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Abstract

In high-T, cuprate superconductors including BisSroCaCugOsy 4, it is well
established that the d-wave superconductivity coexists with several kinds
of electronic superstructures in the local density of states (LDOS). Above
all, the checkerboard (CB) modulation of unknown microscopic origin has
attracted much attention since its discovery by early scanning tunneling
microscopy /spectroscopy (STM/STS) works. Recently, scanned-Josephson
tunneling microscopy (SJTM) has detected a similar checkerboardlike pat-
tern in the superfluid density, suggesting the presence of a pair density wave
(PDW). This provides a question of whether such a PDW state can explain
the CB modulation in the low-energy single-particle excitations measured

by STM/STS.

In the low-energy region where the CB modulation manifests itself, quasi-
particle interference (QPI) modulation arising from the scatterings of Bo-
goliubov quasiparticles is also observed. The probability of quasiparticle
scatterings is characterized by the coherence factor that depends on the
scattering process and the nature of scattering source. Therefore, QPI mod-
ulation can be used as a tool to detect a possible interplay between the SC
quasiparticles and the CB modulation, and to identify the nature of the

interplay (if any).

In this thesis, I will report on the spatial relationship between CB and QPI
modulations coexisting in identical regions of the CuO, plane. After sepa-
rating these two superstructures from each other, the local amplitude and
phase are examined for the CB modulation and q; component of QPI, which
have similar wave vectors. The present study establishes a settled spatial
phase relationship between CB and q;-QPI modulations, which tends to be
realized where the CB modulation develops well, suggesting an interplay
between CB and q;-QPI modulations. In light of this finding, the possible

origin of CB modulation will be discussed.
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Chapter 1

Introduction

Since the first discovery of high-T¢. cuprate superconductors in 1986 [1], a
lot of efforts have been made to elucidate the mechanism of cuprate super-
conductivity. It is now well established that the cuprate superconductivity
coexists with a mysterious pseudogap and various density wave states [2].
For the studies of density wave states, in particular, scanning tunneling
microscopy/spectroscopy (STM/STS) probing the local density of states
(LDOS) has played a crucial role. It has discovered several kinds of electronic
superstructures that are supported by distinctive electronic states segregat-

ing the different momentum and/or energy regions on the Fermi surface.

1.1 Conventional Superconductors

A superconductor is a material where electrical resistivity vanishes [3] and
magnetic flux is expelled from its bulk [4] below a critical temperature Tt.
It is known today that these properties are based on the existence of many-
particle condensate consisting of Cooper pairs of electrons whose wave func-
tion maintains phase coherence over macroscopic distances [5]. The electron
pairing into a Cooper pair is allowed by the unstable Fermi surface against
an infinitesimal attractive interaction between two electrons [6]. In the con-
ventional superconductors including mercury, where the superconductivity
was first discovered [3], the attractive interaction is provided by the electron-
phonon coupling [7]. An electron moving through the crystal lattice attracts
positively charged ions nearby itself. This results in a temporary positive

charge accumulation of ions left behind, to which another electron with the
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opposite momentum and opposite spin is attracted. This spin-singlet pair
(k T,—k |) has a total momentum of k — k = 0. The scatterings of Cooper
pairs condensed into the ground state without undergoing any excitation is
indicative of the superfluidity of the pair with a charge —2e, or the super-

conductivity.

The excited states of this system are described by new fermionic operators

introduced by Bogoliubov [8] and Valatin [9]

7110 = UZCLT — UpC—kl (1.1)
'y;;l = u}';cT_M + U Clet s (1.2)
where cLG creates an electron with momentum k and spin o. These quasipar-

ticles created by operators 7,10 and fy,];l are called Bogoliubov quasiparticles.

Equations 1.1 and 1.2 indicate that the Bogoliubov quasiparticles are a co-

herent superposition of electrons and holes. The coefficients

1 €k
— - 142k 1.3
Ue = o\t B (1.3)
=2 /1= =2¢t 1.4
B AV oo (1.4)

are called coherence factors. Their magnitudes |vg|? and |ug|? satisfying
|ug|?+|vk|? = 1 give the probabilities that the coherent pair state (k 1, —k )
if

with a common phase factor €'’ is occupied and unoccupied, respectively.

Here, £ is the normal-state band measured from the Fermi level and
Ep =/ (e} + |Akl?) (1.5)

is the excitation energy of the Bogoliubov quasiparticles with

Ak = [Agle’ (1.6)

being the k-dependent superconducting order parameter. The excitation
energy Ej takes on a minimum but finite value |Ag| > 0 at the Fermi
surface €, = 0, indicating the existence of an energy gap |Ag|. As the
attractive interaction coming from the electron-phonon coupling is isotropic,

the conventional superconductors exhibit an s-wave order parameter with
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FIGURE 1.1: (a) Excitation energy of Bogoliubov quasiparticles Ej as a
function of . Dashed lines indicate |ex|. (b) Quasiparticle proportions
for electron- and hole-like components |ux|* and |vk|* as a function of eg.

the same sign everywhere on the Fermi surface, leading to a fully gapped

superconductivity.

1.2 High-T. Cuprate Superconductors
1.2.1 d-wave Superconducting Gap and Pseudogap

Another class of superconductors, called cuprate superconductors, has one
or more CuQOs planes in their layered crystal structures (see Fig. 2.1 for
BiySroCaCusOgyy). The high-T. superconductivity of unknown pairing
mechanism occurs in these CuOs planes with doping holes. Below T, a

superconducting (SC) gap with d,2_,2 symmetry

-y

Ay = %(cos ky — cosky) (1.7)
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A(K)
A

(0, 0)

FIGURE 1.2: (a) Schematic of energy gaps at T' < T, on the Fermi surface.
Since the two-dimensional Fermi surface of this system has C4 symmetry,
only a quarter of the first Brillouin zone is illustrated. Blue line indicates
the superconducting gap with d,2_,2 symmetry, and green one indicates
the pseudogap, which opens at temperatures below ~T™ (> T¢). Opening
of the pseudogap suppresses the quasiparticle DOS in the antinodal re-
gion near the zone boundary, truncating the normal-state Fermi surface
(red line) into arc-shaped ones, called the Fermi arcs (solid red line). Ag
indicates the d-wave SC gap amplitude, whereas Apg indicates spatially
inhomogeneous pseudogap energy size.

opens. This d-wave SC gap undergoes an sign change by every 7/2 in the
momentum space, and has gapless points called nodes at diagonal directions.
In the antinodal region near the zone boundary, a pseudogap develops at a
temperature below T*(> T.), leading to a suppression of the low-energy
quasiparticle DOS there [10-16]. The successive normal-state Fermi surface
is then truncated into arc-shaped one, called the Fermi arcs, around which
the d-wave SC gap opens below T.. According to the nature of the quasipar-
ticles living, the Fermi surface is roughly divided into two parts: nodal and
antinodal regions. This dichotomy of the Fermi surface is one of the most

striking features of the cuprate superconductivity [11-13,17-22].

However, the relationship between nodal and antinodal electronic states is
still elusive. Observations by the angle-resolved photoemission spectroscopy
(ARPES) on a segregation of the nodal SC gap and the antinodal pseudo-

gap is suggestive of a competitive relationship between them [11,12]. On
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the other hand, time-resolved pump-probe optical spectroscopy has demon-
strated a clear time correlation between the recovery processes of the SC
and pseudogap states. After their complete destruction in a region several
tens of pm in diameter, the recovery of the superconductivity seems to occur
followed by that of the pseudogap. This is suggestive of an essential role of
the pseudogap in the development of superconductivity [23].

1.2.2 Electronic Superstructures

Another clue to understand the relationship between nodal and antinodal
states could be provided by electronic superstructures they host. Thus far,
STM/STS has probed several types of electronic superstructures in the CuOq

plane, which are specific to the nodal and antinodal states.

In the nodal region, where the d-wave SC gap opens, Bogoliubov quasipar-
ticles scattered off some sources undergo quantum interferences. This leads
to a DOS modulation called the quasiparticle interference (QPI) modula-
tion [24-32].

In the antinodal region, electronic states seem to form two types of super-
structures. At around the pseudigap energy Apg, unconventional charge
density wave (CDW) breaking C4 rotational symmetry within CuOs unit
cells is observed. This CDW having modulations in antiphase on the z-
and y-directed O sites (z and y label two orthogonal Cu-O bond directions)
and no modulation on the Cu sites are called the d-symmetry form factor
density wave (dFF-DW) [33-41]. On the other hand, at energies similar to
or smaller than the SC gap amplitude Ag, a checkerboard (CB) modula-
tion [42-55] seemingly hosted by the residual antinodal states is observed.
These two superstructures both run along the two orthogonal Cu-O bond

directions, having similar characteristic wave vectors.

In this thesis, the spatial relationship between nodal QPI and antinodal CB

modulations is investigated.
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(a) k space . (b)

N =y 7/
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FIGURE 1.3: (a) Constant-energy contours of the d-wave Bogoliubov quasi-
particle dispersion (solid gray lines). Open symbols indicate the tips
of banana-shaped constant-energy contours, and double arrows indicate
the seven independent scattering vectors qi—q7. (b) Observed g-space
structure of QPI modulation in underdoped BizSraCaCuzOsy, exhibiting
Fourier spots at gi—q7 [27].

1.3 Quasiparticle Interference (QPI) Modulation

When Bloch waves of quasiparticles are scattered off some sources, the scat-
tered and incident waves having wave vectors k’ and k undergo quantum
interference. This gives rise to a stationary wave in quasiparticle LDOS at

the wave vector ¢ = k/ — k. This is called the QPI modulation [56,57].

1.3.1 The Octet Model

In cuprates, QPI modulation is hosted by the Bogoliubov quasiparticles
in the nodal region, where the d-wave SC gap Ag opens. As shown in
Fig. 1.3(a), the dispersion of these superconducting quasiparticles Ej has
banana-shaped constant-energy contours, allowing elastic scatterings be-
tween any two states on them. However, the quasiparticle scatterings fre-
quently occur between eight tips of bananas in the first Brillouin zone since

the quasiparticle DOS
1

nE(F) X ——

(1.8)
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takes on maximum values there. The observed QPI modulation consists of

seven independent components with scattering vectors

= (2kz,0) (1.9)
= (ks +ky,k; — ka) (1.10)
= (kg + ky, ky + kz) (1.11)
= (2ky, 2k,) (1.12)
= (0, 2k,) (1.13)
= (kg — ky, ky + k) (1.14)
= (kg — ky, ky — ka), (1.15)

where k = (k;, k) gives the position of a banana tip in momentum space at
a given energy [24,25]. Since the banana tips k trace the locus of the Bo-
goliubov band-minima, the dispersion relation of Bogoliubov quasiparticles
k(E) can be known from an energy dependence of the observed QPI wave

vectors q;(E) [24-29].

1.3.2 Coherence Factor Effects

As the Bogoliubov quasiparticles are a coherent superposition of excitations
of electrons and holes, the rates of quasiparticle scatterings are characterized
by combinations of coefficients uy, and vy [58,59]. The detailed forms of the
coherence factors in determining the probabilities of quasiparticle scatterings
off some common scatterers are shown in Table 1.1 [60-64]. The dominant

contributions for weak scalar, resonant and Andreev scatterers are given by

Cy(k, k') = (upupr — vivg)? (1.16)
Cr(k, k,) = (ukuk/ =+ Ukvk/)Q (1.17)
Ca(k, k') = (upupr + vivr ) (UkVkr + Vitgr) X Ag + Apr, (1.18)

respectively. The values of coherence factors C(k,k’) significantly change
depending on whether the sign of order parameter Ay is preserved or reversed
between initial and final states of the scatterings because vg has the same sign
as the order parameter Ay, while ug is always positive. For sign preserving
scatterings at qi, q4 and g5 [Fig 1.4(a)], C;(k, k') and C,(k, k') take on finite
values, whereas Cs(k, k) are strongly suppressed, and vice versa for sign-

reversing scatterings at qo, g3, g¢ and q7. Therefore, the intensities at sign-
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T matrix Scatterer C(q) in R (q,V) C(q) in R°¥(q,V)  Enhanced ¢; Enhances “++"?
T3 Weak scalar (uu + vv') (uu — vo’) (uu’ — vv’)? 2,3,6,7 No
o-m Weak magnetic 0 0 None No
isgnw 1 Resonant (uu’ + vv’)? (uu + vv") (uu’ — vv’) 1,4,5 Yes
1 Andreev (ua’ 4+ vv')(uv' +vu') (v — o) (w4 vu') 1,4,5 Yes

TABLE. 1.1: Coherence factors C(q) in R**“"(q, V) and R°**(q, V') for some common scatterers. R**“"(g, V) and R°*(q, V)
are the even and odd density-density correlators. The dominant contribution for a particular type of scatterer is given in

bold [64].



1.3 Quasiparticle Interference (QPI) Modulation 9

1.0 t L t
T Inc.
(a) (b) Dec Inc
ds (}\ Y4
0.5 1
s ds
5
B o \ /
N \ /
N /
051 q7 // q2
qa;
1.0 ; i T
-1.0 -0.5 0 0.5 1.0
k, (m/a,)

FIGURE 1.4: (a) Constant-energy contours of the d-wave Bogoliubov quasi-
particle dispersion (blue lines) and resultant q; vectors of QPI (double ar-
rows). The order parameter Ay exhibits opposite signs between white and
shaded regions, resulting in a classification into sign-preserving scatterings
(q1, g4 and gs5) and sign-reversing scatterings (g2, g3, g¢ and g7). Red
lines denote the normal-state Fermi surface. (b) Difference of the g-space
intensity of QPI in Cas_;Na;CuO2Cls (x ~ 0.14 and Tc ~ 28 K) between
B =11 T and B = 0 T. The intensities at sign-preserving q; vectors
(q1, g4 and gs) are enhanced by a field, whereas those at sign-reversing g;
vectors (g2, g3, g¢ and g7) are suppressed [31].

preserving q; vectors are enhanced by resonant or Andreev scatterers, while

those at sign-reversing q; vectors are enhanced by weak scalar scatterers

(Table 1.1).

Thus far, coherence factor effects have been confirmed in Cas_,Na,CuO5Cly
and BiySroCaCusOgy, with applying a magnetic field, which introduces vor-
tices as resonant and/or Andreev scatterers [31,32]. As shown in Fig. 1.4(b),
the intensities at sign-preserving q;, g4 and g5 are enhanced in a magnetic
field, whereas those at sign-reversing qs, qs3, g¢ and g7 are depressed. The
depression of sign-reversing q; vectors can be explained in terms of a uni-
form smearing effect on all QPI peaks due to the superflow around vor-
tices [31,63]. On the other hand, the momentum selective enhancement of
the sign-preserving q; vectors is attributed to the coherence factor effects

described above.
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B

2

FIGurRe 1.5: (a) Spatial map of dI/dV of slightly overdoped
BisSroCaCu20s44 (Te = 86 K) for Vi = +15 mV. CB modulation along
the two Cu-O-Cu directions (diagonal directions) are observed. (b) Power
spectrum of the FT of (a) exhibiting two independent Fourier peaks of the
CB modulation [43].

1.4 Checkerboard (CB) Modulation

Checkerboard (CB) modulation is an electronic superstructure that runs
along the two orthogonal Cu-O bond directions with an energy-independent
periodicity [42-55]. The CB modulation was first discovered around
the vortex cores in BisSroCaCusOsy, [42]. Later, it was also found in
the pure SC state of BisSroCaCu2Ogy,, Bia—yPb,Sro_,La,CuOg4, and
Cag_,Na, CuO2Cl, [43-45], and in the pseudogap state above T. [46].

Figure 1.5(a) shows a CB modulation reported by Howald et al. in 2003 [43].
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0.03 |
0.02 | |

0.01]

Fourier Signal (nA/V)

Fourier Signal (nA/\)

015 -01-005 0 005 0.1 0.15
Sample Bias (V)
FIGURE 1.6: FT signals at (£0.25,0) x (27 /a) (top) and (0, £0.25) x (27 /a)
(bottom) as a function of Vi. The red and blue lines indicate the real and

imaginary parts, where the arbitrary phase were chosen to minimize the
imaginary part [43].

The spatial map of the differential conductance dI/dV reflecting the LDOS
exhibits a checkerboardlike pattern along the two Cu-O bond directions (di-
agonal directions) with a periodicity of ~4a (a: Cu-O-Cu distance). This
yields the peaks at (£0.25,0) x (27/a) and (0,%0.25) x (27/a) in the cor-
responding Fourier transform (FT) map [Fig. 1.5(b)]. Figure 1.6 shows the
FT signals at these wave vectors as a function of the sample bias voltage Vj
corresponding to the quasiparticle energy relative to the Fermi energy. The

real part plotted in red, with a considerably smaller imaginary part plotted
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(b)

FIGURE 1.7: (a) Spatial map of the Josephson critical current of optimally
doped BizSraCaCu20sg.44 (p ~ 0.17) exhibiting a PDW along the two Cu-O
bond directions (z and y axes). (b) FT of (a). Dashed red circles indicate
Fourier spots of the PDW at (0.25,0) x (27/a) and (0,0.25) x (27 /a) [77].

in blue, shows the presence of CB modulation with a static phase for energy
within a low-energy region e|V;| < 40 meV ~ Agy. Furthermore, maximum
intensities of the CB modulation appear at e|V;| = 25 mV ~ Agg, where
dI/dV spectra exhibit sub gaps. This early observation is indicative of the
particle-hole symmetric nature of the nondispersive CB modulation, that is,
its amplitude and phase of being almost symmetric with respect to the sign
change of the bias voltage. A similar behavior is also confirmed in optimally

doped BisSry 7Eug 3CuOgy, [55].

1.5 Pair Density Wave (PDW)

Pair density wave (PDW) is a state where spin-singlet Cooper pairing be-
tween Zeeman-split Fermi surfaces produces pairs with a finite momentum
Q, resulting in a spatially modulated pairing amplitude at this wave vec-
tor [65,66]. For cuprates, theoretical works have proposed several types of
PDWs to be the origin of the CB modulation [67-76]. Recently, scanned-
Josephson tunneling microscopy (SJTM) has discovered a checkerboardlike
spatial modulation in the superfluid density [77], suggesting the existence of

a PDW in cuprates [78-81].
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1.5.1 PDW Detected by SJTM

The first direct observation of PDW was achieved in optimally doped
BiySroCaCusOg .y, with a hole doping level of p ~ 0.17 by SJITM [77]. In
this technique, an STM tip with a nanometer-sized flake of superconducting
BisSroCaCusOgy, adhering is utilized. Then, the tunneling of Cooper
pairs between a superconducting tip and a superconducting sample is used
to image the spatial dependence of Josephson critical current, which is
proportional to the superfluid density. As shown in Fig. 1.7, the superfluid
density exhibits a checkerboardlike pattern, which is suggestive of a PDW
state. The PDW runs along the two orthogonal Cu-O bond directions with
a period of ~4a, and thus its wave vector is similar to those of dFF-DW

and CB modulation.

1.5.2 PDW Detected by STM/STS

Subsequent to the SJTM work, Ruan et al. suggested that the signatures of
PDW appear also in the low-energy single-particle excitations measured by
the conventional STM/STS [82]. For visualizing the PDW in the SC state
of heavily underdoped BisSroCaCusOgy, with p ~ 0.06 (7. = 10 K), they
proposed two key characteristics in the single-particle tunneling spectrum
[Fig. 1.8(a)]. One is the amplitude of the coherence peak near the SC gap
edge. This is based on the empirical positive correlation between the SC
coherence and superfluid density [27,77,83-86]. The other is the depth of
SC gap reflecting the gapping out of low-energy DOS due to the Cooper

pairing.

To extract the spatial variation of the coherence peak amplitude, the negative
of the second derivative of dI/dV curve

02 OI(r,Vy)  PI(r, V)
ovz  ov. ov3

S S

D(r, ;)

(1.19)

was introduced, where 7 = (x,y) denotes the real-space coordinate. As can

be seen in Fig. 1.8(c), D curves exhibit peaks around Vi = £20 mV, where
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FIGURE 1.8: (a) Three typical dI/dV spectra measured in heavily under-
doped Bi2SraCaCu20s4s (p ~ 0.06 and 7. = 10 K), which exhibit the
pseudogap at ~100 mV and the SC gap (sub gap) at ~20 mV. (b) The
low-bias data of (a). (c) Negative of second derivative D of (b). Feature
of the SC coherence peak is enhanced. (d) D(7, Vs = +20 mV) map ex-
hibiting a checkerboardlike pattern of the Cooper-pair density. (e) H(r)
map exhibiting a similar checkerboardlike pattern [82].

the dI/dV curves exhibit sub gaps. Mathematically, the peak height at
Vs ~ £20 mV in D curve reflects the curvature of the sub gap in the dI/dV

curve, or the sharpness of the SC coherence peak.

On the other hand, the depth of SC gap was defined by the difference between
the sub-gap peak height at V; = +20 mV and the gap bottom at V; = 0 mV
in the dI/dV curve,

oI(r, V) _oI(r,Vy)

(1.20)
Vs Vo=+20 mV Vs Vs=0 mV

H(r)=

The gap height H reflects the low-energy quasiparticle DOS that is gapped
out due to the Cooper pairing, and thus is expected to give the local pair

density.
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As shown in Figs. 1.8(d) and 1.8(e), the D(r, Vs = +20 mV) and H (r) maps
both exhibit a checkerboardlike pattern, which is indicative of a PDW. The
PDW is positively correlated with the CB modulation observed in the low-
energy STM images, suggesting a coexistence of PDW and CDW.

1.6 Organization of this Thesis

As presented in the preceding sections, understanding the origin of CB mod-
ulation in relation to the mechanism of superconductivity is one of the long-
standing issues in the research field of cuprate superconductivity. The recent
direct observation of PDW with a checkerboardlike pattern by SJTM [77]
and the suggestion of PDW signatures found in the single-particle tunneling

spectrum [82] provide a question of whether such PDW state can explain

the CB modulation observed by STM/STS.

In this thesis, I utilize the QPI modulation arising from the scatterings
of Bogoliubov quasiparticles as an indicator to detect a possible interplay
between the SC quasiparticles and the CB modulation, and to identify the
nature of the interplay (if any) according to the coherence factor effects. For
this purpose, the spatial relationship between the CB and QPI modulation
is investigated in the SC state (T' = 7 K) of BiySroCaCusOg, with a hole
doping level of p ~ 0.12 (T. = 76 K) near p = 1/8, around which the CB
modulation develops markedly [51].

In Chapter 2, I describes the procedures of sample preparation and the

experimental techniques relating to STM/STS.

In Chapter 3, I discuss the spatial relationship between CB and QPI mod-
ulations. As these two superstructures are both observed in the low-energy
states, they are expected to be superimposed in the low-energy LDOS. This
leads us to begin with the disentanglement of CB and QPI modulations,
which will be detailed in Section 3.1. In Section 3.2, the local amplitude
and phase are established for the CB modulation and q; component of QPI,
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which have similar wave vectors, to investigate the local feature of each mod-
ulation by itself. In Section 3.3, I detail the spatial relationship between CB
and q1-QPI modulations. This leads to a discussion on a possible interplay

between the two superstructures and on the origin of the CB modulation.

In Chapter 4, I will summarize the results and conclusions of this thesis.
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Chapter 2

Experimental Procedures

In the present research, STM/STS measurements were performed on single
crystals of BisSroCaCusOg4,, which have a layered crystal structure con-
sisting of BiO, SrO, CuO; and Ca planes, as shown in Fig. 2.1. The crystal
naturally cleaves between two BiO planes, where van der Waals-type bond-
ing is present. In STM/STS measurements, single crystals were cleaved in
situ in an ultrahigh vacuum at 7 K just before approaching the STM tip to-
wards the sample surface. STM allows exploring the electronic states in the

CuOs plane buried under semiconducting BiO and insulating SrO planes.

2.1 Sample Preparation

The single crystals of BisSroCaCusOgy, used in this study were grown from
polycrystalline rods by using the traveling solvent floating zone (TSFZ)
method [87,88].

2.1.1 Weighing and Mixing

The polycrystal of BisSroCaCusOgy, was synthesized from dried powders
of BiO3, SrCO3, CaCOgz, and CuO with a purity of 99.99%. They were
weighed to satisfy the composition Bis 2Sr1 633Ca1.166Cu20s4,, and mixed
well using agate mortar and pestle. The oxygen atoms are provided from
atmospheric gas in courses of calcination, sintering and crystal growth by
TSFZ described below. The amount of excess oxygen x, which determines
the hole doping level of the sample, can be controlled by changing the oxygen

partial pressure in the atmospheric gas.
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FIGURE 2.1: Unit cell of the cuprate superconductor BizSroCaCuz0Osg4 4.
The CuO2 planes are sandwiched between BiO, SrO and Ca planes. The
crystal exhibits an incommensurate structural buckling along the b axis
with a periodicity of ~4.7 unit cells. This one-dimensional structural su-
perlattice arises from a lattice mismatch between BiO and CuOsz planes.
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2.1.2 Calcination and Grinding

The raw material powder was then calcined several times at a temperature
of 750-800°C for 24 h in an oxygen atmosphere using a tube furnace. The
calcined body was ground using agate mortar and pestle after each calcina-
tion. Usually, the second and subsequent calcinations are made at a higher
temperature than the preceding one. The hole doping level was controlled
by changing both the oxygen partial pressure in the atmospheric gas and the

calcination temperature.

2.1.3 Sintering

After grinding the calcined body, it was filled in a rubber tube with a di-
ameter of 5 mm, and hydrostatically pressed up to ~100 MPa to obtain a
pressed rod with a length of ~70 mm. The pressed rods were then sintered
several times in an oxygen atmosphere using a tube furnace. Each sintering
was made for 24 h at a temperature higher than the preceding calcination

or sintering.

2.1.4 Crystal Growth by TSFZ Method

The objective single crystals were grown from the polycrystalline rods by
using the TSFZ method (Fig. 2.2). A polycrystalline rod, or a feed rod is
hung vertically on the upper shaft of an image furnace, and a piece of single
crystals used as a seed rod is attached to the lower shaft. The lower end of
the feed rod is heated locally to provide molten solvent intervening feed and
seed rods. As the heated part is gradually shifted up, crystal growth occurs
on top of the seed rod by undergoing slow cooling. Atmospheric gas can be

filled in a quartz tube enclosing the crystal rods.

To obtain a high-density feed rod with a uniform composition, the sintered
polycrystalline rod was once molten and solidified at a velocity of ~20 mm /h.
Using this feed rod, the single crystals were grown at a low growth velocity

of ~0.6 mm/h.
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FIGURE 2.2: Schematic of the TSFZ method using an image furnace. The
image furnace is equipped with two ellipsoidal mirrors, which allow a focus
of the radiation emitted from the halogen lamps into the lower end of the
feed rod. The heated part of the feed rod is molten to provide a melting
zone between the feed and the seed rods. As the upper and lower shafts,
to which the feed and seed rods are attached, is shifted downward, the
melting zone is transferred upward. This leads to a crystal growth on top
of the seed rod by undergoing slow cooling. The upper and lower shafts
are rotated in opposite directions during the crystal growth to stir the
molten solvent. The crystalline rods are enclosed by a quartz tube so that
the atmospheric gas can be filled in it.

2.1.5 Sample Characterization

The SC critical temperature T, of BisSroCaCusOg,, single crystal used
in the present work was determined from the diamagnetic transition curve
(Fig. 2.3). The corresponding hole doping level p was estimated according
to the T.-p function reported by Groen et al. [89].
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FIGURE 2.3: Temperature dependence of magnetic susceptibility measured
under a magnetic field of ~1.5 Oe for Bi>SroCaCu20s4, single crystals.
STM/STS data for the samples with 7c = 76 K (p ~ 0.12) and 7. = 68 K
(p ~ 0.11) are presented in Chapter 3 and Appendix G, respectively.

2.2 STM/STS
2.2.1 Basic Principles of STM

Scanning tunneling microscope (STM) [90] consists of a sharp metal tip that
can be scanned across the surface of conductive sample (Fig. 2.5). When a
bias voltage V5 is applied to the sample with respect to the tip, a tunneling
current I flows through a vacuum barrier between them. This tunneling
current can be measured as a function of position r = (z,y) on the sample

surface.

If the sample bias voltage Vi is positive, the effective Fermi level of the
tip electrons shifts upwards by eV; with respect to the sample electrons, as
shown in Fig. 2.4. This gives rise to the net elastic tunneling of electrons

from the tip to the sample. The tunneling current from the tip to the sample
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< .
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FIGURE 2.4: Schematic of tunneling from the tip (left) to the sample
(right) with a positive bias voltage Vi applied to the sample with respect
to the tip. The regions shaded in purple indicate the filled states. The
effective Fermi level of the tip electrons is shifted upwards by eVi with
respect to the sample electrons. This leading to the net elastic tunneling
of electrons from the tip to the sample.

is given as follows:

1 :It—>s - Is—)t
= 4% T MiefPre(e — V) f( — eVong(e)[1 — F(e))d
N 4_7; M Pr(e) f ()l — eVI)[L — fle — eVy)]de
= [ I MPr@mle — V(e — Vo) — S (2)

Here, I; . and I_,; denote the currents due to the elastic tunneling of elec-
trons from the tip to the sample and vice versa, € gives the energy relative
to the Fermi energy of sample electrons, f(e) is the Fermi distribution func-
tion, and n¢(e) and ng(e) give the DOS of the tip and the sample. The

tunneling matrix element M;s can be calculated by a surface integral over
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the separation space ¥ between the tip and the sample,

h2
My = 5 | (09— V) -ds. 22)

where 9y and v are the tip and sample wave functions [91], and |M|? =
|Mis|? = |Mg|?. Under the assumption that the tunneling matrix element
M and the DOS of the tip n; are independent of energy within a range
0 < e < eVy, we have

4 eVy
I= —ie|M|2nt/ ne(e)de (2.3)
h 0
at T' = 0. For an s-wave tip having a locally spherical geometry where it
approaches nearest to the sample,
[M|* o [t (Ro)[? o 72" |9hs(2, y, 2 = 0) ], (2.4)

where Ry = (z,y,2z = Zp) gives the position of the center of curvature of

the tip, z is the tip-sample distance, and

2mao
h

K =

(2.5)

with ¢ being the work function is the inverse decay length of wave functions
in vacuum [92,93]. The decay length x~! is of the order of ~1 A for the
typical values of work function ~5 eV [94]. This exponential dependence on
the tip height z is what making the tunneling current measured by STM

sensitive to the surface topography.

The discussion above leads to the tunneling current of the form

eVs
I(r,z,Vs) = Cexp(—2f@z)/ ns(r, €)de, (2.6)
0
where C'is a proportional constant, and
ns(r,€) = ng(e)|vs(r, z = 0)|? (2.7)

is the LDOS of the sample at a position 7 = (x,y). The tunneling current
I(r, z,V;) is proportional to the energy-integrated LDOS of the sample at a

given position.
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2.2.2 Modes of Operation

When scanning the tip across the sample surface, there are two different

modes of operation: constant-current and constant-height modes.

In constant-current mode, the tip height z is adjusted by a feedback loop as
the tip scans across the sample surface so that the tunneling current given
by Eq. 2.6 is kept constant at a setup current Iy under a given setup bias

voltage Viet. The tip height

1
Z(T, Iset; ‘/set) — ﬂ In

I set

¢ /0 e 5)ds] (2.8)

is then recorded as a function of position r to provide a topographic image.

On the other hand, in constant-height mode, the tip height z is kept constant
at z = zg as the tip scans across the sample surface, and the tunneling current

under a given setup bias voltage Viet,
eViet
I(r,20, Vi) = Cexpl-2uz0) [ ma(r,e)de (2.9)
0

is recorded as a function of position r to provide a current image.

2.2.3 Constant-current dI/dV Imaging

By differentiating Eq. 2.6 with respect to Vi, we have

dI(r, 2, V)
OV

The differential conductance dI/dV is proportional to the LDOS at a given

G(r,z, Vi) = = Cexp(—2kz)ens(r, E = eVj). (2.10)

energy F/ = eVj. This allows the atomically resolved spectroscopic measure-

ment with the use of STM, called STS.

In order to measure a dI /dV spectrum, or G(r, z, V) as a function of V;, the
bias voltage is swept while holding the tip height z and position . Then, a
small AC modulation from a lock-in amplifier is superimposed on the sweep

bias voltage Vg,
V(t) = Vi + Vi cos(wt + ¢). (2.11)
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FIGURE 2.5: Schematic of STM operation. The tunneling current flowing
through a vacuum barrier between the tip and the voltage-biased sample is
measured. The tip is attached to a piezoelectric tube scanner to adjust the
tip height z using a feedback system, as well as to scan the tip in the x and
y directions. In constant-current mode, the tip height z is controlled by a
feedback loop to give a constant tunneling current. A lock-in amplifier is
used in spectroscopies measuring the differential conductance df/dV. In
spectroscopies, a small AC signal is superimposed on the bias voltage V5,
and the differential conductance dI/dV is measured through the resulting
AC modulation in the tunneling current.

This gives rise to a modulation in the tunneling current,
oI(r,z,V)
oV
1 0*1(r,2,V)
2 V2

I(r,z,V(t)) =I(r,z,V5) + Vin cos(wt + ¢)

Vs

V2 cos?(wt + @) + - - - . (2.12)

Vs

The differential conductance G(r, z, Vs) can be known from the magnitude

of first harmonic measured by using the lock-in amplifier.
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The dI/dV spectra can be collected systematically on a two-dimensional
dense array of measurement points on the sample surface. This allows con-
structing spatial maps of dI/dV values at given bias voltages, or G(r,V;)
maps. In this method, the tip height z is set at each measurement point
on the sample surface to attain a constant setup current Iy under a setup
bias voltage Viet. The dI/dV spectrum for the corresponding measurement
point is then measured while the tip height z is sustained by turning off the
feedback loop. After collecting every spectrum, dI/dV values for a specified

bias voltage are mapped to obtain a Ge.(7, V) map.

2.2.4 The Setup Effect and Setup-free Function

The constant-current setting of tip height described above can lead to a
spatially varying tip height as in Eq. 2.8. Since the differential conductance
given by Eq. 2.10 reflects the tip height through the factor e =2%%, this spatial
variation in z can affect the resultant G..(r, Vs) maps. Substituting Eq. 2.8
into Eq. 2.10, this becomes

elsetns(r, E = eVy)

Gcc(ra‘/s,vvsetulset) = . (213)

foevset ns(r, €)de

Equation 2.13 indicates that the conductance modulations included in the
integral of the LDOS over the range of energies 0 to eVt appear in the re-
sultant G..(r, V) maps for all energies. This effect giving rise to a reflection
of conductance modulation from a set of energy region to another is called

the setup effect [26, 38].

Obviously, the setup effect comes from the energy-integrated LDOS in the
denominator of Eq. 2.13. As G (r, Vs) for all V; have this factor in common,
one can eliminate the possible setup effect by constructing a map of ratio of
Gec(r, Vy) values for two bias voltages with the same amplitude and opposite
polarity [26,27]:

GCC<T> +Vs, Vet Iset) . ns("‘, E = —|—eVs)
GCC(T; _‘/é, ‘/seta Iset) B ns(r, E= —6‘/S> ’

On the other hand, taking such a ratio results in a mixture of conductance

Zee(r, V5)

(2.14)

modulations at different bias voltages +V;. Nevertheless, the Z..(r, Vs) map
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is still convenient to investigate the QPI modulation, whose spatial phase is
reversed with the inversion of bias polarity [30]. With the use of Z..(r, V;)
map, QPI modulation can be separated from the CB modulation [26] since
the CB modulation, whose amplitude and phase are independent of bias
polarity [43,55], is weakened in the Z..(r, V5) map, whereas the QPI modu-

lation remains.

Based on this observation, however, it has been suggested that the CB mod-
ulation observed in the low-energy LDOS may be an extrinsic modulation
due to the setup effect [26]. Thus, for a careful investigation of the CB
modulation, it is to be desired that the low-energy LDOS is measured by a

method free from the setup effect.

2.2.5 Constant-height dI/dV Imaging

As presented in Section 2.2.4, the setup effect arises from the spatial variation
of the tip height. Therefore, if a G(r,V;) map is measured in constant-
height mode, it will be free from the setup effect [95]. This method of
dI/dV imaging, together with the low-bias STM imaging [96,97], has been
developed in our group [55].

In constant-height dI/dV imaging, a small AC modulation from a lock-in
amplifier is superimposed on the DC bias voltage Vs while taking a current

image in constant-height mode,

V(t) = Vs + Vi cos(wt + ¢). (2.15)

The tunneling current is then given by
8](7", 205, V)
ov
4 1 821<’l”, 205 V)

2 ov?

I(r, 20,V (1)) =I(r,20,Vs) + Vin cos(wt + @)

Vs

V2 cos?(wt + ¢) + - - - (2.16)
Vs

where z( is the constant tip height. The magnitude of the first harmonic

I s
Gen(r, 20, Vs) = %‘Zf’v) = Cexp(—2kzp)ens(r, E = eVj) (2.17)



28 Chapter 2 Experimental Procedures

measured by the lock-in amplifier is directly imaged to gain a Gy (7, 20, V5)
map. Essentially, a Ge, (7, 20, Vs) map measured at V does not contain any

conductance modulations at bias voltages out of the range Vi 4+ V.

The tip height zp, which is constant in a G, (7, 20, Vs) map, is determined
by the feedback system so that the tunneling current given by Eq. 2.9 has a
value equal to the setup current I under the bias voltage V; at a specified

position r = g,

1 c [ev
20(ro, Vs, Lset) = o -In | 7 / ns(ro,e)de | . (2.18)
set JO

Therefore, when two Gen (7, 20, V) maps are measured in the same field of
view, the different choice of V; generally results in different values of z
between them. Obviously, this will affect the relative amplitude of conduc-
tance modulations in these G, (7, 20, Vi) maps, through the factor e 2% in
Eq. 2.17. Substituting Eq. 2.18 into Eq. 2.17 yields

elsesns(r, E = eVy)

foevs ns(ro, €)de

Gch(ra‘/s,Iset) = . (219)

indicating that the amplification factor els/ foevé ns(ro, €)de depends on Vj

and Iset .

Fortunately, in the SC state of BisSroCaCuyOsy,, dI/dV spectra are al-
most particle-hole symmetric in the low-energy region where CB and QPI
modulations live (see Appendix A), leading to

0 +eV,

/ ns(r,e)de 2/ ns(r, e)de. (2.20)

—eV. 0
Thus, measuring Gen (7, £V5, Iser) maps for the same field of view under a
setup current Iy with the same amplitude equates the values of amplifi-
cation factors el / foe Vs ns(ro, €)de, allowing a comparison of modulation
amplitude within these Gy (7, £V;, Iger) maps. Moreover, this justifies the
definition of Z., (7, Vs) map that is essentially equivalent to the Z..(r, ;)

map:

Gch(’ra +‘/;7 Iset)
Gch(’ra _‘/Sv Iset)

(r,E
(r,E =

+eVyq
Za(r V) )

1 (2.21)

Ng
Ng
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In the present study, each pair of low-bias G, (7, £V5) maps were measured
to satisfy the requirement above. This allows the evaluation of modulation
amplitude within each pair of Gy, (r, £V;) maps, and within their Zg, (r, V5)
maps. More importantly, this provides a foundation for the separation of

the CB and QPI modulations presented in Section 3.1.
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Chapter 3

Spatial Relationship between CB
and QPI Modulations

To investigate the spatial relationship between CB and QPI modulations,
constant-height dI/dV imaging was performed in the SC state (' = 7 K)
of underdoped BisSroCaCuzOsgy, (p ~ 0.12 and T, = 76 K). The G(r, Vy)
maps were measured at low bias voltages of V5 = +30, £20, and £10 mV in
the same field of view where atomically resolved topography shown in Fig. 3.1
was measured. The values of applied bias voltages correspond to energies
smaller than the d-wave SC gap amplitude Ay ~ 40 meV for this hole-doping
level [97,98]. As shown in the inset of Fig. 3.2, dI/dV spectra measured in
the cleaved surface exhibit sub gaps at |V| ~ £25 mV (= Agg/e) in addition
to the spatially inhomogeneous pseudogap at larger energy scale Apg (see

Appendix A for details of dI/dV spectra).

3.1 Coexistence of CB and QPI Modulations

3.1.1 Electronic Superstructure in Low-energy LDOS

Figures 3.2(a) and 3.2(c) show G(r,V;) maps for Vi = +20 and —20 mV,
with the corresponding Fourier transform (FT) maps |G(q,Vs)| shown in
Fig. 3.2(b) and 3.2(d). The data for other bias voltages can be found in
Appendix B. In G(r, V) maps, one can see a checkerboardlike electronic su-
perstructure along the two orthogonal Cu-O bond directions, yielding broad
Fourier spots (solid red circles) on the ¢, and g, axes that extend from the

origin towards the Bragg spots (dashed black circles).
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FiGurRE 3.1: Atomically resolved topography of the underdoped
BizSraCaCu2Og4, (p ~ 0.12 and T, = 76 K) for Vi = +100 mV measured
at 7 K. The z and y axes (arrows) indicates the Cu-O bond directions.
One-dimensional structural superlattice of BiO plane runs along the b axis
inclined 45° to the Cu-O bond directions.

Figure 3.2(e) shows line cuts of the FT maps |G(q, V;)| along the ¢, axis
plotted in a scale as 2w /a = 1 (a: Cu-O-Cu distance). The Fourier peaks of
the electronic superstructure are roughly estimated to be centered around
qy = 1/4 for all bias voltages studied, being reminiscent of the nondispersive
CB modulation. However, they seem to contradict the nature of CB modu-
lation that its amplitude and phase do not change with the sign change of
bias voltage [43,55]. In the present case, the intensity at g, ~ 1/4 is larger
at positive bias voltages +V; than negative ones —Vj, especially for Vi = 20

and 30 mV.
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FIGURE 3.2: G(r,Vs) maps: (a) for Vi = 420 mV and (c) for Vi =
—20 mV. A checkerboardlike electronic superstructure along the two Cu-
O bond directions is observed. The one-dimensional structural superlattice
of the BiO plane is also confirmed seemingly due to the indirect tunneling
between the tip and the CuO2 plane that involves intermediate states con-
sisting of 6p. of Bi and 4s or 3ds,2_,2 of Cu [55,99]. FT maps |G(q, V4)|:
(b) for Vs = 420 mV and (d) for Vs = —20 mV. Solid and dashed circles
indicate the Fourier spots corresponding to the electronic superstructure
and the Bragg spots, respectively. The inset shows a typical example of
dI/dV spectra measured in the same cleaved surface. It exhibits sub gaps
at Vs ~ £25 mV within the spatially inhomogeneous pseudogap at larger
energies. (e) Line cuts of the FT maps |G(g, V.)| on the ¢, axis plotted in
a reciprocal lattice unit (r.l.u.) defined as 27w/a = 1 for Vi = £10, £20,
and £30 mV.
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Thus far, a similar behavior has been confirmed by constant-current dI/dV
imaging [52, 53, 82], remaining a possibility that the asymmetric intensity
at CB wave vector could be associated with the setup effect [26, 38, 52].
However, the present results of constant-height dI/dV imaging, which is
substantially free from the setup effect [95], clearly demonstrate that the
observed asymmetry in the intensity at g, ~ 1/4 is intrinsic to the electronic
superstructure. One may infer from the present data that the CB modula-
tion itself might be asymmetric for the inversion of bias polarity; i.e., the
low-energy states in the antinodal region might exhibit electron-hole asym-
metry [53]. However, it has been pointed out that the QPI modulation,
whose q; component has a wave vector similar to that of CB modulation, is
also observed in low-bias G(r, V;) maps [26,51], implying that the Fourier
signal at ¢, ~ 1/4 contains not only CB but also q;-QPI signatures. Thus,
for understanding the origin of asymmetric intensity at ¢, ~ 1/4, as well as
for investigating the spatial relationship between CB and QPI modulations,

these two superstructures have to be disentangled first.

3.1.2  Separation of QPI Modulation

It is well established that QPI modulation can be extracted by constructing
a map of the ratios of G(r,+V;) values at bias voltages of the opposite

sign [26,27,30],
G(r,+V;)

Z(r,Vy) = G V)

(3.1)

Generally, the spatial modulation at finite wave vector q in G(r, V) map

Gq(r,Vs) is substantially smaller than the uniform background Go(V5s),

Gq(r,Vs)

Then, Z(r, V) is given as follows:

Go(+Ve) + 322, Gqlr, +V5)
Z(r,Vy) = Co( Vo) T 5, Ga(r,V2)

GOH‘Vs) Zq Gg(r, +V;) Zq Gq(r,—V5)

GO( Vs) b Go(+V5) + Go(—Vs) : (3.3)
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As presented in Appendix A, Go(V;) is almost independent of bias polarity,

Go(-i-vs) = Go(—Vs), (3.4)

at least for small bias voltages |V;| < 30 mV studied, leading to

Zr V) ~ 1+ oo 3 Galri V) = Galr =Vl (35)

This expression indicates that the spatial modulation at g in Z(r, V) map is
proportional to that in a map defined as G4(7, +V;) —Ggq(r, —V5). Therefore,
the CB modulation, whose amplitude and phase are almost independent of
bias polarity [43,55] is weakened in Z(r,V;) map. On the other hand, QPI
modulation, whose phases have been considered to be reversed with the

inversion of bias polarity [30], remains in Z(r, V) map [26,27].

Figures 3.3(a) and 3.3(b) show the Z(7, V5) map and the corresponding FT
map |Z(q, V)| for V; = +20 mV, respectively (see Appendix C for the data
at other bias voltages). In the FT map, we can identify seven kinds of
spots, marked q;—q7, corresponding to the seven independent components
of QPI modulation. Line cuts of the FT maps |Z(q, V;)| along the qy axis are
shown in Fig. 3.3(c). The Fourier peaks corresponding to the g; component
are confirmed near ¢, ~ 1/4. For each bias voltage, the wave vector qi,
of q1-QPI along the ¢, axis was determined by the demodulation phase
residue minimization technique [35], and the corresponding wave number
|g1,| is indicated by a bar on top of the line cuts (see Appendix E for the
determination of the wave vector). The wave number |g;,| is closest to that
of nondispersive CB modulation at |V = 30 mV and becomes larger away
from it with decreasing |Vs|. This weakly dispersive behavior indicates that
the QPI modulation including g; component is reasonably extracted from

the low-energy G(r, Vs) maps.
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FIGURE 3.3: (a) Z(r,V:) map for Vi = +20 mV. (b) FT map |Z(q, V3)|
for Vs = 420 mV. Solid circles indicate the Fourier spots correspond-
ing to the seven independent components of QPI, gi—g7. (c) Line cuts
of FT maps |Z(q,V:)| on the ¢, axis for Vi = +10, +20, and +30 mV.
The position of each small bar indicates the wave number of weakly dis-
persive gi1-QPI modulation |gi,| determined by the demodulation phase
residue minimization technique. For Viy = 410 mV, the demodulation
phase residue exhibits two independent minima, corresponding to two sep-
arated peaks near g, ~ 0.29 in the line cut, and thus their mean wave
vector was adopted as g1y .

3.1.3 Separation of CB Modulation

To separate the CB modulation from the QPI modulation, I introduce an
S(r,|Vs|) map defined as the following equation:

G(r,+V5) + G(r,—Vy)

S(r.|Vil) -

(3.6)

By definition, the S(r,|Vi|) map gives the symmetric component in
G(r,£V;) maps. This will result in a suppression of QPI modulation if it
is antisymmetric with respect to the inversion of bias polarity, leaving CB

modulation of being almost symmetric.
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FIGURE 3.4: (a) S(r,|Vi|) map for |Vi| = 20mV. (b) FT map |S(q,|Vi])]
for |Vs| = 20mV. Solid and dashed circles indicate the Fourier spots of CB
modulation and the Bragg spots, respectively. (c) Line cuts of F'T maps
|S(q, |V:|)| on the g, axis for Vo = +10, 420, and +30 mV. The posi-
tion of each small bar indicates the wave number of CB modulation |Q,|
determined by the demodulation phase residue minimization technique.

Figures 3.4(a) and 3.4(b) show the S(r,|V|) map and the corresponding F'T
map |S(q, |Vi])| for [Vi] = 20 mV (see Appendix D for the data at other
bias voltages). As expected, a checkerboardlike pattern similar to that in
G(r,£V;) maps is confirmed in the S(r,|Vs|) map, yielding Fourier spots
at similar wave vectors. In line cuts of FT maps |S(q,|Vi|)| along the g,
axis [Fig. 3.4(c)], one can see the corresponding Fourier peak at g, ~ 1/4,
whose central position seems to be unchanged for the bias voltages exam-
ined. Indeed, its wave vector @, determined by the demodulation phase
residue minimization technique [35] are totally independent of bias voltage

(see Appendix E for the determination of the wave vector), resulting in a
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constant wave number |Q,| indicated by bars on top of the line cuts. This
nondispersive behavior demonstrates that the CB modulation was success-

fully separated from the QPI modulation.

Finally, by comparing G(r,V;) and S(r,|Vs|) maps, one can obviously see
that the spatial pattern does not change largely before or after the subtrac-
tion of QPI modulation. This is indicative of a predominance of the CB
modulation over the QPI modulation in intensity. Nevertheless, the sepa-
ration of CB and QPI modulations presented above firmly establishes their
coexistence in identical regions of the CuO;, plane, supporting their sym-
metric and antisymmetric natures with respect to the sign change of bias

voltage.

3.2 Local Properties of CB and q;-QPI Modulations

The satisfactory separation of CB and QPI modulations presented in Sec-
tion 3.1 leads us to the investigation on the local properties of each super-
structure by itself. In this section, CB and g;-QPI modulations along the y
direction, which are characterized by similar wave vectors, will be extracted

to evaluate their local amplitudes and phases [34].

3.2.1 Local Amplitude and Phase of CB Modulation

The CB modulation along the y direction is given by an inverse F'T of the
complex-valued FT signals S(q, |Vi|) surrounding q = Q,. These FT sig-
nals can be cut out by multiplying a radial Gaussian-type mask function
e~ (a=Qu)*/20% for lg— Q| < V2In2A (half width at half maximum) ~ 0.05
and otherwise 0. Here, A=! gives a course graining length scale below which
the filtered real-space signals cannot be resolved. The inverse FT provides
a real-valued two-dimensional signal that contains modulations at wave vec-
tors proximal to @ in the S(r, |V;|) map. This filtered signal can be extended
to a complex-valued analytic signal S’Qy (r,|Vs]), whose real and imaginary
parts are given by the filtered signal itself and that delayed by 7/2, respec-
tively (see Appendix F for the calculated analytic signals). Then, the local



3.2 Local Properties of CB and g;-QPI Modulations 39

amplitude is given by the magnitude of SQy (r, |V5l),

_ 2 - 2
AG, (. |Vi]) = J [ReSg, (r,[Vi)| "+ [mSq,(rViD| . (3.7)
while the local phase is given by the argument of ng (r, |V,
ImSq (r,|Vs
cp% (r,|Vs]) = arctan m~Qy('r [Vs) : (3.8)
’ ReSq, (7, [Vi])

The left column of Fig. 3.5 shows maps of the local amplitude of CB modula-
tion A%y (r,|V5|) for |Vs] = 30, 20 and 10 mV from the top. One can clearly
see in these figures that the local amplitude of CB modulation exhibits spa-
tial inhomogeneity on the nanometer scale, and that its spatial distribution
is almost independent of bias voltage. The local phase ga%y (r,|Vs]) shown
in the middle column of Fig 3.5 also exhibit little bias voltage dependence.
These local amplitude and phase having little dependency on bias voltage

seem to be consistent with the nondispersive nature of the CB modulation.

To investigate the nature of disorders contained in the modulation, it is
convenient to demodulate the analytic signal S'Qy (r,|Vs]) by regarding a

reference wave vector Q,,

Sq, (r,|Vs|) = e " Sq, (r,|Vi]). (3.9)

The local phase of this demodulated analytic signal gives the demodulated

phase,
ImSq, (v, |V5))

ReSq, (1, [Vi)

¥, (r, Vi) = arctan [ , (3.10)

which is related to the local phase go%y (r,|Vs]) in the following equation:
S(r Vil) = 45, (r, Vil exp |igy, (7, Vi)

=43, (r Vihexp {i @, r+v§,(r VD] }. (31D

In the maps of local phase gp%y (7, |Vs|), one can see some edge dislocations;

an extra single period is inserted into the non-distorted ideal lattice of CB
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FIGURE 3.5: Local amplitude A%y (r,|Vs]) (left column), local phase

go%y (r,|Vs]) (middle column), and demodulated phase ¢gy (r,|Vs]) (right
column) of CB modulation: (a)—(c) for |Vi| = 30 mV, (d)—(f) for |Vi| =
20 mV, and (g)—(i) for |V5| = 10 mV. The dashed circle in (a) indicates
the course graining length scale, and black dots in phase maps indicate
edge dislocation cores.

modulation like a wedge towards the dislocation cores (black dots). At
these dislocation cores, the local amplitude of CB modulation A%y(r, |Vs])
tends to zero, and the demodulated phase field wgy (r,|Vs]) shown in the
right column of Fig. 3.5 exhibits a +27 or —27 phase winding around itself.
These properties for dislocations in the CB modulation are similar to those
reported for the pseudogap energy scale superstructure to be consistent with
topological defects in smectic modulations [40]. One can see that the number

and position of these topological defects are almost independent of the bias
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FIGURE 3.6: Local amplitude Agly (r,Vs) (left column), local phase
gogly (r,Vs) (middle column), and demodulated phase @/Jffly (r,Vs) (right
column) of g:-QPI modulation: (a)-(c) for Vi = +30 mV, (d)—(f) for
Ve = 420 mV, and (g)—(i) for Vi = +10 mV. Black dots in phase maps
indicate edge dislocation cores.

voltage, which coincides with the local amplitude and phase having little
dependence on bias voltage. This is indicative of the energy-independent

nature of CB modulation in terms of its domain structures.

3.2.2 Local Amplitude and Phase of ¢;-QPI Modulation

Next, to calculate the local amplitude and phase of the g;-QPI modulation
along the y direction, spatial modulations at wave vectors proximal to qi,

are selectively extracted from the Z(r, V) map in a way similar to the case
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of CB modulation. The g-space filter used is a radial Gaussian-type mask
function e~ (4-91,)*/2A% for lg—q1,| < V2In2A (half width at half maximum)
~ 0.05 and otherwise 0. Using the complex-valued analytic signal quy (r, Vs)
constructed (see Appendix F for the calculated analytic signals), the local

amplitude and phase are given as follows:

. 2 _ 2
AZ (r,V,) = \/ ReZq, (r, Vo)|* + [mZq,, (r,2)] (3.12)
ImZ, Vs
<p§1 (r,V5) = arctan w (3.13)
v ReZg,, (7, V;)
The demodulated phase is given by
ImZ,, (r, Vi
vZ (r,Vi) = arctan fmZq,, (. Vo) | (3.14)
v ReZgq,, (r, V5)
where 3 ' 5
Zg,, (1, Vo) = e Zg, (1, V5) (3.15)

is the demodulated analytic signal. The demodulated phase 51 ) (r,Vy) is

related to the local phase 90§1y (r,V5) in the following equation:

Zay, (v, Ve) = AZ, (v, Vo) exp |ioZ, (7, V)]

= Agly (r,Vs) exp {z [qu T+ wiy (r, VS)} } . (3.16)

Figure 3.6 shows the maps of local amplitude Agly (r, Vi) (left column), local
phase cpgly (7, V) (middle column) and demodulated phase ¥Z, , (7, V5) (right
column) for Vi = 430, 420 and +10 mV from the top. The local amplitude
of q1-QPI modulation is strongly inhomogeneous on the nanometer scale as
in the case of CB modulation. However, a crucial difference from the CB
modulation manifests itself in the energy dependence. For the g;-QPI mod-
ulation, the spatial distribution of local amplitude Agly (r,Vs) dramatically
changes with the decrease of energy. The local phase gogly (r, V;) also shows
clear energy dependence; the wavelength, or the interval between neighboring
equivalent phase lines, gradually becomes shorter with lowering bias voltage,

reflecting the weakly dispersive feature of q;-QPI. Finally, accompanied with
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FiGURE 3.7: Local phase difference between CB and g1-QPI modulations
Ap(r,Vs); (a)—(c) are for Vi = 430, +20 and +10 mV, respectively. (d)
Histograms of the local phase difference between CB and q:1-QPI modula-
tions Ap(r, Vi) for Vi = 430, +20 and +10 mV.

the energy-depending local amplitude quly (r, V;) and phase gogly (r,Vs), the
number and position of the topological defects marked by black dots also
change with the decrease of energy. These findings are indicative of the

distinction of g;-QPI modulation from CB modulation.
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3.3 Relationship between CB and q;-QPI

Modulations

3.3.1 Spatial Relationship

In order to evaluate the spatial phase relationship between CB and q;-QPI

modulations, I introduce a map of their local phase difference,
Ap(r, Vi) = 0, (v, Vi) — @& (v, V&), (3.17)

where —m < Ap(r, V) < m. Figures 3.7(a)-3.7(c) show the local phase dif-
ference Ap(r,V;) for V; = 430, +20 and +10 mV, respectively, with their
histograms shown in Fig. 3.7(d). For V; = 430 mV, where the wave num-
ber of g;-QPI is closest to that of CB [see Figs. 3.3(c) and 3.4(c)], one can
see some nanometer-sized domains within which the local phase difference
Ap(r,Vs) takes on values around 0, resulting in a Ap(r,Vs) distribution
centered around 0, as seen in the histogram. This is indicative of the local
phase matching between CB and g;-QPI modulations, notwithstanding a
finite difference in their global wave numbers. The lowering of bias voltage,
which brings about the larger difference between CB and g;-QPI wave num-
bers, leads to a shrinkage of the phase-matched domains, accompanied with

the suppression of g;-QPI intensity [see Fig. 3.3(c)].

Furthermore, from a comparison between Ap(r,V;) and A%y (r,|Vs]), one
can see that the phase-matched domains at Vi = +30 and +20 mV tend to lie
where the CB modulation develops well. This finding is also supported by the
radially averaged cross-correlation coefficient of Agy (r,|Vs]) — <A%y (r,|Vs]))
and |Ag(r,Vy)| — 7/2 shown in Fig. 3.8(a). Here, angle brackets denote the
spatial average. A negative correlation between the two quantities is clearly
confirmed for Vi = 430 and +20 mV, although such a correlation is unclear
for Vo = +10 mV. This is indicative of a coincidence of large A%y (r, |V4)
and Ap(r, V;) that takes on values around 0, suggesting that the local phase
matching tends to occur where the CB modulation develops markedly, at

least at energies where the wave number of q;-QPI is closer to that of CB.
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FicUrE 3.8: Radial average of normalized cross-correlation coefficients:
(a) for A, (r,|Vil) — (A3, (r,|Vi])) and [Ap(r,Va)| — 7/2 and (b) for
A, (r, [Va|) = (AQ, (r,[VA])) and AZ (r, Vi) — (AZ (r, V&)).

Moreover, by comparing A%y (r,|Vs|) and Agly (r,Vy) for Vo = 430 mV, one
can see that the regions where CB modulation develops well also exhibit
large local amplitude of gq;-QPI. The radially averaged cross-correlation co-
efficient of A%y (r, |Vs])— (A%y (r,|Vs])) and Agly('r, Vs)— <Agly (r,Vs)) shown
in Fig. 3.8(b) also supports this observation; a positive correlation between
the two quantities is confirmed at least for V; = 430 mV, where the wave

number of g;-QPI is closest to that of CB.

The spatial relationship between CB and q;-QPI modulations described
above is suggestive of their interplay. Notably, the significant interplay is

confirmed at g;-QPI wave vector of g1, ~ Q.

3.3.2  Superposition of CB and q;-QPI Modulations

The local phase matching between CB and g;-QPI modulations observed for
positive bias voltages also provides a convincing explanation on the origin of
asymmetric Fourier intensity at q, ~ 1/4 in |G(q, V5)| [Fig. 3.2(e)]. Based on
the antisymmetric nature of the QPI modulation described in Section 3.1,

we can infer that the CB and q;-QPI modulations tend to be antiphase with
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FiGURE 3.9: Schematics of superposition of CB and q;-QPI modulations,
resulting in constructive and destructive interference in the LDOS for pos-
itive and negative bias voltages, respectively.

each other for negative bias voltages, while in-phase for positive bias voltages.
This leads to constructive and destructive interferences of CB and q;-QPI
modulations in G(r, V;) for positive and negative bias voltages, respectively,
bringing about an asymmetric intensity at g, ~ 1/4 in |G(q, Vs)| with respect

to the inversion of bias polarity, as shown in Fig. 3.9.

3.3.3 Interplay between CB and gq;-QPI Modulations

A possible scenario for the interplay between CB and g;-QPI modulations
is that the region wherein CB modulation develops well serves as an effec-
tive scattering medium for the Bogoliubov quasiparticles on the Fermi arc,

inducing the g;-QPI modulation pinned by the lattice of CB modulation.

It was also confirmed in the present work that the significant interplay seems
to occur at q;-QPI wave vector of qi, ~ @Q,. The quasiparticle states
supporting q1-QPI modulation with this wave vector live in the vicinity
of the Fermi arc tips, around which the Fermi surface intersects the anti-
ferromagnetic zone boundary. Therefore, the present finding suggests that

these intersections, or the so-called “hot spots,” seem to be responsible for
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the CB modulation, to be consistent with the scenario of CDW and/or PDW
originating from the hot spots [54,67,68].

As presented in Section 1.3.2, the probability of quasiparticle scatterings off
a given scatterer is characterized by the coherence factor, which is sensitive
to whether the sign of the order parameter Ay is preserved or reversed be-
tween initial and final states of the scattering [64]. As shown in Table 1.1 in
page 8, sign-preserving scatterings at g1, g4 and g5 are induced by resonant
or Andreev scatterers, while sign-reversing scatterings at g2, qs, qs and qr
are induced by weak scalar scatterers. According to the coherence factor
effects, it can be inferred that a PDW or a CDW accompanied with PDW
will be a possible origin of the CB modulation as they could involve a pair
potential spatially modulated in the amplitude that will serve as Andreev
scatterers for Bogoliubov quasiparticles to enhance the q; component. This
scenario seems to be consistent with the recent STM/STS and SJTM exper-
iments suggesting that the d-wave superconductivity coexists with a PDW
and/or a CDW accompanied with PDW [77,81,82], which is also anticipated
by some theoretical works [67-69].
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Chapter 4

Summary

In the present STM/STS study, constant-height dI/dV imaging was per-
formed at 7 K on the underdoped BisSryCaCusOgy, with a hole doping
level of p ~ 0.12 (T, = 76 K). Spatial maps of dI/dV, or G(r, V;) maps were
measured at low bias voltages in a range of |V;| < 30 mV to examine the spa-
tial relationship between CB and QPI modulations, which are characteristic

for the low-energy electronic states.

The CB and QPI modulations were most satisfactorily separated from each
other by constructing S(r, |Vs|) and Z(r, Vs) maps, which give the symmetric
and antisymmetric components in G(r,+V;) maps, respectively. This is
indicative of the coexistence of these two superstructures in identical regions
of the CuOs plane. Simultaneously, it was confirmed that the dispersive QPI
modulation is almost antisymmetric with respect to the sign change of bias

voltage, while the nondispersive CB modulation is almost symmetric.

The local amplitude and phase are then evaluated for CB and g;-QPI mod-
ulations having similar wave vectors. Both of these superstructures contain
disorders characterized by the topological defects, at which the edge dislo-
cation cores live suppressing the local amplitude of the modulation. The
significant difference between CB and q:-QPI modulations is found in their
energy dependence; the number and positions of the topological defects for
q1-QPI exhibit a clear energy dependence, while those for CB are almost

independent of energy to be coincided with the almost energy-independent
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local amplitude and phase. These energy dependences are consistent with
the dispersive and nondispersive natures of QPI and CB modulations, re-

spectively.

Furthermore, it was also found that there exists a settled spatial phase re-
lationship between CB and q;-QPI modulations; these two superstructures
form nanometer-sized domains within which they tend to be in-phase and
antiphase for positive and negative bias voltages, respectively. At the en-
ergy where the wave number of q;-QPI is closest to that of CB, the local
amplitude of CB modulation positively correlates not only with the degree
to which the settled phase relationship is realized, but also with the local
amplitude of g;-QPI modulation. As the wave number of g;-QPI goes away
from that of CB with decreasing energy, these domains become smaller ac-

companied with the reduction of q;-QPI intensity.

These findings are suggestive of an interplay between CB and q;-QPI mod-
ulations. A prospected scenario for this interplay is that the region where
CB modulation develops well serves as an effective scattering source for the
SC quasiparticles on the Fermi arc to induce the g;-QPI modulation with
the settled spatial phase. The significant interplay seems to occur at an en-
ergy where the dispersive q1-QPI wave vector agrees with the nondispersive
CB wave vector, suggesting that the hot spots near the Fermi arc tip may
be responsible for the CB modulation. In terms of the coherence factor,
moreover, the g; component arising from the sign-preserving scatterings can
be enhanced by resonant or Andreev scatterers, while it is unresponsive to
weak scalar and weak magnetic scatterers. Therefore, a PDW or a CDW
accompanied with PDW, which can reasonably provide Andreev scatterers

for Bogoliubov quasiparticles, will be a possible origin of the CB modulation.
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Appendix A
dl/dV Spectra in the Same

Cleaved Surface

In the same cleaved surface where G(r, V) maps presented in Chapter 3 were
measured, multiple d/dV spectra were systematically collected in the con-
ventional way described in Section 2.2.3. Figure A.1(a) shows an atomically
resolved topography of the BisSroCaCusOgy, in the same cleaved surface
but with a field of view different from Fig. 3.1. The dI/dV spectra were
corrected in the boxed region. They exhibit sub gaps at |V;| ~ £25 mV(=
Agg/e) in addition to the pseudogap peaks at larger energy scale Apg, as
can be seen in Fig. A.1(c). The pseudogap exhibits spatial inhomogene-
ity, with its energy size Apg distributed from ~40 to over 100 meV on the
nanometer scale [Fig. A.1(b)]|, whereas the sub-gap energy Agg is compara-

tively homogeneous.

Furthermore, one can also see from Fig. A.1(c) that the dI/dV spectra are
almost particle-hole symmetric in a low-energy region e|V;| < 30 mV, within
which G(r, Vi) maps presented in Chapter 3 were measured. As described in
Section 2.2.5, this allows the separation of CB and QPI modulations using
a pair of G(r, £V;) maps measured in constant-height mode under a setup

current with the same amplitude.
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Appendix A dI/dV Spectra in the Same Cleaved Surface
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FIGURE A.1: (a) Atomically resolved topography of the underdoped
BisSr2CaCuz0s44 (p ~ 0.12 and T, = 76 K) for Vi = 4100 mV measured
at 7 K in the same cleaved surface where constant-height dI/dV imaging
was performed. dI/dV spectra were measured on a two-dimensional dense
array of measurement points within the boxed region. (b) Spatial map of
the pseudogap energy Apg, which was determined by the energy where
each dI/dV spectrum exhibits a peak of the pseudogap in the positive
bias side. (c¢) dI/dV spectra binned by Apg value. The line color of each

spectrum indicates Apg value as in (b).
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Appendix B Energy Dependence of G(r, V) and |G(q, V4)|

Ficure B.1: G(7r,Vs) maps measured at 7 K in underdoped
BiaSraCaCu20s4, (p ~ 0.12 and T, = 76 K); (a)—(f) are for Vi = +30,
—30, +20, —20, +10, and —10 mV. Each pair of G(r,+Vi) maps were
measured under a setup current with the same amplitude.
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FIGURE B.2: FT maps |G(q,V:)|; (a)-(f) are for Vi = +30, —30, +20,
—20, +10, and —10 mV. For each FT map, 3 x 3 Gaussian filter was
applied two times.
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FiGURE C.1: Z(r,Vi) maps (left column) and the FT maps |Z(q, Vs)|
(right column): (a), (b) for Vs = +30 mV, (c), (d) for Vo = +20 mV, and
(e), (f) for Vs = 410 mV. For each FT map, 3 x 3 Gaussian filter was
applied two times.
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Appendix D

Energy Dependence of S(r, |Vg)
and |S(q, [Vs))]
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FIGURE D.1: S(r,|Vs|) maps (left column) and the FT maps |S(q, |V:])|
(right column): (a), (b) for |Vi| = 30 mV, (c), (d) for |Vs] =20 mV, and
(e), (f) for |Vs] = 10 mV. For each FT map, 3 x 3 Gaussian filter was
applied two times.
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Appendix E

Determining CB and gq-QP]I
Wave Vectors

Conventionally, the wave vector of an electronic superstructure in a conduc-
tance map M (7, V;) has been determined by the g-space coordinate where
the Fourier amplitude |M (q, Vs)| exhibits a peak corresponding to the su-
perstructure. However, the Fourier amplitude-defined wave vector cannot
always be a reliable measure of the modulation wave vector since the inho-

mogeneity of the modulation can split the observed Fourier peaks.

Mesaros et al. introduced the demodulation phase residue minimization
technique to evaluate the wave vectors of inhomogeneous dFF-DW exhibiting
discommensurations in their phases [35]. In this technique, the demodulated

analytic signal 3 o
Mg(r,Vs) = e """ Mg(r, V5) (E.1)

at each trial wave vector g around the Fourier spot of interest is evaluated

by using a measure called the demodulation phase residue R, = (Rg, Rz),
Ry = [ TR [0 )i My(r 1] (B2)
RY —/—Re (r V)(—z'ay)Mq(r,vs)} , (E.3)

where L is the size of the field of view. Then, the wave vector g = Q for

which

Ryl =/ (B2)” + (RY)? (E.4)
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takes a minimum value is adopted as the modulation wave vector. This
phase-optimized wave vector gives a linear fit Q-7+ ¢ to the phase argument
of the measured superstructure, and is robust to the inhomogeneity of the

modulation.

In the present study, the wave vectors of CB and q;-QPI modulations along
the y direction were determined by using this technique. The raw F'T maps
and |R4| maps for S(r,|Vi|) maps are shown in Fig. E.1, while those for
Z(r,Vs) maps are shown in Fig. E.2.
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FIGURE E.1: Raw FT maps |S(q, |V|)| in the vicinity of the origin (left
column), magnified images of the boxed regions in the FT maps (mid-
dle column), and maps of the corresponding demodulation phase residue
|Rgq| (right column): (a)—(c) for |Vi| = 30 mV, (d)—(f) for |V5| = 20 mV,
and (g)—(i) for |Vs| = 10 mV. Small crosses indicate the corresponding
position of g = (0,0.25) x (27/a). Center of each images in the middle
and right columns indicates the adopted CB wave vector Q,, at which the
corresponding |Rg4| takes a minimum value. The determined wave vector
is totally independent of bias voltage, and its magnitude is |Q,| = 0.245.
Dashed circles in the middle column indicate the region within the full
width at half maximum 2v/21n2A ~ 0.1 of the radial Gaussian-type mask

2/2A2

function e~ (3~ R@v) adopted.
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FIGURE E.2: Raw FT maps |Z(q,V:)| in the vicinity of the origin (left
column), magnified images of the boxed regions in the FT maps (middle
column), and maps of the corresponding demodulation phase residue |Rq|
(right column): (a)—(c) for Vi = 430 mV, (d)—(f) for Vs = +20 mV, and
(g)—(i) for Vo = 410 mV. Small crosses indicate the corresponding posi-
tion of ¢ = (0,0.25) x (27/a). Center of each images in the middle and
right columns indicates the adopted q1-QPI wave vector g1, at which the
corresponding |Rq4| takes a minimum value for Vi = +30 and +20 mV.
For Vi = +10 mV, however, |Rq| exhibits two minima marked by small
triangles, and thus their mean wave vector was adopted as qi14. The deter-
mined wave vector depends on energy, and its magnitude is |g1,| = 0.268,
0.282 and 0.292 for V5 = +30, +20 and +10 mV, respectively. Dashed
circles in the middle column indicate the region within the full width at
half maximum 2v/21n2A ~ 0.1 of the radial Gaussian-type mask function

e~ (a—a1y)?/2A adopted.
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Low M ] High

Ficure F.1: Real and imaginary parts of the analytic signal
ReS’Qy (7, |Vs|) (left column) and ImS’Qy (7,|Vs|) (right column) of CB mod-
ulation: (a), (b) for |Vs| = 30 mV, (c), (d) for |Vs| = 20 mV, and (e), (f)
for |V5| = 10 mV.
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Low BT ] High

FIGURE F.2: Real and imaginary parts of the analytic signal Requy (r,Vs)
(left column) and Iquly (r,Vs) (right column) of ¢:-QPI modulation:

(a), (b) for Vi = 430 mV, (c), (d) for Vs = 420 mV, and (e), (f) for
Ve =+10 mV.
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Appendix G

Low-energy LDOS without
Strong QPI Modulation

Low-bias G(r, V) maps presented in Chapter 3 contain QPI modulation with
detectable intensities. However, there is another case where strong signal of
QPI modulation is not included in low-bias G(7,V;) maps, as in the data
acquired in the underdoped BisSroCaCusOgy, (p ~ 0.11 and T = 68 K)

shown below (see Fig. 2.3 for the diamagnetic transition curve).

The constant-height dI/dV imaging was performed in the same field of view
where atomically-resolved current image shown in Fig. G.1 was measured.
The low-bias G(r,V5) maps for V; = £30, £20, and 10 mV are shown
in Fig. G.2, with their FT maps |G(q, V)| shown in Fig. G.3. The real-
space maps exhibit a checkerboardlike pattern, yielding the corresponding
Fourier spots on the ¢, and g, axes in the F'T maps. On the other hand, the
Z(r,V;) maps and their FT maps |Z(g, Vs)| shown in Fig. G.4 do not exhibit
a clear signature of QPI modulation. The line cuts of FT maps |Z(q, Vs)|
along the ¢, axis shown in Fig. G.5(b) also do not show any detectable peak
corresponding to the q1-QPI. In this case, the intensity of Fourier peaks at
¢z ~ 1/4 in the line cuts of FT maps |G(q,V;)| is almost symmetric with
respect to the inversion of bias polarity [Fig. G.5(a)], reflecting the nature

of the CB modulation itself.

Although it is unclear what determines whether the strong QPI modulation

is observed or not, the absence of QPI modulation in the present case seems
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Low BB | High
FiGurRE G.1: Atomically resolved current image of the underdoped

BiaSraCaCu20sg4, (p ~ 0.11 and 7. = 68 K) for Vi = 4100 mV mea-
sured at 7 K.

to be due to some momentum-independent smearing effects such as a short
life time of the Bogoliubov quasiparticles since all of the seven independent

QPI components are weak, as shown in Fig. G.4.



71

0 i ‘

Low M ] High

FiGure G.2: G(r,Vi) maps measured at 7 K in underdoped
Bi2SraCaCu20s4, (p ~ 0.11 and T, = 68 K); (a)—(f) are for Vi = +30,
—30, +20, —20, +10, and —10 mV. Each pair of G(r,+Vi) maps were
measured under a setup current with the same amplitude.
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FIGURE G.3: FT maps |G(q, V5)|; (a)—(f) are for Vi = +30, —30, +20,
—20, +10, and —10 mV. For each FT map, 3 x 3 Gaussian filter was
applied two times.
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FIGURE G.4: Z(r,Vs) maps (left column) and the FT maps |Z(q, V5)|
(right column): (a), (b) for Vs = +30 mV, (c), (d) for Vz = 420 mV, and
(e), (f) for Vi = +10 mV. For each FT map, 3 x 3 Gaussian filter was
applied two times.
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FIGURE G.5: (a) Line cuts of the FT maps |G(q, V:)| on the g, axis plotted
in a reciprocal lattice unit (r.l.u.) defined as 27/a =1 for Vi = £10, £20,
and +30 mV. (b) Line cuts of FT maps |Z(q,V:)| on the g, axis for
Vs = +10, +20, and +30 mV.
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