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ABSTRACT 

The discovery of iron-based high-Tc superconductors has attracted renewed interests in 

unconventional superconductivity after the intense research in the past two decades on 

cuprates. Similar to the cuprate superconductors, the iron-based superconductors exhibit 

high Tc that the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity has failed 

to predict. Furthermore, the iron-based high-Tc superconductors demonstrate intrinsic 

properties that are distinct from the cuprates, including a different pairing symmetry, 

coexistence of superconducting and magnetic ordering, and emergence of 

superconductivity by isovalent doping. The iron-based high-Tc superconductors belong to 

the structure families of chalcogenides and pnictides. Crystal structures and bonding have 

large effects on superconductivity in these materials. Investigating atomic and electronic 

structures is thus essential to help understand their interesting properties.  

In this thesis, I have investigated the bulk and thin-fil m form of iron-based 

superconductors by using a combination of scanning transmission electron microscopy 

and electron energy loss spectroscopy. The major results are summarized below.  

In the isovalently doped systems, Fe1+yTe1-xSex and BaFe2(PxAs1-x)2, we discovered 

nanometer-scale phase separation associated with chemical inhomogeneity. Direct 

evidence of phase separation was obtained from the Z-dependent image contrast recorded 

in a scanning transmission electron microscope (STEM) using a high angle annular dark 

field (HAADF) detector. By investigating energy loss near edge structure (ELNES) of the 

Fe-L2,3 edge recorded in electron energy loss spectroscopy (EELS) spectra, especially the 

L3/L2 white-line intensity ratio, we show the d-state occupancy of the Fe changes with 
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composition. The results here provide structural evidences which help to explain the 

coexistence of superconducting and magnetic ordering in these materials, as well as 

demonstrate a direct effect on the electronic structure by isovalent doping. 

Oxygen annealing effect is studied next in single crystals of Fe1.08Te0.55Se0.45. The as-

grown sample with the tetragonal PbO-type structure is non-superconducting owing to 

the excess Fe beyond the stoichiometric content of 1. Superconductivity is induced after 

oxygen annealing with an onset and zero resistance transition temperature around 14.5 K 

and 11.5 K, respectively. The oxygen doping is evidenced by electron energy loss 

spectroscopy and accompanied by improved homogeneity in the remaining PbO-type 

phase, as well as an increase in the L3/L2 intensity ratio of the Fe-L2,3 edge, indicating an 

increase in Fe valence. Local phase transformation from the tetragonal PbO-type phase to 

the hexagonal NiAs-type phase is also observed after oxygen annealing. 

Epitaxial Fe1+yTe thin-films with sharp 1-2 interfacial layers grown by molecular beam 

epitaxy (MBE) on LaAlO3 become superconducting when exposed to oxygen after 

growth at elevated sample temperatures. The interfacial strain caused by lattice mismatch 

is not detected in the thin-film. Oxygen, occupying interstitial sites, is detected next to the 

Fe layers by electron energy loss spectroscopy (EELS). Density functional Theory (DFT) 

calculations suggest preferential occupancy of oxygen located above the center of the Fe 

square lattice, at the opposite side of Te. The oxygen induced superconductivity depends 

critically on film quality; excess of Fe during MBE growth leads to amorphous-like 

interfacial film, a decrease in (001) lattice spacing and loss of superconductivity. Our 

results show that the balance between hole doping of diffused oxygen and electron 

doping of excess Fe is essential for the emergence of superconductivity in Fe1+yTe films.  
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CHAPTER 1  

INTRODUCTION  

This chapter provides a motivation for studying iron-based superconductors by using 

electron microscopy and electron energy loss spectroscopy (EELS). The chapter is 

organized into three sections. The first section gives a brief introduction to 

superconductors. The second section summarizes the general properties of iron-based 

superconductors with an emphasis on Fe1+yTe1-xSex bulk crystals and their thin-films. The 

third section discusses the motivation for using electron microscopy and energy loss 

spectroscopy as the major characterization tools for this study. 

1.1 Background  

Superconductivity, a phenomenon of zero electric resistance below a critical temperature 

Tc, was first discovered in mercury when cooled under 4 K by H. K. Onnes in 1911[1]. 

Since then, superconductivity has been discovered in a broad range of materials, such as 

elementary metals, intermetallic alloys, heavy fermions, organic materials, cuprates, iron-

based materials, etc. The remarkable progress in the research of superconductors is 

highlighted in Fig. 1.1, which shows the timeline of the discovery of superconducting 

materials and the improvement of Tc [2]. 
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Figure 1.1: Timeline of discovery of superconducting materials and their Tc [3]. 

The first widely accepted microscopic theory of superconductivity was constructed by 

Bardeen, Cooper and Schrieffer in 1957, which is named after the three authors as the 

BCS theory[2].  The fundamental entities in the BCS theory are cooper pairs, which are 

electrons attracted to each other through coupling with lattice or exchange of phonons,  

although the BCS theory results do not depend on the exact origin of the interaction. The 

Boson-like electron pairs then condense into a ground state with an energy band gap 

when the critical temperature is reached. The BCS theory predicts the dependence of 

energy gap as a function of temperature as[4] 

                                                       ὸὥὲὬ  ,                                                    [1-1] 
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where  and  are the energy gap at temperature T and 0. This relation has been proved 

experimentally to be independent of materials by Townsend and Sutton[5]. They 

investigated Sn, Ta, Pb and Nb, and found the energy gaps of them conform to Eq. [1-1]. 

The results are shown in Fig. 1.2. 

 

Figure 1.2: Reduced energy gaps as a function of reduced temperature for Sn, Ta, Pb and 

Nb, which is compared to the BCS prediction (solid curve). 

 

In additional to the energy gap, other properties of superconductors, such as the Meissner 

effect, specific heat, isotope effect, etc, were correctly predicted by the BCS theory. 

However, in a class of superconductors discovered after 1970s, as well as the more recent 

high Tc superconductors, the superconducting behavior cannot be described by the BCS 

theory.  For example, the energy gap in cuprate superconductors not only depends on 

temperature, but it also varies with directions in the reciprocal space. Therefore, the 

known superconductors are classified into conventional superconductors and 
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unconventional superconductors based on whether or not their superconducting behavior 

can be explained by the BCS theory.  

Unconventional cuprate high-Tc superconductors was first discovered in the Ba-La-Cu-O 

system by Bednorz et al. in 1986 [6]. Soon afterward, superconductivity above 

temperature of liquid nitrogen was discovered in Y-Ba-Cu-O system with Tc ~ 92K [7]. 

The highest Tc reported at the ambient pressure is ~ 133K observed in the Hg-Ba-Ca-Cu-

O system [8].  

What we know about cuprate superconductors can be summarized in the simplified 

electronic phase diagram (Fig. 1.3) [9]. The superconductivity is induced by either 

electron or hole doping. The parent compounds are normally antiferromagnetic (AFM) 

insulators. The AFM ordering is suppressed by either electron doping or hole doping, and 

superconductivity emerges, which implies AFM ordering is competing with the 

superconducting phase.  

The discovery of superconductivity in LaFeAsO1-xFx in 2008 [10] was a surprise, since 

Fe metal is ferromagnetic, and few were expecting superconductivity in materials with 

strong magnetic ions. Research into iron-based superconductors so far revealed 

unconventional superconductivity that is not phonon-mediated[11], but they present 

distinct intrinsic properties compared with cuprate superconductors. Their similarities and 

differences will be discussed in the next section. 
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Figure 1.3: Simplified electronic phase diagram of electron and hole doped cuprates [9]. 

AF and SC stand for antiferromagnetic and superconducting, respectively. 

 

1.2  Iron -based superconductors 

Soon after the discovery of iron-based superconducting compound LaFeAsO1-xFx in 

2008[10], other superconducting materials containing Fe were rapidly discovered. The 

iron-based superconductors, based on their structure, can be classified into four families, 

i.e. 1111-, 122-, 111- and 11-type compounds, sharing a common tetragonal symmetry at 

high temperature[12]. The atomic structure of each family is illustrated in Fig. 1.4 from 

(a)-(d), respectively. All contain a square lattice of Fe atoms, which are tetrahedrally 

coordinated by As or Te. In the iron-based superconductors containing As, the building 
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blocks are comprised of Fe-As, separated by rare-earth and oxygen/fluorine, alkaline-

earth, or alkali layers in 1111-, 122- and 111-type compounds, respectively. The 11-type 

compound has the simplest structure comprised of Fe-Te layers only. The quasi-2D 

layered structure of iron-based superconductors is similar to that of the cuprates.  

 

Figure 1.4: Types of structures observed in iron-based superconductors [12]. For details, 

see text. 

 

It is widely believed that the building blocks of Fe-As or Fe-Te are active conduction 

layers, while other layers serve as charge reservoirs that can dope the active layers. 

Figure 1.5 shows the density of states (DOS) calculated based on density functional 

theory (DFT) for BaFe2As2 [13] and FeTe [14] in (a) and (b), respectively. In both cases, 

the Fermi level, located at 0 eV, is dominated by Fe 3d orbitals, while As or Te p-orbitals 

do not contribute as much as Fe 3d orbitals[15]. In cuprates, however, an oxygen atom is 

placed in the middle of each pair of Cu atoms[15] and in addition to Cu 3d orbitals, O 2p 

orbitals have a large contribution to DOS at the Fermi level. 
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Figure 1.5: Density of states of BaFe2As2 and FeTe, shown in (a) and (b), respectively, 

obtained from density functional theory calculations. 

 

Fig. 1.6 summarizes different doping methods and the electronic phase diagram for the 

122 compounds. Similar to cuprates, the parent compounds of iron-based 

superconductors exhibit AFM ordering, which can be suppressed by either electron 

doping or hole doping with consequence of emergence of superconductivity, as shown in 

Fig. 1.6(a) [16] and Fig. 1.6(b) [17], respectively.  A structural transition from tetragonal 

symmetry to orthorhombic symmetry is associated with AFM transition. Charge doping 

in cuprates that are insulating in the parent compounds is critical to increase 

concentration of free carriers and Tc[18].  However, parent compounds of iron-based 

superconductors are usually metallic[19]; hence, charge doping in iron-based 

superconductors is not as critical as that in cuprates and structural distortion often plays a 

role[20]. Moreover, isovalent substitution, without additional free carriers introduced, 

also induces superconductivity, as shown in the phase diagram of P-doped BaAs2Fe2 in 

Fig. 1.6(c) [21]. 

 

 

BaFe2As2 FeTe 

(a) (b) 
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Figure 1.6: Electronic phase diagrams of Co, K, and P-doped BaFe2As2, shown in (a), (b) 

and (c), respectively. SDW stands for spin density wave. 

 

Superconductivity emerges with suppression of AFM ordering in iron based 

superconductors by doping or pressure. However, the AFM phase has been observed to 

coexist with the superconducting phase, as seen in the overlapping region of the phase 

diagrams (Fig. 1.6).  Elastic neutron-scattering clearly demonstrates that in the slightly 

underdoped Ba1-xKxFe2As2 (Tc ~ 32K), the magnetic peak starts to evolve at low 

temperature, as shown in Fig. 1.7(a) [22]. Fig. 1.7(b) shows the temperature dependence 

of intensity of the magnetic peak, which exhibits the increase of peak intensity in the 

superconducting phase [22]. The magnetic force microscopy (MFM) image, shown in Fig 

1.7(c), recorded in the superconducting state at 10K reveals weak static magnetic contrast 

on the lateral scale of ~65 nm[22]. The observation of magnetic ordering persisting in the 

superconducting state has led to the suggestions of magnetically mediated pairing 

mechanism. Whether the coexistence of AFM and superconducting phases results from 

electronic phase separation or local structural phase separation is still under debate[23]. 

(a) (b) (c) 
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Figure 1.7: (a) Intensity of the ρπσ magnetic Bragg peak at different temperatures, 

obtained by elastic neutron scattering. (b) Evolution of the magnetic intensity over 

temperature. (c) MFM image measured at 10 K without external field showing weak 

magnetic contrast on the scale of ~65 nm.  

 

1.2.1 Iron chalcogenides 

The 11-type iron-chalcogenide superconductors received special attention, because they 

have the simplest crystal structure and, more interestingly, unique properties among other 

iron-based superconductors. Iron chalcogenides, with P4/nmm symmetry, are composed 

of active layers only without the barrier layers existing in other families. The parent 

compound of iron chalcogenides is FeTe. Either Fe or Te can be replaced. However, 

substitution in Fe sites by other transition metals have yielded negative results[24], and 

superconductivity seems only to emerge with replacement of Te by Se[25] or S[26] (both 

are in the same column as Te in the periodic table). Why such isovalent doping induces 

superconductivity is not clear yet. It has been shown that Te and Se do not share the same 

site in the unit cell [27]. This local structural distortion may contribute to 

superconductivity. Since S ion is much smaller in size than Te, FeTe1-xSx becomes 

unstable with S doping level higher than 30% [28], while Se-doped FeTe stays stable for 

(c) 
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the whole doping rang [25]. Fig. 1.8 shows the phase diagram of FeTe1-xSex [29]. The 

parent compound FeTe shows long-range AFM ordering below 70K with no 

superconductivity. With increasing Se substitution, the AFM ordering is suppressed, 

superconductivity starts to emerge. In the intermediate Se doping range, short-range 

magnetic ordering coexists with superconducting ordering. The maximum Tc reaches ~15 

K at ~50% Se doping. With more Se doped, Tc decreases gradually, and reaches ~8K in 

the end member of FeSe. It is interesting to note that the superconducting phase in the as-

grown FeTe1-xSex starts to emerge with about 10% Se doping and lasts to the end member 

FeSe, while in most high-Tc superconductors, a superconductivity dome is formed. 

 

Figure 1.8: Phase diagram of Fe1+yTe1-xSe [29]. Here SG stands for spin glass. 
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Different from other families of iron-based superconductors, excess Fe can exist and is 

found to play an important role in iron chalcogenides [30, 31]. The properties of 

superconductivity and magnetism in Fe1+yTe1īxSex not only depend on doping level, but 

also on the Fe content [30, 31]. In the parent compound Fe1+yTe, the commensurate 

antiferromagnetic order can be tuned into an incommensurately magnetic structure as the 

excess Fe content increases [30]. Superconductivity and magnetism in Fe1+yTe1īxSex can 

also be tuned by the content of Fe. Fig. 1.9 shows the Tc and TN (Neel temperature) 

dependence of Fe content in Fe1+yTe0.75Se0.25 [31], in which we can see Tc decreases with 

increase of Fe content, and superconductivity is completely suppressed with excess Fe. In 

the meanwhile, TN goes up with increase of Fe content. In the other end-member of this 

family, Fe1+ySe, superconductivity is found to be extremely sensitive to the Fe content, 

where superconductivity disappears at y=0.03 [32]. Therefore, excess Fe is another 

tuning parameter for superconducting and magnetic properties in iron chalcogenides. 

 

Figure 1.9:  Dependence of Tc, TN in Fe1+ySe0.25Te0.75 on the Fe content [31]. 

Fe content 1+y 
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1.2.2 Fe1+yTe1-xSex thin films  

The superconducting thin-films, with thickness ranging from monolayer to micrometers, 

can be synthesized with improved properties over bulk materials. For example, Tc 

increases from 40 K in optimally Sr-doped bulk La2-xSrxCuO4 crystals to 51.5 K in La2-

xSrxCuO4 grown on LaSrAlO4 substrate[33, 34], which has been attributed to 

compressive interfacial strain. Superconductivity has also been reported in bilayers 

consisting of an insulator (La2CuO4) and a metal (La1.55Sr0.45CuO4), neither of which is 

superconducting individually [35].  

Soon after discovery of superconductivity in bulk crystals of iron chalcogenides, thin 

films of Fe1+yTexSe1-x were grown by a number of groups using pulsed laser deposition 

(PLD) [36-42] or molecular beam epitaxy (MBE) [43] with improved Tc over bulk 

crystals.  Especially, the parent compound Fe1+yTe becomes superconducting with Tc up 

to 12 K in thin films with oxygen incorporation [44-47], while Fe1+yTe crystals remain 

non-superconducting after oxygen annealing [48]. The superconductivity of Fe1+yTe was 

initially attributed to interfacial strain [49]. Later, it was shown that oxygen incorporation, 

either during growth [44] or afterwards [45-47], induces superconductivity in Fe1+yTe 

thin-films, but the contribution from interfacial strain has not been ruled out. It has been 

found that superconductivity in Fe1+yTe films can be driven out by vacuum annealing, 

and reinduced with oxygen annealing [45]. This reversible process is shown in Fig. 1.10, 

which indicates oxygen occupies interstitial sites in the films, but the location of oxygen 

is not determined yet. More importantly, how interfacial structures incorporate with 

superconductivity, or whether interfaces play a role, is also not clear.  
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Figure 1.10: The evolution of resistivity during repeated annealing in oxygen and vacuum 

in Fe1+yTe thin-film [45]. 

 

1.3 Characterization 

To better understand the properties of iron-based superconductors, it is essential to 

investigate the local atomic and electronic structures in nanometer and down to atomic 

scale. 

For characterization of atomic structures of crystals, x-ray and neutron diffraction 

techniques are well established, but because of large probe sizes they are less sensitive to 

local features than high resolution electron microscopy or other local probes. These 
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techniques usually provide the average information about atomic, electronic and 

magnetic structures. Scanning tunneling microscopy (STM) samples local areas at near 

atomic resolution, but it is a surface probe sensitive to the sample surface quality and 

surface reconstruction. Atomic force microscopy (AFM) is another tool for scanning very 

small areas on the sample, but it can only probe the top surface layer. Electronic 

structures can be measured with angle-resolved photoemission spectroscopy (ARPES), x-

ray absorption spectroscopy and STM. However, the first two techniques sample a large 

area, and STM again may be affected by surface condition.  

Electrons, which carry negative charges, can be easily focused using magnetic lenses to 

form real-space images, analogous to optical imaging. Owing to the small de Brogile 

wavelength of electrons, TEM are capable of imaging at a significantly higher resolution 

than optical microscopes. In convention TEMs (CTEM), specimens are illuminated by 

parallel electron beams. Electron diffraction patterns can be formed at back focal plane of 

the objective lens to study crystal structures, which is similar to x-ray and neutron 

diffraction. Electron can further travel from the diffraction plane to the image plane to 

form real-space images. Therefore, real-space images can be correlated with diffraction 

patterns from the same area in CTEM. In scanning transmission electron microscope 

(STEM), an electron probe is focused and scans over the specimen. The resolution of 

STEM images is determined by the size of focused electron probe. Incoherent electrons 

scattered into high angles can be collected by high-angle annual dark-field (HAADF) 

detector. Contrast of HAADF-STEM images is sensitive to atomic number Z, which is 

also called Z-contrast. Cylindrical magnetic lens used in TEMs suffers from the spherical 

aberration (Cs) because electrons travelling farther from the optical axis are focused more 
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than those travelling closer to the optical axis, which limits resolution. With a Cs 

corrector in STEM, the electron probe can be focused to 1Å in diameter or less, allowing 

direct, atomic-resolution, imaging. Analysis can be performed in STEM by using electron 

energy loss spectroscopy (EELS). EELS can give direct chemical information in the 

sample according to the characteristic energies of elements. Energy-loss near-edge 

structure (ELNES) of the core-loss edges in EELS is related to unoccupied density of 

states (DOS), providing information about electronic structures. Hence, by combining 

STEM and EELS, both atomic and electronic structures can be mapped locally, which is 

a powerful tool to study local features involving phase separation, interfacial structure, 

etc. 

1.4 Outline of this thesis 

This chapter introduces the properties of iron-based superconductors, in particularly, the 

materials of Fe1+yTe1-xSex. We have also discussed the advantage of electron microscopy 

and energy loss spectroscopy for probing local atomic and electronic structures. In what 

follows, chapter 2 discusses the experimental techniques in further details. In Chapter 3, 

the results obtained from bulk Fe1+yTe1-xSex are presented to show nano-scale phase 

separation associated with varying of Fe d-state electrons.   Chapter 4 discusses the 

emergence of superconductivity and structure change in Fe1+yTe1-xSex after oxygen 

annealing. Chapter 5 discusses how superconductivity occurs in thin films of Fe1+yTe.  
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CHAPTER 2 

EXPERIMENTAL METHODS  

This chapter describes the experimental methods used in this thesis for studying iron-

based superconductors.  An introduction to scanning transmission electron microscopy, 

electron energy loss spectroscopy, nano-beam diffraction and sample preparation is 

presented here.  

2.1 Scanning Transmission Electron Microscopy 

2.1.1 Introduction to Scanning Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was invented to exceed the resolution of 

optical microscopes, by making use of the smaller wavelengths of high energy electrons. 

The relativistic electron wavelength is given by 

                                                   ‗ ὬȾςάὩὠρ  ,                                    [2-1] 

where h is Plankôs constant, m0 is the rest mass of an electron, e is the electron charge, V 

is the electron acceleration voltage and c is the speed of light. The relativistic electron 

wavelength at the acceleration voltage of 200 kV is 0.0251 Å. However, the actual 

resolution achieved in a modern TEM using 200 kV electrons is only ~2 Å. The large 

difference between the electron wavelength and the resolution is due to the aberrations of 

the cylindrical magnetic lenses, which will be further discussed in this chapter.   
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Various types of scattered electrons can be generated after the incident electron beam 

interacts with a thin specimen, as shown in Fig. 2.1 [50]. In TEM, the direct beam, and/or 

forward scattered electrons are collected for image formation. 

 

Figure 2.1: Different types of electron scattering from electron interaction with a thin 

specimen [50]. 

 

The contrast in high-resolution TEM (HRTEM) images is obtained by interference of 

coherent elastic scattered electrons, which can be used to study atomic structures. 

Because of the electron wave interference, contrast in HRTEM images can be 

complicated by additional phase introduced due to lens aberration, focus and sample 
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thickness, including contrast reversals, which makes image simulation essential for image 

interpretation in HRTEM.   

High-resolution images can also be obtained using scanning transmission electron 

microscopy (STEM). Fig. 2.2(a) shows a schematic diagram of the illumination system 

used in STEM[50]. Electrons emitting from the electron gun are focused using three 

magnetic lenses (condenser lenses) and the focused beam is scanned over an area of the 

specimen using the control of double deflection scan coils.  The image is formed by 

collecting scattered electrons for each probe position. Separated by the scattering angles, 

scattered electrons can be collected by different types of detectors, which are bright-field 

(BF) detector, annular dark-field detector (ADF) and high-angle annual dark-field 

(HAADF) detector, as shown in Fig. 2.2(b). The BF detector in STEM picks up mostly 

the direct beam and some of low-angle scattered electrons. The BF-STEM images have 

  

Figure 2.2: (a) Schematic diagram of STEM illumination system. (b) Schematic of the BF, 

ADF and HAADF detectors in a STEM [50]. 

a) b) 
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the contrast similar to BF-TEM images according to Principle of Reciprocity [51]. The 

ADF detector collects both coherently and incoherently scattered electrons in range of 

medium scattering angles. Electrons scattering into an angle higher than 50 mrad are 

dominated by incoherently elastic Rutherford scattering and thermal diffuse scattering 

(TDS), which are collected by the HAADF detector. Pennycook and Jesson have 

demonstrated that at higher scattering angles, TDS becomes increasingly more important, 

and eventually dominates the intensity collected by the HAADF detector[52]. This trend 

is shown in Fig. 2.3 in which the total, elastic and thermal diffuse scattering from an 

isolated Si atom at room temperature are plotted as a function of reduced scattering s, 

where s = ɗ/ɚ with ɗ being scattering angle and ɚ being electron wavelength [52]. The 

magnitude of scattering into high angles is proportional to a power of atomic number Z. 

This simple relationship allows a direct interpretation, and possibility of chemical 

analysis, of the images recorded using HAADF-STEM (which is also called Z-contrast 

imaging). Because TDS is incoherent, the contrast of HAADF-STEM images is not as 

sensitive as HRTEM to focus or change in sample thickness. Additionally, the electrons 

in the focused probe initially channel along the atomic columns when they first enter the 

sample and are scattered by the atomic columns. The electron channeling effect allows 

imaging of even thicker crystalline specimens in HAADF-STEM [52, 53].   
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Figure 2.3: Total, elastic and thermal diffuse scattering from an isolated Si atom at room 

temperature [52]. 

 

2.1.2 Electron Probe formation 

As discussed in the above section, the resolution of STEM is highly dependent on the size 

of the electron probe. The wave function of the electron probe, • , is the convolution 

of the effective source, • , that is the image of the electron filament demagnified 

by condenser lens, with the product of the lens transfer function L and aperture function A, 

as described by  

                                                •  • ἆὒ ὃ,                                [2-2] 

where, in reciprocal space 

                                                 ὃὯ ρȟ   Ὧ Ὧ

πȟέὸὬὩὶύὭίὩ
 , 
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ὒ  Ὡ , 

and 

ɢ(ɤ) = Re  { ″ ὃ  ὅ″ ″ ὃ  ὄ″ 

                    ″ ὃ ″ ὅ Ὓ″ 

                      ″ ὃ ὄ″ Ὀ″ 

                      ″ ὃ ″ ὅ ″ Ὓ 

                      Ὀ″ Ễ  

In ɢ(ɤ),   ‗Ὧ Ὧ Ὥ‗Ὧ Ὧ , kx and ky are the electron wave vector 

components, and kx0 and ky0 are the center of the incident beam. A1, A2, éA5 are 

astigmatism, B2 and B4 are coma of 2
nd

 and 4
th
 order, C1 is defocus, C3(Cs) and C5 are the 

spherical aberration of 3
rd

 and 5
th
 order, D4 and D5 are three and four lobe aberration, S3 

and S5 are two-fold and four-fold star aberration[54]. In the above equation, C1 and A1 can 

be easily corrected in STEM by adjusting focus and stigmators. In aberration corrected 

STEM, higher order aberrations can be corrected. 

The JEOL 2200FS installed at CMM-FSMRL is equipped with a CEOS spherical 

aberration corrector which allows the aberrations up to 3
rd
 order to be corrected with Cs ~ 

Ñ5ɛm at the optimal imaging conditions. The HAADF-STEM resolution is ~ 1 Å[55]. 

The electron probe size and current can also be controlled by aperture size and spot size 

setting. It should be noted that smaller probe size giving better resolution is normally 
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associated with lower probe current resulting in poorer signal to noise ratio. Unless 

otherwise noted, condenser aperture #3 corresponding to a convergence half angle ~26.61 

mrad, spot ñ3Cò in ñMAGò mode and camera length 60 cm corresponding to an inner 

cut-off angle of ~100 mrad of HAADF detector were used in this thesis. Convergence 

half angles of different condenser aperture sizes are listed in Table 2.1 below. 

Condenser lens aperture # Size (ɛm) Convergence half angle (mrad) 

#4 20  16.8 

#3 30 26.61 

#2 40 36.88 

Table 2.1:  Convergence half angles for different condenser lens apertures. 

2.2 Electron Energy Loss Spectroscopy 

Electrons can lose energy after interacting with materials. The dependence of inelastic 

scattering on angle and energy is specified by a double-differential corss section[56]: 

                                                     ͯ  ,                                          [2-3] 

where a0 is the Bohr radius, R is the Rydberg energy, m0 is the rest mass of the electron, 

E is the energy loss, v is the electron velocity, f is the generalized oscillator strength, and 

the characteristic scattering angle ɗE is expressed as 

                                                        —
Ⱦ

 ,                                             [2-4] 

where E0 is the energy of incident electron and c is the velocity of light. At low scattering 

angles, the Lorentz factor (ɗ
2
+ɗE

2
)
-1

 dominates the angular dependence of inelastic 
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scattering, and ɗE is the half-width at half maximum of the Lorentz factor. For the 

incident electron energy of 100 keV, the width of the inelastic angular distribution is 

about 0.1 mrads for out-shell excitation, and a few mrads for inner-shell excitation[56]. 

Energy loss spectrometer is used to disperse the inelastic scattered electrons according to 

their energy loss. The energy dispersed electrons are then focused with dispersion of 

1.2ɛm/eV on the energy slit plane, and 80-300 ɛm/eV on the final image plane. The 

spectrum is recorded using a detector consisting of a distribution of electron intensity 

versus energy loss. For the thin specimen, the predominant feature in EELS spectra is the 

zero-loss peak consisting mainly of electrons without energy loss, as shown in the Fig. 

2.4. Most of the inelastic scattered electrons come from interactions with outer-shell 

(valence/conduction) electrons, forming plasmon losses in the 0-50 eV energy range, as 

shown in Fig. 2.4. In the approximation of free electrons, the plasmon energy Ep lost by 

incident electrons is given by [56]  

                                                                Ὁ  ,                                              [2-5] 

where h is Plankôs constant, e and m are the electron charge and mass, Ů0 is the 

permittivity of free space, and n is the free-electron density. Eq. [2-5] suggests plasmon 

energy is proportional to Ѝὲ. Plasmon losses are not limited to metals, they are also 

observed in other materials, including insulators.  
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Figure 2.4: An EELS spectrum showing the zero loss peak I0 and plasmon peak Ip [50]. 

The high-loss portion of the spectrum contains information about inelastic interaction 

with electrons occupying the atomic core levels (inner shells). Such interaction give rise 

to an edge structure because of the energy threshold required to excite these electrons to 

unoccupied states. Core loss edges in EELS resulting from inner-shell ionization provide 

direct chemical information, since the onset of the electron energy loss corresponds to 

binding energies of the elements. An example is shown in Fig. 2.5 with three different 

elements identified and labeled in the spectrum. The core loss edges often have fine 

structure within 50 eV of the ionization threshold. These fine structures are sometimes 

called the energy-loss near-edge structure (ELNES). 
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Figure 2.5: An experimental EELS spectrum showing O-K, Te-M4,5 and Fe-L2,3 core-loss 

edges, recorded from iron chalcogenide treated with oxygen. 

 

The EELS signal recorded is proportional to the double-differential cross section of 

Ὠ„ȾὨɱὨὉ. In the one-electron approximation, we have[56] 

                                                            ȿͯὓ ▲ȟὉȿὔὉ,                                     [2-6] 

where M(q,E) = ᷿ᶻὩ▲Ͻ►Ὠ†.   and   are the initial core state and final state, 

respectively, in the conduction band, q is the momentum transferred from the incident 

electron to the atomic electrons, and r is the coordinates of the excited electron. In the 

condition of q·r << 1 (dipole approximation), Ὡ▲Ͻ► ρͯ Ὥ▲Ͻ► ὕ▲Ͻ► , which is 

satisfied when the EELS spectrum is collected using a small aperture centered around the 

direct beam. Under these conditions, the integration for M(q,E) is non-zero, only if the 

difference of angular momentum between the initial and final states satisfies æl=±1 , 
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giving the dipole selection rule of electronic excitations. N(E) in equation [2-6] is the 

density of states (DOS) of final states, which varies faster than M(q,E). Hence, ELNES 

reflects DOS above Fermi level under the single electron approximation, which is shown 

in Fig. 2.6[57]. However, with multiple electrons, the hole created in the core shell (core 

hole) during inner-shell ionization affects the final-state DOS, resulting in changes in 

both the shape of ELNES and the energy positions. In general, core-hole effects are 

relatively small in metals, and cations are affected more significantly than anions due to 

difference in valence electron screening [58]. 

 

Figure 2.6: Schematic diagram illustrating the electronic excitation from the core level to 

conduction band and fine structure recorded in ELNES in a solid [57]. 
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The STEM-EELS experiments in this thesis were mainly performed on JEOL 2200FS at 

CMM-FSMRL. An in-column ɋ filter is equipped on JEOL 2200FS, which is located 

between the intermediate and projector lenses. An entrance aperture is located above the 

ɋ energy filter to limit the collection angle of electron beams. Collection angles also 

depend on the camera length. Smaller camera length, like 20 cm or 25 cm, was normally 

used to increase the signal to noise ratio when EELS spectra were acquired. Table 2.2 

shows collection angles with different settings of entrance apertures and camera length. 

Entrance Aperture # Camera Length (cm) Collection angle (mrad) 

#1 25 61.99 

#2 25 32.16 

#3 25 23.68 

#4 25 13.01 

#1 20 78.75 

#2 20 41.04 

#3 20 30.59 

#4 20 17.02 

Table 2.2: Collection half angles at different settings of entrance apertures and camera 

length 

 

Since the number of all inelastic scattering events increases with increase of specimen 

thickness, EELS spectrum can provide thickness information. The log-ratio method is 

used to estimate the relative thickness to the total mean free path, ɚ ,for all inelastic 

scattering [56], which is given by 
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                                                                  t/ɚ = ln (It/I0),                                                [2-7] 

where I0 and It are the integration of intensity in the zero-loss peak and the total area 

under the whole spectrum. Since the intensity in the EELS spectrum falls rapidly with 

energy loss, for the thin specimen, It is estimated by integrating the intensity to ~ 100 eV.  

2.3 ELNES: the L3/L2 white-line intensity ratio of the L2,3 edge of 

transition metals 

ELNES in the O-K edge has provided a sensitive probe for density of charge carriers in 

the research on cuprates [59]. As discussed in Chapter 1, the Fermi level of iron-based 

superconductors is dominated by Fe 3d orbitals, which makes investigating ELNES of 

the Fe-L2,3 edge critical. The most prominent ELNES feature in the L2,3 edge of transition 

metals, including Fe, is the double sharp peaks, referred as white lines. The L2,3 edge 

results from transitions from 2P3/2 and 2P1/2 spin-orbit split states to the unoccupied 3d 

states. Since there are 4 electrons in the 2P3/2 state and 2 electrons in the 2P1/2 state on the 

base of 2j+1 degeneracy, it is expected that the intensity of L3 is as twice as that of L2. 

However, the L3/L2 intensity ratio of most transition metals shows deviation from 2 [60]. 

Systematic studies on the L3/L2 intensity ratio of 3d transition metal compounds have 

been done by several groups. J. Graetz et al.[61] summaries the results reported in 

literature and plots the L3/L2 intensity ratio as a function of d electrons, as shown in Fig. 

2.7. The L3/L2 intensity ratio increases as d electrons go from 0 to 5, and decreases as d 

electrons increase from 5 to 10, which indicates the L3/L2 intensity ratio is sensitive to the 

occupancy of the d state in transition metals.  
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Figure 2.7: Intensity ratio I(L3)/I(L2) for a series of transition-metal oxides and lithium 

transition-metal oxides[61]. 

 

Fe normally has four common configurations of d orbital as in the iron elementary 

substance and iron oxides ï Fe, FeO, Fe3O4 and ɔ-/Ŭ-Fe2O3, which give 3.8, 4.6, 5.2, 

5.8(ɔ phase)/6.5(Ŭ phase) in the L3/L2 intensity ratio, respectively [62]. As we can see, the 

I(L3)/I(L2) is different between Ŭ- and ɔ-Fe2O3, even though Fe has the same valence, 

indicating its extreme sensitivity to the bonding environment. A systematic study on 

dependence of I(L3)/I(L2) of Fe-L2,3 on minerals with mixed Fe
2+

 and Fe
3+

 valence has 

been summarized by P. van Aken and B. Liebscher [63], which shows a clear increase of 

I(L3)/I(L2) as the valence changes from 2+ to 3+, as shown in Fig. 2.8. 
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Figure 2.8: The dependence of integral white-line intensity ratio of L3 and L2 on ferric 

iron concentration Fe3+/×Felit for iron minerals. The subscript lit  refers to data from 

literature [63]. 

 

Experimentally, the L2,3 white lines sit on a continuum background resulting from 

transitions to unbounded states. The calculation of the L3/L2 ratio requires the subtraction 

of the background. Pearson et al. proposed two methods to subtract the continuum state 

contribution. The first method models the continuum background as two step functions 

with the first step function at the L3 edge set twice as high as the second step at the L2 

edge[64], as shown in Fig.2.9(a). The L3 and L2 intensities are measured by integrating 

the areas above the step functions, respectively. In the second method a straight line was 

drawn from the base of the L3 edge onset to the first minimum, and from there to the 

intersection of the falling edge of the L2 edge and the background[65]. The total white 

line intensity was then obtained by integrating the peaks above this kinked line, which is 
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demonstrated in Fig. 2.9(b). Both methods provide nearly identical trends. The second 

method was generally used in this for its simplicity. 

 

 

Figure 2.9: Models for extracting intensity ratio I(L3)/I(L2).  The intensity is integrated for 

the shadowed area for the L3 and L2 edge, respectively, after continuum background is 

removed based on the model shown in (a) [64] and (b) [65], respectively. 

 

(a) 

(b) 
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2.4 Nano-beam diffraction 

Electron diffraction allows one to extract the structural information from a local area. 

Selected area electron diffraction (SAED) has been traditionally used in TEM. In SAED, 

the specimen is illuminated with a parallel electron beam, and a SAED aperture is 

inserted in the image plane to select a certain area of the image that contributes to the 

diffraction pattern. The area size selected by the SAD aperture is limited by the 

aberration of the objective lens to ~ 1 ɛm depending on the diffraction angle, which is too 

large to study nanostructures or interfacial structures. Nano-beam diffraction (NBD) 

allows a small probe to be formed on the front focal plane of the upper objective lens 

using an additional condenser lens, which makes parallel illumination on the specimen. 

The electron beam size in the JEOL JEM2010F can reach ~ 50 nm with a divergence 

angle of 0.05 mrad[66]. All of the electron diffraction patterns in this thesis were 

recorded on Fuji image plates in the NBD mode in the JEOL JEM2010F.     

2.5 Sample preparation 

Samples prepared for STEM are required to be thin enough for minimizing multiple 

scattering, which is essential to obtain sharp features for quantitative analysis in ELNES.  

Two sample preparation methods are applied depending on whether the compound is 

sensitive to water or not. For water-sensitive compounds, standard sample preparation is 

used. After being cut along a certain desired atomic plane, the sample is mechanically 

thinned down and polished on diamond lapping films to reach a thickness of ~ 30 micron. 

Ion milling, with angle of incident ion beams set to ~ 13° with respect to the sample 

surface in Fishone (or ~ 6° in PIPS), is followed to drill a hole on the sample. The edge of 
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the hole will be transparent to the electron beam in the transmission electron microscope. 

For the compounds that are not sensitive to water, such as the family of Fe1+yTe1-xSex, a 

layer peeling method has been developed by using water soluble tape to obtain a TEM 

specimen with uniform thickness in a relative large area (~ 100 nm)[67]. All of the iron-

based superconductors have the morphology of thin flakes with [001] as the normal 

direction. A thin piece of material can be peeled off from the single crystal by using an 

adhesive tape due to the layer structure. This thin piece of material is further exfoliated 

with tape to achieve a thickness favorable for STEM-EELS measurement.  A TEM 

copper grid with lacey carbon film is placed on top after the final exfoliation, which is 

then immersed in deionized water at 70 °C. After the tape is dissolved, the thin film stays 

on the lacey carbon film. Following further cleaning in water a few more times, the TEM 

grid is cleaned in acetone and isopropyl alcohol to remove any tape residue on the 

specimens. Each method has its own advantages and disadvantages. The standard method 

can be used to prepare for samples with any orientations, but the TEM samples prepared 

in this way normally have smaller area of uniform thickness due to the wedge shape near 

the hole. The peeling method guarantees a large area in uniform thickness, but it can only 

be used to prepare for samples with normal direction in [001]. Both methods can make 

samples with thinnest areas less than 0.4ɚ. In this condition, multiple scattering effects 

may be neglected. 
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CHAPTER 3 

PHASE SEPARATION IN ISOVALENTLY DOPED Fe 1+yTe1-

xSex AND BaFe2(As1-xPx)2 

In this chapter, bulk single crystals of Fe1+yTe1-xSex and BaFe2(As1-xPx)2 are investigated 

by electron microscopy and energy loss spectroscopy. Nano-scale phase separation, with 

chemical inhomogeneity, is seen in STEM-HAADF images in both systems. The L3/L2 

white-line intensity ratio obtained from EELS spectra changes with varying composition, 

which indicates fluctuation of Fe 3d-state occupancy, implying effective doping or/and 

charge transfer in the isovalently doped systems. These findings are significant because 

they provide a structural interpretation of the coexistence of superconducting and 

magnetic phases in these materials. 

3.1 Introduction 

Parent compounds of high-Tc cuprate superconductors are AFM insulators.  Charge 

doping, either using electrons or holes, is essential to introduce free carriers to form 

cooper pairs for the emergence of superconductivity. However, parent compounds in 

iron-based superconductors are usually metals[19] and the role of electron or hole doping 

is not so clear as that in cuprates. Moreover, isovalent doping, with introducing no 

additional charge, also induces superconductivity in iron-based superconductors. 

Therefore, doping in iron-based superconductors is significantly different from that in 

cuprates and studying doping mechanisms is critical to understand the interplay among 

different chemical tuning parameters.  
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Isovalently doped iron-based compounds have been synthesized and studied by several 

groups [21, 25, 28, 68-71]. Some materials become superconducting, but others do not by 

isovalent doping. Table 3.1 summarizes these materials. 

Parent compound Composition at optimal Tc Optimal Tc (K) 

SrFe2As2 Sr(Fe0.65Ru0.35)2As2[68] ~21 

BaFe2As2 Ba(Fe0.55Ru0.45)2As2[69] ~22 

BaFe2As2 BaFe2(As0.7P0.3)2[21] ~30 

Fe1+yTe Fe1+yTe0.5Se0.5[25]  ~15 

Fe1+yTe Fe1+yTe0.7S0.3[28] ~10 

CeFeAsO CeFeAs1-xPxO[70] No superconductivity 

BaFe2As2 Ba1-xSrxFe2As2[71] No superconductivity 

Table 3.1. Isovalently-doped iron-based materials. 

One of the suggested mechanisms frequently discussed in literature is structural distortion. 

Kimber et al. have shown that in the parent compound BaFe2As2, superconductivity can 

be induced either by applying pressure or by K doping on Ba sites. The pressure and K 

doping lead to similar effects in term of lattice-parameter changes and Fermi surface 

evolution [20].  For P-doped BaFe2As2, BaFe2(As1-xPx)2, since P ion is smaller than As 

ion, P doping in the active FeAs layer results in a contraction of the unit cell, which give 

rise to the so-called ñchemical pressureò. Indeed, superconductivity induced by P doping 

and by pressure appears within the same volume range between 192 and 199 Å
3
 [72]. On 

the other hand, isovalent doping into the layers of Ba by Sr in BaFe2As2, which act as 

charge reservoir in this system, does not induce superconductivity, even though the effect 

on the unit-cell volume is similar to the case of  BaFe2(As1-xPx)2  discussed above [72] . 
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TN has been observed to increase with Sr concentration in Ba1-xSrxFe2As2 [71, 72]. In iron 

chalcogenides, replacement of Te in Fe1+yTe by Se or Se induces superconductivity, but 

no superconductivity is observed in the parent compound Fe1+yTe under pressure up to 19 

GPa [73]. Hence, how isovalnet doping contributes to superconductivity is still a puzzle. 

A distinct observation in iron-based superconductors is the coexistence of the 

superconducting phase with AFM ordering (see Chapter 1), although superconductivity 

only emerges when AFM ordering is at least partially suppressed by doing or pressure. 

Such coexistence of two electronic phases is also detected in the isovalently doped 

system. Taking FeTe0.7Se0.3 (Tc ~ 10K) for an example, Fig. 3.1 shows the magnetic peak 

observed with short-range AFM ordering, which appears at ~ 40K [74]. The intensity of 

this peak increases when the sample is further cooled down in temperature, and it persists 

at 5K at which the materials become superconducting. Whether such an overlap between 

the superconducting and AFM ordering originates from electronic or structure phase 

separation is under debate[23]. 

                                               

Figure 3.1: Evolution of short-range magnetic order in FeTe0.7Se0.3 at different 

temperatures [74]. 
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3.2 Experiments 

3.2.1 Fe1+yTe1-xSex 

Single crystals of Fe1 + yTe1-xSex were grown by a unidirectional solidification method 

with slow cool down [74]. In this section, as-grown crystals of four different nominal 

compositions are studied, which are FeTe0.7Se0.3 (Tc Ḑ 10K), FeTe0.55Se0.45 (Tc Ḑ 15K), 

Fe1.07Te0.75Se0.25 (non-superconductor) and Fe1.08Te0.55Se0.45 (non-superconductor). The 

last two compositions are nonsuperconducting due to excess Fe, as discussed in Chapter 1.  

The same batch of crystals of Fe1.07Te0.75Se0.25 and FeTe0.7Se0.3 were studied earlier by 

using neutron diffraction [74]. The crystals have the morphology of thin flakes with [001] 

as the normal direction. To obtain a TEM specimen with uniform thickness in a relatively 

large area (~100 nm), the layer peeling method was used, as discussed in Chapter 2. 

The analysis by electron microscopy and energy loss spectroscopy is based on the 

following procedures using the superconducting sample FeTe0.7Se0.3 as an example. The 

results of other samples are also presented. The quality and structure information of 

FeTe0.7Se0.3 was checked by using electron diffraction first. Fig. 3.2 shows a typical 

electron diffraction pattern along the [001] zone axis of FeTe0.7Se0.3, recorded on the Fuji 

image plate by using JEOL 2010F (JEOL, USA) in the nano-beam diffraction mode with 

a parallel probe of 60 nm. No noticeable splitting of diffraction spots was observed in the 

electron diffraction pattern. In the [001] zone axis pattern, very weak reflections h + k = 

odd are seen (weak reflections of (010) and (0ρ0) are indicated by the arrows in the 

figure; the reflection is magnified as shown in the inset. These reflections are expected to 

be extinct in the terminal phases of FeSe and FeTe with the tetragonal symmetry of 
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P4/nmm or when Se and Te are randomly mixed.  The observation of the very weak h + k 

= odd reflections suggest a small separation in the occupancy, or preference, of the two 

Te/Se sites inside the tetragonal unit cell by Se and Te atoms respectively. The difference 

between atomic scattering factors of Te and Se atoms together with the preference in the 

site occupation  leads to a net scattering for the h + k = odd reflections and causes the 

appearance of the forbidden reflections in the doped sample along the [001] zone axis.  

                 

Figure 3.2: An electron diffraction pattern of FeTe0.7Se0.3 along the [001] zone axis. The 

inset shows a magnified weak reflection, which is expected to be extinct in the terminal 

phases of FeSe and FeTe or when Se and Te are randomly mixed.   

 
























































































































