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Supervisor’s Foreword

The properties of solid materials are dictated by their inherent electronic struc-
tures which include three basic physical parameters, energy (E), momentum (k) and
spin (s) of electrons. Angle-resolved photoemission spectroscopy (ARPES), with
additional spin detections, as a powerful tool in probing these basic parameters
in materials, has been widely used in the condensed matter physics. Distinguish-
ing from the previous ARPES studies, this book mainly focuses on the study of
high-temperature superconductor Bir Sr,CaCu,Og by super-high resolution ARPES
equipped with a vacuum ultra-violet (VUYV) laser, focused on the many-body effects
(Chaps. 4 and 5), electron-hole mixture (Chap. 6), superconducting gap, and pseu-
dogap (Chap. 7).

The mechanism of high temperature superconductivity in copper-oxide com-
pounds (cuprates) remains unclear after its first discovery in 1986. Many advanced
experimental techniques have been applied on these materials, and great progress
has been made in understanding related physics and superconductivity. Among these
progresses are: the d-wave pairing symmetry identified by phase sensitive technique
tunnel junctions, as well as by ARPES and other techniques, the universal electron-
boson coupling revealed by ARPES, antiferromagnetic correlations or spin reso-
nance discovered by neutron scattering, the complicated phase diagram studied by
various doping dependent experiments, the complex energy gap structure and the
pseudogap above transition temperature, the unusual oxygen isotope effect and so
on. In these discoveries, many of them were studied by ARPES which is a tech-
nique that probes the fundamental single particle spectral function in materials. The
current status of the study of cuprate superconductors is introduced in Chap. 1.

The ARPES technique has seen continuous development with time. The distinct
difference of the ARPES technique in this book is a high resolution spectroscopy
system combined with a narrow band vacuum ultra-violet (VUV) laser, giving a
total energy resolution better than 1 meV which has been greatly improved from
the previous spectroscopy systems equipped with synchrotron light source or gas
discharge lamp. In Chap. 2, based on the VUV laser, development of a new gener-
ation ARPES, another spin-resolve ARPES, and ARPES system based on a latest
time-of-flight electron energy analyzer are introduced.
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Because of its easiness to cleave to provide a smooth, clean and neutral sur-
face, Bi; SrpCaCu;Og is one of the most popularly studied cuprate superconductors
by ARPES. Because cleaving process destroys samples, large amount s of sam-
ples is needed in the ARPES study of cuprate high-temperature superconductiv-
ity. In order to cover the complex electronic phase diagram, single crystals with a
wide doping range are also necessary. Chapter 3 describes the growth of high qual-
ity BipSrpCa,Dy;_,Cu;0g single crystals from heavily underdoping to optimally
doping. Also introduced in this chapter is the process of obtaining overdoped single
crystals by annealing method.

In Chap. 4, the identification of a new form of electron coupling in Bi2212 from
the nodal dispersion is presented. In addition to energy scales known from previous
ARPES measurements, new features at energy ~115 meV and ~150 meV were
identified by ultra-high resolution VUV Laser-based ARPES. Moreover, detailed
temperature dependence of nodal electronic dynamics indicates a strong sensitivity
of the nodal state to high temperature superconductivity.

Chapter 5 describes the study on the nature of high energy dispersion and high
energy kink in Bi2212. By detailed momentum dependence experiments, combined
with MDC (momentum distribution curve) and EDC (energy distribution curve)
analyses, it has been proposed that the high energy MDC dispersion (up to ~1 eV)
does not represent true bare band, the high energy “kink” (~400 meV) does not
represent electron coupling with some high energy modes and the high energy MDC
dispersion may not represent intrinsic band structure.

Chapter 6 demonstrates the direct observation of the electron-hole mixing in
Bi2212 at low temperature. By fitting the momentum distribution curves (MDCs),
the complex electron self-energy and complex gap function in superconducting state
were extracted. The obtained complex gap function could be used to extract the
bosonic spectral function associated with high-temperature superconductivity.

Chapter 7 presents the study of the superconducting energy gap and the pseudo-
gap in normal state. The high-precision ARPES measurements on momentum and
temperature dependence of energy gap indicates that simple “two gap” or “one gap”
scenarios cannot give a good description of the results.

We hope the experimental methods and scientific results presented in this book
will shed some insights in the study of high-temperature superconductors. We would
like to note that of such super-high resolution ARPES experiments on cuprate super-
conductors are still in progress and many new results are coming. We thank Springer
for their encouragement, and thank the staff of Springer for their support and pa-
tience.

Institute of Physics Prof. Dr. Xingjiang Zhou
Chinese Academy of Sciences
Beijing
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Chapter 1
Introduction

Superconductivity is one of the greatest discoveries in the twentieth century. As
shown in Fig. 1.1, it’s a phenomenon of exact zero electrical resistance and full ex-
pulsion of magnetic fields occurring in certain materials below a characteristic tem-
perature, and with its unique charm, it has been attracting many intelligent heads in
the world to study the rich physics in superconductivity. As a macroscopic quantum
phenomenon in solids, except for the variety potential application in modern indus-
try, superconductors directly demonstrate the beauty of quantum mechanics. In the
past century, a large number of physicists involve in the frontier of superconduc-
tivity research, and eleven among them were awarded the Nobel Prize of Physics
because of their achievements in the study of superconductivity.'

The study of superconductivity is focusing on the exploration of new materials,
the characterization of materials, the mechanism of superconductivity, macroscopic
quantum coherence properties and the applications of superconductors. Because of
the various potential applications in energy, information and environment, the study
on the superconductivity including the exploration of new materials and the mecha-
nism of superconductivity is always the frontier of condensed matter of physics.

In the history of discovery of conventional superconducting in metals, the estab-
lishment of the BCS theory and the discovery of superconductivity in cuprates and
pnitides, materials scientists and physicists have made great achievements. How-
ever, many puzzles still exist and the mechanism of superconductivity is still a mys-
tery, especially in the cuprates which have been studied for over twenty years.

1.1 History of Superconductivity

In 1911, Heike Kamerlingh Onnes, in his world-famous low temperature physics
laboratory in Leiden, found that the resistance of mercury disappeared when he

11913 H.K. Onnes; 1972 J. Bardeen, L.N. Cooper and R.J. Shrieffer; 1973 B.D. Josephson
and . Giaever; 1987 G.J. Bednorz and K.A. Miiller; 2003 A.A. Abrikosov, A.J. Leggett and
V.L. Ginzburg.
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Fig. 1.1 (a) The first discovery of superconductivity with exact zero resistivity below 4.2 K in
mercury [1]. (b) The full expulsion of magnetic fields below superconducting transition tempera-
ture T,

cooled it below 4.2 K [1], and then he found this phenomenon of losing resistance
at low temperature in many other metals and alloys. Because of the peculiar super-
conduction of current in these materials, Onnes specified them as superconductors
and the phenomenon of losing resistance as superconductivity. The Nobel Prize in
Physics in 1913 was awarded to him for his investigations for the production of
liquid helium and the discovery of superconductivity. After that, the superconduc-
tivity was discovered in many materials including multicomponent alloys, transition
metal nitrides and oxides. However, the superconducting transition temperature is
very low in these metal or alloy superconductors. Before the middle of 1980s, af-
ter tens of years’ exploration, the record of the highest critical temperature was
23.2 K discovered in the film of Nb3Ge in 1973 [2]. All these superconductors are
conventional superconductors which could be understood by BCS theory [3], and
they are also named BCS superconductors. The BCS theory within electron-phonon
coupling mechanism which has achieved great success in traditional superconduc-
tivity predicated that the highest superconducting transition temperature couldn’t be
higher than 40 K.

Until 1986, physicists had believed that the BCS theory forbade superconduc-
tivity with critical temperatures higher than 40 K. In that year, Johannes Bednorz
and Karl Alexander Miiller who worked in the IBM laboratory in Zurich discov-
ered the hint of superconductivity in a lanthanum-based cuprate perovskite mate-
rial [4], which had a transition temperature of 35 K. The unexpected discovery
triggered the investigation boom of the high-temperature superconductors in the
world, and many high-temperature superconductors sprung up even the supercon-
ducting transition temperature was promoted higher than the highest predicted value
of BCS theory. At the beginning of 1987, Chu group [5] in United States and Zhao
group [6] in China individually found the superconductivity with transition temper-
ature ~90 K in copper oxide compound YBa;Cu307_, which brought the study of
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superconductivity above the boiling temperature of nitrogen. Then, many other cop-
per oxide compounds were discovered with higher transition temperature, and up to
now, the highest transition temperature is 133 K in HgBa;Ca;CuzOg, (Hg-1223)
compound [7] of which the 7. could be promoted higher than 160 K under high
pressure [8]. The new high-temperature superconductors were called copper oxide
superconductors because they all contain copper and oxygen. Figure 1.2 shows the
history of improving the transition temperature, and it shows that the superconduct-
ing transition temperature was significantly improved after 1987.

In recent years, a new family of high-temperature superconductors was dis-
covered in iron-based compounds which brought a new round of hot topic in
the study of superconductivity. At the end of February 2008, a Japanese group
led by Prof. Hosono in the Tokyo Institute of Technology found superconduc-
tivity with transition temperature 26 K in F-doped LaOFeAs [9]. Soon, Chen
group from University of Science and Technology of China found superconduc-
tivity in SmFeAsQq.g5F¢.15 with 7, = 43 K which was beyond the highest tran-
sition temperature predicted by BCS theory [10]. Almost at the same time, an-
other group in the Institute of Physics in Beijing found superconducting transition
T, =41 K in CeFeAsO|_,F, [11]. With in-depth study, Zhao group in Beijing re-
ported the possibility of superconducting transition temperature higher than 50 K
in NdFeAsOq gsFo.15 and PrFeAsOg gsFo.1s [12], and soon they found transition
temperature 55 K in oxygen and F free sample LnFeAsOj_, which was synthe-
sized by high-pressure synthesis technique [13]. So far, the highest superconducting
temperature in iron-based superconductors is 56 K in Gd, Th;_,FeAsO founded by
Xu group [14]. Up to now, the exploration of new materials and the study of su-
perconducting mechanism in them still dominate the attention of superconducting
community.

Because of its rich physics, varied materials and potential application, supercon-
ductivity has widely attracted physicists and material scientists since its discovery.
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For conventional superconductivity in metals and alloys, BCS theory gave a per-
fect description of their superconducting mechanism, whereas the high-7, super-
conductivity in cuprates remains a controversial field after more than twenty years
of intense research. The newly discovered iron-based superconductors enriched this
macroscopic quantum phenomenon, and is still waiting for a theoretical solution.

1.2 Introduction to Cuprates

Although it’s a perfect solution to the conventional metal superconductors, BCS
theory couldn’t simply be applied on the cuprates and newly discovered iron-based
high-temperature superconductors. The intrinsic electronic structure is responsible
for the physics of high temperature superconductivity in these materials, and this
thesis is mainly focused on the photoemission study on the electronic structure of
cuprate superconductors.

1.2.1 The Crystal Structure of Cuprates

Generally, the crystal structure of cuprate superconductors is derived from the per-
ovskite structure which has a general formula ABO3 in which A and B are cations,
as shown in Fig. 1.3. The easiest way to visualize the structure is in terms of the
BOg octahedra which share corners infinitely in all three dimensions, making for a
very nice and symmetric structure. The A cations occupy every hole which is cre-
ated by eight BOg octahedras, giving the A cation a 12-fold oxygen coordination,
and the B-cation a 6-fold oxygen coordination. The main feature of compounds
with perovskite structure is that it could be doped with other cations and the dop-
ing level could be varied widely, and in other words, it could be doped to generate
new compounds withholding the perovskite structure. More importantly, their phys-
ical characteristics could be significantly changed by doping cations. For example,
compound LaCoOs3 with perovskite structure is a good insulator, but after partly
substituting Sr with La, the new compound La;_,Sr,CoOs is a highly conductive
metal oxide.

By holding its structure, the cuprate high-temperature superconductors are kinds
of doped perovskite. The lattice constants a and b are close to 0.38 nm which is
defined by the length of Cu-O bond, while c is alternately with the number of the
layered structure in a single cell. It’s a common structure in cuprates that they have
Cu-O layers constructed by CuQOg octahedron, CuOs tetragonalpyramid or CuOg4
quadrilateral which play important roles in the superconductivity. Meanwhile, it’s
the origin of two-dimensional characteristic in structure and physical property of
cuprates. With the characteristics of perovskite ABO3 structural, the copper oxide
superconductors are prone to change in the distribution of oxygen vacancies, and
thus have an important impact on superconductivity. Moreover, by doping the A
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or B atomic position, cations containing different charge could induce additional
carriers in the system and have a significant impact on superconductivity.

Generally, there are two types of cuprate superconductors according to the charge
of conducting carriers (holes or electrons), and their typical crystal structures are
shown separately in Fig. 1.4 [15]. One can see that the cuprate compound is based
on the alternative one-to-one stack of Cu-O sheets and “block layers”. As shown
in Fig. 1.4, taking the crystal structure of Laj_,SryCuQOg4 with hole-type carriers
(left) and Nd;_, Ce, CuO4 with electron-type carriers (right) for example, there exist
La; 0, layers with the rock salt-type structure and Nd, O, layers with the fluorite-
type structure, respectively, which sandwich the CuO-sheets. In the left panel of
Fig. 1.4, the Sr’>* substitutes La>" reducing the charge of L-layer to 2 — x, then
the effective charge of the Cu-O layer is x which is of hole-doping. Similarly, in the
right panel of Fig. 1.4, the charge of the G-layer is 2 4+ x and the Cu-O layer charge
is —x which is of electron-doping.

By different layers of Cu-O in a single cell of altered copper oxide supercon-
ductors, the cuprates are divided into single-layer (such as LSCO, Bi2201, NCCO,
etc.), double-layer (Bi2212, YBCO) and three-layer (Bi2223, etc.) compounds [15].
The difference of Cu-O layers in a single cell significantly affects the transition
temperature that at least for layers no more than three that the superconducting tran-
sition temperature is higher for more CuO-O layers [16, 17]. Taking bismuth family
cuprates for example, for one-layer, two-layer and three-layer Cu-O in a single cell,
their highest transition temperatures are ~34 K, ~96 K and ~110 K [18], individ-
ually. For the two-layer cuprate compound BijSroCa; CupOg 5 which was focused
on in this thesis, the two sheets of CuO-O layer are separated by Ca>*, and the block
layer of Bi-O supplies the Cu-O layers with charge-carriers. It will be discussed in
detail in Chap. 3.

1.2.2 The Phase Diagram of Cuprates

A typical phase diagram of cuprate high-temperature superconductor is shown in
Fig. 1.5, in which the phase of zero dopant concentration is antiferromagnetic



L(+)
[La, SrO]*" ¢

CuO,

La, Sr.CuO,

1

Nd, Ce CuO,

Introduction

Cu0,

Fig. 1.4 The crystal structure of hole type (leff) and electron type (right) cuprate superconduc-

tors [15]
Metallic Insulator Metallic
1 ‘ T 1 T ‘ I
100 |- Nd,_.Ce,CuO, N La,,Sr,CuO, |
¢ B i
S 200 N
®
@
2 i i
€
(0]
= 100 —
0 - ‘ .
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Concentration x

Fig. 1.5 Phase diagram of electron- and hole-doped cuprates, showing superconductivity (SC),
antiferromagnetic (AF), pseudogap, and normal-metal regions

(AF), and the doped carriers (electrons or holes) destroy the antiferromagnetic
phase and induce superconductivity (SC). Hole doped cuprates present supercon-
ductivity when doping level is around 0.05 < x < 0.27 where x is the hole dop-
ing per Cu in Cu-O planes. The doping level with x = ~0.16 is optimal dop-
ing of which the T, is maximum, and the doping level with x < 0.16, x > 0.16
are underdoped region, overdoped region respectively. It is well-known that the
superconducting critical temperature, 7., for all cuprates approximatively fulfils
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a universal equation 7./ Temax = 1 — 82.6(x — 0.16)2 in which T,pax is differ-
ent for different families [19, 20]. The 7, as a function of doping level is shown
in Fig. 1.5. Around optimally doping level, the normal state resistivity of sample
presents perfect linearity as a function of temperature, and the temperature could
be extended from low critical temperature (7;) to very high up critical tempera-
ture (e.g., the up critical temperature could be as high as 1000 K in La-214 sys-
tem [21]) which is obviously deviated from the square relationship in Fermi lig-
uid theory. In underdoped region, samples show strange normal state that couldn’t
be described by conventional Fermi-Landau liquid theory which works quite well
in the metals. For underdoped sample, an energy gap is opened above supercon-
ducting transition temperature 7, [22-24], and this gap is called pseudogap, while
the energy gap is only opened below 7, in conventional superconductors. It’s be-
lieved that clarifying the physics in underdoped region is indispensable in under-
standing the superconducting mechanism of cuprates, and whether the pseudogap
state above T, is a competitive phase of superconductivity or a precursor of su-
perconductivity. In the normal state of overdoped region and the nonsuperconduct-
ing region with doping level x > 0.25, the material presents characteristic of nor-
mal metal. For electron-doped region, the material presents antiferromagnetic in a
wide doping region which is shown in Fig. 1.5, and only presents superconductivity
in a narrow doping region. In addition, there are only limited kinds of electron-
doped materials, so the underdoped region is less studied than the overdoped re-
gion.

The Bismuth families are of the most popular materials in cuprates, and their ge-
neric chemical formula is Bi»Sr»Ca,, Cu,, 4102, 46+5. Depending on different layers
of Cu-O plane, there are three kinds of materials including Bi; SroCuOg¢s (Bi220,
n = 1) [25], BiZSrZCa1Cu208+5 (Bi2212, n = 2) [26] and BierzCazCU3010+5
(Bi2223, n = 3) [26]. In the past twenty years, most of photoemission results were
from studying on Bi2212. Because of its easy cleaving, high superconducting transi-
tion temperature and wide doping range, Bi2212 is one of the most optimal samples
in photoemission experiments. This thesis focuses on the study of Bi2212 including
crystal growth and photoemission experiments.

1.2.3 Electronic Structure of Cuprates [27]

As introduced in the last section, a common structure of cuprate superconductors is
the Cu-O plane (Fig. 1.6) which is in charge of their intrinsic electronic structures. In
the form of ABO3 structure, Cu>™ is surrounded by four O>~ and apical oxygen(s)
or halogen(s) perpendicular to the plane. Taking LaySrCuOy4 for an example, the
Cu?* corresponds to 3d° electronic configuration, and while in crystal field, the
3d° orbital is splitted into five d-orbitals, as shown in Fig. 1.7 [29]. Four orbitals
with lower energy including xy, xz, yz and 3z> — r? are fully occupied, while the
orbital x> — y? of highest energy is half filled. Because of parallel energy of the Cu
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d-orbitals and the O 2p-orbitals, there is a strong hybridization between them. As a
result, the topmost energy level involves the feature of both Cud,2_,> and O 2p,
orbitals.

Xz—y
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1.2.4 Summary to the Study of Cuprate Superconductors

Since its discovery twenty years ago, the mechanism of cuprates superconductivity
is still a mystery, but many important characters have been revealed by experiments
and theories,

1. High superconducting transition temperature. For example, the 7, of
HgBa;CazCuzOg4x compound could be higher than 160 K under pressure [8].

2. The strong correlated antiferromagnetic parent compounds [30].

3. Similar phase diagram [30].

4. Linearity characteristic of resistivity as a function of temperature in normal state
around optimally doped region [31].

5. Weak isotopic effect in overdoped region. Isotopic effect, by contrast, is en-
hanced dramatically in underdoped region [27].

6. d-wave energy gap symmetry [24, 32-38], and pseudogap in normal state in
underdoped region [22—-24], and more complex energy gap symmetry founded in
recent years [39-43].

7. The global bosonic mode around ~70 meV [44-49].

. High upper critical field. This value could exceed 100 T in YBCO [50].

9. Strong superconducting fluctuation at the vicinity of transition temperature [51—
53].

e}

It’s important and critical to study these fundamental characteristics in the un-
derstanding of high temperature superconducting mechanism. As a technique of
probing the electronic band structure of solids directly, angle-resolved photoemis-
sion spectroscopy (ARPES) has been a powerful tool in the study of cuprates su-
perconductors especially the bismuth families of which the electronic structures are
two-dimensional with little dispersion along k.

1.3 ARPES Study on Cuprate Superconductors

Angle-resolved photoemission spectroscopy (ARPES) has revealed many important
and critical features in the electronic structure of cuprate superconductors since its
discovery. These experiments found that there are big Fermi surfaces in the Bril-
louin zone [54], the superconducting energy gap is d-wave form [32] and there is a
pseudogap in the normal state in underdoped samples [22—-24]. Meanwhile, the mo-
mentum resolution, energy resolution and experimental efficiency of ARPES have
been improved significantly, and much improved technique brought many new dis-
coveries in cuprate superconductors, such as the bosonic mode [44—-49, 55, 56], high
energy kink [57-63], particle-hole mixture in superconducting state [39, 64, 65],
and so on. These significant findings indicate that ARPES is one of the powerful
techniques in the study of cuprate superconductors.

As introduced in the following sections, ARPES experiments mainly focus on the
study of many-body physics, superconducting gap, pseudogap, particle-hole mix-
ture etc. in cuprates.
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Fig. 1.8 (a) The Fermi surface of Pb-doped Bi2212 from experiments [66]. (b) The calculated
Fermi surface of Bi2212 [67]

1.3.1 The Fermi Surface of Bi2212

In theory, there should be two Fermi surface sheets (bonding band and anti-bonding
band) in Bi2212 because of the coupling between the two Cu-O layers in the unit
cell. The bi-layer splitting feature of Fermi surface in Bi2212 was calculated by
Bansil et al. [67], as shown in Fig. 1.8(b). Before 2001, the bi-layer splitting had
never been seen in Bi2212, and this supported the high temperature superconduct-
ing mechanism of electrons tunneling between two Cu-O layers [68, 69]. How-
ever, along with the improvement of the ARPES experimental resolution and the
quality of the sample, people began to observe the feature of bi-layer splitting in
Bi2212 [70, 71], and the most distinctive two Fermi surface sheets induced by bi-
layer splitting happened in overdoped samples [66]. Figure 1.8(a) shows the experi-
mental Fermi surface sheets of Pb-doped Bi2212, and the bi-layer splitting could be
observed clearly because the superstructure is eliminated by doping Pb. The inner
Fermi surface sheet in Fig. 1.8 is anti-bonding state, and the outer Fermi surface
sheet is bonding state.

1.3.2 ARPES Study on the Many-Body Effect of Cuprate
Superconductors

Many body physics provides the framework for understanding the collective be-
havior of vast assemblies of interacting particles. In solid state materials, the many
body effect involves electron interacting with other electrons, phonons, magnetons
or other collective modes which should induces “kink™ structures at the energy of
specific interaction modes on the band structure. Figure 1.9 from a classical solid
state textbook [72] shows a “kink” structure on the dispersion induced by electron-
phonon interaction. Since the electron-phonon coupling is the origin of conventional



1.3 ARPES Study on Cuprate Superconductors 11

Fig. 1.9 Kink on the
electronic dispersion induced
by electron-phonon coupling
within Hartree-Forck
approximation [72]
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superconductivity in metals, it’s generally believed that understanding the many
body effect in cuprates superconductors is critical in revealing the mechanism of
high temperature superconductivity.

Experiments have proved that the condensed coherent Cooper pair is still the
carrier of conduction current in cuprate superconductors as same as in conventional
BCS superconductors [73]. The mechanism of pairing is crucial in understanding
the high temperature superconducting mechanism, and it’s usually called “glue”
which make a singlet pairing between two electrons of opposite spin and momen-
tum. In BCS superconductors, the “glue” is phonon whose spectral density could
be extracted from tunneling experiments [74, 75]. Distinct from the isotropic char-
acteristic in BCS superconductors, electronic structure in cuprate high-temperature
superconductors is complicated anisotropy. So it’s generally believed that tunneling
technique is not adequate for extracting the superconducting related boson spectral
density from the anisotropic electronic structure. Over the past decade, as a pow-
erful tool with momentum and energy resolution, the ARPES technique played an
important role in revealing the anisotropic many body effects in cuprates. It has been
widely studied that there is a “kink” structure with energy ~70 meV along the nodal
direction [44-49, 55, 56], and as shown in Fig. 1.10, this robust structure has been
found in numerous hole doped samples. Recently, the same structure of similar en-
ergy scale was found in the electron-doped cuprates [76, 77]. The studies of hole-
and electron-doped cuprates demonstrate that the energy scale ~70 meV is a univer-
sal phenomenon in cuprate superconductors. However, because of this “kink” fea-
ture appearing both in normal and superconducting state, it’s generally thought that
this structure has no connection with superconductivity. Except for the nodal “kink”
structure, a similar “kink” at ~40 meV was found in anti-nodal region which makes
the situation more complicated [46, 78—80]. A recent work reported that both the
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Fig. 1.10 “Kink” structure along nodal direction (0, 0)—(sr, 7r) in cuprates. Reprinted with per-
mission from [45], copyright 2001, Nature Publishing Group

~40 meV and ~70 meV features were observed along the nodal direction, and they
claimed that the features have connections with superconductivity [81]. Anyway,
the origin of the famous “kink” in cuprates and whether it related with supercon-
ductivity or not are still open issues in the HTSC field, and further study is needed
to answer the questions.

1.3.3 Superconducting Gap and Pseudogap by ARPES

The superconducting gap symmetry of traditional metal superconductors is usually
s-wave which means that the energy gap is isotropic in momentum space, while in
cuprate high-temperature superconductors, the gap symmetry has been proved by
experiments that it’s anisotropic d-wave. Figure 1.11 shows the anisotropic gap in
Bi2212 revealed by early ARPES experiments, which played an important role in
establishing d-wave gap symmetry in cuprate superconductors. Different from BCS
superconductors, there is a gap opened in the normal state, and this gap is called
pseudogap for distinguishing with the usual superconducting gap. More interesting,
the pseudogap is momentum dependent that the gap is opened only on the Fermi
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surface near the antinodal and the section of the Fermi surface near the nodal region
presents a so-called “Fermi arc” with zero energy gap opened.

Except for directly probing the band structure, ARPES is a powerful tool for
measuring the anisotropic electronic structure. With the improvement of energy and
momentum resolution, the study of the energy gap of cuprate superconductors goes
further. Based on experimental results, two scenarios were proposed for understand-
ing the normal state pseudogap and its relation to the superconducting gap. The two
scenarios were simply called “one gap” [35-38] and “two gap” [39—41] model. “one
gap” means that the pseudogap is the precursor of superconducting gap and in other
words, the electron pairing forms in normal state but the condensation and coher-
ence happen just below T, while “two gap” means that the pseudogap is another
order such as charge density wave and spin density wave competing with super-
conducting phase. Since experiments by different groups give different energy gap
structure and the origin of pseudogap and the relation between the pseudogap and
superconducting gap are still under debate, the study of the energy gap is also a
hot issue at present. Further experiments with higher resolution and more effective
theory are needed to solve this puzzle.

1.3.4 Summary to the Study of Cuprate Superconductors
by ARPES

As a powerful technique directly probing the electronic band structure, ARPES is
one of the most important experiment techniques in the study of cuprate supercon-
ductors. The performance of ARPES is mainly in the following areas,
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. Directly probing the electronic band structure in materials. Understanding the

Fermi surface topology of cuprate superconductors especially the “Fermi arc” or
“Fermi pocket” in underdoped region is critical in understanding the mechanism
of high temperature superconductivity.

. Directly extracting the anisotropic superconducting gap and pseudogap in

cuprate superconductors. The origin of pseudogap and its relation with super-
conducting gap is still an open issue in the HTSC field.

. Extracting the electronic self-energy and comparing with theory directly. To clar-

ify the pairing mechanism, it’s important to study the many-body physics in
cuprates.

By these reasons, this thesis mainly focused on the development of new genera-

tion of ARPES, and the study of many-body effect, electronic dispersion, particle-
hole mixture and energy gap (superconducting gap, pseudogap) in cuprates.
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Chapter 2
Angle-Resolved Photoemission Spectroscopy

2.1 Introduction

The macroscopic properties of solid materials are governed by their microscopic
electronic structures, so it’s important to study its electronic structure in order to
understand, control or make use of the novel physics in various advanced materials.
Electronic states in materials are reflected by the electron energy (E£), momentum
(k), and spin (s). ARPES is the sole technique that could probe all these physical
quantities in solid materials, and this highly sophisticated experimental tool has
played and irreplaceable role in the study of superconducting energy gap, pseudogap
and many-body physics in cuprate high-temperature superconductors.

Much higher resolution and spin resolvable function of the ARPES technique are
highly demanded in the study of condensed matters especially the cuprates super-
conductors of which the interested energy scale is tens of meV below Fermi level.
The development of laser frequency doubling technology, especially the application
of KBe;BO3F; recently [1], provided an opportunity to develop new generation
of ARPES with ultra-high resolution [2]. After successfully building vacuum ultra-
violet (VUV) laser-based ARPES system, based on the newly developed ultra-violet
laser system, we designed and developed a spin resolved ARPES system with high
energy resolution, a time-of-flight ARPES system and a photon energy tunable laser
on the ARPES system. Figure 2.1 is the 3D simulated blueprint of the three ARPES
systems in our lab. Based on the 3D modeling, we have completed the installation
of the spin resolved ARPES and the time-of-flight ARPES system which will be
introduced in this chapter in detail.

This chapter will mainly focus on three parts: (1) The principle of ARPES;
(2) The development of VUV laser-based ARPES and (3) The development of spin
resolved ARPES, time-of-fight ARPES and tunable laser-based ARPES.

2.2 The Principle of ARPES [3]

Photoemission experiments are based on photoelectric effect which was discovered
by Hertz in 1887 [4] and fully explained by Einstein’s photoelectric effect equation
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) Time-of-Flight :
Spin-Resolve ARPES ARPES VUV laser ARPES

Fig. 2.1 The 3D modeling of the three distinctive ARPES system

in 1905 [5]. Based on the satisfaction of sudden [6] and adiabatic [7] approximation,
photoelectron spectroscopy is a technique that probes the single-particle spectral
function in solid materials directly.

2.2.1 Brief Description of ARPES

If the incident photon energy is higher than the work function of materials, electrons
in the top several or tens of atom layers will be stimulated outside the material,
and the energy of the outgoing photoelectrons could be calculated by the following
equation [5]

Eyn=hv—® — Ep 2.1

Usually, the work function in materials is 4~5 eV so that the photon energy should
be higher than 5 eV in photoemission experiments. Figure 2.2 shows the process
of photoemission, and from which we can see that the density of states of outgoing
electrons is proportional to that of the material. Because of the limited instrumental
resolution and the bandwidth of incident photon energy, the density of states of
outgoing electrons is broadened by convolving the resolution.

Figure 2.3 is a cartoon to show the process of the ARPES experiment. Photo-
electrons are stimulated by incident photons and escape outside of material into the
vacuum, and they are counted by an angle resolved electron energy analyzer. The
momentum of photoelectrons could be calculated by

p=+/2mEyy, 2.2)

in which m is the mass of electron. The momentum components of parallel and
perpendicular to sample surface are determined by the polar angle 6 and azimuthal
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Fig. 2.2 The photoemission
process. Er, Fermi level,

E, 4, vacuum level @, work
function of sample; Ej;y,,
kinetic energy of
photoelectron; E g, binding
energy in material. Reprinted
with permission from [3],
copyright 2003, American
Physical Society

Fig. 2.3 Schematic of
ARPES
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angle ¢ of the sample. In the process of photoemission, total energy and momen-
tum parallel to the surface are conserved, but the momentum perpendicular to the
sample surface is not conserved because of the broken of translational symmetry
along this direction. However, ARPES experiments mainly study two- or quasi two-
dimensional systems in which there is little electronic dispersion perpendicular to
the surface. For the light source (usually <1000 eV) used in ARPES experiments,
the momentum of the photon is negligible comparing to that of electron, so the
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energy and momentum of photoelectrons, binding energy (Ep) in solids, crystal
momentum in solids (K) could be related by

P|| = hK” =p sinf = vV 2mEk,-,, -sinf (2.3)

in which the 7K is the component of electronic crystal momentum parallel to sur-
face in the extended Brillouin zone. For large 6 angle, the actual detection of the
electron momentum may reach a high level of the Brillouin zone, and one can get
reduced crystal momentum in the first Brillouin zone by subtracting the reciprocal
lattice vector G. Because of the broken of translational symmetry perpendicular to
the sample surface, the momentum component in this direction couldn’t be directly
obtained from regular ARPES experiments. A special situation is that the electronic
dispersion perpendicular to the surface is negligible in low-dimensional systems in
which the electronic structure is usually strong anisotropic. In the case of cuprate
superconductors, its electronic structure is almost two dimensional especially for
Bi2212 in which electronic dispersion could be fully described by 2K .

It’s worth noting that it’s easy to get high energy and momentum resolution for
low photon energy, and it’s the case of ARPES experiments that usually use light
source in the ultraviolet range ~v < 100 eV. The momentum resolution AK); could
be simply calculated from Eq. 2.3 that

AK | > /2mEgin/h? - cost - AO (2.4)

where the item A#@ is the angular resolution of the detector. From Eq. 2.4, generally
speaking, for certain angular resolution, a lower photon energy or large polar angle
6 can give a better momentum resolution.

2.2.2 Single Particle Spectral Function

The process of photoemission is complicated from the viewpoint of quantum
physics, and it’s a single-step quantum mechanism event. To develop a formal de-
scription and due to the complexity of the one-step model [8§-11], a phenomeno-
logical three-step model is introduced to describe the process of photoemission.
Within the three-step model, the photoemission is subdivided into three indepen-
dent steps [11-13],

1. Photon excitation of the electron in the solid.
2. Motion of the photoelectron to the surface.
3. Escape of the photoelectron into the vacuum.

However, the three-step model is just a phenomenological model, and it’s easier to
be understood. The details of the process of photoemission has been discussed in a
book [14] and a review paper [3].

Actually, to deduce the electronic structure of solids from photoelectrons, sudden
approximation should be satisfied [3, 14]. To make sure the photoelectrons carry the
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information of the electronic structure of solids, one has to assume that the time
of photoelectrons traveling from the bulk to vacuum is much shorter than recov-
ery time of the transient electronic system after emitting electrons. Based on this
approximation, one could deduce the momentum and energy of electrons in solids
using momentum (Eq. 2.2) and energy (Eq. 2.1) conservations.

In quantum solid physics, the correlated electron system is usually described by
Green’s function formalism G (k, @) [15-18]. The single particle spectral function
is the imaginary part of Green’s function,

Ak, w) = —% Im Gk, w) (2.5)

The photoemission intensity as a function of energy and momentum of electrons at
limited temperature could be written as

Ik, w) =1k, v,A) f(w)AK, w) (2.6)

where the item k = k| is the inplane momentum of a quasi two dimensional sys-
tem; o is energy related to Fermi level; Io(k, v, A) |Mlj§’l.|2 (matrix element
item [3, 14]) is related to the momentum of electrons, the energy and polarization
of incident photons; f(w) = (e“*8T 4 1)~ is the Fermi-Dirac distribution function
which confines the photoemission experiments that only occupied states could be
probed. In actual experiments, limited energy and momentum resolution should be
convolved into Eq. 2.6.

The interaction between electrons and other particles could be involved to
Green’s function by electron self-energy X (K, w) = X/'(K, w) + X" (K, w)i. The
X'(k, w) and X" (k, w) are the real and imaginary parts of electron self-energy.
The Green’s function and single particle spectral function could be written as

1
Glkw) = — p—T 2.7)

Atk ) = 1 (K, )
T T lo—t— 2k o) + [ (ko) ]2

(2.8)

By analyzing the photoemission spectra with spectral function in Eq. 2.8, the real
and imaginary parts of electron self-energy could be extracted to study the many
body interaction in solids, as discussed in following chapters.

2.3 Ultra-Violet Laser-Based ARPES

Most of the modern ARPES experiments are using synchrotron radiation light
source or gas discharge light source. Lab based gas discharge lamp usually has a
energy resolution around 1 meV (1.2 meV for helium discharge lamp), but the pho-
ton flux is not enough for energy analyzer working under high energy resolution
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Fig. 2.4 Universal curve of
photoelectron mean free path
as a function of photoelectron
energy [19]
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mode and even worse is that it usually has a large spot size and a fast aging effect
of sample because of the flowing helium. For the regular synchrotron radiation light
source, its flux and bandwidth are irreconcilable, and by this reason, in the actual
ARPES applications, it is difficult to achieve a high-resolution within meV. The
regular working energy resolution of today’s most advanced synchrotron radiation
light source is generally around 10 meV. Nonetheless, the usual physical properties
of materials are determined by valence band electrons with an energy scale a few
kpT (kp is Boltzman constant, T is temperature) near the Fermi level. At low tem-
peratures, such as 7 = 10 K, kpT to energy is less than 1 meV, so it’s necessary to
develop experimental instruments with energy resolution at the order of 1 meV. For
many superconducting materials, in order to study the most important parameter-
energy gap, the energy resolution should be better than 1 meV.

Another problem of photoelectron spectroscopy techniques is the extreme sensi-
tivity of surface because the escape depth of photoelectrons is very short for regular
photons which is usually between 20~100 eV (Fig. 2.4) [19]. For photons with en-
ergy 20~50 eV, the escape depth of photoelectrons is merely 5~10 A which means
that only electrons in the top layer of materials could escape into vacuum. For ad-
vanced materials, the most properties we concerned is bulk parameters rather than
that from surface effect. One of the methods to increase the probe depth is using
photons with higher energy. For example, the escape depth is ~20 A for a pho-
ton energy of 1000 eV. However, high energy photons will give a bad momentum
resolution of 0.05 A~1, taking 1000 eV for example [20].

As shown in Fig. 2.4, another method to increase the probe depth is to reduce the
photon energy, and moreover, it’s easy to get good momentum resolution (Eq. 2.4).
Based on these advantages, it is natural to consider using and ultraviolet laser as a
light source in photoemission experiments and many attempts have been done with
this idea. However, only series of crucial conditions have to be met before the laser
can be used in high-resolution photoemission experiments,
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1. High photon energy. The energy of photoelectrons should be high enough to
overcome the work function of materials which is usually 4~5 eV. The photon
energy should be higher than 5 eV.

2. High photon flux. The flux of laser should be enough to produce reasonable
quantity of electrons which are counted by electron energy analyzer.

3. Narrow bandwidth. The bandwidth determines the energy resolution of light
source.

4. Continuous wave or quasi continuous wave. The pulse length of regular laser
is very short and the number of photons in each pulse is high, and it will bring
enhanced space charge effect to deteriorate the energy resolution.

5. Compatible electron energy analyzer. To take the advantage of narrow bandwidth
laser, the electron energy analyzer should work at low energy with high resolu-
tion.

Because of these limitations, the high resolution laser-based ARPES is only de-
veloped recently by the application of quasi-continuous wave violet laser which
significantly reduces the space charging effect. Moreover, the newly discovered
nonlinear optical crystal KBe,BO3;F>(KBBF) [1, 21-23] brought the possibility of
frequency multiplication in ultra-violet waveband, the application of which made
significant progress in the photoemission technique. With the application of KBBF,
Shin group successfully obtained quasi-continuous wave laser with photon energy
6.994 eV and combined it with photoemission technique, achieving an energy res-
olution better than 1 meV for the first time in the world [24, 25]. The total energy
resolution they got is 0.36 meV which is a combination of the bandwidth of laser
0.26 meV and the resolution of electron energy analyzer 0.25 meV. However, the
photoemission system of this group had no momentum resolution before 2006, and
this greatly reduced the power of photoemission technique. Individually, Dessau
group developed an ARPES system with total energy resolution 8 meV by the appli-
cation of a violet laser with photon energy 6.05 eV and bandwidth 4.7 meV [26, 27],
and they could only probe small momentum region in the Brillouin zone because of
such low photon energy.

With the corporation of our group, Chuangtian Chen group and Zuyan Xu group,
we developed the first VUV-based ARPES system with energy resolution better
than 1 meV in 2006 [2]. The Chen group provided us the second harmonic KBBF
crystal, and Xu group cooperated with us to design the laser system and completed
the optics setup, as shown in Fig. 2.5. The following section will mainly focus on
the design and test of the system [2].

2.3.1 VUV Laser Light Source

It’s a simple and direct way to obtain the VUV laser by using the second harmonic
light of nonlinear optical crystal. Applicable nonlinear optical crystal should have
large nonlinear optical coefficient, absorption edge less than 200 nm and property
index of refraction (usually between 0.07 and 0.10).
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Fig. 2.5 VUV laser-based ARPES system
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Fig. 2.6 A schematic layout of our VUV laser optical system [2]

Nonlinear optical crystal we use is the KBe;BO3F, (KBBF) grew by Chen
group. The crystal has good nonlinear optical properties-good transmission and high
index of refraction. Moreover, comparing to other nonlinear optical crystal, KBBF
has a wider reception angle; the reception angle is 0.290 (mrad/cm), taking the sec-
ond harmonic process of generating 177 nm photons from 355 nm laser for example.
Because of the layer structure of KBBF and the difficulty of growing large size crys-
tals, it’s hard to reach the phase-matching angle by simple cutting. In actual using, a
prism coupling technique was developed to solve this problem. The 177.3 nm VUV
laser used in our ARPES system is generated by the second harmonic processing of
the original 355 nm laser through a KBBF-PCT device; the related optical system is
schematically shown in Fig. 2.6. The pump laser is a commercial laser (Vanguard,
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Fig. 2.7 The momentum e 6.994eV —— 6.05eV
region probed by 6.994 eV 1 = -
photons and 6.05 eV photons

K, (n/a)
o
Anti-Nodal

-1 0 1
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Spectra Physics) with wavelength 354.7 nm, pulse length 10 ps, and total power
4 W. The VUV laser entering into the ARPES chamber is the second harmonic
component with wavelength 177.3 nm.

The total optical system should be installed in a vacuum chamber with pressure
better than 10~ Torr, for the air has a large absorption of photons with energy higher
than 6.5 eV. Actually in our system, the system is put in a sealed chamber with flow-
ing pure nitrogen which has a low absorption rate of 177 nm photons. Comparing to
the 6.05 eV laser with a bandwidth 4.7 meV used in the Dessau group [26, 27], our
6.994 eV laser has ultra-high resolution with bandwidth 0.26 meV. Moreover, the
higher photon energy we use could probe larger momentum region in the Brillouin
zone. For regular cuprate materials studied by ARPES, the typical work function
is around 4.3 eV, and the maximum momentum could be probed by 6.994 eV pho-
tons is 1.02/a but 0.81/a for 6.05 eV photons; here a is the length of the Cu-O-Cu
bond. As shown in Fig. 2.7, 6.994 eV could reach the antinodal region the elec-
trons of which plays an important role in cuprate materials, while it’s impossible for
6.05 eV photons.

Comparing to synchrotron light source most widely used in ARPES experiments,
VUYV laser has lots of advantages. The cost of the VUV laser is much lower and the
size is much smaller, and more importantly, the VUV laser has ultra-high energy res-
olution without expending photon flux. Moreover, the bulk sensitivity is enhanced
by using low energy photons. As shown in Fig. 2.4, for photon energy 6.994 eV, the
energy of excited electrons is around 6~6.994 eV with escape depth around 30 A
but this value is only several A for regular used photon energy 20~30 eV on syn-
chrotron. By Eq. 2.9, for lower photon energies used, higher momentum resolution
could be reached.

However, there are also some shortcomings for VUV laser in ARPES exper-
iments. First, lower photon energy of the VUV laser only probes electronic states
near Fermi level, but for a synchrotron light source and gas discharge lamp, not only
valence band but also the inner-shell electronic structure could be probed. Second,
the involved matrix element effect in the ARPES experiment which is as a function
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Table 2.1 Comparison of the performance with different light source-VUV laser, synchrotron
light source and gas discharge lamp

Light source VUV laser The best synchrotron Gas discharge lamp
Bulk sensitivity 30~100 A 5~20 A 5A
Energy resolution (meV) 0.26 5~20 1.2
Momentum resolution best

Photon flux (/s) 2 x 1013 10121013 1012

Spot size ~0.2 mm ~0.2 mm 1~3 mm
Polarization tunable tunable no or part
Photon energy (eV) 5~7 tunable 5~1000 21.2He I
Momentum region about 1 BZ many BZs many BZs
Sample quality high rigorous rigorous
Cost high very high high

of the photon energy and polarization couldn’t be controlled by VUV laser which
has only single photon energy, but the photon energy of the synchrotron light source
is tunable. Last, small momentum region in the Brillouin zone could be reached
by the low photon energy of the VUV laser; For a synchrotron light source, with
higher photon energy, it could probe several Brillouin zones at the same time and
it’s easy to map the Fermi surface of materials. Table 2.1 shows the comparison of
the performance of different light sources in ARPES experiments.

To compensate the disadvantage of a VUV laser, a gas discharge lamp (the prod-
uct of Gammadata) is equipped on our ARPES system. With available photon en-
ergy 21.2 eV and 40.8 eV from the discharge lamp, the function of the ARPES
system is much more expanded. Moreover, a tunable VUV laser system will be de-
veloped, and the effect of matrix element will be improved.

2.3.2 Spectroscopy System

ARPES basically consists of four major components, including light source, elec-
tron energy analyzer, sample manipulator and ultra high vacuum (UHV) system.
This section will make an introduction to these components on spectroscopy system
individually.

(1) UHV system

The surface of the sample is very sensitive for ARPES experiments, and it’s nec-
essary to keep the surface clean for a reasonable long time. By simple estimation, in
the vacuum with pressure 10~ Torr, a clean surface will be covered by one layer of
atoms in one second. Generally, regular ARPES experiments usually last for one or
two days, so the pressure of the analysis chamber should be kept below 10710 Torr.
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To obtain UHV below 10! Torr, the chamber should be made by UHV com-
patible material. Except special demand, the chambers usually are made by stainless
steel, and electro-polished method is applied to the inner surface of the chambers
to reduce the gas adsorption. The leak rate of the chamber should be lower than
10~19 Torr.

Bunch kinds of vacuum pump are used to achieved UHYV,

1. Dry vacuum pumps, which are used to obtain rough vacuum (10~2 Torr) as a pre-
pump of turbomolecular pump. It has advantages of oil-free and high pumping
speed.

2. Mini-TASK Turbo Pumping System, a small and compact, easy-to-use integrated
dry vacuum system featuring the Varian Turbo-V 81 MacroTorr pump with im-
proved vacuum performance. The base pressure could be better than 10~8 Torr.

3. Turbomolecular Pump. The base pressure of this kind of pump is better than
10710 Torr. For chambers with different size and load, turbo pumps with different
pumping speed should be selected. The pumping speed of turbo pumps we use
on main analysis chamber and the monochromator of helium discharge lamp are
500 1/s, two turbo pumps with pumping speed 300 I/s are used on the load lock
system, and two pumps with pumping speed 70 I/s are used as differential pumps
on helium discharge lamp.

4. Cryopump. A cryopump is a vacuum pump that traps gases and vapours by con-
densing them on a cold surface, and it is used on the main analysis chamber and
compatible with UHV.

5. Titanium sublimation pump (TSP). It consists of a titanium filament, and the
titanium is sublimated to coat the chamber wall. Since clean titanium is very
reactive, components of the residual gas in the chamber which collide with the
chamber wall are likely to react and to form a stable, solid product. The TSP is
used to achieve UHV in main analysis chamber.

6. Ton pump. It’s a type of vacuum pump capable of reaching up to 10~!! Torr under
ideal conditions and commonly used in ultra high vacuum (UHV) systems.

7. Getters. It’s made by high porosity St172 sintered material, and it has high pump-
ing speed for all active gases especially the Hj. It’s usually used to get better
UHV.

Vacuum measurement tools are essential in the vacuum chamber system. Three
kinds of vacuum gauges are used on our system, including Granville-Philips 360
iron gauge, Granville-Philips 370 iron gauge and convection gauge. The style of
360 and 370 are used to measure high vacuum better than 10~* Torr, but 370 is
more accurate after calibration. The convection gauges are used to measure rough
vacuum from 1 atm to 10~ Torr.

Baking up the chamber is necessary to obtain UHV. The purpose of baking is to
get rid of the gases adsorbed on the inner wall of the chamber. Usually, the baking
temperature used is 150 °C, but some special temperature is used for special parts.
Before the baking, the pressure in the chamber should be better than 10~/ Torr
which could be achieved by pumping with the pre-pump and turbo pump. Usually,
the baking lasts for 3~7 days depending on condition of the chamber. It’s better to
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turn on the cryopump and ion pump to pump out the dirty gas before turning off the
baking, and at the same time, degas all the filaments in the chamber.

(2) Mu metal chamber!

During the photoemission process, the emission angle of photoelectrons carries
the momentum information of electrons in materials. To make sure the path of pho-
toelectrons in the vacuum chamber isn’t disturbed by any field, it’s necessary to
minimize the remanent magnetic field around the path of photoelectrons. For laser-
based ARPES experiments, the energy of photoelectrons is low which is much sen-
sitive to the remanent magnetic field in the chamber, so it’s much rigorous to screen
the geomagnetic field and the other magnetic field. Actually, to minimize the magni-
tude of the magnetic field, our analysis chamber was made by mu-metal. In addition,
a sheet of magnetic shielding made by mu-metal was inlaid in the chamber. After
installation, a process of demagnetization was made to remove the remanent mag-
netic flux. By these detailed design and demagnetization, the remanent magnetic
field around the sample position achieved a very low level with total 0.8 mG and the
components of three directions are 0.1 mG, 0.5 mG and 0.6 mG.

(3) Electron energy analyzer

Electron energy analyzer is one of the core components on ARPES system. Most
of nowadays ARPES systems are using a hemispherical energy analyzer which con-
sists of multi-stage electrical lens and a hemispherical deflection analyzer and is
made by two concentric hemispheres with radius R; and R». A constant voltage V
is applied between the two hemispheres when it works, and only electrons within
energy window E /10 around E, =eAV/(R1/R, — R/ Ry) could go through the
hemispherical deflection analyzer and be counted by a CCD detector. The energy
resolution could be defined as

2

AE, = E,,<R10 n %) 2.9)

with Ry = #, and w is the width of entrance slit and « is the acceptant angle.
The energy analyzer we used is a R4000 (product of SCIENTA) hemispherical
energy analyzer of which the energy resolution could be better than 1 meV. For ex-
ample, when slit size is 0.1 mm and pass energy E, is 1 eV, the resolution of the
analyzer is 0.25 meV. Combined with VUV laser (bandwidth 0.26 meV), the total
energy resolution of our ARPES system could be better than 1 meV. Another unique
feature of the R4000 energy analyzer is its two-dimensional measurement capabil-
ity, which makes it possible to simultaneously measure a wide range of angles of
photoelectrons. However, it’s a challenge for probing such low energy photoelec-
trons stimulated by the VUV laser. Much effort was made to optimize the lens table
of the analyzer, and ultimately the electron energy analyzer could work with wide

"Mu-metal is a nickel-iron alloy (approximately 75 % nickel, 15 % iron, plus copper and molyb-
denum) that has very high magnetic permeability.
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angular mode at such low energy. At last, three different angular mode including
30°, 14° and 7° with three sets of different lens table for three different spot sizes
(2.0 mm, 0.8 mm and 0.1 mm) are selectable in experiments.

(4) Sample transfer system

There is a preparing chamber upon the mu-metal analysis chamber which could
be isolated from the analysis chamber by a UHV hand gate valve. This kind of de-
sign brings the convenience of the maintenance of cryostat. By closing the hand gate
valve, the analysis chamber could be kept in UHV and just the top preparing cham-
ber needs to be vented when we pull out the cryostat. In the preparing chamber, a
wobble stick, an argon sputtering gun and a LEED are equipped to cleave, clean and
characterize the sample. Moreover, a residual gas analyzer (RGA) is equipped to
analyze the components of gases in the chamber, and it’s convenient to do leak tests
by spraying helium around the chamber. To transfer the sample from 1 atm air to
UHYV preparing chamber without venting and baking the chamber, a load-lock sys-
tem with two stages is directly connected to the preparing chamber. After venting
the first stage of load-lock with pure nitrogen, one can transfer samples into the first
stage chamber and pump it until the pressure below 10~7~10~8 Torr; Then open
the valve between the first and second stage and transfer the samples to second stage
chamber. Usually, the pressure in the second stage chamber is 10~19~10~!! Torr,
and it’s safe to transfer the sample to the preparing chamber directly without de-
stroying the vacuum.

(5) Cryostat

The sample manipulator is a product of VG (VG, Centiax Translator) to control
the translational motion along X, Y, Z direction and the polar rotation (¢). The
cryostat we ordered has the rotational dimensions along the other two axes, the tilt
(0) and azimuthal (), as shown in Fig. 2.8. Then the orientation and position of
sample on the cryostat could be fully controlled, and all the motions are controlled
by stepper motors. Moreover, we have developed a Labview program to control the
motor on a computer. The error and repeatability of rotations is 0.005° and the error
of motion along X, Y and Z axes is 0.001 mm, 0.001 mm and 0.01 mm. The sample
on the cryostat is cooled by flowing liquid helium and the lowest temperature is
lower than 12 K. At the same time, the temperature of sample could be controlled
by a heater mounted on the cold tip of cryostat. The temperature of sample could
be varied between 12 K and 450 K by an advance PID temperature controller and
could be stabilized within 0.1 K. The temperature is measured by a standard silicon
dioxides (LakeShore, DT-471), and the error is within 1 K. To minimize the variation
of sample position by thermal expansion and contraction effect, the sample stage is
fixed on a tube made by stainless steel, and connected to the cold tip by a flexible
copper braid. Moreover, a copper shielding is equipped to block the radiation from
outside environment. To isolate the magnetic field, only non-magnetic materials and
parts are used to manufacture the cryostat.



32 2 Angle-Resolved Photoemission Spectroscopy

Si diode

Fig. 2.8 Model of the six-axes cryostat

2.3.3 Performance of the System [2]

(1) Energy resolution

With a general method, we measured the width of Fermi edge of a clean poly-
crystal gold to extract the energy resolution of this ARPES system. Figure 2.9 shows
the spectra measured at 9.22 K with energy analyzer settings £, =2 eV and slit
= 0.1 mm. By fitting the curve with Fermi-Dirac distribution function, the width of
Fermi edge at hight from 12 % to 88 % is 3.211 meV. The calculated energy reso-
lution of the system is 0.56 meV by taking off the temperature broadening which is
about 3.162 meV. The total energy resolution came from three components include
the bandwidth of the VUV laser (0.26 meV), resolution of the electron energy ana-
lyzer (for E, =2 eV and slit = 0.1 meV, resolution is 0.5 meV) and space charging
effect which is determined by spot size and photon flux. In this case, the measured
energy resolution is quite consistent with the nominal resolution given by convolu-
tion results of the VUV laser bandwidth and energy resolution of the analyzer.

It is noteworthy that during the test we didn’t use a better resolution of electron
energy analyzer by setting £, = 1 eV which would give a total energy resolution
0.36 meV, because the temperature broadening is comparable with the measured
width of Fermi edge which could bring great uncertainty when taking off the tem-
perature broadening. Anyway, Kiss et al. measured gold at temperature 2.9 K and
get a good resolution 0.36 meV [24]. We didn’t measure the highest resolution of
our system. However, the laser we used is similar to the one Kiss et al. reported in
the paper [24]. So, it’s reasonable to believe that the best resolution of our ARPES
system is ~0.36 meV.
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Fig. 2.9 Energy resolution
test of VUV laser-based
ARPES. Spectra of a
polycrystal gold measured at
9.22 K. Reprinted with
permission from [2],
copyright 2008, American
Institute of Physics
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(2) Photon flux test

The power of the outgoing beam from KBBF-PCT device was measured by a
power meter (LP-3A, Physcience Opto-electronics Co., Ltd., Beijing) which had
been calibrated by 532 nm green laser in National Institute of Metrology. The out
put power of 177 nm beam from KBBF-PCT (0.8 mm) pumped by 355 nm laser
with power 2 W is 1.68 mW, and by increasing the pump power or thickness of
KBBEF, the output power would be enhanced. Under the assumption that the factor
of the power meter by calibration at 532 nm and 177 nm were the same, the output
photon flux should be 1.5 x 10! photons/s which was two to three orders higher
than the third generation synchrotron radiation light source, and at the same time,
the bandwidth was one order narrower than the synchrotron radiation light source.
For regular synchrotron radiation light source, the energy resolution is 10~15 meV,
although for some individual cases the resolution of the demonstration could achieve
4 meV.?

As the fluctuation of temperature in the room within 2 °C, the output power of
the laser could be stabilized with an error no more than 5 %. Such high stability
is the ideal condition for ARPES experiments. Because of thermal accumulation
and radiation, a local area (~100 um) of CaF, or KBBF would be damaged after

2Such high resolution realized at synchrotrons with low-energy storage rings in re-
cent years. For example, Hiroshima Synchrotron Radiation Research Center in Japan,
http://www.hsrc.hiroshimau.ac.jp with related literature [28] and Borisenko group in Dresden of
Germany, http://www.ifw-dresden.de/institutes/iff/research/SC/arpes.
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Fig. 2.10 Angular mode test results of R4000 electron energy analyzer [2]. (a), (b) and (c) are the
test results of pass energy 1 eV, 2 eV and 5 eV, individually. (d) is the slit-wire device used in the
test. (a), (b) and (c), Reprinted with permission from [2], copyright 2008, American Institute of
Physics

working for tens of hours. Usually, the laser incident position on KBBF-PCT device
requires regular adjustment to gain reasonable out power.

(3) Angular mode test

The angular mode test was carried on by using a specially designed slit-wire
device (Scienta), as shown in Fig. 2.10(d). By using a electron gun hit a thin wire
in the center of the device to simulate the signal from samples, and two adjacent
slits represent a specular emission angle (2.5° in our test). Figure 2.10(a), (b) and
(c) show the test results of 30° angular mode with pass energy Ep =1 eV, 2 eV and
5 eV separately, and during the test the spot size is set to 0.1 mm. From Fig. 2.10, we
can see that the electron energy analyzer works quite well at energy at least above
0.5 eV which is quite suitable for our ARPES system equipped with a 6.994 eV
laser. For the 6.994 eV laser, the maximum energy of emission photoelectrons is
about 2.694 eV. From the test results, we could estimate that the angular resolution
is 0.3° for 14° angular mode and 0.8° for 30° angular mode when the spot size is
0.8 mm. It is noteworthy that the angular resolution is sensitive to the spot size that
the angular resolution is better for smaller spot size. The slit-wire device shown in
Fig. 2.10(d) doesn’t work for testing the angular resolution with laser spot size of
0.1 mm, so we couldn’t get the value of angular resolution when slit is 0.1 mm but
it’s far better than 0.8° which is the test result of the 30° angular mode when slit
size is 0.8 mm.

Usually, what’s our concern is the momentum resolution in resolving the fine
band structure in material. Using Eq. 2.4 to translate the angular resolution to mo-
mentum resolution, we can find that the momentum resolution could be improved by
using low photon energy. For example, the momentum resolution of photon energy
6.994 eV is 0.4 times smaller than of the helium lamp with photon energy 21.2 eV.
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Fig. 2.11 The distribution of Fermi edge measuring a gold with angular mode by VUV laser.
Reprinted with permission from [2], copyright 2008, American Institute of Physics

Another important aspect we usually concern is that the uniformity of energy at
different receipt angles. For some older styles of energy analyzer or some analyzers
working at low energy, the measured Fermi edges at different angles were not the
same, and it would bring some difficulties and annoyance to analyze the data. We
have measured the Fermi edge of gold with angular mode at low temperature to
check if it was a problem for our electron energy analyzer or low energy laser light
source. Figure 2.11(a) shows the spectra of Fermi edge measured with 30° angular
mode, and Fig. 2.11(b) shows the fitted position of Fermi edge as a function of
receipt angle from which we can see that the analyzer works perfectly with the
6.994 eV laser that the distribution of Fermi edge is within 0.3 meV.

(4) Bulk sensitivity test

The bulk sensitivity is expected to be enhanced by using a VUV laser when
probing the electronic structure in solid materials by ARPES. From the universal
curve (Fig. 2.4) of electron escape depth as a function of electron energy, the escape
depth of photoelectrons by a 6.994 eV laser is about 30 A or even 100 A. Noting
that the universal curve was by measuring the mean free path in simple metals, we
are not sure if it’s suitable for complex oxides.

To overcome the difficulty of measuring the electron escape depth in oxides, we
took the comparison of measuring results on Bi2212 single crystal under differ-
ent conditions to check whether the bulk sensitivity is enhanced or not. First, we
cleaved a optimally doped Bi2212 (7, =90 K) in UHV at 17 K, and the measured
(0, 0)—(7r, ) dispersion is shown in Fig. 2.12(a). Second, we pulled the sample and
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Fig. 2.12 The bulk sensitivity test of 6.994 eV laser-based ARPES system on an optimally doped
Bi2212 (7, = 91 K). (a) The dispersion right after cleaving. (b) The dispersion after keeping
in pure nitrogen for 1 hour. (¢) The dispersion after keeping in air for 1 hour. Reprinted with
permission from [2], copyright 2008, American Institute of Physics

transferred it into the first stage of the load-lock system, and then vented the cham-
ber with pure nitrogen; Fig. 2.12(b) shows the same measuring result after keeping
the sample in pure nitrogen for one hour. Last, we pulled out the sample out of the
chamber and kept it the air for one hour, and Fig. 2.12(c) is the measuring result
after reloading the sample into analysis chamber. All the measurements were taken
at low temperature. It was easy to get dirty on the surface of the sample when the
sample exposed in nitrogen or air, and the photoelectron signal would become weak
and come with much more secondary electrons. However, it’s beyond belief that
the main feature of the dispersion was still there, as we can see in Fig. 2.12 which
couldn’t happen when using 20~50 eV photons.

Enhanced bulk sensitivity doesn’t only extend the life of the sample, but also
reduce the requirement of sample surface preparation. This will bring the possibility
of ARPES measurement on some uncleavable sample by heating or ion sputtering.

(5) Space charging effect test

The space charging effect in photoemission experiments may be a problem in
laser-based ARPES for its high photon flux and pulse characteristic. We measured
the shift of the Fermi level and width of the Fermi edge of a gold at 9.2 K with dif-
ferent photon flux to test the space charging effect on 6.994 eV laser-based ARPES
system.
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Figure 2.13 shows the position of Fermi level and width of Fermi edge as a func-
tion of photon flux. The shift of the Fermi level is about 1.5 meV when tuning the
power of the laser to 130 uW, and the broadening of Fermi edge is about 2.5 meV. It’s
clear that the spacing charging effect is still there on the laser-based ARPES system,
but it’s much weaker than the observation with a synchrotron light source. Many as-
pects are responsible for such a low space charging effect. First, the quasi-continues
characteristic of our laser with repetition frequency 80~100 MHZ could greatly re-
duce the space charging effect. Second, the spacing charging effect has a direct con-
nection with the sum of outgoing electrons; Comparing to synchrotron light source,
the total number of photoelectrons is much less because the VUV laser would reduce
the energy window of photoelectrons and bring much less secondary electrons. Last,
because the balance between space charging effect and mirror charge effect, the to-
tal effect depends on the pulse length; In the simulation by X.J. Zhou et al. [29], the
space charging effect and mirror charge effect will cancel each other when the pulse
length is 1~10 ps which is just the value of our VUV laser.

(6) Typical measurment on Bi2212

Because of its easy cleaving and popularly studied, a piece of high-temperature
superconductor Bi2212 sample was selected as a standard sample to test the perfor-
mance of the VUV laser-based ARPES system. Figure 2.14(a) shows the original
spectra along nodal I"(0, 0) — Y (7, ) cut with total energy resolution 1 meV, and
the well-known 70 meV kink structure was well reproduced by laser ARPES. The
sharp energy distribution curve (EDC) at Fermi momentum and the momentum dis-
tribution curve (MDC) shown in Fig. 2.14(b) and Fig. 2.14(c) individually demon-
strate the quality of the data. The width of the nodal EDC we got in optimally doped
Bi2212 is 12 meV and this value is 9 meV in a underdoped sample (7, = 75 K)
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Fig. 2.14 Typical measurement on a Bi2212 samples by 6.994 eV laser-based ARPES. Reprinted
with permission from [2], copyright 2008, American Institute of Physics

which is much more improved than the value 25 meV got on synchrotron light
source and also sharper than the value 14 meV but by 6 eV laser. Much improved
quality of the spectra was attributed to the ultra high energy resolution, momen-
tum resolution and low temperature of the sample. Also, the value of MDC width
0.0071 A= is much sharper than that got on synchrotron light source.

We also noted that the using of low energy photons brings the change of the way
of processing data. When translating the emission angle 6 into electron momentum
parallel k||(1°\_1) to sample surface, Eq. 2.3 is used and the uncertainty of the sam-
ple work function is usually negligible for high photon energy 20~50 eV. But the
situation is changed for lower energy photons like 6.994 eV. Figure 2.14(b) shows
the dispersion image after apply the correction of binding energy, from which we
can find that the momentum edge was not vertical anymore. This kind of correction
is more significant for lower energy photons like 6 eV.

2.4 The Development of Spin-Resolved ARPES, Time-of-Flight
ARPES and Tunable Laser ARPES Systems

With the experience and success of developing first VUV laser-based ARPES, we
developed a spin-resolved ARPES system equipped with the VUV laser which
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would improve the energy resolution and detection efficiency of spin resolved exper-
iments. Moreover, based on the new style of electron energy analyzer (ARTOF10K
of Scienta), a new ARPES system was developed to improve the momentum reso-
Iution and efficiency of data acquisition. In addition, we will make an upgrade on
the original VUV ARPES system with a tunable VUV laser which will improve the
matrix element effect induced by the photon energy in ARPES experiments.

2.4.1 The Development of Spin-Resolved ARPES

Regular ARPES systems only probe the electronic structure with only energy and
momentum, as shown in Fig. 2.3. According to quantum mechanics, the full elec-
tronic state in materials should contain three parameters, including energy, momen-
tum and spin. So, it’s important to develop spin resolved equipments in the study
of solid materials especially spin electronic materials. To realize the detection of
electronic spin, the most popular detector used is the Mott spin detector.

Because of the spin-orbital coupling, the distribution of scattering electrons by
heavy nucleus is anisotropic in different direction which is called Mott scattering,
and the design of Mott spin detector is based on such an effect [30—39]. For electron
beam with polarization P, the scattering cross-section is

a(©)=1©O)[1+ SO)P -] (2.10)

with scattering angle 6, scattering intensity /(0), unit vector perpendicular to the
scattering plane n and Sherman function S(6) which is determined by the atomic
number Z, scattering angle 6 and the energy of scattering electrons. The specular
feature of Mott scattering is that the asymmetrical scattering attributes to the elec-
trons with polarization perpendicular to the scattering cross-section. The electronic
polarization could be detected by analyzing the asymmetrical scattering intensity,
and this kind of spin detecting method has been used in the Mott detector.

The actual process of spin detection is shown in Fig. 2.15(a), in which the de-
tector is combined with a hemispherical electron energy detector and a Mott spin
detector. The schematic of a Mott detector is shown in Fig. 2.15(b) [40]. The Mott
scattering happens when electrons eject into the surface of a heavy metal, and the
distribution of scattering electrons is different for electrons with different spins. By
comparing the counts of two electron counters, the polarization perpendicular to the
ejecting election could be calculated by Eq. 2.11, in which the I; and Ir are the
count of the two electron counters.

_11R_IL

=—— = 2.11
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For actual Mott detector, the efficiency of the two electron counters usually have
several percents of difference. To cancel the asymmetrical efficiency of the two elec-
tron counters, usually two electron beams with opposite polarization are used to
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Fig. 2.15 The schematic of spin detection. (a) The process of detecting spin, energy and mo-
mentum state in material. (b) The schematic of Mott spin detector. (¢) The concept schematic of
full polarization detector. Here only the electron multipliers pair in the paper plane are shown.
Reprinted with permission from [40], copyright 2002, American Institute of Physics

calibrate the detector. So the calibrated polarization is

_11—0{
T S14a

2.12)

inwhich o is \/1; - Ir/Ip - I, and the I} and I} are the counts of the two electron

counters for incident electron beam with polarization —P.

A concept schematic for probing the full polarization (projection to X, Y and
Z axes) of electrons was proposed by Huang et al. in 2002 [40], as shown in
Fig. 2.15(c). The incident electron beam is split by an electrostatic deflector and
enters into two spin detector with a direction at 45° to the ejecting beam. Moreover,
regular ARPES experiments could be proceeded at the same time by deflecting elec-
trons into a MCP detector. Each isolated spin detector could probe two sets of or-
thogonal polarization, and the full polarization with three components ( Py, Py and
P;) could be derived by a coordinate transformation. A self consistent check could
be done by comparing the components of polarization perpendicular to paper plane
from the two spin detector pairs.

With cooperation with Scienta, based on a R4000 hemisphere electron energy
analyzer and a Mott detectors designed by Rice University, we developed a new
spin polarization ARPES system as shown in Fig. 2.15(c). Figure 2.16(a) shows the
three-dimensional model of a R4000 electron energy analyzer and Mott spin detec-
tors. A little different from Fig. 2.15(c), the two Mott detector pairs are perpendicu-
lar to the incident electron beam. The horizontal one probes the polarization Py, P,
along Y, Z directions, and the vertical one probes the polarization Py, Py along X,
Y directions. Here the P, detected by the two detector pairs individually could be
used to do the self-consistent check. Moreover, the regular angular resolved mode is
kept but shrinking the hole of regular angular detection, and the maximum detecting
angle is +15° which is a little smaller than a regular R4000 analyzer. Figure 2.16(b)?

3Technical document from website VG Scienta.
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Fig. 2.16 (a) The 3D model of the combination of R4000 analyzer and Mott detectors. (b) The
schematic of the apertures for spin and regular angular detection

shows the schematic of the spin detectors, in which there are two tiny apertures for
the two spin detectors and a 25 mm aperture for regular ARPES measurement.

The cross-section of Mott scattering is rather low, usually between 2 x 107> and
1.6 x 10~*. With such a low scattering efficiency, the counts of Mott spin detectors
are usually only 1/10000 or 1/100000 of regular ARPES. To get reasonable counts,
people usually reduce the energy resolution (usually 100 meV) and integrate the
spectra over a wide angle (angle integrated photoemission spectroscopy) in regu-
lar spin resolved experiments with Mott spin detectors. Another simple way to get
reasonable counts without giving up the energy and angular resolution is increasing
the flux of incident photons, but it’s impossible for synchrotron light source and gas
discharge lamp for the reason that increasing the photon flux will broaden the band-
width of photons for synchrotron light source and the photon flux of gas discharge
lamp is not tunable.

Application of the VUV laser with high photon flux is one of the promising
approaches to overcome the limitation of energy resolution in spin resolved experi-
ments. By upgrading the second harmonic generation system and improving KBBF
crystal, the output power of the VUV laser with photon energy 6.994 eV could be
higher than 1 mW which is 1000 times higher than that of the synchrotron light
source, and the bandwidth is still 0.26 meV. With a wider slit and pass energy used
on the electron energy analyzer, the energy resolution of the spin resolved and mo-
mentum resolved system could be better than 20 meV which is not only far better
than former spin resolved system but also the system has good momentum resolu-
tion.

Based on the experience of developing the VUV laser ARPES system, we de-
signed a spin resolved ARPES system equipped with a powerful VUV laser, and the
3D model of the system is shown in Fig. 2.17.

In addition to the spin resolved detector, a self designed ultra low temperature
cryostat with four-axes of freedom (polar angle rotation and translational motion
along X, Y and Z axes) is equipped on the system. As shown in Fig. 2.17, the
four axes cryostat is mounted on one side of the modified mu-metal analysis cham-
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ber. The 3D model of the four axes cryostat is shown in Fig. 2.18. The cryostat is
cooled by flowing liquid helium, and the temperature of cold-tip (the product of Ja-
nis) could be lower than 1.8 K by pumping with a mechanical vacuum pump. On
the sample block, a sample position and a piece of gold are designed, and the tem-
perature of the sample block is expected to be below 5 K. Actually, by our test, the
temperature at sample position could be lower than 3 K. With such design and such
low temperature at sample position, many materials with interesting physical prop-
erties at low temperature below 10 K could be studied, but it’s difficult for a 6 axes
cryostat with minimum temperature 12 K. Moreover, the piece of gold mounted on
the sample block brings us the possibility of examining the Fermi level at any time
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Fig. 2.19 The photo of completed spin resolved ARPES system

during the experiments. Moreover, a six-axes cryostat is equipped on the top of the
mu-metal analysis chamber, and the two cryostats will be a complement of each
other.

With the design shown in Fig. 2.17, the installation of the spin resolved ARPES
system is completed (Fig. 2.19). The test result of the energy resolution is better
than 5 meV which is far better than nowadays spin resolved ARPES system (with
and energy resolution usually ~100 meV).

Combined with a high photon flux VUV laser (6.994 eV), the newly developed
system gave a new record of energy resolution (better than 5 meV) of spin resolved
ARPES systems in the world [39-43]. In addition, two individual cryostats includ-
ing one six-axes (minimum temperature 12 K) and another four-axes (minimum
temperature <5 K) are equipped on the system. To enrich the type of photon energy,
a gas discharge lamp (SPECS) is also equipped on the system, and the lamp could
work with He, Ne, Ar, and Xe gas which will produce more types of photon energy
than only He. On the mu-metal analysis chamber, an x-ray source with Mg and Al
targets which could produce x-ray with photon energy 1253 eV and 1486.994 eV
is equipped to perform regular x-ray photoemission (XPS) experiments. Moreover,
there is a molecular beam epitaxy system (MBE) used for film growth and surface
treatment directly connected to the analysis chambers, and the prepared sample in
this chamber could be transferred into the analysis chamber to perform photoemis-
sion experiments in situ. Combined with the MBE chamber, a scanning tunneling
microscope (STM) is used to characterize the surface of samples.

It’s worth mentioning that a polarizer which could tune the polarization of the
6.994 eV photons is mounted on the VUV laser system. The matrix element effect
in ARPES experiments induced by photon polarization could be studied by using
such a polarizer.
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Fig. 2.20 Comparison of the
momentum cut in Brillouin
zone between time-of-flight
and hemisphere energy - ARTOF10K

P m— R4000
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2.4.2 The Development of Time-of-Flight ARPES System

As the development of new techniques, a new generation of electron energy analyzer
is introduced into the photoemission field, based on measuring the time of electrons
flying from the sample to the detector. ARTOF10K, a product of Scienta is such
a kind of electron energy analyzer which could detect the photon electrons in a
solid angle with momentum resolution, while the hemispherical energy analyzer
R4000 only probes the electrons in a plane angle. As the momentum cuts shown
in Fig. 2.20, the hemispherical energy analyzer only gives a line momentum cut
in the Brillouin zone while the ARTOF10K analyzer gives a plane momentum cut.
The efficiency of angular detection is improved by ~250 times, by using the new
analyzer. Based on the new analyzer and our VUV laser, a time-of-flight ARPES
system is developed in our lab.

By reason of measuring the flying time of electrons to calculate the energy of
electrons, the time-of-flight analyzer should be equipped with a pulse light source,
and one measurement should be completed between two adjacent pulses. So, the
gas discharge lamp which produces continuous photons isn’t compatible with the
new analyzer. Laser with pulse characteristics is a perfect light source for such an
analyzer. The photon energy of the second harmonic light after KBBF is 6.994 eV,
the work function of solid materials is around 4~5 eV, so the energy of outgoing
electrons is about 2~3 eV, and the distance from sample to detector is ~1 m. With
simple calculation, the flying time of electrons from sample to detector is about
1 us, so the repetition frequency of the laser should be less than 1| MHZ. A 1 MHZ
pump laser with wavelength 355 nm is adopted to produce 177 nm VUV laser after
KBBF. Because of the reduced repetition frequency compared to the 80 MHZ pump
laser used on the regular VUV laser-based ARPES system, to preserve the count
rate, the photon flux in per pulse should be enhanced. A pump laser with the same
average pump power as using in the VUV laser-based ARPES system will grantee
the average photon flux comparable with the 80 MHZ laser system.
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Fig. 2.21 The 3D model of the time-of-flight ARPES system

Fig. 2.22 The completed time-of-flight ARPES system

Figure 2.21 shows the time-of-flight ARPES system. Similar to the spin resolved
ARPES system, two cryostats with six- and four-axes freedom are designed on the
time-of-flight system. The low temperature of cryostat will make it possible to take
advantage of the high resolution of a time-of-flight electron energy analyzer.

Figure 2.22 shows the completed time-of-flight ARPES system which is under
testing.

The expected energy resolution of the time-of-flight ARPES system should be at
the scale of 10~! meV. With two-dimensional detector, the angular resolution will
be improved to be better than 0.08°. The system also has a large detection angle
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Fig. 2.23 The calculation of
matrix element effect in
Bi2212. Reprinted with
permission from [47],
copyright 2004, American
Physical Society
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with +18° from the specs of the ARTOF10K analyzer. Similar to the application
of hemispherical energy analyzer in history (one-dimensional detection in momen-
tum space), the new ARPES system equipped with a time-of-flight electron energy
analyzer (two-dimensional detection) will bring a new leap in photoemission exper-
1ments.

2.4.3 Tunable Laser-Based ARPES System

In photoemission experiments, the matrix element effect |Ml;,i | is a function of
photon energy. Special photon energy may only probe special bands in materials.
Taking high-temperature superconductor Bi2212 for an example, only anti-bonding
band could be resolved by 6.994 eV laser for our current polarization and experi-
mental setup. But when the photon energy is 7.5 eV which is only 504 meV higher
than 6.994 eV, both the bonding and antibonding band could be observed [44].
First-principles calculations in Bi2212 give a photon energy dependence of spec-
tral weight for the bonding and antibonding band, as shown in Fig. 2.23 [45-47].
It’s necessary to develop a ARPES system with tunable photon energy avoiding
missing some bands.

We have developed a tunable laser-based on the second harmonic generation
from KBBF crystal with a tunable pump laser. This laser system will be equipped on
the VUV laser ARPES system to overcome the possibility of missing some bands in
materials because of single photon energy. The regular ARPES will have rich photon
energies, including the 20.218 eV, 40.8 eV from helium discharge lamp, 6.994 eV
from the VUV laser and 5.9~7.09 eV from the tunable laser.

2.5 Summary

We have developed the first VUV laser-based ARPES system of which the energy
resolution is improved to be better than 1 meV for the first time. Moreover, the pho-
ton flux of the VUV laser is two or three orders higher than the regular synchrotron
light source and helium discharge lamp, and the bulk sensitivity is enhanced in the
study of solid materials because of low photon energy.
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Based on the improved VUV laser, we also developed a spin resolved ARPES
system with energy resolution better than 5 meV which is far better than the regular
spin resolved photoemission system. With special design, the newly developed spin
resolved system could probe the full polarization of the electron beam. In addition, a
MBE system and a STM are equipped to prepare films and characterize the surface
of samples. We also designed a cryostat with four-axes freedom, and the tempera-
ture of the sample position could be lower than 3 K by pumping the flowing liquid
helium.

With the developing of technique, we designed a time-of-flight ARPES system
combined with the VUV laser. The electron energy analyzer ARTOF10K is a new
product of Scienta with two-dimensional detection that could detect a momentum
plane rather than a momentum line in the Brillouin zone. For this reason, expect for
the much improved momentum resolution, the efficiency of detection is improved
by 250 times higher than the hemisphere analyzer. A same cryostat with four axes as
has been equipped on the spin resolved ARPES system will provide the possibility
to measure samples under 5 K.
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Chapter 3
Growth of Bi;Sr,Cay_, Dy, Cuy0g,5 Single
Crystals

3.1 Introduction

As one of the most important techniques in the study of physics in high-temperature
superconductors, angle resolved photoemission spectroscopy (ARPES) is such a
technique working on single crystals. To probe the intrinsic physics of materials,
high quality single crystals are necessary in such experiments. In order to obtain a
clean surface, the method of cleaving is usually used before the experiments and
most of the samples couldn’t be recycled. So, growth of high quality crystals is an
important part in the study of the physics in solid materials.

Because of its ideal two-dimensional electronic structure, easy cleaving and
high superconducting transition temperature, the high-temperature superconductor
Bi;Sr,Ca;Cuy0g45 has been one of the most important cuprates in the study of
high-temperature superconductors by ARPES. Until now, most published papers
related to the study of high-temperature superconductors by ARPES focused on
Bi2212. Many physics in cuprates are discovered in Bi2212 for the first time, in-
cluding the anisotropic superconducting gap, the universal kink structure around
~70 meV, the two energy gaps revealed recently and so on. Because the electronic
structure is perfectly two-dimensional and easy to produce sharp quasiparticle peak,
it’s possible to compare the ARPES data of Bi2212 with the basic theoretical model
directly. Moreover, the relative high superconducting transition temperature and the
large energy gap make it easy to study the physics of energy gap in cuprates by
ARPES. In a word, Bi2212 superconductor is one of the first choices to study the
mechanism of high temperature superconductivity.

Understanding the phase diagram of cuprates is one of the key points in the study
of high temperature superconductivity, so it’s indispensable to study crystals with
different doping on the phase diagram. In the underdoped region of phase diagram,
there is very rich physics like the symmetry of the energy gap, relationship between
superconducting gap and pseudogap, the existence of Fermi arc or Fermi pocket,
etc. Therefore, besides the optimally doped samples, it’s necessary to prepare some
underdoped samples with wide a doping range. Usually, it’s hard to get high quality
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underdoped single crystals; however, the growth of high quality underdoped sam-
ples by cation doping will be introduced in this chapter. Because of Fermi liquid
behavior in the overdoped region, it’s possible to process the ARPES data with con-
ventional solid state theory directly, and it’s very helpful for understanding the high
temperature superconducing physics when there is no proper high temperature su-
perconducing theory at present. So, obtaining some overdoped samples is also very
important. The method of annealing optimally doped samples under high pressure
oxygen is also introduced in this chapter.

3.2 Bi2212

Since its discovery in LaBaCuO in 1986, high temperature superconductivity has
been found in many other materials with much higher superconducting transition
temperature. In 1988, for the first time, H. Maeda et al. [1] found high temperature
superconductivity without containing rare earth elements in the bismuth family (Bi-
Sr-Ca-Cu-0) of which the maximum 7 is ~110 K. Bi2212 is the one of the bismuth
families BiySryCa,, Cu,4+102,46+5 With n = 1 which means that there are double
Cu-O planes in single cell, and it’s a hole doped superconductors that has been
variously studied in this family.

Figure 3.1(a) shows the upper half of the ideal single cell of Bi2212 which is
a typical two-dimensional perovskite structure [2]. The charge reserve layer (Bi-O
layer on the top) supplies the conducting carriers; Below the charge reserve layer is
Sr-O layer and two Cu-O layer which is the conducting layer; There is one layer of
Ca between the two Cu-O layers, and by doping Ca with cation could also adjust the
carrier density in the Cu-O layers. One single cell contains two of such structures
with staggering along a axis or b axis for half of crystal constant. The calculation
of density functional theory and the results of x-ray diffraction reveal that there is
supermodulation along b axis at 45° to Cu-O bond, and the period of modulation is
~4.8 unit cells, as shown in Fig. 3.1(b). It’s convenient to determine the orientation
of the sample with the supermodulation Laue diffraction spots before the ARPES
experiments. The coupling between Bi-O layers is very weak, and it usually breaks
between the two Bi-O layers when cleaving the sample. The clean and unpolarized
surface is very suitable for the study in ARPES experiments.

Because of the complicated phase diagram in high-temperature superconductor,
it’s important to study samples with various dopings on the phase diagram. Usually,
the density of charge carrier could be tuned by changing content of oxygen in Bi-O
layers. By annealing samples in high pressure oxygen, it usually gets samples with
much hole doped. Annealing in vacuum or inert gas is one possible way to get
underdoped samples, but the temperature or the pressure is very sensitive and it’s
hard to get such samples with sharp superconducting transition [3]. It also has been
tried to grow the underdoped samples in vacuum, but it’s very hard to get high
quality samples, either [4]. In this chapter, annealing in high pressure oxygen to get
overdoped samples and the growth of high quality underdoped samples by cation
doping (replace Ca>t with Dy3*) will be introduced.
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Fig. 3.1 The crystal structure of Bi2212. (a) The ideal structure of the single cell. (b) The distri-
bution of cations in crystal by DFT calculation and x-ray diffraction. Reprinted with permission
from [2], copyright 2008, American Physical Society

3.3 Single Crystal Growth by the Traveling Solvent Floating
Zone Method

Currently, the most popular way to obtain high quality Bi2212 single crystals is the
traveling solvent floating zone growth technique (TSFZ) [4-6]. With the improve-
ment of single crystal growth technique, size of optimally doped Bi2212 single crys-
tal larger than 50 mm could be grown by TSFZ [6]. During the process of growing
single crystals by TSFZ, a melting zone is established betweens the single crystal
and the feed rod, and the melting zone is stabilized by the surface tension of liquid.
Because of no crucible used during the growth, there is almost no contamination
entering into samples.

3.3.1 Principle of TSFZ and TSFZ Furnace

Similar to the floating zone method of single crystal growth created by twenties
in the last century [7], during the process of growing crystal by TSFZ, a melting
zone is established between the single crystal and the feed rod. By moving the el-
lipsoidal mirror, the focusing point of infrared light moves from bottom to up; the
bottom of the melting zone cools down to crystallize, and the top feed rod melts
down to replenish the melting zone. This will form a continuous melting-diffusing-
crystallizing process of crystal growth.
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Fig. 3.2 Schematic of different mirrors setup in TSFZ furnace

Most of nowadays TSFZ furnaces are heated by focusing infrared lights with el-
lipsoidal mirrors, and temperature at the focus point could be higher than 2200 °C.
Moreover, it’s easy to get a steep temperature gradient better than 100 °C/mm and
uniform distribution of temperature along horizontal plane which are great condi-
tions for crystal growth. Usually, a sealed quartz tube is placed in the focused center,
and it’s used to control the atmosphere of crystal growth (vacuum or flowing O, N,
Ar etc.). At the beginning of the invention of TSFZ, only single ellipsoidal mirror
was used to heat the sample, and later two mirrors was developed on the TSFZ
furnace. Recently, TSFZ furnaces with four mirrors are commonly used and with
such a four-mirror setup, more space could be saved to place the quartz tube. More-
over, the four-mirror TSFZ furnace has smaller melting zone, steeper temperature
gradient and more uniform heating. The setup of mirrors are shown in Fig. 3.2.!

The TSFZ method has been a mature technique and many commercial products
has been used in the growth single crystals. The TSFZ furnace used in this chapter
is a product of Crystal Systems Corporation, and the furnace is equipped with four
ellipsoidal mirrors and four 300 W halogen lamps (1000 W lamp spared for the
replacement with higher temperatures), as shown in Fig. 3.3(a). The growth process
is controlled by a computer including the translation of mirrors, the rotation of feed
rod and single crystal, the heating power and monitor of melting zone. There also is
a gas flow control system used to control the atmosphere in the sealed quartz tube
during the growing (Fig. 3.3(b)).

The heating system is composed of four halogen lamps and four ellipsoidal mir-
rors. The output power of the four infrared lamps is controlled by a computer, and
the power could be controlled precisely by 0.1 %. The main body of the furnace is
composed of and upper rotation axle, and lower rotation axle and a mitror stage.

IFrom the technical document of Crystal Systems Corporation.
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Fig. 3.3 (a) Product of TSFZ furnace from Crystal System Corporation. (b) Schematic of prepar-
ing the growth

The upper axle is used to hang the feed rod which could be rotated and moved up
and down at different speed. The lower axle is used to mount the seed crystal, and it
could be rotated but couldn’t be moved. The mirror stage is used to support the four
lamps and four ellipsoidal mirrors, and it also could be moved up and down. By ro-
tating the upper axle and lower axle with opposite directions, the melting zone could
be mixed thoroughly, and the growth rate could be tuned precisely by controlling the
speed of moving mirror stage.

The atmosphere in the quartz tube could be controlled by a gas flow control
system. It’s compatible with flowing O, N», Ar etc. and the flowing rate could be
controlled precisely by a flowmeter. There also is a switch spared to select vacuum,
high pressure or flowing gas as the atmosphere in the quartz tube, and the pressure
could be controlled from 5 x 107> Torr to 9.5 atm. A quartz tube with thickness
2 mm is usually used for normal pressure while 5 mm is used for high pressure
growth.

A CCD is mounted on front door of the furnace that could monitor the melting
zone real-timely on the computer, and it’s very convenient for adjusting heating
power which is usually different for special materials.

3.3.2 Steps of Single Crystal Growth

The growth condition and procedure are particular for the different materials, even
the quality of as-grown single crystals under the same condition is different for dif-
ferent people. It’s necessary to perfect each step in detail. The procedure of single
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crystal growth is in three steps, including polycrystal synthesizing, feed rod prepar-
ing and growing. However, for some materials like bismuth families, pre-melting
process is needed before growing.

(1) Polycrystal synthesization

Before growing in the TSFZ furnace, pure polycrystal should be prepared by
conventional solid state reaction method. Usually, powder compounds are selected
and mixed in an agate mortar for at least 8 hours, then calcined at a proper tem-
perature for tens of hours depending on different materials. The calcined mixture
was reground and calcined again. After repeating the regrinding-calcining process
for two or three times, take a small quantity of the polycrystal powder to do x-ray
diffraction and compare the diffraction peaks with the standard diffraction card to
make sure the obtained polycrystal is pure enough. If not, regrinding and calcining
are needed. The purpose of repeating the regrinding-calcining process is to get pure
polycrystal which is necessary before growing in the TSFZ furnace.

(2) Preparation of feed rod

Polycrystal powder obtained by grinding-calcined must be pressed into a dense
polycrystalline rod before growing in the TSFZ furnace. First, the polycrystal pow-
der should be filled into a cylindrical balloon with diameter ~10 mm; Second, the
feed rods should be hydrostatically pressed under a pressure of ~70 MPa; Last,
sinter the feed rod in a vertical furnace with a proper temperature depending on
different materials.

(3) Pre-melting and growth

For cuprates of bismuth families, the density of the sintered feed rod is not dense
enough, and the rod need to pre-melt in the TSFZ furnace. As shown in Fig. 3.3(b),
the feed rod is sealed in a quartz tube when pre-melting or growing. One can get a
seed rod with length 10~20 mm by cutting the feed rod, and then mounts the seed
rod on lower axle. One should hang the left longer feed rod is on upper axle, and
then finely adjust the feed rod to the rotation center of the axles. At last, mount the
quartz tube on the mirror stage and adjust the distance between upper feed rode and
lower seed rode. For some materials, specular gas or vacuum should be kept in the
quartz tube when melting or growing. After mounting the feed and seed rod, one can
increase output power of the lamp to heat the rods until both of them are melted; At
the same time, the upper and lower axles are rotated into opposite directions. Then
the pre-melting or growing could be started. The growing speed could be controlled
by computer, and usually the pre-melting speed and the growing speed is different
for different materials.

3.4 Growth of Bi;Sr,Ca;_, Dy, Cu;0g45 Single Crystals

It’s hard to obtain underdoped Bi2212 samples by growing or annealing in vacuum,
taking the previous experience [3, 4]. Another way to get underdoped sample is dop-
ing Ca®* with trivalent cations such as Y3T, Dy3*, Gd3*, Pr’* and so on. By the
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reports until now, it’s hard to get large size single crystal by doping Y3+ [8-10], and
few paper is published by doping other cations. Dy>* samples were used in some
papers [11-13], and the doping level could be tuned to heavily underdoped region
even where the superconductivity disappears. However, no related papers published
to introduce the crystal growth of such samples. We have tried to doping Ca®t with
Dy>", and succeeded in growing large single crystal of underdoped Bi2212 samples
with a wide doping range. The x-ray diffraction results showed that the samples are
in single phase with high quality. By annealing under different conditions, we got
a series of underdoped samples with different 7, from optimally doping to heavily
underdoping region.

Here, the powders used to synthesize polycrystal rod are Bi» O3, SrCO3, CaCO3,
Dy;03 and CuO with purity 99.99 %. Generally, 50 g powder should be prepared
for two feed rods, and depending on different doping x (x =0, 0.2, 0.3 and 0.4),
the ratio of these compounds could be calculated from their chemical formula
BiySrpCaj_ Dy, CuyOg4s. For the first time, it usually grinds the mixed powder
fully in an agate mortar for 12 hours, and then calcine the mixed powder in a cru-
cible with the temperature 700 °C for 48 hours.

Although it’s better to calcine the mixed powder at the vicinity of melting point
of BirSroCaj_ Dy, CuyOg4s crystal, but it’s not the case for the first time. In the
mixed power, the melting point of BiO3 is 817 °C which is much lower than the
melting point of BipSrpCaj_Dy,CupOgs (higher than 920 °C). If the power was
calcined at a temperature higher than 817 °C, the BioO3 would be melted before
the chemical reaction. So, the calcining temperature should be lower than 817 °C
for the first time. Here the powder is calcined at 700 °C for the first time, and then
the calcining temperature is increased by 40 °C for each following calcination. Af-
ter four or five times of calcination, some polycrystal power was taken to do x-ray
diffraction in the last two calcination and the results are shown in Fig. 3.4, taking
doping x = 0.3 for example. The well-defined diffraction peak shows that the ob-
tained polycrystal powder is in a pure phase.

After preparing feed rods with the polycrystal powder under high pressure, cal-
cine the feeds at 920 °C for 48 hours. Then pre-melt the feed rods in the TSFZ
furnace with speed 40 mm/h in flowing oxygen. At last, put the pre-melted feed
rods in the TSFZ furnace and proceed the growth with a speed of 0.25 mm/h for
Bi2212.

The total growing time for a 20 cm feed rod is about 30 days. The as-grown sin-
gle crystal rods consist of three different region, as shown in Fig. 3.5, including the
seed rod region, growing condition adjusting region and high quality single crystal
region. It’s easier to get high quality single crystals for longer feed rods, because the
highest quality of crystals are always at the end of as-grown rods. For the measure-
ment by ARPES or other measurements, single crystals with small size should be
cleaved from single crystal rods. For different doping of Bi;SroCaj_, Dy, CuzOg4s,
the growing procedure is the same, and the single crystals cleaved from as-grown
seeds with different doping x =0, 0.2, 0.3 and 0.4 are shown in Fig. 3.6.

To characterize the quality of the obtained single crystals, the x-ray diffraction
results of Bi2212 single crystals with different dopings are shown in Fig. 3.7. All
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Fig. 3.4 Comparison of the x-ray diffraction results of the polycrystal Bi;SrpCaj_, Dy, CuOg5
(x =0.3) for the last two times of calcining
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Fig. 3.5 The as-grown single crystal rod of BipSryCaj_,Dy,CuyOgys (x =0.3)

the observed peaks can be indexed to the Bi2212 structure, indicating a pure single
phase in the obtained single crystals. The peaks are sharp, as exemplified from the
(0010) peak in the inset of Fig. 3.7, which has a width of 0.1° (full width at half
maximum), indicating high crystallinity and high orientation of the single crystals.
The peak shift in the inset of Fig. 3.7 means that the c-axis lattice constant is de-
creasing as doping Dy>*, and the constant ¢ could be calculated by Bragg diffraction
formula, as shown in Fig. 3.8.

The most basic feature of superconductors is exactly zero electrical resistance
and the Meissner effect which can be used to measure the superconducting transi-
tion temperature. When the temperature of sample goes through 7, the magnetic
susceptibility of sample x has a sudden change from O to —1. Superconducting
quantum interference device (SQUID) is a powerful technique to measure the 7, of
samples. By annealing the as-grown samples, we could get a series of samples with
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As-grown, Dy-Bi2212(x=0.4)

As-grown, Dy-Bi2212(x=0.2) As-grown, Bi2212

Fig. 3.6 BirSryCa;_Dy,Cuy0g4s (x =0, 0.2, 0.3 and 0.4) single crystals cleaved from as—
grown rods
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Fig. 3.7 The {001} x-ray diffraction results of Bi;SrpCa;j_,Dy,Cuy0g45 (x =0, 0.2, 0.3 and
0.4) single crystals. The inset shows the (0010) diffraction peak
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different doping, and the 7, measurements are shown in Fig. 3.9. We can see that the
T, of these samples could be tuned from heavily underdoping (40 K) to optimally
doping (Fig. 3.9). The T, as a function of nominal doping x is shown in Fig. 3.10.
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For the as-grown single crystal with doping x = 0.4, the diamagnetic signal
couldn’t be seen even at 5 K, and this means that the 7, of the sample with such
doping is below 5 K. Noting that the single crystal was grown under pure oxygen,
it’s expected that the non superconducting samples with heavily underdoped could
be obtained by annealing the as-grown samples in vacuum at high temperature. Ac-
tually, the resistivity as a function of temperature shows that it’s a perfect insulator,

as shown in Fig. 3.11.

It is worth mentioning that the T, of as-grown optimally doped Bi2212 is ~92 K.
After annealed in vacuum, the T, rises to 97 K, and the transition width is about
2.5K (10 %~90 %) (Fig. 3.12). So far, this is the highest superconducting transition
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Table 3.1 T, vs annealing

oxygen pressure Pressure® Temperature T.
1 atm air 450°C 84 K
1 atm oxygen 450 °C 82K
3 atm oxygen 450 °C 75 K
10 atm oxygen 450 °C 72 K
50 atm oxygen 450 °C 70 K

4Pressure set at room 90 atm oxygen 450 °C 60K

temperature.
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temperature in pristine Bi2212 without cation doping. It has been reported that the
T, of Bi2212 could achieve 96 K by doping Y (Bi»Sr2Cag.92Y.0sCu20s45) [14].

3.5 Annealing of Bi2212 in High Pressure Oxygen

It’s hard to grow high quality overdoped Bi2212 directly under oxygen pressure be-
cause of the instability of melting zone. Another method of inducing hole carriers
by replacing Bi** with Pb>* is also hard to get high quality single crystals with rea-
sonable size for ARPES experiments. We tried to induce hole carriers by annealing
the asgrown optimally doped Bi2212 in oxygen, and a series of overdoped samples
with T, varied from 60 K to 92 K is obtained.

In Table 3.1, except the 1 atm, all the other pressure is the value before heating,
and the pressure would increase by 2.5 times after heating to 450 °C. It’s very in-
teresting that the 7, of optimally doped Bi2212 after annealing in 1 atm air could
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achieve 84 K, and this value drops to 82 K when annealing in 1 atm pure oxygen.
When the pressure is higher than 50 atm, the 7, almost saturates and this means that
it’s hard to get much heavier overdoped sample by simply annealing in high pres-
sure oxygen. As shown in Fig. 3.13, by controlling the pressure of oxygen precisely,
one could get overdoped sample with 7, from 92 K to 60 K.

3.6 Summary

We has grown high quality underdoped Bi2212 single crystals with wide doping
range by replacing Ca?* with Dy (Bi»Sr,Caj_, Dy, CusOgys, x =0, 0.2, 0.3 and
0.4). For x = 0.4, the sample is heavily underdoped with 7, < 5 K, and hopefully,
even non superconductivity after annealed in vacuum. By annealing the optimally
doped samples, we got a series of overdoped samples with 7;. varied from 92 K
to 60 K. Surprisedly, we got pure Bi2212 single crystals without cation doping, and
after annealed in vacuum the maximum 7 is 97 K which is the highest T, in pristine
Bi2212 so far.

The obtain of single crystals of Bi2212 with wide doping range bring us the
opportunity to study the physics in phase diagram of Bi2212 high-temperature su-
perconductor by ARPES.
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Chapter 4
Nodal Electron Coupling
in the Bi;Sr;Ca;Cuy0g4

4.1 Introduction

The physical properties of materials depend on the microscopic electronic structure
with many-body effects that electron interacts with other modes in solids such as
phonon, magnetic resonance, spin fluctuation and so on. Understanding the many-
body interaction is critical in the study of high temperature superconductivity mech-
anism. The mechanism of traditional superconductivity is based on the pairing be-
tween two electrons of opposite spin and momentum mediated by lattice vibration
(phonons), and the studies of many-body effects have provided direct evidence for
the success of BCS theory [1, 2]. It has been proved that the supercurrent is still
carried by pairing electrons in cuprate superconductors [3], but the mechanism of
pairing is still a mystery. So, study the many-body effect in high-temperature su-
perconductor is one of the key questions in understanding the pairing mechanism.
Because of its isotropic electronic structure, the many-body effect of conventional
superconductors could be studied by tunneling experiments which have no momen-
tum resolution. But for high temperature cuprate superconductors of anisotropic
electronic structure, a technique with momentum resolution is needed to study the
many-body effect in them.

ARPES, a powerful tool in probing many-body effects, has revealed clear ev-
idence of electron coupling with low-energy collective excitations (bosons) at an
energy scale of ~70 meV in the nodal region [4-9] and ~40 meV near the
antinodal region [6, 10—12] although the nature of the bosonic modes remains
under debate as to whether it is phonon [5, 8, 10, 13] or magnetic resonance
mode [6, 7, 11, 14, 15]. Recently, another high energy feature has been identified in
dispersion at 300~400 meV [16-23], but its origin remains unclear as to whether
this can be attributed to a many-body effect.!

In this chapter, a new form of electron coupling in high-temperature supercon-
ductors is identified by taking advantage of a super-high resolution VUV laser-based

I'The high energy kink will be discussed in detail in Chap. 5.
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ARPES technique. New features at energy scales of ~115 meV and ~150 meV are
revealed in the electron self-energy in the Bi2212 superconductor in the supercon-
ducting state. These features cannot be attributed to electron coupling with single
phonon mode or magnetic resonance mode. They point to a possibility of electron
coupling with some high energy excitations in high-temperature superconductors.
The temperature dependence of nodal electronic state shows that the nodal region is
also sensitive to superconductivity.

4.2 Experiments

The angle-resolved photoemission measurements have been carried out on our
newly developed VUV laser-based ARPES system [24]. The photon energy of the
laser is 6.994 eV with a bandwidth of 0.26 meV. The energy resolution of the elec-
tron energy analyzer (Scienta R4000) is set at 0.5 meV, giving rise to an overall
energy resolution of 0.56 meV, which is significantly improved from 10~15 meV
from regular synchrotron radiation systems. The angular resolution is ~0.3°, corre-
sponding to a momentum resolution ~0.004 A~! at the photon energy of 6.994 eV,
more than twice improved from 0.009 A~ at a regular photon energy of 21.2 eV for
the same angular resolution. The photon flux is adjusted between 10'3 and 10'* pho-
tons/second. The optimally doped Bi2212 single crystals with a superconducting
transition temperature 7, = 91 K (see the 7, measurement in Fig. 4.1) were cleaved
in situ in a vacuum with a base pressure better than 5 x 10710 Torr.

4.3 Nodal Electronic State at Low Temperature

Figure 4.2 shows the electronic state measured along the I"(0, 0)-Y (77, 7) nodal
direction at a temperature of 17 K. Figure 4.2(a) is the raw spectra, Fig. 4.2(b) is
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Fig. 4.2 Electron dynamics of optimally doped Bi2212 measured along the I"(0,0)-Y (rr, )

nodal direction at 17 K. (a) Original raw spectral; (b) The MDCs extracted from (a), and the
MDC at Fermi level is shown by broken line. (¢) The fitting of the MDC at Fermi level

the MDC extracted from Fig. 4.2(a), and Fig. 4.2(c) is the MDC at Fermi level as
dotted line shown in Fig. 4.2(b). One can see the robust kink in dispersion near
70 meV (Fig. 4.2(a)). For nodal spectra of Bi2212 in which there is no gap opened
in superconducting state, within small momentum region and ignoring the effect of
matrix element, the spectral obtained by ARPES could be represented by

I(k, ) =1y f(w)AK, w) 4.1

with A(Kk, w)

Atk o) _ 1 2K, )

7 — ek — Tk P + 2K o) @2

which has been discussed in Chap. 2. For fixed energy o, the single particle spectral
function A (K, ) is a simple Lorentzian form. So, the real part and imaginary part of
self-energy could be extracted by fitting the MDCs extracted from raw spectra with
A(K, ). The MDC and the fitting result is shown in Fig. 4.2(c), and the feed back
FWHM (full width at half maximum) of MDC is 0.013 A~! which is much more
improved because of ultra high energy and momentum resolution. Figure 4.3 shows
the extracted MDC dispersion and the FWHM as a function of energy by fitting the
MDCs shown in Fig. 4.2(b). One also can see an obvious kink in dispersion near
70 meV and a drop at the same energy in the MDC width which is similar to those
reported before [4-9], but with much improved clarity. It is generally agreed that
this 70 meV feature originates from a coupling of electrons with a collective boson
mode. When coming to nature of the boson mode, it remains under debate whether
it is phonon [5, 8, 10, 13] or magnetic resonance mode [6, 7, 11, 14, 15].
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Fig. 4.3 The MDC dispersion and MDC width as a function of energy by fitting the raw spectra
in Fig. 4.2(a)

From Eq. 4.2, one can extract the real part of electron self-energy from the MDC
dispersion given that the bare band dispersion is known which can be determined
in a number of ways but still without a consensus [15, 25, 26]. To identify fine fea-
tures in the electron self-energy and study their relative change with temperature,
it is reasonable to assume a featureless bare band for the nodal dispersion within a
small energy window near the Fermi energy. In this case, the fine features manifest
themselves either as peaks or curvature changes in the “effective self-energy” [25].
As shown in Fig. 4.3, we choose here a straight line connecting two energy posi-
tions in the dispersion at the Fermi energy and —0.4 eV as the empirical bare band.
The resultant effective real part of electron self-energy, which represents the energy
difference between the measured dispersion and the selected bare band, is shown
in Fig. 4.4. With much improved precision of data, one can identify clearly several
features in the electron self-energy, as shown in Fig. 4.4. The most pronounced fea-
ture is the peak at ~70 meV that gives rise to the kink in dispersion seen here and
before. In addition, at higher energies, two new features can be identified clearly as
a valley at ~115 meV and a cusp at ~150 meV.

4.4 Momentum Dependence of the Dispersion and Self-energy

To identify the new features, momentum dependence of the real part of the electron
self-energy is shown in Fig. 4.5. The dispersion of the five cuts near nodal region
is shown in Fig. 4.5(a), and the extracted real part of the electron self-energy is
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shown in Fig. 4.5(b). With much improved precision of data, one can identify sev-
eral features in the electron self-energy clearly, as shown in Fig. 4.5(b). The most
pronounced feature is the peak at ~70 meV that gives rise to the kink in disper-
sion seen here and before. In addition, at higher energies, two new features can be
identified clearly as a valley at ~115 meV and a cusp at ~150 meV. Signature of
a fine feature near 94 meV is also visible, particularly for the two cuts close to the
nodal region (cuts 1 and 2). Between the Fermi level and 70 meV, we have also
observed hints of possible low-energy features which are, however, very subtle and
need further measurements to pin them down.
How the ~70 meV feature evolves on the Fermi surface is still a question in
the study of the many-body effect in cuprate superconductors. Previous ARPES
studies on the cuprates superconductors show a ~70 meV kink feature in nodal di-
rection [4-9, 13, 28] but ~40 meV feature in antinodal region [6, 10—12]. However,
there is little literature gave a detail momentum dependent study of the kink structure
on the Fermi surface. Actually, how to extract the energy dispersion and kink en-
ergy in antinodal region where there is gap opened is still a question which directly
relates to high temperature superconductivity. However, as shown in Fig. 4.6(a), en-
ergy dispersions for five different cuts on Fermi surface (inset of Fig. 4.6(b)) are
obtained by simply fitting the MDC by a Lorentzian to show the kink structure.
It’s obvious that the kink structure around 70 meV is dramatically enhanced with
the cut moving to antinodal region, and a slight shift of the kink to lower energy
could be also resolved (Fig. 4.6(a)). Moreover, the MDC width as a function of en-
ergy shows a similar behavior that the drop around the kink energy also moves to
lower energy as moving to antinodal region, as shown in the inset of Fig. 4.6(a).
To characterize the kink energy, the nominal electron self-energy is extracted by the
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self-energy extracted from the MDC dispersion shown in (a). Reprinted with permission from [27],
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0.0 e , 40
a _.40-b A c
&L s >
~‘ 3
X
-0.1 : i %‘: Gap@20K W ?Er
5ap@
S ) @ ° Gromc o =g
> -Er 2 Kink@20K o
2 § 48 04 02 w Kink@108K ™ @,
" -0.2 4 ¢ ; o L] 40 =
] § 544 [ = ] o
T § o hadll 0] [ ] =1
w B Wu}‘ ‘h N 0 n " =
g 03 v\ i [® ] L]
=4 W o 3
5 iy, L S = [ )
-0.3 §55 8 2 023k, Ny | O n - 20 <
y S : ! ! ::u:, \ N -~
g : g 0.1 N ‘ I -20 “ "-
g 5 Y
PYViit! ‘ O . R
0.40 0.50 0.60 -0.20 -0.10 0.00 0 20 40 60 80
Momentum(n/a) E-Er(eV) Angle ®

Fig. 4.6 Momentum dependence of ~70 meV feature in the normal and superconducting state.
(a) The MDC dispersions and the MDC width as a function of energy (inset) of selected cuts
shown in the inset of (b). (b) Experiential electron self-energy extracted from the MDC dispersion
in (a). (¢) The kink energy as a function of Fermi surface angle shown in inset of (b) in both
superconducting (20 K) and normal state (108 K). For comparison, the energy gap as a function of
Fermi surface angle is also shown in (c)

experiential method to subtract a featureless linear band from the MDC dispersion,
as shown in Fig. 4.6(b). Similar fitting and the extraction of electron self-energy
have also been applied on the normal state data (108 K). The extracted kink en-
ergy as a function of Fermi surface angle is shown in Fig. 4.6(c), and we can see
that the kink energy is slightly momentum dependent at low temperature 20 K but
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Fig. 4.7 Temperature dependence of nodal raw spectra along I" (0, 0)-Y (;r, ) in optimally doped
Bi2212 (T, =91 K)

almost momentum independent in normal state 108 K. The maximum difference
of the kink energy between the normal and superconducting state is less than 10
meV. Actually, in present measurements by VUV laser, we didn’t resolve the kink
feature at ~40 meV in antinodal region or the ~40 meV feature expected in the
normal state in nodal region [29]. For the farthest momentum cut that the spectra
suitable for MDC fitting, the kink energy we got is ~55 meV which is the dip en-
ergy in the antinodal EDC as shown in Fig. 4.10 and Fig. 4.12. The energy gap as
a function of Fermi surface angle which will be discussed in detail in Chap. 7 is
also shown in Fig. 4.6(c). The kink energy doesn’t move to higher energy with the
opening of the superconducting gap which is opposite to the prediction of the calcu-
lation within BCS theory [30]. Anyway, how to understand the momentum depen-
dence of the kink energy needs further study from both experimental and theoretical
sides.

4.5 MDC Dispersion and the Quasiparticle Scattering Rate

Because of much enhanced photon flux, the statistics of the spectra at high temper-
ature is still good enough for self-energy analysis which is hard in previous ARPES
experiments by using traditional light sources (synchrotron radiation source and gas
discharge lamp). The improvement of the performance of the ARPES technique
brings us the opportunity of studying the temperature dependence of the electron
self-energy in detail.

Figure 4.7 shows the high quality of nodal raw spectra at different temperatures
(below T,: 17 K, 45 K, 67 K and 88 K; above T,: 99 K, 108 K and 128 K). The
MDC dispersion and the width could be directly extracted from Fig. 4.7 by fit-
ting the MDCs, as shown in Fig. 4.8. Dramatic changes when crossing 7;. are shown
in the MDC dispersion (Fig. 4.8(a)) and scattering rate (Fig. 4.8(b)). The upper left
inset in Fig. 4.8(a) shows the momentum evolution with temperature at four fixed
energies (Fermi level, —0.07 eV, —0.2 eV and —0.3 eV), and the bottom right inset
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Fig. 4.8 (a) and (b) are the temperature dependence of the nodal MDC dispersion and MDC
width, individually. The upper left inset in (a) is the momentum as a function of temperature at
Ep, —0.07 eV, —0.2 eV and —0.3 eV, and the bottom inset in (a) is the MDCs at 17 K and 128 K.
(¢) The difference of MDC width between 17 K and 128 K. The arrows in (b) and (¢) mark the
possible features in scattering rate. Reprinted with permission from [27], copyright 2008, American
Physical Society

shows the MDC at the four fixed energies below (17 K) and above 7, (128 K). Dur-
ing the rising temperature of the sample, the MDC dispersion changes in the energy
window between 0 and 300 meV, and the normalization of the band is enhanced
with temperature decreasing.

It’s unexpected that the Fermi momentum shifts with temperature, as shown in
Fig. 4.8(a) and the upper left inset. The Fermi momentum increases when heating
the sample below T, while keeps almost constant above T,. The shift of Fermi mo-
mentum is monotonic and at a small scale of 0.003 A~!. We first examined that if
the change of orientation of our sample induced such a shift of Fermi momentum,
and this possibility could be excluded because the change of sample orientation
would make the whole band shift. As shown in Fig. 4.8(a) and the upper left in-
set, the MDC dispersion has little change below 300 meV. Actually, the MDCs of
17 K and 128 K overlap with each other perfectly at the binding energy 300 meV, as
shown in the bottom inset of Fig. 4.8(a). Another possibility that could course the
Fermi momentum shift with temperature is the expansion of the crystal lattice when
heating the sample, but it could be excluded by the reason that the expansion of the
crystal lattice will reduce the Fermi momentum which is opposite to our experimen-
tal results. The strange shift of Fermi momentum has never been reported before,
and to make it much more convincible, we repeated the experiments and got similar
results. So, maybe it’s the intrinsic feature in Bi2212 first observed with much im-
proved resolution. Possibly, The Fermi momentum shift is induced by the shift of
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chemical potential or the change of Fermi surface topology, and this requires further
work to determine its origin.

At low energy between 0 and —0.2 eV, the scattering rate is dramatically depen-
dent on temperature (Fig. 4.8(b)). It’s interesting that the evolution of scattering rate
is not monotonous with temperature and binding energy dependent. The scattering
rate decreases as cooling the sample in energy window 0~ — 0.07 eV, while rises
in the energy window —0.07~ — 0.15 eV. This gives rise to an “overshoot” region
extending to 0.1 eV at low temperature. These features are more apparently demon-
strated by subtracting the scattering rate at low temperature from high temperate
one, as shown in Fig. 4.8(c). The difference of scattering rate is positive between
—0.07 eV and —0.15 eV, while negative between —0.07 eV and 0. The Arrows
marked in Fig. 4.8(c) show the fine structures including the widely studied 70 meV
kink, newly discovered —115 meV and —150 meV features, and the possible low
energy kink at —8 meV.

4.6 Temperature Dependence of the Electron Self-energy

The temperature dependence of the real part of the electron self-energy in Fig. 4.9(a)
shows the emergence of the 115 meV and 150 meV features below 7. The self-
energy is extracted by subtracting the MDC dispersion in Fig. 4.8(a) by an experi-
ential linear bare band. The difference of the real part of self-energy between low
temperature and 128 K is shown in Fig. 4.9(b) from which the ~70 meV feature is
sharpened and the features around 115 meV and 150 meV rush out when the sample
enters into superconducting state. This coincides with the features presenting in the
scattering rate. The observation of high energy features at 115 meV and 150 meV
predicts a new form of electron coupling in high-temperature superconductors. Dif-
ferent from the 70 meV feature which is attributed to coupling of electrons with
some collective modes [5-8, 10, 11, 13—15], the energy scale of the new features is
higher than the possible collective modes in high-temperature superconductor, such
as phonon (~90 meV [31]) and magnetic resonance mode (~42 meV [32]). So, the
new features couldn’t be attributed to coupling with single collective mode. In prin-
ciple, the electron coupling with low energy bosons could extend to high energy, but
it’s impossible to induce the sudden change of the curvature in electron self-energy
which could be proved by the simulations of electron-phonon coupling using both
Debye and Einstein models and confirmed in canonical electron-phonon coupling
systems [33].

Many possibilities could induce the high energy features in the electron self-
energy. The first possibility is the shift of low energy features from electron cou-
pling with bosons like photon and magnetic resonance mode because of the opening
of the superconducting gap. The simulations of the many-body effect in cuprates
within BCS theory predict that the feature on the dispersion or the electron self-
energy induced by the electron-boson coupling should shift to higher energy by
maximum energy gap size [30]. In optimally doped Bi2212, the maximum energy
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Fig. 4.9 (a) The real part of self-energy extracted from Fig. 4.8(a). (b) The difference of the real
part of the electron self-energy between low temperature and 128 K. To minimize the noise, a
fitted curve of the 128 K self-energy is used to calculate the difference. Reprinted with permission
from [27], copyright 2008, American Physical Society

gap is ~35 meV, and it could be predicted that the 70 meV feature should move to
105 meV when entering into superconducting state. However, by this explanation,
it’s hard to understand the feature at 150 meV and the feature around 115 meV is a
dip instead of a peak like the kink around 70 meV. The other possibility is the elec-
tron coupling with multiple photons. Generally, it’s very weak for the electron cou-
pling with multiple photons from theory, but it couldn’t be excluded totally. More
theory works is needed to verify if the multiphonon process could induce such strong
features in superconducting state [34]. The third possibility is the electron coupling
with high energy boson mode which could induce such features around 150 meV
and 115 meV in the high energy spectral function of superconducting state. Actu-
ally, the optical experiment has been proposed similar high energy mode [35], and
the neutron scattering experiment has proved that the spin fluctuation could extend
to 200 meV which is strong temperature dependence [36—38]. Further theoretical
work to investigate the effect of such high energy spin excitations on electron dy-
namics will help in clarifying such a scenario.

4.7 The Superconducting Sensitivity of Nodal Electronic State

The well-known 70 meV kink and the newly discovered nodal 150 meV and
115 meV features perform a dramatic change when crossing 7;, and this predicts
that the nodal electronic state plays an important role in the high temperature super-
conductivity. The temperature dependence of nodal MDC and EDC also performing
dramatic change when crossing 7, and the detail will be introduced in this section.
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Fig. 4.10 The temperature dependence of nodal (a) and antinodal EDC (b). The inset in (a) is
the FWHM and intensity of the EDC as a function of temperature, and the inset in (b) shows the
selected momentum point on Fermi surface: point a in (a), and point b in (b)

By studying the nodal scattering rate, further evidence is provided to the nodal sen-
sitivity of superconductivity.

Figure 4.10 shows nodal and antinodal EDCs at Fermi momentum K r at various
temperature from normal state above 7. to superconducting state below 7.. The
EDC experiences dramatic sharpening with decreasing temperature, developing into
a remarkably sharp peak at low temperature, as the intensity and EDC width as a
function of temperature shown in inset of Fig. 4.10(a). The extent of this change is as
strong as that EDC behaviors in the antinodal state (Fig. 4.10(b)), similar as previous
reports [39—-41]. While the sharpening of antinodal states may be due to the pileup
of density of states at the superconducting gap energy, the change of spectra along
nodal cut where is zero superconducting gap obviously points to other origin. The
quasiparticle scattering rate which is proportional to the FWHM of EDC apparently
decreases with decreasing temperature (inset of Fig. 4.10(a)). The FWHM of EDC
is extracted from fitting symmetrized EDC around Fermi level in order to remove
the effect of the Fermi cutoff which is as a function of temperature.

With dramatically improved resolution and high photon flux, one can make a de-
tailed temperature dependence of MDC width which is proportional to the quasipar-
ticle scattering rate at Fermi level, as shown in Fig. 4.11(b) in which there are two
measurements on two different samples with similar doping. MDC width follows
linear temperature dependence above 7, even up to room temperature, and drops
dramatically when crossing T,. Note that the normal state scattering rate extrapo-
lated linearly for T — 0 equal to the residual scattering rate in superconducting
state (Fig. 4.11(b)) which is different from earlier ARPES report [42, 43]. The MDC
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Fig. 4.11 Temperature dependence of nodal quasiparticle scattering rate at Fermi level. (a) The
evolution of original MDC with temperature at Fermi level along nodal cut. (b) The FWHM of
nodal MDC as a function of temperature at Fermi level from three different measurements. The
red bold solid line which is extrapolated to 0 K is the fitting the behavior of MDC FWHM as a
function of temperature in normal state. /nset in (b) shows the temperature dependence of FWHM
of MDC around Fermi level

widths of two different samples present the same behavior as a function of temper-
ature, just saturating at different value which is determined by the elastic impurity
scattering. Temperature dependence of the MDC width indicates that the dramatic
drop of the scattering rate only occurs in an energy window 8 meV below Fermi
level (inset of Fig. 4.11(b)). With much improved data quality, the temperature de-
pendence of MDC width shows that the optimal doped Bi2212 doesn’t favor normal
Fermi liquid of which the scattering rate follows Im ¥ 1'21;1(0) xT" (n>1) [43]
or marginal Fermi liquid state which expects a linear temperature dependence of
scattering rate Im Z‘};ﬁl (0) < T [42-44] in nodal direction. Recent ARPES work on
Bi2212 with bi-layer splitting probed proposed that both elastic and inelastic scat-
tering rate have a reduction at 7. because the zero-energy scattering rate is lower
than the linear extrapolation of normal-state scattering rate [43]. However, the ex-
trapolation at 0 K of our data with high quality and only pure anti-bonding band
probed almost coincides with the scattering rate in low temperature well below 7,
(Fig. 4.11(b)). Recent calculations focusing on the nodal scattering rate within the
BCS theory predicate that both forward elastic and spin-fluctuation inelastic scat-
tering rates show a sudden drop when crossing 7, [45], which consists with our
photoemission results.

The FWHM of MDC and EDC are sharpened when crossing 7, but some-
times the resolution of system may induce some artificial behaviors. The actual raw
ARPES spectra (Fig. 4.7) is the intrinsic single particle spectral function convolved
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Fig. 4.12 Momentum dependence of EDCs on Fermi surface from nodal to antinodal region
(a)—(k) at 20 K and 108 K. The K point of EDCs are shown in (I). For comparison, inset in
(K) is the antinodal EDCs from Ref. [40]

with limited energy and momentum resolution. By the simulation of electron-
phonon coupling, the enhanced coupling will slow the Fermi velocity, and con-
volved with the resolution, the EDC will be sharpened but MDC will be broadened.
In Fig. 4.7, the ~70 meV feature which is attributed to the electron coupling with
some boson is enhanced with cooling the sample. Although the enhanced electron-
boson coupling would induce the sharpening of EDC, it will broaden the MDC at
the same time which is opposite to the experimental results shown in Fig. 4.11(b).
Actually, for the VUV laser-based ARPES system, the energy resolution is better
than 1 meV and only momentum resolution would affect the spectra. The experi-
mental MDC width contrast with the simulation result indicates that the sharpening
of EDC is not artificial but intrinsic characteristic of the sudden change of nodal
scattering rate when entering into the superconducting state.

MDC and EDC widths which are proportional to scattering rate show that the
nodal electronic state has a connection with superconductivity, but it’s different from
the behavior of antinodal electronic state (Fig. 4.12). There is a sharp peak in the
EDC on the Fermi surface near antinodal (Fig. 4.12(j) and (k)) at 20 K, and the sharp
peak is the well known coherence peak while the sample is in superconducting state.
In normal state at 108 K, the EDC shows a step structure rather than a peak in the
low energy area (Fig. 4.12(e) and (f)). The origin of coherence peak near antinodal
favors the explanation that the electronic state density is pushed to higher energy
because of gap opening. It’s different for the nodal electronic state that the nodal
quasiparticle peak at low temperature is just sharpened with no gap opening at nodal
point (Fig. 4.12(a)). Temperature dependence of EDCs from nodal area to antinodal
area (Fig. 4.12(a)—(k)) shows that both nodal and antinodal play important roles in
high temperature superconductivity.

Combined with the behavior of newly discovered 150 meV and 115 meV fea-
tures, the sudden sharpening of EDC and MDC when entering into superconducting
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state indicates that the nodal electronic state also plays an important role in the high
temperature superconductivity.

4.8 Summary

In this chapter, the nodal electronic state of optimally doped Bi2212 (7. =91 K) is
studied by VUV laser based ARPES. New features at 115 meV and 150 meV are
identified in the nodal electron self-energy, and it maybe attributed to a new electron
coupling mode, and the temperature dependence of the new features indicates that
they may have a connection with the high temperature superconductivity.

With dramatic improved performance of the new generation of ARPES tech-
nique, the study of optimally doped Bi2212 (7, = 91 K) shows that the nodal elec-
tronic state is sensitive to superconductivity as strong as the antinodal electronic
state. Both the MDC at Fermi level and EDC at Kr are dramatically sharpened
when crossing 7, indicating that one should put the nodal electronic state on the
same level as antinodal state in understanding high temperature superconductivity.
This is consistent with the recent notion that, upon entering the superconducting
state, the intrinsic superconducting gap opens near the nodal region, particularly for
the underdoped samples.
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Chapter 5
High Energy Dispersion in Bi;Sr;Ca;Cuy0g4.5

5.1 Introduction

The superconductivity of cuprates is achieved by doping hole carriers into the Cu-O
layers in which the oxygen 2p orbital hybridizing with Cu 3d orbital forms the basic
band structure in these superconducting materials. It’s well-known that the unusual
physics in high-temperature superconductors is based on the electrons interacting
with electrons, magnons, phonons and other bosons. So, it’s critical to reveal the ba-
sic electronic and the many-body effect in these materials for understanding the high
temperature superconducting physics [1-3]. Recently, a high energy anomaly (high
energy kink, waterfall) is discovered in cuprates, and many works have been done on
its origin and intrinsic physics. Along the nodal direction in Brillouin zone probed
by ARPES, there is a high energy kink around the energy scale ~400 meV in the
electronic band structure, and in the higher energy region between —0.4 meV and
—1.0 eV the energy band is almost vertical (water fall feature) which is anomalous
and never seen or expected in metal [4—11]. The origin of the high energy anomaly is
still under debate [12-22], and even if it was the intrinsic band structure in cuprates
is still unknown [8]. The clarification of these issues is important in establishing
a basic theoretical framework to describe strongly correlated electron systems like
cuprates, in probing electron dynamics by extracting electron self-energy, and in
unraveling possible new physics.

In this chapter, by taking the advantage of VUV laser-based ARPES, the high
energy electronic state is studied. High quality data with super-high resolution and
detailed momentum dependence measurements provide important information in
understanding the high energy dispersion and the kink feature around —400 meV.

5.2 Tight-Binding Band Structure Calculation [23]

To make a comparison with the experimental data, in this section, the tight-binding
model with r—'—t"—t"" is adopted to fit the LAD bands of high symmetry direction,
and then calculate the tight-binding bands along the three cuts shown in Fig. 5.4.
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Fig. 5.1 In-plane hopping o

parameters ¢, t’, t”, and ¢

between different Cu atoms in

the Cu-O plane ®
o

Considering k, dispersion perpendicular to the Cu-O plane, the electron disper-
sion could be written as

Ek) =E k) + E (ky, k) 5.1

with k|| and k, the in-plane and out-plane components of total momentum k sep-
arately. E) is the dispersion in Cu-O plane, and E; is the coupling component of
different Cu-O plane. Equation 5.1 is suitable for various cuprates, but for Bi2212,
because of the coupling between the double Cu-O layers in single cell, the bi-layer
splitting should be involved in the calculation.

Consider hopping parameters ¢, ¢/, ¢, and 1’ between different Cu atoms in the
Cu-O plane (Fig. 5.1), the in-plane dispersion could be written as

"

E (k) = —2t[cx(a) + cy(@)] — 4t cx(a)cy(a) — 21" [cx (2a) + ¢y (2a) ]
— 41" [cxa)cy(a) + cy(2a)cx(a)] (5.2)
in which
ci(aa) = cos(ak;a) (5.3)

and « is a integer or half-integer. Equation 5.3 is the shorthand notation of cos(ak;a)
occur frequently in describing hoppings between lattice sites separated by different
distances aa. As seen from Fig. 5.1, the « only values of 1 or 2 for the hoppings
only occurs within two lattice sites in the x or y direction.

For Bi2212 compound, because of the bi-layer Cu-O planes, the electronic struc-
ture is more complicated than cuprates with single layer Cu-O in unit cell. The hop-
ping parameter t;; between two Cu-O layers should be considered, and combined
with the hopping parameters 7, between different unit cells, the dispersion could be
written as

E. = —T.(k|. cz(z/2)){[cx (@) — cy(@)]* /4 + a0} (5.4)

in which

T, = /12 + A2 + 215ALc.(2/2) (5.5)

the 4, — refer to bonding, antibonding solution separately. The term A’ is
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Table 5.1 The parameters of the tight-binding model by fitting the LDA dispersion

t (eV) t'/t t"/t t"/t tpi/t t,/t Er k; ap
0.5 —-0.2 0.12 0.03 0.2 0.05 0.45 2 0.3
3 Y

-

o
-
<

.

Energy (eV)

----- bonding band
—antibonding band

-2

r M (=, 0) Y (n, m) r

Fig. 5.2 (a) The band structure of high symmetry direction. (b) The calculated Fermi surface and
the antibonding Fermi surface from experiment (empty circles)

A’Z =41, S,y (5.6)
in which
Sxy =cx(a/2)cy(a) 5.7

Note that the term [cx (a) —cy (@)]? indicates that there is no k. dispersion, especially
at I" point. The additional term ¢ is introduced to allow the splitting at I" point.

We fit the dispersion of LAD calculation along high symmetry direction [24]
by using the tight-binding model described above, and the feedback parameters of
Eq. 5.1 in Bi2212 is shown in Table 5.1 (an item Efr of chemical potential shift is
introduced during the fitting).

Figure 5.2(a) shows the calculated band structure along high symmetry direction
by using the parameters in Table 5.1 and Fig. 5.2(b) is the calculated Fermi surface
on top of which the empty circles is the Fermi surface from experiment (only anti-
bonding band probed for 6.994 eV laser with current polarization and experimental
setup).

5.3 Electron-Phonon Coupling Simulation

The single electron-phonon interaction could be described perfectly by classical
solid state theory. In Chap. 2, it has been introduced that the technique of ARPES
experiments is a powerful tool that directly probe the single particle spectral func-
tion. By ignoring the matrix element effect and considering the limited instrumental
resolution, the momentum dependent photoemission intensity is
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I1(k,w)=If(w)AK, w) ® Rk, w) (5.8)

where the A(k, ) is the single particle spectral function, within the case of no
energy gap of open, which could be written as

1 2 (K, )
Ak, 0w)=—— 5.9
7 [w—ex — X'k, 0)]? + [ 2" (k, )]
in which the R (K, w) is the resolution function which could be simulated by a Gaus-
sian function

K2 w?

RK, ») = ¢ % (5.10)

27T 0KO

the 2+/2In20x, 2+/2Iln20,, are the momentum resolution, energy resolution individ-
ually. The electron self-energy of an electron-phonon coupling system within Fermi
liquid theory could be written as [25]

Y(w) = f Ooda/ [ oodwo o> (wo) F (wp) x ( ! ! )
0 0

w’+a)—|—w0—i5_a)’—w+wo—i8

(5.11)

in which the term « (@) is the effective electron-phonon interaction and item F'(wq)
is the density of states of phonons. The electron-phonon coupling strength could be
related to the effect mass of electron and defined as

*

00 2

F
m_ZIHZIH/ Jo (@ F (@)
m 0

w

(5.12)

In the actual simulation, the density of states of the phonons is linear as a function
of energy (Eq. 5.13) by adopting a simple two-dimensional Debye model and the
coupling strength parameter X is set to 1. With a linear bare band &; = 4k, the
simulated ARPES intensity as a function of energy and momentum is shown in
Fig. 5.3, from which we can see a clear kink at the cut-off energy of the density
of states of phonons. The MDC and EDC dispersion overlap with each other quite
well at low energy and high binding energy, and the difference of them at the kink
energy position is from the appearance of peak-dip-hump structure in EDC because
of the electron-phonon coupling. The dispersion of EDC consists of two branches
with one from the dispersion of the peak and the other from the dispersion of the
hump. A similar simulation will be used in the understanding of high energy kink
feature in the rest of this chapter.

o w<0.07eV

Flw)= {o ®>0.07 eV 5.13)
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Fig. 5.3 The simulated
ARPES intensity as a
function of energy and BareBand
momentum with a
two-dimensional phonon

density of states within -0.1
Debye model. The dashed
line is the given energy bare
band, bold dotted line is the
MDC dispersion and the solid
line is the EDC dispersion

EDCI

E-Ef (eV)

x|
-0.2 -0.15 -0.1 -0.05 0
Momentum (1/A)

5.4 Experiment

The experiment is carried out on the new developed VUV laser-based ARPES sys-
tem [26]. The photon energy of the laser is 6.994 eV with bandwidth 0.26 meV.
During the experiment, the energy resolution of the analyzer was set 0.5 meV which
gives a total energy resolution 0.56 meV, and this is much more improved than the
energy resolution 10~15 meV in the ARPES systems equipped with synchrotron
light source or gas discharge lamp [4—11]. The angle resolution is ~0.3°, and the
corresponding energy momentum resolution ~0.004 A~ which is also two times
better than the value ~0.0094 A~! for the regular 21.2 eV photons. The photon flux
used in the experiment is 1013~10'%/sec.

The optimally doped Bi2212 sample used in this chapter was grown by travel
solvent floating zone method with 7, = 91 K and superconducting transition width
~1.4 K. The sample was cleaved in sifu in vacuum with pressure better than 5 x
10~ Torr. Detailed Fermi surface mapping was carried out, as shown in Fig. 5.4.
Three momentum cuts (Fig. 5.4) from nodal to antinodal region were selected to do
the analysis of high energy kink in this chapter.

5.5 MDC and EDC Analysis

Before the application of the two-dimensional electron energy analyzer, analyzers
of the old generation only probe one EDC very time and the dispersion of electronic
band structure could be only analyzed by following the peak of the EDC. By pop-
ularly using the two-dimensional analyzer which could probe the energy and mo-
mentum at the same time, analysis of ARPES data achieved tremendous progress,
as shown in Fig. 5.5, that one can extract both the MDC and EDC dispersions from
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Fig. 5.4 The Fermi surface
mapping of the optimally
doped Bi2212 with

T. =91 K. The solid lines are
the three momentum cuts
from nodal to antinodal
region

Fig. 5.5 (a) The raw spectra
of ARPES measured on a
optimally doped Bi2212

(T, =91 K). (b) The EDCs
extracted from (a) with EDC
at Fermi momentum marked
with dotted line. (¢) The
MDC extracted from (a) with
MDC at Fermi level marked
with dotted line. (d) The
MDC and EDC dispersion :
extracted from (a) . L ] 02
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single data set. With assumption of ignoring the matrix element effect, zero energy
gap opening, linear electronic bare band and momentum independent electron self-
energy, the spectral function of Eq. 5.9 is simplified as a Lorentzian. It brings conve-
nience to analyze the ARPES spectra that one can fit the MDC (Fig. 5.5(a)) to extract
the MDC dispersion and the MDC width as a function of energy which is propor-
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Fig. 5.6 (a) The nodal ARPES spectra along the cut a in Fig. 5.4 at 17 K; (b) The MDCs at
different binding energies. To clearly show, the MDCs at —0.6 eV and —1.2 eV are multiplied
by 5. (¢)—(e) are the EDCs in different momentum regions in (a). (a) The EDCs in the whole
momentum region. The peaks around —0.9 eV are fitted by a simple Lorentzian (marked with
red). Reprinted with permission from [27], copyright 2008, American Physical Society

tional to the quasiparticle scattering rate, as shown in Fig. 5.5(d). Figure 5.5(d) is
the comparison of MDC dispersion and the EDC dispersion which is extracted by
following the peaking position of each EDC, and one can find that the two disper-
sions don’t match each other very well especially in high energy region which is
one of the questions we are trying to answer in this chapter.

5.6 The ARPES Spectra in Nodal and Antinodal Region

Figure 5.6 and Fig. 5.7 show the MDCs and EDCs of the optimally doped sample
at 17 K along the cut a and cut c in Fig. 5.4, individually. With much improved
data quality, it’s easier to do the analysis on EDCs. Along the nodal direction, as
shown in Fig. 5.6(e), ultra-sharp quasiparticle peaks are well resolved in the region
3 of Fig. 5.6(a). Secondary peaks come out in region 2 (Fig. 5.6(d)), and gradually
move to high energy until ~0.5 eV in region 1 (Fig. 5.6(c)). Such detail evolution
of the robust EDC peak in the whole momentum region makes it possible to extract
the EDC dispersion, as shown in Fig. 5.6(a) from which the 70 meV kink structure
could be well resolved in the EDC dispersion. From Fig. 5.6(f), one can see that
there is a broad peak around —0.9 eV with no momentum dependence. The spectra
at antinodal region (cut c in Fig. 5.4) shows a similar behavior of EDC in Fig. 5.6(c),
and the corresponding EDC dispersion is shown in Fig. 5.9(c).

5.7 The MDC and EDC Analysis

Figure 5.8(al)—(a3) show the momentum dependence of the Bi2212 ARPES spec-
tra at 17 K for three different momentum cuts shown in Fig. 5.4. The correspond-
ing MDC second derivative dispersions and EDC second derivative dispersions are
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Fig. 5.7 (a) The antipodal ARPES spectra at 17 K along cut ¢ shown in Fig. 5.4. (b) MDCs at
different binding energies. (¢) EDCs at different momentum region. The red curves are the fitting
of the —0.9 eV peaks by a simple Lorentzian. Reprinted with permission from [27], copyright
2008, American Physical Society

shown in Fig. 5.8(b1)—(b3), (c1)—(c3) individually, from which we can see that the
dispersions extracted by second derivation consist with the quantitative dispersions
by fitting the MDCs and EDCs, and it will be discussed in detail in the following.

The dispersions extracted by MDC and EDC method are quite different from
each other, as shown in Fig. 5.8. In Fig. 5.8(b1)—(b3), the MDC dispersions show
an unbroken dispersion with the pronounced low energy kind around 50~70 meV
which has been studied widely by ARPES experiments [1, 3]. Moreover, the other
high energy kink-like feature with huge momentum dependence could be resolved
in MDC dispersions, as shown in Fig. 5.8(b1)—(b3), that this feature is at ~400 meV
(Fig. 5.8(b1)) for cut a, and this feature moves to ~310 meV (Fig. 5.8(b2)) when
the momentum cut moves away from node (cut b). For the cut ¢ near antinodal
region, the feature is at ~230 meV (Fig. 5.8(b3)). Here, we didn’t see the feature
at —0.8 eV reported previously [9], and the huge momentum dependence of the
high energy feature is different from the momentum independent feature reported in
Bi2201 [11].

On the other hand, there are two branches in the dispersion extracted from
EDC shown in Fig. 5.8(c1)—(c3). For the cut along nodal direction, as shown in
Fig. 5.8(cl), the upper branch of the EDC dispersion is confined to 0.5 eV below
Fermi level, and the width of this branch is narrowed when the momentum cuts go
off-nodal region (Fig. 5.8(c2) and (c3)). The other branch is around high energy
—0.9 eV below Fermi level with almost no momentum dependence which has never
been observed in previous measurement [6—9], but it’s similar as the —0.8 eV peak
observed under certain condition recently [28] and it’s attributed to the band formed
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Fig. 5.8 (al)-(a3) The ARPES spectras for the three different momentum cuts shown in Fig. 5.4.
(b1)—(b2) The MDC second derivation of the spectras shown in (al)—(a3). (c1)—(¢3) The EDC
second derivation of the spectras shown in (al)-(a3). (a4) The simulated ARPES spectra with
electron-phonon coupling involved. A parabola bare band (dotted curve) and a linear density of
state of phonons with a cut-off at 70 meV are adopted during the simulation. (b4), (c4) are the
corresponding MDC, EDC second derivation of the spectra in (a4) individually. Reprinted with
permission from [27], copyright 2008, American Physical Society

by the oxygen hole in the Bi;O; layer. We note that the flat band in high energy
region is shown up in the calculation based on the t-J model [20], but absent in the
LDA calculation [24].

Figure 5.9(a)—(c) shows the direct comparison of the MDC and EDC dispersions
for the three different momentum cuts in Fig. 5.4, and the LDA bare band is also
included in this figure. In the low energy region (0~70 meV), the MDC and EDC
dispersions overlap with each other quite well, and the two dispersions are compara-
ble with each other in the energy region between the low energy kink (70 meV) and
the high energy kink (400 meV), although the difference between them becomes
more obvious at higher binding energy. However, the two dispersions is totally dif-
ferent at high energy region beyond the high energy kink (400 meV).

It has been proposed that the high energy MDC dispersion is the recovery of the
LAD bare band [4, 6, 7, 9, 11], and if it was true, it’s very useful for extracting
the real electron self-energy with the true bare band. As shown in Fig. 5.9(a), if
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we focused on the nodal dispersion, it’s seems that the MDC dispersion is similar
as the LDA calculation. But for the cuts away from node, as shown in Fig. 5.9(b)
and (c), the MDC dispersions are totally different with the LAD calculation results.
Actually, the nodal MDC dispersion is not consistent with the LAD calculation per-
fectly (Fig. 5.9(a)). So, it’s not universal that the high energy MDC dispersion is the
recovery of the LDA bare band.

The other important thing is the origin of the high energy kink of which the en-
ergy scale is around 200~400 meV. First, we note that the high energy kink isn’t the
coupling between electrons with low energy bosons such as phonon or polaron [11],
and it has been evidenced that the high energy kink doesn’t exist in a typical strong
coupling manganite system [7, 29]. The next question is whether the high energy
kink is the coupling between electrons and high energy bosons. If we just focus on
one momentum cut in the Brillouin zone, with electron-boson simulation, it’s possi-
ble to recover the high energy kink in the experimental spectra by adjusting the bare
band, the density of state of the boson and the coupling parameters [6]. However,
it’s hard to recover the momentum dependence of the high energy MDC disper-
sion fully within this scenario. It’s not reasonable that there is some boson with a
peak in the density of state at such high energy shifting from 400 meV to 230 meV
when move from node to antinodal region. Moreover, to simulate the high energy
band structure, the selected bare band should be extremely steep at antinodal region
which is obviously not reasonable. Therefore, detailed momentum-dependent mea-
surements make it clear that it is unlikely to attribute the high energy kink to the
electron coupling with high energy modes.

As two of the most popular methods to extract the band in photoemission ex-
periments, MDC and EDC methods give significantly different dispersion from the
same raw spectra. The critical question comes out that which method is reasonable
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to extract the intrinsic dispersion. As a powerful technique, the same question exists
in the probing the electronic structure of other materials by ARPES. In classic Fermi
liquid theory, the MDC and EDC dispersions are consistent with each other [29], as
the simulation result in Fig. 5.3, and it’s also evidenced by the experiment. Below
the low energy kink around 70 meV, the behavior of MDC and EDC dispersions
is consistent with the classic Fermi liquid theory (Fig. 5.9(a)-(c)). The increased
discrepancy at higher energy between 70 meV and 500 meV means that some new
factors play an important role in the electronic structure. These new factors could
be attributed to the strong correlation, non-coherent single particle spectral function
or strong momentum dependent electron self-energy. The great discrepancy at high
energy beyond 500 meV demonstrates that the nature of high energy electronic state
is extremely unusual.

Generally, it’s more reasonable to represent the intrinsic band structure by fol-
lowing the peak of EDC. However, the MDC analysis has been playing an important
role in the analysis of the electron self-energy. It has to be noted that the application
of MDC method is under some assumptions, and it could introduce some artifi-
cial feature in the dispersion, especially in the bottom or top of the band, multiple
band and energy gap opening region [30]. As the electron-phonon coupling sim-
ulation shown in Fig. 5.8(a4), the EDC method gives the right dispersion at high
energy while the MDC method gives a straight band which is unreasonable and is
an artificial from the data analysis. In Bi2212, the increased background in the high
energy region makes the intensity of the MDC increase with energy (Fig. 5.6(f)
and Fig. 5.7(c)). The strong background may be the tail of the valence band shoot
up at energy —1~—1.2 eV. Actually, well-defined MDC peak could be resolved
(Fig. 5.6(b) and Fig. 5.7(b)). The MDC width and height in Fig. 5.6(d) show the im-
pact of the valence band around —1~—1.2 eV, but the MDC dispersion shows little
change in the same energy region (Fig. 5.6(d)). These observations demonstrate that
the high energy feature in MDC dispersion is somehow related to the valence band
around —1~—1.2 eV. Because it is common to have a strong intensity patch of va-
lence band at high binding energy beyond 1.0 eV [4, 7-9], it is possible to induce
tailing effect at low binding energy that mimics a MDC dispersion. Such an effect
must play an important role although it needs to be further explored whether it can
fully account for the high energy MDC dispersion.

5.8 Summary

Our ultra-high resolution ARPES data, detail momentum dependent experiment and
complete analysis provide important information in the study of high energy kink,

1. Our results rule out the possibility that the high energy MDC dispersion may be
the recovery of the bare band. It’s an important question in the extracting of the
electron self-energy from ARPES spectra in the study of many body physics in
high-temperature superconductors and other materials.
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We rule out that the high energy kink may relate to the coupling between elec-
trons and some high energy bosons.

. We propose that the high energy MDC dispersion may not represent the intrinsic

electronic band structure, and further experiment and theory are desired to clarify
this question.
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Chapter 6
Normal Electron Self-energy and Pairing
Self-energy in Bi;Sr,CaCu;0g

6.1 Introduction

The mechanism of high temperature superconducting is still a mystery and remains
an outstanding issue in condensed-matter physics after its first discovery more than
twenty years ago. Similar as conventional superconductors [1], established by ex-
periments [2], the superfluid in cuprate superconductors is still via Cooper pairs
which are spin-singlet states formed by electrons with opposite spin and momen-
tum. Distinct from the s-wave in conventional superconductors, the pairing symme-
try in cuprate superconductors is predominantly d-wave which has been proved by
experiment [3, 4]. The pairing mechanism is the key question in understanding the
superconducting mechanism. It’s well-known from BCS theory that in conventional
superconductors the electrons are paired by exchanging phonons [1]. However, the
mechanism of pairing in cuprates is still under debate that whether the electron-
electron interaction cause the pairing or a distinct collective mode (glue) mediates
the pairing as in conventional superconductors, and if the pairing mediated via a
collective mode, what the physics of the glue is [5-7].

The extraction of the normal self-energy X (w) and pairing self-energy ¢ (w)
has provided critical evidence in proving the phonon as the glue of pairing in
the BCS theory of superconductivity [8, 9]. The extraction of density states of
the pairing glue in conventional superconductors is based on high-precision tun-
neling experiments [10, 11], from which one can extract the complex energy gap
function A(w) and the renormalization parameter Z(w). The complex pairing self-
energy ¢ (w) is related to energy gap function and the renormalization factor by
A(w) = ¢(w)/Z(w). Based on BCS theory, two different approaches could be
adopted to extract the bosonic spectral function o> F (w) from energy gap function
A(w). One of the approaches assumed a bosonic spectral function to calculate the
pairing self-energy and matched it to the experimentally extracted one [12], and the
other approach proposed by McMillan and Rowell et al. was carried out the direct
inversion of the pairing self-energy to extract the bosonic spectral function [13].
The striking resemblance between the bosonic spectral function thus extracted and
the phonon density of states directly measured from the neutron scattering provided
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overwhelming evidence of the phonons as a pairing glue in conventional supercon-
ductors [8, 9].

However, the application of a similar procedure to extract the bosonic spec-
tral function associated with superconductivity in cuprate superconductors is rare
in published works. One of the reasons is the anisotropic electronic structure in
cuprate superconductors which make it difficult to analyze the tunneling data which
measures the average electronic state over Fermi surface, and the other reason is
that there is no proper superconducting theory on cuprate superconductors to cal-
culate > F (w) from the inversion of the pairing self-energy. Actually, several at-
tempts have been carried on cuprate superconductors by this approach based on
tunneling experiments, and sharp modes was found in the bosonic spectral func-
tion &2 F (w) [14, 15]. Another attempt is based on the optical spectroscopy which
could also extract the bosonic spectral function [16—19]. These attempts are based
on the experimental techniques with no momentum resolution, but the cuprate su-
perconductors are well-known for their anisotropic electronic structure. There is
a strong nodal-antinodal dichotomy of electronic structure in cuprate supercon-
ductors, particularly for optimally doped and underdoped samples, i.e., the elec-
tronic states near the nodal region are distinct from that near the antinodal re-
gion [20]. Moreover, these attempts were based on a standard d-wave energy gap
A = Agcos(20) which is not true for optimally doped and underdoped cuprates.
Such a strong anisotropy in the electronic structure and superconducting gap is
in a stark contrast to conventional superconductors with mainly an isotropic elec-
tronic structure and an isotropic s-wave superconducting gap. The analysis of the
tunneling and optical measurements in cuprate superconductors may get compli-
cated because the data represent an integration over the momentum space with
a momentum-dependent weighting factor, which is usually difficult to determine.
The use of angle-resolved photoemission spectroscopy (ARPES), with its unique
momentum-resolving capability, is desirable in working on anisotropic cuprate su-
perconductors [21].

In this chapter, VUV ARPES with ultra-high energy resolution has been applied
on a slightly underdoped Bi2212 sample (7, = 89 K) at low temperature. Particle-
hole mixture induced two peaks in momentum distribution curve (MDC) rather than
the back-bending dispersion could be resolved by the first time in a large momen-
tum range on the Fermi surface. The behavior of particle-hole mixture in MDC is
attributed to the dispersion of Bogoliubov quasiparticle below Fermi level. The BCS
single particle spectral function has been adopted to fit the MDCs, and the complex
energy gap function and normal electron self-energy could be extracted from the fit-
ting results. The resultant normal and pairing self-energies exhibit features at ~54
and ~40 meV, in addition to the superconducting gap-induced structure at lower
binding energy and a broad featureless structure at higher binding energy. As the
same as what have been done in conventional BCS superconductors, the complex
gap function would be used to further extract the spectral function of the bosons
which should be the origin of electron pairing in high-temperature superconduc-
tors.
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6.2 The Simulation of the Single Particle Function
in Superconducting State

In the BCS theory, the single particle spectral function in superconducting state
could be simplified as [22]

A= Lt T
7 (o= e — Z(0, 1+ A, b

6.1)

In which the X (w, k) is the electron self-energy, A(w, k) is the energy gap function
and ¢y is the bare band. In a small energy window around Fermi level, the following
assumption is satisfied

-t — (@, k)~ Z (0 —ex +iy) (6.2)
Alw, k) ~ A0, k) (6.3)

Ignoring the imaginary part of the electron self-energy X' (w, k), the superconduct-
ing single particle spectral function in Eq. 6.1 could be written as

z
A0 =22 u)s(0 - ef +|zeaw) )
+ |vk|28(w+\/8,%+ |ZkA(k)|2)] (6.4)

Where the u; and vy are the coherence factors, and the Zj is the renormalization
factor which is related to normal electron self-energy. The uy and vy satisfy |ux|? +
o> =1,

|’4k|2=%<1 - 8—") 6.5)
Ve +1Ze Ak
1
|Uk|2=§<1 + 8—") (6.6)
Ve +1Ze Ak 2

Because of the Fermi-Dirac distribution of the Fermions, the measured spectra in
ARPES experiments is o« A(k, w) f (w) in which the f(w) is the Fermi-Dirac distri-
bution function.

To simplify the simulation, considering the situation just interested in the super-
conducting energy gap, a simple system without any many-body interaction Z; = 1
and the 6 function is replaced by a simple Lorentzian,

r
S(w) = (6.7)

_;w2+1“2

At first, we focus on the simulated EDC near Fermi level. As shown in Fig. 6.1(a),
for the same single particle spectral function, at low temperature 7 = 10 K, because
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Fig. 6.1 The simulated EDCs with energy gap opened in superconducting state from Eq. 6.4.
(a) The simulated EDC at 10 K. (b) The simulated EDC at 100 K. The red arrow marks the ad-
ditional spectral weight above Fermi level because of the thermal population. (¢) The temperature
dependence of EDC in superconducting state
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Fig. 6.2 The simulated ARPES spectra in superconducting state. (a) The original simulated single
particle spectral function. (b), (¢) The simulated ARPES spectra in superconducting state, normal
state individually

of insufficient thermal population, it’s hard to resolve the additional spectral weight
above Fermi level. But at high temperature 7 = 100 K, the thermal population is
sufficient to populate electrons to the unoccupied states above Fermi level and addi-
tional spectral weight could be observed above Fermi level, as shown in Fig. 6.1(b).
The temperature dependence of the EDC in superconducting state (Fig. 6.1(c)) in-
dicates that the Bogoliubov quasiparticle peak above Fermi level could be only ob-
served at higher temperature for specular energy gap.

Figure 6.2(a) shows the image of a single particle spectral function which is
composed of two branches of the Bogoliubov dispersion with one below Fermi level
and the other one above Fermi level. The simulated ARPES image at T =20 K is
shown in Fig. 6.2(b), and only Bogoliubov dispersion below Fermi level could be
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Fig. 6.3 The schematic of
the Bogoliubov dispersion.
The white dotted line is the
energy slighter higher than
the energy gap and the white
solid line is the MDC at this
energy. The white arrow
marks the minor peak in
MDC above Fermi
momentum

resolved. At T = 90 K, the branch of Bogoliubov dispersion above Fermi level
could be observed because of the thermal population, as shown in Fig. 6.2(c).

A simulated Bogoliubov dispersion is shown in Fig. 6.3. For MDC at energy
slight higher than energy gap (the white solid line in Fig. 6.3), a small peak or
a shoulder is expected above Fermi momentum. However, no such phenomenons
reported in previous studies, and most of the previous studies focus on the EDC
at higher temperature just below superconducting transition temperature [23, 24].
Because of enhanced inelastic scattering of quasiparticle, the broadened ARPES
spectra would smear the features expected in MDC. Moreover, ARPES raw spectra
is the convolution with limited energy and momentum resolution which bring the
difficulty of probing particle hole mixture in MDC. The application of the VUV
laser with super-high resolution would bring the possibility to resolve such a feature
of the Bogoliubov dispersion in MDC at low temperature on high quality samples.

The following sections mainly introduce the application of VUV laser-based
ARPES (the energy resolution is one order better than of the synchrotron light
source) on a slightly underdoped Bi2212 (7. = 89 K), and the behavior of Bogoli-
ubov quasiparticle in MDC could be resolved at 16 K far below 7. It’s meaningful
to resolve the particle hole mixture in MDC that the complex energy gap function
and the normal electron self-energy could be extracted directly by fitting the MDCs
with BCS single particle spectral function.

6.3 The Particle-Hole Mixture Presented in MDC

As it has been introduced in Chap. 2, the raw spectra obtained in ARPES experiment
could be written as

Ik, w)=1k,v, A) f(w)AKk, w) (6.8)
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in which the item Ip(k, v, A) f (@) is the matrix element depending on the energy
and polarization of the incoming photons and the f(w) is the Fermi-Dirac distribu-
tion function. The single particle spectral function is proportional to the imaginary
part of the Green’s function,

Ak, w) = %Im{G(k, w)} (6.9)

Considering the case of a cylindrical Fermi surface, the simplified single particle
Green’s function can be written as [8]

Z(w)w + ek

O = ey -6 0.

(6.10)

with bare band ¢, renormalization parameter Z(w), and standard d-wave gap func-
tion ¢ (8, w) = ¢ (w) cos(26). Noting that the momentum parameter k in this Green’s
function is the scalar for a certain 6, the ARPES experiment should be performed
along special cuts in Brillouin zone pointing to (7, ) if one want to apply this
simplified Green’s function to fitting experimental data. It’s very lucky that for the
ARPES experiments using 6.994 eV light source (Fig. 6.4), the cut marked with
grey cycles in Fig. 6.4 is in a good approximation of pointing to (;r, ) in momen-
tum space.

For the situation without energy gap opened, the energy gap function ¢ (6, w) in
Eq. 6.10 is 0, and the single particle function of Eq. 6.10 could be simplified as

1

The real part of self-energy X/(w) = @ — Zj(w) and the imaginary part X" =
wZy(w). The Z1(w) and Z>(w) are the real and imaginary parts of renormaliza-
tion factor Z(w). In the case of zero energy gap, the single particle spectral function



6.4 Experiment 103

is

1 2" (w)

Ak, w)=—

7 (@~ ek — Z'(@)* + [Z" ()]
The obtained single particle spectral function is a simple Lorentzian which has been
widely used in the analysis of ARPES spectra to extract the normal state electron
dispersion and electron self-energy. Different from former studies [23-27], because
of the observation of the two-peak feature of Bogoliubov quasiparticle in MDC, the
single particle spectral function in superconducting state (Eq. 6.10) could be applied
to fit the MDC in superconducting state and the complex form of normal electron
self-energy and energy gap function could be extracted.

(6.12)

6.4 Experiment

The angle-resolved photoemission measurements have been carried out on our
newly-developed VUYV laser-based angle-resolved photoemission system [28]. The
photon energy of the laser is 6.994 eV with a bandwidth of 0.26 meV. The energy
resolution of the electron energy analyzer (Scienta R4000) is set at 1 meV, giving
rise to an overall energy resolution of ~1.0 meV which is significantly improved
from 10~15 meV from regular synchrotron radiation systems [23-27]. The angular
resolution is ~0.3°, corresponding to a momentum resolution ~0.004 A~ at the
photon energy of 6.994 eV, more than twice improved from 0.009 A~! at a regu-
lar photon energy of 21.2 eV for the same angular resolution. In order to reducing
the space charge effect which can cause a non-ignorable resolution [29], the photon
flux is adjusted to ~10'3 photons/second (only third of regular experiments). The
slightly underdoped Bi2212 single crystals with a superconducting transition tem-
perature T, = 89 K (Fig. 6.5) were cleaved in situ in a vacuum with a base pressure
better than 5x 10~!! Torr.

Temperature dependence of the momentum cuts between nodal and antinodal
have been studied by ARPES. In this chapter, three different momentum cuts are
selected to measure at low temperature 17 K, and the complex energy gap function
and normal self-energy has been extracted by MDC fitting using Eq. 6.10.

6.5 Particle-Hole Mixture at High Temperature

Figure 6.6(a) is the ARPES spectra of a slightly underdoped Bi2212 sample (7, =
89 K) measured along the momentum cut in Fig. 6.6(c). The measurement is carried
in superconducting state (7' = 16 K, 70 K and 80 K) and normal state (T =97 K,
107 K). Because of the matrix element effect induced by the photon energy and
the specular experiment setup, only anti-bonding band could be probed in Bi2212.
Similar to previous reports [23-27], the two branches of the Bogoliubov disper-
sion could be observed at higher temperature just below T, and it’s consistent with
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Fig. 6.5 The 7. measurement of the slightly underdoped Bi2212 sample measured by ARPES.
The superconducting transition temperature is 89 K, and the transition width is narrower than 2 K.
(a) The DC magnetism as a function of temperature. (b) The resistivity as a function of temperature
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Fig. 6.6 The ARPES spectra of a slight underdoped Bi2212 sample (7, = 89 K) measured along
the momentum cut in (c). (a) The temperature dependence of the original spectra. (b) The origi-
nal spectra in (a) divided by Fermi-Dirac distribution function. (¢) The measured momentum cut
(empty circle) [30]

the simulation results in Fig. 6.2. The two branches of the Bogoliubov dispersion
present only at higher temperature because the temperature should be high enough
to populate the electrons in occupied state below Fermi level to unoccupied state
above Fermi level, and the spectra measured at 70 K and 80 K gives the same ev-
idence as reported previously [26]. Because of much improved energy resolution
and low background of secondary electrons, the spectra at 70 K (Fig. 6.6(a)) gives
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Fig. 6.7 (a), (b) the original
ARPES spectra and the
spectra divided by
Fermi-Dirac distribution
function at 70 K. The curves
marked with broken line in
(a) and (b) are the EDCs at
Fermi momentum. The arrow
marks the additional special
weight above Fermi level
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much clear Bogoliubov dispersion above Fermi level. Additional spectral weight
above Fermi level could be also observed clearly at 70 K, and the small peak above
Fermi level is marked by arrow in Fig. 6.7(a) which is similar to the previous re-
ports [23, 24, 26].

Figure 6.6(b) shows the spectras divided by Fermi-Dirac distribution function
at each temperature. One can see two branches of dispersion above and below
Fermi level at 70 K and 80 K, and the spectra shows a minimum spectral weight
at the Fermi level which indicates the opening of energy gap. The observation
of the two branches of dispersion is consistent with the predication of the BCS
theory, as the simulation results shown in Fig. 6.2(a). At 16 K, because of such
low temperature, there is insufficient thermal population of electrons and the spec-
tra divided by Fermi-Dirac distribution function presents huge noise above Fermi
level. Figure 6.7(b) shows the EDCs at 70 K, and the two branches of disper-
sion above and below Fermi level could be resolved clearly. Noting that in the
EDC at Fermi momentum (dotted curve in Fig. 6.6(b)) the peak above Fermi
level is higher than that below Fermi level which is inconsistent with the same
peak intensity predicted by BCS theory. One possibility is that the space charge
effect [29] induces the Fermi level shift because the Fermi level we use is mea-
sured on a gold electronically connecting to the sample but the signal from Bi2212
sample is much stronger than from the gold. Moreover, the resolution of the spec-
troscopy system especially the momentum resolution could induce such an asym-
metry of EDC. Although the perfect energy resolution of our VUV laser-based
ARPES system, the limited momentum resolution could also induce the asym-
metry of EDC. However, the asymmetry of the EDC in Fig. 6.7(b) need further
study.

By integrating along the momentum axis in Fig. 6.6(b), one can obtain the tem-
perature dependence of the electronic density of states, as shown in Fig. 6.8(a). From
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Fig. 6.8 Temperature dependence of the density of states. (a) The density of state from integrated
MDC from Fig. 6.6(b). (b) Same as (a) in a small energy window near Fermi level. (¢) Temperature
dependence of the ration between density of state at low temperatures and the normal state at 107 K.
The red arrows in (b) and (c¢) mark the boundary of different energy regions

low temperature to high temperature above T, the electronic density of state shows
little temperature dependence above T, and in the energy region beyond —0.1 eV
for all the temperatures (Fig. 6.8). However, the electronic density of state presents
a sudden drop when entering into superconducting state in the energy region near
Fermi level. The electronic density of state at the gap energy shows an increasing
with cooling down the sample and even a peak presents at the lowest temperature
16 K (Fig. 6.8)(b). It’s interesting that the normal state electronic density of states is
even higher than in the superconducting state in the energy region —0.1~—0.048 eV,
and this behavior may attribute to transformation of the electronic density of state
because of the enhanced renormalization in superconducting state. Figure 6.8(c)
shows the ratio between electronic density of states at low temperature and at 107 K.
The ratio beyond energy —0.1 eV is almost 1 with little energy dependence, and this
indicates that the electronic states beyond —0.1 eV has nothing to do with the su-
perconductivity.

6.6 Direct Observation of Particle-Hole Mixture in MDC

Because of much improved energy and momentum resolution, the back-bending
feature of energy band (crossing the Fermi momentum and then back-bending) in
superconducting state could be resolved clearly as shown in Fig. 6.9(a) which is
similar to the simulation results in Fig. 6.2. To show the back-bending feature more
clearly, the spectra at 17 K divided by the spectra at 107 K is shown in Fig. 6.9(b).
Similar to the simulated MDC in Fig. 6.3, except for the main peak below Fermi
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Fig. 6.9 The Bogoliubov 0
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momentum, there is another shorter peak above Fermi momentum in the MDC at
binding energy —0.016 meV (the dotted curve in Fig. 6.9(b)). The two-peak feature
indicates that the energy dispersion goes through energy —0.016 meV and bends
back going through energy —0.016 meV again, and this is the right behavior of Bo-
goliubov dispersion. Similarly, the MDC extracted from the spectra at low tempera-
ture 17 K divided by at 107 K shows two symmetry peaks around Fermi momentum
at the binding energy —0.016 meV (the dotted curve in Fig. 6.9(d)). Moreover, the
peak of MDCs shows clear back-bending dispersion (the broken curve in Fig. 6.9(d))
which is the lower branch of Bogoliubov dispersion.

The back-bending feature of energy dispersion could be resolved in large mo-
mentum region, as shown in Fig. 6.10. Figure 6.10(al)—(f1) shows the spectra at
16 K divided by Fermi-Dirac distribution function. For the four momentum cuts (c)—
(g) in Fig. 6.10(g)) far away from the nodal region, the back-bending feature could
be resolved clearly (Fig. 6.10(c1)—(gl)). For the momentum cut b (Fig. 6.10(g))
near nodal, because of smaller energy gap, the back-bending feature is not as clear
as the four cuts (¢)—(g) (Fig. 6.10(g)). To be more clearly, the spectra at 16 K di-
vided by at 107 K is shown in Fig. 6.10(b2)—(g2), and it’s amazing that the robust
back-bending feature could be resolved clearly for each momentum cuts. Because
of the energy gap is too small and comparable to the temperature, it’s hard to resolve
the back-bending feature for the momentum cut a (Fig. 6.10(a2)). Detail momentum
dependent experiments show that the back-bending feature is robust on the whole
Fermi surface but needs experiments at lower temperature with much higher resolu-
tion for the dispersion in nodal region.

The observation of the two-peak feature in MDC depends on the system resolu-
tion and the background, and it couldn’t be observed at high temperature because
of the broadened spectra by enhanced inelastic scattering [23, 24]. With much im-
proved resolution and a lower photoemission background, the Bogoliubov quasi-
particle dispersion below Fermi level could be well resolved by VUV laser-based
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Fig. 6.10 The raw data of the Bogoliubov dispersion at different momentum cuts. (al)—(f1) The
raw spectra at 16 K divided by Fermi-Dirac distribution function for the six momentum cuts shown
in (g). (a2)—(f2) The spectra at 16 K divided by at 107 K. (g) The selected six momentum cuts on
Fermi surface. Reprinted with permission from [30], copyright 2012, American Physical Society

ARPES experiment. The pronounced shoulder presents in MDC brings us the op-
portunity of fitting the MDC by traditional BCS single particle spectral function.

6.7 Extracting the Normal Electron Self-energy and Energy Gap
Function

The spectra with ultra-high energy resolution and the observation of the minor fea-
ture above Fermi momentum in MDC in superconducting state make it possible to
analyze the data by intrinsic physical parameters. For the spectra in superconduct-
ing state, the BCS single particle spectral function Eq. 6.10 could be used to fit
the extracted MDCs and the complex electron self-energy and energy gap function
could be extracted from the feedback parameters, as introduced in Sect. 6.3. Se-
lected MDC:s at different binding energies at the cut d in Fig. 6.10(d1) are shown in
Fig. 6.11(a). Besides the main peak in MDC below Fermi momentum at 20 meV,
there is a robust shoulder presented above the Fermi momentum and marked with
blue arrow in Fig. 6.11(a) at 16 K. At the binding energy 10 meV, there is only one
peak presented in MDC, for that the superconducting gap at this Fermi momentum
is larger than 10 meV and the dispersion bends back before touching the 10 meV
energy level. The superconducting gap at Fermi momentum is 12 meV from the
coherence peak position for this cut. For larger binding energy at 40 meV, 60 meV
and 80 meV which are much higher than the gap size at the Fermi momentum, the
shoulder induced by back-bending dispersion is hard to resolve from the original
MDCs shown in Fig. 6.11(a). In order to show the back-bending feature in MDCs
at higher binding energy, the MDCs spectra divided by the data at 107 K are shown
at the same selected binding energies are shown in Fig. 6.11(b). Except for the two
well resolved peaks in MDC at 20 meV which is about two times larger than the gap
size, the MDCs at higher energies 40 meV, 60 meV and 80 meV show special fine
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Fig. 6.11 The MDC fitting in superconducting state. (a) Original MDCs in normal state at 107 K
and MDC in superconducting state at 16 K extracted from image in Fig. 6.9(a). The fitting results
at different binding energy marked with empty cycle and solid line individually. (b) Same as (a),
but with MDC extracted from Fig. 6.9(b). The solid line in (b) is the fitting results of MDCs at
16 K divided by the fitting results of MDCs in normal state at 107 K with the same single particle
spectral function. All the data at different energy shows good fitting results [30]

features above the Fermi momentum which are associated with the back-bending
feature. It’s worth mentioning that the ratio of MDC at higher bind energy and far
beyond Fermi momentum at lower binding energy is almost equal 1. This indicates
that the orientation of the sample and the power and spot position of the laser were
keeping fairly stable when we did the temperature dependence experiments, as pub-
lished in a former paper [31].

Here only six independent parameters in Eq. 6.10 were used to do the fitting, and
it is less than the sum of parameters if the feature of two peaks in MDC was repre-
sented by two Lorentzians or Gaussians in which seven different parameters include
intensity, peak position and peak width of each peak plus one constant background
are needed. The six independent parameter used in the fitting are real part and imag-
inary part, Z1(w) and Z;(w), of renormalization parameter, the real part and imagi-
nary part, (¢1(@)) and (¢2(w)), of pairing self-energy, intensity and background. In
the fitting procedure, the bare bands ¢4 are taken from the tight binding model [32]
which are the same as used before [5]. All the MDCs are well fitted by the combined
Egs. 6.9 and 6.10, as shown in Fig. 6.11(a) for MDCs (16 K, blue lines and circles)
at several typical binding energies. So, here the parameters used to do the fitting
are a constant background, intensity, real (Z;(w)) and imaginary parts (Z>(w)) of
renormalization parameters (Z(w)), real (¢1(w)) and imaginary part (¢ (w)) of su-
perconducting order parameters (¢ (w)). Here we dismissed the effect of the finite
momentum and energy resolution because of their comparability with the step size
of energy and momentum dimension of each spectra. The same equations also fit
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Fig. 6.12 The complex parameter extracted from fitting the MDCs at 16 K on the three cuts
shown in (c). (a) The real part and imaginary part of self-energy extracted from the renormalization
parameter Z(w) in fitting results. (b) The real part and imaginary part of the gap function directly
from the fitting. (d) Extracted self-energy and energy gap function from fitting photoemission
MDC:s of cut #2 by three different bare bands

the normal state data by taking ¢ (w) = 0 in Eq. 6.10, as shown in Fig. 6.11(a) for
the 107 K data [27].

Figure 6.12 shows the obtained real and imaginary parts, X’(w) and X" (w),
of the electron normal self-energy, and the real and imaginary parts, ¢;(w) and
¢ (w), of the pairing self-energy for three typical momentum cuts (cuts #3, #4,
and #5 in Fig. 6.12(c)). While the electron pairing self-energy ¢ (w) is obtained di-
rectly from the above fitting procedure, the normal self-energy X (w) is obtained
from the fitted renormalization parameter Z(w) by X' (w) = [1 — Z(w)]w. Since the
superconductivity-induced change occurs most obviously in a small energy range
near the Fermi level, we confine our fitting results within 100 meV energy window
near the Fermi level. The features below ~20 meV are mainly related to the open-
ing of superconducting gap (for these three cuts, the corresponding superconducting
gap is between 10 and 15 meV). At higher energies, two main features can be iden-
tified: one at ~54 meV showing as a robust hump in the real part of the electron
normal self-energy (upper panel of Fig. 6.12(a)), and the other at ~40 meV show-
ing as a dip in both the imaginary part of the electron normal self-energy (lower
panel of Fig. 6.12(a)) and the imaginary part of the pairing self-energy (lower panel
of Fig. 6.12(b)). We note that the ~54 meV feature is close to the bosonic mode ob-
served in the tunneling experiment [14] and is also close to the energy scale of the
well-known nodal dispersion kink in cuprates [33—38]. The 40 meV feature is close
to the antinodal kink found in Bi2212, with its energy close to either the resonance
mode or the B1g phonon mode [39]. Further work are needed to pin down the exact
origin of these energy scales and their role in causing superconductivity. We also
note that ¥ (w) at higher energies (above 50 meV) show a featureless background
that is also observed in the normal state [5]. The feature in self-energy is robust. As
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Fig. 6.13 The magic crossing in the temperature dependence of MDC dispersions. (al)—(d1) The
temperature dependence of the MDC dispersions for the momentum cut (c)—(f) shown in Fig. 6.10.
The insets show the enlarged graph near Fermi level, and the red arrows mark the magic crossing
point. (a2)—(d2) The corresponding MDC widths as a function of temperature

shown in Fig. 6.12(d), the fitting gives similar results just with different magnitudes
for three different bare bands.

6.8 The Magic Crossing in the Temperature Dependence
of MDC Dispersions

Figure 6.13 shows the temperature dependence of MDC dispersions for the mo-
mentum cut (¢)—(f) shown in Fig. 6.10. The MDC dispersion is from the fitting
of MDC by a simple Lorentzian. Beyond the binding energy —0.15 eV shown in
Fig. 6.13(al) and binding energy —0.1 eV shown in Fig. 6.13(b1)—(d1), the MDC
dispersions at each temperature overlap with each other perfectly. It indicates that
the condition and the orientation of the sample is super stable in the process of
warming and cooling the sample, and this is why we can divide the low tempera-
ture spectra at 16 K by the spectra in normal state at 107 K in Sects. 6.6 and 6.7.
The insets in Fig. 6.13(al)—(d1) are the enlarged graph of (al)—(d1) around Fermi
level, and it’s amazing that all the MDC dispersions at different temperature cross
at the same binding energy exactly. The momentum dependence experiments show
that this feature is global for each cut on the Fermi surface, and it means that it’s
not occasionally that the dispersions cross at the same point and it should connect
to the intrinsic electronic structure. Here we didn’t plot the temperature dependence
of nodal MDC dispersion, because the Fermi velocity around nodal region is very
high and the renormalization of the electron band is very small and this brings the
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Fig. 6.14 The crossing 0
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difficulty of justifying the crossing point. Actually, in Chap. 5, we have mentioned
that the nodal temperature dependence of the MDC dispersions don’t crossing at the
Fermi level but more like above the Fermi level. For ARPES technique which only
probe the occupied electron states, it’s hard to justify the exact crossing point above
Fermi level.

Figure 6.13(a2)—(d2) shows the corresponding MDC width as a function of tem-
perature. It seems that the widths of MDC also cross at the same binding energy, but
it usually attributes to the “kink” feature around —70 meV.

Actually, the magic crossing point in Fig. 6.13 could be observed in many mea-
surements on different samples. We plot the magic crossing binding energy as a
function of energy gap at the Fermi momentum of the same cut in Fig. 6.14, and
we can find that the crossing energy is almost linear as the energy gap. As indi-
cated by the solid bold black line in Fig. 6.14, the expected crossing energy when
the energy gap is zero is slightly higher than Fermi level, and it’s consistent with
the nodal temperature dependent experiment [31]. This phenomenon happens when
the energy gap opens fully. As the sample used in Fig. 6.13, the superconducting
transition temperature is 89 K and at the temperature 80 K the superconducting gap
opens more than 90 %. The magic crossing point presenting below 7, indicates that
the magic crossing point is related to the superconductivity and the renormalization
of band structure doesn’t affect the quasiparticle at this specular binding energy.
What’s the intrinsic physics inside the magic crossing of MDC dispersions in the
superconducting state is a mystery and further theory and experiment are desired to
clarify this issue.

6.9 Summary

By taking advantage of the high precision ARPES measurements on Bi2212, we
have resolved clearly both characteristics of the Bogoliubov quasiparticle-like dis-
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persions in the superconducting state. In particular, the revelation of the band back-
bending behavior of the lower dispersion branch at low temperature makes it possi-
ble for the first time to extract the complex electron normal and pairing self-energy
of Bi2212 superconductor in the superconducting state. Experimental extraction of
the electron normal and pairing self-energy in the superconducting state will pro-
vide key information and constraints on the pairing mechanism in high-temperature
superconductors. First, like in the conventional superconductors, it can provide ex-
aminations on various pairing theories by computing these two quantities to com-
pare with the experimentally determined ones. Second, also like in the conventional
superconductors, if it is possible to directly perform the inversion of these two quan-
tities to obtain the underlying bosonic spectral function that is responsible for super-
conductivity, it may provide key information on the nature of the electron pairing
mechanism. We hope our present work will stimulate further efforts along these
directions.

Moreover, from the temperature dependence of MDC dispersions, we found that
the MDC dispersions cross at the exact same point for the four different momentum
cuts on the Fermi surface, and this phenomenon could be observed in different mea-
surements on different samples. The magic crossing energy is almost linear with the
energy gap and possibly relates to the superconductivity. Further experiments and
theory are needed to reveal the intrinsic physics in this novel phenomenon.
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Chapter 7
Superconducting Gap and Pseudogap
in Bi;Sr,CaCu,0g4 5

7.1 Introduction

It has great significance in revealing the mechanism of high temperature supercon-
ductivity by studying its anisotropic superconducting energy gap, pseudogap and
their temperature dependence. Because of the anisotropic electronic structure in mo-
mentum space, experimental technique with momentum resolution is necessary to
probe the superconducting gap and pseudogap in cuprate superconductors. As a
powerful technique with momentum resolution, angle-resolve photoemission spec-
troscopy (ARPES) have been playing an important role in revealing the electronic
structure in high-temperature superconductors, especially in the study of energy gap.
However, cuprate superconductors give very complex energy gap structure which is
still under debate in the nowadays ARPES field. One of the main factors may affect
the observation is that the limited energy and resolution will broad the quasiparticle
spectra and make it difficult to extract the small energy gap of several or tens of
meV. Therefore, super-high ARPES with sub meV resolution is necessary to study
the energy gap of cuprate superconductors.

In this chapter, we will introduce the study of superconducting gap, pseudogap
and their temperature dependence in high-temperature superconductor Bi2212 by
VUYV laser-based ARPES. In the early history of the study of the energy gap in
cuprate superconductors, a d-wave anisotropy gap was discovered [1-3] and then a
pseudogap above T, [4-6] is observed in ARPES experiments. Recently, with the
improvement of the ARPES technique and the quality of superconducting single
crystal, more complex energy gap [7, 8] is introduced in the superconducting state
and different scenarios are given in the understanding of superconducting gap in
cuprates.

7.1.1 The Superconducting Gap in Cuprates

Right after the discovery of cuprate high-temperature superconductors, many ex-
periments with different techniques including AC Josephson effect, flux jump and
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a y b y c y

Fig. 7.1 The schematic of superconducting order parameters in real space. (a), (b) and (c) are
the isotropic s-wave, anisotropic s-wave and anisotropic d-wave superconducing order parameters
separately

little-parks oscillations have provided evidence that the conducting carriers in high-
temperature superconductors is still the carrier with two electron charge and two
electron mass [9, 10]. Then the Andreev reflection experiments demonstrated that
this carrier with two electron mass is still compose of two opposite spin electrons
like the Cooper pair in BCS metal superconductors [11]. The high temperature su-
perconductivity is still based on the condensation of coherent Cooper pairs, but the
paring and condensing may not happen at the same time [12].

The energy gap function in superconducing state is always an important ques-
tion in the study of high-temperature superconductors. The superconducting energy
gap function physically refers to the orbital part of the wave function of super-flow
carrier (electron or hole pair), and it’s also called superconducting order parameter.
In cuprate high-temperature superconductors, to justify the symmetry of their su-
perconducting order parameter, three different representative pictures are involved
including the isotropic s-wave, anisotropic s-wave and anisotropic d-wave, as the
schematic shown in Fig. 7.1.

For BCS superconductors, the energy gap function is constant (A) on their Fermi
surface, and it’s the case of isotropic s-wave, as shown in Fig. 7.1(a). The value 2A
is the minimum energy to break a Cooper pair, and the minimum energy to ex-
cite one quasiparticle is A. For cuprate high-temperature superconductor, it seems
that the early experiments [13] favor an isotropic s-wave case (Fig. 7.1(a)) or an
anisotropic s-wave case (Fig. 7.1(b)) which represents the symmetry of crystal.
However, considering the electrons of the Cu d,2_,2 orbital in Cu-O plane, theo-
rists proposed a d,>_,> wave pairing mechanism [14] of which the order parameter
is momentum dependent as shown in Fig. 7.1(c). Different from anisotropic s-wave
pairing symmetry, except for anisotropic magnitude with nodes in the energy gap,
the phase of the order parameter contains two positive and two negative branches
of which are alternately arranged. For anisotropic s-wave order parameter, besides
no change of the sign of the phase, there is not any node in the magnitude of or-
der parameter although it’s very small along the diagonal direction. The anisotropic
s-wave order parameter represents the four order symmetry of the superconduct-
ing crystal, while it’s not true for the d-wave order parameter which shows an un-
usual symmetry that the symmetry order is lower than that of crystal. In momentum
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space, the order parameter is represented by the energy gap function A(ﬁ) on the
Fermi surface, where the k = k/|K| denotes the unit vector along the k direction. In
two-dimensional Brillouin zone, the d,>_ > wave energy gap is

Ak) ~ (12)% - 125) = cos(2¢), or = arctan(lzy/lzx) (7.1)

The energy gap function AK) is dependent on the orientation of k and similar to the
order parameter in real space, and A(R) is positive in some region while negative
in the other region in momentum space. The A(K) is positive maximum along k,
while negative maximum along ky, exhibiting nodes along the |ky| = |ky| direction
(Fig. 7.2).

The change of sign in the energy gap function is the main difference be-
tween d-wave pairing and isotropic s-wave pairing symmetry. The tunneling ex-
periments without momentum resolution have provided direct evidence on the
isotropic s-wave energy gap function in conventional superconductor [15]. But for
the anisotropic d-wave energy gap function, experimental technique with momen-
tum resolution have to be applied on these materials in order to justify whether the
unusual pairing symmetry exists or not [16]. ARPES, a technique with momentum
resolution, is a powerful tool in the probing of anisotropic energy gap function in
cuprate superconductors. In 1993, Shen et al. first reported the maximum energy
gap along k, or k, and a neglectable energy gap along |ky| = |ky| direction which
is similar as the schematic shown in Fig. 7.2 [1]. This is consistent with the d-wave
pairing symmetry [17] and combined with penetration depth research [18], pro-
vided important information on the early debates of the energy gap symmetry [19].
Later, the phase difference in different direction was observed in a superconduct-
ing quantum interference device of a double Josephson junction which was made
by Pb and YBCO single crystals [20], and it provided direct evidence for the d-
wave pairing symmetry in cuprate superconductor. Then, the momentum dependent
ARPES study of energy gap shows that the energy gap follows the d-wave form
A(K) = Ag[cos(kya) — cos(kya)] [2, 3].

It’s worthy to note that the observation of the perfect d-wave superconducting
gap in early ARPES works is just a special case. In most situations, especially in the
underdoped region, the energy gap as a function of Fermi surface angle is not the
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V shape as shown in Fig. 7.2 in nodal region. Sometimes, energy gap size in nodal
region is almost zero and hard to be resolved, rather like a U shape [21]. Based
on the standard d-wave energy gap, more complex gap structure with high order
component is considered to understand the U shape energy gap in nodal region [22].

7.1.2 The Pseudogap in Normal State

The other important contribution to the study of high temperature superconductiv-
ity by ARPES is the observation of an unusual energy gap in normal state which is
the so-called pseudogap [4—6]. In the study of underdoped samples, above the su-
perconducting transition temperature, ARPES spectra demonstrate that there is no
Fermi crossing in large region on Fermi surface, and this indicates that there is an
energy gap opened in normal state. The phenomenon of pseudogap is observed in
various cuprate superconductors with most of them focused on Bi2212 supercon-
ductors [16].

The present understanding of pseudogap are mainly: (1) pseudogap opens at a
characteristic temperature 7 * for specular doping; (2) pseudogap is observed in un-
derdoped region, and the gap size decreases with increasing doping until disappear
in overdoped region [19]; (3) pseudogap state is only present a d-wave like energy
gap in antinodal region but zero gap in nodal region which is the signature of Fermi
arc that commonly discussed in cuprate superconductors [23] and (4) pseudogap
exists in superconducting state and shows little temperature dependent with temper-
ature below the T* [7, 24].

7.1.3 The Discrepancy of the Current Understanding
on the Physics of Pseudogap

Recently, with much improved resolution of ARPES technique, quality of cuprate
single crystal and progress of the theory on high-temperature superconductor, new
thoughts are proposed to understand the physics of pseudogap and the relation be-
tween it and superconducting energy gap. Many efforts from both experimental and
theory sides have been done on the relation between the pseudogap and supercon-
ducting gap. But it’s still under debate that two popular different proposals are in-
volved in the ARPES field. Some of ARPES groups found that nodal and antinodal
energy gap have different temperature dependence and favored two-gap scenario
which means that pseudogap has nothing to do or competes with the superconduct-
ing energy gap [7, 8]. They also found that the shape of energy gap as a function of
Fermi surface angle in superconducting state is not a standard d-wave shape and the
energy gap could be described by two different components with one in nodal region
which is related to superconductivity and the other one in antinodal region which is
the remnant of pseudogap in normal state [25, 26]. However, some ARPES groups
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give a different picture for the understanding of the pseudogap in normal state, and
they think that pseudogap is the precursor of superconducting state which means
that the electron pairing happens above T, below T* but condenses and becomes
coherent below 7, [27-30]. In this understanding, the superconducting energy gap
should be a standard d-wave and the discrepancy in underdoped region is from high
order components which couldn’t be ignored [22].

As an advanced technique in the study of high-temperature superconductors,
ARPES could probe energy gap directly, but it’s obvious that there is discrepan-
cies between different groups in ARPES field. Most of these experiments were
carried out with energy resolution several or tens of meV. Therefore, the applica-
tion of ARPES with much higher resolution (<1 meV) may shed new lights on the
study of energy gap. For two reasons, one is that the energy gap is small (several
meV) for some low 7, materials and the other one is the energy gap in nodal re-
gion is approaching zero for these anisotropic cuprate superconductors. By taking
the advantage of ultra-high energy resolution (<1 meV), we applied VUV laser-
based ARPES technique on the various doped Bi;SroCa;CuyOg.ys single crystals
and new thoughts on the relation between pseudogap and superconducting gap are
given based on detail temperature and momentum dependent study, as introduced in
the following sections.

7.2 The Methods to Extract Energy Gap from ARPES Spectra

Without understanding high temperature superconducting mechanism, there is no
proper single particle spectral function to describe ARPES spectra. However, there
are many different approaches to extract energy gap in the study of the high-
temperature superconductors. Because of only occupied states below Fermi level
probed by photoemission, in the case of limited temperature which could broaden
the ARPES spectra because of the inelastic scattering, it’s hard to resolve a small en-
ergy gap. There are mainly three different methods to extract energy gap in ARPES
experiments,

1. In the case of bad energy resolution, the leading edge shift between normal and
superconducting state or the midpoint of leading edge is introduced to extract
energy gap. This method is mainly used in early ARPES work with low energy
resolution [1, 16, 23].

2. Within the assumption that single particle spectral function is even, one can sym-
metrize the EDC of ARPES spectra and fit the symmetrized spectra by the phe-
nomenon function Eq. 7.2 to extract energy gap [7, 24, 29].

3. With much improved resolution of ARPES technique, the peak position related to
Fermi level in EDC after dividing the energy resolution convolved Fermi-Dirac
distribution function is used as the energy gap size.

To address which method is more suitable for our current study of energy gap, sim-
ulations with different approaches are introduced.
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Fig. 7.3 The comparison of three different methods to extract energy gap in EDCs. (al), (b1)
and (c1) are the original EDCs, symmetrized EDCs and EDCS divided by energy resolution con-
volved Fermi function in the case of energy resolution 2 meV. (d1) is the energy gap extracted
with different methods. The bold broken solid line, broken line, dotted line and the black solid
line are standard d-wave energy gap (Gap 1), energy gap extracted from (al) by using the leading
edge midpoint (Gap 2), EDC symmetrizing (Gap 3) and Fermi function dividing methods (Gap 4),
individually. (a2)—(d2) is the same case for energy resolution 20 meV

To simulate the EDCs in experiments, an experienced form of the electron self-

energy is used [31],
A2

Yk,w)y=—ilN+ ———— 7.2

() "Mota+in 72

where I7 is the scattering rate of quasiparticle, g; is the bare band without any

many-body effect involved and I is the inverse pair lifetime of Cooper pair. By us-

ing the form of electron self-energy in Eq. 7.2 in the single particle spectral function

Ak, ) = - >(w)
) o=t — S (@R + [ 2 (@)

(7.3)

in which X', X’ are the real part, imaginary part of the electron self-energy in-
dividually, one can simulated the EDC in superconducting state. Considering an
optimally doped sample, I is almost zero; To simplify the simulation, a constant
quasiparticle lifetime with 17 = 0.01 eV is selected to simulate the EDC which
presents a similar width (~10 meV) as in experiments. Because only EDC at Fermi
momentum is used to extract the energy gap, the g is 0; A standard d-wave energy
gap with maximum energy gap size 40 meV (A(¢) = 40cos(2¢)) is used during the
simulation. The simulated results are shown in Fig. 7.3.

At first, we check whether the leading edge midpoint gave a true energy gap. As
shown in Fig. 7.3(al), (a2) are the simulated EDCs with energy resolution 2 meV,
20 meV individually. The broken lines in Fig. 7.3(d1) and (d2) are the energy gaps
extracted from Fig. 7.3(al) and (a2) by leading edge midpoint method. We can see
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that for both high and low energy resolutions, energy gaps extracted by this method
are quite different from original standard d-wave gap (bold broken solid lines in
Fig. 7.3)(d1) and (d2). For energy resolution 2 meV, the simulating result shows
4~5 meV (near half of the EDC width) smaller than original energy gap size. For
the energy gap in nodal region, the energy gap function is a U shape rather than
a V shape of a standard d-wave gap structure. For the energy resolution 20 meV,
because of worse energy resolution, energy gap is quite different from a standard
d-wave energy gap function and even worse is that the energy gap is negative in
nodal region. Therefore, the leading edge midpoint method to extract energy gap
is not suitable for high resolution spectra or spectra with sharp quasiparticle peak
and only suitable in early ARPES measurements as a phenomenological method to
demonstrate opening of an energy gap because absence of sharp quasiparticle peak.

The other method is fitting the symmetrized EDC by using an experiential single
particle spectral function (Eq. 7.2). The application of this method is based on an
assumption that the single particle spectral function is even in a small energy region
around Fermi level (A (k, w) = A(k, —w)), and then the EDC could be symmetrized
to exclude the effect of Fermi-Dirac distribution which is a function of temperature.
After applying the symmetrizing method on EDC, symmetrized EDC could be fitted
by single particle spectral function (Eq. 7.4).

10,0) + 1k, —0) = AK, ©) [ (@) + oAk, ) f (~w)
= IhA(k, o)[ f (@) + f(—o)]

1 1
- IOA(k,w)|: + }

ew/kBT+l e—w/kBT+1
= IhAk, w) (7.4)

The simulated results are shown in Fig. 7.3(b1l) and (b2) for the cases of energy
resolution 2 meV and 20 meV, separately. Noting that Eq. 7.4 doesn’t take into the
convolution of resolution, for limited energy resolution, Eq. 7.4 is not satisfied. In
the case of energy resolution 2 meV, the symmetrized EDC at node only shows a
single peak which means that there is no gap opened at this point (Fig. 7.3(b1)). The
energy gap (dotted line) extracted from symmetrized EDC is shown in Fig. 7.3(d1),
and we can see that the extracted energy gap almost recovers the original standard
d-wave shape with only a little difference around the nodal region. For the case of
energy resolution 20 meV, the symmetrized EDC (Fig. 7.3(b2)) shows only one peak
in a limited region around node point, and the extracted energy gap (dotted line)
on Fermi surface in Fig. 7.3(d2) shows little difference from the original d-wave
gap around antinodal region where the energy gap is much larger than the value of
energy resolution, but it seems that there is no gap in a limited region around node
point which is similar as the “Fermi arc” feature on Fermi surface in pseudogap
state [23]. Further simulation demonstrates that the phenomenon of “Fermi arc”
is more obvious for worse energy resolution and larger quasiparticle scatter rate
(larger I'1). From the simulation, we can see that the EDC symmetrizing method
could recover the intrinsic energy gap when the spectral is at good energy resolution
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and only show a little offset when the energy gap size is comparable with resolution.
For worse energy resolution, the EDC symmetrizing method is still suitable in the
large gap region in momentum space, but doesn’t work in small gap region.

Another method is recovering the intrinsic single particle spectral function by
dividing the EDC by energy resolution convolved Fermi-Dirac distribution func-
tion, and the simulated EDC is shown in Fig. 7.3(cl) and (c2) for energy resolu-
tion 2 meV and 20 meV, individually. For the resolution of 2 meV, we can see that
the EDCs divided by energy resolution convolved Fermi-Dirac distribution function
(Fig. 7.3(c1)) are almost the same as original EDCs in Fig. 7.3(al), and the extracted
energy gap is also almost the same as the original standard d-wave gap function, as
black solid line shown in Fig. 7.3(d1). However, for the case of energy resolution
20 meV, the peak position of the EDCs divided by the convolved Fermi-Dirac dis-
tribution function is even above the Fermi level. Therefore, the extracted energy gap
isn’t true in nodal region, similar as the symmetrizing method.

Based on the simulation results, we can see that the EDC leading edge mid-
point method to extract the energy gap is not suitable for nowadays high resolution
ARPES experiments anymore. With high energy resolution, both the EDC sym-
metrizing and Fermi-Dirac distribution dividing methods could recover the intrinsic
energy gap, although there is slight discrepancy around the nodal point. However,
because of the noise in the actual spectra and the uncertainty of Fermi-Dirac distri-
bution function, the spectra weight above Fermi level is very sensitive by dividing
the Fermi-Dirac distribution function. By this reason, the Fermi-Dirac distribution
dividing method is not suitable at low temperature, but most study of energy gap
study are carried at low temperature. For worse energy resolution, all the methods
give unusual results at the nodal or small energy gap region. Actually, for worse
energy resolution or broad spectra, one can compare the normal state spectra with
the superconducting state spectra to extract the energy gap. Generally, the EDC
symmetrizing method is the most reliable, and this method is popular used in the
analysis of energy gap in the nowadays ARPES experiments [7, 27, 29]. With much
more improved energy resolution, the method of fitting symmetrized EDC is more
accurate to extract the intrinsic energy gap.

7.3 Experiment

The studies of energy gap of high-temperature superconductor Bi2212 are carried
on the newly developed VUV laser-based ARPES system [32]. The photon en-
ergy is 6.994 eV with bandwidth 0.26 meV. The energy resolution of energy an-
alyzer (Scienta R4000) is set at 0.5 meV or 1 meV. The total energy resolution
is 0.56 meV or 1.03 meV which is much more improved than regular ARPES
systems equipped with regular synchrotron light source or gas discharging lamp
(10~15 meV) [1, 4, 7, 21, 26, 28, 30]. The angular resolution is 0.3° correspond-
ing to momentum resolution 0.004 A~ for 6.994 eV photons, and it’s two times
better than the value 0.0094 A~! for 21.2 eV photons. The photon flux used in the
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Fig. 7.4 Both the normal state (108 K) and superconducting state (20 K) raw spectra of the opti-
mally doped Bi2212 (7, = 90 K) from nodal to antinodal region. (al)—(el) are the original spectra
of the moment cuts shown in (f). (a2)—(e2) are original spectra at 108 K for the same cuts in (f).
(f) is the Fermi surface mapping results (white solid circles) by 6.994 eV photons

measurement is 10'3~1014/s. We take the measurement on several optimally doped
and underdoped Bi2212 samples which are cleaved in sifu of UHV with a pressure
better than 5 x 10~!! Torr. All the samples used in the measurements are grown by
TSFZ method.

7.4 The Momentum Dependence of Energy Gap in a Optimally
Doped Bi2212

To study the energy gap structure of optimally doped sample, the measurement is
carried on both in normal state (108 K) and superconducting state (20 K), as shown
in Fig. 7.4. Figure 7.4(f) shows the Fermi surface (white solid circle) of a optimally
doped Bi2212 (T, = 91 K) mapped by 6.994 eV photons. Because of improved
momentum resolution with lower energy photons, more detail Fermi surface could
be mapped. To demonstrate the high quality of data, spectra of five characteristic
momentum cuts (in Fig. 7.4(f)) is shown in Fig. 7.4, in which (al)—(el) are the raw
spectra at low temperature 20 K and (a2)—(e2) are the spectra above 7. (108 K).
From nodal to national region, opening of the energy gap is clearly demonstrated
in Fig. 7.4(al)—(el), and the low energy spectra below the kink energy (~70 meV)
become more flat in antinodal region where the energy gap is maximum. For normal
state spectra at 108 K (Fig. 7.4(a2)—(e2)), one can observe signatures of the opening
of gap not far from nodal region and at antinodal region there is no clear Fermi
crossing of the band which means that pseudogap opens in normal state below 7*
(T*is ~160 K for optimally doped sample).

As discussed in Sect. 7.2, it’s much reasonable to extract the energy gap by sym-
metrizing the EDC at kg while the energy resolution of ARPES system is good
enough. As shown in Fig. 7.5(a), robust quasiparticle peak could be observed in the
EDCs on the Fermi surface from nodal to antinodal region, and it would make it
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Fig. 7.5 The EDCs on Fermi surface in superconducting state (20 K) and normal state (108 K) for
the optimal doped Bi2212 (7, = 91 K). (a) The EDCs in superconducting state (7' = 20 K) at Fermi
momentum kr from nodal to antinodal region shown in (f). (b) Symmetrized EDCs from (a). The
bold solid line is the EDC at nodal point and the broken lines are the fitting of the EDCs. (¢) EDCs
at kr in the normal state (108 K). (d) is the symmetrized EDCs from (c). (e) The superconducting
energy gap and pseudogap as a function of Fermi surface angle. The solid line is the standard
d-wave energy gap function

much reliable to extract the energy gap from original EDC. It’s well demonstrated
in Fig. 7.5(a) that the energy gap opens gradually from nodal to antinodal region.
Based on the robust quasiparticle peak, EDC symmetrizing method is adopted to
extract the energy gap, as shown in Fig. 7.5(b). Only one peak could be observed
in the EDC on nodal point but two for EDCs on Fermi surface a little off the nodal
point. As the Fermi momentum goes from nodal to antinodal region, the distance
between two peaks became larger indicating an anisotropic energy gap structure.
The symmetrized EDC could be fitted by the spectral function in Eq. 7.2, and the
energy gap size could be extracted from the feedback parameters. The energy gap
as a function of Fermi momentum is shown by empty squares in Fig. 7.5(e), and one
can see that the superconducting energy gap function is not a perfect d-wave form
(the solid line is the standard d-wave gap function) that it doesn’t consist with the
result from a optimally doped Bi2201 [29].

The normal state EDCs at 108 K is shown in Fig. 7.5(c). Robust quasiparti-
cle peaks could be resolved in the EDC at the Fermi momentum 1-7 shown in
Fig. 7.5(f), and there is even a signature of quasiparticle peak at the Fermi mo-
mentum 8. For the EDCs at the Fermi momentum near antinodal region (9 and
10), no obvious quasiparticle could be observed and the spectra near Fermi level
would rather like a step feature. The symmetrized EDCs on the Fermi surface are
shown in Fig. 7.5(d). It’s demonstrated that there is only one peak in the EDCs at
the Fermi momentum 1-4 which means that there is zero gap opened at these Fermi
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function for the three specular momentum cuts on Fermi surface for a optimally doped Bi2212
(T =91 K)

momentums. There is obvious two-peak feature in the EDC at Fermi momentum
1-8 (Fig. 7.5(d)), and it indicates that there are energy gap opened definitely. For
the symmetrized EDCs at Fermi momentum 9 and 10, a “V” shape feature could
be observed and it makes it’s hard to extract the exact energy gap size. The filled
squares shown in Fig. 7.5(e) is the pseudogap as a function of the Fermi surface
angle, and the error bars are as large as 4 meV because the broad quasiparticle peak
in normal state. The evolution of pseudogap size on Fermi surface reveals that the
pseudogap is mainly opened in the antinodal region and a zero gaped Fermi arc
forms in the nodal region the normal state.

From energy gap as function of Fermi surface angle shown in Fig. 7.5(f), we
found that the superconducting energy gap is a little larger than pseudogap which
is different from the former report [7]. Moreover, for a similar doping of Bi2212
(T, =91 K), the Fermi arc we observed is shorter than in the previous report [24],
and it means that the length of the Fermi arc is somehow depending on the reso-
lution of experiments. In our experiments, based on the VUV laser, the energy and
momentum resolution are dramatically improved.

7.5 The Temperature Dependence of Energy Gap in Bi2212

The superconducting energy gap as a function of temperature and how it evolves to
the pseudogap is always an important issue in the high temperature superconducing
research field. Three specular momentum cuts on the Fermi surface (Fig. 7.6) are
selected to study the temperature dependence of the energy gap. As we can see in
Fig. 7.6, below the superconducting transition temperature (7, = 91 K), there is loss
of spectral weight around Fermi level which means the opening of energy gap; but
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Fig.7.7 (al), (bl) and (cl), the temperature dependence of the original EDCs for the three special
momentum cuts shown in the inset of (d). (a2), (b2) and (c2), the symmetrized EDCs from (al),
(b1) and (cl) individually. The red solid line are the fitting results by using the single particle spec-
tral function in Eq. 7.2. (d) The energy gap as a function of temperature for the three momentum
cuts

in the normal state, the spectra in Fig. 7.6(a) and (b) is quite different from (c).
In Fig. 7.6(c), the spectral weight around Fermi level still keeps minimum above
T, which is the signature of energy gap opening, but it’s not the same for the two
momentum cuts in Fig. 7.6(a) and (b) which present clear Fermi crossing above
T.. However, it’s not very convinced that there isn’t energy gap above 7, for the
cuts shown in Fig. 7.6(a) and (b), and further analysis based the EDC on Fermi
momentum is needed to identify whether there is gap opened above T, or not.

The temperature dependence of original EDCs at Fermi momentum for three spe-
cial momentum cuts in Fig. 7.6(a), (b) and (c) are shown in Fig. 7.7(al), (b1l) and
(c1). From the original EDCs, one can see that the quasiparticle peak is depressed
dramatically when crossing 7, and even only presents a step feature at kg3 above
100 K. The symmetrized EDCs is shown in Fig. 7.7(a2), (b2) and (c2) from which
the two-peak feature could be resolved clearly above T, (110 K, 100 K and 95 K),
and this indicates that there is pseudogap opened in normal state. The red solid lines
in Fig. 7.7(a2), (b2) and (c2) are the fitting results by using the single particle spec-
tral function in Eq. 7.2, and the extracted energy gap as a function of temperature is
shown in Fig. 7.7(d). It’s clear that the size of energy gap smoothly changes when
crossing T, and gradually decreases as warming the sample.

The temperature dependence of energy gap is consistent with the result of normal
state and low temperature Fermi surface mapping, as shown in Fig. 7.5(e). It’s worth
to mention that the temperature dependent experiment and Fermi surface mapping
experiment are two separated measurements on two different samples with simi-
lar T, and this makes sure that there is little sample surface aging effect and the
temperature dependence results is convincible. In Fig. 7.7(d), we can see that the
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Fig. 7.8 The energy gap size as a function of Fermi surface angle (inser) for optimally doped
Bi2212 (T, = 91 K, green), underdoped Dy-Bi2212 (T, = 70 K, blue) and underdoped Bi2212
(T. =70 K, red). The optimally doped (7, = 91 K) and underdoped (7, = 70 K) Bi2212 are
measured at 20 K, and the underdoped Dy-Bi2212 (7, = 70 K) is measured at 17 K. The red
square is the energy gap of a underdoped Bi2212 with 7, =75 K from earlier report, and the blue
circle is from the report of a underdoped sample with 7, = 67 K. The right top is the energy gap
as a function of |cos(kya) — cos(kya)|/2 for the three different doping samples. The black solid
line is the standard d-wave energy gap function, and the green and purple solid line are the fitting
results by non-monochromatic d-wave gap functions

energy gap shows a little temperature dependence for the three Fermi momentum
beyond the Fermi arc but it’s not very the same as the previous report in antinodal
region [7, 27]. Moreover, for the Fermi momentum (k1 in the inset of Fig. 7.7(d))
near nodal point, there is still a signature of energy gap opening which is different
from the BCS-like energy gap in a former report [7]. The difference may be due to
the much improved statistic, momentum and energy resolution by the application of
VUYV laser which makes a tiny energy gap could be resolved.

7.6 Doping Dependence of Energy Gap on Fermi Surface

Detail momentum mapping has been done on Bi2212 samples with different dop-
ing level, and the energy gap functions are extracted based on the high quality data
of VUV laser ARPES experiments. The energy gap as a function of Fermi sur-
face angle is shown by solid green square in Fig. 7.8. The energy gap function
measured on two different underdoped samples with similar 7. are shown by blue
and red squares in the same panel. The corresponding energy gap as a function of
| cos(kya) — cos(kya)|/2 is shown in the right upper inset of Fig. 7.8, and the red
squares (7, = 75 K) and blue squares (7, = 65 K) are the previous report on sim-
ilar doped samples. From Fig. 7.8, one can see that the energy gap functions are
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Fig. 7.9 (a) The schematic of two-gap scenario. The broken line is the standard d-wave energy
gap function, the dotted line is the pseudogap and the solid line is the combination of both su-
perconducting gap and pseudogap. (b) The schematic of one-gap scenario. The solid line is the
standard d-wave gap function and the circles is the pseudogap

not standard d-wave for the three different samples. The energy gap size not far
from nodal point (¢ = 45°) of the optimally doped sample is slightly larger than the
underdoped samples, but for the region below ¢ = 30°, the energy gap size dramat-
ically increases for the underdoped samples, as shown in Fig. 7.8. Because of much
improved momentum especially energy resolution, the extracted energy gap sized is
not the same as previous report for samples with similar doping [7, 27].

It seems that the doping dependence of energy gap function favors the two-gap
scenario proposed recently. It has been proposed that the energy gap near nodal point
is responsible for the superconductivity, and the energy gap is larger for higher 7,
near nodal point, but the antinodal energy gap decreases with doping [7, 8]. As the
schematic shown in Fig. 7.9(a), for the two-gap scenario, the superconducting gap
and pseudogap are independent or compete with each other. Above T, the pseudo-
gap near antinodal opened with a gapless Fermi arc around nodal point, as shown by
the dotted line in Fig. 7.9(a); below T, in the superconducting state, the energy gap
which is responding to the superconductivity opens around nodal point (the broken
line in Fig. 7.9(a)), and the combined energy gap of both pseudogap and supercon-
ducting gap is shown by solid line in Fig. 7.9(a). In Fig. 7.9(a) we can see that the
total energy gap function presents a “kink” at some Fermi momentum which is quite
different from pure d-wave energy gap function. However, in our measurement, it’s
hard to resolve such a “kink” in both optimally doped Bi2212 (7, = 91 K) and un-
derdoped Dy-Bi2212 (T, = 70 K) samples, so it’s not significant that the energy
gaps measured by ultra-high resolution ARPES favor the two-gap scenario.

The temperature dependence of the energy gap in the optimally doped Bi2212
(T, =91 K) doesn’t favor the two-gap scenario, either. In the two-gap scenario, the
pseudogap competes with the superconducting gap [33, 34]. As shown by purple
squares in Fig. 7.7(d), the pseudogap play a main role in antinodal region and the
energy gap size has a little temperature dependence, and it’s inconsistent with the
two-gap scenario in which the pseudogap in antinodal region is temperature inde-
pendent [7]. One possible reason for the observation of a little temperature depen-
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dence of the pseudogap in antinodal region is that the maximum superconducting
gap is comparable to the pseudogap and the temperature dependence of supercon-
ducting gap induces a temperature dependence of total energy gap in antinodal re-
gion. To identify the two-gap scenario, it’s necessary to study the temperature de-
pendence of energy gap in heavily underdoped samples which are supposed to have
large pseudogap and small superconducting gap. Moreover, the two-gap scenario is
based on an assumption that the superconducting gap is a standard d-wave form, but
in physics it’s not necessary; so, it’s possible to consider some high order items in
the energy gap function especially in underdoped region [22].

The one-gap scenario is proposed based on the pre-pairing of Cooper pair in
normal state [27, 30]. Electrons pairing starts in normal state presenting pseudogap
and a gapless Fermi arc in nodal region (the circles in Fig. 7.9(b)). When entering
into superconducting state, the pre-paired Cooper pairs condense coherently and the
whole Fermi surface is gapped as a standard d-wave symmetry which is almost tem-
perature independent (the solid line in Fig. 7.9(b)). However, the energy gap in our
measurements shows a little temperature dependence (Fig. 7.7) in superconducting
state which is inconsistent with the one gap scenario. Moreover, the superconducting
energy gap as a function of Fermi surface angle is not a standard mono-chromatic
d-wave form in the optimally doped and underdoped Bi2212 (Fig. 7.8).

It seems that our energy gap measurement by ultra-high resolution ARPES
doesn’t favor both the one-gap and two-gap scenarios. However, it has been pro-
posed that the energy gap function in underdoped region could be described by a
non mono-chromatic d-wave gap function by considering higher order items in the
gap function. The gap function is [22]

Ak = Apax| B cos(2¢) + (1 — B) cos(6¢) (7.5)

in which 0 < B <1 and B is a function of doping level. In overdoped region, B is
almost 1, while B < 1 in underdoped region. The purple and green solid lines in
Fig. 7.8 are the fitting results by applying Eq. 7.5 on the energy gap function of op-
timally doped Bi2212 (T, = 91 K) and underdoped Dy-Bi2212 (T, = 70 K). It’s ob-
vious that the non mono-chromatic d-wave gap function could describe the energy
gap of both the optimally doped and underdoped Bi2212 very well. For optimally
doped Bi2212 (T, = 91 K), the feedback B = 0.94 while B = 0.86 for the under-
doped Dy-Bi2212 (7, = 70 K) with the maximum energy gap size A,;;x =51 meV.
The measurement of energy gap gives a similar B on a Bi2212 sample as similar
doping in the previous report [22]. It’s reasonable that the value of B decreases with
reducing doping and this means that the non mono-chromatic of the d-wave gap
function is enhanced by reducing doping. The maximum energy gap of the under-
doped sample in antinodal is larger than of the optimally doped sample, but the 7,
is lower. The lower condensed temperature in underdoped region was proposed to
resolve this problem [12].

Moreover, we find that our high resolution result is quite different from former
report with worse resolution [7, 27]. As shown in the inset of Fig. 7.8, the differ-
ence of the energy gap is as large as 10 meV for the similar doping. However, our
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Fig. 7.10 The EDCs on Fermi surface of an underdoped Dy-Bi2212 (7, = 70 K) measured at
17 K. (a) The EDCs at Fermi momentum from 1-11 shown in (e). (b) The symmetrized EDCs
from (a). (¢) The EDCS at Fermi momentum from 12-20. (d) The symmetrized EDCs from (c).
(e) The Fermi surface mapped by VUV laser.

measurements on two different samples with similar doping level show almost the
same gap size around nodal region, as shown by blue solid squares and red solid
squares in Fig. 7.8. It’s worthy to note that robust quasiparticle peak could be re-
solved in large momentum region on the Fermi surface and only the spectra close
to antinodal region lose their coherent peak as shown in Fig. 7.10. In addition, the
energy resolution of our ARPES system is ~1 meV which is much more improved
than the previous study. For our experimental setup and photon energy, the band we
observed is the antibonding band and this may be the other possibility that makes
the difference between our measurement and the previous report.

7.7 Summary

Detail Fermi surface mappings have been done on optimally doped Bi2212 (90 K),
underdoped Bi2212 (70 K) and underdoped Dy-Bi2212 (70 K) by VUV laser based
ARPES of which the energy resolution is better than 1 meV. The study of the energy
gap on these samples makes the conclusions,

1. The doping and temperature dependence of the energy gap don’t favor the two-
gap scenario. Experiments on more doping are needed to identify this scenario.

2. The temperature dependence of energy gap and the gap function of underdoped
sample don’t support the monochromatic d-wave scenario (one-gap).

3. A non mono-chromatic d-wave gap function could describe the doping depen-
dence of energy gap at low temperature very well.

To understand the mechanism of high temperature superconductivity, it’s important
to clarify the symmetry of energy gap far below 7, and the relation between the
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pseudogap and superconducting gap. Because of its complexity, the detail feature
and its intrinsic physics of the energy gap function is still a mystery to people, and
further theoretical and experimental studies are needed to clarify them.
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Chapter 8
Summary

The macroscopic properties of solids are determined by their microscopic electronic
dynamics inside the lattice, so it’s necessary to study the electronic structure of
solids if people want to understand, control and use the new physics of these ad-
vance materials. It’s well-known that the electronic state in solid is described by
three basic physical parameters including energy (E), momentum (k) and spin (s).
The technique of angle-resolved photoemission spectroscopy (ARPES) is such a
powerful tool to resolve these parameters in solids. Since its discovery in 1986,
the mechanism of high temperature superconductivity in cuprates is still a mystery,
and ARPES has been played an important role in revealing the intrinsic electronic
structure in them. In this thesis, vacuum ultra-violet (VUV) laser-based ARPES
technique has been applied on BiySrpCajCuyOg45 superconductor, and many new
phenomenons in cuprates have been revealed.

At the end of 2006, we developed the world first VUV laser-based ARPES
which is characterized by its super-high energy resolution, momentum resolution,
enhanced bulk sensitivity and high photon flux. Moreover, based on the success
of developing the VUV laser-based ARPES, we designed and developed the other
ARPES system with spin polarized resolution. The designed energy resolution of
the spin ARPES system is better than 20 meV, and it has been tested that the actual
energy resolution could be better than 5 meV, much more improved than previous
spin resolved photoemission systems. In addition, by the application of time-of-
flight energy analyzer, a new system with two-dimensional momentum resolution
was developed, and the efficiency of angle detection is promoted by 250 times. At
last, a new laser system with photon energy tunable from 5 eV to 7.05 eV was de-
signed to make up the VUV laser-based ARPES system to overcome the matrix
element effects induced by photon energy in photoemission experiments.

By the application of travel floating zone method, high quality, large-sized and
various dopings of Bi;SrpCaj_,Dy,CuyOg4s single crystal have been grown for
ARPES experiments. By annealing the optimally doped sample in adjustable high
pressure oxygen, the doping of the sample could be controlled from optimally doped
to heavily overdoped region with a lowest 7, = 60 K. Several dopings of under-
doped Bi;Sr,Caj_ Dy, Cuz03g45 (x =0.1, 0.2, 0.3 and 0.4) have been grown, and
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the as-grown crystal with doping x = 0.4 is even a insulator from resistivity mea-
surement. It’s worth to note that, after annealing in vacuum, the 7, of the optimally
doped Bi2212 sample we grew is even higher than 97 K which is the highest T,
in pristine Bi2212 samples in reports. The successful preparing of high quality and
various dopings of single crystals provides rich samples for the study of high tem-
perature superconductivity by ARPES.

The nodal electronic state of optimally doped Bi2212 (7, = 91 K) is studied
by VUV laser based ARPES. New features at ~115 meV and ~150 meV are re-
vealed in the nodal electron self-energy, and it maybe attributed to a new electronic
coupling mode which needs further study, and the temperature dependence of new
features indicates that they may have a connection with superconductivity. With
dramatically improved performance of the new generation of ARPES technique, the
study of optimally doped Bi2212 (7, = 91 K) shows that the nodal electronic state
is sensitive to superconductivity as potent as the antinodal electronic state. Both the
MDC at Fermi level and EDC at K g are dramatically sharpened when crossing 7,
and this indicates that one should put the nodal electronic state on the equal footing
as the antinodal state in high temperature superconductivity. This is consistent with
the recent notion that, upon entering the superconducting state, the intrinsic super-
conducting gap opens near the nodal region, particularly for underdoped region on
phase diagram.

Our ultra-high resolution ARPES data, detail momentum dependent experiment
and complete analysis provide important information in the study of high energy
kink ~400 meV: (1) Our results rule out the possibility that the high energy MDC
dispersion may be the recovery of bare band. It’s an important question in the ex-
tracting of electron self-energy from ARPES spectra in the study of many body
physic in high-temperature superconductors and other materials; (2) We rule out
that the high energy kink may relate to the coupling between electrons and some
high energy bosons; (3) We propose that the high energy MDC dispersion may not
represent the intrinsic electronic band structure, for the MDC analysis would give
artificial vertical dispersion at band top or bottom. The so-called high energy “wa-
terfall” dispersion may attribute to the tailing effect of high energy valence band.
However, further experiment and theory are desired to clarify this question.

By taking advantage of high precision ARPES measurements on Bi2212, we
have clearly resolved characteristics of Bogoliubov quasiparticle-like dispersions in
the superconducting state for both above the Fermi level and below Fermi level.
In particular, the revelation of band back-bending behavior of the lower disper-
sion branch at low temperature makes it possible to extract the complex electron
normal and pairing self-energy of the Bi2212 superconductor in the superconduct-
ing state. Experimental extraction of the electron normal and pairing self-energy in
the superconducting state will provide key information and constraints on the pair-
ing mechanism in high-temperature superconductors. First, like in the conventional
superconductors, it can provide examinations on various pairing theories by com-
puting these two quantities to compare with the experimentally determined ones.
Second, also like in the conventional superconductors, if it is possible to directly
perform the inversion of these two quantities to obtain the underlying bosonic spec-
tral function that is responsible for superconductivity, it may provide fundamental
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information on the nature of the electron pairing mechanism. Hopefully, the present
work will stimulate further efforts along these directions. Moreover, from the tem-
perature dependence of MDC dispersions, we found that the MDC dispersions cross
at the exact same point magicallys. The magic crossing energy is almost linear with
the energy gap and probably relates to superconductivity. Further experiments and
theories are needed to reveal the intrinsic physics in this phenomenon.

To understand the mechanism of high temperature superconductivity, it’s im-
portant to clarify the structure of energy gap far below T, and the relation be-
tween the pseudogap and the superconducting gap. Detail Fermi surface mappings
have been preformed on optimally doped Bi2212 (T, = 90 K), underdoped Bi2212
(T, =70 K) and underdoped Dy-Bi2212 (7, = 70 K) samples by VUV laser based
ARPES system with energy resolution better than 1 meV. The study of energy gap
on these samples makes these conclusions: (1) The doping and temperature depen-
dence of the energy gap doesn’t favor the two-gap scenario which means that the
pseudogap is a compete phase of superconducting gap. Experiments on more dop-
ings are desired to identify this scenario; (2) The temperature dependence of energy
gap and gap function of underdoped sample doesn’t support the monochromatic d-
wave scenario (one-gap) which means that the pseudogap is the precursor of super-
conducting gap and pre-paired electrons condense coherently when going through
T,; (3) A non mono-chromatic d-wave gap function could describe the doping de-
pendence of the energy gap at low temperature very well. Because of its complexity,
the detail feature and its intrinsic physics of energy gap function are still not fully
understood, and further theoretical and experimental studies are needed to clarify
them.
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