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Abstract

Magnetostructural and magnetodielectric coupling in spinel oxides

by

Moureen Chemurgor Kemei

Spinels oxides are of great interest functionally as multiferroic, battery, and
magnetic materials as well as fundamentally because they exhibit novel spin,
structural, and orbital ground states. Competing interactions are at the heart of
novel functional behavior in spinels. Here, we explore the intricate landscape of
spin, lattice, and orbital interactions in magnetic spinels by employing variabletemperature high-resolution synchrotron x-ray powder diffraction, total neutron
scattering, magnetic susceptibility, dielectric, and heat capacity measurements.
We show that the onset of long-range magnetic interactions often gives rise to
lattice distortions. We present the complete crystallographic descriptions of the
ground state structures of several spinels, thereby paving the way for accurate
modeling and design of structure-property relationships in these materials. We
also report the emergence of magnetodielectric coupling in the magnetostructural phases of some of the studied spinels.
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We begin by examining spin-lattice coupling in the Jahn-Teller active systems NiCr2 O4 and CuCr2 O4 . Orbital ordering yields a cubic to tetragonal lattice
distortion in these materials above their magnetic ordering temperatures, however, we find that magnetic ordering also drives structural distortions in these
spinels through exchange striction. We provide the first orthorhombic structural
descriptions of NiCr2 O4 and CuCr2 O4 . Our observation of strong spin-lattice coupling in NiCr2 O4 and CuCr2 O4 inspired the study of magnetodielectric coupling
in these spinels. Magnetocapacitance measurements of NiCr2 O4 reveal multiferroic behavior and new magnetostructural distortions below the Néel temperature. This observation illustrates the sensitivity of dielectric measurements to
magnetostructural transitions in spinel materials. Finally, in the examination of
NiCr2 O4 we show that magnetodielectric coupling is well described by GinzburgLandau theory.
In addition to exchange striction, geometric frustration couples spin interactions to the lattice of the spinels MgCr2 O4 and ZnCr2 O4 . Novel spin ground
states that are important for memory and quantum computing applications are
predicted to exist in these spinels. However, their structural and spin ground
states are not well understood. We find that tetragonal and orthorhombic phases
coexist in antiferromagnetic MgCr2 O4 and ZnCr2 O4 . The structural deformations
in these materials lift spin degeneracy by primarily distorting the pyrochlore Cr

xiv

sublattice. In subsequent studies, we probe the effect of adding dilute spins on
the non-magnetic cation sites of MgCr2 O4 and ZnCr2 O4 . Substitution of Co2+
cations in Zn1−x Cox Cr2 O4 completely suppress the spin-Jahn-Teller distortion
of ZnCr2 O4 while, Cu2+ substitutions in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 induce Jahn-Teller distortions at temperatures above their magnetic ordering temperatures. The Jahn-Teller distortions of Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 do
not lift spin degeneracy, therefore magnetic ordering is still suppressed down to
low temperatures. We show that only more than 20% magnetic A substituents
can lift spin degeneracy in MgCr2 O4 and ZnCr2 O4 .
We have also examined the magnetostructural phase transition of the spinel
Mn3 O4 . We show that Mn3 O4 undergoes a magnetostructural phase transition
from tetragonal I41 /amd symmetry to a phase coexistence regime consisting
of tetragonal I41 /amd and orthorhombic F ddd symmetries. Phase coexistence
in Mn3 O4 is mediated by strain due to a significant lattice mismatch between
the low temperature orthorhombic phase and the high temperature tetragonal
phase. We propose that strain could be used to control the structure and properties of Mn3 O4 .
Our investigations of spin-driven lattice distortions in spinel oxides illustrate
that structural phase coexistence is prevalent for spinels with Néel temperatures
below 50 K.
xv

xvi

Contents
Contents

xvii

List of Figures

xx

List of Tables

xxiv

1 Introduction: Magnetic spinel oxides

1

1.1 Crystal fields in spinel oxides . . . . . . . . . . . . . . . . . . . .

4

1.2 Jahn-Teller effects

. . . . . . . . . . . . . . . . . . . . . . . . . .

9

1.3 Geometric frustration . . . . . . . . . . . . . . . . . . . . . . . . .

12

1.4 Characterization techniques . . . . . . . . . . . . . . . . . . . . .

23

1.5 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

29

2 Spin-induced symmetry breaking in orbitally ordered NiCr2 O4 and
CuCr2 O4
33
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . .

41

2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

65

3 Magnetodielectric coupling in the spinel NiCr2 O4

xvii

67

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

68

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

74

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

82

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

86

4 Crystal structures of spin-Jahn-Teller–ordered MgCr2 O4 and ZnCr2 O4 87
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . .

91

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . .

92

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5 Structural ground states of (A, A0 )Cr2 O4 (A=Mg, Zn; A0 = Co, Cu)
spinel solid solutions: Spin-Jahn-Teller and Jahn-Teller effects
107
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.3 Structural ground states of the spinels Zn1−x Cox Cr2 O4 : x ≤ 0.2 . . 114
5.4 Structural ground states of the spinels Mg1−x Cux Cr2 O4 : x ≤ 0.2 . 123
5.5 Structural ground states of the spinels Zn1−x Cux Cr2 O4 : x ≤ 0.2 . . 132
6 Structural change and phase coexistence upon magnetic ordering in
the magnetodielectric spinel Mn3 O4
161
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 168
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
7 Evolution of magnetic properties in the normal spinel solid solution
Mg1−x Cux Cr2 O4
192
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
7.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . 198
xviii

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 199
7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
8 Summary and Future Directions

220

Bibliography

224

xix

List of Figures
1.1 Spinel structure of MgAl2 O4 . . . . . . . . . . . . . . . . . . . . .

3

1.2 Crystal field splitting in octahedral and tetrahedral complexes . .

5

1.3 Jahn-Teller ordering in Mn3 O4 . . . . . . . . . . . . . . . . . . . .

10

1.4 Magnetic ordering . . . . . . . . . . . . . . . . . . . . . . . . . .

13

1.5 Degenerate ground states of frustrated materials . . . . . . . . .

14

1.6 Remanent entropy in a spin ice . . . . . . . . . . . . . . . . . . .

15

1.7 Spin frustration in the pyrochlore Cr sublattice

. . . . . . . . . .

17

1.8 Inverse susceptibility of MgCr2 O4 . . . . . . . . . . . . . . . . . .

20

1.9 The inverse-scaled susceptibility curve . . . . . . . . . . . . . . .

21

1.10 The thermal relaxation method of measuring heat capacity . . . .

28

1.11 Large oxide spinel pallete . . . . . . . . . . . . . . . . . . . . . .

30

2.1 Susceptibility and magnetization measurements of NiCr2 O4

. . .

42

2.2 Inverse scaled susceptibility of NiCr2 O4 . . . . . . . . . . . . . . .

43

2.3 Susceptibility and magnetization measurements of CuCr2 O4 . . .

45

2.4 Magnetostructural coupling in NiCr2 O4 . . . . . . . . . . . . . . .

48

2.5 Magnetostructural coupling in CuCr2 O4

. . . . . . . . . . . . . .

49

2.6 Low temperature synchrotron X-ray diffraction of NiCr2 O4 and
CuCr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

2.7 Thermal evolution of the lattice constants of NiCr2 O4 . . . . . . .

55

xx

2.8 Thermal evolution of the lattice constants of CuCr2 O4

. . . . . .

56

2.9 Distortions of NiO4 tetrahedra . . . . . . . . . . . . . . . . . . . .

58

2.10 Distortions of CuO4 tetrahedra

. . . . . . . . . . . . . . . . . . .

59

2.11 Low temperature (10 K) orthorhombic crystal structures of
NiCr2 O4 and CuCr2 O4 . . . . . . . . . . . . . . . . . . . . . . . .

62

2.12 Entropy changes in NiCr2 O4 and CuCr2 O4 . . . . . . . . . . . . .

63

2.13 The magnetostructural distortion of NiCr2 O4 near 30 K . . . . . .

64

3.1 Temperature-dependent dielectric properties of NiCr2 O4 . . . . .

72

3.2 Field-dependent dielectric and magnetization changes in NiCr2 O4

77

3.3 High field magnetization of NiCr2 O4 . . . . . . . . . . . . . . . .

78

3.4 Correlations between the squared magnetization and the fielddependent dielectric constant of NiCr2 O4 . . . . . . . . . . . . . .

81

3.5 Linear correlation between the dielectric constant and the
squared magnetization of NiCr2 O4 . . . . . . . . . . . . . . . . .

85

4.1 Room-temperature diffraction patterns of MgCr2 O4 and ZnCr2 O4

93

4.2 Spin-Jahn-Teller ordering in ACr2 O4 spinels . . . . . . . . . . . .

94

4.3 Structural phase coexistence at low temperatures in ACr2 O4 spinels 96
4.4 Thermal evolution of the structure of ACr2 O4 spinels . . . . . . .

99

4.5 Distortions of the Cr4 tetrahedra in the low temperature phases
of ACr2 O4 spinels . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.1 Room temperature structures of Zn1−x Cox Cr2 O4 . . . . . . . . . . 116
5.2 Curie-Weiss analysis of Zn1−x Cox Cr2 O4 . . . . . . . . . . . . . . . 118
5.3 Suppression of the spin-Jahn-Teller distortion in Zn1−x Cox Cr2 O4 . 119
5.4 Low temperature structures of Zn1−x Cox Cr2 O4 . . . . . . . . . . . 121
5.5 Room temperature structures of Mg1−x Cux Cr2 O4

. . . . . . . . . 124

5.6 Curie-Weiss analysis of Mg1−x Cux Cr2 O4 . . . . . . . . . . . . . . . 126
5.7 Spin-Jahn-Teller and Jahn-Teller ordering in Mg1−x Cux Cr2 O4 . . . 127
5.8 Low temperature structures of Mg1−x Cux Cr2 O4 . . . . . . . . . . 130
xxi

5.9 Room temperature structures of Zn1−x Cux Cr2 O4 . . . . . . . . . . 133
5.10 Curie-Weiss analysis of Zn1−x Cux Cr2 O4 . . . . . . . . . . . . . . . 135
5.11 Spin-Jahn-Teller and Jahn-Teller ordering in Zn1−x Cux Cr2 O4 . . . 136
5.12 Low temperature structures of Zn1−x Cux Cr2 O4 . . . . . . . . . . . 137
5.13 Thermal evolution of the structure of Zn0.8 Cu0.2 Cr2 O4

. . . . . . 138

5.14 Crystal structures of Zn0.8 Cu0.2 Cr2 O4 at room temperature and
below the structural phase transition . . . . . . . . . . . . . . . . 139
5.15 Local structure of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 . . . . . . 140
5.16 Local distortions at room temperature of Zn0.9 Cu0.1 Cr2 O4 and
Zn0.8 Cu0.2 Cr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.17 Differentiated local environments of ZnO4 and CuO4 tetrahedra
in Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 . . . . . . . . . . . . . . 145
5.18 Temperature-composition phase diagrams of the spinel solid solution Zn1−x Cox Cr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . 147
5.19 Temperature-composition phase diagrams of the spinel solid solution Mg1−x Cux Cr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . 148
5.20 Temperature-composition phase diagrams of the spinel solid solution Zn1−x Cux Cr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . 151
6.1 Room temperature tetragonal structure of Mn3 O4 . . . . . . . . . 168
6.2 Magnetic properties of Mn3 O4 . . . . . . . . . . . . . . . . . . . . 170
6.3 Heat capacity measurements of Mn3 O4 . . . . . . . . . . . . . . . 172
6.4 Magnetodielectric coupling in Mn3 O4 . . . . . . . . . . . . . . . . 174
6.5 Magnetostructural coupling in Mn3 O4

. . . . . . . . . . . . . . . 176

6.6 Low temperature structure of Mn3 O4 . . . . . . . . . . . . . . . . 177
6.7 Thermal evolution of the structure of Mn3 O4 . . . . . . . . . . . . 181
6.8 Distortions of Mn3 O4 polyhedra at low temperatures . . . . . . . 183
6.9 Examining strain in Mn3 O4 . . . . . . . . . . . . . . . . . . . . . . 185
6.10 Structural distortions of spinel oxides

. . . . . . . . . . . . . . . 187

7.1 Magnetic susceptibility of the spinels Mg1−x Cux Cr2 O4 . . . . . . . 200

xxii

7.2 Multiple magnetic phase transitions for the spinels x = 0.43 and
x = 0.47 in Mg1−x Cux Cr2 O4 . . . . . . . . . . . . . . . . . . . . . 202
7.3 AC magnetic susceptibility of the compounds Mg0.9 Cu0.1 Cr2 O4
and Mg0.57 Cu0.43 Cr2 O4 . . . . . . . . . . . . . . . . . . . . . . . . 205
7.4 Normalized inverse field-cooled susceptibility of Mg1−x Cux Cr2 O4

206

7.5 Evolution of magnetic properties of Mg1−x Cux Cr2 O4 . . . . . . . . 210
7.6 Heat capacity measurements of Mg1−x Cux Cr2 O4

. . . . . . . . . 213

7.7 Field-dependent magnetization of Mg1−x Cux Cr2 O4 . . . . . . . . 215
7.8 Phase diagram of the magnetic properties of Mg1−x Cux Cr2 O4 . . . 218

xxiii

List of Tables
1.1 Crystal field stabilization data of transition metal oxides . . . . .

6

1.2 Cation distribution in AB2 O4 spinels . . . . . . . . . . . . . . . .

8

1.3 Jahn-Teller distortions of spinels . . . . . . . . . . . . . . . . . . .

11

1.4 Magnetic properties of frustrated ACr2 O4 spinels . . . . . . . . .

19

2.1 Structural parameters of NiCr2 O4 . . . . . . . . . . . . . . . . . .

50

2.2 Structural parameters of CuCr2 O4 . . . . . . . . . . . . . . . . . .

51

4.1 Magnetic properties of ACr2 O4 spinels . . . . . . . . . . . . . . .

92

4.2 Structural parameters of ACr2 O4 spinels at low temperature . . .

97

5.1 Magnetic properties of Zn1−x Cox Cr2 O4 . . . . . . . . . . . . . . . 115
5.2 Magnetic properties of Mg1−x Cux Cr2 O4

. . . . . . . . . . . . . . 125

5.3 Magnetic parameters of Zn1−x Cux Cr2 O4

. . . . . . . . . . . . . . 134

5.4 Structural parameters of Zn0.9 Co0.1 Cr2 O4 . . . . . . . . . . . . . . 155
5.5 Structural parameters of Zn0.8 Co0.2 Cr2 O4

. . . . . . . . . . . . . 156

5.6 Structural parameters of Mg0.9 Cu0.1 Cr2 O4

. . . . . . . . . . . . . 157

5.7 Structural parameters of Mg0.8 Cu0.2 Cr2 O4

. . . . . . . . . . . . . 158

5.8 Structural parameters of Zn0.9 Cu0.1 Cr2 O4 . . . . . . . . . . . . . . 159
5.9 Structural parameters of Zn0.8 Cu0.2 Cr2 O4

xxiv

. . . . . . . . . . . . . 160

6.1 Structural parameters of the low temperature structure of Mn3 O4 178
6.2 Microstrain tensors of the various phases of Mn3 O4 . . . . . . . . 184
7.1 Magnetic properties of Mg1−x Cux Cr2 O4 . . . . . . . . . . . . . . . 209

xxv

Chapter 1
Introduction: Magnetic spinel
oxides
Spinels are an intriguing class of materials that exhibit rich complex behavior and novel ground states such as spin liquid states,[1] large magnetoresistance effects,[2] non-collinear spin configurations,[3] and magnetodielectric coupling.[4] Stong interactions between spin, orbital, and structural
degrees of freedom give rise to complex states. An example of emergent behavior that has motivated much interest in these materials occurs when the
lattice geometry inhibits magnetic ordering, an effect commonly known as
geometric frustration.[5–7] Frustrated magnets are solid analogues of liquid-
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and ice- like states. Investigations of frustrated spin systems have shown that
novel states such as zero-energy excitations[8] and complex spin and structural
configurations[1, 8] occur in these materials. Here, we examine the interaction
between spin and structural degrees of freedom in spinel oxides which undergo
concomitant structural and magnetic phase transitions. We present the first descriptions of the low temperature structures of several spinel oxides and develop
an understanding of the mechanisms behind lattice distortions in spinels. The
determination of structure in spinel oxides is pivotal to developing structureproperty relationships and predicting new properties, and it gives insight about
the unknown ground states of frustrated materials. We begin by examining first
the spinel structure and second the electronic and magnetic interactions that are
important in magnetic spinel oxides.
Named after the mineral MgAl2 O4 , spinels are characterized by two cation
sites: a tetrahedral site and an octahedral site. They adopt face-centered cubic
symmetry at high temperatures and are described by the space group F d3m.
Tetrahedral cations occupy the special Wyckoff positions 8d while their octahedral counterparts occupy special Wyckoff positions 16d. The anions are located
at general Wyckoff 32e positions that are assigned the parameter u, which takes
on various values around the ideal position u =0.25 for different spinels. When
u =0.25, the spinel structure has perfect tetrahedral and octahedral units. The

2

Figure 1.1: The cubic spinel structure of MgAl2 O4 . Mg2+ cations(grey) are tetrahedrally coordinated while Al3+ cations(blue) are octahedrally coordinated. Oxygen
ligands are in orange. The cubic lattice constant of MgAl2 O4 is 8.08060 Å and the
oxygen parameter u is 0.3873. This spinel is described by the cubic space group
F d3m.
cubic spinel structure of MgAl2 O4 is illustrated in fig. 1.1.
Many spinels have the general formula A2+ [B 3+ ]2 [X2− ]4 , tetrahedral A
cations are divalent, octahedral B cations are trivalent, and X anions are divalent. The site preference is partially determined by the cation size, larger cations
preferring the tetrahedral site. A2+ [B 3+ ]2 [X2− ]4 spinels are further classified as
normal or inverse. In a normal spinel for example MgCr2 O4 , the tetrahedral sites
are solely populated by divalent Mg2+ cations while the octahedral voids are
3

fully occupied by trivalent Cr3+ cations taking the general form A2+ [B 3+ ]2 O4 .
On the other hand, in inverse spinels such as FeFe2 O4 (Fe3 O4 ),[9] trivalent Fe3+
cations populate the tetrahedral sites leaving the octahedral sites to be shared
equally between trivalent Fe3+ cations and divalent Fe2+ cations as illustrated in
the general form B 3+ [A2+ B 3+ ]2 O4 . In practice, many spinels show some level
of inversion without adopting the fully inverse configuration and are described
as (A1−x Bx )[A x2 B1− x2 ]2 O4 . Although not as common, there are also A4+ [B 2+ ]2 O4
spinels. In these “2-4” spinels, the larger cations prefer the octahedral site. In
addition to size considerations, crystal-field stabilization plays an important role
in determining whether a spinel has a normal or inverse configuration. Cr3+ B
site spinels are typically normal spinels with the crystal-field stabilization of the
t32g orbitals primarily giving a strong preference for the normal configuration.

1.1

Crystal fields in spinel oxides

In a free 3d cation, all the d states are degenerate, however, this degeneracy
is broken when the cation is in a crystal. This effect arises from the asymmetry of
3d orbitals. In spinel oxides, 3d transition metal cations are in tetrahedral and
octahedral coordination environments. When in an octahedral environment,
Coulombic repulsion between the transition metal 3d orbitals and the electron
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shells of coordination anions breaks the degeneracy of the 3d states. Direct overlap between the dx2 −y2 and dz2 states that lie along the x, y, and z axes and the
oxygen p states increases the energy of these orbitals. On the other hand, the
xy, yz, and xz states that lie in between the x, y, and z axes are stabilized. Octahedral coordination therefore yields lower energy triply degenerate t2g states
and higher energy doubly degenerate eg states as illustrated in fig. 1.2.

Figure 1.2: Crystal field splitting of the 3d states of transition metal cations in octahedral and tetrahedral coordination environments. Octahedral coordination yields
a larger crystal field separation(∆) compared to tetrahedral coordination. Triply degenerate t2g states are stabilized in octahedral coordination environments while the
doubly degenerate eg states are destabilized. Due to smaller overlap of the dz2 and
dx2 −y2 orbitals of transition metal cations with the oxygen p states when in tetrahedral
coordination, the e states are stabilized while the t2 states are destabilized.
The symmetry of the coordination environment determines the crystal field.
In tetrahedral coordination, Coulombic repulsion is enhanced in the xy, yz, and
5

Table 1.1: Stabilization of cations in tetrahedral and octahedral coordination environments in spinel oxides. The octahedral crystal field splitting parameter (∆oct ) was
determined from octahedral hydrates while the tetrahedral crystal field (∆tet ) is approximated to be about 94 ths of the octahedral crystal field. Columns labelled ’oct’
and ’tet’ denote the ionic stabilization in octahedral and tetrahedral environments in
units of (kcal/mole). The octahedral site preference, denoted ’oct-tet’, is the energy
gain per mole when the ion is in octahedral coordination compared to when it is in a
tetrahedral environment. Data are obtained from reference [10]
d electrons

ion

∆oct (cm−1 )

∆tet (cm−1 )

Oct

Tet

Oct-Tet

1

Ti3+

2030

900

23.1

15.4

7.7

2

Vi3+

1800

840

30.7

28.7

2.0

3

Vi2+

1180

520

40.2

8.7

31.5

3

Cr3+

1760

780

60.0

13.3

46.7

4

Cr2+

1400

620

24.0

7.0

17.0

4

Mn3+

2100

930

35.9

10.6

25.3

5

Mn2+

750

330

0

0

0

5

Fe3+

1400

620

0

0

0

6

Fe2+

1000

440

11.4

7.5

3.9

7

Co2+

1000

440

17.1

15.0

2.1

8

Ni2+

860

380

29.3

6.5

22.8

9

Cu2+

1300

580

22.2

6.6

15.6

10

Zn2+

0

0

0

0

0
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xz states that are in close proximity to tetrahedral anion orbitals. As a result, the
t2 states of tetrahedrally coordinated cations are destabilized while the e states
are stabilized (fig. 1.2). The magnitude of the tetrahedral crystal field (∆) is
less than that of the octahedral crystal field due to fewer coordinating ligands.
The importance of electronic energies in determining cation distribution in
transition metal spinel oxides is demonstrated by the work of McClure.[10]
Spectroscopic data of transition metal ions in tetrahedral and octahedral environments was examined to determine the stabilization achieved in the various
coordination environments (Table 1.1). Cr3+ shows a strong electronic stabilization in an octahedral crystal field where it has a non-degenerate electronic
ground state configuration 3d3 :t32g (Table 1.1). As a result, Cr3+ primarily forms
normal spinels.
Understanding the electronic stabilization of various cations in the tetrahedral and octahedral voids of A2+ [B 3+ ]2 O4 oxide spinels enables remarkable prediction of cation distribution in these materials. Table 1.2 compares predictions
of cation distribution based on crystal field stabilization to actual experimental
findings. The cation distribution predictions show exceptional agreement with
experimental observations. Cr3+ cations show a strong preference for the octahedral site where the d3 electrons half fill the t2g states (Table 1.1). As a result,
chromium oxide spinels typically adopt a normal spinel configuration (Table
7

Table 1.2: Cation distributions in A2+ [B 3+ ]2 O4 oxide spinels. Cation distributions
predicted from crystal field stabilization (Th.) are compared with cation distributions
determined experimentally (Exp.). “ N ” denotes a normal spinel, “ I ” is an inverse
spinel, 0 indicates no prediction. All unreferenced data are taken from reference [10]
B
Fe3+ Exp.

Fe3+ Th.

Cr3+ Exp.

Cr3+ Th.

Mn3+

Mn3+ Th.

Exp.

A
Mg2+

I[11]

0

N[11]

N

Zn2+

N[11]

0

N[12]

N

Cd2+

N[11]

0

N[11]

N

Mn2+

I/N[13]

0

N

N

Fe2+

I[11]

I

N

N

N

Co2+

I

I

N[4]

N

N

Ni2+

I

I

N[11]

N

I+N

Cu2+

I[11]

I

N[14]

N

N

8

N
N

N
N

N[Ch. 6]

N

1.2 ). On the contrary, Fe3+ 3d5 has half filled d states and therefore shows
no crystal-field stabilization on either the tetrahedral or octahedral sites (Table
1.1). Consequently, spinels with Fe3+ cations are typically inverse (Table 1.2).
In the present work, we will explore the coupling of spin and lattice degrees of
freedom in the normal spinels A2+ [Cr3+ ]2 O4 , where A = (Mg, Zn, Cu, Ni, and
Co), and Mn2+ [Mn3+ ]2 O4 .

1.2

Jahn-Teller effects

Octahedral and tetrahedral crystal fields partially lift the degeneracy of 3d
orbitals in transition metal oxides as discussed in the previous section. Any remanent orbital degeneracy in octahedral and tetrahedral transition metal complexes yields a lattice instability.[15] Orbitally degenerate spinel oxides show
a propensity to undergo lattice distortions, typically from cubic to tetragonal
symmetry. The degree of distortion depends on the bonding and antibonding
power of the degenerate electrons. Degeneracy in the relatively non-bonding t2g
orbitals of octahedral complexes leads to small distortions. Small distortions are
expected in cations with 1, 2, 6, and 7 − d electrons with the respective electron
configurations (t12g ), (t22g ), (t42g e2g ), and (t52g e2g ). On the other hand, cations with
electronic configurations (t32g e1g ) and (t62g e3g ) - these are cations with 4 and 9 -d
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electrons - show large Jahn-Teller distortions due to the presence of degeneracy
in the strongly antibonding eg orbitals. In tetrahedral coordination, the e orbitals are non-bonding while the t2 orbitals are antibonding. Degeneracy in the
t2 antibonding states of tetrahedrally coordinated transition metal cations gives
rise to large Jahn-Teller distortions.

Figure 1.3: (a) Mn3+ cations, which occupy octahedral sites in Mn3 O4 are orbitally
degenerate in the cubic structure with the electronic configuration 3d4 : t32g e1g . A
Jahn-Teller distortion elongates the MnO6 octahedra stabilizing the dz2 orbital, thus
giving rise to a unique electronic configuration for Mn3+ cations. (b) Cooperative
Jahn-Teller ordering drives a cubic-tetragonal lattice distortion. The tetragonal room
temperature structure of Mn3 O4 is illustrated here.

Let us examine Jahn-Teller ordering in Mn3 O4 due to the orbitally degenerate e1g states of octahedral Mn3+ . A lattice instability that shifts the apical oxygen
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Table 1.3: Several spinels which exhibit Jahn-Teller ordering are tabulated below.
Spinel

Degenerate High sym-

Distorted

Transition

ion

structure

temper-

metry
structure

Distortion

ature
(◦ C)

CuFe2 O4

Oct. Cu2+

cubic

Tetragonal

(I)[17]

t62g e3g

F d3m

I41 /amd

CuCr2 O4

Tet. Cu2+

cubic

Tetragonal

(N)[18]

e4 t52

F d3m

I41 /amd

NiCr2 O4

Tet.

cubic

Tetragonal

(N)[14]

e4 t42

F d3m

I41 /amd

Mn3 O4

Oct. Mn3+

cubic

Tetragonal

(N)[16]

t32g e1g

F d3m

I41 /amd

Ni2+

760

c/a = 1.06

857

c/a = 0.91

310

c/a = 1.03

1170

c/a = 1.16

anions further from the Mn3+ metal center, resulting in closer Mn-O bonds along
the equatorial plane, lifts the orbital degeneracy of Mn3+ cations as illustrated
in Fig. [1.3]. A cooperative elongation of MnO6 octahedra in Mn3 O4 results in
an average cubic − tetragonal structural distortion at 1170 ◦ C.[16]
The effects of Jahn-Teller ordering cannot be neglected when understanding
the structure and properties of spinel oxides. The present study will exam-
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ine spin−lattice coupling in the Jahn-Teller active spinels Mn3 O4 , NiCr2 O4 , and
CuCr2 O4 . Properties of some Jahn-Teller active spinels are illustrated in Table
1.3.

1.3

Geometric frustration

Transition metal oxides have enabled many advances in the understanding
of magnetic materials since the discovery of the first magnet - lodestone (magnetite). Magnetite is a spinel with the chemical formula Fe3 O4 . It was also in
transition metal oxides that neutron diffraction revealed a form of magnetism
which has no macroscopic signature − antiferromagnetism.[19] In this section,
I describe how transition metal oxide spinels exhibit another unique magnetic
property, geometric spin frustration.
Often, spin interactions can be fully satisfied as illustrated in figure 1.4 (a)
where spins on a lattice plane adopt a simple collinear antiferromagnetic arrangement. However, when spin interactions cannot be fully satisfied due to
the geometry of the lattice, we encounter a phenomenon known as geometric spin frustration. A simple illustration of this effect is observed when one
considers the presence of three antiferromagnetically coupled spins located at
the vertices of a triangular lattice [Fig 1.4 (b)]. All antiferromagnetic inter-
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actions cannot be fully satisfied in triangular geometries and such spin systems
are called frustrated. Frustrated magnets are an exciting challenge in condensed
matter physics because they exhibit novel spin and structural ground states that
are poorly understood.[20]

Figure 1.4: (a) Collinear G-type antiferromagnetic ordering of a 2 dimensional plane
of spins (b) Antiferromagnetic interactions in a Kagome lattice plane. The triangular
motif of the Kagome plane frustrates antiferromagnetic ordering

The hallmark of a frustrated system is a large ground state degeneracy. The
six-fold ground state degeneracy of three antiferromagnetically coupled spins
on a simple triangular lattice is illustrated in fig. 1.5. Weak perturbations of
the highly degenerate ground states of frustrated systems often give rise to
novel states of matter such as zero energy excitations and collective degrees
of freedom.[8] As such, frustrated spin systems act as a window to new forms of
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matter. The large ground state degeneracy of frustrated materials results in significant entropy close to 0 K. The presence of finite entropy close to 0 K appears
in contrast to the third law of thermodynamics, which predicts that the entropy
of crystalline materials is exactly zero at 0 K. However, frustrated systems normally freeze at low temperatures,[1] selecting one of the possible ground states,
thus conforming to the third law of thermodynamics.

Figure 1.5: The six-fold degenerate ground states of antiferromagnetically coupled
spins located at the vertices of a triangle.

Geometric frustration is not unique to magnetic systems. Frustration was ob-
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Figure 1.6: Entropy measurements of the spin ice Dy2 Ti2 O7 . The residual entropy
R(In2 − 1/2ln3/2) is attributed to degenerate spin ground states near 0 K. An applied
field enhances spin ordering resulting in a decrease in spin entropy at low temperatures.
Reprinted by permission from Macmillan Publishers Ltd: Nature [21], c 1999 Nature
publishing group.
served first in water ice due to the presence of two different O−H bond lengths
in the OH4 tetrahedra. The OH4 tetrahedra are characterized by two short O−H
bonds and two long O−H bonds. However, there are six different ways for each
of the corner sharing OH4 tetrahedra to have two short O−H bonds and two
long O−H bonds. Linus Pauling computed residual entropy in ice due to the
frustration of O−H bonding interactions.[22] Comparable residual entropy has
been measured in the spin ice Dy2 Ti2 O7 . Ising Dy3+ spins populate a pyrochlore
15

network of corner sharing tetrahedra in the spin frustrated rare earth pyrochlore
Dy2 Ti2 O7 . The spin interactions are ferromagnetic, yet, the Ising spins are constrained to lie along the easy axis of the tetrahedra. This results in two spins
pointing toward the center of the Dy4 tetrahedron and two spins pointing out
but due to the corner sharing network of Dy4 tetrahedral units, spin frustration
results because a single spin is shared by two tetrahedral units.[23] There is a
large ground state degeneracy of the ferromagnetically interacting spins in the
network of corner sharing tetrahedra in spin ice materials. Ramirez et al. have
measured the residual spin entropy of Dy2 Ti2 O7 (Fig. 1.6).[21] While frustration
in water ice is challenging to study because of the liquid state of water under
ambient conditions, magnetic spin ice materials are enabling the investigation
of frustrated systems. The presence of remanent spin entropy in Dy2 Ti2 O7 is the
first direct measurement of frustration induced disorder at low temperatures in
a frustrated system.[21]
In addition to spin frustration in ferromagnetically coupled Ising spins of rare
earth pyrochlore materials such as Dy2 Ti2 O7 , spin frustration is also observed
in transition metal oxide spinels such as ZnCr2 O4 and MgCr2 O4 .[8, 24, 25] In
these spinels, antiferromagnetic Cr3+ cations populate a pyrochlore sub-lattice
where the triangular motif inhibits complete antiferromagnetic order (figure
1.7). Monte Carlo simulations of antiferromagnetic spins in a pyrochlore lattice

16

Figure 1.7: Frustration of the antiferromagnetic interactions of the S = 3/2 spins of
Cr3+ cations that populate a corner sharing tetrahedral network.
predict a disordered ground state at all temperatures.[26] However, instead of
retaining spin disorder to 0 K, further-neighbor interactions and spin-lattice coupling effects drive the systems to select a ground state out of the large manifold
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of possible ground states. For example, MgCr2 O4 and ZnCr2 O4 each undergo a
structural distortion at the onset of long range antiferromagnetic order. A detailed investigation of the low temperature structures of MgCr2 O4 and ZnCr2 O4
will be presented in chapter 4. The spin-driven lattice distortion partially lifts
spin degeneracy by creating Cr-Cr bonds of different lengths.
Strong exchange coupling interactions in a frustrated magnet give rise to a
high Curie-Weiss temperature (|ΘCW |), however, the onset of long-range magnetic order occurs at very low temperatures. As a result, spin-frustrated systems
are identified based on the criterion |ΘCW |/TN  10, where TN is the Néel temperature. The ratio |ΘCW |/TN is known as the frustration index (f ). ΘCW is
determined by fitting the temperature-dependent susceptibility in the paramagnetic regime to the Curie-Weiss equation (eq. 1.1). We consider the example of
the frustrated spinel MgCr2 O4 . The susceptibility of MgCr2 O4 in the temperature range 300 K< T <390 K, is fit to the Curie-Weiss equation (eq. 1.1). This fit
yields a |ΘCW | of 350 K, which is 27 times larger that the actual antiferromagnetic ordering temperature TN = 12.9 K. A Curie constant (C), which is related
to the effective moment (µef f ) through equation 1.2, is also obtained from the
fit. The constants kB , NA , and µB of equation 1.2 are Boltzman’s constant, Avagadro’s number, and the Bohr magneton respectively. The temperature range
TN ≤ T ≤ |ΘCW | is the spin liquid regime because, although there is no long-

18

Table 1.4: Magnetic properties of spin frustrated ACr2 O4 spinels. TS is the structural
distortion temperature. ΘCW , TN , and f have been defined in the text. Cr3+ spinels
have a spin quantum number S = 23 .
Spinel

ΘCW (K)

TN (K)

|
f = |ΘTCW
N

TS (K)

MgCr2 O4 [1, 27–29]

−400

12.5

32

12.5

ZnCr2 O4 [1, 29–31]

−390

12.5

31.2

12.5

CdCr2 O4 [27, 32, 33]

−70

7.8

9

7.8

HgCr2 O4 [34, 35]

−32

5.8

5.5

5.8

range spin order, neighboring spins are highly correlated. In an ideal frustrated
magnet the spin liquid regime would persist to 0 K. In reality, ideal spin liquids
are elusive. Perturbations such as spin-lattice coupling and further-neighbor interactions preclude the realization of ideal spin liquid states in spinels. MgCr2 O4 ,
for example, exhibits a spin-driven lattice distortion at 12.9 K that occurs concomitantly with the onset of long-range antiferromagnetic order. The magnetic
properties of ACr2 O4 spinels are summarized in Table 1.4.

χ=

µef f

C
T − θCW

1
=
µB

r
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3kB C
NA

(1.1)

(1.2)

Figure 1.8: The inverse scaled susceptibility of MgCr2 O4 plotted as a function of
temperature. On the bottom axis is the normalized temperature scale T /|ΘCW |,
which indicates strong frustration in MgCr2 O4 . A system that is not frustrated would
order at TN /|ΘCW | = 1. The highlighted temperature regime 12.9 K< T <350 K is
the spin liquid phase of MgCr2 O4 . Long-range antiferromagnetic order in MgCr2 O4
occurs below TN =12.9 K.
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Figure 1.9: The inverse scaled susceptibility measurements of the systems
Mg1−x Cux Cr2 O4 show the evolution of magnetism from compensated frustrated antiferromagnetism in MgCr2 O4 to ferrimagnetism in CuCr2 O4 . The black dashed line
is the Curie-Weiss paramagnetic model. Positive deviations from the Curie-Weiss
model indicate compensated antiferromagnetic interactions while negative deviations
from the model illustrate ferrimagnetic uncompensated interactions. Reproduced with
permission from reference [36] c 2012 IOP Publishing Ltd.
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To understand the nature of magnetic interactions in spinel oxides and particularly to probe the evolution of magnetism with composition, it is helpful to
plot the scaled inverse susceptibility ( χ|ΘCCW | − 1) as a function of the normalized
temperature (T /ΘCW ). This approach was developed in our group[37] and is
used extensively in this dissertation. This representation derives from the CurieWeiss model in the steps shown below:

χ=

C
T − ΘCW

C
T
=
−1
χΘCW
ΘCW

(1.3)

(1.4)

In the case of ΘCW < 0:

−

The plot of

C
χ|ΘCW |

C
T
=−
−1
χ|ΘCW |
|ΘCW |

− 1 versus

T
|ΘCW |

(1.5)

yields a Curie-Weiss fit with a slope of

1 that intersects the origin. This representation of susceptibility clearly distinguishes compensated antiferromagnetic interactions from uncompensated interactions(ferrimagnetic, and ferromagnetic); the former yield a positive deviation
from the Curie-Weiss model while the later show a negative deviation from the
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Curie-Weiss model (fig. 1.9). Ferrimagnets and ferromagnets have a scaled
inverse susceptibility with a value of −1 below their magnetic ordering temperatures. This representation also clearly shows frustrated interactions on the
T /|ΘCW | axis where frustrated materials order when T /|ΘCW |  1. We illustrate the effect of this representation in the systems Mg1−x Cux Cr2 O4 as shown
in fig 1.9.

1.4

Characterization techniques

Polycrystalline samples of magnetic oxide spinels were structurally characterized by variable-temperature high-resolution synchrotron x-ray diffraction at
beamline 11BM of the Advanced Photon Source at Argonne National Laboratory. The high intensity and energy of x-rays at the synchrotron combined with
recently installed facilities that enable variable-temperature measurements have
led to important findings regarding the nature of spin-lattice coupling in magnetic oxides. X-rays are particularly well suited for studying the nuclear structure because magnetic scattering is absent. Resolving structure from single crystal diffraction can be challenging when twinning occurs, but such effects are not
encountered when studying the structure of polycrystalline materials.
The crystal structure of a material determines the x-ray diffraction peak posi-
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tions and intensities. Constructive interference of diffracted x-rays occurs when
the path difference of radiation from planes separated by a distance (d), satisfies
equation 1.6. For a fixed wavelength (λ), a family of planes (hkl) will diffract xrays at particular angles (2 θ). The lattice determines the angles of the diffracted
x-rays while the basis of atoms determines the intensity of diffraction peaks.
For integer n:

2dhkl sin θ = nλ.

(1.6)

A diffraction pattern is a map of the reciprocal lattice of the crystal. In
reciprocal space, the diffraction condition is met when the change in wave vector
(∆k) of the diffracted x-ray is equal to a reciprocal lattice vector (G) as shown
in equation 1.7.
∆k = G

(1.7)

The amplitude of the scattered wave is proportional to the volume integral
of the electron density of a diffracting element as specified in equation 1.8. n(r)
is the local electron density.

Z
F =

dV n(r)exp(−i∆k · r)
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(1.8)

Ultimately the structure factor, which describes the scattering of radiation in
a crystal, takes the general form shown in equation 1.9 where fj is the atomic
form factor. The atomic form factor depends on the number of electrons and the
scattering angle. At small angles, fj is equal to the number of electrons of an
atom, however, this initial value of fj decays with increase in angle.

SG =

X

fj exp(−iG · r)

(1.9)

j

We employ a least-squares refinement approach developed by Hugo Rietveld
to analyze x-ray powder diffraction data.[38] This technique models the height,
width, and position of diffraction peaks to a specified structural model by minimizing the differences between the model and the data. Prior to performing a
Rietveld refinement the details of the structural model must be provided, these
include: space group, lattice parameters, atom types and positions, atom occupancies, and thermal displacement parameters. During the refinement, these
structural parameters are relaxed to fit the structural model to the diffraction
patten. The effects of instrumental parameters on the diffraction pattern are
handled by selecting the appropriate peak profile, specifying the x-ray wavelength, and refining the sample displacement during a Rietveld refinement. In
addition to using x-ray scattering to study the average structure of materials
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from Bragg scattering, we have also performed total neutron scattering to understand short-range correlations in Jahn-Teller active spinels. Diffuse scattering, which is often modeled as a simple background during average structure
studies, contains information about local atomic correlations.
Magnetic properties of the studied spinel oxides were determined from susceptibility measurements. Temperature-dependent and field-dependent susceptibility measurements can distinguish the nature of magnetism in materials, be
it antiferromagnetic, ferromagnetic, diamagnetic, or paramagnetic. Evolution of
magnetism from antiferromagnetism in MgCr2 O4 to ferrimagnetism in CuCr2 O4
is presented in fig. 1.9. The number of spins in each magnetic ion can also be determined from fitting the susceptibility in the paramagnetic regime to the CurieWeiss equation (equations 1.1 and 1.2). We use a Magnetic Properties Measurement System with a superconducting quantum interference device (SQUID)
magnetometer. During a measurement, the vibrations of a magnetic sample
change the magnetic flux intersecting the superconducting detection coils. A
change in current that is proportional to the change in magnetic flux is induced
in the detection coils. This current couples inductively to the SQUID, which
provides a voltage output that is proportional to the magnetic moment of the
sample.
We perform heat capacity measurements to study entropy changes during
26

structural and magnetic phase transformations. We use a Physical Properties
Measurement System, which employs a thermal relaxation technique to measure the heat capacity of materials. This method is ideal when studying small
sample sizes and when measuring heat capacity at low temperatures. Thermal
relaxation methods measure a relaxation time τ which is related to heat capacity as shown in equation 1.10. C is the heat capacity while κ is the thermal
conductivity of the sample.

τ ≈ C/κ

(1.10)

During a thermal relaxation heat capacity measurement, a sample is placed
on a platform which is equipped with a thermometer and a heater. The sample
platform is coupled to a thermal reservoir. This system can be modeled as a
sample connected to the platform though a thermal link κ2 and a platform linked
to the thermal reservoir by another thermal link κ1 . The thermal relaxation
measurement geometry is illustrated in fig.1.10 (a). Once the entire system is
in thermal equilibrium, a heat pulse with power P0 is applied for a period (t1
− t0 ) until temperature T1 is achieved. When the heater power is removed,
the temperature decays to T0 with a time constant τ1 . In the limit where κ2
is negligible, τ1 is related to sample (Cs ) and platform (Cp ) heat capacities by
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Figure 1.10: (a) The configuration during a thermal relaxation heat capacity measurement. (b) When carrying out a heat capacity measurement, the system is first
thermally equilibrated, then a power pulse P0 is applied to the system until it attains
the temperature T1 . The power is then turned off and the system temperature decays
with a characteristic time constant τ1 which is proportional to the sample and platform
heat capacities. κ1 and κ2 are the thermal conductivity values of the thermal links
between the sample, platform, and thermal reservoir.
equation 1.11. Figure 1.10 (b) illustrates the thermal relaxation approach to
measuring heat capacity.

τ1 ≈ (Cp + Cs )/κ1

(1.11)

We employ an Andeen Hagerling capacitance bridge to measure the dielectric properties of magnetic spinels. The capacitance bridge is connected by coaxial cables to the sample, which is placed in a Physical Properties Measurement
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System to access variable-temperature and variable-field conditions. During capacitance measurements, the unknown capacitor is placed in a circuit of other
known components. The balance of impedances in the circuit is used to determine the unknown capacitance.

1.5

Overview

Spinels accommodate diverse cations on the tetrahedral and octahedral sites
yielding a large spinel palette as illustrated in fig. 1.11. The compositional
diversity of spinels combined with the presence of competing spin and orbital
interactions make this structural family a rich playground for understanding the
physics of transition metal oxides. This thesis will examine the Cr-B-site spinels
MgCr2 O4 , ZnCr2 O4 , NiCr2 O4 , and CuCr2 O4 . We will show that by only varying
the identity of A-site cation, these compositions exhibit ferrimagnetism, antiferromagnetism, frustrated antiferromagnetism, Jahn-Teller effects, spin-JahnTeller effects, and magnetodielectric coupling. We will also examine magnetostructural coupling in the normal spinel Mn3 O4 .
The present work will address the following objectives:

1. Show that long-range spin ordering in the spinels ACr2 O4 (A = Mg, Zn,
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Figure 1.11: Compositional diversity in spinel oxides. A wealth of phenomena such
as Jahn-Teller activity, spin frustration, and single-ion anisotropy are observed in this
family of compounds.
Ni, Cu) and Mn3 O4 is accompanied by distortions in average structure.
Our results of magnetostructural coupling in NiCr2 O4 and CuCr2 O4 are
the very first demonstrations of spin-lattice coupling in these materials.
2. Employ high-resolution synchrotron x-ray diffraction to resolve the complete crystallographic description of several magnetic spinel oxides.
3. We study the effect of dilute A site spins on the structural ground states
of the frustrated systems MgCr2 O4 and ZnCr2 O4 . We show that the spin30

Jahn-Teller effect in these systems is completely suppressed even when
only 10 % of the non-magnetic A site spins are substituted by magnetic
cations. On the contrary, the substitution of only 10% Jahn-Teller active cations on the non-magnetic A sites of MgCr2 O4 and ZnCr2 O4 induce
Jahn-Teller distortions above the Néel temperatures of these spinels without breaking spin frustration.
4. We present detailed studies of emergent properties in the magnetic phases
of these spinels. Specifically, we describe magnetodielectric coupling in
NiCr2 O4 .
5. We also describe the evolution of magnetic properties in the solid solution
Mg1−x Cux Cr2 O4 .

Impact: The understanding of the low temperature structures of magnetic oxide
spinels will guide the development of structure-property relations in these materials and enhance the understanding of the properties of these spinels in the
magnetic state. Our studies of the structures of the frustrated spinels MgCr2 O4
and ZnCr2 O4 provide insights into the ground states of frustrated systems. We
present a detailed description of magnetodielectric coupling in NiCr2 O4 . Finally,
we describe the evolution of structure and magnetism in the frustrated spinels
MgCr2 O4 and ZnCr2 O4 due to the substitution of spins on the non-magnetic A
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site.
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Chapter 2
Spin-induced symmetry breaking in
orbitally ordered NiCr2O4 and
CuCr2O4
At room temperature, the normal oxide spinels NiCr2 O4 and CuCr2 O4 are
tetragonally distorted and crystallize in the I41 /amd space group due to cooperative Jahn-Teller ordering driven by the orbital degeneracy of tetrahedral
Ni2+ (t42 ) and Cu2+ (t52 ). Upon cooling, these compounds undergo magnetic or1

The contents of this chapter have substantially appeared in reference [14]: M. R. Suchomel,
D. P. Shoemaker, L. Ribaud, M. C. Kemei, and R. Seshadri, Spin−induced symmetry breaking in
orbitally ordered NiCr2 O4 and CuCr2 O4 Phys. Rev. B 86 0544061 (2012), c 2012 American
Physical Society.

33

dering transitions; interactions being somewhat frustrated for NiCr2 O4 but not
for CuCr2 O4 . We employ variable-temperature high-resolution synchrotron Xray powder diffraction to establish that at the magnetic ordering temperatures
there are further structural changes, which result in both compounds distorting
to an orthorhombic structure consistent with the F ddd space group. NiCr2 O4
exhibits additional distortion, likely within the same space group, at a yet-lower
transition temperature of T = 30 K. The tetragonal to orthorhombic structural
transition in these compounds appears to primarily involve changes in NiO4 and
CuO4 tetrahedra.

2.1

Introduction

Strong coupling between spin, lattice, and orbital degrees of freedom in
functional transition metal oxide compounds results in rich behavior such as the
tendency for cooperative Jahn-Teller[39] and spin-Peierls distortions.[40] Such
coupling between the different degrees of freedom enables multifunctionality as
observed in multiferroics RMnO3 (R = heavy rare earth).[41, 42] In these systems, manipulation of one property can influence another, exemplified by the
electric field control of magnetic polarization in HoMnO3 [43]. Seeking out such
strong links between distinct degrees of freedom represents a powerful strategy
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in the search for new multifunctional systems, and affords unique opportunities
for a deeper understanding of these interactions.[32, 44]
One such frequently studied interaction is magnetostructural coupling in
geometrically frustrated antiferromagnets [45, 46] where a structural distortion lifts the large ground state degeneracy allowing long range magnetic
order.[31, 47] However, frustration-driven magnetostructural coupling is not
expected in the ferrimagnetic spinels with the formula ACr2 O4 where A is a
magnetic cation. This is a consequence of the magnetic A-O-Cr3+ interaction
usually being collectively stronger than the frustrated interactions between the
Cr3+ . Furthermore, Jahn-Teller activity of the A site cation can cause tetragonal distortions that should further alleviate frustration in the Cr3+ sublattice. Nonetheless, previous structural, thermodynamic, and magnetic studies
of NiCr2 O4 [48, 49] report a coupled magnetic and structural transition, and infrared spectroscopy measurements suggest concurrent magnetic and structural
transitions in CuCr2 O4 .[50]
Structural transitions at the magnetic ordering temperatures have been observed in numerous transition metal oxide antiferromagnets such as Cr2 O3 ,[51]
MnO,[52, 53] FeO,[52, 53] CoO,[52, 53] and NiO.[52, 53] Cubic to rhombohedral transformations are found in MnO, FeO, and NiO, while CoO undergoes
a cubic to tetragonal transition. The rhombohedral lattice constants of Cr2 O3
35

change at its antiferromagnetic ordering temperature. Two mechanisms of magnetostructural coupling have been suggested in these compounds based on neutron and X-ray diffraction measurements. Li has suggested that magnetostructural coupling in NiO, MnO, CoO, and FeO is driven by magnetostriction,[54]
where anisotropy arises from the selection of a magnetic ordering axis and
drives the magnetocrystalline deformation. Smart and Greenwald alternatively
proposed that distortions in the above binary oxides are caused by exchange
striction, which is the displacement of interacting ions to strengthen exchange
coupling thus modifying the underlying lattice.[52] The relations between crystal distortions and exchange interactions are challenging to identify. For example, it is difficult to find a unique solution to certain magnetic scattering
patterns.[53, 54]
Here, we determine the low temperature structures of NiCr2 O4 and CuCr2 O4
across the transitions associated with magnetic ordering using high resolution
synchrotron powder X-ray diffraction. These compounds are fully-ordered and
stoichiometric normal cubic spinels with the space group F d3̄m at temperatures
above 320 K[55, 56] for NiCr2 O4 and 853 K[18, 56] for CuCr2 O4 .[57] Cr3+ 3d3
preferentially populates the octahedral sites because of the strong crystal field
stabilization of the half occupied nondegenerate t2g states and empty eg states,
while Ni2+ 3d8 and Cu2+ 3d9 are found on the tetrahedral sites.[39] The tetra-
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hedral crystal field around Ni2+ 3d8 and Cu2+ 3d9 in the cubic phase results
in fully occupied low energy e levels and triply degenerate t2 levels rendering this structure potentially unstable.[58, 59] A cooperative lattice distortion –
from cubic to tetragonal symmetry – lifts the orbital degeneracy in NiCr2 O4 at
320 K[49, 55, 60] and in CuCr2 O4 at 853 K.[18, 60] There had been a debate in
the literature concerning the ambient temperature structure of CuCr2 O4 . Using
neutron diffraction data, Prince postulated that the noncentrosymmetric space
group I 4̄2d was a better structural fit than I41 /amd.[61] More recently, Dollase
and O’Neill showed no statistically significant advantage to using the I 4̄2d structural model over the centrosymmetric structure I41 /amd.[62] In the tetragonal
structure of CuCr2 O4 , CuO4 tetrahedra are compressed toward a square planar configuration thus lifting orbital degeneracy. [39] The tetragonal structure
of NiCr2 O4 is known to crystallize in the space group I41 /amd with elongated
NiO4 tetrahedra.[63] Previous work has also shown further distortion of tetragonal NiCr2 O4 to an orthorhombic phase, which occurs at the magnetic transition
temperature TN = 60 K and has been observed in thermodynamic, X-ray diffraction, and magnetic studies.[48, 49]
Noncollinear ferrimagnetism that is not described by the Néel model is observed in both NiCr2 O4 and CuCr2 O4 . Tomiyasu and Kagomiya describe a magnetic structure comprising of a ferrimagnetic component and an antiferromag-
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netic component in NiCr2 O4 .[49, 64] These authors used neutron scattering
to show that the antiferromagnetic component orders at T = 31 K while the
ferrimagnetic component orders at T = 74 K. A saturation magnetization moment of 0.3 µB per formula unit has been reported for NiCr2 O4 .[64] Neutron
scattering studies on CuCr2 O4 suggest a magnetic structure comprising of two
canted Cr3+ sublattices with a net moment, and Cu2+ sublattice that couples
antiferromagnetically to the net moment of the Cr3+ sublattices below TN =
135 K.[56, 60, 61] The magnetic moment of CuCr2 O4 in this structure is 0.5 µB
per formula unit.
Given this prior evidence of concurrent magnetic and structural transitions in
NiCr2 O4 [48, 49] and CuCr2 O4 [50], there is a clear need for further exploration
of these compounds. In this study, we employ high-resolution temperaturedependent powder X-ray diffraction, magnetic susceptibility, and heat capacity measurements to investigate magnetostructural coupling in NiCr2 O4 and
CuCr2 O4 . This is the first observation by X-ray powder diffraction of the tetragonal to orthorhombic structural distortion of CuCr2 O4 at the ferrimagnetic ordering temperature. We also reveal for the first time X-ray diffraction evidence
of further symmetry lowering in orthorhombic NiCr2 O4 at the second magnetic
transition T = 30 K. These results affirm strong magnetostructural coupling can
also occur in spinels that are not expected to be frustrated. This new under-
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standing of coupling between spin and lattice degrees of freedom in NiCr2 O4
and CuCr2 O4 suggests that these compounds are promising magnetodielectrics,
and provides considerable motivation for further investigation of magnetostructural coupling in related spinel compounds.

2.2

Methods

NiCr2 O4

was

prepared

by

dissolving

stoichiometric

Ni(NO3 )2 ·6H2 O and Cr(NO3 )3 ·9H2 O in deionized water.

amounts

of

The nitrate solu-

tion was heated to evaporate the solvent, leaving a precipitate that was ground
and calcined at 1000◦ C for 24 hours. A dark green powder of NiCr2 O4 was
obtained. Black shiny single crystals of CuCr2 O4 were prepared following the
flux method described by Ye et al.[18] K2 Cr2 O7 was used as a reactive flux that
partly decomposes to Cr2 O3 at ∼ 700 K. ye et al. propose that the reduction
of Cr6+ into Cr3+ plays an important role in stabilizing the oxidation state of
Cu2+ during the synthesis of CuCr2 O4 . [18] K2 Cr2 O7 acts both as a flux and
a source of Cr2 O3 . A 20 g mixture of 17.8% mass CuO (Sigma Aldrich 98%)
and 82.2% mass K2 Cr2 O7 (Fisher 99%) with 0.2 g Bi2 O3 as a second flux was
prepared. The mixture was ground using an agate mortar and pestle, placed in
a covered platinum crucible, heated to 800◦ C with a ramp of 100◦ C/h, held for
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24 h, and slowly cooled to ambient temperature at 15◦ C/h. After the reaction,
black crystals of CuCr2 O4 were collected and washed in boiling water. It should
be noted that more conventional solid state preparation yielded samples with
significantly broader linewidths in the synchrotron X-ray diffraction profile,
potentially obscuring the ability to fully characterize the low-temperature
structure.

High-resolution (∆Q/Q ≤ 2 × 10−4 ) synchrotron X-ray powder

diffraction data were recorded on beamline 11-BM at the Advanced Photon
Source (APS), Argonne National Laboratory. [65] Scans were collected using a
2Θ step size of 0.001◦ with λ = 0.413441 Å for NiCr2 O4 and λ = 0.413263 Å
for CuCr2 O4 in a closed-flow helium cryostat over the temperature range 7 K
to 300 K. The sample was in direct contact with the helium exchange gas
during data collection, and was spun at 5 Hz to improve powder averaging.
Structural models of NiCr2 O4 and CuCr2 O4 were fit to the diffraction data
using the Rietveld refinement method as implemented in the EXPGUI/GSAS
software program.[66, 67] Crystal structures were visualized using the program
VESTA.[68] In each composition, a single small impurity phase was observed in
the powder diffraction data, and quantitatively fit using the Rietveld method.
The NiCr2 O4 sample was determined to have a 0.5 wt.-% of Cr2 O3 , and the
CuCr2 O4 sample a 1.1 wt.-% CuO impurity.
Magnetic susceptibility measurements on powder samples were performed
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using a Quantum Design MPMS 5XL superconducting quantum interference device (SQUID) magnetometer. Heat capacity measurements were collected on
pellets of 50% mass silver and 50% mass sample using a Quantum Design Physical Properties Measurement System. The pellets were prepared by grinding
equal amounts of silver and sample in an agate mortar and pestle followed by
pressing at ∼ 330 MPa. Apiezon N grease was used to enhance thermal coupling between the sample and the stage. The heat capacity of the Apiezon N
grease and silver were collected separately and subtracted from the measured
heat capacity.

2.3
2.3.1

Results and Discussion
Magnetism

Three magnetic transitions are observed in the temperature dependent magnetic susceptibility of NiCr2 O4 (Fig. 2.1). A high temperature transition occurs
at 310 K where cooperative Jahn-Teller distortions lift the orbital degeneracy in
NiCr2 O4 and lower the structural symmetry from cubic (F d3̄m) to tetragonal
(I41 /amd) [Fig. 2.1 (a)]. Weak, compensated magnetic interactions occur at
310 K, as illustrated by the scaled inverse susceptibility of NiCr2 O4 (Fig. 2.2).
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Figure 2.1: Magnetic measurements of the spinel NiCr2 O4 . (a) Zero field cooled
and field cooled temperature dependent magnetic susceptibility measured under a
1000 Oe DC field show three anomalies at 310 K, 65 K and 30 K. NiCr2 O4 displays
little change in the magnetism at 310 K, and is seen to order ferrimagnetically at
65 K, with an additional change in the magnetic structure at 30 K. (b) The isothermal
field dependent magnetization measured above the magnetic ordering temperature
shows paramagnetic behavior. At 2 K, the coercive field and saturation magnetization
are significantly larger than what is observed at 45 K. Reproduced with permission
from reference [14], c 2012 American Physical Society.
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Figure 2.2: Normalized inverse magnetic susceptibility of NiCr2 O4 showing ideal Curie
Weiss paramagnetism above 310 K. Weak compensated interactions arise at 310 K and
persist to about 65 K below which strong uncompensated interactions dominate. The
subtle magnetic transition at 30 K is shown in the inset. Reproduced with permission
from reference [14], c 2012 American Physical Society.

43

The scaling is carried out by recasting the Curie-Weiss equation using:[37]

C
T
+ sgn(ΘCW ) =
χ|ΘCW |
|ΘCW |

(2.1)

The linear dependence of the magnetization on the applied field at 200 K
[Fig. 2.1(b)] suggests that NiCr2 O4 is mainly paramagnetic down to 65 K where
there is a transition to a ferrimagnetic state [Fig. 2.1(a)]. The normalized inverse magnetic susceptibility trace shows the development of strong uncompensated magnetic correlations at 65 K (Fig. 2.2). A small coercive field and
saturation magnetization is observed in the field dependent magnetization of
NiCr2 O4 at 45 K [Fig. 2.1(b)] in agreement with the onset of ferrimagnetic order. Tomiyasu and Kagomiya attribute the magnetic transition at 65 K in NiCr2 O4
to the ordering of the longitudinal ferrimagnetic component of NiCr2 O4 .[64] At
30 K, another anomaly is observed in both zero field cooled (ZFC) and field
cooled (FC) measurements of the temperature dependent magnetic susceptibility [Fig. 2.1(a)] as well as in the scaled inverse susceptibility (Fig. 2.2) of
NiCr2 O4 . Below 30 K, an increase in the coercive field and the saturation magnetization of NiCr2 O4 is observed [Fig. 2.1(b)]. Previous neutron diffraction
measurements of NiCr2 O4 attribute this anomaly to the ordering of the antiferromagnetic component of NiCr2 O4 .[64]
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Figure 2.3: Magnetic measurements of the spinel CuCr2 O4 . (a) Magnetic susceptibility as a function of temperature under a 1000 Oe DC field shows an increase in
susceptibility at the magnetic ordering temperature ≈130 K in both zero field cooled
and field cooled measurements. This is a paramagnetic to ferrimagnetic transition. (b)
Isothermal field dependent magnetization measured above (200 K) and below (2 K)
the magnetic ordering temperature. Reproduced with permission from reference [14],
c 2012 American Physical Society.
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The temperature dependent magnetic susceptibility of CuCr2 O4 shows a
rapid increase at 130 K where there is a paramagnetic to ferrimagnetic transition
[Fig. 2.3(a)]. The ZFC susceptibility exhibits a reduced low temperature saturation value when compared to the FC susceptibility data illustrating domain
behavior. A linear dependence of magnetization with applied field occurs before
the onset of magnetic order while a magnetization trace with a coercive field
of 380 Oe and a saturation magnetization of 0.725 µB is measured at 2 K. The
measured saturation magnetization of CuCr2 O4 is in good agreement with that
of the triangular magnetic structure observed previously using neutron powder
diffraction.[61]
The Curie-Weiss (CW) equation χ = C/(T − ΘCW ) is applied to paramagnetic regimes of NiCr2 O4 and CuCr2 O4 yielding an effective moment (µef f ) of
6.53 µB per formula unit for NiCr2 O4 and 4.27 µB per formula unit for CuCr2 O4 .
The expected µef f of NiCr2 O4 is 6.16 µB per formula unit of NiCr2 O4 . This
value is slightly smaller that the experimentally determined value of 6.53 µB
per formula unit obtained from fitting the paramagnetic regime to the CurieWeiss model, implying a small orbital contribution to the measured moment.
The expected µef f of 5.74 µB per formula unit of CuCr2 O4 is much larger than
the experimental value suggesting the likely presence of magnetic correlations
in the paramagnetic regime.[36] The Weiss temperature (ΘCW ) of NiCr2 O4 is
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−487 K while that of CuCr2 O4 is −147 K. The frustration index (|ΘCW |/TN ) of
NiCr2 O4 is about 7.8 and that of CuCr2 O4 is 1.1 indicating that NiCr2 O4 is the
more frustrated compound. The negative sign of ΘCW coupled with the low saturation magnetization observed in isothermal field dependent measurements is
consistent with noncollinear ferrimagnetic ordering in NiCr2 O4 and CuCr2 O4 .
The magnetic transitions of CuCr2 O4 and NiCr2 O4 are strongly coupled to
the lattice. All magnetic changes in NiCr2 O4 are accompanied by structural
transitions. The known Jahn-Teller cubic to tetragonal structural distortion in
NiCr2 O4 at 310 K causes a small change in the temperature dependent magnetization [Fig. 2.1(a)].[48] Ishibashi and Yasumi reported further distortion from
tetragonal to orthorhombic symmetry at the onset of ferrimagnetic order (TN =
65 K).[48] We observe this tetragonal to orthorhombic crystal distortion occurring concurrently with the onset of ferrimagnetic order in NiCr2 O4 in Fig. 2.4. A
low temperature anomaly at T = 30 K, has been observed in magnetic susceptibility and heat capacity measurements of NiCr2 O4 however, there is no prior
report of a concurrent structural distortion. [48, 49] In the current study, using high-resolution X-ray powder diffraction, we find evidence for a structural
distortion at T = 30 K, as described in detail in a later section. Similarly, an
orthorhombic distortion of the already Jahn-Teller distorted tetragonal CuCr2 O4
occurs concurrently with ferrimagnetic ordering at 130 K (Fig. 2.5). This transi-
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Figure 2.4: Magnetostructural coupling in NiCr2 O4 . (a) NiCr2 O4 orders ferrimagnetically at TN = 65 K, where the normalized inverse magnetic susceptibility deviates
negatively from ideal Curie-Weiss paramagnetic behavior. (b) A structural transition
occurs at the ferrimagnetic ordering temperature seen from the splitting of the tetragonal 440 diffraction peak into 080 and 800 orthorhombic peaks. Below 30 K, a subtle
peak narrowing and intensity change is coincident with anomalies in magnetic and
specific heat measurements. 125 K and 7 K diffraction patterns are shown to the right
and left of the central panel. During this structural transition, the 440 reflection splits
in the Q range 10−2 Å well within the instrumental resolution of 10−4 Å. Reproduced
with permission from reference [14], c 2012 American Physical Society.
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Figure 2.5: Magnetostructural coupling in CuCr2 O4 . (a) Long-range ferrimagnetic order occurs at TN = 130 K in CuCr2 O4 where the normalized inverse magnetic susceptibility of CuCr2 O4 deviates negatively from ideal Curie-Weiss behavior (b) Concurrent
with the onset of magnetic order is a structural transition seen in the splitting of the
tetragonal 322 reflection into orthorhombic 206 and 260 reflections. Diffraction patterns at 288 K and 7 K are shown to the right and left of the central plot respectively.
This structural distortion result in reflection splitting in the Q range 10−2 Å well within
the instrumental resolution of 10−4 Å. Reproduced with permission from reference [14],
c 2012 American Physical Society.
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Table 2.1: Structural parameters of NiCr2 O4 obtained from Rietveld refinement of
high-resolution synchrotron X-ray diffraction data collected at temperatures above
and below the orthorhombic distortion temperature.

T
Space group
Setting
Z
a (Å)
b (Å)
c (Å)
Vol/Z (Å3 )
Ni/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
χ2
Rp (%)
Rwp (%)

NiCr2 O4
Orthorhombic
10 K
F ddd
origin 2
8
8.18139(5)
8.16699(4)
8.56786(4)
71.5601(6)
8a (1/8, 1/8 1/8)
0.01(1)
16d (1/2, 1/2, 1/2)
0.01(1)
32h (x, y, z)
x 0.2561(2)
y 0.2589(2)
z 0.2683(1)
0.03(2)
3.85
6.25
8.39

Tetragonal
100 K
I41 /amd
origin 2
4
5.79029(2)
5.79029(2)
8.54639(4)
71.6346(4)
4a (0, 1/4, 3/8)
0.13(1)
8d (0,0,0)
0.019(1)
16h (0, y, z)
x0
y 0.5152(2)
z 0.2322(2)
0.16(2)
4.15
7.06
9.41

tion in CuCr2 O4 , not previously noted in structural or diffraction studies, is observed here using variable-temperature high-resolution synchrotron X-ray powder diffraction performed on a sample of crushed single-crystals.
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Table 2.2: Structural parameters of CuCr2 O4 obtained from Rietveld refinement of
high-resolution synchrotron X-ray diffraction data collected at temperatures above and
below the orthorhombic distortion temperature.

T
Space group
Setting
Z
a (Å)
b (Å)
c (Å)
Vol/Z (Å3 )
Ni/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
χ2
Rp (%)
Rwp (%)

CuCr2 O4
Orthorhombic
10 K
F ddd
origin 2
8
7.71271(2)
8.53611(2)
8.54357(2)
70.3098(3)
8a (1/8, 1/8 1/8)
0.08(1)
16d (1/2, 1/2, 1/2)
0.07(1)
32h (x, y, z)
0.2446(1)
0.2675(2)
0.2675(2)
0.06(2)
2.31
7.50
8.39
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Tetragonal
298 K
I41 /amd
origin 2
4
6.03277(1)
6.03277(1)
7.78128(1)
70.7986(2)
4a (0, 1/4, 3/8)
0.67(1)
8d (0,0,0)
0.29(1)
16h (0, y, z)
0
0.5364(1)
0.2526(1)
0.55(1)
3.84
8.96
6.65

2.3.2

Crystal structure

The ambient temperature structure of both compounds can be indexed in the
tetragonal centrosymmetric space group I4/amd. At 298 K, NiCr2 O4 is still undergoing the Jahn-Teller driven cubic-tetragonal transition and better structural
parameters of the tetragonal phase are obtained at 100 K. Structural parameters obtained from Rietveld refinement of 100 K diffraction data for NiCr2 O4 and
298 K diffraction data for CuCr2 O4 to the space group I4/amd are shown in Table 2.1 and Table 2.2. These parameters are in good agreement with previous
reports.[55, 63]
Magnetic ordering drives further structural distortions in NiCr2 O4 and
CuCr2 O4 .[48, 50] The low symmetry structures of NiCr2 O4 and CuCr2 O4 are
described by the orthorhombic spacegroup F ddd. F ddd is a maximal nonisomorphic subgroup of I41 /amd and is derived from the parent F d3̄m by loss
of all threefold rotation axes and part of the twofold screw axes. Rietveld refinement fits of 10 K diffraction data to the orthorhombic space group F ddd
for both NiCr2 O4 and CuCr2 O4 are shown in Fig. 2.6. Symmetry lowering in
NiCr2 O4 and CuCr2 O4 is demonstrated by the splitting of certain high symmetry
diffraction peaks as illustrated in Fig. 2.6 (c) and (f). The current work is the
first description of the orthorhombic F ddd structure for CuCr2 O4 . In NiCr2 O4 ,
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Figure 2.6: High resolution synchrotron powder X-ray diffraction of NiCr2 O4 and
CuCr2 O4 . (a) The low temperature diffraction pattern of NiCr2 O4 is indexed to
the orthorhombic space group F ddd. The lowering of average crystal symmetry in
NiCr2 O4 from tetragonal to orthorhombic symmetry is illustrated by the splitting of
the (b) tetragonal (440) reflection into (c) orthorhombic 800 and 080 reflections.
(d) Like NiCr2 O4 , the low temperature diffraction data of CuCr2 O4 is indexed to the
orthorhombic space group F ddd which is evident in the splitting of (e) (220) tetragonal reflections into (f) 004 and 040 orthorhombic reflections. Structural models are
fit to the X-ray powder diffraction patterns using the Rietveld refinement method.
Reproduced with permission from reference [14], c 2012 American Physical Society.
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variable-temperature synchrotron X-ray diffraction measurements show additional structural changes below 30 K, in concurrence with anomalies in specific
heat and susceptibility measurements of NiCr2 O4 reported both here and previously in the literature. This low temperature structural change of NiCr2 O4 is
discussed in detail in a later subsection.
Changes in structural symmetry are reflected in the temperature dependence
of lattice parameters. At 310 K there is a cubic to tetragonal transition in NiCr2 O4
that splits the cubic a lattice constant into tetragonal a and c lattice parameters
[Fig. 2.7 (a) and (b)]. Below 310 K, the tetragonal NiCr2 O4 distortion grows,
with an increasing c and a decreasing a lattice constant (plotted as

√

2a). Below

65 K, magnetic ordering occurs concurrently with a transition to orthorhombic
symmetry. The tetragonal a lattice parameter of NiCr2 O4 diverges into distinct
orthorhombic a and b lattice constants [Fig. 2.7(b)]. At 30 K, a slope change
clearly visible in the a and c lattice parameters [Fig. 2.7] matches anomalies
in other property measurements as will be discussed later. CuCr2 O4 is already
tetragonal at ambient temperature due to cooperative Jahn-Teller ordering at
853 K. The tetragonal lattice constants of CuCr2 O4 diverge below 300 K with
c decreasing and the a lattice constant [plotted as

√

2a in Fig. 2.8(a)] increas-

ing, resulting in an enhanced tetragonal distortion with decreasing temperature.
Below 130 K, where an orthorhombic distortion occurs concurrently with the

54

Figure 2.7: Changes in lattice parameters as a function of temperature in NiCr2 O4 .
(a) A cubic to tetragonal structural transition occurs at 310 K where the a lattice
constant of the cubic phase diverges into a and c lattice parameters of the tetragonal
√
phase. The a lattice constant of the tetragonal cell is multiplied by 2 to clearly follow
trends in the lattice parameters of NiCr2 O4 . In the tetragonal phase, the a parameter
decreases (b) while c increases (a) with decreasing temperature. At 65 K, a tetragonal
to orthorhombic structural distortion occurs resulting in three distinct lattice constants
as shown in (a) and (b). (c) Variation of the cell volume normalized by the number of
formula units(Z) in each cell. A further structural distortion of orthorhombic NiCr2 O4
occurs at 30 K where there is a slight discontinuity of the lattice parameters (a) and
(b) and cell volume (c); this is highlighted by the dashed line at T = 30 K. In (a), (b)
and (c) the error bars are smaller than the data symbols. Reproduced with permission
from reference [14], c 2012 American Physical Society.
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Figure 2.8: (a) The thermal evolution of lattice parameters of CuCr2 O4 reveals a
tetragonal I41 /amd to orthorhombic F ddd structural transition at ∼ 130 K. The
√
tetragonal a lattice parameter has been multiplied by 2 to match the low temperature
b and c lattice values of the orthorhombic F ddd cell. (b) Temperature dependence of
the cell volume normalized by the number of formula units (Z) in each cell shows a
steady decrease with temperature. In both (a) and (b), the error bars are smaller than
the data symbols. Reproduced with permission from reference [14], c 2012 American
Physical Society.
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onset of ferrimagnetic order [Fig. 2.8(a)], distinct a, b, and c orthorhombic lattice constants emerge. The orthorhombic lattice constants continue to diverge
from 130 K to the lowest temperatures measured as indicated in Fig. 2.8(a). The
structural change due to orbital ordering in NiCr2 O4 at 310 K results in a discontinuity of the normalized cell volume indicating a first order phase transition. In
contrast, in the low temperature tetragonal to orthorhombic phase transitions
in NiCr2 O4 and CuCr2 O4 the continuous slope of the normalized cell volume
through the magnetostructural transition indicates a second order phase transition [Fig. 2.7(c) and 2.8 (b)].
Structural changes in NiCr2 O4 and CuCr2 O4 originate from deformations of
NiO4 and CuO4 polyhedra. In a perfect tetrahedron, all bond lengths are equal
and all O-Cation-O angles are 109.5◦ . Ideal NiO4 tetrahedra are observed in
the cubic NiCr2 O4 structure above 310 K [Fig. 2.9 (a) and (b)]. Orbital ordering results in a distorted tetrahedron with a single Ni-O bond distance, but two
O-Ni-O angles [Fig. 2.9 (a) and (b)] in the tetragonal phase. Below 65 K, the orthorhombic structure preserves a single Ni-O bond length, but splits the O-Ni-O
angles into three distinct O-Ni-O angles in the NiO4 tetrahedra [Fig. 2.9 (a) and
(b)]. These distortions in Ni-O bond lengths and O-Ni-O bond angles result in an
elongation of NiO4 tetrahedra. At ambient temperature, CuO4 tetrahedra are already significantly distorted with two different O-Cu-O angles and a single Cu-O
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Figure 2.9: The variation in NiO4 polyhedra as a function of temperature. (a) The NiO bond length remains relatively constant in all the structural phases (b) The single
O-Ni-O angle of the cubic phase separates into a larger angle and a smaller angle
in the tetragonal phase. Below the orthorhombic transition, there are three distinct
O-Ni-O angles. Reproduced with permission from reference [14], c 2012 American
Physical Society.
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Figure 2.10: Changes in the CuO4 polyhedra as a function of temperature (a) There
is an overall decrease in the Cu-O bond distance, (b) an increase in the larger O-Cu-O
angle, and (c) a decrease in the smaller O-Cu-O angle coupled with a splitting of
this angle. These trends are obtained from Rietveld refinement of synchrotron X-ray
diffraction data. Reproduced with permission from reference [14], c 2012 American
Physical Society.
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bond distance. With decrease in temperature and the onset of the orthorhombic
structural transition, we note a decrease in Cu-O bond lengths [Fig. 2.10(a)], an
increase in the larger O-Cu-O angle [Fig. 2.10(b)] and a decrease in the smaller
O-Cu-O angle [Fig. 2.10(c)]. The two smaller O-Cu-O angles divide into two.
The overall effect of these structural changes is a flattening of the CuO4 polyhedra toward a square planar configuration. The differences in the distortion
of the CuO4 and NiO4 tetrahedra are apparent in the average low temperature
structures of NiCr2 O4 and CuCr2 O4 shown in Fig. 2.11.

2.3.3

Heat capacity

There are several interesting features in the heat capacity of NiCr2 O4 and
CuCr2 O4 that occur concurrently with magnetic and structural transformations
in these compounds. Klemme and Miltenburg report three anomalies in the
heat capacity of NiCr2 O4 occurring at 310 K, 75 K, and 30 K.[49] Our heat capacity measurements over the temperature range 3 K ≤ T ≤ 200 K for NiCr2 O4
show two anomalies at 65 K and 30 K [Fig. 2.12(a)]. The Jahn-Teller cubictetragonal structural distortion of NiCr2 O4 causes the anomaly in heat capacity
at 310 K reported by Klemme and Miltenburg.[49] The transition into a ferrimagnetic ordered state [Fig. 2.4(a)] that occurs concurrently with a structural
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change [Fig. 2.4(b)] results in the change in entropy that we observe at 65 K
and was reported by Klemme and Miltenburg to occur at T = 75 K. Klemme
and Miltenburg also reported an additional anomaly in specific heat at 30 K;
Ishibashi and Yasumi noted a change in magnetic susceptibility at this temperature. [48, 49] We observe this anomaly in the heat capacity of NiCr2 O4 at
30 K and attribute it to an additional change in the magnetic [Fig. 2.12(b)] and
crystal structure [Fig. 2.4(b)] as will be discussed in section D of this paper.
There are two anomalies in the specific heat of CuCr2 O4 at 130 K and
155 K [Fig. 2.12(c)]. The anomaly at 130 K is coincident with ferrimagnetic
[Fig. 2.12(d)] and tetragonal-orthorhombic [Fig. 2.5(b)] phase transitions in the
compound. The transition into the orthorhombic ferrimagnetic state in CuCr2 O4
occurs through an intermediate step with signatures in Fisher heat capacity and
specific heat measurements at 155 K [Fig. 2.12 (c) and (d)].[69] Slight structural effects accompany this second transition as shown in Fig. 2.8(b) where
there is a subtle inflection point of the evolution of cell volume with temperature. Further characterization of this intermediate change in the magnetism of
CuCr2 O4 at about 155 K requires careful investigation in future study.
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Figure 2.11: Low temperature (10 K) orthorhombic crystal structures of (a)NiCr2 O4
projected down the [101] direction and (b)CuCr2 O4 projected down the [011] direction.
Ni(grey) and Cu(red) are tetrahedrally coordinated by oxygen (orange). Chromium
is shown in blue. The elongation of NiO4 tetrahedra along with the compression of
CuO4 polyhedra is clearly seen in the low temperature average structures. Reproduced
with permission from reference [14], c 2012 American Physical Society.

2.3.4

Further magnetostructural transitions of NiCr2 O4 at
30 K

During the ferrimagnetic transition of NiCr2 O4 , a simultaneous cooperative
crystal distortion from tetragonal to orthorhombic symmetry occurs as reported
by Ishibashi and Yasumi.[48, 64] We observe this magnetostructural transition
in NiCr2 O4 at T = 65 K (Fig. 2.4,2.7). Magnetic susceptibility measurements by
Ishibashi and Yasumi show yet another low temperature magnetic transition in
NiCr2 O4 at T = 31 K that was reported by Tomitasu and Kagomiya as corresponding to the ordering of the antiferromagnetic component of the magnetic
structure of NiCr2 O4 . Klemme and Miltenburg also observed a change in en62

Figure 2.12: Entropy changes in NiCr2 O4 and CuCr2 O4 resulting from structural and
magnetic transformations. (a) The heat capacity of NiCr2 O4 shows two anomalies
at 65 K and 30 K. (b) Fisher heat capacity of NiCr2 O4 indicating release of magnetic
entropy occurring at the same temperatures where changes in specific heat are observed. (c) CuCr2 O4 also shows two transitions in the heat capacity at 155 K and
130 K. Concurrent with these changes in heat capacity of CuCr2 O4 are variations in
magnetic structure as illustrated by Fisher heat capacity shown in (d). Reproduced
with permission from reference [14], c 2012 American Physical Society.
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Figure 2.13: Changes in magnetic order and heat capacity of NiCr2 O4 at T = 30 K are
accompanied by a structural change. (a) Zero field cooled and field cooled temperature dependent magnetic susceptibility measurements of NiCr2 O4 show a change in
magnetic order at T = 30 K. Concurrent with this transition in magnetism is a change
in entropy indicated by the anomaly in heat capacity. The central panel tracks changes
in intensity of the orthorhombic 080 and 800 reflections at T = 30 K illustrating that
a structural change takes place at T = 30 K. (c) This structural change is also reflected in the temperature dependent lattice constants of NiCr2 O4 which vary at this
temperature. The structural distortion above occurs in the Q range 10−2 Å within the
instrumental resolution of 10−4 Å. Reproduced with permission from reference [14], c
2012 American Physical Society.
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tropy at this temperature[49], however, no changes of the average structure of
NiCr2 O4 have been observed at T = 31 K. [48, 64] Our measurements reveal
similar anomalies in the magnetism and specific heat measurements of NiCr2 O4
[Fig. 2.13(a)] at T = 30 K. Furthermore, we observe a slight change in average
structure at this temperature. The central panel in Fig. 2.13(b) tracks a NiCr2 O4
Bragg diffraction peak as a function of temperature and shows a distinct peak
narrowing and intensity change below 30 K. Likewise, the F ddd lattice parameters obtained from Rietveld analysis of the variable temperature diffraction data
Fig. 2.7 show a clear change in slope near 30 K [Fig. 2.13(b)]. However, no evidence for a further change of NiCr2 O4 symmetry (eg. to monoclinic) below 30 K
is found in these high-resolution powder diffraction data. This is the first report
of a structural effect concurrent with reported anomalies in heat capacity and
magnetic measurements, and will be further examined in future studies.

2.4

Conclusions

Structural changes occur concurrently with magnetic phase transitions in
NiCr2 O4 and CuCr2 O4 . We have resolved details of the crystal structure of
the low temperature phase of NiCr2 O4 and CuCr2 O4 in the orthorhombic
space group F ddd and present the first structural description of orthorhom-
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bic CuCr2 O4 . We find that the magnetic transition at 30 K in NiCr2 O4 is also
accompanied by further, subtle structural anomaly. Pronounced elongation of
NiO4 tetrahedra, and compression of CuO4 tetrahedra toward a square planar
configuration drive the distortions into the orthorhombic phase in these compounds. As postulated by Smart and Greenwald, we suggest that multiple exchange coupling pathways in the distorted orthorhombic structure are likely to
be the reason behind the strong magnetostructural coupling observed in these
compounds.[52] We anticipate that this study will inspire further investigation
of such coupling in ferrimagnetic spinels.
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Chapter 3
Magnetodielectric coupling in the
spinel NiCr2O4
The spinel NiCr2 O4 is characterized using dielectric and high magnetic field
measurements. The trends in the magnetodielectric response fall into three clear
temperature regimes corresponding to known magnetic and structural transitions. Above the Néel temperature, weak magnetic field dependence of the
dielectric constant is observed with no hysteresis. Below the Néel temperature but above 30 K, a dependence of the dielectric constant on the magnetic
1
The contents of this chapter have substantially appeared in reference [70]: T. D. Sparks, M.
C. Kemei, P. T. Barton, R. Seshadri, E.−D. Mun, and V. Zapf, Magnetocapacitance as a sensitive
probe of magnetostructural changes in NiCr2 O4 , Phys. Rev. B 89 0244051 (2014) c 2014
American Physical Society.
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field is observed and hysteresis develops resulting in so called butterfly loops.
Below 30 K, magnetodielectric hysteresis is enhanced. Magnetodielectric hysteresis mirrors magnetic hysteresis suggesting that spin-spin interactions are the
mechanism for the magnetodielectric effect in NiCr2 O4 . We show that below
40 kOe, the field-dependent permittivity scales linearly with the squared magnetization as described by the Ginzburg-Landau theory. At high fields however,
the magnetization continues to increase while the dielectric constant saturates.
Magnetodielectric measurements of NiCr2 O4 suggest an additional, previously
unobserved transition at 20 K. Subtle changes in magnetism and structure at
20 K, suggest the completion of ferrimagnetic ordering and the spin driven structural distortion. We demonstrate that magnetocapacitance is a sensitive probe
of magnetostructural distortion and provide the first high-field measurements of
NiCr2 O4 .

3.1

Introduction

Coupling of spin and charge in insulating materials can give rise to magnetodielectric effects which enable the control of magnetic polarization using an
electric field, or conversely, the reversal of electric polarization by a magnetic
field. However, few technologies based on the magnetodielectric effect in in-
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sulators have been realized due to the small magnitude of induced magnetic
or electric polarization, weak coupling between charge and spin, and the lowtemperatures where magnetodielectric coupling often arises. In the last decade,
intense effort has been devoted to understanding how magnetism that breaks
spatial-inversion symmetry can induce ferroelectricity in so-called type-two multiferroics, especially in the REMnO3 systems.[71, 72] More recently, room temperature magnetodielectricity due to complex spin ordering has been observed
in hexaferrites.[71, 73] Electric field control of four different magnetodielectric
states in the hexaferrite Ba0.52 Sr2.48 Co2 Fe24 O41 reveals new opportunities for the
next-generation of memory devices based on magnetodielectric materials.[74]
Advancing the understanding of known magnetodielectric compounds is
an important challenge that will guide the design of future multiferroic materials. The normal spinel NiCr2 O4 is a known magnetodielectric that was
first reported by Mufti et al.[55, 75] NiCr2 O4 crystallizes in the cubic space
group F d3m above 310 K.[55] Ni2+ ions have the degenerate electronic configuration e4 t42 in tetrahedral coordination while non-degenerate Cr3+ e3g prefer to occupy octahedral sites.

Below 310 K, orbital degeneracy on tetra-

hedral Ni2+ drives cooperative Jahn-Teller distortion of NiCr2 O4 resulting in
the lowering of average structural symmetry from cubic F d3m to tetragonal
I41 /amd.[39, 76] This tetrahedral distortion results in the elongation of NiO4
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tetrahedra and c/a > 1. Magneto-structural coupling drives further distortion
of NiCr2 O4 from tetragonal symmetry to orthorhombic symmetry at the Néel
temperature (TN ∼65 K).[14, 48] A second distortion within the orthorhombic
structure takes place at T = 30 K where anomalies in magnetic susceptibility and
heat capacity are observed.[14, 49, 64, 76]
Neutron diffraction studies by Kagomiya and Tomiyasu show that the ordering of the longitudinal ferrimagnetic component of NiCr2 O4 occurs at 60 K and
this is followed by the ordering of the transverse antiferromagnetic components
at 30 K.[64] Neutron scattering reveals four Cr3+ B sublattices, that give rise
to a net moment of 2.69 µB along the [100] direction, this moment is compensated by the net A sublattice moment of 3.0 µB resulting in an overall moment of
0.31 µB per formula unit of NiCr2 O4 .[64] Detailed heat capacity measurements
by Klemme and Miltenburg show three anomalies: at 310 K due to Jahn-Teller
ordering, near 70 K and at 29 K due to magneto-structural coupling.[49] Mufti
et al. have reported changes in the slope of the dielectric constant of NiCr2 O4
at 75 K and 31 K; they also show magnetic field dependence of the dielectric
constant of NiCr2 O4 .[75] Following this initial work, Maignan et al. measured a
polarization of 13 µC m−2 in the ferrimagnetic state of NiCr2 O4 .[77] Polarization
in the ferrimagnetic state of the related spinels FeCr2 O4 and CoCr2 O4 has also
been observed.[78]
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Here, we present a carefully study of the temperature and magnetic fielddependence of polycrystalline NiCr2 O4 , revealing three temperature regimes
that describe the trends in magnetocapacitance. We provide the first high-field
magnetization measurements of the spinel NiCr2 O4 at various temperatures.
We describe the correlations between spin-spin interactions and the dielectric
constant of NiCr2 O4 . We demonstrate the linear correlation between the fielddependent squared magnetization and the changes in dielectric permittivity at
low fields. We also discuss the multiferroic properties of NiCr2 O4 in the context
of recent studies of magnetostructural coupling in NiCr2 O4 showing that variations in magnetocapacitance occur concurrently with changes in structure and
spin configuration.[14] We illustrate the sensitivity of magnetocapacitance measurements to magnetostructural changes in NiCr2 O4 by revealing an unreported
anomaly at 20 K. Incorporating detailed magnetic and structural studies, we investigate the origin of the anomaly at 20 K. We conclude that the 20 K anomaly
corresponds to the completion of structural and magnetic ordering.

3.2

Methods

Phase pure powders of NiCr2 O4 were prepared from stoichiometric amounts
of NiO and Cr2 O3 that were ground, pelletized, and annealed at 800 ◦ for 12
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Figure 3.1: Magnetostructural and magnetodielectric coupling in NiCr2 O4 . (a)
Temperature-dependent dielectric permittivity measurements of NiCr2 O4 collected at
20 kHz, shows anomalies near 30 K and 20 K. The anomaly at 20 K has not been
previously observed. The derivative of the dielectric permittivity as a function of temperature shows maxima near 20 K and 30 K. (b) Zero field cooled (ZFC) and field
cooled (FC) temperature-dependent magnetic susceptibility of NiCr2 O4 reveal the onset of ferrimagnetic order at 65 K where the ZFC and FC curves diverge. At 30 K,
another change in the magnetic structure occurs. We note that below 20 K, the ZFC
and FC curves saturate. Neutron diffraction studies of NiCr2 O4 reported by Tomiyasu
and Kagomiya are shown in (c).[64] The fundamental (111) reflection increases in
intensity below 65 K while the superlattice (110) reflection increases in intensity below
30 K. The neutron reflections attain stable values below 20 K. (d) Lattice parameters
of NiCr2 O4 as a function of temperature; the tetragonal to orthorhombic transition
occurs at 65 K followed by further structural change at 30 K within the orthorhombic F ddd spacegroup. Below 20 K, the lattice constants plateau. Reproduced with
permission from reference [70], c 2014 American Physical Society.
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hours. Sample pellets were reground, repelletized, and annealed at 1100 ◦
for 24 hours. Structural characterization was performed using high-resolution
(∆Q/Q ≤ 2 × 10−4 ) synchrotron X-ray powder diffraction at the Advanced
Photon Source, Argonne National Laboratory.

Powder patterns were fit to

the crystal structure using the Rietveld refinement method as implemented
in the EXPGUI/GSAS program.[66, 67] Magnetic susceptibility measurements
were performed using a Quantum Design (QD) Magnetic Property Measurement System.

High field magnetization was measured using an extraction

magnetometer in a capacitor-bank-driven 65 Tesla pulsed-field magnet at the
National High Magnetic Field Laboratory Pulsed-Field Facility at Los Alamos
National Laboratory.[79] Samples for magnetocapacitance measurements were
spark plasma sintered at 1200 K under a load of 6 kN for 10 minutes with a
very fast heating and cooling cycle. Spark plasma sintering was used to achieve
high densities ensuring the collection of highly reliable dielectric measurements.
Densified pellets were annealed in air to 1100 K for 3 hours to ensure stoichiometric NiCr2 O4 is recovered following slight reduction during the spark plasma
sintering process. Laboratory CuKα X-ray diffraction performed on annealed
spark plasma sintered pellets show that stoichiometric NiCr2 O4 is obtained.
Dielectric measurements as a function of temperature and applied magnetic
field were carried out using an Andeen-Hagerling AH2700A capacitance bridge
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connected via shielded coaxial cables to a sample located within a QD Dynacool
Physical Property Measurement System. Coplanar faces of a cylindrical sample
9.5 mm in diameter were polished and coated with conducting epoxy to enable
the connection of electrical contacts. The sample was 2.3 mm thick. Capacitance measurements were collected at several frequencies continuously as the
temperature or magnetic field was varied at 3 K/min or 150 Oe/s respectively.

3.3

Results

Synchrotron X-ray powder diffraction of NiCr2 O4 collected at 100 K shows
that the prepared sample is well modeled by the tetragonal space group
I41 /amd with lattice parameters a = 5.79183(2) Å and c = 8.53835(5) Å. The
lattice parameters reported here are in good agreement with values reported in
the literature.[14] Oxygen atoms are described by the general positions x = 0 ,
y = 0.5129(2), and z = 0.2329(1) while Ni2+ and Cr3+ occupy special positions
(0, 41 , 38 ) and (0,0,0) respectively.

Temperature-dependent dielectric measurements of NiCr2 O4 show anomalies at 20 K and 30 K with clear maxima in the derivative of the dielectric
permittivity as a function of temperature [Fig. 3.1 (a)]. A shallow minimum
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of the temperature-dependent dielectric permittivity is observed at 65 K with
no clear feature in the derivative of the dielectric permittivity with respect to
temperature [Fig. 3.1 (a)].

The temperature-dependent dielectric measure-

ments suggests that phase transitions occur at 20 K and 30 K, where there are
clear maxima in the derivative of the dielectric permittivity with respect to
temperature, while magnetostriction may play a role in the slight changes in the
dielectric permittivity of NiCr2 O4 at 65 K. The dielectric permittivity anomalies
correlate well with structural and magnetic transitions in NiCr2 O4 . Ferrimagnetic ordering occurs near 65 K as shown by divergence of zero-field cooled and
field cooled temperature-dependent susceptibility measurements shown in Fig.
3.1 (b). In agreement with the susceptibility studies, neutron diffraction studies
by Tomiyasu and Kagomiya show the enhancement of the fundamental (111)
reflections below 65 K due to the ordering of the longitudinal ferrimagnetic
component of NiCr2 O4 [Fig. 3.1 (c)].[64] Further change in the magnetic
structure occurs at 30 K where another anomaly in the temperature-dependent
susceptibility is observed [Fig.

3.1 (b)] and (110) superlattice reflections

emerges in neutron scattering studies as a result of ordering of the transverse
antiferromagnetic component of NiCr2 O4 [Fig. 3.1 (c)].[64] Magnetic ordering
in NiCr2 O4 is strongly coupled to structure as reported by Suchomel et al.[14]
At 65 K, ferrimagnetic ordering is accompanied by a tetragonal I41 /amd to
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orthorhombic F ddd structural distortion [Fig. 3.1 (d)]. Further change in
magnetic ordering at 30 K also occurs concurrently with further structural
distortion of NiCr2 O4 within the orthorhombic F ddd spacegroup [Fig. 3.1 (d)].

At 20 K, a clear anomaly is observed in magnetodielectric measurements of
NiCr2 O4 [Fig. 3.1 (a)]. Re-evaluation of temperature-dependent magnetic susceptibility, neutron reflection intensities, and lattice constants reveals signatures
of structural and magnetic changes at 20 K (Fig. 3.1). Notably, following the
magnetostructural transition at 20 K, all the temperature-dependent structural
and magnetic parameters attain steady values below 20 K. These trends in
neutron intensity, magnetic susceptibility and lattice parameters suggest that
magnetic and structural ordering in NiCr2 O4 occurs over a wide temperature
range, between 65 K and 20 K, finally reaching completion at 20 K. This
finding of the continuous change in spin and lattice structure between 65 K
and 20 K is facilitated by high precision magnetocapacitance measurements.
The observation of a dielectric phase transition at 20 K that is accompanied
by subtle changes in magnetism and structure of NiCr2 O4 demonstrates that
magnetocapacitance measurements are extremely sensitive to subtle magnetic
and structural changes in functional materials.
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Figure 3.2: Magnetization and magnetodielectric trends in NiCr2 O4 . Field-dependent
magnetization measurements collected at (a) ≥ 80 K, (b) 40 K and (c) 2 K are shown
alongside percentage changes in the dielectric permittivity in a varying magnetic field
measured at (d) ≥ 80 K, (e) 40 K, and (f) 2 K. Above the Néel temperature, there is
a weak dependence of the magnetization and the field-dependent dielectric constant
on the applied field and no hysteresis [(a) and (d)]. Below the Néel temperature,
slight hysteresis is observed in both field-dependent magnetization and dielectric measurements [(b) and (e)]. Below the second magnetic transition of 30 K, hysteresis is
further enhanced in both magnetization and dielectric measurements. Field-dependent
magnetization measurements collected at 2 K (b) and 40 K (c) show the suppression
of hysteresis above 5 T. Reproduced with permission from reference [70], c 2014
American Physical Society.
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Figure 3.3: High field magnetization measurements of NiCr2 O4 at 45 K and 4 K reveal
a linear increase in magnetization with increase in field upto 60 T. Reproduced with
permission from reference [70], c 2014 American Physical Society.
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There is a linear dependence of the magnetization on the applied field above
the Néel temperature as shown in Fig. 3.2 (a). Coercivity develops below the
ferrimagnetic ordering temperature of NiCr2 O4 [Fig. 3.2 (b)]. Further enhancement of the coercivity occurs below the second magnetic ordering temperature
of 30 K as illustrated in Fig. 3.2 (c). The highest coercivity of ∼ 8.3 kOe is
observed near 2 K. High field magnetization studies performed at 4 K and at 45 K
reveal a suppression of hysteresis and a linear increase of magnetization above
2.5 T [Fig. 3.3]. At 4 K and 60 T, the magnetization of NiCr2 O4 is about 1.6 µB
per formula unit. This magnetization value is 2.4 µB less than the expected
value for a collinear ferrimagnetic configuration in NiCr2 O4 suggesting that
the magnetic structure of NiCr2 O4 reported by Kagomiya and Tomiyasu, which
consists of longitudinal and transverse magnetic sublattices, persists to high
fields with slight canting of spins contributing to the linear enhancement of the
magnetization with field.[64]

When ferrimagnetic interactions are present in NiCr2 O4 , the dielectric permittivity exhibits a dependence on the applied magnetic field. Isothermal field
dependent dielectric permittivity measurements show a parabolic dependence
on the applied field near TN . Further below TN , a distinct dependence of the
dielectric permittivity, with a sharp minimum near H = 0 Oe and significant in-
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crease with applied magnetic field emerges. The trends in the isothermal fielddependent dielectric measurements are well described by three temperature
regimes [Fig. 3.2 (d), (e), and (f)]. Above ∼ 80 K [Fig. 3.2 (d)], there is a very
weak dependence of the dielectric permittivity on the applied field as shown by
the field-dependent permittivity measured at 100 K. In the temperature range
30 K < T < 80 K [Fig. 3.2 (e)], ∆ε(H)/ε(H = 0)% reaches the maximum value
observed in NiCr2 O4 of 0.065 % and hysteresis develops. The dependence of the
dielectric constant on the applied field when T ≤ 30 K becomes weaker while
significant hysteresis emerges in the field-dependent dielectric response [Fig.
3.2 (f)]. As we discuss below, the trends in the three regimes follow closely the
field dependence of the squared magnetization. The very subtle feature in the
dielectric permittivity near 65 K suggests magnetostriction may play a role in
the observed field dependence of the dielectric permittivity in the temperature
regime 30 K < T < 80 K.
To ensure that the observed magnetodielectric response in NiCr2 O4 is not
merely due to magnetoresistance (Maxwell-Wagner effects) we examine the
field dependence of the dissipation factor. [80] Catalan has shown that magnetoresistive effects have signatures in the dielectric loss. The dissipation factor,
shown in the bottom panel of Fig. 3.4, remains constant in a varying magnetic
field while the dielectric permittivity is dependent on the applied field indicating

80

Figure 3.4: The squared field-dependent magnetization plotted against the fielddependent dielectric permittivity measurements collected at (a) 40 K and (b) 2 K.
Field-dependent changes in the dielectric constant correlate with trends in the fielddependent squared magnetization at low fields. The bottom panel shows that the
dissipation factor is independent of the applied field. The loss was measured at 2 K.
Reproduced with permission from reference [70], c 2014 American Physical Society.
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intrinsic magnetocapacitance in NiCr2 O4 (Fig. 3.4).[80]

3.4

Discussion

The dielectric anomaly near 30 K occurs concurrently with changes in magnetic structure [Fig. 3.1 (a), (b), and (c)].[64] This correlation supposes that
magnetic perturbations couple to the dielectric constant of NiCr2 O4 . The coupling between spin-spin correlations and phonons in NiCr2 O4 is not surprising
in light of the recent work of Suchomel et al. which shows lattice distortions occurring concomitantly with magnetic ordering [Fig. 3.1 (d)].[14] Similar spinphonon mediated magnetodielectric coupling has been reported for the magnetodielectrics Mn3 O4 ,[81] SeCuO3 ,[82] and TeCuO3 .[82]
Changes in the squared magnetization in the presence of an applied field
depict the trends in magnetodielectric hysteresis at low fields as shown in Fig.
3.4 (a) and (b). The relative changes in dielectric permittivity in a changing
magnetic field trace the squared magnetization below 5 T (Fig. 3.4). Above 5 T
and near 2 K, the squared magnetization continues to increase with field while
the relative change in dielectric permittivity saturates [Fig. 3.4 (b)]. The agreement between the squared magnetization and the changes in dielectric constant
at low fields illustrate that the magnetodielectric coupling term γP 2 M 2 of the
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Ginzburg-Landau theory for second-order phase transitions (Equation 3.1) is the
most significant in NiCr2 O4 as was earlier proposed by Mufti et al.[72, 75] In
the thermodynamic potential Φ expanded to include only second order terms
as shown in Equation 3.1, α, α0 , and γ are temperature-dependent magnetodielectric coupling coefficients, M and P are the magnetization and polarization respectively, and E and H are the electric and magnetic fields respectively. The electric permittivity can be derived from the second partial derivative of the thermodynamic potential with respect to polarization as indicated in
equation 3.2. These expressions yield a linear relationship between  and M 2
as shown in equation 3.4. We find that this spin mediated magnetodielectric
coupling is most significant at low fields. Field dependent dielectric measurements and the squared magnetization were interpolated over the field range
0 kOe ≤ H ≤ 90 kOe. A linear relationship between ∆(H) and M 2 (H) is observed when 10 kOe ≤ H ≤ 50 kOe as illustrated in Fig. 3.5. Above 50 kOe, the
magnetization continues to increase with the applied field while the dielectric
permittivity plateaus [Fig. 3.5].

Φ = Φ0 + αP 2 − P E + α0 M 2 − M H + γP 2 M 2
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(3.1)
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The magnetodielectric response, particularly the field dependence of capacitance, yields unique insight to subtle structural distortions in NiCr2 O4 . The details of the structural change at 30 K in NiCr2 O4 are not known beyond a slight
change in temperature-dependent lattice constants resulting from the elongation of NiO4 tetrahedra. Nevertheless, the increased magnitude in magnetodielectric hysteresis could possibly suggest a cation off-centering that was not observed in previous structural studies. Polarization measurements by Maignan
et al. have demonstrated that NiCr2 O4 is indeed a multiferroic with polarization
that develops near the Néel temperature and continues to increase until 20 K
where it approaches a steady value.[77]
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Figure 3.5: A linear relationship is observed between the measured (H) plotted
against M 2 (H) for 10 kOe ≤ H ≤ 50 kOe near 2 K. Reproduced with permission from
reference [70], c 2014 American Physical Society.
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3.5

Conclusion

In summary, the magnetodielectric response of dense, single phase NiCr2 O4
samples was measured as a function of field and temperature. The largest magnetodielectric hysteresis was observed in the F ddd phase below 30 K while the
largest ∆ε(H)/ε(H = 0)% = 0.06%, was also observed in the F ddd phase but
in the temperature range 30 K ≤ T ≤ 65 K. We discuss magnetocapacitance in the
context of recently reported magnetostructural coupling in NiCr2 O4 . We demonstrate the coupling of the spin-spin correlation function to the dielectric constant
of NiCr2 O4 which results in three temperature regimes with varying trends in
magnetocapacitance. We show the linear correlation between the field induced
changes in dielectric permittivity and the squared magnetization in NiCr2 O4 below 50 kOe. We report a 20 K anomaly in NiCr2 O4 that is evident in magnetodielectric measurements and has subtle features in structural and magnetic order
parameters. The features in temperature dependent magnetic susceptibility and
lattice parameters of NiCr2 O4 at 20 K suggest the completion of spin and structural transformations. We show that magnetocapacitance is a sensitive probe
of magnetostructural coupling in NiCr2 O4 . We present high-field magnetization
studies of the spinel NiCr2 O4 which show a linearly increasing magnetization
upto 60 T at 45 K and 4 K.
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Chapter 4
Crystal structures of
spin-Jahn-Teller–ordered MgCr2O4
and ZnCr2O4
Magnetic ordering in the geometrically frustrated magnetic oxide spinels
MgCr2 O4 and ZnCr2 O4 is accompanied by a structural change that helps relieve
the frustration. Analysis of high-resolution synchrotron X-ray scattering reveals
that the low-temperature structures are well described by a two-phase model
1

The contents of this chapter have substantially appeared in reference [1]: M. C. Kemei, P.
T. Barton, S. L. Moffitt, M. W. Gaultois, J. A. Kurzman, R. Seshadri, M. R. Suchomel, and Y.−I.
Kim, Crystal structures of spin-Jahn-Teller–ordered MgCr2 O4 and ZnCr2 O4 , J. Phys.: Condens.
Matter 25 3260011 (2013) c 2013 IOP Publishing Ltd.
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of tetragonal I41 /amd and orthorhombic F ddd symmetries. The Cr4 tetrahedra of the pyrochlore lattice are distorted at these low-temperatures, with the
F ddd phase displaying larger distortions than the I41 /amd phase. The spinJahn-Teller distortion is approximately one order of magnitude smaller than is
observed in first-order Jahn-Teller spinels such as NiCr2 O4 and CuCr2 O4 . In
analogy with NiCr2 O4 and CuCr2 O4 , we further suggest that the precise nature
of magnetic ordering can itself provide a second driving force for structural
change.

4.1

Introduction

Degenerate ground states, commonly known to occur in amorphous, glassy
and spin frustrated compounds, are fertile grounds for the realization of novel
phenomena such as zero energy excitations. [8] The properties of liquid ground
states, for example the precise nature of excitations and the explicit ground
state configurations, are not well known. Spin frustrated systems are ideal models for investigating such behavior. Antiferromagnetically coupled spins on the
pyrochlore Cr sublattice of ACr2 O4 spinels, where A is non-magnetic cation, are
geometrically frustrated and they show spin liquid states over a wide temperature range facilitating studies of these highly degenerate ground states.
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The highly degenerate spin liquid states of ACr2 O4 spinels can order at low
temperature in conjunction with a lattice distortion, in a manner sometimes
referred to as spin-Jahn-Teller ordering.[24, 83] Despite extensive studies of
the spin-Jahn-Teller phases of ACr2 O4 spinels, there is little agreement on the
full description of the low-temperature structures of MgCr2 O4 and ZnCr2 O4 .[31,
84] At room temperature, ACr2 O4 are cubic spinels in the space group F d3m,
provided the A ions are non-magnetic. A cations occupy tetrahedral sites while
Cr3+ with spin S = 3/2 populate octahedral sites. These are normal spinels:
Cr3+ shows a strong preference for the octahedral site.[39] Magnetic frustration
in ACr2 O4 spinels is known to decrease from A = Zn to Mg to Cd to Hg with the
respective spinels showing Weiss intercepts ΘCW of −390 K,[46] −346 K,[25,
46] −71 K,[46] and −32 K[34, 46] and spin-Jahn-Teller ordering temperatures
(TN ) of ≈12.7 K,[28] ≈12.5 K,[24] ≈7.8 K,[27, 33, 85] and ≈5.8 K[34].
Several low-temperature nuclear structures have been proposed for ACr2 O4
spinels. X-ray diffraction studies reveal F ddd symmetry in the spin-Jahn-Teller
phase of HgCr2 O4 .[34] A tetragonal I41 /amd structure of MgCr2 O4 was identified in low-temperature synchrotron X-ray[86] and neutron powder diffraction studies.[28] A tetragonal distortion has also been observed in the antiferromagnetic phase of CdCr2 O4 , identified by Aguilar et al. using infrared
spectroscopy,[85] and by Chung and co-workers from elastic and inelastic neu-
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tron scattering studies.[33] The low-temperature structure of CdCr2 O4 was assigned to the I41 /amd space group as reported by Lee et al. from synchrotron
X-ray and neutron scattering studies of single crystals.[31] In the same report, single crystals of ZnCr2 O4 were reported to adopt the tetragonal I 4̄m2
space group below the Néel temperature.[31] However, X-ray powder diffraction by Kagomiya et al. suggested, without describing the complete structure,
that at low-temperatures ZnCr2 O4 is modelled by the orthorhombic space group
F ddd.[84] Recent electron-spin resonance studies of single crystal ZnCr2 O4 by
Glazkov et al. showed that tetragonal and orthorhombic distortions coexist in
the Néel phase of ZnCr2 O4 .[87]
We report coexisting tetragonal I41 /amd and orthorhombic F ddd symmetries in the spin-Jahn-Teller phases of MgCr2 O4 and ZnCr2 O4 , observed using
high-resolution synchrotron X-ray powder diffraction. Phase coexistence is suggested for the first time in these materials from diffraction studies. This is
the first complete description of the spin-Jahn-Teller structures of the important frustrated compounds MgCr2 O4 and ZnCr2 O4 . We provide all structural
details including the atom positions in both the tetragonal and orthorhombic
phases of these systems. This new understanding of the structural ground states
of MgCr2 O4 and ZnCr2 O4 is pivotal for theoretical studies and interpretation of
excitations in the spin-Jahn-Teller phases of these compounds.
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4.2

Experimental details

MgCr2 O4 was prepared by calcination of appropriate solution mixtures
of the nitrates Mg(NO3 )2 ·6H2 O and Cr(NO3 )3 ·9H2 O at 1000 ◦ C for 10 hours.
ZnCr2 O4 and CdCr2 O4 were prepared by solid-state methods from ZnO, CdO,
and Cr2 O3 powders. Samples were annealed in the temperature range 800 ◦ C to
1100 ◦ C. A separate ZnCr2 O4 sample was prepared in a Pt crucible by heating
ZnO in an excess K2 Cr2 O7 flux at 800 ◦ C for 24 hours, followed by cooling at
15 ◦ C/h to room temperature. Samples were structurally characterized by highresolution(∆Q/Q ≤ 2 × 10−4 ) synchrotron X-ray powder diffraction at temperatures between 6 K and 295 K. These measurements were performed at beamline
11-BM of the Advanced Photon Source, Argonne National Laboratory. Structural models were refined against diffraction data using the Rietveld method
as implemented in the EXPGUI/GSAS software program.[66, 67] Atom positions for the low-symmetry structures were obtained using the internet-server
tool ISODISPLACE.[88] Crystal distortions were analyzed using the program
VESTA.[68] Magnetic properties were characterized using a Quantum Design
MPMS 5XL superconducting quantum interference device (SQUID). Heat capacity measurements were performed using a Quantum Design Physical Properties
Measurement System.
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Table 4.1: Magnetic parameters of ACr2 O4 spinels

MgCr2 O4
ZnCr2 O4
CdCr2 O4

4.3

TN (K)
12.9
12.3
7.86

ΘCW (K)
−368
−288
−69.7

f=
29
23
8.9

|ΘCW |
TN

µexp (µB )
5.4
5.2
5.3

µcalc (µB )
5.47
5.47
5.47

Results and Discussion

At room temperature, the prepared ACr2 O4 spinels are homogeneous compounds in the space group F d3m as shown in Figure 4.1. MgCr2 O4 has a cubic
lattice constant of 8.33484(8) Å and it contains a 3.0 wt.% Cr2 O3 impurity. We
study two samples of ZnCr2 O4 ; one sample, labelled ZnCr2 O4 c, is prepared
by solid-state routes [Figure 4.1 (b)] while the other, labelled ZnCr2 O4 x, is
prepared through a self-limiting flux approach [Figure 4.1 (c)]. In the later, the
K2 Cr2 O7 flux decomposes to yield Cr2 O3 which reacts with available Zn2+ species
to form ZnCr2 O4 . The solid-state ZnCr2 O4 sample is phase pure and has a lattice
constant of 8.32765(8) Å while the flux-prepared ZnCr2 O4 sample has a lattice
parameter of 8.331945(19) Å and contains very small impurities that are almost
undetectable in Figure 4.1 (c). The lattice parameters of all the compounds
studied here are ≈0.1% larger than those of stoichiometric compounds.[29] We
discuss the effects of stoichiometry on the properties of these materials later in
the manuscript.
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Figure 4.1: Room temperature high-resolution synchrotron X-ray powder diffraction
of MgCr2 O4 and ZnCr2 O4 . (a) Rietveld refinement of MgCr2 O4 to the F d3m cubic
space group. The sample has a 3.0 wt. % Cr2 O3 impurity. (b) ZnCr2 O4 prepared
through a solid-state route (sample labelled ZnCr2 O4 c) and (c) using a K2 Cr2 O7
flux (sample labelled ZnCr2 O4 x) are also indexed to the cubic F d3m space group.
The solid-state sample (denoted as ZnCr2 O4 c) is phase pure while the flux approach
sample (denoted as ZnCr2 O4 x) features small unidentified impurities. Reproduced
with permission from reference [1] c 2013 IOP Publishing Ltd.
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Figure 4.2: Spin-Jahn-Teller distortions in ACr2 O4 spinels. The top panel shows the
scaled inverse field-cooled susceptibility. The dashed black line models ideal paramagnetism. MgCr2 O4 and ZnCr2 O4 were measured under a 1000 Oe field while CdCr2 O4
was measured in 6000 Oe. Antiferromagnetic order is suppressed to low temperatures
in MgCr2 O4 (TN = 12.9 K), ZnCr2 O4 (TN = 12.3 K), and CdCr2 O4 (TN = 7.86 K). The
splitting of high-symmetry cubic diffraction peaks into several low-symmetry peaks
shows the onset of spin-driven structural distortions(middle panel). CdCr2 O4 shows
a subtle structural distortion that is indicated by a slight decrease in intensity and
increase in width of the high-symmetry peak. The bottom panel shows the change in
entropy at the Néel temperature. Reproduced with permission from reference [1] c
2013 IOP Publishing Ltd.
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Scaled inverse field-cooled susceptibilities of ACr2 O4 as described by the
recast Curie–Weiss equation are shown in the top panel of Fig. 4.2. Antiferromagnetic ordering occurs when T /ΘCW  1, indicating geometrically frustrated
spin interactions (top axis scale of Fig. 4.2). Slight antiferromagnetic spin correlations are observed above TN in ZnCr2 O4 and CdCr2 O4 . We define TN as
the temperature at which dχZF C /dT is maximized. The magnetic properties
of the samples presented here are tabulated in Table 4.1. Experimental magnetic moments of these compounds are within error of the calculated effective
moment of 5.47 µB (Table 4.1). There is a ≈0.3 K thermal hysteresis between
the zero-field-cooled and field-cooled temperature dependent susceptibilities of
the ACr2 O4 spinels. We observe a ΘCW of −288 K for ZnCr2 O4 which is consistent with the earlier work by Melot et al.[37] but is lower than other |ΘCW |
values reported in the literature.[25, 28] The lower |ΘCW | value could be due
to slight off-stoichiometry in ZnCr2 O4 . The magnetic ordering transitions of
ACr2 O4 spinels are associated with changes in entropy (Figure 4.2) and this
agrees well with the earlier work of Klemme et al.[89, 90] ZnCr2 O4 and CdCr2 O4
have smooth heat capacity anomalies while MgCr2 O4 has a sharp anomaly with
a shoulder feature that could indicate that its structural and magnetic transitions
occur at slightly different temperatures.
The cubic F d3m (800) diffraction peak of MgCr2 O4 and ZnCr2 O4 splits
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Figure 4.3: Low-temperature diffraction and Rietveld refinement of MgCr2 O4 (left
panel) and ZnCr2 O4 c (right panel). (a) High-resolution synchrotron X-ray powder
patterns collected at ≈6 K and indexed to a two-phase model of tetragonal I41 /amd
and orthorhombic F ddd symmetries [Data (black), combined I41 /amd and F ddd
fit (orange), difference (blue)]. (b) The high-symmetry (800) peak splits into several
I41 /amd and F ddd reflections. The I41 /amd and F ddd fits have been offset from the
data for clarity. [I41 /amd (blue), F ddd (red), and Cr2 O3 impurity (grey)] (c) Nearly
equal amounts of I41 /amd (blue) and F ddd (red) phases coexist below TN ; the F ddd
phase fraction increases slightly with decreasing T . Reproduced with permission from
reference [1] c 2013 IOP Publishing Ltd.
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Table 4.2: The low-temperature structures of MgCr2 O4 and ZnCr2 O4 as determined
from Rietveld refinement of high-resolution synchrotron X-ray powder diffraction data.
All atomic parameters were allowed to vary during the structural refinement except
for isotropic thermal parameters that are constrained to be the same for both lowtemperature phases. Tabulated coherence lengths are determined from Scherrer analysis of well resolved peaks. This is the lower limit of crystallite size and assumes that
all peak broadening is due to crystallite size.

T (K)
λ (Å)
space group
Z
a (Å)
c (Å)
Vol (Å3 )
Mg/Zn
Cr
O

wt. frac.
coherence length(nm)
space group
Z
a (Å)
b (Å)
c (Å)
Vol (Å3 )
Mg/Zn
Cr
O

wt. frac.
coherence length(nm)
Mg/Zn Uiso
Cr Uiso
O Uiso
χ2
Rwp

MgCr2 O4
5.7
0.413393
I41 /amd
4
5.89351(2)
8.31503(7)
288.809(2)
(0, 34 , 18 )
(0,0, 12 )
0
0.5240(3)
0.7391(2)
0.42(0)
69.9
F ddd
8
8.3041(2)
8.3228(2)
8.3526(2)
577.279(6)
( 18 , 81 , 18 )
( 12 , 21 , 12 )
0.26130(4)
0.26135(4)
0.26093(2)
0.55(0)
40.4
0.00290(1)
0.00167(4)
0.00115(1)
2.903
0.0331
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ZnCr2 O4 c
5.4
0.413399
I41 /amd
4
5.88753(1)
8.30895(4)
288.013(2)
(0, 43 , 18 )
(0,0, 12 )
0
0.5250(4)
0.7379(4)
0.43(0)
74.5
F ddd
8
8.3012(1)
8.3144(1)
8.3430(1)
575.830(5)
( 18 , 81 , 18 )
( 12 , 21 , 12 )
0.26466(4)
0.25722(7)
0.26193(5)
0.57(0)
35.6
0.00254(5)
0.00074(5)
0.00458(2)
3.673
0.0582

ZnCr2 O4 x
6.9
0.413331
I41 /amd
4
5.88919(2)
8.31703(5)
288.456(2)
(0, 43 , 18 )
(0,0, 21 )
0
0.5196(5)
0.7387(5)
0.39(0)
F ddd
8
8.3059(9)
8.3247(8)
8.3415(0)
576.758(4)
( 81 , 18 , 81 )
( 21 , 12 , 21 )
0.26092(3)
0.26639(5)
0.26015(3)
0.61(0)
0.00305(4)
0.00164(4)
0.00321(2)
1.709
0.0823

into several low-symmetry peaks (Figure 4.2). CdCr2 O4 on the other hand,
while displaying some peak broadening, remains well modeled by the hightemperature F d3m space group even at 6.9 K (Figure 4.2). Rietveld fits to the
low-temperature synchrotron X-ray powder diffraction data of MgCr2 O4 and
ZnCr2 O4 using structural models reported in the literature[28, 31, 84, 86] resulted in regions of poorly fit intensity. Similarly, the low-symmetry structures
F 222, C2/c, and I2/a could not model the data well. Group-subgroup relations
of the space group F d3m yield the lower-symmetry groups I41 /amd and F ddd.
Individually, neither of these structural models can reproduce the intensities and
peak splittings observed in our low-temperature diffraction patterns of MgCr2 O4
and ZnCr2 O4 . However, we find that the diffraction data can be well described
by a two-phase model combining both tetragonal I41 /amd and orthorhombic
F ddd structures [Fig. 4.3(a)]. This refinement yields chemically reasonable and
stable isotropic thermal displacement parameters for both phases (Table 4.2).
In Fig. 4.3(b), the low-temperature peak splitting of the cubic F d3̄m (800) reflection is de-convoluted into contributions from the I41 /amd and F ddd phases.
Nearly equal fractions of the two phases coexist in the low-temperature nuclear
structures of MgCr2 O4 and ZnCr2 O4 [Figure 4.3(c)]. Employing the ThompsonCox-Hastings pseudo-voigt profile function, we observe a slight increase of the
F ddd phase fraction with a decrease in temperature below TN for both MgCr2 O4
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Figure 4.4: Temperature evolution of lattice parameters in MgCr2 O4 and ZnCr2 O4
through their magnetostructural distortions.
The cubic lattice constants of
MgCr2 O4 (a) and ZnCr2 O4 (c) separate into I41 /amd and F ddd lattice constants at
TN = 12.9 K and TN = 12.3 K respectively. The lattice parameters of MgCr2 O4 are
normalized by the lattice constant at 57.1 K (ac0 = 8.32871 Å) while the lattice constants of ZnCr2 O4 are normalized by the lattice constant at 59.3 K (ac0 = 8.3216 Å).
√
The I41 /amd lattice constants have been multiplied by 2. The F ddd phases of
MgCr2 O4 (b) and ZnCr2 O4 (d) have smaller volumes compared to the I41 /amd phases.
In some cases, error bars are smaller than the data symbols. Reproduced with permission from reference [1] c 2013 IOP Publishing Ltd.
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and ZnCr2 O4 . While the estimated standard deviations suggest rather accurate
phase fractions (Table 4.2), separate refinements employing different profile
functions show variations of up to 10%. Scherrer analysis of de-convoluted
I41 /amd and F ddd peaks shown in Fig. 4.3(b) yield larger coherence lengths in
the tetragonal phases (∼ 70nm) of MgCr2 O4 and ZnCr2 O4 compared with the
orthorhombic phases (∼ 40nm). Williamson–Hall analysis yields larger room
temperature crystallite sizes of 118 nm in MgCr2 O4 and 200 nm in ZnCr2 O4 .
This suggests that the larger F d3̄m domains split at low temperature into smaller
domains of coexisting I41 /amd and F ddd phases which coexist down to the lowest temperatures studied (Table 4.2).
We have also examined a ZnCr2 O4 sample prepared using a K2 Cr2 O7 flux
to explore the effect of sample preparation conditions. High-resolution synchrotron X-ray diffraction measurements carried out at 7 K reveal that it is also
described by a combination of both I41 /amd and F ddd. There are subtle differences in the low-temperature phase composition of the flux-prepared sample.
The flux-prepared sample has a slightly higher F ddd phase fraction compared
with the solid-state ZnCr2 O4 sample (Table 4.2). Coexistence of I41 /amd and
F ddd phases in the spin-Jahn-Teller phases of both flux prepared and solid state
ZnCr2 O4 demonstrates that phase coexistence is independent of sample preparation methods.
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The F d3m lattice parameter of MgCr2 O4 and ZnCr2 O4 splits abruptly into
two I41 /amd and three F ddd lattice constants at TN , as shown in Fig. 4.4(a)
and (c) respectively. The evolution of lattice parameters of the flux-prepared
ZnCr2 O4 sample follows a similar trend. The F ddd a and c parameters of
MgCr2 O4 and ZnCr2 O4 show the greatest distortion from cubic symmetry.
The smaller cell volume of the F ddd phase of each compound compared to
its I41 /amd counterpart, suggests that F ddd is the lower energy structure.
MgCr2 O4 and ZnCr2 O4 undergo a first-order structural transition at TN indicated by the change in slope of the cell volume [Figure 4.4(b) and (d)], the
onset of a two-phase regime [Figure 4.3(b)], and the release of entropy (Figure
4.2).
Cr4 tetrahedra of MgCr2 O4 and ZnCr2 O4 are distorted below TN . We compute a tetrahedral distortion index of Cr4 tetrahedra, D = 1/n

Pn

i=1

|li − ¯l|/¯l,

where li is the ith Cr-Cr bond distance and ¯l is the average Cr-Cr bond
distance.[91] A larger D is seen for the F ddd phases of MgCr2 O4 and ZnCr2 O4
in comparison to the I41 /amd phases [Figure 4.5(a), (b), and (c)]. Similarly, we
compute an angle variance of Cr4 tetrahedra, σ 2 = 1/(m − 1)

Pm

i=1 (φi

− φ0 )2 ,

where φ0 is the ideal tetrahedron angle of 109.47◦ , φi is the measured angle,
and m is (the number of faces of a tetrahedron)× 3/2.[68, 92] A greater angle
variance occurs in the orthorhombic phases of MgCr2 O4 and ZnCr2 O4 rather
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Figure 4.5: Distortion of Cr4 tetrahedra in the spin-Jahn-Teller phases of MgCr2 O4 and
ZnCr2 O4 . At 12.9 K and 12.3 K, Cr-Cr bond distance distortions occur in MgCr2 O4 (a)
and ZnCr2 O4 (b) and (c). Bond distance distortions are indicated by the distortion
index (D). (b) Similarly angle variance (σ 2 ) shows that Cr4 angles are distorted below
TN in MgCr2 O4 (d) and ZnCr2 O4 (e) and (f). c denotes the solid-state polycrystalline
ZnCr2 O4 sample while x denotes the ZnCr2 O4 sample prepared using a K2 Cr2 O7 flux.
Distortions of Cr4 tetrahedra are suppressed in flux-prepared ZnCr2 O4 compared to
the solid-state ZnCr2 O4 sample. Reproduced with permission from reference [1] c
2013 IOP Publishing Ltd.
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than in the tetragonal phases [Figure 4.5(d), (e), and (f)]. The ZnCr2 O4 sample
prepared from a K2 Cr2 O7 flux has less distortion of its Cr4 tetrahedra compared
with the solid-state ZnCr2 O4 compound (Figure 4.5). The differences in distortion of the two ZnCr2 O4 samples is likely due to higher strain effects in the
K2 Cr2 O7 flux prepared sample. Of the two compounds studied, Cr4 tetrahedra
are more distorted in MgCr2 O4 than in ZnCr2 O4 .
The lattice parameters and magnetic properties of MgCr2 O4 and ZnCr2 O4
are sensitive to stoichiometry.[29] Lattice constants of MgCr2 O4 and ZnCr2 O4
reported in the literature show a large distribution with the most stoichiometric
compounds showing the smallest lattice parameters.[12, 28, 29, 37, 46, 84, 86,
93] Our samples are slightly non-stoichiometric with lattice parameters ≈0.1%
larger than those of stoichiometric compounds.[29] There appears to be a correlation between stoichiometry and the extracted ΘCW values. Stoichiometric
compounds of ZnCr2 O4 yield ΘCW values of ≈ −400 K[29, 46] while slightly offstoichiometric compounds have ΘCW values of ≈ −288 K as reported here. The
effect of stoichiometry on the low-temperature nuclear structures of MgCr2 O4
and ZnCr2 O4 should be examined. We anticipate that stoichiometric samples
will show one or both of the low-symmetry structures reported here.
The spin-Jahn-Teller distortion of MgCr2 O4 and ZnCr2 O4 resembles martensitic phase transitions, which are displacive solid-solid transitions. Much like
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martensitic phase transformations, the spin-Jahn-Teller distortions of MgCr2 O4
and ZnCr2 O4 are induced by varying temperature, involve changes in crystal
symmetry without a change in chemical composition, and show hysteresis. Volume changes between the parent and product phases of MgCr2 O4 and ZnCr2 O4 ,
that occur at the spin-Jahn-Teller distortion temperature, could induce strains
that result in the coexistence of multiple phases.
It is important to consider whether a single low-symmetry space group could
model the data. Our refinements using F 222, C2/c, or I2/a were unable to generate the observed peak separations. Analysis of the Cr4 tetrahedra distortions
shows that the F ddd phase is more distorted than the I41 /amd phase. Additionally, the F ddd phase fraction increases slightly with a decrease in temperature
below TN . The combination of these two effects would be challenging to describe using a single low-symmetry structural model. Further, the two-phase
I41 /amd and F ddd model is robust against changes in sample preparation conditions.
Phase coexistence following a phase transition is not unusual.

Com-

positional inhomogeneity contributes to multiple low-temperature phases in
Nd0.5 Sr0.5 MnO3 .[94] Similarly, complex phase behavior featuring three coexisting phases occurs in the relaxor-ferroelectric systems Pb(Mg,Nb,Ti)O3 due to internal strain, and are proposed to be intrinsic to the system.[95] Distortion from
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F d3m to I41 /amd symmetry, driven by orbital ordering, occurs in the related
spinel compounds NiCr2 O4 and CuCr2 O4 . This is followed by further distortion
to F ddd symmetry due to magnetostructural coupling.[14] The magnetostructural distortions of NiCr2 O4 and CuCr2 O4 are of the same order of magnitude
as the structural distortions we observe in MgCr2 O4 and ZnCr2 O4 . We make the
suggestion that while tetragonal distortion alone may be sufficient to lift spin
degeneracy in MgCr2 O4 and ZnCr2 O4 , magnetostructural coupling could drive
further distortion from tetragonal to orthorhombic symmetry.

4.4

Conclusion

In summary, we report coexisting I41 /amd and F ddd phases in the spinJahn-Teller structures of MgCr2 O4 and ZnCr2 O4 . Nearly equal phase fractions
of the I41 /amd and the F ddd phase coexist below TN . The tetragonal phases
have larger coherence lengths than the orthorhombic phases. We make comparisons between the spin-Jahn-Teller phase transitions of MgCr2 O4 and ZnCr2 O4
and martensitic phase transitions. We propose that two mechanisms, spin frustration and magnetostructural coupling, could potentially give rise to the observed structural phase coexistence in MgCr2 O4 and ZnCr2 O4 . We note that
temperature-dependent heat capacity measurements of MgCr2 O4 show two fea-
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tures that likely correspond to a slight separation in temperature of the structural and magnetic phase transitions.
The hallmark of a frustrated system is a highly degenerate ground state configuration. The manifold of degenerate ground states is susceptible to slight perturbations that often give rise to emergent behavior. Examples of novel properties include the observation of zero energy excitations in the degenerate ground
state of ZnCr2 O4 .[8] This work presents new insights into the ground state nuclear structures of MgCr2 O4 and ZnCr2 O4 . This new understanding of the crystal
structure of the canonically frustrated systems MgCr2 O4 and ZnCr2 O4 has important consequences for theoretical studies of these systems and the interpretation of excitations in the spin-Jahn-Teller–ordered phases of these compounds.
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Chapter 5
Structural ground states of
(A, A0)Cr2O4(A=Mg, Zn; A0 = Co,
Cu) spinel solid solutions:
Spin-Jahn-Teller and Jahn-Teller
effects
1

The contents of this chapter have substantially appeared in reference [96]: M. C. Kemei, S.
L. Moffitt, L. E. Darago, R. Seshadri, M. R. Suchomel, D. P. Shoemaker, K. Page, and J. Siewenie,
Structural ground states of (A, A0 )Cr2 O4 (A=Mg, Zn; A0 = Co, Cu) spinel solid solutions: SpinJahn-Teller and Jahn-Teller effects, Phys. Rev. B 89 174411 (2014), c 2014 American Physical
Society.
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We examine the effect of small amounts of magnetic substituents in the
A sites of the frustrated spinels MgCr2 O4 and ZnCr2 O4 . Specifically we look
for the effects of spin and lattice disorder on structural changes accompanying magnetic ordering in these compounds. Substitution of Co2+ on the nonmagnetic Zn2+ site in Zn1−x Cox Cr2 O4 where 0 < x ≤ 0.2 completely suppresses
the spin-Jahn-Teller distortion of ZnCr2 O4 although these systems remain frustrated, and magnetic ordering occurs at very low temperatures of T < 20 K. On
the other hand, the substitution of Jahn-Teller active Cu2+ for Mg2+ and Zn2+
in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 where 0 < x ≤ 0.2 induce Jahn-Teller ordering at temperatures well above the Néel temperatures of these solid solutions, and yet spin interactions remain frustrated with long-range magnetic ordering occurring below 20 K without any further lattice distortion. The JahnTeller distorted solid solutions Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 adopt the
orthorhombic F ddd structure of ferrimagnetic CuCr2 O4 . Total neutron scattering studies of Zn1−x Cux Cr2 O4 suggest that there are local AO4 distortions in
these Cu2+ -containing solid solutions at room temperature and that these distortions become cooperative when average structure distortions occur. Magnetism
evolves from compensated antiferromagnetism in MgCr2 O4 and ZnCr2 O4 to uncompensated antiferromagnetism with substitution of magnetic cations on the
non-magnetic cation sites of these frustrated compounds. The sharp heat ca-
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pacity anomalies associated with the first-order spin-Jahn-Teller transitions of
MgCr2 O4 and ZnCr2 O4 become broad in Mg1−x Cux Cr2 O4 , Zn1−x Cox Cr2 O4 , and
Zn1−x Cux Cr2 O4 when x > 0. We present a temperature-composition phase diagram summarizing the structural ground states and magnetic properties of the
studied spinel solid solutions.

5.1

Introduction

Triangular lattice topologies are at the center of complex ground states in
functional oxides as has been shown in the charge ordered triangular metallic
AgNiO2 where charge ordering rather than a Jahn-Teller distortion lifts orbital
degeneracy[97] and in geometrically frustrated spin systems such as ZnCr2 O4
where magnetic ordering is accompanied by a lattice distortion.[8] The ground
states of the canonical spin frustrated systems ACr2 O4 (A = Mg,[1, 27, 28, 86]
Zn,[1, 8, 25, 84] Cd,[27, 33, 85] and Hg[34]) have been extensively explored.
To understand the degenerate ground states of ACr2 O4 spinels, the effect of
spin disorder on the magnetic properties of these systems has been investigated;
spin disorder is introduced by substituting magnetic ions on the non-magnetic A
sublattice of these materials.[36, 37, 98] Similarly, the effect of low concentrations of magnetic vacancies on the Cr sublattice of ZnCr2(1−x) Ga2x O4 has been
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studied showing that the freezing temperature of these systems for small x is
independent of the spin vacancy concentration.[99] However, the effect of spin
and lattice disorder on the structural ground states of the canonical frustrated
systems MgCr2 O4 and ZnCr2 O4 has so far not been studied.
Here, we study magnetic ordering and correlated or uncorrelated structural
changes in MgCr2 O4 and ZnCr2 O4 when low concentrations of magnetic cations
are substituted on the non-magnetic A site. MgCr2 O4 and ZnCr2 O4 are ideal
candidates for the present study as they are: (i) Strongly frustrated with expected ordering temperatures of about 400 K yet suppressed antiferromagnetic
ordering occurs below 15 K.[29] (ii) Their structural and magnetic ground states
are strongly coupled with a lattice distortion occurring concomitantly with antiferromagnetic ordering.[1, 8, 86] (iii) Finally, Cr3+ 3d3 strongly prefers the
octahedral site where it has a non-degenerate electronic configuration thus enabling compositional variation only on the tetrahedral A site. The effect of spin
disorder on the structural ground states of ZnCr2 O4 is investigated by substituting magnetic Co2+ with a tetrahedral ionic radius of 0.58 Å for Zn2+ which has
an ionic radius of 0.6 Å in tetrahedral coordination.[100] The similarity in ionic
radii between Co2+ and Zn2+ minimizes the effects of lattice distortion while allowing us to probe the effect of dilute A site spins on the structural ground states
of ZnCr2 O4 . Jahn-Teller active Cu2+ with an ionic radii of 0.57 Å is introduced
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to the A sites of MgCr2 O4 and ZnCr2 O4 to study the effect of both structural
and spin disorder on the structural ground states of these systems.[100] Mg2+
has a Shannon-Prewitt ionic radius of 0.57 Å in tetrahedral coordination.[100]
This study is enabled by variable-temperature high-resolution synchrotron
X-ray diffraction, which is a powerful tool for investigating the coupling of spin
and lattice degrees of freedom in magnetic oxides. For example, it has been
used to show that exchange striction drives further distortions to orthorhombic
symmetry in the already Jahn-Teller distorted tetragonal spinels NiCr2 O4 and
CuCr2 O4 .[14] Similarly, high-resolution synchrotron X-ray diffraction revealed
phase coexistence in the spin-Jahn-Teller phases of MgCr2 O4 and ZnCr2 O4 .[1]
Barton et al. have also shown a spin-driven rhombohedral to monoclinic structural distortion in Co10 Ge3 O16 .[101]
We show that ≥ 10% Co2+ ions on the Zn2+ site of ZnCr2 O4 suppress the
structural distortion that accompanies antiferromagnetic ordering in ZnCr2 O4 .
We also find that concentrations ≥ 10% of Jahn-Teller active Cu2+ on the Mg2+
site of MgCr2 O4 and on the Zn2+ site of ZnCr2 O4 induce average structure distortions at temperatures above the magnetic ordering temperature. The JahnTeller average structure distortion in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 occurs at higher temperatures with increase in x. Despite the lattice distortions
in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 when x ≥ 0.1, magnetic interactions re111

main frustrated and no further average structure distortions are observed at
the Néel temperature. The Jahn-Teller distorted systems Mg1−x Cux Cr2 O4 and
Zn1−x Cux Cr2 O4 when x ≥ 0.1, are orthorhombic in the space group F ddd. In
all the studied solid solutions, magnetism evolves from frustrated antiferromagnetism to glassy uncompensated antiferromagnetism.

5.2

Methods

Powder samples of Zn1−x Cox Cr2 O4 , Mg1−x Cux Cr2 O4 , and Zn1−x Cux Cr2 O4
were prepared using solid state preparation methods.

The samples

Mg1−x Cux Cr2 O4 were prepared from stoichiometric solution mixtures of the nitrates Mg(NO3 )2 .6H2 O, Cu(NO3 )2 .6H2 O, and Cr(NO3 )3 .9H2 O. The nitrate precursor was calcined at temperatures between 700 ◦ C and 1000 ◦ C for 10 hours as
reported by Shoemaker and Seshadri.[93] Powders of Zn1−x Cux Cr2 O4 were prepared from stoichiometric amounts of ZnO, CuO, and Cr2 O3 that were ground,
pressed into pellets, and calcined at 800 ◦ C for 12 hours.

These samples

were reground, pressed into pellets, and annealed at 1000 ◦ C for 48 hours
followed by further annealing at 800 ◦ C for 12 hours. Stoichiometric powders of Zn1−x Cox Cr2 O4 were prepared from CoC2 O4 .2H2 O, ZnO, and Cr2 O3 .
These powders were mixed, pressed into pellets, and calcined at 800 ◦ C for 12
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hours. The samples were then reground, pressed into pellets, and annealed
at 1150 ◦ C for 12 hours followed by further annealing at 800 ◦ C for 24 hours.
Samples were structurally characterized by high-resolution (δQ/Q ≤ 2 ×10−4 ,
λ = 0.413393 Å) variable-temperature (6 K ≤ T ≤ 300 K) synchrotron X-ray powder diffraction at beamline 11BM at the Advanced Photon Source, Argonne National Laboratory. Diffraction patterns were fit to structural models using the Rietveld method as implemented in the EXPGUI/GSAS software program.[66, 67]
Crystal structures are visualized using the program VESTA. [68] Magnetic properties were measured using the Quantum Design MPMS 5XL superconducting quantum interference device (SQUID). Heat capacity measurements were
performed using a Quantum Design Physical Properties Measurement System.
Time-of-flight neutron scattering data was collected on the NPDF instrument at
Los Alamos National Laboratory. The neutron pair distribution function (NPDF)
with a maximum Q of 35 Å was processed using the PDFGETN program.[102]
Least squares refinement of the NPDFs was performed using PDFGUI.[103]
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Zn1−xCoxCr2O4: x ≤ 0.2
ZnCr2 O4 and CoCr2 O4 are normal cubic spinels in the space group F d3m at
room temperature. These systems vary significantly in their magnetic properties, primarily due to the differences in properties of the A site cations. Zn2+
has the closed electron configuration [Ar]3d10 which renders it magnetically inert. Direct antiferromagnetic Cr3+ -Cr3+ interactions in the pyrochlore Cr sublattice of ZnCr2 O4 give rise to geometric frustration. A spin-Jahn-Teller distortion
partially lifts spin frustration in ZnCr2 O4 enabling the onset of antiferromagnetic order at the Néel temperature.[8, 31, 84, 90] The nuclear structure of the
spin-Jahn-Teller phase of ZnCr2 O4 has been extensively studied.[1, 8, 31, 84]
Recently, our group has proposed a structural model of coexisting tetragonal
I41 /amd and orthorhombic F ddd phases for ZnCr2 O4 .[1] On the other hand,
Co2+ has the electronic configuration [Ar]3d7 with three unpaired spins that
interact ferrimagnetically with Cr3+ through Co2+ -O-Cr3+ superexchange interactions. CoCr2 O4 shows complex magnetic behavior; it undergoes a magnetic
phase transition from a paramagnetic state to a ferrimagnetic long-range ordered state near 94 K.[4, 64, 104] A recent report by Chang et al. shows long
range spiral order in CoCr2 O4 below 25 K with an incommensurate propagation
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Table 5.1: Magnetic parameters of Zn1−x Cox Cr2 O4 . µef f and ΘCW were extracted from fitting the susceptibility in the temperature ranges 300 K < T < 390 K,
250 K < T < 390 K, and 200 K < T < 390 K to the Curie-Weiss equation χ = T −ΘCCW .
Reported are the mean µef f and ΘCW values along with their standard deviation.
ZnCr2 O4
Zn0.9 Co0.1 Cr2 O4
Zn0.8 Co0.2 Cr2 O4

TN (K)
12.3
9
11

µexp (µB )
5.06(0.01)
5.41(0.01)
5.60(0.01)

µcalc (µB )
5.48
5.61
5.74

ΘCW (K)
−277(4)
−349(2)
−373(4)

vector and a transition at 14 K to commensurate spiral order.[105] While no
studies report a lowering of structural symmetry in CoCr2 O4 , ultrasound propagation measurements performed on single crystals of CoCr2 O4 by Tsurkan et
al. show a field-induced structural distortion to cubic symmetry at high magnetic fields.[106] CoCr2 O4 exhibits spin charge coupling; the onset of incommensurate spiral order in CoCr2 O4 is accompanied by a change in the dielectric
constant.[4, 75] In addition, the dielectric constant shows magnetic field dependence below 95 K. [75] We examine the changes in structural ground states of
ZnCr2 O4 when 10% and 20% Co2+ cations are substituted on the non-magnetic
Zn2+ site.
At room temperature, the prepared compounds Zn1−x Cox Cr2 O4 where
x ≤ 0.2 are cubic spinels in the space group F d3m (Fig. 5.1 and Tables 5.4
and 5.5). The similarity in the tetrahedral ionic radii of Co2+ and Zn2+ allows
the entire solid solution Zn1−x Cox Cr2 O4 to retain cubic F d3m symmetry at room
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Figure 5.1: Room temperature synchrotron X-ray diffraction of the compounds (a)
ZnCr2 O4 , (b) Zn0.9 Co0.1 Cr2 O4 , and (c) Zn0.8 Co0.2 Cr2 O4 . All samples are well described in the cubic space group F d3m and no impurity peaks are observed. (d) A
unit cell expansion occurs with substitution of Co2+ for Zn2+ in Zn1−x Cox Cr2 O4 . The
dashed line is a linear fit to the lattice parameters of Zn1−x Cox Cr2 O4 . Reproduced
with permission from reference [96], c 2014 American Physical Society.
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temperature.[37] Despite the smaller ionic radius of Co2+ , a unit cell expansion
occurs with substitution of Co2+ for Zn2+ in Zn1−x Cox Cr2 O4 . The observed unit
cell expansion has been previously reported and is attributed to higher cationcation repulsion with increasing substitution of the more ionic Co2+ for Zn2+ in
Zn1−x Cox Cr2 O4 .[37]
Figure 5.2 shows the scaled inverse susceptibility of the systems
Zn1−x Cox Cr2 O4 . This representation is selected because it clearly differentiates
compensated interactions from uncompensated interactions.[37] Compensated
interactions yield a positive deviation of the inverse scaled susceptibility from
the paramagnetic model while uncompensated interactions result in a negative
deviation of the inverse scaled susceptibility from the Curie−Weiss model. Antiferromagnetic interactions of the geometrically frustrated spinel ZnCr2 O4 [Fig
5.2 and Fig.5.3 (a)] evolve to uncompensated antiferromagnetic interactions in
Zn0.8 Co0.2 Cr2 O4 [Fig 5.2 and Fig. 5.3 (c)]. An increase in the number of magnetic interactions is expected in Zn1−x Cox Cr2 O4 with increase in x. Accordingly,
Curie−Weiss fitting in the paramagnetic regime of Zn1−x Cox Cr2 O4 yields an increasing ΘCW with x (Table 5.1). Similarly, the expected increase in effective
moment with Co2+ substitution is also observed (Table 5.1). When spins are
substituted on the non-magnetic A sites of ACr2 O4 spinels at concentrations
greater than 20%, spin frustration is lifted.[36, 37, 98] However, at dilute A site
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Figure 5.2: The inverse scaled temperature-dependent susceptibility of the spinels
Zn1−x Cox Cr2 O4 are shown along with the Curie−Weiss model. Magnetism evolves
from compensated antiferromagnetism in ZnCr2 O4 to uncompensated antiferromagnetism in Zn0.8 Co0.2 Cr2 O4 . The Curie−Weiss fit was modeled to the susceptibility in
the temperature range 200 K < T < 390 K. Reproduced with permission from reference
[96], c 2014 American Physical Society.

118

Figure 5.3: Suppression of the spin-Jahn-Teller distortion in Zn1−x Cox Cr2 O4 with increase in x. (a) Inverse scaled magnetic susceptibility as a function of temperature for
(a) ZnCr2 O4 , (b) Zn0.9 Co0.1 Cr2 O4 , and (c) Zn0.8 Co0.2 Cr2 O4 measured in a 1000 Oe
field. The dashed black line is the paramagnetic model which describes the data in
the paramagnetic regime where spins are disordered. Compensated antiferromagnetic
interactions of ZnCr2 O4 shown by the positive deviation of the inverse susceptibility from the Curie−Weiss model become uncompensated with the introduction of
Co2+ in place of Zn2+ as illustrated by negative deviation of the susceptibility of
Zn0.8 Co0.2 Cr2 O4 from the paramagnetic model. The middle panel shows variabletemperature high-resolution X-ray powder diffraction of the cubic (800) reflection.
Geometric frustration in ZnCr2 O4 drives the lattice distortion shown by the splitting
of the (800) reflection at the Néel temperature (12.3 K) of ZnCr2 O4 . The spin-JahnTeller distortion of ZnCr2 O4 is suppressed even when only 10% Co2+ cations are
substituted for Zn2+ . (d) The sharp heat capacity anomaly observed at the spinJahn-Teller distortion temperature of ZnCr2 O4 is suppressed in Zn0.9 Co0.1 Cr2 O4 (e)
and strongly suppressed in Zn0.8 Co0.2 Cr2 O4 (f). Reproduced with permission from
reference [96], c 2014 American Physical Society.
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spin concentrations, disorder in the spin interactions has been shown to further
suppress magnetic ordering. [36, 37, 98] Due to the disorder in spin interactions, magnetic ordering in Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 occurs at lower
temperatures compared to ZnCr2 O4 (Table 5.1).
Antiferromagnetic order in ZnCr2 O4 occurs concurrently with a structural
distortion (middle panel of Fig. 5.3). The structural ground state of ZnCr2 O4
has been extensively investigated and a recent report from our group shows
that the spin-Jahn-Teller phase of ZnCr2 O4 is best described by the combination
of tetragonal I41 /amd and orthorhombic F ddd space groups.[1, 31, 84] While
ZnCr2 O4 exhibits a clear lattice distortion at the Néel temperature, the cubic
F d3m (800) reflection for samples x = 0.1 and x = 0.2 shows no divergence illustrating the complete suppression of long-range structural distortion in these
materials. As a result, the average nuclear structures of Zn0.9 Co0.1 Cr2 O4 and
Zn0.8 Co0.2 Cr2 O4 near 5 K are well modeled by the cubic space group F d3m as
illustrated in Fig. 5.4. However, a clear peak broadening of the (800) reflection
occurs near 5 K in Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 as shown in Fig. 5.4 (c)
and (f) respectively. This broadening is indicative of higher strain at low temperatures that can result from local distortions in these materials. The structural
parameters of Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 are tabulated in Tables 5.4
and 5.5.
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Figure 5.4: Low temperature synchrotron X-ray diffraction of (a) Zn0.9 Co0.1 Cr2 O4 , and
(d) Zn0.8 Co0.2 Cr2 O4 modeled to the cubic space group F d3m. The (800) reflections of
Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 at room temperature are shown here in (b) and
(e) respectively and near 5 K in (c) and (f) respectively. A broadening of the (800)
reflection is observed at low temperature in Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 .
Reproduced with permission from reference [96], c 2014 American Physical Society.
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The spin-Jahn-Teller distortion of ZnCr2 O4 yields a sharp heat capacity
anomaly at TN [Fig. 5.3 (d)]. This heat capacity anomaly is slightly suppressed
in Zn0.9 Co0.1 Cr2 O4 and it becomes very broad in Zn0.8 Co0.2 Cr2 O4 [Fig. 5.3 (e)
and (f)]. The suppression of the heat capacity anomalies in Zn0.9 Co0.1 Cr2 O4
and Zn0.8 Co0.2 Cr2 O4 shows that these systems host residual spin and structural
disorder.
We have shown the differences in structural ground state when ≥ 10% of
Co2+ are substituted on the non-magnetic A site of ZnCr2 O4 . The structural
distortion that accompanies magnetic ordering in ZnCr2 O4 is completely suppressed even for only 10% Co2+ substitution in Zn0.9 Co0.1 Cr2 O4 . This suggests
that random Co-O-Cr superexchange interactions in Zn1−x Cox Cr2 O4 , partially
break the spin ground state degeneracy of these systems, allowing the onset of
a magnetic ground state without the need for a long range structural distortion. It is also plausible that random Co-O-Cr superexchange interactions could
be disrupting the coherency of Cr-Cr exchange coupling paths thus inhibiting
spin-Jahn-Teller distortions in Zn0.9 Co0.1 Cr2 O4 and Zn0.8 Co0.2 Cr2 O4 . Small substitutions of Co2+ for Mg2+ will likely suppress the Spin-Jahn-Teller distortion
of MgCr2 O4 ; this is supported by the similar structural effects of Cu2+ substitutions for Mg2+ and Zn2+ in MgCr2 O4 and ZnCr2 O4 as discussed in the following
sections.
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Mg1−xCuxCr2O4: x ≤ 0.2
We examine the effect of both spin and lattice disorder on the spin-JahnTeller ground state of MgCr2 O4 by substituting ≥ 10% of Jahn-Teller active Cu2+
for Mg2+ . At room temperature the normal spinels MgCr2 O4 and CuCr2 O4 have
different structural ground states; MgCr2 O4 is cubic while CuCr2 O4 is tetragonal. The tetragonal structure of CuCr2 O4 results from cooperative Jahn-Teller
ordering of CuO4 tetrahedra at T = 853 K.[18] MgCr2 O4 is a frustrated antiferromagnet, and its transition to an ordered magnetic state at TN = 12.9 K is
accompanied by a structural distortion.[28, 86] The spin-Jahn-Teller distorted
phase of MgCr2 O4 had been previously described by the tetragonal I41 /amd
structure,[28, 86] but we have recently shown that this system consists of coexisting tetragonal I41 /amd and orthorhombic F ddd phases.[1] CuCr2 O4 is ferrimagnetic, with magnetic Cu2+ and Cr3+ sublattices contributing to a noncollinear magnetic structure where two canted Cr3+ sublattices yield a magnetic
moment that is partially compensated by the Cu2+ sublattice at TN = 135 K.[61]
In addition to the high temperature Jahn-Teller driven cubic-tetragonal phase
transition, CuCr2 O4 undergoes yet another structural distortion from tetragonal
I41 /amd to orthorhombic F ddd symmetry near 130 K due to magnetostructural
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Figure 5.5: Rietveld refinement of room temperature high resolution synchrotron Xray powder diffraction of (a) MgCr2 O4 (b) Mg0.9 Cu0.1 Cr2 O4 and (c) Mg0.8 Cu0.2 Cr2 O4
to the cubic space group F d3m. All samples show a very small Cr2 O3 impurity with
concentrations < 1% in all samples. (d) The cubic lattice constant in Mg1−x Cux Cr2 O4
decreases linearly with increase in Cu2+ concentration. Error bars are smaller than data
symbols. Reproduced with permission from reference [96], c 2014 American Physical
Society.

124

Table 5.2: Magnetic parameters of Mg1−x Cux Cr2 O4 . µef f and ΘCW were extracted from fitting the susceptibility in the temperature ranges 300 K < T < 390 K,
250 K < T < 390 K, and 200 K < T < 390 K to the Curie-Weiss equation χ = T −ΘCCW .
Reported are the mean µef f and ΘCW values along with their standard deviation.
MgCr2 O4
Mg0.9 Cu0.1 Cr2 O4
Mg0.8 Cu0.2 Cr2 O4

TN (K)
12.9
11
15

µexp (µB )
5.21(0.03)
5.34(0)
5.3(0.01)

µcalc (µB )
5.47
5.50
5.53

ΘCW (K)
−357(7)
−361(1)
−334(3)

coupling.[14]
The prepared spinel solid solutions Mg1−x Cux Cr2 O4 where x ≤ 0.2 are cubic with the space group F d3m at room temperature [Fig. 5.5 (a), (b), and
(c)]. While tetrahedral Mg2+ and Cu2+ have identical Shannon-Prewitt ionic
radii, we observe a lattice contraction with increase in Cu2+ , following Vegard’s
law [Figure 5.5 (d)]. This decrease in lattice constant with Cu2+ substitution
is consistent with the earlier work by Shoemaker and Seshadri[93] and with
the smaller pseudocubic cell volume of CuCr2 O4 (566.38 Å3 )[14] compared with
that of MgCr2 O4 (579.017 Å) at room temperature.[1] The structural parameters
of Mg1−x Cux Cr2 O4 for x = 0.1 and 0.2 at 300 K are tabulated in Tables. 5.6 and
5.7.
The evolution of magnetism in Mg1−x Cux Cr2 O4 where x ≤ 0.2, is similar
to that observed in Zn1−x Cox Cr2 O4 ; frustrated antiferromagnetism in MgCr2 O4
evolves to uncompensated antiferromagnetism in Mg0.8 Cu0.2 Cr2 O4 [Fig. 5.6 and
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Figure 5.6: The inverse scaled temperature-dependent susceptibility of the spinels
Mg1−x Cux Cr2 O4 are shown along with the Curie−Weiss fits that were modeled in the
temperature range 200 K < T < 390 K. Compensated antiferromagnetism in MgCr2 O4
evolves to uncompensated antiferromagnetism in Mg0.8 Cu0.2 Cr2 O4 . Reproduced with
permission from reference [96], c 2014 American Physical Society.
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Figure 5.7: Spin-Jahn-Teller and Jahn-Teller ordering in Mg1−x Cux Cr2 O4 . The top
panel shows the scaled inverse susceptibility of MgCr2 O4 (a), Mg0.9 Cu0.1 Cr2 O4 (b)
and Mg0.8 Cu0.2 Cr2 O4 (c) measured in a 1000 Oe field. Compensated antiferromagnetic interactions in MgCr2 O4 (a) and Mg0.9 Cu0.1 Cr2 O4 (b) evolve to uncompensated
antiferromagnetic interactions in Mg0.8 Cu0.2 Cr2 O4 (c). Geometric frustration of spins
in MgCr2 O4 drives a structural distortion at TN = 12.9 K that is indicated by the splitting of the high symmetry (800) reflection. Cooperative Jahn-Teller ordering spurs
average structure distortions in Mg0.9 Cu0.1 Cr2 O4 at T ∼ 35 K and Mg0.8 Cu0.2 Cr2 O4
at T ∼ 110 K. The structural distortions in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4
are decoupled from the magnetism and no further structural distortions occur near
the Néel temperature of these compounds although they exhibit spin frustration. (d)
There is a sharp heat capacity anomaly at the Néel temperature of MgCr2 O4 with a
shoulder feature plausibly indicating a slight separation in temperature of the magnetic
and structural transitions. (e) Mg0.9 Cu0.1 Cr2 O4 shows a broad heat capacity anomaly
with a kink at TN . (f) Similarly, Mg0.8 Cu0.2 Cr2 O4 shows a broad heat capacity peak
in the temperature range 6 K≤ T ≤80 K. Reproduced with permission from reference
[96], c 2014 American Physical Society.
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Fig. 5.7 (a), (b), and (c)]. The positive deviation of the inverse scaled susceptibility from the paramagnetic model in MgCr2 O4 and Mg0.9 Cu0.1 Cr2 O4 illustrates that antiferromagnetic interactions are compensated in these materials [Fig. 5.7 (a) and (b)]. Further substitution of Cu2+ cations for Mg2+ yields
uncompensated antiferromagnetic interactions that result in the negative deviation of the inverse scaled susceptibility from the Curie−Weiss model below
the Néel temperature as observed in Mg0.8 Cu0.2 Cr2 O4 [Fig. 5.7 (c)]. Antiferromagnetic ordering in Mg0.9 Cu0.1 Cr2 O4 occurs at a lower temperature than in
MgCr2 O4 due to dilute JCu−O−Cr couplings interfering with JCr−Cr couplings
(Table 5.2). However, the increase in Cu2+ concentration in Mg0.8 Cu0.2 Cr2 O4
yields a higher magnetic ordering temperature and this is consistent with the
findings that sufficient magnetic A site spins lift frustration in geometrically
frustrated ACr2 O4 spinels.[36, 37, 98] Curie−Weiss fitting in the paramagnetic
regime of Mg1−x Cux Cr2 O4 yields a slight increase in the effective moment of
Mg0.9 Cu0.1 Cr2 O4 and a weakening of the overall strength of magnetic interactions shown by the decrease in the magnitude of ΘCW (Table 5.2). Weaker antiferromagnetic interactions with Cu2+ substitution are attributed to the effects of
spin disorder due to dilute A site spins. The decrease in ΘCW in Mg1−x Cux Cr2 O4
with increase in x contrasts with the increase in ΘCW in Zn1−x Cox Cr2 O4 with
increase in x; this difference is attributed to the higher spin of Co2+ 3d7 s = 23
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compared to Cu2+ 3d9 s = 12 . The higher spin of Co2+ contributes to stronger
magnetic interactions in Zn1−x Cox Cr2 O4 .
Structural distortions are observed in all compounds Mg1−x Cux Cr2 O4 when
x ≤ 0.2. The spin-Jahn-Teller distortion of MgCr2 O4 is illustrated by the splitting of the (800) reflection to several low temperature peaks (Leftmost middle
panel of Fig. 5.7). While degeneracy in spin ground states drives the structural distortion in MgCr2 O4 , degeneracy in the orbital configurations of tetrahedral Cu2+ drive Jahn-Teller distortions in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4
at 35 K and 110 K respectively.

The middle panel of figure 5.7 shows the

splitting of the coincident (731) and (553) reflections in Mg0.9 Cu0.1 Cr2 O4 and
Mg0.8 Cu0.2 Cr2 O4 . The Jahn-Teller distortion increases with Cu2+ concentration
as shown by the larger separation between the low-temperature reflections of
Mg0.8 Cu0.2 Cr2 O4 and the onset of this distortion at higher temperature in this
compound. We note that magnetic transitions do not accompany the structural
distortions of Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 . The Jahn-Teller phases
of Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 are well modeled by the orthorhombic F ddd structure (Fig. 5.8) that is ascribed to CuCr2 O4 following its magnetostructural distortion.[14] An important difference between CuCr2 O4 and
these systems studied here is that the orthorhombic structure of CuCr2 O4 occurs due to magnetostructural coupling[14] while the orthorhombic structure of
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Figure 5.8: Low temperature structures of (a) Mg0.9 Cu0.1 Cr2 O4 and (d)
Mg0.8 Cu0.2 Cr2 O4 indexed to the orthorhombic F ddd structure. Data is shown in
black, the structural model in orange and the difference between the structural model
and the data is in blue. Below the respective Jahn-Teller ordering temperatures of
Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 , the coincident (731) and (553) reflections
shown in (b) and (c) split into several reflections as shown in (c) and (f). Reproduced
with permission from reference [96], c 2014 American Physical Society.
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Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 occurs in the paramagnetic regime driven
primarily by cooperative Jahn-Teller ordering.
The spin-Jahn-Teller distortion of MgCr2 O4 results in a sharp heat capacity anomaly with a slight shoulder feature [Fig. 5.7 (d)]. The shoulder feature is likely due to a slight separation in temperature of the magnetic and
structural changes. The onset of heat capacity changes in Mg0.9 Cu0.1 Cr2 O4 and
Mg0.8 Cu0.2 Cr2 O4 occur at high temperatures where structural changes begin and
they persist to low temperatures where magnetic ordering occurs [Fig. 5.7 (e)
and (f)].
While the substitution of Co2+ for Zn2+ suppresses spin-Jahn-Teller distortion in ZnCr2 O4 , ≥ 10% substitution of Jahn-Teller active Cu2+ for Mg2+ induces
structural distortions in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 at temperatures
above the magnetic ordering temperatures of these compounds. The structural
distortions in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 affect the pyrochlore Cr
sublattice; while there is only one Cr-Cr bond length at room temperature in
the cubic phases of these systems, there are three Cr-Cr bond lengths in the
orthorhombic phases of these materials. Surprisingly, spin interactions remain
frustrated in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4 with magnetic ordering occurring below 18 K despite the presence of distortions in the pyrochlore Cr sublattice of these materials at temperatures above their Néel temperatures. No fur131

ther structural distortions are observed in Mg0.9 Cu0.1 Cr2 O4 and Mg0.8 Cu0.2 Cr2 O4
near the Néel temperature.

5.5

Structural

ground

states

of

the

spinels

Zn1−xCuxCr2O4: x ≤ 0.2
We examine the effect of Cu2+ substitutions for Zn2+ on the spin-JahnTeller distortion of ZnCr2 O4 .

All prepared samples Zn1−x Cux Cr2 O4 where

x ≤ 0.2 are cubic spinels in the space group F d3m at room temperature as
shown in Fig 5.9.

Like in the solid solutions Mg1−x Cux Cr2 O4 , the substi-

tution of Cu2+ for Zn2+ results in a steady decrease of the lattice constant
[Fig 5.9 (d)]. This lattice decrease is in good agreement with the smaller
cell volume of CuCr2 O4 (566.38 Å3 )[14] at room temperature compared to
ZnCr2 O4 (577.520 Å3 ).[1] The structural parameters of Zn1−x Cux Cr2 O4 are tabulated in Tables 5.8 and 5.8.
Compensated

antiferromagnetic

interactions

in

ZnCr2 O4

and

Zn0.9 Cu0.1 Cr2 O4 illustrated by the positive deviation of the inverse scaled
susceptibility from the Curie−Weiss model evolve to uncompensated antiferromagnetic interactions in Zn0.8 Cu0.2 Cr2 O4 where the inverse scaled susceptibility
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Figure 5.9: High resolution synchrotron X-ray powder diffraction of the systems (a)
ZnCr2 O4 (b) Zn0.9 Cu0.1 Cr2 O4 and (c) Zn0.8 Cu0.2 Cr2 O4 measured at room temperature. All compounds are well indexed by the cubic space group F d3m. (d) A linear
decrease of the cubic lattice constant occurs with Cu2+ substitution for Zn2+ . Error
bars are smaller than data symbols. Reproduced with permission from reference [96],
c 2014 American Physical Society.
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Table 5.3: Magnetic parameters of Zn1−x Cux Cr2 O4 . µef f and ΘCW were extracted from fitting the susceptibility in the temperature ranges 300 K < T < 390 K,
250 K < T < 390 K, and 200 K < T < 390 K to the Curie-Weiss equation χ = T −ΘCCW .
Reported are the mean µef f and ΘCW values along with their standard deviation.
ZnCr2 O4
Zn0.9 Cu0.1 Cr2 O4
Zn0.8 Cu0.2 Cr2 O4

TN (K)
12.3
11
16

µexp (µB )
5.06(0.02)
4.89(0.02)
5.03(0.02)

µcalc (µB )
5.47
5.50
5.53

ΘCW (K)
−277(4)
−237(4)
−276(6)

deviates negatively from the paramagnetic model [Fig. 5.10]. The onset of
magnetic ordering in Zn0.9 Cu0.1 Cr2 O4 occurs at lower temperatures than in
ZnCr2 O4 due to disorder arising from dilute A site spins while Zn0.8 Cu0.2 Cr2 O4
shows the highest ordering temperature of the studied Zn1−x Cux Cr2 O4 compounds (Table 5.3). A slight decrease in the effective moment is observed with
Cu2+ substitution in ZnCr2 O4 and this is attributed to the presence of short
range spin interactions in the paramagnetic regime contributing to the underestimation of the effective moment (Table 5.3). As observed in Mg1−x Cux Cr2 O4 ,
a decrease in the magnitude of ΘCW occurs in Zn1−x Cux Cr2 O4 with increase
in x suggesting that dilute Cu2+ substitutions weaken the overall strength of
magnetic interactions in MgCr2 O4 and ZnCr2 O4 .
Geometric spin frustration drives a lattice distortion at the antiferromagnetic ordering temperature of ZnCr2 O4 while Jahn-Teller distortion of tetrahedral Cu2+ in Zn1−x Cux Cr2 O4 drive structural distortions in Zn0.9 Cu0.1 Cr2 O4 and
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Figure 5.10: The inverse scaled temperature-dependent susceptibility of the spinels
Zn1−x Cux Cr2 O4 are shown along with the Curie−Weiss model. Compensated
antiferromagnetism in ZnCr2 O4 evolves to uncompensated antiferromagnetism in
Zn0.8 Cu0.2 Cr2 O4 . The Curie−Weiss fit was modeled to the temperature range
200 K < T < 390 K. Reproduced with permission from reference [96], c 2014 American Physical Society.
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Figure 5.11: Spin-Jahn Teller and Jahn-Teller distortions in Zn1−x Cux Cr2 O4 . The top
panel shows inverse scaled susceptibility measurements of Zn1−x Cux Cr2 O4 measured
under a 1000 Oe field. Compensated antiferromagnetism is observed in ZnCr2 O4 (a)
and Zn0.9 Cu0.1 Cr2 O4 (b) below the Néel temperature while Zn0.8 Cu0.2 Cr2 O4 (c) shows
uncompensated antiferromagnetism. A lattice distortion accompanies magnetic ordering in ZnCr2 O4 as shown by the splitting of the high symmetry (800) reflection
at the Néel temperature. Jahn-Teller active Cu2+ on the A sites of Zn0.9 Cu0.1 Cr2 O4
and Zn0.8 Cu0.2 Cr2 O4 drive lattice distortions at approximately 45 K and 110 K respectively, where the coincident (511) and (333) reflections split into several low
temperature reflections. There is a large heat capacity anomaly at the spin-JahnTeller distortion temperature of ZnCr2 O4 (d). Broad heat capacity anomalies are
observed in Zn0.9 Cu0.1 Cr2 O4 (e) and Zn0.8 Cu0.2 Cr2 O4 (f) over the temperature range
where structural and magnetic changes occur. The line features in the variable temperature data of sample Zn0.8 Cu0.2 Cr2 O4 are due to slight temperature fluctuations
during the measurement. Reproduced with permission from reference [96], c 2014
American Physical Society.
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Figure 5.12: Synchrotron powder diffraction patterns of Zn0.9 Cu0.1 Cr2 O4 (a) and
Zn0.8 Cu0.2 Cr2 O4 (d) collected near 6 K and indexed to the orthorhombic space group
F ddd. Data is shown in black, the model is in orange while the difference is in blue.
The high temperature coincident cubic F d3m reflections (511) and (333) shown in
(b) for Zn0.9 Cu0.1 Cr2 O4 and in (e) for Zn0.8 Cu0.2 Cr2 O4 are split at lower temperatures following the cubic to orthorhombic lattice distortion. These low temperature
reflections as indexed to the orthorhombic F ddd structure are shown in (c) and (f)
for Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 respectively. Reproduced with permission
from reference [96], c 2014 American Physical Society.
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Figure 5.13: (a) The evolution of lattice parameters of Zn0.8 Cu0.2 Cr2 O4 as a function
of temperature revealing a structural distortion at 110 K where three orthorhombic
F ddd lattice constants emerge from the cubic F d3m lattice constant. (b) There is a
slight change in slope in the temperature dependent cell volume of Zn0.8 Cu0.2 Cr2 O4 at
the structural distortion temperature. Error bars obtained from Rietveld refinement are
smaller than data symbols and do not incorporate uncertainities in the temperature.
The scatter in the data near the structural distortion temperature is due to slight
temperature variations during the measurement. Reproduced with permission from
reference [96], c 2014 American Physical Society.
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Figure 5.14: The spinel structure of Zn0.8 Cu0.2 Cr2 O4 in the cubic F d3m phase near
300 K and in the orthorhombic F ddd phase near 6 K are shown in (a) and (b) respectively. Edge sharing CrO6 (blue) octahedra are corner connected to (Zn/Cu)O4 (grey)
tetrahedra. The shared (Zn/Cu) atomic site is shown in grey(Zn atomic fraction)
and dark red(Cu atomic fraction). The ideal tetrahedral angle of 109.54◦ observed
in the cubic phase(a) of Zn0.8 Cu0.2 Cr2 O4 is distorted to two angles of 111.898◦ and
105.99◦ in the orthorhombic phase(b); the (Zn/Cu)O4 (grey) tetrahedra appear more
flattened in the orthorhombic phase(b) filling the tetrahedral voids between the CrO6
octahedra while small gaps can be seen between the(Zn/Cu)O4 (grey) tetrahedra and
the CrO6 (blue) octahedra in the cubic phase(a) of Zn0.8 Cu0.2 Cr2 O4 . Reproduced with
permission from reference [96], c 2014 American Physical Society.
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Figure 5.15:
Pair distribution functions for Zn0.9 Cu0.1 Cr2 O4 (a) and
Zn0.8 Cu0.2 Cr2 O4 (b) measured at 300 K and 15 K show that the local structure
varies slightly from room temperature to low temperature. The low r region is shown
in (a) and (b) to point out the slight increase in intensity of the pair distribution
function at low temperature. The difference between the 15 K and the 300 K pair
distribution functions is shown at the bottom. Least squares refinement of the pair
distribution functions of these compounds at 15 K are well modeled by the F ddd
structure as shown in (c) and (d). Reproduced with permission from reference [96],
c 2014 American Physical Society.
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Zn0.8 Cu0.2 Cr2 O4 at 45 K and 110 K respectively (middle panel of Fig. 5.11).
The lattice distortions of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 are shown by the
divergence of the coincident (511) and (333) reflections at the respective distortion temperatures of these materials (Fig. 5.11). The structural changes
of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 are decoupled from antiferromagnetic
ordering (Table 5.3), nonetheless there is a change in slope of the inverse susceptibility of these systems at the structural distortion temperatures. Jahn-Teller
distortion is enhanced in Zn1−x Cux Cr2 O4 with increase in Cu2+ content, occurring at higher temperatures and involving larger lattice distortions (Fig. 5.11).
Like in Mg1−x Cux Cr2 O4 , the Jahn-Teller phases of Zn0.9 Cu0.1 Cr2 O4 [Fig. 5.12 (a)]
and Zn0.8 Cu0.2 Cr2 O4 [Fig. 5.12 (d)] are well modeled by the orthorhombic F ddd
space group. The complete structural descriptions of these compounds at room
temperature and near 6 K are tabulated in Tables 5.8 and 5.9.
The large heat capacity anomaly of ZnCr2 O4 at the spin-Jahn-Teller distortion temperature [Fig.

5.11 (d)] evolves into a broad transition in

Zn0.9 Cu0.1 Cr2 O4 [Fig. 5.11 (e)] and Zn0.8 Cu0.2 Cr2 O4 [Fig. 5.11 (f)] over the temperature range were structural and magnetic changes take place.
We further explore the structural distortions of Zn0.8 Cu0.2 Cr2 O4 by performing sequential Rietveld refinements from the high temperature cubic phase to
the low temperature orthorhombic phase. The cubic lattice constant diverges
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Figure 5.16: Least squares refinement of the pair distribution function of
Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 collected at 300 K are indexed to the cubic
F d3m structure[(a) and (b)] and to the orthorhombic F ddd structure[(c) and (d)].
A smaller difference curve and slightly better χ2 parameters are obtained when the
orthorhombic model is applied to the room temperature data suggesting that dynamic
Jahn-Teller distortion may be present at ambient temperature that becomes static
at the Jahn-Teller distortion temperatures of these compounds. Reproduced with
permission from reference [96], c 2014 American Physical Society.
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into three independent orthorhombic lattice parameters at 110 K [Fig. 5.13
(a)]. The a lattice constant decreases steeply with temperature while the b
and c lattice constants increase. The orthorhombic distortion increases with
decrease in temperature. The fluctuations in the orthorhombic lattice parameters when 50 K < T < 110 K are due to slight temperature variations. Although
the structural distortions of Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 occur primarily
due to the Jahn-Teller activity of tetrahedral Cu2+ , there is a distinct difference
in the distortions observed in the spinel solid solutions compared to the spinel
CuCr2 O4 . Jahn-Teller distortion in CuCr2 O4 occurs near 853 K and involve a cubic F d3m to tetragonal I41 /amd lattice distortion.[18] Magnetostructural coupling drives further structural distortion in CuCr2 O4 from tetragonal I41 /amd
to orthorhombic F ddd symmetry.[14] In the solid solutions Mg1−x Cux Cr2 O4 and
Zn1−x Cux Cr2 O4 , we observe a cubic F d3m to orthorhombic F ddd distortion,
completely bypassing the tetragonal I41 /amd structure observed in CuCr2 O4 and
the lattice distortions occur without the onset of magnetic ordering. The different character of distortion in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 compared to
CuCr2 O4 is attributed to poor connectivity between CuO4 tetrahedra. Dilute
randomly distributed CuO4 tetrahedra in the solid solutions results in average
distortions in all axes of the unit cell and hence these systems adopt orthorhombic symmetry in the Jahn-Teller phases. Group-subgroup relations show that
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structural distortion from cubic F d3m to orthorhombic F ddd symmetry goes
through an intermediate tetragonal I41 /amd space group. It is plausible that
the Jahn-Teller ordering systems Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 quickly
go through the tetragonal I41 /amd structure before adopting the orthorhombic
structure. A similar cubic F d3m to orthorhombic F ddd lattice distortion driven
by charge ordering has been observed in the cathode spinel material LiMn2 O4
near room temperature.[107]
The Zn0.8 Cu0.2 Cr2 O4 unit cell contracts with decrease in temperature as reflected in Fig. 5.13 (b). There is a slight change in slope of the unit cell volume
at the structural distortion temperature. This small change in slope of the cell
volume at 110 K and the broad heat capacity anomaly of Zn0.8 Cu0.2 Cr2 O4 suggest that it undergoes a second-order structural distortion.
The AO4 tetrahedra of the cubic phase of Zn0.8 Cu0.2 Cr2 O4 are distorted in
the orthorhombic phase. Specifically, a single A-O distance is preserved while
two distinct O-A-O bond angles of 111.898◦ and 105.99◦ emerge from the ideal
tetrahedral angle 109.47◦ of the cubic phase. The overall effect of these angle
distortions in Zn0.8 Cu0.2 Cr2 O4 is a compression of the tetrahedra. This is illustrated in Fig. 5.14 (a) where the ideal AO4 tetrahedra of the cubic phase
leave small voids in the surrounding CrO6 network while the flattened AO4
tetrahedra of the orthorhombic phase completely fill the tetrahedral voids [Fig.
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Figure 5.17: Least squares refinement of the 300 K pair distribution function of
Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 to a two phase model of ZnCr2 O4 and CuCr2 O4
shows that the environment around Zn2+ varies from that around Cu2+ at low r as
shown by the different Zn-O and Cu-O bond lengths of the ZnO4 and CuO4 tetrahedra. The phase fractions of the ZnCr2 O4 model are 90% for Zn0.9 Cu0.1 Cr2 O4 and
80% for Zn0.8 Cu0.2 Cr2 O4 . The differences in Zn-O and Cu-O bond lengths of the AO4
tetrahedra are smaller at high r. Reproduced with permission from reference [96], c
2014 American Physical Society.
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5.14(b)]. The compression of AO4 tetrahedra is similar to the flattening of
CuO4 tetrahedra in the orthorhombic phase of CuCr2 O4 .[14] The AO4 distortions of Zn0.8 Cu0.2 Cr2 O4 distort the surrounding CrO6 matrix. Three distinct CrO bond distances and O-Cr-O bond angles emerge in the orthorhombic phase of
Zn0.8 Cu0.2 Cr2 O4 compared to the cubic phase where there are no bond length or
bond angle distortions. The distortions of the Cr sublattice in Mg1−x Cux Cr2 O4
and Zn1−x Cux Cr2 O4 do not lift spin degeneracy and magnetic ordering in these
materials still takes place below 20 K (Table 5.2 and 5.3).
Real space structural descriptions of Zn1−x Cux Cr2 O4 for x > 0 give insights as
to the nature of the Jahn-Teller distortions in these compounds. There are differences in the pair distribution functions of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4
collected at room temperature and at 15 K as shown in Fig. 5.15 (a) and (b). The
differences are mainly in the intensity of atom pair correlations; at low temperature, the distribution functions have slightly higher intensity than at room temperature where atomic vibrations broaden the pair distribution function [Fig.
5.15 (a) and (b)]. The low temperature average structural model, orthorhombic F ddd, describes the local structure of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4
at 15 K [Fig. 5.15 (c) and (d)].
Combined average and local structure studies can distinguish whether JahnTeller distortions occur spontaneously at the average structure distortion tem146

Figure 5.18: Temperature-composition phase diagram of the spinel solid solution
Zn1−x Cox Cr2 O4 . At high temperatures the spinels Zn1−x Cox Cr2 O4 where x ≤ 0.2
are paramagnetic(PM) and cubic in the space group F d3m. Magnetism evolves from
frustrated compensated antiferromagnetism (AFMC ) in ZnCr2 O4 to glassy uncompensated antiferromagnetism (gAFMU ) when x =0.2. We have recently reported that
tetragonal I41 /amd and orthorhombic F ddd structures coexist in the spin-Jahn-Teller
phase of ZnCr2 O4 .[1] Reproduced with permission from reference [96], c 2014 American Physical Society.
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Figure 5.19: Temperature-composition phase diagrams of the spinel solid solution
Mg1−x Cux Cr2 O4 . At high temperatures all systems Mg1−x Cux Cr2 O4 where x ≤ 0.2
are paramagnetic(PM) and cubic in the space group F d3m. Magnetism evolves from
frustrated compensated antiferromagnetism (AFMC ) in MgCr2 O4 to glassy uncompensated antiferromagnetism (gAFMU ) when x =0.2. A transition from cubic F d3m
to orthorhombic F ddd symmetry occurs in Mg1−x Cux Cr2 O4 when x ≥ 0.1 due to
Jahn-Teller distortions of tetrahedral CuO4 . We have recently reported that tetragonal I41 /amd and orthorhombic F ddd structures coexist in the spin-Jahn-Teller phase
of MgCr2 O4 .[1] Reproduced with permission from reference [96], c 2014 American
Physical Society.
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peratures of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 or whether local distortions
of CuO4 tetrahedra persist in the cubic phases of these materials with these
distortions becoming cooperative at the Jahn-Teller distortion temperature. In
Figure 5.16 we model the room temperature pair distribution functions of
Zn0.9 Cu0.1 Cr2 O4 (a) and Zn0.8 Cu0.2 Cr2 O4 (b) to the cubic average structure model
F d3m and to the Jahn-Teller distorted orthorhombic F ddd structure. At room
temperature, the cubic F d3m fit yields slightly larger goodness-of-fit parameters
compared to the lower symmetry F ddd fits [Fig. 5.16 (c) and (d)]. The better description of the local structure of these compounds at room temperature
by the lower symmetry structural model suggests that local CuO4 distortions
are present in the cubic phases of Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 and
that these distortions become cooperative at the respective Jahn-Teller distortion temperatures of these systems. The presence of local distortions at room
temperature in Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 is further corroborated by
least squares refinements of the pair distribution functions to a structural model
of two cubic phases assigned to either ZnCr2 O4 or CuCr2 O4 [Fig. 5.17]. Structural models consisting of stoichiometrically weighted end-member structures
have been previously successfully employed to describe the pair distribution
function of the frustrated spinel CoAl1.6 Ga0.4 O4 at low r.[108] In the two phase
refinement, the ZnCr2 O4 and CuCr2 O4 structural models are scaled to corre-
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late with the mole fractions of Zn2+ and Cu2+ and only the lattice parameters
and Zn2+ /Cu2+ thermal parameters are allowed to vary. There is a difference
in the Zn-O and Cu-O bond lengths in the two phases at low rcutoff for both
Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 and this difference decreases at high rcutoff
(Fig. 5.17). This suggests that there are local distortions in Zn0.9 Cu0.1 Cr2 O4
and Zn0.8 Cu0.2 Cr2 O4 that are best modeled by differentiating the environment
around Zn2+ and Cu2+ . As one examines the pair distribution functions to
higher rcutoff , these local distortions are averaged out becoming less apparent
as observed by the smaller difference in A-O bond lengths of ZnCr2 O4 and
CuCr2 O4 . At room temperature, the CuO4 tetrahedra of CuCr2 O4 are significantly compressed[14] with an angle variance of 94.2619 deg.2 while ZnO4
tetrahedra in ZnCr2 O4 are in an ideal configuration.[29] The discrepancies in
Zn-O and Cu-O bond distances at low r in Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4
are due to the strong Jahn-Teller tendency of tetrahedral Cu2+ compared to nonJahn-Teller Zn2+ which have a closed electron shell configuration. The presence
of local distortions in Zn0.9 Cu0.1 Cr2 O4 and Zn0.8 Cu0.2 Cr2 O4 is in good agreement
with total scattering studies of the spinels Mg1−x Cux Cr2 O4 by Shoemaker and
Seshadri that show more distortions of the local CuO4 environments compared
to MgO4 environments in this spinel solid solution.[93]
Cu2+ substitution on the non-magnetic A sites of MgCr2 O4 and ZnCr2 O4
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Figure 5.20: Temperature-composition phase diagrams of the spinel solid solution
Zn1−x Cux Cr2 O4 . At high temperatures all systems Zn1−x Cux Cr2 O4 where x ≤ 0.2
are paramagnetic(PM) and cubic in the space group F d3m. Magnetism evolves from
frustrated compensated antiferromagnetism (AFMC ) in ZnCr2 O4 to glassy uncompensated antiferromagnetism (gAFMU ) when x =0.2. A transition from cubic F d3m to
orthorhombic F ddd symmetry occurs in Zn1−x Cux Cr2 O4 when x ≥ 0.1 due to JahnTeller distortions of tetrahedral CuO4 . We have recently reported that tetragonal
I41 /amd and orthorhombic F ddd structures coexist in the spin-Jahn-Teller phase
of ZnCr2 O4 .[1] Reproduced with permission from reference [96], c 2014 American
Physical Society.
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has very similar effects on the structure and magnetic properties of the resulting solid solutions. Average structure distortions due to Jahn-Teller ordering
of CuO4 tetrahedra occur in Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 without accompanying long-range magnetic ordering. The distortions of CuO4 tetrahedra are present in the cubic phases of Zn1−x Cux Cr2 O4 when x ≥ 0.1 and become cooperative at the Jahn-Teller distortion temperature where average structure distortions are observed. The Jahn-Teller distorted phases are described
by the orthorhombic F ddd space group. The degeneracy of Cr-Cr bond distances is broken when average structure distortions occur in Mg1−x Cux Cr2 O4
and Zn1−x Cux Cr2 O4 , however, antiferromagnetic interactions remain largely
frustrated with magnetic ordering occurring below 20 K. We contrast the propensity for Jahn-Teller distortions compared with spin-Jahn-Teller distortion in the
systems Mg1−x Cux Cr2 O4 and Zn1−x Cux Cr2 O4 where only few Cu2+ cations drive
Jahn-Teller distortions while these small concentrations of magnetic ions on the
non-magnetic A sites of these materials completely suppress spin-Jahn-Teller
distortion. The evolution of structure and magnetism in the solid solutions
Zn1−x Cox Cr2 O4 , Mg1−x Cux Cr2 O4 , and Zn1−x Cux Cr2 O4 are summarized in the
phase diagrams presented in figs. [5.18, 5.19, 5.20].
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5.5.1

Conclusions

We report the effect of magnetic A site substitutions on spin and structural
ordering in MgCr2 O4 and ZnCr2 O4 . We contrast the effect of Co2+ 3d7 substitutions in Zn1−x Cox Cr2 O4 with Cu2+ 3d9 substitutions in Mg1−x Cux Cr2 O4 and
Zn1−x Cux Cr2 O4 . Substitution of magnetic cations for non-magnetic cations can
lead to composition inhomogeneities due to the differences in orbital occupation in these cations. Rietveld refinement of high resolution synchrotron X-ray
powder diffraction of the solid solutions Zn1−x Cox Cr2 O4 , Mg1−x Cux Cr2 O4 , and
Zn1−x Cux Cr2 O4 shows that these materials are homogeneous; at room temperature they are all well described by the cubic F d3m space group. These solid
solutions follow Vegard’s law, this further illustrates the homogeneous incorporation of magnetic cations. Co2+ 3d7 substitution in Zn1−x Cox Cr2 O4 induces spin
disorder that suppresses the spin-Jahn-Teller distortion of ZnCr2 O4 . On the other
hand, spin and lattice disorder due to Cu2+ 3d9 substitutions in Mg1−x Cux Cr2 O4
and Zn1−x Cux Cr2 O4 induce Jahn-Teller distortions in the paramagnetic phases
of these compounds yet antiferromagnetic interactions in these systems remain
frustrated with long-range magnetic ordering occurring below 20 K with no accompanying structural transformations. In other words, the Jahn-Teller active
Cu2+ ions decouple structural and magnetic ordering, even when only substi-
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tuted in small amounts. The low-temperature nuclear structure of Cu2+ substituted MgCr2 O4 and ZnCr2 O4 is orthorhombic F ddd. Analysis of distortions
in Zn0.8 Cu0.2 Cr2 O4 indicate a flattening of AO4 tetrahedra in the orthorhombic phase. Total neutron scattering studies of Zn1−x Cux Cr2 O4 suggest that AO4
are likely distorted locally at room temperature with these distortions becoming
cooperative where average structure distortions are observed. Addition of magnetic Co2+ and Cu2+ induce uncompensated antiferromagnetic interactions in
Zn1−x Cox Cr2 O4 , Mg1−x Cux Cr2 O4 , and Zn1−x Cux Cr2 O4 . Compounds with dilute
A site spins have broad heat capacity features suggesting remanent disorder in
these materials. We find that spin-Jahn-Teller ordering is extremely sensitive to
spin disorder while Jahn-Teller ordering is robust, and occurs even when only
few Jahn-Teller active cations are substituted into the spinel structure.
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Table 5.4: Structural parameters of Zn0.9 Co0.1 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K and modeled to the cubic space group F d3m.

Temperature (K)
Setting
Z
a(Å)
Vol/ (Å3 )
Zn/Co
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O
Uiso (102 Å2 )
χ2
Rp (%)
Rwp (%)

Zn0.9 Co0.1 Cr2 O4
5.5
origin 2
8
8.32037(2)
576.008(4)
8a (1/8, 1/8 1/8)
0.24(1)
16d (1/2, 1/2, 1/2)
0.196(9)
32h (x, y, z)
x 0.2612(1)
0.54(3)
15.73
8.10
10.12
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295
origin 2
8
8.327641(1)
577.519(3)
8a (1/8, 1/8, 1/8))
0.389(5)
16d (1/2, 1/2, 1/2)
0.213(4)
32e (x, x, x)
x 0.26205(4)
0.32(1)
5.263
9.12
11.54

Table 5.5: Structural parameters of Zn0.8 Co0.2 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K and modeled to the cubic space group F d3m.

Temperature (K)
Setting
Z
a(Å)
Vol/ (Å3 )
Zn/Co
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O
Uiso (102 Å2 )
χ2
Rp (%)
Rwp (%)

Zn0.8 Co0.2 Cr2 O4
5.6
origin 2
8
8.32038(1)
576.009(2)
8a (1/8, 1/8 1/8)
0.128(7)
16d (1/2, 1/2, 1/2)
0.145(6)
32h (x, y, z)
0.26208(7)
0.35(2)
6.976
7.54
9.43
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295
origin 2
8
8.327868(5)
577.566(1)
8a (1/8, 1/8, 1/8)
0.398(5)
16d (1/2, 1/2, 1/2)
0.230(4)
32e (x, x, x)
0.26221(5)
0.360(1)
7.434
9.33
12.56

Table 5.6: Structural parameters of Mg0.9 Cu0.1 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K.

Temperature (K)
Space group
Setting
Z
a(Å)
b(Å)
c(Å)
Vol/ (Å3 )
Mg/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
Cr2 O3 wt%
χ2
Rp (%)
Rwp (%)

Mg0.9 Cu0.1 Cr2 O4
Orthorhombic
6.5
F ddd
origin 2
8
8.293741(1)
8.335834(1)
8.3488(5)
577.196(4)
8a (1/8, 1/8 1/8)
0.384(2)
16d (1/2, 1/2, 1/2)
0.17(9)
32h (x, y, z)
x 0.26284(2)
y 0.25845(3)
z 0.262891(2)
0.144(2)
0.89(8)
4.37
6.7
9.16
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Cubic
295
F d3m
origin 2
8
8.332613(3))
8.332613(3)
8.332613(3)
578.554(1)
8a (1/8, 1/8, 1/8))
0.651(7)
16d (1/2, 1/2, 1/2)
0.321(3)
32e (x, x, x)
x 0.26161(3)
y 0.26161(3)
z 0.26161(3)
0.651(7)
0.89(8)
2.550
5.98
8.12

Table 5.7: Structural parameters of Mg0.8 Cu0.2 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K.

Temperature (K)
Space group
Setting
Z
a(Å)
b(Å)
c(Å)
Vol/ (Å3 )
Mg/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
Cr2 O3 wt%
χ2
Rp (%)
Rwp (%)

Mg0.8 Cu0.2 Cr2 O4
Orthorhombic
5.7
F ddd
origin 2
8
8.231110(8)
8.360256(9)
8.373391(5)
576.208(4)
8a (1/8, 1/8 1/8)
0.371(2)
16d (1/2, 1/2, 1/2)
0.102(1)
32h (x, y, z)
0.260090(1)
0.260627(2)
0.263825(2)
0.25(0)
0.87(7)
6.81
6.29
8.14
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Cubic
295
F d3m
origin 2
8
8.330362(3)
8.330362(3)
8.330362(3)
578.085(1)
8a (1/8, 1/8, 1/8)
0.696(7)
16d (1/2, 1/2, 1/2)
0.344(3)
32e (x, x, x)
0.26170(4)
0.26170(4)
0.26170(4)
0.59(1)
0.87(7)
2.571
6.23
8.15

Table 5.8: Structural parameters of Zn0.9 Cu0.1 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K.

Temperature (K)
Space group
Setting
Z
a(Å)
b(Å)
c(Å)
Vol/ (Å3 )
Zn/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
Cr2 O3 wt%
χ2
Rp (%)
Rwp (%)

Zn0.9 Cu0.1 Cr2 O4
Orthorhombic
5.6
F ddd
origin 2
8
8.328150(7)
8.335862(5)
8.289697(5)
575.490(3)
8a (1/8, 1/8 1/8)
0.309(8)
16d (1/2, 1/2, 1/2)
0.297(8)
32h (x, y, z)
x 0.2577(3)
y 0.2642(3)
z 0.2628(2)
0.329(21)
0.326(35)
4.494
2.52
3.49
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Cubic
295
F d3m
origin 2
8
8.326102(6)
8.326102(6))
8.326102(6)
577.199(1)
8a (1/8, 1/8, 1/8))
0.453(5)
16d (1/2, 1/2, 1/2)
0.247(4)
32e (x, x, x)
x0.262013(48)
y0.262013(48)
z0.262013(48)
0.393(14)
0.259(23)
7.035
8.66
11.98

Table 5.9: Structural parameters of Zn0.8 Cu0.2 Cr2 O4 obtained from Rietveld refinement of high-resolution synchrotron powder X-ray diffraction collected at 295 K and
near 6 K.

Temperature (K)
Space group
Setting
Z
a(Å)
b(Å)
c(Å)
Vol/ (Å3 )
Zn/Cu
Uiso (102 Å2 )
Cr
Uiso (102 Å2 )
O

Uiso (102 Å2 )
Cr2 O3 wt%
χ2
Rp (%)
Rwp (%)

Zn0.8 Cu0.2 Cr2 O4
Orthorhombic
5.9
F ddd
origin 2
8
8.244895(8)
8.358441(5)
8.3409(1)
574.809(5)
8a (1/8, 1/8 1/8)
0.281(13)
16d (1/2, 1/2, 1/2)
0.254(13)
32h (x, y, z)
0.260315(184)
0.266652(262)
0.257599(340)
0.304(33)
1.05(15)
7.808
3.81
5.85
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Cubic
295
F d3m
origin 2
8
8.324225(5)
8.324225(5)
8.324225(5)
576.808(1)
8a (1/8, 1/8, 1/8)
0.465(3)
16d (1/2, 1/2, 1/2)
0.247(3)
32e (x, y, z)
0.261980(33)
0.261980(33)
0.261980(33)
0.465(3)
1.18(0)
3.249
6.32
8.33

Chapter 6
Structural change and phase
coexistence upon magnetic
ordering in the magnetodielectric
spinel Mn3O4
Cooperative Jahn-Teller ordering is well-known to drive the cubic F d3m to
tetragonal I41 /amd structural distortion in Mn3 O4 at 1170 ◦ C. Further structural distortion occurs in Mn3 O4 upon magnetic ordering at 42 K. Employing
high-resolution variable-temperature synchrotron x-ray diffraction we show that
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tetragonal I41 /amd and orthorhombic F ddd phases coexist, with nearly equal
fractions, below the Néel temperature of Mn3 O4 . Significant variation of the
orthorhombic a and b lattice constants from the tetragonal a lattice constant is
observed. Structural phase coexistence in Mn3 O4 is attributed to large strains
due to the lattice mismatch between the tetragonal I41 /amd and the orthorhombic F ddd phases. Strain tensors determined from Rietveld refinement show a
highly strained matrix of the I41 /amd phase that accommodates the nucleated
orthorhombic F ddd phase in the phase coexistence regime. A comparison of the
deformation observed in Mn3 O4 to structural deformations of other magnetic
spinels shows that phase coexistence may be a common theme when structural
distortions occur below 50 K.

6.1

Introduction

Phase coexistence is a recurring theme that has been extensively investigated
in perovskite manganese oxides displaying colossal magnetoresistance.[109]
Phase separation of charge ordered insulating (antiferromagnetic) and
metallic (ferromagnetic) phases has been observed in the manganites
(La,Pr,Ca)MnO3 .[110, 111] Competing double exchange mechanisms and JahnTeller-like electron-lattice coupling have been proposed to explain the coexis-
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tence of multiple phases.[110, 111] Chemical disorder has also been invoked to
explain microscale structural phase separation.[112, 113] However, generalizations in describing the mechanisms of phase coexistence are often insufficient in
describing all aspects of these phenomena prompting continued interest in these
materials.[114] Here, we encounter structural phase coexistence below the Néel
temperature of the spinel Mn3 O4 .
Mn3 O4 (the mineral hausmanite) consists of edge sharing MnO6 octahedra that are corner connected to MnO4 tetrahedra. It is a cubic spinel in the
space group F d3m above 1170 ◦ C. Mn3 O4 undergoes a cooperative Jahn-Teller
distortion below 1170 ◦ C due to orbital degeneracy of the e1g states of Mn3+
cations that occupy the octahedral sites. Jahn-Teller ordering of the octahedral eg states stabilizes the z 2 orbital by elongating the MnO6 octahedral units
resulting in tetragonal I41 /amd symmetry below 1170 ◦ C.[16, 115] Mn3 O4 is a
paramagnet above the Néel temperature (TN ) = 41 K, below TN , it adopts a noncollinear magnetic structure that consists of ferromagnetically coupled Mn2+
cations along the (010) direction and two Mn3+ sub-lattices with a net moment that couples antiferromagnetically to the magnetization of Mn2+ cations.
A transition to an incommensurate spiral configuration occurs at 39 K, followed
by a transition to commensurate spiral order below 33 K.[116] Commensurate
spiral spin ordering in Mn3 O4 is described by an orthorhombic magnetic unit
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cell, which is twice the size of the chemical tetragonal unit cell.[116] Magnon
excitations in ferrimagnetic Mn3 O4 have been recently investigated by Gleason
et al.[? ] Magnetism in Mn3 O4 couples to its dielectric properties. Consequently,
dielectric anomalies are observed near the magnetic transition temperatures. In
addition, magnetic field control of the dielectric constant below TN has also
been demonstrated.[81, 117]
While Jahn-Teller ordering yields a high temperature cubic-tetragonal distortion in Mn3 O4 ,[16, 115] spin ordering drives further lattice distortions in
this spinel.[118] Kim et al. reported a transition from tetragonal to monoclinic
symmetry in single crystal Mn3 O4 at the commensurate spiral ordering temperature (T ∼ 33 K) under zero applied fields.[118] In a subsequent report, Kim
and coauthors proposed that the low temperature structure of Mn3 O4 is orthorhombic in the space group F ddd.[119] Similarly, Chung et al. have recently
reported orthorhombic instabilities in Mn3 O4 .[120] While these initial efforts
clearly illustrate a structural transformation in ferrimagnetic Mn3 O4 , the complete low-temperature structure of Mn3 O4 remains unresolved and is the focus of the present work. Extensive studies of the magnetostructural phases of
Mn3 O4 by Kim and coauthors show that in the presence of large magnetic fields,
the structural distortion occurs at higher temperatures in the incommensurate
spiral magnetic phase. Remarkably, a spin disordered phase can be stabilized
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in Mn3 O4 near 0 K when intermediate fields are applied parallel to the (110)
direction. Here, applied fields transverse to the magnetic ordering direction
frustrate spin ordering resulting in disordered spins far below the magnetic ordering temperature.[118] Kim et al. have also shown an increase in the Néel
temperature under pressure to temperatures as high as 54 K.[119]
We present here, a complete description of the low-temperature nuclear
structure of Mn3 O4 finding that tetragonal I41 /amd and orthorhombic F ddd
phases coexist in ferrimagnetic Mn3 O4 . The orthorhombic F ddd phase is spontaneously nucleated at the Néel temperature and its phase fraction increases
slightly, attaining a maximum of about 55% near 8 K. The evolution of the unit
cell volume as a function of temperature indicates a distortion in both the tetragonal I41 /amd and orthorhombic F ddd phases below 42 K. Distortions in both
low temperature tetragonal and orthorhombic phases are corroborated by detailed studies of polyhedra distortions which show deformations in both of these
phases. In the orthorhombic phase, MnO6 octahedra show elongation of equatorial Mn-O bonds while the MnO4 tetrahedra show a decrease in the Mn-O
bond length. Conversely, the distorted tetragonal phase shows shortened MnO equatorial bonds in the MnO6 octahedra and elongated Mn-O bonds in the
MnO4 tetrahedra. We examine the role of strain in stabilizing coexisting tetragonal and orthorhombic phases in ferrimagnetic Mn3 O4 and make comparisons
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of the structural distortion of Mn3 O4 to those of other magnetic spinels. The
complexities in understanding the variations of structural deformations in magnetic spinels are highlighted. The complete structural description of this spinel
is pivotal to unraveling the complex ground states of this material. These results necessitate a reinvestigation of the magnetic structure of Mn3 O4 , which
was resolved considering only the tetragonal nuclear structure below the Néel
temperature.

6.2

Methods

Polycrystalline Mn3 O4 was prepared from a MnC2 O4 ·2H2 O precursor. The
oxalate was decomposed at 600 ◦ C for 3 hrs.

The precursor powder was

then ground, pelletized, and annealed at 1000 ◦ C for 24 hrs and water
quenched.

Variable-temperature (7.5 K – 450 K) high-resolution (δQ/Q ≤

2 ×10−4 , λ = 0.41394 Å) synchrotron x-ray powder diffraction was performed
at beamline 11BM of the Advanced Photon Source, Argonne National Laboratory and the ID31 beamline (λ = 0.39985 Å) of the European Synchrotron Radiation Facility. Variable temperature measurements were collected on heating
with a temperature scan rate of 0.8 K/min and an x-ray pattern was collected
every 3 minutes. Diffraction patterns were fit to crystallographic models using
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the EXPGUI/GSAS software program.[67? ] Crystal structures were visualized
using the program VESTA.[? ] Density measurements of a powder sample of
Mn3 O4 were performed on a MicroMetrics AccuPyc II 1340 pycnometer. A sample cup with a volume of 0.1 cm3 was filled with Mn3 O4 powder with a mass
of 93.1 mg during the density measurement. Temperature-dependent and fielddependent magnetic measurements were performed using the Quantum Design
(QD) MPMS 5XL superconducting quantum interference device (SQUID). Heat
capacity measurements were collected using a QD Physical Properties measurement system. Mn3 O4 pellets for dielectric measurements were spark plasma
sintered at 1000 ◦ C under a 6 kN load for 3 minutes. Prior to measuring dielectric properties, the spark plasma sintered pellet was annealed at 1000 ◦ C
for 12 hrs, quenched, and characterized by x-ray diffraction to ensure that stoichiometric Mn3 O4 was retained. Dielectric measurements were performed on a
pellet with a diameter of 9.51 mm and a thickness of 2.28 mm whose cylindrical
faces were coated by conducting epoxy. Dielectric properties were measured by
an Andeen-Hagerling AH2700A capacitance bridge connected to the sample by
shielded coaxial cables. The sample was placed in a QD Dynacool Physical Properties measurement system which provides a variable temperature and variable
field environment when carrying out dielectric measurements.
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6.3

Results and Discussion

Figure 6.1: The room temperature synchrotron diffraction pattern of Mn3 O4 modeled
to the tetragonal I41 /amd structure.

At room temperature Mn3 O4 , is a tetragonal spinel in the space group
I41 /amd. The synchrotron x-ray diffraction pattern measured at 298 K and
modeled to the space group I41 /amd is illustrated in fig. 6.1. Rietveld refinement of the diffraction pattern yields lattice constants a = 5.76289(2) Å and
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√
c = 9.46885(1) Å with a c/a 2 of 1.16 in good agreement with values from
the literature.[121, 122] Goodness of fit parameters χ2 , Rwp , and Rp of 2.354,
10.23 %, and 8.11 % respectively are obtained from the refinement. Valence
bond sums computed using room temperature bond lengths show that Mn3 O4
is a normal spinel with tetrahedral and octahedral valence states of 2.01 and
3.02 respectively.
A broad transition from a paramagnetic to a ferrimagnetic state, which
is characteristic of polycrystalline Mn3 O4 ,[81] occurs near TN = 42 K. At TN ,
a separation between the zero-field cooled and field cooled curves develops
and is enhanced with decrease in temperature [fig. 6.2 (a)]. While a single
broad magnetic transition is observed in the temperature-dependent susceptibility, the magnetic structure of Mn3 O4 is extremely rich, featuring a transition
to a collinear magnetic structure at 42 K followed by the onset of an incommensurate magnetic spiral at 39 K, and finally a commensurate spiral magnetic
state occurs below 33 K.[116, 123] Each of these transitions is observed in heat
capacity and capacitance measurements as discussed later in the manuscript.
Curie-Weiss fitting in the temperature range 500 K < T < 600 K yields a ΘCW of
663 K in good agreement with prior work [fig. 6.2 (b)].[122, 123] Comparison
between the expected Curie-Weiss ordering temperature and TN results in a significant frustration index of 15.8. This illustrates that frustration may play a role
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Figure 6.2: (a) Temperature dependent magnetic susceptibility measurements of
Mn3 O4 performed in a 1000 Oe field show a deviation of the zero-field cooled susceptibility from the field cooled susceptibility below the Néel temperature TN = 42 K.
(b) Curie-Weiss fitting in the temperature range 500 K < T < 600 K yields an effective moment of 9.02 µB and an expected ordering temperature |θCW | = 663 K. Hightemperature and low-temperature susceptibility measurements were conducted on different instruments and instrumental variations yield the slight offset between the lowtemperature and high-temperature susceptibility that is negligible in plot (a) but emphasized in the 1/χ scaling of plot (b). (c) Field-dependent magnetization shows
paramagnetic behavior above the Néel temperature of Mn3 O4 and ferrimagnetic behavior below TN with a saturation magnetization of 1.63 µB and a coercive field of
8.5 kOe when H = 50 kOe and T = 2 K.
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in the magnetism of Mn3 O4 . The Curie-Weiss fit also yields an effective moment
of 9.02 µB which is congruent with the expected effective moment of 9.11 µB
computed from the spin-only effective moments of Mn2+ and Mn3+ which are
5.92 µB and 4.9 µB respectively. Short-range correlations cause deviations of the
inverse susceptibility from the Curie-Weiss model above the Néel temperature as
illustrated in fig.6.2 (b).
The weak linear increase in magnetization with field in the paramagnetic
phase evolves to a hysteretic magnetization in ferrimagnetic Mn3 O4 [fig. 6.2
(c)]. A saturation magnetization of 1.63 µB and a coercive field of 8.5 kOe are
measured at 50 kOe and 2 K. A collinear ferrimagnetic state in Mn3 O4 would
yield a saturation magnetization of 3 µB /formula unit, however, the measured
saturation moment of 1.63 µB is consistent with the reported spiral magnetic
structure of Mn3 O4 near 2 K.[116] Mn3 O4 exhibits significant anisotropy with
an easy axis along the (001) direction, which yields a spontaneous magnetization of 1.85 µB in single crystalline samples.[124] However, a slightly decreased
value of the spontaneous magnetization is expected in polycrystalline materials
due to the random alignment of Mn3 O4 grains.[81, 124]
Spin ordering in Mn3 O4 leads to changes in entropy that are illustrated in fig.
7.6. Variations in magnetic structure give rise to distinct heat capacity anomalies
at 42.5 K, 40 K, and 34.5 K under zero-field conditions. The largest change in en171

Figure 6.3: Heat capacity measurements of Mn3 O4 show three anomalies associated
with changes in magnetic structure at 42.5 K, 40 K, and 34.5 K. These transitions are
evident under zero field conditions but they become suppressed and shifted to higher
temperatures in the presence of a magnetic field.
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tropy occurs at 42 K where the highest heat capacity peak is observed. Entropy
changes in Mn3 O4 depend on the applied magnetic field, with large fields suppressing the heat capacity transitions. At 10 kOe field, heat capacity peaks are
broad but still visible at the transition temperatures and the 42.5 K peak shifts
to a higher temperature, TN = 43.2 K. Pronounced suppression of the heat capacity transitions is evident at 50 kOe. The trend in the field-dependent heat
capacity reported here, namely, the suppression of heat capacity anomalies and
the shift to higher temperatures is in agreement with the work of Kim et al.,
which reports an increase in TN in the presence of a field and complete suppression of the onset of magnetic order when a magnetic field is applied along
certain crystallographic directions.[118, 119]
Mn3 O4 is a known magnetodielectric.[81, 117] Figure 6.4 (a) shows anomalies in the dielectric constant occurring in close proximity to spin ordering transition temperatures at 45 K, 39 K, and 36 K. The dielectric constant shows no
frequency dependence and this illustrates the intrinsic nature of magnetodielectric coupling in the studied Mn3 O4 sample. A frequency dependent dielectric
constant would indicate that magnetoresistive effects are contributing to magnetodielectric coupling. We also note the presence of dielectric anomalies above
45 K[fig 6.4 (a)], which could be linked to short-range spin correlations in the
temperature range TN < T < |ΘCW |. The origin of the dielectric changes above
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Figure 6.4: Magnetodielectric coupling in Mn3 O4 . (a) The dielectric constant as a
function of temperature shows three anomalies at 36 K, 39 K, and 45 K which are in
close proximity to spin ordering transitions. (b) A magnetic field can modulate the
dielectric constant below TN . The changes in the dielectric constant in the presence
of a magnetic field increase with decrease in temperature.
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TN should be further investigated. The dielectric constant exhibits strong field
dependence below TN [fig.6.4 (b)]. The field dependence of the dielectric constant increases with decrease in temperature.
The onset of long-range magnetic order in Mn3 O4 occurs concurrently with
a structural distortion. Figure 6.5 (a) and (b) show spin and entropy changes
occurring concurrently near 42 K. Figure 6.5 (c) also shows x-ray diffraction evidence of structural changes in Mn3 O4 occurring simultaneously near 42 K. A
splitting of the tetragonal I41 /amd (321) reflection to several peaks below 42 K
is clearly demonstrated by variable-temperature high-resolution synchrotron xray diffraction [Fig. 6.5 (c)]. The emergence of new diffraction peaks below
42 K indicates an average structure distortion. This study of polycrystalline
Mn3 O4 shows that the magnetostructural distortion occurs near 42 K [fig. 6.5
(c)] while earlier studies of single crystal Mn3 O4 have reported a 33 K magnetostructural distortion under zero-field conditions and a 39 K spin-drive structural transition in the presence of an applied magnetic field.[118, 119] The
difference in the transition temperature is attributed to varying strain effects in
polycrystalline versus single crystal samples; large strains in single crystal samples could suppress the onset of the structural transition. In addition, the cooling
and heating rates of the sample during a structural study are also expected to
influence the structural distortion temperature.
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Figure 6.5: Concurrent magnetic and structural ordering in Mn3 O4 . (a) Field-cooled
magnetic susceptibility in units of emu mole−1 Oe−1 and (b) zero-field cooled heat
capacity measurements show the onset of long-range ferrimagnetic order in Mn3 O4
near 42 K. (c) A structural distortion occurs concomitantly with the onset of ferrimagnetic order in Mn3 O4 at 42 K where variable-temperature high-resolution synchrotron
x-ray diffraction shows a splitting of the high temperature tetragonal (321) reflection.
While there is a decrease in intensity of the tetragonal (321) reflection in the low
temperature phase, we note that it coexists with the emergent peaks to the lowest
temperatures studied.
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Figure 6.6: (a) The 8.2 K synchrotron x-ray diffraction pattern of Mn3 O4 modeled to
a structure of coexisting tetragonal I41 /amd and orthorhombic F ddd structures. (b)
The tetragonal I41 /amd (220) reflection splits into three reflections consisting of the
tetragonal reflection and the orthorhombic F ddd reflections (040) and (400). (c) In
a similar way, tetragonal (321) reflection splits giving rise to the orthorhombic F ddd
(511) and (151) reflections.
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Table 6.1: Structural parameters of Mn3 O4 at 8.2 K. Mn3 O4 is described by coexisting
tetragonal I41 /amd and orthorhombic Fddd phases.
Coexisting I41 /amd and Fddd phases in Mn3 O4
Temperature (K)
Space group
Setting
Z
a(Å)
c(Å)
Vol/(Å3 )
Mn2+
Mn3+
O

Mn2+ Uiso (10−2 Å2 )
Mn3+ Uiso (10−2 Å2 )
O Uiso (10−2 Å2 )
Wt. frac.
Space group
Setting
Z
a(Å)
b(Å)
c(Å)
Vol/(Å3 )
Mn2+
Mn3+
O

Mn2+ Uiso (10−2 Å2 )
Mn3+ Uiso (10−2 Å2 )
O Uiso (10−2 Å2 )
Wt. frac.
χ2
Rp (%)
Rwp (%)
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8.2
I41 /amd
origin 2
4
5.75638(1)
9.44393(4)
312.934(1)
4a (0, 1/4, 7/8)
8d (0, 1/2, 1/2)
16h (0, y, z)
y 0.47153(21)
z 0.25952(20)
1.406(17)
1.379(14)
1.509(31)
0.44(6)
Fddd
origin 2
8
8.11602(5)
8.16717(5)
9.44209(5)
625.869(4)
8a (1/8, 1/8, 1/8)
16d (1/2, 1/2, 1/2)
32h (x, y, z)
x 0.48709(16)
y 0.48690(16)
z 0.25853(21)
1.251(19)
1.208(15)
1.454(33)
0.56(6)
3.206
5.46
6.82

The precise structural description of Mn3 O4 in the ferrimagnetic state is so
far unknown. We find that Mn3 O4 undergoes a phase transformation from
tetragonal I41 /amd symmetry to a phase coexistence regime consisting of both
tetragonal I41 /amd and orthorhombic F ddd phases. Figure 6.6 (a) shows the
8.2 K diffraction pattern of Mn3 O4 modeled by tetragonal I41 /amd and orthorhombic F ddd phases. Structural parameters and goodness of fit parameters
obtained from Rietveld refinement are tabulated in Table 6.1. Small goodness
of fit parameters along with the agreement between the model and the data
illustrates that coexisting tetragonal and orthorhombic phases characterize ferrimagnetic Mn3 O4 . No single phase low symmetry solution could be obtained
to model the low temperature structure of Mn3 O4 . A closer look at some of the
diffraction reflections that split below the Néel temperature is presented in Fig.
6.6 (b) where the tetragonal (220) reflection coexists with orthorhombic (040)
and (400) reflections. Similarly, fig. 6.6 (c) shows the coexistence of the tetragonal (321) and the orthorhombic (511) and (151) reflections. The orthorhombic
F ddd space group is a subgroup of the tetragonal space group I41 /amd, and
it has been shown to describe structural ground states of the Jahn-Teller active
spinels NiCr2 O4 and CuCr2 O4 .[14] Magnetostructural phase transitions leading
to complex structural ground states are an emerging theme in magnetic spinels;
a recent report from our group shows structural phase coexistence in MgCr2 O4
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and ZnCr2 O4 .[1]
The low-temperature structures coexist with nearly equal fractions below
TN . Weight fractions of 50.4 % and 49.6 % for the I41 /amd and F ddd phases
respectively are measured near TN . With decrease in temperature below TN ,
the orthorhombic phase fraction increases slightly attaining a maximum value
of 56 % near 8 K. Scherrer analysis reveals that large crystallite sizes with dimensions > 10µm are observed in the high temperature and low temperature
tetragonal phases while smaller domain sizes of about 690 nm characterize the
orthorhombic phase. The simple Scherrer model of crystallite size analysis neglects instrumental broadening, therefore, the sizes obtained are the minimum
values.
At the magnetostructural ordering temperature of Mn3 O4 , orthorhombic
F ddd lattice constants emerge and coexist with tetragonal I41 /amd lattice constants (Fig. 6.7). The orthorhombic a and b lattice constants derive from the
tetragonal a lattice parameter. A ≈ 0.3 % compression of the orthorhombic a
axis and a ≈ 0.33 % elongation of the orthorhombic b axis relative to the tetragonal a lattice constant are measured [Fig. 6.7 (a)]. The continuous decrease
of the tetragonal c axis that occurs above 42 K, is disrupted at TN where the
orthorhombic c axis emerges with values ≈ 0.02 % smaller relative to the tetragonal c axis [Fig. 6.7 (b)]. The temperature-dependence of the unit cell volume
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Figure 6.7: Temperature-dependence of the structural parameters of Mn3 O4 . (a)
Variation of the tetragonal a lattice constant of Mn3 O4 with temperature shows
the emergence of a compressed orthorhombic a lattice constant and an elongated
orthorhombic b lattice constants below 42 K. (b) The tetragonal c lattice constant
decreases with temperature to 42 K, below which the orthorhombic c lattice constant,
which has a decreased value, emerges. (c) A linear decrease in the unit cell volume is
observed above 42 K. At 42 K, a discontinuous decrease in cell volume is observed in
both the tetragonal I41 /amd and orthorhombic F ddd phases.
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shows a discontinuous decrease below 42 K [Fig. 6.7 (c)]. In the Ehrenfest classification of phase transitions, first order phase transitions are characterized by
a discontinuous change in the first derivative of the free energy. The discontinuous change in the cell volume of Mn3 O4 and coexistence of two low-temperature
structures suggests that this is a first order phase transition. The structural distortion of Mn3 O4 , borth /atet =1.003, is of the same order as those of other spin
driven lattice distortions observed in the related spinel compounds NiCr2 O4 ,[14]
CuCr2 O4 ,[14] ZnCr2 O4 ,[1] and MgCr2 O4 .[1]
The complete crystallographic description of Mn3 O4 enables detailed investigation of polyhedral distortions that occur following the structural distortion.
The elongated MnO6 polyhedral units of tetragonal Mn3 O4 above TN are described by an apical bond length of 2.275(9) Å, which is twofold degenerate
and an equatorial bond length of 1.93(3) Å that is fourfold degenerate [Fig.
6.8 (a) and (b)]. Below the structural transition temperature, the apical bond
length remains fairly temperature independent with small variations around the
2.275(5) Å value in both the tetragonal and orthorhombic phases[Fig. 6.8 (a)].
On the other hand, below TN , the equatorial bond length of the tetragonal phase
decreases to a length of about 1.92(5) Å while retaining its fourfold degeneracy. The equatorial Mn-O bond length of MnO6 octahedra exhibits distortions
in the orthorhombic phase that yield two Mn-O bond lengths that are about
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Figure 6.8: Polyhedra distortions of Mn3 O4 . (a) The axial Mn-O bond length of
the MnO6 octahedra shows relative temperature independence across the structural
phase transition in both the tetragonal and orthorhombic phases. (b) The equatorial
Mn-O bond length of MnO6 octahedra in the high temperature tetragonal phase
has a value of about 1.93 Å. Below the structural phase transition, this equatorial
bond length is compressed in the tetragonal phase and has a value of ≈ 1.92 Å. In the
orthorhombic phase, this bond length is distorted giving rise to two different equatorial
bonds with lengths of about 1.94 Å. (c) Below TN , the Mn-O bond length of the MnO4
polyhedra increases in length in the tetragonal phase while its length decreases in the
orthorhombic phase.
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Table 6.2: Pseudo-Voigt with Finger-Cox-Jephcoat asymmetry(GSAS profile 3) profile
microstrain terms of the various phases of Mn3 O4 obtained from Rietveld refinement.
HT denotes high temperature while LT denotes low temperature. The magnitude of
the microstrain terms of the low temperature tetragonal phase are larger than those
of the other phases of Mn3 O4 . These strain tensors have been plotted in an ellipsoidal
representation in Fig 6.9.
Microstrain term

HT I41 /amd

LT I41 /amd

LT F ddd

L11

0.1071

-0.0257

0.1666

L22

0.159

-0.3624

0.1975

L33

0.0743

0.1071

0.0837

L12

0.1093

0.3676

-0.0481

L13

-0.0151

-0.0392

-0.0127

L23

-0.0218

-0.02115

-0.0350

1.935(5) Å long, each with twofold degeneracy [Fig. 6.8 (b)]. The high temperature tetragonal phase has a tetrahedral Mn-O bond length of 2.04 Å , this
bond length increases to ≈ 2.05(3) Å in the low temperature tetragonal phase
while it decreases in the orthorhombic phase to ≈ 2.025(4) Å [Fig. 6.8 (c)]. The
distortions of the polyhedra in each of the low temperature structures are complementary, for instance examining the low temperature orthorhombic phase:
the elongation of the equatorial bond lengths of MnO6 octahedra are compensated by the decrease in Mn-O bond lengths of the MnO4 tetrahedra.
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Figure 6.9: Ellipsoid representation of the second rank strain tensor of Mn3 O4 in
the various phases as determined by Rietveld refinement using the Pseudo-Voigt with
Finger-Cox-Jephcoat asymmetry(GSAS profile 3) profile function. In addition to the
color scale, the size of the ellipsoid scales with the magnitude of the strain. In all the
phases of Mn3 O4 , large strains are observed in the [110] plane compared to the [001]
direction. The low temperature tetragonal I41 /amd phase is highly strained compared
to the high temperature tetragonal phase and low temperature orthorhombic phase.
The high temperature I41 /amd phase shows the lowest strains of the three phases of
Mn3 O4 .
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High resolution synchrotron x-ray diffraction has emerged as an important
tool for characterizing the low temperature structures of magnetic materials.[1,
14, 113] However, it has been shown that chemical inhomogeneity that is
present at all times, but cannot be easily detected by high resolution x-ray
diffraction above the phase transition temperature, can lead to structural phase
coexistence below a structural phase transition temperature.[113] In this light,
we have refined the elemental occupancies of all atoms in the low temperature
tetragonal and orthorhombic phases. All elements remain stoichiometric within
error. The highest vacancy concentration of 1.33 % is obtained for Mn3+ cations
in the orthorhombic phase. Nevertheless, this small vacancy concentration cannot account for > 50 % orthorhombic phase content observed below TN . We
have performed high-precision density measurements of the Mn3 O4 sample to
further investigate the stoichiometry of this material. Density measurements
of the powder sample at room temperature give a density of 4.855(9) g/cm3
which compares well with the expected density of 4.86 g/cm3 confirming that
off-stoichiometric effects are not influencing the structural phase transition of
this sample.
Structural phase coexistence in Mn3 O4 is linked to large strains at the phase
transition temperature due to the lattice mismatch between the low temperature orthorhombic phase and the high temperature tetragonal phase. Figure.
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Figure 6.10: Structural distortions in spinels due to Jahn-Teller ordering and magnetostructural coupling effects. While in many instances full structural transformations
occur. Phase coexistence is observed for MgCr2 O4 , ZnCr2 O4 , and Mn3 O4 . Notably
phase coexistence is prevalent when structural phase transitions occur below 50 K.
6.7 shows that the orthorhombic a and b lattice constants vary by 0.3 % from
those of both the high temperature and low temperature tetragonal phases. The
c axis varies slightly, by 0.02 % between the F ddd and I41 /amd phases. The
map of the strain tensor shows a highly strained low temperature tetragonal
phase (Fig. 6.9). Most of the strain is along the crystallographic a and b axes
where the largest lattice mismatch between the low temperature tetragonal and
orthorhombic phases is observed. The orthorhombic F ddd phase also experiences slightly higher strain compared to the high temperature tetragonal phase.
It is important to note the significantly smaller strain along the [001] direction,
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this finding agrees well with the fairly invariant c lattice constants of the high
temperature and low temperature phases. Evidence of strain stabilized structural phase coexistence in Mn3 O4 is corroborated by the work of Suzuki and
Katsufuji, who have performed strain measurements on single crystals of Mn3 O4
observing changes in the temperature dependent strain (∆L/L) at the magnetic
ordering temperatures. [117] Suzuki and Katsufuji also show larger strain effects along the [110] plane of Mn3 O4 compared to the [001] direction.[117]
Evidence of coexisting tetragonal and orthorhombic phases is in agreement
with prior studies of the hausmanite Mn3 O4 . Chung et al. reported orthorhombic
instabilities in a single crystal of Mn3 O4 after observing subtle diffraction peak
asymmetry.[120] The study by Chung et al. essentially indicates the present of
coexisting phases in Mn3 O4 below TN , with the tetragonal phase yielding dominant peaks and the orthorhombic phase contributing to mere peak asymmetry.
Considering the work of Chung and coworkers, it is clear that large strains in
a single crystal can inhibit the formation of a large phase fraction of the low
temperature orthorhombic phase. The polycrystalline sample examined here
along with the use of high-resolution synchrotron x-ray diffraction allows us to
fully resolve the diffraction reflections of the orthorhombic F ddd phase and to
complete a detailed study of the structural changes taking place at low temperatures.
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The structural phase transformation of Mn3 O4 bears some of the hallmark
characteristics of a martensitic phase transformation. We observe the nucleation of an orthorhombic F ddd phase within the matrix of the parent I41 /amd
phase. Strain energy inhibits the complete structural transformation of Mn3 O4
to the orthorhombic phase, stabilizing a mixed phase structure. Comparable strain-mediated structural phase coexistence is reported in the manganites
Bi0.2 Ca0.8 MnO3 and La0.275 Pr0.35 Ca0.375 MnO3 .[125] However, it must be noted
that the perovskites are usually on the verge of being metals and the inhomogeneities are frequently the result of very slightly differing levels of chemical
doping, but this is not the case in Mn3 O4 because it is stoichiometric and insulating. Examination of hysteresis effects of the structural phase transition of
Mn3 O4 are inconclusive due to slow heating and cooling rates applied during
variable temperature x-ray measurements. A comparison of the magnetostructural phase transformation of Mn3 O4 to spin-driven lattice deformations of other
magnetic spinels suggests that phase coexistence likely occurs when structural
deformations occur at low temperatures (T < 50 K) (Fig. 6.10). However, the
spinel GeCo2 O4 shows a full transformation from cubic to tetragonal symmetry
near 22 K indicating that low temperatures do not necessarily limit full structural transformations in all spinels and perhaps the particular strains involved
in the lattice deformation play a larger role in stabilizing phase coexistence.
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These results call for a re-examination of the properties of Mn3 O4 at low
temperatures. For example, how do we understand spin ordering in the various
low temperature phases?

Further, it is important to resolve the magnetic

structure of Mn3 O4 taking into account structural phase coexistence in the
ferrimagnetic phase. Since strain influences phase coexistence, it presents a
new approach to controlling the magnetostructural phase transition of Mn3 O4
to achieve a desired low temperature structure.

6.4

Conclusions

High resolution synchrotron x-ray diffraction reveals the coexistence of
tetragonal I41 /amd and orthorhombic F ddd below the Néel temperature of the
magnetodielectric spinel Mn3 O4 . The two low temperature phases coexist in
nearly equal fractions. A complete crystallographic description of Mn3 O4 in
the ferrimagnetic state is presented. Polyhedral distortions in the ferrimagnetic
phase of Mn3 O4 are described. We show that strains due to the lattice mismatch
between the orthorhombic phase, which is nucleated below 42 K, and the high
temperature tetragonal I41 /amd phase likely contribute to the observed phase
coexistence. We propose strain as a new approach to control the properties of
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Mn3 O4 below the magnetic ordering temperature.
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Chapter 7
Evolution of magnetic properties in
the normal spinel solid solution
Mg1−xCuxCr2O4
We examine the evolution of magnetic properties in the normal spinel oxides Mg1−x Cux Cr2 O4 using magnetization and heat capacity measurements. The
end-member compounds of the solid solution series have been studied in some
detail because of their very interesting magnetic behavior. MgCr2 O4 is a highly
1

The contents of this chapter have substantially appeared in reference [36]: M. C. Kemei,
S. L. Moffitt, D. P. Shoemaker, and R. Seshadri, Evolution of magnetic properties in the normal
spinel solid solution Mg1−x Cux Cr2 O4 J. Phys.: Condens. Matter 24 0460031 (2012) c 2012
IOP Publishing Ltd.

192

frustrated system that undergoes a first order structural transition at its antiferromagnetic ordering temperature. CuCr2 O4 is tetragonal at room temperature as
a result of Jahn-Teller active tetrahedral Cu2+ and undergoes a magnetic transition at 135 K. Substitution of magnetic cations for diamagnetic Mg2+ on the
tetrahedral A site in the compositional series Mg1−x Cux Cr2 O4 dramatically affects magnetic behavior. In the composition range 0 ≤ x ≤ ≈0.3, the compounds
are antiferromagnetic. A sharp peak observed at 12.5 K in the heat capacity of
MgCr2 O4 corresponding to a magnetically driven first order structural transition
is suppressed even for small x. Uncompensated magnetism – with open magnetization loops – develops for samples in the x range ≈ 0.43 ≤ x ≤ 1. Multiple
magnetic ordering temperatures and large coercive fields emerge in the intermediate composition range 0.43 ≤ x ≤ 0.47. The Néel temperature increases with
increasing x across the series while the value of the Curie-Weiss ΘCW decreases.
A magnetic temperature-composition phase diagram of the solid solution series
is presented.

7.1

Introduction

Materials with the spinel structure display a wide range of functional properties and are applied as battery electrodes [126], multiferroic materials[4, 127],
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and catalytic materials.[128] In addition, spinels offer unique opportunities for
the exploration of exotic magnetic phenomena.[32, 87, 129] A rich diversity of
possible magnetic ground states can be found in materials with the spinel structure. These range from long range ordered ferrimagnetic states, observed in
magnetite Fe3 O4 , to degenerate spin liquid states seen in systems with geometrically frustrated interactions such as ZnCr2 O4 .[8] In spinels with the general
formula AB2 O4 , cation A and B sites can both be occupied by magnetic ions.
Coupling between the various magnetic ions gives rise to a number of competing exchange pathways and a multitude of possible ground states. Additional
complexity arises when antiferromagnetically coupled cations populate the pyrochlore B sublattice in spinels. In this configuration, geometric constraints preclude the realization of a unique ground state resulting in frustrated systems.
Slight perturbations of highly degenerate spin liquid states in frustrated magnets can result in a range of novel behavior.[20, 130]
Strongly frustrated three-dimensional pyrochlore B sublattices occur in oxide spinels with a non-magnetic A site and a chromium B site. Cr3+ with a
[Ar]3d3 electron configuration shows a preference for the octahedral site where
crystal field splitting stabilizes a half filled t2g level separated in energy from an
empty eg level.[39, 131] Antiferromagnetic nearest neighbour (NN) interactions
between Cr3+ ions populating the pyrochlore B sublattice cannot be fully satis-
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fied. Pyrochlore sublattices with antiferromagnetically coupled spins have been
shown to result in frustrated Heisenberg spin Hamiltonian expressions where
NN interactions alone would not result in a single low energy state even at T
= 0 K.[26, 31, 83, 132] Given the strongly frustrated Cr3+ sublattice, the choice
of A site cation can profoundly affect magnetic properties in chromium oxide
spinels.
Magnetic ground states depend strongly on the A cation in ACr2 O4 spinels.
Non-magnetic A site (for instance A = Zn, Mg, Cd) chromium oxide spinels
are highly frustrated.[47] Spin-lattice coupling resolves the large ground state
degeneracy by selecting a unique ordered state via a spin Jahn-Teller effect at the magnetic ordering temperature.[83] In magnetic A site spinels
(for instance A = Co, Fe, Cu, Mn), A-O-Cr coupling dominates over frustrated Cr-Cr interactions and non-collinear ferrimagnetic ground states are
attained.[4, 50, 61, 64, 133, 134] Understanding changes in interactions due
to gradual addition of magnetic ions on the A site of frustrated ACr2 O4 spinels
is important. In this study, we investigate the magnetic properties of the solid
solution Mg1−x Cux Cr2 O4 where the end members MgCr2 O4 and CuCr2 O4 differ
both structurally and magnetically.
The canonical geometrically frustrated spinel MgCr2 O4 crystallizes in the cubic space group F d3̄m at 300 K. The pyrochlore Cr3+ sublattice is based on a
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triangular motif where antiferromagnetic NN Cr-Cr coupling is geometrically
frustrated. As a result, the spins in MgCr2 O4 remain disordered far below the
theoretical ordering temperature (ΘCW ≈ −400 K).[29, 135] A structural distortion lifts the spin state degeneracy of the pyrochlore Cr3+ sublattice at the
Néel temperature (TN ) ≈ 12.5 K. The tetragonal space group I41 /amd has been
suggested as the low symmetry crystallographic structure.[28, 86] A sharp peak
in heat capacity coincident with the magnetically driven structural transition in
MgCr2 O4 denotes the first-order nature of this transition.[89]
The spinel CuCr2 O4 is cubic above 873 K,[58, 136] with Cu2+ occupying
tetrahedral sites and Cr3+ populating octahedral sites. In the cubic phase, tetrahedral crystal field splitting of the d9 Cu2+ energy level results in triply degenerate high lying t2 subshells and fully occupied low energy eg subshells.[59]
Distortion of the CuO4 tetrahedra lifts the orbital degeneracy of the t2 level, and
when these distortions are coherent, the symmetry of CuCr2 O4 is lowered from
cubic F d3̄m to tetragonal I41 /amd.[62] Magnetic studies of CuCr2 O4 show that
it is ferrimagnetic at 135 K. The magnetic structure in the ordered state is triangular with Cr3+ in the 001 planes aligned parallel but at an angle to Cr3+ in
adjacent planes. Cu2+ align antiparallel to the net moment of the Cr3+ sublattices forming a magnetic structure comprising triangles of spins.[61]
Previous work has investigated the local and average structural changes in
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the series Mg1−x Cux Cr2 O4 .[93] These studies show that although local distortions occur for all Cu2+ substituted compositions, cooperative structural changes
are dependent on x and on temperature. For example, at room temperature,
compounds of the series Mg1−x Cux Cr2 O4 remain cubic on average for x < 0.43.
Tetragonal average symmetry driven by cooperative Cu2+ Jahn-Teller distortions
appears in compositions with x > 0.43 at 300 K.
We study the effect of introducing magnetic, Jahn-Teller active Cu2+ on the
non-magnetic A site of MgCr2 O4 on magnetic frustration and on the nature of
magnetic interactions. A previous study of the system Zn1−x Cox Cr2 O4 showed
that addition of Co2+ on the non-magnetic Zn2+ site quenched frustration across
the series.[37] Here, we explore changes in magnetic behavior as Jahn-Teller
active tetrahedral Cu2+ induces lattice distortions in addition to adding magnetism on A site of the compounds Mg1−x Cux Cr2 O4 .[93] Novel properties such
as intrinsic exchange bias have been shown to exist at phase boundaries.[121]
We therefore closely examine the region between the antiferromagnetic and ferrimagnetic phases in Mg1−x Cux Cr2 O4 for unusual phenomena.
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7.2

Experimental details

Polycrystalline samples of the series Mg1−x Cux Cr2 O4 (x = 0, 0.1, 0.2, 0.43,
0.47, 0.6, 0.8, and 1) were prepared through calcination of nitrate precursors as
reported by Shoemaker and Seshadri.[93] The samples were structurally characterized by laboratory x-ray diffraction using a Philips X’pert diffractometer
with Cu-Kα radiation. Phase purity was confirmed in selected compositions using high-resolution synchrotron powder x-ray diffraction collected at the 11-BM
beamline at the Advanced Photon Source. Some of the samples have also been
previously characterized by time-of-flight neutron scattering which verified that
all the spinels are normal, meaning the B site is purely Cr3+ , and there is not
Cr3+ on the A site. Magnetic susceptibility measurements on powder samples
were performed using a Quantum Design MPMS superconducting quantum interference device (SQUID) magnetometer. In all samples, magnetization as a
function of temperature was measured at a field of 0.1 T. Isothermal field dependent magnetization measurements were performed at 2 K and 5 K. A Quantum Design Physical Properties Measurement System was used to measure heat
capacity at 0 T for various temperature ranges selected to accommodate the
magnetic transition temperature of each sample. For the heat capacity measurements, pellets of 50 % sample mass and 50 % silver mass were prepared by

198

grinding and pressing at about 330 MPa. Silver was used to increase mechanical strength and thermal conductivity. The pellets were mounted on the sample
stage using Apiezon N grease. The heat capacity of the grease and of silver were
collected separately and subtracted to obtain the sample heat capacity.

7.3

Results and Discussion

We study the magnetic properties of the compounds Mg1−x Cux Cr2 O4 using
magnetic susceptibility measurements. Zero field cooled (ZFC) and field cooled
(FC) magnetic susceptibility collected under a DC field of 1000 Oe as a function
of temperature shows a composition dependent ordering temperature (TN ) defined as the temperature where dχ/dT is maximum (Figure 7.1 and Table 7.1).
TN increases with Cu2+ substitution. In addition to Cr3+ -Cr3+ interactions that
are present in all compositions, Cu2+ -Cr3+ and Cu2+ -Cu2+ interactions occur in
copper doped samples. The increase in TN correlates well with the increase in
the number of magnetic interactions. It is also likely that Cu2+ moments compensate some of the Cr3+ sublattice moments. As Cr3+ are compensated, the
difficulty involved with satisfying antiferromagnetic interactions between spins
on a pyrochlore lattice is alleviated easing frustration and allowing magnetic
order at high TN . The sample x = 0.1 shows a lower TN indicating suppressed
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Figure 7.1: Zero-field-cooled (open symbols) and field-cooled (closed symbols) magnetic susceptibility as a function of temperature of the series Mg1−x Cux Cr2 O4 under
a DC fields of 0.1 T (a) samples with x < 0.4, (b) Samples with 0.4 < x < 0.5,
and (c) Samples x > 0.5. Magnetic ordering temperatures and the magnetization at
low temperatures increase with x concentration. Reproduced with permission from
reference [36] c 2012 IOP Publishing Ltd.
.
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magnetic order for small amounts of magnetic ions on the non-magnetic A site
of MgCr2 O4 . Concurrent structural and magnetic transitions occur in MgCr2 O4
and structural studies of the compound x= 0.1 will enhance the understanding
of the magnetic properties observed here. The decrease in TN with dilute doping of magnetic cations on the A site of a frustrated antiferromagnet has been
observed in the system Zn1−x Cox Cr2 O4 .[37]
In samples x = 0, 0.1, and 0.2 susceptibility increases to a maximum at TN
before decreasing below TN [Figure 7.1(c)]. This trend in both ZFC and FC data
indicates dominant antiferromagnetic interactions. A sharp cusp is observed at
TN in MgCr2 O4 where long range magnetic order occurs via a spin-driven JahnTeller transition.[7] This cusp broadens in samples x = 0.1 and 0.2 indicating
changes in the magnetic ground state with Cu2+ doping. The decrease in ZFC
susceptibility coupled with the increase in FC susceptibility below TN in compositions x = 0.43, 0.47, 0.6, 0.8 and 1 [Figure 7.1(a) and (b)] demonstrates
ferrimagnetic behavior. The magnitude of the low temperature susceptibility
increases with Cu2+ content as shown in Figure 7.1.
There are two ordering temperatures in the magnetic susceptibility of There
are two ordering temperatures in the magnetic susceptibility of samples x =
0.43 and x = 0.47 (Figure 7.2, Table 7.1). This suggests the presence of two
different kinds of long range interactions, coexisting long range order and a
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Figure 7.2: (a) Field-cooled and (b) zero-field-cooled magnetic susceptibility of the
compounds with x = 0.43 and x = 0.47 showing multiple magnetic transition temperatures present in these samples. Reproduced with permission from reference [36]
c 2012 IOP Publishing Ltd.
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glassy state, or magnetic compensation. We find strong evidence for two distinct coexisting long range ordered states. Structural studies of these samples
showed that compositions x ≤ 0.43 have a cubic average structure at room temperature. Under similar conditions, compositions x ≥ 0.47 showed tetragonal
average symmetry. Average cubic and tetragonal symmetry was present in the
range 0.43 ≤ x ≤ 0.47 at 300 K. Shoemaker and Seshadri suggest that although
locally CuO4 tetrahedra are distorted for Cu2+ content ≤ 0.43 due to the JahnTeller activity of tetrahedral Cu2+ , the average structure remains cubic at 300 K.
At x = 0.43, the distorted CuO4 distribution is sufficient to cause a cooperative
effect and the tetragonal phase appears.[93] Here, magnetic susceptibility studies complement structural studies well. We find that in Cu2+ concentrations x
≤ 0.2, magnetism is antiferromagnetic as occurs in MgCr2 O4 . For x above 0.6,
ferrimagnetism develops (Figure 7.1). Although addition of Cu2+ increases the
degree of non-compensation of B site spins, the B − B interaction dominates
at low x values. Multiple transitions at x = 0.43, suggest that A-O-B coupling
is sufficient to cause ferrimagnetic (Fi) long range order in addition to antiferromagnetic (AF) order. We attribute the presence of two magnetic transitions
in the range 0.43 ≤ x ≤ 0.47 to coexisting Fi and AF interactions. Evidence of
structural phase separation in the range 0.43 ≤ x ≤ 0.47 at 300 K supports the
magnetic data showing two distinct yet coexisting kinds of magnetic order.[93]
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For x > 0.6, ferrimagnetism prevails. We probe the sample x = 0.43 for glassy
behaviour that may alternatively cause one of the two transitions observed in
this sample.
Random interactions in a spin glass result in highly irreversible dynamic
magnetization states well probed by ac susceptibility measurements. A common
signature of glassy behavior is a frequency dependent magnetic transition temperature. Figure 7.3 shows frequency dependent susceptibility measurements of
the compounds Mg0.9 Cu0.1 Cr2 O4 (a) and Mg0.57 Cu0.43 Cr2 O4 (b). The sharp cusp at
TN associated with the antiferromagnetic transition of highly frustrated systems
appears at all measured frequencies for Mg0.9 Cu0.1 Cr2 O4 . In Mg0.57 Cu0.43 Cr2 O4
a broad transition appears for all probed frequencies. The two well resolved
magnetic transitions of Mg0.57 Cu0.43 Cr2 O4 measured during dc zero field cooling
(Figure 7.2(b)) are present in the ac measurement but they are much poorly
resolved. The frequency independence of the magnetic transitions in both compounds shows little amounts of disorder in these samples. This measurements
provide further evidence for coexisting ferrimagnetic and antiferromagnetic regions in the mixed composition compounds.
High temperature susceptibility data was fit to the Curie-Weiss (CW) equation (Equation 7.1) to obtain the effective paramagnetic moment (µef f ) and
ΘCW .
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Figure 7.3: Magnetic ac susceptibility of the compounds (a) Mg0.9 Cu0.1 Cr2 O4 (b)
Mg0.57 Cu0.43 Cr2 O4 taken with an ac field of 1 Oe under zero dc field. The magnetic
ordering temperature of both compounds is frequency independent. We highlight
approximate magnetic ordering temperatures. Reproduced with permission from reference [36] c 2012 IOP Publishing Ltd.
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Figure 7.4: Normalized plots of inverse field-cooled magnetic susceptibility of
Mg1−x Cux Cr2 O4 acquired in a 0.1 T field, as a function of T /|ΘCW |. The black
dashed line represents ideal Curie-Weiss (CW) behavior. For small x, the susceptibility follows Curie-Weiss behavior to T  |ΘCW | and at TN deviate positively from
ideal CW behavior as seen also in the inset. Compounds with x = 0.43, 0.47, 0.6, 0.8,
and 1 deviate negatively from ideal CW behavior at temperatures closer to |ΘCW |.
Every other data point has been omitted for clarity. Reproduced with permission from
reference [36] c 2012 IOP Publishing Ltd.
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χ=

C
T − ΘCW

(7.1)

The Curie constant (C) yields an effective paramagnetic moment following
the expression µef f =

p
3KB C/NA . ΘCW is a measure of the strength and na-

ture of magnetic interactions. A plot of the scaled normalized inverse susceptibility shown by Equation 7.2 simplifies comparison of magnetic behavior in compounds where magnetic interactions evolve significantly with composition.[37]

T
C
+ sgn(ΘCW ) =
χ|ΘCW |
|ΘCW |

(7.2)

Inverse susceptibility scaled according to Equation 7.2 using values obtained
from Curie Weiss fits of the high temperature susceptibility data 300 ≤ T ≤
390 K are presented in Figure 7.4. Ideal CW paramagnetism occurs in all samples when T /|ΘCW | ≥ 1.5 with the exception of CuCr2 O4 . In the paramagnetic
regime, spins are disordered. Deviations from CW behavior denote the onset
of long- or short-range interactions. Uncompensated interactions contribute to
negative deviations, while compensated interactions lead to positive deviations.
Compensated interactions in MgCr2 O4 gradually become uncompensated with
Cu2+ doping. On the basis of powder neutron diffraction, Prince[61] has proposed the magnetic structure of CuCr2 O4 to consist of triangular ordering, where
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Cr3+ sublattices in (001) sheets are parallel within each plane but at an angle
to Cr3+ moments on other planes. The net moment from the Cr3+ sublattice is
partially compensated by the Cu2+ sublattice. It is likely that this effect, which
increases the number of uncompensated interactions, develops gradually with
Cu2+ substitution in MgCr2 O4 . Negative deviations from ideal CW behaviour in
CuCr2 O4 when T /|ΘCW | ≥ 1 indicate the presence of short range uncompensated interactions above TN (Figure 7.4).
The normalized CW plot is a direct indicator of frustrated magnetism.
TN /|ΘCW | is the inverse of the frustration parameter (f ). The onset of long
range order when T /|ΘCW |  1 is a sign of strong frustration.[25] The canonical geometrically frustrated antiferromagnet, MgCr2 O4 , shows a high frustration
index (Figure 7.4, Table 7.1). Surprisingly, the compound x = 0.1, is the most
frustrated of the series despite the presence of random Cu2+ ions. The increase
in frustration index despite the addition of small amounts of magnetic ions on
the non-magnetic A site of geometrically frustrated systems has been shown in
the study of Zn1−x Cox Cr2 O4 by Melot et al.[37] Magneto-structural studies of
the compound Mg0.9 Cu0.1 Cr2 O4 will likely shed light into the enhanced frustration index. Except for the composition x = 0.1, Cu2+ doping eases frustration
in MgCr2 O4 and this occurs because of the disruption of symmetric Cr3+ -Cr3+
interactions with random Cu2+ distribution in the doped compounds. Cu2+ in-
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Table 7.1: Magnetic data of the series Mg1−x Cux Cr2 O4 . Experimental µef f and ΘCW
obtained from fitting susceptibility data in the temperature range 300 ≤ T ≤ 390 K to
the Curie-Weiss equation. TN is taken as the temperature where ∂χ/∂T is maximum.
Calculated spin-only values of µef f are also presented.

x

µef f (µB , expt.)

µef f (µB , calc.)

ΘCW (K) TN

MgCr2 O4

5.42

5.47

−368

12.5

x = 0.1

5.34

5.50

−361

10.5

x = 0.2

5.24

5.53

−329

16

x = 0.43

5.17

5.59

−314

37, 27

x = 0.47

4.94

5.60

−295

38, 29

x = 0.6

4.89

5.64

−262

35

x = 0.8

4.54

5.69

−202

91

CuCr2 O4

4.48

5.74

−148

128

terferes with B-B coupling by adding Cu2+ -Cr3+ and Cu2+ -Cu2+ interactions. Additionally, crystal distortions arise in CrO6 due to the Jahn-Teller effect of Cu2+
depending on proximity to CuO4 tetrahedra. Differences in Cr-Cr distances and
Cr-O-Cr angles due to structural distortions break the degeneracy of exchange
coupling routes ultimately easing frustration.
Values obtained from fitting high temperature susceptibility data to the CW
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Figure 7.5: Trends in magnetic properties of Mg1−x Cux Cr2 O4 . (a) TN increases while
ΘCW decreases with x. (b)The frustration index f = |ΘCW |/TN decreases with x
approaching f = 1 as x = 1. (c) Experimental µef f decreases with x although the
expected spin-only µef f is predicted to increase. Reproduced with permission from
reference [36] c 2012 IOP Publishing Ltd.
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equation are presented in Table 7.1 and plotted in Figure 7.5. An expected spinonly effective moment for series compositions is calculated using the expression
µef f =

p
xµ2Cu + 2µ2Cr . The moment of each magnetic cation(c) is calculated us-

ing the equation µc = g

p
S (S + 1 )µB , in which g is the Landé g-factor and has

the approximate value 2, S = 1/2 and 3/2 when c is Cu2+ and Cr3+ respectively.
The effective moment is expected to increase with Cu2+ concentration. Surprisingly, a decrease in µef f occurs with Cu2+ doping. We speculate that short
range interactions develop in the paramagnetic regime in Cu2+ rich samples
leading to the underestimation of the spin-only effective moment. Curie-Weiss
fitting at temperature ≥ 390 K may yield µef f values that are closer to what
is expected. The underestimation of µef f with increased substitution of magnetic ions on the A site of a frustrated magnetic system has been reported in
the system Zn1−x Cux Cr2 O4 .[98] The orbital contribution to the effective magnetic moment in octahedral Cr3+ and Jahn-Teller active Cu2+ is expected to be
heavily quenched, hence, the orbital moment is not considered.
A negative theoretical ordering temperature (ΘCW ) is determined for all
samples, confirming that spin coupling results in antiferromagnetic or ferrimagnetic order.

The magnitude of ΘCW decreases with Cu2+ content.

A

similar trend in Curie-Weiss temperature has been reported in the systems
Zn1−x Cux Cr2 O4 [98] and Cd1−x Cux Cr2 O4 .[137] These earlier works postulate
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that the decrease is due to interactions from the Cu2+ sublattice. Strong B − B
interactions in MgCr2 O4 yield the largest |ΘCW | value measured. Possibly, the
addition of magnetic Cu2+ on the diamagnetic A site of MgCr2 O4 disrupts the
B − B interaction contributing to weaker interactions in Cu2+ doped samples.
The increase in TN with Cu2+ concentration coupled with the decrease in the
theoretical ordering temperature (ΘCW ) results in a dramatic decrease of the
frustration parameter with Cu2+ content. In agreement with previous similar
studies[37, 98, 137], we find that frustration is strongly quenched with the addition of spins in the A sublattice. These results show that lattice geometry
does not prevent spin order in Cu2+ doped samples. The sample x = 0.1 exhibits a curious trend. In this compound, the frustration index increases despite
Cu2+ doping. This was also observed in the study of magnetism of the series
Zn1−x Cox Cr2 O4 .[37]
Entropy changes are well described by specific heat measurements. A sharp
peak in the specific heat of MgCr2 O4 indicates changes in entropy at T ≈ 12.5 K
[Figure 7.6(a)]. The transition temperature recorded in heat capacity coincides
with the magnetic ordering temperature signalling the onset of long range AF
order. A broad shallow peak at T ≈ 11 K appears at the magnetic ordering
temperature of the sample x = 0.1 suggesting that there is a remanent magnetic entropy below the ordering temperature [Figure 7.6(b)]. In the sample

212

Figure 7.6: Temperature dependent heat capacity of compounds with x = 0, 0.1, 0.2,
and 0.43 in Mg1−x Cux Cr2 O4 under zero field. (a) Heat capacity of the sample x = 0
showing a sharp peak at 12.5 K; (b) A broader peak occurs at 11.5 K in the sample
x = 0.1; (c) In the samples with x = 0.2, a smooth decrease in heat capacity with
temperature is observed (d) The sample with x = 0.43 displays a broad bulge in the
heat capacity at ≈ 50 K. Reproduced with permission from reference [36] c 2012
IOP Publishing Ltd.
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Mg0.8 Cu0.2 Cr2 O4 , there is no anomaly in the specific heat at the magnetic ordering temperature while for the sample Mg0.57 Cu0.43 Cr2 O4 , a broad hump develops
at 30 K ≤ T ≤ 70 K [Figure 7.6(d)]. The absence of any entropy changes after
the onset of magnetic order suggests the presence of glassy spin states, however,
we find no evidence of this is the ac susceptibility measurements [Figure 7.3]. It
is likely that non-collinear magnetic ordered states with finite entropy appear in
Cu doped samples explaining the absence of any anomalies in the specific heat
for these compositions.
A progressive transition from antiferromagnetic to ferrimagnetic order is observed in isothermal field dependent magnetization measurements (Figure 7.7).
In MgCr2 O4 , a linear dependence of the magnetization on field that is characteristic of antiferromagnetic order is observed. Slight nonlinearity in the field
dependent magnetization develops at ±1.5 T in MgCr2 O4 [Figure 7.7(a)]. This
nonlinearity originates from a field-driven change in local magnetic structure
as postulated by Suzuki et al.[135] Antiferromagnetism persists in samples x
= 0.1 and 0.2 [Figure 7.7(b,c)], however, coercivity develops as the loops are
open upon close examination. Coercivity is highest in samples x = 0.43 and 0.47
[Figure 7.7(d,e)]. Additionally, earlier studies on exchange bias effects in these
compounds revealed an increase in the exchange bias field (He ) with Cu2+ in
samples x = 0.1, 0.2 and 0.43.[93] Antiferromagnetic-ferrimagnetic interfaces

214

Figure 7.7: Isothermal magnetization traces of the different Mg1−x Cux Cr2 O4 compounds, measured at 2 K except for the samples with x = 0.6 and 0.8 which were
measured at 5 K. The compound (a) x = 0 shows a linear variation of magnetization
with field. Magnetic anisotropy induces slight nonlinearity at ± 1.5 T as reported by
Suzuki et al.[135] In (b) x = 0.1 and (c) x = 0.2 linear dependence of the magnetization on field is again observed. In (d), the x = 0.43 sample and in (e) the x = 0.47
sample display a larger increase in magnetization as compared to samples with x =
0, 0.1, and 0.2. A large coercive field develops as observed from the wide hysteresis
loops. At high fields the magnetization does not saturate. The samples with (f) x
= 0.6 and (g) 0.8 are ferrimagnetic with open hysteresis loops and almost saturating
magnetization. (h) Field dependence of the magnetization of CuCr2 O4 at 2 K showing
well behaved hysteresis and an almost saturated magnetization of 0.7 µB per formula
unit with small coercive field. Reproduced with permission from reference [36] c
2012 IOP Publishing Ltd.
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are a common cause of enhanced coercivity and shifted hysteresis.[138, 139]
Given that the samples x = 0.43 and x = 0.47 bridge the AF and Fi regions, we
propose that pinning of spins at the Fi-AF cluster interfaces contributes to the
enhanced coercivity.
Coupled with the increased coercivity in compounds x = 0.43 and x = 0.47
is the change from AF to Fi behavior that is evident in field- and temperaturedependent behavior. In samples with x = 0.6, x = 0.8, and x = 1, the coercivity decreases and the field dependent magnetization becomes ferrimagnetic.
CuCr2 O4 has a coercive field(He ) of about 0.25 T and a saturation moment of
0.68 µB per formula unit. The Néel model of antiferromagnetism predicts a
saturation moment of 5 µB per formula unit in CuCr2 O4 . Since the predicted
moment far exceeds the measured value, neutron diffraction measurements in
the ordered state were used to resolve this discrepancy.[61] According to the
magnetic structure proposed by Prince, triangular arrangement of spins explains
the low moment. Cr3+ on the 001 planes are aligned parallel and opposite to
Cr3+ in adjacent planes yielding a net moment from the Cr3+ sublattices. The
Cu2+ sublattice couples antiferromagnetically to the net moment of the Cr3+
sublattices creating a triangular configuration of spins. A composition dependent saturation magnetization is observed in samples x = 0.43, 0.47, 0.6, 0.8,
and 1. The saturation moment increases with Cu2+ .
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We can assemble the (Mg,Cu)Cr2 O4 magnetic phase diagram in Figure 7.8
by combining magnetic ordering transitions and heat capacity measurements
for the various compositions in this study. Transition temperatures specified by
anomalies in susceptibility and heat capacity measurements are used to demarcate phase boundaries. MgCr2 O4 enters a long range AF state at T = 12.5 K
marked by sharp anomalies in both susceptibility and heat capacity. The sharp
cusp in the susceptibility of MgCr2 O4 is replaced with a rounded peak in compositions x = 0.1 and 0.2. The linear dependence of the magnetization on field as
well as the temperature dependent magnetization of samples x = 0.1 and 0.2
show that they are antiferromagnetic. In the range 0.2 ≤ x ≤ 0.6, coexisting ferrimagnetic and antiferromagnetic states exist as shown by large coercive fields
and the absence of any glassy magnetism in select compositions in this range
studied using ac susceptibility. Mg0.57 Cu0.43 Cr2 O4 and Mg0.53 Cu0.47 Cr2 O4 show
two transition temperatures clearly indicated the phase diagram. In the sample
x = 0.6, ferrimagnetism develops indicated by the similarities in field and temperature dependent magnetization between the compound and the end-member
CuCr2 O4 . All compositions are paramagnetic above the magnetic transition temperatures.
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Figure 7.8: Suggested magnetic phase diagram for the solid solution Mg1−x Cux Cr2 O4
based on susceptibility, heat capacity and magnetization measurements. In compounds
with x ≤ 0.2, the magnetic ordering is antiferromagnetic (AF) below TN . For compositions with 0.2 ≤ x ≤ 0.6, magnetism evolves from antiferromagnetic to ferrimagnetic
and for x larger than 0.6, the ordering is largely ferrimagnetic (Fi), albeit not Néellike. Two magnetic transitions in samples Mg0.57 Cu0.43 Cr2 O4 and Mg0.53 Cu0.47 Cr2 O4
are clearly indicated in the phase diagram. Reproduced with permission from reference
[36] c 2012 IOP Publishing Ltd.

218

7.4

Conclusions

Recent years have seen renewed focus on frustrated magnetic systems
as a consequence of the recognition that they can give rise to exotic magnetic ground states.[25, 140, 141] The introduction of spins in the A site of
geometrically frustrated spinels has been suggested as a means of relieving
frustration.[37, 98, 137]. We find in agreement with this proposition, that Cu2+
alleviates frustration in all Mg1−x Cux Cr2 O4 compositions studied with the exception of x = 0.1. Temperature- and field-dependent magnetization indicate
a largely antiferromagnetic ground state in the compositions x < 0.2, Coexisting ferrimagnetic and antiferromagnetic states with open hysteresis loops in the
range 0.2 ≤ x ≤ 0.6, and largely ferrimagnetic ground states for x > 0.6, albeit with significantly smaller saturation magnetization than would be found
for Néel -ordered states. Specific heat measurements support these conclusions
for samples with small x. Emergent behavior at the AF/Fi phase boundary, indicated by large coercive fields and multiple magnetic transition temperatures,
suggests microscopic interactions between AF and Fi clusters.
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Chapter 8
Summary and Future Directions
We have presented an extensive study of magnetostructural coupling effects
in magnetic spinel oxides. We began by showing that although the Jahn-Teller
active spinels NiCr2 O4 and CuCr2 O4 are tetragonal at room temperature, they
undergo further spin-driven lattice distortions at their respective Néel temperatures. The low temperature nuclear structures of NiCr2 O4 and CuCr2 O4 are
described by the orthorhombic space group F ddd. The structural distortions
of NiCr2 O4 involve an elongation of the NiO4 tetrahedra while a compression
of the CuO4 tetrahedra is observed in orthorhombic CuCr2 O4 . Magnetostructural coupling in NiCr2 O4 and CuCr2 O4 is attributed to exchange striction, a
change in bond lengths in order to strengthen exchange coupling interactions.
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Non-collinear spin ordering and magnetostructural coupling in NiCr2 O4 and
CuCr2 O4 motivated a study of the magnetodielectric properties of these spinels.
A change in the dielectric constant of NiCr2 O4 was observed at its Néel temperature. In addition, we observed an unknown dielectric transition at 20 K
in NiCr2 O4 , which is accompanied by subtle structural and magnetic changes.
This result indicated the sensitivity of dielectric measurements to subtle magnetostructural changes in spinels. Magnetodielectric hysteresis is observed below 30 K in NiCr2 O4 . Comparisons of the field-dependent dielectric constant of
NiCr2 O4 to the squared magnetization shows that magnetodielectric coupling in
NiCr2 O4 is described by Ginzburg-Landau theory.
Next, we studied the structural ground states of the frustrated spinels
MgCr2 O4 and ZnCr2 O4 finding that tetragonal I41 /amd and orthorhombic F ddd
phases coexist in the antiferromagnetic states of these materials. We present the
first complete crystallographic description of these systems. Lattice distortions
in these spinels partially lifts spin frustration by distorting the Cr4 pyrochlore
network in the low temperature phases of MgCr2 O4 and ZnCr2 O4 . We propose
that in addition to frustration, exchange striction could play a role in the magnetostructural distortion of these spinels.
Frustrated systems are characterized by highly degenerate ground states
which are susceptible to weak perturbations. We have investigated the ef221

fect of dilute spins on the A sites of MgCr2 O4 and ZnCr2 O4 .

Specifically,

we probe the role of dilute A site spins on the spin-Jahn-Teller transitions of
MgCr2 O4 and ZnCr2 O4 . We observe that few Co2+ cations completely suppress the spin-Jahn-Teller distortion of Zn1−x Cox Cr2 O4 for x ≤ 0.2. On the other
hand, substitutions of Jahn-Teller active Cu2+ on the A sites of MgCr2 O4 and
ZnCr2 O4 induce Jahn-Teller ordering above the Néel temperatures of these
spinels. Despite undergoing a lattice distortion, the spinels Mg1−x Cux Cr2 O4
and Zn1−x Cux Cr2 O4 for x ≤ 0.2, remain paramagnetic down to 20 K. We present
temperature-composition phase diagrams that summarize the magnetic and
structural properties of these spinel solid solutions.
We then examined magnetostructural coupling in the magnetodielectric
spinel Mn3 O4 . We find that it undergoes a partial phase transition at the onset of ferrimagnetic order from tetragonal I41 /amd symmetry to a phase coexistence regime consisting of tetragonal I41 /amd and orthorhombic F ddd structures. This partial phase transitions is mediated by large strains at the nucleation of the orthorhombic phase. The orthorhombic a and b lattice constants
differ appreciably from the tetragonal a lattice constant. A complete structural
description of Mn3 O4 in the ferrimagnetic state is presented and polyhedral distortions in the ferrimagnetic phase are described. We propose that strain can be
used to tune the structure of Mn3 O4 .
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Finally, we also present our studies of the evolution of magnetism in the solid
solution (Mg,Cu)Cr2 O4 . Frustrated antiferromagnetism in MgCr2 O4 evolves
to ferrimagnetism with substitution of Cu2+ cations for diamagnetic Mg2+ . A
temperature-composition phase diagram summarizes the magnetic properties
of this solid solution.
Our investigations of spin-lattice coupling in magnetic spinels raise a number
of interesting questions. Structural phase coexistence is observed in the spinels
MgCr2 O4 , ZnCr2 O4 , and Mn3 O4 . Transmission electron microscopy in the magnetically ordered phases of these materials is of interest to observe how these
different phases coexist and to help develop an understanding of the mechanisms that give rise to such phase coexistence. Further, a quantitatively examination of the chemical composition of the coexisting phases, will determine if
compositional variation plays any role in stabilizing a biphasic ground state in
these materials.
The magnetic structures of these spinels have been resolved ignoring the
observed lattice distortions. A reexamination of the magnetic configurations
of these materials considering their true structural ground states is required.
Further, it is interesting to understand the consequences of structural phase coexistence on the magnetic structures of these materials. For example, do the various coexisting structural phases show different magnetic conformations? De223

tailed investigations of the magnetostructural phase transition is also important
to examine the presence of any hysteretic effects at the magnetostructural phase
transition. In addition, systematic investigations of the effects of magnetic fields,
strain, and sample heating rates on the low temperature biphasic ground states
of these spinels is important. Such a study would highlight changes in the phase
fractions of the coexisting phases and the effect of this structural variation on
material properties.
We have demonstrated that variable-temperature high-resolution synchrotron x-ray scattering plays an important role in understanding the structure
of materials.
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