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Abstract

This work presents the single­crystal growth of the ilmenite titanatesMTiO3 (M = Co, Ni) and
the perovskite­nickelate LaNiO3 and their detailed magnetic, structural and thermodynamic
investigations. All the single crystals were grown using the floating­zone technique in a four­
mirror and a high­pressure optical furnace respectively. Detailed characterization of the LaNiO3

single­crystals solves the ambiguity concerning its magnetic ground state and emphasizes the
importance of oxygen­vacancy defects in nickelates. The full magnetic phase diagram of the
easy­plane type NiTiO3 and CoTiO3 is constructed for the first time using high­field dilatometry
and magnetization measurements. The thermal expansion studies indicate strong magnetoelas­
tic coupling in titanates and Grüneisen analysis yields the corresponding pressure dependen­
cies. The comparison of neutron diffraction, dilatometry and dielectric data indicates the pres­
ence of significant magneto­electric coupling in NiTiO3 and of magneto­dielectric coupling in
CoTiO3. Magnetostriction measurements in the easy­plane exhibit significant lattice changes
in low­fields due to domain­rearrangement processes and furthermore show remarkable effects
of changing the uniaxial pressure which is also attributable to domain effects. In addition,
the crystal growth and magneto­structural characterization of MnTiO3, Ni0.25Mn0.75TiO3 and
La4Ni3O10 are presented.
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Zusammenfassung

Die vorliegende Arbeit beschreibt die Kristallzüchtung der Ilmenit­TitanateMTiO3 (M = Co,
Ni) sowie des Perovskit­Nickelats LaNiO3 und deren detaillierte magnetische, strukturelle und
thermodynamischeUntersuchung. Die Einkristalle wurdemithilfe des Zonenschmelzverfahrens
in einem konventionallen bzw. einemHochdruckkristallofen gezüchtet. Die detaillierte Charak­
terisierung der LaNiO3 Einkristalle liefert den magnetischen Grundzustand und verdeutlicht
den Einfluss von Sauerstoff­Defekten in Nickelaten. Darüber hinaus wird mittels Hochfeld­
Dilatometrie und Magnetisierungsmessungen erstmalig die magnetischen Phasendiagramme
von NiTiO3 und CoTiO3. DieMessungen der thermischen Ausdehnung zeigen eine starke mag­
netoelastische Kopplung in beiden Titanaten und erlaubt die Bestimmung der jeweiligen Druck­
abhängigkeiten mittels Grüneisenanalyse. Der Vergleich der Ergebnisse aus Neutronenstreu­
ung, Dilatometrie und dielektrishcen Messungen zeigt eine signifikante magneto­elektrische
Kopplung in NiTiO3 und belegt die magneto­dielektrische Kopplung in CoTiO3. Magnetostrik­
tionsmessungen in der leichten Magnetisierungsebene zeigen signifikante Gitterveränderungen
in niedrigen Feldern, sowie beachtliche Effekte bei Veränderung des angelegten uniaxialen
Druckes, die jeweils durch Domäneneffekte erklärt werden können. Neben den genannten Ma­
terialien werden zudem Ergebnisse zur Kristallzüchtung des magneto­elektischenMnTiO3, von
Ni0.25Mn0.75TiO3 und La4Ni3O10 sowie deren magnetische und structurelle Charakterisierung
gezeigt.
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Chapter 1

Introduction and background

Transition Metal Oxides (TMOs) are one of the most interesting and widely studied solid sys­
tems in which strong electron correlations results in highly exciting and exotic properties [1].
As per Alexandradinata et al. [2] a strongly correlated electron system is one in which ”the in­
teractions are so strong or have a character such that theories based on the underlying original
bare particles fail even to qualitatively describe the material properties”. The current challenge
is that we cannot reliably predict the properties of strongly correlated electron materials. For­
tunately for many materials such as purely ionic solids or in some ideal metallic systems where
conduction electron screen the long­ranged coulomb interaction, the main properties could be
explained using simple models (e.g. free electron Fermi gas) or taking into account a low order
approximation (e.g. Fermi liquid theory, exchange interactions in magnetism). However, the
presence of strong correlations invalidates such simple models and results in so­called emergent
phenomena. In transition metal oxides with outermost d­electrons, unique features and complex
collective behaviour arise due to the mutual coupling and competition between charge, spin, or­
bit and lattice degrees of freedom as shown in Fig. 1.1. As a result, one can find TMOs which
are either metallic (eg. LaNiO3, RuO2) or purely insulating (eg. BaTiO3) in nature, also oxides
which show both metallic and insulating properties at different temperatures (e.g. V2O3) [1]
and oxides with various kinds of spin, charge and orbital ordering (e.g. manganites) [3, 4].
One of the most fascinating discoveries of 20th century is that of high­Tc superconductivity in
cuprates by Bednorz and Müller in 1986 [5], which had garnered world­wide attention. It has
been more than three decades of intense research effort since then and our understanding of
high­Tc still remains inadequate. Apart from the high­Tc’s newer research directions based on
entanglement and topology [6] in quantum materials such as quantum spin­liquids, quantum
criticality and correlated topological materials have emerged. This only indicates that strongly
correlated electron problem is going to be one of the central problems in physics for the decades
to come [2].

Apart from obvious fundamental interests as mentioned above, TMOs also have far reach­
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Figure 1.1. Schematic depiction of various possible complex emergent behaviour arising in
strongly correlated systems. H, E : magnetic and electric field respectively; µ: chemical poten­
tial (doping); T : temperature; P : pressure; σ: strain; d: dimensionality as in bulk vs thin­films;
CO: charge order; OO: orbital order; SO: spin­order; JT : Jahn­Teller transition. Taken from
Ref. [7]

ing functionalities and applications for the mankind. According to the nobel laureate John B.
Goodenough, engineering the transition metal oxides to optimize a given application depends
on the understanding of few general concepts such as ­ (i) the role of the covalent component
of the d­orbital bonding; (ii) cooperative static and dynamic d orbital ordering; and (iii) the
characteristic transition from localized to itinerant d electron behaviour [8]. One of the famous
examples, the discovery of the giant­magnetoresistance (GMR) in magnetic multilayers com­
posed of transition metals formed an important step towards industry application [9, 10]. The
emerging field of spintronics and orbitronics which exploits the effect of external magnetic
field on electronic spin, charge and d­electron orbital states, and thereby controlling the electric
current, are great avenues which aim to transform the future of electronics [3].

In this thesis, two different classes of TMOs namely the lanthanum nickelates (LaNiO3,
La4Ni3O10) and ilmenite titanates MTiO3 (M = Co, Ni, Mn, Ni0.25Mn0.75) are investigated.
While LaNiO3 is metallic in nature, the titanates are insulating. Lanthanum nickelate exhibits
no magnetic order down to the lowest temperatures whereas the ilmenite titanates are long­
ranged antiferromagnets. Interestingly, the possibility of titanates to be potential multiferroic
materials have resulted in an incremental interest in them. Multiferroicity is another novel phe­
nomenon in TMOs where the magnetism and ferroelecricity which are essential to many forms
of current technology are intimately coupled [11]. Several microscopic mechanism depending
on the spin­order and its coupling to elastic and lattice degrees of freedom for co­existence of
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magnetic order and electric order have been suggested [12] and newer mechanisms and territo­
ries are still open to be explored [13]. A variety of promising technological applications such as
energy transformation, signal generation and processing, information storage and so on make
multiferroics an attractive research topic. In fact, the research in multiferroics is considered a
successive hot topic in correlated electron materials after the high­Tc cuprates and the colossal
magnetoresistive manganites [13].

The synthesis of bulk single­crystals, thin films and nanostructures play a seminal role is
pushing the frontiers of quantum materials [14]. The synthesis of high­Tc cuprates [5], the dis­
covery of the fractional quantumHall effect in 2D electron gases [15], and observance of type­II
multiferroicity in TbMnO3 [16] are some of the examples of materials which challenged the the­
oretical understanding of the era. In general, bulk synthesis provides the community with large
single crystals of both established and new materials [17–19], while the atomic­scale growth
techniques enable synthesis of these materials in an epitaxial thin film form and in artificial lay­
ered hetero­structures where structural and chemical degrees of freedom can be controlled [14].
As the investigation in strongly correlated electron materials move forward, there is a need to
push the well­known techniques ­ flux, floating zone and Bridgman growth, molecular beam
epitaxy, pulsed lased deposition, and chemical vapour deposition etc, [18] extending them to
new frontiers. In this thesis, emphasis is on the growth of large, high­quality bulk single crys­
tals using the newly developed high­pressure optical floating zone furnace (see methods sec.
1.3.1). Recent advances in high­pressure floating zone growth has not only made it possible to
grow single crystals of several materials for the first time (e.g. rare­earth nickelates [20,21]) but
also enabled improvement in the quality of other known materials (e.g. MnTiO3; see appendix
B) [19, 20, 22–24].

The overall body of the thesis is structured as follows. In the following subsections of
chapter 1, an introduction and a concise review of the existing relevant research in the ilmenite
titanates MTiO3 (M = Mn, Ni, Co) and LaNiO3 is presented. Following this, a summary of
the relevant experimental methods employed in the synthesis, characterization and magnetic
studies of these bulk single­crystals is described. In chapter 2, experimental results containing
single­crystal growth, investigations of magneto­elastic coupling and high­field magnetic phase
diagram of easy­plane type NiTiO3 and CoTiO3 is presented. In particular, thermo­dilatometry
data of NiTiO3 and CoTiO3 are also shown which facilitates understanding of microscopic
mechanism of the magnetoelectric coupling in them. Chapter 3 contains the detailed investiga­
tion of magnetic ground state of the high­pressure optical floating­zone grown single­crystals
of LaNiO3. Chapter 4 presents important conclusions followed by a final summary and fu­
ture work. Additional unpublished data on the single­crystal growth and characterization of
MnTiO3, Ni0.25Mn0.75TiO3 and La4Ni3O10 are presented in the appendices.
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1.1 Ilmenite titanates ­ MTiO3 (M = Mn, Ni, Co)

Figure 1.2. (Left) A 3D­view of the ilmenite crystal structure; (Right) The ilmenite crystal
structure in the ab plane. Here a, b and c indicate principal crystallographic axes. The images
are generated using the VESTA software [25].

Ilmenite titantes are the family of compounds with the general formulaMTiO3 whereM is
either a 3d transition element such as Mn (pyrophanite), Fe (ilmenite), Co, Ni or Mg (geikielite)
which is a group 2 element. Originally, FeTiO3 a titanium­iron oxide mineral was discovered
by William Gregor in 1791, in a stream south of Manaccan (Cornwall) and was named ilmenite
[26]. Since then, complete range of mineral chemistries in the (Fe,Mg,Mn,Ti)O3 form has
been found naturally on earth. The ilmenites investigated in this thesis, i.e., NiTiO3, CoTiO3,
MnTiO3 and Ni0.25Mn0.75TiO3 have been synthesized firstly in polycrystalline form via the
standard high­temperature solid state reactions and subsequently as single crystals using the
optical floating­zone technique (see Sec. 1.3). See chapter 2 and appendices B, C for more
details on sample synthesis.

The ilmenite crystal structure was solved for the first time in 1934 by Barth and Posnjak,
using single crystal x­ray diffraction data on natural FeTiO3single crystals [27] and subsequently
for polycrystalline NiTiO3, CoTiO3 andMnTiO3 using powder x­ray data [28]. All the ilmenites
were found to be isostructural and crystallizing in the rhombohedral space group R3̄ (SG No.
148) with a = b ̸= c;α = β = 90◦, γ = 120◦. In particular, the ilmenite crystal structure is
an ordered corundum structure where the Ti4+ and the M2+ ions occupy alternate basal plane
layers and are face linked in pairs (Fig. 1.2). In a particular basal ab plane, M2+ ions are
interconnected via O2− ions forming a honeycomb­like structure as shown in Fig. 1.2. The
electrostatic repulsion between M2+ and Ti4+ ions alternately displaces them above and below
the hexagonal layers in the ab plane leading to a slight buckling of the hexagonal layers. All
the metal M2+ ions and the titanium Ti4+ ions in the unit cell occupy the Wyckoff position 6c
(site symmetry 3.) and the oxygen atoms occupy 18f position (site symmetry 1) in the obverse
hexagonal setting.
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Table 1.1. The valence electronic configurations of magnetic M2+ ions in various ilmenites,
corresponding metal­oxygen­metal super­exchange bond­angle (̸ MOM ) in the ab plane, Néel
temperature (Ref. [33]) and the spin­structure of the magnetic ground­state. Note: All the bond
angles for NiTiO3, CoTiO3 and MnTiO3 are determined from single­crystal XRD data at 100 K
(see chapter 2 and appendix B) and for FeTiO3 fromRef. [27]; the corresponding spin­structures
are obtained by neutron diffraction experiments reported in Refs. [34] for NiTiO3 and MnTiO3,
[35] for CoTiO3, [36–38] for FeTiO3. For FeTiO3 A­type (S||c+2◦) means a collinear spin­
structure with spins canted away by 2◦ from c axis.

Ilmenite Ion(M2+) ̸ MOM TN Spin­struc.
MnTiO3 [Ar]3d5 (S=5/2) 88.41 64 K G­type (S||c)
FeTiO3 [Ar]3d6 (S=2) 93.93 56 K A­type (S||c+2◦)
CoTiO3 [Ar]3d7 (S=3/2) 89.94 38 K A­type (S || ab)
NiTiO3 [Ar]3d8 (S=1) 90.35 22 K A­type (S || ab)

The ilmenites are insulating in nature. Hence, it is evident that the magnetism arises due
to the presence of localized unpaired electrons in the 3d levels of the transition elements (see
Table. 1.1). Therefore, crystal­field theory is appropriate for the description of single­ion prop­
erties and superexchange theory for the description of inter­atomic magnetic interaction. A
brief description of the relevant single­ion properties and predominant superexchange path­
ways is described below. For more details on the theory of magnetic properties of ilmenites,
see Ref. [29].

The crystal field effect arises due to the static electric field produced by the surrounding
oxygen ions, resulting in breaking of the d orbital degeneracy. In ilmenites, all the M2+ ions
are in the high­spin state and are surrounded by octahedra of O2− ions, which features a slight
trigonal distortion. Hence, the single­ion properties and subsequently the magnetic anisotropy,
is determined firstly by cubic crystal field which splits the d orbitals, followed by the combined
effect of trigonal distortion and spin­orbit coupling acting as a small perturbation [29–31]. Note
that the spin­orbit coupling is usually small for 3d elements as compared to 4d, 5d or the rare­
earths owing to the partial or complete quenching of the orbital angular momentum [32]. In the
following, a brief description of the crystal field and spin­orbit effect on the M2+ ions in the
ilmenites is made.

For Ni2+ ion, the cubic crystal field splits the orbital levels leaving an orbital singlet (L = 0,
S = 1) as the lowest level. The resulting S = 1 spin­state will remain so under the influence
of either spin­orbit or trigonal field alone. However, the anisotropy arises due to the combined
effect of spin­orbit coupling (λ) and trigonal field (δ), mixing the upper states to the lower
states as a second order perturbation (resulting in a δ/λ term). The anisotropy favours the
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spins to point in the ab plane and results in a rather isotropic g­factor. Note that the dipole­
dipole interaction also adds to the anisotropy which in this case too, favours the spins to be
in the ab plane [29]. The isotropic g­factor determined by electron spin resonance [33, 39] and
susceptibility experiments [33,40,41] amounts to g = 2.23(2) (See Chapter 2 for magnetization
data on NiTiO3).

For Co2+, the cubic crystal­field splits the seven­fold orbital state with a triplet state (L = 1,
S = 3/2) as the lowest. In this case the spin­orbit coupling becomes more predominant than
in Ni2+ case because of partial quenching of the orbital momentum. Hence spin­orbit coupling
acts alongwith the trigonal distortion term, in the first order perturbation theory resulting in
six doublet energy levels [30]. At low­enough temperatures, the lowest Kramers doublet is the
only occupied state and the physics is dictated by a spin­orbit coupled pseudospin­1/2 ground
state. Recent inelastic neutron scattering (INS) experiments on CoTiO3 have found the spin
orbit coupling parameter to be λ = 28(1) meV and crystal field splitting∆ = 45(6) meV [42].
A huge anisotropy of the g−factor with gab/gc = 1.6 for the pseudospin was obtained from
INS, favouring the spins to point in the ab plane.

Fe2+ also exhibits an unquenched orbital momentum (L = 1) and the combined spin­orbit
and trigonal distortion results in a considerable Ising anisotropy pointing spins along the c

axis [29]. However FeTiO3 will not be discussed here in great detail as is not studied in the
current work. Mn2+ is an S­state ion with half­filled shell (S = 5/2), hence resulting in no net
orbital momentum and the interaction with the crystalline electric field is exceedingly small.
The resultant isotropic g­factor determined from the resonance [43] and susceptibility measure­
ments [33, 44] is close to the free­electron value of 2. The anisotropy arises chiefly due to
dipole­dipole interaction.

It is evident from the description of single­ion properties that the ilmenites form an interest­
ing series of compounds where the magnetic ground states vary depending on the metal M2+

ion. All the ilmenites exhibit an antiferromagnetic ground state at low­temperatures with vary­
ing spin­structure. See table. 1.1 for the long­range antiferromagnetic transition temperatures
TN and the corresponding ground­state spin structure. See Fig. 1.3 for a schematic on different
types of spin structure realized for ilmenites.

Fig. 1.4 shows the dominant superexchange pathways that drive the long­ranged antifer­
romagnetic order in ilmenites [29]. The dominant interaction J1 contains two contributions: a
neighbouring cation­cation interaction via direct overlap of t2g orbitals and a near 90◦ cation­
anion­cation (M ­O­ M ) interaction as listed in Table 1.1. Note that the cation­anion­cation
involves coupling of t orbital of one cation and eg orbital of the other. Since the eg orbitals are
half­filled in all ions and t2g orbitals are half­filled in Mn2+, but more than half­filled in Fe2+,
Co2+ and Ni2+, it follows from superexchange rules that JMn

1 < 0 and JFe
1 > 0, JCo

1 > 0,
JNi
1 > 0 [29]. All the other interactions are mediated via theM ­O­O­M pathways and are rel­
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Figure 1.3. Schematic representation of various spin­structure of the ground state realised by
ilmenite titanates depending on the magnetic­ion (Mn2+, Co2+, Ni2+ and Fe2+) involved. The
grey spheres represent the magnetic ions and the arrows indicate their respective spin (S) direc­
tion.

Figure 1.4. Ilmenite structure comprising of metalM2+ ions and titanium ions with principal
super­exchange pathways J1, J2, J3, J4 and J ′

4. Taken from Ref. [29].
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atively weak. Since the out­of­plane interactions require eg orbitals each containing only one
electron, these interactions are expected to be antiferromagnetic and weak compared to J1 [29].

As predicted from crystal­field and superexchange theory, both NiTiO3 and CoTiO3 exhibit
easy­plane type or the A­type spin­structure. In particular, the spins in the ab plane are fer­
romagnetically arranged, with each layer coupled antiferromagnetically to the next layer. The
spin­structure of NiTiO3 was solved for the first time by Shirane et al. [34] in 1959 and CoTiO3

by Newnham et al. [35] in 1964 and recently revisited by Elliot et al. [45]. Both the structures
were solved bymeans of powder neutron diffraction experiments, where the additional magnetic
peaks were observed corresponding to the propagation vector K = (0, 0, 3/2). Subsequently,
the magnetic susceptibility [33, 40, 41, 44] and electron­spin resonance experiments [33] were
reported starting from the 1960s which complemented well with the proposed spin­structure. It
is to be noted that, most of the macroscopic results on NiTiO3 and CoTiO3 have been limited
to polycrystalline materials till today. First single­crystal growth of CoTiO3 and NiTiO3 was
reported by Watanabe et al. [40] in 1980, but with limited details and subsequently by others
using flux [46] and the floating­zone method [47, 48].

MnTiO3 was relatively more intensely investigated in the past decades in both single and
poly­crystalline form (see Ref. [44,49] for details on floating­zone growth). Themagnetic struc­
ture was solved by means of powder neutron diffraction experiment by Shirane et al. [34] in
1959. MnTiO3 exhibits G­type antiferromagnetic order (propagation vector K = (0, 0, 0)) be­
low 64 K with spins pointing along the c direction (See Fig. 1.3). Magnetization measurements
with magnetic­field along the easy c axis exhibit a spin­flop transition at 6 T [50] as expected for
an uniaxial antiferromagnet. Interestingly, the magnetic susceptibility measurements exhibited
a broad peak at 100 K which is above the TN= 64 K, reminiscencing a quasi­2D behaviour [51].
The heat capacity measurements exhibit a sharp lambda­shaped anomaly at TN but only 55% of
magnetic entropy was found to be consumed below TN [52]. Following this, a flurry of quasi­
elastic and inelastic scattering experiments [51, 53–56] and an ESR study [57] were conducted
between 1970s and 1990s to study the critical properties of MnTiO3 close to the phase transi­
tion. Akimitsu et al. in 1970 [51] found out by means of quasi­elastic magnetic scattering that,
the sublattice moment from 64◦ to 56◦ follows a power law (TN−T )β with β = 0.32 ± 0.01,
as in a 3D antiferromagnet in contrast to 2D magnetism. Interestingly, the following neutron
scattering studies in 1974 [53] and 1977 [54] at temperatures above TN, indicated a gradual
cross­over from 3D to 2D character by measuring the change in scattering profile on increasing
temperature. This study showed that MnTiO3 is a quasi­2D antiferromagnet. The exchange
interaction parameters were determined from a spin­dynamics study by Todate et al. [55] in
1986 and it was revealed that the 2D antiferromagnetic properties are realized by accidental
cancellation of inter­layer exchange interaction.

The magnetic properties of the ilmenites as described above, have been a matter of inves­
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Figure 1.5. (a) Temperature dependence of the dielectric constant of MnTiO3 for magnetic field
applied along the c axis and (b) electric polarization of MnTiO3 under various constant mag­
netic field [58]; relative changes in the dielectric constant versus temperature at zero external
magnetic field for (c) CoTiO3 and (d) NiTiO3 [44]. See the text for more details.

tigation since the 1950s and are well understood within the proposed theoretical framework.
However, exciting new and puzzling discoveries have been made in the past decade, which has
lead to a resurgence of interest in these materials. The following section briefly summarizes the
latest relevant results.

The observation of linear magnetoelectric coupling in the single­crystals of MnTiO3 for the
first time in 2011 by Mufti et al. [58] re­kindled interest in the ilmenites family as a whole.
The dielectric function (ϵ) exhibits no anomalies for the measured temperature range atB= 0 T.
Interestingly, on application of magnetic­field, sharp anomalies appear in ϵ at the Néel temper­
ature TN for H,E||c (see Fig. 1.5 (a),(b)). Subsequently the onset of electric polarization was
observed below TN as shown in Fig. 1.5 which scales linearly with applied external magnetic
field up to 3 T, indicating that MnTiO3 is a linear magnetoelectric material. No anomalies were
observed for E,H ⊥ c;H||c, E ⊥ c or H ⊥ c, E||c [58]. Note that all the measurements were
made after cooling from the paramagnetic state in finite magnetic and electric fields to avoid
any domain effects.

From the reported magnetic structure of MnTiO3, the magnetic symmetry below TN for
MnTiO3 is R3̄′, which theoretically allows for the linear magnetoelectric effect, with non­zero
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tensor elements αxx = αyy, αzz and αxy = −αyx [58, 59]. Here α is a magnetoelectric coef­
ficient. Furthermore, the investigation of magnetic symmetry by means of second harmonic
generation experiments above the spin­flop field (i.e. B > 6 T) reveal that MnTiO3 has a
spin­structure symmetry similar to Cr2O3 [59]. Note that Cr2O3 has a similar ground state spin­
structure as that of MnTiO3 and exhibits linear magnetoelectric effect too [60]. In the spin­flop
phase, Cr2O3 exhibits toroidal moments [61], which makes MnTiO3 a candidate material to
study toroic order [59]. Experimentally, epitaxially grown thin films of MnTiO3 on sapphire
substrates exhibited spin­flopping similar to bulk crystals leading to the conclusion that the
films had ferrotoroidic structure [62].

As mentioned above, the absence of any dielectric changes in zero magnetic­field at TN was
taken initially byMufti et al. as an indication for lack of exchange­striction (and hence apprecia­
ble spin­lattice coupling) inMnTiO3 [58]. Polarization dependent x­ray absorption experiments
by Chen et al. [63] in 2014 revealed a strong asymmetric charge distribution due to strongly
anisotropic O 2p­Mn 3d orbital hybridization (p − d), indicating that a spin­dependent­metal­
ligand hybridization mechanism behind the magnetically induced ferroelectricity in MnTiO3.
In a p−d hybridization mechanism, a local electric polarization∆P ∝ exists between transition
metal and the ligand due by hybridization [64, 65]. Here S is the spin and e is the vector con­
necting the transition metal and ligand. This mechanism is fundamentally related to the single­
ion properties and hence indicates that spin­lattice coupling in MnTiO3 should be considered
more seriously than described by Mufti et al.. Interestingly, the thermal evolution of the lat­
tice parameters measured by X­ray diffraction exhibited deviations from the high­temperature
behaviour in the spin­correlated regime and in the magnetically ordered phase [66]. Further­
more, new crystallographic incommensurate supercell peaks were observed in recent neutron
diffraction experiments which exist up to highest measured temperatures of 300 K and exhibit
both temperature and magnetic field dependence, revealing that the effect of spin­lattice cou­
pling inMnTiO3 cannot be neglected for MnTiO3 [67]. The origin of additional structural peaks
and in particular spin­lattice coupling in MnTiO3 are still poorly understood and need further
systematic investigations.

Following MnTiO3, dielectric spectroscopy measurements were made on polycrystalline
samples of CoTiO3 and NiTiO3 by Harada et al. [44]. Significant anomalies were observed
for both the compounds at their respective TN (see Fig. 1.5) in zero external magnetic field,
revealing significant magnetodielectric coupling [44]. A strong dependence of dielectric per­
mittivity on the applied external magnetic field was observed near TN and the dielectric loss
measurements indicated that all the observed effects were intrinsic [44]. Note that in contrast to
MnTiO3, both CoTiO3 and NiTiO3 exhibit dielectric anomalies in zero external magnetic field,
indicating that an exchange striction mechanism may be responsible for the observed effects.
Further detailed investigations are needed on the single crystals of ilmenites to understand their
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magnetic and nuclear structures, and the underlying spin­lattice coupling effects. This forms
one of the principal questions which is investigated in this thesis.

Figure 1.6. (a) Theoretically predicted magnetic phase diagram of honeycomb cobaltates. SL
represents Kitaev spin­liquid phase, FM represents ferromagnetic states with moments in ab

plane and along c axis, ZZ represents different zig­zag states (from Ref. [68]); (b) neutron scat­
tering intensity map of magnons in CoTiO3. Arrows indicate the Dirac points where two linear
magnon bands cross (from Ref. [42]); (c­f) experimental and calculated momentum intensity
maps (from Ref. [45]); (g) average energy scan centered at K­points in (c). The experimen­
tal data shows two clear peaks, which can be resolved by an XXZ model with an additional
bond­dependent anisotropy labelled by η (from Ref. [45]).

Recent inelastic neutron scattering studies on magnon topology in CoTiO3 and theoretical
predictions on the realization of Kitaev spin­liquid states for cobaltates have attracted tremen­
dous attention to CoTiO3 [68,69]. Initially, it was believed that only 4d and 5d systems, where
significant spin­orbit coupling come into play, provide the ideal platform to realize exotic states
of matter such as quantum spin­liquids [70]. In contrast, 3d elements were largely neglected
because the spin­orbit coupling was not strong enough (owing to partial or full quenching in
a cubic crystal­field) to support orbital magnetism for Kitaev physics. However, recent theo­
retical investigations by Liu et al. Ref. [68, 69] suggest that for 3d cobaltates, orbital moments
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remain active and in­fact generate a Kitaev model as the leading term in the Hamiltonian. The
trigonal crystal field was identified as the key parameter deciding the strength of non­Kitaev
terms in 3d compounds [68, 69]. A rich phase diagram (as seen in Fig. 1.6 (a)), displaying
various magnetic phases arising from spin­orbit entangled pseudospin 1/2 Co2+ ions on a hon­
eycomb lattice, as a function of trigonal field ∆ and the ratio of Coulomb repulsion U and the
charge­transfer gap ∆pd was predicted [68, 71]. Following the theoretical proposals, several
new materials for example BaCo2(AsO4)2 [72], Na3Co2SbO6 [73], Na2Co2TeO6 [73, 74] and
CoTiO3 [68] with Co­based honeycomb structures have been under intense experimental in­
vestigation. Neutron diffraction experiments indicate that, a variety of magnetic ground states
as predicted in Fig. 1.6 (a) are indeed realized in cobaltates, for example: spin­spiral state in
BaCo2(AsO4)2 [72], zig­zag order in Na3Co2SbO6 [75] and Na2Co2TeO6 [74] and FM||ab or­
der in CoTiO3 [35] as discussed above. As the trigonal crystal field is identified as a crucial
parameter, tuning it by doping or applied external uniaxial pressure has been suggested to push
the materials close to the spin­liquid ground state [68].

The magnon dispersion studies on CoTiO3 by means of INS experiments have been of par­
ticular interest due to non­trivial magnon band topology. In particular, a gapless Dirac cone
as shown in Fig. 1.6(b) has been revealed by INS experiments [42, 45]. An azimuthal mod­
ulation around the linear touching Dirac points has been observed [45] (see Fig. 1.6 (c,e)),
which is considered as a fingerprint of a topologically non­trivial magnon band structures [76].
Interestingly, an evidence for bond­dependent exchange interactions is obtained from recent
inelastic neutron scattering (INS) results, which is in line with theoretical predictions. The
theoretical calculation as shown in Fig. 1.6 (d,e) by means of a XXZη model, where η repre­
sents the bond­dependent exchange anisotropies explains the data very well [45]. An average
energy scan around Dirac point exhibits two peaks feature (see Fig. 1.6(g)) which can only
be explained well by the XXZη model, providing a conclusive evidence of the presence of
bond­dependent anisotropic exchange in CoTiO3 [45]. Furthermore, a spectral gap of 1 meV at
low energy was observed in high­resolution neutron diffraction experiments which is beyond
theXXZ model [45]. It was indicated that a quantum order­by­disorder mechanism involving
bond­dependent interactions could explain such a gap [45]. However, a small in­plane gap was
also observed for NiTiO3 by means of high­frequency electron spin­resonance mechanism [39].
A bond­dependent anisotropicmechanism suggested for CoTiO3 is unlikely for NiTiO3(exhibits
quenching of orbital moment) and a magnetoelastic origin of this small gap must be investigated
in further detail.
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Figure 1.7. The phase diagram of RNiO3 family showing the evolution of the structure, metal­
insulator transition and Néel temperature as a function of tolerence factor (t) and the <Ni­O­Ni>
bond angle. R3̄c, Pbnm and P21/n indicate space groups corresponding to the rhombohedral,
orthorhombic and monoclinic crystal structures, respectively. Taken from Ref. [77]

1.2 Lanthanum nickelate ­ LaNiO3

LaNiO3 belongs to the perovskite nickelate family RNiO3, where R is a trivalent rare earth
R = La, Pr,Nd, .....Lu. The RNiO3 family exhibit a fascinating phase diagram as shown in
Fig. 1.7 and are intensely investigated since last three decades. All the members of the family
except for R = La exhibit metal­to­insulator transition (MIT) with the transition temperature
decreasing with decreasing size of R cation. Consequently, the evolution of nickelate phase
diagram is correlated to the Goldschmidt tolerance factor ′t′ (t = dR−O/

√
2dNi−O where d is

the ionic bond distance between R­O and Ni­O respectively) and the <Ni­O­Ni> bond angle.
A structural transition concomitant to MIT is observed where the unit cell volume expands by
0.2%. The resultant insulting phase (monoclinically distorted) is characterized by a Ni­O bond
length disproportion with two inequivalent Ni sites. At high­temperatures, all the compounds
are metallic and paramagnetic, and exhibit orthorhombic crystal structure except for R = La,
which exhibits a rhombohedral structure. While LaNiO3 remains paramagnetic down to low
temperatures, othermembers exhibit an antiferromagnetic ground state. Interestingly, forR = Pr
and Nd, theMIT occurs simultaneously with a Néel transition whereas for the others, MIT takes
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place at a higher temperatures than the spin­ordering transitions. The RNiO3 family provides a
fascinating example of the coupling of electronic, structural and spin­degrees of freedom where
the underlying microscopic mechanisms are still intensely debated. Theoretical principles of
nickelate physics shall not be described in this brief introduction however the focus will be set
on LaNiO3. See the reviews [77–79] and references therein for a comprehensive overview on
experimental results and theoretical understanding of the nickelates.

From the synthesis point of view, nickel adopts the Ni3+ valence state in RNiO3 and hence
high temperatures and pressures are instrumental in synthesizing them. Demazeau et al. [80] in
1971 synthesized the nickelates for the first time by reacting R2O3, NiO and KClO3 in a sealed
platinum capsule at 9500 C with in situ pressures of 60 kbar. Lacorre et al. [81] synthesized
them by reacting oxides at 10000 C and 200 bar oxygen pressure. As a result, most of the
research in bulk nickelates until 2017 had been limited to polycrystalline samples only, with the
largest single crystals available were about 100 µm [82] in size. The availability of nickelate
single crystals have been scarce even today due to the challenging conditions required to grow
them. Hence, considerable efforts have been made in the synthesis of thin films in which high­
crystallinity could also be achieved at lower pressures. A plethora of experimental studies on
thin film nickelates exists which have not only improved the understanding of nickelate physics
but also opened the doors to several applications. In this thesis, only bulk samples have been
investigated. For interesting and comprehensive reviews on thin film research in nickelates see
Ref. [77, 79, 83].

Bulk LaNiO3 which has been investigated in this thesis, deviates from the rest of nickelates
as discussed above and shown in the nickelate phase diagram (Fig. 1.7). LaNiO3 remains
paramagnetic [84–86], metallic [85, 86] and rhombohedral [87, 88] until the lowest measured
temperatures of T = 1.5 K. The static paramagnetic susceptibility (χ) is well described by a
dominant temperature independent Pauli term (χP ) with an additional small Curie­term (χC) in
the temperature range 100­300 K [85] (see Fig. 1.8(a)). A stronger temperature dependence of χ
observed at lower temperatures, i.e., T < 100K (see Fig. 1.8(a)) is accounted well for by a Curie
contribution arising due to extrinsic quasi­free Ni2+ moments [85]. A positive temperature
coefficient of electrical resistivity which is typical of metals is observed down to 4.2 K, where
resistivity varies almost linearly with temperature for T ≥ 200 K, and in contrast it varies as
T 2 for T < 50K [84–86] (see Fig. 1.8(b)). Interestingly, both the measured Pauli paramagnetic
susceptibility χp and the linear temperature coefficient of the specific heat γ show enhancement
well above their free electron­gas values indicating that LaNiO3 is a correlated paramagnetic
metal [84–86].

Although, the magnetic and electronic properties of LaNiO3 have been well investigated
since 1980s, recent experimental and theoretical works in the past five years cast doubt on
the rhombohedral, paramagnetic metallic ground state. Notably, pair density function analysis
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of the neutron diffraction data [89, 90] indicated that on the nanoscale the local symmetry is
broken at the Ni sites due to oxygen distortions and hence the local structure is best described
by themonoclinicP21/n symmetry. Furthermore, Alaska Subedi bymeans of DFT calculations
[91] indicated that, several structures lie close in energy with orthorhombic Pnma marginally
preferred over R3̄c, and both structures are stabilized by octahedral breathing distortions and
an antiferromagnetic ground state which is in contrast to the previous magnetization studies.

Figure 1.8. (a) Static magnetic susceptibility χ vs. T and (b) electrical resistivity ρ vs. T for
polycrystalline LaNiO3 taken from ref. [85]; (c) χ vs. T of single crystalline LaNiO3 exhibiting
a kink at around 157 K and the corresponding (d) specific heat data taken from Ref. [92].

Note that until 2017, all the investigations on the bulk nickelates have been limited to
only polycrystalline samples. Extreme conditions for synthesis of nickelates such as high­
temperature and pressure as described above rendered it difficult to grow large single crystals.
The presence of high­quality single crystals of appreciable size is indispensable in understand­
ing the fundamental electronic and structural properties especially in the nickelates. Due to
recent technological advances in the high­pressure optical floating­zone furnace (see Methods
1.3.1) [19,22,23] it was possible to grow macroscopic LaNiO3 single crystals for the first time.

LaNiO3 single crystals were grown for the first time by Zhang et al. [20] in 2017 at the
Argonne National Laboratory, USA and subsequently by Guo et al. [92] in 2018 at the Max­
Planck­Institute, Dresden. Both the groups employed the optical floating zone technique where
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Zhang et al. used an elevated O2 pressure of 50 bar whereas Guo et al. employed 150 bar
respectively. The high­resolution single crystal X­ray diffraction studies by both the groups
re­confirmed the rhombohedral R3̄c space group. Interestingly, the static magnetic susceptibil­
ity measurements by both the groups exhibited a clear distinction as compared to the previous
polycrystalline data. The magnetization behaviour of single crystals was neither Pauli­like nor
Curie­like and exhibited a broad hump at 200 K as shown in Fig. 1.8(c). The low­temperature
upturn was ascribed to the tiny paramagnetic impurities similar to the polycrystalline case. Sur­
prisingly, Guo et al. [92] observed an anomalous kink in magnetization at 157 K (see Fig. 1.8
(c)). Their specific heat measurements as shown in Fig.1.8(d) also exhibited a clear peak at
157 K indicative of a long­ranged antiferromagnetic transition. However such anomalies were
surprisingly not observed inmagnetization and specific heat data on the single crystals grown by
Zhang et al. [20] or in any previously published data on polycrystalline samples. Furthermore,
the neutron scattering measurements by Guo et al. [92] revealed new quarter integer peaks in
their single crystals with propagation vector (1/4,1/4,1/4) similar to other insulating rare­earth
nickelates.

Note that several oxygen deficient phases of lanthanum nickelate, i.e., LaNiO3−x have pre­
viously been reported in the literature [93–95] with dramatically different physical properties.
For example, LaNiO2.5 exhibits antiferromagnetism at around TN = 150 K [95] and LaNiO2.75

exhibits ferromagnetism at Tc ≈ 230 K [93]. Several other oxygen deficient phases with
0 ≤ x ≤ 0.5 also exist with slightly differing TN and Tc [93, 95]. Even the electrical prop­
erties is reportedly different than the parent LaNiO3 with a metal­insulator transition observed
for x ≥ 0.25 [93]. Note that such oxygen deficient impurity phases may also be present during
the synthesis of LaNiO3 and one needs to carefully quantify the oxygen deficiency.

As a matter of fact, samples were reportedly more stoichiometric for Guo et al. [92] (x =

0.003) as compared to Zhang et al. [20] (x = −0.015). However, the LaNiO3 single crystal
grown byWang et al. [96] at 130 bar O2 pressure exhibited similar stoichiometry (x = −0.020)
to that of Zhang et al.. Surprisingly, on reducing the as­grown LaNiO3−x samples purposefully
from x = 0.020 to x = 0.076, Wang et al. [96] observed anomalies in the magnetization and
specific heat data at around 150 K. Furthermore, neutron diffraction studies on the reduced
samples also exhibited additional temperature dependent Bragg peaks below 150 K at quarter
integer points similar to GuO et al. [92]. Notably, such quarter integer peaks were found to
be absent in the as­grown samples which is in line with Zhang et al. [20] results. Hence there
exists an ambiguity in the ground state properties of LaNiO3. Solving for the ground state of
LaNiO3 is essential even for other nickelates where the electronic and magnetic properties are
still under intense investigation.
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1.3 Methodology

In this section, a brief description of the most important experimental techniques employed in
this thesis are discussed. For more details on experimental techniques refer to the subsequent
chapters.

1.3.1 Single­crystal growth by optical floating­zone technique

Figure 1.9. A schematic showing the feed, seed rods and the liquid zone assembly in an optical
floating zone process. The solid curve shows the temperature profile along the z­direction.

All the oxide materials investigated in this thesis were grown using the optical floating­zone
(OFZ) technique. OFZ is a high­temperature, crucible free technique to grow relatively large
(up to several cm) high­quality single­crystals of technological and fundamental interest. In
short, this technique involves two cylindrical­shaped ceramic rods typically several cm long,
mounted in a vertical configuration with their tips at a focal point of ellipsoidal mirrors (see
Fig. 1.10). Xenon or halogen lamps of several kW in power, located at the other focal point
of the mirror configuration are used to melt the tips of the polycrystalline rods. The melted
tips are brought together to establish a liquid­zone also called as the floating zone between the
feed (top) and seed (bottom) rods. The entire assembly comprising the rods and liquid zone (as
shown in Fig. 1.9) are then moved along the vertical direction at a certain rate (typically few
mm per hour) resulting in cooling of the liquid zone and crystallization on the seed rod. Main­
taining a stable floating zone is crucial for the growth of large single crystals, and is achieved
by a delicate balance of several parameters during the growth such as ­ lamp power, pulling
rates, rotation rates of the rods, atmosphere and pressure applied during the growth and melting
properties of the material involved. A comprehensive review of the OFZ technique, it’s advan­
tages and disadvantages can found in refs [17, 97]. A brief introduction to the optical floating
zone furnaces and typical parameters employed to grow the ilmenites and lanthanum nickelates
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is described below. Further details on the growth of specific materials are given in subsequent
chapters.

High­pressure optical floating­zone furnace

Figure 1.10. (Left) A picture of the high­pressure (150 bar) optical floating­zone furnace (HKZ
Sci­Dre) [98]; (centre) schematic of the relevant components of the HKZ furnace. Adapted
from [22,23]; (right) a real­time image of the LaNiO3 floating­zone at 100 bar O2 pressure.

The high­pressure optical floating­zone furnace (HKZ, Sci­Dre), as shown in Fig. 1.10,
consists of two elliptical mirrors in the vertical configuration which are used to focus light
from a 3.5 kW xenon short arc lamp. The furnace can be operated up to a maximum pressure of
150 bar whichmakes it possible to grow newmaterials, previously impossible with low­pressure
furnaces (for example see the crystal­growth of LaNiO3 in chapter 3). The entire growth process
takes place inside a transparent quartz/sapphire cylinder tightened with a combination of brass,
o­rings and teflon disks which enables maintaining high­pressure. In the Heidelberg furnace the
growth can be performed either in argon or in oxygen atmospheres with a typical flow­rate of
0.1­1 lt/min. A higher flow rate is usually favourable for materials exhibiting higher­volatility
[17, 97]. Temperatures in excess of 2000◦ C can be achieved depending on the absorption of
individual materials, using the power shutter system of the light beam, to facilitate melting of
feed and seed rods and form amolten­zone. Typical growth rates of 1­8 mm/h is applied to grow
thematerials in this thesis (higher for congruently­meltingmaterials) alongwith counter rotation
of feed and seed rods for better mixing and temperature stability of the molten­zone [17, 97].
The vertical temperature profile in and around the molten­zone is measured using an in­situ
pyrometer.
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Four­mirror optical floating­zone furnace

Figure 1.11. (Left) A picture of the four semi­ellipsoidal mirrors of the CSC furnace; (right)
Real­time image of the floating­zone during CoTiO3 crystal growth process at ambient pressure.

Apart from employing a two­mirror high­pressure OFZ furnace as described above, a four­
mirror floating­zone furnace (Crystal System Corporation, Japan) comprising of four semi­
ellipsoidal mirrors with halogen lamps (at IISER Pune, India) was also used to grow single­
crystals. Unlike the vertical configuration of mirrors (as in Fig. 1.10), the horizontal configura­
tion (Fig. 1.11) ensures a larger vertical temperature gradient along the rods which is sometimes
beneficial for a better grain selection [97]. Note that a larger temperature gradient may also re­
sult in an increased cracking due to thermal stress and hence a highly dense feed and seed
rods must be employed for successful growth. In this thesis, the easy­plane type ilmenites, i.e.,
NiTiO3 and CoTiO3 were grown using the four­mirror furnace with 4×150 W halogen lamps
in ambient/1 bar over­pressure conditions in air and O2 atmospheres. Note that the four mir­
ror furnace can only be operated to a maximum pressure of up to 10 bar and hence lanthanum
nickelates (LaNiO3 and La4Ni3O10) cannot be ideally grown in these furnaces.

1.3.2 Single­crystal characterization

Powder X­ray diffraction

The phase identification of the polycrystalline materials and in particular of the grown single­
crystals were investigated by means of powder x­ray diffraction experiments (PXRD). Prior to
a PXRDmeasurement, the single crystalline pieces are pulverized by grinding for about 30 min,
using a mortar and pestle to form a homogeneous powder comprising of small crystallites. The
experiments were carried out by I. Glass at the Geosciences Institute, Heidelberg University us­
ing a ’Bruker D8 Advance Diffractometer’ with monochromatic Cu­Kα source (λ = 1.5405Å)
in the Bragg­Brentano geometry. The diffraction patterns were typically in the 2θ range of 15­
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90◦ with a step width of 0.02◦ and an integration time of 1 s for a short measurement and of
10 s for a long measurement. The phase identification was done by comparing the obtained
PXRD patterns with the previous data in literature using the MATCH software [99] and the
DIFFRAC.EVA software [100].

The Rietveld refinements were done using the FULL­PROF suite 2.0 software [101] on the
obtained PXRD patterns (long­measurement) to additionally check for the phase purity and to
refine the lattice parameters. The refinements were performed against a starting model obtained
using crystallographic information files from ICSD database [102]. The relevant parameters
which were refined are ­ the scale factor, zero error, background correction (usually a polyno­
mial with six­coefficients), lattice parameters, Debye­Waller factor, FWHM parameters, asym­
metry and the atomic­coordinates. A full occupation of the corresponding atomic sites were
assumed while refinements. A multi­phase refinement was also performed to quantitatively
estimate the content of the additional impurity phases, if at all present.

Polarized Optical Microscopy

Figure 1.12. (Left) Polarized optical microscopy image of quenched floating­zone zone of
LaNiO3 grown at 100 bar; (right) Polarized microscopy image of the cross­section of disk ex­
tracted post­growth from a LaNiO3 boule grown at 80 bar.

To check for defects, shape of the growth front between seed rod and the floating zone
and crystallinity of the grown boules, polarized optical microscopy experiments were per­
formed using a Carl Zeiss Axio scope.A1 microscope [103]. For this, thin sections of flat disks
were extracted using Diamond wire saw from the grown boules and polished well in SAPHIR
520/530 using silicon carbide paper of different grit sizes. Awater based solvent with suspended
monocrystallites of Diamond (fewmicrons in size) were used to obtain smooth polished surface.
Representative optical microscopy images of the frozen floating zone and the a cross­section
from LaNiO3 growth is shown in Fig. 1.12. A convex growth front as seen in 1.12 (left) is
considered beneficial for the grain selection [97] process and indicates that the parameters used
for growth were suitable. The contrast between the central and the peripheral regions as seen in
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Fig. 1.12 (right) indicates the presence of compositional difference between the regions [17,97],
which was indeed re­confirmed by other recent macroscopic measurements on LaNiO3 [104].
Such radial difference in composition may especially arise in a high­pressure optical floating
zone growth due to additional cooling effects of the peripheral regions.

SEM and EDX

Figure 1.13. A representative scanning electron micrograph image of NiTiO3 single crystal
grown in argon atmosphere at 5 bar pressure. The white spots represent a precipitated secondary
phase.

To study the surface morphology and elemental composition of the grown crystals, scan­
ning electron microscopy (SEM) and energy dispersive x­ray analysis(EDX) were performed
respectively. The experiments were performed on polished single crystals by Lennart Singer of
Kirchhoff Institute for physics, Heidelberg University using a JEOL JSM­7610F SEM and in
collaboration with Rabindranath Bag of IISER Pune using a Zeiss Ultra plus SEM. Fig. 1.13
shows a characteristic SEM picture obtained using the JEOL SEM of a NiTiO3 single crystal
with secondary phases precipitated (Ni­rich) possibly due to a higher growth rate.

Laue back­scattered diffraction

The Laue back­scattered diffraction experiments were performed rigorously to check for single­
crystallinity of the grown boules and to orient the obtained single­crystals. The as­grown boules
or single crystalline pieces were mounted on a goniometer­stage and the bremsstrahlung (white
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X­rays) produced by a conventional tungsten X­ray tube were used to generate diffraction pat­
terns. A typical acceleration voltage of 30 to 40 kV and tube­current of 15 to 20 mA, along with
an acquisition time of 300­500 s was employed to obtain good quality images. The sample dis­
tance was maintained at approximately 30 mm using the spacer and PSL viewer [105] software
was used to process the images. The obtained diffraction patterns were checked and oriented
with the help of the expected Laue patterns for respective crystal structures using the Cologne
Laue indexation program (CLIP software) [106].

1.3.3 Magnetization

The magnetization measurements presented in this thesis were performed using the Quantum
Design magnetic­property measurement system ­ MPMS­XL and MPMS3 [107]. In particular,
the oriented and weighted single­crystals were mounted on a brass­holder equipped with quartz
tubes or a quartz holder (for low­moment samples) using vacuum grease for magnetization
measurements. In anMPMS, any change in themagnetic flux facilitated by themovement of the
magnetic sample produces a current in the pick­up coils. The pick­up coils are connected to the
superconducting quantum interference device (SQUID) resulting in a very high­sensitivity of
moment detection amounting to less than 10−8 emu [107]. In a typical experiment, the variation
of the sample magnetization with respect to temperature in the range 2­400 K and in magnetic­
fields up to 7 T is measured. The measurements were performed either in the DC or the VSM
mode.

The magnetization measurements with respect to rotation angle (θ) were also performed
using the rotator option of the MPMS3 to study the magnetic anisotropy of the materials [108].
Note that, the rotator measurements can only be performed in a DC mode. The single­crystals
were mounted either on a horizontal rotator to study out of plane, i.e. ab plane to c axis
anisotropy or a thin­film rotator to study the anisotropy in the ab­plane. Here a, b and c de­
note the principal crystallographic directions.

Furthermore, the high­field magnetization measurements in magnetic fields up to 15 T were
performed using the vibrating sample magnetometer (VSM) option of the Quantum Design
physical property measurement system (PPMS) [109]. Here the oriented single crystalline sam­
ples are also mounted on a brass holder with quartz tubes but doesn’t feature a SQUID detection
technique, hence resulting in a lower magnetic moment sensitivity of 10−6 emu as compared to
MPMS.

1.3.4 Single­crystal X­ray diffraction

To study in­detail the crystallographic structure of the materials, high­resolution single­crystal
X­ray diffraction experiments (S­XRD) were performed. These experiments were performed
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by Prof. Dr. Hubert Wadepohl of the Inorganic­Chemistry Institute in Heidelberg University.
Small single crystal pieces which are extracted close to the larger oriented single­crystals from
as­grown boule were employed, to perform S­XRD at 100 K using Mo Kα (λ = 0.71073 Å)
radiation. Further details on the data collection, intensity corrections and analysis can be found
in Chapter2.

1.3.5 Single­crystal neutron diffraction

Figure 1.14. Schematic representing the D10 instrument at the Institut Laue­Langevin, Greno­
ble, France. Taken from Ref. [110].

The crystal structure at lower temperatures (up to 2 K) and the magnetic structure of the
single­crystals were studied by means of four­circle single­crystal neutron diffractometer D10
at the Institute Laue­Langevin, Grenoble. The four­circle has Euler geometry. A pyrolytic­
graphite (PG) or a Cu (200) crystal can be used as a monochromator to access wavelengths
between 1.1 and 6 Å and a vertically focusing pyrolytic graphite is used as an analyser. A
neutron flux of ≥ 5× 106 cm−2s−1 is available. An 80 × 80 mm2 two­dimensional microstrip
detector for three dimensional resolution in the reciprocal space or a single 3He detector are
available. In the four­circle mode, the Eulerian cradle can be equipped with a helium­flow
cryostat to access temperatures in the range 0.1 K to 450 K. Pressure cells and cryomagnets
(0­15 T) may also be mounted with computer control of double­axis tilt stage to allow limited
out of plane access.

All the obtained integrated intensity data of the corresponding nuclear and magnetic Bragg
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peaks were refined against the most suitable model using the wfp2k Rietveld program of the
WinPLOTR software [111].



25

Chapter 2

Single­crystal growth, magnetoelastic
coupling and magnetic phase diagram of
easy­plane type ilmenite titanates
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2.1 Magnetic phase diagram and magnetoelastic coupling of
NiTiO3

The following chapter has been published in Physical Review B under the title ”Magnetic phase
diagram and magnetoelastic coupling of NiTiO3” [41]. Copyright ©2021 American Physical
Society. All rights reserved.

In the following, contributions of each co­authors are explained in detail, particularly high­
lighting the specific contribution of K. Dey who is the first and the communicating author.

• The single­crystal growth and characterization (Fig. 1), magnetization measurements and
analysis of specific heat (Fig. 2 and Fig. 4(b)), magnetic phase diagram construction
(Fig. 6) and Grüneisen analysis (Fig. 8) were performed by K. Dey. Except parts of
thermal expansion and magnetostriction discussion, the manuscript draft was written by
K. Dey.

• S. Sauerland is a shared first author to this manuscript and performed the thermal ex­
pansion (Fig. 3 and Fig. 5) and magnetostriction measurements (Fig. 7). S. Sauerland
assisted in Grüneisen analysis and wrote the thermal expansion and magnetostriction dis­
cussion part in the paper.

• J. Werner performed the high­field magnetization measurements (Fig. 4) and took part
in some discussions.

• Y. Skourski was the local contact at HLD­EMFL, Dresden and supervised the high­field
magnetization measurements.

• M. Abdel­Hafiez performed the specific heat measurements (Fig. 2(b)).

• R. Bag assisted in single­crystal growth at IISER Pune using the CSC furnace.

• S. Singh supervised the single crystal growth experiments performed at ambient pres­
sures.

• R. Klingeler supervised the measurements and supported data analysis and manuscript
writing.

• All authors proofread the manuscript.
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We report high-resolution dilatometry on high-quality single crystals of NiTiO3 grown by means of the optical
floating-zone technique. The anisotropic magnetic phase diagram is constructed from thermal expansion and
magnetostriction studies up to B = 15 T and magnetization studies in static (15-T) and pulsed (60-T) magnetic
fields. Our data allow us to quantitatively study magnetoelastic coupling and to determine uniaxial pressure
dependencies. While the entropy changes are found to be of magnetic nature, Grüneisen analysis implies only one
relevant energy scale in the whole low-temperature regime. Thereby, our data suggest that the observed structural
changes due to magnetoelastic coupling and previously reported magnetodielectric coupling [L. Balhorn, J. Hazi,
M. C. Kemei, and R. Seshadri, Phys. Rev. B 93, 104404 (2016)] are driven by the same magnetic degrees of
freedom that lead to long-range magnetic order in NiTiO3.

DOI: 10.1103/PhysRevB.101.195122

I. INTRODUCTION

The search for new multiferroics, i.e., materials concomi-
tantly exhibiting various ferroic orders such as magnetic and
electric order coupled to each other [1], has revived interest
in the family of ilmenite-structured compounds. There are
various titanates MTiO3 (M = Mn, Fe, Co, Ni) which crys-
tallize in the ilmenite structure within the space group R-3.
The crystal structure consists of alternate layers of corner
sharing TiO6 and MO6 octahedra stacked along the c axis
[2]. Previous magnetic [3–5] and powder neutron diffraction
studies [6–9] report that long-range antiferromagnetic (AFM)
order evolving at low temperatures is of the G type for
MnTiO3, and of the A type for FeTiO3, CoTiO3, and NiTiO3.
In the ordered phase, the magnetic moments associated with
M2+ ions are collinearly arranged along the c axis in MnTiO3

and with a slight spin tilting of 1.6 ◦ away from the c axis
in FeTiO3. The easy-plane-type AFM order in CoTiO3 and
NiTiO3 is characterised by spins lying in the ferromagnetic
ab layers which are aligned antiferromagnetically along c.
In FeTiO3, the onset of long-range magnetic order, at TN , is
associated with significant changes of the lattice parameters
indicating magnetoelastic coupling [9]. Magnetodielectric and
polarization measurements on MnTiO3 show an anomaly in
the dielectric permittivity, ε, at TN , while finite polarization is
found in applied external magnetic fields indicating that it may
realize a linear magnetoelectric material [10]. Both in CoTiO3

and NiTiO3, anomalies in ε at TN and a strong field dependent
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magnetocapacitance in the ordered state indicate the presence
of large magnetodielectric coupling [11]. Furthermore, the
observation of Dirac magnons in CoTiO3 from recent in-
elastic neutron scattering studies [12] has peaked interest in
this series of materials. Despite clear evidence of pronounced
magnetodielectric coupling in all known MTiO3, its origin and
mechanism have not yet been elucidated. In order to address
this question, we have grown large, high-quality single crys-
tals of NiTiO3 by means of the optical floating-zone technique
under various atmospheres and at different pressure. The sin-
gle crystals were used for high-resolution studies of thermal
expansion and magnetostriction along the crystallographic a
and c axes, respectively. Though such investigations have been
shown to provide detailed insight into underlying mechanism
of multiferroics (see, e.g., Refs. [13–18], there are no high-
resolution dilatometry studies on MTiO3 single crystals yet. In
addition, comparing the magnetic length and entropy changes
as detected by thermal expansion coefficients and specific
heat allow determining the uniaxial and hydrostatic pressure
dependencies by means of Grüneisen scaling. Analysis of the
Grüneisen ratio, i.e., the ratio of thermal expansion coefficient
and heat capacity, has been particularly suggested by Spaldin
et al. for the related compound EuTiO3 as it can clarify
the potential multiferroic quantum critical nature [19]. Our
dilatometry studies are accompanied by magnetization studies
in static (15-T) and pulsed (60-T) magnetic fields which
enable constructing the anisotropic phase diagram in NiTiO3

which has not been established yet.

II. EXPERIMENTAL METHODS

NiTiO3 powder was prepared via standard solid-state re-
action of stoichiometric amounts of NiO and TiO2 between
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1150◦ and 1350 ◦C with several intermediate grinding steps.
The powder was made into rods of length 10 cm and 5 mm in
diameter by hydrostatically pressing the powders at 700 bar
and annealing them for 24 h at 1350 ◦C. Single crystals of
NiTiO3 were grown in a four-mirror optical floating-zone
furnace (Crystal system corporation, Japan) equipped with
4 × 150 W halogen lamps at IISER Pune and in a two mirror
high-pressure optical floating-zone furnace (HKZ, SciDre)
equipped with a 3500-W Xe arc lamp at Heidelberg Univer-
sity. Macroscopic single crystals were grown at 3 mm/h under
various atmospheres and up to 5 bar pressure. Phase purity
of the powder and the ground single crystals was studied
by means of powder x-ray diffraction measurements on a
Bruker D8 Advance ECO diffractometer with Cu-Kα source.
Laue diffraction in back scattering geometry was performed
to study the crystallinity and to orient the single crystals.
Structural Rietveld refinements were carried out using the Full
Prof suite 2.0 [20].

Static magnetization χ = M/B was studied in magnetic
fields up to 15 T applied along the principal crystallographic
axes by means of a home-built vibrating sample magnetome-
ter [21] (VSM) and in fields up to 5 T in a Quantum Design
MPMS-XL5 SQUID magnetometer. Pulsed-magnetic-field
magnetization was studied up to 60 T at Helmholtz Zentrum
Dresden Rossendorf by an induction method using a coaxial
pick-up coil system [22]. The pulse raising time was 7 ms. The
pulsed-field magnetization data were calibrated using static
magnetic field measurements. Specific heat measurements at
0 T and 9 T has been done in a Quantum Design PPMS
using a relaxation method. The relative length changes dLi/Li

were studied on a cuboid shaped single crystal of dimensions
2 × 1.85 × 1 mm3. The measurements were done by means
of a three-terminal high-resolution capacitance dilatometer
[23]. In order to investigate the effect of magnetic fields,
the linear thermal expansion coefficient αi = 1/LidLi(T )/dT
was studied in magnetic fields up to 15 T. In addition, the field
induced length changes dLi(B)/Li were measured at various
fixed temperatures in magnetic fields up to 15 T and the longi-
tudinal magnetostriction coefficient λi = 1/LidLi(B)/dB was
derived. The magnetic field was applied along the direction of
the measured length changes.

III. NiTiO3 SINGLE CRYSTAL GROWTH

Single crystals of NiTiO3 were grown by the optical
floating-zone method using polycrstalline feed and seed rods
as starting material. The phase purity of the NiTiO3 powders
used for making the feed and seed rods has been studied by
means of powder XRD after each sintering step. Rietveld
refinement of these data indicates the presence of ilmenite
phase (R-3) as well as an additional (≈ 1%) TiO2 (rutile)
phase. In order to achieve phase pure high-quality single crys-
tals, a variety of crystal growth experiments were performed
under different atmosphere and pressure and by means of
both the four-mirror horizontal configuration and two-mirror
vertical configuration optical furnaces [24,25]. The optimized
growth parameters employed during crystal growth are listed
in Table I.

Depending on the growth parameters, the processes sum-
marized in Table I yield mm- to cm-sized single crystals.

TABLE I. Growth parameters, lattice parameters, and phase
analysis from the Rietveld refinement of the room temperature
powder XRD data of crushed NiTiO3 single crystals. Feed and seed
rods were counter-rotated at the same rotation speed.

Furnace CSC CSC HKZ

Atmosphere O2 air Ar
Pressure Ambient Ambient 5 bar
Growth rate (rpm) 3 3 4-6
Rotation speed (mm/h) 20 10 15
Latt. parameter a (Å) 5.0304 5.0304 5.0304
Latt. parameter c (Å) 13.7881 13.7845 13.7862
Crystal size cm cm mm
Secondary phase (appr.) 1% TiO2 + NiO 1% TiO2 1% NiO

Figure 1(a) shows a representative NiTiO3 boule grown in air
at ambient pressure. The shiny surface of the grown boule
indicating the presence of single crystal of several cm in
length. Rietveld refinement of powder XRD data of the ground
and pulverized single crystalline pieces extracted from the
boules [see Fig. 1(b) and Table I] implies the main ilmenite

FIG. 1. (a) Picture of a shiny NiTiO3 boule grown in air atmo-
sphere at ambient pressure and (b) Rietveld refinement fit of the
room temperature XRD data of a powdered NiTiO3 single crystal.
The observed diffraction pattern is shown in black, calculated pattern
in red and the difference between the observed and the calculated
pattern is shown in blue. The upper vertical ticks in green denote
the allowed Bragg positions of the ilmenite phase and the lower ticks
denote the Bragg positions of TiO2 in rutile phase. (c) Representative
Laue pattern of the NiTiO3 single crystal oriented along (010)
direction.
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phase as well as an impurity TiO2 phase of about 1%. When
grown in O2 atmosphere, there is also an additional NiO
phase. In order to further investigate the growth process of
NiTiO3 and to reduce the secondary phase content, NiTiO3

was also grown under 5 bar pressure in Ar atmosphere. In this
case, the resulting boule is mostly of polycrystalline nature
with only mm-sized shiny single crystalline regions toward
the end of the boule. Phase analysis of a single crystalline
piece extracted from this region shows the presence of about
1 % NiO secondary phase while the TiO2 phase is absent.
We conclude that inert atmosphere does not support optical
floating-zone-growth of NiTiO3 single crystals. For the mag-
netic studies presented below, we employ crystals grown in
air as they exhibit only a small nonmagnetic impurity phase.
Laue diffraction performed at several spots along the length of
grown boules confirm the presence of macroscopic cm-sized
single crystalline grains with high crystallinity [see Fig. 1(c)].
For the measurements reported below, a cuboid shaped single
crystal of dimensions 2 × 1.85 × 1 mm3 has been extracted
from the boule grown in air and oriented along three principal
crystallographic directions.

IV. EXPERIMENTAL RESULTS

A. Magnetoelastic coupling

The onset of long-range antiferromagnetic order in NiTiO3

at TN = 22.5(5) K is associated with pronounced anomalies in
magnetic susceptibility and specific heat (Fig. 2). For T � TN ,
the susceptibility is anisotropic with a decrease for magnetic
fields B applied in the ab plane and attaining a constant value
for B||c axis suggesting an easy-plane-type antiferromagnet.
This is in accordance with the previous studies [4,6]. At high
temperatures, the susceptibility is isotropic and obeys a Curie-
Weiss behavior. Fitting the averaged susceptibility [inset to
Fig. 2(a)] at T > 100 K by means of a Curie-Weiss-like law
χ = χ0 + NAμ2

eff/3kB(T − �) yields χ0 = 1.93 × 10−4, the
effective magnetic moment μeff = 3.17(5) μB and the Weiss
temperature � = −11(1) K. Using the spin-only value S = 1
for Ni2+ implies an effective g factor of 2.24(4). Note, that
our measurements yield a smaller value than μeff = 4.01 μB

previously reported for a single crystal [4] but is similar to the
values reported for polycrystalline samples [3,11].

The sharp λ-shaped anomalies in the specific heat
[Fig. 2(b)] and in Fisher’s specific heat [26] ∂ (χaT )/∂T
[Fig. 2(a)] confirm the onset of long-range magnetic order at
TN and also indicate high crystallinity of the single crystal.
Furthermore, the anomaly presents a continuous nature of
the phase transition. The phonon contribution to the spe-
cific heat (cph

p ) has been estimated by fitting the cp data at
temperatures well above TN by an extended Debye model
which includes both Debye and Einstein terms [27]. The
model fits very well for temperatures above about 50 K
and yields characteristic Debye and Einstein temperatures of
�D = 786 K and �E = 230 K, respectively. The sum of the
obtained coefficients of the individual terms nD = 3.94 and
nE = 0.94 reasonably agrees to the expected value of 5 which
reflects the number of phonon modes given by the number
of atoms per formula unit. Integrating the magnetic specific
heat (cp-cph

p )/T yields a total magnetic entropy change Smag =

FIG. 2. (a) Temperature dependence of the static magnetic sus-
ceptibility χ = M/B (left axis) and the derivative ∂ (χT )/∂T (right
axis) at B = 1 T applied along main crystallographic directions and
(b) temperature dependence of the specific heat cp in zero magnetic
field. The solid line in (b) indicates the phonon specific heat cph

p

obtained by fitting cp data with a combined Debye and Einstein
model well above the magnetic ordering transition (see the text).
Insets: (a) Curie-Weiss fit (red line) to the inverse averaged suscep-
tibility 1/χav. (b) Magnetic entropy changes obtained by integrating
(cp-cph

p )/T .

9.1(1) J/(mol K) which agrees to the theoretically expected
value for S = 1 Ni2+ spins of R ln(3) = 9.13 J/(mol K). We
conclude that the entropy changes are of magnetic nature. The
measured entropy changes imply that nearly 20% of magnetic
entropy is consumed between TN and 50 K, suggesting the
presence of short-range magnetic correlation persisting up to
temperatures as high as twice the ordering temperature.

The evolution of long-range magnetic order is associated
with pronounced length changes as illustrated by strong
anomalies in the uniaxial thermal expansion coefficients αi

(i = a, c) and in the relative length changes dLi/Li (Fig. 3).
The anomalies demonstrate the presence of significant mag-
netoelastic coupling in NiTiO3. The measured relative length
changes shown in the inset of Fig. 3 signal shrinking of the c
axis and increase of the a axis on evolution of magnetic order
at TN . The signs of the anomalies indicate positive uniaxial
pressure dependence of TN for pressure along c axis, i.e.,
∂TN/∂ pc > 0, whereas the anomaly in αa indicates ∂TN/∂ pa

being negative and considerably smaller. The anomaly in the
volume thermal expansion coefficient αV = αc + 2αa implies
a significant positive hydrostatic pressure dependency of TN .
In addition, opposite sign of the anomalies in αa and αc

enables reading-off the data in Fig. 3 that structural effects
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FIG. 3. Thermal expansion coefficients αi along the crystallo-
graphic a and c axes and the volume thermal expansion coefficient
αV . The inset shows the relative length changes dLi/Li. Dashed lines
mark TN .

above TN precursing the onset of long-range order extend up
to about 50 K. This coincides with the temperature regime
where magnetic entropy changes mark the onset of short-
range magnetic correlations.

B. Magnetic phase diagram

The saturation fields and moments at T = 1.5 K are de-
duced from pulsed-field magnetization studies up to 60 T
which are shown in Fig. 4(a). For both field directions B||c
and B||a, the magnetization shows a linear behavior in a wide
range of applied fields. The saturation fields nearly coincide
and amount to Bsat = 36.0(5) T. Also the saturation magneti-
sations as indicated by the dashed horizontal lines in Fig. 4(a)
agree with each other within error bars at Msat = 2.23(5)
μB/f.u.. For S = 1, this yields g = 2.23(5) which agrees well
with the value of 2.24(4) derived from the Curie-Weiss fit
to the static magnetic susceptibility presented in Fig. 2. A
more detailed look at the low-field behavior in Fig. 4(b),
at T = 2 K, confirms that linearity of M vs. B||c extends
to zero magnetic field while nonlinear behavior is observed
when the magnetic field is applied along the a axis. To be
specific, the derivative of the magnetization with respect to
magnetic field shows a broad peak centered at B∗ = 1.20(5) T
and subsequently a constant behavior [see Fig. 4(b)]. The
data suggest spin reorientation which we attribute to finite
anisotropy in the ab plane. At T = 2 K, the magnetization
jump at B∗ is estimated to �M ≈ 0.03 μB/f.u. Remaining
slight nonlinearity above B∗ is indicated by the static mag-
netic susceptibility measured in magnetic fields up to 15 T
[Figs. 4(c) and 4(d)]. While there is no significant field effect
for T > TN , the data exhibit a monotonous change for T <

TN at applied fields B � 3 T as compared to B = 1 T. Overall,
the data confirm spin-reorientation behavior as for B � 3 T
(i.e., above B∗) the susceptibility attains an almost constant
value below TN whereas it decreases sharply for B||a = 1 T.

FIG. 4. (a) Pulsed-field magnetization M at T = 1.5 K, (b) qua-
sistatic field magnetization M and magnetic susceptibility ∂M/∂B vs.
magnetic field along the a- and c axes, at T = 2 K, [(c) and (d)] static
magnetic susceptibility χ = M/B vs. temperature for magnetic fields
up to 15 T applied along the a- and c axes, respectively.

In addition, the phase boundary TN (B) marked as peak in the
static susceptibility is determined.

Sharp λ-shaped anomalies observed in αi (i = a, c) in ex-
ternal magnetic fields (Fig. 5) enable to further determine the
phase boundaries and to study the magnetic field effect on the
lattice parameters. While the shape of the anomalies are not
significantly affected by magnetic fields, TN expectedly shifts
to lower temperatures on application of external magnetic
fields. For both field directions, a similar shift of �TN ≈ 1.5 K
is observed when applying B = 15 T. This corroborates well
with the magnetization data in Figs. 4(c) and 4(d) and signals
overlying phase boundaries for B applied along the a and
c axes, respectively (see Fig. 6). Corresponding anomalies
signaling TN (B) (or synonymously the temperature depen-
dence of the critical field Bc(T ) which signals melting of
magnetic order, too) appear in the relative length changes
versus magnetic field (Fig. 7) and in the magnetostriction
coefficients (see supplemental material, Fig. S1 [34]) and
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FIG. 5. Thermal expansion coefficients αi at magnetic fields
between 0 T and 15 T applied along the a- and c axes, respectively,
of NiTiO3. Insets show the corresponding relative length changes
shifted with respect to each other by means of magnetostriction
curves, at T = 30 K.

enable constructing the magnetic phase diagram displayed in
Fig. 6. To 15 T, TN (B) obeys a square-root behavior.

The thermal expansion in magnetic field and the magne-
tostriction data in Figs. 5 and 7, respectively, show small
increase of the a axis and decrease of the c axis in magnetic
fields applied in the respective directions. Interestingly, except
for effects associated with suppression of TN , there are no
large length changes dLc driven by B‖c � 15 T. Correspond-
ingly, the magnetostriction λc, at 2 K (see supplemental
material, Fig. S1 [34]), is small and amounts to a few 10−7 T−1

only. While a similar behavior is found for λa at B‖a � 5 T,
there are pronounced length changes at low fields which
we associate with spin-reorientation. The corresponding half
height of these jump like anomalies in dLa/La is at consistent
fields as the peak in ∂M/∂B and yields B∗ (see Fig. 6).
Notably, these field-induced changes imply that the total
thermal expansion changes in the magnetically ordered phase
become considerably larger in applied magnetic fields [see
the inset of Fig. 5(a)]. Quantitatively, spin reorientation at
2 K is associated with length changes of �La/La ≈ 4.8 ×
10−5. On heating, the size of magnetostriction decreases but,

FIG. 6. Magnetic phase diagram of NiTiO3 constructed from
magnetization M(T, B), dilatometry L(T, B) and specific heat data.
Closed (open) markers correspond to magnetic fields applied along
the a axis (c axis). Lines are guides to the eye. AFM, SR, PM label
the antiferromagnetically ordered, spin-reoriented and paramagnetic
phases, respectively.

FIG. 7. Relative length changes versus magnetic field applied
along a and c axes at different temperatures.
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nonetheless, significantly exceeds length changes observed at
T > TN .

C. Discussion

Knowledge on the saturation fields Bsat enables estimat-
ing the effective antiferromagnetic exchange interaction JAF

driving the A-type nature of magnetic order. Applying a two-
sublattice mean-field model, the saturation field, at T = 0, is
determined by interplane interaction and magnetic anisotropy.
The fact that Bsat does not depend on the magnetic field
direction, i.e., B||

sat � B⊥
sat, suggests a negligible effect of the

latter. By employing

gμBBsat = E (↑↓) − E (↑↑) = 2JAF

we obtain the effective interplanar exchange coupling
JAF/kB = 25.1(5) K. Here E (↑↓) denotes the energy asso-
ciated with the A-type AFM state at B = 0 and E (↑↑) that
of the fully spin-polarized state at B > Bsat. In addition,
validity of the Curie-Weiss law down to nearly TN indicates
that mean-field equations relating experimental values of the
Weiss temperature � and the Néel temperature TN can be
used to estimate effective in-plane and interplane couplings
JFM and JAF. Following Refs. [28,29], we obtain JAF/kB =
25.1(5) K which agrees very well with analysis of Bsat, and
JFM = 8.5(5) K.

Comparing the nonphononic contributions to the thermal
expansion coefficient and to the specific heat enables further
conclusions on the nature of the associated (i.e., magnetic) en-
tropy changes and on the hydrostatic pressure dependencies.
In order to assess the magnetic contribution to the volume
thermal expansion coefficient, α

mag
V , we have approximated

the phonon contribution, α
ph
V , by scaling the background spe-

cific heat cph
p (cf. Fig. 2) by means of an appropriate Grüneisen

parameter γ ph = α
ph
V /cph

p [30]. For that purpose, a Debye-
Einstein model with fixed �D and �E of the fit to the specific
heat data has been fitted to the high-temperature data of αV

leaving only the two associated lattice Grüneisen parameters
γD and γE as scaling factors. Similarly to the specific heat,
at T � 50 K, αV is well described by the phonon background
α

ph
V with γD = 2.8 × 10−7 mol/J and γE = 2.3 × 10−7 mol/J

as shown in the inset of Fig. 8.
The resulting nonphonon contribution α

mag
V to the thermal

expansion coefficient is shown in Fig. 8(a) (right ordinate)
together with the respective magnetic specific heat data cmag

p

(left ordinate). Both quantities are proportional to each other
in the entire temperature range, i.e., there is a T -independent
Grüneisen parameter describing the ratio of pressure and tem-
perature dependence of entropy changes in this temperature
range. This observation clearly implies the presence of a
single dominant energy scale ε [31]. As entropy changes are
of magnetic nature, we conclude that a single magnetic degree
of freedom drives the observed nonphonon length and entropy
changes. The corresponding scaling parameter obtained is the
magnetic Grüneisen parameter [30]

γm = α
mag
V

cmag
p

= 1

V

∂ ln ε

d p

∣
∣
∣
∣
T

= 1.18(3) × 10−6mol/J.

FIG. 8. Grüneisen scaling of the magnetic contributions to the
heat capacity (cmag

p ) and (a) volume thermal expansion coefficient
(αmag

V ). The inset shows αV vs. temperature together with a com-
bined Debye-Einstein fit to the high-temperature data (see the text).
(b) Grüneisen scaling with uniaxial thermal expansion coefficients
αa and αc.

Using the Ehrenfest relation, the obtained value of γm

enables to determine the hydrostatic pressure dependence of
the ordering temperature, i.e., dTN/d p = TNVmγm = 1.12(4)
K/GPa which is deduced using the molar volume of Vm =
42.01 cm3/mol. Elaborating Grüneisen scaling for the uni-
axial thermal expansion coefficients individually, good pro-
portionality is confirmed between cmag

p and α
mag
a and α

mag
c

as well [Fig. 8(b)]. This yields the uniaxial pressure de-
pendencies of dTN/d pa = −0.21(3) K/GPa and dTN/d pc =
1.51(7) K/GPa for pressure applied along the a and c axis,
respectively. The uniaxial values are fully consistent with the
obtained hydrostatic pressure dependence.

On a microscopic level (see supplemental material, Fig. S4
[34]), Ni-O-Ni bonding angles in the ab planes of 90.5(3)°
implying nearest-neighbor FM exchange interaction Jnn are
supposed to increase when hydrostatic pressure is applied, i.e.,
Jnn becomes smaller. The main exchange paths contributing to
JAF do not suggest a clear picture which prohibits a qualitative
analysis.

Magnetostriction measurements in the paramagnetic
regime, i.e., where M = χB, enable to extract the uni-
axial pressure dependence of magnetic susceptibility by
exploiting the relation dLi/Li = −1/2V ∂χi/∂ piB2 [32].
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32



MAGNETIC PHASE DIAGRAM AND MAGNETOELASTIC … PHYSICAL REVIEW B 101, 195122 (2020)

Plotting the data accordingly (see supplemental material Fig.
S2 [34]) allows to read off ∂ (ln χa)/∂ pa = −1.3% GPa−1

and −0.8% GPa−1 at 30 and 65 K, respectively, as well as
∂ (ln χc)/∂ pc = +3.1% GPa−1 and +2.2% GPa−1 at respec-
tive temperatures. Qualitatively, this suggests AFM exchange
interactions to be strengthened and FM ones to be weakened
by uniaxial pressure along the a axis. While, uniaxial pressure
along the c axis is found to result in opposite effects. Consid-
ering the results of Grüneisen analysis presented above, i.e.,
predominance of only one energy scale as well as ∂TN/∂ pa <

0 and ∂TN/∂ pc > 0, suggests that the value of TN is mostly
affected by the (in-plane) FM exchange interactions. This is
also reflected in the increase of TN and Weiss temperature θ

when substituting Ni over Co to Fe in MTiO3 whereby even
θ > 0 is observed for FeTiO3 [3].

The phase boundary of spin-reorientation features a
very small slope ∂B∗/∂T ≈ 4 × 10−3 T/K. Considering the
magnetization jump �M at B∗ and exploiting the Clausius-
Clapeyron relation, we estimate associated entropy changes
�S∗ = −(∂T/∂B∗)−1 · �M∗ ≈ −8 × 10−4 J/(mol K) [33].
This implies only insignificant entropy changes associated
with spin reorientation. On the other hand, in applied
magnetic fields B‖a, our data show that the total thermal
expansion changes dLa/La in the magnetically ordered phase
become significantly larger (see the inset of Fig. 5). This
suggests that Grüneisen scaling which is valid at B = 0 T as
evidenced by Fig. 8 is broken in magnetic fields B||a > B∗.
Somehow correspondingly, uniaxial pressure dependence of
B∗ is very large. Using the measured jumps in relative length
changes (�La/La) and magnetization (�M) at B∗ and 2 K and
exploiting the Clausius-Clapeyron relation yields ∂B∗/∂ pa =
V (�La/La)/�M ≈ 9.2 T/GPa. This is a huge value similar to
what has been observed, i.e., in TlCuCl3 [32]. It implies strong
effects of uniaxial pressure along the a axis so that applying
pa would strongly enhance the spin reorientation field while
it would vanish for tiny hypothetical negative pressure.

Below TN , due to the presence of small in-plane anisotropy
one might assume that magnetostriction would locally distort
the lattice to a lower symmetry P − 1. While such symme-
try breaking has not yet been observed in previous neutron
diffraction experiments, the fact that this distortion is expected
to increase with application of magnetic field might allow
detecting such symmetry breaking when applying external
magnetic fields. Above TN , i.e., in the absence of long-range
spin order where short-range correlations are still present as,
e.g., indicated by the specific heat data, magnetostriction is
relatively large in NiTiO3. This observation agrees to the
fact that both λa and λc become significantly larger when
B exceeds Bc which appears at 21 K � T � 22.2 K in the
accessible field range (see Fig. 7 and supplemental material,
Fig. S1 [34]). We conclude that, in a paramagnetic but yet
correlated regime, magnetic fields along the a and the c axes,
respectively, yield reorientation of spins which are short-range
ordered in this temperature and field ranges.

Recently, anomalies in the electrical permittivity ε at TN

and strongly field-dependent magnetocapacitance close to TN

have been observed in polycrystalline NiTiO3 indicating the
presence of significant magnetodielectric coupling [11]. The
shape of the reported temperature dependence of ε is very
similar to the length and volume changes observed by our
thermal expansion measurements (see supplemental material
Fig. S3 [34]) indicating an almost linear relation between
electrical permittivity and structural distortion below TN . Con-
clusively, ε(T ) and reported magnetodielectric coupling are
directly related to the length changes and the magnetoelastic
coupling. Furthermore, driving entropy changes of the low-
temperature effects are purely of magnetic nature as evi-
denced by Grüneisen analysis presented above. We conclude
that magnetodielectric coupling is secondarily mediated via
structural changes and that magnetic degrees of freedom
constitute a single common origin for the dielectric, structural
and magnetic changes evolving at and below TN in NiTiO3.
Note, however, that magnetocapacitance data on polycrystals
(at T = 15 K) do not show anomalies at B∗ though spin
reorientation is associated with significant length changes.
One might speculate that the polycrystalline nature of samples
studied in Ref. [11] masks such effects.

V. SUMMARY

In summary, we report growth and characterization of large
and high quality NiTiO3 single crystals by means of the op-
tical floating-zone technique. The anisotropic phase diagram
is constructed by means of pulsed and static magnetization,
specific heat, thermal expansion, and magnetostriction data. It
features a spin-reorientation transition at B∗||a ≈ 1.2 T which
is accompanied by pronounced length changes. In addition,
high-resolution thermal expansion data are used for detailed
analysis of pronounced magnetoelastic coupling in NiTiO3.
Grüneisen scaling of the magnetic contributions to cp and
αV implies a single magnetic degree of freedom driving the
observed length and entropy changes at TN . Our analysis sug-
gests in-plane ferromagnetic interactions mainly determine
the value of TN . Relating our findings to recently reported
strong magnetodielectric effects in NiTiO3 implies the essen-
tial role of structural changes for magnetodielectric coupling
and suggests a single magnetic origin of low-temperature
dielectric, structural, and magnetic changes in NiTiO3.
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FIG. 1: Linear magnetostriction coefficients (a) λa and (b) λc vs. magnetic field applied along a

and c-axes, respectively. The inset to (a) depicts λa at high magnetic fields at 18.3 K, 21.3 K and

22 K.
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FIG. 2: Magnetostriction along the a- and c-axis, respectively, plotted vs. B2, at T > TN. Lines

are linear fits to obtain the uniaxial pressure dependencies ∂(lnχi)/∂pi.
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FIG. 3: Magnetic contribution to the thermal expansion and normalised dielectric permittivity

taken from Ref. [? ].
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FIG. 4: Crystal structure of NiTiO3 showing (Left) dominant AFM exchange pathways marked by

green and orange lines along c axis and (Right) view along c axis in the ab plane. The schematic

crystal structure is generated from VESTA software (http://jp-minerals.org/vesta/en/) using a cif

file (COD:1544718) from the crystallography open database.
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2.2 Magneto­structural coupling in ilmenite­type NiTiO3

The following section has been published in Physical Review B under the title ”Magnetostruc­
tural coupling in NiTiO3” [112]. Copyright ©2021 American Physical Society. All rights re­
served.

In the following, contributions of each co­authors are explained in detail, particularly high­
lighting the specific contribution of K. Dey who is the first and communicating author.

• All the experiments were performed on single crystals grown by K. Dey. The neutron
diffraction proposal writing and experimentation was performed by K. Dey. Magnetiza­
tion measurements were performed by K. Dey. All the plot making (except Fig. 3 and
Fig. 6) and data analysis, in particular explaining the magnetoelectric effect and find­
ing and successfully applying the multidomain phenomenological theory was done by K.
Dey. The manuscript draft was written by K. Dey.

• S. Sauerland performed the dilatometry experiments (Fig. 3(a) and Fig. 5(a),(b)).

• B. Ouladdiaf and K. Beauvois were the local contacts at ILL where neutron diffraction
experiments were performed. They assisted in writing the neutron diffraction sub­section
in the manuscript.

• H. Wadepohl performed and analysed the single­crystal X­ray diffraction experiments.
H. Wadepohl assisted in writing the single­crystal x­ray diffraction sub­section in the
manuscript.

• R. Klingeler supervised the measurements, supported data analysis and manuscript writ­
ing.

• All the authors proofread the manuscript.
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We report the ground state magnetic structure and in-field magnetostrictive effects of NiTiO3 studied by means
of zero-field and in-field single-crystal neutron diffraction, magnetization, and high-resolution dilatometry exper-
iments. Zero-field neutron diffraction on NiTiO3 single crystals confirms an easy-plane antiferromagnet with a
multidomain ground state. Upon application of external magnetic fields, neutron diffraction shows the evolution
of domains with spins perpendicular to the applied field. The rotation of spins in the multidomain state exhibits
pronounced lattice changes in the magnetostriction measurements. We see magnetization and magnetostriction
measurements scale with each other in the multidomain state in accordance with phenomenological theories,
revealing the strong coupling of spins to the lattice.

DOI: 10.1103/PhysRevB.103.134438

I. INTRODUCTION

Layered honeycomb magnets have been a great avenue
for exciting and rich physics since time immemorial. The
recent theoretical and experimental studies of Kitaev quantum
spin-liquids in Co-based honeycomb materials [1,2], Dirac
magnons [3], and topological spin excitations [4] in honey-
comb ferromagnets, nonreciprocal magnons in honeycomb
antiferromagnets [5], zigzag [6] and incommensurate [7,8]
spin ground states or two-dimensional (2D) magnetism in
van der Waals materials [9] have resulted in enormous in-
terest in this class of materials. Moreover, the spin-lattice
coupling in several honeycomb magnets such as Fe4Nb2O9

[10], Na3Ni2SbO6 [11], and Co4Nb2O9 [12] has resulted in
significant magnetoelectric coupling, hence motivating possi-
ble technological applications.

Ilmenite titanates with the chemical formula MTiO3 (M
= Mn, Fe, Co, Ni) form an isostructural series of antifer-
romagnetic (AFM) compounds where magnetic M2+ ions in
the basal ab plane exhibit a buckled honeycomblike structure.
The M2+ ions are interconnected via oxygen ions (O2−),
leading to M-O-M as the dominant superexchange pathway
[13]. Along the c axis, the crystal structure exhibits alternating
layers of corner-sharing TiO6 and MO6 octahedra, resulting in
relatively weaker M-O-Ti-O-M superexchange pathways. De-
pending on the single ion anisotropies of the respective metal
ions, various magnetic ground states are realized in ilmenites,
for example, uniaxial AFM ground state with spins pointing
along the c axis in MnTiO3 [14] or an easy-plane-type AFM
with spins lying in the ab plane for NiTiO3 and CoTiO3 [15],
respectively.

Although these compounds have been rigorously in-
vestigated [13,14,16–18], recent studies evidencing linear

*kaustav.dey@kip.uni-heidelberg.de

magnetoelectric coupling in MnTiO3 [19], large spontaneous
magnetostriction in FeTiO3 [20], magnetodielectric and mag-
netoelastic coupling in NiTiO3 [21,22] and CoTiO3 [23],
respectively, as well as the observance of Dirac magnons in
CoTiO3 [24,25] have piqued enormous interest in this class of
materials.

The least investigated compound among the ilmenites fam-
ily, i.e., NiTiO3, develops long-range AFM order at TN =
22.5 K [16,21,22,26]. Recent studies of the dielectric per-
mittivity and the thermal expansion show a pronounced
magnetodielectric effect [21] as well as distinct significant
magnetoelastic coupling [22]. Notably, at TN, there is a single
dominant energy scale driving the observed structural, mag-
netic, and dielectric anomalies [22]. In this paper, we study
in detail the magnetostructural coupling of NiTiO3 by means
of single-crystal x-ray and neutron diffraction and high-
resolution dilatometry. We observe by means of single-crystal
neutron diffraction that the macroscopic structural symmetry
(R-3) is retained down to the lowest measured temperature of
2 K within the experimental resolution. In addition, the mag-
netic ground state of NiTiO3 is solved. At TN, in addition to
long-range AFM order, a significant lattice distortion evolves,
revealing large spontaneous magnetostriction in NiTiO3. In
applied magnetic fields, the multidomain ground state evolves
to a spin-reoriented single domain state characterized by
spins aligned perpendicular to the applied magnetic field.
Magnetostriction measurements in the low-field region show
pronounced effects due to magnetoelastic domains and re-
markably scale with magnetization measurements, confirming
both significant magnetostructural coupling and the magne-
tostructural domain model in NiTiO3.

II. EXPERIMENTAL METHODS

Macroscopic single crystals of NiTiO3 were grown by
means of the optical floating-zone technique in a four-mirror

2469-9950/2021/103(13)/134438(9) 134438-1 ©2021 American Physical Society
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optical floating-zone furnace (CSC, Japan) equipped with
4 × 150 W halogen lamps. Details of the growth process
and characterization the single crystals have been pub-
lished previously [22]. Single-crystal x-ray intensity data
were obtained at 100 K with an Agilent Technologies
Supernova-E CCD 4-circle diffractometer (Mo-Kα radiation
λ = 0.71073 Å, microfocus x-ray tube, multilayer mirror op-
tics). Static magnetization χ = M/B was studied in magnetic
fields up to 5 T in a Quantum Design MPMS-XL5 SQUID
magnetometer. The relative length changes dLi/Li were stud-
ied on a cuboid-shaped single crystal of dimensions 2 ×
1.85 × 1 mm3 by means of a three-terminal high-resolution
capacitance dilatometer [11,27]. Magnetostriction, i.e., field-
induced length changes dLi(B)/Li, was measured at several
fixed temperatures in magnetic fields up to 15 T, and the longi-
tudinal magnetostriction coefficient λi = 1/LidLi(B)/dB was
derived. The magnetic field was applied along the direction of
the measured length changes.

Single-crystal neutron diffraction experiments were per-
formed up to 6 T magnetic fields at the D10 beamline of the
Institut Laue-Langevin (ILL) at Grenoble, France. To deter-
mine the magnetic ground state at B = 0 T, the four-circle
configuration was used with a 96 × 96 mm2 2D microstrip
detector. An incident wavelength of 2.36 Å using a vertically
focusing pyrolytic graphite (PG) (002) monochromator was
employed. A PG filter was used to suppress higher-order con-
tamination to 10−4 times that of the primary beam intensity.
Measurements were made in the temperature range 2–50 K.
The magnetic field-driven evolution of the magnetic structure
at T = 2 K was studied by mounting the sample in a 6 T
vertical cryomagnet and aligned to within 1◦ of magnetic field.
The magnetic field was applied along the b axis, limiting the
scattering to the (H, 0, L) plane.

III. EXPERIMENTAL RESULTS

A. Single-crystal x-ray diffraction

To the best of our knowledge, the earlier studies of the
ilmenite-type NiTiO3 crystal structure have been limited to
powder diffraction experiments only [14,22,28]. We have
reinvestigated the crystal structure by means of single-crystal
high-resolution x-ray diffraction (XRD) at 100 K, using Mo-
Kα radiation (λ = 0.71073 Å). A single-crystal splinter of
size 0.16 × 0.14 × 0.01 mm3 was broken off from a larger
specimen and used for data collection. A full shell of intensity
data was collected up to 0.4 Å resolution {24 180 reflections,
1028 independent (Rint = 0.05) of which 1024 were observed
[I > 2σ (I )]}. Detector frames (typically ω, occasionally φ

scans, scan width 0.5◦) were integrated by profile fitting [29].
Data were corrected for air and detector absorption, Lorentz
and polarization effects [30], and scaled essentially by appli-
cation of appropriate spherical harmonic functions [30–32].
Absorption by the crystal was treated numerically (Gaussian
grid) [32,33]. An illumination correction was performed as
part of the numerical absorption correction [32]. Space group
R-3 was assigned based on systematic absences and intensity
statistics (refined obverse centered unit cell on hexagonal
axes, Hall group −R3, a = 5.02762(6), c = 13.76711(17) Å,
V = 301.369(8) Å3, and Z = 6). This choice was confirmed

TABLE I. Fractional atomic coordinates, Wyckoff positions, site
occupation, and equivalent isotropic displacement parameters (Å2)
for NiTiO3 at 100 K, as obtained from refinement of model A. (Note:
(1) These coordinates are correct but do not form a uniquely bonded
set; (2) Ueq is defined as one-third of the trace of the orthogonalized
Ui j tensor. The anisotropic displacement factor exponent takes the
form −2π 2[h2a∗2U11 + ... + 2hka∗b∗U12]).

Atom Site x y z sof Ueq

Ni 6c 0 0 0.35051 (2) 1 0.00308 (2)
Ti 6c 0 0 0.14422 (2) 1 0.00297 (3)
O 18f 0.35198 (8) 0.03455 (8) 0.08662 (2) 1 0.00421 (4)

by analysis of the symmetry of the phases obtained ab initio
in P1. The structure was solved by intrinsic phasing [34–36]
and refined by full-matrix least-squares methods based on F 2

against all unique reflections [37–40]. Three somewhat dif-
ferent models were employed for the atomic structure factors
fat within the independent spherical atoms approximation:
conventional fat calculated with neutral atoms [41] for Ni,
Ti, and O (model A) and two “ionic” models [41] { fat for
Ni2+ and Ti4+ taken from Ref. [41] and O2− from Ref. [42]
(model B) or Ref. [43], respectively (model C)}. An empirical
secondary extinction correction [38,44] was applied in each
case but proved insignificant. The different models refined to
essentially the same structure, with only insignificant differ-
ences in key parameters like atom coordinates, R factors, Ueq

for all atoms, and residual electron density. Ni-O and Ti-O
bond lengths agreed within one standard deviation. There was
no evidence of cation mixing, and fully occupied sites were
employed for all atoms. The results confirm the assignment of
the space group and improve on the accuracy of the crystal-
lographic parameters previously obtained from powder XRD
and neutron data [14,22,28]. Fractional atomic coordinates,
Wyckoff positions, site occupation, and equivalent isotropic
displacement parameters for model A are listed in Table I [45].

B. Single-crystal neutron diffraction

The crystal structure at lower temperatures and the mag-
netic ground state of NiTiO3 were determined by means of
single-crystal neutron diffraction. At 50 K, 110 nuclear Bragg
reflections were collected. Appropriate correction for extinc-
tion, absorption, and Lorentz factor was applied to all the
nuclear Bragg peaks. All the nuclear peaks at 50 K were
successfully indexed in the R-3 space group with lattice pa-
rameters a = 5.03 Å and c = 13.789 Å.

To clarify the magnetic structure, preliminary reciprocal-
space scans (not shown here) were performed at 2 K along the
(0, 0, L), (H, 0, 0), and (H, K, 0) directions. The scans reveal
a peak of significant intensity emerging at (0,0,1.5), indica-
tive of the propagation vector k = (0,0,1.5). To determine
the detailed magnetic structure, integrated intensities of 187
nuclear reflections allowed within the space group R-3 and
292 satellite magnetic reflections were collected at 2 K. The
nuclear structure was firstly refined using FULLPROF program
within the R-3 space group. The results of refinement are listed
in Table II, and the observed and calculated intensities from
the Rietveld fits are shown in Fig. 2(a). No peak splitting or

134438-2
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TABLE II. Parameters for the nuclear structure of NiTiO3 mea-
sured at 2 K obtained from refinements of single-crystal neutron
diffraction data. The isotropic temperature factors (Biso) of all atoms
were refined. [Space group: R-3 (148); Lattice parameters: a =
b = 5.0229(1) Å, c = 13.7720(1) Å, α = β = 90◦, and γ = 120◦.]

Atom Site x y z Biso(Å2)

Ni1 6c 0 0 0.3537 (2) 0.00748
Ti1 6c 0 0 0.1338 (5) 0.06643
O1 18f 0.3344 (6) 0.0052 (1) 0.2466 (2) 0.09830

significant broadening was observed within the experimental
resolution in respective 2 K nuclear reflections as compared
with 50 K, indicating that the macroscopic R-3 symmetry is
maintained until the lowest measured temperatures. The nu-
clear Bragg peaks show no temperature dependence between
2 and 50 K excluding k = (0,0,0).

All the finite intensity magnetic peaks are observed at the
general position (H, K, L) + (0,0,1.5) with H, K, L satisfying
the reflection conditions of the R-3 space group and hence
confirming k = (0,0,1.5). A few of the observed high-intensity
magnetic peaks are listed in Table III. The largest diffrac-
tion intensity occurs for the magnetic Bragg peak (0,0,1.5),
indicating that the Ni2+ moments lie in the ab plane, which
had been suggested by previous magnetization measurements
[22]. The temperature dependence of the integrated intensity
of the commensurate reflection (0,0,1.5) in Fig. 1 shows finite
intensity below the magnetic ordering temperature. A power
law fit in the critical region using I ∝ M2 ∝ τ 2β , where M
is the order parameter and τ = 1 − T/TN results in TN =
22 (1) K and β = 0.35(1). The obtained value TN from the
power law fit agrees to the one from previous macroscopic
studies [16,21,22,26]. The obtained value of the critical pa-
rameter β = 0.35(1) lies in between the three-dimensional
(3D) XY (β = 0.345) and 3D Heisenberg (β = 0.367) univer-
sality classes. However, the previously reported pulsed-field
M vs B measurements revealed an isotropic behavior for B||ab
and B||c [22], indicating that Ni2+ spins in NiTiO3 are of 3D
Heisenberg nature.

The knowledge of the propagation vector k = (0,0,1.5)
with the Ni2+ moments lying in the hexagonal ab plane points

TABLE III. Observed intensities (Iobs) of several high-intensity
magnetic peaks, as measured in D10 at 2 K and their corresponding
calculated intensities (Ical), as discussed in the text.

Q Iobs Ical

(0,2,2.5) 975 (17) 917
(0,2,5.5) 1410 (27) 1307
(0,−1,5.5) 2481 (36) 2685
(0,0,4.5) 2809 (22) 3348
(1,−2,−1.5) 1923 (20) 2045
(1,−2,4.5) 1755 (22) 1521
(0,−1,2.5) 1787 (17) 1965
(−1,2,4.5) 1812 (48) 1521
(0,−1,8.5) 1729 (109) 1679
(0,0,1.5) 4366 (21) 3942

FIG. 1. Temperature dependence of the integrated intensity of
the (0,0,1.5) magnetic Bragg peak. The dashed black curve is a fit to
the data with the power law I ∼ (TN − T )2β . The inset shows the �

scan through the magnetic (0,0,1.5) peak at 2 and 30 K, respectively.
The solid blue line is the Gaussian fit to the peak at 2 K. See the text
for more details.

toward two possible magnetic models for NiTiO3: (a) ferro-
magnetic layers stacked AFM along the c axis or (b) AFM
layers with the spins aligned ferromagnetically along the c
axis. Previous static magnetic susceptibility χ = M/H vs T
measurements reveal the decrease of χab below TN, whereas
χc stays nearly constant [22,26]. Moreover, the magnetic
model (b) implies a zero magnetic structure factor at the
position Q = (0, 0, 1.5), contrary to our observation. Hence,
model (a) is most suitable to describe the magnetic structure
of NiTiO3. The obtained magnetic peaks at 2 K were refined
against model (a), and a very good fit was obtained, as shown
in Fig. 4(b). The obtained magnetic structure of NiTiO3 re-
confirms the structure proposed by Shirane et al. [14] based

FIG. 2. Comparison between the observed and calculated inte-
grated intensities of the nonequivalent (a) nuclear and (b) magnetic
reflections, respectively, at 2 K, and (c) easy-plane-type magnetic
structure of NiTiO3, as determined from the refinements at 2 K.
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FIG. 3. (a) Relative length changes dL∗
i = (Li − L100 K

i )/L100 K
i

measured along the principle crystallographic a and c axes, re-
spectively, by means of high-resolution dilatometry. (b) Normalized
distortion parameter δ/δ4 K, with δ = (dL∗

a − dL∗
c )/(dL∗

a + dL∗
c ).

The vertical dashed lines indicate TN.

on powder neutron data . The observed and calculated inten-
sities of several magnetic peaks are listed in Table III, and
the complete magnetic structure of NiTiO3 is schematically
represented in Fig. 2(c). At T = 2 K, the ordered moment
amounts to 1.46 (1) μB.

FIG. 4. (a) Integrated intensity of the magnetic (−1,0,−2.5) peak
as a function of magnetic field (up and down) and (b) the derivative
of static magnetization with respect to magnetic field ∂M/∂B as a
function of magnetic field (from Ref. [22]) at 2 K. The inset to
(a) shows the � scans through the magnetic (−1,0,−2.5) peak at
0 and 5.9 T. The solid lines in blue and red are Gaussian fits to the
peaks at 0 and 5.9 T, respectively.

The crystal symmetry of the basal hexagonal planes is
marked by the presence of two sets of three twofold axes.
Hence, the in-plane spin configurations rotated by 120◦ are ex-
actly equivalent, leading to the presence of spin domains (i.e.,
three domains). Since the refinements are usually performed
using the average of the integrated intensities of the equivalent
reflections, the directions of the spins cannot be uniquely
determined using single-crystal neutron diffraction alone, like
the problem existing in the earlier powder diffraction exper-
iments [14]. However, excellent agreement of the integrated
intensities between the equivalent reflections (Rint = 1.86%
indicates that there are likely three spin domains of equal pop-
ulation with spins rotated by 120◦ in between the neighboring
domains.

C. Magnetostructural-dielectric coupling

The magnetostructural coupling in NiTiO3 has been stud-
ied by means of high-resolution capacitance dilatometry. The
uniaxial relative length changes dL∗

i = (Li − L100 K
i )/L100 K

i
(i = a, c) [Fig. 3(a)] vs temperature show abrupt changes at
TN, i.e., shrinking of the c axis and expansion along the a
axis, which demonstrates significant magnetoelastic coupling
in NiTiO3. At higher temperatures T � 50 K, isotropic ther-
mal expansion coefficients result in similar rate of increase
of dL∗

i along the a and the c axes, respectively. To further
elucidate lattice changes at TN, the normalized distortion pa-
rameter δ/δ4K, with δ = (dL∗

a − dL∗
c )/(dL∗

a + dL∗
c ), is shown

in Fig. 3(b).
As evidenced by the distortion parameter, different behav-

ior of the a and c axes starts to evolve gradually below 50 K,
while δ sharply jumps at TN [Fig. 3(a)]. Evidently, the onset of
long-range AFM order is associated with a large spontaneous
magnetostriction effect, and it implies strong magnetostruc-
tural coupling. Spontaneous magnetostriction has also been
observed in other ilmenites such as FeTiO3, which however
shows a reversed magnetostrictive effect, i.e., expansion of the
c axis and shrinking of the a axis [20]. We attribute this differ-
ence to the differing magnetic ground states in FeTiO3 and
NiTiO3 and corresponding variation in magnetocrystalline
anisotropy. Finite distortion δ up to 50 K evidences a pre-
cursor phase with short-range order well above TN. Due to
the observed strong magnetoelastic coupling, we conclude
the presence of short-ranged spin correlations persisting up
to twice the transition temperature. This is corroborated by
previous specific heat measurements [22] on NiTiO3, which
reveal that nearly 20% of magnetic entropy is consumed be-
tween TN and 50 K. In addition, it has been shown that the
q-dependent spin-spin correlations couple to the dielectric
response via the coupling of magnetic fluctuations to optical
phonons, thereby causing a significant magnetocapacitance
effect [46]. Accordingly, we conclude that the significant mag-
netocapacitance of 0.01% and finite magnetostriction recently
observed in NiTiO3 well above TN is due to persisting spin-
spin correlations [21,22].

D. Spin reorientation

The effect of magnetic fields applied within the ab plane
on the crystal and magnetic structure of NiTiO3 is studied by
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means of in-field neutron diffraction at 2 K. Specifically, the
magnetic field is applied vertically along the b axis, and the
scattering vector lies in the (H, 0, L) plane. Several nuclear
and magnetic reflections were measured with rocking curve
scans in magnetic fields up to 6 T. As will be discussed below,
there is a considerable decrease in intensity upon application
of the magnetic field for all magnetic peaks, while in contrast,
there is no magnetic field effect on the nuclear peak inten-
sities. A representative scan through the magnetic peak Q =
(−1,0,−2.5) is shown in the inset to Fig. 4.

The magnetization curve displays a nonlinear depen-
dence on magnetic fields applied along the ab plane, as
evidenced by the magnetic susceptibility χ = ∂M/∂B in
Fig. 4(b). The maximum in χ at B = 1.2 T is indicative of a
spin-reorientation transition. Correspondingly, the integrated
magnetic intensity [Fig. 4(a)] shows a continuous decrease in
magnetic fields up to 2 T, above which it stays nearly con-
stant at a finite value. Since the magnetic neutron diffraction
intensity is proportional to the component of the magnetic
moments perpendicular to the scattering vector, this obser-
vation indicates that, in magnetic field, the spins are rotated
smoothly from three magnetic domains to a single domain
state with spins aligned perpendicular to fields >2 T. Between
2 and 6 T, negligible field dependence indicates a very small
canting of spins toward the magnetic field. The full width at
half maximum calculated using Gaussian fits to nuclear peaks
show negligible broadening up to 6 T, indicating that the mag-
netostriction effects on lattice parameters corresponding to the
spin reorientation are below the experimental resolution.

E. Magnetostriction

Applying magnetic fields along the ab plane yields a pro-
nounced increase of the associated lattice parameter in the
low-field region (B < B∗ = 2 T), while there is only small
magnetostriction at higher fields (see Fig. 5). Magnetostric-
tion is also reportedly small for fields applied along the c axis
[22]. We conclude that this behavior is associated with the
field-driven collective rotation of spins, as discussed above
and evidenced by Fig. 4. However, as will be discussed below,
the magnetization changes do not scale with magnetostriction,
and the maxima in ∂M/∂B and ∂La/∂B do not match each
other [see Fig. 8(a)]. The magnetostriction data hence do not
correspond to what is expected for a thermodynamic spin-
reorientation transition. Instead, the presence of domains has
to be involved, and in the following, we will present clear
evidence that the data represent the change from a low-field
multidomain state to a high-field uniform monodomain one.

To further investigate the effect of in-plane magnetic fields,
the intensity evolution of two equivalent magnetic Bragg
peaks (3,0,1.5) and (−3,0,−1.5) belonging to two different
magnetic domains is displayed in Fig. 5(c). In the multido-
main state, the AFM vector is uniform within a single domain
and has different directions in different domains. The ob-
served isotropic decrease in intensity of both magnetic peaks
upon application of the magnetic field implies that the spins
of both domains rotate perpendicularly to the external field
direction. The spin-rotation process is completed at 2 T, which
hence signals the formation of a spin-reoriented monodomain
state. Accordingly, no significant changes in the peak intensi-
ties are observed between 2 and 6 T.

FIG. 5. Relative length changes dLa/La at different temperatures
vs the square of magnetic field applied along the crystallographic a
axis for (a) magnetic fields up to 14 T, i.e., including the high-field
single-domain (homogeneous) phase, and (b) for B � 1.5 T, which
is the low-field multidomain phase (see the text). The solid black
lines are corresponding linear fits. The inset to (b) shows the relative
length changes vs applied magnetic field. (c) Integrated intensity
of the equivalent magnetic Bragg peaks (3,0,1.5) and (−3,0,−1.5)
vs magnetic field applied along the b axis and (dLa/La ) for fields
along a axis, at T = 2 K. The vertical dashed line separates the
multidomain and the monodomain (homogeneous) regions. See text
for more details.

IV. DISCUSSION

Comparison of the magnetic order parameter and the rel-
ative volume changes with the reported data of the dielectric
function by Harada et al. [21] elucidates the coupling mecha-
nism between the lattice and the dielectric degrees of freedom
in NiTiO3. As displayed in Fig. 6(a), the nonphononic relative
volume changes dV ′/V = 2(dLa/La) + (dLc/Lc) which are
obtained by subtracting the phononic contribution from dV/V
(cf., Ref. [22]) show a very similar temperature dependence,
below TN, as the normalized dielectric permittivity. Note that
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FIG. 6. Temperature dependence of the square of the antifer-
romagnetic order parameter (L2), i.e., the normalized integrated
intensity of the (0,0,1.5) magnetic Bragg peak, the negative non-
phononic volume changes dV ′/V , and the normalized dielectric
permittivity digitized from Ref. [21].

the polycrystalline sample studied in Ref. [21] displays a
slightly lower TN than the single crystals studied at hand.
In general, the length changes can directly affect the exper-
imentally measured permittivity via the relation ε = Cd/ε0A,
where C, ε0, d , and A are sample capacitance, vacuum per-
mittivity, sample thickness, and area, respectively. However,
the changes in sample dimensions at TN are on the order of
10−4, while the relative change in permittivity is an order
higher, implying that spontaneous magnetostriction is not the
driving mechanism for the observed dielectric changes at TN.
Interestingly, the normalized dielectric permittivity varies as
the square of the AFM order parameter L, represented by
the normalized integrated intensity of the magnetic (0,0,1.5)
Bragg peak in Fig. 6(a). To discuss this, we recall the Landau
expansion of the free energy F , in terms of polarization P, and
the sublattice magnetization L at zero magnetic field [47]:

F = F0 + αP2 + α′L2 + βPL + γ P2L2 − PE , (1)

The dielectric function is obtained as ∂2F/∂P2 = ε ∝ γ L2.
Hence, Fig. 6(a) qualitatively evidences the presence of mag-
netodielectric coupling in NiTiO3. On top of the spin and
dielectric changes, the structural changes exhibit similar be-
havior below TN. Previously reported magnetic Grüneisen
analysis [22] evidences that the entropic changes at TN are of
purely magnetic nature. In our opinion, the spin-phonon cou-
pling is responsible for observed dielectric changes at TN. In
the presence of spin-phonon coupling, the phonon frequency
ω can be affected by spin correlation as ω = ω0 + λ〈Si.S j〉,
resulting in modification of permittivity via the Lyddane–
Sachs–Teller equation ε0 = ωL

2/ωT
2ε∞, where ε0 and ε∞

are the permittivity at zero frequency and optical frequency,
respectively, and ωL

2 and ωT
2 are the long-wavelength longi-

tudinal and transverse optical phonon modes, respectively.
It is noteworthy that, apart from spontaneous magnetostric-

tion, an exchange-striction (ES) mechanism may in principle
also lead to spontaneous lattice deformation at TN and be
a potential source for dielectric anomaly at TN. Magnetodi-

electricity fueled by an ES mechanism have been observed
in several systems, for example, Y2Cu2O5 [48] and TeCuO3

[46]. In FeTiO3, a combination of ES and magnetostriction
mechanisms have been suggested for the spontaneous lat-
tice deformation at TN [20]. For NiTiO3, an ES mechanism
would imply a change in the Ni-O-Ni bond angle in the ab
plane closer to 90◦, favoring ferromagnetic superexchange.
However, diffraction experiments reveal that the bond angle
increases from 90.34◦ at 100 K to 90.36◦ at 2 K (Supplemental
Material, Fig. 2 [49]), contrary to predictions of ES. Hence, an
ES mechanism is excluded as the origin of lattice distortion at
TN in NiTiO3.

The crystallographic symmetry of the easy hexagonal
plane in NiTiO3 suggests the presence of three domains
with spins rotated by 120◦ in different domains. Such a spin
structure with three domains is often observed in easy-plane-
type hexagonal antiferromagnets such as CoCl2, NiCl2, and
BaNi2V2O8 [50,51]. In NiTiO3, the magnetostriction data
imply that the field-driven changes of the domain structure
is associated with structural changes. Indeed, orientational
AFM domains are magnetoelastic in nature [52,53] and have
previously been observed in various systems, for example,
in cubic antiferromagnets RbMnF3 [54], KNiF3 and KCoF3

[55,56], NiO [57], iron-group dihalides CoCl2 [58] and NiCl2

[59], the quasi-2D AFM BaNi2V2O8 [51], YBa2Cu3O6.3 [53],
etc. Kalita et al. [58–62] have developed phenomenological
theories describing the effect of domain redistribution on
the magnetostriction for CoCl2 and NiCl2. Note that both
NiCl2 and CoCl2 are easy-plane-type antiferromagnets
with similar crystalline symmetry, i.e., trigonally distorted
octahedral environment surrounding metal ions, like NiTiO3

and CoTiO3 [50,63]. In the following, we will describe the
field dependency of the length changes in NiTiO3 based on
the phenomenological theories developed by Kalita et al.
[58–62].

Both at low magnetic fields B||a � 1 T and at higher fields,
the field-induced striction dLa/La varies as the square of the
applied magnetic field, as shown in Figs. 5(a) and 5(b). In the
latter, i.e., the monodomain state, this is predicted by calcu-
lating the equilibrium elastic strain by energy minimization
of the magnetoelastic and the elastic contributions to the free
energy [58,59]. The magnetostriction in the monodomain state
is described by

(
dLa

La

)
(T, B) = α(T )B2 +

(
dLa

La

)
s

(T, B = 0), (2)

where α(T ) is the temperature-dependent slope, and
(dLa/La)s(T, H = 0) is the spontaneous magnetostriction of
the monodomain state obtained by extrapolating the linear fit
to B = 0 T. Equation (2) fits well with dLa/La at different
temperatures, as shown by the solid black lines in Fig. 5(a).
The obtained fit parameters are listed in Table IV. Here,
(dLa/La)s corresponds with a hypothetical spontaneous stric-
tion that would be observed if the magnetoelastic domains did
not appear at low fields, i.e., if the total spontaneous magne-
tostriction was not compensated on the whole by summation
of strains in different directions in each of the domains.

The magnetostrictive response upon application of mag-
netic fields in the multidomain state is governed by
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TABLE IV. Parameters obtained from fits to the magnetostriction
data [Figs. 5(a) and 5(b)] using Eqs. (2) and (3). (dLa/La )s is the
spontaneous magnetostriction (see the text).

T (dLa/La)s(10−5) Bd (T) α (10−9) (T2)

2 K 4.79 1.41 3.8
10 K 3.55 1.38 7.6
18.3 K 1.73 1.55 12.8

domain-wall motion. Specifically, magnetostriction is large
due to the associated facilitated rotation of spins. The motion
of magnetoelastic domain walls is predominantly reversible
in nature [52,55], and the associated length changes again
exhibit a square dependence on the magnetic field, which is
expressed by

(
dLa

La

)
(T, B) =

(
dLa

La

)
s

(T, B = 0) ×
(

B

Bd

)2

. (3)

Here, Hd is an empirical parameter obtained from the fits (see
Table IV). As shown in Fig. 5(b), the experimental data are
well described by Eq. (3), which is in line with the predictions
of phenomenological models [55,59]. Although the magne-
toelastic domains are predominately reversible in nature, a
small irreversibility may arise due to pinning of domain walls
by crystal defects and imperfections in the crystals. A small
remanent striction amounting to ∼1.6 × 10−6, at T = 2 K,
is indeed observed in our data (see Supplemental Material,
Fig. S1 [49]), which indicates the presence of predominately
mobile domain walls [52] in NiTiO3.

Unlike uniaxial antiferromagnets, which show an abrupt
magnetization jump at the spin-flop transition as, e.g., ob-
served in MnTiO3 [64], the magnetization in NiTiO3 follows
a sickle-shaped field dependence in the nonflopped phase,
and the reorientation transition is associated with smooth
right bending in M vs B (see Fig. 7). Such characteristic
smooth nonlinear variation of magnetization in low fields is a
manifestation of the multidomain state where spin reorienta-

FIG. 7. Magnetization M, at T = 2 K, vs applied magnetic field
B||a axis. The solid blue line represents a linear fit to M in the high-
field region, and the dashed black line shows a simulation to M at
low fields (see the text for more details).

FIG. 8. (a) Scaling of ∂M/∂B, (b) ∂ (M/B)/∂B and λ‖
a versus B

at T = 2 K.

tion takes place gradually by displacement of domain walls
[56]. This is described [62] by

M =
(

1

2

)
χeB

[
1 +

(
B

Bd

)2]
, (4)

where χe is the high-field magnetic susceptibility. A linear
fit to the M vs B curve [22] at B > 4 T yields χe = 0.06
μB/f.u. T, which is represented by the solid blue line in Fig. 7.
Using Bd from the analysis of the magnetostriction data (see
Table IV) enables us to deduce the field dependence of M.
The simulation using Eq. (4) is shown by the dashed line in
Fig. 7. It yields a good description of the field-driven evolu-
tion of the magnetization in the multidomain state, thereby
further confirming the applied phenomenological model. The
blue line in Fig. 7 represents the expected magnetization in a
single-domain easy-plane AFM with no in-plane anisotropy.

The field-driven disappearance of the multidomain state
yields different behavior of the magnetic susceptibility
∂M/∂B and the magnetostriction ∂L/∂B. This is demon-
strated in Fig. 8(a), where the derivative of the magnetiza-
tion and the longitudinal magnetostriction coefficient λ||

a =
(1/La)∂La/∂ (μ0H ) are shown at T = 2 K as a function of B.
The data are scaled to match the corresponding peak values.
According to the Ehrenfest relation

∂B∗

∂ pi
= Vm

�λi

�[∂M/∂ (μ0H )]
. (5)

Using molar volume Vm = 42.01 cm3/mol and B∗ = 0.8 T
[Fig. 8(b)], we obtain the normalized pressure dependency
(1/B∗)∂B∗/∂ p = 0.8 kbar−1. Positive magnetostriction in the
monodomain phase reveals that [see also Fig. 5(a)] for each
domain, the in-plane distortion in magnetic field is such that
the lattice expands perpendicular to the spin direction. Hence,
applying a uniaxial pressure p will induce an anisotropy in
plane favoring domains with spins nearly parallel to p in the
multidomain phase.

The scaling of ∂ (M/H )/∂ (μ0H ) and λ||
a at 2 K in Fig. 8(b)

shows that the quantities vary proportional to each other in the
multidomain state peaking at B∗. The proportional variation
d (m/H )/dH ∼ λ||

a is consistent on combining Eq. (3) with
Eq. (4) and is a manifestation of the magnetoelastic nature of
the domains. The behavior is expected from phenomenolog-
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ical theories of magnetoelastic domains which describe the
variation of magnetization and length changes by means of a
single domain co-alignment parameter and its variation with
magnetic field [61].

Apart from a large magnetocrystalline anisotropy which
dictates the easy-plane spin structure in NiTiO3, an additional
small in-plane anisotropy may arise due to frozen strains in
the domain walls [65]. The origin of this in-plane gap in the
spin-wave spectrum of easy-plane antiferromagnets have been
theoretically predicted [66,67] and experimentally observed
in several easy-plane-type antiferromagnets, for example, the
dihalides NiCl2 (∼0.3 T) and CoCl2 (∼0.8 T) by means
of low-frequency resonance experiments [68]. Interestingly,
CoTiO3, which exhibits similar crystallographic and mag-
netic structure to NiTiO3, shows an in-plane gap of ∼1 meV
in recent inelastic neutron scattering experiments [24,25]. A
frustrated bond anisotropic exchange interaction pinning the
order parameters to the crystal axes [24,25] was suggested as
the responsible mechanism for small in-plane gap in CoTiO3,
which is unlikely for NiTiO3. However, in view of the theo-
retical predictions and experimental observations listed above,
we speculate a small in-plane anisotropy to be present in
NiTiO3 corresponding with the frozen strains in magnetoe-
lastic domain walls.

V. SUMMARY

In summary, we have studied in detail the magnetostruc-
tural coupling in magnetodielectric NiTiO3 by means of

single-crystal neutron diffraction and high-resolution dilatom-
etry. Zero-field neutron diffraction confirms the multidomain
A-type spin AFM ordering with preservation of crystallo-
graphic R-3 symmetry down to 2 K. Zero-field thermal
expansion measurements reveal spontaneous lattice deforma-
tion at TN. The dielectric permittivity ε scales with the square
of the magnetic order parameter L in line with predictions
of Landau theory, hence indicating finite magnetodielectric
coupling in NiTiO3. Our analysis suggests the presence of
spin-phonon coupling as a responsible mechanism for the
dielectric anomaly at TN in NiTiO3. In-field neutron diffrac-
tion shows the evolution of magnetic domains with spins
perpendicular to the applied field. The effect of magnetic
domains on magnetostriction has been discussed in light
of phenomenological multidomain theories. We see magne-
tization and magnetostriction scale with each other in the
multidomain state, revealing strong coupling of spins to the
lattice.
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FIG. 2: Crystal structure of NiTiO3 in the ab-plane determined at (a) 100 K using single-crystal

X-ray diffraction and at (b) 2 K from single-crystal neutron diffraction experiment. The schematic

crystal structure is generated using the VESTA software(https://jp-minerals.org/vesta).
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2.3 Magnetic phase diagram, magnetoelastic coupling and
Grüneisen scaling in CoTiO3

The following section entitled ”Magnetic phase diagram, magnetoelastic coupling andGrüneisen
scaling in CoTiO3” has been submitted for publication and is currently under review in Physical
Review B journal.

In the following, contributions of each co­authors are explained in detail, particularly high­
lighting the specific contribution of K. Dey who is the co­first author and the communicating
author.

• K. Dey performed the single crystal growth and characterization (Fig. 1) and magnetiza­
tion measurements (SI Fig. 3). K. Dey supported the analysis of the specific heat (Fig.
3(a)), thermal expansion data (Fig. 3(b), 6) and in the construction of the magnetic phase
diagram (Fig. 7). K. Dey plotted the final version of the plots, wrote and communicated
the manuscript.

• M. Hoffmann is the co­first author of the paper. In the frame of his master thesis, M.
Hoffmann performed the thermal expansion measurements (Fig. 3(b), Fig. (6)), analysed
the specific heat data (3 (a)) and constructed the magnetic phase diagram (Fig. 7). M.
Hoffmann also performed the Grüneisen analysis (Fig. 4 and SI Fig. 2) and wrote parts
of the manuscript.

• J. Werner performed the high­field magnetization measurements (Fig. 5) and took part
in the discussions.

• R. Bag assisted in the single­crystal growth.

• J. Kaiser in the frame of his bachelor thesis, oriented the single crystal and performed
magnetization measurements (Fig. 2 and 5 (b)).

• H. Wadepohl performed and analysed the single­crystal X­ray diffraction experiments.
H. Wadepohl assisted in writing the single­crystal x­ray section in the manuscript.

• Y. Skourski was the local contact at HLD­EMFL, Dresden and supervised the high­field
magnetization measurements.

• M. Abdel­Hafiez performed the specific heat measurements (Fig. 3(a)).

• S. Singh supervised the single crystal growth experiments.
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• All the authors proofread the manuscript.



Magnetic phase diagram, magnetoelastic coupling and Grüneisen scaling in
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Abstract
High-quality single crystals of CoTiO3 are grown and used to elucidate in detail structural and magne-

tostructural effects by means of high-resolution capacitance dilatometry studies in fields up to 15 T which
are complemented by specific heat and magnetization measurements. In addition, we refine the single-
crystal structure of the ilmenite (R3̄) phase. At the antiferromagnetic ordering temperature TN pronounced
λ-shaped anomaly in the thermal expansion coefficients signals shrinking of both the c and b axes, indi-
cating strong magnetoelastic coupling with uniaxial pressure along c yielding six times larger effect on
TN than pressure applied in-plane. The hydrostatic pressure dependency derived by means of Grüneisen
analysis amounts to ∂TN/∂p ≈ 2.7(4) K/GPa. The high-field magnetization studies in static and pulsed
magnetic fields up to 60 T along with high-field thermal expansion measurements facilitate in constructing
the complete anisotropic magnetic phase diagram of CoTiO3. While the results confirm the presence of sig-
nificant magnetodielectric coupling, our data show that magnetism drives the observed structural, dielectric
and magnetic changes both in the short-range ordered regime well-above TN as well as in the long-range
magnetically ordered phase.
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I. INTRODUCTION

The recent theoretical proposals on 3d7 Cobalt-based honeycomb magnets as a promising host
for Kitaev model physics has sparked enormous interest in these materials [1, 2]. In the context of
Kitaev materials, unlike the conventional 4d and 5d honeycomb ruthenates and iridates, the spin-
obit coupling in 3d Co2+ ions is comparatively weaker resulting in a combined Kitaev-Heisenberg
Hamiltonian with a rich magnetic phase diagram [2, 3]. Following the theoretical proposals, sev-
eral new experimental materials for example BaCo2(AsO4)2 [4], Na3Co2SbO6 [5], Na2Co2TeO6

[5–7] comprising of Co-based honeycomb structures have been under intense investigation.
In this report, we investigate CoTiO3 belonging to the ilmenite titanates family with the general

formula ATiO3, where A is a 3d transition metal ion. The crystal structure comprises of alternat-
ing layers of corner sharing TiO6 and CoO6 octahedra along the c axis. In a particular ab plane,
the magnetic Co2+ ions are interconnected via the O2− ions and exhibit a buckled honeycomb-
like structure [8]. The neutron-diffraction studies performed as early as 1964 by Newnham et al.
[9] and more recently by Elliot et al. [10] on polycrystalline samples, reveal a long-ranged two-
sublattice, easy-plane type antiferromagnetic structure below TN= 38 K [11, 12], with ferromag-
netically aligned Co2+ spins lying in the ab plane and the layers being coupled antiferromagnet-
ically along the c axis. The easy-plane type magnetic anisotropy is due to a combined effect of
crystal-field effects and spin-orbit coupling on high-spin 3d7 Co2+ ions effectively leading to a
pseudospin-1/2 ground state [13–15].

The recent inelastic neutron scattering (INS) results generated enormous interest in this mate-
rial. The main features of the magnon dispersion, i.e., the low-energy dispersion of spin waves and
the observance of high-energy spin-orbit excitons at 28 meV was captured well with an XXZ-type
Hamiltonian [10, 15, 16]. Unusual temperature dependence of the spin-orbit excitation was ob-
served below TN, which was accounted for by some mixing of the ground state doublet and excited
state multiplets [16]. Most importantly, the presence of Dirac magnons at symmetry protected
points in k-space was observed [15] which makes CoTiO3 a model system to study non-trivial
magnon band topology [10]. Application wise, CoTiO3 has been studied in the past for its adapt-
ability as high-κ dielectrics [17, 18], resonator antennas [19] and more recently for its significant
magnetodielectric coupling properties [20, 21]. The mechanism yielding the observed significant
magnetodielectric coupling in CoTiO3 is however unclear.

Keeping in mind the fundamental and technological interest of CoTiO3, we study in detail the
high-field magnetization and magneto-structural coupling by means of high-resolution dilatome-
try. Thereby, we elucidate magnetoelastic coupling and establish the anisotropic magnetic phase
diagram. Combination of thermal expansion data with specific heat enables us to analyse the
relevant energy scales in terms of a Grüneisen analysis.

II. EXPERIMENTAL METHODS

Macroscopic single crystals of CoTiO3 were grown in a four-mirror optical floating-zone fur-
nace (Crystal System Corporation, Japan) equipped with 4×150 W halogen lamps. Phase purity of
the powders and pulverized single crystals was studied at room-temperature by means of powder
X-ray diffraction (XRD) measurements on a Bruker D8 Advance ECO diffractometer with Cu-
Kα source. Single crystal X-ray studies were performed at 100 K using an Agilent Technologies
Supernova-E CCD 4-circle diffractometer (Mo-Kα radiation λ=0.71073 Å, micro-focus X-ray
tube, multilayer mirror optics). Laue diffraction in the back scattering geometry was performed to
study the crystallinity and to orient the single crystals. The composition analysis was performed
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using scanning electron microscope equipped with energy dispersive x-ray (EDX) analysis (Zeiss
ultra plus).

Static magnetic susceptibility χ = M/B was studied in magnetic fields up to 15 T applied
along the principal crystallographic axes by means of a home-built vibrating sample magnetome-
ter [22] (VSM) and in fields up to 5 T in a Quantum Design MPMS-XL5 SQUID magnetometer.
The angular dependence of magnetisation was measured in a Quantum Design MPMS3 SQUID
magnetometer using a horizontal rotator. Pulsed-magnetic-field magnetization was studied up
to 60 T at the Helmholtz Zentrum Dresden Rossendorf by an induction method using a coaxial
pick-up coil system [23]. The pulse raising time was 7 ms. The pulsed-field magnetization data
were calibrated using static magnetic field measurements. Specific heat measurements have been
done in a Quantum Design PPMS using a relaxation method. The relative length changes dLi/Li

were studied on a single crystal of approximate dimensions 1.6 × 2.0 × 1.3 mm3 by means of
a standard three-terminal high-resolution capacitance dilatometer [24, 25]. The measurements
were performed in magnetic fields up to 15 T and the uniaxial thermal expansion coefficients
αi = 1/Li · dLi(T )/dT were derived from the data.

III. CRYSTAL GROWTH AND CHARACTERIZATION

CoTiO3 powders were synthesized by mixing stoichiometric amounts of Co3O4(99.9 % Alfa
Aesar) and TiO2(99.9 % Sigma-Aldrich) and sintering in air, at temperatures ranging from 900 to
1150◦ C with several intermediate grinding steps, until a single phase material was achieved. For
crystal growth, about 7-9 cm of homogeneous and dense rods were obtained by first hydrostati-
cally pressing the phase pure CoTiO3 powders in rubber tubes and then sintering them at 1350◦ C
for 24 h. Owing to its congruently melting nature [26], higher growth rates of 6-8 mm/h were
employed for crystal growth. This is in contrast to other incongruently melting ilmenites, for ex-
ample NiTiO3 where a slower rate of 3 mm/h must be employed to successfully grow macroscopic
single crystals [27]. Two growth experiments in differing gas flows comprising of air at ambient
pressure and O2 at 1 bar were performed. Both the growths were relatively stable and resulted in
macroscopic single crystals. The optimized growth parameters are listed in table II.

TABLE I: Optimized growth parameters, lattice parameters, and phase analysis from the Rietveld refine-
ment of the room temperature powder XRD data of crushed CoTiO3 single crystals of two growth experi-
ments (I and II). Feed and seed rods were counter-rotated at the same rotation speed.

I II
atmosphere air O2

pressure ambient 1 bar
growth-rate (mm/h) 6 6
rot. speed (mm/h) 20 20
latt. parameter a (Å) 5.066(7) 5.065(3)
latt. parameter c (Å) 13.918(7) 13.916(2)
composition (Co : Ti) 1 : 1.004 1 : 1.08
secondary phase TiO2 + Co2TiO4 TiO2 +Co2TiO4

Fig. 1(a) shows a representative CoTiO3 boule grown in O2 atmosphere at 1 bar pressure. The
phase analysis by means of Rietveld refinements of powder XRD data of the pulverized single
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FIG. 1: (a) Picture of an as-grown CoTiO3 boule obtained in O2 atmosphere at 1 bar pressure. (b) Rietveld
refinement fit of the room temperature XRD data of a powdered CoTiO3 single crystal. The observed
diffraction pattern is shown in black, calculated pattern in red and the difference between observed and
calculated pattern is shown in blue. The vertical ticks in green denote the allowed Bragg positions of the
ilmenite phase and (c) is a representative Laue pattern of CoTiO3 single crystal.

crystalline pieces (see Fig. 1(b) and Table II) implies the main ilmenite (R3̄) phase as well as the
secondary TiO2 (Rutile) and the spinel (Co2TiO4) phase in both air and oxygen atmosphere grown
crystals. Such secondary phases were observed as inclusions in previously reported CoTiO3 crys-
tals by Balbashov et al. [11] and ascribed to high-temperature gradients at the growth interface. A
qualitative comparison of the relative intensities of impurity peaks from room temperature XRD
data reveals that the spinel Co2TiO4 phase is present in larger proportions in air-grown than in
oxygen-grown single crystals (where it is hardly visible; see Fig. 1(b)) in agreement with Bal-
bashov et al.. However, the EDX analysis suggests a better stoichiometric proportion of Co:Ti for
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air-grown as compared to oxygen-grown crystals. We ascribe this to a slightly increased evapora-
tion of cobalt oxides in oxygen flow as compared to air flow resulting in stoichiometric mismatch
which furthermore leads to a higher proportion of precipitated TiO2 phase in oxygen-grown crys-
tals (see Fig. 1(b)). However, as will be shown below, the sharp anomalies in magnetization and
thermodynamic measurements imply negligible effects of the minor stoichiometric mismatch. Im-
portantly, the back-scattered Laue diffraction spots for the oxygen-grown samples are sharp indi-
cating a high-quality (Fig.1(c)) as compared to air-grown crystals where the splitting of spots was
observed at various points along the grown boule. Due to relatively low proportions of magnetic
spinel impurity and better quality, we employed cut and oriented CoTiO3 single crystals grown in
O2 flow at 1 bar for further studies.

To the best of our knowledge, the earlier studies of ilmenite-type CoTiO3 crystal structure
have been limited to powder diffraction experiments only [8, 9, 11]. We have re-investigated the
crystal structure of our oxygen-grown single crystals by means of high resolution single crystal
XRD at 100 K with Mo Kα radiation (λ = 0.71073 Å). Experimental and refinement details are
given in the supplementary material. Similar to the recent single-crystal X-ray diffraction study on
NiTiO3[28], three somewhat different models were employed for the atomic structure factors fat
within the independent spherical atoms approximation: conventional fat calculated with neutral
atoms for Co, Ti and O (model A) and two “ionic” models[29] (fat for Co2+, Ti4+ and O2− (models
B and C); for details see SI). The different models refined to essentially the same structure, with
a marginally better fit of model B, but only insignificant differences in the key parameters like
atom coordinates, R values, Ueq for all atoms and residual electron density. Inter-atomic distances
agreed within one standard deviation. The structural refinements confirm the assignment of R3̄
space group and improve the accuracy of the crystallographic parameters previously obtained. The
obtained lattice parameters and relevant crystallographic information are listed in table ?? [30].

TABLE II: Fractional atomic coordinates, Wyckoff positions, site occupation and equivalent isotropic dis-
placement parameters (Å2) of CoTiO3 as obtained from refinement of single-crystal XRD measurements at
100 K using model B (see text for more details). [Space group: R3̄ (148), a = b = 5.0601 Å, c = 13.8918 Å,
α = β = 90◦, γ = 120◦; sof denotes the fraction of atom type present at the site after application of crystal-
lographic symmetry;

Atom Site x y z sof Ueq
a

Co 6c 0 0 0.14511(2) 1 0.00297(2)
Ti 6c 0 0 0.35448(2) 1 0.00262(2)
O 18f 0.02051(6) 0.31608(6) 0.25410(2) 1 0.00391(3)

Note: a Ueq is defined as one third of the trace of the orthogonalized Uij tensor. The anisotropic displace-
ment factor exponent takes the form: −2π2[h2a∗2U11 + ...+ 2hka∗b∗U12].]

IV. MAGNETOELASTIC COUPLING

The onset of long-range antiferromagnetic order in CoTiO3 at TN = 37 K is associated with
pronounced anomalies in the magnetic susceptibility (Fig. 2) as well as in the specific heat and the
thermal expansion (Fig. 3). The magnetic susceptibility is nearly isotropic in the ab plane and ex-
hibits a significant anisotropy with respect to the c axis up to the highest measured temperatures of
350 K. For T ≤ TN, the susceptibility decreases for magnetic fields B applied in the ab plane and
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FIG. 2: Temperature dependence of static magnetic susceptibility χ = M/B at B = 1 T applied along the
principal crystallographic directions. The inset presents Fisher’s specific heat [31] ∂(χT )/∂T at B||a=1 T.

attains a constant value for B||c axis suggesting an easy-plane-type antiferromagnetic structure.
This is in accordance with previous studies on polycrystalline [9, 12] and single crystalline CoTiO3

samples [11, 32]. Above TN, the persisting anisotropy up to 350 K is attributed to single-ion ef-
fects due to the octahedral crystal field and spin-orbit coupling on magnetic Co2+ spins which
results in an effective spin Jeff = 1/2 ground state [14, 15]. The high-temperature susceptibility
behaviour cannot be accounted for by the Curie-Weiss model with an anisotropic g-factor. This is
explained by considerable mixing of the ground state Jeff = 1/2 with excited state multiplets, i.e.,
Jeff = 3/2, 5/2... as experimentally observed in recent INS studies on CoTiO3 [10, 15, 16] and the-
oretically described by Goodenough [13]. In the literature, the high-temperature susceptibility of
cobaltates comprising of Co2+ ions in octahedral crystalline fields is reported to show complicated
temperature dependencies for example in CoCl2 [14] and Na3Co2SbO6 [3] among several others.

The sharp λ-shaped anomalies in the specific heat [Fig. 3(a)] and in Fisher’s specific heat [31]
∂(χaT )/∂T (Fig. 2 (inset)) confirm the onset of long-range order at TN and also the continuous
nature of the phase transition. In order to assess the magnetic entropy changes, the phononic
contribution to the specific heat (cph

p ) has been estimated by fitting the previously published cp

data from Klemme et al. [33] at temperatures well above TN by an extended Debye model which
includes both Debye and Einstein terms [34]. The model fits very well the data at temperatures
above 70 K and yields characteristic Debye and Einstein temperatures of ΘD = 626(20) K and
ΘE = 193(10) K, respectively. Integrating the magnetic specific heat (cp- cph

p )/T yields the mag-
netic entropy changes Smag = 5.2(2) J/(mol K) which is close to the theoretically predicted value
of Rln(2) = 5.7 J/(mol K) for Jeff = 1/2 Co2+ spins. The results imply that approximately 15 %
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FIG. 3: (a) Temperature dependence of specific heat cp in zero magnetic field. The solid red line in (a)
indicates the phonon specific heat cph

p obtained by fitting the cp data with a combined Debye and Ein-
stein model well above the magnetic ordering transition (see the text). The inset to (a) shows the magnetic
entropy changes obtained by integrating (cp - cph

p )/T . (b) Thermal expansion coefficients αi versus tem-
perature along the crystallographic b and c axes and the volume thermal expansion coefficient αV. The
dashed vertical line marks TN. The inset to (b) shows the associated relative length changes dLi/Li versus
temperature.
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of the total magnetic entropy is consumed between TN and 70 K, suggesting the presence of con-
siderable short-range correlations precursing the evolution of long-range magnetic order.

The zero-field thermal expansion measurements reveal strong anomalies at TN in the uniaxial
thermal expansion coefficients αi(i = b, c) and in the relative length changes dLi/Li [Fig. 3(b)].
The anomalies demonstrate large spontaneous magnetostriction at TN and hence the presence of
significant magnetoelastic coupling in CoTiO3. The measured relative length changes shown in the
inset to Fig. 3(b) signal shrinking of both c and b axes upon the evolution of magnetic order at TN

with the size of the anomaly in αc about six times larger than in αb. As these data imply positive
uniaxial pressure dependencies both for pressure applied in-plane and along c, the anomaly in the
volume thermal expansion coefficient αV= αc + 2αb correspondingly signals a significant positive
hydrostatic pressure dependency. Furthermore, αb and αc in Fig. 3(b) (also see inset to Fig. 4)
evidence structural effects above TN precursing the onset of long-range order up to around 70 K.
This coincides with the temperature regime where magnetic entropy changes mark the presence of
short-range magnetic correlations.

FIG. 4: Grüneisen scaling of the magnetic contributions to the heat capacity cmag
p and volume thermal

expansion coefficient αmag
V . Inset: The volume thermal expansion coefficient αV along with a combined

Debye-Einstein fit to the high-temperature data (see the text).

Comparison of the non-phononic contributions to the thermal expansion coefficient and the
specific heat enables further conclusions on the nature of the associated entropy changes and on
magnetoelastic coupling. Exploiting Grüneisen scaling for the lattice, we have approximated the
phononic contribution to the volume thermal expansion coefficient αV by using the same ΘD

and ΘE from the background specific heat cph
p (Fig. 3(a)) and scaling the Debye and Einstein

contributions accordingly [27]. As seen in the inset to Fig. 4, the background to αV is well ap-
proximated above 90 K. This procedure yields the lattice Grüneisen parameters γph= αph/cph

p [22]
which amount to γD = 1.02× 10−7 mol/J and γE = 1.0(3)× 10−7 mol/J, respectively.

The obtained non-phononic contributions to the thermal expansion coefficient αmag
V are shown

with the non-phononic specific heat cmag
p in Fig. 4(a). Both quantities vary proportionately in the

entire T -range, i.e., the magnetic Grüneisen parameter is T -independent. This observation implies
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the presence of a single dominant energy scale J [22, 35]. Since the entropy changes are of mag-
netic nature, we conclude that a single dominant magnetic degree of freedom drives the observed
non-phononic length and entropy changes. The corresponding magnetic volume Grüneisen param-
eter amounts to Γm

V = αmag
V /cmag

p = 24(2) ×10−7 mol/J. The hydrostatic pressure (ph) dependency
of TN is obtained from the Ehrenfest relation ∂TN/∂ph = TNVmΓm

V = 2.7(4) K/GPa. Here, we used
the molar volume Vm = 3.09 × 10−5 m3/mol. Furthermore, Grüneisen scaling for each individ-
ual axis is confirmed by good proportionality between the uniaxial thermal expansion coefficients
αmag

b and αmag
c and cmag

p (see the SI Fig. 2) from which we read-off Γm
c = 1.8(4) ×10−6 mol/J and

Γm
b = 3(1) ×10−7 mol/J, respectively. This yields the uniaxial pressure dependencies of ∂TN/∂pc

= 2.1(5) K/GPa and ∂TN/∂pb = 0.3(1) K/GPa, respectively.

V. HIGH-FIELD MAGNETIZATION AND THE PHASE DIAGRAM

The saturation fields and moments at T = 1.5 K are determined from pulsed-field magneti-
zation studies up to 60 T as shown in Fig. 5(a). The absolute values of magnetization are cali-
brated with the SQUID data shown in Fig. 5(a,b). The magnetization is anisotropic and for both
B||a and B||c shows largely linear behaviour in a wide range of applied magnetic fields. At any
particular field, the magnetization is higher for B||a as compared to B||c which is expected for
a highly anisotropic easy-plane antiferromagnet. The saturation fields are determined from the
peaks in ∂M/∂B (Fig. 5(a) inset), and we obtain Bsat,ab = 16.3(5) T and Bsat,c = 46(1) T for
fields in the ab plane and along the c axis, respectively. Above Bsat, the magnetization increases
linearly which is ascribed to Van Vleck paramagnetism of the Co2+ ions in an octahedral envi-
ronment. From the magnetization slope determined from linear-fits (dashed lines in Fig. 5(a))
above the saturation fields we obtain the Van Vleck susceptibility as χVV

ab = 0.013 erg/(G2mol)
and χVV

c = 0.011 erg/(G2mol), respectively. These values are similar to those in other Co-based
systems [36, 37]. The saturation magnetisation and corresponding g-factors obtained after appro-
priate Van Vleck correction, amounts to Msat,ab = 2.89 µB/f.u. and gab = 5.7(2) for the ab plane
and Msat,c = 1.31 µB/f.u. and gc = 2.62(4) for the c axis, respectively.

A closer look at the low-field behaviour as shown in Fig. 5(b) at T = 2 K, confirms the linearity
of M for B||c extending to zero magnetic field whereas a non-linear behaviour (sickle-shaped) up
to 4 T is observed for magnetic fields applied in the ab plane. Specifically, the derivative of
magnetization with respect to magnetic field shows a broad peak centered at B∗ = 2 T suggestive
of a spin-reorientation process and previously described as a continuous rotation of Co2+ moments
in the basal plane aided by magnetic field [11]. Increasing temperature has negligible effects on
B∗ (see SI Fig. 3) resulting in a horizontal phase boundary (Fig. 7). Static magnetic susceptibility
measured in magnetic fields up to 15 T [Fig. 5 (c),(d)] confirm the linear respectively non-linear
behavior for the different magnetic field directions. For B||a the slight non-linearity below B∗ is
exhibited by a monotonous change for T < TN at applied magnetic fields B ≥ 3 T as compared
to B = 1 T. Overall, the data confirm spin-reorientation behaviour as for B ≥ 3 T (i.e. above
B∗) the susceptibility attains an almost constant value below TN whereas it decreases sharply for
B||a = 1 T. In addition, the data show the effect of external magnetic fields on the long-range spin
ordered phase and particularly reveal stronger suppression of TN for magnetic fields B = 15 T
applied in the ab plane by ∆TN= 18 K as compared to the B||c axis with yields ∆TN= 2 K.

A strongly anisotropic field effect is also evident from Fig. 6 where the thermal expansion co-
efficients αi are shown for external magnetic fields up to 15 T. For B||c, TN shifts slightly to lower
temperatures along with a considerable increase in anomaly height on increasing magnetic fields.
In contrast for B||b, suppression of the anomaly height is observed along-with a considerable shift
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FIG. 5: (a) Pulsed-field magnetization M at T = 1.5 K. Dashed lines in (a) denote Van Vleck paramag-
netism. The inset to (a) shows the field derivative ∂M/∂B for B||a. (b) Quasi-static field magnetization M
and magnetic susceptibility ∂M/∂B versus magnetic field along the a and c axes, at T = 2 K. (c) and (d)
Static magnetic susceptibility χ = M/B versus temperature for magnetic fields up to 15 T applied along
the a- and c axes, respectively.
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FIG. 6: Thermal expansion coefficients αi at magnetic fields between 0 and 14 T magnetic fields applied
along the (a) c- and (b) b axes, respectively. The insets show the corresponding relative length changes
dLi/Li shifted by means of experimental magnetostriction curves, at T = 50 K (c axis) and 30 K (b axis).
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of TN to lower temperatures for fields above 5 T. The sharp anomalies in αi facilitates construction
of the magnetic phase diagram as shown in Fig. 7.

VI. DISCUSSION

One of the intriguing properties of CoTiO3 is strong magnetoelectric coupling, the microscopic
origin of which is still unclear. While our data show and elucidate pronounced magnetoelastic cou-
pling, anomalies in the electrical permitivitty ε were observed at TN for both polycrystalline [20]
and single crystalline [21] CoTiO3 samples along with strong field-dependent magnetocapacitance
at and above TN [20].

Comparison of the spontaneous strain, as measured by the relative length changes dLi/Li, with
the dielectric permitivitty data published by Dubrovin et al. [21], sheds light on the coupling mech-
anism of lattice and dielectric degrees of freedom. As shown in Fig. 8(b) and (c), the non-phononic
relative length changes below TN and the dielectric function ε show similar temperature depen-
dence. Note that, the experimentally observed dielectric anomalies at TN may also arise due to
spontaneous deformation of lattice, as is exhibited by the relation ε = Cd/ε0A, where C, ε0, d and
A are sample capacitance, vacuum permitivitty, sample thickness and area, respectively. However,
a direct quantitative comparison of dLi/Li in Fig. 8(a) and (b) with εi indicates that this cannot
be the case. The relative length changes along b and c axes respectively are about four orders of
magnitude smaller than the corresponding magnetic changes in εb and εc, respectively. This obser-
vation indicates the presence of significant magnetodielectric coupling in CoTiO3. The fact that
the driving entropic changes at TN are purely magnetic in nature as evidenced by Grüneisen anal-
ysis above furthermore implies that magnetic degrees of freedom form a single common origin for
the observed structural, dielectric and magnetic changes at and below TN.

The effect of short-ranged magnetic correlations accompanied by a corresponding lattice re-
sponse existing above TN is evidenced from specific heat (Fig. 3(a)) and thermal expansion (Fig.
3(b)) measurements. It has been shown that q-dependent spin-spin correlations couple to the di-
electric response via the coupling of magnetic fluctuations to optical-phonons, thereby causing
a significant magnetocapacitive effect [38]. Accordingly, we conclude that the significant mag-
netocapacitive observed above TN in polycrystalline CoTiO3 [20] is due to persistent spin-spin
correlations.

Our results clearly show that both in-plane and out-of-plane uniaxial pressure enhance antifer-
romagnetism in CoTiO3. Surprisingly, NiTiO3 which exhibits an easy-plane AFM structure[28,
39] similar to CoTiO3, shows a different behaviour in associated length changes in the ab plane
when heating across TN, i.e., an expansion along the c axis implying dTN/dpc > 0 but shrinking
of the b axis implying dTN/dpb < 0 [27]. In NiTiO3, the opposing effects of in-plane and out-of-
plane pressure are understood by enhanced and reduced strengths of the leading superexchange
interactions for the respective uniaxial pressures [27].

In contrast for CoTiO3, uniaxial pressures along both the in-plane and out of plane directions
induce an increase of TN. There are several potential explanations for this qualitatively different
behaviour. Firstly, the electronic configuration of the Co2+ ions in octahedral environment implies
an effective orbital momentum of l = 1 as compared to the virtually quenched orbital momentum
in Ni2+ ions [13, 14]. Following the original work by Callenet al. [42, 43], this difference which
causes different anisotropy parameters can hence in principle result in opposite signs of magneto-
elastic coupling coefficients. This is also demonstrated by magnetostriction studies on easy-plane
antiferromagnets NiCl2 and CoCl2 [44] which are isostructural the NiTiO3 and CoTiO3. Further-
more, our results are in-line with Ref. 10, where the presence of finite bond dependent magnetic
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FIG. 7: Magnetic phase diagram of CoTiO3 for (a) B||c axis and (b) B||ab plane constructed from mag-
netization M(T,B), dilatometry L(T,B), and specific heat data. AFM, AFM’ and PM label the antiferro-
magnetically ordered, spin-reoriented and paramagnetic region, respectively.
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FIG. 8: Scalings of the non-phononic relative length changes dLi/Li and corrected dielectric permitivitty ε
digitized from Dubrovin et al. [21] for (a) c and (b) b axis respectively.

frustration has been suggested for CoTiO3. In this case, even small distortions are supposed to lift
degeneracy resulting in large pressure effects [40]. Hence, frustration may be partially lifted by
application of uniaxial pressure in the ab plane generating additional effective in-plane anisotropy,
thereby stabilizing magnetic order, i.e. dTN/dpb > 0.

We also note that the pressure dependencies of the magnetic anisotropy parameters influence
the sign of the uniaxial thermal expansion coefficient (see equation (2) in [41]). Therefore, one
may speculate that a sufficiently large variation in the pressure dependencies of anisotropy could
also lead to an opposite signs for α in the ab plane in NiTiO3 and CoTiO3.

VII. CONCLUSIONS

To summarize, high-quality single crystals are used to refine the crystal structure and to study
thermodynamic properties of CoTiO3, which clearly demonstrate the presence of strong magne-
toelastic coupling in CoTiO3, and constructed its anisotropic magnetic phase diagram. By means
of Grüneisen analysis we deduced the positive pressure dependencies of TN for all crystallographic
axes. We find that the magnetic degrees of freedom drive the observed structural, dielectric and
magnetic changes both in the short-range ordered regime well-above TN as well as in the long-
range magnetically ordered phase.
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SINGLE CRYSTAL X-RAY DIFFRACTION

A single crystal splinter of size 0.16×0.14×0.01 mm3 was broken of from larger specimen

and used for data collection. A full shell of intensity data was collected up to 0.4 Å res-

olution with an average multiplicity of observations 14.3. Detector frames (ω-scans, scan

width 0.5◦) were integrated by profile fitting [1]. Data were corrected for air and detector

absorption, Lorentz and polarization effects [2] and scaled essentially by application of ap-

propriate spherical harmonic functions [2–4]. Absorption by the crystal was treated with

a semi-empirical multiscan method (as part of the scaling procedure), and augmented by

a spherical correction [4, 5]. Space group R3̄ was assigned based on systematic absences

and intensity statistics (trigonal obverse centered unit cell on hexagonal axes, Hall group

-R 3). This choice was confirmed by analysis of the symmetry of the phases obtained ab

initio in P1. The structure was solved by intrinsic phasing [6–8] and refined by full-matrix

least-squares methods based on F 2 against all unique reflections [9–12]. Atomic structure

factors fat for neutral atoms (used for model A), Co2+ and Ti4+ (used for models B and

C) were taken from ref. [13], those for O2− from ref. [14] (used for model B) or ref. [15],

respectively (used for model C). An empirical secondary extinction correction [10, 16] was

applied in each case but proved insignificant. The different models refined to essentially the

same structure, with a marginally better fit of model B but only insignificant differences

in key parameters like atom coordinates, R factors, Ueq for all atoms and residual electron

density. Co-O and Ti-O bond lengths agreed within one standard deviation. There was no

evidence of cation mixing and fully occupied sites were employed for all atoms. Merohedral

twinning within the holohedry -3m was considered in a separate refinement employing the

method advocated by Jameson [17] but proved to be absent in our crystal, as indicated by

a vanishing fractional contribution (0.0021(8)) of the second twin component.
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FIG. 1: Ilmenite-type crystal structure of CoTiO3.

TABLE I: Selected crystallographic parameters of CoTiO3.

Empirical formula CoTiO3

Formula weight 154.32

T(K) 100(1)

Crystal system, space group trigonal, R3̄ (IT Nr. 148)

Unit cell dimensions

a (Å) 5.06009(6)

c (Å) 13.89182(17)

V (Å3) 308.040(8)

Z, Calculated density (g cm−3) 6, 4.991

Absorption coefficient for Mo-Kα (mm−1) 11.624

Transmission factors: max, min 1.000, 0.397

Theta range for data collection 4.4° to 60.2°

Reflections collected / independent 14863 / 1042 [Rint = 0.023]

observed reflections [I > 2σ(I)] 1031

data/restraints/parameters 1042/0/17

74 2.3. Magnetic phase diagram, magnetoelastic coupling and Grüneisen scaling in CoTiO3



TABLE II: Details of crystal structure refinement of CoTiO3.

Model A B C

Gof on F 2 1.118 1.185 1.201

R indices[F > 4σ(F0)] R(F ), wR(F 2) 0.0115, 0.0337 0.0115, 0.0318 0.0125, 0.0343

R indices (all data) R(F ), wR(F 2) 0.0116, 0.0337 0.0116, 0.0318 0.0127, 0.0344

extinction coefficient 0.0054(8) 0.0055(7) 0.0071(8)

largest residual praks, rms,max, min /e.Å3 0.119,1.102,-0.551 0.115, 0.865, -0.738 0.123, 0.920, -0.699

CCDC deposition number 2082344 2082345 2082346
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FIG. 2: Grüneisen scaling as described in the main text for b- and c-axis individually. The resulting

magnetic Grüneisen ratios are 2.7(2) 10−7 mol/J and 1.8(2) 10−7 mol/J, respectively.
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FIG. 3: Magnetic susceptibility ∂M/∂B versus magnetic field along a-axis.

76 2.3. Magnetic phase diagram, magnetoelastic coupling and Grüneisen scaling in CoTiO3



FIG. 4: Magnetization vs. magnetic-field along a, b, a′andb′-directions in CoTiO3 at T = 2 K. Here

a′ = [1, 1, 0] and b′ = [1,−1, 0].
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2.4 Magnetostriction andmagnetostructural domains inCoTiO3

The following section entitled ”Magnetostriction and magnetostructural domains of CoTiO3”
has been submitted for publication and is currently under review in Physical Review Materials
journal.

In the following, contributions of each co­authors are explained in detail, particularly high­
lighting the specific contribution of K. Dey who is the first author and the communicating au­
thor.

• K. Dey assisted in the analysis of the magnetostriction data. K. Dey planned and sug­
gested the anisotropic magnetostriction measurements Fig. 4. The domain analysis by
means of phenomenological models was suggested by K. Dey. K. Dey assited in suc­
cessfully applying the domain model (Fig. 7 and Fig. 8) and in performing the rotational
magnetization measurements (Fig. 5). K. Dey made all the final plots and wrote the
manuscript draft.

• M. Hoffmann in the frame of his master thesis performed the magnetostriction measure­
ments and rotational magnetization measurements (Fig. 5). M. Hoffmann analysed the
data and supported in manuscript writing.

• R. Klingeler supervised the measurements and supported data analysis and manuscript
writing.

• All the authors proofread the manuscript.
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Abstract
We report the magnetostrictive length changes of CoTiO3 studied by means of high-resolution dilatom-

etry in magnetic fields (B) up to 15 T. In the long-range antiferromagnetically ordered phase below TN =
38 K, the easy-plane type spin structure undergoes a spin-reorientation transition in the ab plane in magnetic
fields B||ab ≈ 2 T. We observe pronounced length changes driven by external magnetic field in this field
region indicating significant magnetoelastic coupling in CoTiO3. Specifically, we observe anisotropic defor-
mation of the lattice for fields applied in the ab plane. While, for B . 2 T, in-plane magnetostriction shows
that the lattice expands (contracts) parallel (perpendicular) to the field direction, the opposite behaviour
appear at higher fields. Furthermore, there are remarkable effects of slight changes in the applied uniaxial
pressure on the magnetostrictive response of CoTiO3 persisting to temperatures well above TN. The data
evidence the presence of magnetic domains below TN as well as of structural ones in CoTiO3. The pres-
ence of magnetic domains in the spin ordered phase is further evidenced by an additional 3-fold magnetic
anisotropy appearing below TN. We discuss the effects of rotational magnetic domains on isothermal mag-
netization and magnetostriction and interpret our results on the basis of a multi-domain phenomenological
model.
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I. INTRODUCTION

Research in antiferromagnetic spintronics has garnered enormous interest over the past decades
due to its high-frequency (THz) dynamics, long distance spin-wave transport, spin-orbit effects
and robustness against external magnetic field perturbations, making them attractive for practical
applications (see Refs. [1 and 2] and references therein). In particular, considerable efforts have
been made to understand and manipulate the magnetic domain structure [3], spin-wave scattering
at the domain walls [4] and domain wall motion [5, 6]. Understanding the domain wall structure
and dynamics is not only relevant from an application point of view, but also has profound ef-
fects on the macroscopic thermodynamics and transport properties of strongly correlated electron
systems [7–11].

In this report, we investigate CoTiO3 belonging to the ilmenites titanates family (MTiO3; M =
Co, Ni, Mn, Fe), which have been studied quite extensively in the recent years due their significant
magnetoelectric and magnetoelastic properties [11–16]. All the ilmenite titanates crystallize in the
rhombohedral R3̄ structure with the magnetic M2+ ions in the basal ab plane arranged in a buck-
led honeycomb-like structure (see Fig. 1). In particular for CoTiO3, early magnetization [17, 18]
and neutron diffraction experiments [19] indicated a long-ranged easy-plane type antiferromag-
netic structure below TN = 38 K. Furthermore, recent inelastic neutron scattering experiments
on CoTiO3 exhibited the presence of Dirac magnons [20] and rendered it as a model system to
study non-trivial magnon band topology [21, 22]. Here, we present macroscopic magnetization
and magnetostriction (dL(B)/L) measurements on CoTiO3. In particular, we observe pronounced
effects of rotational magnetic domains on the macroscopic measurements and interpret our results
on the basis of multi-domain phenomenological theories. Also above TN, the magnetostrictive re-
sponse is extremely sensitive to small changes in the applied external uniaxial pressure, indicating
the presence of magnetostructural domains in CoTiO3.

FIG. 1. Crystallographic arrangement of cobalt and oxygen ions in a basal hexagonal ab plane of the
ilmenite CoTiO3 structure [23]. The buckling is along the c axis and hence is not visible here.

II. EXPERIMENTAL METHODS

Macroscopic single crystals of CoTiO3 were grown by the optical floating-zone technique as
reported elsewhere [24]. Static magnetic susceptibility χ = M/B was studied in magnetic fields
up to 15 T applied along the principal crystallographic axes by means of a home-built vibrating
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sample magnetometer [25] and in fields up to 5 T in a Quantum Design MPMS-XL5 SQUID
magnetometer. The angular dependence of magnetisation was measured in a Quantum Design
MPMS3 SQUID magnetometer using the rotator option. The relative length changes dLi/Li were
studied on a single crystal of approximate dimensions 1.6×2.0×1.3 mm3 by means of a standard
three-terminal high-resolution capacitance dilatometer [26, 27]. The field induced uniaxial length
changes dLi(B)/Li were measured at various fixed temperatures in magnetic fields up to 15 T
and the longitudinal magnetostriction coefficients λi = 1/Li × dLi(B)/dB were derived with the
same dilatometer. In both cases, magnetic fields were applied along the direction of measured
length changes. To further study the length changes transverse to applied external magnetic fields,
a second setup comprising of a mini-dilatometer on a rotator [28] inside a Physical Properties
Measurement System (Quantum Design) was applied.

III. RESULTS

The application of external magnetic-field yields pronounced changes in the lattice parameters
of CoTiO3. As shown in Fig. 2(b), a monotonic increase of the c axis driven by B||c up to 15 T
is observed at all the measured temperatures, i.e., between 2 and 200 K. In contrast, for B||b a
pronounced increase of the associated lattice parameter is observed in the low-field region, i.e.,
B < 3 T, followed by a relatively smaller decrease in higher fields as seen in Fig. 2(a). For
T . TN, small anomalies in the magnetostriction (i.e., in the data obtained at 33 and 35 K) at
higher field indicate the phase boundary to the paramagnetic phase (cf. also Fig. 3(b) and Fig. 6).

The region of significant lattice changes below 3 T applied in-plane coincides with the non-
linear region in magnetization M vs. B measurements [18], signalling a spin-reorientation pro-
cess in the ab-plane. This is particularly evident in Fig. 3(a) where the corresponding derivatives
of both, i.e., of the magnetization ∂M/∂B and of the relative length changes λ are presented.
However, these quantities peak at different positions which is contrary to the expectations of bare
spin-orientation associated with an anomaly in the magnetostriction due to finite spin-lattice cou-
pling [29–31]. Instead, it is reminiscent of rotational domain behaviour as observed in Ising-like
BaCo2V2O8 [32] or in easy-plane type BaNi2V2O8 [33] and NiTiO3 [11]. As described below, the
presence of domains has to be involved and in the following we will present clear evidence that the
data represent a crossover from a low-field multi-domain state to a high-field homogeneous state
with spins nearly perpendicular to the applied magnetic field.

The lattice changes in the hexagonal ab plane are further investigated by measuring the length
changes dLb/Lb in longitudinal and transversal magnetic fields applied in-plane. As shown in
Fig. 4(a), the longitudinal length changes (dLb(B||b)/Lb) exhibit an almost equal and opposite
behaviour as compared to transverse length changes where the field is applied ⊥ bc, i.e., along the
perpendicular-to-b in-plane direction (dLb(B ⊥ bc)/Lb). Specifically, while above 3 T the spins
are nearly perpendicular to B, the data imply an anisotropic deformation of the ab plane. This
behaviour does not comply to the perfect R3̄ structure but reveals an in-plane anisotropy induced
by applied external magnetic field. The field-direction induced deformation can be estimated as
the difference in magnetostrictive length changes for B||b and B ⊥ b which, at 3 T, amounts
to ≈ 2.6 × 10−4 at T = 2 K. Tentatively, as the field lifts the hexagonal lattice symmetry and
rotates spins perpendicularly to B, this quantity may be interpreted as an orthorhombic distortion.
Above the spin-crossover region, i.e., at B ≥ 3 T, the data reveal that the hexagonal basal plane
shrinks parallel to the field-direction (i.e., perpendicular to the spin direction), whereas it elongates
perpendicular to the field direction (parallel to the spin direction).

In a capacitance dilatometer, uniaxial pressure amounting to a few MPa is applied to the sample
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FIG. 2. Relative length changes dLi/Li versus magnetic field for (a)B||b (2.5 MPa) and (b)B||c at different
temperatures.

during magnetostriction measurements resulting in very small anisotropic strain [34], [? ]. Since
pressures in the GPa range are required to induce significant elastic deformation in solids, such
tiny distortions inevitably associated with the measurement setup are usually irrelevant. Notably,
for CoTiO3 we observe quite remarkable effects of tiny pressures applied by the dilatometer in
magnetostriction measurements. As seen in Fig. 4(b) and (c), an increase in the uniaxial pressure
by mere 0.5 MPa applied by tightening the dilatometer screw results in two significant changes in
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FIG. 3. (a) Field derivative of the isothermal magnetization ∂M/∂B and magnetostriction coefficient λb
for B||b axis, at 2 K. The maxima of both quantities are found at different fields. (b) Magnetic phase
diagram for T ≤ 42 K and B up to 5 T. Red (black) markers represent positions of magnetisation (thermal
expansion) anomalies. Lines and colours are guide to the eye.

the magnetostrictive behaviour: (1) there is a complete reversal in the dLb/Lb vs. B behaviour in
the whole field range up to 15 T under study and up to 100 K and (2) a shift in the spin crossover
field Bcr marked by the vertical dashed lines in Fig. 4(b) to lower magnetic fields. Note, that
the measurements are performed in a single-run without removing the sample. We argue below
that observations (1) and (2) indicate the presence of magnetostructural domains in CoTiO3 single
crystal [32, 33].

In particular at T = 2 K andB > 5 T, a closer look at the data in Fig. 4(b) reveals a switch from
lattice contraction to expansion upon increasing the uniaxial pressure from 2.5 MPa to 3.0 MPa.
This pressure dependent reversal effect persists up to 100 K (see Fig. 4(c)) which is well above
TN, suggesting a purely crystallographic origin. Interestingly, such pressure dependent reversal
effect in the dLb/Lb behaviour has been previously observed in other systems and ascribed to the
presence of crystallographic structural twins [32]. It is to note that, the recent neutron diffraction
studies on CoTiO3 [21] confirm the presence of two almost equal-weighted structural twins related
by a [110] mirror plane. Rigorous X-ray Laue pattern investigations on our CoTiO3 single crystals
excludes the possibility of more than one crystallographic grain. Hence, the findings above leads to
the conclusion that, the observed change from positive to negative magnetostriction upon increas-
ing the uniaxial pressure in CoTiO3, is due to the presence of structural twins. Consequently, the
experimentally measured length changes reflect the superposition response from all the individual
twins whose relative population is altered by the applied external uniaxial pressure, resulting in a
complete reversal in dLb/Lb behaviour at a particular pressure.

In addition to structure domains evidenced above, the low-temperature spin ordered phase in
principle may host magnetic domains, too. Specifically, the crystallographic symmetry is C3 in
the easy-hexagonal plane, which may result in the presence of three equally populated magnetic
domains with spins rotated by 120◦ between them. Such a domain structure is often found in
easy-plane type antiferromagnets [33, 35] and more recently in NiTiO3, which is isostructural to
CoTiO3 [11]. The presence of magnetic domains below TN is indeed evidenced by the angle-
dependent magnetization measurements M vs. θ in the ab plane, as exhibited in Fig. 5. In the
paramagnetic region, i.e., at 300 K, the data reveal a C2 (180◦) anisotropy which amounts to
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FIG. 4. (a) Magnetostriction dLb/Lb versus magnetic field B||b and B ⊥ b (both in-plane), respectively, at
different temperatures. (b) dLb/Lb vs. B, at T = 2 K, with different uniaxial pressure applied along the b
direction, and (c) in the paramagnetic phase at 50 K and 100 K, respectively. The vertical dashed lines in
(b) indicates approximately the crossover from magnetic multi-domains to the monodomain region. See the
text for details.

≈ 2 × 10−4 µB/f.u. in the plane. In contrast, as seen in Fig. 5(b), we observe additional peaks in
the angle dependence of the magnetisation in the magnetically ordered phase at T = 2 K < TN.
Tracking the maximum position of the peaks reveals an approximate 60◦ spacing between each of
them which is indicative of a C3 anisotropy in the easy ab-plane. We conclude the presence of a
magnetic multi-domain ground state in CoTiO3. Fingerprints of magnetic domains are also visible
in the magnetostriction data as will be further discussed below.

IV. DISCUSSION

As shown in Fig. 3, reorientation of the spins around B ≈ 2 T is associated which lattice
changes which derivative peaks well below the actual spin crossover field. Moreover, the char-
acteristic field scale of the magnetostrictive lattice changes and even the sign of magnetostriction
drastically depends on tiny changes of the strain applied in the experiment. These findings im-
ply the presence of structural twins well above TN and further support the scenario of magnetic
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FIG. 5. The angle dependence of the magnetization at B = 1 T obtained by rotating the single crystal in
the ab plane at (a) 300 K and at (b) 2 K. An additional asymmetry observed in the magnetic ordered phase
is interpreted as a signature of magnetic domains.

domains at low temperatures. It also implies that the anomalies in the magnetostriction for B||b
cannot be analysed in terms of thermodynamic relations.

In contrast, magnetostriction along the c axis is not affected by the presence of in-plane
twins. dLc(B) exhibits a monotonic field-driven increase which is an order of magnitude larger
than the in-plane length changes (cf. Fig. 2). Notably, for a linear in-field magnetization, i.e.,
M = χB, which is realised for the c axis [14, 17] and in general for the paramagnetic re-
gion, exploiting the Maxwell relation 1/Li × (∂Li/∂B)|p = −1/V × (∂M/∂pi)|B results in
(dLi/Li)|p = −(1/2V )(∂χ/∂pi)|B × B2, where V denotes the molar volume. Indeed, for B||c
the data in Fig. 2(b) and SI Fig. 1 confirm the square-field dependency dLc/Lc ∝ B2 forB ≤ 15 T.
Furthermore, the data enable reading off ∂(lnχc)/∂pc ' −21 % GPa−1 at 2 K. For dLb(B), in
contrast, at 100 K, which is well in the paramagnetic regime, the Maxwell relation described above
would imply a change in sign of ∂χb/∂pb upon increasing the pressure from 2.5 to 3.0 MPa which
is unreasonable. Instead, this behaviour is associated to the presence of structural domains in-plane
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FIG. 6. Magnetostriction along the b axis during imposition (open markers, up-sweep) and removal (full
markers, down-sweep) of the magnetic field at different temperatures and at an estimated uniaxial pressure
of 2.5 MPa. Small discontinuities in the magnetostriction at higher fields indicated by the black triangles
signal the antiferromagnetic to paramagnetic phase boundary.

and the obtained magnetostrictive behaviour is a superposition of the response of two structural
twins whose relative proportions are changed due to change in uniaxial pressure, resulting in the
sign changes in dLb/Lb behaviour.

In the long-range spin ordered phase, increasing the uniaxial pressure in the few-MPa regime
described above, shifts the crossover fieldBcr as observed in Fig. 4(b). This is attributed to changes
in the magnetic domain distribution of the ground state. Hence, as stated above and in-line with
our expectations, the broad-hump observed in dLb/Lb (see Figs. 2(a) and 4(b)) is not the signature
of a thermodynamic phase transition but signals the crossover from the multi-domain spin ground
state to a uniform phase comprising of spins pointing nearly perpendicular to the external magnetic
field direction.

Interestingly, the up- and down-sweeps in magnetostriction feature a small remanent striction
in the antiferromagnetic phase (see Fig. 6). This observation further evidences the presence of
antiferromagnetic domains as it is straightforwardly explained by irreversibility due to the pinning
of domain walls by defects and crystalline imperfections [7]. The remanent striction amounts
to 3.7 × 10−6 at 2 K and 2.5 MPa. The small hysteresis at higher fields has an opposite sign
as compared to the low-field one and might indicate either the presence of few strongly pinned
domain walls persisting in the whole antiferromagnetic phase or a weak discontinuous character
of the antiferromagnetic phase boundary at high fields.

The overall scenario is, therefore, that application of external magnetic fields leads to rotation of
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FIG. 7. dLb/Lb versus B2 in the (a) high-field homogeneous state and (b) low-field multi-domain state,
respectively. The solid lines are corresponding linear fits using Eqs. (1) and (2), respectively. See the text
for details.

spins facilitated by domain wall motion. In the multi-domain ground state, the macroscopic mag-
netization and relative length changes in magnetic fields (B . 3 T) undergo continuous changes
and are characterized by broad anomalies in the corresponding field derivatives which maxima
however do not coincide (see Fig. 3). Such behaviours have been previously observed in several
easy-plane type, high-symmetry cubic [36, 37] and hexagonal antiferromagnets [8, 11, 33, 38].
We hence in the following apply the phenomenological models developed by Kalita et al. [8, 38–
41] to describe magnetization and magnetostriction in CoTiO3. Both in the multi-domain region
B < 1 T and in the homogeneous state at B > 3 T, the induced striction dLb/Lb varies as a square
of magnetic field as shown in Fig. 7. At higher fields, i.e., in the homogeneous phase characterized
by spins perpendicular to the applied field direction, the magnetostriction is described well by [8]
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(T,B) =

(
dLb

Lb

)
0

(T ) + α(T ) ·B2 (1)

where (dLb/Lb)0 is the hypothetical spontaneous magnetostriction that would be observed if
the magnetoelastic domains did not appear at low fields; α(T ) is a temperature-dependent prefac-
tor.

The large magnetostrictive response in the multi-domain region is facilitated by domain effects
and can be described by [8](

dLb

Lb

)
(T,B) =

(
dLb

Lb

)
0

(T )×
(
B

Bd

)2

(2)

where Bd is a phenomenological parameter. Note, that the slope of the (B/Bd)
2-behaviour is

again the hypothetical spontaneous magnetostriction (dLb/Lb)0 which is accessible from fitting
the experimental data using Eq. (1). As seen clearly in Fig. 7, the equations (1) and (2) describe
the ab plane dL(B)/L data well in both the multi-domain and the homogeneous state. We note
that, while Fig. 7 shows the analysis of magnetostriction data obtained at the external pressure
of 2.5 MPa, the B2-behaviour is also found at different external pressure (cf. Fig. 4(b)), in both
regimes B < 0.5 T and B > 3 T, respectively.

FIG. 8. Magnetization M , at T = 2 K, versus applied magnetic field B||a-axis. The dashed black line
shows a simulation to M at low fields (see the text for more details).
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Following the phenomenological models, a smooth non-linear (sickle-shaped) variation of
M(B) is expected at low magnetic fields. It is a characteristic of a multi-domain ground state
where spin-reorientation gradually takes place by displacement of domain walls [37]. It may be
described by [8]

M(B) =
1

2
χeB

(
1 +

(dLb/Lb)rem
(dLb/Lb)0

+
B2

B2
d

)
. (3)

where χe is the magnetic susceptibility in the high-field linear (homogeneous phase) region. A
linear fit to the M vs B data at B > 4 T yields χe = 0.19(1) µB/ T f.u.. We note that Eq. (3) does
not include any free fitting parameters. Using Bd, (dLb/Lb)rem and (dLb/Lb)0 from the analysis
of the magnetostriction data, we simulate the field dependence of M in the low-field region. As
seen in Fig. 8, the simulated black line using Eq. (3) yields a good description of magnetization
up to 0.7 T, thereby further confirming the applied phenomenological model.

V. CONCLUSIONS

To summarize, we report the magnetostriction of CoTiO3 single crystals in magnetic fields up
to 15 T obtained by high-resolution dilatometry experiments. The results evidence structural do-
mains at high temperatures as well as magnetic domains in the long-range antiferromagnetically
ordered phase. Below TN, we observe pronounced magnetostrictive length changes corresponding
to spin-reorientation in the ab plane. Upon application of an in-plane magnetic field, there is an
anisotropic deformation breaking the rhombohedral R3̄ symmetry in the ab plane. At B = 3 T,
the difference of in-plane lattice distances amounts to 2.6 × 10−4 which is hardly accessible by
diffraction studies. Remarkably, there are drastic effects of small external uniaxial pressure on
the magnetostrictive response both above and below TN which is attributed to the presence of
rotational magnetic and twin domains in CoTiO3. We discuss the effects of domains on the mag-
netisation and magnetostriction on the basis of multi-domain phenomenological models. While
the validity of such models and in particular the observed gigantic pressure effects on the magne-
tostriction are clear fingerprints of magnetostructural domains, our data also imply that even the
sign of macroscopic magnetostriction in such materials hosting a multi-domain ground state can
depend on tiny changes of the external parameters such as uniaxial strain.
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FIG. 1. (a) Fitting lines (dashed lines) to the relative length changes dLc/Lc plotted versus B2

allows to determine the pressure dependencies of the magnetic susceptibility; (b) Magnetostriction

coefficients λc = 1/Lc ·dLc/dB at several temperatures for B||c. Generally, a linear field dependence

is found. Near to the Néel temperature (at 36 K) at high fields, a diffuse feature marks the saturation

field.
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Chapter 3

High­pressure single­crystal growth and
magnetic properties of LaNiO3

The following chapter has been published in the Journal of Crystal Growth under the title ’Mag­
netic properties of high­pressure optical floating­zone grown LaNiO3 single crystals’ [113]
Copyright ©2021 Elsevier B.V.All rights reserved

In the following, the contributions of each co­authors are explained in detail, particularly high­
lighting the specific contribution of K. Dey who is the first and the communicating author.

• Almost all the measurements except specific heat (Fig. 5(b) and 6(b)) and TGAmeasure­
ments (supplement Fig. 1) and the data analysis were performed by K. Dey. All the plots
making and manuscript writing was done by K. Dey.

• W. Hergett assisted K. Dey in single­crystal growth.

• P. Telang performed the TGA measurements (supplement Fig. 1).

• M. Abdel­Hafiez performed the specific heat measurements (Fig. 5(b) and 6(b)).

• R. Klingeler supervised the measurements and supported data analysis and manuscript
writing.

• All the authors proofread the manuscript.
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A B S T R A C T

Macroscopic cm-sized single crystals of distorted perovskite LaNiO3 have been grown by means of the optical
floating-zone method at oxygen pressures of 40 and 80 bar, respectively. Depending on the growth parameters,
the crystals feature a transition to long-range antiferromagnetic order as indicated by magnetic susceptibility
and specific heat studies or lack of magnetic order. Our findings resemble recent contradictory reports which
either imply the presence of unexpected antiferromagnetism (Guo et al., 2018) or the absence of magnetic order
(Zhang et al., 2017; Wang et al., 2018). Our data indicate that long-range magnetic order is not intrinsic to
LaNiO3.

1. Introduction

Rare earth nickelate perovskites RNiO3 (R=Pr-Lu, Y) are an ex-
tensively studied class of compounds, exhibiting band-width controlled
metal-insulator (MI) transition as a function of temperature that varies
with the rare-earth size [4,5]. Apart from LaNiO3, which exhibits Pauli
paramagnetism, all RNiO3 compounds show MI transition with anti-
ferromagnetic ground state [5]. However, for nearly three decades in-
tense research on bulk RNiO3 compounds has been restricted to poly-
crystalline samples only as single-crystals had not been accessible due
to necessity of high temperature and pressure to keep nickel in the
unusual +3 valence state [6,7]. Recent technological advances in the
field of crystal growth enable growth of high-quality single crystals of
previously non-accessible systems, e.g., by applying high pressure
[8–17]. In fact, single crystals of LaNiO3 were grown recently, for the
first time, using the high-pressure optical floating zone furnace em-
ploying pressures as high as 150 bar [1,2]. Subsequent magnetic studies
on LaNiO3 single crystals revealed a markedly different behaviour [1,2]
as compared to the polycrystalline LaNiO3 samples [18–20]. Contra-
dictory reports on the magnetic ground state of LaNiO3 have been
published recently. Guo et al. by means of magnetisation, specific heat
and neutron diffraction experiments on LaNiO3 single crystals report an
antiferromagnetic metallic ground state [1] whereas no long range

order was observed by Zhang et al. [2]. Recent DFT calculations [21]
find the Pnma structure to be marginally favoured compared to the
experimentally reported R c3̄ structure and antiferromagnetic order
could be stabilized in both phases. It is important to re-investigate the
intrinsic nature of magnetism in LaNiO3, as it could provide important
clues towards understanding the driving mechanism responsible for the
MI transition in the RNiO3 perovskite nickelates.

In the present work, we report the successful growth of LaNiO3

single crystals by the high O2-pressure optical floating-zone technique.
Laue analysis implies the presence of macroscopic single crystalline
grains and phase purity is confirmed by means of room temperature X-
ray diffraction. The static magnetic susceptibility =χ M B/ vs. tem-
perature of LaNiO3 single crystals grown under 40 bar and 80 bar is
reported. Crystals extracted from areas well separated from the molten
zone regions display magnetic susceptibilities in accordance with Zhang
et al.[2]. In particular, the crystals do not exhibit anomalies as observed
by Guo et al. [1]. In contrast, single crystals extracted nearby the
molten zone region exhibit kinks in χ at around 155 K and corre-
sponding jumps in the specific heat. Based on magnetisation and spe-
cific heat measurements on our LaNiO3 single crystals, we conclude that
long range ordering in LaNiO3 may not be intrinsic and that the effect of
oxygen deficient phases, i.e, −LaNiO δ3 needs to be considered seriously
when interpreting the physical properties of LaNiO3.

https://doi.org/10.1016/j.jcrysgro.2019.125157
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2. Experimental details

Precursors for the crystal growth were prepared via standard solid
state reaction method. La2O3 was calcined overnight at 900 °C to re-
move absorbed water. Stoichiometric amounts of La2O3 and NiO were
thoroughly ground in an agate mortar and the resulting mixture was
sintered at 1000 °C for 24 h in O2 flow of 250 sccm. The obtained
powder was re-ground, densely packed in a rubber tube and iso-
statically pressed at 60MPa to obtain cylindrical shaped rods of 6–8 cm
in length and 5mm in diameter. These rods were sintered at 1150 °C in
air for several days and used as feed and seed rods. The crystal growth
was carried out in a high-pressure optical floating-zone (FZ) furnace
(HKZ, SciDre) [9]. A Xenon arc lamp operating at 3.5 kW was employed
and the growth was performed inside a sapphire chamber of 72mm in
length and 20mm wall thickness. All the growth experiments were
performed in O2 atmosphere at elevated pressures of 40 and 80 bar,
maintaining an O2 flow rate of 0.1 l/min. The feed and seed rods were
counter rotated at 10 rpm for homogeneous mixing and thermal stabi-
lity of the zone. The feed rod was pulled at 7mm/h and the seed rod
was pulled at about 4–6mm/h to ensure enough liquid volume in the
zone and to maintain the zone stability. In-situ temperature profiles of
the sample and molten zone were obtained stroboscopically by means
of a two-color pyrometer which can be moved vertically along the
growth chamber during the growth process.

Phase purity was studied by means of X-ray diffraction (XRD)
measurements on a Bruker D8 Advance ECO diffractometer with Cu Kα
source. Data have been collected at room temperature in the 2θ range of
10–70 ° with 0.02 ° step-size and integration time of 180 s per step.
Rietveld refinement of the obtained patterns was done using the
FullProf Suite 2.0 [22]. Oxygen content was determined by thermo-
gravimetry (TGA) using the STA 449 F1 Jupiter by NETZSCH equipped
with a WRe type thermocouple. Pulverized samples (≈60mg) were
placed in an alumina crucible and heated at the rate of 10 K/min up to
550 °C with dwell time of two hours at the highest temperature. The
measurements were done under reducing Ar-10%/H2 gas flow at 40ml/
min. Magnetisation was measured using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design MPMS-
XL5). Specific heat measurements were carried out in a Quantum De-
sign PPMS using the relaxation method.

3. Results and discussions

The crystal growth was carried out successfully by maintaining a
stable zone in the presence of an elevated O2 pressure between 40 and
80 bar. Elevated pressure is required to obtain phase pure LaNiO3 single
crystals which contains Ni in unusual +3 oxidation state [2]. Simple
solid state reaction of the precursors at high temperatures ( >T 800 °C)
and ambient pressure leads to the formation of other oxide phases
(Ruddlesden-Popper) containing Ni in its usual +2 state [23]. One of
challenges we faced in the high-pressure optical growth of LaNiO3 is the
cracking of the feed and seed rods during the growth. The density of the
cracks formed during 80 bar growth is higher than at 40 bar. We at-
tribute this to the fact that increasing the gas pressure leads to a sharper
temperature gradient along the rod facilitating the crack formation
[24]. The larger number of cracks at 80 bar made it difficult to form and
maintain a stable zone, sometimes leading to the breaking and falling of
the feed rod. To avoid the cracking issue, highly dense feed rods have
been made. Sintering the rods at a higher temperature, i.e., at 1150 °C,
with longer dwelling time of about 4–6 days was found suitable to
completely overcome cracking. During the growth, the feeding rate is
kept higher than the crystal pulling rate to maintain a stable zone
leading to the formation of broad crystals of about 5–6mm in diameter.
The length of the longest as-grown single crystal rod obtained in our
experiment at 40 bar O2 pressure is about 1.4 cm as shown in Fig. 2.

Fig. 1 shows the floating-zone formed during the growth along with
the respective temperature profile of the sample and the molten region.

The profile demonstrates a plateau-like shape showing a broad central
region corresponding to the melt. The temperature of the liquid
floating-zone amounts to ±1681 5 °C at 40 bar and ±1696 8 °C at 80 bar
O2 pressure, respectively. The near vertical profile in the temperature of
the floating-zone indicates that the zone-temperature is near constant.
This indicates that counter rotation of feed and seed rods at 10 rpm is
appropriate to achieve a homogeneous temperature distribution in the
floating-zone. The resulting as-grown LaNiO3 boule is shown in Fig. 2.
Laue diffraction performed at several spots along the length of the boule
to detect single-crystalline grains confirms cm-size single-crystalline
grains in the obtained samples with good crystallinity.

To study the phase purity of the grown single crystals, powder XRD
was performed on several crushed and pulverized single crystalline
pieces cut along the length of the grown rods. Fig. 3 shows Rietveld
refinements of the obtained XRD patterns for the growths performed at
40 and 80 bar, respectively. The results imply that our single crystals
exhibit the R c3̄ space group and confirm phase purity within the ac-
curacy of the powder XRD measurements. The lattice parameters ob-
tained from Rietveld analysis of the room temperature XRD patterns is
listed in Table 1. Note that the Ni-O-Ni bond angle is less than 180 °
indicating that LaNiO3 has a distorted perovskite structure. The oxygen
content of the LaNiO3 crystals grown under 40 bar was determined to
be 2.976(1) by TGA measurements which implies ≈ −δ 0.023(8) va-
cancies per formula unit. For the samples grown at 80 bar the oxygen
content amounts to 2.979(1), i.e. ≈ −δ 0.020(9). Note that the oxygen
deficiency is in a similar range as reported by Zhang et al. [2]. In
contrast, the crystals extracted close to the molten floating zone
(LNO40.1) exhibit a significantly larger oxygen deficiency of

≈ −δ 0.183(8) vacancies per formula unit resulting in an oxygen content
of 2.816(9). As noted in Table 1, the NieOeNi bond angle as well as the
lattice parameters increase with increase in oxygen vacancies but no
change is observed in the crystal structure symmetry from XRD mea-
surements on the most oxygen deficient samples.

Fig. 4 shows the static magnetic susceptibility =χ M B/ vs. T for
several LaNiO3 single crystals grown under 40 and 80 bar, respectively.

Fig. 1. Vertical in situ temperature profile of the sample at and around the
melting zone during the growth as measured by the pyrometer (left) and real-
time image of a typical LaNiO3 floating zone (right).

Fig. 2. As-grown boule of LaNiO3 grown at 40 bar O2-pressure and re-
presentative back-scattered Laue pattern taken along the growth direction at
the position marked by the black triangle.
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The overall behaviour χ T( ) is consistent with previous reports on single
crystals by Zhang et al. [2] and Guo et al. [1], but markedly differ from
the magnetic susceptibility of polycrystalline LaNiO3[18,20] (refer to
the digitized data in Fig. 4). While χ is of the same order of magnitude,
it demonstrates only very weak temperature dependence in polycrystals
and is quantitatively well described by the sum of Pauli paramagnetism
and a Curie contribution. Instead, the data in Fig. 4 shows a broad
maximum in addition to the Curie-like upturn at low temperatures
which may be associated to quasi-free magnetic impurities, e.g., due to
the presence of Ni2+ in the ≲ 1% range [2,19]. A smaller upturn in
susceptibility, as observed (Fig. 4) in the crystals grown under 80 bar to
that of 40 bar implies less quasi-free moments suggesting that higher
pressure reduces the presence of Ni2+ defects in the grown LaNiO3

single crystals.
Detailed inspection of the magnetic susceptibility in the region of

the maximum exhibits no anomalies for crystals grown at 40 and 80 bar
(see Fig. 4). The susceptibility results are in accordance with Zhang
et al. Surprisingly, the single crystalline pieces extracted nearer, i.e.,
about 2mm away from the solidified zone of one of the boules
(LNO40.1) and which possess the highest oxygen deficiency as obtained
from the TGA data, exhibit a kink in χ atTN =151 K (see Fig. 4). In fact,
several pieces extracted from a region close to the solidified floating-
zone exhibit similar anomalies at temperatures 151–157 K as shown in
Fig. 4. The corresponding specific heat data for one of these single

crystalline pieces (Fig. 5b) show a small jump cΔ p atTN which is usually
indicative of the onset of long-range order. Note that the observed
anomalies are in the same temperature range as previously reported by
Guo et al. [1] where anomalies in the susceptibility and the specific
heat were observed at 157 K (see the digitized data in Fig. 4). Quarter
integer peaks in single crystal neutron diffraction enabled them to
conclude the presence of long-range antiferromagnetic order. These
findings challenged all previous studies where LaNiO3 was reported to

Fig. 3. Room temperature XRD-patterns and corresponding Rietveld refine-
ments of powdered LaNiO3 single crystals grown at 40 and 80 bar O2 pressure,
respectively. The observed diffraction patterns are shown in red, calculated
patterns in black, and the difference between the observed and calculated
patterns is shown in blue. Vertical green ticks denote the allowed Bragg
positions.The R parameters of the fits are = = =R R χ15.5, 8.85, 3.05wp e

2 for
40 bar and = =R R14, 9.42wp e , =χ 2.212 for 80 bar respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Lattice constants, NieOeNi bond angle of R c3̄ -LaNiO3 as determined from
Rietveld analysis of room temperature X-ray diffraction data, and oxygen va-
cancy content δ . Samples marked as LNO40 and LNO80 are taken from two
different boules grown at 40 and 80 bar, respectively. ∗mark indicates a sample
extracted close to the solidified floating-zone (about 2 mm away) which ex-
hibits anomalies in the susceptibility and specific heat data (cf. Figs. 4 and 5).
All other crystals are extracted far from the solidified zone and exhibit no such
anomalies. Refer the text for further information.

Sample a (Å) c (Å) ∢ NieOeNi (°) δ

LNO40.1∗ 5.459(2) 13.136(2) 169.9 −0.183(8)
LNO40.2 5.457(3) 13.130(4) 165.3(7) −0.023(8)
LNO80.1 5.457(2) 13.130(1) 164.8(3) −0.020(9)
LNO80.2 5.457(6) 13.129(7) 164.8(3) –

Fig. 4. Temperature dependence of the static magnetic susceptibility =χ M B/
of several LaNiO3 single crystals grown under 40 and 80 bar O2 pressure, re-
spectively, at =B 5 T. The inset shows χ in the temperature range
100 ⩽ ⩽TK 200 K, i.e., highlighting the regime where some of the samples
evolve antiferromagnetic order. Anomalies signaling the evolution of anti-
ferromagnetism are marked by filled triangles. Open triangles mark anomalies
indicative of a ferromagnetic impurity phase (see the text).

Fig. 5. Temperature dependence of (a) magnetic susceptibility and (b) heat
capacity of a LaNiO3 single crystal grown under 40 bar of O2 pressure.
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be a Pauli paramagnetic metal. As shown in Figs. 4 and 5, we observe
similar anomalies in χ and cp only for the single crystals extracted very
close to the solidified zones. The specific heat data for a single crys-
talline piece grown at 80 bar pressure (i.e. LNO80.1 and LNO80.2) and
taken far away from the zone exhibits no anomaly (see Fig. 6). This
indicates an extrinsic nature of the observed anomalies. Note, that the
oxygen deficient phases of LaNiO3, i.e., −LaNiO δ3 , show various
anomalies in magnetic studies depending on δ. For example, LaNiO2.5

reportedly shows antiferromagnetism at TN= 140 K [25] whereas
LaNiO2.75 shows ferromagnetism at TC= 230 K [26]. Indeed, depending
on growth conditions of the samples and vicinity to the solidified
floating zone, the susceptibility indicates a ferromagnetic impurity
phase, presumingly LaNiO2.75, as shown by a feature at ≈T 225 K (see
open triangles in Fig. 4). Comparison of the anomaly with data on
LaNiO2.75 from Ref. [26] suggests ∼5(2)% of this impurity phase in
crystals taken from direct vicinity of the molten zone. Notably, Wang et.
al. [3] reduced LaNiO3 a single crystal without any anomalies in χ to

−LaNiO δ3 which resulted in the appearance of clear features at 150 K
(showing antiferromagnetism) as well as at 225 K (showing ferro-
magnetism). If oxygen deficiency is a parameter governing the presence
of antiferromagnetism, details of the growth process and in particular
the distance of the crystalline grain under study from the zone will be
crucial. We emphasize that all crystals showing the above mentioned
anomalies have been taken from a region within 2mm from the frozen
floating-zone of the respective boules which in fact exhibits the largest
oxygen deficiency. In contrast, LaNiO3 single crystals taken well away
from the frozen floating-zone possess a smaller oxygen deficiency and
show the behaviour exemplified by Fig. 6.

4. Conclusions

We have successfully grown macroscopic single crystals of LaNiO3

at oxygen pressures of 40 and 80 bar, respectively. Anomalies in static

magnetic susceptibility and heat capacity were observed only in single
crystals grown under 40 bar pressure and extracted from a region close
to the zone. Our results indicate an extrinsic nature of the observed
anomalies, most likely arising due to oxygen deficient phases −LaNiO δ3 .
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Figure 2: TGA measurements showing the temporal dependance of the sample mass of the LaNiO3 single crystals grown
at 40 bar and 80 bar respectively.
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Chapter 4

Conclusions

One of the principal aims of this thesis is the growth of bulk single­crystals of ilmenite titanates
and lanthanum nickelates. For this, the optical floating­zone method was employed in the re­
cently available high­pressure optical furnace (Sci­Dre, 150 bar) and additionally in the widely
available four­mirror optical furnace (CSC, 10 bar). The titanates NiTiO3 and CoTiO3 and the
nickelate LaNiO3 have been grown. Additional single­crystals of other members of the ilmenite
family ­ MnTiO3 (Appendix B) and Ni0.25Mn0.75TiO3 (Appendix C) and Ruddlesden­Popper
La4Ni3O10 (Appendix D) have also been grown. In particular, the four­mirror furnace was
found to be better suited for the growth of titanates and the high­pressure furnace proved to be
the only way to grow the lanthanum nickelates, since pressures greater than 10 bar was needed
to stabilize the right phase. Table 4.1 summarizes the most suitable parameters optimized for
the growths of macroscopic single­crystals.

Table 4.1. The table summarizes the growth parameters namely the atmosphere (atm.), growth
and feeding rate, the employed pressure p and the rotation speed of the counter rotating rods for
the most­stable growth of the ilmenite titanates and lanthanum nickelates.

material atm. (flow rate) growth rate feed rate p (bar) rot. speed (rpm)
NiTiO3 air (3 l/min) 3 mm/h 3 mm/h ambient 20
CoTiO3 O2 (0.05 l/min) 6 mm/h 6 mm/h ambient 20
MnTiO3 Ar (0.5 l/min) 5 mm/h 5 mm/h 5 10
Ni0.25Mn0.75TiO3 Ar (0.3 l/min) 2 mm/h 2 mm/h 5 10­15
LaNiO3 O2 (0.1 l/min) 7 mm/h 4­6 mm/h 40/80 10
La4Ni3O10 O2 (0.1 l/min) 6 mm/h 4 mm/h 20 12­15

All the synthesized materials were characterized in detail by means of powder and single­
crystal X­ray diffraction, EDX, polarized microscopy and magnetization measurements. The
resulting single­crystalline pieces were oriented (≈ few mm3 dimensions) typically along prin­
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104 4.1. Summary

cipal crystallographic directions. Detailed magnetic and thermodynamic studies were carried
out on specifically ­ NiTiO3, CoTiO3 and LaNiO3 which form the bulk of this thesis. Below a
summary of important results from each chapter is presented.

4.1 Summary

Chapter 2

Adetailed investigation of themagnetoelastic coupling in the optical floating­zone grownNiTiO3

single­crystal is presented in section 2.1. It is observed by means of high­resolution thermo­
dilatometry experiments that the lattice spontaneously deforms upon the evolution of long­
ranged antiferromagnetic order below TN = 22.5 K. The measured relative length changes
dLi/Li(i = a, c) signal shrinking of c axis and increase of a axis upon decreasing tempera­
ture across TN indicating significant magnetoelastic coupling in NiTiO3. The corresponding
thermal expansion coefficients (αi) exhibited significant lambda shaped anomalies at TN and
the signs of the anomaly help determine the sign of the uniaxial pressure dependency, i.e.,
dTN/dPa < 0 and dTN/dPc > 0 for NiTiO3. The scaling of the non­phononic contribution to
the thermal expansion coefficient (αmag

V ) and the specific heat (Cmag
p ) revealed a single temper­

ature independent Grüneisen parameter amounting to γm = 1.18(3) × 10−6. The Grüneisen
analysis indicated a single dominant energy scale ϵ across TN and enabled estimating the hydro­
static pressure dependency of TN, amounting to dTN/dP = 1.12(4) K/Gpa using the Ehrenfest
relation. The positive sign of hydrostatic pressure dependency imply that the nearest neighbour
ferromagnetic interactions in the ab plane supposedly increase on application of hydrostatic
pressure. Furthermore, we constructed the complete magnetic phase diagram of NiTiO3 for
the first time using high­field dilatometry (15 T) and magnetization studies in static (15 T) and
pulsed (60 T) magnetic fields. While the shape of anomalies in αwere not significantly affected
by magnetic fields, TN expectantly and isotropically shifted to lower temperature for both a and
c axes. Magnetization data in the pulsed­magnetic fields indicated that the magnetic saturation
for both a and c axes is achieved at Bsat = 36.0(5) T. The resulting saturation magnetization
amounted toMsat = 2.23(5) µB/f.u. and for S = 1 (for Ni2+) this yielded an isotropic g­factor
of 2.23(5). The g­factor value agrees very well with electron spin­resonance experiments [39]
and from Curie­Weiss fit to the static magnetic susceptibility data. While the magnetization
exhibited a linear behaviour for all B||c, a non­linear sickle­shaped behaviour indicative of
spin­reorientation was observed at low magnetic­fields (B ≤ 2 T) applied in the hexagonal ab
plane. The in­plane magnetostriction measurements, i.e., dLa/La vs. B corresponding to the
spin­reorientation exhibited significant length changes amounting to ∆La/La = 4.8× 10−5 at
2 K. The corresponding phase boundary B(T ) of the spin­reorientation was constructed using
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the half­heights from the magnetostriction data and indicated negligible entropy change across
the transition.

Following the results of section 2.1 where the magnetoelastic coupling was established for
the first time in NiTiO3, a detailed investigation establishing finite magnetoelectric coupling in
NiTiO3 is presented in section 2.2. In particular, single­crystal X­ray and neutron diffraction
data are presented and compared to that of magnetization and thermo­dilatometry results pre­
sented in section 2.1. The single­crystal XRD measurements performed at 100 K reconfirmed
the assignment ofR3̄ space group and improved on the accuracy of the previously reported crys­
tallographic parameters from polycrystalline XRD and neutron measurements [28,34]. Further­
more, the neutron diffraction study of nuclear structure at 2 K which is well below TN = 22.5 K
revealed that the macroscopic R3̄ symmetry is preserved until the lowest temperatures. Hence,
the data clearly indicated that the spontaneous lattice deformation of NiTiO3 at TN as revealed
from the thermal expansion data in section 2.1 is symmetry preserving one. Additional satellite
magnetic Bragg­peaks corresponding to the propagation vector (0,0,1.5) were also observed at
T = 2K in the neutron data which enabled re­confirming the easy­plane type spin­structure (A­
type) of NiTiO3. In fact the magnetic ground state of NiTiO3 comprises of three equally popu­
lated 120◦ rotational domains owing to theC3 symmetry of the hexagonal ab plane. Comparison
of the magnetic order parameter ’L’, the relative volume changes (from dilatometry measure­
ments in section 2.1) and the reported dielectric function ’ϵ’ [44], revealed that ϵ varies as L2.
This is in­line with the predictions of Landau theory and clearly indicates finite magnetoelectric
coupling in NiTiO3. The detailed structural studies as described above further suggested that a
spin­phonon coupling rather than an exchange striction mechanism is possibly the responsible
microscopic mechanism behind the observed magnetoelectric effect in NiTiO3. Furthermore,
the results from in­field neutron diffraction (up to 6 T) with magnetic field applied in the ab
plane are also presented and compared to magnetostriction and magnetization measurements.
In­field neutron data clearly revealed the continuous evolution of multidomain ground state to a
single domain (for B ≥ 2 T) comprising of spins aligned perpendicular to the applied external
magnetic field. The in­plane spin­reorientation process forB < 2 T is in fact responsible for the
observed sickle­shaped behaviour in magnetization and pronounced increase in magnetostric­
tion measurements as described in section 2.1. The measurements further revealed that the
thermodynamic quantities ∂M/∂B and λa peak at different points which is uncharacteristic for
a spin­reorientation transition (e.g. spin­flop), but is a feature of multi­domain rearrangement
process. Themacroscopicmagnetization andmagnetostrictionmeasurements were successfully
described by means of magnetoelastic multi­domain phenomenological theories, and a linear
scaling of the thermodynamic quantities ∂χ/∂B and λa in the multidomain state in­line with
the predictions of the theory.

In section 2.3, themagnetic and thermodynamic investigations as described above onNiTiO3
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was extended to another member of the ilmenite titanates family namely CoTiO3. In particular,
CoTiO3 has a similar crystallographic and A­type magnetic structure [35] as NiTiO3. How­
ever, the difference in magnetism arises from the spin­orbit coupled pseudospin­1/2 ground
state in CoTiO3 which is fundamentally different from the spin­1 ground state with nearly
quenched orbital momentum realised for NiTiO3. As a result, the magnetic susceptibility is
highly­anisotropic in CoTiO3 with a non Curie­Weiss behaviour at high­temperatures due to
considerable mixing of the ground Jeff = 1/2 state with the higher Jeff = 3/2, 5/2... multiplets.
The structural refinements of the single­crystal x­ray diffraction data at 100 K re­confirm theR3̄

space group [28]. The zero­field thermal expansion measurements revealed strong anomalies at
TN= 37 K with shrinking of both c and b axes indicative of strong magnetoelastic coupling. The
data imply positive uniaxial pressure dependencies dTN/dpc > 0 and dTN/dpb > 0 contrary to
what was observed for NiTiO3 (where dTN/dpb < 0). It is speculated that unlike NiTiO3, the
presence of bond­anisotropic frustration in the hexagonal plane of CoTiO3 [45] can be lifted by
an externally applied uniaxial pressure, hence resulting in a positive pressure dependency. The
magnetic Grüneisen analysis indicated a single­dominant magnetic degree of freedom driving
the observed non­phononic length and entropic changes and further enabled estimating a hydro­
static pressure dependency of dTN/dp = 2.7(4) K/GPa. Interestingly, the quantitative compar­
ison of the measured relative length changes dLi/Li with the published dielectric data [114] en­
abled us to establish the presence of significant magnetodielectric coupling in CoTiO3. Thermal
expansion measurements in external magnetic fields of up to 15 T and magnetization measure­
ments up to 60 T enabled constructing the full magnetic phase diagram of CoTiO3 for the first
time. An anisotropic magnetic saturation due to the 3D­XY nature of the Co2+ was achieved
at Bsat,ab = 16.3(5) T and Bsat,c = 46(1) T resulting in gab = 5.7(2) and gc = 2.62(4). A
strong anisotropic field effect was also observed in thermal expansion coefficients where the
TN shifted considerably more to lower temperatures for magnetic fields applied in ab­plane than
along c axis. The sharp peaks in α coincided well with the anomalies from static susceptibility
χ vs T data measured in various fields up to 15 T and hence enabled constructing the PM to
AFM phase boundary. Additionally, a non­linear sickle­shaped behaviour corresponding to a
spin­reorientation transition similar to NiTiO3 was observed in magnetization M vs. B mea­
surements. Following the temperature evolution of this transition by performingM vs. B scans
at different T <TN resulted in a nearly horizontal AFM to spin­reoriented phase boundary.

In section 2.4, the magnetostrictive data of CoTiO3 up to 15 T is presented and the analyzed
in the framework of magnetic and structural domains. The uniaxial magnetostriction for B||c
is observed to vary as square of the applied external magnetic field i.e. dLc/Lc ∝ B2. In con­
trast for B||b, pronounced increase in lattice parameters is observed at low­fields i.e., B < 3 T
concomitant with the spin­reorientation region marked by non­linear magnetization. Above the
spin­reorientation, a relatively smaller decrease in length changes is observed up to 15 T. Not
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surprisingly, the thermodynamic quantities ∂M/∂B and magnetostriction coefficient λ, peak
at different positions suggesting the presence of magnetic domains similar to NiTiO3. Clear
evidence of magnetic domains is observed in rotational magnetization measurements (M vs.
θ) which exhibits a C3 anisotropy corresponding to three domains and also in magnetostriction
measurements which exhibit a hysteresis in the up and down magnetic field sweeps. Interest­
ingly, the longitudinal and transverse magnetostriction measurements in the ab plane reveals an
anisotropic deformation of lattice at 2 K, indicating the breaking of the R3̄ symmetry. This is
the first ever measurement in the ilmenite titanates family in which the breaking of structural
symmetry by means of external magnetic field is reported. This indicates the strong coupling
of spins and lattice degrees of freedom, which is a manifestation of significant spin­orbit cou­
pling in CoTiO3. Remarkably, we observed a complete reversal in the magnetostrictive be­
haviour dLb/Lb in the entire field range on slightly increasing the applied uniaxial pressure
(by the dilatometer) from 2.5 MPa to 3 MPa. This pressure dependent reversal effect persists
until 100 K which is well above TN indicating the the presence of structural domains (crystal­
lographic twins) in CoTiO3. Consequently, the magnetostrictive behaviour in CoTiO3 results
from the superposition of the response from both the structural twins and magnetic domains. Fi­
nally, we successfully describe our in­plane magnetostriction data in the multi­domain and the
homogeneous state and low­field magnetization by means of magnetoelastic phenomenological
theories similar to NiTiO3.

Chapter 3

In chapter 3, high­pressure single­crystal growth and detailed characterization of LaNiO3 is
presented. In particular, in­homogeneity of stoichiometry was observed for LaNiO3 single­
crystals extracted at different longitudinal positions along the grown boule. In particular, the
pieces extracted close to the floating­zone (≈ 2 mm) exhibit clear anomalies in the magnetic
susceptibility and specific heat measurements at ≈ 150 K and some of them also exhibits an
additional anomaly at 230 K. In contrast, the pieces which were extracted farther away from
the zone exhibited no such anomalies. The oxygen vacancy characterization by means of TGA
measurements indicated that the pieces extracted close to the floating­zone are significantly
more oxygen­deficient than the pieces extracted farther away. As there exit several oxygen­
deficient lanthanum nickelates LaNiO3−x which exhibit anomalies depending on x at around
150 K and 230 K respectively, hence our measurements explicitly indicate that the observed
anomalies are extrinsic and that LaNiO3 is a paramagnetic metal down to 2 K. Overall, our
work solves the ambiguity concerning the magnetic ground state of bulk­LaNiO3 ( [92], [20])
using an uncommon way of characterization of different crystalline pieces extracted along the
longitudinal direction of an optically floating­zone grown boule and in general emphasizes the
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effects of oxygen­vacancy defects in nickelates.

4.2 Future work

This thesis tries to answer some of the fundamental questions pertaining to the magnetoelastic
and magneto­electric coupling in the ilmenite titanates and the magnetic ground state of lan­
thanum nickelate. On the hindsight, the research in ilmenite titanates started in the 1950s and
for lanthanum nickelates in the 1970s. However, as is always the case, the technological ad­
vances in experimentation, the improvement in our understanding as time passes and discovery
of new theoretical principles leaves a plenty of room at the bottom. The effort in this thesis
has been to add to the current understanding and in this process try and establish some general
principles which has a wider applicability. Keeping this in mind, some of the most exciting
directions to carry forward from this work is as the following.

• The preliminary single­crystal neutron diffraction study of the magnetic ground state of
CoTiO3 (see Appendix A) has surprisingly revealed that there is a possibility of a two­
K magnetic ground state instead of the previously reported single­K magnetic structure
[35]. This suggests a more complicated magnetic ground state than previously thought.
Bearing in mind the recent interest in CoTiO3 due to it’s unconventional topological
magnon­band properties [42, 45, 115], revisiting the magnetic ground state of CoTiO3

is of utmost importance.

• The observance of linear magneto­electric coupling in MnTiO3 in 2011 by Mufti et al.
[58] as described earlier led to the resurgence of interest in ilmenites in the past decade.
Following that, a flurry of research has been directed towards the understanding of the
underlying responsible microscopic mechanism. Although a p− d hybridization mecha­
nism between the transition metal ion and the ligand has been proposed [63] behind the
magnetism induced ferroelectricity, the recent X­ray [66] and neutron results [67] have
indicated that the importance of spin­lattice coupling cannot be neglected. In this work,
high­quality single­crystals of MnTiO3 have been grown at an elevated pressure of 5 bar
in argon atmosphere (see Appendix B), which as a matter of fact is the first time that
an ilmenite single crystal has been grown at such pressures. These crystals have been
grown for further investigation into the magnetoelastic coupling and specifically field­
induced lattice changes (magnetostriction) measurements by means of high­resolution
dilatometry. These measurements will shed more light into the spin­lattice coupling and
the magnetoelectric mechanism in MnTiO3.

• The mixed compound NixMn1−xTiO3 exhibits an interesting concentration versus tem­
perature phase diagram with a variety of magnetic phases which includes a spin­glass
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phase (0.4<x<0.5) and the mixed phases reentered (0.3<x<0.4 and 0.5<x<0.55) from the
antiferromagnetic ones [116]. Such a system with competing anisotropies and exchange
frustrations can be an extremely interesting model system to study the spin­lattice cou­
pling and the magnetoelectric coupling in different magnetic phases.

Figure 4.1. The magnetic phase diagram of Ni0.25Mn0.75TiO3 for B||b constructed using the
thermal expansion (TE), magnetostriction (MS), specific heat (Cp) and magnetization measure­
ments (M) in magnetic fields of up to 15 T. The TE and MS measurements were performed by
Lukas Gries and the cp measurements were performed by Ahmed Elghandour of the Kirchhoff
Institute for Physics, Heidelberg University.

In this work, taking cue from the details of single crystal growth of the parent compounds,
i.e., NiTiO3 and MnTiO3, the Ni0.25Mn0.75TiO3 single­crystals were grown successfully
in 5 bar argon atmosphere (See Appendix C for details of growth and characterization).
Furthermore, the magnetic phase diagram was constructed (Fig. 4.1) by magnetization,
specific heat and high­resolution dilatometry measurements in magnetic fields up to 15 T.
As expected, the doped compound exhibits a very interesting phase diagram where for
T < 35 K a G­type AFM order, which is similar to the ME active MnTiO3 is realized.
Interesting, a spin­reorientation transition is observed below 15 K where another G­type
order with spins lying in the ab plane is realized. This type of order is not realized for any
of the parent ilmenites (see Fig. 1.3) and is only accessible for the mixed compounds.
Moreover, application of magnetic fields resulted in two additional field­induced phase
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AFM’1 and AFM’2, where the later is still unreported. Investigating the magnetoelectric
and magnetoelastic properties and additionally the magnetic structure of the field induced
phases by means of neutron diffraction would be extremely interesting in the doped ti­
tanates.

• Following the work on the longitudinal characterization of oxygen in­homogeneity in the
LaNiO3 grown boule (see chapter 3) in 2019, a radial characterization was also performed
for LaNiO3 single crystals by Zheng et al. in 2020 [104]. They observed that the samples
extracted from the peripheral region aremore stoichiometric than those extracted from the
central region. Both of the works in general emphasis on the kind of inhomogeneities that
one needs to mind while performing an high­pressure optical floating zone growth. This
is extremely important in the context of nickelate research which has attracted intense
attention in the past decades due to it’s interesting properties (ex. CDW+SDW order in
La4Ni3O10 [117] ­ See appendix D) and especially since 2019 due to the discovery of su­
perconductivity in the thin films of Nd0.8Sr0.2NiO2 [118]. The efforts are now focused on
observing the superconductivity in the bulk single­crystals where a high­pressure optical
floating­zone growth is the preferred method of choice [119].



Appendix A

Single­crystal neutron diffraction of
CoTiO3

Figure A.1. Single­crystal neutron diffraction of CoTiO3 has been performed at the d10 instru­
ment in ILL, Grenoble. (a) Integrated intensity I vs. T of the nuclear Bragg peak (­1,­1,3) for
CoTiO3. The inset shows the I vs. T of the magnetic (0,0,1.5) Bragg peak. The dashed black
curve shows a fit to the data. (b) Observed vs. calculated structure factors of the nuclear Bragg
reflections at 100 K for CoTiO3.

Single­crystal neutron diffraction experiments on a CoTiO3 single­crystal of size 2×1.85×
1 mm3 were performed at B = 0 T on the D10 instrument at the Institut­Laue Langevin. An
incident neutron beam of wavelength of 2.36 Å using the pyrolytic graphite monochromator was
employed. In the time­span of 1.5 days, 120 nuclear reflections (37 independent) corresponding
to the R3̄ space group were obtained at 100 K and 12 K respectively. In total, 334 satellite
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magnetic reflections (assumingK = (0,0,0.5) in P − 1 space group) were obtained at 2 K. The
temperature evolution of several nuclear and magnetic peaks were followed in the range 2 K to
40 K. Integrated intensity I vs. T of a representative magnetic Bragg peak (0,0,1.5) is shown in
the inset to Fig. A.1(a). The power­law fit in the critical region reveals TN = 36.9(1) K, in­line
with the macroscopic measurements. The position of the new satellite reflections suggests a
propagation vector of K = (0, 0, 3/2) in­line with the polycrystalline neutron data [35, 45].
However, several nuclear peaks exhibit a small but visible increase in intensity at 12 K (below
TN) as compared to 100K. As shown in Fig. A.1 (a), a clear increase in the integrated intensity of
the nuclear Bragg peak (­1,­1,3) is observed below TN. This observation suggests an additional
magnetic moment propagating with K = (0, 0, 0) indicating a more complicated magnetic
ground state of CoTiO3 than previously reported [35,45]. The nuclear structure at 100 K could
not be refined satisfactorily owing to the current limited data set and the weak intensity structure
factor being wrongly calculated under the given model as shown in Fig. A.1 (b). Tentatively
this is ascribed to multiple scattering effects. Using a smaller single­crystal piece and a larger
incident neutron beam wavelength can prove beneficial against multiple scattering. Obtaining
a reliable and extensive data set is essential in completely solving the magnetic ground state of
CoTiO3.



Appendix B

Single­crystal growth and magnetization
of MnTiO3

Table B.1. The stable parameters employed during the optical floating zone growths ofMnTiO3

single­crystal. The phase analysis is performed using the Rietveld refinements of the room
temperature powder XRD data of pulverized MnTiO3 single­crystals and the magnetization (M
vs. B) data.

I II III IV
Atmosphere O2 O2 Ar Ar
Flow rate 0.2 l/min 0.2 l/min 0.5 l/min 0.5 l/min
Pressure Ambient 10 bar 5 bar 15 bar
Feeding rate 3 mm/h 3­4 mm/h 5 mm/h 3 mm/h
Growth rate 3 mm/h 3­4 mm/h 5 mm/h 3 mm/h
rotation rate 20 rpm 20 rpm 10 rpm 20 rpm
Growth stable unstable­zone stable stable
Secondary phases (appr.) TiO2 (5%) + ­ TiO2(1%) Mn3O4 (0.1%)

Mn3O4 (0.06%)

All the MnTiO3 single­crystal growths were performed using the Sci­Dre HKZ furnace
[98]. The first growth which was performed in the O2 flow and ambient pressure resulted in
excessive evaporation with red colour deposits on the inner protection glass tube. Although a
phase analysis of the deposit was not performed, it is ascribed to a manganese oxide deposition.
Consequently the growths were performed under elevated pressures to reduce evaporation and
obtain stoichiometric single­crystals. In particular, a growth experiment performed under 10 bar
O2 pressure proved futile due to excessive bubbling and breaking of the floating zone. Hence
argon atmosphere was chosen and the growth could be stabilized at elevated pressures of 5 bar
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and 15 bar respectively. Although some deposits were still observed on the inner glass tube
post­growth under 5 bar Ar flow but were significantly reduced as compared to the ambient
pressure growth. In fact, negligible deposition was seen for the 15 bar growth. Large cm­sized
single­crystals with high­quality Laue patterns were obtained for growth numbers I, III and IV
as shown in Tab. B.1 respectively. In this work, the high­quality MnTiO3 single­crystals were
grown for the first time at such elevated pressures. Furthermore, analysis of the phase by means
of Rietveld refinements and magnetization data (for details see below) indicate that the growth
performed under 5 bar Ar pressure (col. III of Tab. B.1) resulted in the best quality single
crystals.

Figure B.1. Pictures showing the optical floating­zone grown boules of MnTiO3 at different
atmospheres and pressure. All the boules have been grown in the Sci­Dre HKZ [98] furnace.



115

Figure B.2. Two­phase (ilmenite and rutile) Rietveld refinement fits to the room­temperature
XRD data of pulverized MnTiO3 single­crystals grown at different atmospheres and pressures.
The observed diffraction (y­obs) pattern is shown in red, the calculated pattern (y­cal) in black
and the difference between the observed and the calculated pattern is shown in blue. The upper
vertical ticks in green denote the allowed Bragg positions of the ilmenite­phase (R3̄) and the
lower ticks denote the Bragg positions of the rutile TiO2 phase.

Table B.2. The lattice parameters and the goodness of fit (R­factors) parameters obtained from
the Rietveld refinement fits to the room­temperature XRD data (see Fig. B.2).

Growth Ambient 5 bar Ar 15 bar Ar
Space group R3̄ R3̄ R3̄

a = b (Å) 5.1358(1) 5.1383(1) 5.1395(1)
c (Å) 14.2778(4) 14.2796(2) 14.2824(2)
RBragg 14.58 8.20 5.24
Rwp 24.6 18.2 15.7
Rexp 11.85 11.26 10.98
χ2 4.31 2.61 2.14
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Table B.3. Crystal data and structure refinement from single­crystal X­ray diffraction per­
formed at 100 K on the MnTiO3 single crystals grown under 5 bar argon pressure. Note: The
single­crystal X­ray diffraction experiments were performed by Prof. Hubert Wadepohl of the
Inorganic­Chemical institute of Heidelberg University.

Empirical formula MnTiO3

Formula weight 150.33
T(K) 100(1)
wavelength Mo Kα, 0.71073 Å
Crystal system, space group trigonal, R3̄ (IT Nr. 148)
Unit cell dimensions
a (Å) 5.13393(6) ; α = 90°
c (Å) 14.26879(15) ; β = 90°, γ = 90°
V (Å3) 325.700(8)
Z, Calculated density (g cm−3) 6, 4.598
Absorption coefficient for Mo­Kα (mm−1) 9.169
Crystal size (mm3) 0.20 · 0.11 · 0.02 (plate)
Transmission factors: max, min 1.000, 0.365
Theta range for data collection 4.3° to 60.2°
Reflections collected / independent 29329 / 1107 [Rint = 0.0551]
observed reflections [I > 2σ(I)] 1078
data/restraints/parameters 1107/0/17
Goodness­of­fit on F 2 1.206
Final R indices[F > 4σ(F0)] R(F ), wR(F 2) 0.0149, 0.0364
R indices (all data) R(F ), wR(F 2) 0.0155, 0.0367
extinction coefficient 0.0029(9)
X­ray source microfocus X­Ray tub
Diffractometer Agilent SuperNova, Dual, Cu at home/near, Eos
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Table B.4. Fractional atomic coordinates, Wyckoff positions, site occupation and equivalent
isotropic displacement parameters (Å2) of MnTiO3 as obtained from the refinement of single­
crystal XRD measurements at 100 K. sof denotes the fraction of atom type present at the site
after application of crystallographic symmetry; a Ueq is defined as one third of the trace of
the orthogonalized Uij tensor. The anisotropic displacement factor exponent takes the form:
−2π2[h2a∗2U11 + ...+ 2hka∗b∗U12].

Atom Site x y z sof Ueq
a

Mn 6c 0.33333 0.666667 0.52623(2) 1 0.00402(2)
Ti 6c 1 1 0.64762(2) 1 0.00339(2)
O 18f 0.69740(7) 0.65222(7) 0.58931(2) 1 0.00475(4)

Figure B.3. (a) The static magnetic susceptibility χ = M/B vs. T of MnTiO3 single­crystal
grown at 5 bar Ar pressure for magnetic­field B = 0.1 T, applied along principle crystallo­
graphic directions. The inset to (a) shows the Fisher’s specific heat ∂χcT/∂T vs. T [120].
The vertical dashed lines indicate TN. The broad hump above TN is due to the crossover
from 3D to quasi­2D behaviour [53, 54, 121]. The tiny anomaly indicated by the black star
at T ≈ 20 K is tentatively ascribed to small amount of δ­MnO2 (exhibits PM to AFM transition
below 20 K) [122] impurity phase. (b)M vs. B data as measured using the VSM­option in the
PPMS at T = 2 K. The spin­flop transition is observed at 6 T for B||c. The inset to (b) shows
the up and down sweeps as measured in the MPMS.
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Figure B.4. (a) The static magnetic susceptibility χ = M/B vs. T of a MnTiO3 single­crystal
grown at ambient pressure in O2 flow, for magnetic­fieldB = 0.05 T applied along the principle
crystallographic directions (DCmeasurement). The top right inset to (a) shows Fisher’s specific
heat [120]. The vertical dashed lines indicate TN. The tiny anomaly marked by the black star
is ascribed to Mn3O4 impurity which is a ferrimagnet with TC ≈ 43 K [123]. The bottom right
right inset to (a) shows the reversibility in the magnetization measured in the entire temperature
range with two different protocols ­ FCW and ZFC (VSM­Squid measurement). (b) M vs. B
data for B||c at T = 2 K. An unexpected small hysteresis is observed due to the presence of
Mn3O4 impurity. The impurity phase is estimated to be about 0.06 % from remanent magneti­
zation value [123]. (c) The zero­field specific­heat data showing an anomaly corresponding to
long­range antiferromagnetic transition at TN. The anomaly is rather broad indicating the poor
quality of the grown single­crystal. Note: The specific heat measurement was performed by
Dr. Mahmoud M. Abdel­Hafiez at Goethe University, Frankfurt, Germany.
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Figure B.5. (a) The static magnetic susceptibility χ = M/B vs. T of MnTiO3 single­crystal
grown at 15 bar pressure in Argon flow, for magnetic­field B = 0.05 T applied along the
principle crystallographic directions (VSM­Squid measurement). There exists irreversibility in
the ZFC and FCW measurements below 50 K which is ascribed to some impurity magnetic
nano­regions precipitated during the crystal­growth. The peak in FCW curve as marked by
black star is at≈ 43 K and is possibly arising due to Mn3O4 impurity. The inset to (a) shows the
M vs. B data at T = 2K. The observed hysteresis is assumed to be only due toMn3O4 impurity
and amounts to approx. 0.1 % calculated using the remanent magnetization value. (b) The χ
vs. T data of the same MnTiO3 single­crystal as in (a) after sintering in air at 800◦C for 5 h.
The irreversibility between ZFC and FCW data still features below 43 K but is significantly
deceased as compared to (a). Note that such features below TN have been observed in the
literature but have not been discussed in detail [58,66,121]. The fact that these features appear
at different temperatures depending on the growth conditions ofMnTiO3 single­crystal, indicate
the extrinsic nature of them. Also some variations in the Néel temperature is observed in the
single­crystals grown under different conditions indicating that some disorder maybe present in
the system.





Appendix C

Single­crystal growth and characterization
of Ni0.25Mn0.75TiO3

Figure C.1. Ni0.25Mn0.75TiO3 boules as­grown under (a) 5 bar ­ Ar (0.75 l/min) + O2

(0.25 l/min) atmosphere and (b) 5 bar Ar (0.3 l/min) atmosphere. The grain protrusion as in­
dicated in (a) affects the zone stability and is one of the major challenges faced while growing
Ni0.25Mn0.75TiO3. The boule in (b) yielded the best quality single­crystals.

Precursors for the crystal growth were prepared via the standard solid state reaction. NiO
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was sintered overnight at 1000◦C and MnO2 and TiO2 were sintered at 120◦C for three days
to remove absorbed water. Stoichiometric amounts of the above precursors were thoroughly
ground in an agate mortar until a homogeneous mixture is obtained. The mixture was then
sintered at 1000◦C for 30 hours. The obtained powder was reground and densely packed in
a rubber tube and isostatically pressed at 50 MPa to obtain cylindrical shaped rods of length
4­6 cm and 5 mm in diameter. The obtained rods were further sintered at 1200◦C for 24 h to
obtain feed and seed rods for the crystal growth.

The crystal growth was performed in the high­pressure optical floating zone furnace (HKZ,
SCI­Dre) using a 3.5 kW Xe arc lamp. An elevated pressure of 5 bar was employed to circum­
vent the manganese evaporation issue (See Appendix B). Several crystal growth experiments
were performed in a mixed 3:1 ­ Ar (0.75 l/min) : O2 (0.25 l/min) atmosphere using differing
growth rates of 1­2 mm/h with counter­rotating rods at 10­25 rpm. Although the growths in
the mixed atmosphere were relatively stable, the obtained boules were largely polycrystalline
in nature and no macroscopic single­crystalline grain could be extracted. Consequently, only
argon with a flow rate of 0.3 l/min and 5 bar pressure was employed. The growth experiment
was carried out with 16.5% of shutter opening and the growth rate was maintained at 2 mm/h.
The rods were counter rotated at 15 rpm. The obtained boule as shown in fig. C.1(b) resulted in
a very good Laue pattern and a macroscopic single­crystalline piece extracted from the central
region was oriented along b × (2,−1, 0) × c (2 × 3 × 1 mm3). One of the major challenges
during the growth experiments was that of grain protrusion as indicated in Fig. C.1(a). During
the grain competition process (usually at the beginning of crystal growth) it was observed that
a portion of seed cracks and separates, hampering the floating­zone stability. Varying the pa­
rameters such a changing the rotation speeds, power and growth rates couldn’t circumvent the
issue. It is possible that the cracking takes place at the grain boundaries due to the high thermal
stress along the rods. In particular, the individual pieces which broke off from the boule grown
in Ar atmosphere (as seen in Fig. C.1) also exhibited good crystallinity in Laue diffraction
experiments.

The phase analysis bymeans of room­temperature powder XRD data indicate that the pieces
extracted from the boule grown under 5 bar Ar pressure are phase pure, whereas the pieces
extracted from the boules grown in mixed 3:1 ­ Ar+O2 atmosphere show impurity peaks cor­
responding to the rutile phase. Rigorous edx measurements were performed by Lennart Singer
of the Kirchhoff Institute for Physics, Heidelberg University on the oriented single crystalline
piece (grown under 5 bar Ar). EDX analysis indicates an average proportion of Ni:Mn of
0.235(5):0.765(5) and (Ni+Mn):Ti of ≈ 1:1. The refinements of the single crystal XRD data
at 100 K using the neutral atomic scattering factors (fat) resulted in the Ni:Mn proportion
of 0.27:0.73 and using the preferred ionic scattering factors (Tab. C.2) resulted in Ni:Mn of
0.21:0.79. Note that the EDXmeasurements are more reliable in estimating the elemental com­
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Figure C.2. The Rietveld refinement fit to the room­temperature XRD data of pulverized
Ni0.25Mn0.75TiO3 single­crystal grown at 5 bar Argon atmosphere. All the observed Bragg
reflections match with the expected R3̄ space group (green ticks) indicating phase purity. Full
occupancy of all the cations were assumed for the fit. Poor estimation of the fit to the highest
intensity peak (2θ ≈ 350) could be due to the variation from the assumed full occupation or due
to in­homogeneous grinding prior to the XRD experiment.

position as compared to intensity refinements of the diffraction data which depends on a various
other parameters such as absorption and transmission factors etc.
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Table C.1. Fractional atomic coordinates, Wyckoff positions, site occupation and equivalent
isotropic displacement parameters (Å2) of Ni0.25Mn0.75TiO3 as obtained from refinement of
single­crystal XRD measurements at 100 K. sof denotes the fraction of atom type present at
the site after application of crystallographic symmetry; a Ueq is defined as one third of the trace
of the orthogonalized Uij tensor. The anisotropic displacement factor exponent takes the form:
−2π2[h2a∗2U11 + ...+ 2hka∗b∗U12].

Atom Site x y z sof Ueq
a

Ni 6c 0.33333 0.666667 0.52391(2) 0.214(6) 0.00388(2)
Mn 6c 0.33333 0.666667 0.52391(2) 0.786(6) 0.00388(2)
Ti 6c 1 1 0.64673(2) 1 0.00303(2)
O 18f 0.69388(6) 0.65114(6) 0.58857(2) 1 0.00463(3)
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Table C.2. Crystal data and structure refinement (using ionic atom scattering factors Fat) from
single­crystal X­ray diffraction performed at 100 K on the Ni0.25Mn0.75TiO3 single crystals
grown at 5 bar argon pressure. Note: The single­crystal X­ray diffraction experiments were
performed by Prof. Hubert Wadepohl of the Inorganic­Chemical institute of Heidelberg Uni­
versity.

Empirical formula Ni0.21Mn0.79TiO3

Formula weight 151.14
T(K) 100(1)
wavelength Mo Kα, 0.71073 Å
Crystal system, space group trigonal, R3̄ (IT Nr. 148)
Unit cell dimensions
a (Å) 5.10799(4) ; α = 90°
c (Å) 14.12863(11) ; β = 90°, γ = 90°
V (Å3) 319.250(5)
Z, Calculated density (g cm−3) 6, 4.717
Absorption coefficient for Mo­Kα (mm−1) 9.981
Crystal size (mm3) 0.21 · 0.15 · 0.08 (irregular)
Transmission factors: max, min 1.000, 0.591
Theta range for data collection 4.8° to 59.3°
Reflections collected / independent 14885 / 1065 [Rint = 0.023]
observed reflections [I > 2σ(I)] 1052
data/restraints/parameters 1065/0/18
Goodness­of­fit on F 2 1.127
Final R indices[F > 4σ(F0)] R(F ), wR(F 2) 0.0113, 0.0272
R indices (all data) R(F ), wR(F 2) 0.0115, 0.0273
extinction coefficient 0.0039(4)
X­ray source microfocus X­Ray tub
Diffractometer Agilent SuperNova, Dual, Cu at home/near, Eos





Appendix D

Single­crystal growth of La4Ni3O10

Figure D.1. Picture showing the optical floating­zone grown La4Ni3O10 boule at 20 bar oxygen
pressure.

The Ruddlesden­Popper (n=3) La4Ni3O10 single crystal was grown using the high­pressure
optical floating zone furnace at an elevated oxygen pressure of 20 bar (flow rate ­ 0.1 l/min).
Employing high­O2 pressures is typical for rare­earth nickelates growth [20, 21] and in this
case is crucial to stabilize the optimal phase containing a high valence state of Ni (nominal
+2.67). The growth experiment in this work has been performed following the work of Zhang
et al. [117], where they report the single crystal growth of La4Ni3O10 for the first time and
show that 20 bar O2 pressure is necessary to obtain phase purity. In this work, a 3.5 kW Xe­
lamp was used to melt the feed rod (≈ 6 cm long) and the seed rod (≈ 2.5 cm long) to form
a molten­zone. As the growth progressed, the molten­zone exhibited a tendency to thin. This
was tackled by using a higher feeding rate of 6 mm/h as compared to the growth rate of 4 mm/h,
hence resulting in a thick (≈ 7 mm in diameter) as­grown boule (see Fig. D.1). The zone was
stabilized at 34.8 % of the shutter opening and the counter­rotation of feed and seed rods at
12.5 rpm ensured good mixing. Towards the end, the growth process was stopped by quickly
turning down the power and quenching the zone.

Previously, Zhang et al. [117] reported that La4Ni3O10 crystallizes predominately in the
P21/a space group. An additional meta­stable phase with Bmab space group could also be
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present due to the rapid post­growth cooling which is typical of floating­zone process. It was
shown that depending on the lattice symmetry, La4Ni3O10 exhibits a metal to metal transition
at ≈ 146 K in Bmab phase and at 138.6 K in P21/a phase [117]. In particular, it was also
found that on post­annealing at 1000◦ under 20 bar O2 pressure, only a single transition at
138 K remained in physical properties measurements indicating that the P21/a phase is more
stable [117]. In this work, about 1 cm (from the quenched zone) of the grown boule was cut
and two samples labelled as LNO4310­2.1 (extracted ≈ 2 mm from zone) and LNO4310­2.2
(extracted farther away from zone)) were extracted from this piece. The remaining as­grown
boule was mounted at the seed position of the HKZ­furnace and was subsequently annealed
under 20 bar O2 pressure with 10% shutter opening. The temperature reading of the pyrometer
was maintained below 1000◦C and the rod was annealed for about 2 hours. Finally, the process
was stopped by quickly removing the rod out of focus. The piece extracted post­annealing is
labelled as LNO4310­2.3.

Preliminary phase analysis by means of X­ray diffraction data of the pulverized post­growth
pieces (extracted from the boule shown in Fig. D.1) exhibited predominately La4Ni3O10 phase.
While tiny impurities of the (n = 2) Ruddelsden­Popper phase La3Ni2O7 was found in the pieces
extracted from the as­grown boule, i.e., LNO4310­2.1 and LNO4310­2.2, the piece extracted
post­annealing i.e., LNO4310­2.3 exhibited phase purity. The lab­based XRD data proved in­
adequate in distinguishing the minor structural differences between the Bmab or P21/a space
groups as indicated by other reports [117, 124]. The back­scattered Laue experiment surpris­
ingly showed good quality images with sharp spots only for the central regions of the boule and
bad quality for peripheral regions. This indicates that the crystallinity varies in the radial direc­
tion with better quality limited to the central region. With careful Laue analysis, the bad quality
peripheral regions were cut out and a high­quality single­crystalline piece was obtained from
the central region (in this work only for LNO4310­2.1). In fact, the phase purity as indicated
by the powder XRD data exhibited no radial variation.
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Figure D.2. (a) The static magnetic susceptibility χ = M/B vs. T of a non­oriented La4Ni3O10

single­crystal piece extracted from the central region of the as­grown boule LNO4310­2.1 as
shown in Fig. D.1. Themetal­to­metal transition (TMMT) is at 154K indicating that the sample is
predominately inBmab phase [117]. (b) Theχ vs. T data of the single crystal piece ­ LNO4310­
2.3 extracted from the central region of the as­grown boule annealed at 20 bar O2 pressure. Note
that the (TMMT) is at a lower temperature of 140 K indicating that the post­annealed sample is
predominately in P21/a phase.
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