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Abstract
In this work we present the effect of tellurium (Te) on band structure, DOS and

superconductivity of FeSe(for x=0.25 and x=0.5). The electronic structure calculations are

performed using the density functional theory (DFT) as implemented in QUANTUM

ESPRESSO (QE). All calculations of FeSe1−xTex were done for the space group P4/nmm with

non-spin polarized orbitals with lattice parameters a=b=3.765[a.u], c=5.51[a.u]. We reproduced

the known band structure for FeSe and FeTe. Based on the carefully prepared input file we

produced the band structure for x=0.25 and x=0.5. The band structures are highly affected at

x=0.5. We observed that there is a flat band from M to Γ direction. We calculated the DOS at the

Fermi level to be for FeSe0.5Te0.5 which is higher than that of FeSe which

was reported to be 2.69 . The FeSe0.75Te0.25 shows no superconductivity.

Superconducting critical temperature TC for FeSe0.5Te0.5 was calculated by introducing our DOS

result in to the McMillan equation. The result showed that the TC is increased to 12.08K. We

concluded that the effect of substituting Te in FeSe increases the DOS and TC. The results are in

agreement with the experimental reports. We also predict that Te substitution is hole dopping.

Keywords: superconductivity (SC), band structure, density of states (DOS), and critical
temperature (TC).
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Chapter 1

Introduction

1.1 BackgroundSuperconductivity has been an exciting, fascinating and challenging topic since itsdiscovery in 1911. Thousands of materials have been found to exhibit this phenomenon inthe temperature range of a few mK to 164 K. Besides pure elements, almost all categories ofmaterials seem to show superconductivity, including metallic alloys, intermetallics, metallicglasses, ceramics, inorganic and organic polymers and various forms of carbon likefullerenes. Over the last 10 decades, the field has proved itself to be extraordinarily richand dynamic with new discoveries, in the form of a novel material or phenomenon.Superconductivity was observed for the first time by a Dutch physicist Heike KamerlinghOnnes, a professor of physics at the University of Leiden. He successfully liquefied Heliumin 1908 and was subsequently able to reduce the temperature of liquid helium (LHe) downto as low as 0.9K. He had intended to measure the resistivity of metals as a function oftemperature at very low temperatures. By measuring the resistivity of mercury (Hg), as ahigh purity metal, he found in 1911 that the electrical resistivity of Mercury abruptlydropped to zero, when the sample was cooled below 4.2 K [1].Onnes realized that the new phenomenon represented a new physical state and termed itthe superconductive state. Thereafter, the phenomenon of vanishing of electrical resistivityof materials below a particular low temperature is called superconductivity and thematerials which exhibit this property are called superconductors. The temperature atwhich the transition from the normal state to the superconducting state occurs is called thecritical temperature (TC ). In 1913, he won Nobel Prize in Physics for his research in thisfield.After twenty years of the discovery of Onnes, a major breakthrough came in 1933 whenWalther Meissner and his student Robert Ochsenfeld discovered an important magneticproperty of superconductors. They observed that a magnetic field lower than critical field
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(HC) was suddenly expelled by superconductor specimens on cooling below TC [1]. In otherwords, the material becomes fully diamagnetic in the superconducting state.This is called the Meissner effect and was found to be an intrinsic property ofsuperconductors. It has been widely used for testing the superconducting state. In thesuperconducting state, an electric current is produced near the surface of sample, in such away as to create a magnetic field that exactly cancels the external magnetic field.The superconducting state of a material is decided by three parameters such astemperature, external magnetic field and the current density flowing through the material.These three parameters are coupled together to define the superconducting limits of amaterial as shown in figure 1.1 which shows that for the occurrence of superconductivity ina material, the temperature must be below the critical temperature (TC), the externalmagnetic field must be below the critical field (HC) and the current density flowing throughthe material must be below the critical current density (JC). These define a critical surfaceas illustrated in figure 1.1, beneath the surface the material is in superconducting state andabove the surface the material is in normal state.

Figure 1.1: Schematic diagram of superconducting domain governed by the critical parameters TC, JC and HCIn 1935, Fritz and Heinz London theoretically explained the Meissner effect by postulatingtwo groups of electrons in a superconducting material, the superconducting electrons andthe normal state electrons. They employed the Maxwell’s equations to develop a set ofelectrodynamics equations, called the London equations [3,]. According to the Londonequations, the magnetic field exponentially falls off with increasing distance from thesurface of a superconducting sample. This characteristic decay length is called the London
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penetration depth ( λ ) . In 1950, V. Ginzburg and L. Landau developed a theoreticalexplanation for superconductors based on general symmetry properties [1,2]. Although theGinzburg-Landau theory explained the macroscopic properties of superconductors, themicroscopic properties remained unsolved.Seven years later, three physicists at the University of Illinois, John Bardeen, Leon Cooperand Robert Schrieffer presented a theoretical explanation for the superconducting state [1].This theory was widely accepted and is well known as the BCS theory. Based on this theory,despite the Coulomb repulsive forces between the electrons, due to distortion in the crystalstructure (phonon mediation), slight attraction between pairs of electrons located near theFermi surface leads to the production of bonded pairs of electrons, called cooper pairs [1].Coherence length (ξ) gives approximate spatial dimension of the cooper pair and it sets thelength scale on which the superconducting order parameter changes considerably. The BCStheory explained superconductivity in the low temperature and low magnetic field regime.Soon after that, the theory was extended and became useful for high magnetic fields as well[1].Alexei Alekseevich Abrikosov theoretically investigated the properties of superconductorsin external magnetic fields and the way in which magnetic flux can penetrate asuperconductor. In 1957 he discovered that superconducting materials can be separatedinto two groups type-I and type-II superconductors [1]. Type I superconductors showabrupt transition from superconducting Meissner state to normal state above a particularexternal field which is its critical field (HC), whereas for type-II superconductors there aretwo critical fields, the lower critical field (HC1) and the upper critical field (HC 2). If theexternal magnetic field is lower than HC1, the field is completely expelled and the materialbehaves the same as a type-I superconductor. By increasing the field above HC1 up to HC2,the flux partially penetrates into the superconductor as vortices. As the field increasesabove HC2 the flux totally penetrates the whole sample, and it returns to the normal state.In 1962 Brian D. Josephson, a 22 year old British student at Cambridge University,predicted that electric current could flow between two superconducting materialsseparated by a thin (a few nano meter thick) insulating layer or weak link via a tunnelingprocess [1]. Later, his prediction was experimentally confirmed and became known as theJosephson Effect. A significant breakthrough then was made in 1986 by George Bednorz
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and Alex Müller, when they made a ceramic superconductor LaBaCuO with a criticaltemperature of 30 K [3]. Subsequently, by substitution of yttrium for lanthanum anotherceramic superconductor with a critical temperature of 92 K was discovered [4].Since thecritical temperature of the material was considerably higher, it facilitated the use of liquidnitrogen, a cheaper refrigerant.Iron-based superconductors (FeSC) are iron-containing chemical compounds whosesuperconducting properties were discovered in 2008. FeSe is the simplest iron-basedsuperconductor but with diverse properties [5]. It starts to superconduct at 8 K at normalpressure but its critical temperature (Tc) is dramatically increased to 38 K under pressureand by means of intercalation. The combination of both intercalation and pressure resultsin re-emerging superconductivity at 48 K. [6, 7]Tellurium (Te) is a chemical element with symbol Te and atomic number 52. It is a brittle,mildly toxic, rare, silver-white metalloid. Tellurium is chemically related to selenium andsulfur. It is occasionally found in native form as elemental crystals. Te substitution for Se inFeSe enhances Tc in spite of a negative chemical pressure effect [8, 9]. Density functionalcalculations of FeSe and FeTe indicated that the strength of spin density wave (SDW) inFeTe and the possibility of a higher Tc in doped FeTe or Fe (Se,Te) alloy compared to FeSe.According to some experimental works the Tc increased with Te substitution up to 75 %.The enhancement of Tc in Te-substituted FeSe may be explained by the results of thedensity functional calculations. [10]
1.2 Statement of the problemSuperconducting critical temperature is not yet raised to somewhere near the roomtemperature. Different experimental and theoretical methods have been employed to do soand also to understand the theory of superconductivity. Electronic structure calculation canindicate some properties of the superconducting material. But the theory behind thesuperconductivity of materials is not well understood. The mechanism in which thesuperconductivity of material is governed differ even for a materials of the same family.Hence, the main aim of this research is to understand the effect of Te substitution onelectronic property of FeSe superconductor.in this work we attempt to see the effect of25% and 50% substitution of Te on the Se site. Density functional theory (DFT) will be
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employed to calculate the band structure of this compound computationally. The resultmay explain experimental reports.

1.3 General objectiveThe general objective of this work is to study the effect of Te substitution on electronicproperty of iron selenide (FeSe) using the density functional theory (DFT).
Specific objectivesThe specific objectives of this work are:

 To obtain the DOS and band structure of tellurium substituted iron selenide(FeSe0.5Te0.5, FeSe0.75Te0.25)
 To compare the band structure of the undoped FeSe with that of the doped one
 To calculate the superconducting critical temperature.
 To determine the general properties of tellurium substituted iron selenidesuperconductor in depth
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Chapter 2

Review of literature

2.1 Historical background of superconductivityThe phenomenon of superconductivity, in which the electrical resistance of certainmaterials completely vanishes at low temperatures (this temperature is called transitiontemperature or critical temperature), is one of the most interesting and sophisticated incondensed matter physics. It was first discovered by the Dutch physicist Heike KamerlinghOnnes, who was the first to liquefy helium (which boils at 4.2 Kelvin at standard pressure).In 1911 Kamerlingh Onnes and one of his assistants discovered the phenomenon ofsuperconductivity while studying the resistance of metals at low temperatures. Theystudied mercury because very pure samples could easily be prepared by distillation. Theresistivity behavior as a function of temperature is shown in Fig.1.1.

Figure 2.1: Below the transition temperature, the resistivity drops to zero.Superconductivity is a very curious phenomenon characterized by a phase transition at acritical temperature (Tc) in which the conducting phase is in equilibrium with thesuperconducting phase. The most important properties of the superconducting phase are:zero resistance, ideal diamagnetism (Meissner effect), magnetic flux quantization andpersistent current in superconducting rings, cylinders or coils [11].
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According to classical physics, part of the resistance of a metal is due to collisions betweenfree electrons and the crystal lattice’s vibrations, known as phonons. In addition, part ofthe resistance is due to scattering of electrons from impurities or defects in the conductor.As a result, the question arose as to why this does not happen in superconductors? For onecentury superconductivity has been a great challenge to theoretical physics. The firstsuccessful set of phenomenological equations for superconducting metals was given by F.London in 1935. Yet, in 1950, almost 40 years after the discovery of this phenomenon,there was not any adequate microscopic theory of superconductivity. However, by 1935,single elements necessary to a successful theory to explain superconductivity was knownto theorists. The peculiar condensation of a Bose-Einstein gas was predicted by Einstein in1925. The idea that pairs of fermions can combine to form bosons has been known since1931. In 1950 the most relevant ideas of superconductivity have been summarized by F.London in his famous book “Superfluids”, volume 1. At last, BCS (bardeen cooper andschriefer) theory was the first successful theory to explain the microscopic mechanisms ofsuperconductivity in metals and alloys. The central feature of the BCS theory is that twoelectrons in the superconductor are able to form a bound pair called a Cooper pair if theysomehow experience an attractive interaction between them [12].Superconductors were observed to exclude magnetic fields, an effect called the Meissnereffect, after the person who discovered it. This turned out to be a very importantobservation since this behavior was different from that of a regular metallic conductor. TheMeissner effect indicated that superconductivity could not be merely thought of as betteror improved conductivity - a new mechanism had to be proposed. The Meissner effectindicated that magnetism of materials opposed what superconductivity required ofmaterials.Until 1986, the record transition temperature for a superconductor was 23 K. In that year,Bednorz and Muller synthesized a high temperature superconducting compound La2CuO4which remains superconducting up to 30 K, and soon afterwards other superconductingcuprate materials were discovered with even higher transition temperatures. Hightemperature superconductors (HTSCs) are materials that accomplish superconductingstate at unusually high temperature.
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High-Tc superconductivity at 26 K was found by Kamihara group [15]. in Florine dopedLaFeAsO on February 2008. This was the discovery of high-Tc superconductivity in aentirely new class of materials that came to be known as iron-pnictides. This new type ofsuperconductors is based on conducting layers of Iron and a Pnictide (typically Arsenic)and seems to show promise as the next stage of high temperature superconductors. Largelythese materials have been called the ferropnictides.The discovery of superconductivity in FeSe1 has sparked tremendous interest in ironchalcogenides as they are isomorphic to the FeAs-type high Tc superconductors2-5 buthave simpler crystal structure and chemical composition. This should help ourunderstanding of the underlying physics in iron-based superconductors [13].
2.2 The Miessner effectMeissner and Ochsenfeld (1933) found that if a superconductor is cooled in a magneticfield to below the transition temperature, then at the transition the lines of induction B arepushed out (Fig. 2.2). The Meissner effect shows that a bulk superconductor behaves as if B= 0 inside the specimen.The demagnetization field contribution is negligible.

B =H + 4πM = 0--------------------------------------------------2.1
H = -4πMThen the magnetic susceptibility is given byχ= = ----------------------------------------------------------2.2Equation 2.2  shows perfect diamagnetism
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Figure 2.2: The Meissner effectThe result B = 0 cannot be derived from the characterization of a superconductors amedium of zero resistivity. From Ohm's law, E = ρj, we see that if the resistivity ρ goes tozero while j is held finite, then E must be zero. By a Maxwell equation dB/dt is proportionalto curl E, so that zero resistivity implies dB/dt = 0, but not B = 0. This argument is notentirely transparent, but the result predicts that the flux through the metal cannot changeon cooling through the transition. The Meissner effect suggests that perfect diamagnetismis an essential property of the superconducting state [13].
The BCS theory of superconductivityThe basis of a quantum theory of superconductivity was laid by the classic 1957 papers ofBardeen, Cooper, and Schrieffer. There is a "BCS theory of superconductivity" with a verywide range of applicability, from He3 atoms in their condensed phase, to type I and type IImetallic superconductors, and to high-temperature superconductors based on planes ofcuprate ions. The BCS theory described some interactions, which include
1. An attractive interaction between electrons can lead to a ground state separated fromexcited states by an energy gap. The critical field, the thermal properties, and most of theelectromagnetic properties are consequences of the energy gap.
2. The electron-lattice-electron interaction leads to an energy gap of the observedmagnitude. The indirect interaction proceeds when one electron interacts with the lattice
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and deforms it; a second electron sees the deformed lattice and adjusts itself to takeadvantage of the deformation to lower its energy. Thus the second electron interacts withthe first electron via the lattice deformation.3. The penetration depth and the coherence length emerge as natural consequences of theBCS theory. The London equation is obtained for magnetic fields that vary slowly in space.Thus the central phenomenon in superconductivity, the Meissner effect, is obtained in anatural way.4. The criterion for the transition temperature of an element or alloy involves the electrondensity of orbitals D(EF) of one spin at the Fermi level and the electron-lattice interaction U,which can be estimated from the electrical resistivity because the resistivity at roomtemperature is a measure of the electron-phonon interaction. For UD(EF) 1 the BCStheory predicts TC=1.14 θ exp[-1/ UD(EF)]-----------------------------------------------------2.3Where θ is the Debye temperature and U is an attractive interaction. The result for Tc, issatisfied at least qualitatively by the experimental data. There is an interesting apparentparadox: the higher the resistivity at room temperature the higher is U, and thus the morelikely it is that the metal will be a superconductor when cooled.5. Magnetic flux through a superconducting ring is quantized and the effective unit ofcharge is 2e rather than e. The BCS ground state involves pairs of electrons; thus fluxquantization in terms of the pair charge 2e is a consequence of the theory.[14]
2.3 Classification of superconductorsHigh magnetic fields destroy superconductivity and restore the normal conducting state.Depending on the character of this transition, we may distinguish between type I and IIsuperconductors.The graph shown in Figure 4 illustrates the internal magnetic field strength, Bi, withincreasing applied magnetic field. It is found that the internal field is zero (as expectedfrom the Meissner effect) until a critical magnetic field, Bc, is reached where a suddentransition to the normal state occurs. This results in the penetration of the applied field intothe interior. Superconductors that undergo this abrupt transition to the normal state above
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a critical magnetic field are known as type I superconductors. Most of the pure elements inFigure 2 tend to be type I superconductors.Type II superconductors, on the other hand, respond differently to an applied magneticfield, as shown in Figure 5. An increasing field from zero results in two critical fields, Bc1and Bc2. At Bc1 the applied field begins to partially penetrate the interior of thesuperconductor. However, the superconductivity is maintained at this point. Thesuperconductivity vanishes above the second, much higher, critical field, Bc2. For appliedfields between Bc1 and Bc2, the applied field is able to partially penetrate thesuperconductor, so the Meissner effect is incomplete, allowing the superconductor totolerate very high magnetic fields.Type II superconductors are the most technologically useful because the second criticalfield can be quite high, enabling high field electromagnets to be made out ofsuperconducting wire. Most compounds shown in Figure 3 are type-II superconductors.Wires made from say niobium-tin (Nb3Sn) have a Bc2 as high as 24.5 Tesla – in practice it islower. This makes them useful for applications requiring high magnetic fields, such asMagnetic Resonance Imaging (MRI) machines. The advantage of using superconductingelectromagnets is that the current only has to be applied once to the wires, which are thenformed into a closed loop and allow the current (and field) to persist indefinitely – as longas the superconductor stays below the critical temperature. That is, the external powersupply can be switched off. As a comparison, the strongest permanent magnets today maybe able to produce a field close to 1 Tesla. However, it is possible to obtain up to 24.5 Teslafrom a niobium–tin superconductor. There is a misconception amongst some non-specialists that the term "Type II" refers to the copper oxide based high temperaturesuperconductors discovered in the late 1980s. While these are type II superconductors, soare many superconductors discovered before that time.[11]
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Table  2.1:The critical temperatures of some superconductors.

Figure 2.3:Type-I superconductor                             Figure 2.4:Type-II superconductor

2.4 The iron based superconductorsFe-based superconductors were discovered in 2008. This discovery with values up to 56K,generated a new belief in the field of superconductivity. Till its discovery, high temperaturesuperconductivity in cuprates, created a prejudice that Cu-oxides are essential building



13

blocks for a high temperature superconducting material. These Fe based superconductorsdo not contain Cu-O planes (some of the materials are even O free). Iron pnictide andchalcogenide (FePn/Ch) superconductors have Fe electrons at the Fermi surface togetherwith an unusual Fermiology that can change rapidly with doping. This may lead to verydifferent normal and superconducting state properties compared to those in standardelectron-phonon coupled ‘‘conventional’’ superconductors. There are a large number ofevidences showing that superconductivity, magnetism, orbital fluctuations are intimatelyrelated and coexist in these materials although the mechanism of superconductivity inthese compounds is still unknown. The electronic specific heat,2Δ/kBTC ratio, phasediagrams, isotope effect, crystal structures and there correlation to TC from variousavailable experimental data.As iron has strong local magnetic moment, it is usually considered deleterious tosuperconductivity, the recent discovery of high temperature superconductivity at 26 K inLaFeAsO doped with F on the oxygen site in 2008 is one of the exceptions [15]. Other suchexamples of exceptions are Th7Fe3 (TC =1.8 K)[16], U6Fe(TC =3.9 K)[17], Lu2Fe3Si5(TC=6.1K)[18]. Furthermore, Fe itself under pressure is a superconductor with TC =1.8 K at20 Gpa[19]. Fe based superconductors do not have any copper-oxide layers which arethought to be essential ingredient for high TC cuprates. In fact some of the Fe-basedsuperconductors with record of around 56 K, neither contains Cu nor O, e.g.,Gd0.8Th0.2FeAsO, Sr0.5Sm0.5FeAsF and Ca0.4Nd0.6FeAsF [20]. Fe based superconductors alsoknown as Fe-pnictides (‘‘FePn ’’ where Pn is As or P ) have extended its family to includeiron chalcogenides (‘‘FeCh’’ where Ch includes S,Se and Te ). We shall firstly discuss aboutstructural aspects and its correlation to TC in these compounds below. Strikingly, manypapers have been published about Fe-based superconductors. These suggest that thesuperconductivity may be related to the coexistent magnetism, orbital fluctuation andprimarily not due to phonon.The properties of the FePn/Ch superconductors are fundamentally different both fromthose of a conventional electron-phonon coupled superconductor and from those of thehigh TC cuprates. It is accepted (by now) that the superconducting pairing symmetry inhigh TC cuprates is dx2-y2 kind corresponding to l=2 orbital angular momentum. Such type ofunconventional order parameter allows finite electronic excitations remaining even at
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T→0.	 This	 is	 in	 contrast	 to	 a	 clean	 conventional	 superconductor,	 where	 the	 electronic	excitations are suppressed (exponentially) below TC by opening a gap in the electronicspectrum. Such existence of finite electronic excitations well below TC is also found fromnumerous experimental studies in Fe-based superconductors. While superconductingorder parameter symmetry and the mechanism responsible are still unknown, it isapparently not conventional wave symmetry. Neutron scattering measurements provideconvincing evidence for a sign change in the superconducting energy gap on different partsof the Fermi surface in a number of compounds. Thus Fe-based superconductors are notonly unconventional but also different from high- TC cuprates. We shall argue that Fe-basedsuperconductors are different from others in a number of ways; (a) coupling of magnetism,superconductivity and orbital degrees of freedom --- possible connection of structuraltransition to orbital degree than lattice. In a number of cases structural and magnetictransition temperatures are identical. (b) The specific heat jump scales very differentlythan other conventional as well as unconventional superconductors. (c) They have verydifferent Fermi-ology made of Fe-d electrons than other classes of superconductors whichchanges drastically with electron or hole doping. (d) Although numeroustheoretical/experimental data suggest to multiband Fermi surface and multi-gap, there arestrong spectroscopic evidences of two –gaps (i) one large and (ii) small gaps giving rise totwo sets of 2Δ/kBTC ratios, averaging about 7 and 3 respectively. (d) Unlike conventionalsuperconductors Fe-based superconductors do not exhibit any O isotope effect but Feisotope effect instead. (e) The spin susceptibility in a large number of compounds produceslinear temperature dependencies. (f) Spin resonance energy which is also observed in highTC cuprates, scales with TC linearly. As of recent articles iron based superconductors areclassified in tho the following groups.
1111 familyLaFeAsO and the 1111 family of Iron-pnictides crystallizes in the ZrCuSiAs type structure,(space group P4/nmm). In this structure, two-dimensional layers of edge- sharing FeAs4/4tetrahedral alternate with sheets of edge-sharing LaO4/4 tetrahedral as shown in Fig 2.6(a)[38]. Because of the differences between the ionic nature of the Ln-O (Lanthanumoxide)bonds and the more covalent Fe-As (iron arsenide) bonds, a distinctive two-
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dimensional structure forms, where ionic layers of lanthanum oxide (LaO)+ alternate withmetallic layers of iron arsenide (FeAs)-.
122 familyThe ternary iron arsenide BaFe2As2, with the tetragonal ThCr2Si2-type structure spacegroup (space group I4/nmm) contains practically identical layers of edge- sharing FeAs4/4tetrahedral, but they are separated by barium atoms instead of LaO sheets. This structure isshown in Fig 2.6(b) [36].
111 familyLiFeAs crystallizes into a Cu2Sb-type tetragonal structure containing [FeAs] layer with anaverage iron valence Fe2+ like those for 1111 or 122 parent compounds. This structure isshown in Fig 2.6 (c) [37].
11 familyThe PbO-type αFeSe crystal structure is shown in Fig 2.6(d) [5].

Figure 2.5: Schematic Crystal structure of: (a) LaFeAsO , (b)BaFe2As2 (c) LiFeAs (d) αFeSe.

2.5 Superconducting state of FeSeFeSe is structurally the simplest of the iron-based superconductors, but is host to some ofthe richest physics. Shortly after high-Tc superconductivity was found in iron-pnictide
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systems by Kamihara et. al.,[15] superconductivity in the Fe-chalcogenide compound FeSebelow 8 K was discovered by Hsu et. Al[5]. All these materials share a common structuralmotif of a square lattice of Fe, bonded to pnictogen or chalcogen ions which sit alternatelyabove and below the plane. The appearance of unconventional superconductivity in the Fe-based systems is commonly thought to arise from a spin fluctuation pairing mechanism,linked with the suppression of spin-density wave ordering observed in the parentcompounds. However the unique properties of non-magnetic FeSe provides a challengingtest-case for this view, and has generated intense detailed experimental and theoreticalinvestigation of its electronic and magnetic properties.The superconductivity of FeSe is remarkably tunable. Under applied pressure, Tc reaches36.7 K at 8.9 GPa [21]. Furthermore, the FeSe layers are held by weak van der Waals bondsthat make them susceptible to mechanical exfoliation and chemical intercalation. Ionicgating using field effect layer transistor in thin flakes of FeSe induces dramatic changes inthe carrier density and enhances superconductivity towards 43 K [22]. Intercalation hasthe effect of separating the layers and also effectively dopes them with electrons, and asimilarly enhanced Tc can be achieved [23,24].The recent renaissance in research on FeSe has been mainly driven by significant advancesin materials development. Firstly, the discovery of high temperature superconductivity in amonolayer FeSe grown by molecular beam epitaxy on SrTiO3 [25,26] provided an excitingnew route towards strongly enhanced superconductivity over 65 K in an two-dimensionaliron-based superconductor.Secondly, it was found that the chemical vapor transport method[27,28,29] could yieldmm-sized plate-like single crystals free of impurity phases and close to stoichiometry,enabling detailed study of the intrinsic physics of bulk FeSe.
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Figure 2.3 Crystal structure of FeSe

Figure 2.4: Band structure of FeSe

2.6 Density functional theory (DFT)The first principles approach to condensed matter theory is widely used. It starts from thevery basic principles that materials are made of atoms. These atoms are again made of apositively charged nucleus and a number of negatively charged electrons. The interactionsbetween atoms are determined by the interactions of the constituent electrons and nucleithat form the basic interaction. Thus if we can model interactions accurately, then most ofthe complex physical properties can be understood. Thus the ab initio calculation or first-principles calculation do not depend upon any external parameters except the atomicnumbers of the constituent atoms to be modelled and cannot therefore be biased bypreconceptions about the final result. Such calculations are reliable and can be used withconfidence to predict the behaviour of nature.
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Density functional theory (DFT) is the basic theory of electronic structure calculations inCondensed Matter Physics. It was so challenge to approximate functional andcomputational cost. In 1990’s there are widely used functional that give a quite reasonableaccuracy with the affordable computational cost. In simple language, Density functionaltheory is a completely different in terms of its approaching any interacting problem that bymapping it exactly to a non-interacting problem that gives an alternative way to tackle theproblem. Thus DFT is a ground-state theory in which the charge density is the relevantphysical quantity. DFT is very successful in describing structural and electronic propertiesin materials science and chemical science.Density functional theory is developed based on the Hohenberg-Kohn theorem. There aretwo parts in Hohenberg-Kohn Theorem[30].
2.6.1 Hohenberg-Kohn Theorem –I:This theorem states that the external potential Vext(r) is determined (within a trivialadditive constant) by the electron density ρ(r).It implies that for a given density there will be a single Vext(r). In other words, there cannotbe two Vext(r) for a given ρ(r). Thus, this theorem demonstrates that the electron densityspecifies uniquely the Hamiltonian operator.In consequence, an alternative statement of the first Hohenberg Kohn theorem is that anyground state expectation value corresponding to an observable, is a functional of thedensity, [30]
2.6.2 Hohenberg-Kohn Theorem –II:The second Hohenberg Kohn theorem states that the functional FHK[ρ] that delivers theground state energy if and only if the input density is the true ground state density[30].In other words,For a trial density ρ’(r) such that ρ’(r) 0 andE[ρ] E[ρ’]Where E[ρ’] is the energy functionalE[ρ’]= + FHK[ρ’]

2.6.3 Kohn-Sham equations
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We know that a solid consists of heavy positively charged particles (nuclei) and lighternegatively charged particles (electrons). The nuclei are much heavier and therefore muchslower than the electrons. We can consider the nuclei are at fixed positions. So, the nucleibecome the external potential to the electrons. This is the Born-Oppenheimerapproximation. In the further discussion, we use the atomic units (that is e = me = ћ = 1;4πєo=1). Now, after Born-Oppenheimer approximation, we can see the Solid is generally asystem of interacting electrons in the field of fixed ions described by the Hamiltonian, [30]
------------------------------------------2.4Where “rij” is the separation between ith and jth electrons;

is the external potential acting on ith electron due to the M nuclei and “riI”is the separation of ith electron and Ith nucleus.A stationary electronic state is then described by a wave function Ψ (r1, r2,.......ri......rN)satisfying the many electron Schrödinger equation,
That is ----------2.5Hohenberg and Kohn proved that the total energy of a system in the presence of the staticexternal potential is unique functional of the charge density.
Here the term,
is same for all solid and thus it is universal. This does not depend on the particular systemunder consideration and is called Hohenberg-Kohn functional.In the non-interacting case, Vee = 0,Thus the ground state energy E[ρ] has a kinetic contribution and a contribution from theexternal potential.



20

Again, the ground state wave function of the non-interacting system can be written as aSlater determinant with the orbitals satisfying the single particle Schrodinger equation,
The ground state density is then given by a sum over occupied states,
Where the orbital are normalized so that the density satisfies the correct condition tothe number of particles N.Thus, we can write the ground state energy for this non-interacting case as
Now, for the interacting case, we can represent the energy functional E[ρ] for a manyelectron system in the form,
Where

is the Hatree energy.and EXC[ρ(r)] is the exchange correlation energy that contains all the contributions nottaken into account in the kinetic energy functional of non-interacting electron gas, theexternal and the Hatree energy respectively.Thus, we can write the analogous equation [equation (5) for non-interacting case] for theinteracting electron system as
Where the single particle wave functions m(r) are the N lowest energy solutions of theabove equation (9) called the Kohn Sham equations and m(r) are the Kohn Sham orbitalthat reproduce ρ(r) of the original many-body problem.
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That is
Where is the Hatree potential.is the exchange correlation potential.
2.6.4 Easy Steps for Computational DFTWe recall the representation of total energy  of the interacting electrons system,
So, we have from above equation,
Incorporating this expression in the above equation, we can write as
The above equation gives the final expression for the ground state energy of the system ofinteracting electrons. This is the expression used in computational calculation to determinethe ground state energy functional for the interacting system of electron. [30]
2.6.5 Local-density approximation (LDA)he exchange correlation energy is not helpful for practical calculations and one needs touse an approximation for this quantity. While DFT itself does not give any hint on how toconstruct approximate exchange-correlation functionals, it holds both the promise and thechallenge that the true Exc is a universal functional of the density, i.e., it has the samefunctional form for all systems. On one hand this is a promise because an approximatefunctional, once constructed, may be applied to any system of interest.On the other hand this is a challenge because a good approximation should perform equallywell for very different physical situations.Both the promise and the challenge are reflected by the fact that the simplest of allfunctionals, the so-called local density approximation (LDA) has remained the
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approximation of choice for quite many years after the formulation of the Kohn-Shamtheorem. In LDA, the exchange correlation energy is given by
where (n) is the exchange-correlation energy per particle of an electron gas withspatially uniform density n. It can be obtained from quantum Monte Carlo calculations andsimple parameterizations are available. By its very construction, the LDA is expected to bea good approximation for spatially slowly varying densities. Although this condition ishardly ever met for real electronic systems, LDA has proved to be remarkably accurate fora wide variety of systems [41].
2.7 ApplicationsWith the discovery of High Temperature Superconductors (HTS) the commercialapplications involving these materials became very interesting. In fact, the high powerdensity and electrical efficiency of superconductor wire results in highly compact, powerfuldevices and systems that are more reliable, efficient, and environmentally benign. Thus,their application involves areas such as, medicine, transportation electrical grids andindustryOne of the main applications of the superconductivity is in transportation, more specificallyin trains through the magnetic levitation. Due to this, the friction between the train and therail is eliminated. As a result, these trains can achieve high speed with lower consumptionand noise. The maglev train in Shanghai that began commercial operations in 2004 is oneexample of a real application where this technology is used.The use of superconductivity for the electricity transport is another area where thistechnology can be used with several benefits. One of the main advantages is the lack ofresistive losses improving in this way the efficiency of the energy transportation. However,there are other advantages such as, higher transport capability, smaller overall size leadingto lower impact on soil, possibility of using exiting corridors and lower impact on nature.Due to this, in the last years it started the use of semiconductors in electricity transport.Besides the use of superconductivity for the electricity transport, it is also possible to usethis technology in other electrical power systems. Examples of this are the use ofsuperconductivity in transformers, generators and motors. The interest to use the
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superconductivity in transformers started in 1960s with the appearance of low-temperature superconductors and their use in the transformer windings. In fact, severalmanufacturers around the world, among them the European (ABB and Alstom), theJaponese (KEPC) and Americans (Westinghouse) (USA) made some tests with theseequipment’s. However, with the discovery of HTS materials in 1986, this interest increasedsince allowed to eliminate the cumbersome cooling devices. Several advantages areassociated with HTS transformers, namely, greater efficiency, ability to run above ratedpower without affecting transformer life, smaller, lighter and quieter[41].
2.8 Quantum ESPRESSOQuantum ESPRESSO: Quantum opEn-Source Package for Research in Electronic Structure,Simulation, and Optimization, is an integrated software suite for first-principle simulations,using density-functional theory (DFT), a plane waves (PW) basis set and pseudopotentials(PP).
The main goals of quantum ESPRESSO are

 Innovation in methods and algorithms
 Efficiency on modern computer architectures
 A great effort is also devoted to user friendliness and to the formation of a users’and developers’ community

Advantages:

 Everybody – including commercial entities – can contribute.
 Nobody can “steal” the code and give nothing back to the community.Quantum ESPRESSO is a distribution of packages, rather than a single monolithic tightlyintegrated package. The core distribution contains the two main packages:
 PWscf: self-consistent electronic structure, structural optimization, moleculardynamics on the electronic ground state
 CP: variable-cell Car-Parrinello molecular dynamics.They share a common installation method, input format, PP format, data output format,large parts of the basic code.

What can quantum ESPRESSO do?
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• Structural modeling (equilibrium structures of molecules, crystals,surfaces)
• Dynamical modeling (first-principles molecular dynamics) either on the electronicground state (Born-Oppenheimer) or with fictitious electronic kinetic energy (Car-Parrinello)
• Chemical reactivity and transition-path sampling, using Nudged Elastic Band (NEB)method
• Linear response functions (vibrational and dielectric properties), plus some non-linearones (third-order force constants and dielectric response, non-resonant Raman)
• Computational microscopy (STM)
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Chapter 3

Computational methods

In this work the calculations are performed employing the known mathematical tool that isthe density functional theory (DFT) through the QUANTUM ESPRESSO (QE) program. Weadopt non relativistic pseudopotentials to model the electron-ion interactions and thelocal-density approximation (LDA) of the exchange-correlation potential [32]. We selectedthe suitable pseudopotentials from QE homepage for Fe, Se and Te from many alternativesin the library that enables us to obtain a high quality result. For Fe we used Fe-pbesol-spn-

rrkjus-psl.0.2.1.UPF, for Se we used Se-pbesol-n-rrkjus-psl.0.2.UPF and for Te Te-pbesol-

dn-rrkjus-psl.0.2.2.UPF pseudopotentials in order to make our calculations. The energyconvergence is checked with respect to the cutoff energies and k-point sampling. Thecutoffs for wave functions and charge density are 64.0Ry and 782Ry, respectively, withinthe framework of the density functional theory (DFT) [33] in their linear response method[34].To obtain the structures for different concentration of Se and Te, we used latticeparameters of a=b=3.765[a.u], c=5.51[a.u] [39]. There are two Fe atoms, one Se atom andone Te atom for the FeSe0.5Te0.5. On the other hand, there are four Fe atoms, three Se atomand one Te atom for the FeSe0.75Te0.25. We optimized the structural parameters for differentconcentrations of Se and Te. Then after we calculate the electronic and lattice dynamicalproperties of FeSe based on the optimized structure.The bands are plotted along the high symmetry direction in the conventional tetragonal-TET Brillouin zone, the lattice following the path Γ – X – M – Γ – Z – R – A – Z [40] as shownin fig 3.1. 121 k-points mesh in the Brillouin zone was used. The DOS calculation wereperformed using tetrahedron method.
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\

Figure 3.1Brillouin zone of TFT with path: Γ – X – M – Γ – Z – R – A – Z

In this research, we focused more on the effect of tellurium doping to calculate transitiontemperature. We describe our computational methods and give structural parametersgiven by some articles for FeSe compositions in the tetragonal phase of the PbO-type(P4/nmm). The results of band structure calculations corresponding to differentconcentrations of Te and Se. we used ms-word to write the thesis, grace software to plotthe band structure. DOS and different graphs of FeSe compound and XCrySDen software isused to draw the crystal structure of FeSe.
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Chapter 4

Result and Discussion

In this research we study the effect of Te substitution on Se site. We particularly simulatedthe band structure and density of electron state (DOS). We have studied FeSe1−xTexsuperconductors with x = 0.25 and 0.5. Based on the initial file we prepared and usingXCrySDen software we obtained the crystal structure as shown in the figure. Fig 4.1 and Fig4.2. The structure is the right structure we expected. The band structure of FeSe iscalculated in the space group P4/nmm with non-spin polarized orbitals. The unit cell ofFeSe in the space group P4/nmm consists of two Fe atoms and two Se atoms. Similarly,there are of two Fe atoms and two Se atoms in FeTe, two Fe atoms, one Se atom and one Teatom for the FeSe0.5Te0.5. On the other hand, there are four Fe atoms, three Se atom and oneone Te atom for the FeSe0.75Te0.25.

Figure 4.1: Crystal structure of FeSe0.75Te0.25 Figure 4.2: Crystal structure of FeSe0.5Te0.5The band structure we found for FeSe and FeTe (fig 4.3 and 4.4) that is at x=0 and x=1 issimilar to the already reported one. This is a good step to do for x=0.5 and x=0.25. From fig
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4.5 and 4.6 one can see that the band structure has similar nature with that of most ironbased superconductors.   As we see from the band structure (in fig 4.3-4.6) the electronicstructure of all species near the fermi energy contains mainly the Fe-3d states as can beseen from the distinct orbital character of bands which is very common in iron-basedsuperconductors. However, the bands at the Fermi level (EF) have also contributions fromthe pz orbitals, which indicates that Te/Se-p orbitals may play a substantial role insuperconductivity as well.

Figure 4.3: Band structure of FeSeTellurium (Te=0.5) substituted band structure(fig 4.6) shows unique properties. Theelectron band at M is at higher energy compared to the Γ point. When we compare theheight of hole bands at Γ point the FeSe0.5Te0.5 is a bit higher than that of the FeSe (fig 4.3and fig 4.6).
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Figure 4.4: band structure of FeTe

Figure 4.5: band structure of FeSe0.75Te0.25In FeSe and FeSe0.5Te0.5, it is observed that many hole bands are crossing the fermi levelindicating that the superconductivity of the materials is due to hole doping (fig 4.3 and fig4.6). On the other hand in FeSe0.75Te0.25 only few bands are crossing the fermi levelindicating that the compound may have a semi metallic property. And also the sharp bandsshows that the compound is not in the superconducting state (fig 4.5). we also observed
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many bands in FeSe0.75Te0.25 as compared FeSe due to the increment in the unit cell due tothe introduction of Te.

Figure 4.6 Band structure of FeSe0.5Te0.5In FeSe0.5Te0.5 from Γ-Z there is a flat band which is not seen at FeSe0.75Te0.25, this propertymay explain the nature of superconductivity on FeSe0.5Te0.5.The value of DOS at the fermi level for FeSe is N (EF) . Then the TC wascalculated using the Debye temperature (ΘD =210K) and the McMillan equation and it wasfound to be 8K. Then applying DFT as implemented in QE, we simulated the DOS of thesubstitution of Se by Te (x=0.5) as shown in Fig 4.7. The reading of the calculated value ofDOS at the fermi level amounts to N (EF) suggesting a small increaseof electronic density with raising tellurium content.Using the reported value of the Debye temperature (ΘD =246K) and the electron phononparameter λ 0.92 the critical temperature is found to be 12.08K according to McMillanequation.
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Figure 4.7: DOS of FeSe0.5Te0.5
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Chapter 5

Conclusions

In this work we present a DFT calculation as implemented in QE. We did the calculation forFeSe and FeTe to compare with the already reported result. We make calculations andsimulations to obtain a band structure and DOS with QE code. We have studied the effect ofsubstitution of tellurium on the superconductivity of FeSe within different concentrations.We investigated the changes made in crystal structure, band structure and DOS due to theintroduction of Te in the structure of FeSe.The general properties of the band structure are similar with most of the Iron-Basedsuperconductors that shows multi band nature. The bands are highly affected in thepresence of Te. At x=0.5, there is a flat band from Γ to Z direction. At Γ point the hole bandsincreasing in the energy. It was reported that in FeSe0.5Te0.5 due to the reduced Fermisurface nesting, a possible SDW state becomes more unstable than in FeSe. This may be anindication for the enhancement of high TC in agreement with our result. This can lead tohigher values of Tc. From our calculation we noticed that the increment of DOS at fermilevel with FeSe0.5Te0.5. The density of states at the fermi energy for FeSe iswhereas the DOS at the fermi energy for FeSe0.5Te0.5which enhances superconductivity. The orbital character of bands andprojected DOS confirm that the electronic structure near the Fermi energy consists of Fe-3delectrons being slightly hybridized with chalcogenide 3p/4p states.In general, we can conclude that there is a significant change in critical temperature due tothe substitution of Se by Te with value of TC 12.08K.
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