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Abstract

The study of strongly correlated electron systems is in current focus in the field of con-

densed matter physics, in particular, 4d/5d-transition-metal oxides, where strong spin-

orbit coupling (SOC), electron-electron coulomb repulsion, and large crystal-electric-field

(CEF) effects compete with each other and exhibit a versatile exotic ground state. Among

them the ruthenates represent a unique platform to explore emergent phenomena such as

spin frustration, superconductivity, metal-insulator transition, magnetoelectric coupling.

While the intrinsic physics of ruthenates alone is remarkably rich, incorporating the rare-

earth elements introduces additional 4f moments that couple with Ru(4d) electrons. This

d-f coupling can further tune the magnetic ground state, controlling the functional prop-

erties of the systems. However, the research on ruthenates (4d) and especially 4d-4f

systems is limited.

The thesis work is focused on unraveling the interplay between crystal and magnetic

structure, spin dynamics, and electronic correlations in Ru-based oxides, focusing on the

trimer compound Ba5Ru3O12 and the 4d-4f coupled perovskite series Ba3RRu2O9 (R =

Ho, Tb, Sm). The high-level microscopic techniques, such as, high-resolution synchrotron

X-ray diffraction, time-of-flight neutron diffraction, and inelastic neutron scattering (INS)

experiments were carried out together with spin-wave simulations and theoretical calcu-

lations to study the magnetic structure, exchange interactions, spin excitations, and the

nature of the unconventional ground states.

This thesis explores the unique magnetic ground state of Ba5Ru3O12, which consists

of isolated Ru3O12 trimers. Inelastic neutron scattering measurements, spin-wave simula-

tion and machine-learned force field calculation reveal complex and competing magnetic

exchange interactions, strong electronic correlations, magnetic anisotropy, and possible

spin-phonon coupling in this system. These results shows that how ruthenium-based sys-

tems host diverse emergent phenomena and explains how their ground state (and thus

physical properties) can be tuned by structural motifs.

xxxi
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The role of 4d-4f coupling is also explored in this thesis work. A key result of this

work is the experimental demonstration of spin-driven ferroelectricity in Ba3HoRu2O9,

that originates from inverse Dzyaloshinskii-Moriya (D-M) interactions between magnetic

moments originated from two non-equivalent magnetic atoms, that is, Ru (4d) and Ho

(4f). This result shows that strong 4d-4f coupling alone can break inversion symmetry

and induce ferroelectric polarization, providing a new microscopic pathway to multifer-

roicity. The compound Ba3TbRu2O9 exhibits an unconventional Tb4+ valence state with a

spin-only configuration and a highly unusual cooperative Ru-Tb magnetic ordering which

is different from other rare-earth members of the same family. Furthermore, temperature-

dependent structural studies on Ba3SmRu2O9 uncover a symmetry-lowering structural

transition at low temperatures, likely associated with lattice instabilities, underscoring

the sensitivity of Ru-based systems to rare-earth chemistry.

Chapter 1: Introduction

This chapter provides the fundamental background required to understand the physics

explored in this thesis. It introduces the concept of strongly correlated electron systems,

emphasizing why conventional band theory fails when electron-electron interactions be-

come comparable to the electronic bandwidth. The discussion highlights transition-metal

oxides, where the interplay of Coulomb interaction, bandwidth, Hund’s coupling, crystal-

field effects, and spin-orbit coupling gives rise to unconventional ground states.

We have provided a brief overview of past literature and discussed the research on

3d, 4d and 5d transition-metal oxides, explaining how increased orbital and spin-orbit

coupling modify electronic correlations. Considering this, ruthenium-based oxides are

identified as ideal systems lying in an intermediate-correlation regime. In this chapter we

have briefly discusses the motivation of choosing ruthenates, their historical background,

4d-4f coupling, and sets the conceptual foundation for exploring their complex magnetic,

dynamical, and magnetoelectric properties in later chapters.

Chapter 2: Experimental Techniques and Methodol-

ogy

This chapter describes the experimental methods and analysis techniques which are em-

ployed throughout the thesis. The details of sample preparation, and their structural

characterization through powder X-ray diffraction using Rietveld refinement method have
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been discussed.

The chapter provides a detailed explanation of neutron scattering techniques, high-

lighting their importance in probing both crystal and magnetic structures as well as spin

dynamics. Powder neutron diffraction is discussed as a key tool for determining magnetic

ordering, while inelastic neutron scattering (INS) is introduced as a powerful technique

to study magnetic excitations and spin-wave spectra.

The principles of data analysis, including Rietveld refinement, representation analysis

for magnetic structures, and spin-wave modeling using SpinW software, are explained.

The machine-learning framework used to produce the phonon spectra has been discussed.

This chapter establishes the technical backbone of the thesis and ensures that the

experimental results presented in later chapters are well-grounded and reproducible.

Chapter 3: Interplay between trimer structure and

magnetic ground state in Ba5Ru3O12 probed by Inelas-

tic Neutron Scattering, spin-wave theory andMachine-

learning framework

This chapter focuses on the investigation of Ba5Ru3O12 system, where inelastic neutron

scattering revealed spin-wave excitations and magnon-phonon coupling, indicative of com-

peting exchange interactions, spin frustration, and magnetic anisotropy. The detailed

nearest and next-nearest magnetic exchange interactions are estimated through SpinW

(MATLAB) simulation on experimental INS spectra, maintaining the non-colinear spin

structure consistent with the experiment. Our combined theoretical calculations and ex-

perimental spectra have interpreted the spin-excitation and depicted the ground state of

the Ru-trimer.

In this chapter, the magnetic ground state and spin dynamics of the trimer ruthen-

ate Ba5Ru3O12 are investigated using inelastic neutron scattering (INS) techniques. This

compound exhibits long-range antiferromagnetic ordering below TN = 60 K. INS data

analysis along with SpinW simulations and machine-learned force-field calculations sug-

gest that this system hosts a frustrated magnetic ground state, which arises from compet-

ing nearest- and next-nearest-neighbor exchange interactions, exchange anisotropy, and

strong spin-orbit coupling, which together stabilize a non-collinear spin structure. This
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behavior is markedly different from other ruthenate trimer systems that typically exhibit

collinear magnetism. µSR measurements further support this by revealing a gradual loss

of initial asymmetry across the magnetic transition, consistent with dynamic magnetic be-

havior. The µSR results indicate that the magnetic order remains partially dynamic due

to local anisotropy arising from structural distortions and varying hybridization within

the Ru3O12 trimer.

Chapter 4: Ground state of 6H perovskite Ba3HoRu2O9,

Origin of spin-driven ferroelectricity, spin and CEF ex-

citations

In this chapter, the magnetic and multiferroic properties of the 6H-perovskite com-

pound Ba3HoRu2O9 are investigated. The compound undergoes magnetic ordering at

TN1 = 50 K, followed by a second and more complex magnetic phase transition at

TN2 = 10.2 K. The low-temperature phase is characterized by the coexistence of two com-

peting magnetic ground states associated with different propagation vectors, K1 (0.5 0 0)

and K2 (0.25 0.25 0).

We studied this system using time-of-flight neutron diffraction with large Q-range,

high-resolution synchrotron X-ray diffraction, AC susceptibility, frequency-dependent di-

electric spectroscopy, and DCmagnetization under external pressure. This chapter presents

the mechanism of spin-driven ferroelectricity in the Ba3HoRu2O9 system. Our results

demonstrate that the non-collinear magnetic structure involving both Ru(4d) and Ho(4f)

moments breaks spatial inversion symmetry through an inverse Dzyaloshinskii-Moriya in-

teraction driven by strong 4d-4f magnetic correlations. This interaction induces shifts of

oxygen atoms, leading to a finite electric polarization. Such spin-driven ferroelectricity

arising from inverse D-M interaction between two different magnetic ions is rare and high-

lights the important role of enhanced spin-orbit coupling associated with the 4d orbitals.

A careful analysis of the peak-shape of Bragg diffraction using time-of-flight Neutron

diffraction reveals that the second magnetic phase associated with K2 exhibits a shorter

coherence length, indicating the formation of magnetoelectric domains rather than true

long-range ferroelectric order. This explains the earlier report of experimentally observed

low value of ferroelectric polarization. Temperature-dependent synchrotron X-ray diffrac-

tion shows a clear anomaly in lattice parameters and unit-cell volume at TN2, consistent

with a ferroelectric transition and suggesting a non-centrosymmetric P62̄c space group.
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Furthermore, external pressure is found to enhance the magnetic ordering temperature,

indicating that pressure stabilizes the magnetic ground state associated with the second

magnetic phase.

Further, the magnetic and lattice excitations of the multiferroic 6H-perovskite Ba3HoRu2O9

are investigated using high-level inelastic neutron scattering, Raman spectroscopy, spin-

wave modeling, and machine-learned force-field phonon calculations.

Inelastic neutron scattering reveals a broad low-energy magnetic excitation that ap-

pears only below TN2. Spin-wave analysis shows that this excitation corresponds to a col-

lective magnon mode stabilized by strong antiferromagnetic Ru-Ru intradimer exchange

together with significant Ru-Ho coupling, indicating that the low-energy dynamics cannot

be described by isolated Ru2O9 dimers alone. At higher energies, several excitations are

observed. In which excitations near 12 meV and 40 meV are attributed to crystal electric

field excitations of Ho3+ ions.

Machine-learned force-field phonon calculations performed on this system reveal over-

lap between phonon modes and Ho3+ crystal-field energies, confirming the presence of

crystal-field-phonon coupling. These results highlight strong spin-orbit-entangled 4d-4f

lattice interactions in Ba3HoRu2O9 and establish this system as a suitable platform for

studying hybrid magnetic and lattice excitations in correlated multiferroic materials.

Chapter 5: Magnetic structure, cooperative Ru(4d)-Tb(4f) spin-

ordering and unconventional S-orbital state of Tb in Ba3TbRu2O9

This chapter focuses on Ba3TbRu2O9. Our combined bulk and microscopic studies show

that Tb4+ adopts a spin-only electronic configuration with S = 7/2 and a quenched

orbital moment (L = 0), while Ru4+ also exhibits a spin-only magnetic moment with

S = 1, despite the presence of strong spin-lattice coupling.

A cooperative magnetic ordering of Ru(4d) and Tb(4f) moments is observed below

the Néel temperature TN = 9.5 K, indicating strong Ru-Tb correlations. The Tb mo-

ments order antiferromagnetically within the bc-plane, whereas the Ru moments align

antiferromagnetically along the b-axis. In contrast to other related compounds such as

the Ho- and Nd-based members, the Ru2O9 dimers in Ba3TbRu2O9 exhibit a collinear

antiferromagnetic spin arrangement throughout the structure.
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Chapter 6: Investigation of temperature dependent

crystal and magnetic structure of Ba3SmRu2O9

In this chapter, the structural and magnetic properties of Ba3SmRu2O9 are examined

using temperature-dependent synchrotrons XRD and ND. Temperature-dependent syn-

chrotron XRD data of Ba3SmRu2O9 suggest lowering symmetry from a hexagonal struc-

ture (P63/mmc) to a monoclinic structure (C2/c space group, which further reduced to

P2/c space group) below 80 K, which can be due to presence of Jahn-Teller distortion

that influences the Ru-O-Ru bond angles. We have carried out neutron diffraction on this

magnetic system. The results reveal the possible spin-structure and suggest a very small

magnetic moment of Sm.

Outcome Of the thesis

This thesis provides a comprehensive understanding of magnetism, spin dynamics, and

spin-phonon coupling in strongly correlated ruthenium-based oxides, with particular em-

phasis on dimer and trimer ruthenates and Ru(4d)-R(4f) coupled systems (R = rare-

earth).

The main outcomes of this thesis are summarized as follows:

• We established the existence of cooperative 4d-4f magnetic ordering in heavy rare-

earth members of the Ba3RRu2O9 family (R = Ho and Tb), demonstrating a rare

and robust interplay between itinerant Ru(4d) and localized rare-earth 4f moments.

• We provided the experimental demonstration of spin-driven ferroelectricity in Ba3RRu2O9,

that originates from inverse Dzyaloshinskii-Moriya interactions between Ru (4d) and

Ho (4f) magnetic moments, unlike only from spin-pattern of transition metal ions-a

phenomenon rarely reported. This results further provide a pathway to study 4d-4f

systems from magnetoelectric aspects.

• We also show that external pressure can act as a very effective control parameter for

magnetic ground-state and proved that pressure can induce stable competing phases

and can also enhance magnetic ordering temperatures in 4d-4f coupled systems.

• Our investigations on trimer ruthenate systems demonstrate a complex magnetic

ground state of Ba5Ru3O12 compared to that of other nearly isostructural ruthen-
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ate trimer. The investigation reveals that small structural change in same family

can produce versatile magnetic ground state due to different degrees of hybridiza-

tions, which cause verities of physical properties, such as metal-insulator transitions,

metal-metal bonding similar to molecular hybridizations.

• We have explored and validated a machine-learned force-field framework that suc-

cessfully reproduces experimentally measured INS phonon spectra. This represents

a significant methodological advance and provides a new route for exploring lattice

dynamics in complex correlated materials. This work will further motivate in ex-

ploring the various properties in materials employing machine-learning approaches.





Chapter 1

INTRODUCTION

1.1 Strongly Correlated Electron Systems- General

Background

In most traditional models of solids, the kinetic energy of electrons in a periodic crystal

potential is considered to be the dominant contribution while electron-electron interactions

are treated as a secondary effect. On the basis of that theoretical descriptions of the free-

electron theory, band theory, and Landau’s Fermi-liquid theory have been developed.

These approaches are well suited for simple metals and semiconductors, where coulomb

interactions are efficiently damped by mobile charge carriers. In such systems, the low-

energy excitations behave like well-defined quasiparticles with long lifetimes [1]. However,

Figure 1.1: Overview of emergent phases in strongly correlated electron systems

1
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this independent-particle approach, is no longer valid when interaction energy scales are

comparable to the electronic bandwidth. In many transition-metal compounds, the on-site

coulomb repulsion U , bandwidth W , and Hund’s coupling JH are of similar magnitude.

When U ∼ W , electron motion is strongly constrained by correlations, and the electronic

structure can no longer be described in terms of weakly renormalized bands. Materials in

this regime are referred to as strongly correlated electron systems [2, 3].The broad range of

unconventional ground states that emerge when electron-electron interactions dominate,

including Mott insulating behavior, unconventional superconductivity, multiferroicity, and

quantum spin liquids, is summarized schematically in Fig. 1.1.

A clear consequence of strong correlations is the failure of conventional band theory

to predict the correct ground state. According to conventional band theory, a mate-

rial with a partially filled band should always be metallic. Contrary to this prediction,

many transition metal oxides (TMOs) are insulating despite having an odd number of

electrons per unit cell. Mott demonstrated that strong on-site coulomb repulsion can

localize electrons and drive an interaction-induced insulating state, now referred to as a

Mott insulator [4, 5]. This insight established electronic correlations as a central con-

cept in solid-state physics. To describe the fundamental physics of correlated electrons,

Hubbard introduced a minimal microscopic model that balances electron hopping with

on-site coulomb repulsion [6]. Although the Hubbard model is conceptually simple, it

has not been solved exactly in more than one dimension and has become a central frame-

work for understanding strongly correlated electron systems. In this simplified form, it

exhibits a wide range of emergent phenomena such as metal-insulator transitions, and

deviations from conventional Fermi-liquid behavior that highlight the inherent complex-

ity of interacting many-electron systems. Further insight into the limitations of weakly

correlated theories comes from studies of magnetic impurities and heavy-fermion materi-

als, where strong electron-electron interactions lead to collective behavior that cannot be

explained within simple band-like descriptions. The Kondo effect leads to many-body sin-

glet formation between localized moments and conduction electrons, causing anomalous

low-temperature behavior [7, 8]. In heavy-fermion compounds, a lattice of such moments

produces quasiparticles with strongly enhanced effective masses [9], showing how strong

correlations can drastically alter the behavior of a metallic system. The discovery of high-

temperature superconductivity in copper-oxide materials further emphasized the crucial

role of strong electron correlations [10]. The rich and complex phase diagrams of these

systems, marked by competing magnetic and electronic phases, clearly demonstrate that
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electron -electron interactions play a dominant role in determining their physical prop-

erties. This perspective forms the essential background for the studies presented in this

thesis.

1.2 Strongly Correlated Transition Metal Oxides

TMOs are one of the most widely studied strongly correlated materials because of the

extraordinary diversity of their physical and chemical properties. Their structural and

chemical complexity can be readily tuned by varying composition, crystal structure, or

external parameters such as temperature, pressure, strain, and applied fields which makes

them ideal for exploring correlation-driven phenomena [2]. As a result, TMOs exhibit a

wide range of emergent phenomena, including superconductivity, multiferrocity, metal-

insulator transitions, unconventional magnetic ground state and complex excitation spec-

tra [9, 11, 12, 13, 14, 15]. In these materials, transition metal ions are typically coordinated

Figure 1.2: (a) Crystal-field splitting of 4d orbitals into t2g and eg manifolds in an octahe-

dral environment. (b) Schematic comparison of 3d, 4d, and 5d transition-metal oxides in

terms of key energy scales. From 3d to 5d systems, the bandwidth W increases, while the

relative strengths of the coulomb interaction U , Hund’s coupling JH , and SOC λ evolve.

As a result, 4d systems such as ruthenates occupy an intermediate regime where these

interactions are comparable.

by oxygen ligands and most commonly form octahedral or tetrahedral environments. The

electrostatic potential generated by the surrounding oxygen ions lifts the degeneracy of

the atomic d orbitals through crystal-field splitting as shown in Fig. 1.2(a) [16]. In an

octahedral environment, this splitting separates the d states into lower-energy t2g and
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higher-energy eg manifolds, with the exact energy hierarchy depending on local symmetry

and distortions [17, 18, 19]. Crystal-field effects (CEF) play a central role in determining

orbital occupancy, magnetic moment formation, and the low-energy electronic structure

of these compounds [18, 19]. Because the bandwidth varies from p-d hybridization is

often comparable to the on-site coulomb repulsion U , many TMOs lie near the boundary

between itinerant and localized electronic behavior. This delicate balance explains why

small perturbations can drive dramatic changes, such as metal-insulator transitions or

switches between different magnetic ground states.

Magnetism in TMOs naturally emerges from partially filled d shells in the presence

of strong coulomb interactions. Local magnetic moments form on transition metal sites,

while superexchange interactions mediated by oxygen ions couple these moments across

the lattice [17, 20]. Although TMOs share common structural motifs, their electronic and

magnetic properties evolve systematically across the 3d, 4d, and 5d series due to changes

in the radial extent of the d orbitals and the relative strength of key energy scales.

In 3d TMOs, such as compounds based on vanadium, manganese, or copper, the d

orbitals are relatively localized due to their smaller spatial extent. This leads to nar-

row electronic bandwidths and strong coulomb repulsion. As a result, many 3d ox-

ides are well described as Mott insulators, characterized by robust local magnetic mo-

ments and strong antiferromagnetic superexchange interactions [17, 20, 21]. This strong

tendency toward local-moment magnetism also provides the microscopic foundation for

spin driven ferroelectricity in several 3d -based multiferroic oxides. In well-known sys-

tems such as RMnO3 and RMn2O5 (where R is a rare-earth ion), electric polariza-

tion originates directly from the magnetic ordering of the 3d transition-metal sublat-

tice [22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Depending on the magnetic structure, po-

larization is generated either by non-collinear (canted) spin configurations through the

inverse Dzyaloshinskii-Moriya (D-M) interaction, or by collinear spin arrangements via

the exchange-striction mechanism, illustrating the coupling between magnetism and fer-

roelectricity in strongly correlated 3d oxides [11, 32, 33]. In contrast, 4d TMOs possess

more spatially extended d orbitals, which enhance orbital overlap and result in broader

electronic bands. As a result, many 4d oxides exhibit correlated metallic behavior rather

than conventional Mott insulating states [3, 34]. Hund’s coupling further enhances cor-

relation effects in many 4d systems. It suppresses inter-orbital charge fluctuations and

lowers the coherence scale of itinerant electrons, giving rise to strongly correlated metallic

states even when the on-site coulomb interaction alone is insufficient to localize electrons
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[3]. This mechanism distinguishes many 4d oxides from both the strongly localized 3d

systems and the more relativistic 5d compounds. In 5d TMOs, the d orbitals are even

more spatially extended, leading to large bandwidths and relatively weaker coulomb in-

teractions. However, in the case of 5d elements, its heavier atomic mass yields strong

spin-orbit coupling (SOC), which may become comparable or even exceed crystal-field

splitting and exchange interactions [2, 35]. Such strong SOC entangles spin and orbital

degrees of freedom and thus stabilizes novel relativistic electronic and magnetic states.

Iridates such as Sr2IrO4 are well-known examples of this class of materials [35]. The

systematic evolution of the key energy scales across the 3d, 4d, and 5d transition-metal

series are illustrated in Fig. 1.2(b). Considering this, 4d transition-metal oxides occupy a

unique intermediate position between the localized-electron physics of 3d compounds and

the spin-orbit-dominated behavior of 5d systems. In these materials, the energy scales

U,W, JH and λ are often comparable, making their electronic and magnetic properties

highly sensitive to lattice distortions, pressure, and chemical substitution. As a result,

relatively small perturbations can induce significant changes in physical behavior.

In this context we can say ruthenium-based oxides represent a particularly important

class of 4d materials by providing a fertile ground for studying unconventional correlated

states.

1.3 Ruthenium-Based Oxides:Motivation and Back-

ground

Ruthenium-based oxides occupy a distinctive position among correlated electron materi-

als. Unlike many 3d oxides, they are not well described by purely localized spin models,

yet they also deviate strongly from weakly correlated itinerant metals. Instead, ruthenates

reside in an intermediate regime where electronic correlations, orbital degrees of freedom,

and lattice effects must all be considered on an equal footing. This intermediate charac-

teristic of ruthenium-based oxides make it an ideal for investigating correlated electronic

states that evolve between localized and itinerant limits. In particular, the interplay be-

tween oxidation state, Hund’s coupling, orbital physics, and crystal structure provides a

natural setting for the emergence of unconventional magnetic states, cluster-based mag-

netism, and strongly renormalized metallic behavior, which forms the central focus of the

present thesis.
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1.3.1 Role of Ru Oxidation States and Electronic Configurations

The physical properties of ruthenium oxides can change substantially even with small

variations in electronic structure. As a result, compounds that are structurally very

similar may exhibit very different properties ranging from correlated metallic states to

insulating and magnetically ordered phases. This complexity arises primarily from the

ability of ruthenium to stabilize multiple oxidation states in oxides, most commonly Ru3+

(4d5), Ru4+ (4d4), and Ru5+ (4d3). Each electronic configuration leads to distinct orbital

filling, correlation strength, and magnetic ground state that make ruthenates an ideal

platform for systematically exploring how electronic degrees of freedom evolve across

different regimes.

1.3.2 Historical Perspective

Early research on ruthenium oxides began with simple binary compounds like RuO2, which

were long regarded as conventional itinerant metals exhibiting Pauli paramagnetism and

well-defined Fermi surfaces. These observations led to the early perception that Ru 4d

electrons favor delocalized, weakly correlated behavior.One of the characteristic features

of ruthenium oxides is that their physical properties are sensitive to even a small change

in chemical structure. Even compounds with closely related crystal structures can exhibit

very different behavior, ranging from correlated metallic states to insulating and magneti-

cally ordered phases. Due to this sensitive nature, ruthenates form a suitable platform for

studying correlation-driven phenomena. This view was reinforced by studies on perovskite

ruthenates such as SrRuO3 and CaRuO3, which display metallic conductivity along with

itinerant ferromagnetism or strong paramagnetic fluctuations [34]. However, experimental

and theoretical work suggest that these systems show substantial mass renormalization

and strongly enhanced electronic correlations, ruling out the description of ruthenium

oxides as conventional band metals. The discovery of unconventional superconductiv-

ity in Sr2RuO4 further highlighted the importance of spin fluctuations, orbital-selective

correlations, and enhanced SOC in ruthenates [14, 15]. Sr2RuO4 showed that strong dy-

namical correlations can be significant even in the absence of long-range magnetic order,

which motivated the study of a broader class of ruthenium-based oxides with different

crystal structures and magnetic properties [14, 15]. This sensitivity is well illustrated by

systems such as Ca2RO4, which is a Mott insulator at low temperature but undergoes

a structural transition that strongly reduces the insulating gap and pushes the system

toward metallic behavior [36]. Such structure-controlled electronic transitions are a re-
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curring feature in ruthenates [37]. Even richer physics emerges in rare-earth ruthenates,

where Ru 4d electrons interact with localized 4f moments. In the pyrochlore compounds

R2Ru2O7 (R = Dy, Ho, Tb, etc.), the Ru sublattice orders magnetically at relatively

high temperatures, producing a strong internal field that acts on the rare-earth ions

[38, 39, 40, 41, 41, 42, 43, 44]. This interaction modifies the crystal-field states of the 4f

moments and suppresses or alters the spin-ice and spin-liquid behavior typical of rare-

earth pyrochlores. For example, in Ho2Ru2O7 the Ru-Ho exchange leads to an unusual

partially ordered Ho state, highlighting the importance of 4d -4f coupling [38, 39].

A similar interplay is found in the double-perovskite ruthenates Ba2LnRuO6, where

both the alkaline-earth ion A and the rare-earth ion Ln strongly influence the crystal

symmetry and magnetic interactions [45, 46]. These compounds display a remarkable

diversity of magnetic ground states arising from geometric frustration, SOC, and com-

peting exchange interactions that can be tuned by both the A-site and Ln-site cations.

For example, Sr2LnRuO6 (Ln = Dy, Ho, Er) crystallizes in a low-symmetry monoclinic

structure and exhibits two magnetic phase transitions as well as exchange-bias effects,

likely driven by antisymmetric exchange (D-M) interactions enabled by the reduced lat-

tice symmetry [47, 48, 49, 50, 51]. In contrast, replacing the magnetic rare-earth ion by

nonmagnetic Y3+ in Sr2YRuO6 preserves the same crystal symmetry but leads to planar

antiferromagnetic correlations and a partially ordered frustrated state, emphasizing the

crucial role of magnetic 4f moments [52].

1.3.3 Intermediate Coupling, Hund’s Physics, and Orbital Ef-

fects

The intermediate correlation strength in ruthenates arises from the spatial extent of Ru 4d

orbitals, which increases overlap with oxygen 2p states and widens the electronic bands.

Although this suppresses electron localization, the coulomb interaction is still sufficient

to strongly renormalize the electronic states, leading to correlated metallic or weakly

insulating behaviour [2].

Hund’s coupling plays a central role in this regime by aligning spins across partially

filled t2g orbitals and suppressing inter-orbital charge fluctuations. Many ruthenates are

therefore understood as Hund’s metals, where strong correlations arise from Hund’s-rule

physics rather than proximity to a Mott transition [3]. The multi-orbital nature of the Ru

t2g manifold further enables orbital differentiation, which strongly influences magnetism

and excitation spectra.
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1.4 Structural Diversity and Structural Tunability in

Ruthenium-Based Oxides

Ruthenium oxides show a wide range of physical properties because of their structural

variety. Unlike many transition-metal oxides, which usually form a single type of crystal

structure, ruthenates can adopt many different structures, including perovskite, layered

perovskite, pyrochlore, double perovskite, hexagonal and cluster-based forms as shown

in Fig. 1.3 [44, 45, 53, 54, 55]. This flexibility in structure allows researchers to tune

properties such as electronic bandwidth, orbital overlap, and dimensionality, all within

chemically similar compounds. As a result, ruthenates are especially useful for studying

how changes in structure affect electronic and magnetic behavior in correlated electron

systems. Most of the ruthenium oxides are made up of RuO6 octahedra. Small rotations

and tilts of these octahedra change the Ru-O-Ru bond angles, which directly influences

electron hopping,bandwidth and exchange interaction. This thesis focused on two types

of Ruthenium base compounds in which one is 6H perovskite Ba3RRu2O9 compounds and

other is barium ruthenate trimer system. The representation of face shared dimer and

trimer made of RuO6 octahedra is shown in Fig. 1.4. Hexagonal ruthenates, particularly

the 6H perovskite, are characterized by the presence of face-sharing RuO6 octahedra. In

these structures, Ru ions form dimers with significantly reduced Ru-Ru distances com-

pared to corner-sharing networks. A prominent example is the Ba3RRu2O9 family (R

= rare-earth or non-magnetic ions), where alternating Ru2O9 dimers and RO6 octahe-

dra create a reduced-dimensional lattice that strongly affects electronic and magnetic

behavior. These systems provide an excellent platform to study cluster-based magnetism,

4d -4f interactions, and the interplay between structure, orbital occupancy, and electron

correlations.

In ruthenium trimer-based systems, three face-sharing RuO6 octahedra combine to

form Ru3O12 trimers, within which strong intratrimer interactions dominate.

In ruthenium oxides, the way RuO6 octahedra are linked plays a decisive role in

determining whether electrons act as localized moments or as more itinerant, delocalized

carriers. In corner-sharing networks, wider electronic bandwidths promote correlated

metallic behavior, whereas face-sharing or cluster-based arrangements increase direct Ru-

Ru interactions and favor molecular-orbital formation. This structural flexibility is a

key reason for the remarkable variety of electronic and magnetic ground states seen in

ruthenates. It also offers a straightforward way to tune correlated behavior through small
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Figure 1.3: Representative crystal structures of ruthenium-based oxides, including py-

rochlore, 6H perovskite, layered perovskite , double perovskite, and trimer systems, high-

lighting the structural diversity that gives rise to a wide range of electronic and magnetic

ground states.

changes in the crystal structure.

1.5 Cluster Magnetism in Ruthenium-Based Oxides:

Dimers and Trimers

A defining feature of many ruthenium-based oxides is that magnetism does not origi-

nate from isolated Ru ions but instead emerges from small clusters of Ru atoms formed

through specific structure. In compounds containing face-sharing RuO6 octahedra, the

Ru-Ru distance is significantly reduced, leading to strong direct overlap between Ru (4d)

orbitals. This overlap promotes partial electron delocalization over multiple Ru sites
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Figure 1.4: Representation of (a) Ru dimer (b) Ru trimer formed by face sharing RuO6

octahedra

and gives rise to cluster-based magnetism, in which dimers or trimers act as the funda-

mental magnetic units. Such cluster magnetism is not well described by conventional

localized-spin and instead reflects the intermediate-coupling nature of Ru 4d electrons.

The magnetic properties of these systems are therefore governed by a balance between

intracluster interactions, weaker intercluster coupling, and the overall lattice geometry.

1.5.1 Ru-Dimer Magnetism in 6H Perovskite Ruthenates

In 6H hexagonal perovskite ruthenates of the form Ba3RRu2O9, the crystal structure

consists of alternating layers of face-sharing Ru2O9 dimers and corner-sharing RuO6 oc-

tahedra. For trivalent rare-earth ions, charge neutrality enforces an average Ru valence

close to +4.5, resulting in mixed Ru4+/Ru5+ configurations within each dimer [46].

As a consequence of the face-sharing geometry described above, the Ru2O9 dimer

behaves as a collective magnetic unit, leading to partial electron delocalization across the

two Ru sites. Due to this the magnetic moment is distributed over the dimer rather than

localized on individual Ru ions. In many cases, the Ru2O9 dimers behaves as a single

magnetic unit with a reduced effective moment [56, 57].

The magnetic behavior of these dimer systems is further influenced by the nature of

the rare-earth ion for example light rare earth ions show dimer ordering while in heavy
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rare earth ions show cooperative ordering of R and Ru. when the R site is occupied

by a non-magnetic ion (such as Y3+, La3+, or Lu3+), it plays an important but indirect

role in determining the magnetic ground state of the system [58, 59, 60, 61]. Although

R3+ does not contribute a magnetic moment, it strongly influences the crystal structure

by controlling lattice parameters, Ru-O bond lengths, and Ru-O-Ru bond angles within

the Ru2O9 dimers. These structural parameters govern the balance between intra-dimer

exchange, inter-dimer coupling, and electron hopping between Ru ions, thereby tuning

the degree of electron localization and magnetic frustration. As a result, the magnetic

behavior in non-magnetic R compounds is dominated by the Ru sublattice, often sta-

bilizing singlet, weakly magnetic, or dimer-driven ground states rather than long-range

magnetic order. In contract to this when R carries a magnetic moment, additional 4d -4f

exchange interactions come into play, leading to more complex magnetic behavior that

reflects the interplay between Ru dimer magnetism and rare-earth anisotropy. In com-

pounds like Ba3NdRu2O9 and Ba3HoRu2O9, several magnetic transitions are observed,

indicating an interplay between the magnetic ordering of the Ru dimers and that of the

rare-earth moments [58, 62].

1.5.2 Ru-Trimer Magnetism and Molecular-Orbital Formation

In ruthenium oxides containing Ru3O12 trimers, cluster magnetism is strongly enhanced

by the presence of three face-sharing RuO6 octahedra. The short Ru-Ru separations

within these trimers drive strong intratrimer hybridization, leading to molecular-orbital-

like electronic states delocalized over the trimer. Because of this strong hybridization, the

three Ru sites within a trimer are often magnetically inequivalent. In some compounds,

the central Ru ion experiences stronger orbital overlap and becomes magnetically inactive,

while the outer Ru ions carry most of the magnetic moment. In other systems, all three

Ru ions contribute to magnetism, but with unequal moment sizes. The resulting magnetic

ground state is therefore a collective property of the trimer rather than a simple sum of

individual Ru moments.

The average Ru oxidation state is a key parameter in determining the magnetic ground

state of the Ru3O12 trimer. In mixed-valence trimers, the total electron count within the

Ru3O12 trimer is fixed by the valence distribution, which in turn determines the effective

spin state of the trimers. Depending on the number of electrons and the interactions

between trimers, the ground state may be a low-spin state. This is usually accompanied

by weaker ordered moments and stronger magnetic fluctuations.
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Figure 1.5: Schematic of neutron-scattering probes used to study correlated materials.

Elastic neutron diffraction determines the crystal and magnetic structures, while inelastic

neutron scattering measures magnetic and lattice excitations, providing access to low-

energy collective modes and correlation effects.

1.6 Scope of the Thesis

This thesis provides a microscopic understanding of the electronic and magnetic corre-

lations in ruthenates using neutron scattering. The thesis focuses on ruthenium-based

oxides in which RuO6 octahedra are connected through face-sharing geometries and form

Ru dimers and trimers that act as the fundamental magnetic and electronic building

blocks. These systems are ideal for uncovering electron correlations, exchange interaction

and SOC that govern unconventional magnetism. Within this scope, neutron diffrac-

tion is employed to resolve the crystal and magnetic structures, determine ordered mo-

ment sizes, and identify the presence of long-range and short-range magnetic correlations

and how subtle lattice distortions, bond lengths, and octahedral connectivity within Ru

dimers/trimers influence the stability of the magnetic ground states. This allows a direct

link to be established between structural motifs and the emergence of reduced magnetic

moments. Inelastic neutron scattering is used to probe the low-energy and high-energy
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magnetic excitations associated with Ru dimers and trimers. The neutron-scattering

techniques employed in this thesis, including elastic neutron diffraction for determining

crystal and magnetic structures and inelastic neutron scattering for probing magnetic and

lattice excitations, are schematically illustrated in Fig. 1.5. These measurements provide

access to the characteristic energy scales of intra-dimer/trimer and inter- dimer/trimer

exchange interactions, anisotropy, SOC, magnon phonon coupling and CEF Phonon cou-

pling. By analyzing the momentum and energy dependence of the spectra, the thesis

elucidates how magnetic correlations evolve from localized dimer/trimer excitations to

collective magnetic excitation due to presence of other magnetic atoms. By integrating

elastic and inelastic neutron data with complementary structural information, this work

aims to construct a unified, microscopic understanding of magnetism in dimer and trimer

based ruthenate oxide systems. The scope therefore goes beyond describing individual

materials and instead seeks to identify general principles governing how electronic corre-

lations, reduced dimensionality, and molecular-orbital formation control magnetic ground

states and excitations in 4d transition-metal oxides. In this thesis, neutron diffraction

and INS are employed as the primary experimental techniques to investigate both static

and dynamic magnetic properties of selected ruthenium oxides.





Chapter 2

EXPERIMENTAL DETAILS

This chapter provides an overview of the sample preparation methods, and the detailed

working principles of the experimental techniques employed in this thesis work. The syn-

thesized samples were polycrystalline and prepared using the solid-state reaction method.

Confirmation of phase purity and basic structural characterization were conducted using

laboratory-based Cu Kα X-ray diffractometer and Scanning-electron Microscope (SEM).

I have thoroughly investigated the crystal and magnetic structure employing neutron

diffractometer at national and international large-scale facilities. The X-ray and neu-

tron diffraction data were analyzed with the FULLPROF suite and SARAh (Simulated

Annealing and Representation Analysis) software [63, 64]. Further, I have carried out

inelastic neutron scattering (INS) measurements to explore the magnetic ground states

and spin-excitations. I have analyzed the INS data using MantidPlot and DAVE software

packages [65, 66]. I have performed Spin-wave simulations using the “SpinW” software to

extract the spin Hamiltonian parameters, such as, various magnetic exchange interactions

and anisotropy [67]. To calculated the phonon excitations I have performed the machine

learned force field (MLFF) calculation using INSPIRED software [68, 69]

2.1 Sample Preparation:Solid State Reaction Method

All the samples are prepared by using the Solid-State Reaction Method. The solid-state

reaction method is a conventional and widely used technique for synthesizing polycrys-

talline materials. It involves forming a new compound through atomic diffusion in the

solid state, typically at high temperatures. The schematic illustration of the solid-state

reaction method is shown in Fig. 2.1. This method is particularly effective for creating

15
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complex oxides and ceramics. Stoichiometric amounts of high purity starting materials,

such as oxides, carbonates, nitrates, or elemental powders, are selected based on the de-

sired product. The reactants are finely ground and mixed to ensure uniform distribution

and atomic-level homogeneity, using a mortar and pestle. The mixed powders are pressed

into pellets applying a pressure of 1-5 Ton using an hydrostatic pressure cell to improve

contact between the reactants and minimize loss during heating.

Figure 2.1: Schematic illustration of the solid-state reaction method

The mixture is then sintered at high temperatures in a furnace. The process may

involve multiple heating cycles with intermediate grinding to enhance homogeneity. This

provides sufficient thermal energy for ions to diffuse and react, forming the desired com-

pound.The sample preparation of specific sample is described in the respective chapter.

2.2 Sample Characterization:X-Ray Diffraction

We use powder X-ray diffraction (XRD) to check the purity of the samples and confirm

the desired crystal structure. The XRD profiles for all samples are collected at room

temperature using monochromatized Cu Kα1 radiation (λ = 1.54059 Å). The diffraction

patterns cover from 2θ = 40◦ to 90◦ with the step size of 0.001. We have analyzed the

XRD pattern with Rietveld Refinement using FullProf Suite softwear [63].

The XRD follows the Bragg’s law (presented schematically in Fig. 2.2),

2d sin θ = nλ (2.2.1)

where θ is the angle between the incident beam and the crystal surface, n is an integer, λ is

the wavelength, and d is the spacing between atomic layers. In XRD, the Scattering cross

section depends on various factors which can be understood by the following equation:

dσ

dΩ
=

∣∣∣∣∣∑
j

fj(Q) e
−2π(hxj+kyj+lzj) e−B(sin θ/λ)2

∣∣∣∣∣
2

(2.2.2)
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Figure 2.2: Bragg Diffraction. Two beams with identical wavelength and phase approach

a crystalline solid and are scattered of two atoms within it.

Here, (h, k, l) are the Miller indices, and (x, y, z) are the fractional atomic coordinates of

the jth atom. This equation shows that the diffraction peak broadened and its intensity

decreases with increasing temperature due to atomic thermal vibrations. The detailed

analysis of the XRD pattern gives an clear idea about, structure, spatial symmetry, atomic

arrangement and defect, homogeneity, an estimate of sample dimension, etc. The analysis

of XRD data is discussed in later section.

2.3 Synchrotron XRD

To obtain detailed structural information as a function of temperature we use high-

resolution synchrotron X-ray diffraction (HRXRD) source. Unlike conventional labo-

ratory XRD, which uses fixed-energy X-ray sources, HRXRD employs highly intense and

tunable X-rays generated at synchrotron facilities, providing much higher resolution and

sensitivity. The high photon flux of synchrotron radiation allows rapid data collection and

the detection of weak diffraction features. This makes HRXRD particularly suitable for

studying subtle structural changes, such as phase transitions, lattice strain, and thermal

evolution of the crystal structure. The excellent angular resolution further enables accu-

rate analysis of complex and nano-crystalline materials. Compared to laboratory-based

XRD, HRXRD offers significantly higher intensity, tuneable X-ray energy, and superior

time and spatial resolution. These advantages allow us to monitor temperature-dependent

structural evolution and capture transient structural changes that are not accessible us-
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ing conventional XRD methods. In this thesis work, HRXRD measurements were per-

formed at the SOLEIL Synchrotron to investigate the detailed crystal structure and its

temperature-dependent evolution. The use of synchrotron radiation provides high pho-

ton flux and excellent angular resolution, enabling precise structural analysis beyond the

capability of conventional laboratory XRD.

2.4 Neutron Scattering

Neutron scattering is a powerful technique used to probe the atomic and magnetic struc-

ture of materials as neutrons have spin which interacts with the nucleus. It involves

directing a beam of neutrons at a sample and analyzing the scattered neutrons to gather

information about the sample’s properties. A nuclear physicist, J. Chadwick discovered

the neutron in 1932 and in 1935 he received a Nobel Prize for his discovery. Neutron has

no charge which gives zero electric dipole moment due to this it penetrates deeper into

nuclei rather than an electron cloud. In 1994 Brockhouse and Shull were honored with the

Nobel Prize in physics for developing neutron scattering techniques for studying condensed

matter. In addition to being complementary to XRD, neutron powder diffraction is also

often used in conjunction with other neutron scattering techniques. These include single

crystal neutron diffraction in crystal structure and magnetic structure studies; small angle

neutron scattering in microstructural studies; diffuse scattering in crystallization studies;

and INS in the study of phase transformations and critical phenomena [70, 71, 72, 73, 74].

The reason we are using neutron diffraction is given below:

1. We need a sort of radiation which interacts weakly with matter, so that we are able

to treat the scattering in Born approximation or in other words: we want to see the

creation of one excitation and no multiple scattering.

2. The energy E0 and momentum k of the desired radiation should be of the order

of the energies and momenta of the excitations to be studied. In other words: the

wavelength. should be comparable to the atomic distance, the energy E0 should be

comparable to thermal energies (a few meV to 0.5 eV).

3. For the study of magnetic properties, we need an interaction of our magic radiation

with electronic spins. All these demands are rather well fulfilled by neutrons. Look-

ing for alternatives there are charged particles like protons or electrons. Because

of the strong Coulomb-interaction both cannot penetrate deeply into a target. One

only sees surface effects.
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4. Furthermore, the neutron’s wavelength (λn ∼ 1-5 Å) is close to interatomic distances

and its energy is comparable with those of many excitations in condensed matter,

which means that neutron scattering also has a spectroscopic function.

5. Neutrons interact with matter primarily through nuclear forces rather than electric

forces. Therefore, the interaction cross-section depends on the internal structure of

the nuclei in the sample being studied, rather than on the atoms’ mass or electric

charge. This characteristic allows neutrons to be equally sensitive to both heavy and

light atoms. It is possible to find out oxygen deficiency in an oxide using Neutron

diffraction, which is not possible through XRD.

Neutrons are produced in two primary ways: through nuclear reactors and spallation

sources. Nuclear reactors use a fission process to produce neutrons, while spallation

process implies high-energy protons striking a solid target.

Figure 2.3: Schematic diagram of Neuclear and Magnetic Scattering

2.4.1 Nuclear Scattering for Structural Characterization

Nuclear scattering constitutes the dominant contribution to the partial differential scat-

tering cross-section. The nuclear scattering potential is short-ranged and depends on the

positions of the nuclei. It also depends on the nature of the nucleus, including the isotope

and the relative orientation of the nuclear and neutron spins. In this process, the incident

neutron interacts directly with the nucleus, as illustrated in Fig. 2.3. Nuclear scatter-

ing consists of two components which is coherent scattering and incoherent scattering as
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mention in equation. 2.4.3

d2σ

dEf dΩ
=

(
d2σ

dEf dΩ

)
coherent

+

(
d2σ

dEf dΩ

)
incoherent

(2.4.3)

The coherent scattering is a result of coherent interference from the nuclei in the

sample whereas the incoherent scattering is due to the variance in scattering lengths and

creates an isotropic background. The incoherent cross section is

σinc = 4π
(
b2 − b

2
)
. (2.4.4)

The partial differential cross-section for nuclear scattering is:(
d2σ

dEf dΩ

)
coherent

=
kf
ki
S(Q,ω) (2.4.5)

(
d2σ

dEf dΩ

)
incoherent

=
kf
ki
Sinc(Q,ω) (2.4.6)

2.4.2 Magnetic Scattering: Scattering cross section and struc-

ture factor

Magnetic scattering results from the interaction of the neutron with the electromagnetic

field of the unpaired electrons and from the orbital momentum of the unpaired electrons

of the ions in the sample as shown in Fig. 2.3 . The magnetic dipole moment of the

neutron, σ, interacts with this electromagnetic field. Due to quantum nature, a neutron

beam can be described with a complex plane wave function

Ψ(r) = A exp(ik · r), (2.4.7)

with k the neutron wavevector, r the spatial coordinate, and A normalization factor.

After the scattering process and near a scattering centre (nucleus), the wavefronts can be

described as spherical waves

Ψsc(r) = −Ab
r

exp(ikr), (2.4.8)

However, far from the scattering centre, where neutrons are detected, they can be de-

scribed as planar waves. Here we have introduced b, the scattering length, expressing the

strength of the interaction between the neutron and the nucleus. In a neutron scattering

experiment incident neutrons, with wave vector ki, are scattered at an angle θ with a wave
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vector kf . If energy is transferred to the sample the neutron energy change is following

Fermi-Golden rule:

ℏω = Ei − Ef =
ℏ2k2i
2mn

−
ℏ2k2f
2mn

(2.4.9)

where mn is the mass of the neutron and ℏ = h/2π, h is Plank’s constant. Momentum

is also transferred to the sample and the neutron momentum change is −ℏQ. The wave

vector transfer, Q is calculated as

Q = k2i + k2f − 2kikf cos θ =
mn

ℏ2
(
2Ei − ℏω − 2

√
Ei(Ei − ℏω) cos θ

)
(2.4.10)

The weak scattering which occurs can be well approximated by the first-order perturbation

theory of the Born approximation, which assumes that incident and scattered neutron

beams are plane waves. The measured quantity in a neutron scattering experiment is the

differential scattering cross section, denoted (d2σ)/(dΩdEf ). This quantity is proportional

to the number of neutrons scattered per second in a solid angle Ω oriented in each direction,

with a final energy between Ef and Ef + dEf :

d2σf
dΩdEf

=
kf
ki

1

2πℏ
∑
j,k

(bkbj)

∫ ∞

−∞
⟨exp(−iQ · rj(0)) exp(iQ · rk(t))⟩ exp(−iωt) dt (2.4.11)

Or
d2σf
dΩdEf

=
kf
ki
S(Q,ω) (2.4.12)

Here S(Q,ω) is called the dynamical structure factor, and is usually the quantity of inter-

est in a neutron experiment because it is ideally independent of the instrument geometry

and the incident neutron wavelength. Essentially, S(Q,ω) is a response function (in the

sense that it is the response to the perturbation introduced in the scattering system by

the neutron), which measures space- and time-correlations and represents the spontaneous

fluctuations of atomic positions in the system. ki is the incident wave vector, bj refers to

the scattering length of the atom j (the bar represents an isotope and spin average), rj(t)

is the position in space of the atom j at time t, and ⟨. . .⟩ represents a thermal average.

2.4.3 Neutron Powder Diffraction (NPD) to investigate crystal

and magnetic structure

To investigate the crystal and magnetic structure of the sample NPD measurement is

performed. In this case incident neutron get diffracted from the sample without changing

their energy or momentum ie elastic scattering. For this, since ℏω = 0, then ki = kf and so

Q is dependent on the scattering angle, θ, only. shows the elastic scattering triangle for two
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different Q vectors but for the same incident wave vector length ki. Time-of-flight (TOF)

neutron diffraction was employed to extend the NPD measurements by providing high-

resolution structural and magnetic information over a broad range of momentum transfer.

In this technique, a pulsed polychromatic neutron beam is used, and the wavelength of

each detected neutron is determined from the time it takes to travel from the source

to the detector, allowing diffraction patterns to be recorded simultaneously for many

wavelengths at a fixed scattering angle. This enables efficient coverage of a wide Q range

in a single measurement, which is particularly advantageous for resolving overlapping

Bragg peaks and separating nuclear and magnetic contributions. The TOF method also

offers excellent peak resolution at both low and high d-spacings, making it well suited for

accurately refining lattice parameters, atomic positions, and long-range magnetic order.

In the present work, TOF neutron diffraction was therefore used to complement the

conventional NPD data and to provide a more reliable and comprehensive description of

the structural and magnetic properties of the system.

In this thesis work, Neutron Powder diffraction patterns were collected at PD3 in

BARC, Mumbai and Neutron TOF data is collected at SNAP, a time-of-flight diffrac-

tometer dedicated to high pressure research at Spallation Neutron Source (SNS), Oak

Ridge laboratory, USA.

2.4.4 Inelastic Neutron Scattering

INS is a spectroscopic technique used to investigate the vibrational and magnetic prop-

erties of materials. Neutrons are ideal for inelastic scattering experiments because they

possess both wave-like and particle-like characteristics. When neutrons interact with the

atomic nuclei in a sample, they can transfer energy to or absorb energy from the nuclei,

leading to changes in neutron energy and momentum. These energy transfers correspond

to various excitations within the material, such as vibrations of the atomic lattice or mag-

netic interactions. In a typical neutron scattering experiment, an incident neutron beam

ki is pointed toward the sample, and the scattered neutron kf is detected at various angles

from the incident direction. The scattering vector is defined as: Q = ki − kf and, if there

is a change in energy between the incident and scattered neutrons then equation 2.4.9

get changed. For inelastic scattering, ℏω ̸= 0, and so ki ̸= kf and a range of Q values

are achieved over a range of scattering angles by using equation 2.4.10. The change in
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neutron energy is given by,

∆E = Ei − Ef =
ℏ2

2mn

(
k2i − k2f

)
(2.4.13)

The excitation energy, ∆E is the amount of energy (ℏω) transferred to the sample with

wave vector q, and can be expressed as,

∆E = Ei − Ef = ℏω (2.4.14)

and

ki = kf + q +G (2.4.15)

where, G denotes the reciprocal lattice vector. Thus, by knowing ki, kf , Ei and Ef we

can determine ω and q, and hence the spin wave dispersions.

In this thesis work, INS measurements were carried out on the fine-resolution Fermi-

chopper spectrometer SEQUOIA at the Spallation Neutron Source (SNS) at Oak Ridge

National Laboratory (ORNL), US.

2.5 Analysis Techniques of diffraction and Inelastic

Neutron Scattering Data

The diffraction data were analysed by employing “Rietveld refinement” (FULLPROF

program) to determine the crystal/magnetic structure. The INS data were analysed by

employing “Mantid/plot” to visualize the INS spectra, “SpinW” program to determine

the spin-Hamiltonian. The details of the analysis techniques are discussed briefly one

after other below.

Rietveld Refinement

The Rietveld refinement method, developed by Hugo Rietveld, is a widely used technique

for determining and analyzing crystal structures. This method employs a least-squares

refinement approach, where initial approximate structural parameters are provided as

starting values. During refinement, various crystal structural parameters, including lat-

tice constants, atomic positions, site occupancies, instrumental factors, peak shape factors,

temperature factors, anisotropy parameters, preferred orientation, and background, are

iteratively adjusted to minimize the difference between observed and calculated diffrac-

tion patterns for nuclear structures. For magnetic structures, parameters such as the

magnetic moment are also refined. The Rietveld refinement technique is implemented in
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the FULLPROF software suite [63]. Magnetic structure determination often incorporates

representation theory analysis, which can be performed using tools such as BASIREPS

and SARAh (Simulated Annealing and Representation Analysis) [63, 64]. These methods

ensure an accurate determination of both nuclear and magnetic structural parameters.

INS Data Analysis

The INS data was plotted and analyzed by the Mslice program implemented in the Man-

tidPlot software package [65]. Constant-energy and constant-Q cuts were generated by

integrating the scattering intensity over selected ranges of momentum and energy trans-

fer. The resulting spectra were corrected for non-magnetic background contributions and

further processed by applying Bose population factor corrections to account for the ther-

mal occupation of excitations. In particular, Bose-factor convolution and subtraction

procedures were employed to separate intrinsic magnetic scattering from temperature-

dependent phonon and background contributions, thereby enhancing the magnetic signal.

Additional analysis, including detailed visualization, peak fitting, and the extraction of

characteristic excitation energies and linewidths, was performed using the DAVE(Data

Analysis and Visualization Environment) software package [65, 66]. The combined use of

Mantid/MSlice and DAVE enabled a comprehensive and quantitative analysis of the

magnetic excitation spectrum and its evolution with momentum transfer and temperature.

2.6 SpinW simulation

The spin-wave simulations were performed to model the experimentally observed INS

spectra by using the “SpinW” program [67]. The spin wave simulations using the “SpinW”

program allows to solve the spin Hamiltonian given as

H =
∑
ij

(SiJijSi) +
∑
i

(
SiA(i)Si

)
+B

∑
i

(giSi) (2.6.16)

where, Si are the spin operators, and Jij are the exchange interactions between the spins

represented by 3 × 3 matrices, B is the external applied magnetic field and gi is the g-

tensor. “SpinW” program is based on linear spin wave theory. The spin operators (Si)

in the spin Hamiltonian are expressed by the ladder operators (S+
i , S

−
i , S

z
i ). The ladder

operators are mapped to bosonic annihilation or creation. The Hamiltonian is transformed

by Holstein-Primakoff transformation and then expressed by the series expansion of the

powers of a+ and a. As per the linear spin wave theory, the terms proportional to the

to a+ and a, are only considered for the calculation. The diagonalization of the Fourier
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transform of the Hamiltonian gives the required solution. The “SpinW” program solves

the spin Hamiltonian for magnetic systems using classical and linear spin wave theory.

SpinW can calculate spin wave dispersion, spin-spin correlation functions, and neutron

scattering cross sections for both unpolarized and polarized neutrons [67]. It employs the

Holstein-Primakoff transformation to express spin operators in terms of bosonic creation

and annihilation operators, and diagonalizes the resulting Hamiltonian in momentum

space to obtain the excitation spectrum. The software is particularly suited for complex

magnetic crystals with arbitrary exchange interactions and anisotropies. The calculated

spin wave spectra can be directly compared with experimental INS data.

2.7 Machine Learned Force-Field (MLFF) calcula-

tion

A force-field calculation is a computational approach used in atomistic simulations to

determine the forces acting on atoms based on their positions. It defines how the total

energy of a system changes with atomic coordinates using mathematical functions that

describe interatomic interactions. Once the forces are known, the time evolution of atomic

motion can be simulated using molecular dynamics. These forces can accurately obtain

using Density Functional Theory (DFT), which is based on quantum mechanics. However,

this is very expensive and takes lots of time. To overcome this, we have used MLFFs,

which is trained using DFT energies and forces and can reproduce near-DFT accuracy

at a much lower computational cost. This allows us to perform large-scale and long-time

simulations while maintaining high accuracy [68, 69]. We have performed the MLFF

calculation to generate the phonon excitation using Inspired software which is shown

in Fig. 2.4. MLFFs have shown that they can accurately reproduce phonon spectra

at the DFT level while naturally including temperature effects. By running molecular

dynamics simulations with MLFFs and analyzing the velocity autocorrelation functions,

we can obtain vibrational densities of states and phonon spectra. This approach captures

important temperature effects, such as phonon softening and spectral broadening. This is

especially useful for studying vibrational properties related to thermal transport, neutron

scattering, and phase stability. Compared to conventional ab initio lattice dynamics,

MLFF-based methods go beyond the harmonic approximation and avoid issues such as

imaginary phonon modes in systems that are stable only at finite temperatures.
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Figure 2.4: MLFFs calculated Phonon Excitation present at high Q

2.8 Raman Spectroscopy

A powerful, non-destructive physical method of examining the dynamics of a crystal lat-

tice by means of its interaction with electromagnetic radiation is Raman spectroscopy.

A typical experiment using Raman Spectroscopy will consist of direct laser illumination

(monochromatic) of a sample and analysis of the spectrum of the light that has been

diffracted elastically from the sample. While a very small fraction of the total number of

photons that are diffracted from the sample experience an energy change due to either

the creation or destruction of phonons (lattice vibrations), the resultant energy change

manifests itself as a Raman shift. Identifying both Stokes and anti-Stokes scattering are

a key aspect of Raman Spectroscopy. The Raman shift then enables determination of the

lateral distribution, distance, frequency, and lifetime of phonon modes within the crystal

lattice. From a physics perspective, Using Raman spectroscopy one can explore the de-

tailed phonon spectra, lattice symmetry, and spin-lattice or electron-phonon interactions.

The Changes in phonon frequencies, linewidths, or intensities can reveal structural distor-

tions, phase transitions, anharmonic effects, and coupling between lattice and magnetic or

electronic degrees of freedom. In the present work, Raman spectroscopy is used to identify

zone-center optical phonon modes. The observed phonon frequencies are converted into

energy units to systematically compared with inelastic neutron scattering (INS) results

that provide a complementary understanding of lattice dynamics across different regions
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of the Brillouin zone and provide consistency between optical and neutron-based probes

of phonon excitations.

In this work the room temperature Raman Spectroscopy is performed at the Cen-

tral Instrumentation Facility (CIF) at Rajiv Gandhi Institute of Petroleum Technology

(RGIPT) using a 532 nm excitation laser with a 1200 grooves/mm grating, accumulating

100 scans over a spectral range of 200-2000 cm−1 at a spectral resolution of 1 cm−1
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3.1 Motivation

Ba5Ru3O12 is a unique member of the barium ruthenate family, as its RuO6 octahedra

form isolated face-sharing Ru3O12 trimers that are separated by nonmagnetic Ba2+ ions.

Unlike other trimer-based ruthenates where the trimers are connected through corner-

or edge-sharing networks, In this system the trimers are isolated that makes it different

from other ruthenates trimer and an ideal system for studying the intrinsic electronic and

magnetic properties of an individual Ru trimer. Interestingly, despite this isolated trimer

structure, magnetic susceptibility measurements indicate the development of long range

antiferromagnetic ordering in this system. This behavior is unexpected in a system in the

absence of direct magnetic exchange pathways between neighboring trimers and suggests

that unconventional magnetic interactions originate within the trimer unit itself. The

29
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presence of crystallographically inequivalent Ru sites and the face-sharing geometry are

therefore expected to play a crucial role, possibly leading to competing intra- and inter

trimer exchange interactions and magnetic frustration.

A detailed investigation of Ba5Ru3O12 is thus strongly motivated, as it provides an

opportunity to understand how Ru-Ru interactions, molecular-orbital formation, and lo-

cal symmetry effects control magnetism in an isolated 4d transition-metal trimer. Such

insight is essential for establishing a broader understanding of cluster-based magnetism

in ruthenium oxides.

3.2 Introduction: A overview of Barium Ruthenate

Trimer Systems

Ruthenium trimer-based oxides have many complex and unusual magnetic ground states,

giving rise to a wide variety of interesting physical phenomena for e.g. metal to insulator

transition and multiferroicity [75, 76, 77, 78, 79, 80]. These diverse properties arise due

to the extended nature of Ru (4d) orbitals, CEF, and strong SOC. Even small changes

in the local crystallographic environment can lead to substantial changes in the compet-

ing exchange interactions, leading to distinct magnetic and electronic ground states. De-

pending on the synthesis conditions, BaRuO3 crystallizes in different structures (9R,6H,3c

and 4H), where variations in the stacking of RuO6 octahedra give rise to corner-sharing,

dimer, or trimer Ru units, as shown in Fig.3.1. In 9R-BaRuO3 (space group R3̄m)

metal-insulator-type transition is observed without the development of long-range mag-

netic order, consistent with a nonmagnetic Ru4+ (4d4) ground state stabilized by strong

CEF splitting and SOC [55]. On the other hand for Ba4Ru3O10, which also show metal

insulator transition no structural change is observed. This compound exhibits antifer-

romagnetic ordering and crystallizes in the orthorhombic Cmca structure that consists

of zig-zag chains of Ru3O10 trimers. Neutron and spectroscopic studies show that the

central Ru ion becomes nonmagnetic due to strong Ru-Ru hybridization, while the two

outer Ru ions form magnetic units that couple into spin dimers, leading to a gapped mag-

netic excitation spectrum [75, 76]. Further complexity emerges in Ba4LnRu3O12, which is

isostructural to 9R-BaRuO3 but in this compound Ru3O12 trimers are connected through

LnO6 octahedra. When the rare-earth ion is tetravalent (Ln = Ce, Pr, Tb), all Ru ions

remain in the Ru4+ (4d4) state, and strong Ru-Ru molecular-orbital formation accommo-

dates all 12 d electrons per trimer, resulting in a nonmagnetic ground state with no Ru



3.2. Introduction: A overview of Barium Ruthenate Trimer Systems 31

Figure 3.1: Crystal structures of BaRuO3 in different polytypes showing the stacking of

RuO6 octahedra along the c axis: (a) 9R (rhombohedral), (b) 6H (Hexagonal), (c) 3C

(cubic), and (d) 4H (Hexagonal).

contribution to the magnetic susceptibility [53, 55]. In contrast, for trivalent rare-earth

ions (Ln = La, Nd, Sm-Lu), charge neutrality enforces a mixed Ru valence of approxi-

mately +4.33, corresponding to 13 d electrons per Ru3O12 trimer. The additional electron

occupies a delocalized trimer molecular orbital, stabilizing an effective S = 1/2 trimer

ground state and leading to long-range magnetic ordering at low temperatures [53, 55].

Similar physics is observed in Ba4NbRu3O12, where the average Ru valence is reduced to

approximately +3.67. In this case, enhanced Ru-Ru hybridization and odd electron filling

stabilize an effective S = 1/2 ground state accompanied by strong geometrical frustration

and low-temperature magnetic ordering [77].

Together, these trimer-based ruthenates demonstrate that the electron count of the

Ru3O12 trimer and the local bonding environment decisively control the magnetic ground

state. Integer electron filling leads to nonmagnetic molecular-orbital states, while mixed

valence or odd electron count stabilizes effective spin-1/2 trimers. This framework pro-

vides a unified basis for understanding the diverse electronic and magnetic behavior ob-
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Figure 3.2: (a) Crystal structure and (b) Magnetic Structure of Ba5Ru3O12.

served in ruthenium-based trimer systems.

3.3 A Overview of Ba5Ru3O12 Systems

The title compound Ba5Ru3O12, with an average Ru valence state of +4.67, crystallizes in

the Pnma space group and consists of isolated Ru3O12 trimers. Each trimer is formed by

three face-sharing RuO6 octahedra. Unlike other barium ruthenates where Ru trimers are

connected, In this system Ru3O12 trimers are isolated.The crystal and magnetic structure

of Ba5Ru3O12 is shown in Fig. 3.2.

In the previous study basic magnetic, thermodynamic, and transport properties are

studied in this compound. From the magnetic susceptibility long range antiferromagnetic

ordering is observed below 60 K while curie weiss fit deviates below 120 K that suggest

the development of short range correlation far above the ordering temperature.Also from

the fitting large negative Curie-Weiss temperature (ΘCW ≈ −118 K) and an effective

magnetic moment of about 4.42 µB per formula unit is observed, pointing to dominant

antiferromagnetic interactions and moderate magnetic frustration. Isothermal magneti-

zation below the ordering temperature shows a linear field dependence, consistent with

antiferromagnetic behavior. Heat-capacity measurements reported earlier show a clear

anomaly at the magnetic ordering temperature, confirming the bulk nature of the tran-

sition. Electrical resistivity measurements performed in this compound reveal insulating

behavior with an activation energy of about 0.05 eV and no evidence of a metal-insulator
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transition. Neutron diffraction studies further revealed that the antiferromagnetic order-

ing involves three crystallographically nonequivalent Ru sites and a complex non-collinear

spin structure, without any accompanying structural phase transition.

To gain deeper insight into the magnetic ground state, we have carried out inelas-

tic neutron scattering (INS) measurements to investigate the magnetic excitations and

exchange interactions in Ba5Ru3O12. The INS spectra were analyzed using SpinW simu-

lations and linear spin-wave theory.

3.4 Experimental details

A polycrystalline sample of Ba5Ru3O12 was synthesized using a solid-state reaction method

by mixing high-quality (>99.9%) chemicals of BaCO3 and RuO2. A stoichiometric mix-

ture of the raw materials was thoroughly ground, pressed into pellets, and sintered in air

at 600 ◦C for 24 h. The pellets were then reground, and this process was repeated for three

cycles. Finally, the powder was pressed again into pellets and sintered at 1200 ◦C for 24 h

[76]. INS experiments were carried out on the fine-resolution Fermi-chopper SEQUOIA

spectrometer at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory

(ORNL). Samples were loaded under an atmosphere of helium gas in aluminium cylindri-

cal cans and measured at several temperatures from 4-280 K with incident energy Ei =

30 meV. An empty sample can was measured under identical conditions, and these data

have been subtracted from the sample measurements. We have performed the simulation

of spin wave using SpinW software to understand the intra- and inter-trimer exchange

interactions and exchange anisotropy in the title compound [67]. We have analyzed INS

data using Mantid software which used standard Mantid scripts to convert our neutron

scattering measurements to standard histograms in energy and detector space [65]. We

have used DAVE software for generating scattering intensity and normalized scattering

intensity as a function of momentum transfer, |Q|, and energy transfer [66]. Calculations

were performed employing the INSPIRED software using pre-trained machine learning

force fields (MLFFs) based upon the MatterSim modelling package to calculate the opti-

mized structure and calculate the momentum dependent phonon modes [68, 69].
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3.5 Results and Discussions

3.5.1 Inelastic Neutron Scattering: Spin-wave Excitations and

Short-Range Spin-correlation

We have performed INS experiment on Ba5Ru3O12 to investigate the spin wave excitations

and short range correlation. The background-subtracted scattering intensity S (|Q|,E)
of Ba5Ru3O12 as a function of energy transfer (E) versus momentum transfer (|Q|) is

shown in Fig. 3.3 for selective temperatures of T= 4, 30, 100, 200, and 280 K. A strong

intense feature is observed around 10-15 meV in low-|Q| region (0.5 <|Q|< 1.5) below the

magnetic ordering temperature(see Fig. 3.3(a-b) for 4 K and 30 K respectively). This

intense feature is not observed at higher temperatures in the paramagnetic region (see

Fig. 3.3(d-e) for 200 K and 280 K, respectively). A careful observation suggests the

presence of a weak excitation around 5.6 meV at 4 K and 30 K which get suppressed at

high temperatures in the paramagnetic region. These excitations are further confirmed

in the one-dimensional energy cut obtained by integrating a fixed |Q| -region ranging

from 0.5 to 1.5 Å−1 (intensity versus energy transfer plot in Fig. 3.3(f)). Fig. 3.3(f)

exhibits a broad, intense peak from 10-15 meV and a small peak around 5.6 meV at

4 K and 30 K. Both of these features become suppressed or highly damped at higher

temperatures. The excitations in the low-|Q| region are considered to be of magnetic origin

because the magnetic form factor of the scattering intensity decreases with increasing

|Q|, whereas the phonon excitation is usually observed at higher |Q|-regions [22]. The

absence of these features above the magnetic ordering temperature is also consistent with

these features being associated with the magnetic moments. Hence, we characterize this

feature as a spin-wave excitation. Interestingly, we observe a broad weak excitation at

100 K in a large energy range from 6-16 meV at low-|Q| region (see Fig. 3.3(c)), which

is documented in the form of a broad low-intense peak in I vs E plot in Fig. 3.3(f).

Such a broad and weak feature above TN often arises from diffuse scattering which is

attributable to short-range magnetic ordering from the Ru-trimers. The negative Curie-

Weiss temperature (-118 K) is consistent with the presence of short-range spin correlation

at 100 K [76] . To further confirm these features as being spin-excitations, we examine the

Bose Factor normalized scattering intensity. This quantity is proportional to the dynamic

susceptibility χ”(|Q|,E). We first extract the background subtracted (Can subtracted)

and Bose factor normalized spectrum at each individual temperature. We then subtract
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Figure 3.3: Color-coded contour maps of the measured scattering intensity as a function

of energy and momentum transfer (|Q|) of Ba5Ru3O12 using 30 meV incident energy

neutrons (a) at 4 K, (b) at 30 K, (c) at 100 K, (d) at 200 K, (e) 280 K and (f) The |Q|-
integrated, Intensity vs energy transfer for temperatures between 4 K and 280 K.

the treated data (Can subtracted and Bose factor normalized) at T = 280 K from the

lower temperature data, which is referred as Bose factor correction. The result of this for

T= 4 K and T= 100 K is shown in Fig. 3.4(a-b). This treatment of the data illustrates

the well localized bands of magnetic scattering in the spectrum between 10 and 15 meV

energy transfer and around 5.6 meV energy transfer. The difference in the dynamic

susceptibility also shows how these features are damped and significantly broadened but

are still present even at T= 100 K. The enlarged view of 5.6 meV feature is shown in

Fig. 3.4(c) for the 4 K data. These excitations are observed for 30 K with a slightly

reduced intensity, as expected for magnetic systems with increasing temperature. The

broad weak feature in INS spectra at 100 K (Fig. 3.3(c)) still persists even after Bose

factor correction (Fig. 3.4(d)), confirming the persistence of magnetic fluctuations for a

range of temperatures greater than TN . This spectral weight is not significant for T=

200 K as shown in the scattering intensity data of Fig. 3.3(d) as well as the Bose factor

corrected data shown in Fig. 3.4(d). For temperatures greater than 100 K, it is likely that

the magnetic fluctuations are within a paramagnetic regime and would be contributing

to a broad diffuse scattering at and near zero energy transfer.
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Figure 3.4: Bose factor corrected data (as described in text) of scattering intensity as

a function of momentum transfer and energy transfer for Ba5Ru3O12.The data is first

Can subtracted and Bose factor normalized then subtracted from T= 280 K treated data

from each data set shown in figure. Panels (a)-(c) are shown on the same color scale as

indicated. (a) T= 4 K, (b) T= 100 K , (c) enlarged view of T= 4 K data with intensity

scaled by factor of 2, (d) Bose factor corrected scattering intensity as a function of energy

transfer, measured over the temperature range 4-200 K. The data are integrated over the

momentum range 0.5<|Q|<1.5 Å−1.

This compound has three inequivalent Ru-sites with different magnetic moments.

This fact was confirmed in our earlier neutron diffraction results (see Ref.[76] ). The 5.6

meV excitation is prominent around |Q|∼ 1.1 Å
−1

which corresponds to the magnetic

Bragg peak (010) has been observed in 10 K TOF neutron diffraction results as shown in

Fig. 3.5 and Ref.[76]. We have checked that the intensity of (010) in neutron diffraction is

only influenced by the magnetic moment of Ru1 atom, which is in the middle of the trimer

(see Fig. 3.5). Hence, we conclude that this 5.6 meV spin-excitation is related to the Ru1-

spin. The weak intensity of this spin-excitation might be due to the contribution of weak

effective exchange interactions originating from various competing exchange interactions,

J1 (Ru1-Ru2) and J2 (Ru1-Ru3). The broad, intense 10-15 meV peak could result from a

combination of multiple peaks, governed by the combined dominant exchange interactions

involving the Ru1, Ru2, and Ru3 magnetic atoms.
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Figure 3.5: Time-of-flight neutron data at 10 K (a) Ru2 = Ru3 = 0, (b) Ru1 = Ru3 = 0

and (c) Ru1 = Ru2 = 0.

3.5.2 Complex Exchange-interaction and Ground State Calcu-

lations through SpinW Simulation

To determine the relevant exchange interactions, we have performed SpinW simulations

to compare with the experimental INS spectra [67]. Neutron diffraction results suggest an

anisotropy along the c-axis, where all the spins tend to align having Ru1, Ru2, and Ru3

ordered moments of 1.52 µB, 1.36 µB, and 0.91 µB respectively [76]. The Ru1 moments

aligned exactly along the c-axis, while Ru2, and Ru3 moments are slightly canted with the

c-axis in the ac-plane due to exchange frustration. The spin-Hamiltonian for this system,

considering all these factors, is expressed as:

H =
∑
i<j

S⃗ T
i JijS⃗j +

∑
i

S⃗ T
i DS⃗i (3.5.1)
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Where

S⃗i =


Sx
i

Sy
i

Sz
i

 , Jij =


Jxx
ij Jxy

ij Jxz
ij

Jyx
ij Jyy

ij Jyz
ij

Jzx
ij Jzy

ij Jzz
ij

 and

D =


Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz


In the Hamiltonian Jij is the 3 × 3 anisotropic exchange tensor, and D is the single-ion

anisotropy tensor. All these interactions occur between two nearest neighbor Ru atoms.

The exchange interactions are shown in Fig. 3.2(b) and also tabulated in Table 3.1. The

anisotropy is uniaxial, with a non-zero component along the z-direction, Dzz = −2.1 meV,

while the components along the other directions are zero. The solution of the Hamiltonian

with the simulated J-values reproduces a spin structure that closely agrees with the

experimentally obtained magnetic structure from neutron diffraction [76]. The simulated

spin-wave excitations from this Hamiltonian exactly mimic the experimental INS spectra,

yielding a strong spin excitation around 10-15 meV and a weak spin excitation around 5.6

meV, shown in Fig. 3.6(a) (2D contour plot of intensity vs |Q| ). The one-dimensional

energy cut in (intensity vs. energy transfer) exactly replicates the two excitations with

experimentally obtained features in Fig. 3.6(b).

We have checked all the possibilities by tuning the different parameters in the spinW

simulations. The exchange anisotropy and J4, J5, J6 is required to exactly replicate the

experimentally obtained non-collinear spin-structure along with the intra trimer exchange

interactions. Only by tuning intra-trimer exchange interactions (J1, J2, J3), we did not

obtain the desired spin-wave excitations, that is, one weak excitation at 5.6 meV and

another broad intense excitation between 10-15 meV as observed in the INS experiment.

However, 30% variations in J4-J6 do not significantly change the excitation energies, but

do affect the stability of the magnetic structure which is obtained from experimental neu-

tron diffraction data. The extracted exchange parameters from spinW simulations are

summarized in Table 3.1, which reveals the dominant antiferromagnetic (AFM) interac-

tions within the trimer units. The Ru1-Ru2 bond length (∼2.5 Å) is shorter than the

typical metallic Ru-Ru distance (∼2.65 Å), suggesting enhanced orbital overlap and a

dominant direct AFM exchange interaction (J1 = 4.2 meV) between Ru1 and Ru2. The

comparatively smaller value of the effective exchange interaction between Ru1 and Ru3
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Figure 3.6: (a) Simulated color-coded contour map of the calculated spin-wave excitation

spectrum as described in text as a function of momentum transfer |Q| and energy transfer

and (b) Intensity vs Energy transfer where line shows the simulated data Obtained from

SpinW and open circles show the experimental data at 4 K for |Q|= 0.5 to 1.5 Å−1.The

solid line in (b) has been linearly scaled to match the background and scattering intensity

of the measurement.(c) Gaussian fitting of 4 K Intensity vs Energy Transfer plot, (d)

Theoretically predicted low-lying energy levels with an S = 2 ground state. Here, S12

indicates the coupling between S1 and S2, and S represents the total spin. We observed

the three red-arrow transitions. A blue-arrow transition may exist, but we could not

detect them at 60 K(ground state transition) as well as at high temperatures (excited

state transitions).

(∼2.7 Å, J2 = 1.8 meV) could result from an average value of competing direct exchange

interaction and superexchange interaction. The significant AFM exchange interaction be-

tween Ru2 and Ru3 (J3 = 4.5 meV) competes with both J1 and J2, which gives rise to a

non-collinear AFM configuration in this trimer system. The large value of J3 is attributed

to a superexchange mechanism, likely due to favorable orbital overlap and bond angles

that enhance hopping integrals via intervening anions. Such unconventional behavior

where next-nearest-neighbor exchange interactions are stronger than effective nearest-

neighbor interactions have been reported in several other complex systems with strong

SOC [81, 82, 83, 84, 85]. We endorse a similar reason where the interplay between strong

SOC and different degrees of hybridization for particular Ru-sites within the Ru-trimers
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is responsible for different competing exchange interactions. The weak but non-negligible

inter-trimer exchange interactions (see Table 3.1) further support the development of long-

range magnetic order. Overall, our findings emphasize that, in such correlated systems,

competing exchange interactions, magnetic anisotropy, and SOC collectively play a deci-

sive role in stabilizing non-collinear magnetic structures. To investigate the ground state

Table 3.1: Intra-trimer and inter-trimer anisotropic exchange interactions obtained from

SpinW (negative values for FM and positive values for AFM). The distances are as de-

picted in Fig. 3.2(b).

Label Component Value (meV)

J1 (intra) Jzz 4.2

J2 (intra) Jxz 1.8

J3 (intra) Jzx 4.5

J4 (inter) Jzx 0.3

J5 (inter) Jzx 0.1

J6 (inter) Jzx −0.06

of this compound we have fitted the experimental INS spectra using three Gaussian peaks,

one Gaussian for the 5.6 meV excitation and two Gaussians for the broad excitation

between 10-15 meV, as shown in Fig. 3.6(c). We assign these excitations as transitions

from the ground state to excited states at ε1,ε2 and ε3. Further, we have theoretically

calculated the spin state and excitation energy by considering only dominant exchange

interactions (J1-J3) observed in the SpinW models. While the uniaxial anisotropy term

Dzz, having a magnitude comparable to J1-J3, was included in the full SpinW simulations

to capture the detailed excitation spectrum, it has been excluded from this analytical

model. The goal of presenting this Hamiltonian is to offer a qualitative understanding of

the spin dynamics without adding the complexity of anisotropic interactions. A detailed

theoretical DFT study may provide further insight into this complex system. A simplified

form of the Hamiltonian for the Ru3O12-trimer is expressed below:

H = J1(S⃗1 · S⃗2) + J2(S⃗1 · S⃗3) + J3(S⃗2 · S⃗3) (3.5.2)
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The eigenvalues corresponding to this trimer system are given by [86]:

E(S12, S) =
J1
2

[
S12(S12 + 1)− S2(S2 + 1)− S1(S1 + 1)

]
+
J2
2

[
S(S + 1)− S12(S12 + 1)− S3(S3 + 1)

]
+
J3
2

[
S(S + 1)− S2(S2 + 1)− S3(S3 + 1)

] (3.5.3)

Here, S1, S2, and S3 denote the spin operators for Ru1, Ru2, and Ru3, respectively.

The spin moments are 3
2
for Ru1 and Ru2, and 1 for Ru3. Ru1 is located in the middle

of the trimer.

To fully characterize the trimer states, we introduce additional quantum numbers, S12

and S, which are derived from the vector sums:

S12 = S1 + S2 and S = S1 + S2 + S3,

with constraints:

0 ≤ S12 ≤ 2S1 and |S12 − S3| ≤ S ≤ S12 + S3

The trimer states are defined by the wave functions |S12, S⟩, and their degeneracy is given

by (2S + 1). By solving this, we get:

E(0, 1) = −15J1
4

− 15J3
8

(3.5.4)

E(1, 0) = −11J1
4

− 2J2 −
23J3
8

(3.5.5)

E(1, 1) = −11J1
4

+ J2 +
J3
8

(3.5.6)

E(1, 2) = −11J1 + J2 +
J3
8

(3.5.7)

E(2, 1) = −7J1
4

− 2J2 −
23J3
8

(3.5.8)

E(2, 2) = −3J1 − J2 +
J3
8

(3.5.9)

[E(2, 3) = −7J1
4

+ J2 +
J3
8
] (3.5.10)

E(3, 2) = −3J1
4

− 2J2 −
23J3
8

(3.5.11)
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E(3, 3) =
9J1
4

− J2 +
25J3
8

(3.5.12)

E(3, 4) = −3J1
4

+ J2 +
J3
8

(3.5.13)

We have considered |3, 2⟩ as a ground state and by solving the above equation by substi-

tuting the J values obtained from spinW, we get the following excited states:

First Excited State:

Transition from |3, 2⟩ → |2, 2⟩

ε1 = E(2, 2)− E(3, 2)

ε1 =
7J1
4

+ 2J2 +
23J3
8

−
[
3J1
4

+ 2J2 +
23J3
8

]
ε1 = 5.85meV

Second Excited State:

Transition from |3, 2⟩ → |1, 1⟩

ε2 = E(1, 1)− E(3, 2)

ε2 = 3J1 + J2 −
J3
8

−
[
3J1
4

+ 2J2 +
23J3
8

]
ε2 = 10.5meV

Third Excited State:

Transition from |3, 2⟩ → |2, 3⟩

ε3 = E(2, 3)− E(3, 2)

ε3 =
7J1
4

− J2 −
J3
8

−
[
3J1
4

+ 2J2 +
23J3
8

]
ε3 = 14.7meV
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Therefore From above calculations, we find that the transition from |3, 2⟩ states to |2, 2⟩,
|3, 2⟩ states to |1, 1⟩ and |3, 2⟩ states to |2, 3⟩ corresponds to an excitation energy of 5.85

meV, 10.5 meV and 14.7 meV respectively by following the selection rule ∆S = 0,±1,

which is consistent with the observed excitations in the INS spectra depicted in Fig.

3.6(c). The energy level diagram for this trimer state is shown in Fig. 3.6(d) [87]. Hence,

the trimer ground state should be characterized as |3, 2⟩. In |3, 2⟩, S=2 is the ground

state of Ru-trimers, which represents the total spin moment of the Ru3O12 trimers. Using

this, we have calculated the magnetic moment 4µB and the effective magnetic moment to

be 4.89µB, which agrees with experimentally obtained magnetic moment from Neutron

diffraction results and effective moment from magnetic susceptibility [76]. Therefore, we

conclude that the observed spin-excitation is restricted to Ru3O12 -trimers.

3.5.3 Origin of Excitation at High-|Q| region probed by INS and

MLFF

Figure 3.7: Intensity vs momentum transfer at Fixed Energy (a) E=10 - 15 meV (b) 4.2 -

6.4 meV and The |Q|- integrated, Intensity vs momentum transfer of (c) Raw data at 4 K

- 280 K that shows the 5.6 meV peak shift with temperature, (d) Bose factor normalized

data at 4 K - 280 K

Our earlier discussion primarily focused on the low-|Q| region, a closer inspection of

the high-|Q| region in Fig. 3.3(a-e) reveals intriguing features. Notably, excitations at a

similar energy range as the low-|Q| magnetic scattering are clearly visible even at high-|Q|.
To explore this, we plotted the intensity vs |Q| across the full-|Q| range for two selected
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energy regions around 5.6 meV and between 10-15 meV shown in Fig. 3.7(a-b). At low |Q|
(<1.5 Å−1), the intensity decreases with increasing |Q|, which is consistent with magnetic

excitations, as the magnetic form factor reduces with increasing |Q|. However, at higher
|Q|, the scattering intensity increases proportional to Q2, consistent with a phonon cross-

section. This suggests that phonons begin to dominate for |Q|> 2 Å−1.

In Fig. 3.7(c) energy cuts at high |Q| (2< |Q|< 3.5) has been shown across various

temperatures that suggest the presence of 5.6 meV at high- |Q|. However, the temperature

dependent scattering intensity is difficult to interpret. As seen in Fig. 3.7(c) the peak at

larger momentum transfer softens as a function of temperature from 6.2 meV at 4K to 4.9

meV at 280 K. Such behavior could be attributed to phonon softening above the magnetic

ordering temperature due to electron-phonon coupling, which might be influenced by

changes in the electronic correlations around magnetic transition, or due to magnon-

phonon coupling, as reported in many other systems, such as, YMnO3, Sr14Cu24O41 and

CaMn7O12 compounds [23, 88, 89]. This phonon softening can be parameterized by the

relation:

ωphonon = ω0 + λS(Q, T ) (3.5.14)

where ωphonon is the modified phonon frequency due to spin-phonon coupling, ω0 is the

uncoupled phonon frequency, λ is the spin-phonon coupling constant, and S(Q,T) is the

spin correlation function, which depends on temperature and momentum. However, such

a shift could also be a consequence of the change in spectrum due to thermal population

effects over the large range of temperatures examined. To consider this, we have plotted

the Bose factor normalized data in Fig. 3.7(d). We find that the spectral weight as shown

in Fig. 3.7(d) does not shift significantly with temperature, excluding the possibility of

magnon-phonon coupling being observed from these measurements.

To clarify the role of phonon, we have performed phonon calculations based on the pub-

lished crystal structure [76]. The calculated phonon modes shown in Fig. 3.8 span up to

approximately 22 THz (approximately 91 meV) with no indication of negative phonon en-

ergies. We have also used this calculated spectrum in the INSPIRED software to calculate

the powder averaged neutron scattering intensity convolved with the instrumental energy

and momentum resolution. This calculation also included multiple phonon processes and

temperature dependent thermal population of phonon. We present these results in Fig.

3.9 for both scattering intensity and Bose factor normalized scattering intensity for T=4

K and T=280 K. These calculations provide a good characterization of the extent of

the observed phonon scattering in the measurement. The range of momentum transfers
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Figure 3.8: Calculated phonon modes for Ba5Ru3O12 based upon pre-trained machine

learning force fields as described in the main text. Vertical axis is the phonon energy in

units of THz. (1 THz = 4.136 meV). Panels indicate wave-vector dependence in reciprocal

space using standard reciprocal space coordinates for the orthorhombic crystal structure.

The panel on the far right is the density of states (horizontal axis) as a function of energy

transfer (vertical axis).

used to characterize magnetic scattering, 0.5< |Q|< 1.5 Å−1, is shown to have a small

phonon scattering contribution at high temperatures. Likewise, these calculations provide

additional clarity regarding the relative scattering intensity and Bose factor normalized

intensity of the phonon contribution as a function of momentum transfer in the range of

larger momentum transfer, 2< |Q|< 3.5 Å−1, which suggest the existance of phonon in the

higher momentum transfer region that overlap significantly with the magnetic excitations

we have characterized at smaller momentum transfer.

On the other hand, to gain further insight of magnon, we have plotted the Bose fac-

tor corrected intensity for the momentum transfer range of 0.5< |Q|< 1.5 Å−1 in Fig.

3.10(a) and 2< |Q|< 3.5 Å−1 in Fig. 3.10(b). This treatment of the data allows us to

observe the proposed magnetic excitations around 10-15 meV for T= 4 K and 30 K at

high-|Q| region of the spectrum (Fig. 3.10(b)).The low-energy (5.6 meV) excitation is

weaker in intensity but clearly visible. The presence of magnetic scattering in this range

of larger values of momentum transfer is likely due to the extended range of the Ru4+

magnetic form-factor. In order to investigate whether the high-|Q| excitations arise solely
from phonons or include a magnetic contribution, we calculated the magnetic form factor

for Ru as a function of momentum transfer using standard analytical expressions for 4d

transition metals (see Fig. 3.10(c)) [90]. By comparing the intensity ratios between low

and high |Q| regions in the Bose factor corrected data (See Fig. 3.10(a-b)), we find that
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Figure 3.9: Calculated phonon scattering intensity (a)-(b) and Bose factor normalized

scattering intensity (c)-(d) for Ba5Ru3O12. The neutron scattering intensity was convolved

with the calculated instrumental energy resolution for the Ei =30 meV measurements.

The wave-vector resolution was determined from the width of the aluminum nuclear Bragg

peaks measured in the empty can measurements. The calculation was also convolved

with this determined wave-vector resolution. All panels are shown in the same intensity

scale. The lightly shaded regions are outside of the measured range of energy and wave-

vector transfer allowed from the kinematic constraints and the detector coverage of the

instrument.

at |Q| ≈ 3.5 Å−1, only about ∼ 3.9% of the magnetic form factor remains. To better

understand this behavior, we have taken the average value of |F(Q)|2 for low |Q| (0.5-1.5
Å−1 ) and high |Q| (2< |Q|< 3.5) range, which is 0.7652 and 0.1944 respectively. Using

this , we have estimated the expected magnetic intensity at high |Q|:

IhighQ = IlowQ

(
|F (Q)highavg |

2

|F (Q)lowavg |2

)
(3.5.15)

Substituting the observed values (from Fig. 3.3(d) and Fig. 3.10(a)):

IhighQ = 2.32× 10−4 × 0.1944

0.7652

≈ 0.59× 10−4 (3.5.16)

This value nearly agrees with the experimental intensity of 0.67 x 10−4 observed for

10-15 meV excitation in Fig. 3.10(b) after Bose factor correction. This result supports

that the high-|Q| feature at 10-15 meV is of magnetic origin, and likely due to the range

of the magnetic form factor of the Ru ion.
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Figure 3.10: Bose factor corrected INS spectra (a) at low-|Q| range (0.5< |Q|< 1.5),

showing strong magnetic excitation near 5-15 meV at 4 K and 30 K. The horizontal dashed

line indicates the maximum intensity used for scaling to high-|Q|. (b)at high-|Q| range
(2< |Q|< 3.5). The dashed line denotes the maximum magnetic intensity estimated by

scaling the low-|Q| value. (c) Squared magnetic form factor |F(Q)|2 for Ru as a function of

momentum transfer |Q|, calculated using standard analytical expressions for 4dtransition

metals.
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We do note that our phonon calculations indicate the presence of a large phonon density

of states in the vicinity of the higher energy magnetic mode. A thorough single crystal

INS measurement along with additional phonon calculations to understand which modes

involve the Ru-sites in the crystal structure would help to quantify any signature of spin-

phonon coupling.

3.6 Conclusions

Here, we have documented the spin-wave excitation of the Ru-trimer system, Ba5Ru3O12

through INS. The SpinW simulation replicates the experimental spin-structure and spin-

excitations, revealing the various competing magnetic exchange interactions that play a

decisive role in the magnetism of this trimer Ruthenate. Our results suggest a strong

electronic correlation of Ru and possible spin-phonon coupling. The presence of INS

spectra far above magnetic ordering manifests short-range correlation arising from isolated

Ru-trimer. Finally, we conclude octahedral distortion and the exchange frustration govern

a unique ground state for each Ru within the Ru-trimer and yield a non-collinear spin-

structure, unlike all other Ruthenates belonging to nearly the same family. A small

perturbation could tune the local structure and hybridization and control the magnetic

ground state of ruthenium.



Chapter 4

Ground state of 6H perovskite

Ba3HoRu2O9, Origin of spin-driven

ferroelectricity, spin and CEF

excitations

4.1 Motivation

The spin-driven ferroelectricity and magneto(di)electric (MDE) coupling is mostly re-

ported in 3d -transition-metal-oxides where the spin-pattern of 3d -metal ions is responsi-

ble to break the spatial inversion symmetry and create dielectric polarization. It is the-

oretically predicted that the strong spin-orbit coupling of larger d-orbital (4d/5d) might

have pronounced effect on magnetoelectric (ME) coupling [12]. However, the experi-

mental demonstration of ME coupling is rarely reported in any 4d/5d-metal (magnetic)

based compounds [91]. Very recent, MDE coupling and multiferroicity is reported in

6H-perovskite Ba3RRu2O9where role of 4d -4f coupling is predicted [92]. Though, the

mechanism of such coupling, and moreover, mechanism of spin-driven ferroelectricity in

this system is not yet understood. Here, we aim to understand the mechanism of spin-

driven ferroelectricity and role of 4d -4f coupling on it. The present Chapter deals with

the detail understanding of the spin-driven ferroelectricity of a prototype 4d -4f compound

Ba3HoRu2O9. Here we present a systematic calculation of ferroelectric polarization em-

ploying inverse D-M interaction [Pij ∝ eij × (Si × Sj)] from our experimental results. We

demonstrate that the non-colinear structure involving two different magnetic ions, Ru(4d)

49
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Figure 4.1: Crystal Structure of Ba3RRu2O9.

and Ho(4f ), breaks the spatial inversion symmetry due to off-centric displacement of oxy-

gen atoms via inverse D-M interaction through strong 4d -4f magnetic correlation, which

results in non-zero polarization. Such a mechanism is rarely reported in literature and

opens a new direction to explore spin-driven ferroelectricity.

4.2 Introduction: A brief overview of 6H-perovskite

Ba3RRu2O9

The 6H perovskite oxide system, Ba3RRu2O9 (M = Bi, 3d-transition metal, Y, La, rare-

earth ion), crystallizing in a hexagonal structure (with space group P63/mmc, No. 194), is

a current research focus due to its versatile magnetic ground state resulting from strongM -

Ru correlations [46, 56, 57, 58, 59, 60, 61, 91, 92]. The crystal structure of the Ba3RRu2O9

system is illustrated in Fig. 4.1.

In this crystal structure, two distorted face-sharing RuO6 octahedra form a Ru2O9

dimer, which are connected through corner-sharing RO6 octahedra. The magnetic behav-

ior of the Ru2O9 dimer is of great interest due to the very short Ru-Ru distance (2.52

Å) within the dimer, which is expected to lead to strong magnetic interactions between

the Ru ions, resulting in the formation of a magnetic dimer. For non-magnetic ions (e.g.



4.2. Introduction: A brief overview of 6H-perovskite Ba3RRu2O9 51

Bi, Zn, Y, La), the system is characterized as a magnetic dimer compound [59, 60, 61].

Replacing non-magnetic M -ion by a magnetic metal ion develops long-range magnetic

ordering via the Ru(4d)-O-M(3d) super-exchange path. The valence state of Ru varies

from +4 to +5 depending on the M -ion. The bivalent metal ion (e.g. Co2+, Mn2+, Ni2+)

yields a Ru3+ (4d3) ground state. Interestingly, the compound Ba3BiRu2O9 exhibits an

unconventional Bi4+ valence state [93]. If the M -ion is replaced by Y3+/La3+/R3+ (R

= rare-earth ion), the Ru possesses an average +4 valance state within Ru2O9 dimer.

A strong dimmer ordering is observed for the compound Ba3YRu2O9 and Ba3LaRu2O9,

showing a broad hump in temperature dependent susceptibility around 200-300 K [59, 61].

Interestingly, even though the magnetic behavior is nearly the same in bulk suscep-

tibility, INS studies on these two systems reveal different magnetic ground states of the

ruthenium dimer. Ba3YRu2O9 exhibits an S = 1/2 dimer state through strong metal-

metal bonding of Ru, whereas the Ba3LaRu2O9 compound (La has a larger radius than

Y) yields an S = 3/2 ground state [59, 61]. The replacement of R3+ magnetic ions devel-

ops long-range ordering in this system at low temperatures around 10 K. The magnetic

ground state is quite intriguing for different R-ions. For the compound Ba3NdRu2O9,

Nd moments order ferromagnetically at ∼ 24 K, followed by another magnetic phase

transition where Ru moments order antiferromagnetically [58]. This is in sharp contrast

with all other R members in this series, which order antiferromagnetically. Probably hy-

bridization plays an important role in these systems. In this family, Ce and Tb show a +4

valence state yielding Ru4+
2 O9 dimers, unlike other rare-earth members. A non-magnetic

excited ground state and the possibility of molecular-type magnetism is predicted for the

compound Ba3CeRu2O9 [60]. The compound Ba3SmRu2O9 shows a broad hump at ∼ 200

K as a characteristic of magnetic low-dimensional behavior similar to the La/Y members,

followed by magnetic ordering at 10 K. The Gd, Tb, and Ho members are reported to ex-

hibit two magnetic anomalies in some recent reports [56, 92], in contrast to earlier reports,

although the nature of the magnetic ordering has not yet been revealed.

The introduction of rare-earth ions not only introduces long-range ordering but also

enhances the insulating nature of this system due to the atomic nature of the R ions, which

makes this system ideal for studying MDE coupling and multiferroicity. A preliminary

study on this aspect revealed that this system is a good candidate to exhibit MDE coupling

[91, 92]. A systematic investigation on Ba3RRu2O9 (for R = Nd, Sm, Tb, Ho) confirms

that MDE coupling enhances with increasing magnetic moment of the rare-earth ion [91,

92]. Therefore, the study reveals that the heavy rare-earth members in this family are good
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Table 4.1: Valence state, ionic radius (r), effective magnetic moment, and ordering tem-

perature (TN or TC) of rare-earth (R) ions in Ba3RRu2O9.

R-ion Valence r(Å) µeff (µB) TN or TC

La +3 - 0 -

Ce +4 0.87 0 No

Pr +4 1.13 2.54 10.5 K

Nd +3 1.11 3.62 25 K and 17 K

Sm +3 1.08 0.845 11 K

Eu +3 1.07 0 8 K

Gd +3 1.05 7.94 14.8 K

Tb +4 0.90 7.94 9.5 K

Dy +3 1.03 10.63 5.8 K

Ho +3 1.02 10.6 10.2 K and 50 K

Er +3 1.00 9.6 6 K

Tm +3 - 7.57 -

Yb +3 0.99 4.54 4.5 K

candidates for MDE coupling. A weak ferroelectricity is reported only for Ba3HoRu2O9.

However, no spin-driven ferroelectricity is documented for this compound.

The compelling effects of ionic radius (localization/hybridization), crystal-electric field,

spin-orbit coupling, and magnetic moments play a crucial role in determining the magnetic

and MDE behavior.

On the basis of the rare-earth element (R), the table for magnetic moment, ionic

radius, ordering temperature, and their valence state is given below.

For Ru-O, there are two oxygen atoms present in the crystal structure of Ba3RRu2O9.

The first oxygen atoms (O1) are on the face-shared position in the Ru2O9 dimer, while

the second oxygen atoms (O2) are on the top or bottom face of the Ru2O9 dimer (see

Fig. 4.2). The bond length between Ru-O1 is 2.002-2.046 Å and Ru-O2 is 1.908-1.982 Å,

indicating that the two octahedra in this Ru2O9 dimer are distorted. The Ru-O1 length

increases with increasing the ionic radius of R-ion, while the Ru-O2 length decreases; such

a tendency clearly indicates that the shape of Ru2O9 dimers becomes more distorted with

increasing the ionic radius of R-ion.
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Figure 4.2: Ru2O9 dimers

4.3 An overview of Ba3HoRu2O9

The compound Ba3HoRu2O9 undergoes an antiferromagnetic ordering at TN2 ∼ 10.2 K.

The magnetic super-exchange interaction develops through the path “Ru-O-Ho-O-Ru”

(Fig. 4.3). Among all the known compositions, Ba3HoRu2O9 exhibits the strongest MDE

coupling and shows ferroelectricity with a weak polarization value below the magnetic

ordering (10.2 K) [92], Doi et al. Recent neutron diffraction studies [92] on this system

reveal that the compound Ba3HoRu2O9 magnetically orders at much higher tempera-

ture compared to the reported one, which is TN1 = 50 K, followed by another magnetic

phase transition ∼ 10.2 K (TN2). It is also documented that both Ho and Ru-moments

starts to orders below TN1. In most of the d-f systems, it is observed that first spin-

moments of d-orbital (delocalized orbital) orders and f -moments (f -orbitals are localized

in nature) orders at further low temperature. Hence, Ba3HoRu2O9 is considered to be

a unique system where cooperative 4d-4f magnetic ordering is observed, probably result-

ing from strong 4d-4f coupling. The spin-arrangement below TN1 is associated with a

propagation propagation vector of K1 = (0.5 0 0), whereas the spin-pattern below TN2

is more complex and associated with two magnetic propagation vector, K1 = (0.5 0 0)

and K2 = (0.25 0.25 0). A gradual spin reorientation of Ho and Ru spin-moments are

observed with decreasing temperature below TN1[92]. The 2nd magnetic phase belwo TN2

is characterized by two competing magnetic ground state, one is canted spin-structure

associated with K1, and another is an up-up-down-down (↑↑↓↓) spin-structure of each Ru

and Ho-spins in ab-plane. The compound exhibits a peak in the T -dependent complex
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dielectric constant at the onset of the 2nd magnetic phase transition (TN2) which has a

pronounced effect in the presence of a magnetic field, mimicking the magnetic feature

observed in magnetic susceptibility and heat capacity [92]. Further, positive-up-negative-

down (PUND) ferroelectric polarization measurements at 5 K (below TN2) confirm the

ferroelectricity characterizing this compound as multiferroic [92]. The precise mechanism,

Figure 4.3: Ru-O-R-O-Ru super exchange path where R= Nd,Sm,Ho,Tb

that is, how spin drives the ferroelectric polarization, remains unclear. We have elucidated

the mechanism in detail through synchrotron XRD, time-of-flight neutron diffraction and

theoretical calculations. The competing magnetic ground state often stabilizes under ap-

plication of external parameters, such as, magnetic field, pressure. Here we have studied

the magnetization and neutron diffraction under external magnetic field to understand

the ground state of the system. In this work, we have also presented a detailed INS study

of Ba3HoRu2O9, Combining with SpinW simulation, Raman spectroscopy and Machine

learned force field calculation, which enables a comprehensive understanding of micro-

scopic origin of magnetic excitation, Ho3+ CEF and the role of exchange interaction,

anisotropy, spin-lattice-orbital coupling in complex oxides that provide new insight into

how molecular magnetism, rare-earth anisotropy, and lattice dynamics intertwine in 4d -4f

oxides. This study is motivated by the absence of inelastic neutron scattering investiga-

tions on 4d -4f systems with a magnetic rare-earth ion, where strong 4d -4f coupling is

expected to produce unconventional magnetic excitations that are not accessible in sys-

tems with nonmagnetic rare-earth counterparts.
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4.4 Experimental Details

The powder sample Ba3HoRu2O9 was synthesized by solid-state-reaction using high purity

(>99.9%) precursors: BaCO3, RuO2, and Ho2O3. These precursors were thoroughly

mixed in an agate mortar and pestle, pressed into pellets, and subjected to a multi-

step heating process. Initially, the pellets were heated at 900°C for 12 hours, followed

by repeated cycles of grinding, repalletizing, and heating first at 1000°C for 24 hours

and then at 1150◦C for 24 hours to ensure phase purity and homogeneity [56, 92]. The

compound forms a single phase with P63/mmc space group as reported earlier[56, 92].

Temperature-dependent AC magnetic susceptibility measurements were carried out using

a Quantum Design Superconducting Quantum Interference Device (SQUID). The high-

pressure SQUID measurement was done using a beryllium copper homemade clamp-style

cell in Oak Ridge National Laboratory (ORNL). The sample magnetization is calculated

by subtracting the empty pressure cell data. The ambient pressure (standard sample

loading) dc magnetization is conducted in the presence of 100 Oe-50 kOe magnetic field

in zero-field-cooled (ZFC) mode (the sample is cooled under zero field from paramagnetic

region to 2K and then the magnetic field is applied, the data has been taken during

warming) and after that, the dc magnetization is taken under 10 kOe magnetic field

applying different pressure (0-1.2 GPa) in the same ZFC mode. The complex dielectric

measurements as a function of temperature, magnetic field, and frequency (1 V AC bias,

1-100 kHz) were performed using an LCR meter (Agilent 4284A). This measurement

set-up is integrated into a Quantum Design Physical Properties Measurement System

(PPMS). Silver paint was used to make parallel-plate capacitors of the pressed disc-like

polycrystalline samples. Neutron Powder diffraction patterns were collected at the SNAP

beamline, a time-of-flight diffractometer dedicated to high-pressure research at Spallation

Neutron Source (SNS), Oak Ridge Laboratory, USA. To cover the regions of interest

in reciprocal space the detector banks were placed at a central scattering angle of 50◦

and 65◦ about the sample in the scattering plane (each spanning a 45◦ range) and two

central wavelengths selected were 2.4 Å and 6.4 Å, leading to an incident beam with

usable wavelength spectra of 0.65 Å to 4.15 Å, and 4.65 Å to 8.15 Å (second frame). The

resulting diffraction data covered a range, in momentum transfer q from 0.9 -10 Å−1 or,

in d spacing from 0.5 Å < d < 7 Å. In the second frame, the corresponding ranges are

momentum transfer q from 0.4-1.8 Å−1 or, in d spacing from 3.5 Å < d < 12 Å. The

available low-Q range in time-of-flight neutron diffraction measurement will be able to

track any other magnetic peak (if appears) for both propagation vectors K1 and K2.
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The sample was placed in a liquid He cooled wet “orange” cryostat and data were

collected from room temperature down to 4 K. Two sets of measurements were attempted:

one at ambient pressure where the sample was loaded on a thin walled 6 mm diameter

vanadium can and another set using a high strength CuBe clamp pressure cell with 10

mm in diameter. Initial analysis indicated that the elevated background levels of the

relatively smaller amounts of sample measured and the weak magnetic scattering in the

pressure cell precluded the tracking of the magnetic phases with pressure. As such in the

following, only the ambient pressure data is presented.

We have carried out the temperature dependence high-resolution X-ray diffraction

(HRXRD) in CRISTAL beamline in SOLEIL synchrotron (France) with an X-ray source

of wavelength λ = 0.58182 Å.

INS measurements were performed on the MARI time-of-flight spectrometer at the

ISIS Neutron and Muon Source (UK) [69]. Approximately 3.8 g of powder sample was

sealed in a thin-walled aluminium can and mounted in a closed-cycle refrigerator. Mea-

surements were conducted using incident neutron energies Ei = 11.7, 29.7, and 180 meV

to comprehensively cover low-energy magnetic excitations, crystal-field transitions, and

lattice dynamics. Data were collected at temperatures of 1.8 K, 30 K, 100 K, and 300 K,

spanning both magnetically ordered phases and the paramagnetic regime. Standard cor-

rections for detector efficiency, background scattering, and Bose population factors were

applied using the Mantid and DAVE software packages[94].

Raman spectroscopy measurements were carried out at room temperature using a 532

nm excitation source with a spectral resolution of 1 cm−1 at the Central Instrumentation

Facility (CIF), RGIPT.

To interpret the magnetic excitation spectrum, linear spin-wave calculations were per-

formed using the SpinW package [67]. The experimentally determined magnetic struc-

tures and crystallographic parameters were used as input, and symmetry-allowed exchange

pathways were systematically explored to reproduce the observed INS spectra. Lattice

dynamics were modeled using MLFF phonon calculations, enabling efficient computa-

tion of phonon dispersions and powder-averaged neutron scattering intensities for direct

comparison with experiment [68, 69].
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4.5 Result and Discussion

4.5.1 Investigation of magnetic ground state through TOF Neu-

tron diffraction

We have performed the Time-of-flight neutron diffraction at SNAP for the two wavelength

range 0.5–3.65 Å and 3.7–6.5 Å, which allow us to measure the wide-Q range to detect all

the magnetic peaks. Fig. 4.4 presents the Time-of-Flight (TOF) data over a temperature

range of 4–120 K in which suggest magnetic peaks become evident around 20 K, and as

the temperature further decreases to 4 K, additional magnetic peaks are observed. Fig.

4.4(b) shows the neutron TOF data for the wavelength range 3.7-6.5 Å that corresponds

to the low-|Q| region, where a large number of magnetic peaks are observed compared to

Figure 4.4(a).

We have refined the 80 K data for both the wavelength range using the reported

P63/mmc space group as shown in Figure 4.5(a-b), which confirm the single-phase of the

material.

In Fig. 4.4(b) an extra magnetic peak is observed between the temperature range

TN2 < T < TN1 that corresponds to (0 0 2) Bragg’s position. In previous NPD study of

Ba3HoRu2O9 the data is fitted using two wave vector, K1 = (0.5, 0, 0) for temperature

range TN2 < T < TN1 and below TN2 it is characterized by the K2 = (2.5, 2.5, 0) along

with theK1 propagation vector [62]. By performingK search we get the same propagation

vector (0.5 0 0) for the intermediate temperatures.

In this system, there are two magnetic atoms, Ho and Ru, having Wyckoff positions

2a (0 0 0) and 4f (0.33333, 0.66667, 0.16250), respectively. We did the irreducible repre-

sentational analysis through the SARAh program. The irreducible representations (I.R.)

and basis vectors (B.V.) of the Ru spins for the P63/mmc space group associated with

the propagation vector are shown in Tables 4.2 and 4.3.
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Figure 4.4: Neutron time-of-flight data over temperature range of 4 K-120 K having

wavelength range (a) 0.5-3.65 Å and (b) 3.7-6.5 Å.
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Table 4.2: Basis vectors for the space group P63/mmc with propagation vector K =

(0.5 0 0). Irreducible representations for the magnetic Ru site (0.66667 0.33333 0.16250)

obtained using the SARAh program.

IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ1 ψ1

1 0 -1 0 0 0 0

2 0 -1 0 0 0 0

3 0 1 0 0 0 0

4 0 1 0 0 0 0

Γ2

ψ2

1 2 1 0 0 0 0

2 2 1 0 0 0 0

3 2 1 0 0 0 0

4 2 1 0 0 0 0

ψ3

1 0 0 2 0 0 0

2 0 0 -2 0 0 0

3 0 0 2 0 0 0

4 0 0 -2 0 0 0

Γ3

ψ4

1 2 1 0 0 0 0

2 2 1 0 0 0 0

3 -2 -1 0 0 0 0

4 -2 -1 0 0 0 0

ψ5

1 0 0 2 0 0 0

2 0 0 -2 0 0 0

3 0 0 -2 0 0 0

4 0 0 2 0 0 0

ψ6

1 0 -1 0 0 0 0

2 0 -1 0 0 0 0

3 0 -1 0 0 0 0

4 0 -1 0 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ4 ψ7

1 0 1 0 0 0 0

2 0 1 0 0 0 0

3 0 -1 0 0 0 0

4 0 -1 0 0 0 0

Γ5 ψ8

1 2 1 0 0 0 0

2 -2 -1 0 0 0 0

3 2 1 0 0 0 0

4 -2 -1 0 0 0 0

Γ6 ψ9

1 0 0 2 0 0 0

2 0 0 2 0 0 0

3 0 0 2 0 0 0

4 0 0 2 0 0 0

Γ7

ψ10

1 2 1 0 0 0 0

2 -2 -1 0 0 0 0

3 -2 -1 0 0 0 0

4 2 1 0 0 0 0

ψ11

1 0 0 2 0 0 0

2 0 0 2 0 0 0

3 0 0 -2 0 0 0

4 0 0 -2 0 0 0

Γ8 ψ12

1 0 -1 0 0 0 0

2 0 1 0 0 0 0

3 0 -1 0 0 0 0

4 0 1 0 0 0 0

From Table 4.2 and 4.3 we can see that Ho and Ru atoms have have four and eight

possible irreducible representations respectively, described as
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Table 4.3: Basis vector for the space group P63/mmc for K = (0.5 0 0). The irreducible

representation for magnetic site Ho (0 0 0), as obtained from SARAh program.

IR BV Atom
BV components

m∥a m∥b m∥c im∥a im∥b im∥c

Γ1 ψ1 1 0 −2 0 0 0 0

2 0 2 0 0 0 0

Γ3 ψ2 1 4 2 0 0 0 0

2 −4 −2 0 0 0 0

ψ3 1 0 0 4 0 0 0

2 0 0 4 0 0 0

Γ5 ψ4 1 0 −2 0 0 0 0

2 0 −2 0 0 0 0

Γ7 ψ5 1 4 2 0 0 0 0

2 4 2 0 0 0 0

ψ6 1 0 0 4 0 0 0

2 0 0 −4 0 0 0

Γmag(Ru) = 1Γ1
1 + 2Γ1

2 + 2Γ1
3 + 1Γ1

4 + 1Γ1
5 + 1Γ1

6 + 2Γ1
7 + 1Γ1

8

Γmag(Ho) = 1Γ1
1 + 2Γ1

3 + 1Γ1
5 + 2Γ1

7

Since both Ho and Ru atoms exhibit magnetic ordering, their magnetic structures

must be associated with one or a combination of the Γ1,Γ3,Γ5 and Γ7 representations.

Among these, the Γ7 provides the best agreement with the experimental data. Rietveld

refinement of 20 K TOF data having K1 propagation vector and both the wavelength

range is shown in Fig. 4.5(c–d). Upon cooling below TN2, the emergence of additional

magnetic Bragg peaks suggests a more complex magnetic structure that corresponds to

propagation vector K2 (0.25 0.25 0) which coexist with K1 = (0.5 0 0), indicating the

presence of two distinct magnetic phases. The irreducible representations correspond to

K2 propagation vector are given in Table 4.4 and 4.5.



62
Chapter 4. Ground state of 6H perovskite Ba3HoRu2O9, Origin of spin-driven ferroelectricity,

spin and CEF excitations

Figure 4.5: Rietveld refinement of TOF data at 80 K for wavelength ranges: (a) 0.5-3.65

Å−1 and (b) 3.7-6.5 Å−1. At 20 K, refinement is shown for the K = (0.5 0 0) propagation

vector in wavelength ranges: (c) 0.5-3.65 Å−1 and (d) 3.7-6.5 Å−1.

Table 4.4: Basis vectors for the space group P63/mmc with propagation vec-

tor K = (0.25 0.25 0). Irreducible representations for the magnetic Ru site

(0.66667 0.33333 0.16250) obtained using the SARAh program.

IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ1 ψ1 1 1 0 0 0 0 0

2 0 1 0 0 0 0

3 -1 0 0 0 0 0

4 0 -1 0 0 0 0

Γ1 ψ2 1 0 1 0 0 0 0

2 1 0 0 0 0 0

3 0 -1 0 0 0 0

4 -1 0 0 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ1 ψ3 1 0 0 1 0 0 0

2 0 0 -1 0 0 0

3 0 0 1 0 0 0

4 0 0 -1 0 0 0

Γ2 ψ4 1 1 0 0 0 0 0

2 0 1 0 0 0 0

3 1 0 0 0 0 0

4 0 1 0 0 0 0

Γ2 ψ5 1 0 1 0 0 0 0

2 1 0 0 0 0 0

3 0 1 0 0 0 0

4 1 0 0 0 0 0

Γ2 ψ6 1 0 0 1 0 0 0

2 0 0 -1 0 0 0

3 0 0 -1 0 0 0

4 0 0 1 0 0 0

Γ3 ψ7 1 1 0 0 0 0 0

2 0 -1 0 0 0 0

3 -1 0 0 0 0 0

4 0 1 0 0 0 0

Γ3 ψ8 1 0 1 0 0 0 0

2 -1 0 0 0 0 0

3 0 -1 0 0 0 0

4 1 0 0 0 0 0

Γ3 ψ9 1 0 0 1 0 0 0

2 0 0 1 0 0 0

3 0 0 1 0 0 0

4 0 0 1 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ4 ψ10 1 1 0 0 0 0 0

2 0 -1 0 0 0 0

3 1 0 0 0 0 0

4 0 -1 0 0 0 0

Γ4 ψ11 1 0 1 0 0 0 0

2 -1 0 0 0 0 0

3 0 1 0 0 0 0

4 -1 0 0 0 0 0

Γ4 ψ12 1 0 0 1 0 0 0

2 0 0 1 0 0 0

3 0 0 -1 0 0 0

4 0 0 -1 0 0 0

In this case the Ho and Ru both atoms have four irreducible representations, given by

Γmag(Ho) = 1Γ1
1 + 1Γ1

2 + 2Γ1
3 + 3Γ1

4

Γmag(Ru) = 3Γ1
1 + Γ1

2 + Γ1
3 + 3Γ1

4

We selected the wavelength range of 3.7–6.5 Å to determine the magnetic structure

at 4 K because this wavelength range shows large no. of magnetic peaks below TN2 and

corresponds to low Q region. The Rietveld refinement of 4 K data indicate that a combi-

nation of the Γ1 representation for K2 along with the Γ7 representations for K1 provides

the best fit to the experimental data, shown in Fig. 4.6(a). This finding supports the

coexistence of two distinct magnetic phases at low temperatures. The corresponding

magnetic structures for K1 (0.5 0 0) and K2 (0.25 0.25 0) are depicted in Fig. 4.6(c–d).

The magnetic structure associated with K1 wave vector remains nearly unchanged across

TN2 < T < TN1. However, below TN2, the Ho magnetic moment component (mc) along

the c-axis is significantly enhanced compared to the ma and mb components along the

a- and b-axes. In contrast, the mc component of the Ru magnetic moment is notably
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Table 4.5: Basis vector for the space group P63/mmc for K = (0.25 0.25 0). The

irreducible representation for magnetic site Ho (0 0 0), as obtained from SARAh program.

IR BV Atom m∥a m∥b m∥c im∥a im∥b im∥c

Γ1 ψ1

1 1 1 0 0 0 0

2 −1 −1 0 0 0 0

Γ2 ψ2

1 1 1 0 0 0 0

2 1 1 0 0 0 0

Γ3

ψ3

1 1 −1 0 0 0 0

2 −1 1 0 0 0 0

ψ4

1 0 0 2 0 0 0

2 0 0 2 0 0 0

Γ4

ψ5

1 1 −1 0 0 0 0

2 1 −1 0 0 0 0

ψ6

1 0 0 2 0 0 0

2 0 0 −2 0 0 0

reduced relative to ma and mb, differing from the scenario above TN2. For the K2 phase,

the refined magnetic structure (Figure 4.6(d)) reveals that both Ho and Ru spins are

confined to the ab-plane, forming an ↑↑↓↓ antiferromagnetic spin-structure, while along

the c-axis the spin structure is ↑↓↑. Notably, at T = 4 K, the total magnetic moment of

the Ho atom is nearly saturated (∼10.1 µB), while the Ru moment is ∼1.6 µB, consistent

with previous reports [62].

4.5.2 Mechanism of Spin-driven ferroelectricity

Here, we will elucidate the mechanism of spin-driven polarization. The electric polar-

ization in this system most likely may arise through inverse D-M interactions from non-

collinear magnetic structure (spin-current model) or through exchange-striction from the

collinear spin-structure. First, we have calculated inverse D-M interaction [Pij ∝ eij × (Si × Sj)]

between nearest Ru and Ho-spins (Ru-O-Ho configurations) of magnetic phase related to

K1-spin structure, shown in Fig. 4.6(c) for T = 4 K. This results in local polarization,

however, the direction of the polarization of one Ru-O-Ho configuration is opposite to

the neighboring configuration. Hence, the net polarization is canceled out in the whole
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magnetic unit cell (in macroscopic scale), as shown in Fig. 4.7(a). Therefore, the inverse

D-M interaction associated with non-collinear K1-spin structure cannot produce ferro-

electric polarization. The system magnetically orders below 50 K (TN1) associated with

K1-spin structure. The absence of ferroelectricity in TN2 < T < TN1 agrees with the

above conclusion. The clear peak in dielectric constant is observed at TN2 and ferro-

electricity is observed below TN2, where 2nd magnetic phase related to K2-spin structure

emerges. Initially, it was assumed that the spin-driven ferroelectricity might arise from

exchange-striction of ↑↑↓↓ spin-structure of Ho or Ru from 2nd-magnetic phase, similar

to the observed in the Ca3CoMnO6 system [32]. In the exchange-striction mechanism,

the symmetric exchange interaction between the parallel spins (↑↑ or ↓↓) helps to make

a shorter bond which moves the ion closer, subsequently, opposite (antiparallel) spins

(↑↓) make the bond longer between these two ions, which creates a local polarization.

Here, the exchange-interaction is mediated via oxygen ions. For ↑↑↓↓-spin structure (K2)

in ab-plane of this compound, the Ho ions are connected to next Ho-ions via Ho-O-Ru-

O-Ho exchange-path or via Ho-O-Ba-O-Ho path (see Fig. 4.3), there is no Ho-O-Ho

path exists. Thus, the superexchange interaction between two nearest Ho-spins is not

possible, the superexchange path should be via Ru. Hence, ↑↑↓↓ Ho-spins cannot have

such exchange-striction effect (negligible displacement) and such a configuration cannot

produce any polarization. Similarly Ru-O-Ru super-exchange interaction is restricted

in Ru2O9-dimers, as they are not directly interconnected (a clear view is shown in Fig.

4.1(a). Therefore the magnetic ordering is obtained via Ru-O-Ho exchange path only.

Hence, the Exchange-striction mechanism in ↑↑↓↓ spin-structure of only Ho or Ru-ions

cannot produce dipole moment. In ↑↑↓↓ (K2)- spin-structure, the individual Ru-spins

moments or individual Ho-spins moments are collinear in the ab-plane among themselves,

nevertheless, the Ho and Ru spins are non-collinear to each other connected via Ru-O-Ho-

O-Ru exchange path in ab-plane. The Ru-O-Ho-O-Ru super exchange paths are shown in

Fig. 4.3 where Ho and Ru-ions are arranged in a zig-zag pattern. The presence of larger

d-orbitals (4d) results in strong spin-orbit coupling in this system. Normally, stronger

spin-orbit coupling may favor the D-M interaction, which may lead to a preference for

non-collinear spin configurations of Ho and Ru via strong d-f coupling. In this study, we

observe a low magnetic moment of the Ru atom, which is 1.1 µB compared to its average

spin-only values in Ru4+ (d4) and Ru5+ (d3) states. This observation further suggests the

possibility of electron itineracy with a larger extension of 4d -orbital, or/and competing

effects of crystal field effects and spin-orbit coupling of the Ru atom in this system. We

have calculated the inverse D-M interaction between the nearest Ru and Ho (connected
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Figure 4.6: (a) Rietveld refinement of time-of-flight neutron diffraction data in the low-|Q|
regime at T = 4 K of Ba3HoRu2O9. The open black circles represent the experimental

data, while the red solid line shows the Rietveld fitting. The vertical bars display the

Bragg peak positions: the upper vertical lines are Bragg lines for the crystal structure,

followed by reflections associated with K1 = (0.5 0 0), and K2 = (0.25 0.25 0) respectively.

The lower blue line is the difference between the experimental and calculated intensity.

(b) Normalized peaks for lattice (1 0 1), K1 (-0.5 1 1) & K2 (-0.75 0.25 1) magnetic

structure as discussed in the text. The value of the x-axis (|Q|) is shifted for each plot to

place the peak at the same position to compare the peak shape directly. The solid red line

is fitted with a Gaussian and the solid black line is fitted with Gaussian and Lorentzian

parameters. Magnetic structure of (c) 1st magnetic phase (canted structure) associated

with K1 propagation vector, and (d) 2nd magnetic phase (up-up-down-down structure)

associated with K2 propagation vector at T = 4 K for Ba3HoRu2O9.
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via Ru-O-Ho path) of this (K2)- spin-structure, which produces a non-zero value which

shifts the oxygen atoms and thus, non-zero local polarization (see Fig. 4.7(b)). We have

calculated the whole unit cell. We obtained that the local polarization does not cancel

out in the whole unit cell and a non-zero resultant polarization is obtained in ab-plane

(Fig. 4.7(b)). The inverse D-M interaction,

Pij ∝ eij × (Si × Sj),

is evaluated below for the nearest-neighbor Ho-Ru spin configuration.

We have

P⃗ (Ho1-Ru1) ∝ e⃗(Ho1Ru1)× (S⃗Ho1 × S⃗Ru1),

where e⃗(Ho1Ru1) is the unit vector connecting Ho1 and Ru1, and S⃗Ho1 and S⃗Ru1 are

the spin vectors of Ho1 and Ru1, respectively.

The relative position vector between Ho1 and Ru1 is R⃗(Ho1Ru1) = R⃗Ru1 − R⃗Ho1,

which evaluates to

R⃗(Ho1Ru1) = 2.9270 â+ 1.6898 b̂− 2.3370 ĉ.

The corresponding unit vector is

e⃗(Ho1Ru1) = 0.7123 â+ 0.4112 b̂− 0.5687 ĉ.

The cross product of the Ho and Ru spin vectors is

S⃗Ho1 × S⃗Ru1 = (−4.11528 â− 4.11528 b̂+ 0 ĉ)

× (−1.24506 â− 0.86552 b̂+ 0 ĉ)

= −1.5619133712 ĉ.

Therefore, the resulting local polarization vector is

P⃗ (Ho1-Ru1) ∝ 0.6423 â− 1.1126 b̂+ 0 ĉ.

All these values of positions and spins of Ho and Ru ions are taken from the magnetic

structure obtained from neutron diffraction. Similarly, we have calculated the polarization

for all other configurations in the magnetic cell.
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P⃗ (Ru1-Ho2) ∝ (0.6423 â+ 1.1126 b̂+ 0 ĉ)

P⃗ (Ho2-Ru2) ∝ (0.6423 â− 1.1126 b̂+ 0 ĉ)

P⃗ (Ru2-Ho3) ∝ (−0.6423 â− 1.1126 b̂+ 0 ĉ)

P⃗ (Ho3-Ru3) ∝ (0.6423 â− 1.1126 b̂+ 0 ĉ)

P⃗ (Ru3-Ho4) ∝ (0.6423 â+ 1.1126 b̂+ 0 ĉ)

P⃗ (Ho4-Ru4) ∝ (0.6423 â− 1.1126 b̂+ 0 ĉ)

P⃗ (Ru4-Ho1) ∝ (−0.6423 â− 1.1126 b̂+ 0 ĉ)

Both the results (peak shift & Inverse DM interaction) support that in this system

spin-driven ferroelectric polarization arises from the K2-spin structure, however, the net

polarizations (of a domain) nearly cancel out due to random domain dynamics of ME

domains in bulk macroscopic scale yielding very weak experimentally observed polariza-

tion. In this structure, the spins are oriented with ↑↑↓↓-spin structure of Ho and Ru-spins

individually and non-collinear between Ho and Ru-spins. A higher magnetic field may

destabilize the spin-structure, where spins will try to reorient along the applied H. Even-

tually, a spin can be flipped (↑↑↑↓) by changing the whole spin structure, depending on

the strength of the magnetic field. The H-induced magnetic transition ∼ 36 kOe and

the M(T ) feature at a very high field (50 kOe) are consistent with such behavior [92]. If

there is a change of spin-pattern, then definitely the canting angle of Ru and Ho spins

will be different, therefore, the direction of the vector [eij × (Si × Sj)] will be different.

The relative spin-orientation between SRu and SHo under a high magnetic field is such

that overall polarization may cancel out on a macroscopic scale. The shifting of the di-

electric peak towards lower temperature with increasing magnetic field, and further the

suppression (absence) of the dielectric feature under the high-magnetic field of 50 kOe is

consistent with this (spin-driven) ferroelectric polarization model [92].

To date, there are mostly experimental reports of those multiferroic compounds where

spin-pattern of 3d -metal ion is responsible for spin-driven ferroelectricity, as discussed

in the introduction. However, the experimental evidence of electric polarization as a

result of inverse D-M interaction of non-collinear spin-moments occurring between two

different atoms does not exist (to the best of our knowledge). The multiferroic GdMn2O5

compound exhibits the largest polarization among all multiferroic-II compounds (that is,

multiferroic ME system where spin-drives the ferroelectricity). It is demonstrated that the

exchange-striction mechanism between collinear spins of Gd(4f ) and Mn(3d) contributed

to a larger polarization of GdMn2O5 compound [29]. Here we observe that the spin-driven
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Figure 4.7: (a) and (b) (left) magnetic structure at 4 K for the 1st magnetic phase (canted

structure) associated with the k1 propagation vector and the 2nd magnetic phase (up-up-

down-down structure) associated with the k2 propagation vector, respectively. (Right)

calculated inverse D-M interaction considering all neighboring Ru and Ho spins for each

structure, respectively, as discussed in the text. The atoms are denoted in different colors

as follows: blue (Ho), gray (Ru), and red (oxygen). The blue arrows on Ho and gray arrow

on Ru atoms denote the spins of the respective atoms. The arrows on oxygen show the

direction of local polarization, that is, the direction of inverse D-M interaction between

related Ho and Ru spins of the corresponding Ho-O-Ru configuration. The large black

arrow shows the direction of the resultant polarization. The resultant polarization is zero

for (a) and non-zero for (b).
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polarization is governed from non-collinear spin-structure of two different atoms, that is,

Ho(4f ) and Ru(4d) through inverse D-M interaction. This further supports strong 4d -4f

correlation in this system. The stronger spin-orbit coupling in larger 4d -orbital compared

to that of 3d -orbital might play a decisive role.

4.5.3 Magnetoelectric domain dynamics

We have measured the dielectric constant as a function of temperature in the absence

magnetic field at various frequencies from ν = 1.1-120 kHz, which is shown in Fig. 4.8.

The low-frequency data below 1 kHz could not be recorded due to the low signal-to-noise

ratio. The real (ε′) and imaginary (ε′′) parts of the dielectric constant are presented in Fig.

4.8(a-b). The dielectric peak appears at the onset of magnetic ordering TN2 as a result of

strong MDE coupling, as reported earlier [92]. Interestingly, the peak present in ε′(T ) and

ε′′(T ) exhibits a frequency-dependent behavior around TN2. The peak temperature (TP )

of ε′(T ) and ε′′(T ) shifts to a higher temperature with increasing frequency (ν). Fig. 4.8(c)

shows the plot of ln(ν) versus the inverse of TP (peak temperature extracted from ε′′),

showing it follows an Arrhenius relation (ν = ν0 exp(Ea/kBTP ), ν0 = pre-exponential

factor, Ea = activation energy), exhibits logarithmic relaxation behavior with Ea ∼ 574

K. The frequency dependence behavior can be observed due to the presence of dipolar

glass behavior or ferroelectric domain relaxation/ reorientation. The activation energy is

related to the energy barriers associated with the ferroelectric domain reorientation. Very

low polarization value in PUND measurement is consistent with the concept of finite-

size ferroelectric (ME) domains instead of true long-range ordering. A similar effect was

reported in the well-known multiferroic compound Ca3CoMnO6 where a low polarization

value was experimentally obtained due to the finite-size domains instead of true long-range

ordering [32]

The ac magnetization as a function of temperature is shown in Fig. 4.9 for different

frequencies (1 Hz-1.3 kHz) which does not yield any frequency dependence behavior, in

contrast with the dielectric constant. We propose this could be an artifact arising from

a different frequency regime in which the finite-size magnetic domains respond to higher

frequencies. Similar behavior is observed in the magnetism-driven ferroelectric system

Dy2BaNiO5 where the frequency-dependent behavior is observed only in high-frequency

regions (> 10 kHz) [95] the response of the finite-size magnetic domains can be very

weak for low-frequency regions which is consistent with the concept of ferroelectric (ME)

domains instead of true long-range ordering. We have analyzed the peak shape in neutron
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Figure 4.8: (a) The real and (b) imaginary part of dielectric constant as a function of

temperature under various frequencies (1.1 -120 kHz). (c) Arrhenius plot ln(ν)versus

inverse of Tp. The low frequencies data in (c) is not included either due to absence of the

corresponding peak or very broad features.
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diffraction to clearly resolve this issue. For this we have superimposed three normalized

Figure 4.9: (a) The real part (χ′) and (b) imaginary part (χ”) of ac magnetic susceptibility

as a function of temperature for various frequencies from 1.3 Hz- 1.3 kHz.

representative peaks obtained from neutron diffraction in Fig. 4.6(b). We have considered

the different peaks at T= 4 K; one is (1 0 1)-peak for the nuclear structure (only lattice

Bragg peak), the other one is (-0.5 1 1) peak which is a magnetic peak related to K1-spin

structure (K1= 0.5 0 0), and the third one is (-0.75 0.25 1) magnetic peak for K2-spin

structure (magnetic Bragg peak related to K2= 0.25 0.25 0). The (0.5 1 1) magnetic peak

related to the K1-spin structure is well fitted with the (gaussian) peak shape parameters

same as the (1 0 1) lattice peak used in the refinement (Fig. 4.6(b)). The (-0.75 0.25

1)-peak shape associated with the K2-spin structure shows significant broadening when
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compared to that of the K1-spin structure (Fig. 4.6(b)). One needs to introduce significant

Lorentzian parameters to fit the peaks associated with K2-spin structure. Therefore,

we only observe the broadening of the magnetic peak related to K2- spin structure, no

broadening is observed for the magnetic peak associated to K1-spin structure even at low

temperature below TN2. This shows that the K2- spin structure has a shorter coherence

length compared to that of K1-spin structure and it arises through the development of

smaller magnetic domains. This results together with our frequency dependence magnetic

and dielectric results predict the ME domain dynamics.

4.5.4 Influence of External Pressure

The external parameters (e.g. field, pressure, etc.) have a strong effect on the magnetic

(multiferroic) ordering of material. Earlier, we observed that the application of a magnetic

field decreases the ordering temperature as observed from the shifting of T-dependence

magnetic and dielectric peak towards low temperature with increasing magnetic field and

a very high magnetic field (say, H=50 kOe) destroys the multiferroicity, consistent with

our spin-driven ferroelectric model [92]. Here we investigate the effect of another param-

eter, that is, external pressure on the magnetic (multiferroic) ordering of this system.

The dc magnetic susceptibility (M/H) under different magnetic fields is shown in Fig.

4.10(a). Temperature-dependent magnetization shows a peak at 10.2 K as reported in

the literature [56, 92]. This peak shifts to a lower temperature and broadens with an

increasing magnetic field, eventually being suppressed at 50 kOe, agreeing with the pre-

vious report [92] This result confirms the reproducibility of the magnetic feature where

the pressure cell does not have any extrinsic effect on the measurements. We have plotted

the dc magnetization under external pressure at a fixed magnetic field of 10 kOe in Fig.

4.10(b). Interestingly, the temperature of the magnetic peak increases with increasing

external pressure. The magnetic peak at 10.2 K in the absence of external pressure shifts

to 11, 11.5 and 12.2 K under the application of small pressure of 0.5, 0.8 and 1.2 GPa,

respectively, corresponding to an enhancement of 1.6 K/GPa. These results suggest that

external pressure and magnetic fields have opposing effects on the magnetic ordering tem-

perature. The inset of Fig. 4.10(b) shows the isothermal magnetization plot as a function

of the magnetic field for the absence and presence of external pressure of 1.2 GPa at T=2

K. We observe a small decrease in the magnetization value at 2 K in M(H) under external

pressure which is consistent with M(T) behavior. In the well-known spin-driven ferroelec-

tric system, DyMn2O5, the application of pressure enhances the ferroelectric polarization
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Figure 4.10: DC magnetic susceptibility as a function of temperature, (a) in different

applied field for zero applied pressure, and (b) under different applied pressures (0,0.4,

0.8 and 1.2 GPa) in the presence of 10 kOe magnetic field. The inset of (b) shows the

isothermal magnetization M(H) in the absence of pressure and the presence of 1.2 GPa

pressure.
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at low temperatures by stabilizing the commensurate Mn-spin order [96]. In RMnO3 (R =

Dy, Tb, and Gd), the system was found to show a pressure-induced phase transition into

the phase with large spin-driven ferroelectric polarization along ‘a’- axis [97]. Density

functional simulations suggest that the enhancement of polarization by applying pres-

sure in TbMnO3 is due to the stabilization of a collinear up-up-down-down spin-ordered

state [98]. Here we speculate that similarly to previous reports on other systems, pres-

sure (mildly) stabilizes the up-up-down-down structure resulting in an enhancement of

magnetic ordering competing with temperature fluctuations.

4.5.5 In-depth Structural study through Temperature depen-

dence synchrotron XRD

We have analyzed the synchrotron high-resolution powder XRD data using Rietveld re-

finement in the temperature range of 4-300 K [63]. The Rietveld refinement fitting of

HRXRD data at 8 K and 80 K are shown in Fig. 4.11. We observed that the crystal sym-

metry remains consistent in temperature fitting with P63/mmc (194) space group. The

T-dependence plot of lattice parameters (a, c) is represented in Fig. 4.12(a-b) from 4-40

K [99, 100]. A clear anomaly in the lattice parameters (a, c) around the transition tem-

perature TN2 is observed. Cooling from the high temperature, the lattice constants (a, c)

reduce with decreasing temperature due to thermal contraction. However, at the onset of

the TN2, the curve goes upward for lattice constant ‘c’ with the decreasing temperature,

which is not usual. The lattice constant ‘a’ also shows a peak at TN2. The change in

the lattice volume (V ) with temperature is shown in Fig. 4.12(c) which displays a clear

anomaly around TN2 in the form of a peak. Considering that lattice volume is directly

linked to the Gibbs free energy (G),

V =

(
∂G

∂P

)
T

,

any discontinuity in volume implies a discontinuity in Gibbs free energy. This obser-

vation indicates a possible first-order type phase transition [101] A sharp change in T -

dependence heat capacity is observed at TN2 predicting the first-order nature of the

phase transition [62], consistent with this result. We have also checked some other non-

centrosymmetric space groups related to this structure (where spatial inversion symmetry

is broken), though, we do not find any further improvement in the goodness of fit with

these related space groups. We have analyzed the XRD data with a non-centrosymmetric

space group with a similar structure. The Rietveld refinement fitting at T = 8 K for the
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Figure 4.11: Synchrotron powder X-ray diffraction pattern of Ba3HoRu2O9 (a) at 8 K

and (b) 80 K for space group (SG) 194, and (c) Synchrotron powder X-ray diffraction

pattern of Ba3HoRu2O9 at 8 K for space group 190 in Rietveld refinement.
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Figure 4.12: (a) and (b) Thermal variation of lattice parameters (a- and c-axis) respec-

tively. (c) thermal variation of lattice volume. The symbol size represents the error of

the data.
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non-centrosymmetric space group, P62c, is shown in Fig. 4.11(c). We found equally good

fitting for both the space groups at 8 K. It is to be noted that the displacement of atoms

in multiferroic-II (spin-driven ferroelectric) is generally very small to be traced in the

X-ray/neutron diffraction. Till now, for all the reported spin-driven ferroelectric systems,

the breaking of spatial inversion symmetry is not traceable directly from the XRD analy-

sis, rather an anomaly in the lattice parameters around multiferroic ordering is reported

in the literature [62, 101, 102]. Friedel’s law states that the intensities of the h, k, l and

−h,−k,−l reflections are equal. This is true if the crystal is centrosymmetric or if no

resonant scattering is present. It is impossible to conclude by X-ray powder diffraction

whether an inversion center is present unless significant structural change is there in gen-

eral. Combining the results of synchrotron X-ray and bulk ferroelectric measurements,

we propose the non-centrosymmetric space group P62c for this title compound.

4.5.6 Inelastic Neutron Scattering as a Probe of Magnetic and

Crystal Electric Field Excitations

To cover all the low and high energy excitations we have performed the INS on this system

considering two incident energy 30 meV and 160 meV for temperatures 1.8 K, 30 K, 100

K, and 300 K.

Low-energy collective magnetic excitation

Fig. 4.13(a) Color-coded contour maps of the measured scattering intensity as a function

of energy and momentum transfer (|Q|) of Ba3HoRu2O9 using 30 meV incident energy

neutrons at 1.8 K in which below 6.2 meV broad excitations is observed. This excita-

tion is more clear in momentum-integrated INS intensity as a function of energy transfer

for temperatures between 1.8 K and 300 K in the low-Q range (0.5-3.5 Å−1) (see Fig.

4.13(b)). As temperature increase above TN2, this excitation vanishes, and no compa-

rable low-energy magnetic excitation is observed in the intermediate temperature range

TN2 < T < TN1 which suggest that the low-energy spin dynamics are qualitatively dif-

ferent in the two ordered phases. Although the higher-temperature K1 phase exhibits

static long-range magnetic order, no well-defined low-energy collective excitation is ob-

served within the experimental resolution, indicating strongly damped spin dynamics in

this regime. This suggests that the excitation below 6.2 meV is closely linked to the

spin reorientation below TN2 and the simultaneous enhancement of short-range magnetic

correlations. The observed excitation is therefore not a localized Ru2O9 dimer excitation,
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Figure 4.13: (a) Color-coded contour maps of the measured scattering intensity as a

function of energy and momentum transfer (|Q|) of Ba3HoRu2O9 using 30 meV incident

energy neutrons at 1.8 K, (b) |Q|-integrated intensity versus energy transfer for temper-

atures between 1.8 and 300 K for the |Q| range 0.5 < |Q| (Å−1) < 3.5.

but a collective spin-wave excitation. This behaviour is completely different from other

6H perovskite where R is nonmagnetic such as Ba3RRu2O9 (R = Y, La, Ce) [59, 60]. In

these systems INS reveals only localized Ru-dimer excitations or strongly suppressed col-

lective excitation. At 300 K a new broad, non-dispersive excitation emerges near 12 meV

at low momentum transfer, which is absent at lower temperatures. The appearance of this

excitation in the paramagnetic regime together with the absence of the excitation present

below 6.2 meV, indicates a non-magnetic origin. Its disappearance at low temperature

suggests that static internal exchange fields suppress the mechanism responsible for its

neutron-scattering intensity, while thermal fluctuations in the paramagnetic state activate

it. The microscopic origin of this excitation is discussed further in Sec. 4.5.8 with Raman

spectroscopy and lattice-dynamics calculations.

High-energy localized excitations

Fig. 4.14(a-d) shows the 2D color contour plots of the INS spectra collected with an in-

cident energy of 160 meV. A clear excitation is observed near 40 meV at low momentum

transfer (1 < |Q| < 8 Å−1). The corresponding Q-integrated 1D cut shown in Fig. 4.14(e)

reveal an additional excitation near 20 meV. The intensity of both the excitations remains

nearly constant up to 100 K while at 300 K the intensity of 20 meV excitation increases

and the 40 meV excitation moderately suppressed. The weak temperature dependence

and the absence of noticeable dispersion suggest that these excitations do not arise from

long-range magnons. Instead, it likely originates from local excitations associated with

the correlated 4d-4f electronic states. In the high-Q region a broad intensity is observed
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Figure 4.14: Color-coded contour maps of the measured scattering intensity as a function

of energy and momentum transfer (|Q|) of Ba3HoRu2O9 using 160 meV incident energy

neutrons at (a) 1.8 K, (b) 30 K, (c) 100 K, and (d) 300 K. |Q|-integrated intensity versus

energy transfer for temperatures between 1.8 K and 300 K (e) for 1 < |Q| (Å−1) < 8 and

(f) for 8 < |Q| (Å−1) < 16.
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Figure 4.15: Intensity vs momentum transfer at fixed Energy (a) E= 16-22 meV, (b) E=

32-42 meV, (c) E= 60-74 meV and (d) E= 85-95 meV.

below 60 meV along with weak excitations near 70 and 90 meV. These excitations become

clearer in the Q-integrated 1D cuts shown in Fig. 4.14(f), where four peaks are resolved

between 18-20 meV, 36-40 meV, 70-72 meV, and 85-95 meV. These excitations are present

predominantly in the high-|Q| cuts, indicating a lattice-dynamical origin. As temperature

increases some of these peaks shift slightly to lower energies (16.4, 63.62 meV at 300 K),

consistent with enharmonic phonon behaviour. Further the intensity of the excitation near

89.5 meV gradually decrease and vanish at 300 K, this behaviour is the characteristic of

high-energy optical phonon which typically persist at higher temperatures. The absence

of sharp, temperature-independent excitations at these energies suggest that these are the

optical phonon which involve vibrations of the Ru-O network and the heavier atoms. We

have plotted the intensity vs momentum transfer to understand the nature of these exci-

tations for all the peak observed. Fig. 4.15(a), 4.15(b), and 4.15(d) show the momentum

dependence of the INS intensity for the peaks around 18-20 meV, 65-70 meV, and 85-95

meV, respectively. In all three cases, the intensity increases gradually with increasing mo-

mentum transfer |Q|. Such behaviour is characteristic of phonon. The monotonic increase

of intensity with |Q|, together with the dominance of these features at large momentum
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transfer also indicates that these excitations are phononic in nature. In contrast, Fig.

4.15(c), corresponding to the excitation in the 32-42 meV energy range that exhibits a

different momentum dependence. In this case, the intensity initially decreases at low-|Q|
and then increase again at high-|Q|. This behaviour cannot be explained by a simple

phonon excitation alone or from purely magnetic or crystal-field excitation. Instead, it

reflects the coexistence of magnetic and lattice contributions to the neutron cross section.

The decrease in intensity at low|Q|may arises from the magnetic form factor associated

with Ho3+ crystal-electric-field (CEF) excitations, while the increase at high-|Q| suggest
the contribution from lattice vibrations. Such a crossover in the momentum dependence is

generally observed in case of CEF-phonon coupling, where localized 4f crystal-field states

hybridize with phonon modes through spin-orbit-entangled spin-lattice interactions which

is also observed in Sr2DyRuO6 [48].

4.5.7 SpinW Modeling of Exchange Interactions and Ground

State

To interpret the magnetic excitation spectra of Ba3HoRu2O9 and to determine the relevant

exchange interactions, we have modelled the spin dynamics using linear spin-wave theory

within SpinW package. For this initially we have provided the lattice constants, Wyckoff

positions of Ho and Ru and then we have assigned the magnetic bonds through exchange

interactions between magnetic ions. The spin-Hamiltonian for this system, considering

all these factors, is expressed as:

H =
∑
ij

Jij S⃗i · S⃗j +
∑
i

Di (S
z
i )

2 , (4.5.1)

where Jij denotes the exchange interaction between the ith and jth magnetic ions,

and S⃗i and S⃗j represent their corresponding spin moments. The second term accounts for

the anisotropic contribution, with Di describing the anisotropy parameter at site i. The

model that best reproduces the low-temperature magnetic excitation spectrum requires

four dominant exchange interactions, as summarized in Table 4.6.

In Ba3HoRu2O9, the Ru-Ru bond is approximately 2.55 Å and the Ru-O-Ru bond an-

gle is significantly smaller than 90◦. Although such bond angles are often associated with

ferromagnetic superexchange, the very short Ru-Ru distance and the spatially extended

nature of the Ru 4d orbitals lead to substantial direct t2g-t2g overlap. In face-sharing oc-



84
Chapter 4. Ground state of 6H perovskite Ba3HoRu2O9, Origin of spin-driven ferroelectricity,

spin and CEF excitations

Figure 4.16: Color-coded contour maps of the measured scattering intensity as a function

of energy and momentum transfer (|Q|) of Ba3HoRu2O9 using 30 meV incident energy

neutrons at (a) 1.8 K. (b) |Q|-integrated intensity versus energy transfer for temperature

at 1.8 K. (c) Simulated color-coded contour map of the calculated spin-wave excitation

spectrum as described in the text as a function of momentum transfer |Q| and energy

transfer, and (d) intensity versus energy transfer for the simulated data obtained from

SpinW for |Q| = 0.5 to 3.5 Å−1.

tahedra, the resulting direct exchange, particularly involving a1g orbitals oriented along

the Ru-Ru axis. This direct d-d hopping favors a strong antiferromagnetic exchange

that dominates over the competing ferromagnetic contributions arising from the distorted

Ru-O-Ru superexchange pathway. The net result of this competition stabilizes a strong

AFM intradimer interaction (J1) as commonly observed in 4d and 5d transition-metal

compounds with face-sharing octahedra [19, 103].

This interaction locks the two Ru spins in an antiparallel state and forms the primary

magnetic unit for low-energy excitation. Long-range ordering in Ba3HoRu2O9 is instead

stabilized through a strong Ru-Ho exchange interaction (J2), which couples the Ru dimers

to the localized Ho3+ moments via Ru-O-Ho superexchange pathways. The correspond-

ing bond angles are close to 180◦, that strongly favors antiferromagnetic coupling. The
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magnitude of J2 is comparable to that of J1 suggest the strong 4d-4f magnetic coupling in

this system. While J1 determines the internal antiferromagnetic configuration of the Ru

dimers, J2 plays the decisive role in propagating magnetic correlations through the lattice

and stabilizing the simultaneous long-range ordering of Ru and Ho moments, consistent

with neutron diffraction results [40].

In this system long-range magnetic order is further controlled by weaker interdimer

Ru-Ru and exchange interactions J3 that connect neighbouring Ru2O9 dimers through

extended Ru-O-Ho-O-Ru exchange paths and Ho-Ho exchange interaction J4. Due to the

long exchange path, orthogonal bonding geometry, and multiple intermediate ions, these

interactions are significantly weaker and frustrated in nature which also favors weak fer-

romagnetic coupling that competes with the dominant antiferromagnetic interactions and

plays a crucial role in stabilizing the low-temperature magnetic structure without gener-

ating independent magnon excitation. Spin-wave results suggest that when these weak

interdimer interactions are removed, the calculated broad excitation below approximately

6.2 meV becomes unstable.

To accurately model the magnetic ground state, we incorporated a 3 × 3 single-ion

anisotropy tensor at the Ho3+ sites. Including easy axis term Dzz = −0.25, is important

for stabilizing the magnetic structure and helps to reproduce the exact spin excitation

as suggested by the experimental INS data. This behaviour confirms that the 6.2 meV

excitation is not a localized oscillation of an isolated Ru dimer, but rather a collective

spin-wave excitation that exists only when the full exchange-connected Ru-Ho-Ru lattice

is magnetically ordered.Fig. 4.16(b-d) show the comparison between the powder-averaged

spin-wave intensity calculated using SpinW with the experimental inelastic neutron scat-

tering data collected at 1.8 K shown in Fig. 4.16(a-b). The close agreement between ex-

periment and simulation confirms that the observed magnetic excitation spectrum arises

from exchange-stabilized long-range magnetic order dominated by the strong Ru-Ru in-

tradimer interaction (J1) and the nearly comparable Ru-Ho antiferromagnetic exchange

(J2), with additional stabilization and frustration effects provided by the weaker inter-

dimer Ru-Ru interactions (J3 and J4).

4.5.8 Raman Spectroscopy study to explore phonon modes

Room-temperature Raman spectroscopy was performed to probe the zone-center (Γ-point)

optical phonons in Ba3HoRu2O9. The Raman data shown in Fig. 4.17 exhibits several

well-defined phonon modes at approximately 101, 164, 231, 325, 370, 574, and 774 cm−1.
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These observed modes correspond to (Γ-point)-point vibrational excitations, consistent

with the symmetry-allowed Raman-active modes of the P63/mmc (D6h) space group,

namely A1g, E1g, and E2g representations. We have changed this Raman shift to energy

using the formula:

E (meV) = 0.12398× ω (cm−1), (4.5.2)

where ω is the Raman shift. These phonon modes correspond to energies around 12, 20,

29, 40, 46, 72, and 95 meV, respectively. The low-energy Raman-active modes around

20 meV and 29 meV fall within the optical phonon regime and are assigned primarily

to E2g-type vibrations associated with collective motions of Ba and Ho ions coupled to

distortions of the surrounding RuO6 octahedra. Similar low-energy Raman modes have

been reported in ruthenates and rare-earth oxides and are generally attributed to relatively

soft lattice vibrations rather than rigid Ru-O bond stretching. The 231 cm−1 Raman shift

Figure 4.17: Raman Spectroscopy data at room temperature.

that corresponds to a 25 meV excitation is clearly observed in Raman spectroscopy but

is absent in the INS spectra. This behavior is consistent with a Γ-point optical phonon

whose neutron scattering intensity is suppressed due to a small neutron-weighted structure
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factor, arising from symmetry-restricted atomic displacement patterns and a dominant

oxygen character, rather than from the absence of the vibrational mode itself. Such

Raman-visible but INS-weak phonons are well documented in perovskite oxides.

The intermediate-energy modes at 325 cm−1 and 370 cm−1 (40-46 meV) can be at-

tributed to E1g/E2g symmetry modes can be assigned distortions of the Ru-O network,

involving RuO6 octahedral bending vibrations and mixed bending-stretching motions, as

established for structurally related ruthenates and orthorhombically distorted perovskites.

These modes are known to be sensitive to Ru-O bond lengths and Ru-O-Ru bond angles,

which play a crucial role in determining superexchange interactions within the Ru sub-

lattice. As discussed in earlier Raman studies of transition-metal oxides, such phonons

can indirectly reflect changes in magnetic exchange pathways without directly probing

the magnetic interaction itself [104]. An excitation at a similar energy (40 meV) is also

observed in the INS spectra over a broad range of momentum transfer, consistent with

a lattice excitation. In contrast, the 46.2 meV excitation is observed only in Raman

spectroscopy and is not detected in INS, indicating a strongly reduced neutron scattering

cross-section for this particular mode rather than its absence. The coexistence of phonon

excitations near 20 meV and 40 meV with Ho3+ crystal electric field (CEF) excitations

at comparable energies suggests the possibility of phonon-CEF coupling, as reported pre-

viously in rare-earth oxides where lattice and 4f electronic excitations occur on similar

energy scales [105]. A low-energy excitation observed around 12 meV at low |Q| in the

INS data is also weakly detected in Raman spectroscopy, indicating a lattice origin of this

excitation. The appearance of this excitation only at high temperature suggests that it

is associated with a thermally activated phonon mode, whose INS intensity is enhanced

by the increased Bose population factor at high temperatures. At low temperatures, the

intensity of this mode is strongly suppressed due to reduced phonon occupation and a

small neutron scattering structure factor. The combined INS and Raman observations

therefore indicate that this excitation arises from a phonon mode rather than from a mag-

netic crystal-field excitation. Phonons in this energy range are typically dominated by

oxygen motions and strong metal-oxygen bonding, and their well-defined nature indicates

that, despite the presence of low-energy lattice flexibility, the local Ru-O bonding remains

robust. The high-energy Raman modes at 574 cm−1 and 774 cm−1 (72 and 95 meV) are

assigned to A1g symmetry modes corresponding to symmetric stretching vibrations of the

RuO6 octahedra. These modes are dominated by oxygen motion and reflect the intrin-

sic stiffness of Ru-O bonds. Similar high-energy stretching modes have been reported in
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SrRuO3, CaRuO3, Ca3Ru2O7, and related ruthenates [106, 107, 108]. Their well-defined

nature indicates that, despite the presence of low-energy lattice flexibility, the local Ru-O

bonding remains robust.

4.5.9 Calculation of Phonon excitation through MLFF

Figure 4.18: (a) Calculated phonon modes for Ba3HoRu2O9 based upon pretrained MLFF.

The vertical axis is the phonon energy in units of THz. Panels indicate wave-vector depen-

dence in reciprocal space using standard reciprocal space. Calculated phonon scattering

intensity (b) at 1.8 K, (c) at 300 K, and |Q|-integrated intensity versus energy transfer

for temperatures between 1.8 and 300 K for |Q| = 8 to 16 Å−1.

To distinguish lattice excitations from CEF excitations observed in the INS spectra of

Ba3HoRu2O9, we performed detailed phonon calculations using a MLFF approach. This

methodology allows accurate modelling of lattice vibrations over the full Brillouin zone

while retaining the accuracy of first principles calculations (e.g., ab initio DFT) that also

reduce the computational cost [68]. The calculations were based on the experimentally

determined low temperature crystal structure, which was first fully optimized to mini-

mize residual forces. The resulting optimized structure exhibits no imaginary phonon

frequencies, confirming its dynamical stability. Fig. 4.18(a) shows the calculated phonon

dispersion relations plotted along standard high-symmetry directions in reciprocal space,
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with the phonon energies extending up to approximately 25 THz (∼100 meV). The dense

distribution of excitation at low energies reflects the complex lattice dynamics arising

from the coupled RuO6 octahedra and the heavy Ba/Ho sublattices.

Using the MLFF we computed the powder-averaged dynamical structure factor, in-

cluding one-phonon and multi phonon contributions, and convolved it with the instrumen-

tal energy and momentum resolution to allow direct comparison with the INS data. The

simulated intensity map, shown in Fig.4.18(b-c), demonstrates that phonon scattering

dominates the high-|Q| region (8 ≤ |Q| ≤ 16 Å−1) [68]. The phonon calculations reveal

several distinct phonon excitations that are closely spaced at low energies and therefore

appear broad and unresolved below 50 meV in the experimental INS spectra, primarily

due to the instrumental energy resolution and the dense phonon density of states. We

have plotted the |Q|- integrated intensity vs temperature to indentify the energy of these

excitation which is shown in Fig. 4.18(d). Well-resolved phonon excitations are identi-

fied at approximately 20 meV, 40 meV, 46 meV, 70-75 meV, and 90-95 meV, along with

weaker features at intermediate energies. These calculated phonon energies are in good

agreement with the experimentally observed INS excitations at high momentum transfer

(8 ≤ |Q| ≤ 16 Å−1). The simulated phonon intensity distribution shows that the exci-

tation near 40 meV exhibits weak |Q| dependence at low-|Q| (1 ≤ |Q| ≤ 8 Å−1), which

cannot be explained by phonon scattering alone, suggesting an additional contribution

from Ho3+ CEF excitations. In contrast, the emergence of multiple excitations at 20, 40,

46, 71, and 94 meV at high-|Q| has phononic origin. This clear separation of magnetic

and lattice contributions provides a robust framework for interpreting the INS spectra

of Ba3HoRu2O9. The overlap between calculated phonon excitation and experimentally

observed CEF energies provides strong evidence for CEF-phonon (vibronic) coupling near

40 mev in Ba3HoRu2O9. Such coupling is expected when localized 4f excitations and lat-

tice modes are present at similar energies and it can lead to renormalization of excitation

energies, enhanced damping, and anomalous momentum dependence in INS spectra. The

MLFF results therefore play a central role in establishing that the low-energy excitation

spectrum of Ba3HoRu2O9 cannot be understood by magnetic or lattice degrees of freedom

alone but instead reflects a genuinely hybridized spin-lattice system.

4.5.10 Conclusion

Our study provides insights into the nature of magnetic ordering and spin dynamics

around TN2 and, consequently, elucidate the mechanism of ME coupling and multiferroic-
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ity in this compound. We demonstrate that inverse D-M interaction between Ru(4d) and

Ho(4f ) spins related to the spin-structure of the 2nd magnetic phase transition breaks the

inversion symmetry producing non-zero electric polarization. Additionally, we have ex-

plored the effect of external pressure, our results suggest that external pressure enhances

the magnetic ordering, probably by reducing the magnetic phase competition. However,

polarization measured through positive-up-negative-down (PUND) techniques was found

to be very low [92]. To understand this behavior, we have investigated the spin and dipolar

domain dynamics of Ba3HoRu2O9 through a combination of dielectric characterization,

AC magnetic susceptibility, and neutron time-of-flight measurements.

We have shown a comprehensive study of the magnetic and lattice excitations in the

multiferroic 6H-perovskite Ba3HoRu2O9 using inelastic neutron scattering, Raman spec-

troscopy, spin-wave simulations, and MLFF phonon calculations. Our INS measurements

reveal a broad low-energy excitation below 6.2 meV that appears only below the lower

magnetic transition temperature TN2 ≈ 10 K. Spin-wave simulation results shows that this

excitation is a collective excitation of the low-temperature K2 magnetic phase, stabilized

by strong Ru-Ru intradimer exchange together with Ru-Ho coupling, while no compara-

ble low-energy mode exists in the higher-temperature K1 phase. At higher energies, we

identify multiple localized excitations below 90 meV persist over the entire temperature

range and in which excitation observed near 40 meV is assigned to Ho3+ CEF transitions.

Since Raman spectroscopy study and Machine-learned phonon calculations quantitatively

reproduce the high-momentum INS spectra and confirm energy overlap between phonon

branches and Ho3+ CEF levels, providing direct evidence for CEF-phonon coupling.

In contrast to other ruthenium compounds such as double perovskites (Sr2DyRuO6,

Sr2YbRuO6, Ba2DyRuO6) or those 6H perovskite where R is non-magnetic (Ba3RRu2O9,

R = La, Y, Ce) primarily either show conventional magnons or localized molecular exci-

tations [59, 60, 61, 48, 49, 50]. Ba3HoRu2O9 hosts a rare coexistence of collective 4d-4f

coupled collective excitation, localized CEF excitations, and lattice vibrations that hy-

bridize at same energy. These results establish Ba3HoRu2O9 as a model platform for

exploring emergent spin-lattice-orbital entanglement and hybrid excitations in correlated

4d-4f oxides, with direct relevance to multiferroicity and magnetoelastic phenomena.



Chapter 5

Magnetic structure, cooperative

Ru(4d)-Tb(4f ) spin-ordering and

unconventional S-orbital state of Tb

in Ba3TbRu2O9

5.1 Motivation

This chapter focuses on the compound Ba3TbRu2O9, which belongs to the Ba3RRu2O9

family. It stands out within this family because Tb can stabilize an unusual +4 oxidation

state, unlike most rare-earth ions that adopt a trivalent state. This leads to a single-

valence Ru4+ (4d4) configuration and fundamentally different 4d -4f exchange physics.

Although Ce can also adopt a +4 oxidation state, recent neutron-scattering experiments

have shown that Ce4+ has a non-magnetic ground state and that Ru does not magnetically

order down to 2 K in Ba3CeRu2O9. Earlier studies on Ba3TbRu2O9 reported long-range

antiferromagnetic ordering, but this ordering was attributed primarily to the Tb moments,

and the spin state and magnetic moment of Ru4+ remain unresolved. Given that Ru4+

(4d4) ions are highly sensitive to crystal-field effects, spin-orbit coupling, and local octahe-

dral distortions, their magnetic ground state can range from a conventional spin-only state

to a strongly spin-orbit-entangled one. The coexistence of tetravalent Tb, mixed 4d -4f

interactions, and Ru dimers therefore raises the possibility of unconventional magnetism

beyond a simple rare-earth-driven scenario. A detailed investigation of Ba3TbRu2O9 is

thus essential to clarify the role of Ru spin state, determine whether Ru participates in

91
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magnetic ordering, and understand how Tb4+ modifies the collective magnetic ground

state in this strongly correlated 6H-perovskite system.

5.2 Introduction: A overview of Ba3TbRu2O9

Ba3TbRu2O9 crystallizes in the same hexagonal 6H-perovskite structure (space group

P63/mmc), in which pairs of face-sharing RuO6 octahedra form isolated Ru2O9 dimers

that are connected through corner-sharing TbO6 octahedra. The short Ru-Ru separation

within each dimer (about 2.48 Å) leads to strong interactions between the two Ru ions,

while the Ru-O-Tb-O-Ru superexchange pathway provides a natural route for coupling

between the Ru 4d electrons and the Tb 4f moments. Because both Tb and Ru are

magnetic in this compound, cooperative magnetism involving localized 4f moments and

more extended 4d electrons has been anticipated, similar to what has been observed in

Ba3HoRu2O9.

Previous magnetic and thermodynamic studies have shown that Ba3TbRu2O9 under-

goes an antiferromagnetic transition at TN ≈ 9.5 K [57, 92]. Neutron diffraction ex-

periments reported in the literature indicate that the Tb4+ moments form ferromagnetic

layers within the ab plane that are stacked antiferromagnetically along the c axis, with

the ordered moments pointing along c [57].

Earlier dielectric and magnetic measurements have also revealed that Ba3TbRu2O9

exhibits pronounced MDE coupling. Both the real part of the dielectric constant ε′(T ) and

the dielectric loss tan δ(T ) display clear anomalies at the magnetic ordering temperature,

demonstrating that the magnetic and dielectric properties are strongly coupled. When a

magnetic field is applied, these dielectric anomalies shift to lower temperatures, tracking

the suppression of antiferromagnetic order and providing direct evidence that the dielectric

response is controlled by the magnetic state [92].

Field-dependent dielectric studies further show a distinct anomaly in the excess di-

electric constant ∆ε′(H) around 25-30 kOe at low temperatures. This field scale coincides

with a hysteretic feature in the magnetization, indicating a magnetic-field-driven change

in the spin configuration. The fact that this transition appears simultaneously in both

magnetic and dielectric measurements demonstrates that changes in the magnetic ground

state directly affect the lattice and the electronic polarizability. Even above TN , a small

but finite MD effect persists, pointing to the presence of short-range magnetic correlations

that remain coupled to the lattice.
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The MD coupling reported for Ba3TbRu2O9 is unusually strong for a 4d -electron

system and is significantly larger than that found in related Nd-based compounds. This

enhancement has been attributed to the large magnetic moment of Tb4+ and to strong

4d -4f exchange interactions mediated by the Ru-O-Tb-O-Ru superexchange pathway.

Within this picture, magnetic ordering induces local lattice distortions and exchange-

striction effects, which in turn generate changes in the dielectric response [92].

Taken together, earlier studies establish Ba3TbRu2O9 as a particularly interesting

6H-perovskite in which tetravalent Tb magnetism, Ru4+ dimer physics, and strong MD

coupling coexist. These results provide the essential background and motivation for the

present neutron diffraction investigation, which aims to clarify the microscopic magnetic

structure and the role of the Ru dimers in this unusual system. In this study, we have

performed a detailed time-of-flight neutron diffraction experiment over a wide momentum

transfer (Q-range¡ 1 Å−1), which allows us to resolve the spin-structure and magnetic

ground state of both Tb and Ru. The results reveal an unconventional spin-only ground

state of Tb (orbital moment L=0, J=S=7/2) and spin-only moment of Ru (S=2, L=0).

5.3 Experimental details

The compound Ba3TbRu2O9 was synthesized by solid-state-reaction using mixtures of

high purity (> 99.9%) precursors: BaCO3, RuO2, and Tb4O7 by mixing thoroughly using

an agate mortar and pestle. The homogenized mixture was pressed into pellets and sub-

jected to a series of calcination steps. The initial firing was carried out at 900 ◦C for 12 h,

followed by successive heating at 1100 ◦C for 48 h, 1150 ◦C for 24 h, and a final sintering

at 1180 ◦C for 12 h. After each heating cycle, the pellets were reground and repelletized

to ensure phase homogeneity [57]. To check the phase purity X-ray diffraction was car-

ried out using a lab-based Cu-Kα source from the Panalytical instrument. Magnetization

(M) measurements were performed using a Superconducting Quantum Interference De-

vice (SQUID, Quantum Design) as a function of temperature and magnetic field (H).

Time-of-flight (TOF) Neutron diffraction data were collected at the SNAP beamline, a

time-of-flight diffractometer at Spallation Neutron Source (SNS) in Oak Ridge National

Laboratory (ORNL), USA. The magnetic structure was resolved using the FULLPROF

and SARAH programs [63, 64]. X-ray Photoelectron Spectroscopy (XPS) measurements

were carried out using a Thermo Fisher Scientific K-Alpha spectrometer equipped with a

monochromatic Al Kα source (1486.6 eV, 10 kV, 10 mA). Scanning Electron Microscopy

(SEM) imaging was conducted using a JEOL JXA-8230 electron probe micro-analyzer
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operated at an accelerating voltage of 20 kV. High-resolution high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) was performed on the

same JEM-ARM200F instrument operating at 200 kV. For sample preparation, a small

amount of finely ground powder was dispersed in ethanol using ultrasonication for uni-

form mixing. A drop of the resulting suspension was then deposited onto a carbon-coated

copper grid and allowed to dry at room temperature before imaging.

5.4 Results and discussion

5.4.1 Structural and Magnetic analysis

Figure 5.1: (a) Crystal structure of Ba3TbRu2O9, (b) Tb–O–Ru–O–Tb exchange path, (c)

Rietveld refinement of the room-temperature X-ray diffraction (XRD) data, and (d) DC

magnetic susceptibility as a function of temperature measured under an applied magnetic

field of 1 kOe.

The Rietveld refinement of the X-ray diffraction pattern is shown in Fig. 5.1(a), con-

firming a pure phase with space group P63/mmc. The Ru-Ru distance and Ru-O-Ru

angle within the dimers are 2.56 Å and 79.26◦ respectively, indicating that Ru-Ru direct

exchange interaction and Ru-O-Ru super-exchange interactions are competing within the

Ru2O9-dimers. However, these dimers are connected via a magnetic Tb-atom in this com-

pound. The Ru-O-Tb angle is 179.180◦, implying a strong AFM super-exchange path,

dominated over Ru-O-Ru exchange interaction. Therefore, the Ru-O-Tb-O-Ru super-
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exchange path is responsible for magnetic ordering. To confirm the elemental composition

Figure 5.2: (a)Backscattered electron Backscattered electron image, and EDX maps dis-

play (b) the mixing of Ba, Tb, Ru and O, (c) O, (d) Ru, (e) Ba and (f) Tb of Ba3TbRu2O9

powder sample.

and homogeneous distribution of constituent elements in the Ba3TbRu2O9powder sample,

we performed scanning electron microscopy (SEM) with energy- dispersive X-ray spec-

troscopy (EDS) and high-resolution high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM). The SEM-EDS and HAADF-STEM images are

shown in Fig. 5.2 and 5.3. The SEM-EDS and HAADF-STEM elemental maps confirm

Figure 5.3: (a) HAADF-STEM image of polycrystalline Ba3TbRu2O9, showing well-

defined grains with sharp boundaries. Elemental mapping obtained from EDS analysis:

(b) oxygen (O K), (c) terbium (Tb L), (d) ruthenium (Ru L), and (e) barium (Ba L).

a uniform spatial distribution of Ba, Ru, Tb, and O across the sample, confirming the
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homogeneity of the sample. The EDS results show that the atomic percentage ratio for

Ba:Tb:Ru:O from EDS is 22.0 : 7.2 : 15.5 : 60.6 (≈ 3.1 : 1 : 2.1 : 8.4) which agrees with

the stoichiometry of the compound within the resolution limit of the instrument.

Figure 5.4: X-ray photoelectron spectroscopy (XPS) spectra of Ba3TbRu2O9: (a) Tb

4d5/2 and 4d3/2 core-level peaks, and (b) Ru 3p3/2 and 3p1/2 core-level peaks.

The temperature-dependent magnetic susceptibility under a 1 kOe magnetic field in

zero-field-cooled conditions is shown in Fig.5.1(b). The results reveal antiferromagnetic

(AFM) ordering below 9.5 K (TN), consistent with an earlier report [57]. The Curie-Weiss

fitting in the paramagnetic region yields an effective moment (µeff) of approximately

8.4 µB. This low value of µeff not be satisfied with Tb3+ moment with effective quantum

number J = 6, which gives µeff ≈ 9.72 µB. These results suggest that Tb has a spin

configuration of S = 7/2, adopting Tb4+ valence state, where S is the principal spin
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quantum number and the orbital moment L = 0 for a half-filled shell. The theoretical

value of the effective moment for S = 7/2 is 7.94 µB. The experimentally calculated

effective magnetic moment per Ru atom is approximately 1.94 µB, based on the relation:

µ2
eff = µ2

Tb + 2µ2
Ru

To check the oxidation states of Tb and Ru we have performed XPS of the sample (shown

in Fig. 5.4). The binding energy values of Tb 4d 5
2
is 150.3 eV and 4d 3

2
is 157.8 eV and

For Ru 3p 3
2
is 461.7 eV and 3p 1

2
is 484.2 eV which are close to the values reported in

the literature [109, 110]. However, it should be noted that the binding energy difference

between two oxidation states of Ru-atom is only nearly 1 eV, and such a small difference

may also arise for the same oxidation state in different crystallographic environments

[110, 111]. However, if the valence state is a mixture of +4 and +5, we would observe two

separate nearby peaks or a very broad peak, whereas, here we observe a single peak due

to single valence state as similarly observed in the literature [109, 110, 111, 112].

5.4.2 Magnetic Structure Resolved by TOF Neutron Diffraction

To solve the magnetic structure, we have performed temperature dependent (2, 4, 6, 7, 8,

9, 10, 12, 14, 16, 20, 50, and 100 K) time-of-flight neutron diffraction (ND) measurements

and collected data over a wavelength band covering 3.7-6.5 Å, corresponding to a mo-

mentum transfer coverage between 1 Å−1 and 2 Å−1 (shown in Fig. 5.4(a)).A significant

enhancement of the intensity of the (101) and (103) Bragg peaks (at Q = 1.44 Å−1 and

1.86 Å−1 respectively) below TN. No change in diffraction intensity is observed above TN.

The magnetic reflections of both Bragg peaks (101) and (103)) at various temperatures are

shown in Fig. 5.4(b-c). The magnetic intensities are calculated by subtracting the data

collected at 2-11 K from the 100 K data which contains the purely nuclear contribution.

The temperature dependence of the integrated magnetic intensity is shown in Fig. 5.4(d),

which represents the magnetic order parameter. The magnetic intensity increases with

decreasing temperature below TN due to saturation of magnetic moments with lowering

the temperature as usual. We did not observe any additional magnetic Bragg reflections

at low-T in this Q-range. Therefore, we have further performed the experiments over a

broader Q-range (for wavelength range 0.5-3.65 Å) at a few selected temperatures (100,

50, 20, and 2 K). Interestingly, 2 K diffraction profile shows a few extra peak intensities

at Q = 1.44, 1.86, 2.19, 2.52, 3.30 and 3.53 Å−1 corresponding to reflections (101), (103),

(211), (105), (213) and (210) respectively compared to the high temperature diffraction

profile above TN, shown in Fig. 5.5(a). The neutron diffraction profile measured at 100 K
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in the paramagnetic region is well-fitted for the reported space group P63/mmc, confirm-

ing the sample phase (see Fig. 5.5(b)). All the additional magnetic reflections can be

indexed using the propagation vector k = (0 0 0).

Table 5.1: Basis vectors for the space group P63/mmc forK = (0 0 0). The decomposition

of the magnetic representation for the Tb site (0, 0, 0). The atoms of the nonprimitive

basis are defined as 1: (0, 0, 0) and 2: (0, 0, 0.5).

IR BV Atom BV Components

m∥a m∥b m∥c im∥a im∥b im∥c

Γ1 ψ1 1 0 0 12 0 0 0

2 0 0 12 0 0 0

Γ2 ψ2 1 0 0 12 0 0 0

2 0 0 −12 0 0 0

Γ3 ψ3 1 0 −3 0 0 0 0

2 0 −3 0 0 0 0

Γ4 ψ4 1 −3.464 −1.732 0 0 0 0

2 −3.464 −1.732 0 0 0 0

Γ5 ψ5 1 0 −3 0 0 0 0

2 0 3 0 0 0 0

Γ6 ψ6 1 −3.464 −1.732 0 0 0 0

2 3.464 1.732 0 0 0 0

Table 5.2: Basis vectors for the space group P63/mmc for K = (0 0 0). The de-

composition of the magnetic representation for the Ru site (.33333, .66667, .16223). he

atoms of the nonprimitive basis are de- fined according to 1: (.33333, .66667, .16223), 2:

(.66666, .33333, .66223), 3: (.66667, .33334, .83777), 4: (.33333, .66667, .33777).

IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ2 ψ1 1 0 0 6 0 0 0

2 0 0 6 0 0 0

3 0 0 -6 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

4 0 0 -6 0 0 0

Γ3 ψ2 1 0 0 6 0 0 0

2 0 0 6 0 0 0

3 0 0 6 0 0 0

4 0 0 6 0 0 0

Γ6 ψ3 1 0 0 6 0 0 0

2 0 0 -6 0 0 0

3 0 0 -6 0 0 0

4 0 0 6 0 0 0

Γ7 ψ4 1 0 0 6 0 0 0

2 0 0 -6 0 0 0

3 0 0 6 0 0 0

4 0 0 -6 0 0 0

Γ9 ψ5 1 0 -1.5 0 0 0 0

2 0 -1.5 0 0 0 0

3 0 -1.5 0 0 0 0

4 0 -1.5 0 0 0 0

Γ9 ψ6 1 -1.732 -0.866 0 0 0 0

2 -1.732 -0.866 0 0 0 0

3 -1.732 -0.866 0 0 0 0

4 -1.732 -0.866 0 0 0 0

Γ10 ψ7 1 3 1.5 0 0 0 0

2 3 1.5 0 0 0 0

3 -3 -1.5 0 0 0 0

4 -3 -1.5 0 0 0 0

Γ10 ψ8 1 0 -2.598 0 0 0 0

2 0 -2.598 0 0 0 0

3 0 2.598 0 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

4 0 2.598 0 0 0 0

Γ11 ψ9 1 0 -1.5 0 0 0 0

2 0 1.5 0 0 0 0

3 0 -1.5 0 0 0 0

4 0 1.5 0 0 0 0

Γ11 ψ10 1 -1.732 -0.866 0 0 0 0

2 1.732 0.866 0 0 0 0

3 -1.732 -0.866 0 0 0 0

4 1.732 0.866 0 0 0 0

Γ12 ψ11 1 3 1.5 0 0 0 0

2 -3 -1.5 0 0 0 0

3 -3 -1.5 0 0 0 0

4 3 1.5 0 0 0 0

Γ12 ψ12 1 0 -2.598 0 0 0 0

2 0 2.598 0 0 0 0

3 0 2.598 0 0 0 0

4 0 2.598 0 0 0 0

The Wyckoff positions of the magnetic Tb and Ru ions are 2a (0, 0, 0) and 4f (0.33333,

0.66667, 0.16223), respectively. To evaluate the possible magnetic structures consistent

with the crystallographic symmetry, we performed an irreducible representational analysis

using the SARAh program [64]. The resulting irreducible representations (IRs) and basis

vectors (BVs) for the Ru and Tb sites are presented in Tables-5.1 and 5.2. There are four

irreducible representations for Tb and eight for Ru. The magnetic representation is given

by:

Γmag(Tb) = 1Γ1
3 + 1Γ1

7 + 1Γ2
9 + 1Γ2

11

Γmag(Ru) = 1Γ1
2 + 1Γ1

3 + 1Γ1
6 + 1Γ1

7 + 1Γ2
9 + 1Γ2

10 + 1Γ2
11 + 1Γ2

12

Since neutrons interact with the magnetic moment component perpendicular to the mo-
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Figure 5.5: Time-of-flight (TOF) neutron diffraction data of Ba3TbRu2O9 measured at

various temperatures: (a) TOF pattern collected in the wavelength range λ = 3.7–6.4 Å.

Temperature-dependent magnetic intensities of the (b) (101) and (c) (103) Bragg reflec-

tions, and (d) magnetic intensity as a function of temperature.
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mentum transfer (Q), the significant difference in intensity of the (1 0 1), (1 0 3), (1 0

4), (1 1 0), (1 0 5), (2 1 0) Bragg peak between 2 K and 100 K suggests that the mag-

netic moment should have a dominant contribution along b-axis. However, the presence

of strong magnetic reflection for (2 1 0) and (-2 1 1) indicates there should be magnetic

component along c-axis as well.

We could not achieve a suitable refined structure considering Γ2, Γ6,Γ10 and, Γ12, ruling

out the possibilities of a non-magnetic terbium (because, only ruthenium contributes for

these particular basis vectors). We have attempted to fit the data using Γ3, Γ7, Γ9 and

Γ11 where both Tb and Ru moments contributes. For terbium, (Γ9)(Ψ4) and (Γ11)(Ψ6)

have magnetic moment in ab- plane and Γ3(Ψ1) and Γ7(Ψ2) have magnetic moment in

c- axis (Table 5.1). For ruthenium, Γ9(Ψ5) and Γ11(Ψ9) have a magnetic moment along

b-axis, Γ9(Ψ6) and Γ11 (Ψ10) have a magnetic moment in ab- plane and Γ3(Ψ2) and Γ7(Ψ5)

have a magnetic moment in c- axis(Table 5.2)The best fit to the data is achieved using

a combination of Γ11(Ψ9) for Ru and Γ7(Ψ2), Γ11(Ψ5) for Tb. The corresponding Shub-

nikov space group, which is the magnetic space group of the paramagnetic space group

P63/mmc with k = (0, 0, 0), is P6′3/m
′m′c. The Rietveld refinement of 2 K data is shown

in Fig. 5.5(c). The enlarged view of selected nuclear and magnetic peaks are shown in

the inset of Fig. 5.5(c). The fittings parameters are:χ2 = 9.8 Rp = 2.87, Rwp = 4.27,

Rexp = 1.11, and magnetic R-factor, Rmag = 5.14. which indicate the good fitting of

the data. The magnetic structure obtained from this refinement is shown in Fig. 5.7(a).

The results reveal that the Ru moments are ordered along the b-direction with a mag-

netic moment of 1.96µB, and the Tb moments are ordered in the bc-plane (small canting

of 15.9◦ with c-axis) with a magnetic moment of 6.18µB.The moment associated with

terbium and ruthenium are tabulated in Table-5.3.The fit of the magnetic structure was

further checked by setting the Ru moment to zero and refining the Tb moments allowing

it to achieve its maximum value; this however, does not result in a good fit. The refined

magnetic structure results in a terbium with 6.18 ± (0.04) µB (close to S=7/2 ) and a

spin-only moment of ruthenium (S=1).

In most of the 4d -4f the transition metal ion first orders at higher temperature, fol-

lowed by the rare-earth ordering at lower temperature[38, 42].Interestingly, here, we ob-

serve the rare cooperative ordering of Ru(4d) and Tb(4f ) moments below TN , which is

attributed to strong 4d -4f coupling in this system. The Ru-moments are collinearly ar-

ranged antiferromagnetically along the b-axis for the title compound (Fig. 5.7(a)). For
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Figure 5.6: Time-of-flight (TOF) neutron diffraction data of Ba3TbRu2O9 measured at

various temperatures: (a) TOF pattern collected over the wavelength range λ = 0.5–6.5 Å,

(b) Rietveld refinement of the TOF data at 100 K, and (c) Rietveld refinement at 2 K.

The inset in (c) shows an enlarged view of the profile fitting. The magnetic and nuclear

Bragg reflections appear at the same positions due to the propagation vector k = (0 0 0).
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Ba3HoRu2O9 compound, the ruthenium network exhibits a canted AFM spin-structure

within Ru2O9 dimers below magnetic ordering [62].The Ru-spins are arranged ferromag-

netically within Ru2O9 dimers for Nd-members, and ferromagnetic dimers are arranged

antiferromagnetically [58]. The strong spin-orbit coupling and strong 4d -4f correlation is

reported in heavy-rare-earth member Ba3HoRu2O9. Surprisingly, being a heavy rare-earth

member, the Tb possesses an S=7/2 ground state (f 7) with zero orbital moment, adopt-

ing an unusual +4 valence state, which is characterized as an s-state. more commonly

observed for Gd3+ ions, which have f 7electronic configurations.

The Tb possesses a +4-valence state, contrary to the usual +3 valence state of R-

ions in this whole family. Most likely, the energy is minimized by adopting this spin-

configuration similar to the related Gd3+. The spin configurations for Tb and Ru spins

are shown in Fig. 5.6(b-c). The slightly smaller value of the refined Tb moment compared

Figure 5.7: (a) Magnetic Structure of Ba3TbRu2O9, Spin-configuration for (b) Ru and

(c) Tb spins in Ba3TbRu2O9

to its theoretical spin-only value of 7/2 could be due to two reasons: i) the Landé g-factor

might be slightly lower than 2 (the ideal value for a free electron’s spin-only moment) in

this strongly correlated electron system with complex magnetic interaction; and/or ii) the

moments may not be fully saturated even at 2 K, although this is unlikely. Interestingly,

unlike other R-members in this series where a reduced Ru-moment is generally observed,

our results yield an almost full moment for Ru (1.96 µB) [58, 62]. We did not observe

any molecular-like magnetic state as observed in Ba3YRu2O9or a selective-orbital state

similar to Ba3LaRu2O9 [59, 60].
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Table 5.3: Refined magnetic moment components ma, mb, and mc along crystallographic

a, b, c directions and total magnetic moment (mtotal) for Tb and Ru atoms in Ba3TbRu2O9,

obtained from FullProf magnetic structure refinement.

Atom ma mb mc mtotal

Tb 0 ±1.69200 ±5.9520 6.18782

Ru 0 ±1.96050 0 1.96050

5.5 Conclusion

In summary, we resolve the spin-structure of the Ba3TbRu2O9 compound and observe a

unique magnetic ground state for both terbium and ruthenium in Ba3TbRu2O9, distinct

from all other lanthanide members in this series. The 4f orbitals of Tb behave like those

of an s-state ion, exhibiting zero orbital moment (L=0). Our neutron diffraction results

reveal that the magnetic moment of Ru-atom is almost 2 µB manifesting a S=1 magnetic

ground state, in contrast to a reduced moment of ruthenium in all other members in this

family. We also report a cooperative spin-ordering of both Ru and Tb, not commonly

observed in d -f coupled systems.





Chapter 6

Investigation of temperature

dependent crystal and magnetic

structure of Ba3SmRu2O9

6.1 Motivation and Introduction

In the series of Ba3RRu2O9 compounds, the ionic radius of the rare-earth element, its

magnetic moment and the strength of 4d-4f coupling plays a crucial role on deciding the

magnetic ground state. Systematic studies on this series of compounds reveal that heavy

rare-earth members such as Ho and Tb exhibit strong MD coupling and cooperative mag-

netic ordering whereas the light rare-earth compound Nd shows ferromagnetic ordering

[57, 58, 62]. Interestingly, Ce stabilizes in a +4 oxidation state and exhibit nonmagnetic

ground state. Another notable feature in this family is the presence of a broad hump

in magnetic susceptibility for nonmagnetic rare-earth compounds such as La, Y, and

Lu, which is generally attributed to short-range magnetic correlations within the Ru2O9

dimers [59, 60]. Moreover, this broad feature is absent in compounds containing magnetic

rare-earth ions such as Nd, Tb, and Ho, where long-range magnetic ordering dominates

the low-temperature behavior. In Ba3SmRu2O9, despite Sm is magnetic, a broad hump

similar to La, Y, and Lu is observed [59, 60]. The present study aims to understand the

magnetic ground state evolves in Ba3SmRu2O9 being intermediate member of this rare

earth series. In particular, we investigate the role of weak 4f magnetism in 4d -4f cou-

pling and magnetic ordering. Previous bulk measurements performed on this compound

reveal a clear magnetic transition around 12.5 K that indicate the onset of long-range

107
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antiferromagnetic order [92].

6.2 Experimental details

Figure 6.1: DC magnetic susceptibility as a function of temperature measured under an

applied magnetic field of 5 kOe

Studying neutron scattering involving naturally occurring elements like Sm, Eu, and

Gd poses significant challenges due to their exceptionally high absorption cross sections.

These elements exhibit large thermal neutron absorption coefficients, with values reach-

ing 5922, 4530, and 49,700 barns respectively at a wavelength of 1.798 Å. Despite this

obstacle, some isotopes of these elements have relatively small absorption cross sections.

To overcome this issue, we employ powder samples that are prepared using 152Sm iso-

tope, which is sensitive to Neutron. We obtained the sample Ba3SmRu2O9 (with 152Sm

isotope) from CRISMAT Laboratory, CNRS, France through collaborations. The ba-

sic characterization through preliminary XRD and Magnetic measurements confirms the

phase purity of the samples, as described in Ref[57, 92]. Fig. 6.1 shows that temper-

ature dependent DC magnetization, which documents the expected magnetic ordering

around 12 K. Initially, neutron powder diffraction measurements were carried out on the

two-axis diffractometer G4.1 at the Laboratoire Léon Brillouin (LLB), France, with an

incident neutron wavelength of 2.425 Å. The same sample has been used ton perform
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temperature-dependent high-resolution X-ray diffraction (HRXRD) measurements at the

CRISTAL beamline of the SOLEIL synchrotron (France), using an X-ray source with a

wavelength of λ = 0.58182 Å. The magnetic structure was determined using the FullProf

and Sarah programs[63, 64].

6.3 Results and Discussions

6.3.1 Synchrotron X ray Diffraction

Figure 6.2: Synchrotron XRD data at different temperature

We have performed high-resolution, temperature-dependent synchrotron X-ray diffrac-

tion (HRXRD) measurements on Ba3SmRu2O9 over a temperature range from 6 to 130 K.

Fig. 6.2(a) shows the comparison of diffraction patterns collected between 10 and 130 K

which suggest that below 90 K some of the Bragg peaks split into three distinct peaks,

indicating a structural distortion. Fig. 6.2(b-c) show enlarged views of the (0 2 3) and

(0 2 4) Bragg peaks, which split into the pairs (−1 1 3)/(1 1 3) and (−1 1 4)/(1 1 4),

respectively. We have performed the Rietveld refinement on 90 K data using the reported

hexagonal space group P63/mmc which is shown in Fig. 6.3(c) [63]. However, below this

temperature, refinement using the same space group does not provide satisfactory results

suggesting lower-symmetry model. Initially, we use a monoclinic C2/c space group similar



110
Chapter 6. Investigation of temperature dependent crystal and magnetic structure of

Ba3SmRu2O9

Figure 6.3: Reitvield Refinement of HRXRD data Ba3SmRu2O9 (a) 8 K (C2/c space

group), (b) at 60 K (P2/c space group) and (c) at 90 K (P63/mmc space group)
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to that observed in Ba3NdRu2O9, that yield good fitting at low temperatures ( 8 K) [58].

While for the intermediate temperatures (65-85 K), a better fit was obtained using the

P2/c space group analogous to Ba3NaRu2O9 [113]. These refinements confirm a structural

transition from P63/mmc to monoclinic symmetry (P2/c and C2/c) below 90 K (See Fig.

6.3(a-b). The difference between P2/c and C2/c is the presence of two crystalograficially

inequivalent Ru sites (Ru1 and Ru2) in P2/c.The crystal structure obtained after the

refining the data using both space group is shown in Fig. 6.4(a-b). Fig. 6.4 and Fig. 6.5

Figure 6.4: Crystal structure of Ba3SmRu2O9 obtained after refining the HRXRD for (a)

C2/c and (b) P2/c space group

shows the two distinct (Ru1)2O9 and (Ru2)2O9 dimers in the P2/c structure, in which the

(Ru2)2O9 dimer exhibits significantly more distortion compared to the (Ru1)2O9 dimer.

This asymmetric distortion of the Ru dimers can be understood in terms of spin-lattice

coupling and electronic instability within the Ru-Ru dimers. In mixed-valence or corre-

lated dimer systems, lowering of symmetry can lifts the degeneracy of Ru-Ru bonding

and anti-bonding states, leading to unequal Ru-O bond lengths and enhanced octahedral

distortion in one of the dimers [18, 113]. Such behavior has been reported in Ba3BiRu2O9,

Sr3CaRu2O9 ruthenate dimer system, where structural distortions act to stabilize specific

magnetic or orbital configurations through magneto-elastic coupling [93, 114]. In the in-

termediate P2/c phase, the pronounced distortion of the (Ru2)2O9 dimer indicates that

the two (Ru2)2O9 dimers behave differently, leading to unequal electronic and magnetic

responses. In both monoclinic phases, the structure consists of four face-sharing RuO6

octahedra forming Ru2O9 dimers that are connected to a central SmO6 octahedron. In
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Figure 6.5: (a) (Ru1)2O9 and (b) (Ru2)2O9 dimers

the C2/c phase, the RuO6 octahedra are coordinated by oxygen atoms occupying five

distinct crystallographic sites that results relatively weak and uniform octahedral distor-

tions. In contrast to this the P2/c phase has ten crystallographically distinct oxygen

positions, which lead to enhanced local distortions and bond-length asymmetry, within

the (Ru2)2O9 dimer. This increased distortion suggests that the P2/c phase represents

a structurally unstable intermediate state between the high-symmetry hexagonal phase

and the fully stabilized low-temperature C2/c phase. The temperature dependence of the

lattice parameters a, b, and c, along with the unit cell volume V , in the range of 6-60 K,

is shown in Fig. 6.6(a-d). As the temperature decreases from 60 K to 6 K, all three

lattice parameters exhibit a gradual reduction, which is a typical signature of thermal

contraction. This behavior arises due to the reduced atomic vibrational energy at lower

temperatures, that leads to a decrease in interatomic spacing and a more compact crystal

lattice. Around 12 K, a noticeable deviation from this smooth contraction behavior is

observed in all lattice parameters and in the unit cell volume. This anomaly coincides

with the known antiferromagnetic (AFM) to paramagnetic transition of the material.

Below 12 K, the spins are aligned in an ordered AFM arrangement, while above this tem-

perature, thermal vibrations disrupts the magnetic ordering, giving rise to a disordered
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Figure 6.6: Ritveild Refinement data of Ba3SmRu2O9 at (a) 300K and (b) 1.5 K

paramagnetic phase.

6.3.2 Powder Neutron Diffraction

We have performed the powder neutron diffraction on Ba3SmRu2O9 system at 300 K and

1.5 K. shown in Fig. 6.7 to resolve the magnetic structure. The neutron diffraction profile

measured at 300 K (above TN) is well fitted with the reported space group P63/mmc,

as shown in Fig. 6.8(a)). In this system there are two magnetic atoms Sm and Ru

having wyckoff position 2a (0 0 0) and 8F ( 0.99189, 0.33132, 0.83671) respectively.The

difference between the NPD data at 1.5 and 300 K (below and above TN , respectively)

reveals an increase of the intensity of two nuclear peaks [(002) and (110)] [see Fig. 6.7

]. The additional intensities are observed only at a low angle pointing to their magnetic

origin. We have observed the structural phase change in HRXRD data considering that

we have fitted the low temperature(1.5 K) data using C2/c space group.All the magnetic

reflections can be indexed using the k = (0 0 0) propagation vector. The Sm has same

2a whycoff position and Ru has the same 8f whycoff position. We did the irreducible

representational analysis through SARAh program. The irreducible representations (I.R.)

and basis vectors (B.V.) of the Ru and Sm spins for the C2/c space group associated with

the propagation vector are shown in Tables 6.1 and 6.2.
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Figure 6.7: Comparison of Neutron data at 1.5K and 300 K

Table 6.1: Basis vectors (BV) for the space group C2/c with propagation vector K =

(0 0 0). Irreducible representations for the magnetic Sm site (0 0 0), obtained using the

SARAh program.

IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ1 ψ1 1 2 0 0 0 0 0

2 -2 0 0 0 0 0

ψ2 1 0 2 0 0 0 0

2 0 2 0 0 0 0

ψ3 1 0 0 2 0 0 0

2 0 0 -2 0 0 0

Γ3 ψ4 1 2 0 0 0 0 0

2 2 0 0 0 0 0

ψ5 1 0 2 0 0 0 0

2 0 -2 0 0 0 0

ψ6 1 0 0 2 0 0 0

2 0 0 2 0 0 0
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Table 6.2: Basis vector for the space group C2/c for K = (0 0 0). The irreducible

representation for magnetic site Ru (0.33333, 0.66667, 0.16223), as obtained from SARAh

program.

IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ1 ψ1 1 1 0 0 0 0 0

2 -1 0 0 0 0 0

3 1 0 0 0 0 0

4 -1 0 0 0 0 0

ψ2 1 0 1 0 0 0 0

2 0 1 0 0 0 0

3 0 1 0 0 0 0

4 0 1 0 0 0 0

ψ3 1 0 0 1 0 0 0

2 0 0 -1 0 0 0

3 0 0 1 0 0 0

4 0 0 -1 0 0 0

Γ2 ψ4 1 1 0 0 0 0 0

2 -1 0 0 0 0 0

3 -1 0 0 0 0 0

4 1 0 0 0 0 0

ψ5 1 0 1 0 0 0 0

2 0 1 0 0 0 0

3 0 -1 0 0 0 0

4 0 -1 0 0 0 0

ψ6 1 0 0 1 0 0 0

2 0 0 -1 0 0 0

3 0 0 -1 0 0 0

4 0 0 1 0 0 0
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IR BV Atom BV components

m ∥ a m ∥ b m ∥ c im ∥ a im ∥ b im ∥ c

Γ3 ψ7 1 1 0 0 0 0 0

2 1 0 0 0 0 0

3 1 0 0 0 0 0

4 1 0 0 0 0 0

ψ8 1 0 1 0 0 0 0

2 0 -1 0 0 0 0

3 0 1 0 0 0 0

4 0 -1 0 0 0 0

ψ9 1 0 0 1 0 0 0

2 0 0 1 0 0 0

3 0 0 1 0 0 0

4 0 0 1 0 0 0

Γ4 ψ10 1 1 0 0 0 0 0

2 1 0 0 0 0 0

3 -1 0 0 0 0 0

4 -1 0 0 0 0 0

ψ11 1 0 1 0 0 0 0

2 0 -1 0 0 0 0

3 0 -1 0 0 0 0

4 0 1 0 0 0 0

ψ12 1 0 0 1 0 0 0

2 0 0 1 0 0 0

3 0 0 -1 0 0 0

4 0 0 -1 0 0 0

There are four irreducible representation for Ru and two irreducible representation

For Sm.The magnetic representation is expressed as:

Γmag(Ru) = 3Γ1
1 + 3Γ1

2 + 3Γ1
3 + 3Γ1

4
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Γmag(Sm) = 3Γ1
1 + 0Γ1

2 + 3Γ1
3 + 0Γ1

4

Since neutrons interact with the magnetic moment component perpendicular to the scat-

tering angle (2θ), the significant difference in intensity of the (002) and (110) Bragg peaks

at 1.5 K compared to 300 K suggests that the magnetic moment lies within either the

ab-plane or the c-plane. Initially, we attempted to refine the magnetic structure by con-

sidering an ordered moment on the Ru sublattice only. However, the refinement did not

converge, indicating that both Sm and Ru ions possess ordered magnetic moments at low

temperatures (1.5 K). Therefore, we explored models based on the irreducible represen-

tations Γ1 and Γ3, which are common to both magnetic sites. Among all the models,The

best refinements were obtained for two (i) the Γ1 representation with basis vector Ψ3, and

(ii) a mixed representation given by Γ1Ψ1 + Γ3Ψ5. These correspond to an antiferromag-

netic arrangement of Sm (↓↑↓) and Ru (↑↓) moments, either aligned along the c-axis or

within the a-axis. For the magnetic structure along c-axis, the refined magnetic moments

Figure 6.8: Ritveild Refinement data of Ba3SmRu2O9 at (a) 300K and (b) 1.5 K (c)

Magnetic Structure along a- axis, and (d) Magnetic Structure along c- axis, and
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are approximately 0.41 µB for Ru and 0.3 µB for Sm while for other case, the moments

are 0.57 µB for Ru and 0.41 µB for Sm along a-direction.The reitvield refinement of 1.5 K

data is shown in Fig. 6.8 (b) and both the magnetic structures are shown in Fig 6.7(c-d).

Within our experimental resolution both the structures are equally probable.

6.4 Conclusion

We have investigated the Ba3SmRu2O9 compound through neutron diffraction and High

resolution XRD. The HRXRD results suggest a temperature-driven structural transition

from hexagonal P63/mmc symmetry to monoclinic P2/c and C2/c phases below 90 K. The

emergence of two inequivalent Ru sites in the intermediate P2/c phase leads to asymmetric

Ru2O9 dimers,in which one dimer exhibiting pronounced distortion that may suggest the

possible involvement of charge ordering between inequivalent Ru sites or Jahn-Teller-type

distortions associated with the RuO6 octahedra, which could contribute to the observed

symmetry lowering. However, the present structural analysis alone is not sufficient to

confirm the charge ordering or Jahn-Teller effects. Further experimental investigations,

such as resonant X-ray diffraction, X-ray absorption spectroscopy, bond-valence analysis,

or complementary theoretical calculations, are required to clarify the microscopic origin

of the dimer distortion and to conclusively identify the role of charge or orbital ordering,

which is beyond the scope of this thesis. We have resolved the low-temperature magnetic

structure of Ba3SmRu2O9. Refinement of the neutron diffraction data yields two possible

magnetic structures: one with the ordered magnetic moments aligned along the c-axis,

and another with the moments oriented along the a-axis. Due to the relatively weak

magnetic scattering intensity, it is not possible to distinguish between these two magnetic

structures using the present neutron data. Both magnetic structures should therefore be

considered equally possible structure. A similar ambiguity of magnetic structures has

been reported in many other compound [115].

These results suggest that the phase evolution in Ba3SmRu2O9 arises from a complex

interplay of lattice dynamics, electronic instability, and magnetic interactions within a

multi-well energy landscape.
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This thesis presents a comprehensive microscopic investigation Barium ruthenate dimers

and trimers. We have used elastic and inelastic neutron scattering as the primary experi-

mental tools. This work shows how crystal structure and local symmetry can modify the

magnetic exchange interactions and give rise to unconventional magnetic ground states.

In the Ba5Ru3O12 compound, inelastic neutron scattering reveals short-range magnetic

correlations that persist far above the long range ordering temperature, highlighting the

intrinsic nature of trimer-based magnetism. Our combined INS and SpinW simulation re-

sult suggest that the competing exchange interactions and octahedral distortions stabilize

a non-collinear magnetic structure in which each Ru ion hosts a distinct magnetic ground

state from other barium ruthenate trimers.The INS and MLFFs study further suggest the

possibility of magnon phonon coupling in this compound. The thesis further establishes

the importance of cooperative 4d -4f magnetism in the 6H-perovskite Ba3RRu2O9 family.

In Ba3HoRu2O9, this work reports the first experimental demonstration of spin-driven

ferroelectricity in 4d -4f coupled system originating from inverse Dzyaloshinskii-Moriya

interactions that explicitly involve both transition metal oxide and rare earth magnetic

moments. These results provide an unambiguous evidence that cooperative Ru-Ho inter-

actions can generate spin-driven ferroelectric polarization which establish Ba3HoRu2O9 as

a rare example. Our combined investigation of inelastic neutron scattering, Raman spec-

troscopy, and machine-learned force-field calculations reveals the presence of CEF-phonon

coupling in this compound that highlight the strong interplay between spin, lattice, and

electronic degrees of freedom . On the other hand, Ba3TbRu2O9 exhibits a distinctly

different magnetic ground state. In this compound, Tb stabilizes a tetravalent electronic

configuration, and the experimentally observed magnetic moments indicate nearly full

ordering of the Ru moment, while generally reduced Ru moment is observed across the

Ba3RRu2O9 family. Clear evidence of cooperative Ru-Tb magnetic ordering is observed,

demonstrating how rare-earth valence and electronic character can fundamentally alter

119
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4d -4f exchange interactions. Ba3SmRu2O9 represents an intermediate and distinct regime

within the Ba3RRu2O9 family. A structural transition at higher temperatures is observed

for this compound that leads to symmetry lowering and the formation of inequivalent

Ru2O9 dimers. Our neutron diffraction suggest that magnetic moment oriented either

along the crystallographic c axis or a axis. However , due to low magnetic moment of

Sm and weak scattering cross section we cannot pin point the exact magnetic structure.

In Table 7.1 we have shown the magnetic moments obtained from Neutron difftraction

Results for different R ions.

Table 6.3: Comparison of magnetic moments of Ru (mRu) and rare-earth ions (mR) in

Ba3RRu2O9 (R = Ho, Tb, Sm).

Compound k-vector mRu mR

Ba3HoRu2O9

(0.25 0.25 0) 0.995 4.920

(0.5 0 0) 0.574 5.856

Ba3TbRu2O9 (0 0 0) 1.96050 6.18782

Ba3SmRu2O9 (0 0 0) 0.41 (c-axis) / 0.57 (a-axis) 0.3 (c-axis) / 0.41 (a-axis)

The comparative analysis of various member of this family, reveals that rare-earth

elements play a decisive role in deciding the magnetic ground state and collective behavior

in these systems. The results of all the experiments establish barium ruthenates as a

versatile platform for exploring the interplay between structure, magnetism, and lattice

dynamics, and provide a foundation for future studies combining neutron spectroscopy

with data-driven theoretical approaches.

While this thesis addresses several important questions, it also highlights a number of

promising directions for future research.

1. We discussed previously that the magnetic ground states of ruthenate dimers and

trimers are highly sensitive to small structural changes. Further high-pressure study

would be extremely useful for further understanding these systems. In Ba3HoRu2O9

we have show that pressure can enhance magnetic ordering temperatures and sup-

press competing phases. Extending such experiments to other ruthenate compound

may uncover pressure-induced phase transitions and new magnetic states.

2. Even small changes in the local structure or chemical composition such as par-

tial substitution at the transition-metal or non magnetic site can strongly modify
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magnetic exchange interactions and the electronic bandwidth. The Ru posses an

octahedral position, It is theoretically predicted the large d orbital can enhance MD

coupling and multiferrocity [12]. Our study on Ba3HoRu2O9 open up the possi-

bility of spin driven ferroelectricity in 4d based system. Our experimental study

further boost the research to replace 3d counterpart (in octahedral position) by Ru

in many well known multiferroic systems. Hence, this work provide valuable insight

into the tuning of magnetic interactions, multiferroic behavior, and metal-insulator

transitions within closely related crystal structures.

3. The application of machine learning to the study of correlated magnetic materials

is still at an early stage. Future work could focus on the development of machine-

learning models capable of fast and accurate prediction of phonon and magnon spec-

tra with near first-principles accuracy, while achieving close quantitative agreement

with experimentally measured data. Such approaches would significantly accelerate

the interpretation of spectroscopic measurements and enable efficient exploration of

complex magnetic and lattice dynamics in strongly correlated systems.
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[83] S. Keshavarz, J. Schött, A. J. Millis, and Y. O. Kvashnin, “Electronic structure,

magnetism, and exchange integrals in transition-metal oxides: Role of the spin

polarization of the functional in dft+ u calculations,” Physical Review B, vol. 97,

no. 18, p. 184404, 2018.

[84] J. Sannigrahi, S. Bhowal, S. Giri, S. Majumdar, and I. Dasgupta, “Exchange-

striction induced giant ferroelectric polarization in copper-based multiferroic ma-

terial α-cu 2 v 2 o 7,” Physical Review B, vol. 91, no. 22, p. 220407, 2015.

[85] E. McCabe, C. Stock, E. Rodriguez, A. Wills, J. Taylor, and J. Evans, “Weak spin

interactions in mott insulating la 2 o 2 fe 2 ose 2,” Physical Review B, vol. 89, no. 10,

p. 100402, 2014.

[86] A. Podlesnyak, V. Pomjakushin, E. Pomjakushina, K. Conder, and A. Furrer, “Mag-

netic excitations in the spin-trimer compounds ca 3 cu 3- x ni x (po 4) 4 (x= 0, 1,

2),” Physical Review B—Condensed Matter and Materials Physics, vol. 76, no. 6,

p. 064420, 2007.

[87] M. Hase, M. Matsuda, K. Kaneko, N. Metoki, K. Kakurai, T. Yang, R. Cong, J. Lin,

K. Ozawa, and H. Kitazawa, “Magnetic excitations in the spin-5 2 antiferromagnetic

trimer substance srmn 3 p 4 o 14,” Physical Review B—Condensed Matter and

Materials Physics, vol. 84, no. 21, p. 214402, 2011.



[88] X. Chen, D. Bansal, S. Sullivan, D. L. Abernathy, A. A. Aczel, J. Zhou, O. Delaire,

and L. Shi, “Weak coupling of pseudoacoustic phonons and magnon dynamics in

the incommensurate spin-ladder compound s r 14 c u 24 o 41,” Physical Review B,

vol. 94, no. 13, p. 134309, 2016.

[89] J. Sannigrahi, M. S. Khan, M. Numan, M. Das, A. Banerjee, M. D. Le, G. Cibin,

D. Adroja, and S. Majumdar, “Role of crystal and magnetic structures in the mag-

netoelectric coupling in camn 7 o 12,” Physical Review B, vol. 109, no. 5, p. 054417,

2024.

[90] E. Prince, International Tables for Crystallography, Volume C: Mathematical, phys-

ical and chemical tables. Springer Science & Business Media, 2004.

[91] T. Basu, A. Pautrat, V. Hardy, A. Loidl, and S. Krohns, “Magnetodielectric cou-

pling in a ru-based 6h-perovskite ba3ndru2o9,” Applied Physics Letters, vol. 113,

no. 4, p. 042902, 2018.

[92] T. Basu, V. Caignaert, S. Ghara, X. Ke, A. Pautrat, S. Krohns, A. Loidl,

and B. Raveau, “Enhancement of magnetodielectric coupling in 6h-perovskites

ba3rru2o9 for heavier rare-earth cations (r = ho, tb),” Physical Review Materials,

vol. 3, no. 11, p. 114401, 2019.

[93] W. Müller, M. Avdeev, Q. Zhou, A. J. Studer, B. J. Kennedy, G. J. Kearley, and

C. D. Ling, “Spin-gap opening accompanied by a strong magnetoelastic response in

the s = 1 magnetic dimer system ba3biru2o9,” Physical Review B, vol. 84, no. 22,

p. 220406, 2011.

[94] M. D. Le, T. Guidi, R. Bewley, J. R. Stewart, E. M. Schooneveld, D. Raspino, D. E.

Pooley, J. Boxall, K. F. Gascoyne, N. J. Rhodes, and S. R. Moorby, “Upgrade of the

mari spectrometer at isis,” Nuclear Instruments and Methods in Physics Research

Section A, vol. 1056, p. 168646, 2023.

[95] T. Basu, P. L. Paulose, K. K. Iyer, K. Singh, N. Mohapatra, S. Chowki, B. Gonde,

and E. V. Sampathkumaran, “A reentrant phenomenon in magnetic and dielectric

properties of dy2banio5 and an intriguing influence of external magnetic field,”

Journal of Physics: Condensed Matter, vol. 26, no. 17, p. 172202, 2014.



[96] Y. Tian, S. Shen, J. Cong, L. Yan, S. Wang, and Y. Sun, “Observation of resonant

quantum magnetoelectric effect in a multiferroic metal–organic framework,” Journal

of the American Chemical Society, vol. 138, pp. 782–785, 2016.

[97] T. Basu et al., “Magnetodielectric coupling in a non-perovskite metal–organic frame-

work,” Materials Horizons, vol. 4, pp. 1178–1185, 2017.

[98] T. Basu, A. Jesche, B. Bredenkötter, M. Grzywa, D. Denysenko, D. Volkmer,

A. Loidl, and S. Krohns, “Magnetodielectric coupling in a non-perovskite metal–

organic framework,” Materials Horizons, vol. 4, no. 6, pp. 1178–1184, 2017.

[99] K. Sun, Y. Zhu, S. Wu, J. Xia, P. Zhou, Q. Zhao, C. Cao, and H.-F. Li,

“Temperature-dependent structure of an intermetallic erpd2si2 single crystal: a

combined synchrotron and in-house x-ray diffraction study,” Powder Diffraction,

vol. 37, no. 2, pp. 91–97, 2022.

[100] S. Mathew, A. R. Abraham, S. Chintalapati, S. Sarkar, B. Joseph, and T. Venkate-

san, “Temperature dependent structural evolution of wse2: A synchrotron x-ray

diffraction study,” Condensed Matter, vol. 5, no. 4, p. 76, 2020.

[101] M. Numan, G. Das, M. S. Khan, G. Manna, A. Banerjee, S. Giri, G. Aquilanti, and

S. Majumdar, “Evidence of exchange striction and charge disproportionation in the

magnetoelectric material ni 3 teo 6,” Physical Review B, vol. 106, no. 21, p. 214437,

2022.

[102] T. Basu, V. R. Kishore, S. Gohil, K. Singh, N. Mohapatra, S. Bhattacharjee,

B. Gonde, N. Lalla, P. Mahadevan, S. Ghosh, et al., “Displacive-type ferroelectric-

ity from magnetic correlations within spin-chain,” Scientific Reports, vol. 4, no. 1,

p. 5636, 2014.

[103] K. I. Kugel, D. I. Khomskii, A. O. Sboychakov, and S. V. Streltsov, “Spin–orbital

interaction for face-sharing octahedra: Realization of a highly symmetric su(4)

model,” Physical Review B, vol. 91, no. 15, p. 155125, 2015.
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