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ABSTRACT

The discovery of irofbased highl. superconducts has attracted renewed interests
unconventionakuperconductivity aftethe intense researcim the past two decadem
cuprats. Similarto thecuprate superconductorthe ironbased superconductors exhibit
high T, that theBardeerCooperSchrieffer (BCS) theory of superconductivitgs failed

to predict. Furthermore, thieon-based highl. superconducirs demonstrate intrinsic
properties that are distinct from the cuprates, wclg a different pairing symmetry,
coexistence of superconducting and magnetic ordering, and emergence of
superconductivity by isovalent doping. Tinen-based highl. superconduarsbelong to

the structure families of chalcogenides @mictides Crystalstructures and bonding have
large effects on superconductivity in these materlaigestigatingatomic and electronic

structuress thusessential to help understandithateresting properties.

In this thesis | have investigated the bulk and tHihm form of ironbased
superconductors by using a combination of scanning transmission electron microscopy

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

In the isovaleny doped systes) Fe.yTe.,Se and BaFgP.Asix),, we discovered
nanometescale phase separation associated with chemical inhomogeDaigct
evidence of phase separatiwas obtainedrom the Zdependent image contrastcorded
in a scanning transmission electron microsc&eEEM) using a high angle antan dark
field (HAADF) detector By investigatingenergy loss near edge structue NES) of the
FeL, 3 edgerecorded in electron energy loss spectroscopy (EELS) spespacially the

Ls/L, white-line intensity ratio, we show the-state occupancy of ¢hFe changes with



composition.The resultshere provide structural evidences whidfelp to explain the
coexistence of superconding and magnetic orderingh these materiaJsas well as

demonstrate a direct effect on the electronic strudtyisovalentoping.

Oxygen annealing effect is studied next in single crystalBepfsl ey 555645 The as

grown samplewith the tetragonal Pb®pe structure is nesuperconducting owing to

the excess Fbeyond the stoichiometric content af Superconductivity isnduced 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 remainintygebO
phase, as well as an increase in thie Lintensity ratio of the F&, 3 edge, indicating an
increase in Fe valence. Local phase transformation from the tetragon&ybghase to

the hexagonal NiAsype phase is also observed after oxygen ammgali

Epitaxial Fe.yTe thinfiims with sharp 12 interfacial layers grown by molecular beam
epitaxy (MBE) on LaAlQ become superconducting when exposed to oxygen after
growth at elevated sample temperatures. The interfacial strain caused by lattice mismatch
is not detected in the thiiiim. 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 abowentiee 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 amorpiikes
interfacial film, a decrease in (001) lattice spacing and lossipérsonductivity. 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,irefgms.
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CHAPTER 1

INTRODUCTION

This chapter provides a motivatidor studying irorbased 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 summattzgeneral properties of irdrased
superconductors with an emphasis on.{1&:.,Sg bulk crystals and their thifiilms. The

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

spectroscopy as the major characterizatomtstfor this study.
1.1Background

Superconductivity, a phenomenon of zero electric resistance below a critical temperature
T, was first discovered in mercury when cooled und&rlgy H. K. Onnes in 1911].

Since then, superconductivity has been disaén 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 showsehimeline of the discovery of superconducting

materials and the improvementThf[2].
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Figure 1.1: Timeline of discovery of superconducting materials andThis}.

The first widely accepted microscopic theory of superconductivity @anstructed by
Bardeen, Cooper and Schriefier 1957, which is named after the three authors as the
BCS theory2]. The fundamental entities 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
Bosonlike electron pairs then cdense into a ground state with an energy band gap
when the critical temperature is reached. The BCS theory predicts the dependence of

energy @p as a function of temperatiag4]

— o da—— [1-1]



wherg andf are the energy gap at temperatli@nd 0. This relation has beeroped
experimentally to be independent of materials by Townsend and [Eitorhey
investigated Sn, Ta, Pb and Nb, and found thergy gaps of them conform Ex. [1-1].

The results are shown in Fig. 1.2.
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Figure 1.2:.Reduced energy gaps as a function of reduced temperature for Sn, Ta, Pb and
Nb, which iscompared to the BCfrediction 6olid curve).

In additional to the energy paother 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 T, supercondctors, the superconducting behavior cannot be described by the BCS
theory. For example, the energy gap in cuprate superconductors not only depends on
temperature, buit also varies with directions in the reciprocal space. Therefore, the

known supercondiors are classified into conventional superconductors and



unconventional superconductors based on whether or not their superconducting behavior

can ke explained by the BCS theory.

Unconventional cuprate high, superconductors was first discovered in BaelLa-Cu-O
system by Bednorz et al. in 198®]. Soon afterward, superconductivity above
temperature of liquid nitrogen waliscovered in Ba-Cu-O system withT, ~ 92K [7].
The highesfl; reported at the ambient pressure is ~ 133K observed idgiga-CaCu

O system 8].

What we know about cuprate superconductors can be summarized in the simplified
electronic phase diagram (Fig. 1.3P]. 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 MFordering is competing with the

superconducting phase.

The discovery of superconductivity in LaFeAs®, in 2008[10] was a surprisesince

Fe metal is ferromagnetic, and few were expecting superconductivity in materials with
strong magnetic ions. Research into #mased superconductors so far revealed
unconventional superconductivity that is not phonuediatelll], 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 cupdhtes
AF and SC stand for antiferromagnetic and superconducting, respectively.

1.2Iron-based superconductors

Soon after the discovery of ireabased superconducting compoubhdFeAsQ.xFx in
200910Q], other superconducting materials containingweze rapidly discoveredlhe
iron-based superconductors, basedlair structurecan be classifiethto four families,
i.e. 111% 122-, 111 and 11type compoundssharing a common tetragonal symmetry at
high temperatufd2]. The atomic structure of each famityillustrated inFig. 1.4 from
(a)(d), respectively All contain a square lattice of Fe atgmshich aretetrahedrally

coordinatedoy As orTe. Inthe ironbasedsuperconductors containing As, the builgli



blocks are comprised of H&s, separated byareearthand oxygen/fluorine, alkaline
earth, or alkali layers in 1111122 and 111type compounds, respectiveljhe 1ttype
compound has the simplest structure comprised efd-tayers only. The quasiD

layered structure of irebased superconductors is similar to that of the cuprates.

Figure 1.4 Types of structures observed in irbased superconductdisZ]. For details,
see text.

It is widely believed thathe building blocks of F&s or FeTe are active conduction
layers, while other layers serve dsamge reservoirs that can dope the active layers.
Figure 1.5 shows the density of states (DOS) calculated based on density functional
theory (DFT) for BaFgAs, [13] and FeTd14] in (a) and (b), respectively. In bothses,

the Fermi level, located at 0 eV, is dominated by Fe 3d orbitals, while As eoifetals

do not contribute as much as Fe 3d ordifdds In cuprates, however, an oxygen atom is
placed in the middle of each pair of Cu atpb® and in addition to Cu 3d orbitals, O 2p

orbitals have a large contribution to DOS at the Fermi level.



BaFgAs

(@)

Total ——
Fe'd s 1

FeTe

(b) |

" total

o

|
o

|4
>,“ r"!‘\g b

N(E)
N(E)

10

i/ [S i
[ U \Jiil 1
i VA 1

S = R W Rk h N N GO

E (eV)
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obtained from density functional theory calculations.
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Fig. 1.6summarizes different doping methods and the electronic phase diagram for the

122 compounds. Similar to cuprates, the parent compounds ofbassd
superconductors exhibit AFM ordering, which can be suppressed by either electron
doping or hole doping witbonsequence 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 transi@brarge doping

in cuprates that are insulating in the parent compounds is critical to increase
concetration of free carriers and[18]. However, parent compounds of irbased

superconductors are usually met4lli®; hence, charge dopingn iron-based
superconductors is nas critical as that in cuprataad structural distortionftenplays a
rolef20]. Moreover, isovalent substitution, withoutdsiibnal free carriers introduced
also inducs superconductivityas shown in the phase diagram efiéped BaAge in

Fig. 1.6(c)[2]].
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Figure 1.6:Electraic phase diagrams of Co, K, andi®ped BaF&s,, shown in (a), (b)
and (c), respectivelYsDW stands for spin density wave.

Superconductivity emerges with suppression of AFM ordering in iron based
superconductors by doping or pressure. However, the pRdse has been observed to
coexist with the superconducting phase, as seen in the overlapping region of the phase
diagrams (Fig. 1.6). Elastic neutrsnattering clearly demonstrates that in the slightly
underdoped BaKiFeAs, (T. ~ 32K), the magnetic gak starts to evolve at low
temperature, as shown in Fig. 1.7[22]. Fig. 1.7(b) shows the temperature dependence
of intensity of the magnetic peak, which exhibite® increase of peak intensity in the
superconducting pha$22]. The magnetic force microscopy (MFM) image, shown in Fig
1.7(c), recorded in the superconductingestat 10K reveals weak static magnetic contrast
on the lateral scale of ~65 n@2]. The observation of magnetic ordering persisting in the
superconducting state hdsed to the suggestions of magnetigalihediated pairing
mechanismWhether the coexistence of AFM and superconducting phases results from

electronic phase separation or lostlicturalphase separation is still under dep28g
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1.21 Iron chalcogenides

The 11type ironchalcogenide superconductoreceived special attention, because they
have the simplest crystal structure and, more interestingly, unique properties among other
iron-based superconductors. Iron chalcogenides, Rditmmm symmetry, are composed

of active layers only withouthe barrier layers existing in other families. The parent
compound of iron chalcogenides is FeTe. Either Fe or Te caepdi@ced However,
substitution in Fe sites by other transition metals have yielded negative[&8uksd
superconductivity seems only to emerge wéplacemenof Te by S€25] or §26] (both

are in the same column as Te in the periodic table). Why such isovalent doping induces
superconductivity is natlear yet It has been shown that Te and Se do not sharsame

site in the unit cell[27]. This local structural distortion may contribute to
superconductivity.Since S ion is much smaller in size than Te, kg$e becomes

unstable with S doping level higher than 3(28], while Sedoped FeTe stays stable for



the whole doping rang25]. Fig. 1.8 shows the phase diagram of Rg¥%e [29]. The
parent compound FeTe shows leagge AFM ordering below 70K with no
superconductivity. With increasing Se substitution, the AFM ordering is suppressed,
superconductivity startéo emerge. In the intermediate Se doping range, sange
magnetic ordering coexists with superconducting ordering. The maxifpugaches ~15

K at ~50% Se doping. With more Se dop@&gddecreases gradually, and reaches ~8K in
the end member of FeSeidtinteresting to note that the superconducting phase inthe as
grown FeTe,Se starts to emerge with about 10% Se doping and lasts to the end member

FeSe, while in most higli. superconductors, a superconductivity dome is formed.
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Figure 1.8 Phase digram of Fe. Te1,Se[29]. Here SG stands for spin glass.
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Different from other families of irotvased superconductors, excess Fe can exist and is
found to play a important role in iron chalcogenidg¢80, 31]. The propertiesof
superconductivity and agnetism in FgyTe; ; S not onlydepend on doping eV, but

also on the Fe contefi80, 31]. In the parent compound kgTe, the commesurate
antiferromagnetic order can be tunetbian incommensurately magnesicucture as the
excess Fe content increa$86]. Superconductivityand magnetisnn Fe.yTe; 1 §6 can

also be tuned by the content of Fe. Fig. 1.9 showsT¢hend Ty (Neel temperature)
dependence of Fe content imE&ey 755& 25[31], in which we can sed decreases with
increase of Fe content, and superconductivity is completely suppressed with excess Fe. In
the meanwhileTy goes up with increase of Fe content. In oieer enemember of this
family, Fei+,Se, superconductivitis found to be xtremely senitive to the Fe content,
where syperconductivity disappears at.03 [32]. Therefore, excess Fe is another

tuning parameter for superconducting amaignetic properties in iron chalcogenides.
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Figure 1.9:Dependence Of, Ty in Fe,Se 2sTey 75 0nthe Fe conterf31].
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1.22 Fer+yTe1Se thin films

The sugrconducting thiffilms, with thickness ranging from monolayer to micrometers,
can be synthesized with improved properties over bulk materials. For examgple,
increases from 40 K in optimally Sioped bulk LaxSrCuQ, crystals to 51.5 K in La
«SKCUO, grown on LaSrAlQ substratg33, 34], which has been attributed to
compressive interfacial strain.uferconduavity has also been reported bilayers
consisting of annsulator (LaCuQ,) and a meta(lLa; 5556 45CuQy), neither of which is

superconductinghdividually [35].

Soon after discovery of superconductivity in bulk crystaldrof chalcogenidg thin

films of Fe.,TeSe., were grown by a number of groups using pulsed laser deposition
(PLD) [36-42] or molecular beam epitaxy (MBEH}¥3] with improved T, over bulk
crystals. Especially, the paresimpound FgyTe becomes superconducting withup

to 12K in thin films with oxygen incorporatioj44-47], while Fa.yTe crystals remain
nonsuperconducting after ggen annealing48]. The superconductivity of kgTe was
initially attributed to interfacial straif#9]. Later, it was shown that oxygen arporation,
either during growtl{44] or afterwards45-47], induces superconductivity in fgle
thin-films, but the contribution from interfacial strain has not been ruleditoids been
found that superconductivity in EgTe films can be driven out by vacuum annealing,
and reinduced with oxygen annealifp]. 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 whetharterfaces play a role, is also not clear.

12
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Figure 1.10Theevolutionof regstivity duringrepeated annaab in oxygen and vacuum
in FeyyTe thinfilm [45].

1.3 Characterization

To better understand the properties of i@sed superconductors, it is essential to
investigate the local atomic and electronic structures in natesnand down to atomic

scale.

For characterization of atomic structures of crystalsayx and neutron diffraction
techniques are well established, but because of large probe sizes tlesgsgasitive to

local featuresthan high resolution electron anoscopy or other local probes. These

13



techniquesusually 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 sersitv 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 arngsolved pbtoemission 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 imégrsas to

form realspace imagesanalogousto 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 areinithted 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-tayxand neutron
diffraction. Electron can further travel from the diffraction @aio the image plane to

form reatspace images. Therefore, rsplace 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 gecirhe resolution of
STEM images is determined by the size of focused electron probe. Incoherent electrons
scattered into high angles can be collected by-higgle annual darkeld (HAADF)
detector. Contrast of HAADISTEM images is sensitive to atomiamberZ, which is

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

aberration Cs) because electrons travelling farther from the optical axis are focused more

14



than those travelling closer to the optical axis, whiichits resolution. With aCs
corrector in STEM, the electron probe can be focused to 1A in diameter or less, allowing
direct, atomieresolution, imaging. Analysis can be performed in STEM by using electron
energy loss spectroscopy (EELS). EELS can givectlichemical information in the
sample according to the characteristic energies of elementxgyHoss neaedge
structure (ELNES)f the coreloss edges in EELS is related to unoccupied density of
states (DOS), providing information about electroniudtires. 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 introdces the properties of irdmased superconductors, in particularly, the
materials of Fa,Te;«Se. 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 &¢Te;«Se are presented to show nascale phase
separation associated with varying of Fatate electrons. Chapter 4 discusses the
emergence of superconductivity and structure change m,F&.,Se after oxygen

annealing. Chapter 5 discusses how superconductivity occtinis films of Fe.yTe.
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter describes the experimental methods us#dsirnthesis for studying iren
based superconductors. An introduction to scanning transmission electron microscopy,
electron energy loss spectroscopy, rheam diffraction and sample preparation is

presented here.
2.1 Scanning Transmission Electron Micrscopy

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 &ctron wavelength is given by

T Qop —— 7, [2-1]

wherehi s P | a n k éngis the oest snasa of an,electreris the electron chargy,

is the electron acceleration voltage ani the speed of light. Theelativistic electron
wavelength at the acceleration voltage of 200 kV is 0.0251 A. However, the actual
resolution achieved in a modern TEM using 200 kV electrons is only ~2 A. The large
difference between the electron wavelength and the resolution te 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[20. In TEM, the direct beam, and/or

forward Scattered electrons are collected for image  formation.

Coherent
Incoherent incident beam
elastic
backscattered SEs from
electrons within
the specimen
Thin specimen
Coherent
elastic Incoherent
scattered inelastic
electrons scattered Incoherent
electrons elastic
Direct forward
beam scattered
electrons

Figure 2.1 Different types of electron scattering frostectron interaction witta thin
specimer50].

The contrast in igh-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 phasetroduced due to lens aberration, focus and sample

17



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
microxopy (STEM). Fig. 2.2(a) shows a schematic diagram of the illumination system
used in STENBQ]. Electrons ertting 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 electronasrfeach probe position. Separated by the scattering angles,
scattered electrons can be collected by different types of detectors, whicightidid

(BF) detector, annuladarkfield detector (ADF) and highngle annual darkeld

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

the direct beam and some of lamgle scattered electrons. The-BFEM images have

Electron

a) source b) \‘

— First | | Incident
— 1/ ——Condenser lens convergent

. beam
Second
ﬂ(—mdcn\cr lens

Specimen

Double - ’M\\ 0, >50 mrads off axis
>dcnccnnn 0, >10->50 mrads </ [ | \ !

; | \
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ARV
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— N h—— ¢ ~—Third / \ \ i
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' detector ADF | I ADF detector
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Figure 2.2:(a) Schematic diagram of STEM illumination system. (b) Schematic of the BF,
ADF and HAADF detetors in a STEM5(].
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the contrast similar to BFEM images according tBrinciple of Reciprocityf51]. 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 elastRutherfordscattering and thermaliffuse scattering

(TDS), which arecollected 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 def&2}oil his trend

is shown in Fig. 2.3 in which the total, elastic and therdiffiise scatteringrom an
isolated $atom at room temperature are plotted as a function of reduced scasiering
wheres = d/a-with d being scattering angle arabeing electron waveleng{b2]. The
magnitude of scattering intaigh angles is proportional to a power of atomic nuniber

This simple relationship allows a direct interpretation, and possibility of chemical
analysis, of the images recorded using HAABFEM (which is also called-contrast
imaging). Because TDS is ingerent, the contrast of HAADSETEM 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 tyg atomic columns. The electron channeling effect allows

imaging of even thicker crystalline specimens in HAABFEM [52, 53].
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Figure 2.3:Total, elastic and thermdiffuse scatteringrom an isolated Si atom at room
temperaturg¢52].

2.12 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 psobe, , is the convolution
of the effective source, , that is the image of the electron filament demagnified

by condenser lensyith the product of the lens transfer functioand aperture functioA,

as described by

. . &0 6, [2-2]

where in reciprocal space




and
G(¥)=Re{-" 0 -1 "0 -" 0 1 "o
-6 -1" 6 1 "vY
-6 1 "6 1 "0
-0 -1" 6 1 ""Y
1 "0 E
Inex¥),] _Q 1 0Q Q , k and k, are the electron wave vector

components, ando and ko are the center of the incident beaf, A;, Ag are
astigmatismB, andB, are coma of ¥ and 4" order,C; is defocusCs(Cs) andCs are the
spherical aberration ofBand %" order,D, andDs are three and four lobe aberrati@s,
andSs are twofold and fourfold star aberratid®4]. In the above equatiof; andA; 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 CMKBMRL is equipped with a CEOS spherical
aberation corrector which allows the aberrations up'fm8&ler to be corrected withs ~

N 5 £ mheaptimal imaging conditionshe HAADFSTEM resolution is- 1 A[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 ndise dtnless
otherwise noted, condenser aperture #3 corresponding to a convergence half angle ~26.61
mrad, spot A3C0 in AMAGO mode and camer a
cut-off angle of ~100 mrad of HAADF detector were used in this thesis. Coevee

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

Condenser lens aperture # Si z e ( € m) | Convergence half angle (mrad)

#4 20 16.8
#3 30 26.61
#2 40 36.88

Table 2.1: Convergence half angles for different condenses bpertures.

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 daiiffiexential corss secti¢bo]:

X ] [2'3]

wherea is the Bohr radiusRR is the Rydberg energyy is the rest mass of the electron,
E is the energy losyis the ekctron velocityf is the generalized oscillator strength, and

the characteristic scattering andleis expressed as
o [2-4]

wherek, is the energy of incident electron and the velocity of light. At low scattering

angles, the Lorentz facto®d:?)* dominates the angular dependence of inelastic
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scattering, andlz is the halfwidth at half maximum of the Lentz factor. For the
incident electron energy of 100 keV, the width of the inelastic angular distribution is

about 0.1 mrads for owghell excitation, and a few mrads for irvstrell excitatiof56).

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
1.2em/ eV on the end0@yecmleV @hanhbeThéandal@O0ir
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
zeroloss peak consisting mainly of electrons without energy loss, agnsimothe Fig.

2.4. Most of the inelastic scattered electrons come from interactions withsbeter
(valence/conduction) electrons, forming plasmon losses in-B& &V energy range, as

shown in Fig. 2.4. In the approximation of free electrons, thergasenergyE, lost by

incident electrons is given 6]

0o — — [2-5]

whereh i s Pl a n k 6esandcno ares thea eleictton charge and magss the

permittivity of free space, andlis the freeelectron density. Eq. {8] suggests plason

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

observed in other materials, including insulators.
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Figure 2.4An EELS spectrunshowing thezero loss peak and plasmon pedl [50].

The highloss portion of the spectrum contains information about inelastic interaction
with electrons occupying the atomic core levénner 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 fromshied#rionization provide

direct chemical information,irsce the onset of the electron energy loss corresponds to
binding energies of the elements. An example is shown in2Fgwith three different
elements identified and labeled in the spectrum. The core loss edges often have fine
structure within 50 eV othe ionization threshold. These fine structures are sometimes

calledthe energyloss neaiedge structuréELNES).
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Figure 2.5: An experiment®lELS spectrunshowingO-K, Te-M4 s and Fel 3 coreloss
edgesrecorded from iron chalcogenitteated with oxgen

The EELS signal recorded is proportional to the dodlifferential cross section of

Q ,, 7QnjQ OlIn the oneelectron approximation, we hg\&)

x ¢ A0s0 O, [2-6]

where M(q,E) =T “Q4 'Qtr and [ are the initialcore state and final state
respectively,n the conduction bandj is the momentum transferred from the incident
electron to the atomic electrons, and the coordinates of the excited electron. In the
condition of g-r << 1 (dipole approximationQ“* p "“QO» U AD» , which is
satisfiedwhen the EELS spectrum is collected using a small aperture centered around the
direct beamUnder these conditionshe integration foM(q,E) is norrzero, only if the

difference of angular momentum teten the initial and final staesatisfiesad=+1,
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giving the dipole selection ruleof electronic excitationsN(E) in equation[2-6] is the
density of states (DOS)f final stateswhich varies faster thai(g,E). Hence, ELNES
reflects DOS above Fermi lelunder the single electrapproximation which is shown
in Fig. 2.657]. However,with multiple electronsthe hole created in the corieedl (core
hole) during innesshell ionization affects the finatate DOS, resulting in changes in
both the shape of ELNES and the energy positions. In generathaleresffects are
relatively small in metals, and cations are affected more significtirely anions due to

difference in valence electron screenjb§].

¢t | continuum states

conduction band

Energy Loss

Fermi level - -
intensity

Energy

valence band

core levels

-

Density of States |

Figure 2.6:.Schematic diagrantlustratingthe electroniexcitation from the core level to
condudion band and fine structure recordadELNES in a solid57].
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The STEMEELS experiments in this thesis were mainly performed on JEOLFZ@0
CMM-FSMRL.Anin-col umn q fil ter i s ,evgichiispgcaged on J E(
between the intermediate and projector lenses. An entrance aperture is located above the

q energy filter to | imit the coll elsdi on anc
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 ancdanugth.

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 aperaméscamera
length

Since the number of all inelastic scattering events increases with increase of specimen
thickness, EELS spectrum can provide thickness information. Thealmgmethod is
used to estimate the relative thickness to the total mean ftheepdor all inelastic

scatterind56], which is given by
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t/a=In (I/1o), [2-7]

wherely and I; are the integration of intensity in the zdoss peak and the total area
under the whole spectrum. Since the intensity in the EELS spectrum falls rapidly with

energy lossfor the thin specimen; is estimated by integrating the intensity to ~ 100 eV.

2.3 ELNES: the Lj/L, white-line intensity ratio of the L,; edge of

transition metals

ELNES in the GK edge has provided a sensitive probe for density of charge carriers in
the research on cupratgsg]. As discussedn Chapter 1, the Fermi level of irdrased
superconductors is dominated by Fe 3d orbitals, which makes investigating ELNES of
the FelL, 3 edge critical. The most prominent ELNES feature in thesledge of transition
metals, including Fe, is the doubleagh peaks, referred as white lines. The bdge
results from transitions from 2R and 2R/, spinorbit split states to the unoccupied 3d
states. Since there are 4 electrons in thg 2Rite and 2 electrons in the;2Rtate on the

base of p+1 degepracy, it is expected that the intensity afi& as twice as that of,L
However, the b/L, intensity ratio of most transition metals shows deviation froiGoR
Systematic studies on the/L; intensity ratio of 3d transition metal compounds have
been done byewveral groups. J. Graetz et[&l] summaries the results reported in
literature and plots thesll , intensity ratio as a function of d electrons, as showiign
2.7.The Lg/L, intensity ratio increases as d electrons go from O to 5, and decreases as d
electrons increase from & 10, which indicates theslL; intensity ratio is sensitive to the

occupancy of the d state in transition metals.
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Figure 2.7:Intensity ratiol(Ls)/I(L2) for a series of transitieometal oxides and lithium
transitionmetal oxidefs1].

Fe normally has four common configurations of d orbital as in the iron elementary
substance and iron oxidésFe, FeO, Fg, a n d/ H®203, which give 3.8, 4.6, 5.2,
5.8(92 phase)/ 6iLAntehbitypatic respactivélgr]. As tveecarLsee, the
I(L3)/I(L2) i's diff e-raemfe203,eetvew theugh F& has the same valence,
indicaing its extreme sensitivity to the bonding environment. A systematic study on
dependence of I@Y/I(L,) of FeL,3 on minerals with mixed P& and F&" valence has
been summarized by P. van Aken and B. Liebspsgr which shows a clear increase of

I(L3)/I(L,) as the valence changesrh 2+ to 3+, as shown in Fig. 2.8
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Figure 2.8:The dependence aftegral whiteline intensity ratioof L3 and L, on ferric
iron concent r ajforaron miherd@sThexskbscriptit refers to datdrom
literature[63].

Experimentally, the i3 white lines sit on acontinuum background resulting from
transitions to unbounded states. The calculation of $He katio requires the subtraction

of the backgroundPearson et al. proposed two methods to subtract the continuum state
contribution. The first method models the continubatkground as two step functions
with the first step function at the;ledge set twice as high as the second step atsthe L
edgé¢64], as shown in Fig.2.9(a). The bnd L, intersities are measured by integrating
the areas above the step functions, respectively. In the second raedtragjht line was
drawn from the base of the; ledgeonset to the first minimupmand from there to the
intersection of the falling edge of the kdge and theébackgroun{65]. The total white

line intensity was then obtainég integratingthe peaks above this kinked linghich is
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demonstrated in Fig. 2.9(b).oBh methods providaearlyidentical trends. The second

method wagenerallyused in thidor its simplicity.
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Figure 2.9 Models for extracting intensity ratidL3)/I1(L,). Theintensity is integrated for
the shadowed area for thg and L, edge, respectively, after continuum background is

removed based on the model shown i) and (b)[65], respectively.
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24 Nano-beam diffraction

Electron diffraction allows one to extract the stuwat 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 certaia afehe image that contributes to the
diffraction pattern. The area size selected by the SAD aperture is limited by the
aberration of the objective |l ens to ~ 1
large to study nanostructures or interfag#ructures. Nandeam 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 JEN@B can reach ~ 50 nm with a divergence
angle of 0.05 mrd@é6]. 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 f@TEM are required to be thin enough fonnimizing 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 watgensitive compounds, staard 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.
lon milling, with angle ofincident ion beams set to 13° with respect to the sample

surfacein Fishone (or ~ 6°n 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 sensitivevater, such as the family of F¢l'e;,Sg, 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 (~ 1006@mAIl 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 laytructure. This thin piece of material is further exfoliated
with tape to achieve a thickness favorable for STEBRLS measurement. A TEM
copper grid with lacey carbon film is placed on top after the final exfoliation, which is
then immersed in deionizedater at 70 €. 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 nieid 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 @eling 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 | ess than 0.

maybe neglected.
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CHAPTER 3

PHASE SEPARATION IN ISOVALENTLY DOPED Fe 14 Te;.

«S6 AND BaFe)(As.4Py)-

In this chapter, bulk single crystals Bé&.,Te;xSe and BaFgAs:1.xPy). are investigated

by electron microscopy and energy loss spectroscopy.-B@aiephase separation, with
chemical inhomogeneity, is seen in STEMADF images in both systems. The/lL,
white-line intensity ratio obtained from EELS spectra changes with varying composition,
which indicates fluctuation of Fe 3late occupancy, implyingfective 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 ompounds of higiT, cuprate superconductors are AFRKbkulators Charge
doping, eitherusing electrons or holes, is essential to introduce free carriers to form
cooper pairs fothe emergence of superconductivity. However, parent compounds in
iron-based sperconductors are usualiyetal$19] andthe roleof electronor hole doping

is not so clear as that in cuprates. Moreover, isovaleoping, with introducing no
additional charge, also induces superconductivity in -rased superconductors
Therefore, doping in irobased superconductors sgynificantly different fromthat in
cupratesand studying doping mechanisms is critical to ustdrd the interplay among

different chemical tuning parameters
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Isovalently doped irofbased compounds have been synthesized and studied by several

groups[21, 25, 28, 68-71]. Some materials become superconductingpthérsdo notby

isovalent dopingTable 3.1summarizes these materials.

Parent compound | Compositionat optimalT, | Optimal T; (K)
SrFeAs; Sr(Fe s5R W .35)2AS,[ 68 ~21

BaFeAs; Ba(Fe s55R W .45)2AS,[ 69 ~22

BaFeAs; BaFe(Asy 7Po.3)2[21] ~30

FeTe FeryTeosSe d25] ~15

FeTe FeryTen 750428 ~10

CeFeAsO CeFeAs«PO[70] No superconductivity
BaFeAs; Bay.xSKFeAs,[71] No superconductivity

Table 3.1 Isovalentlydoped irorbased materials.

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

Kimber et al. have shown that in the parent compd@eAs,, superconductivity can

be induced either by applying pressure or bygdfing on Ba sitesThe pressure and K

doping lead to similar effects in term of lattiparameter changes and Fermi surface

evolution[20]. For Rdoped BaFgAs,, BaFe(As;«Px)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

risetothesae al | ed

Nsltamiedal | prde ed,

superconductiv

and by pressure appears within the same volume range between 192 arid 239@n

the other hand, isovaledoping in