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Abstract 

Copper oxides have generated huge interest ever since the discovery of superconductivity 

in complex materials such yttrium barium copper oxides. Recently it was discovered that the 

ternary copper oxide Cu2OSeO3 is capable of hosting skyrmions, a rare skyrmion host material 

as most skyrmions system are metallic. A skyrmion is a topological stable particle-like object 

with the spin ordered in a vortex like fashion on the order of 10-50 nm. The skyrmion lattice is 

stable in a narrow temperature and magnetic field range, forming a narrow pocket in the 

magnetic field-temperature phase diagram. Cu2OSeO3 is a magnetoelectric compound thus the 

individual skyrmions could be controlled through the application of an external electric field. 

The use of Cu2OSeO3 in memory devices offers the potential for stable, more energy efficient 

and much quicker storage and retrieval of information than currently used. Herein we present 

the synthesis and characterisation of Te- doped Cu2OSeO3 using a variety of techniques.  

Polycrystalline and single crystal samples of Te-doped Cu2OSeO3 were prepared by 

sintering and chemical vapour transport. Powdered Te-doped Cu2OSeO3 produced were not of 

high quality as shown by powder X-ray diffraction. High quality single crystals of Te-doped 

Cu2OSeO3 were successfully synthesised by chemical vapour transport, with crystals of up to 

3 mm3 in size produced. A structural study was completed using single crystal X-ray diffraction 

providing information on the effects of Te doping and temperature on the crystal structure. The 

use of electron dispersive spectroscopy and single crystal X-ray diffraction was used to confirm 

that Te was successfully doped into the Cu2OSeO3 structure. 

The magnetic field-temperature phase diagrams for the bulk Cu2OSeO3 and Te-doped 

Cu2OSeO3 single crystals was mapped using small angle neutron scattering. Mapping of the 

Te-doped Cu2OSeO3 showed that there was an enlarged stability range for the skyrmion phase 

in both temperature and magnetic field.  
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1. Introduction 

Transition metal oxides (TMOs) constitute a diverse and interesting class of compounds 

due to the broad range of structures and properties it exhibits. TMOs are widely used due to 

their non-toxicity, chemical inertness and abundance.1 The versatility of TMO can be explained 

by their bonding characteristics ranging from almost ionic to covalent to metallic.2-3 The diverse 

range of properties can be attributed to the outer d-electrons of the transition metal with TMO 

encompassing a range of exciting phenomena from high temperature superconductivity to 

ferroelectricity to magnetism.4 

The use of TMO may provide answers to some of the world’s problems such as energy 

usage, as world energy consumption continues to grow with technological advancement. These 

problems are compounded by an increasing population and our reliance on the finite supply of 

fossil fuel. To date we have only explored a small portion of the TMOs materials, there may still 

be many structures and phenomena that TMO exhibit yet to be discovered. The next 

revolutionary phenomena that TMO may display could have immense potential for future 

technological applications.4 

 

1.1 Crystallography and Magnetism 

The properties a crystalline material exhibits are determined by its crystallographic structure. 

A crystals structure can be described mathematically by the combination of lattice and atom 

basis. The atoms repetition over space results in crystallographic order which determines the 

physical properties of the material to a large extent. A crystal can be assigned to a space group 

that represent the symmetry elements of the crystal structure. This can also be applied for 

magnetic materials to give the magnetic space group. To fully describe the overall symmetry 

group for a magnetic material, the time reversal operation must also be considered. The 

crystallographic point group along with the magnetic point group of the materials determines 

the properties that it exhibits and can result in ferroic properties. 

The magnetic moment (electron spin) of an atom can be considered are an axial vector 

associated to a current loop. Changing the direction of the current always result in a flip of the 

magnetic moment, this is called a spin reversal or time reversal.5-7 Non-magnetic structures 

contain no breaking of the time-reversal symmetry. Breaking of time reversal results in 

magnetism in general and long range magnetic order (ferromagnetic ordering).6, 8 
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The magnetism of a material is be attributed to the orbital component of the angular 

momentum or the spin component of its electrons. The magnetic moment arrangement is 

classified into different groups as shown in Figure 1.1.1. The material types is classified into 

several categories and are described the following section.9-10 

In a paramagnetic material, the magnetic moments are randomly orientated resulting in no 

net magnetic moment.  

In a diamagnetic material, the magnetic moment does not contain unpaired electron resulting 

in no net magnetic moment. 

In a ferromagnetic material, has a magnetic field below the Curie temperature (TC) due to the 

parallel alignment of the magnetic moment within the material.  

In a ferrimagnetic material, the magnetic moments of the neighbouring electron spins are 

aligned in an antiparallel arrangement where the magnitude of the magnetic moment are unequal 

resulting in an overall net magnetic moment.  

In an antiferromagnetic material, the magnetic moment of the neighbouring electron spins are 

aligned in an antiparallel arrangement resulting in no net external magnetic moment. An 

antiferromagnetic material is only antiferromagnetic below the magnetic ordering temperature, 

also called the Néel temperature TN, above this temperature the material becomes paramagnetic. 

 

Figure 1.1.1. The arrangement of spins for (a) paramagnetic, (b) ferromagnetic, (c) ferrimagnetic and (d) 
antiferromagnetic 

  



3 
 

1.2 Ferroic Materials 

There are four primary ferroic orders which are ferromagnetic, ferroelectricity, 

ferroelasticity and ferrotorodicity. A ferroic material exhibits spontaneous, switchable internal 

alignment  in the following ways: Ferroelectricity, electric dipole-moment alignment can be 

switched by an applied electric field; ferroelastics, strain alignment can be switched by an applied 

stress field; ferromangetics, alignment of electron spins by an applied magnetic field and ferrotoroidic, 

toroidal moment by applied toroidial field.1, 11 The existence of ferrotoroidic is still under debate, 

as it has only been recently seen in experiments.11-12 

A ferroic material can be characterised by a spontaneous switch of either electric field, strain 

alignment, magnetic moment alignment or toroidal moment as described by a hysteresis  

curve.13-14 

 

Figure 1.2.1. All ferroic order under space inversion and time reversal. Reprinted from Observation of 
ferrotoroidic domains, with permission from Springer Nature. 11 

For a ferromagnetic compound this spontaneous switching behaviour is only observable 

below a the Curie temperature (TC), as above this the material loses its permanent magnetic 

properties.14 
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Figure 1.2.2. Typical hysteresis loop for a ferromagnetic material, illustrating their general behaviour due 
to a change in magnetic field giving rise to magnetic domains. Reprinted from Chapter 1 - Magnetic 
Hysteresis, Hysteresis in Magnetism, with permission from Elsevier Books.14 

A ferroic compound formation is associated with a breaking of the time reversal and/or 

space inversion symmetry with each combination giving rise to one of the ferroic orders. 

Coexistence of two ferroic orders results in a multiferroic compound.1 

1.2.1 Multiferroics 

Multiferroic materials can be classified into two categories type I and type II multiferroics: 

 Type I multiferroics describes a material where two ferroic orders that exist 

independently in a material and exist under different conditions.  

 Type II multiferroic describes a material where the coexistence of the two ferroic 

orders under the same conditions. One example of a Type II multiferroic is 

magnetoelectric materials, where ferroelectricity and ferromagnetism both occur 

under the same conditions. The magnetic frustration that forms the basis for 

ferromagnetism is responsible for the loss of inversion centre. This results in 

ferroelectricity and strong magnetoelectric coupling.13, 15  
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Figure 1.2.3. Schematic illustrating the different types of coupling present in materials between σ (strain), 
E (electric field) and H (magnetic moment). The different coupling leads to the phenomenas of 
magnetoelasticity, piezoelectricity and magnetoelectricity. Reprinted from Advances in the growth and 
characterization of magnetic, ferroelectric, and multiferroic oxide thin films, available under the Creative 
Commons Attribution 4.0 International. 15 

Ferroic materials exhibit domain structures. In the case of multiferroics the Curie 

temperature is dependent on multiple ordering fields and the domains can be switched by more 

than one field. These discrete domain structures are separated by planar topological defects 

called domain walls. Different types of domains may form magnetic structures such as helical 

domains, skyrmions and vortices. These domain structures have generated a lot of interest due 

to their potential use in nanoscale functional materials such as for memory and spintronic 

applications.16-17 

 

Figure 1.2.4. Conceptual representation of magnetic phases in MnSi. (a) single skyrmion,  
(b) skyrmion crystal and (c) helical phase. Reprinted from Uniaxial stress control of skyrmion phase, 
available under the Creative Commons Attribution 4.0 International License.18 
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1.3 Skyrmions 

Skyrmions are topologically protected particle-like spin textures where the magnetic 

moments are ordered in a spiral pattern about 10-100 nm.19 The existence of skyrmions was 

first proposed by Tony Skyrme in the 1960s to account for the stability of hadrons, as quantised 

topological defects in a 3D non-linear sigma model.20-21 It is only in the last decade that magnetic 

skyrmions have detected experimentally.19 

There is a huge interest in magnetic skyrmions for technological applications, as they are 

promising in regard to their robust nature, high density and power efficient magnetic memories. 

As magnetic skyrmions are topologically protected, individual skyrmions can be written and 

deleted independent of their neighbouring skyrmions resulting in much denser memory  

devices that what is currently used.22-23 Magnetic skyrmions can therefore be moved and 

manipulated by spatial gradient of an electric field.16 The competing interactions between the 

ferromagnetic and Dzyaloshinskii-Moriya Interactions (DMI) are very sensitive to external 

perturbations such as temperature, magnetic field and pressure due to the complex magnetic 

interactions that stabilise the skyrmions.  

The two types of skyrmions are based on the symmetries of spin arrangements. In Bloch 

type skyrmions, the magnetic moments rotate out of the plane with respect to the inner and 

outer moments, whereas in Néel type skyrmions the magnetic moment rotates within the plane 

of the magnetic moments. 24 Bloch type skyrmions are typically present in bulk materials whereas 

Néel type skyrmions are common in very thin films and interfaces.25-28 

 

Figure 1.3.1 Schematic of Bloch- (L) and Néel- (R) type skyrmions with cross-section of the vortex 
displayed underneath the corresponding skyrmion. Reprinted from Néel-type skyrmion lattice with 
confined orientation in the polar magnetic semiconductor GaV4S8, with permission from Springer 
Nature.26 
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The skyrmion formation is dependent on the magnetic exchange interactions within the 

crystal structure. The major contributing magnetic interactions are the Heisenberg symmetric 

exchange and DMI, this is described in detail in section 0 & 1.3.2. and is described by the 

following Hamiltonian (Equation 1.1). The Zeeman term is also described in the following 

equation but has much contribution on the formation of the skyrmion.27-28 

𝐻 = − 𝐽 𝑆 𝑆 + 𝐷 ⃗ 𝑠 × 𝑠 − ℎ 𝑚 
 (1.1) 

Where J is the exchange coupling coefficient, S is the spin moment, m is the 

magnetic moment and h0 is the unperturbed Hamiltonian 

1.3.1 Heisenberg Symmetric Exchange Interaction 

The Heisenberg exchange interaction arises from the interaction between two electrons. It 

favours a collinear spin arrangement and is the main contributing magnetic interaction to 

ferromagnetism in materials. It is a nonrelativistic interaction consisting of Coulomb interaction, 

Pauli principle and the coupling of the nearest-neighbouring spins with the effective 

Hamiltonian representing the exchange interaction in equation 1.2. 

𝐻 = − 𝐽 𝑆 𝑆  
 (1.2) 

Where J is the exchange coupling coefficient and S is the spin moment 

1.3.2 Dzyaloshinskii-Moriya Interaction 

The DMI describes the antisymmetric magnetic exchange interaction between two 

neighbouring spins. It was first proposed by Dzyaloshinskii in 1958 and Moriya who generalised 

the theory in 1960.29-30 The interaction occurs due to the broken symmetry of the crystal 

structure, which relies on a chiral crystal structure. It has a greater contribution in  

non-centrosymmetric ferromagnets and is a combination of superexchange interaction and 

spin-orbit interaction resulting in spin canting of aligned magnetic moments. The two spins S1 

and S2 are exchanged under an inversion operation and is described in equation 1.3. 29, 31 

 

𝐻 = 𝐷 ⃗[𝑠 × 𝑠 ] 

 

 (1.3) 

Where the Vector D is orientated along the z direction 
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1.3.3 Magnetic Skyrmion 

As magnetic skyrmions are dependent on the Heisenberg and DMI, the magnetic skyrmion 

lattice is only stable in a narrow temperature and magnetic field range.28 In a skyrmion hosting 

crystal, the skyrmions are hexagonally packed stable in a narrow magnetic field and temperature 

range forming a skyrmion lattice. Calculations by Mühlbauer et al. has shown that it is located at 

a higher temperature and magnetic field range just above the helical domain phase.19  

Magnetic skyrmion are mainly found in non-centrosymmetric compounds that form in the 

cubic space group P213. In 2009, the first detected magnetic skyrmion was MnSi, by small angle 

neutron scattering (SANS).19 Since then, other magnetic skyrmion hosting materials have been 

discovered using methods such as Lorentz-TEM and magnetic force microscopy. Most of these 

host materials are B20 metals. The high stability of the skyrmions has been demonstrated by 

quenching the host materials material out of the magnetic skyrmion phase temperature range 

by cooling. This resulted in the magnetic skyrmions stability lasting half an hour after 

quenching.32 Recent experiments have also shown the ability to write and delete individual 

skyrmion without affecting neighbouring skyrmions.22 Recently, a new material have been 

shown to host magnetic skyrmions, the multiferroic Mott insulator Cu2OSeO3.16, 28, 33-34 

 
Figure 1.3.2. Magnetic Field-Temperature phase diagram of Cu2OSeO3. The diagram shows the different 
phases, skyrmion lattice labelled as SkX, ferrimagnetic, single-q conic and helical domain which resides 
in the multi-q phase. Reprinted from Ultrafast optical excitation of magnetic skyrmions, available under 
the Creative Commons Attribution 4.0 International License.35  
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1.3.4 Cu2OSeO3 

Cu2OSeO3 has been the source of immense interest due to its magnetoelectric nature as it 

also belongs to the non-centrosymmetric space group P213. Cu2OSeO3 consists of magnetic 

Cu2+ ions where the magnetic interactions stabilise the skyrmions. The Cu2+atoms reside in two 

inequivalent Cu sites; a trigonal bipyramidal and square pyramidal with a ratio 3:1.36-37 The 

magnetic moment of the Cu sites are arranged where the CuI and CuII sites consist of a 3up-

1down structure. This results in a collinear ferrimagnetic ordering between the two Cu sites 

below 58.8 K.36-39 

 

Figure 1.3.3. Model of the magnetic moment arrangement in Cu2OSeO3 (right) (Reprinted from 
Magnetoelectric coupling in the cubic ferrimagnet Cu2OSeO3, with permission from American Physical 
Society), the unit cell (left) and the two Cu sites as labelled.40 

Previous studies showed that Cu2OSeO3 crystals can be formed by the heating of 

stoichiometric amounts of CuO and SeO2 above 527.3 ºC.41 The most common method of 

producing single crystals of Cu2OSeO3 is by chemical vapour transport. Various groups have 

used this method and have reported similar synthesis conditions (temperatures from  

607-610 ºC for the source temperature and 500-530 ºC for the sink temperature).42-45 

The appeal of Cu2OSeO3 is its magnetoelectric nature as it can be manipulated with an 

electric field and the individual skyrmions can be deleted and created with an injection of 

electrons.23, 46 The use of skyrmions as memory devices would potentially provide a faster, more 

energy efficient and denser method of storing data compared to the standard magnetic memory 

drives currently used.47 In Cu2OSeO3 the skyrmion phase is stable around 55-58 K (TC ~58 K) 

and 100-300 Oe (Figure 1.3.2). However, the narrow range at which the skyrmion phase exist, 

limits its potential application. Recent experimental focus has been looking at extending and 

enlarging the range at which the skyrmion phase is stable, through methods such as chemical 

doping.48  
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Recent studies have also investigated synthesising thin films of Cu2OSeO3 in order to 

enlarge the skyrmion phase. The extended stability range of the skyrmion phase can be 

attributed to the increased DMI which could be due to reduced symmetry at the surface.39 

Previous studies have also looked at Te, Ni and Zn doping in powdered samples and how this 

may affect the stability of the skyrmions.48-50 However the study of single crystal is a simpler 

method of investigating the skyrmion phase though there are currently very few studies on the 

doping of single crystal Cu2OSeO3.51 

 

1.4 Aim of the Project 

The motivation for this project is to study the effect of Te doping of Cu2OSeO3 in order to 

better understand the formation of skyrmions within this sample. Potential use of skyrmions in 

racetrack-type memory devices could provide one of the many answers to our increasing 

reliance on and help further advance technology.47, 52  

In this project we aim to synthesise Cu2OSeO3 and Te-doped Cu2OSeO3. Te doping the 

Cu2OSeO3 crystals and temperature changes result in the unit cell being alter. This alteration has 

an effect on the contribution the many magnetic exchange interaction, therefore changing the 

stability of the skyrmion phase.  

Structural analysis of the samples with characterisation techniques including solid state 

Raman Spectroscopy and X-ray diffraction to study the effect of tellurium doping and 

temperature on the lattice. The use of Raman spectroscopy will provide information on the 

electronic excitations. Neutron scattering using polarised neutrons allows for determination of 

the magnetic excitations. The stability range of the skyrmions in Cu2OSeO3 and Te-doped 

Cu2OSeO3 will be mapped using SANS instrument QUOKKA at the OPAL reactor of the 

Australian Nuclear Science and Technology Organisation (ANSTO). This will require growing 

large single crystals for SANS experiments.  
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2. Experimental Methods 

In this study, Te-doped Cu2OSeO3 crystals were synthesised using chemical vapour 

transport and solid state sintering. Te doping of the Cu2OSeO3 was expected to cause changes 

to the lattice parameters, the physical properties of the materials and the stability of magnetic 

domains in Cu2OSeO3 crystal. Various characterisation techniques include X-ray diffraction 

(XRD), Scanning Electron Microscopy (SEM), Energy dispersive Spectroscopy (EDS), Raman 

Scattering and Small Angle Neutron Scattering (SANS) have been used for characterisation. The 

following chapter discusses some of the basic principles for synthesis and the techniques utilised 

for their characterisation. 

2.1 Synthesis Techniques 

2.1.1 Single Crystal Synthesis via Chemical Vapour Transport 

Chemical vapour transport (CVT) is a method used to synthesise pure single crystals. The 

principles of CVT was first described by Bunsen in 1852, when he noticed the formation of 

hematite in the presence of hydrogen chloride as outlined in equation 2.1. 53 

Fe2O3(s) + 6HCl(g) ⇌ 2FeCl3(g) + 3H2O(g) (1000 °C → 800 °C)  (2.1)  
 

The potential application of CVT for synthesis was realised by Schäfer who developed 

predictive models to allow for the transport of material via the gas phase.54 CVT can be used in 

either an open or closed system for the growth of single crystals, however typically crystal 

synthesis by CVT is carried out in a closed system. The typical process of CVT in a closed 

system involves sealing a quartz ampoule, with the precursor material and enough transport 

agent within the ampoule for the pressure inside to reach 1 bar at the reaction conditions. The 

ampoule is placed in a furnace with two heating zones (as shown in Figure 2.1.2). Two different 

temperatures are applied in order create a temperature gradient across the ampoule. The 

direction of the transport is dependent on the sign of the transport reactions enthalpy. For an 

exothermic reaction the deposition occurs at the higher temperature and for an endothermic 

reaction the deposition occurs in the lower temperature.  

The transport process can be divided into three steps as follows: 

1) Forward Reaction: Dissolution of the solid at the source, as described by the transport 

equation 

2) Gas Motion: Diffusion of the gas phase 

3) Back Reaction: Deposition of the solid at the sink and release of the transport agent.  



13 
 

 

Figure 2.1.1. Schematic of Chemical Vapour Transport of Cu2OSe1-xTexO3. 

 

The amount of transported substance in a closed system can be calculated by Schäfer 

transport as shown in equation 2.2.55 

 
𝑛(𝐴) =

�̇�(𝐴)

𝑡′
=  

𝑖

𝑗
∙

∆𝑃

Σ𝑃
∙

𝑇 .

𝑠
𝐷 ∙ 1.8 × 10 [𝑚𝑜𝑙] 

(2.2) 

 

n(A)  Mole transported solid 

i, j stoichiometric coefficients in the transport equation  

(iA(s) + k B(g) ⇌ j C(g) + … 

∆Pc partial pressure difference [atm] 

ΣP total pressure [atm] 

T mean temperature along the diffusion path [K] 

q cross section of the diffusion path [cm2] 

s length of the diffusion path [cm] 

D0 mean diffusion coefficient; 0.1 [cm2] 

t' duration of the transport experiments [h] 
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Single crystals of CuOSe1-xTexO3 were synthesised by chemical vapour transport. In 

addition to 6 day synthesis, a longer synthesis was also carried out in order to synthesis large 

single crystals for neutron experiments. The synthesis step are described below: 

1) Stoichiometric mixtures of CuO (chemPUR, 99.99%) and SeO2 (Sigma Aldrich, 99.9%) 

powder was grinded together with 0.02 grams of the transport agent NH4Cl (analaR 

BDH, 99.5%) and placed in a quartz tube (approximately 16 mm outer diameter,  

12 mm inner diameter approx. 12 cm long). The quantity of the reactants used is detailed 

in Table 2.1. 

2) The sample was then evacuated to about -90 kPa (-0.9 atm) and sealed under a H2/O2 

flame.  

3) The evacuated ampoule containing the reactant was placed horizontally into a tubular 

two-zone furnace (Figure 2.1.2) with the heating program described in the following 

steps a-d 

a. The furnace heats the sink and source area from room temperature to 610 °C 

over 12 hours  

b. The sink zone cools to 540 °C from 610 °C over two hours  

c. The ampoule dwells for 150 hours  

d. Heating is turned off and the sample allowed to cool.  

In addition, larger (> 1mm3) single crystals of Cu2OSe1-xTexO3 (x = 0, 0.05) were synthesised 

over a 45 day period following the same ramping process with the exceptions that 1 gram of 

reactant was used and step 3c where the sample was left to dwell for ~1080 hours instead of 

150 hours.  

 

Figure 2.1.2. Schematic of a typical two-zone furnace with a quartz ampoule. 
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Table 2.1 The amount of reactant (grams) used for preparation of 0.5 grams of various Cu2OSe1-xTexO3. 

Phase CuO SeO2 TeO2 

Cu2OSeO3 0.295 0.205 - 

Cu2OSe0.95Te0.05O3 0.292 0.193 0.015 

Cu2OSe0.90Te0.10O3 0.289 0.182 0.029 

Cu2OSe0.85Te0.15O3 0.287 0.170 0.043 

Cu2OSe0.80Te0.20O3 0.282 0.147 0.071 

Cu2OSe0.7Te0.3O3 0.279 0.136 0.084 

Cu2OSe0.6Te0.4O3 0.274 0.115 0.110 

Cu2OSe0.5Te0.5O3 0.270 0.094 0.136 

 

2.1.2 Powder Sample Preparation via Sintering 

Sintering is a method commonly used to synthesise powdered crystalline samples. The 

process involves heating the starting materials to a high temperature (near the melting point 

range) to make the atoms more mobile, this allows for the formation of a polycrystalline product 

driven by the thermodynamics and to reduce surface energy.56  

The sintering process can be broken down into the following steps: 

1) Initial stage: A neck was formed between particles that are in contact.  

2) Intermediate stage: Neck growth resulting in interconnected pores. 

3) Final stage: The pores then became spherical. 

The rate of sintering is based on Ficks first law related to molecular diffusion. Ficks first 

law describes diffusion as derived by Adolf Fick in 1855 and is shown in Figure 2.3.57-58 

 
𝐽 =  −𝐷

𝜕𝑐

𝜕𝑥
 

(2.3) 

J  cm-2s-1 indicates diffusion flux 

D  cm2s-1 indicates diffusion coefficient 

C  concentration 

x  positions 

The flux is driven by the negative gradient 𝜕𝑐/𝜕x(cm-1cm-3) in the direction of which  

x increases. Grinding the precursor powder materials will help achieve small particle size 

resulting in higher surface energy, maximises the area of contact and ensuring a homogenous 

mixtures.56  
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The synthesis of polycrystalline samples of Cu2OSe1-xTexO3 via sintering is described in 

steps 1-3 below: 

Stoichiometric amounts of the reactant were grinded together to form a homogenous 

powder as described in Table 2.1 

1) The samples were sealed under vacuum into a fused quartz ampoule using a H2/O2 

torch.  

2) Samples were placed into a single zone furnace with a K-type thermocouple and the 

heating program is described in the following steps a-c 

a. It was gradually heated from room temperature to 610 °C over 12 hours  

b. The sample was then left to dwell at 610 °C for 36 hours  

c. The heating was turned off and the sample allowed to cool down to room 

temperature.  

 

2.2 Characterisation Techniques 

2.2.1 Powder and Single Crystal X-ray Diffraction 

The standard technique for characterisation of a crystalline material is X-ray diffraction 

(XRD). It is a non-destructive method, used for phase identification of the crystalline material 

and provides information on the unit cell parameters and atomic coordinates of the compound. 

Interactions of X-ray diffraction is based on Braggs’ law (as shown in equation 2.4).59 

 n𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (2.4) 

λ = wavelength  

𝜃 is the angle between incidence beam and reflecting beam  

dhkl is the d-spacing.  

Diffraction peaks are created by constructive interference of the X-ray beam on the (hkl) 

planes resulting in a unique pattern specific to the lattice parameters and the composition of the 

crystal. The most common set up for X-ray diffraction is angular dispersive mode where the 

setup consists of a moving detector with a source at a fixed wavelength. 
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The intensity of the diffraction peak is assigned by electron density in the planes and thus 

the arrangement of atoms in the entire crystal. This is described in equation 2.5.59 

 𝐼 ∝ |𝐹  |  (2.5) 

Ihkl is the intensity of the peak 

Fhkl is the structure factor (sums the result of scattering from all atoms in unit cell to form 

diffraction peak from the hkl planes of atoms) 

2.2.1.1 Powder X-ray Diffraction 

X-ray powder diffraction measurements on the polycrystalline series were analysed using a 

PANalytical Empyrean X-ray Diffractometer with a sealed X-ray tube source generating 

monochromated Cu Kα radiation (λ = 1.5418 Å). Powder diffraction measurement were 

scanned from the 2 theta range 10°- 80° with a step size of 0.013º using a single slit at room 

temperature. Powder XRD data was fitted using Rietveld refinement method through the use 

of the FullProf refinement program.60 

2.2.1.2 Single Crystal X-ray Diffraction 

Single crystal XRD of the single crystal series was measured using the Rigaku Oxford 

Diffraction XtaLAB-Synergy-S single-crystal diffractometer with a PILATUS 200K hybrid pixel 

array detector using. The single crystals were analysed using Ag Kα radiation (λ = 0.56087 Å). 

Single crystal samples were mounted onto a quartz fibre and measurements were carried out 

from 100 - 300 K in 50 K steps. The temperature was controlled using a Oxford Cryo 800 and 

cooled using liquid nitrogen. Data reduction was performed using CrysAlis Pro and the 

refinement was performed with ShelXL.61-63 

 

2.2.2 Scanning Electron Microscopy /Energy Dispersive X-ray Spectroscopy  

Scanning electron microscopy (SEM) is a technique used to analysis the surface of a sample 

to create an image at a very high magnification. An electron beam is rastered over the surface 

of the sample, interacting and creating signals that provides information on the composition 

and topology of the surface. The information obtained is limited to the surface because as the 

electrons interact with the sample it produces secondary electrons, backscattered electrons and 

characteristic X-rays are produced mainly from the surface of the sample. Energy dispersive  

X-ray spectroscopy (EDS) is commonly used in conjunction with SEM. EDS is used for 

elemental analysis as a semi-quantitive technique utilising the unique electromagnetic X-ray 

emission spectrum of each element.64 
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SEM micrographs of the single crystal series were taken using a Quanta 200F Field 

Emission Gun scanning electron microscope (FEGSEM) operated at 20 kV accelerating voltage 

in moderate pressure (1 × 10-5 mbar) with water vapour. The samples were mounted on an SEM 

stub using double sided adhesive carbon tape.  

Single crystal samples was obtained using an EDAX Pegasus EDS detector (SiLi lithium 

drifted with a Super Ultra-Thin Window) attached to the Quanta 200 FEG Enivronmental 

SEM. ZAF correction was applied to the raw data to correct for different atomic emission, 

sample absorption and fluorescence.  

 

2.2.3 Raman Spectroscopy  

Raman spectroscopy is a technique used to study the vibrational, rotational, and other low 

frequency modes in a system. It provides a non-destructive analysis technique in which the 

phonons and magnons modes can be detected. Raman scattering was first discovered in 1928 

by C. V. Raman, when he discovered that when light is scattered by a material some of the 

scattered light changed wavelength (Raman scattering). Scattered light from the material can be 

broken down into Rayleigh and Raman scattering with Stokes and Anti-Stokes as shown in 

Figure 2.2.1. 

 
Figure 2.2.1. (a) Jablonski diagram representing the energy transition for Rayleigh, Raman scattering and 
Infrared absorption. (b) Schematic Raman spectrum showing the positions of Stokes, anti-Stokes shift 
relative to Rayleigh peak. Reproduced from Vibrational spectroscopy of metal carbonyls for bio-imaging 
and -sensing, with permission from The Royal Society of Chemistry.65 



19 
 

Raman scattering occurs from a molecular vibration resulting in a change of polarizability 

for the molecule. This change in polarisation results in inelastic scattering of the photons. This 

contrasts with infrared spectroscopy which measures the direct absorption of photons. As the 

Raman scattering depends on an induced polarisation, a compound can be Raman active if there 

is a symmetric element such as homonuclear diatomic molecules (eg. H2). A compound can be 

Raman inactive but is Infrared (IR) active such as heteronuclear diatomic molecules as it requires 

a dipole change (eg. HCl).66-67 

The Raman scattering process can be broken down into the following steps.  

1) Incoming photon with wave vector 𝑘⃗ and frequency ω1 is absorbed by the material 

2) The absorbing material is excited from its initial state to an intermediate virtual state.  

3) An elementary excitation with wave vector �⃗�and frequency ω is created (Stokes process) 

or annihilated (Anti-Stokes process).  

4) The elementary excitation then undergoes a transition from intermediate to final state 

accompanied by the emission of the scattered photon with (𝑘⃗, ω ). 

These elementary excitations of the lattice can occur from several sources including 

electrons (charge carrier dynamics and electronic structure), phonons (lattice dynamics and 

electron-phonon couplings) and magnons (spin dynamics and magnetic order).  

The probability of both Stokes and anti-Stokes scattering is related to temperature and 

governed by the Bose statistics. The intensity of anti-Stokes scattering depends on existing 

phonon population and is generally lower than Stokes scattering. The ratio of intensity of Stokes 

and anti-Stokes scattering is given in equation 2.6. At lower temperatures the intensity of Stokes 

peak will increase.  

 𝐼

𝐼
 =  𝑒  

(2.6) 

  

The point group Γ, where 𝑛  counts the times an irreducible representation, Γ( ) occurs. 

The point group describes the symmetries which can exist and possible Raman/IR modes that 

may be active. The number of Raman-active modes can be determined using group theory and 

is given in equation 2.7. 

 Γ =  Σ 𝑛 Γ( ) (2.7) 
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The different Raman-active excitations can be classified with the use of group theory. 

Mulliken symbols (Table 2.2) are used to describe the symmetry species of point groups.  

Table 2.2. Mulliken symbols used to describe the symmetry species of point groups 

Symbol Property 

A Symmetric with respect to principal axis of symmetry 

B Antisymmetric with respect to principal axis of symmetry  

E Doubly degenerate, two-dimensional irreducible representation 

T Triply degenerate, three dimensional irreducible representation 

g Symmetric with respect to centre of symmetry  

1 (subscript) Symmetric with respect to a vertical mirror plane perpendicular to the principal axis 

2 (subscript) Anti-symmetric with respect to a center of symmetry 

‘ (prime) Symmetric with respect to reflection in a horizontal plane of symmetry  

‘’ (double prime) Antisymmetric with respect to reflection in a horizontal plane of symmetry 

 

For the cubic structure Cu2OSeO3 (P213, Z = 8), with five ions in the 4a positions and three 

ions in 12b position the factor group analysis gives following types of phonons as calculated by 

Gnezdilova et al.38 

 Γ = 14𝐴 + 14𝐸 + 14𝐸 + 42𝑇 (2.8) 

 

The Raman tensors take the form and is shown in Table 2.3.  

Table 2.3. Irreducible representation of the Raman tensor for Cu2OSeO3 (space group P213) 

 

2.2.3.1 Raman Spectroscopy Setup 

Raman spectroscopy experiments were conducted on the Te doped Cu2OSeO3 single crystal 

in the lab of Associate Professor Clemens Ulrich, School of Physics University of New South 

Wales, Australia. The setup consisted of a 5 W Kr+ gas laser (Innova 90, Coherent), helium-flow 

cryostat (Leybold Heraeus), triple grating monochromator (Dilor XY, Horiba) with a mounted 

charge coupled device (CCD) detector (HORIBA Jobin Yvon) and a series of optical equipment 

to direct, filter and polarise the laser light. The special setup allows for the use of liquid helium 

and for measurements down ~10 K.  
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Triple grating spectrometer consists of three holographic gratings (1800 lines/nm) and 

three vertical slits. Scattered light enters the spectrometer and passes through a series of two 

gratings and slits acting in unison as a bandpass filter (foremonochromator). The spectral range 

of scattered light detected can be altered by adjusting the second slit. The scattered light passes 

through the third slit and can be adjusted to improved resolution though at the expense of 

intensity.  The light is dispersed from the third grating onto the liquid N2 cooled CCD detector.  

 
Figure 2.2.2. Raman Spectroscopy Set-up at the lab School of Physics, University of New South Wales.  

Samples were mounted onto a copper plate using silver paste to provide a good thermal 

and conductive contact (Circuit writer). The samples were mounted inside a helium flow 

cryostat with the vacuum chamber containing a gold-plated radiation shield and evacuated 

below 1 × 10-5 mbar. The sample chamber was partially filled with He gas to act as a thermal 

exchange gas.  The temperature of the sample was controlled and stabilised with a heating 

element within the cryostat and a temperature controller. 

The laser power was set to operate at 10 mAmps at the sample position to avoid laser 

heating effects, with no polarised filters used in producing the spectrums. Exciting wavelengths 

λ = 514.532 nm was used in the measurements produced by an Ar+/Kr+ mixed-gas laser. 

The spectra were measured from 60 to 900 cm-1, over a 300 second individual accumulation 

time scan averaged over 4 accumulations and with a 200 µm slit. During analysis the Raman 

shift was measured above 60 to 900 cm-1, to exclude the weak plasma line from the laser at  

~ 50 cm-1. All the spectra were calibrated using a xenon lamp scan before each scan. 
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2.2.4 Small Angle Neutron Scattering 

Small angle neutron scattering (SANS) is a powerful technique used to study the structure 

of materials on the nanoscales which includes magnetic skyrmions. The incident neutron beam 

is orientated parallel to the magnetic field. Polarised neutrons are diffracted from the lattice 

structure giving a reciprocal space diffraction pattern. For a hexagonally packed skyrmions, the 

Fourier transform is a hexagon as shown in Figure 2.2.3. 

However, the use of SANS requires large single crystals due to the low flux of neutron 

sources. Powdered or polycrystalline samples will result in a pattern with contributions of every 

randomly oriented crystallite material. This would result in a ring pattern and unable to produce 

the expected characteristic hexagonal pattern of the skyrmion phase.68  

 
Figure 2.2.3. Schematic of a typical SANS experiment investigating a B20 structure skyrmion material. 
Reprinted from the NIST Center for Neutron Research 2018 Summer School on the Fundamentals of 
Neutron Scattering Experiment Handouts.68 
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The intensity of the scattering on the detector after background correction in a SANS 

experiment is given by equation 2.9. 

 

 
𝐼 = 𝜙𝐴𝑑𝑇(

𝑑Σ

𝑑Ω
)ΔΩ𝜀𝑡 

(2.9) 

 

𝜙 is the number of neutrons per second per unit area incident on the sample 

A is the sample area 

d is the sample thickness 

T is the sample transmission 

 is the solid angle over which scattered neutrons are accepted by the analyser 

𝜀 is the detector efficiency 

t is the counting time 

Neutrons can be scattered either through interaction with the nucleus or through 

interaction between the unpaired electrons and the neutron spin. The different strength of 

interaction of the neutron with the nucleus of the samples results in contrast variation making 

neutron experiments viable (scattering length). Cu2OSeO3 has both nuclear and magnetic 

contrast.68  

The scattering length density (SLD) contribution is given equation 2.10. 

 
𝜌 =  

1

𝑉
𝑏  

(2.10) 

 

The Magnetic SLD contribution is given by the equation 2.11.  

 
𝜌 = 𝑀 𝑖𝑛

𝐴

𝑚
× 2.85 × 10

𝑚

𝐴Å
 

 

 (2.11) 

2.2.5 Small Angle Neutron Scattering on QUOKKA 

SANS experiments were performed on QUOKKA (SANS) at the Open Pool Australian 

Lightwater reactor (OPAL) of Australian Nuclear Science Technology Organisation (ANSTO). 

Neutrons with a 5 Å wavelength were used during the SANS measurement. The samples were 

installed on a double tilt stage mounted using Ge varnish (used for its excellent bonding 

properties and chemical resistance) on Al plate with aluminium foil. A guard aperture of 5 mm 
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was used to measure the samples. Temperature scans were performed in the warming process 

after zero field cooling.  

SANS experiments were performed on two large single crystals (undoped and 5% Te doped 

Cu2OSeO3) grown from CVT. The two samples were mounted with GE varnish glue and 

aluminium foil over the top.  

Transmission SANS scans recording the direct neutron beam were collected with the beam 

stop removed and a series of attenuating filters to account for any background noise.  

Two samples were mounted on a Cd holder without the use of the Laue orientation camera 

JOEY as it was out of commission. Samples were aligned from visible faces yet to be indexed 

and the mounted crystals are shown in Figure 2.2.4. The undoped sample was mounted with a 

3.97 mm Cd aperture front (Crystal size of approximately 4x3.5x2 mm). The 5% doped sample 

4.5 mm Cd aperture. (Crystal size of approximately 4x4x2 mm). 

 Samples were scanned for a count time for 180 seconds for the undoped sample and  

90 seconds for the 5% Te doped sample. A list of the magnetic field and temperature scans 

completed are listed in a table in the Appendix.  

Background scattering was estimated from the SANS patterns measured at the 

paramagnetic temperature. The following scans were used to subtract from the respective 

datasets with the following SANS scans used for subtraction to account for scattering from the 

sample holder and any of the main beam that isn’t blocked by the beamstop.  

a. Undoped sample 70 K, 0.00 Oe  

b. 5% Te doped sample 60 K, 0.00 Oe  

The data reduction and processing was done using the SANS IGOR analysis package.69  

 
Figure 2.2.4. Cu2OSeO3 (left) and Cu2OSe0.95Te0.05O3 single crystals mounted with GE glue on a Cd 
plate without the aluminium foil that was used SANS analysis.  
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3. Results and Discussion of Cu2OSe1-xTexO3 

Magnetic skyrmions have only recently been detected experimental19 despite its existence 

being proposed by Tony Skyrme in 1962.21 The skyrmion host material Cu2OSeO3 has recently 

been the focus of intensive research due to its complex magnetic structure and magnetoelectric 

nature.28, 37, 70 In this section we discuss the results for synthesis of Te-doped Cu2OSeO3 

produced via sintering and chemical vapour transport. Various characterisation techniques were 

used to study the crystal structure of Cu2OSeO3 and the influence of Te doping and temperature. 

Small angle neutron scattering (SANS) provides one of the few techniques available for the 

detection of magnetic skyrmions. The SANS instrument QUOKKA was used to map the 

temperature-magnetic field phase diagram for Cu2OSeO3 and Te-doped Cu2OSeO3.  

 

3.1 Powder samples of Sintered Cu2OSe1-xTexO3 

Polycrystalline samples of Cu2OSe1-xTexO3 were synthesised using sintering method at  

610 ºC. The resulting products are shown in Figure 3.1.1. The samples were characterised using 

powder X-ray diffraction with the reference samples pattern graphed along with the samples 

XRD pattern in Figure 3.1.2. The reference patterns include a variety of copper compounds 

including Cu2OSeO3, CuSeO3 and Cu3TeO6. Rietveld refinement was also used to obtain lattice 

parameters and Te content of the sintered samples.  

Sintered samples produced polycrystalline samples of different colours from lime green to 

a yellowish green. As the concentration of tellurium increased the samples gained a yellow hue. 

This could suggest that there is Te compound forming giving rise to the yellow hue.  

 

Figure 3.1.1. Polycrystalline samples of Cu2OSe1-xTexO3 prepared using sintering method. The Te 
content is labelled above each powdered sample.  
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The sintering process resulted in the formation of Cu2OSeO3, as shown in Figure 3.1.2, the 

patterns for all the samples, however had additional peaks showing that the sample produced 

was not pure. For the Cu2OSeO3 sample some of the additional peaks can be identified as 

belonging to impurities of CuSeO3. These impurities form may have formed as the sample is 

cooled down, as CuSeO3 is stable below 527.3 ºC.42 As the amount of tellurium doping increases 

the percentage of impurities increases which can be attributed to the formation of the Cu3TeO6 

phase, as it forms around the 600 ºC.71 There is also another phase that forms with higher  

Te doping that has yet to be identified. Further experimental work is needed to refine the 

sintering synthesis process and produce higher purity samples.  

 
Figure 3.1.2. X-ray diffraction pattern of sintered Cu2OSe1-xTexO3 and reference compounds; Cu2OSeO3 
(ICSD #60652), Cu3TeO6 (ICSD #26990), CuSeO3 (ICSD #29507), CuSeO3 2H2O (ICSD #254867) & 
Cu4O(SeO3)3 (ICSD #60655). 
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The Cu2OSeO3 produced from sintering were cubic and all the samples fitted the 

crystallographic space group P213. Rietveld refinement was performed on the XRD patterns to 

obtain structural information on the samples. The details of the refinement can be found in 

Appendix. The lattice constants were obtained from the refinements and is graphed in Figure 

3.1.3. The selenium content of the Te-doped Cu2OSeO3 is shown in Figure 3.1.7.  

Figure 3.1.3. highlights the lattice constant of Te-doped Cu2OSe1-xTexO3 at room 

temperature. It shows a positive trend as Te concentration increases there is an increase in the 

unit cell. This is due to the larger atomic radii that Te has compared to Se distorting and 

expansion of the unit cell compared to Cu2OSeO3.  

 
Figure 3.1.3. Lattice Constant of the various sintered Cu2OSe1-xTexO3 at room temperature 

 

Figure 3.1.4. Rietveld refinement of Cu2OSeO3.  
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Figure 3.1.5. Rietveld refinement of Cu2OSe0.90Te0.10O3. 

 

Figure 3.1.6. Rietveld refinement of Cu2OSe0.50Te0.50O3. 

Powder XRD can also be used to refine the Te content. The Te occupies the same position 

as the Se sites and the amount of Te-doped into the sample can be refined. There exist two Se 

sites in the crystal structure and the Se content (Te content) with the Se occupancy is shown in  

Figure 3.1.3 as a function of nominal Te doping. Figure 3.1.7 shows that there is a much greater 

amount of Te doped into the Se1 site than the Se2 site for majority of Te-doped samples. In 

Figure 3.1.7 for 5% Te-doped Cu2OSeO3 there is no Te doped into the Se2 position whilst Se1 

has almost 10% Te occupancy. The 10% Te-doped sample shows almost 3-fold Te occupancy 

of the Se1 site over the Se2 site. The difference between the two may be due to thermodynamics 

or possible geometry constraints around the Se positions, this will require more studies to 

confirm this. The total Te doped is much lower than the nominal which may be attributed to 

the formation of Cu3TeO6. 
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Figure 3.1.7. Selenium content of the various sintered Te doped Cu2OSeO3 at room temperature. 
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3.2 Chemical Vapour Transport of Single Crystal Cu2OSeO3 

Chemical vapour transport (CVT) of Cu2OSeO3 produced many green crystals with some 

of the crystals shown in Figure 3.2.1. The synthesis process however did not consume all the 

precursor material for producing single crystal, as there was still powders at the source. The 

single crystals produced varied in colour and size, but there was no obvious difference between 

the different doping levels. The smaller crystals were of a transparent green, and many of the 

larger crystals were a dark green. The very dark colouring of the larger crystal is due to size 

effect.  

 

Figure 3.2.1. Light Microscope images of Cu2OSeO3 (a & b) and Cu2OSe0.50Te0.50O3 (c & d) on  
2 mm grid paper. 

Scanning electron microscope (SEM) was used to observe some of the crystals under high 

magnification with the images from SEM shown in Figure 3.2.2. Electron dispersive 

spectroscopy (EDS) was also used to analysis some of the crystals. EDS provided semi-

quantitative elemental composition of the samples. The resulting EDS spectrum is graphed in 

Figure 3.2.3 & 3.2.4 with an electron micrograph of the corresponding crystal. The chemical 

composition is also shown in Table 3.1 & 3.2. 
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The SEM images in Figure 3.2.2 demonstrates the excellent quality of the crystals grown 

using the chemical vapour transport method. As seen in Figure 3.2.2c, the majority of the crystal 

has well defined faces. There are some imperfections of the crystals with a slight hole, that may 

have filled in had the reaction been left for the crystal to grow over a longer period. On some 

of the crystals (as shown in Figure 3.2.2b) there appears to be small round deposits. These 

deposits could be the result of leftover transport agent or organic residues used to clean the 

crystals. The unusual prominent flat surface on the right side of the crystal in Figure 3.2.2 This 

can be attributed to the crystal growing on the inner surface of the quartz tube.  

 

Figure 3.2.2. SEM images of Cu2OSe1-xTexO3 single crystals at various nominal tellurium content; a) 
Cu2OSeO3, b) Cu2OSe0.95Te0.05O3, c) Cu2OSe0.90Te0.10O3, d) Cu2OSe0.80Te0.20O3 at various magnification as 
described in each image. 

Both EDS spectra displayed in Figure 3.2.3 & 3.2.4 confirm that the crystals consisted of 

copper, selenium and oxygen with some carbon present. EDS only confirms the elemental 

composition and other techniques such as single crystal XRD is needed to confirm the crystal 

structure and phase formed. The presence of carbon could be attributed to the carbon tape used 

to mount the crystals onto the SEM stubs or from potential contamination such as the organic 

residues used to clean the crystals.  

Though EDS is only semi-quantitative technique, the elemental ratio for the Cu2OSeO3 

crystal obtained is similar to the 4:2:1 (O:Cu:Se) stoichiometric formula of Cu2OSeO3 and 

indicates that the sample is likely Cu2OSeO3. 
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Figure 3.2.3. EDS spectrum of a Cu2OSeO3 crystal (crystal analysed is inserted on the top right) and the 
peaks identified.  

Table 3.1. EDS Data showing the elemental composition of the Cu2OSeO3 

Elements  Atomic % 

Cu  30.8 (4.1) 

Se 13.8 (3.1) 

O 55.39 (4.8) 

 

 

Figure 3.2.4. EDS spectrum of a Cu2OSe0.95Te0.05O3 crystal (crystal analysed is inserted on the top right) 
and the peaks identified.  
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The EDS clearly shows that tellurium is present, however from Figure 3.2.4 the accuracy 

of the dataset may not be reliable as Te is present in such small quantities, this results in a large 

error relative to the peak size. The EDS gives a stoichiometric amount of 5.7% which is 

consistent with the nominal doping. The ratios of Cu and Se are roughly as expected with a  

2:1 ratio, though the ratio of oxygen is lower than expected. As EDS is a semi-quantitative 

method and it is less accurate with lighter elements particularly for elements such as O, it cannot 

be relied on independently for determining the elemental composition. 

Table 3.2. EDS data showing the elemental composition of the Cu2OSe0.95Te0.05O3 

Elements  Atomic % 

Cu  40.7 (6.2) 

Se 16.0 (4.6) 

Te 1.00 (0.08) 

O 42.5 (7.9) 
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3.3 Single Crystal X-ray Diffraction 

Single crystal XRD was used to study the single crystal produced using the chemical vapour 

transport method producing samples of 0-50% Te-doped Cu2OSeO3. Single crystal XRD was 

also used to study undoped Cu2OSeO3 and 5% Te-doped Cu2OSeO3 down to 100 K to confirm 

that the crystals retained the same cubic structure. Analysis of the crystal included the bond 

distances, thermal parameters of each element, structural and elemental refinements of the 

crystals are described in this section. Refinement details of the samples can be found in the 

Appendix. The data was fitted for the cubic space groups P213 providing a good fit for all 

temperature and doping levels. The anisotropic thermal motion of an atom can be described by 

six parameters (U11, U22, U33, U12, U23, U13) and some of anisotropic thermal parameters 

for all the atoms are plotted latter in this section 

This section on single crystal XRD of the Cu2OSeO3 and Te-doped Cu2OSeO3 also contains 

structural models of the crystals. Most atoms are ellipsoidal in shape with the red ellipsoids 

representing oxygen, blue copper, green selenium. Tellurium is not represented in the crystal 

structure model generated by VESTA as it occupies the same position as selenium.   

This section is broken down into three different studies. Section 3.3.1 explores the crystal 

structure of undoped Cu2OSeO3 as a function of temperature. In Section 3.3.2 describes 

structure refinements for 5% Te doped Cu2OSeO3 as a function of temperature study and 

Section 3.3.3 which studies the effect 0-50% Te doping has on the Cu2OSeO3 crystal structure.  

 

3.3.1 Temperature Dependent Structure Refinements of Cu2OSeO3 Single 

Crystals 

This subsection describes the crystal structure of Cu2OSeO3 single crystals obtained from 

single crystal XRD and how temperature influences the structure.   

Figure 3.3.1 shows the crystal structure of Cu2OSeO3 at 300 K and 100 K. The data fitting 

and refinement has shown that the cubic structure is retained down to 100 K. The same bonds 

and polyhedral structure was maintained with a change in temperature and the overall unit cell 

volume decreases as expected. This is consistent with previous data stating that the crystal 

structure remains cubic with decreasing temperature.40 
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Figure 3.3.1. Crystal Structure of Cu2OSeO3 at 300 K (top) and 100 K. 

 

Previous studies have shown that the Cu atoms are a major contributor to the complex 

magnetic structures that occur within the crystal.38, 43, 72 Any changes to the Cu atoms could alter 

the magnetism in the sample. The Cu network are modelled and shown in Figure 3.3.2, the  

Cu-Cu bond distances has also been graphed and is shown in Figure 3.3.3.  
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The Cu network within the compound is shown to be arranged in a kagome structure which 

is retained as the temperature changes (Figure 3.3.2). It also shows that there is a reduction in 

atomic displacement with decreasing temperature. It has been previously identified that the Cu 

is the main contributor to the magnetic structure of Cu2OSeO3. Generally, the distance between 

two atoms will decrease with decreasing temperature and the Cu2-Cu2 distance follows this 

trend. The Cu1-Cu2 however increases with decreasing temperature suggesting that it may be 

mediated by another bond. 

 

 
Figure 3.3.2. Copper network in Cu2OSeO3 at 100 K. 
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Figure 3.3.3. Cu1-Cu2 and Cu2-Cu2 bond distance at various temperature. 

The lattice constant of Cu2OSeO3 as a function of temperature from 100-300 K is shown 

in Figure 3.3.4, giving a linear relationship with 4.0580×10-5(5) Å/K from linear fit. As the 

temperature decreases, the size of the crystal decreases. This is consistent with previous studies 

by Miller et al.44 that has described no abnormal changes with the lattice constant with the change 

in temperature down to 10 K.44  

 

Figure 3.3.4. Lattice Constants of Cu2OSeO3 at various temperatures. 

The Cu-O bond distance as a function of temperature is also shown in Figure 3.3.5 & 3.3.6 

along with a structural model of the Cu sites.  
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The Cu1 site forms a trigonal bipyramidal polyhedra and this is shown as a visual model in 

Figure 3.3.5. The figure also shows that from 100 K to 200 K, the Cu1-O4 bond distance is 

constant at 2.086 Å and the Cu1-O2 bond increases as expected due to the higher temperature. 

For the bond distance for Cu1-O4 increases from 200 K to 300 K from 2.086 to 2.089 Å.  

For the Cu1-O1 and Cu1-O2 bond distance this decreases from 200 K to 300 K. This could be 

attributed to the slight increase from Cu1-O4 decreasing from 200 K to 300 K., thus restricting 

space about the Cu1 site.  Further temperature studies of the atomic position are needed to 

determine the shifts in the bond distances as a function of temperature and determine the shift 

where the Cu1-O1 bond. 

 
Figure 3.3.5. Cu1-O bond distance as a function of temperature with a structural model of the Cu1 site. 

The Cu2 site forms a square pyramidal bonded to 5 oxygen atoms with the oxygen atoms 

are in 4 different oxygen environments. The structural model of the Cu2-O polyhedra is shown 

in Figure 3.3.6, along with the various Cu2-O bond distance as a function of temperature. The 

Cu2-O4 and Cu2-O3 bond does not change with temperature. The Cu2-O1 bond distance is 

proportional to the temperature as expected due to thermal expansion. The Cu2-O2 bond 

distance increases from 200 K to 300 K as predicted, but from 100 K to 150 K it decreases. 

Further investigation is needed to explain this behaviour.  
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Figure 3.3.6. Cu2-O bond distance as a function of temperature with a structural model of the Cu2 site.  

In the Cu2OSeO3 crystal structure, there exist two different selenium position both 

coordinated by 3 oxygen atoms along with the Se-O bond distances. This has been graphed as 

a function of temperature (shown in Figure 3.3.7). The Se1-O4 bond distance does not appear 

to change with temperature, however the Se2-O3 bond distance decreases with increasing 

temperature and a more thorough investigation is required to explain this trend.  

 

Figure 3.3.7. Se-O bond distance of Cu2OSeO3 at various temperatures.  
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The anisotropic thermal motion of an atom can be described by six parameters (U11, U22, 

U33, U13, U23, U12). U represents the amplitude of atomic vibration. All the atoms must 

exhibit a positive linear trend with temperature and this occurs for all the atoms. The thermal 

displacement parameter for each atom must be zero at 0 K as described by the third law of 

thermodynamics. The law also states that as the system approaches 0 K there is a decrease in 

entropy. As the temperature decreases all atoms should exhibit a negative linear trend. The 

relationship between the temperature and the anisotropic thermal motion for all the atoms are 

shown from Figure 3.3.8-3.3.13. 

The thermal motion of all the atoms behaves as expected: as the temperature decreases 

from 300 K to 100 K there is a decreasing linear trend. For some of the atoms only U11 has 

been plotted as it is constrained by the symmetry and therefore it cannot be refined as an 

anisotropic atom.  

 
Figure 3.3.8. Cu1 Atomic Displacement Parameter of Cu2OSeO3 at various temperatures.  

 
Figure 3.3.9. Cu2 Atomic Displacement Parameter of Cu2OSeO3 at various temperatures. 
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Figure 3.3.10. Se Atomic Displacement Parameter of Cu2OSeO3 at various temperatures. 

The atomic displacement parameter of O3 and O4 behaves differently from each other, 

with O4 having a much bigger displacement than that of O3 although both lies within similar 

environment as both are bonded to the Se1 and Se2 respectively. Though the O3 is also bound 

to two Cu2 atoms which may explain the smaller atomic displacement. The relationships of the 

anisotropic thermal parameters differ from the ideal linear relationship where the thermal 

parameter at 0 K should be zero which could be because of oxygens low scattering  

intensity in X-ray. The non-linear trend in Figure 3.3.12 & 3.3.13 could be due to the different 

assignment of the unit cell atomic positions. The assignment of U11 and U22  

could be assigned differently for 250 & 300 K compared to 100 to 200 K, as evident in  

Figure 3.3.12 & 3.3.13. 

 

Figure 3.3.11. O1 and O2 Atomic Displacement Parameter of Cu2OSeO3 at various temperatures. 
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Figure 3.3.12. O3 Atomic Displacement Parameter of Cu2OSeO3 at various temperatures. 

 

Figure 3.3.13. O4 Atomic Displacement Parameter of Cu2OSeO3 at various temperatures. 
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3.3.2 Temperature Dependent Structure Refinements of Cu2OSe0.95Te0.05O3 

Single Crystals 

This section describes the Te doping of Cu2OSeO3 and how temperature influences the 

structure and anisotropic thermal parameters of the crystal. 

 

 

Figure 3.3.14. Crystal Structure of Cu2OSe0.95Te0.05O3 at 300 K (top) and 100 K 

In Figure 3.3.15, the arrangement of the Cu-Cu in the Te doped Cu2OSeO3 single crystal is 

modelled. The Cu-Cu bond distance is also shown in Figure 3.3.16. The figure shows that the 

Cu-Cu network forms a kagome structure. This structure is retained as the temperature 

decreases. It also clearly shows that the atomic position has resulted in lower atomic 

displacement with decreasing temperatures. The Cu-Cu bond distances follows the same trend 

as for undoped Cu2OSeO3, with a positive linear relationship for Cu2-Cu2 bond distance and a 

negative linear relationship for Cu1-Cu2 bond distance.  
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Figure 3.3.15. Cu-Cu network in Cu2OSe0.95Te0.05O3 at 300 K (top) and 100 K 

 
Figure 3.3.16. The Cu-Cu bond distance of single crystals of Cu2OSe0.95Te0.05O3 as a function of 
temperature. 
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The bond distance for Cu1-O and Cu2-O is plotted in Figure 3.3.17 & 3.3.18 for 

Cu2OSe0.95Te0.05O3. The bond distance for Cu1-O bond does not appear to follow any trend and 

doesn’t differ significantly with change in temperature. This is different to the Cu2OSeO3 which 

had an obvious increase in the Cu1-O4 bond distance with increasing temperature as well as its 

the Cu1-O1 bond distance which changed with temperature too.  

 

Figure 3.3.17. Cu1-O bond distance of single crystals of Cu2OSe0.95Te0.05O3 as a function of temperature.  

The bonding environment of Cu2-O1, Cu2-O2 and Cu2-O4 is shown in Figure 3.3.18. The 

Cu2-O bonds generally behave as expected with a shorter bond distance at 100 K than at  

300 K as the bond distance mostly follows a linear relationship from 100 K to 300 K. 
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Figure 3.3.18. Cu2-O bond distance of Cu2OSe0.95Te0.05O3 as a function of temperature. 

Figure 3.3.19 shows the temperature dependence of the Se-O bond distance, along with a 

model of the Se environments. Both the Se-O bond distance shows that there is a decrease of 

the bond distance with increasing temperature. This contrasts with the pure Cu2OSeO3 which 

showed almost no change to the Se1-O4 bond distance with a change in temperature. This could 

be due to Te preferential occupation of the Se1 site. The Se2-O3 bond distances increases from 

200 K to 300 K as expected.  

 
Figure 3.3.19. Se1-O4 and Se2-O3 bond distance for Cu2OSe0.95Te0.05O3 as a function of temperature. 
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The temperature dependence of the lattice constant for Cu2OSe0.95Te0.05O3 is shown in 

Figure 3.3.20. The lattice constant follows a positive linear trend with an increase in temperature, 

except between 100 K to 150 K. Further study is needed at low temperature to explain this 

anomaly.  

 

Figure 3.3.20. Lattice constant of Cu2OSe0.95Te0.05O3 as a function of temperature. 

The temperature dependence of the atomic displacement parameter for all the atoms for 

Cu2OSe0.95Te0.05O3 is shown in Figure 3.3.21-3.3.26. The atomic displacement parameter for Te 

is not shown as it occupies the same position as Se with the thermal displacement parameter set 

to the same value as Se.  

The anisotropic thermal displacement parameter behaved like Cu2OSeO3 with all the atoms 

exhibiting a positive linear trend with an increase in temperature. The thermal parameters vary 

largely as a function of temperature and the linear relationship is not convincing. The actual 

error for anisotropic thermal parameters of oxygen is also more significant than the error bars 

suggest as XRD is less accurate for lighter elements. This explains the weak correlation between 

increasing temperature and increasing anisotropic thermal parameter. 
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Figure 3.3.21. Temperature dependence of the atomic displacement parameter of Cu1 for 
Cu2OSe0.95Te0.05O3 single crystals. 

 
Figure 3.3.22. Temperature dependent of the atomic displacement parameter of Cu2 for 
Cu2OSe0.95Te0.05O3 single crystals. 

 
Figure 3.3.23. Temperature dependent of atomic displacement parameter of Se1 and Se2 for 
Cu2OSe0.95Te0.05O3 single crystals. 
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Figure 3.3.24. Temperature dependence of the atomic displacement parameter of O1 and O2 for 
Cu2OSe0.95Te0.05O3. 

 
Figure 3.3.25. Temperature dependence of the atomic displacement parameter of O3 for 
Cu2OSe0.95Te0.05O3. 

 
Figure 3.3.26. Temperature dependence of the atomic displacement parameter of O4 for 
Cu2OSe0.95Te0.05O3. 
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3.3.3 Tellurium doping refinements of Cu2OSe1-xTexO3 

The crystal structure of Cu2OSeO3 and Cu2OSe1-xTexO3 at 300 K are shown in  

Figure 3.3.27 & 3.3.28. The model illustrates the Cu and Se polyhedra sites though the Te 

content is not shown as it occupies the same position as the Se atoms. The Se atoms are 

represented by the green ellipsoids and are bonded by 3 O atoms.  

The crystal structure refinements show that the compound has retained the cubic structure 

despite Te doping. The bond distances for Cu, Se and O as a function of Te doping are also 

described in this section. 

 
Figure 3.3.27. Crystal Structure of Cu2OSeO3 at 300 K . 

 

Figure 3.3.28. Crystal structure of Cu2OSe0.5Te0.5O3 at 300 K . 
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The Cu-Cu network for Cu2OSeO3 and Cu2OSe0.5Te0.5O3 shown in Figure 3.3.29 & 3.3.30. 

The higher doping of Te still retains a kagome structure. Figure 3.3.31 shows the lattice constant 

of various Te doped Cu2OSeO3.  The increase in Te had minimal effect on the lattice parameter 

of the unit cell as majority of measured crystals with most of the lattice constant around  

8.916-8.925 Å.  

 

Figure 3.3.29. Cu-Cu network for Cu2OSeO3 at 300 K. 

 

Figure 3.3.30. Cu-Cu network for Cu2OSe0.5Te0.5O3 at 300 K. 
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Figure 3.3.31. Lattice constant of various Cu2OSe1-xTexO3 compounds at 300 K. 

The Cu-Cu atomic distance of various Te doped Cu2OSeO3 is shown in Figure 3.3.32. There 

is a negative relationship between Cu1-Cu1 distances as Te content increases. The Cu1-Cu2 

atomic distance does not show a linear trend. The Cu-Cu atomic distance for 20% Te doped 

Cu2OSeO3 is significantly lower both 10% and 30% Cu2OSeO3. 

 

Figure 3.3.32. Cu-Cu atomic distances against nominal Te doping. 

The Cu-O bond distance with respect to temperature is shown in  Figure 3.3.33 & 3.3.34 

as a function of nominal Te doping. As nominal Te doping increases the Cu1-O1 and Cu1-O2 

bond distances increases. The Cu1-O4 bond distance decreases with increasing nominal Te 

doping. The inverse relationship between the O2/O1 with O4 is explained by the Cu1-O 

environment, with decreases in Cu1-O4 bond distance restricting the space about the Cu1 site 

for O2 and O1.  
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Figure 3.3.33. Cu1-O bond distances against nominal Te doping with the Cu1 environment model.  

The Cu2-O bond distance is shown in Figure 3.3.34, with a model of the Cu2 environment 

also shown. The Cu2-O2 bond distance shows the same anomaly as Cu1-Cu2 with a dip for the 

20% Te doped single crystal sample. Generally, there is a decrease in bond distances for  

Cu2-O2 and Cu2-O4. The Cu2-O1 and Cu2-O3 bond distances, no obvious trend with a change 

in Te-doping can be found. 

 

Figure 3.3.34. Cu2-O bond distances against nominal Te doping with the Cu2 environment model. 
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The Se-O bond distance as a function of nominal Te doping is shown in Figure 3.3.35.  

The Se2-O3 bond distance increases with increasing doping. The Se1-O4 bond distance does 

not vary significantly with a change in Te doping.  

 

Figure 3.3.35. Se-O bond distance against formal Te doping with the Se environments model(r). 

The ADP for all the atoms are shown in Figure 3.3.36-3.3.41. The anisotropic thermal 

parameter does not differ significantly with Te doping, as they are constant with in the standard 

deviation of the refinements.  

 

Figure 3.3.36. Atomic Displacement Parameter of Cu1 against formal Te doping. 
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Figure 3.3.37. Atomic displacement parameter of Cu2 against nominal Te doping. 

 
Figure 3.3.38. Atomic displacement parameter of Se1 and Se2 against nominal Te doping. 

 

Figure 3.3.39. Atomic displacement parameter of O1 and O2 against nominal Te doping. 
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Figure 3.3.40. Atomic displacement parameter of O3 against nominal Te doping. 

 

Figure 3.3.41. Atomic Displacement Parameter of O4 against nominal Te doping. 

Figure 3.3.42(r) showed that the amount of Te doped into the sample is significantly less 

than the amount in the starting powder. Approximately 10% of the nominal amount was 

successfully doped into the Cu2OSeO3 single crystals. This is most likely driven by 

thermodynamics. The solubility of Te at these temperatures in the gas phase is much lower than 

Se.41, 73 Further analysis as shown reveals that the Te preferentially dopes one Se site over the 

other, with Se2 being doped to a content about 2.5-4 times less than the Se1 position.  

The preferentially doping position is possibly due to the thermodynamics of the position, 

though further study is needed to determine why this occurs. 



57 
 

 

Figure 3.3.42. Refined selenium occupancy of the individual sites (l) and overall total (r) with increasing 
tellurium doping. 

 

 

3.4 Raman Spectroscopy 

Single crystals of Cu2OSeO3 and various Te-doped Cu2OSeO3 were analysed by Raman 

spectroscopy at the School of Physics, UNSW. Te-doped single crystal samples from 0% - 20% 

Te doped were studied at room temperature with the Raman spectra shown in Figure 3.4.1. 

Furthermore, a temperature study of the pure and 5% doped Cu2OSeO3 is shown in Figure 

3.4.2 & 3.4.3. 

Raman spectroscopy can also be used to confirm the identity of the sample. The Raman 

spectrum for Cu2OSeO3 in Figure 3.4.2 agrees with Gnezdilov et al. with all the peaks present 

for Cu2OSeO3. A list of selected peak positions for the pure and Te doped Cu2OSeO3 is shown 

in Table 3.3. The assignment of the vibrations associated with each peak was identified and will 

be part of future studies. 

The Raman data (Figure 3.4.1) shows that that the increasing tellurium content results in a 

slight change to the spectra. There are decreases in intensity of some Raman modes relative to 

the peak at 850 cm-1, which may indicate a decrease in symmetry. This is also evident with the 

decrease in intensity of the peak at 210 cm-1and at 540 cm-1. However, the dips at 540 cm-1 could 

also be attributed to Raman resonance being reduced with the addition of Te doping into the 

Se site. With Te doping, there is a slight shift for a couple of peaks to higher wavenumbers  

(as shown in Table 3.3 ~490 cm-1 and ~582 cm-1) and broadening of some peaks and 

disappearance of others consistent with a decrease of symmetry. The broadening of peaks was 

expected to occur as predicted by the anharmonic decay model for phonons.  
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Figure 3.4.1 Raman Light Scattering Spectrum of Cu2OSeO3, 5%, 10% and 20% Te-doped  
Cu2OSe1-xTexO3 at 300 K. 

Table 3.3. List of peak positions for Raman Scattering of Cu2OSeO3, 5%, 10% and 20% Te-doped  
Cu2OSe1-xTexO3 at 300 K. 

Cu2OSeO3  

(cm-1) 

Cu2OSe0.95Te0.05O3 

(cm-1) 

Cu2OSe0.90Te0.10O3 

(cm-1) 

Cu2OSe0.80Te0.20O3 

(cm-1) 

146 144 144 144 

196 196 196 196 

211 212 211 Absent 

285 285 285 285 

342 342 342 342 

491 491 493 495 

581 582 586 588 

826 826 827 827 

837 837 837 837 
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The spectrum for Cu2OSeO3 is consistent with previous works by Gnezdilova and 

colleagues indicating the crystal is Cu2OSeO3.38 The clean spectrum with narrow and well 

resolved peaks shows that the crystal is of high quality. Here we see only the 45 peaks compared 

to the 53 phonon lines that Gnezdilov group identified in their paper for Cu2OSeO3 in the  

0-850 cm-1 region, though some may not be pronounced due to the weak signals. This is much 

lower than the predicted 84 Raman active phonon modes identified in the paper. As expected 

with decreased temperature there is an enhancement of the phonon intensities and the peaks 

become narrower as governed by Bose statistics, due to the increasing penetration depth and 

scattering volume. Figure 3.4.3 shows that with decreasing temperature there is also a shift of 

the peaks to higher wavelengths as more energy is needed to excite into the phonon modes. At 

lower temperatures the peaks also become narrower. Gnezdilov and colleagues suggest that the 

high intensities of the peaks may be due to the strong DMI. The DMI is necessary for the 

formation of domain structures such as helical and skyrmion phases. However, in our data 

below 58 K there are no obvious significant changes to suggest a change in the lattice cell as 

expected. The crystal structure ‘freezes’ around 50 K with very little structural changes below 

this temperature. 

 
Figure 3.4.2. Raman Spectra of Cu2OSeO3 at various temperatures. 
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The 5% Te doped Cu2OSeO3 shows a similar trend to the pure sample with a decrease in 

intensity and broadening of the peaks with higher temperature. There is no obvious 

disappearance of peaks or appearance of new peaks that suggests a change to the lattice cell. 

Evidently there are similar peaks to the pure sample, thereby showing that the sample has a very 

similar lattice structure despite doping with tellurium. However, it is also shown that doping has 

resulted in a distortion of the local symmetry of Cu and Se/Te sites.   

 
Figure 3.4.3 Raman Spectrum of Cu2OSe0.95Te0.05O3 at various temperatures. 

Table 3.4. List of selected peak positions for Raman Scattering of pure and 5% Te-doped Cu2OSeO3 at 5 
& 200 K. 

Cu2OSeO3 (cm-1) Cu2OSe0.95Te0.05O3 (cm-1) 
12 K 200 K 12 K 200 K 

142 142 146 146 

192 192 197 198 

220 218 213 213 

291 291 287 287 

344 344 349 348 

Absent Absent 493 493 

658 657 Absent Absent 

854 854 838 839 
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3.5 Small Angle Neutron Scattering (SANS) 

SANS is an ideal technique for measuring skyrmion lattices as the distances between 

skyrmion systems range between 20-100 nm. The magnetic phase diagram was mapped as a 

function of magnetic field and temperature (H-T). Data analysis included mapping the intensity 

of the different magnetic domains for the H-T phase diagram. Selected SANS scans were 

graphed as Qx-Qy graphs and are also shown as azimuthal intensity in Figure 3.5.2, 3.5.3, 3.5.5 

& 3.5.6. These scans produce unique Bragg patterns, which can be used to identify the existence 

of magnetic skyrmion lattice and helical domains.  

 

Figure 3.5.1. SANS Qx-Qy maps of single crystal Cu2OSeO3 measured at 57 K and at various magnetic 
fields as labeled in each profile. 

The Qx-Qy graph clearly shows a helical phase being present, in which previous papers 

have claimed that this represents the presence of a multidomain helical phase and is also evident 

in the annular plot in which the maxima of the two peaks are 180º which represents the .74-75 
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At high temperature (above Curie temperature of 58 K) and at high magnetic field the 

magnetic ground state of Cu2OSeO3 is the paramagnetic phase thus exhibiting no pattern. 

A typical SANS Qx-Qy map of the helical phase, shows two intense peaks 180º apart is 

shown in Figure 3.5.2. The neutrons diffract from any regular lattice structure, for single helical 

domain structure this gives rise to the pair of Bragg peaks. This is very distinct from 

paramagnetic phase showing random distribution of scattering. The observed wave number 

0.0099 Å-1 also corresponds to a helical modulation period of 63 nm which is consistent with 

previous literature. The six-fold magnetic reflection is indicative of the skyrmion phase being 

formed. The azimuthal average confirms the formation of the skyrmion lattice with the peaks 

being distinctly 60º apart. (phi 45º & 225º). There also appears to be  Previous studies have 

highlighted that the presence of the two peaks has identified this as single helical phases and 

some have highlighted that is represents a multi-helical phase. 74-75 

 

Figure 3.5.2. SANS Cu2OSeO3 at 14 K & no magnetic field (l) Qx-Qy plot and (r) azimuthal average  

 

Figure 3.5.3. SANS of Cu2OSeO3 at 57.6 K & 200 Oe (l) Qx-Qy plot and (r) azimuthal average. 
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In the SANS scans for Cu2OSe0.95Te0.05O3 (Figure 3.5.4), there is a peak in the centre which 

can be attributed to the beamstop not being fully aligned. The overall trend showed that the 

skyrmion and helical phases were stable in a similar temperature/magnetic field range. Our scans 

within the helical phase range resulted in much more intense peaks for the Te-doped sample 

than pure crystal. The higher intensity can be partly attributed to the much larger volume of the 

crystal. 

 

Figure 3.5.4. SANS Qx-Qy maps of single crystal Cu2OSe1-xTexO3 measured at 57 K and at various 
magnetic fields as labelled in each profile. 

The faces of the crystal however, still needs to be indexed to determine whether the 

additional peaks are due to the orientation of the crystal. Though clearly the Qx-Qy maps of 

Cu2OSe0.95Te0.05O3 show a similar trend to that of Cu2OSeO3.  

The difference in doping shows that in the helical phase we may have a multidomain helical 

phase whereas in the pure sample there are two Bragg peaks from the single helical phase.  
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Figure 3.5.5 & 3.5.6 shows that there may be two different skyrmion phase hosted by 

Cu2OSe0.95Te0.05O3 which are stable at different temperature and magnetic field range, though 

there is an overlap where both coexist may exist. The two phases differ by 20º. 

 
Figure 3.5.5. SANS of Cu2OSe0.95Te0.05O3 at 57.6 K and 150 Oe. 

 
Figure 3.5.6. SANS of Cu2OSe0.95Te0.05O3 at 55.5 K and 300 Oe. 

The temperature-magnetic field phase diagram was mapped (as shown figure 3.5.7.) as a 

function of intensity for Cu2OSeO3. The resulting phase diagram was consistent with literature 

in that the skrymion phase forms around 58 K and 200 Oe window as well as a helical phase at 

low temperatures. The stability range of the skyrmion phase is consistent with the skyrmion is 

not stable above 300 Oe and above 58.4 K. There may also be the existence of two skyrmion 

phases present as there is clearly another set of 6 peaks that are 60 º apart. The two sets of peaks 

are about 30º apart suggests there are two hexagonal phases rotated 30º relative to each other. 

A study by Seki et al observed the two skyrmion states and found that the two states can coexist, 

the skyrmion transition or reorientation between the two skyrmion phase can be induced by a 

change in magnetic field .75  
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The doping of tellurium in the sample resulted in an expansion of the helical phase as well 

as the skyrmion stability range as shown in Figure 3.5.7. The Tc is still around 57.6 K. Further 

studies are needed to confirm the underlying mechanism for the increased stability range, 

including a full structural study of the samples at Néel temperatures. More studies are also 

required to determine the degree of doping where the maximum stability range can be achieved.  

Furthermore, the crystals still require indexing to establish the contributions. Crystals will 

be indexed on the neutron Laue alignment camera JOEY at ANSTO was not available during 

the time of this study. 

 

 
Figure 3.5.7. Magnetic field-temperature phase diagram for Cu2OSeO3 and Cu2OSe0.95Te0.05O3, 
highlighting the boundaries of the helical and skyrmion phase 
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4. Conclusion and Future works 

This thesis investigated the synthesis of Te doped Cu2OSeO3, produced using two synthesis 

techniques sintering and chemical vapour transport. 

The preparation of phase pure samples with solid state sintering turned out to be 

challenging, as evident by powder X-ray diffraction. Though most of the product resulted in Te 

doped Cu2OSeO3, it contained impurities and further experimental work will be needed to 

produce higher quality samples.  

The use of chemical vapour transport was successful with high quality single crystals 

produced. Single crystal X-ray diffraction showed that Te was doped into the Se site though at 

a lower amount than the nominal, with a higher occupancy of the Se1 site than the Se2. This 

preferential occupation could be due to thermodynamics and future works could involve ground 

state energy modelling. Electron dispersive spectroscopy also confirmed the presence of Te. 

The Te doping resulted in a change to the local symmetry of the crystal though its cubic nature 

was retained as confirmed by X-ray diffraction and Raman spectroscopy. Further investigations 

are needed to determine the amount of Te doped, this could be achieved using techniques such 

as ICP-MS and Laue neutron diffraction as Te has very good scattering contrast with neutrons. 

Laue diffraction would also provide additional information on the crystal structure, along with 

improved data about the oxygen sites as neutrons are better for detecting lighter elements than 

X-rays. The set-up for Laue diffraction at Australian Neutron Science Technology Organisation 

would also enable the study of low temperature on the crystal structure.  

The main purpose of producing single crystals was for the mapping of the magnetic phase 

diagram. Small angle neutron scattering showed that the stability range of the skyrmion and 

helical domains were consistent with literature. However, doping with Te resulted in an 

expansion of the skyrmion lattice stability range. Te doped crystal produced Bragg patterns that 

could indicate the presence of multiple magnetic domains at the same temperature. This could 

also be due to the alignment of the crystal and indexing of the crystal could explain this 

behaviour. Whether this is the result of Te doping needs to be further investigated.  

Although there has been some published research on the doping of the Cu site with Zn and 

Ni. Further investigations could be conducted with the doping of the Cu site. As the Cu2+ is 

ultimately the driving force of the magnetic structures that form within the sample the doping 

of the Cu would have a big effect on the stability of the skyrmion lattice. Further works could 

include studying higher doping of Te and how this might further influence the stability of the 
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skyrmion and helical domain. The doping of the Se site with Te resulted in an enlargement of 

the skyrmion and helical stability range, potentially making it more appealing for use in 

applications such as data storage. 
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6. Appendix  

6.1 Small Angle Neutron Scattering Scans 

Table 6.1. List of temperature and magnetic field SANS scans completed for Cu2OSeO3. 

Magnetic Field (Oe) Temperature Range (K) Temperature Steps (K) Number of Scans 

0 14 – 48 2  8 

 50 – 54.5 0.5 10 

 55 – 59.8 0.2 24 

 60 – 70 2 6 

 14 – 70 - 48 

50 52 – 54.5 0.5 10 

 55 – 58.8 0.2 19 

 59 – 60 0.5 3 

 52 – 60 - 32 

100 14 – 48 2  8 

 50 – 54.5 0.5 10 

 55 – 59.8 0.2 24 

 60 – 70 2 6 

 14 – 70 - 48 

150 52 – 54.5 0.5 10 

 55 – 58.8 0.2 19 

 59 – 60 0.5 3 

 52 – 60 - 32 

200 14 – 48 2  8 

 50 – 54.5 0.5 10 

 55 – 59.8 0.2 24 

 60 – 70 2 6 

 14 – 70 - 48 

250 52 – 54.5 0.5 10 

 55 – 58.8 0.2 19 

 59 – 60 0.5 3 

 52 – 60 - 32 

300 14 – 48 2  8 

 50 – 54.5 0.5 10 

 55 – 59.8 0.2 24 

 60  1 1 

 14 – 60 - 43 

400 14 – 48 2  8 

 50 – 54.5 0.5 10 

 55 – 57 0.2 11 

 57 – 58 0.5 3 

 59 – 60 1 2 

 14 – 60 - 34 

   317 
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Table 6.2. List of temperature and magnetic field SANS scans completed for Cu2OSe0.95Te0.05O3. 

Magnetic Field (Oe) Temperature Range (K) Temperature Steps (K) Number of Scans 

0 14 – 40 2  13 

 41 – 47 1 7 

 47.5 – 51  0.5 8 

 51.3 – 58.5 0.3 24 

 59 - 60 0.5 3 

 14 - 60 - 55 

50 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

100 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

150 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

200 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

    

250 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

300 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 70 - 50 

350 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

400 14 – 40 3 8 

 41 – 47 1 7 

 47.5 – 51 0.5 8 

 51.3 – 58.5  0.3 24 

 59 – 60 0.5 3 

 14 - 60 - 50 

   455 
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6.2 Refinements of the powder XRD  

Table 6.3 Refined lattice parameters for sintered Cu2OSeO3 at room temperature.   

Refined Composition  Cu2OSeO3 (93.2%) 

CuSeO3 (6.8%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.0148  

V -0.0188  

W 0.0103  

X 0.0190 

Zero Point 0.1984 

Number of reflections 123 

Number of fitted parameters 30 

Refined phase Cu2OSeO3 

Space group P213 

Lattice constant a (Å) 8.91763(8) 

RBragg 7.41 

RF 7.50 

RP 30.5 

RWP 21.6 

 

Table 6.4 Refined atomic position and Atomic displacements parameters for sintered Cu2OSeO3 at room 
temperature  

Atom x y z Occupancy B Iso  

Cu1 0.8856 (6) 0.88564 (6) 0.8856 (6) 100000 0.71640 

Cu2 0.1325 (5) 0.1211 (5) -0.1319 (7) 1.00000 0.52644 

Se1 0.4598 (5) 0.4598 (5) 0.4598 (5) 1.00000 0.23829 

Se2 0.2109 (4) 0.2109 (4) 0.2109 (4) 1.00000 0.91251 

O1 0.0147 (17) 0.0147 (17) 0.0147 (17) 1.00000 0.91251 

O2 0.7508 (19) 0.7508 (19) 0.7508 (19) 1.00000 0.91251 

O3 0.27187 (20) 0.4789 (20) 0.4693 (20) 1.00000 0.91251 

O4 0.2740 (14) 0.1912 (24) 0.0402 (26) 1.00000 0.91251 
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Table 6.5 Refined lattice parameters for sintered Cu2OSe0.95Te0.05O3 at room temperature.   

Refined Composition  Cu2OSe0.95Te0.05O3 (97.2%) 

CuSeO3 (2.21%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.00468 

V -0.00759 

W 0.00805 

X 0.0190 

Zero Point -0.0856 

Number of reflections 95 

Number of fitted parameters 32 

Refined phase Cu2OSe0.95Te0.05O3 

Space group P213 

Lattice constant a (Å) 8.92756 (3) 

RBragg 5.80 

RF 7.03 

RP 20.8 

RWP 16.1 

 

Table 6.6 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.95Te0.05O3 
at room temperature 

Atom x y z Occupancy B Iso  

Cu1 0.8876 (5) 0.8876 (5) 0.8876 (5) 1.0000 0.71640 

Cu2 0.1332 (4) 0.1191 (4) -0.1273 (7) 1.0000 0.52644 

Se1 0.4590 (4) 0.4590 (4) 0.4590 (4) 0.891 (15) 0.23829 

Te1 0.4590 (4) 0.4590 (4) 0.4590 (4) 0.109 (15) 0.23829 

Se2 0.2124 (4) 0.2124(4) 0.2124 (4) 1.0000 (21) 0.23829 

Te2 0.2124 (4) 0.2124 (4) 0.2124 (4) 0.0000(21) 0.23829 

O1 0.0117 (18) 0.0117 (18) 0.0117 (18) 1.0000 0.91251 

O2 0.7599 (20) 0.7599 (20) 0.7599 (20) 1.0000 0.91251 

O3 0.2729 (16) 0.4815 (17) 0.4645 (19) 1.0000 0.91251 

O4 0.2703 (11) 0.1943 (21) 0.0340 (22) 1.0000 0.91251 
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Table 6.7 Refined lattice parameters for sintered Cu2OSe0.90Te0.10O3 at room temperature.   

Refined Composition  Cu2OSe0.90Te0.10O3 (95.95%) 

Cu3TeO6 (4.05%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.02970 

V -0.02865 

W 0.01372 

X 0.0160 

Zero Point -0.1354 

Number of reflections 95 

Number of fitted parameters 353 

Refined phase Cu2OSe0.90Te0.10O3 

Space group P213 

Lattice constant a (Å) 8.92733 (3) 

RBragg 5.04 

RF 4.90 

RP 18.9 

RWP 15.8 

 

Table 6.8 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.90Te0.10O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8844 (7) 0.8844 (7) 0.8844 (7) 1.0000 0.983247 

Cu2 0.1359 (5) 0.1215 (5) -0.1286 (8) 1.0000 0.49257 

Se1 0.4600 (4) 0.4600 (4) 0.4600 (4) 0.903 (21) 0.73443 

Te1 0.4600 (4) 0.4600 (4) 0.4600 (4) 0.097 (21) 0.73443 

Se2 0.2118 (4) 0.2118 (4) 0.2118 (4) 0.963 (24) 0.73443 

Te2 0.2118 (4) 0.2118 (4) 0.2118 (4) 0.037 (24) 0.73443 

O1 0.0089 (19) 0.0089 (19) 0.0089 (19) 1.0000 0.19723 

O2 0.7591 (22) 0.7591 (22) 0.7591 (22) 1.0000 0.19723 

O3 0.2727 (18) 0.4807 (19) 0.4648 (21) 1.0000 1.14198 

O4 0.2729 (11) 0.1890 (21) 0.0320 (23) 1.0000 0.02840 
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Table 6.9 Refined lattice parameters for sintered Cu2OSe0.85Te0.15O3 at room temperature.   

Refined Composition  Cu2OSe0.85Te0.15O3 (95.1%) 

Cu3TeO6 (3.2%) 

CuO (1.7) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.0554 

V -0.0519 

W 0.0199 

X 0.0147 

Zero Point -0.1965 

Number of reflections 95 

Number of fitted parameters 35 

Refined phase Cu2OSe0.85Te0.15O3 

Space group P213 

Lattice constant a (Å) 8.9308 (3) 

RBragg 6.6 

RF 7.7 

RP 22.8 

RWP 18.1 

 
Table 6.10 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.85Te0.15O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8857 (7) 0.8857 (7) 0.8857 (7) 1.0000 0.18641 

Cu2 0.1333 (6) 0.1211 (5) -0.1268 (9) 1.0000 0.01846 

Se1 0.4609 (4) 0.4609 (4) 0.4609 (4) 0.819 (24) 0.30000 

Te1 0.4609 (4) 0.4609 (4) 0.4609 (4) 0.181 (24) 0.30000 

Se2 0.2126 (5) 0.2126 (5) 0.2126 (5) 0.902 (27) 0.37187 

Te2 0.2126 (5) 0.2126 (5) 0.2126 (5) 0.098 (27) 0.37187 

O1 0.0086 (25) 0.0086 (25) 0.0086 (25) 1.0000 1.43279 

O2 0.7600 (30) 0.7600 (30) 0.7600 (30) 1.0000 1.43279 

O3 0.2700 (22) 0.4775 (26) 0.4701 (24) 1.0000 1.28459 

O4 0.2783 (14) 0.1953 (26) 0.0336 (27) 1.0000 1.28459 
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Table 6.11 Refined lattice parameters for sintered Cu2OSe0.80Te0.20O3 at room temperature.   

Refined Composition  Cu2OSe0.80Te0.20O3 (93.4%) 

Cu3TeO6 (6.6%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.0315 

V -0.0275 

W 0.0130 

X 0.0190 

Zero Point 0.2033 

Number of reflections 124 

Number of fitted parameters 35 

Refined phase Cu2OSe0.80Te0.20O3 

Space group P213 

Lattice constant a (Å) 8.9331 (1) 

RBragg 6.0 

RF 5.6 

RP 23.0 

RWP 17.7 

 

Table 6.12 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.85Te0.15O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8852 (6) 0.8852 (6) 0.8852 (6) 1.0000 0.16510 

Cu2 0.1336 (5) 0.1226 (5) -0.1278 (8) 1.0000 0.18646 

Se1 0.4615 (5) 0.4615 (5) 0.4615 (5) 0.921 (24) 0.25616 

Te1 0.4615 (5) 0.4615 (5) 0.4615 (5) 0.079 (24) 0.25616 

Se2 0.2126 (5) 0.2126 (5) 0.2126 (5) 0.820 (33) 0.21147 

Te2 0.2126 (5) 0.2126 (5) 0.2126 (5) 0.180 (33) 0.21147 

O1 0.0109 (15) 0.0109 (15) 0.0109 (15) 1.0000 0.25113 

O2 0.7604 (30) 0.7604 (30) 0.7604 (30) 1.0000 0.25113 

O3 0.2718 (20) 0.4805 (21) 0.4732 (21) 1.0000 0.25113 

O4 0.2761 (12) 0.1924 (25) 0.0358 (25) 1.0000 0.37660 
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Table 6.13 Refined lattice parameters for sintered Cu2OSe0.70Te0.30O3 at room temperature.   

Refined Composition  Cu2OSe0.70Te0.30O3 (81.7%) 

Cu3TeO6 (18.3%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.6178 

V -0.5321 

W 0.1197 

X 0.000 

Zero Point -0.1125 

Number of reflections 124 

Number of fitted parameters 35 

Refined phase Cu2OSe0.70Te0.30O3 

Space group P213 

Lattice constant a (Å) 8.93584 (7) 

RBragg 9.20 

RF 7.9 

RP 33.0 

RWP 25.9 

 

Table 6.14 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.85Te0.15O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8855 (9) 0.8855 (9) 0.8855 (9) 1.0000 0.50194 

Cu2 0.1318 (8) 0.1229 (9) -0.1305 (13) 1.0000 0.50194 

Se1 0.4610 (7) 0.4610 (7) 0.4610 (7) 0.746 (48) 1.40174 

Te1 0.4610 (7) 0.4610 (7) 0.4610 (7) 0.254 (48) 1.40174 

Se2 0.2143 (7) 0.2143 (7) 0.2143 (7) 0.874 (62) 1.40174 

Te2 0.2143 (7) 0.2143 (7) 0.2143 (7) 0.126 (62) 1.40174 

O1 0.0032 (26) 0.0032 (26) 0.0032 (26) 1.0000 0.67286 

O2 0.7622 (31) 0.7622 (31) 0.7622 (31) 1.0000 0.67286 

O3 0.2600 (27) 0.4865 (38) 0.4666 (37) 1.0000 0.67286 

O4 0.2685 (22) 0.1952 (45) 0.0413 (32) 1.0000 0.67286 
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Table 6.15 Refined lattice parameters for sintered Cu2OSe0.60Te0.40O3 at room temperature.   

Refined Composition  Cu2OSe0.60Te0.40O3 (61.7%) 

Cu3TeO6 (38.3%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.6178 

V 0.4520 

W 0.0965 

X 0.0000 

Zero Point -0.118 

Number of reflections 124 

Number of fitted parameters 35 

Refined phase Cu2OSe0.60Te0.40O3 

Space group P213 

Lattice constant a (Å) 8.9379 (2) 

RBragg 12.2 

RF 12.3 

RP 40.9 

RWP 29.9 

 

Table 6.16 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.60Te0.40O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8871 (13) 0.8871 (13) 0.8871 (13) 1.0000 0.50194 

Cu2 0.1324 (14) 0.1215 (11) -0.1310 (19) 1.0000 0.50194 

Se1 0.4609 (41) 0.4609 (41) 0.4609 (41) 0.706 (78) 1.40174 

Te1 0.4609 (41) 0.4609 (41) 0.4609 (41) 0.294 (78) 1.40174 

Se2 0.2142 (11) 0.2142 (11) 0.2142 (11) 0.870 (72) 1.40174 

Te2 0.2142 (11) 0.2142 (11) 0.2142 (11) 0.130 (72) 1.40174 

O1 0.0045 (41) 0.0045 (41) 0.0045 (41) 1.0000 0.67286 

O2 0.7705 (46) 0.7705 (46) 0.7705 (46) 1.0000 0.67286 

O3 0.2791 (59) 0.4812 (59) 0.4726 (50) 1.0000 0.67286 

O4 0.2774 (32) 0.1996 (61) 0.0299 (71) 1.0000 0.67286 
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Table 6.17 Refined lattice parameters for sintered Cu2OSe0.50Te0.50O3 at room temperature.   

Refined Composition  Cu2OSe0.50Te0.50O3 (51.9%) 

Cu3TeO6 (48.1%) 

Wavelength (Å) 1.54056 

Theta range for data collection 10.1-80.0  

Profile Function Parameters U 0.6018 

V -0.4474 

W 0.0893 

X 0.000 

Zero Point -0.1205 

Number of reflections 124 

Number of fitted parameters 34 

Refined phase Cu2OSe0.50Te0.50O3 

Space group P213 

Lattice constant a (Å) 8.9444 (2) 

RBragg 25.6 

RF 15.2 

RP 40.8 

RWP 37.1 

 

Table 6.18 Refined atomic position and Atomic displacements parameters for sintered Cu2OSe0.50Te0.50O3 
at room temperature 

Atom x y z Occupancy B iso  

Cu1 0.8847 (30) 0.8847 (30) 0.8847 (30) 1.0000 0.50194 

Cu2 0.13790 (23) 0.12060 (21) -0.1295 (26) 1.0000 0.50194 

Se1 0.4595 (16) 0.4595 (16) 0.4595 (16) 0.745 (99) 1.40174 

Te1 0.4595 (16) 0.4595 (16) 0.4595 (16) 0.255 (99) 1.50692 

Se2 0.2154 (18) 0.2154 (18) 0.2154 (18) 0.917 (99) 1.40174 

Te2 0.2154 (18) 0.2154 (18) 0.2154 (18) 0.083 (99) 1.50692 

O1 0.0039 (60) 0.0039 (60) 0.0039 (60) 1.0000 0.67286 

O2 0.7783 (58) 0.7783 (58) 0.7783 (58) 1.0000 0.67286 

O3 0.2798 (76) 0.4669 (81) 0.4858 (73) 1.0000 0.67286 

O4 0.2932 (50) 0.2098 (79) 0.0453 (95) 1.0000 0.67286 
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6.3 Single Crystal X-ray Diffraction Refinements 

Table 6.19. The refined unit cell parameters of Cu2OSeO3 single crystals at 300 K.  

Empirical Formula Cu2OSeO3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å)  8.92022(18) 

Volume (Å3) 709.78(4) 

Z 8 

Calculated Density (Mg/m3) 5.054 

Absorption coefficient (mm-1) 11.624 

F(000) 992 

Theta range for data collection 3.121 – 38.495 

Index ranges -19 < h < 14; -19 < k < 19; -14 < l < 19 

Reflections collected 19995 

Independent reflections 2722 

Completeness to theta = 38.495 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2722/0/44 

Goodness of fit on F2 1.068 

Final R indices [I>2sigma(I)] R1 = 0.269, wR2 = 0.0441 

R indices (all data) R1 = 0.0329, wR2 = 0.0457 

Flack parameter 0.004(17) 

Largest diff. peak and hole Å-3 1.21/-0.82 
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Table 6.20. Refined Atomic coordinates and equivalent isotropic displacement parameters of Cu2OSeO3 
at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 1.13376 (3) 0.37878 (3) 0.37188 (3) 1.00000 0.00721 

Cu2 0.113758 (3) 0.113758 (3) 0.113758 (3) 0.33333 0.00852 

Se1 0.959028 (2) 0.459028 (2) 0.040972 (2) 0.33333 0.00757 

Se2 0.711339 (2) 0.211339 (2) 0.288661 (2) 0.33333 0.00667 

O1 1.236853 (18) 0.236853 (18) 0.236853 (18) 0.33333 0.00722 

O2 1.010123 (17) 0.489876 (17) 0.510123 (17) 0.33333 0.00661 

O3 0.771124 (17) 0.187264 (18) 0.468176 (17) 1.00000 0.00933 

O4 0.982804 (21) 0.469166 (24) 0.229378 (18) 1.00000 0.01851 

 

Table 6.21. Anisotropic displacement parameters (Å2) for Cu2OSeO3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.0074(8) 0.00786(8) 0.00638(7) -0.00066 (7) 0.00019 (7) 0.00152 (7) 

Cu2 0.00852(7) 0.00852 (7) 0.00852(7) -0.00183(7) -0.00183(7) -0.00183(7) 

Se1 0.00757(5) 0.00757(5) 0.00757(5) -0.00048(6) -0.00048(6) 0.00048(6) 

Se2 0.00667 (5) 0.00667(5) 0.00667(5) 0.00063(5) 0.00063(5) -0.00063(5) 

O1 0.0072 (4) 0.0072 (4) 0.0072 (4) -0.0010 (4) -0.0010 (4) -0.0010 (4) 

O2 0.0066(4) 0.0066(4) 0.0066(4) 0.0001(4) -0.0001(4) 0.0001(4) 

O3 0.0093(5) 0.0149(6) 0.0071(5) -0.0003(5) -0.0010(4) -0.0024(5) 

O4 0.0185(7) 0.0221(8) 0.0090(5) -0.0069(6) -0.0066(5) 0.0119(6) 
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Table 6.22. The refined unit cell parameters of Cu2OSeO3 single crystals at 250 K.  

Empirical Formula Cu2OSeO3 

Temperature (K) 250  

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å)  8.91622(15) 

Volume (Å3) 708.83(4) 

Z 8 

Calculated Density (Mg/m3) 5.061 

Absorption coefficient (mm-1) 11.639 

F(000) 992 

Theta range for data collection 3.123 - 38.515 

Index ranges -19 < h < 18; -14 < k < 19; -13 < l < 19 

Reflections collected 12813 

Independent reflections 2722 

Completeness to theta = 38.515 99.6% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2722/0/44 

Goodness of fit on F2 1.054 

Final R indices [I>2sigma(I)] R1 =0.0234, wR2 = 0.0400 

R indices (all data) R1 =0.0277, wR2 = 0.0408 

Flack parameter 0.004(14) 

Largest diff. peak and hole Å-3 0.879/-0.951  
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Table 6.23. Refined Atomic coordinates and equivalent isotropic displacement parameters of Cu2OSeO3 
at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 1.133864(3) 0.378819(3) 0.372013(3) 1.00000 0.00618 

Cu2 0.113798(2) 0.113798(2) 0.113798(2) 0.33333 0.00713 

Se1 0.959211(2) 0.459211(2) 0.040789(2) 0.33333 0.00636 

Se2 0.711450(2) 0.211450(2) 0.288550(2) 0.33333 0.00561 

O1 1.23714(16) 0.23714(16) 0.23714(16) 0.33333 0.00621 

O2 1.01039(16) 0.48961(16) 0.51039(16) 0.33333 0.00571 

O3 0.77119(16) 0.18725(16) 0.46797(15) 1.00000 0.00798 

O4 0.98277(19) 0.46911(21) 0.22944(16) 1.00000 0.01659 

 

Table 6.24. Anisotropic displacement parameters (Å2) for Cu2OSeO3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00616(7) 0.00662(7) 0.00539(7) -0.00067(6) 0.00018(6) 0.00133(6) 

Cu2 0.00712(6) 0.00712(6) 0.00712(6) -0.00154(6) -0.00154(6) -0.00154(6) 

Se1 0.00635(5) 0.00635(5) 0.00635(5) -0.00043(5) -0.00043(5) 0.00043(5) 

Se2 0.00559 0.00559(5) 0.00559(5) 0.00052(5) 0.00052(5) -0.00052(5) 

O1 0.0062(3) 0.0062(3) 0.0062(3) -0.0008(3) -0.0008(3) -0.0008(3) 

O2 0.0057(3) 0.0057(3) 0.0057(3) -0.0000(3) 0.0000(3) -0.0000(3) 

O3 0.0080(5) 0.0125(5) 0.0063(4) -0.0001(4) -0.0008(4) -0.0020(4) 

O4 0.0165(6) 0.0194(6) 0.0071(5) -0.0060(5) -0.0056(4) 0.0105(5) 
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Table 6.25. The refined unit cell parameters of Cu2OSeO3 single crystals at 200 K.  

Empirical Formula Cu2OSeO3 

Temperature (K) 200 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å)  8.91498(14) 

Volume (Å3) 708.53(3) 

Z 8 

Calculated Density (Mg/m3) 5.063 

Absorption coefficient (mm-1) 11.644 

F(000) 992 

Theta range for data collection 3.123 - 38.522 

Index ranges -19 < h < 15; -16 < k < 19; -19 < l < 15 

Reflections collected 12814 

Independent reflections 2722 

Completeness to theta = 38.522 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2722/0/44 

Goodness of fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 =0.0255, wR2 = 0.0436 

R indices (all data) R1 =0.0303, wR2 = 0.0446 

Flack parameter -0.012 

Largest diff. peak and hole Å-3 1.084/-0.915 
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Table 6.26. Refined Atomic coordinates and equivalent isotropic displacement parameters of Cu2OSeO3 
at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.371152(3) 0.384061(3)  1.122083(3)    1.00000 0.00557     

Cu2 0.636096(3) 0.363904(3)    0.863904(3)  0.33333 0.00601     

Se1 0.709344(2) 0.709344(2) 0.709344(2) 0.33333 0.00542 

Se2 0.461598(2) 0.461598(2) 1.461598(2) 0.33333 0.00479 

O1 0.760575(17) 0.239425(17) 0.739425(17) 0.33333 0.00540 

O2 0.512679(17) 0.487321(17) 0.987321(17) 0.33333 0.00529 

O3 0.436999(17) 0.521536(17) 1.282189(17) 1.00000 0.01083 

O4 0.719218(23) 0.732885(20) 0.520304(17) 1.00000 0.01610 

 

Table 6.27. Anisotropic displacement parameters (Å2) for Cu2OSeO3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00554(7) 0.00521(8) 0.00458(7) 0.00015(6) 0.00054(6) -0.00111(6) 

Cu2 0.00600(6) 0.00600(6) 0.00600(6) -0.00125(7) 0.00125(7) 0.00125(7) 

Se1 0.00539(5) 0.00539(5) 0.00539(5) 0.00034(5) 0.00034(5) 0.00034(5) 

Se2 0.00476(5) 0.00476(5) 0.00476(5) -0.00043(5) -0.00043(5) -0.00043(5) 

O1 0.0055(4) 0.0055(4) 0.0055(4) -0.0003(4) 0.0003(4) 0.0003(4) 

O2 0.0053(4) 0.0053(4) 0.0053(4) -0.0010(4) 0.0010(4) 0.0010(4) 

O3 0.0109(5) 0.0073(5) 0.0051(4) 0.0008(4) -0.0000(4) -0.0020(4) 

O4 0.0160(6) 0.0135(6) 0.0068(5) 0.0040(5) 0.0044(5) 0.0080(6) 
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Table 6.28. The refined unit cell parameters of Cu2OSeO3 single crystals at 150 K.  

Empirical Formula Cu2OSeO3 

Temperature (K) 150 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å)  8.91347(13) 

Volume (Å3) 708.17(3) 

Z 8 

Calculated Density (Mg/m3) 5.066 

Absorption coefficient (mm-1) 11.650 

F(000) 992 

Theta range for data collection 3.124 - 38.529 

Index ranges -19 < h < 19; -14 < k < 19; -18 < l < 13 

Reflections collected 12279 

Independent reflections 2723 

Completeness to theta = 38.529 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2723/0/44 

Goodness of fit on F2 1.046 

Final R indices [I>2sigma(I)] R1 =0.0236, wR2 = 0.0434 

R indices (all data) R1 =0.0275, wR2 = 0.0444 

Flack parameter 0.002 

Largest diff. peak and hole Å-3 1.010/-0.724 
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Table 6.29. Refined Atomic coordinates and equivalent isotropic displacement parameters of Cu2OSeO3 
at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.371121(3) 0.384204(3) 1.122214(3) 1.00000 0.00436 

Cu2 0.636048(3) 0.363952(3) 0.863952(3) 0.33333 0.00478 

Se1 0.709530(2) 0.709530(2) 0.709530(2) 0.33333 0.00413 

Se2 0.461780(2) 0.461780(2) 1.461780(2) 0.33333 0.00370 

O1 0.760443(17) 0.239557(17) 0.739557(17) 0.33333 0.00434 

O2 0.512784(18) 0.487216(18) 0.987216(18) 0.33333 0.00454 

O3 0.436707(17) 0.521859(17) 1.282372(17) 1.00000 0.00937 

O4 0.719304(21) 0.733228(19) 0.520192(17) 1.00000 0.01249 

 

Table 6.30. Anisotropic displacement parameters (Å2) for Cu2OSeO3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00440(8) 0.00424(8) 0.00353(7) 0.00006(6) 0.00041(6) -0.00083(6)    

Cu2 0.00477(6) 0.00477(6) 0.00477(6) -0.00104(6) 0.00104(6) 0.00104(6) 

Se1 0.00417(5) 0.00417(5) 0.00417(5) 0.00029(5) 0.00029(5) 0.00029(5) 

Se2 0.00372(5) 0.00372(5) 0.00372(5) -0.00032(5) -0.00032(5) -0.00032(5) 

O1 0.0043(4) 0.0043(4) 0.0043(4) -0.00083(4) 0.00083(4) 0.00083(4) 

O2 0.0047(3) 0.0047(3) 0.0047(3) -0.0001(4) 0.0001(4) 0.0001(4) 

O3 0.0094(5) 0.0059(5) 0.0040(4) 0.0008(4) -0.0001(4) -0.0008(4) 

O4 0.0127(6) 0.0112(6) 0.0059(5) 0.0039(4) 0.0039(5) 0.0072(5) 
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Table 6.31. The refined unit cell parameters of Cu2OSeO3 single crystals at 100 K.  

Empirical Formula Cu2OSeO3 

Temperature K 100 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å)  8.91145(12) 

Volume (Å3) 707.69(3) 

Z 8 

Calculated Density (Mg/m3) 5.069 

Absorption coefficient (mm-1) 11.658 

F(000) 992 

Theta range for data collection 3.125 - 38.540 

Index ranges -19 < h < 18; -13 < k < 19; -19 < l < 14 

Reflections collected 12706 

Independent reflections 2721 

Completeness to theta = 38.540 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2721/0/44 

Goodness of fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 =0.0222, wR2 = 0.0427 

R indices (all data) R1 =0.0252, wR2 = 0.0434 

Flack parameter 0.008 

Largest diff. peak and hole Å-3 1.100/-1.120 
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Table 6.32. Refined Atomic coordinates and equivalent isotropic displacement parameters of Cu2OSeO3 
at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.371118(2) 0.384357(2) 1.122350(2) 1.00000 0.00351 

Cu2 0.635978(3) 0.364022(3) 0.864022(3) 0.33333 0.00376 

Se1 0.709618(2) 0.709618(2) 0.709618(2) 0.33333 0.00336 

Se2 0.461916(2) 0.461916(2) 1.461916(2) 0.33333 0.00298 

O1 0.512669(17) 0.487331(17) 0.987331(17) 0.33333 0.00435 

O2 0.760087(16) 0.239913(16) 0.739913(16) 0.33333 0.00351 

O3 0.436869(15) 0.521904(15) 1.282523(15) 1.00000 0.00759 

O4 0.719384(19) 0.733357(17) 0.520228(15) 1.00000 0.01096 

 

Table 6.33. Anisotropic displacement parameters (Å2) for Cu2OSeO3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00352(7) 0.00342(7) 0.00297(6) 0.00004(5) 0.00033(5) -0.00070(5) 

Cu2 0.00376(5) 0.00376(5) 0.00376(5) -0.00080(6) 0.00080(6) 0.00080(6) 

Se1 0.00337(4) 0.00337(4) 0.00337(4) 0.00027(4) 0.00027(4) 0.00027(4) 

Se2 0.00299(4) 0.00299(4) 0.00299(4) -0.00029(4) -0.00029(4) -0.00029(4) 

O1 0.0044(3) 0.0044(3) 0.0044(3) -0.0006(3) 0.0006(3) 0.0006(3) 

O2 0.0035(3) 0.0035(3) 0.0035(3) 0.0001(3) -0.0001(3) -0.0001(3) 

O3 0.0076(4) 0.0054(4) 0.0036(4) -0.0000(4) -0.0005(4) -0.0013(3) 

O4 0.0110(5) 0.0092(5) 0.0044(4) 0.0034(4) 0.0032(4) 0.0054(4) 
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Table 6.34. The refined unit cell parameters of Cu2OSe0.95Te0.05O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.95Te0.05O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.92484(17) 

Volume (Å3) 710.89(4) 

Z 8 

Calculated Density (Mg/m3) 5.160 

Absorption coefficient (mm-1) 11.459 

F(000) 1010 

Theta range for data collection 3.120 - 38.529 

Index ranges -19 < h < 19; -14 < k < 14; -12 < l < 19 

Reflections collected 12861 

Independent reflections 2736 

Completeness to theta = 38.529 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2736/0/46 

Goodness of fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.264, wR2 = 0.0494 

R indices (all data) R1 = 0.0319, wR2 = 0.0509 

Flack parameter -0.016 

Largest diff. peak and hole Å-3 1.005/-0.836  

 

 

  



94 
 

Table 6.35. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.95Te0.05O3 single crystals at 300 K. 

Atom x y z Occupancy U(eq) 

Cu1 -0.13371(3) 0.62130(3) 0.62815(3) 1.00000 0.00766 

Cu2 -0.113639(3) 0.886361(3) 0.886361(3) 0.33333 0.00868 

Se1 0.040364(2) 0.540364(2) 0.959636(2) 0.32102 0.00851 

Se2 0.288579(2) 0.788579(2) 0.711421(2) 0.33015 0.00701 

Te1 0.040364(2) 0.540364(2) 0.959636(2) 0.01231 0.00851 

Te2 0.288579(2) 0.788579(2) 0.711421(2) 0.00318 0.00701 

O1 -0.236835(19) 0.763165(19) 0.763165(19) 0.33333 0.00721 

O2 -0.010441(18) 0.510441(18) 0.489559(18) 0.33333 0.00690 

O3 0.229003(19) 0.812904(19) 0.531717(19) 1.00000 0.01015 

O4 0.016793(24) 0.530384(27) 0.770305(20) 1.00000 0.01915 

 

Table 6.36. Anisotropic displacement parameters (Å2) for Cu2OSe0.95Te0.05O3 at 300 K. 

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00762(9) 0.00819(9) 0.00652(8) -0.00070(7) 0.00023(7) 0.00150(7) 

Cu2 0.00866(8) 0.00866(8) 0.00866(8) -0.00172(7) -0.00172(7) -0.00172(7) 

Se1 0.00852(9) 0.00852(9) 0.00852(9) -0.00125(6) -0.00125(6) 0.00125(6) 

Se2 0.00701(9) 0.00701(9) 0.00701(9) 0.00055(5) 0.00055(5) -0.00055(5) 

Te1 0.00852(9) 0.00852(9) 0.00852(9) -0.00125(6) -0.00125(6) 0.00125(6) 

Te2 0.00701(9) 0.00701(9) 0.00701(9) 0.00055(5) 0.00055(5) -0.00055(5) 

O1 0.0072(4) 0.0072(4) 0.0072(4) -0.0006(4) -0.0006(4) -0.0006(4) 

O2 0.0069(4) 0.0069(4) 0.0069(4) 0.0005(4) -0.0005(4) 0.0005(4) 

O3 0.0101(5) 0.0147(6) 0.0085(5) 0.0006(5) -0.0014(4) -0.0029(5) 

O4 0.0192(7) 0.0239(8) 0.0100(6) -0.0074(6) -0.0067(5) 0.0126(7) 



95 
 

Table 6.37. The refined unit cell parameters of Cu2OSe0.95Te0.05O3 single crystals at 250 K.  

Empirical Formula Cu2OSe0.95Te0.05O3 

Temperature (K) 250 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.91817(17) 

Volume (Å3) 709.29(4) 

Z 8 

Calculated Density (Mg/m3) 5.092 

Absorption coefficient (mm-1) 11.588 

F(000) 997 

Theta range for data collection 3.122 - 38.505 

Index ranges -13 < h < 19; -19 < k < 15; -13 < l < 19 

Reflections collected 12329 

Independent reflections 2724 

Completeness to theta = 38.505 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2724/0/46 

Goodness of fit on F2 1.043 

Final R indices [I>2sigma(I)] R1 = 0.268, wR2 = 0.0446 

R indices (all data) R1 = 0.344, wR2 = 0.0460 

Flack parameter 0.011 

Largest diff. peak and hole Å-3 1.148/-0.0932 
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Table 6.38. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.95Te0.05O3 at 250 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.616115(3) 0.121970(3) 0.871249(3) 1.00000 0.00629 

Cu2 0.863668(3) 0.136332(3) 0.636332(3) 0.33333 0.00731 

Se1 0.790158(2) -0.209842(2) 0.790158(2) 0.32177 0.00720 

Se2 0.538422(2) 0.461578(2) 0.961578(2) 0.32972 0.00597 

Te1 0.790158(2) -0.209842(2) 0.790158(2) 0.01156 0.00720 

Te2 0.538422(2) 0.461578(2) 0.961578(2) 0.00361 0.00597 

O1 0.986881(18) 0.013119(18) 0.513119(18) 0.33333 0.00665 

O2 0.739641(17) 0.260359(17) 0.760359(17) 0.33333 0.00582 

O3 0.478819(17) 0.282054(17) 0.937132(17) 1.00000 0.00867 

O4 0.766953(20) -0.020359(18) 0.780498(23) 1.00000 0.01674 

 

Table 6.39. Anisotropic displacement parameters (Å2) for Cu2OSe0.95Te0.05O3 at 250 K. 

Atom U11 U22 U33 U12 U13 U23 

Cu1 0.00629(9) 0.00554(8) 0.00685(9) 0.00063(7) 0.00129(7) -0.00010(6) 

Cu2 0.00731(7) 0.00731(7) 0.00731(7) -0.00146(7) 0.00146(7) 0.00146(7) 

Se1 0.00720(8) 0.00720(8) 0.00720(8) 0.00120(6) 0.00120(6) 0.00120(6) 

Se2 0.00598(9) 0.00598(9) 0.00598(9) -0.00042(5) 0.00042(5) -0.00042(5) 

Te1 0.00720(8) 0.00720(8) 0.00720(8) 0.00120(6) 0.00120(6) 0.00120(6) 

Te2 0.00598(9) 0.00598(9) 0.00598(9) -0.00042(5) 0.00042(5) -0.00042(5) 

O1 0.0067(4) 0.0067(4) 0.0067(4) -0.0006(4) 0.0006(4) 0.0006(4) 

O2 0.0058(4) 0.0058(4) 0.0058(4) -0.0002(4) 0.0002(4) 0.0002(4) 

O3 0.0087(5) 0.0066(5) 0.0133(6) -0.0002(4) 0.0027(4) -0.0011(4) 

O4 0.0167(7) 0.0091(6) 0.0190(7) 0.0065(5) 0.0108(5) 0.0052(5) 
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Table 6.40. The refined unit cell parameters of Cu2OSe0.95Te0.05O3 at single crystals at 200 K.  

Empirical Formula Cu2OSe0.85Te0.15O3 

Temperature (K) 200 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.91751(15) 

Volume (Å3) 709.14(4) 

Z 8 

Calculated Density (Mg/m3) 5.173 

Absorption coefficient (mm-1) 11.488 

F(000) 1010 

Theta range for data collection -17 < h < 17; -13 < k < 14; -17 < l < 12 

Index ranges 3.122 – 34.111 

Reflections collected 10689 

Independent reflections 1999 

Completeness to theta = 34.111 99.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 1999/0/46 

Goodness of fit on F2 1.064 

Final R indices [I>2sigma(I)] R1 = 0.0233, wR2 = 0.0463 

R indices (all data) R1 = 0.0262, wR2 = 0.0472 

Flack parameter -0.02 

Largest diff. peak and hole (eÅ-3) 1.183/-0.660 
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Table 6.41. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.95Te0.05O3 at 200 K. 

Atom x y z Occupancy U(eq) 

Cu1 -0.134030(3) 0.621199(3) 0.627889(3) 1.00000 0.00536 

Cu2 -0.113699(3) 0.886302(3) 0.886302(3) 0.33333 0.00602 

Se1 0.040008(2) 0.540008(2) 0.959992(2) 0.32128 0.00606 

Se2 0.288279(2) 0.788279(2) 0.711721(2) 0.32532 0.00510 

Te1 0.040008(2) 0.540008(2) 0.959992(2) 0.01205 0.00606 

Te2 0.288279(2) 0.788279(2) 0.711721(2) 0.00801 0.0051 

O1 -0.237018(20) 0.762982(20) 0.762982(20) 0.33333 0.00611 

O2 -0.010498(18) 0.510498(18) 0.489502(18) 0.33333 0.00515 

O3 0.228830(18) 0.813047(17) 0.532245(17) 1.00000 0.00762 

O4 0.016565(20) 0.530465(18) 0.770400(23) 1.00000 0.01396 

 

Table 6.42. Anisotropic displacement parameters (Å2) for Cu2OSe0.95Te0.05O3 at 200 K. 

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00535(9) 0.00569(8) 0.00469(9) -0.00047(6) 0.00004(6) 0.00109(6) 

Cu2 0.00601(7) 0.00601(7) 0.00601(7) -0.00124(7) -0.00124(7) -0.00124(7) 

Se1 0.00606(9) 0.00606(9) 0.00606(9) -0.00113(5) -0.00113(5) 0.00113(5) 

Se2 0.00510(9) 0.00510(9) 0.00510(9) 0.00034(5) 0.00034(5) -0.00034(5) 

Te1 0.00606(9) 0.00606(9) 0.00606(9) -0.00113(5) -0.00113(5) 0.00113(5) 

Te2 0.00510(9) 0.00510(9) 0.00510(9) 0.00034(5) 0.00034(5) -0.00034(5) 

O1 0.0061(4) 0.0061(4) 0.0061(4) -0.0002(4) -0.0002(4) -0.0002(4) 

O2 0.0052(4) 0.0052(4) 0.0052(4) 0.0003(4) -0.0003(4) 0.0003(4) 

O3 0.0076(5) 0.0105(4) 0.0049(5) -0.0002(4) -0.0011(4) -0.0019(4) 

O4 0.0139(6) 0.0175(5) 0.0068(6) -0.0054(5) -0.0047(5) 0.0090(4) 
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Table 6.43. The refined unit cell parameters of Cu2OSe0.95Te0.05O3 single crystals at 150 K.  

Empirical Formula Cu2OSe0.95Te0.05O3 

Temperature (K) 150 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.91319(13) 

Volume (Å3) 708.11(3) 

Z 8 

Calculated Density (Mg/m3) 5.100   

Absorption coefficient (mm-1) 11.607 

F(000) 997 

Theta range for data collection -13 < h < 17; -18 < k < 17; -18 < l < 12 

Index ranges 3.124 - 36.534 

Reflections collected 12025 

Independent reflections 2380 

Completeness to theta = 36.534 99.8% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2380/0/46 

Goodness of fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0232, wR2 = 0.0445 

R indices (all data) R1 = 0.0263, wR2 = 0.0453 

Flack parameter 0.005 

Largest diff. peak and hole (eÅ-3) 1.192/-0.782 
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Table 6.44. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.95Te0.05O3 at 150 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.615832(3) 0.122238(3) 0.871179(3) 1.00000 0.00418 

Cu2 0.863806(3) 0.136194(3) 0.636194(3) 0.33333 0.00479 

Se1 0.789859(2) -0.210141(2) 0.789859(2) 0.32188 0.00490 

Se2 0.538116(2) 0.461884(2) 0.961884(2) 0.33196 0.00376 

Te1 0.789859(2) -0.210141(2) 0.789859(2) 0.01145 0.00490 

Te2 0.538116(2) 0.461884(2) 0.961884(2) 0.00136 0.00376 

O1 0.986938(20) 0.013062(20) 0.513062(20) 0.33333 0.00561 

O2 0.739583(18) 0.260417(18) 0.760417(18) 0.33333 0.00413 

O3 0.478103(18) 0.282328(17) 0.936840(17) 1.00000 0.00650 

O4 0.766311(20) -0.020122(18) 0.780291(23) 1.00000 0.01203 

 

Table 6.45. Anisotropic displacement parameters (Å2) for Cu2OSe0.95Te0.05O3 at 150 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00415(9) 0.00360(8) 0.00445(9) 0.00034(6) 0.00083(6) -0.00005(6) 

Cu2 0.00478(7) 0.00478(7) 0.00478(7) -0.00100(7) 0.00100(7) 0.00100(7) 

Se1 0.00492(9) 0.00492(9) 0.00492(9) 0.00110(5) 0.00110(5) 0.00110(5) 

Se2 0.00381(9) 0.00381(9) 0.00381(9) -0.00024(5) 0.00024(5) 0.00024(5) 

Te1 0.00492(9) 0.00492(9) 0.00492(9) 0.00110(5) 0.00110(5) 0.00110(5) 

Te2 0.00381(9) 0.00381(9) 0.00381(9) -0.00024(5) 0.00024(5) 0.00024(5) 

O1 0.0057(4) 0.0057(4) 0.0057(4) -0.0001(4) 0.0001(4) 0.0001(4) 

O2 0.0042(4) 0.0042(4) 0.0042(4) 0.0000(4) -0.0000(4) -0.0000(4) 

O3 0.0064(5) 0.0042(4) 0.0089(5) 0.0001(4) 0.0015(4) -0.0009(4) 

O4 0.0120(6) 0.0059(5) 0.0131(6) 0.0042(5) 0.0074(5) 0.0036(5) 
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Table 6.46. The refined unit cell parameters of Cu2OSe0.95Te0.05O3 single crystals at 100 K.  

Empirical Formula Cu2OSe0.95Te0.05O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.91514(14) 

Volume (Å3) 708.57(3) 

Z 8 

Calculated Density (Mg/m3) 5.177 

Absorption coefficient (mm-1) 1.497 

F(000) 1010 

Theta range for data collection -19 < h < 19; -13 < k < 15; -19 < l < 12 

Index ranges 3.123 - 38.521 

Reflections collected 12404 

Independent reflections 2722 

Completeness to theta = 38.521 99.9 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2722/0/46 

Goodness of fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0291, wR2 = 0.0548 

R indices (all data) R1 = 0.0337, wR2 = 0.0560 

Flack parameter -0.03 

Largest diff. peak and hole (eÅ-3) 1.683/-1.045 
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Table 6.47. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.95Te0.05O3 at 100 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.634364(3) 0.621160(4) 0.372435(3) 1.00000 0.00353 

Cu2 0.386119(3) 0.386119(3) 0.386119(3) 0.33333 0.00379 

Se1 0.460252(3) 0.539748(3) 0.039748(3) 0.32080 0.00412 

Se2 0.712067(2) 0.712067(2) 0.712067(2) 0.32490 0.00338 

Te1 0.460252(3) 0.539748(3) 0.039748(3) 0.01253 0.00412 

Te2 0.712067(2) 0.712067(2) 0.712067(2) 0.00843 0.00338 

O1 0.737220(22) 0.762780(22) 0.237220(22) 0.33333 0.00427 

O2 0.510437(21) 0.510437(21) 0.510437(21) 0.33333 0.00369 

O3 0.532433(20) 0.772145(20) 0.686804(21) 1.00000 0.00351 

O4 0.483853(23) 0.530522(26) 0.229842(20) 1.00000 0.00943 

 

Table 6.48. Anisotropic displacement parameters (Å2) for Cu2OSe0.95Te0.05O3 at 100 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00353(10) 0.00368(9) 0.00306(9) 0.00026(7) 0.00003(7) -0.00073(7) 

Cu2 0.00379(8) 0.00379(8) 0.00379(8) -0.00076(7) -0.00076(7) -0.00076(7) 

Se1 0.00412(10) 0.00412(10) 0.00412(10) 0.00099(6) -0.00099(6) -0.00099(6) 

Se2 0.00338(10) 0.00338(10) 0.00338(10) -0.00012(6) -0.00012(6) -0.00012(6) 

Te1 0.00412(10) 0.00412(10) 0.00412(10) 0.00099(6) -0.00099(6) -0.00099(6) 

Te2 0.00338(10) 0.00338(10) 0.00338(10) -0.00012(6) -0.00012(6) -0.00012(6) 

O1 0.0043(4) 0.0043(4) 0.0043(4) 0.0002(4) -0.0002(4) 0.0002(4) 

O2 0.0037(4) 0.0037(4) 0.0037(4) -0.0003(4) -0.0003(4) -0.0003(4) 

O3 0.0035(5) 0.0059(6) 0.0083(6) -0.00113 -0.0006(5) 0.0003(5) 

O4 0.0094(6) 0.0114(7) 0.0046(6) 0.0028(6) -0.0023(5) -0.0046(6) 
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Table 6.49. The refined unit cell parameters of Cu2OSe0.90Te0.10O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.90Te0.10O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.9212(2) 

Volume (Å3) 710.02(5)  

Z 8 

Calculated Density (Mg/m3) 5.166 

Absorption coefficient (mm-1) 11.473 

F(000) 1010 

Theta range for data collection 3.605 – 38.548 

Index ranges -16 < h < 16, -12 < k < 19, -16 < l < 19 

Reflections collected 11359 

Independent reflections 2731 

Completeness to theta =38.548 99.9 % 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2731/0/46 

Goodness of fit on F2 1.046 

Final R indices [I>2sigma(I)] R1 = 0.0277, wR2 = 0.0498 

R indices (all data) R1 = 0.0341, wR2 = 0.0514 

Flack parameter 0.023 

Largest diff. peak and hole (eÅ-3) 1.119/-0.859  
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Table 6.50. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.90Te0.10O3 at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.633743(3) 0.621290(3) 0.371894(3) 1.00000 0.00789 

Cu2 0.386354(3) 0.386354(3) 0.386354(3) 0.33333 0.00903 

Se1 0.459544(2) 0.540456(2) 0.040456(2) 0.32326 0.00862 

Se2 0.711386(2) 0.711386(2) 0.711386(2) 0.32933 0.00735 

Te1 0.459544(2) 0.540456(2) 0.040456(2) 0.01007 0.00862 

Te2 0.711386(2) 0.711386(2) 0.711386(2) 0.00400 0.00735 

O1 0.736982(19) 0.763018(19) 0.236982(19) 0.33333 0.00759 

O2 0.510474(19) 0.510474(19) 0.510474(19) 0.33333 0.00712 

O3 0.532014(19) 0.771148(19) 0.687133(20) 1.00000 0.00822 

O4 0.483144(24) 0.530224(27) 0.229463(21) 1.00000 0.02031 

 

Table 6.51. Anisotropic displacement parameters (Å2) for Cu2OSe0.90Te0.10O3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.00787(10) 0.00836(10) 0.00692(9) 0.00069(7) 0.00015(7) -0.00156(7) 

Cu2 0.00900(8) 0.00900(8) 0.00900(8) -0.00174(7) -0.00174(7) -0.00174(7) 

Se1 0.00861(10) 0.00861(10) 0.00861(10) 0.00110(6) -0.00110(6) -0.00110(6) 

Se2 0.00733(9) 0.00733(9) 0.00733(9) -0.00059(6) -0.00059(6) -0.00059(6) 

Te1 0.00861(10) 0.00861(10) 0.00861(10) 0.00110(6) -0.00110(6) -0.00110(6) 

Te2 0.00733(9) 0.00733(9) 0.00733(9) -0.00059(6) -0.00059(6) -0.00059(6) 

O1 0.0076(4) 0.00756(4) 0.0076(4) 0.0009(4) -0.0009(4) 0.0009(4) 

O2 0.0072(4) 0.0072(4) 0.0072(4) -0.0006(4) -0.0006(4) -0.0006(4) 

O3 0.0081(5) 0.0101(6) 0.0152(7) -0.0031(5) -0.0000(5) 0.0013(4) 

O4 0.0199(8) 0.0228(9) 0.0105(7) 0.0077(6) -0.0068(6) -0.0130(7) 
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Table 6.52. The refined unit cell parameters of Cu2OSe0.80Te0.20O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.80Te0.20O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.9212(2) 

Volume (Å3) 710.02(5)  

Z 8 

Calculated Density (Mg/m3) 5.166 

Absorption coefficient (mm-1) 11.473 

F(000) 1010 

Theta range for data collection 3.605 – 38.548 

Index ranges -16 < h < 16, -12 < k < 19, -16 < l < 19 

Reflections collected 11359 

Independent reflections 2731 

Completeness to theta =38.548 99.9 % 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2731/0/46 

Goodness of fit on F2 1.046 

Final R indices [I>2sigma(I)] R1 = 0.0277, wR2 = 0.0498 

R indices (all data) R1 = 0.0341, wR2 = 0.0514 

Flack parameter 0.023 

Largest diff. peak and hole (eÅ-3) 1.119/-0.859  
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Table 6.53. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.80Te0.20O3 at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.383690(4) 0.878115(4) 0.128761(4) 1.00000 0.00805 

Cu2 0.136269(4) 0.863731(4) 0.363731(4) 0.33333 0.00917 

Se1 0.209418(3) 1.209418(3) 0.209418(3) 0.32733 0.00861 

Se2 0.461397(3) 0.538603(3) 0.038603(3) 0.33183 0.00737 

Te1 0.209418(3) 1.209418(3) 0.209418(3) 0.00600 0.00861 

Te2 0.461397(3) 0.538603(3) 0.038603(3) 0.00150 0.00737 

O1 0.012975(24) 0.987025(24) 0.487025(24) 0.33333 0.00775 

O2 0.260710(23) 0.739290(23) 0.239290(23) 0.33333 0.00735 

O3 0.520941(25) 0.718210(24) 0.062847(24) 1.00000 0.01082 

O4 0.232686(26) 1.020386(25) 0.219119(31) 1.00000 0.01835 

 

Table 6.54. Anisotropic displacement parameters (Å2) for Cu2OSe0.80Te0.20O3 at 300 K.  

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.0080(2) 0.0071(1) 0.0085(2) 0.0007(1) 0.0016(1) -0.0002(1) 

Cu2 0.0091(1) 0.0091(1) 0.0091(1) -0.0018(1) 0.0018(1) 0.0018(1) 

Se1 0.0086(1) 0.0086(1) 0.0086(1) 0.0010(1) 0.0010(1) 0.0010(1) 

Se2 0.0074(1) 0.0074(1) 0.0074(1) -0.0006(1) 0.0006(1) 0.0006(1) 

Te1 0.0086(1) 0.0086(1) 0.0086(1) 0.0010(1) 0.0010(1) 0.0010(1) 

Te2 0.0074(1) 0.0074(1) 0.0074(1) -0.0006(1) 0.0006(1) 0.0006(1) 

O1 0.0078(7) 0.0078(7) 0.0078(7) 0.0004(6) 0.0004(6) 0.0004(6) 

O2 0.0074(7) 0.0074(7) 0.0074(7) -0.0013(7) 0.0013(7) 0.0013(7) 

O3 0.0109(9) 0.0077(8) 0.0152(9) 0.0001(7) 0.0028(7) -0.0017(7) 

O4 0.0182(10) 0.0100(9) 0.0228(11) 0.0070(9) 0.0127(9) 0.0062(8) 
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Table 6.55. The refined unit cell parameters of Cu2OSe0.70Te0.30O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.7Te0.3O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.9219(2)  

Volume (Å3) 710.19(5)  

Z 8 

Calculated Density (Mg/m3) 5.279 

Absorption coefficient (mm-1) 11.324 

F(000) 1028.0 

Theta range for data collection 3.121 - 35.660 

Index ranges -14 < h < 18, -17 < k < 16, -13< l < 18 

Reflections collected 6761 (20 rejected) 

Independent reflections 2101 

Completeness to theta = 35.660 94.9% 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2101/0/46 

Goodness of fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 =0.0252, wR2 =0.0446 

R indices (all data) R1 =0.0309, wR2 =0.0457 

Flack parameter -0.074(17) 

Largest diff. peak and hole (eÅ-3) 0.98/-0.92 
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Table 6.56. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.70Te0.30O3 at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.116252(3) 0.378085(3) 0.128767(4) 1.00000 0.00760 

Cu2 0.363688(3) 0.363688(3) 0.363688(3) 0.33333 0.00862 

Se1 0.290413(2) 0.709587(2) 0.209587(2) 0.32026 0.00843 

Se2 0.038591(3) 0.038591(3) 0.038591(3) 0.32821 0.00709 

Te1 0.290413(2) 0.709587(2) 0.209587(2) 0.01306 0.00843 

Te2 0.038591(3) 0.038591(3) 0.038591(3) 0.00512 0.00709 

O1 0.239333(19) 0.239333(19) 0.239333(19) 0.33333 0.00682 

O2 0.013021(21) 0.513021(21) -0.013021(21) 0.33333 0.00711 

O3 -0.020715(20) 0.217806(20) 0.062719(20) 1.00000 0.00992 

O4 0.267297(22) 0.519712(21) 0.219387(27) 1.00000 0.01940 

 

Table 6.57. Anisotropic displacement parameters (Å2) for Cu2OSe0.70Te0.30O3 at 300 K. 

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.0076(1) 0.0065(1) 0.0081(1) 0.00087(9) -0.00149(9) 0.00018(8) 

Cu2 0.0086(1) 0.0086(1) 0.0086(1) -0.00171(9) -0.00171(9) -0.00171(9) 

Se1 0.0084(1) 0.0084(1) 0.0084(1) 0.00124(7) -0.00124(7) -0.00124(7) 

Se2 0.00709(9) 0.00709(9) 0.00709(9) -0.00060(7) -0.00060(7) -0.00060(7) 

Te1 0.0084(1) 0.0084(1) 0.0084(1) 0.00124(7) -0.00124(7) -0.00124(7) 

Te2 0.00709(9) 0.00709(9) 0.00709(9) -0.00060(7) -0.00060(7) -0.00060(7) 

O1 0.0068(5) 0.0068(5) 0.0068(5) -0.0007(5) -0.0007(5) -0.0007(5) 

O2 0.0071(5) 0.0071(5) 0.0071(5) -0.0002(5) -0.0002(5) 0.0002(5) 

O3 0.0099(7) 0.0070(6) 0.0148(7) 0.0001(6) -0.0031(6) 0.0012(6) 

O4 0.0194(9) 0.0090(8) 0.0223(9) 0.0064(8) -0.0123(8) -0.0059(6) 
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Table 6.58. The refined unit cell parameters of Cu2OSe0.60Te0.40O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.60Te0.40O3 

Temperature 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.9221(2)  

Volume (Å3) 710.24  

Z 8 

Calculated Density (Mg/m3) 5.165 

Absorption coefficient (mm-1) 11.47 

F(000) 1010.0 

Theta range for data collection 3.121 - 35.838 

Index ranges -18 < h < 17, -18 < k < 15, -18 < l < 16 

Reflections collected 10741 

Independent reflections 2154 

Completeness to theta = 35.838  95.7%? 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 2154/0/46 

Goodness of fit on F2 1.026 

Final R indices [I>2sigma(I)] R1 =0.0288, wR2 =0.0554 

R indices (all data) R1 =0.0379, wR2 =0.0578 

Flack parameter -0.050(19) 

Largest diff. peak and hole (eÅ-3) 1.75/-0.27 
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Table 6.59. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.60Te0.40O3 at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.366314(4) 0.378649(4) 0.628145(4) 1.00000 0.00791 

Cu2 0.613612(4) 0.613612(4) 0.613612(4) 0.33333 0.00890 

Se1 0.540043(3) 0.459957(3) 0.959957(3) 0.31500 0.00861 

Se2 0.288453(3) 0.288453(3) 0.288453(3) 0.32774 0.00693 

Te1 0.540043(3) 0.459957(3) 0.959957(3) 0.01833 0.00861 

Te2 0.288453(3) 0.288453(3) 0.288453(3) 0.10559 0.00693 

O1 0.262859(25) 0.237141(25) 0.762859(25) 0.33333 0.00758 

O2 0.489270(24) 0.489270(24) 0.489270(24) 0.33333 0.00721 

O3 0.468035(24) 0.228893(25) 0.312907(24) 1.00000 0.00661 

O4 0.516941(28) 0.469747(34) 0.769967(26) 1.00000 0.01896 

 

Table 6.60. Anisotropic displacement parameters (Å2) for Cu2OSe0.60Te0.40O3 at 300 K. 

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.0077(1) 0.0082(1) 0.0065(1) 0.0007(1) 0.0002(1) -0.0015(1) 

Cu2 0.0086(1) 0.0086(1) 0.0086(1) -0.0016(1) -0.0016(1) -0.0016(1) 

Se1 0.0086(1) 0.0086(1) 0.0086(1) 0.00151(8) -0.00151(8) -0.00151(8) 

Se2 0.0069(1) 0.0069(1) 0.0069(1) -0.00060(8) -0.00060(8) -0.00060(8) 

Te1 0.0086(1) 0.0086(1) 0.0086(1) 0.00151(8) -0.00151(8) -0.00151(8) 

Te2 0.0069(1) 0.0069(1) 0.0069(1) -0.00060(8) -0.00060(8) -0.00060(8) 

O1 0.0076(6) 0.0076(6) 0.0076(6) 0.0006(6) -0.0006(6) 0.0006(6) 

O2 0.0072(6) 0.0072(6) 0.0072(6) -0.0003(6) -0.0003(6) -0.0003(6) 

O3 0.0066(7) 0.0113(8) 0.0151(9) -0.0037(7) 0.0002(7) 0.0012(7) 

O4 0.0190(10) 0.0245(12) 0.0098(9) 0.0077(9) -0.0063(8) -0.0138(9) 
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Table 6.61. The refined unit cell parameters of Cu2OSe0.50Te0.50O3 single crystals at 300 K.  

Empirical Formula Cu2OSe0.5Te0.5O3 

Temperature (K) 300 

Wavelength (Å) Ag Kα 0.56087  

Crystal System Cubic 

Space Group P213 

Unit Cell dimensions (Å) 8.9221(2)  

Volume (Å3) 710.24(5)  

Z 8 

Calculated Density (Mg/m3) 5.165 

Absorption coefficient (mm-1) 11.470 

F(000) 1010.0 

Theta range for data collection 3.121 – 54.208 

Index ranges -25 < h < 22, -25 < k < 18, -25 <l <18 

Reflections collected 18525 

Independent reflections 5910 

Completeness to theta =54.208 99.0 % 

Refinement method Full-matrix least-square on F2 

Data/restraint/parameters 5910/0/45 

Goodness of fit on F2 0.918 

Final R indices [I>2sigma(I)] R1 =0.1129, wR2 =0.780 

R indices (all data) R1 =0.443, wR2 =0.641 

Flack parameter -0.062 

Largest diff. peak and hole (eÅ-3) 1.697/-1.257 
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Table 6.62. Refined Atomic coordinates and equivalent isotropic displacement parameters of 
Cu2OSe0.50Te0.50O3 at 300 K.  

Atom x y z Occupancy U(eq) 

Cu1 0.633674(3) 0.621293(3) 0.371963(3) 1.00000 0.00782 

Cu2 0.386558(3) 0.386558(3) 0.386558(3) 0.33333 0.00881 

Se1 0.460501(2) 0.539499(2) 0.039499(2) 0.29664 0.00975 

Se2 0.711585(2) 0.711585(2) 0.711585(2) 0.32219 0.00742 

Te1 0.460501(2) 0.539499(2) 0.039499(2) 0.03559 0.00975 

Te2 0.711585(2) 0.711585(2) 0.711585(2) 0.01114 0.00742 

O1 0.736891(19) 0.763109(19) 0.236891(19) 0.33333 0.00734 

O2 0.510803(18) 0.510803(18) 0.510803(18) 0.33333 0.00765 

O3 0.770924(19) 0.687338(19) 0.531834(18) 1.00000 0.00984 

O4 0.483690(22) 0.530246(27) 0.230118(20) 1.00000 0.02029 

 

Table 6.63. Anisotropic displacement parameters (Å2) for Cu2OSe0.50Te0.50O3 at 300 K. 

Atom U11 U22 U33 U23 U13 U12 

Cu1 0.0078(1) 0.0084(1) 0.00677(9) 0.00070(8) 0.00018(7) -0.00145(8) 

Cu2 0.00881(8) 0.00881(8) 0.00881(8) -0.00178(8) -0.00178(8) -0.00178(8) 

Se1 0.00975(9) 0.00975(9) 0.00975(9) 0.00210(7) -0.00210(7) -0.00210(7) 

Se2 0.00742(9) 0.00742(9) 0.00742(9) -0.00051(7) -0.00051(6) -0.00051(6) 

Te1 0.00975(9) 0.00975(9) 0.00975(9) 0.00210(7) -0.00210(7) -0.00210(7) 

Te2 0.00742(9) 0.00742(9) 0.00742(9) -0.00051(7) -0.00051(6) -0.00051(6) 

O1 0.0073(4) 0.0073(4) 0.0073(4) 0.0006(4) -0.0006(4) 0.0006(4) 

O2 0.0077(4) 0.0077(4) 0.0077(4) -0.0009(4) -0.0009(4) -0.0009(4) 

O3 0.0098(5) 0.0157(6) 0.0083(5) -0.0001(5) 0.0010(5) -0.0024(5) 

O4 0.0203(8) 0.0246(9) 0.0095(6) 0.0068(7) -0.0058(6) -0.0141(7) 
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