41

28

41

28

31

7

8

DyMnO3

39

42

18

36

18

30

6.5

8

HoMnO3

41

41

26

39

26

30

6.5

8

ErMnO3

42

39

28

37

28

31

—

—

TmMnO3

42

38

32

35

32

28

4

—

YbMnO3

43

37

37

34

36

—

4

8

LuMnO3

39

36

36

32

35.5

31

—

—

multiferroic ground state is characterised by an E-type commensurate ordering of spins
at the Mn ion sites, independent of the R-ion radius, whereas TN depends on the Rion radius. In addition, the ferroelectric ordering occurs in the incommensurate phase
independent of the E-type ordering, except for LuMnO3 . We will dedicate the following
sections to discuss and explain the phase diagram in order to obtain an overview of the
multiferroic properties, that result from the effects of epitaxial strain.

6.3.1

Incommensurate phase

In the o-RMnO3 (R = Gd - Yb) films, an incommensurate antiferromagnetic phase
appears but the transition temperature to this magnetic phase is the most puzzling
aspect in the multiferroic phase diagram. A clear difference in TM [as presented in
Appendix C] and TN for o-RMnO3 films with an R-ion radius smaller than Ho was
observed. We incorporate the magnetic transition temperatures for ErMnO3 films [171]
and observe that the difference persists. Infact, all films experiencing epitaxial strain
show a systematic decrease of TN with decreasing R-ion radius. It can be explained in
analogy to the R-ion radius dependent bulk properties. In bulk o-RMnO3 (R = La Tb), the competition in magnetic exchange interactions between spins at the nearestneighbour Mn sites and next-nearest-neighbouring sites increases with a decrease in Rion radius thereby inducing a change in the spin driven multiferroic properties [60, 61].
This led in bulk to a decrease in the antiferromagnetic ordering temperature for oRMnO3 with a small R-ion radius. Similarly, in these films the frustrations within
the magnetic interactions are expected to increase by lowering the R-ion radius which
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supports the observed lowering of the onset temperature (TN ) for the long-range ordered
AFM phase. However, TM stays invariant with the change in the R-ion radius.
To explain this inconsistency we consider a possible existence of short range ordering at TN < T < TM , suggestive from the broad and faint peak feature in the magnetic
susceptibility at TM for o-RMnO3 (R = Er - Lu) as shown for LuMnO3 in Fig. 6.14(b)
(Inset) [150] [Appendix C]. It is noted that the zero-field cooled and field cooled magnetization curves [M (T )] for o-RMnO3 (R = Er - Lu) have an upwards turn or showed
small changes at T < TM . An alternative argument on the basis of a growth induced
defect density or residual strain preventing coherent scattering above TN can be ruled
out considering the epitaxial structural properties [150]. The other possibility is a magnetic contamination from two possible sources. First, oxygen trapping in the glue used
for magnetic susceptibility measurements. We cannot rule out this possibility causing
a broad hump in the magnetization curve around T ∼ 43 K [150, 176, 177]. Secondly,
the existence of a very diluted ferrimagnetic Mn3 O4 phase (∼ 0.05%)[178, 179] can give
rise to such an anomaly. One may argue that a Mn3 O4 contamination should imply a
drastic change in the magnetic susceptibility at TM , which was not observed [150]. We
therefore rule out this scenario. It is noted, the available limited sample mass in these
thin films (t ∼ 10 - 20 nm) imply that a small concentration of a magnetic impurity
can remain undetected.

6.3.2

Electric properties of the incommensurate phase

The electric properties in the incommensurate phase depends on the R-ion radius. A
paraelectric ICM phase appears at DyMnO3 and thereafter with lowering of the R-ion
radius it presists at TFE < T < TN . This implies a R-ion radius dependent change in
the multiferroic phase. It supports our previous results where the R-ion radius plays a
crucial role in determining the onset of the ferroelectric ordering [150]. The paraelectric
ICM phase implies that the magnetic order fails to break the spatial inversion symmetry
of the P bnm structure. In the absence of a detailed magnetic structure analysis for the
ICM phase due to a limited scattering volume in thin films, we propose an amplitude
modulated spin ordering with qM n ∼ 0.4 − 0.495b∗ similar to the bulk phase for oRMnO3 (R = Gd - Lu) above TFE . We want to note that in HoMnO3 although the
Ho-ion radius is smaller than Dy, the ICM-PE phase region is reduced significantly
similar to the GdMnO3 .
In o-RMnO3 (R = Gd - Dy) with a larger R-ion radius and thus smaller magnetic
frustration supports the observed slightly higher TN in the o-RMnO3 series. In spin
driven multiferroics, the interactions of the Mn-Mn spins induces a shift of ions causing
a finite spontaneous polarization. Ferroelectricity at TFE for GdMnO3 and TbMnO3
appears almost concurrently with the onset of AFM ordering. This suggests that the
ICM magnetic phase in GdMnO3 and TbMnO3 has a polar magnetic symmetry. A
higher ferroelectric ordering temperature at TFE ≈ TN compared to bulk suggest that
the epitaxial strain managed to tune the electric properties of the ICM phase. To explain
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the decrease in the AFM ordering temperature in o-RMnO3 (R = Dy - Lu) films, we
propose an increase in the competition of magnetic interactions with a decrease in
the R ion radius. For, o-RMnO3 with smaller R ion radius experiences an increased
orthorhombic distortion which coupled to the modifications of exchange interactions due
to strain can cause an increase in the magnetic frustration. The ferroelectric polarization
occurs in the ICM phase and TN shows a variation with changing R-ion radius similar to
TFE [150]. This feature suggested with a lowering in the R-ion radius, the landscape of
the multiferroic phase diagram mimics the existence of the incommensurate paraelectric
phase in bulk o-RMnO3 . The TN and TFE of o-RMnO3 (R = Dy - Lu) films decrease
monotonically with a decrease in the R ion radius unlike in the bulk phase. Considering
the single axis dependent multiferroicity in o-RMnO3 films[150], we can propose the
need of a large R ion radius (r > 1.027Å) and epitaxial strain as crucial to improve TN
and TFE in o-RMnO3 .
The appearance of an ICM magnetic and yet FE phase in strained o-RMnO3 films
below TFE was reported in recent studies [152, 166, 180] without any clear description
of the magnetic structure. Possible candidates proposed include an ab-spiral phase
or the coexistence of a CM and an ICM phase which can break the spatial inversion
symmetry inducing the polarization along the a-axis. In our case this incommensurate
phase ceases to exist below Tlock-in . This implies a shift in the balance of the microscopic
mechanism by strain, which modifies the spin structure with an incommensurate order
and long wavelength periodicity to a commensurate E-type. One cannot rule out the
possibility of the proposed metastable phase of E-type and spiral order coexisting above
the Tlock-in , which at low temperature melts the spiral phases into a homogenous Etype phase [41, 152]. The other aspect in the phase diagram [Fig. 6.17] is the ICM FE
phase, which shrinks with a decrease in R-ion radius, and vanishes for LuMnO3 . So, in
the o-RMnO3 films with R-ion radius lower than Dy both the ICM-PE and ICM-FE
phase exist, whereas when the R-ion radius is above Dy the region under ICM-PE phase
shrinks considerably.

6.3.3

E-type commensurate ferroelectric ground state : Microscopic
mechanism

The multiferroic ground state in the strained films is found to be robust and do not
dependent on the strain or R-ion radius. It is characterised by a commensurate Etype magnetic order and ferroelectric polarization P ||a. Additionally a closer look at
the phase diagram [Fig. 6.17] reveals that the lock-in temperature to the E-type phase
stays almost constant except in the case of GdMnO3 .
To understand better the role of epitaxial strain at microscopic level we borrow the
explanation presented for bulk o-RMnO3 (R = Ho - Lu), which also has a multiferroic
ground state defined by an E-type magnetic order inducing ferroelectric polarization
along a axis. These results in bulk were theoretically reproduced by the Monte-Carlo
simulations and the role of exchange interactions between the next-nearest neighbour
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Figure 6.18: (a) Theoretical phase diagram of RMnO3 showing dependence on thermal
energy and Jb interaction. ICS denotes an incommensurate spiral phase and the solid
arrow is a guide to illustrate the effect of epitaxial strain. (b) Schematic of atomic
orbitals showing the exchange path for Jb in ab plane via the oxygen ions O(2) and
O(3) [41].
Jb along the b-axis and the nearest-neighbour interaction Jab in the ab plane, and the
relative ratio Jb /|Jab | was presented as crucial parameters to stabilize an E-type ground
state [41, 131, 150]. For a given |Jab |, depending on the strength of the interaction
parameter Jb the ground state gets tuned from an incommensurate spiral phase (0.5 <
Jb < 1.5) towards a commensurate E-type (2.0 < Jb < 3.5) [Fig. 6.18 (a)].
For the strained films, the b axis parameter in most films gets significantly expanded
(R = Gd - Er) and in other cases the b axis changes very weakly. This scenario can lead
to a change in the distance between two oxygen atoms [O(2) and O(3) see Fig. 6.18 (b)],
which mediate the Jb between the Mn spins, gets smaller than bulk. This induces a
larger overlap between those oxygen ions and forces the Jb towards a higher value. This
increase in Jb seems to change the dominant mechanism for multiferroicity in these
films and unlike bulk, the balance between competing interactions is tipped off towards
a symmetric magnetostriction [131]. Additionally, in these films, the ca plane has almost
a fixed parameter 7.37 Å × 5.181 Å which supports the proposed increase in Jb (or the
ratio Jb /|Jab |) interaction.
Therefore, we propose that the ferroelectricity in strained o-RMnO3 (R = Gd Lu) films with E-type order similar to bulk RMnO3 (R = Ho - Lu) originates from
a symmetric exchange striction compared to the antisymmetric interactions mediated
ferroelectricity in the o-RMnO3 with a spiral magnetic ground state [41, 49, 74]. The
systematic decrease in TFE among the o-RMnO3 films can also be ascribed to the differ-
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ence in the exchange interaction Jb due to the variation in the b-axis lattice parameter
[150]. The significant enhancement in the magnitude of polarization in these films compared to the bulk suggest an appreciable increase of spin-phonon coupling or decrease
in the elastic energy necessary to induce movement of atoms from centrosymmetric
positions. However, our proposed microscopic model is based on observed data and
would require support of experimental clarification on the oxygen atom positions and
theoretical ab − initio calculations to validate the hypothesis [131].
Next, we present a brief discussion on recent studies aimed at explaining the E-type
in strained films. In Tab. 6.4, we have summarised the R ion radii dependency on
the a/b values for these epitaxially strained films and compared them with bulk. The
bulk studies showed a systematic decrease in the a/b ratio with a lowering of the R
ion radius thereby causing the multiferroic ground state to undergo transitions from a
paraelectric A-type to a ferroelectric spiral and finally into a ferroelectric E-type phase
[42, 181]. This phenomenological behaviour was addressed in YMnO3 and DyMnO3
thin films grown on Nb-doped SrTiO3 showing the dependence of multiferroicity on the
a/b parameter [169, 181]. The obtained a/b ratio in these films were larger than the
bulk and was proposed to be responsible for the changes in the multiferroic properties.
It is noted, the growth axis normal to the substrate in these films is along the c-axis
and the ab-plane experiences a compressive strain. In recent studies density functional
theory was employed to explain the stabilisation of the E-type order in TbMnO3 and
HoMnO3 thin films with a compressive ab in-plane strain of > -4.5 % and < -3 %,
respectively [182, 183].
In our case, it is not trivial to calculate the ab strain since the a-axis experiences a
compressive strain whereas the b-axis undergoes a cross-over from tensile to compressive
strain [150]. However, from Tab. 6.4, it is clear for our o-RMnO3 thin films, the a/b
ratio increases with decreasing R ion radius contrary to bulk. But, the a/b ratio of the
films always stays lower than the threshold value (a/b ∼ 0.9) necessary to stabilise the
E-type order. This supports the observed E-type phase in our films and coincides with
the large orthorhombic distortion experienced. However, a systematic theoretical study
is still missing.

6.3.4

Multiferroic mechanism under magnetic field

Study of the dielectric response in an external magnetic field revealed the sensitivity of
the microscopic mechanisms that induces the multiferroicity in GdMnO3 and LuMnO3
films. The ferroelectric order in a GdMnO3 film (largest R-ion radius) shows a higher
sensitivity to the applied magnetic field compared to a LuMnO3 film (smallest R-ion
radius). The existence of an incommensurate phase showing ferroelectric ordering in
a strained GdMnO3 film implies a possible combination of DMI and symmetric magnetostriction to be responsible for the ferroelectric order. In LuMnO3 the ferroelectric
state occurs only in the commensurate phase and points towards a symmetric exchange
striction as the dominant mechanism for ferroelectricity. Therefore, these results reveal
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the rigidity of the symmetric exchange in an applied magnetic field as compared to the
antisymmetric exchange interaction.
Table 6.4: The lattice parameter ratio [42, 150, 151, 155, 160].
Rare earth
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
R (Å)[60] 1.053 1.040 1.027 1.015 1.004 0.994 0.985 0.977
a/b film

0.867

0.872

0.877

0.881

0.886

0.892

0.895

0.897

a/b bulk

0.906

0.907

0.905

0.901

0.899

0.900

0.899

0.898

6.3.5

Conclusion

This chapter highlighted the capability of epitaxial strain to tailor the multiferroic
properties of orthorhombic RMnO3 (R = Gd - Lu) when deposited on (0 1 0) oriented
YAlO3 substrate. Evidence on a commensurate E-type magnetic ground state which is
consistent with a significantly large ferroelectric polarization P ||a was obtained. This
illustrated the existence of spin driven multiferroicity in every strained films. A proposed
change in the interaction parameters is presented which could explain the stabilisation
of the E-type order. Interestingly a unique incommensurate phase was revealed which
becomes ferroelectric depending on R ion radius. The interaction of rare-earth and
Mn moment was also observed. It can be safely mentioned that this is one of the first
systematic studies to track the effect of epitaxial strain on RMnO3 , to the best of our
knowledge.
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Magnetic field dependent studies

In this section we continue our discussion on the modifications of the mutliferroic
properties in epitaxially strained TbMnO3 films which was presented in Chap. 6.
It is found that a high temperature incommensurate (HTI) magnetic phase exist at
Tlock = 31 K ≤ T ≤ TN = 41 K. In addition transition to a ferroelectric state
occurred at TFE = 41 K, which implied that the incommensurate phase breaks the
spatially inversion symmetry of TbMnO3 and the high temperature multiferroic phase
can be described as an incommensurate ferroelectric phase. An incommensurate ferroelectric phase is not found in bulk and is a consequence of the epitaxial strain. This
high temperature multiferroic phase is found in each strained RMnO3 (R = Gd - Lu)
films and our goal is to obtain experimental evidence on the microscopic spin model of
the incommensurate phase which can explain this feature.
One possible explanation presented is the HTI phase has spins forming ab-spiral
structure with a long periodicity in real space [131, 166] that support the appearance of
a polarization along the a axis as explained in Chap. 2.3.2.1. To verify this one has to
refine the magnetic structure of the HTI phase on these films which is a very challenging
task. In addition to the limited scattering volume of the thin films the magnetic intensity
in the incommensurate phase is strongly reduced. An indirect method is measuring
the dielectric response under magnetic field. It has been reported that the plane of
a spiral phase can be tuned from bc-spiral to ab-spiral in an external magnetic field
and this results in a reorientation of the electric polarization from P ||c to P ||a in bulk
TbMnO3 [31]. Such results can be used to confirm the existence of spiral order in
the incommensurate phase. We conducted a similar study on strained GdMnO3 films
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with magnetic field along a and c axis as described in Sec. 6.2, but no change in the
orientation of the polarization axis was observed contrary to the expected scenario for
the ab spiral phase. However, we cannot completely rule out an ab-spiral phase until
a systematic study of the dielectric response under magnetic field along the b axis is
conducted. This cannot be achieved in our case owing to the sample holder geometry
used in these measurements which allows application of magnetic field only along the
in-plane axes of the film (a and c) [see Fig. 4.24].
The other possible explanation behind the ICM-FE phase is a coexistence of an incommensurate spiral phase together with commensurate E-type domains. Such a state
has been proposed as a metastable phase in RMnO3 for a large interaction parameter Jb
along the b axis [41]. This can lead to a magnetic intensity due to interference between
these two magnetic phases and a more dominant polarization component along the a
axis due to the E-type domains can be expected independent of the incommensurate
phase. We tested this hypothesis by application of magnetic field along all three principle crystallographic directions and study the impact on the magnetic reflections of
strained TbMnO3 films in the incommensurate phase.
Additionally, the effect of magnetic field on the Mn spins with E-type order below
Tlock-in was also investigated, which could improve our understanding of the magnetization components and help in realising the real space configuration of Mn spins
qualitatively. Previously, we did not manage to obtain a detailed information on the
magnetization components of Tb ions. In fact, no increase in the (0 q 1) intensity
below Tb spins ordering temperature was seen, which is a signature of rare-earth ordering. The only evidence of Tb moments ordering was obtained from measuring (0 q
2) reflection. In this section we discuss our results on a similar strained 44 nm thick
(0 1 0) oriented TbMnO3 film (sample T2 in Tab. 3.1) but the size in this case is
larger ∼ 10 mm × 10 mm compared to the earlier sample ∼ 5 mm × 10 mm (sample
T1) discussed in Chap. 6.1. So, beside the incommensurate and commensurate order of
Mn spins we also studied the magnetic order of Tb spins by neutron diffraction under
an external magnetic field.
Magnetic properties at zero magnetic field
In this part we present the magnetic order of Mn spins studied on the 10 mm × 10
mm sample T2 and compare them with the 5 mm × 10 mm sample T1. For this purpose,
the (0 q 1) reflection was measured at varying temperature as shown in Fig. 7.1 (a).
It is found that in T2 the magnetic order is commensurate with q = 0.5 in the ground
state (T = 10 K) and an incommensurate phase with q 6= 0.5 exists at T = 37.5 K
consistent with the results on T1 [Chap. 6]. The onset of the commensurate E-type
also occurred at T ∼ 31 K similar to the earlier study.
A temperature dependence of the (0 q 1) peak intensity confirmed that the magnetic
transition temperature of T2 occurs around TN ∼ 40 K [Fig. 7.2] close to the transition
temperature of T1 (TN ∼ 41 K) [131]. The most prominent feature found is the evidence
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H || a
H || c
H || b

(a)

(b)

Figure 7.1: (a) Representative scans of (0 q 1) reflections at different temperature
showing magnetic ordering of Mn spins in TbMnO3 (larger film). At T = 60 K the scan
resemble the background intensity. (b) Image showing orientation of magnetic (H) field
with respect to the sample.
of Tb ordering from the increase in (0 q 1) intensity below TNR ∼ 8 K, which is similar
to other RMnO3 (R = Gd, Dy and Ho) presented in Sec. 6.2. The enormous increase
of intensity by ∆I ∼ 250 % was not found in T1, which implied that the Tb ordering in
T2 is long-range ordered. This also suggests that T2 has a better sensitivity to the Tb
order and possibly has a lower density of defects compared to T1. So T2 can be used
as an ideal sample for studying the details of the Tb order. Additionally, a noticeable
hump-like feature is present close to Tlock-in ∼ 31 K, which can be attributed to the
stabilization of a commensurate phase.
Effect of magnetic field on the incommensurate phase
In these studies we measured the (0 q 1) reflection under magnetic field. In the laboratory frame the bc plane is lying in the horizontal scattering plane and the a axis is
pointing vertically upwards. The magnetic (H) field was applied using cryomagnets and
defined by the experimental geometry we switched between a vertical and a horizontal
magnet. For the vertical magnet, the field direction is perpendicular to the scattering plane along the a axis. For the horizontal magnet, the field can be applied in the
scattering plane along the b or c axis [see Fig. 7.1 (b)]. The vertical magnet which we
used could reach up to 15 T and the maximum field of the horizontal magnet was 6.9 T.
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Figure 7.2: Showing peak intensity of (0 q 1) as a function of temperature. (Inset)
Scans of (0 q 1) reflection at T ∼ 1.5 K illustrating the increase in the intensity due
to Tb moments ordering compared to the intensity solely due to Mn spins ordering at
TNR < T ∼ 10 K.
H || a
The incommensurate magnetic phase of TbMnO3 discussed in Chap. 6 using the (0 q
1) reflection was described by a modulation wave vector q ∼ 0.492 at 37.5 K. This result
was reproduced by measuring (0 q 1) on T2 sample mounted inside a cryo-magnet at
zero-magnetic field. Due to larger sample size of T2 we gained in the scattering intensity
compared to the T1 sample and an asymmetric line shape of the magnetic Bragg peak
was revealed [Sec. 6.1]. Magnetic scattering intensity (Iscatt ) is proportional to the
magnetization of a magnetic domain (hmi i) and volume of magnetic domains (Vm ),
Iscatt ∝ hmi i2 ·Vm . In the present study we incorporated these informations to calculate
the scattering intensity which converges best with the experimental data. The (0 q 1)
peak at zero magnetic field was fitted using a superimposed function consisting of two
Gaussian functions given by :
(q−qc1)2

A1 · e−2× w12
p
Ical (q) = I0 + g × q +
w1 π2

(q−qc2)2

A2 · e−2× w22
p
+
w2 π2

(7.1)

where, I0 is the offset representing the background which has a slope given by g
owing to the incoherent scattering by Al-made mechanical parts of the cryomagnet, A,
qc and w stand for area under the curve which corresponds to integrated intensity, peak
center and width of the curves, respectively. We refer to this superimposed function
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(b)

(d)

Figure 7.3: Plots showing (0 q 1) reflections at T = 37.5 K with a set of different
magnetic fields applied along the a axis (a) µ0 H = 0 T, (b) µ0 H = 1 T, (c) µ0 H =
2 T and (d) µ0 H = 5 T. The solid line represent the curve which is closest to the
experimental data.

as a double-Gaussian function. In this analysis we kept the width of each Gaussian
curve fixed at δq ∼ 0.0155 Å−1 , which is equivalent to the width of (0 1/2 1) peak
in the commensurate phase. This approach allowed us to reproduce the asymmetry
of the line-shape in the observed scattering intensity [Fig. 7.3 (a)]. These two peak
functions are centered around qICM ∼ 0.485 and qCM ∼ 0.5 which correspond to an
incommensurate (ICM) spin order and a commensurate (CM) order respectively. This
implied that the HTI phase shows a possible coexistence of an incommensurate (ICM)
and commensurate (CM) magnetic order. In Fig. 7.3, the peak corresponding to the
ICM and CM order is represented by a dashed blue and black lines, respectively. Note,
that to estimate the integrate intensity for each Gaussian curve, the peak positions and
the widths were fixed. The integrated intensity corresponding to the ICM order is found
to be almost 3 times than the integrated intensity for the CM order, i.e A1 : A2 ∼ 3 : 1.
This implied that magnetic domains corresponding to the incommensurate order has
a more dominant contribution to the scattering intensity than the magnetic domains
of the CM order at zero-magnetic field. It also suggests that the population of ICM
magnetic domains is higher than the CM magnetic domains.
To test this proposed mixed state we applied external magnetic field along a axis and
measured the (0 q 1) reflection [Fig. 7.3]. The most prominent effect of the magnetic
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Figure 7.4: Plots showing (0 q 1) reflections at T = 37.5 K with µ0 H = 2 T. The solid
line represent the curve which is closest to the experimental data. The broken lines
represent the two Gaussian functions used to fit the data.

(a)

(b)

(c)

Figure 7.5: Plots showing (0 q 1) reflections at T = 37.5 K with a set of different
magnetic fields applied along the a axis (a) µ0 H = 7.5 T, (b) µ0 H = 10 T and (c) µ0 H
= 13 T.
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field was observed at µ0 H = 2 T [Fig. 7.4]. We fitted the (0 q 1) peak following a
similar procedure as described for the zero-magnetic field and a clear two-peak feature
is found. Here the asymmetry of line-shape became more pronounced and we used
the double-Gaussian function to fit the peak. The peak widths were still kept fixed at
δ q ∼ 0.0155 Å−1 and the peak centers stayed almost unchanged at qICM ∼ 0.482 and
qCM ∼ 0.5. However, the integrated intensity given by area A1 corresponding to the
ICM order peak was reduced compared to the integrated intensity given by A2 of the
CM order peak, which was increased. The relative ratio between A1 : A2 is estimated
to 1 : 1.5. This implied that there has been a role reversal and the contribution of the
domains with CM order to the scattering intensity of (0 q 1) became more dominant
compared to the domains of the ICM order. This can be interpreted as an inversion of
magnetic domain population under magnetic field and confirms the coexistence of ICM
and CM magnetic order.
We performed similar studies and analysis for different magnetic fields. For µ0 H = 1 T,
qualitatively no change in the intensity was observed, except the overall intensity decreased slightly [Fig. 7.3 (b)]. This is consistent with the field induced reorientation of
spins. Since the H-field is applied along the a axis, to reduce exchange energy the antiferromagnetic spins will flip normal to a axis into the bc plane. The scattering vector
Q = (0 q 1) lies in the bc plane and the reorientation of spins into the bc plane implies
that the magnetization component normal to Q is reduced which supports the overall
decrease in the intensity of (0 q 1). Albeit, the dominance of the ICM domains is still
true.
As discussed for µ0 H = 2 T, the contribution of the domains with CM order increased
compared to the domains with ICM order [Fig. 7.3 (c)]. This was also found when the
field was increased to 5 T [Fig. 7.3 (d)]. On ramping up the field the contribution from
the magnetic domains of the CM order became more pronounced and at µ0 H = 13 T,
the A1 : A2 ratio became 1 : 2.3 which supports the domain population inversion under
magnetic field in favour of the CM order [Fig. 7.5].
A plot of the integrated intensity of the peaks representing the CM and ICM order
is presented in Fig. 7.6, which further illustrates the magnetic field dependent role
reversal for the more pronounced contribution to the magnetic intensity. The decay of
the ICM domain population and the corresponding growth of the CM domains is found
to vary exponentially with the application of magnetic field. A magnetic field along
a-axis above µ0 H ∼ 1.5 T can cause change in the contributions from domains of the
CM and ICM order. Note, that the magnetic field µ0 H ∼ 1.5 T corresponds to energy
E ∼ 0.8 µeV1 . This implies that a delicate balance of magnetic competitions exists in
the incommensurate phase and under external magnetic field a more favourable order
is stabilized in the ground state.
These results support the scenario of a coexistence of an ICM and CM order parameter. Earlier studies on strained films predicted the existence of a mixed magnetic
1

The conversion factor between magnetic field and energy is 1 T = 0.54 µeV, derived using expressions described in Appendix. A.
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Figure 7.6: Comparison of the integrated intensity of the incommensurate and commensurate peak intensity components as a function of magnetic field.
phase to explain the ferroelectric order of the incommensurate phase with a magnetic
wave-vector which increased close to q = 0.5 on cooling but never locked to a commensurate phase [166, 184, 185]. However, no clear evidence was presented. We showed
here first a clear unambiguous evidence of the two magnetic order parameters whose
contributions can be tuned by the application of an external magnetic field. We claim
in our case the shift in the maxima of the asymmetric peak towards q = 0.5 at T ∼ 37.5
K under magnetic field (µ0 H ≥ 2 T) [see Fig. 7.5 and 7.3] supports the argument of
coexisting magnetic order parameters in strained RMnO3 (R = Gd - Yb) thin films,
which can microscopically explain the ferroelectric polarization in the high temperature
incommensurate phase with mixed order, earlier than the locking of the E-type commensurate single magnetic phase (Tlock-in < T < TN ). This mixed phase was proposed
to exist by theoretical calculations in bulk as a consequence of an incommensurate phase
embedded deep inside the local minima for a commensurate E-type phase [41]. However we show here that such a mixed state can exist in thin films owing to the epitaxial
strain. Following the proposed spin model in Ref. [41], we assume that the mixed state
can be described in real space as consisting of domains with ICM order which plays the
role of domain walls bridging the E-type domains2 .
To explain the inversion of the magnetic domain population between the ICM and
CM order caused by the magnetic field we consider the effect of magnetic energy microscopically on the mixed order. We propose that under external magnetic field the
2

Phenomenologically in the E-type phase there are four magentic domains coexisting, E1 -type
(↑↑↓↓), E2 -type (↑↓↓↑), - E1 -type (↓↓↑↑) and the - E2 -type (↓↑↑↓). A continuous rotation between
these domains occur in real space E1 → E2 → −E1 → −E2
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Figure 7.7: Cartoon of the geometrical limitations of the horizontal magnet MA7.
The incident (scattered) wave-vector marked as k 0 (k 1 ) and magnetic field as H. The
opening angle between the blind regions is marked as θ.
domain walls shrink inducing a more homogenous E type domains. This leads to reduction in the contribution of the magnetic domains with the ICM order in the scattering
intensity of (0 q 1) compared to the domains with CM order.
H || b and H || c
Next, we applied the magnetic field in the scattering plane along the b and c axis.
We used a horizontal magnet (MA7) and the limitation of the magnet are the neutron
access ports. The entry and exit windows had acceptance angle of θ = ± 45◦ , both
parallel and perpendicular to the field axis [Fig. 7.7]. This imposed restrictions on the
scattering angle of 2θ = 90◦ ± 45◦ , which limited the accessible magnetic reflections in
the reciprocal space3 . The regions of the magnet which blocks the neutron entry are
known as blind regions [see Fig. 7.7]. We computed and found that we cannot access
the (0 q 1) reflection within this limitation and the restrictions of available wavelength
of the incident beam. Therefore, we measured the (0 1+q 1) reflection which is around
1.3 times weaker than (0 q 1) reflection from structure factor calculations, but still
measurable in reasonable time.
Note, that the intensity of (0 1+q 1) is further reduced in the incommensurate phase.
We therefore, conducted the magnetic field studies at a slightly lower temperature
T ∼ 33 K than in case of H || a due to the need to measure the weak signal. At
3

In our experiment with incident energy of E = 3.7 meV, the scattering angle boundary is 2θmin ∼
- 96◦ ≤ 2θ ≤ 2θmax ∼ - 51◦ .

134

Chapter 7. Resolving the incommensurate ferroelectric phase

(a)

(b)

(c)

Figure 7.8: Plots showing (0 1+q 1) reflections at T = 33 K with a set of different
magnetic fields applied along the b axis (a) µ0 H = 0 T, (b) µ0 H = 2 T and (c) µ0 H =
6.5 T.
T ∼ 33 K, the (0 1+q 1) reflection of T2 sample featured an incommensurate order
with the magnetic wave vector q ∼ 0.495 for µ0 H || b = 0 T [Fig. 7.8 (a)], which is
close to the incommensurability of T1 sample [Fig. 6.6]. The line shape of the peak is
asymmetric and is fitted with a double-Gaussian function representing mixed magnetic
state described by a CM and ICM order4 with A1 : A2 ∼ 2.3 : 1. On application of
magnetic field H || b ∼ 2 T, the contribution of domains with a CM order was found
to increase whereas the contribution of the domains of ICM order decreased similar to
H || a [Fig. 7.8 (b)]. The most prominent effect is seen at µ0 H || b = 6.5 T [Fig. 7.8
(c)]. Two separate Gaussian functions were used to reproduce the asymmetric lineshape of (0 1+q 1), with clear evidence of the dominant contribution from domains
with CM order compared to the ICM order given by A1 : A2 ∼ 1: 2.7. Additionally,
there is an overall increase in the scattering intensity of (0 1+q 1). Here the magnetic
field is applied along the b axis which has the dominant magnetization component. So,
the spins flipping normal to the b axis will increase the component of magnetization
perpendicular to the Q lying in the bc plane. This will cause an increase in the scattering
intensity of (0 1+q 1), which is consistent with the results.
In contrast no change of the (0 1+q 1) peak was observed at T = 33 K, when magnetic field is applied along the c axis. The asymmetric peak shape stayed unchanged
4

Followed the same procedure for analysis of asymmetric reflections as used in case of measurements
with H|| a.
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Figure 7.9: (a) Showing (0 1+q 1) reflection at T = 33 K with µ0 H || c = 0 T and
the two Gaussian functions plotted using broken lines, (b) no change in the (0 1+q 1))
reflection for µ0 H || c = 0 T, 5 T and 6.5 T.
and the ratio of the contributions of the domains of ICM and CM, A1 : A2 ∼ 2.3 : 1
showed no variation. [Fig. 7.9]. This implies that the magnetization components are
not sensitive to field applied along c axis and/or the energy corresponding to the 6.5 T
field is not sufficiently large to cause the reversal of domain contributions. As discussed
earlier, in an antiferromagnetic material the application of magnetic field causes the
moments lying along the field direction to flip perpendicular to the field axis. This
happens to minimize the energy gain which will be caused when two antiparallel spins
in antiferromagnetic phase (exchange energy) will align along the field direction. Therefore, no change in the overall scattering intensity with H || c, suggests that the flipping
of spins normal to the c-axis component do not affect the magnetization component
perpendicular to the wave vector Q = (0 1 + q 1).
Effect of magnetic field on the E-type order of Mn spins
The subsequent test which we performed under magnetic field is the sensitivity of
the low temperature commensurate (LTC) E-type phase of the Mn spins above the
onset of the rare-earth moment ordering at TNR < T = 10 K. It was reported that in
E-type order the spins are strongly pinned along the b axis in strained (1 1 0) oriented
LuMnO3 films and do not show any variation in the magnetic order under magnetic
field [184]. This behaviour seemed to have remained unchanged in our (0 1 0) oriented
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(a)

(b)

(c)

Figure 7.10: Showing no change of (a) (0 1/2 1) under field µ0 H || a, and (0 3/2 1)
under (b) µ0 H || b and (c) µ0 H || a at T = 10 K.
strained TbMnO3 films and no significant variation in the peak positions at q ∼ 0.5
or the intensity of the reflections (0 1/2 1) and (0 3/2 1) was found on application of
field along a, b, c axis [Fig. 7.10]. This implied that the E-type ground state is not
sensitive to the magnetic field and there is no change in the magnetic symmetry. This
confirmed absence of any field-induced spin reorientation in the commensurate phase.
As previously discussed in Chap. 2, the E-type order is stabilised by a large size of the
next-nearest-neighbour interaction parameter Jb for a given nearest neigbour interaction Jab and the magnetic field applied, seemed to have failed in inducing any change
in the Jb /|Jab | ratio5 .
Magnetic field induced suppression of Tb order
As discussed earlier, zero-magnetic field measurements showed that ordering of Tb
spins occurs at T ≤ TNR ∼ 8 K [Fig. 7.2]. It is found that the Tb spins order into a
commensurate E-type phase with magnetic wave vector q ∼ 0.5 clamped to the ordered
Mn spins [see Fig. 7.2 (Inset)]. This led to an increase in the integrated intensity of
(0 1/2 1) reflection which is proportional to the effective magnetization of the Tb and
Mn ions. Therefore, we measured the (0 1/2 1) and (0 3/2 1) reflections at T = 1.5 K
< TNR under magnetic field to study the effect of magnetic field on ordering of Tb spins.
5

A biquadratic interaction term and other higher order terms which are also reported to be responsible for E-type can also play a role under magnetic field, but they are not discussed here [11, 134].
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Figure 7.11: Magnetic field (µ0 H || a) dependence of the integrated intensity of (0 1/2 1)
at T ∼ 1.5 K is shown. (Inset) Scans of (0 1/2 1) measured at different field value.
For H || a, the integrated intensity of (0 1/2 1) was found to decrease sharply with
increase in the magnetic field up to 2 T [Fig. 7.11]. For higher fields, the integrated
intensity became equivalent to the intensity at T ∼ 10 K > TNR due to Mn order alone
[Fig. 7.12]. The effect of Tb ordering is thus completely suppressed by magnetic field
of 2 T. One of the arguments which can lead to such an effect is transformation in
the magnetic order for Tb spins from a commensurate phase with q ∼ 0.5b∗ to an
incommensurate phase with q 6= 0.5b∗ . It may also stay commensurate with a modified
wave vector q = (0 0 0), which is observed in bulk [143]. For both these cases, the
contribution of Tb moment ordering would not lead to any change in the intensity of
(0 1/2 1). The experimental geometry with magnets restricted the measurements of
the magnetic reflections corresponding to these case and prevented us from validating
a possible change in ordering of Tb spins.
The other possibility is loss of long range ordering of Tb moments by magnetic
field. This would imply in the ground state the interactions stabilising the Tb order
are relatively weaker than the interactions responsible for Mn order. This was also true
for H || b, except the magnetic field responsible for loss of Tb ordering related decrease
in intensity of (0 3/2 1) is slightly higher (3.5 T) [Fig. 7.13]. This difference in the
strength of magnetic field could be related to the magnetic reflection (0 3/2 1) accessible with a horizontal magnet for H || b, which has a smaller magnetic form factor6 than
the (0 1/2 1) reflection measured with a vertical magnet for H || a. Contrary to the
sharp decrease of (0 3/2 1) intensity for both fields along the a and b axis, the intensity
6

Magnetic scattering intensity is proportional to the magnetic form factor as discussed in
Chap. 4.3.1.
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Figure 7.12: Plot showing (0 1/2 1) reflection measured at T ∼ 1.5 K with µ0 H = 2
T and at T = 10 K with zero field. The intensity and peak shape in both cases are
identical and indicate removal of contribution due to Tb ordering.
was slightly changed for H || c [Fig. 7.14 (a)]. This implied that the Tb spins are less
sensitive to the magnetic field along the c axis. It is observed that unlike H || a and
H || b, the intensity of (0 3/2 1) corresponding to the effective magnetization of Tb
and Mn spins exists with high fields ∼ 6.5 T along the c axis and 3 times larger than
the intensity solely due to Mn order at T = 10 K > TNR [Fig. 7.14 (b)]. A temperature
dependence of (0 3/2 1) peak intensity at zero-field is also measured showing an increase
in the intensity below TNR ∼ 8 K due to ordering of Tb spins [Fig. 7.14 (c)].
Summary of magnetic field dependent studies
Up till now we discussed the effect of external magnetic fields on the magnetic order
of Mn spins of a TbMnO3 epitaxially strained film in pursuit of improving our understanding of the incommensurate ferroelectric phase found in strained (0 1 0) oriented
RMnO3 (R = Gd - Yb) thin films. Alongside, we also gathered information on the
Tb ordering under magnetic field. From our results we can conclude that the magnetic
field studies supports the proposed spin model [41] according to which the multiferroic
incommensurate phase can be described by a mixed phase consisting of an incommensurate order which spatially separates domains of commensurate order. Under application
of magnetic field, we manage to show a reversal of the dominant domain population
and this is possible only if a mixed phase consisting of ICM and CM order parameters
exists at zero-magnetic field, which was also identified. The other open question which
we addressed is with respect to the ordering of Tb moments. We found that in absence
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Figure 7.13: Magnetic field (µ0 H || b) dependence of the integrated intensity of (0 3/2 1)
at T ∼ 1.5 K is shown. (Inset) Scans of (0 3/2 1) measured at different field values.

(a)

(b)

(c)

Figure 7.14: Scans of (0 3/2 1) (a) at T ∼ 1.5 K with µ0 H || c and (b) with µ0 H || c
= 6.5 T showing larger intensity than at T ∼ 10 K, µ0 H = 0 T and (c) Temperature
dependence of a normalised peak intensity of (0 3/2 1) with µ0 H = 6.5 T.
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(a)
(c)

(d)

(b)
(e)

(f)

Figure 7.15: (a) Intensity of (0 k 1) scans with higher harmonic reflections (labelled) for
TbFeO3 at T = 3.3 K and (b) a single peak feature at T = 2.1 K splits into harmonics
at T = 2.8 K, representing a transition to the soliton like phase. (c) - (f) Schematic
of the magnetic structure of Cr1/3 NbS2 and corresponding emergence of soliton lattice.
Taken from [186, 187].
of magnetic field the Tb ordering occurred at TNR ∼ 8 K, which was strong enough to
induce an increase in magnetic intensity of (0 1/2 1) and (0 3/2 1) reflections. These
magnetic reflections are sensitive to the effective magnetization of Tb and Mn ions at
T < TNR . Interestingly, magnetic field caused a decrease in magnetic intensity due to Tb
order, which pointed towards a modification in the Tb ordering. Although the precise
reason was not revealed but results suggested a possible transition of magnetic order or
loss of the long-range ordered state of the Tb spins.

7.2

Can coexistence of magnetic phases lead to Solitons ?

Magnetic materials with non-collinear ground state is stabilised in systems which experience strong competition of magnetic interactions such as Dzyaloshinskii - Moriya,
exchange or anisotropy. This yields unusual magnetic orders which have topological
spin textures and vary spatially such as skyrmions, two dimensional chiral magnets
and magnetic solitons [186, 188]. A magnetic soliton lattice is created under a con-
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(a)
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(b)

Figure 7.16: (a) Showing set of (0 q 1) reflections measured on cooling,(b) normalised
peak intensity for ICM order marked as Peak 1 and CM order marked as Peak 2.
dition where the system can be represented by a periodic structure of domains of the
commensurate phase and are separated by domain walls [189]. A direct consequence of
such spatially separated magnetic structure is higher order harmonic patterns [Fig. 7.15
(a), (b)] in the scattering intensity and is experimentally found in TbFeO3 [186]. One
other example where soliton like magnetic lattice is established under magnetic field
is Cr1/3 NdS2 [187] as shown in Fig. 7.15 (c) - (f), where a magnetic field dependent
variation in periodicity (L) of the magnetic order is also observed.
In the previous section, we showed that the incommensurate ferroelectric phase in
(0 1 0) epitaxially strained RMnO3 thin films is described by a mixed state owing to
the coexisting domains of ICM and CM order. To verify that whether such a mixed
phase can induce a soliton-like topologically protected magnetic lattice, we used an
epitaxially strained (0 1 0) oriented 100 nm thick LuMnO3 film (sample L2 in Tab. 3.1)
so that we can study the scattering intensity solely due to Mn spins order. The lattice
parameters was found to be a ≈ 5.181 Å (ηa ∼ + 0.3%), b ≈ 5.765 Å (ηb ∼ +0.38%),
c ≈ 7.331 Å (ηc ∼ - 0.5%) and the corresponding strain (η%) which is similar to the
thinner sample L1 presented in Chap.6. However, due to a larger thickness of L2 there
is a possible gradient of strain caused by the relaxation of the unit cell to attain bulk
like lattice parameters away from the interface with the substrate. Whereas, the thinner
film (L1) is coherently and homogenously strained throughout the thickness. Such a
strain gradient can induce variation in magnetic interactions between Mn ions across
the film thickness and our goal is to investigate the consequent modifications in the
magnetic properties of this thicker film.
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Magnetic scattering by neutron diffraction
Similar to the experimental approach followed in the magnetic studies of strained
films we measured the (0 q 1) reflection on cooling at different temperatures [Fig. 7.16
(a)]. The antiferromagnetic transition occurred at TN ∼ 38 K as shown in the temperature dependence of the intensity [Fig. 7.16 (b)]. The first prominent evidence of a
double-peak like feature in the intensity was identified at T ∼ 27.5 K. The line shape
of the scattering intensity at T ≤ 31 K was fitted with the double-Gaussian function
[eqn. 7.1]. The two peaks are defined by an incommensurate order with q ∼ 0.478
-0.485b∗ (r.l.u) (labelled as Peak 1) and a commensurate order with locked q ∼ 0.5b∗
(r.l.u) (labelled as Peak 2), which implied that a coexistence of magnetic orders are
present in this film and represents the properties of the incommensurate ferroelectric
phase of thinner RMnO3 films (10 - 40 nm). A closer look of the intensity patterns
revealed that the contribution from CM order appears at T ∗ ∼ 31 K. Compared to the
thinner films in Chap. 6, here the coexistence phase exists on lowering the temperature
and stabilizes as the ground state. This difference in the ground state can be considered
as a consequence of the strain gradient in the thicker film. The fitting of the scattering
intensity of (0 q 1) by the double-Gaussian function revealed that the ratio between
the contribution of domains with ICM order (A1) and domains with CM order (A2)
is A1 : A2 ∼ 1.6 : 1 at T ∼ 27.5 K. This ratio of the contributions almost got reversed
at T ∼ 5 K (ground state) with the domains of CM order playing a more dominant role
and given by A1 : A2 ∼ 1 : 2.2. This phenomenon can be described as a temperature
dependent inversion of the contributing domain population, which is also found in the
TbMnO3 film under magentic field.
The other standout feature observed is the peak position of the ICM (Peak 1) and
CM (Peak 2) order, which do not change below T ∼ 27.5 K. Additionally, the intensity
due to ICM order do not change below Tlock ∼ 22 K, whereas the CM peak intensity increases steadily up to T ∼ 10 K. It implies that below Tlock , the ICM domains freezes or
0
gets pinned and the CM domains keep growing. The peak around q ∼ 1 - q ICM = 0.52
is a satellite peak of (0 q 1) of the ICM order at q 6=0.5. The double peak feature was
also found when the (0 q 1) reflection is measured on warming. These results provides
a clear evidence of a coexistence of the ICM and CM magnetic order which forms a
ground state and is stabilised by strain. Similar to the soliton lattice case we can expect satellite magnetic reflections as a consequence of the mixed state. To clarify the
existence of any such higher harmonics of the reflection with weak intensity we require
a technique with better q-resolution and the ability to amplify the magnetic signals.
So, we used soft x-rays at resonant mode to measure the scattering intensity by tuning
the photon energy to the absorption edge of Mn ions.
Magnetic scattering by resonant x-ray diffraction
The magnetic reflection accessible with X-ray diffraction is (0 q 0) and qk scans
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(a)
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(b)

(c)

Figure 7.17: Representative scans of (0 q 0) reflections at (a) 10 K ≤ T ≤ 24 K, (b)
26 K ≤ T ≤ 33 K and (c) 34 K ≤ T ≤ 38 K, showing satellite peaks marked as (P01 P07) and (P09 - P12) along with the most intense peak P08.
Kiessig fringes

Non-Kiessig

Figure 7.18: Temperature dependence of the peak center of oscillations. The separation
between the peak center of the oscillations are marked as δ1 and δ2 . The transition
temperatures described in text (Tlock , T ∗ and TN ) are marked.
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through this reflection were performed at different temperature on cooling [Fig. 7.17].
The onset temperature for magnetic ordering was found to be TN ∼ 38 K, in agreement
with the onset temperature determined by neutron diffraction. The most prominent
feature observed is the oscillations in the scattered intensity of (0 q 0) which were
not observed by neutron diffraction of (0 q 1). This highlights the better q-resolution
necessary to reveal these features, which lie underneath the most intense peak. The
temperature dependent intensity is categorised in to three sections depending on the
variation in the property of oscillations in Fig. 7.17 (a) for 10 K ≤ T ≤ 24 K, (b) for
26 K ≤ T ≤ 33 K and (c) for 34 K ≤ T ≤ 38 K. In Fig. 7.17 (a), the oscillations
stay equidistant to each other for T < 24 K and the only change is in their individual
intensity.
Note, that the observed oscillations do not represent structural Laue oscillation
which are caused due to the interference of scattered x-rays by atomic layers in films
with limited thickness. Laue oscillations are satellite peaks corresponding to the structural reflections and are described as higher harmonics by a rational relation with the
structural reflection. Additionally, they are characterised by the film thickness and
therefore their properties such as intensity are independent of temperature. Moreover,
the position of oscillations in (0 q 0) cannot be related to any structural reflection
peaks corresponding to the P bnm symmetry of the crystal. Instead, the oscillations in
Fig. 7.17 correspond to interference generated from the limited thickness of magnetic
layers and can be described as magnetic Kiessig fringes, which has temperature dependent properties similar to the magnetic superlattice peaks observed in YMnO3 [152].
So we can rule out the Laue oscillations as a possible representation of the magnetic
oscillations.
In the temperature range 10 K ≤ T ≤ 24 K, the separation between each magnetic
oscillation in the reciprocal space correspond to the thickness of the film implying that
the magnetic layer extends throughout the entire film and there is no non-magnetic layer
present in the film. They are labelled here as P01 - P12 for following the temperature
dependent properties of these oscillations. The most intense peak P08 corresponds to
the commensurate E-type order with q ∼ 0.5 which is consistent with the dominant
order identified by neutron studies of (0 q 1) reflection at low temperatures. However,
the peak corresponding to the less dominant incommensurate order at q ≤ 0.5 was not
distinguishable. One argument is that the strong intensity of Kiessig fringes (P06, P07)
at q ∼ 0.485 - 0.495 prevents identification of the peak corresponding to the ICM order
unambiguously.
These oscillations which had their peak position locked in q scale slightly decreases
in intensity with increase in temperature till T < 24 K. At T = 24 K, they start losing
the properties of Kiessig fringes. In the temperature range 26 K ≤ T ≤ 33 K [Fig. 7.17
(b)] the peaks corresponding to the oscillations do not stay equidistant with each other.
Also, the peak center starts shifting towards lower q values. These oscillations within
this temperature window seem to deviate from the behaviour expected for magnetic
Kiessig’s fringes and possibly represent the higher harmonic components of the scatter-
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Figure 7.19: Temperature dependence of the integrated intensity of the oscillations (in
linear scale). (Inset) Shown in log scale. Here The intensity of P07 is scaled up by 5.27,
whereas P08 is scaled down by a factor of 37.5.

ing intensity of (0 q 0) similar to a soliton-like scenario. For magnetic Kiessig fringes the
oscillation stay equidistant independent of temperature and also the integrated intensity
should vary identically, which is not true in this temperature range. So, we propose that
the oscillations observed in the 26 K ≤ T ≤ 33 K temperature range are the by-product
of the coexisting incommensurate and commensurate magnetic order parameters. The
effect of coexistence inducing magnetic oscillations which cannot be characterised by
Laue oscillations or Kiessig fringes became more pronounced in this temperature range.
This is due to the contribution from the ICM domains increasing compared to the CM
domains with increase in temperature. This also caused the peak center of the most
intense P08 peak shift to q < 0.5. Also, its intensity got reduced by a factor of 10 than
at the ground state (T ∼ 10 K). At a higher temperature T ≥ 34 K, the oscillations
almost disappear and the peak position represent a pure incommensurate order with
q ∼ 0.48b∗ . Additionally the E-type phase also vanishes at T ∗ ∼ 34 K, which is slightly
higher than the temperature identified by the neutron diffraction (T ∗ ∼ 31 K). This
could be explained considering that x-ray scattering has a higher sensitivity to weaker
magnetic signals than neutron diffraction and allows more precise identification of the
onset temperature for magnetic ordering.
To have a better understanding on the properties of oscillations we derived the peak
positions and the corresponding integrated intensity by fitting them with a multipleGaussian function given by:
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−2×

(q−qci )2

w2
X Ai · e
i
pπ
Ical (q) = I0 + g × q +
wi 2
i=1−12

(7.2)

where, Ai , qci , wi correspond to the area used to represent the integrated intensity,
peak center, width of each Gaussian function. I0 is the background and g is its slope.
Using the fitting function in eqn. 7.2, the peak center and the integrated intensity was
extracted for each oscillation and their temperature dependent properties are plotted
in Fig. 7.18, 7.19. The separation of most intense peak with its immediate adjacent
neighbouring peaks is marked as δq1 and the distance between each oscillations in q
space is given by δq2 . In Fig. 7.18, we follow the variation of δq1 and δq2 as a function
of temperature. As stated earlier, the separations (δq1 , δq2 ) do not show any change till
Tlock = 22 K and oscillations here feature the magnetic Kiessig’s fringes. Above Tlock ,
the δq1 and δq2 start to vary. The separation between oscillations (δq2 ) in some cases
increases whereas others show a decrease, this inconsistent feature at higher temperature
suggest that there are additional contributions beside the magnetic Kiessig fringes. The
other major difference is the temperature dependence of the most intense peak P08 and
the satellite peaks, which do not decrease in similar manner at Tlock < T < T ∗ . In fact
there are oscillations (P10 - P12) whose peak position increases in q implying a shift
towards higher q values opposite to other peaks, which is uncharacteristic of magnetic
fringes. A strange behaviour was found at T > T ∗ , most of the oscillations (P01 - P06,
P10 -P12) fail to exist and the remaining all of them (P07 - P09) continue shifting
towards higher q as indicated by the upward turn in Fig. 7.18.
An unusual behaviour was also observed in the temperature dependence of the integrated intensity of these oscillations [7.19]. The integrated intensity in each case
decreased slowly till T < Tlock but started showing unique anomaly above Tlock . Specifically the peaks P09 - P12 showed sharp increase before starting to decrease again7 .
All, these properties implying a higher harmonic type scattering intensity can be described by a magnetic order that can be considered similar to a magnetic soliton-like
state [187]. Although we do not have a sufficient theoretical framework to reproduce
the intensity pattern and describe the microscopic interactions responsible for these
properties but the coexistence of an ICM and CM order parameter is clearly shown.
And the corresponding appearance of oscillations is a strong indication that the coexisting phase play a crucial role in inducing such unique variations to the magnetic intensity.

7

A log scale plot of the integrated intensity of the oscillations is presented as an inset in Fig. 7.19,
which clearly shows the anomaly for peaks P10 - P12.
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Conclusion

This chapter illustrates and discusses the origin of the incommensurate ferroelectric
phase observed in strained RMnO3 films. Magnetic field dependent studies were conducted on strained TbMnO3 film which acts as a model system representing the multiferroic properties of strained RMnO3 films. Adequate evidence was presented by
measuring (0 q 1) and (0 1+q 1) reflections which confirmed that the incommensurate
ferroelectric phase can be described by a coexisting ICM and CM magnetic order. Such
a mixed order is also predicted theoretically [41]. Additionally combining the neutron
diffraction with x-ray scattering technique we measured a thicker LuMnO3 film and
showed that the mixed phase can be stabilized as a ground state depending on the
strain gradient, which can vary due to the film thickness. Finally we tried to find if the
mixed phase can be described as magnetic soliton-like order. Albeit, we found unique
features in the scattering intensity of (0 q 0) pointing towards such a possible description
but the results lack adequate theoretical support to provide a conclusive confirmation.
For now, we restrict ourselves within the boundary of available results and describe the
magnetic oscillations as a consequence of the coexisting order parameters.
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The multiferroic ground state of the strained 100 nm thick LuMnO3 film discussed
in Chap. 7.2 is described by a coexisting incommensurate and commensurate order.
The commensurate order is characterised by an E-type spin structure but details on
the sublattice magnetization components of Mn ions and the population ratio of the
corresponding magnetic domains (E1 , E2 ) are still unknown. Also, the spin structure of
the incommensurate order is not resolved. One of the most efficient technique to resolve
a magnetic structure is magnetic scattering by polarized neutrons known as spherical
neutron polarimetry (SNP), which has the ability to perform full polarization analysis
of the scattered intensity along all three axis (x, y, z) of a rectangular coordinate system defined in the experimental laboratory frame [Chap. 4.3.2]. We employed spherical
neutron polarimetry on the 100 nm (0 1 0) LuMnO3 film (L2 sample) and defined the
experimental geometry by the scattering vector Q || x and ⊥ y, such that the x-y plane
corresponds to the horizontal scattering plane and the z axis is normal to the scattering
plane. Different combinations of polarization of the spins of the incident and scattered
neutron beam is defined with respect to the polarizing and analysing magnetic field,
respectively as described in Chap. 4.3.2. A schematic of the experimental geometry is
shown in Fig. 8.1 (a), with respect to the incident and scattered wave vector (k0 , k1 )
describing the experimental set up for an incident beam with polarization P0 || x and
a scattered beam with P1 || - x, such that the measured intensity is described by Sx−x .

8.1

Low temperature coexistence phase

The scattering intensity of (0 q 1) was measured at T ∼ 1.5 K with polarized neutrons.
The scattering intensity measured corresponding to the different polarization combi-
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P0 || x
H || x

Q || x

k0

b*

k1
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y
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P1 || -x
H || -x
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y

b*

Px ,- x

P0,1
(a)

(b)

Figure 8.1: (a) Experimental geometry in the laboratory frame. The spin direction
of the neutron beam (blue arrows) is defined by the magnetic field. Here the scattered
intensity is for neutrons with spins flipped along the x axis. (b) Schematic of Q = (0 q
1) in reciprocal space showing that the y axis is closer to the b∗ axis than the c∗ axis.
nations are S−x x , Sx −x , Sx x , Sy y , S−y y , Sz z , S−z z , Sz y , Sz −y , S−y −z , S−y z ,
where the first (second) subscript represents the incident (scattered) spin polarization.
As discussed in Chap. 4.3.2, only the component of magnetization M⊥ (Q) perpendicular to Q = (0 q 1) can induce a neutron spin flip. Such a flip is a strong indication
of sublattice magnetization components (mi , i = a, b, c) for the incommensurate and
commensurate order. A close look at the scattered intensity in Fig. 8.2 revealed that
in the ground state (T ∼ 1.5 K) the incommensurate phase orders with q ∼ 0.478 and
the commensurate phase is locked at q ∼ 0.5, which is similar to the values determined
by the unpolarized neutron diffraction in Chap. 7.2.
The scattering vector Q is lying in the horizontal x-y plane which corresponds to
the bc plane for our sample. The (0 q 1) reflection with polarization along x show finite
S−x x and Sx −x spin flipped (SF) intensities, whereas the intensity Sx x for the nonspin flipped (NSF) case is zero [Fig. 8.2 (a), (b)]. This implies that the finite sublattice
magnetization components are normal to the x direction. Since all three components of
sublattice magnetization (ma || a, mb || b, mc || c) can have contribution perpendicular
to Q ( which is || x), we consider ma 6= 0, mb 6= 0 and mc 6= 0.
For an incident neutron beam with polarization along the y-axis , a finite Syy intensity is observed whereas the S−y y is zero. It suggests absence of any significant
sublattice magnetization component normal to the y-axis, which causes a flip of the
neutron spins [Fig. 8.2 (c)]. The scattering intensity Iscatt ∝ | M⊥ (Q) |2 and M⊥ (Q)
|| y. This implies that the scattering intensity originates from the projection of sublat-
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.2:
Magnetic scattering intensity of (0 q 1) for different combinations of
incident and scattered polarization intensity along (a) x-axis S−x x and Sx x , (b) Sx −x
and Sx x ,(c) y-axis S−y y and Sy y , (d) z -axis S−z z and Sz z , (e) Sz y and Sz −y , (f)
S−y −z and S−y z at T ∼ 1.5 K.
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tice magnetization components along the y axis1 . In reciprocal space, Q = (0 q 1) (|| x
axis) is closer to the c∗ axis than the b∗ axis and therefore has a larger projection of mc
than mb . This meant that y axis, which is closer to the b axis has a larger projection of
mb [Fig. 8.1 (b)]. Since the SF intensity for polarization || y is zero, it implies that the
M⊥ (Q) do not consist of the sublattice magnetization components (ma , mc ) and main
contribution arises from mb . The moments are mainly aligned along the b axis for both
the ICM and CM order in the mixed state. However, the x-ray studies on the same
sample showed finite intensity for (0 q 0) in the low temperature coexistence phase,
which is sensitive to a finite mc component, as discussed in Chap. 7.2. In summary we
can state that in the mixed phase ma is weak or absent, mb is strong and mc is weak
but present for both ICM (q ∼ 0.478) and CM (q ∼ 0.5) order.
For polarization of the incident neutron beam along the z axis, i.e normal to both
the bc plane and Q, we found that the Sz z intensity is zero and a finite S−z z intensity
is present [Fig. 8.2 (d)]. This is consistent with M⊥ (Q) consisting of the sublattice
magnetization components within the bc plane perpendicular to the z axis causing
a finite spin flip scattering intensity and a significantly small ma component which
fails to induce any NSF scattering intensity. These features are common to both the
incommensurate and commensurate order since the double peak like line shape of (0 q 1)
exists for every combination of polarization of the incident neutron beam. We also
measured scattering intensities Sz y , Sz −y , S−y −z and S−y z inorder to calculate the
off-diagonal terms in the polarization matrix with incident beam polarization along z
(y) axis and scattered beam polarization along y (z) axis [Fig. 8.2 (e), (f)].
In this analysis, we fitted the scattering intensity with a double Gaussian function
similar to eqn. 7.1 except the A variable represents the amplitude for each component
function in,
Ical (q) = I0 + g × q + A1 · e

−0.5[

(q−qc1) 2
]
(w1)

−0.5[

+ A2 · e

(q−qc2) 2
]
(w2)

(8.1)

where, qc and w represent peak center and width of the Gaussian functions. The
background and its slope are given by I0 and g respectively. The fitted peak centers give the magnetic wave vector for the ICM order at qc1 ∼ 0.478 and CM order
at qc2 ∼ 0.5, and the widths (w1 = w2 = 0.016 Å−1 ). Then the peak centres and
widths were fixed and the amplitudes of the functions (A1, A2) were estimated. These
amplitudes correspond purely to the magnetic signal and used to deduce values of parameters (m, m2, mc, mc2, mz, mz2, my, my2, myz) which represent the components of
M⊥ (Q) and magnetic chiral terms (Jyz ) [Chap. 4.3.2, Appendix. B]. These magnetic
parameters are calculated using the amplitude corresponding to the scattering intensity
A(Sij ) (i, j = x, y, z) for each magnetic order (ICM and CM).

1

Note, that the y axis ⊥ Q but lies in the horizontal scattering plane.
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+ A(S−x x ) - A(S−y y ) - A(S−z z )]

m2 = [A(S y y ) + A(Sz z ) - 2×A(Sx x )]
mc = (1/2)×[A(Sx

−x )

- A(S−x x )]

mz = (1/2)×[A(Sx

−x )

+ A(S−x x ) - 2×A(S−z z )]

(8.2)

mz2 = [A(S z z ) - A(Sx x )]
my = (1/2)×[A(Sx

−x )

+ A(S−x x ) - 2×A(S−y y )]

my2 = (1/2)×[A(Sy y ) - A(Sx x )]
myz = (1/2)×[A(S−y

−z )

+ A(Sz y ) - A(S−y z ) - A(Sz

−y )]

Here, m and m2 both represent |M⊥ |2 = M⊥ · M∗⊥ . However, calculated using
the amplitudes of spin-flip and non-spin flip scattering intensity, respectively. The
parameter mc corresponds to the chiral term (Jyz ) , whereas my (my2) and mz (mz2)
give |M⊥y |2 = M⊥y · M∗⊥y and |M⊥z |2 = M⊥z · M∗⊥z terms respectively. Similarly, the
off-diagonal term Myz , which is equivalent to (My ·Mz ), is obtained from the amplitudes
of myz. The terms |M⊥ |2 , |M⊥y |2 , |M⊥z |2 , Myz and the chiral term (Jyz ) were used
to calculate the polarization matrix elements (Pij , where i, j = x, y, z) according to the
following expressions [Taken from Sec. 4.3.2].
P xx = (-|M⊥ |2 + Jyz )/ (|M⊥ |2 - Jyz )
P yy = (|M⊥y |2 - |M⊥z |2 )/ |M⊥ |2
P z z = (|M⊥z |2 - |M⊥y |2 )/ |M⊥ |2
P yz = Pyz = Myz /|M⊥ |2

(8.3)

P z x = Pyx = Jyz /|M⊥ |2
P xy = Pxz = 0 (nuclear terms)
These values were normalised by the amplitude of the scattering intensity of the
nuclear peak (0 0 4) for each polarization combination and the polarization efficiency
of the neutron beam was found to be 88%.
Polarization matrix for the commensurate order at T ∼ 1.5 K
We derive the polarization matrix corresponding to Q = (0 1/2 1) reflection for the
ground state at T ∼ 1.5 K :

PCM = Pyx
Pzx


Pxx = −1
Pxy = 0
Pxz = 0
= −0.0726(0.027) Pyy = 0.8639(0.0411) Pyz = −0.0212(0.0215)
= −0.0726(0.027) Pzy = −0.0212(0.0215) Pzz = −0.8639(0.0411)

For Q = (0 1/2 1), the change in sign of diagonal terms (Pii ) imply a finite projection
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of the sublattice magnetization component perpendicular to Q i.e M⊥y (along the y
axis) and M⊥z (along the z axis), which contribute to the scattering intensity. No
change in sign for Pyy supports that the dominant contribution to M⊥ (Q) comes from
the projection of sublattice magnetization components on the y axis (mainly from mb ),
which also causes the negative values for the Pzz element. The element Pxx = - 1,
which is consistent with the definition P || x || Q and every sublattice magnetization
component contributing to the M⊥ (Q) will only cause spin-flip scattering. However,
the depolarization of the elements Pyy and Pzz (< 1) suggest that there are finite off diagonal elements (Pyx , Pyz , Pzx , Pzy )2 . This also suggests that the finite contribution
of ma (|| z axis) to M⊥ (Q) is also present. The values of Pyy and Pzz is used to compute
the canting angle of ma away from mb given by, tan θ = (ma /mb ), assuming that the
contribution of mc to the magnetic structure factor for (0 1/2 1) reflection intensity is
negligible.
The off-diagonal elements Pij , where i 6= j provide useful informations on the chiral
domains and the population ratio of the magnetic domains. Note, that the measurements were performed at magnetic Bragg peak positions and do not posses contributions
from nuclear scattering due to the structural symmetry and therefore the off-diagonal
elements Pxy and Pxz are absent. Pyz and Pzy are the off-diagonal terms which are sensitive to the chiral contribution of the magnetization (M⊥ × M∗⊥ ), which are found close
to zero (within error values) for Q = (0 1/2 1). This is consistent with an E-type magnetic order which has no chiral magnetization components. These off-diagonal elements
are also proportional to M⊥y in the bc plane and M⊥z along the a direction. Therefore,
the near zero values of these elements implies that the contribution of ma is cancelled
out by the mb and mc components. This is possible, if the ma component has a phase
difference of π/2 with both mb , mc , which is true for an E-type order spin model with
ma 6= 0, mb 6= 0 and mc 6= 0 [41, 73, 147] [see the sublattice magnetization components
summarized in Table. 8.1]. This supports the description of the commensurate order
by an E-type spin structure.
The finite values of other off-diagonal elements Pyx and Pz x imply an imbalance in
the magnetic domain population. The E-type order has four symmetry allowed magnetic domains (E1 , E2 , -E1 , -E2 ) as discussed in Chap. 5,7. For an equal population of
E1 and E2 , Pyx = Pz x = 0. The values of Pyx = Pz x = -0.0726 ± 0.027 for (0 1/2 1)
implies that the E-type order no longer has an equal domain population.
Canting angle of magnetization components and Domain population
In the following section the canting angle between ma and mb is derived in the
E-type order. The magnetization component (M(Q)) and magnetic interaction vector
M⊥ (Q) = Q × (M(Q) × Q) is calculated using Tab. 8.1, which contains the sublattice magnetization components for domains of E-type order. For Q = (0 1/2 1), the
2

p

p
p
Polarization of beam is given by
Pxx + Pxy + Pxz = 1, Pyx + Pyy + Pyz = 1 and
Pzx + Pzy + Pzz = 1. A polarized beam along x axis is represented by Pxx = 1.
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Table 8.1: Showing sublattice magnetization (Sub. mag.) of the E-type domains.
Sub.
mag.

rMn1
( 21 00)

rMn2
(0 12 0)

rMn3
( 12 0 12 )

rMn4
(0 21 12 )

rMn5
( 12 00)

rMn6
(0 32 0)

rMn7
( 12 1 21 )

rMn8
(0 32 12 )

E1

E1a
E1b
O1c

ma
mb
mc

ma
- mb
- mc

- ma
- mb
mc

- ma
mb
- mc

- ma
- mb
- mc

- ma
mb
mc

ma
mb
- mc

ma
- mb
mc

E2

E2a
E2b
O2c

ma
mb
mc

- ma
mb
mc

- ma
- mb
mc

ma
- mb
mc

- ma
- mb
- mc

ma
- mb
- mc

ma
mb
- mc

- ma
mb
- mc

O.P.

magnetization can be derived from the following equation3 :

M(Q)
P
= s ma (Mns ) [ei2πQ·rMns ]â + mb (Mns ) [ei2πQ·rMns ]b̂ + mc (Mns ) [ei2πQ·rMns ]ĉ
(8.4)
where, the sign of the sublattice magnetization components ma , mb , mc depend on
the Mn moments described by mi (Mns ) (s =1- 8) and taken from Tab. 8.1 for each
E-type domain. The position of each Mn ion is represented by rMns and the deduced
sublattice magnetization components of E1 , E2 domains is given by:
E1 : M(Q) = 4[ma (1 + i) + mb (1 − i) + 0]
E2 : M(Q) = 4[ma (1 − i) + mb (1 + i) + 0]

(8.5)

To obtain the components of M⊥ (Q), we used the expression:
M⊥ (Q) = M − (M · Q̂)Q̂

(8.6)

For Q = (0 1/2 1) and combining the above equations, one gets :
E1 : M⊥y = - mb (1 − i) and M⊥z = 4ma (1 + i)
E2 : M⊥y = - mb (1 + i) and M⊥z = 4ma (1 − i)

(8.7)

Therefore the following magnetic parameters can be deduced for the E1 -type domain :
3

The magnetization component M⊥ (Q) is described by the local laboratory coordinate system
[Fig. 8.1].
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Figure 8.3: Rocking scan of the (0 1/2 0) reflection at T ∼ 1.5 K.

Jyz = -2×I[M⊥y ∗ M⊥z ] = 16ma mb
M2⊥y = 2 m2b
M2⊥z = 32 m2a
M2⊥ = 32 m2a + 2 m2b

(8.8)

[Jyz /|M⊥ |2 ]cal = (16ma mb )/(32m2a + 2m2b )
2
2
2
2
2
2
2
Pcal
yy (E1 ) = [M⊥y − M⊥z ]/|M⊥ | = (2mb − 32ma )/(2mb + 32ma )
cal (E ) = P cal (E ). By comThis also holds for the E2 -type domain implying that Pyy
1
2
yy
obs = 0.8639
parison of the calculated parameters with the experimentally observed values Pyy
and [Jyz /|M⊥2 |2 ]obs = Pyx = Pzx = 0.0727 one obtains the relative ratio of ma /mb = 0.067
and the canting angle as shown in eqn. 8.9. The domain population of E1 and E2 described by d1 and d2 can also be derived from eqn. 8.9.

θ = tan−1 (ma /mb ) = 3.8◦ ± 1.4◦
d 1 + d2 = 1
cal
cal
P obs
yy = d1 × Pyy (E1 ) + d2 × Pyy (E2 )

(8.9)

d 1 − d2 = [Jyz /|M⊥ |2 ]obs /[Jyz /|M⊥ |2 ]cal
d 1 = (1/2)(1 + [Jyz /|M⊥ |2 ]obs /[Jyz /|M⊥ |2 ]cal )
The population of the E1 -type domain is d1 = 0.57 ± 0.028 and d2 = 1 - d1 = 0.43 ± 0.033
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for the E2 -type domain. This indicates a strain induced imbalance of the E-type domain population of up to [57:43] % between E1 :E2 . In summary, we obtain a canting
angle of θ ∼ 3.8◦ between the ma and mb , which is significantly smaller than the proposed canting of θ ∼ 25◦ by theoretical studies [41]. Evidence for a weak mc component
was also obtained by non-polarized neutron measurements of the (0 1/2 0) reflection
as shown in Fig. 8.3 consistent with the finite x-ray scattering intensity of the (0 q 0)
reflection as described in Sec. 7.2. From magnetic structure factor calculations, we know
that the (0 1/2 0) reflection in LuMnO3 is sensitive solely to the mc component of the
Mn ions. Therefore, we confirm here that compared to the bulk, the E-type order in
epitaxial strained LuMnO3 film exhibits sublattice magnetization components, ma 6= 0,
mb 6= 0 and mc 6= 0 [73]. This is in agreement with the proposed deformation of a
collinear ordering of spins in E-type order due to canting of Mn moments away from the
b axis towards both the a and c axis [41]. In addition, these results also confirm that polarized neutrons is an advanced technique to refine the magnetic structure for thin films.
Polarization matrix for the incommensurate order at T ∼ 1.5 K
As for the commensurate phase the polarization matrix elements for the incommensurate order was derived at Q = (0 q ∼0.478 1) :


1.5 K
PICM
= Pyx
Pzx


Pxx = −1
Pxy = 0
Pxz = 0
= −0.0283(0.0775) Pyy = 0.8717(0.1287) Pyz = −0.0794(0.066) 
= −0.0283(0.0775) Pzy = −0.0794(0.066) Pzz = −0.8717(0.1287)

Deriving details such as the canting angle of sublattice magnetization components
and existence of chiral domains for the incommensurate order at the ground state is
challenging due to the dominant contribution of the commensurate order to the overall
peak intensity. This is also one of the reasons for using the amplitude of the fitted
functions to deduce the polarization matrix instead of integrated intensity which has
a significant overlapping from the CM order. Firstly, the polarization matrix elements
for the ICM order is similar to the CM order owing the same magnetic structure factor
and the variation in the values are induced by the incommensurate modulation wave
vector (q = 0.478). The chiral terms related matrix element Pzx and Pyx are negligible
suggesting either there is no chirality of spin structure or equal chiral domains exists
which cancel each other. This also is supported by the smaller values of Pzy and Pyz
which are almost equivalent to the corresponding error and shows no effective chiral
component present. The lack of detail understanding of the magnetic symmetry of
this phase restricts us from performing any other analysis at the ground state, which
includes calculating the ratio ma /mb and the corresponding canting angle. Although,
a considerable deviation of Pyy value from 1 suggest that there
pis a canting of ma away
from mb , since the canting angle is proportional to the term (1 − Pyy )/(1 + Pyy ) .
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(a)

(b)

(c)

(d)

Figure 8.4: Showing few of the (0 q 1) reflections with q ∼ 0.478 and measured with
different combinations of incident and scattered polarization (a) S−x x , (b) Sx x , (c)
Sz y and (d) S−y −z at T ∼ 33 K.

8.2

High temperature incommensurate phase

To have an unambiguous and better understanding of the incommensurate phase we
derived the polarization matrix at high temperature (HT) at T ∼ 33 K for the (0 q 1)
reflection with q ∼ 0.478. At this incommensurate position and the contribution from
the commensurate order is negligible [see Chap. 7.2]. The scattering intensity for a few
combination of polarized incident and scattered neutron beam are shown in Fig. 8.4.
Note that the peaks are centered around the incommensurate wave vector (q ∼ 0.478)
and has a symmetric line shape, which implies a dominant contribution of the magnetic
domains with an incommensurate order, following the discussions in Chap. 7.2.
The polarization matrix for Q = (0 q 1) with q ∼ 0.478 is found to be :

33 K
PICM
= Pyx
Pzx


Pxx = −1
Pxy = 0
Pxz = 0
= −0.0191(0.0344)
Pyy = 0.9564(0.083)
Pyz = −0.0185(0.0398)
= −0.0191(0.0344) Pzy = −0.0185(0.0398) Pzz = −0.9564(0.083)

33 K are consistent with the conclusions
The values of the matrix elements of P ICM
1.5
K
obtained from the matrix elements of P ICM at T ∼ 1.5 K for Q = (0 0.478 1). No
indication for a magnetic chirality or an imbalance of the chiral domain population
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is observed. The canting angle (θ) between ma and mb is proportional to the term
p
1.5 K , the larger
(1 − Pyy )/(1 + Pyy ). In comparison to Pyy ∼ 0.8717 ± 0.1287 of P ICM
33
K
Pyy ∼ 0.9564 ± 0.083 in the P ICM matrix implies a smaller the canting angle (θ) at
high temperature.
We also measured the polarization matrix for the (0 1-q 1) reflection and found
evidence for a finite sublattice magnetization component along the a axis (ma ) in this
high temperature incommensurate (HTI) phase. We did not manage to measure the
Pzy and Pyz terms due to very long counting time and limited available beam time.
However we were able to obtain the remaining diagonal and off-diagonal elements of
the polarization matrix. The polarization matrix at T = 33 K for Q = (0 1-q 1) is given
as,


K
P(0331−q

1)


Pxx = −1
Pxy = 0
Pxz = 0
Pyz = N A 
=  Pyx = −0.21(0.17) Pyy = −0.64(0.37)
Pzx = −0.211(0.17)
Pzy = N A
Pzz = 0.64(0.37)

where, N A stands for not applicable. The matrix element Pyy showed a negative
value whereas Pzz has a positive value in contrast to their values in the polarization
matrix for (0 q 1), even though both share the same bc scattering plane. A negative
value for Pyy suggest finite contributions from projections of sublattice magnetization
components which are normal to y direction (M⊥z || a)4 . The positive values of Pzz
indicates that the sublattice magnetization component ma along z direction is large
enough to prevent any flipping of the neutron spin. The ma also contributes in causing
a negative value of Pyy . These matrix elements reveal that the incommensurate phase
has a finite ma beside the mb component.

8.3

Resolving the incommensurate spin order

To refine the structure and to find a representation of sublattice magnetization components of Mn spins which for the incommensurate phase, we measured a set of magnetic
reflections with unpolarized neutrons. We combined the crystallographic symmetry
properties of P bnm with the magnetic wave vector (q = 0.478) to calculate possible
representations for every reflection we measured5 . Depending on the experimentally
determined forbidden and allowed reflections we derive a spin model to describe the
HTI phase qualitatively. Note, that we assume that the HTI at T ∼ 33 K is solely
represented by the incommensurate order.
The incommensurate order has a magnetic propagation vector q ∼ 0.478b∗ which
we designate as qk in this section. The equivalent positions of magnetic Mn ions in
the crystallographic unit cell of orthorhombic LuMnO3 are given as rMn1 = (1/2 0 0),
4
5

M⊥x will not contribute to scattering intensity of Q || x.
The point group for this material is mmm.
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rMn2 = (0 1/2 0), rMn3 = (1/2 0 1/2) and rMn4 = (0 1/2 1/2). For this combination
of qk and rMni (i = 1- 4), a set of possible irreducible representations (Γk , IRREPs)
was derived, which describes a unique set of coefficients for sublattice magnetization
components in terms of constants (u, v, w) and includes a phase factor (α = e−iπqk ) representing the periodicity of the magnetic unit cell in the incommensurate phase. These
representations vary depending on the equivalent position of Mn ion in consideration.
To summarize these calculated parameters the IRREPs are presented in the form of
matrices (Mi ) corresponding to each Mn ion position rMni (i = 1- 4) :

  
Γ1
u
Γ2  u
 
M1 = 
Γ3  ≡ u
Γ4
u

v
v
v
v


w
w
,
w
w




Γ1
Γ2 
−iπqk

M2 = 
Γ3  ≡ e
Γ4



 

Γ1
−u −v w
Γ2   u
v −w
 

M3 = 
Γ3  ≡ −u −v w  ,
Γ4
u
v −w




u −v −w
−u v
w

·
−u v
w
u −v −w

 
Γ1
Γ2 
−iπqk

M4 = 
Γ3  ≡ e
Γ4




−u v −w
−u v −w

·
 u −v w 
u −v w

For every magnetic reflection described by a scattering vector Q = (H K ± qk L)
and the set of possible IRREPS (Γk ) the corresponding magnetic structure factor FMk
(Q) is calculated using the following eqn. 8.10 :

FMk (Q) = M1× exp[i2π(Q ·rMn1 )] + M2× exp[i2π(Q ·rMn2 )]+
M3× exp[i2π(Q ·rMn3 )] + M4× exp[i2π(Q ·rMn4 )]

(8.10)

For the Q = (0 qk 1) reflection, the set of structure factors FMk (Q) can be listed as :


 

4u 0
0
FM 1
FM 2   0 0 4w
 

Q : (0 qk 1) = 
FM 3  ≡  0 4v 0 
FM 4
0 0
0
where, FMk is the magnetic structure factor for the kth IRREP (Γk ). We also
measured reflections Q : (0 1 - qk 1), (0 2 - qk 1), (0 qk 3), (0 1 + qk 0) and (0 2 - qk 0).
The corresponding set of FMk are tabulated in Tab. 8.2. This table is used to determine
a possible description of the sublattice magnetization components in the HTI phase.
Finite intensity of (0 qk 1) reflection was observed [Fig. 8.4], however few reflections
such as (0 1+qk 0) and (0 2-qk 0) are absent as shown in Fig. 8.5. The reflections
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.5: Magnetic reflections with q ∼ 0.478 at T ∼ 33 K (a) (0 qk 1), (b) (0 1+qk 0),
(c) (0 1-qk 1), (d) (0 qk 3), (e) (0 2-qk 1) and (f) (0 2-qk 0).
c*

mc || c
θb = tan-1(y/x)

(0 qk 3)

x = b/|qb|
y = c/|qc|

(0 1-qk 1)
(0 2-qk 1)

(0 qk 1)
ω1

Q = (0 k l)
θb
φb

mb || b

b*

ω2
(0 1+qk 0) (0 2-qk 0)
(a)

(b)

Figure 8.6: (a) Magnetic Bragg points in reciprocal space described by the (0k0) - (00l)
plane and (b) real space representation of the sublattice magnetization components
(mb , mc ) relative to the scattering wave vector Q, where θb is the angle between Q and
the b axis is marked. The angle (φb ) between the magnetization normal to Q and the
component mb is also marked.

Chapter 8. Polarimetry : An alternative tool to refine magnetic order in
162
thin films
Table 8.2: Showing components of magnetic structure factors (FMk ) corresponding to
each IRREP (Γk ) for different reflections.
Γk
Γ1

FMk
FM1

(0 qk 1)
[4u 0 0]

(0 1 - qk 1)
[0 4v 0]

(0 2-qk 1)
[4u 0 0]

(0 qk 3)
[4u 0 0]

(0 1+qk 0)
[0 0 4w]

(0 2-qk 0)
[0 0 0]

Γ2

FM2

[0 0 4w]

[0 0 0]

[0 0 4w]

[0 0 4w]

[4u 0 0]

[0 4v 0]

Γ3

FM3

[0 4v 0]

[4u 0 0]

[0 4v 0]

[0 4v 0]

[0 0 0]

[0 0 4w]

Γ4

FM4

[0 0 0]

[0 0 4w]

[0 0 0]

[0 0 0]

[0 4v 0]

[4u 0 0]

(0 1-qk 1) and (0 2-qk 1) have weak intensities and only (0 qk 3) has a significantly large
intensity beside the strongest (0 qk 1) reflection. Note, that both (0 qk 3) and (0 qk 1)
are sensitive to identical sublattice magnetization components. In reciprocal space, the
scattering vector Q = (0 qk 3) is tilted at a larger angle with b∗ than Q = (0 qk 1)
reflection (ω1 > ω2 ), in the bc plane [Fig. 8.6 (a)]. This implies that in real space with
respect to the b axis6 the Q = (0 qk 3) is at angle smaller than Q = (0 qk 1) i.e (90 ω1 )◦ < (90 - ω2 )◦ . Implementing this detail, we calculated the angle (θb ) between the
component mb along the b axis and Q, where,


−1 c/|qc |
θb = tan
(8.11)
b/|qb |
where, b = 5.765 Å and c =7.3331 Å for the sample L2 as presented in Chap. 7.2,
|qb | and |qc | represent the size of the components of the scattering wave vector Q in
the bc plane [see Fig. 8.6 (b)]. The angle between the b axis and the magnetization
◦
component Mbc
⊥ (Q) in the bc plane, which is normal to Q, is given as φb = (90 − θb ) .
Tab. 8.3 summarizes θb , φb , the measured integrated intensities and magnetic structure
factors for a set of reflections.
2
In Tab. 8.3, the (0 qk 3) reflection whose intensity is proportional to |Mbc
⊥ (Q)|
in the bc plane has contributions from sublattice magnetization components (mb , mc )
significantly different from the (0 q 1) reflection7 [see Fig. 8.6 (b)]. For Q = (0 qk 3),
◦
Mbc
⊥ (Q) is at a large angle φb (78.55 ) with the b axis. This suggests that the projection
bc
of mb component on M⊥ (Q) is small and projection of the mc component is large. In
◦
comparison, for Q = (0 qk 1), Mbc
⊥ (Q) is at a smaller angle φb (58.69 ) with the b axis,
bc
which indicates that the projection of mb is larger on M⊥ (Q) than the projection of
the mc . Therefore, (0 qk 3) has a more dominant contribution from the mc component
in contrast to (0 qk 1) which has a more dominant contribution from mb . For, Q =

The real and reciprocal space unit vectors are related by ûi û∗j = δij (Kronecker delta), implying
that b and b∗ are orthogonal.
7
The contribution of the sublattice magnetization component ma is identical for both reflections.
6
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Table 8.3: List of integrated intensity (Int. Int.), length of Q, magnetic structure
factor |F(Q)|, θb , φb .
[h k l]
(0 qk 1)

Int. Int.
278.98 ± 9.3

|Q|
0.9996

|F(Q)|
0.8887

θb (◦ )
31.31

φb ( ◦ )
58.69

(0 1 - qk 1)

22.58 ± 2.59

1.0272

0.8829

33.68

56.32

(0 2 - qk 1)

30.22 ± 3.63

1.8658

0.6683

62.74

27.26

(0 qk 3)

73.17 ± 5.36

2.6166

0.4603

11.45

78.55

(0 2-qk 1), φb ∼ 27.26◦ is the smallest implying that the reflection (0 2-qk 1) arises from
the largest contribution of the mb component. The contribution of the mb component
to the (0 1-qk 1) reflection is similar as (0 qk 1). To compare the contribution ratio of
components mb : mc , we calculated the integrated intensity of (0 qk 1), (0 2 - qk 1) and
(0 qk 3) for spin models with mb 6= 0, mc = 0 and mb = 0, mc 6= 0 and tabulated in
Tab. 8.4.

Table 8.4: Measured and calculated intensity to identify contribution ratio of mb /mc .
[h k l]
(0 qk 1)

Int. Int.
278.98 ± 9.3

mb 6= 0, mc = 0
382

mb = 0, mc 6= 0
1032

(0 2 - qk 1)

30.22 ± 3.63

191

51

(0 qk 3)

73.17 ± 5.36

147

3587

The Tab. 8.4 shows that the calculated intensity of magnetic reflections (0 qk 1) and
(0 qk 3) for a spin configuration with mb 6= 0 and mc = 0 is at a better agreement with
the measured intensity compared to the spin model with mb = 0 and mc 6= 0. However,
for the (0 2-qk 1) the calcualted intensity for the spin model mb 6= 0 and mc = 0
deviates from experimental values by a factor 6. In fact, the calculated intensity for
mb = 0 and mc 6= 0 converges better with experimental intensity8 . This implies that
the best solution for a spin structure which can reproduce the experimental results is
with a mb 6= 0 and mc 6= 0. Also, considering the intensity of reflections obtained we
can propose a larger mb component than mc .
Combining these analysis we can already start reducing the possible magnetic structure factor corresponding to a definite IRREP, presented in Tab. 8.2. For, the magnetic
structure factor FM1 the coefficient w representing mc is not present since the reflection (0 1+qk 0) is absent. The coefficient v representing mb is present but this is not
consistent with the polarization matrix element Pzz for (0 1-q 1) showing no change
8

In this analysis the component ma is also considered but kept fixed, since we found evidence of its
existence from the polarization matrix of (0 1-qk 1) at T = 33 K.
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in sign. The coefficient u is present which is consistent with the polarization matrix
elements of (0 q 1). So the IRREP Γ1 , corresponding to the magnetic structure factor
FM1 , cannot describe the incommensurate order. So we can rule out Γ1 .
Table 8.5: Showing the possible IRREP which can describe the incommensurate phase.
Γk
Γ1

FMk
FM1

(0 qk 1)
[4u 0 0]

(0 1 - qk 1)
[0 4v 0]

(0 2-qk 1)
[4u 0 0]

(0 qk 3)
[4u 0 0]

(0 1+qk 0)
[0 0 4w]

(0 2-qk 0)
[0 0 0]

×

Γ2

FM2

[0 0 4w]

[0 0 0]

[0 0 4w]

[0 0 4w]

[4u 0 0]

[0 4v 0]

×

Γ3

FM3

[0 4v 0]

[4u 0 0]

[0 4v 0]

[0 4v 0]

[0 0 0]

[0 0 4w]

X

Γ4

FM4

[0 0 0]

[0 0 4w]

[0 0 0]

[0 0 0]

[0 4v 0]

[4u 0 0]

×

Similarly, Γ4 (corresponding to FM4 ) does not describe the observed results, since
both (0 1+qk 0) and (0 2-qk 0) related to the u and v coefficients respectively, are absent. This is also true for Γ2 for which the only non-zero term is w. The only possible
magnetic structure factor and the corresponding IRREP which can explain the incommensurate phase is thus FM3 and Γ3 . It has non-zero u and v terms since the reflections
(0 qk 1), (0 1-qk 1), (0 2-qk 1) and (0 qk 3) have finite intensities. We did not find any
proof of the mc component from magnetic neutron diffraction, but the resonant X-ray
diffraction studies showed that the mc component is present. Therefore, we need a weak
but finite mc component to describe the spin model. We conclude that the incommensurate phase has ma 6= 0, mb 6= 0 and mc 6= 0 with mb as the most dominant component as derived from Tab. 8.4. The relation between these components is presented
in Tab. 8.6. The sublattice magnetization components are described in terms of the
coefficients of the Γ3 representation9 . Therefore, we managed to achieve a qualitative
understanding of the magnetic model for the incommensurate order in LuMnO3 , which
is characteristic for the whole RMnO3 (R = Gd - Lu) series of epitaxially strained films.

Table 8.6: Coefficients of sublattice magnetization components at equivalent Mn ion
positions corresponding to Γ3 .

9

Mni
Mn1

rMni
(1/2 0 0)

ma
u

mb
v

mc
w

Mn2

(0 1/2 0)

- √u2

√v
2

w
√
2

Mn3

(1/2 0 1/2)

-u

-v

w

Mn4

(0 1/2 1/2)

u
√
2

- √v2

w
√
2

The coefficients are summed with their complex conjugate to obtain real part of the sublattice
magnetization components.
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(a)

(b)

Figure 8.7: Electric property measurements showing (a) Normalised capacitance ∆C%
0
= 100×[C(T ) − C(50 K)/C(50 K)] along a axis showing a peak at T ∼ 30 K and a
thermal hysteresis. (b) The ferroelectric ordering temperature was identified from onset
0
of spontaneous polarization at TF E ∼ 31 K slightly higher than T . (Inset) A FE loop
measured at T ∼ 20 K.
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The electric properties of a similar 100 nm thick LuMnO3 film is shown in Fig. 8.7
and exhibits a ferroelectric order along the a axis below TF E ∼ 31 K. This is concurrent with the onset temperature of the coexisting phase at T ∗ ∼ 31 K derived from
the scattering intensity of (0 qk 1) measured using neutron diffraction as discussed in
Chap. 7.2. A ferroelectric (FE) loop was also measured at T ∼ 20 K showing a saturation polarization of P ∼ 200 nC cm−2 along the a axis [see (Inset )Fig. 8.7 (b)]. No
evidence of ferroelectric ordering was found along the c axis. This implied that the high
temperature incommensurate phase is paraelectric and the ferroelectric order occurs in
the mixed state together with the onset of the E-type order. Following the present
discussion on the spin order of HTI phase by polarimetry and the electric properties we
can rule out possible spin structures which were proposed in earlier studies [152, 166].
It was proposed that the incommensurate order can have a bc spiral phase which according to symmetry analysis would induce a polarization along the c axis (as discussed
in Chap. 2.3.2.1), which is not consistent with our experimental observation. The other
proposed scenario which we considered in discussion of coexistence phase in Chap. 7.2
is a possible ab spiral phase which would cause P || a due to antisymmetric DM interaction of Mn spins with non-collinear spin order, as found in bulk Eu1−x Yx MnO3 [145].
This is not applicable to our case since the HTI phase is paraelectric.
The other possible spin structure is an amplitude modulated phase along the b axis
with spins canting towards the a and c axis. Such a spin structure will not break the
spatial inversion symmetry of the crystal structure and remain paraelectric similar to
the spin structure of the high temperature paraelectric incommensurate phase found in
bulk RMnO3 . This model is in excellent agreement with the electric properties of the
HTI phase of our LuMnO3 thick film. Therefore, we propose that the spin structure
of the Mn spins of the high temperature incommensurate phase can be qualitatively
described by an amplitude modulated ordering of Mn spins.
We combine these details of the spin structure of the ICM order to refine our proposed spin model of the coexistence magnetic phase at the ground state as discussed in
Chap. 7.2. We proposed that the mixed phase consists of a commensurate E-type order
spatially separated by incommensurate spiral type domains which behaves as domain
walls following the theoretically predicted mixed state [41]. However, the multiferroic
properties shown in this chapter suggested that the incommensurate order is paraelectric and is described by an amplitude modulated order. Therefore, we can propose a
refined model for the mixed phase which is characterised by E-type order separated by
ICM amplitude modulated spin order [see Fig. 8.8]. We use these results as a model
to describe the ICM order in mixed state of the thinner (10 - 40) nm RMnO3 strained
films as discussed in Chap. 6. Therefore, the ICM order in the mixed state which is also
described as the incommensurate ferroelectric phase in these strained films [Chap. 6]
can be represented by an amplitude modulated spin order which is paraelectric.
Microscopically as discussed in Sec. 7.2 we propose that due to larger thickness the
unit cells of LuMnO3 get highly strained and towards the surface they get relaxed. This
variation in strain experienced by the film prevents the exchange interaction parameter
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Figure 8.8: (a) Cartoon of the coexistence phase showing E type domains separated
by an incommensurate (ICM) domain with magnitude of spins modulated. It is to note
that the cartoon depicts the order parameters and do not represent the variation of
sublattice magnetization components (ma , mb , mc ). (b) Showing the variation of the
sublattice magnetization component mb along the b axis for commensurate E-type and
amplitude modulated incommensurate phase.
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between the next-nearest-neigbour Mn ions along the b axis (Jb ) from attaining sufficiently large values (> 2 meV) necessary to stabilize a homogenous E-type ground state
[41]. Instead the ground state is better described by an intermediate interaction value
1.4 meV < Jb < 1.7 meV which supports the coexistence of the incommensurate and
commensurate order.

8.4

Conclusion

This chapter summarizes use of spherical neutron polarimetry in refining the magnetic
structure of thin films. It reveals the possibility of performing diffraction studies with
polarized neutrons on samples with limited mass of m ∼ 60 µg and obtain conclusive
results. This is to the best of our knowledge one of earliest work on thin films (∼100
nm) by spherical polarimetry. Similar studies were performed on Sm doped BiFeO3
films which were significantly thicker (∼ 840 nm) [190]. Beside the feasibility factor
we obtained a qualitative description of the incommensurate magnetic order, also the
ratio of magnetic domain population of the E-type order is identified and the canting
angle of its magnetization components resolved. Additionally, to complete our studies
we managed to reveal the spin structure of the incommensurate order by combining the
observed magnetic and electric properties.

Chapter 9

Conclusions and Outlook

In this thesis we present a comprehensive study of the magnetic order and the multiferroic properties of bulk LuMnO3 and epitaxially strained RMnO3 (R = Gd - Lu)
thin films. The magnetic order is probed using neutron diffraction in combination with
resonant x-ray scattering. This is one of the very few studies on thin films (10 - 100
nm) where the magnetic order is resolved by neutron diffraction. From, structural studies and the results of dielectric measurements a detailed description of the multiferroic
properties was obtained. This work can be subdivided into three sections, which cover
the following topics :
1) Refinement of ground state magnetic structure of bulk LuMnO3 and confirmation
of its multiferroic properties.
2) Demonstration of the capability of strain to tailor the magnetic and electric
properties in epitaxial RMnO3 (R = Gd - Lu) thin films and compilation of a modified
multiferroic phase diagram. Our results unambiguously demonstrate the role of strain
in stabilizing novel ground states by altering the microscopic interactions.
3) Detailed investigation of an incommensurate phase, which features ferroelectric
ordering, by performing magnetic field dependent diffraction experiments. By spherical
neutron polarimetry we were able to resolve the magnetic structure of the incommensurate ferroelectric phase in 100 nm thick LuMnO3 film.
For bulk LuMnO3 , the ground state is described by a commensurate non-collinear
E-type order in contrast to the results of earlier studies. The Mn spins lie in the bc plane
with the dominant component along the b axis and a small component along the c axis
due to tilting of the spins away from the b direction. The magnetic propagation vector,
that characterises the E-type order is along the b axis. The antiferromagnetic E-type
phase causes a spontaneous ferroelectric polarization. We also observe, a high temperature incommensurate phase for which the paraelectric crystal symmetry of LuMnO3
is retained.
Microscopically a Dzyaloshinskii-Moriya interaction term along the c axis was found
to play the central role in causing the non-collinearity of spins in the E-type order
compared to the single-ion anisotropy interaction term. This study establishes that the
E-type order found in the ground state of RMnO3 (R = Y - Lu) bulk samples cannot be
generalised as collinear. It is pointed out that the deviation from the collinear ordering
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of Mn spins does not change the symmetry of magnetic order in the ground state. Also,
the large ferroelectric polarization caused by the E-type order is governed by a more
dominant symmetric exchange striction compared to an antisymmetric exchange striction mechanism. This is unlike multiferroics with a non-collinear spin ordering showing
ferroelectric ordering mediated dominantly by the antisymmetric exchange striction.
These results also clarifies that a non-collinear E-type magnetic order is inherent to the
bulk properties of LuMnO3 and should not considered as an induced effect of external
parameters.
Epitaxial strain modifies the multiferroic mechanism in RMnO3 (R = Gd - Lu) thin
films (∼ 10 - 40 nm). We reveal evidence for a multiferroic ground state that is described
by a commensurate E-type order of Mn spins and a ferroelectric polarization along the
a axis. The ground state stabilized in the strained films was found to be independent of
the increase of the orthorhombic distortion which goes along with the decrease of R-ion
radius. The multiferroic mechanism, that governs the stabilisation of the ground state,
is also tuned to symmetry exchange striction. Following the theoretical predictions of
the antiferromagnetic next nearest neighbour exchange interaction parameter Jb along
the b axis, to be responsible for the multiferroic ground state, we propose that the
increase in the lattice parameter along the b axis causes Jb to increase and consequently
stabilizes the commensurate E-type order.
Strained RMnO3 films also feature a high temperature incommensurate phase which
undergo a transition from a paraelectric to ferroelectric order as a function of R-ion
radius. These magnetic and electric properties were incorporated to modify the multiferroic phase diagram of RMnO3 (R = Gd - Lu) and redefine the phase diagram for
epitaxially strained coherently grown thin films. This study is the first comparative
overview of the multiferroic properties of bulk with (0 1 0) oriented RMnO3 thin films
under strain.
The incommensurate ferroelectric phase was addressed with magnetic field dependent diffraction studies and evidence for a phase with coexisting E-type commensurate
and incommensurate order was observed. A clear increase in the magnetic intensity
of commensurate order is found on application of an external magnetic field. A similar incommensurate ferroelectric phase described by a mixed state was reproduced in
thicker LuMnO3 films (∼ 100 nm) which experiences a gradient of strain. In this case
the ground state is characterised by the mixed state unlike the commensurate E-type
order in thinner films (10 - 40 nm) coherently grown under homogenous strain. Also,
the high temperature phase is found to be incommensurate and paraelectric. So in the
thicker films owing to a strain gradient, a homogenous E-type order is not stabilized.
However, the magnetic ground state favours a coexistence of an incommensurate and
commensurate E-type order. We also propose that a direct consequence of the coexistence of magnetic orders in the ground state is the magnetic satellite oscillations in the
scattering intensity observed by resonant X-ray diffraction.
We attempted to resolve the magnetic structure of the incommensurate paraelectric
phase using diffraction with polarized neutrons. We found that for the paraelectric
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Figure 9.1: Cartoon of the magnetic order observed in strained RMnO3 (R = Gd - Lu)
thin films. The incommensurate paraelectric (ICM-PE) phase is amplitude modulated
which transforms into a mixed ferroelectric state at T < TFE . A single magnetic E-type
phase is stabilized at T < Tlock , which constitute the lowest energy ground state. In
the mixed state, the amplitude modulated phase tend to reduce or shrink and the E
type domains grow under magnetic (H-) field.
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state with P = 0 and a magnetic propagation wave vector along the b axis, the incommensurate phase can be described as an amplitude modulated phase. We propose
that the incommensurate order in the mixed phase of the thinner coherently strained
films can also be described by a similar amplitude modulated order. Therefore, in the
present study we managed to reveal the details of the magnetic order and the effect
of epitaxial strain. Fig. 9.1 summarizes the different types of strain induced magnetic
order in RMnO3 (R = Gd - Lu) films. In case of coherently strained thinner films (10
- 40 nm) a transition from a paramagnetic state to an incommensurate phase occurs
which is described by a mixed state comprising of an incommensurate order and a commensurate E-type order. On further cooling the mixed state locks into a homogenous
E-type order which features E1 and E2 type domains. As a consequence the incommensurate order is removed. The application of magnetic field to the mixed state showed
an increase of the magnetic domains corresponding to the E-type order and a decrease
in the incommensurate magnetic domains.
In case of the thicker film (100 nm) where the strain varies with film thickness the
paramagnetic phase shows a transition to an amplitude modulated incommensurate
(AMI) phase which is paraelectric. On lowering the temperature a mixed state, similar
to the incommensurate ferroelectric phase in the thinner films, is stabilized which comprises of the AMI order and commensurate E-type order.
Outlook
The magnetic order found in the strained films was resolved qualitatively, however
a quantitative analysis of the magnitude of Mn and R - ion sublattice magnetization
components is still missing. This can be achieved as a part of future studies since a
description of the sublattice magnetization components by an irreducible representation
has been identified for the amplitude modulated phase and the relation of the sublattice
magnetization components corresponding to the E - type order is also known.
A more pressing question which remains unanswered is that the possibility of finding a spin model by theoretical calculations using density functional theory or Monte
Carlo simulations which would reproduce the results obtained by strain. A Hamiltonian
has to be found consisting of interaction terms and a strain dependent term such that
we can have a better estimate on the size of strain necessary to obtain a multiferroic
ground state with E type order. Future intense neutron sources like the European Spallation Source (ESS), under construction in Lund, Sweden may allow us in performing
inelastic neutron scattering on thin films and derive the magnetic exchange interaction
parameters in the strained state.
Additionally the lattice parameters found in the present work are all measured at
room temperature so to model the spin structure of the strained film we would need
to obtain the low temperature parameters. Also the ionic positions, the bond lengths
and the bond angles in these strained films are not determined. X-ray diffraction as a
function of temperature can provide these details of the structural properties.

173
A direct evidence between coupling of the ferroelectric order and the E-type order
was not achieved in the present study. However, a possible route is investigation of
the change in the E-type domain population by external electric (E) field. To measure
the variation in domain population we need to use the spherical neutron polarimetry.
The challenge is to design an experimental set up which would allow application of a
large electric field (> 20 kV/cm) without causing significant reduction of the scattering
intensity. The measurement will be challenging but feasible within reasonable time
frame and we planned to perform these studies in near future.
In broader perspective the results presented in the thesis points towards one specific outcome which is the ability of epitaxial strain in inducing changes in physical
properties of materials. More specifically to materials which have an electric dipole
order coexisting with a magnetic moment order. Therefore, providing a possibility of
designing devices which can be controlled both by electric and magnetic field. In these
strained films the scope of having a cross-control over an electrically order state by
magnetic field or a magnetically ordered state by electric field is unique. This property
can be used to develop memory devices with a multi-logic state in place of binary logic
state. Also, for device technology thin films are more preferable material geometry
which allows size reduction. Although, the operating temperature of devices based on
these materials will be significantly lower than the room temperature but the fundamental idea that epitaxial strain can improve multiferroic properties will be useful in
engineering materials for high temperature device application.

Appendix A

Conversion factors for analysis

Here we have listed the conversion relations in eqn. A.1 which are used during our
experiments and analysis of neutron scattering intensity for estimating the different
properties of neutrons. The wavelength (λ), temperature (T ) and velocity (v) can be
derived from the energy of neutrons E.
√
~2
⇒
λ
∼
E
2mλ2
T emperature : (T ), E = kB T ⇒ T ∼ E
√
1
V elocity : (v), E = mv 2 ⇒ v ∼ E
2
W avelength : (λ), E =

(A.1)

where, the constants ~ = h/2π, h = 6.626 × 10−34 Js (Planck’s constant) and
kB = 1.38 × 10−23 J K−1 (Boltzmann constant). The conversion factors among these
parameters are listed in Tab. A.1. The table reads as neutrons with wavelength 1 Å corresponds to energy E = 81.805 meV.
Table A.1: List of conversion factors.
λ
v
T
Å
m/s
K
Wavelength (λ)
1Å
1
3956
949.3

E
meV
81.805

Velocity (v)

1 m/s

3956

1

6.066×105

5.227×10−6

Temperature (T )

1K

30.81

128.4

1

8.617×10−2

Energy (E)

1 meV

9.045

437.4

11.604

1

The typical values of these parameters used for cold, thermal and hot neutrons are
tabulated in the Tab. A.2.
Conversion between magnetic and thermal energy
Magnetic energy corresponding to a magnetic field for µ0 H ∼ 1 T is given by
µB µ0 H = 9 × 10−24 J. The thermal energy for T = 1 K is given by kB T = 1.38 × 10−24 J.
Comparing these energies, we obtain that a magnetic field of 1 T corresponds to a temperature of 0.65 K. Now the thermal energy for 300 K is E = kB T = 4 × 10−21 J,
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Table A.2: Values of parameters corresponding to
Neutrons
E
λ
T
meV
Å
K
3.7
4.7
42.94
4.6
4.27
53.36
Cold
9
3.015 104.36
11.6
2.66
134.6
14
2.417 162.46
Thermal
26
1.773
301.7

neutron scattering.
v
m/s
841.3
938.1
1312.2
1489.7
1636.6
2230.3

which implies that T = 0.65 K corresponds to an energy of E = 0.54 µeV. Therefore
the conversion factor between magnetic field and energy is 1 T ≡ 0.54 µeV.

Appendix B

Relations for Spherical Neutron
Polarimetry

For the analysis of the magnetic scattering by polarised neutrons we used the relations
given by Blume’s equations [112–116]. Here a list of expressions is summarized representing the scattering intensity (Sij ) with different combinations of polarizations of
the neutron beam. These intensities comprises contributions from magnetic, nuclear,
magnetic chiral and nuclear-magnetic interference terms. For our case we have contributions from pure magnetic terms so the nuclear and nuclear-magnetic terms are
absent. These intensities are categorised as diagonal terms if the axis of incident and
scattered polarization of neutron beam stay unchanged (Sii ) and off-diagonal terms if
the axis changes (Sij , where i 6= j) :
Diagonalterms

Sxx = N2 = Ix̄x̄ (nuclear),
Sxx̄ = M 2 (magnetic) − i(M⊥ × M∗⊥ ) (magnetic chiral term),
Sx̄x = M 2 (magnetic) + i(M⊥ × M∗⊥ ) (magnetic chiral term),
Syy = N2 (nuclear) + My My∗ (magnetic) + 2R(N My∗ ) (nuclear-magnetic interference),
Sȳȳ = N2 (nuclear) + My My∗ (magnetic) − 2R(N My∗ ) (nuclear-magnetic interference),
Sȳy = Mz Mz∗ = Iyȳ (magnetic),
Szz = N2 (nuclear) + Mz Mz∗ (magnetic) + 2R(N Mz∗ ) (nuclear-magnetic interference),
Sz̄ z̄ = N2 (nuclear) + Mz Mz∗ (magnetic) − 2R(N Mz∗ ) (nuclear-magnetic interference),
Sz̄z = My My∗ = Iz z̄ (magnetic),
(B.1)
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Off − diagonalterms
Sxy = 1/2[N2 + M 2 − i(M⊥ × M∗⊥ )x + 2R(N My∗ ) + 2I(N Mz∗ ) (nuc-mag)] = Syx̄ ,
Sxȳ = 1/2[N2 + M 2 − i(M⊥ × M∗⊥ )x − 2R(N My∗ ) − 2I(N Mz∗ ) (nuc-mag)] = Sȳx̄ ,
Sx̄y = 1/2[N2 + M 2 + i(M⊥ × M∗⊥ )x + 2R(N My∗ ) − 2I(N Mz∗ ) (nuc-mag)] = Syx ,
Sx̄ȳ = 1/2[N2 + M 2 + i(M⊥ × M∗⊥ )x − 2R(N My∗ ) + 2I(N Mz∗ ) (nuc-mag)] = Sȳx ,
Sxz = 1/2[N2 + M 2 − i(M⊥ × M∗⊥ )x + 2R(N Mz∗ ) − 2I(N My∗ ) (nuc-mag)] = Sz x̄ ,
Sxz̄ = 1/2[N2 + M 2 − i(M⊥ × M∗⊥ )x − 2R(N Mz∗ ) + 2I(N My∗ ) (nuc-mag)] = Sz̄ x̄ ,
Sx̄z = 1/2[N2 + M 2 + i(M⊥ × M∗⊥ )x + 2R(N Mz∗ ) + 2I(N My∗ ) (nuc-mag)] = Szx ,
Sx̄z̄ = 1/2[N2 + M 2 + i(M⊥ × M∗⊥ )x − 2R(N Mz∗ ) − 2I(N My∗ ) (nuc-mag)] = Sz̄x ,
Syz = 1/2[N2 + M 2 + 2R(My Mz∗ ) + 2R(N My∗ ) + 2I(N Mz∗ ) (nuc-mag)] = Szy ,
Syz̄ = 1/2[N2 + M 2 − 2R(My Mz∗ ) + 2R(N My∗ ) − 2I(N Mz∗ ) (nuc-mag)] = Sz̄y ,
Sȳz = 1/2[N2 + M 2 − 2R(My Mz∗ ) − 2R(N My∗ ) + 2I(N Mz∗ ) (nuc-mag)] = Sz ȳ ,
Sȳz̄ = 1/2[N2 + M 2 + 2R(My Mz∗ ) − 2R(N My∗ ) − 2I(N Mz∗ ) (nuc-mag)] = Sz̄ ȳ ,
(B.2)
We used these relations to compute the necessary parameters which led to evaluation
of the polarisation matrix elements. In Chap. 8, the scattering intensity corresponding
to the spin flip of neutrons along x is represented by Sx −x which is presented here as
Sxx̄ . This is also true for every spin flip scattering intensity nomenclature.

Appendix C

Ferroelectric and magnetisation
measurements

Description of the multiferroic measurements
Here a summary of the multiferroic studies measured on the epitaxially strained
RMnO3 thin films is presented in Fig. C.1. We used these results for our discussions
in Chap. 6. The electric studies were performed by capacitance measurements and
PUND technique as discussed in Chap. 4. Additionally magnetisation measurements
using SQUID magnetometry are also shown which are used to identify the magnetic
transition temperature TM . These measurements were performed by K. Shimamoto as
a part of his doctoral studies [15].
The magnetisation curves are measured under zero-field cooled and field-cooled with
µ0 H = 0.05 T. The magnetic transition temperature (TM ) from these measurements
showed no variation with respect to the R ion radius and is found constant at TM =
43 K. In this analysis the anomaly and the temperature at the which the zero-field and
field-cooled curves start diverging is considered the TM . The dielectric studies were
done by measuring capacitance along the a and c axis and the temperature at which
the capacitance shows a divergence behaviour is used as the ferroelectric temperature
TFE . The ferroelectric temperature is found to vary with respect to the R ion radius
which we discussed in Chap. 6. Note, that for every film the ferroelectric ordering is
only found along the a axis. The magnitude of spontaneous polarization was found to
be similar in this films (P ∼ 1 − 2 µC cm−2 ). The ferroelectric loops were measured
at T = 20 K, showing switching of the electric dipole moments by changing the bias of
the applied electric field.
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Figure C.1: Temperature-dependent (a) field-cooled (closed symbols) and zero-fieldcooled (open symbols) magnetization measurements at µ0 H = 0.05 T, (b) normalized capacitance (∆C%), (c) remanent polarization, and (d) FE hysteresis curves of o-RMnO3
films coherently grown on (010)-oriented YAlO3 substrates [150].

Appendix D

Landau theory analysis

Here a brief discussion is presented based on Landau theory [191] of phase transition to
explain the orientation of ferroelectric polarization induced by a non-collinear E-type
for o-RMnO3 with P bnm symmetry similar to the approach in Ref. [147] [see Supplementary material]. As discussed in Chap. 5 the position of ith (i = 1 - 8) magnetic Mn
ions are rMn1 = (1/2 0 0), rMn2 = (0 1/2 0), rMn3 = (1/2 0 1/2), rMn4 = (0 1/2 1/2),
rMn5 = (1/2 1 0), rMn6 = (0 3/2 0), rMn7 = (1/2 1 1/2) and rMn8 = (0 3/2 1/2). The
generators of P bnm symmetry are 1̄(r) = (-x, -y, -z), 2a (r) = (x+1/2, -y+1/2, -z), 2c (r)
= (-x, -y, z+1/2). For magnetic ordering of spins the time inversion symmetry element
T (r) = (-x, -y, -z) is used which inverts the sublattice magnetisation components. The
sublattice magnetisaton components for the magnetic order parameters of E and O-type
are listed in the Tab. D.1 as discussed in Chap. 5 and 8. We used the magnetisation
components in this table to perform symmetry transformations on the order parameters.

Table D.1: Showing sub lattice magnetisation (Sub. mag.) of the E-type domains.
Sub.
mag.

rMn1
( 21 00)

rMn2
(0 12 0)

rMn3
( 12 0 12 )

rMn4
(0 21 12 )

rMn5
( 12 00)

rMn6
(0 32 0)

rMn7
( 12 1 21 )

rMn8
(0 32 12 )

E1

E1a
E1b
O1c

ma
mb
mc

ma
- mb
- mc

- ma
- mb
mc

- ma
mb
- mc

- ma
- mb
- mc

- ma
mb
mc

ma
mb
- mc

ma
- mb
mc

E2

E2a
E2b
O2c

ma
mb
mc

- ma
mb
mc

- ma
- mb
mc

ma
- mb
mc

- ma
- mb
- mc

ma
- mb
- mc

ma
mb
- mc

- ma
mb
- mc

O.P.

In Tab. D.2 the transformation rule for each Mn ions under symmetry operations are
summarised. An additional translation operation is also performed such that after the
transformation under P bnm generator symmetry elements the resulting position can be
described in terms of the equivalent Mn ion positions (rMni , i = 1 - 8). To explain the
table Mn ion at position (1: 1/2 0 0) under 2a operation transform to position (2+a:
0 1/2 0 + 1 0 0).
The E-type order found in o-RMnO3 is described by magnetic domains (E1a , E1b , O1c )
and (E2a , E2b , O2c ) as discussed in Chap. 5 and 8. The transformation of the sublattice
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Table D.2: Transformation of Mn ion positions under symmetry operation.
rMni
i=1−8

2a
(x+1/2, -y+1/2, -z)

2c
(-x, -y, z+1/2)

1̄
(-x, -y, -z)

1

2+a

3-a

1-a

2

1

8-2b

6-2b

3

4+a-c

1-a-c

3-a-c

4

3-c

6-2b+c

8-2b-c

5

6+a-2b

7-a-2b

5-a-2b

6

5-2b

4-2b

2-2b

7

8+a-2b-c

5-a-2b+c

7-a-2b-c

8

7-2b-c

2-2b+c

4-2b-c

Table D.3: Transformation rules of E-type order parameter (O.P.).
O.P.
E1a

2a
E1a

2c
E2a

1̄
E2a

T
- E1a

E2a

- E2a

E1a

E1a

- E2a

E1b

- E1b

E2b

E2b

- E1b

E2b

E2b

E1b

E1b

- E2b

E1c

- E1c

- E2c

E2c

- E1c

E2c

E2c

- E1c

E1c

- E2c

magnetisation components of the order parameters is performed for the order parameters (E, O) which is summarized in Tab. D.3. As an example of the transformation
followed, the component of E1 order parameter, E1a under 2a operation transform back
to the E1a whereas under 2c it transform to E2a . These transformations rules are summarized in Tab. D.3. Similar operation is performed on O-type order parameter and listed
in Tab. D.4. Note, that in each case the transformation rule of the positions shown in
Tab. D.3 is included to obtain the resulting order parameter components.
Next we summarise the transformation of polarization components under symmetry operations of P bnm generators and their first order derivatives. Note, that the
ferroelectric parameter stays invariant under time reversal symmetry by definition.We
analyze the free energy related to the possible magnetoelectric coupling terms of the
form P · E 2 and P · O2 in the thermodynamic potential which can justify the orientation of ferroelectric polarization for the non-collinear E-type phase as discussed in
Chap. 2.3. The terms which stay unchanged under symmetry operations of 2a , 2c , 1̄
and T are given in eqn. D.1.
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Table D.4: Transformation rules of O-type order parameter (O.P.).
O.P.
O1a

2a
O1a

2c
- O2a

1̄
O2a

T
- O1a

O2a

- O2a

- O1a

O1a

- O2a

O1b

- O1b

O2b

O2b

- O1b

O2b

O2b

- O1b

O1b

- O2b

O1c

- O1c

O2c

O2c

- O1c

O2c

O2c

- O1c

O1c

- O2c

Table D.5: Transformation rules of E-type order parameter (O.P.).
O.P.
 a
E1
a
E2b 
E1
b
E2c 
E1
E2c

2a


1 0
0 −1
−1 0
 0 1
−1 0
0 1

2c

0
1
0
 1
0
−1

1̄

1
0
1
0 
−1
0


0
1
0
1
0
1


1
0
1
0
1
0

T


−1 0
 0 1
−1 0
 0 −1
−1 0
0 −1

Pa · [(E1a )2 − (E2a )2 ] Pa · [(O1a )2 − (O2a )2 ]
Pa · [(E1b )2 − (E2b )2 ]

Pa · [(O1b )2 − (O2b )2 ]

Pa · [(E1c )2 − (E2c )2 ]

Pa · [(O1c )2 − (O2c )2 ]

(D.1)

All other terms such as Pf ·(Ejf ·Okf ) where (j, k = 1,2), Pf ·(Ej ·Ek ) and Pf ·(Oj ·Ok )
(f = a, b, c and j 6= k) are absent since in every case they show change in sign under
the P bnm generator symmetry operations. This confirms that the polarization only
along the a axis is possible in case of a non-collinear E-type order, which is consistent
with the experimental results [73]. As a by-product of this analysis the thermodynamic
potential (φE ) term allowed is given by :
φE ∝

R

E1b ∂b O1c − E2b ∂b O2c

(D.2)

This is the Lifshitz term [191, 192] which stays invariant under the P bnm generator
symmetry operations which leads to the phase transitions from a paraelectric phase →
incommensurate → locked in commensurate E-type phase as observed in bulk LuMnO3
[73].
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Table D.6: Transformation rules of O-type order parameter (O.P.).
O.P.
 a
O1
a
O2b 
O1
b
O2c 
O1
O2c

2a


1 0
0 −1
−1 0
 0 1
−1 0
0 1

2c


0
−1

0
−1

0
1

1̄

0
1
0
1
0
1


−1
0
−1
0
1
0

T


1
0
1
0
1
0




−1 0
 0 −1
−1 0
 0 −1
−1 0
0 −1

Table D.7: Transformation rules of ferroelectric order parameter (O.P.).
O.P.
Pa

2a
+

2c
-

1̄
-

T
+

Pb

-

-

-

+

Pc

-

+

-

+

∂a

+

-

-

+

∂b

-

-

-

+

∂c

-

+

-

+
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X-ray scattering was also analysed by me to obtain conclusive detailed information. I
conducted the magnetization measurements under supervision of Marisa Medarde and
Tian Shang at PSI. The second harmonic generation measurements were performed
by Sebastian Manz at Laboratory for Multifunctional Ferroics Group at ETH Zurich.
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