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Abstract 

 

The focus of this dissertation is to investigate the relationship between structure 

and magnetic properties of 5d double perovskites and double perovskite derivative 

structures through different chemical substitution. Because of high spin-orbit coupling, 

high interorbital repulsion, and the extended nature of the 5d orbitals, how the spin, orbital, 

and lattice degree of freedom couple in order to stabilize the magnetic ground state is not 

well understood. The aim of this dissertation is to perturb the crystal lattice with chemical 

pressure or charge defects and determine the sensitivity of the magnetic properties to these 

changes.  

Chapter 2 discusses the effect of distortions of the magnetic cation environment on 

the magnetic ground state of 5d1 double perovskites Sr2ZnReO6, Sr2LiOsO6, and 

Sr2NaOsO6. Crystallography analysis from synchrotron X-ray diffraction data shows that 

the Sr2ZnReO6 and Sr2NaOsO6 both crystallized in the monoclinic P21/n space group where 

the Os–O bonds are different in all three crystallographic direction. Meanwhile, the 

Sr2LiOsO6 is tetragonal I4/m with elongated Os–O bonds along the c crystallographic 

direction, even though the perovskite tolerance factor for the Sr2ZnReO6 is similar to the 

Sr2LiOsO6. Differences in structure results in different magnetic ground states. While the 

two monoclinic compounds are ferromagnetic similar to the cubic analogs, the tetragonal 
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compound is antiferromagnetic. This indicates that the magnetic ground state is highly 

sensitive to the bonding environment of the 5d1 cation.  

Chapter 3 discusses the effect of charge doping on the 5d1 magnetic ground state in 

the solid solution system Ba2NaxCa1-xOsO6. The Ba2NaOsO6 compound has the cubic 

Fm3̅m structure and a ferromagnetic ground state. The Ba2CaOsO6 compound has the cubic 

Fm3̅m structure and an antiferromagnetic ground state. Crystallography analysis from 

powder X-ray diffraction shows that all the samples in the Ba2NaxCa1-xOsO6 series are also 

cubic Fm3̅m. Magnetometry shows an increase in the magnetic transition temperature with 

increasing Ca2+ substitution. Interestingly, the ferromagnetic ground state is destabilized 

by a small ~12.5 % Ca2+ substitution.   

Chapter 4 is the exploration of the Ba2Sr2-xNiOsO6 in order to investigate the 

unusual magnetic ground states observed in double perovskites containing Ni2+ and Os6+. 

The 180° superexchange between Ni2+ and Os6+ is ferromagnetic, however, the previously 

reported cubic Ba2NiOsO6 has a modulated antiferromagnetic structure.1 From variable 

temperature X-ray and neutron diffraction, the Ba2Sr2-xNiOsO6 phase space consists of four 

structural regions: I4/m, Fm3̅m, mixed phase Fm3̅m and P3̅m1, and P3̅m1. The I4/m and 

Fm3̅m regions have a magnetic transition at 40 K. All regions containing the P3̅m1 phase 

have a ferromagnetic-like transition at 100 K. While variable neutron diffraction on 

Ba1.2Sr0.8NiOsO6 shows that the structure is cubic Fm3̅m like the high pressure Ba2NiOsO6 

compound from literature,1 specific heat measurement on Ba1.2Sr0.8NiOsO6 shows that the 

ground state is spin glass as opposed to the modulated antiferromagnetic structure of high 

pressure Ba2NiOsO6. Meanwhile, variable neutron diffraction on Ba2NiOsO6 shows that 
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the magnetic transition at 100 K is a ferrimagnetic, which suggests Ni2+ and Os6+ follows 

Goodenough-Kanamori rules in the absence of long range Ni–O–Os–O–Ni and Os–O–Ni–

O–Os interactions.  
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Chapter 1   Introduction 

 

1.1 The Unique Magnetism of 5d Materials 

 

Materials containing 5d transition metals have unique magnetism stabilized by an 

interplay between spin, orbital, charge, and lattice degree of freedom which has yet to be 

fully understood. Materials containing 3d transitions metals have the magnetic properties 

that can be accurately predicted by the Goodenough-Kanamori rules for superexchange. 

However, the magnetism involving 5d orbitals is not fully understood. The 5d transition 

metals have higher spin-orbit coupling compared to the 3d transition metals. The 5d 

orbitals also have stronger hybridization with oxygen that redistributes spin density and 

results in high sensitivity to lattice distortions. In addition, in many perovskites containing 

5d, the eg orbitals are highly antibonding and therefore always empty and quite far from 

the Fermi level.  This results in magnetism driven mainly by the t2g orbitals.2–4 These 

unique properties result in a rich variety of magnetism.5–11 In order to better understand the 

potential of these materials, the relationship between the spin, orbital, and lattice degree of 

freedom and the magnetic ground state of 5d double perovskite and double perovskite-

related phase was investigated.  
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Figure 1.1: 5d transition metals have higher spin-orbit coupling than 4d and 3d transition 

metals. Octahedral crystal field splits the degenerate d orbitals into the eg and t2g. Spin-

orbital coupling further splits the t2g into j = 1/2 and j = 3/2 states. 

 

1.2 Perovskite Structure 

Compounds with the perovskite structure have a wide range of properties such as 

ferroelectricity, piezoelectricity, superconductivity, mixed electronic and ionic 

conductivity.12–16 The simplest structural analog with the perovskite structure has the 

chemical formula ABX3. The A cation is in a twelve-coordinated cuboctahedron 

environment and the B cation is in a six-coordinated octahedral environment. The X site 

can be occupied by an anion such as an oxide or halide ion. For the scope of this dissertation 

the X site will be limited to the oxide ion only. The structure is a network of corner-

connected BX6 octahedra stabilized by the A-site cation in the cuboctahedron cavity. This 
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corner connected octahedral framework which can expand, contract, or tilt to accommodate 

a variety of ion size ratios that are non-ideal. The Goldschmidt tolerance factor (t) is ratio 

of ionic radii of cations and anions that describes how well the ions that make up the 

perovskite structure fit together.17 A tolerance factor equal to one is ideal to stabilize the 

ideal cubic perovskite with the space group Pm3̅m. 

𝑡 =  
𝑟𝐴 + 𝑟𝑂

√2 ( 𝑟𝐵 + 𝑟𝑂)
 

 

Figure 1.2: Simple cubic perovskite structure with the chemical formula ABO3. 

 

1.3 Double Perovskite Structure with 1:1 ordering 

Different perovskite analogs can form by ordering of two different cations at the A 

site or the B site. The double perovskite structure is one where two kind of cations (B and 

B′) occupy the B site in an ordered fashion such that the structure consists of alternating 

corner-connected BO6 and B′O6 octahedra. An alternative way of visualizing the structure 

is to think of it as two interpenetrating face-centered cubic lattice of B and B′ cations. The 

magnitude of the charge and ionic size difference between the B and B′ cations plays a 

significant role in the ordering of these cations. A larger difference in either charge or size 
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results in high degree of ordering of the B and B′ sites which can be observed by the 

appearance of the odd hkl reflections in the X-ray diffraction pattern such as the (111) peak.  

The tolerance factor (t) is calculated using an average of the B and B′ ionic radii. In 

the context of this dissertation, the A site is a diamagnetic alkali earth metal; the B site is 

an alkali metal, alkaline earth metal, or a 3d transition metal; the B′ cation is a 5d transition 

metal. Double perovskites are a great playground for studies of magnetism due to the fact 

that one can place a wide variety of different cation combinations at the B and B′ sites and 

investigate different magnetism as a function of different combination of d electron count.  

𝑡 =  
𝑟𝐴 + 𝑟𝑂

√2 ( 
𝑟𝐵  +  𝑟𝐵′

2 +  𝑟𝑂)
 

 

 

Figure 1.3: Double perovskite structure with the chemical formula A2BB′O6. 

 

1.4 Tolerance Factor and Octahedral Tilting 

In an ideal cubic perovskite, the A–O bond length is √2 times longer than the B–O 

bond length, and the tolerance factor is 1. The space group for the cubic double perovskite 

is Fm3̅m. When the tolerance factor is less than 1, the perovskite framework compensates 
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for the size mismatch via tilting of the BO6 octahedra. As the tolerance factor decreases, 

the amount of octahedral tilting increases, results in a lowering of symmetry from Fm3̅m. 

The space group then is dependent on the direction and magnitude of the octahedral tilting 

(Table 1.1). Octahedral tilting is usually described by the Glazer notation which is 

composed of three letters with by a superscript for each letter.18,19 The letters specify the 

magnitude of the tilt along the three crystallographic axes, and the superscripts designate 

the relative direction of tilts in successive layers along each axis. A superscript of “0” 

indicates no tilting, “+” indicates in-phase tilt, and “−” indicates out-of-phase tilt. For 

example, one of the common tetragonal ordered double perovskites is the I4/m space group 

with the octahedral tilting scheme a0a0c−. In this structure the octahedral tilting is out of 

phase in the c crystallographic direction. Lattice parameters of the tetragonal double 

perovskite in comparison to the cubic double perovskites are usually at ≈ ac/√2 and ct ≈ ac 

where at and ct are tetragonal lattice parameters and ac is the cubic lattice parameter. 

Monoclinic ordered double perovskites adopting the space group P21/n (a−a−c+) have 

octahedral tilts that are out-of-phase about the a and b axes and in-phase about the c axis. 

Lattice parameters of the monoclinic double perovskite unit cell are am ≈ ac/√2, bm ≈ ac/√2, 

and cm ≈ ac where am, bm, cm are monoclinic lattice parameters and ac is the cubic lattice 

parameter.  

Some of the most common space group for double perovskites distorted from cubic 

symmetry are I4/m (a0a0c−), R3̅ (a−a−a−), I2/m (a0b−b−) and P21/n (a−a−c+). Structural 

phase transitions from one tilt system to another can occur as a function of temperature, 

often to lower symmetries with decreasing temperature.  
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Table 1.1: Double perovskites tilt systems and space groups.20 

Tilt system 

number 

Tilt system 

symbol 

Space group 

(no ordering) 

Space group 

(1:1 ordering 

in double 

perovskite) 

Three-tilt system 

1 a+ b+ c+ Immm Pnnn 

2 a+ b+ b+ Immm Pnnn 

3 a+ a+ a+ Im3̅ Pn3̅ 

4 a+ b+ c− Pmmn P2/c 

5 a+ a+ c− P42/nmc P42/n 

6 a+ b+ b− Pmmn P2/c 

7 a+ a+ a− P42/nmc P42/n 

8 a+ b− c− P21/m P1̅ 

9 a+ a− c− P21/m P1̅ 

10 a+ b− b− Pnma P21/n 

11 a+ a− a− Pnma P21/n 

12 a− b− c− F1̅ F1̅ 

13 a− b− b− I2/a F1̅ 

14 a− a− a− R3̅c R3̅ 

Two-tilt system 

15 a0 b+ c+ Immm Pnnn 

16 a0 b+ c+ I4/mmm P42/nnm 

17 a0 b+ c− Cmcm C2/c 

18 a0 b+ b− Cmcm C2/c 

19 a0 b− c− I2/m I1̅ 

20 a0 b− b− Imma I2/m 

One-tilt system 

21 a0 a0 c+ P4/mbm P4/mnc 

22 a0 a0 c I4/mcm I4/m 

Zero-tilt system 

23 a0 a0 a0 Pm3̅m Fm3̅m 
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Figure 1.4: a) Tetragonal I4/m double perovskite, b) monoclinic P21/n double perovskite. 

 

When the tolerance factor is greater than 1, the A site cation is too large to occupy 

the cuboctahedron cavity. Octahedral tilting cannot compensate for this size mismatch, and 

the formation of hexagonal perovskite derivatives are often observed. 

 

1.5 Hexagonal Perovskite Derivatives  

Hexagonal ABX3 perovskite derivatives differ from the perovskite structure by the 

stacking of the BX6 layers. The cubic perovskite structure can be visualized as a cubic 

close-packing of the AX3 layers. When AX3 layers adopt a hexagonal close packing along 

the c crystallographic direction with the B cation occupying the octahedral holes, each BO6 

octahedron shares two faces with neighboring octahedra and forms chains. This results in the 

2H hexagonal structure with chains of face-sharing octahedra along the c crystallographic 

direction. AX3 layers can also stack in a mixture of cubic close packing and hexagonal close 

packing, which result in a variety of polytypes of hexagonal perovskite structures with 

different connectivity of face-sharing units. Prototypes of hexagonal structures are 
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described by a number denoting the number of layers and a letter indicating the type of 

cell. Common types of hexagonal structures include 2H (a hexagonal unit cell with two 

layers), 6H (hexagonal cell with six layers), and 9R (rhombohedral cell with nine layers).21–

25 

 

 

Figure 1.5: Different types of hexagonal perovskite derivatives. The number indicate 

number of layers, and the letter indicates the type of unit cell (hexagonal or rhombohedral). 

Figures made from cif files of reference 23–25. 

 

1.6 Types of Magnetic Ground States 

Materials containing cations with unpaired electrons can exhibit magnetic ordering 

depending on the size of the magnetic moment and the interactions between the magnetic 

cations. The magnetization of the sample is often described relative to the applied 

measuring field, in terms of magnetic susceptibility. Magnetic susceptibility is the 

magnetization divided by the applied field and normalized by volume, mass, or moles of 

sample. By measuring magnetic susceptibility as a function of temperature or 
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magnetization as a function of applied field, the type of magnetic ordering can be 

determined.  

Materials can be categorized by their magnetism as diamagnets, paramagnets, 

antiferromagnets, ferromagnets, or ferrimagnets. A diamagnetic material is a material with 

atoms that have no permanent magnetic dipole moments and weakly repel magnetic fields. 

As a result, they have a very weak negative magnetic susceptibility. A paramagnetic 

material is a material with atoms that have magnetic dipole moments originating from 

unpaired electrons, but the orientations of the local magnetic moments are dynamic. The 

magnetic moments tend to align parallel to a magnetic field, the extent of which depends 

upon the temperature, and as a result the magnetic susceptibility for a paramagnet is 

positive. The temperature dependence of the magnetic susceptibility of a paramagnet as a 

function of temperature can be mathematically described by the Curie-Weiss law: 

χ = 
𝑀

𝐻
 =

C

(T − θ)
 

where χ is the magnetic susceptibility in unit of emu mol−1 Oe−1, M is the magnetization in 

emu per mol, H is the applied field in Oe, C is the Curie constant, T is temperature, and θ 

is the Weiss constant. The sign of the Weiss constant signals the type of coupling between 

the magnetic moments. For a paramagnet, the Weiss constant is zero. A positive Weiss 

constant indicates ferromagnetic interactions or magnetic moments that have a tendency to 

align parallel to each other, while a negative Weiss constant indicates antiferromagnetic 

interactions or antiparallel arrangement of magnetic moments. The Curie constant is related 

to the effective moment by 
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𝜇𝑒𝑓𝑓 (𝜇𝐵) =  √
3𝑘𝐵𝐶

𝑁𝐴𝜇𝐵
2𝜇0

  = 2.828√𝐶 (𝑐𝑔𝑠) 

where  𝑘𝐵 is Boltzmann constant, 𝑁𝐴 is Avogadro’s number, 𝜇0 is vacuum permeability, 

and 𝜇𝐵 is Bohr magneton. When interactions between local moments become strong 

enough to overcome thermal fluctuations, they can form a long range ordered state. 

Ordered magnetic states of a material can be classified as antiferromagnetic, ferromagnetic, 

or ferrimagnetic. In an antiferromagnetic state, the magnetic moments align antiparallel to 

each other in a manner such that the overall magnetization of the material is zero. The 

temperature at which the magnetic moment ordered in an antiferromagnetic state is called 

the Néel temperature (TN). If the magnetic susceptibility is plotted as a function of 

temperature a peak or cusp should be observed at the Néel temperature. By fitting the 

magnetic susceptibility data above the Néel temperature to the paramagnetic Curie-Weiss 

function, the Weiss constant should be negative, consistent with antiferromagnetic local 

interactions. The isothermal magnetization for an antiferromagnetic material is linear with 

applied field.  

In a ferromagnetic state, the magnetic moments align parallel to each other such 

that the overall magnetization of the sample is not zero. There is a sharp rise in the magnetic 

susceptibility at the ordering Curie temperature (TC) when the magnetic moments are 

aligned in the same direction. Fitting the magnetic susceptibility data above the Curie 

temperature to the paramagnetic Curie-Weiss function yields a positive Weiss constant, 

indicating ferromagnetic local interactions. The isothermal magnetization for a 

ferromagnetic material increases nonlinearly with applied field and shows hysteresis, such 

that when the field is removed the material retain a portion of the magnetization.  
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In a ferrimagnetic state, the magnetic moments align antiparallel to each other, 

however, because different magnetic moments have different size, the overall 

magnetization of the material is not zero because the magnetic moments do not cancel each 

other completely. Similar to the ferromagnetic state, the magnetic susceptibility exhibits a 

sharp rise in the magnetic susceptibility at the ordering Curie temperature (TC). However, 

unlike the ferromagnetic state, due to the antiferromagnetic local interactions, the Weiss 

constant extracted from fitting the high temperature magnetic susceptibility data above TC 

is negative. The isothermal magnetization for a ferrimagnetic material also increases 

nonlinearly with applied field and shows hysteresis.  
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Figure 1.6: Antiferromagnetic, ferromagnetic, and ferrimagnetic ground states and their 

features in the magnetic measurements. 

 

Neutron diffraction is an elastic scattering technique used to determine both crystal 

and magnetic structure. Incident neutrons are scattered by atomic nuclei giving rise to 

diffraction patterns, where the intensity is different for different isotopes. Since the neutron 

carries a spin, it can also interact with the magnetic moments in the material. Diffraction 
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peaks that appear when the neutron diffraction data is collected below the magnetic 

ordering temperature can be indexed to determine the spin arrangement in a magnetic unit 

cell.   

 

1.7 Superexchange 

Superexchange is the magnetic interactions between two magnetic cations through 

virtual electron transfer mediated by a nonmagnetic cation. A set of semi-empirical rules 

were developed by Goodenough and Kanamori called the Goodenough-Kanamori rules 

that successfully rationalized the sign of the magnetic exchange between 3d transition 

metal cations bridged by an anion.26,27 In general, the rules state that superexchange 

interactions are antiferromagnetic if the virtual electron transfer occurs between two half-

filled orbitals, and ferromagnetic if the virtual electron transfer occur between a half-filled 

and an empty orbital. 

 

1.8 180° Cation-Anion-Cation interactions 

Superexchange between eg orbitals of cations that are in a linear bond through a 

ligand occurs via virtual electron transfer with electrons of opposite spin to the respective 

d orbitals.  This typically means that 180° superexchange is antiferromagnetic between 

cations that both have empty eg orbitals and ferromagnetic between a cation that has a half-

filled eg orbital and one with an empty eg orbital. In addition, cation-anion-anion-cation 

long range superexchange can happen but typically the magnitude is significantly reduced 

as the number of orbitals involved in the superexchange pathway increases.27 The sign of 

the interactions are similar to the short range interactions.  
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Figure 1.7: For 180° superexchange mediated by a diamagnetic anion (gray), 

antiferromagnetic coupling occurs between a) empty eg orbitals or b) half-filled eg orbitals, 

while ferromagnetic coupling occurs between c) half-filled eg and empty eg orbitals. The 

black spins are the intrinsic spin of the electron that occupies the orbital, and red dashed 

spins are virtual electron transfers. Figures made from Wolfram Alpha orbital viewer plug 

in for Mathematica.    
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1.9 90° Cation-Anion-Cation interactions 

 

Superexchange between eg orbitals of cations that are 90° from each other can occur 

with an intermediary anion where electrons of the same spin from different p orbitals are 

simultaneously excited into the eg orbitals of the two interacting cations.27 Unlike the 180° 

superexchange, the donating electrons have the same spin, so that the holes left behind on 

the diamagnetic linker follow Hund’s rule. Depending on the electron filling, 90° 

superexchange can be ferromagnetic or antiferromagnetic. When the eg orbitals of the two 

interacting cations are empty, the anion donates electron with spin of the same direction to 

the eg orbital of both. By Hund’s rule, the electrons in the t2g orbital would have the same 

spin, which results in ferromagnetic exchange between the two cations (Figure 1.8a). When 

the eg orbitals of the two interacting cations are both half-filled, the 90° superexchange 

through the eg orbitals is ferromagnetic (Figure 1.8b). When the eg orbital on one of the 

cations is half-filled and the eg orbital on the other cation is empty, this results in 

antiferromagnetic exchange, given no t2g interactions (Figure 1.8c).  
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Figure 1.8: 90° superexchange through anion p orbitals (gray) between a) empty eg orbitals, 

b) half-filled eg orbitals, c) half-filled eg orbitals and empty eg orbitals. The black spins are 

the intrinsic spin of the electron that occupies the orbital, and red dashed spins are virtual 

electron transfers. Figures made from Wolfram Alpha orbital viewer plug in for 

Mathematica.   
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1.10  Magnetic ordering in simple perovskites 

The magnetic structure can be solved from analysis of the neutron diffraction 

collected below the magnetic transition temperature, where the diffraction peaks contain 

contributions from both nuclear and the magnetic scattering. For a simple cubic perovskite, 

there are numerous ways to arrange the magnetic moments. The most common being type 

A, C, and G. Type A can be visualized as a spin arrangement of ferromagnetic layers with 

antiferromagnetic inter-plane coupling. The propagation vector that describes the magnetic 

unit cell is either (1/2, 0, 0), (0, 1/2, 0), or (0 0 1/2) for a cubic perovskite where all three 

directions are equivalent. The k vector indicates a doubling of the magnetic unit cell from 

the crystal unit cell in one of the crystallographic direction: a, b, or c. This results in a 

magnetic unit cell with double the volume of the crystal unit cell. Type C antiferromagnetic 

structure can be described as a spin arrangement of antiferromagnetic coupling intra-layer, 

and ferromagnetic coupling interlayer. The propagation vector that describes the magnetic 

unit cell is (1/2, 1/2, 0), (0, 1/2, 1/2), or (1/2 0 1/2) for a cubic perovskite. The k vector 

indicates that the magnetic unit cell is doubled in two crystallographic directions in 

comparison to the crystal unit cell, which results in the magnetic unit cell with quadruple 

the volume of the crystal unit cell. Type G antiferromagnetic structure consists of intra-

layer and interlayer antiferromagnetic coupling, described by the k propagation vector (1/2 

1/2 1/2). Here, the magnetic unit cell is doubled in all three directions relative to the 

crystallographic unit cell, resulting in the magnetic unit cell with 8 times the volume of the 

crystal unit cell.    
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Figure 1.9: Different type of antiferromagnetic ordering for the simple perovskite structure. 

The magnetic moments are arranged on the crystallographic unit cell to highlight the spin 

arrangements. This is not representative of the magnetic unit cell.    

 

1.11  Magnetic ordering in double perovskites 

In the double perovskite A2BB′O6, the B and B′ sublattices are face centered cubic, 

which is highly frustrated. Magnetic frustration occurs when not all magnetic interactions 

can be satisfied, often due to a geometric constraint. The simplest example of magnetic 

frustration is Ising spins arranged in a triangular lattice, where the spins are frustrated 

because there is no arrangement where all spins can be antiferromagentically coupled to 

each other. While one pair of spins on this triangular lattice can couple 

antiferromagnetically, the third spin is frustrated because it cannot simultaneously be 

antiferromagnetically coupled to both. In the double perovskite lattice, the face centered 

cubic lattice of magnetic cations is composed of tetrahedral units of that cations, resulting 

in a highly frustrated system. Interestingly, none of the magnetic structures predicted by 
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mean field theory exhibit purely antiferromagnetic nearest neighbor interactions, which 

highlight the frustrated nature of the double perovskite structure.28  

 

Figure 1.10: a) Frustrated spins arranged on a triangular lattice, b) face center cubic lattice 

of magnetic cations is a frustrated system due to the tetrahedron arrangement magnetic 

moments. 

 

 The two antiferromagnetic structures that are most commonly observed for double 

perovskites are shown in Figure 1.11. Type I antiferromagnetic structure with the k vector 

(0 0 1) can be described a ferromagnetic planes coupled antiferromagnetically along the (0 

0 1) direction. Type II antiferromagnetic structure with the k vector (1/2 1/2 1/2) can be 

described as ferromagnetic planes stacked antiferromagnetically along the (1 1 1) 

direction.28  
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Figure 1.11: Different type of magnetic ordering for double perovskites with one magnetic 

cation. 
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Chapter 2   The Effect of Structural Distortion on the 5d1 Magnetic Ground State 

 

 

2.1 Introduction 

 

Materials with high spin-orbit coupling and large electron correlation are 

interesting due to their wide variety of exotic properties such as spin liquids, Weyl 

semimetals, topological Mott insulators, and half-metallicity to name a few. In 5d systems, 

the presence of strong spin orbit coupling is believed to significantly alter the interplay of 

spin, orbital, charge, and lattice degrees of freedom. In addition, the large size of the 5d 

orbitals impacts interorbital repulsion and superexchange. This results in a diverse variety 

of magnetic ground states among the different 5d1 compounds.  

In general, most 5d double perovskites are antiferromagnetic. Cases of 

ferrimagnetic or ferromagnetic ordering for double perovskite containing 5d transition 

metals often involved both 3d and 5d magnetic cations. Without the presence of 3d 

transition metal, ferromagnetism is only observed in some 5d1 double perovskites with 

cubic structure.  

Ferromagnetism has been observed in 5d1 cubic double perovskites Ba2NaOsO6, 

Ba2MgReO6, and Ba2ZnReO6. Unexpectedly, cubic Ba2LiOsO6 has an antiferromagnetic 

ground state. The reason why these isostructural and isoelectronic 5d1 double perovskites 

have different magnetic ground state remains unknown. Previous work on cubic 

Ba2ZnReO6 and isoelectronic tetragonal Ba2CdReO6 shows that electronic driven orbital 

ordering in the cubic compound stabilizes a ferromagnetic ground state, while lattice 
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distortion driven orbital ordering stabilizes an antiferromagnetic ground state. In cubic 

Ba2ZnReO6, preferential orbital occupation of the dxz and dyz orbitals due to strong 

interorbital repulsion results in a temperature dependent effective moment and a canted 

ferromagnetic ground state.  Meanwhile, tetragonal distortion in Ba2CdReO6 where the 5d 

octahedra is compressed along the c crystallographic direction breaks the degeneracy of 

the three t2g orbitals and results in preferential occupation of the dxy that stabilizes the 

antiferromagnetic ground state. This suggests subtle octahedral distortion has a large 

impact on the overall magnetism of the material.      

 

Figure 2.1: Different orbital occupation results in different magnetic ground states in 

isoelectronic Ba2ZnReO6 and Ba2CdReO6. 

 

An intriguing puzzle is what happens when the 5d1 octahedral environment is 

distorted in a different ways. The work on the cubic compound suggests that the magnetic 
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ground state is very sensitive to local distortions. By partially replacing the barium in the 

A site with the smaller strontium, the 5d octahedra will tilt in order to compensate for the 

smaller cation. In this chapter, we discuss three different distorted 5d1 double perovskites 

Sr2ZnReO6, Sr2LiOsO6, and Sr2NaOsO6 and how changes in crystal structure lead to 

different magnetic ground state.  

 

Figure 2.2: The barium site can be substituted with the smaller strontium, which causes 

octahedral tilting to compensate for its smaller size in the cavity. 

 

2.2 Experimental 

Polycrystalline Sr2ZnReO6 was synthesized by solid state method. Stoichiometric 

amounts of SrO (Sigma Alrich, 99.9% trace metals basis), ReO3 (Alfa Aesar, 99.9% trace 

metals basis), and ZnO (Alfa Aesar, 99.99% metals basis) were ground together with a 

mortar and pestle inside an argon glove box due to the moisture sensitivity of the reagents. 
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The ground reagents were transferred to an alumina tube and covered with an alumina cap. 

This reaction vessel was sealed in an evacuated quartz tube and heated to 900 °C for 24 

hours, and cooled room to room temperature at 1 °C/min. Approximately 1–1.5 gram of 

product was made per synthesis.  

SrO (s) + ZnO (s) + ReO3 (s)  Sr2ZnReO6 (s) 

Polycrystalline samples of the osmium double perovskites Sr2LiOsO6 and 

Sr2NaOsO6 were also synthesized in a similar manner. Stoichiometric amounts of SrO 

(Sigma Alrich, 99.9% trace metals basis), Li2O (Alfa Aesar, 99.5 %), Na2O2 (Alfa Aesar, 

95 %) and Os powder (Sigma-Alrich, 99.9 % trace metals basis) for a theoretical yield of 

1 gram were ground in a mortar and pestle, transferred to an alumina tube, sealed in a 

quartz tube under vacuum. A separate alumina cap containing PbO2 was also included in 

the sealed quartz tube as the decomposition of PbO2 into PbO and O2 at 600 °C provided 

the oxygen source needed to oxidize Os metal. Because a high pressure of gas may form 

during the synthesis that can cause the reaction tube to rupture, each reaction was 

synthesized with a theoretical yield of 1 gram. To ensure the full oxidation to Os7+, the 

quantity of PbO2 was chosen was sufficient to generate an excess of 1/4 mol of oxygen for 

every mol of product. The reaction vessel was heated at 1000 °C for 24 hours. However, 

samples that were larger than 1 gram were not entirely phase pure and required regrinding 

and reheating. Due to overpressure of oxygen, some of the reaction tubes were cracked 

which exposed the reaction to air, however, they still formed phase pure products.  

2 SrO (s) + 1/2 Li2O (s) + Os (s) + 4 PbO2 (s)  Sr2LiOsO6 (s) + 4 PbO (s) + 1/4 O2 (g) 

2 SrO (s) + 1/2 Na2O2 (s) + Os  (s) + (7/2) PbO2 (s)  Sr2NaOsO6 (s) + (7/2) PbO (s) + 

1/4 O2 (g) 
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Room temperature powder X-ray diffraction (PXRD) data was collected using the 

Bruker D8 Advance powder diffractometer (40 kV, 40 mA, sealed Cu X-ray tube) equipped 

with an incident beam monochromator (Johansson type SiO2 crystal) and a Lynxeye XE-

T position sensitive detector. Synchrotron X-ray diffraction data was collected for 

Sr2ZnReO6 at 300 K and 90 K with a wavelength of 0.412781 Å at the APS 11-BM 

beamline. Synchrotron X-ray diffraction data was collected for Sr2LiOsO6 and Sr2NaOsO6 

at 300 K with a wavelength of 0.82015 Å at the Canadian Light Source Brockhouse X-ray 

Diffraction and Scattering Beamline (BXDS-WLE). Phase purity and cation ordering were 

determined by powder Rietveld refinement in TOPAS-Academic (v6).29 Starting values of 

the atomic positions used in the refinements were generated with SPuDS.30  

Magnetic susceptibility as a function of temperature (2 K–400 K) was collected for 

each sample with an applied field of 1000 Oe in zero field cooled (ZFC) and field cooled 

(FC) conditions using the Superconducting Quantum Interference Device (SQUID). 

Approximately 100 mg of sample was loaded in a gelatin capsule and mounted in a plastic 

straw. Magnetization versus applied field data were taken on the same instrument with an 

applied field of −70 kOe to 70 kOe at 2 K and 300 K for all samples.  

 

2.3 Results 

2.3.1 Structural analysis 

Room temperature laboratory X-ray diffraction pattern and synchrotron X-ray 

diffraction pattern at 295 K of Sr2ZnReO6 was fitted to the tetragonal space group I4/m. 

The structure can be described with the octahedral tilting scheme a0a0c- where there is out-

of-phase octahedral tilt viewing down the c axis. The refined lattice parameters from the 
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synchrotron data are a = 5.57572(1) Å and c = 8.00281(2) Å. This is comparable to the 

previous reported values in the literature of a = 5.5785(1) Å and c = 8.0053(2) Å by 

Retuerto et al. 31 Attempts to refine anti-site disorder for Zn2+ and Re6+ in synchrotron data 

at 295 K and 90 K did not suggest any mixing of the two ions, nor did it result in a 

significantly meaningful improvement in the goodness of fit. Thus, we conclude that no 

site disorder between Zn2+ and Re6+ can be detected within experiment error. The 

refinement also shows less than 1 % by weight of Re impurity, which is diamagnetic and 

will not affect magnetic measurement.  

The I4/m space group can account for all reflections in the 295 K pattern of 

Sr2ZnReO6, with a small amount of peak asymmetry at different reflections.  Previous 

reports in the literature assigned the room temperature structure of Sr2ZnReO6 as a mixed 

phase of I4/m and P21/n. 31,32 The two different reports refined the amount of monoclinic 

P21/n phase to be 2.63 % or 15 % by weight. A secondary monoclinic P21/n phase with 

similar lattice parameters was added along with the main phase in order to determine 

whether there is a small amount of monoclinic phase like the samples in literature. The Rwp 

of fit using only the I4/m model is 17.28 %. Adding a secondary monoclinic phase does 

improve the fit, dropping the Rwp to 12.5 %. However, the pattern can be refined with a 

large variation in the weight percent of the monoclinic phase, from 6 % to as high as ~40 

%, with Rwp ranging from 12.5 to 11.9 %. The lowest Rwp was achieved with a fit of 40.5(7) 

% by weight of the monoclinic phase with lattice parameters of a = 5.57980(9) Å, b = 

5.5780(1) Å, c = 7.99418(6) Å, and β = 90.125(2) °. However, we assigned the 295 K 

structure of our Sr2ZnReO6 sample to the I4/m space group for two reasons. First, no new 

reflections or peak splitting associated with the lower symmetry monoclinic structure was 
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observed. Second, a wide range of possible weight percent for the monoclinic phase give 

reasonably comparable fit which suggest that these are false minimums. It is possible that 

structural variations in different grain results in the peak broadening and asymmetry of the 

diffraction reflections. This can result from a heterogeneous sample with subtle variations 

in the degree of tetragonal distortion from one grain to another. The peak symmetry that 

results from structural variation in different grain affects different hkl reflections in 

different ways, so fitting two phases to the PXRD patterns improves the fit. However, the 

average structure is still tetragonal I4/m. A second tetragonal phase was added to the fit 

which drops the Rwp from 17.28 % to 12.31 %. The second tetragonal phase had a slightly 

larger a and smaller c lattice parameters, which accounts for asymmetry of all observed 

reflections. The Re–O distances for these phases are close to each other within error. 

As the temperature was lowered to 90 K, new reflections and peak splitting in the 

synchrotron diffraction pattern indicate a lowering of symmetry from the tetragonal I4/m 

space group. The pattern was fitted to a monoclinic P21/n space group. The structure can 

be described with the octahedral tilting scheme a-a-c+ where there is out-of-phase 

octahedral tilt down the a and b axes and in-phase tilting along the c axis. The refined 

lattice parameters are listed in Table 2.1. This suggests the presence of a tetragonal to 

monoclinic structural transition, which is consistent with the observation in literature that 

the structural transition of Sr2ZnReO6 occurs somewhere above 250 K. 31 The Rwp of the 

fit is 12.087 %. The Re–O distances are close to each other within error.  
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Figure 2.3: Room temperature laboratory diffraction data for Sr2ZnReO6.  
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Figure 2.4: SXRD of Sr2ZnReO6 at a) 295 K and b) 90 K. 
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Figure 2.5: The Sr2ZnReO6 pattern at 295 K was fitted to one tetragonal phase (bottom, 

green) and two tetragonal phases (top, blue). The green tickmarks indicate the reflections 

allowed for one tetragonal phase. The blue and purple tickmarks indicate the reflections 

for two tetragonal phases. The dotted line represents the highest point of the reflection. 
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Figure 2.6: Differences in the peak splitting between the I4/m space group (295 K) and the 

P21/n space group (90 K). The I4/m model fits the 295 K data well without the need to add 

a secondary monoclinic phase. Small asymmetry in some reflections such as the (0 0 4) 

and (2 0 4) were observed but the I4/m model still fits well. 
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Table 2.1: Structural information for Sr2ZnReO6. For the I4/m structure, the Zn2+ ions 

occupy the special position 2a (0 0 0) and Re6+ ions occupy the special position 2b (1/2 1/2 

0). For the P21/n structure, the Zn2+ occupy the special position 2c (0 1/2 0) and Re2+ 

occupy the special position 2d (1/2 0 0). Starting point for atomic positions were generated 

from SPuDS. 

 295 K 

(PXRD) 

295 K 

(SXRD) 

295 K (SXRD two tetragonal 

phase fit) 

90 K (SXRD) 

Rwp 12.375 % 17.281 % 12.321 % 12.087 % 

Space group I4/m I4/m I4/m P21/n 

Weight percent --- --- 59.0(2) 40.9(2)  

a (Å) 5.57608(2) 5.575715(9) 5.57512(1) 5.57885(4) 5.617288(7) 

b (Å) 5.57608(2) 5.575715(9) 5.57512(1) 5.57885(4) 5.581906(8) 

c (Å) 8.00270(4) 8.00280(2) 8.00393(2) 7.99365(8) 7.89585(1) 

β (°) --- --- --- --- 90.0312(2) 

V (Å3) 248.826(2) 248.796(1) 248.778(1) 248.790(5) 247.576(1) 

Atomic positions   

Sr  x 

      y 

      z 

0 

0.5 

0.25 

0 

0.5 

0.25 

0 

0.5 

0.25 

0.5018(2) 

0.51440(6) 

0.25027(6) 

O1 x 

      y 

      z 

0 

0 

0.2581(9) 

0 

0 

0.2580(4) 

0 

0 

0.2581(3) 

0.2375(7) 

0.2200(7) 

-0.022(1) 

O2 x 

      y 

      z 

0.221(1) 

0.290(1) 

0 

0.2244(6) 

0.2902(6) 

0 

0.2225(4) 

0.2911(4) 

0 

0.2812(7) 

0.7340(7) 

-0.024(1) 

O3 x 

      y 

      z 

 

--- 

 

 

--- 

 

 

--- 

0.4505(6) 

-0.0049(6) 

0.2423(5) 

Biso (Å2)   

Sr 0.67(2) 0.394(7) 0.396(5) 0.188(4) 

Zn 0.12(4) 0.01(1) 0.01(1) 0.001(7) 

Re 0.29(2) 0.089(5) 0.092(4) 0.114(3) 

O1 1.8(2) 1.28(7) 0.97(5) 0.6(1) 

O2 1.5(2) 0.80(6) 0.87(5) 0.7(1) 

O3 --- ---  0.64(7) 

Bond distances   

Zn–O (Å) 2.037(8) ×4 

2.066(7) ×2 

2.045(3) ×4 

2.064(4) ×2 

2.043(2) ×4 

2.066(2) ×2 

2.044(2) ×4 

2.063(2) ×2 

2.054(4) ×2 

2.058(4) ×2 

2.062(4) ×2 

Two Re–O (Å) 1.944(7) ×4 

1.936(7) ×2 

1.931(3) ×4 

1.937(4) ×2 

1.936(2) ×6 1.934(2) ×2 

1.938(2) ×4 

1.927(4) ×2 

1.933(4) ×2 

1.937(4) ×2 
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Room temperature PXRD pattern of Sr2LiOsO6 was fitted to the tetragonal I4/m 

space group. The compound has a similar octahedral tilting scheme a0a0c- to the Sr2ZnReO6 

compound.  The lattice parameters are a = 5.52114(5) Å and c = 7.98571(9) Å. Initial 

lattice parameters and atomic positions were taken from SPuDS and refined to final values 

recorded in Table 2.2. Antisite disorder of the Li+ and Os7+ was modeled with occupancy 

of 0.980(2), which drops the Rwp from 15.689 % to 15.597 % which is not a large 

improvement. Complete ordering is expected for the large size difference (0.76 Å and 

0.525 Å, respectively) and charge (1+ and 7+, respectively) difference. The site occupancy 

was then fixed to unity. There are uncompensated intensity and peak asymmetry that 

cannot be fit by the I4/m model. Refinement was done with the monoclinic space group 

P21/n which is a common low symmetry space group observed in double perovskites with 

ordering at the octahedral site. The Rwp is 15.568 % which is not significantly improved 

from the tetragonal model. Since there are no additional peak splitting that would suggest 

a lower symmetry, the I4/m space group was assigned to this compound which is expected 

for a calculated tolerance factor of 0.983 which is < 1 for an ideal cubic double perovskite. 

Sr2LiOsO6 has been reported as both cubic Fm3̅m by Choy et al. and tetragonal I4/m by 

Feng et al. 33,34 The main difference between these two reports is the synthetic procedure. 

While Choy et al approached the synthesis by solid state method in air for 30 minutes, Feng 

et al. synthesized the compound under a high pressure of 6 GPa and high temperature of 

1500 °C for 1 hour. In addition, the PXRD data from Choy et al showed visible peak 

asymmetry which might be resolved as tetragonal splitting in a higher resolution powder 

diffractometer. The lattice parameters from the sample in this chapter are comparable to 
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the report from Feng et al with the lattice parameters of a = 5.5237(3) Å and c = 7.9930(4) 

Å.  

Synchrotron data at 295 K of Sr2LiOsO6 was fitted to the tetragonal I4/m space 

group with an Rwp of 7.420. This is consistent with laboratory data. No peak splitting was 

observed that would indicate monoclinic symmetry. Attempts to fit the asymmetry of the 

reflections with microstrain or anisotropic broadening did not improve the refinement. The 

pattern was also fitted to the monoclinic space group P21/n but the model did not 

significantly improve the refinement. The Os–O bond distances are close to each other 

within error. Neutron diffraction data at low temperature is currently in progress where the 

sensitivity of neutron to lighter elements like oxygen might result in more reliable structural 

refinement.  
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Figure 2.7: a) Room temperature PXRD data of Sr2LiOsO6 fitted to the tetragonal I4/m 

space group, b) SXRD of Sr2LiOsO6 fitted to the tetragonal I4/m space group.  
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Table 2.2: Structural information for Sr2LiOsO6. For the I4/m structure, the Li+ occupy the 

special position 2a (0 0 0) and Os7+ occupy the special position 2b (1/2 1/2 0). The Sr2+ 

occupy the 4d (0, 1/2, 1/4) position. Starting point for atomic positions were generated 

from SPuDS. Distances are in angstrom, and volume is in cubic angstrom. 

Temperature 295 K (PXRD) 295 K (SXRD) 

Rwp 15.623 % 7.420 % 

Space group I4/m I4/m 

Weight percent --- --- 

a (Å) 5.52114(5) 5.52746(4) 

b (Å) 5.52114(5) 5.52746(4) 

c (Å) 7.98572(9) 7.97506(6) 

V (Å3) 243.429(5) 243.661(4) 

Atomic positions 

O1 x 

      y 

      z 

0 

0 

0.258(1) 

0 

0 

0.2632(8) 

O2 x 

      y 

      z 

0.26(2) 

0.25(2) 

0 

0.288(2) 

0.235(2) 

0 

Biso (Å
2) 

Sr 0.49(7) 0.01(4) 

Li 1(1) 0.1(7) 

Os 0.39(4) 0.01(2) 

O1 3.3(4) 1.5(2) 

O2 2.9(4) 1.1(2) 

Bond distances 

Li–O (Å) 2.0(1) ×4 

2.06(1) ×2 

2.054(9) ×4 

2.099(7) ×2 

Os–O (Å) 1.9(1) ×4 

1.93(1) ×2 

1.877(8) ×4 

1.888(7) ×2 
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Room temperature PXRD pattern of Sr2NaOsO6 was fitted to the monoclinic P21/n 

space group which is expected for a tolerance factor of 0.924. The octahedral tilting scheme 

for this structure is described by the Glazer notation of a-a-c+. The refined lattice parameters 

are a = 5.71139(7) Å, b = 5.80322(7) Å, c = 8.0928(1) Å, and β = 90.022(5)°. Similar to 

other refinements, initial lattice parameter values and atomic positions were taken from 

SPuDS, although greater care in refining one parameter at a time was taken for this 

compound due to its low symmetry. Anti-site disorder of the Na+ and Os7+ sites was 

modeled for the data, which results in unrealistic negative values for the occupancy and no 

significant improvement in the refinement (Rwp stays the same). As a result, the occupancy 

of Na and Os was fixed to unity. Ordering at the octahedral site is expected because of the 

size difference (1.02 Å and 0.525 Å) and charge (1+ and 7+) difference between Na+ and 

Os7+.  

Synchrotron data at 295 K collected on the BXDS-WLE at the Canadian Light 

Source was fitted to the monoclinic space group P21/n space group. The refined lattice 

parameters are a = 5.71446(3) Å, b = 5.80102(4) Å, c = 8.09795(5) Å, and β = 89.977(2) 

° which are similar to the values from laboratory X-ray. The 90 K SXRD data was also 

fitted to the monoclinic space group with lattice parameters a = 5.69508(5) Å, b = 

5.81897(6) Å, c = 8.06177(9) Å, and β = 90.104(1) °. The background at higher 2θ has 

high curvature that makes the refinement of low intensity reflections unreliable. As a result, 

one of the Os–O bond distances (1.97(1) Å) is unreasonably long for a Os7+-O bond. A soft 

constraint was applied with Os-O bond length of 1.888 Å, which was taken from the single 

crystal work in the literature.35 The Os–O bond distance that was previously too long 
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lengthened further to 2.20 Å with this soft constraint applied, which is more unreasonable 

than the previous value. The Biso was then allowed to be refined separately for each oxygen, 

which results in more reasonable bond distances of 1.870(9) Å ×2, 1.886(8) Å  ×2, 1.91(1) 

Å ×2. Although the precision in bond distances is better in the synchrotron data than the 

laboratory data, the values are not precise enough to conclude definitively how close the 

OsO3 environment is to cubic symmetry. Low temperature neutron diffraction data is 

currently in progress in order to obtain more reliable bond distances.   
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Figure 2.8: Room temperature PXRD of Sr2NaOsO6. 

 

  



40 

Table 2.3: Structural information for Sr2NaOsO6 at room temperature taken from the 

refinement of room temperature laboratory X-ray diffraction data. For the P21/n structure, 

the Na+ occupy the special position 2c (0 1/2 0) and Os7+ occupy the special position 2d 

(1/2 0 0).  

Temperature 295 K PXRD 295 K SXRD 

Rwp 10.902 % 4.347 % 

Rp 8.875 % 3.118 % 

Space group P21/n P21/n 

a (Å) 5.71139(7) 5.71447(3) 

b (Å) 5.80322(7) 5.80102(3) 

c (Å) 8.0928(1) 8.09796(4) 

β (°) 90.022(5) 89.977(2) 

V (Å3) 268.233(6) 268.445(2) 

Atomic positions 

Sr  x 

      y 

      z 

0.492(1) 

0.5414(3) 

0.2511(3) 

0.5068(8) 

0.5404(2) 

0.2522(1) 

O1 x 

      y 

      z 

0.233(3) 

0.156(3) 

-0.041(4) 

0.234(1) 

0.194(1) 

-0.021(2) 

O2 x 

      y 

      z 

0.277(3) 

0.736(3) 

-0.043(4) 

0.296(1) 

0.742(1) 

-0.042(1) 

O3 x 

      y 

      z 

0.406(3) 

-0.009(3) 

0.238(2) 

0.418(1) 

-0.027(1) 

0.2302(8) 

Biso (Å
2) 

Sr 0.92(5) 0.86(2) 

Na 0.01(3) 0.01(7) 

Os 0.01(3) 0.04(1) 

O1 3.5(3) 0.4(2) 

O2 3.5(3) 0.4(2) 

O3 3.5(3) 0.4(2) 

Bond distances (Å) 

Na–O  2.122(19) ×2 

2.189(18) ×2 

2.421(19) ×2 

2.226(7) ×2 

2.227(7) ×2 

2.240(6) ×2 

Os–O  1.81(2) ×2 

1.99(2) ×2 

2.02(2) ×2 

1.901(7) ×2 

1.925(7) ×2 

1.928(6) ×2 
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2.3.2 Investigating the magnetic properties 

The temperature dependent magnetic susceptibility data for Sr2ZnReO6 suggest a 

ferromagnetic ground state. As the temperature was lowered to 20 K, the field-cooled 

magnetic susceptibility rises sharply and then flattens out, which is a behavior consistent 

with ferromagnetism. It is important to note that the inverse magnetic susceptibility is 

nonlinear from 300 K to 400 K. The gelatin sample capsule can melt or deform in the 

temperature range 323 K to 400 K which can move the sample off position in the 

measurement range, resulting in unreliable measurement. As a result, the magnetic 

susceptibility data from 300 K to 400 K were not included in the analysis. A linear Curie-

Weiss function was fitted to the inverse magnetic susceptibility data from 100 K to 300 K 

with the diamagnetic correction from the core electron substracted. This yields an effective 

moment of 0.791(3) µB and a Weiss temperature of 27.4(8) K. The positive Weiss 

temperature indicates a ferromagnetic ground state. In 5d1 compounds the magnetic 

moment is significantly reduced due to spin-orbit coupling, and because of the small size 

of the moment subtracting the temperature independent contribution of the magnetism from 

defects is important. Above the magnetic ordering temperature, the sample is paramagnetic 

and thus follow the Curie-Weiss law at high temperature. To determine the size of the 

temperature independent correction, the magnetic susceptibility data was fitted to the 

equation 

χ = 
C

(T −θ)
+  χ0 
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where χ  is magnetic susceptibility, T is temperature, C is the Curie constant, θ is the Weiss 

constant, and χ0 is the temperature independent correction. The χ0 of 4.4(6)×10−5 emu mol-

1 Oe-1 was determined from iteratively fitting the magnetic susceptibility data from 100 K 

to 300 K to yield values that best fit the data. The temperature independent correction was 

subtracted from the data. This yields an effective moment of 0.716(9) µB and a Weiss 

temperature of 41.4(7) K. In addition, the isothermal magnetization at 2 K shows hysteretic 

behavior that is consistent with ferromagnetism. The saturated moment at 2 K is 0.13 µB 

/f.u. (formula unit).  

 Temperature dependent magnetic susceptibility of Sr2LiOsO6 shows an 

antiferromagnetic-like cusp at 15 K. In addition, the isothermal magnetization as a function 

of applied field taken at 2 K is linear, which is consistent with an antiferromagnetic ground 

state. However, specific heat measurement is necessary to confirm whether the ground state 

is antiferromagnetic or spin glass. A correction for diamagnetic contribution from the core 

electrons calculated from Pascal’s constants was subtracted from the magnetic 

susceptibility data.36 Typical Curie-Weiss analysis is unreliable due to the large degree of 

deviation from typical linear Curie-Weiss behavior for paramagnetic behavior above 

magnetic ordering temperature. A temperature independent correction to account for 

effects from defects of 4.15(6) ×10−4 emu mol-1 Oe-1 was determined from iteratively 

fitting the magnetic susceptibility data from 100 K to 300 K similar to the approach for 

Sr2ZnReO6. The temperature independent correction was subtracted from the data. This 

yields an effective moment of 0.789(3) µB and a Weiss temperature of −62.1(4) K. The 

effective moment is similar to the value from the isoelectronic compound Sr2ZnReO6. The 
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inverse magnetic susceptibility with the temperature independent correction follows linear 

Curie-Weiss behavior at high temperature.   

 Temperature dependent magnetic susceptibility of Sr2NaOsO6 shows a 

ferromagnetic-like sharp rise in the magnetic susceptibility starting at 20 K. Similar to the 

other 5d1 compounds, the Curie-Weiss fit is not reliable due to the nonlinearity of the 

inverse magnetic susceptibility. The temperature independent correction χ0 of 5.2(6)×10−4 

emu mol-1 Oe-1 was determined from iteratively fitting the magnetic susceptibility data 

from 100 K to 300 K. Similar to the analysis with the isoelectronic compound Sr2ZnReO6 

and Sr2LiOsO6, the temperature independent correction was subtracted from the data which 

yields am effective moment of 0.71(3) µB and a Weiss temperature of −34(4) K. The 

negative Weiss constant indicates some antiferromagnetic interactions are present. 

However, the ferromagnetic-like sharp rise in the magnetic susceptibility data and the 

isothermal magnetization as a function of applied field taken at 2 K shows a hysteresis 

consistent with ferromagnetic ground state. The saturated moment is 0.08 µB/f.u. which is 

lower than the 0.13 µB/f.u. from isoelectronic Sr2ZnReO6.  
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Figure 2.9: a) The magnetic susceptibility as a function of temperature for Sr2ZnReO6 at 

1000 Oe, b) the inverse susceptibility, and c) isothermal magnetization at 2 K. 
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Figure 2.10: a) The magnetic susceptibility as a function of temperature for Sr2LiOsO6 at 

1000 Oe, b) the inverse susceptibility, and c) isothermal magnetization at 2 K. 
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Figure 2.11: a) The magnetic susceptibility as a function of temperature for Sr2NaOsO6 at 

1000 Oe, b) the inverse susceptibility, and c) isothermal magnetization at 2 K.  
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Figure 2.12: Inverse magnetic susceptibility as a function of temperature with correction 

for the core electron (left) and with temperature independent correction (right). 
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2.4 Discussion 

Table 2.4: Calculated tolerance factor of Sr2ZnReO6, Sr2LiOsO6, and Sr2NaOsO6.  

Compound Tolerance 

factor 

Space group 

295 K 

Space group 

90 K 

Magnetic ground 

state 

Sr
2
ZnReO

6
 0.982 I4/m P21/n FM 

Sr
2
LiOsO

6
 0.983 I4/m I4/m AFM or spin glass 

Sr
2
NaOsO

6
 0.924 P21/n P21/n FM 

 

The I4/m room temperature structure for Sr2ZnReO6 is expected given that the 

Goldschmidt tolerance factor for this compound calculated from Shannon ionic radii is 

0.982 which is smaller than the 1.041 value for cubic Ba2ZnReO6. The bond lengths for 

Re–O are 1.931(3) Å in the ab plane and 1.937(4) Å along the c direction, which indicates 

a subtle elongation of the ReO6 octahedra, although they are essentially the same within 

error. The bond lengths are longer than the 1.90 expected from ionic radii. 37 However, 

they are close to reported values in literature for Re–O bonds with Re6+ in isoelectronic 

compounds Ba2ZnReO6, Ba2MgReO6, and Sr2MgReO6.
38,39 The elongation of the ReO6 

octahedra was observed previously in Sr2ZnReO6 and Sr2MgReO6 for data collected at 

room temperature. 31,40 At 90 K the structure of Sr2ZnReO6 becomes monoclinic P21/n, 

although the bond distances are still close to each other within experimental error. Despite 

the distortion, a ferromagnetic ground state is observed like the cubic analog Ba2ZnReO6.  

The compound Sr2LiOsO6 which has a similar tolerance factor of 0.983 to the 

Sr2ZnReO6 compound also has the tetragonal I4/m structure. This is expected with a lower 

tolerance factor than the cubic Ba2LiOsO6 with the tolerance factor of 1.042. At room 

temperature, the Os–O bonds on the ab plane is 1.877(8) Å and the bonds along the c 

direction is 1.888(7) Å which indicates an elongation of the OsO3 octahedra. Despite the 
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similar tolerance factor with Sr2ZnReO6, Sr2LiOsO6 is tetragonal at 90 K. Neutron 

diffraction data collection is currently in the works for bond distances with higher 

precision. Interestingly, the magnetic behavior of Sr2LiOsO6 suggests that elongation of 

the octahedra results in an antiferromagnetic or a spin glass ground state.  

Unlike Sr2ZnReO6 and Sr2LiOsO6, Sr2NaOsO6 has a monoclinic P21/n structure at 

room temperature, which is expected for a smaller tolerance factor of 0.924. At room 

temperature, the bond distances from SXRD are 2×1.901(7) Å, 2×1.925(7) Å, and 

2×1.928(6) Å. At 90 K, the bond distances from SXRD are 2×1.871(9) Å, 2×1.886(8) Å, 

and 2×1.908(9) Å. The Os–O bond distances at low temperature indicates small 

orthorhombic distortion of the octahedra. The behavior of the ferromagnetic Sr2NaOsO6 is 

similar to the monoclinic Sr2ZnReO6.  

 The magnetic properties of these 5d1 double perovskites indicates that 

orthorhombic distortions can stabilize a ferromagnetic ground state while tetragonal 

distortions can stabilize antiferromagnetic or spin glass ground state. From our work, 

Sr2ZnReO6 and Sr2NaOsO6 crystallize in the same monoclinic P21/n space group at low 

temperature with ferromagnetic magnetic ground states. However, Sr2LiOsO6 which has 

similar tolerance factor to Sr2ZnReO6 crystallizes in tetragonal I4/m space group with 

antiferromagnetic ground state. Interestingly, NMR work done on Ba2NaOsO6 indicates 

that orthorhombic distortion occurs in the single crystal sample above the ferromagnetic 

transition temperature. The Na NMR peak splits into two below 11 K and two sets of three 

peaks below 10 K. The orthorhombic distortion is associated with the stabilization of a 

canted ferromagnetic ground state. 41,42  This signature of lowering of symmetry has been 

associated with orbital ordering, where the electron occupation of the dxy, dyz, and dxy 
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orbitals are not degenerate.43 In our ferromagnetic monoclinic Sr2ZnReO6 and Sr2NaOsO6 

compounds, the monoclinic structural distortions split the degeneracy of the three 

crystallographic directions, which can possibly results in nondegenerate t2g orbital 

occupation, although it is not clear what the pattern of orbital ordering would be if it exists.  

Further experimental evidence is necessary in order to fully elucidate the factors that 

stabilize different magnetic ground states.   
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Table 2.5: List of 5d1 double perovskites.  

 
Toleranc

e factor 
Space 

group* 
B′–O 

dist. (Å) 

Ground 

state† 
Ref 

Ba2MgReO6
 1.054 

3Fm m   

T = 3.5 K 
1.926 

FM 

TC = 18 K 
38 

Ba2ZnReO6
 1.049 

3Fm m  

T = 90 K 
1.906 

FM 

TC = 16 K 
38 

Ba2LiOsO6 1.050 
3Fm m  

T = 300 K 
1.888 

AFM 

TN = 8 K 
35,44 

Ba2NaOsO6 0.986 
3Fm m  

T = 300 K 
1.870 

FM 

TC = 7 K 
35 

Ba2CdReO6 0.997 
4 /I m  

T = 90 K 

1.923×4 

1.904×2 

AFM 

TN = 4 K 
45 

Ba2CaReO6 0.985 
4 /I m  

T = 17 K 

1.964×4 

1.935×2 

AFM 

TN = 15 K 
46 

Sr2MgReO6 0.994 
4 /I m  

T = 6 K 

1.882×4 

1.929×2 

Spin glass 

Tg = 45 K 
40 

Sr2ZnReO6 0.982 P21/n 

T = 90 K 

1.927 ×2 

1.933 ×2 

1.937 ×2 

FM 

TC = 17 K 

This 

work 

Sr2LiOsO6 0.983 I4/m 

T = 300 K 

1.912 ×4 

1.929 ×2 

AFM 

TN = 15 K 

This 

work 

Sr2CaReO6 0.928 
P21/n 

T = 4 K 

1.907×2 

1.921×2 

1.904×2 

 

Spin glass 

Tg = 14 K 
39 

Sr2NaOsO6 0.924 P21/n 

T = 300 K 

1.871 ×2 

1.886 ×2 

1.908 ×2 

 

FM 

TC  = 13 K 

This 

work 

 

2.5 Conclusion 

The double perovskites Sr2ZnReO6, Sr2LiOsO6, and Sr2NaOsO6 were synthesized 

by the solid state method, and the structural and magnetic properties were characterized. 

Synchrotron diffraction data on Sr2ZnReO6 indicates that the compound undergoes a 
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tetragonal I4/m to monoclinic P21/n phase transition.  Synchrotron diffraction data also 

indicates that Sr2LiOsO6 crystallizes in the tetragonal I4/m space group while Sr2NaOsO6 

crystallizes in the monoclinic P21/n space group. Both the monoclinic Sr2ZnReO6 and 

Sr2NaOsO6 compounds are ferromagnetic, while the tetragonal Sr2LiOsO6 is 

antiferromagnetic or spin glass. This indicates that the 5d1 magnetism has a complex 

relationship with crystal structure, where different 5d1 octahedra distortions yields different 

magnetic ground states. 
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Chapter 3   Structure and Magnetic Properties of Solid Solution Ba2NaxCa1-xOsO6 

 

 

3.1 Introduction 

 

The magnetic ground state of 5d1 double perovskites is stabilized by a balance 

between spin, charge, and orbital degrees of freedom. In this chapter, the effect of the 

charge degree of freedom on the magnetism is explored. Ba2NaOsO6 is a 5d1 cubic double 

perovskite with the ferromagnetic transition at 8 K. Ba2CaOsO6 is a 5d2 cubic double 

perovskite with an antiferromagnetic transition at 50 K. Both of these systems are cubic 

with lattice parameters that are within ~1% of each other (8.2870(3) Å and 8.3619(6) Å, 

respectively) which suggests the composition Ba2NaxCa1-xOsO6 should form a complete 

solid solution. By substituting the Na+ site with Ca2+, 5d2 Os6+ is introduced into the system.  

This allows for the study of the effect of the magnetic ground state as a function of charge 

doping. 
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Figure 3.1: Substituting the Na+ site with Ca2+ to form the composition Ba2NaxCa1-xOsO6. 

 

3.2 Experimental 

 

Polycrystalline samples of the Ba2NaxCa1-xOsO6 (x = 1, 0.875, 0.75, 0.625, 0.50, 

0.25, 0.10, 0) solid solution were synthesized in evacuated quartz tubes. Stoichiometric 

amounts of BaO (Sigma-Alrich, 99.99 % trace metals basis), CaO (Sigma-Alrich, 99.9 % 

trace metals basis), Na2O2 (Alfa Aesar, 95 %) and Os powder (Sigma-Alrich, 99.9 % trace 

metals basis) were ground in a mortar and pestle, transferred to an alumina tube, sealed in 

a quartz tube under vacuum. A separate alumina cap containing PbO2 was also included in 

the sealed quartz tube as the decomposition of PbO2 into PbO and O2 at 600 °C provided 

the oxygen source to oxidize Os metal. Because highly toxic OsO4 can form from the 

reaction of Os metal and O2 at 400 °C, this reaction must be carried out inside an evacuated 

quartz tube with a theoretical product yield of 1 gram to prevent an overpressure of O2 that 

ruptures the reaction vessel and release OsO4. To ensure the full oxidation to Os7+, the 

reaction was done with an excess of 1/4 mol of oxygen for every mol of product. The 
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reaction vessel was heated at 1000 °C for 24 hours. Samples with two cubic phases present 

were reground and heated for an additional 12 hours at 1000 °C.  

2 BaO + (1/2) x Na2O2 + (1-x) CaO + Os + (7/2) PbO2  Ba2NaxCa1-xOsO6 + (7/2) PbO + 

1/4 O2 

Room temperature powder X-ray diffraction data (PXRD) was collected using a 

Bruker D8 Advance powder diffractometer (40 kV, 40 mA, sealed Cu X-ray tube) equipped 

with an incident beam monochromator (Johansson type SiO2 crystal) and a Lynxeye XE-

T position sensitive detector. Phase purity and cation ordering were determined by powder 

Rietveld refinement in TOPAS-Academic (v6).29 Starting values for atomic positions were 

generated from SPuDS.30  

Magnetic susceptibility as a function of temperature (2 K–400 K) was collected for 

each sample with an applied field of 1000 Oe in zero field cooled (ZFC) and field cooled 

(FC) conditions using the Superconducting Quantum Interference Device (SQUID). 

Approximately 100 mg of sample was loaded in a gelatin capsule and mounted in a plastic 

straw. Magnetization versus applied field data were taken on the same instrument with an 

applied field of -70 kOe to 70 kOe at 2 K and 300 K for all samples.  

 

3.3 Results 

 

3.3.1 The structure of the Ba2NaxCa1-xOsO6 solid solution 

The room temperature PXRD data of the Ba2NaxCa1-xOsO6 solid solution were 

fitted with the Fm3̅m space group observed Ba2NaOsO6 and Ba2CaOsO6.  The lattice 

parameter of the x = 1 sample is 8.28566(5) Å, which is comparable to the value of 
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8.2870(3) Å reported for single crystal specimens of Ba2NaOsO6.
35 The lattice parameter 

of the x = 0 sample is 8.35780(2) Å, which is slightly smaller than the 8.3619(6) Å reported 

in literature.47  With increasing concentration of Ca2+, the lattice parameter increases as 

expected.  

Some samples in the Ba2NaxCa1-xOsO6 solid solution series consist of two different 

cubic phases. The PXRD data of the x = 0.75 and 0.50 samples show a shoulder at every 

reflections that suggest the presence of a secondary cubic phase. The data for these samples 

were fitted to two cubic phases, which significantly improves the model and lowers the 

Rwp. The smaller lattice parameter (a1) is likely to have a higher concentration of Na+, and 

the larger lattice parameter (a2) is likely to have a higher concentration of Ca2+. However, 

attempts to refine the occupancy of the Na+ and Ca2+ results in unstable refinement due to 

the low resolution of the diffractometer and the low X-ray scattering factor of the Na+. The 

occupancy was fixed to the composition values. The presence of a secondary cubic phase 

in these composition suggest that they might be kinetic products. The secondary cubic 

phase has a larger lattice parameter which suggest a higher concentration of Os6+.  The 

lattice parameter of the secondary cubic phase, 8.3431(2) Å for the x = 0.75 sample and 

8.3513(1) Å for the x = 0.50 sample are both smaller than 8.35780(2) Å for the x = 0 sample 

(Ba2CaOsO6). If there is a miscibility of the Ca2+ in this solid solution system, one would 

expect the lattice parameters of the two cubic phases to remain near constant as a function 

of increasing Ca2+ concentration. In addition, the phase percent of each cubic phase would 

be dependent on the concentration of Ca2+. However, the cubic lattice parameter of the 

majority cubic phase in the Ba2NaxCa1-xOsO6 solid solution system increases linearly with 

increasing Ca2+ concentration, which suggests solubility of the Na+/ Ca2+. Thus, the small 
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presence of a secondary cubic phase in the x = 0.75 and 0.50 samples is likely to be an 

indication that the samples are kinetic products.  

Samples with high concentration of Ca2+ (x = 0.25–0) contain a secondary phase 

Ba11Os4O24 which has a ferromagnetic transition at 6 K. The ferromagnetic secondary 

phase is 3–6 weight percent. The presence of a secondary cubic phase in the Ba2NaxCa1-

xOsO6 system is possibly due to the difficulty of oxidizing Os metal to Os7+ uniformly. The 

lattice parameter of the majority cubic phase plotted as a function of composition shows a 

linear increase with increasing concentration of Ca2+.  

 

Table 3.1: Phase composition of the Ba2NaxCa1-xOsO6 system from PXRD analysis. 

x  Phase 1 

wt.% 

a1 (Å) Phase 2 

wt.% 

a2 (Å) Ba11Os4O24 

wt. % 

1 100 8.28566(5) 0 0 0 

0.875 100 8.29693(3) 0 0 0 

0.75 93.4(3) 8.30452(3) 6.6(3) 8.3431(2) 0 

0.625 100 8.31801(4) 0 0 0 

0.50 87.3(4) 8.32985(6) 12.6(4) 8.3513(1) 0 

0.25 97.0(3) 8.34349(3) 0 0 3.0(3) 

0.10 93.7(3) 8.35279(3) 0 0 6.3(3) 

0 96.2(3) 8.35780(2) 0 0 3.8(3) 
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Figure 3.2: Cubic lattice parameter versus concentration of Ca2+ (bottom axis) and 

concentration of Na+ (top axis). 
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Figure 3.3: Room temperature PXRD of the Ba2NaxCa1-xOsO6 solid solution. 
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Figure 3.4: Zoom-in region of the PXRD patterns for Ba2NaxCa1-xOsO6. 
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3.3.2 Magnetic susceptibility measurements on the Ba2NaxCa1-xOsO6 solid solution 

 

Magnetic susceptibility measurement as a function of temperature for the x = 1 

sample shows a ferromagnetic sharp rise in the magnetic susceptibility near 6 K. In 

addition, isothermal magnetization measurements at 2 K shows a small hysteresis loop that 

is consistent with ferromagnetism. The single crystal Ba2NaOsO6 previously reported has 

a ferromagnetic transition at 8 K and a saturation magnetization of ~0.15 µB/formula unit. 

35 Similar to the treatment of the magnetic susceptibility data for the distorted 5d1 

compounds in chapter 2, the temperature independent contribution of the magnetism from 

defects is subtracted from the data. To determine the size of the temperature independent 

correction, the magnetic susceptibility data was fitted to the equation 

χ = 
C

(T −θ)
+  χ0 

 

where χ is magnetic susceptibility, T is temperature, C is the Curie constant, θ is the Weiss 

constant, and χ0 is the temperature independent correction. The temperature dependent 

correction is 1.08(8)×10−4 emu mol−1 Oe−1, which is in the same order of magnitude for the 

single crystal values at 3(1)×10−5 to1.79×10−4 emu mol−1 Oe−1. 48  The addition of a 

temperature dependent correction to the Curie-Weiss analysis was applied to all the 

samples in the Ba2NaxCa1-xOsO6 series.  
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The Ba2CaOsO6 sample has a lower antiferromagnetic transition temperature of 45 

K than reported in literature of 50 K. 46,47 The effective moment of 1.47(2) µB and the Weiss 

constant of −132(2) K are both smaller than the reported literature values of 1.640(1) µB 

and 156.2(3) K.47 The literature report did not use a temperature independent correction 

which might account for the difference.  

As the Ca2+ is substituted in the Na+ site, the magnetic ground state becomes more 

antiferromagnetic-like, and the magnetic transition temperature shifts to higher 

temperature. The x = 0.875 (12.5% Ca2+) sample is mostly antiferromagnetic with the 

linear isothermal magnetization data at 2 K and significantly smaller magnetic 

susceptibility by one order of magnitude from the ferromagnetic compound. This suggests 

that a small amount of Os6+ is sufficient in destabilizing the 5d1 ferromagnetic ground state. 

The magnetic ordering temperature was estimated by selecting the temperature at which 

the field-cooled and zero-field cooled magnetic susceptibility diverges. As the 

concentration of Ca2+ increases, the magnetic transition temperature shifts to higher values 

and approaches the ~45 K value of the Ba2CaOsO6 antiferromagnetic transition. In 

addition, the inverse magnetic susceptibility as a function of temperature becomes more 

linear. For all samples in the solid solution except for the x = 1 sample, the inverse magnetic 

susceptibility data were fitted to the Curie-Weiss law from 100–300 K. The inverse 

magnetic susceptibility data for all samples were also fitted to the Curie-Weiss law with a 

temperature independent correction. The effective moment increases with increasing 

concentration of Ca2+ which is consistent with increasing 5d2 Os6+. In addition, the Weiss 

constant decreases to more negative values with increasing concentration of Ca2+ which 

indicates increasing antiferromagnetic interactions.  
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Isothermal magnetization collected at 2 K for all samples demonstrates the 

destabilization of the 5d1 ferromagnetic ground state with Ca2+ substitution as the 

magnetization becomes more linear with applied field. The isothermal magnetization at 2 

K for the x = 0.875–0.5 samples are linear with applied field which is indicates 

antiferromagnetic behavior. At 2 K, the x = 0–0.25 samples exhibit a soft ferromagnetic 

like feature where the magnetization as a function of applied field is S shaped and saturated 

to ~0.06 µB/formula unit at 70 kOe. Isothermal magnetization collected at 25 K which is 

below the 45 K magnetic transition temperature is linear with applied field. The 

ferromagnetic feature at 2 K for the x = 0–0.25 samples is likely due to the Ba11Os4O24 

which is ferromagnetic at 6 K. This is consistent with the 3–6 % Ba11Os4O24 by weight 

detected in the PXRD data for these three samples.   
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Figure 3.5: Magnetic susceptibility as a function of temperature for x = 0–1 samples. The 

switch from ferromagnetic to antiferromagnetic ground state occurs between x = 1 and x = 

0.875. There is a ferromagnetic impurity in the x = 0–0.25 samples which makes the 

antiferromagnetic cusp difficult to observe. 
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Figure 3.6: Magnetization versus field for the x = 0–1 samples at 2 K. The transition at 45 

K for the x = 0 sample is antiferromagnetic as confirmed by the linear magnetization versus 

field curve at 25 K. The presence of the ferromagnetic impurity is observed in the x = 0–

0.25 samples. 
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Table 3.2: Magnetic transition temperatures for the x = 0–1 samples. 

Composition (x) Transition 

Temperature (K) 

1 (Na 100%, Ca 0%) 5 (FM) 

0.875 (Na 87.5%, Ca 12.5%) 6 (AFM) 

0.75 (Na 75%, Ca 25%) 8 (AFM) 

0.625 (Na 62.5%, Ca 37.5%) 10 (AFM) 

0.50 (Na 50%, Ca 50%) 13 (AFM), 41 (AFM) 

0.25 (Na 25%, Ca 75%) 43 (AFM) 

0.10 (Na 10%, Ca 90%) 44 (AFM) 

0 (Na 0%, Ca 100%) 45 (AFM) 
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Figure 3.7: Inverse magnetic susceptibility as a function of temperature for the x = 0–1 

samples with the diamagnetic correction for the core electrons. 
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Table 3.3: Effective moments and Weiss constants from Curie-Weiss fit on zero-field 

cooled data with and without a temperature independent correction. 

  Core electron correction only  With χ0 correction 

x µeff 

(µB/f.u.) 

Θ (K) R2 µeff 

(µB/f.u.) 

Θ (K) R2 

1    0.64(3) 5(4) 0.99693 

0.875 1.067(8) −123(2) 0.99746 0.823(3) −56.9(3) 0.99999 

0.75 1.329(8) −156(2) 0.99847 1.062(6) −90.0(7) 0.99999 

0.625 1.510(3) −207.0(6) 0.99986 1.39(1) −178(1) 0.99998 

0.50 1.608(3) −229.6(7) 0.99986 1.48(1) −198(2) 0.99998 

0.25 1.853(5) −257(1) 0.99975 1.64(1) −207(1) 0.99999 

0.10 1.825(7) −224(1) 0.9995 1.557(8) −165.6(9) 0.99999 

0 1.88(1) −218(2) 0.9986 1.47(2) −132(2) 0.99995 
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Figure 3.8: a) Effective moment as a function of Ca2+concentration, b) Weiss constant as a 

function of Ca2+concentration. 
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3.4 Discussion 

 

Compare to the single crystal Ba2NaOsO6 with Msat ~ 0.2 µB at 2 K, the magnetic 

saturation of our Ba2NaOsO6 powder sample is significantly lower, and the ferromagnetic 

transition temperature is at a lower temperature of 6 K as opposed to 8 K.35 The 

polycrystalline samples, unlike the single crystal, may have more oxygen vacancies, which 

introduces Os6+ and can lower the Curie temperature. Different polycrystalline samples of 

Ba2NaOsO6 synthesized using the same reagents and reaction batch size can have different 

Curie temperature and magnetic saturation due to differences in defects (Appendix A). The 

Ba2CaOsO6 sample has a lower magnetic transition temperature than the report in literature 

at 50 K, which can also be due to differences in defect concentration.  

The evolution of the magnetic properties in the Ba2NaxCa1-xOsO6 series show the 

destabilization of the 5d1 ferromagnetic ground state at low calcium concentration. With 

approximately ~12.5% Ca2+, the magnetic ground state is antiferromagnetic. Assuming a 

random distribution of Ca2+, ~12.5% Ca2+ occupation is less than Os7+ octahedral 

environment having five Na+ neighbors and one Ca2+ neighbor. This highlights how fragile 

this ferromagnetic ground state is to Na+/Ca2+ disorder at the B site.  There are two possible 

mechanisms for this destabilization. The first possibility is the electronic effects from the 

introduction of Os6+ with increasing Ca2+ concentration, and the randomized distribution 

of this Os7+/Os6+ oxidation states throughout the lattice. The second possibility is the lattice 

strain from replacing the smaller Na+ with the larger Ca2+ and having a random distribution 

of Na+/Ca2+ which randomized this lattice strain. From Chapter 2 with the distorted 5d1 

double perovskite Sr2ZnReO6, Sr2LiOsO6, and Sr2NaOsO6, the magnetic ground state is 
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shown to be sensitive to the environment of the 5d1 cation, so the effects of lattice strain 

on magnetic ground state is possible. From the current data, it is unclear which mechanism 

has a larger effect, or if both are important. Current efforts with collaborators in muon spin 

spectroscopy (mµSR), solid state nuclear magnetic resonance (NMR), X-ray magnetic 

circular dichroism, and computation are currently underway in order to understand this 

unusual evolution from ferromagnetism to antiferromagentism.  

 The evolution of the effective magnetic moment and the Weiss constant is also 

unusual. The effective moment increases with increasing Ca2+ concentration up to x = 0.25 

or 75% Ca2+, but then levels off at higher Ca2+ concentration. The increase of effective 

moment is consistent with the growing concentration of 5d2 Os6+. However, the leveling 

off of effective moment at ≥ 75% Ca2+ is unexpected. In addition, the Weiss constant 

decreases with increasing Ca2+ concentration up to x = 0.25 or 75% Ca2+, but then levels 

off at higher Ca2+ concentration. The decreasing Weiss constant indicates a strengthening 

of antiferromagnetic interactions with increasing 5d2 Os6+. The saturation at ≥ 75% Ca2+ 

is similar to the trend observed in the effective moment. Preliminary analysis on muon spin 

spectroscopy data shows a monotonic increase in magnetic transition temperature with 

Ca2+ doping, which is at odds with the saturation of both effective moment and Weiss 

constant at  ≥ 75% Ca2+. One possible explanation is that spin-orbit coupling which reduces 

the magnetic moment, does not change linearly with Os6+ concentration. However, further 

experiment and computation efforts are currently in progress to investigate these unusual 

effects.  
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3.5 Conclusion 

 

 The Ba2NaxCa1-xOsO6 solid solution was synthesized in order to investigate the 

effect of Ca2+ substitution on the ferromagnetic ground state of Ba2NaOsO6. Small 

concentration of ~12.5 % Ca2+ is sufficient to destabilize the ferromagnetic ground state, 

which highlights the fragile nature of this magnetic ground state. The magnetic transition 

temperature increases with increasing Ca2+ concentration and approaches the transition 

temperature of the Ba2CaOsO6 compound.  Current experiments are still ongoing in order 

to determine the mechanism of this rapid destabilization.  
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Chapter 4   Structural and Magnetic Phase Diagram of BaxSr2-xNiOsO6 

 

4.1 Introduction 

 

Double perovskites containing both 3d and 5d transition metals are an interesting 

playground to investigate unusual magnetism, due to the variety of competing short range 

and long range superexchange pathways. Previous work on Ca2NiOsO6, Sr2NiOsO6, and 

Ba2NiOsO6 suggested that substitution at the A-site changes both the structure and the 

magnetic ground state. Monoclinic P21/n Ca2NiOsO6 is reported as ferrimagnetic, 

tetragonal I4/m Sr2NiOsO6 was reported as antiferromagnetic, and cubic Fm3̅m Ba2NiOsO6 

was reported to be antiferromagnetic below 2.1 T and ferromagnetic above 2.1 T and 100 

K. This suggests the sensitivity of the magnetic ground state to structural changes. Previous 

work on other 3d-5d double perovskites suggest that because of the orbital energy 

mismatch and the competition between the short and long range superexchange 

interactions, the Goodenough-Kanamori rules49 cannot be used to make accurate 

predictions of the magnetic ground state.  

In this chapter, the BaxSr2-xNiOsO6 (x = 0.2–2) structural and magnetic phase space 

are explored. By replacing the Ba2+ with the smaller Sr2+ ion, the positive chemical pressure 

decreases the Ni–O–Os bond angle which results in an increase of octahedral tilting. This 

allows us to investigate how the magnetic ground state changes with small perturbation to 

the structure.  
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Figure 4.1: Different magnetic ground states of the nickel osmate double perovskites 

adapted from references 1,50,51. The magnetic unit cell of high pressure Ba2NiOsO6 is cut in 

half to better visualize the spin arrangement. 
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4.2 Experimental 

 

Solid solutions of BaxSr2-xNiOsO6 (x = 0.2–2) were synthesized using a 

conventional solid state method with stoichiometric amounts of BaO2 (99%, Cerac), SrO2 

(99.9% trace metal basis, Sigma-Aldrich), NiO (99.9%, Strem Chemicals), and osmium 

powder (99.9% trace metals basis, Sigma-Aldrich). The mixture was ground in a mortar 

and pestle and loaded in a capped alumina tube which was placed in a quartz tube along 

with a separate container of PbO2. This quartz tube was sealed under vacuum before being 

heated to 1000 °C for 48 hours. The PbO2 acts as an in-situ oxygen source by decomposing 

to PbO and O2 at 600 °C. An excess of 1/4 mol O2 was produced in order to ensure complete 

oxidation of Os6+.  The resulting black powders were then reground and reheated at 1100 

°C for another 12 hours to improve sample quality. The stoichiometric reaction is shown 

below: 

x BaO2 + (2−x) SrO2 + NiO + Os + (3/2) PbO2 → BaxSr2-xNiOsO6 + (3/2) PbO + (1/4) O2 

Powder X-ray diffraction (PXRD) data was collected using a Bruker D8 Advance 

powder diffractometer (40 kV, 40 mA, sealed Cu X-ray tube) equipped with an incident 

beam monochromator (Johansson type SiO2 crystal) and a Lynxeye XE-T position 

sensitive detector. Variable temperature X-ray diffraction data on the x = 1.2 and 1.4 

samples were collected at Durham University on a Bruker D8 X-ray diffractometer from 

10 K to 300 K with 5 K steps. Phase purity and cation ordering were determined by powder 

Rietveld refinement in TOPAS-Academic (v6).52 
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Magnetic susceptibility as a function of temperature (2.5 K–400 K) was collected 

for each sample with an applied field of 1000 Oe in zero field cooled (ZFC) and field 

cooled (FC) conditions using a Superconducting Quantum Interference Device (SQUID). 

A 30–40 mg sample was loaded in a gelatin capsule and mounted in a plastic straw. The 

diamagnetic contribution from core electrons was subtracted prior to analyzing the data. 

Magnetization versus applied field data were taken on the same instrument with an applied 

field of −70 kOe to 70 kOe at 5 K and 300 K for all samples, and also at 60 K for the x = 

1.4, 1.6, 1.8, and 2.0 samples.  

AC magnetic susceptibility measurement was obtained for the x = 0.6, 1.2, and 1.4 

sample using a QD Physical Property Measurement System (PPMS). For each composition 

the same sample was used for the PPMS and SQUID measurements. The experiment 

spanned the range of 50–10000 Hz and 20–60 K with a magnetic field of 0.02 Oe. Heat 

capacity was collected for the x = 1.2 sample from 20 K to 300 K with step size of 4 K on 

the PPMS.  

Neutron powder diffraction measurements for the x = 0.6 sample were conducted 

at the POWGEN beamline at the Spallation Neutron Source at Oak Ridge National 

Laboratory. A sample size of 1.2 g Ba0.6Sr1.4NiOsO6 was loaded into a 6 mm vanadium 

can for the POWGEN Automatic Changer (PAC). A one hour scan was taken at 1.066 Å 

(Frame 2), and a two hour scan was taken at 3.731 Å (Frame 5) at 10 K and 60 K. A two 

hour scan was taken at 1.066 Å (Frame 2), and a one hour at 3.731 Å (Frame 4) at 300 K. 

Rietveld refinements on these diffractograms were done in GSAS and TOPAS-Academic 

(v6). 
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Neutron powder diffraction measurements were conducted at the GEM (General 

Materials Diffractometer) instrument at the ISIS Neutron and Muon source for the x = 1.2 

and 2.0 samples. Approximately 7 grams of sample was made by combining six samples, 

each  ~1 g.  After the samples were combined they were heated once more in an evacuated 

quartz tube at 1000 °C for 24 hours. For the x = 1.2 sample, one hour scans were collected 

at 300 K, 200 K, 150 K, 120 K, 100 K, 90 K, 75 K, 60 K, and 50 K; two hour scans were 

collected for temperatures near the magnetic transition: 40 K, 25 K, and 10 K; and a four 

hour scan was collected at 5 K. For the x = 2.0 sample, one hour scans were collected at 

300 K, 200 K, 150 K, 120 K, 90 K, 75 K, 60 K, 50 K, 25 K, and a two hour scan was 

collected at 5 K. In order to determine the presence of magnetic reflections, the diffraction 

patterns below the magnetic transition temperature were compared to the patterns collected 

at 120 K, rather than 300 K, to account for the added background that comes from the 

cryostat. Rietveld refinements on these diffractograms were done in TOPAS-Academic 

(v6).  

 

4.3 Results 

 

4.3.1 Structural studies on BaxSr2-xNiOsO6 

 

The room temperature powder X-ray diffraction patterns for BaxSr2−xNiOsO6 (x = 

0.2–2) were modeled with three space groups: tetragonal I4/m, cubic Fm3̅m, and trigonal 

P3̅m1. All PXRD refinements were completed assuming a random distribution of Ba2+ and 

Sr2+ at the A-site. The possibility of antisite disorder between Ni2+ and Os6+ cations was 
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also investigated, but these refinements did not improve Rwp or goodness of fit 

significantly. Thus, their occupations were fixed to unity. The occupation and complete 

ordering of the B-site observed in X-ray diffraction was assumed to extend to the neutron 

diffraction refinements, which are not very sensitive to antisite disorder due to the similar 

neutron scattering lengths of Os and Ni.53  

 

Figure 4.2: The three main phases in the BaxSr2-xNiOsO6 series a) I4/m, b) Fm3̅m, and 

P3̅m1. 

 

Powder X-ray diffraction patterns (PXRD) of the x = 0.2–0.6 samples were fitted 

to the I4/m space group previously reported for Sr2NiOsO6. The room temperature powder 

X-ray diffraction pattern of the x = 0.6 sample was fitted to both I4/m and Fm3̅m with the 

tetragonal structure giving a better fit (Rwp of 13.23 and 11.54, respectively). No observable 

tetragonal splitting was observed for the x = 0.6 sample in the PXRD data, although the 
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asymmetric peak profile suggests the symmetry is lower than cubic. Fitting the neutron 

diffraction data at 300 K for the x = 0.6 sample with the Fm3̅m space group does not 

properly account for the intensities of some of weak reflections. Fitting with the I4/m space 

group improves the refinement at these low intensity reflections, dropping the Rwp from 

7.025 to 6.640. Due to the better sensitivity of neutron diffraction to oxygen position, the 

room temperature structure of the x = 0.6 sample was assigned to be I4/m. It is possible 

that the tetragonal to cubic phase transition for x = 0.6 is close to room temperature, which 

explains the unusual shape of the peak profile in the PXRD pattern.  
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Figure 4.3: Powder neutron diffraction pattern at 300 K of the x = 0.6 sample which appears 

metrically cubic with laboratory X-ray diffraction. Rietveld refinements show that the I4/m 

structural model gives a better fit than the Fm3̅m and I4/m model. 

 

The room temperature PXRD pattern of the x = 0.8–1.2 sample fit well with the 

Fm3̅m space group with symmetric PXRD peaks. Variable temperature PXRD and neutron 

diffraction data of the x = 1.2 sample at 5 K shows that the structure remains cubic down 

to at least 5 K, which is below the magnetic transition temperature. The lattice parameter 

as a function of temperature for the x = 1.2 sample shows an expansion of the lattice with 

increasing temperature.  
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The PXRD data of x = 1.4–1.8 shows a mixture of Fm3̅m and P3̅m1 phases with 

increasing percentage of the trigonal phase with increasing barium substitution. Variable 

temperature X-ray diffraction on the x = 1.4 sample shows the lattice parameter for both 

the cubic and the trigonal phase expand with increasing temperature, with no change in the 

percentage of each phase. At x = 2.0, the PXRD pattern only the trigonal phase with P3̅m1 

symmetry is observed. The most common space groups reported for double perovskite-

related hexagonal structure are P63/mmc, P63mc, and P3̅m1. Previous reports have 

assigned P3̅m1 to Ba2Fe1.12Os0.88O6,
54 P63mc to Ba2Fe0.86Os1.14O6,

55 P63mc to 

Ba2Co0.84Os1.16O6,
55 and P63/mmc to Ba2Mn1.34Os0.66O6.

55 Thus, our Ba2NiOsO6 sample 

was indexed in GSAS-II and Topas-6.  By doing Rietveld refinement using the possible 

space groups of P3̅m1, P63mc, and P63/mmc, the P3̅m1 space group with less restricted 

systematic absences due to lack of glide planes or screw axes yields the best fit that 

accounts for all intensity. Rietveld refinement was done on all X-ray and neutron 

diffraction data using this space group.  
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Figure 4.4: The x = 2.0 sample was fitted with the P3̅m1, P63mc, and P63/mmc space group. 
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Figure 4.5: The room temperature PXRD patterns of x = 0.2–1.2. 
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Figure 4.6: The room temperature PXRD patterns of x = 1.4–2.0. 
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Table 4.1: Structural information for I/4m samples (x = 0.2–0.6) taken from refinement of 

the laboratory X-ray data. The Ba/Sr occupy the 4d (0 0 1/4) site. The Ni occupy the 2a (0 

0 0) site, and the Os occupy the (0 0 1/2) site. Biso was fixed to the same value for Ni and 

Os. 

X 0.2 0.4 0.6 

Space group I4/m I4/m I4/m 

a (Å) 5.55301(3) 5.57666(7) 5.5957(1) 

c (Å) 7.92427(5) 7.9161(1) 7.9158(2) 

Volume (Å3) 244.352(3) 246.186(8) 247.86(1) 

Rwp 8.840 11.848 11.320 

Gof 2.072 2.960 2.444 

O1 (0, 0, z), 

4e 

0 

0 

0.2550(7) 

0 

0 

0.250(2) 

0 

0 

0.259(2) 

O2 (x, y, 0), 

8h 

0.280(1) 

0.226(1) 

0 

0.283(3) 

0.219(3) 

0 

0.271(3) 

0.220(4) 

0 

Ba/Sr Biso(Å
2) 0.59(2) 0.67(5) 0.64(5) 

Ni Biso(Å
2) 0.16(2) 0.23(3) 0.01(2) 

Os Biso(Å
2) 0.16(2) 0.23(3) 0.01(2) 

O Biso(Å
2) 0.8(1) 0.4(2) 0.4(2) 
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Table 4.2: Structural information for Fm3̅m structures (x = 0.8–1.4) taken from refinement of the laboratory X-ray data. The Ba/Sr 

occupy the 8c (1/4 1/4 1/4) site. The Ni occupy the 2a (1/2 1/2 1/2) site, and the Os occupy the 4a (0 0 0) site. Phase percent is by 

weight. Biso was fixed to the same value for Ni and Os. 

x 0.8 1.0 1.2 1.4 1.6 1.8 

Space 

group 
Fm3̅m Fm3̅m Fm3̅m Fm3̅m Fm3̅m Fm3̅m 

% wt. 0 % 0 % 0 % 88.1(2) % 46.3(1) % 4.31(8) % 

a (Å) 7.93145(3) 7.94978(3) 7.97021(3) 7.98548(4) 7.98705(4) 7.98923(9) 

Volume 

(Å3) 

498.952(6) 502.418(5) 506.302(6) 509.223(6) 509.517(7) 509.93(2) 

Rwp 8.136 % 7.566 % 7.789 % 10.471 % 6.445 % 5.744 % 

Gof 1.741 1.708 1.785 2.213 1.396 1.218 

O (x, 0, 

0), 24e 

0.2497(5) 0.2471(5) 0.2470(6) 0.2447(7) 0.2425(7) 0.241(4) 

Ba/Sr 

Biso(Å
2) 

0.27(5) 0.59(6) 0.86(9) 1.5(2) 0.40(4) 0.2(1) 

Ni 

Biso(Å
2) 

0.01(2) 0.01(2) 0.01(2) 0.01(3) 0.15(2) 0.2(1) 

Os 

Biso(Å
2) 

0.01(2) 0.01(2) 0.01(2) 0.01(3) 0.15(2) 0.2(1) 
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Table 4.3: Structural information for P3̅m1 structures (x = 1.4–2.0) taken from refinement 

of the laboratory X-ray data. The Ba/Sr occupy the 2c and 2d Wyckoff site. The Ni occupy 

the 1a and 2d site. The Os occupy the 1b and 2d site.  

X 1.4 1.6 1.8 2.0 

Space group P3̅m1 P3̅m1 P3̅m1 P3̅m1 

Wt. % 11.6(2) % 52.7(1) % 95.69(8) % 100 % 

A 5.71852(8) 5.71824 (2) 5.71873(2) 5.73100(2) 

C 14.0469(4) 14.0459(1) 14.04780(7) 14.06890(8) 

Volume 397.809(6) 397.745(4) 397.867(3) 462.085(3) 

Rwp 10.417 6.337 5.744 7.453 

Gof 2.213 1.373 1.218 1.708 

Ba/Sr (1) 0 

0 

0.249(2) 

0 

0 

0.2478(5) 

0 

0 

0.2487(3) 

0 

0 

0.2504(4) 

Ba/Sr (2) 1/3 

2/3 

0.091(1) 

1/3 

2/3 

0.0897(3) 

1/3 

2/3 

0.0890(2) 

1/3 

2/3 

0.0899(3) 

Ba/Sr (3) 1/3 

2/3 

0.403(1) 

1/3 

2/3 

0.4034(3) 

1/3 

2/3 

0.4036(2) 

1/3 

2/3 

0.4044(2) 

Ni(2) 1/3 

2/3 

0.645(3) 

1/3 

2/3 

0.6517(8) 

1/3 

2/3 

0.6522(5) 

1/3 

2/3 

0.6504(7) 

Os(2) 1/3 

2/3 

0.8390(9) 

1/3 

2/3 

0.8406(2) 

1/3 

2/3 

0.8409(1) 

1/3 

2/3 

0.8398(2) 

O1 0.517(6) 

−0.517(6) 

0.267(6) 

0.515(2) 

−0.515(2) 

0.252(3) 

0.511(1) 

−0.511(1) 

0.249(2) 

0.5122(9) 

−0.5122(9) 

0.268(1) 

O2 0.845(7) 

−0.845(7) 

0.090(5) 

0.840(2) 

−0.840(2) 

0.084(2) 

0.833(1) 

−0.833(1) 

0.082(1) 

0.829(2) 

−0.829(2) 

0.089(2) 

O3 0.825(8) 

−0.825(8) 

0.432(4) 

0.839(2) 

−0.839(2) 

0.420(1) 

0.843(1) 

−0.843(1) 

0.4172(9) 

0.824(2) 

−0.824(2) 

0.424(2) 

Ba/Sr Biso(Å
2) 0.01(9) 0.40(4) 0.44(2) 0.18(3) 

Ni Biso(Å
2) 0.01(9) 0.15(2) 0.02(2) 0.1(1) 

Os Biso(Å
2) 0.01(9) 0.15(2) 0.02(2) 0.1(1) 

O Biso(Å
2) 0.01(9) 0.7(1) 0.58(8) 2.9(2) 
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Figure 4.7: Variable temperature PXRD of the x = 1.2 sample showing an increase in lattice 

parameter with increasing temperature. The structure remains cubic below the magnetic 

transition at 40 K. 
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Figure 4.8: Variable temperature PXRD of the x = 1.4 sample showing an increase in lattice 

parameter with increasing temperature for both the cubic and the trigonal phase. The phase 

composition is constant with temperature. 
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Variable temperature PXRD data above 300 K were collected for the x = 0–0.4 

samples, and lattice parameters obtained from Rietveld refinement were plotted as a 

function of temperature in order to determine the tetragonal to cubic phase transition 

temperature for each sample. The a lattice parameter of the tetragonal space group (atetra) 

is related to the a lattice parameter of the cubic space group (acubic) by the relationship 

atetra√2 ≈ acubic. Thus, the tetragonal to cubic phase transition is expected where a√2 and c 

converge. A linear function was fitted to the phase transition temperature as a function of 

composition. The resulting linear function is consistent with the structural observation of 

tetragonal x = 0.2–0.6 and cubic 0.8–1.2 at room temperature.   

 

 

 

Table 4.4: Tetragonal to cubic phase transition temperatures taken from variable 

temperature PXRD data used for the linear fit. 

Composition (x) Tetragonal to cubic 

phase transition (K) 

0 653  

0.2 533 

0.4 453 

 

The Fm3̅m and P3̅m1 phase fractions obtained from Rietveld refinements of the x 

= 1.4–1.6 were used in conjunction with the lever rule to estimate the width of the mixed 

phase region. Using the lever rule, the phase fraction dependence of these boundaries are: 
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Phase fraction of 𝐹𝑚3̅𝑚 =
e2 − x

e2 − e1
 

Phase fraction of 𝑃3̅𝑚1 =  
x −  e1

e2 − e1
 

where e1 is the largest barium content that can be accommodated within the cubic phase, 

e2 is the smallest barium content that can be accommodated within the trigonal phase, and 

x is the amount of barium substitution. From PXRD analysis of the x = 1.4, 1.6, and 1.8 

samples, the phase fraction as a function of composition can be expressed by three 

independent equations. Due to the errors on the phase fraction of the PXRD analysis, the 

phase fraction of the cubic phase and the phase fraction of the trigonal phase were 

expressed with three equations each from the x = 1.4, 1.6, and 1.8 samples. The values for 

e1 and e2 are solved from the x = 1.4 and 1.6 equations, then the x = 1.4 and 1.8 equations, 

and finally the x = 1.6 and 1.8 equations. The resulting values for e1 and e2 were averaged. 

The boundary between the cubic and the mixed phase region was determined to be x = 

1.35(1). The boundary between the mixed phase region and the trigonal phase was 

determined to be x = 1.83(1).  
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Figure 4.9: Cell parameters for the x = 0–0.4 samples as a function of temperature. The 

tetragonal to cubic transition is defined here as the temperature at which a√2 and c 

converge. 
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Figure 4.10: a) PXRD patterns of the four structural regions for the BaxSr2-xNiOsO6 (x = 

0.2–2) system, b) Volume/Z at room temperature as a function of barium amount, c) 

structural phase diagram where the solid lines separates structural regions and the dash 

lines separate the paramagnetic state from the magnetic ground state. 
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Table 4.5: Selected structural information for the BaxSr2-xNiOsO6 series. The ∠Ni–O–Os 

bond angles are for the corner-connected ∠Ni–O–Os bonds. Data for x = 1.2 and 2.0 were 

taken from neutron diffraction data which has more precise oxygen positions.  

x 0.2 (PXRD) 1.2 (NPD) 2.0 (NPD) 

Space group I4/m Fm3̅m P3̅m1 

a (Å) 5.55301(3) 7.972(1) 5.731(2) 

c (Å) 7.92427(5) --- 14.067(4) 

Volume (Å3) 244.352(3) 506.5(2) 400.1(3) 

Rwp 8.832 3.661 2.810 

Gof 2.070 2.743 1.971 

Os–O (Å) 1.941(6) ×2 

1.951(7) ×4 

1.9272(4) ×6 1.9298(9) ×6 

 

1.933(1) ×2 

1.948(2) ×4 

∠Ni–O–Os 

(corner 

connected) 

167.5(5)° 
180° 

180° 
--- 

179.85(7) ° 
175.00(7) ° 

∠Ni–O–Os (face 

sharing) 

--- --- 82.58(4) ° 

 

 

4.3.2 DC and AC magnetic susceptibility  

 

DC magnetic susceptibility as a function of temperature at 1 kOe for the samples 

in the I4/m structural region shows an antiferromagnetic-like cusp at 40 K. A linear Curie-

Weiss function was fitted to the inverse magnetic susceptibility for the temperature region 

of 150 K to 400 K for all samples. For these samples within the I4/m phase space, the Weiss 

constant extracted from the fit are all positive values which suggest ferromagnetic 

interactions despite the antiferromagnetic cusp in the magnetic susceptibility data. There is 
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no observable trend with the calculated effective moment as a function of barium 

substitution concentration. The effective moment values are close to approximately 3.6 µB 

which is smaller than the spin only value of 4 µB. Isothermal magnetization at 5 K is linear 

for the x = 0.2 sample. As the amount of barium substitution increases, a small opening is 

observed, but does not saturate up to 70 kOe. This indicates that the I4/m phase space is 

not fully a long-range antiferromagnetic ground state. AC magnetic susceptibility on the x 

= 0.6 (in the I4/m region) showed slight shifting of the transition temperature to higher 

values with increasing frequency.  Frequency dependence of the magnetic transition 

temperature would suggest a glassy magnetic ground state.56 The temperature step size is 

not fine enough to calculate the amount of shifting or the activation energy between the 

low-lying metastable states. There is no feature in the neutron diffraction pattern at 10 K 

that would indicate long range magnetic order, which is consistent with a spin glass 

magnetic state.   
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Table 4.6: Weiss temperature and effective moment extracted from linear Curie-Weiss fit 

from 150 K to 400 K for the BaxSr2-xNiOsO6 series. Weiss constant and effective moment 

from linear Curie-Weiss fitting of the inverse susceptibility data from 150 K to 400 K. 

Some of the mixed phase samples have an amount of NiO impurity so the phase percent 

listed here do not add up to 100 %. 

Composition (x) Structure (300 K) Weiss temperature 

(K) 

Effective moment 

(µB) 

0.2 I4/m 24(1) 3.64(2) 

0.4 I4/m 41.2(5) 3.613(6) 

0.6 I4/m 50.2(3) 3.638(3) 

0.8 Fm3̅m 68.2(5) 3.614(6) 

1.0 Fm3̅m 74.7(4) 3.503(5) 

1.2 Fm3̅m 78.6(4) 3.613(5) 

1.4 87.4(2) % Fm3̅m 

12.3(2) % P3̅m1 

97(3) 3.58(4) 

1.6 51.5(2) % P3̅m1 

47.4(2) % Fm3̅m 

48.5(8) 3.61(1) 

1.8 95.68(8) % P3̅m1 

4.32(8) % Fm3̅m 

7.3(9) 3.63(1) 

2.0 P3̅m1 −17.7(5) 3.852(7) 

 

Variable temperature DC magnetic susceptibility at 1 kOe for the samples in the 

Fm3̅m phase space shows a similar cusp at 40 K that was observed in the I4/m structure, 

which suggest the two structures have similar magnetic ground state. The Curie-Weiss fit 

of the inverse susceptibility from 150 K to 400 K yields a positive Weiss constant and an 

effective moment of 3.5–3.6 µB, similar to the I4/m samples. Isothermal magnetization 

collected at 5 K shows no magnetic saturation and small opening loop, also similar to the 

I4/m samples.  For the x = 1.2 sample, typical glassy frequency dependence of the transition 

temperature was not observable in the AC susceptibility measurement within the 1 K step 
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size used for the data collection which suggests complex glassy behavior. There is no 

feature in the specific heat measurement, which confirms there is no long range magnetic 

ordering for the Fm3̅m structure. 

 

Figure 4.11: AC magnetic susceptibility for x = 0.6 and x = 1.2. 

 

DC magnetic susceptibility at 1000 Oe of the x = 1.4–1.8 samples with mixed cubic 

and trigonal phases show a sharp rise in magnetic susceptibility below 100 K which is 

consistent with the onset of ferromagnetism or ferrimagnetism. Isothermal magnetization 

measurement at 60 K show saturation of the magnetization which also confirms the 

presence of a ferromagnetic or ferrimagnetic phase. Since the cubic Fm3̅m phase is glassy, 
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the ferromagnetism or ferrimagnetism at 100 K must originate from the trigonal P3̅m1 

phase. The x = 1.4 and x = 1.6 samples with ~10 % and ~ 50% also show a weak cusp at 

approximately 40 K which is consistent with the glassy cubic Fm3̅m phase observed in the 

x = 1.2 sample. The magnetic data of the mixed phase samples show both signatures of the 

trigonal P3̅m1 and cubic Fm3̅m phases.  

Variable temperature DC magnetic susceptibility measurement at 1 kOe for the 

trigonal Ba2NiOsO6 compound showed a ferromagnetic-like transition at 108 K where the 

sharp rise in magnetic susceptibility occurs. A linear Curie-Weiss function, fitted to the 

inverse magnetic susceptibility from 150 K to 400 K, results in a Weiss temperature of 

−17.7(5) K. The negative Weiss value signals the presence of antiferromagnetic coupling 

in the compound. This suggest a ferrimagnetic ground state, which is confirmed by solving 

the magnetic structure from neutron diffraction at 5 K. The effective moment extracted 

from the Curie-Weiss fit is 3.852(7) µB. Isothermal magnetization collected at 60 K shows 

a magnetic hysteresis with a saturation magnetization of 0.51 µB /f.u. Isothermal 

magnetization collected at 5 K shows a magnetic hysteresis and saturation at 0.71 µB /f.u.  
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Figure 4.12: a) Temperature dependent magnetic susceptibility for x = 0.2–1.2 with a cusp 

at 40 K, b) temperature dependent magnetic susceptibility measured with field-cooled 

condition for x = 0.2–2.0, c) isothermal magnetization at 5 K for x = 0.2–1.2, d) isothermal 

magnetization at 5 K for x = 1.4–2.0. 

 

4.3.3 Neutron diffraction 

 

Neutron diffraction data for the x = 0.6 sample was taken above the 40 K cusp in 

the magnetic susceptibility data at 300 K and 60 K and below at 10 K in order to search for 

signatures of long range magnetic ordering. Comparing the neutron diffraction data at 300 

K to the pattern at 60 K showed further distortion of the unit cell as the tetragonal splitting 

became more prominent. Comparing the neutron diffraction pattern at 60 K and 10 K shows 
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neither an apparent change in the intensity of any reflection nor the presence of new 

reflections. This suggests that the I4/m structure in the BaxSr2-xNiOsO6 system does not 

exhibit long range magnetic order and has a glassy magnetic state.  

Variable temperature neutron diffraction taken for the x = 1.2 sample above and 

below 40 K show weak signature of magnetic ordering. Rietveld refinement of the neutron 

diffraction patterns at all temperature including ones below the magnetic transition 

temperature fits well with the Fm3̅m space group. The lack of a feature in the specific heat 

measurement indicates a glassy magnetic ground state. To confirm this, neutron diffraction 

patterns taken at 10 K, 25 K, and 60 K were subtracted from the pattern taken at 5 K. No 

observable difference is observed between the 25 K, 10 K and 5 K patterns, as would be 

expected since these all fall below the cusp at 40 K seen in the magnetometry data. 

Subtracting the 60 K pattern from the 5 K pattern, yields two broad features at d spacing 

of 4.44 Å and 4.27 Å. Since the secondary phase NiO has an antiferromagnetic transition 

above room temperature, these small magnetic signature are likely to originate from the 

main perovskite phase.  Report on high pressure cubic Ba2NiOsO6 show a modulated 

antiferromagnetic ground state at 32 K with magnetic reflection at 2θ of ~31.5° and 32.8° 

or d spacing of ~4.44 Å and 4.27 Å, respectively (λ = 2.41 Å). The magnetic reflections in 

high pressure cubic Ba2NiOsO6 are similar to our weak magnetic features in the x = 1.2 

sample. However, unlike the high pressure cubic Ba2NiOsO6, no observable feature near 

40 K that would indicate long range ordering was observed in specific heat of the x = 1.2 

sample.  The lack of a feature in the specific heat data indicates that there is no entropy 

change associated with the magnetic transition at 40 K. This suggests that the 40 K 

transition is a spin glass transition, where the barium and strontium disorder at the A-site 
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destabilizes the complex magnetism observed in high pressure cubic Ba2NiOsO6. The 

modulated antiferromagnetic structure is 8 unit cells along one of the cubic axes. Variation 

in distribution of barium and strontium can differ from unit cell to unit cell which can 

destabilize this complex antiferromagnetism. This results in a mostly glassy sample with 

some volume of sample containing small magnetic domains, which are observable in 

neutron diffraction on 7 grams of sample as low intensity and broad reflections. However, 

this is not detectable with specific heat measurement on 10 mg of sample.  
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Figure 4.13: a) Specific heat measurement for x = 1.2 sample. No feature is observed 

around 40 K which indicates the cusp in the magnetic susceptibility data is not a long range 

ordered state, b) difference between the 5 K pattern and 10 K, 25 K, 50 K, and 60 K for 

Ba1.2Sr0.8NiOsO6. 

 

Variable temperature neutron diffraction data of Ba2NiOsO6 (x = 2.0) show 

magnetic reflections that appear below 100 K. Neutron patterns from 90 K and below can 

be fitted to the P3̅m1 space group, but there is extra intensity at multiple reflections such 

as the (2 −1 1) and (1 0 −3) that is not accounted for with Rietveld refinements of the 
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nuclear structure. Comparing the patterns at 120 K and 90 K show that this increase in 

intensity appears below the magnetic transition temperature at 100 K, suggesting long 

range magnetic ordering is present. This is consistent with the observation of 

ferrimagnetism in the SQUID data. 

A Pawley refinement of the neutron diffraction data at 5 K accounts for all 

reflections and their intensity. This indicates that the magnetic unit cell is identical to the 

nuclear unit cell. Using ISODISTORT,57 the magnetic structures consistent with k point of 

(0 0 0) were generated. Possible magnetic space groups are P3̅m′1, C2/m, C2′/m′, P1̅, 

P3̅′m′1, C2′/m, C2/m′, P1̅′ which are variations in orientation of the magnetic moments. 

Rietveld refinements with comparable goodness of fit and Rwp can be obtained for each of 

these space group. The space groups C2/m, C2′/m′, C2′/m, and C2/m′ all contain extra 

reflections that are not observed in the neutron diffraction pattern, and therefore are not the 

best model to describe the magnetic unit cell. Placing the constraint that all the Ni moments 

are equal in magnitude and all the Os moments are equal in magnitude results in either the 

P3̅m′1 or the P1̅ space groups as the best model for the magnetic structure. Since there is 

not a significant improvement in the refinement with the lower symmetry P1̅ space group, 

the higher symmetry P3̅m′1 space group was assigned as the magnetic structure of 

Ba2NiOsO6. This structure consists of corner sharing Ni and Os that are ferromagnetically 

coupled to each other and face sharing Ni and Os that are antiferromagnetically coupled to 

each other. The refined moment size is 1.94(6) µB for Ni2+ and 0.64(9) µB for Os6+ at 60 K. 

The refined moment size is 2.14(6) µB for Ni2+ and 0.66(8) µB for Os6+ at 5 K. Every 

magnetic unit cell has three formula unit, so the calculated magnetization per unit cell is 

|Ni(1) − 2×(Ni(2)) – Os(1) + 2×(Os(2))| = 1.3(2) µB at 60 K and 1.5(2) µB at 5 K. Dividing 
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by the number of formula unit per unit cell results in 0.4(2) µB/f.u. and 0.5(2) µB/f.u. These 

moment sizes are consistent with saturated moments of 0.51 µB /f.u. and 0.71 µB /f.u. from 

isothermal magnetization versus applied field SQUID measurements at 60 K and 5 K 

respectively. The refined magnetic structure is consistent with ferrimagnetic ground state. 

An important consideration in analyzing the neutron diffraction data is the size of 

the magnetic moment, which can be too small to detect by neutron diffraction experiment. 

Spin orbit coupling was previously observed to lower the 5d2 Os6+ magnetic moment. 

Experimentally, this moment could be as high as 0.60 µB, as reported for Sr2MgOsO6 at 10 

K, or as low as 0.2–0.3 µB at 3–4 K as reported for Ba2CaOsO6, Ba2MgOsO6, Ba2ZnOsO6. 

47,58,59  The magnetic moment of the 3d metal Ni2+ obtained at 2 K are 1.92(6) µB and 

2.04(6) µB for Sr2NiMoO6 and Ba2NiMoO6 respectively. 60 The refined magnetic moments 

of the Os6+ and Ni2+ from the 5 K neutron diffraction pattern for Ba2NiOsO6 are comparable 

to these values.  
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Figure 4.14: a) Magnetic reflections that appeared below 100 K, b) the refined magnetic 

structure of Ba2NiOsO6. 
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4.4 Discussion 

 

The phase diagram of this series of compounds can be divided into four structural 

regions: I4/m, Fm3̅m, mixed phase Fm3̅m and P3̅m1, and P3̅m1. At low barium 

concentration, the system adopts the I4/m space group similar to the previously reported 

Sr2NiOsO6 compound.51 The structure adopts the octahedral tilting scheme a0a0c− where 

the octahedral tilt is out-of-phase down the c-axis. At intermediate amount of barium 

substitution, the system becomes cubic Fm3̅m. At higher barium substitution, the system 

becomes a mixture of Fm3̅m and P3̅m1 phases due to the fact that the Ba2+ is too large to 

occupy the cubotahedron site in the 3D framework of corner connected octahedra. Instead, 

with full barium occupation at the A-site, the structure of Ba2NiOsO6 is trigonal P3̅m1 

which is the 6L hexagonal derivative of the perovskite structure with ordering of the 

cations.  

 

Figure 4.15: At high barium concentration at the A-site, the solid solution BaxSr2−xNiOsO6 

adopts the trigonal space group (right) to accommodate the large size of the barium. 
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Goodenough-Kamamori rules for 180° superexchange predicts that Ni2+ and Os6+ 

magnetic interaction should be ferromagnetic. Thus, a cubic double perovskite with Ni and 

Os in the octahedral sites should be ferromagnetic. However, previously reported cubic 

Ba2NiOsO6 has a modulated antiferromagnetic ground state that is 8 unit cells in length 

along one of the cubic crystallographic axis. The ferromagnetic ground state can only be 

access with an external applied field of 2.1T. 1 The complex magnetic structure and 

behavior indicates the competing presence of long range interactions which are likely to be 

antiferromagnetic. While local Ni–O–Os interactions in this magnetic structure are 

ferromagnetic, the competition from the long range antiferromagnetic interactions results 

in a modulated antiferromagnetic structure.  

The reported cubic Ba2NiOsO6 and our Ba1.2Sr0.8NiOsO6 solid solutions are 

isostructural but the magnetisms are different. Both the Ba1.2Sr0.8NiOsO6 reported here and 

the previously reported cubic antiferromagnetic Ba2NiOsO6 crystalizes in the Fm3̅m (a = 

7.972(1) Å at 5 K and 8.0298(1) Å at 4 K, respectively). The Ni–O distance is 2.0552(3) 

Å and 2.088(2) Å, and the Os–O distance is 1.9236(3) Å and 1.927(2) Å for 

Ba1.2Sr0.8NiOsO6 and Ba2NiOsO6, respectively. The main difference between these two 

cubic samples is the mixed A-site of the Ba1.2Sr0.8NiOsO6. This indicates that the 

antiferromagnetic ground state, metamagnetic transitions, and ferromagnetism above 2.1 

T of the cubic structure is very sensitive to the local distortion that arise from Sr/Ba 

disorder. Long range Ni–O–Os–O–Ni and Os–O–Ni–O–Os magnetic interactions 

competes with short range Ni–O–Os interactions, and the relative strengths of these 

interactions are sensitive to changes in bond angles. While the overall space group of 

Ba1.2Sr0.8NiOsO6 is cubic below the magnetic transition temperature, locally there is likely 
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to be a random mix of linear 180° Ni–O–Os bonds and nonlinear Ni–O–Os bonds due to 

the Sr/Ba disorder that destabilize the modulated antiferromagnetic ground state leading to 

spin glass behavior. This further highlights the importance of the variety of short range and 

long range magnetic interactions in stabilizing the complex magnetic structure in 

previously reported cubic Ba2NiOsO6.  

 The trigonal Ba2NiOsO6 consists of alternating layers of Ni and Os octahedral that 

are corner connected to face-sharing Ni–Os octahedral dimers. Temperature dependent 

magnetic susceptibility, isothermal magnetization at 5 K, and magnetic structure solved 

from neutron diffraction data at 5 K all indicates that trigonal Ba2NiOsO6 has a 

ferrimagnetic ground state. The Ni–O–Os bond angles are 82.58(4) ° for the face-sharing 

Ni and Os octahedra and 179.85(7) ° and 175.00(7) ° for the corner sharing Ni and Os 

octahedra. From the magnetic structure solved from neutron diffraction data at 5 K, the 

coupling of the corner-sharing Ni and Os octahedra is ferromagnetic with Ni–O–Os bond 

angles close to 180°. The coupling of the face-sharing Ni and Os octahedra is 

antiferromagnetic with Ni–O–Os bond angles close to 90°. Both of these interactions are 

consistent with the Goodenough-Kanamori rules for 180° and 90° superexchange 

interactions. This indicates that in the absence of the complex long range Ni–O–Os–O–Ni 

and Os–O–Ni–O–Os magnetic interactions observed in the perovskite structures (I4/m and 

Fm3̅m), the Ni and Os magnetic exchange follows the Goodenough-Kanamori rules.   
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Figure 4.16: a) 90° superexchange results in antiferromagnetic Ni–Os interaction, b) 180° 

superexchange results in ferromagnetic interaction between the half-filled Ni eg and empty 

Os eg orbitals, c) the perovskite structure houses both short range (J1) and long range (J2, 

J3) magnetic interactions, while the trigonal structure is dominated by short range (J1, J4) 

magnetic interactions. 

 

4.5 Conclusion 

 

 BaxSr2-xNiOsO6 was synthesized using the solid state method, and the structure was 

characterized using laboratory X-ray diffraction. A phase diagram with composition versus 

temperature was determined from variable temperature X-ray diffraction. The 

compositions with the I4/m and Fm3̅m structure have a magnetic transition at 40 K with 
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no signature of long range magnetic order observed in variable temperature neutron 

diffraction. The trigonal P3̅m1 structure has a ferrimagnetic ground state which was 

determined from magnetometry and neutron diffraction. We found that long range 

magnetic interaction is important in the double perovskite structures to stabilize the 

magnetic ground state which results in magnetic behavior that deviates from Goodenough-

Kanamori prediction. In the absence of these long range interactions, Ni and Os magnetic 

exchange follows the Goodenough-Kanamori rules.   
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Appendix A 

Supplementary Information for Structure and Magnetic Properties of Solid Solution 

Ba2NaxCa1-xOsO6 
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Figure A.1: a) Magnetic susceptibility as a function of temperature for two difference 

Ba2NaOsO6 samples, b) Isothermal magnetization at 2 K for two difference Ba2NaOsO6 

samples. 
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Figure A.2:  Room temperature powder X-ray diffraction of the second Ba2NaOsO6 

sample.  


