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ABSTRACT 

 
 Fabrication and characterization of novel electronic and magnetic materials are pursued 

under two main subjects during this dissertation: Part I deals with the low frequency noise 

spectroscopy of vanadium dioxide (VO2) thin films in the vicinity of the first-order metal-

insulator transition (MIT). High quality epitaxial thin films of vanadium dioxide were deposited 

on TiO2 substrates using chemical vapor deposition methods and characterized for our 

investigations. The design and characterization of our home-built “cross-spectrum” analyzer, 

which was used for the fluctuation spectroscopy of VO2 films, is explained. 1/f noise analysis of 

vanadium dioxide across the MIT shows the significant increase of noise amplitude, which can 

be explained by “Local interference” model. Energy distribution investigations in this material 

showed the signature of the percolation model. Critical exponent studies are suggestive of the p-

noise model as the mechanisms governing the electronic processes in VO2. Evidence of 

anisotropic electrical transport along different crystallographic axes of VO2 is presented by the 

conductance, Hall measurements and noise spectroscopy of the patterned VO2 films.  

 Part II of this dissertation presents the systematic, theoretical, experimental and analytical 

search for novel half-metallic Heusler compounds. Experimental and analytical methods to 

synthesize and characterize these new materials in polycrystalline bulk form are thoroughly 

discussed.  As a result of our investigation a new Heusler material with the composition of 

Fe1.5TiSb was synthesized and was recognized as the most stable compound in FexTiSb systems. 

The theoretical investigations of this system are suggestive of an alternative L21/C1b layered 

structure for this new phase of material with weak magnetism and metallic characteristics. Our 
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investigations for finding half-metallic Heusler Fe2MnGe led to synthesizing this compound with 

the hexagonal DO19 structure. This material has a high magnetic moment and uniaxial crystalline 

anisotropy, which is a step toward finding the half-metallic hexagonal Heusler compounds with 

applications in perpendicular media and CPP-GMR.  
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CHAPTER 1 

INTRODUCTION 

 

Preface  

 This dissertation comprises two major subjects regarding the fabrication and 

characterization of state of the art electronic and magnetic materials in the thin film and bulk 

forms. Part I of the dissertation deals with the low frequency noise spectroscopy of vanadium 

dioxide in the vicinity of metal-insulator transition including: an introduction to the metal-

insulator transition in vanadium dioxide and its phase transition mechanism; the fundamental 

theory of noise (fluctuation) spectroscopy and how to build a noise spectrum analyzer; the 

experimental methods to deposit and characterize high quality epitaxial thin films of vanadium 

dioxide; experimental and analytical results of the low frequency noise spectroscopy of 

vanadium dioxide close to its metal-insulator transition; and the anisotropy of electrical transport 

in this material. Part II of this dissertation is on the experimental and analytical search for novel 

half-metallic Heusler compounds which includes: an introduction to Heusler compounds and 

their electronic, structural and magnetic properties with a focus on half-metallic Heuslers; the 

experimental and analytical methods to synthesize and characterize the polycrystalline bulk form 

Heusler compounds; the results of our experimental and analytical investigations for finding 

novel half-metallic Heusler compounds, and the discovery of the new emerging phases of 

materials in these systems. A brief introduction to these subjects and outline of this dissertation 

will be presented in this chapter.  
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1.1 PART I: Low frequency noise spectroscopy of vanadium dioxide in the vicinity of 
metal-insulator transition 
 
 Metal-insulator transition is one of the intriguing features of strongly correlated transition 

metal oxides, along with superconductivity and colossal magnetoresistance, which are very 

appealing in technological and scientific research fields. Vanadium dioxide, as an example of 

this class of materials, shows an ultrafast (~100fs) reversible metal-insulator transition, around 

T≈341K, which was discovered by F.J.Morin in 1959. This first-order phase transition in 

vanadium dioxide is accompanied by a dramatic change in the electrical and optical properties, 

and the crystal structure of this material. The phase transition can be triggered by various driving 

forces including temperature, electrical field, strain, chemical pressure via doping, and applied 

current/voltage. The electrical resistivity of this material changes significantly almost four orders 

of magnitude along the transition, with a similar magnitude of change in the infrared 

transmittance of this material. Nearness of the transition temperature of vanadium dioxide to 

room temperature, in addition to the possibility of manipulating the transition temperature via 

different driving forces makes this material very attractive for a vast range of applications in 

optoelectronics, thermoelectrics, etc. These applications include Mott transition field-effect- 

transistors, micro-optical switches, infrared bolometric and night vision cameras, high-speed 

sensors, high speed/high density nonvolatile memories, and energy efficient window coatings.  

 On the other hand, understanding the physical phenomena which trigger this phase transition 

and its governing mechanisms provide important information on the nature of the transition not 

only for VO2, but also for the whole class of strongly correlated materials. Several models, 

including Peierls, Mott-Hubbard, the correlation-assisted Peierls model and the percolation 

model have been suggested for describing the transition mechanisms and properties of VO2 

during the transition.  However, none of these models have been able to successfully explain the 
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transition mechanism and its influence on the properties of vanadium dioxide across the entire 

transition.  

 In Part I, we use the “low frequency noise spectroscopy” technique to investigate the 

electrical properties and the phase transition of vanadium dioxide. Our experimental findings are 

compared to the predictions from different models, such as local interference and the modern and 

classical percolation models. Noise (fluctuation) spectroscopy is a valuable technique for 

investigating the dynamics of the electronic processes in materials at microscopic levels. This 

technique provides the information that cannot be obtained by the averaging transport 

techniques, such as electrical conductivity /resistivity measurements. Noise spectroscopy along 

with more conventional methods, such as conductivity/resistivity and Hall measurements will be 

used to study the properties of vanadium dioxide thin films in the vicinity of the metal-insulator 

transition. In addition to this, the anisotropy of the electrical transport along different 

crystallographic orientations in vanadium dioxide will be studied using the mentioned methods. 

The design of a low cost and home-built cross-spectrum analyzer, in conjunction with the 

mathematical background and the fundamentals of noise spectroscopy will be discussed in Part I. 

The deposition of high quality thin films and characterization of these films in order to test their 

quality was the first step of these investigations. High quality thin films of vanadium dioxide 

were deposited on rutile titanium dioxide substrates with various crystallographic orientations 

using chemical vapor deposition (CVD) techniques: atmospheric-pressure and the low-pressure 

CVD. High crystalline quality of these epitaxial films was confirmed by the customary thin film 

characterization techniques, such as X-ray diffraction, X-ray reflectivity, and atomic force 

microscopy.  
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  Electrical transport properties of these films including the temperature-dependent 

resistance, the charge carrier density and mobility were experimentally investigated. Anisotropy 

of the charge transport in vanadium dioxide is another controversial subject which is studied here 

by resistivity measurements, Hall measurements, and noise spectroscopy of the patterned thin 

films of vanadium dioxide along different crystallographic axes. Our experimental and analytical 

approach during these investigations and our findings will be presented and thoroughly discussed 

in Part I.  

 

1.2 PART II: Synthesis and characterization of novel half-metallic Heusler compounds  

 The discovery of half-metallicity toward the end of the 20th century and desire for faster 

growth of areal density of hard disk drives (HDD) started a new era for spin-electronics 

(spintronics) research and technology in the past 30 years. Spintronics takes advantage of the 

spin degree of freedom of charge carriers to store or carry information, which results in less 

power consumption, nonvolatility, higher integration density, and faster processing in 

information technology. The discovery of the giant magnetoresistance (GMR) effect by Albert 

Fert and Peter Grünberg in 1988, which led to their Nobel prize in 2007, was the kickstart of 

many investigations in spintronics. As a result, magnetic random access memories (MRAMs) are 

replacing HDDs and dynamical random access memories (DRAMs). In 2010, Everspin 

Technologies© produced 16Mbit MRAMs working with just a 3.3Volt operation voltage and 60 

mA write/read current in just 35ns. Toshiba in the same year shipped 64Mbit MRAMs and the 

Gbit MRAMs are expected to be produced by 2020.  

 Half-metallic materials, with 100% spin polarization can inject highly spin polarized 

currents into materials in the spontaneous magnetic fields, and with very small power 
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consumption. The density of states (DOS) of one of the spin channels, for example spin minority 

channel in half-metals have an energy gap around the Fermi level EF and act as an insulator. On 

the other hand, the opposite spin channel, spin majority does not have an energy gap around the 

Fermi energy and has metallic characteristics. As a result, the current passing through this class 

of material, acquires 100% spin polarization.  

 Heusler compounds were introduced in 1903 by Fritz Heusler, with the discovery of 

ferromagnetic behavior of Cu2MnAl, while the constituents of this compound are nonmagnetic 

elements. Half-metallicity of this class of materials was suggested after the discovery of half-

metallic half-Heusler ferromagnetic MnNiSb by deGroot and half-metallic ferromagnetic full-

Heusler Cu2MnAl by Kübler. Heusler compounds comprise enormous group of compounds 

(more than 1500) with many applications in spintronics, optoelectronics, thermoelectrics, etc. 

The possibility of controlling the properties of this class of materials by manipulating the 

composition makes them great candidates in engineering the materials with the required 

multifunctionality.  

 Heusler compounds, along with their electronic, magnetic and crystal structural properties 

will be introduced in PART II of this dissertation. We introduce a list of novel half-metallic 

Heusler compounds found by our theoretical investigations, based on the density functional 

theory (DFT) calculations and our extensive literature survey. Experimental methods to 

synthesize the polycrystalline bulk form samples of these new materials and characterization 

techniques will be introduced and discussed, as well.  Also, our experimental findings during our 

search for these new materials, alongside the discovery of new phases of materials during these 

investigations will be presented in Part II.  
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1.3 Outline 

 In Chapter 2, the metal-insulator transition of vanadium dioxide, its driving forces, and its 

influence on the properties of this material will be introduced. Theoretical models trying to 

describe the transition mechanism and results of this transition on the properties of VO2, with a 

focus on the percolation models will be discussed. Chapter 3 explains the fundamentals of noise 

spectroscopy, the significance of low-frequency noise spectroscopy, the relationship between the 

percolation model and 1/f noise in random resistor networks (RRNs). The technique and concept 

will be used to investigate vanadium dioxide in the neighborhood of its phase transition. Chapter 

4 describes the experimental techniques to deposit and characterize high quality epitaxial thin 

films of vanadium dioxide, along with the physical principles of the used techniques. The 

experimental and analytical results for our deposited vanadium dioxide thin films will be 

presented in this chapter. Chapter 5 presents the electrical transport characterization techniques 

which were used to investigate the vanadium dioxide across the metal-insulator transition, along 

with their physical principles and our related experimental findings. In Chapter 6, experimental 

methods and findings for low-frequency noise spectroscopy of vanadium dioxide in the vicinity 

of the metal-insulator transition will be discussed thoroughly.  

 In Chapter 7, Heusler compounds, their electronic and magnetic structure, the influence of 

the crystal structure and atomic order on the properties of this group of materials with a focus on 

the half-metallicity will be introduced. The theoretical approach to find new stable half-metallic 

Heusler compounds and the results will be discussed. Chapter 8 describes the experimental and 

analytical techniques to synthesize and characterize novel half-metallic Heusler compounds in 

polycrystalline bulk form. In Chapter 9, the results of our experimental investigations for the new 

half-metallic Heusler materials and the emergence of the new phases of materials, during our 
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investigations, will be discussed. Chapter 10 includes the summary and conclusions of our 

findings, as well as the outlook for future investigations of the systems under study in this 

dissertation.  

 In Appendix A, the design and characterization of our home-built cross-spectrum analyzer, 

which we used in the low frequency spectroscopy of vanadium dioxide during our investigations 

in Part I will be presented. Appendix B discusses a new approach in time domain analysis to find 

the relaxation processes giving rise to the low frequency noise in vanadium dioxide close to the 

metal-insulator transition, along with a numerical MATLAB code for these analyses. Finally, 

Appendix C contains the numerical code to find the resistivity of the sheet samples and the 

resistivity of thin films using Van-der-Pauw method.  
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PART I  

 

 LOW-FREQUENCY NOISE SPECTROSCOPY OF VANADIUM DIOXIDE 
ACROSS THE METAL-INSULATOR TRANSITION  

 

 

 

 

 

 

 

 

“Should we not be concerned as to whether this fear of error is not just the error itself?” 

Georg Wilhelm Friedrich Hegel  
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CHAPTER 2 

INTRODUCTION TO METAL-INSULATOR TRANSITION IN VANADIUM DIOXIDE 

 

Abstract 

  In this chapter, we introduce the phenomenon of metal-insulator transition in vanadium 

dioxide, the driving forces to trigger this type of transition and the applications of this reversible 

metal-insulator transition in VO2. Significant changes in crystal structure and electronic levels of 

this material across the metal to insulator and insulator to metal transition, and their effect on the 

properties of this material will be explained. Finally, most famous models, including the Peierls 

model, Mott-Hubbard model, Correlated-assisted Peierls model and Percolation model, which try 

to explain the transition mechanisms and their effects on the physical properties of VO2 across 

the transition, plus the experimental evidences will be discussed.  

 

2.1 Introduction to metal-insulator transition in vanadium dioxide  

 Strong electron-electron interactions in strongly-correlated materials yield to remarkable 

electronic and magnetic properties, such as metal-insulator transitions , superconductivity, or 

half-metallicity [1].Vanadium dioxide (VO2), as a strongly correlated material, undergoes an 

ultrafast (~100fs) [2] reversible metal-insulator transition (MIT),  which was first discovered by 

Morin in 1959 [3]. This first-order phase transition results in the significant change in the 

magnitude of the electrical resistivity, as much as ~103 to 104, during the transition [4]. Similar 

changes are observed in infrared reflectivity of the material [5].  
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Temperature-driven transition in VO2 occurs around Tc~341K (68˚C), where the material 

transforms from a bad metal (with short charge mean free path of the order of its lattice constant) 

at high temperature regime to an insulator phase at low temperature regime and vice versa. Thus, 

this material has great potential applications, such as in energy efficient glass coatings [6] and 

uncooled bolometers [7]. 

 Electronic structure of VO2, as a narrow band 3d transition metal oxide, is very sensitive to 

extrinsic forces, and the transition can be triggered by various driving forces, such as temperature 

[3], [8], applied voltage [9], [10] applied current [11] , [12] strain [13] , [14]and infrared 

radiation [15] and [16]. Therefore, VO2 attracts a great deal of attention for novel logic memory 

and sensor devices [17], ultrafast switches [18], and Mott field effect transistors [19]. 

One of the most appealing features of VO2 is that the metal-insulator transition occurs without 

the need to modify the stoichiometry of VO2 or doping other elements, and it is plausible through 

only temperature manipulation. Thus, it provides an expedient platform to study the origins and 

mechanism of metal-insulator transition in a strongly correlated material.  

 

2.2 Crystal and electronic structure evolution during metal-insulator transition  

 Crystal structure of VO2 changes from monoclinic (M1, space group P21/c) to a tetragonal 

rutile (R, space group P42/mnm). As illustrated in Fig. 2.1, cooling down VO2 from high 

temperature metallic phase to low temperature regimes with insulating character results in V-V 

cation dimerization (charge ordering), tilting the V-V pairs out of rutile c-axis (cR) and therefore, 

doubling the unit cell (aM1=2cR). The drastic change in crystal structure of VO2 alters the 

electronic band structure of the material, as explained by Goodenough [20].  
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Figure 2.1: Transformation of crystal structure of VO2 from Monoclinic (M1) at low 
temperature to rutile (R) at high temperature, during the metal-insulator transition. 
The unit cell doubling and V-V dimerization are the sources of the insulating 
behavior at the low temperature regime. 

 
 

 It can be understood qualitatively through crystal field model, shown in Fig. 2.2. The 

chemical bonding between oxygen 2p orbitals and vanadium 3d orbitals in octahedral sites splits 

3d electronic levels of V ions into low energy t2g and high energy eg
σ states. This p-d 

hybridization and tetragonal crystal field associated with different length of equatorial and apical 

V-O bonds (1.76Å and 2Å) further divides t2g to a singlet a1g, which are highly directional along 

the rutile cR, and a doublet eg
π states. In the metallic state, these a1g and eg

π states form the 

density of states at Fermi level, while eg
σ is at 3.6eV above EF [21]. After the transition in low 

temperature regime, dimerization of V ions along with the antiferroelectric distortion along cR 

opens a band gap of ~0.7eV at EF by splitting the a1g into two bonding and antibonding states.  
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Figure 2.2: Crystal field model describing the modifications in the band structure of VO2 during 
the metal insulator transition, after [22].  

 

2.3 Metal-insulator transition mechanism: Introduction to Peierls, Mott-Hubbard and 
Percolation models   
 
 Since the discovery of the metal-insulator transition in VO2, the driving forces and 

mechanisms involved have been the subject of extensive amount of research for decades and 

have attracted a lot of attention in the materials optical and electrical research communities. As 

explained in section 2.2, the metal-insulator transition is accompanied with major changes in the 

crystal structure and significant modifications in the electronic levels of the material. Occurrence 

and coincidence of these phenomena during a very short time scale across the fast metal-

insulator transition (t~100fs) is the main cause of confusions in understanding the main origin 

and driving force of the transition. Therefore, there exist several models that trying to explain the 

transition mechanism based on one or more of these system modifications.  

 R.M. Wentzcovitch, et al. [23] explain the MI transition in VO2 based on the Peierls model, 

where the monoclinic phase has a band-like character than correlated. According to their 

theoretical predictions, phonon-electron interaction through the crystal structure changes 

including the doubling of the unit cell is the main driving force in the metal-insulator transition 
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of VO2. A. Zylbersztejn and N. F. Mott [24], on the other hand, propose MIT in VO2 is a Mott-

Hubbard transition, which originates from the Hubbard intra-atomic correlation energy and 

Coulomb repulsion in this strongly correlated system. S. Biermann et al. [25] suggested the 

“Correlation-assisted Peierls model”, which explains the transition based on the mixture of the 

two mentioned effects. According to their results from cluster dynamical mean field theory, the 

V-V dimerization as the result of Coulomb interactions cause the opening of Peierls band gap in 

the insulating phase. Each of these models can describe part of properties of the transition and 

are not able to explain all the physical properties of these systems. For example, Peierls model 

can describe the large transition in the latent heat of the lattice, but cannot explain the large 

change in the electrical conductivity and the large band gap in the insulating phase. On the other 

hand, Mott-Hubbard model can explain the ultrafast transition and presence of other intermediate 

monoclinic phase, called M2, but cannot describe the structural change and the phonon softening 

in this system. Another model, which recently has attracted a lot of attention for explaining the 

metal-insulator transition in VO2, is percolation model. This thermodynamic model is based on 

the co-existence of insulating and metallic phases in the system, in the vicinity of the transition 

and has been somewhat successful in describing the transition mechanism in both optical and 

electrical transport investigation fields.  

 

2.4 Evidence of percolation in VO2 

 The metal-insulator transition of VO2 has been explained through percolation model 

recently, where the results corroborated with the scattering scanning near-field infrared 

microscopy (s-SNIM) [8], [26] and atomic force microscopy [26], [27] investigations. According 

to the results from s-SNIM with spatial resolution of ~20 nm, the transition driving force causes 
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the nucleation of nanometric metallic puddles in the insulating matrix in the vicinity of insulator-

to-metal transition (IMT). During the IMT, these nanometric incipient strongly correlated 

metallic (SCM) domains grow in the insulating host and eventually coalesce in order to create 

the backbone of the metallic phase. The percolating pattern in metal-insulator mixture of 

polycrystalline VO2 films during the MIT is proved not only reversible, but also reproducible 

using the same technique [27], [28].  The SCMs have a divergent effective mass due to strong 

Coulomb interactions and can be explained within a Drude model plus localizations [29].  It is 

important to notice that, the formation of SCMs happen at the onset of the IMT, which is 

governed by Mott physics [29], [8] and the percolation describes the physics of the transition 

after this point. A.Frenzel, et al. [26] showed that the transition starts at the grain boundaries in 

VO2, suggesting that the inhomogeneities and imperfections, such as grain boundaries and 

crevices are responsible factor to kick off the transition. On the other hand, the metal-insulator 

phase-coexistence was observed even within the single grains as the result of competing 

electronic phase, which is intrinsic to VO2.  Therefore, the interplay of both extrinsic and 

intrinsic effects seems to be responsible for the IMT and vice versa. 

 To summarize, the reversible metal-insulator transition in VO2, its driving forces, 

applications and its effects on the microscopic and macroscopic physical properties of this 

material were explained in this chapter. Models to describe the mechanisms and consequences of 

the transition in VO2, such as Peierls, Mott-Hubbard, Correlation-assisted Peierls, and 

Percolation models, and their experimental evidences were explained. Electrical transport 

properties of VO2 in the vicinity of metal-insulator during both heating and cooling is the main 

focus of the first part I of this dissertation. Percolation model and their relation to resistance 

noise spectroscopy results will be discussed in the next chapters.  
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CHAPTER 3 

FUNDAMENTALS OF “LOW-FREQUENCY NOISE SPECTROSCOPY” 

 

Abstract  

 In this chapter, the fundamentals of noise spectroscopy, including the definition of resistance 

noise, types of noise, such as Johnson-Nyquist noise, Shot noise, Generation-recombination 

noise, and mainly 1/f or flicker noise will be introduced. Fundamentals of Percolation models 

and their relation to 1/f noise in the vicinity of transition and their critical behavior will be 

discussed. Understanding the origins of electrical noise and the approach of percolation models 

toward the resistance noise, especially at low frequencies, will be discussed here. These concepts 

are crucial for further understanding and investigations of metal-insulator transition in VO2 via 

low-frequency noise spectroscopy, which is the main focus of Part I of this dissertation.  

 

3.1 Introduction to noise spectroscopy  

 Noise in physical observables is considered a nuisance in many fields of physics and 

engineering and improving the signal to noise ratio has been the goal in many systems, such as in 

sensors. However, studying the noise in systems not only provides an opportunity to understand 

the origins of the noise in order to improve performance of devices. Noise provides information 

of the physical systems and can shed light on the physical phenomenon occurring at the 

microscopic scales. Here, the low-frequency resistance noise spectroscopy of vanadium dioxide 

around its metal-insulator transition is used as a tool to probe the microscopic properties, which 
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cannot be captured in the average observables of the system, such as resistance. As a strongly 

correlated system, investigating the properties of vanadium dioxide in the vicinity of the metal-

insulator transition can be utilized as a general platform for studying the properties of this group 

of systems close to a Mott transition.  The fundamentals of resistance noise spectroscopy are 

explained in the next section.  

 

3.2 Resistance noise  

 Random fluctuations in electronic properties of the solid states systems, such as voltage drop 

δV(t) and resistance δR(t), despite their stochastic behavior, can have statistical properties which 

are independent of time. The average voltage drop is an example:  

 
< 𝑉 >= lim

𝑇→∞

1
𝑇

� 𝑉(𝑡)𝑑𝑡

+𝑇/2

−𝑇/2

 (3.1) 

And, the variance of voltage is:  

 
𝜎2 = 〈(𝑉(𝑡) − 〈𝑉〉)2〉 = 〈(𝛿𝑉(𝑡))2〉 (3.2) 

If this property has a Gaussian distribution with the probability density functions w(V) 

 
𝑤(𝑉) = 1

√2𝜋𝜎2
exp �− (𝛿𝑉)2

2𝜎2
� , (3.3) 

Where 𝛿𝑉(𝑡) = 𝑉(𝑡) − 〈𝑉〉, then, its stationary state statistical properties can be described using 

the lowest order of the correlation function ψ(t) of the voltage fluctuations at t1 and t2 as:  

 
𝜓(𝑡) = 〈𝛿𝑉(𝑡1)𝛿𝑉(𝑡2)〉 (3.4) 
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Figure 3.1: (a) Generic schematic diagram of a noise spectrum analyzer (b) Time-domain signal 
of voltage fluctuations of 1/f noise (c) Power spectral density of noise signal as the 
Fourier transform of the time-correlation function.    

 

For an ensemble of a large enough number of random processes and for sufficiently large 

averaging times (T), the random system is considered ergodic [30], and the correlation function 

can be described as:  

 
𝜓(𝑡) = lim

𝑇→∞

1
𝑇
� 𝑑𝑡𝛿𝑉(𝑡1 + 𝑡)𝛿𝑉(𝑡2 + 𝑡)
+𝑇/2

−𝑇/2
 (3.5) 

In experiment, spectrum analyzers with frequency band pass filter ∆f are used to measure the 

mean square of the signals centered at 𝑓,̅ as shown in Fig. 3.1. The frequency domain signal is 

the Fourier transform of the signal in time domain:  

 
𝑉�(𝜔) =  ∫ 𝑉(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡 +∞

−∞ , (3.6) 

Where 𝜔 = 2𝜋𝑓 is the angular frequency.  
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According to Wiener-Khintchine theorem developed in 1930 and 1934 [31], [32], the spectral 

density of the signal SV (f) is twice the Fourier transform of the time correlation function of 

fluctuations:  

 
𝑆𝑉(𝑓) = 2 lim

𝑇→∞
�
1
𝑇
� 𝑑𝑡𝑒𝑖𝜔𝑡𝛿𝑉(𝑡)
+𝑇/2

−𝑇/2
�
2

 (3.7) 

The power spectral density of the noise signal is the observable which is recorded and measured 

by spectrum analyzers.  

 

3.3 Types of noise  

 Resistance noise can be found by measuring voltage noise or current noise in the systems 

and based on the frequency-dependence and its origin, noise is categorized in various types. The 

most common types of noise are: Johnson-Nyquist (Thermal) noise, Shot noise, 1/f (flicker) 

noise, and Random telegraph noise (Generation-recombination) noise.  

 

 3.3.1 Thermal noise or Johnson-Nyquist noise  

 Thermal noise [33], [34] is a type of white noise caused by thermal fluctuations of a physical 

quantity above zero Kelvin in thermodynamic equilibrium. The term “white noise” comes from 

the frequency-independent nature of the spectrum. From the fluctuation-dissipation theorem [35], 

the power spectral density of thermal or Johnson-Nyquist noise for a system with average 

resistance R at temperature T has the following form:  

 
𝑆𝑉(𝑓) = 4𝑘𝐵𝑇𝑅, (3.8) 

Where kB is the Boltzmann constant.  
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 3.3.2 Shot noise  

 Shot noise is another type of white noise, associated from the tunneling of charge carrier 

quanta thought the tunnel barriers and was found by Schottky in thermoionic emission tubes for 

the first time in 1918 [36]. The crossing of the charge carrier q between the electrodes creates an 

average current I with a frequency-independent power spectral density of the following form:  

 
𝑆𝑣(𝑓) = 2𝐼𝑞 (3.9) 

Essentially, this is a type of discretization noise due to discrete nature of charge carriers. This 

type of noise mainly observed in very low temperature regimes and has been observed for p-n 

junctions, tunnel junctions, and vacuum tubes.  

 

 3.3.3 1/f noise  

 1/f or flicker noise is another type of noise with a frequency-dependent power spectral 

density approximately proportional to the inverse of frequency. This type of noise is more 

observable in the low frequency regions, below 1000 Hz, and it is overshadowed by the thermal 

noise in the frequency range above the frequency called “corner frequency”, fc, as shown in Fig. 

3.2. 1/f noise is ubiquitous in nature and represents “long memory” of the systems. This type of 

noise has been found in a wide range of systems from solid state systems such as, homogenous 

metallic or semiconducting system, [37], [38], colossal magneto resistive systems (CMR), and 

tunneling and giant magnetoresistance devices (TMR and GMR) [30] to the human cognitive 

processes [39], fluctuations in loudness of music and speech [40], to light curves of quasi-stellar 

objects in astronomy [41]. This ubiquity in seemingly unrelated systems resulted in the query of 

whether this type of noise has a universal origin or not. The origin of this noise is unknown for  
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Figure 3.2: Time domain and frequency domain signal of (a) white noise (b) 1/f noise (c) the 
corner frequency fc at the cross point of power spectral density of 1/f noise and 
thermal noise. 

 

many systems at this point. Flicker (1/f ) noise has two more intriguing properties: (i) many 

attempts in measuring this type of noise for very long averaging times in different solid state 

systems showed that the power spectral density of 1/f noise keeps increasing steadily with 

decreasing frequency, even for measurements down to f=10-6Hz (6 months) [42]. The seeming 

absence of a low-frequency cutoff implies an energy catastrophe in these systems. Whether the 

limitations in measuring instruments or the very long relaxation processes (longer than the 

measuring capabilities of devices) or an unknown mechanism is the origin of such paradox is 

still a remaining question. (ii) 1/f noise spectrum is scale invariant, meaning that the noise power 

in each frequency octave is equal to any other octave, or as Weissman quotes “A tape recording 

of the [1/f ] noise sounds the same no matter at what speed it is played back” [43]  
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To describe the spectral density of 1/f resistance noise, Hooge’s empirical formula has been used 

customarily [44]:  

 𝑆𝑅(𝑓)
𝑅2

=
𝛾𝐻

𝑛𝑐𝑉𝑓𝛼
 , (3.10) 

Where γH is called Hooge’s parameter, nc is the charge carrier density and V is the volume of the 

sample under the test.  

The frequency exponent α is close to 1 and in the range of 0.8< α<1.4 for many solid state 

systems. Hooge’s parameter was thought to be a constant γH = 2 × 10−3 initially, but later 

proved to be temperature dependent.  

 

 3.3.4 Generation –recombination noise  

 Excitation of electrons into the conduction band and their recombination process in the 

semiconductors is the source of this type of noise, also called “random telegraph noise”. The 

spectral density of this non-Gaussian noise, caused by switching events in such two level 

systems, as shown in Fig. 3.3, has a quadratic dependence on frequency and a Lorentzian form:  

 
𝑆𝑉(𝑓) =

4(Δ𝑉)2

𝜏1 + 𝜏2
1

�1
𝜏𝑐
�
2

+ (2𝜋𝑓)2
 ,  (3.11) 

Where τ1 and τ2 are lifetimes, and τc is related to corner frequency fc=1/2πτc and the lifetimes 

through 1
τc

= 1
τ1

+ 1
τ2 

. As shown in Fig. 3.3 (c) for τ << τc the spectrum is of 1/f 2 while for τ >> τc 

it is white. The corner frequency fc contains valuable information on the energy scale and 

dynamics of the switching events in the system. Noise with a Lorentzian form more generally 

shows up whenever a system fluctuates between two stable states (i.e. in two level systems). 
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  3.3.5 1/f noise as the superposition of Lorentzian terms  

 The spectral density of 1/f noise can be described mathematically as the superposition of 

Lorentzian terms with the time distribution of 𝐷(𝜏) ∝ 1/𝜏:  

 
𝑆𝑉(𝑓) ∝ � 𝑑𝜏𝐷(𝜏)

2𝜏
1 + (2𝜋𝑓𝜏)2

+∞

0
 (3.12) 

The primary difficulty, however, is in obtaining a unique distribution function D(τ), and even 

when this is possible, ascribing it to known physical processes.    

 

Figure 3.3: (a) Two-level fluctuating systems (b) Lorentzian shape power spectral density of 
RTN. 

 

3.4 Percolation theory  

 Percolation theory and its mathematical models was introduced by Broadbent and 

Hammersley in 1957 to model the percolation of gases and liquid through porous filter [45] and 

several comprehensive reviews on this theory and its applications can be found in Stauffer and 

Aharoni 1992, and Isichenko 1992.  Percolation models have been used to describe the 

conductivity behavior in strongly disordered conductors, such as various composites, polymer 

dielectrics, metallic films subjected to sandblasting, and semiconductors with hopping 

conductivity. In the later case, the random distribution of the impurity centers and the strong and 

exponential dependence of charge carrier tunneling on the distances between these centers, 
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create elaborate current paths in these randomly inhomogenous media, which can be studied 

through the percolation scheme.  

 Percolation models have successfully described the metal-insulator transition in several 

systems, such as Perovskites manganites [46], [47], and graphene [48] and were suggested for 

VO2 [8], as well. Although there have been numerous percolation models to describe the 

conductivity in strongly disordered media. In a simple scheme, percolation models can be 

described through a two-dimensional square lattice of conductors with two types of percolation: 

site percolation and bond percolation [30], as shown in Fig. 3.4.  

 

Figure 3.4:   Lattice square model for (a) bond percolation with (1) bottleneck or infinite cluster 
(IC), (2) isolated cluster, and (3) dead end, and (b) site percolation model. 

 

 This square lattice can be a representative of random resistor networks, where the bonds are 

resistive elements, and each site has four nearest neighbors. In bond percolation model, the 

parameter p is the fraction of unbroken bonds, where p=1 is at the metallic limit with minimum 

resistance. p decreases through the transition when the bonds break and it reaches pc at the 

critical point called “Percolation threshold”, which is pc=1/2  for the square lattice with 

Euclidean dimension d=2. The macroscopic resistance R(p) diverges and becomes infinite at the 

percolation threshold:  



 

24 
 

 
𝑅(𝑝) = (𝑝 − 𝑝𝑐)−𝑠 , (3.13) 

Here s is the critical exponent of resistance.  

 In site percolation model, the lattice sites which interconnect the bonds are randomly 

broken. Staring from p=0, where all the sites are “dead ends” and all the bonds are broken in 

high resistive elements, connecting the sites randomly increases p. Though having several 

individual clusters will not affect the overall conductance of the system, the conductivity 

suddenly increases when clusters connect, and an infinite cluster (IC) forms which is responsible 

for the macroscopic conductivity. An important quantity in percolation theory is correlation 

length Lc, at which the power laws change into exponential functions. Correlation length is 

related to the fraction of p through a power law:  

 
𝐿𝑐 = (𝑝 − 𝑝𝑐)−𝜈 , (3.14) 

Where ν is the index of correlation length.  

For L>>Lc the properties of the disordered system are similar to macroscopic properties, while 

for L<Lc it is completely different from the macroscopic properties.  

The second model seems to explain the physics of phase transition in VO2 [49] and will be 

considered for our noise results here.  

 

3.5 1/f noise in percolative medium  

 The concept of resistance noise of the percolative networks has been introduced and 

developed by Rammal, et al. in 1985 [50], based on the resistance fluctuations of random 

resistors network for a square lattice in bond percolation model.  

Macroscopic mean resistance R of the lattice can be related to the resistance of each bond rm with 

a current im passing through them, through the Joule power:  
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 𝑅 =  �𝑖𝑚2
𝑚

𝑟𝑚 (3.15) 

Based on this classical percolation model, the resistance noise (δR(t)) originates from the 

resistance fluctuations in resistive bond elements (δrm(t)) through the following relation:  

 𝛿𝑅(𝑡) = �𝑖𝑚2 𝛿𝑟𝑚
m

(𝑡) (3.16) 

Spectral density of the resistance noise can be found by taking the Fourier transform of the 

correlation function:  

 2 < 𝛿𝑟𝑚(𝑡1)𝛿𝑟𝑛(𝑡2) >𝑓= �̃�(𝑓)𝑟2𝛿𝑚𝑛 ,  (3.17) 

Where �̃�(𝑓) is the spectral density of the fluctuations in the resistive element r.  

Therefore, the total resistance noise can be found by:  

 𝑆𝑅(𝑓) ∝��̃�(𝑓)𝑖𝑚4
𝑚

 (3.18) 

According to this equation, resistance noise is more sensitive to the microscopic properties of the 

system than the average resistance, because of its dependence on the fourth power of current 

density in the systems.   

  According to Rammal’s theory [50], the spectral power density of the resistance 

fluctuations, SR(f), for lattice resistance follows a power law, which diverges at the percolation 

threshold pc: 

 
𝑆𝑅 ∝ (𝑝 − 𝑝𝑐)−𝑘 (3.19) 

Relative noise for resistors network from Tellegen’s theorem is:  

 
�̃�𝑅(𝑓) =

𝑆𝑅(𝑓)
𝑅2

= �̃�(𝑓)
∑ 𝑖𝑚4𝑚

(∑ 𝑖𝑚2𝑚 )2
 (3.20) 
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Combing Eq. (3.15) and Eq. (3.18), the normalized resistance noise scales with the average 

lattice resistance as following:  

 𝑆𝑅(𝑓)
𝑅2

= 𝑅−𝑘/𝑠 (3.21) 

Critical exponents, such as ν, s, k and k/s have been calculated using computer simulations for 

numerous percolation models. In many cases, these parameters are universal, meaning their 

values are independent of the type, details and size of the systems, and only depends on the 

Euclidean dimension of the systems. Measuring the exponents, ν, s and k in most physical 

systems is not feasible, because it is hard to estimate the real fraction p of the conductive element 

in the disordered media. However, measuring k/s is possible using Eq. (3.21), by measuring the 

normalize resistance noise and resistance under the same condition.  

 To summarize, the concept of noise spectroscopy, types of noise, with a focus on 1/f 

resistance noise in the low-frequency regions of the spectrum were discussed in this chapter. 

Fundamentals of percolation models and their approach to explain the critical behavior of 

electrical transport and resistance noise in random resistor networks and percolative media were 

explained. Understanding these concepts is important for investigations of VO2 near the metal-

insulator transition using low-frequency noise spectroscopy. Measuring properties of 1/f noise, 

such as its amplitude and the frequency exponent in the vicinity of the transition are helpful to 

understand the origins of this type of noise, the fluctuating entities and their coupling to 

resistance noise. Finally, measurements of critical exponents around the transition can reveal the 

type of Percolation governing the transition in the VO2. Additionally, our experimental results 

for resistance noise and the predictions for this physical observable from Rammal’s theorem can 

show whether or not this classical percolation model can describe the metal-insulator transition 

in VO2.  
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CHAPTER 4 

DEPOSITION AND CHARACTERIZATION OF VO2 THIN FILMS AND DEVICES  

 

Abstract  

 In this chapter, the experimental techniques for deposition of high quality epitaxial thin 

films of VO2 and their quality check via the well-known characterization techniques for thin 

films will be discussed.  Chemical Vapor Deposition methods, including APCVD and LPCVD, 

were used to deposit the VO2 thin films on R-TiO2 substrates with different crystallographic 

orientations (001), (110) and (100). In order to study the anisotropic behavior of electrical 

transport along different axes, these films were patterned in Hall bars along the aR and cR in-

plane crystallographic axes of VO2 (100) and VO2 (110). Crystalline quality and morphology of 

these films were tested using techniques including X-ray diffraction, X-ray reflectivity, 

Reciprocal space mapping, and Atomic force microscopy. Introduction to the deposition and 

characterization techniques and the related experimental results for VO2 thin films are presented 

in this chapter.   

 

4.1 VO2 thin films: deposition and characterization methods  

 Preparing high quality epitaxial vanadium dioxide thin films is the first step to study the 

properties of this material. Deposition of high quality thin films of VO2 has been achieved by 

several thin film deposition techniques, such as: reactive sputtering [51]; pulsed laser deposition 

(PLD) [52]; chemical vapor depositions, e.g. metal-organic chemical vapor deposition 
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(MOCVD) [53], low pressure chemical vapor deposition (LPCVD) [54] and atmospheric 

pressure chemical vapor deposition (APCVD) [55]; and sol-gel [56]. Throughout our 

investigations, chemical vapor deposition techniques, including APCVD and LPCVD have been 

used to prepare the thin films of VO2.  

 To ensure the high crystalline and epitaxial qualities of the VO2 thin films, characterization 

of the films using techniques such as X-ray diffraction (XRD), X-ray reflectivity (XRR), atomic 

force microscopy (AFM) and temperature-dependent resistance are necessary. The VO2 film 

deposition and characterization techniques, used during this dissertation, are introduced and the 

related experimental findings are presented in the next section.  

 

4.2 Chemical vapor deposition of VO2 thin films 

 Chemical vapor deposition (CVD) methods are well-known chemical thin film deposition 

techniques, which utilize gas carriers to deposit chemically volatile compounds on solid 

substrates and wafers, without the need for very low pressure vacuum and high power electricity 

consumption. These reasons, besides the vast range of materials, and the low cost of fabrication 

make CVD techniques appealing to thin film manufacturing, such as the semiconductor industry 

and related materials research. A comprehensive introduction on chemical vapor deposition 

techniques can be found in [57].  

 During our investigations, vanadium dioxide (VO2) thin films have been deposited on rutile-

titanium dioxide (R-TiO2) substrates with different crystallographic orientations (100), (110) and 

(001), provided by CrysTech GmbH [58]. The deposition techniques including the atmospheric 

pressure chemical vapor deposition (APCVD) and the low pressure chemical vapor deposition 

(LPCVD), which were used to prepare the VO2 thin films are described in the next section. This 
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choice of the substrate is based on the similarity of the lattice constant of R-TiO2, aR=0.459 nm 

and cR=0.296 nm, and bulk of VO2, aR=0.455 nm and cR=0.286 nm in the rutile phase.  

 

4.3 Atmospheric pressure chemical vapor deposition   

 A schematic diagram of our home-built hot wall atmospheric pressure chemical vapor 

deposition (APCVD) set-up is illustrated in Fig. 4.1. The horizontal reactor in the APCVD set-up 

is placed in two Lindberg ovens to keep the temperature of the precursor (right hand side) at Tp 

~148˚C and the chamber around the substrate and the tilted susceptor (right hand side) at Tc 

~200˚C, throughout the deposition time. Substrate temperature is controlled by a third heater 

connected to the susceptor and it is adjusted to optimum values for growing VO2 films on 

different types and orientations of substrates. The optimum substrate temperature for depositing 

VO2 thin films on TiO2 (100) is Ts ~ 380˚C, and it is Ts ~ 400˚C for films deposited on TiO2 

(110) and (001) orientations.  Prior to each deposition, 5mm × 5mm R-TiO2 substrates are 

cleaned using Acetone and Isopropanol (IPA) for 20 min in an ultrasonic cleaner. After that, they 

are etched in 20% diluted hydrofluoric acid for 60sec and then cleaned by deionized water for 20 

min to remove any organic and inorganic surface contaminations. Finally, the substrates are 

baked for more than 1hour at Ts ~380˚C or Ts ~400˚C (as explained above, depending on the type 

of substrate), before the deposition starts. The metal-organic precursor for VO2 deposition is 

vanadyl-acetylacetonate,VO(acac)2, (98%, Sigma-Aldrich). This precursor is preferred to other 

precursors used in deposition of vanadium oxide thin films, including vanadium chloride and 

vanadium oxychloride [55], [59], because it does not suffer from nucleating in the gas form as 

others and it has  a lower toxicity level in comparison to other precursor used . 
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Figure 4.1: Atmospheric pressure chemical vapor deposition (APCVD) system (top) and the 
schematic drawing of the APCVD reactor (bottom).  

 

 The reacting carrier gas is 99% purity Oxygen (O2) with a constant flow rate of 200 SCCM 

controlled by a Mass-flow-sensor, as shown in Fig. 4.1. Byproducts of the deposition are 

depleted from the reactor and sent through the exhaust using the same carrier gas. The deposition 

rate is ~ 0.9 nm/min for VO2 films and can vary with the flow rate of the carrier gas, temperature 

and mass of the precursor. The reported optimum parameters result in the best crystalline quality 

for the films. The optimum precursor mass during the deposition of VO2 films is ~ 17 mgr for 

film thicknesses in the range of 30 nm to 100 nm.   

 

4.4 Low pressure chemical vapor deposition  

 Schematic diagram of our home-built low pressure vapor chemical deposition (LPCVD) is 

shown in Fig. 4.2. The deposition process in this method is very similar to the APCVD method, 
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with slight differences to achieve optimum quality VO2 thin films. The chemical reactions such 

as hydrolysis of the precursor and redox of the precursor using the reacting carried gas, as the 

common procedure during the chemical vapor deposition techniques, is similar for both APCVD 

and LPCVD growth of VO2 films. The main difference of this technique is the lower base 

pressure of ~ 5mtorr, which is achieved by a roughing (mechanical) pump prior to the 

deposition. The oxygen flow rate is ~ 25 SCCM and the optimum substrate, chamber, and 

precursor temperatures are Ts~ 375˚C, Tc~ 175˚C and Tp~ 145˚C, respectively. The deposition is 

automated and controlled by a Labview VI. The deposition rate is ~ 2 to 2.5 nm/min and the 

precursor mass in LPCVD does not influence the thickness and growth rate of the thin films 

significantly.  

 

 

Figure 4.2: Low pressure chemical vapor deposition (LPCVD) system and the schematic 
diagram of the LPCVD reactor. 
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4.5 Device fabrication 

 To investigate the electrical transport properties of VO2 thin films along specific 

crystallographic axes, and in order to perform resistivity and Hall measurements, VO2 films were 

patterned into Hall bars along cR-axis and aR-axes. Patterning was done using photoresist spin 

coating, ultraviolet photolithography and ion-milling techniques in the university of Alabama 

microfabrication facility, which will be explained in the next section.  

 

4.6 Ultraviolet photolithography  

 In order to transfer the Hall bar patterns of the Hall bar masks to the surface of the thin films 

a Karl Suss MA-6 mask aligner was used. As the first step of the photolithography and prior to 

applying the mask, VO2 films are spin coated with a layer of negative photoresist “Shipley 

1818”, which is an organic polymer, using  a Solitec photoresist spinner at 4000 RPM. After this 

step, the film covered by photoresist is baked for 2 minutes at T~100˚C. Then, the films were 

transferred to the Karl Suss mask aligner, where they were placed under the Hall bar  

 

 
 

Figure 4. 3: Schematic diagram of photolithography procedure for patterning thin films. 
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mask and exposed to the UV light for 9sec at 1000W power to apply the mask.  After this step, 

the films were developed for 30 sec in MF-319 solution and treated with the de-ionized water for 

1.5 min. At this point, the masked film is ready for ion-milling. Fig. 4.3 shows step by step 

procedure of the applied photolithography method.  

 

4.7 Ion-milling  

 To etch away and remove the exposed parts of the films, films were ion-milled using 

Intelvac Ion-milling system in the UA Microfabrication Facility (MFF) clean-room. The ion-

milling process uses an ultrahigh energy ion source which creates powerful plasma at the surface 

of the films, which will be bombarded by non-reacting Argon atoms to etch the surface of the 

films. The non-reactive nature of Argon and the very low pressure of P~ 2×10-7 torr of the 

chamber minimize the chance of any secondary reaction and deposition of the byproducts on the 

surface of the films. The standard recipe was used during the ion-milling of these samples with a 

power ~ 65W, while the sample stage was tilted at ~45˚ with respect to the ion source was 

rotating during the milling procedure. After this step, VO2 films were cleaned for 15min using 

acetone and isopropyl alcohol, and baked for 1hour in furnace to remove the photoresist and 

residuals of the patterning procedure. The MFF ion-milling system and the schematic of the 

procedure are shown in Fig. 4.4.  

 

4.8 Thin film characterization techniques  

 For quality assurance, VO2 thin films were characterized using standard thin film 

characterization methods, prior to our transport investigations. The characterization techniques 

include X-ray diffraction (XRD), X-ray reflectivity (XRR), and atomic force microscopy (AFM).  
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Figure 4. 4: Ion milling system (left) and the schematic diagram of the system (right).  
 

Another quality test for VO2 thin films are temperature-dependent resistance, where the 

significant decline of the resistance,  a factor of ~103 to 104  during the metal-to-insulator (MIT) 

and insulator-to-metal (IMT) first order transition and the quality of temperature-dependent 

resistance, R(T), during the transition is indicative of high quality VO2 films. After the initial 

characterizations, VO2 films deposited on R-TiO2 (100), (110) and (001) substrates, and the VO2 

films patterned along the cR-axis and aR-axis were investigated using temperature-dependent low 

frequency noise spectroscopy. The characterization techniques and their experimental and 

analytical outcomes are described in the following sections.  

 

4.9 X-ray diffraction  

 X-ray diffraction (XRD) is the most well-know technique used to study the crystalline 

quality of thin films. The wavelength of X-ray photons ranging from ~ 10-3 to 10 nm, makes 

them a good probe for investigating atomic scale phenomenon, such as sub-nanometric 

arrangement of the atoms in the crystal and the distance and orientation of crystal planes. 
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Fundamentals and physical principles of X-ray diffraction method and how this technique 

explores the quality of the crystals and relates the information of the reciprocal and real space are 

thoroughly explained in text books, e.g. Kittle [60] and B.E.Warren [61].  

 

Figure 4.5: X-ray scattering triangle (b) Illustration of Bragg’s equation. 
 

 

 To study the XRD and XRR of the thin films a Philips X’Pert XRD diffractometer with a Cu 

x-ray source of wave length, λ, of Kα1 = 0.15443 nm and Kα2 = 0.15404 nm was used.  X-ray 

diffraction patterns, as shown in Fig. 4.5, are scattering intensity as a function of scattering 

angles for constructive interference of scattered x-rays from the periodic crystal planes and 

atomic order of thin films, which satisfy the Laue condition [61]. The spacing between (h k l) 

lattice planes, dhkl, or perpendicular lattice constant, can be calculated from the diffraction 

patterns using Bragg’s law:  

 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 , (4.1) 

Where n, λ and θ are: an integer, the wave length of incident x-rays, and scattering angles of X-

ray beams.  
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 During XRD measurements, films are glued on an Euler cradle, as shown in Fig. 4.6, in the 

XRD machine, where scans along different axes provide information on their crystallographic 

quality. This information include: crystallite size, orientation distribution, mosaicity and growth 

mode through an ω -scan (a s-called Rocking Curve) for texture and crystalline quality; out-of-

plane lattice constant and the amount of extrinsic strain imposed by the substrate due to the 

lattice constant mismatch through 2θ- ω  scan; Symmetry and the epitaxial relations between thin 

film and substrate through ϕ-scan, tilt and strain through reciprocal space mapping.  

 

Figure 4.6: (a) X-ray diffractometer schematic drawing (b) Euler angles of the sample stage.  
 

 

4.10 X-ray reflectivity 

 X-ray reflectivity (XRR) is the constructive interference pattern of the scattered x-rays from 

the surface of the thin film and the interface between the thin film and the substrate for the very 

small glancing angles of incident x-rays (Fig. 4.7). These beams are almost parallel to the surface 

of thin film. This method defines the surface roughness and thickness of the deposited thin films. 
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Figure 4. 7: Schematic drawing of X-ray reflectivity (XRR) method (left) and a typical XRR 
graph of a VO2 thin film (right).  

  
 

4.11 XRD and XRR of VO2 thin films 

 To ensure the high quality of VO2 epitaxial thin films, XRD measurements were used for 

VO2 thin films deposited on rutile- TiO2 (100), (110) and (001) substrates. The full range 2θ-Ω 

scans for these samples, shown in Fig. 4.8, prove the epitaxial growth of these single phase thin 

films. This is confirmed through the presence of solely the corresponding (h k l) reflections with 

the perpendicular to plane orientation and the absence of reflections for any other crystalline 

orientations.   
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Figure 4.8: Long-range 2θ-ω scans of VO2 thin films deposited on (a) TiO2 (100), (b) TiO2 
(110) and (c) TiO2 (001) substrates confirm the films are single crystalline. No 
other reflections from other crystalline orientations or crystal structures were 
observed in the range of these measurements.   

 

 As illustrated in , the full width half maximum (FWHM) of rocking curves for second 

reflections of the deposited VO2 thin films , (200), (002) and (220), show the high crystalline 

quality of the samples, prepared in our lab, which are listed in the Table 4.1. The deviation of the 

rocking curves can originate from the imposed strain on the films by the film and substrate lattice 

mismatch [57].   
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Figure 4.9: High crystalline quality of the samples were confirmed by 2θ-ω scans (a),(c),(e) and 
ω scans (b), (d), (f) of the VO2 thin films deposited on the R-TiO2 (100), (110) and 
(001) substrates. FWHM of the second order peaks (200), (220) and (002) is used 
as the figure of merit for the epitaxial growth of these films. 

 

 In addition to 2θ-ωscans and ω scans for checking the crystalline quality of the VO2 thin 

films, ϕ scans were also performed on the thin films to examine the epitaxial growth of the films 

with respect to their substrates (Fig. 4.9). As show in Fig. 4.10, the  ϕ scan of a 105nm VO2 films 

deposited on TiO2 (100) substrate, shows the two-fold symmetry of the films and the substrates, 

which are expected for the rutile crystal structure of TiO2 substrates and the quasi-rutile crystal  
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Table 4. 1: Crystal structure properties of VO2 (100), VO2 (110), and VO2 (001) films, 
including FWHM of ω scan of second order XRD peak, lattice constants a and c, strain and 
mismatch along a and c orientations. 
 

Film 
Orientation 

FWHM  
2nd (°) 

a 
(nm) 

Strain (a) 
(%) 

Mismatch (c) 
(%) 

c 
(nm) 

Strain (c) 
(%) 

Mismatch (c) 
(%) 

(100) 0.055 0.451 -0.83 -1.699 0.287 0.524 -2.87 

(110) 0.237 0.452 -0.615 -1.48 0.288 0.699 -2.70 

(001) 0.418 0.453 0.439 1.307 0.287 0.3147 -3.074 

 

structure of the VO2 films. The coinciding peak positions for the film and the substrate, in off-

axis plane (101), confirm the epitaxial growth of the film on the substrate and show the crystal 

structure of the film is aligned with the substrate. No other reflections were observed during the 

full 360˚ range scan. In order to acquire the ϕ scan, the sample was rotated to the off-axis plane 

(101) by adjusting the Euler cradle (the XRD stage) to the angles: 2θ=36.07˚ and ψ=57.183˚ for 

rotating the sample from (200) plane to (101) plane. In general, the following equation  can be 

used to find the ψ angle, the angle between (h1 k1 l1) and (h2 k2 l2) planes, for tetragonal 

structures with lattice constants a and c [62]:  

 
𝑐𝑜𝑠𝜓 =

ℎ1ℎ2+ 𝑘1𝑘2
𝑎2 +𝑙1𝑙2
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𝑎2
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2

𝑐2��
ℎ22+𝑘23
𝑎2 +𝑙2

2

𝑐2�

    (4.2) 

The angle of the off-axis plane 2θ can be found using Bragg’s equation, where the d-spacing for 

tetragonal structures can be found by:  

 1
𝑑ℎ𝑘𝑙2 =

ℎ2 + 𝑘2

𝑎2
+
𝑙2

𝑐2
 (4.3) 

In-plane and out-of-plane lattice constants of the films, aR  and cR, can be calculated from three 

(h k l) reflections (100), (101) and (111), via the above equations, as shown in Table 4.1.  
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Figure 4. 10: Epitaxial growth of VO2 films on TiO2 (100) substrate, for a VO2/ TiO2 (100) with 
105nm thickness, is confirmed by ϕ -scan of the film. The upper panel shows the 
two-fold symmetry of rutile- TiO2, while the bottom panel shows the same 
symmetry for the VO2 deposited on the rutile TiO2 substrate.   

 
 

 The amount of strain imposed by the substrate and the lattice mismatch is also reported in 

Table 4.1. Comparing the FWHM of the thin films and their roughness from AFM 

measurements, which are explained later on,  VO2 films grown on TiO2 (100) substrates by 

LPCVD show the best quality among the films deposited on the substrates with different 

orientations using both LPCVD and APCVD methods. For the VO2 grown by APCVD, the 

samples deposited on TiO2 (110) substrates have better crystalline quality in compare to other 

substrate orientations and also in compare same orientation produced by LPCVD.  For the films 

grown on TiO2 (001) substrate, the APCVD seems to produce higher quality films in compare to 

the LPCVD, as well.  The off-axis 2θ- ω scans and the ϕ scans are also checks for the high 

quality epitaxial and textured VO2 thin films. As shown in Fig. 4.10, two-fold symmetry of the 

in-plane ϕ scans of VO2 and TiO2 and the corresponding positions of thin film peaks and 

substrate peaks are another sign of decent crystalline quality of these films.  



 

42 
 

4.12 Reciprocal space mapping of VO2 (301) 

 Reciprocal space maps (RSMs) are two-dimensional scans of lattice in the reciprocal space ( 

Fig. 4.11), which can provide information on the amount of strain in deposited films and their 

mosaicity (crystallite tilt distribution).These types of two-dimensional scans are performed via 

the combination of symmetrical (2θ-ω or 2θ) and asymmetrical (ω or ψ) scans, i.e. a large 

number of 2θ scans in the same range of 2θ are performed around the peak position of a specific 

substrate and the corresponding film plane. For each 2θ scan, ω varies in the small steps (e.g. ∆ω 

~ 0.04˚) and the overall measurement time is almost 20 to 24 hours depending on the selected 

range and steps. Later, these scans are converted to parallel and perpendicular to the crystal 

surface components of the scattering vectors:  

 
𝑞∥ = 𝑘(cos(2𝜃 − 𝜔) − cos(𝜔)) (4.4) 

 
𝑞⊥ = 𝑘(sin(2𝜃 − 𝜔) + sin(𝜔)) (4.5) 

Where |k| =2π/λ and the scattering vectors components are restricted to −2𝑘 ≤ 𝑞∥ ≤ 2𝑘  and, 

0 ≤ 𝑞⊥ ≤ 2𝑘 , as shown in Fig. 4.11.   

 

Figure 4.11: Ewald sphere for the asymmetrical reflexes used in reciprocal space mapping 
(RSM). The pink arrows show the directions for 2θ-Ω and Ω-scans. The solid 
black circles show the permitted reflections.  
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Fig. 4.12(a) shows the reciprocal space map (RSM) of a 109nm VO2 film on TiO2 (100) 

substrate, taken from off-axis (301) plane. Distribution of the lattice constants aR and cR  of these 

films, with tetragonal structure, can be found from the parallel (q║) and perpendicular (q┴) 

scattering vectors, via:  

 
𝑎 =

𝜆ℎ
𝑞∥(𝑟. 𝑙.𝑢)

 ,  (4.6) 

 
𝑐 =

𝜆𝑙
𝑞⊥(𝑟. 𝑙.𝑢)

 , (4.7) 

Where q║ and  q┴ should be in reciprocal lattice unit (r.l.u.) , as shown in Fig. 4.12 (b) and (c). 

 

 

Figure 4.12: Reciprocal space map of a 109nm VO2 film on TiO2 (100) substrate for off-axis 
(301) plane (a). Distribution of the lattice constants (a and c) of the film were 
found from the mapped scattering vectors (b) and (c). 
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4.13 XRR: VO2 films 

 XRR analysis was performed on the VO2 thin films deposited on the substrate with different 

orientations in order to measure the thickness of the samples, as shown in Fig. 4.13. It is 

customary to use the XRR software, such as “GIXA” or “GenX” [63] to find the thickness and 

roughness information of thin films and multilayers, though the high roughness of the VO2 films 

makes the fitting job using such software more difficult and challenging. Therefore the thickness 

of the samples, reported here, were found using Bragg’s equation for observed oscillation in 

XRR patterns.  

 

Figure 4.13: The XRR results of the VO2 thin films on TiO2 (100) substrate with the thickness 
of 109.04nm (a) and a 60nm VO2 film deposited on TiO2 (110) substrate (b). The 
figure insets show the fitting using Bragg’s equation to find the thicknesses. 

 

4.14 Atomic force microscopy  

 Atomic Force Microscopy (AFM) is a high resolution Scanning Probe Microscopy (SPM) 

technique to study the surface morphology of materials, such as roughness of thin films and the 

height profile of devices, based on atomic scale forces, including Coulomb and Van-der-Waals. 

Fig. 4.14 shows the schematic of an AFM machine. The surface profiling of materials in  
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Figure 4.14: Schematic diagram of an atomic force microscope.  
 

different forms and phases are possible by mapping the interacting and repulsive forces between 

the AFM tip and the surface atoms and molecules of the materials under study. Deflection of  

cantilever, which carries the tip, causes the laser beam focused on the cantilever to deflect, which 

later will be detected and can map the surface. AFMs perform in three modes: Contact mode, 

tapping mode, and non-contact mode.  

 

4.15 AFM results for VO2 

 An Asylum Research MFP-3D™ AFM has been used in contact mode using a silicon tip to 

find the surface roughness of VO2 films. The roughness of these films differs in the range of 

hundreds of pm to few nm, depending on the thickness, type of substrate and the method of film 

deposition. Fig. 4.15 shows the surface profile the films grown with different crystallographic 

orientations. From the 3D and 2D surface scans, the growth mode seems to be of Stranski-

Krastanov or layer-plus-island growth mode [57]. For the samples deposited by APCVD, VO2 

films deposited on TiO2 (110) show the lowest roughness of ~ 3nm depending on the thickness,  



 

46 
 

 

 

Figure 4.15: AFM of the VO2 films on TiO2 (100) substrate (a) and on TiO2 (110) substrate. 
The left hand side figures are 2D scans, and the ones on the right hand side are the 
3D representation of the 2D scans. 

 

while in general, samples grown by LPCVD have lower roughness of around few hundreds of 

picometers, in compare to the ones deposited by APCVD. 

 To summarize, chemical vapor depositions, including APCVD and LPCVD techniques, by 

which we deposited high quality epitaxial thin films of VO2 on rutile-TiO2 substrates with 

different crystallographic (100), (001) and (110), and the deposition parameters were described. 

X-ray diffraction of these films shows the single crystal, textured and epitaxial properties of 

these thin films. X-ray reflectivity technique was used to define the thickness of the films. 

Reciprocal space mapping technique was used to measure the distribution of the lattice constants 

of the crystallites in the films along aR and cR axes and the degree of tilt of crystallites. Atomic 

force microscopy provided the roughness and the grain sizes of these films. These 

characterizations show the higher quality of VO2 (110) and VO2 (001) using APCVD in compare 
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to VO2 (100), while the LPCVD method provides better VO2 (100) thin films. In addition to the 

thin film deposition, we patterned the films in Hall bars along aR and cR axes of VO2 (100) and 

VO2 (110), using photolithography and ion-milling techniques, in order to study the anisotropy of 

electrical properties of VO2 along different crystallographic axes. Electrical transport properties 

and its anisotropy for the deposited thin films and devices will be discussed in the next two 

chapters.  
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CHAPTER 5 

TRANSPORT PROPERTIES OF VO2 THIN FILMS AND DEVICES  

 

Abstract  

 In this chapter, the electrical transport characterization techniques, including four-pint-

probe, temperature dependent resistance, and Hall measurements, and their result for VO2 thin 

films and devices in the vicinity of reversible metal-insulator transition will be discussed. 

Temperature dependent measurements are both quality checks for VO2 thin films and can also 

define the onset of the transition, the transition temperature, and transition width of the VO2 

films. Temperature-dependent Hall measurement of VO2 films, which is a challenging task, 

because of the low mobility, high carrier concentration and therefore low Hall signal, will be 

discussed. Significant change in carrier concentration and small change in mobility of the charge 

carriers were found, as the results of Hall measurement, which is presented in this chapter. 

Temperature-dependent conductivity along the aR and cR axes of the VO2 (100) and VO2 (110) 

films shows the anisotropy of electrical transport along different crystallographic axes of the 

materials and will be thoroughly explained during this chapter, along the possible reasons of 

their occurrence in VO2.  

 

5.1 Resistivity measurement: four point probe techniques  

 Temperature-dependent resistivity measurement is an important quality check for VO2 thin 

films. Heating and cooling VO2 films result in resistivity change of 103 to 104 orders of 
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magnitude around the metal-to-insulator (MIT) transition temperature (Tc) with a temperature 

hysteresis, where Tc varies for different crystallographic orientation of thin films [64]. 

 The temperature-dependent resistance R(T) hysteresis of VO2 thin films were acquired using  

“four-point-probe” method, during both heating and cooling cycles in temperature ranges 

between 270K and 400K. The four-point probe or Kelvin method [65], is a reliable well-known 

technique for measuring resistivity of materials. As shown in Fig. 5.1, in order to measure the 

resistance, four equidistant contacts are made on the clean surface of the sample, using wire 

bonding technique by Westbond wire bonding machine. The outer contacts source the sample 

with D.C. current, while the inner ones read out the voltage. Using this technique, the 

measurement errors from probe resistance, contacts between the metal probes and the sample, 

and the resistance inhomogeneities under the probes are eliminated and the results are more 

reliable in compare to two-probe techniques.  

 

Figure 5.1: Schematic of a four-point-probe technique. 
 

Thin film resistivity can be calculated from the measured sheet resistance, R, with thickness t, via 

the following equation:  

 
𝜌 = 𝑅𝑡

𝜋
𝑙𝑛2

 (5.1) 
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 A more accurate approach to measure the resistivity of the thin films is measuring the 

resistance of patterned thin films in the form of Hall bars using the four-point-probe method, as 

shown in Fig 5.2. The resistivity in this case can be calculated from the following equation, 

knowing the cross sectional area, A, and the length, L, of the Hall bar:  

 
𝜌 = 𝑅

𝐴
𝐿

 (5.2) 

 

Figure 5.2: Film patterned in Hall bar form prior to resistivity measurements.  
 

 Other electrical transport properties of the thin films, such as charge carrier density and 

mobility, can be measured through Hall measurements using Hall bars or Van-der-Pauw 

geometry [66], as shown in Fig. 5.3. Appendix C includes a MATLAB code to calculate the 

resistivity from Van-der-Pauw measurements.  

 

Figure 5.3: Van-der-Pauw geometry for (a) resistivity and (b) Hall measurements.  
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 Electrical transport measurements on VO2 samples were done using the Quantum Design 

Physical Property Measurement System, PPMS Dynacool. This cryogenic-free system can 

measure electrical transport of samples with the resistance in the range of 1Ω< R<4MΩ with less 

than 1% error in the temperature ranges from 1.9K<T<400K. PPMS Dynacool uses a “pulsed 

tube cooling” method without the need for liquid Helium and uses cryogenic pumps to reach 

pressures <10-4 torr. If applying magnetic field is necessary, e.g. for magnetotransport and Hall 

measurements, the built-in superconducting magnets can achieve the fields up to 9Tesla, which 

are properly shielded to avoid any interference with nearby instruments. Schematics of the 

Dynacool cryostat and vacuum system and more details on their operating principles can be 

found in Dynacool user manual [67]. Thin films to be measured are placed on the resistivity 

pucks, shown in Fig. 5.4, and are ultrasonically wire-bonded to the contact pads on the puck by 

aluminum wires. The surface of the sample should be clean and free of any oils, organic and 

inorganic contaminants prior to the wire bonding for the best contacting and measurement 

results. Also, the contacts on the surface of the films should be equidistant for more accurate 

resistivity calculations.  

 

Figure 5. 4: PPMS resistivity pucks for (a) resistivity measurements in Van-der-Pauw geometry 
and (b) resistivity and Hall measurements.  
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5.2 Temperature-dependent resistance: VO2 films and devices   

 Temperature-dependent sheet resistance of VO2 thin films were measured using four-point 

probe method in a Quantum Design Dynacool PPMS. Each temperature was stabilized using a 

“no-overshoot” approach over the temperature range of 270K<T<400K. The “no-overshoot” 

approach is necessary for measuring resistance of VO2 films because of the hysteretic 

dependence of resistance on temperature, which in the case of temperature overshoot can result 

in incorrect readings of resistance [49]. The signature of the high quality of these thin films are 

their smooth hysteresis loops, a sign of single phase material, with a significant drop of  

resistivity of 3-4 orders of magnitude, as shown in Fig. 5.5.  

 

Figure 5.5: Temperature-dependent resistance of VO2 films deposited on TiO2 (100), (110) and 
(001) (a), (b), (c). Transition temperature (Tc) for heating and cooling cycles is 
minimum of the first derivative of logarithm of resistance with respect to 
temperature, dln(R)/dT. Normalized values of dln(R)/dT are shown in (d), (e), (f). 
Gaussian fits to dln(R)/dT curves were used to find Tc more accurately.  
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 The transition temperature (Tc) of VO2 films is defined as the minimum of first derivative of 

logarithm of resistance with respect to temperature, dln(R)/dT . As shown in Fig. 5.5 (d), (e), and 

(f), transition temperature varies for different films on different crystallographic orientations. 

Transition temperature also varies depending on the properties of thin films, such as grain size 

[68]  and crystallographic orientations [64], and can be controlled by different means, e.g. doping 

VO2 films by elements such as tungsten [69] or chromium [70] and by changing the thickness of 

the buffer layer between the film and the substrate [22]. Transition temperature, Tc, transition 

width ∆T, and resistance ratio between the metallic rutile phase and insulating monoclinic at 

onset of the transition  𝑅𝑅
𝑅𝑀

  for these thin films are listed in Table 5.1. These results show that 

VO2 films deposited on TiO2 (001) orientation have the lowest transition temperature in compare 

to (100) and (110) orientation. This behavior was related to stronger hybridization of s and p 

orbitals in VO2 [22], where this property have been used to control the transition temperature of 

VO2 films deposited on TiO2 (001) substrate by controlling the thickness of RuO2 buffer layer. 

By controlling the amount of strain on VO2 films, through the thickness of buffered layers, one 

can systematically change the transition temperature, though manipulating the hybridization of s 

and p orbitals of VO2.   

 

Table 5.1: VO2 thin films properties for the measured samples, shown in Fig. 5.6. Relative 
resistance of insulating and conducting phases RI/RM is defined as R(300K)/R(380K). Tc is the 
transition temperature for cooling and heating cycles, ΔT is the transition width. 
 

Film Orientation RI/RM Tc [Cooling] 
(K) 

Tc [Heating] 
(K) 

ΔT 
(K) 

(100) 443.97 327 328 2.83 

(110) 1095.64 323 333 10 

(001) 2487.5 325 332 7.17 
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5.3 Conductivity anisotropy of VO2 films along a-axis and c-axis 

 Anisotropy in the electrical transport properties of VO2 films deposited on TiO2 (100) and 

TiO2 (110), along aR and cR axes of these films were studied, using the conductivity and Hall 

effect measurements. Temperature-dependent conductivity measurements of Hall bar patterned 

VO2(100) and VO2(110) thin films, along aR-axis and cR-axis, in Fig. 5.7, show the anisotropy of 

electrical conductivity along different crystallographic axes. The anisotropy in optical [27] and 

electrical conductivity have been observed in single crystals of VO2 [71] and thin films of VO2 

deposited on sapphire and TiO2 (100) [72]and (001) substrates [73]. The origin of the anisotropic 

resistivity in VO2 thin films is a controversial subject and has not been completely understood, 

yet. One explanation focuses on strain-induced modification of electronic structure. The large 

anisotropy of electrical conductivity in VO2 thin films deposited on TiO2 (100), in that case, has 

been related to extrinsic effects, e.g. substrate clamping, resulting in a large tensile strain along 

cR-axis, , in conjunction with moderate compressive strain along aR-axis of VO2 thin films. This 

anisotropy is accompanying with a large anisotropy of charge carrier density along the cR and aR  

axes [73]. The effect of tensile strain along cR axis of VO2 on the electronic band structure and 

transport properties have been theoretically investigated using cluster Dynamical Mean Field 

theory (cDMFT) [74]. This study suggests that the tensile strain along c-axis result in narrowing 

the a1g band and raising the energy level of e1g. This leads to increasing the band gap and 

decreasing the electrons correlation in the material along the c-axis, which might be the reason 

for higher resistivity along the c-axis, as appose to a-axis. Another conclusion of this study can 

be the possibility of controlling the band gap and transition temperature of VO2 films by 

applying a tensile strain along the axis. This idea has been already implemented and used 

according to a recent work [22], through strain-induced modulation of electronic band width in 
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VO2 films, by adjusting the thickness of the RuO2 buffer layer, deposited on TiO2 (001) 

substrates. Electrical conductivity anisotropy has been also observed for VO2 films deposited on 

TiO2 (110) substrate, where the angular dependence of the conductivity of the VO2 have been 

measured and the maximum anisotropy have been found for the measurements along (001) and 

(011) orientations [73]. The anisotropy in the metallic state seems to be absent for this sample, 

and the interface between the VO2 and TiO2 has been suggested to be the decisive factor in here. 

First principles studies shows that the surface of VO2 (110) is metallic even in the monoclinic 

state, but these theoretical investigations for the interface have been inconclusive and could not 

resolve the absence of anisotropy in the metallic state in this case [75].  

 On the other hand, a second explanation of the anisotropy focuses on the formation of 

metallic filaments along particular crystallographic directions. Recently, the anisotropic 

conductivity of VO2 films deposited on TiO2 (110) substrate has been studied and explained 

through AFM topography and scattering-type Scanning near field optical microscopy (sSNOM) 

[27]. The anisotropic pattern of formations of metallic filaments along different crystallographic 

(001) and (011) orientations, during the MIT and IMT, is suggested to be the main reason for 

anisotropic electrical transport. One caveat is that, these samples should be inspected and proved 

to be free of macroscopic and mesoscopic pin holes and macrocracks, prior to the investigations 

[72]. The effect of VO2 cracking during the heating and cooling cycles on the conductivity and 

the anisotropy of the electrical conductivity, mainly along cR-axis, have been denied by Berglund 

[76]. The conductivity of our TiO2 (100)/ VO2 sample, Fig. 5.6(a), along the cR-axis increases ~ 

3 orders of magnitude from σ=0.55 S/cm at T=300K to σ=464S/cm at T=380K, while the 

conductivity of the same sample along the aR-axis increases from σ=0.488 S/cm at T=300K to 

σ=709S/cm at T=380K.  For the TiO2 (110)/ VO2 sample along the cR-axis, the conductivity  
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Figure 5.6: Anisotropic conductivity of VO2 films deposited on (a) TiO2 (100) and (b) TiO2 
(001) substrates. Each curve represents the conductivity parallel or perpendicular 
to cR-axis, as marked in the legend. 

 

increases from σ=0.42 S/cm at T=300K to σ=1028 S/cm at T=380K, while the conductivity 

perpendicular to cR-axis increases from σ =0.503 S/cm at T=300K to σ =1547 S/cm at T=380K, 

Fig. 5.6(b). For our samples, the anisotropy of conductivity is more observable in the metallic 

state, where the conductivity along the aR-axis surpass the conductivity along cR-axis in 

VO2(100) oriented films, and the conductivity of VO2 (110) oriented film ,parallel to the cR axis 

is less that the conductivity perpendicular to this axis.  Therefore, the results for both samples 

confirm the higher resistivity of along the cR-axis in compare to other orientations in thins films 

of VO2. The main origin of this behavior is the change in the crystal structure of the material 

during the phase transformation from monoclinic (M1) at low temperature to rutile at high 

temperature, where the significant changes in crystal structure happens along cR-axis when the 

unit cells fold in zig-zag pattern and the V-V cation dimerizations happen. The difference in 

hybridization of the orbitals along the cR and aR axis is another culprit for the anisotropic 

conductivity in this material. While the charge carriers (mainly electrons) passing through aR- 

axis scatter from the 2p orbitals of oxygen with lower effective mass, the carriers along the cR-
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axis are affected by the potential of the 3d orbitals of vanadium and have a lower mobility and 

therefore  higher resistivity is observed along cR-axis in compare to other crystallographic axes 

of VO2. Similar conclusion has been drawn in [73], where they have studied the angular 

conductivity of the VO2.  

 

5.4 Hall Measurement of VO2  

 Hall measurements were performed on the VO2 thin films deposited on TiO2 (100) and TiO2 

(110). These films were patterned in Hall bars, parallel to (001) cR-axis and (100) aR-axis for 

VO2 (100) thin films, and parallel and perpendicular to (001) orientations for VO2 (110) films 

according to the geometries presented in Fig. 5.7. Charge carrier density (n) and mobility (μ) can 

be studies during the metal-insulator transition and in both insulating and metallic states using 

Hall measurements. Measuring the Hall effect in thin films of VO2 is a very challenging task and 

there are few reports on Hall measurements of this material in single crystal, polycrystalline and 

single crystal form [77], [78], [79], [72]. The low mobility of charge carriers and high number of 

carrier density in this highly correlated transition metal oxide results in low Hall voltage, which 

is difficult to resolve from the background noise coming from charge scattering from the domain 

walls, specifically in the region where two phases co-exist.  

 

Figure 5. 7: Schematic drawing of Hall measurement on Hall bar patterned films. 
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Figure 5.8: Hall voltage of VO2(100) thin film  along cR-axis in the insulating phase at T=315K 
(a) and in the metallic phase at T=360K (b). Hall coefficient, RH is the slope of Hall 
voltage as a function of magnetic field.  

 

 During these investigations, direct DC-Hall measurements of these VO2 films have been 

performed, during both cooling and heating cycles, in a Q.D. Dynacool PPMS in the magnetic 

fields up to 9Tesla. The reported results are the average of three times measurements for the 

whole temperature range and for both heating and cooling cycles, for reproducibility test and 

lowering the measurements errors. In order to find the maximum safe applied DC current, which 

results in a strong Hall voltage signal and does not cause thermal instability, Joule heating and 

phase change during the measurements, samples were cooled to T=380K, which is well above 

their transition temperature and deep into the metallic state. Then, at each temperature step the 

maximum current was chosen, for which the measured resistance does change more than 1% in 

comparison to the state where no current is applied to the sample. The Hall voltage of the 

samples has been measured while sweeping the magnetic fields between -9T to 9T and vice 

versa, and applying maximum safe constant currents at each temperature step. Temperature 

sweeps have been done in No-overshoot mode to avoid changing the hysteretic trajectory of the 

system, and samples were kept at each temperature step for 5 minutes prior to each Hall 
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measurement. Hall coefficient, RH, is the slope of Hall voltage versus magnetic fields, as shown 

in Fig. 5.8. Hall carrier density, nH, at each temperature step can be found from the following 

equation:  

 𝑛𝐻 = − 1
𝑅𝐻𝑒𝑡

 , (5.3) 

Where e=1.6×10-19 C is the electron charge and t is the thickness of the sample and RH is the 

Hall coefficient found in every temperature step. Carrier mobility can be calculated, using the 

resistivity, ρ, and the Hall carrier density, nH, via:  

 
𝜇 =

1
𝜌𝑒𝑛𝐻

 (5.4) 

 During the phase transition of VO2 from the insulating to metallic state, density of charge 

carriers increases more than 3 orders of magnitude from nH= 1.3×1019 cm-3  at T=300K to nH= 

5.7×1022 cm-3 at T=380K along cR-axis, as shown in Fig. 5.9 (a). On the other hand, the mobility 

does not differ significantly for the insulating phase and the metallic phase, Fig. 5.9 (b), and it is 

almost constant during the metal-insulator transition. Therefore, the significant change in 

conductivity originates from the major change in the density of charge carrier, which are mainly 

electrons (determined by the sign of the Hall coefficient), while the change in mobility seems to 

be trivial and does not control the conductivity. However, the mobility peaks around the onset of 

phase transition and reached a maximum value. The peak in the mobility is consistent with the 

results reported by Kittiwatanakul [72] on VO2 films on TiO2 (110), while the mobility for the 

VO2 deposited in sapphire substrates shows a minimum around the transition temperature 

according to [78], [79]. Decrease in the mobility is claimed to be from the scattering of the 

carrier at the domain boundaries in the phase coexisting region [79].  
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Figure 5.9: Charge carrier density and mobility of VO2 (100) thin film along cR-axis. The carrier 
density increases dramatically during the M-I transition (a), while the mobility 
changes are subtle with a peak at the inset of the M-I transition (b).  

 

 That the mobility is almost constant and independent of temperature during the heating of 

the sample in the metallic phase, shows the relative insignificance of scattering by the acoustic 

phonons and their negligible effect on the conductivity of VO2 in the metallic phase [79]. This is 

consistent with the metallic phase being a correlated metal with a mean free path of the order of 

the lattice constant. Also, the results of Hall measurements for charge carrier density and 

mobility are another evidence for anisotropic behavior of VO2 along different crystallographic 

axes.  The different density of charge carriers along the different crystallographic orientations 

can originate from the charge carriers trapping in the homoplanar bonds from overlapping 3d 

orbitals of V-cations, which form V-V dimers along the cR-axis, as appose to electrons travelling 

through the 2p orbitals of oxygen along the aR-axis, as explained by Goodenough [20]. Also, 

different reports on the value of the conductivity, density and mobility of the charge carriers and 

the electron effective mass can be the result of complex phase diagram of this material, which 

can form a wide range of stoichiometry V1.9 toV2.01 with different oxygen content.  
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 To summarize, methods and results of temperature-dependent resistance measurements of 

VO2 thin films, with (100), (110) and (001) crystallographic orientations, in the vicinity of metal-

insulator transition during both heating and cooling cycles were presented and discussed in this 

chapter. Smooth and fast transition between the metallic and insulating phase from R(T) 

measurements are another evidence of high quality of the deposited thin films (in addition to 

their thin film characterization results presented in Chapter 4). Temperature-dependent 

conductivity results patterned films of VO2 (100) and VO2 (110), along aR and cR axes, show the 

anisotropy of transport along these axes. The possible reasons for transport anisotropy, including 

the V-O hybridization pattern along cR axis, were discussed. Hall measurements show a 

significant change of the carrier concentration from n~1019 cm-3 in the insulating phase to n~1023 

cm-3 in the metallic phase, as appose to very subtle change in the mobility of the carriers along 

the transition, proves that the carrier concentration is the controlling factor for major change of 

resistance along the transition. Resistance noise spectroscopy as a sensitive technique to 

dynamical electronic processes and current distribution in the microscopic scale will be used to 

study VO2 in the vicinity of the metal-insulator transition. These investigations and results will 

be presented in Chapter 6.  
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CHAPTER 6 

NOISE SPECTROSCOPY OF VO2 NEAR THE METAL-INSULATOR TRANSITION  

 

Abstract  

 In this chapter, the measurement and analysis methods of the resistance noise spectroscopy 

of VO2 in the vicinity of its reversible metal-insulator transition, using our lab-built noise 

spectrum analyzer will be discussed. Our experimental results for 1/f noise of VO2 thin films 

with (100), (001) and (110) orientations, including temperature-dependence of noise factor, 

frequency exponent and noise power around the transition will be presented. The extraction 

method of the distribution of activation energies using D.D.H. model and the analysis results, 

will be described. Modification of the critical exponents of normalized noise in the neighborhood 

of the transition and the relation to the percolation models in these systems will be discussed. 

The evidences of anisotropy in resistance noise along aR and cR axes of the VO2, based on the 

temperature-dependent noise factor and the scaling between noise and resistance of these 

systems, close to the metal-insulator transition will be presented.   

 

6.1 Cross-spectrum analyzer for low-frequency noise analysis 

 Noise spectroscopy as a valuable technique in understanding the dynamics of electronic 

processes in microscopic scales, in strongly disordered media and metallic, was introduced in 

Chapter 3. In order to investigate the low frequency noise behavior of VO2 in the vicinity of the 

metal-insulator transition, a lab-built cross-spectrum analyzer, with the temperature-control 
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feature was used. Our cross-spectrum analyzer have the ability of measuring the sample and 

devices with the impedance in the range of 100Ω to 10 MΩ, which makes this analyzer suitable 

for measuring the noise of systems with majorly variable impedance in this range, such as VO2 

along the metal-insulator transition.  The high sensitivity and highly time-efficiency of this 

analyzer provides the opportunity of measuring the voltage signals as low as SV ~ 10-19 Vrms/Hz 

in the frequency range of 0.001Hz to 100kHz for the averaging time of one day. Mathematical 

background, development process, hardware and software schematics, time-dependent 

sensitivity, reliability checks and instrument characterizations of background noise, measuring 

limits of our cross-spectrum analyzer is explained in Appendix A. 

  

6.2 Resistance variance  

 The variance of resistance (the square of its standard deviation, σR
2), is the total noise of 

resistance measurements and it is equivalent of integral of power spectral density of resistance 

noise throughout the frequency range of the measurement.  

 
𝜎𝑅2 =  � 𝑆𝑅(𝑓)𝑑𝑓

∞

0
 (6.1) 

Where SR(f) has units of 𝛺𝑟𝑚𝑠
2 /𝐻𝑧 and 𝜎𝑅2 has units of Ω2. 

From Johnson-Nyquist equation, Eq. (3.8), if thermal noise is the only source of resistance noise 

(due to thermal fluctuations in equilibrium states), total noise should be proportional to∝ 4𝑘𝐵𝑅𝑇. 

Otherwise, if there are other types of noise contributing to total noise, such as 1/f noise or 

random telegraph noise, normalized resistance variance parameter, 𝜎𝑅
2

𝑅𝑇
 , should deviate from the 

constant value 4kB . 



 

64 
 

 Standard deviation of resistance measurements for 25 consecutive measurements, at each 

temperature step, is reported as a part of statistical data analysis of resistance measurements, in 

sigma log data of the resistivity option in QD Dynacool PPMS. The resistance of the films was 

measured using four-point probe technique, where the current is injected to the samples through 

equidistant contacts made by wire-bonding on the surface of the samples. Fig. 6.1 shows the 

variance of resistance normalized by the value of the resistance and temperature at each 

temperature step, 𝜎𝑅
2

𝑅𝑇
 , in the temperature range of 300K to 400K, for VO2 films with (100), (110) 

and (001) orientations, during both heating and cooling cycles. Comparing the normalized 

variance of resistance, 𝜎𝑅
2

𝑅𝑇
 , with first derivatives of resistance with respect to the temperature,  𝑑𝑅

𝑑𝑇
, 

for these samples, we found that normalized variance increases dramatically and diverges at the 

temperatures, close to the temperature of the extremum of   𝑑𝑅
𝑑𝑇

, which can be defined as the onset 

of the phase transition. This is valid for all VO2 films deposited on the TiO2 substrates with 

different crystallographic orientations, as shown in Fig. 6.2. This behavior seems to be universal, 

since we have observed the same behavior for  𝜎𝑅
2

𝑅𝑇
 in single crystalline and polycrystalline thin 

films of VO2 deposited on other types of substrates, such as MgF2, PMN-PT, SiO2 and STO, 

measured under similar conditions.  
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Figure 6.1: Normalized resistance variance (𝝈𝑹
𝟐

𝑹𝑻
) diverges close to the M-I transition temperature 

(marked with green arrows), where dR/dT diverges. Results for the VO2 thin films 
on TiO2 (100), (110) and (001) substrates are shown, during both heating and 
cooling cycles.  Normalized dR/dT curves are presented for comparison.  
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Figure 6.2: Normalized resistance variance (𝝈𝑹
𝟐

𝑹𝑻
) diverges close to the M-I transition temperature 

(marked with green arrows), where dR/dT diverges, during both heating and 
cooling cycles for thin films of VO2 on PMN-PT, SiO2 and MgF2 substrates. 
Normalized dR/dT curves are presented for comparison.   

 

 The deviation of 𝜎𝑅
2

𝑅𝑇
  from a constant value (4kB ) suggests the presence of other types of 

noise in addition to Johnson-Nyquist noise, such as 1/f noise. Resistance noise of VO2, which is a 

strongly inhomogeneous and disordered media around the metal-insulator transition, has shown 
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the presence of strong 1/f noise, previously [30]. Therefore, low frequency noise spectroscopy of 

VO2 in the vicinity of the metal-to-insulator transition can be a key for understanding the types of 

noise contributions to resistance noise around the transition and the fluctuation entities and 

mechanisms contributing to resistance noise in this material. As mentioned in Chapter 3, the 

spectral density of noise is more sensitive to the current distribution and thus the microscopic 

scale phenomena comparing to the average transport properties, such as resistance and 

conductance. Therefore, the next sections are dedicated to the resistance noise spectroscopy of 

VO2 in the vicinity of the metal-insulator transition.  

 

6.3 Noise spectroscopy of VO2  

 Low frequency resistance noise spectroscopy can be utilized as a tool to investigate the 

microscopic phenomena happening during the metal-insulator transition in vanadium dioxide. As 

explained in Chapter 3, resistance noise is more sensitive to the microscopic events in materials, 

in compare to average properties such as resistance and charge carrier density. VO2 as a strongly 

disordered conductive medium shows high magnitude noise at low frequencies [30]. Low 

frequency noise of VO2 is more pronounced around the metal-insulator transition, and makes the 

measurement of resistance noise feasible in this material. Thus, the noise analyses provide a 

platform to study the weighting factors of competing mechanisms during the metal-insulator 

transition, such as structural (Peierls) transition, electron-correlation (Mott) transition and 

percolation. Thus, this method will help us understand the mechanisms which are responsible for 

this type of transition, not only in VO2, but also in similar cases of strongly correlated systems.  

 On the other hand, the noise spectroscopy of VO2 is crucial for finding the fluctuating 

entities, their coupling method to the resistance noise, their behavior around the phase transition 
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and the mechanisms through which they participate in the metal-insulator phase transition. 

Understanding all these can also be used as the controlling factors of the noise in order to 

improve the signal to noise ratio and the performance of VOx-based sensors and devices, such as 

bolomteres and memristors.  

 

6.4 Low-frequency noise spectroscopy 

 Noise power spectral density (PSD) of the VO2 thin films, deposited on TiO2 (001), (100) 

and (110) substrates, is measured in the frequency range of f=0.1Hz to f=125kHz. These 

measurements were done across the metal-insulator transition in the temperature range of 300K 

<T<400K, during both heating and cooling cycles. To study the anisotropy of charge transport 

though noise spectroscopy along different crystallographic orientations, patterned VO2 thin films 

(along aR and cR axes) were measured under similar conditions.   

 Our lab-built noise spectrum analyzer with a temperature controller working in T=300K to 

T=400K , as described in Appendix A, was used to measure the PSD of the noise. Low-

frequency noise was measured with and without applying the probe current to measure the 

thermal and 1/f noise, respectively. Thin film samples were directly mounted using vacuum 

grease on the sample holder, equipped by a resistive element heater at the back of the sample 

holder. The contacts are made by wire bonding in two-point probe geometry, Fig. 6.3, and 

constant DC currents were applied to the samples, as a probe current for 1/f noise measurement. 

A time interval of t~10 minutes is considered before the PSD measurement at each temperature 

point, so that the temperature is stable and uniform throughout the sample. To avoid the 

erroneous data due to the hysteretic behavior of resistance of VO2 as a function of temperature, a 

“no-overshoot” approach was once again used to set the temperature at each step.  



 

69 
 

 

Figure 6.3: Sample holder equipped with a heater element at the back used in our noise set-up. 
  

  

 Noise power spectral densities (PSDs) of a VO2 (001) thin film deposited on TiO2 (001) 

substrate during the heating cycle, with a probe current (for 1/f measurements) and without (for 

background measurements), throughout the frequency range of the measurement are illustrated in 

Fig. 6.4. In order to extract the spectral density Sv(f) of 1/f noise at each temperature, the spectral 

density of the unbiased sample (Sv, W.N.) is subtracted from the spectral density of the  biased 

sample(Sv,1/f.), with the focus on the low frequency part of the spectrum in the range 

1Hz<f<10Hz, as following:  

 𝑆
𝑣,1𝑓

(𝑓) = 𝑆𝑣,𝑡𝑜𝑡𝑎𝑙(𝑓) − 𝑆𝑣,𝑊.𝑁.(𝑓) (6.2) 
 

For further analysis, the PSD is normalized by the probe current at each temperature step, as 

shown in Fig. 6.5, using the following:  

 𝑆𝑉
𝑉2

=
𝑆𝑉
𝐼2𝑅2

 (6.3) 
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Figure 6.4: Noise PSD of VO2(001)/ TiO2 (001) film throughout the measurement frequency 
during the heating cycle for the biased (a) and unbiased sample (b). DC probe 
current of I=1μA is applied to the sample, in order to measure the 1/f noise. B.G. 
represents the PSD of the background noise.  

 

Where I is the constant DC probe current applied to the sample and R is the equivalent resistance 

of the sample and the current source. In order to avoid measurement errors, the load resistance of 

the current source has been set to the value at least 100 times larger than the sample under the 

test resistance. Considering the independence of the 1/f noise from the probe current I:  

 𝑆𝑣
𝑉2

=
𝑆𝑅
𝑅2

 (6.4) 

Power spectral density of normalized 1/f noise for the VO2 thin films deposited on TiO2 (100), 

(110) and (001), during both heating and cooling cycles, are illustrated in Fig. 6.5.  Considering 

the 1/f noise behavior of the low-frequency noise of VO2 thin films, the normalized spectra were 

fitted to Hooge’s empirical formula to extract the Hooge’s parameter (γH) and frequency 

exponent (α) of the noise for the frequency range of interest:  

 𝑆𝑅
𝑅2

=  
𝛾𝐻

𝑛𝑉𝑓𝛼
=
𝐾
𝑓𝛼

 (6.5) 
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Figure 6.5: Normalized power spectral density of VO2 films deposited on TiO2 (001) (a), (b) 
and TiO2(100) (c), (d) substrates during MIT for both heating and cooling cycles. 
The probe currents shown in the figures are chosen based on the sample resistance 
for acquiring the optimum PSDs, accordingly.   

  

Where n is the carrier concentration and V is the volume of the sample. We should keep in mind 

that the charge carrier density of the VO2 is not constant across the metal-insulator transition, and 

changes from n~1019 cm-3 to n~1023 cm-3 approximately, as explained in the previous section 5.4. 

Also, finding the accurate values of charge carrier density during the transition is very 

challenging. Therefore, we cannot directly extract the Hooge’s parameter γH from fitting the 1/f 

noise to the Hooge’s formula. Instead, a more reliable and accurate parameters is γH divided by 

the number of the charge carrier (N) in the active volume of the sample K=γH/nV, called noise 

factor. In order to find the value of γH one needs to account for the charge carrier concentration at 
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each temperature and difficulties of finding the accurate values for n makes finding γH a 

challenging task and will be described in the next section. The reported values for γH in literature 

are different for different solid state systems. For semiconducting materials 10-23 < γH<10-20, for 

inhomogeneous metallic systems 10-21< γH<10
-19 , and for homogenous metals 10-19< γH<10-18 

[80], [81]. In spite of the wide variation in γH,, the value of α is 0.8< α<1.4 for most of these 

systems [30]. Another important parameter for evaluation of 1/f noise, in addition to noise factor 

K and frequency exponent α is the total noise power (N) in the frequency bandwidth of interest, 

described as:  

 
𝑁 = �  𝑆𝑉(𝑓)

𝑓𝐻

𝑓𝐿
𝑑𝑓 (6.6) 

Here, lower and higher limits of frequency has chosen fL=1Hz and fH=10Hz for all the samples, 

for consistency. One of the properties of the 1/f noise is that the noise power in all the octaves is 

the same value and does not depend on the chosen frequency bandwidth. Also, considering 

α~1the noise power N is expected to follow the behavior of noise factor K(=γH/n), as the figure 

of merit. 

  

6.5 TiO2 (001) / VO2 thin film  

 Fig. 6.6 shows the results of 1/f noise analysis of VO2 (001) thin film deposited on a TiO2 

(001) substrate, including noise factor K, frequency exponent α and total noise power N for a 

sample biased with current I=1μA and in the bandwidth of 1Hz<f<10Hz for the sample going 

through the insulator to metal and metal to insulator transition in heating and cooling cycles. 

Noise factor K during the metal to insulator and insulator to metal transitions changes around ~ 4 

orders of magnitudes, in a similar manner the change in conductance of the sample during the 

transition, as shown in Fig. 6.7.  



 

73 
 

 According to Hall measurements of VO2, explained in the previous section, the responsible 

factor in increasing the conductance of VO2 during the transition can be the significant change in 

the charge carrier concentration from the insulating to metallic states during the transition. 

However, noise factor, K=γH/N, is proportional to the inverse of carrier concentration and is 

expected to decrease by increasing n. After correcting noise factor K for the number of the 

charge carriers in the volume of the sample (N), the value of Hooge’s parameter γH seems to 

change from 107 in the insulating phase to 1017 in the metallic phase. This leads to a substantial 

change of 10 orders of magnitude in γH , which is larger than the values reported in the strongly 

disordered media and most of the solid states systems [30] .   

 Another culprit for the huge change in noise factor K can be the small value of the active 

volume in the system close to the transition. According to percolation picture in disordered 

media, such as in vicinity of a metal-insulator transition, resistance noise originates from a main 

major cluster (backbone), which carries the major part of current flow in the system. This 

volume can be substantially smaller than the physical volume of the samples and considering the 

volume in the Hooge’s formula as a constant value results in the wrong estimation of the 

Hooge’s parameter [30]. VO2, close to the transition, seems to behave in a similar fashion it is 

proven that the fraction of the metallic phase changes dramatically, as explained in Chapter 2.  
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Figure 6.6: Results of 1/f noise analysis for VO2 thin film deposited on TiO2 (001) substrate as a 
function of temperature, probed by a current I=1μA during heating and cooling 
cycles. (a) Resistance R(T) and dln(R)/dT for defining the transition temperatures 
(b) Noise factor K (c) frequency exponent α and (d) total noise power N are shown 
as a function of temperature. The value dln(R )/dT is shown in each sub-figure to 
show the transition temperature during heating and cooling cycles.   

 
 

Thus, one cannot extract the Hooge’s parameter without finding the precise values of the active 

volume, throughout the transition. Using optical methods such as SNIM [26] or electrical 

transport models such as effective medium theory [82], one can provide an estimate for the 

active volume throughout the transition, and therefore the Hooge’s parameter γH in these  
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Figure 6.7: Temperature-dependent noise factor of VO2(001) thin film follows the sample 
conductance (1/RD) during the reversible metal-insulator transition. 

 

systems. Measuring the exact active volume and the charge carrier concentration throughout the 

metal-insulator transition is a difficult task and might result in erroneous result. Thus, it is 

customary to report the value K, as the figure of merit for 1/f noise in these types of systems.The 

frequency exponent α stays in the range 1.1< α<1.5 for both heating and cooling cycles, except at 

T=328K, which is the onset of the transition from metal to insulator phase, during the cooling 

cycle, in Fig. 6.4(c). The frequency exponent α shows small fluctuations throughout the 

transition from the insulating to metal phase and vice versa. The energy distribution in the 

system can be extracted from the temperature dependence of α and K, through the models such 

as Dutta-Dimon-Horn (D.D.H.) models, which will be explained in the next section. The 

temperature dependence of total noise power N is similar to temperature dependence of the noise 

factor K, as predicted, consistent with Hooge’s model and ensuring the 1/f nature of the noise, as 

shown in Fig. 6.4(d).  
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6.6 TiO2 (100) / VO2 thin film 

 Results of 1/f noise analysis for VO2 (100) thin film deposited on TiO2(100) substrate, 

biased with I=10μA, during both heating and cooling cycles, is shown in Fig. 6.6. The metal-

insulator transition happens around the same temperature Tc~330K for both heating and cooling 

cycles, because of the small hysteresis of R(T). The noise factor K, similar to VO2 (001) thin 

film, follows the 1/RD trend, as illustrated in Fig. 6.7 and it increases by increasing the 

temperature from the insulating phase to the metallic phase and reaches a maximum value 

around Tc. Increasing the temperature further in the metallic phase does not change K 

significantly, except small fluctuations, which seems to be following the small changes in the 

resistance, as illustrated in Fig. 6.6(b). The frequency exponent α varies in the 0.5< α< 1.2 range 

and the total noise power N in the frequency range of 1Hz<f<10Hz has a similar behavior as K 

during both heating and cooling cycles. The resemblance between the behavior of the noise 

factor (and noise power) and the conductance in these samples can be originated from the 

substantial increase (decrease) in the fraction of metallic phase, while the sample is heated 

(cooled) across the phase transition. The noise factor stays almost constant at its highest value 

after the material enters the metallic phase. Therefore, the metallic phase of VO2 seems to be 

very noise, which is expected for VO2 as a bad metal [83].  
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Figure 6.8: Results of 1/f noise analysis of VO2(100) thin film on TiO2(100) substrate as a function 
of temperature, probed by DC current I=10μA during heating and cooling cycles. (a) 
Resistance R(T) and dln(R)/dT for defining the transition temperatures (b) Noise factor 
K (c) frequency exponent α and (d) total noise power N are shown as a function of 
temperature. The value dln(R )/dT is shown in each sub-figure to show the transition 
temperature during heating and cooling cycles. 

 

 

Figure 6.9: Temperature-dependent noise factor K versus 1/RD for VO2 (100) thin film during the 
reversible metal-insulator transition.                    
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6.7 TiO2 (110) / VO2 thin film  

 In a similar approach to VO2 (001) and VO2 (100) samples, the 1/f noise of a VO2 (110) thin 

film grown on TiO2 (110) substrate was measured and analyzed during the cooling cycle, for the 

sample probed by DC current I=10μA. Noise factor K shows a local maximum at Tc~320K, 

while it increases in a similar manner to VO2 (001) and VO2 (100), the change in K is less than 

the magnitude of change in the resistance.   

 

 

Figure 6.10: Results of 1/f noise analysis in VO2(110) thin film deposited on TiO2 (110) 
substrate, probed by I=10μA during the cooling cycle. (a) Resistance R(T) and 
dln(R)/dT for defining the transition temperatures (b) Noise factor K (c) frequency 
exponent α as a function of temperature. The value dln(R )/dT is shown in each 
sub-figure to show the transition temperature during heating and cooling cycles. 
(d) Noise factor K follows the 1/R(T). 
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 The most probable sources of the different behavior in noise factor K in VO2 (110) thin film, 

in compare to VO2 (001) and VO2 (100) samples, can be the anisotropy of the transport in VO2 

system. Other possible sources of this difference in trend can be extrinsic, such as the amount of 

strain from using different substrates orientations and mismatching of the lattice constants of 

films and their substrates, the grain size difference and the oxygen stoichiometry deference, 

which will be discussed in the later sections. The frequency exponent while staying in the 

0.8<α<1.7 range, fluctuates significantly around T~330K where the sample has finished the 

transition at the beginning of the pure metallic phase.  

 

6.8 Energy distribution models  

 During the past decades, there have been numerous attempts and investigations for 

explaining the type of fluctuating entities and the mechanism, which create 1/f noise in different 

systems. Models such as the McWhorter model, based on charge carriers tunneling between the 

impurities with fluctuating distances, and the Voss and Clarke model, based on temperature 

fluctuations have been used in different system. Table 6.1 lists a number of most known models 

and informative reviews of these models can be found in [30], [37], [43], [84], [80].  

There are three major questions need to be answered about 1/f resistance noise in the solid states 

systems under the investigations: (i) what are the fluctuating entities which cause this type of 

noise? (ii) What is the mechanism of fluctuations its relation to resistance/conductance of the 

system? (iii) What is the mathematical relation describing the spectral density of this noise based 

on the identified fluctuating entities?   
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Table 6.1: Most known models to describe 1/f noise behavior in materials, after [80]. 

Model  References  

Hooge model  Hooge [44] 

Dutta-Dimon-Horn (DDH) model  Dutta-Horn [85] 

McWhorter model  McWhorter [30] 

Temperature fluctuation model  Voss and Clarke [86] 

Local interference  (LI) model  Pelz and Clarke [87] 

Universal Conductance Fluctuation  (UCF)  model Feng et al. [88] 

Self-organized criticality (SOC) model  Bak et al. [89] 

Diffusion model  Fourcade and Tremblay [90]  

 

Dutta-Dimon-Horn (D.D.H.) model is useful to find out the distribution of activation energies of 

the fluctuating entities, mainly in inhomogeneous metallic systems, based on the random 

distribution of characteristic times of the thermally activated fluctuators [85]. According to this 

model, noise spectral density is the superposition of Lorentzian shape spectra of these thermally 

activated processes with energy distribution D(E) and thermally activated time constants 

𝜏 = 𝜏0exp (𝐸/𝑘𝐵𝑇) can be described as:  

 
𝑆𝑉(𝑓,𝑇) ∝ �𝑑𝐸𝐷(𝐸)

𝜏0𝑒𝐸/𝑘𝐵𝑇

1 + (2𝜋𝑓𝜏0𝑒
𝐸
𝑘𝐵𝑇)2

 (6.7) 

One of the assumptions in this model is the linear dependence of resistance to fluctuating 

quantity with a constant coupling factor. This oversimplification can be overcome by considering 

the following general form for PSD with the temperature dependent coupling factor g(T), which 

accounts for the temperature dependent noise level, which is not described by D(E) [91], [92]: 

 
𝑆𝑉(𝑓,𝑇) ∝ �𝑑𝐸𝐷(𝐸)

𝜏0𝑒𝐸/𝑘𝐵𝑇

1 + (2𝜋𝑓𝜏0𝑒
𝐸
𝑘𝐵𝑇)2

𝑔(𝑇) (6.8) 
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Transition energies E are function of temperature and frequency:  

 
𝐸 = −𝑘𝐵𝑇𝑙𝑛(2𝜋𝑓𝜏𝑜) (6.9) 

The “attempt time”, 𝜏𝑜, in many solid state systems is of the order of inverse phonon frequency, 

and in the range 10-2Hz<f<102Hz it takes the value of 10-14<𝜏𝑜<10-12 sec in the temperature range 

of our measurement [92]. From Eq.(6.7), the energy distribution can be written as:  

 
𝐷(𝐸) ∝

2𝜋𝑓𝑆𝑉(𝑓,𝑇)
𝑘𝐵𝑇

 
1

𝑔(𝑇)
 (6.10) 

Temperature-dependent coupling constant can be found using both temperature dependent 

amplitude and the frequency exponent α using the following equation [38]:  

 

 
𝛼(𝑓,𝑇) = 1 −

1
ln (2𝜋𝑓𝜏0)

�
𝜕ln 𝑆𝑉(𝑓,𝑇)

𝜕lnT
−
𝜕ln 𝑔(𝑇)
𝜕lnT

− 1� 
(6.11) 

 

Distribution of activation energies D(E) for VO2(001) and VO2(100) thin films, are depicted in 

Fig. 6.11 and Fig. 6.12. For VO2(001) sample, D(E) has a peak centered around E~0.803eV for 

heating cycle and E~0.792eV for cooling cycle. As shown in the upper axes of these graphs, 

these peaks correspond to transition temperature and can be attributed to the percolation 

threshold at the metal-insulator transition. As shown in Fig. 6.12, the signature of the percolation 

threshold shows up as bumps, marked in the figure, for both heating and cooling cycles in 

D(E)g(T) graphs. Percolation seems to be overshadowed by other mechanisms, in the vicinity of 

metal-insulator transition in these samples.  
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Figure 6.11: Distribution of activation energies D(E) found by DDH model for thin films of 
VO2 (001) on TiO2 (001) substrate during heating (left) and cooling (right) cycles. 
The insets show D(E)g(T) term as a function of energy. 

 

 

Figure 6.12: Distribution of activation energies D(E) found by DDH model for thin films of 
VO2 (100) on TiO2 (100) substrate during heating (left) and cooling (right) cycles. 
The insets show D(E)g(T) term as a function of energy. 

 

 Fig. 6.12 insets show the activation energy distribution D(E)g(T) at high temperature 

regime, the in metallic state. Appearance of peaks at E~0.82eV and E~0.86eV in both heating 
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and cooling cycles, is indicative of presence of other relaxation mechanisms in the metallic 

region. These energies are much smaller than the defect formation energies in the metallic oxide 

(E~2-3eV), and should be of other origins. Baidakov, et al [93] reported peaks in a similar 

energy scale for VO2 films on SiO2/Si substrates and attributed this to jumping of vanadium 

atoms between the neighboring interstitial sites, where these defects are either impurities or 

interstitial energy levels in the system. Activation energy of oxygen migration, which requires 

relatively small energies (E<1eV), can also be a possible source of these fluctuations at the 

metallic region in VO2. Oxygen electromigration and stoichiometry change has been found as the 

source of noise in oxide films such as YBa2Cu3O7-δ [94] and LaNiO3-δ [95].  

 Results of 1/f noise factor analysis for these samples, presented in the previous section, show 

that 𝑆𝑅 𝑅2⁄ ∝ 1/𝑅. This behavior suggests that the metallic VO2 is a very noisy material and the 

1/f noise amplitude is proportional to the fraction of metallic domains in the vicinity of the MIT. 

These trends have been also observed in several composite systems and were explained by 

models, such as Anderson localization [96], Quantum percolation theory [97] and Local 

interference model [87]. According to local interference (LI) model, magnitude of 1/f noise in 

metallic systems originates from fluctuating interference of electrons in the local environment of 

moving defects, which can be vacancies or interstitial defects. The resistivity tensor is 

anisotropic as the result of mobile defects, which move with respect to each other, in these types 

of systems.  The noise magnitude is temperature dependent due to thermal activations which 

move around the defects. The LI model can describe the resistance noise in metals with 

comparatively long electron mean free path and at high temperature regimes, and the spectral 

density of noise has an inverse relation with resistance:  
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𝑁
𝑆𝑅
𝑅2

= �
𝑛𝑚
𝑛𝐴
� (𝑛𝐴𝑙𝑒𝛽𝑐𝜎𝑐2) (6.12) 

Where N is the number atoms in the sample, nm is the concentration of the mobile defects with 

uncorrelated motion, nA is the atomic density, le is the mean free path of electron, βc is the 

anisotropy constant of the resistance and σc is the average scattering cross-section of defects. The 

LI model can describe the increase of noise with temperature and the relation between the 

normalized noise magnitude and the resistance. Also, the presence of oxygen defects at high 

temperatures play a natural role within this model. Therefore, a combination of LI model and 

D.D.H. model can explain the noise behavior after the onset of the metal-insulator transition and 

deep into the metallic state. For the insulating regions toward the metal-insulator transition p-

noise models can be a better fit to the temperature dependent noise results.  

 

6.9 Resistance noise: current dependence  

 One of the properties of 1/f noise is the independence of the noise signal from the mean 

voltage or current applied to them, as proved by Voss and Clarke in 1976 [86]. Therefore, an 

important test while making these types of measurements is to investigate the current 

dependence of the noise to ensure the noise of the 1/f type. Fig. 6.13 shows the current 

dependence of 1/f noise for the VO2 (001) and VO2 (100) thin films for different probe currents 

used to measure the noise in these films. These results confirmed that the noise factor K and the 

frequency exponent α are independent of the probe currents throughout the measurement. The 

only exception is when the probe current is too small for measuring noise in high temperatures, 

where the films have very small resistance close to the limits of the noise-spectrum analyzer 

background.  
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Figure 6.13: Current dependency of noise factor K and frequency exponent α during the heating 
cycles for VO2 (001) (a),(b) and the VO2 (100) (c),(d) thin films. Both K and α 
have are independent of the applied current, specifically before the metallic phase. 

 

 

6.10 Critical exponent  

 In section 3.5 the concept of critical exponent in percolation models was introduced, which 

can describe the physics of the system close to the phase transition. Critical exponents are 

universal parameters that depend only on the percolation model and dimensions of the system 

and are independent of the details of the physical system. Conductivity of the disordered media 

and its fluctuations, such as in VO2 close to metal-insulator transition, can be described by 

percolation models.  Critical exponent can be found by measuring the temperature dependent  
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Figure 6. 14: Critical exponents of VO2(001) thin film during heating (a) and cooling (b) cycles. 
 

resistance and the normalized resistance fluctuations of VO2 through the following relation:  

 
�̃�𝑅 =  

𝑆𝑅
𝑅2

∝ 𝑅−𝑥 , (6.13) 

Where x= -k/s from Eq. (3.21) and is used here for simplicity. Fig. 6.14 shows the critical 

exponents of the VO2 (001) thin film close to IMT and MIT in the insulating phase during both 

heating and cooling cycles. These critical exponents during both heating and cooling are close to 

the 𝑥 = −1.54 ± 0.09  predicted by p-noise model for percolating good conductors in an 

insulating host in 2D by L.B.Kiss and P.Svedlindh [98]. In contrast to the classical percolation 

models, where the source of noise fluctuations is solely the fluctuations in the resistance element 

(δrm), p-noise models includes the corrections for the fluctuations in the fraction of percolation 

bonds. δp(t) fluctuations can happen through the switching off and on the bonds, shown in Fig. 

6.15(a) . The switching can happen through a controlling parameter wi (t), as shown in Fig. 

6.15(b). This can originate from one cluster winning over another that carries the macroscopic 

current or from the breakage and healing processes of the current paths, close to the transition, 

due to the delicate nature of the current paths [99]. 
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Fig. 6.16 shows the critical exponent, scaling exponents of normalized resistance noise 

fluctuations and the resistance, of the VO2 (100) thin film during both heating and cooling 

cycles. As shown in this figure, the critical exponent is x=-1.54 in the insulating region before 

the transition temperature for heating cycle and above the transition temperature during cooling. 

Therefore, the critical exponent for VO2 (100) thin film is the same as VO2 (001) which is 

indicative of the same physical phenomenon is happening in the low temperature regime in VO2 

thin films right before the transition temperatures. This also shows that p-noise model in 2D can 

describe the transition mechanism in these thin films. As explained previously, the noise factor K 

for these two thin films, VO2 (100) and VO2 (001) follow a similar trend, where the K increases 

by increasing temperatures before the transition temperature and maximizes at the transition 

temperature. In spite of differences in thickness, grain size, strain and crystallographic 

orientation of these films, we observe the same the universal behavior of resistance noise, 

consistent with p-noise models, in these systems.  

 

 

Figure 6.15: Schematic diagrams of RRN models for noise in (a) classical percolation, where 
noise originated from fluctuations of resistor ri elements, and (b) p-noise model 
where noise originates from random switching of the resistor elements controlled by 
process wi(t), after [100] and [92]. 
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Figure 6.16: Critical exponents of TiO2 (100)/VO2 thin film for heating (a) and cooling (b) cycles 
close to the metal-insulator transition. The difference between the critical exponent 
before and after the phase transition shows different percolation mechanisms govern 
the transition before and after Tc.  

 

 Another result of this analysis, as shown in Fig. 6.16, is that the critical exponent after the 

phase transition in IMT, as it enters the metallic region and before completion of the transition 

has the value of 𝑥 = −0.56 ± 0.07  for the heating cycle and  𝑥 = −0.32 ± 0.048  for the 

cooling cycle. These values are close to the values reported for discrete random resistors network 

models based on classical percolation models [101], [102], showing a significant difference 

between the behavior of noise or perhaps the mechanisms which gover the noise after the 

transition and close to the metallic phase, in compare to the phenomenon before the transition 

and in the insulating phase. The physical events before the transition temperature systems seem 

to be more complex, because of the Mott transition through electron-electron correlation, which 

happens before and at the onset of the transition. These events are accompanied by percolation of 

the conducting domains in the insulating domains, as suggested by Qazibash [103] from 

scattering scanning near infrared microscopy (s-SNIM) analysis. After the transition temperature, 

the main mechanism responsible for the noise seems to be the growth and coalescence of the 
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Figure 6.17: Current-dependency analysis of the critical exponents for TiO2 (100)/VO2 thin film 
during both heating (a) and cooling (b) cycles, shows consistent results for heating 
and cooling cycles which are independent of the probe currents.  

 

metallic domains and the critical exponents follow the predictions from the classical percolation 

model. Deep in the metallic phase, the critical exponent are in limits for 2D critical exponent for 

conducting-insulating matrix, predicted by D.C.Wright [104] for the “link-nodes-blobs” or LNB 

picture for the random resistor networks above the transition and in the conducting region. 

Effects of the probe DC current used for measuring the 1/f noise on the critical exponents have 

also been studied for the VO2 (100) thin film, as shown in Fig. 6.15. The critical exponents 

values for I=10μA and I=5μA are very close for both before and after the transition temperature. 

For  I=1μA, considering the uncertainty margin for both the predicted value from the simulation 

and the experimental value, the critical exponent is close to the values for higher currents of 5μA 

and 10μA in the insulating region. However, above the transition temperature, close to the 

metallic phase, critical exponent differs significantly from the values found for the higher 

currents. From these comparisons, the current I=1μA seems to be too small to probe the 1/f noise 

properties for the high temperature region with low resistance in this sample, given the noise 
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floor of our spectrometer. Overall, the critical exponent, as expected, is independent of the probe 

current used to measure 1/f noise.  

 

6.11 Resistance noise anisotropy  

 In order to investigate the anisotropy in the electrical transport properties along the aR-axis 

and cR-axis of VO2, thin films of VO2 (100) and VO2 (110) were patterned in Hall bars along cR-

axis and perpendicular to this axis in the plane of the films. As explained in Chapter 5, the results 

of conductivity and Hall measurements along these different crystallographic orientations in 

these films confirm the anisotropic behavior of charge transport in VO2, which also has been 

reported by other groups [72], [73]. In addition to the mean transport properties such as 

conductivity, charge carrier and mobility, here we investigated and report the transport 

anisotropy in the microscopic scales of VO2 through 1/f noise analysis for the first time. The 

anisotropy in the critical exponent in these systems are another fascinating results, mainly 

because these values are universal and do not depend on the details of the system. This means the 

anisotropy of charge transport in VO2 is intrinsic and not due to cracks or defects in the material, 

as suggested for the anisotropy of conductance in VO2 films [73].  

 Fig. 6.18 and Fig. 6.19 show the results of 1/f noise analysis for Hall bars of VO2 along aR-

axis and cR-axis, biased by DC current I=1μA, respectively. As shown for the anisotropic 

conductivity of VO2 in Chapter 5, the transition temperature and the conductivity in the metallic 

phase are different along aR-axis and cR-axis. Temperature dependent noise factor K and 

frequency exponent α and total noise power N for these samples act differently along the two 

crystallographic axes. Along aR-axis, K increases uniformly by temperature during IMT in a 

similar manner for thin films of VO2 (001) and VO2 (100). In contrast, along the cR-axis K shows  
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Figure 6.18: Results of 1/f noise analysis along the aR-axis of VO2(100) thin film (t~140nm) on 
TiO2(100) substrate as a function of temperature, probed by DC current I=1μA 
during heating and cooling cycles. (a) Resistance R(T) and dln(R)/dT for defining 
the transition temperatures (b) Noise factor K (c) frequency exponent α and (d) 
total noise power N are shown as a function of temperature. The value dln(R )/dT 
is shown in each sub-figure to show the transition temperature during heating and 
cooling cycles. 

 

a maximum at the transition temperature, as expected from the percolation models and which has 

not been observed for thin films, previously. The same pattern exists for total noise power, where 

N shows a maximum at the transition temperature along cR-axis while this value changes 

uniformly across the transition temperature along aR-axis. Similar trends in behavior of K and N 

to 1/RD along aR-axis suggest that the increase in the fraction of the highly noisy metallic phase is 

responsible for noise trend. However, strong thermal fluctuations (T-noise) along cR-axis seem to 

control the low-frequency noise amplitude.  
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Figure 6.19: Results of 1/f noise analysis along the cR-axis of VO2 (100) thin film (t~140nm) on 
TiO2(100) substrate as a function of temperature, probed by DC current I=1μA 
during heating and cooling cycles. (a) Resistance R(T) and dln(R)/dT for defining 
the transition temperatures (b) Noise factor K (c) frequency exponent α and (d) 
total noise power N are shown as a function of temperature. The value dln(R )/dT 
is shown in each sub-figure to show the transition temperature during heating and 
cooling cycles.  

  

On the other hand, α also shows more fluctuations along the cR-axis in compared to the aR-axis, 

which is indicative of more complex energy distributions in the system along cR-axis. By 

comparing these results with the Hall measurement results, more conclusions can be drawn for 

the mechanisms during the transition. First, as found from the Hall measurements, the carrier 

concentration along the transition changes significantly, which overshadows the effects of 

percolation on the resistance noise around the transition in thin films. 
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Figure 6.20: Current dependency of noise factor K and frequency exponent α during both 
heating and cooling cycles along aR-axis of VO2(100) films. Both K and α have are 
independent of the applied current.   

 

However, the major changes along the cR-axis, such as the crystal structural folding and V-V 

cation dimerization, create more intricate potentials and energy distributions for charge carriers. 

Thermal fluctuations and distributions in the system seem to control the charge transport along 

this axis close to the phase transition, which results in a peak in the 1/f noise power. Second, 

these results are indicative of anisotropic pattern of charge transport along different 

crystallographic axes in VO2. The anisotropic pattern for formation of metallic domains, which is 

more favored perpendicular to cR-axis, is been reported by Liu, et al. [27] from optical (sSNOM) 
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Figure 6.21: Current dependency of noise factor K and frequency exponent α during both 
heating and cooling cycles along cR-axis of VO2(100) films. Both K and α have are 
independent of the applied current, specifically before the metallic phase is 
complete (low R region). 

 

investigations of VO2 (110) thin films. Therefore, prior to the MIT the charge carriers path 

consists of alternative metallic and insulting regions along the cR-axis (series RC circuit). 

Perpendicular to cR-axis, this path is more of the metallic nature. Therefore, the charge transport 

in VO2 is anisotropic and depends on the crystallographic orientation.   

  1/f noise measurements and analysis using different probe current shows the reproducibility 

of our results and also the independence of the 1/f noise from the probe current, as shown in Fig. 

9.20 and Fig. 6.21. The deviation of noise level for I=0.1μA in compare to higher currents 
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I=0.5μA and I=1μA in the metallic phase in Fig. 6. 19 shows this current is not large enough to 

measure 1/f noise in the metallic phase with lower resistance, as explained for other samples 

earlier.  

 

6.12 Anisotropic critical exponents  

 Results of the critical exponent analysis for the scaling between the normalized resistance 

noise and the resistance of the VO2 film along aR and cR axis is shown in Fig. 6.22. Staring from 

the insulating phase to the onset of the transition, along these two crystallographic axes during 

both heating and cooling, the critical exponents are close to the value of x=2.7 predicted by p-

noise model in 3D [105], [100]. Therefore, in the low temperature region, when the metallic 

phase is percolating in the insulating matrix, these results are consistent with the results for the 

thinner VO2 (001) and VO2 (100) film, which can be considered 2D system in compare to the 

patterned sample, which is thicker (t~140nm) and smaller in the lateral dimensions and thus can 

be considered as a 3D system. Also, the critical exponent and the noise factor following 1/R(T) 

in VO2 is similar to the findings for the superconducting transition in high Tc superconductors 

report by D.C.Kiss, et al. [105], which might hint the similarity in the origin of the transition in 

these systems. After the onset of the transition and before the transition temperature, the critical 

exponents of both crystallographic orientations are similar and in the limits for the discrete 

random networks in the classical percolation model, as seen for the thin films of VO2 (001) and 

VO2 (100). The fascinating difference is the after the transition temperature where the critical 

exponent along the cR-axis shows positive value around x=+1 predicted by p-noise model in 3D 

for percolating bad conductor elements in a good conductor host. This is in contrast to the critical 

exponents along aR-axis after the transition, which are close to value x=-2.7 as for the insulating 

phase in either cases. 
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Figure 6.22: Critical exponents of TiO2 (100)/VO2 thin film for heating and cooling cycles 
along aR (a), (b) and cR-axis (c) and (d). The difference between the critical 
exponents along these two difference crystallographic axes shows the anisotropy 
of the transition mechanisms along different orientations.    

 

 The current dependence analyses, as shown in Fig. 6.23, confirmed the observed behavior 

found using probe current I=1μA, showing the anisotropic nature of transition along the two 

difference crystallographic orientations. Similar scaling exponent x along aR and cR axes, prior to 

the transition onset, suggests the same origin for the 1/f noise. At this stage, the noise is 

controlled by the fraction of noisy metallic phase, which increases as the system approaches Tc. 

Thus, it causes the uniform increase in the noise factor K and noise power N before the 

transition. After the transition, these exponents differ significantly along the aR and cR axes, 

suggesting the different mechanisms of charge transport are controlling the low-frequency noise.  
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Figure 6. 23: Current-dependency analysis of the critical exponents for TiO2 (100)/VO2 thin 
film during both heating and cooling cycles along aR (a),(b) and cR-axis (c) and 
(d), shows the independence of the results  from the probe currents. The anisotropy 
of the critical exponents is evident from these results.   

 

 To summarize, the measurement method, analysis and experimental results of low-

frequency noise spectroscopy, a powerful technique for investigation of the dynamics of the 

electronic processes, in the vicinity of the metal-insulator transition in thin films of VO2 (100), 

(110) and (001) were presented, in this chapter. According to our findings for temperature-

dependence of 1/f noise in these thin films, noise factor K, and subsequently  noise power N 

increases with temperature, during the transition from the insulating to metallic phase and follow 

1/RD(T), where RD is the resistance of the sample. This type of temperature-dependent trend is 
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consistent with the predictions from Local Interference (LI) model [87], where the resistance 

noise originates from the electronic scattering in the local potentials of moving defects. Another 

conclusion of the behavior of noise factor and noise power is that the metallic VO2 is an 

extremely noisy material. It has been experimentally proven that high temperature VO2 is a bad 

metal [83]. The predicted divergence (peak) at the percolation threshold (from the classical 

percolation  model) was not observed at the MIT. This shows the incomplete picture of classical 

percolation model in describing the charge transport and noise behavior of VO2. Distribution of 

activation energies from DDH [84] model showed the presence of energy distributions, which 

weakly resemble the percolating fluctuating entities in the VO2 thin films. Deep in the metallic 

state, the energy distribution of fluctuations can detect the evidence of oxygen electromigration 

at the high temperature regimes in VO2.  

 Scaling factor between the noise and the resistance in these systems, called the critical 

exponents, during different stages of the transition provide valuable information on the type of 

mechanism governing the electron transport and dynamics of the fluctuations. This type of 

investigations in the neighborhood of metal-insulator transition shows the significant change in 

the electronic transport mechanism before and after the transition in VO2. For the thin films of 

VO2, p-noise model in 2D [100] seems to be the main mechanism before the transition in the 

insulating phase. After the transition, the critical exponents are close to the predictions from the 

classical percolation model. For the thicker films, the same p-noise models in 3D can describe 

the behavior of the system. Results of our probe current dependence of 1/f noise prove the 

validity of our results and strengthen our arguments on the type of models and mechanisms 

governing the metal-insulator transition in VO2. In conclusion, the classical percolation model 

despite being successful in describing the noise behavior in high temperature superconducting 
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cuprates and some perovskite manganites, as discussed earlier, fails in explaining the low-

frequency noise behavior in VO2. This model is more suitable for describing the second-order 

phase transitions, while VO2 goes through a first-order phase transition. On the other hand, p-

noise model seem to fit the picture in the insulating phase before the MIT. In this stage, the 

increasing fraction of the metallic phase creates the fragile current path, which can randomly be 

switched on and off. These random switching events result in the noise, which fit the p-noise 

model in VO2.  These analyses showed the presence of metallic domains deep in the insulating 

phase and the noisy character of the metallic phase as a bad metal, which is clear during the 

transition and deep in the metallic phase. However, the microscopic origins and electronic 

dynamics closer to the phase transition are not clear from these analyses.   

 Finally, the anisotropy in the dynamics of fluctuating entities and electronics processes 

along different crystallographic orientations in VO2 is proved, using the noise spectroscopy 

results. Different trend in noise factor K and the significant difference between the values for 

critical exponent along different crystallographic axes are the evidences of this anisotropy, which 

were discussed in details in this chapter. The significance of these results is in the independence 

of the critical exponent from the details and properties of the system, which eliminates the 

material defects and cracks as the possible sources of the anisotropy. Therefore, the anisotropy, 

observed in resistance noise, conductivity and charge carrier density is an intrinsic property of 

VO2, possibly from different pattern of electronic states hybridization along aR and cR axes.  

The outlook of the part I of this dissertation and the possible experimental and analytical 

approaches toward more understanding the dynamics of electrical transport of VO2 in the 

vicinity of metal-insulator transition is described in Chapter 10.  
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PART II 

 

 NOVEL HALF-METALLIC HEUSLER COMPOUNDS  
AND 

 THE EMERGING NEW PHASES  
 

 

 

 

 

 

 

“To understand the actual world as it is, not as we should wish it to be, is the beginning of 

wisdom.” 

Bertrand Russell 
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CHAPTER 7 

INTRODUCTION TO HALF-METALLIC HEUSLER COMPOUNDS 

 

Abstract  

 In this chapter, we will introduce the half-metallic Heusler compounds, their properties and 

applications with a focus on the properties and applications related to the field of spintronics. 

Heusler compounds comprise more than 1500 compounds with versatile electronic, magnetic, 

and mechanical properties and multifunctionalities, which make them appealing for research and 

technology in various areas, such as in spintronics, magneto-calorics, magneto-optical, and 

magneto-structural fields. The crystal structure and atomic order of full-Heusler, half-Heusler, 

inverse-Heusler, quaternary-Heuslers, as the key elements in determining the properties of this 

class of materials, alongside their experimental realization methods will be explained here. 

Magnetic properties of this class of half-metallic materials, based on the Slater-(Koster)-Pauling 

rule, and the origin of half-metallicity in these compounds will be discussed. Theoretical 

approaches based on Density functional theory (DFT) for investigating the Heusler compounds, 

the results of these computations and the literature survey which led to finding new potential 

candidates for half-metallic Heusler compounds are presented in this chapter.  
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7.1 Introduction to Heusler compounds  

 In 1903 Fritz Heusler discovered that the Cu2MnAl alloy has a strong ferromagnetic 

character, despite the nonmagnetic nature of its constituent elements [106]. As a result, a new 

class of intermetallic compounds, called Heusler compounds with Cu2MnAl as their prototype, 

was discovered. Chemical ordering and magnetic properties of Heusler compounds (containing 

Co and Mn) were explained by P.J.Webster in 1971 [107]. Later, in 1983, de Groot et al. [108] 

and Kübler et al. [109] predicted the half-metallicity in half-Heusler MnNiSb and full-Heusler 

Co2MnSi compounds. Since then, this group of materials has attracted a lot of attention, 

especially in the Spintronics research community. Heusler compounds are categorized, based on 

their crystal structure and the number of their constituents elements, into four main groups: Full 

Heusler, Half-Heusler, Inverse-Heusler, and Quaternary-Heusler.  

 Full-Heusler compounds have the composition 2:1:1 with chemical formula X2YZ, where X 

and Y are transition metals and Z is from the main group (III and IV) elements. Fig. 7.1 shows the 

possible elements which can build up these compounds. There are more than 1500 of possible 

compounds in this category. Full-Heusler compounds are made of four interpenetrating fcc unit 

cells [110], with two magnetic sublattices, and are formed in L21 crystal structure (space group 

𝐹𝑚3�𝑚, no. 225), as shown in Fig.7.2(a). The nomenclature of this class of materials, according 

to IUPAC [111], is mainly based on the electronegativity of the elements in the compound. For 

full-Heuslers, the metal which is repeated in the structure (X2) sits at the beginning of the 

formula and the electronegative element (Z) is at the end of the chemical formula, i.e. X2YZ. 

Though, this might vary to YX2Z, if the electropositivity of Y is strongly more than X. Y and Z 

occupy the octahedral positions, while X elements fill the tetrahedral positions in the crystal 

structure of these compounds.  
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Figure 7.1: Period table showing a vast variety of candidates for Heusler compounds including 
full-Heusler X2YZ, half-Heusler XYZ, and inverse-Heusler YX2Z (after [110]). 

 

 Half-Heusler compounds with the stoichiometry 1:1:1 have a chemical formula of XYZ and 

MgCuSb as their prototype [112], [113]. They are made of three interpenetrating fcc unit cells, 

with one magnetic sublattice, and crystal structure of C1b (space group 𝐹4�3𝑚, no.216), as shown 

in Fig 7.2(b). Y is the most electropositive element, X is the second electropositive element and Z 

is electronegative. Y elements are mainly transition metals, but in some compounds are from rare 

earth or alkali metal elements. Types of chemical bonds, based on the position of elements in the 

crystal structure and their relative electronegativity, are defining factors in properties of these 

materials. X and Z have ionic bonds and are of rock salt-type, while Y and Z bonds are covalent 

and of zinc blende-type.  
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Figure 7.2: Crystal structures of the (a) full-Heusler (b) half-Heusler (c) inverse-Heusler.  
 

 For inverse-Heuslers, with chemical formula XY2Z and the prototype CuHg2Ti, the atomic 

number of Y is higher than X and they form in Xa crystal structure (space group 𝐹4�3𝑚 , no. 216), 

Fig. 7.2 (c). For quaternary- Heusler compounds, X2 is replaced by XX ', with chemical formula 

XYX'Z and prototype LiMgPdSn. The crystal structure of this group of Heuslers is Y (space group 

𝐹4�3𝑚, no.216). As mentioned earlier, there are more than 1500 Heusler compounds with a vast 

variety of properties and functionalities, e.g. half-metallicity, superconductivity and topological 

insulators [114].  

 The properties of Heusler compounds depend on the total number of their valence electrons, 

thus engineering new types of materials with multiple functionalities is also feasible by 

manipulating the chemical composition of these compounds. For example, tuning their band gap 

from E~0 to 4eV makes them suitable in many applications including solar cell and 

thermoelectric industries [115]. Thus, these classes of materials have attracted a lot of attention 

in spintronics [110], [116] , magneto-optics, [117], magnetocalorics [118], magnetostructural 

[119] research fields over the past recent decades. This large family of materials have tendency 

to form half-metals with 100% spin-polarization, which will be explained later in this chapter.  

In addition to half-metallicity and high spin polarization, other main properties of Heusler 

compounds, which are appealing to spintronics (magnetoelectronics) are: high spin-torque 
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efficiency at operation temperatures; high TMR at operation temperatures; strong exchange 

coupling and high Curie temperature; low Gilbert damping; high perpendicular to plane magnetic 

anisotropy; low magnetic moment for ferromagnetic or compensated ferrimagnets for spin 

transfer torques applications; and many more. Comprehensive reviews of properties and 

applications of Heusler compounds can be found in [116], [110].  

 

7.2 Crystal Structure and atomic order  

 Crystal structures of main categories of Heusler compounds are shown in Fig 7.2. Properties 

of these compounds depend not only on the crystal structure, but on the atomic and chemical 

ordering of the elements in the structure. In full-Heusler compounds (X2YZ) with crystal structure 

L21, (space group 𝐹𝑚3�𝑚, no. 225), the wyckoff position of X elements is 8c ( ¼ , ¼ , ¼ ), while 

the Y and Z positions are 4a (0, 0, 0) and 4b( ½ , ½ , ½ ), respectively. Their crystal structure is 

made of four interpenetrating fcc unit cells, with two magnetic sublattices, where Y and Z bonds 

are ionic and of NaCl-type and X and Z have covalent bonds of ZnS-type.  For half-Heusler 

compounds (XYZ), the wyckoff position of X, Y, and Z elements are: 4a (0, 0, 0), 4b ( ½ , ½ , ½ ), 

and 4c ( ¼ , ¼ , ¼), respectively. The crystal structure is C1b (space group 𝐹4�3𝑚, no.216), and it 

is made of three interpenetrating fcc unit cells, with only one magnetic sublattice.  For inverse-

Heuslers (XY2Z), with crystal structure Xa (space group 𝐹4�3𝑚, no.216), X have wyckoff 

positions 4a (0, 0, 0) and 4d ( ¾ , ¾, ¾), while Y and Z are sitting on 4b ( ½ , ½ , ½ ) and 4c (¼ , 

¼ , ¼), respectively. Their crystal structure is made of four fcc sublattice, similar to the case of 

full-Heuslers. Quaternary Heuslers have crystal structure XY X'Z (space group 𝐹4�3𝑚, no.216), 

where X and X' occupy wyckoff positions  4a  (¼ , ¼ , ¼) and 4d ( ¾ , ¾, ¾)  and Y and Z are at 

4b (0, 0, 0)  and 4c( ½ , ½ , ½ ), respectively.  
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 7.2.1 Atomic order-disorder  

 Electronic structure and consequently the properties of Heusler compounds, including their 

half-metallicity and spin polarization, are sensitive functions of atomic order of elements in their 

crystal structure. As an example, electronics band structure studies for TiNiSn have shown that a 

small increase in the degree of antisite disorder results in a significant decrease in the band gap, 

and 50%  disorder of  CaF2-type closes the band gap completely and terminates the half-

metallicity for this material [110]. Thus, understanding the possible types of atomic disorder, 

their experimental realizations, and the effect of the atomic disorder on the properties of these 

materials are crucial for controlling their properties. 

  Intermixing of Y and Z elements in full-Heusler compounds results in a CsCl-type structure, 

known as B2 (space group 𝑃𝑚3�𝑚  no. 221), as shown in Fig. 7.3. For complete intermixing of 

X, Y and Z elements, crystal structure will be of W(tungsten)-type (bcc) or so called A2 (space 

group 𝐼𝑚3�𝑚 no. 229), see Fig. 7.3. Partial antisite disorders result in several different crystal I 

structures and Table 7.1 shows a summary of these types of disordered structures, along with 

their crystal structure and space group.  

 

Figure 7.3: Effect of complete disorder on the crystal structure of full-Heusler compounds 
(L21). For Y=Z, the L21 structure changes to B2 and for X=Y=Z, the L21 structure 
changes to A2 crystal structure.   
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Table 7.1: Site occupancy, general formula and crystal structure of atomically disordered full-
Heusler compounds. Crystal structures are reported according to notations from Crystal Structure 
Database (ICSD), the Strukturberichte (SB), alongside the space groups after [110]. 
 
Formula  Strukturberichte  Prototype  Space group No.  

XXʹYZ  Y  LiMgPdSn  F4̅3m  216  

X2YZ  L21 Cu2MnAl  Fm3m̅  225  

XXʹ2Z  X  CuHg2Ti  F4̅3m 216  

X3Z  DO3  BiF3  Fm3m̅ 225  

X2Y2  B2  CsCl  Pm3m̅ 221  

X2Xʹ2  B32a  NaTl  Fd3m̅ 227  

X4  A2  W  Im3m̅ 229  

 

 In the case of half-Heusler compounds, covalent bonds in the structure are very strong, 

therefore the disordered structures rarely happen for these compounds. However, knowing 

different types of disorder in this structure is important, as well. Table 7.2 lists several types of 

possible disordered crystal structures for half-Heusler compounds.  

 
Table 7.2: Site occupancy, general formula and crystal structure of atomically disordered half-
Heusler compounds. Crystal structures are reported according to notations from Crystal Structure 
Database (ICSD), the Strukturberichte (SB), the Pearson database, alongside the space groups 
after [110].   
 

Formula  Strukturberichte  Prototype  Space group No.  

XYZ  C1b  LiAlSi / MgAgAs  F4̅3m  216  

XZ2  C1  CaF2  Fm3m̅ 225  

X2YZ  L21  Cu2MnAl  Fm3m̅ 225  

XZ  B2  CsCl  Pm3m̅ 221  

YZ  B32a  NaTl  Fd3m̅ 227  

X  A2  W  Im3m̅ 229  
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 7.2.2 Experimental determination of atomic order in the crystal structures 

 As discussed earlier, understanding the crystal structure and degree of atomic order in 

Heusler compounds are crucial, since the properties of these materials, such as half-metallicity, 

are very sensitive to the electronic structure and atomic ordering. The most common and 

accessible method is the standard X-ray powder diffraction technique, which is directly related to 

the crystal structure and chemical ordering of materials. However, this technique occasionally 

fails to distinguish the completely ordered full-Heuslers from the disordered structures. This can 

happen for compounds with the constituent elements which have very similar atomic scattering 

factors. The intermixing of elements is difficult to detect by XRD method in this type of systems.   

 Moreover, in some cases the (XRD) structure factor for (111) and (200) reflections, f111 and 

f200 are less than a few percent of the strongest peaks in the structure (typically (220) for full-

Heuslers).  This results in very small intensity of these peaks, which are the signatures of L21 and 

B2 ordering, respectively. Table 7.3 lists the structure factors for ordered and disordered full-

Heusler compounds. Fig. 7.4 shows the XRD patterns of disordered systems of Co2TiSb using a 

Cu Kα source, simulated by CaRine software.  

 
 
Table 7.3: Structure factors for completely ordered L21 and disordered A2 and B2-type full-
Heuslers. 
 

Crystal 
Structure a b c d f111 f200 

L21 Z Y X X fY - fZ fY  + fZ - 2fX 

B2 B B X X 0 2(fB – fX) 

A2 A A A A 0 0 
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Figure 7. 4: X-ray diffraction pattern of ordered and disordered full-Heusler Co2TiSb using a Cu 

Kα source.   
 
 

 Some of the important and more efficient techniques in determining the crystal structure and 

the degree of chemical disordering in Heusler compounds are: Extended X-ray absorption fine 

structure (EXAFS) [120], spin echo nuclear magnetic resonance [121], Mössbauer spectroscopy 

[122], and anomalous X-ray studies with synchrotron source [123]. During our investigations of 

Heusler compounds in this dissertation, the standard X-ray powder diffraction method is used in 

order to determine the structure of the synthesized compounds in our lab. To simulate the 

expected XRD pattern for different Heusler compounds the CaRine crystallography 4.0 software 

and the Crystal impact Match! software were used. In order to confirm the predicted crystal 

structure of the materials, the Rietveld refinements were done by the Crystal impact Match! 

software using FullProf algorithm [124]. These experimental and analytical techniques and our 

related findings will be presented in Chapter 8 and 9 of this dissertation.  
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7.3 Magnetic properties of Heusler compounds  

 Prediction of half-metallicity in half-Heusler MnNiSb by deGroot [108] and full-Heusler 

Co2MnSi [109] by Kübler in 1983, initiated a new era in investigating the magnetic properties of 

Heusler compounds. Williams et al. [125] in 1983, and Kübler [126] in 1984 introduced the 

concept of the Generalized Slater-Pauling rule, according to which the net magnetic moment of 

Heusler compounds can be predicted just by the total number of valence electron in the 

compound. According to the Slater- Pauling rule [127], [128] the magnetic moment (m) of 3d 

transition metals and their binary alloys is a linear function of their number of valence electrons 

(Nv). Fig. 7.5 shows the graph known as Slater-Pauling curve, with the right hand side 

representing the materials with (Nv≥8)  and fcc or hcp structures and itinerant magnetism, and the 

left hand side (Nv ≤8) and bcc structure with localized magnetism. For an atom with a number of 

valence electrons Nv, and with a number of majority spin-up (n↑) and minority spin-down (n↓), 

the magnetic moment m can be written as:  

 

Figure 7. 5: Slater-Pauling curve for 3d transition metals, their binary and ternary alloys, 
including Heusler compounds, after [129] with permission. 
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𝑚 = 𝑛↑ − 𝑛↓ (7.1) 

Where m has units of Bohr magneton (μB) and 𝑁𝑣 = 𝑛↑ + 𝑛↓ therefore:  

 
𝑚 = 𝑁𝑣 − 2𝑛↓ (7.2) 

The minority spin channel of half-metallic alloys including Heusler compounds has exactly n↓=3, 

electrons, thus the magnetic moment per atom for these materials is:  

 
𝑚 = 𝑁𝑣 − 6 (7.3) 

As shown in Fig. 7.5, Heusler compounds having the bcc-driven crystal structures (L21 and C1b), 

are on the left hand side of the Slater-Pauling curve, for which the magnetic moment of the 

compounds increases with increasing the number of valence electrons. 

Jung et al. [130] in 2000 and Galanakis et al. [131] in 2002 formulated the relationship between 

the magnetic moment m and Nv in half-Heusler and full-Heusler compounds, as follows:  

Half-Heusler: 𝑚 = 𝑁𝑣 − 18 (7.4) 

Full-Heusler: 𝑚 = 𝑁𝑣 − 24 (7.5) 

For these compounds, magnetic moment m is expressed in units of Bohr magneton per unit 

formula (μB/f.u.) of the compound. The total number of electrons Nv is the sum of s and d 

electrons in X and Y elements plus the sum of s and p electrons in the Z element. As mentioned 

earlier, half-Heusler compounds are made of three interpenetrating fcc unit cells and have one 

magnetic sublattice, while full-Heuslers are made of four interpenetrating fcc unit cells with two 

magnetic sublattices, as marked in Fig. 7.6.  
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Figure 7. 6: Magnetic sublattices of (a) half-Heusler and (b) full-Heusler compounds. The arrows 
mark the moment direction of the magnetic elements in these structures. 

  
 

Therefore, Eq. (7.4) and (7.5) are directly derived from Eq. (7.3) with 3 and 4 unit cells per 

formula unit for half-Heuslers and full-Heuslers, respectively. The Slater-Pauling rule is proved 

to be valid for quaternary Heuslers, as well [132]. 

 Half-Heuslers with the X element as either Mn or a rare earth element as are found to be the 

only magnetic half-Heuslers [133]. On the other hand, full-Heuslers have versatile magnetic 

properties, including ferromagnetic, ferromagnetic and half-metallic characteristics [131]. Co-

based full-Heuslers are the best example of the Heusler compounds which follow the linear trend 

of the Slater-Pauling rule, where Ni and Fe-based compounds do not strictly follow the Slater-

Pauling curve. As shown in Fig. 7.7, the Curie temperature of these materials follows almost a 

linear trend, similar to their magnetic moment. The highest magnetic moment among the known 

Heusler compounds belongs to Co2FeSi with m =5.97 μB/f.u. at T=5K and with a very high Curie 

temperature of Tc~1100K [134]. Half-metallicity is mainly conserved at very low temperatures 

and in the absence of spin-orbit coupling and it is typically terminated at the surface and 

interface of the materials [135].  
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Figure 7.7:(a)Magnetic moment and (b) Curie temperature of full-Heusler compounds as 
function of total number of valence electrons in their formula unit. Co-based 
Heusler compounds follow the Slater-Pauling trend, after [110] with permission.   

 

7.4 Half-metallicity and spin-polarization  

 Half-metallicity occurs when one spin channel (e.g. spin majority/up) behaves as a metal 

with no energy band gap in the density of states (DOS) at the Fermi level (Ef), while the DOS of 

the opposite spin channel (spin minority/down) has a band gap around the Fermi level and acts as 

an insulator, as shown in Fig.7. 8(d). The presence of spin imbalance in the DOS results in a 

100% spin-polarization, where the spin polarization P at Ef  for the system is defined as:  

 
𝑃 =

𝜌↑�𝐸𝑓� − 𝜌↓�𝐸𝑓�
𝜌↑�𝐸𝑓� + 𝜌↓�𝐸𝑓�

 (7.6) 

 Here 𝜌↑�𝐸𝑓� is the DOS of majority spin channel at Ef and 𝜌↓�𝐸𝑓� is the DOS of the minority 

spin channel in the system.  

The high spin-polarization of this class of materials makes them suitable for applications in 

spintronics, such as spin injection devices [136], [137], spin filters [138], spin valves, giant 

magentoresistance (GMR) [139], etc. 
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Figure 7. 8: Schematic diagrams of (a) the density states (DOS) of spin resolved nonmagnetic 
metals, (b) the DOS of ferromagnetic (c) half-metallic ferromagnets, and (d) a 
compensated half-metallic ferrimagnets. 

 

 Half-metallicity has various origins in different half-metallic systems of materials. Fang, et 

al. [140] have categorized half-metallic materials in three groups, based on origin of their half-

metallicity: (i) Covalent band gaps, such as in Heusler compounds and the group III-V diluted 

magnetic semiconductors, where the type of crystal structure and chemical bonds result in half-

metallic behavior; (ii) Charge-transfer band gaps, such as CrO2, where the interaction of itinerant 

s and p electrons with the localized d electrons of the transition metal is the reason for half-

metallicity; (iii) Materials with a d–d band gap, such as Fe3O4 and Mn2Val. It is worth 

mentioning that most of the half-metallic compounds contain d transition metals [141].  

Nearest neighbor interactions and next-nearest neighbor interaction are the source of half-

metallicity in Heusler compounds. Therefore, the crystal structure and the atomic order are 

crucial in preserving the half-metallicity in this group of materials. Prediction of half-metallicity 
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in Heusler compounds is possible by first-principles studies based on the density functional 

theory (DFT) calculations, which will be explained in the next section. Experimental realization 

of half-metallicity is possible through techniques, such as point contact Andreev reflection 

(PCAR), positron-annihilation studies [142], Infrared absorption [138], spin polarized tunneling 

[143] ,etc.  

 

7.5 Theoretical predictions of new half-metallic Heuslers  

 In order to find new candidates for potential half-metallic Heusler compounds, theoretical 

calculations based on the density functional theory (DFT), as implemented in the Vienna ab-

initio Simulation Package (VASP) was used to investigate the electronic and magnetic structure 

of this class of materials. VASP uses a plane wave basis set and projector-augmented wave 

(PAW) based pseudo-potentials. The Perdew-Burke-Ernzerhof (PBE) version of the generalized 

gradient approximation (GGA) of the exchange correlation functional in the DFT was used for 

these calculations. For the first step, the conjugate-gradient algorithm with a high kinetic energy 

cut-off at E~520eV without any constraint on the shape and volume was used to relax the super 

lattices in the assigned crystal structures. The high energy cut-off is used to ensure that the 

minimum energy, at which the atomic forces have vanished, is reached. This is a stability check 

for the assigned crystal structure.  To find the charge distribution of the ground state, the Kohn-

Sham equations, using integration over 9×9×9 Monkhorst-Pack grid of Brillouin zone, in 

absence of spin-orbit interaction, were solved.  

 These computations were performed for 180 full-Heusler, 378 half-Heusler and 405 inverse-

Heusler compounds in order to find out the following properties: minimum energy lattice 

constant; stability of Heusler phase versus tetragonal distortions; electronic structure, the density 
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of states (DOS), and the bands along the symmetry lines; magnetic Structure, total moment, and 

individual atomic moments; the DOS band gap and the Fermi level position in the band gaps; 

spin polarization and half-metallicity possibility; formation energy for stability of Heusler phase. 

Formation energy calculation is used as a test for stability of Heusler compound versus its 

constituent elements. This average formation energy (or heat of formation) per atoms of the 

Heusler structure is defined as the difference between the energy of the compounds as a whole, 

and the energy of each element participating in the structure. For example, the formation energy 

𝐸𝑓𝑜𝑟𝑚/𝑎𝑡𝑜𝑚 for a full-Heusler compound X2YZ with four unit cells per formula unit is:  

 
𝐸𝑓𝑜𝑟𝑚/𝑎𝑡𝑜𝑚 =

1
4

[𝐸𝑋2𝑌𝑍 − 2𝐸𝑋 − 𝐸𝑌 − 𝐸𝑍] (7.7) 

Where EX, EY, and EZ are the energies of the elements in the structure. Stable compounds have a 

negative formation energy, as opposed to positive formation energy of unstable compounds. We 

should note that, according to thermodynamics, the Gibbs free energy (∆G) is the measure of 

stability and spontaneous reaction and what we calculate here as the formation energy is the 

enthalpy of formation (∆H) of the system, which is related to Free energy as following:  

 
∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (7.8) 

 Where T and S are the temperature and entropy of the system. Therefore, the formation energy 

calculations are not the final stability calculations, and are just an initial test for the possible 

stability of the Heusler phase. Also, these formation energies show the stability of the Heusler 

compound versus its constituent elements, while in practice other binary and ternary phases 

might be more stable and win the stability competition over the Heusler compounds. More 

details and analysis of formation energies of these Heusler compounds in different 
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crystallographic phases and different allotropies, based on Grand Canonical Linear 

Programming (GCLP) can be found in OQMD website [144] by C.Wolverton et al.  

 For full-Heusler compounds, the computations were done for 270 X2YZ compounds in L21 

phase (space group 𝐹𝑚3�𝑚, no. 225) with the wyckoff positions as mentioned in section 7.2. The 

investigations were done for elements X=Cr, Mn, Fe and Co; Y= Ti, V, Cr, Mn, and Fe; Z=Al, 

Ga, In, Si, Ge, Sn, P, As and Sb. As a result, 180 compounds showed half-metallicity, and only 

33 compounds were stable in L21 phase. After an extensive literature survey, five candidates for 

new stable half-metallic full-Heuslers were found, as listed in Table 7.4. None of these five 

candidates have been experimentally investigated or reported in the literature. The sources which 

were used for the literature survey are the following: Springer materials [145], The International 

center for diffraction data (ICDD) [146], The University of Alabama library [147], Open 

Quantum Materials Data Base (OQMD) [144]. The computation results and predictions for new 

candidates for full,  half-Heusler and inverse-Heusler compounds, done by DMREF team at the 

University of Alabama can be found at http://heusleralloys.mint.ua.edu. [148]. 

 

Table 7.4: New candidates for half-metallic full-Heusler compounds and their predicted 
properties from the density functional theory studies. Nv is the total number of valence 
electrons per formula unit of the compounds. 
 
Composition NV Crystal 

structure 
Lattice 
constant 
(Å) 

Tetragonality  
(c/a) 

Magnetic 
moment 
(μB) 

Saturation 
magnetization 
(emu/cc) 

DOS spin 
polarization 
at Fermi 
level (%) 

Gap 
width 
(eV) 

Formation 
energy 
(eV/atom) 

Fe2TiSb  25  L21  6.08  1  1.0017  165.331  99.31  0.285  -0.2135 

Fe2MnGe  27  L21 5.69  0.9998  3.0017  604.0722  97.77  0.372  -0.1016  

Co2CrGe  28  L21 5.73  0.9999  4  786.9644  100  0.302  -0.1055 

Mn2TiGe  22  L21 5.88  0.9989  1.9879  363.7761  94.7 0.324  -0.3059  

Mn2TiSi  22  L21 5.78 1  1.9954  384.41523  94  0.202  -0.4923 
  

  

http://heusleralloys.mint.ua.edu/
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To summarize, Heusler compounds, including full-Heusler, half-Heusler, inverse-Heusler, and 

quaternary Heuslers were introduced in this chapter, alongside their crystal structure, electronic 

and magnetic properties and their applications and with the focus on spintronics applications. 

The effect of the crystal structure and atomic order-disorder on the properties of these materials, 

mainly on their half-metallicity, and the experimental methods to investigate the crystal 

structures and atomic order were explained.  Half-metallic Heusler compounds mostly manage to 

have exactly three electrons in their minority spin channel (below the EF), thus, they follow the 

Slater-(Koster)-Pauling rule. Half-metallicity and high spin polarization, as well as the Slater-

Pauling trend in half-metallic Heusler introduces new possibility in engineering the half-metallic 

Heusler materials, based on desired applications. Adjustability of the lattice constants of 

Heuslers (by changing the composition), to the values close to the lattice constants of the 

substrates which are commonly used in semiconductor industry, is another advantage of these 

compounds for applications in magnetoelectronic technology. Low Gilbert damping (as the result 

of absence of spin-flip processes), strong exchange coupling, and the possibility of uniaxial 

magnetic anisotropy (for perpendicular media and GMR sensors) are some of the advantageous 

properties of these compounds. Experimental methods to fabricate and characterize new Heusler 

compounds are presented in Chapter 8. The results of experimental investigations of new 

candidates for half-metallic Heuslers and the discovery of the emerged new phases of the 

materials during our investigations will be presented in Chapter 9.  
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CHAPTER 8 

EXPERIMENTAL TECHNIQUES FOR SYNTHESIS AND CHARACTERIZATION OF 
HESULER COMPOUNDS  

 

Abstract  

 In this chapter, experimental methods and their physical principles which were used during 

our investigations to study the Heusler compounds will be presented. New Heusler compounds 

were prepared by the arc-melting method, and post thermal treatments. These samples were 

mounted, ground, polished and chemically etched in order to be prepare for the metallography 

analysis. Their compositional and microstructural properties were studied by optical and electron 

microscopy, and the energy-dispersive X-ray spectroscopy (EDS) analysis. The standard X-ray 

powder diffraction (XRD) technique, in addition to the simulation and analysis of their crystal 

structure, was used to determine their crystal structure and atomic order. This is to ensure that the 

prepared materials were formed in the aimed Heusler phase. Magnetic characterization 

techniques were used to find out the ground state magnetic moment, and to study the field and 

temperature-dependent properties of these systems. Transport measurements were used to test 

the amount of impurity, atomic disorder, and the possibility of half-metallicity in the prepared 

materials.  

 

8.1 Introduction  

 As explained in the previous chapter, extensive computations and a literature survey were 

performed in order to find new candidates for Heusler compounds with half-metallic property, by 

the DMREF team at the University of Alabama [148]. As a result, five full-Heusler compounds 
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were found to be candidates for new stable half-metallic full-Heusler compounds: Fe2TiSb, 

Fe2MnGe, Fe2CrGe, Co2CrGe, Mn2TiSi, and Mn2TiGe. The predicted properties of these 

compounds are listed in Table 7.4, in Chapter 7.  

 For experimental investigations of these new systems, their polycrystalline ingots were 

prepared using repeated arc-melting of their constituent elements in an ultrahigh purity (99.99%) 

argon atmosphere with a pressure of ~0.02Pa. To ensure the proper mixing of the elements, the 

stoichiometry of the sample, and the type of microstructure, scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDS), and optical microscopy techniques were 

used. Prior to microstructural and compositional analysis, samples were mounted in black phenol 

mounts, using a Struers hot mounting press. Then, they were ground using Struers abrasive 

sheets and polished by diamond pastes to achieve smooth surface (<1μm), necessary for 

metallography analysis. In order to achieve the target Heusler phase, the samples went under 

several thermal treatments at various annealing temperatures, and for different dwell times. The 

standard X-ray powder diffraction (XRD) technique was used to investigate the crystal structure 

and atomic order of the samples. XRD patterns were simulated, using the CaRine 

crystallography 4.0 and the Crystal impact Match! software package, for the purpose of finding 

the crystal structure and chemical ordering of the samples under test. The Rietveld refinement 

was performed on the experimental XRD data, using the FullProf algorithm [124] embedded in 

the Crystal impact Match! software in order to confirm the crystal structure of the samples. 

Magnetic characterizations were performed in order to find out the magnetic moment in the low 

temperature regime (T~5K). It also allows us to study the temperature-dependence of the 

magnetization, and determine the type of magnetism, as well as the Curie temperature of the 

prepared specimens. Magnetic moments were tested against the Slater-Pauling rule and 
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predictions from the DFT calculations for half-metallic Heusler compounds. Electrical transport 

measurements were performed on these samples to measure the residual-resistivity ratios (RRR) 

as a test for the amount of impurities and atomic order in the crystal structure, and the possibility 

of half-metallicity being present in these compounds.  

 The fundamentals and physical backgrounds of these characterization techniques and their 

necessity in investigating the Heusler materials will be explained in this chapter. Our 

experimental findings for the new half-metallic Heuslers will be reported in Chapter 9.  

 

8.2 Synthesis and post thermal treatments  

 8.2.1 Sample synthesis: arc-melting  

 Polycrystalline ingots of candidate compounds were synthesized by the arc-melting 

technique under an Argon atmosphere using an Edmund Bühler compact arc melter MAM-1, as 

shown in Fig. 8.1. This technique uses a strong electric discharge between two electrodes, where 

one electrode is the stinger and the opposite electrode is the copper hearth and crucible, in order 

to melt the constituent elements. Prior to the melting step, a roughing pump followed by a 

turbomolecular pump removes the oxygen and other contaminants in the main melting chamber. 

Then, an ultrahigh purity (99.99%) Argon gas is injected into the melting chamber until it 

reaches the pressure of P~ 0.02Pa. During the melting procedure the crucible is constantly water 

cooled, using a water pump set at T~17˚C. A titanium ball is used as an oxygen getter, which is 

melted prior to each arc-melting round, to get rid of the oxygen left in the chamber and to avoid 

the oxidization of the samples. For volatile and fine powder constituent elements an extra 5% of 

http://www.edmund-buehler.de/index.php?lan=2&nav=9&sub=21
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Figure 8.1: Arc-melting unit (left), and inside the arc-melting chamber.  
 

the atomic ratio was added to the primary stoichiometry mixture of the element before the 

melting starts, to avoid the deficiency of the volatile elements in the final ingot. After each arc-

melting cycle, the sample ingot is turned over and the same procedure is repeated at least five to 

ten times in order to achieve the homogenized sample. The mixture of constituents and the final 

sample ingot are weighted in order to measure and control the mass loss during the melting 

procedure. Stoichiometry and homogeneity of the as-cast samples is examined using SEM and 

EDS analysis, which will be explained in section 8.4. Later, the crystal structure will be tested by 

XRD techniques. As-cast samples with correct stoichiometry 2:1:1 (for full-Heuslers) go under 

thermal treatment after this step to attain the targeted Heusler phase.  

 

 8.2. 2 Post thermal treatments  

 Diffusion processes play an important part in modifying the crystal structure and chemical 

ordering of alloys and compounds. Therefore, heat treatments were used to improve the 

crystalline quality and atomic order of the Heusler compounds, during our investigations. To 

avoid oxidizations and contaminating the samples during heat treatments, homogenized as-cast 
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samples (with the correct stoichiometry 2:1:1) were wrapped in tantalum strips and sealed in 

vacuumed quartz tubes prior to heat treatments. These thermal treatments were done using tube 

and box furnaces, under atmospheric pressure, and for various annealing temperatures and dwell 

times, as shown in Fig 8.2. At the end of each temperature cycle, samples were left in the 

furnaces to slowly cool down and reach room temperature. Occasionally, some samples were 

quenched in ice-water mixture, to check the effect of cooling rates on the properties of the 

materials. Thermal treatments were done for different cycles, mostly starting from the as-cast 

form, until they achieved the aimed Heusler phase.  

 

 

Figure 8.2: Tube and box furnaces used for thermal treatments of the samples.  
 

 8.2.3 Hot mounting and metallography  

 Annealed samples were mounted in a black phenol mount, using Struers hot mounting press, 

as shown in Fig.8.3. The mounted samples were prepared for metallography by grinding them 

using abrasive papers and diamond paste polishing to achieve a submicron surface roughness 

required for SEM/EDS analysis. Later, the samples were chemically etched using various 

etchants, including Marble, Kalling No2, Kroll, Nital, Adler, and Walner, depending on the type 

of their elemental constituents and reactions to these etchants. Choosing proper chemical etching 

methods is necessary for preparing the samples prior to investigating their microstructure. The 
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ASM handbook, volume 9 on metallography and microstructures [149] contains thorough 

discussions on the type of microstructures and how to choose the proper chemical etchants, as 

well as the ingredients of the chemical etchants for the interested reader.  

 

 

Figure 8.3: Hot mounting press (left) and grinding/polishing machines for metallography (right). 

 

8.3 Scanning electron microscopy  

 Electron microscopy methods can be used in compositional, microstructural, and 

topographical analysis of materials. Products of the interaction between incident electron beams 

(primary electrons) and the electrons in the electronic inner shells of materials, mainly at their 

surface (~ few microns deep from the surface) are used in scanning electron microscopy (SEM) 

imaging and analysis. These products include: secondary electrons, back-scattered electrons, and 

characteristic X-rays. Secondary electrons (SE) are inelastically scattered electrons, which are 

used for compositional analysis, as well as electron imaging. Back-scattered electrons (BS) are 

elastically scattered electrons with the intensity proportional to the atomic number of the 

elements in the sample and can be used in compositional contrast and microstructural analysis of 

the material, Fig. 8.4 (a).  

 A scanning electron microscope (SEM), as shown in Fig. 8.4(b), consists of electron guns 

and electromagnetic lenses, which are used as condenser and objective lenses of the electron 

beam. The electron gun (thermionic, Field emission, etc) produces the primary electron beam.  
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Figure 8.4: Scanning electron microscope (a) electron scattering mechanism from electronic 
shells in atoms, (b) schematic of scanning electron microscope, (c) tear-drop 
showing the interaction depth of scattering products in the specimen. 

 

Electromagnetic coils as the condenser and objective lens, with the help of apertures, control the 

spot size and the direction of the electron beam over the specimen under the test. The deflector 

coils in the electron columns provide the x and y scanning capability for the raster scanning 

fashion used in SEMs. Fig. 8.4(c) shows the interaction volume of the various scattering 

products in tear-drop shape, where the depth of the interaction in the sample depends of the type 

of interacting entities. For secondary electrons the depth is ~ 100nm, for back scattered-electrons 

~ 1μm, and for characteristic X-rays ~ 10μm. However, the depth also depends on the 

accelerating voltage of the electron gun and the type of materials under test. Controlling the 

incident beam spot size also controls the resolution and depth of field. In a typical SEM, the 

products of electron interaction with the material can be collected by a secondary electron 

detector, a back-scattered electron detector, a wavelength-dispersive X-ray(WD) detector, an 
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energy-dispersive X-ray detector (EDS), etc, for further compositional and topographical 

analysis. A JEOL 7000 FE scanning electron microscope with a Schottky type Field Emission 

(FE) gun, equipped with a secondary electron detector (SED), a back-scattered electron detector 

(BED), an electron back-scatter diffraction detector (EBSD), an energy-dispersive X-ray 

spectroscopy detector (EDS), a wavelength-dispersive X-ray spectroscopy detector (WDS), were 

used for our analysis, Fig. 8.5(a). The resolution of this SEM is ~1nm with adjustable spot size 

and accelerating voltage of 0 to 30kV with magnification of 25X to 1,000,000X. Using this 

SEM, electron images, EDS, and EBSD analysis of our samples were possible. Prior to this 

analysis, as explained in the previous section, samples need to be mounted in a conducting 

mount hold, and their surface should be ground and polished to a very smooth surface with 

submicrometer roughness.  

 

 

Figure 8.5: (a) JEOL FE 7000 scanning electron microscope (b) schematic diagram of energy-
dispersive X-ray spectroscopy (EDS) (c) EDS spectrum for a Fe2MnGe sample.  

 



 

127 
 

 8.3.1 Energy-dispersive X-ray spectroscopy (EDS)  

 Energy-dispersive X-ray spectroscopy is a technique for composition analysis of materials, 

which uses the characteristic X-rays of the elements to determine the composition of the 

specimen under test. As shown in Fig. 8.5(b), following the interaction of the incident primary 

electron beam with an inner shell electron (e.g. in K shell), the excited electron leaves a hole in 

the inner shell. An electron from the upper shell (e.g. L shell) with higher energy fills the hole in 

the inner shell and as a result X-rays with energy proportional to the energy difference of the 

upper and lower shell will be emitted. The emitted X-ray is a characteristic of the element and is 

used in EDS analysis to determine the elements which are making up the composition of the 

sample. Fig. 8.5(c) shows the EDS spectrum of a Fe2MnGe sample, as an example. EDS analysis 

are done using Inca and Aztec software packages in real time, with capability to provide the 

point or area mapping analysis.   

 

 8.3.2 Electron back-scatter diffraction (EBSD) 

 The electron back-scatter diffraction technique is used for morphology combined with 

crystallographic analysis. Texture, grain morphology, defects, crystal structure, microstructure, 

and composition of samples can also be investigated though EBSD mapping. Prior to this 

analysis, the crystal structures of the constituent phases of the sample should be known. These 

structures are introduced to Aztec software, through another software called “Atom twist”. Aztec 

software (in our case) uses this information to simulate the Kikuchi patterns of the crystal 

structures which are present in the sample. The Kikuchi patterns will be used as a reference for 

phase mapping of the microstructure of the material under the test. We have used this technique 

for investigating the uniformity of the microstructure and the grains in our samples.  
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8.4 X-ray powder diffraction of polycrystalline samples and crystal structure 
determination  

 8.4.1 Experimental technique and physical principles  

 X-ray powder diffraction is a common technique used for investigating and characterizing 

the crystal structure of polycrystalline samples. The basics of X-ray diffraction can be found in 

text books [150], [61] and was discussed in Chapter 4 of this dissertation. Fig. 8.6 shows the 

schematics of the X-ray diffractometer, with an Euler cradle at the center, where the sample is 

installed. The X-ray source and the detector are on either sides of the sample stage.  

 

Figure 8.6: Schematic diagram of a X-ray diffractometer, after [62].   
 

 Selecting the proper X-ray source is crucial to perform reliable XRD measurements. The 

characteristic K-lines (Kα1, Kα2, Kβ) of the source element should be away and above the 

absorption edge of the samples under the test to avoid fluorescing during the XRD 

measurements. Table 8.1 shows a list of commonly used XRD source elements and their K 

wavelengths. Kα is the strongest characteristic line and is typically used during the investigations. 

 

Table 8.1: Some commonly used X-ray K-line wavelengths in X-ray diffractometers. 
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Element  Kα (avg.) (Å)  Kα1 (Å) Kα2 (Å) Kβ (Å) 

Co   1.79026  1.78897  1.79285  1.62079  

Cu  1.54184  1.54056  1.54439  1.39222  

Mo  0.71073  0.70930  0.71359  0.63229  

Fe  1.93736  1.93604  1.93998  1.75661  

Cr  2.29100  2.28970  2.29361  2.08487  
 

 

 

Diffractometers are equipped with filters to prevent the detection of parasite wavelengths. These 

filters are absorber elements with absorption edge close to the spurious wavelengths.  

The integrated intensity of X-ray diffraction by a diffractometer can be described as:  

 
𝐼 = |𝐹|2𝑝 �

1 + cos22𝜃
2𝑠𝑖𝑛2𝜃 cos𝜃

� �
1

2𝜇�
𝑒2𝐵(𝑠𝑖𝑛𝜃𝜆 )2 (8.1) 

Where |𝐹|2is called the structure factor and is related to the crystal structure and atomic order. 

For the reflection (h k l) in a unit cell consisting of N atoms at positions (uj, vj, wj) and atomic 

scattering factors fj, the structure factor is as following:  

 

 
𝐹ℎ𝑘𝑙 = �𝑓𝑗𝑒2𝜋𝑖(ℎ𝑢𝑗+𝑘𝑣𝑗+𝑙𝑤𝑗)

𝑁

𝑗=1

 (8.2) 

In Eq. (8.1) p is multiplicity factor, which represents the number of crystal planes with similar 

structure factors and spacing, but different orientations. The first parentheses in Eq. (8.1) is 

called the Lorentz-polarization (LP) factor, which is the polarization of the X-ray due to the 

gradient of the electric fields, which results in a difference between the polarizations of X-rays in 

the plane perpendicular to the propagation direction.  
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Figure 8.7: Bruker D8 Discover X-ray diffractometer used for our investigations.  

 

 The term 1
2µ

 is the absorption factor, representing the X-ray absorption by the sample and is 

constant for thick samples. The last term in Eq. (8.1) is the temperature factor or Debye-Waller 

factor, which is related to a decrease in the intensity of X-ray peaks, due to the atomic 

displacement resulting from thermal vibrations of atoms in the crystal, above zero Kelvin. The 

factor B in this term is the isotropic temperature factor and is proportional to the mean squared 

displacement of the atoms. The structure factor |F|2 contains the most valuable information 

about the type of crystal structure and the position of the atoms in the unit cell of the crystal 

structure.  

 To investigate the crystal structure and atomic order of our samples, a Bruker D8 Discover 

with GADDS machine was used. This machine is equipped with a Co Kα (λ=1.79Å) source, a Hi-

STAR two dimensional (area) detector, and an Euler cradle with capability to vibrate and rotate 

the samples during the measurement, Fig. 8.7. This machine can be used for crystalline phase 

and structural identification, textural and residual stress analysis of powder, bulk and single 

crystal samples.  During our measurement, the XRD of the samples were detected in the 2θ range 
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of 17˚<2θ <110˚, while the sample stage was rotating around the ϕ-axis, in order to measure the 

scattered wavelength over a larger volume of the sample.  

 

 8.4.2 XRD patter simulation and Rietveld refinement  

 Crystal structure determination and analysis during this project was done using the CaRine 

crystallography 4.0 software and the Crystal impact Match! software, as well as the manual 

analysis. These software packages provide a platform to simulate the precise XRD pattern of 

compounds with specific composition in various types of crystal structures and atomic orders. 

The XRD pattern of the Heusler compounds under investigations, based on their crystal structure 

information provided in Chapter 7, were simulated and compared to the experimental results 

from the XRD measurements of the samples.  

 Rietveld refinement is an important step to determine the crystal structure of the measured 

samples. This technique is well-known for the phase and crystal structure identification of 

materials based on powder X-ray diffraction and Neutron-diffraction data. Crystal Impact: 

Match! software with FullProf algorithm [124] is used for the Rietveld refinement of our XRD 

results. Rietveld refinement, was introduced by H. M. Rietveld in 1968 [151], and uses the least 

square method to fit the experimental XRD intensity profile to the simulated XRD pattern of the 

possible phases of the materials. According to Rietveld, X-ray intensity pattern can be 

formulated in terms of the scattering angles (θi) as: 

 𝑦𝑐𝑎𝑙𝑐 = �𝑆𝜙
ϕ

�𝐼𝜙,ℎΩ(𝜃𝑜𝑏𝑠. − 𝜃𝑐𝑎𝑙𝑐.)
ℎ

 (8.3) 

Where ϕ is the sum from 1 to the number of phases in the sample, h is the Bragg reflection 

number. 𝑆𝜙 is the scale factor of phase ϕ; Ω is the reflection profile function that models both the 
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instrumental and sample correction effects; 𝜃𝑜𝑏𝑠. and 𝜃𝑐𝑎𝑙𝑐.  are the observed and calculated 

scattering angles; 𝐼𝜙,ℎis the calculated integrated intensity, which according to Eq. (8.1) is:  

 𝐼𝜙,ℎ = {𝐿𝐴𝑃𝐶𝐹2}𝜙,ℎ (8.4) 

Where L includes both the Lorentz polarization term and multiplicity factor, A is absorption 

coefficient; P is preferred the orientation function, C contains corrections for non-linearity, 

efficiencies, etc, and F2 is the structure factor.  

Following the least square fitting method, the weighted squared term between the observed and 

calculated XRD pattern, χ2, should be minimized in order to find the best fitting parameters and 

the best fit defining the present phases in the sample:  

 
𝜒2 = �𝑤𝑖{𝑦𝑜𝑏𝑠. − 𝑦𝑐𝑎𝑙𝑐.}2

𝑛

𝑖=1

 (8.5) 

With  𝑤𝑖 = 1/𝜎𝑖2 , which is the inverse of the variance of 𝑦𝑜𝑏𝑠.. χ
2 is a goodness of fit factor, 

which is ~ 1 for a reliable fit. For a thorough mathematical description of the Rietveld refinement 

see [124].  

 

8.5 Magnetic characterizations  

 Magnetic properties of our samples were measured using the VSM option of Quantum 

design PPMS Dynacool, which is a cryogen-free system, working in the temperature range of 

T=1.8K to 400K and with possible maximum magnetic field of 9T. The machine operation is 

based on vibrating sample magnetometry theory. The oscillations in the position z of the sample, 

which is placed at the center of pick-up coils, results in the magnetic flux Φ change, which will 

be detected as an induced voltage Vcoil in the pick-up coils:  
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𝑉𝑐𝑜𝑖𝑙 =

𝑑Φ
𝑑𝑡

= �
𝑑Φ
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𝑑𝑧
𝑑𝑡�

 (8.6) 

The oscillations in the vertical position z of the sample at the center of gradiometer pick-up coils 

in time t, will result in:  

 
𝑉𝑐𝑜𝑖𝑙 = 2𝜋𝑓𝐶𝑚𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡) (8.7) 

Where f is the frequency of oscillations, C is a coupling constant, m is the DC magnetic moment 

of the sample and A is the amplitude of the oscillations in time t. This PPMS VSM is equipped 

with a gradiometer pick-up coil at the bottom of the sample chamber, a motor head module at the 

top of the chamber, and a sample transfer rod for placing the samples in the middle of the pickup 

coil at the bottom of the chamber, as shown in Fig. 8.8.  

 

Figure 8.8: Schematic diagram of Quantum design PPMS vibrating sample magnetometer 
(VSM), after [Q.D. Dynacool manual]. 
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 After the sample is placed in the center of the gradiometer pick-up coils, by a centering 

technique,  the vertical sinusoidal oscillations of the sample with typical frequency ~ 40Hz and 

amplitude ~ 2mm will be detected as Vcoil in Eq. (8.7) by the pick-up coils and recorded by the 

VSM module. Meanwhile the amplitude and position of the sample oscillation is recorded by the 

VSM motor module at the top of chamber, which is equipped with an optical linear encoder 

signal. Then, two readings from the VSM linear transfer motor module and the VSM pick-up 

module will be synchronized and sent to the CAN bus connected to the computer in order to save 

the magnetic moment data.  

 In order to perform magnetometry measurements, such as field-dependent magnetic moment 

M(H) curves and temperature-dependent magnet moments, very small samples (as the 

approximate for point sample), were used. M(H) curves provide information on the type of 

magnetic system (ferromagnetic, paramagnetic, diamagnetic, etc.), saturation magnetization Ms, 

coercivity Hk, magnetic remanence Mr, energy product (BH)max and so on. Temperature-

dependent magnetization M(T) can be used to examine the magnetic character of the system as 

well. From M(T) curves, the Curie or Neel temperature of the ferromagnetic or antiferromagnetic 

systems can be identified. It also can show the presence of super exchange interactions in the 

system, through presence of the M(T) hysteresis. M(T) graphs can detect the existence of 

multiple phases in the alloys and compounds, or the presence of subsystems with different 

magnetic switching time and processes, and also magnetic phase transformations in the 

materials, and many more. For fundamentals of magnetism and magnetic materials, we refer the 

readers to these text books [152], [153], [154].   
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 The saturation magnetization Ms of our samples was measured in emu/gr units by knowing 

the sample weight, which later was converted to units of Bohr magneton per formula unit 

(μB/f.u.) by:  

 
𝑀𝑠 = 𝑛𝜇𝐵𝑁0/𝐴 (8.8) 

Where Ms has emu/gr unit, μB=9.27×10-21 erg.G-1 (in cgs unit system), N0=6.022×1023mol-1 is 

Avogadro number, and A is the atomic weight of the formula unit.  

 

8.6 Transport characterization  

 Electric transport characterization of materials is an important step in determining their 

quality, properties and applications in practical fields, such as electronics and spintronics. From 

the qualitative electrical conductivity properties of materials, e.g. being metallic, 

semiconducting, insulating, superconducting to the quantitative analysis, such as temperature-

dependent resistivity ρ(T), field-dependent magnetoresistance MR(H), residual resistivity ρ0, and 

residual resistivity ration RRR(≡ρ(300K)/ ρ(5K)) can uncover many valuable information about 

the properties and potential applications  of the materials and devices. Electrical transport studies 

of Heusler compounds, having diverse electrical properties, has been the subject of enormous 

research and is used during our investigations for new Heusler compounds. Half-metallic 

Heuslers (with high spin polarization) are great candidate for giant magnetoresistance (GMR) 

applications, discovered around 1986 by P.Grünberg [155] and A.Fert [156]. The thermoelectric 

properties and the Seebeck coefficient of these compounds can be easily controlled by doping the 

fcc sublattices, which results in tuning the band gap and charge carrier concentration, making 

them great candidates for thermopower and thermoelectric applications [110]. Also, some 

Heusler compounds are known to act as topological insulators, such as YPtSb and YPdBi [116], 
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while Heuslers such as Fe2Val [157] and Fe2TiSn [158] show properties of heavy fermions and 

Kondo systems.  

 The fundamentals of electrical resistivity measurement and the properties of the 

measurement instruments used were introduced in Chapter 5. Temperature dependent resistivity 

ρ(T) studies, such as residual resistivity ratio, provide information on the crystal structure, 

atomic displacement in the crystal and the likelihood of the half-metallicity in the materials. For 

instance, studies of RRR for Co2MnSi shows the single crystal of this material has RRR~6.5, 

while the polycrystalline arc-melted bulk of the sample has a lower RRR of ~2.7 as a result of 

Co-Mn antisite disorder in the sample [159]. Therefore, it is proven that the increase in the 

amount of scattering centers from atomic disorders in the crystal, which terminates half-

metallicity in many Heusler compounds, can decrease RRR. Temperature-dependent studies also 

can identify magnetic and structure phase transitions in the materials.  

 A Quantum design Physical Property Measurement System (PPMS) with resistivity option 

was used to investigate the electrical transport of our bulk samples. Properties of samples with 

resistance in 1Ω<R<100MΩ can be measured in the temperature range of 1.8K to 400K, with the 

option of using magnetic fields up to 9T for magnetoresistance and Hall measurements. The 

sample can be mounted on the resistivity puck with three individual channels for four-point-

probe measurements, as shown in Fig. 5.4. Resistivity and Hall effect measurements are possible 

by using methods such as the Van-der-Pauw [160], as explained in Chapter 5. Several methods, 

such as wire bonding, soldering and Ag paste or epoxy can be used to create Ohmic contacts on 

the sample. Avoiding an oxide layer between the contact and the surface of materials is crucial 

for obtaining accurate measurements, which can be achieved by sanding or chemical etching the 

samples, prior to creating the contacts. The samples should be uniform and free from cracks, 
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voids, and pin holes for the resistivity to be measured accurately. We placed a layer of Mica 

insulating sheet under the bulk samples and on the top of the resistivity puck to avoid faulty 

readings of the resistance. Soldering was the main method to create contacts for our 

measurements, though a layer of soldering flux was used for attaching the contacts on the 

samples surface. Soldering can be challenging, because it does not work for all the materials. In 

these cases, one can use different types of solder formula (In, Sb, Pt, …), soldering flux, or 

ultrasonic soldering. The principles of measuring resistivity using Van-der-Pauw method, along 

with a numerical code to calculate the resistivity is mentioned in Appendix C.  

 To summarize, the experimental and analytical techniques which were used during our 

investigation to prepare and characterize bulk sample of Heusler compounds, and the physical 

principles behind them were introduced, in this chapter. Arc-melting and post heat treatments 

were discussed, which were used to prepared the samples. Microstructural and compositional 

analysis techniques, including scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), and electron back-scattered diffraction (EBSD) were described. X-ray 

diffraction and instrumentation principles for studying the crystal structure and atomic 

order/disorder in the materials were discussed. XRD simulation software packages and the 

mathematical and physical principle behind the Rietveld refinement were explained. Physical 

principles behind the magnetic characterization techniques for measuring the M(H) at various 

temperature and M(T) at various fields were introduced. Electrical transport measurements 

techniques for the purpose of temperature-dependent resistivity measurement, RRR and 

magnetoresistance were explained in this chapter. Reference to the text books and review articles 

to learn more about these techniques was provided in this chapter.  
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The results of our experiments and analyses for synthesis and characterization of new candidates 

for stable half-metallic Heusler compounds, based on the methods introduced in this chapter, will 

be presented in Chapter 9. These new candidates were predicted from theoretical investigations 

and extensive literature survey done by the DMREF team at the University of Alabama,.  
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CHAPTER 9 

EXPERIMENTAL INVESTIGATIONS AND DISCOVERY OF  
NEW HEUSLER SYSTEMS   

 

Abstract  

 In this chapter, the results of experimental investigations for synthesis and characterizations 

of new candidates for half-metallic Heusler compounds are presented. According to first 

principles theory studies (DFT), these materials are predicted to form stable half-metallic 

Heusler compounds, as explained in Chapter 7. The fundamentals of our experimental and 

analytical approach during these investigations of these materials are described in Chapter 8. The 

results of our experimental investigations in our search for new phases of materials for FexTiSb 

(x=1, 1.5, 2) systems, Fe2MnGe, and Co2CrGe in polycrystalline bulk form are presented here. 

Investigations of FexTiSb systems led to the discovery of a new stable phase with Fe1.5TiSb 

composition and a Fe-deficient L21 crystal structure with weak magnetism and metallic electrical 

behavior. Energy of formation studies using DFT and the binary cluster expansion (CE) method 

of the Fe-defective structures confirm the stability of this compound Fe1.5TiSb, as the ground 

state of FexTiSb systems. From the theoretical investigations of Fe-deficient FexTiSb 

compounds, and also for various symmetries of Fe1.5TiSb, the most stable structure seems to be 

of R3m type. This structure resembles a layered L21 and C1b structure, along the (111) direction 

of Fe1.5TiSb. Investigations of the Fe2MnGe system led to the discovery of a new hexagonal 

phase, with DO19 crystal structure, which has a high magnetic moment of m ~ 5μB per formula 
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unit. This state of the art system, with high magnetic moment and crystallographic magnetic 

anisotropy in a hexagonal Heusler phase with possible half-metallic behavior, is very appealing 

for the applications in perpendicular media and CPP-GMR. Multifunctionality of this system, 

with the possible presence of a meta-stable cubic L21 Heusler phase, allows new opportunities 

for using these materials in phase-change memory applications. These results and the results on 

the other new candidates including Co2CrGe will be presented in this chapter.  

 

9.1 Introduction to synthesis and characterization of new Heusler compounds 

 First principles studies of more than 700 compounds in full-Heusler, half-Heusler and 

inverse-Heusler phases, together with our extensive literature survey of these materials, 

including more than 275 full-Heusler compounds, resulted in five new candidates for stable half-

metallic full-Heusler compounds, as explained in Chapter 7. These compounds include: Fe2TiSb, 

Fe2MnGe, Co2CrGe, Mn2TiGe, and Mn2TiSi, as reported in Table 7.4.  

 Arc-melting along with the thermal treatment of the samples, as discussed in Chapter8, have 

been used to synthesize these compounds in polycrystalline bulk forms during our investigations. 

Repeated arc-melting of the constituent elements, under an ultrahigh purity (99.999%) Argon 

atmosphere with pressure ~0.02Pa, were used to prepare the as-cast ingots of the samples. Post 

thermal treatments were done on the samples, which were wrapped in tantalum strips and 

vacuum sealed in quartz tubes in order to avoid oxidization of the samples during the heat 

treatments. After each stage of heat treatment, the microstructure, composition, and uniformity of 

the samples were examined using optical microscopy, scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) methods. Prior to these analyses and the 

metallography procedure, the samples were mounted in a conducting black phenol mount using a 
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Stuers hot mounting press. The mounted samples were ground by abrasive papers and polished 

using diamond pastes in order to provide a very smooth surface (less than 1μm), which is 

necessary for observing the microstructural details through optical or electron microscopy. 

Samples were etched using chemical etchants such as Marble, Kalling no2, and Kroll for 

microstructural analyses. The ASM handbook volume 9 [149] contains details on the 

metallography and microstructure type and a list of metallography chemical etchants, including 

the applications and ingredients. After metallography and SEM/EDS analysis, samples with the 

correct stoichiometry (2:1:1 for full-Heuslers) were studied using X-ray powder diffraction 

(XRD) methods in order to determine their crystal structure and atomic order properties. Results 

of the experimental XRD measurements were compared to simulated XRD patterns for each 

composition in L21 and its possible disordered structures, using CaRine crystallography 4.0 

software. Rietveld refinements were done on the XRD experimental data to confirm the 

predicted crystal structure based on the XRD experimental results, using the Crystal Impact 

Match! software package with built-in FullProf  [124] algorithm.  

 Magnetic characterizations of the samples were done using the VSM option on a Quantum 

design Dynacool PPMS. These characterizations included field-dependent magnetization, M(H) 

hysteresis curves at room temperature and low temperature regime (T=5K), temperature-

dependent magnetization M(T) at different fields, field-cooling (FC) and zero-field cooling 

(ZFC) studies. The results were compared to the predictions for the magnetic properties of the 

systems under the investigations, using first principles calculations and the Slater-Pauling rule. 

Electrical transport characterizations were performed using the resistivity option of Quantum 

design Dynacool PPMS, with the focus on temperature-dependent resistance R(T) and residual 

resistivity ration (RRR) to study the crystal structure quality, atomic order, and the possibility of 
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half-metallicity in these materials. Fig. 9.1 shows a flowchart of the experimental investigation 

approach. In this chapter, we present our experimental and analytical approach to investigate 

FexTiSb (x=1, 1.5, 2), Fe2MnGe, and Co2CrGe and discuss our findings. 

 
Figure 9.1: Sample preparation and characterization flowchart.  

 

9.2 Fe2TiSb: From a new half-metallic system to the discovery of layered Heusler 

compounds 

9.2.1 Theoretical predictions and properties of half- metallic Heusler Fe2TiSb 

 According to first-principles computations using VASP, as described in Chapter 8, Fe2TiSb 

is predicted to be stable half-metallic Heusler compounds with ~ 100% spin polarizations. 

Fe2TiSb is predicted to have an energy band gap of E~ 0.27eV in the density of  
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Table 9.1: Predicted properties for full-Heusler Fe2TiSb from density functional theory studies. 
Nv is the total number of valence electrons per formula unit of the compound. 
 

Composition NV Crystal 
structure 

Lattice 
constant 

(Å) 

Tetragonality  
(c/a) 

Magnetic 
moment 

(μB) 

Saturation 
magnetization 

(emu/cc) 

DOS spin 
polarization 

at Fermi 
level (%) 

Gap 
width 
(eV) 

Formation 
energy 

(eV/atom) 

Fe2TiSb 25 L21 6.08 1 1.0017 165.331 99.31 0.285 -0.2135 
 

 

states (DOS) of the minority spin channel around the Fermi energy EF. This and the metallic 

behavior of the majority spin channels results in half-metallicity and high spin polarization of 

this system. The predicted magnetic and electronic structure properties of Fe2TiSb are listed in 

Table 9.1. According to these predictions, the ground state of Fe2TiSb should have a magnetic 

moment of ~1.0005 μB/f.u. This value agrees with the Slater-Pauling rule for a compound with 

25 total valence electron per formula unit, based on the Galanskis rule for full-Heuslers (m = Nv - 

24) [132]. The negative energy of formation E~ -0.214eV is indicative of the stability of this 

compound, as explained in Chapter 7.  

 

 

Figure 9.2: (a) Crystal structure and (b) the density of states (DOS) of full-Heusler Fe2TiSb 
showing the half-metallicity of this compound in L21 phase. 

 



 

144 
 

According to results from H.Luo, et al. [161] on Fe2TiZ (Z = Ga, Ge, As, In, Sn and Sb) systems, 

not only Fe2TiSb seems to be a stable half-metallic system, but its half-metallicity and high spin-

polarization is conserved for the lattice constants in the range of 5.6Å<a<6.2Å, and also its 

magnetic moment stays around m ~1 μB/f.u. for the lattice constants in this range. Therefore, this 

system was selected as a candidate for our experimental investigations into finding new half-

metallic Heusler compounds.  

  

9.2.2 Synthesis and thermal treatments 

 In order to investigate this system, polycrystalline ingots of Fe2TiSb were prepared by 

repeated (at least 5 times) arc-melting of the elemental constituents, under an ultrahigh purity 

(99.999%) Argon atmosphere, as described in Chapter 8. Mixture of the high purity elements, 

including Fe (Alfa Aesar, 99.98%), Ti (Alfa Aesar, 99.9%), and Sb (Alfa Aesar, 99.99%), were 

used to prepare the samples. To avoid Sb-deficient samples an additional 5% Sb was added to 

the mixture, because of the volatility of Sb. Homogeneity and stoichiometry of the as-cast 

samples were tested by SEM and EDS analysis, which showed the targeted 2:1:1 stoichiometry 

and the uniform microstructure for the as-cast samples. After that, the samples were cut and 

wrapped in tantalum stripes and vacuum sealed in quartz tubes to avoid oxidization prior to the 

heat treatments. These samples were heat treated in tube and box furnaces under atmospheric 

pressure, as explained in Chapter 8. All the annealing cycles were performed on the as-cast ingot. 

These samples were annealed under various heat treatment conditions at Ta= 600˚C, 700˚C, 

800˚C, 900˚C, 1000˚C, and for different dwell times of ~1 to 14 days. At the end of each heat 

treatment cycle, samples were left in the furnace to cool down to room temperature with very 

slow cooling rate (same as the furnace). Some of the samples were occasionally quenched in ice-
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water mixture. After each heat treatment step, all the samples were mounted in a conducting 

phenol powder using the hot mounting technique and were ground by abrasive papers, polished 

by diamond pastes, and chemically etched using Marble etchant, in order to be prepared for 

metallography investigations. Heat treated and prepared samples were tested by SEM and EDS 

analyses for homogeneity, microstructure and composition, after each heat treatment cycle. Their 

crystal structures and atomic order were examined using X-ray powder diffraction technique and 

compared to the simulated XRD pattern of F2TiSb in L21 phase. Field-dependent and 

temperature-dependent magnetic characterizations were performed for each samples and 

compared to prediction results from DFT calculations and the Slater-Pauling rule. Electrical 

transport characterization was also done on the final sample, which proved to have the L21 

Heusler crystal structure. Among all the heat treated samples, the F2TiSb sample that was heat 

treated at Ta=900˚C for 7days and slowly cooled, showed the optimum crystal structure.  

 

9.2.3 Microstructural and compositional analysis  

 As the result of all the heat treatments and characterizations of the Fe2TiSb samples, the 

sample which was heat treated at Ta=900˚C for 7 days and slowly-cooled showed an uniform 

granular microstructure confirmed by metallography and SEM/EDS analysis, as shown in Fig. 

9.3(a) and (b). According to EDS results, the microstructure of this sample contains the grains 

with nominal composition of Fe40Ti30Sb30, which is a Fe1.5TiSb composition with almost 5% 

uncertainty. At the grain boundaries Fe-BCC rich precipitates (Fe39Ti) were detected. Later, the 

electron back scatter diffraction (EBSD) analysis of the microstructure also confirmed that this 

sample contains uniform Fe1.5TiSb grains with L21 phase, as shown in Fig. 9.3 (c), (d).  
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Figure 9. 3: (a) Optical microscope image, (b) scanning electron microscope image (SEM), (c) 
electron image (for EBSD) and (d) its corresponding phase mapping using electron 
back scatter diffraction (EBSD) of F2TiSb. 

 

9.2.4 Crystal structure and atomic order analysis  

 Crystal structure of the Fe2TiSb sample, which was heat treated at Ta=900˚C for 7days and 

oven-cooled, were examined by the standard X-ray powder diffraction (XRD) method, using a 

Bruker D8 Discover machine, equipped with a Co Kα (λ=1.79Å) source, as explained in Chapter 

8. Prior to the XRD measurements, the samples were mounted in the conducting phenol, ground 

and polished to achieve a flat level and a smooth surface. XRD measurements were performed 

on the samples for 2θ angle in the range of 17˚<2θ<110˚, while rotating the samples around ϕ 

axis, to capture the scattered X-ray beams and the information of a wider range of crystallites in 

the sample. Comparing the experimental XRD results for this sample, shown in Fig. 9.4(a), and 

simulated XRD pattern by CaRine crystallography 4.0 software confirms the crystal structure of 

the sample to be of L21 type.  
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Figure 9.4: (a) Experimental XRD result and (b) the Rietveld refinement of F2TiSb sample heat 
treated at Ta=900˚C for 7 days. The red asterisks in (a) mark the peaks related to 
Fe-BCC precipitates in this sample.  

 

The L21 phase corresponds to a full-Heusler crystal structure with a complete atomic order, and 

an experimental lattice constant of a=5.967 Å, which is close and within the uncertainty range (~ 

5%) of the predicted theoretical value a=6.04 Å. The small XRD peaks, marked by the red 

asterisks in Fig. 9.4(a), show the presence of Fe (BCC)-rich precipitates (as simulated by CaRine 

software). These precipitates were observed by SEM/EDS analyses, as explained in the previous 

section. The Rietveld refinement of the experimental XRD data of this sample was done using 

the Crystal Impact Match! software with built-in FullProf algorithm. As the result, the crystal 

structure of this sample was confirmed to be of L21 type with a lattice constant of a=5.967Å, as 

shown in Fig. 9.4(b).  As explained in Chapter 7, half-metallicity in Heusler compounds is a 

sensitive function of the atomic order in the crystal structure. Complete disorder between Y and Z 

sites in X2YZ compounds results in a B2- type disorder and the complete randomness between X, 

Y, and Z results in a A2-type disorder. The order/disorder types can be determined from the  
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Table 9.2: Allowed reflections in completely ordered L21 full-Heusler structure, along with the 
structures with B2-type and A2-type disorder.  
 

Crystal Structure Space group no. Allowed Reflections Example  

L21 Fm3̅m 225 h+k+l=4n+2; 
h, k, l: odd numbers (200), (111) 

B2 Pm3m̅ 221 h+k+l=4n+2; 
h+k+l=4n (200), (220) 

A2 Im3m̅ 229 h+k+l=4n (220), (400) 
 

 

presence/absence of certain XRD reflections and their relative intensities in the XRD pattern. 

According to Table 9.2, the presence of (111) reflection is the signature of a L21 phase, which is 

a completely ordered full-Heusler structure, while this peak vanishes for the B2 and A2-type 

disordered structures. The strongest reflection for these cubic structures is (220), which is present 

for both the ordered and disordered cubic structures. Fig. 9.5(a) shows the XRD pattern of 

Fe2TiSb in the L21 phase, as simulated by the CaRine software and compares this simulated 

pattern with the experimental results of the Fe2TiSb; 900˚C/7D sample. The experimental 

relative intensities of I(111)/I(220) and I(200)/I(220) are much higher than the expected values. 

Also, to rule out the possibility of the partial disorders (such as DO3) in the crystal structure of 

this sample, their XRD pattern were simulated by CaRine software.  The results revoked the 

possibility of atomic disorders as the source of the unanticipated relative intensities. However, 

the simulation for Fe-vacant L21 crystal structure of Fe2TiSb was able to explain the difference 

in the ratios of relative intensities between theory and experiment, as shown in Fig. 9.5(b). 

According to P.J.Webster [162], the chemical disorders in the crystal structure directly influence 

the (XRD) structure factor of (111), (200) and (220) reflections, which are the signatures of L21, 

B2 and A2 orders, respectively. 
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Figure 9. 5: Experimental XRD data (blue line) for Fe2TiSb sample heat treated at Ta=900C for 
7days and the simulated pattern for Fe2TiSb in L21 structure (a) without and (b) 
with Fe vacancies. 

 

For the case of Fe2TiSb, the structure factor of these reflections, as a function of atomic 

scattering factors fFe , fTi , fSb , can be explained as:  

 
𝐹111 = 4|𝑓𝑇𝑖 − 𝑓𝑆𝑏|, (9.1) 

 
𝐹200 = 4|𝑓𝑇𝑖 + 𝑓𝑆𝑏 − 2𝑓𝐹𝑒|, (9.2) 

 
𝐹220 = 4|𝑓𝑇𝑖 + 𝑓𝑆𝑏 + 2𝑓𝐹𝑒|. (9.3) 

 

 Based on these equations and Eq. (8.1) for integrated intensity of XRD reflections, the 

structure factors and consequently the intensities of (111) and (200) peaks are very sensitive to 

the amount of Fe vacancies on the X atomic sites in the L21 structure. However, intensity of 

(220) is not affected as much by the same effect in the structure, as shown in Fig. 9.6. These 

results are consistent with the predictions by CaRine software and our experimental findings for 

this sample, confirming the Fe-deficient L21 structure of our sample.  
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Figure 9.6: The effect of Fe vacancies on the intensities and relative intensities of the main 
XRD reflections of Fe2TiSb in L21 phase: (111), (200), and (220).   

 

9.2.5 Magnetic characterization and analysis  

 Magnetic characterizations of the Fe2TiSb, 900˚C/7D sample were performed on a very 

small irregularly shaped sample (point sample), to avoid the shape anisotropy effects. Fig. 9.7(a) 

shows the field-dependent magnetization hysteresis (M(H) curve) of the sample at the low 

temperature regime. The result for the saturation magnetization was consistent with the presence 

of 10% magnetic Fe-BCC precipitates (with saturation moment of m≈2.2μB/f.u.) plus 90% non-

magnetic Fe1.5TiSb grains in this sample. From the M(H) characterization, the magnetization of 

this sample, kept increasing with the increasing the applied field to the value of M~ 27A.m2/kg 

for the fields as high as μ0H~ 9T (which is the maximum achievable field by the VSM), with no 

sign of a complete saturation. The presence of Fe1.5TiSb grains with weak magnetic 

characteristics (Pauli paramagnetism) prevents the magnetization of this sample from saturating. 
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Figure 9.7: (a) Field-dependent magnetization Fe2TiSb sample heat treated at Ta=900˚C for 
7days at T=5K. The inset shows M(H) curves at T=5, 300,400K upto μ0H=9T, (b) 
temperature-dependent magnetization at applied field μ0H=0.1T during heating the 
sample. The inset shows M(H) curves at T=5, 300,400K with no major change 
throughout the temperature range of the measurement. 

 

This sample has a coercivity of HC~2kA/m, close to the values for the magnetic BCC Fe, 

consistent with the presence of Fe-rich phase precipitates in this sample. From temperature-

dependent magnetization curves, shown in Fig. 9.7 (b), the magnetization is almost constant 

throughout the whole temperature range from T=5K to 400K. The absence of phase transition 

from ferromagnetic to paramagnetic phase and the almost constant magnetic moment throughout 

the range of temperature-dependent measurements are also consistent with the presence of Fe-

BCC precipitates, with Fe having a high Curie temperature of TC ~ 1043K. Fig. 9.8 shows the 

magnetization hysteresis of Fe2TiSb samples at room temperature and the low temperature 

regime (T~5K), for the as-cast sample and as well as for the samples which were heat treated at 

Ta=600˚C, 800˚C, 900˚C.  This figure demonstrates the effect of thermal treatment on the 

magnetic behavior of the samples. Starting from the as-cast sample with a saturation 

magnetization of m ~ 3μB/f.u. at μ0H~ 2T, increasing the annealing temperatures reduced the  
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Figure 9.8: (a) Room temperature and (b) low temperature field-dependent magnetization of 
Fe2TiSb during various thermal treatment, showing the effect of annealing of the 
magnetic behavior of the material. 

 

magnetic moment of the sample, which is the sign of increasing in atomic order in the crystal 

structure in this sample. The sample with the optimum crystal structure and atomic order 

(Ta=900˚C/7days) had a magnetic moment m ~ 1.1μB/f.u. at T=5K.  This magnetic moment 

mainly originates from the presence of 10% Fe-rich precipitates at the grain boundaries in the 

sample, while the other 90% of the sample has almost zero magnetic moment. The M(H) curves 

of Fe2TiSb sample annealed at Ta=900˚C for various dwell timeare shown in Fig. 9.9. Increasing 

the annealing time more than 7 days did not have a significant effect on the magnetic moment of 

the sample. Comparing the magnetization results with the results from XRD and SEM/EDS 

analysis shows that the heat treatment at 900˚C for 7 days is the optimum thermal cycle to 

achieve the L21 structure for the Fe2TiSb sample.  
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Figure 9.9: Effect of the dwell time of heat treatments on the magnetization of Fe2TiSb samples 
at (a) room temperature and (b) the low temperature regime. 

 

9.2.6 Energy of formation investigations for the ground state of FexTiSb  

  Following a wide range of heat treatments for Fe2TiSb in order to achieve the L21 phase, 

the optimum structure turned out to be the Fe2TiSb sample which was heat treated at 900˚C for 7 

days, as explained in the previous section. This sample, despite having the aimed crystal 

structure, was made of Fe1.5TiSb grains. This compound is a Fe-deficient compound with the L21 

crystal structure, suggesting that Fe1.5TiSb is the most stable compound among the FexTiSb 

systems. This hypothesis was tested through the theoretical investigations of the energy of 

formations for FexTiSb systems, which showed Fe1.5TiSb has the lowest formation energy among 

other Fe-deficient FexTiSb compounds, and is the most stable phase and the ground states of the 

FexTiSb systems, as illustrated in Fig. 9.10 (a). The density functional theory (DFT) and the 

DFT-based binary cluster expansion (CE) were used to study the formation heat of more than 

1000 configurations of Fe-vacant Fe2TiSb systems. As the result, Fe1.5TiSb with R3m crystal 

structure is proved to be the ground state of FexTiSb systems. This structure resembles a system  
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Figure 9.10: (a) Formation energy and (b) magnetic moment of Fe-vacant Fe2TiSb systems. □ 
presents the Fe-vacancies. 

 

with alternative layered L21 and C1b Heusler phases along the (111) orientation.  Discussions in 

CE calculations and results can be found in [163]. As shown in Fig. 9.10(b), our DFT studies of 

Fe-vacant Fe2TiSb systems showed that the ground state system, Fe1.5TiSb, is a non-magnetic 

material with moment m ≈ 0 μB/f.u. From different possible symmetries used for the Fe-vacant 

Fe1.5TiSb structure, the layered L21/C1b in (111) direction seems to be the most stable system. As 

shown in Fig. 9.11, the density of states (DOS) of Fe1.5TiSb with this specific symmetry, predicts 

nonmagnetic and semiconducting characteristics for this system, as compare to the results for 

Fe2TiSb.  
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Figure 9.11: (a) Density of states (DOS) of Fe1.5TiSb and (b) Fe2TiSb compounds in L21 phase. 

 

9.2.7 FexTiSb compounds: synthesis, compositional and crystal structure characterization 

 In order to experimentally examine the highest stability of Fe1.5TiSb compound among the 

FexTiSb systems, samples of Fe1.5TiSb and FeTiSb were prepared by the same procedure used 

for Fe2TiSb and were heat treated at Ta=900˚C for 7 days and slowly cooled. The results of the 

optical and electron microscopy and EDS analysis, for Fe1.5TiSb and FeTiSb, are shown in Fig. 

9.12 and Fig. 9.13, respectively. The results for annealed Fe1.5TiSb sample showed the uniform 

granular structure with 1.5:1:1 composition and no segregations of any other phases in this 

sample. However, the annealed FeTiSb sample was decomposed to three different phases, as 

shown in Fig. 9.13. Therefore, Fe1.5TiSb was found to be the most stable compound in FexTiSb 

systems, based on our investigations.  
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Figure 9.12: (a) Optical microscope image and (b) SEM image of Fe1.5TiSb sample heat treated 
at Ta=900˚C for 7 days, showing the granular microstructure of the sample.   

 
 

 

Figure 9.13: (a) Optical microscope image, (b) and (c) SEM images of FeTiSb sample heat 
treated at Ta=900˚C for 7 days, showing the presence of several phase in the 
microstructure of the sample, including Fe1.5TiSb phase. 

 

 XRD characterization results of the two samples, Fe1.5TiSb and FeTiSb (both heat treated at 

Ta=900˚C for 7 days and slowly-cooled), are shown in Fig. 9.14. The XRD of the annealed 

Fe1.5TiSb sample showed a pure L21 phase crystal structure, with no sign of other phases or 

prominent precipitates (detectable by XRD technique) present in this sample, as illustrated in 

Fig. 9.14 (a). On the other hand, the extra peaks in the XRD pattern of FeTiSb are indicative of 

the presence of multiple phases in the microstructure of this sample. These results are consistent 

with our findings from SEM/EDS analysis of these samples, which was discussed earlier. 

Therefore, the Fe1.5TiSb sample with L21 phase is the most stable compound among the 

experimentally investigated FexTiSb systems in agreement with our theoretical predictions.  
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Figure 9.14: Experimental XRD pattern of (a) a pure phase Fe1.5TiSb and (b) multiple-phase 
FeTiSb samples heat treated at Ta=900˚C for 7 days, using Co Kα radiation. 

 

9.2.8 FexTiSb compounds: Magnetic characterization 

 Magnetization characterizations of Fe1.5TiSb sample which was heat treated at Ta=900˚C for 

7 days showed a very weak magnetism, similar to the weak (Pauli) paramagnetism. Fig. 9.15(a) 

illustrates the field-dependent magnetization, M(H) curves of this sample at the low temperature 

regime (T=5K), indicating very small magnetization for this samples, even for the highest 

applied fields of μ0H≈9T, as shown in the inset of this figure. Temperature-dependent 

magnetization M(T), measured in applied field of μ0H≈ 80kAm-1 (same as H~1kOe in cgs units), 

showed the very weak magnetic character of the sample with the magnetic moment close to zero 

throughout the temperature range of the measurements, as shown in Fig. 9.15(b). This small 

magnetic moment might be from the presence of less than 1.5% Fe precipitates in the sample. 

Confirming the presence of such small amount of precipitates is not possible due to the 

limitations imposed by our instruments, including the sensitivity limit of the VSM and the errors 

from weighting the sample. Nonetheless, the Fe1.5TiSb sample has a magnetic moment of around 

zero, as expected from out theoretical investigations for this system.  
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Figure 9.15: (a)Field-dependent magnetization Fe1.5TiSb sample heat treated at Ta=900˚C for 7 
days at T=5K. The inset shows M(H) curves at T=5, 300,400K upto μ0H=9T, (b) 
temperature-dependent magnetization at applied field μ0H=0.1T during heating the 
sample. The inset shows M(H) curves at T=5, 300,400K with no major change 
throughout the temperature range of measurement and magnetic moment of ~ 0. 

  

Fig. 9.16 shows the magnetic characterization results of FexTiSb(x=1, 1.5, 2) samples, which 

were heat treated at Ta=900˚C for 7 days and slowly cooled. As shown in this figure, the 

annealed FeTiSb sample, has a very weak magnetic moment of ~ zero. This is consistent with 

SEM/EDS analysis of the samples with nonmagnetic phases in the microstructure of the material. 

However, our preliminary DFT calculations of FeTiSb suggested that this material can form a 

stable (with formation energy E ~ -0.343eV/atom) half-Heusler compound with C1b crystal 

structure, magnetic moment of m ~0.9491μB/f.u., and lattice constant of a=5.957Å. During our 

experimental investigations, the predicted half-Heusler phase of FeTiSb was not observed, which 

might be another indication of Fe1.5TiSb being the ground state of the FexTiSb systems.  
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Figure 9.16: (a) Field-dependent magnetization FexTiSb(x=1, 1.5, 2) samples heat treated at 
Ta=900˚C for 7days at T=5K, (b) temperature-dependent magnetization at applied 
field μ0H=0.1T during heating the samples.   

 

 Temperature-dependent magnetization studies of our annealed FexTiSb samples, showed an 

upturn in the low temperature regimes below T~10K, as shown in Fig. 9.16(b). In order to 

investigate whether this upturn originates from a spin glass or superparamagnetic behavior of 

particles in the samples, we performed Field-cooling (FC) and Zero-field-cooling (ZFC) 

measurements on these samples. No bifurcation temperature was observed for these samples, as 

shown in Fig. 9.17, which terminated the possibility of superparamagnetic behaviors. Therefore, 

the paramagnetic nature of the main Fe1.5TiSb grains in these samples seems to be the only 

reason for the low temperature upturn of the magnetizations in these systems.  
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Figure 9.17: (a) Field cooling (FC) and zero field cooling (ZFC) measurements of (a) Fe1.5TiSb 
and (b) Fe2TiSb samples heat treated at Ta=900˚C for 7 days.  

 

9.2.8 FexTiSb compounds: Transport characterization 

 Transport characterizations were performed using a four point probe and a Van-der-Pauw 

method (explained in Chapter 8) on the bulk of samples of ~5×5×3 mm3 size. The resistivity was 

measured during both heating and cooling cycles from T=5K to 400 K. As shown in Fig. 9.18, 

both Fe2TiSb and Fe1.5TiSb showed metallic behavior with residual resistivity ratios (RRR= 

ρ(300K)/ ρ(5K)) of around ~1.66 and ~1.52, respectively. Temperature-dependent resistivity of 

the samples were fitted to power law functions ρ(T)=A+BTn. In the high temperature region (T> 

70 K), resistivity of both samples depend linearly on temperature (~T), while it is a parabolic 

function of temperature (ρ~T2) in the low temperature region (10K<T< 70K), which is consistent 

with conventional ferromagnetic materials behavior. The abundant ferromagnetic Fe precipitates 

are most likely the main source of this temperature dependence, or at least it is not possible to 
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rule out that the transport is predominantly through the metallic Fe precipitates. However for T < 

10K, Fe1.5TiSb deviates greatly from ~T2 behavior and the sample has the residual resistivity of 

ρ0≈3.98×10-5 Ωm at T=5K. This is likely a sign that in this case, where there are substantially 

less Fe precipitates, we are observing transport through the metallic Fe1.5TiSb bulk. Although our 

electronic structure calculations indicate that Fe1.5TiSb should be a semiconductor, the predicted 

energy gap is rather small (~0.1 eV). Moreover, even a slight experimental deviation from the 

1.5:1:1 composition for the ideal calculated Fe1.5TiSb compound would lead to a highly doped 

semiconductor. Given this and the polycrystalline nature of our samples, a weak metallic 

temperature dependence of the resistivity is not surprising, and not sufficient rule on whether 

single crystalline Fe1.5TiSb is semiconducting or not. 

 

Figure 9.18:Temperature-dependent resistivity results for (a) Fe1.5TiSb and (b) Fe2TiSb samples 
heat treated at Ta=900˚C for 7 days. The insets show the low-temperature fitted 
power law functions. 
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 To summarize, our experimental, theoretical and analytical investigations of FexTiSb 

systems were explained in this section. The results showed that Fe1.5TiSb with L21 structure is 

the ground states of FexTiSb systems and the most stable compound among all possible studies 

systems. This compound has a very weak magnetic moment and a metallic behavior. Our 

theoretical investigations suggest a layered L21/C1b crystal structure for Fe1.5TiSb compound. 

More details on the investigations of this system including the selected area diffraction analysis 

(SAED) using transmission electron microscopy (TEM) and the DFT–based cluster expansion 

studies can be found in [163].  

 
9.3 Fe2MnGe: From a new half-metallic system to the discovery of hexagonal Heusler 
compounds 

9.3.1 Fe2MnGe: Theoretical Predictions of half-metallic Heusler  

 According to first-principles calculations, Fe2MnGe was predicted to be a stable half-

metallic full-Heusler compound. As shown in Fig. 9.19, the density of states (DOS) of this 

compound has an energy band gap of E~ 0.372eV around the Fermi energy in the minority spin 

channel, and as the result a spin polarization of ~98% was predicted for this material.  

 Magnetic moment of m~ 3.0017μB/f.u. in agreement with the Slater-Pauling rule for the 

half-metallic full-Heusler compound with 27 total valence electron per formula unit, and a lattice 

constant of a=5.69Å were predicted for this material based on the DFT calculations. The 

negative formation energy of E~ -0.1016eV/atom is suggestive of a stable compound in a full-

Heusler phase and this compound was predicted not to suffer from the tetragonal distortion. The 

properties of the full-Heusler Fe2MnGe are listed in Table 9.3.  
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Figure 9.19: (a) Crystal structure of L21 Fe2MnGe and (b) the density of States of Fe2MnGe in 
L21 phase with a=5.69nm.  

 

L.Zhang, et al. [164] have reported the experimental results for differential scanning calorimetry 

(DSC) and the X-ray diffraction for the powder form Fe2MnGe prepared by planetary ball 

milling synthesis and post thermal treatments. The DSC results showed that Fe2MnGe undergoes 

a phase transition from a cubic DO3 (partially disordered Heusler phase) at low temperature 

regime to a hexagonal DO19 phase at the high temperature regime around T~527˚C. Their XRD 

measurement of the annealed powder samples at Ta=400˚C for 20 hours nd Ta=900˚C for 6 hours 

proved the DO3 phase and DO19 phase for this compound, respectively. 

 

Table 9.3: Predicted properties for the full-Heusler Fe2MnGe from the density functional theory 
studies. Nv is the total number of valence electrons per formula unit of the compound. 

 
Composition NV Crystal 

structure 
Lattice 

constant 
(Å) 

Tetragonality  
(c/a) 

Magnetic 
moment 

(μB) 

Saturation 
magnetization 

(emu/cc) 

DOS spin 
polarization 

at Fermi 
level (%) 

Gap 
width 
(eV) 

Formation 
energy 

(eV/atom) 

Fe2MnGe 27 L21 5.69 0.9998 3.0017 604.0722 97.77 0.372 -0.1016 
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 Similar behavior is observed for Fe3Ge [165], which goes through a phase transition from a 

cubic L12 phase at low temperatures (Ta<700˚C) to a high temperature hexagonal DO19 phase at 

higher temperatures (Ta >700˚C). Fig. 9.20 shows the phase diagram of Fe-Ge solid solutions 

which present the phase transition of Fe3Ge [145].  Similar phase transition for Mn3.4Ge is also 

observed from a low temperature (Ta <680˚C) tetragonal DO22 phase to high temperature (Ta 

>680˚C) hexagonal DO19 [166]. Ball milling technique has been used to prepare powder form of 

the mentioned binary alloys. So far, there is no report of Heusler Fe2MnGe, synthesized in the 

bulk form, which motivated our experimental investigations of this interesting Heusler 

compounds. In addition to the application of the materials in Heusler phase, as discussed in 

Chapter 7, discovery of Heusler phase which undergoes a phase transformation (from a 

hexagonal to a cubic phase) can be very appealing for the applications, such as in phase-change 

memory. 

 

Figure 9.20: Fe-Ge phase diagram showing the high temperature hexagonal DO19 phase and low 
temperature cubic L21 phase for Fe3Ge, after [167]. 



 

165 
 

Furthermore, high magnetic crystalline anisotropy of the hexagonal phase materials, in 

combination with half-metallicity can be used in the applications such as perpendicular media 

and CPP-GMR fields.  As we discussed in Chapter 7, chemical ordering is known to be the 

major factor in preserving half-metallicity in Heusler compounds. However, half-metallicity as 

the main property of these materials can survive some degree of atomic disorder [168], 

tetragonal distortion of the crystal, e.g. Mn3Ga [169] and it is expected to persist in hexagonal 

crystal structure [170]. Hexagonal half-Heusler compounds, such as LaCuSn, ScCuSn, and 

YCuSn were suggested by F.Casper, et al. [170]. Their crystal resembles a stuffed wurtzite 

structure with Ni2In as the prototype. These compounds have pseudo band gaps around the Fermi 

energy in one of their spin channels, which is the sign of their half-metallicity. Fig. 9.21 shows 

these crystal structures and their relation to half-Heusler structure (F4�3m).  

 

 

Figure 9.21:Crystal structures of (a) the half-Heusler compound TiNiSn, (b) the stuffed wurtzite 
ScCuSn with the LiGaGe structure, and (c) LaCuSn, in the ZrBeSi structure type. 
The structures are depicted in a manner that highlights respectively, the zinc-
blende NiSn, the wurtzite CuSn, and the “decorated graphite” CuSn networks. The 
orange spheres are respectively Ti, Sc, and La. Light and dark blue spheres 
represent (Ni/Cu) and S, after [171].   
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Figure 9.22: Hexagonal and tetragonal transformation of cubic full-Heuslers, after C. Felser. 
 

Structural transformations of full-Heuslers, such as in Fe2MnGe, from a cubic L21 to a hexagonal 

DO19, can suggest the possibility of half-metallic hexagonal Heusler compounds, which 

motivated our investigations described in this part of this dissertation. Fig. 9.22 shows the 

possible transformation of the crystal structures from cubic L21 to hexagonal DO19 and 

tetragonal DO22 crystal structures, proposing the possibility of the hexagonal and tetragonal half-

metallic Heusler compounds.  

 

9.3.2 Fe2MnGe: synthesis and thermal treatments  

 Polycrystalline ingots of Fe2MnGe were prepared by repeated arc-melting of the pure 

elements Fe (99.98%, Alfa Aesar), Mn (99.9%, Alfa Aesar), and Ge (99.9%, Alfa Aesar), which 

were mixed in stoichiometric ratios 2:1:1. In order to avoid Mn and Ge-deficiency in the 

samples, an additional 5% elemental Mn and Ge was added to the mixture prior to the arc-

melting procedure. This is because Mn is very volatile during the arc-melting and Ge was in 

form of very fine powder. In order to remove the oxide layer at the surface of elemental Mn, 

prior to the arc-melting, Mn chunks were wrapped in quartz wool, placed in vacuum sealed 

quartz tubes, and heat treated at T=900˚C for 9 hours. This procedure is necessary to avoid any 
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contaminations and oxidization of the final compound. Mixture of elements was melted for 7 to 

10 times, and was turned over before each melting cycle in order to obtain a homogenized 

sample. The as-cast samples were cut and examined by SEM and EDS analysis for homogeneity 

and correct stoichiometry. After the uniformity and expected 2:1:1 stoichiometry of the samples 

were confirmed, samples were wrapped in the tantalum stripes and placed in vacuum sealed 

quartz tubes for thermal treatments. Samples were annealed at a wide temperature range from 

Ta=400˚C to Ta=1100˚C in steps of ∆T=100˚C (or sometimes less) for different periods of dwell 

time. Heat treatments always performed on the as-cast samples and at the end of the annealing 

cycle, they were slowly-cooled in the furnace. Occasionally, some of the samples were quenched 

in ice-water mixture to test the effect of cooling rate on the sample properties.   

Annealed samples were mounted in the conductive phenol powder using the hot-mounting 

technique, as explained in Chapter 8. Later, they were ground and polished for metallography 

analysis.  For chemical etching of the samples Marble, Kalling no2 or Kroll [149] were used 

depending on the reaction of the samples.   A uniform granular microstructure with 2:1:1 

stoichiometry was confirmed, by SEM/EDS analysis, for the samples which were heat treated at 

Ta=600˚C for 7 days, Ta=800˚C for 23 days and Ta=900˚C for 23 days, and slowly-cooled in all 

three cases. The XRD measurement showed a hexagonal DO19 phase for these samples, which 

were also confirmed by the Rietveld refinement to confirm the crystal structure of the samples. 

All the possible heat treatments at the low temperature regime resulted in the multiple-phase 

samples, and a pure cubic L21 phase had not been observed by the end of these experimental 

investigations. The detailed results of these investigations are reported in this section. 

  



 

168 
 

9.3.3 Fe2MnGe: Microstructural and compositional Analysis 

 Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

analysis of the as-cast and annealed samples were performed using a JEOL FE 7000, as 

explained in Chapter 8.  Among all the annealed Fe2MnGe samples, the ones heat treated at 

Ta=600˚C for 7 days (sample A), Ta=800˚C for 23 days (sample B) and Ta=900˚C for 23 days 

(sample C), and slowly-cooled in the furnace in all three cases, had uniform granular 

microstructure with 2:1:1 stoichiometry, which was confirmed by EDS analysis, as shown in Fig. 

9.23. 

 

Figure 9.23: SEM images of the hexagonal structure Fe2MnGe samples with granular 
microstructures, heat treated at (a) Ta=600˚C for 7 days (b) Ta=800˚C for 23 days, 
(c) Ta=900˚C for 23 days and slowly cooled. 

 

9.3.4 Fe2MnGe: Crystal structure and atomic order analysis  

 Crystal structures of the annealed Fe2MnGe samples were investigated by the standard X-

ray powder diffraction technique using a Bruker D8 Discover with Co Kα radiation (λ=1.79Å). 

The crystal structures of Fe2MnGe in a full-Heusler L21 (space group 𝐹𝑚3�𝑚, no. 225) and its 

possible disordered phases (e.g. DO3), a hexagonal DO19 (space group P63/mmc, no.194), a  
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Table 9.4: Possible crystal structures for Fe2MnGe, with their space group and wyckoff 
positions.  
 

Crystal Structure  Space group  no.  Prototype  Wyckoff positions  

L21  Fm3̅m  225  Cu2MnAl  Cu@ 8c( ¼ , ¼, ¼ ); Mn@4a(0, 0, 0) 
Al@4b( ½ , ½, ½ )  

DO19  P63/mmc  194  Fe3Ga  Fe@6h(x,2x, ¼ ) with x=5/6;  
Ga@2c ( 1/3, 2/3 , ¼ )  

DO22  I4/mmm  139  Al3Ti  Ti@2a(0, 0, 0);  
Al@2b(0, 0, 1/2) & 4d@(0, ½ , ¼ )  

L12  Pm3m  221  AuCu3  Au@1a(0, 0, 0); Cu@3c(0, ½ , ½ )  
 

 

tetragonal DO22 (space group I4/mmm no.139 ) and a cubic L12 (space group Pm3̅m no.221), 

wer simulated using CaRine crystallography 4.0 software, as shown in Fig. 9.24. Details of the 

simulated crystal structures, including their prototypes and Wyckoff positions are listed in Table 

9.4. The comparison between the experimental XRD results and the simulated XRD pattern by 

CaRine software for the three samples (sample A, B and C) suggested the hexagonal DO19 

crystal structure for these samples, as shown in Fig. 9.25.  These three samples, as shown in Fig. 

9.23 have uniform granular microstructure with 2:1:1 stoichiometry.  

 Experimental lattice constants of these samples were calculated using the following equation 

for hexagonal lattice, by indexing the peaks according to Fig. 9.25:  

 1
𝑑2

=
4
3 �
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2 � +
𝑙2

𝑐2
 , (9.4) 

Here d is the spacing between the lattice planes, found by Bragg’s equation. We found a=5.21Å 

and c=4.24Å as the experimental lattice constants of Fe2MnGe in DO19 structure, from these 

calculations. These values are very close to the results for the hexagonal phase of powder form 

Fe2MnGe reported by Zhang, et al. [164].  
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Figure 9.24: Simulations of XRD pattern of Fe2MnGe in (a) cubic Heusler L21 (b) hexagonal 
DO19 (c), and tetragonal DO22 (d) L12 crystal structures. 

 

 

Figure 9.25: Experimental XRD patterns of the Fe2MnGe samples in DO19 hexagonal phase for 
the samples heat treated at (a) Ta=600˚C for 7 days (b) Ta=800˚C for 23 days, (c) 
Ta=900˚C for 23 days and slowly cooled. 
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Figure 9.26: The Rietveld refinement of XRD patterns for the high temperature hexagonal  
DO19 phase Fe2MnGe samples which were heat treated at (a) Ta=800˚C for 
237days (b) Ta=900˚C for 23days.s 

  

 The Rietveld refinement, using the Crystal Impact Match! with FullProf algorithm, for 

sample B and sample C are presented in Fig.9.26. The Final reduced-χ2 factor and the final 

weighted average Bragg R-factor, which determine the goodness of the fit, were in the 

acceptable range. For the final converged fit to the experimental XRD data for Sample B the 

reduced-χ2 ~ 6.6 and Bragg R-factor ~ 88.7 and for Sample C reduced-χ2 ~ 5.1 and Bragg R-

factor ~ 68.8. These values for the goodness of fit parameters, are indicative of highly reliable fit 

of the simulated DO19 pattern to the experimental XRD data. Therefore, the hexagonal Fe2MnGe 

phase was achieved in the high temperature annealing regime, for the mentioned three samples 

A, B and C. 

 After all the heat treatments performed on Fe2MnGe samples, we have not found a sample 

with uniform cubic Heusler (L21) phase. The low temperature heat treatments at Ta=400˚C for 7 

days and Ta=500˚C for 7 days, resulted in the samples with multiple-phase microstructures, as 
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shown in Fig. 9.27, from XRD measurement results. The Heusler phase was not observed even 

after long heat treatment cycles of ~ 20 days for the sample annealed at Ta=400˚C.  Thus, the 

expected full-Heusler structure for Fe2MnGe, was not observed in our samples, which were 

prepared by arc-melting. As previously discussed, the disordered full-Heusler phase, DO3, was 

found for the powder form samples prepared by planetary ball milling method. According to 

[172], [173], non-equilibrium techniques, such as ball milling and melt-spinning can retain the 

meta-stable phases in room temperature. Therefore, the meta-stability of full-Heusler Fe2MnGe 

might be a possible reason that we have not observed the Heusler phase in our samples which 

were prepared by the arc-melting method. 

 

 

Figure 9.27: (a) Simulated XRD pattern of Fe2MnGe in hexagonal DO19 phase. Experimental 
XRD pattern of Fe2MnGe samples heat treated at (b) Ta=500˚C for 7days (c) 
Ta=400˚C for 7days and slowly cooled. 
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However, more analysis including Differential Scanning Calorimetry (DSC) and Differential 

Thermal Analysis (DTA), on the bulk form samples, can be helpful to test the possibility of 

formation of Heusler phase in the samples, prepared by arc-melting technique. Nonetheless, the 

synthesis of the hexagonal pure phase samples at the high temperature regimes is a state of the 

art result leading us to investigations of possible hexagonal Heusler compounds, in the similar 

systems.  

 

9.3.5 Fe2MnGe: Magnetic characterization 

 Magnetic properties of all the heat treated Fe2MnGe samples were measured using Quantum 

design PPMS VSM, as explained in Chapter 8. Half-metallic Heusler Fe2MnGe is supposed to 

have a magnetic moment of m ~ 3μB/f.u. at the ground state, from the DFT calculations and the 

Slater-Pauling rule. Field-dependent magnetization M(H) curves for the samples A, B, and C, 

with hexagonal crystal structure is presented in Fig.9.28 (a),(b) at the low temperature (T~5K) 

and room temperature.  

Compared to the as-cast Fe2MnGe sample with the magnetic moment of m~117A.m2/kg (or ~ 

4.24μB/f.u.) at T=5K, the samples with hexagonal structure have the magnetic moment of 

m~113.2A.m2/kg (or ~4.85 μB/f.u.) for sample B and C (heat treated at Ta=800˚C and Ta=900˚C 

for 23 days and oven-cooled) and m~117.4A.m2/kg (or ~5.02μB/f.u.) for sample A (heat treated 

at Ta=600˚C for 7 days). As shown in Fig.9.28(c), (d), for the samples annealed at the low 

temperatures, Ta=400˚C and Ta=500˚C for 7 days, the magnetic moment is m~106.4 A.m2/kg (or 

~4.56 μB/f.u.) at T=5K, which is still far from the expected value based on the DFT calculations. 

This is consistent with our findings from XRD and SEM/EDS analyses, where no uniform 

Heusler phase has been observed. 
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Figure 9.28: Field-dependent magnetization of Fe2MnGe samples at the low temperature and 
room temperature of (a), (b) high temperature annealed (with hexagonal structure) 
samples, and (c), (d) low temperature annealed samples. 

 

Fig. 9.29 shows the results of magnetic characterizations of the samples as a function of their 

annealing conditions, including temperature, dwell time, and the cooling methods (slow-cooled 

(S.C.) or quenched in ice-water mixture (Q)). Coercivity and remnant magnetization of the three 

hexagonal samples A, B, and C are very similar, and their saturation magnetization values are 

highest among most of the heat treated Fe2MnGe samples. As shown in this figure, the saturation 

moment of all the heat treated samples are higher than the expected value for the saturation 

moment m~ 5 μB/f.u. which was predicted for the half- metallic Heusler Fe2MnGe compound.  
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Figure 9.29: Magnetic properties of Fe2MnGe as a function of annealing conditions, including 
(a) the saturation magnetization (at μ0H=2T and T=5K), (b) the coercivity and (c) 
the remnant magnetization.  

 

Temperature-dependent analysis of the samples were performed at μ0H=2T magnetic field during 

both heating and cooling cycles, from T=5K to T=400K and vice versa.  Fig.9.30 (a) shows the 

overlapping M(T) curves of samples A, B, and C, which have the hexagonal DO19 crystal 

structure. Curie temperature of these samples was found to be TC ~ 447K from fitting the M(T) 

data to the mean field model for the temperature-dependent magnetization M=M0(1-T/TC)1/2. Fig. 

9.30(b) shows the hysteresis of M(T) curve for sample C. Similar hysteris were observed for 

sample A and B during our investigations.  
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Figure 9.30:Temperature dependent magnetization of Fe2MnGe samples for (a) three samples 
with hexagonal structure and (b) M(T) hysteresis for sample heat treated at 
Ta=900˚C for 23days. 

 

 To summarize, polycrystalline bulk form samples of Fe2MnGe were synthesized by the arc-

melting technique and annealed in order to find the half-metallic Heusler phase of this 

compound. During these investigations, a new phase of this compound with a hexagonal DO19 

crystal structure and high magnetic moments of m~5μB/f.u. was found. According to our ongoing 

DFT investigations, strong electron correlation between the d electrons of Fe and Mn can result 

in the stability of the DO19 phase with the magnetic moments similar to the experimentally 

observed values. These considerations might help us to theoretically explain the thermodynamic 

stability and magnetic behavior of the experimentally synthesized Fe2MnGe. Strong 

ferromagnetic character along with the crystalline anisotropy and possible half-metallicity are the 

significant properties of this compound, which can candidate this compound for the new field of 

hexagonal full-Heusler compounds. Further investigations using electrical transport 

measurements and techniques, such as Point contact Andreev reflection (PCAR) can be used as 

the proper checks for the half-metallicity of the hexagonal phase compounds.  
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9.4 Co2CrGe 

9.4.1 Co2CrGe: Theoretical Predictions of a new candidate for half-metallic Heusler 
compounds 
 
 Co2CrGe is another candidate for a stable half-metallic full-Heusler system, based on the 

results of our density functional theory (DFT) studies. Table 9.5 shows the predicted properties 

of the half-metallic Heusler Co2CrGe. Presence of an energy band gap of E ~ 0.302eV around 

the Fermi level in the minority spin channel suggests the possibility of half-metallicity and spin 

polarization of ~ 100% for this compound.  This compound is predicted to have a large magnetic 

moment of m ~ 4μB/f.u. at its ground state, which agrees with the Slater-Pauling rule for a half-

metallic Heusler compound with 28 total valence electrons. Compounds of Co2CrZ group (Z=Al, 

Ga, Si, In) have been experimentally synthesized by other research teams and proved to be full-

Heusler [174], [175], [176], [177], [178]. However, there is no report of experimentally 

synthesized Heusler Co2CrGe, so far. This part of the dissertation presents the results of our 

experimental investigations to find the full-Heusler Co2CrGe compound.  

 

9.4.2 Co2CrGe: synthesis and thermal treatments 

 Polycrystalline ingots of Co2CrGe were prepared by repeated arc-melting (more than 10 

times) in an Argon atmosphere, using the pure elemental constituents, in a procedure similar to 

our previously reported compounds. The prepared as-cast ingots of Co2CrGe were cut and tested 

for homogeneity and correct 2:1:1 stoichiometry by SEM and EDS analyses. After the correct 

stoichiometry and uniformity of the samples were confirmed, the samples were wrapped in 

tantalum stripes and sealed in quartz tubes under vacuum condition. 
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Table 9.5: Predicted properties for full-Heusler Co2CrGe from the density functional theory 
studies. Nv is the total number of valence electrons per formula unit of the compound. 
 

Composition  NV  Crystal 
structure  

Lattice 
constant 
(Å)  

Tetragonality  
(c/a)  

Magnetic 
moment 
(μB)  

Saturation 
magnetization  
(emu/cc)  

DOS spin 
polarization 
at Fermi 
level (%)  

Gap 
width 
(eV)  

Formation 
energy 
(eV/atom)  

Co2CrGe  28  L21 5.73  0.9999  4  786.9644  100  0.302  -0.1054  
 

 

Thermal heat treatments of the samples were done for various annealing temperatures from 

Ta=400˚C to Ta=1100˚C in the steps of ΔT=100°C and for the various soaking times from 3 days 

to 14 days. The annealed samples were examined by SEM/EDS for microstructural analysis, 

including homogeneity and stoichiometry. The XRD measurement was done for all the samples 

to determine their crystal structure and the magnetic characterization were performed for 

comparisons to the Slater-Pauling rule and the DFT calculation results.   

 

9.4.3 Co2CrGe: Microstructural and compositional analysis  

 Fig. 9.31 shows the SEM images for three Co2CrGe samples, which were annealed at 

Ta=800˚C for 10 days, at Ta=900˚C for 7 days, and at Ta=1000˚C for 3 days. The microstructure 

of all the heat treated samples with the correct and uniform stoichiometry of 2:1:1 seemed to be 

either dendritic or hyper-eutectic.  The granular microstructure was not observed for this 

compound after all the heat treatment procedures.   
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Figure 9.31: Scanning electron microscopy images of microstructure of Co2CrGe samples heat 
treated at (a) Ta=800˚C for 10days (b) 900˚C for 7days and (c) 1000˚C for 3days. 

 

9.4.4 Co2CrGe: Crystal structure analysis 

 The XRD measurement were performed for all the samples including as-cast and the 

annealed samples, using a Bruker D8 Discover machine, as explained in Chapter 8. Fig. 9.32 

shows the XRD pattern for a L21 full-Heusler Co2CrGe simulated by the CaRine software, as 

well as the experimental results for the as-cast and some of the annealed samples. None of the 

annealed samples seem to have been formed in Heusler phase from these analyses.  
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Figure 9.32:(a)Crystal structure, and (b) the simulated XRD pattern of full-Heusler Co2CrGe. 
The experimental XRD results for the as-cast and (c) the heat treated samples. 

 

9.4.5 Co2CrGe: Magnetic characterization and properties  

 Magnetic characterization of the Co2CrGe samples, were performed by the PPMS VSM, as 

explained in Chapter 8. All the heat treated samples have a paramagnetic character, as shown in 

Fig. 9.33. There were no sign of ferromagnetic behavior for all the annealed Co2CrGe samples, 

in contrast with the DFT predictions for a possible half-metallic ferromagnet with magnetic 

moment of m ~ 4 μB/f.u. for this compound. Our initial speculation for the non-magnetic 

behavior of this system, despite the theoretical predictions for the ferromagnetic character of this 

material is the non-collinear arrangement of the magnetic moments in the magnetic structure of 

these compounds. Our preliminary DFT calculations were based on the  
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Figure 9.33: Field-dependent magnetization of the as-cast and the annealed Co2CrGe samples at 
(a) the low temperature and (b) room temperature regimes, showing the 
paramagnetic behavior of all the prepared samples. 

 

collinear magnetic structure of these compounds, which seems to be unable to explain the 

magnetic behavior of the experimentally found phase. Further theoretical investigations are 

required to find the origin of non-magnetic nature of this compound. 

 To summarize this chapter, we presented the experimental and analytical approach and the 

results of our investigations to find and synthesize the new candidates for half-metallic Heusler 

compounds, which we found after an extensive theoretical computations and a literature survey 

(Chapter 7). These compounds include Fe2TiSb, Fe2MnGe, and Co2CrGe. Polycrystalline ingots 

of these compounds were prepared by the arc-melting method and were heat treated at various 

annealing temperatures. Systematic characterizations of these samples, including microstructural, 

compositional, crystal structure, atomic order, magnetic and electrical transport, etc, were 

performed on all the prepared samples to investigate their properties. As the result, for Fe2TiSb, a 

new Fe-deficient Heusler phase with Fe1.5TiSb composition was discovered and synthesized. 

This compound was found to be the most stable compound in FexTiSb systems with a L21 crystal 



 

182 
 

structure and almost zero magnetic moment, in agree with the thorough theoretical investigations 

of these systems. Our theoretical investigations are suggestive of a new layered L21/C1b in (111) 

orientation for these samples, which seem to be the ground state of FexTiSb systems. Our 

investigations of the Fe2MnGe system led to discovery and synthesis of a new hexagonal DO19 

phase for this material, with high magnetic moment of m ~5μB/f.u. at the low temperature 

regimes. Possible half-metallicity of this compound with the observed hexagonal structure can be 

a breakthrough in the new field of hexagonal Heusler compounds, and it is very appealing for the 

applications, such as perpendicular media and CPP-GMR, where the out-of-plane magnetic 

anisotropy is required. The results of the investigations for Co2CrGe systems, showed the 

paramagnetic behavior of the prepared samples, after all the possible heat treatment procedures, 

despite the theoretical predictions for this system. Further theoretical and experimental 

investigations of these systems are required to gain a broader understanding of these systems.  
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CHAPTER 10 

CONCLUSIONS AND OUTLOOKS  

 

 This dissertation includes the experimental and analytical investigations on the fabrication 

and characterization of novel electronic and magnetic materials and devices. Part I of this 

dissertation deals with the “low-frequency noise spectroscopy” of vanadium dioxide in the 

vicinity of its metal-insulator transition. The fundamentals of the metal-insulator transition in 

vanadium dioxide and the noise spectroscopy have been introduced in this part of the 

dissertation. Also, the experimental methods for the deposition and characterization of the 

vanadium dioxide thin films and their electrical transport properties were presented in Part I. Part 

II of this dissertation deals with the systematic approach to theoretical and experimental 

investigations of Heusler compounds with the goal of finding and synthesizing novel half-

metallic Heusler compounds in the polycrystalline form. This chapter concludes our findings 

during the investigations under these two subjects. Furthermore, the results of these 

investigations bring about the proposals for new investigation opportunities in the related 

subjects. Outlooks for the future investigations in both fields are also provided in this chapter.  

 

10.1 Part I Summary   

 “Low-frequency noise spectroscopy”, as a powerful technique for understanding the 

dynamics of electronic processes at the microscopic levels, was used to investigate the dynamics 

of electron transport in vanadium dioxide in the vicinity of the metal-insulator transition. The 
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metal-insulator transition of VO2, its driving forces and its consequences on the properties of this 

material, along with the models which tend to describe the mechanism and features of this 

transition were introduced in Chapter 2. The fundamentals of the noise spectroscopy, the basics 

and predictions of percolation models for the 1/f noise in the vicinity of the transition were 

described in Chapter 3. In order to investigate this system, epitaxial thin films of VO2, with high 

crystalline quality, were deposited on rutile-TiO2 substrates with (100), (110) and (001) 

orientations, using chemical vapor deposition techniques, APCVD and LPCVD. High crystalline 

quality of these films was confirmed by characterization techniques, such as XRD, XRR and 

RSM, as discussed in Chapter 4. In order to investigate the anisotropy of the electrical transport 

in VO2, thin films of VO2 (100) and (110) were patterned in Hall bars along cR and aR axes, 

using the photolithography and ion-milling techniques, as described in Chapter 4. The electrical 

transport properties of these films were investigated using temperature-dependent 

resistivity/conductivity, Hall measurements, and the resistance noise spectroscopy techniques. 

The temperature-dependent resistivity results for these films are another evidence of the high 

quality of these films. The results for the temperature-dependent resistance of the patterned thin 

films of VO2 (100) and VO2 (110) showed the anisotropy of the charge transport along the 

different crystallographic orientations of VO2. Hall measurements across the metal-insulator 

transition demonstrated the significant change in the charge carrier density (~ 4 orders of 

magnitude) of the VO2 during the phase transition, while the changes in the carrier mobility were 

subtle, as discussed in Chapter 5. The design and properties of our lab-built noise spectrum 

analyzer were discussed in Chapter 6 and Appendix A. The noise spectroscopy measurement 

methods, analysis and results for the thin films of VO2 (100), (001) and (110) were discussed in 

details in Chapter 6. According to our findings for the temperature-dependence of the 1/f noise in 
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these thin films, the noise factor K, and consequently the noise power N increased with 

increasing the temperature, along the phase transition of VO2 from the insulating to the metallic 

phase. Both K and N changes follow the behavior of 1/RD (T), where RD is the resistance of the 

sample. This type of temperature-dependent trend of the noise amplitude is consistent with the 

predictions from the Local Interference (LI) model [87], where the resistance noise originates 

from the electronic scattering in the local potentials of the moving defects. The percolating 

nature of the metallic domains and their growth during the insulator to metal transition matches 

this picture from the LI model. However, the predicted divergence of the noise amplitude at the 

transition temperature, which was predicted by the classical percolation model, was not 

observed. Therefore, this model is not suitable for describing the noise behavior in VO2. Critical 

exponents during the different stages of the metal-insulator transition provided valuable 

information on the type of mechanisms which govern the electronic transport and the dynamics 

of these fluctuations. These types of investigations in the neighborhood of the metal-insulator 

transition showed the significant change in the electronic transport mechanism before and after 

the phase transition in VO2. For the thin films of VO2, the p-noise model [100] seems to describe 

system before the transition and in the insulating phase. After the transition, the critical 

exponents are close to the predicted values from the classical percolation model, but do not quite 

match this model. 

 Anisotropic behavior of charge transport was also confirmed through low-frequency noise 

spectroscopy along the cR and aR axes of VO2.  According to our findings, the noise is dominated 

by the noise from the metallic phase along the aR axis, while strong thermal fluctuations and 

distributions in the system control the noise along the cR axis. The difference in the temperature-

dependency of noise along different crystallographic axes might originate from the anisotropic 
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formation of the metallic filaments, found by scattering scanning near field optical microscopy 

(sSNOM) [27]. Our results for the probe current dependence of the 1/f noise proved the 

independence of this noise from the probe current in our samples. This is another sanity check 

for the validity of our results, which strengthens our arguments on the type of the models and 

mechanisms governing the metal-insulator transition in VO2 

 

10.2 Part I Outlook 

 Our findings from the low-frequency noise spectroscopy of VO2 during the metal-insulator 

transition showed a significant increase in the noise factor K during the transition of this material 

from the insulating to the metallic state, and vice versa. The noise factor includes both the 

Hooge’s parameter (γH) and the number of charge carries (NC) in the sample under the test 

(K=γH/NC). According to our results from the Hall measurements of VO2, the carrier density 

(n=NC/V) changes significantly during the transition from the insulating state (n~1019 cm-3) to the 

metallic state (n~1023 cm-3), which resembles the change in K. On the other hand, VO2 is a 

strongly disordered medium. According to the percolation model, the resistance noise (and the 

resistance) of the strongly disordered systems are related to the active volume of the main cluster 

or the backbone of random resistors network, not to the physical volume of the system 

mentioned in the Hooge’s formula. Therefore, to deduce more accurate values for the Hooge’s 

parameter (γH) and to test whether the Hooge’s formula is sufficient to explain the low-frequency 

noise of VO2, one can calculate the active volume which carries the charge carriers in the 

samples. The active volume approximations and analysis are possible from the effective medium 

approximation, as thoroughly discussed in [82]. These investigations can examine whether the 

measured noise are solely the result of resistance fluctuations, or other factors, such as random 
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carrier hopping between the impurity sites or the healing and failure processes, are responsible 

for the noise in VO2.  

 Comparing the noise analysis results of VO2 thin films deposited on TiO2 substrates with 

different orientations, we found a difference between the noise factor of  VO2(110) film in 

compare to VO2(001) and VO2(100). The effect of the external factors, such as strain, which is 

different in the thin films deposited on substrates with different crystallographic orientations, 

might be a possible reason for this different behavior. To systematically control the strain and 

examine the effect of strain on the noise of VO2, one can follow the approach of   N.B. Aetukuri, 

et al. [22], which utilizes the thickness control of RuO2 buffer layers to control the strain in VO2 

films deposited on the top. Internal factors, such as the difference in the grain size, which can be 

studied by atomic force microscopy (AFM), or the oxygen stoichiometry, which can be studied 

by X-ray photoelectron spectroscopy (XPS) [4], can also be examined as other possible sources 

for the difference in the noise behavior.  

 In another effort, we found the anisotropy of the noise factor and the critical exponent along 

the different crystallographic orientations of VO2. For more systematic analysis of the noise 

anisotropy, we suggest the investigations of the angular dependence of the noise in VO2. Angular 

dependence of the conductance in VO2 films has been investigated by J. Lu, et al. [73], and has 

confirmed the anisotropic behavior of the conductance in VO2.  

 Further investigations for the characterization of the fluctuating entities close to the metal-

insulator transition in VO2 can be done by the “second noise spectrum analysis”, which examines 

the non-Gaussian distributions of the fluctuating entities in the system. As explained in Chapter 

4, first order correlation function ψ(t) is not sufficient for describing the non-Gaussian systems, 

and the higher order correlation functions, such as the second order ψ2(t)=<V2(t)V2(t+τ)> should 
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be used to investigate the non-Gaussian systems. Second spectrum S2(f) is the spectrum of the 

fluctuations of the noise power in the same frequency bandwidth as the first order (ordinary) 

noise power spectrum, and can be found using the following  [179], [180], [181]:   

 
𝑆2(𝑓2) =

∫ 〈∆𝜌(2)(𝑡)∆𝜌(2)(𝑡 + 𝜏)〉𝐶𝑜𝑠(2𝜋𝑓2𝜏)𝑑𝜏∞
0

[∫ 𝑆𝜌(𝑓1)𝑑𝑓1
𝑓𝐻
𝑓𝐿

]2
 (10.1) 

Where f1 and f2 are the frequencies of the first and the second spectrum. The second spectrum is 

typically measured in consequent octaves, i.e. the higher frequency limit fH is twice the lower 

frequency limit fL. In order to measure the second spectrum, the resistivity fluctuations ∆ρ(t) and 

∆ρ(t+τ) should be recorded in real time. Another method of measuring the second spectrum is 

recording the power spectral density during several attempts and looking at the fluctuation 

spectrum of the first order power spectral denisty.   

 Second spectrum analysis can determine whether only a small portion of sample and a few 

fluctuating entities are responsible for the resistance noise, close to the metal-insulator transition 

in VO2. These investigations are important to understand the nature of phase transition in a 

strongly correlated medium, such as VO2, with strong electron-electron Coulomb interactions 

[92].  

 During our investigations and low-frequency noise analysis reported here, the Hooge’s 

formula has been utilized, which is commonly used to describe the properties of the 1/f noise in 

many systems. However, investigations of the relaxation processes which give rise to low-

frequency noise can be done by considering the total noise as the superposition of the relaxation 

processes. Signals describing linear physical systems, f(ω) can be written as the superposition of 

relaxator terms [182], with the relaxation frequency γ (inverse of relaxation times 1/τ) and the  

relaxation weights g(γ). In frequency domain, the function can be written as: 
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𝑓(𝜔) = �

1
𝛾 + 𝑖𝜔

∞

0
 𝑔(𝛾)𝑑𝛾, (10.2) 

Where ω=2πf and in time domain can be written as:  

 
𝑓(𝑡) = � 𝑒−𝛾𝑡𝑔(𝛾)𝑑𝛾,    𝑡 ≥ 0,

∞

0
 (10.3) 

Investigating the number, distribution, properties, and the nature of these relxator terms can  

elevate our understanding of the transition mechanism and dynamical electronic processes in 

VO2. To solve this problem, we have developed a MATLAB code for the time domain analysis, 

which is described in Appendix B.  

 Moreover, theoretical investigations such as simulation of the percolation network which 

can describe the physics and characteristics of the electrical transport and the noise in the vicinity 

of metal-insulator transition, in combination with our experimental investigations can shed light 

on the physical phenomena happening during the transition in vanadium dioxide. Developing the 

noise spectrum analyzer and the analytical techniques to approach the low-frequency noise 

spectroscopy can be utilized to study the noise in other materials with critical behavior or 

significant change in the resistance with changing the temperature.  

 

10.3 Part II summary 

 In part II of this dissertation, Heusler compounds, along with their electronic and magnetic 

structures, their properties, and applications were introduced. Theoretical investigations of these 

materials, using first principles studies and with the focus on finding new candidates for stable 

half-metallic Heusler compounds were discussed. A literature survey of the experimentally 

reported half-metallic full-Heusler compounds gave rise to five new stable half-metallic systems 

in this group, including Fe2TiSb, Fe2MnGe, Co2CrGe, Mn2TiGe, and Mn2TiSi.  In order to 
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experimentally investigate these new systems, we prepared the polycrystalline bulk form samples 

of these materials. A comprehensive discussion of our experimental and analytical approach to 

synthesize and characterize these new materials can be found in Chapter 8 of this dissertation. 

Our findings for three investigated systems including Fe2TiSb, Fe2MnGe and Co2CrGe were 

reported in Chapter 9. Our investigations of Fe2TiSb led us to the investigating the FexTiSb (x=1, 

1.5, 2) systems. As the result, Fe1.5TiSb with an apparent L21 crystal structure were found as the 

ground states and the most stable compound in FexTiSb systems, based on both our theoretical 

and experimental findings. This new compounds has a negligible magnetic moment and metallic 

behavior. From theoretical investigations, this sample most likely has an alternatively layered 

L21/C1b crystal structure, which can comprise a new class of Heusler systems. Our search for the 

half-metallic Heusler Fe2MnGe led to the discovery of a new phase of material with the 

hexagonal crystal structure. The new material has a high magnetic moment and with its magnetic 

crystallographic anisotropy and possible half-metallicity can be very appealing for the 

applications  that desire strong out-of-plane magnetic component, as discussed in Chapter 9. Our 

investigations of half-metallic Heusler Co2CrGe system, despite the theoretical predictions and 

experimental reports on Heusler phase Co2CrZ (Z=Al, Ga, Si, In) showed this system is tend to 

form a nonmagnetic (paramagnetic) phase. Other two systems, Mn2TiSi and Mn2TiGe were also 

investigated, as the results Mn2TiSi did not tend to mix homogenously after more than ~15 times 

of arc-melting and was very brittle. Investigations on Mn2TiGe system is still going on.  

 One of the major controversies in the systematic investigations of the Heusler compounds is 

the considerable contrast between the properties predicted by theoretical investigations by DFT 

and the experimentally synthesized materials.  On one hand, the theoretical expectations for the 

investigated compounds predicted the formation of thermodynamically stable full-Heusler 
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compounds that we investigated. On the other hand, our experimental investigations resulted in 

finding the new phases of these compounds with fundamental differences between the theory and 

the discovered stable phase of these compounds. For the case of Fe2TiSb, the DFT calculations 

predicted a thermodynamically stable compound with the magnetic moment per formula unit of 

~ 1μB/f.u. This is while the experimental investigations resulted in the Fe1.5TiSb, with a weakly 

magnetic character and a bad metal, as the most stable phase of the FexTiSb systems. In this case 

the theoretical cluster expansions studies based on DFT was able to explain the most stable phase 

of the Fe-Ti-Sb system. Another example is the Fe2MnGe compound which was predicted to be a 

stable half-metallic full-Heusler system from the DFT calculations with saturation magnetization 

of ~ 3μB/f.u. as the ground state of the system. However, we found the hexagonal phase with the 

magnetic moment of ~ 5μB/f.u. to be the most stable phase of this system from our experimental 

studies. Our ongoing theoretical investigations has hinted on the strong electron correlations 

between the d electrons of Fe and Mn as the defining factor, which makes the hexagonal phase 

more stable than the cubic full-Heusler of these systems. Therefore, more in-depth theoretical 

investigations are required to understand the experimentally found phases of this compound, as 

well. For the case of Co2CrGe, the DFT calculations predicted this material to be a stable half-

metallic full-Heusler with magnetic moment of ~ 4μB/f.u. On the contrary, this material has 

shown no evidence of the magnetic behavior and was completely paramagnetic during the whole 

spectrum of the heat treatments of this material. Our initial speculation for source of 

nonmagnetic behavior of this material is the non-collinear arrangement of the magnetic moments 

of the atoms in the crystal structure of this material. In conclusion, the results of the DFT 

calculations can be used as a hint for choosing the materials for the experimental investigations. 

This method seems not to be able to provide accurate information on the properties of these 
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systems, such as the thermodynamic stability and the magnetic moment of these compounds. In 

order to have a better understanding of the physical behavior of these systems, more 

comprehensive theoretical investigations, beyond the limits of DFT, are required. From the 

thermodynamic point of view, there can be many competing binary or ternary phases, which 

might be experimentally more stable than the predicted phases from the DFT calculations. 

Another downfall of our preliminary used DFT calculations are the predictions of the magnetic 

and electronic behavior of these systems. The main source of these erroneous results is using 

simplified interactions, such as disregarding the spin-orbit coupling and electron-electron 

interaction in these systems. These calculations are also done for the system at its ground states, 

while the experimentally prepared material might be far from its ground state.    

On the other hand, the experimental investigations should be more comprehensive, as well. 

Detailed electron microscopy analysis for confirming the uniformity of the observed phase in the 

prepared material is crucial. This type of analysis is unfortunately missing in some of the 

reported materials in the literature. Also, the crystal structure of the materials should be carefully 

examined, as well. As explained in Part II of this dissertation, the X-ray diffraction investigations 

are mostly insufficient in determining the accurate crystal structure of Heusler compounds. 

Therefore, a more reliable approach is the choosing the most suited method, from XRD, XAFS, 

NMR, Mössbauer spectroscopy, etc.  

Overall, understanding the physical reasons behind the experimentally observed phases and 

properties of these systems requires a more sophisticated approach including the interplay of 

comprehensive theoretical and experimental investigations. Such approach can also result in 

improving our theoretical models for predicting the properties of the materials.  
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10.4 Part II outlook 

 Our theoretical investigations of FexTiSb (x=1, 1.5, 2) systems showed that Fe1.5TiSb as the 

ground state of this system comprise a crystal structure with alternative L21/C1b layers. X-ray 

powder diffraction technique is not a sufficient method to prove these predictions, but methods 

such as Mössbauer spectroscopy can locate the position of Fe atoms and Fe vacancies in these 

samples, and experimentally examine this hypothesis. To further investigate Fe1.5TiSb system, 

one can study the thermoelectric properties of this material, with and without doping other 

elements [129].  

Our investigations to find the full-Heusler cubic phase of Fe2MnGe using consecutive 

temperature cycles on each sample is still ongoing. Differential scanning calorimetry (DSC) and 

differential thermal analysis (DTA) can help to examine the possibility of presence of cubic 

phase for the polycrystalline bulk sample of Fe2MnGe. Theoretical investigations using density 

functional theory computations can provide information on the properties of the hexagonal phase 

Fe2MnGe, including the half-metallicity, magnetic moment, and the magnetic anisotropy of this 

system, which may have the possibility to form a half-metallic hexagonal Heusler compound. 

Magnetic anisotropy of this system can be experimentally studied by techniques, such as 

ferromagnetic resonance (FMR), and torque-magnetometry. Temperature-dependent and 

magnetic field-dependent resistivity studies, such as RRR and R(T) can elevate our knowledge of 

the low temperature charge transport mechanism of this system. These methods can also be a 

possible check for the half-metallicity and magnetoresistance of the synthesized materials. More 

theoretical and experimental investigations are necessary to understand the controversial 

behavior of Co2CrGe, despite the theoretical predictions and the experimental reports on the 

Heusler phase of the similar Co2CrZ systems.  
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 Nevertheless, many properties of these new systems are unknown, which requires many 

investigations of these materials in different fields. There are still many new candidates for half-

Heusler and inverse-Heusler compounds, which can be investigated 

(http://heusleralloys.mint.ua.edu). The possibility of the Heusler phase and new discovered 

phases of the investigated materials in thin films, multilayer devices, and nanoparticles can be 

experimentally investigated, as well.  
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Cross-spectrum Analyzer for Low Frequency Noise Analysis
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The design and performance of a sensitive and reliable cross-correlation spectrum analyzer for studying low
frequency transport noise is described in detail. The design makes use of common PC-based data acquisition
hardware and preamplifiers to acquire time-based data, along with software we have developed to compute the
cross-correlation and noise spectral density. The impedance of device under test may cover four decades from
100 Ω to 1 MΩ. By utilizing a custom developed signal processing program, this system is tested to be accurate
and efficient for measuring voltage noise as low as ∼10−19 V2

rms/Hz from 0.001 Hz to 100 kHz within one day’s
averaging time, comparable with more expensive hardware solutions (bandwidth in real measurements may be
limited by the sample impedance and stray capacitance). The time dependence of measurement sensitivity is
discussed theoretically and characterized experimentally to optimize between measuring time and accuracy. A
routine for noise component analysis is introduced, and is applied for characterizing the noise spectra of metal
and carbon film resistors, revealing an almost strict 1/frequency dependence that may reflect an ensemble of
random resistivity fluctuation processes with uniformly distributed activation energies. These results verify
the general applicability of this analyzer for low level noise researches.

III. INTRODUCTION

Noise spectral analysis is proven to be a useful method
to study the carrier transport characteristics in various
materials. In most noise spectra taken with a sam-
ple under bias, the low-frequency behavior is dominated
by a power spectral density with a 1/frequency depen-
dence, known as “1/f” or “flicker” noise. The 1/f
noise contribution, readily revealed by a constant cur-
rent through the device, provides important information
on device resistivity fluctuations2 and is extremely use-
ful when studying the transport mechanisms in semicon-
ductors materials,3,4 magnetic tunneling junctions,5,6,
p-n junctions,7,8, percolation networks,9,10 and other
areas.11–13

In order to minimize the background noise introduced
by the analyzer components, such as the preamplifiers,
cross-correlation methods are routinely applied for noise
measurements.1,14 In this method, the noise voltage sig-
nal is simultaneously acquired in two channels from two
independent pairs of electrical contacts to the device.
By calculating the cross-correlation spectrum of the two
time-domain signals, the uncorrelated components will
be eliminated and remaining contributions will be only
the common-mode signal from the device itself. For con-
ciseness, it is abbreviated as cross-spectrum throughout
this article, and it is usually calculated by the following
routine.1,15

This article is organized as follows: the mathemati-
cal background of the cross-spectrum approach for noise
analysis is introduced in section II. Time-sensitivity
of the measurements are explained in section III. The
schematic of the system hardware and software are de-
scribed along with system specifications and measure-
ment limitations in section IV and V. Noise-component
analysis is explained in section VI, and finally in Sections
VII and VIII we present the measurement method and
analysis of two types of noise: thermal and 1/f noise..

IV. MATHEMATICAL BACKGROUND

Consider two continuous time domain signals x(t) and
y(t). We can define their cross correlation function as:

Rxy(t) =
(
x ? y

)
(t) ≡ lim

T→∞

T/2∫
−T/2

x(τ)y∗(τ − t)dτ

where ∗ denotes complex conjugation. According to the
Wiener-Khinchin theorem, the power spectral density
(PSD), Sxy(ω), is the Fourier transform (F) of the cross
correlation function:2

Sxy(ω) = F [Rxy(t)]

The cross-correlation theorem states that F [f ? g] =(
F (f)

)∗F (g), which gives

Sxy(ω) = F [(x ? y) (t)] =
(
F [x(t)]

)∗F [y(t)]

If x(t) and y(t) have Fourier transforms x̃(ω) and ỹ(ω),

Sxy(ω) = F [x(t)]
∗ F [y(t)] = x̃∗(ω)ỹ(ω)

In the case of single-sided spectra (i.e., positive frequen-
cies only), one must double the Fourier transform of both
x(t) and y(t), giving:

Sxy(ω) = 4x̃∗(ω)ỹ(ω) (6)

In short, this means that two simultaneous voltage ver-
sus time measurements x(t) and y(t), combined with sub-
sequent signal processing to determine x̃∗(ω) and ỹ(ω),
are sufficient to determine the noise power spectral den-
sity as a function of frequency. The above definitions
are strictly valid only for square integrable signals; in
the more general case of, e.g., wide-sense stationary pro-
cesses, the Fourier transforms of x(t) and y(t) do not nec-
essarily exist. In this case the cross correlation function
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can be formulated in terms of the expected value function
rather than an indefinite integral, but the same essential
conclusions hold. Similarly, the primary result is readily
generalized to the case of discrete rather than continuous
signals. In this article, we describe a combined hardware
and software solution for computing the noise spectral
density as a function of frequency from simultaneously
acquired voltage versus time measurements.

V. TIME-DEPENDENT SENSITIVITY

In order to properly determine the noise spectral den-
sity of a device under test (DUT), we should first consider
the measurement problem in more detail. In general, a
sampled time domain signal can be expanded as a dis-
crete Fourier series:

v(t) =

N
2∑

k=−N
2

V (ωk) (7)

where ωk = 2kπfs/N , fs is the sampling frequency, and
N is the number of samples. Essentially, the voltage sig-
nals can be seen as the superposition of a series of sinu-
soidal waves of frequencies ωk. The frequency component
for each channel, V (ωk), can be decomposed in to sepa-
rate contributions from intrinsic noise of the DUT, and
the external noise including the environmental sources,
such as 60 Hz multipliers from power lines and instrumen-
tal noise introduced by the hardware of the two channels
during signal transmission and amplification:

VCh1(ωk) =
1

2
(δεke

i(ωkt+ϕk) + δε1,ke
i(ωkt+ϕ1,k))

VCh2(ωk) =
1

2
(δεke

i(ωkt+ϕk) + δε2,ke
i(ωkt+ϕ2,k))

(8)

where the δεk is the amplitude of the device noise and
δε1,k, δε2,k represent the external noise in channel 1 and
channel 2 at frequency ωk. Here ϕk, ϕ1,k and ϕ2,k rep-
resent the phases of the noise components, respectively.
Considering positive frequencies only, V (ωk) is essentially
equal to the half-sided Fourier transform of the noise
signal divided by the number of samples. The cross-
spectrum (S) is calculated from the real part of the prod-
uct of VCh1 and the complex conjugate of VCh2

1, as shown
in Eqn. 6:

S(ωk) = 4<(VCh1VCh2
∗)

= δε2k + δεkδε1,k cos(ϕk − ϕ1,k) + ...

...+ δεkδε2,k cos(ϕk − ϕ2,k) + ...

...+ δε1,kδε2,k cos(ϕ1,k − ϕ2,k)

(9)

The spectral density S is then further divided by 2 to
obtain the root mean square power spectral density. One

must note that S(ωk) is equal to the device’s spectral
density δε2k only when the phase differences ϕk − ϕ1,k,
ϕk − ϕ2,k, and ϕ1,k − ϕ2,k are ±kπ/2, i.e., the contri-
butions are mutually orthogonal. This can strictly only
be achieved by measuring the cross-spectrum for an infi-
nite duration of time. Practically speaking, only a spec-
trum of limited bandwidth over a limited measurement
time can be determined, and therefore the expected spec-
trum is estimated by the averaging of N independently
acquired spectra (SN ). Knowing the spectral frequency
resolution (fr) is the reciprocal of sampling time, the to-
tal averaging time is then related to the number of av-
erages and spectral resolution by t = N/fr. The uncer-
tainty in SN as a function of averaging time can then be
readily determined:

σSN
=

σS√
N

=
σS√
t · fr

(10)

where σSN
is the standard deviation of the averaged spec-

trum for a collection of N measurements of S, each with
standard deviation σS . When system background noise
is much higher than the device noise (δε � δε1 ≈ δε2),
σS can be experimentally measured by averaging the ab-
solute value of S on a short circuited device:

σS = |δεδε1 cos(ϕ− ϕ1) + δεδε2 cos(ϕ− ϕ2) + ...

...+ δε1δε2 cos(ϕ− ϕ2)|
≈ |δε1δε2 cos(ϕ− ϕ2)| = |SShort|

(11)

VI. SYSTEM SCHEMATIC
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FIG. 2. Schematics of the building blocks of the cross-
spectrum analyzer. (DUT = Device under test, BPF = Band-
pass filter, AMP = amplifier, DAQ = Data Acquisition Card,
AA = Anti-alias, FFT = Fast Fourier transform, Conj. =
Complex Conjugate.)

The schematic diagram of our analyzer is illustrated in
Fig. 2. The noise signal (voltage versus time) from the
device under test is sampled through two independent
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pairs of contacts simultaneously. Each signal is then fed
through the internal band-pass filter of two independent
low-noise preamplifiers for dc blocking and anti-aliasing
purposes. We have used both EG&G 113 and Signal
Recovery 511316 preamplifiers, and found the results to
be essentially identical. The comparison was made for
the primary reason that the EG&G preamplifiers are no
longer readily available, and we have found the Signal
Recovery preamplifiers to be a straightforward “drop in”
replacement. The critical factors in preamplifier selec-
tion we have found, other than having the lowest possible
noise floor, are: (1) ability to run on battery power, for
at least 12 hours, (2) ability to turn off the digital display
(to increase battery life and avoid picking up extraneous
signals from the display), (3) internal band-pass filtering,
and (4) adjustable gain. Of these factors, the first two
appear to be the most crucial.

The subsequently amplified signals are sampled by a
National Instruments 6154 16-bit channel-to-channel iso-
lated data acquisition card (DAQ)17, running on contin-
uous mode with sampling rate of fs = 250 kHz. In this
case, the channel-to-channel isolation and simultaneous
sampling capabilities were the primary selection crite-
ria, along with a sufficiently high sampling rate to allow
measurements to ∼ 100 kHz. Given the resolution of 16
bits and an input range of 1 V, this implies a minimum
voltage increment due to analog-to-digital quantization
of ∼ 15µV without any averaging. Given a preamplifier
gain of 103 (for example; typically gains of 103 or 104 are
used), the minimum measurable voltage with one chan-
nel is then of order vmin∼15 nV. For thermal (Johnson-
Nyquist) noise, for a given measurement bandwidth ∆f
the rms noise voltage is given by vn =

√
4kBTR∆f ,

where kB is Boltzmann’s constant and R is the resis-
tance. A minimum measurable noise voltage of vmin thus
implies a minimum measurable resistance with a single-
channel measurement. Over a 100 kHz bandwidth, this
gives Rmin∼ 0.1 Ω. This is approximately four orders of
magnitude below the observed single-channel noise floor
in our system, indicating that discretization effects are
not playing a significant role in our system.

A custom-developed Labview program buffers the ac-
quired waveforms for a certain duration td to obtained
the desired spectral solution (fr = 1/td), applies an anti-
alias filter if highest frequency of interest is lower than
half the sampling frequency fs/2, computes power spec-
tral density, and then averages measured cross-spectra
over time to improve sensitivity. The entire measurement
process is automated, including the ability to run multi-
ple measurements back-to-back for pre-defined sampling
times. This program uses a producer/consumer design
pattern18 to realize real-time sampling, i.e. the spectrum
is calculated at the same time when the waveforms are
being sampled, so there is no delay time between each
measurement for signal processing (Fig. 3). Thanks to
this software implementation, no extra hardware compo-
nent is needed beyond the relatively standard amplifiers
and DAQ, thus reducing the cost of the system. While
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FIG. 3. Block diagram of the signal processing program with
a producer/consumer design pattern.

the use of Labview does entail a significant cost, the pro-
gram could be readily implemented on a number of other
platforms (e.g., Matlab). The choice of Labview was mo-
tivated primarily by the fact it was already available, it
is relatively easy to use, and many students are already
familiar with it. This reflects the overall design philoso-
phy: the system can be built using hardware and software
which are either already available, or readily repurposed
for other experiments if need be.

VII. NOISE FLOOR

The measured σS for our system, whose general char-
acteristic (smooth fit) is illustrated by the “1ch” curve in
Fig.4, has a relatively complicated frequency dependence,
because it combines noises from various sources in our
system. Having σS , the time and averaging number de-
pendence of the system sensitivity can be calculated from
Eq. 10. Figure 4 shows the measured power spectral den-
sity (PSD), SN , on a shorted device for various averaging
times. Compared with system background noise, the sen-
sitivity of the analyzer is improved by a hundred times by
averaging the spectrum for one day (∼10k averages), and
by more than 10 times after averaging only 15 min. We
note here that peaks in the noise spectra are still often
observed at the line frequency of 60 Hz and its multiples
due to external influences. While these peaks can be min-
imized and often eliminated by improved shielding and
increased physical isolation of the experimental setup, for
the purposes of analysis we have removed data in nar-
row windows (∼±5 Hz) around 60 Hz and its multiples.
Typically these peaks are no larger than 10−14 V2/Hz at
60 Hz, reduced by about two orders of magnitude at 120
and 180 Hz, and may often be below the noise floor of the
measurement. This brings to light the important task of
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shielding the measurement device and electronics from
external sources of noise to the greatest degree possible,
which we describe in Appendix A.
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FIG. 4. Measured (dots) cross-spectra PSD for a short circuit
and calculated (lines) time dependence of sensitivity threshold
for 0.1 Hz spectral resolution. Insert: sensitivity threshold
at 1 kHz as a function of number of averages, which fits to
Eqn. 10 remarkably well.

The power spectral density at 1 kHz as a function of
number of averages is plotted in the insert of Fig. 4,
which fits the function S = v2/Nγ very well, with

v = 5.99(±0.05)nV/
√

Hz and γ = 0.49(±0.015). The
measured v is approximately the same as the rated back-
ground noise of our EG&G 113 preamplifiers at 1 kHz,
and γ ∼ 0.5 indicates the uncorrelated fluctuations fol-
low normal distribution. In order to confirm that a more
readily-available preamplifier may be used, we directly
compared our EG&G 113 preamplifiers with a Signal Re-
covery 5113 preamplifier. Figure 5 shows the measured
cross-spectra for a short circuit for 1 hour of measure-
ment time for both amplifiers, with and without the use
of the preamplifiers’ high-pass RC filters (set at 0.03 Hz
for each amplifier, see Table I). The results from the two
amplifiers are essentially indistinguishable. For the re-
mainder of the paper, we report results obtained using
the EG&G 113 preamplifiers.

This result confirms that the residual correlation be-
tween the two channels is negligible, on the order of
10−19 V2

rms/Hz after one day averaging time, verifying
our assumption that the device noise and external noises
in the two channels are mutually orthogonal. Another
primary consideration is shielding the measurement de-
vice and electronics from external sources of noise to the
greatest degree possible, we describe the physical layout
of our system in Appendix A.

The maximum measurable frequency is set by the sam-
pling rate through the Shannon-Nyquist theorem, while
the minimum measurable frequency (frequency resolu-
tion of the measurements) can be set by buffering time
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FIG. 5. Cross-spectra for a short circuit measured for 1 hour
with the EG&G 113 and Signal Recovery 5113 preamplifiers,
with and without a high-pass RC filter set at 0.03 Hz.

adjustments. Combined with sampling and buffering
considerations are the effects of the high- and low-pass fil-
ters in the preamplifiers themselves. These filters should
be set to frequencies well outside the frequency range of
interest if possible, their influence on the measured spec-
tra is discussed in more detail in the following section.
The high-pass filter is necessary in any event to elimi-
nate any dc bias from reaching the preamplifiers.

As described in Sect. V, the frequency resolution of the
spectrum (i.e., the lower frequency limit) can be set by
adjusting the buffering times. Therefore, lower frequency
measurements require longer buffering, and thus substan-
tially longer averaging times in order to reduce the uncer-
tainty in the spectrum for reliable measurements. Practi-
cally speaking, if it is determined that the experimental
spectrum has reached the noise floor of the system at
a particular minimum frequency, the buffering time can
be adjusted to match that minimum frequency and the
measurement time can be optimized accordingly. By soft-
ware adjustment, the reliable frequency range can be set
by adjusting the buffering time for lower frequency limit
and adjusting the sampling rate for the upper frequency
limit (and both for measurement time optimizations).
For instance, frequency resolution of 1 mHz is possible
by buffering time of 1000 s, while by setting the sam-
pling rate to 2500 Hz, reliable spectra can be acquired up
to ∼1000 Hz, suitable for devices with impedance above
10 kΩ with 100 min total measurement time. Figure 6
shows low frequency PSD of a 1 MΩ metal-film resistor,
while applying 1µA DC current as a probe of the 1/f
noise (see Sect. IX), with different buffer times and sam-
pling rates adjusted for averaging time optimizations. It
can be seen that PSD for all three buffer times and sam-
pling rates are consistent.
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FIG. 6. Cross-spectra for a 1 MΩ metal film resistor with a
bias current of 1µA measured for different buffer times.

VIII. THERMAL NOISE

The noise voltage measured on an ideal resistor is the
Johnson-Nyquist noise, related to the thermal agitation
of the carriers in a conductor. For an ideal resistive de-
vice of resistance R at temperature T , for frequencies
well below ∼ kBT/h the power spectral density is given
by PSD = 4kBTR where h is Planck’s constant, kB is
Boltzmann’s constant, and T the absolute temperature
of the device. The PSD is independent of frequency, so-
called “white noise”, and proportional to the resistance
of the device. To confirm our analysis for sensitivity, we
measured the thermal noise power spectra at room tem-
perature on carbon film resistors of various resistances R
for one hour averaging time(Fig. 7) at room temperature
T ≈295 K.

The measured white noise levels are very close to the
expected values for thermal noise at room temperature,
within the tolerance of the resistors, until the curves meet
the measured sensitivity limit marked by the dashed line.
The high frequency roll-off in the spectra is due two ef-
fects. First, the low-pass filter in the preamplifiers may
roll off the spectrum at higher frequencies. Typically the
filter is set at a sufficiently high frequency that this is
outside the region of interest (typically, approximately 1
decade above the maximum frequency of interest). Sec-
ond, and more importantly, for higher resistance devices
an additional low pass filter is formed by the device resis-
tance and the small stray capacitance C between the test-
ing port and ground (approximately 10 pF; Fig. 10(a)).
Either contribution has the effect of shaping the mea-
sured noise spectrum by a an RC filter response. Pre-
suming the preamplifier low pass filter is set to a cutoff
frequency fc outside the region of interest, we may con-
sider only the device and stray capacitance and this re-
sults in multiplying the spectrum by 1/(1+(2πfRDC)2),

where RD is the device resistance, and C is the stray ca-
pacitance:

δε′2 =
δε2

1 + (2πfRDC)
2 (12)
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FIG. 7. One hour averages of thermal noise power spectra of
various carbon composition resistors (dots) and the fits to the-
oretical values (4kBTR) when considering stray capacitance
effect (lines). The sensitivity threshold for one hour averaging
time and 0.1Hz spectral resolution is marked by the dash line.

In principle, one should also consider the contribution
from the high-pass filter in the preamplifiers, which would
serve to roll off the spectrum at lower frequencies. In
practice, the high-pass filter is set at least 1 decade be-
low the lowest frequency of interest, which is itself deter-
mined by the buffering time, sufficient to make the filter’s
contribution negligible. In figure 8 we show the effect of
different RC filter settings (see Table I for details on the
filter settings) on the measured spectra, and indeed so
long as the filter cutoff frequency fc is well below the
frequency of interest, the high-pass filter has a negligible
effect.

TABLE I. RC high-pass filter settings for the EG&G 113
preamplifiers

Setting R (MΩ) C (µF) fc (mHz)

RC1 1.50 3.30 32.2

RC2 1.50 10.0 10.6

RC3 15.9 3.30 3.03

RC4 15.9 10.0 1.00

The results above demonstrate that the power spectral
density indeed scales with resistance as expected, within
the limits of instrument sensitivity and the frequency lim-
its imposed by the preamplifiers and the device itself.
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FIG. 8. Cross-spectra for a short circuit measured for 60 min
with different high-pass RC filter settings (see Table I. So
long as the cutoff frequency fc is well below the frequency of
interest, the spectra are nominally identical).

According to Johson-Nyquist theorem, temperature can
also affect the noise level (Fig. 9). In order to study
the effect of temperature on the noise, specifically for
devices with temperature-dependent impedance, we de-
signed a sample holder with temperature control using
a resistive heater (a 50 W, 25 Ω chassis mount resistor)
and a diode temperature sensor (Lake Shore DT-600 se-
ries) which can set the temperature of the sample using
our software with relative accuracy of 0.1 K and stability
of 0.01 K. More information on the temperature control
is provided in Appendix B. Figure 9 shows the power
spectral density measured for 10 min for a 1 MΩ carbon
film resistor at various temperatures. We determined the
white noise contribution to the PSD by finding the av-
erage of the PSD over the lower frequency (< 100 Hz)
portion of the spectrum, where the roll-off from the low
pass filter is negligible. Though the temperature range is
limited (310−370 K), the PSD does scale approximately
linearly with temperature, as shown in the inset to Fig. 9.

In this case, the thermal noise is well above the sen-
sitivity limit of the instrument, and little averaging is
required. In addition, focusing only on the thermal noise
one does not need to measure to very low frequencies, a
1 Hz minimum frequency will suffice, meaning that the
buffering times may be reduced as well. Overall, the
effect is that suitable spectra may be obtained in only
10 min.

IX. NOISE COMPONENTS ANALYSIS

In addition to the Johnson-Nyquist frequency-
independent or “white” noise, excess low frequency noise
is typically observed when there is current in the device
under test. This noise typically follows a Sv∝1/f spec-
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FIG. 9. Power spectral density for a 1 MΩ resistor measured
for 10 min for various temperatures. Inset: magnitude of the
average power spectral density over the low frequency range
versus temperature. The PSD scales linearly with tempera-
ture, consistent with Johnson-Nyquit theorem, and the slope
is given by 4kBR.

trum, hence its name of “1/f noise, also known as flicker
noise.2,19,20, Unlike Johnson-Nyquist noise, this contri-
bution is frequency dependent and more apparent in the
low frequency regimes. Because of the presence and ubiq-
uity of this noise in many systems, either man-made or in
nature, a great deal of research has been done to search
for a universal explanation for the origin of this noise,
and as yet no common origin has been found.19 Another
baffling feature of this noise is its divergence at low fre-
quencies and the apparent absence of a low frequency
cut off. The most well-known form for parameterizing
1/f noise is Hooges phenomenological formula,

Sv =
V 2+β

NCfα
(13)

Where V is the voltage on the device under test,
NC the carrier concentration, and α and β are con-
stants, with α ∼ 1 and β ∼ 0.2,19 While the origin
of this noise contribution is often mysterious, it may
still serve as a useful probe for microscopic studies of
a system.7,8,10,20–22

In order to measure the 1/f noise of a device result-
ing from a dc current, it is a common design to bias
the device with a current source.23 Notably, the source
output impedance should be much higher than the de-
vice as discussed below. To obtain the best performance
for preamplifiers, the dc offset at testing port can be ei-
ther balanced by current compensation or by a passive
high-pass filter. In this design, we chose the latter for
convenience. A more effective way to cancel the dc off-
set is by employing a Wheatstone bridge14, however this
design requires identical or carefully patterned samples.
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FIG. 10. Equivalent circuit of (a) measurement setup with
current source constructed from the battery εB and series
resistor RS . The total noise has contributions from thermal
noise and resistance fluctuations. (b) Total thermal noise con-
tribution δεT arising from equivalent thermal noise generators
δεS and δεR in RS and RD. (c) The additional noise contri-
bution δεR arising from resistance fluctuations in RS and RD.
t.p. = testing port.

The equivalent circuit of this analyzer with a high
impedance, battery-driven current source is described in
Fig. 10(a). RD and RS are the device and source resis-
tances, respectively, εB is the battery voltage, and C the
stray capacitance present between the testing port and
ground. The voltage fluctuation (δε) at the testing port
can be seen as the superposition of thermal noise (δεT )
and noise arising from fluctuation of resistance (δεR). As-
suming δεT and δεR are orthogonal (δεT · δεR = 0), the

mean square of δε is the sum of δε2T and δε2R:

δε2 = δεT
2 + δεR

2 (14)

The thermal noise is a fluctuation-dissipation phe-
nomenon, whose power spectral density level only de-
pends on the equivalent resistance of the circuit.24 In our
case, as shown in Fig. 10(b), the resistance measured be-
tween the ground and the testing port of this circuit is
equal to the parallel resistance of device and the source
resistor (RP = RSRD/(RS + RD)), thus the apparent
thermal noise level δεT is:

δεT
2 = 4kBTRP (15)

If RS�RD, RP≈RD, the thermal noise at testing port
will be close to that considered generated by the device.

Figure 10(c) shows the equivalent circuit to analysis
the noise arising from fluctuation of resistance. The
steady-state equilibrium voltage at the output terminal
is ε=εBRD/(RD+RS). We denote the resistance fluctu-
ations in RS and RD be δRS and δRD, respectively, and
assume that the battery voltage εB is constant (δεB=0).
Presuming the fluctuations in RS and RD to be indepen-

dent, the noise arising from resistance fluctuations is:

δεR
2 =

(
∂ε

∂RS

)2

δRS
2 +

(
∂ε

∂RD

)2

δRD
2

=
ε2B

(RS +RD)
2

[
R2
D

(RS +RD)
2 δRS

2 + ...

...+
R2
S

(RS +RD)
2 δRD

2

] (16)

It is more convenient to express the results in terms
of the relative resistance fluctuations xS ≡ δRS/RS and
xD ≡ δRD/RD. Noting also that the steady-state dc
current I through RS and RD is I=εB/(RS + RD) and
again RP =RSRD/(RS +RD), Eqn. 16 simplifies to

δεR
2 = I2R2

P

(
xS2 + xD2

)
(17)

In a simplest scenario, it is assumed the instantaneous
resistance fluctuations are proportional to the resistance
itself, but remain functions of frequency (δR/R = x(f)),
and the function x then characterizes the frequency de-
pendence of instantaneous resistance fluctuation ratio
(δR/R).

This reproduces a well-known experimental result,
namely that the mean square of voltage fluctuation
caused by resistance fluctuation revealed by passing cur-
rent (δε2R) is proportional to I2 and R2.2 However, it
should be stressed that as far as this equation holds, xD
can be measured only when it is much greater than xS
or when xS is already known. Substituting Eqn. 15 and
17 into Eqn. 14, and including the effect of the stray ca-
pacitance C simply multiplies the entire response by the
effective low-pass filter response (Eqn. 12), the total noise
at testing port is given by:

δε2 =
4kBTRP + I2R2

P (xD2 + xS2)

1 + (2πfRPC)
2 (18)

In an attempt to get an understanding of xS2, cross-
spectrum is measured when RD is substituted by a re-
sistor identical to RS . In this arrangement, the mean
square value of resistance fluctuation ratio of both re-
sistors should be the same, however, their instantaneous
fluctuations are still independent of each other. It is easy
to deduce from Eqn. 18 that if RD is the same as RS ,
and further assuming xS2 has a current-independent 1/f

characteristic (xS2 = kSf
−α), the noise voltage signal at

testing port is:

δε2 =
4kBTRS + I2R2

SkSf
−α

2 + (
√

2πfRSC)
2 (19)

Figure 11 shows measured noise spectra when both
of RD and RS are identical 1 MΩ metal film resistors
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FIG. 11. Measured noise spectra when RD is identical to
RS(1 MΩ metal film resistor) at different applied current set-
tings. Insert: Extracted frequency dependence of resistance
fluctuation ratio of source resistor from Eqn. 19.

(Vishay RNC5525) for three different dc current levels.
The data showed an excellent fit to Eqn. 19 with ks =
9.42(±0.01)×10−15 and α= 1.49(±0.04). The resistance
fluctuation of this kind of resistors is verified to be very
low (about 0.04 ppm at 1Hz), assuring they are ideal for

low level noise testing purposes. The extracted xS2 of
different current settings (Inset of Fig. 11) are basically

consistent, proving the assumptions we made about xS2

are reasonable.
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FIG. 12. Measured noise spectra of a (1 MΩ carbon film
resistor) at different applied current settings. Insert: Ex-
tracted frequency dependence of resistance fluctuation ratio
from Eqn. 18.

In comparison with carbon film resistors used in the
current source, we also measured noise spectra of a stan-

dard 5$, 1 MΩ carbon film resistors for various dc cur-
rent levels (Fig. 12). Despite that they have the same
rated resistances, the extracted ks for this resistor is
2.41(±0.09) × 10−13, more than 250 times higher than
the Vishay RNC55. The exponential component is found
to be slightly lower, and closer to the usual “1/f” value,
viz. α=0.97(±0.01)).

X. CONCLUSION

We report on the design and implementation of a
simple, flexible, and highly sensitive cross-spectrum an-
alyzer. The time dependence of sensitivity limit for
this system is carefully characterized to perform reli-
able measurements for low frequency noise spectra. Due
to the frequency-dependent characteristic of the back-
ground noise, it is of critical important to rule out this
contribution from the measured spectra. A systematic
routine for noise components analysis is provided and
the noise spectra of current source and carbon resistors
are examined with this method and a 1/f resistivity fluc-
tuation with exponential components ∼1 are identified.

Appendix A: Measurement environment, shielding, and
grounding

Canceling the spurious environmental noise, through
shielding and grounding is an important step in noise
measurement of devices. As shown in Fig.13, our noise
spectrum analyzer is shielded within two conducting
boxes to shield the whole instrument from surrounding
electromagnetic interference. The first outer box is a fer-
rous steel, which serves to eliminate electric field effects
and minimize magnetic induction effects. The second
inner boxes (one for the sample, and a second for the
preamplifiers and DAQ) are aluminum, and serve to fur-
ther decouple the sample and amplifiers from the outside
as well as minimizing crosstalk between them. The device
under the test is further shielded by a third laminated
box, with outer ferrous steel and inner copper shields, to
further minimize the environmental effects on the mea-
surements. In order to avoid power-line voltage fluctu-
ations coming from the power outlets or 60 Hz multipli-
ers induced by electromagnetic waves from the current
passing through the power cables, all the components in
our analyzer are disconnected from the power outlet and
powered by batteries, with sufficient capacity to perform
measurements of up to 24 hours. Remaining components
requiring an ac power connection (e.g., computer, heater
power supply) are powered through an isolation trans-
former which is itself heavily shielded from the box con-
taining the analyzer itself. All the components are prop-
erly grounded to avoid the buildup of the excess charge
and minimize ground loop noise, and maximum consid-
eration is implemented for reducing the environmental
noise as much as possible. Proper choice of location for
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the experiment is another factor affecting the measure-
ments, i.e. it should be far from any significant source of
electromagnetic radiation that could affect the measure-
ment results substantially.

Shield-1 Shield-2 

Shield-3 

Sample Holder 

FIG. 13. Shielding the instrument and the device under the
test from environmental electromagnetic interference. Two
layers of shielding, shield 1 and 2 contain the all components
of the analyzer, and the third layer of shielding around the
sample holder further minimizes external influences.

Appendix B: Sample temperature control

Our temperature control system is relatively straight-
forward, the primary considerations being (1) high sta-
bility of temperature once a set point has been reached
(<0.01 K) to avoid introducing spurious thermal effects,
and (2) high relative accuracy of the temperature set
points (<0.1 K). Components of our temperature-control
system include: a heating unit made of a resistive heater
element (a 50 W, 25 Ω chassis mount resistor) along with
a DC power supply (HP-6654A) as the power source; a
diode temperature sensor (Lakeshore DT-600 series) with
high sensitivity of 0.01 K; and a customized PID tem-
perature control loop written in LabView to adjust the
sample temperature with relative accuracy of ±0.1 K for
temperature changes in the range of 300−400 K.

Using our temperature control LabView VI, heating
and cooling of the samples is possible through different
approaches, such as “Fast settle” and “No-overshoot.”
These approaches can be selected depending on sensi-
tivity of the device under the test to temperature over-
shoot, or out of necessity to limit the settling time. These
requirements were achieved through the addition of a
heater model to the PID algorithm. The heater model
was created by recording the steady state output of our
power supply as a function of the set point temperature.
This model is used to bias the power output to the ex-
pected value for a given temperature. Overshoot is fur-
ther limited by controlling the maximum power adjust-
ment to our heater model by the PID controller, gener-
ally set to ±10 % for minimal overshoot. This value can

be increased to enhance settling speed for samples where
overshoot is not an important consideration. Figure 14
shows a schematic of the temperature control procedure.

FIG. 14. Schematic of the temperature control procedure.
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APPENDIX B 

EXTRACTION OF SUPERPOSED RELAXATION PROCESSES FROM  
TIME-DOMAIN NOISE SIGNAL   

 

 Autocorrelation function, f(t), of output signals in linear physical systems can be described 

as the superposition of the relaxator processes with amplitudes of an, and frequencies of γn 

(=1/τn, inverse of relaxation time). These functions in frequency domain can be written as [182]: 

 
γγ

ωγ
ω dg

i
f )(1)(

0 +
= ∫

+∞
, (B.1) 

and, in time domain as:  

 
𝑓(𝑡) = ∫ 𝑒−𝛾𝑡𝑔(𝛾)𝑑𝛾,    𝑡 ≥ 0∞

0 , (B.2) 

Where 𝑔(𝛾) = ∑ 𝑎𝑛𝑛 𝛿(𝛾 − 𝛾𝑛) gives the following discrete form of function f, which is 

required for the experimental data provided by linear sampling of the signal:  

 t

n
n
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In order to find the relaxation processes that give rise to noise, one can find {an, γn} from time 

correlation functions as:  

 τγττ neatVtVC
n

n
−∑=〉+〈= )()()(  (B.4) 

For a known number (n) of relaxator terms, the correlation function can be written as:  

 t
n
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Following the mathematical solution method from [183], [184], we can transform the summation 

of exponential terms to the summation of linear terms, by              :  

 t
nn

ttt aaaatC µµµµ ++++≈ .....)( 332211  (B.6) 

For t= 0, 1, 2, 3, …:  

 
0321 .... Caaaa n =++++ , (B.7) 

 
1332211 ..... Caaaa nn =++++ µµµµ ,  
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Considering μ1, μ2, μ3,.., μn as the roots of the following algebraic equation:  

 0.... 1
2

2
1

1 =+++++ −
−−

nn
nnn αµαµαµαµ  (B.8) 

In order to find the coefficients α1 to αn, one should multiply the first equation in (B.7) by αn and 

the last equation by α1 to find:    

 0.... 02211 =++++ −− nnnn CCCC ααα  (B.9) 

A set of N-n equations can be written as:  

 0.... 11211 =++++ −+ nnnn CCCC ααα  (B.10) 

 0.... 132211 =++++ −−−−− nnNNNN CCCC ααα   

which can be solved for {αn} by least squares method, when N>2n [185].   
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Once {αn} are known, {μn} can be found from:  

 0.... 1
2

2
1

1 =+++++ −
−−

nn
nnn αµαµαµαµ  (B.11) 

Thus, {γn} can be found from 𝜇𝑛 = 𝑒𝛾𝑛.  

Finally {an} can be found from substituting the {γn} in eq. (B.7) based on least squares method.    

Using this method, the amplitudes {an} and exponents {γn}of the relaxation processes for a 

known n can be found, accurately. The following is the explained solution written in a MATLAB 

code:   

 

 
 
%sum_of_expo_fitt.m  
%---------------------------------------------------------------- 
function [ gamma,C] = sum_of_expo_fitt(x,y,m ) 
% Fits the y raw data to sum of m exponential terms 
%   Detailed explanation goes here 
n=length(y'); 
[f] = normal_equations_mterms(y,m); 
[a] = sys_equation_matrix(f); 
p = [1 a']; 
mu = roots(p); 
gamma = log(mu); 
[ mu_matrix] = normal_equations_matrix_2( mu,n,m); 
C = lscov(mu_matrix,y) 
C_rl=real(C); 
gamma_rl=real(gamma); 
C_i=imag(C); 
gamma_i=imag(gamma); 
Cf=abs(C); 
gammaf=abs(gamma); 
for i=1:n; 
    f_rl(i)=sum(C_rl.*exp(gamma_rl.*x(i))); 
    f_i(i)=sum(C_i.*exp(gamma_i.*x(i))); 
    ff(i)=sum(Cf.*exp(gammaf.*x(i))); 
end 
figure  
subplot(3,2,1) 
plot(x,f_rl) 
hold on 
plot(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.real') 
subplot(3,2,3) 
plot(x,f_i) 
hold on 
plot(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.img') 
subplot(3,2,5) 
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plot(x,ff) 
hold on 
plot(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.abs') 
subplot(3,2,2) 
semilogy(x,f_rl) 
hold on 
semilogy(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.real') 
subplot(3,2,4) 
semilogy(x,f_i) 
hold on 
semilogy(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.img') 
subplot(3,2,6) 
semilogy(x,ff) 
hold on 
semilogy(x,y,'k--o') 
xlabel('Time(Sec)') 
ylabel('X Corr.abs') 
end 
%------------------------------------------------------------------ 
%normal_equations_mterms.m 
%------------------------------------------------------------------ 
function [f] = normal_equations_mterms(y,m) 
% finds normal equations (9.4.6 of introduction to  
% numerical Analysis ,Hillebrand,Second edition) 
%for sum of m exponential terms 
 n=length(y); 
f=zeros(n-m,m+1);  
for j=1:m+1 
    f(i,j)= y(i+m-j+1); 
end 
end  
%------------------------------------------------------------------ 
%sys_equation_matrix.m 
%------------------------------------------------------------------ 
function [a] = sys_equation_matrix(f) 
% Returns the ordinary least squares solution to 
% the linear system of equations A*a = B,  
% a is the n-by-1 vector that minimizes  
% the sum of squared errors  
% (b - A*x)'*(b - A*x), where f is m-by-n, and B is m-by-1 
B =-1.*f(:,1); 
f(:,1)=[]; 
a = lscov(f,B); 
%---------------------- 
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APPENDIX C 

NUMERICAL SOMULATION OF VAN-DER-PAUW EQUEATIONS FOR 
RESISTIVITY 

 

 Resistivity of thin films or bulk samples in sheet form, with uniform thickness of d can be 

found by Van-der-Pauw method. After measuring the sample resistances RA and RB, in the 

geometries which are shown in Fig. C.1, the following equation should be solved to find the 

sheet resistance, thus the resistivity of the sample:  

 
𝑒−𝑛𝑅𝐴/𝑅𝑆 + 𝑒−𝑛𝑅𝐵/𝑅𝑆 = 1, (C.1) 

 

 

Figure C. 1: Van-der-Pauw geometry for RA and RB measurements.  
 
 
 
Following MATLAB code is the numerical solution to find the sheet resistance Rs and therefore 

resistivity ρ=RSd: 

 
 
%Van-der-Pauw numerical solution for resistivity of bulk samples  
%initialization  
delta= 0.00000001;  % error limit  
d=0.003; % sample thickness in meters   
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%Select two files for the "Resistance vs Temperature" data 
[filename,filepath]=uigetfile({'D:\Users\*.txt'},'Select RA 
File','MultiSelect','on'); 
[filename2,filepath2]=uigetfile({'D:\Users\*.txt'},'Select RB 
File','MultiSelect','on'); 
%Importing first resistivity array (RA)  
cd(filepath); 
fid = fopen(filename, 'r'); 
data = cell2mat(textscan(fid, '%f %f')) 
T=data(:,1); 
RA=data(:,2); 
%Importing second resistivity array (RB)  
cd(filepath2); 
fid2 = fopen(filename2, 'r'); 
data2 = cell2mat(textscan(fid2, '%f %f')) 
RB=data2(:,2); 
z0=0;  
k=1; 
for k=1:length(RA)  
   z0=2*log(2)/(pi*(RA(k)+RB(k)));  
i=2; 
z(1)=0; 
z(2)=z0; 
if (z(i)-z(i-1))/z(i) > delta 
    i=i+1; 
y(i)=1/exp(pi*z(i-1)*RA(k))+1/exp(pi*z(i-1)*RB(k)); 
z(i)=z(i-1)-((1-y(i))/pi)/(RA(k)/exp(pi*z(i-1)*RA(k))+RB(k)/exp(pi*z(i-
1)*RB(k)));  
end  
RS(k)=1/z(i);   % sheet resistance  
rho(k)=RS(k)*d;  % resistivity  
end  
% plotting the results  
plot(T,rho) 
title({'Van-der-Pauw'}) 
xlabel('Temperature(K)') 
ylabel('Resistivity(Ohm-meter)') 
% outputing the result in to a .txt file  
E=[T'; rho]; 
fileID = fopen('VDPR-Cooling.txt','w'); % change the name of the output file 
accordingly  
fprintf(fileID,'%6s %12s\r\n','Temperature','Resistivity'); 
fprintf(fileID,'%6.2f %12.8f\r\n',E); 
fclose(fileID);   
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