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1. Introduction 

Strongly correlated electron systems are materials, in which electron-electron 
interactions (correlations) are significant. As a consequence, strongly correlated 
systems cannot be adequately described by conventional band theory. In band 
theory, the correlation effects are ignored: electrons behave as non-interacting 
particles and can delocalize over the entire system. Conventional band theory 
works very well for many metals, insulators and semiconductors with broad s 
and p bands. The electrons have large amounts of kinetic energy, which dwarfs 
the correlation effects. In contrast, 3d and 4f electron bands are narrow. These 
electrons tend to localize on individual atoms, which results in Coulombic re-
pulsion when two electrons occupy the same lattice site i.e. electron correlation 
effects. Materials with partially filled 3d and 4f shells tend to be strongly corre-
lated systems.1 

The difficulty of theoretically modeling strongly correlated systems is both a 
challenge and a boon: novel physical phenomena can arise in strongly correlated 
systems. The most important, and completely unexpected, example of this is 
high-Tc superconductivity: certain strongly correlated antiferromagnetic insu-
lators become superconducting with hole doping at temperatures higher than 
predicted possible by the conventional theory of superconductivity. Other phe-
nomena of fundamental and practical interest include half-metallic ferromag-
nets, the quantum Hall effect and metal-insulator transitions.1 

1.1 Mott insulators and the Hubbard model 

A Mott insulator is an archetypical example of a strongly correlated system. 
Conventional insulators are materials with fully filled bands (even number of 
electrons per unit cell), which causes a band gap to form between the valence 
band and the conduction band. Materials with a half-filled band (odd number 
of electrons per unit cell) are metals.2,3 Mott insulators4 are materials with a 
half-filled band, that are insulators because of strong on-site Coulombic repul-
sion. The high energy cost of doubly occupying a site stops the electrons moving 
from site to site. All sites are occupied by a single electron.5,6 

The Hubbard model7 is a simplified model for correlated systems including 
Mott insulators. This model illustrates the main concepts in correlated materi-
als. The Hubbard model considers only one band (orbital): each sites in the sys-
tem can be either empty, occupied by an up or down electron, or doubly occu-
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pied (both up and down). The Hubbard model has two competing effects. Elec-
trons can gain kinetic energy by being delocalized over the full lattice as in a free 
electron gas.  The other effect is the Coulomb repulsion felt by electrons on a 
doubly occupied site. Thus, adding a second electron to a half-filled site has an 
energy cost.5,6 The Hamiltonian can be written as: = , ,, ; + n , n , (1) 

where t is a hopping term describing the kinetic energy. This term depends 
mainly on orbital overlap. The first sum describes electron hopping from site to 
a nearest-neighbor: an electron of spin  is eliminated on site i and created on 
site j, i.e. it hops from site i to j. The Hubbard U term describes the on-site Cou-
lombic repulsion (electron correlation effect). It costs an energy U to have two 
electrons on site i, and these instances are counted by the second sum.  

The Hubbard model with just the t hopping term and U can describe a wide 
variety of systems. In the limit of U = 0, the model reduces back to conventional 
band theory of non-interacting electrons. In the limit of U = infinity the system 
consists of fully localized spins. For intermediate U and t where these terms 
compete, an analytical solution is known only for one-dimensional systems. 
Most of the exciting functionalities of strongly correlated systems occur in this 
region. A part of this thesis focuses on half-metallic ferromagnets (Chapters 2.1 
and 4), which have both localized and itinerant electrons. These materials are 
clearly in the intermediate U and t region. The other major theme of the thesis 
is low-temperature properties of Mott insulators (Chapters 2.2 and 5). 

Mott insulators have a half-filled band and significant enough electron-elec-
tron repulsion to become insulating. Thus, they are in the U >> t regime. Their 
ground state is mainly determined by minimizing the Coulomb repulsion term, 
and the kinetic term t can be treated as a perturbation. Using second order per-
turbation theory we can derive the Hamiltonian: = (2) 

where J1 = -4t2/U < 0 and the sum is taken over all nearest-neighbor pairs. The 
derived Hamiltonian is the spin-1/2 Heisenberg Hamiltonian for nearest-neigh-
bor exchange J1. If nearest-neighbor spins arrange antiparallel to each other, 
the electrons can gain some kinetic energy by spending a small amount of time 
near their neighbor. If the spins were parallel, this would not be possible due to 
the Pauli exclusion principle. The ground state of the model (and most Mott 
insulators) is an antiferromagnetic (AFM) ordering of nearest-neighbor spins 
known as the Néel state. This is demonstrated on the square-lattice in Figure 1. 
More complex ground states are possible due to a phenomenon known as mag-
netic frustration. 
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Figure 1. Néel antiferromagnetic order on a square lattice. Each spin is antiparallel to its nearest-
neighbor and parallel to its next-nearest neighbor. 

1.2 Magnetic frustration 

The electrons of a Mott insulator at low temperatures cannot move from site to 
site because of the strong on-site Coulombic repulsion. The electrons are local-
ized on atoms. Their spins, however, can still interact in extremely complex 
ways. Mott insulators can have novel magnetic ground states such as quantum 
spin liquids (QLSs) and quantum spin ice. These ground state are possible be-
cause of magnetic frustration. 

Magnetic frustration occurs, when not all magnetic interactions between spins 
can be satisfied. The simplest example of this is a triangular lattice antiferro-
magnet (Figure 2), in which the spins try to align opposite of their nearest neigh-
bors. The first spin can be placed up or down in a corner of the triangle, and 
then in a second one in another corner with an opposite orientation. The third 
one, however, cannot be opposite to both the first and the second spin and be-
comes frustrated, at least in a simplified picture of up or down only Ising spins. 
Other lattices with frustration include the kagomé, square, honeycomb, pyro-
chlore and fcc lattices.8 Magnetic frustration in the square and honeycomb lat-
tices occurs due to competition of nearest-neighbor J1 and next-nearest-neigh-
bor J2 interactions. 

 

 

Figure 2. a) Magnetic frustration on an antiferromagnetic triangular lattice with Ising spins. 

Magnetic frustration can be quantified with the frustration factor f = | cw|/ 
TN, where cw is the Weiss constant describing the strength of the magnetic in-
teractions and TN is the magnetic ordering temperature. In effect, f is a measure 
of how significantly magnetic order is suppressed due to frustration. The limit 
for high frustration is considered to be f > 10. A large part of the thesis concerns 



 

4 

the search for a quantum spin liquid ground state. These do not order even at 
absolute zero, and thus f becomes infinity.9,10 

1.3 Exchange interactions in oxides 

The exchange interaction is a quantum mechanical operation. The exchange of 
two electrons must be antisymmetric due to the Pauli exclusion principle. The 
origin of the interaction is in the Coulomb repulsion between electrons. In ef-
fect, the exchange interaction can either favor ferromagnetic (parallel, positive 
J) or antiferromagnetic (antiparallel, negative J) orientation of spins. The mag-
netic properties of all materials are determined by their exchange interac-
tions.5,6 

In deriving the Heisenberg Hamiltonian from the Hubbard model, we ob-
tained the nearest-neighbor exchange interaction J1 = -4t2/U where t is the hop-
ping term and U is the Coulombic repulsion term. The Hubbard U for a 3d or-
bital of a given transition metal, e.g. Cu2+, does not vary significantly from com-
pound to compound. Thus, origin of different magnetic properties must be in 
the hopping term t, which depends on the orbital overlap between sites, and 
thus the electronic structure. 

Direct exchange is the simplest type of exchange interaction. It occurs as a 
result of direct overlap of 3d/4f orbitals of neighboring atoms. In an oxide crys-
tal, the magnetic cations are simply too far away from each other for direct ex-
change to occur. Thus, direct exchange can mostly be ignored.6 

The most important type of exchange in oxides is superexchange. Superex-
change is an interaction between two magnetic cations mediated by a non-mag-
netic oxygen anion. The magnetic cations are not nearest-neighbors as in direct 
exchange, but separated by the oxygen anion as occurs in oxide materials. The 
3d/4f orbitals hybridize with the O 2p orbitals, which allows a kinetic energy 
gain due to partial delocalization over the entire system for certain spin config-
urations. Typically superexchange favors antiferromagnetic coupling, but also 
ferromagnetic superexchange is possible. The superexchange involves a virtual 
transfer of electrons; the electrons are localized and do not conduct.6 Exchange 
interactions in the Mott insulators investigated in this thesis are all superex-
change.6 

Double exchange is a less common type of exchange interactions that occurs 
in some oxides. Unlike superexchange, it involves actual electron transfer and 
the materials become metallic. When the magnetic cation has a mixed valence, 
this “extra” electron can hop from cation to cation. The itinerant electron spin 
must have the same direction as the localized moments due to Hund’s rule. 
Thus, double exchange is ferromagnetic.6 Double exchange is the main ex-
change interaction in the half-metallic ferromagnets studied in this thesis. 
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1.4 The perovskite structure 

The main oxide compounds prepared in this work have a perovskite-type struc-
ture. Perovskites are a family of structurally related compounds with exception-
ally diverse compositions and properties. An in-depth review of the crystal 
structures and crystal chemistry of perovskites and derivate phases is presented 
in Mitchell’s11 excellent book. The ideal cubic ABX3 perovskite structure (space-
group Pm-3m) is presented in Figure 3. The large A cation, typically an alkaline-
earth or a lanthanide, is 12-coordinated with the anions. The B cation is smaller, 
usually a transition metal, and octahedrally coordinated to the anions. The BX6 
octahedra share all corners. The lattice parameter of the ideal cubic perovskite 
is denoted as ap  4 Å.11,12 This thesis only concerns oxides, but chalcogenide and 
halide perovskites are also known. 

 

 

Figure 3. The perovskite and double perovskite structures. 

An important parameter describing the perovskite structure is the Gold-
schmidt13 tolerance factor: = +2( + ) (3) 

where rA, rB and rX are the ionic radii of the A cation, B cation and X anion, 
respectively. The tolerance factor can be used to qualitatively predict the stabil-
ity and symmetry of perovskite phases. The ideal cubic perovskite has a toler-
ance factor of unity. Perovskite phases tend to form within the range of 0.8 < t 
< 1.05. When t < 1, the A-site cation is smaller than ideal and typically the BX6 
octahedra tilt to alleviate the resulting strain. This lowers the symmetry of struc-
ture. Most perovskites are distorted, and octahedral tilting is the most common 
type of distortion. ABX3 compound with t < 0.8 can form a variety of other struc-
tures such as ilmenite. Compounds with t > 1 tend to form hexagonal phases 
instead of perovskites. Perovskites with t > 1 are rare, since octahedral tilting 
cannot reduce the stress of having a larger than ideal A cation.11,14,15 

Multiple types of cation ordering can occur in perovskites. A2B’B’’O6 double 
perovskites are formed when 1:1 B-site ordering of B’ and B’’ cations occurs. 
Over 600 such compounds are known. The B cations typically order similar to 
NaCl with B’ and B’’ alternating in all three dimensions as depicted in Figure 3. 
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The ideal cubic double perovskite has the space group Fm-3m with lattice pa-
rameter 2ap  8 Å. However, distorted phases with lower symmetry are more 
common than the ideal cubic phases as in the single perovskites.11,15 The degree 
of cation ordering can be described by the long-range order parameter: = 2 1 (4) 
where S is the degree of cation order and gB is the site occupancy of either cation 
on their correct crystallographic site. S = 1 (gB = 1) describes a perfectly ordered 
double perovskite structure with distinct crystallographic sites for B’ and B’’ cat-
ions. The fully disordered S = 0 phase (gB = 1/2) has the symmetry of a single 
perovskite with B’ and B’’ statistically distributed on the B site. 

The magnetic properties are affected by the degree of B cation ordering, and 
typically a fully ordered double perovskite is desired. The main factor promoting 
cation ordering, and thus the formation of a double perovskite phase, is the 
charge difference of the B cations. In general, A2B’B’’O6 compounds with a 
charge difference above 2 form double perovskites, whereas compounds with a 
charge difference below 2 tend to form disordered single perovskites. The other 
main factor is the size difference of the B cations. A large difference in the ionic 
radii promotes cation ordering.15 

1.5 Scope of the present thesis 

Novel physical properties and phenomena can emerge in strongly correlated 
materials. The main research aim of this thesis is to find such phenomena in two 
types of oxide systems. Rutile-structure chromium dioxide derivates are inves-
tigated for half-metallic ferromagnetism, i.e. simultaneous ferromagnetism and 
metallic conduction. Half-metals are ideal materials for magnetic tunneling 
junctions in spintronics applications. 

The main part of this thesis concentrates on spin-1/2 square-lattice antiferro-
magnets. These materials have been of great interest in solid state chemistry 
and physics communities since the discovery of high-temperature superconduc-
tivity. Notably, the new type of superconductivity in these materials was pro-
posed to be linked to a novel quantum disordered ground state known as quan-
tum spin liquid. However, this state has never been observed in a square-lattice 
material. The discovery of a quantum spin liquid ground state for the first time 
in a square-lattice system is the main goal of this thesis. 
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2. Strongly correlated electron systems 

Strongly correlated electron systems are materials, where electron-electron in-
teractions are significant and cannot be ignored. This can lead to novel physical 
phenomena.1 In this thesis, the emphasis is on two different types of strongly 
correlated systems: half-metals and quantum spin liquids. The main concepts 
behind both types of systems are explained in this chapter. 

2.1 Half-metallic ferromagnets 

The concept of half-metallicity was introduced by de Groot and coworkers16 over 
30 years ago, although this is predated by early experimental findings17–21. They 
noticed a defining feature in the electronic structure of the half-Heusler alloy 
NiMnSb: there were only electronic states of one spin channel at the Fermi level 
with a band gap in the other.16 In other words, these materials are simultane-
ously metallic for one spin direction and semiconducting or insulating for the 
opposite spin direction. In theory this defining property of half-metals leads to 
full spin-polarization of charge carriers. In real systems the spin-polarization is 
lowered by thermal excitations, defects and spin-orbit coupling.22–24 

The unique electronic, magnetic and magnetotransport properties of half-
metals are of interest in fundamental condensed matter physics and for their 
potential applications in spintronics.24 The high spin polarization makes half-
metals promising materials for magnetic tunneling junctions (MTJ) used in 
magnetic random access memory (MRAM) and in magnetic sensors.25–28 These 
devices are based on the tunneling magnetoresistance (TMR) inherent to half-
metals. Half-metals can also act as sources of spin-polarized electrons for spin-
injection.27 

Half-metals are simultaneously metallic and ferro- or ferrimagnetic. In oxides 
this combination of properties requires both localized and itinerant unpaired 
electrons. Fully occupied localized states provide the high exchange split re-
quired for ferromagnetism. The metallic conduction arises from partially filled 
itinerant bands that cross the Fermi level. The exchange mechanism is of double 
exchange type.22 

Coey, Venkatesan and Bari37 proposed a general classification scheme for half-
metals, which is based on the eletronic structure. In Type I A (B) half-metals 
majority (minority) spin electrons are itinerant and a gap exists in the minority 
(majority) spin channel. In Type II half-metals one spin channel is localized 
while the other has no states. In type III half-metals one spin channel is itinerant 
and one is localized. In the strictest definition only Type I and II materials are 
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half-metals, since they have no states at all in one spin channel at the Fermi 
level. When stoichiometric these materials have an integer net spin moment per 
formula due to the electronic structure. In solid solutions the spin moment is 
proportional to the non-stoichiometry.29–31 

 

 

Figure 4. Schematic density of states for a Type IA half-metal. The majority spin channel is me-
tallic while the minority spin channel features a gap at EF.

Ideally the charge carriers of a Type I or II half-metal are fully spin-polarized. 
Spin polarization can be defined in a simplified form as: = (5) 

where P is spin polarization and N is the density of states at EF for majority ( ) 
or minority ( ) spin channels. Ferromagnetic metals, i.e. Fe, Co and Ni, have 
spin-polarization of 40-50% at room temperature. The spin-polarization of half-
metals is significantly higher, up to 100%, at low temperatures. However, P in 
half-metals is highly temperature dependent. This is due to the fact that spin 
waves mix majority and minority spin states. At the Curie temperature the spin 
polarization disappears. Thus, a TC high above RT is required for practical ap-
plications. Other factors that reduce spin polarization in real systems include 
anti-site defects, surfaces and spin-orbit coupling.24,31 

Tunneling magnetoresistance (TMR) is a type of magnetoresistance that oc-
curs between two spin-polarized electrodes separated by a thin insulating bar-
rier. This device is called a magnetic tunneling junction (MTJ). The tunneling 
process does not allow for a spin flip to occur. Tunneling through the barrier is 
possible, when empty states of the same spin direction are available on the des-
tination electrode. Thus, when the magnetization of the electrodes is parallel, 
the resistance is low. When the magnetization is antiparallel, there are few states 
available for tunneling and the resistance is high.28,32 Jullière33 proposed a sim-
ple model for the effect: = = 21 + (6) 

where RA is the resistance in the anti-parallel configuration, RP is the re-
sistance in the parallel configuration, and P1 and P2 are the spin polarizations of 
the electrodes. This effect is greatest when both electrodes are half-metallic and 
P1 and P2 are 100%. Consequently, half-metals are promising materials for 



Strongly correlated electron systems 

9 

spintronics applications utilizing MTJs such as magnetic random access 
memory.27,28 

 

 

Figure 5. The working principle of a magnetic tunneling junction. When magnetization is parallel, 
a tunneling current goes through the junction. When magnetization is antiparallel, no current 
passes as there are no states available for tunneling. 

Tunneling magnetoresistance also occurs in polycrystalline samples (pellets) 
of half-metals.34–36 This phenomenon is known as intergrain tunneling magne-
toresistance. It is an extrinsic effect, which does not occur in single crystals.37 
Tunneling between grains is affected by their relative orientations of magneti-
zation. In the absence of a magnetic field, the direction of magnetization in the 
grains is random. This results in high resistance due to limited tunneling be-
tween the grains. When a field is applied, magnetization in the grains begins to 
align along the field. Thus, tunneling between the grains is increased and the 
resistance decreases. When magnetization is saturated, the resistance reaches 
its lowest value.27 

Known half-metallic materials include Heusler alloys such as NiMnSb,38 ox-
ides such as CrO236,39 and Fe3O440 and many perovskite-derived phases. CrO2 is 
described in detail in Chapter 4.1. Perovskite manganates have been widely in-
vestigated since the discovery of colossal magnetoresistance (CMR). While the 
CMR effect is based on a metal-insulator transition near TC as opposed TMR, 
the low-temperature phases of certain manganates such as La0.7Sr0.3MnO3 are 
also half-metals.24,41 Nevertheless, the practical applications of manganate-
based devices are limited by the fairly low TC of 350 K. 

Kobayashi et al.34 discovered half-metallic ferrimagnetism in the double per-
ovskite Sr2FeMoO6 with a TC of 420 K. Half-metallic ferrimagnetism has also 
been discovered in the double perovskites Sr2FeReO6,42 Sr2CrReO643 and 
Sr2CrWO6.44 The exchange mechanism in half-metallic double perovskites is a 
type of double exchange arising from 3d-4d(5d) hybridization.45–48 High TC and 
high low-field magnetoresistance make double perovskite half-metals promis-
ing materials for spintronics applications. Recently, a new half-metallic ferri-
magnet was found in the 1:3 A and 1:1 B-site ordered quadruple perovskite 
CaCu3Fe2Re2O12 similar to Sr2FeReO6.49 

Table 1. Half-metallic ferromagnets and ferrimagnets. Adapted from refs.24,31,49 

 NiMnSb CrO2 La0.7Sr0.3MnO3 Sr2FeMoO6 Sr2FeReO6 CaCu3Fe2Re2O12 

Structure Heusler 
alloy 

Rutile Perovskite Double 
perovskite 

Double 
perovskite 

Quadruple 
perovskite 

Type IA IA IIIA IB IB IB 

 electrons Ni eg  Cr t2g Mn eg - - - 

 electrons - - Mn t2g Mo t2g Re t2g Re t2g 

TC (K) 730 396 350 420 400 560 
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2.2 Quantum spin liquids 

In a conventional magnetic material, at high temperatures spins have enough 
thermal energy to fluctuate and behave like a liquid. When the temperature and 
thus thermal energy is lowered, the spins freeze or order at some finite temper-
ature specific to the material. In a quantum spin liquid (QSL), the spins have 
enough energy not to order or freeze even at absolute zero. In other words, the 
spins remain liquid-like and hence the name quantum spin liquid. This is pos-
sible, because there is a zero point energy associated with the quantum fluctua-
tions caused by the Heisenberg uncertainty principle.10 

QSLs are massive quantum states consisting of highly entangled spins.9,10,50,51 
The concept was first proposed by P. W. Anderson in 1973.52 An exciting feature 
of QSLs is the possibility to have exotic fractionalized excitations. QSLs have 
been of fundamental interest in the condensed matter physics community since 
1987 when Anderson proposed a link between high-temperature supercondu-
citivity and a type of QSL.53 Recently, several experimental candidate QSLs have 
been discovered. 

Many types of quantum spin liquids have been proposed.51 This thesis concen-
trates on the resonating valence bond (RVB) QSL proposed by Anderson.52,53 A 
valence bond is an S = 0 singlet state formed by two entangled spins that couple 
antiferromagnetically:2 | = 12 (| | ) (7) 

The resonating valence bond state is the superposition of all the possible ways 
to cover the entire lattice with valence bonds. Every spin can only participate in 
one valence bond, but the valence bonds do not necessarily consist of nearest-
neighbor spins.9,51 

 

 

Figure 6. A resonating valence bond state on the square lattice. 

One of the main features of QSLs are their exotic excitations. In a typical mag-
netic material, the low-energy excitations are magnons (spin waves). Magnons 
are collective excitations of spins that propagate in an ordered spin structure. 
They are the magnetic analogs of phonons. Magnons carry a spin of 1 and are 
therefore bosons.2 In a RVB state, the situation is completely different: the S = 
1 magnons fractionalize into two separate S = 1/2 quasiparticles known as spi-
nons. In other words, the singlet valence bonds of the RVB can be excited to 
form two independent S = 1/2 spinon quasiparticles. The spinons can move in-
dependently of each other at a zero (or low) energy cost by rearranging the 
(near) degenerate valence bond coverings of the lattice. The spinons are an ex-
ample of fractionalized excitations that carry fractionalized quantum numbers. 
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Since spinons are fermions like electrons, the material has a spinon Fermi sur-
face. This has an effect on the thermodynamic properties, mainly on the specific 
heat. The spinon excitations can be gapped, i.e. require a finite amount of energy 
to excite, or gapless.9,10 

How does one find an experimental realization of the QSL state? One defining 
feature is the lack of magnetic order or spin freezing. A very high frustration 
factor of f = | cw|/TN is an indication of a possible QSL state, where the upper 
bound for TN would be obtained from the base temperature of the measurement. 
The spinon excitations have an effect on the specific heat, which in the case of 
gapless spinons will have a T-linear gamma term. Muon spin relaxation and ro-
tation measurements can provide evidence for a dynamic ground state and a 
lack of ordering or freezing. Finally, the spinon excitations can be explored with 
inelastic neutron scattering.54 

The number of experimental quantum spin liquid candidates is somewhat lim-
ited. The first QSL candidates were found in triangular-lattice antiferromagnet 
organic salts -(ET)2Cu(CN)3 and EtMe3Sb[Pd(dmit)2]2. Both are spin-1/2 sys-
tems with significant antiferromagnetic interactions and no evidence of mag-
netic ordering down to mK temperatures. Moreover, the low-temperature spe-
cific heat has a T-linear term indicating gapless fermionic excitations as ex-
pected with spinons.50,51 

 

Table 2. Experimental quantum spin liquid candidates. Adapted from refs.10,50,51,55 

 -(ET)2Cu2(CN)3 EtMe3Sb[Pd(dmit)2]2 ZnCu3(OH)6Cl2 Ca10Cr7O28 Na4Ir3O8 

Lattice Triangular Triangular Kagomé Kagomé  
bi-layer 

Hyperkagomé 

S 1/2  1/2 1/2 1/2 1/2 

cw (K) -375 -350 -300 -2 -650 

excitations gapless gapless gapless gapless gapless 

 
Herberthsmithite ZnCu3(OH6)Cl2 is the most studied QSL candidate. It has a 

kagomé lattice of Cu2+ S = 1/2 spins with some Cu/Zn disorder. The material is 
antiferromagnetic with a strong nearest-neighbor interaction in the kagomé 
plane. Muon spin rotation and relaxation measurements revealed the lack of 
magnetic order or spin freezing down to 50 mK.56 The specific heat revealed 
gapless excitations with a T1.3 dependence. The excitations were investigated us-
ing inelastic neutron scattering, which revealed broad features indicative of spi-
non excitations.54 Herbertsmithite has a structural polymorph kapesallite, 
which is also a kagomé-lattice QSL candidate.57 

There are also QSL candidates with a 3d magnetic lattice as opposed to the 2d 
triangular and kagomé lattices. Ca10Cr7O28 is a rare Cr5+ (S = 1/2) compound 
with a bilayer of Cr5+ kagomé-planes. The resulting magnetic Hamiltonian is 
complex with a total of seven interactions. Muon spectroscopy and inelastic 
neutron scattering indicate a QSL ground state with gapless excitations.55 The 
hyperkagomé Na4Ir3O8 compound with an S = 1/2 arrangement of Ir4+ (3d5) cat-
ions is also a QSL candidate.50 
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3. Experimental methods 

In this chapter the experimental methods used to study strongly correlated ma-
terials in this thesis are briefly introduced. 

3.1 High-pressure synthesis 

High pressure can be used to stabilize novel compounds that cannot be synthe-
sized in normal pressure. Often these materials are also metastable in normal 
pressure. High pressure favors dense structures, and can stabilize unusual oxi-
dation states or coordination environments.58 A wide variety of strongly corre-
lated oxide materials such as high-Tc superconductors and multiferroics have 
been synthesized using high pressure. 

The (Cr1-xVx)O2 samples investigated in Chapter 2 require high-pressure syn-
thesis to form.I This helps to stabilize the required octahedral coordination on 
the vanadium. A cubic-anvil Riken-Seiki high-pressure apparatus with a maxi-
mum pressure of 4 GPa was used for the synthesis. Stoichimetric mixtures of 
precursor compounds were placed in gold capsules, and graphite tubes were 
used for heating. Pyrophyllite was used as the pressure-transmitting medium. 

 

 

Figure 7. Riken-Seiki cubic anvil high-pressure apparatus. The sample is inside the pyrophyllite 
cube in the middle. 
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3.2 X-ray absorption near edge structure spectroscopy 

X-ray absorption near edge structure (XANES) spectroscopy is a powerful tech-
nique for investigating the electronic structure of strongly correlated materials. 
X-rays have enough energy to remove core electrons from ions leaving an ex-
cited core hole state. The core hole decays either by the Auger mechanism or by 
fluorescence. These processes are element-specific and highly sensitive to the 
oxidation state and the local environment. X-ray absorption occurs when the 
exciting photon has more energy than the core electron binding energy, which 
results in a sharp increase in absorption known as an absorption edge. Absorp-
tion edges are named after the electron shell of the core electron (e.g. K for 1s, L 
for 2s and 2p).59 

In this thesis, XANES was used to determine the oxidation states of chromium 
and vanadium in (Cr1-xVx)O2. XANES spectra were measured on the O K and 
Cr/V L2,3 edges at the National Synchrotron Radiation Research Center, Taiwan. 
A simple way to determine the oxidation state of an element in a new compound 
is to compare the spectra with compounds of known oxidation state.59 The oxi-
dation state of chromium is important for the magnetic properties of (Cr1-xVx)O2, 
and the main comparisons were made against Cr2O3 (Cr3+) and CrO2 (Cr4+).I 

3.3 Inelastic neutron scattering 

Neutrons can be describes as waves with a corresponding de Broglie wave-
length. Neutrons are scattered by atomic nuclei and unpaired electrons. In the 
scattering event, momentum of the neutron changes. In addition to the change 
in momentum, the neutron can also lose or gain energy. In neutron diffraction, 
or elastic neutron scattering, the momentum of scattered neutrons with the 
original energy and wavelength are measured. In inelastic neutron scattering, 
both the change in momentum and the change in energy are measured.60 

Inelastic neutron scattering is a method for studying excitations in solids. In a 
general case all crystalline solids have lattice vibrations, i.e. phonons, which be-
come stronger with increasing temperature. For strongly correlated systems, 
the interest usually lies in collective spin excitations. These can be observed at 
low temperatures. In a magnetically ordered material, these excitations are 
called spin waves or magnons.2 In a quantum spin liquid, the magnons can frac-
tionalize into exotic spinon excitations.50,51 

In this thesis, inelastic neutron scattering of Sr2CuWO6 was measured at the 
ISIS Neutron and Muon Source, UK. At low temperatures neutrons can excite a 
spin wave while losing energy, and thus the spin-wave spectra can be investi-
gated by inelastic neutron scattering. Inelastic neutron scattering can be used 
to determine magnetic exchange constants. This is done by simulating spin-
wave spectra from an expected Hamiltonian, and optimizing the terms until the 
simulated and experimental spectra match. This method was used to determine 
the exchange constants in Sr2CuWO6.II 



 

14 

3.4 Muon spin rotation and relaxation 

Muons are short-lived elementary particles similar to electrons and positrons. 
They have a spin of 1/2 and a charge of -e or +e. In this thesis only positive 
muons (+e) are considered. Muons are formed as decay products of pions, and 
due to the decay process they are initially 100% spin-polarized with spin anti-
parallel to their velocity. This property is utilized in muon spin rotation and re-
laxation ( SR).61 

The spin-polarized muon beam is directed at the sample. Muons decelerate 
quickly in the material while preserving their original spin, and thus the muons 
are implanted at different sites, typically interstitial sites. The spin of the im-
planted muon will precess in the local magnetic field (Larmor precession). Fi-
nally, the muons decay into positrons, which are preferentially emitted in the 
direction of the muon spin. The positrons are then detected using directional 
detectors, typically a forward and a backward detector. The proportional differ-
ence of positron count rates of the detectors, known asymmetry, is analysed as 
function of time. This gives very sensitive information on the magnetic proper-
ties of the sample.61 

In this thesis SR was used to investigate the magnetic properties of copper 
double perovskites Sr2Cu(Te1-xWx)O6.III,IV 3d magnetic order can be detected us-
ing zero-field SR as it results in characteristic oscillations in the asymmetry 
due to the Larmor precession of the implanted muons. This is demonstrated in 
Figure 8. 

 

 

Figure 8. Zero-field muon spin rotation and relaxation spectra of Sr2CuTe0.1W0.9O6 at various 
temperatures. Below TN = 14 K oscillations are observed arising from the magnetic order. 

3.5 Electronic structure calculations 

Density functional theory (DFT) is a method for solving the electronic structure 
of materials using functionals of electron density. The many-body problem of 
solving the Schrödinger equation for an electron system can be expressed using 
functionals of electron density. This can be further simplified using equations 
describing a system of non-interacting electrons. DFT has become the standard 
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computational method for describing materials and their properties from first 
principles.62 

DFT works very well for a large number of metals, insulators and semiconduc-
tors. Unfortunately, calculating the properties of strongly correlated materials 
by DFT is difficult. This is due to the strong electron correlation effects, mainly 
Coulombic repulsion between localized electrons, that are poorly described by 
DFT.62 The simplest method to improve results in correlated systems is to in-
clude a Hubbard U term as a correction.63,64 This is known as DFT+U. The cal-
culated physical properties will depend on the value of the U term, and the 
method can be described as semi-empirical. This is the correction used in this 
work. Another typical method is the use of hybrid functionals, which include 
some Hartree-Fock exact exchange to account for the electron correlation.62 

In this thesis DFT was used to investigate the electronic structure of CrO2 and 
(Cr0.5V0.5)O2, since half-metallic behavior is easily identified from a density of 
states plot.I DFT was also used to calculate exchange interactions in copper dou-
ble perovskites.II,IV 
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4. The search for half-metallicity in 
(Cr1-xVx)O2 

Chromium dioxide is one of the most studied half-metallic ferromagnets. Other 
half-metallic phases in the rutile CrO2-VO2 system have also been predicted us-
ing density functional theory. In this chapter, this (Cr1-xVx)O2 solid solution sys-
tem is investigated in the search for new half-metals. 

4.1 Chromium dioxide 

Chromium dioxide is the only ferromagnetic binary transition metal oxide. It 
has the tetragonal rutile structure with the space group P42/mnm. The structure 
consists CrO6 octahedra, which share corners in the ab plane and form infinite 
chains in the c direction. The magnetic Cr4+ S = 1 cations form a bcc lattice.65 
The Curie temperature is above room-temperature at TC = 396 K.24 

 

 

Figure 9. The rutile structure of CrO2. 

Density functional theory calculations predicted CrO2 to be half-metallic.66 
The magnetic cation Cr4+ has the electron configuration 3d2 (t2g2eg0) in an octa-
hedral crystal field. The main feature of the density of states (Figure 10) is me-
tallic conductivity in the majority spin channel and a band gap in the minority 
spin channel. Thus, CrO2 is a Type IA half-metallic ferromagnet. The CrO6 octa-
hedra distort slightly lifting the degeneracy of the Cr t2g states resulting in 3dxy, 
3dyz+xz and 3dyz-xz orbitals. Of the two Cr 3d electrons, one is localized on the 3dxy 
orbital significantly below EF. The 3dyz+xz and 3dyz-xz states strongly hybridize 
with O 2p, and are half-filled. These itinerant bands cross the EF making CrO2 a 
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half-metal. In the minority spin channel a gap forms between O 2p and Cr t2g 
states. The exchange mechanism in CrO2 is a type of double exchange.24,67 

 

 

Figure 10. Total and partial density of states for half-metallic CrO2 calculated with GGA+U. The 
up spin channel is metallic while the down spin channel has a gap.I Reprinted figure with 
permission from O. Mustonen et al., Physical Review B 93, 014405 (2016). DOI: 
10.1103/PhysRevB.93.014405 - Copyright © 2016 by the American Physical Socity. 

Type I half-metals have an integer magnetic moment per formula unit. This is 
also observed in CrO2, which has a saturation magnetization of 2 B/Cr. The co-
ercivity of CrO2 is very low and of the order of 50 Oe. Thus, in an actual device 
switching the direction of magnetization would be easy. Coey et al.36 observed 
significant tunneling magnetoresistance in polycrystalline CrO2 as expected for 
a half-metal. Spin-polarization in CrO2 is the highest of known half-metals and 
almost 100% at 1.8 K.39 

4.2 Solid solution (Cr1-xVx)O2 

In addition to CrO2, many other binary oxides with the rutile structure are 
known. One of the most interesting is VO2, which has a metal-insulator transi-
tion from a metallic high-temperature rutile phase to an insulating monoclinic 
phase at 340 K.68 Density functional theory calculations have predicted half-
metallic ground states in the CrO2-VO2 rutile system at different compositions 
including VO2 itself.69–71 However, stabilizing the rutile phase in the vanadium-
rich side is difficult. In the 1960’s the rutile structure compound (Cr0.5V0.5)O2 
was prepared by high-pressure synthesis, but its properties were never charac-
terized.72 In this work, a solid solution series (Cr1-xVx)O2 was prepared to search 
for a half-metallic ground state in the VO2-CrO2 system.I 

Density functional theory calculations were performed to study the ground 
state properties of (Cr0.5V0.5)O2. Half-metallicity is easily observed in the density 
of states plot, and DFT is widely used in the search for new half-metals. The DOS 
for (Cr0.5V0.5)O2 is presented in Figure 11. The calculations predict a ferromag-
netic coupling of Cr4+ S = 1 and V4+ S = 1/2 cations resulting in a half-metallic 
ground state with a moment of 3 B / f.u. Metallic Cr and V t2g bands cross EF, 
while a gap forms between O 2p and V t2g states.I 
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Figure 11. Total and partial density of states predicted for (Cr0.5V0.5)O2 calculated with GGA+U. 
The predicted ground state is a half-metal.I Reprinted figure with permission from O. 
Mustonen et al., Physical Review B 93, 014405 (2016). DOI: 10.1103/PhysRevB.93.014405 
- Copyright © 2016 by the American Physical Socity. 

The actual ground state of (Cr0.5V0.5)O2 is very different from the predicted 
half-metal: it is antiferromagnetic. Magnetic susceptibility of CrO2 and 
(Cr0.5V0.5)O2 are shown in Figure 12. CrO2 behaves as a typical ferromagnet with 
a sharp increase in susceptibility near TC of 400 K. The magnetic susceptibility 
of (Cr0.5V0.5)O2 is three orders of magnitude smaller and typical of antiferromag-
netic materials with a TN of 14 K. In the (Cr1-xVx)O2 series increasing vanadium 
content first decreases TC and then results in antiferromagnetism.I 

 

 

Figure 12. Magnetic susceptibility of CrO2 (left) and (Cr0.5V0.5)O2 (right). I 

The origin of this significant discrepancy between DFT and experimental re-
sults was revealed by x-ray absorption near-edge structure (XANES) measure-
ments. The XANES spectra on the Cr L2,3 edge of CrO2 (Cr4+), Cr2O3 (Cr3+) and 
(Cr0.5V0.5)O2 are shown in Figure 13. It is clear that the spectrum of (Cr0.5V0.5)O2 
closely resembles that of Cr2O3. Thus, (Cr0.5V0.5)O2 is a compound with Cr3+ and 
V5+, not Cr4+ and V4+ as predicted by DFT. This explains the antiferromagnetic 
ground state, as Cr3+-Cr3+ interactions tend to be antiferromagnetic.I 
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Figure 13. Cr L2,3 XANES spectra of CrO2, (Cr0.5V0.5)O2 and Cr2O3. I 

This work highlights an important issue with DFT. The method may have sig-
nificant issues with the strongly localized (and correlated) 3d orbitals in transi-
tion metal oxides. Moreover, predicting the oxidation states in a material with 
multiple transition metals is non-trivial. This is especially important in half-
metals, as DFT is heavily used to identify new candidates. Yet, as seen with 
(Cr0.5V0.5)O2, the magnetic properties heavily depend on the oxidation states of 
the cations. A material might have a very different ground state even if predicted 
to be a half-metal by DFT.I 

 In addition to this work, the importance of oxidation states is seen in the dou-
ble perovskite half-metals. Sr2FeMoO6 is a half-metallic ferrimagnet with nom-
inal cation oxidation states of Fe3+ and Mo5+ with minority spin Fe t2g – Mo t2g 
hybridization and mixed valency allowing a double exchange mechanism.34,73 
Sr2FeWO6 is a ferrimagnetic insulator with Fe2+ and W6+ and no valence mixing, 
but DFT calculations still predict a half-metallic ground state for this com-
pound.46 For Sr2FeWO6, the utilization of the DFT+U framework improved the 
calculations and resulted in the correct ground state. This was not the case with 
(Cr0.5V0.5)O2.I 
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5. The search for a quantum spin liquid 
in A2CuB’’O6 

Spin-1/2 square-lattice antiferromagnets have been extensively studied since 
the discovery of high-temperatuer superconductivity. P. W. Anderson proposed, 
that the cuprate superconductivity is related to a quantum spin liquid state. 
However, a QSL state has never been observed in a square-lattice system. In this 
chapter a series of copper double perovskites are investigated in the search for 
this novel quantum state. 

5.1 Spin-1/2 Heisenberg square-lattice model 

The discovery of high-temperature superconductivity in layered cuprates was a 
major breakthrough in physics. The parent phases of these cuprates are square-
lattice antiferromagnets, and superconductivity is induced by hole-doping. The 
spin-1/2 Heisenberg square-lattice model was developed to describe these par-
ent phases.74 

The square-lattice Heisenberg Hamiltonian can be written as: = ( ) (8) 

with summation over nearest-neighbor J1 bonds and next-nearest neighbor J2 
bonds, respectively. The Hamiltonian was written such that a negative exchange 
constant J corresponds to an antiferromagnetic interaction, and a positive J to 
a ferromagnetic interaction. The square-lattice J1-J2 model has three classical 
ground states shown in Figure 14: ferromagnetic (J1, J2 > 0), Néel antiferromag-
netic (J1 < 0, J2/J1 < 0.5) and columnar antiferromagnetic order (J2 < 0, J2/J1 > 
0.5). Quantum effects become important for S = 1/2, and quantum zero point 
fluctuations reduce the magnetic moments from their spin-only values (i.e. or-
dered moment is smaller than 1 Bohr magneton).75 
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Figure 14. Square-lattice J1-J2 model, its phase diagram and ground states.III Reprinted figure 
with permission from O. Mustonen et al., Nature Communications 9, 1085 (2018). DOI: 
10.1038/s41467-018-03435-1 - Copyright © 2018 Springer Nature. 

The frustrated spin-1/2 square-lattice Heisenberg model has been investi-
gated in numerous theoretical studies.75 The ground state is determined by the 
J2/J1 ratio. If both J1 and J2 are antiferromagnetic, the model becomes frustrated 
as both interactions cannot be satisfied simultaneously. Notably, a quantum dis-
ordered state occurs when magnetic frustration is maximized at J2/J1 = 0.5. The 
quantum disordered state is stable for J2/J1  0.4 to J2/J1  0.6. 

The nature of the ground state at J2/J1  0.5 has been widely debated for three 
decades, and no experimental compounds in this region are known. The pro-
posed ground states broadly fall into two categories: a quantum spin liquid or a 
valence bond solid. In 1987 P. W. Anderson proposed, that high-temperature 
superconductivity could be related to a resonating valence bond (RVB) state in 
the square-lattice.53 The RVB state is a type of quantum spin liquid.52 It is a su-
perposition of all the possible spin-singlet pairs, or valence bonds, formed in the 
lattice. The QSL state can be gapless or there can be a singlet-triplet gap. There 
are predictions for both cases in the square-lattice.76–80 The other predicted 
ground state for J2/J1  0.5 is the valence bond solid.81–83 It also consists of spin 
singlets that can be either dimers or plaquettes. In a VBS the spin-singlets have 
a static pattern i.e. they vary periodically, and this breaks the lattice symmetry. 
Valence bond solids have a singlet-triplet gap. 

Only a limited number of compounds are known that are experimental reali-
zations of the spin-1/2 square-lattice Heisenberg model. The requirements for 
the realization of the model are simple: (a) a square-lattice of magnetic cations 
with S = 1/2, and (b) main interactions are the in-plane J1 and J2 i.e. out-of-
plane interactions are very weak. The magnetic cation is typically either Cu2+ 
(3d9, S = 1/2) or V4+ (3d1, S = 1/2). In both cases, Jahn-Teller distortions of CuO6 
or VO6 octahedra are significant. In the case of 3d9 Cu2+, the octahedra are elon-
gated and the apical oxygen distances increase while equatorial oxygen dis-
tances decrease. The resulting square-planar coordination lifts the orgital de-
generacy of the eg states: dz2 decreases in energy leaving a hole in the highest 
energy dx2-y2 orbital. Since all orbitals with a z component are filled, magnetic 
interactions occur mainly in the xy plane as required for the J1-J2 model. In the 
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d1 V4+ case, a Jahn-Teller distortion decreases the V-O distance of one apical 
oxygen resulting in square-pyramidal coordination. This distortion lifts the de-
generacy of the t2g states such that the dxy orbital has the lowest energy.84,85 In 
this case, all orbitals with a z component are empty and again magnetic interac-
tions are mainly in the xy plane. 

The J1-J2 model was originally used to describe antiferromagnetic parent 
phases of high-temperature cuprate superconductors. The structure contains an 
antiferromagnetic CuO2 layer with a square-lattice of Cu2+ cations that becomes 
superconducting with hole-doping.  These compounds have a dominant antifer-
romagnetic nearest-neighbor J1 interaction and a Néel ground state.86 The pro-
totypical example compound is La2CuO4 with a J1 of  -110-130 meV.87,88 How-
ever, high-resolution inelastic neutron scattering has shown that La2CuO4 is 
best described with a more complex Hamiltonian also including a ring exchange 
term and an in-plane 3rd nearest-neighbor term.88 

Other known Néel ordered compounds include VOMoO4 and PbVO3. The 
structure of VOMoO4 consists of VO5 pyramids connected by MoO4 octahedra.89 
J1 interaction dominates but is slightly frustrated by a weak antiferromagnetic 
J2.90,91 PbVO3 has a layered perovskite structure with VO5 pyramids.85 Despite 
having Néel magnetic order, PbVO3 is quite frustrated with J2/J1 = 0.32 close to 
the quantum disordered region.92 Néel order is also predicted for the Cu2+ dou-
ble perovskite BaLaCuSbO6.93 

A number of spin-1/2 Heisenberg square-lattice antiferromagnets with the co-
lumnar magnetic structure are also known. The first compounds discovered 
were Li2VOSiO4 and Li2VOGeO4.94,95 The structure of these compounds is simi-
lar to VOMoO4 and consists of VO5 square-pyramids connected by (Si,Ge)O4 tet-
rahedra.95,96 The antiferromagnetic J2 interaction dominates as expected with 
small frustration caused by a weak antiferromagnetic J1.91,97,98 A series of layered 
vanadium phosphates A’A’’VO(PO4)2 (A’A’’ = PbPb, PbZn, SrZn, BaCd) also have 
ground states with columnar order, but with weak ferromagnetic J1 interac-
tions.99–101 The structure consists of layers of VO5 pyramids connected by PO4 
tetrahedra and layers of non-magnetic A’A’’PO4. The non-magnetic layers dis-
tort the magnetic V4+ layer and as a result two sets of inequivalent J1 and J2 in-
teractions are required102. This effect is the smallest in BaCdVO(PO4)2, which 
can be described with the J1-J2 model102. Notably, this material is close to the 
frustrated CAF-FM boundary in the phase diagram.99 

Recently it was shown that Mo5+ 4d1 compounds KMoOPO4Cl and 
RbMoOPO4Cl have columnar magnetic order.103 If spin-orbit coupling is weak, 
Mo5+ is also a spin-1/2 cation analogous to V4+. Magnetic interactions were es-
timated from magnetis susceptibility using a series expansion method and J2 
was found to dominate as expected from the magnetic structure.103 Another 
Mo5+ compound MoOPO4 has Néel ordering104. It was suggested, that the orbital 
moment is quenched by an out-of-center distortion of Mo5+ inside the MoO6 oc-
tahedron.104 
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Table 3. Spin-1/2 Heisenberg square-lattice antiferromagnet compounds. 

 La2CuO488* VOMoO489 PbVO392 Li2VOGeO498 Li2VOSiO498 BaCdVO(PO4)299 

Magnetic 
order 

Néel Néel Néel Columnar Columnar Columnar 

J1 (meV) -111.8 -13.3 -16.4 -0.15 -0.06 0.31 

J2 (meV) 11.4 -1.4 -5.2 -0.70 -0.76 -0.28 

J2/J1 -0.10 0.10 0.32 4.8 11.7 -0.9 

* Proper description requires more exchange terms 

5.2 d10-d0 effect 

The A2CuB’’O6 double perovskites investigated in this thesis have a diamagnetic 
cation on the B’’ site. This cation has either a d10 electron configuration (Te6+) 
or a d0 configuration (W6+). Diamagnetic cations can affect magnetic properties 
of a material either by changing the oxidation state of the magnetic cation (alio-
valent substitution), by changing the structure (chemical pressure effect in iso-
valent substitution) or by direct substitution on the magnetic cation site. 

Recently it was shown that diamagnetic cations of the same valence and size 
can also affect the magnetic properties. Zhu et al.105 reported on two isostruc-
tural Cr3+ (S = 3/2) trirutiles Cr2TeO6 and Cr2WO6, which unexpectedly have a 
different AFM magnetic structure. It was found that the diamagnetic d10 and d0 
cations Te6+ and W6+ can effect superexchange pathways between the magnetic 
Cr3+ cations. This is due to different hybridization with O 2p orbitals. The empty 
5d0 states of W6+ hybridize with O 2p and allow a superexchange path via W6+, 
whereas Te6+ 4d10 states are significantly below EF and do not hybridize. This 
allowed the tuning of magnetic properties by making a Cr2(Te1-xWx)O6 solid so-
lution. 

In this thesis the d10-d0 cation mixing effect is expanded to quantum magnets 
with S = 1/2. It is shown that a quantum critical d10-d0 solid solution can have 
completely different properties compared to either the d10 or the d0 end phases. 
Thus, the d10-d0 method could be useful in the search for novel quantum states 
e.g. in materials close to a quantum critical point.III 

The d10-d0 effect has been shown to occur with the Te6+/W6+ cation pair. The 
central question is whether it can be used with other cation pairs, which would 
greatly expand the number of compounds available. Differences in magnetic 
properties of isostructural compounds have also been observed in Mg2+/Zn2+ 
osmates and Sb5+/Nb5+ nickelates.106–109 Possible cation pairs for the d10-d0 ef-
fect have been collected in Table 4 based on ionic radii.110 

 

Table 4. d10/d0 cations of the same charge and similar size that could be used to tune magnetic 
interactions with d10-d0 effect. 

 Te6+ W6+ Sb5+ Nb5+ In3+ Sc3+ Zn2+ Mg2+ 

Electron configuration 4d10 5d0 4d10 4d0 4d10 3d0 3d10 2p0 

Ionic radius (Å)* 0.56 0.60 0.60 0.64 0.80 0.75 0.74 0.72 

*Shannon ionic radius in octahedral coordination.110 
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5.3 Cu2+ double perovskites A2CuB’’O6 

The ABO3 perovskite family is among the most studied compounds in solid state 
chemistry and physics. The structure consists of corner-sharing BO6 octahedra, 
where B is a smaller cation such as a transition metal, while the larger A cation, 
typically an alkaline-earth metal or a lanthanide, is 12-coordinated with oxygen. 
When there are two B cations and they order, the (B-site ordered) double per-
ovskite A2B’B’’O6 structure is formed. Typically the B’ and B’’ cations order in 
rocksalt pattern. This ordering is more likely when there is a charge and/or size 
difference with the cations.15 

A number of Cu2+ double perovskites are known with the A2CuB’’O6 formula 
with A = Sr2+, Ba2+; B’’ = Te6+, W6+, Mo6+.111–113 Cu2+ (3d9, S = 1/2) is a Jahn-
Teller active cation, and thus the CuO6 octahedra become elongated along c. The 
hexavalent B’’ cation is diamagnetic with either a d10 (Te6+) or d0 (W6+, Mo6+) 
electron configuration. These compounds crystallize in the tetragonal space 
group I4/m.112 The Cu/B’’ octahedra tilt with c as the rotation axis with adjacent 
layers tilting in opposite directions (a0a0c- Glazer notation).114–116 Notably, the 
structure features a square lattice of magnetic Cu2+ cations in the ab plane. 

As a result, the magnetic properties of the Cu2+ double perovskites are unu-
sual. These compounds are antiferromagnetic as evidenced by the negative 
Weiss constants, but the magnetic susceptibility curves do not feature the ar-
chetypical cusp at TN.112 Instead, a broad maximum suggesting two-dimensional 
magnetism is observed (Figure 15). The magnetic interactions of the Cu2+ cati-
ons are (quasi)-two-dimensional, because the only unpaired electron (hole) is 
in the dx2-y2 orbital oriented in the ab plane. All orbitals with a z component are 
filled, and thus magnetic interactions along c are expected to be very weak. The 
A2CuB’’O6 double perovskites are therefore candidate compounds for the S = 
1/2 Heisenberg square-lattice antiferromagnet model. 

 

 

Figure 15. Magnetic susceptibility of Sr2CuWO6. 

It is not straightforward to determine the Néel temperature in A2CuB’’O6 com-
pounds, because it cannot be done from the magnetic susceptibility. Ba2CuWO6 
was the first material to be studied in more detail, and the Néel temperature was 
found to be 28 K using SR.117,118 Neutron diffraction revealed a so-called Type 
II antiferromagnetic structure (k = [0 ½ ½]), which corresponds to columnar 
antiferromagnetic order in the Cu2+ square-lattice of the ab plane.118 Similarly, 
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Sr2CuWO6 has a Néel temperature of 24 K and columnar magnetic structure. 
Sr2CuMoO6 is a high-pressure phase, and its magnetic structure is not known.113 
The Néel temperature was found to be 28 K in a SR study.119 Perovskite-type 
Ba2CuTeO6 is a high-pressure phase, and neither the Néel temperature nor mag-
netic order is known.112 

 

 

Figure 16. Magnetic structures of Sr2CuTeO6 (left, Néel AFM) and Sr2CuWO6 (right, columnar 
AFM) with the view down c-axis. The B’’ cation (Te/W) is located in the middle of the copper 
square. 

Recently, the magnetic structure of Sr2CuTeO6 was determined with neutron 
diffraction and found to be Néel ordering with k = [½ ½ 0] and TN = 29 K.120 
Thus, Sr2CuTeO6 and Sr2CuWO6 have different magnetic structures, despite 
sharing the same crystal structure with nearly identical lattice parameters due 
to the similar size of Te6+ and W6+. This can be understood with as a d10-d0 effect 
as described in the previous chapter. The empty W6+ 5d0 orbitals hybridize with 
oxygen, and allow a 180 degree Cu-O-W-O-Cu superexchange (next-nearest 
neighbor interaction J2), which results in columnar order.121,II This superex-
change pathway is not possible in Sr2CuTeO6 as the full Te6+ 4d10 orbitals don’t 
hybridize, and Néel order is stabilized by the nearest-neighbor J1 interac-
tion.121,122  

 

Table 5. Magnetic properties of A2CuB’’O6 double perovskites. 

 Sr2CuTeO6 
120,III 

Ba2CuTeO6 
112 

Sr2CuWO6 
119,123,III 

Ba2CuWO6 
112,118 

Sr2CuMoO6 
113,119 

TN (K) 29 - 24 28 28 

CW (K) -80 -400 -165 -249 -308 

f = | CW|/TN 2.8 - 6.9 8.9 11 

Magnetic order Néel Néel* Columnar Columnar Columnar* 

k-vector [½ ½ 0]  - [0 ½ ½] [0 ½ ½] - 

*Predicted based on magnetic interactions. 

5.4 Magnetic interactions in A2CuB’’O6 

Magnetic structures of Sr2CuTeO6 and Sr2CuWO6 show Néel and columnar mag-
netic order, respectively.120,123 However, both order also along the c axis. The 
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central question is whether these materials can be described by using the Hei-
senberg square-lattice model. In other words, are the main interactions in the 
ab plane (J1 and J2) or are out-of-plane interactions also significant? The quan-
tum disordered phase near J2/J1  0.5 disappears entirely when the out-of-plane 
interactions reach 10-25% of the in-plane interactions, because these interac-
tions help to stabilize long-range magnetic order.124,125 

In the case of A2CuB’’O6 we consider a total of four magnetic interactions. J1 
and J2 are the in-plane interactions as discussed before, and J3 and J4 are out-
of-plane interactions as seen in Figure 17. The Hamiltonian can be rewritten as = (9) 

with interactions up to J4. The exchange constants J1-J4 can be determined ei-
ther experimentally or by using ab initio methods. The best approach is to per-
form inelastic neutron scattering and then fit the spin-wave spectra. This 
method is not always available, as it requires beam time at a neutron source and 
relatively large amounts of sample material (  5-10g). 

 

 

Figure 17. Magnetic interactions in Sr2CuWO6. J1 and J2 are the in-plane nearest and next-near-
est neighbor interactions while J3 and J4 are the out-of-plane nearest and next-nearest neigh-
bor interactions.II Reprinted figure with permission from H. C. Walker et al., Physical Review 
B 94, 064411 (2016). DOI: 10.1103/PhysRevB.94.064411 - Copyright © 2016 by the Ameri-
can Physical Socity. 

In this work, inelastic neutron scattering of Sr2CuWO6 was measured on the 
MERLIN instrument at the ISIS Neutron and Muon Source.II Spin waves were 
observed significantly above the magnetic ordering temperature confirming the 
highly two-dimensional nature of magnetism in Sr2CuWO6. In Figure 18 the 
magnetic contribution to inelastic neutron scattering is shown. Spin-waves em-
anate from the magnetic Bragg positions, and a flat band is observed at 18 meV. 
The spin wave spectrum was fitted using the program SpinW126 in order to ob-
tain the exchange constants. Sr2CuWO6 was found to be in the columnar region 
with J1 = -1.2 meV and J2 = -9.5 meV (J2/J1 = 7.92). As such, the 180-degree Cu-
O-W-O-Cu super-exchange dominates in this compound. This pathway is made 
possible by significant W 5d0 O 2p hybridization.105,121 Sr2CuWO6 is a realization 
of the J1-J2 model, since the out-of-plane J4 interaction is very weak at J4 = -0.01 
meV.II 
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Figure 18. a) and c) Measured magnetic contribution to inelastic neutron scattering. b) and d) 
Simulated patterns using linear spin wave theory and the fitted exchange constants.II Re-
printed figure with permission from H. C. Walker et al., Physical Review B 94, 064411 (2016). 
DOI: 10.1103/PhysRevB.94.064411 - Copyright © 2016 by the American Physical Socity. 

Similar observations were mabe by Babkevich et al.122 on Sr2CuTeO6. Spin 
waves were observed significantly above TN as with Sr2CuWO6. The exchange 
constants were found to be J1 = -7.12 meV and J2 = -0.21 meV confirming the 
position in the Néel side of the phase diagram with J2/J1 = 0.03. The dominant 
exchange interaction J1 was proposed to have a Cu-O-O-Cu super-exchange 
path. The out-of-plane interaction was found to be very weak.122 

The exchange constants can also be calculated ab initio by using density func-
tional theory. In this work,II the exchange constants were calculated using the 
mapping method.127,128 First, the energies of different magnetic configurations 
were calculated by DFT. Then, the energy differences were mapped onto a Hei-
senberg Hamiltonian to obtain the exchange constants.127,128 The calculations 
were performed with the ELK code129 using the GGA+U framework63,130 with the 
fully-localized limit64 double counting correction. A Hubbard U of 8 eV63,131 was 
used to account for electron correlation effects on Cu2+. 

The calculated exchange constants for A2CuB’’O6 (A = Sr, Ba; B’’ = Te, W) are 
presented in Table 6. In the case of Sr2CuWO6 the DFT calculations predict the 
experimental result well: J1 is slightly overestimated while J2 matches the ex-
perimental result. The weakness of J3 and J4 is also correclty predicted, although 
the sign of J4 should be negative. For Sr2CuTeO6 J1 is slightly overestimated 
while the sign of J2 is incorrect. The out-of-plane interactions are also overesti-
mated although the magnetism is still highly two-dimensional. Overall, the DFT 
calculations predict the dominant in-plane interactions correctly while the 
weaker in- and out-of-plane interactions are predicted with less accuracy. This 
work is a clear improvement on other DFT calculations on Sr2CuTeO6,121,132 but 
the results are not as accurate as the cluster calculations by Babkevich et al.122 

Table 6. Magnetic interactions in A2CuB’’O6 double perovskites. 

 Density functional theory Experimental 
 Sr2CuTeO6 Ba2CuTeO6 Sr2CuWO6

II Ba2CuWO6 Sr2CuTeO6122 Sr2CuWO6
II 

J1 (meV) -8.93 -20.22 -2.45 -1.17 -7.18 -1.2 

J2 (meV) 0.27 0.23 -8.83 -11.94 -0.21 -9.5 

J3 (meV) 0.9 0.83 0.03 -0.01 - 0 

J4 (meV) -0.001 0.007 0.04 0.4 -0.04 -0.01 

J2/J1 -0.03 -0.01 3.60 10.21 0.03 7.92
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The exchange interactions in Ba2CuWO6 and Ba2CuTeO6 are not known. 

Sr2CuWO6 and Ba2CuWO6 have the same magnetic structure,118,123 and thus a 
dominant antiferromagnetic J2 can be expected also in Ba2CuWO6. This is con-
firmed by our DFT calculations, which place Ba2CuWO6 firmly in the columnar 
region of the phase diagram (J2/J1 = 10.21). The interactions in Ba2CuTeO6 are 
also very similar to its strontium counterpart: J1 dominates and J2 is predicted 
to be slightly positive. Out-of-plane interactions are weak in Ba2CuWO6 and 
Ba2CuTeO6, which shows that they are also experimental realizations of the J1-
J2 model. The magnetic interactions in the barium-phases are stronger than in 
the Sr-phases. This is consistent with the measured Weiss constants, which are 
more negative for the barium-phases.112 The a0a0c- tilt of the CuO6 and B’’O6 
octahedra is smaller in Ba2CuWO6 and Ba2CuTeO6, and thus the Cu-O-Te/W 
angle in the ab plane is closer to 180 degress. This increased orbital overlap ex-
plains the stronger interactions in the barium-phases.112 

Magnetic correlations were observed above TN in Sr2CuTeO6 and 
Sr2CuWO6.122,II This is a result of the strong 2d square-lattice antiferromag-
netism in the materials. The onset of 3d order at TN, on the other hand, is related 
to the out-of-plane interactions. As a consequence, the Néel temperatures of the 
A2CuB’’O6 compounds are very similar (  20-30 K) despite the significant dif-
ferences in the in-plane J1 and J2 exchange interactions. 

5.5 Sr2Cu(Te0.5W0.5)O6 

Neutron scattering experiments and DFT calculations showed that Sr2CuTeO6 
has Néel antiferromagnetic order (J2/J1 = 0.03) and Sr2CuWO6 has columnar 
order (J2/J1 = 7.92).120,122,123,II This makes the solid solution Sr2Cu(Te1-xWx)O6 a 
unique square-lattice system: it can be tuned from Néel (x = 0) to columnar or-
der (x = 1) by changing the composition.  A simple starting point in studying this 
system is to investigate a sample with equal amounts of W and Te, i.e. 
Sr2Cu(Te0.5W0.5)O6.III 

Sr2Cu(Te0.5W0.5)O6 was prepared by conventional solid state synthesis. Mag-
netic susceptibility of this compound is similar to the parent phases (Figure 19): 
a broad maximum occurs as opposed to a clear antiferromagnetic transition. 
This unusual shape of the susceptibility curve is caused by the highly two-di-
mensional nature of magnetism in these compounds.98,133 As a consequence, the 
Néel temperature of these compounds cannot be determined from magnetic 
susceptibility. The overall strength of magnetic interactions and their type 
(ferro/antiferromagnetic) can be estimated by fitting the magnetic susceptibil-
ity to the Curie-Weiss law, as was done for Cr1-xVxO2 in Chapter 4. The interac-
tions are antiferromagnetic in all three compounds as the Weiss constants are 
negative. Interactions in Sr2Cu(Te0.5W0.5)O6 are of similar strength with     
Sr2CuTeO6, but significantly weaker than in Sr2CuWO6.III 
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Figure 19. Magnetic susceptibility of Sr2Cu(Te0.5W0.5)O6, Sr2CuTeO6 and Sr2CuWO6. Inset: In-
verse magnetic susceptibility and fits to the Curie-Weiss law.III Reprinted figure with permis-
sion from O. Mustonen et al., Nature Communications 9, 1085 (2018). DOI: 10.1038/s41467-
018-03435-1 - Copyright © 2018 Springer Nature. 

Magnetic transitions and magnetic excitations in materials can be investigated 
using specific heat measurements. Reduced specific heat Cp/T of 
Sr2Cu(Te0.5W0.5)O6, Sr2CuTeO6 and Sr2CuWO6 is shown in Figure 20.III A clear 
difference in the samples is seen in the low-temperature part: the data for the 
end phases approach zero at low temperatures whereas the data for 
Sr2Cu(Te0.5W0.5)O6 remains finite. In other words, the low-temperature specific 
heat of Sr2Cu(Te0.5W0.5)O6 has a T-linear component of the form Cp = . The T-
linear term is found in gapless quantum spin liquids due to fermionic spin exci-
tations and their respective Fermi surface.134,135 T-linear specific heat can also 
be observed in spin glasses.136–138 The log-log plot in Figure 20b conclusively 
shows that the magnetic specific heat in Sr2Cu(Te0.5W0.5)O6 is of the form Cmag 
= . 

 

 

Figure 20. a) Reduced specific heat of Sr2Cu(Te0.5W0.5)O6, Sr2CuTeO6 and Sr2CuWO6. b) log-
log plot of the magnetic specific heat of Sr2Cu(Te0.5W0.5)O6. The T-linear relationship is con-
firmed by the exponent ~T1.02.III Reprinted figure with permission from O. Mustonen et al., 
Nature Communications 9, 1085 (2018). DOI: 10.1038/s41467-018-03435-1 - Copyright © 
2018 Springer Nature. 

Muon spin rotation and relaxation ( SR) measurements were performed to 
investigate the magnetic ground state of Sr2Cu(Te0.5W0.5)O6. The specific heat 
measurements indicated the material might be a gapless QSL or a spin glass. 
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SR can differentiate between the two, since the magnetism in a QSL is entirely 
dynamic whereas in a spin glass it is static (below TF). Magnetic ordering, as 
observed in the end phases, can also be easily detected with SR. 

Zero-field (ZF) SR measurements on Sr2Cu(Te0.5W0.5)O6 were performed at 
various temperatures. The time-dependent polarization of the implanted muons 
Gz(t) is shown in Figure 21a.III No oscillations are observed, and thus 3d mag-
netic ordering can be ruled out. Moreover, the material has no static magnetism 
(e.g. spin glass state), since no drop in initial asymmetry is observed nor is there 
a 1/3rd tail in Gz(t) at high times.139 In conclusion, the ground state of 
Sr2Cu(Te0.5W0.5)O6 is entirely dynamic as in a QSL down to 19 mK.57 

The ZF measurements were fitted using the power law: ( ) = ( ) (10) 
in which  is the muon spin relaxation rate and  is a power factor. These fitted 
parameters are shown in Figure 21b. The relaxation rate  starts to increase be-
low 10 K. This means that the local magnetic fields sensed by the muons slow 
down with temperature. Below 0.5 K a plateau is observed in , and thus despite 
the slowing down of dynamic fields they do not freeze entirely. This plateau is 
expected behavior in a QSL, since the ground state remains dynamic.55,57,140  

 

 

Figure 21. a) Zero-field muon spin rotation and relaxation for Sr2Cu(Te0.5W0.5)O6 at different tem-
peratures. b) Muon spin relaxation rate  and exponential  as a function of temperature.III 
Reprinted figure with permission from O. Mustonen et al., Nature Communications 9, 1085 
(2018). DOI: 10.1038/s41467-018-03435-1 - Copyright © 2018 Springer Nature. 

The properties of Sr2Cu(Te0.5W0.5)O6 are typical of quantum spin liquids. 
However, the material also has a high degree of quenched disorder in the mag-
netic interactions as a result of being a solid solution. Kawamura et al.141–144 have 
proposed that disorder can induce a spin-liquid-like state, a so called random 
singlet state, on various lattices. This might also be the case for 
Sr2Cu(Te0.5W0.5)O6. This possibility is discussed in more detail in the next sub-
chapter. 

5.6 Solid solution series Sr2Cu(Te1-xWx)O6 

It was shown that Sr2Cu(Te0.5W0.5)O6 has a spin-liquid like ground state.III How-
ever, the origin of this state is not clear. The properties of this compound seem 
to match the predicted Z2 gapless QSL for J2/J1 = 0.5 in the Heisenberg square-
lattice model.78–80 In this case, the QSL ground state should occur in a narrow 
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J2/J1 range corresponding to a narrow composition range in the Sr2CuTeO6-
Sr2CuWO6 system. On the other hand, the proposed random-singlet state could 
be stabilized in a wide J2/J1 range.144 Thus, investigating the full solid solution 
series Sr2Cu(Te1-xWx)O6 can help establish the nature of the spin-liquid-like 
ground state. 

The solid full solid solution series was synthesized by a solid state reaction 
method.IV The magnetic susceptibility of all samples features a broad maximum 
(Figure 22a). The maximum can be described by its position Tmax and height 

max. In the J1-J2 model, Tmax is high in the Néel and columnar regions but fea-
tures a minimum at J2/J1 = 0.5. max features at maximum at the same posi-
tion.133,145 This general behavior is observed in the Sr2Cu(Te1-xWx)O6 system: 
Tmax has a minimum around x  0.5 while max has a maximum at x = 0.4. This 
indicates, that magnetic frustration is at its highest near x  0.4-0.5. A Curie tail 
is also observed for x = 0.1-0.7, although it is not known whether this is intrinsic 
or due to impurities. 

 

 

Figure 22. a) Magnetic susceptibility of Sr2Cu(Te1-xWx)O6 samples. b) Tmax and max plotted as a 
function of composition.IV 

In specific heat, the T-linear gamma term is of most interest, as it is an indi-
cation of gapless excitations as expected in a QSL. This term can be obtained 
from a low-temperature fit to = + (11) 
where  is the electronic T-linear term and beta is a phononic term. The fit can 
be performed from a Cp/T vs T2 plot (Figure 23). The  term is very small for the 
end phases x = 0 and 1, and also fairly small for the tungsten-rich side (x = 1-
0.8). However, the  term is fairly large in a rather wide composition range start-
ing from x = 0.1 to 0.7. This suggests that the frustrated region is also wide in 
terms of the composition and thus J2/J1 range.IV 
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Figure 23. a) Specific heat as a function of T2 for Sr2Cu(Te1-xWx)O6. b) T-linear gamma terms 
obtained from the fitting.IV 

In order to investigate the ground state in the full series muon spin rotation 
and relaxation was utilized again.IV Due to the large number of samples we could 
only use a He4 cryostat with a base temperature of  1.6 K (as opposed to 19 mK 
for the He3/He4 dilution cryostat used for x = 0.5). ZF Sr was measured for all 
samples at various temperatures. Magnetic order was observed in the tungsten-
rich side for x = 0.7-0.9. However, magnetism was entirely dynamic down to 
base temperature for x = 0.1-0.6. Thus, magnetic order is significantly sup-
pressed in a very wide composition range. Whether there is a transition below 
base temperature is not known for samples other than x = 0.5 described in the 
previous subchapter. These results can be used to construct a schematic phase 
diagram for Sr2Cu(Te1-xWx)O6 (Figure 24). Néel order is found for x = 0 but is 
already suppressed for x = 0.1. The x = 0.1-0.6 region is frustrated with a QSL-
like state at least at x = 0.5. Columnar order is found in the tungsten-rich side 
(x = 0.7-1).  

 

 

Figure 24. A schematic phase diagram for the Sr2Cu(Te1-xWx)O6 system.IV 

Density functional theory calculations were used to evaluate the relative sta-
bility of Néel and columnar order in the series. Exchange constants were not 
calculated, as they are ill-defined in materials with disorder as is the case here. 
However, it’s still possible to calculate whether a material is in the Néel, colum-
nar or frustrated region. The relative stability is plotted as function of the com-
position in Figure 25. 
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Figure 25. The relative stability of Néel and columnar order in Sr2Cu(Te1-xWx)O6.IV 

The DFT calculations show that Néel order is the ground state for x = 0 and 
columnar order for x = 1 as expected. However, x = 0.125 is already close to the 
frustrated region where Néel and columnar order have the same energy. The 
most frustrated composition based on the calculations is x  0.2. When the 
amount of tungsten is increased, columnar order becomes the most stable. Sur-
prisingly, this analysis places x = 0.5, where the spin-liquid-like state was ob-
served, clearly in the columnar region in the phase diagram. Thus, magnetic 
frustration alone cannot be the cause of the QSL-like state. 

The solid solution Sr2Cu(Te1-xWx)O6 has disorder on the B’’ site, as W6+ and 
Te6+ are randomly located in the middle of the Cu2+ square. Since the d10 or d0 
B’’ cation greatly affects the superexchange interactions,105 these materials have 
a large amount of quenched disorder in the magnetic interactions. The combi-
nation of disorder and magnetic frustration can induce a gapless QSL or a QSL-
like state in a S = 1/2 material.146 

Kawamura et al.141–144 have investigated the effect of randomness on quantum 
magnets with different lattices using exact diagonalization methods. They pro-
pose, that bond randomness in the magnetic interactions can induce a QSL-like 
state known as the random-singlet state. The random-singlet state consists of 
local spin singlets with random strengths built on the quenched random mag-
netic interactions. Excitations of this state are gapless leading to T-linear spe-
cific heat. Magnetic susceptibility features a Curie tail as observed in     
Sr2Cu(Te1-xWx)O6 for the frustrated samples, although it is not known whether 
these observed Curie tails are intrinsic or due to a paramagnetic impurity. In the 
honeycomb J1-J2 model, which is similar to the square-lattice J1-J2 model, the 
random-singlet state was stabilized over a wide range of J2/J1 for moderate to 
strong randomness.144 This suggests that the wide frustrated region in 
Sr2Cu(Te1-xWx)O6 x = 0.1-0.6 could be a result of a random-singlet ground 
state.IV 
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6. Conclusions 

Strongly correlated electron systems provide an excellent platform for finding 
novel physical phenomena, which are of significant fundamental and techno-
logical interest in solid state chemistry and physics. The present thesis concen-
trated on two types of magnetic materials: half-metals and quantum spin liq-
uids. 

Chromium dioxide is a half-metallic ferromagnet with the highest known 
spin-polarization at low temperatures. Many compositions in the isostructural 
CrO2-VO2 system, including rutile VO2, were predicted to be half-metallic. Den-
sity functional theory calculations carried out in this thesis predicted a half-me-
tallic ground state in (Cr0.5V0.5)O2 with ferromagnetic coupling of Cr4+ S =1 and 
V4+ S = 1/2 spins. However, experimentally this compound was found to anti-
ferromagnetic, with AFM coupling of Cr3+ S = 3/2 spins in addition to non-mag-
netic V5+. This discrepancy between theory and experiment highlights the diffi-
culty of predicting properties of strongly correlated oxides by DFT. Specifically, 
predicting the correct oxidation state becomes difficult, when (as here) multiple 
transition metals with multiple possible oxidation states are present.I 

The other main topic of the thesis was quantum magnetism in square-lattice 
A2CuB’’O6 copper compounds with the double perovskite structure. J1-J2 spin-
1/2 Heisenberg square-lattice antiferromagnets are of high interest in con-
densed matter physics due to their connection to high-Tc superconductivity and 
the possibility of a quantum spin liquid ground state. Magnetic exchange inter-
actions in Sr2CuWO6 were investigated by inelastic neutron scattering and DFT 
calculations. The material was shown to be a near-ideal square-lattice Heisen-
berg antiferromagnet with a dominant next-nearest neighbor ineraction.II 

A method of tuning exchange interactions in quantum materials using non-
magnetic cations was developed in this thesis. It is based on the differences of 
orbital hybridization of d10 and d0 cations with oxygen 2p orbitals, which allows 
the tuning of superexchange interactions. This d10-d0 cation mixing method was 
used to modify interactions in the A2CuB’’O6 compounds Sr2CuWO6 and    
Sr2CuTeO6. As a result, the square-lattice J1-J2 compound Sr2Cu(Te0.5W0.5)O6 
could be tuned into the predicted QSL region of the J1-J2 phase diagram. This is 
the first time a square-lattice QSL candidate has been observed, although the 
exact nature of the ground state remained unclear.III A thorough investigation 
of the Sr2Cu(Te1-xWx)O6 system revealed the suppression of magnetic order in a 
wide composition range. This highlights the role of disorder in the QSL-like 
ground state of Sr2Cu(Te0.5W0.5)O6.IV 
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In this thesis the solid solution Sr2Cu(Te1-xWx)O6 was discovered as a unique 
square-lattice system for studying quantum magnetism. However, major re-
search questions remain unanswered. These can be summarized thusly: what is 
the real phase diagram of this system as a function of composition x and tem-
perature? What is the nature of the quantum disordered ground state in the 
frustrated region, and are there more than one of them? Where are the quantum 
critical points in this system? Are there multiple phase transitions as a function 
of temperature in this system? Further experiments such as low-temperature 
inelastic neutron scattering measurements of the full series could help answer 
many of these questions. Moreover, further theoretical work on the properties 
and excitations of spin-1/2 frustrated antiferromagnets with quenched disorder 
could shed light on these issues. 

The d10-d0 cation mixing method, also, offers many avenues for further re-
search. Is this method truly usable with cation pairs other than Te6+/W6+? Does 
this method work in materials other than oxides? Does the d10 cation also par-
ticipate in superexchange via empty p orbitals? What is the role of disorder in-
troduced by d10-d0 cation mixing? How can we predict the effect of replacing a 
d10 cation with a d0 cation or vice versa? What practical applications in magnetic 
materials does this method have? The quantum antiferromagnets studied in this 
thesis seem an obvious choice for further research, as the possibility of stabiliz-
ing novel quantum ground states using this method was demonstrated here. 
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