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Supervisor’s Foreword

Many novel quantum materials have been discovered with unusual physical
properties and exotic phenomena, such as high-temperature superconductivity in
copper oxide compounds, colossal magnetoresistance in manganites, high-
temperature iron-based superconductors, and topological insulators and related
materials. These unusual behaviors are dictated by the electrons and their interac-
tion with other entities in the materials. Therefore, probing the electronic structure
of materials with emergent phenomena holds the key to unravel the underlying
physics. Angle-resolved photoemission spectroscopy (ARPES), which directly
measures the electronic structure of a material via photoelectrons, has been
demonstrated to be a powerful experimental tool in condensed matter physics. This
book focuses on the unique electronic structures of two high-temperature super-
conductors: Bi,Sr,CaCu,0g,5 (Bi2212) and single-layer FeSe films grown on
SrTiO;5 substrate, which differentiate it from the previous ARPES books. Clear
many-body effects are observed in Bi2212 (Chaps. 4 and 5), and distinct electronic
structures compatible with high-temperature superconductivity are obtained in
FeSe/StTiO; films (Chaps. 6-8).

High-temperature superconductivity, a central theme in condensed matter phy-
sics, has generated continuous efforts in unveiling the driving mechanism since its
first observation in cuprates in 1986. The interest has been re-energized by a recent
discovery of high-T. superconductivity in the iron-based superconductors in 2008.
Although a final consensus is yet to be reached, considerable progresses have been
made in both experiment and theory. The current status and a brief review of the
studies in cuprates and the iron-based superconductors are given in Chap. 1.

Among these progresses, ARPES has played an important role in revealing the
single-particle spectral function of the materials which contains the fundamental
information of electron interaction and electron pairing in superconductors. In
Chap. 2, the basic principles and theoretical formalisms of the ARPES technique
are reviewed and introduced.
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As a state-of-the-art technique, ARPES has been experiencing continuous
development in the past decades. By using a vacuum ultraviolet (VUV) laser as the
light source, super-high energy resolution with unprecedented data quality can be
obtained, which enables the studies of fine electronic structures in high-T, super-
conductors. The later realization of tunable photon energies in VUV laser has
greatly enhanced the capability of the laser-based ARPES. A combination of
laser-based ARPES and Mott detectors has provided a unique pathway toward the
complete characterization of electrons (energy, momentum, and spin) with
super-high resolution. By utilizing the latest time-of-flight electron analyzer, a
real-time 2D detection of momentum is realized. In Chap. 3, several state-of-the-art
ARPES systems with unique capabilities are introduced.

Chapter 4 presents the study of many-body effects in Bi2212 by laser-based
ARPES. Two prominent energy scales are observed to coexist in a large area of
momentum space in the superconducting state. One energy scale is seen over the
Fermi surface from nodal to antinodal regions with nearly a fixed energy of ~78
meV, whereas the other energy scale evolves from the antinodal region to the nodal
region with its energy varying from ~40 meV to ~70 meV. These observations
have solved the long-standing puzzle about the momentum evolution between
nodal kink and antinodal kink in cuprates.

In Chap. 5, fine electronic features are presented in the angle-integrated spectra
of Bi2212 in the superconducting state. These features bear some resemblances to
those observed in Pb by tunneling which, via McMillan—Rowell inversion, pro-
vided the direct evidence for electron—phonon-mediated electron paring in con-
ventional superconductors.

Single-layer FeSe films grown on SrTiOj; substrate represent a special and
important case in the iron-based superconductors, which have the simplest crystal
structure but exhibit a record-high T.. Chapter 6 shows the electronic structure and
energy gap of the superconducting FeSe film. The Fermi surface consists only of
electron-like pockets near Brillouin zone corner without indication of any Fermi
surface around the zone center. Nearly isotropic superconducting gap without a gap
node has been defined in this typical 2D system. These observations have provided
stringent constraints to the superconductivity theories and demonstrated the sim-
plest electronic structure compatible with high-T. superconductivity in the
iron-based superconductors.

Chapter 7 establishes the electronic phase diagram of single-layer FeSe films
grown on SrTiOj substrate. Two distinct phases are observed through an extensive
in situ annealing process. The electronic phase with low carrier concentration shows
some similarities to that of the parent compound of BaFe,As, superconductors,
whereas the other electronic phase becomes superconducting with sufficient carrier
concentration. A record-high T, of ~65 K is observed in the superconducting
phase with an optimized carrier density.

Chapter 8 describes the investigation of an insulator to superconductor crossover
in single-layer FeSe films grown on SrTiOj substrate. The clear evolution has been
identified with increasing carrier concentration which exhibits similar behaviors to
that observed in the cuprate superconductors. These results suggest that the reduced
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dimensionality and the interfacial effect may enhance the electron correlation in the
system. They have added a significant piece of information to the understanding of
superconductivity origin and provided a new pathway in searching for novel
superconductors.

We hope the experimental methods introduced in this book will stimulate and
further push the ongoing efforts in advancing the ARPES technique and the sci-
entific results presented here will shed insights in understanding the mechanism of
high-temperature superconductivity. We would like to thank Springer for the
encouragement, support, and patience.

Beijing Prof. Xingjiang Zhou
March 2016
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Chapter 1
Introduction

1.1 Observation of Superconductivity

There was a long-standing question in human history: Is it possible to get zero resis-
tance in a material ? It was thought to be unrealistic in the early years because it seemed
that the scattering between electrons and atoms (impurities) is unavoidable, which
should give rise to resistivity. Moreover, ultralow temperature was thought to be an
enemy to decreasing resistance. Naively, everything is supposed to be “frozen” near
zero K, including electrons. Therefore, the resistance should increase dramatically
when the temperature gets very low. However, all these “natural” ideas were changed
after the famous experiment performed by K. Onnes et al. in the year of 1911 [1]. This
experiment was made possible by the successful liquefaction of helium. Onnes et al.
successfully lowered the temperature to 4.2 K, near which they found that the resis-
tance of Hg went to zero, as shown in Fig. 1.1. This observation was totally different
from the earlier expectation that the resistance should increase at low temperature.
On the contrary, it represented the first example of zero resistance conductor, which
was named as “superconductor” by Onnes. People immediately realized that the
discovery of superconductivity might bring a new revolution to science and indus-
try if the superconductors can be broadly used, and Onnes was awarded the Nobel
Prize in 1913. In the years after, more superconductors were found in different ele-
ments and simple compounds. Meanwhile, the expulsion of magnetic field was also
broadly found in the superconducting materials, which was named as “Meissner
effect.” “Meissner effect” is the second key character of superconductors besides
“zero resistance” [2]. However, after many years, people were disappointed that the
transition temperatures (T,s) in all the discovered superconductors were very low and
the application was yet to be realized. Nevertheless, great progresses were made in
understanding the superconductivity. The BCS theory [3] successfully describes the
origin of superconductivity and the authors, Bardeen, Cooper and Schrieffer, were
awarded the Nobel Prize in 1972. However, a maximum temperature of ~40K was
given by the BCS theory as the upper limit of T,, which disappointed many people.

© Springer-Verlag Berlin Heidelberg 2016 1
J. He, Angle-Resolved Photoemission Spectroscopy on High-Temperature
Superconductors, Springer Theses, DOI 10.1007/978-3-662-52732-0_1



2 1 Introduction

0.15

0.125 //

o
—_—

Resistance (Ohms)
o
o
-~
a

|Hg
0.05 |
II
|
0.025 I
105Q |

ol 1 N |

40 41 42 43 44
Onnes (1853-1926) Temperature (K)

Fig. 1.1 Observation of superconductivity. Left panel Onnes. Right panel superconductivity in Hg
below 4.2K [1]

This limit was later known as “McMillan limit.” If this limit is true, then the broad
application of superconductors would not be possible.

However, the human history is a history of discovery. New observations always
enrich or renew the original understandings. Similar to the observation of supercon-
ductivity which changed the original understanding of resistance at low temperature,
the later observation of high-temperature superconductors had also refreshed peo-
ple’s minds by breaking the “McMillan limit.” In the year of 1986, a T, of 35K
was found in cuprate (La-Ba-Cu-O) by Bednorz and Miiller [4]. Then, a remarkable
T, of higher than 90K was observed in the material of Y-Ba-Cu-O independently
by Prof. Chu’s group in the USA [5] and Prof. Zhao’s group in China [6]. This T,
is higher than the “McMillan limit” and within the temperature range that liquid
nitrogen can reach which makes the real application of superconductivity possible.
So far, the highest T, was observed in HgBa,Ca;Cu3Og., with a value of ~130K
at normal ambient pressure [7], which can be enhanced to ~160K at high pressure
[8]. In Fig. 1.2, the transition temperatures of various superconductors were plotted
versus their observation times, respectively.

However, despite the continuous efforts, people were not able to find any system
other than cuprates which has a T, higher than 40K in the following 20 years. As
for the origin of high-temperature superconductivity in cuprates, although many pro-
gresses have been made, a final understanding has yet to be reached. Part of the reason
is the complexity of cuprates. Too many striking phenomena coexist in cuprate which



1.1 Observation of Superconductivity 3

200
o0_ _ 105K underpesmre g
i |r t‘%"
HgBaCaCuO 135 K ‘sscs
TIBaCaCuO
100

YBaCuO

T, (K

LaBaCuO

T e
0 ' k=3

1970 1980 1990 2000 2010 ®

Year

Fig. 1.2 The observation of high T, cuprate superconductors. Reprinted with the permission from
Macmillan Publishers Ltd: [9], copyright 2015

makes it very hard to distinguish the one related to high-temperature superconduc-
tivity from others. Therefore, it is very important to find another high-temperature
superconducting system. On the one hand, it can provide more options for the possi-
ble applications. On the other hand, by comparing two different systems and looking
for the phenomena in common, one can get the key insight in understanding the
high-temperature superconductivity. In 2008, Prof. Hosono’s group observed a T,
as high as 26 K in LaOFeAs [10]. Right after this observation, Prof. Xianhui Chen’s
group at the university of science and technology of China and Prof. Nanlin Wang’s
group at the institute of physics(IOP), Chinese academy of sciences(CAS), observed
remarkable T,s of 43 K and 41 K in SmFeAsOy gsFy 15 and CeFeAsOy g4 Fo 16, respec-
tively [11, 12]. These temperatures broke the “McMillan limit” again. Later, Prof.
Zhongxian Zhao’s group at IOP and Prof. Zhuan Xu’s group at Zhejiang university
discovered new iron-based superconductors with T.s as high as 55-56K [13, 14].
Recently, an electronic indication of high-temperature superconductivity at ~65K
was observed in a collaborative work performed by our group and Prof. Qikun Xue’s
group [15] which will be presented in the following chapters.

1.2 Cuprate Superconductors

1.2.1 The Crystal Structure of Cuprates

Most of cuprate superconductors crystallize in a perovskite structure consisting of dif-
ferent layers. Generally, the layers are labeled as “copper oxygen plane” and “charge
reservoirs.” The “copper oxygen plane” is supposed to be the layer on which super-
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BizSr2CuQe+s Bi:Sr:CaCu:z0s.s Bi:Sr2Ca:CuiOioes
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Fig. 1.3 The crystal structure of high T, cuprate superconductors [16]

conductivity takes place, and the “charge reservoirs” can be used to tune the carrier
density on the “copper oxygen plane.” To the content of this book, the cuprate-
related research was performed on Bi;Sr,CaCu,Og, s single crystals. Therefore, the
Bi family is taken as an example to show the crystal structures of cuprates. Drawn in
Fig. 1.3 are the crystal structures of three typical Bi-related cuprates: Bi,Sr,CuOg. 4
(Bi2201), Bi,Sr,CaCu, 0445 (Bi2212), and BiySr,Ca;CuzOyp45 (Bi2223). On the
one hand, all of them consist of the same Cu-O and Bi-O planes. On the other hand,
the number of Cu-O planes in a unit cell is different for these three materials: one,
two, and three planes, respectively. It is very interesting that the value of T, increases
with the number of Cu-O planes per unit cell in these materials. Meanwhile, the T, of
a particular material can also be tuned by changing the carrier density. In particular,
it can be realized by substituting the elements or changing the oxygen content via
annealing. For example, substituting one Ca atom with Dy in Bi2212 dopes one elec-
tron into the Cu-O plane which effectively removes one hole. Therefore, underdoped
samples with different doping levels can be obtained by controlling the Dy content.
On the other hand, if we increase the oxygen content in the sample via annealing, we
can effectively increase the number of holes in the Cu-O plane and get overdoped
samples.
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1.2.2 The Phase Diagram of Cuprates

The phase diagram of cuprates is shown in Fig. 1.4. The parent compound of cuprates
is an antiferromagnetic Mott insulator in which the antiferromagnetism is gradually
suppressed with doping. Superconductivity eventually appears through an insulator
to superconductor transition when the doping level reaches a certain value. Based on
the different carriers, the cuprates are divided into two categories: hole-doped and
electron-doped samples. The typical phase diagram of hole-doped cuprates (e.g.,
La;_,Sr,CuQ,) is drawn on the right panel of Fig. 1.4, whereas the left panel shows
that of the electron-doped side (e.g., Nd,_,Ce,CuQy). It is generally believed that the
superconductivity only occurs after the antiferromagnetism disappears with doping
on the hole-doped side. However, whether superconductivity and antiferromagnetism
can coexist on the electron-doped side is still under debate. The transition tempera-
ture T, of cuprates reaches its maximum when the doping level is optimized, and this
doping level is called optimal doping. The region between optimal doping and parent
compound is regarded as underdoped, whereas the region with doping level higher
than optimal doping is called overdoped region. The maximum T, varies with dif-
ferent cuprate materials. However, the overall doping evolution is similar, consisting
of the aforementioned underdoped, optimal doped, and overdoped regions.
Another important part of the phase diagram is the “normal state”” which locates
right above the superconducting phase. The normal state of the conventional super-
conductors is Fermi liquid which had provided a very good starting point to establish
the theory for superconductivity. In BCS theory, starting from Fermi liquid, peo-
ple realized that the Fermi surface of the material should become unstable if copper
pairs are formed by electron—phonon interaction. Instead, the material enters a super-
conducting state described by Bogoliubov quasi-particles. However, in hole-doped
cuprates, only the “normal state” near the overdoped region behaves normal as Fermi
liquid. The “normal state” near the optimally doped region is actually abnormal that
the resistance of the copper oxygen plane shows linear temperature dependence at
high temperature which is different from that of the Fermi liquid. Therefore, it is
called “strange metal.” As for the “normal state” near underdoped region, energy

Fig. 1.4 The phase diagram ) '

of high T, cuprate 300 Nd, Ce CuO, 1
superconductors. Reprinted
with the permission from
[17]. Copyright 2003 by the
American Physical Society
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gap was observed in this state with a temperature higher than the superconducting
transition temperature. This energy gap is called pseudogap and has been consid-
ered to be very important to superconductivity. However, whether pseudogap works
as a “friend” (precursor) to superconductivity or as an “enemy” competing with
superconductivity is still under debate. Another important issue is about the closing
temperature of the pseudogap: T*. Whether T* represents a phase transition has yet
to be addressed.

As for the electron-doped cuprates, limited results were obtained comparing to
their hole-doped counterparts due to the sample quality and complication in the
sample growth. Whether the strange phenomena observed in hole-doped cuprates
universal in electron-doped samples is yet to be confirmed. Generally speaking, the
electron-doped side of cuprates still shares some resemblances to the hole-doped
side on the phase diagram.

1.2.3 The Electronic Structure of Cuprates

In cuprates, the low-energy electronic states (within several eVs below Fermi level)
are contributed by the Cu 3d and O 2p electrons. Here, La, CuQy, the parent compound
of La,_,Sr,CuO4 (LSCO), is taken as an example to show the basic electronic
structures of the cuprates. As for Cu, 3d electrons are considered in the half-filled
parent compound with a total number of 9. Because of the energy splitting by crystal
field, 5 energy levels are formed from the e, and t, bands, including: XY, YZ,
XY, 372-Y2, and X2-Y? orbital as shown in Fig. 1.5. These electronic states are
occupied by the 9 electrons. The X?-~Y? orbital, which forms the highest energy

Iz
O @®
o
XY, ;
@ <-~0 @0 000 Gce°
f
Lj ~ O
.
X2-y24 N
e, e
9 . ==
3d’ / aze-y? 5
~ XY 4 \\\
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Atomic s k',a ! Covalency :.:a';f‘a' Atomic
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Fig. 1.5 The Cu orbital of cuprates [18]
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level, is only half filled with one electron. Therefore, the electronic structures near
Fermi level is dominated by the dx:_y> electrons. Meanwhile, the O 2p electrons are
also hybridized to the Cu 3d electrons due to a similar binding energy. In general,
the low electronic structures in cuprates are mainly dictated by the Cu dx2_y2 and O
2py, 2p, orbital [17, 18].

Shown in Fig. 1.6a and b are the LDA results calculated for LSCO. For the
half-filled parent compound, it is clear that the antibonding band goes across the
Fermi level as shown in Fig. 1.6a and c. In this regard, the parent compound should
be a metal. However, as evidenced by many experiments, the parent compound of
cuprates is not a metal but an insulator. Therefore, the LDA calculations are not
sufficient to describe the cuprate system. In fact, there is strong electron correlation
in cuprates that the strong on-site Coulomb repulsion prevents any double occupancy
of the electrons on a single site of the lattice. As shown in Fig. 1.6d when Coulomb

(@) HF (b) 4
-1F AB !
P R T e k 2r ABI’
S el S of Loh ot
0 i o
5 [ 5 2| =
(] - g .
i & NB S 4l e
:/ \ B ) %I
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L _8 L r U X |
(m,0) (0,0) (m,m) (m,0) XS 7
(c) (d)
mﬂ A ﬁ’ i
el A~
(e) (f)
LHB UHB LHB 7RS UHB

Fig. 1.6 The electronic structure of cuprates. a Antibonding band, bonding band, and non-bonding
band from LDA. b The calculated electronic bands for LapCuOy.5. c—e Electronic states without
Uand A (¢), U < A (d) and U > A (e). f Zhang—Rice singlet. Reprinted with the permission from
[17]. Copyright 2003 by the American Physical Society
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repulsion U is larger than the band width W, the antibonding band splits into two
bands: upper Hubbard band and lower Hubbard band, which gives rise to a Mott
insulator. If the on-site Coulomb repulsion is extremely strong and U is larger than
the energy difference between the non-bonding band and the antibonding band A,
then the energy gap near Fermi level is not a Mott gap but a charge transfer gap as
shown in Fig. 1.6e, and this is the case for cuprates. Since the antibonding band,
bonding band, and non-bonding band are all involved in the electronic structures
near Fermi level, it is necessary to consider the three-band model which contains
the Cu dx2_y2 and O 2p,, 2p, orbital. However, more complexities were induced by
this three-band model [17]. Later, Zhang and Rice proposed a simplified version in
which one Cu atom and the O atoms surrounded are considered together as a singlet,
called “Zhang—Rice singlet” [19]. Then a one-band model based on “Zhang—Rice
singlet” can be used to describe cuprates, as shown in Fig. 1.6f.

1.2.4 The Theoretical Models of Cuprates

In the past more than twenty years, many theoretical models were proposed for
cuprates. However, none of them has been well accepted by the community till now.
These models can be divided into two types: The first type of models does not break
the crystal symmetry, whereas the second one breaks it. One of the earliest models
among the first type is the band calculations based on Fermi liquid theory [20, 21].
In this model, with carrier doping, the screening effect is strong enough to soften
the strong electron correlation in the parent compound such that the Fermi liquid
picture becomes valid again. The Fermi surface calculated by this model is shown in
Fig. 1.7a. Another theory, in which the crystal symmetry is kept, considers the umk-
lapp scattering [22-24] and predicts a Fermi surface as shown in Fig. 1.7b. Among
the theories which break the crystal symmetry, the most famous one is probably the
RVB theory [17, 25, 26]. Fermi pockets are predicted (Fig. 1.7¢) by this theory.
Shown in Fig. 1.7d is a nearly rectangle Fermi surface given by another theory based
on stripe model, which also breaks the crystal symmetry.

The theoretical models of the cuprates can also be separated by considering
whether a pairing glue is needed. As is known to all, electron—phonon coupling
works as a glue for the electron pairing in the conventional superconductors. How-
ever, whether a pairing glue is necessary in cuprates becomes a critical question under
hot debate. For example, in the aforementioned RVB theory, a glue is not needed.
The electrons are considered to be paired in the parent compound, and carrier doping
simply provides a path for the paired electrons to move in the material which natu-
rally leads to superconductivity. Meanwhile, the pairing glue is still considered to be
essential in many other theories, and the key issue to be unveiled in these theories is
the origin of the glue. One of the popular candidates is spin fluctuation [28]. Another
promising candidate is the loop current proposed by Chandra Varma et al. [29]. Of
course, phonon has also been discussed as the glue in cuprates by some researchers.



1.2 Cuprate Superconductors

(0,m)

(T,m) P

(7,0)

v
\
O
D

f
QJ
&

Fig. 1.7 Fermi surfaces from different theoretical models for high T, cuprate superconductors
Reprinted with the permission from [17]. Copyright 2003 by the American Physical Society

Fig. 1.8 The observation of
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1.2.5 Many-Body Effects in Cuprates

It is believed that the electron—boson interaction which might mediate the electron
pairing should manifest themselves as some energy structures in the electronic bands
of the materials. Therefore, exploring the many-body effects in the band structure of
cuprates may provide the key information for the electron pairing which is believed
to be essential for realizing superconductivity.

Among the studies of the many-body effects in cuprates, the most prominent
ones are probably the observation of nodal and antinodal kinks [27, 30-38]. Shown
in Fig. 1.8 is the dispersion kink at an energy of ~70meV first observed along the
nodal direction (diagonal of the Brillouin zone) of the Bi2212 sample [27, 30, 32-35].
Later, this nodal kink was broadly observed in different cuprate families with different
doping levels (Fig. 1.9) which generated great interests in the research community.

(a) (b) (c)
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k' Doping, &

Fig. 1.9 The observation of nodal kink in various cuprates: a LSCO with different doping levels.
b Bi2212 with different doping levels. ¢ Bi2201 with different doping levels. Kink is observed both
above and below T, in LSCO (d) and Bi2212 (e). f The coupling strength changes with doping.
Reprinted with the permission from Macmillan Publishers Ltd: [30], copyright 2001
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As for the origin of the nodal kink, two different explanations were proposed. The
first one is the electron coupling to collective magnetic excitations since a resonant
mode with the similar energy scale was observed by neutron scattering [32, 33].
Another possibility is the electron-phonon coupling [30]. The major experimental
results supporting this scenario come from the facts that the nodal kink was observed
above T, and in heavily overdoped samples where the resonant mode disappears.

The existence of antinodal kink (Fig. 1.10) [31, 36-38] is another important
observation besides the nodal kink. Different from the nodal kink, the antinodal kink
only appears in the superconducting state with an energy scale of ~40meV. Again,
both collective magnetic excitation and phonon have been proposed as the candidate
responsible for the electron—boson coupling.

While the existence of nodal and antinodal kinks has been well established by
many experiments, the relationship between them is a long-standing puzzle. In par-
ticular, how does the ~70meV nodal kink evolve into the ~40meV antinodal kink
when the momentum gradually moves from the nodal to the antinodal regions? Do
they share a common origin? By carrying out super-high-resolution measurements
with the state-of-the-art laser-based angle-resolved photoemission spectroscopy, the
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Fig. 1.10 The observation of antinodal kink. In the overdoped 58 K sample, the antinodal kink
disappears above T, (a measured at 85K) but appears below T, (b measured at 10K). The kink
is also observed in the overdoped 71 K sample (c) and optimally doped 91 K sample (d) at 10K.
e EDC at the (7, 0). f The momentum locations of the cuts. Reprinted with the permission from
[31]. Copyright 2003 by the American Physical Society
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coexistence of two energy scales in a large area of momentum space was observed for
the first time by the author and collaborators. One of the energy scales is observed over
the momentum space from nodal to antinodal region with a fix energy of ~78 meV,
whereas the other one evolves from the nodal to antinodal region with its energy vary-
ing from ~70 to ~40 meV. Different temperature dependence was also observed for
these two energy scales. These observations have experimentally established the
relationship between the nodal and antinodal kinks. Details are presented in the
corresponding chapter.

1.3 Iron-Based Superconductors

1.3.1 The Crystal Structure of Iron-Based Superconductors

Shown in Fig. 1.11 are the typical crystal structures of several different iron-based
superconductor systems: “11” [40], “111” [41], “122” [42], “1111” [10-13] and
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Fig. 1.11 The crystal structure of various iron-based superconductors. Reprinted with the permis-
sion from Macmillan Publishers Ltd: [39], copyright 2010
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“32522” [43]. Although many new materials with more complicated chemical com-
positions are still coming out, a common crystal structure can be recognized in all the
iron-based superconductors: the so-called FeAs layer or FeSe layer. People believe
these FeAs (FeSe) layers are responsible for the superconductivity, similar to the
case of Cu-O layers in cuprates. Different iron-based superconductors have different
FeAs (FeSe) layers in its unit cell, and it seems that higher T, can be found in mate-
rials with more FeAs (FeSe) layers. However, different from the Cu-O plane, the Fe
and As (Se) atoms of the FeAs (FeSe) layer are not in the same plane which gives
the iron-based superconductors a stronger three-dimensionality than the cuprates.

1.3.2 The Phase Diagram of Iron-Based Superconductors

Figure 1.12 shows the typical phase diagram of BaFe,As,. Similar to the case in
cuprates, superconductivity appears when antiferromagnetism is suppressed with
doping in iron-based superconductors, which indicates the possible relationship
between the superconductivity and the antiferromagnetism. However, there are also
differences between the phase diagram of cuprates and iron-based superconductors.
Pseudogap is well established in cuprates, but its existence in iron-based super-
conductors is still under debate. Although arguable evidences for pseudogap were
found in “11” system, no pseudogap was reported in “122” system. Another intrigu-
ing point is the possible coexistence of antiferromagnetism and superconductivity in
iron-based superconductors, which is different from the hole-doped cuprates but sim-
ilar to the electron-doped compounds. Moreover, there are structural and magnetic
transitions with temperature in the parent compound of iron-based superconductors.

Fig. 1.12 A typical phase

diagram of BaFeyAs;.

Reprinted with the 150
permission from Macmillan

Publishers Ltd: [39],

copyright 2010 -

Temperature (K)

50 k
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For example, a structural transition from a tetragonal to an orthorhombic phase may
take place [44].

1.3.3 The Electronic Structures of Iron-Based
Superconductors

In iron-based superconductors, the Fe 3d electrons are mainly responsible for the
superconducting process. As for the 6 electrons around Fe?™, the 3d states are split
into e, and ty, orbital states by the crystal field. Different from the orbital states
in cuprate, the e, orbital state has the lowest energy in iron-based superconductors.
Meanwhile, Hund’s rule coupling also plays an important role, which favors the
electrons on the same site of the lattice showing the same spin polarization. Therefore,
when the Hund’s coupling is stronger than the splitting by the crystal field, the five
energy levels of the e, and t, orbital states are first filled by the electrons with the
same spin polarization. Then the last 3d electron with different spin polarization
occupies the lowest energy level of the e, states. Finally, there are three electrons in
e, and ty, orbital states, respectively, with a total magnetic moment S = 2. However,
if the Hund’s coupling is not as strong as the crystal field splitting, then electrons
start to occupy the states from low energy to high energy with each energy level
filled by two electrons. In this case, the e, orbital states are occupied by 4 electrons,
whereas the t,, states hold two electrons, which gives a magnetic moment S = 1 [45].
Generally speaking, in iron-based superconductors, multiband models are needed to
describe the low-energy electronic structures near Fermi level, which is different
from the single-band model in cuprate and adds complications in understanding this
system.

1.3.4 The Magnetic Structures of Iron-Based
Superconductors

Magnetic order is widely observed in the parent compound of iron-based supercon-
ductors. However, different magnetic structures exist in different materials. As for
the FeAs “11,” “111,” and “122” compounds, along the direction of the magnetic
moments, neighboring sites show opposite signs, which looks like antiferromag-
netism. However, the magnetic moment keeps the same sign along the direction
perpendicular to itself, which looks like ferromagnetism. This magnetic structure is
called “collinear” antiferromagnetism, as shown in Fig. 1.13a. The corresponding
wave vector is (1/2, 1/2). As for the FeSe “11” family, the magnetic moment is along
the crystal lattice, exhibiting a “bi-collinear” antiferromagnetic order with a wave
vector of (1/2, 0), as shown in Fig. 1.13b [46].
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Fig. 1.13 The magnetic structures of iron-based superconductors. a “Collinear” antiferromag-
netism. b “Bi-collinear” antiferromagnetism. IOP Publishing. Reproduced with the permission
from [46]. All rights reserved

1.3.5 The Theoretical Models for Iron-Based
Superconductors

Many theoretical models have been proposed after the discovery of iron-based super-
conductors. The central issue under debate is about the starting point: either from an
itinerant picture or a localized picture. The most popular theory based on the itinerant
picture is probably the “Fermi surface nesting” [47-49]. In the parent compound of
some iron-based superconductors, hole pockets were observed centering at I” point
of the Fermi surface, whereas electron pockets with the shape and size similar to
those of the hole pockets were found at M point. The nesting between these Fermi
pockets enhances the electron scattering between them, which induces spin density
wave (SDW) to the system. With carrier doping, the relative size of the Fermi pockets
at I" and M changes, which weakens the nesting condition and suppresses the SDW.
Meanwhile, the remanent spin fluctuation works well as a pairing glue for super-
conductivity, which explains the emergence of superconductivity with doping. In the
overdoped region, the spin fluctuation disappears, so the superconductivity vanishes
due to the lack of paring glue. The doping evolution of the phase diagram is shown
in Fig. 1.14. In the first few years after the observation of FeAs-based compounds,
this itinerant picture was very popular because most of the FeAs-based parent com-
pounds are antiferromagnetic bad metals, and the “Fermi surface nesting” explained
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Fig. 1.14 Fermi surface nesting versus doping. IOP Publishing. Reproduced with the permission
from [59]. All rights reserved

many experimental results. However, this scenario was seriously challenged by the
successful synthesis of A Fe,_,Se; (A = K, Cs, Rb, Tl) superconductors [50-52]
and the related ARPES results [53-56]. First, the parent compound of A,Fe,_,Se,
(A =K, Cs, Rb, TI) is probably an insulator which makes people worry about the
validity of the itinerant picture. Second, no hole pocket was observed at I" point
which invalidates the aforementioned nesting picture. Although electron pockets are
still observed at both I" and M points [55, 56], the possible nesting wave vector is not
consistent with the magnetic wave vector in this material. Therefore, “Fermi surface
nesting” cannot give a reasonable explanation to describe the A Fe,_,Se; (A =K,
Cs, Rb, TI) system. If one can still claim the complications from three dimensions
(3D) of the material and the existence of electron pockets at I" point, the recent exper-
imental results from the single-layer FeSe films grown on SrTiO;3 substrate showed
no consistency with the “Fermi surface nesting” at all. First, the single-layer films are
pure 2D which is free from the 3D complications. Second, there is no Fermi surface
near I point. Third, the parent compound of the single-layer FeSe films is very likely
to be an insulator. These new experimental results remind people to reconsider the
general validity of the itinerant picture.

The other scenario is based on the localized picture. In the localized picture, elec-
trons in iron-based superconductors are not considered to be itinerant, but strongly
correlated as the ones in cuprates. By using slave-spin approach, Si et al. suggested
that the Mott transition may take place when the parent compound of the iron-
based superconductors is doped with carriers [57]. The localized models can directly
explain the insulator to superconductor transition as well as the antiferromagnetism
in the parent compound. However, the calculated magnetic moment cannot reach a
quantitative agreement with the experiments. Of course, explanations have also been
given by considering the competition between the nearest neighboring and second
nearest neighboring exchange interactions [58].

Generally speaking, the electron correlation in iron-based superconductors is not
as strong as that in cuprates. However, the simple itinerant picture cannot fully
explain the experimental results either. Nevertheless, there are only several years
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since the first observation of the iron-based superconductors. More materials will
be explored and the mechanism of the superconductivity will also be unveiled with
more experimental observations and theoretical efforts.

In this book, the research on the electronic structure of the single-layer FeSe films
grown on SrTiO3 substrate will be presented. Great interests have been generated
by the possible existence of high transition temperature (T,) in these single-layer
films. First, the T, in single-layer FeSe film may break the current record in iron-
based superconductors. Second, the T, in bulk FeSe is only ~8 K although it can be
enhanced to 36.7 K under high pressure. However, a much higher T, was observed
in the single-layer FeSe film. Third, the single-layer FeSe film represents an ideal
platform to study the mechanism of the high-temperature superconductivity. On
one hand, it has the simplest crystal structure consisting only a single FeSe layer
which is the building block of the iron-based superconductors. The 2D character
of the film as well as its simple electronic structure can give direct evidence to the
superconducting mechanism. On the other hand, the interface between the single-
layer FeSe and SrTiO; substrate plays an important role which gives us a unique
opportunity to study the interface-induced high-temperature superconductivity.

Firstly, by performing high-resolution angle-resolved photoemission on the single-
layer FeSe films grown on SrTiOj substrate, we found a simple Fermi surface with
only electron pocket(s) around M point but no Fermi surface near I" point. Then,
a nearly isotropic energy gap without any node was identified in the superconduct-
ing state by measuring along the underlying Fermi surface. Because of the pure 2D
character which rules out the complication from k., a solid conclusion can be drawn:
There is no gap node in this system.

Doping-dependent measurements have been successfully carried out by annealing
the as-grown films in vacuum. To keep track of the evolution, the annealing process
was divided into many small steps, after each step ARPES measurements were carried
out. Two different but competing phases (N phase and S phase) have been clearly
identified. The N phase which was observed at the early stage of the annealing
process (possibly with low doping level) shares some similarities with the parent
compound of Bal22 system in the magnetic state. This “magnetic-like” N phase was
then suppressed with annealing after which the superconducting phase was finally
observed with sufficient electron doping. By optimizing the doping level, electronic
indication of superconductivity with a T, of ~65 K was identified.

Meanwhile, we notice that the single-layer FeSe film with low doping level is
insulating which becomes superconducting with sufficient electron doping. There-
fore, it works as an ideal case to study the insulator to superconductor crossover in
iron-based superconductors. Based on the experimental observations, we notice that
the insulator to superconductor crossover and the emergence of S phase do not take
place at the same time. There is a large insulating gap in the S phase with low elec-
tron doping. The spectral weight starts to appear near the Fermi level with electron
doping, which finally leads to the insulator to superconductor crossover. The overall
doping evolution is very similar to that observed in hole-doped cuprates, which indi-
cates that the strong electron correlations play an important role in the single-layer
FeSe films. The details will be presented in the corresponding chapters.
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Chapter 2
Angle-Resolved Photoemission Spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is a powerful tool to directly
probe the electronic structure of materials, which has been broadly used in the
research of condensed matter physics. It plays an important role in unraveling
the mechanism of many exotic phenomena in high-temperature superconductors,
graphene, topological insulator, and many other advanced materials [ 1-6]. Generally
speaking, ARPES measures the electronic structure of a material via photoelectrons.
Shown in Fig. 2.1 is a sketch of an ARPES system containing the light source, sample,
and analyzer.

In the history of photoemission, the first breakthrough was the observation of
photoelectric effect in 1887 by Hertz [7]. It was then explained by Einstein in 1905
[8] with a simple equation describing the photoelectric effect:

Emax = hv — &. 2.1)

in which Ep,x is the maximum kinetic energy of the emitted photoelectrons, hv
is the energy of the incident photon, and @ is the sample work function. Continu-
ous efforts have been made over a hundred years, which finally enable an accurate
measurement of the energy and momentum of the photoelectrons. Spin-resolved
photoemission spectroscopy has also been developed, which probes the spin of the
electrons. Combining the information of energy, momentum, and spin, one can have
a full description of the electronic states in the materials. The light source has also
been improved over the decades. Besides the synchrotron radiation and gas dis-
charge lamps, a newly developed laser source has induced significant improvement
to the total resolution of the ARPES system by its monochromaticity and narrow
line width. The works presented in this book are mainly based on ARPES. In this
chapter, a general description of the ARPES technique will be given. In particular, it
will explain how the energy and momentum of the electrons are resolved and what
physical quantities are deduced from the ARPES spectra.
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Fig. 2.1 Schematic of
ARPES

Electron Detector

Sample
2.1 Energy Resolution of ARPES
Based on Einstein’s equation for photoelectric effect, we have:
Ekin =hv — |EB| — . (22)

in which Ey;, is the kinetic energy of the photoelectrons, v is the energy of the
incident photon, @ is the sample work function, and E is the binding energy of the
initial states of the electrons in the material. For simplicity, fermi level of the material
is always used as an energy reference and binding energy is therefore presented with
negative values. If we only consider the energy resolution, then we can simply ignore
the emission angles of the photoelectrons and calculate the electron density of states
as a function of energy. Figure 2.2 illustrates how the density of states is probed by the
photoemission process. According to the energy conservation law, electrons with dif-
ferent binding energy (e.g., valence bands vs. core levels) emit into the vacuum with
different kinetic energies after absorbing photons with the same amount of energy.
The kinetic energy of the photoelectrons is then detected by the electron analyzer.
Shown on the top right of the figure is a typical photoemission spectrum in which the
original shallow valence bands and deep core levels are presented as sharp peaks with
different kinetic energies. Using Eq. 2.2, we can directly calculate the corresponding
binding energy Ep of the original bands or core levels from the measured kinetic
energy, which realizes the energy resolution. Nevertheless, according to Eq. 2.2, the
correct analysis also depends on the correct determination of work function, which
will be discussed in detail below. We also note that accurate analysis of the data
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Fig. 2.2 Schematic of E Spectrum
photoemission, in which Er
is the Fermi energy, Ep is
the binding energy, @5 is the
work function of the sample,
@ 4 is the work function of
the analyzer, and E is the
electron kinetic energy
detected by the analyzer [2]

Valence

he

Core levels

Energy Conservation
E;=ho-Eg-®,

N(E)

will sometimes involve various factors, for example, the background given by the
scattering of secondary electrons.

2.1.1 ARPES Measures the Occupied States

ARPES measures the photoelectrons which are ejected from the initial states to the
final states after absorbing the incident photons. In other words, it measures the elec-
tronic states occupied by electrons but not the unoccupied states. To measure the
unoccupied states, inverse photoemission is needed, in which low-energy electrons
are directed at the sample surface and coupled with the unoccupied states. The occu-
pied electrons to be measured by ARPES are governed by Fermi—Dirac distribution
function. At zero temperature, if the energy resolution of the system is perfect, then
the measured electronic states should show a sudden cutoff in the form of a step func-
tion as shown in Fig.2.2. This is called Fermi cutoff, and the corresponding energy is
Fermi energy, an energy reference for the binding energy of the occupied electronic
states. In real experiments, the Fermi cutoff is broadened by the temperature and
energy resolution of the measurements. On the one hand, we can take advantage of
this broadening and calibrate the energy resolution of the system at a given temper-
ature. On the other hand, we can also check the temperature of the sample by the
Fermi cutoff broadening when the energy resolution is known.
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2.1.2 The Selection of Work Function

Another important term included in Eq.2.2 is work function. Work function is an
energy barrier which prevents the electrons from leaving the materials. The existence
of work function at the material surface is natural. Naively, if there is no work
function, then electrons with the highest energy in the material can leave the material
surface and get into the vacuum without losing any energy, and thus, no stable bulk
material can ever exist. The correct selection of work function is very crucial for the
ARPES measurement. As for the photoemission process alone, the work function
refers to material work function which is the energy an photoelectron needs to pay
if it moves from the Fermi level of the material to the vacuum. However, in the
real measurement, the free electron-like photoelectrons are measured by the electron
analyzer. The electric contact between the sample and the electron analyzer aligns
their Fermi levels but not the work functions. Therefore, the measured kinetic energy
is relative to the work function of the analyzer, which might be different from the
real kinetic energy of the photoelectrons. In other words, if the work function of the
material is different from that of the electron analyzer, then the photoelectrons are
accelerated or decelerated in the analyzer. Nevertheless, the energy conservation law
in Eq.2.2 is still valid. In order to get the correct binding energy from the measured
kinetic energy of the photoelectrons, we need to replace the sample work function
with the work function of the electron analyzer.

This work function difference is always very small, and the acceleration or decel-
eration process is perpendicular to the sample surface and thus does not change the
in-plane momentum of the photoelectrons. By considering the work function of the
electron analyzer, this effect can be corrected. Nevertheless, we should notice that
the real work function which takes place in the photoemission process is the mate-
rial work function. Therefore, the lower limit of the photoelectron kinetic energy
is determined by the material work function. This point has also been clearly illus-
trated in Fig. 2.2, in which @y is the work function of the material and @ 4 is the work
function of the electron analyzer. If &g > @4, in a certain energy range where the
minimum kinetic energy of the photoelectrons Ex determined by @4 is larger than
zero but Ex + @4 < Pg, no spectral weight is obtained in the electron analyzer.
This is shown in Fig.2.2 that an energy cutoff appears at Vs, below which the mea-
sured electron density is zero. This is simply because those electrons cannot leave
the sample surface in the photoemission process and thus cannot be detected by the
analyzer.

2.2 Momentum Resolution of ARPES

In the previous discussion, only energy conservation of the photoemission process
was used. We notice that there is also momentum conservation in ARPES measure-
ments. Correct analysis of the momentum conservation can give us the momentum



2.2 Momentum Resolution of ARPES 25

information of the electrons in the materials and thus realize the momentum resolu-
tion. Photoemission is a complicated process which involves the incident photons,
photoelectrons, and the detection of photoelectrons. In order to accurately describe
it, a so called one-step model is needed [9—12]. In this model, the absorption of pho-
tons, ejection of electrons, movement of the photoelectrons, and the detection are all
considered as a coherent process and the properties of the bulk material, sample sur-
face, and vacuum level are all included. Although accurate, this model is hard to be
understood. Another phenomenology model is also proposed [13, 14], in which the
photoemission is divided into three steps: (1) The ejection of electrons from initial
states to final states. (2) Travel of the excited electrons from the bulk material to its
surface. (3) Escape of the excited electrons from the sample surface into the vacuum.
This model is called “three-step model.”

2.2.1 Momentum Conservation in Step One: Ejection
of Electrons from Initial to Final States

This is the most important step in the three-step model, in which the essential infor-
mation of the electron interactions is included. When incident light is directed on the
sample surface, the electron of the material may absorb a photon and be ejected from
the initial state to a final state. In typical ARPES measurements with soft X-rays,
the photon energy is from several eV to ~100eV and the corresponding momentum
of the photons is negligible comparing to that of the electrons. Therefore, although
the energy of the electron is changed by Av in the ejection, the momentum of the
electron conserves. Shown in Fig. 2.3 is an illustration of this process. After absorb-
ing a photon with an energy of hv, the electron in the occupied initial state jumps
vertically to a final state above Fermi level without changing its momentum. This is
called “vertical transition.” In order to quantitatively describe this process, we study
the momentum along X, y, and z directions, respectively.

If we label the electron momentum in the initial state as K; and that of the final
state as K fs then we have:

Kf,x = Ki,x; Kf,y = Ki,y; Kf,z = Ki,z- (2.3)

As a comparison, the equation for the energy conservation in the first step is also

listed here:

E;=hv+ Ep. 2.4

in which Ep is the electron binding energy which is the same as the electron energy
in its initial state E;.
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Fig. 2.3 The first step in the
“three-step model,” the
ejection of electrons from
initial states to final states

Energy

2.2.2 Momentum Conservation in Step Two: Traveling
of the Excited Electrons to Sample Surface

The second step of photoemission is the travel of the excited electrons from bulk mate-
rial to the sample surface. As shown in Fig. 2.4, many inelastic-scattering processes
are involved in this step. For example, the excited electrons might be scattered by

Fig. 2.4 The second step in Vacuum

the “three-step model,” travel S e T T A T R R T T T AR AR RN
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other atoms or impurities. Secondary electrons might also be created in the process.
However, only the electrons which are not scattered in their travel to the sample
surface can contribute to the intrinsic electronic structure we measure. The follow-
ing two points should be noticed: First, not all the excited electrons move toward
the sample surface. Second, the scattered electrons might also travel to the sample
surface and be detected, which do not represent the intrinsic electronic states in the
material. However, the scattered electrons do not have a particular preference on the
emission angle; therefore, they only contribute to some background in the measured
photoemission intensity. The intrinsic signal comes from the excited electrons with-
out any scattering. For those electrons, the momentum and energy do not change in
step 2. If we define the corresponding momentum as K;, and energy as E;,, then we
have:

Kin,x = Kf,x; Kin,y = Kf,y; Kin,z = Kf,z~ (2.5)

Ey=Ey. (2.6)

2.2.3 Momentum Conservation in Step Three: Escape
of the Excited Electrons into the Vacuum

In order to escape from the sample surface into the vacuum, the excited electrons
need to go through the surface potential barrier, as shown in Fig.2.5.

The energy of the potential barrier is the work function @ of the material. In
this step, the in-plane symmetry of the sample is not affected by the photoemission
process. In other words, the in-plane momentum of the excited electrons keeps the
same. On the other hand, the crystal symmetry is broken along the sample surface

Fig. 2.5 The third step in Vacuum Kz O Kilyy,

the “three-step model,” N e B A
escape of the excited CD[ ‘H\ [ | ‘

electrons from the sample |

surface into the vacuum Surface Kz, K/,
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normal with the appearance of an interface between sample and vacuum. The excited
electrons are coupled with the potential barrier perpendicular to the sample surface.
Therefore, the momentum conservation law for the excited electrons along the sample
surface normal is broken. Of course, the energy of the excited electrons is also
changed due to the potential barrier. If we define the momentum of the electrons in
the vacuum as K,,; and the corresponding energy as E,,;, then:

Kour,x - Kin,x; Kout,y - Kin,y; Kout.z # Kin,z- (27)
Eous = Ein — P. (2.8)

If the materials are 2D or quasi-2D (for example, cuprate high-temperature
superconductors, selected iron-based superconductors, thin films), only the in-plane
momenta (K; , K; ,) are concerned. By using Eqs.2.7,2.5, and 2.3, we can easily get
Kix, K; from K  and K, which are the momenta of the photoelectrons mea-
sured by the analyzer. Therefore, the key step is to calculate Ko, and Koy, from
E,.: and the corresponding electron emission angles, both of which are directly mea-
sured by the experiment. As for the photoelectron detected by the electron analyzer,
the free electron-like plane wave is a sufficient description:

2

I
Epy=— (K2, +K> +K?
2m,

out,Z)’

(2.9)

out,x out,y

For the electron analyzer with a horizontal slit, the momenta of the photoelectrons
can be given as:

1 . 1 .
Kuut,x = TV meEout sin ¢; Kuul,y = ﬁ\/ ZmeEout cos @ sin @;

h
1
Koui . = ﬁ\/2meE{m, cos @ cos O. (2.10)

The corresponding emission angles are defined in Fig.2.6.
Therefore,

1 1
Ki,= %w/2ng(,m sin®; K; , = ﬁ\/ZmeE,,m cos @ sin . (2.11)

Asillustrated above, the momenta of the initial states K; ., K; , can be obtained by
the measured electron kinetic energy E,,; and the corresponding electron emission
angles, and thus, the momentum resolution can be achieved by ARPES.
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Fig. 2.6 Different angles in
the ARPES system. The
momenta can be calculated
from the angles [2]

hv

analyzer

2.2.4 Determination of K in 3D Systems [2, 15]

ARPES is broadly used to study 2D systems. Due to the breaking of momentum
conservation along the sample surface normal, the measurement of K, in 3D materials
is not as straightforward as that of the in-plane momenta. K; , of the initial state is
not given by K, . directly. However, we are still able to get the information of K ,
under some simple assumptions. Let us first consider the excited electrons after step
one in the three-step model. Being ejected to the final states, those electrons can be
assumed as quasi-free electrons and thus be described as:

hZ
Ef= ﬁ(K},x + K}, +K}.)+ Ey. (2.12)
e

Here, Ej is called “bottom of the muffin tin” which represents the energy of the
parabolic band bottom. Considering Egs. 2.3, 2.6, and 2.8, we have:

2

h
Epi = — (K> + K> +K*)+Ey— &. (2.13)
2me i,x i,y i,z
Then,
_ [ 2 2 2.14
Ki,z - F(Eout + & — EO) - Ki,x — Ki,y' ( . )
If we define Ey — @ as inner potential Vj, then:
K= |2k K2 — K2 2.15
iz = ?( our — Vo) — Kiy — K7 .. (2.15)
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A simple way to determine V} is to measure normal emitted electrons whose in-plane
momenta K; , = K; , = 0. By changing the photon energy of the incident beam, we
can get different E,,, values. We also know that K; , should follow the periodicity
of the 3D Brillouin zone. Therefore, we can get V| by fitting various attempted
K ; values (obtained with different photon energies) to the Brillouin zone boundary.
Finally, the real K; . can be directly calculated with the obtained Vj.

2.3 Physical Properties Measured by ARPES [1, 2]

As explained in the previous sections that the energy and momentum resolutions
of ARPES are realized by measuring the photoelectrons which are emitted from
the material into the vacuum. However, electrons in most materials are correlated.
For example, in a strongly correlated superconducting system, the electron—electron
and electron—boson interactions are very important. A natural question for ARPES
measurement is: How can we get the information of the many-body interactions in the
materials by measuring the free electron-like excited photoelectrons. In this section,
explanations will be given by introducing the single-particle spectral function.

2.3.1 Transition Probability for the Optical Excitation

Let us consider an optical excitation process in a system with N-electrons. Electrons
are excited after absorbing photons, and the N-electron system goes from an initial
state ¥ to a final state llf}v . The transition probability w ; for this excitation process
is given by Fermi’s golden rule:

2
Wi = ?’H < UM Hy WY > 25 (EY — EN — ). (2.16)

EY = EY™' — Ejand EY = EY~" 4 Eyy are the energy values for the initial states
and final states, respectively. E ’g is the original binding energy of the photoelectron
whose kinetic energy is Ej;, and momentum is k. The operator describing the inter-
action between electron and photon is given by

—e e
Hiyy = —A -p+p-A)=——A"p, (2.17)
2mc mc

under a perturbation theory. Here, p is the electronic momentum operator, and A
is the electromagnetic vector potential. It seems that the many-body interactions
included in these equations are too complicated to be calculated. In order to simplify
this problem and obtain the essential physical properties of the materials, reasonable
assumptions are needed.
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2.3.1.1 Sudden Approximation and Adiabatic Limit

Although based on single-particle picture which is not ideal for the discussion of
many-body interactions, the three-step model has achieved great success in practice.
Electron transition in the first step of the model contains essential information of the
many-body interactions. For simplicity, let us consider the excitation of one electron
in the N-electron system. If the transition process is so fast that the excited electron
does not interact with the rest N-1 electrons, then the question is simplified and the
final state of the N-electron system can be written as:

xp}v = (qus_’;w;"*l, (2.18)

in which 7 is an antisymmetric operator, ¢’} is the wave function of the photoelec-
tron, and ¥ ;V ~!is the final state wave function of the (N-1)-electron system which can
be written as an eigenstate ¥V~ with energy EN~!. Then, the total transition prob-
ability can be estimated by summing over m. This is called “sudden approximation”
in which the photoemission process is assumed to be sudden [1]. This approxima-
tion works good for photoelectrons with high kinetic energy. However, if the kinetic
energy of the photoelectron is very low that the time it takes to escape is comparable
to the system response time, then the transition process cannot be regarded as sudden
and the sudden approximation cannot be used any more. This is called “adiabatic
limit” [16]. In this case, the final state wave function cannot be simplified in the above
way and will be much more complicated. A practical concern is the lower limit of
the photon energy by which the “sudden approximation” still works. This question is
still under debate. It has been generally accepted that “sudden approximation” works
for the light from helium lamp which provides photons with an energy of 21.2eV.
Experiments with an photon energy of 19eV has also been reported in which “sud-
den approximation” also works good [17]. Other papers indicate that the “sudden
approximation” is still OK with a photon energy of 6.05eV [18, 19]. Recently, with
the advantage of small band width and high photon flux, laser has been used as a
new light source for ARPES which greatly improved the data quality. However, the
photon energy of laser is relative low (~6-10eV) which makes people worry about
the solidity of “‘sudden approximation.” Fortunately, experimental evidence indicates
that the “sudden approximation” still works good with laser light source.

2.3.1.2 Transition Probability Under Sudden Approximation

For simplicity, we write the initial state of the N-electron system 'J/[N as the combi-
nation of a one-electron wave function ¢f‘ and an (N-1)-electron term lI/iN -1

oV = e (2.19)
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where ¥V~ = ¢,wN and ¢; is the annihilation operator for an electron with momen-
tum k. Here, lI/l.N ~!is not an eigenstate of the (N-1)-electron system. It is just the
remaining part of the N-electron wave function after removing one electron. There-
fore, the matrix elements in Eq.2.16 can be written as:

< UN | H| W >=< ¢} |Hintlp} >< @ EN! >, (2.20)

in which < ¢%|Hiu|¢) >= M is called one-electron dipole matrix element. The
final state of the (N-1)-electron system ll’;-v ~!is an eigenstate and thus can be replaced
by l]’,flv —1. Then, the photoemission intensity 7 (k, Ey;,) can be written as:

Ik, Exin) = Zpiwpi < i |M5 P Slmi 8 (Exin + Ep ' — EY — hv),
(2.21)

in which |c,,;|> = | < &N="|wN~! > |2 represents the probability that the remain-
ing (N-1)-electron system is at the eigenstate m after removing one electron from
the i state. It includes the fundamental information of the transition.

In order to understand the transition probability, let us first consider a non-
interacting electron system. In this case, the removal of one electron in the N-electron
system does not have any effect on the rest electrons, which means the lI/iN ~state is
still an eigenstate W,,]Z) ~! of the (N — 1)-electron system. Therefore, in the equation
of photoemission intensity I (k, Eg;,), only |cp, i |> =1 (when m = myg) and all the
other ¢, ; terms are zero. Considering the § function part in I (k, Ey;,), we should
expect ARPES spectra with § function peaks at EX, = —e;. However, in correlated
systems, the removal of one electron gives rise to a dramatic change to the rest (N-1)-
electron system. Therefore, many terms of |c,, ;|*> # 0 and lIfiN ~! will overlap with
many of the eigenstates ¥,V ~!. The corresponding ARPES spectra will not show sin-
gle delta functions any more. Instead, a main line with several satellites is expected
(Fig.2.7).

M =

N-1 Ef N+l E N-1 Ef N+l E

Fig. 2.7 Left panel: ARPES spectra for a non-interacting electron system. Right panel: ARPES
spectra for correlated systems. The filled red regions represent the occupied states, whereas the
empty regions represent the unoccupied states [2]
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2.3.2 Single-Particle Spectral Function

Green’s function has been widely used in solid physics to describe many-body effects.
The propagation of a single electron can be written as a time-ordered one-electron
Green'’s function g(¢ — ¢") which describes the probability amplitude that an electron
added at a time of zero keeps in the same state after a time of |t — #’|. An energy—
momentum representation can be given by performing a Fourier transform:

N IR el A LA
G (k’w)_zw—ENilJrE.Niin’ (2.22)

m

in which G*(k, w) and G~ (k, w) represent the Green’s function for adding and
removing a single electron, respectively. The single-particle spectral function can
thus be given by the imaginary part of the Green’s function:

Ak, w) = AT (k,w) + A (k, 0) = —(1/7) ImG (k, w); (2.23)

ATk, ©) = | < ¥V WY > 28w — ENF + EN). (2.24)
By comparing the single-particle spectral function A~ (k, @) with the photoemis-
sion intensity I (k, Ey;,) (Eq.2.21), we have:

I(k, Exin) < ) |M},*A” (k, ). (2.25)
fii

Therefore, it is clear that the photoemission intensity measured by ARPES is
proportional to the single-particle spectral function which explains the reason why
the energy gap, Fermi surface, band structures, and many-body effects in the materials
can be captured by the ARPES spectra.
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Chapter 3
ARPES Systems

ARPES, a powerful experimental tool to detect the electronic structures of materials,
has been broadly used in the research on many advanced materials in the past several
decades [1]. Direct evidence obtained by ARPES has been helping people to under-
stand the exotic physical phenomena in materials. Meanwhile, progresses have also
been made on the ARPES systems. Momentum resolution and spin resolution have
been achieved in addition to the original energy resolution in photoemission spec-
troscopy (PES). The energy resolution has also been improved from tens of meVs to
better than 1 meV with a momentum resolution better than 0.004 A~ [2]. As for the
detection efficiency, the earliest point detector was replaced by the analyzer with a
slit which can measure a momentum cut at a time. The recent development of time-
of-flight 2D detector has enabled the real-time measurement of a momentum area,
which would greatly improve the efficiency of the measurement. Progresses have also
been made in the light source of the ARPES system. Besides the synchrotron light
source and gas discharge lamp, the newly developed laser has improved the ARPES
data quality dramatically by its low bandwidth and high intensity. The first 7-eV
vacuum ultraviolet laser-based angle-resolved photoemission system was developed
by our group collaborated with Prof. Chen and Prof. Xu’s groups [2]. After that,
tunable laser-based angle-resolved photoemission system, laser-based spin-resolved
ARPES system, and laser-based time-of-flight ARPES system have been developed.
The research results to be presented in the following chapters were all performed
on those newly developed systems, and the super-high resolution of the laser light
source was key to the success of the research on cuprates. In this chapter, a general
introduction of the typical ARPES systems will be given and the performance of the
aforementioned laser-based ARPES systems will be described.

© Springer-Verlag Berlin Heidelberg 2016 35
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3.1 Constituents and Categories of ARPES Systems

3.1.1 Constituents of a Typical ARPES System

Angle-resolved photoemission spectroscopy (ARPES) system is a powerful exper-
imental tool to study the electronic structures in the materials with exotic physical
phenomena.

As described in the last chapter, the ARPES measurements are based on the
photoemission process. Therefore, a suitable light source is a must for an ARPES
system. Then, what are the criteria for a good light source? Firstly, the photon energy
of the incident light should be larger than the work function of the material such
that the excited electrons can get out of the material and be detected. Secondly, the
line width of the light should be small, because the total energy resolution of the
ARPES system is decided by the resolution of the electron analyzer convolved with
the line width of the incident light. Since the best energy resolution achievable by
the state-of-the-art electron analyzer is very good, the line width of the light works
as the limit for the total energy resolution of the system. Thirdly, the flux of the light
source should be optimized. On the one hand, if the flux is too low, the statistics of
the data will be affected. On the other hand, if the flux is too high, especially for the
pulsed light, the so-called space charge effect will appear which is not good for the
measurement. This will be elaborated later in this chapter.

Besides the light source, another key constituent for the ARPES system is the
vacuum. The ARPES measurement is based on the detection of intrinsic angle and
energy of the photoelectrons. Therefore, the scattering of the photoelectrons by the
atoms in the air should be avoided before the detection, and thus, a measurement in
vacuum is needed. In the ARPES system, many different pumps are used to keep a
low pressure in the measurement chamber. The typical pumps include turbopump,
cryopump, ion pump, non-evaporable getters, titanium sublimation pump, and screw
pump. The typical base pressure for the ARPES system is better than 5 x 10! mbar.
In our newly developed systems, the best base pressure is lower than 5 x 10~!2 mbar.
Meanwhile, we do not want the photoelectrons to be affected by any magnetic field.
Thus, a magnetically shielded measurement chamber is also important.

Since the measurement should be taken in vacuum and most of the samples are
prepared in the air, a sample transferring system is needed in the ARPES system.
However, the measurement chamber with a base pressure of ~5 x 10~!! mbar can-
not be connected to the air directly. Otherwise, the base pressure cannot get back
to 10~'! mbar in a short time. Therefore, a load lock and a preparation chamber
are included in the ARPES system. The base pressure of the load lock is between
10~7 mbar and 1078 mbar, which can be recovered very quickly from the normal
pressure of the atmosphere after loading samples from the air. The preparation
chamber is between load lock and measurement chamber with a base pressure of
107°~107'" mbar. The pressure of the preparation chamber will increase when it
is connected to the load lock for sample transfer. However, it can get back to the
normal value very quickly because the pressure difference between load lock and
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preparation chamber is not much. The same is true for the sample transfer between
preparation chamber and measurement chamber, such that the pressure of the mea-
surement chamber can get back to the 10~!! mbar level and measurements can be
carried out within a short time.

As for the measurements, an electron analyzer is necessary. The state-of-the-art
electron analyzers are the so-called hemispheric analyzer in which a slit is used.
Only the electrons passing through the slit can be captured. Different positions along
the slit can be used to determine the emission angles of the electrons and calculate
the corresponding momenta. The angle information of the photoelectrons will be
recorded by the horizontal axis of the MCP in the detector. Meanwhile, the vertical
axis of the MCP records the energy of the photoelectrons, because electrons with
different velocities move in trajectories with different diameters in the electrically
biased hemispheric analyzer. Spin-resolved analyzer has also been developed based
on the current hemispheric analyzer, which can resolve spin, energy, and momentum
of the photoelectrons. Besides the hemispheric analyzer, another type of electron
analyzer has also been developed recently which looks like a cylinder. In this analyzer,
the energy of a photoelectron is detected by the time it takes to fly from the sample
surface to the detector and both horizontal and vertical axes of the MCP can be used
to record the momenta of the electrons. Therefore, both K, and K, can be measured
at the same time, and thus, the area detection in the momentum space is realized. This
electron analyzer is the so-called angle-resolved time-of-flight (ARTOF) analyzer.

Low-temperature measurements are always very critical for many samples; there-
fore, a cryostat is very important for the ARPES system. Meanwhile, the acceptance
angle of the electron analyzer is not large enough to cover the photoelectrons with
large emission angles. Therefore, the rotational degrees of freedom are needed for the
cryostat. These functions are realized in our six-axis cryostat of the ARPES system
(shown in Fig. 3.1). By using liquid helium, whose boiling temperature is 4.2 K,
the lowest temperature at the sample position is lower than 10 K. Meanwhile, free
rotations along @, @, and £2 angles and free motions along X, Y, and Z directions are
also realized in this cryostat. In order to further cool down the sample and improve
the efficiency in using liquid helium, we made the second-generation six-axis cryo-
stat, as shown in Fig. 3.2. The test of the new cryostat has been performed very
recently.

3.1.2 Categories of ARPES Systems

ARPES systems can be divided into three categories by different light sources:
synchrotron-based ARPES, gas discharge lamp-based ARPES, and laser-based
ARPES. ARPES systems can also be labeled by different electron analyzers: one-
dimensional ARPES, two-dimensional ARPES, time-of-flight (3D) ARPES, and
spin-resolved ARPES. Besides, there are other ARPES systems with special func-
tions. For example, time-resolved ARPES can be used to study the non-equilibrium
dynamics in the material system and spatially resolved ARPES has the capability
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Fig. 3.2 Modified six-axis cryostat with better performance

to detect the electronic structure of the local region on the sample surface. In the
following, details of the state-of-the-art ARPES systems developed by our group
will be elaborated: 7-eV ultraviolet laser-based ARPES system, tunable laser-based
ARPES system, laser-based spin-resolved ARPES system, and laser-based time-of-
flight ARPES system (Fig. 3.3).

3.2 Vacuum Ultraviolet Laser-Based ARPES System

Laser with small bandwidth and high intensity has been proposed as an ideal light
source for ARPES system for a long time. A key challenge is the photon energy. The
Photon energy of the incident beam should be at least larger than the work function
of the sample which is 4-5eV in typical materials. However, the photon energy
provided by the commercial laser source is smaller than 4 eV.

To solve this problem, an efficient way to double the frequency of the laser is
needed. The KBBF crystal synthesized by Prof. Chen’s group at the Technical Insti-
tute of Physics and Chemistry [3—6] has brought a new opportunity to us. With KBBF
crystal (Fig. 3.4), the wavelength of the commercial laser (~355 nm) can be shortened
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Fig. 3.4 A schematic layout of the VUV laser optical system [2]

into ~177 nm [7, 8] such that the photon energy of the laser reaches 6.994 eV, which
is larger than the work function of the materials (~4eV). Therefore, we have a ~3
eV energy window to detect the electronic structure below Fermi level. In practice,
the electron analyzer may not work with its best performance for the electrons with
a kinetic energy lower than 1 eV. However, the rest 2eV energy window is still large
enough, because the main electronic structure we care about is within several hundred
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meV below Fermi level. Meanwhile, due to the small bandwidth of the laser (~0.26
meV), the overall energy resolution of the system can be lower than 1 meV. Shown
in Fig. 3.5 is the ultraviolet laser-based ARPES system developed in our laboratory.
The details of the system and the related testing results will be presented below.

3.2.1 Energy Resolution of the System [2]

The direct way to calibrate the energy resolution of the system is to measure the
Fermi edge of clean polycrystalline gold at low temperature. The overall width of the
measured Fermi edge is composed of three main contributions: 1. energy resolution
of the system, 2. temperature broadening, and 3. broadening from a contaminated
surface of the gold. Therefore, a clean gold surface is very crucial for a correct
calibration. This can be achieved by sputtering with an Ar gun and annealing with a
heater installed in the preparation chamber. The upper limit of the energy resolution
of the system can be obtained by subtracting the temperature broadening from the
Fermi edge width, assuming a perfect sample surface of the gold (the real energy
resolution of the system should be better since the surface of the gold cannot be
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perfect which still contributes to the overall width of the measured Fermi edge).
The measurement was taken at 9.22 K with 2eV pass energy and 0.1-mm slit of the
electron analyzer. By fitting the Fermi edge with Fermi distribution function, the
12-88 % width is obtained to be 3.211 meV, as shown in Fig. 3.6. After subtracting
the temperature broadening contribution of 3.162 meV, we obtain an overall energy
resolution of the system: 0.56 meV [2].

As for the origin of this 0.56 meV energy resolution, there are three main contri-
butions: 1. the line width of the laser (0.26 meV), 2. energy resolution of the analyzer
(0.5meV for 2eV pass energy and 0.1-mm slit), and 3. contribution of the space
charge effect. The convolution of them gives rise to the total resolution of the sys-
tem. It is evident that by using the ultraviolet laser, the line width of the light source
is no longer the bottleneck which limits the overall resolution of the system.

3.2.2 Space Charge Effect Test [2]

The first concern for the utilization of high-flux pulsed laser as the light source for
photoemission is the space charge effect that may originate from its high flux and
pulsed nature. Generally speaking, if too many photoelectrons are emitted into the
vacuum at the same time, the Coulomb interaction between the electrons will change
the original velocity of the photoelectrons. Naively, the electrons with larger kinetic
energy will be accelerated, whereas those with smaller velocity will be decelerated.
If the space charge effect is severe, not only the resolution of the system will be
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Fig. 3.7 Space charge effect test of the VUV laser ARPES system. Reprinted with the permission
from [2]. Copyright 2008, AIP Publishing LLC

affected, but also the measured Fermi level will be shifted. To check on this effect in
our laser-based ARPES system, the polycrystalline gold has been measured at a low
temperature using different laser powers.

Shown in Fig. 3.7 is the measured Fermi-level position and width as a function of
laser power. The Fermi level exhibits nearly 1.5 meV increase when the laser power
on the sample goes up to 130 wW, while the corresponding Fermi-level width shows
a broadening of less than 1 meV (the laser power of 130 wW corresponds to a photon
flux of ~1.1 x 10" photons/s). This clearly demonstrates that there is an observable
space charge effect involved in laser photoemission process when the photon flux
is high. However, we do not use a laser power of 130 wW for the real experiment.
Instead, a laser power of 20-40 wW is typically used which is sufficient for high-
quality data. As shown in Fig. 3.7, both the Fermi-level shift and the Fermi-level
width broadening are less than 1 meV with this laser power. Therefore, the space
charge effect does exist in our laser ARPES system, but it is very weak. In fact, it
is much weaker than that observed in synchrotron case [9]. By comparing Fig. 3.7
with Fig. 3.8, we notice that the space charge effect in our laser system is one order
of magnitude smaller than that measured with the synchrotron light source. The
underlying reasons can be manifold. First, the repetition rate of the laser is very high
(on the order of 80—100 MHz), which is essential for minimizing possible space
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Fig. 3.8 Typical space charge effect of the synchrotron light source. Reprinted from Publication
[9], Copyright 2005, with the permission from Elsevier

charge effects. Second, the space charge effect is directly related to the number of
emitted electrons. The total number of photoelectrons ejected by the laser is much
smaller than that ejected by high-energy synchrotron light source due to the reduced
energy and secondary electrons. Third, the space charge effect is actually balanced
by the mirror charge effect, and the combined effect relies on the duration of pulse
[9]. As indicated in the simulation, the space charge effect and mirror charge effect
nearly cancel each other in the range of 1 ~ 10 ps pulse duration, that is, the range
of our ultraviolet laser (~10ps) [9, 10].
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3.2.3 Angular Mode and Momentum Resolution Test [2]

The performance of the angular mode is tested using a special “wire-and-slit” device
which is composed of a thin wire and a set of slit. Electrons from an electron gun
hit the wire, and the scattered electrons pass through the slit and are detected by the
analyzer. The spacing between the adjacent two lines in the device is arranged to
represent a known emission angle (in our case, 2.5°).

Shown in Fig. 3.9 is the tested result collected at 1, 2, and 5eV pass energies,
respectively, and 30° angular mode with 0.1 mm spot size. A constant dispersion was
observed over a wide kinetic energy range, with the lowest limit of ~0.5eV [2]. For
the 6.994 eV laser, the highest kinetic energy of the photoelectrons is nearly 2.7 eV
with a typical work function of 4.3 eV. As shown in the figure, a very good angular
resolution can be constantly obtained for photoelectrons with a kinetic energy larger
than 0.5eV. Therefore, an energy window of ~2.2eV can be used which is very
suitable to probe the main electronic structure needed in our research, whose typical
binding energy is within several hundred meV below Fermi level.

The angular resolution of the analyzer is also quantitatively tested by moving the
wires with very fine steps. The smallest movement that can be resolved by the analyzer
determines the best angular resolution. Note that the angular resolution is sensitive
to the spot size: The smaller the spot size, the better the angular resolution. Our laser
has a spot size of ~0.1 mm. However, it is impossible to do the angular resolution
test for the 0.1 mm spot size using the same “wire-and-slit” scheme, because the
diameter of the wire itself is 0.1 mm. For 0.8 mm spot size, the angular resolution is
0.3° for the 14° angular mode, while it is 0.8° for the 30° angular mode. As stated
above, the exact angular resolution is not known for our 0.1 mm laser spot, although
its upper limit is estimated to be much less than 0.8° for the 30° angular mode. As
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Fig. 3.9 Angle resolution test of the VUV laser ARPES system. The measurements were taken
with pass energy of 1 eV (a),2eV (b), and 5 eV (c), respectively. d, the Scienta wire-and-slit device.
Reprinted with permission from [2]. Copyright 2008, AIP Publishing LLC
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Fig. 3.10 Fermi-level uniformity test. Little variation in the Fermi-level position was found as
a function of the detector angle. Reprinted with the permission from [2]. Copyright 2008, AIP
Publishing LLC

for the momentum resolution, it is given by Ak = 0.5118+/hv — @ - cos 0 A near
the Fermi level, where Ak is the momentum resolution, A6 the angular resolution,
hv the photon energy, @ the work function, and 6 the angle with respect to the
sample normal. Therefore, compared to most of the synchrotron light source, the
low photon energy of the laser gives a better momentum resolution around the Fermi
level even for the same angular resolution. Another concern is about the uniformity
of the energy across the entire detector angle range. This is particularly important
for small-energy-scale measurements which also determine the reliability of the
angular mode. This has been examined by measuring the gold Fermi edge at low
temperature. Since the photoemission intensity from the polycrystalline gold does
not have any angle dependence, one would expect that the Fermi edge positions
obtained at different detector angles are the same. Figure 3.10a shows the tested
photoemission intensity image using 30° angular mode, and the fitted Fermi edge
position as a function of the detector angle is given in Fig. 3.10b. The deviation of the
Fermi edge from its average position is less than £0.3 meV over the entire angular
window, demonstrating a perfect working condition of the angular mode [2].

3.2.4 Bulk Sensitivity Test of the 6.994 eV Laser ARPES [2]

The use of ~7 eV laser is expected to greatly enhance the bulk sensitivity in prob-
ing the electronic structure of solids. According to the “universal curve” for the
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Fig. 3.11 Universal curve
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free path in metals as a
function of the electron
kinetic energy [11]
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photoelectron mean free path as a function of the electron kinetic energy [11]
(Fig. 3.11), the photoelectron mean free path at the present photon energy of ~7 eV
is larger than 30A, whereas an electron escape depth of <5A was given when using
a light source with the photon energy of 20-50eV.

We note that this “universal curve” is for simple metal systems, and whether it is
applicable to complex oxide compounds, such as high-temperature superconductors,
is not clear yet. While the absolute value of the electron escape depth may vary, one
should expect an overall enhancement of bulk sensitivity at lower photon energy.
Since it is difficult to carry out quantitative measurement of the electron escape
depth, we carried out a qualitative test by measuring Bi,Sr,CaCu,;0g5 (Bi2212)
single-crystal sample treated at different environments. First, we measured a nearly
optimally doped Bi2212 sample along the nodal direction with in situ sample cleavage
in the ultrahigh vacuum (Fig. 3.12a). The same cleaved sample was then exposed
under 1 atm N, for 1h and remeasured along the same momentum cut, as shown
in Fig. 3.12b. Then, the sample was exposed to the air for 1 h and measured again,
and the result is shown in Fig. 3.12c. We notice that the three measurements were
taken under the same vacuum condition and at the same temperature 17 K. It is clear
that the signal becomes weaker when the sample surface becomes dirtier from the
exposure to nitrogen and then air. However, the basic band dispersion can still be
resolved which is not possible for high photon energy such as 20-50eV. Therefore,
the use of ~7 eV laser does improve the bulk sensitivity of the measurement.



3.2 Vacuum Ultraviolet Laser-Based ARPES System 47

27

Electron Energy (eV)
[ =]
in

24 -
1510 5 0 -5 -1015 10 5 0 -5 -1015 10 5 0 -5 -10

Detector Angle (Degrees)

Fig. 3.12 Bulk sensitivity test on a typical Bi2212 sample. a The measurement on a Bi2212 sample
cleaved in the vacuum. The same cleaved sample was exposed under 1 atm N5 for 1 h (b) and exposed
to the air for 1 h (c). Reprinted with the permission from [2]. Copyright 2008, AIP Publishing LLC

3.2.5 Modifications on the Helium Discharge Lamp
of the ARPES System

As a complementary light source, a helium discharge lamp has been installed in the
ARPES system (Fig. 3.13). Photons with two different energies can be produced
with sufficient flux: 21.2 and 41.8eV. However, the commercial helium lamp gives
a large spot size with a diameter of ~2 mm. If the sample illuminated by the light is
smaller than the spot size, then the flux of the incident beam cannot be fully used.

A joint effort has been made between our laboratory and the Scienta company
to minimize the spot size without losing flux of the beam. By replacing the original
cylindrical capillary (Fig. 3.14a) with the one with a cone shape (Fig. 3.14b), the beam
spot is significantly reduced, which shows a diameter of ~0.5 mm. Tests performed
before and after the modification clearly indicate a better focusing of the beam as
well as ~30 % improvement in electron counting without any other change. The
efficiency of the helium lamp has been greatly improved which in turn guarantees a
high quality of the experimental data.
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Fig. 3.14 a Traditional cylindrical capillary. b The modified capillary
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3.3 Tunable Laser-Based ARPES System

The 7eV laser has many advantages as a light source. It gives rise to high energy
resolution, high momentum resolution, and high photon flux and enhances bulk
sensitivity in probing the electronic structures. However, it also has disadvantages
compared to the synchrotron light source. One major problem is the fixed photon
energy, as elaborated in the last chapter that photons with different energies can probe
the electronic band structures with different K, in the material. When the material
is not pure 2D, the measurement with a fixed photon energy cannot capture all the
electronic bands. Moreover, the ARPES matrix element effect is also related to the
photon energy. It is possible that some electronic structures cannot be detected by
photons with a fixed energy due to the matrix element effect [12]. Therefore, a laser
source with tunable photon energy will be very helpful. Collaborating with Prof.
Chen and Prof. Xu’s groups at the Technical Institute of Physics and Chemistry,
we developed the first tunable vacuum ultraviolet laser-based ARPES system with a
photon energy range of 5.90-7.09¢eV (Fig. 3.15).

Shown in Fig. 3.16 are the testing results on a Bi2212 sample. The measurements
were taken along the same momentum cut with different photon energies. With all
the other conditions fixed, different bands were observed (or enhanced) by different
photon energies. It has clearly demonstrated that new structures, which were not seen
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Fig. 3.15 Tunable laser ARPES system
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Fig. 3.16 Test measurement on Bi2212 with different photon energies

when utilizing 7 eV laser, can be clearly resolved when the photon energy is changed.
The tunability of the laser source has added a significant piece to its application. In
particular, it will be very useful when a broad characterization of the electronic
structure is needed.

3.4 Spin-Resolved Laser-Based ARPES System

In quantum mechanics, the electron is fully described by energy w, momentum &,
and spin s. In the normal ARPES measurements, only the electron energy » and
momentum k can be detected. However, in some advanced materials, the spin plays
a very important role which dictates the physical properties of the materials. For
example, the Rashba splitting in the surface state of single-crystal metal [13] and the
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Fig. 3.17 Spin-resolved laser-based ARPES system

physical phenomena observed in the topological insulators [14] are closely related
to the spin of the materials. Therefore, the spin-resolved ARPES is a very important
experimental tool. However, the best energy resolution for the synchrotron-based
spin-resolved ARPES is ~80 meV, which is not very good compared to that of the
standard ARPES systems. A major reason is the low efficiency of the spin detector.
In order to get the same intensity as that of the standard ARPES, the flux of the
incident beam has to be greatly increased. However, this will in turn increase the line
width of the synchrotron beam and thus limit the total resolution of the spin-resolved
ARPES.

The laser light source shows its unique advantage in solving this problem. As a
delta function in photon energy, the laser keeps its line width free from the change of
photon flux. Therefore, the high photon flux does not limit the resolution of the laser.
Meanwhile, as discussed earlier, the laser shows a smaller space charge effect than
the synchrotron which is also very good for the application with high photon flux.
Shown in Fig. 3.17 is the laser-based spin-resolved ARPES system developed in our
laboratory. By using laser, the best energy resolution in our system is ~2.5meV, as
shown in Fig. 3.18, which is ~2 orders of magnitude better than the best energy
resolution achievable in other spin-resolved systems.

Many different types of spin detectors have been developed in the past several
decades. Most of them are based on Mott scattering [16-21], diffuse scattering
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[22, 23], low-energy electron scattering [24], and spin-dependent scattering on the
magnetic films. The spin detector used in our system is the Mott detector whose
mechanism will be elaborated below.

Due to the spin—orbit coupling, the Mott scattering of electrons with different spins
is asymmetric in space. By measuring this asymmetry, people can in turn detect the
spin polarization of the materials. The scattering cross section o (6) of the incident
electrons with the spin polarization P can be written as follows:

o(0) = 1O)[1 + S©O)P -n] 3.1)

where 6 is the scattering angle, I (6) is the scattering intensity without spin—orbit
coupling, n is the normal of the scattering plane, and S(0) is called Sherman function
which is related to the atomic number Z, the scattering angle 6, and the energy.

Shown in Fig. 3.19 is the Mott scattering process. The solid lines indicate the plain
Coulomb potential of a nucleus, whereas the dashed lines show the spin-dependent
potential due to the spin—orbit interaction [25]. Therefore, the polarization P of the
incident electron beam can be obtained by detecting the different intensities between
the left and right channels:

1Ig -1
=_——— (3.2)
SIg+1
where I} and Iy are the scattered electron intensities on the left and right detectors,
respectively.

In our spin-resolved ARPES system, double-Mott detectors are used which can
give a full measurement of the spin polarizations. As shown in Fig. 3.20a, the incident
electrons are split into two Mott detectors which are perpendicular to each other. Each
Mott detector has four channeltrons and can therefore detect the polarization with
respect to two axes independently. The detector installed along z-axis measures the
polarization along x-axis (P,) and y-axis (P,), and the one installed along x-axis
captures P, and P,. With the double-Mott detectors, people can measure P, twice
simultaneously. Consistent results of P, from different detectors can be used to
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Fig. 3.20 Double-Mott detectors. a Schematic of the double-Mott detectors. b The Mott detector
in the ARPES system

guarantee the solidity of the measurements. Shown in Fig. 3.20b is the Mott detector
installed in our system.

The spin-resolving capability of our system is demonstrated by measuring a stan-
dard sample Au(111) (Fig. 3.21). Due to the Rashba effect, the surface state of
Au(111) splits into two branches of bands with well-defined spin polarization. As
shown in the left panel, the two branches are clearly observed. Simultaneous mea-
surements by the four channeltrons in the spin detector give four spin-resolved pho-
toemission spectra (EDCs) shown in the right panel for the momentum point marked
by the dashed blue line. Two peaks are well resolved in our spin-resolved EDCs. The
two EDCs from the left and right channels show obvious difference in their intensity



54 3 ARPES Systems

0.00 =
z
':;
=z
— 5
-0.04 | 2
% E
: 2
b =
r =
= o8t ] © ®
° Right- Lefi-
E handed hande
£
-0.12 1 =
018 015 -012 -0.09 0.5 04 03 -02 -0.1 00
Momentum (1/A) E-Ep(eV)

Fig. 3.21 Measurements on Au. Left panel the surface state of Au. Right panel the spin-resolved
EDCs. The momentum point of the EDCs is marked by the blue dashed line in the left panel [15]

at two peak positions. Moreover, the relative intensity from these two channels is
opposite for the two peaks which indicates that there is spin polarization in the plane
of the Au(111) surface and the spin polarization directions for the two branches of
bands are opposite. On the other hand, there is little difference between the two EDCs
from the up and down channels (green and black curves), indicating a negligible spin
polarization of the out-of-plane component. This is the first time that two peaks can
be well resolved in the spin-resolved raw EDCs, due to much improved energy and
angular resolutions. This direct observation has also enhanced the solidity of the
experiment compared to the fitting procedure which was used to deduce the two
peaks from a broad hump.

3.5 Time-of-Flight System

The second-generation hemispheric analyzer (e.g., R4000) measures a momentum
line at a time by using a slit in front of the analyzer. Compared to the first-generation
point detector, the second-generation analyzer has greatly improved the efficiency of
the measurements. Moreover, the detection of a momentum line enables the analysis
of momentum distribution curve (MDC) of the spectra, which has played an important
role in the recent research. A natural expectation for the next generation of analyzer
is a 3D detector which measures an area in the momentum space simultaneously.
This has been first realized by the time-of-flight analyzer (ARTOF) produced by
Scienta company in which the energy of the electron is characterized by the time it
takes to fly from the sample surface to the detector. Therefore, the horizontal and
vertical axes of the MCP at the end of the detector can be used to measure K, and



3.5 Time-of-Flight System 55

(b) ()

K, (=/a)
e
K, (x/a)

-1
-1 0 ! -1 0 |
K. (zfa) K. (z/a)

Fig. 3.22 ARTOF and the momentum region covered by different analyzers. a ARTOF analyzer. b
R4000 measures one momentum cut at one time. ¢ ARTOF covers an area in the momentum space

K, respectively, which enables the measurement of an area in the momentum space.
As shown in Fig. 3.22, when the momentum area of one measurement is concerned,
the efficiency of the ARTOF analyzer has been improved by 250 times compared to
that of the typical R4000 analyzer.

Shown in Fig. 3.23 is the ARTOF system developed in our laboratory. A typical
Bi2212 sample was measured to demonstrate the function of the system. The Fermi
surface of the sample was obtained by real-time display (Fig. 3.24) which can never be
realized by the second-generation detectors. The use of area detector has also reduced
the ARPES matrix element effect. Meanwhile, ARTOF records each photoelectron
as an event such that the nonlinear effect can be avoided.

Of course, ARTOF also has its disadvantages. Since the energy of the photoelec-
tron is measured by the time it flies, a prerequisite for the measurement is that no
photoelectron comes out before the earlier set of electrons reach the detector. This
requires a pulsed light source and makes others (e.g., gas discharge lamp) incom-
patible with the system. Fortunately, our vacuum ultraviolet laser is a pulsed light
source. A rough estimation by considering the photon energy (7eV) and a work
function of ~4 eV would give rise to ~3 eV kinetic energy for the photoelectrons.
Since the distance between the sample and the ARTOF detector (MCP) is ~1 m, the



56 3 ARPES Systems

Fig. 3.23 ARTOF system

Fig. 3.24 Measurements on
Bi2212 by ARTOF: The
Fermi surface can be

obtained by real-time display Bi2212
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flying time of the photoelectrons should be in the order of microsecond. Therefore,
the repetition rate of the laser should be smaller than 1 MHz. If we keep the power of
the laser as that of the 80 MHz laser used with R4000 analyzer, the total number of
photons in each pulse has to be greatly improved. However, this number is limited by
the space charge effect as described before. Although the space charge effect caused
by the laser is generally smaller than that of the synchrotron, the increase of photons
by ~100 time per pulse would induce considerable space charge effect. Therefore,
the power of the laser used for ARTOF is actually lower than that for R4000 system,
which of course reduces the efficiency of the measurement. Nevertheless, the 3D
character of the ARTOF system is still appealing which will make it more popular
in the future.
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Chapter 4
Coexistence of Two Sharp-Mode Couplings
in Bi;Sr,CaCuy0g4 5

By using the vacuum ultraviolet laser-based ARPES system, we have performed
high-resolution angle-resolved photoemission measurements on Bi,Sr,CaCu,0g4 5
(Bi2212) superconductors to investigate momentum dependence of electron coupling
with collective excitations. Two coexisting energy scales are clearly revealed over
a large momentum space for the first time in the superconducting state of the over-
doped Bi2212 superconductor. Distinct momentum dependence has been identified
for these two energy scales: One keeps its energy near 78 meV over a large momentum
space while the other changes its energy from ~40meV near the antinodal region to
~70 meV near the nodal region. These observations clearly indicate that electrons
are coupled with two sharp modes simultaneously over a large momentum space
in the superconducting states which naturally explains the relationship between the
nodal and the antinodal kinks. The unusual momentum dependence of the two modes
also poses a challenge to our current understanding of electron—mode coupling and
its role for high-temperature superconductivity in cuprate superconductors.

4.1 Introduction

The physical properties of materials are determined by the electronic structure that
relies on the many-body effects including the electron interactions with other excita-
tions. In particular, the superconductivity of materials involves interaction between
electrons which gives rise to electron pairing [1] and this electron—electron interac-
tion might be directly or indirectly mediated by an exchange of a collective exci-
tation. Understanding such many-body effects is key to unraveling the anomalous
normal-state properties and superconductivity mechanism in high-temperature
cuprate superconductors. Angle-resolved photoemission spectroscopy (ARPES),
with its dramatically improved resolutions, has become a powerful tool to directly
probe many-body effects in cuprate superconductors [2—4]. Among these obser-
vations is the prominent report of a dispersion kink along the (0,0)—(7,7) nodal
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direction. This nodal kink is found to be at ~70 meV which is ubiquitous in dif-
ferent materials, different doping levels and at temperatures both above and below
the superconducting transition [5-10]. On the other hand, near the (7,0) antinodal
region, a clear dispersion kink at ~40 meV has also been identified [11-15]. In
addition to the origin of the nodal 70 meV kink and the antinodal 40 meV kink
that remain under debate (magnetic, phononic, or others), a long-standing puzzle
to be resolved is their relationship. In particular, how does the 70 meV nodal kink
evolve into the antinodal 40 meV kink when the momentum gradually moves from
the nodal to the antinodal regions? Therefore, investigation of the momentum depen-
dence of the electron interaction is critical in understanding the electron pairing in
high-temperature superconductors [16—18].

4.2 Materials and Methods

The angle-resolved photoemission measurements were carried out on our vacuum
ultraviolet laser-based angle-resolved photoemission system [19]. The photon energy
of the laser was 6.994 eV with a bandwidth of 0.26 meV and the energy resolution
of the electron energy analyzer (Scienta R4000) was set at 1 meV, giving rise to an
overall energy resolution of ~1.0 meV. The angular resolution was ~0.3°, corre-
sponding to a momentum resolution ~0.004 A~! at the photon energy of 6.994 eV.
The based pressure of the measurement chamber is better than 5 x 10~ Torr.

The high-quality Bi,Sr,CaCu,;0g.s (Bi2212) single crystals were all cleaved in
vacuum right before the measurements. These samples include a slightly underdoped
sample with a transition temperature of 89 K (for simplicity, we will call this sample
as UD89K hereafter), an optimally doped sample with a transition temperature of
91 K (Opt91 K), and two overdoped sample with the transition temperature of 82
(OD82K) and 73 K (OD73K), respectively. The optimally doped single-crystal sam-
ple was grown by the traveling solvent floating-zone method. The OD82K sample
was prepared by annealing the optimally doped sample at 450K in flowing oxygen
atmosphere for two days. The OD73K sample was obtained by annealing in high-
pressure oxygen. The annealing process was carried out in a special furnace with an
oxygen pressure of 8.5 MPa. The annealing time has also been optimized (3 days) to
get the best transition. The magnetic measurements are shown in Fig.4.1 in which
the sharp superconducting transition with a transition width of ~ 2K can be clearly
observed for all the samples.

4.3 Observation of Two Coexisting Energy Features

Figure4.2 shows the photoemission data on the Bi2212 OD82K sample measured
along an off-nodal momentum cut at 17 K. Due to the improved resolution of the
laser ARPES, two coexisting features have been identified for the first time. Second-
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derivative images (Fig.4.2b for OD82K sample and Fig.4.2c for OD73K sample)
are used to enhance the visibility of band structures. Two discontinuities are clearly
observed from the spectral weight distribution of the main band, accompanied by
two white lines (spectral peaks) on both the left and right sides of the main band.
Quantitative dispersion is obtained from fitting the momentum distribution curves
(MDCs) as shown in Fig.4.2e. By subtracting a straight line as an empirical bare
band (red dashed line in Fig. 4.2¢), we can get the effective real part of electron self-
energy ReX (Fig.4.2f for both OD82K and OD73K). Two peaks emerge in ReX:
one strong peak at ~50 meV and the other weak one near 78 meV.

Signatures of these two features can also be discerned from the corresponding
MDC width which is proportional to the imaginary part of the electron self-energy.
By subtracting a straight line, the two features in the MDC width can be clearly seen
(Fig.4.2g for OD82K sample). Meanwhile, the photoemission energy distribution
curves (EDCs) (Fig.4.2h, i for OD82K and OD73K samples, respectively) show
clear multiple “peak-dip-hump” structure with two dips that are revealed for the first
time. The peaks are 5—-10 % of the background likely to be beyond any of its variation.
For convenience, we call hereafter the feature at ~50 meV as the LW energy feature,
while the other one at ~78 meV as the HI energy feature. It is evident that these
two energy features exist in both samples although their relative intensity varies with
doping that the HI energy feature is more obvious in the OD73K sample.
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Fig. 4.2 Coexistence of two energy scales in Bi2212. a Photoemission image measured at 17 K for
OD82K sample. Second-derivative image with respect to energy for OD82K (b) and OD73K (c¢). d
Second-derivative image of the simulated spectra considering electron coupling with two Einstein
bosonic modes at 50 and 78 meV. e Dispersion for OD82K sample. f Effective real part of the
electron self-energy for OD82K and OD73K samples. g MDC width for OD82K sample and the
corresponding difference by subtracting a straight line. Photoemission spectra (EDCs) for OD82K
(h) and OD73K (i). Reprinted with the permission from [20]. Copyright 2013 by the American
Physical Society

4.4 Momentum Dependence of the Energy Features

Detailed momentum-dependent ARPES measurements have been carried out on
ODS82K sample to investigate how the two energy features evolve from the nodal to
antinodal regions. Figure4.3al-a5 shows the measured data along five momentum
cuts; their corresponding EDC second-derivative data are shown in Fig.4.3b1-b5.
Except for the nodal cut 1 where the two energy features are too close to be dis-
tinguished (Fig.4.3b1), the two coexisting energy features are clear in all the other
images [Fig. 4.3b2-b5]. Two dip features are also clear in EDCs at the Fermi momenta
for all the cuts except for the nodal one because the two energy features become too
close (Fig.4.3c). The two energy features can also be identified in the effective real
part of electron self-energy (Fig.4.3d). It is interesting that the LW and HI energy
features exhibit different momentum dependences. Figure 4.3e summarizes the posi-
tion of these two energy features determined from the peak position of the effective
real part of electron self-energy (ReX) (Fig.4.3d) and the dip position in the corre-
sponding EDCs (Fig.4.3c). The HI energy feature stays ~78 meV and varies little
with momentum, while the LW energy feature varies obviously with momentum,
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dropping from ~67meV for the nodal cut to ~40meV (for @ ~ 12° cut) near the
antinodal region.

Meanwhile, in order to check whether the selection of different bare bands would
influence the identification of energy features in electron self-energy, we chose sev-
eral bare bands with different energy windows for a nodal measurement for the
Bi2212 OD82K sample, as shown in Fig. 4.4a. The corresponding effective real part
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of electron self-energy is plotted in Fig.4.4b. Although different bare bands make
some slight changes on the line shape of the curves, the energy features which rep-
resent discontinuities in electron self-energy persist and sit at the similar energy
positions.

4.5 Temperature Dependence of the Energy Features

The distinct behaviors of the two energy features are further resolved by the
temperature-dependent measurements. Shown in Fig. 4.5 is the effective real part of
the electron self-energy measured at different temperatures for three typical momen-
tum cuts. It is evident that both the LW and the HI energy features exhibit dramatic
superconductivity-induced electron self-energy change upon entering the supercon-
ducting state. However, their temperature-dependent behaviors are very different.
First, the coupling strength of the two energy features exhibits strong momen-
tum dependence, as evidenced by the temperature-induced self-energy change
[Fig.4.5g-i]. For the cut 3 near the antinodal region, the superconductivity-induced
self-energy change is mainly dominated by the LW energy feature (Fig.4.51). When
moving to the cut 2, the development of both energy features is clear, but the cou-
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Fig. 4.5 Temperature dependence of the two energy features. EDC second-derivative images of
cut 1 measured at 17 K (a) and 100 K (b). ¢, d and e, f are the same measurements for cut 2 and 3,
respectively. g, h and i are the corresponding effective real parts of electron self-energy. Reprinted
with the permission from [20]. Copyright 2013 by the American Physical Society
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dependence of the two energy features. Reprinted with the permission from [20]. Copyright 2013
by the American Physical Society

pling strength of the LW energy feature appears to get weaker when the momentum
moves from the antinodal toward the nodal regions. For the cut 1, there is a large
superconductivity-induced self-energy change and an apparent existence of the HI
energy feature in the normal state. But it is difficult to disentangle whether such a
change is caused by HI or LW energy features because they are too close in energy.
Second, these two energy features show different temperature dependence across
T,. It is clear from Fig.4.5g, h that the HI energy feature can be observed at both
below and above T,.. The temperature-induced self-energy change takes off even
above T, which indicates that the HI energy feature might be caused by a ~70 meV
phonon. In contrast, the obvious self-energy enhancement of the LW energy feature
occurs well into the superconducting state (such as the data at 50K and below).
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4.6 Doping Dependence of the Energy Features

Doping dependence of the two energy features may also provide key information to
understand their origin. Shown in Fig. 4.6a—c is the effective real part of electron self-
energy along several momentum cuts of Bi2212 OD82, Opt91, and UD89K samples.
The EDC:s at k along a typical momentum cut (@=18 degree) of these samples are
shown in Fig.4.6d.

The LW energy feature is clearly observed in the Opt91K (Fig.4.6b) and UDS89K
(Fig.4.6c) samples, and its momentum dependence is also similar to that in the
OD82K sample (Fig.4.6a) which drops in energy when moving from the nodal
region to the antinodal region (Fig.4.6e). On the other hand, the signature of the HI
energy feature appears rather weak in the Opt91 and UD89K samples, but hint of
its existence is discernable. In particular, double-dip signature in the EDCs of the
Opt91 and UD8S9K samples is observed (Fig.4.6d) which indicates that HI feature
may extend into the underdoped region. We note that the relative intensity of the HI
feature is doping dependent which is enhanced in the overdoped region.

4.7 The Possible Origin of the Coexisting Energy Features

Since the two coexisting energy features are clearly resolved for the first time, a nat-
ural question to ask is their origin. In particular, how many sharp modes are involved
to produce these two features. It has been demonstrated earlier that the electron cou-
pling with one sharp boson mode (with an energy £2y) plus a van Hove singularity
near the antinodal (77,0) region at an energy position of E(;r,0) can generate two dis-
continuities in the electron self-energy at £29 4+ E(7r,0) and £29 + A (with A being
a superconducting gap) [21]. In this scenario, one mode can produce two energy
features in the electronic structures which looks superficially similar to the experi-
mental observations. However, the two energy scales from the boson mode plus a van
Hove singularity picture are expected to be momentum-independent. Therefore, their
energy difference , E(7r,0)- Ay, is expected to be a constant. However, our observa-
tions of different momentum dependence of the two energy features are inconsistent
with this expectation and thus make this one-mode scenario unlikely.

On the other hand, our results are more consistent with a two-mode picture: The
electrons are coupled with two prominent sharp modes. This idea can be illustrated by
a simple simulation of the single-particle spectral function for the electron coupling
with two sharp Einstein bosons (details of the simulation will be presented below).
EDC second-derivative analysis has been performed on the simulated (Fig.4.2d)
and measured (Fig.4.2c) spectra to enhance the energy features. It is amazing that
with such a simple model, the similarity between the simulation and the experiment
is very obvious. This similarity in turn demonstrated the solidity to extract energy
scales from the peak position of the real part of electron self-energy and dip position
in EDCs.
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4.8 Simulation of the Electron-Boson Coupling

The electron—boson coupling has been simulated in which two Einstein modes are
considered for simplicity. The spectral weight function used here follows the format
that described in [22]:

when | py| < w,

1
;IlmGl = 8[po — €, + (&’ N/20)n|(po + )/ (po — )] 4.1

when |pg| > o,

g’N/2w
[Po — €y + (§2N/2w)ln|(po + @)/ (po — w)[1* + IgZNJT/Zwlz4 ’
where p( represents the energy of the electron and w is the energy of the coupling
mode. In Ref. [22], only a single Einstein mode was considered. In our case, two
modes are included with an energy of 50 and 78 meV, respectively. To best fit the
experiment, a constant spectral broadening of 15 meV has been added for the 50
meV mode coupling, whereas a broadening of 20 meV has been added for the 78
meV mode coupling. g2 N, which is a combination of coupling constant and electron
density of state, was set to be 0.0008 (eV)? for both couplings. The results are shown
in Fig.4.7. The raw spectral intensity, EDC second-derivative image, EDCs, and the
effective real part of the electron self-energy are also obtained from the simulation
to make a full comparison with the experiment. It is clearly shown that the peak
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Fig. 4.7 Simulations for electron coupling with two sharp bosonic modes. a Simulated spectra. b
EDC second-derivative image of a. ¢ EDCs of the simulated spectra. d The effective real part of
electron self-energy from the simulated spectra
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positions in the real part of the electron self-energy, the dip positions in the EDCs,
and the break points in the second-derivative images all correspond to the two known
bosonic mode energies. This simulation not only provides support for the two-mode
scenario, but also illustrates the solidity of the ways we used to deduce the energy
features in our experiments.

4.9 Challenge to the Conventional Understanding

The new observations in the current work pose a challenge to our understanding of
mode coupling in the superconducting state of cuprate superconductors. In a con-
ventional picture, the electron—boson coupling is nearly momentum-independent. As
stated in Ref. [21] that if there is a mode coupling at an energy of §2 in the normal state,
its energy is expected to be simply shifted to £2 4+ A in the superconducting state,
where Ay is the largest superconducting gap of this material. This isotropic coupling
picture will generate an energy shift Ay over the entire Fermi surface, including the
nodal region where the local superconducting gap is zero in a d-wave superconduc-
tor such as cuprates [21]. However, this picture is apparently not consistent with our
experiments. As shown in Fig. 4.5g—i, the HI energy feature appears above T, at ~78
meV. It does not shift to 103 meV (with an energy gap of A¢~25 meV for the OD82K
Bi2212) as expected by the above scenario, but stays nearly at the same energy upon
cooling into the superconducting state. While arguments for the solidity of this con-
ventional picture have been raised [23], alternative explanations for this non-energy
shift puzzle of the nodal 70 meV kink have involved a strong momentum-dependent
coupling in which small g forward scattering was considered as a key player [24].
This scenario has also been applied to explain the ~10meV nodal kink observed
recently [2—4] where the energy of the kink was found to be smaller than the largest
superconducting gap which directly invalidated the 2 + A conventional picture. In
the small g forward-scattering picture, electron scattering only occurs in a small local
momentum space such that the shift of the mode energy is determined by the local
energy gap A(k) upon entering the superconducting state [25]. While the forward-
scattering picture [24, 25] seems to solve the non-shift puzzle of the nodal energy
scale across T, because the local gap near the nodal region is zero, it predicts that
the mode energy shift will increase from the nodal to the antinodal regions due to
the local gap increase in a d-wave superconductor. Unfortunately, this prediction is
not consistent with our current observation that the HI energy scale changes little in
energy over a large momentum space.

The LW energy scale is even more anomalous whose energy scale changes from
40 meV near the antinodal region to 70 meV near the nodal region. This is not only
different from a momentum-independent mode that is expected from the conventional
coupling picture, but is just opposite to what the forward-scattering picture predicted.
These observations pose a challenge to the understanding of the electron—-mode
coupling in the superconducting state of Bi2212 and further theoretical efforts are
needed to explain these unusual effects.
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4.10 Summary

In summary, we have identified two coexisting sharp mode couplings in the super-
conducting state of Bi2212 for the first time. These two modes coexist over a large
momentum space with distinct momentum dependence: The HI mode keeps its
energy near 78 meV over a large momentum space while the LW mode changes
its energy from ~40 meV near the antinodal region to ~70 meV near the nodal
region. This momentum dependence cannot be understood by known theories and
poses new challenges to the current understanding of electron—boson coupling in the
superconducting state of Bi2212. Although our present work does not imply that the
two modes are solely responsible for electron paring in the cuprate superconductors,
it solves a long-standing puzzle about the momentum evolution between nodal kink
and antinodal kink. Moreover, the strong coupling of these modes in the supercon-
ducting state as well as their unusual momentum and temperature dependence has
added a significant piece to the current understanding of the many-body effects in
cuprates and should be considered in the electron-pairing mechanism.
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Chapter 5
Similar Energy Features

in Bi;Sr,CaCuy0g.45 and Pb

A direct experimental demonstration of the BCS theory in conventional supercon-
ductor was realized by the tunneling experiment on Pb in which the phonon spec-
tra were deduced from the fine energy features observed in the electron density of
states. This experiment directly illustrated that the electron pairing is mediated by
the phonon. However, the success of this experiment was directly related to the
improvement of the experimental resolution such that the fine energy features from
electron—phonon coupling were finally observed. In high-temperature cuprate super-
conductors, experimental efforts have also been spent in looking for these energy
features. Considering its d wave character, momentum-dependent electron density
of states is needed. By using high-resolution laser-based angle-resolved photoemis-
sion, we have measured the electron density of states along the underlying Fermi
surface of the high-temperature Bi, Sr,CaCu,Og_ 5 superconductor. Fine energy fea-
tures are observed in the momentum-dependent electron density of states, which are
similar to those observed in Pb by tunneling. The first observation of those energy
features and the characterization of their momentum dependence by ARPES will
prove key information in unraveling the pairing mechanism in the d wave cuprate
superconductors.

5.1 Introduction

The BCS theory has achieved great success in explaining the mechanism of con-
ventional superconductors. Its solidity has been tested by many experiments among
which is the famous report of tunneling spectra measured on Pb. By subtracting the
phonon spectra from the electron density of states, the electron—phonon interaction
described in BCS theory was directly demonstrated as the glue for electron pairing.
However, this key experiment was actually stimulated by the observation of some
fine energy features in the electron density of states which deviated from the stan-
dard BCS theory. In the simplified BCS model, the electron density of states as a
function of energy in the superconducting phase, Ny (w), is always larger than that
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Fig. 5.1 Fine structures in the ARPES spectra on Bi2212. a Integrated spectra for an overdoped
82K sample at 17K (black curve) and 100 K (red curve) along the momentum cut shown in the
inset. b Integrated spectra normalized by the 100 K data. ¢ The fine structures shown in an expanded
scale. d Tunneling measurements on Pb [3]

in its normal state, except for the gapped region where no electronic state exists in
the superconducting state. As shown in Fig. 5.1d, the ratio between N7 (w) and N (0)
(normal phase electron density of states at the Fermi energy) is always larger than 1
although it decreases with higher binding energy. This prediction is generally con-
sistent with the experimental results. However, when the tunneling experiment with
improved energy resolution was first carried out by Giaever et al. some fine energy
features were observed in the superconducting electron density of states which pro-
duce an energy region where N7 (w)/N (0) has a value smaller than 1 [1]. Stimulated
by this observation, careful measurements with even higher resolution were carried
out by Rowell et al. and those fine structures were quantitatively resolved [2]. Theo-
retical simulation [3] and McMillan—Rowell inversion [4] have finally addressed the
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origin since the boson spectra deduced from those fine structures are identical to the
phonon spectra observed in the same material.

The tunneling experiment, which pinned down the pairing mechanism of con-
ventional superconductors, has also been proposed and tested in high-temperature
cuprate superconductors [5]. However, the d wave character makes cuprate more
complicated than the s wave superconductors. While momentum dependence is the
key information needed for unraveling the mechanism of d wave superconductors,
momentum resolution is not achievable by the traditional tunneling measurements.
ARPES, known as a powerful tool to resolve the momentum-dependent electronic
structures, has been considered as a candidate for this purpose. However, the energy
resolution of ARPES is not as good as that of tunneling which makes the observa-
tion of fine energy features difficult. The application of vacuum ultraviolet laser in
our ARPES system has greatly improved the energy resolution of the system which
makes the above measurements possible.

5.2 Observation of the Fine Structures

The total electron density of states along a momentum line in the Brillouin zone can
be obtained by integrating the photoemission intensity over the angles. As shown in
Fig.5.1a, the black and red curves represent the angle-integrated electron density of
states for an off-nodal cut of the overdoped Bi,Sr,CaCu,;0g s (T, = 82K) sample
at 17 and 100 K, respectively. The momentum location of the cut is shown in the
inset. We notice that the high energy region of the two curves overlaps perfectly
with each other. The ratio between the variation and background is smaller than
0.5 % which was not achievable in earlier ARPES experiments. This was not only
from the much improved energy resolution and statistics by using laser ARPES, but
also from the stability of the system which did not induce any systematic error with
the temperature change. This super-high experimental accuracy is also the basis to
observe the fine energy features to be elaborated below, since they are in the order
of 2 ~ 5 % comparing to the intensity of the background.

As shown in Fig. 5.1a, the major difference between the low-temperature (17 K)
and high-temperature (100 K) data is the coherent peak which presents in the super-
conducting state and disappears in the normal state. The spectral weight distribution
change due to the temperature broadening of Fermi distribution function can also be
clearly seen in the plot. These differences are consistent with the theoretical expec-
tation and earlier ARPES observations. More interesting findings come out with a
careful examination of the spectra at the low binding energy region (<0.2 eV). While
the 100K data show a smooth evolution as a function of energy, some fine features
can be recognized in the spectra at 17 K. In order to enhance the differences, the data
analysis similar to that of the tunneling experiment has been performed. As plotted in
Fig.5.1b, the low-temperature (superconducting state) curve is divided by the high-
temperature (normal state) one. A special energy region is clearly observed in which
the ratio between low- and high-temperature curves is smaller than 1. Moreover,
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fine energy features show up in this energy region. This is different from the smooth
curve predicted by the simplified BCS theory (the dashed line in Fig.5.1d). On the
other hand, the current observations are very similar to the tunneling results on Pb
where the fine features in the special energy region reflect the relative strong electron
correlation which causes the deviation from standard BCS simulation. As elaborated
earlier that these fine features (solid line in Fig. 5.1d) were proven as the fingerprint
of the electron—phonon coupling which mediates the electron pairing in the system.
The special energy region in Fig.5.1b is plotted in an expanded scale in Fig.5.1c to
show the fine features. Two small peaks are clearly resolved with an energy of 50 and
100 meV, respectively. We note that these fine features might be related to the coex-
isted coupling modes reported in the last chapter since they are similar in energy. If
that is the case, it will be much more complicated than the electron—phonon coupling
observed in Pb. While more theoretical efforts are needed to pin down the origin
of the fine structures, the amazing similarities between the current observations on
Bi2212 (Fig.5.1c) and the earlier results on Pb (Fig. 5.1d) have shed new light on the
pairing mechanism of the cuprates.

5.3 Temperature Dependence of the Fine Structures

Detailed temperature dependence of the fine structures is shown in Fig.5.2. The
solidity of the results can be recognized by the following facts: First, the high energy
region (>0.25eV) of the angle-integrated spectra obtained at various temperatures
(17, 35, 50, 70, 90, and 100 K) is perfectly overlapped (Fig. 5.2a). Second, although
the fine structures are very small, their evolution as a function of temperature shows
clear self-consistency. To perform a systematic temperature-dependent analysis, the
angle-integrated spectra at various temperatures have been divided by the 100K data
(Fig.5.2b). Two coherent peaks have been clearly observed below and above Fermi
level symmetrically at a temperature of 50 K which is well below the superconducting
transition temperature but high enough to include sufficient spectral weight above
the Fermi level. These superconducting coherent peaks disappear above T, (e.g.,
when the 90K data is divided by the 100K one). The above results have not only
demonstrated the particle—hole symmetry expected in the superconducting state of
the material but also proven the high quality of our experimental data.

Now, we will turn to the key point of our current finding: the temperature depen-
dence of the fine energy features. As shown in Fig.5.2b, the fine features are very
obvious below 50K (e.g., the black curve for 17K, pink curve for 35K, and blue
curve for 50K). However, the intensities of the structures start to decrease dra-
matically when the temperature is approaching 7, (e.g., green curve for 70K) and
disappear above T (e.g., orange curve for 90 K). We note that the energy structures
which are induced or enhanced by superconductivity should be enhanced when they
are divided by the 100K data. On the other hand, the possible features which are
insensitive to superconductivity and persist above 100 K might be suppressed in our
analysis. Therefore, the disappearance of fine features in the 90K data does not
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Fig.5.2 Temperature dependence of the fine structures. a Temperature dependence of the integrated
spectra. b Integrated spectra normalized by the 100K data at various temperatures

provide sufficient evidence to conclude that the onset temperature of these features
is at 7.. However, the enhancement from superconductivity is very obvious.

Regardless of the accurate onset temperature for the fine features, their existence
in a special energy region of the angle-integrated electron density of states is clearly
established by our experiments. Their consistent evolution with temperature has
confirmed the solidity of the observation.

5.4 Momentum Dependence of the Fine Structures

A special advantage of ARPES measurements is the momentum resolution. As
is known to all that cuprates are d wave high-temperature superconductors. Both
the superconducting energy gap and electron self-energy of cuprates show obvious
momentum dependence. Therefore, if the fine energy features we observed are related
to the pairing glue in cuprate superconductors, similar to those observed in Pb by
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tunneling, then the momentum dependence of these fine features is very critical to
understanding the pairing mechanism.

The photoemission intensity images along several momentum cuts are shown in
Fig.5.3a—e, and their corresponding angle-integrated spectra at 17 and 100 K are
normalized by the 100K data and plotted in Fig. 5.3f—j. The momentum locations of
the cuts are indicated in the inset of Fig. 5.3f. First, a special energy region has been
clearly revealed over a large momentum space. In this energy region, the supercon-
ducting electron density of states becomes lower than that of the normal state due to
electron correlation. Second, the energy onset of this energy region shows momen-
tum dependence which changes its binding energy from 0.3 eV near the nodal region
to ~0.1 eV near the antinodal region. This change is more obvious when we plot the
special energy region of the spectra in an expanded scale in Fig. 5.4. Third, the fine
features also widely exist in the large momentum region we covered (Fig.5.4).

Key information for the d wave superconducting pairing mechanism should be
contained in the above observations, provided that the special energy region and fine
features are the fingerprint of the pairing glue similar to the case of Pb. In particular,
the change of the special energy region with momentum indicates that the energy
cutoff for the electrons involved in the pairing process is momentum dependent.
Moreover, we notice that a similar momentum dependence is observed for the bottom
of the conduction band. Therefore, it is reasonable to conclude that a large portion
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of the electrons in the conduction band are involved in the superconducting pairing
process. This is different from the isotropic BCS picture that only the electrons in
a small energy window near Fermi surface contribute to the superconductivity, and
the electrons with higher binding energies stay unaffected. Even in Pb where the
correlation effect was considered, the highest energy cutoff is not higher than that
of the Debye temperature [1]. The fact that high-energy electrons are involved in
the electron pairing in Bi2212 has in turn demonstrated the strong correlation in this
system, and the special momentum dependence of the energy cutoff has shed new
light on the understanding of the superconducting mechanism.

Figure 5.5 shows the momentum dependence of the fine structures measured at
various temperatures. First, although the onset energy of the special region shows
momentum dependence, it does not change with temperature. This can be clearly
seen in the inset of Fig.5.5a—e, in which expended energy scales are used. Second,
the fine features along different momentum cuts are all clearly observed in the super-
conducting state. Third, a “peak—dip—shoulder” feature is observed near the nodal
region with the peak locating at ~100meV and the dip at ~70meV. The shoulder
locates at a smaller binding energy and gets enhanced when the momentum cut moves
toward antinodal region. It becomes a well-defined peak in the measurement along
cut 5 (Fig.5.5¢e), and the “peak—dip—shoulder” feature changes into double “peak—
dip” structures. Although further analysis is needed, the momentum and temperature
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dependence of these fine features are consistent with that of the sharp mode couplings
reported in the last chapter.

5.5 Summary

Super-high-resolution angle-resolved photoemission spectroscopy measurements
have been carried out on an overdoped Bi2212 sample with a transition temperature
of T, = 82 K. Momentum-dependent electron density of states are obtained by the
angle-integrated photoemission intensity along different momentum cuts from nodal
to near antinodal region. The ratio between the electron density of states in supercon-
ducting state and normal state is calculated from the temperature-dependent mea-
surements performed both above and below 7. A special energy region is observed
in which the ratio is smaller than 1, and fine energy features are revealed in this
energy region at various momentum locations. This is very similar to the case of
the tunneling measurements on Pb and we note that those fine features in Pb were
proven to be the fingerprints of the pairing glue.

Detailed momentum-dependent measurements have also been carried out. We
note that the special energy region extends over a large momentum area, although its
energy onset changes from 0.3 eV near the nodal region to ~0.1 eV near the antinodal
region. This indicates that a large portion of the electrons in the conduction band are
affected by the occurrence of superconductivity. Moreover, the fine features also
exhibit momentum dependence which changes from the “peak—dip—shoulder” near
the nodal region to double “peak—dip” structures near the antinodal region. These
observations might be closely related to the pairing glue and thus will shed new light
on the mechanism of the d wave superconductors.
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Chapter 6
Electronic Structures of the Superconducting

Single-Layer FeSe/SrTiO3 Films

Much attention has been attracted by the recent discovery of iron-based high-
temperature superconductors. Nevertheless, two prominent issues are yet to be
addressed. The first one is to find out a way to further increase the superconducting
transition temperature (T,) in iron-based superconductors, and the second one is to
understand the superconductivity mechanism. Recently, possible high T, supercon-
ductivity has been reported in a single-layer FeSe/StTiOj3 film. The observation of a
high transition temperature in a material with the simplest crystal structure provides
an ideal platform to study the above important issues. We have performed investi-
gations of the electronic structure and superconducting gap of the single-layer FeSe
superconductor. Its Fermi surface is distinct from other iron-based superconductors,
consisting only of electron-like pockets near the zone corner without indication of any
Fermi surface around the zone center. The superconducting gap is nearly isotropic,
and the temperature dependence of the superconducting gap gives a transition tem-
perature T, ~ 55 K for this superconducting film. Our results have established a clear
case that high T, superconductivity in iron-based superconductors can be realized
with such a simple electronic structure.

6.1 Introduction

Signature of high-temperature superconductivity has been reported in single-layer
FeSe films grown on SrTiO3 substrate recently [1]. The significance of this observa-
tion lies in the high superconducting transition temperature of the films which might
break the record of the existing iron-based superconductors [2—6]. Shown in Fig. 6.1 is
the STM topography image and the tunneling spectrum of the single-layer film [1]. In
fact, ahigh T, is unexpected in the FeSe system because the bulk FeSe exhibits a T, of
only 8 K atambient pressure [5] although it can be enhanced to 36.7 K under high pres-
sure [7]. Another related material is the intercalated FeSe system A Fe,_,Se, (A =
K, Cs, Rb and TI), which shows a T, of 32K at ambient pressure [8, 9] and possible
T, near 48 K under high pressure [10]. The superconducting single-layer FeSe film
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Fig. 6.1 STM topography. a STM topography of STO(001). b STM topography of the FeSe film
on STO substrate. ¢ Schematic of the FeSe film on STO substrate. d Atomically resolved STM
topography. e Tunneling spectrum on single-layer film. f Tunneling spectrum on double-layer film.
Reprinted with the permission from [1]

presents a T, higher than all the other FeSe-related systems. Unraveling the origin of
high-temperature superconductivity in such a simple system [1] is crucial to under-
standing the superconductivity mechanism in the Fe-based superconductors. It can
also provide key insights on designing new superconductors with higher transition
temperatures.

Specifically, single-layer FeSe superconductor shows advantages in a number of
aspects. First, it has the simplest crystal structure among all the Fe-based super-
conductors [2—6]. Only one FeSe layer is contained, which represents the essential
building block for superconductivity in the Fe-based compounds. Second, single-
layer FeSe, composed of a Se—Fe—Se stack along the c-axis with a thickness of 5.5
A, is a strictly two-dimensional (2D) system which provides a clear case to study the
electronic structure of the material without complications of k,. This is much simpler
than the earlier case with bulk compounds: The k, dependence of the band dispersion
makes it hard to pin down or rule out an electronic property of the material (e.g.,
the existence of a gap node in the superconducting state) before the complete elec-
tronic structure covering all the three-dimensional (3D) momentum space is obtained,
which is not only time-consuming but also difficult [11]. Third, the superconducting
phase in the FeSe film is pure compared to the A Fe,_,Se, (A =K, Cs, Rb, Tl, etc.)
superconducting system [8, 9, 12] where the real superconducting phase is yet to be
identified due to phase inhomogeneity.
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Therefore, the discovery of high T, superconductivity in the single-layer FeSe
[1] provides a unique platform to sort out the key components in achieving high-
temperature superconductivity in the Fe-based compounds, and the measured elec-
tronic structure to be presented in this chapter is the most direct evidence toward
understanding its superconducting origin.

6.2 Method

6.2.1 Preparation and Post-Annealing of the Single-Layer
FeSe Films

The single-layer FeSe thin films were grown on SrTiO3(001) substrate by the mole-
cular beam epitaxy (MBE) method and were characterized by scanning tunneling
microscope and transport measurements. The details of the sample growth can be
found in [1]. An amorphous Se capping layer was used to cover the prepared super-
conducting thin film in order to transfer the sample from the MBE preparation cham-
ber to a different ARPES measurement chamber. The sample was then heated up to
400°C for 2 h in the ARPES chamber such that the Se layer was desorbed from the
sample surface and intrinsic electronic structure of the single-layer FeSe film can be
probed.

6.2.2 Calibration of the Sample Temperature

The FeSe thin film was grown on SrTiO3 substrate and mounted on the cold finger of
the cryostat in a way different from that of the usual cleaved single-crystal samples.
At the same temperature of the cold finger, the existence of substrate and poorer
thermal contact make the temperature on the FeSe thin film higher than that of the
usual cleaved sample. Therefore, the usual sample temperature sets a lower limit to
the temperature of the FeSe thin film. In order to accurately monitor the temperature
of the FeSe thin film, we measure the Fermi level of a piece of polycrystalline gold
foil glued on a similar SrTiO3 substrate using our high-resolution laser photoemis-
sion. By fitting the gold Fermi-level width with the Fermi distribution function, we
can estimate the temperature of gold on SrTiO3;. We note that the Fermi-level width
contains a couple of contributions including the temperature broadening, instrumen-
tal resolution, and cleanliness of gold. Therefore, the estimated temperature sets an
upper limit to the gold temperature which is close to the temperature of FeSe thin film
on SrTiOz. We found the temperature measured from this gold reference is higher
than the nominal usual sample temperature by ~10 K. Therefore, the real temper-
ature of the FeSe thin film lies in between the lower and upper temperature limits,
with an error bar of 5 K.
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6.2.3 High-Resolution ARPES Measurements

High-resolution angle-resolved photoemission measurements were taken on our lab-
oratory system [13]. Helium discharge lamp, with a photon energy of hv = 21.218
eV, was used as the light source. The energy resolution was set at 10 meV for the
Fermi surface mapping and band structure measurements and at 4 meV for the super-
conducting gap measurements. The angular resolution was ~0.3°. The Fermi level
was obtained by measuring a polycrystalline gold piece electrically connected to the
sample. The base pressure for the measurements was better than 5 x 10~!! Torr.

6.3 Fermi Surface and Band Structure

Figure 6.2a shows the Fermi surface of the single-layer FeSe thin film covering
multiple Brillouin zones. Fermi surface of (T1, Rb),Fe;_,Se; superconductor (T, =
32 K) (Fig. 6.2b) [15-18] and (Ba; ¢Ko4) FesAsy (T, = 35 K) (Fig. 6.2¢) [19-
22], and the calculated Fermi surface of FeSe (Fig. 6.2d) [23] are presented for
comparison. For the single-layer FeSe superconductor, only an electron-like Fermi
surface around M (7, ) (denoted as y hereafter) was observed (Fig. 6.2a), and no
indication of Fermi surface was found near the I" (0,0) point. The y Fermi surface is
nearly circular with a Fermi momentum (k) of 0.25 in a unit of r/a (lattice constant
a=3.90 A), which is significantly smaller than 0.35 7r/a found in (T1,Rb),Fe,_,Se,
superconductor [16]. By assuming that the Fermi surface around M consists of two
degenerate Fermi surface sheets (Fig. 6.2d), an electron counting of 0.10 electrons/Fe
can be obtained from the Fermi surface area. This is considerably smaller than that in
(T1L,Rb),Fe,_,Se, superconductor (0.18 electrons/Fe). On the other hand, it is closer
to the optimal doping level in electron-doped Ba (Fe;_,Co,)As, (x ~ 0.07) [24].

The band structure of the single-layer FeSe thin film along different cuts is shown
in Fig. 6.3a and ¢ with the corresponding momentum location of the cuts in Fig. 6.3d.
The energy distribution curves (EDCs) of Fig. 6.3a are shown in Fig. 6.3b. It is clear
that the y band bottom lies at 60 meV below the Fermi level which is slightly
deeper than the 50 meV in (T1,Rb),Fe,_,Se, superconductor [16]. By considering
the Fermi surface size and the bandwidth, an effective electron mass of 2.7 m, (m,
is the free electron mass) can be obtained in the single-layer FeSe and 6.1 m, in (T,
Rb),Fe,_,Se, superconductor. This might indicate that the electrons in single-layer
FeSe are lighter than those in (Tl, Rb),Fe,_,Se; superconductor.

The observed Fermi surface of the single-layer FeSe superconductor only con-
sists of electron-like Fermi surface sheets around M, which is distinct from all the
other Fe-based superconductors. Majority of the Fe-based superconductors (e.g.,
(Ba, K)Fe,As;) show a holelike Fermi surface sheets around the I" point according
to theoretical calculations [25, 26] and ARPES measurements (Fig. 6.2¢) [19-22].
While the holelike Fermi surface sheet is absent in the A,Fe;_,Se, superconduc-
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Fig. 6.2 Distinct Fermi surface of the single-layer FeSe superconductor. a Fermi surface mapping
of the FeSe film on STO substrate. b Fermi surface mapping of (T1, Rb),Fe,_ySe, superconductor.
¢ Fermi surface mapping of (Ba; Ko 4)FexAs; superconductor. d Fermi surface of f-FeSe by band
structure calculations for k; = 0 [14]

tors [15—18], electron-like Fermi surface sheets remain present around the I" point
(Fig. 6.2b).

The band structure of single-layer FeSe is also different from that of the other
compounds which cannot be explained by a simple rigid shift from the bands of
(T1, Rb)Fe,_,Se, superconductors. First, as mentioned above, the y band shape
near M is significantly different leading to a lighter effective mass. Second, if it is a
rigid band shift, the lower electron doping in FeSe superconductor should shift the
bands toward the Fermi level when compared with the bands in (T1, Rb),Fe,_,Se;
superconductors. However, we notice that the top of the holelike @ band near I' point
in FeSe superconductor (Fig. 6.3a, left panel) locates at 80 meV below the Fermi
level which is similar to that in (T1, Rb),Fe,_,Se, superconductor [16]. Moreover,
the bottom of the electron-like y band near M in FeSe (Fig. 6.3a, right panel) locates
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Fig. 6.3 Band structure of the single-layer FeSe superconductor. a Band structure along high-
symmetry directions crossing the I" point and the M3 point. b The corresponding EDCs. ¢ Detailed
band structure evolution near the M3. d The locations of the momentum cuts [14]

at 60 meV below the Fermi level which is even deeper than that in (TI, Rb),Fe,_,Se,
superconductor (~50 meV below the Fermi level) [16].

6.4 Temperature Dependence of the Superconducting Gap

The accurate determination of the superconducting gap requires a clear observation
of the quasi-particle peak along the underlying Fermi surface of the material. This
criterion has been satisfied by the current measurement as evidenced by the coher-
ent superconducting peak (Fig. 6.4b) and a clear underlying y Fermi surface sheet
near M point (Fig. 6.2a). In order to establish the superconducting transition tem-
perature, we first examine the temperature dependence of the superconducting gap.
Figure 6.4a shows the photoemission intensity plots of the momentum cut near M3
(momentum location of the cut is shown in Fig. 6.4e) at various temperatures. The
Fermi distribution function has been divided such that the opening of a supercon-
ducting gap at low temperature can be visually inspected. The corresponding energy
distribution curves (EDCs) at the Fermi momentum are shown in Fig. 6.2b. The sharp
coherent peak is obvious at low temperature (e.g., 20 K). A commonly used sym-
metrization procedure was carried out on the original EDCs to remove the effect of
Fermi distribution function near the Fermi level [27] such that a gap opening can be
visually inspected as a dip in the Fermi energy in the symmetrized EDCs (e.g., 20 K
in Fig. 6.2¢). This spectral dip in Fermi energy is gradually filled up with increasing
temperature and disappears near 50 ~ 55 K. In Fe-based superconductors, the typical
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Fig. 6.4 The temperature dependence of the superconducting gap in single-layer FeSe films. a
Photoemission images along the momentum cut near the M3 point measured at different temper-
atures. Raw EDCs (b) and symmetrized EDCs (c) at the Fermi momenta measured at different
temperatures. d Temperature dependence of the superconducting gap. e Location of the momentum
cut [14]

ARPES measurements have shown that the energy gap closes at the superconducting
transition temperature [16, 19]. Therefore, the temperature-dependent measurement
in Fig. 6.4 indicates that this single-layer FeSe sample has a T, around (55 £ 5K).
This gap-closing temperature value is reproducible with an independent measure-
ment on another sample prepared with similar growth and annealing conditions. It
is interesting to note that the temperature dependence of the superconducting gap
size (Fig. 6.4d) follows the BCS form with the largest gap size of ~15 meV at the
lowest temperature we measured (20 K). In the (T1, Rb),Fe,_,Se, superconductor
(T. = 32 K), high-resolution ARPES measurements have revealed a gap size of
~9.7 meV [12]. If we assume the same ratio between the superconducting gap size
and T, the ~15-meV gap in the current superconducting FeSe sample would give a
T, of ~50 K which is similar to the value obtained from the temperature-dependent
measurement (Fig. 6.4d).

6.5 Momentum Dependence of the Superconducting Gap

Besides the superconducting transition temperature, another key parameter to be
obtained from experiments is the symmetry of the superconducting gap. Momentum-
dependent measurement by ARPES could provide the direct information for the
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Fig. 6.5 Momentum dependence of superconducting gap. EDCs along the Fermi surface (a) and
their corresponding symmetrized EDCs (b) measured at 20 K. ¢ Momentum dependence of the
superconducting gap. d The locations of the momentum cuts [14]

superconducting gap function. High-resolution Fermi surface mapping (energy reso-
lution of 4 meV) has been performed around the y pocket at M (Fig. 6.5d). Figure 6.5a
shows EDCs along the underlying y Fermi surface measured in the superconducting
state (T = 20 K). The corresponding symmetrized EDCs are shown in Fig. 6.5b.
Two independent measurements have been taken on two samples prepared with sim-
ilar growth and annealing conditions. The extracted superconducting gap for both
samples is nearly isotropic, and no indication of zero gap is observed around the y
Fermi surface. The single-layer FeSe films are strictly two-dimensional in nature.
Therefore, complications from 3D Fermi surface associated with bulk materials have
been avoided in our case. These results have unambiguously established that there
is no node in the superconducting gap of single-layer FeSe (Fig. 6.5c). We note that
there is a slight difference in the gap size obtained from the two samples: The sample
#1 shows a superconducting gap of (13 & 2) meV, whereas the sample #2 has a gap
of (15 £ 2) meV. This is related to the slight variation in the sample preparation and
annealing conditions, since the carrier concentration of the FeSe film is very sensitive
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to those processes. A detailed doping (carrier concentration)-dependent study of the
single-layer FeSe films and the related phase diagram will be presented in the next
chapter.

6.6 Discussion

While the electronic structure of the FeSe single-layer films bears some resemblances
to that of A,Fe,_,Se; superconductors [15-18], the spectroscopic identification of
high T, superconductivity in the single-layer FeSe system is both interesting and
profound. The observed distinct Fermi surface topology and nearly isotropic node-
less superconducting gap have provided decisive information on understanding the
physics and superconductivity mechanism of Fe-based superconductors. First, in
A Fe,_,Se, superconductors, the coexistence of many different phases makes it
controversial to determine which phase is truly superconducting [12]. The identi-
fication of superconductivity in the single-layer FeSe system provides a clear-cut
case that the Fe vacancy-free FeSe phase is supportive of high-temperature super-
conductivity. Second, the distinct Fermi surface topology in single-layer FeSe, in
particular the complete absence of Fermi surface around the I" point, removes any
scattering channel between the I' Fermi surface sheet and M-point Fermi surface
sheet. This makes it more straightforward than that in A, Fe,_,Se, superconductors
where Fermi surface sheets are still present around I" point albeit being electron-like.
Third, the 2D nature of the single-layer FeSe makes it free from the k, complication
[11]. Therefore, the observed nearly isotropic nodeless superconducting gap provides
solid evidence that there is no node in this FeSe system.

The present observations have provided clear constraints and important implica-
tions on the pairing mechanism in Fe-based superconductors. Earlier experiments
on Fe-based superconductors (mainly on iron arsenides) have revealed that all five
Fe 3d orbitals contribute to the near E electronic structure, forming multiple Fermi
surface sheets: holelike Fermi surface sheets around I" and electron-like ones around
M [25, 26]. The interband scattering between the holelike bands near I" and the
electron-like bands near M has been proposed to be responsible for electron pairing
and superconductivity [26, 28-33]. However, in the current case, there is no Fermi
crossing of the band near I" point. The top of the valence band at I" lies well below
the Fermi energy (80 meV below E ). The absence of Fermi surface around I' point
in the single-layer FeSe superconductor completely rules out the electron scattering
possibility across the Fermi surface sheets between the I' and M points. If the inter-
band scattering scenario is still at work, electrons can only scatter across the Fermi
surface sheets between M points which are predicted to result in d-wave supercon-
ducting gap [26, 34-36]. It is argued that two Fermi surface sheets around a given
M point with opposite phases can give rise to gap nodes around the Fermi surface
[37]. However, nodeless superconducting gap has been unambiguously identified in
our 2D FeSe case, which does not favor such a scheme of electron scattering across
M-point Fermi surface sheets as the pairing mechanism in the Fe-based supercon-
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ductors. This is different from the low-T. FeSe case (T, = 8 K) where an indication
of nodes in the superconducting gap has been observed [38]. Our current observa-
tions indicate that alternative pictures, such as the interaction of local Fe magnetic
moment [39-43] or orbital fluctuations [44, 45], need to be invoked to understand
the high-temperature superconductivity in single-layer FeSe superconductors.

While electronic structure of the superconducting single-layer FeSe films has been
clearly resolved in the above ARPES results, a couple of intriguing issues still need to
be addressed. First, there is a disagreement in the superconducting gap measurement
between the previous tunneling results [1] and the present ARPES data. While two
peaks (at 20.1 and 9.0 meV) were observed in the tunneling spectrum [1], no two-gap
structure was revealed in the momentum-resolved ARPES measurements. Moreover,
with the identification of only one Fermi surface near M, and a nearly isotropic
superconducting gap, the observation of two gaps cannot be explained by multiple
gaps on different Fermi surface sheets, as found in other Fe-based superconductors
like (Ba, K)Fe,Se, [19, 20]. We also notice that tunneling is a local probe; therefore,
itis unlikely that two peaks can be attributed to phase separation on such a small scale.
Second, the 20.1 meV superconducting gap in the tunneling spectrum is also much
larger than the maximum superconducting gap obtained by ARPES measurements
on the current two samples. A major reason for this gap size difference is related to
the carrier concentration of the FeSe sample, as will be elaborated in the next chapter
that the superconducting gap size can be tuned by careful control of the carrier
concentration. Third is whether the observed superconductivity is due to FeSe itself
or the interface between the FeSe and the SrTiO5 substrate. This is a critical issue
to be addressed since the T, of the single-layer film is much higher than its bulk
counterpart. We notice that the overall electronic structure of the single-layer FeSe
is similar to that of A Fe;_,Se, superconductors. In particular, the electron-like y
Fermi surface is consistent with the band structure calculations of FeSe, and the
energy gap on this particular Fermi surface closes at high temperature. On the other
hand, we do not see signature of possible two-dimensional electron gas from the
interface, since no electron-like Fermi surface around the I" point is observed. These
observations seem to favor the attribution of superconductivity to the FeSe layer.
Nevertheless, the interface should have played a key role in realizing the high T,
superconductivity. We notice that the lattice constant for bulk FeSe is a = 3.76 A and
for SrTiO3, it is a = 3.905 A. Therefore, an apparent lattice mismatch between FeSe
and SrTiOj is expected to exert a strong tensile strain on the FeSe layer when FeSe
is epitaxially grown on SrTiO3(001) substrate. Such a tensile pressure on FeSe layer
may play an important role, as it has been shown that superconductivity in FeSe is
rather sensitive to high pressure [7, 10]. Meanwhile, charge transfer might also take
place from SrTiOj substrate to the FeSe film through the interface, which would then
change the carrier density of the single-layer FeSe films. Nevertheless, we cannot
fully rule out interface superconductivity in this system, and one conjecture related
to the two superconducting gaps is that both the FeSe thin film and the interface
between FeSe and SrTiO3 become superconducting with different gap sizes. Further
studies to address these questions will definitely provide more crucial information
on achieving and designing new superconductors with even higher T..
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Chapter 7

Phase Diagram and High T,
Superconductivity in Single-Layer
FeSe Films

Much recent interest has been generated by the discovery of high temperature super-
conductivity in the single-layer FeSe films [1, 2]. While theoretical attempts have
been made to understand its origin [3, 5], it is crucial to experimentally identify how
the superconductivity appears in this system. It has been established that, in both high
temperature cuprate superconductors [4, 6] and Fe-based superconductors [7-11],
superconductivity is induced by doping charge carriers into the parent compound
to suppress the antiferromagnetic state. Moreover, the superconducting transition
temperature (T.) can be optimized by tuning the carrier concentration. Therefore,
it is important to identify whether the superconductivity in the single-layer FeSe
film is realized by suppressing another competing phase and whether the T, can be
enhanced by optimized carrier concentration.

In this chapter, we will present an electronic phase diagram for the single-layer
FeSe film grown on SrTiO; substrate. The charge carrier concentration has been tuned
over a wide range through an extensive annealing procedure. Two distinct phases that
compete during the annealing process have been clearly identified. For clarity, we
call the electronic phase at low doping as N phase in which no superconductivity is
observed. The electronic structure of the N phase bears some resemblances to that of
the antiferromagnetic parent compound of the Fe-based superconductors. Another
phase (S phase) appears with the increase of carrier concentration and the suppression
of the N phase. S phase shows distinct electronic band structure from that of the N
phase, on which superconductivity is observed when the carrier concentration reaches
a critical value. The superconducting transition temperature T, is also tunable with
carrier concentration. A maximum T, of 65 & 5 K was found at the optimal doping.

7.1 Introduction

Superconductivity in cuprates is realized by doping charge carriers into the par-
ent Mott insulator, which concomitantly suppresses the antiferromagnetic state [6].
Understanding the phase diagram of cuprates has been believed to be a prerequisite
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to unravel the origin of high-temperature superconductivity. In the doping process,
multiple phases with distinct physical properties have emerged (e.g., from an antifer-
romagnetic insulator, to a superconductor and eventually to a non-superconducting
normal metal). Moreover, the transition temperature T, can be tuned by the car-
rier concentration in the superconducting region, which initially goes up with the
increasing doping, reaches a maximum at an optimal doping, and then goes down
with further doping [6]. Such a rich phase diagram and doping evolution not only
provide a handle to tune the physical properties in a dramatic way, but also give
clues and constraints in understanding the origin of the high-T, superconductivity.
A similar phase diagram is observed in Fe-based superconductors where the super-
conductivity is achieved by doping the parent magnetic compounds [12, 13]. The
superconducting transition temperature has also been found tunable with a maxi-
mum at the optimal doping. Again, this rich doping evolution is key to understand
the origin of high-temperature superconductivity in Fe-based superconductors.

The recent discovery of high-temperature superconductivity in single-layer FeSe
films [1, 2] has attracted much interest for a couple of reasons. First, the high T,
observed in this material may break the T, record (~55 K) in the bulk Fe-based super-
conductors [7-11, 14]. Second, the T, in the single-layer FeSe film is incredibly high
compared to its bulk counterpart which shows a T, of 8 K [10] at normal pressure
and 36.7 K under high pressure [15]. Third, the single-layer FeSe film provides an
ideal system to investigate the origin of high-temperature superconductivity. On one
hand, this system consists of only a single-layer FeSe, which represents the simplest
building block of FeSe-based superconductors with a strict two-dimensionality. Its
simple electronic structure may provide the key insight and constraint on the super-
conducting mechanism in Fe-based compounds [2]. On the other hand, the interface
between the single-layer FeSe film and the SrTiO3 substrate may play an important
role in this system which points to a unique pathway toward interface induced or
enhanced high-T, superconductivity [1].

Similar to the research in cuprates and other Fe-based superconductors, exploring
the electronic phase diagram versus carrier concentration in single-layer FeSe sys-
tem can provide key information in understanding this system. In this chapter, the
doping-dependent phase diagram of single-layer FeSe film will be presented. The
superconducting transition temperature has also been optimized by carrier doping
with a maximum T, at (65 4+ 5) K.

7.2 Materials and Methods

7.2.1 Thin Film Preparation and Post-Annealing

The single-layer FeSe thin films used in this study were grown on SrTiO3(001)
substrate by the molecular beam epitaxy (MBE) method. The scanning tunneling
microscope was used to characterize the as-grown thin films. Details for the sample
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preparation are similar to those reported in [1]. An amorphous Se capping layer was
deposited on the sample surface in order to transfer the single-layer FeSe thin film
from the MBE chamber to a different sample treatment chamber which is directly
connected to the ARPES measurement chamber. Sample annealing was carried out
in the treatment chamber in ultrahigh vacuum. In order to keep track of the evolu-
tion of the electronic structure, the annealing was split into many steps at different
temperatures and for different times. ARPES measurements on the band structure,
Fermi surface, and the energy gap were carried out after each annealing.

Shown in Fig. 7.1 are the annealing conditions for two typical single-layer FeSe
film samples. Each bar represents an annealing sequence. Different colors represent
different annealing temperatures, and the height of the bar marks the annealing time.
The annealing process was carried out sequentially on each sample, and each ARPES
measurement represents an accumulative effect to the sample by all the annealing
sequences before that measurement. For example, the sample #1 has been annealed
nine times, denoted as nine annealing sequences 1-9 in Fig. 7.1. For the annealing
sequence 1, the as-grown film was annealed at 190 °C for half an hour to remove
the amorphous Se capping. After the annealing sequence 9, the film sample #1 has
been annealed in vacuum altogether at 190 °C for 13.3 hours and at 250 °C for 13.5
h. The same is true for the sample #2. It has been annealed for 6 times, denoted as
sequences from 10 to 15. For the annealing sequence 10, the film was first annealed
at 190 °C for 2 h and then at 250 °C for another 2 h. After the last sequence 15, the
sample #2 has been annealed altogether at 190 °C for 2 h, at 250 °C for 2 h, at 190
°C for 10 h, at 360 °C for 2 h, and finally at 400 °C for 7.7 h.
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Fig. 7.1 Annealing conditions for the single-layer FeSe thin films
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7.2.2 Sample Temperature Calibration

Similar to the case described in the last chapter, the thermal conductivity between the
single-layer FeSe film and the sample holder was weakened by the SrTiOs substrate
that was tightened on the sample holder by copper pads. Therefore, the usual sam-
ple temperature, which was calibrated for the sample directly glued on the sample
holder, can only set a lower limit to the temperature of the FeSe film. The upper limit
of the film temperature was determined by measuring a piece of polycrystalline gold
foil glued on a similar SrTiO3 substrate and mounted in the sampler holder using the
same way. The temperature of the gold can be obtained by fitting the gold Fermi edge
broadening with the Fermi distribution function. Since the Fermi edge width con-
tains a couple of contributions including the temperature broadening, instrumental
resolution, and cleanliness of gold, this method sets an upper limit to the gold tem-
perature which represents the real temperature of the FeSe film grown on SrTiOs. A
difference of ~10 K was observed between the lower and upper temperature limits.
Therefore, it is reasonable to believe that the real temperature of the FeSe thin film
lies in between, with an error bar of &5 K.

7.2.3 High-Resolution ARPES Methods

The angle-resolved photoemission measurements were carried out on our ARPES
system with a high resolution. Helium discharge lamp was used as the light source
with the photon energy of 21.218 eV. The energy resolution of the Scienta R4000
electron energy analyzer was set at 10 ~ 20 meV for the Fermi surface mapping
and band structure measurements and at 4 ~ 10 meV for the superconducting gap
measurements. The angular resolution was ~0.3 degree. The Fermi level of the FeSe
thin films was referenced to that of a clean polycrystalline gold electrically connected
to the sample. The base pressure for the measurement chamber was better than 5 x
10~ Torr.

7.3 Coexistence and Evolution of Two Competing Phases

7.3.1 Observation of Two Competing Phases and Their
Evolution with Carrier Concentration

In fact, the as-prepared single-layer FeSe film grown at relatively low temperature
is non-superconducting. Superconductivity is only realized by annealing in vacuum
at a relatively high temperature for a certain amount of time. In order to study the
evolution of the electronic structure during the annealing process, small annealing
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steps were used with gradually increased temperature and time, as shown in Fig. 7.1
and discussed in the Materials and Methods section. ARPES measurements on the
band structure, Fermi surface, and energy gap were carried out after each in situ
annealing. Itis interesting to note that the starting point of the electronic structure may
vary between samples due to slight variation in the SrTiO3 substrates and the initial
preparation conditions of the single-layer FeSe thin films. However, the annealing
process for all the samples follows the same trend. The typical evolution of the
Fermi surface (or constant energy map) and band structure is shown in Figs. 7.2
and 7.3, respectively. We have worked on many samples, and the results are highly
reproducible. Nevertheless, we also notice that the thin-film quality might get worse
after extensive annealing sequences. Therefore, two typical samples (#1 and #2) with
different starting points are presented to cover the entire annealing process with good
data quality.

Figure 7.2 shows the Fermi surface evolution of the two single-layer FeSe samples
at different annealing stages. The corresponding band structures are shown in Fig. 7.3.
For convenience, we denote different samples after different annealing conditions by
the annealing sequences hereafter. The exact annealing condition for each sequence
can be found in Fig. 7.1 in the Materials and Methods section. Dramatic changes can
be clearly seen in both the Fermi surface and the band structure during the annealing
process. Before we move forward and discuss the possible origins behind, a direct
question to address is the possible signal from the SrTiO3 substrate since the thin
film is only one layer and an annealing process is supposed to be a key step to see

Sample #1 1 2. 3 4

k, (n/a)

-1 0
k, (m/a)

Fig. 7.2 a Fermi surface evolution of the single-layer FeSe film during annealing. b The locations
of the high symmetry cuts [16]
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Fig.7.3 Band structure evolution during annealing. a Evolution of band structure (second derivative
image) for the cut near I". b Evolution of band structure (second derivative image) for the cut near
M2. ¢ Evolution of band structure (second derivative image) for the cut near M3. Schematic band
structure of the N phase (d) and S phase (e). Evolution of band top and bottom of N phase (f) and
S phase (g). h Electron concentration estimated from the Fermi surface in the S phase [16]

clear bands when SrTiOj; single crystal was directly measured. In order to check
on this point, a Sr'TiO; substrate was prepared using the same procedure as that in
making single-layer FeSe thin films, and then annealed by the similar process as
used for the FeSe films. Careful ARPES measurements on this SrTiO3 substrate
clearly indicate that none of the electronic bands presented in this book was from
the SrTiO; substrate. The evolution of these bands represents the intrinsic change of
the electronic structure in the FeSe thin films.

As shown in Figs. 7.2 and 7.3, two distinct phases can be clearly identified during
the annealing process. The electronic structure is similar in the initial stage (sequences
1-3) which represents a pure phase distinct from the superconducting phase reported
in the last chapter. For simplicity, we call it N phase hereafter. The schematic band
structure of the N phase is shown in Fig. 7.3d. The momentum dependence of the
spectral weight distribution near Fermi level is mainly characterized by two “strong
spots” near M point. We notice that some spectral weight can also be seen near I”
pointin the N phase constant energy map near Fermi level (spectral weight integration
over the energy window [—0.03 eV, —0.01 eV]; Fig. 7.2 sequences 1-3). This is
because the valence band top is close to the Fermi level at I" (N1 band in Fig. 7.3d).
Another set of bands start to appear from the sequence 4 and get more and more
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pronounced with annealing. Meanwhile, the bands corresponding to the N phase
decrease in intensity and completely disappear after the sequence 10 (Fig. 7.3a—c).
The electronic band structure for the sequence 10 and thereafter is similar to that of
the superconducting phase presented in the last chapter. The schematic band structure
is shown in Fig. 7.3e, and we call it S phase hereafter. The Fermi surface of the S
phase is characterized by electron-like pockets around the M point (Fig. 7.2) [2].
The band structure of the S phase (Fig. 7.3) bears a clear resemblance to that of
A,Fe,_,Se; superconductors [17-20]. It seems that the N phase is stable when the
annealing temperature is relatively low and the annealing time is relatively short. On
the contrary, the S phase becomes dominant after extensive annealing with relatively
high annealing temperature. We notice that the band structure in the intermediate
stage is a mixture of the N phase and S phase and the corresponding Fermi surface
also contains both “strong spots” and electron-like pockets near the M point. While
further investigations are needed to pin down the origin of the intermediate state, it
is possible that there is a real space phase separation on the single-layer film during
the N to S phase transition. Alternatively, it is also possible that there are isolated
double-layer islands on the thin film which remains in the N phase when the major
single-layer region enters S phase, because it is known that the double-layer films
are harder to be doped by annealing. If this scenario is at work, it is natural to ask
whether the N phase only belongs to double-layer islands, and the single-layer region
can only show S phase. However, this possibility can be ruled out by the pure N phase
(without any signal from S phase) observed in sequences 1 to 3, because the STM
measurements have demonstrated that the major region of the film is single-layer
FeSe. Therefore, both N phase and S phase are intrinsic for the single-layer FeSe
film grown on SrTiO;.

The phase transition from N phase to S phase is characterized by two sets of distinct
bands. For a given phase, the number and overall shape of the electronic bands are
the same. Nevertheless, when a quantitative analysis is performed on each band
versus annealing, a moderate change of the band structure can be clearly resolved
(Fig. 7.3a—c), signaling a change of the carrier concentration in these two phases.
As shown in Fig. 7.3f and g, the change of the bands shows different trends and
magnitudes which indicates that the doping-induced change is not a rigid-band shift.
In S phase, the Fermi surface size can be well characterized by calculating the area
of the two degenerate electron-like Fermi pockets near M, such that the doping level
can be obtained. Shown in Fig. 7.3h is the estimated doping versus annealing, which
confirms that electrons are indeed doped into the single-layer FeSe film with doping.
On the other hand, the effective mass for the electron-like band near M is around 3
m, (where m, represents a static mass of an electron) and shows little change with
doping, as determined from its band width and Fermi momentum.
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7.3.2 Electronic Structure for the N Phase, the S Phase,
and the Intermediate State

Photoemission intensity plot, EDC second derivative, and raw spectra (EDCs) along
three high symmetry cuts are shown in Fig. 7.4 to present the detailed band structure
for the N phase (the sequence 2 of the sample #1), which dominates the initial stage
of the annealing process. The momentum locations of the cuts are marked in the
bottom-right inset. The electronic structure around the I” is characterized by a hole-
like band [denoted as N1 band in Figs. 7.3d and 7.4a and b]. The band structure near
M3 is characterized by a hole-like band denoted as N2 band and another hole-like
band denoted as N3, as shown in Fig. 7.3d. An interesting finding is that the hole-
like N2 band does not cross the Fermi level but terminates below the Fermi level
without showing a band top for the first few annealing sequences (sequences 1 to
3). We notice that the N2 band is very weak and is on top of a high background.
Further investigations are needed to pin down the origin for the band termination.
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Fig.7.4 Detailed band structure for the N phase. Photoemission intensity plot (a), the corresponding

second derivative image (b), and EDCs (g) for cutl crossing I". ¢, d, and h are the same but for
cut2 crossing M2. e, f, and i for cut3 crossing M3
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In particular, whether there is a band back-bending, whether the gap opening is due to
a special electronic order, and how the gap changes with temperature are of potential
interest.

The pure S phase dominates the final stage of the annealing process (e.g., annealing
sequences of 10—15 for the sample #2). Photoemission intensity plot, EDC second
derivative, and raw spectra (EDCs) for the S phase are also presented along the same
high symmetry cuts as those for the N phase. Figure 7.5 shows the typical S phase
band structure for the sequence 10 of the sample #2. The band structure around I” is
dominated by the S1 band, as denoted in Fig. 7.3e. Some other fine structures also
present in the spectra; for example, a flat band labeled as GA is shown in Fig. 7.5b,
the top of the S1 band is split into two sub-bands, and several other bands can be
seen at high binding energy above 0.2 eV. This band structure is very similar to
that observed in K Fe;_,Se;. The electronic structure around M for the S phase
is mainly characterized by an electron-like band S2 and a hole-like band S3. It is
interesting to notice that another hole-like band S4 is also observed which shows a
similar dispersion as that of S3 but locates 100 meV lower in energy (Fig. 7.5g).

In the intermediate stage of annealing (e.g., the sequences of 4-9 for the sample
#1), the band structure contains components from both the N phase and S phase.
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Figure 7.6 shows the electronic structure along the three high symmetry cuts for the
sequence 8 of the sample #1. As discussed before, whether this electronic structure
comes from the real-space phase separation or existence of isolated double-layer
islands will be interesting for future research.

7.4 Carrier Concentration Change Induced
by Post-Annealing

Since dramatic phase transition has been observed with a concomitant change of the
carrier concentration in a given phase, an immediate question is the origin for the
carrier doping during the annealing. Since the as-grown thin film was first capped with
an amorphous Se layer and then annealed in vacuum at relatively low temperature,
there are a couple of possible scenarios to induce charge carriers. The first is the loss
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of Se which will introduce electrons into the single-layer film. This is consistent with
the observation that the electron pockets in the S phase get larger with annealing.
The lost Se can come from the FeSe film itself and give rise to Se vacancies in the
FeSe;_, system since indication of Se vacancy in the FeSe film grown on graphene
substrate was observed before by scanning electron microscope [21]. Further research
to study whether similar Se vacancies can appear in the FeSe film grown on SrTiO3
substrate will be interesting. Alternatively, the lost Se can also come from the Se
capping layer. While most of the amorphous Se capping layer were removed during
the first low-temperature annealing, it is possible that there are residual Se atoms
on the sample surface which can take electrons from the FeSe film. These residual
Se atoms get lost during the following annealing sequences and effectively dope
the FeSe films with electrons. The second possibility is the loss of oxygen near the
SrTiO3 surface which can also induce electrons and dope the FeSe layer near the
interface. Whether the oxygen loss can be significant enough at such a low annealing
temperature remains to be investigated. While further experimental and theoretical
efforts are needed to pin down the exact working mechanism, it is also possible
that both scenarios are correct. In this case, the initial electrons from the oxygen
loss in SrTiOj surface are neutralized by the residual amorphous Se atoms from the
capping layer, and the electron doping is realized by the further loss of Se and/or
oxygen during the following annealing. If this picture is at work, then the cooperation
of the two scenarios gives us an ideal wide window to unravel the electronic phase
diagram in the single-layer FeSe film.

7.5 N Phase of the Single-Layer FeSe Film
and the Magnetic Phase of BaFe;As,

The current observation confirms that the appearance of superconductivity in single-
layer FeSe film is similar to that of other Fe-based superconductors: The supercon-
ductivity is realized by suppressing another competing phase with electron doping.
Therefore, it would be interesting to compare the N phase in single-layer FeSe film
with the magnetic state in the parent AEFe,As, (AE = Ba or Sr) compounds [22-25].

As shown in Fig. 7.7, the band structure and the spectral weight distribution of the
N phase near the M point exhibit clear resemblance to that of the parent AEFe;As;
(AE = Ba or Sr) compounds in the magnetic state [22-25]: First, the main band
structure near M in N phase is a hole-like band (Fig. 7.7¢), which is labeled as N2
in Fig. 7.3d. A similar hole-like band is also observed in AEFe;As, (AE = Ba or
Sr) in the magnetic state [22-25] (e.g., Fig. 7.7d for BaFe,As;). Second, the spectral
weight distribution as a function of momentum for the N phase shows “strong spots-"’
like feature (Fig. 7.7a). This feature is also similar to that observed in AEFe; As, (AE
= Ba or Sr) in the magnetic state [23, 24] (e.g., Fig. 7.7b for BaFe,As,).

However, there are also differences between these two phases: First, in the N
phase of the single-layer FeSe film, the hole-like band does not cross the Fermi level
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Fig. 7.7 Fermi surface mapping and band structure between the N phase of the single-layer FeSe
film and BaFe,As; in its magnetic state

at the initial stage of annealing process. For annealing sequence 1, its peak position
of photoemission spectra (energy distribution curve, EDC) is nearly 25 meV below
the Fermi level (Fig. 7.3c and f). On the contrary, the hole-like band in BaFe,As;
crosses the Fermi level. Second, as shown in Fig. 7.7b, in addition to the “strong
spots”, there is also clear component of electron-like band present near M point in
the magnetic BaFe,As, [24]. No electron-like band is observed near M in the N
phase of the FeSe films. Third, differences also lie in the band structure around the I
point. While there are several hole-like bands that cross the Fermi level in BaFe,; As,
near I', the bands in the N phase of the single-layer FeSe are well below the Fermi
level, and no Fermi surface is observed around the I point.

While the N phase competes with the S phase and shows some similarities with
the magnetic state in AEFe;As; (AE = Ba or Sr), its exact crystal structure and the
physical properties remain unclear, which would stimulate future investigations.
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Related to the above discussion is an interesting disparity in the electronic behavior
between the I" and M points in the single-layer FeSe film. Near I" point, the bands
are all pushed below the Fermi level. This is true for both the N phase and the S phase,
which makes them distinct when compared with BaFe, As,; in the magnetic state [24]
and bulk Fe(Se, Te) [26], respectively. On the contrary, near M point, the electronic
structure of the N phase shows similarities to that of the magnetic state of BaFe,As;
and the bands of the S phase shows resemblance to that of the bulk Fe(Se, Te). This
disparity cannot be explained by a simple rigid band shift due to electron doping in
the FeSe film. It does not happen in bulk Fe(Se, Te) [26] or Ba(Fe, Co),As, [27]
systems with similar doping either. We notice that the first principle band structure
calculation was also carried out, but it did not provide a consistent explanation to all
the observations [3]. These facts point to the importance of the SrTiO5 substrate. We
note that a strain is exerted on the FeSe film from the SrTiO; substrate and a strong
interfacial effect is also expected between the single-layer FeSe and the SrTiO3 [5].
Understanding the origin of this peculiar electronic characteristic of the single-layer
FeSe film grown on SrTiO; substrate is key to unravel its exotic physical properties.

7.6 Optimization of the High-Temperature
Superconductivity in the Superconducting Phase

Disregarding the particular mechanism for the electron doping with annealing, the
tunability of the carrier concentration of the S phase by a simple annealing procedure
offers an opportunity to investigate the superconductivity with doping. In this section,
we will focus on the S phase and discuss the observation and optimization of the
high-temperature superconductivity in the S phase. As shown in the last chapter, with
sufficient electron doping in the S phase, the single-layer FeSe film becomes super-
conducting at low temperature. The superconducting gap and its temperature depen-
dence are measured after sufficient annealing but at different annealing sequences
(Fig. 7.8, sequence 10 and later) in which the relatively high T, makes it feasible to
perform the detailed measurements and avoid complications from another N phase.
At each annealing sequence, photoemission spectra (EDCs) at ky are measured at
different temperatures and symmetrized following the procedure commonly used
for high-temperature cuprate superconductors [28]. The symmetrization process can
remove the effect of Fermi distribution function near the Fermi level and thus visu-
ally present a possible gap opening. In this case, the gap opening is characterized by
a spectral dip at the Fermi level, and the gap size is determined by the EDC peak
position relative to the Fermi level. The results for annealing sequences 10, 12, 13,
and 15 are shown in Fig. 7.8a—d, and the corresponding gap size and its temperature
dependence are shown in Fig. 7.8e—h, respectively. We note that both the gap size and
the gap closing temperature increase with electron doping: The gap size increases
from ~10 meV for the sequence 10 to ~19 meV for the sequence 15, whereas the
gap closing temperature increases from ~40 K for the sequence 10 to ~65 K for
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Fig. 7.8 Temperature dependence of the energy gap of the single-layer FeSe film annealed under
different conditions. a—d Temperature dependence of the symmetrized EDCs at Fermi momen-
tum for different annealing sequences. e-h show the corresponding temperature dependence of
the energy gap size. i—j Band structure along the cut crossing M3 measured at 70K and 23 K,
respectively. The corresponding momentum distribution curves at the Fermi energy are shown in
(k) [16]

the sequence 15. It is interesting to notice that for a given sequence, the temperature
dependence of the gap size roughly follows the BCS form [marked by the green lines
in Fig. 7.8e-h].

By optimizing the carrier concentration, a high T, of 65 + 5 K can be realized
in the single-layer FeSe grown on SrTiOj substrate. In fact, both the T, ~ 60 K for
the sequence 13 and T, ~ 65 K for the sequence 15 (Fig. 7.8) are higher than the
transition temperature record (~55 K) [8] for the bulk Fe-based superconductors.
The maximum gap size we have obtained by ARPES (~19 meV) is smaller but close
to the one measured from the STM/STS measurements (~20 meV) [1]. Although 65
+ 5 Kis the highest T, we observed so far, we did not find the overdoped region yet.
As discussed earlier, too much annealing makes the quality of the sample deteriorate,
as seen from the peak broadening and particularly the signal weakening (Fig. 7.8d).
Although we have tried to tune the starting point of the film in order to get high
electron doping with less annealing, it seems that we cannot go further to achieve
higher dopings by annealing and other doping methods are needed for future research.
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7.7 Examination of Particle-Hole Symmetry Along
the Fermi Surface

While the above energy gap has been carefully examined at various doping levels
and attributed to a superconducting gap, a natural question to ask is whether it can be
other kinds of gaps. In order to check the particle-hole symmetry and pin down the
nature of the gap, detailed momentum dependence [2] and temperature dependence
of the gap are shown in Figs. 7.8i—k and 7.9.

In the standard BCS picture, if there is a one-electron-like quasiparticle dispersion
crossing the Fermi energy (Er) with a Fermi momentum kr in the normal state, upon
entering the superconducting state, the formation of Bogoliubov quasiparticles will
split the dispersion into two branches. These two branches are separated by the
superconducting gap 2A and showing back-bending behavior. Since the particle—
hole symmetry is conserved during the superconducting transition, the two separated
bands should sit symmetrically around the Fermi momentum point with both bending
points at kr. We note that the superconducting gap is the only known case so far
which opens along the entire Fermi surface and shows the particle-hole symmetry.
In the formation of other electronic orders, such as spin density wave or charge
density wave, the gap opens only on the portion of Fermi surface which satisfies
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the perfect nesting conditions. Moreover, the Fermi momentum is also expected
to change its location above and below the transition temperature. Therefore, the
examination of the particle—hole symmetry may work as an effective way to identify
the superconducting gap.

Figure 7.9 shows the detailed temperature-dependent measurements of the
electron-like band near M point in the S phase (annealing sequence 12). Clear Fermi
crossings are recognized at 70 K such that the Fermi momenta ks can be unambigu-
ously determined. The energy gap opens at lower temperatures at which the band
back-bending is observed and the bending point can also be clearly identified. Three
typical methods have been applied to analyze the data, and all of them point to the
conclusion that the particle-hole symmetry is conserved.

First, shown in Fig. 7.9g is the temperature dependence of the momentum distrib-
ution curves (MDCs) at the Fermi energy. Little change is found in the peak positions
which confirms that the Fermi momenta ks do not move with temperature.

Second, the dispersion determined by the EDC peaks (Fig. 7.9h) also demonstrates
that the Fermi crossing at high temperature is consistent with the bending point at
low temperatures.

Third, Fig. 7.91 and j shows the symmetrized EDCs for a low temperature and a
high temperature, respectively, in which the Fermi momenta can be determined from
the minimum gap locus. The consistency of the Fermi momenta at both temperatures
confirms the particle—hole symmetry.

Furthermore, the nearly BCS-like form on the temperature dependence of the gap
also indicates that it is unlikely a pseudogap, as observed in cuprates [29].

After identifying the nature of the superconducting gap, another related question
is whether one should treat the single-layer FeSe film on the SrTiO; substrate as
an isolated two-dimensional (2D) FeSe system or as a complex system with strong
interfacial effects. Theoretically, in a strict 2D system, one would expect a Kosterlitz—
Thouless (KT) transition [30] instead of a superconducting transition. While more
efforts are needed to investigate this problem, the fact that the single-layer FeSe film
grown on the SrTiO; substrate exhibits some distinct behaviors from the bulk FeSe
[10] and the FeSe thin films grown on the graphene substrate [21] suggests that the
interface must play an important role in the FeSe/SrTiO3 system.

7.8 Phase Diagram of the Single-Layer FeSe Films

Figure 7.10 summarizes the electronic phase diagram of the single-layer FeSe film
during the annealing process. Two distinct phases are observed at two ends of the
annealing, respectively. In particular, superconductivity is observed in the S phase
with sufficient carrier concentration. The evolution of the superconducting gap (A)
and the superconducting transition temperature is shown in the phase diagram. Both
the superconducting gap and the transition temperature increase with the annealing
process. The 2A /kpT, is around 6 ~ 7 which indicates that the superconductivity in
the single-layer FeSe films is in the strong-coupling regime.
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Fig. 7.10 Electronic phase diagram of the single-layer FeSe film [16]

7.9 Summary

In this chapter, the electronic phase diagram of the single-layer FeSe film grown on the
SrTiO; substrate has been investigated. The electronic structure and physical proper-
ties of the films can be tuned by a simple annealing process. Two competing phases
can be defined by two sets of distinct electronic structure. N phase appears at the
initial annealing sequences in which no signature of superconductivity is observed. S
phase appears at higher carrier concentration and competes with N phase. Eventually,
superconductivity is realized in S phase with sufficient carriers. The T, can also be
tuned with doping, and a record-high T, of (65 £ 5) K can be realized in the system
under an optimized annealing condition. We note that the current annealing process
has not spanned the doping level of the S phase all the way to the over-doped region
due to technical difficulties. Therefore, other doping methods are needed for future
study. Nevertheless, the current phase diagram we obtained bears similarities with
that of other Fe-based superconductors, which sheds light on the understanding of
superconductivity and other physical properties in the single-layer FeSe films. The
existence of two distinct phases and the tunability of the superconducting properties
in the FeSe films have also provided an ideal platform for potential applications
which require the combination of a superconductor with other advanced materials
[31-33].
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Chapter 8
Insulator-Superconductor Crossover

in Single-Layer FeSe/SrTiO3 Films

After extensive research on the doping evolution of the high-temperature cuprate
superconductors, it is now generally agreed that superconductivity is realized by
doping an antiferromagnetic Mott insulator. The doping-induced insulator to super-
conductor transition has been widely observed in cuprates which provides important
information and constraints for the superconductivity mechanism. In particular, the
concomitant strong electron correlation has been considered very important. The
observation of high-temperature superconductivity in iron-based superconductors
has provided another platform to study the high T, problem. However, the parent
compound for some iron-based superconductors is antiferromagnetic bad metal and
no evidence of doping-induced insulator-superconductor transition has been reported
so far, raising a debate on whether strong electron correlation should be considered
[1, 2]. Alternatively, the itinerant picture has been suggested to capture the main
properties of iron-based superconductors [1]. Therefore, the correct identification
of an appropriate starting point is of great importance for understanding the super-
conductivity mechanism in iron-based superconductors. The observation of high-
temperature superconductivity in single-layer FeSe grown on SrTiO3 substrate has
generated much current interests [3—10]. As stated in the previous chapters that this
single-layer FeSe film has the simplest crystal structure but holds the highest T,
in iron-based superconductors. Therefore, it is an ideal system to study the super-
conductivity mechanism. In this chapter, we introduce the electronic evidence of an
insulator-superconductor crossover observed in the single-layer FeSe/SrTiO; films.
By measuring the electronic structure and energy gap, we have observed a clear
evolution of an insulator to a superconductor with increasing carrier concentration.
This insulator-superconductor crossover bears clear resemblance to that observed in
various cuprates. These results suggest that the two-dimensionality and interfacial
effect in this system have enhanced electron localization and/or correlation. They
have provided not only a bridge connecting cuprates and iron-based superconduc-
tors but also a unique pathway toward finding new superconductors with a higher
transition temperature.
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8.1 Introduction

In cuprate superconductors, continuous efforts have been spent on the study of the
doping evolution with a particular emphasis on the insulator to superconductor tran-
sition. It is now generally agreed that the superconductivity in cuprates is realized by
doping a Mott insulator and strong electron correlation is important [11]. Iron-based
superconductors represent the second class of high-temperature superconductors in
which a key question under debate is whether an appropriate starting point should
go with an itinerant picture or a localized picture. The observation of a poor metal-
lic behavior in the parent compounds of FeAs-related materials seems to support
the itinerant picture, e.g., the Fermi surface nesting scenario [1]. However, the exis-
tence of high T. in A Fe,_,Se;(A = K, Cs, Rb, TI) [12-14], whose parent phase
might be insulating, has stimulated a reconsideration of the strong electron corre-
lation in iron-based superconductors [2]. Nevertheless, the complicated phases in
A Fe;_,Se>(A = K, Cs, Rb, TI) make it hard to identify the real superconducting
phase and parent phase. Therefore, no clear experimental evidence of doping-induced
insulator-superconductor transition has been reported in the iron-based superconduc-
tors so far.

The latest discovery of high-temperature superconductivity in single-layer FeSe/
SrTiOj3 films has attracted much attention both experimentally [3—6] and theoreti-
cally [7-10]. The reduced dimensionality and enhanced interfacial effect make this
system distinct from its bulk counterpart which provides an ideal platform to study
the insulator-superconductor crossover. First, the single-layer FeSe film only consists
of a Se-Fe-Se unit which is an essential building block of the iron-based supercon-
ductors. Second, an insulating energy gap was found in the single-layer FeSe film
before post annealing whereas a superconducting phase was clearly identified after
sufficient annealing. In particular, it was found that annealing in vacuum can tune the
carrier concentration of the FeSe/SrTiO; films, thus providing a good opportunity
to investigate its carrier-dependent behaviors. Third, comparing to A Fe;_,Se>(A =
K, Cs, Rb, Tl), the phase diagram in single-layer FeSe is simple and clear.

It has been clearly shown in last chapter [5] that there is a dramatic change in the
electronic structure with annealing. Two sets of bands can be identified representing
two distinct phases (N phase and S phase). An insulating-like energy gap was found
in N phase and the superconductivity was found in S phase. Therefore, a direct
question to address is when the insulator to superconductor transition takes place.
Is it a concomitant transition with the dramatic change between the two sets of
electronic bands? Alternatively, could it be a process taking place in the S phase
with the insulating gap gradually filled by electron doping? In order to answer these
questions, a systematic doping-dependent study has been performed and will be
presented in this chapter.
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8.2 Materials and Methods

The single-layer FeSe films were prepared on the SrTiOs substrate (~0.5 % Nb
doped) by the molecular beam epitaxy (MBE) method and characterized by scanning
tunneling microscope. The carrier concentration of the film was tuned by the post
annealing at different temperatures and for different times. The carrier concentration
was calculated by estimating the area of the Fermi surface measured by ARPES. For
simplicity, we call the sample with carrier concentration x as sample x hereafter.

Angle-resolved photoemission (ARPES) measurements were performed on our
laboratory system equipped with a Scienta R4000 analyzer. The helium lamp with a
photon energy of 21.218 eV was used as the light source. The energy resolution was
set between 4 ~ 10 meV. In order to selectively probe the electronic structure of the
S phase even when it coexists with the N phase, a proper measurement geometry was
selected to suppress the signal from N phase by the photoemission matrix element
effect. The Fermi level is referenced to that of a polycrystalline gold.

8.3 Doping Evolution of the Energy Gaps in Single-Layer
FeSe/SrTiO3 Films

The as-grown FeSe/StTiOs3 films were covered with an amorphous Se capping layer
and transferred into the ARPES system. Consecutive annealing process was then
carried out, during which two different phases were identified in the single-layer
FeSe/SrTiO; films by their distinct electronic structures: The initial N phase pos-
sesses an electronic structure showing some similarities to that of the parent com-
pound of BaFe,As; in its magnetic state, whereas the S phase shows only electron
pockets near the (;r, ) zone corners.

In order to understand the insulator to superconductor transition, the primary
question to address is, as soon as the S phase emerges with vacuum annealing,
whether it is insulating, metallic, or superconducting. Shown in Fig. 8.1a—e is the band
structure evolution with the carrier concentration for the S phase in the single-layer
FeSe/SrTiO; films. The measurement was performed at ~20 K along a momentum
cut near M2 point in the Brillouin zone, as marked in the inset of Fig. 8.1a. At
a very low carrier concentration, the spectral weight of the electron-like bands in
the S phase of the single-layer FeSe/SrTiO; film is very weak showing an energy
gap at the Fermi level. It gets stronger with the increasing carrier concentration.
Symmetrized photoemission spectra (energy distribution curves, EDCs) are shown
in Fig. 8.1f—j with the ones at the Fermi momentum of the electron-like band plotted
in Fig. 8.1k. The symmetrization procedure can remove the effect of the Fermi
distribution function and provides an intuitive way of discerning a gap opening. At a
carrier concentration lower than 0.073, there is a gap opening indicated by a spectral
dip at the Fermi level. The spectral weight suppression gets weaker with increasing
carrier concentration and the gap size, measured by the half-distance between the
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Fig. 8.1 The evolution of the energy gap on S-phase single-layer FeSe as a function of carrier con-
centration. a—e The evolution of the energy band crossing M2 as a function of carrier concentration.
f—j The corresponding EDCs. k The EDC at Fermi momentum as a function of carrier concentration

EDC peaks, closes at x =0.089. However, further increase of the carrier concentration
leads to a clear reopening of an energy gap as clearly seen in the samples with carrier
concentration of 0.098 and 0.114.

8.4 Two Distinct Gaps

In order to understand the nature of the two gaps at different carrier concentrations,
one that opens at carrier concentration lower than 0.089 and the other that opens at
carrier concentration higher than 0.089, detailed temperature-dependent measure-
ments have been performed in the S phase of the single-layer FeSe/SrTiO; films.

8.4.1 Different Temperature Dependence of the Gap Size

Different temperature dependence has been clearly observed for these two gaps. The
energy gap at high carrier concentration shows a clear temperature dependence which
closes above a critical temperature, e.g., ~40 K in Fig. 8.2b for the 0.098 sample.
The gap size as a function of temperature follows a simple BCS-like form (Fig. 8.2d).
The temperature dependence, as well as the strong coherence peak (Fig. 8.2b) and
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the particle-hole symmetry reported in last chapter, strongly indicates that this high
carrier concentration gap is a superconducting gap. On the other hand, the energy
gap at low carrier concentration exhibits different behaviors. First, comparing to the
coherent peak for the high carrier concentration gap, the EDC peak for the low carrier
concentration gap is relatively broad at all temperatures. Thermal broadening makes
it even weaker at high temperature (Fig. 8.2a, 0.076 sample). Second, the gap size
shows little temperature dependence till the highest temperature we have measured
(75 K in Fig. 8.2a and c for the 0.076 sample). Third, the gap size is very large, e.g.,
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Fig. 8.2 Different temperature dependence of the two energy gaps for the S-phase FeSe films.
a, ¢ Insulating-like gap showing little temperature dependence. b, d The superconducting gap
shows a clear temperature dependence [15]
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up to ~50 meV for the sample with a carrier concentration less than 0.073. This
gap is much larger than the largest superconducting gap observed in the single-layer
FeSe/SrTiO; film [3-6]. The distinct temperature dependence indicates that the low
carrier concentration energy gap does not represent the superconducting gap. On the
contrary, it is more consistent with an insulating gap.

8.4.2 Different Temperature Dependence of the Peak
Intensity

More evidence comes from the temperature dependence of the EDC peak intensity.
As has been demonstrated in cuprates that the EDC peak at kr should be greatly
enhanced when the sample enters superconducting state with cooling. This sudden
enhancement is related to the formation of superconducting coherent peak. Shown in
Fig. 8.3c and f is the temperature dependence of the k EDC peak intensity measured
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Fig. 8.3 Different temperature dependence of the EDC peak for the two energy gaps. a and b
Different temperature dependence of the EDC. d and e Different temperature dependence of the
EDC peak height. ¢ and f The EDC at the Fermi momentum of the nodal cut for Bi2212 and its
peak height measured at different temperatures
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on cuprate superconductor Bi2212 along the nodal direction [16]. It is evident that
a sudden peak intensity change takes place at ~91 K which is the superconducting
transition temperature of the sample. Similar measurements have been done on sam-
ple 0.076 and 0.098, respectively. Similar sudden enhancement of the kr EDC peak
is clearly observed in sample 0.098. As shown in Fig. 8.3b, only slight change in
peak intensity is observed above 50K which can be well addressed by the temper-
ature broadening of the electron band. However, a clear enhancement of the EDC
peak shows up at 45 K which indicates the appearance of the superconductivity. This
critical temperature is also consistent with the gap closing temperature (40 &5 K) for
the sample. The detailed temperature evolution of the kr EDC peak for sample 0.098
is summarized in Fig. 8.3e with the critical temperature marked by the red arrow.
The same analysis has been applied to sample 0.076. However, no emergent change
of the peak intensity is found (Fig. 8.3a and b). The gradual but slight increase of
the peak intensity with cooling is simply due to smaller broadening at lower temper-
ature. This observation is consistent with the earlier conclusion that the low carrier
concentration energy gap has a different origin from that of a superconducting gap.
Therefore, we conclude that there is a doping-induced insulator to superconductor
crossover in the S phase of the single-layer FeSe/SrTiO3 films.

8.5 Similar Doping Evolution Between S Phase of FeSe
Films and Cuprates

It is interesting to note that the insulator to superconductor crossover as well as
the overall doping evolution of the S-phase single-layer FeSe/SrTiO3 films show
clear resemblance to that of the cuprates. In order to illustrate the similarities, the
electronic structures of two typical cuprate materials, La-doped Bi;Sr,CuQOg.s and
La,_,Sr,CuQy, are presented as a function of carrier concentration and compared
with that of the S-phase FeSe films, respectively.

8.5.1 Single-Layer FeSe/SrTiO3 Films and La-doped
BizSI‘zCu06+3

Figure 8.4 compares the doping evolution of the band structure for the S phase in the
single-layer FeSe/SrTiOs films (a—g) with that of the La-doped BiySr,CuOg 5 (La-
Bi2201) [17] (h-n). The momentum locations of the cuts are shown in Fig. 8.40 and
p, respectively. It has been shown that in the heavily underdoped La-Bi2201, there is
an insulator-superconductor transition which occurs near the doping level of ~0.10.
Below this doping level, an energy gap persists along the nodal direction and the entire
Fermi surface is gapped [17]. When the doping level gets higher, superconductivity
starts to appear. The same is true for the S phase of the single-layer FeSe/SrTiO3
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Fig. 8.4 Comparison of the band structure of the S phase in the single-layer FeSe/SrTiO3 film and
La-Bi2201 as a function of carrier concentration. a—g Energy band along the cut crossing M2 with
the carrier concentrations of <0.073, 0.073, 0.076, 0.087, 0.089, 0.098, and 0.114, respectively. h-n
The band structure evolution of La-Bi2201 with doping levels of 0.03, 0.04, 0.055, 0.07, 0.08, 0.10,
and 0.16, respectively. The corresponding locations of the momentum cuts for the two materials are
shown in (o) and (p), respectively [15]

films. At a very low carrier concentration, the spectral weight of the electron-like
bands is rather weak (Fig. 8.4a). The bands get stronger with the increasing carrier
concentration, indicating the accumulation of spectral weight near the Fermi level
which eventually leads to the insulator to superconductor transition/crossover.

8.5.2 Single-Layer FeSe/SrTiO3 Films and Laj_,Sr.CuQg4

Similar doping evolution of the band structure can also be found between the S phase
in the single-layer FeSe/SrTiO; films and La,_, Sr,CuOy [18, 19]. In La,_, Sr,CuOy
(Fig. 8.5[18, 19]), the EDC at k shows little spectral weight at the Fermi level when
the doping level is lower than 0.03. As the doping increases, a peak first emerges
near the Fermi level, then gets stronger, and becomes a well-defined sharp peak at a
doping level higher than 0.10 (Fig. 8.5n [18, 19]). The similar evolution is also found
in S-phase single-layer FeSe/SrTiOs films (Fig. 8.5m). At a carrier concentration
lower than 0.073, little spectral weight is shown at the Fermi level (Fig. 8.5a and
m), indicating a large insulating gap. With increasing carrier concentration, spectral
weight starts to appear near the Fermi level (e.g., Fig. 8.5b) and a peak emerges in
the corresponding EDC at kr. A well-defined coherent peak can be found at high
carrier concentration like x = 0.114, indicating the appearance of superconductivity.

The above electronic evidences have clearly illustrated the similarities between
the S phase in the single-layer FeSe/SrTiOj3 films and cuprates as a function of carrier
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Fig. 8.5 Comparison of the band structure of the S phase in the single-layer FeSe/SrTiO3 film
and Lay_, Sr,CuOy as a function of carrier concentration. a—f Evolution of the energy band of the
S-phase FeSe film with the carrier concentration. The corresponding EDCs at Fermi momenta are
shown in (m). g-1, Evolution of the band structure of Lay_, Sr,CuQOj. The corresponding EDCs at
Fermi momenta are shown in (n)

concentration. At low carrier concentration, the S-phase single-layer FeSe film shows
an insulating behavior with little spectral weight near the Fermi level. The gap size
decreases with increasing carrier concentration, and near x = 0.089, the insulating
gap approaches zero. Right after this carrier concentration, superconductivity starts
to emerge with the appearance of a sharp coherent peak in the photoemission spectra.

On the other hand, we also notice some distinctions between single-layer FeSe/
SrTiOs film and cuprates. First, in the La-Bi2201 system, the parent compound
is an antiferromagnetic insulator. The nodal gap decreases with increasing dop-
ing and approaches zero at ~0.10, together with the disappearance of the three-
dimensional antiferromagnetism. In the single-layer FeSe/SrTiO; film, however,
it remains unclear whether there is magnetic order in the S phase at low carrier
concentration. Second, the cuprate bulk materials are quasi-two-dimensional and
they become three-dimensional upon entering the superconducting state. The single-
layer FeSe/SrTiO; is an ideal two-dimensional system, which remains to be two-
dimensional even in the superconducting state.
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8.6 Origin of the Insulator-Superconductor Crossover
and Strong Electron Correlation

We note that neither the insulating gap nor the ~20 meV superconducting gap was
observed in bulk FeSe single crystal; therefore, the observed gap evolution with
carrier concentration in single-layer FeSe/StTiO; films is not simply from FeSe
itself. On the other hand, the reduced dimensionality and interfacial effect may play
an important role. It has been shown that many exotic emergent phenomena can
take place in two-dimensional systems with strong interfacial effect. For example, in
LaAlO3/SrTiO3 system, a pseudogap behavior and carrier density-induced insulator
to superconductor transition have been observed which are analogous to those in
cuprates. In principle, all electrons in two-dimensional systems are localized even
for the smallest levels of disorder. The electrons can be spatially localized, either as
a consequence of the random potential, which leads to Anderson localization, or of
interactions, which results in a Mott insulator, or a combination of both.

We notice that some residual Se adatoms might appear on the sample surface in
the initial stage of annealing. The amount of Se adatoms decreases with annealing. In
the final stage of annealing, however, some Se vacancies tend to appear. On the one
hand, the decreasing of Se adatoms is consistent with an insulator-superconductor
crossover caused by weakened disorder effect, if the insulating state is due to the
disorder-induced Anderson localization. On the other hand, the enhanced disorder
effect from the Se vacancy formation in the final stage of annealing is inconsistent
with this scenario.

Alternatively, electron correlation might also play a role in the observed insulator-
superconductor crossover since strong electron correlation might push the system to
the verge of Mott physics region. Several observations are consistent with this possi-
bility. First, theoretical calculations have predicted that the iron-based superconduc-
tors may be on the verge of the doped Mott insulator [20] and electron correlation in
the iron chalcogenides is stronger than that in the iron pnictides. The electron correla-
tion in the single-layer FeSe film can be further enhanced by its two-dimensionality as
well as the tensile stress exerted from the SrTiO; substrate. Therefore, the single-layer
FeSe/SrTiO; film may exhibit the strongest electron correlation among all the iron-
based superconductors. Second, in a multiorbital system the carrier density-induced
Mott transition may be realized in an orbital-selective fashion in which the bands
with a particular orbital may behave like a Mott insulator while the others remain
the metallic behavior. Such an orbital-selective Mott transition has been observed in
iron-based compounds. For example, in A, Fe,_,Se;, superconductor, the d,, orbital
which forms an electron-like band near the M(7r, ) point is found to be responsible
for such a Mott transition. We note that the same d,, orbital forms the electron-like
band near M point in the S phase of the single-layer FeSe/SrTiOj3 film. Third, strong
electron correlation is generally considered to be important in cuprate superconduc-
tors, and the superconductivity is believed to be realized by doping the Mott insulator.
The similar doping evolution of the band structure and the similar insulator to super-
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conductor transition observed in the S phase of the single-layer FeSe/SrTiO3 film
and underdoped cuprates strongly suggest the importance of electron correlation in
the single-layer FeSe films.

8.7 Summary

In summary, systematic study has been carried out on the carrier evolution of the S
phase in the single-layer FeSe/SrTiOj3 films. An insulator-superconductor crossover
has been clearly identified with increasing carrier concentration. It may represent the
first example of a carrier density-induced insulator-superconductor crossover in the
iron-based superconductors. Different scenarios, such as the Anderson localization
and the orbital-selective Mott transition, have been discussed as the potential origin
of the insulator-superconductor crossover in this system. While more efforts consid-
ering the reduced dimensionality and enhanced interfacial effect are needed to pin
down the exact origin, the similar band evolution as a function of carrier concentration
between the single-layer FeSe/SrTiO3 films and the cuprate superconductors indi-
cates the possible existence of strong electron correlation in the FeSe/SrTiO; system.
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