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Transition metal oxides have attracted growing attention over the last few decades 

because of rich physical properties they exhibit. Perovskite structure transition metal 

oxides AMO3 are of particular interest to the design of functional materials in modern 

techniques, since a variety of ways can be used to tune the physical properties of AMO3.  

Single crystals of Y1-xLaxTiO3 are grown by floating zone method to study the 

magnetic transition from ferromagnetic in YTiO3 to G-type antiferromagnetic in LaTiO3. 

Y1-xLaxTiO3 shows similar magnetic phase diagram with RTiO3 family, and the 

magnetism and the transition temperature can be finely tuned by varying the La doping x. 

By measuring the change of magnetic transition temperatures on single crystal samples 

under uniaxial stress, the correlation between the lattice distortions and the cooperative 

orbital ordering can be distinguished. 

Double perovskite CaMnTi2O6 is the first columnar A-site ordered perovskite 

exhibiting ferroelectric property. Spark plasma sintering (SPS) is used to successfully 

synthesize gram-level Ca2-xMnxTi2O6, which has the same crystal structure and similar 

high-Tc ferroelectric property. Through neutron diffraction, the detailed information of 

the structure is obtained, and the driving force for ferroelectricity is identified. 
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Inspired by the successful synthesis of double perovskite Ca2-xMnxTi2O6, 

perovskites La1-xPrxRuO3 are obtained by SPS as well. The substitution of La by smaller 

rare earth ion Pr gives rise to the crossover from itinerant to localized electronic behavior. 

A systematical study of physical properties is made and an unusual second-order metal 

insulator transition is found in La1-xPrxRuO3. 

The A
2+

V2O4 spinels have the smallest gap caused by electron-electron 

correlations in the single-valent spinels, and the V-V bond length in these spinels 

decreases as the A-site cation is replaced by cations in the order of A = Cd, Mn, Fe, Mg, 

Zn, Co. The density functional theory (DFT) calculation and transport properties of 

CoV2O4 under pressure indicate that CoV2O4 might be at the crossover between localized 

electron and itinerant electronic behavior. In order to clarify this, the series of AV2O4 

spinels (A = Cd, Mn, Fe, Mg, Zn, Co) are studied with in situ high-pressure x-ray and 

neutron diffraction at different temperatures. 
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Chapter 1 Introduction 

Transition-metal oxides have been extensively investigated over the last few 

decades. The anisotropic-shaped d electrons play an important role in this family by the 

subtle interplay of charge, spin and orbital degrees of freedom, which causes a wide 

diversity of interesting phenomena, such as metal-insulator transition
1
, high-temperature 

superconductivity
2
, colossal magnetoresistance

3, 4
, ferroelectricity

5
 and multiferroicity

6
. It 

is of great importance to understand the physics behind these phenomena and provide 

guidance for modern techniques to design functional materials.  

The AMO3 perovskite structure, as the most common structure in transition-metal 

oxides, consists of corner-shared MO6/2 octahedra with A-site cations at the body-center 

position of the unit cell. The mismatch between the equilibrium A−O and M−O bond 

lengths described by a tolerance factor t (defined and explained in Sec. 2.1.1) allows a 

wide range of cations occupying the 12-coordinate A site and 6-coordicate M site. 

Therefore, a variety of ways can be used to tune the physical properties of AMO3 

transition-metal oxides, such as varying the size of A-site cations by divalent alkaline 

earth metals (Mg, Ca, Sr and Ba) or trivalent rare earth metals (La-Lu), and changing the 

number of d electrons at B site cations within a period (d
0
-d

8
) or in different periods (3d, 

4d and 5d). These tunable parameters give rise to rich phase diagrams of AMO3 

perovskites in terms of structure, electronics and magnetism.  

The RTiO3 family is recognized as the touchstone materials to study the strongly 

correlated electron effect, since Ti
3+

 has only one d electron, and the t
1
e

0
 system is 

supposed to be the simplest scenario among the transition-metal oxides. LaTiO3 with the 

smallest distortion shows a G-type antiferromanetic (AFM) ordering at TN =147K. As the 

size of the lanthanide ion reduces, TN gradually decreases and is strongly depressed at 
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SmTiO3. Subsequently a ferromagnetic (FM) ordering appears in RTiO3 (R = Gd-Lu). 

While this magnetic phase diagram has been known for more than 30 years
7
, a number of 

puzzles remain unclear and controversial until now. Theoretical calculations based on the 

multiband d-p model succeed in reproducing the G-type AFM and FM ground states in 

RTiO3, and show ferro-orbital ordering and antiferro-orbital ordering respectively
8-10

. 

However, experimentally there are few experiments that provide straightforward 

evidence to support those models. Even though a resonant x-ray scattering result has 

claimed direct observation of the orbital ordering in RTiO3, the result is not convincing 

since the resonant x-ray scattering data are inconsistent from different groups
11, 12

. 

Detecting the orbitals will provide key information about the emergence of magnetic 

ground states and the driving force of the transition from G-type AFM to FM. Since the 

Y1-xLaxTiO3 system shows similar magnetic phase diagram with the RTiO3 family and 

the spin ordering temperature can be finely tuned by different doping x, I have grown a 

series of Y1-xLaxTiO3 single crystals to measure the magnetic susceptibility under uniaxial 

stress. By measuring the change of magnetic transition temperatures on single-crystal 

samples along specific directions of the unit cell, the correlation between the lattice 

distortions and the cooperative orbital ordering can be used to test whether the change of 

orbital ordering is responsible for the magnetic phase transition. The result, presented in 

Chapter 4, gives a reliable way to verify the theoretical model. 

As discussed above, the physical properties of the AMO3 perovskites can be 

dramatically changed by chemical substitutions. When half of the cations are replaced by 

a different type of cation, the structural symmetry further lowers due to the cations’ 

ordering to give rise to the double perovskites of AA’BB’O6. Double perovskite 

AA’BB’O6 provides another parameter i.e. degree of ordering in the A or B sites, to 

control the physical properties of the compounds, which makes them a very important 

class of materials in modern technologies. For example, in multiferroic materials, 
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partially filled d-orbitals are essential for magnetism while d
0
 ions are normally required 

for ferroelectrics; such intrinsic contradiction results in only a few multiferroic materials 

existing in the AMO3 perovskites. The extra degree of freedom to bring in desired cations 

allowed by double perovskite structure makes them important candidates in designing 

multiferroic materials. While cation ordering can be realized in either A site or B site in a 

double perovskite, three different types of ordering can form: rock salt, columnar 

ordering and layered ordering. Cation ordering usually has a significant effect on the 

physical properties. For instance, the dielectric properties in Pb2ScTaO6 are sensitive to 

the degree of B/B’ ordering
13

, and the magnetotransport properties in Sr2FeMoO6 are 

sensitive to B/B’ disorder
14

. The double perovskite CaMnTi2O6, obtained by high-

pressure (HP) synthesis at 7 GPa and 1200°C is the first columnar A-site ordered 

perovskite exhibiting a ferroelectric property
15

. More importantly, the ferroelectric 

transition in CaMnTi2O6 is caused by an order-disorder transition instead of a 

displacement transition in conventional perovskite ferroelectric materials such as PbTiO3 

and BaTiO3; this character may be useful to overcome the critical thickness problem 

experienced in all proper ferroelectrics. However, the application is limited by the 

disadvantage of HP synthesis that normally produces samples of hundred milligrams, so 

an alternative way to synthesize this material has to be found. By using spark plasma 

sintering (SPS), I have successfully synthesized a gram-level sample of Ca2-xMnxTi2O6 

that has the same crystal structure as HP CaMnTi2O6 and a similarly high Curie 

temperature. The crystal structure, ferroelectric properties and magnetic properties of Ca2-

xMnxTi2O6 have been systematically characterized as described in Chapter 5. 

Inspired by the successful synthesis of HP product CaMnTi2O6 by SPS, I have 

searched for other materials that are difficult to synthesize by conventional methods and 

have been rarely studied. The 4d transition metal oxide ruthenates exhibit a variety of 

intriguing physical properties due to the complex interplay of Coulomb repulsive 
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potential U, Hund’s rule coupling J, the crystal-field splitting Δc, and the spin-orbit 

coupling (SOC). As the most common valence in oxides, Ru
4+

 shows unconventional 

superconductivity in Sr2RuO4
16

, itinerant-electron ferromagnetism below 160K in 

SrRuO3
17

, antiferromagnetism below 110K in Ca2RuO4
18

 and magnetic-field-induced 

quantum criticality in Sr3Ru2O7
19

. However, Ru
3+

 in perovskite structure RRuO3 has been 

barely reported and characterized in terms of structure and physical properties due to the 

difficulty in synthesis. LaRuO3 synthesized under high pressure is a paramagnetic metal, 

while PrRuO3 shows insulator behavior
20

. Although LaRuO3 can also be synthesized at 

ambient pressure, the transport properties of the sample remain unknown
21

. Both 

synthesis methods yield non-stoichiometric LaRuO3+δ, i.e. the Ru ion being mixed 

valence of +3 and +4. Furthermore, understanding the crossover from itinerant to 

localized electronic behavior remains a challenge; exotic physical properties have always 

been found at the crossover. The bandwidth of the electronic state near the Fermi energy 

is highly sensitive to the M−O−M bond angle (180−𝜙) as well as the bond length M−O 

in the distorted transition-metal perovskite RMO3. Rare earth substitution in RMO3 is a 

very efficient way to fine tune the electron bandwidth on approaching the crossover from 

itinerant to localized electronic behavior. Based on the successful bandwidth tuning by 

the rare earth substitution in RNiO3, where an entire evolution from the enhanced Pauli 

paramagnetic metal to an antiferromagnetic insulator occurs as the rare earth radius 

reduces from La to Lu
22, 23

, I have synthesized near stoichiometric perovskite La1-

xPrxRuO3 by using SPS and studied the metal-insulator transition in La1-xPrxRuO3.  

Another important structure of oxides is the spinel structure with formula AB2O4. 

The spinel structure consists of a network of edge-shared BO6 octahedra with interstitial 

AO4 tetrahedra. The frustration caused by competitive AFM B-B interactions and the B-

A array of corner-shared tetrahedral is an interesting problem in recent years. Different 

from perovskite oxides with a number of single-valent metallic oxides existing from 3d to 
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5d transition metals such as SrVO3, SrRuO3 and ReO3
24-26

, all single-valent spinel oxides 

are insulators. The electronic bandwidth of a B-site spinel oxide is determined by the 

direct π-hybrid wave function overlap integral through the B-B bonds, which can also be 

tuned by chemical substitution at the A site. The A
2+

V2O4 spinels have the smallest gap 

caused by electron-electron correlations in the single-valent spinels, and the V-V bond 

length in these spinels decreases as the A-site cation is replaced by cations in the order of 

A = Cd, Mn, Fe, Mg, Zn, Co. The density functional theory (DFT) calculation and 

transport properties of CoV2O4 under pressure indicate that CoV2O4 might be at the 

crossover between localized electron and itinerant electronic behavior
27, 28

. In order to 

clarify this, I have comprehensively studied the series of AV2O4 spinels (A = Cd, Mn, Fe, 

Mg, Zn, Co) with in situ high-pressure x-ray and neutron diffraction at different 

temperatures. The results are shown in Chapter 7. 

This dissertation is organized as follows. Chapter 2 contains the necessary 

background knowledge on the crystal structures and the electronic properties that are 

needed to interpret the experimental results. Chapter 3 includes the detailed procedures 

for single crystal growth by floating zone method and spark plasma sintering, as well as 

the characterization methods. The physical properties of those materials as introduced 

above are presented in Chapter 4-7. 
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Chapter 2 Background 

2.1 Crystal structures 

2.1.1 Perovskite structure 

The AMO3 perovskite structure consists of corner-shared MO6/2 octahedra with M 

atoms at the corner and A atoms in the body center of the unit cell. Fig. 2.1(a) shows the 

ideal AMO3 perovskite structure with the cubic space group 𝑃𝑚3̅𝑚 . The structural 

stability is described by the geometric tolerance factor: 

 𝑡 =
(𝐴−𝑂)

√2(𝑀−𝑂)
 (2.1) 

When A−O and M−O are equilibrium bond lengths, the cubic phase is found for 𝑡 = 1. A 

𝑡 < 1  creates the bonding mismatch between A−O and M−O bonds, which is 

accommodated by a cooperative rotation of the MO6/2 octahedra and a corresponding 

shift of the A cations. These cooperative rotations lower the symmetry from the cubic 

phase to the phases described by 23 Glazer tilt systems
29, 30

; however, the group-

theoretical analysis yields only 15 possible space groups for perovskites when the tilting 

octahedra are rigid
31

. The relationship between the tilting systems and 15 space groups is 

illustrated in Fig. 2.2, where the symbols a, b and c refer to tilts around the [100], [010] 

and [001] pseudo-cubic axes, respectively, and the superscript 0, + and – indicate no 

tilting, tilts of successive octahedra in the same or opposite direction, respectively. 

Among those possible cooperative rotations, a rotation around [110] axis gives the 

orthorhombic structure with space group 𝑃𝑏𝑛𝑚, which is the most common structure, as 

shown in Fig. 2.1(b). 

The description above is based on the assumption that all octahedra are rigid. 

However, it is not possible to fill up a real space by corner-shared octahedra with fixed 

rotation axes, as pointed out by O’Keeffe and Hyde
32

. Zhou and Goodenough have  
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Figure 2.1: AMO3 perovskites with (a) ideal cubic structure (b) Orthorhombic structure. 

 

Figure 2.2: Schematic diagram illustrating the group-subgroup relationships associated 

with particular tilt systems. Solid lines indicate second order phase transitions. Dash lines 

indicate first order phase transitions. (After Ref. 32) 

demonstrated that octahedra in the orthorhombic 𝑃𝑏𝑛𝑚  perovskite structure are not 

rigid
33-35

; an octahedral site can distort in two ways: (1) a deviation from 90° of the 

M−O−M bond angle α that subtends the site edges parallel to the b axis and (2) the M−O 

bond lengths differ between the three major site axes. Although the MO6/2 octahedral 
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tilting angle γ decreases as the size of A-site cations increases, the deviation of α from 90° 

increases and can convert 𝑏 > 𝑎  to 𝑎 > 𝑏  within the 𝑃𝑏𝑛𝑚  space group. In the 

orthorhombic perovskite structure, the octahedral-site distortion can be described 

quantitatively by using a polar plot of 𝜌 = √𝑄2
2 + 𝑄3

2 versus 𝜙 = tan−1(𝑄3/𝑄2), where 

ρ is the magnitude of the octahedral-site distortion, 𝑄2 = 𝑙𝑥 − 𝑙𝑦  is the orthorhombic 

distortion mode and 𝑄3 = (2𝑙𝑧 − 𝑙𝑥 − 𝑙𝑦)/√3  is the tetragonal distortion mode, both 

calculated from the  M−O bond length 𝑙𝑥, 𝑙𝑦, and 𝑙𝑧 defined along [100], [010] and [001] 

pseudo-cubic axes in an octahedron. A plot with fixed ρ gives rise to the octahedron with 

one long and two equal short bonds appearing three times: at 0° (along z), at 120° (along 

x), and at 240° (along y). At an angle other than these, the bond lengths split into long, 

medium and short bonds. The octahedral-site distortion is intrinsic to the orthorhombic 

perovskites and has been found to bias strongly the spin and orbital ordering in the 

RFeO3 family and RVO3 family
35

. A smooth transition from the orthorhombic to cubic 

structure as t increases to 1 is expected for the system with rigid octahedra. However, due 

to the octahedral-site distortions, the orthorhombic structure converts to other structures 

with different tilting systems before t = 1 is reached. 

2.1.2 Double perovskite structure 

Double perovskites with a general formula AA’BB’O6 show cation ordering and 

more complicated tilting systems. Cations at both the A site and B site can be ordered 

into a rock-salt, columnar, or layered structure
36

, as shown in Fig. 2.3. Most A2BB’O6 

perovskites take B-site rock-salt ordering by over 400 documented examples
37, 38

. There 

are 12 different structure identified by group-theoretical methods, and the corresponding 

group-subgroup relationships are displayed in Fig. 2.4. However, such relationships are 

based on the octahedral tilting. Thus additional space groups may exist from other 

distortions. For example, space group 𝐼4/𝑚𝑚𝑚 can be derived by a tetragonal distortion 

from the cubic 𝑃𝑚3̅𝑚. The reason rock-salt ordering is the most favorable is that the 
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Figure 2.3: Cation ordering structure in double perovskites. From top to bottom rock-salt 

ordering, columnar ordering and layered ordering are shown for B-site ordering in 

A2BB’O6 perovskites (left) and for A-site ordering in AA’B2O6 (right) perovskites. (After 

Ref. 36) 

separation of the more highly charged cations is maximized from the electrostatic 

consideration. If we assume the cation B’ is more highly charged than the other (B), then 

B’ cation has 6 B cations as its nearest neighbors in rock-salt ordering, 4 B and 2 B’ 

nearest neighbors in columnar ordering, and 2 B and 4 B’ nearest neighbors in layered 

ordering. Therefore columnar ordering is less favorable than rock-salt ordering, and 

layered ordering is the least favorable. It is interesting that A-site cation ordering is much 

less common than B-site cation ordering, the layered ordering is preferred when A-site 

cation is ordered. A-site layered ordering can be driven by (a) anion vacancies, (b) A-site 
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Figure 2.4: Schematic diagram illustrating the group-subgroup relationships among the 

12 space groups. Solid lines indicate second order phase transitions. Dash lines indicate 

first order phase transitions. (After Ref. 38) 

cation vacancies coupled with second order Jahn-Teller (SOJT) distortions, which results 

in the changes of M−O bond lengths, of d
0
 cations at the B site, (c) rock-salt ordering of 

B and B’ cations coupled with SOJT distortions of d
0
 cations at the B site. The rock-salt 

ordering and columnar ordering of A-site cation are rare cases. 

2.1.3 Spinel structure 

The normal spinel structure with formula AB2O4 consists of a network of edge-

shared BO6 octahedra with interstitial AO4 tetrahedra. In most cases, the spinel structure 

is cubic close-packed adopting space group 𝐹𝑑3̅𝑚. The inverse spinel structure has a 

different cation distribution with all the A cations and half of the B cations occupying 

octahedral sites, while the other half of the B cations occupy tetrahedral sites. Fe3O4 is a 

famous example of an inverse spinel. In addition, intermediate distributions of cations 

also exist, which can be described as (A1-xBx)[B2-xAx]O4. 

2.2 Electronic considerations 
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2.2.1 Crystal-field considerations 

The Schrödinger equation that describes localized d electrons contains the 

Hamiltonian 

 𝐻 = 𝐻0 + 𝑉𝑒𝑙 + 𝑉𝑐 + 𝑉𝐿𝑆 + 𝑉𝑛𝑐 + 𝑉𝜆 + 𝐻𝑍 (2.2) 

where  𝐻0 is the energy of a single electron moving in a spherical potential due to the 

atomic nucleus to which it is bound and the averaged positions of all the other electrons. 

Solutions of 𝐻0 are the hydrogen-like wave functions 𝑓𝑙,𝑚 = 𝑅𝑙(𝑟)𝑌𝑙
𝑚(𝜃, 𝜑). Based on 

the spherical harmonics 𝑌𝑙
𝑚(𝜃, 𝜑), the (2𝑙 + 1)-fold degenerate d electrons (𝑙 = 2) have 

the following angular dependence and azimuthal-angular-momentum quantum number m 

derived from 𝐿𝑧𝑓 = −𝑖ħ𝜕𝑓/𝜕𝜑 = 𝑚ħ𝑓: 

 𝑓0 = 𝑓𝐴~{(𝑧2 − 𝑥2) + (𝑧2 − 𝑦2)}/𝑟2 = 3 cos2 𝜃 − 1; 𝑚 = 0 (2.3) 

 𝑓±1 = 𝑓𝐷 + 𝑖𝑓𝐸~2(𝑧𝑥 ± 𝑖𝑧𝑦)/𝑟2 = sin 2𝜃 exp(±𝑖𝜑) ; 𝑚 = ±1 (2.4) 

 𝑓±2 = 𝑓𝐵 + 𝑖𝑓𝐶~{(𝑥2 − 𝑦2) ± 𝑖𝑥𝑦}/𝑟2 = sin2 𝜃 exp(±𝑖2𝜑) ; 𝑚 = ±2 (2.5) 

In a Cartesian-coordinate system, the maximum extension of the orbitals 3z
2
-r

2
 

and x
2
-y

2
 are along the principal axes whereas the orbitals xy, yz and zx are directed in 

between these axes. Therefore, in an octahedral interstice, six near-neighbor anions are 

located equal distances from the cation along the coordinate axes, which means that 

electrons in orbitals 3z
2
-r

2
 and x

2
-y

2
 have a stronger σ-bond M−O interaction than those 

in orbitals xy, yz and zx that π-bond with the oxygen near neighbors. Thus for a point-

charge model, the fivefold-degenerate d level is split into a less stable, twofold-

degenerate level eg(3z
2
-r

2
, x

2
-y

2
) and a more stable, threefold-degenerate level t2g(xy, yz, 

zx). As for a tetrahedral cubic field, the fivefold-degenerate d level is split into a more 

stable eg level and a less stable t2g level.  
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In an octahedral-site cation, the orbitals 3z
2
-r

2
 and x

2
-y

2
 of eg symmetry are 

orthogonal to the near-neighbor-anion pπ orbitals and the orbitals xy, yz, zx of t2g 

symmetry are orthogonal to the near-neighbor-anion s and pσ orbitals. Therefore the wave 

function of eg and t2g become 

 𝜓𝑒 = 𝑁𝑒(𝑓𝑒−𝜆𝑠𝜙𝑠−𝜆𝜎𝜙𝜎+𝜆𝑐𝜙𝑐)  (2.6) 

 𝜓𝑡 = 𝑁𝑡(𝑓𝑡−𝜆𝜋𝜙𝜋+𝜆𝑐′𝜙𝑐′) (2.7) 

where fe and ft are linear combinations of the 3z
2
-r

2
, x

2
-y

2
 and xy, yz, zx orbitals. The d 

orbitals are antibonding with respect to near-neighbor anionic orbitals ϕs, ϕσ, and ϕπ; they 

are bonding with respect to near-neighbor cationic s and p orbitals ϕc or ϕc’. Ne and Nt are 

normalization constants, and the covalent-mixing parameters are 𝜆~𝑏𝑐𝑎/(𝐸𝑐 − 𝐸𝑎) , 

where b
ca

 is the transfer energy for the mixing orbitals and  𝐸𝑐 − 𝐸𝑎  is the energy 

difference. The energy difference of cationic d and anionic ϕσ or ϕπ orbitals are 𝐸𝑀 − 𝐸𝐼, 

i.e. the difference between the Madelung energy and ionization potentials for the 

effective ionic changes. Therefore, the octahedral-site cubic-field splitting is 

 10𝐷𝑞 = ∆𝑀 +
1

2
(𝜆𝜎

2 − 𝜆𝜋
2 )(𝐸𝑀 − 𝐸𝐼) +

1

2
𝜆𝑠

2(𝐸𝑐,𝑑 − 𝐸𝑎,𝑠), 𝜆𝜋 < 𝜆𝜎 (2.8) 

where  ∆𝑀 is the electrostatic contribution plus any contribution due to ϕc and ϕc’. For 

octahedral-site cations where the number of d electrons n is 4 ≤ 𝑛 ≤ 7, the ion is in a 

high-spin state when ∆𝑒𝑥> 10𝐷𝑞 , whereas the ion is in a low-spin state when ∆𝑒𝑥<

10𝐷𝑞. 

2.2.2 Interatomic interactions 

In the perovskite structure, the (180°-ϕ) M−O−M interactions are dominant interactions 

between d–like orbitals centered at M atoms
39

. The spin-independent resonance integrals 

for these interactions between M atoms at Ri and Rj are 
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 𝑏𝜋
𝑐𝑎𝑐 ≡ (𝜓𝑡𝑖 , 𝐻′𝜓𝑡𝑗) ≈ 𝜖𝜋𝜆𝜋

2  (2.9) 

 𝑏𝜎
𝑐𝑎𝑐 ≡ (𝜓𝑒𝑖 , 𝐻′𝜓𝑒𝑗) ≈ 𝜖𝜎𝜆𝜎

2 cos 𝜙 (2.10) 

where 𝜆π varies with the acidity of the A cation as well as with the bending angle ϕ, and 

H’ describes the perturbation of the potential at Rj caused by the presence of M atom at Ri.  

The interactions between localized spins on neighboring atoms are described by 

the perturbation theory where the spin-dependent resonance integrals for parallel and 

antiparallel coupling of spins are 

 𝑡𝑖𝑗
↑↑ = 𝑏𝑐𝑎𝑐 cos(𝜃𝑖𝑗/2) and 𝑡𝑖𝑗

↑↓ = 𝑏𝑐𝑎𝑐 sin(𝜃𝑖𝑗/2) (2.11) 

for electron transfer between atoms. The spin angular momentum is conserved in an 

electron transfer. Rules for the sign of the interatomic exchange interactions are below: 

(a) Direct exchange is a major effect between two orbitals which are orthogonal by 

symmetry, and it is ferromagnetic. 

(b) Superexchange is a kinetic exchange that involves virtual charge transfers 

between orbitals on neighboring atoms. If both atoms are half-filled, 

antiferromagnetism is formed due to the Pauli exclusion principle, which can be 

described by a second-order perturbation theory, 

 ∆𝜀𝑒𝑥
𝑠 ~ −

|𝑡𝑖𝑗
↑↓|

2

𝑈𝑒𝑓𝑓
= 𝐶𝑜𝑛𝑠𝑡 + 𝐽𝑖𝑗𝑆𝑖 ∙ 𝑆𝑗

 (2.12) 

where  𝐽𝑖𝑗~(2𝑏𝑖𝑗
2 /4𝑆2𝑈𝑒𝑓𝑓). If two atoms are half-filled and empty or half-filled 

and full, a ferromagnetic charge transfer is stabilized by Δex, 

 ∆𝑒𝑥
𝑠 ≈ 𝐶𝑜𝑛𝑠𝑡 − 𝐽𝑖𝑗𝑆𝑖 ∙ 𝑆𝑗 (2.13) 

where 𝐽𝑖𝑗~(2𝑏𝑖𝑗
2 ∆𝑒𝑥/4𝑆2𝑈𝑒𝑓𝑓

2 ). 
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(c) Double exchange involves a real charge transfer between two different valence 

states of the same M atom. The real charge transfer can be described by a first-

order perturbation theory, 

 ∆𝜀𝑒𝑥
𝐷 ~𝑐𝑧𝑡𝑖𝑗

↑↓ = −𝑐𝑧𝑏𝑖𝑗 cos(𝜃𝑖𝑗/2) (2.14) 

where c is the fractional occupancy of the M sites by a mobile charge carrier and z 

is the number of like nearest neighbors within a cluster. 

(d) Indirect exchange is the interactions between localized spins at M atoms by a 

partially occupied broad band when Δex is not large enough to remove the spin 

degeneracy of the broad band. The interaction is antiferromagnetic at large 

separation whereas ferromagnetic at smaller separation.  

2.2.3 Localized to itinerant electron transition 

The transition from localized to itinerant electronic behavior occurs when the 

interatomic interactions are larger than the intraatomic interactions. The strength of the 

interatomic interactions is the bandwidth W, and the strength of the intraatomic 

interactions is the energy Ueff. The transition occurs when 

 𝑊 ≈ 𝑈𝑒𝑓𝑓 (2.15) 

When there no localized spins on the M atoms, the tight-binding bandwidths for 

these interactions are  

 𝑊𝜋 ≈ 2𝑧𝑏𝜋
𝑐𝑎𝑐 and 𝑊𝜎 ≈ 2𝑧𝑏𝜎

𝑐𝑎𝑐 (2.16) 

where the number of like nearest neighbors is z=6 for the MO3 array. A 𝜆𝜎 > 𝜆𝜋 and a 

small ϕ result in  

 𝑊𝜎 > 𝑊𝜋 (2.17) 
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On the other hand, the intraatomic interactions are stronger if the covalent mixing 

is weaker, which makes the on-site coulomb energies 

 𝑈𝜋 > 𝑈𝜎 (2.18) 

A 𝑈𝜋𝑒𝑓𝑓 > 𝑊𝜋  creates a t
3
 manifold in a localized state in the presence of a 

 𝑊𝜎 > 𝑈𝜎 that transforms a single e electron per M atom into an itinerant electron 

occupying an antibonding σ* band. For example, the 3d
4
 electronic configuration of a 

high-spin Fe
4+

 in SrFeO3 and CaFeO3, there are 𝑈𝑒𝑓𝑓 = 𝑈𝜋 + ∆𝑐> 𝑈𝜎  and 𝑊𝜋 < 𝑈𝑒𝑓𝑓 

with 𝑊𝜎 > 𝑈𝜎. Therefore, both the localized t
3
 configuration and itinerant electrons in a 

narrow σ* band coexist in the same atoms in the FeO3 array. Since part of the σ* band is 

contributed by the e-orbital, it is twofold-degenerate and half-filled. As a result, SrFeO3 is 

metallic, and the nearest-neighbor interactions are ferromagnetic due to the double-

exchange interaction with a bandwidth 

 𝑊𝜎 ≈ 2𝑧𝑡𝑖𝑗
↑↑~𝜀𝜎𝜆𝜎

2 cos 𝜙 〈cos(𝜃𝑖𝑗/2)〉 (2.19) 

However, since the σ* band is too broad, the spin degeneracy of the σ* electrons 

cannot be completely removed. The itinerant σ* band electrons are coupled with S=3/2 of 

the t
3
 configurations via an indirect exchange, which gives rise to an antiferromagnetic 

ordering. 

2.2.4 Size-variance effect on magnetic ordering temperature 

Since the Y1-xLaxTiO3 system discussed in Chapter 4 and the La1-xPrxRuO3 system 

discussed in Chapter 6 consist of solid-state solutions of rare earth cations at the A site, it 

is very important to understand how the average charge <qA> and average size <rA> 

affect the electronic and magnetic properties of the AMO3 perovskite oxides. The size 

effect of the A-site cations on the magnetic transition temperatures has been 
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systematically studied on colossal magnetoresistance (CMR) manganites and the high-

temperature superconductor cuprates
40-42

. The variance of the cation size is defined as 

 𝜎2 = ∑ 𝑥𝑖𝑟𝑖
2 − (∑ 𝑥𝑖𝑟𝑖𝑖 )2 = 〈𝑟𝐴

2 − 〈𝑟𝐴〉2〉𝑖  (2.20) 

According to the studies of Curie temperature of the CMR manganites and the 

superconducting transition temperature of the cuprates, the transition temperature Tc is 

linear relationship with the size variance, 

 𝑇𝑐 = 𝑇𝑐
0 − 𝑝𝜎2 (2.21) 

where  𝑇𝑐
0 is the critical temperature with zero variance, and the slope p is of magnitude ~ 

10
3
-10

4
 KÅ

2
. Based on the empirical hard-sphere ionic model proposed in Ref. 43, with 

the assumption that the electronic transition temperature Tc is reduced from the maximum 

value 𝑇𝑐
𝑚 by strain interactions from the oxygen displacement Q, the transition energy 

becomes 

 𝜅𝐵𝑇𝑐 = 𝜅𝐵𝑇𝑐
0 − 𝐶〈𝑄2〉 (2.22) 

where C is the average force constant for the strain term and  〈𝑄2〉 is  

 〈𝑄2〉 = 〈(𝑟𝐴
𝑚 − 𝑟𝐴)2〉 = 𝜎2 + (𝑟𝐴

𝑚 − 〈𝑟𝐴〉)2 (2.23) 

Therefore, 

 𝜅𝐵𝑇𝑐 = 𝜅𝐵𝑇𝑐
0 − 𝐶𝜎2 − 𝐶(𝑟𝐴

𝑚 − 〈𝑟𝐴〉)2 (2.24) 

which explains the experimental observation that Tc is linear relationship with 𝜎2 and 

(𝑟𝐴
𝑚 − 〈𝑟𝐴〉)2. 
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Chapter 3 Experimental methods 

3.1 Crystal growth by floating zone method 

3.1.1 Overview 

The availability of high quality single crystals is critical for the applications of 

modern solid state technologies, quantum electronics, and the comprehensive study of the 

intrinsic physical properties of materials. Single crystals can be grown by a variety of 

methods such as vapor, gaseous phase, melt and solution. Among those techniques, the 

crystal growth by solidification from the melt is the most widely used method
43, 44

. The 

melt phase can be either the high temperature liquid phase of the material if it melts 

congruently, or a solvent (or flux), in which the material can be dissolved if it melts 

incongruently. The incongruent melting means the material decomposes before melting, 

or there is a phase transition below the melting point. The flux method has several 

disadvantages such as a low growth rate, small crystal size, and difficulty in removing the 

flux after growth
45

. 

Most of these disadvantages can be overcome by the floating zone method. Since 

nearly half a century ago, the optical floating zone method has been extensively used for 

the growth of bulk crystals, especially single crystals of metal oxides. The general 

process for crystal growth by the floating zone method is shown in Fig. 3.1. Two 

polycrystalline rods with stoichiometric compositions of the crystal material are put 

above and below the center point of the image furnace chamber with the upper rod called 

feed rod and the bottom rod called seed rod. The feed rod is hung on a hook, whereas the 

seed rod sits on a rod-holder. When the temperature is high enough to melt the feed rod, 

there is a droplet of liquid suspended below it. The two rods are connected by making the 

droplet touch the seed rod, and the connected part (molten zone) is supported by the 

surface tension of the liquid. Once the molten zone is stable, the feed rod and seed rod are  
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Figure 3.1: Schematic diagram of the process of crystal growth
46

. 

set to move downward simultaneously with the seed rod moving faster than the feed rod 

to form a “neck”. This step is critical in some systems in order to obtain a large single 

domain crystal. Finally, the speeds of the two rods are gradually set to close. The 

diameter of the crystal can be controlled by further increasing or decreasing the speed of 

the feed rod. The floating zone method can yield large-size single crystals by a relatively 

faster growth rate compared to the flux method. Contamination can also be avoided since 

no crucible used. However, there are too many experimental parameters that can be 

controlled such as the growth rate, the growth atmosphere, the gas pressure, the diameter 

and density of the feed rod, which makes it difficult to relate the crystal quality to those 

parameters
47

. 

3.1.2 Image furnace 

The image furnace used in the experiment is the NEC SC-M35HD, as shown in 

Fig. 3.2. Fig. 3.3 shows a diagram of the most important part of the furnace. The furnace 

has two ellipsoidal reflectors that share a common focal point. There is a Halogen lamp at 

the other focal point of each ellipsoidal reflector. The light, mostly infrared radiation,  
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Figure 3.2: NEC SC-M35HD image furnace 

 

 

Figure 3.3: Mechanism of image furnace 
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from the Halogen lamps is reflected by the inner surface of the ellipsoidal sphere and 

then focused at the common focal point to generate a hot zone. The seed rod and feed rod 

are placed in the quartz tube, where proper gas can be passed through and the pressure 

can also be controlled. The crystal-growth status can be monitored on a small screen 

through an optical lens. 

3.1.3 Phase diagrams 

Phase diagrams can provide important information about how to design a crystal 

growth. I will use the phase diagram of TiO2-La2O3 system, shown in Fig. 3.4, as an 

example. From this diagram, we know that La2Ti2O7 melts congruently at 1790°C, which 

allows crystal growth without the use of solvent. Additionally, the possible inclusions or 

impurities can be predicted from the regions next to the vertical line of La2Ti2O7. 

Possible inclusions or impurities can be La4Ti9O24 if the material is Ti-rich, and La2TiO5 

or La4Ti3O12 if La-rich. Thus any small deviations of the stoichiometry and the operating 

temperature will influence the purity of the crystals. 

In another system, i.e. the La2O3-CuO system, shown in Fig 3.5, La2CuO4 melts 

incongruently around 1375°C and decomposes into La2O3 and a liquid phase above this 

temperature. Therefore the crystal growth cannot be performed by directly melting the 

feed rod. However, the traveling solvent floating zone method (TSFZ) can be used to 

grow crystals if a suitable solvent can be found. By analyzing the phase diagram, we can 

find that La2CuO4 coexists with a liquid phase with a composition of 10 mol% La2O3 and 

90 mol% CuO in the temperature range 1025°C to 1375°C. The correct composition of 

solvent enables a stable crystal growth by using TSFZ.  

3.1.4 Key process parameters 

J.-Q. Yan
46

 has summarized six key parameters that are critical for the growth of  
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Figure 3.4: Phase diagram of the TiO2-La2O3 system
48

 

 

Figure 3.5: Phase diagram of the La2O3-CuO system
49
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high quality single crystals based on his work on La2-xSrxCuO4 system, and Luck G. 

Marshall
50

 has briefly commented on how these parameters apply to the RFeO3 system. I 

will go over all six parameters with the consideration of the Y1-xLaxTiO3 system and 

R2Ti2O7 system based on their summaries and comments. 

(1) High quality feed rod  

A high quality feed rod is the starting point of a successful crystal growth. The 

feed rod should be dense, uniform, and have a stoichiometric composition, which are 

required to maintain a stable molten zone. 

An optimized sintering process is the key point to obtain a high quality feed rod. 

With a high sintering temperature (not too high to melt or decompose the rod), a higher 

density of the feed rod can be obtained. Pre-scanning the feed rod is also an effective way 

to densify the feed rod. The atmosphere during sintering is essential to keep the correct 

stoichiometry. However, the feed rod of Y1-xLaxTiO3 cannot be sintered due to the 

starting materials (details will be explained in the next section). 

(2)  Solvent 

A solvent is not required for either the Y1-xLaxTiO3 system or the R2Ti2O7 system 

because they melt congruently. 

(3) Sharpness of the temperature distribution around molten zone  

This is not critical for Y1-xLaxTiO3 and R2Ti2O7. For the cuprates, it is important 

because the solvent will penetrate into the feed rod and molten zone vanishes quickly if 

large power lamps with broader hot zone are used. The sharpness of the temperature 

gradient can be improved by using lamps with a flat filament and covering part of the 

quartz tube by Al foil. 

(4) Power level 
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While the power level should be kept constant in most cases, I found that the 

power should be increased gradually and very slowly during the growth of Y1-xLaxTiO3, 

otherwise the molten zone becomes unstable. The reason is that there is a gradually 

increasing residual La-rich phase in the molten zone during the growth thus requires 

higher power to melt. 

(5) Growth rate 

The growth rate for congruent melting materials is usually very fast ~10 mm/hr, 

but it has to be slower than 1 mm/hr for incongruent melting materials due to the 

mechanism of the TSFZ method where the diffusion rate is usually less than 1 mm/hr. Y1-

xLaxTiO3 can be grown with ~6 mm/hr, and R2Ti2O7 can be grown with ~2.5-4 mm/hr. 

(6) Gas flow 

The gas flow is constant Ar for Y1-xLaxTiO3, which is used to keep the inert 

atmosphere and flush evaporated particles away to prevent them from being deposited on 

the quartz tube. The growth of R2Ti2O7 requires high O2 pressure for the larger-radius R
3+

 

ions, whereas those with small radius of R
3+

 ions should be grown under relatively low 

pressure. 

3.1.5 Detailed procedure for crystal growth of Y1-xLaxTiO3 

The following procedures have been used to grow successful high quality single 

crystals of Y1-xLaxTiO3 (x=0, 0.1, 0.2, 0.3, 1). 

(1) Starting materials 

Stoichiometric amounts of La2O3, Y2O3, Ti2O3 and Ti (Ti2O3:Ti = 9:1 by mol% Ti) 

for Y1-xLaxTiO3 (x=0, 0.1, 0.2, 0.3) were mixed with a mortar and ground for 45 minutes. 

The Ti is used to consume residual O2 in the chamber. As for LaTiO3, the starting 

materials are La2O3, TiO2 and TiO (TiO2:TiO = 1.5:8.5 by mol% Ti). The La2O3 was 

baked at 950°C for 12 hours before weighing. 
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(2) Making feed rod and seed rod 

The powder after grinding was packed into a balloon and pressed to 4-5 mm 

diameter × 50-100 mm long rods under ~ 20MPa hydrostatic pressure. The rods should 

be transferred into the chamber of the image furnace as soon as possible, because La2O3 

absorbs moisture very quickly, which destroys the rod. 

(3) Gas flow 

The feed rod is hung from the bottom of the upper shaft and seed rod is fixed to 

the rod holder with both rods well-centered. Then the quartz tube is mounted. After 

purging the chamber three times, Ar gas is passed with a flow rate around 1L/min. 

(4) Stabilizing the molten zone 

The cooling water and blowing air should be turned on before starting the power 

control program. The feed rod and seed rod rotate at a speed of 30 rpm in opposite 

directions to ensure homogeneity of heating. The program is set to raise the power at a 

rate of 80 V/hr and the set point should be set to a reasonable value at which the rod is 

near melting. When the feed rod begins to melt, the program should be switched to 

manual mode. By manually fine-tuning the power, the bottom part of the feed rod will be 

molten; then connect the feed rod and seed rod. Wait at least 30 minutes after the 

connection to make sure that the molten zone is stable. 

(5) Neck formation 

When the molten zone is stable, both lower and upper shafts are set to move 

downward, with a speed of about 2 mm/hr for the upper shaft and about 6 mm/hr for the 

lower shaft. Once the diameter of the crystal is reduced to ~1 mm, necking is complete. 

(6) Crystal growth 

After neck formation, the speed of the lower shaft should be kept constant at the 

growth rate. The speed of the upper shaft should be increased with a step of 0.5 mm/hr 

every 10 minutes until the diameter of the crystal is around 5 mm. The power should be 

increased gradually and slowly during the growth to keep the molten zone stable. 
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(7) Cleanliness and maintenance 

After the feed rod is run out, the feed rod speed is set to zero and the program is 

set to step 3 to cool down at 80 V/hr. As the temperature decreases, the liquid in the 

molten zone will gradually reduce and solidify, and then the feed rod and seed rod will be 

disconnected. The disconnection should be monitored carefully to ensure that the droplet 

does not drip down the side of the crystal. When the power reaches zero, the flowing gas, 

blower and cooling water can be turned off. Both shafts and the quartz tube should be 

thoroughly cleaned with ethanol and KimWipes. 

3.1.6 Characterization of Y1-xLaxTiO3 single crystal 

The X-ray powder diffraction is the first step to check the phase purity of the 

single crystal. A small piece of crystal cut from the single crystal bar should be 

thoroughly ground with ethanol or acetone for 30 minutes to avoid preferred orientation. 

A regular scan (20°-70°, with 5°/min) is sufficient to generate a diffraction pattern good 

enough for the purpose of phase analysis and refining the lattice parameters by using the 

software JADE.  

The domain structure and crystal orientation of a crystal can be investigated by X-

ray Laue back-diffraction. As shown in Fig. 3.6, the Laue patterns of LaTiO3 show clear 

and round spots, which imply a very good crystal quality and the absence of multiple 

domains. However, twinning is an unavoidable problem in the LaTiO3 crystals because of 

the structural transition from the cubic phase to the orthorhombic phase during cooling 

after the crystal growth. After orientation along specific directions with OrientExpress, 

the crystal rods were cut and polished into bars or pellets.  

3.1.7 Crystal growth of pyrochlore R2Ti2O7 

The pyrochlore R2Ti2O7 crystallizes into a face-centered cubic structure with the 

rare earth ions forming a network of corner-sharing tetrahedra. The triangular and 
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Figure 3.6: Laue back diffraction for LaTiO3 along a-axis, b-axis, and c-axis. 

kagome planes alternately stack along the [111] direction, which attracts wide interests 

due to the intriguing properties at the interface between R2Ti2O7 and other thin film 

samples. R2Ti2O7 single crystals have been grown and the crystal disks with the surface 

normal to the [111] direction were made as substrate. 

Stoichiometric amounts of R2O3 and TiO2 were mixed with a mortar and ground 

for 45 minutes. The powder was sintered in a box furnace at 1200°C in air for 48 hours 

with several intermediate grindings. After the single phase was obtained, the powder was 

pressed into rods and sintered at 1300°C for 12 hours in oxygen. The growth of R2Ti2O7 

requires high O2 pressure ~ 4 bar for R
3+

 ions of larger radius, whereas those with small 

radius of R
3+

 ions should be grown under relatively low O2 pressure (in air). I have found 

that for some rare earth elements such as Er and Lu, small cracks always form above the 

molten zone during the growth, which makes the molten zone unstable. Therefore the 

feed rod should be made with smaller diameter (~3-4 mm). A relatively high travelling 

speed (~8-10 mm/hr) of the feed rod was used in order to avoid the cracks. The as-grown 

crystals of pyrochlore R2Ti2O7 are transparent, which makes it easier to check the crystal 

quality under the optical microscope first. After orientation to [111] direction, the surface 

roughness of the substrates can be polished down to below 1 μm. 

3.2 Spark Plasma Sintering 
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3.2.1 Overview 

Unlike conventional sintering techniques, where the heat is provided by external 

heating elements, spark plasma sintering uses a pulsed DC current to directly pass 

through the graphite die and the powder compact. The on-off DC current generates the 

spark discharge and rapid Joule heating between grains. The spark and plasma vaporize 

the contact area between particles, which cleans up the surface and draws together 

particles to create necks. The main characteristics of SPS can be summarized as follows: 

(1) the sintering process generally is very fast (within a few minutes); (2) the density of 

the pellet after sintering can reach up to 98% of the theoretical density; (3) the sintering 

process can avoid coarsening to maintain a minimal grain size. Due to these great 

features, SPS has been widely used for thermoelectric materials
51

, solid electrolytes
52

, 

and functional ceramics
53

. 

The SPS used is a model 10-3 from Thermal Technology LLC. Fig. 3.7 shows the 

schematic drawing inside the SPS chamber. Except for the steel ram, all the ram spacers, 

sintering spacers, punches and die are made by graphite. A graphite paper disc is 

necessary to be placed between the steel ram and ram spacer to make it a soft contact. 

The hole in the lower punch is to insert the thermos-couple for temperature reading below 

1150°C. When the targeted temperature is above 1150°C, a parameter is used to track the 

temperature through the hole on the die. During the sintering process, the chamber can be 

either filled with Helium gas or left under vacuum. 

3.2.2 Key process parameters 

All experimental parameters can be monitored during the sintering process by the 

software SpecView, as shown by Fig. 3.8. All the discussion is based on the information 

provided by SpecView.  



28 
 

 

Figure 3.7: Schematic drawing of the SPS chamber 

(1) Ram position 

The ram position (purple line) reflects the thickness of the sample pellet, i.e. the 

volume of the sample, which provides rich information about the status of the chemical 

reaction. A typical ram position line consists of (1) a sharp drop at the beginning (when 

the pressure is increased); (2) a gradual rise, which is a normal thermal-expansion 

existing in almost every experiment; (3) a gradual drop, which is an indication of a 

chemical reaction or a densification. Some experiments may consist of several stages of 

rises or drops of the ram position. However, a huge and abrupt drop means that either the 

sample is molten and squeezed out, or the sample is decomposed. In the case a drop of 

ram  
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Figure 3.8: Screenshot of SpecView during the sintering. 

position like this is observed, an emergency button must be pressed immediately to stop 

the heating power. 

(2) Voltage and current 

The power supply DC voltage and current should increase very stably and 

smoothly, except when the ramping rate is changed, where a small jump or drop may 

occur. Any oscillation or fluctuation of the voltage or current implies that the sample and 

the die are loaded improperly. For example, the graphite paper does not fill up the gap 

between the punch and the die completely, which results in a bad contact between the 

punch and the die. 

(3) Pressure 

The loading pressure is normally set to 50 MPa for the die with 50 mm outer 

diameter and 20 mm hole diameter. However, higher pressure is necessary for some 

experiments such as the synthesis of Ca2-xMnxTi2O6
54

. When the pressure is higher than 

50 MPa, there is a risk that the die will crack. I found that a regular graphite die can be 
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used 2-3 times at 90 MPa with a relatively lower chance to crack, whereas the die cracks 

very easily if the pressure is higher than 90 MPa. Attempts to make larger-size graphite 

die have failed, because the larger-size graphite die requires much higher output power to 

reach high temperatures.  

(4) Chamber Vacuum 

If the sintering is performed under vacuum, the vacuum level is an important 

parameter to monitor in the experiment. The threshold vacuum is 2.0 × 10
-2

 torr in order 

for the system to get into the next step for the synthesis (although this value can be 

changed to a higher number to start the experiment faster, it is suggested to keep this 

value as low as possible). The vacuum level naturally goes higher as the temperature 

increases. However, the change of the vacuum level should be within an order in 

magnitude. A sudden increase of the pressure in the vacuum chamber, along with a sharp 

drop of ram position, generally implies the sample decomposes. If a bad vacuum level 

(more than one order higher than the initial value) is found during the synthesis, the oxide 

sample must release oxygen so as to become oxygen deficient. 

(5) Holding time 

The holding time can be as short as 1 minute, such as in the synthesis of LaRuO3. 

For experiments with the purpose of obtaining a dense enough pellet, the holding time is 

usually between 10 minutes to 30 minutes. However, a longer holding time generally 

results in worse carbon contamination. To remove the carbon contamination, either 

polishing the pellet or annealing the sample in air at around 500°C can be used. 

(6) Sample environment 

Since the sample while under pressure is directly contacted with graphite paper, 

the sample during SPS is usually reduced. The contact to carbon not only brings in 

carbon contamination, but also prevents the reaction from happening in some cases. To 

separate the sample from its contact to graphite is critical in experiments such as the 
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synthesis of Ca2-xMnxTi2O6 and La1-xPrxRuO3. Therefore, a platinum foil is used to wrap 

the sample.  

3.2.3 Detailed procedure for synthesis of Ca2-xMnxTi2O6 

Stoichiometric amounts of CaTiO3, MnO and TiO2 were mixed with a mortar and 

ground for 45 minutes. The powder was packed into the platinum foil made by 2 

platinum discs and a piece of platinum skirt. The sintering condition is 1320°C~1350°C 

under 80~90 MPa for 1minute. The final temperature should be determined by the ram 

position; hold the temperature when the ram position starts to drop. The pellet after 

sintering should be orange color. A dark green color implies a poor platinum sealing. The 

maximum Mn concentration x is 0.6 for SPS synthesis. Adding more MnO in the starting 

materials will result in Mn-rich compounds (such as MnTiO3 and Mn2TiO4); these low-

melting phases are likely to be squeezed out during the sintering. Ca2-xMnxTi2O6 with 

x>0.6 can only be obtained by using high pressure synthesis at 6 GPa. 

3.2.4 Detailed procedure for synthesis of La1-xPrxRuO3 

The most important procedure for synthesis of La1-xPrxRuO3 is ball milling the 

mixed powder for 2 hours. The reaction does not happen without ball milling. The use of 

platinum foil to cover the sample is also necessary. The mol ratio 9:1 of RuO2 and Ru 

was used to yield the minimal amount of residual Ru because the strong reduction power 

of SPS always reduces the sample to some extent. For example, sintering the pure RuO2 

at 1250°C for only 1 minute ends up with 80% RuO2 and 20% Ru. The sintering 

condition is 1250°C under 50 MPa for 1 minute. The 1-minute holding time is also 

critical, because longer holding time yields more residual Ru. Pr2Ru2O7 occurs as 

impurity for samples close to PrRuO3 side. The detailed reason can be seen in Chapter 6. 

3.3 Measurement methods 
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3.3.1 Powder X-ray diffraction 

Powder X-ray diffraction (XRD) was used to examine the phase purity and to 

determine the crystal structure. The XRD patterns were collected at room temperature 

with a Rigaku Miniflex 600 with Cu-Kα radiation. Samples were ground into fine powder 

and coated on a frosted glass slide. Silicon was used as the internal standard if necessary. 

For a routine scan, the XRD pattern is measured from 20° to 70° in 2θ with a step of 0.05° 

and a speed of 2°/min; while for the purpose of structural refinement, a 1-hour scan has to 

be taken. The XRD data were analyzed with program JADE and FullProf. 

3.3.2 Laue back diffraction 

The Laue back diffraction is used to determine the quality and orientation of large 

single crystals. Broad spectrum X-ray radiation (20 kV and 20 mA) is reflected from a 

the crystal surface back to an image plate that is located between the X-ray source and the 

crystal. The diffracted beams form arrays of spots that lie on the image plate. The Laue 

pattern can be indexed by the software OrientExpress. The crystal quality can be 

determined by the size and shape of the spots. Perfect crystals have circular spots, while 

reflection from a crystal with twinning or other defects produces the irregular shape of 

spots or blur spots. The details about step-by-step procedures for crystal orientation can 

be found in the dissertation by Luke G. Marshall
50

.  

3.3.3 Measurement of magnetic properties under uniaxial pressure 

Magnetic properties were measured with a superconducting quantum interference 

device (SQUID) from 2 K to 350 K at magnetic field from -5 T to 5 T. Measurement of 

magnetic properties with this device is quite common by using a common household 

straw and gelatin capsule stuffed with cotton as the sample holder. I will briefly introduce 

the measurement under uniaxial pressure
55, 56

. The uniaxial pressure cell is shown in Fig. 
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3.9. The cell body is made of BeCu with two Kapton tape rings outside the cell body. The 

sample was placed between two ZrO2 rods, and there is a layer of Kapton tape between 

the sample and the rod’s end surface. The loading force was measured by the shift of the 

superconductive temperature of a small piece of Pb placed in a miniature piston cylinder, 

as shown in Fig. 3.10. A spring pushing rod in the cell was used to absorb any stress that 

was not parallel to the axis of the cylindrical cell body. The pressure was increased by  

 

Figure 3.9: Picture of the uniaxial pressure cell 
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tightening the screw. By measuring the change of magnetic transition temperatures on 

single crystal samples with the loading force applied along a selective crystallographic 

axis, the correlation between the strain in the crystal and a change of transition 

temperature reveals important information for constructing or testing a model of orbital 

ordering in the crystal.  

3.3.4 Electrical resistivity measurement 

Low-temperature resistivity measurements between 2 K-300 K were performed 

with a physical property measurement system (PPMS) and a standard four-probe method 

on samples with a rectangular geometry having a typical size of 0.5×0.5×3 mm
3
. Thin 

copper wires were attached to the surface of the sample via an indium pad or silver  

 

Figure 3.10: The shift of the Tc of Pb under pressure 
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epoxy. The sample was mounted on a PPMS puck with a very small amount of thermal 

compound.  

3.3.5 Thermal conductivity measurement 

The thermal conductivity was measured with a steady-state method. A heat flux 

passes through a known material like constantan and the measuring sample. The 

temperature gradient is measured by two differential thermal couples. Thermal 

conductivity can be obtained with the following equation for adiabatic condition: 

 

Figure 3.11: Schematic drawing of sample installation for thermal conductivity 

measurement. 

 

 𝜅 = −
𝑞∆𝑥𝑠

𝐴𝑠∆𝑇𝑠
= −(

𝜅𝑟𝐴𝑟∆𝑇𝑟

∆𝑥𝑟
) ∙

∆𝑥𝑠

𝐴𝑠∆𝑇𝑠
 (3.1) 

where  𝜅  is the thermal conductivity, q is the heat flow, Δx is the distance between 

thermal couples on reference (r) or sample (s), ΔT is the temperature difference along the 
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heat flow direction across a distance Δx, A is the cross-section area of reference (r) or 

sample (s). The heater is a gold cap wrapped with a thin insulator-coated manganin wire; 

heat flow is controlled by the current applied to the resistance wire. The reference is a 

piece of constantan alloy with uniform diameter of 0.19 mm
2
. Differential thermal 

couples, a pair of a copper wire and a constantan wire, are glued on the reference and 

sample with epoxy or superglue. The typical size of the sample is a rectangular bar shape 

with 0.5×0.5×2.5 mm
3
. The cryostat consists of a heater and cold head powered by a 

closed-circle refrigerator with He gas as refrigerant. A Lakeshore silicon diode 

temperature sensor is put on the cooling head. Temperature is monitored and controlled 

by a Lakeshore temperature controller Model 340. Current is provided with a Keithley 

Model 224 current source and voltage is recorded with a Keithley 181 nanovoltmeter.   

3.3.6 Thermoelectric power measurement 

Thermoelectric power measurements were performed on a home-made setup 

shown in Fig 3.12. Samples were mounted between two brass heater stages, each 

controlled independently by a Lakeshore Model 304 temperature controller with a DT-

470 sensing diode. The stage is sheltered in a Styrofoam canister and submerged into a 

liquid-nitrogen dewar for a measurement from 320 K to 80 K. In a typical run, a constant 

temperature gradient ΔT = 2 or 4 K is used over the entire temperature range. Without 

considering the contribution to the thermoelectric power from the copper leads, the 

thermoelectric power of the sample is: 

 𝛼 =
∆𝑉

∆𝑇
=

∆𝑉1−∆𝑉0

∆𝑇1−∆𝑇0
 (3.2) 

However, after making correction for the copper-lead contribution, the thermoelectric 

power of the sample becomes: 

 𝛼 = 𝛼𝐶𝑢 −
∆𝑉

∆𝑇
= 𝛼𝐶𝑢 −

∆𝑉1−∆𝑉0

∆𝑇1−∆𝑇0
 (3.3) 
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where 𝛼𝐶𝑢 is the thermoelectric power of the copper lead. 

 

Figure 3.12: Schematic diagram of the measurement of thermoelectric power. 
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Chapter 4 Structural distortion, orbital ordering, and uniaxial stress 

effect in Y1-xLaxTiO3 

4.1 Introduction 

The t
1
e

0
 system of RTiO3, as typical Mott insulator, is recognized as the 

touchstone materials to understand strongly correlated electron effect, as well as the 

complex spin, orbital and lattice couplings
57-59

. The RTiO3 family undergoes the 

GdFeO3-type distortion with the Ti−O−Ti bond angle decreasing significantly from 180°. 

For example, in LaTiO3 with large rare earth ionic radius, the Ti−O−Ti bond angle is 157° 

in ab-plane and 156° along c-axis; these bond angles further reduce to 144° in ab-plane 

and 140° along c-axis in YTiO3 with relatively small rare earth ionic radius (IR). As for 

the magnetism in RTiO3 family, LaTiO3 with the smallest distortion shows a G-type 

antiferromanetic (AFM) ordering at TN = 147K. As IR decreases, TN gradually decreases 

and is strongly depressed at SmTiO3; subsequently a ferromagnetic (FM) ordering 

appears in RTiO3 (R = Gd-Lu). While this magnetic phase diagram, as shown in Fig. 4.1, 

has been known for more than 30 years
7
, the existing models remain controversial. A 

spin- and orbital-unrestricted Hartree-Fock approximation successfully explained the FM 

magnetic ground state of YTiO3, with orbital wave functions being linear combinations 

of two of xy, yz, zx orbitals
10

. Specifically, this orbital ordering model for YTiO3 is 

consistent with the experimental results, such as resonant x-ray
11

, NMR
60

, and polarized 

neutron scattering
61

. This orbital ordering model was further modified by introducing the 

t2g-eg hybridization induced by the GdFeO3-type distortion, which is essential to realize 

3D ferromagnetic ordering in YTiO3
62

. As for LaTiO3, since the Jahn-Teller distortion is 

too weak to be detected
63

, a ferromagnetic ground state should be more stable if Ti
3+

 

stays in a cubic crystal field and t2g remains three-fold degenerate
64

. An orbital-liquid 

theory was also found not true by Kugel-Khomskii model
65

, and contradicted a heat 

capacity measurement result where the additional specific-heat contribution was  
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Figure 4.1: Magnetic phase diaram of RTiO3
57

. 

attributed to magnons rather than orbital degrees of freedom
66

. A successful model in 

explaining the magnetic ground state is that the t2g degeneracy is lifted by the A-site 

dislocation, which is induced by the GdFeO3-type distortion
67

. The origin of the 

controversy in RTiO3 is coming from the assumption of the t2g degeneracy. On the other 

hand, although the resonant x-ray scattering experiment has been claimed to be able to 

detect the orbital ordering directly, the mechanism of the resonant x-ray scattering 

remains questionable
12

. A systematic measurement of thermal conductivity on RTiO3 

single crystals has been done, and the results indicate a transition from an orbital liquid to 

an orbitally ordered phase at the magnetic transition temperature, for both ferromagnetic 

phases and antiferromagnetic phases in the phase diagram
68

. Since a magnetic phase 

diagram similar to that of RTiO3 can be observed in Y1-xLaxTiO3 system, the Ti−O−Ti 

bond angle can be finely tuned from 156º (LaTiO3) to 143º (YTiO3) by varying x to 

mimic the magnetic transition in RTiO3 family. More importantly, the Y1-xLaxTiO3 

system does not have the contribution from the magnetic moment on rare earth, which 
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benefits the magnetization measurement in this experiment for detecting the magnetism 

from Ti−O array. Furthermore, due to the strong coupling between the orbital and the 

lattice in RTiO3 family, the uniaxial stress effect on single crystals is a powerful tool to 

the detect the correlation between the lattice distortions and the cooperative orbital 

ordering. Therefore, I have grown a series of Y1-xLaxTiO3  (x = 0, 0.1, 0.2, 0.3, 1) single 

crystals, and oriented the crystals along specific directions ([100], [010], [001], [110], 

[111]p). By measuring the magnetic susceptibility on single crystal samples along those 

directions, the change of magnetic ordering temperature can be used to test the orbital 

ordering models
56

.  

4.2 Experimental details 

Single crystal samples were grown with an image furnace in Ar atmosphere. A 

mixture of Y2O3, La2O3, Ti2O3 and Ti was used as staring materials for ferromagnetic 

phases of Y1-xLaxTiO3 (0 ≤ 𝑥 ≤ 0.3), and a mixture of La2O3, TiO2 and TiO was used for 

anti-ferromagnetic phases. The crystal quality was checked by Laue back diffraction and 

the oxygen stoichiometry was verified by a thermoelectric power measurement. A good 

oxygen stoichiometry gives rise to a large thermoelectric power value around 100-300 

μV/K. The crystal orientation to major crystallographic axes in the samples used for the 

measurements under uniaxial pressure is within 1 degree. The κ(T) measurements were 

carried out in a homemade setup with the steady-state method. The magnetic 

measurements under uniaxial pressure were carried out with miniature Be-Cu devices 

fitting into a superconducting quantum interference device (SQUID) magnetometer 

(Quantum Design). Details about the device for the measurement under uniaxial pressure 

can be seen in Sec. 3.3.3. The pressure inside the chamber was monitored by measuring 

the superconducting transition TC of a small piece of Pb. 

4.3 Results and discussion 
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4.3.1 Antiferro-orbital ordering model in YTiO3 and ferro-orbital ordering model in 

LaTiO3 

Fig. 4.1 shows that RTiO3 is a pseudocubic structure with the GdFeO3-type 

distortion in which TiO6 octahedra rotate along the [110] and [001] axes of the cubic unit 

cell. Moreover, YTiO3 and GdTiO3, with relatively small R ions, also undergo a d-type 

JT distortion as illustrated in Fig. 4.2. In contrast, RFeO3 and RCrO3 families both belong 

to the GdFeO3-type system with intrinsic structural distortion. The FeO6 and CrO6 

octahedra are distorted by splitting the six M−O bonds into two long, two medium and 

two short bonds. As for the JT active system RMnO3, MO6 octahedra are formed with 

two long and four short M−O bonds. As for YTiO3, the d-type JT distortion elongates the 

TiO6 octahedra along x axis in sites 1 and 2, and elongates the TiO6 octahedra along y 

axis in sites 3 and 4. The JT distortion lifts the degeneracy of t2g orbitals by lowering the 

energy of xy and yz in sites 1 and 2, and xy and zx in sites 3 and 4. Therefore, the orbital 

wave functions are linear combinations of xy, yz in sites 1, 2 and xy, zx in sites 3, 4, as 

shown in Fig. 4.3. In addition to the 2D ferromagnetism that is realized by t2g orbitals, the 

t2g-eg hybridization along c axis cooperatively gives rise to 3D ferrimagnetism. The t-e   

 

Figure 4.2: GdFeO3-type distortion in RTiO3 
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Figure 4.3: (a) d-type Jahn-Teller distortion in YTiO3 (b) c-axis view 

 

Figure 4.4: Antiferro-orbital ordering model in YTiO3 

hybridization is very common in RMO3 systems with radius of R ion < 1.11Å
69

. Both the 

JT distortion and the t-e hybridization induced by the GdFeO3-type distortion stabilize the 

antiferro-orbital ordering and ferromagnetic spin ordering. 

The JT distortion is not detected in LaTiO3, because it’s too weak. The effects of 

crystal field from the La ions induced by the GdFeO3-type distortion play a dominant role 
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in determining the electronic structure, and have been successfully used to explain the 

origin of G-type anti-ferromagnetism in LaTiO3. The La ions shift mainly along b axis, 

and slightly along a axis, whereas the La ions on next layer shifting along opposite 

direction
67

. Fig. 4.4 shows that two kinds of La-O planes, with opposite displacement 

directions, stack alternately along c axis. As a result, the three-fold degeneracy of the Ti 

t2g orbitals is lifted by the La ions crystal field, and the wave functions of the lowest level 

of t2g are linear combinations of xy, yz and zx. The calculated wave function is similar to 

the eg orbital 3z
2
-r

2
, but directed on the [111] direction. The orbitals are arranged along 

[111] on a layer and [1-11] on next layer in the primitive cubic cell, forming a ferro-

orbital ordering, as shown in Fig. 4.5. Since the lattice distortion is strongly coupled to 

the orbital ordering and the spin ordering, the magnetic susceptibility measurements 

under uniaxial stress would provide a critical test for these models. 

 

Figure 4.5: Schematic diagram of La crystal field induced by the GdFeO3-type distortion. 

The blue atoms are La. The green atoms are Ti. The grey atoms are O. The red arrows 

represent the shift of La. 
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Figure 4.6: Ferro-orbital ordering model in LaTiO3 

 

 

4.3.2 Orbital fluctuation in paramagnetic state of RTiO3 

Fig. 4.6 shows the κ
-1

(T) of selected x compositions of Y1-xLaxTiO3. Similar to κ
-1

 

(T) of RTiO3, a glassy behavior was observed in paramagnetic phase for each 

composition. However, for La doped samples, clear orbital ordering occurs at 

temperature TOO that is higher than TC; while in RTiO3, it is believed that orbitals are 

ordered simultaneously with magnetic ordering. In YVO3, the effect of orbital 

fluctuations remain significant even in the orbitally ordered phase at TCG < T < Too, 

which suppresses the thermal conductivity. The phonon-like κ(T) is reached through the 

orbital/spin flipping transition at TCG
70

. Unlike YVO3, the κ(T) of Y1-xLaxTiO3 reaches its 

minimum at TOO > TN, and then a phonon-like κ(T) starts to restore without the presence 

of spin ordering. In order to further verify if the orbital ordering is truly separated from 

spin ordering in doped samples, the inversed magnetic susceptibility χ
-1

(T) is also plotted 

in Fig. 4.7. The orbital ordering at TOO would cause a slope change of χ
-1

(T), which is 

common in perovskite RVO3 with non-magnetic rare element such as YVO3 and 
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LuVO3
71

. The slope change of χ
-1

(T) is observed near TOO for YTiO3, Y0.8La0.2TiO3 and 

Y0.7La0.3TiO3, and similar results were also found in polycrystalline samples Y1-

xLaxTiO3
72

. An in-depth look at the χ
-1

(T) slope change at TOO shows that the slopes of 

YTiO3 and the La doped samples (Y0.8La0.2TiO3 and Y0.7La0.3TiO3) change in opposite 

directions, whereas χ
-1

(T) of Y0.9La0.1TiO3 remains linear all the way down to TC in 

paramagnetic phase. Such behavior possibly indicates that although the orbital is ordered 

at TOO, two different interactions compete against each other, which come from antiferro-

orbital ordering in YTiO3 side and ferro-orbital ordering in LaTiO3 side. The effects from 

these two components are cancelled at Y0.9La0.1TiO3, resulting in a linear χ
-1

(T) across 

TOO. A Curie-Weiss law fitting to the χ
-1

 (T) of Y1-xLaxTiO3 at the temperature range 

T>TOO is summarized in Table1. The magnetic effective moments for ferromagnetic 

phases (x ≤ 0.3) are close to the spin-only value for S=1/2.  

 

Figure 4.7: Temperature dependence of inverse 𝜅 of Y1-xLaxTiO3 single crystals 
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Figure 4.8: Temperature dependence of inverse magnetic susceptibility χ of Y1-xLaxTiO3 

single crystals 

 

Table 4.1: Effective magnetic moment μeff and θ fitted from Curie-Weiss law 

 YTiO3 Y0.9La0.1TiO3 Y0.8La0.2TiO3 Y0.7La0.3TiO3 

μeff (μB) 1.63 1.57 1.59 1.51 

θ(K) 52.16 22.12 -10.32 -16.27 

4.3.3 Uniaxial stress effects on spin ordering 

Fig. 4.8 shows the magnetic transition temperature TC versus uniaxial stress along 

different crystallographic axes of YTiO3 single crystals. The uniaxial stress on a, b, [110] 

and [111]p all tend to decrease the Ti−O−Ti bond angle and enhance the GdFeO3-type 

distortion. As a result, the stress should stabilize the ferromagnetic phase. We indeed 

found dTC/dP > 0 for the stress applied along these directions. A large coefficient dTC/dP 

around 0.28 K/kbar along a axis indicates that the orbital ordering and therefore the spin  
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Figure 4.9: Stress dependence of TC of YTiO3 crystals 

ordering is extremely sensitive to the lattice distortion. There is no noticeable change of 

TC along c axis with uniaxial pressure up to 740 bar. The magnetostriction plays an 

important role here, since in 3D ferromagnetism, the effect of magnetostriction may 

counter-balance those induced by the uniaxial stress. In addition, a shorter c axis still 

stabilizes the GdFeO3-type distortion, as well as the JT distortion. All comprehensive 

effects give rise to dTC/dP = 0 along c axis.  

Unlike the uniaxial stress effect along c axis in YTiO3 showing dTC/dP = 0, the 

uniaxial stress along c axis in LaTiO3 increases TN at low pressures, but reduces TN at 

high pressures, as shown in Fig. 4.9. Since the lattice reduces along the c axis at TN due 

to the magnetostriction effect in this G-type AF insulator, a stress applied along this 

direction should further stabilize the AF ground state. The experimental results agree 

with the prediction; the observed TN slightly increases at the low pressure range. The  
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Figure 4.10: Stress dependence of TN of LaTiO3 crystals 

opposite effect of the stress on TN at higher pressures is from an enhanced GdFeO3-type 

distortion, which reduces TN as the superexchange interaction pathway via the Ti−O−Ti 

bond angle decrease. Since twinning is an inevitable problem for the orthorhombic 

LaTiO3 crystal
63, 73

, it is difficult to  

distinguish a axis and b axis. So a dTN/dP > 0 in both a and b axes will be attributed to a 

general increase of TN as a stress is applied in the major axes. Based on the model of A-

site dislocation in the Pbnm perovskite structure, the La ions shift mainly along b axis and 

slightly along a axis due to the GdFeO3-type distortion (crystal twinning also makes no 

difference for La ions shifting along a and b axes). Therefore, a uniaxial stress along [110] 

appears to suppress the shifts and destabilize this La crystal field model. We indeed  
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Figure 4.11: Stress dependence of TC of Y0.9La0.1TiO3 crystals 

 

Figure 4.12: Stress dependence of TC of Y0.7La0.3TiO3 crystals 
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found a dramatic change of dTN/dP < 0 along [110] with a very large coefficient 1.71 

K/kbar. 

As we stated in Sec. 4.3.2 that Y0.9La0.1TiO3 is possibly at the crossover between 

the antiferro-orbital ordering and the ferro-orbital ordering. Thus, it is expected that the 

uniaxial stress effects on Y0.9La0.1TiO3 crystal would shift the balance to one side. As we 

can observe from Fig. 4.10, dTC/dP shows a small jump and drop at low pressures along 

a axis and b axis respectively, and then follows the same trend as YTiO3. The dTC/dP 

along c axis also shows a drop at the same pressure, and then keeps constant. The 

uniaxial stress effects on Tc reflect explicitly the frustrated state of orbital ordering in 

Y0.9La0.1TiO3 at low pressures. Y0.9La0.1TiO3 behave like YTiO3 essentially at high 

pressures. For Y0.7La0.3TiO3, which is close to the FM to G-type AFM transition, we 

observed similar behavior along [110] and [111] direction at high pressure range. It is 

interesting to note that the dTC/dP along c axis is also zero. The dTC/dP = 0 along c axis 

found in all ferromagnetic crystals is due to a balance from a dTC/dP < 0 and dTC/dP > 0. 

The former is caused by the fact that pressure destabilize a ferromagnetic order state; and 

the later is related to a smaller structural distortion under the stress, which gives a high Tc.  

4.4 Conclusion 

Y1-xLaxTiO3 exhibits a transition from a ferromagnetic phase to a G-type AFM 

phase due to the change of orbital ordering in the Pbnm orthorhombic structure. The Ti-

−O−Ti bond angle and the spin ordering temperature TC/TN can be continuously changed 

by different La doping. Thermal conductivity measurements, as well as magnetic 

susceptibility measurements, signal that the orbital is ordered at a TOO, which is above TC 

for ferromagnetic phase, but is close to TN for AF phase. Uniaxial stress is applied along 

different crystallographic axes. Since an orbital ordering distorts the lattice in a well 

defined way, the stress applied along different axes stabilizes/destabilizes the orbital 
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ordering phase, which reflects in the change of transition temperatures as a function of 

pressure. The experimental results support that the antiferro-orbital ordering model for 

YTiO3 and ferro-orbital ordering model for LaTiO3. As x in Y1-xLaxTiO3 increases, the JT 

distortion is reduced, along with the GdFeO3-type distortion. The A-site shifting 

increases for the compositions close to the end member LaTiO3, which favors the ferro-

orbital ordering, and therefore the G-type AF spin ordering.   
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Chapter 5 New mechanism for ferroelectricity in the perovskite Ca2-

xMnxTi2O6 synthesized by spark plasma sintering
1
 

5.1 Introduction 

The cubic ABO3 perovskite structure consists of corner-shared BO6 octahedra 

with B atoms at the corner and A atoms in the body center of the unit cell. A tolerance 

factor t = (A−O)/[√2(B−O)] is a measure of the mismatch between the equilibrium A−O 

and B−O bond lengths. A t < 1 is accommodated by a cooperative rotation of the BO6 

octahedra that lowers the crystal symmetry;
74

 a t > 1 is accommodated by the formation 

of a hexagonal polytype or by a ferroelectric (or antiferroelectric) displacement that 

creates asymmetric B−O and/or A−O bonds if B is a d
0
 transition-metal cation, and/or A 

has an s
2
 core of lone-pair electrons, e.g. Bi(III) or Pb(II).

75
 The relationship between the 

t-factor and ferroelectricity is well-illustrated by the ATiO3 family in which A=Ca has t < 

1, A=Sr has t ≈ 1, and A=Ba has a t >1 at room temperature. BaTiO3 undergoes 

ferroelectric distortions. SrTiO3 normally exhibits a cooperative rotation of the TiO6 

octahedra at low temperature, but substitution of 
18

O for 
16

O can trigger a low-

temperature ferroelectric distortion.
76-78

 Ferroelectric antisymmetric cation-anion bonds 

have not been found in perovskite oxides without the s
2
 core A-site cations where the 

BO6 octahedra undergo cooperative rotations. 
79, 80

 

Benedek and Fennie
80

 have performed very interesting computer experiments. 

The frequency of the ferroelectric mode has been calculated as a function of the t-factor 

for perovskite oxides with the cubic Pm-3m and the orthorhombic Pbnm symmetries. 

Their results show that the ferroelectric transition is essentially suppressed in the Pbnm 

perovskites, independent on the tilting magnitude. The a
-
a

-
c

+
 tilting system of the Pbnm 

structure can be decomposed into two sub systems labeled  a
-
a

-
c

0 
and a

0
a

0
c

+
, which 

                                                            
The work in Chapter 5 was originally published in Z-Y. Li, Y. Cho, X. Li, X-Y. Li, A. Aimi, Y. Inaguma, 

J.A. Alonso, M.T. Fernandez-Diaz, J.Q. Yan, M.C. Downer, G. Henkelman, J.B. Goodenough, J.-S. Zhou, 

Journal of the American Chemical Society 140.6 (2018): 2214-2220. 
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allows illustrating the rotation-wise ferroelectric instability. Whereas ferroelectricity is 

more easily obtained in the cubic phase than in the subgroups of a
-
a

-
c

0 
and a

0
a

0
c

+
, a 

ferroelectric instability becomes achievable in the phase with the a
0
a

0
c

+ 
tilting system as 

the octahedral tilting along the c axis increases. It is the A-site displacement associated 

with the a
-
a

-
c

0 
tilting mode that suppresses the ferroelectric mode strongly. The A-site 

antipolar displacements and associated tilting can be suppressed in a heterogeneous 

structure, such as an La2NiMnO6 film on a SrTiO3 substrate 
81

 and in a NdNiO3 film on a 

LaAlO3 substrate
82

 where ferroelectricity has indeed been found. 

Double perovskites with a more general formula AA’BB’O6 can show even more 

complicated tilting systems and A-site environments.
36, 83, 84

 Cations at both the A site 

and B site can be ordered into a rock-salt, columnar, or layered structure.
36

 Among these 

double perovskites, few of them adopt a polar structure like NaRMnWO6 (R=La, Nd, Tb) 

with a P21 phase caused by layered ordering of A-site cations and rock-salt ordering of 

the B-site cations, which has the  a
-
a

-
c

+
 tilting system.

85
  Density functional theory (DFT) 

calculations have predicted that double perovskites with this structure are ferroelectric.
86

 

However, switchable ferroelectricity was not found experimentally for any of these three 

double perovskites.
15, 87

  

CaMnTi2O6 is the only switchable ferroelectric double perovskite that is Pb
2+

 or 

Bi
3+

 free.
15

 The columnar ordering of A site cations found in CaFeTi2O6 is a rare case.
88

 

The octahedral-site tilting in the tilt system a
+
a

+
c

-
 (P42/nmc) places Ca

2+
 in columns 

along the c-axis;  every Ca column is surrounded by Fe columns consisting of alternating 

FeO4  tetrahedra and coplanar FeO4. Although the space group allows Fe
2+

 to be 

displaced off the plane of the coplanar FeO4 units, Fe
2+

 stays perfectly in the plane 

formed by four oxygen; this compound is not ferroelectric as determined by a 

measurement of second harmonic generation at room temperature. The double perovskite 

CaMnTi2O6 adopts the same crystal structure as CaFeTi2O6 at high temperatures.
15

 The 
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only difference is that the Mn
2+

 is displaced off the MnO4 plane, which is allowed by 

symmetry, but it is randomly displaced along the c-axis above Tc, shown in Fig. 5.1(a).  

At T < Tc, however, all the displacements of Mn
2+

 at the coplanar sites are in the same 

direction along the c-axis. Correspondingly, Mn cations in tetrahedra and Ti in octahedra 

are polarized, as shown in Fig. 5.1(b). The polarization is switchable under an external 

electric field. Since the non-polar CaFeTi2O6 is in the identical tilting system, 

ferroelectricity in CaMnTi2O6 is clearly driven by manganese, most likely by the Mn ions 

in the coplanar coordination. The disorder-order type of ferroelectric transition is rare and 

offers a fundamentally different mechanism from the well-discussed cases of proper, 

improper, hybrid improper ferroelectricity 
89

 and may find potentially new applications. 

Gaining a fundamental understanding of the mechanism triggering the ferroelectric 

transition is critically important for applications of the new ferroelectric oxide and for 

designing new ferroelectric materials. To this end, a thorough structural study by neutron 

diffraction is needed. Moreover, since the ferroelectric CaMnTi2O6 is a high pressure 

phase, it is necessary to explore an alternative approach to synthesize the material in 

sample of larger volume. 

5.2 Experimental details 

Synthesis. A mixture of xMnO, xTiO2 and (2-x) CaTiO3 was used as the starting 

materials. The sintering was performed with a SPS system model 10-3 from Thermal 

Technology LLC at 1350 ºC under 90 MPa for 1 minute within a 20 mm graphite die.                               

Structural characterization. The obtained pellets were orange in color and crushed into 

powders before characterization by X-ray diffraction. Rigaku Miniflex 600 with Cu-Kα 

radiation was used to determine the phase purity. Neutron powder diffraction experiments 

were performed in the temperature range of 1.5 K to 540 K with wavelength 2.52 Å and 

from 393 K to 703 K with wavelength 1.59 Å at Institut Laue-Langevin (ILL), France. 

Neutron powder diffraction measurements on a different batch of the SPS sample were  
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Figure 5.1: Structural models of (a) non-polar and (b) polar CaMnTi2O6. Like the simple 

perovskite, the framework of double perovskite structure consists of corner-shared TiO6 

octahedra. The columnar ordering means that the A-site Ca are ordered in columns along 

the c axis, which are surrounded by the Mn columns. The space group of the non-polar 

double perovskite allows that Mn
2+

 at the coplanar sites shift out of the plane and the 

shifting direction is random between the Mn sites. The polar double perovskite structure 

is different from the non-polar one by (i) all Mn
2+

 at coplanar sites are ordered with the 

same shifting direction along the c axis, as can be observed in the structural mode (b); (ii) 

Ti
4+

 cations shift from the center of the octahedral sites and the Ti-O bond length splitting 

is enhanced dramatically; (iii) Mn
2+

 cations at tetrahedral-sites also shift from center of 

the tetrahedra, but the shifting direction is temperature dependent. Arrows in (b) indicate 

the direction of atomic displacement. 

performed with POWGEN located at the Spallation Neutron Source (SNS) at Oak Ridge 

National Laboratory. All diffraction patterns are refined by the Rietveld method with the 

FullProf software.
90

 The actual Mn concentration x in the SPS products was determined 

by measuring the temperature dependence of paramagnetic susceptibility with a Physical 

Property Measurement System (PPMS) (Quantum Design).  

Ferroelectric characterization. A well-polished bulk sample was used to 

measure the temperature dependence of SHG. Ti:Sapphire laser at 780 nm wavelength 

(76 MHz repetition rate, 150 fs pulse width) was incident on the sample at 45 .̊ A photo-

multiplier tube (PMT) detected 390 nm s-polarized SHG generated by s-polarized 

incoming light that is insensitive to the surface, but is sensitive to centrosymmetry-

breaking in a crystal structure caused by a ferroelectric transition.  For dielectric property 

(a) (b)

Tetrahedral site

Coplanar site
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measurements, the polycrystalline sample was polished to a thickness of 0.29 mm for 

permittivity and 0.18 mm for the P-E hysteresis loop; Au electrodes were then deposited 

on both sides of the pellet by a dc sputtering method. Dielectric permittivity 

measurements were performed with an Agilent 4284 precision LCR meter for frequencies 

of 1 kHz to 1 MHz. The ferroelectric property was evaluated by a P-E hysteresis loop 

measurement at 200 Hz with an aixACCT Easy Check and TF Analyzer 2000 

ferroelectric tester at room temperature.  

DFT calculation. Spin polarized DFT calculations were performed by Xinyu Li 

with the projector augmented wave method 
91, 92

, as implemented in the Vienna Ab Initio 

simulation package 
93-95

. Electron exchange and correlation was described within the 

generalized gradient approximation by using the Perdew-Burke-Ernzerh functional. A 

Hubbard term was added to the d orbitals of Mn and Ti with an effective U value of 3.8 

eV and 4.36 eV, respectively. A 5×5×5 k-point mesh, a plane wave cutoff of 600 eV, and 

a force convergence tolerance of 2.5 meV/Å were employed for structural relaxation. 

Phonon frequencies were calculated with density functional perturbation theory. 

5.3 Results and discussion 

5.3.1 Double perovskite and spark plasma sintering (SPS) 

For the double perovskites AA’BB’O6 or the A-site ordered perovskites 

AA’3B2B’2O12, whether the perovskite phase is stable depends on the global instability 

index (GII) in addition to the t factor; GII is defined as the difference between the bond 

valence sum (BVS) and the formal valence of cations and anions in a complex oxide. A 

survey in the literature on this issue indicates that high-pressure synthesis is normally 

required if GII is larger than 0.02 for a given complex oxide formula.
96-101

 A calculation 

using the software SPuDS gives a GII=0.219 for CaMnTi2O6, which is why high-pressure 

synthesis  is required to stabilize this double perovskite. However, high-pressure 

synthesis is not the only way to obtain a complex oxide with a high GII. For example, an 
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A-site ordered perovskite CaCu3Fe2Sb2O12 with a GII=0.033, which has been obtained 

previously with high-pressure synthesis,
100

 can be synthesized at ambient pressure 

through a designed chemical procedure.
102

 The same procedure did not work to 

synthesize the double perovskite CaMnTi2O6. The issue for us to consider is whether the 

SPS synthesis could help to overcome the barrier of the GII.  

The SPS process starts with an initial activation by applying a pulsed current 

while the powder is placed under pressure. The on-off DC current in this stage generates 

the spark discharge and rapid Joule heating between grains. Ionized elements from the 

particle’s surface can be transformed into plasma in some cases. The spark and plasma 

vaporize the contact area between particles, which cleans up the surface and draws 

together particles to create necks. The intensified Joule heating up to thousands of 

degrees Celsius and pressure make these necks develop and grow. The radiant Joule 

heating between particles also causes plastic deformation on the surface of the particles, 

which in turn enhances the consolidation. These features can enable completion of the 

material sintering in a very short period of time, even within 1 minute in the case of the 

double perovskite presented in this work.  

A direct reaction by firing the starting components of CaCO3, MnO, and TiO2 at 

ambient pressure gives rise to a mixture of perovskite CaTiO3 and ilmenite MnTiO3. 

MnTiO3 will convert into Mn2TiO4 at higher temperatures. By changing the tilting group 

from a
-
a

-
c

+
 of perovskite CaTiO3 into the a

+
a

+
c

-
, the insertion of Mn

2+
 at the A-site of 

CaTiO3 can be achieved under high temperatures and the very modest pressure in a SPS 

synthesis, which also favors a columnar ordering of Ca and Mn columns along the c axis. 

The ilmenite MnTiO3 and spinel Mn2TiO4 have lower melting temperatures than that of 

perovskite CaTiO3. A prolonged sintering of CaTiO3 + MnTiO3 will result in a phase 

segregation between a solid phase and a liquid phase, which minimizes the Mn 

concentration in the perovskite. The pressure used in SPS is too small to influence the  
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Figure 5.2: Pressure –temperature phase diagram of two oxides CaTiO3+MnTiO3 by SPS 

synthesis. All of the phases in the diagram are determined by X-ray powder diffraction. 

tolerance factor of the perovskite phase, but it helps to confine the oxides during the 

reaction. By taking advantage of the nearly instant reaction with SPS, a significantly high 

concentration of Mn can enter into the A-site of the double perovskite without phase 

segregation; the maximum x ≈ 0.6 in perovskite Ca2-xMnxTi2O6 can be obtained at 100 

MPa. Moreover, the graphite die used in SPS provides some reduction effect, which 

prevents Mn
2+

 from further oxidation during the reaction. The final manganese 

concentration in the product is determined by the measurement of magnetic susceptibility 

on the assumption of Mn
2+

 in the perovskite. The calculated valence based on the BVS 

from the structural data is also consistent with the amount of Mn
2+

 in the structure. As 

shown in the following paragraph, the manganese concentration in the samples made 

with SPS is sufficiently high to make the perovskite ferroelectric. The synthetic results 

are mapped out in the pressure-temperature phase diagram shown in Fig. 5.2.  
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One of the significant findings in this work is that the SPS sintering lowers the 

GII value of the double perovskite formula so that a high-pressure phase can be stabilized 

under a very modest pressure. Ionized elements from the particle’s surface during SPS 

appear to change the dynamics of chemical reaction to form the bonding structure with a 

higher GII. This finding makes the SPS method applicable to stabilize new metastable 

phases in a broader range of materials. 

5.3.2 Crystal structure through the refinement of neutron powder diffraction 

Neutron powder diffraction experiments have been performed on Ca2-xMnxTi2O6 

(x = 0.6) in the temperature range of 1.5 K to 700 K; the refinement results at selected 

temperatures are shown in Fig. 5.3.  The refinement parameters at 393K are summarized 

in Table. 5.1. A structural transition at 570 K is marked by an anomaly in the temperature 

dependence of lattice parameters of Fig. 5.4(a); a and c start to be separated at T < 570 K. 

The neutron diffraction pattern can be fit well by the structural models of non-polar 

double perovskite P42/nmc at T > Tc and polar double perovskite P42mc at T < Tc. These 

structural models have been used to fit XRD patterns of the double perovskite 

CaMnTi2O6 made under high pressure as illustrated in Fig. 5.1. Although Ca apparently 

occupies partially the 2c site for Mn in addition to the 2a and 2b sites in the SPS product, 

the disorder does not destroy the columnar ordering of A-site cations in the double 

perovskite structure. The space group P42/nmc allows Mn
2+

 on the coplanar site to move 

out of the square plane formed by four oxygen, but the direction remains random along 

the c axis in this non-polar structure, which is why a finite displacement on the Mn site is 

obtained even at T > Tc, see Fig. 5.4(b). The displacement shows no noticeable change on 

crossing the non-polar to polar structural transition. However, right below Tc Mn on the 

tetrahedral-site is polarized in the opposite direction to that of the coplanar Mn; the 

polarization gradually changes sign as temperature decreases. Given nearly canceling 

electric dipoles from two Mn sites right below Tc, the net dipole moment comes from the  
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Figure 5.3: Neutron powder diffraction pattern and results of the refinement of 

Ca1.4Mn0.6Ti2O6. These patterns have been collected with the neutron beam (= 1.59Å) 

at D2B. ILL, France. 

TiO6 array. A clear displacement of Ti occurs on cooling through Tc, as is shown in Fig. 

5.4(c). The Ti displacement in an octahedral-site with the a
+
a

+
c

-
 tilting system is highly 

unusual and it must be induced by the A-site displacement. We will come back to this 

point in the following discussion.  
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Table 5.1: Structural parameters for the ferroelectric phase of Ca2-xMnxTi2O6 (x = 0.6) at 

393K derived from neutron powder diffraction structural analysis. Tetragonal, space 

group P42mc (No. 105), Z = 4, a = 7.5874(1) Å, c = 7.6112(2) Å, Rp = 8.65%, Rwp = 

7.80%, Re = 4.12%, chi2 = 3.58. *Both 8f site Ti and 8f site O5 have three refinable 

parameters, so the occupancies of these two sites are fixed as references. The occupancies 

for other temperatures are fixed, and are given the values from 393K. 

atom site x y z B (Å
2
) occ. 

Ca1 2a 0 0 0 0.81(8) 0.249(2) 

Ca2 2b 1/2 1/2 0.0388(8) 0.93(6) 0.233(2) 

Mn1 2c 0 1/2 0.5132(13) 0.5 0.120(2) 

Mn2 2c 0 1/2 0.0367(7) 0.5 0.119(2) 

Ca3 2c 0 1/2 0.5132(13) 0.5 0.130(2) 

Ca4 2c 0 1/2 0.0367(7) 0.5 0.131(2) 

Ti 8f 0.2586(1) 0.2435(1) 0.2860(2) 0.01(2) 1* 

O1 4e 0.2977(1) 1/2 0.2976(2) 0.16(4) 0.463(4) 

O2 4d 0.2921(1) 0 0.8235(2) 1.07(5) 0.506(5) 

O3 4d 0.2043(1) 0 0.2342(2) 0.58(5) 0.499(4) 

O4 4e 0.2119(1) 1/2 0.7266(2) 0.82(5) 0.500(5) 

O5 8f 0.2080(1) 0.2879(1) 0.0196(2) 1.03(2) 1 

 

The polar displacements of Mn and Ti ions create interesting changes of 

interatomic distances and bonding angles. While the changes of Mn-O bond length in the 

coplanar and in the tetrahedra sites of Fig. 5.4(d) are consistent with the Mn displacement, 

the coplanar oxygen exhibit an unusual change from a square into a rectangle of Fig. 

5.4(e) on cooling through Tc. The MnO4 tetrahedra also become distorted, i.e. they are 

elongated along the c axis, see Fig. 5.4(f).  The TiO6 octahedra are no longer regular; the 

basal plane of an octahedron becomes rectangular below Tc. Since coplanar MnO4 units 

share the apical oxygen and tetrahedron MnO4 units share the oxygen in the basal plane 

of an octahedron, these local structural changes on cooling through Tc lead to 

corresponding changes in the Ti-O-Ti bonding angles of Fig. 5.4(e); the bond angle 

increases along the a axis and decreases for the bonding along the direction 90°from the 

a axis in the basal plane. There is no change of the bond angle along the c axis.  
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Figure 5.4: Temperature dependence of (a) lattice parameter, (b) the displacement for Mn 

at the tetrahedral site (tet) and the coplanar site (cop), (c) the displacement for Ti, (d) Mn-

O bond lengths; (e) the nearest oxygen-oxygen distance at the coplanar site, (f) the 

nearest oxygen-oxygen distance at the tetrahedral site; (g) the Ti−O bond lengths at 

octahedral site; (h) Ti–O–Ti bond angles. Ferroelectric transition occurs at Tc ~ 560 K as 

determined by the SHG measurement, which is consistent with the result of structural 

study; clear structural transition occurs between sampling points of 550 K and 600 K. 

The magnetic transition occurs at TN ~ 5 K from the specific heat measurement. A 

superlattice peak due to diffraction from magnetic moments has been found in the 

neutron diffraction pattern collected at 1.5 K and the pattern can be refined with the 

model of the polar structure plus type-C spin ordering at Mn sites. 

 

7.60

7.58

 a
 c

0.5

0.0

 Mn_cop

 Mn_tet

0.10

0.05

0.00
2.30

2.25

2.20

2.15

2.10
6004002000

 Mn-O_cop
 Mn-O_tet1
 Mn-O_tet2

3.20

3.15

3.10

3.05

 cop_(O-O)1

 cop_(O-O)2

3.25

3.20

3.15

3.10

 tet_(O-O)1

 tet_(O-O)2

2.1

2.0

1.9

O1

O2

O3

O4

O5

O6

160

155

150

145

6004002000

O1

O21

O22

M
n
-O

 b
o

n
d
 l

en
g
th

 (
Å

) 
 

 
T

i 
sh

if
t 

(Å
) 

M
n
 s

h
if

 (
Å

) 
 L

at
ti

ce
 p

ar
am

et
er

 (
Å

) 

 O
-O

 d
is

ta
n

ce
 (

Å
)

T
i-

O
 d

is
ta

n
ce

 (
Å

) 
T

i-
O

-T
i 

an
g
le

 (
Å

) 

Temperature (K)

 (a) 

 (b) 

 (c) 

 (d) 

 (e) 

 (f) 

 (g) 

 (h) 



63 
 

 

Figure 5.5: Temperature dependence of global instability index (GII) based on the 

structural refinement of neutron diffraction. 

Calculations of BVS for each cation based on the structural data show that the Mn
2+

 at 

coplanar and tetrahedral sites have BVS values of 1.18 and 1.30, respectively, while the 

BVS value of the Ti
4+

 is 4.20, indicating that Mn−O is slightly under-bonded and Ti−O
 
is 

slightly over-bonded. We have further calculated the temperature dependence of GII for 

the whole structure, as shown in Fig. 5.5. The GII increases slightly below Tc, which 

means that the ferroelectric transition further enlarges the degree of underbonding and 

overbonding at different cation sites in the structure.   

5.3.3 Physical properties of the SPS product 

We have used the same SPS procedure to synthesize a series of perovskites Ca2-

xMnxTi2O6 (0 < x ≤ 0.6). While XRD shows a single phase for all these compositions, it is 

difficult from the refinement alone to determine whether the phases are simple perovskite 

or have the polar double perovskite structure at room temperature, especially for the 

compositions with lower Mn concentration. We used optical Second Harmonic  
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Figure 5.6: SHG images of high pressure sample CaMnTi2O6 (above the dash line) and 

SPS sample Ca1.4Mn0.6Ti2O6 (below the dash line) at room temperature with the size 

120×120 μm, 50×50 μm, and 25×25 μm from left to right. 

Generation (SHG) microscopy to probe ferroelectricity, which is particularly useful in the 

cases where the structural distortion associated with a ferroelectric transition is too small 

to be detected by the diffraction technique. Fig. 5.6 shows the SHG microscopy images 

of a high pressure sample of CaMnTi2O6 and a SPS sample of Ca1.4Mn0.6Ti2O6. The 

average signal intensity of the SPS sample is about 60% of the intensity of the high 

pressure sample at room temperature. It is interesting that the SHG mapping on both 

samples show granular features. In order to know the origin of those granular features, 

electron backscatter diffraction (EBSD) has been performed on the SPS sample, as shown 

in Fig. 5.7. Based on the EBSD analysis, we have found that those bright spots on the 

SHG images are related to single domains with specific orientation since the domains 

size from EBSD analysis is similar to that of those bright spots on SHG images.  
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Figure 5.7: SEM image of SPS sample Ca1.4Mn0.6Ti2O6 and the EBSD analysis. 

A further SHG experiment on the SPS sample has been performed by using a different-

angle of incoming polarization. The SHG intensity changes with the polarization angle, 

as shown in Fig 5.8; this result is consistent with the scenario of the grain orientation. Fig. 

5.9(a) shows the temperature dependence of the SHG of Ca2-xMnxTi2O6 (0.4 ≤ x ≤ 0.6). 

With x < 0.3, SHG intensity is close to the background noise level because either Mn
2+

 is 

too diluted to form the polar double perovskite structure or the Curie temperature Tc is 

below room temperature. As shown in the phase diagram of Fig. 5.9(b), Tc is linearly 

proportional to the composition x. All data points for the SPS samples and the high-

pressure sample fall roughly on a straight line. This observation means that a solid 

solution Ca2-xMnxTi2O6 with the double perovskite structure is formed by the SPS 

synthesis rather than a phase segregation into CaTiO3 and CaMnTi2O6. In comparison 

with the structural data of CaMnTi2O6 synthesized under high pressure, Tc appears to be 

related to the magnitude of the Mn displacement on the coplanar site in the non-polar 

phase. We have also performed polarization measurements on the SPS samples, see 
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Figure 5.8: SHG images SPS sample Ca1.4Mn0.6Ti2O6 with different angles (0°-90°) of 

incoming polarization 

Fig. 5.10. Due to the leaking problem caused by residual carbon in the SPS samples, the 

polarization curves look slightly different from typical ones
103

 by the conventional 

method. However, a normal polarization curve can be obtained by the PUND method.
104

  

The results indicate that the double perovskites Ca2-xMnxTi2O6 are switchable 

ferroelectrics, as shown in Fig. 5.11.  

 

Figure 5.9: (a) Temperature dependence of the averaged SHG intensity for Ca2-

xMnxTi2O6 samples with different Mn concentrations. The polarized SHG detected is 

generated by s-polarized incident beam. Green dashed line indicates the background 

noise level, which is close to zero. (b) The phase diagram of Ca2-xMnxTi2O6. Tc of the 

SPS samples is defined from temperature-dependent measurements of SHG, where the 

SHG vanishes. The data for high-pressure sample are after Ref. 15. 
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Figure 5.10: Conventional polarization measurements on Ca1.4Mn0.6Ti2O6 

 

Figure 5.11: Results with the PUND method. (a) Electrical pulse pattern, (b) the original 

data, (c) the remnant polarization. 
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5.3.4 Magnetism and ferroelectricity 

Like the double perovskite CaMnTi2O6 synthesized under high pressure, the SPS 

samples exhibit a magnetic ordering at ~ 5 K as indicated by a specific heat measurement. 

Neutron powder diffraction at low temperatures also detects reflections from the 

manganese sublattice. Due to the substitution of Ca on the Mn sites in the SPS samples, 

the intensity of magnetic-order-related reflections is rather weak and peaks look broader. 

The refinement converges only if the type-C antiferromagnetic model is used. The 

refinement, however, cannot distinguish the easy axis of magnetic moments at Mn sites. 

The higher order term of spin-orbit coupling for the Mn at the coplanar sites prefers a 

moment normal to the oxygen square plane. The DFT calculations in Table 5.2 also show 

that the ground state with the type-C magnetic ordering has the lowest energy. The 

electron configuration t
3
e

2
 of the high-spin Mn

2+
:d

5 
is compatible with a weak 

antiferromagnetic Mn
2+

-O-O-Mn
2+ 

superexchange interaction between Mn
2+

 columns; the 

superexchange spin-spin interaction between tetrahedral and coplanar Mn
2+

 along a 

columns is antiferromagnetic and extremely weak. The overall ferromagnetic intra-

column coupling must be from magnetic dipole-dipole interactions. The important 

finding is that the Mn
2+

 displacement at the coplanar site of Fig. 5.4(b) is further 

enhanced while the magnetic moment at the same site becomes ordered. This finding is 

opposite the conventional wisdom that magnetism and ferroelectric displacements do not 

coexist on the same site. Hill has argued that the superexchange interaction facilitating 

magnetism tends to optimize the local bonding structure so as to maximize the orbital 

overlap integral, which is always against the displacement required for ferroelectricity at 

octahedral sites.
79

 In the case of double perovskite Ca2-xMnxTi2O6, however, the intra-

column coupling is dominated by the magnetic dipole-diploe interaction, which appears 

to be compatible with the electric dipole associated with the Mn displacement at the 

coplanar site. The observation that the Mn displacement is enhanced in the AF state is  
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Table 5.2: Results of DFT calculations
54

 for CaMnTi2O6 of the magnetic ordering 

structures and corresponding ground state energy. 

Magnetic ordering Energy per unit formula(eV) 

Ferro-polar 0.0031 

A-type-polar 0.0036 

C-type-nonpolar 0.0024 

C-type-polar 0.0 

G-type-polar 0.0006 

 

consistent with the DFT calculations. By relaxing the Mn displacement, our calculations 

indicate that the Mn displacement increases by 0.009Å in the type-C ordered phase 

relative to the non-magnetic phase.  

5.3.5 The driving force for the ferroelectric transition 

For proper ferroelectricity, a double-well potential is formed due to a large gain of 

the orbital hybridization at the expense of elastic energy associated with the atomic 

displacements, which leads to a soft-mode transition to polar structures.
105

 From the point 

of view of structural symmetry, a variety of octahedral-site tilting modes in the perovskite 

structure do not give rise to a polar structure since a rotation at one site is accompanied 

by an opposite rotation at adjacent sites, for example, in the a
+
a

+
c

- 
tilting system of the 

double perovskite CaFeTi2O6.  At T > Tc, Ca2-xMnxTi2O6 oxides share the same non-polar 

double perovskite structure as that of CaFeTi2O6. However, there is a distinct difference 

between these two perovskites. Allowed by symmetry in the non-polar P42/nmc structure, 

Mn at coplanar sites in Ca2-xMnxTi2O6 moves out of the plane, but the direction of the 

movement is random between sites. In contrast, Fe at the same position in CaFeTi2O6 

stays in the plane even though Mn
2+

 and Fe
2+

 cations have similar sizes. To understand 

why the coplanar Mn
2+

 move off the plane whereas the coplanar Fe
2+

 does not, a DFT 

calculation was done, which takes into account the second nearest neighbors of oxygen 

atoms
54

. Fig. 5.12(a) illustrates that the orbital occupation number of d electrons is a key  
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Figure 5.12: (a) Schematic drawing of the Mn displacement in a MnO4 coplanar, xy and 

z
2
 orbitals, and the orbital splitting for Mn

2+
 from a free ion to the site  in the crystal field. 

Red arrows in the graph indicate the energy change as Mn
2+

 moves off the plane formed 

by four O
2-

 anions. The length of arrows is proportional to the magnitude of energy 

change associated with the Mn
2+

 displacement. (b) The orbital occupation of the coplanar 

site with Mn
2+

 and Fe
2+

. Blue arrows represent spins. The double occupation of the z
2
 

orbital for Fe
2+

 offsets the energy reduction of xy orbital associated with the Mn
2+

 

displacement, so that Fe
2+

 remains in the plan as observed. 

to the displacement of the Mn
2+

. The coplanar symmetry stabilizes the z
2
 orbital and 

destabilizes the antibonding xy orbital. Moving the cation out of the plane lowers the xy-

orbital energy, but it increases the energies of the z
2
 and yz ± izx orbitals; the net energy 

change still favors a Mn
2+

 ion moving out of the plane, as can be seen from the total 

energy change for Mn
2+

 at the center versus off-center provided in the Fig. 5.13. In 

contrast, the occupation of the z
2
 orbital by an extra electron in Fe

2+
 ion costs more  

(a)

(b)

Free ion Crystal field

Mn2+ Fe2+



71 
 

 

Figure 5.13: DOS for the spin up state in polarized and non-polarized phases. 

energy for the displaced Fe
2+

 relative to that within the plane, as illustrated in Fig. 12(b). 

While the consideration of the orbital occupation can justify the displacement of Mn
2+

, it 

is not directly related to the transition to a polar structure.  

The a
+
a

+
c

-
 tilting system of the P42/nmc structure creates the MnO4 square planes 

that share the apical oxygen of the adjacent four TiO6 octahedra. The tilting system 

changes from the a
+
a

+
c

-
  to the a

+
b

+
c

-
 at the phase transition to the polar P42mc structure 

as reflected in the temperature dependence of the Ti-O-Ti bond angles in Fig. 5.4(h) on 

cooling through Tc. As a result, the coplanar MnO4 changes from a square in the non-

polar phase to a rectangle in the polar phase. The longer edge of the rectangle causes a 

reduction of the octahedral-site tilting around the axis normal to the longer edge of the 

rectangle. Since the Mn displacement is random at coplanar sites, the local tilting pattern 

at T > Tc must be a mixture of the a
+
b

+
c

-
 and b

+
a

+
c

-
. It is impossible to detect the local 

tilting system by a diffraction technique; the a
+
a

+
c

-
 was used as the global tilting  
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Figure 5.14: Structural models projected along the a axis. Only the Mn at coplanar sites 

and Ti at octahedral site are shown in the drawing.  Arrows point to the direction of 

oxygen displacement associated with the rotation of O4 plane. For the oxygen moves 

toward the Mn, the longer axis of the O4 rectangle is parallel to the a axis.  It is along the 

b axis for oxygen moves away from the Mn. The cooperative octahedral-site rotation 

requires a uniform reduction of the O-O distance at coplanar sites. The disorder of the Mn 

displacement direction and associated rectangle orientation at T > Tc destroys the 

cooperativity of the octahedral-site rotation and increases the elastic energy of the 

structure. The tendency to lower the elastic energy is the driving force for ordering the 

displacement direction at Mn sites and therefore the ferroelectric transition.   

system in the refinement of the diffraction pattern at T > Tc. Since TiO6 octahedra share 

corners to form a 3D network in the perovskite structure, a mixture of the a
+
b

+
c

-
 and 

b
+
a

+
c

-
 in the local tilting system would create significant bond length mismatch and 

stresses and raise the system elastic energy as illustrated in Fig. 5.14. One obvious 

change from the non-polar to the polar structural transition is to increase the cooperativity 

of the octahedral-site tilting in the structure, which lowers the system energy. Starting 

with the non-polar structure having the coplanar Mn in up-and-down positions and 

allowing the lattice to be relaxed, the DFT calculation always gives a ground state having 

an ordered Mn displacement at the coplanar sites. The thermodynamics of this order-

disorder transition can be described with the Landau theory by using a ratio of ordered 

T > Tc T < Tc
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Mn versus the total number of coplanar Mn as the order parameter. In reality, the 

displacement of the Ti site serves better as an order parameter.  

The double perovskite Ca2-xMnxTi2O6 represents a new type of ferroelectricity. 

While a polar structure is generally prohibited in all tilting systems of the perovskite 

structure, the polar mode in the Ti-O array is induced by the lattice distortions associated 

with the order-disorder transition at the coplanar Mn sites, which is similar to the 

improper ferroelectric YMnO3.  For the proper ferroelectrics, a depolarization field will 

suppress the dipole formation as the sample thickness becomes small, viz  the so-called 

critical thickness problem, which is a major hurdle for applying this type of ferroelectric 

material.
106

 Although a screening technique has been applied to minimize the 

depolarization field, it is difficult to completely suppress the depolarization field.  

Whether the order-disorder type ferroelectric is superior to a proper ferroelectric in terms 

of the resistance to the depolarization field remains to be explored experimentally. 

Moreover, our DFT calculations indicate that a similar order-disorder type of 

ferroelectricity can be realized in other double perovskite CaMnM2O6 (M=  Zr
4+

, Sn
4+

 and 

Ge
4+

).
 
 CaMnGe2O6 would have a larger displacement of Mn at the coplanar site, the 

smallest octahedral-site tilting, and the highest dipole moment. In addition, a simulation 

with a 1.5% compressive strain on the ferroelectric CaMnTi2O6 leads to about 16.5% 

enhancement of the net dipole moment. 

5.4 Conclusion 

In summary, we have developed a new procedure to synthesize gram-level new 

ferroelectric Ca2-xMnxTi2O6. By using neutron powder diffraction and first-principles 

calculations, we have identified the origin causing the ferroelectric transition. Unlike 

proper ferroelectricity where dipoles are generated directly from the displacement 

associated with softening a polar mode in the high symmetry paraelectric phase, the 
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order-disorder transition at the coplanar Mn
2+

 site leads to a polar structure in which 

dipoles are created at Ti
4+

 sites, the Mn
2+

 tetrahedral-sites, and Mn
2+

 at the coplanar sites. 

The Curie temperature for the ferroelectric transition is about 560K and this new type 

ferroelectricity has the potential to overcome the critical thickness problem experienced 

in the proper ferroelectric material for practical applications, because the origin of the 

ferroelectricity is coming from the coplanar symmetry and the number of d electrons, 

which might not be suppressed by the depolarization field. The new mechanism of 

ferroelectricity and the method for the material synthesis presented in this work provide 

an exciting new direction to the search for new ferroelectric materials. 
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Chapter 6 A possible Hund’s metal LaRuO3 and unusual second-order 

metal insulator transition in La1-xPrxRuO3 

6.1 Introduction 

4d transition metal oxide ruthenates exhibit a variety of interesting physical 

properties due to the subtle interplay of Coulomb repulsive potential U, Hund’s rule 

coupling J, the cubic crystal-field splitting Δc, and the spin-orbit coupling (SOC). Unlike 

3d transition-metal oxides, the wave function of 4d transition-metal oxides has much 

larger spatial extent, which gives rise to weak or moderate values of U/W, i.e., 4d oxides 

are further away from the Mott states than 3d oxides
107

. On the other hand, the larger 

overlap of 4d orbitals with oxygen 2p orbitals enhances the t2g-eg cubic crystal-field 

splitting Δc. A large Δc generally leads to a low spin state, while Hund’s rule coupling J, 

as a competing force, favors high spin. Since SOC scales with atomic number as Z
4
, SOC 

also becomes competitive in 4d or 5d transition metal oxides
108

. Ru
4+

 is the most stable 

valence in oxides; these oxides show unconventional superconductivity in Sr2RuO4, 

ferromagnetism below 160K in SrRuO3, antiferromagnetism below 110K in Ca2RuO4 

and magnetic-field-induced quantum criticality in Sr3Ru2O7
16-19

. Except for Ca2RuO4, 

which is a Mott insulator below 357K, most ruthenates are metallic. However, the strong 

correlations are also present in those ruthenates, such as enhancement of specific heat and 

magnetic transitions
16, 19, 109, 110

. Hund’s coupling and electron-electron correlations are 

on equal footing in these ruthenates. Hund’s coupling drives the system far away from 

the Mott tansition by increasing the critical U, but simultaneously reduces the 

temperature and the energy scale below which a Fermi liquid is formed
107

. Thus, such a 

two-face characteristic makes Hund’s metals intriguing, but also difficult to distinguish. 

Hund’s metal can be identified by some peculiar features of physical properties. For 

example, an LDA+DMFT study predicted that a Hund’s metal would have a 

thermopower showing two distinct stages associated with the orbital space and the spin 



76 
 

space
111

. Moreover, another DMFT study indicates that the Hubbard satellites bands must 

disappear in a Hund’s metal
109

. 

Ru
4+

 oxides have attracted widespread attention and have been studied 

extensively. Nevertheless, the perovskite structure RRuO3 (R = rare earth metal) with 

Ru
3+

 has been barely investigated due to the difficulty in synthesis. To the best of our 

knowledge, there are no theoretical calculations of electronic structures of RRuO3. 

LaRuO3 synthesized under high pressure is a paramagnetic metal, while PrRuO3 shows 

insulator behavior
20

. Although LaRuO3 can also be synthesized at ambient pressure, the 

transport properties of the sample have not been reported
21

. Both synthesis methods yield 

non-stoichiometric LaRuO3, which indicates that the Ru is mixed valence of +3 and +4. 

Describing the electronic state at the crossover from itinerant to localized electronic 

behavior remains a challenge. A system at the crossover normally exhibits more exotic 

physical properties. The bandwidth of the electronic state near the Mott transition is 

highly sensitive to the M−O−M bond angle (180−𝜙) as well as the bond length M−O in 

the distorted transition-metal perovskite RMO3. The rare earth substitution in RMO3 is a 

very efficient way to fine tune the electron bandwidth on approaching the crossover from 

itinerant to localized electronic behavior. The RNiO3 family offers a classic example 

where an entire evolution from the enhanced Pauli paramagnetic metal to an 

antiferromagnetic insulator as the rare earth radius (IR) reduces from La to Lu
22, 23

. The 

successful bandwidth tuning by the rare earth substitution in RNiO3 motivates us to 

explore the metal-insulator transition in La1-xPrxRuO3. Inspired by the successful 

synthesis of a high pressure phase of Ca2-xMnxTi2O6 by SPS, the same method has been 

applied to synthesize the high pressure phase La1-xPrxRuO3. The high quality samples 

obtained allow a systematic study of the transition from metal to insulator behavior in 

these samples. 

6.2 Experimental details 
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A mixture of La2O3, Pr6O11, RuO2 and Ru was ground in an agate mortar and ball 

milled for 2 hours. The sintering was performed with a SPS system model 10-3 from 

Thermal Technology LLC at 1250°C under 50 MPa for 1 minute within a 20 mm 

graphite die. The obtained pellets were crushed into powders for X-ray diffraction. 

Rigaku Miniflex 600 with Cu-Kα radiation was used to determine the phase purity. The 

XRD patterns were analyzed by the Rietveld method with the software FullProf. The 

La0.4Pr0.6RuO3 sample was further studied with a PANalytical X’pert diffractometer (Cu-

Kα radiation) with an Oxford PheniX cryostat at Oak Ridge National Laboratory. The 

temperature dependence of resistivity with a standard four-probe method and specific 

heat were measured by using Physical Property Measurement System (PPMS DynaCool, 

Quantum Design) from 300 to 2K. Susceptibility was measured with a vibrating sample 

magnetometer (VSM) option in PPMS under a field of 0.1 T. Measurement of 

thermoelectric power was performed with the thermos transport option (TTO) in PPMS. 

6.3 Results 

The X-ray powder diffraction patterns are shown in Fig. 6.1(a). About 3% Ru 

metal is detected as the secondary phase over all compositions in the solid state solution 

La1-xPrxRuO3. In addition, the second impurity phase Pr2Ru2O7 gradually appears for 

compositions close to the PrRuO3 side. Since the SPS synthesis must be done in inert gas 

atmosphere at high temperatures, the products are normally reduced to some extent. For 

example, sintering the pure RuO2 at 1250°C for only 1 minute ends up with 80% RuO2 

and 20% Ru. It is interesting that Ru
3+

 does not form in this experiment. The Ru in the 

starting materials for synthesizing RRuO3 is used to reduce the RuO2 into Ru
3+

 in 

addition to reduction effect during SPS. It has been found that an optimal ratio 9:1 of 

RuO2 and Ru in the staring materials is needed to yield the minimum amount of residual 

Ru in the final products. For the compositions near PrRuO3, the SPS products contain 



78 
 

 

Figure 6.1: X-ray powder diffraction patterns of La1-xPrxRuO3. Symbol ▲ represents 

impurity phase Ru, and ◊ represents Pr2Ru2O7. (b) The Rietveld refinement results of 

LaRuO3. (c)Lattice parameters versus Pr concentration x. Circles, squares and triangles 

stand for a, b/√2 and c respectively. Red lines stands for SPS samples. Blue lines are 

calculated from SPuDS. Black solid symbols are from Ref 
21

 and  black open symbols are 

from Ref 
20

. (d) Temperature dependence of lattice parameters of La0.4Pr0.6RuO3. 

more second phase of Pr2Ru2O7 because the pressure used in SPS is not sufficient to 

completely suppress the pyrochlore phase. The reason is that both perovskite and 

pyrochlore structures possess a corner-shared BO6 octahedral network. For A and B 

cations that are not very electropositive (such as PbRuO3, BiRhO3), the pyrochlore 

structure is stabilized because metal oxygen bonds would be more covalent and oxygen 

can form four strong bonds with the A cation. In contrast, the perovskite structure is more 

stable for A and B cations that are suitably electropositive (such as SrTiO3, PbTiO3)
112

. 

Moreover, high pressure favors the high-density perovskite structure
113

. Attempts to 

synthesize perovskite NdRuO3 by SPS have failed; pyrochlore Nd2Ru2O7 was found as  
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Table 6.1: Refinement parameters of LaRuO3. 

 

the major phase. All the perovskites La1-xPrxRuO3 have an orthorhombic structure with 

space group Pnma. The Rietveld refinement results for LaRuO3 are shown in Fig. 6.1(b), 

and the refinement parameters are given in Table 6.1. Fig. 6.1(c) shows the lattice 

parameters of La1-xPrxRuO3 as a function of the Pr concentration; the simulated lattice 

parameter by using the software SPuDS are also superimposed in the plot. In Pnma 

perovskites, a deviation from 90° O-M-O bond angles in the octahedral sites induced by 

larger R
3+

 cations causes a reduction of the 𝑎 axis relative to that with rigid octahedra, 

which leads to the anomalous variation of the orthorhombic lattice parameters, i.e., a 

pseudocubic phase with 𝑎 ≈  b/√2 ≈ c in LaTiO3, LaVO3, LaFeO3. This local distortion 

even leads to a 𝑎 < 𝑐 in LaCrO3 and LaGaO3
34

. A mixed valence in B sites M
3+

/M
4+

 

gives rise to a larger tolerance factor 𝑡 than LaM
3+

O3, which suggests that La M
3+

/M
4+

O3 

is closer to the lattice parameters pseudocubic point than LaM
3+

O3. By comparing the 

lattice parameters of LaRuO3 with the data from Ref. 20 and Ref. 21, it is clear that the 

sample in this work shows a significantly larger difference between a and c; the structure 

of samples reported in literature are close to pseudocubic. Therefore, the sample 

synthesized by SPS in this work should be more close to the chemical stoichiometry than  
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Figure 6.2: (a) Temperature dependence of resistivity of La1-xPrxRuO3. (b) 

Magnetoresistance MR% of La1-xPrxRuO3 by using MR%=100%[(ρ(9T)-ρ(0)]/ρ(0)]. 

the samples reported in the literature. The structural study ensures that the valence of Ru 

ion is closer to +3 in the SPS sample. 

The temperature dependence of resistivity measurement of La1-xPrxRuO3 is shown 

in Fig. 6.2(a). LaRuO3 exhibits metallic behavior from room temperature down to 1.8K. 

The resistivity is about one order of magnitude lower than that of the high pressure 

sample reported in Ref 
20

. The room temperature resistivity 𝜌 =1150𝜇𝛺 is about one 

order of magnitude higher than that of polycrystalline SrRuO3 (𝜌 =195 𝜇𝛺) and CaRuO3 

(𝜌 =220 𝜇𝛺 )
25

. The Pr doped samples, as we expected, show a second-order metal 

insulator transition. The transition temperature varies linearly as the Pr concentration  

increases. Fig. 6.2(b) shows the MR effect of La1-xPrxRuO3, which is strongly enhanced 

at low temperatures. La-rich components have a positive MR effect down to 1.8K, while 

Pr-rich components show a crossover from a positive to a negative MR effect below 30K. 

The specific heat capacity measurements in Fig. 6.3(a) support the second-order 

transition since no anomaly was found at the corresponding transition temperatures where 

the resistivity shows a minimum. A small upturn found at 4K for LaRuO3 in the plot of 

Cp/T versus T
2
 could be caused by quantum critical spin fluctuations. This upturn is  
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Figure 6.3: (a) Plot of Cp/T versus T
2
 for La1-xPrxRuO3. Inset is the temperature 

dependence of specific heat measurement of LaRuO3. (b) Temperature dependence of 

total specific heat of PrRuO3. The solid line is the lattice contribution. Inset is the 

magnetic specific heat divided by T. The solid line is the magnetic entropy ΔS. 

further developed into a broad hump as x of Pr concentration increases. In order to 

determine the origin of the peak, the magnetic specific heat was estimated by subtracting 

the lattice contribution from total specific heat for PrRuO3, as shown in Fig. 6.3(b). The 

lattice specific heat contribution was estimated by the Debye model. The inset of Fig. 

6.3(b) shows the magnetic specific heat divided by temperature Cmag/T and the magnetic 

entropy ΔS. The entropy is 0.42 J/mol·K, which is much smaller than the total entropy 

change ∆𝑆 = 5.76 J/mol·K associated with ordering all S = ½ spins in PrRuO3 calculated 

from ∆𝑆 = 𝑅𝐼𝑛(2𝑆 + 1) . To further verify this second-order transition, the lattice 

parameters of La0.4Pr0.6RuO3 have been monitored carefully upon cooling through the 

transition temperature; no dramatic volume change is observed, as shown in Fig. 6.1(d). 

PrRuO3 becomes an insulator over all the measured temperature range. No hysteresis is 

observed during the measurement. Fig. 6.4 shows the thermoelectric power measurement 

of LaRuO3. A large positive 𝑆(𝑇) is consistent with the 5/6 filled π* band of LaRuO3. At 

low temperatures, the phonon drag effect due to the electron-phonon interaction adds a 

hump to the linear temperature-dependent 𝑆(𝑇) for a broad band metal. The magnitude of  
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Figure 6.4: Temperature dependence of thermoelectric power of LaRuO3, SrRuO3, 

LaNiO3, LaCuO3, and SrIrO3. Data of SrRuO3 are from Ref. 
114

. Data of LaCuO3 are 

from Ref. 
115

. 

the hump is reduced as the narrow bandwidth is reduced. This has been proved by 

monitoring the change of 𝑆(𝑇) of LaCuO3 under high pressure, because high pressure can 

broaden the bandwidth by decreasing the M-O bond length and increasing the M-O-M 

bond angle
116

. It is interesting to note that the room temperature value of thermoelectric 

power S300=42 μV/K is significantly higher than most metals (usually <20 μV/K). 

Disappearance of a phonon drag effect in 𝑆(𝑇) at low temperatures for LaRuO3 indicates 

that it is a narrow-band metal. 

Fig. 6.5(a) shows the temperature dependence of inverse magnetic susceptibility 

χ
-1(𝑇) of La1-xPrxRuO3. There is no clear evidence of spin ordering down to 1.8 K for all 

samples. A small anomaly is observed at 54 K for LaRuO3. However, the neutron powder 

diffraction patterns of LaRuO3 at 100 K and 1.5 K in Fig. 6.6 are precisely overlapped. 

The magnetic transition temperature of La3.5Ru4O13 is around 54 K
117

, indicating the 

anomaly in χ
-1(𝑇) could be caused by an impurity phase of La3.5Ru4O13 although the  
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Figure 6.5: Temperature dependence of reciprocal susceptibility of La1-xPrxRuO3. The 

zero-field cool (ZFC) curve and the field cool (FC) curve are overlapped. (b) 

Temperature dependence of reciprocal susceptibility of La1-xPrxRuO3 after subtraction of 

Pr
3+

 contribution. 

volume of impurity phase is too small to be dectected by XRD. Other anomalies found 

around 165 K for PrRuO3 and La0.2Pr0.8RuO3, are probably due to the second phase 

Pr2Ru2O7
118, 119

. The χ
-1(𝑇) above 150 K is fitted to the Curie-Weiss (CW) law, and the  



84 
 

Table 6.2: Results of effective moment and θ fitted from Curie-Weiss law. 

 LaRuO3 La0.8Pr0.2RuO3 La0.6Pr0.4RuO3 La0.4Pr0.6RuO3 La0.2Pr0.8RuO3 PrRuO3 

μeff (μB) 2.556 2.907 3.321 3.752 4.003 4.344 

θ (K) -182.13 -105.09 -79.71 -76.97 -60.59 -49.96 

 

Table 6.3: Results of effective moment and θ fitted from Curie-Weiss law after the 

subtraction of Pr
3+

 contribution. 

 La0.8Pr0.2RuO3 La0.6Pr0.4RuO3 La0.4Pr0.6RuO3 La0.2Pr0.8RuO3 PrRuO3 

μeff (μB) 2.401 2.371 2.415 2.276 2.328 

θ (K) -124.73 -86.98 -74.60 -35.46 -6.76 

effective moment μeff and θ are summarized in Table 6.2. The strong temperature 

dependence of the inverse magnetic susceptibility in metallic LaRuO3 suggests the 

presence of strong-correlation fluctuations. An unphysically large 𝜃 = −182 means that 

the CW law is no longer applicable for LaRuO3. As a result, the μeff from fitting χ
-1(𝑇) to 

a CW law is not reliable as well. The susceptibility of Pr doped samples is dominated by 

the moment on Pr
3+

; it is necessary to subtract the contribution of Pr
3+

 in order to obtain 

the contribution from the RuO3 array.  

 

Figure 6.6: Neutron powder diffraction patterns of LaRuO3 at 100K and 1.5K. 
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Perovskite PrAlO3 has been made for obtianing the rare earth moment in the isostrctural 

PrRuO3. The moments on Pr
3+

 become ordered at 5 K. We have fit the χ(𝑇) of PrAlO3 to 

a CW law at 𝑇 >100K. A μeff = 3.65 μB obtained is close to the spin-only value 3.62 μB 

for Pr
3+

. The χ
-1(𝑇) of La1-xPrxRuO3 after subtraction is shown in Fig. 6.5(b), and the 

effective moment and θ derived from the CW law fit above 150 K are summarized in 

Table 6.3. The results will be discussed in the following paragraphs. 

6.4 Discussion 

The phase diagram of the RNiO3 family is shown in Fig. 6.7(a). Rhombohedral 

LaNiO3 is an enhanced Pauli paramagnetic metal. As the tolerance factor 𝑡 decreases, a 

first-order metal-insulator transition occurs at TMI in orthorhombic distorted PrNiO3 and 

NdNiO3. Spins in the Ni-O array also become ordered at 𝑇 ≤ TMI. When the tolerance 

factor 𝑡  is further reduced (𝑡 < 0.97) for RNiO3 with smaller rare earth radius, two 

transitions are separated with TN < TMI. The tolerance factors of LaRuO3 (𝑡 =0.937) and 

PrRuO3 (𝑡 =0.925) are much smaller than that in corresponding RNiO3. Instead of a first-

order metal-insulator transition, a second-order metal-insulator transition is observed in 

La1-xPrxRuO3; moreover, the magnetic ordering is absent in the insulator phase of La1-

xPrxRuO3, as shown in Fig. 6.7(b). The dramatic difference between RNiO3 and La1-

xPrxRuO3 is rooted in the competition of on-site correlation and the Hund energy. In 

contrast to quarter-filled σ* band and low spin t
6
e

1
 LaNiO3, t

5
 LaRuO3 is a partially filled 

π* band metal. A comparison of the susceptibility of σ* band LaCuO3, LaNiO3 and π* 

band LaRuO3 is shown in Fig. 6.8(a). Electron-electron correlations contribute a mass 

enhanced magnetic susceptibility in LaCuO3 and a Stoner enhanced magnetic 

susceptibility in LaNiO3. Since d electrons are more localized in the π* band relative to 

the σ* band, it is expected that the susceptibility of LaRuO3 is even more enhanced than 

that of LaNiO3. The susceptibility of metallic LaRuO3 with strong-correlation 

fluctuations cannot be interpreted by a CW law because of the narrow π* band in  
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Figure 6.7: (a) Phase diagram of RNiO3 family (adapted from Ref. 23). (b) Phase diagram 

of La1-xPrxRuO3. 

LaRuO3. The CW law is applicable to metals only where localized orbitals and broad 

conduction bands are present simultaneously
120

. Fig. 6.8(b) shows a comparison of the 

susceptibility of LaRuO3, SrRuO3 and SrIrO3. In the ferromagnet SrRuO3, fitting χ
-1(𝑇) 

to a CW law gives a 𝜃 ≥ Tc, typical for a ferromagnet, and a μeff close to the spin-only 

value for 𝑆 =1
25

. The 5d
5
 SrIrO3 has the same number of d electrons as LaRuO3, but the 

temperature-independent paramagnetic susceptibility at high temperatures indicates that 

SrIrO3 is a Pauli metal. Therefore, the π* band in LaRuO3 is narrow enough to make the 

perovskite close to a magnetic-ordering phase. A DMFT calculation has shown that the 

ferromagnetism in SrRuO3 and non-magnetism in CaRuO3 is due to the larger structural 

distortion in CaRuO3, which locates a DOS peak below the Fermi level
109

. Since the 

structural distortion in LaRuO3 is comparable with that in CaRuO3, the same explanation 

could be applicable to LaRuO3 although a similar calculation on LaRuO3 has not been 

reported.  

As the bandwidth is continuously reduced by substituting the La
3+

 with smaller 

Pr
3+

, the d electrons are more localized. After subtracting the Pr
3+

 contribution to the 

susceptibility, it is clear that the χ
-1(𝑇) of the RuO3 array at high temperatures becomes  
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Figure 6.8: Temperature dependence of reciprocal susceptibility of (a) LaCuO3, LaNiO3 

and LaRuO3. (b) LaRuO3, SrRuO3 and SrIrO3. (c) LaNiO3, PrNiO3 and NdRuO3. 
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more linear. Moreover, the fit to a CW law at high temperatures gives a more reasonable 

effective moment and θ. Eventually, the effective moment μeff = 2.33 μB of RuO3 arrays 

in PrRuO3 is close to the spin-only value 1.73 μB for S=1/2, and a small 𝜃 = −6.76 K. 

The presence of second phase Pr2Ru2O7 may contribute to a larger μeff  than the spin-

only value for Ru
3+

 in PrRuO3.  

The MR effect is normally positive in metals, because the Lorentz force brings in 

a term that eventually increases the resistance, as seen in conventional metals
121

. The 

negative MR effect is due to a different mechanism that the spin alignment under 

magnetic field suppresses the spin scattering. Such an effect is common in ferromagnets, 

and usually leads to a peak at the magnetic transition temperature
122, 123

. La1-xPrxRuO3 

(𝑥 <0.5) samples all exhibit a positive MR effect with nearly the same value 3% at the 

lowest temperature, which can be attributed to the Lorentz force. This is further 

supported by the magnetic field dependence of the MR measurement at 2 K on LaRuO3, 

as shown in Fig. 6.9. The crossover in the field-dependent MR measurement is possibly a 

manipulation of spin state fluctuations, and then the MR upturns as a function of H
2
 is a 

major characteristic of a Lorentz force contribution. At high magnetic fields, the MR is 

proportional to H with no evidence of saturation up to 9 T. The scattering by the lattice or 

spin fluctuations may produce a linear H dependence
124

. Recent studies have discovered 

extremely large positive magnetoresistance (XMR) on some semimetals, where both 

electron and hole pockets at different positions in the Brilliouin zone exist and lead to the 

nearly balanced electron-hole populations
125, 126

. However, the XMR is several orders of 

magnitude larger than the MR observed in La1-xPrxRuO3. Without the band structure of 

La1-xPrxRuO3, it is baseless to apply the same model to La1-xPrxRuO3. La1-xPrxRuO3 with 

𝑥 >0.5 shows a negative MR effect at low temperatures, and a crossover from positive 

MR to negative MR as temperature increases, which is coming from the temperature-

dependent competition between the Lorentz force and the suppression of spin scattering. 
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Figure 6.9: Field dependence of MR% of LaRuO3 at 2K. 

Here the occurrence of the peak at low temperature is not necessarily associated with a 

magnetic transition. Such a competition is also seen in SrRuO3 thin films
122

. In addition, 

the enhancement of MR% values at low temperature for the composition near PrRuO3 

means electrons become more localized due to the highly distorted lattice.  

Fig. 6.4 shows the comparison of thermoelectric power of LaRuO3, SrRuO3, 

SrIrO3, LaNiO3 and LaCuO3. Except for SrIrO3, the 𝑆(𝑇) of all these perovskites can be 

described by the Mott diffusive formula 𝑆 =
𝜋2

3

𝑘𝐵
2 𝑇

𝑒

𝑑𝑙𝑛𝜎(𝐸)

𝑑𝐸
, where 𝜎(𝐸)is the energy-

dependent conductivity. However, the 𝑆(𝑇)  of LaRuO3, SrRuO3 and SrIrO3 is 

dramatically enhanced, and the room temperature thermopower of LaRuO3 S300=42 μV/K 

is unusual large. The large 𝑆(𝑇) of LaRuO3 may come from the spin entropy contribution. 

However, a field-independent thermoelectric power of LaRuO3 at different temperatures 

ruled out this possibility. The room temperature value of thermoelectric power in a 

narrow-band system NaxCoO2 has been found also very large (>60 μV/K), which has 

been attributed to the reduction in effective charge-carrier density due to an increase in 
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the band filling factor F
127

. Therefore, the detailed band structure of LaRuO3 deserves 

comprehensive investigation in order to understand those peculiar physical properties.  

The 𝜌(𝑇) of LaRuO3 below 10K can be fitted by the power law: ρ = ρ0 + AT
1.45

, 

as shown in Fig. 6.10(a). Enhanced correlations due to a narrow band make 𝜌(𝑇) deviate 

from Fermi liquid behavior, and n=1.45 suggests that strong correlations lead the system 

toward a quantum critical point adjacent to a magnetically ordered phase
128

. The 

electronic contribution to specific heat CP of LaRuO3 is obtained by fitting the CP(𝑇) to 

the formula: 
𝐶𝑃

𝑇
= 𝛾 + 𝛽𝑇2 at low temperatures, as shown in Fig. 6.10(b). The electronic 

specific heat coefficient 𝛾 =43 mJ/molK is much higher than that of LaNiO3 (𝛾 =18.1 

mJ/molK) and LaCuO3 (𝛾 =5.6 mJ/molK)
116

. Without a DFT calculation for γ0, the 

enhancement factor γ/γ0 remains unknown. However, useful information may be obtained 

by comparing with SrRuO3 and CaRuO3. The value of γ for SrRuO3 is 29 mJ/molK for a 

single crystal sample and 30 mJ/molK for a polycrystalline sample; γ of CaRuO3 is 74 

mJ/molK for a single crystal sample, and 82 mJ/molK for a polycrystalline sample
25, 129, 

130
. The heat capacity coefficient γ of LaRuO3 is between that of SrRuO3 and CaRuO3. 

Similar to SrRuO3 and CaRuO3, the enhancement of γ should be also attributed to spin 

fluctuations. On the other hand, the large effective mass enhancement is also believed to 

come from the Hund’s coupling
131

, such as CaRuO3 (γ/γ0=7) and SrRuO3 (γ/γ0=4), both 

recognized as Hund’s metals. Although the large effective mass enhancement is 

considered to be a feature of a Hund’s metal, this ratio alone cannot be used as a criterion 

to distinguish a Hund’s metal. For example, the mass enhancement of LaNiO3 is γ/γ0=4, 

which obviously is not a Hund’s metal. An LDA+DMFT study of thermoelectric power 

of Sr2RuO4 has provided a hallmark for Hund’s metals. The thermopower shows two 

distinct stages that the orbital entropy is  
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Figure 6.10: (a) Plot of resistivity versus T
1.45

 for LaRuO3. The blue line is the result of 

linear fitting. (b) Plot of specific heat versus T
2
 for LaRuO3. The blue line is the result of 

linear fitting. 

released at To and the entropy of spin degrees of freedom is quenched at Ts with Ts ≪ 

To
111

. The thermopower of LaRuO3 increases monotonically from 2 K to 300 K; 𝑆(𝑇) of 

LaRuO3 at room temperature is as large as that of Sr2RuO4. LaRuO3 becomes unstable 

above 350 K, which makes the high temperature thermopower data unavailable. A DMFT 

study on magnetism has shown that both the Hund’s coupling and strong correlations 

play important roles in CaRuO3 and SrRuO3. The work further proposed that Hubbard 

satellites bands should disappear in a Hund’s metal
109

. Thus, the DOS calculation on 

LaRuO3 may provide further evidence for us to check whether LaRuO3 is a Hund’s metal. 

The complicated competitions among the Hubbard repulsion U and the Hund’s coupling 

J, the crystal field splitting Δc in Hund’s metals remains an interesting topic for further 

studies. 

The most interesting question of La1-xPrxRuO3 system is why no magnetic 

ordering phase is found in the insulator phase followed by the second-order metal-

insulator transition. To answer this question, the competition of SOC, crystal field 

splitting Δ and Hund’s coupling J has to be taken into consideration. The RNiO3 family 
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offers a classic example of a first-order transition from enhanced Pauli paramagnetic 

metal to Curie-Weiss insulator, where the SOC is negligible and Δc is moderate. RNiO3 

(R = La, Pr, Nd) show Stoner enhancements in the paramagnetic susceptibility in Fig 

6.8(c). The inter-site electron-electron correlations opens up the gap in the Mott insulator 

phase of RNiO3 (R = La, Pr, Nd) below TMI. The magnetic ordering is driven by the spin-

spin superexchange interaction in the Mott insulator phase. Even though the 

paramagnetic susceptibility of PrRuO3 is dramatically enhanced and a gap appears to be 

opened up in the insulator phase, no clear sign of spin ordering is observed to 1.8 K. The 

reason is that SOC is no longer negligible here. Sr2IrO4 shows a similar scenario. Low 

spin 5d
5
 Ir

4+
 in Sr2IrO4 has a strong SOC and a large crystal field splitting Δc, where the 

SOC is strong enough to make the total J a good quantum number. As a result, the 

Jeff=3/2 band is fully occupied and one remaining electron makes Jeff=1/2 band half-filled, 

which opens up a Mott gap by even a small U and leads Sr2IrO4 to a Jeff=1/2 Mott 

insulator
132

. In the extreme limit of a strong SOC, all 5d states form J=5/2 and J=3/2 

states. Nevertheless, Sr2IrO4 still shows weak ferromagnetism below 250K
133

. The SOC 

is proportional to Z
4
, where Z is the atomic number. The low spin 4d

5
 Ru

3+
 has the same 

electronic configuration with 5d
5
 Ir

4+
, and the SOC is weaker than that of Ir

4+
. This fact 

means the spin ordering should be easier to realize in Ru
3+

 than in Ir
4+

. However, the 

magnetic ordering is not observed thus we have to consider the Hund’s coupling effect on 

4d
5
 Ru

3+
. Hund’s rule coupling tends to make electrons occupy the eg orbital whereas the 

crystal field splitting places all electrons in t2g orbitals. The competition creates an 

intermediate spin state t2g
4
eg

1
. Since the eg orbital is orthogonal to the t2g orbital, the 

exchange energy of the spin at eg orbital and the spin in the t2g orbital through virtual 

charge transfer is zero. The near-zero value of θ of the RuO3 array in PrRuO3 and the 

larger μeff than the spin-only value for S = 1/2 further support such mechanism. On the 

other hand, the existence of the eg orbitals elongates the ab basal plane, which results in a 

larger unit cell than that based on the low spin 4d
5
 model. Such result is consistent with 
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the structural analysis that the experimental data show a much larger unit cell than the 

simulated value by SPuDS, where the SPuDS assumes that Ru
3+

 is in a low spin 

configuration. 

6.5 Conclusion 

A near stoichiometric La1-xPrxRuO3 system has been successfully synthesized by 

SPS. LaRuO3 is a more enhanced paramagnetic metal than LaNiO3; but the enhancement 

does not lead to a magnetically ordered phase as seen in SrRuO3. More importantly, the 

Pr-doped compounds La1-xPrxRuO3 show a second-order metal-insulator transition as 

continuously narrowing the bandwidth by substituting the La
3+

 with Pr
3+

. However, in 

contrast to the RNiO3 family in which the metal insulator transition is always 

accompanied by magnetic ordering with either TMI = TN or TMI > TN, the magnetic 

ordering is absent in all La1-xPrxRuO3 compounds from 300 K to 2 K. The study of χ
-1(𝑇) 

of La1-xPrxRuO3 by carefully subtracting the contribution from Pr
3+

 has revealed the 

evolution from an enhanced paramagnetism of the RuO3 array in LaRuO3 to localized 

Curie-Weiss paramagnetism in PrRuO3. The competition between large crystal field 

splitting Δ and Hund’s coupling J leads to an intermediate spin state t2g
5-x

eg
x
. The virtual 

charge transfer between adjacent intermediate spin Ru
3+

 is prohibited due to the 

orthogonal orbitals, which accounts for the absence of magnetic ordering. 
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Chapter 7 Anomalous bulk modulus in vanadate spinels 

7.1 Introduction 

Spinel oxi
2
des have long been the subject of geological research since they are 

naturally occurring minerals.
134-138

 The spinel structure with AB2O4 formula consists of a 

network of edge-shared BO6 octahedra with interstitial AO4 tetrahedra. During World 

War II, physicists in France and Holland studied the collinear-spin ferrimagnetic spinels 

in which antiferromagnetic spin-spin coupling between the tetrahedral and octahedral 

cations could be described by the Néel two-sublattice molecular-field model; description 

of non-collinear spin configuration caused by competitive antiferromagnetic B-B 

interactions was also developed by 1960.
139

  In recent years, interest in the physics 

community has returned to the problem of frustration caused by antiferromagnetic B-B 

interactions in the array of corner-shared tetrahedra where there is, in addition, an orbital 

degeneracy that introduces a complex orbital dynamics. 
140-151

 In contrast to perovskite 

oxides in which a handful of single valent metallic oxides ranging from 3d to 5d 

transition metals (e.g. SrVO3,
152

 SrRuO3,
153

 and ReO3 
154

 ) have been found, all single-

valent spinel oxides are insulators. A perovskite AMO3 consists of corner-shared 

octahedra and the electron bandwidth is determined by the M-O-M bond angle, the M-O 

bond length, and a comprehensive A-O bond. In a spinel oxide AB2O4, however, the 

electronic bandwidth is determined by the direct -hybrid wave function overlap integral 

through the B-B bonds, which can be tuned by the chemical substitution at the A site. 

Although all single-valent spinels are insulators, the covalent contribution to the bonding 

is why integral valences implied from the formed charge ordering and orbital ordering 

patterns in the fully localized states have never been observed experimentally.
140

  

                                                            
The work in Chapter 7 was originally published in Z-Y Li, X Li, J-G Cheng, LG Marshall, X-Y Li, AM dos 

Santos, W-G Yang, JJ Wu, J-F Lin, G Henkelman, T Okada, Y Uwatoko, HB Cao, HD Zhou, JB 

Goodenough, J-S Zhou, Physical Review B 94.16 (2016): 165159. 
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The A
2+

V2O4 spinels are Mott insulators; they have perhaps the smallest gap 

caused by electron-electron correlations in the single valent spinels. The V-V bond length 

in these spinels decreases as the A-site cation is replaced by small cations in the order of 

A= Cd, Mn, Fe, Mg, Zn, Co.  Correspondingly, the activation energy for the hopping 

conduction also reduces progressively from A=Cd to Co, which is the smallest divalent 

cation in this series of spinels. A DFT calculation indicated that strong spin-orbit 

coupling is needed in ordered to justify the semiconductor state of CoV2O4.
145

  

Hydrostatic pressure is required to further reduce the V-V bond length in CoV2O4. 

Interpretation of the transport property of CoV2O4 under pressure,
149

  however, is not 

straightforward. While there is an anomaly of the resistivity on cooling through a 

magnetic transition temperature Tc in this ferrimagnet and a metallic-like resistivity is 

achieved under high pressure at T < Tc,  the resistivity at T < Tc is still too large for a 

metal and its temperature dependence at the lowest temperature remains activated to 8 

GPa. Moreover, Tc increases with increasing pressure, which is a clear sign of a localized 

electronic state on the basis of the perturbation formula of the superexchange interaction. 

In order to clarify whether CoV2O4 is indeed at the crossover between localized electron 

and itinerant electronic behavior, it is critical to conduct a structural study under high 

pressure. For a phase at the crossover, its bulk modulus is normally lower than either in 

the metallic phase or in the insulator phase with the identical structure because of the 

coexistence of two equilibrium M-O bond lengths as, for example, in PbCrO3.
155, 156

 This 

chapter is a comprehensive structural study of the entire series of AV2O4 spinels (A=Cd, 

Mn, Fe, Mg, Zn, Co) with in-situ high pressure X-ray and neutron diffraction at different 

temperatures. The behavior under high pressure is compared with that in another series of 

wide-band-gap spinels ACr2O4.  

7.2 Experimental details 
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A detailed description about the AV2O4 sample preparation can be found in 

previous publications.
157, 158

 The ACr2O4 (A=Mg, Zn, Mn, Fe) polycrystalline samples 

were produced by conventional solid-state reaction. Stoichiometric mixtures of oxides 

AO (A=Mg, Zn, Mn, Fe; Alfa Aesar 99.99 %) and Cr2O3 (Alfa Aesar 99.9 %) were 

ground in an agate mortar with acetone and pressed into pellets. The pellets for A=Mg, 

Zn were heated in air at 1273 K for 24 h; the pellets for A=Mn, Fe were sealed in vacuum 

quartz tubes, which were then heated at 1273 K for 24 h. Similar annealing processes 

were repeated with intermediate grindings until phase-pure spinels as checked by XRD 

were achieved. High pressure conditions for the structural study were produced with 

symmetric diamond anvil cells (DACs) with 400 m cullet diamonds. A rhenium (Re) 

gasket was first pre-indented from 250 to ~ 50 m in thickness, followed by drilling a 

hole of 190 m diameter with an Electrical Discharge Machining system. Then, a sample 

pellet of ~ 50 m wide and 25 m
 
thick formed by pressing the fine powder was loaded 

into the center of the drilled gasket hole and surrounded by several pieces of ruby spheres 

as the pressure calibrant. Hydrostaticity at the sample’s place was ensured by loading 

neon gas with a high-pressure gas loading system. The pressure range of this study went 

up to ~22 GPa. An initial pressure of about 0.4-0.7 GPa was maintained in the DACs 

after the gas loading. The in-situ high-pressure and low-temperature XRD measurements 

were conducted with synchrotron radiation (λ = 0.4136 Ǻ) at the Beamline 16-BM-D, 

HPCAT of the Advanced Photon Source, Argonne National Laboratory. The pressure at 

room temperature and low temperatures was controlled by a gear box and a helium-gas 

membrane, respectively, while an on-line ruby fluorescence system was used to monitor 

the pressure. The diffraction patterns were collected with a MAR345 image plate detector 

and were then converted into the format of intensity versus 2θ by using FIT2D software. 

The high-pressure structural study was also carried out at room temperature with a DAC 

mounted on a four-circle diffractometer (Bruker P4) with a Mo anode (λ=0.71 Ǻ). A 

small amount of CaF2 powder was mixed with the sample to monitor the pressure inside 
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the chamber, which was filled with a 4:1 methanol /ethanol mixture as the pressure 

medium. The structural information was extracted from Rietveld refinement of the 

obtained diffraction profiles with the FullProf program. The powder sample of CoV2O4 

sample used in this study was obtained by crushing a piece of single crystal. Single 

crystal neutron diffraction on a CoV2O4 crystal was performed at the HB-3A Four-circle 

Diffractometer at the High Flux Isotope Reactor (HFIR) at ORNL. A neutron wavelength 

of 1.005 Å was used from a bent perfect Si-331 monochromator. 75 reflections were 

collected at 200 K and used for the structure refinement. In-situ high pressure neutron 

diffraction measurements were made at the SNAP beamline in the Spallation Neutron 

Source in ORNL. The SNAP instrument is a medium resolution time of flight 

diffractometer optimized for structural studies under high pressure. For this experiment, 

both detectors were placed at 90° relative to the incident beam and at 50 cm from the 

sample. The range of available incident neutron wavelengths was from 0.3 to 3.7Å. The 

sample was loaded in a Paris-Edinburgh press fitted with c-BN anvils. The encapsulating 

metal toroidal gaskets were fabricated with a null scattering TiZr alloy that does not add 

Bragg peaks to the powder data.  The sample was loaded with a 4:1 methanol:ethanol 

mixture to act as a pressure medium. The cell was placed in a vertical orientation 

(allowing a view of the full detector 45 wide 2θ coverage). The cell was loaded inside a 

custom-made cryogenic system that allows the control of temperature between room 

temperature and 90 K. The combination of the wavelength bandwidth and the accessible 

angular range permitted the collection of data in a d-spacing range of 0.5 and 3.5 Å.  The 

measurements of resistivity under pressure were performed with a cubic anvil apparatus 

with lava as the gasket materials and glycerol as the pressure medium.
159

   

7.3 Results 

7.3.1 CoV2O4 
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Figure 7.1: Pressure dependence of resistivity of CoV2O4 at different temperatures. The 

inset: temperature dependence of resistivity at different pressures, dashed lines shows the 

temperatures where we have performed the structural study under pressure. The data are 

after Ref.124. 

As reported by Kismarahardja et al.,
149

 the resistivity of a CoV2O4 crystal 

decreases under pressure as shown in Fig. 7.1. An even more dramatic pressure-induced 

change of has been observed at a temperature below TN, where a transition from d/dT 

< 0 to d/dT > 0 occurs. Therefore, it is interesting to study the pressure effect on the 

structure in both the paramagnetic phase and the magnetically ordered phase. We have 

performed XRD at 298 K > TN and 120 K < TN. The cubic phase of CoV2O4 remains 

stable up to 22 GPa; see the fitting result for P = 20 GPa as an example in Fig. 7.2. The  
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Figure 7.2: An X-ray diffraction pattern of CoV2O4 with synchrotron radiation and the 

result of the Rietveld refinements. 

XRD patterns under different pressures at T = 295 K and 120 K are displayed in Fig. 7.3. 

The pressure dependence of cell volume at 295 K and 120 K in Fig. 7.4 can be fit with 

the Birch-Murnaghan (BM) equation, which gives the bulk modulus B0 = 178(1) GPa for 

the paramagnetic phase at 295 K and a higher B0 = 199 GPa at 120 K. This result 

indicates that, somewhat paradoxically, the ferrimagnetic phase is less compressible than 

that of the paramagnetic phase although a more dramatic pressure–induced change of the 

resistivity was observed at this temperature. It is also noticed that the error bar shown in 

Fig. 7.4(a) is much larger in the fit at T = 120 K than that at 295 K. Whereas TN increases 

progressively under pressure, the resistivity at T < TN decreases more dramatically in the 

pressure range 0 < P < 6 GPa in Fig. 7.1. This observation motivates us to fit the V(P) 

data in two different pressure ranges, 0-6 GPa and 8-20 GPa in Fig. 7.4(b). The new 

fittings indeed came with slightly smaller error bar size in the low pressure range; but it 

becomes even worse in the high pressure range. The new fittings suggest that the more  
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Figure 7.3: X-ray diffraction patterns of CoV2O4 with synchrotron radiation under 

different pressures at 295K (top) and 120 K (bottom). The peak at 2~12 indicated by an 

arrow is from the cubic phase of neon consolidated under high pressure. 

conductive phase at 120 K and P > 6 GPa appear to have a much higher B0 than that at 

lower pressure.  

In the cubic spinel structure with the space group Fd-3m, the only atomic position 

for the refinement is a single atom coordination for the oxygen position (u,u,u). Since 

oxygen is shared by both the tetrahedral-site and the octahedral-site, an accurate 

determination of the u parameter under high pressure is necessary to find out the 

compressibility of tetrahedron and octahedron in the spinel. Unfortunately, the SXRD 

carries very little information about the oxygen position; the error bar of u from the 

refinement is too large to see any meaningful trend under pressure. To this end, we turn  
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Figure 7.4: (a) Pressure dependence of cell volume and the fitting results to the Birch-

Murnaghan equation  at 295 K and 120 K; (b) V(P) curve at 120 K and the fitting results 

at two separate pressure ranges  0 <P < 6 and 8 < P <20 GPa. 

to a neutron single-crystal diffraction at ambient pressure and neutron powder diffraction 

under pressure. Neutron diffraction at cryogenic temperatures also provides information 

about magnetic structure and its evolution under high pressure.  

The occupancies at Co-site and O-site are coupled to each other and one of them 

has to be fixed in the refinement. If we fixed the occupancy at O-site to 1, the occupancy 

at Co-site is over fully occupied and so we assumed the occupancy at Co-site is fully 

occupied and then refine the occupancies at V-site and O-site. Due to a tiny negative  
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Table 7.1: The structure parameters of CoV2O4 measured at 200K by single crystal 

neutron diffraction at HB-3A at HFIR. The space group is Fd-3m, a=8.407(10) Å. 

Rf=0.0494. 2
=0.52. 

atom type site x y z Uequiv(Å
2
) occupancy 

Co1 Co 8b 3/8 3/8 3/8 0.3(1) 1 

V1 V 16c 0 0 0 0.3 1.2(2) 

O1 O 32e 0.23941(26) 0.23941(26) 0.23941(26) 0.6(1) 0.996(36) 

neutron scattering length at V site, the occupancy at V site cannot be determined 

accurately. All refined parameters are listed in Table. 7.1. 

By using neutron diffraction at SNAP, we have mapped out the crystal/magnetic 

structure of CoV2O4 in the temperature range of 90-300 K and the pressure range of 0-6.5 

GPa. Typical diffraction patterns and their refinement results are displayed in Fig. 7.5 and 

the structural parameters are shown in Table 7.2 and Table 7.3. Since we have used the 

change of lattice parameter of CoV2O4 obtained from the SXRD as the pressure 

manometer in the neutron powder diffraction under high pressure, the bulk modulus 

cannot be checked independently. Fig. 7.6 shows the pressure dependences of Co-O and 

V-O bond lengths and u parameter at different temperatures as well as the pressure 

dependences of magnetic moments on Co
2+

 and V
3+

. Linear fitting on data points of V-O 

and Co-O at low pressures and at room temperature indicates that the Co-O bond is more 

compressible than the V-O bond, which is consistent with the general argument in 

insulators of spinel oxides, i.e. oxygen distances to trivalent cations are less compressible 

than those to divalent ones.
160

 The refined value u= 0.239 at ambient pressure is identical 

to that found from single crystal neutron diffraction in Table 7.1 and that in the 

literature.
149

 Based on the calculation of Madelung energy, a normal A
2+

(B
3+

)2O4 spinel 

should have a u ≥ 0.2555.
138

 Our refinement result suggests that the sample used in this 

study may be a partially inversed spinel, i.e. (Co1-xVx)[V2-xCox]O4. However, the  
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Figure 7.5: Examples of neutron diffraction of CoV2O4 at different pressures and 

temperatures and the results of the Rietveld refinements. 

 

 

Table 7.2: Results of Rietveld refinement of neutron powder diffraction for CoV2O4. 

Space group Fd-3m (No. 227), Co (0.375, 0.375, 0.375), V (0, 0, 0), O (, , ) 

 ambient 1.76GPa 2.98GPa 5.17GPa 5.48GPa 6.35GPa 

a 8.4070(2) 8.3842(3) 8.3665(3) 8.3358(4) 8.3316(4) 8.3198(5) 

μ 0.2393(1) 0.2398(1) 0.2398(1) 0.2396(2) 0.2395(2) 0.2401(2) 

Rwp 1.84 1.45 1.48 1.48 1.59 1.79 

2 2.17 1.42 1.39 1.06 1.50 0.83 

T=295K, P=ambient
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Table 7.3: Magnetic moment on Co and V at low temperatures under different pressures. 

 ambient 1.76GPa 2.98GPa 5.17GPa 5.48GPa 6.35GPa 

M(Co)_90K 3.61(9) 2.8(1) 2.7(1) 2.8(1) 2.7(1) 2.4(1) 

M(Co)_120K 2.8(1) 2.3(1) 2.6(1) 2.5(1) 2.7(1) 2.3(1) 

M(V)_90K 0.7 (1) 0.7(1) 1.1(1) 1.1(2) 1.1(2) 1.0 (2) 

M(V)_120K 0.5 (1) 0.6(1) 1.0(1) 1.2(2) 1.0 (2) 0.8(2) 

structural refinement with a non-zero x gave an even poorer result. This test indicates that 

the CoV2O4 sample is still a normal spinel.  

The change of u parameter under pressure in Fig. 7.6(c) is negligibly small and no 

clear trend can be discerned given the experimental uncertainty. An increase of u means 

that oxygen moves closer to the nearest tetrahedral cation in a [111] direction, which 

reduces the volume of tetrahedra more quickly than that of octahedra under pressure. The 

observation of a smaller compressibility of the V-O bond than that of the Co-O bond 

observed would require a monotonically increasing u under pressure. This contradiction 

suggests that the change in bond length due to the pressure-induced reduction of the cell 

volume is more significant than the effect introduced by a small change of u parameter 

under pressure.   

Neutron diffraction at 120 K and 90 K reveal the magnetic structure at different 

pressures. Fig. 7.6(d) shows the refinement results of magnetic moment M at the Co
2+

 

and V
3+

 sites.  A M=3.6 B at 90 K and ambient pressure is considerably higher than the 

expected value 3.0 B for Co
2+

 and the moment reported in the literature by neutron 

diffraction at 5 K.
141, 143

 The moment at the Co
2+

 site reduces to a M ≤ 3.0 B under 

pressure. Reig-i-Plessis et al. 
141

 reported recently a first order phase transition at 90 K in 

CoV2O4 spinel. The two-phase region at 90 K appears to influence our refinement with a 

single phase model. High pressure suppresses the phase transition by favoring the smaller 

volume phase at high temperature; therefore, the refinement at 90 K but under a pressure 

higher than ambient pressure gave a reasonable moment at Co
2+

. This argument is further  
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Figure 7.6: Pressure dependences of (a, b) cation-oxygen bond lengths , (c) the u 

parameter for the oxygen position, and (d) the magnetic moments of cations for CoV2O4. 

supported by the refinement results at 120 K. The refined moment stays below 3.0 B at 

all pressures at this temperature. The moment shows essentially no change under pressure 

within the measurement uncertainty, which means that the localized picture for electrons 
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at the Co
2+

 site is not altered under pressure up to 6 GPa. A significantly reduced moment 

~0.7 B at V
3+

 which is consistent with the reported value,
141,143

 was treated as a sign for 

delocalized electrons.
141

 However, a reduced moment (~0.65 B) at V
3+

 has been found in 

other spinels AV2O4 (A=Cd, Mg, Zn) in which CdV2O4 has the longest V-V bond length 

in the family of vanadate spinels, which makes this argument questionable. On the other 

hand, Maitra and Valenti 
146

 have shown that the unquenched orbital momentum is 

antiferromagnetically coupled to the spin, so as to reduce the net total moment below 1 

B. Thus, a slight increase of the moment at V
3+

 under pressure in Fig. 7.6(d) may reflect 

a reduction of the orbital moment, which means that wavefunctions for electrons at V
3+

 

become more extended under pressure.
161

 

7.3.2 MgV2O4 

Simply from the consideration of V-V bond length, the electron bandwidth of 

MgV2O4 is close to that in CoV2O4. Both spinels have much smaller activation energies 

in the transport properties than that in CdV2O4 and MnV2O4.
149

 Based on the 

compressibility of the V-V bond length from the structural study for CoV2O4 above, the 

critical V-V bond length where a transition from d/dT < 0 to d/dT > 0 occurs can be 

induced in MgV2O4 under a pressure P < 10 GPa. We have measured the resistivity to 8 

GPa in Fig. 7.7(a) with a cubic multianvil apparatus. Whereas the resistivity decreases 

with pressure over the entire temperature range, no obvious anomalies are revealed. It 

was not possible for us to monitor the resistivity change to temperatures below TN since 

the magnitude of resistance is higher than the input resistance of the voltmeter used in the 

measurement. We have measured the pressure dependence of magnetic transitions of 

MgV2O4 by using a piston-cylinder device up to 0.8 GPa. Unfortunately, due to the 

combination of a weak moment on V
3+

 and the contribution from the high pressure cell, 

the magnetization does not show a clear sign at the cubic to tetragonal transition at TN1 

and the subsequent magnetic transition at TN2.
162

 However, dM/dT illustrated in Fig.7.7(b)  
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Figure 7.7: (a) Temperature dependence of resistivity of MgV2O4 under different 

hydrostatic pressures up to 8 GPa, (b) the temperature dependence of the derivative of the 

magnetization for MgV2O4 , (c) pressure dependences of two magnetic transition 

temperatures for MgV2O4, (d) the pressure dependences of the normalized TN for AV2O4 

(A=Cd, Mg, Zn). The data of CdV2O4 and ZnV2O4 are after Ref. 137. 

reveals anomalies corresponding to these transitions. Both transition temperatures 

decrease linearly with increasing pressure, as shown in Fig. 7.7(c). These results together 

with those reported earlier
163

 for CdV2O4 and ZnV2O4 complete the pressure dependence 

of structure/magnetic transitions in the vanadate spinels with non-magnetic A-site cations. 

The obvious change in the pressure dependence of TN for the three vanadates is a 

transition from dTN/dP > 0 to dTN/dP < 0 as the V-V bond length decreases from CdV2O4 

to MgV2O4 and ZnV2O4 as shown in Fig. 7.7(d).      

7.3.3 Bulk modulus of AV2O4 and ACr2O4 

The bulk modulus B0 of the paramagnetic phase of CoV2O4 is similar to that of 

most perovskite oxides and spinel oxides. In order to extract the influence of the 
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electronic state on the bulk modulus, the bulk modulus of all vanadate spinels AV2O4 is 

obtained systematically and B0 is studied as a function of the V-V bond length. Fig. 7.8 

shows the pressure dependence of the cell volume of AV2O4 and results of fitting V(P) to 

a BM equation. All curves except A = Co were obtained with a DAC mounted on a 

diffractometer with Mo anode radiation. All bulk modulus B0 obtained by fitting V(P) to 

a BM equation are plotted in Fig. 7.9;  B0 decreases monotonically as the cell volume 

reduces from A = Cd to Fe. The trend of decreasing B0 reaches its minimum at A = Fe. 

The relatively higher values of B0 found for A=Co, Zn, and Mg do not  appear to be 

correlated to the unit cell volume; the relative change among these three spinels can be 

justified by number of d electrons as demonstrated in the following paragraph. For 

comparison, we have also measured the bulk modulus of chromate spinels ACr2O4 which 

are wide band-gap insulators; these results are also displayed in Fig. 7.9. 

 

Figure 7.8: Pressure dependence of cell volume of AV2O4 (A=Cd, Mn, Fe, Zn, Co, Mg); 

the vertical axis on the right denotes the V-V separation in the spinels. 
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Figure 7.9: Bulk modulus versus the inverse cell volume of AV2O4 (A = Cd, Mn, Fe, Zn, 

Co, Mg) and ACr2O4 (A = Mn, Fe, Zn, Mg) and the DFT results of AV2O4. 

7.3.4 Simulation of the bulk modulus of AV2O4 spinels by first-principle calculations 

Density functional theory calculations were performed to simulate the structure 

and bulk modulus of AV2O4 (A = Cd, Mn, Fe, Mg, Zn and Co) spinels using the Vienna 

Ab initio Simulation Package.
164-166

. Core electrons were described within the projector 

augmented wave framework
167

. Valence electrons were expanded in a plane wave basis 

with an energy cut-off of 600 eV.  Electronic exchange and correlation was described 

with the PBEsol+U functional.
168

 In the calculations of on-site Coulomb and exchange 

terms were applied at the metal ions to prevent delocalization of the d-electrons caused 

by artificial self-interaction of electrons in the DFT approach. Values of U = 4.25 eV and 

JH = 1.58 eV were applied to the V ions; values for the other A-site cations are listed in 

Table III.  In our calculations, the geometry of all atoms were relaxed until the residual 

force dropped below 2.5 meV/Å. 
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Figure 7.10: Ground state energy versus cell volume and the fitting result to the 

Murnaghan equation for CoV2O4. 

For each vanadate spinel, the ground state energy (E) versus the cell volume (V) 

was calculated by incrementally changing the lattice constant of the material.  Fig. 7.10, 

as an example, shows the E vs V curve for CoV2O4. The bulk modulus B0 was obtained 

by fitting the E(V) curve to the Murnaghan equation with the procedure described in 

reference 
169

. The calculated values of B0 versus equilibrium cell volume are 

superimposed in Fig. 7.9.  Interestingly, ZnV2O4 is calculated to have the smallest 

volume rather than CoV2O4 which has been found to have the smallest volume 

experimentally. There are two obvious differences between calculated results and 

experimental results: (1) the calculated B0 values are found to increase along the series 

A=Cd to Fe, and (2) the trend that B0 increases for spinels with a smaller cell volume 

continues for A= Co and Zn. This qualitative difference is discussed in the following 

section. The unusual cell volume dependence in the three spinels A=Mg, Co, and Zn 

found experimentally are, however, nicely reproduced by the DFT calculations. The total 

number of d electrons of the A-cation appears to play a significant role in determining B0 

for these spinels; the d electron occupation of d
0
 (Mg

2+
), d

7
(Co

2+
) and d

10
(Zn

2+
) correlate 
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with the bulk moduli, B0=175 GPa (Mg), 191.2 GPa(Co), and 192.5(Zn). We should note 

that the calculated B0 values are larger than experiment for all members in the AV2O4 

family. Even larger calculated values of B0 for AV2O4 have been reported recently.
170

 

Although the same procedure
169

 was used to calculated B0, the authors obtained the E(V) 

curve by using the local density approximation (LDA) functional. It is well known that 

LDA underestimates the lattice constant and will result in a much larger B0. On the other 

hand, the generalized gradient approximation (GGA) 
171

 tends to overestimate lattice 

constants. In the calculations, the PBEsol functional was used which takes a linear 

combination of GGA and LDA to optimize properties of solids such as the lattice 

constant, which is why the calculated values are closer to the experimental data than that 

reported by Lal and Pandey.
170

   

7.4 Discussion 

Briefly comparing the phase diagrams of the spinels AV2O4 and the perovskites 

RNiO3 provides a useful guide for the present research; the phase diagrams of these two 

oxide family are displayed in Fig. 7.11. The control parameter for the electronic 

bandwidth is the V-V separation R in spinels whereas it is the rare earth ionic radius (IR) 

which tunes the Ni-O-Ni bond angle and Ni-O bond length in perovskites. In RNiO3, the 

orbital overlap integral t, i.e. the bandwidth, is proportional to the IR. Therefore an 

increase of TN as the IR increases (up to 1.16 Å) is consistent with the perturbation 

expression of the superexchange interaction TN ~ J  t
2
/U, where U is the on-site 

correlation energy. The TN versus IR is truncated by the phase boundary of a first-order 

metal-insulator transition. TN is completely suppressed in the rhombohedral phase where 

the metallic phase is stabilized to the lowest temperature. A high-pressure structural study 

carried out at room temperature showed a clear minimum of the bulk modulus near IR= 

r(Nd0.5 +Sm0.5) where the first order transition phase boundary crosses room temperature; 

the minimum B0 at Nd0.5Sm0.5NiO3 can be interpreted by a coexistence of two  
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Figure 7.11: Phase diagrams of perovskites RNiO3 (R=rare earth) and spinels AV2O4. 

equilibrium bond lengths in the phase at the crossover. In contrast, for AV2O4 spinels, the 

experimental data do not fall on a monotonic curve in the plot of TN versus 1/R. Instead, 

they can be separated into two groups, one with magnetic cations A= Mn, Fe, Co and the 

other with non-magnetic cations A=Cd, Mg, Zn. The superexchange interaction between 

two magnetic sublattices in the former appears to enhance the Néel temperature of the 

ferrimagnetic phase. The superexchange formula is fulfilled in both groups, i.e. TN 

increasing as 1/R increases. In particular, a dramatic increase of TN in CoV2O4 resembles 

a higher TN of SmNiO3 which is near the phase boundary of a first-order phase transition. 

The high-pressure structural study in this work has verified that  the V-V bond separation 

R in both the paramagnetic phase and the magnetic phase is significantly shorter than the 

critical value (will be discussed below) at P = 8 GPa at which the resistivity shows more 

dramatic change in the magnetically ordered phase than that in the paramagnetic phase. A 

continuous increase of TN under high pressure from the resistivity measurement
149

 can be 

mapped out in the plot of TN versus 1/R. The 1/R dependence of TN changes at the R 

value corresponding to CoV2O4. The dramatic increase of TN from A=Fe to A=Co seems 

to be related to the change of exchange interaction between A and V in addition to the 
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shortening of the V-V bond length. Whether the AV2O4 spinels are at the crossover or 

approaching the crossover can be further examined along three lines of evidence.  

7.4.1 The critical V-V separation Rc 

Motivated by the formation of V-V dimers in VO2 and trimers in LiVO2,
172-174

  

the AV2O4 spinels were studied in the 1960s to determine whether there would be a 

universal critical V-V separation Rc for V clustering across shared octahedral-site edges 

on approaching a Mott transition from the localized–electron side. Based on the bond 

length dependence of the activation energy Ea derived from the resistivity measurements, 

Rogers et al. postulated a critical V-V separation Rc ~ 2.97 Å.
175

 The V-V separation R 

can be directly calculated through the formula R= V
1/3

√2/4 and it is indicated on the right 

vertical axis of Fig.8. The plot makes it clear that most of AV2O4 spinels would have R < 

Rc under modest pressure. This critical bond length appears to be too large. Here are 

examples, (a) Rc is reached around P >1 GPa in MgV2O4; however, it remains an 

insulator up to 8 GPa as shown in Fig. 7.7; (b) The Rc is crossed at P=4.4 GPa for 

FeV2O4; but its (T) is still activated in both paramagnetic and ferrimagnetic phases up to 

8 GPa.
149

 The situation in CoV2O4 is a bit complicated. At P= 6 GPa (corresponding to 

R=2.94 Å) while the resistivity in the paramagnetic phase is still activated, a d/dT > 0 

was observed in the ferrimagnetic phase below TN. However, according to the 

compressibility data at T=120 K, the transition from d/dT < 0 to d/dT > 0 is not 

accompanied by a softening lattice expected for the phase at crossover. From all these 

observations, a much smaller Rc than 2.97 Å, perhaps a value well below 2.88 Å 

(corresponding to 20 GPa) is expected to trigger an insulator-metal transition in AV2O4.  

7.4.2 Changing the sign of dTN/dP 

To have a complete solution of the Mott-Hubbard Hamiltonian remains 

challenging. A numerical solution by Rozenberg et al. illustrated the evolution of TN as a 
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function of U; TN peaks at crossover.
176

 The diagram of the localized to itinerant electron 

transition can be easily converted into an experimentally testable version, i.e. dTN/dP > 0 

for localized electrons and dTN/dP < 0 for itinerant electrons given that the bandwidth 

increases under pressure. From this criteria, the spinels AV2O4 (A= Mn,
163

 Fe,
149

 Co 
149

) 

showing a dTN/dP > 0 should have localized d electrons.  Based on this criteria, the 

transition from dTN/dP > 0 in CdV2O4 to dTN/dP < 0 in ZnV2O4 and MgV2O4 in Fig. 

7.7(d) would indicate that the crossover is approached in these spinels. While a dTN/dP < 

0 was found in MgV2O4, the resistivity in Fig. 7.7(a) clearly does not support the 

assertion that an itinerant electronic state is approached in this spinel. The criteria for 

identifying whether the crossover is approached fails here because the magnetic transition 

is close to the cubic to tetragonal structural change and the magnetic transition may be 

associated with a small volume change. The volume change on crossing the transition 

may make pressure favor the phase at T <TN for A=Cd and the phase at T >TN for A=Zn 

and Mg.  

7.4.3 Anomalous bulk modulus 

As demonstrated in RNiO3, B0 reduces for the phase at the crossover relative to 

either the localized electron phase or the itinerant electron phase. In order to distinguish 

whether the change of electron state indeed plays a role behind the complicated behavior 

of B0 versus 1/V0 found for AV2O4 in Fig. 7.9, we turn to the Anderson- Nafe (AN) 

rule,
177

 i.e. B0V0 =constant. The rule, which can be derived starting from an interatomic 

potential in ionic bonds, has been found to be universal for insulators.
178

 Results from the 

DFT calculations for AV2O4 shown as a dashed line in Fig. 7.9 follow essentially the AN 

rule. Predicting a localized to itinerant electron transition relies on subtle differences in 

energy which are difficult to capture by using standard DFT methods. This transition will 

also be sensitive to the choice of the on-site Coulomb interaction U; the choice of U for 

each AV2O4 spinel results in an insulating ground state, which is why the AN rule works 
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well. It is also clear that the experimental results for a wide gap spinel family ACr2O4 

roughly follow the AN rules. Therefore, the dramatic difference between the calculated 

results and experimental finding for AV2O4 reflects a significant softening lattice as the 

V-V bond length decreases, which implies that AV2O4 are not at, but approaching the 

crossover. Gradual reductions of the magnetic moment at Co site and the orbital 

momentum at V site in CoV2O4 under pressure determined by neutron diffraction under 

pressure support this argument.   

7.5 Conclusion 

The vanadate spinel oxides show a progressive reduction of the activation energy 

derived from the resistivity as the V-V separation R reduces and a critical Rc =2.97 Å has 

been predicted based on the behavior of activation energy versus R. In-situ high-pressure 

structural studies verified that the predicted Rc can be achieved under pressure to 8 GPa 

in several members of the spinel family. On crossing the predicted Rc, the responding 

changes of physical properties are totally different between members in the family. The 

activation energy shows very little change in FeV2O4, MgV2O4; but it indeed vanishes 

within a narrow temperature range in the ferrimagnetic phase of CoV2O4. However, a 

finite activation energy remains in the paramagnetic phase up to 8 GPa. These results 

indicate a Rc =2.97 Å is not a true critical V-V separation for the localized to itinerant 

electron transition. A sign change from dTN/dP  > 0 to dTN/dP  < 0 found in CdV2O4, 

ZnV2O4, and MgV2O4 has also been proven to be irrelevant to the transition. The 

systematic measurements of the bulk modulus in the whole family reveal an important 

relationship between B0 and the cell volume and therefore the V-V bond length. A clear 

deviation from the prediction based on the Anderson-Nafe rule indicates unambiguously 

that the electronic state of AV2O4 approaches the crossover as the V-V separation 

decreases. However, the transition to a metallic phase may occur at even higher pressures, 

at least 20 GPa, where the V-V separation is less than 2.88 Å in the AV2O4.  
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