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Abstract

Since the discovery of the iron-based superconductor fluorine-doped
LaFeAsO with a T, of 26 K, a lot of effort have been poured out trying to
understand the mechanism of the superconductivity in this new type of high-
T, materials. It also drives the scientific community to synthesize new
superconductors with higher T.s. Among the iron-based high-T.
superconductors, the binary 11 family of Fe;.,Te;Se,, having the simplest
crystal structure, offers the possibility of providing valuable information
about the origin of superconductivity in iron-based superconductors.

This research sought to investigate the electronic structure and to
elucidate the strength of electron correlation in the simplest kind of iron-
based superconductor, the Fe;.,Te;..Se, system. For the first part, we carried
out resonance photoemission experiments on the compounds, x = 0, 0.4 single
crystals and polycrystalline FeSe (x = 1) samples, using photon energies in
the Fe 3p — 3d absorption region. We found out that, like most of the other
iron-based superconductors, the density of states near the Fermi level down to
the binding energy of around 2 eV is mostly dominated by the Fe 3d states.
We also found out that the Fe 3p — 3d resonance occurs at 4v ~ 55 eV and
we were able to deduce the Fe 3d partial density of states (PDOS) for all the
samples. The near Er peak structure in FeSe, splits into two features in
compounds with Te content. By comparing the PDOS with angle-resolved
photoemission (ARPES) results, the peak structure can be attributed to the
dominant Fe 3d,2 states. We obtained the mass renormalization factor of
around 2 for d,z, which shows moderate electron correlation consistent with
the band calculation and previous photoemission results.

For the second part, we performed high-resolution ARPES

measurements for the single crystals Fe;+,Tei..Se, (x =0, 0.1, 0.2, 0.4). Near



the Fermi level, three band dispersions were clearly observed around the I"
point. Mass renormalization factors obtained from the photoemission
measurements for different bands are consistent with the calculation and
resolved inconsistencies found in previous experimental data. Our results
further confirm the strong orbital dependence of the mass renormalization
factor in iron chalcogenides and have shown that Fe;:,Te;.Se, is a strongly
correlated compound different from other iron-based superconductors. The
d., band is the most strongly correlated with a mass renormalization factor of
around 10, while the d,. and d.. bands show moderate electron correlations
with mass renormalization factors of around 1.5 - 2. As for the composition
dependence, only the d,. band exhibits strong Se concentration dependence
(chalcogen height-dependence) evident in the band shift, while the d,. and d,,
bands did not show any significant change in the band position, nor in the
mass renormalization factor or strength of electron correlation. The band shift
of the d,. orbital is due to its strong dependence on the chalcogen height as
well as on the k. dispersion especially around the 4. values relevant to our
study.

In conclusion, using photoemission spectroscopy, which is a powerful
tool to investigate the electronic structure of solids, we have found that the
simplest iron-based superconductor Fe;.,Te;Se. is a strongly correlated
material different from other iron-based superconductors. The unusually large
orbital differentiation of mass renormalization factor for this compound,
particularly for FeTe, and the dominant contribution of the largely enhanced
dy, band on the Fermi surface are possible contributing factors for the

suppression of superconductivity on this compound.
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Chapter 1

Introduction

1.1 Overview

In 1908, a Dutch physicist Heike Kamerlingh Onnes successfully
liquefied helium that allowed him to study physical properties of materials at
temperatures just a few degrees above the absolute zero [1]. Three years later,
he discovered the phenomenon of superconductivity when he found that the
dc resistivity of mercury suddenly drops to zero below 4.2 K [2]. However,
this phenomenon remained confined to very low temperatures until the real
history of high-T. superconductivity began in 1986 when Bednorz and Miiller
found evidence for superconductivity at 30 K in LaBaCuO ceramics [3]. This
remarkable discovery has renewed the interest in superconductivity research
and soon after that, many related materials which came to be known as
cuprates were discovered to show superconductivity at high-T,. values until
the highest critical T, = 135 K was achieved in 1993 in Hg-based cuprates (T,
= 164 K at high pressure). The history of superconducting materials with their
corresponding critical temperatures is shown in Fig. 1.1. After twenty-two
years of dominance of cuprates in the field of high-T. superconductivity
research, a new class of compounds known as iron pnictides [4] were
discovered and opened a new route for the high-T. superconductivity research
in addition to that of the cuprates. This new class of iron-based systems
shares some common properties with cuprates such as the layered crystal
structures and antiferromagnetic (AFM) ordering in the parent compounds,
however, many differences exist between the two classes especially in their

electronic structures.
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Figure 1.1: Critical temperature T, showing the history of superconductivity

(Courtesy of S. Ideta). Superconductivity was first found in Hg in 1911.

1.2 Strongly Correlated Systems

High-T,. superconductors belong to a large class of materials, namely,
strongly correlated materials, which are characterized by strong interactions
or correlations between electrons. The history of strongly correlated material
began in the early days of modern solid state physics. In the 1930’s, Bloch [5]
and Wilson [6] developed band theory, which explained why some materials
exhibit metallic behavior and others insulating. Soon after, Boer and Verweij
pointed out that the band theory failed for a large number of insulating 3d
transition metal compounds, such as NiO and CoO, which were predicted to
be metals [7]. Peierls suggested that the strong local d-d Coulomb interaction

between electrons overcame the energy gain by delocalization of the electrons.



Mott and Hubbard also suggested that the insulating behavior is attributed to
electron-electron correlation [8-10]. Nowadays, the Hubbard model is
frequently used to study strong correlated system. In the meantime, Anderson
introduced super-exchange in a model with strong d-d Coulomb interaction of
local 3d electrons caused by the energy lowering via hopping [11, 12]. This

model is virtually identical to the Hubbard model.

It is well known that strong electron correlation plays a major role in
the cuprate superconductors. For the iron-based superconductors, a general
belief based on experimental data and from calculation is that these materials
show less degree of electron correlations than cuprates [13]. However, it is
still far from being well understood as to how electron correlations affect the
mechanism that leads to superconductivity in this new class of

superconducting materials.

1.3 Outline of thesis

This dissertation is organized as follows. In Chapter 2, I present an
overview of the high 7, superconductivity particularly on iron-based
superconductors. I describe the physical and electronic properties of the iron-
based superconductors in this chapter, focusing mainly on the iron
chalcogenides. In Chapter 3, 1 briefly review the fundamental concepts
involved in photoelectron spectroscopy. The instrumentation and

experimental details will also be discussed in this chapter.

The main objective of my research is to investigate the electronic
structure and the strength of electronic correlations in the simplest iron-based
superconductor, namely, the 11 systems, using photoemission spectroscopy. I

present the angle-integrated and angle-resolved photoemission results of



Fei+,TeiSe, system in Chapters 4 and 5, respectively. For comparison, I
mention important experiments and theoretical works every now and then.

Finally, I give my conclusion in Chapter 6.



Chapter 2

Brief review of iron-based superconductors

Since the discovery of the iron-based superconductor fluorine-doped
LaFeAsO with a T, of 26 K by Hideo Hosono and collaborators in February
2008 [4], a lot of efforts have been poured out trying to understand the
mechanism of superconductivity in this new type of high-T, materials. This
surprising discovery of superconductivity in layered materials and the
interesting physical properties of Fe-based superconductors made the
beginning of worldwide efforts to investigate this new family of
superconductors and have led to thousands of publications on this subject
over the past few years. Historically, the seemingly antagonistic relationship
between superconductivity and magnetism has led researchers not to use
magnetic elements, ferromagnetic in particular, as potential building blocks of
new superconducting materials. Since iron element is strongly magnetic, the
discovery of Fe-based superconductors with high T, values was completely
unexpected. In this chapter, I will briefly review of what has been done and
understood so far in this new type of high-T. superconductors. But since my
research is only focused on the 11 systems, I will discuss more on this type of

iron-based superconductor.



2.1 Crystal structure of iron-based superconductors

So far, five unique crystallographic structures have been reported to
show superconductivity. All of these materials share the same basic structure,
tetragonal symmetry at room temperature and range from the simplest a-PbO-
type binary element structure to more complicated quinternary structures

composed of elements that span the entire periodic table [14, 15].

1111 family

Following the discovery of high-T, superconductivity in
LaFeAsO, «Fx, T, rapidly increased by exchanging lanthanum with rare earth
ions of smaller atomic radii in LnFeAsO and appropriate carrier doping or
creating oxygen deficiencies, until it reached a maximum value of ~ 56 K in
Gd;Th,FeAsO [16]. This family of LnFeAsO is known as 1111 family.
LaFeAsO 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 FeAss/4 tetrahedra alternate with sheets of edge-
sharing OLa4/4 tetrahedra as shown in Fig. 2.1 (a). Because of the differences
between the ionic nature of the Ln-O (Lanthanum oxide) bonds and the more
covalent Fe-As (iron arsenide) bonds, a distinctive two-dimensional structure
forms, where ionic layers of lanthanum oxide (LaO)" alternate with metallic

layers of iron arsenide (FeAs) .

122 family

M. Rotter et al. [17] proposed BaFe,As; as a potential new parent
compound based on the similarities between BaFe,As, and LaFeAsO. In fact,
both compounds contain identical FeAs layers, and have the same charge

accordance as follows: Ba*"[(FeAs) ]* vs. (LaO)"(FeAs) . Partial replacement



of Barium with Potassium (hole doping) induced superconductivity at 38 K in
Bay Ko 4Fe,As, [18], the first member of a new family of superconducting
iron arsenides known as the 122 family. The ternary iron arsenide BaFe,As;,
with the tetragonal ThCr,Si,-type structure space group (space group
I4/nmm) contains practically identical layers of edge-sharing FeAs./4
tetrahedra, but they are separated by barium atoms instead of LaO sheets.

This structure is shown in Fig. 2.1(b) [18].

111 family

X. C. Wang et al. [19] reported the discovery of another new
superconducting  iron arsenide system LiFeAs (termed 111).
Superconductivity with Tc up to 18 K was found in these compounds.
LiFeAs crystallizes into a Cu,Sb-type tetragonal structure containing FeAs
layer with an average iron valence Fe’" like those for 1111 or 122 parent

compounds. This structure is shown in Fig. 2.1(c) [19].

11 family

F.-C. Hsu et al. [20] reported the observation of superconductivity
with zero resistance transition temperature at 8 K in the PbO-type aFeSe
compound known as 11 family. Although FeSe has been studied quite
extensively, a key observation is that the clean superconducting phase exists
only in those samples prepared with intentional Se deficiency. The PbO-type
aFeSe crystal structure is shown in Fig. 2.1 (d) [20].

42622 family

X. Zhu et al. successfully fabricated the superconducting
Sr4V,0¢Fe,As, compound with a transition temperature of 37.2 K [21]. It has
a layered structure with the space group of P4/nmm, and shows more

complicated perovskite-like combinations as shown in Fig. 2.1(e).
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Figure 2.1: Crystallographic structure of the iron-based superconductors
(Courtesy of S. Ideta). (a)-(e): The five tetragonal structures with their
representative compounds that have been known to show superconductivity.

FeAs/FeSe layers are shown in the shaded region.



2.2 Fey1,Te.Se, family

2.2.1 Phase diagram

Katayama et al. [22] have investigated the phase diagram of
Fei+,Se,Te;  compounds using bulk magnetization techniques. Using bulk
susceptibility data obtained from the single crystal samples, they were able to
produce the phase diagram of Fe;.,Se.Te; ,, as shown in Fig. 2.2. Even
though the values of x and y are nominal values and may not be exactly
correct, the phase diagram clearly shows the trends and the existence of three
distinct phases; the antiferromagnetic phase for x < 0.1, the bulk

superconducting phase for x < 0.4, and the intermediate spin-glass phase.
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Fig. 2.2: Phase diagram of Fe;+,Te;..Se, as a function of Se content x and

temperature 7 with the excess Fe y ~ 0 [22].
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2.2.2 Electronic structure

In order to understand the bulk electronic properties, it is important to
determine the electronic structure. The electronic structure for the 11 systems
is shown in Fig. 2.3. These results are generally similar with the other iron-
based superconductors. In particular, all the compounds show small
compensating electron and hole Fermi surfaces at the zone corner and center,
respectively, but high density of states (DOS).

FeSe FeTe

N(E)

\ /N

Poha
AR/ AT
Vel
STANS

/.':_',?'
/

Energy (eV)

bemd

dz2 %
dxy
dxz+dyz
dx2-y2-. 7

M r X
Figure 2.3: (a), (b) Electronic DOS and (c), (d) band structure calculation for

FeSe and FeTe, respectively [23]. (e), (f) Near-Er band structure for FeSe and

-1.04

FeTe, respectively [24]. Reprinted with permission from Refs. [23] and [24].
© (2008) and (2010), respectively, by the American Physical Society.
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2.2.3 Mass renormalization

The iron-based superconductors are generally believed to show less
degree of correlation as compared to cuprates. The mass renormalization for
various iron-based materials were calculated by Yin ef al. [13] using the
dynamical mean field theory + density functional theory (DMFT + DFT).
Most of the materials show moderate electron correlation except for the 11
systems, which show relatively large values. In addition, the 11 systems also
exhibit strong orbital dependence of the mass renormalization, which is

strongest in FeTe.

7 —@— xy
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Figure 2.4: Orbital dependent mass renormalization values of various iron-
based superconductors estimated from DMFT + DFT calculation.
Experimental data marked with stars are also included in the plot. Reprinted
by permission from Macmillan Publishers Ltd: Nature Materials [13] ©
(2011).
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2.2.4 Previous ARPES results

A number of angle-resolved photoemission spectroscopic (ARPES)
studies have been done on the 11 family of iron-based materials, particularly
the Fei+,Tei..Se, systems, is shown in Fig. 2.5. Depending on the Se content
(or Te content), x, the experimental data have shown varied electronic
structure. Some experiments have found three band dispersions around the I
point while others found only two. The band dispersions usually differ in
energy scale from the calculated bands. Such difference in energy scale can
be accounted for by the electron correlation through mass renormalization.
Tabulated in Table 2.1 are the mass renormalization obtained from ARPES
for various compositions. The mass renormalization varies greatly with
composition with values ranging from about 2 and could reach as high as 17.
However, the variation is not systematic with respect to Se content. Another
thing is the strong orbital dependence of the mass renormalization evident in
Tamai et al. [24] and Maletz et al. [29] results. Nevertheless, these results

reveal the strong dependence of the electronic structure on the composition.
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Figure 2.5: ARPES results for the Fe;+,Te;..Se, for various Se concentration,
x. x =0 (a-Fei6Te) (a) [25], x = 0 (Fei+,Te, y < 0.05) (b) [26], x = 0.30 (c)
[27], x = 0.34 (d) [28], x = 0.42 (e) [24] and x = 0.96 (FeSeo.96) (f) [29]. ()
Schematic diagram of the Brillouin zone. Reprinted with permission from

Refs. [26] and [24, 25, 27, 28]. © (2009) and (2010), respectively, by the

American Physical Society.
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m*/Mpanq
Fe Te Se all References
oy dy: @ bands
106 10 0 3 Y. ZhF;S% etal
<1.05 1.0 0 2 Y. Xia et al. [26]
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1.0 0.66 0.34 3 F. Chen et al. [28]
10 058 042 1 17 6 A. Tagz; etal.
1.0 0 0.96 9 3.7 3 J. Maletz et al. [29]

Table 2.1: Mass renormalization values obtained from ARPES data for

various compositions of Fei1,Te..Se,.
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Chapter 3

Principle of photoemission spectroscopy and

experimental procedure

Photoemission spectroscopy (PES) is an experimental technique with
long history still in extensive use. PES experiments are performed to detect
the energy distribution of electrons that are excited by absorption of photons
from a monochromatized light source. In the three-step model, PES can be

classified into the following three independent processes [30, 31].

1. Optical excitation of the electron in the bulk.
2. Travel of the excited electron to the surface.

3. Escape of the photoelectron into the vacuum where it is detected.

3.1 General description

Photoemission spectroscopy (PES) is one of the most powerful tools
to investigate the electronic structure of solids. The schematic diagram of the
principle of PES is shown in Fig. 3.1. When an electron in the solid absorbs a
photon of sufficiently high energy hv, it will be ejected from the solid and is
emitted as a photoelectron.

From the conservation of energy, the kinetic energy Ey:), is written as

EV3 = hv — & — Ey (3.1)

where EYy is measured from the vacuum level (EV2€), @ is the work function

of the sample, and Eg is the binding energy measured from the Fermi level

(Eg) and/or chemical potential (1). In real experiment, the kinetic energy
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(Exin = EXfy + @) measured from Ep rather than Efy is directly observed.

Then, it is convenient to use
Eyin = hv —Ejg (3.2)

In the one-electron approximation, the binding energy is equal to the negative
Hartree-Fock orbital energy,

EB ES _Ekl (33)

which is sometimes called Koopmans' binding energy. This assumption is
valid when the wave functions of both the initial and final states can be
expressed by single Slater determinants of the N- and (N — 1)-electron
systems, respectively, and the one-electron wave function do not change by
the removal of the electron. If one applies this approximation, the

photoemission spectrum I (Eg) can be expressed as
I(Eg) o< (Eg + €,) o« N(—Eg) (3.4)

Thus, when the one-electron approximation is valid, the photoemission
spectrum is proportional to the density of the occupied one-electron states

N(E).
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Figure 3.1: Energetics of the photoemission process (courtesy of S. Ideta).
This shows the relation between the energy levels in a solid and the electron

energy distribution produced by photons of energy hv.
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3.2 Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is the only
experimental technique to determine the entire band structure of a material.
ARPES can probe not only the energies but also the momenta of electrons in
the solids. In the photoexcitation by low-energy photons, the momentum of
the incident photon hv/c can be neglected compared to the size of the
Brillouin zone, and the wave number of the electron is conserved before and
after the photoexcitation except for the reciprocal lattice vector. Therefore,

the following relationship is satisfied between the wave vector of the initial

state (K;) and that of the final one (K f):
K, = K; +G, (3.5)

where 6 = (2n, m/a, 2n,m/a, 2n,m/a) where a is the reciprocal lattice
vector, and n,, n,, and n,are integers.

The schematic diagram of the emission of an electron from a solid to
vacuum through the sample surface is shown in Fig. 3.2. When the electron is

ejected from the material, the wave vector perpendicular to the surface,
(K [ l), is modified by the potential barrier called the inner potential (V;),
while the wave vector parallel to the surface (Kfy) is conserved. The

schematic image of escape condition for the photoelectron is also shown in
Fig 3.2. Therefore, the following relationship is satisfied between the wave

vector parallel to the surface of the emitted electron, kg, and K,

ki = ps/h = K = Ky, (3.6)
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Photon

- Electron Vacuum
ek

Sample surface

Figure 3.2: Schematic diagram of the emission of an electron from a solid to
vacuum through the atomically flat single-crystal surface (courtesy of S.
Ideta). The red and blue hemispheres show the external and internal escape

cones for the photoelectron, respectively.

Since ps) = (px,py) and py, = p, are related to the polar emission angle
(6, ¢) and the photoelectron kinetic energy Ey;,, taking into account the inner

potential V,, through the following relations

Dx = +/2MyEyin cOS ¢ sin O
= \/2m,(hv — ® — Eg) cos ¢ sin @ (3.7)
Py = /2mEyi, Sin ¢ sin 6

= /2m,(hv — ® — Eg) sin ¢ sin # (3.8)
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pz: = \/Zme(EkinCOSZQ + VO)

= J2m,[(hv — ® — Eg)cos20 +V,]  (3.9)

where m, is the free electron mass, we can directly observe both the energy
E = —Ep and the momentum k = (kx, ky, kz) of the hole produced in the

sample by the photoemission process as

1 ) 2n,

k, = %JZme(hv—Q—EB) cos ¢ sin 6 + . (3.10)
1 _ _ 2nym

k, = E\/Zme(hv—CD—EB)smgbsm9+ P (3.11)
1 > 2n,m

k, = %\/Zme[(hv — ® — Eg)cos?0 + V] + - (3.12)

where n;, ny, and n; are integers.

Figure 3.3(a) illustrates the schematic procedure for the band mapping
by ARPES. If the material under study is a two-dimensional system such as
the high-T. cuprates, E and k; = (kx, ky) yield enough information to map
the energy-momentum dispersion of the band structure. Then, with ARPES,
we can get the two-dimensional raw data shown in the bottom panel and the
energy distribution curves (EDCs) (upper panel) in Fig 3.3(b). The details of

analysis are explained in the next subsection.
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Figure 3.3: Schematic diagram of the principle of angle-resolved

photoemission spectroscopy (ARPES) (courtesy of S. Ideta). (a) The band

dispersions in the material are directly mapped by ARPES. (b) ARPES

intensity map (bottom panel) and energy distribution curves (upper panel). In

ARPES experiment, we can obtain two-dimensional data of the band

dispersion.
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3.3 Single-particle spectral function and self-energy

Beyond the one-electron approximation, one takes many-body effects
into account. In this more generalized description, photoemission process is
regarded as the removal of an electron from the ground state |ngN ) of the N-
electron system with the energy EJ, leaving the system in an excited state

|¥N-1) of the (N — 1)-electron system with the energy EY~1. Then, Eg gives

the difference between Ej and E}Y~*, namely,
Eg=EN-1— EN + p (3.13)

Using Fermi’s golden rule, the intensity of photoemission spectrum I(k, w),
which now corresponds to the single-particle excitation spectrum of the

system, is expressed as

Ik, ) o z (W1 M) 8(w — ENT —EY),  (3.14)
n

where ¢y is the annihilation operator of an electron with the momentum k and
W =Egjpn—hv=—Eg+ u(Sw). In terms of the Green’s function
formalism, Eq. (3.12) can be rewritten in another expression. Let the Green’s

function G (K) be defined as

Gk t) = —%e(t)(wﬂ{ck(t), et} wn), (3.15)

where c;i denotes the creation operator of an electron with the momentum k,
0 represents the Heaviside step function, {4, B} = AB + BA, and A(t) =

etHt/h getHt/h From the completeness of the eigenfunctions

Dy =1
n

and
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D e =1,
n

we obtain
i
Gk t) = -Ee(t)Z(wgy|ck(t)|w#+1><w,'¥“|cl|%v )
n

_ % 6(t) Z(‘Pg’)’|c§|‘lﬁ’2’_1)(‘1’1ﬁv_1|ck(t)|q’é\]>

i . .
—— Ee(t) Z([{Jé\l|elHt/the—lHt/ﬁIlprly+1><lp1llv+1IC;r;;éV)
n

i ) .
=2 00) Y (|G 1WR I ey e/ )
n

= —%g(t) Zl(lpév+1|Cl'|('|lp‘r]:]>|zeiE‘9’t/he_iE7I¥+1t/h
n

=2 0(0) Y |(wy e[ etm /et (3.16)
n

where H is the Hamiltonian of the system. By Fourier-transforming Eq.

(3.16) with respect to t, we have the Green’s function G (K, €),

[0}

Gk e) = _%f dt(WéVl{ck(t)’ Clt}lqjév>ei(g+io+)t/h

0

(o]
[ 2 ) ) o
=—£ E |<q171:/+1lcl;f|q;év>| fdtelEgt/he—LE,I¥+1t/hel(£+lO+)t/h
n 0

_% |<qullv_1|ck|‘{’év)|2f dteiER "t/ho—iEYt/h,i(e+i0)t/h
0

2 2
-y [ el vh| 5 [ el
e+ i0* —EY*' + E} e+i0* + EN-1 —EY

n n
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2 P ]
- Dl lella f—gp gy o e+ )]

P
+Z|(w,’;’—1|ck|wg>|2 ————~ — in8(e + EN " —E))
e+E; —Eg
n
(3.17)

where P denotes the principal value of the integral and we have used the
relation 1/(x ¥ i0*) = P(1/x) £ imS(x). Then the single-particle spectral
function A(K, €) is given by the imaginary part of G (K, €) as

1
Ak, e) = — EImG(k, €)

= Y |l lwn)’ sce - BN - B
n

| WO 8 + BN - B
n

= AS2Fr(Kk g) + ASEF, (3.18)

The first and the second term correspond to the spectral function for the
(angle-resolved) inverse-photoemission spectrum (IPES) and the (angle-
resolved) photoemission spectrum (PES), respectively. According to Egs.
(3.14) and (3.18), the formula often used in photoemission spectroscopy is

finally obtained:

1
I(e) x — —Z ImG (K, €). (3.19)
T n
The single-particle Green’s function G (K, €) can be expressed by the self-
energy X(K, ) which renormalizes all the interaction between particles,

1
—& —2(Kk, &)’

Gk, €) = - (3.20)
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where ¢ is the bare-particle energy with the momentum K. This equation is
called as Dyson’s equation. In a non-interacting electron or hole system, since

Z(k, €) = 0, the single-particle spectral function is written as
1
Ak, e) = —;ImG(k, e)= 6(e—¢) (3.21)

as shown in Fig. 3.4(b), which is Koopmans' theorem itself.
In an interacting system, X(K, &) is not equal to zero and the

photoemission spectral function is written as

1
Ak, g) = — ;ImG(k, €)

_ 1 ImX(K, €) (3.22)
T (e — g — ReX(k, s))z + (Im2(k, s))z . .

Figure. 3.5(a) is the schematic image of the interacting and non-interacting
band dispersions. When the band dispersion influences on the electron-
electron interaction, the energy at a momentum K shift and the band width
becomes broad. Fig. 3.5(c) and (d) show the spectral function with the self-
energy and the real part (ReZ(k, £)) and imaginary part (ImZ(K, €)) of the
self-energy, which means that the ReX and ImZX correspond to the value of
energy shift and band width, respectively. Here, we assume that Ep is located
at e = 0. The real part of the pole of G(K, €), € = & is determined by solving

the equation
e—¢&,—ReXZ(k,e) = 0, (3.23)
and the residue of the pole Zy (&) is given by

zo(en (1 dReX(k, €)
k\ €&k de

*)_ <1 (3.24)

E=ER

In the vicinity of € = &, one can expand ReZ (K, ¢) as follows,
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dReX(K, ¢)
ReX(k, e) =~ ReXZ(k, &) + e (e — &)
€ e=gg
(e &) (3:25)
=c—g, ———=(€—¢&p). .
. Zy (&) :
Therefore, Eq. (3.22) is rewritten as
Zy (&) Zy(g)ImX(K, &)

Ak, &) = —

> (3.26)
T (e — )2+ Zi(g)(ImZ(K, €))

where Zi (&) < 1. As shown in Fig. 3.4(c), the peak position of the
quasiparticle, which is called coherence part, is located at ¢ = &, with spectral
weight Zy (i ). The remaining spectral weight is distributed in the incoherent

part away from EF.

In the vicinity of Ef, & can be written as &, = vy (k — kg), where
v (= |Veg|) is the renormalized Fermi velocity and k is taken perpendicular
to the Fermi surface. Then, the momentum energy distribution curve (MDC)
at the Fermi level (¢ = 0) is given by

Ze () Z,m 3(k, 0) /v

A(k,0) = - (k — kp)? + (Z ImZ(K, 0)/vy)?

(3.27)

Thus, the MDC is given by a Lorenzian with a full width at half
maximum (FWHM) of Ak = 2|ImX/vg|, if the k-dependence of Z,
ImZ(k, 0) and vy can be neglected. Since the inverse life time of the quasi-

particle is given by 1/7 = —2ZyxImZ, 1/Ak represents the mean free path

lk:

lk = vli'l'k = — (328)
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(courtesy of S. Ideta). (a) Band dispersion affected by the electron-electron

interaction deviates from the energy position of bare band by the ReZ (K, &)

in the energy direction. The ImXZ(K, &) denotes the band width. Spectral

function A(k,e) (b) when the one-electron approximation is exactly

applicable and (c) when the electron correlation is taken into account. (d) The

real and imaginary part of the self-energy (K, €).



28

The effective mass m* on the Fermi surface is defined by

. (1 de;; >_1 (3.29)
m = |\-——— . .
Kdk|,_,

We can express & in the vicinity of Ex from Eq. (3.23) as

dReX(K, ¢)
de

dReX(Kk', ¢)
&+ BT

£=0

(k—kp).  (3.30)
k' =k

€§2€k+

Then, we assume ReX(Kg, 0) = 0, because we implicitly consider the Fermi
liquid. Here, when we differentiate k and take the limit of k = kg in Eq.

(3.30), one can obtain the following formula,

1degg 2.(0) {1 deyx N dReX(K', &) } (331)
—— = k —— —’ . .
kdk| _ ke K dK |-k, ok K=k
When we define the band mass (m;,), w-mass (m,,) and k-mass (my) as
_ 1 dek -1 332
= K dK [, (3.32)
m 1 JdReX(K, ¢
Mo _ _ g OReZloe) (3.33)
my,  Zi(0) oe om0
-1
m m, OReX(K, ¢
M (g4 Mo OReEK ) . (3.34)
my, k de k= kg
Then, the following relationship is obtained
m* mym
=_—u K (3.35)

m, m,m,
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3.4 Electron escape depth

Photoemission spectroscopy is a surface sensitive experiment
technique. The escape depth of photoelectrons is determined by electron-
electron and electron-phonon interactions. Generally, electron-phonon
scattering plays a role only at low energies below the phonon frequencies.
The escape depth of the electrons 4 is then determined largely by electron-
electron interaction. The cross-section for electron-electron scattering o is

given by

d?oc hz 1 { 1 }

dQde (neao)?lm €(q, €) (3:36)

where €(q, €) is the dielectric function, hq is the momentum transfer and ¢ is
the energy transfer in the scattering process. a, = 0.529 A, and Q is the solid
angle into which the electrons are scattered. Although €(q, €) differs from
material to material, the escape depth as a function of energy roughly follows
the universal curve as shown in Fig. (3.5) for all materials [32]. Then,
expected for small energies (<10 eV), the electrons in solids can be
approximately described by free-electron gas. In the free-electron case, the
plasma frequency, which is a function of only the electron density or the
mean electron-electron distance 7;, (and the damping rate of the plasmon)
determined the loss function Im{e}.

The inverse escape depth 271 is then described by 7;, which is roughly
equal for all materials, and one obtains

agR 4\ Exin
11 ~ 1/3_ —3/21 {(_)_ } _
Ekinrs "Wor) R 5§ (3:37)

where R = 13.60 eV, and ry is measured in units of the Bohr radius a,.
Therefore, electron-escape depth A is given as a function of kinetic energy of

electron Ey;, as observed experimentally in Fig. (3.5), and almost all
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materials show a similar energy dependence of the mean electron escape

depth.
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Figure 3.5: Escape depth of electrons in solids. Dashed curves indicate the
approximate range of the experimental data [32]. This shows that in case of
using He Io and He ITa for UPS measurement, escape depth is ~ 15 and 10 A,
respectively. Laser source is known very bulk sensitive and the escape depth

of photoelectrons is ~ 70 - 100 A.
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3.5 Resonance photoemission spectroscopy

With synchrotron radiation, one can use photons of continuously
variable energy. The schematic diagram of resonance photoemission
spectroscopy (RPES) is depicted in Fig. 3.6. When the energy of the incident
photon is equal to the energy difference between the p core level and the
valence d states, in addition to the direct photoemission of a valence d

electron,
pdNY + hv — pbdN 1 +e, (3.38)

the photo-absorption and the subsequent Auger-type decay, called super
Coster- Kronig decay,

pdY + hv — p>dNtl — pSdN 1 + e, (3.39)

also occurs. Since the final states of these two processes have the same
electron configuration, a quantum-mechanical interference will occur. The
photoemission intensity is resonantly enhanced and shows a so-called Fano
profile [33], shown in Fig. 3.7. Since this enhancement takes place only for
the d orbitals, one can obtain the d partial density of states in the compound.
In the p — d photoemission processes, the Fano resonance is derived
from configuration interaction between the 3d electron emitted electronic
6 gN-1

configuration p as a continuous state Y (E) with energy E and the core-

SdN+1

excited electronic configuration p as a discrete state ¢ with energy E.

These states are assumed to be orthogonal and normalized as

(lp) = LW EWY(E)) = 6(E — E), (P(E)|p) = 0, (3.40)

where 6 denotes Dirac § function. The matrix elements belonging to the

subset of states Y(E) and ¢ are indicated by
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Figure 3.6: Schematic diagram of resonance photoemission spectroscopy
(courtesy of W. Malaeb). W and ¢ denote the continuous and discrete states,
respectively. The right-down graph shows the transition probability of these

states as a function of hv.

(PlH|P) = Ey, (3.41)
W(E)NH|p) = V(E), (3.42)
WWENNFH[P(E)) = ES(E' — E), (3.43)

where H is the Hamiltonian of the system. The off-diagonal matrix element

V(E) is originated from the Coulomb interaction in #, that is, V(E) =
2 . . . .
<p6d’V ‘1| e/, |p5dN +1>, and is treated as configuration interaction between

¢ and W(E)w(E). The corresponding eigenstate has the form

W(E) = ag + f dE'bgip (). (3.44)

The second term represents modulated ¥/ (E) and the sum of two terms yield

the phase shift A due to the configuration interaction between ¢ and Y (E),
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which is given by
A = —arctan— VBN 3.45
= arcanE_E¢_F(E), (3.45)
where
[V(E)|?
= ! . 3.46
F(E) PdeE_E, (3.46)

The probability of excitation of the state W(E) is represented as the

squared matrix element of the transition operator T between the initial state i

(p®d" configuration) and the state W(E). The ratio of the transition
probability [(W(E)|T|i)|> to the unperturbed |(WY(E)|T|i)|* can be
represented by
KPE)ITIN? (g +¢)?
TR~ 1+e G47)
where
~ _E—E,—F(E)
€ = —cotA = AVEE (3.48)
_(QITID) + P [dE"(@IHIYENWEDITIN/(E — E) (3.49)
! (@IHPEN WG EITIE) S

are the reduced energy variable and the parameter denotes modification of the
discrete state ¢p. Figure 3.7 shows the line shapes of Eq. (3.47) for different
values of g, which shows clear enhancement near € = 0. Since the
photoemission intensity is proportional to [(W(E)|T|i)|?> when the energy of
the incident photon is equal to that of the p — d excitation, one can extract

the d partial density of states in the valence band by the p — d RPES.



(g + &)

Figure 3.7: Fano line shapes for different values of q.
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Figure 3.8: Schematic description of the photoemission measurement system

(courtesy of S. Ideta).
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3.6 Experimental procedure

3.6.1 Photoemission measurement system

Basically, photoemission measurements were carried out using a
hemispherical analyzer. Figure 3.8 shows a schematic description of the
photoemission measurement system. Sample is introduced in the bank
chamber and transferred to the preparation chamber. In the preparation
chamber, we demonstrate the surface treatment to the sample, and transfer the
sample to the main chamber. In the ultra-high vacuum chamber (main
chamber), electrons in the solid sample are excited by incident photons and so
on. The emitted photoelectrons enter the electron lens and are focused by
electrostatic fields. The photoelectrons are de-accelerated by a retarding
potential Vy before entering the electron analyzer. The analyzer transmits
only photoelectrons with a given energy (pass energy Ep). The relationship

between the retarding potential Vi and the pass energy Epis given by
Ep = Exin —eVr — @4 (3.50)

_ elp
RZ/Rl - R1/R2

(3.51)

where ¢, is the work function of the analyzer as shown in Fig. 3.9, and Vp is
applied voltage between inner and outer hemispherical analyzer. One can
sweep Eyi, by sweeping Ep or V. Then, the energy resolution AFE is
determined by the slit width w of inner and outer hemispheres:

wEp

AE = —F—
R, + R,

In experiments, Ep is usually kept constant and Vzis swept so that AE
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is kept constant independent of Ey;,. Previously, channeltrons were widely
used as an electron detector. However, to improve the detection efficiency of
photoelectrons in the single-channeltron system, Ep or w must be made larger,
making AE worse according to Eq. (3.52). To improve the detection
efficiency while keeping AE, a multi-channel detection system with a micro-
channel plate (MCP) has been used recently. SCIENTA analyzers also use an
MCP as a detector. Each channel detects photoelectrons that went through
different passes in the analyzer, meaning that each channel detects electrons
with different pass energies. By calibrating this difference, one can improve
the detection efficiency without making AE worse.

The resonance and angle-resolved photoemission spectroscopy
(ARPES) measurements in this thesis were performed at beamline 28A at
Photon Factory (PF) in KEK and beamline 5-4 at Stanford Synchrotron
Radiation Laboratory (SSRL). The geometry of the beamlines and endstations

will be briefly introduced in the following subsection.
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Figure 3.9: Schematic diagrams inside of the analyzer, and energy levels of
the sample and analyzer (courtesy of S. Ideta). The hemispherical analyzer is
constructed from the inner and outer hemispheres, where radii of hemispheres
denote R, and R,, respectively (a). The photoelectrons emitted from the
sample are retarded by the retarding potential around the electron lens, and
transit between inner and outer hemispherical analyzer (b). Diagram showing
potential and energy levels for the sample and analyzer (c). Relationship

between Ep and Vi can be understood from the diagram.



39

3.6.2 ARPES system at Photon Factory beamline 28A

The beamline 28A of Photon Factory (PF), High Energy Accelerator
Research Organization (KEK) and the measurement system are described
here. The beamline 28A is an undulator beamline with a Spherical Grating
Monochromator (SGM) as shown in Fig. 3.10(a). It offers a wide range of
photon energies from 30 to 800 eV, and both the linear and circular
polarizations are available. The Endstation of the beamline is composed of a
load lock chamber, a preparation chamber and the main ARPES measurement
chamber as shown in Fig. 3.10(b). In the main chamber, the samples were
cleaved or fractured. In the main ARPES chamber a hemispherical analyzer
Gamma-data Scienta SES2002 with a two dimensional multichannel plate
(MCP) detection system is attached. The manipulator in the main chamber

has five degrees of freedom for sample motion: three translational and two

rotational. Measurement temperature can be varied from ~9 to 300 K, and

-10
vacuum level can reach less than 10 Torr.

(a)
M2
Toroidal
) R=649m
(top view) MO Slit  p=0105m
Toroidal M1 VLSG
R=200.0m plane plane
p=0.817m
Source
Slit
(side %
160-176 150 X 30 mm?
87.0° 100 X 30 mm?
200 % 30 mm?
L | | 1 1 |
0 15.5 17.5 32.0 34.0 36.0m

Fig 3.10: ARPES measurement system in PF BL 28A. (a) Schematic layout

of the beamline. (b) ARPES measurement system.
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3.6.3 ARPES system at Stanford Synchrotron Radiation

Laboratory beamline 5-4

We will describe the beamline 5-4 at Stanford Synchrotron Radiation
Laboratory (SSRL) and the measurent system in this section. Beamline 5-4 in
an undulator beamline with a normal incidence monochromator (NIM) for
photons in the vacuum ultraviolet (VUV) range light as shown in Fig. 3.11. It
offers a wide range of photon energies from 15 to 32 eV. The Endstation of of
the beamline is composed of a characterization chamber, an ARPES
measurement chamber, preparation chamber and bank chamber. The samples
were cleaved in the characterization chamber. A low energy electron
diffraction (LEED) system is installed in the characterization chamber for
checking the qualities and atomic structure of the sample surfaces. The
cleaved sample can be easily transferred to the chamber for angle-resolved

photoemission measurements. The manipulator has five degrees of freedom
for sample motion. Measurement temperature can be change from ~7 to 300

K. In the ARPES chamber, a hemispherical analyzer Gamma-data Scienta
R4000 is attached as shown in Fig 3.9.

(@)

Horizontal Vertical

focusin ]
mirtor 9 condensing ~ Entrance
Undulator mirror slit

Monochromator

Exit slit

Horizontal
focusing

Sample Vertical .
mirror

condensing
mirror

Fig 3.11: ARPES measurement system in SSRL BL 5-4. (a) Schematic layout

of the beamline. (b) ARPES measurement system.
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Chapter 4

Resonance photoemission study of Fe,.,Te;..Se,

4.1 Introduction

The discovery of the iron-based layered superconductor La[O,<Fx]FeAs
with a transition temperature of 26 K [4] has given renewed interest in the
search for understanding the mechanism of high-T, superconductivity. This
new type of superconductors had ended the monopoly of cuprates in the high
T, superconductivity research arena. This discovery has also spurred the
scientific community to synthesize new superconductors with higher T.. The
highest T, so far, for the iron-based superconductors, was found in Sm[O;.
«Fx]FeAs compound with a transition temperature of 55 K [34].

It is well established, that the FeAs/FeSe layers are responsible for the
superconductivity in these compounds [4]. Among them, the binary 11 family
of FeSe, having the simplest crystal structure, offers the possibility of
providing valuable information about the origin of superconductivity in iron-
based superconductors. The FeSe end member of the FeTe;.x<Sex compounds
is superconducting and has a T, of about 8.5 K which increases to 37 K under
pressure of ~ 9 GPa [35, 36]. In a study on single layer FeSe grown on
SrTiOs substrate, an even higher T, of up to 55 K has been recorded [37].
Further studies on this system found an onset of superconductivity at up to 65
K [38]. In contrast, the FeTe end member of FeTe;,Sex is not a
superconductor and exhibits long range antiferromagnetic (AFM) order which
is suppressed for x > 0.1 [39, 40]. For the intermediate region 0.1 < x < 0.45,
a short range antiferromagnetic order appears, coexisting with

superconductivity with a maximum T, of around 14 K [41, 42].
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Photoemission spectroscopy (PES) had been remarkably useful in
elucidating the electronic structures and electron correlation effects in solids.
In this study, we have used angle-integrated photoemission spectroscopy to
investigate the valence-band spectra of the FeTe;.xSex family of iron-based

superconductors.

4.2 Samples and experimental setup

Fei,TeixSe, (x = 0, 0.4 and 1) crystals were synthesized using the
Bridgman method [43], where the Se concentration x refers to the nominal
composition. A mixture of ground Fe, Te and Se powder were heated at 800
°C in an evacuated quartz tube, then slowly cooled by turning off the furnace,
forming polycrystals. The obtained polycrystalline samples were heated again
at 400 °C, then slowly cooled, finally obtaining single crystals, except for the
polycrystalline FeSe. All the single crystals could be easily cleaved
perpendicular to the ¢ axis due to the weak van der Waals coupling that
bonded the FeTe/Se layers along ¢ axis. The nominal composition and the
corresponding actual composition of the single crystals obtained from energy-
dispersive x-ray analysis (EDX) are shown in Table 4.1. Although not
included in the table, the FeSe samples are usually deficient in selenium
(FeSe;.,, where x ~ 0.08). The experiment was done at beamline 28A of
Photon Factory in KEK wusing an SES 2002 energy analyzer. The
photoemission data were taken using photons with various energies ranging
from hv = 45 eV to 69 eV at a temperature of 7= 20 K. We also take high
temperature (7 = 80 K) data, just above the Néel temperature of ~70 K for
Fei0sTe, to cover the paramagnetic normal states of all the composition. The
details of the beam line can be found in Chapter 3. All the samples were
cleaved (or fractured in case of the polycrystalline FeSe,.) in situ and

measured under a base pressure better than 2 x 10" Torr.
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Nominal Se Fe Te Se
0.4 1 0.59 0.41
0 1.08 1 0

Table 4.1: Nominal Se concentration and the actual elemental composition of
Fei+,TeiSe,. The actual composition for the single crystals was obtained

using energy-dispersive x-ray spectroscopy (EDX).

4.3 Results and discussion

4.3.1 Valence-band spectra

Figure 4.1 presents the valence-band spectra of Fe;+,Tei..Se, (x = 0,

0.4, 1). Three main structures can be found in the valence band of FeSe (x =

1), a sharp peak near the Fermi level (Er) and two broad structures at ~-2 eV

and ~-4 eV, denoted as A, B and C, respectively. These structures are
consistent with the previous reports on FeSe [44-46], except for the fourth
structure that is located in a much higher binding energy not covered in our
data. The peak structure A in FeSe splits into two distinct features in the
compounds with Te content (in going from x = 0 to x = 0.4), and the
separation increases with increasing Te content. Structures B and C are well
separated in FeSe, but not in the case of x = 0 (FeTe) and x = 0.4, partly
because feature C is broadened and shifted to lower energies. For comparison,
the DFT-based band-structure calculation [23] result is displayed at the
bottom of Fig. 4.1. According to the previous PES studies of FeSe and band-

structure calculations [23, 47], structures A and B correspond to the Fe 3d
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states and structure C reflects the hybridization of Fe 3d and Se 4p states. In
addition, the calculated spectra from Yokoya et al. [46], shown in Fig. 4.1(c),
reveal strong composition dependence of the density of states (DOS) shape in
Fe 3d states, namely, a dominant peak with shoulder structures in FeSe and a
doublet in FeTe. The composition dependence, however, shows a weaker
dependence in the chalcogenides p DOS due to the shifted chalcogenides p
levels. This difference reflects the change in the chalcogen height, distance

between the chalcogen atom and the Fe plane as shown in Fig. 4.1(d).
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Figure 4.1: (a) Top panel: Valence-band photoemission spectra of Fe;,Te.
Sey (x =0, 0.4, 1) measured at 20 K. DFT-based band-structure calculations
for FeTe and FeSe [23] are also shown in the bottom panels. For comparison,
Yokoya et al. [46] PES experiment is also shown in (b) with their calculation

(c). (d) Crystal structure of Fe;+,Te showing the chalcogen height, 4 [14].
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To further investigate the composition dependence of the spectral
shape, we have carried out resonance photoemission measurements for FeTe,.

Se, with different compositions (x =0, 0.4, 1).

4.3.2 Resonance photoemission spectra

Figure 4.2 shows the valence-band spectra of FeTe;..Se, (x =0, 0.4, 1)
taken at various photon energies in the Fe 3p — 3d core excitation region.
These spectra have been normalized to a mirror current of the beam line and
the gold absorption coefficient as a function of photon energy [48]. All of the
near-Er main features of the spectra, indicated by arrow markers, for all the
compositions show strong photon energy dependence. Taking a closer look at
the photoemission intensity as a function of photon energy shown in Fig. 4.3

one can see an increase in intensity from Av ~ 53 eV to hv ~ 57 eV. This

indicates that the Fe 3p — 3d resonance occurs at around Av ~ 55 eV, which
confirms that the states from Er down -2 eV are mainly Fe 3d states and those
of the broad feature around -4 eV in FeSe represent hybridized Se 4p and Fe
3d states.
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Figure 4.2: Valence-band photoemission spectra of FeTe;..Se, (x =0, 0.4, 1)

in the Fe 3p — 3d core absorption region. Red lines highlight the on-

resonance and off-resonance spectra. Vertical arrows show the position of

main features in the valence-band spectra.
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Figure 4.3: Photon-energy dependence of the photoemission intensities at

binding energies corresponding to the main structures in the valence-band

spectra, shown by the arrow markers in Fig. 4.2.
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4.3.3 Partial density of states (PDOS)

Figure 4.4 shows the Fe 3d partial density of states (PDOS) of FeTe
(a), FeTeo6Seo4 (b) and FeSe (c). The partial density of states (PDOS) for the
Fe 3d electrons is taken from the difference between the on-resonance and
off-resonance valence band spectra. As for the PDOS of FeTe, we used the
high temperature 80 K data, well above the first-order magnetostructural
transition temperature around 70 K. Compared with the 20 K data, the near-
Er spectral intensity is higher at 80 K where we can clearly see two distinct
peak structures in the near-Er region. The two distinct structures found in
FeTe and FeTe(cSeps merge into a single peak structure in FeSe. Although
the experimental data agree qualitatively well with the calculation, some
discrepancies can be observed. The energy positions of the near Er structure
and the higher binding energy structures observed in experiment occur at
somewhat lower and higher binding energies, respectively, than predicted by
the calculation. This deviation can be explained by mass renormalization
effect. The self-energy correction to the band structure calculations was
proposed to yield a mass renormalization value of about 1.8 - 3.6 and also to
separate an incoherent part from the spectrum [44, 45], which corresponds to

the lower Hubbard band seen in LDA + DMFT studies [47].
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Fig. 4.4: On-resonance and off-resonance spectra of of FeTe (a), FeTep¢Seo 4
(b), and FeSe (c) and their Fe 3d PDOS obtained by subtracting the off-

resonance from the on-resonance spectra.

4.3.4 Comparison with ARPES results

Figure 4.5 shows the ARPES spectra measured along the I'-M high-
symmetry line for the x = 0 and x = 0.4 compounds. Single crystals of FeSe (x
= 1) were not available, and hence ARPES was not possible. For the x = 0 and
x = 0.4 samples, the strongest peak structure in the PDOS located at a binding
energy of around 0.4 — 0.5 eV corresponds to the flat band in the ARPES
spectra intensity located around the I' point, which comes mainly from the
band dominated by d,z orbital character. The structure at Er comes from the
bands of d,., dy. and d,, orbital character. The shift of the strongest peak
towards the Fermi level with the increase of the Se content can be explained
by the shift of the d,2 band towards the Fermi level. The strongest peak
structure can then be attributed mainly to the d,2 band. The shift of the d,-
band, in effect, also reduces the splitting of the two near-Er structures in x = 0
and x = 0.4, which finally merges in FeSe. The difference in the energy
position of the d,2 band is also consistent with DFT calculations [23, 26] for

FeTe and FeSe wherein the d,2 band is located at a higher binding energy in
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the former than in the latter. Comparing the band dispersions from ARPES
and calculation, one can see that the experimental bands are located at lower
binding energy than the calculated ones. By adjusting the energy scale of the
band calculation to match the ARPES data, the mass renormalization of the
d,2 band was obtained to be around 2. In order to determine the value of the
correlation from the PDOS more quantitatively, careful analysis, like the

phenomenological self-energy correction, is needed.

FeTe FeTeo_SSeo_ 4 FeSe

(a) (b) Int. {a. u) (© @ Int {a. u) ) Int {a. u)

Energy relative to E; {eV)

Fig. 4.5: Second derivatives of the ARPES intensity with respect to energy for
FeTe (a) and FeTep¢Seos (c). For comparison, the PDOS of FeTe (b),
FeTepsSeo4 (d), and FeSe (e) are also plotted. The overlaid pink lines are the
calculated d,2 band [23, 26], rescaled to fit the ARPES spectra. Black dotted
lines are guides to the eye to indicate the correspondence between the ARPES

spectra and the peak in the PDOS.
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4.4 Conclusion

We have performed a resonance photoemission study to investigate the
composition dependence of the electronic structure of the Fe;+,Tei_.Se, (x =0,
0.4, 1) compounds. Like the other iron-based superconductors, the near-Ef
density of states is dominated by the Fe 3d states. The strongest peak
structure is attributed to bands of Fe 3d,2 orbital character, with a moderate
mass renormalization factor of about 2, which is consistent with the DMFT +
DFT calculation [13]. The resonance photoemission spectroscopy has
difficulty in resolving the different orbital characters of the bands that
composed the density of states at E, it is imperative to analyze angle-
resolved photoemission spectra in more detail to further investigate the orbital

dependent nature of the electron correlation on this type of material.
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Chapter 5

Strength of electron correlation in Feq,,Te;Se,
revealed by angle-resolved photoemission

spectroscopy

5.1 Introduction

The new type of high-T. superconductors iron pnictides and
chalcogenides, owing to their surprisingly high transition temperature, are
subjects of extensive research aiming to understand the mechanism of high-T,
superconductivity [4]. They all share the same basic building blocks, but a
significant variation have been observed in their physical properties, such as
magnetic ordered moments, effective masses, superconducting gaps and
transition temperature [13]. Strong electron correlation have played a vital
role in the cuprates, while it is still not yet clear as to what extent this affects
the superconductivity in iron pnictides and chalcogenides. Combined
dynamical mean-field theory [50] and density functional theory (DMFT +
DFT) studies have given the strength of electron correlation in these materials
[13, 51]. In addition, the FeTe;..Sex 11 system is the simplest in terms of its
crystal structures, consisting only of the FeSe/FeTe layers, without
intermediate layers found in other families of iron-based superconductors [15,
52, 53]. Thus, it is of utmost importance to fully understand this simple
system as this may give us valuable insight into the origin of the
superconductivity in the iron-based compounds.

According to the DMFT + DFT calculation [13], the FeTe end member

of Fei+,Tei.,Sex is predicted to exhibit the strongest electron correlation and
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strongest orbital dependence among the iron-based superconductors. FeSe, on
the other hand, shows only moderate electron correlation and its orbital
dependence, comparable to the other iron-based superconductor. It is also
interesting to note that FeSe is a superconductor [35-37] while FeTe is not [39,
40]. In fact, the intermediate correlation strength and large degeneracy seem
to be a requirement for superconductivity, while the too large orbital
differentiation seems harmful as exhibited by FeTe [13, 26]. The obvious
difference between the two chalcogenides, FeTe and FeSe, is their chalcogen
height, the distance from the chalcogen (Te/Se) to the Fe plane. The FeTe has
larger atomic radius and therefore has higher chalcogen height than in FeSe.
Alloying FeTe with FeSe may give us insight into how the strength of
electron correlation and its orbital dependence change with the change in the
composition or the chalcogen height.

Several ARPES studies have been done on the FeTe;«Sex compounds.
However, there is no general consensus yet on the systematic evolution of the
electronic structure and electron correlation strength. Depending on the Se
concentration, x, different and sometimes contradicting results has been
obtained. For the FeTe end up to x = 0.3, two band dispersions were observed
around the zone center I' point, where the bands are uniformly renormalized
with a factor of about 2 or 3 [24 - 26]. For x = 0.34, three bands were
observed with a uniform mass renormalization of about 3 [25]. From x = 0.34
up to the FeSe end, all the three bands were observed, this time the mass
renormalization exhibits strong orbital dependence [26, 27, 54, 55]. This
results show that the electronic structure and electron correlation is highly
dependent on the concentration of Se and Te or to the change in the
chalcogen height. To shed light on this matter, we performed composition
dependent ARPES studies of the electronic structure of Fei+,Tei.Se,
compounds for x =0, 0.1, 0.2, 0.4.
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5.2 Samples and experimental setup

Fei+,TeiSe, (x = 0, 0.1, 02 and 0.4) single crystals were synthesized
using the same method as described in Chapter 4, the Bridgman method. The
experiment was done at beamline 5-4 of SSRL using an R4000 energy
analyzer. The photoemission data were taken using photons with energy of hv
=22 eV at various temperatures: 7= 80 K, 40 K, 20 K and 9 K for x =0, 0.1,
0.2 and 0.4 respectively, focusing only on the paramagnetic normal states of
the compound (see Fig. 2.2 for the Se concentration-dependence phase
diagram of Fe;+,TeiSey). The x = 0.4 data taken at 9 K did not show any
superconducting gap and hence can be regarded as a normal state data. The
details of the beam line can be found in Chapter 3. All the samples were

cleaved in situ and measured under a base pressure better than 3 x 10! Torr.

Nominal Se Fe Te Se
0.4 1 0.59 0.41
0.2 1.06 0.8 0.2
0.1 1.09 0.9 0.1
0 1.08 1 0

Table 5.1: Nominal and actual elemental composition of Fe;+,Te;..Se,. The
actual composition was obtained using energy-dispersive x-ray spectroscopy

(EDX).
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5.3 Results and discussion

In Chapter 4, we were able to obtain the mass renormalization for the
d,2 band, which is located at the binding energy of around ~ 0.3 - 0.5eV.
However, the density of states at the Fermi energy is difficult to resolve with
the resonance photoemission data. To further investigate the density of states
and the band dispersions at the Fermi energy, we perform high-resolution
angle-resolved photoemission measurements. We shall focus our analysis
only on the band dispersions around the I point, where the bands are easily

observed due to high photoemission intensity around this point.

5.3.1 Band dispersions

Figure 5.1(a) shows the ARPES spectra measured along the I'-M high-
symmetry line for Fe; osTe (x = 0). Even though the spectra are broad in the
raw data, which is quite normal because of strong electronic correlations in
this compound [25], one can still clearly see two band dispersions from the
second-derivative of the ARPES spectra with respect to momentum [see Fig.
5.1(b)]. A third weak, less dispersive band is also discernable by looking
closely at Fig. 5.1(c), the second-derivative plot of the intensity with respect
to momentum. It looks like no band seems to cross the Fermi level. Careful
analysis on the momentum distribution curves (MDCs) and energy
distribution curves (EDCs) confirmed that indeed no band has crossed the
Fermi energy and thereby does not contribute to the Fermi surface.

Following Chen et al. [28] assignment of the orbital character of the
band dispersions from their FeTeogesSess polarization-dependent ARPES
measurements, and from band calculations [23, 56], we were able to correctly
assign the orbital character to each band: The Fe 3 d.., d,. and d,, bands for
the inner, middle and outer bands, respectively. For comparison with the

LDA band calculations shown in Fig. 5.5, we have fitted the calculated band
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structures to the experimental ones. However, we need to rescale the energy
of the calculated band structure to match with the experimental results. This
reflects the mass renormalization of the energy bands. In addition to the
energy rescaling, it is also necessary to introduce additional shifts of the
energy. Contrary to the previous photoemission results [24 — 28], the mass
renormalization exhibits strong orbital dependence and has different values
for each orbital. Before tackling the mass renormalization in detail, let me
first continue to discuss the composition dependence of the band dispersion in
the Se-substituted compounds.

The same procedure of analysis has been done on the other compounds.
Figures 5.2, 5.3 and 5.4 show the ARPES results for the FeTey9Seo; (x =0.1),
FeTepsSepr (x = 0.2) and FeTepeSeps (x = 0.4), respectively. For the Se-
substituted compounds, all the three band dispersions can be seen more
clearly around the I" point. For these compounds, the d,, (outer band) and d,.
(middle band) orbital bands seem to cross the Fermi level. These two bands
now form two hole pockets around the I' point and thus contribute to the
Fermi surface. However, the d,. (inner band) is still buried in the higher
binding energy than the other two, and remains no contribution to the Fermi
surface.

As for the composition dependence, a trend has emerged for each of the
band. The d,. band shifts towards the Fermi level as Se concentration is
increased while the other two bands are unaffected by the change of the
composition. The reason for this behavior will be discussed in detail in the

following subsection.
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Fig. 5.1: (a) ARPES intensity plot of FeTe (x = 0) in the vicinity of Er along
the I' — M direction. (b), (c) Second-derivate plots of the ARPES spectra with
respect to momentum and energy, respectively. The overlaid lines are
calculated bands scaled with respect to energy to fit the experimental band

dispersions.
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Fig. 5.2: (a) ARPES intensity plot of FeTe (x = 0.1) in the vicinity of Er along
the I' — M direction. (b), (c) Second-derivate plots of the ARPES spectra with
respect to momentum and energy, respectively. The overlaid lines are
calculated bands scaled with respect to energy to fit the experimental band

dispersions.
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Fig. 5.3: (a) ARPES intensity plot of FeTeysSep, (x = 0.2) in the vicinity of
Er along the T' — M direction. (b), (¢) Second-derivate plots of the ARPES
spectra with respect to momentum and energy, respectively. The overlaid
lines are calculated bands scaled with respect to energy to fit the experimental

band dispersions.
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Fig. 5.4: (a) ARPES intensity plot of FeTepsSep4 (x = 0.4) in the vicinity of
Er along the T' — M direction. (b), (c) Second-derivate plots of the ARPES
spectra with respect to momentum and energy, respectively. The overlaid
lines are calculated bands scaled with respect to energy to fit the experimental

band dispersions.
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5.3.2 Mass renormalization

In order to compare the ARPES spectra with calculations, we have
performed band structure calculations (courtesy of K. Okazaki) for FeTe
using Wien2k package [56]. The result of the calculation is shown in Fig. 5.5
for various k. values, which correspond to those expected for ARPES
measurements with 4y = 22 eV for each composition of Fe;+,Te;Se, (x =0,
0.1, 0.2, and 0.4) from the c-axis lattice parameters taken from [57, 58] and
the assumed inner potential of V=12 eV.

For the estimation of mass renormalization factors, we compared the
calculated band structure at the corresponding k. values to the experimental
band dispersions. The calculated band dispersions are rescaled and shifted to
match the MDC second-derivative image for dy. and d,. bands and EDC
second-derivative image for d,, band, respectively, because the band
dispersions of each orbital are more clearly recognized for each image. The
mass renormalization factors and the band shifts are tabulated in Table 5.2.
From these results, we can see that the orbital dependence exists for the mass
renormalization factor. The d,, band is the most strongly renormalized with a
mass renormalization factor of about 10. On the other hand, the other two
orbitals of d.. and d,. have shown moderate electron correlation with almost
the same value of around 1.5 - 2. This strong orbital differentiation of mass
renormalization factor particularly in FeTe is largely due to its high chalcogen
height, 4, in fact the highest among the iron-based superconductors (see Fig.
4.1 (d) for the definition of chalcogen height). The chalcogen height controls
the overlap of the Fe 3d and Se 4p/Te 5p atoms and hence make Fe electrons
more localized (itinerant) with increasing (decreasing) 4. So far, the highest /
is achieved in FeTe compound giving it the possibility to exhibit strongest

electron correlation among iron-based materials.
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In comparison with the DMFT + DFT calculation [13], our data
agrees with it quantitatively as shown in Fig. 5.6(a). The obtained values are
comparable to the calculated ones except for the d,. and d,., which show
relatively smaller values. Nevertheless, our results have provided systematic
data for the Fe;+,Tei..Se, compound showing that the compound is a strongly
correlated material different from other iron-based superconductors.
Moreover, our results further confirm the strong orbital dependence of the
mass renormalization of Fe;+,Te_Se,.

In terms of the composition dependence, only the d,. band is strongly
affected by the change in the Se concentration, which is evident in the band
shift (see Fig. 5.6(b)). The other two bands, the d,. and d,, seem to be
unaffected by the change in composition; both of their band positions and
values of mass renormalization do not change with the change in Se
concentration, as shown in Fig. 5.6. To understand the behavior of the d..
band, we compare the result with our calculation. However, in our calculation
(see Figure 5.5), the gap between the d,. and d,. orbitals increases with the
increase in k. showing an opposite trend with our data. This band shift cannot
be accounted for from the difference in k., as what is reflected in our
calculation, but maybe due largely to the change in the chalcogen height. In
our calculation of k. dispersion (courtesy of K. Okazaki) for FeTe and FeSe,
shown in Figs. 5.6(c) and (d), respectively, the gap between the d.. and d,.
bands is relatively wider in FeTe than in FeSe in the region of relevant &
values around the midpoint of I and Z points. In addition, one can see that the
dy. band has a wider bandwidth and that the band top at the I" point is located
at a higher energy in FeTe than in FeSe which imply that the effect of Se
substitution is to narrow the bandwidth and to push the band top towards
higher energy, giving the overall effect of band shift towards higher energy.

Furthermore, the Fermi surface of the FeTe end of the Fe;+,Te..Se,

compound is mostly consists of the largely enhanced d,, band, which is
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totally different from the FeSe end [29] where the d,, band is buried in the
deeper binding energy of around 50 meV. This behavior is actually consistent
with the calculation [24] shown in Figs. 2.3(e) and (f). This result together
with the unusually large orbital differentiation of mass renormalization in
FeTe compound is the possible contributing factors for the disappearance of

superconductivity in this compound.
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Fig. 5.5: FeTe LDA band structures for various £ values (0.39, 0.42, 0.47 and
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0.57 w/c) corresponding to those expected for ARPES measurements of the
different compositions of Fe;+,Te;..Se, (x = 0, 0.1, 0.2 and 0.4) with hv = 22
eV (Courtesy of K. Okazaki).
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(x=0) FeysTe m*[myanq Band shift (meV)
dyy 10.3 -27
d,. 1.4 -100
dy; 2.2 4

dxy 1 0.3 '27
dyz 1 .5 '90
dy; 1.7 80

dxy 10.0 '30
dyz 1.5 '93
dy; 1.6 136

dy, 10.0 -20
dyz 1 . 8 '86
d,y; 1.4 286

Table 5.2: Values of mass renormalization and energy band shift obtained

from rescaling of the energy of the calculated bands.
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5.4 Conclusion

The mass renormalization factors obtained from photoemission
measurements for the different bands of Fe;+,Tei..Se, (x =0, 0.1, 0.4, 1) are
consistent with the DMFT + DFT calculation [13] and with other
experimental data [29]. Our results provide additional evidence to further
confirm the strong orbital dependence of the mass renormalization as well as
the strong electron correlation in iron chalcogenides. Our results also provide
a systematic data for Fe;.+,Te;Se, that could help to resolve and clarify the
inconsistencies and conflicting issues with other experimental data [24 — 28].

As with composition dependence, only the d,. band exhibits strong Se
concentration dependence as evident in the band shift. However, the other
two bands, the d,. and d,, bands did not show significant changes in the band
position, mass renormalization factor or strength of electron correlation.
Furthermore, the wunusually large orbital differentiation of mass
renormalization for FeTe and the dominant contribution of the d,, band on the
Fermi surface maybe the contributing factors for the suppression of

superconductivity on this compound.
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Chapter 6

Summary

This research sought to investigate the electronic structure and to
elucidate the strength of electron correlation in the simplest kind of iron-
based superconductor, the Fei.,Te;..Se, system. For the first part, we carried
out resonance photoemission experiments on the compounds, x = 0, 0.4 single
crystals and polycrystalline FeSe (x = 1) samples, using photon energies in
the Fe 3p — 3d absorption region. We found out that, like most of the other
iron-based superconductors, the density of states near the Fermi level down to
the binding energy of around 2 eV is mostly dominated by the Fe 3d states.
We also found out that the Fe 3p — 3d resonance occurs at 4v ~ 55 eV and
we were able to deduce the Fe 3d partial density of states (PDOS) for all the
samples. The near Er peak structure in FeSe splits into two features in
compounds with Te content. By comparing the PDOS with angle-resolved
photoemission (ARPES) results, the peak structure can be attributed to the
dominant Fe 3d,2 states. We obtained the mass renormalization factor of
around 2 for d,z, which shows moderate electron correlation consistent with
the band calculation and previous photoemission results.

For the second part, we performed high-resolution ARPES
measurements for the single crystals Fe;+,Tei..Se, (x =0, 0.1, 0.2, 0.4). Near
the Fermi level, three band dispersions were clearly observed around the I"
point. The mass renormalization factors obtained from the ARPES
measurements for the different bands are consistent with the DMFT + DFT
calculation and have resolved inconsistencies and conflicting issues found in

previous experimental data. Our results further confirm the strong orbital
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dependence of the mass renormalization factor in iron chalcogenides and
have shown that Fe;:,Te;..Se, is a strongly correlated compound different
from other iron-based superconductors. The d,, band is the most strongly
correlated with a mass renormalization factor of around 10, while the d,. and
dy. bands show moderate electron correlations with mass renormalization
factors of around 1.5 - 2. As for the composition dependence, only the d..
band exhibits strong Se concentration dependence (chalcogen height-
dependence) evident in the band shift, while the d,. and d,, bands did not
show any significant change in the band position, nor in the mass
renormalization factor or strength of electron correlation. The band shift of
the d,. orbital is due to its strong dependence on the chalcogen height as well
as on the k. dispersion especially around the k. values relevant to our study.

In conclusion, using photoemission spectroscopy, which is a powerful
tool to investigate the electronic structure of solids, we have found that the
simplest iron-based superconductor Fe;.,Te;Se. is a strongly correlated
material different from other iron-based superconductors. The unusually large
orbital differentiation of mass renormalization factor for this compound,
particularly for FeTe, and the dominant contribution of the largely enhanced
dy, band on the Fermi surface are possible contributing factors for the

suppression of superconductivity on this compound.
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