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Abstract
After the discovery of the first Fe-based superconductor in
2006, several different types of Fe-based superconductors are
synthesized and theoretical and experimental efforts were devoted
to understand the mechanism of superconductivity. Ca0.9La0.1FeAs2
was first synthesized in 2013 and attracted attentions of many
theoretical researchers due to its unique As zigzag chain layer which
can induce a topological superconductor. To elucidate the existence
of topologically non-trivial property in this material, spectroscopic
study is urgent. While Angle-Resolved PhotoEmission Spectroscopy
(ARPES) results on Ca0.9La0.1FeAs2 were reported, there is no
Scanning Tunneling Microscope (STM) result so far.
In this thesis, the first STM result on Ca0.9La0.1FeAs2 will be
discussed in detail. All four types of different terminating layer were
identified by analyzing topographic images, differential conductance
maps, as well as spectral features. Each terminating layer exhibits a
distinctive spectroscopic character. A nematic feature was observed
on FeAs layer which has dxz and dyz orbital character. Ca layer above
As zigzag chain layer shows an inhomogeneity in gap distribution and
conductance map revealed an influence from La dopants on the
underlying Ca layer. Cross-correlation analysis seems to suggest
that the local superconductivity is disturbed by La dopants. Ca
terminating layer above FeAs layer contained many crevices through
which we could directly access the FeAs layer revealing a clear gap
with coherence peaks. On As zigzag chain layer, our Fourier analysis
revealed a Dirac-cone dispersion which is compatible with the
previous ARPES results. Remarkably, many zero bias conductance
peaks were observed on As zigzag chain layer especially only on top
of the crevices of underlying Ca layer. The existence of zero bias
conductance peak on As chain layer might provide a clue to verifying
if Ca0.9La0.1FeAs2 is topologically non-trivial superconductor. We
hope our study opens a gate to a new direction in the study of this
i

fascinating material.
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Chapter 1. Introduction on Scanning Tunneling
Microscope
After the invention of the scanning tunneling microscope (STM)
in 1982 by Gerd Binning and Heinrich Rohrer [1], STM became a
key experimental technique in condensed matter physics and other
various fields. Extremely high resolution of STM is due to the fact
that the tunneling current depends exponentially on the distance
between an STM tip and a sample. To achieve such a high resolution,
minimization of the vibration as well as the acoustic noise is a
prerequisite. Low temperature and high vacuum also lower the noise.
In this thesis, all STM experiments were performed at 4.2 K using a
cryogenic high vacuum. In this chapter, I will explain briefly on the
STM and the system we used.

1.1. Tunneling current and differential conductance

The schematic diagram to explain the tunneling effect in the STM
is in figure 1.1. V is the bias voltage applied to the sample and ɔ is
the work function. Normally, ɔ is ~ 5 eV and the applied voltage
normally used is less than 0.5 V therefore we can make as an
assumption that ɔ   ب. With that assumption, the probability of
tunneling through energy wall height ɔ and width  is proportional
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The tunneling current of the STM has an exponential
on

the

tip-sample

distance.

That

exponential

dependence is a key to the high spatial resolution of the STM.
Let¶s think the tunneling current in another way. The probability
of transition from state ȝ to Ȟ can be written as follows.
ఓఔ ൌ

ʹߨ

¾

ଶ

หܯఓఔ ห ߜ൫ܧఓ െ ܧఔ ൯Ǥ

୍

(1.1)

Figure 1.1 Schematic diagram of tunneling.
V is applied voltage to the sample, 儢 is work function and z is
distance between tip and sample.
ܯఓఔ is Bardeen¶s tunneling matrix element [2].
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When bias voltage V is applied to the sample, the total tunneling
current is then
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FD(E) is the Fermi Dirac distribution function,
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By assuming almost zero temperature and ȁܯȁଶ is almost static in
energy, the current can be rewritten as
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Materials of the STM tip have an almost constant density of
states around the Fermi energy normally. With the assumption of the
constant density of state of the tip, the tunneling current is
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By differentiating the tunneling current I by applied voltage V,
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From the above equation, we can know that differential
conductance is proportional to the local density of the state of the
sample. Therefore, the measurement of the differential conductance
by the STM is the key to investigate the electronic structure of the
sample.



1.2. Topographic imaging

There are two different measurement types in the topographic
image: a constant current mode and a constant height mode. In the
constant current mode, to make the current constant, the tip moves
ups and downs to compensate for the change of the current due to
height change of a sample surface during the measurement. Measured
z values give us the information on the surface. In the constant height
mode, the tip¶s z value is fixed during the measurement, therefore
the change of current gives us the information on the surface. The
constant height mode is an indirect technic to measure z and there is
always a possibility of collision between tip and sample. For those
reasons, the constant current measurement is widely used these days.
Figure 1.2 is an examples of a topographic image. Figure 1.2 is the
topographic image of Bi2Sr2CaCu2O8+x (100 nm x 100 nm size with
1200 x 1200 pixel resolution 200 mV/10 pA).

Figure 1.2 Topographic image of Bi2Sr2CaCu2O8+x.


1.3. Differential conductance spectroscopy and Spectroscopic
Imaging Scanning Tunneling Microscopy

I-V and differential conductance spectra measurement is
another important measurement of the STM experiment. I-V spectra
can be measured by hold the position of the tip and measure the
current during the sweep of bias voltage on samples. There are two
methods

to

take

the

differential

conductance:

mathematical

differentiation of measure I by voltage V and lock in technique. The
mathematical differentiation is easy and straightforward but normally
too noisy to use. The lock in technique is also easy but gives us a
much clear result of the differential conductance. To get differential
conductance spectra via the lock-in technique, one should apply a
small modulation voltage with frequency ɘ during bias sweep. Using
the Taylor expansion, the current can be written by,
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By using the first harmonics measurement by a lock-in amplifier,
we can measure the differential conductance without a numerical
differentiation.
By measurement of spectra with a grid, it is possible to make a
map of the differential conductance and the current with layers of
energy. Differential conductance maps will be introduced after
chapter 3.



1.4. Work function measurement and work function map
The relationship between the tunneling current and the tipsample distance is discussed in section 1.1 and there is the work
function ɔ. By measuring the change of the tunneling current and the
tip-sample distance while x and y location of the tip is locked, the
calculation of work function is possible using the following equation.
మ οሺ୪୬ ூሻ
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Due to the resolution limit of the lock-in amplifier, the lock-in
technique was not used to get the work function. By taking the I-z
curve in the grid, it is possible to make a map of the work function.

1.5. Systems and equipment in Seoul National University.
This section covers the equipment in SNU thoroughly. Most of
this section is published in [3].
1.5.1 Electronics
As described in section 1.2, for a topographic image, the constant
current mode is used normally. To maintain the constant current
above the sample surface, a control circuit of x, y, and z of the STM
and the feedback circuit of tunneling current is essential. For that
purpose, NanonisTM BP4 was used. The tunneling current of my
interest is less than 100 儙A and normally order of 100 pA so
amplification is essential. DLPCA-200 of FEMTO is used as a
current amplifier. SR830 of Stanford Research Systems is for lockin measurement and AH2550A of ANDEEN-HAGERLING is the
capacitance

bridge

to

measure

capacitance.


the

tip-sample

distance

via

Figure 1.3 3D drawings of the cryostat, dewar and sample cleaving
stage.
(a) 3D drawings of the cryostat and the Dewar. Location of the
sample cleaving stage and the STM head is depicted. (b) Top view of
the sample cleaving stage. The keyhole and a sample stud are shown.
By rotating the sample stud, we can choose to pass it through the
keyhole (upper figure) or stay on top of the keyhole (lower figure).
((c) and (d)) Side (c) and front (d) view of the sample cleaving
stage. As the sample stud presses the push plate, the push plate
forces the cleaving basket to rotate toward the body. The hammering
pin is attached to the cleaving basket. Reproduced from [3], with the

permission of AIP Publishing.



1.5.2 The cryostat and the Dewar
Figure 1.3 (a) is 3D drawings of the cryostat and the Dewar. The
Dewar is 170 cm long and the storage size of useful liquid Helium is
about 50 liters which can stand up to 8 days. The Dewar is from
American Magnetics and 14 T magnet is located inside of the Dewar.
The cryostat is homebuilt and there are 1 K pot and 300 mK pot to
lower the temperature. 1 K pot is connected to a rotary pump and
300 mK is designed to have a charcoal pump inside.
1.5.3 Sample cleaving stage
Figure 1.3 (b) to (d) are 3D drawings of the sample cleaving
stage. The brown parts are made of oxygen-free high thermal
conductivity copper (OFHC) and other gray parts are made of 316
stainless steel. OFHC is selected because of a high thermal
conductivity and 316 stainless steel is selected due to its strong
property. The keyhole in figure 1.3 (b) is 90 degrees to the keyhole
in the push plate of figure 1.3 (c). That 90-degree difference makes
it possible to know where the sample is inside of the sample cleaving
stage and also make sample stud to push the push plate to cleave the
sample. The radiation blocker in figure 1.3 (d) is to block the
radiation from the top of the cryostat.
Figure 1.4 (a) to (d) is a side view of the sample cleaving stage
to explain the procedure of the sample cleaving process. The blue
circle is hammering pin to hit sample cleaving rod (red) which is
glued to sample surface. The sample stud is right on the push plate
without pushing it. As sample stud start push the push plate, sample
cleaving basket moves to the inward direction and also hammering
pin (figure 1.4 (c)). When the push plate is fully pushed by sample
stud, the hammering pin hit the sample cleaving rod and the sample
cleaving process is over (figure 1.7 (d)). After that sample stud is
rotated 90 degrees to go through push plate. After rotation, due to
stretched coil spring, the cleaving basket moves to its original
position.


Figure 1.4 The movement illustration of sample cleaving stage.
(a) Side view of the cleaving system with the sample stud, sample,
and cleaving rod. (b) Translucent view before the sample stud
presses the push plate. (c) As the sample stud presses the push
plate, the hammering pin (blue dot) attached to the cleaving basket
starts to hit the cleaving rod (red rod) that is attached to the sample.
(d) When the push plate is completely pressed down, the hammering
pin knocks off the cleaving rod. Reproduced from [3], with the
permission of AIP Publishing.
୕

1.5.4 STM haed with tip treatment stage
The design of the STM head is based on a typical Pan style
design [4]. But there is one most different thing from other STM
head which is rotation plate used for tip treatment stage. The top
view of the STM head and 3D drawings of tip treatment stage is in
figure 1.5. Figure 1.5 (a) and (b) is the picture of STM head from the
top with the gold is out of the tip position and on the tip position. The
red line is to show the location of the gold target. The pictures are
taken before the installation of the gold target. Figure 1.5 (c) is 3D
drawings of figure 1.5 (a) and (b) without the top plate of STM head
to see inside of the STM head. The upper image of figure 1.5 (c) is
when the gold target is out of the tip position. STM tip can be seen
fully from the top. The lower image of figure 1.5 (c) is when the gold
target is on top of the tip. At that position, it is possible to tip
treatment (field emission) on the gold target. Figure 1.5 (d) is a side
view of the STM head especially tip treatment stage. Two sets of
piezoelectric shear stacks are below and above the Sapphire plate.
By pivot point in figure 1.5 (c), linear motion of piezoelectric shear
stacks convert to rotational motion and make the sapphire plate to
rotate. Lower piezoelectric shear stacks are glued to the body of the
STM head. Upper piezoelectric shear stacks are lying above the
sapphire plate without glue. The pressure is applied by ruby balls
through spring by using tightening level of bolt on top of spring. If the
pressure is too weak or too strong, the sapphire plate will not rotate.
The rotation of the sapphire plate takes about 5 minutes with a bias
voltage of 280 V. It can be changed by applied voltage on
piezoelectric shear stacks and also by pressure through ruby balls on
piezoelectric shear stacks.

୍ୌ

Figure 1.5 Top view of STM head and illustration of tip treatment
stage.
Top view of the STM head. When the gold target is (a) out of the tip
position and (b) on the tip position. Red lines show the location of
the gold target. The gold target is not installed on the sapphire plate
in these pictures. (c) Top view of the STM head with top parts
removed for more clarity. (d) Side view of the STM head. There are
two

pairs

of piezoelectric shear

stacks

above

and

below

the sapphire plate. A pair of the piezoelectric shear stacks is attached
to the STM head body and another pair of the piezoelectric shear
stacks is attached to the BeCu plate and pressed by the BeCu
plate, ruby balls, springs, and bolts. Reproduced from [3], with the
permission of AIP Publishing.
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1.5.5 Ultra low vibration system
3D drawings of the STM laboratory in Seoul national university
is in figure 1.6. Tip-sample distance in STM measurement is the
order of a nanometer, it is very important to make STM laboratory
vibration isolated. For that purpose, high-density concrete used in
the concrete block (figure 1. 6 (6)) to increase mass. Six air springs
(figure 1.6 (8)) are placed bellow concrete block to minimize the
vibration from outside. Due to the base design of the building, it is
not possible to make a large space for one STM system. Therefore,
efficient use of space is needed and concrete base design (figure 1.6
(7)) is the key to resolve that issue. Normal STM lab can contact air
springs from outside of the concrete base but in this case, the
concrete base is designed differently from other laboratories
therefore air spring is possible to maintain from inside of the concrete
base and save lots of space. The STM system is surrounded by the
acoustic room (figure 1.6 (3)) to protect from the noise outside of
the system. Three small air springs (figure 1.6 (5)) support the main
table to minimize vibration maximally.
Figure 1.7 is the result of velocity spectral density measurement.
The black curve is vibration measure from outside of the STM
measurement system and the blue curve is inside of STM
measurement system with full vibration isolation. In frequency
around 300 Hz, vibration is suppressed about 1/100.

୍

Figure 1.6 Schematic diagram of the SNU STM laboratory.
STM can be controlled from the control room (1). Space for the
sample preparation (2). Inside the acoustic room (3), a cryostat and
a Dewar (4) are mounted on the main table (5) which is supported

by three air springs that are installed on top of the legs. The acoustic
room is installed on top of the inertia block (6). The inertia block is
on top of the concrete base (7) and six air springs (8) on the concrete
base support the inertia blocks. Pump lines (9) are buried in the
inertia block and base. They are connected to the pump room (10).
The signal lines are extended to control the STM through PVC pipes
(11) buried in the inertia blocks. To overcome the low-level ceiling,
the acoustic room has a floor level lower than that of the control

room. To resolve this problem, a false floor (12) is installed on top
of the inertia blocks. Top views of the inertia block (6) and the
concrete base (7) are also shown for clarity. Reproduced from [3],
with the permission of AIP Publishing.
୍

Figure 1.7 The result of vibration isoaltion system.
Velocity spectral density, measured by an OYO Geospace GEO-GS11D, is plotted. The black curve shows the vibration noise measured
in the control room. Inside the acoustic room, the geophone was
installed on top of the main table. When the air springs supporting the
inertia

block

is

inflated

(red

curve)

and

all

the vibration

isolation system is activated (blue curve), vibration noise at all
frequencies is highly suppressed. Reproduced from [3], with the
permission of AIP Publishing.
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Chapter 2. Introduction of Superconductivity and
Ca0.9La0.1FeAs2
2.1. Brief history of superconductor.
Onnes succeeded in the liquefaction of Helium in 1908. Using
liquid Helium he discovered that rapid drop of conductivity below a
certain temperature on Mercury [5]. That is the first observation of
superconductivity in human history and that rapid conductivity drop
temperature is the critical temperature of superconductor.
In 1933, Meissner and Ochesenfeld found another property of
superconductor which is called perfect diamagnetism [6].
London equations [7] and Ginzburg-Landau theory [8] helps a
lot for explaining of phenomena on superconductivity. In 1957
Bardeen, Cooper, and Schrieffer explained the superconductivity by
their Bardeen±Cooper±Schrieffer theory [9].
Experimental research was also performed by many researchers
to increase the critical temperature of superconductors, but before
1986, the critical temperature did not pass the walls of 30 K. In 1986,
Bednorz and MĂller discovered the lanthanum barium copper oxide
which has a critical temperature 35 K which broke the walls of 30
K [10]. Also that is superconductor of a new type of family called
cuprate superconductor which shares a common CuO2 layer. After
that, in 1987 YBa2Cu3O7-x was discovered which has a critical
temperature of 93 K that exceeds the liquid nitrogen temperature (77
K) [11]. In 1988, Bi2Sr2CaCu2O8+x was discovered which also has the
critical temperature above liquid nitrogen temperature [12]. The
highest critical temperature (in ambient pressure) of this cuprate
superconductor

family

is

133

system [13].
୍

K

in

the

Hg-Ba-Ca-Cu-O

In 2006, the first Fe-based superconductor was discovered in
LaOFeP which has a critical temperature ~4 K [14]. The known
highest critical temperature in Fe based superconductor is FeSe
monolayer on SrTiO3 [15] which has a critical temperature above 100
K.
After that, the sulfur hydride system showed a critical
temperature at 203K at high pressure [16]. Recently, in 2019, the
critical temperature reached ~250 K at 150 GPa on LaH10 which is
very close to 273 K [17]. Figure 2.1 is the history of the critical
temperature of superconductor.

Figure 2.1 History of critical temperature of superconductor.

୍

2.2. Fe-Based superconductors

LaOFFeAs, which was discovered after two years of the first
discovery of iron based superconductor, attracted lots of interest due
to its relatively high critical temperature 26 K [18]. After that, many
different types of Fe-based superconductor has synthesized.
Structure of each types of families are different but they have
common FeX layer. X can be pnictogen (P, As) or chalcogen (S, Se,
Te). The different types of families has different spacer layer which
is located between FeX layers. The example of known types are
11(no

spacer

layer)

111(LiFeAs [22],
xKxFe2As2

(FeSe [19],

NaFeAs [23]

FeTe [20]

and

and

FeS [21]),

LiFeP [24]),

122(Ba1-

[25], (Ca1-xNax)Fe2As2 [26], (K1-xSrx)Fe2As2 [27] and

(Cs1-xSrx)Fe2As2 [27]), 1111(LaOFeP [14], SmFeAsO1-xFx [28],
CeO1-xFxFeAs [29],

Pr[O1-xFx]FeAs [30],

TbFeAs(O,F) [32]

and

32522(Sr3Sc2Fe2As2O5 [33]),

Nd[O1-xFx]FeAs [31],
DyFeAs(O,F) [32]),

42622((Fe2P2)(Sr4Sc2O6) [34]),

21311(Sr2VO3FeAs [35])

and

112(Ca1-xLaxFeAs2 [36],

(Ca,Pr)FeAs2 [37] and Eu1-xLaxFeAs2 [38]). The structure of those
types are in figure 2.2 [39] (11, 111, 122, 1111, 32522), figure 2.3
(42622) [40] and figure 2.4 (112).
That

many

numbers

of

different

types

of

Fe-based

superconductors with different spacer layers can give a possibility of
modifying the superconducting properties by the change of the
spacer layer.
Figure 2.5 is FeAs lattice and 1-Fe and 2-Fe unit cell Brillouin
zone [41]. Lots of Fe based superconductor shows similar features
in the Fermi surface of 2-Fe unit cell Brillouin zone, which is the hole
pocket around 僰 and electron pocket around M (figure 2.5 (c)).
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Figure 2.3 Crystal structure of 42622 Fe based superconductor.

The lattice structure of 42622 Fe based superconductors. Reproduce
from [40].
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2.3. Ca0.9La0.1FeAs2

Ca0.9La0.1FeAs2 is recently synthesized material [36] which has
some special properties compared to other types of Fe based
superconductors. First is it has a monoclinic crystal structure.
Normally

other

types

of

Fe

based

superconductor

has

an

orthorhombic or tetragonal structure. Second is it has an As zigzag
chain layer as a part of the spacer layer. As zigzag china layer is
observed by synchrotron X-ray diffraction analysis [36]. The third
is

noncentrosymmetric.

xLaxFeAs2

[38]

The

other

samples

such

as

Eu1-

and (Ca,Pr)FeAs2 [37] have the monoclinic but

centrosymmetric structure. The noncentrosymmetric structure of
Ca0.9La0.1FeAs2 is confirmed by a rotational anisotropy second
harmonic generation [42]. It has an antiferromagnetic property
similar to 122 material. In one direction Fe atoms aligned to be
antiferromagnetic

and

in

other

direction

aligned

to

have

ferromagnetic (figure 2.6) [43] .
Due to its noncentrosymmetric property, it can be one candidate
of a topological superconductor. Sato and Fujimoto showed the
possibility of the topological phase in the noncentrosymmetric
superconductor [44].
Wu et al. claimed that due to the spin-orbit coupling by La
dopants in Ca0.9La0.1FeAs2, As zigzag chain layer can be a topological
insulator in some cases. Also, they claimed the possibility of a onedimensional topological superconductor in Ca0.9La0.1FeAs2 [45].
Due to the existence of As zigzag chain layer in Ca0.9La0.1FeAs2,
an electron pocket around X exist (figure 2.7) which are absent in
other types of Fe-based superconductor and that band is measured
by Angle-Resolved Photo Emission Spectroscopy (ARPES) [46].

୍

Ca0.9La0.1FeAs2 and CaFe2As2 have a similar chemical formula
and some of layers are same between them. From the comparison
between figure 2.2 and figure 2.4, it is easy to notice that FeAs layer
and Ca layer above FeAs layer is same. But, in the case of the
Ca0.9La0.1FeAs2, it has two more layers between FeAs layers. One is
As zigzag chain layer and the other is Ca layer above FeAs layer. Due
to those two layers, unlike the 122 material, the possible terminated
layer is four.
Figure 2.8 is TEM data of (Ca,Pr)FeAs2 [37]. From the figure,
the distance between Ca layer and As zigzag chain layer looks larger
than the distance between Ca layer and FeAs layer so Ca and As
zigzag chain layers might be easily terminated surface.
In remaining chapters, I will discuss the STM data of
Ca0.9La0.1FeAs2 which has Tc ~ 40 K. STM measurement was
peformed at the temperature of 4.2 K with the high vacuum. Luckily,
all four possible layers were observed and identification of surfaces
will be discussed later.
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Chapter 3. Nematic features on FeAs layer
3.1. Identification of FeAs layer.

Ca0.9La0.1FeAs2 is a novel material and still, there are no published
STM experiments yet. To identify the each surface, I compared the
topographic image of Ca0.9La0.1FeAs2 to that of Ca 122 [47] due to
common layers between them. FeAs layer (figure 3.1) is an essential
layer for a superconductivity, therefore, it is reasonable to predict
that the superconducting spectrum is visible everywhere and
according to the case of Ca 122 [47], the surface is predicted to show
2x1 surface reconstruction. Figure 3.2(a) is a topographic image
taken on FeAs layer at 4.2 K. It shows the 2x1 surface reconstruction
(figure 3.3) as expected. The averaged spectrum of the entire field
of view of figure 3.2(a) is in figure 3.2(b) (black). The averaged
spectrum

shows

superconducting

features

but

particle-hole

asymmetric and the center of the dip is slightly shifted to the positive
side. That is due to FeAs layer is negatively charged. Known
chemical

formula

(Ca2+1-xLa3+x)(Fe2+2As3-2)1/2As-余xe- [36]

indicates that the surface could be negatively charged. Figure 3.4 is
a schematic illustration of this situation. The surface is charged
negatively (figure 3.4 (a)) so if there is no applied bias voltage on
the sample holder, net bias voltage on the sample is slightly negative.
To make the net bias voltage on the sample as zero, a slight positive
bias applied to the sample holder is needed (figure 3.4 (b)). That is
why the center of the superconducting spectrum shows the slight
positive shift on the averaged spectrum (black line of figure 3.2(b)).
In the averaged spectrum (black line of figure 3.2(b), it is hard
to define a coherence peak so determine the size of the gap is hard
in the usual way. To overcome that problem and find the
superconducting gap value, the numerical differentiation of dI/dV


(d2I/dV2) was used to find gap values. The averaged spectrum of
d2I/dV2 is the blue line in figure 3.2(b). Compare to dI/dV (averaged
spectrum, black), the peak is very sharp and easy to define in d2I/dV2.
It is not a direct measurement of gap value,

Figure 3.1 Crystal structure of Ca0.9La0.1FeAs2 and FeAs layer.
Crystal structure of Ca0.9La0.1FeAs2. FeAs layer is in red box.

a

b

Figure 3.2 Topographic image and averaged spectra taken on FeAs
layer.

(a) Topographic image(-100 mV/100 pA, 88 nm x 88 nm) of FeAs
(b) Averaged spectrum of conductance spectra (dI/dV)

layer.

(black line) shows superconducting gap feature but no evident
coherence peaks. Center of spectrum is shifted positively from zero
bias. Averaged spectrum of derivative of conductance spectra
2

2

2

2

(d I/dV ) (blue line). Peak is evident in d I/dV .


Figure 3.3 Zoomed in topographic image.

Upper left corner of topographic image of figure 3.2(a) (44 nm x 44
nm) to show 2x1 surface reconstruction more clearly. Red line is
indication of 2x1 surface reconstruction direction.

so it is not appropriate to use this value as the absolute gap value but
still, we can see the tendency and the distribution of the gap size of
FeAs layer. Figure 3.5 is the gap map which is a visualization of the
gap using gap values from d2I/dV2. It shows that gap values on FeAs
layer have relatively homogeneous distribution. That is because this
result was measured on FeAs layer. This layer can be concluded as
the FeAs layer from the 2x1 reconstruction of the topographic image,
positively shifted spectrum, and homogeneous gap distribution.



a

b

Figure 3.4 Illustration of charged surface effect.

Illustration of charged surface effect. (a) Sample is
charged negatively and applied bias voltage on sample
holder is zero. Net bias voltage on sample is slightly
negative (-|儑|) due to sample charge. (b) Sample is
charged negatively and bias voltage is positive (+|儑|).
Net bias voltage is zero due to sample charge effect is
compensated by applied bias voltage on sample holder.



Figure 3.5 Gap map using numerical d2I/dV2 methodology.
2

2

Gap map using numerical d I/dV methodology. It shows relatively
homogeneous gap distribution.

3.2. Nematic features observed on FeAs layer.

Figure 3.6 are conductance maps taken above FeAs layer from
bias voltage -30 mV to + 2 mV with a 4 mV difference. Nematic
features elongated vertically were observed. Those features are
visible at the bias voltage of -30 mV and weaken as the bias voltage
increased to + 2mV. To identify the origin of those features and
which band give those features, a Fourier transform was applied on
those conductance maps. Figure 3.7 are the Fourier transform of
figure 3.6. To enhance signals of the Fourier transform images, two
enhancement processings were applied. First, the Fourier transform
was applied on the conductance map after subtraction on a Gaussian
averaged conductance map to minimize the central peak on Fourier
transform image. Second, maps were rotated to make Bragg peaks on
the 45-degree direction. After that maps were folded along
horizontal and vertical which are along a-axis and b-axis of the
crystal. The bright peaks right above and below of the center and two
lines around center are by-products of those signal enhancement
୕

process.
In Fourier transform images, there are bright peaks (q* in figure
3.7) in each energy along horizontally. As the bias voltage increases
from -30 mV to 2 mV, those peaks move to the inward direction. To
investigate that movement quantitatively, a line profile along the
horizontal direction (blue arrow in figure 3.7) was taken and that line
profile direction is 僰-價 direction in Fermi surface (figure 2.7) [46].
Due to the broad peak¶s width, the usual peak fitting function was not
working well with the direct line profile (figure 3.8 (a)). To find the
peak¶s center systemically, the amplitude of the gradient of figure 3.6
is calculated and the line profile (figure 3.8 (b)) was taken after that
procedure. To find the peak¶s center is changed to find the new line
profile¶s local minimum which is the original line profile¶s peak
location. The result of those processes to find the peaks in figure 3.7
is in figure 3.9 (a). The dispersion curve clearly shows particle-hole
asymmetric behavior and hole like dispersion character.
To find which band can give that dispersion behavior, comparison
to an ARPES measurement is carried out. The peak¶s location by the
STM result is q value, not k value. To match STM data to ARPES
measurement, the conversion of q to k is essential. The q vector is
nothing but the difference between two different k vectors. In this
case, q is divided by 2 which means q vector is difference of two
different k vector which has the same amplitude and opposite
direction. The result of the comparison to ARPES measurement on
Ca0.9La0.1FeAs2 [48] is in figure 3.9 (b). The STM result (red dots)
matches well to 儓 band of the ARPES measurement both in size and
angle. The energy of the STM result shifted around -70 meV. The
doping level of the sample used in the STM and the ARPES
measurement is same so it is expected to have no energy difference
between those two results. That energy difference is due to the
difference between the nominal doping level and the actual doping
level.
The 儓 band has the dxz and dyz orbital character. Those dxz and
dyz orbitals are claimed to be the origin of nematicity in previous
research on other samples [49,50].
ୌ

Figure 3.6 Conductance maps on Fe As layer.
Conductance maps simultaneously taken with topographic image
(figure 3.2(a)) on FeAs layer with bias voltage from -30 mV to 2
mV with 4 mV difference. It shows vertically aligned neamtic
features. The strength of nematic features are getting weaken as the
bias voltage increases.

୍

Figure 3.7 Fourier transform of conductance maps.
Fourier transform image of figure 3.5. Two x marked points in upper
left and lower right corner are Bragg peaks point from 2x1 surface
reconstruction. Two bright points in other corners are by-product of
signal enhancement process. Bright peaks which located side of
center (q*, blue circle) are moved inward as bias voltage increases.
From this image, it is quite evident that q* shows hole like dispersion.
Blue arrow indicates the line profile direction and it is 僰-價 direction
of Fermi surface.



a

b

Figure 3.8 Line profile of Fourier transform of conductance map.
(a) Line profile of Fourier transform of conductance map at bias
voltage of -30 mV. Due to broad peak, usual fitting function is not
working well.
(b) Line profile of amplitude of gradient on Fourier transform of
conductance map at bias voltage of -30 mV. From (a) to (b), it
changed to find peak¶s local maxima to local minimum. Gaussian
function with negative coefficient is working well in (b).



G

d

eG

Iljxuh#61<##t-#yv#eldv#yrowdjh#sorw#dqg#ilw#zlwk#DUSHV#phdvxuhphqw1##
+d,# Sorw# ri# wkh# orfdwlrq# ri# t-# lq# iljxuh# 61:# +xvlqj# dpsolwxgh# ri#
judglhqw,# yhuvxv# eldv# yrowdjh1# Lw# vkrzv# fohdu# sduwlfoh# kroh#
dv|pphwulf#dqg#kroh0olnh#glvshuvlrq1#+e,#Frpsdulvrq#ehwzhhq#VWP#
uhvxow# +uhg# grwv,# dqg# DUSHV# phdvxuhphqw# +edfnjurxqg,1# DUSHV#
phdvxuhphqw# zdv# wdnhq# zlwk# flufxoduo|# srodul}hg# skrwrq# zlwk#
hqhuj|# 437# hY# dw# 48053# N1# Uhvxow# ri# VWP# pdwfkhv# zhoo# zlwk# 儓#
edqg# lq# DUSHV# phdvxuhphqw1# Uhsurgxfhg# iurp# ^7;`1# Frs|uljkw#
5348#e|#Wkh#Dphulfdq#Sk|vlfdo#Vrflhw|1G
#

3.3.##Vxppdu|1
#
#
Lq#wklv#IhDv#od|hu/#wkh#5{4#vxuidfh#uhfrqvwuxfwlrq#lv#revhuyhg#lq#
wkh# wrsrjudsklf# lpdjh1# Wkh# jds# pds# e|# qxphulfdo# g5L2gY5#
phwkrgrorj|# vkrzv# wkh# uhodwlyho|# krprjhqrxv# glvwulexwlrq# ri# jds#
ydoxhv#lq#wkh#hqwluh#ilhog#ri#ylhz1#Qhpdwlf#ihdwxuhv#duh#revhuyhg#lq#
wkh#frqgxfwdqfh#pds#dqg#iurp#Irxulhu#wudqvirup#dqdo|vlv/#lw#vkrzv#
fohdu#kroh# olnh#glvshuvlrq1#Wkh# ruljlq# ri# qhpdwlf#ihdwxuh#lv# 儓# edqg#
zklfk#kdv#g{}#dqg#g|}#ruelwdo#fkdudfwhu1
#

G

G

Chapter 4. Inhomogeneous gap distribution and
underlying La dopants on Ca/La layer above As chain
layer.
The Ca layer has only one type of possibility in CaFe2As2
material which is sandwiched by FeAs layers. Unlike the case of the
CaFe2As2, there are two possibilities in Ca0.9La0.1FeAs2. One is Ca/La
layer with above As chain layer (Ca-1). The other is Ca/La layer
above FeAs layer (Ca-2). Though two layers have same atoms, due
to different underlying layers, there is a possibility that two layers
can show different behavior. In this section, I will discuss the data
taken above Ca-1 (figure 4.1).

Figure 4.1 Crystal structure and Ca-1 layer.
The crystal structure of Ca0.9La0.1FeAs2. The red box indicates Ca/La
layer above As chain layer which is discussed in this chapter.



4.1. Identification of Ca/La layer above As chain layer.

Figure 4.2 (a) is a topographic image (92 nm x 92 nm, I = 150
pA and bias voltage = 150 mV) and it shows the 2x1 surface
reconstruction (figure 4.3). Though there is no prediction in
Ca0.9La0.1FeAs2, Ca layer of the CaFe2As2 is predicted to have the
2x1 surface reconstruction by a theoretical calculation [51].

a

b
0.127 nm

20 nm

-0.152 nm

Figure 4.2 Topographic image and averaged spectra on Ca-1 layer.
(a)Topographic image (150 mV/ 150 pA) taken on Ca-1 layer. It
shows 2x1 surface reconstruction (b) Averaged spectrum of
conductance spectra (dI/dV) (black) shows superconducting gap

feature around less than 20 mV but no evident coherence peaks.
Center of spectrum is shifted negatively from zero bias. Averaged
spectrum of derivative of conductance spectra (d2I/dV2) (blue) shows
evident peak.

The black line in figure 4.2(b) is averaged spectrum taken on the
entire field of view of figure 4.2(a). That spectrum shows the
superconducting gap feature less than the bias voltage of around 20
mV. The center of the dip of the averaged spectrum is shifted to the
negative side. From chemical formula and underneath layer, Ca-1


layer predicted as a positively charged surface. That positively
charged surface effect on net bias voltage is illustrated in 4.4. Due to
the positive charge on Ca-1 layer, the averaged spectrum shows the
slight negative side shift in shape. From those two specific features
of this layer, the measured layer can be concluded as Ca-1 layer.

Figure 4.3 Zoomed in topographic image.
Zoomed in image of lower right corner in figure 4.2 (a). Size of field
of view is 46 nm x 46 nm. Red line is indication for the 2x1 surface
reconstruction direction.



a

b

Figure 4.4 Illustration of charged surface effect.

Illustration of charged surface effect. This situation is
opposite situation in FeAs layer (figure 3.4). (a) Sample is
charged positively and applied bias voltage on sample holder

is zero. Net bias voltage on sample is slightly positive (|儑|)
due to sample charge. (b) Sample is charged positively and
applied bias voltage on sample holder is negative (-|儑|). Net
bias voltage is zero due to sample charge effect is
compensated by applied bias voltage on sample holder.



4.2. Inhomogeneous gap distribution of Ca-1 layer.

The averaged spectrum (black curve in figure 4.2 (b)) shows a
gap like V-shape dip around the center. Like the case of the FeAs
layer (black curve in figure 3.2 (b)), the coherence peak is hard to
define directly. The numerical calculation of d2I/dV2 methodology is
used again to find gap values and investigate the distribution and
tendency of those gaps. The blue curve in figure 3.2 (b) is averaged
spectrum of numerical calculated d2I/dV2. It shows clear peaks
around the center therefore it is easy to define gap values using
d2I/dV2. As mentioned earlier, these values are not absolute values
for the gap.

18 mV

20 nm
0 mV

Figure 4.5 Gap map using numerical d2I/dV2.
The distribution of gap values of each points which are extracted
from numerical d2I/dV2. It shows inhomogeneous distribution which
is definitely different from the gap map of FeAs layer.

Figure 4.5 is the gap map which shows the distribution of gap
values from numerical d2I/dV2. Unlike the gap map result of FeAs
layer (figure 3.5), it shows evident inhomogeneous gap distribution.
The gap histogram is in figure 4.6 (a). Most of the gap values are 3
meV and 6 meV.

Figure 4.6 (b) is gap sorted spectra which is
୕

averaged spectra of each gap value. From the gap value 3 meV to 15
meV, V-shaped dip shows increased as energy increased. The Vshaped dip feature disappears in averaged conductance spectrum of
18 mV bias voltage. From comparison to averaged spectra of other
gap values, it is possible to say 18 meV gap value area is where
superconductivity suppressed. Figure 4.7 (a) is a visualization of 18
meV gap value area. The white area is where superconductivity is
suppressed. By comparing that to conductance maps of each energy,
conductance maps at certain energy show very similar features with
figure 4.7 (a).
To verify this claim, a cross-correlation of conductance maps of
each energy and superconductivity suppressed area image (figure
4.7 (a)) is carried out. The result of the cross-correlation is in figure
4.7 (b). The cross-correlation coefficient has a peak at ˀ12 mV.
Figure 4.8 (a) is the conductance map at ˀ12 mV bias voltage.
Comparing those two images, the white features in each image seem
to overlap considerably. Figure 4.8 (b) is the mask of the bright
feature area in the conductance map (figure 4.8 (a)). Figure 4.9 (a)
is the result of cross-correlation between figure 4.7 (a) and 4.8 (b).
It shows a very rapid coefficient drop.
To see how rapidly the coefficient diminishes, the azimuthal
averaged was applied on the cross-correlation map. Figure 4.9(b) is
the result of the azimuthal average of figure 4.9 (a). The peak of
cross-correlation coefficient is 0.268 at zero distance. As the
distance increases, cross-correlation coefficient shows a rapid drop
and it reaches zero around 2 nm which implies that the correlation
between

white

features

in

the

conductance

map

superconductivity suppressed area is in a localized fashion.

ୌ

and

b

a

Figure 4.6 Gap histogram and gap sorted conductance spectrum of
Ca-1 layer.
(a) Gap histogram of from numerical d2idv2 gap values. Most of the
gap values are 3 meV and 6 meV. (b) Averaged of conductance
spectrum for each gap values. As bias voltage increase from 3 mV to
15 mV, V-shaped dips in center increase outward. Averaged
spectrum of 18mV shows suppression of the dip in center which is
different from other gap values averaged spectrum.

୍

a

b

20 nm
Figure 4.7 Visualization of superconductivity suppressed area and
correlation coefficient between that and conductance map..
(a) The visualization of superconductivity suppressed area by using
gap values. Gap value with 18 mV area is white color and other area
is black. (b) Cross-correlation coefficient between (a) and each bias
voltage of conductance map. The peak of cross correlation is at the
-12 mV.
b

a

Figure 4.8 Conductance map (bias voltage = -12 mV) and bright
spot extracted map.
(a) Conductance map of bias voltage -12 mV which is where cross
correlation coefficient is maximized. Conductance map shows bright

features. (b) Bright features in (a) is masked as white color and the
other area as black color. The percentage of white area is 10.18 %.



a

b

Figure 4.9 Cross correlation and its azimuthal average.
(a) Cross correlation between superconductivity suppressed area
(figure 4.7 (a)) and masked image of bright feature in conductance
map at bias voltage -12 mV (figure 4.8 (b)). (b) Azimuthal
averaged of cross correlation map (a). It shows localized
correlation. Peak is at zero distance and cross correlation

coefficient is 0.268. Cross correlation coefficient decays as distance
is increased and reaches to almost zero after 2 nm.

4.3. La dopants on underlying layer

What is the origin of white features in the conductance map? To
investigate what those are, a direct comparison between the
conductance map (figure 4.8) and the topographic image (figure 4.2
(a)) was carried out. It is hard to find any similarity between them.
After that, I focused on the ratio of those features, which is 10.18 %.
That value is close to the La nominal doping ratio (10 %) of this
sample.
To verify those features are originated from La dopants,
comparison this to the result of the sample in the similar situation
was carried out. The hint of the origin of those features was found in
the STM experiment on (Sr1-xLax)3Ir2O7 by Wang et al. [52]. (Sr1

xLax)3Ir2O7

has two important similarities to Ca0.9La0.1FeAs2. One is

both have La dopants which have 3+ valence. The other is Sr and Ca
are in the same Alkaline Earth family with the same valence 2+.
Wang et al. showed that La dopants of the top surface (Sr1 layer
in figure 4.10(a)) can be seen in the topographic image (figure 4.10
(b)) and La dopants in underlying Sr layer (Sr2 layer in figure 4.10
(a)) were not detected in the topographic image but detected in
conductance map (figure 4.10 (c)). Conductance spectra on those
two different located La dopants show different behavior. The
spectrum taken above the location of La dopants in Sr2 layer shows
a sharp peak around -15 mV whereas spectrum La dopants in Sr1
layer has different feature and does not show the peak around -15
mV.
Those are same in Ca0.9La0.1FeAs2. The terminated layer is Ca1 layer (indicated by the blue line in figure 4.11(a)). White features
are detected in the conductance map at the bias voltage -12 mV
(figure 4.8). Those features are not detected in the topographic
image (figure 4.2(a)) but detected in the conductance map. The
average of spectra taken on the white area of figure 4.8 (b) (the red
line figure 4.11 (b)) shows peaks around -10 meV whereas the
averaged spectrum of the entire field of view (black line in figure
4.11 (b)) does not.
From same results on (Sr1-xLax)3Ir2O7 and the ratio of 10.18 %,
which is very close to the nominal doping level 10 %, these white
features in conductance map can be concluded as La dopants of
underlying Ca-2 layer (indicated by the red line in figure 4.11(a)).



b
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Figure 4.10 STM result on (Sr1-xLax)3Ir2O7

(a) Crystal structure of (Sr1-xLax)3Ir2O7. Sr1 is indicated by blue
line which is terminated by sample cleaving. Sr2 is indicated by red

line which is not terminating surface. (b) Topographic image which
shows La dopants (green arrows) on terminated Sr1 layer. (c)
Conductance map of zero bias voltage. The red arrows indicate La
dopants on Sr2 layer which is two-layer-below from terminated
layer. Those La dopants in Sr2 layer are not located in topographic
image. (d) Point spectrum taken on arrows in (b) and (c). Spectra
taken on La dopants on Sr2 layer show peak around ±15 meV.
Reproduce from [52].
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Ca-1

Ca-2

Figure 4.11 Indication of Ca-1 layer and Ca-2 layer on crystal
structure of sample and averaged conductance spectra in the entire
field of view and white feature area.

(a) Crystal structure of Ca0.9La0.1FeAs2. Blue line indicates the Ca-1
layer (blue) which is terminated layer and red line indicates underlying
Ca-2 layer. (b) (Black curve) Average of spectra taken on entire field
of view of figure 4.2 (a). (Red curve) Average of spectra taken on
white color area of figure 4.8 (b). Red spectrum shows peak at -10
mV bias voltage.



4.4. Summary

In

Ca-1

layer,

by

the

numerical

d2I/dV2

methodology,

inhomogeneous gap distribution was shown. From comparison to the
STM experiment on (Sr1-xLax)3Ir2O7 and percentage of area, La
dopants are located both in energy and real space. The crosscorrelation study shows La dopants disturb a superconductivity
locally. Someone may think it does not make sense because La
dopants seem to be essential to make Ca0.9La0.1FeAs2 as a
superconductor. But the same phenomenon was already reported in
the case of cuprates superconductor. McElroy et al. [53] reported
that oxygen dopants in Bi2Sr2CuCa2O8+x make local disturbance on
superconductivity.



Chapter 5. Superconductivity through crevices of
Ca/La layer above FeAs layer.
As mentioned in chapter 4, the calculation of CaFe2As2 predicted
that Ca layer will show the 2x1 surface reconstruction if Ca layer is
terminated in CaFe2As2. The Ca/La layer above FeAs layer in
Ca0.9La0.1FeAs2 (Ca-2 layer) (figure 5.1) is much similar to that
situation than Ca-1 layer because Ca-2 layer is right above FeAs
layer as in the case of the CaFe2As2. Therefore, Ca-2 layer also
predicted to show 2x1 surface reconstruction.

Figure 5.1 Crystal structure and Ca-2 layer.
The crystal structure of Ca0.9La0.1FeAs2. The red box indicates Ca/La
layer above FeAs layer (Ca-2 layer) which is discussed in this
chapter.

୕

Figure 5.2 is a topographic image taken on Ca-2 layer which size
is 80 nm x 40 nm with a condition of -60 mV bias voltage and 60 pA
setpoint current. The topographic image again shows the 2x1 surface
reconstruction like other surfaces discussed earlier chapters. The
major difference between the topographic image compared to Ca-1
layer (figure 4.2 (a)) is Ca-2 layer has a lot of deep crevices in the
topographic image.
.

Figure 5.2 Topographic image of Ca-2 layer.
The topographic image (-60 mV / 60 pA) taken on Ca-2 layer. It
shows 2x1 surface reconstruction. There are many dark crevices in
topographic image and some of them make long 1-D feature.

Figure 5.3 is a point spectrum (black) taken on above one of
those

crevices.

The

point

spectrum

shows

a

well-defined

superconducting gap feature with definite coherence peaks which is
much evident than that taken above FeAs layer (black curve in figure
3.2 (b)). Dynes formula [54] was used to fit that spectrum. Dynes
formula is

ɏ൫ǡ 僰൯ ൌ  ܣൈ  ቆ

 ܧ ݅߁
ඥሺ ܧ ݅߁ሻଶ െ ߂ଶ

ୌ

ቇ

 is energy, Ȟ is scattering rate and as it increases, the
coherence peak is suppressed. ȟ is superconducting gap size.
The red line in figure 5.3 is Dynes formula fitting on point
spectrum. The gap value is 9.71 meV and Ȟ is 3.10 meV. The fitted
gap value is similar to that of FeAs layer (12 meV to 14 meV) but
slightly smaller.
The conductance map was not obtained fully in the area of figure
5.2 due to a tip change during measurement but remarkable
phenomena was observed on that measurement. The topographic
image (-60 mV/60 pA, 80 nm x 10 nm) simultaneously taken with
the conductance map is in figure 5.4(a) which is the lower part of
figure 5.2. Figure 5.4 (b) is the conductance map of zero bias voltage.
Evident particle-hole symmetric dip features are observed in the
dark area of figure 5.4 (b) and that area is depicted as red color in
figure 5.4(a). Figure 5.4(c) is the average of conductance spectra of
the entire field of view in figure 5.4(a) (black) and dip exist area (red
area in figure 5.4 (a)) (red). Those two averaged spectra show a
clear difference. The average of entire spectra (black) shows similar
behavior to the averaged spectrum of Ca-1 layer (black curve in
figure 4.2 (b)) of low energy without a minimum point shift. The
averaged spectrum of evident dip feature area shows a clear
particle-hole symmetric spectrum and dip which is similar to figure
5.3 without the superconducting coherence peak. That difference is
due to averaging time. The conductance map was set to have 256 x
128 pixel resolution. To measure the conductance map in a
reasonable time, the point spectrum should be taken around 4
seconds. But the point spectrum in figure 5.3 was not taken during
the measurement of the conductance map so it is possible to choose
measurement time freely and that was measured in 120 seconds
which is 30 times longer. The shorter measurement time in
conductance map makes the point spectrum without the coherence
peak. Like the location where the point spectrum in figure 5.3, the
red area in the topographic image (figure 5.2) coincides with crevices.
୍

Figure 5.3 Point spectrum taken on crevices.
Point spectrum (red) taken on crevices (red dots in figure 5.2). It
shows evident coherence peak and clear particle-hole symmetric

behavior. Black line is fitting result by Dynes formula. It matches
very well to experiment result and gap value from fitting is 9.71 mV.



What is the reason we can see the superconducting gap feature
in the spectrum taken on crevices and that spectrum shows much
more a particle-hole symmetric property than that of FeAs layer
(figure 3.2 (b))?
As already discussed in chapter 3, the topographic image taken on
FeAs layer (figure 3.2 (a) and figure 3.3) shows 2x1 the surface
reconstruction. Also, FeAs layer is negatively charged. Those two
components of FeAs terminated layer disturbs the spectrum on FeAs
layer and make it particle-hole asymmetric. Now let¶s think about
the Ca-2 layer which is right above the FeAs layer. First, we can
think of the doping effect from Ca-2 layer. Second is the chargeneutral surface which will not hamper the spectrum taken on Ca-2
layer. Last is the surface reconstruction. Due to Ca-2 layer is
terminated surface, the underlying FeAs layer does not need to have
the 2x1 surface reconstruction. Therefore, if the measurement is
taken above crevices on Ca-2 layer, it can be regarded as a direct
measurement on FeAs layer without the 2x1 surface reconstruction
and the surface charge effect. Those are why the spectrum on
crevices of Ca-2 layer shows much particle-hole symmetric than
FeAs layer and this layer can be concluded as Ca-2 layer.
In this section, Ca-2 layer is identified by the topographic image
and spectra above crevices which make the direct measurement on
FeAs layer without the 2x1 surface reconstruction possible.
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(a) Topographic image taken simultaneously with conductance map.
Target area was figure 5.2. Due to tip change during experiment, size
is smaller. (b) Conductance map of zero bias simultaneously with (a).

(c) Averaged spectrum of entire field of view of (a) (black) and
averaged spectrum of red area in (a) (red). Total averaged spectrum
shows particle hole asymmetric behavior whereas averaged spectrum
of red area shows clear particle-hole symmetric behavior.


Chapter 6. Dirac cone dispersion and zero bias
conductance peak on As chain layer
As zigzag chain layer (figure 6.1) is a unique feature of Ca1-

RExFeAs2 [36±38,55] type of Fe-based superconductor. The

x

existence of this unique layer induces interesting properties in
Ca0.9La0.1FeAs2.
First is electron pockets around X points of Fermi surface, which
is not in other types of Fe-based superconductors. Theoretical
calculation predicted those electron pockets have the anisotropic
Dirac cone feature [45] and the ARPES experiment measured those
anisotropic Dirac cone dispersion experimentally [56].
Second is As zigzag chain layer is a possible topological insulator
and due to that, Ca0.9La0.1FeAs2 is one possible candidate that can
host a topological superconductivity [45].

Figure 6.1 Crystal structure and As zigzag chain layer.
The crystal structure of Ca0.9La0.1FeAs2. The red box indicates As

zigzag chain layer which is discussed in this chapter. As zigzag chain
layer is above Ca-2 layer.



6.1. Identification of As zigzag chain layer.

The topographic image is in figure 6.2 (a), which is a size of 63
nm x 63 nm with the bias voltage of -200 mV and the setpoint current
200 pA. Figure 5.3 is a zoomed-in topographic image of figure 6.2
(a) to show the 2x1 surface reconstruction more clearly. An average
of conductance spectra taken above the entire field of view of figure
6.2 (a) is in figure 6.2 (b). It shows a very broad V-shape spectrum
compared to the aforementioned three layers¶ averaged conductance
spectrum (black curves in figure 3.2 (b), figure 4.2 (b), and figure
5.4 (c)) and different behavior. The averaged spectrum on this layer
shows that this layer is a completely different layer from the other 3
discussed layers so this layer is concluded as only remaining possible
As zigzag chain layer.

a

b

Figure 6.2 Topographic image and averaged conductance
spectrum.
(a) Topographic image (-200 mV/200 pA) taken above As zigzag
chain layer size of 63 nm x 63 nm. (b) Average of spectra taken
entire field of view of (a). It shows very broad V-shaped feature.



Figure 6.3 Zoomed in topographic image.

Zoomed in topographic image of red box in figure 6.2 (a). 2x1 surface
reconstruction can be seen clearly. Red line indicates the direction of
2x1 surface reconstruction.

6.2. Observation of Dirac cone like dispersion.

Figure 6.4 are conductance maps of As chain layer bias voltage
from -200 mV to -93.3 mV. There are some 1D features along the
direction of the yellow line in fig 6.4. To investigate the property of
conductance maps on As zigzag chain layer, Fourier transform was
applied on conductance maps. Figure 6.5 (a) is the Fourier transform
of the conductance map of the bias voltage -200 mV in figure 6.4.
Line profiles were taken along the yellow line in figure 6.5 (a) which
is the same direction of the 1D feature in conductance maps (figure
6.4). Due to the peaks on 90 degrees of the yellow line are too strong,
it is hard to visualize the dispersion of peaks along the yellow line.
To visualize, normalized line profiles are plotted in figure 6.5 (b).
The largest peak in each line profile shows a decrease at first and
increase after a certain bias voltage as applied bias voltage increases
(green line in figure 6.5 (b)). The quantitative analysis of those
peaks movement with bias voltage change is plotted in figure 6.6. It
shows a Dirac cone like dispersion and its center point is at the bias
voltage of -146 mV.



Figure 6.4 Conductance maps on As zigzag chain layer.

Conductance maps which are taken simultaneously with topographic
image (figure 6.2 (a)) bias voltage from -200 mV to -93.3 mV with
equal difference. There are some 1D features in conductance maps
and yellow lines is along those features¶ direction.
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Figure 6.5 Fourier transform of conductance map and Line profiles.
(a) Fourier transform of conductance map of bias voltage -200 mV.

Yellow line is line profile direction which is same as that of in figure
6.4. (b) Line profiles of Fourier transform image bias voltage from 200 mV to -80 mV. Green line is to help identification of peaks佤
movement with bias voltage. It decrease at first but after certain bias
voltage, it increases.

Figure 6.6 Peaks location vs bias voltage.
Location of peaks (indicated by green line in figure 6.5 (b)) vs bias
voltage is plotted. It shows Dirac cone like dispersion.
୕

What is the origin of that Dirac cone dispersion? To investigate
the origin, the Fermi surface was used. Figure 6.7 (a) is calculated
Fermi surface [56]. The line of connection between two Bragg peaks
in the Fourier transform image (black dots in figure 6.5 (a)) coincide
the line between X point of Fermi surface. From that information,
direction of line profiles and size of peak¶s location in line profiles,
only possible bands are electron pockets around X (red circles in
green dashed circle in figure 6.7 (a)). As mentioned earlier, those
pockets are the unique property of Ca0.9La0.1FeAs2 because they are
originated from As zigzag chain layer. The STM result was matched
to ARPES measurement on that electron pocket [56] in figure 6.7 (b).
Green dots in the green circle are from figure 6.6 with the conversion
from q to k vector. The STM result and the ARPES measurement
match very well with -56 meV energy shift. That is similar to the
energy difference between the STM result and the ARPES result on
FeAs layer (figure 3.9 (b)) in chapter 3. As discussed earlier in
chapter 3, this energy shift in the experiment above As zigzag chain
layer can be explained by the difference between the nominal doping

a

b

Figure 6.7 Calculated Fermi surface and Fit STM result in ARPES
measurement.
(a) Calculated Fermi surface of Ca0.9La0.1FeAs2. The only possible
band that can make peaks in figure 6.5(b) both size and angle is red

pocket around X point of Fermi surface (inside of green dotted
circle). (b) STM result (green dots inside of green circle) is fitted to
ARPES measurement. Reproduced from [46], with the permission of
AIP publishing.
ୌ

level and the actual doping level of Ca0.9La0.1FeAs2.

6.3. Observation of zero bias conductance peaks.
What is the origin of the 1D feature in conductance maps on As
zigzag chain layer (figure 6.4)? The clue to this question was found
on the Ca-2 layer. Figure 6.8 (a) is a topographic image of As zigzag
chain layer which is simultaneously taken with conductance maps
(figure 6.4 and figure 6.8 (c)). Figure 6.8 (b) is an enlarged
topographic image and the 2x1 surface reconstruction direction is
indicated by the red line. That red line and 1D feature line (the yellow
line in figure 6.8 (c)) shows the direction of those two lines are
different. Figure 6.8 (d) is a topographic image take above Ca-2
layer and the red line and the yellow line have the same direction as
those in figure 6.8 (a), (b), and (c). As you can see in figure 6.8 (d),
the red line coincides with the 2x1 surface reconstruction line of Ca2 layer and the yellow line coincide with the 1D like crevice on Ca2 layer. From those coincidences, the 1D feature in conductance
maps taken above As chain layer is originated from 1D like crevices
of underlying Ca-2 layer.
I will briefly explain this situation again with schematic diagrams
of each related layers. There is a FeAs layer (figure 6.9) which is
the essential layer for superconductivity.
Ca-2 layer is right above FeAs layer (figure 6.10). As already
mentioned in chapter 5, crevices exist in Ca-2 layer and particlehole symmetric superconducting spectra without the 2x1 surface
reconstruction on FeAs layer is measured on that crevice area(figure
6.10 (b)).
From different conductance spectrum behavior above Ca-2 layer
(figure 6.10 (a)) and crevices of Ca-2 layer (figure 6.10 (b)), it is
a reasonable prediction that there might be different conductance
spectrum behavior between As chain layer above normal Ca-2 layer
୍

and crevices of Ca-2 layer. Remarkably, there is a difference
between the conductance spectrum on those two different areas and
spectrum taken above As chain layer above crevices of Ca-2 layer
shows a zero bias conductance peak (figure 6.11 (b)) whereas
conductance spectrum on other area shows broad V-shaped behavior
(figure 6.11 (a)).

a
b

c

d

Figure 6.8 Topographic image and conductance map on As zigzag
chain layer and topographic image on Ca-2 layer.
(a) Topographic image in figure 6.2 (a). Red line is for indication of
2x1 surface reconstruction. (b) Zoom in of red box in (a) (same as
in figure 6.3). Red line is for indication of 2x1 surface reconstruction
direction. (c) Conductance map at bias voltage of -200 mV on As
zigzag chain layer (same as in first image of figure 6.4). Yellow lines
in for indication of 1D feature in conductance map. (d) Topographic
image of Ca-2 layer (same in figure 5.2). Red line and yellow line

are same as in (a), (b) and (c). (d) shows that direction of 2x1
surface reconstruction in As zigzag chain layer. Also, 1D feature in
conductance map (c) coincide with crevices on Ca-2 layer.


Figure 6.9 The illustration to explain of measurement on As zigzag
chain layer 1.

Measurement on FeAs layer. Spectrum shows gap feature all around
surfaces.

Figure 6.12 (a) is one example of a point spectrum which shows
zero bias conductance peak. Figure 6.12 (b) is the conductance map
of As chain layer at the bias voltage -200 mV with an indication of
where zero bias conductance peaks exist (red area). The zero bias
conductance peak existing point matches well with the 1D feature of
the conductance map which is originated from crevices of the
underlying Ca-2 layer.
Figure 6.13 (a) is the average of conductance spectrum of the
entire field of view of figure 6.12 (a) (black) and only zero bias
conductance peak existing area (red). Figure 6.13 (b) is the
distribution of zero bias conductance peaks¶ height. Due to bias
voltage resolution is not fine, to study further, more fine resolution
of the bias voltage is needed.


a
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Figure 6.10 The illustration to explain of measurement on As zigzag
chain layer 2.
Measurement on Ca-2 layer which is right above FeAs layer.
Spectrum above (a) Ca-2 layer and (b) crevices on Ca-2 layer
shows clearly different feature. Spectrum above Ca-2 layer shows
particle-hole symmetric evident coherence peak superconducting
feature.
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Figure 6.11 The illustration to explain of measurement on As zigzag
chain layer 3.

Measurement on As zigzag chain layer which is above Ca-2 layer.
Like in the case of Ca-2 layer, existence of crevices on Ca-2 layer
makes huge difference in spectrum. (a) Spectrum taken on As zigzag
chain layer above Ca-2 layer case shows broad V like spectrum. (b)
Spectrum take on As zigzag chain layer above crevices in Ca-2 layer
case shows the zero bias conductance peak in some cases.
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Figure 6.12 Point spectrum and conductance map with zero bias
conductance peak area masked.

(a) Point spectrum which shows zero bias conductance peak. (b)
Conductance map of -200 mV bias voltage. Red area is where zero
bias conductance peak s exist. Those area matches well to dark area

which are crevices of Ca-2 layer

b

a

Figure 6.13 Averaged spectrum taken on As zigzag chain layer and
distribution of height of the zero bias conductance peaks.
(a) (Black) Average of spectra taken on entire field of view of figure

6.12 (b). (Red) Average of spectra taken on red area of figure 6.12
(b). (b) Distribution of height of the zero bias conductance peaks in
figure 6.12 (b).


What is the origin of those zero bias conductance peaks measured
only above As zigzag chain layer above crevices of underlying Ca-2
layer? There are several possible origins of zero bias conductance
peak.
The first possibility is the Josephson effect [57]. To achieve the
Josephson effect in the STM, a superconducting tip is required. The
experiment described here was performed by a bear tungsten tip.
Still, there is a possibility that the flake of Ca0.9La0.1FeAs2 sample was
stuck to the tungsten tip. In that case, the spectrum should show a
well-defined superconducting gap feature but it is not in this case
(figure 6.13 (a)). The junction resistance of this STM experiment on
As zigzag chain layer was 1 G儅 which is very huge compared to the
Josephson effect experiments on Bi2Sr2CuCa2O8+x performed by the
STM (~300 k儅 at 4.2 K [58] and ~ 100 M儅 at 50 mK [59]). From
reasons above, the Josephson effect is not the origin of the observed
zero bias conductance peak on As zigzag chain layer.
The second possibility is the Andreev reflection [60]. To achieve
the Andreev reflection, a direct superconductor metal junction is
needed therefore it is not the case because the STM experiment is
vacuum tunneling experiment.
The third possibility is the Andreev bound state [61]. This case
also needs the superconducting tip so due to the same reason
discussed in the case of the Josephson effect, this possibility can be
erased.
The fourth possibility is the Kondo effect which is due to a local
magnetic defect [62,63]. From chemical formula, there is no local
magnetic impurity in As zigzag chain layer. If those zero bias
conductance peaks are affected by Fe atoms in this material then zero
bias conductance peak should be observed on the entire field of view
of figure 6.12 (b). But as described earlier in this chapter, zero bias
conductance peaks were observed locally only above crevices of Ca

2 layer. From the above reasons, it is possible to eliminate the Kondo
effect.
The last possibility in my knowledge is the superconducting
proximity effect on topological insulator. Zero bias conductance
peaks were detected only on As chain layer above crevices of Ca-2
layer. In chapter 5 (experiment above Ca-2 layer), undisturbed
superconducting gap features are observed in the spectrum only
above crevices on Ca-2 layer was shown. As zigzag chain layer has
a

possibility

of

the

topological

insulator

by

theoretical

calculation [45]. From those possibilities, this scenario cannot be
ruled out.

Table 6.1 Comparison to other experiment of zero bias conductance
peaks due to topological origin.

Table 6.1 is a comparison to the other three experiments [64±66]
on zero bias conductance peak due to topological effect. There are
three similarities in my experiment. First is this sample is iron based
superconductor like the experiment by Wang et al. [66]. Second is it
has a 1D feature in Ca-2 layer due to crevices which is similar to 1D
wire in the experiment by Mourik et al. [64]. The third is it has a
ferromagnetic Fe direction due to its antiferromagnetic property
which is similar to Fe cluster on the experiment by Jlck et al. [65].


If the observed zero bias conductance peak is indeed due to
topological effect, it has some uniqueness compared to other
experiments. First, it has a relatively larger superconducting gap
(~10 meV) and higher critical temperature (~40K). The Fe atom
cluster is naturally incorporated and naturally made 1D structure
exist. A statistical analysis (for example, like the distribution of zero
bias conductance peaks¶ height illustrated in figure 6.13 (b)) is
possible due to the number of zero bias conductance peaks are many
compared to other experiments.
To verify it is indeed due to the topological effect, several
experiments have to be performed. The temperature dependence
experiment (especially above critical temperature) is also needed to
verify that zero bias conductance peak is due to superconductivity.
Mapping around crevices with high spatial and energy resolution and
application of the magnetic field will help to identify this zero bias
conductance peak.
The most begging question on Ca0.9La0.1FeAs2 is if As zigzag
chain layer introduces a topologically non-trivial states or not. Our
observation of the zero bias conductance peak on this material might
provide a clue to this answer. We could not come up with any other
possible origin for the zero bias conductance peak than a proximity
coupling between the superconducting order parameter on Fe/As
layer and topologically non-trivial As chain layer as of now. A further
theoretical modeling is necessary to draw a definite conclusion.

6.4 Summary

Dirac-cone like dispersion on As zigzag chain layer was
observed which is a unique property of this sample compared to other
types of iron based superconductors. The dispersion coincides with
୕

ARPES measurement.
From the comparison between conductance map on As zigzag
chain layer, the topographic image on As zigzag chain layer and
topographic image on Ca-2 layer, the origin of 1D feature in
conductance map on As zigzag chain layer is nothing but due to
crevices of underlying Ca-2 layer.
Zero bias conductance peak on As zigzag chain layer above
crevices of Ca-2 layer is found which might be possibly due to
superconductivity effect on topological insulator suggesting this
sample might be a new playground to find a zero bias conductance
peak due to topological effect and provide a clue where to look to
verify an existence of topological superconductivity on this material.

ୌ

Chapter 7. Conclusion
Motivated by a prediction that Ca0.9La0.1FeAs2 might be a
topological superconductor, we performed a thorough atomic-scale
spectroscopic imaging study on this relatively new superconducting
compound. As a result, all four possible terminating layers were
successfully characterized via a topography, conductance mapping as
well as its Fourier transform analysis. We discovered an unusual zero
bias conductance peak on As zigzag chain layer which might provide
a clue to the verification of the existence of non-trivial topology in
this material.
In chapter 1, a detailed description of the low-temperature SISTM system was presented including a design philosophy, essential
components as well as the ULV laboratory. In chapter 2, a brief
background of Ca0.9La0.1FeAs2 was introduced.
In chapter 3, a spectroscopic property of the FeAs layer is
discussed. This layer is identified by surface reconstruction of the
topographic image, shift of spectrum by charged surface, and
homogeneous gap distribution. The distribution of the gap is
2

2

visualized by the numerical d I/dV method. A nematic feature was
observed from the conductance map. Using a Fourier transform
analysis, the origin of nematic feature is found to be hole-like band
near zone center which has dxz and dyz orbital character.
In chapter 4, characterization of a Ca/La layer above As zigzag
chain layer was discussed is described. Ca/La terminating surface is
identified by topographic images and a shift of the conductance
spectra. This layer exhibits an inhomogeneous gap distribution. By
2

2

using the gap map by d I/dV methodology, gap sorted spectrum, and
conductance map, La dopants are located in energy and real space.
Local superconductivity suppression by La dopants is discovered by
୍

a cross-correlation study.
In chapter 5, Ca/La layer above FeAs layer is discussed. Through
crevices on the layer, a clear superconducting gap was probed
suggesting that the FeAs layer can be directly accessed without a
suppression of superconductivity unlike on a bare FeAs layer.
In chapter 6, I discussed the data of As zigzag chain layer. The
Dirac cone dispersion which is the unique property due to As zigzag
chain layer is observed by using Fourier transform analysis.
Numerous zero bias conductance peaks were observed on areas
where crevices of underlying Ca/La layer above FeAs layer were
visible. The discovery of zero bias conductance peaks on As zigzag
chain layer is an intriguing one begging for a further theoretical
explanation. Whether such zero bias conductance peaks are
topologically non trivial is not clear as of this thesis written, but at
least now we know where to look for a clue. Also, I hope my study
provides a guideline for further research topics on Fe-based 112
superconductor.
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ሇ ῒ ㆢ ᳷
ㇶㆢ⯲ ㄺ ዊ₲ ㆢⲞᡞㅎႚ 2006ᗞ⩪ ₶ᅆᢶ Ⰾ㭞ᳶ Ḓ 㕚Ⱏ⯲ ㄺ
ዊ₲ ㆢⲞᡞㅎႚ ⪆Კ ₶ᅆᢲ⩢⯖Ἂ, ㆢⲞᡞ Ữ㍾ᝢ⸲⯞ Ⰾ㨎㧲ዊ ⮞㨎
ኒᄝ⩪ រ㧶 Ṩ⯚ Ⰾᳺⲛ ᅞ╊ ₩ ❾㩲Ⰾ 㨣ᢲ⩢. Ca0.9La0.1FeAs2
ᜮ 2013ᗞ⩪ ₶ᅆᢶ ῖᳶ ᅺ⮺㧶 As ⹚ኒⱆኒ ㋏ᆖ ⮞╛ ㆢⲞᡞㅎ⯲
ႚ○ ᧦ῒ⩪ ❾㩲ⲛ ⰎᳺⲛⰒ ᆚ➆⯞ ᓦ⩢. ኒᲖ⩪ᡞ ∢ሆ㧲ᅺ ⧞⹛
ⶖ╆㪯 㗊ᖪṛ 㪞ₒᅗ (STM)⯞ Ⰾ⭃㧶 ᅊᆖᜮ ᅺᢲ⹚ ⧤⧲.
Ⰾ ᘖῒ⩪► Ca0.9La0.1FeAs2 ❶ᵦ⩪ រ㧶 ㇶㆢ⯲ STM ᅊᆖḖ
⪚. ႚ㧶 4Ⴖ⯲ 㣶ἎⰎ ὂᣪ ᆚ㊻ᢲ⩢⯖Ἂ ႛႛ⯚ ⹚㪯 Ⰾₒ⹚,
Ⲟᡞ⯂ ẏ, Ⲟᡞ⯂ ✾㠳㝒Ზ⯞ Ⰾ⭃㧲⪆ 㫯Ⱂ㧲ᅺ ႛ 㣶Ἆ⯲ ᅺ⮺㧶
○⩪ រ㨎 ⪊ሆ㧲⪚. FeAs ㋏⩪► ᖾṢ㞋㧶 ὂ❏Ⰾ ᆚ㊻ᢲ⩢⯖Ἂ
ኒᄝⰎ dxz, dyz ሾᡞ ╛㕶 ○⯞ Ⴐᅺ Ⱒ⯦⯞ ⪚. As ⹚ኒⱆኒ
ㅎⰒ ㋏ ⮞⩪ Ⱒᜮ ㌖✲ ᲢⰎ⩎ᜮ ⋞ቺ㧶 Ⴧ⯲ ∞㢆Ḗ ⪚⯖Ἂ,
Ⲟᡞ⯂ ẏ⯚ ⧞ᰲ⯲ Ca ㋏⩪ Ⱒᜮ La ᡞ㠚㝒⯞ ⪆ⶖ⩢. ᪪㧶
╛ᆚᆚᅞ

∞▷⯞

㙏㨎

La

ᡞ㠚㝒ႚ

ሇ☦ⲛ⯖ᳶ

ㆢⲞᡞ

㪞╛⯞

⨗㫮❶㔾ᜮ ᄝ⯞ 㫯Ⱂ㧲⪚. FeAs ㋏ ⮞⩪ Ⱒᜮ Ca ㋏⯚ 㣶Ἆ⩪ Ⱒᜮ
㝢⯞ 㙏㧲⪆ 㣶Ἆ ⱆሆ○Ⰾ Ⱆ⩎ᔲ⹚ ⧤⯚ FeAs ㋏⯞ ⹛ⲫ ᆚ㊻㧺 ⚲
Ⱒᜮ ႚ○⯞ ⪆ⶖ⩢. As ⹚ኒⱆኒ ㅎⰒ ㋏⩪▶ᜮ 㤒Ṇ⩪ ⅚㫲⯞
Ⰾ⭃㧲⪆ Dirac ㏲ ∞╊⯞ ⪚ᜮ᠊ ኒᄝ⯚ Ⰾ ㋏⯲ ᅺ⮺㧶 ○Ⰾ.
Ⲷᳶ₮Ⰾ⩎✾ Ⲟᡞ⯂ ↣⭊Ṇႚ FeAs ㋏ ⮞⩪ Ⱒᜮ Ca ㋏⯲ 㝢 ⮞⩪
Ⱒᜮ As ⹚ኒⱆኒ ㅎⰒ ㋏ ⩪▶ ᆚ㊻Ⰾ ᢲ⩢. ⮞╛ Ⲣ⪊ㅎ⩪ ㆢⲞᡞ
ኖⲫ 㭂ᆖႚ ⮞╛Ⲣ⪊ㅎ⩪ ⲛ⭃ ᢶ ႚ○ ⬒⩪ Ḓ ⧞ᜮ ႚ○⯚
Ⲷᄊ ᢲ⩢. Ⲷᳶ ₮Ⰾ⩎✾ Ⲟᡞ⯂ ↣⭊Ṇᜮ Ⰾ ❶ᵦ⩪▶ ⩎ᨺ㧶
❾㩲⯞  㨎⨖㧲ᜮ⹚ 㨿⯞ Ⲷ❶㧶.

ⶖ⬮⩎: ㄺ ዊ₲ ㆢⲞᡞㅎ, ⶖ╆㪯 㗊ᖪṛ 㪞ₒᅗ, ᖾṢ㞋 ○, Ⲷᳶ
₮Ⰾ⩎✾ Ⲟᡞ⯂ ↣⭊Ṇ.
㧳™: 2013-20362



Ⴊ╆⯲ Ṫ
➆╆Ḗ 㨎ⶖ❺ ዚプ⪛ ᇪ⚲ᝲ, ዚዊ㭢 ᇪ⚲ᝲ, ⨫℮ⲯ ᇪ⚲ᝲ,
➆⹚㭢 ᇪ⚲ᝲ ኒṆᅺ ⹚ᡞᇪ⚲Ⱂ Ⰾ㫒 ᇪ⚲ᝲ ⩪ᄦ Ⴊ╆⯲ Ṫ⦚⯞
Ṋ.
ႳⰎ STM1⩪▶ ❾㩲⯞ 㧶 Ⰾᅗ▷, ⶖ╛㪞 ᣪ ᡳᵦ⩪ᄦᡞ ⲯṪ
ᅺṢ⭎ ⲪⰎ Ṩ. STM1Ⰾ ▾㋲ ᢲዊ Ⲟ√㗊 ႳⰎ ₾ ╢Ἆ▶, ⶖṪ⩪ᡞ
ᔲ⫚▶ ᕃ᧶㧲ᅺ, ṇ 㗦✾㝒Ḗ 㧲⪚⯖Ἂ ▾㋲ ᢶ 㭞⩪ᡞ Ṩ⯚ ❶႞⯞
㨂፲ ᅺ╷㧲Ἂ STM⯲ ⲯṪ Ṩ⯚ √∞⯞ 㨂፲ 㧶 ☦ⶫ㧶 ᡳᵦⰎ.
᪪㧶 Ⰾ ⪊ሆ❾⯲ ⶖ⬮ ᆏ╆Ḗ ṻ⯚ ₯ₖ▷ 㪯⩪ᄦᡞ Ⴊ╆⯲ Ṫ⦚⯞
Ⲟ㧲ᅺ ➐. ዊㆢ ᆏ╆ႚ ⰲ ᢲ⩢ዊ⩪ ⴥ⯚ ᅊᆖḖ ⩕⯞ ⚲ Ⱒ⩢ᅺ
ኒᄝ⯞ ዊ₲⯖ᳶ ⴒ⩟⯞ 㧺 ⚲ Ⱒ⩢. ⹚ኢ⯚ ᅺ╷㧲ᜮ ⶫⰎ⹚Ṧ Ⰾ
╛㬃Ⰾ ᆁ ᓷᔲᅺ ⴥ⯚ ᔺⰎ ⫆ ᄝ⯞ ⯲➆㧲⹚ ⧤ᜮ. STMⰎ Ⲷរᳶ
ᡦ⧞ႚዊ Ⲟ⩪ ⪾◮▶ ⲯṪᳶ 㔊 ᡞ⭚⯞ ⶖ❺ ₯⚲㪞 ₯╆ᝲ፲ᡞ ⲯṪ
Ⴊ╆㧲. ⧞῎ᄝᡞ ὂḎᜮ ⧞Ⰾ⩪ᄦ Ṩ⯚ ᄝ⯞ ႚḎㅪ ⶖ⩎ STM⯞
ῒⲶ⩠Ⰾ ⭎⭃⯞ 㧺 ⚲ Ⱒᄦ ᢲ⩢. Ⱆェ ▷╆ⴒ⩟㧲ᅺ ᨺᔶ ᆗⲯ⚲
⩪ᄦᡞ Ṩ⯚ ᡞ⭚⯞ ₵⧲. Ṧ⩎ᣮ ႞ Ṩ⯚ 㦞ᳶኒ᱂⯚ ⚲ⲯ㧲⪆
╛ន㰢 ⮺⭃㧲ᄦ ╆⭃⯞ 㨢. I would like to thank Dr. Haibiao Zhou.
Although it was just a year, I learned a lot from his attitude and
diligence as a professional. ኒṆᅺ ⪊ሆ❾⩪▶ Ⱂ⪊Ⰾ យ⯚ Ⲟ◒ᅞ,
₯○, ☻ⲯኖ, ⮾⪛㭢, ⮺ⲯ㭢 ⩪ᄦᡞ Ⴊ╆⯲ Ṫ⯞ ᕂዎ.
Ṿⶖ ႳⰎ ❷╆Ḗ 㧲Ἂ ⸪ᄊ⭎ ❶႞⯞ ᕢ៲ 07㧳™ ᡳዊ
⩪ᄦᡞ ⲯṪ ᅺṳ. ዒ ⧤⯚ ❶႞Ⰾ⩢⹚Ṧ ⲯṪ ⸪ᄊ⭺ᅺ, ኒ ❶႞⯞
㙏㨎 ⨫㧶 ╆ᄎ⯞ ⨫㧶 ❶ႛ⯖ᳶ ₮ᰖ ↖ ⚲ Ⱒᜮ ዊ㬦ᡞ ႚ ⚲
Ⱒ⩢.
⫆ 3⭮√㗊 ❶Ⱛ㧶 ᘖῒ⦊ዊὂⰞ Ỿ℞⩪ᄦᡞ Ⴊ╆㧲. ❏ᆚ⯲
Ⴖ►⯞ 㙏㨎 㭂⯂ⲛⰒ ᘖῒ Ⱛ○⯞ 㧺 ⚲ Ⱒᄦ ᢲ⩢.
Ṣ⹚ṣ⯖ᳶ ⪾ᰶ ❶႞ ⯫⭪㨎 ႚⴋ⩪ᄦ Ⴊ╆⯲ Ṫ⯞ Ⲟ㧶.
∞⩪ ῎╆㰢 ₯╆ ⴒ⩟⯞ 㧺 ⚲ Ⱒᄦ ᢲ⩢.



