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ABSTRACT        

           NbO2 and VO2 both exhibit similar electrostructural phase transitions: a structural phase 

transition from higher symmetry rutile phase into lower symmetry distorted rutile phase, and 

metal insulator transition. Because of this, they have various potential applications in 

optoelectronic devices, temperature sensors, smart windows, and memory devices. However, the 

mechanism of the transition in each material is not fully understood, and previous attempts to 

create a unified pictured of both materials has led to surprises. For example, the electronic 

transition is suppressed when the materials are alloyed (into compounds of the formula NbxV1-

xO2), which is unusual in analogous systems.  

          This body of research aims to unravel the unexplained aspects of the structural instability 

in such systems with the help of single crystal x-ray diffraction, diffuse scattering, and three-

dimensional difference pair distribution function. The observations are consistent with the 

geometric frustration of displacements model recently used to explain the suppression of long-

range structural order in the V1-xMoxO2 phase diagram. Two separate short-range ordered phases 

are observed in the NbxV1-xO2 phase diagram, one is 2D-M2 phase in lower Nb composition, and 

another is unknown 2D phase in higher Nb composition whose type of local ordering is not 

known at this moment.  

          The structural instability due to oxygen defects is also studied for substoichiometric NbO2-

§. The role of oxygen vacancies in both the stabilization of the β-phase and its crystallographic 
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intergrowth with the α-phase in NbO2-δ single crystals is investigated using total x-ray scattering, 

electron diffraction, and transmission electron microscopy. We have found the existence of β-

phase and mixed phase of α-domain and β-domain based on the nominal oxygen composition. 

The appearance of 2D nets of diffuse scatterings in these crystals is interpreted in terms of two-

dimensional defects of stacking fault created by crystallographic shear in rutile (110) direction. 

Additionally, the correct space group symmetry for β-phase is shown to be I41/a instead of 

previously reported I41. The model proposed in this work is a step toward explaining the origin 

of the unique structure of NbO2 in both its alpha and beta forms, which has never been fully 

explained.  
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CHAPTER 1: INTRODUCTION 

1.1 Structural and Electronic Properties of Transition Metal Oxides 

           Transition metal oxides (TMOs) show wide varieties of electronic properties ranging from 

insulating to metallic, ferroelectric to antiferroelectric, paramagnetic to ferromagnetic or 

antiferromagnetic, superconducting, etc. Because of these electronic properties, these materials 

have a wide application in electronics such as in sensors (SnO2 or TiO2),
1 superconductor 

(cuprates),2 memory devices (CrO2)
3, and so on. The electronic properties of the TMO are often 

related to its crystal structure, which means thate understanding the crystal chemistry of the 

material is very important to understand the electronic properties. The electronic properties of the 

materials not only depend upon the average crystal structure but also depends upon the short-

range ordering. This research focuses on the study of the crystal chemistry of VO2 and NbO2 

system, including the local atomic-scale ordering, and its dependence on   temperature and 

substituents. Like many other transition metal oxides, these compounds show simultaneous 

structural and electronic transitions, and it is the resulting trend when alloyed with each other 

that is surprising. Instead of similar structures and electronic configurations they undergo 

transition at different temperatures. Also, the transition temperature of VO2 unexpectedly 

decreases instead of increasing by alloying with higher band gap NbO2. There are competing 

models and theories that explain such anomalies, but none fully explain the observations.  

Therefore, this research aims to understand how the short-range (i.e. local) atomic ordering 

affects the electronic properties of these materials. Understanding the structural instability in 
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VO2 and NbO2 will help to solve the many structural and electronic problems of other transition 

metal oxides too. 

1.2 Structural Instability in VO2 and NbO2 

1.2.1 VO2  

           VO2 is believed to exist in four different polymorphic phases; Rutile, M1, M2, and T, 

depending upon temperature, substituents, and stress.4-6 It undergoes a crystallographic phase 

transition from higher symmetry rutile phase into lower symmetry monoclinic phase at around 

340 K.7 Such structural instability in higher symmetry rutile phase has been explained in terms of 

their metal atom distortions and dimerization in lower symmetry structure. The different lower 

symmetry polymorphic phases have different patterns of metal atom dimerization and 

distortions. But it is still unclear why the structural instability occurs in the rutile structure of 

some transition metal oxides such as in VO2, NbO2, MoO2, etc. but not in the rutile structure of 

other transition metal oxides such as in TiO2, MnO2, CrO2, RuO2, etc. Therefore, at first, a better 

understanding of crystal chemistry and bonding of such undistorted and distorted rutile structure 

is necessary.  

           The undistorted rutile structure of VO2 is a simple tetragonal unit cell with space group 

P42/mnm where metal atoms are located at Wyckoff site 2a; (0, 0, 0) and (1/2, 1/2, 1/2), and 

oxygen atoms are located at Wyckoff site 4f; (x, x, 0). The unit cell contains two formula units, 

and its lattice cell parameters are aR = 4.5546 Å and cR = 2.8514 Å.8 It consists of edge-sharing 

metal octahedra (VO6) in which two different chains of metal octahedra can be seen as shown in 

Figure 1.1a. One chain as indicated by ‘A’ represents the corner metal atom octahedra and 

another chain as indicated by ‘B’ indicates the body-centered metal octahedra. The body-

centered metal octahedra are related to the corner metal octahedra by 42 screw axis symmetry. 
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The V-V metal atoms are constantly spaced by 2.8514 Å towards c-axis. Four equatorial oxygen 

atoms are forming a rectangle, and two apical oxygen atoms form M-O bond perpendicular to the 

c-axis on each metal octahedra in the unit cell.  

           The M1, monoclinic phase, is a low temperature distorted rutile phase which has P21/c 

space group symmetry with lattice parameters aM1 = 5.74 Å, bM1 = 4.52 Å, cM1 = 5.38 Å and βM1 

= 1220 respectively. It has M-M bonding towards the rutile c-axis direction and zigzag metal 

atom distortion in the rutile ab plane as shown in Figure 1.1b. The dimerization and distortion 

both cooperatively occur in each metal chain at the same time in the M1 phase. Because of this 

the M-M distances varies alternatively between 2.62 Å and 3.17 Å towards the rutile c-axis. The 

zigzag distortions and dimerization also lead to two different apical V-O bonds; 1.77 Å and 2.01 

Å, and two short and two long equatorial V-O bonds; 1.86 Å, 1.89 Å, 2.03 Å and 2.06 Å. The 

M1 unit cell has double unit cell volume than the rutile unit cell and contains 4 formula units.  

           The M2 phase is another monoclinic phase that has a distorted rutile structure and is found 

in stressed VO2. The application of uniaxial stress along the rutile (110) direction leads to the 

structural transition from the rutile phase into the M2 phase.6 Its lattice constants are aM2 = 9.066 

Å, bM2 = 5.797 Å, cM2 = 4.526 and βM2 = 91.880 respectively along with C2/m space group 

symmetry. It's different from the M1 phase because it contains only M-M dimerization but no 

zigzag metal atom distortions along one chain and only zigzag metal atom distortions and no 

dimerization in another type of the chain as shown in Figure 1.1c. More apparently, half of the 

metal chains have only metal-metal pairing, and half of the metal chains have only zig-zag types 

of lateral displacements. The V-V distances along a dimerized chain vary alternately between 

2.54 Å and 3.26 Å while V-V distances along a distorted chain are constantly 2.93 Å. Therefore, 

it is a compromised structure between the M1 phase and the rutile phase.  
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1.2.2 NbO2  

           NbO2 is another transition metal oxide that undergoes a structural phase transition at about 

1073 K.9 It is isoelectronic and isostructural to the VO2 because both have a d1 metal 

configuration and, high-temperature rutile phase and low-temperature distorted rutile phase. The 

crystallographic transition involves the phase change from the higher symmetry rutile phase 

(P42/mnm) to the lower symmetry body-centered tetragonal phase (I41/a).10 Because of its high 

transition temperature not many studies are found on NbO2 compared to VO2.  The origin of the 

structural instability in NbO2 and VO2 seems to be common because of their similar electronic 

configurations and structures.11  

           The rutile phase has cell parameters ar = 4.8463 Å and cr = 3.0315 Å. Similar to VO2, it 

also has an edge-sharing or face-sharing metal octahedra (NbO6) connecting a corner and body-

centered metal atoms. The corner metal octahedra are represented as ‘A’ and body-centered 

metal octahedra are represented as ‘B’ in Figure 1.1a. The Nb-Nb distances are equally spaced 

towards the c-axis by 3.0315 Å.  The body-centered tetragonal phase has alternate Nb-Nb 

distances of 2.71 Å and 3.30 Å towards the rutile c-axis. Similar to the M1 structure in VO2, the 

bct phase also has an antiferroelectric displacement of metal atoms resulting in buckling of metal 

octahedra in ab rutile plane, and metal-metal bonding along the rutile c-axis. There is both 

dimerization and distortions along each chain of metal octahedra as shown in Figure 1.1d. The 

lattice constants for bct phase are related to its undistorted rutile phase by a = √8*aR = 13.7020 

Å and c = 2*cR = 6.06 Å. It has 16 formula units per unit cell.  

1.2.3 Structural Instability  

           The main driving force for the structural instability in transition metal dioxides such as in 

VO2 and NbO2 is still uncertain. Is it from the electron-phonon interaction that distorts the crystal 
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lattice or something inherent to the rutile structure.11 The common things found during the 

destabilization of rutile structure are the formation of M-M dimers and displacement of metal 

atoms. It is believed that the lower symmetry phase gains more chemical bonding energy by the 

metal-metal bonding so that chemical bonding energy overcomes the lattice energy.12 The M-M 

bonding in one metal chain is only possible if metal octahedra from another adjacent metal chain 

gets distort antiferroelectrically. Such dimerization and distortion interaction makes the rutile cell 

more prone to structural instability, which will be discussed in detail in section 1.4.  

           Hiroi11 has reviewed the structural instability in rutile structures of various transition 

metal oxides and found that the rutile c/a ratio is critical in explaining the trends of structural 

distortions. The c/a value of VO2 and NbO2 is 0.625 which lies near the borderline of two 

structures, undistorted rutile structure and distorted rutile structures of various transition metal 

oxides. The MO6 octahedron changes its shape from compressed to elongated with decreasing 

c/a value, and when the c/a value reaches to a critical value, the covalency of O-O bonding 

which keeps the rutile structure intact gets weaken, and the rutile structure becomes unstable. 

This effect pushes two bridging oxygen away from each other and pulls two neighbor metal 

atoms towards each other in a rutile c -axis by being slightly tilted towards the rutile (110) 

direction. But this is not found always true, mostly in the case of impurities doped VO2 and 

NbO2 even though they have dimers with direct metal-metal bonding.11  

           The structural instability at the tetragonal R-point and a polarization vector parallel to the 

c-axis in higher temperature rutile structure are already shown by using x-ray diffuse scattering 

measurements.13 This study shows the phonon instability at R-point in VO2 near the structural 

transition. The theoretical phonon dispersion curve of rutile structure was calculated for VO2 and 

NbO2 by using a shell model which also shows the lattice instability at the R and P points of the 
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Brillouin zone respectively. This study observed a phonon softening resulting in soft modes 

which trigger the metal atom displacement in the rutile phase which is equivalent to that of the 

monoclinic phase. Ultimately, all of these studies can explain the structural instability in rutile 

structures, but they cannot explain the origin of structural instability more explicitly.  

 

Figure 1.1 (a), (b), and (c) are Rutile, M1, and M2 phase of VO2 respectively. (d) Body-centered 

tetragonal phase of NbO2. Blue balls indicate metal atoms and red balls indicate oxygen atoms. 

The blue line indicates M-M bonding, and the dark line indicates the corresponding unit cells.  

1.3 Electronic Transition  

           VO2 and NbO2 undergo simultaneous electronic transition as well as a structural transition 

around their corresponding structural transition temperature i.e., 340 K for VO2 and 1073 K for 

NbO2. The electronic transition involves the metal-insulator transition and a sudden jump in 

magnetic susceptibility value from one paramagnetic state into another paramagnetic state. 

Because of their MIT properties, they have a wide potential application in optoelectronic 
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devices, switching devices, temperature sensors, smart windows, and in memory devices. 14-17 

Therefore, they have been studying for more than 50 years to better understand the mechanism of 

MIT, so that their electronic properties can be controlled for various useful applications. 

           The mechanism of MIT in NbO2 and VO2 is still debated between the lattice instability or 

electron-phonon interaction of the Peierls model, and the electron-electron interaction of the 

Mott-Hubbard model.18 It’s like a riddle of chicken-and-egg between two models. The main 

reason for the controversy in the mechanism is due to the simultaneous occurrence of MIT and 

structural phase transition at the same temperature. So, electron-electron correlation and 

structural instability always argue with each other to explain the insulating phase of electron 

localized dimerized state. However, the actual phenomenon of MIT is not easy to interpret within 

a simple scenario. Because of the higher MIT temperature of NbO2, it is comparatively less 

studied than VO2. But the mechanism of MIT in both is expected to be similar because, both 

have d1 electronic configuration, rutile structure, and metal-metal dimers at low temperatures.  

           The Peierls model mainly considers structural distortion as a crucial factor that produces 

the band gap in VO2. Especially, one dimensional metal chain in distorted rutile structure 

contains the metal-metal bonding towards the rutile c-axis, and due to the electron-phonon 

interaction in these dimerized metal chains, the electronic band does get split. It can be illustrated 

more clearly by using Goodenough’s molecular orbital splitting picture as shown in Figure 1.2.7  

According to the Goodenough model, during octahedral crystal field splitting of 3d orbital of 

vanadium metal, the t2g orbital produces nonbonding d// energy state which spreads along the 

rutile c axis, and π* state.  These states are partially filled near a fermi level for conducting the 

rutile phase as shown in Figure 1.2a. In the M1 phase due to M-M bonding, the d// orbital 
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Figure 1.2 Schematic band diagram based on Goodenough molecular splitting model showing for 

(a) Rutile, (b) M1, and (c) M2 phase of VO2.   

splits into lower fully occupied d// and upper unoccupied d*
// orbital.19 At the same time, the zig-

zag distortion of metal atoms shifts the π* orbital above the Fermi level where it becomes 

completely unoccupied and opens the energy gap by 0.70 eV20 as shown in Figure 1.2b. Even 

though this observation is appealing to describe the MIT as Peierls mechanism in VO2, the total 

energy gap of ~2.5 eV between the bonding d// and antibonding d*// band is too large to explain 

only by lattice distortion, ‘D’. Another factor is needed to explain it, which is an electron-

electron correlation, ‘U’. Therefore, the total energy gap is the sum of ‘D’ from dimerization and 

‘U’ from electron-electron correlations.  This is more supported by the MIT in M2 phase because 

the M2 phase is considered a Mott-Hubbard insulator where uniform zig-zag displaced V4+ ions 

with ½ magnetic spins behave as antiferromagnetic chains.8 The metal atom dimerization in one 

chain induces band gap D’ and U’, and electron-electron correlation in another chain B induces 

band gap U’ as shown in Figure 1.2c. In another way, the M1 phase can also be regarded as a 

Mott insulator because the M1 phase is a superposition of two M2 distortions. Therefore, these 

observation indicates the mechanism of MIT is more likely by Peierls-Mott types where both 

electron-phonon and electron-electron interaction are significant to describe the MIT.21  
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1.4 Effects of Substituents 

           The structural transition and MIT of VO2 and NbO2 are affected by the metal cation 

substitution. But, because of the high transition temperature of NbO2, the effect of substitution is 

not well studied in NbO2. Therefore, mostly the substitution effects in VO2 are discussed in this 

thesis paper. The substitution effect in MIT of VO2 depends upon the types of metal ions 

incorporated in the vanadium metal site. The TMI increases with substituents Cr, Al, Fe, and Ti 

metal ions whereas decreases rapidly for Nb, Mo, and W metal ions.11 The common things 

observed in Cr, Al, and Fe substituents are they have M2 phase to R phase transition which 

increases the TMI whereases Nb, Mo, and W dopants have M1 phase to rutile phase transition 

which generally decreases the TMI. However, in both cases, MIT seems to be directly or 

indirectly connected to the structural instability and understanding how these substituents affect 

its structural instability will help in better understanding of complex substitution effects on the 

MIT mechanism.  

           There is a rapid decrease in TMI for heavy metal cation impurities like Mo4+, W6+, and 

Nb5+. TMI decreases up to concentration x < 0.2 in MoxV1-xO2, for instance, TMI and Ts of x = 0.16 

is 160 K.22  The recent study of MIT in a thin film of WxV1-xO2 shows the linear decrease in TMI 

up to x ≤ 0.08, and then surprisingly reappearance of MIT with an increase in TMI above room 

temperature for 0.09 ≤ x ≥ 0.33.23  In case of Nb5+ substituents, the previous studies has shown 

the suppression of TMI and Ts simultaneously up to x = 0.04 and, then only TMI in x = 0.04 to x = 

0.10.24 The diffuse scattering experiment had already revealed the presence of short-range 

ordered phase in 0.05 ≤ x ≥  0.1 for Nb substituents. All these heavy metal substituents have been 

found to produce M1 insulating phases in VO2 so Peierls mechanism was able to explain the 

mechanism of MIT because there is the formation of dimerized and distorted metal atoms on 
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each chain. But later, the discovery of the M2 phase in CrxV1-xO2 and in strained VO2 

contradicted the Peielrs mechanism for MIT. It’s because the M2 phase contains a dimerized 

undistorted chain and a distorted non-dimerized metal atom chain i.e., half of the metal atom 

chains are only dimerized, and half of the metal atom chains are only antiferroelectrically 

distorted. So that the energy gap in band energy calculation cannot be explained by lattice 

distortion. Instead, an electron-electron correlation effect of the Mott-Hubbard model is needed 

to explain the band gap in the M2 phase. Therefore, the M2 phase are considered to be Mott 

insulators.  

           Now, the question is how and why do these substituent ions destabilizes the distorted 

phase and stabilize the rutile phase? From past studies, it is believed that the impurity ions break 

the M-M bonding in the lower symmetry phase in a percolative manner resulting in a rutile 

phase.24, 25 This type of assertion is explained in terms of the Percolation model where the metal 

ions are substituted aliovalently as Nb5+, Mo6+, and W6+ so that their d0 electronic state cannot 

form a dimer. In other words, these ions act as electron localizing defects that weaken the M-M 

bonding and suppress long-range ordering in a percolative manner. Despite this, our study is 

challenging this idea because the studies show that Mo is doped more likely as Mo4+ rather than 

Mo6+ and the interpretation of the delocalizing effect of the d0 state for the breaking of M-M 

ordering is not suitable. In fact, the geometric frustration model is more suitable to explain the 

suppression of the long-range ordering which is recently used to explain the emergence of short-

range ordered 2D-M2 phase in MoxV1-xO2.
26 In the geometric frustration model it’s not necessary 

to behave differently by Mo and V with respect to M-M bonding.  
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1.5 Geometric Frustration Model  

           Recently, Davenport et al.26 were able to explain structural instability in the MoxV1-xO2 

system by using a geometric frustration model based on the theoretical study performed by 

Lavorn and Sarker. The appearance of a two-dimensional short-range ordered 2D-M2 phase is a 

clear indication of the frustrated interaction of distortion parameters along the rutile (110) and (-

110) plane as suggested by Lavorn and Sarker.27 Lavorn and Sarker have used the Ashkin-Teller 

model in terms of displacement interaction of neighbor atoms to show the two-dimensional 

interactions of displacements as shown in Figures 1.3a and 1.3b. These metal atom distortions 

interaction lies in the rutile (110) and (-110) plane. Figure 1.3a indicates distortion interactions 

along the rutile (110) direction and indicated by the ‘A’ plane, whereas Figure 1.3b indicates 

distortion interactions along the rutile (-110) direction as indicated by the ‘B’ plane. It can be 

clearly seen in plane ‘A’ where the corner metal atoms undergo distortion in the rutile ab plane 

and body-centered metal atom undergoes distortion towards the rutile c-axis, but in plane ‘B’, the 

corner metal atom undergoes distortion along the c-axis and body-centered metal atom 

undergoes distortion in the rutile ab plane. Consequently, these two-dimensional networks of 

interaction only become three-dimensional by including second-order parameters to the 

Hamiltonian that involves weak cooperative displacements in the (100) direction. More clearly, 

the structure is geometrically frustrated with the nearest-neighbor interaction, and 3D order is 

stabilized by the next-nearest-neighbor interaction as shown in Figure 1.3c. 

           The discovery of the short-range ordered 2D-M2 phase in 19% to 30% Mo-doped VO2 is 

the experimental proof for the geometric frustration model. The requirement of ferroelectric 

distortion along (100) or (010) direction to simulate wavy diffuse scattering rods as observed 

experimentally in the 2D-M2 phase clearly shows the geometric frustration interaction. The 
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geometric frustration along (110) and (100) direction is strong enough to stop the ordering in 

both directions at the same time. Therefore, the long-range ordered phase is suppressed in 

MoxV1-xO2 due to geometric frustration. The Geometric frustration model looks more appealing 

to explain the structural instability in VO2.   

 

Figure 1.327 Interaction of corners and body-centered V atoms (circles) where the displacement is 

mediated by apical oxygens (diamonds). ar, br and cr represent the rutile cell axis. Interaction of 

displacement in (110) direction (a) and in (-110) direction (b). Interaction between planes leads to 

fragile 3D order. Interaction between nearest neighbors as indicated by dashed line in left side of 

Figure 1.4c is frustrated. Interaction between next-nearest neighbor, as shown by the dashed line 

on right side of Figure 1.4c, is required to establish 3D ordering. 

1.6 Outline of the Thesis 

           This thesis mainly focuses on the study of structural instability in the parent rutile crystal 

structure of NbO2 and VO2 depending on dopants, temperature, and oxygen composition. The 

main motivation is the study of the diffuse scatterings observed in NbxV1-xO2 and 

substoichiometric NbO2-δ due to their short-range ordered phases which can affect their 

electronic and magnetic properties, and then finding the local crystal structure with the help of 

more advanced structure characterization techniques like total x-ray scattering and 3D-ΔPDF.  
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NbO2 and VO2 undergo simultaneous structural and electronic transition, and the mechanism of 

transition is always argued with structural instability for last 5 decades. The geometric frustration 

model is a recent theoretical model proposed by Lovorn and Sarker which can better explain the 

structural instability in such correlated dioxide and their structural transition. This thesis paper is 

emphasizing on geometric frustration model to explain the suppression of long-range ordered 3D 

phases in NbxV1-xO2. Despite the similar kinds of study is already performed in MoxV1-xO2 

recently, it will further help to understand the role of size effects in geometric frustration and 

electron count in electronic properties because Mo4+ and Nb5+ as substituents have different 

electronic effects in VO2. This thesis can be regarded as one of the experimental proofs for the 

geometric frustration model for a better understanding of the structural instability and structural 

distortions of parent rutile cells in NbO2 and VO2.  

           Most of this thesis paper is covered by chapter 3 which discusses how the size of dopants 

playing important role in geometric frustration leading to the suppression of 3d ordered long-

range ordered phases and the evolution of 2D short-range ordered phases, and their effects on 

electronic properties.  This is a core part of the research that contains the main idea about 

structural instability and geometric frustration in NbxV1-xO2. It also includes the first-time 

synthesis of all Nb composition single crystals in NbxV1-xO2. Chapter 4 discusses the effects of 

oxygen deficiency or vacancy in structural instability of substoichiometric NbO2-§. This shows 

that structural instability in rutile structure is not only affected by substituents but also affected 

by oxygen vacancy. The appearance of nets of diffuse scattering rods in β-phase is considered 

due to the crystallographic shear interaction in rutile (110) planes that leads to structural 

instability, and phase transformation from β-phase into α-phase. Chapter 5 is all about the recent 
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work done in higher Nb composition of NbxV1-xO2 to find out the structural transition 

temperature, but its complete analysis is still in the process. 
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CHAPTER 2: EXPERIMENTAL TECHNIQUES 

           This chapter discusses briefly the crystal growth technique that was used to grow the 

single crystals of NbxV1-xO2 and NbO2-§, and various structural as well as electronic properties 

characterization techniques. The average crystal structure was determined by using normal x-ray 

diffraction whereases the local structure was determined by using total x-ray diffraction and the 

three-dimensional difference pair distribution function technique (3D-ΔPDF). The surface 

properties of the single crystals were studied by using Scanning Electron Microscope (SEM) and 

Transmission Electron Microscope (TEM) techniques. Furthermore, electronic properties like 

conductivity and magnetic properties were characterized by using a physical property 

measurement system (PPMS). 

2.1 Chemical Vapor Transport Technique (CVT) 

           It is one of the important crystal growth techniques which involves the heterogeneous 

solid and gas phase chemical reaction. In this technique, the transporting agent volatilizes the 

solid materials into the gas phase in one place and then deposits them as single crystals in 

another place when the temperature gradient is applied.  At first, the natural chemical vapor 

transport reaction was described by Bunsen in 1940 when he observed the formation of hematite 

crystals in presence of hydrogen chloride gas during a volcanic eruption.1 Later, the hematite 

single crystals were grown in the laboratory by using chlorine gas as a transport agent.2 After 

that numerous amounts of different metals, metalloids, intermetallic phases, chalcogenides, 

pnictides, etc. have been grown so far by using different kinds of transporting agent in chemical 
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vapor transport technique. This technique is widely used in the industrial sector to grow single 

crystals of different materials. 

           A typical CVT method for single crystal growth is shown in Figure 2.1. In this method, 

the starting materials and transporting agents are taken inside a long, double-end sealed and 

evacuated silica tube. Then the mixture is heated by applying the temperature gradients of 

comparatively higher temperature i.e., hot zone at one end, and low temperature at another end 

i.e. cold zone. The transporting agent undergoes sublimation into the gas phase and transfers 

solid starting material into the gas phase after heating. All the gas phase reactants from the hot 

zone get transported into another side of the cold zone where the starting material gets deposited 

as their single crystals as shown in Figure 2.1. 

 

Figure 2.1 Schematic diagram for CVT Technique to grow single crystals on left side and single 

crystals of NbxV1-xO2 grown by using this technique on right side (scale shown in bar is in mm). 

 

           This research is  using the CVT technique to grow the single crystals of NbxV1-xO2 and 

substoichiometric NbO2-§. The important things to be considered while using this technique are 

(a) selection of proper starting material (b) suitable transporting agent (c) temperature (d) and (e) 

rate of mass transport. In our case, we have used a slightly reduced environment to control the 

oxidation state of vanadium metal in VO2 by taking V2O3 along with NbO2 and VO2 as starting 

materials. The reason for using a reducing environment is to block the formation of higher 
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oxidized phases like V6O13 or Nb12O29. There are various types of transporting agents such as 

halogen (X2 = Cl2 and I2), Hydrogen halide (HX), TeCl4, TeBr4, NbCl5, etc., among them TeCl4 

is more suitable to grow selective phases of oxides of transition metals, especially Magneli 

phases of vanadium and VO2 systems.3 Here, TeCl4 is used as transporting agent, and the typical 

chemical vapor reaction that takes place with VO2 is shown in equation 2.1 as follows: 

VO2 (s) + TeCl4 (g)                 VCl4(g) + TeO2 (g)                                               

          A suitable temperature gradient is needed for this reaction to occur so that a 

thermodynamically stable product can be formed. For the above reaction to happen, 950 0C and 

850 0C is a suitable temperature gradients.4 The TeCl4 (g) dissolute the solid VO2 into the gas 

phase of VCl4 and TeO2, and then due to temperature gradient a backward reaction leads to solid 

VO2 single crystals deposition in the cold zone.   

2.2 Normal X-ray vs Total X-ray Diffraction Technique 

           X-ray diffraction is one of the important and extensively used techniques to determine the 

crystal structure of the materials. It was discovered at first by Laue and his group in 1912 who 

considered the scattering of x-ray from the atoms in the crystal, but later this technique was 

developed and modified by W.H. Bragg and W.L Bragg who considered the diffraction of x-ray 

from the layers of atoms or planes of atoms in a crystal by deriving a law which is called Bragg’s 

law.5 This law considers the reflection of x-ray from the crystal planes of the material, and its 

simple relationship is given as. 

nλ = 2dsinθ                                                          

Where ‘n’ is the order of reflection, ‘λ’ is the wavelength, ‘d’ is interplanar distance and ‘θ’ is 

the incidence or reflection angle. The diffraction pattern will be observed in the detector only if 

brags law is satisfied during the x-ray diffraction.6 Which means when the x-rays incident in 

(2.2) 

(2.1) 
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crystalline materials then they get reflected from the atomic planes and constructively interfere. 

Only the reflected x-rays from the group of atoms within the same plane can undergo 

constructive interference and produce the diffraction pattern. The intensity of the diffraction 

peaks depends upon the structure factor of the reflecting objects.  The higher the atomic number 

of the elements higher is the structure factor and thus higher is the diffraction peak intensity. By 

using these diffraction patterns and their intensities much useful information about the structures, 

phase purity, strain, and preferred orientations of crystalline materials can be determined. The 

main reason for using an x-ray source in diffraction for the structure determination is its 

wavelength, which is equivalent to the interatomic distances of atoms in the crystal.  

           There are two different types of x-ray diffraction, powder x-ray diffraction, and single 

crystal x-ray diffraction. Powder x-ray diffraction gives the two-dimensional diffraction patterns 

based on the interatomic planar distance with respect to 2θ angle, but much information in the 

third dimension gets lost. Single crystal x-ray diffraction has an advantage over powder x-ray 

diffraction for this reason because it gives diffraction patterns in three dimensions in reciprocal 

space, and the crystal structure of the material can be easily solved.  Usually, these x-ray 

diffraction techniques use normal x-ray sources and can be easily accessible in a normal 

laboratory. Therefore, they are considered a normal x-ray diffraction technique. Usually, Cu 

(λ=1.54 Å) and Mo (λ=0.71 Å) are used as x-ray sources in normal x-ray diffraction. They 

produce the diffraction patterns from the long-range atomic ordering of the materials. Due to the 

diffraction from long-range ordering, their intensity is very high and are called Braggs peaks. 

The crystalline materials can have short-range ordering or ordering on a local atomic scale or 

several-unit cell scales. The diffracted x-rays from such ordering have very low intensity 

compared to the Braggs peaks of  the long-range ordering which makes them difficult to 
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visualize  in normal x-ray diffraction. The low-intensity peaks from short-range orderings are 

called diffuse scatterings7. A high-intensity x-ray source and a high-quality detector are required 

to visualize the diffuse scattering peaks. They can be observed in our conventional Rigaku 

Synergy-DW single crystal x-ray diffractometer equipped with High Pixel Area Detector 

(HPAD).8 However, because of the poor data quality and higher background noise, they are 

impossible to process to get meaningful local structural information.7 

           Instead, a high-intensity x-ray source from the synchrotron is used to better visualize the 

diffuse scatterings from short-range ordering which is called total x-ray diffraction. It uses a high 

flux x-ray and a specialized HPAD such as Pilatus 2M detector that has a high dynamic range 

and low background.7 So that, this detector can measure both Braggs peaks and diffuse scattering 

peaks in the same frame even though the intensity of diffuse scattering is only a fraction of 

Braggs peaks. Also, total x-ray scattering can be performed for a wide range of temperatures and 

compositions within a short time. The main advantage of total x-ray scattering is the high-quality 

data of diffuse scattering that can be further processed to obtain the local structure information of 

the material.  

           The total x-ray experiment for this research was performed at beamline 6-ID-D at an 

advanced photon source at Argonne National Lab (ANL). Then the data reduction and 

transformation were performed by using NeXpy9 and Crystal Coordinate Transformation 

Workflow (CCTW)10 programs which were developed by the scientist of ANL. These programs 

can transform the pixel from Cartesian coordinate units to reciprocal lattice units (r.l.u) for total 

x-ray data. Thus, transformed and reduced data were used to create the 3D-ΔPDF which is 

discussed in the following section 2.3. 
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2.3 Three-Dimensional Difference Pair Distribution Function (3D-ΔPDF) 

           The presence of diffuse scattering indicates the deviation of the real structure from the 

average crystal structure. The proper analysis of diffuse scattering is very important to determine 

the local structure of the materials. There are not many methods or techniques developed to 

analyze the diffuse scattering data unlike in normal x-ray scattering data. However, the study of 

diffuse scattering is evolving more in the last 5 decades. Three-dimensional difference pair 

distribution (3D-ΔPDF) is an important technique used to analyze the diffuse scattering data 

obtained from the total x-ray scattering of single crystals.7 This technique indicates the difference 

between the real structure and the average structure of the materials. It gives the idea about the 

real structure properties in terms of atomic pair correlation in three dimensions and shows which 

of the real structure pair correlations are not fully explained by the average structure.  

          The powder PDF technique has been used for the analysis of total x-ray and neutron 

scatterings of polycrystalline samples for decades, but it does not provide the same details as 3D-

ΔPDF does.11 The powder PDF is one-dimensional technique that provides the real interatomic 

distances in one dimension but the information about interatomic vectors in three dimensions is 

lost.  In contrast, the single crystal 3D-ΔPDF can provide a more complete visualization of the 

interatomic vectors in three dimensions and helps to determine the local structure.11 But it is also 

more challenging experimentally than powder PDF because it requires exceptionally high-quality 

single crystals for diffuse scatterings and large 3D data sets. It provides information about the 

distribution of atomic pairs in a real-space lattice. Since it is a difference map that shows the 

difference between atomic long-range ordering and short-range ordering. No peaks in 3D-ΔPDF 

means average and real structure are same, positive peaks are the sign of increased electron 

density, and negative peaks are sign of lost electron density than the average electron density of 

the atomic pairs in real space. 
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Figure 2.2 Four steps while generating 3D-ΔPDF map. (a) Symmetrizing the transformed total x-

ray data (b) Punching out the Braggs peaks (c) Interpolation and convolution of data filling the 

gap after punching out the Braggs peaks (d) 3D-ΔPDF map after the complete FFT. Some extra 

crystallite peaks can be seen in Figure (a) which was punched out before symmetrizing the data. 

 

           The 3D-ΔPDF is a Fourier transform of single crystal total x-ray scattering data that uses 

only the diffuse scatterings for the calculation. This method uses the punch and fill method to 

remove the Bragg peaks from total x-ray scattering data so that only diffuse scattering is left 

behind. In this research thesis, the reciprocal space data from total x-ray diffraction were 

symmetrized in Laue group symmetry of 4/mmm before removing the Braggs peaks as shown in 
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Figure 2.2 (a). Then the holes in the data after removing Braggs peaks were filled by convolving 

the existing data with the Gaussian kernel function using the Astropy12 library. Figure 2.2 (b) and 

(c) represent the punching out Braggs peaks step and convolution step. Finally, the Fast Fourier 

Transform (FFT) is performed to create the 3D-ΔPDF as shown in Figure 2.2 (d). All the steps 

involved during the process are summarized in Figure 2.2. 

2.4 Electron Microscope  

           Unlike an ordinary microscope which uses a visible light source and magnifying lenses to 

make the images of specimens about 10 to 200 times bigger, an electron microscope uses beams 

of highly energetic electrons to produce the highly magnified images of specimens about 

millions of times in magnification. Specimens of a few nanometers in resolution can be 

visualized in an electron microscope. Also, it cannot produce colored images like a light 

microscope because the image produced in the electron microscope are not real, they map the 

electron contrast of the sample. However, the contrasted images are transformed into colorful 

images by using the software in the electron microscope.  Many surface properties like 

microstructures, morphology, and surface compositions of the specimen can be studied by 

electron microscope. It consists of an electron source (electron gun) that produces the stream of 

high voltage electrons usually 5 to 100 KeV by thermally heated tungsten or LaB6 or by field 

emission. Then, the beam is confined and focused using metal apertures and magnetic lenses into 

a thin focused monochromatic beam. These electron beams are then focused onto the sample by 

magnetic coils. The electron beam interacts differently with the sample which is detected by the 

detector and transformed into an image. It should be noted that the electron microscope is 

designed to have a sample chamber with a highly vacuum environment otherwise electron beams 

can interact with the air and produce background noises in the image. In this research, two 
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different types of electron microscopes are used which are Scanning Electron Microscope (SEM) 

and Transmission Electron Microscope (TEM).   

           SEM is a type of electron microscope in which the beams of highly energetic electrons 

scan the surface of the sample to produce images. The focused beam of electrons, after elastic or 

inelastic interaction with the sample surface either produces secondary electrons (SE) or 

backscattered electrons (BSE) which are detected by the detectors and produce images. 

Secondary electrons are the electrons emitted from the surface of the sample when the primary 

electron beam strikes the sample inelastically. It can escape only from the top few nanometers of 

the surface of a sample because it has low energy in the order of 50 eV. It has a higher resolution 

than BSE. BSE are the scattered electron after the primary beam strikes the sample surface 

elastically. It has comparatively higher energy but poor resolution than SE. The main advantage 

of BSE is that BSE is related to the atomic number of elements which can give the information 

about the types of elements in sample and its distribution. This research has used Apreo-2 SEM 

in the Alabama Analytical Research Center at the University of Alabama.  

           TEM is another important but comparatively more complex electron microscope used in 

this research to study the surface microstructure and morphology of the single crystals. In this 

technique, the beams of electrons are transmitted through the sample and produce the images 

after the interaction. The sample should be a maximum of around 100 nm thick to transmit 

electron beams through it. Depending upon the nature of interacted electron it can produce a dark 

field image or a bright field image. Bright-field images are produced by direct primary beams 

and dark-field images are produced by reflected primary beams. It can produce images of higher 

magnification and resolution than the SEM, even as small as a single column of atoms as lattice 

fringes. The disadvantage of this technique over SEM is, the sample needs to be thin, and the 
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electron beam is transparent which makes sample preparation more difficult. This research has 

used Tecnai-F20 TEM in the Alabama Analytical Research Center at the University of Alabama. 

Figure 2.3 shows the SEM images collected for 4% and 11% Nb-doped VO2 single crystals 

respectively.  

          One of the important advantages of an electron microscope is the composition 

determination of the surface of the sample by Energy Dispersive X-ray Spectroscopy (EDS). 

When the electron beam strikes the sample, it can remove the inner shell electrons from the 

sample surface causing a higher energy level electron to fill the gap in the inner shell producing 

the characteristic wavelength of x-rays. These x-rays are detected by the EDAX detector in EM. 

All elements have their characteristics x-ray energies so that they can be easily quantified 

through EDS analysis. Our samples are bulk single crystals therefore, the EDS analysis was not 

meaningful for the bulk composition determination.  

           Electron diffraction is another advantage that can be carried out by using a TEM 

instrument. We have performed an electron diffraction experiment on substoichiometric NbO2-§ 

single crystals to determine the two different domains in the mixed phase. Despite, the crystal 

structure of the materials can be determined by using electron diffraction, it is not efficient as x-

ray diffraction. It's because its wavelength is too small than the lattice parameters of the crystals. 

Also, unlike x-ray diffraction it needs a complete vacuum environment for the sample otherwise 

x-ray can interact with air and produce noises. The basics of the mechanism for electron 

diffraction are the same as x-ray diffraction.   
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Figure 2.3 SEM images of 4% (a) and 11% Nb (b) doped VO2  collected in Apreo-2 SEM 

instrument in AARC. 

2.5 Physical Property Measurement System (PPMS) 

           The electronic properties like conductivity and magnetic properties of the thin films, 

nanocrystals, and bulk materials can be measured by using a physical property measurement 

system (PPMS). This thesis has used Quantum Design Dynacool PPMS equipped with 9 Tesla 

magnets to measure the physical properties of single crystals. The conductivity or resistance of 

the sample can be measured by using Four Probe Technique in PPMS. In Four Probe Technique, 

the sample is soldered with four thin metallic wires connecting the voltage and current points of 

the puck (sample holder). Then the resulting resistance is measured by applying the voltage and 

current through the sample at various temperatures.  

           The magnetic measurement is done by using a Vibrating Sample Magnetometer (VSM) of 

PPMS. In the VSM technique, the sample is magnetized by applying the external magnetic field, 

and then the induced magnetic moment is measured based on the Faradays law of induction.13 

When the sample is moved up and down with respect to conducting pick-up coil, then the 

magnetic flux changes with time, and pick-up coil senses it as electromotive force (EMF). The 
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EMF generated this way depends upon the induced magnetic moment by Faraday's law of 

induction. So, the instrument directly shows the measurements for the induced magnetic 

moment. This way the induced magnetic moment against various temperatures and applied 

magnetic fields can give information about the magnetic behavior of the materials. For example, 

a hysteresis loop can be observed for ferromagnetic materials in the magnetic moment vs applied 

magnetic field (MH) measurements. Similarly, temperature-dependent Curie-Weiss behavior of 

paramagnetic materials can be determined by measuring the induced magnetic moment vs 

temperature of the materials.14  

In this research, the samples for the magnetic measurements were prepared by wrapping the 

bunches of single crystals of masses 10-15 mg inside the thin plastic wrapper and then placed 

inside the plastic straw. Then the straw is inserted into the sample chamber with the help of the 

sample holder. The induced magnetic moment vs various temperatures is measured for the 

various compositions of single crystals. 
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CHAPTER 3: GEOMETRIC FRUSTRATION SUPPRESSES LONG-RANGE STRUCTURAL 

DISTORTIONS IN NbxV1-xO2     
 

This chapter is adapted from the previous publication.1 

3.1 Introduction 

           Alloying between VO2 and NbO2 to form NbxV1-xO2 should help to uncover the structural 

and electronic connection among M1, bct, and the parent rutile phase. The three structures are 

shown schematically in Figure 3.1, panels a, b, c, and d, respectively, wherein +/- signs represent 

c-axis displacements to form metal-metal bonds and red arrows represent in-plane “buckling” 

distortions that arise from the M-O-M coulombic interactions when M-M bonds forms. The 

interactions can be seen along the body diagonal in the original rutile cell (blue dotted line, 

Figure 3.1a, where the red arrows point at the gap left by the +/- displacement of the neighboring 

chain. In this schematic, the B-chain octahedra (dark-shaded diamonds) are translated ½ unit cell 

above the A-chain octahedra (light-shaded diamonds) along the rutile c axis. The M1 phase in 

Figure 3.1a shows a simple example of how this coupling may be stabilized, while the bct phase 

in Figure 3.1d shows a much more complex example. 

           Starting from simple crystal chemistry arguments, smoothly varying features in the phase 

diagram would be expected due to the isoelectronic species and closely related structures found 

in the end members. Instead, previous studies have found that the structural and electronic 

transitions are both suppressed, with the M1 phase and MIT disappearing around x = 0.05 and 

0.10 Nb substitution in polycrystalline pellets, respectively.2-4  Diffuse scattering experiments 

have shown that the MIT in the range 0.05 < x ≤ 0.10 still includes a structural component in the 

form of two-dimensional sheets of metal-metal dimers, ordered on the 100 Å scale.5 This local 
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structure is similar to the monoclinic rutile phase called the M2 structure, where only half of the 

metals are dimerized. This is shown in Figure 3.1c, where the A chains contain dimers (+/- 

signs), and the B chains contains only in-plane distortions (red arrows). This arrangement also 

satisfies the coulombic interaction requirement mentioned above because the remaining 

displacement map directly to the M1 phase. At higher Nb concentrations, crystals were reported 

to be both paramagnetic and semiconducting throughout the whole temperature range. A broad 

transition between 225 K and 260 K was observed in both the magnetic susceptibility and 

electronic transport measurements even up to x = 0.20, but it was not determined if this is truly a 

phase transition.4, 6  

           It is surprising that the high temperature rutile phase is semiconducting for these 

compositions, and it implies that the electro-structural phase-space is still not well understood in 

the low Nb regime. Moreover, it is unclear why the rutile phase does not distort for intermediate 

compositions and how much Nb is required to stabilize the NbO2-like bct phase. A prevalent 

assertion is that metals such as Nb, Mo, and W substitute in aliovalently as Nb5+, Mo6+, and W6+, 

and that these d0 ions cannot form dimers.4, 6-9 In this interpretation, there is a percolation 

threshold at which 3D ordering is no longer stable.8 This localized d-electron interpretation is 

supported by local magnetism probes in lightly Nb-substituted VO2, which are consistent with 

the presence of non-magnetic Nb5+ ions at concentrations proportional to the substitution level.6 

However, this is contraindicated in the case of Mo and W, which usually have small gaps 

between 4+, 5+, and 6+ oxidations states. They are unlike Nb, which is stabilized substantially 

going from 4+ to 5+ in some environments. 
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Figure 3.1 Schematic showing the relationship between (a) the parent rutile cell and the (b) M1,  

(c) M2, (d) bct, and (e) 2D-M2 distorted variants. All plots are an the [001]R projection, showing 

the A and B chain octahedra as light and dark shaded diamonds, respectively, and with the B chain 

octahedron offset by zR = +1/2 from the A chain. Blue dashed boxes show the maximal unit cell 

cross-section in this projection with arbitrary origin selection. For the 2D-M2 schematic shown in 

(e), the blue dashed lines bound the principal M2-like layer where correlations are maximized. 

Frustrated correlations are depicted by double headed arrows and ± signs. 

        

       Attempts to determine the oxidation state of Mo  have yielded ambiguous results, with 

bulk probes suggesting an effective Mo4+ and delocalized electronic states,10-12 while surface 

sensitive ones such as XPS find that Mo5+ and Mo6+ are present.13 However, given that the same 

“Mo5+/Mo6+” surface oxidation state was found in MoO2,
14 which must be considered a bulk 

Mo4+ species, it seems likely that the surface oxidation states in V1-xMoxO2 do not represent the 

bulk values. Taking the bulk physical properties, which suggest delocalized electronic states 

without significant charge ordering, together with expected chemical trends for these elements, it 

seems that the quasi-local, d0 ion interpretation does not fully explain the suppression of long-

range metal-metal ordering in all the proposed cases.  
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       A recent step toward unraveling this puzzle comes from the V1-xMoxO2 phase diagram. 

There, an anisotropic, short-range ordered phase at moderate Mo substitutions (0.19 ≤ x ≤ 0.40) 

is found, which is characterized by essentially 2D ordered domains embedded along the diagonal 

(110) and (1̅10) rutile directions (Figure 3.1e). Quite similar to the 1974 report on 

Nb0.10V0.90O2,
5 the planes exhibit ordering equivalent to the M2 structure.15 The recent work on 

the Mo phases, however, utilized high-resolution total x-ray scattering and the three-dimensional 

difference pair distribution function (3D-ΔPDF) method. Across these methods, the modeling of 

the detailed features in this “2D-M2” phase required the inclusion of geometrically frustrated 

atomic displacements. The resulting structure is depicted schematically in Figure 3.1e, where red 

arrows prefer to couple antiferroelectrically across the [110]R vector and ferroelectrically along 

the [100]R and [010]R ones. In this case, the cost of compromise is too high to allow 3D ordering, 

and the orientation of the frustrated interaction becomes disordered on the local scale (double 

headed red arrows and +/- signs).  This model did not require the Mo and V atoms to behave 

differently with respect to metal-metal bonding, meaning that the aliovalent-substitution 

interpretation is not required to explain the suppression of long-range ordering. In contrast to the 

previous models, this geometric frustration model highlights how competing interactions 

necessarily accompany metal-metal bond formation in the rutile aristotype, an overlooked fact 

that underpins the structural phase formation in pure and doped VO2. It implies that VO2 itself 

exists near a critical point where strong, competing interactions frustrate the ordering of atomic 

displacements in three dimensions.15, 16 

       There appears to be an obvious connection between the reports in the Nb- and Mo-

containing 2D phases, even though the interpretation of the results is quite different.  The 

comparison is particularly helpful because niobium substitution induces similar changes in the 
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lattice parameters as molybdenum substitution does, yet it does so without introducing additional 

valence electrons.  Linking the 2D-M2-like phases observed in each compound will determine 

whether long-range ordering suppression has the same origin in both Nb- and Mo-containing 

subtypes. 

       In this study, the same total x-ray scattering and 3D-ΔPDF methods to NbxV1-xO2 single 

crystals that was used to discover the 2D-M2 phase in V1-xMoxO2. As part of this study, another 

two-dimensional phase was discovered that appears at the highest Nb compositions, showing that 

the bct side of the phase diagram is qualitatively symmetric with the M1 side. The synthesis of 

single crystals was developed for Nb concentrations across the phase diagram, which also 

enabled the collection of single crystal physical property measurements for the first time on these 

compounds. These measurements reveal that the semiconducting behavior in undistorted rutile 

phases was likely a measurement artifact resulting from surface defects.  

3.2 Experimental Methods 

3.2.1 Crystal Growth  

       Single crystals of NbxV1-xO2 were grown using a chemical vapor transport technique 

(CVT) similar to the method recently reported for the (V,Mo)O2, 
12 though more reducing 

conditions are required when using Nb instead of Mo. The crystal growth method is divided into 

two categories, one for Nb concentrations in the range 0 < x < 0.5 and another for higher 

concentrations of 0.5 < x < 1.  For the higher Nb concentrations, a pre-reaction step is required, 

wherein NbO2 (Aldrich, 99.9%), VO2 (Materion, 99.5%), and Nb metal powder (Beantown 

chemicals, 99.5%) were ground together using a mortar and pestle, pressed into pellets, and then 

sealed within an evacuated quartz ampoule and then reacted for 72 hours at 1150 0C in the 

presence of flowing nitrogen gas or argon gas. The input stoichiometry is based on the total 

Nb:V molar ratio among reagents, and a fixed 29:5 NbO2:Nb molar ratio was used for all 
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reported samples that underwent this step. The resulting black powder was ground into a powder 

and then used in the following CVT step. For the lower concentrations, x < 0.5, this pre-reaction 

step was not required. The same VO2  and NbO2 starting materials were used in the CVT step, 

though V2O3 (Alfa Aesar, 99.7%) was used as a reducing agent instead of Nb metal.  As before, 

the input stoichiometry is based on the total Nb:V molar ratio, but here the total metal (M) to 

oxygen ratio (M:O) was also varied. Neglecting to add V2O3 or Nb to the reaction mixture 

resulted in the formation of Nb-substituted V6O13 and V-substituted Nb12O29 phases, 

respectively. 

        In either case, the starting materials were ground into a powder, loaded into a fused quartz 

tube of 24 cm length and 1 cm diameter along with about 0.05 g TeCl4 (Beantown chemicals, 

99.9%) as a transport agent. The sealed silica tubes are heated in a multizone furnace at a 

temperature gradient of 950 0C – 850 0C for 96 hours to grow lower Nb concentration crystals 

and a temperature gradient of 1100 0C – 1050 0C for 144 hours in the presence of flowing N2 gas 

or Ar gas to grow higher Nb concentration crystals. Single crystals were obtained in both the hot-

zone (HZ) and cold-zone (CZ) regions of the tube, and the determined Nb concentration tended 

to differ between zones in the same tube, which is discussed below. The crystal morphologies 

range from rod-shaped to prismatic, not depending on the zone, and the maximum dimensions 

are 3 x 1 x 0.5 mm3. 

3.2.2 Laboratory X-ray Diffraction 

        Representative crystals from each CVT batch were pulverized into powders to carry out 

powder x-ray diffraction (PXRD). The PXRD patterns were measured on a Bruker D2-Phaser 

diffractometer equipped with a Cu-Kα source and a Lynx-Eye detector.  The lattice parameters 

were determined for each composition by fitting the rutile crystallographic models to the PXRD 



 

37 
 

patterns in the Rietveld method implemented through GSAS/EXPGUI.17 Single crystal x-ray 

diffraction (SXRD) was performed for each composition at different temperature using Rigaku 

Synergy-DW in the Mo-Kα mode and equipped with an Oxford Instruments  ryostream. The 

nitrogen blower enabled the collection of data at multiple temperatures per composition between 

100 K and 300 K. The refinement and the data reduction of the Bragg peak intensity data 

obtained from single crystal x-ray diffraction was performed using CrysAlisPro software, and the 

crystal structure was refined using SHELX18 and WinGX19 programs. During SXRD structure 

solution, V and Nb were placed on the same crystallographic site of the rutile unit cell with the 

overall occupancy constrained to unity. Thermal parameters for each atom were modelled as 

freely refined anisotropic ellipsoids, constrained only by the symmetry of the site. 

       Reciprocal lattice reconstructions were performed on this data set using CrysAlisPro 

software. In order to maximize intensity, the reciprocal lattice plane shown was rebinned from 

+/- 0.1 reciprocal lattice units (r.l.u.) from the nominal value. For example, the L = 0.5 plane is 

binned from 0.4 to 0.6 r.l.u. 

3.2.3 Synchrotron X-ray Experiments and 3D-ΔPDF Analysis 

       Additional single crystal x-ray diffraction experiments on Nb0.11V0.89O2 and Nb0.38V0.62O2 

were performed at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) 

on sector 6-ID-D. Single crystals were mounted on Kapton capillaries using Duco cement for the 

diffuse scattering experiment. Temperature was controlled using an Oxford Cryosystems N-

Helix. The raw detector data was processed using NeXpy20 and transformed to a reciprocal space 

coordinate system using the Crystal Coordinate Transformation Workflow (CCTW),21 which 

was then converted into 3D-ΔPDF by using the punch and fill method.22 To produce 3D-ΔPDFs, 

reciprocal space intensities were symmetrized to the apparent Laue group of the crystal, 4/mmm, 
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and then the Bragg peaks were removed; these holes in the data were filled by convolving the 

existing data with a Gaussian kernel using the astropy23 library. The crystallite studied here also 

included a small extra crystallite that contributed to the total scattering. In order to produce 3D-

ΔPDF maps, the minority phases’ Bragg peaks had to be removed as part of the punch-and-fill 

step. 

3.2.4 Physical Property Measurements 

        The magnetic and electronic properties of the crystals were measured using a Quantum 

Design Dynacool Physical Property Measurement System (PPMS) equipped with a 9 Tesla 

magnet. For magnetic measurements of M(T) and M(H), a group of single crystals of each 

composition in a total mass of 10-15 mg were wrapped together in a plastic film and confined in 

a plastic straw. The temperature dependence of resistivity was measured on individual crystals 

using the four-probe technique. Silver paint was used to adhere 50 μm diameter platinum wires 

to the crystal surface. Polycrystalline mixtures were first compressed into pellets and then 

measured in the same fashion. 

3.3 Results 

3.3.1 PXRD 

       PXRD was primarily used to determine the identities of the single crystals formed and, in 

the event that the crystals were identified as (Nb,V)O2 phases, the stoichiometry was also 

determined. First, two different linear equations, one in composition x = 0 to 0.5 and another x = 

0.5 to 1, were fitted to the a cell parameters reported by Rudorff et al., who previously showed 

that a exhibits nearly linear behavior across those compositions, respectively.24 The a lattice 

parameters in this study’s PXRD refinements were then used to calculate the expected 

composition from the linear fits. The lattice parameters and cell volumes obtained from PXRD 
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refinements are shown in Table 3.1, and the cell parameters a, c, V, and a/c terms are plotted in 

comparison to Ref. 24 in Figure 3.2. 

Table 3.1 Rutile cell parameters and volumes obtained from PXRD refinement. 

x (nom.) a (Å) c (Å) V (Å3) x (fit) x (input) M:O ratio 

0.04 4.5524(4) 2.86526(32) 59.380(13) 0.040(11) 0.05 1:1.95 

0.11 4.57118(7) 2.88923(5) 60.3720(20) 0.109(11) 0.10 1:1.90 

0.14 4.57809(16) 2.90370(11) 60.858(5) 0.135(11) 0.10 1:1.95 

0.17 4.58754(10) 2.91634(9) 61.3760(30) 0.169(11) 0.15 1:1.90 

0.18 4.59150(4) 2.92817(4) 61.7310(10) 0.184(11) 0.25 1:1.95 

0.22 4.60032(28) 2.96487(18) 62.746(10) 0.216(11) 0.25 1:1.90 

0.38 4.64446(6) 3.00407(5) 64.8010(20) 0.378(11) 0.60 1:2.00 

0.43 4.65815(14) 3.01401(10) 65.399(5) 0.428(11) 0.50 1:1.95 

0.61 4.70924(22) 3.02521(15) 67.090(8) 0.610(10) 0.60* 1:1.85 

0.67 4.72940(6) 3.02140(4) 67.5800(20) 0.669(10) 0.60 1:1.85 

0.82 4.78067(17) 3.00543(13) 68.689(7) 0.819(10) 0.80* 1:1.85 

0.87 4.79782(15) 3.00332(8) 69.134(5) 0.869(10) 0.90 1:1.85 

0.97 4.8323(8)† 2.9932(2) † 69.886(2) † 0.970(10) 0.97 1:1.85 

*Crystals taken from the cold zone of the reaction tube. 
†Calculated from bct cell using the relation a = 2√2 aR and c = 2cR. 

        It is apparent that the various lattice parameters found here interpolate well with the prior 

ones for the determined compositions. Moreover, this same method was used previously to 

determine the Mo concentration in VO2
12 and was shown to be accurate when compared against 

other, independent characterization methods. Since the (Nb,V)O2 and (V,Mo)O2 phase diagrams 

show remarkably similar lattice parameter changes, the compositions calculated via PXRD in 

this way will be treated as “actual” throughout this study. 
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Figure 3.2 (a) Rutile cell parameters vs composition plot at room temperature (black squares 

are for a and red circles are for c cell parameters), open symbols represent the observed and solid 

symbols represent the reference data points for both figures (b) variation of ratio of cell 

parameters, c/a (red circles) and volume (black squares) with compositions 

 

          Throughout this report, the samples will be referred to nominally as the fitted composition 

rounded to the second decimal point, which is tabulated in the first column of Table 3.1. Based 

on these results, it appears that higher Nb concentrations can be found in the HZ of the tube than 

in the CZ.  The HZ tended to be above the target stoichiometry, suggesting that Nb and V 

disproportionate across temperature zones much more than V and Mo do.12 Indeed, this may be 

related to the overall difficulties in controlling output stoichiometry for the V-Nb phases. 
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3.3.2 SXRD 

        Diffuse scattering was apparent in the SXRD experiments across all samples and 

temperatures, albeit at varying levels of intensity and complexity. In order to analyze the diffuse 

scattering, it is important to first describe the long-range crystallographic information that is 

encapsulated in the conventional crystal structure solutions. 

        Results from the 300 K SXRD data collections and structural refinements are shown in 

Table 3.2. All of the studied samples except x = 0.97 are in the parent rutile structure at this 

temperature. The parent structure has two inequivalent sites, V1/Nb1 and O1, and only 8 

refinable parameters are needed to describe the structure: xO (the position of the oxygen along the 

[x,x,0] special site), OccNb (the mole fraction of Nb on the metal site), and three thermal 

parameter terms for each atom (U11, U33, and U13). For each rutile phase xO and OccNb are 

reported in Table 3.2, and the thermal parameters are tabulated in the supplemental information. 

        The structural complexity intrinsic to the NbxV1-xO2 phase diagram becomes apparent 

once the total x-ray scattering is considered. Figure 3.3 shows reciprocal lattice cuts of the rutile 

L = ½ plane across the full composition range, with each panel chosen at a temperature 

representative of the lowest temperature structure measured (100 K unless otherwise specified). 

The data presented in Figure 3.3 are all reconstructed from the Rigaku single crystal 

measurements for consistency. In addition to x = 0.97 (Fig. 3.3h), which remains in the bct 

structure at all measured T, x = 0.04 is the only other composition that exhibits supercell Bragg 

peaks in the LT regime (Figure 3.3b). These Bragg peaks appear below 291 K in this study and 

represent a transition to the M1 structural phase. While the unit cell is in unambiguously of the 

M1 type, the presence of twinning made the crystal structure difficult to model. The structural 

solution of the bct phase in x = 0.97 is reported in the supplemental data. 
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Figure 3.3 Reconstructed reciprocal lattice plots from the single crystal x-ray diffraction 

experiments on the Rigaku Synergy-DW. Plots are all of the same [H K 0.5] plane in the parent 

rutile cell, integrated from L = 0.4 to 0.6. (a) x = 0.04 at 290 K in the M1 phase.  (b)-(d) x = 0.11, 

0.18 and 0.22, respectively, all at 100 K and in the 2D-M2 phase. (e) x = 0.61 at 100 K in an 

undistorted rutile phase. (f) and (g) x = 0.82 and 0.87 in a second 2D-ordered phase at 300 K (h) x 

= 0.97 at 300 K in the bct phase. 

           A different type of structural phase transition is observed for samples in the range 0.11 ≤ x 

≤ 0.22, evidenced by two-dimensional nets of diffuse scattering rods (Figure 3.3b-d) which 

disappear at 260 K for both x = 0.11 and 0.18. These rods propagate along <110> directions and 

pass through the same k points as the M1 phase’s supercell peaks (k = [½,0,½];[0, ½,½]). This is 

consistent with the same phase originally reported by Comes and Villeneuve in 19745. The 

present study is of sufficient resolution to uncover an unambiguous sinusoidal curvature in the 

rods for this Nb concentration range which bears a strong resemblance to the scattering rods 

observed in V1-xMoxO2 (0.19 ≤ x ≤ 0.4) in the 2D-M2 phase. The linewidth of the scattering rods 

increases substantially as the Nb concentration increases until the rods are barely apparent at x = 

0.22. 
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Table 3.2 The cell parameters, oxygen positions (xO), and occupancies of Nb (OccNb) obtained 

from the SXRD structure solutions in a rutile cell. 

X a (Å) c (Å) V (Å3) xO
* OccNb

† 

0.04 4.5631(2) 2.8651(2) 59.657(7) 0.29957(17) 0.020(18) 

0.11 4.5752(2) 2.89310(10) 60.560(6) 0.299925(15) 0.091(10) 

0.14 4.5740(2) 2.9175(2) 61.038(7) 0.2965(3) 0.126(17) 

0.17 4.58630(10) 2.91940(10) 61.407(3) 0.29900(11) 0.163(10) 

0.18 4.59830(10) 2.94140(10) 62.194(3) 0.29898(15) 0.194(9) 

0.22 4.5998(3) 2.9469(4) 62.351(12) 0.29912(14) 0.239(13) 

0.38 4.6479(2) 3.0054(3) 64.926(9) 0.3015(4) 0.342(16) 

0.43 4.6490(2) 3.0086(3) 65.025(9) 0.3007(3) 0.43(2) 

0.61 4.7104(2) 3.0278(2) 67.180(7) 0.29991(19) 0.542(19) 

0.67 4.7290(2) 3.0225(2) 67.593(7) 0.29868(17) 0.598(11) 

0.82 4.7753(2) 3.00880(10) 68.611(6) 0.2946(3) 0.74(2) 

0.87 4.79990(10) 3.0037(2) 69.202(5) 0.2929(5) 0.90(6) 

*Wyckoff site: 4f (x,x,0) 
†Wyckoff site: 2a (0,0,0)  

          The adjacent composition range studied, 0.38 ≤ x ≤ 0.67, shows no apparent transition at 

all, exemplified by x = 0.61 in Figure 3.3e. These compounds all appear to be in the parent rutile 

structure in the full T range measured: 30 to 294 K in x = 0.38 and 100 to 294 K in the 

remainder. The diffuse scattering and its temperature dependence are both weak and resemble 

the HT rutile forms of the lower x samples, including x = 0.04. 

          In the next range measured, x = 0.82, 0.87, structural distortions are again observed in the 

form of diffuse scattering rods (Figure 3.3f,g). In this case, the rod linewidth decreases, and their 

intensity increases with increasing x, mirroring the compositional behavior observed in the low x 

regime. Though the features are qualitatively quite similar to the nets of rods observed at low Nb 
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concentration, it is apparent that the curvature in the rods differs: it is barely observable in x = 

0.82 and not at all in x = 0.87. The final structural phase regime is observed for x = 0.97, where 

three-dimensional long-range ordering is restored in the form of the bct phase (Figure 3.3h). 

Scattering rods are also observable in this sample between the supercell peaks, which is an 

indication that there are short-range correlations that break the bct I41/a symmetry. Due to the 

similarities between the rods, it can be inferred that these short-range correlations are similar to 

the ones in the neighboring 2D phase but are not strong enough to suppress the 3D ordering of 

the bct phase entirely. 

           Finally, it should be noted that the single crystal structure solutions do not include 

intensity from the various diffuse scattering features observed, but that they will still be affected 

by the short-range correlations due to various reasons, such as the missing intensity under the 

Bragg peaks. We did not find any obvious residual effects in the crystal structure models, nor 

opportunities to model the correlations as “crystallographic disorder”.  Nevertheless, there was a 

clear effect on the intensity statistics, which lead to overall larger R values both for the intensity 

statistics and for the model than would be expected for a comparable crystal without complex 

short-range correlations. In this context, the two most important models to highlight from Table 

3.1 are the refined structures of x = 0.82 and 0.87 samples at 300 K. These were modelled as if 

they are ordinary rutile phases, even though they are actually in a 2D ordered phase even at room 

temperature. This explains why the R values are unusually high for the single crystal structure 

solutions for x = 0.82 and 0.87, and the “disorder” is really a moderately ranged displacement 

correlation that cannot be modeled in the ordinary manner. It is unknown what the structural 

transition temperature is for these compounds, since 300 K is the highest T available for this set 

of experiments. 
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3.3.3 Total Scattering and 3D-ΔPDF Analysis 

           The two-dimensional scattering rods observed in x = 0.11 compositions were further 

investigated using the more intense and higher energy x-ray source at 6-ID-D. Reciprocal lattice 

cuts are shown at temperatures passing through the transition (Figure 3.4a-d). The 3D-ΔPDF 

map created using the total x-ray scattering data at 100 K temperature for x = 0.11 is shown in 

Figure 3.4e and f. Figure 3.4e, the z = 0 plane, shows an absence of strong atomic pair 

correlations except along or near the cross diagonals of [𝑥𝑥0]and [�̅�𝑥0] vectors. This is 

consistent with two-dimensional ordering in the rutile (110)R and (-1-10)R planes, which is 

indicated by the direction of the scattering rods in Figure 3.4a. 

           The short-range structure is most easily observed in the plot of [00𝑧] vs. [𝑥𝑥0] given in 

Figure 3.4f. There are alternate positive and negative peaks observed at the integer coordinates 

([𝑢𝑢𝑤], where u and w are integers) and quadrupolar features of intensity centered at each of the 

half integers coordinates of [
𝑢

2

𝑢

2

𝑤

2
] as shown in the Figure 3.4f. Also, small lower intensity 

positive peaks are observed at the co-ordinates of [𝑢𝑢𝑤]  ±  [
1

3

1

3
0]. The 3D-ΔPDF map looks 

very similar to the same map for the 2D-M2 phase in 19% Mo doped VO2 at low temperature, 

and a similar interpretation applies.15 To summarize, the positive (negative) peaks at integer 

lattice vector points correspond to maintained (broken) translational symmetry, meaning that the 

unit cell is doubled within this plane, consistent with the k = [½,0, ½] ordering vector. The body-

centering vector ([
𝑢

2

𝑢

2

𝑤

2
]) corresponds to metal-metal vectors across A and B chains. The positive 

peaks’ z-axis displacements show that at least one chain must contain dimers, and their off-axis 

component shows that zig-zag buckling is also present. The ± [
1

3

1

3
0] vectors correspond to 

metal-oxygen vectors, which also show evidence of metal-site buckling. 
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Figure 3.4 Slices of reciprocal lattice planes (H K 0.5) for x = 0.12 composition at different 

temperature (a) 100 K, (b) 255 K, (c) 260 K, and (d) 293 K, reciprocal lattices are based on parent 

rutile cell coordinates.  Extra peaks from a minority phase crystallite can be seen. This plot is from 

total scattering data collected in beamline 6-ID-D at Advanced Photon Source. From the 3D-ΔPDF 

map of x = 0.11 compositions, (e) 3D-ΔPDF correlations map in the (H K 0) plane at 100 K and 

(f) the (H H L) plane at 100 K. 

           Overall, the network of displacements is consistent with a 2D slice of the M2 phase along 

any one of the original rutile’s [1̅10] planes. The network of displacements is also similar to the 

same cut taken from the M1 phase, but in that case all atoms are both buckled in the ab plane and 

dimerized along c, yielding a more complex set of interatomic vectors and the 3D-ΔPDF features 

are observed to be broader than in the 2D-M2 phase.11 These observations agree quite closely 

with those observed in the Mo-substituted analog. 
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           In addition to the diffuse scattering rods, which are the primary contributors to the local 

structure, 6-ID-D reveals additional diffuse scattering that persists in both LT and HT phases. 

Specifically, broadly diffuse peaks occur quite near the parent structure Bragg peaks, but at 

slightly lower |QL|, giving an asymmetric pattern that is reminiscent of size-effect scattering.25 

However, the scattering appears complex enough that there may be additional terms contributing 

to the term beyond size effects. This size-effect-like scattering is difficult to observe in the 

Rigaku Synergy-DW experiments but is seen for both x = 0.11 and 0.38 on 6-ID-D, and it is 

plotted in the supplementary information.  Across these two compounds, there are substantial 

changes in the size-effect-like scattering.  The LT 2D-M2 in x = 0.11 is quite asymmetric around 

the Bragg peak along the c* axis, with nearly all of the intensity appearing on the low QL side of 

the Bragg peak.  In the HT phase of the same sample, intensity is also observable on the high QL 

side of the Bragg peak, reducing the asymmetry somewhat. This may be short-range atom 

displacement correlations that emerge once the 2D-M2 phase disappears and its longer-range 

atomic displacement correlations lose coherence.  The rutile phase in x = 0.38 shows different 

size effect scattering than the x = 0.11 HT phase. The asymmetry is qualitatively closer to the LT 

2D-M2 in x = 0.11, yet the size effect scattering is even more complex. 

           Overall, these observations suggest that in the rutile phase, local structural correlations 

around Nb and V differ substantially and beyond what would be expected from mere ionic radius 

effects. Without a complete modeling of the diffuse scattering, which is outside the scope of the 

present work, it is not possible to conclude whether these features are consistent with previous 

suggestions that Nb substitutes aliovalently into VO2 as a Nb5+ ion.6, 7, 26 It can be understood, 

though, the complex size-effect-like scattering persists into the rutile phase, where static M-M 

dimers are apparently not present even in the local environment. 
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3.3.4 Magnetic Properties 

           The magnetic susceptibility measurements against temperature for the different 

concentrations of Nb are given in Figure 3.5. Figure 3.5a shows the Curie tail at low temperature, 

associated with the presence of free magnetic spins. Figure 3.5b shows a sharp change in 

magnetic susceptibility with respect to temperature for x = 0.04 and x = 0.11, and a broader one 

for x = 0.14 and 0.18. The magnetic susceptibility change is associated with the electronic 

transition, and the temperature of the transition is estimated here using the midpoint between 

either end of a given transition. The transitions midpoints are 294 K, 256 K, 245 K and 245 K for 

the compositions x = 0.04, 0.11, 0.14 and 0.18 respectively. Note that these data were collected 

upon heating and that the transition widths for each of these samples are 8, 12, 26, and 30 K, 

respectively, which means that the maximum T onset is approximately the same for x = 0.11, 

0.14, and 0.18 (about 260 K). At even higher Nb concentrations (x = 0.38 to 0.87), no such sharp 

or broad transition in magnetic susceptibility was apparent. Plotting the inverse susceptibility in 

Figure 3.5c shows that most compositions follow Curie-Weiß behavior down to quite low 

temperatures. The calculated local moment appears to be weak, antiferromagnetic interactions: -

10 K < θW  < 0 K (Table 3.3). Small deviations from Curie-Weiß behavior are also observed at 

temperatures (1.8- 25 K) in most samples, which could be due to saturation of moments. 

          The observed effective magnetic moments are reported in Table 3.3 in units of μB per 

formula unit (f.u.), which is the same as µB per metal atom. Previous work showed that the free 

spins are linked to the Nb impurities, at least at low Nb concentrations6, so Table 3.3 shows the 

calculated μeff per formula unit (f.u.) using the equation 𝜇𝑒𝑓𝑓 = 𝑔√x𝑖𝑚𝑝 𝐽(𝐽 + 1), where ximp is a 

the mole fraction of the impurity ions, and g = 2. Previous work found that J = 1 and ximp 

matches the lower mole fraction among Nb and V; that is, the minimum of either x or 1-x. This 
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was taken to support the idea that Nb5+-V3+ pairs form, yielding a local S = J = 1 state on the V3+, 

S = J = 0 on the Nb5+, and the V4+ states remain non-local and do not contribute to the 

Table 3.3 Parameters from Curie-Weiss fit to inverse magnetic susceptibility and calculated μeff 

for two J = ½ moments per impurity ion and for one J = 1 moment per impurity ion. 

X C (emu mol-1) θw (K) μeff,obs (μB 

/f.u.) 

 μeff (μB /f.u.) 

x at J = ½  

μeff (μB /f.u.) 

2x at J = ½ 

μeff (μB /f.u.) 

x at J = 1 

0.04 0.0905(1) -4.80(22) 0.85(9) 0.35 0.49 0.57 

0.11 0.1049(2) -0.86(29) 0.91(7) 0.57 0.81 0.93 

0.14 0.1223(3) -0.83(24) 0.99(10) 0.64 0.90 1.04 

0.18 0.1573(4) -1.69(32) 1.12(2) 0.74 1.05 1.21 

0.38 0.2846(3) -3.31(18) 1.51(10) 1.06 1.51 1.74 

0.43 0.3070(3) -3.29(19) 1.57(10) 1.13 1.60 1.85 

0.67 0.3254(2) -0.69(11) 1.61(6) 1.00 1.41 1.63 

0.87 0.1401(1) -6.43(15) 1.06(6) 0.63 0.89 1.02 

 

 magnetism. Values for this model are tabulated along with two other models for comparison. 

The first alternative model is the same as above, except with a J = ½ impurity moment. The 

second alternative also assumes a J = ½ impurity moment, except it assumes that there are twice 

as many moments per x (ximp = ∧(2x, 2-2x) ). To make an analogy using quasi-local bonding 

language, this final scenario would be the homolytic bond cleavage (d1 / d1) counterpart to the J 

= 1 model’s heterolytic bond cleavage (d0 / d2). This alternative would imply that metal atom 

defects tend to create local magnetic impurities through some mechanism other than charge 

ordering. For example, large steric effects from size-effect strain may sufficiently disrupt 

delocalized bonding interactions to create a local electronic defect around the defect point.  
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           The single J = ½ per metal impurity moment scenario is clearly worse than either of the 

alternatives. However, the double J = ½ per metal impurity leads to same RMS deviation from 

experiment as the J = 1 scenario does (0.26) for the present data available. 

3.3.5 Electronic Transport Properties 

           The resistivity vs. temperature measurements on single crystals, shown in Figure 3.6a, 

indicate a sharp transition around 253 and 245 K for the compositions x = 0.11 and 0.14, 

respectively, which were the only compositions with crystals large enough to support this 

measurement. Only the x = 0.11 crystals show visible hysteresis in its curve. The midpoint of the 

transition can be estimated by taking the peak of the derivatives, giving 254.2 and 252.8 K on 

heating and cooling respectively. 

           The HT phase in both compounds shows a positive, linear temperature dependence and a 

low resistivity (around 10-5 to 10-4 Ω ∙ cm at room temperature), indicative of good metallic 

behavior. The LT phase shows clearly semiconducting behavior with a complex non-Arrhenius 

temperature dependence. Thus, the electronic transition in single crystals of both x = 0.11 and 

0.14 can be identified as a MIT. These observations are in contrast to the same measurements on 

compressed polycrystalline pellets (obtained via grinding single crystals) from the composition x 

= 0.11. Shown in Figure 3.6a, the measured ρ(T) suggests semiconducting behavior at all  
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Figure 3.5 Magnetic susceptibility (χ) vs Temperature (T) plot from 1.8 to 315 K (a) and a detail 

view from 160 and 315K (b). Samples shown are x = 0.04, 0.11, .014, 0.18, 0.38, 0.43, 0.67, and 

0.87, respectively.  (c)  1 𝜒 − 𝜒0
⁄  vs. T plot with dotted lines showing the linear fits to the Curie-

Weiß model. Symbols are the same in this panel as in panels (a) and (b). 
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temperatures with only a change in slope in lieu of the MIT. The single crystals also have much 

lower resistivities than the polycrystalline pellets both above and below the electronic transition. 

           The discrepancy between polycrystalline pellets and single crystal electronic transport 

properties rules out the existence of an insulating rutile phase in the Nb concentrations studied 

here, which shows that the MIT extends to these compositions even though the structural 

transition is from R to 2D-M2 instead of R to M1. This suggests that the apparent HT insulating 

behavior is merely a surface property, likely due to the defects that often occur on the surfaces of 

early transition metal oxides, especially in this case where the alloying of Nb and V can create 

mixed valences. Large enough crystals were not available for x ≥ 0.22 concentrations, but these 

findings suggest that the rutile phase is metallic across the full phase diagram. 

           Figure 3.6b shows an exploration of the Variable-Range-Hopping (VRH) mechanism,27-34 

which has been applied to the electronic transport properties of polycrystalline pellets in the 

NbxV1-xO2 system previously3, 7, 35.  This model predicts a linear dependence of ln(ρ) against 

(1/T)β, where β is the power-law constant that is usually between ¼ and ½.  Direct comparison 

tends to be ambiguous, so instead, we plot ln(Eloc/kBT) vs ln (T (K)) for the semiconducting 

region of x = 0.11 and 0.14 in Figure 3.6b (top and bottom panels, respectively), where the local 

activation energy, Eloc , is calculated using the relation: 

𝐸𝑙𝑜𝑐(𝑇) =
𝑑 ln 𝜌(𝑇)

𝑑(
1

𝑘𝐵𝑇
)

.  

           According to the VRH mechanism, the slope of ln(Eloc/kBT) vs ln(T) should be equal to -β. 

Unlike the previously reported polycrystalline transport measurements, the crystals reported here 

do not seem to follow a straightforward VRH mechanism. The slope of ln(Eloc/kBT) vs ln(T) is 

locally positive for most of the semiconducting region, which contraindicates a positive value for 

β. Additionally, there is a clear discontinuity ln(Eloc/kBT) vs ln(T)  at about 110 K in the x = 0.11 

(3.3.5) 
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crystal, as well as a much broader crossover from 100 to 150 K in x = 0.14. This suggests a 

thermally activated crossover in the electronic transport properties for the semiconducting  

 

Figure 3.6 (a) Plotted log(ρ) vs. T  single crystals (SC) on heating/cooling (x = 0.11 in red and 

0.14 in orange)and powder pellets (PP) on cooling (x = 0.11 in green and 0.38 in blue). The gap 

in the x = 0.38 PP curve is due to a lost contact. (b) ln(Eloc/kBT ) vs ln(T(K)) for x = 0.11 (top) 

and 0.14 (bottom).  Dotted lines are guides to the eye.  

 

phases. Numerically computed derivatives are prone to excessive noise and artifacts, and so the 

dotted lines in Figure 3.6b are only guides to the eye. Since the crossover is also observable in 

the ρ(T) data (Figure 3.6a) for both compounds and in the σ(1/T) data reported by Villeneuve et 
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al.4, it is unlikely that the crossover itself is an artifact. Even so, more sophisticated electronic 

transport measurements are required to support a quantitative analysis of the transport properties. 

           In that light, the main result of the present analysis is that the electronic transport in single 

crystals does not obviously follow the VRH mechanism, unlike the prior measurements on 

polycrystalline samples.7 The previous conclusions about transport being dominated by hopping 

between disordered, localized and charge-ordered metal ions requires reexamining. As an 

alternative hypothesis, it is probable that the disorder intrinsic to the 2D-M2 structural ordering 

plays a significant role in the transport properties. 

3.4 Discussion 

3.4.1 Phase Diagram Construction and Interpretation 

          We have shown that there are at least five structural regimes present in the NbxV1-xO2 

phase diagram, with an overall symmetric arrangement. We have also established that the MIT 

persists at least to x = 0.14 and possibly as high as x = 0.22. In order to draw a new phase 

diagram to reflect these findings, a consistent set of phase transition values must be extracted 

from the present study and from previous ones. 

          Since there is no reason to assume a priori that the 2D-M2 to R phase transition is 

coincident with the MIT, at first it must be determined whether Nb-substitution causes the 

electronic and structural transitions to decouple. Accessible transition temperatures were 

measured using both electronic and structural probes across multiple samples, and are plotted in 

3.7a (open symbols). This plot focuses on the compositional region, 0 ≤ x ≤ 0.20 because it is the 

only range where thermally accessible phase transition information currently exists. Data from 

previous work (closed symbols) was used in addition to the present data (open symbols). The 

transport, susceptibility, and structural data were extracted from References 4-6, 9 using 
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WebPlotDigitizer,36 and then the transition temperatures and error bars were determined and 

plotted in the same way as in the present study. 

          Since the electronic and structural transition temperatures are determined using different 

methods, the apparent transitions cannot be compared directly. The transitions from electronic 

transport (TMIT, orange diamonds) and magnetic susceptibility (TMag, blue circles) tend to be 

quite broad, and so the transition was determined using the midpoint and the error bars are used 

to show the approximate upper and lower onsets of the phase transition region. For the two 

samples that both TMIT and TMag were measured, x = 0.11 and 0.14, it can be seen that they are 

almost identical in their mid- and end-points, as expected. Contrastingly, the temperature 

dependence across the structural transition could not be determined for each sample with the 

present data, and so the structural transition (Ts, black triangles) is reported as the maximum T 

that the LT phase was observable. In this case, the error bars are plotted to show the uncertainty 

in Ts based on the temperature scan control and step size. If the electronic and structural phase 

transitions are coincident, the determined Ts would be expected to correspond closely to the 

upper onset of the electronic transition. This is what is observed for all available samples, except 

for x = 0.04, where Ts appears below TMag. However, this compound’s sharp electronic transition 

is on the same order as the error bars in Ts. From all this, we conclude that there is likely a single 

electrostructural phase transition for all NbxV1-xO2 compounds up to at least x = 0.18, and an 

approximate phase line is shown in Figure 3.7a (red dotted line). The phase line is only a guide 

to the eye because an analysis of the structural order parameter through the transition across 

multiple compositions is required in order to determine precise and consistent phase transition 

temperatures. 
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           Figure 3.7b shows the new NbxV1-xO2 phase diagram construction resulting from all of the 

above considerations. Each plotted symbol in this diagram corresponds to a specific structure 

determined using the total x-ray scattering measurements across 74 unique x,T combinations in 

this study. The semiconducting M1 phase (blue x’s) persists up to at least x = 0.05 and the 

semiconducting 2D-M2 phase (orange circles) appears as low as x = 0.10,5 though the exact 

critical composition is not yet clear. The complete suppression of the 2D-M2 phase is 

somewhere in the range 0.22 ≤ x ≤ 0.38, with the critical composition likely lying close to x = 

0.22 based on the very weak and broad scattering rods present in that sample. The undistorted 

rutile phase (black crosses) is the only structure observed between 0.38 ≤ x ≤ 0.67, and from our 

single crystal electronic transport measurements, it is most reasonable to assume that the rutile 

phase remains metallic across the entire phase diagram until subsequent single crystal transport 

measurements prove otherwise. The second 2D phase (2D-u, green squares) exists at least from 

0.82 ≤ x ≤ 0.87 and gives way to a disordered bct phase by x = 0.97.4, 24 The transition 

temperatures only vary weakly going from x = 0.04 to 0.18 (290 to 250 K), and we suggest that a 

similar behavior may be present in the high Nb concentration 2D and bct phases (x ≥ 0.82). Since 

the MIT in NbO2 is around 1073 K,37 the phase transitions in these other compounds are likely 

well above room temperature, too.  

           The transition temperatures and apparent correlation strengths give additional information 

about the origin of the structural ordering and its suppression in NbO2 and VO2. Notably, the 

compositional dependence of the structural transition appears to be non-linear up to x = 0.22 

(where it is somewhere between 175 K and 250 K). Based on this behavior, it is unlikely that the 

structural transition is suppressed to zero K. Instead, it is the coherence of the correlations that 

are suppressed, which is observed in the ordering of atomic distortions going from one end 
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member to the other, which is 3D – 2D – non-distorted – 2D – 3D. This shows that the 

suppression and reemergence of long-range ordering appears to be smoothly varying. This is 

further supported in the way that either 2D phase’s scattering weakens and broadens as it 

approaches the undistorted rutile regime (Figure 3.3), even as the structural phase transition 

temperature remains large. This suggests that the interatomic interactions that give rise to 

structural distortions are not significantly weakened even as the ordering is suppressed.   

           This is further supported by the details in the observed 2D phases. Even though the 2D 

phases only exhibit short-to-medium length correlations, there is a distinct phase transition, 

apparently first-order, in the compositions 0.11 ≤ x ≤ 0.22. This phase transition is characterized 

by bond formation, large atomic displacements, and well-resolved atomic correlations, even if 

they are confined two-dimensionally within the (110)R lattice planes. Of particular note is the 

broad Q range over which the scattering rods are observed, the same range as the Bragg peaks, 

which means that distortions are locally as well-resolved as they are in the highly crystalline 

phase. This is not consistent with a potential interpretation wherein the structural ordering is 

suppressed by weakening interatomic interactions such as a percolative loss of bond order 

between local metal-metal pairs. Instead, it matches a frustrated interpretation, wherein strong 

interactions compete against each other. In this scenario, the substitution of Nb into VO2 (or V in 

NbO2) gradually modifies the balance of interatomic forces until 3D ordering is no longer 

possible. The broad middle regime where no ordering is observed may indicate maximal 

frustration until the balance tips further and first 2D and then 3D ordering is reasserted. 
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Figure 3.7 (a) A comparison between the electronic phase transition and structural phase transition 

measurements in the 0 ≤ x ≤ 0.20 regime using data from the present study and references 4,17-

18, and 27. Ts is the upper limit onset for the LT phase; error bars represent step size. Electronic 

transitions midpoints are shown, with error bars representing crossover width. (b) Reconstructed 

phase diagram of NbXV1-xO2 derived from panel A and the remaining structural data. Symbols 

represent structural information derived from combination of the SXRD modeled structures 

(Rigaku Synergy-DW) and total scattering measurements (Rigaku Synergy-DW and 6-ID-D 

diffractometers). Semiconducting regions are labeled SC and shaded regions are used to show the 

inferred extent of each distorted rutile phase. 
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           This interpretation also lends itself toward speculation about the different types of 

ordering that are observed. Perhaps, M1, M2, and bct are all different compromise structures that 

can form when frustrating interactions are present in rutile. The unique complexity of the bct 

phase lends itself to this interpretation. The very large unit cell contains 16 formula units per 

lattice point, which is 8 times as many as the parent rutile cell does.  Yet, there are only two 

inequivalent metal sites, and these sites hardly differ from a chemical point of view. The  

structure is driven by the arrangement of both metal atom displacement modes, (Figure 3.1e), 

which exhibit a complex tiling pattern. Despite the complexity, the local displacement 

environment of a given metal atom is not dissimilar to the M1 or M2 local environments. The 

biggest differences occur when looking at next-nearest neighbor interactions, and so it seems 

likely that the bct structure occurs for a special set of nearest neighbor and next nearest neighbor 

coulombic potentials. This hypothesis can be tested using the same Ashkin-Teller rules 

developed by Lovorn and Sarker for the M1 and M2 structures.16 

3.4.2 Comparisons Between the Mo- and Nb- Containing 2D-M2 Phases 

           The discussion will now turn toward conclusions that can be drawn by comparing the 

effects of different metals, V, Nb, and Mo. The scattering patterns in NbxV1-xO2 (0.11 ≤ x ≤ 0.22) 

are qualitatively identical to what we recently observed in V1-xMoxO2 (0.19 ≤ x ≤ 0.43), though 

there are quantitative differences in line shape. This phase, named the 2D-M2 phase after the 3D-

ΔPDF-derived atomic displacement pattern, is essentially a 2D slab taken from the M2 phase. 

Another similarity between Nb and Mo analogs is that the structural transition temperature 

appears to be continuous when crossing from M1 to 2D-M2 ordering, compositionally. 

           There are also some notable differences. Unlike the Mo-containing 2D phase, the Nb one 

is semiconducting, showing a true MIT from R to 2D-M2 symmetry.  This means that the MIT in 
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NbxV1-xO2 is essentially smoothly varying from x = 0 to 0.14 (transport was not able to be 

measured on any higher x crystals), and it is only the nature of the low temperature phase that 

changes from M1 to 2D-M2.  This implies that the order parameter underpinning the phase 

transition remains unchanged.  This morphotropic transition occurs at a critical composition 

somewhere between 5% and 10% Nb, which is much lower than the critical concentration of Mo 

required to stabilize the 2D-M2 phase, which is between 17% and 18.8% Mo. Additionally, the 

transition temperature in the Nb phases is nearly twice as large as it is in the Mo ones (260 K vs 

150 K). This difference shows that Nb-substitution is more efficient than Mo-substitution at 

destabilizing the 3D-M1 phase and is a key step toward determining what physically drives the 

suppression of long-range 3D ordering. Indeed, even short-range ordering is suppressed in the 

NbxV1-xO2 phase diagram’s intermediate compositions, in contrast to the V1-xMoxO2 phase 

diagram which shows some kind of short-range correlations across the full substitution regime.11, 

38 This may be taken as evidence of stronger frustration in the NbxV1-xO2 phase diagram, but the 

addition of an extra electron per Mo is a confounding factor as this strengthens the metal-metal 

bond.11, 39 It may be that 3D frustration between <100>R, and <111>R axes in 1:1 V:Mo are about 

the same as in 1:1 V:Nb, but the stronger bonding interaction along the [001] axis in the Mo 

analogs results in stronger short-range correlations. Further context to this discussion can be 

provided by correlating the structural parameters with the electronic ones.  

           The metallic behavior of the 2D-M2 phase in V1-xMoxO2 can be attributed to the addition 

of electrons into the system rather than the change in the structure since the M1 phase also 

becomes metallic at  lower compositions.15, 40 This is further supported by the present study, as 

Nb does not introduce a net of extra d electrons and both the 2D-M2 and M1 phases remain 

insulating. Similar changes in lattice parameters between Nb and Mo at moderate substitution 
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levels ionic sizes are observed, which can be attributed to the nearly equivalent ionic radii (0.82 

or 0.78 Å for Nb4+ or Nb5+ and 0.79 Å for Mo4+).41. Both cause increases in the a and c lattice 

parameters, with roughly equivalent changes in a per unit dopant. However, the change in c is 

about twice as much per unit Nb than it is per unit Mo, meaning that the cell volume at onset of 

2D-M2 ordering is about the same for each substituent: 60.17 Å3 for Mo substitution and 

between 59.38 and 60.37 Å3 for Nb substitution. 

           Deeper comparisons between lattice parameters are complicated by departures from 

Vegard’s Law observed in the Mo-substituted compounds. In fact, despite the initial increase 

induced by small concentrations of Mo, MoO2 has a shorter c axis than VO2 due to the strong 

Mo-Mo bonds present.39 Though the a axis is essentially linear with x in the V1-xMoxO2 phase 

diagram, the c axis necessarily changes direction and is more reminiscent of a parabola. The non-

linear behavior can be seen as a competition between the larger cation size expanding the lattice 

and enhanced bonding along the c axis contracting it. This consideration is obviously relevant to 

the dimerized M1 phase, but it is equally relevant in the metallic rutile phase, where each metal 

atom has two, equivalent metal-metal interactions inside a chain instead of a single strong one 

across a dimer. Indeed Mo-substitution likely enhances delocalization of bonding in V1-xMoxO2
10 

and likely plays some role in the complete suppression of insulating behavior in M1-phase V1-

xMoxO2 for 0.10 < x < 0.17.11, 40  

           For these reasons, the effects of electron substitution and lattice spacing cannot be 

completely decoupled in the comparison. Nevertheless, the existing analysis implies that the size 

of the metal ions has the largest effect on the suppression of 3D-M1 ordering and thus is most 

closely connected to the magnitude of the geometric frustration. While this shows that 

introducing larger ions into VO2 enhances frustration and suppresses 3D order, it should be 
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clarified that this does not necessarily imply that the mechanism of the MIT itself must be purely 

structural. That is to say, even if the transition is electronic in origin, this merely shows how the 

ground state configuration of the atoms is determined once the transition is triggered.  

           Finally, these observations also contradict the model wherein local Nb5+ and Mo6+ ions are 

responsible for the suppression of the structural instability in the respective phase diagrams. If 

they were, then the suppression of 3D ordering should be correlated to the concentration, x, and 

not to the size of the ions. In that case, Mo6+ ions are each expected to contribute 1 d0 ion and 2 

electrons per Mo, while Nb5+ ought to contribute 1 d0 ion and only 1 electron. This would predict 

that Mo is more efficient and suppressing long-range ordering, which is the opposite of what was 

observed.  Additionally, the presence of Mo6+ ions in V1-xMoxO2 is not well supported since the 

total scattering on the same Mo-substituted phases shows no evidence of M-M bonds being 

correlated to metal type and the surface 6+ and 5+ Mo states observed13 via XPS are also 

observed in MoO2.
14  Since the Mo6+ model is not appropriate for explaining the loss of long-

range ordering in these materials, it seems unlikely Nb5+ is responsible for the loss of long-range 

ordering, either, despite the much stronger evidence supporting the presence of Nb5+ ions.  It is 

more likely that the presence of Nb5+ ions either has no appreciable affect on the critical 

composition, xc, or that it is a second order effect compared to the primary geometric frustration 

considerations.   

3.4.3 2D Ordering in x = 0.82, 0.87 

           Finally, the discussion turns to the second 2D phase discovered at high Nb-composition (x 

= 0.82, 0.87). As previously mentioned, there are qualitative differences between this 2D phase 

and the other one found at low Nb composition. The most notable is that the scattering rods in 

this latter 2D phase show only the faintest traces of the wavy pattern characteristic of the 2D-M2 



 

63 
 

phase within the resolution of the instrument (Rigaku Synergy-DW). In the established 2D-M2 

phase at low Nb and Mo-composition, the same wave-like pattern is strong and unambiguous on 

the same instrument and is associated with geometric frustration between <100> and <110> axes 

in the model. This implies that the relative strengths of these interactions have changed or even 

that the compromise structure itself has changed. It is presently unclear whether this second 2D 

phase in the Nb phase diagram should be considered another instance of the 2D-M2 phase, or if 

it is something else, perhaps a “2D-bct” phase. 

          On the one hand, a hypothetical 2D-bct phase might be very similar or even identical to 

the 2D-M2 phase. The only differences between the M2 and bct structures within a given (110)R 

plane relies on the out-of-plane displacements driven by out-of-plane correlations, which are 

expected to be weaker here. That is, though the M1 and bct phases have slightly different (110)R 

planes, suppressing out-of-plane correlations also suppresses those differences. In this sense, 2D-

M2 might be, on average, a general form of any related distorted rutile structure. From this 

perspective, any sort of 2D phase would be considered essentially the same phase, regardless of 

the distorted rutile variant it evolves from.   On the other hand, it is plausible and also consistent 

with the 3D-ΔPDF that even the 2D-M2 phase at low Nb-content contains out-of-plane 

displacements that are not strongly correlated. This would mean that there are regions that are 

locally more M1-like than M2-like, even if the strongest correlations on the medium-scale are 

M2-like. From this perspective, it is also possible for a hypothetical 2D-bct phase to show out-

of-plane correlations that differ from M1- or M2-like ones in non-trivial ways. Clearing up this 

uncertainty will require a suitably resolved 3D-ΔPDF analysis on these compositions, which was 

not possible at this time.  Additional, independent probes such as EXAFS can also provide 

additional context. 
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3.5 Conclusion 

           We have performed a systematic study of the structural phases present in the NbxV1-xO2 

phase diagram using single crystal x-ray diffraction and the 3D-ΔPDF method. The end members 

form the two known 3D-ordered phases, M1 and bct, which give way to short-range ordered 

phases after undergoing a few percent metal substitution on either side. These secondary phases 

are each characterized by displacement correlations that are anisotropic enough to be considered 

quasi-2D.  The 2D-ordered regime that is observed between x = 0.11 and 0.22 appears identical 

to the “2D-M2” in V1-xMoxO2 for x = 0.19 to about 0.35, which was explained using a geometric 

frustration of metal atom displacements model. Extending this observation unambiguously to the 

Nb-containing phases shows that the substituted ion size has a larger effect on the suppression of 

long-range ordering than the electron count does. The findings are incompatible with the 

prevailing model that the structural instability in NbxV1-xO2 is weakened by local d0 ions such as 

Nb5+ and Mo6+ that are thought to weaken the long-range ordering in a percolative fashion.  

           The second 2D-ordered phase discovered here for the Nb composition range 0.82 ≤ x < 

0.97 has not yet been structurally characterized, so it cannot be assigned unambiguously to a 2D 

version of either M2 or another type of rutile distortion. No evidence was found for the same 

type of short-range symmetry-breaking correlations in the 0.38 < x < 0.67 range, suggesting that 

the competing interactions have no suitable compromise structure in this intermediate range. 

There is, however, additional diffuse scattering reminiscent of intense size-effect scattering that 

was revealed in the high-sensitivity 6-ID-D measurements. Properly characterizing this complex 

feature is the next step toward fully understanding the effects of Nb-substitution into VO2. 

          In the course of this study, the synthesis of single crystals was achieved for many Nb 

concentrations for the first time. The prior reports of a semiconducting undistorted rutile phase 

were shown to be an artifact of resistivity measured on polycrystalline samples. So far, no 
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semiconducting rutile phase has been observed in this phase diagram using single crystals, 

meaning that only the distorted phases unambiguously exhibit band gaps. We have also found 

that the MIT and crystallographic phase changes appear to be a single simultaneous transition. 

This is true both for the M1 to rutile transition for 4% Nb at 290 K, and for the 2D-M2 to rutile 

transition for 11% Nb composition at 260 K. Overall, this work clarifies many inconsistencies 

and puzzles in the NbxV1-xO2 phase diagram, rules out competing models, shows that the bct-

NbO2 structure is also proximal to geometrically frustrated behavior, and further supports the 

notion that the properties of both end members, NbO2 and VO2, may also be affected by 

frustrated interactions. 

3.6 Supplemental Materials 

Composition Determination 

          The compositions, x, in NbxV1-xO2 were calculated by using two different linear equations 

as shown in Figure S1. These two linear equations are the linear fit of rutile a cell prameters of 

Referece 24 in the main text. One equation models the trend in a for x < 0.5 and the other is 

applied to a for x > 0.5. The rutile cell parameters of our samples at room temperature, are 

determined by matching and tuning the observed and calcualted peaks in Le-bail method through 

GSAS/EXPGUI software as shown in Figure S2. 
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Figure 3.8 Rutile a cell parameters vs compositions plots for NbxV1-xO2 showing two different 

linear a cell parameter fits (one below x = 0.5 and another above x = 0.5) along with their linear 

equations which are used to calculate the compositions, x, by using our PXRD refined a cell 

parameter. The closed squares and empty squares represent a cell parameters from Rüdorff et al.36 

and our samples respectively. 

Single Crystal Data 

          Anisotropic thermal parameters for SXRD refinements to a rutile cell are shown in Table 

S1. Various refinement statistics are given in Table S2.   

The SXRD solution and refinement for x = 0.97 was performed to a bct cell, and the remaining 

results are given in Tables S3 and S4.  
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Diffuse Scattering 

           Figure S3 shows several cuts from the x = 0.11 and 0.38 samples on 6-ID-D. The broad 

patterns near the parent rutile reflections at integer points are a combination of various types of 

diffuse scattering. The asymmetry is associated with size effect scattering. 

 

Figure 3.9 Reciprocal lattice cuts taken from 6-ID-D total x-ray scattering experiments on x = 0.11 

and 0.38 showing size-effect scattering.   
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Figure 3.10 PXRD peaks for the rutile phase at room temperature (a)-(k) and bct phase (l) for 

various compositions, solid red lines indicate calculated and black cross lines indicate observed. 

The observed and calculated PXRD peaks for rutile cells are refined by using Le Bail method in 

GSAS/EXPGUI software.  
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Table 3.4 Thermal parameters of metal atoms and oxygen atoms of rutile unit cell obtained from 

SXRD structure solution for different nominal composition (x). U22 = U11 in the rutile phase 

X Atom 

label 

Ueq * 100 U11 * 100 U33 * 100 U12 * 100 

0.04 V/Nb 0.92(3)  0.85(3) 1.07(4) 0.129(8) 

O 0.67(4)  0.64(5) 0.73(6) -0.15(3) 

0.11 V/Nb 1.069(18)  0.95(2) 1.13(2) 1.46(7) 

O 0.67(3)  0.67(3) 0.66(4) -0.14(3) 

0.14 V/Nb 1.61(3)  1.45(3) 1.93(4) 0.644(15) 

O 0.64(5)  0.68(5) 0.54(7) 0.04(4) 

0.17 V/Nb 1.244(17) 1.105(18) 1.52(2) 0.169(5) 

O 0.72(2) 0.74(3) 0.69(3) -0.119(2) 

0.18 V/Nb 1.312(15)  1.183(16) 1.57(2) 0.194(7) 

O 0.79(3)  0.80(3) 0.78(4) -0.11(3) 

0.22 V/Nb 1.403(16)  1.196(18) 1.82(2) 0.185(6) 

O 0.87(3)  0.80(3) 1.01(4) -0.08(2) 

0.38 V/Nb 1.15(3)  1.17(3) 1.12(4) 0.3(8) 

O 0.92(11)  0.98(8) 0.92(11) 0.10(2) 

0.43 V/Nb 1.55(3)  1.67(3) 1.30(4) 0.126(11) 

O 1.27(5)  1.45(6) 0.91(8) -0.15(6) 

0.61 V/Nb 1.00(2)  0.89(2) 1.22(3) 0.161(6) 

O 0.83(4)  0.86(4) 0.76(5) -0.16(3) 

0.67 V/Nb 1.201(10)  1.046(11) 1.510(13) 0.224(6) 

O 0.97(3)  1.06(3) 0.77(4) -0.12(3) 

0.82 V/Nb 1.61(2)  1.24(2) 2.36(3) 0.514(11) 

O 1.09(5)  1.22(6) 0.82(7) -0.01(6) 

0.87 V/Nb 1.91(6)  1.39(6) 2.97(7) -0.687(18) 

O 1.01(10)  1.25(13) 0.81(12) -0.04(10) 

Table 3.5 SXRD measurements and crystal structure solution parameters for all the compositions. 

X Rint Rσ F000 Goodness 

of fit 

R1 (all) wR2 

(all) 

Unique/tota

l 

reflections 

0.04 0.0049 0.0042 78.7 1.473 0.0266 0.0767 322/101 

0.11 0.0102 0.0103 81.6 1.231 0.0132 0.0389 378/101 

0.14 0.0456 0.0171 82.5 1.228 0.0253 0.063 1130/104 

0.17 0.0205 0.0089 83.8 1.206 0.0121 0.0382 1151/106 

0.18 0.0207 0.0098 84.8 1.201 0.0112 0.0325 1272/106 
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0.22 0.0227 0.0090 86.6 1.208 0.0180 0.0453 1275/107 

0.38 0.0445 0.0251 90.2 1.156 0.0166 0.031 774/79 

0.43 0.0611 0.0270 242 1.115 0.0273 0.0692 1176/114 

0.61 0.0587 0.0178 97.8 1.163 0.0165 0.0455 1195/111 

0.67 0.0185 0.0069 112 1.266 0.0089 0.0216 1429/115 

0.82* 0.0258 0.0084 105.4 1.240 0.0153 0.0366 1256/116 

0.87* 0.0458 0.0160 110 1.285 0.0471 0.1180 1283/119 

0.97† 0.0323 0.0169 56 1.142 0.0175  0.0384 1421/1067

2 
* The reported structure was refined to a standard rutile model, but the actual structure is a 

distorted phase with 2D-correlations. 
†Modeled using the α-NbO2-like bct structure. See Tables S3 and S4 for further details. 
 

Table 3.6 Parameters from the x = 0.97 SXRD solution and refinement to the bct structure. 

a (Å) 13.6839(2) 

c (Å) 5.9904(2) 

α = β = γ (o) 90 

V (Å3) 1121.70(5) 

Z 32 

X-ray wavelength 0.71073 

Unit formula NbO2 

Space group type I41/a (#88) 

Temperature 293 K 

F000 56 

Tmax/Tmin 1.00/0.90275 

θmax /completeness 36.986/ 

99.6% 

Parameters 41 

Extinction coeff. 0.00056(4) 

Absorption coeff. 7.892 

Abs. corr. Type Multi-scan 
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Table 3.7 The SXRD structure refinement parameters for nominal composition x = 0.97 showing 

atomic positions and occupancy and anisotropic thermal parameters. 

Atom 

Label 

X Y Z Ueq OccNb 

V1/Nb1 0.38473(2) 0.37501(2)  0.02378(3) 0.00363(4) 0.943(9) 

V2/Nb2 0.12505(2) 0.38433(2)  0.22402(3) 0.00423(4) 0.943(9) 

O1 0.52520(9) 0.3763(2)  0.0000(4) 0.00671(17) 1 

O2 0.23579(9) 0.3785(2) -0.0048(4) * 1 

O3 0.1237(2) 0.52472(9)  0.2504(4) * 1 

O4 0.3786(2) 0.26390(9)  0.2456(4) * 1 

 U11 * 100  U22 * 100  U33 * 100  U23 * 

100  

U13 * 

100 

U12 * 

100  

V1/Nb1  0.367(7)  0.343(6)  0.380(7)  0.004

(8)  

-

0.011(

5)  

 

0.001(9)  

V2/Nb2  0.400(6)  0.451(7)  0.419(7)  0.005

(5)  

 

0.003(

9)  

-

0.005(9)  

O1* 0.71(3)  0.69(3)  0.61(3)  0.09(

3)  

 

0.09(3

)  

 0.09(5)  

* All O atoms thermal parameters were constrained to be equivalent. Free refinement of each as 

an anisotropic ellipsoid yielded non-positive definite thermal parameters. This problem is likely 

a result of the differences between long-range and short-range structural correlations, evidenced 

by the diffuse scattering rods observed in this compound. 
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CHAPTER 4: STRUCTURAL INSTABILITY IN SUBSTOICHIOMETRIC NbO2-δ 

This chapter is being prepared for publication. 

4.1 Introduction 

           Inserting oxygen vacancies in NbO2 causes crystallographic shear in the form of ordered 

defects or faults resulting in a non-stoichiometric phase that influences its structural and 

electronic properties.1-3 For instance, the β-phase of niobium dioxide has been previously 

observed in NbO1.99
4, which can also be called substoichiometric NbO2, or NbO2-δ. Materials 

with oxygen deficiencies that result in ordered defects have potential applications such as in 

electrical switching device and in ultrafast optoelectronic devices.5, 6 Additionally, because of its 

high MIT temperature, substoichiometric NbO2 can be a potential candidate for resistance 

switching random access memory (ReRAM) devices.7  

           Niobium dioxides show at least three different types of polymorphic phases which are 

rutile phase, α-phase, and β-phase4, in contrast, to better studied compound vanadium dioxide, 

which is believed to show at least four different types of polymorphic phases (rutile, M1, M2, 

and T)8, under the influence of heat, stress, strain, and dopants.   Oxygen vacancy concentration 

is yet another parameter that has a significant role in the structural instability of both niobium 

dioxide and vanadium dioxide evidenced by the appearance of β-phase in NbO1.99 and M2 phase 

in VO2-x .
4, 9 Compared to VO2 which is isoelectronic and isostructural to NbO2, not many studies 

are found on the structural properties of oxygen-deficient NbO2 because of it’s complex 

structures and high transition temperature.10-12 In the studied structures of α and β phases of 

niobium dioxide have shown some structural similarities; both of them are in distorted rutile 
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phase and contain chains of edge-sharing NbO6 octahedra along with Nb-Nb dimers running 

towards rutile c-axis. They are the isotropic subgroups of high-temperature parent rutile cells and 

originate from different types of structural distortion. The α-phase originates from the  

displacement wave vectors K = (1/4, ±1/4, 1/2), and the β-phase from K = (1/2, 0, 1/2) and (0, 

1/2, 1/2) leading to the series of superlattice reflection peaks on reciprocal space in x-ray 

diffraction or neutron diffraction.13, 14, 4 Figure 1 shows the schematic relationship between rutile, 

β and α phase of NbO2, showing the lattice parameters of  α-phase and β-phase in terms of parent 

rutile cell by aα = 2√2*aR=13.7020 Å , cα = 2*cR=6.06 Å , aβ = 2*aR=9.693 Å and  cβ = 

2*cR=6.06 Å respectively.  The cell parameters of the parent rutile cell are ar = 4.8463 Å and cr = 

3.0315 Å.10 The rutile phase, β-phase, and α-phase contain 2, 16, and 32 formula units per unit 

cell respectively. The unit cell volume of the α-phase and β-phase are 1122 Å3 and 561 Å3 

respectively. The darker shaded diamond shape on each plot indicates ‘A’ metal chain octahedra 

and the lighter shaded diamond shape indicates ‘B’ metal chain octahedra. The  /- sign indicates 

the metal-metal dimers formed due to the metal atom displacement towards the rutile c-axis. The 

‘ ’ sign indicates the Nb-Nb dimers formed above ab rutile plane and ‘-‘sign indicates the Nb-

Nb dimers below ab rutile plane during metal atom displacements towards rutile c-axis.  The red 

arrows indicate in-plane buckling of metal atoms that arises due to the M-O-M coulombic 

interaction when metal-metal bond is formed.  The red arrows point towards the gap left by +/- 

distortions in neighboring chain i.e., red arrows in ‘A’ chain point towards ‘ ’ sign of 

neighboring ‘B’ chain, and red arrows in ‘B’ chain point towards negative sign of neighboring 

‘A’ chain. 

           Even though there are some structural similarities and dissimilarities between α-phase and 

β-phase, there is no model explaining why the β-phase exist in the first place rather than a more 
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standard distorted phase such as the M1 structure of MoO2, WO2, and VO2.  Toward this 

question, some have suggested that the β-phase is a   structurally metastable phase under the 

ambient condition of temperature and pressure.4, 15 It is because at high pressure of around 5.6 

GPa, the α-phase changes into β-phase along with the compression of lattice cell parameters  

from α-phase rutile cell equivalent to aR = 4.80 Å and cR = 2.97 Å.  However, the β-phase is 

observed in substoichiometric niobium dioxide (NbO1.990 to NbO1.998) in ambient condition of 

temperature and pressure.4, 15  

           In substoichiometric niobium dioxide, the oxygen vacancies or oxygen defects effects on 

the structural and electronic properties by changing the structural symmetry and stabilizing the β-

phase.4, 16 Interconversion between these two phases at ambient temperature and pressure has not 

been observed yet. However,  a complex microstructure of a heterogeneous mixture of primitive 

P41 structure and rutile structure, inserted as lamella in α-NbO2, has been reported while 

studying the microstructures of substoichiometric NbO2 where the oxygen composition lies 

between NbO1.92 and NbO2.
17 It was argued that the appearance of (111) and (311) weak 

diffraction peaks in the electron diffraction study rule out the bct phase, and (004) reflection 

leads to space group P41.
4, 17, 18 It was pointed out later by discovering β-phase in NbO1.99 that the 

appearance of the apparent P41 structure in electron diffraction is due to the presence of 

heterogeneously mixed phase of α and β-phases.4 Also, the increase in resistivity from NbO1.90 to 

NbO2 and then decreasing from NbO2 to NbO2.10 depending upon the oxygen composition 

implies that structural defects due to oxygen vacancy plays a major role in the electronic 

properties16, 18.  It is still unclear what causes the structural instability in niobium dioxide leading 

into α-phase, β-phase, and the complex structure of the apparently heterogeneous mixtures of β 

and α-phase i.e. mixed phase. 
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Figure 4.1 Schematic showing the crystal structure relationship of parent rutile NbO2 (a), β-NbO2 

(b) and α-NbO2. The plots are in [001]R projection. The A metal chain octahedra are shown by 

light shaded diamonds and B metal chain octahedra are shown by dark shaded diamonds. The B 

chain octahedra are offset by zR = +1/2 from A metal chain octahedra. The blue dotted line box 

indicates the maximal unicell respectively. 

           Chapter 3 has described how the structural instabilities in NbO2 and VO2   into different 

crystallographic phases when alloyed homogeneously, which is due to the geometric frustration 

that arises from the interaction of distortion parameters in [110] and [-110] rutile planes.19 The 

similar short-range ordered 2D-M2 phase as seen in NbxV1-xO2 was already reported to exist in 

19% Mo doped VO2 and it was explained based on the geometric frustration model.20, 21 In both 
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cases diffuse scattering nets were visible in (HK0.5)R rutile plane which is also apparent here in 

substoichiometric niobium dioxide.   

           It is still uncertain why the β-phase or mixed phase does exist in substoichiometric 

niobium dioxide. In this study, we have synthesized sub-stoichiometric NbO2-δ single crystals 

that have β-phase, and an apparenltly mixed phase of the α-phase domain and β-phase domain 

similar to the reported P41 symmetry to study their structural instability with oxygen 

composition. In this report, the structural instability in substoichiometric niobium dioxide is 

explained in terms of the geometric frustration model where the oxygen vacancy or oxygen 

deficiency is playing a significant role in the structural distortions.  We have combined 

traditional and total x-ray diffraction techniques with transmission electron microscopy (TEM) to 

characterize the various observed phases. The web-based tool, ISODISTORT22, was used to 

explore their respective structural distortion parameters and isotropy subgroups,23, 24 yielding a 

revised space group type for β-phase NbO2 to I41/a instead of the previously reported type I41.  

4.2 Experimental 

          Single crystals of substoichiometric NbO2 (NbO2-δ) were prepared using a chemical vapor 

transport (CVT) technique. Starting materials used were 0.5 g of NbO2 (99.9%, Sigma-Aldrich) 

powder as a starting material, 0.15 g of TeCl4 (99.9%, Beantown chemicals) as a transporting 

agent, and various amounts of Nb (99.5%, Beantown Chemicals). Reactions were performed by 

combining 0.5 g NbO2, 0.15 g TeCl4, and varying amounts of Nb powder as (listed in Table 4.1) 

into a sealed silica tube of 20 cm length and 10 mm inner diameter. Before taking the chemicals 

in a sealed silica tube, the purity of NbO2 and Nb powders were checked using a powder x-ray 

diffraction technique. Then, the mixture in a sealed silica tube was heated at temperature 

gradients of 1150-1100 0C for 200 hours in a multizone furnace. The black rod or prismatic 
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shape of 1 mm3 dimension of single crystals, later identified as oxygen-deficient NbO2, were 

grown on either side (cold zone and hot zone) of the silica tube. The types of single crystals 

obtained depend upon the molar ratio of Nb powder taken as shown in Table 4.1. 

           The single crystal x-ray diffraction was performed on a Rikagu synergy-DW in Mo-Kα 

mode at room temperature. The data reduction was performed using the CrysAlisPro software 

suite, and the crystal structural refinement was performed using SHELX25 and WinGX26 

programs. The powder x-ray diffraction on single crystals ground in an agate mortar and pestle 

was performed on a Bruker D2-Phaser diffractometer with Cu-Kα radiation source and a Lynx-

Eye 1D detector. The decomposition of parent rutile cell space group symmetry into sub cell 

space group symmetry was performedby using an ISODISTORT software.24, 27    

           For TEM analysis, the samples were ground into powder and dispersed in hexane (≥ 

98.5%, Macron fine chemicals). Then, the solution was sonicated for 20 min. A drop of the 

solution was added to the carbon-coated nickel TEM grid. High-Resolution TEM (HRTEM) 

imaging and diffraction patterns were obtained using a FEI-Tecnai, 200 kV transmission electron 

microscope equipped with a GATAN Rio camera. 

4.3 Results and Discussion 

           The compositions of substoichiometric niobium dioxide single crystals obtained from 

CVT depend upon the amount of Nb taken as shown in Table 4.1 which indicates that a reducing 

environment is required to make the oxygen-deficient non-stoichiometric NbO2-δ. Otherwise, 

NbO2 is oxidized into Nb12O29, most likely acquiring  oxygen from the silica tube at  high 

temperature.18, 28, 29The difficultly in using CVT to synthesize  stoichiometric NbO2 single 

crystals in the absence of  Nb12O29 impurities has been reported previously while more reducing 

environments give oxygen deficient phases, with no balance yet being reported.32  
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           Here, substoichiometric (oxygen-deficient) compositions were targeted by varying the 

molar ratio of Nb: NbO2 starting materials in the range 1:6 to 1:14. The input oxygen 

composition based on input metal: oxygen ratio is given as a nominal composition throughout 

this study which is neither equal to output composition nor the exact oxygen composition 

measurement was possible at this time.   

Table 4.1 Input Molar ratio of Nb and NbO2 for the CVT, types of crystals obtained, and nominal 

NbO2-δ. 

Input molar 

ratio 

Nb:NbO2 

Crystal phase 

obtained 

Input molar 

M:O ratio 

Nominal NbO2-δ 

0:1 Nb12O29 1:2 - 

1:50 Mixed phase 

and Nb12O29 

1:1.96 NbO1.96 

1:25 Mixed phase 

and Nb12O29 

1:1.92 NbO1.92 

1:14 Mixed phase 1:1.87 NbO1.87 

1:9 β-phase 1:1.80 NbO1.80 

1:74 β-phase 1:1.76 NbO1.76 

1:6 β-phase 1:1.71 NbO1.71 

 

          However, the lattice parameters and average Nb-Nb bonds obtained from PXRD 

measurements show a distinct variation with nominal oxygen composition which are decreasing 

with an increase in oxygen deficiency as shown in Fig 4.1a and 4.1d respectively. 

Comparatively, lower equivalent rutile cell parameters in β-phases of NbO1.99 and in high-

pressure β-phase than in the α-phase of stoichiometric NbO2 have been already reported.4, 15 The 

study shows the decrease in lattice parameters and unit cell volume of β-phase by applying the 

pressure.15 The nominal oxygen composition used in this study might not be accurate, but they 

are at least oxygen deficient compared to stoichiometric NbO2. With the help of the single crystal 
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Figure 4.2 (a)Variation of normalized rutile cell parameters with nominal oxygen compositions. 

Empty symbols indicate β-phase and solid symbol indicates mixed phase. Variation of short, long, 

and average Nb-Nb bond distance with oxygen composition in (b), (c), and (d)respectively.  

x-ray diffraction technique, TEM technique, and DISCUS, the crystallographic phases of these 

oxygen-deficient single crystals were characterized as a mixed phase.  

4.3.1 Crystal Structure Solutions  

4.3.1.1 Nominal NbO1.71 to NbO1.80 

          Representative crystals of nominal oxygen composition of NbO1.71 to NbO1.80 yielded 

supercell peaks at (1/2,0,1/2) and (0,1/2,1/2) points in x-ray diffraction, consistent with the  
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Figure 4.3 Reconstructed lattice plots from the single crystal x-ray diffraction experiments on the 

Rikagu Synergy-DW. Plots are parent rutile cell planes of (HK0.5) in (a) α-phase (from 

Nb0.97V0.03O2), in (b) β-phase of NbO1.71 (c) Mixed phase (M-phase) of NbO1.87, and (d) is non 

transformed (HK1) plane of mixed phase. The Bragg’s peaks enclosed by bigger red circles 

indicate I41/a (bct) symmetry, and diffuse scattering peaks enclosed by smaller black circles break 

the bct symmetry.  Nb0.97V0.03O2 has the same bct phase as in α-NbO2. Comparatively low-intensity 

rods passing through Bragg’s peak are the diffuse scattering peaks. 

previously reported β- phase. The intensity statistics determined from data reduction are most 

consistent with three different space group types: I41, I-4, and I41/a.  The structural refinement 

parameters from the crystal structure solutions are given in Table 4.2 for each respective space 

group type choice. The wR2 and R1 values obtained from the crystal structure solution fittings 

are 0.0640 and 0.0232 for I41/a, 0.0722 and 0.0254 for I41, and 0.0708 and 0.0253 for I-4. The 

wR2 and R1 values for I41/a structural fittings are comparatively lower than I41 and I-4 structural 

fitting, despite the fact that it is a higher symmetry supergroup of the other two choices. This 

implies that the lowering of symmetry does not add anything meaningful to the model. Indeed 

PLATON ADDSYM tool 30, 31suggests a missing inversion center  in both the present and 

reported I41 models. Adding the inversion center results in the I41/a space group type that gave 
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the best residuals.  Altogether, these points support I41/a as the best space group type choice to 

model the structure of the β-NbO2-δ compounds studied here. 

           To investigate whether the solution found here can be generalized to other references to β-

NbO2, an additional symmetry analysis was undertaken. The supercell peaks of x-ray scattering 

and electron diffraction on the β-phase,  shown in Figures 4.3b and 4.4b, are at the   k = (0 K/2 

L/2) and/ (H/2 0 L/2) reciprocal lattice vectors for the parent rutile cell Starting from a parent rutile 

P42/mnm space group, these are at the R point, with only the R1
- irreducible representation (irrep) 

allowing metal displacements.36 I41/a is the only one of the options considered here that is derived 

directly from the R1
- irrep, at the order parameter direction o(a,a;-a,a). The I41 structure solution 

requires two simultaneous primary order parameters, R1
- and R1

+, without any apparent physical 

parameter to justify the extra complexity. Hence, the I41/a subgroup choice can be assumed to 

generally apply to all known iterations of β-NbO2 rather than the previously reported I41 form4. 

Table 4.2  rystal structure solution parameters for β-NbO1.71. 

Space group 

type 

        I41      I41/a         I-4 

a (Å) = b (Å) 9.68060(10) 9.68060(10) 9.68060(10) 

c (Å) 5.98170(10) 5.98170(10) 5.98170(10) 

α = β = γ 90.00 90.00 90.00 

V 560.569(15) 560.569(15) 560.569(15) 

Z 16 16 16 

Temperature 

(K) 

293(2) 293(2) 293(2) 

θmax 37.891 37.891 37.891 

Scan mode Ω Ω Ω 

Absorption 

coefficient mu 

(mm-1) 

3.99 3.99 3.99 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan 

Radiation 

wavelength (Å) 

0.71073 0.71073 0.71073 

F000 228 456 456 



 

86 
 

# of unique 

reflections  

1442 733 1433 

Rint 0.0266 0.0359 0.0273 

Rσ 0.0184 0.0193 0.0175 

R1 0.0254 0.0232 0.0253 

wR2 0.0722 0.0640 0.0708 

GooF 1.127 1.264 1.095 

# of refined 

parameters 

56 29 56 

 

Table 4.3 Thermal parameters of anisotropic atomic sites of I41/a space group of β-NbO1.71. 

Atom site 

label 

      U11       U22      U33       U23       U13       U12 

Nb 0.00974(11) 0.00992(11) 0.01096(12) 0.00037(5) -

0.00024(5) 

-

0.00081(5) 

O1 0.0123(6) 0.0120(6) 0.0118(6) -0.0004(4) 0 -0.0029(5) 

O2 0.0122(6) 0.0125(6) 0.0100(6) 0.0003(4) 0.0005(4) 0.0017(5) 

 

Table 4.4 Refined structural parameters of I41/a space group of β-NbO1.71. 

Atom site label       X         Y        Z Uiso or Ueq 

Nb 0.25880(2) 0.24001(2) 0.52457(4) 0.01021(9) 

O1 0.36211(17) 0.36021(17) 0.7448(3) 0.0120(3) 

O2 0.39923(17) 0.09952(17) 0.4972(3) 0.0115(3) 

 

4.3.1.2 Nominal NbO1.87 and NbO1.96 

         This section is concerned with crystals with nominal oxygen compositions closer to 2, 

which show the apparently inhomogeneous mixture of α and β forms of NbO2. First, the 

measured scattering is discussed from the perspective of single crystal structure solution 

strategies. Then the diffuse scattering will be discussed in more detail, which elucidates the 

relationship between the type of scattering observed and the length scale of the structural 

features.  
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           Figure 4.3a shows the reciprocal lattice plots of rutile cell equivalent (HK0.5) planes from 

Nb0.97V0.03O2
19

 which has a similar body-centered tetragonal (bct) phase to α-NbO2. The pure α-

NbO2 were not able to be synthesized this time. Therefore, the x-ray diffraction data of 

Nb0.97V0.03O2, derived from a previous report,19 as representative α-phase is used to show the 

clear distinction between α-phase and β-phase. Figure 4.3b and 3c are the reciprocal lattice plots 

of rutile cell equivalent of (HK0.5) planes for β-NbO1.71 and mixed phase of NbO1.87 

respectively. Supercell peaks observed at [±1/4 1/4 1/2]R rutile reciprocal lattice direction for 

Nb0.97V0.03O2 which are the characteristic peaks of α-phase as shown in Figure 4.3a. The 

supercell peaks observed at (0 1/2 1/2)R rutile lattice directions are the characteristic peaks for β-

phase as shown in Figure 4.3b. But, in mixed-phase, along with the supercell peaks at [±1/4 1/4 

1/2]R , weak diffuse scattering peaks at [0 1/2 1/2]R  and [1/2 0 1/2]R  rutile lattice direction are 

apparent as shown in Figure 4.3c. Figure 4.3d is a (HK1) reciprocal lattice plane of the original 

bct cell ( not transformed into a rutile lattice cell) for the mixed phase of NbO1.87 where supercell 

peaks enclosed in big red circles represent bct symmetry, and diffuse scattering peaks enclosed 

by small black circles break that bct symmetry resulting into the primitive cell. 

           Crystals of nominal composition NbO1.87 to NbO1.96 can be indexed to the bct cell of α-

NbO2, which is characterized by supercell peaks at ±1/4 along H and K and ½ along L in the 

parent rutile cell.  The most obvious deviation away from this symmetry is in the form of weak 

diffuse scattering peaks at (H + K + L) = odd integers in the supercell peaks (Figure 4.3d) which 

correspond to broken crystal symmetry from a body-centered tetragonal to a primitive tetragonal 

Bravais lattice. If the forbidden peaks are treated as short-range (non-crystalline) ordering and 

ignored during the data reduction and crystal structure solution, then a body-centering model 

remains supported, and a suitable structure solution is obtained for bct phase (α-NbO2) in the  
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Table 4.5 Crystal structure solution parameters for mixed phase of NbO1.87. 

        P-4        I41/a        P41 

a (Å) = b (Å) 13.6933(2) 13.70080(10) 13.6933(2) 

c (Å) 5.97950(10) 5.98260(10) 5.97950(10) 

α = β = γ 90.00 90 90 

V 1121.20(4) 1123.01(2) 1121.20(4) 

Z 32 32 32 

Temperature 

(K) 

293(2) 293(2) 293(2) 

θmax 35.6581 35.454 35.6581 

Scan mode Ω Ω Ω 

Absorption 

coefficient mu 

(mm-1) 

3.989 3.98 3.989 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan 

Radiation 

wavelength 

(Å) 

0.71073 0.71073 0.71073 

F000 912 912 912 

# of unique 

reflections  

4624 1211 4591 

Rint 0.0118 0.0109 0.0116 

Rσ 0.0116 0.0072 0.0116 

R1 0.0206 0.0086 0.0208 

wR2 0.0510 0.0222 0.0511 

GooF 1.250 1.213 1.247 

# of refined 

parameters 

99 57 99 

 

I41/a space group (Table 4.5). Also shown in Table 4.5 are parameters from models where the 

symmetry-breaking diffuse scattering peaks are included. In such cases, the primitive tetragonal 

space groups must be considered, and P-4 and P41 result in the best residual parameters from the 

most probably space group type choices in this set. The R1 and wR2 values are 0.0086 and 

0.0222 for I41/a, 0.0206 and 0.0510 for P-4, and 0.0208 and 0.0511 for P41. The R values from 

I41/a cannot be directly compared to those from the primitive cells because they are applied to 

different observation sets. What can be stated is that the extremely low R1 and wR2 values in the 
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I41/a (bct) model are consistent with the inclusion of only strong, non-diffuse scattering peaks. 

This implies that the short-range, symmetry-breaking structural distortions that give rise to the 

diffuse scattering hardly affect the intensities of the main Bragg reflections of the bct phase. In 

other words, these crystals have a long-range average structure accurately described as the bct 

phase with I41/a symmetry. The atomic positions and thermal parameters for I41/a space group 

fitting are listed in Tables 4.6 and 4.7 respectively 

Table 4.6 structural parameters of average structure, I41/a space group symmetry for NbO1.87.  

Atom site label          X         Y          Z Uiso or Ueq 

Nb1 0.61513(2) 0.62494(2) 0.47582(2) 0.00345(3) 

Nb2 0.62497(2) 0.88452(2) 0.22341(2) 0.00389(3) 

O1 0.62706(17) 0.51384(5) 0.2548(4) 0.00655(14) 

O2 0.62460(17) 1.02461(5) 0.2500(4) 0.00625(13) 

O3 0.47476(5) 0.62453(17) 0.5003(3) 0.00601(13) 

O4 0.62257(18) 0.73648(5) 0.2547(4)  0.00650(15) 

 

Table 4.7 Thermal parameters of I41/a for NbO1.87. 

Atom site 

label 

     U11      U22      U33       U23    U13     U12 

Nb1 0.00345(4)  0.00316(4) 0.00374(4) -

0.00007(6) 

-

0.00019(3) 

0.00008(6) 

Nb2 0.00380(4) 0.00397(4) 0.00390(4) -

0.00001(3) 

-

0.00015(6) 

0.00003(6) 

O1 0.0085(4) 0.0048(3) 0.0063(3) 0.0000(5) -0.0011(5) 0.0009(7) 

O2 0.0092(3) 0.0044(3) 0.0051(3) -0.0002(5) 0.0002(5) 0.0062(7) 

O3 0.0048(3) 0.0086(3) 0.0046(3) -0.0004(5) 0.0000(5) -0.0048(8) 

O4 0.0094(4) 0.0039(3) 0.0062(3) 0.0005(5) 0.0009(5) 0.0027(7) 

 

Yet, despite this fact, the primitive cell space groups ostensibly accurately model the 

observed intensities at (H + K + L) = odd points, despite the short-range nature of the structural 

correlations, with P-4 standing out as the better choice. The lattice parameters of the hypothetical 

primitive tetragonal unit cell as P-4 are 13.6933(2) Å and 5.97950(10) Å, and the cell volume is 
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1121.20(4) Å3, which are slightly smaller than the lattice parameters of the I41/a model 

(13.70080(10) Å, 5.98260(10) Å, and 1123.01(2) Å3).  

4.3.2 Transmission Electron Microscopy 

           Figure 4.4a shows the converged beam electron diffraction peaks for mixed-phase crystals 

of NbO1.87 where only supercell peaks at (1/4, ±1/4, 1/2) are apparent which are the characteristic  

supercell peaks for α-phase. Some of the Bragg peaks are indexed and enclosed in red circles 

which are the parent rutile cell co-ordinates of [110] zone axis in reciprocal space. The 

corresponding supercell peaks for α-phase and β-phase are enclosed in blue circles in Figure 4.4. 

Figure 4.4b shows the electron diffraction peaks for β-NbO1.71 where the supercell peaks at (1/2, 

1/2, 0) reciprocal space coordinates are apparent. The characteristic supercell peaks of β-phase, 

as seen as diffuse scattering peaks in x-ray diffraction of NbO1.87, were not observed in a 

converged beam electron diffraction of NbO1.87. Unlike parallel beam electron diffraction, 

converged beam electron diffraction has a very small spot size because the electron beams are 

converged into a very small spot and a very small area of the sample (some Å to few 

nanometers) is illuminated. Therefore, either there is only α-domain in the CBED spot on the 

surface of NbO1.87 crystal or a very small domain of β-phase is present whose relative diffraction 

peak intensity is too low to visualize.   Figure 4.5 is a high-resolution transmission electron 

microscope (HRTEM) image of mixed-phase NbO1.87 and β-NbO1.71. The TEM images clearly 

show the lattice fringes of different orientations along with different grain boundaries, but the 

estimated interplanar lattice distances for all lattice fringes inside the different grain boundaries 

of both mixed phase of NbO1.87 and β-NbO1.71 are equal to 0.34 nm. This interplanar distance 

corresponds to the distance between (110) planes of the parent rutile cell. 
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Figure 4.4 (a) Converged Beam Electron Diffraction (CBED) of NbO1.87 showing [110] zone axis, 

(b) normal electron diffraction of NbO1.71 showing [110] zone axis, some of the diffraction peaks 

are indexed in terms of parent rutile  cell as shown by red circles. The blue circles indicate the 

supercell peaks at [±1/4 1/4 1/2]R for α-phase in (a) and at [0 1/2 1/2]R  and [1/2 0 1/2]R  for β-

phase in (b) respectively. 
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Figure 4.5 High-Resolution Transmission electron microscope (HRTEM) images, (a) and (b) are 

for β-NbO1.71, and (c) and (d) are for NbO1.87.  (b) and (d) are zoomed portions of (a) and (c) 

respectively indicated by a dotted red box which shows the lattice fringes of the rutile (110) plane 

with a lattice distance of 0.34 nm. 

4.3.3 Analysis of Diffuse X-ray Scattering   

           The reciprocal cuts of (HK0.5)R rutile cell equivalent of β-phase of NbO1.71 and mixed 

phase of NbO1.87 from the total x-ray scattering experiment are shown in Figure 4.6. The diffuse 

scattering rods crossing diagonally at each supercell peak of (H 1/2 1/2)R or (1/2 K 1/2)R rutile 

cell coordinates are apparent in β-phase as shown in Figure 6a. These rods are also visible in 

mixed-phase of NbO1.87 where they pass through only the supercell peaks corresponding to the β-

phase domain as shown in Figure 6b.  The appearance of these diffuse scattering rods in the 

mixed phase crystals seems to be due to the only x-ray scattering from β-domains. These diffuse 

scattering rods are forming nets in rutile (HK0.5) reciprocal plane similar to the (NbV)O2 and 

(MoV)O2 systems except extra characteristic supercell peaks are present here.19, 20 Also, the nets 
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of diffuse scattering rods are wavy in appearance for (NbV)O2 and (MoV)O2 systems which 

appeared due to the formation of a short-range ordered 2D-M2 phase. 

 
 

Figure 4.6 (HK0.5)R rutile reciprocal lattice plane from total x-ray scattering for (a) β-phase of 

NbO1.71 and (b) mixed phase of NbO1.87  

4.3.4 Oxygen Vacancy and Structural Instability 

           The above SXRD and TEM analysis shows that the nominal compositions of NbO1.71 to 

NbO1.80 has β-phase, and nominal NbO1.87 to NbO1.96 has mixed phase of α-domain and β-

domain. The equivalent rutile cell parameters and average atomic bond distances are decreasing 

while going from the mixed phase of NbO1.96 to the β-phase of NbO1.71 along with a decrease in 

oxygen composition as shown in Figure 4.2. The observed lower equivalent rutile cell 

parameters and average bond distances in these crystals than in stoichiometric NbO2 indicate the 

possibility of either metal atom site or oxygen atom site vacancies in their unit cell lattice. There 

is very fewer chance of niobium metal vacancies because Nb powder was added in NbO2 during 

synthesis which should provide a more metal atom environment. Another possibility is the 

reduction of Nb4+ into a lower oxidation state due to a reducing environment but it can be easily 

ruled out because the cell parameters should increase if Nb4+ has gone reduction into a lower 

oxidation state (Nb3.8+, Nb3.7+, etc). Since many transition metal oxides show oxygen vacancies 

when they are non-stoichiometric. Most probably here also some of the oxygen sites are 
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unoccupied and vacant due to which the unit cell parameters are squeezed. Similar effects were 

already reported in the oxygen-deficient VO2-δ where the cell parameters, as well as V-V and V-

O bond distances, decrease with oxygen vacancies leading into structural phase change and 

metal-insulator transition.32, 33 

          The annealing effect was performed on both β-phase (NbO1.71 to NbO1.80) and mixed-

phase (NbO1.87 to NbO1.96) single crystals to see their crystal phase stability. At first, single 

crystals of β-phase were annealed at around 1000 0  for 48 hours and then quenched. The β-

phase got transformed into a mixed phase.  Then, they were re-annealed at 1000 0C followed by 

slow cooling but they did not get transformed back into β-phase. Next, the mixed phase single 

crystals were annealed up to 1050 0C for up to 7 days, but no phase transformation and domain 

separation is observed.   These observations indicate that the β-phase is not stable after annealing 

at high temperatures even though it’s a stable phase at room temperature in substoichiometric 

NbO2-§. It can be expected that the oxygen defects of the β-phase crystals get affected on 

annealing so that they get transformed into a mixed phase.    

          Now, the discussion turns out into the 2d nets of diffuse scatterings rods seen in oxygen-

deficient β-phase. These diagonally oriented diffuse scattering rods in rutile equivalent (HK0.5)R 

plane are not exactly similar to the wavy scattering rods of 19% Mo doped VO2 and in 9% Nb-

doped VO2 to support the similar short-range ordered 2D-M2 phase. Instead, the diffuse 

scattering rods are passing through the supercell peaks at (1/2 0 1/2)R or (0 1/2 1/2)R indicating 

the structural instability in the average β-phase structure. Most probably these diffuse scattering 

rods are seen because of the presence of two-dimensional defects of stacking faults.34 The 

oxygen vacancies might have produced the ordered crystallographic shear defects in these 
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crystals similar to the  S shear observed in magneli phases of transition metal’s non-

stoichiometric oxides.35  

 

Figure 4.7 Schematic diagram of β-phase showing the CS plane shifting in (110) rutile plane 

direction (a), and dimerization pattern formed similar to α-phase. The arrow indicates the direction 

of shifting of dimer planes, the dotted line indicates the unit cell and the ‘ ’ or ‘–‘ sign indicates 

the dimerization. The (110) rutile planes are shifted at a rutile unit cell distance in the same 

direction. 

           At this point, we can only speculate that the crystallographic shear defects due to the 

shifting of (110) rutile planes in the β-phase is responsible for the production of diffuse 

scattering rods as shown in Figure 4.7.  The two adjacent metal octahedra in rutile (110) planes 

are shifting a distance of rutile unit cell vector in (110) direction inside the β-phase as shown in 

Figure 4.7a and produces exactly the same pattern of dimerization as seen in α-phase as shown in 

Figure 4.7b. Hence, it can be speculated that the β-phase is a two-dimensional oxygen defect in 

terms of the crystallographic shear plane as shown by Figure 4.7a so that it can be transformed 

into α-phase by shifting the crystallographic sheared rutile (110) planes.  We are still working to 

probe this idea by modeling a suitable theoretical model that can explain this experimental 
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diffuse scattering. If this idea is proven, then it will be the first time that can explain the 

mechanism of phase transition between α-phase and β-phase. 

4.4 Conclusion 

           The single crystals of oxygen-deficient substoichiometric niobium dioxide (NbO2-δ) are 

synthesized by using a chemical vapor transport technique. The structural instability due to 

geometric frustration leads into β-phase and a heterogeneously mixed phase of the α-phase 

domain and β-phase domain, depending upon the oxygen composition, in substoichiometric 

NbO2-δ. The β-phase is observed for nominal NbO1.71 to NbO1.80 and the mixed phase is observed 

for nominal NbO1.87 to NbO1.96. The NbO1.87 to NbO1.96 shows average I41/a spacegroup 

symmetry similar to the α-phase of stoichiometric NbO2 but locally it shows the mixed phase of 

α-phase and β-phase.  The decrease in lattice cell parameters and average bond distances of Nb-

Nb and Nb-O with a decrease in oxygen composition indicates the lattice cell compression due to 

oxygen vacancies while going from α-phase of stoichiometric NbO2 to β-phase of nominal 

substoichiometric NbO1.71. This type of lattice compression during the phase transition is also 

true in a high-pressure phase transition from α-phase to β-phase in NbO2.
15  

          The further analysis is performed to understand the local structure of mixed phase in 

NbO1.87 to NbO1.96. The presence of diffuse scattering rods in rutile (110)R direction passing 

through the supercell peaks of β-phase is explained in terms of two-dimensional oxygen defects 

that can produce locally β-phase like structure in α-phase. It is also anticipated that the shifting of 

two adjacent metal octahedra in rutile (110) planes in the same (110) rutile cell direction in β-

phase  leads into the phase transformation to α-phase. In addition to this, the symmetry space 

group for β-phase is corrected to be I41/a instead of the previously reported I41space group 

symmetry.4 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

           The structural instability in VO2 and NbO2 with respect to substituents, temperature and 

oxygen composition are studied by exploring their long-range and short-range ordered phases 

with the help of advanced structural characterization techniques like total x-ray diffraction and 

3D-ΔPDF. The VO2 and NbO2 are isoelectronic and isostructural despite their different low 

temperature phases, therefore they were alloyed together to study their structural and electronic 

properties. For this, the single crystals of NbxV1-xO2 of different compositions from x = 0.04 to x 

= 0.97 were grown, many for the first time, using the chemical vapor transport (CVT) technique. 

The single crystals grown by this method were big enough to carry out the conductivity and 

diffuse scattering measurements. The temperature dependent short-range ordered 2D-M2 phase 

is discovered in composition 0.09 ≤ x ≥ 0.24. Another short-range ordered phase, unknown 2D, 

is discovered at higher Nb composition of 0.82 ≤ x < 0.97. A new phase diagram is constructed 

for NbxV1-xO2 which shows five distinct different crystallographic regions depending on Nb 

compositions, M1—2DM2—undistorted—unknown 2D—bct. There are simultaneous structural as 

well as electronic, temperature dependent phase transitions from insulating M1 phase to metallic 

rutile phase below 9% Nb composition, and from insulating 2D-M2 phase into metallic rutile 

phase from 9% to 24% Nb compositions. The transition temperatures are decreasing linearly 

with increase in Nb compositions until the regions where no structural as well as electronic 

transition appears.  

           The geometric frustration interaction was found to be a crucial factor for the suppression 

of long-range ordered phases and evolution of short range ordered 2D phases. After the 
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rediscovery of 2D nets of diffuse scattering in NbxV1-xO2 which are similar with the recently 

reported 2D nets of diffuse scattering in MoxV1-xO2, our result is disagreeing with the prevailing 

percolation model which is accepted from long time. The percolation model considers the 

impurity ions as electron localizing defects to stabilize the rutile phases in VO2. However, the 

discovery of 2D-M2 phase in comparatively lower composition than in MoxV1-xO2 supports the 

geometric frustration model which was used to describe the structural instability in MoxV1-xO2. 

Also, we have observed the size effect diffuse scatterings in NbxV1-xO2 that shows the size of the 

dopants playing important role for the geometric frustration and structural instability in VO2. 

These findings can be regarded as one of the experimental proofs for the geometric frustration 

model to describe the structural instability in rutile crystallographic phase. 

          The long-range ordered phase is suppressed at composition x = 0.82 to 0.97. However, we 

do not know yet whether the local ordering is best described as the same type of 2D-M2 or as a 

2D- bct type of short-range ordered phase. The first step toward characterizing this phase, the 

total x-ray diffraction experiment has been carried out on x = 0.82, 0.88 and 0.97 single crystals 

at various temperature from 30 K to 740 K at 6-ID-D at APS at ANL. Preliminary analysis above 

room temperature, shows that the intensity of diffuse scattering rods weakens slightly with 

heating in an apparently continuous fashion up to at about 730 K. The trend is disrupted between 

730 and 740 K, where the intensity drops substantially, Figure 5.1, in a manner suggestive of a 

phase transition.  Higher temperatures were not yet achievable in these conditions, and so it is 

not yet clear whether the transition is complete at this temperature or not.  

          This observation, though provisional, qualitatively supports the models put forth in this 

scenario and justifies additional work to substantiate the findings. It shows that the structural 

phase transition temperature of x = 0.88 (or, equivalently, 12% V doped NbO2) is at a lower 
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temperature than the structural transition temperature of pure NbO2, which is consistent with V 

substitution suppressing the structural transition to lower temperatures compared to NbO2.  This 

justifies further study to provide a more complete picture of the effects of V-substitution on 

NbO2. To start, a more detailed analysis of the diffuse scattering should be supplemented with 

independent probes to substantiate the presence of a phase transition near 740 K in Nb0.88V0.12O2.  

For example, the temperature dependence of both electronic transport and magnetic 

susceptibility  typically show unambiguous features coinciding with the structural transition 

temperature in the related compounds (e.g. as shown in Chapter 3).  Electronic transport 

measurements will be particularly helpful in identifying the presence of a MIT in these high Nb-

substituted compositions (x = 0.82 and 0.97), as well as the possibility of coincident electronic 

and structural phase transitions.   

           The transition temperature is not the only property of interest when studying a MIT. Other 

aspects of interest include the band gap and the carrier type, concentration, and mobility. The 

materials reported here are currently being used in an ongoing collaboration to study optical 

properties that will better inform us about these parameters.  The measurements will also provide 

yet another independent probe for correlating electronic and structural properties, and the 

respective transitions.  

          The proper analysis of diffuse scattering and 3D-ΔPDF of these compositions in near 

future will give more insight about their local crystal structure and structural instability. 

Additional modeling of the low-temperature structure in the same compounds ( x = 0.82 to 0.97) 

will also be required to better understand how the short-range correlations vary with composition 

and temperature. Determining the temperature-composition boundary for the structural phase 

transition for these compositions will enable the identification of important phase transition 
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parameters, such as whether or not it is continuous. Additionally, local crystal structure 

determination through 3D-ΔPDF and electronic measurements at high temperatures for higher 

Nb composition will help to complete the electro-structural phase diagram of NbxV1-xO2. 

           The structural instability against nominal oxygen composition  in substoichiometric NbO2-

§ is also studied here. The undistorted rutile cell is a parent cell of stoichiometric NbO2 at high 

temperature which undergoes structural distortion into one of two possible rutile subtype phase, 

α-phase or β-phase, depending on whether temperature or applied pressure is tuned, respectively. 

We have found the β-phase in nonstoichiometric niobium dioxide (NbO2-§) at nominal oxygen 

composition of NbO1.71 to NbO1.80 at ambient condition of temperautre and pressure.  There is 

the average bct phase of I41/a space group symmetry similar to α-phase  of stoichiometric NbO2 

at nominal oxygen composition of NbO1.87 to NbO1.96. Eventhough these higher nominal oxygen 

composition has average α-phase like structure, locally it shows the mixed phase structure that 

contains mostly α-phase domains along with some β-phase domains. This refers to the possibility 

of strcutral phase transitions from α-phase into β-phase by changing the oxygen stoichiometry in 

NbO2. The common thing in all these substoichiometric NbO2-§ single crystals is the lower unit 

cell volumes and lower cell parameters compared to in stoichiometric NbO2 phases. This suggest 

that these single crystals have oxygen vacancy or oxygen defects. 

           The further analysis is performed to understand the local crystal structure of mixed phase 

in NbO1.87 to NbO1.96. The β-phase crystals studied here  show 2D-nets of diffuse scattering that 

passes through their each supercell peaks at [1/2 0 ½] or [0 ½ ½] reciprocal vectors of rutile unit 

cell.  Similar diffuse scattering features are also apparent in mixed phase, but they only pass 

through the position of β-phase supercell peaks only. These diffuse scattering peaks are the clear 

evidence for two dimensional defects i.e., stacking faults created by oxygen defects. That means 
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locally β-phase like structure in mixed phase could be just a stacking fault defects in α-phase. 

Hence, the oxygen defects can also effect on the structural instability of NbO2. For this notion, a 

new model is speculated here which shows the shifting of (110) rutile planes in β-phase by 

crystallographic shear due to the oxygen vacancies, and that leads into the similar metal atom 

dimerization patterns as seen in α-phase. However, this is just a proposed theoretical model 

which is still in a process of study where the theoretical diffuse scattering rods due to stacking 

faults will be modeled by using DIFFAX software. If this model will be proven theoretically in 

the future, then it will explain about the mixed phase and diffuse scattering rods observed here. 

Additionally, we are reporting I41/a as a correct space group symmetry for the β-phase over  I41 

space group symmetry.  

 

Figure 5.1 Total x-ray scattering data for x = 0.88 showing (H K 0.5)R rutile plane for (a) 690 K, 

(b) 730 K and (c) 740 K.  

           In summary, the structural instability in the rutile crystallographic phase of VO2 and NbO2 

is an intrinsic property that arises from the geometric frustration interaction of metal atom 

distortions in the rutile (110) and (-110) plane. The appearance of wavy diffuse scattering is a 

clear evidence for the frustrated interactions in the  rutile [100] or [010] direction for the NbxV1-

xO2. This geometric frustration interaction is affected by the size of the dopant ions to the 

aptimum thereshhold where the frustrated interaction becomes stronger than the unfrustrated 
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interaction resulting into fragile 3D ordering. The evolution of short-range orderd 2D phase in 

NbxV1-xO2 is a clear evidence of it. Also, the change in lattice parameters and c/a value with 

dopant concentration indicates the size of the dopant ion responsible for the metal atom 

discplacements, and ultimately the metal atom displacement is linked to the geometric 

frustration.   In contrast to the size of the dopants playing important role in the geometric 

frustration interaction and structural instability in NbxV1-xO2, the oxygen defects is playing the 

important role in the structural instability in NbO2 where the oxygen defects is creating a 

crystallographic shear in the rutile (110) plane producing the stacking faults. The planes of the 

metal atoms can shift to accupy the gap left by oxygen vacancy in substoichiometric NbO2-§ to 

lower the energy and stabilize the mixed phase. The observation of diffuse scattering rods in the 

β-phase and mixed phase is the clear evidence of this types of stacking faults.   

 


