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Abstract

Coupling between crystal structure and magnetism in transition-metal oxides

by

Phillip Thomas Barton

Transition-metal oxides exhibit a fascinating array of phenomena ranging
from superconductivity to negative thermal expansion to catalysis. This dissertation focuses on magnetism, which is integral to engineering applications such
as data storage, electric motors/generators, and transformers. The investigative
approach follows structure-property relationships from materials science and
draws on intuition from solid-state chemistry. The interplay between crystal
structure and magnetic properties is studied experimentally in order to enhance
the understanding of magnetostructural coupling mechanisms and provide insight into avenues for tuning behavior. A combination of diffraction and physical property measurements were used to study structural and magnetic phase
transitions as a function of chemical composition, temperature, and magnetic
field. The systems examined are of importance in Li-ion battery electrochemistry, condensed-matter physics, solid-state chemistry, and p-type transparent

xiii

conducting oxides. The materials were prepared by solid-state reaction of powder reagents at high temperatures for periods lasting tens of hours.
The first project discussed is of a solid solution between NiO, a correlated
insulator, and LiNiO2 , a layered battery cathode. Despite the deceptive structural and compositional simplicity of this system, a complete understanding of
its complex magnetic properties has remained elusive. This study shows that
nanoscale domains of chemical order form at intermediate compositions, creating interfaces between antiferromagnetism and ferrimagnetism that give rise to
magnetic exchange bias. A simple model of the magnetism is presented along
with a comprehensive phase diagram.
The second set of investigations focus on the Ge-Co-O system where the
spin-orbit coupling of Co(II) plays a significant role. GeCo2 O4 is reported to exhibit unusual magnetic behavior that arises from Ising spin in its spinel crystal
structure. Studies by variable-temperature synchrotron X-ray diffraction reveal a
magnetostructural transition and capacitance measurements show evidence for
magnetodielectric behavior. The above work uncovered a Co10 Ge3 O16 phase that
had a known structure but whose physical properties were largely uncharacterized. This project examined its metamagnetic properties using detailed magnetometry experiments. Upon the application of a magnetic field, this material
goes through a first-order phase transition from a noncollinear antiferromagnet

xiv

to an unknown ferrimagnetic state.
Lastly, this thesis explored the chemical dilution of magnetism in some perovskite and delafossite solid solutions. In the perovskite structure, compositions
intermediate to the endmembers SrRuO3 , a ferromagnetic metal, and LaRhO3 , a
diamagnetic semiconductor, were investigated. While the magnetism of this system is poised between localized and itinerant behavior, a compositionally-driven
metal to insulator transition, revealed by electrical resistivity measurements, did
not strongly impact the magnetic properties. Instead, both octahedral tilting and
magnetic dilution had strong effects, and comparison of this characterization to
Sr1−x Cax RuO3 reinforces the important role of structural distortions in determining magnetic ground state. The final materials studied were of composition
CuAl1−x Crx O2 (0 < x < 1) in the delafossite structure. The primary interest
was the geometric frustration of antiferromagnetism in CuCrO2 and significant
short-range correlations were observed above TN . The analysis found that reducing the number of degenerate states through Al substitution did not enhance
magnetic ordering because of the weakening of magnetic exchange.
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Chapter 1
Introduction and Motivation
The goal of this work is to help develop the understanding of coupling between crystal structure and magnetism in transition-metal oxides. We have
used state-of-the-art experimental techniques to elucidate structure-property relationships, including detailed structural characterization through synchrotron
X-ray and neutron diffraction in conjunction with physical property measurements. The purpose of this introductory chapter is to present the motivation
for this work and the influencing factors that helped direct the focus toward
magnetostructural coupling.
This PhD was initiated through a Materials World Network grant to study dilute magnetic semiconductor oxides. The field is based on the carrier-mediated

1

ferromagnetic behavior exhibited by the Ga-Mn-As system below TC = 160 K.[1]
A model put forth by Dietl et al. suggested that it would be possible to push TC
up to room temperature by exploring materials like ZnO.[2] However, the field
was plagued by adventitious ferromagnetic impurities that were missed by many
researchers during characterized. We proposed to examine this area with a materials science approach using state-of-the-art experimental techniques to help
resolve outstanding issues.
We investigated a number of systems with regard to their potential as dilute magnetic semiconductors. We studied the crystal structures and physical
properties of oxide solid solutions including perovskites SrRuO3 and LaRhO3 ,
delafossites CuCrO2 and CuAlO2 , and rock salts NiO and LiNiO2 . We observed
no evidence of dilute magnetic semiconductor behavior, but rather saw some
interesting structure-property relationships. In the perovskites the ferromagnetism was strongly affected by the tilting of the metal oxide octahedra, while
short-range chemical ordering caused magnetic exchange bias in the rock salts.
Our work on the perovskite, delafossite, and rock salt systems showcased
the strong connection between the crystal structure and magnetism of a material and inspired us to investigate this further in other systems. We turned to
GeCo2 O4 , a spinel related to the canonical frustrated magnets of composition
ACr2 O4 . Here we discovered concurrent phase transitions in both structure and

2

magnetism. This led to the exploration of a related phase Co10 Ge3 O16 which exhibited interesting magnetic field induced effects as well as magnetostructural
phenomena.

3

Chapter 2
Chemical inhomogeneity,
short-range order, and magnetism
in the LiNiO2–NiO solid solution
NiO:Li is an early exemplar for which hole-doping of a correlated insulator
gives rise to rich and varied magnetic behavior. It is also an important system
from the viewpoint of p-type transparent conducting oxides, and is representative of a large class of materials that have been used in lithium ion batteries,
since the end-member compound, LiNiO2 , belongs to the class of layered cath1

Substantial portions of this chapter have been published in reference 3 c 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

4

ode materials. Despite the deceptive structural and compositional simplicity
of this system, a complete understanding of its complex magnetic properties
has remained elusive. Here a comprehensive investigation of the solid solution
Lix Ni2−x O2 , examining samples of precise stoichiometry using a combination of
high-resolution synchrotron X-ray powder diffraction and SQUID magnetometry, is provided. The focus is on the interesting region between 0.40 < x <
1.00 in which the magnetic ordering temperature changes drastically with composition. The magnetism evolves from strong G-type antiferromagnetism of x
=0.40 with TN = 327 K to robust uncompensated magnetic order at TC = 240 K
when x is close to 0.7, and to glassy A-type antiferromagnetism of x = 1.00 at
TN = 9 K. This study demonstrates this magnetic behavior is linked to the LiNi
chemical order that develops from short- to long-range. The interfaces between
ordered domains give rise to magnetic exchange bias, which manifests as a shift
in the magnetization-field loop for samples with nanoscale coherence lengths
(0.54 < x < 0.66).

2.1

Introduction

The first report of Li-doping in NiO from Verwey et al.[4] was in 1948, and
since that time, the NiLiO system has been the subject of innumerable studies

5

concerning electrical properties,[5] Li-ion intercalation batteries,[6–8] molten
carbonate fuel cells,[9] and magnetic properties.[10] Despite these many studies over the past half-century, a comprehensive understanding of Lix Ni2−x O2 has
remained elusive. It is known that different preparation methods result in subtle
variations in chemical composition and structure, which in turn influence physical properties and complicate comparison between studies. Additionally, limited
characterization within individual studies makes it difficult to draw definitive
conclusions. Given the central role that hole-doped correlated antiferromagnets
have played in modern condensed matter science exemplified by the superconducting cuprates La2−x Bax CuO4 [11] and the magnetoresistive perovskites
La1−x Bax MnO3 ,[12] it is only fitting that Lix Ni2−x O2 , which is compositionally
and structurally perhaps the simplest prototype for this class of compounds, is
subjected to close scrutiny.
The end-member NiO is a charge-transfer insulator that crystallizes in the
cubic F m3̄m rock salt structure (Figure 2.1b). The nominally stoichiometric
material is green, has an electronic band gap of 4.0 eV, and is p-type due to
small numbers of Ni vacancies. Holes can be introduced by Li doping, with the
resistivity decreasing from 108 Ω·cm for pure NiO to 1 Ω·cm for a substitution of
10% Li (x = 0.2).[4, 13–15] The substitution causes the material to turn black,
similar to off-stoichiometric NiO, but it never becomes metallic. Because of its
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ability to be hole-doped, NiO was investigated as one of the first p-type transparent conducting oxides.[16] Below TN = 525 K, NiO becomes antiferromagnetic
and displays a small concomitant rhombohedral distortion.[17, 18] NMR studies are a useful probe of the magnetic transition and show that TN decreases
with Li substitution.[19]
The other end-member LiNiO2 was first reported by Dyer et al. in 1954.[20]
The compound crystallizes in the layered α-NaFeO2 structure, which emerges
from ordering alternate cation planes in the rock salt structure (Figure 2.1a).
The structure features chemical ordering of Li and Ni into alternating rock salt
(111) planes and is described by the rhombohedral space group R3̄m. The
electrical properties of LiNiO2 are described as semiconducting, with a roomtemperature resistivity of 4 Ω·cm.[21] LiNiO2 is difficult to prepare with 1:1
Li:Ni stoichiometry, unlike the related NaNiO2 , and samples are frequently reported to contain a small amount of Ni in the Li+ layer. The charge is likely
balanced by the presence of Ni2+ and the excess Li probably remains as Li2 CO3 .
While NaNiO2 exhibits a coherent Jahn-Teller distortion,[22] this transition
is prevented in LiNiO2 by its seemingly intrinsic off-stoichiometry. The magnetism of LiNiO2 has been the topic of considerable discussion because magnetic
Bragg peaks are not observed in neutron powder diffraction patterns down to
1.4 K.[23] Measurements on near-stoichiometric LiNiO2 , reported in the thesis
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of Bongers, demonstrated that Ni3+ is in the low-spin S = 1/2 state based on the
saturation magnetization near 1.0 µB /Ni.[24] Given the triangular Ni topology
in LiNiO2 , frustrated antiferromagnetic exchange could lead to exotic ground
states such as a spin liquid. However, frustration is precluded by the ferromagnetic in-plane exchange found in NaNiO2 , and thus also likely present in
LiNiO2 , that results in a small and positive Weiss Θ for both systems. It is likely
that LiNiO2 is simply glassy because of compositional disorder, which also prevents long-range orbital order, as pointed out by Reimers and co-workers after
observing a cusp at 9 K in the low-field magnetization.[25] A sample prepared
by Bianchi et al. remains paramagnetic until 7.5 K, at which point it undergoes a glassy transition.[26] This is the lowest ordering temperature reported
for LiNiO2 , and thus, from the viewpoint of magnetism, appears to be the most
stoichiometric sample yet produced. We refrain from further discussion of the
end-members and now focus on the behavior of their solid solution.
Many studies of the NiO-LiNiO2 system have been published over the past
60 years, and here we summarize the most important observations and conclusions. Remarkable ferrimagnetism emerges at intermediate compositions and
was first observed in 1958 by Goodenough and co-workers.[10, 27] Magnetic
experiments revealed sizable magnetizations and relatively high magnetic ordering temperatures. For example, their x = 0.82 sample had a saturation mag-
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netization of 0.25 µB /Ni and TC of 241 K. The magnetism is described as ferrimagnetism because the saturation magnetization is sizable, but lower than the
expected ferromagnetic value, indicating that some spins point in opposite directions and partially compensate the total magnetic moment. Low-temperature
field sweeps conducted by Barra et al. showed hysteresis and sizable remanent
magnetization.[28] Goodenough et al. attributed the ferrimagnetism to chemical ordering in the layered LiNiO2 structure because the Li-poor samples are
cubic and only exhibit antiferromagnetism. These authors proposed a simple
ferrimagnetic model assuming that the Ni2+ sits in the Li layer, and that the coupling between Ni3+ and Ni2+ is antiferromagnetic. The calculated magnetization
for different compositions agreed well with the measured saturation magnetization. However, despite the unit cell parameters adhering to the Vegard law, the
magnetic ordering temperature did not vary smoothly with composition, and
significant changes were noted upon annealing. A related study by Bronger
et al. showed similar magnetic ordering.[29] Their X-ray powder diffraction
experiments revealed that temperature quenching prevents the chemical ordering, and complementary magnetometry measurements showed that this drastically reduces the magnetic response, as expected. Additionally, they noted
the diffuse nature of some reflections in the intermediate composition regime.
Reimers and co-workers also observed this and fit the peaks to show that the
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chemical ordering evolves from short to long range.[30, 31] A significant contribution was made by Rougier and co-workers in a series of three papers in
which they explored the preparation reagents and conditions,[32] observed the
Jahn-Teller distortion of Ni3+ through EXAFS,[33] and systematically investigated the magnetic properties as a function of Li content.[34] The magnetic
ordering temperature of their samples evolved smoothly with composition in
the Li-rich regime, though they noted that TC saturated at 240 K for intermediate compositions. They did not offer a satisfactory explanation for this magnetic
behavior, nor have any papers to our knowledge. Azzoni et al. suggest that
the cubic and rhombohedral phases coexist at intermediate compositions, but
they do not consider short-range order, nor provide a thorough discussion of
their diffraction studies.[35] While some additional papers agree with this twophase interpretation of the data,[36, 37] this perspective is opposed by Wulff
and co-workers who view the system as a single solid solution with supercell
ordering.[38]
Here we address the following two questions that persist in the literature,
even after all this time: (i) What is the origin of the multiple magnetic transitions in a single, seemingly single-phase sample, and how are the different
magnetic phases best described? (ii) How are the structures best described as
x is traversed in the solid solution, given that the end-members have distinct
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Figure 2.1. (a) The layered α-NaFeO2 crystal structure of LiNiO2 , with space
group R3̄m, featuring chemical ordering of Li and Ni into alternating rock salt
(111) planes. (b) Crystal structure of rock-salt NiO, with space group F m3̄m,
emphasizing close-packed cation planes stacking perpendicular to [111] directions. Li, Ni, and O are shown as grey, blue, and orange respectively. Reproduced with permission from reference 3 c 2013 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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crystal structures? We address these questions by carefully correlating structure, composition, and magnetism. We determine that the magnetic behavior of
Lix Ni2−x O2 derives from interfaces between magnetic clusters that arise from a
variation both in the degree and correlation length of chemical order. The structural model employed here describes the entire composition series and incorporates chemical ordering, structural distortion and coherence length. Finally,
we show that Lix Ni2−x O2 exhibits magnetic exchange bias, a striking and novel
feature in this system, which emerges naturally from the interpretation of the
structural chemistry.

2.2

Results and Discussion

Evolution of structure: Polycrystalline Lix Ni2−x O2 samples were prepared
through solid-state reaction and characterized by synchrotron X-ray powder
diffraction (SXPD). Rietveld refinements of room-temperature diffraction patterns are displayed in Figure 2.2 on a log scale. Visual comparison of the patterns reveals that peak positions and intensities change monotonically with composition and qualitatively suggest that chemical substitution occurs. The change
in peak intensity is quite dramatic and some peaks split at high Li content. Additionally, peak broadening is evident and evolves with composition, most notably
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Figure 2.2. Synchrotron X-ray powder diffraction data (circles) and Rietveld
refinement (lines) for Lix Ni2−x O2 . The log-scale plot reveals broadening of the
hexagonal-derived peaks, exemplified by the (003)H reflection at Q = 1.3 Å1 , as
x decreases. The difference curves are plotted below each refinement with the
counts scale from -13000 to 13000. Reproduced with permission from reference
3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
in the (003)H peak (the (003) peak of the LiNiO2 structure in the hexagonal setting) at Q ≈ 1.3 Å−1 . Similar broadening is seen in the Nax VO2 system, though
a superstructure was also observed.[39]
The synchrotron X-ray powder diffraction data were analyzed by Rietveld
refinement in order to investigate the effects of composition on crystal structure and microstructure. A single hexagonal structural model was used for all
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compositions. The use of a single hexagonal model throughout the composition
range has been reported in a prior SXPD study of Lix Ni2−x O2 ,[30, 31] although
in these previous studies the short-range order between Li and Ni layers was
treated as separate from the long-range structure. In this study we consider
the short-range order as being present within a long-range ordered phase, and
as a result gain an insight into the degree and length scale of ordering in the
Lix Ni2−x O2 system and simultaneously account for the entire diffraction pattern
with a single structural model. The hexagonal model enables the simultaneous
description of both the cubic F m3̄m reflections, resulting from the NiO rock salt
structure, and the R3̄m supercell peaks, resulting from cation ordering in alternating rock salt (111) planes as seen in LiNiO2 . In the hexagonal unit cell,
reflections deriving from the cubic structure have Miller indices with even values of l (hkleven ), while hexagonal reflections that are forbidden in the cubic unit
cell, but arise due to ordering of Li and Ni, exhibit odd values of l (hklodd ). The
refined parameters in the structural model were the Li composition, x0 , a chemical order parameter, η, with the limits 0 ≥ η ≥ x0 , defined as the difference in
Li content between the two cation layers of composition Lip Ni(1−p) and Liq Ni(1−q)
(Equation 2.1), the z fractional coordinate of the O atom, zO , the hexagonal
a lattice parameter, and a hexagonal distortion parameter, σ, from which the
hexagonal c lattice parameter can be calculated by Equation 2.2.
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For [Lip Ni(1−p) ][Liq Ni(1−q) ]O2 :
η = |p − q|

(2.1)

√
c = aσ 24

(2.2)

The incorporation of these parameters enables a single model to describe
structures ranging from cubic NiO (x = 0, η = 0, zO = 1/4, σ = 1) to a perfectly
ordered layered LiNiO2 (x = 1, η = 1, zO 6= 1/4, σ > 1). On the one hand, a disordered incorporation of Li into the cubic NiO structure would cause an increase
in x while η = 0 and σ = 1. On the other hand, an ordered inclusion of Li generates not only an increase in x, but makes η = x and may be accompanied by a
hexagonal distortion, σ > 1. In addition to the above parameters, the observed
peak broadening was modeled to evaluate the crystallite size and strain. The
instrumental contribution to the peak broadening was determined using a LaB6
line profile standard (NIST, SRM 660a) and accounted for in the analysis. The
sample size and strain broadening contribution to the profile was calculated
using the double-Voigt approach, based on the methodology of Balzar and co
workers, and the volume-weighted column height (Lvol ) was determined.[40]
As crystallite size peak broadening was significantly different for the hklodd and
hkleven peaks, Lvol was separated into two components; Lhex for hklodd reflections
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deriving from the hexagonal structure and Lcub for hkleven reflections deriving
from the cubic structure. Lhex can also be described as the volume weighted
length of chemical coherence of the layered hexagonal structure, whereas Lcub
represents the total volume weighted crystallite size, which is independent of
the layered ordering. It is tempting to attribute this peak broadening to two
separate phases, as adopted previously by Azzoni et al.[35]; a hexagonal phase
with a small crystallite size that produces broad reflections and a cubic phase
with a larger crystallite size that gives rise to sharp reflections. However, such
a two-phase system would give rise to broad hkleven peaks from the hexagonal
phase that are superimposed over the sharp peaks from the cubic phase, and
this is not observed in our high-quality synchrotron X-ray data. We therefore attribute both sets of peaks to a single phase, but where reflections deriving from
cubic and hexagonal sub-lattices have different crystallite sizes.
The results of the Rietveld refinements indicate that Li substitutes for Ni
and that both the degree and coherence length of chemical order change with
composition. The parameters obtained from Rietveld refinement for different Li
contents are listed in Table 2.1 and displayed as a function of composition in
Figure 2.3. The included error bars are likely underestimated, as is common for
the Rietveld method. The parameters are plotted as a function of the refined
lithium content, x0 , as opposed to the nominal x. Support for the use of the
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Figure 2.3. Structural parameters for Lix Ni2−x O2 as extracted from synchrotron
X-ray powder diffraction data by Rietveld refinement using a hexagonal R3̄m
model. The parameters are plotted as a function of the refined composition x0 .
The top panel displays the nominal composition x and the hexagonal cell parameter a. The dashed line is a linear fit and demonstrates the Vegard law is
followed. The middle panel shows the order parameter η and the hexagonal
distortion parameter that are defined in the text. The bottom panel presents
the chemical coherence length, Lhex , on a log scale as extracted from peak shape
analysis during Rietveld refinement. Strain was not significant and its magnitude was less than 0.1% for all samples. Reproduced with permission from
reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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refined x0 is seen in the composition dependence of a, which adheres to the
Vegard law, as demonstrated by the dashed-line fit,[41] when plotted as a function of x0 but deviates when plotted versus x. x0 is within 2% of the nominal
value, x, apart from samples x = 0.66 and 0.74 where the refined Li content
was less than expected. The hexagonal a lattice parameter decreases with increasing Li content, as expected based on the Shannon-Prewitt ionic radii.[42]
The middle panel of Figure 2.3 displays η and σ as a function of x0 . The average
crystal structure of Lix Ni2−x O2 remains cubic until x0 > 0.69, as indicated by
σ ≈ 100.0%. The long-range hexagonal distortion remains absent despite the
significant degree of chemical order, with η hovering around a value of 0.54 for
x0 < 0.69. The distortion is absent for x0 < 0.69 because the ordered domain
size, Lhex , is on the nanoscale. This nanoscale nature is presented in the bottom
panel of Figure 2.3, where the evolution of the volume-weighted crystallite size
for the hexagonal sublattice is plotted against x0 . Lhex increases with Li content,
starting at 1.2 nm for x0 = 0.53 and increasing to 720 nm for x0 = 1.00. The
phase transition of the long-range structure between the cubic and hexagonal
regimes occurs near x0 = 0.69, which is the lowest Li-content sample to exhibit
a slight hexagonal distortion of σ = 100.05%, likely a result of its Lhex crossing
a threshold value of about 45 nm. This critical composition is similar to that
found by Dahn and co-workers, regardless of their method for addressing the
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short-range order.[30, 31] The Rietveld refinements for x0 ≥ 0.8 showed that
Lhex and Lcub were equal within error, and thus in the final refinements they
were constrained to the same value. The equivalence of Lhex and Lcub can be
interpreted as layered ordering between Li and Ni layers becoming a bulk phenomenon for each crystallite with x0 ≥ 0.8, rather than ordering occurring only
on a short range within a crystallite for x0 < 0.8. Strain was found to be small,
with a value of <0.1%, and varied little for all compositions studied.
The small domain size of chemical order for some Lix Ni2−x O2 compositions
is linked to the presence of many interfaces and has a strong effect on physical properties. As shown in the highlighted region of Figure 2.4, a NiLi defect
can generate a coherent interface between two domains; a common anion and
cation lattice can span between both domains, with only the orientation of the
layered Ni and Li order differing. As the lithium content decreases, the defect
density, and thus number of interfaces, increases, and ultimately creates more
domains that are smaller in size on average. The nanoscale domain size of
chemical order has implications for the physical properties of Lix Ni2−x O2 . For
example, a broadened (003)H peak was also observed by Shin and Murayama
for a 5% Li sample that was investigated for its thermoelectric properties.[43] Its
measured thermal conductivity was significantly reduced in comparison to NiO,
and while the mass difference between Ni and Li can cause this, it is also likely a
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Figure 2.4. Schematic depiction of two ordered Lix Ni2−x O2 crystallite domains
of different orientations that meet at a coherent interface. Their unit cells are
outlined in black and orientations are specified. While these domains are large
in LiNiO2 , the addition of Ni to the Li plane drives the formation of interfaces
that decrease the domain size. The interfacial region, highlighted by the shaded
oval, contains local chemical disorder. Li, Ni, and O are shown in grey, blue,
and orange respectively. Reproduced with permission from reference 3 c 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 2.1. Structural parameters for Lix Ni2−x O2 , as obtained from Rietveld refinement of synchrotron X-ray powder diffraction data. Reproduced with permission from reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
x
1.00
0.92
0.80
0.74
0.66
0.60
0.54

x0
1.000(2)
0.941(3)
0.815(3)
0.688(2)
0.619(3)
0.591(2)
0.533(3)

a (Å)
2.87567(1)
2.88291(1)
2.89313(1)
2.90615(1)
2.91012(1)
2.91174(1)
2.91812(1)

σ (%)
100.7370(3)
100.6327(4)
100.4096(4)
100.0518(2)
99.9905(5)
99.9991(8)
99.9854(1)

η
δ = (η/x0 ) Lhex (nm)
0.980(5)
0.980
717(12)
0.920(6)
0.978
188(2)
0.774(6)
0.949
108.9(1)
0.561(4)
0.816
45.0(3)
0.527(4)
0.851
5.36(3)
0.547(4)
0.925
2.60(2)
0.533(8)
1.000
1.20(2)

result of enhanced phonon scattering off the numerous domain interfaces. The
nanoscale domain size will also have important consequences for magnetism, as
discussed later.
It is useful to interpret the observed composition and order parameter in
terms of an ordered phase fraction, δ.

Here we define fully ordered and

fully disordered phases as having the layer compositions [Lix Ni(1−x) ][Ni]O2 and
[Li(x/2) Ni(1−x/2) ][Li(x/2) Ni(1−x/2) ]O2 , respectively. The ordered phase fraction can
thus be defined from the observed Li/Ni content of each layer according to Equation 2.3, and calculated from the order parameter and the overall composition
according to Equation 2.4.
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[Lip Ni(1−p) ][Liq Ni(1−q) ]O2 =
δ[Lix Ni(1−x) ][Ni]O2 + (1 − δ)[Li(x/2) Ni(1−x/2) ][Li(x/2) Ni(1−x/2) ]O2 (2.3)

δ = η/x

(2.4)

The calculated ordered phase fractions, δ, are given in Table 2.1. δ starts
at 1.00 for x0 = 0.53, decreases to 0.82 for x0 = 0.69, and then increases up
to 0.98 for x0 = 1.00. Given that the charge difference between Li and Ni is
the driving force for ordering, the composition dependence of δ is somewhat
puzzling. The x0 = 0.53 sample, that with the Li/Ni ratio farthest from 1, is
completely ordered with δ = 1.00, while the x0 = 0.68 sample with a higher
Li/Ni ratio apparently contains regions of disorder as δ = 0.81. This result implies that at low Li contents, Li enters the structure in a completely ordered way,
i.e. forming alternating Li/Ni layers, but by looking at Lhex we see that this order only occurs over a very short length scale. For the x0 = 0.53 sample, the
coherence length of chemical order is only 1.2 nm, which is a little smaller than
the c-axis of the hexagonal unit cell (1.43 nm), consisting of three Li-Ni layered
repeats (Figure 2.1a). We interpret the high value of δ at low lithium contents
of x0 ≤ 0.53 as being caused by the strong tendency for Li to form a layered
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Li/Ni arrangement. This ordering is only stabilized for short length scales in
Li-poor compositions, with respect to LiNiO2 , because the driving force for layering (e.g. the chemical disparity between Li+ and Ni3+ ) is incomplete. A close
look at Figure 2.2 reveals that the (003)H peak is not fit well for some compositions; while the sharp main peak is described well, a broad low-intensity peak
is superimposed and remains unfit across the composition range. This underlying broad feature at the (003)H position is attributed to a distribution of length
scales for the layered ordering, which is not well served by the single Lhex and
η fit with the volume weighted average model from the Rietveld refinement;
short range ordering will give rise to the broad feature. The integrated intensity of the (003)H peak determines η, and thus, with the broad part remaining
unaccounted for, the model underestimates the order in the sample and instead
suggests the presence of disorder below the length scale defined by Lhex . We
conclude that the disordered regions implied from our Rietveld refinements are
better described by a short-range order that is present at every composition.
Inhomogeneity of both composition and ordering length will have a significant
effect on the observed magnetic behavior.
Evolution of magnetism: The magnetism of Lix Ni2−x O2 is complex, involving several types of order and multiple transitions. Our samples were investigated by SQUID magnetometry and we compare to reports in the literature. The
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Figure 2.5.

Zero-field cooled and field-cooled magnetic susceptibility for

Lix Ni2−x O2 as collected under an applied DC magnetic field of 100 Oe. Both
the temperature and magnitude of magnetic ordering are affected greatly by
changes in composition. Reproduced with permission from reference 3 c 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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general trend is that the magnetic ordering temperature decreases with x, regardless of the macroscopic magnetic nature. The susceptibility acquired under
H = 100 Oe is displayed for all compositions in Figure 2.5, as collected using a
zero-field-cooled (ZFC) and field-cooled (FC) protocol. The susceptibility magnitude changes drastically with Li content. Note, for example, that the panel
with the x = 0.92, 0.80, and 0.74 samples has a y-axis scale that is two orders
of magnitude higher than that of the panel displaying the data for the x = 0.66
and 0.60 samples. The low field measurement is very sensitive and a number
of transitions are observed in each sample. The x = 1.00 sample, for example,
features a cusp at TC = 9 K in the low-field ZFC trace, but also, as seen in a
large number of literature reports,[44, 45] exhibits an upturn at T = 240 K that
generates a sizable magnetization and ZFC-FC offset. Similar behavior is seen in
the x = 0.92 and 0.80 samples, with the prominent ZFC peak shifting to higher
temperature as x decreases. For x = 0.74, the ZFC peak has moved all the way
to T = 240 K, and thus only a single magnetic transition is observed in this sample. Multiple upturns are observed for x = 0.66, 0.60, and 0.54 in low field, all
with features at T = 240, 50, and 10 K. The x = 0.40 sample has a very weak
response and the inset in Figure 2.5 highlights its antiferromagnetic cusp at TN
= 326 K in the FC trace. Measurements on samples with x = 0.10 and 0.15
(not shown) revealed them to be antiferromagnetic with dχ/dT > 0, however

25

no cusps were observed up to T = 380 K. Their susceptibility data at low temperatures showed no features at T = 240 K, but peaks were present at T = 14 K
in both samples. Measurements were also performed in H = 5 T as displayed in
Figure 2.6. There is no ZFC-FC splitting observed under the high field and each
composition now exhibits only a single broad transition. We report the primary
TC of each sample as the temperature corresponding to the largest peak in the H
= 100 Oe ZFC trace. This TC is congruent with that extracted from the H = 5 T
measurement by finding the maximum in dχ/dT . We also report the TN of the x
= 0.40 sample, as previously mentioned. TN and TC are plotted and tabulated in
Figure 2.8 and Table 2.2 for each composition. TC starts at 9 K for x = 1.00 and
increases drastically to 240 K for x = 0.74, but it then hovers around this value
across intermediate compositions. As x decreases to 0.40, the ordering changes
from ferrimagnetic to antiferromagnetic in nature, and its temperature increases
to 326 K. The plateau seen in TC with composition in the range 0.50 < x < 0.75
is reminiscent of phase coexistence because the ferrimagnetic TC is governed
by the local composition. The reduction in the magnitude of response is also
suggestive of phase coexistence, as the material gradually transforms from a
ferrimagnet into an antiferromagnet. We attempted Curie-Weiss analysis of the
high-temperature data, but the inverse magnetization is not linear over a large
temperature range and the extracted eff increases with x even when including
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a temperature-independent term. This composition dependence of µeff is not
consistent with a combination of S = 1/2 Ni3+ and S = 1 Ni2+ , but is consistent
with what has been previously reported.[44, 46] Given the high-temperature
magnetometry previously reported for a 38% Li sample,[26] we conclude that
temperatures higher than 380 K are needed to reduce the effect of short-range
interactions and thus the application of Curie-Weiss analysis to our data is not
valid.
Isothermal magnetization-field sweeps were performed to aid in understanding the nature of magnetic order across the composition series. Figure 2.7 displays these M -H curves and provides another visual perspective on the evolution of magnetism in Lix Ni2−x O2 . Similar to the M -T , there is a dramatic change
of the M -H with composition, in both the magnitude and shape. Defining magnetic characteristics, including saturation magnetization Mmax (more precisely,
the magnetization at T = 2 K and H = 50 kOe), remanent magnetization MR ,
and coercivity HC were extracted from the curves and are plotted as a function
of composition in Figure 2.8 and recorded in Table 2.2. Mmax is the magnetization at T = 2 K and H = 5 T and is a good indicator of the magnetic nature,
though most of the compositions, especially the more antiferromagnetic high Ni
content samples, are not near saturation under these conditions. The general
trend is that HC , Mmax , and MR increase with x, with an upturn upon passing
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Figure 2.6. Magnetic susceptibility for Lix Ni2−x O2 as collected under an applied
DC magnetic field of 5 T. The zero-field cooled and field-cooled curves are nearly
coincident. The bottom panel plots dM /dH and demonstrates that each sample
displays a single broad transition. Reproduced with permission from reference
3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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through x = 0.74, until the composition nears LiNiO2 and they then decrease
sharply. For x = 1.00, there is a small open loop in the M -H that has a sizable
HC = 0.83 kOe, but a tiny MR = 0.018 µB /Ni. This is in contrast to x = 0.92
which also has a significant HC = 1.3 kOe, however its MR = 0.23 µB /Ni is an
order of magnitude larger. The behavior of x = 1.00 is linear from H = 2 to
5 T, with its magnetization reaching 0.41 µB /Ni, nearly half of the magnitude
expected for S = 1/2. This antiferromagnetic response is one and a half orders
of magnitude higher than that of the x = 0.40 sample, whose behavior resembles a diluted NiO. This is a result of LiNiO2 being similar to NaNiO2 , which
is A-type, while NiO is G-type. Upon increasing the Ni content further, going
from x = 0.92 to 0.80, we see that the M -H loop widens and saturates, becoming more characteristic of a ferrimagnet. The x = 0.80 sample has an Mmax =
0.54 µB /Ni, which is larger than the expectation of 0.40 µB /Ni for a simple ferrimagnetic model with antiferromagnetic coupling between Ni2+ and Ni3+ . The
M -H behavior of x = 0.74 is similar to x = 0.80, however its TC is increased.
There is a sharp change in behavior with further change in composition and
the x = 0.66 and 0.60 samples have a much-reduced HC and MR . All of the
aforementioned behavior contrasts sharply with the antiferromagnetism of x =
0.54 and 0.40, evident in their small magnitude of magnetization and linear
M -H without hysteresis. The magnitudes and composition dependence of Mmax
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are similar to those previously reported.[28] However, our values of MR and
HC are larger, which could either be due to differences in measurement temperature (1.9 K rather than 4.2 K), or perhaps be due to powder encasement in
wax, which is necessary to prevent particle rotation. Additional measurements
to search for more subtle magnetic effects were performed by cooling samples
to T = 2 K in a field of H = 5 T prior to sweeping the field and measuring a
M -H loop. Figure 2.9 exemplifies this measurement for x = 0.66 where a significant field-axis shift of the hysteresis loop is observed with magnitude |HEB |
= 288 Oe. We believe this shift to be a result of magnetic exchange bias, as
discussed in detail later. The exchange bias field HEB is displayed and tabulated
in the bottom panel of Figure 2.8 and Table 2.2, for each composition. HEB is
zero for x = 1.00, 0.92, and 0.80, but becomes measurable at x = 0.74 and
begins to quickly increase as x decreases, reaching a maximum value of 2.6 kOe
at x = 0.54, before decreasing sharply for x = 0.40. We discuss the physical
and chemical origins of the various M -T transitions and M -H behaviors in the
following paragraphs.
The multiple magnetic transitions in Lix Ni2−x O2 arise from the presence
of structural domains with respectively different degrees and length scales of
chemical order, as suggested by the SXPD analysis and illustrated in Figure 2.4.
We justify this link between the magnetism and chemical clustering by closely
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Figure 2.7. Magnetization as a function of applied magnetic field for Lix Ni2−x O2
at T = 2 K. Magnetic characteristics were extracted from these curves and are
plotted in Figure 2.8 and listed in Table 2.2. Reproduced with permission from
reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 2.2. Magnetic characteristics for Lix Ni2−x O2 as determined through methods discussed in the text. Reproduced with permission from reference 3 c 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
x
TN (K) TC (K) MS (µB /Ni) MR (µB /Ni)
0.00
9
0.40(5)
0.017(5)
0.08
44
0.62(9)
0.22(6)
0.20
157
0.54(0)
0.26(3)
0.26
231
0.36(4)
0.16(2)
0.34
224
0.13(9)
0.006(3)
0.40
232
0.074(4)
0.001(2)
0.46
257
0.016(4)
0.0000(6)
0.60
327
0.01(0)
0.0000(1)

HC (kOe)
0.83(3)
1.3(0)
3.0(1)
3.0(4)
0.79(5)
0.66(3)
0.16(8)
0.07(9)

HEB (kOe)
0.0(0)
0.0(0)
0.01(5)
0.03(0)
0.28(8)
0.71(9)
2.5(9)
0.88(4)

examining the magnetometry data and considering the nature of the various
observed behaviors. The coexistence of short-range ordered domains, revealed
in all samples by our structural analysis, with the long-range structure implies
some associated chemical inhomogeneity. We conclude that these domains, and
their associated inhomogeneity and interfaces, are thus the likely origin of the
magnetic transitions that are common across samples and are akin to Griffiths
phases.[47, 48] In the remainder of this paragraph we demonstrate the interplay of these structural and magnetic features as well as the logical consistency
of this interpretation. While the T = 240 K ferrimagnetism is observed in all
samples, it is important to recognize that it is the sole transition in the x0 =
0.69 sample. The absence of other transitions suggests that this x0 = 0.69 composition is responsible for the magnetic order at T = 240 K. This composition
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may then also be connected to the regions of short-range order present in all
samples and involved in the uncompensated magnetism. This connection between magnetism and composition is valid because the magnetism derives from
the presence of Ni in the Li layer and is also influenced by the Ni valence state.
The assertion that the T = 240 K ferrimagnetism is a result of chemical clustering is further supported by magnetic susceptibility measurements carried out in
different magnetic fields. As shown in Figure 2.6, the upturn at T = 240 K is
suppressed during measurement in H = 5 T. This suppression under high field
is also reflected by the very small MR in these samples and thus suggests that
the transition is not a bulk behavior, but instead originates from only a small
fraction of the sample such as the short-range ordered domains or interfaces.
The small ferrimagnetic fraction saturates with the application of a moderate
magnetic field, while the majority of the sample continues to respond at high
magnetic field because it is either antiferromagnetic (low x and NiO like) or
paramagnetic (high x and LiNiO2 like) near T = 240 K. Thus, the ferrimagnetic fraction only contributes a relatively small signal at high fields, and the
dominant response of the samples is from the antiferromagnetic/paramagnetic
material. Additional evidence for chemical inhomogeneity is seen in the M -H
data. For example, in LiNiO2 we observe a loop with a very small MR , an order
of magnitude less than the x = 0.92 sample, yet a sizable HC . Such behavior
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could arise from Ni-rich clusters that exhibit a large coercivity, as known from
measurements on the more Ni-rich samples, yet only generate a small MR because they make up merely a small part of the sample. We thus conclude that
this behavior is not intrinsic, but instead derives from the small fraction of the
sample that is locally rich in Ni and orders at T = 240 K. Comparison to NaNiO2
further supports the clustering conclusion; the NaNiO2 system does not appear
to support NiNa , with no reports of successful composition modulation similar
to LiNiO2 . Thus, clustering does not occur and the samples never exhibit an
uncompensated magnetism similar to the T = 240 K transition.[49] Additionally, the M -H of NaNiO2 , at T = 4 K, does not exhibit hysteresis and its slope,
prior to saturation, is slightly smaller than that of LiNiO2 . The larger initial susceptibility for LiNiO2 is consistent with the presence of chemical clusters that
respond more quickly to the application of a magnetic field. Finally, the samples
of LiNiO2 nearest to stoichiometric, prepared by Bianchi et al., do not exhibit
the T = 240 K transition, even in low fields, and thus confirm that this behavior
is not intrinsic.[26] The presence of chemical inhomogeneity in Lix Ni2−x O2 was
suggested previously by both Reynaud et al. and Chappel et al. based on ESR
and magnetometry experiments.[50, 51] Our group and others have previously
seen magnetic evidence of chemical inhomogeneity in perovskite solid solutions
with SrRuO3 ,[52, 53] where the behavior was explained in the context of a Grif-
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fiths phase. We suggest that the T = 240 K transition is Griffiths-like and that
the additional lower-temperature transitions near T = 10 K, seen for x < 0.74,
correspond to a second Griffiths phase. The presence of several magnetic transitions is consistent with the tendency for a distribution of domains in Lix Ni2−x O2
with different degrees of chemical order as found in our structural analysis. The
chemical inhomogeneity is apparently dependent on synthetic method because
some reports of low-field magnetometry show LiNiO2 to be paramagnetic down
to 7.5 K.[26] Additionally, a slow cooling rate is also necessary to achieve a homogeneous chemical composition, as evidenced by previous studies that show
temperature quenching prevents chemical order.[29, 31]
The complex magnetism of Lix Ni2−x O2 evolves with decreasing x as Ni enters
the Li plane, the Ni3+ /Ni2+ ratio changes, and the chemical coherence length
shrinks. Our analysis of synchrotron X-ray data provides valuable information
about the distribution of Li and Ni in the crystal structure, and this is important
for the magnetic behavior. In the LiNiO2 end-member (x = 1.00), magnetism
begins as a glassy antiferromagnet at TN = 9 K. Its behavior is similar to NaNiO2 ,
a well-studied A-type antiferromagnet of TN = 15 K that displays ferromagnetic
exchange within the Ni plane and antiferromagnetic dipolar coupling between
neighboring planes. Unlike NaNiO2 , however, magnetic Bragg peaks are not
observed in LiNiO2 , and thus it is not a true antiferromagnet. Additionally, the
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Figure 2.8. Magnetic characteristics for Lix Ni2−x O2 . The top panel shows TC
and TN , evident from features in the χ-T . Mmax and MR are displayed in the
bottom panel. Mmax is the magnetization at T = 2 K and H = 5 T, while MR
is the magnetization remnant after bringing the applied field back to H = 0 T.
The bottom panel depicts HC and HEB , which were determined from the M -H
loops. The shaded region indicates the composition range over which long-range
chemical order is disrupted and magnetism changes nature. Reproduced with
permission from reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

36

intrinsic magnetic transition of LiNiO2 occurs at significantly lower temperature.
The above differences result from the presence of small amounts of Ni on the
Li site, which prevent a collective Jahn-Teller distortion and ultimately affect
the magnetism. The glassy character is evidenced by measurements revealing
characteristic spin glass freezing behavior in the M -T of LiNiO2 , involving a
constant FC curve below TC .[26] Our AC magnetometry studies, from 1 Hz to
100 Hz (not shown), show that its TC is slightly frequency dependent, confirming the presence of glassiness. As Ni is added to the Li layer as x decreases
it bridges interactions between the neighboring Ni layers, nucleating ferromagnetic clusters. This uncompensated nature is illustrated in Figure 2.10a, and also
corresponds to the shaded, interfacial region in Figure 2.4. In these domains,
the interlayer Ni mediates the ferromagnetic coupling of neighboring Ni planes.
In its absence, antiferromagnetic dipolar coupling is the only inter-planar interaction. As x0 decreases toward 0.69, these clusters grow and eventually behave
similar to a ferrimagnet with sizable MR and HC . We find the Mmax to be less
informative than the MR , since even the end-member antiferromagnet, LiNiO2
has a relatively high Mmax = 0.41 µB /Ni at T = 2 K and H = 5 T. Ultimately,
as the composition enters the Li-poor region with x < 0.5, the Ni3+ /Ni2+ ratio
becomes too small to stabilize chemical order on a significant length scale and
the ferromagnetic Ni3+ -Ni3+ interactions are diluted to the point where bulk an-
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tiferromagnetism emerges. This state involves a random substitution of Li into
rock salt NiO and Figure 2.10b depicts the resulting antiferromagnetism. Nevertheless, even the low-Li compositions can maintain significant local order, as
evidenced by our earlier analysis of the synchrotron X-ray data (i.e. for x0 =
0.53, refinements indicate η = 0.54 and Lhex = 1.2 nm). While the dominant
effect on magnetism is likely to be the presence of NiLi and the Ni3+ /Ni2+ ratio, chemical order may also play a role as the coherence length approaches the
magnetic mesoscale. We find that the uncompensated magnetism is robust in
the x0 = 0.69 sample that has η = 0.56 and Lhex = 45 nm, but that the ferrimagnetism is disrupted as x decreases further. This disruption appears to be
the result of a drastic change in Lhex , which drops to 5.4 nm in the x0 = 0.62
sample, and not due to η, which levels off around 0.54 as x decreases.
Magnetic exchange bias in Lix Ni2−x O2 emerges from the interplay of structure, composition, and magnetism.

This exchange bias is seen as an off-

centering of the M -H loop as displayed in Figure 2.9. Loop off-centerings upon
cooling in a field were first observed by Jacobs and Kouvel in 1961,[54] but can
have multiple origins so we briefly consider the possibilities. As discussed in
detail by Shoemaker et al.,[55] this effect could result from glassiness, cluster
phenomena, interfacial spins, or exchange bias. Asymmetric M -H loops were
also observed in Lix Ni2−x O2 by Barra et al., who presented them as evidence for
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Figure 2.9. Magnetic exchange bias for x = 0.66, with data acquired at T = 2 K.
The hysteresis loop is shifted by |HEB | = 288 Oe in the positive and negative
directions for negative and positive applied magnetic fields respectively. This
effect arises from interfacial coupling between ferrimagnetic and antiferromagnetic regions in the sample. Reproduced with permission from reference 3 c
2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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interaction between magnetic clusters.[28] It is difficult to differentiate between
the various mechanisms; however, given the short coherence length observed in
this system and the compositional proximity to both uncompensated and compensated magnetism, the probability for interfacial magnetic coupling, and thus
exchange bias, is high. It is also likely that the loop off-centering is due to exchange bias, as opposed to glassiness, because the loop off-centering does not
occur for the high Li content samples, like LiNiO2 , where the ferrimagnetism is
very weak. Additionally, the composition dependence, with HEB increasing as
both x and Lhex decrease, is consistent with exchange bias. As the domain size
decreases, the interfacial area between the antiferromagnetic and ferrimagnetic
regions increases, and as a result HEB increases up until the ferrimagnetism
disappears. We do not present microscopy evidence of interfaces between ferrimagnetic and antiferromagnetic domains in this investigation. However, a study
of Znx Mn3−x O4 by Shoemaker and co workers revealed that exchange bias can
occur in a nanoscale mixture of ferrimagnetic and antiferromagnetic regions
that are distinct but lack long-range order,[55] and thus we believe such a situation is possible in Lix Ni2−x O2 . We have previously studied model exchange
bias systems such as self-assembled ferromagnetic Ni nanoparticles in an antiferromagnetic MnO matrix.[56] Similar exchange bias behavior was observed
by Sarkar et al. in YBaFe4−x Gax O7 , where phase coexistence allows coupling
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between ferrimagnetic clusters and a spin glass matrix.[57] Regardless of the
best term for the different types of magnetism observed in Lix Ni2−x O2 , the remarkable feature is the robust uncompensated nature with relatively high TC ,
and that the magnitude of both the response and TC change dramatically as
composition is modulated.
The Lix Ni2−x O2 system is summarized in Figure 2.11 with a magnetic phase
diagram in x-T space. On the NiO side, TN is suppressed by Li substitution as
seen by Corti et al. in NMR measurements.[19] Magnetometry of our x = 0.40
sample revealed a Néel temperature of 326 K, consistent with the prior study
by NMR. The magnetic behavior begins as glassy antiferromagnetism on the
LiNiO2 side, but quickly becomes uncompensated in nature. The ferrimagnetic
TC changes with composition, ranging from 9 K to 240 K. The phase diagram
illustrates that the magnetic ordering temperature decreases with x, but that
it remains nearly constant within the intermediate composition region 0.45 <
x0 < 0.75, highlighted with a color gradient. Within this same region, both
the magnetic nature and chemical order of Lix Ni2−x O2 change drastically and
magnetic exchange bias is also present.
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Figure 2.10. Model linking magnetism and chemical ordering. The smaller Ni
spheres are blue, the larger Li spheres are grey, and the arrows on the right depict the magnetic moment of individual layers, with a difference in magnitude
between solid (large) and dashed (small) lines. (a) Compensated magnetism
occurs when the Ni and Li are randomly distributed in the rock salt structure
and the majority of exchange is antiferromagnetic. (b) Uncompensated magnetism (ferrimagnetism) arises due to Ni-Li bridging neighboring Ni layers in
samples with high Li content that display chemical ordering. Reproduced with
permission from reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 2.11. Magnetic phase diagram of Lix Ni2−x O2 . The ordering evolves
from low-temperature glassy antiferromagnetism (LiNiO2 ), to intermediatetemperature ferrimagnetism, to high-temperature antiferromagnetism (NiO).
The gradient color indicates the composition region in which chemical order
changes from long to short-range and the magnetism evolves from strongly uncompensated to antiferromagnetic. TC is taken as the large peak in the ZFC
trace of χ-T . TN is reproduced from NMR measurements done elsewhere,[19]
though we report TN for x = 0.40 from a cusp in the χ-T . Additional minor
transitions occur in most samples at T = 10 and 240 K and are associated with
chemical inhomogeneity, termed Griffiths phases. Reproduced with permission
from reference 3 c 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.3

Conclusion

We have reported a comprehensive study on well-characterized Lix Ni2−x O2
that helps explain the evolution of magnetic properties, including the robust
uncompensated magnetism. Synchrotron X-ray powder diffraction and SQUID
magnetization measurements have been performed on samples of precise stoichiometry. Rietveld refinement of the X-ray diffraction data reveals that with
increasing Li substitution, the size and degree of Li/Ni ordering domains grows,
within a single rock-salt matrix, with significant changes taking place near x0
= 0.69. Simultaneously, the presence of Ni in the Li layers of ordered domains
generates clusters of uncompensated magnetism, resulting in a robust ferrimagnetism. This ferrimagnetism becomes stronger as x increases, reaching a peak
with TC = 240 K, HC = 3.0 kOe, and MR = 0.16 µB /Ni. Low-field magnetic
measurements suggest a natural tendency towards chemical inhomogeneity that
leads to Griffiths phase behavior. Inhomogeneity is also observed in the synchrotron X-ray powder diffraction data where a contribution from short range
ordering of Li/Ni is present in all samples. A detailed analysis of M -H loops
reveals the presence of magnetic exchange bias at intermediate compositions,
driven by interfacial coupling between ferrimagnetic and antiferromagnetic domains. The combination of an abrupt change in chemical order, magnetic ex-
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change bias, and a plateau in the magnetic order temperature as a function of
composition, all at intermediate compositions, emphasizes the importance of
internal interfaces between ordered and less-ordered domains.
To understand the magnetic evolution in simple terms, we consider that in
this system, there are two end-members: Li-doped NiO and ordered LiNiO2 ,
both of which are antiferromagnets. The introduction of Ni into the Li layer
of ordered LiNiO2 produces ferrimagnetism with an ordering temperature comparable to the Néel temperature of NiO, due to the introduction of exchange
coupling between Ni sheets. LiNiO2 , in contrast, orders at a much lower temperature due to dipolar interactions between the separated Ni planes. These
two structural motifs are responsible for the evolution of ordering temperatures
seen in the solid solution. The structures of the materials can be explained by
a single structural model based on the avoidance of Li near-neighbor planes
(Li/Ni always alternate with Ni layers, but never with pure Li layers): the domain sizes of ordered regions increase with increasing Li content, and there
is some variation in the perfection of the order. The onset of ferrimagnetism
above x = 0.4 can be explained by the development of sufficiently large (12 Å,
just less than three Li-Ni layered repeats) LiNiO2 -type domains with Ni substitutional defects in the Li layers. The boundaries between these small domains occupy sufficient volume to define an (Li,Ni)O rock-salt-type disordered
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arrangement that is antiferromagnetic, with the interface between the antiferromagnetic and ferromagnetic regions giving rise to exchange bias observed in
magnetic hysteresis loops. Broad features around the (003)H peak suggest that
even in these disordered regions Li arranges itself into layers on the short length
scale, and as such the absence of order is due to the composition (inadequate
Li to maintain a long range Li/Ni order) and inhomogeneity (different ordering directions) rather than enthalpy. The coexistence of two different magnetic
states on the nanoscale persists up to x0 = 0.69 when the physical domain size
reaches 1000 Å, which is sufficient to suppress the observation of exchange bias.
The coexistence of two distinct magnetic states persists even up to x = 1.0 due
to the difficulty in ordering Li and Ni in the end member material. In other
words, as the Li content increases, the antiferromagnetic phase in contact with
the ferrimagnetic Ni/Li defect LiNiO2 can be viewed as ordered LiNiO2 .

2.4

Experimental Section

Polycrystalline Lix Ni2−x O2 was prepared using solid-state reactions at high
temperatures. For x < 0.8, stoichiometric amounts of NiO and Li2 CO3 were
ground and mixed with an agate mortar and pestle, contained in an alumina
crucible, and fired in air at 800 ◦ C for 24 h.[10, 27] For x > 0.8, enhanced reac-
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tivity was needed and Li2 O was used in place of Li2 CO3 . Additionally, the powder
was pressed into a pellet at 100 MPa and fired in flowing oxygen at 700 ◦ C.[32]
The pellets were placed on beds of powders of the same composition to avoid
reaction with the crucible. For both composition regimes, the procedure was
repeated two additional times in order to ensure complete reaction and sample homogeneity. Structural characterization included powder diffraction by
laboratory Co Kα1 X-rays on a PANalytical Xpert Pro diffractometer and by synchrotron X-rays at the 11-BM beamline at the Advanced Photon Source, Argonne
National Laboratory. Detailed thermogravimetric analysis confirmed that all the
samples described here are stoichiometric with respect to oxygen content. Select samples were subject to inductively coupled plasma atomic absorption spectroscopy to verify that Ni:Li ratios are as stated. Rietveld[58] refinement was
performed using TOPAS Academic.[59] Crystal structures were visualized using VESTA.[60] Magnetic properties were investigated using a Quantum Design
MPMS 5XL SQUID magnetometer, with powder samples affixed in paraffin wax
at 60 ◦ C and contained in gel caps.
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Chapter 3
Magnetostructural transition and
magnetodielectric behavior of
GeCo2O4
The spinels GeM2 O4 (M = Fe, Co, and Ni) were prepared by solid-state reaction and characterized through variable-temperature powder synchrotron X-ray
diffraction and physical property measurements. A magnetostructural transition was observed in GeCo2 O4 , but not in GeFe2 O4 nor GeNi2 O4 . The lowtemperature I4/amd structure of GeCo2 O4 with c/a > 1 was solved by powder methods and its full description is reported. Magnetometry experiments
1
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revealed a previously-unknown second antiferromagnetic transition in GeFe2 O4 ,
with TN1 = 7.9 K and TN2 = 6.2 K, that bears a striking similarity to the behavior
of GeNi2 O4 . Our capacitance measurements demonstrate that GeCo2 O4 exhibits
magnetodielectric coupling beneath TN = 23 K.

3.1

Introduction

The spinel crystal structure is of wide interest in condensed matter
physics for diverse phenomena including heavy fermions,[61] multiferroic
behavior,[62] and exotic states arising from geometric frustration. In the study
of magnetic frustration, the ACr2 O4 (A = Mg, Zn, Cd, and Hg) systems have
been of particular importance.[63, 64] However, the spinel structure is flexible
enough to host A and B cations of various valence states. The series GeM2 O4
(M = Fe, Co, and Ni) is especially intriuging because the magnetic ions exhibit
varying magnitudes of orbital moment.
GeCo2 O4 has been extensively studied because of the unique electronic
ground state of octahedral Co(II), which is high-spin d7 , with S = 3/2 L = 3,
though it is better described as a Kramer’s doublet with Jeff = 1/2. The spin-orbit
coupling of this state gives rise to a sizable single-ion anisotropy for a 3d transition metal. Many investigations of GeCo2 O4 report that it is not magnetically
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frustrated because of its small frustration index, f = Θ/TN ≈ 3.5.[65] However,
the presence of low-lying Co(II) crystal field levels invalidate the application
of Curie-Weiss analysis and affect its results significantly.[66] Regardless of the
presence of frustration, study of GeCo2 O4 may be enlightening because it hosts
Ising spins whose behavior is significantly different than the Heisenberg spins
of the ACr2 O4 spinels. Of particular interest is the coupling between the magnetism and the crystal structure and the resulting ground state symmetries.[67]
A magnetostructural transition in GeCo2 O4 was seen in powder X-ray diffraction by Hoshi et al., however the low-temperature structure was not solved
quantitatively.[68] Recently a number of ultrasound studies[69, 70] examined
the role of Jahn-Teller inactivity and and inelastic neutron experiments revealed
molecular spin-orbit excitations.[71]
While the structures and magnetic behavior of all three GeM2 O4 (M = Fe,
Co, and Ni) spinels were reported by Blasse and Fast in 1963,[72, 73] the Fe and
Ni compounds are not as well studied as the Co. GeFe2 O4 is difficult to prepare
because of its sensitive Fe(II). It has thus not been investigated recently, except
for a conference proceeding by Matsuda et al. which discusses glassy behavior
that may not be intrinsic.[74] The Ni analogue, on the other hand, exhibits
two antiferromagnetic orderings that are closely spaced in temperature.[75]
Both the Ni and the Co compounds have ( 12
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magnetic propagation vec-

tors and undergo two subtle field-induced transitions.[76] Synchrotron X-ray
measurements from Crawford et al. indicate that GeNi2 O4 does not display a
magnetostructural distortion.[75] This seems consistent with the nature of the
magnetic moment in the system because Ni(II) is purely spin-based while Co(II)
has an orbital contribution. It is therefore interesting to see how the Fe(II) compound behaves as it too has an orbital contribution to the magnetic moment.
Here we quantify the magnetostructural transition in GeCo2 O4 and report the
absence, down to T = 5 K, of such a transition in the Ni and Fe analogues. The
low-temperature nuclear structure was solved by Rietveld refinement using a
tetragonal I4/amd model with c/a > 1. Reminiscent of GeNi2 O4 ’s behavior, our
magnetic characterization of GeFe2 O4 revealed a second antiferromagnetic ordering at TN2 = 6.2 K that follows the first at TN1 = 7.9 K. We find that GeCo2 O4
exhibits magnetodielectric coupling beneath TN = 23 K, while GeNi2 O4 shows
no evidence for such behavior.

3.2

Methods

Polycrystalline GeM2 O4 (M = Fe, Co, Ni) were prepared by solid-state reaction of powder reagents. Stoichiometric amounts of GeO2 and either Fe/Fe2 O3 ,
Co3 O4 , or NiO were ground with an agate mortar and pestle and pressed into
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pellets at a pressure of 100 MPa. The pellet of the Fe compound was sealed
inside an evacuated quartz ampoule to maintain the oxygen stoichiometry necessary for Fe(II). The Co and Ni compound pellets were placed inside Al2 O3
crucibles on top of a bed of powder with the same composition in order to
avoid contamination from the crucible. The sealed tube of the Fe compound
was heated to 800◦ C, while the Co and Ni compounds were fired at 1000◦ C.
The reactions occurred in a box furnace under air atmosphere for two days with
one intermediate grinding and repressing of the powder. Powder synchrotron
X-ray diffraction was conducted at the 11-BM beamline (λ = 0.413 Å) of the
Advanced Photon Source, Argonne National Laboratory. Sample mounting in
GE varnish may cause a small strain that likely has only a minor effect on
the collected diffraction patterns. Rietveld[58] analyses were performed using GSAS/EXPGUI.[77] DICVOL, as implemented in FullProf, was used to index
the low-temperature unit cell.[78] ISODISTORT was used to explore the possible crystal distortion modes and to transform the unit cell atom positions to
lower symmetry.[79] Crystal structures were visualized using VESTA.[60] Magnetic properties were measured using a Quantum Design MPMS 5XL SQUID
magnetometer. Capacitance was measured using a 1 V excitation in a parallel
plate geometry with an Andeen-Hagerling bridge in a Quantum Design PPMS
DynaCool cryostat. Prior to measurement, capacitance samples were densified
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Table 3.1.

Structural parameters of GeCo2 O4 at T = 6.6 K. Space group:

I41 /amd, a = 5.8729(1) Å and c = 8.3198(4) Å. The refinement figures of merit
of χ2 , Rwp , and Rp are 4.11, 7.66 %, and 6.34 % respectively.
Site x
y
z
Uiso (Å2 )
Ge 0
0.25
0.375
0.0027(6)
Co 0
0
0
0.0029(5)
O
0 0.497(1) 0.251(6) 0.0049(2)
through spark plasma sintering and coated with Ag-epoxy paste for electrodes.
The processing did not affect the material crystal structure or composition, as
determined by synchrotron X-ray diffraction.

3.3
3.3.1

Results and Discussion
Crystal structure

The crystal structures of the powder GeM2 O4 (M = Fe, Co, and Ni) samples were investigated by synchrotron X-ray powder diffraction in the temperature range 300 K to 5 K. Their known room-temperature spinel crystal structures were confirmed by Rietveld refinement of the diffraction patterns using
the space group F d3̄m. The extracted unit cell parameters at T = 300 K of
aFe = 8.41368(8) Å, aCo = 8.31910(8) Å, and aNi = 8.22422(4) Å agree well

53

Figure 3.1. (Color online) The temperature evolution of magnetism and structure for GeM2 O4 (M = Fe, Co, Ni). Data for the Co, Fe, and Ni compounds
are displayed in the left, middle, and right columns, respectively. The top row of
panels shows the temperature derivative of the magnetic susceptibility while the
bottom row presents intensity contour plots of the F d3̄m (400) peak of powder
synchrotron X-ray diffraction. A clear splitting develops for GeCo2 O4 , while no
structural transition is observed in either the Fe or Ni compounds. The Q scale
for GeFe2 O4 is from 2.9745 Å−1 to 3.0045 Å−1 .
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Figure 3.2. (Color online) Powder synchrotron X-ray diffraction for GeCo2 O4
at T = 6.6 K with Rietveld refinement using a tetragonal I41 /amd model and
1.4 wt% Co10 Ge3 O16 impurity. The data are shown as blue circles, while the
orange line presents the fit. The residual and calculated peak positions are
displayed in the bottom and top panels respectively.
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with previous studies.[80–82] Small impurity phases were observed in the M =
Co and Fe samples, and were identified to be Co10 Ge3 O16 [83] and Fe1.67 Ge,[84]
at levels of 1.4 wt% and 5.4 wt% respectively. A diffraction peak in GeCo2 O4
splits as temperature is lowered (Figure 3.1), confirming the onset of its known
structural phase transition at low temperatures.[68] We do not observe a structural phase transition down to T = 5 K in GeNi2 O4 (reported previously),[75]
nor in GeFe2 O4 .
We quantitatively describe the low-temperature data of GeCo2 O4 with a
tetragonal I41 /amd model that is a subgroup of F d3̄m and is commonly used
for other spinel systems that exhibit structural transitions.[85] The initial unit
cell parameters for the tetragonal model were determined by diffraction pattern indexing and its atom positions were derived using group-subgroup theory.
Figure 3.2 displays the refinement of this I41 /amd model to the T = 6.6 K experimental data for GeCo2 O4 . The small residual and refinement figures of merit
support the validity of the low-temperature structural model. The extracted
structural parameters for I41 /amd at T = 6.6 K are listed in Table 3.1. The
tetragonal phase is characterized by c/a > 1, with the CoO6 octahedra having
four short and two long Co-O bonds. For both the high- and low-temperature
structures, bond valence sum calculations, based on Shannon-Prewitt effective
ionic radii,[42] indicate the ion valences expected from the stoichiometric chem-

56

ical formula, namely Ge4+ , Co2+ , and O2− , as well as Fe2+ and Ni2+ for the
other compounds. To determine the temperature of the structural transition,
we separately fit the low-temperature tetragonal model and the original cubic
structure to the GeCo2 O4 diffraction patterns in the temperature region around
the transition. Upon examining the stability of the refinements and comparing
their figures of merit, the structural transition temperature was determined to
be TS = 16 K. This TS is significantly lower than TN = 21 K, which is unusual
in comparison to our measurements on the ACr2 O4 spinels. The resulting unit
cell parameters and normalized volume are displayed graphically in Figure 3.3
as a function of temperature. The unit cell volume decreases as temperature is
lowered, as expected for a typical positive coefficient of thermal expansion, except for a slight upturn between T = 20 K and TS = 16 K. This negative thermal
expansion is another interesting difference from the ACr2 O4 systems, yet it appears connected to the magnetism because of the proximity to TN . The degree of
tetragonality, indicated by the deviation of c/a from 1, increases with decreasing
temperature.
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Figure 3.3. (Color online) Structural parameters for GeCo2 O4 as a function of
temperature and determined by Rietveld refinement of powder synchrotron Xray diffraction data.
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3.3.2

Magnetism

The magnetic properties of GeM2 O4 (M = Fe, Co, Ni) were characterized by
DC magnetometry. The temperature evolution of the derivative of the magnetic
susceptibility, dχ/dT , is shown in the top panel row of Figure 3.1. We observed
cusps in the magnetic susceptibility that indicate the presence of long-range
antiferromagnetic order. Consistent with previous reports on GeCo2 O4 , there is a
peak in dχ/dT at TN = 20.5 K. Though it is not strictly valid to apply Curie-Weiss
to GeCo2 O4 because of Co(II) crystal field levels,[66] we find µeff = 4.55 µB
and ΘCW = 55.0 K, in reasonable agreement with the literature.[65] Its M -H
behavior measured at T = 2 K (not shown) is also similar to prior work, showing
a subtle inflection at HC1 = 4 T and M = 0.76 µB /Co at H = 5 T, though a slight
hysteresis is present due to the small Co10 Ge3 O16 impurity.[86]
Never before seen in GeFe2 O4 , we found evidence for a second antiferromagnetic transition, with peaks in dχ/dT at both TN1 = 7.9 K and TN2 = 6.2 K. (Cite
ICNS-2013 poster reporting neutrons?) This behavior is similar to GeNi2 O4 ,
which is known to exhibit two transitions that we confirm at 11.9 K and 11.1 K
from our magnetic susceptibility data. A neutron diffraction study by Matsuda et
al. attributes the two transitions to separate orderings of the spins in the kagome
and triangular planes.[87] A Curie-Weiss fit of the χ-T for GeNi2 O4 leads to µeff
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= 3.36 µB and ΘCW = -11.3 K, congruent with the literature.[65] The M -H at
T = 2 K matches well with the work of Diaz et al., maintaining linearity out to
H = 9 T and reaching a magnitude of 0.40 µB /Ni.[65] We are unable to analyze
the GeFe2 O4 magnetic susceptibility by Curie-Weiss because it is too affected
by the ferromagnetic Fe1.67 Ge impurity with TC = 485 K.[88] Its M -H is also
somewhat compromised, but there is a subtle anomaly at HC = 5 T that likely
originates from the GeFe2 O4 antiferromagnetism, and, subtracting the saturated
ferromagnetic moment, we estimate an intrinsic M = 1.0 µB /Fe at H = 9 T.

3.3.3

Dielectric properties

Concurrent with the magnetic and structural transitions of GeCo2 O4 is the
onset of magnetodielectric behavior. No magnetodielectric effects were observed in GeNi2 O4 and the Fe compound was not measured. The dielectric
constant, , was calculated from the capacitance measured in a parallel plate
geometry by  = Cd/A. As seen in Figure 3.4, a depression in the GeCo2 O4 dielectric constant begins beneath T = 22.3 K, which points to a magnetic origin
based on the proximity to TN . The solid navy line displays the -T data while the
dashed orange line is a fit, to the range 25 K < T < 80 K, modeling the lattice
dielectric constant using a modified Barrett equation, as explained later.
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The dielectric constant at T = 2 K is 0.057 % less than expected by the
Barret’s function, while the change in sample volume across the transition, as
measured by powder synchrotron X-ray diffraction, is only 0.027 %. Thus, the
change in geometry cannot be fully responsible for the observed deviation in
dielectric response. Instead, this difference, whose magnitude is similar to that
found in other antiferromagnetic spinels such as Mn3 O4 ,[89] is likely due to a
magnetic contribution. The frequency dependence of the dielectric properties
was investigated from 1 kHz to 20 kHz, however we did not detect any significant differences in the temperature evolution or magnitude, nor did we see
relaxational effects, with tan(δ) < 0.0003 for the temperatures and frequencies
measured (not shown). These observations suggest that the dielectric response
is not of magnetoresistive origin, and instead supports magnetodielectric coupling as the cause.[90]
The dielectric constant can be generally related to optical phonons and
their frequencies by the Lyddane-Sachs-Teller relationship. It is possible to
more directly connect  to the relevant transverse-optical modes using a Barrett’s function, as, for example, was done for BaMnF4 [91] and MnO,[92] and
more recently for TbFe3 (BO3 )4 ,[93]. The Barrett’s function is (T ) = (0) +
A/[exp(~ω0 /kB T )-1], where A is a coupling constant and ω0 is the mean frequency of the final states in the lowest-lying optical phonon branch. The refined

61

Figure 3.4. (Color online) Dielectric constant of GeCo2 O4 as a function of temperature. The data are displayed as the solid navy line and the dashed orange
line presents a fit using a Barret’s function to the range 25 K < T < 80 K. A
kink in -T occurs near TN at 22.3 K and causes a deviation from the expected
behavior that arises due to magnetodielectric coupling.
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Figure 3.5. (Color online) Relative change in the dielectric constant of GeCo2 O4
as a function of magnetic field for different temperatures. A distinct change in
behavior is observed beneath TN = 21 K. The asymmetry is due to a 1.4 wt %
Co10 Ge3 O16 impurity that exhibits magnetic hysteresis.
parameters of the fit are (0) = 10.0762, A = 0.0626, and ω0 = 339 cm−1 .
This ω0 , which is an average, is near the 302 cm−1 value of a transverse-optical
phonon Eg mode found by Raman spectroscopy,[94] and suggests a possible
spin-phonon coupling mechanism.
Further evidence that this dielectric behavior has a magnetic nature is
seen in capacitance measurements where an applied magnetic field is var-
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ied (Figure 3.5). We plot this magnetic-field dependent data with respect to
the zero field values using ∆ = (H)/(0)-1. As expected for a magnetodielectric, the -H changes below TN . The magnitude of response is still significant above TN , however, which is consistent with other antiferromagnetic
magnetodielectrics.[89, 93] For T > TN , the observed dielectric response begins
as positive for low applied fields and then becomes negative at higher fields. The
transition between positive and negative responses occurs at H = 0.5 T for T =
20 K and increases to H = 3 T for T = 2 K. The magnitude of the positive upturn
increases with decreasing temperature until 2 K, which has a weaker response
than 10 K. The small peak feature around H = 0 is a measurement artifact not
associated with magnetodielectric coupling and is present at all temperatures.
The asymmetry is the result of magnetic hysteresis in the 1.4 wt % Co10 Ge3 O16
impurity.[86] The qualitative change in -H behavior with temperature suggests
that there is substantial spin-charge coupling in this system, which is also reflected in the magnetostructural transition.

3.4

Conclusions

A magnetostructural phase transition was revealed in the spinel GeCo2 O4
through examination at low temperatures with powder synchrotron X-ray
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Figure 3.6. (Color online) Tetragonal c/a ratio for selected 3d transition-metal
oxide spinels that exhibit magnetostructural coupling. The “sign” and magnitude differ. The compounds with Jahn-Teller cations show a high-temperature
tetragonal distortion that is further modified at the magnetic ordering temperature.(CITATIONS)
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diffraction and physical property measurements. A analogous transition was
not seen in GeFe2 O4 nor GeNi2 O4 . Unlike the ACr2 O4 spinels, the magnetic
and structural transitions of GeCo2 O4 are not coincident in temperature and
it instead exhibits a brief region of negative thermal expansion below its TN
before it becomes tetragonal. We report the complete description of its lowtemperature I4/amd crystal structure with c/a > 1. In GeFe2 O4 , we observed
a second antiferromagnetic transition that was not yet discovered and is comparable to the spin reorientation in GeNi2 O4 . Finally, we present evidence for
magnetodielectric coupling in GeCo2 O4 beneath TN , which may be caused by
spin-phonon coupling.

66

Chapter 4
Magnetostructural transition,
metamagnetism, and magnetic
phase coexistence in Co10Ge3O16
Co10 Ge3 O16 crystallizes in an intergrowth structure featuring alternating layers of spinel and rock salt. Variable-temperature powder synchrotron X-ray and
neutron diffraction, magnetometry, and heat capacity experiments reveal a magnetostructural transition at TN = 203 K. This rhombohedral-to-monoclinic transition involves a slight elongation of the CoO6 octahedra along the apical axis.
1

Substantial portions of this chapter have been published in reference 86 c 2013 American
Physical Society
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Below TN , the application of a large magnetic field causes a reorientation of the
Co2+ Ising spins. This metamagnetic transition is first-order as evidenced by a
latent heat observed in temperature-dependent measurements. This transition
is initially seen at T = 180 K as a broad upturn in the M -H near HC = 3.9 T.
The upturn sharpens into a kink at T = 120 K and a “butterfly” shape emerges,
with the transition causing hysteresis at high fields while linear and reversible
behavior persists at low fields. HC decreases as temperature is lowered and the
loops at positive and negative fields merge beneath T = 20 K. The antiferromagnetism is described by kM = (00 21 ) and below T = 20 K a small uncompensated
component with kM = (000) spontaneously emerges. Despite the Curie-Weiss
analysis and ionic radius indicating the Co2+ is in its high-spin state, the lowtemperature M -H trends toward saturation at MS = 1.0 µB /Co. We conclude
that the field-induced state is a ferrimagnet, rather than a S = 1/2 ferromagnet.
The unusual H-T phase diagram is discussed with reference to other metamagnets and Co(II) systems.

4.1

Introduction

Compounds featuring Co2+ often display interesting magnetic field-induced
phase transitions.[95] The driving force behind these transitions is the Ising-
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like single-ion anisotropy of octahedral Co2+ that results from spin-orbit-lattice
coupling. Co2+ is d7 and in an octahedral coordination environment it typically adopts a high-spin 4 F9/2 electronic ground state (S = 3/2 and L = 3);
with spin-orbit coupling it is often described as a Kramer’s doublet with Jeff
= 1/2. The complex magnetism that results from this electronic state is seen
in many types of Co(II)-containing antiferromagnets including the prototypical CoCl2 ·2H2 O,[96] β-Co(OH)2 ,[97] hybrid metal-organic frameworks,[98],
and oxyselenides.[99] Co(II) is also a popular species to study in the field
of molecular magnets where it is of interest for spin-crossover or spin-state
transitions.[100] The majority of the aforementioned anisotropic metamagnets exhibit spin reorientations and their phase diagrams are well described
by an Ising model with magnetic exchange that is antiferromagnetic for nearest neighbors and ferromagnetic for next-nearest neighbors.[101, 102] These
anisotropic systems are distinct from those with Heisenberg spins which undergo
spin-flop transitions where spin canting is important. Field-induced transitions
also occur in systems with ferrimagnetic or noncollinear ground states such as
CoCr2 O4 .[103] These ground states are not as well investigated as Néel antiferromagnetism, but are more technologically interesting. Some of these systems
have complex H-T phase diagrams that have been explored by experimentalists
and are begininning to be explained by theoriticians. In this manuscript, we
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Figure 4.1.

Schematic crystal structure of Co10 Ge3 O16 .

This is the low-

temperature C2/m structure which has the same topology as the hightemperature R3̄m, but a smaller unit cell. The spinel layer, with tetrahedral
Ge4+ , is in the middle and is sandwiched between rock-salt-like slabs of edgesharing Ge4+ and Co2+ octahedra. The sphere colors correspond to: maroon,
Ge; blue, Co; and orange O. Reproduced with permission from reference 86 c
2013 American Physical Society.
investigate the complex behavior of the relatively unstudied Co10 Ge3 O16 .
Co10 Ge3 O16 is an octahedral Co2+ compound that is related to the
spinel GeCo2 O4 in both chemical composition and crystal structure. It was
first prepared by Barbier who solved its structure from single-crystal X-ray
diffraction.[83] Its layered crystal structure is an intergrowth composed of alternating spinel units and edge-sharing octahedra layers (Figure 4.1). The O2−
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anions are close-packed, with a nearly ideal c/a ratio, and the Ge4+ sit in both
tetrahedral and octahedral sites. Barbier’s study found that bond valence sums
indicate the expected ionic states and that the thermal parameters are almost
isotropic. This structure type is related to the cation-deficient mineral aerugite,
Ni8.5 As3 O16 .[104, 105] Udod and co-workers concluded that Co10 Ge3 O16 is a
ferrimagnet based on magnetometry measurements,[106] however our study
indicates that the exceedingly complex magnetism is not captured by the term
“ferrimagnetism”.
Here we present physical property measurements including, magnetometry, heat capacity, and powder neutron diffraction, that indicate an antiferromagnetic transition in Co10 Ge3 O16 at TN = 203 K. A structural transition from
rhombohedral to monoclinic symmetry accompanies the onset of magnetic order, as seen in powder synchrotron X-ray diffraction. A magnetic-field-induced
phase transition occurs below TN and gives rise to hysteresis in both the M H and χ-T sweeps, indicating a first-order nature. Powder neutron diffraction
elucidates the low-temperature magnetism by revealing the spontaneous emergence, below T = 20 K, of a small ferri- or ferromagnetic component with kM =
(000) that coexists with the antiferromagnetism. We discuss the ground state of
Co10 Ge3 O16 with respect to the related spinel GeCo2 O4 and other metamagnetic
Co(II) systems.
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Figure 4.2. Temperature evolution of a powder synchrotron X-ray diffraction
peak through the magnetostructural transition of Co10 Ge3 O16 . The top panel
shows the T = 300 K data and fit for the R3̄m (208) peak. An intensity contour
plot is displayed in the center panel to illustrate the splitting of the peak as
temperature is lowered through TN = 203 K. The bottom panel presents the T
= 90 K data and fit for the C2/m (222) and (404̄) peaks. Reproduced with
permission from reference 86 c 2013 American Physical Society.
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4.2

Methods

Polycrystalline pellets of Co10 Ge3 O16 were prepared by solid-state reaction
of powder reagents at high temperature. Stoichiometric amounts of GeO2 and
Co3 O4 were ground with an agate mortar and pestle, pressed at 100 MPa, and
fired in air at 1000◦ C for 48 h with an intermediate grinding. The pellets were
placed on beds of powders of the same composition to avoid contamination by
the ZrO2 crucible. Powder synchrotron X-ray diffraction was performed at the
11-BM beamline (λ = 0.413104 Å) of the Advanced Photon Source, Argonne
National Laboratory. Powder neutron diffraction was conducted at the HIPD
beamline of the Lujan Neutron Scattering Center, Los Alamos National Laboratory. Rietveld[58] refinements were performed using GSAS/EXPGUI.[77]
DICVOL, as implemented in FullProf, was used to index the low-temperature
unit cell.[107] ISODISTORT was used to explore the possible crystal distortion
modes and to transform the unit cell atom positions to lower symmetry.[108]
Crystal structures were visualized using VESTA.[60] Magnetic properties were
measured using a Quantum Design MPMS 5XL SQUID magnetometer and a
PPMS DynaCool VSM. Heat capacity was measured using a thermal relaxation
method as implemented in a Quantum Design PPMS. Electrical resistivity was
measured by a PPMS DynaCool ETO to be 5×106 Ω·cm at room-temperature and
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Figure 4.3. Powder synchrotron X-ray diffraction and Rietveld refinement for
Co10 Ge3 O16 at T = 100 K using a monoclinic C2/m model. The low-temperature
monoclinic cell was determined through pattern indexing and its atom positions
were derived from the high-temperature R3̄m model using group-subgroup theory. The small residual and good refinement figures of merit support the validity
of the model. Reproduced with permission from reference 86 c 2013 American
Physical Society.
increased exponentially as temperature decreased, consistent with the expected
insulating behavior of a brown-colored material.
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4.3
4.3.1

Results and Discussion
Crystal structure

Variable-temperature powder synchrotron X-ray diffraction was used to investigate the crystal structure of Co10 Ge3 O16 . The known crystal structure was
confirmed by Rietveld refinement of the room-temperature diffraction pattern
(not shown). The extracted room-temperature R3̄m structural parameters are a
= 5.957(2) and c = 28.92(2), which agree well with the single-crystal study by
Barbier.[83] The presence of a small 1.0 mol % impurity of the GeCo2 O4 phase
was determined by our analysis. An unidentified and even smaller impurity
phase was observed in the synchrotron X-ray data with peaks at Q = 1.34(4),
1.42(8), 1.45(7), 1.46(7), 2.38(8), and 3.10(9) Å−1 . We rule out any significant impurity effect on physical properties based on their small phase fractions
as well as experiments on a second sample that exhibits the same behaviors yet
does not contain any observable impurities. A structural phase transition was
observed in the temperature evolution of the powder synchrotron X-ray diffraction. The onset of the transition is indicated by the splitting of the R3̄m (208)
diffraction peak as temperature is lowered (Figure 4.2). The diffraction data
were fit by Rietveld refinement using the known R3̄m model above the transition
and a new C2/m model below. Unit cell parameters for the initial C2/m model
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were determined by indexing the diffraction pattern. The C2/m atom positions
were derived from the R3̄m model using group-subgroup theory. A refinement
using the C2/m model at T = 100 K gives a good qualitative fit to the data,
matching the observed peaks in both position and intensity (Figure 4.3). The
small residual and RBragg support the validity of both the new low-temperature
C2/m model and the known high-temperature R3̄m model. The extracted structural parameters for C2/m at 100 K are listed in Table 4.1. The structural transition involves a slight elongation of the CoO6 octahedra along the apical axis,
breaking the rhombohedral symmetry. Bond valence sum calculations indicate
the ion valences expected from the chemical formula, namely Co2+ , Ge4+ , and
O2− , for both structures. The structural transition was determined to occur between T = 200 and 210 K by comparing fits of the diffraction data using the
high- and low-temperature structural models. This temperature is consistent
with the TN = 203 K from the magnetometry experiments discussed later. The
unit cell parameters decrease smoothly with temperature, as expected for a typical positive coefficient of thermal expansion (Figure 4.4). A change of slope,
but not a discontinuity, is observed at TN in the plot of cell volume as a function
of temperature; this is typical of a second-order phase transition.
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Figure 4.4. Structural parameters for Co10 Ge3 O16 as a function of temperature, as determined by Rietveld refinement of powder synchrotron X-ray diffraction data. The dashed line indicates the phase boundary between the hightemperature R3̄m and low-temperature C2/m structures. The R3̄m and C2/m
parameters are shown by the red and navy symbols, respectively, while the volume is displayed as the black squares. The arrows indicate the labeling axes.
Reproduced with permission from reference 86 c 2013 American Physical Society.
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Table 4.1. Structural parameters of Co10 Ge3 O16 at T = 100 K, as determined
by Rietveld refinement of powder synchrotron X-ray diffraction data. Space
group: C2/m, a = 10.3021(0) Å, b = 5.9537(4) Å, c = 10.2158(1) Å, and β =
109.5(4) ◦ . Figures of merit: χ2 = 1.93, Rwp = 6.40 %, Rp = 5.07 %. Reproduced with permission from reference 86 c 2013 American Physical Society.

Site
Ge1
Ge2
Co1
Co2
Co3
Co4
Co5
O1
O2
O3
O4
O5
O6

x
0
0.1892(9)
0
0.25
0
0.0039(3)
0.2483(3)
0.1266(8)
0.3766(2)
0.6136(7)
0.8863(1)
0.3728(3)
0.6293(9)

y
z
0
0
0
0.5679(4)
0.5
0.5
0.25
0
0.5
0
0.2451(0) 0.2562(9)
0
0.2558(3)
0
0.3821(8)
0
0.1283(1)
0.2761(1) 0.1146(2)
0
0.1118(8)
0.2548(7) 0.3741(0)
0
0.3775(9)
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Uiso (Å2 )
0.001(1)
0.001(5)
0.004(0)
0.001(7)
0.002(5)
0.001(1)
0.001(1)
0.003(7)
0.004(7)
0.003(2)
0.002(0)
0.003(9)
0.005(0)

Figure 4.5. Magnetic susceptibility as a function of temperature for Co10 Ge3 O16 .
The data were collected under H = 0.1, 1, and 5 T using a ZFC-FC procedure.
Reproduced with permission from reference 86 c 2013 American Physical Society.
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Figure 4.6. Magnetization versus field sweeps for Co10 Ge3 O16 at different temperatures. The data for each temperature are offset by 5 T increments along
the x-axis to facilitate visualization. The virgin curve for the T = 1.8 K trace
is dashed to distinguish it from the loop. Dashed black lines are provided to
establish the graph origin for each data set. Reproduced with permission from
reference 86 c 2013 American Physical Society.
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Figure 4.7. A field-induced first-order phase transition at low temperature in
Co10 Ge3 O16 . The zero-field cooled (ZFC) trace is greater than the field-cooled
(FC) for 7 K < T < 30 K. This is a result of thermal hysteresis between the
FC data collected on heating and cooling, with the curves offset by 11 K at the
largest point. Reproduced with permission from reference 86 c 2013 American
Physical Society.
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4.3.2

Magnetism

The magnetic behavior of Co10 Ge3 O16 involves phase transitions with both
temperature and magnetic field. Magnetometry data, including both temperature (χ-T , Figure 4.5) and field (M -H, Figure 4.6) dependences, were collected from T = 1.8 K to 380 K under applied magnetic fields up to H = 9 T.
A standard zero-field cooled (ZFC) and field-cooled (FC) protocol was used for
the temperature-dependent measurements. A Curie-Weiss fit of the magnetic
susceptibility collected under H = 1000 Oe in the paramagnetic regime from
T = 300 K to 380 K gives µeff = 4.26 µB /Co, assuming g = 2, and ΘCW =
+39.3 K. The magnitude of µeff is consistent with high-spin Co2+ , lying between
its S and L + S values of 3.87 and 5.20. The positive ΘCW implies the presence of ferromagnetic interactions. However, as is known for GeCo2 O4 ,[66] the
Curie-Weiss law does not strictly apply for octahedral Co2+ because of low-lying
excited states that affect the susceptibility. Consequently, the sign of ΘCW could
be misleading. In low fields of H = 100 (not shown) and 1000 Oe, a cusp in the
χ-T occurs at TN = 203 K, suggesting that long-range antiferromagnetic order
is established. Below this TN , a small broad hump, centered at T = 170 K, and
a slight ZFC-FC splitting are observed. χ reaches a local minimum at T = 100 K
and then increases as temperature is further lowered, with a sharp upturn at
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T = 20 K. Considering only the FC trace, this increase in χ might be interpreted
as a Curie tail from a paramagnetic impurity. However, we also observe that the
ZFC-FC splitting increases significantly below T = 20 K and that the ZFC exhibits
a peak at T = 9 K. These features in the ZFC-FC indicate the onset of another
phase transition involving uncompensated magnetism. As seen in the H = 1 and
5 T susceptibility curves, this low-temperature transition is strongly affected by
the application of a large magnetic field, the details of which are discussed in the
next paragraph. Isothermal M -H sweeps are shown in Figure 4.6 for different
temperatures down to T = 1.8 K. The curves are separated into three groups by
temperature region and plotted in sequence to simulate the evolution with temperature. The M -H is linear above the transition at T = 220 K, consistent with
paramagnetism at low B/T . As temperature is decreased below TN = 203 K, the
M -H behavior remains linear with the slope following that expected from the
χ-T . However, a broad upturn in the M -H at high field begins to evolve as T
passes beneath 180 K. By T = 120 K, this upturn develops into a sharp kink at a
critical field HC = 3.9 T. This phase transition involves hysteresis at high fields
while the dependence remains linear and reversible at low fields. A “butterfly”
shape is thus formed, with distinct loops existing at both high positive and negative fields. HC decreases as temperature is further lowered and the hysteresis
loops eventually merge starting at T = 20 K. The M -H sweep at 1.8 K exhibits a
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single hysteresis loop with a sizable coercivity of nearly 1.5 T. Interestingly, the
virgin magnetizing curve taken after ZFC lies outside the hysteresis loop. This
unusual M -H feature has previously been associated with irreversible domain
wall motion in spinel oxides.[109] Looking back at the χ-T , we see that the
measurement under H = 5 T exhibits a change in slope at TN , as opposed to
a cusp, and that χ has a larger magnitude than in small fields, consistent with
HC < 5 T.
The application of a large magnetic field generates a first-order phase transition in Co10 Ge3 O16 at temperatures below 120 K. This corresponds to the same
temperature at which the field-induced transition in the M -H becomes sharp
and hysteretic. The first-order nature of the transition was first suspected because of an unusual feature seen in the high-field susceptibility data where the
ZFC trace is larger in magnitude than the FC (Figure 4.5). For measurement
under H = 1 this ZFC > FC for a region 7 K < T < 30 K, while it is 14 K < T <
120 K for H = 5 T. These data were collected using a normal ZFC-FC procedure where the ZFC is collected on warming and the FC is collected on cooling,
however following this unusual ZFC > FC observation, we measured a second
FC curve on heating to investigate any history effect. A thermal hysteresis, indicating a latent heat, is observed between the FC data collected on heating
and cooling, with the curves offset in the H = 1 T measurement by 11 K at the
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largest point (Figure 4.7). This latent heat is only observed for measurements
with H > 0.3 T. For H = 1 T, the bifurcation point between the ZFC and FC
curves measured on heating occurs at T = 22 K. The first-order nature of this
magnetic transition necessitates the presence of a structural component. Such a
strong first-order phase transition is uncommon in oxides containing Co(II).
Heat capacity measurements were used as a complementary method to investigate the phase transitions (Figure 4.8). An anomaly is observed at TN =
203 K under zero applied field, consistent with the magnetostructural transition seen in the diffraction and magnetometry data. The field dependence of
the high-temperature measurements reveals that the transition temperature is
decreased by a few Kelvin upon the application of H = 7 T, consistent with antiferromagnetic theory. No obvious features are seen down to T = 2 K in the zerofield trace, nor in the measurements under H = 1 or 7 T, despite the presence
of the field-induced first-order transition revealed by magnetometry. However,
the Cp /T shows an upturn below 15 K that is suppressed with field. It is difficult
to assign this second anomaly to a specific magnetic, structural, or electronic
origin. Its weak nature suggests that the low-temperature magnetic transition
is a spin reorientation and thus does not involve a change in entropy. The entropy loss could instead be a result of a structural transition; a subtle change
in octahedral shape, which is already distorted beneath TN , as opposed to an
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Figure 4.8. Heat capacity for Co10 Ge3 O16 . The top panel displays the heat capacity collected under different magnetic fields, while the bottom shows the heat
capacity normalized by temperature. An anomaly is observed at T = 203 K, corresponding to the magnetostructural phase transition. This transition temperature is lowered to T = 199 K with the application of H = 7 T. A small upturn in
Cp /T is seen below 15 K and is suppressed by magnetic field. Reproduced with
permission from reference 86 c 2013 American Physical Society.
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Figure 4.9. Powder neutron diffraction for Co10 Ge3 O16 at different temperatures.
Magnetic Bragg reflections of kM = (00 21 ) emerge beneath TN = 203 K. The peak
positions of the nuclear and kM = (00 12 ) magnetic phases are shown in the panel
above the patterns, colored red and black respectively. The T = 5 and 100 K
patterns are quite similar, however a close look reveals a new magnetic peak at Q
= 0.65 Å−1 , the (001) nuclear position, as well as additional magnetic intensity
at other nuclear reflections, which is consistent with the onset of an additional
kM = (000). This development occurs for T < 20 K and is associated with the
uncompensated magnetism that is observed concomitantly. Each panel displays
data from a separate detector bank with different resolution. Reproduced with
permission from reference 86 c 2013 American Physical Society.
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order-disorder transition for example, would generate only a small response. It
is also possible that this measurement is probing the Kramers’ doublet electronic
ground state of octahedral Co(II). Finally, the first-order nature is problematic
for the thermal relaxation mechanism of our heat capacity measurement. We
are thus planning to investigate the heat capacity with a technique that directly
measures heat flux.
Powder neutron diffraction (PND) was conducted to further elucidate the
magnetism of Co10 Ge3 O16 (Figure 4.9). We do not report the magnetic structure here, however we discuss the implications of some important observations.
Magnetic Bragg reflections materialize beneath TN = 203 K and confirm the onset of antiferromagnetism. The structural component of the phase transition
known from the synchrotron X-ray experiments is just barely evident as a subtle
peak broadening in the neutron data. The peak positions index to a magnetic kvector kM = (00 21 ), indicating that the magnetic unit cell is commensurate with
the low-temperature monoclinic nuclear structure but that it is doubled along
the c-axis. The intensities and positions of the peaks evolve smoothly with temperature down to T = 20 K at which point a small new peak emerges at Q =
0.65 Å−1 , along with some subtle modulations of intensity in other reflections.
We attribute this new reflection to a magnetic origin because although its Q
value corresponds to the (001) plane of the nuclear unit cell, and thus it could
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be a nuclear peak, no intensity is observed above background at this location
for T > 20 K. A careful comparison of the T = 5 and 100 K patterns reveals that
magnetic intensity is also added to other solely nuclear reflections such as Q
= 1.24, 1.96, 3.41 Å−1 . Additional support for a magnetic origin is seen in the
low-field magnetometry data, where a FC increase, ZFC-FC separation, and ZFC
peak are observed with the same onset temperature as this new magnetic peak.
The occurrence of this magnetic Bragg reflection at the nuclear (001) suggests
that it belongs to kM = (000). Given the uncompensated ferri- or ferromagnetic
nature of this kM = (000) seen in the low-field magnetometry data, we suggest
that it is connected to the transition occurring at large magnetic field. We thus
hypothesize that the application of a magnetic field will enhance kM = (000) at
the expense of kM = (00 21 ).
The spontaneous, and likely field-induced, kM = (000) uncompensated magnetism of Co10 Ge3 O16 appears to be ferrimagnetic in nature. We observe that M
= 0.82 µB /Co at T = 1.8 K and H = 9 T, and that the M -H is trending toward
saturation at an intermediate MS = 1.0 µB /Co, one third of the expected value
for S = 3/2 Co(II). This value of MS suggests a ferrimagnetic state where partial
compensation of the moment arises from the magnetic structure. An alternative
explanation to explain the reduced MS , however, is that Co10 Ge3 O16 adopts a
ferromagnetic low-spin S = 1/2 state. While low-spin Co(II) is found in CoS2
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and CoSe2 where the crystal field is larger,[110] a spin transition is unheard of in
extended, non-molecular Co(II) systems and would involve significant changes
in crystal structure. Additionally, given the large magnetic field needed to drive
a spin-state transition in the related Co(III) compound LaCoO3 ,[111] a similar transition seems unlikely to occur under our experimental conditions. The
spontaneous emergence of this ferrimagnetism and its coexistence with the antiferromagnetism is unusual for Co(II)-containing oxides and even for inorganic
compounds in general.
The structural and magnetic H-T phase diagram of Co10 Ge3 O16 , as determined by analysis of variable-temperature powder synchrotron X-ray and neutron diffraction, magnetometry, and heat capacity experiments, is presented in
Figure 4.10. The free energy landscape gives rise to an HC that decreases with
decreasing temperature, which is opposite to that observed in typical antiferromagnetic systems such as CoCl2 ·2H2 O, the archetypal Co(II) metamagnet.[96]
This difference likely arises due to the spontaneous tendency of Co10 Ge3 O16 towards a ferrimagnetic ground state. The behavior of Co10 Ge3 O16 is also strikingly dissimilar to other compounds in the Co-Ge-O system, namely spinel
GeCo2 O4 and pyroxene CoGeO3 ,[112] which are both antiferromagnets that
exhibit a reversible metamagnetic transition to a ferromagnetic state. Additionally, the TN = 203 K of Co10 Ge3 O16 is much larger than the 20 K and 35 K
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Figure 4.10. Structural and magnetic H-T phase diagram for Co10 Ge3 O16 . The
contour plot of log(dM /dH), taken from the first quadrant of the M -H plot,
demonstrates the development of ferrimagnetism (FiM). Magnetometry and
neutron diffraction experiments revealed the spontaneous emergence of FiM for
T < 20 K. The phase boundary between antiferromagnetism (AFM) and paramagnetism (PM) was observed in both the magnetic and heat capacity data.
The indicated crystal structure space groups were solved by refinement of powder synchrotron X-ray diffraction. The FiM phase must have a different nuclear
structure than the AFM phase because the transition between them is first-order.
The solid and dashed lines indicate first- and second-order nature, respectively.
Reproduced with permission from reference 86 c 2013 American Physical Society.
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of GeCo2 O4 and CoGeO3 , respectively. While Co10 Ge3 O16 contains octahedral
Ge4+ that is not present in the other Co-Ge-O compounds, the contrasting behavior is likely due to the higher density of Co and its different connectivity.
Despite these distinct behaviors, a region of phase coexistence between antiferromagnetism and ferrimagnetism exists in Co10 Ge3 O16 that is similar to a
region of antiferromagnetism and ferromagnetism in GeCo2 O4 .[113] One might
ascribe this broad two-phase region to powder averaging, especially when comparing to CoCl2 ·2H2 O,[96] for example, which exhibits sharp transitions in its
M -H. Transitions from AFM to FiM and from FiM to FM occur at H = 0.32
and 0.46 T, respectively, for measurements with H k b, but no transitions if the
field is along the a or c axes. However, single-crystal measurements on the related GeCo2 O4 show that it does not exhibit significantly anisotropic magnetism
despite the single-ion anisotropy of Co(II).[68] It is instead likely that the magnetic anisotropy is intimately related to the magnetic structure, and thus the
large phase space of Co10 Ge3 O16 and GeCo2 O4 may be a consequence of their
high density of magnetic ions and the presence of many exchange pathways.
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4.4

Conclusions

The crystal structure of Co10 Ge3 O16 is an intergrowth with alternating layers
of spinel and rock salt. A magnetostructural transition occurs at TN = 203 K, evidenced by magnetometry, heat capacity, and powder synchrotron X-ray experiments. This transition gives rise to long-range antiferromagnetic order with a
rhombohedral-to-monoclinic symmetry change resulting from a slight distortion
of the CoO6 octahedra. The antiferromagnetism is characterized by kM = (00 21 ),
as revealed by powder neutron diffraction, and below T = 20 K a small uncompensated component with kM = (000) emerges spontaneously and coexists with
the antiferromagnetism. The Ising-like spins of Co2+ reorient themselves below
TN upon the application of a large magnetic field. This transition occurs at HC
= 3.9 T for T = 180 K and gives rise to a broad upturn in the M -H, while at
T = 120 K it sharpens into a kink that exhibits hysteresis. A “butterfly” loop
is thus formed, with linear and reversible behavior at low fields and hysteresis loops at high fields. The loops at positive and negative fields in the M -H
merge beneath T = 20 K because HC decreases as temperature decreases. A
latent heat is observed in temperature-dependent measurements and indicates
that this metamagnetic transition is strongly first-order. The low-temperature
M -H trends toward saturation at MS = 1.0 µB /Co even though this is only one
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third the value expected for high-spin Co(II). This reduced MS points toward the
ferrimagnetic nature of the field-induced state rather than a spin-state transition
to a S = 1/2 ferromagnet. The structural and magnetic H-T phase diagram is
not typical of inorganic Co(II) compounds nor of other transition metal oxides.
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Chapter 5
Electrical and magnetic properties
of the complete solid solution
series between SrRuO3 and LaRhO3:
Filling t2g versus tilting
A complete solid solution series between the t42g perovskite ferromagnet
SrRuO3 and the diamagnetic t62g perovskite LaRhO3 has been prepared. The evolution with composition x in (SrRuO3 )1−x (LaRhO3 )x of the crystal structure and
1

Substantial portions of this chapter have been published in reference 52 c 2011 American
Physical Society
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electrical and magnetic properties has been studied and is reported here. As x
increases, the octahedral tilt angle gradually increases, along with the pseudocubic lattice parameter and unit cell volume. Electrical resistivity measurements
reveal a compositionally driven metal to insulator transition between x = 0.1
and 0.2. Ferromagnetic ordering gives over to glassy magnetism for x ≥ 0.3 and
no magnetic ordering is found above 2 K for x > 0.5. Msat and ΘCW decrease
with increasing x and remain constant after x = 0.5. The magnetism appears
poised between localized and itinerant behavior, and becomes more localized
with increasing x as evidenced by the evolution of the Rhodes-Wohlfarth ratio.
µeff per Ru is equal to the quenched spin-only S value across the entire solid solution. Comparisons with Sr1−x Cax RuO3 reinforce the important role of structural
distortions in determining magnetic ground state. It is suggested that electrical
transport and magnetic properties are not strongly coupled in this system.

5.1

Introduction

SrRuO3 is a 4d (t42g e0g ) transition metal oxide crystallizing in the orthorhombic ABO3 perovskite structure.[114–116] Unusually for a 4d transition metal
oxide, SrRuO3 exhibits ferromagnetic ordering below its Curie temperature Tc of
160 K. This is in contrast to other 4d perovskites such as (Ca,Sr,Ba)MoO3 whose
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metal d – O p conduction bands are too disperse to stabilize magnetic ordering.
Closely related CaRuO3 is, in contrast to SrRuO3 , a paramagnetic metal while
BaRuO3 orders ferromagnetically at a lower Tc of 60 K.[116, 117] Recent renewed interest in SrRuO3 has origins in the unusual negative spin polarization,
as determined from tunneling measurements,[118] that enables multilayer devices with inverted magnetoresistance behavior by combination with materials
exhibiting the more usual positive spin polarization.[119] The nature of magnetism in SrRuO3 , localized versus itinerant, continues to be examined using
chemical substitution as a probe.[117] Additionally, as SrRuO3 is a commonly
used electrode material in heteroepitaxial perovskite architectures, recent attention has been paid to the thickness-dependence of properties.[120, 121]
Jones et al.[122] performed room temperature neutron diffraction studies
studies to determine the structure of SrRuO3 while Bushemeleva et al.[123]
performed low temperature experiments and obtained a magnetic moment per
Ru atom of 1.63±0.06 µB at 10 K. They also explained a previously observed
Invar effect[124] of the lattice parameters a and b below below Tc as deriving
from the freezing of RuO6 octahedra tilting and rotation. Additionally, a very
slight Jahn-Teller distortion, 40 times smaller than in LaMnO3 , was noted.[123]
The reported Invar effect in SrRuO3 is indicative of itinerancy as it also occurs in 3d transition metal itinerant ferromagnets such as Fe-Ni alloys.[124]
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Values from heat capacity, ∆C and ∆S,[125, 126] and the NMR relaxation rate
1/T1 [127] are all lower than the values expected from the localized spin model.
Many electronic structure calculations predict band ferromagnetism with a reduced non-integer moment and this is consistent with the precise moment value
extracted from low temperature neutron scattering experiments. Additionally,
the linearity of the Arrot plot for small H/M predicted for itinerant magnets is
observed in SrRuO3 .[128]
Extensive computational investigations of the magnetism and electronic
structure of SrRuO3 and its behavior in solid solutions have been carried
out.[129–131] Despite its itinerant nature, Mazin and Singh emphasize the importance of structural distortion in SrRuO3 which changes the Ru–O–Ru bond
angle and affects ferromagnetic coupling.[129] A large peak is seen in the density of electronic states at the Fermi level which supports magnetic ordering via
the Stoner criterion.[132] In the more distorted CaRuO3 the density of states
is not as strongly peaked, and it therefore displays no magnetic order but is
believed to be on the verge of a ferromagnetic instability. Other LSDA studies
of SrRuO3 and CaRuO3 by Santi et al. show both to be ferromagnetic.[130]
Rondinelli et al. find that their computed electronic structure of SrRuO3 agrees
better with experimental spectroscopic data when moderate electron correlations are included through a 0.6 eV on-site Hubbard term.[131] Maiti and Singh
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fit photoemission data and find a small U/W of 0.2 for both CaRuO3 and SrRuO3
which similarly suggests these compounds are not significantly correlated.[133]
Calculations comparing ideal cubic structures and real distorted structures reveal the important role of A–O covalency and Ru–O–Ru bond angle.[134]
In recent work on SrRuO3 solid solutions, Mamchik et al. investigated substitution by antiferromagnetic LaFeO3 [135] and LaCoO3 .[136] In both cases, a
spin glass forms upon substitution and a gradual metal-insulator transition is
suggested to occur by Anderson localization. Additionally, large switchable local moments are formed around the substituted B-site (Fe or Co) due to the
spin polarization of the itinerant electrons in SrRuO3 . An analogy with 3d transition metal impurities in Pd has been suggested and correspondingly, and large
negative magnetoresistance is reported. Pb substitution has been attempted on
both the A and B sites with mixed results. Cao et al. perform substitution,
ostensibly on the B site, and report an increase in Tc to 210 K.[137] Cheng et
al. on the other hand, replace Sr with Pb on the A site and observe a reduction in Tc with no magnetic ordering for x = 0.6 or higher.[138] The effect of
structural distortion on the magnetism of SrRuO3 has been of great interest for
the past 50 years. Most simply accomplished by isovalent substitution on the A
site, replacement of Sr by both Ca and Ba has been investigated. Sr1−x Cax RuO3
has been the subject of a sizable number of experimental on both single crystals
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and polycrystalline samples, and through computational studies. However, the
results are somewhat varied.[116, 117, 124, 127, 139–145] Specifically, there
are reports of glassy magnetic ordering persisting to x = 0.95,[141] while most
studies seem to agree on a value of x = 0.7, beyond which no magnetic ordering is observed. Ba substitution, on the other hand, is harder to perform as
high pressure is required to stabilize BaRuO3 in the perovskite phase. Recently,
the entire solid solution series ARuO3 (A = Ca, Sr, Ba) was studied by Jin et
al.[117] These authors report that the Curie temperature decreases with substitution of either Ca or Ba, and they attribute this to many competing effects,
including changes in octahedral tilting and rotation, Jahn-Teller distortions, and
covalence. With Ba substitution, Tc suppression is explained by band broadening. In the case of Ca substitution, these authors report the formation of a
Griffiths phases, characterized by some signature in the paramagnetic susceptibility at the ordering temperature of the parent phase, TG , due to local clusters
of the ferromagnet persisting in the dilute system.[146, 147] Kiyama et al. have
also suggested that Sr2+ clustering occurs in Sr1−x Cax RuO3 but do not report
signals in the susceptibility at TG .[139] Additionally, they found that long range
magnetic ordering persists through x = 0.7.[128]
In this contribution, we investigate (SrRuO3 )1−x (LaRhO3 )x , a solid solution
between SrRuO3 and the perovskite LaRhO3 which has low-spin, diamagnetic
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d6 Rh3+ .[148–150] Aliovalent substitution on both the A and B sites of the
ABO3 perovskite compensates Ru4+ being replaced by Rh3+ with the concomitant substitution of Sr2+ by La3+ . The principle electronic effect anticipated by
such substitution, at least in a band picture, would be the gradual filling of t2g
levels on the B site, starting with t42g SrRuO3 at x = 0, and ending with t62g
SrRuO3 at x = 1. While SrRuO3 has been substituted by many different ions
as described above, this is the first time substitution by a diamagnetic semiconductor has been attempted. The only example of Rh-substitution is from
Cao et al.[151] who have substituted Rh (ostensibly Rh4+ ) for Ru in CaRuO3
and found that it stabilized magnetic ordering. The results presented here shed
important light on the nature of magnetism in SrRuO3 . Itinerant behavior becomes more localized with substitution by a semiconductor as evidenced by the
evolution of the Rhodes-Wohlfarth ratio[152] with x in (SrRuO3 )1−x (LaRhO3 )x .
Additionally, despite the occurrence of a compositionally driven metal-insulator
transition, ferromagnetism persists, with behavior turning glassy as x increases.
Curie-Weiss analysis reveals that ΘCW decreases with LaRhO3 substitution and
is equal to Tc for low valuies of x, while µeff per Ru4+ is equal to the spin-only S
value across the solid solution. Interestingly, we find that the ferromagnetism of
SrRuO3 is disrupted only slightly more quickly by LaRhO3 substitution than it is
with isovalent replacement of Sr by Ca. This suggests that increased octahedral
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tilting is almost as detrimental to ferromagnetism as is filling t2g , and reinforces
prior studies that emphasize the significance of structural distortion.

5.2

Methods

Polycrystalline (SrRuO3 )1−x (LaRhO3 )x pellets were prepared using solid
state reactions at high temperatures. Stoichiometric amounts of SrCO3 , La2 O3 ,
RuO2 , and Rh2 O3 were ground with an agate mortar and pestle, pressed at
100 MPa, and fired in air, first at 1000◦ C for 24 h and then between 1200◦ C
and 1400◦ for 96 h with intermediate grindings in accordance with previous
preparations of SrRuO3 [114] and LaRhO3 [148]. The pellets were placed on
beds of powders of the same composition to avoid contamination with crucible constituents. The phase purity of all samples was confirmed by laboratory x-ray diffraction on a Philips X’Pert diffractometer with Cu-Kα radiation.
Select samples were also examined by high resolution synchrotron powder xray diffraction at the 11-BM beamline at the Advanced Photon Source, Argonne
National Laboratory. Rietveld[58] refinement was performed using the XND
Rietveld code.[153] Crystal structures were visualized using VESTA.[60] Electrical resistivity measurements were carried out using the 4-point probe method
on sintered pellets with silver epoxy electrical contacts using a Quantum Design
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PPMS, and separately using Keithley current sources and meters and a closedcycle He refrigerator. Magnetic properties were measured using a Quantum
Design MPMS 5XL SQUID magnetometer and the ACMS option in a PPMS.

5.3
5.3.1

Results and Discussion
Structure

The crystal structures of SrRuO3 and LaRhO3 as determined by Rietveld refinement of powder XRD data are depicted in FIG. 5.1. Both end-member compounds crystallize in the orthorhombic perovskite crystal structure, space group
P nma (No. 62), with the latter showing a greater degree of octahedral tilting.
Powder XRD shows the single phase nature of the entire solid solution as all
observable peaks are expected from the structure. Upon LaRhO3 substitution,
many of the peaks display enhanced splitting due to increased orthorhombic
distortion. Figure 5.2 shows high resolution synchrotron powder x-ray diffraction data and Rietveld refinement for the x = 0.5 and 0.8 samples. The high
quality data further confirm the single phase nature of the materials and refined La/Sr ratios agree well with stoichiometry. The refined cell parameters
and unit cell volume are presented in Table 5.1. The composition dependence
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Figure 5.1. Orthorhombic perovskite crystal structures of (a) SrRuO3 and (b)
LaRhO3 viewed down the long b axis. The structures were determined by Rietveld refinement of powder XRD data. LaRhO3 has significantly more tilting
than SrRuO3 , shown by the displacement of the apical O, while the rotation angles are similar. The sphere colors correspond to: grey, Sr; black, La; green Ru,
blue Rh, and orange O. Reproduced with permission from reference 52 c 2011
American Physical Society.
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Figure 5.2. High resolution synchrotron powder x-ray diffraction data and Rietveld refinement for (a) x = 0.5 and (b) x = 0.8 in (SrRuO3 )1−x (LaRhO3 )x .
Data (circles), the Rietveld fit (red lines, RBragg < 7 % for all samples), and difference between data and fit are displayed. Vertical lines at the top of the panels
indicate expected peak positions. The top and bottom panels show data for x =
0.5 and x = 0.8 respectively. Reproduced with permission from reference 52 c
2011 American Physical Society.
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Figure 5.3. (a) Unit cell parameters as a function of composition. (b) Unit
cell volume (circles) and psuedocubic cell parameter (squares) as a function
of composition. The lines are cubic and linear fits to the data, demonstrating
that the Végard law is followed. (c) Perovskite tilt φ and rotation θ angles as
a function of composition. BO6 octahedra are increasingly tilted with LaRhO3
substitution, while the rotation angle remains mostly constant. Reproduced with
permission from reference 52 c 2011 American Physical Society.
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52 c 2011 American Physical Society.
0.1
0.2
0.3
0.4
0.5
0.6
0.8
0.9
1.0
x
0.0
5.534(0) 5.543(2) 5.548(4) 5.558(0) 5.570(4) 5.584(9) 5.597(0) 5.641(9) 5.666(6) 5.687(8)
a (Å)
b (Å)
7.850(3) 7.857(5) 7.869(2) 7.876(8) 7.884(7) 7.892(2) 7.895(7) 7.900(9) 7.899(6) 7.902(0)
c (Å)
5.571(6) 5.574(0) 5.581(8) 5.582(8) 5.582(4) 5.581(4) 5.577(8) 5.557(9) 5.542(1) 5.533(2)
3
V (Å ) 242.0(5) 242.7(8) 243.7(1) 244.4(1) 245.1(9) 246.0(1) 246.5(0) 247.7(5) 248.0(8) 248.7(0)

of powder x-ray diffraction data in space group P nma (No. 62). Reproduced with permission from reference

Table 5.1. Unit cell parameters and cell volume for (SrRuO3 )1−x (LaRhO3 )x obtained from Rietveld refinement

of structural parameters is shown in FIG. 5.3. The individual cell parameters
do not follow the Végard law due to the effect of octahedral rotations and
tilts. Instead, the unit cell volume and psuedocubic cell parameter follow the
Végard law as evidenced by the cubic and linear fits to the data. The observation that the Végard law is obeyed across the solid solution strongly suggests
that there is no change in the oxidation states of the transition metal ions Ru4+
or Rh3+ as x changes in the solid solution. The bottom panel, FIG. 5.3(c), displays the average octahedral tilt angle as a function of composition. It is seen
that octahedral tilting increases with LaRhO3 substitution as expected based
on the larger A-cation charge and therefore the smaller tolerance factor:[154]
√
t = (rA + rO )/( 2(rB + rO )) is 0.994 for SrRuO3 and t = 0.945 for LaRhO3
using Shannon-Prewitt[155] effective ionic radii. The perovskite tilt and rotation systems are described by Glazer, with P nma belonging to the a− b+ a−
tilt system.[156] For comparison to (SrRuO3 )1−x (LaRhO3 )x , the tilt angle of
CaRuO3 , which is nearly the same magnitude as in LaRhO3 , is displayed as a
horizontal dashed line. Since Ca substitution on the Sr site of SrRuO3 significantly influences properties, the analogous tilting in the SrRuO3 –LaRhO3 solid
solution is expected to have a similar effect and be an important ingredient to
understanding physical properties.
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Figure 5.4. DC electrical resistivity ρ as a function of temperature for the Ru rich
samples. A metal-insulator transition occurs as a function of temperature in x =
0.1 while the x = 0.2 is insulating for all temperatures measured. Reproduced
with permission from reference 52 c 2011 American Physical Society.

5.3.2

Electrical transport

DC electrical resistivity measurements were performed across the solid solution series as presented in FIG. 5.4. SrRuO3 is a metal, exhibiting a positive temperature coefficient of resistivity, and has a resistivity near 10−3 Ω·cm at 300 K.
Its resistivity displays a kink at the ferromagnetic Tc due to a change in the
magnetic scattering of conduction electrons. The x = 0.1 sample has a small
upturn in resistivity below 125 K which is characteristic of weak localization.
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A compositionally driven metal-to-insulator transition is observed between x =
0.1 and 0.2 where ρ at room temperature becomes greater than the Mott maximum metallic resistivity of 10−2 Ω·cm. For x ≥ 0.2 the temperature coefficient
of resistivity is always negative.

5.3.3

Magnetism

Key magnetic data characterizing the solid solution, as determined through
analysis of the temperature-dependent magnetic susceptibility, including CurieWeiss analysis, and measurement of M vs. H at 2 K, and are presented in Table 5.2. Curie-Weiss analysis included a temperature independent term for capturing the diagmagnetism of the sample and sample holder background. The
value of this parameter was negative and small (≈10−5 emu/mol) for all fits, as
expected for diamagnetism, though no trend in its value was observed.
Zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility data
were collected as a function function of temperature under a DC field of
1000 Oe. The data are displayed in FIG. 5.5, with the low-temperature branches
in each set of measurements corresponding to the ZFC data. We confirm that the
Tc of SrRuO3 is approximately 160 K as evidenced by the sharp upturn in susceptibility at that temperature. The Curie temperature Tc decreases with LaRhO3
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Society.

x
Tc (K)
ΘCW (K)
µeff (µB /Ru)
Msat (µB /Ru)

0.1
0.2
0.0
160 100
50
167 111 69.4
2.96 2.77 2.76
1.40 1.13 0.963

0.3
24
47.4
2.77
0.730

0.4
16
11.2
2.82
0.358

0.5
0.6
9
−29.4 −42.6
3.00
3.00
0.276 0.241

0.9
−42.5 −43.2
3.02
3.05
0.251 0.356

0.8

the magnetization at 2 K and 5 T. Reproduced with permission from reference 52 c 2011 American Physical

using the field-cooled χ. ΘCW and µeff were obtained by fitting the Curie-Weiss law above 320 K. Msat is

Table 5.2. Magnetic data extracted for (SrRuO3 )1−x (LaRhO3 )x . Tc was determined from peaks in (∂χ/∂T ),

Figure 5.5. Zero-field cooled and field-cooled magnetic susceptibility collected
under a DC field of 1000 Oe. In (a), samples with x = 0 through x = 0.5 are
displayed, and in (b), samples with x = 0.6 through x = 1. Reproduced with
permission from reference 52 c 2011 American Physical Society.
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Figure 5.6. AC magnetic susceptibility of the x = 0.3 sample as a function of
temperature for different frequencies. Data were collected under zero static field
using a 5 Oe AC field. Reproduced with permission from reference 52 c 2011
American Physical Society.
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substitution and the ordering transition broadens in temperature. For x > 0.5
the system no longer orders and instead has local moment paramagnetic behavior, although the sample with x = 0.6 does display distinct ZFC and FC traces
at very low temperatures. A slight rise in χ for the x = 0.1 sample occurs at
≈160 K. Although no evidence is seen in the laboratory XRD data, we attribute
this to a very small impurity of SrRuO3 based on the ordering temperature, and
this persists despite continued regrinding, repelletization, and reheating during
the preparation procedure. This deviation in susceptibility may be interpreted
as Griffiths phase behavior, although we find it more consistent with incomplete
reaction and sample inhomogeneity. The system remains ferromagnetic until x
= 0.3 where it begins to display the formation of glassy states as observed by
the susceptibility reaching a maximum, decreasing, and leveling off to a constant value. Contrary to previous reports,[149, 150] the end-member LaRhO3
is found to display diamagnetic behavior with negative susceptibility until low
temperatures (≈10 K) at which point paramagnetic impurities or defects become
dominant. The absence of diamagnetic behavior in the previous reports was attributed to the presence of small amounts of Rh4+ occurring due to impurities
or defects.
To verify the glassy state of the x = 0.3 sample, we conducted frequencydependent AC magnetic susceptibility measurements, as displayed in FIG. 5.6.
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Figure 5.7. Magnetization as a function of applied DC magnetic field at 2 K.
Hysteresis is observed for samples that have magnetic order. Data were acquired
in a loop from 0 T, to 5 T, to −5 T, and back to 0 T. Reproduced with permission
from reference 52 c 2011 American Physical Society.
The dispersion in the peak susceptibility as a function of the frequency of the AC
field is characteristic of glassy magnetism. While not shown, no such frequency
dependence of magnetic ordering was seen in the x = 0.1 sample.
The dependence of magnetization on field for (SrRuO3 )1−x (LaRhO3 )x at 2 K
is shown in FIG. 5.7. Hysteresis associated with domain behavior is observed for
x ≤ 0.5. Msat is defined as the magnetization at 2 K and 5 T, however none of
the samples reach saturation. Sharp discontinuities in magnetization, attributed
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Figure 5.8. Scaled inverse magnetic susceptibility as a function of scaled temperature as described by equation 5.1. The dashed black line represents ideal
Curie-Weiss paramagnetism. The top and bottom panels show data for samples
with negative and positive ΘCW respectively. Reproduced with permission from
reference 52 c 2011 American Physical Society.
to powder crystallite rotation under a magnetic field, prevent an analysis of
coercivity as a function of substitution.
The Curie-Weiss relation χ = C/(T − ΘCW ) can be recast according to:

C
T
+ sgn(ΘCW ) =
χ|ΘCW |
|ΘCW |

(5.1)

which allows normalization of susceptibility-temperature plots as shown in
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FIG. 5.8. The utility of such plots has been amply demonstrated in the analysis of other solid-solution systems.[157] For example, the scaled temperature
axis allows the frustration index defined f = ΘCW /Tc to be directly read off. It
is seen that all five SrRuO3 -rich samples in the FIG. 5.8(a) order at temperatures
corresponding to Tc ≈ ΘCW suggesting that they obey expectations from the
Curie-Weiss relationship rather well. At temperatures above the ordering temperature, positive deviations from the ideal Curie-Weiss line reflect the presence
of compensated antiferromagnetic short range interactions, while negative deviations reflect uncompensated interactions (ferromagnetism or ferrimagnetism).
The ferromagnetic samples (x = 0.0, 0.1, and 0.2) all deviate from ideal CurieWeiss behavior at their ΘCW and thus nearly all lie on top of one another on the
normalized plot. In contrast, the glassy samples (x = 0.3, 0.4, and 0.5) deviate
significantly above their ΘCW . The positive deviation is however difficult to understand, and may have something to do with the nature of the local moments,
associated with orbital degeneracy on Ru4+ . Note that plots for x ≥ 0.4 may
be difficult to interpret due to having ΘCW near zero. In FIG. 5.8(b) samples
on the LaRhO3 -rich side also display deviations from Curie-Weiss behavior. For
larger values of x the majority of interactions become Ru-O-Rh and ΘCW takes
on a small negative value. At low temperatures, the deviations are below the
Curie-Weiss line, suggesting that they are not fully compensated, as would be
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expected for a random alloy.
The fact that the (SrRuO3 )1−x (LaRhO3 )x samples with x ≤ 0.4 follow CurieWeiss behavior should not by itself be taken as evidence for local-moment
behavior.[158] Instead we employ the Rhodes-Wohlfarth ratio, neff /Msat to
probe the degree of local-moment versus itinerant electron behavior in this solid
solution series.[152] Here neff is the number of unpaired electrons obtained
from analysis of the µeff , and for the region of interest, neff is simply 2S. We find
a ratio of 1.43 for SrRuO3 , using neff and Msat determined here, which is larger
than previous reports of 1.3 by Fukunaga et al.[140] A ratio of 1.23 is obtained
if one uses the spin only neff of 2 for Ru4+ and the Msat value of 1.63 as found
by Bushmeleva et al.[123] from low-temperature neutron diffraction. FIG. 5.9
displays the ratio as a function of Tc for (SrRuO3 )1−x (LaRhO3 )x along with data
for other well studied systems. We find (SrRuO3 )1−x (LaRhO3 )x to behave intermediate between itinerant and localized for all compositions with magnetic
ordering. neff /Msat deviates further from itinerant behavior and closer to localized behavior with increased LaRhO3 substitution. This is expected as there are
fewer free carriers as the sample becomes more insulating. It is notable that
there is no sharp jump in the ratio at the compositionally driven metal-insulator
transition between x = 0.1 and 0.2. The trend with substitution is disrupted as
the system turns glassy.
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Figure 5.9. Rhodes-Wohlfarth ratio neff /Msat as a function of Tc . neff /Msat = 1,
the horizontal red line, indicates localized behavior, with examples from Rhodes
and Wohlfarth[152] of CrBr3 , MnSb, etc.. Ratios lying on the blue curve correspond to itinerant electron ferromagnets, with the curve constructed using data
from Rhodes and Wohlfarth[152] (ferrous metals, and their alloys with oneanother and with Pd). It is seen that (SrRuO3 )1−x (LaRhO3 )x lies between the
expectation for local moment and itinerant electron behavior. Reproduced with
permission from reference 52 c 2011 American Physical Society.
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Figure 5.10. (a) ρ(300 K), (b) Tc and ΘCW , (c) Msat (2 K, 5 T), and (d) µeff
as a function of composition.

In (a), the black dashed horizontal line at

ρ = 1 × 10−2 Ω·cm indicates the Mott maximum metallic resistivity. In (d),
the colored dashed horizontal lines are the expected S-only, L + S, and J values
for Ru4+ . The transition from blue to red indicates the compositionally-driven
metal-insulator transition, and the entire shaded region corresponds to samples
that order magnetically. Reproduced with permission from reference 52 c 2011
American Physical Society.
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FIG. 5.10 summarizes the findings of this work in the form of a propertycomposition phase diagram. It displays the electrical resistivity ρ at 300 K, Curie
temperature Tc , Curie-Weiss temperature ΘCW , saturation magnetization Msat
at 2 K and 5 T, and effective moment µeff as a function of LaRhO3 substitution, using the data from Table 5.2. From panel (a), we see that the formal
compositionally-driven metal-to-insulator transition takes place between x =
0.1 and 0.2. Panel (b) shows that ΘCW first decreases smoothly with LaRhO3
substitution as similarly seen for LaFeO3 , LaCoO3 , and Ca substitution, but then,
in contrast to those systems, levels off for large x.[135, 136, 139] We have employed Tc values determined from peaks in (∂χ/∂T ) using field-cooled χ. For
small 0 ≤ x < 0.5, Tc ≈ ΘCW suggesting that Curie-Weiss behavior is obeyed.
Around x = 0.5, the value of ΘCW becomes small and negative, and this is
the region beyond which there is no evidence for magnetic ordering. Tc decreases with LaRhO3 substitution, as might be expected given that magnetic
Ru4+ are diluted with increasing x, but the rate at which the decrease takes
place is only slightly faster that what is seen in the Sr1−x Cax RuO3 system.[143]
The Ru–O–Ru bond angles also decrease with x in a similar manner as is seen
in Sr1−x Cax RuO3 and the suggestion is that structural effects as x increases are
perhaps as important as the effect of filling t2g . Comparisons can be made with
the Co1−x Fex S2 pyrite system which exhibits Stoner ferromagnetism.[159–161]
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There, it is observed that Tc remains constant over a large range of x while in
(SrRuO3 )1−x (LaRhO3 )x we find that Tc drops rapidly with LaRhO3 substitution.
This may suggest that (SrRuO3 )1−x (LaRhO3 )x does not strictly follow StonerWohlfarth band ferromagnetism. Further, the x = 0.2 sample is a good ferromagnet despite being an electrical insulator. Msat per Ru decreases with LaRhO3
substitution as seen in FIG. 5.10(c), in the region of magnetic ordering, and then
is more-or-less flat with x. As previously reported, SrRuO3 has a µeff equal to the
spin only S value for Ru4+ as the orbital contribution expected for an octahedral
d4 cation is quenched out.[114] As shown in FIG. 5.10(d), this does not change
with LaRhO3 substitution, as µeff remains essentially constant across the solid
solution as the Ru coordination environment remains unchanged.

5.4
This

Conclusions
study

of

the

electrical

and

magnetic

properties

of

(SrRuO3 )1−x (LaRhO3 )x has enabled some important observations and conclusions regarding the magnetism in SrRuO3 to be made.

We note the

magnetism in the solid solution does not require metallic conduction in order
to persist. While the Rhodes-Wohlfarth ratio has previously been reported for
SrRuO3 and provided as evidence of intermediate behavior between localized
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and itinerant, we demonstrate that alloying with a diamagnetic semiconductor
pushes the behavior to become more localized. Comparison with Sr1−x Cax RuO3
reveals that octahedral tilting is nearly as effective at disrupting ferromagnetism
in (SrRuO3 )1−x (LaRhO3 )x as is the dilution of magnetism achieved by filling
t2g .
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Chapter 6
Structural and magnetic
characterization of the complete
delafossite solid solution
(CuAlO2)1−x(CuCrO2)x
We have prepared the complete delafossite solid solution series between diamagnetic CuAlO2 and the t32g frustrated antiferromagnet CuCrO2 . The evolution
with composition x in CuAl1−x Crx O2 of the crystal structure and magnetic prop1

Substantial portions of this chapter have been published in reference 162 c 2012 Institute
of Physics
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erties has been studied and is reported here. The room-temperature unit cell
parameters follow the Végard law and increase with x as expected. The µeff is
equal to the Cr3+ spin-only S = 3/2 value throughout the entire solid solution.
ΘCW is negative, indicating that the dominant interactions are antiferromagnetic, and its magnitude increases with Cr substitution. For dilute Cr compositions, the nearest-neighbor exchange coupling constant JBB was estimated by
mean-field theory to be 3.0 meV. Despite the sizable ΘCW , long-range antiferromagnetic order does not develop until x is almost 1, and is preceeded by glassy
behavior. Data presented here, and that on dilute Al-substitution from Okuda
et al., suggest that the reduction in magnetic frustration due to the presence of
non-magnetic Al does not have as dominant an effect on magnetism as chemical
disorder and dilution of the magnetic exchange. For all samples, the 5 K isothermal magnetization does not saturate in fields up to 5 T and minimal hysteresis
is observed. The presence of antiferromagnetic interactions is clearly evident
in the sub-Brillouin behavior with a reduced magnetization per Cr atom. An
inspection of the scaled Curie plot reveals that significant short-range antiferromagnetic interactions occur in CuCrO2 above its Néel temperature, consistent
with its magnetic frustration. Uncompensated short-range behavior is present
in the Al-substituted samples and is likely a result of chemical disorder.
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6.1

Introduction

CuAlO2 and CuCrO2 are p-type transparent conducting oxides (TCO) that
are of significant interest for their intrinsic p-type behavior.[163, 164] CuCrO2
is also a S = 3/2 Heisenberg triangular lattice antiferromagnet (TLA), which
makes it a promising candidate for studying magnetic frustration. Recent study
of CuCrO2 is spurred by its multiferroic behavior which arises from its spiral spin
order,[165] and has been extensively investigated by Kimura et al.[166]
Neutron diffraction studies have been essential in explaining the magnetism
and multiferroic behavior of CuCrO2 . The first neutron study by Kadowaki et al.
revealed that CuCrO2 has an antiferromagnetic out-of-plane 120◦ spin structure
and short correlation length along the c axis.[167] Further study by Poienar et
al. narrowed the magnetic structure possibilities to either helicoidal or cycloidal,
and investigated the effect of Mg substitution.[168] Soda et al. confirmed a noncollinear helicoidal magnetic structure through triple-axis spin-polarized neutron scattering experiments on a single crystal.[169] Such a magnetic structure
also occurs for CuFeO2 under an applied magnetic field or with Al substitution,
and was found to give rise to ferroelectricity.[170] This is consistent with a theoretical model proposed by Arima, which shows that a noncollinear helical spin
structure and spin-orbit coupling give rise to the multiferroic behavior.[171]
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Similar to other TLAs, the presence of two magnetic transitions in CuCrO2 was
revealed by a careful further examination of a single crystal.[172] Additional
study of CuCrO2 included inelastic neutron scattering to map out the spin dynamics of the system.[173] The results are consistent with the work of Kimura
et al.,[166] and reinforce the critical role of next-nearest-neighbor exchange
interactions in stabilizing magnetic order.
The delafossite structure has also been of interest because it hosts both
metallic and insulating behavior, as is well exemplified by the metal-insulator
transition in a partial solid solution between AgNiO2 and AgCoO2 .[174] To investigate the nature of such behavior, the electronic structures of many delafossites have been investigated by density functional theory (DFT) calculations, and
particular interest has been paid to the Cu-containing p-type TCOs. Evidence
has been shown that these derive their p-type conductivity from Cu vacancies
that form because of the easy oxidation of Cu1+ to Cu2+ .[175] Additionally, the
extent of M -M bonding in delafossites has been examined with DFT for a multitude of different A and B cations.[176, 177] In these studies the authors note
that both the A and B site cations contribute to the electronic structure near
the Fermi level. They also found that the A site dz2 orbitals are responsible for
the highly disperse bands and may be important for stabilizing metallic ground
states. Relevant to the systems of interest here, Scanlon et al. studied the effect
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of Cr substitution on the electronic structure of CuAlO2 .[178]
The effect of spin dilution and doping on the magnetism of CuCrO2
have been extensively investigated by Okuda et.

al through magnetome-

try, electrical transport,[179] heat capacity measurements,[180] and neutron
diffraction.[181] Mg substitution sharpens the antiferromagnetic transition and
thus demonstrates that hole carriers are relevant to the magnetic ground state of
CuCrO2 .[179] Al substitution blurs the transition, causes the evolution of spinglass behavior, and causes a crossover from 3D to 2D magnons as evidenced
by heat capacity data.[181] It also causes a gradual suppression of the CuCrO2
magnetic peaks in neutron diffraction patterns.
In this contribution, we investigate the complete delafossite solid solution
between diamagnetic CuAlO2 and the t32g frustrated antiferromagnet CuCrO2 .
While many chemical substitutions have been performed on both end-member
compounds, this is the first time a complete solid solution has been prepared.
This work follows a recent study of a perovskite solid solution,[52] where we
used magnetic dilution to probe the ferromagnet SrRuO3 . This study is also
guided by previous work on magnetic frustration in M Cr2 O4 spinels, where Cr
sits on the pyrochlore B-sublattice.[157, 182] In CuAl1−x Crx O2 , the addition
of Cr introduces localized spins that are randomly distributed on the B site.
These spins begin interacting as their concentration is increased, and frustration
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arises due to the triangular topology of the delafossite crystal structure. Powder x-ray diffraction and magnetometry results on CuAl1−x Crx O2 support that
a well-behaved solid solution is formed. Throughout the solid solution, µeff is
equal to the Cr3+ spin-only S = 3/2 value. The strength of the mean-field antiferromagnetic interactions markedly increases with Cr content, though glassy
long-range order does not occur until x ≈ 0.75. Magnetic saturation does not
occur in isothermal magnetization sweeps, and antiferromagnetic interactions
are evident by the sub-Brillouin behavior of all samples. A scaled Curie plot reveals the presence of short-range interactions that occur due to frustration and
chemical disorder.

6.2

Experimental details

Polycrystalline CuAl1−x Crx O2 pellets were prepared using solid-state reactions at high temperatures. Stoichiometric amounts of Cu2 O, Al2 O3 , and Cr2 O3
powders were ground with an agate mortar and pestle, pressed at 100 MPa,
and heated in air to temperature for 24 h, and again for 48 h with an intermediate grinding, and then allowed to cool to room temperature. The furnace
was heated and cooled at a rate of 2 ◦ C/min, and in accordance with previous
preparations, firing temperatures were 1000 ◦ C for CuCrO2 [183], 1200 ◦ C for
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CuAlO2 [184], and between the two for intermediate compositions. The pellets were placed on beds of powders of the same composition to avoid reaction with the Al2 O3 crucible. Structural characterization by room-temperature
laboratory x-ray diffraction was performed on a Philips X’Pert diffractometer
with Cu-Kα radiation. Select samples were also examined by high resolution
powder synchrotron x-ray diffraction at the 11-BM beamline at the Advanced
Photon Source, Argonne National Laboratory. Rietveld[58] refinement was performed using the XND Rietveld code.[153] Crystal structures were visualized
using VESTA.[60] Magnetization was measured using a Quantum Design MPMS
5XL SQUID magnetometer.

6.3
6.3.1

Results and Discussion
Structure

Room-temperature laboratory and synchrotron powder x-ray diffraction
demonstrate that the entire solid solution between CuAlO2 and CuCrO2 can be
assigned to the rhombohedral 3R delafossite crystal structure, space group R3̄m
(No. 166). All of the observed Bragg peaks in laboratory data are accounted
for by the 3R structure and support the single phase nature of the samples (Fig-

130

Figure 6.1. The left panel displays the ABO2 delafossite crystal structure with A
in blue, B in grey, and O in orange. The middle panel shows room-temperature
laboratory powder x-ray diffraction data for CuAl1−x Crx O2 . The right panel
shows a close-up of the (104̄) peak as it evolves across the solid solution. Reproduced with permission from reference 162 c 2012 Institute of Physics.
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Figure 6.2. Unit cell parameters a and c of the 3R delafossite crystal structure
for CuAl1−x Crx O2 as determined by Rietveld refinement. Linear fits to the data
demonstrate that the Végard law is followed. Error bars are included, but are
smaller than the symbol size for most data points. Reproduced with permission
from reference 162 c 2012 Institute of Physics.
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O at (0,0,z). Reproduced with permission from reference 162 c 2012 Institute of Physics.
0.05
0.15
0.30
0.50
0.75
1.00
x
0.00
2.856(8) 2.864(0) 2.876(8) 2.897(6) 2.919(8) 2.948(5) 2.973(6)
a (Å)
c (Å)
16.94(4) 16.95(3) 16.96(3) 16.98(2) 17.01(1) 17.05(6) 17.09(7)
3
V (Å ) 138.2(8) 139.0(5) 140.3(9) 142.5(8) 145.0(2) 148.2(8) 151.1(8)

ratory powder x-ray diffraction data in space group R3̄m (No. 166). Cu sits at (0,0,0), (Al/Cr) at (0,0,0.5) and

Table 6.1. Unit cell parameters and cell volume for CuAl1−x Crx O2 , obtained from Rietveld refinement of labo-

ure 6.1). The refined unit cell parameters and volume are tabulated in Table 6.1
and the composition dependence is displayed graphically in Figure 6.2. Upon
substituting Cr into CuAlO2 , the a and c parameters increase, as expected based
on the Shannon-Prewitt effective ionic radii.[155] Their linear dependence on
composition is consistent with the Végard law and supports that a true solid
solution is formed. Select samples (x = 0.05, 0.75, and 1.00) were further
characterized by high-resolution powder synchrotron x-ray diffraction, which
revealed the presence of small amounts of CuO and Cr2 O3 (not shown). The
thorough characterization by x-ray diffraction provides strong evidence for the
structure and composition of the delafossite solid solution series CuAl1−x Crx O2 .

6.3.2

Magnetism

In CuAl1−x Crx O2 , magnetism evolves as we alloy a diamagnet with an antiferromagnet, and is complicated by the geometrically-induced magnetic frustration of the delafossite crystal structure. Important magnetic characteristics of
the solid solution, including Curie-Weiss effective moment µeff , theoretical magnetic ordering temperature ΘCW , B site nearest-neighbor magnetic exchange
JBB , and M at 5 K and 5 T, are summarized graphically in Figure 6.5 and are tabulated in Table 6.2. Zero-field cooled (ZFC) and field-cooled (FC) magnetization
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Reproduced with permission from reference 162 c 2012 Institute of Physics.
0.15
0.30
0.50
0.75
x
0.05
ΘCW (K)
−24.7 −74.0 −155 −209 −202
3.78
3.98
3.98
3.80
µeff (µB /Cr) 3.92
M (µB /Cr)
1.16 0.516 0.367 0.202 0.0381

1.00
−158
3.60
0.0170

M is the magnetization at 5 K and 5 T, though none of the samples reach saturation under these conditions.

Table 6.2. Magnetic characteristics of CuAl1−x Crx O2 . ΘCW and µeff were obtained by Curie-Weiss analysis.

data were collected between 2 K and 380 K under a 100 Oe DC magnetic field
and are presented in Figure 6.3. We observe an antiferromagnetic cusp in the
magnetization of CuCrO2 at 25 K, in accord with previous characterization.[183]
From Curie-Weiss analysis, we find that, as expected for octahedral Cr3+ , µeff is
nearly equal to the spin-only S = 3/2 value of 3.82 µB throughout the solid
solution. As evidenced by the negative ΘCW , the dominant magnetic interactions are antiferromagnetic. The magnitude of ΘCW is small for samples with
low Cr content, but it quickly increases with x as Cr-O-Cr superexchange interactions become more prevalent. The nearest-neighbor magnetic exchange
coupling JBB can be estimated using a mean-field Heisenberg model according
to J = 3ΘkB /[2Zeff S(S + 1)], where Zeff = 6x is the number of nearest-neighbor
interactions. Such analysis reveals that JBB is close to 3.0 meV for dilute Cr
compositions and decreases with increasing x. This decrease is a result of the
mean-field approximation breaking down as Cr composition increases and nextnearest-neighbor interactions become important. The magnitude of JBB is similar to previous studies of Cr-O-Cr exchange in structurally similar spinels with
edge-sharing octahedra of Cr.[157, 185, 186] A zfc-fc splitting occurs in the x =
0.75 sample below 8 K, which is consistent with splittings seen in low Al content
samples studied by Okuda et al.[181] Such behavior is attributed to chemical
disorder that results in spin-glass behavior. The dependence of magnetization
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M on field for CuAl1−x Crx O2 at 5 K is displayed in Figure 6.4. None of the
samples reach magnetic saturation. All of the M -H traces are sub-Brillouin, indicating significant antiferromagnetic exchange which increases in magnitude
with x. Hysteresis is only observed in the glassy x = 0.75 sample, but with a
small HC value of 200 Oe.
Curie-Weiss analysis was performed in the high-temperature region where
the inverse magnetization was linear, which was dependent on sample, but typically 250 K to 380 K. For the very dilute x = 0.05 sample, a temperature independent term was included in the Curie-Weiss analysis to capture the diamagnetism
of the sample. Without this term, the fit was significantly poorer and the results
were not consistent with the solid solution, with an extracted µeff and ΘCW of
approximately 3.5 µB and +5.6 K.
The Curie-Weiss relation χ = C/(T − ΘCW ) can be recast according to:

C
T
+ sgn(ΘCW ) =
χ|ΘCW |
|ΘCW |

(6.1)

which allows normalization of susceptibility-temperature plots as shown in Figure 6.6. The utility of such plots has been amply demonstrated in the analysis of
other solid-solution systems.[157] At temperatures above the long-range ordering temperature, positive deviations from the ideal Curie-Weiss line reflect the
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Figure 6.3. Zero-field cooled and field-cooled magnetic susceptibility as collected under a DC magnetic field of 100 Oe. Reproduced with permission from
reference 162 c 2012 Institute of Physics.
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Figure 6.4. Magnetization as a function of applied DC magnetic field at 5 K. Data
were acquired in a loop from 0 T, to 5 T, to −5 T, and back to 0 T, though only the
first quadrant is shown as no significant hysteresis was observed. Reproduced
with permission from reference 162 c 2012 Institute of Physics.
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Figure 6.5. Magnetic characteristics (a) µeff , (b) ΘCW , (c) JBB , and (d) M (2 K,
5 T) as a function of composition. In (a), the dashed horizontal line indicates the
expected S-only value for Cr3+ . The dotted lines in the other panels are guides
to the eye. Reproduced with permission from reference 162 c 2012 Institute of
Physics.
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presence of compensated antiferromagnetic short-range interactions, while negative deviations reflect uncompensated behavior (ferromagnetism or ferrimagnetism). Consistent with its magnetic frustration, CuCrO2 displays short-range
antiferromagnetic interactions well above its Néel temperature. While CurieWeiss analysis shows that the dominant long-range interactions in CuAl1−x Crx O2
are antiferromagnetic, the scaled Curie plot reveals the presence of short-range
uncompensated behavior in all of the Al-substituted samples which is likely a
result of chemical disorder. For the small x samples, their behavior follows
the ideal Curie-Weiss until low temperatures at which they deviate below the
line. The x = 0.75 sample displays a more complex behavior, however, as
upon cooling it first displays short-range antiferromagnetic interactions, similar to CuCrO2 , and only at low temperatures does uncompensated behavior
emerge. When taken in combination with the slight zfc-fc splitting and small
HC , this behavior may be consistent with a tendency towards an antiferromagnetic ground state that is disrupted by the freezing of spins into a spin-glass
where uncompensated moments are present.
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Figure 6.6. Scaled inverse magnetic susceptibility as a function of scaled temperature, as described by equation 6.1. The dashed black line represents ideal
Curie-Weiss paramagnetism, and deviations from it correspond to short-range
interactions. The right panel demonstrates that all samples follow ideal CurieWeiss behavior at high temperatures. Reproduced with permission from reference 162 c 2012 Institute of Physics.
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6.4

Conclusion

We prepared a complete delafossite solid solution between diamagnetic
CuAlO2 and the t32g frustrated antiferromagnet CuCrO2 and characterized its
structural and magnetic properties. All observed laboratory X-ray diffraction
peaks correspond to the delafossite 3R crystal structure. A true solid solution
forms, as evidenced by the adherence of unit cell parameters to the Végard
law and by the magnetic behavior. µeff is equal to the Cr3+ spin-only S = 3/2
value throughout the solid solution, while ΘCW is negative and its magnitude
increases with x. JBB was estimated by mean-field theory to be 3.0 meV for dilute Cr compositions. Magnetic saturation does not occur at 5 K and 5 T, and the
sub-Brillouin behavior is consistent with strong antiferromagnetic interactions.
Inspection of a scaled inverse magnetic susceptibility plot reveals that significant short-range antiferromagnetic interactions exist in CuCrO2 above TN , while
uncompensated short-range behavior are present in the Al-substituted samples.
These observations can be explained by magnetic frustration and chemical disorder. The results are relevant for understanding magnetic frustration and for
the tuning of physical properties through chemical substitution.
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Chapter 7
Summary and Future Directions
The purpose of this dissertation has been to present a comprehensive study
of the coupling between crystal structure and magnetism in transition-metal
oxides. Our investigations benefited from a combination of state-of-the-art experimental techniques including structural characterization in the form of synchrotron X-ray and neutron diffraction along with physical property measurements.
Our investigation of the perovskites SrRuO3 -LaRhO3 , delafossites CuCrO2 CuAlO2 , and rock salts NiO-LiNiO2 revealed the importance of the influence
of crystal structure features on magnetic properties. Further studies of GeCo2 O4
and Co10 Ge3 O16 revealed evidence for interesting magnetostructural phase tran-
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sitions.
Work still remains to be done regarding the magnetic structure of
Co10 Ge3 O16 . While we used simulated annealing to solve the zero-field structure, the high-field magnetic structure is more difficult. Modeling is not made
easier by the complexity of the monoclinic crystal structure and the neutron
absorption and incoherence of Co.
A local structure study of the rock salt system Li-Ni-O remains to be finished.
The Jahn-Teller nature of Ni3+ is intriguing, especially in comparison to NaNiO2 .
While the X-ray PDF and EXAFS data were relatively straight forward to analyze,
there were difficulties in reducing the neutron data because of 7 Li absorption
and incoherence. The ultimate goal is to utilize reverse Monte Carlo modeling
to examine the local nature of orbital ordering. Additionally, local bond-valence
sum calculations could determine the distribution of Ni valence states, which
must strongly influence the magnetic properties.
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