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Electronic structure of high-temperature superconducting cuprates is studied by analyzing experimental data
independently obtained from two complementary spectroscopies, one, quasiparticle interference (QPI) mea-
sured by scanning-tunneling microscopy and the other, angle-resolved photoemission spectroscopy (ARPES)
and by combining these two sets of data in a unified theoretical analysis. Through explicit calculations of exper-
imentally measurable quantities, we show that a simple two-component fermion model (TCFM) representing
electron fractionalization succeeds in reproducing various detailed features of these experimental data: ARPES
and QPI data are concomitantly reproduced by the TCFM in full energy and momentum spaces. The measured
QPI pattern reveals a signature characteristic of the TCFM, distinct from the conventional single-component
prediction, supporting the validity of the electron fractionalization in the cuprates. The integrated analysis also
solves the puzzles of ARPES and QPI data that are seemingly inconsistent with each other. The overall success
of the TCFM offers a comprehensive understanding of the electronic structure of the cuprates, in particular the
unoccupied side of the spectra, of which momentum-resolved structure has long been unexplored experimen-
tally. We further predict that a characteristic QPI pattern should appear in the unoccupied high-energy part if the
fractionalization is at work. We propose that integrated-spectroscopy analyses offer a promising way to explore

challenging issues of strongly correlated electron systems.

I. INTRODUCTION

The mechanism of high-temperature superconductivity in
cuprates [1] remains a major challenge in condensed matter
physics [2]. In nearly 40 years since its discovery, an enor-
mous amount of experimental data has been reported and ac-
cumulated by using a variety of experimental tools. Since
each experimental result has often been analyzed indepen-
dently, a comprehensive and consistent understanding based
on a unified picture is often lacking. To overcome such dis-
jointed analyses and sometimes inconsistent conclusions, it is
important to combine results from different but complemen-
tary experimental tools, in particular, energy (w) and momen-
tum (k) resolved spectroscopies, and analyze them in an inte-
grated fashion using a unified theoretical framework to reach
a consistent understanding of the electronic structure.

As one of the major experimental tools, angle-resolved pho-
toemission spectroscopy (ARPES) [3, 4] has been developed
and improved in step with the advances in the research history
of the cuprates. A great advantage of ARPES is its accessibil-
ity to a momentum-resolved single-particle spectral function,
while its applicable scope is limited to the occupied part of the
spectra. Although the unoccupied part of the spectra may hold
a key to unlocking the mechanism of the high-temperature su-
perconductivity, as well as the anomalous metallic behavior
above the critical temperature (7;), no high-resolution pho-

toemssion technique has been established for this purpose:
Inverse photoemission spectroscopy, which can in principle
measure the unoccupied spectra, has not yet reached an en-
ergy resolution sufficiently high to discuss the above issues.

Another experimental technique that can access the single-
particle excitation spectra is the scanning tunneling spec-
troscopy/microscopy (STS/STM) [5]. This technique can re-
veal the real-space electronic structure of a sample surface in
an atomic resolution, measuring a quantity proportional to the
local density of states (LDOS) at each position on both sides
of the Fermi energy at a high energy resolution. While atomic-
scale modulation in the LDOS occurs within a unit cell, larger-
scale modulation can be observed when a defect or impurity
exists on the sample surface. This is owing to the interference
effect between electron waves before and after the scattering
by the defect or impurity, and is called quasiparticle interfer-
ence (QPI) effect [6, 7]. The QPI pattern observed for the
cuprates shows various interesting signals [§—19], while it re-
quires careful theoretical analyses to interpret them in terms
of the structure of the single-particle excitation spectrum.

These experimental techniques have indeed revealed vari-
ous anomalous electronic structures in the cuprates, e.g., the
momentum-dependent pseudogap [20] and superconducting
gap [21] including the arc-like truncated Fermi surface [22—
25], growth of the pseudogap distinct from the superconduct-
ing gap [26, 27], asymmetric energy dependence of the den-



sity of states (DOS) between occupied and unoccupied sides
[10] in contrast to the electron-hole symmetry expected in the
superconducting phase, and the dopant-induced spatial inho-
mogeneity [28] as well as the stripe and checkerboard type in-
homogeneity [10, 29]. For the occupied spectra, comparisons
have been made between the QPI results and autocorrelation
of the ARPES data [30-34]. These analyses have argued that
most of the strong QPI signals can be attributed to scatter-
ings between tips of banana-shaped constant-energy contours
of the spectral function, namely, endpoints of arc-like con-
spicuous spectral intensity. However, a discrepancy between
ARPES and QPI/STM results has also been pointed out and
remains puzzling: For instance, the dispersion of a QPI sig-
nal (dubbed q7 below) related to the d-wave superconduct-
ing gap seems to cut the Fermi energy at a finite momentum
[12, 13, 35], unlike the clear d-wave gap structure observed in
ARPES.

To consider these issues, we would first point out that
the experimentally measured QPI spectra do not necessarily
have the same spatial dependence, or equivalently the same
momentum-space structure, as the LDOS: While the tunnel-
ing spectrum is proportional to the LDOS at each spatial po-
sition, the normalization factor could depend on the position,
giving a spatial dependence different from that of the LDOS.
Therefore, a more faithful calculation of the experimentally
measurable quantities, beyond the LDOS, is necessary to dis-
cuss the QPI pattern.

Here, by such a faithful calculation of the QPI pattern, we
show that a simple theoretical model, derived from an electron
fractionalization due to a strong correlation effect, gives a con-
sistent explanation for many essential features of the observed
results of ARPES, STM/STS and QPI, resolving the puzzles
and showing the power of integrated spectroscopy analysis.
It renders support for the validity of the fractionalization as
well. The model, which we call the two-component fermion
model (TCFM) [36, 37], materializes the fractionalization in
the simplest form of a one-body Hamiltonian involving a mea-
surable quasiparticle and a hidden fermion, which hybridize
with each other. Through the hybridization with the hidden
fermion, the quasiparticle acquires a pole singularity in the
self-energy, which describes nonperturbative correlation ef-
fects and resultant formation of the Mott gap in Mott insula-
tors and the pseudogap in doped Mott insulators.

The concept of the electron fractionalization has been pro-
posed in various contexts such as the spin-charge separation
in 1D Tomonaga-Luttinger liquid [38, 39], solitons in poly-
acetylene [40], fractional quantum Hall state [41] and slave-
boson or slave-fermion approaches for doped Mott insula-
tors [42, 43]. The present fractionalization is distinct from
any of these proposals and represents two bistable fermion ex-
citations splintered off from one electron to describe physics
around the Mott insulator such as the cuprates.

The cuprates are considered to be doped Mott insulators and
often modeled by the two-dimensional (2D) Hubbard model
as one of the simplest models. Without paying serious atten-
tion to the fractionalization, the 2D Hubbard model has been
extensively studied by the cluster extension [44, 45] of the
dynamical mean-field theory (¢cDMFT) [46, 47] and related

methods, for the ARPES spectra [45, 48—61], electronic Ra-
man spectroscopy [62-65], optical conductivity [63, 66, 67],
and STS [63, 68-70]. These analyses were able to capture
some aspects of the cuprate physics.

On the other hand, aside from the above clarifications,
cDMFT studies have also revealed the existence of self-energy
poles in the 2D Hubbard model, naturally accounting for the
emergence of the Mott gap in the Mott insulator and the
pseudogap in the low-energy region of the underdoped nor-
mal state, both of which are beyond the scope of the per-
turbative treatments of the electron correlation and are man-
ifestations of the Mott physics [69, 71-76]. Furthermore,
the cDMFT studies in the d-wave superconducting phase re-
vealed the existence of the poles in the normal and anomalous
self-energies and their unexpected cancellation in the electron
Green’s function [36, 37]. However, the nature and root of the
self-energy poles had been highly nontrivial at the time of the
discovery of the cancellation.

The TCFM was first proposed [36, 37] to offer a unique
way of understanding the above mentioned emergence of the
self-energy poles and their enigmatic cancellation in the su-
perconducting state discovered in the cDMFT studies. The
self-energy poles can be interpreted as a consequence of the
hybridization of a quasiparticle with a hidden fermion degree
of freedom, which is correctly described by the TCFM. It was
shown [37, 77] that the Hubbard model at any carrier densities
can be generally and exactly mapped onto a multi-component
non-interacting fermion model with a hybridization between
original electrons and hidden fermions (see Sec. II.C.1 and
II.C.2 in Ref. [37], see also Sec.4 in Ref. [77]). Based on the
Hubbard model studies, it was proposed [36, 37] that the Mott
gap and pseudogap can be obtained as the hybridization gaps
of these multi-component fermions. In particular, in the pseu-
dogap and high-temperature superconducting states of our in-
terest, essential physics can be captured by the mapping to
the TCFM, which has only one hidden fermion energetically
well separated from the energy scale of the Mott gap and can
therefore be treated separately by incorporating the effect of
the Mott-gap formation as the renormalization of the TCFM
parameters. For a review, see also Ref. [78].

Furthermore, without relying on the Hubbard model, the
machine-learning analysis of the ARPES data has shown the
cancellation of the self-energy peaks consistently with the
prediction of the TCFM [79], suggesting the dominance of
the fractionalization in real cuprates. The TCFM with the
fractionalized electrons has also predicted an enhancement of
high-energy excitonic signal below T, in resonant inelastic X-
ray spectroscopy [80], which has been evidenced experimen-
tally [81].

Recently, other related methods such as ghost orbital in
Ref. [82] and an ancilla qubit in Ref. [83], capable of describ-
ing nonperturbative effects and the emergence of spectral gaps
and self-energy poles, were proposed.

It has been argued that one of the two fermions in the TCFM
is interpreted as the conventional quasiparticle and the other as
an electron weakly bound to a hole [76] or the incoherent part
of the same electron [84], respectively, which emerge as a con-
sequence of local bistability ascribed to a direct consequence



of the Mottness. The bistability directly generates emergent
attraction and the Cooper pairs. In ab initio calculations of the
cuprates, the emergence of the bistability and resultant effec-
tive attraction were evidenced counterintuitively in the local
repulsive interaction term, where the local emergent attrac-
tion has shown one-to-one correspondence to the calculated
d-wave superconducting long-ranged order [85].

Since the electron fractionalization offers an entirely dif-
ferent picture from the conventional electronic structure and
experimental evidence is few, it is desired to test whether the
fractionalization is indeed a valid and useful concept in real
cuprates by thorough and combined analyses using indepen-
dent spectroscopy tools. In this paper, we explore the con-
sistency of ARPES and QPI in their integrated analyses by
employing the TCFM to further critically examine the valid-
ity of the electron fractionalization and its microscopic basis.
For this purpose, we first determine the TCFM parameters so
as to reproduce the ARPES experimental result [86] measured
for an optimally-doped BisSroCaCuy0g4 5 (Bi2212). We then
calculate the QPI pattern based on the same model, and finally
compare it with the experimental results for the same mate-
rial. For this comparison, we faithfully calculate experimen-
tally measurable QPI spectra without resorting to the LDOS,
which has often been used in the literature but is not directly
measurable by QPI. We find that the TCFM can reproduce
the main features of both the ARPES and QPI experimental
results at the same time and solve the known puzzle of the
seemingly inconsistent results between the ARPES and QPI
data on the quasiparticle dispersions mentioned above.

We further find that the available experimental QPI data are
not consistent with the single-component description without
fractionalization but are accounted for by the TCFM. Through
these integrated spectroscopy analyses, we establish that the
electron fractionalization indeed takes place in cuprate super-
conductors. We also predict another possible piece of evi-
dence for the fractionalization to be observed in the future QPI
measurements for the high-energy region.

All in all, our work establishes that the hypothesis of elec-
tron fractionalization proposed in Refs. [36, 37, 76, 84] is
indeed at work in the integrated-spectroscopy analysis of
ARPES and QPI for the real cuprate compound.

The rest of the paper is organized as follows. In Sec. II,
we introduce the TCFM Hamiltonian. Section III explains
our method (details of the method are described in Appendix
A). In Sec. IV, we show the ARPES experimental data. The
calculated results are presented and their comparison with the
experimental data are discussed in Sec. V. Section VI is de-
voted to a summary and outlook.

II. MODEL

As is outlined in Sec. I, we consider the following TCFM
Hamiltonian,

H = Z [ECkCI{UCkU + 6dkdi‘-cndka' + Vk(dirca'cka' + CLadka):|
k,o

- Z [Dexexre—k) + Daxdird_x) +hee.], (D
K

where ¢ and d represent a quasiparticle and the hidden
fermion, respectively. €.(q)x and D, (q) denote the normal and
anomalous dispersions of ¢ (d), and Vi denotes the hybridiza-
tion between them. Integrating out the d degrees of freedom
from H, we obtain an effective action for ¢ (quasiparticle)
degrees of freedom, where their normal and anomalous dis-
persions are modified by

Vk2 (w + €dk)

Z%%rFM (k7 W) = ) (2)
w? — € — Dy
and
V1<2de
%HCOFM(kvw) = _wg — egk — chlk, (3)

respectively [36, 37]. These modifications can be interpreted
as a self-energy for c.

Namely, as far as there is only a single self-energy pole in
the low-energy region, the correlation effects in a many-body
system (such as the Hubbard model and first-principles one
for the cuprates) can be mapped onto a one-body Hamiltonian
of Eq. (1), where the low-energy dynamics of the quasipar-
ticle (c¢) can be described by the “bare” dispersions (e, and
D,) and the self-energy corrections, Eqs. (2) and (3). In
other words, the presence of a self-energy pole in a many-
body system manifests a fractionalization of an electron into
a quasiparticle (continuously connected from the bare elec-
tron through a renormalization) and a hidden fermion (cor-
responding to a self-energy pole, i.e., incoherent excitation).
In the particular case relevant to high-7. cuprates, which are
doped Mott insulators, this hidden fermion may correspond to
an electron trapped around doped holes, namely, a fermionic
part of a weakly bound exciton [84], that appears as the inco-
herent part of the carrier in experimental measurements such
as ARPES, optics and transport, because such a state can re-
duce the interaction energy and hence be a low-energy ex-
citation [87, 88]. As was introduced in Sec. I, the ab ini-
tio calculations of the cuprates support the emergence of the
bistable excitations, one, the conventional quasiparticle rep-
resented by ¢ and the other, the hidden fermion d, because
the local Coulomb energy has double-well type dependence
on the carrier density with the negative curvature in between,
which induces emergent local attraction between carriers as
well [85]. A more detailed physical picture is discussed in
Refs. [36, 37, 76, 84, 85].

In this study, we do not address the origin of d but utilize the
Hamiltonian, Eq. (1), to calculate the QPI pattern. However,
just in case, we note that the origin of the two components has



nothing to do with the separation of Cu-d and O-p contribu-
tions nor the bilayer structure of Bi2212. It has been estab-
lished that the single-band description by the antibonding or-
bital of strongly hybridized Cu-d and O-p orbitals is enough
for the analysis of low-energy physics of cuprates [89]. In-
stead, the two components in the TCFM emerge from the
strong correlation effect of this single-band degree of free-
dom. Although a unit cell of Bi2212 contains two CuOq
layers, only the bonding orbital residing near the Fermi level
is relevant to our analysis thanks to the bonding-antibonding
splitting, justifying the single-layer TCFM Hamiltonian.

We determine the model parameters in Eq. (1) by fitting the
ARPES experimental result presented in Sec. IV. As the CuO2
planes, well separated by dopant layers, form a square lattice,
we employ

€c(d)k = Le(dy,0 — 2te(ay,1(cos kg + cosky)

— 4t c(qy,2 €08 kg cos ky — 2t(q),3(cos 2k, + cos 2k,
4

with £,y ; (i = 0,1,2,3) denoting the onsite potential, and
the nearest-, second-, and third-neighbor hoppings of the ¢ (d)
fermion. The hybridization,

Vi = Vo + Vi(cos ky + cosky) + 2Va cos ky cos ky,  (5)

is parametrized in a similar way. We assume the d-wave su-
perconductivity by

1
Dy = §Dc(d)70(cos ki — cosky). (6)

The detailed procedure for the fitting is described in Appendix
A2.

While the TCFM Hamiltonian introduced in Eq. (1) cap-
tures the most singular structure of self-energy, interactions
among ¢, d and other degrees of freedom, such as excitons
mentioned previously, may remain [84], which cause con-
tinuum structure in the self-energy of ¢ and d fermions. To
take these effects into account, we phenomenologically add
less-singular components in the self-energy of ¢ and d that
induce their finite lifetimes and reproduce the tail or satel-
lite structures in the real cuprates’ spectral peaks. The can-
didates for the origin of these additional self-energies have
been discussed already in the literature as the marginal Fermi
liquid (MFL) [90], possibly caused by the Planckian dissipa-
tion [91, 92] near the Fermi level and the background [3, 93]
at high energies. We include these contributions as formulated
in Appendix A 1.

III. METHOD

We determine the parameters in the TCFM, Eq. (1), by fit-
ting the ARPES data [86], which will be presented in Sec. IV.
Then, the self-energy for the ¢ fermion is obtained through
Egs. (2) and (3), with additional contributions (background

and MFL components) mentioned above. With this self-
energy, the Green’s function for the ¢ fermions,

. Gk,w) Fkw
Gk,w) = (ng,wg G*((k, —20 ) ’ v

is given as Eq. (A9) in Appendix A. Then, the spectral func-
tion A(k,w) and the density of states (DOS) for ¢ fermions
can be derived from G (k,w). See Appendices A 1 and A 2 for
technical details.

While the ARPES and STM offer information about
A(k,w < 0) and the DOS, the QPI measures the local (r-
dependent) differential conductance,

g(r,eV) = % = ejsetevp(r,—eV)7 (8)
Jo " plr,w)dw

modulated by the impurity scattering, where p(r, w) is the lo-
cal density of states. Here, e is the electron charge and V' de-
notes the bias voltage applied to the sample. I and Ve refer
to the set-point current and voltage, respectively, used for the
constant-current scanning. Since the denominator of Eq. (8)
depends on r and Vi, the spatial modulations in g(r, eV") and
p(r,w) may exhibit qualitative differences depending on Ve
[29]. To mitigate this so-called set-point effect, we introduce
a normalized conductance L(r, eV') defined as

L(r,eV) = —— = —g(r,eV). )

While the spatial modulations may still differ between L(r, w)
and p(r,w), L(r,w) is independent of Vi and hence reflects
the intrinsic electronic structure more explicitly than g(r,w).
See Appendix A 3 ¢ for more details.

p(r,w) can be decomposed into the nonperturbed part
po(r,w) (directly given by the TCFM) and the impurity-
induced modulation Jp(r,w) as p = pg + dp. The Fourier
transform of dp(r, w) is calculated as

. ’
—iq-r

Z. *
ép(q,w) = 2NN, Z wi(r)wiy 4(r)e
¢ rk

x [G(k, w)Vimp(a) G (k + q,w)
—{G(k+ q,0)Vimp(@)G" (k, )11, (10)

where Vimp is the impurity potential, wy(r) is the tail of
the Wannier function at the surface, and Ny (/V.) denotes
the number of momentum points (real-space points in the
unit cell) used in the calculation. See Appendix A3b for
details. In practice, we first calculate Eq. (10) and obtain
dp(r,w) through the inverse Fourier transformation. Then,
we calculate g(r,eV’) and L(r, eV') through Egs. (8) and (9).
By Fourier-transforming g(r,eV’) and L(r,eV’), we obtain
9(q,eV) and L(q, eV') of our main interest.

IV. ARPES EXPERIMENTAL DATA

We use high-resolution laser ARPES experimental data
measured for an optimally-doped Bi2212 sample (7, = 90K)
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FIG. 1. ARPES experimental result for the optimally-doped Bi2212
[86]. (a) Momentum-space map of the low-energy spectral intensity.
The red solid (orange dashed) curves denote the normal-state Fermi
surface (shadow band), black solid lines denote the momentum cuts
along which the dispersion is measured, and the orange arrows on
them denote the data used in the fitting in this study. (b) The EDCs
at k = kpax along the cuts 5 to 13.

[86], which has a layered perovskite structure with con-
ducting CuO; double layers separated by one Ca layer and
sandwiched by SrO and BiO layers. Figure 1(a) shows a
momentum-space map of the low-energy spectral intensity
in the superconducting state (I' = 12K). The strongest in-
tensity in the lower-left quadrant of the Brillouin zone (de-
noted by red solid curves) roughly corresponds to the posi-
tion of the normal-state Fermi surface. Black lines, 1 to 13,
represent the momentum cuts used in the following analysis.
We define ki, for each cut as the wave number giving the
strongest low-energy intensity. We note that another signal
around (27, 0) comes from a superstructure modulation spe-
cific to Bi2212 [94]. This superstructure modulation can also
be seen in the QPI experimental data as additional spots in
the direction of the modulation while such additional spots
do not exist in the direction perpendicular to the modulation.
In the analysis in the subsequent sections, we exclude these
superstructure-induced spectra in the ARPES data by choos-
ing the momentum sections denoted by orange arrows, and
compare the calculated QPI results with the experimental data
in the direction without the modulation.

Figure 1(b) shows the energy-distribution curves (EDCs) at
k = kpax for cuts 5-13. The low-energy peak shifts to a
higher binding energy as the momentum goes from the node
(N, cut 8), where the superconducting gap vanishes, to the
antinode (AN, cut 13), where the superconducting gap is max-
imized. Note that the dispersion along the cut 8 crosses the
Fermi energy at k = (0.387,0.387) while the spectral peak
of the minimal binding energy is located at k = (m,0.147)
along the cut 13, as was identified in Ref. [86]. Hereafter, we
denote (0.387,0.387) as ky and (7, 0.147) as kan. Notably,
a flat intensity is seen below ~ —0.1 eV for all the momenta.
This feature cannot be reproduced solely by the TCFM, which

applies only to a low-energy region (jw| < 0.1 eV). We dis-
cuss this feature in Appendix A 1 c, where we take it into ac-
count by introducing an additional self-energy. The energy
dispersions along cuts 4-13 are displayed in Fig. 2.

V. RESULTS
A. Spectral function

We first show the results obtained by fitting the ARPES
data through the optimization procedure described in Ap-
pendix A2. The best parameters of the model (1) are de-
termined as t.o = 0.700, t.; = 0.545, t.o = —0.218,
tes = 0.0250, tg0 = 0.0545, t4; = —0.0161, tge = —0.0137,
Vo = 0.0548, Vi = 0.0623, Vo = —0.0608, Do = 0.0668,
Dgo = 0.0912, 050, = 0.008, and n = 0.003 in units of
eV, and fpe 4 = 0.222 and ¢,y = 0.218. For these parame-
ters, the cost function, Eq. (A18), is 0.452. The present op-
timized model indeed reproduces the unoccupied part of the
STS spectrum as well. To confirm the quality of the fitting,
we also quantify the deviation from the ARPES data and con-
clude that our model reproduces the inherent spectrum within
the experimental noise (see Appendix A 2 b for details).

1. Dispersion

Figure 2 compares the energy dispersions along the cuts 4-
13 [shown in Fig. 1(a)] between ARPES [86] and the TCFM.
We see that the theory reproduces well the dispersion and the
normalized intensity of the ARPES result for all the momen-
tum cuts. Around the antinode (cuts 4 and 13), we see broad
and flat spectra around —0.04 eV and a gap opens above them.
With approaching the node (cut 8), the spectra become sharper
and the gap diminishes, where a back-bending of the disper-
sion becomes noticeable (cuts 5-7 and 9-12). In the nodal
direction (cut 8), the spectra show a strong intensity at low en-
ergy, which is a quasiparticle band cutting the Fermi energy.
Note that even the small-intensity structures at high binding
energies (w < —0.05 eV) are well reproduced by our theory.

Based on this agreement for w < 0, the TCFM predicts the
spectral function for w > 0. Figure 3 shows A(k,w) calcu-
lated for the TCFM up to w = +0.2 eV along various momen-
tum cuts. In the nodal direction, (0,0)— (7, ), A(k,w) shows
a sharp dispersive band around the Fermi energy, pseudogap
for 0.05 < w < 0.1 [eV], and the ingap state above it [(a)].
Around (7,0), the gap opens for |w| < 0.04 eV, and broad
spectra appear for |w| = 0.04 eV [(b,c)]. The latter is due
to the large background self-energy (see Appendix A 1c). In
addition, we plot in Figs. 3(d-f) A(k,w) along the cuts often
used in ARPES experiments. The results indeed well repro-
duce the experimental results (see Fig. 2 in Ref. [95] for in-
stance), including the kink between the strong-intensity renor-
malized band at low binding energies and a steeply-dispersive
broad spectra below ~ —50meV [96]. Qualitatively similar
spectra have been obtained by the previous cDMFT calcula-
tion [63] for the underdoped regime of the 2D Hubbard model
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as well while a difference is that the TCFM used in this study
fits the ARPES spectra of an optimally-doped sample.

In Appendix B 2, we show the spectra without the smearing
by the background self-energy (i.e., Im>,, = 0 with keeping
ReXpg), where we find a clear dip above the quasiparticle band
also in the antinodal region. In Appendix B 3, we further plot
the spectra by switching off all of the background self-energy
(i.e., Xpg = 0), to see the electronic structure inherent to the
TCFM.

2. Energy-distribution curve

Figure 4 plots the normalized EDCs at k = k;,,, on several
cuts, obtained by (a) ARPES and (b) the theory. The overall
structure of the experimental spectra is well reproduced by
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FIG. 4. Energy distribution curves obtained by (a) ARPES (IarPES)
and (b) the TCFM (I7crMm) at k = Kmax in each cut.

our theory. Notice that the ARPES data do not always show a
monotonic decrease of the low-energy intensity with moving
from the node (cut 8) to the antinode (cut 13): For instance,
cut 11 shows a higher maximum than cut 9. This would be at-
tributed to errors arising from the limited statistics of electrons
counted in the ARPES measurement as is implied by the large
fluctuation of the data, and limits the fitting by the TCFM as-
suming a simple k dependence [i.e., Egs. (4), (5), (6), (A2),
and (A6)]. The EDCs for other momenta along these cuts and
corresponding self-energies are presented in Figs. 17 and 18,
respectively, in Appendix B 1.

Figure 5 shows the w dependence of the Green’s function
and the self-energy of the TCFM at k = kan. According to
Eq. (A10), the spectral function can be inferred from ImG,
which shows (negative) peaks at w ~ +35 meV. This is con-
sistent with the experimental value (—38 meV) [see cut 13
in Fig. 4(a)]. ImF' shows sharp peaks at the same energies,
and ReF' is significantly enhanced in the lower-energy region.
ImX"" and ImX*"° also show low-energy peaks at electron-
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hole symmetric positions, w =~ £40 meV. This is consistent
with the self-energy derived by a machine learning analysis
[79] of the same ARPES data. As a notable property of the
TCFM, the trace of the self-energy peaks disappears in G and
F due to a cancellation between X" and WV at these peak en-
ergies [36, 37] [see Eq. (A12) for the definition of W]. The
w-dependent structure of the self-energy for other momenta is
presented in Figs. 18 and 19 in Appendix B 1.

3. Momentum-space maps

The upper and middle panels in Fig. 6 compare the
momentum-space maps of spectral intensity between ARPES
and the TCFM at various energies. The ARPES data are avail-
able only for w < 0. At w = 0, we can see a small arc around
the nodal direction. This is due to a finite broadening of the
spectra. As |w| increases, the arc expands because of the d-
wave structure of the superconducting gap. For w < —30
meV, the arc reaches the Brillouin-zone boundary, where the
spectra are rather broadened. These are all consistent between
the experiment and the theory. A notable observation in the
theory data is that the edges of the arc (seen for |w| < 30
meV) wrap around inwards (outwards) for w < 0 (w > 0).
This electron-hole asymmetric behavior results from a combi-
nation of the electron-hole asymmetric position of the Fermi
surface and the symmetric superconducting gap.

The bottom panels show A(k,w) calculated with an ordi-
nary mean-field (single-component) Hamiltonian,

ch = Z eCkCLacka — Z Dck (CkTC—k¢ + hC) ) (11)
k,o k

without d degrees of freedom. The parameters, €.k and D,

in Eq. (11) follow Ref. [94], which fitted the ARPES re-
sults for an optimally-doped Bi2212 with the Hamiltonian,
Eq. (11). For |w| < 20meV, the momentum-space structure
is qualitatively similar to that of the TCFM although the spec-
tra are much sharper in H;.. However, for |w| 2 30meV, the
H,. spectra show strong intensity even in the antinodal re-
gion, in contrast to the broadened weak spectra in the TCFM
and ARPES in the same region. This weak and broad signal
in the TCFM, as well as in the ARPES, is ascribed to a large
imaginary part of the self-energy (shown in Fig. 23) in this re-
gion. This self-energy effect is nothing but the presence of the
d fermion: While it mainly resides above the Fermi level in
the normal state, the particle-hole counterpart appears below
the Fermi level, too, in the superconducting state.

B. Density of states

Figure 7 compares the calculated DOS with the site-
averaged dI/dV measured by the STM/STS. We find good
agreement between them: (i) peaks at the gap edges, (ii)
electron-hole asymmetry, and (iii) V shape around zero bias.
Although the TCFM parameters are determined to reproduce
the ARPES data that are available only on the occupied side,
the theory remarkably reproduces the DOS not only on the
occupied side but also on the unoccupied side. Note that
the difference between pyo. [Eq. (A13)] and py [Eq. (A26)]
comes from the projection onto the d-wave Wannier function
[Eq. (A22)], which vanishes in the nodal direction: pq is less
contributed from the nodal region, which has low-energy ex-
citations as well as the ingap states around 100 meV.

A discrepancy is found, where the STM data show a clear
dip around -70 meV and a hump below it whereas they are
less prominent in the TCFM. This discrepancy originates from
the apparent difference between the STM and the ARPES: the
dip-hump structure is substantially weaker in ARPES at all the
momenta, as seen in Figs. 1(b) and 4(a), in contrast to Fig. 7(b)
of the STM. Because the TCFM parameters are based on the
ARPES data, Fig. 7(a) show only a weak dip-hump structure.
Note that even in a combined experiment of ARPES and STM
for the same sample [34], the angle-integrated photoemission
DOS exhibits a weaker dip-hump structure than the STM re-
sult. The origin of this quantitative discrepancy is unclear but
several possibilities, like different matrix-element effects and
surface sensitivities, can be envisaged. Even for ARPES spec-
tra only, a variety of experimental data have been reported
with some sensitivities including sample, doping concentra-
tion, temperature, momentum dependence and photon energy,
where the origin of the variation of the peak-dip-hump struc-
ture has been debated [3].

In our TCFM framework, the hump is generated by the con-
tribution from the fractionalized hidden fermion d, although it
is superimposed somehow by a large background, particularly
around the antinode. Although the main properties discussed
in this work are robust, we note that the depth of the dip and
the height of the hump are subject to change by a small modi-
fication of the model parameters for the d fermions, resulting
in a structure being more similar to the STM result. These
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parameter variations could come from the difference in the
surface measurement conditions of QPI from ARPES.

C. Comparison with QPI

We now turn to the QPI patterns calculated through the
procedure described in detail in Appendix A3. To specify
the QPI signals, we employ a conventional notation, q;(i =
1,...,7), as shown in Fig. 8. This notation has been used in
the interpretation based on the octet model [8, 9], where the
momenta connecting the tips of the banana-shaped spectral
intensity in the k space [Fig. 8(a)] are considered to make a
main contribution and give the strong-intensity spots in the
QPI pattern in the q space [Fig. 8(b)].

We emphasize that our calculation is not based on the octet
model but fully takes into account the contribution of the
Green’s function from the whole k space. We examine the
adequacy of the octet model through the comparison between
our calculated results and the experiment.

(a) k space (b) q space
e 3 N D _s (m.m) ~
0 S S * Ve R
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XY O
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FIG. 8. Schematic picture of the relation between (a) the k-space

structure of the spectral function and (b) the QPI signals in the q
space. q;(¢ = 1,...,7)’s denote momenta connecting the tips of
the banana-shaped spectral intensity. The vertical magenta arrows
passing through (0, 0) represent the new branch observed nearby qs.

1. Overall features of QPI dispersions

Figures 9(a) and 9(b) show experimental |g(q,w)| along
high-symmetry directions. The signals q; and q3 are ob-
served along the (0, 0) — (7, ) direction [Figs. 9(a) and 9(e)],
while q; and g5 appear along the (0,0) — (27, 0) direction
[Figs. 9(b) and 9(g)]. The signals q3, q5, and q7 merge into
a flat background for |V| 2 30 mV and large |q.

In addition to these previously known signals, we identi-
fied an electron-hole asymmetric branch across the Fermi en-
ergy at wavenumbers slightly smaller than |qs|, as shown in
Fig. 9(e) (yellow dashed line). This branch originates from a
scattering between the opposite nodal points, as indicated by
the magenta arrow in Fig. 8(a). The disappearance of the d-
wave superconducting gap in the nodal direction is consistent
with the electron-hole asymmetric dispersion of this signal.
According to the stationary phase approximation of QPI [97],
it is reasonable to have this branch because the scattering be-
tween the nodal points satisfies the stationary condition. How-
ever, this branch has been overlooked in experiments for more
than two decades, probably because of its low intensity. Al-
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though this electron-hole asymmetric branch goes beyond the
octet model, our theoretical model accurately reproduces it, as
we will show below. Details of this branch will be discussed
elsewhere [98].

For |V| < 20mV, a strong intensity around g = 0 is limited
to small |q| while it extends to much larger |q| for |V| 2
20mV. All these features are well reproduced in the calculated
results in Figs. 9(c), 9(d), 9(f), and 9(h). The strong intensity
for q ~ 0 in the experimental results will be attributed to the
effect of multiple impurities or mesoscopic fluctuation of the
doping concentration [99].

Figure 10 shows the corresponding maps of |L(q,w)|. All
the above-mentioned features can also be seen here, which
means that these features are not due to the set-point effect
and are inherent to the cuprate.

Figures 11(a) and 11(b) show |dp(q, w)|, which is more di-
rectly connected to G(k, w) [see Eq. (A29)] than |g(q, w)| and
|L(q, w)| though not directly measurable in experiments. The
resemblance of Figs. 11(a,b) to Figs. 9 and 10 ensures that the

origin of the signals observed in the g and L maps can be dis-
cussed in terms of G(k, w) in the same way as that of the dp
map.

As the amplitude at q # O in these plots is roughly pro-
portional to Vi, 3 (q) and its Fourier transform V,, 3 (r) ex-
tends up to 7y, for our realistic choice of Eqs. (A32) and
(A33), the plots are faint for large |q| > //rimp. Then, it
will be instructive to see dp calculated with a g-independent
Vimp, in which the structures at large q’s are more clearly seen.
This is shown in Figs. 11(c) and 11(d), where the sign of dp
is distinguished by red and blue colors. Along (0,0) — (7, 7),
the qs dispersion and neighboring electron-hole asymmetric
dispersion can be clearly seen (though the latter appears as a
white curve for w > 0 for the reason explained below). In
this high-q region, the overall sign is opposite between w > 0
and w < 0 while dp is always positive for g ~ 0. Along
(0,0) — (27,0), the q; and g5 dispersions are seen while
these are overlapped with other dispersions: These are mir-
rors of q; and g5 starting from the Bragg point (27, 0). [Note
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FIG. 10. Comparison of |L(q,w)| between (a,b) the experiment and (c,d) the TCFM along the (0,0) — (7, ) and (0,0) — (2, 0) lines.
Zoom-in structures are shown in (e), (f), (g) and (h) for areas enclosed by rectangles in (a), (c), (b) and (d), respectively, for the same purpose
as in Fig. 9. Red arrows in (b) indicate the mirror signals of qs discussed in Appendix C 1. Red vertical lines in (g) and (h) denote (7, 0).

In (a), (b), (e), and (g), it is difficult to obtain accurate experimental data for small |V| because both % and é in L =

enough compared to noise.

that the mirror symmetry is, though, incomplete due to the
Wannier projection, Eq. (A24).] In this direction, the sign of
dp(q, —w) is mostly the same as that of §p(q,w). For more
details, see Appendix C 1.

In the subsequent sections, we mainly discuss L(q,w), be-
cause it is directly accessible in experiments, in contrast to
dp(q,w). In addition, L(q,w), which is free from the set-
point effect, reflects the features inherent to the system more

than g(q, w).

2. Signal of fractionalization in QPI

While we have so far discussed only the amplitudes of
9(q,w) and L(q,w), a characteristic feature of the QPI signal,
distinguishing the TCFM from the single-component models,
can be found in the phase (which is reduced to a sign in our
case because of the inversion symmetry) of these quantities.
Figure 12(a) shows the sign structure of L(q,w) calculated
with the TCFM along (0,0) — (m, 7) [see Appendix C 2 for

Vv dr

T av are not large

(0,0) — (2m,0)]. For comparison, in Fig. 12(b), we show the
same quantity calculated with the ordinary mean-field (single-
component) Hamiltonian, Eq. (11). For the impurity potential
and other parameters not included in Eq. (11), we used the
same values as those used in the TCFM calculation.

A notable difference between Figs. 12(a) and 12(b) lies in
the smaller-¢ side (0.5 < ¢ < 1.2) of the q7 dispersion: While
Fig. 12(b) shows positive values for both w > 0 and w < 0
in this region, Fig. 12(a) shows negative (positive) values for
w > 0 (w < 0). This difference is attributed to the pseudogap
(or, in other words, a contribution from the d component of
the electron) emergent on the positive-w (~ 0.1 eV) side in
the TCFM, as we explain in the following.

We start from

L(q,eV)

eV

5 d
oV apfa,ev) - PN o PG )l
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12)
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with wo(w) = [ po(w')dw’, derived in Appendix A3d.
Since the factor % on the right-hand side of Eq. (12)

will be of the order of 1, we consider the relative size between

eV
dp(q,eV) and w%m, focusing on q ~ (1, 1), where
the difference between Figs. 12(a) and 12(b) is most promi-
nent. For w > 0, dp increases with energy up to the energy ez

of q7, so that

eV
Jo dp(q,w)dw
eV
ie., L > 0, holds for 0 < eV < e as the right-hand side

is the average of dp(q,w) over [0,eV]. Above ez, however,
the pseudogap suppresses the spectral intensity, so that ép

op(q,eV) > (13)

decreases. (We remind the readers that the s-wave-like full
pseudogap, consistent with various numerical simulations on
the Hubbard [63] and ¢-J models [100] as well as spectro-
scopic experiments on cuprates [63], opens even in the nodal
region at w > 0 in the TCFM.) This suppression tends to in-
vert the above inequality, resulting in L < 0 for w = e7. For
w < 0, L(q,w) simply reflects the sign structure of dp be-
cause of the absence of the pseudogap. As we shall see in
Sec. V C4, a similar sign change for w > 0 can also be seen
in the (0,0) — (27, 0) direction at a slightly higher energy.

On the other hand, since the one-component model,
Eq. (11), does not show the pseudogap, there is less ten-
dency to invert the inequality (13) above e7. This results in
a weak but positive sign above e7 in Fig. 12(b) in contrast to
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Fig. 12(a).

Although it is not straightforward to extract the sign of
L(q, w) experimentally (as explained in the second paragraph
of Appendix A 3), it is still possible to extract a relative sign

from the data taken at w and —w at the same q. Namely, we
define

L.(q,w) = L(q,w)sign[L(q, —w)], (14)

similarly to g,(q,w) = g¢(q,w)sign[g(q, —w)] defined in
Refs. [18, 101, 102]. L,(q,w) is positive (negative) if
L(q, —w) has the same sign as (opposite sign from) L(q,w).
We show the results of g, in Supplemental Material [103]
Fig. S4.

Figure 13(a) plots the TCFM prediction of L,.(q,w), which
exhibits the same negative sign on both sides of g7, reflecting
the sign structure of L in Fig. 12(a). On the other hand, the
single-component Hamiltonian (11) predicts a weakly positive
sign above e7 as in Fig. 13 (b). This difference results in the
different sign of L,. in the corresponding region, denoted by a
light-green arrow in Figs. 13(a) and 13(b).
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We are now able to compare these contrasting theoretical
L,’s with experimental data, which is shown in Fig. 13(c).
The experimental data support the TCFM prediction and show
qualitative disagreement with the single-component-model
prediction. In Sec. V C4, we will predict that the effect of the
fractionalization continues and becomes extended at higher
energies.

We note that the difference in the overall amplitudes of
Figs. 13(a) and 13(c) (see the color scales) is largely attributed
to the existence of the multiple impurities in the experiment
(in contrast to the single impurity in the theory), as well as the
difficulty in evaluating the strength of each impurity potential.
However, as is clear from Egs. (A34) and (A50), the overall
intensity of L is roughly proportional to the strength of the
impurity potential and hence the relative structures will not be
affected by these factors.

3. Relation to the ARPES dispersion

As was mentioned in the introduction, it has been recog-
nized that the q; dispersion in the QPI experimental data
shows a deviation from the one expected from ARPES obser-
vations. Namely, while q7 extrapolated to w = 0 cuts a finite
q [see Figs. 9(a) and 10(a)], the ARPES shows a clear d-wave
superconducting gap, closing at the nodal point at w = 0,
which should correspond to the q; dispersion crossing the ori-
gin q = w = 0. This puzzle can be resolved by looking into
the calculated results, Figs. 9(c) and 10(c).

In these figures, we find white lines just outside of the q7
dispersion both in the experiment and the theory. In the-
ory, these are understood as a polelike structure of G and
F. Namely, when ImG and ImF' show sharp peaks, ReG
and ReF' change the sign around the peak position, crossing
a zero, as seen in Figs. 5(a) and 5(b). This zero of the real
part will explain the white lines because in the (0, 0) — (7, 7)
direction, Vs(q) = 0 in Eq. (A34) and therefore dp(q,w) is
contributed only from

_2 « e
dpca(q,w) = m wk(r’)wk+q(r’)e ar
r'k

x ReG (k,w)ImG(k + q,w) (15)

and

—2 * —iq-r’
Sprr(q,w) = Ny Zwk(r/)warq(r/)e 4
'k

T
x ReF (k,w)ImF(k + q,w). (16)

Both of these contributions vanish when the real parts of the
Green’s functions vanish. Since the zero of ReG corresponds
to the spectral-peak position, the white lines in our calculation
correspond to the qy dispersion conventionally estimated by
using the autocorrelation of the spectral function.

Around the zero, |ReG| and |ReF | steeply increase within
the width of the sharp peak of the imaginary part and produce
a strong intensity in dp (and hence in g and L, too) on both
sides of the white lines. The strong intensity at q7 in Figs. 9(c)
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and 10(c) is ascribed to one of these side peaks. Therefore,
its position shifts from the one expected from the ARPES, i.e.,
autocorrelation of the spectral function. In fact, the white lines
better cross the origin for both the experiments and the theory
in Figs. 9 and 10 in accordance with what is expected from
ARPES.

4. High-energy structures

Figure 14 shows the high-energy structures of dp and L cal-
culated for a small-|q| region (]q| < 1) along the (0,0) —
(m,m) and (0,0) — (27, 0) directions. As we show in Supple-
mental Material [103] Fig. S5, the strong intensity can be seen
only in this small-|q| region or around (2, 0) for |w| > 0.05
eV. This is consistent with the so-called extinction known in
the QPI experiments [12] and here in the combined analysis,
it turns out to have the same origin as the broad background
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FIG. 15. High-energy structure of (a,b) dp(q, w), (c,d) L(q,w) along
(0,0) — (1,1) and (0,0) — (1, 0), calculated with the Hamiltonian,
Eq. (11), and (e,f) the same as (c,d) but without the Gaussian con-
tribution, Eq. (A47), around q ~ 0. Plots for (0,0) — (7, 7) and
(0,0) — (27, 0) are shown in Fig. S5.

in ARPES.

In §p [Figs. 14(a,b)], we see sign changes around w = 0.1
eV. This is attributed to the pseudogap while the intensity
above this energy is due to the ingap states [see Fig. 3]. Since
dp is not directly measurable in experiments, we look for a re-
lated feature in g and L. In particular, because g is subject to
the set-point effect, we focus on L in the following while the
results of g are presented in the Supplemental Material [103]
Fig. S7.

In Figures 14(c) and 14(d), we find a negative-sign region
in L for 0.05 < w < 0.1 [eV] at small but finite ¢’s followed
back by the positive-sign region for 0.1eV < w, which is more
pronounced for the (0,0) — (2, 0) direction. If we erase the
effect of the Gaussian contribution, Eq. (A47), around ¢ ~ 0,
we can see the sign change more clearly as an w-dependent
(rather than q-dependent) feature, as shown in Figs. 14(e) and
14(f). These sign changes are more pronounced and are an
extended continuation of the sign change found in Fig. 12(a)
to higher energy region: The negative-sign region for w < 0.1



eV identifies the pseudogap and the positive sign at higher
energy w 2 0.1 eV reflects the ingap states as was explained
above from the structure of Eq. (12). Such a sign change in L
cannot be seen in the results for the single-component model,
Eq. (11), as shown in Fig. 15.

Because only the relative sign between two different ener-
gies can be obtained experimentally, we define

L2V)(q,w) = L(q,w)sign[L(q,0.2eV)].  (17)

As L(q,0.2eV) is always positive for |q| < 1 in Figs. 14(c)

and 14(d), L{*?°") has the same sign structure as L for |q| <
1. The experimental detection of the sign change through the

analysis of L,ﬁmev) is an intriguing future issue. In addition,
it would be possible to detect the corresponding feature just
by looking at the amplitude of L(q ~ 0,w) since the sign
change necessarily involves a zero intensity in between.

VI. SUMMARY AND OUTLOOK

We have performed an integrated analysis of combined
ARPES, STM and QPI experimental data for an optimally
doped Bi2212 with the theory based on the TCFM, which
describes the electron fractionalization. The TCFM fitted
with ARPES data reproduces the QPI patterns even for de-
tails, which makes a substantial step forward toward a uni-
fied understanding of the high-T,. cuprates. In particular, dis-
tinctive QPI patterns, obtained for the TCFM but absent in
the conventional electronic structure without the fractional-
ization, agree with the experimental data, supporting the un-
conventional fractionalization of electrons taking place in the
cuprates. At the same time, the seemingly controversial data
between ARPES and QPI for the quasiparticle dispersion are
understood by considering the structure of the TCFM solu-
tions.

The numerical results are obtained by faithfully calculating
the experimentally-measurable quantities, such as the differ-
ential conductance, which has often been replaced with the
local density of states in theoretical analysis in the literature,
despite their mutual inconsistencies often taking place. We
have also revealed that the relative-sign structure in QPI data
holds a key to unraveling the pseudogap physics.

We also point out that the background intensity in ARPES
is related to the extinction in QPI. Its microscopic origin, as
well as that of the marginal Fermi liquid, is left for future
studies. These elements have been taken into account as phe-
nomenological self-energies in this study and are desired to
be derived microscopically from the interactions of ¢ and d as
well as those with other relevant degrees of freedom, such as
excitons and magnetic/charge/phonon fluctuations, in an ex-
tended framework of the TCFM.

The results of fitting to the ARPES and QPI data are consis-
tent with the fractionalization scenario, where the ingap state
emerging as the antibonding state of hybridized ¢ and d shows
up as one of the isolated poles of the ¢ Green’s function for
each momentum and represents a nearly localized bound state
inside the Mott gap. This work has thus established that this
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nearly localized bound state proposed in Ref. [76] is found as
a component of the fractionalized fermion in the real cuprate.

These results suggest that the novel type of electron frac-
tionalization, emergent from the Mott physics, is at the
heart of the pseudogap and high-temperature superconduct-
ing mechanism in cuprates. This is distinct from the spin-
fluctuation scenario, where a bosonic excitation plays a ma-
jor role. Our fitting further imposes strong constraints on the
character of the fractionalized electron, or more generally, the
momentum and frequency dependence of the self-energy, in
particular in the region above the Fermi energy, which the
ARPES cannot see. We have phenomenologically assumed
that the impurity couples only to the ¢ fermion in the TCFM
and have shown good agreements with the experimental QPI
results. Since the microscopic identity of the d fermion has
not been established yet, this agreement imposes a helpful
constraint in future pursuits of the nature of the d fermion.

We have performed a combined analysis of ARPES, STM,
and QPI. To further enhance quantitative reliability of the
electron fractionalization theory, it would be important to
combine other experimental data, for instance from neutron,
optics, magnetic resonance, muon, electron energy-loss spec-
troscopy, and resonant inelastic X-ray scattering, with the help
of machine learning analysis, which is left for an important fu-
ture study.

The significance of the electron fractionalization lies in
its link to the mechanism of the superconductivity itself, for
which some proposals were made [85] from ab initio calcula-
tions, though it is not fully understood. Further pursuit using
integrated spectroscopy analyses is another intriguing future
subject.

The success of the integrated spectroscopy analyses in this
study opens a new avenue of experimental data analysis for
other challenging issues in strongly correlated electron sys-
tems in general.
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Appendix A: Details of the Method

In Appendix A 1, we construct a self-energy form capable
of explaining the ARPES data presented in Sec. IV. In Ap-
pendix A 2, we explain how we fit the ARPES data with the
constructed self-energy form and determine the TCFM param-
eters. In Appendix A 3, we describe the method to calculate
the QPI patterns based on the TCFM, where we have assumed
that the impurity couples only to the ¢ fermion in the TCFM,
which leads to the bubble approximation of Eq. (A27).

1. Form of self-energy

While the TCFM Hamiltonian has been successful in de-
scribing the low-energy structures of the spectral function and
the self-energy [36, 37, 78-81] in the underdoped region of
the 2D Hubbard model at least qualitatively, more detailed
quantitative comparisons with the experimental spectra of the
cuprates become possible by incorporating additional struc-
tures to the self-energy Ypcpy. Here, along the line ad-
dressed at the end of Sec. II, we provide additional self-energy
structures close to zero energy and at high energies. The for-
mer is related to a so-called marginal Fermi-liquid (MFL)
behavior [90], which gives a linear-in-energy scattering rate
around the Fermi energy. The latter is related to the flat fea-
ture of the ARPES spectra for w < —0.1 eV, mentioned in
Sec. IV. Indeed, the less-singular part of the self-energy of
the cuprate superconductors can be decomposed into a MFL-
type component and the remaining flat structure, as explained
later [79]. In the following, we elaborate on these contribu-
tions one by one.

a. TCFM part

Equations (2) and (3) define the TCFM part of the self-
energy, describing the correlation effect of our main inter-
est. They have poles at the same energies, w = Fwy,k with
wpk = /€5 + D3 . The contributions of these poles are
canceled out in the Green’s functions [see Eqgs. (All) and
(A12)] at the pole energies but still significantly influence the
quasiparticle dynamics [36, 37].
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b. Marginal Fermi-liquid part

As examined in the literature, low-energy ARPES spectra,
at least along the nodal direction, require a term proportional
to |w| in the imaginary part of normal self-energy [104]. This
non-analytic structure is indeed found not only along the nodal
direction but also in the antinodal region [79]. Even though a
small deviation from the MFL was reported along the nodal
direction [104], the w-linear term is enough to capture the es-
sential behaviors of the low-energy spectra in the entire Bril-
louin zone. The non-analytical term has been examined to
describe the momentum-independent anomalous behavior of
the normal-state spectra known as the MFL behavior [90].

As discussed in Ref. 90, the MFL component of the self-
energy can arise from electron scatterings by intensive low-
energy bosonic fluctuations not contained in Eq. (1). In
Ref. [79], the formation of the self-energy peaks causes such
electron scatterings, giving the MFL component. The exci-
tonic excitations that are not taken into account in the TCFM
Hamiltonian, Eq. (1), coupled to the d fermions, are possi-
bly responsible for the MFL component of the self-energy.
However, the microscopic origin of the MFL is not well es-
tablished.

Since it is observed universally in experiments on cuprates,
without specifying its origin, we model the MFL component,
YmrL(w), with a soft cutoff as

ImYyrr(w) = — (1/7)y/w? + (7/70)2
x {1+ exp[(w — A)/ompr]} !

x {1+ exp[—(w+A)/oyrr]} . (AD)
Here, a small but finite inverse lifetime, 7, L' = 1 meV is
introduced. The soft cutoff is defined by sigmoid functions
with the step width oypr, = 30 meV and the cutoff energy A
=0.4 eV. The real part of the Xyp is obtained by the Kramers-
Kronig transformation of Im> gy .

c¢.  Background part

As one can see in Fig. 1(b), the ARPES data show a nearly
flat intensity below ~ —0.1 eV for all the momenta. This flat
spectrum has been attributed to a broad structure of Im>""
in the corresponding energy range [79, 95, 105]. In particu-
lar, according to the machine-learning analysis of the ARPES
spectrum at k = kan [79], the self-energy exhibits a com-
ponent that is nearly constant over the high-energy region for
w < —0.1 eV. Hereafter, this flat structure in Im>"" is re-
ferred to as the background, while its microscopic origin re-
mains debated.

The possible origin of the background has been discussed
in the literature. For instance, when bosonic excitations are
coupled to fermions, a typical self-energy structure appears
at |w| larger than the bosonic energy scales through a mech-
anism different from the origin of the MFL. A well-studied
example is the self-energy generated by electron-phonon cou-
plings [106, 107]. For |w| larger than the typical boson energy
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FIG. 16. (a) Real and (b) imaginary parts of the background self-
energy X, (blue dashed curve), marginal Fermi-liquid self-energy
YmrL (gray dashed curve), and their sum (red solid curve), derived
from the ARPES data at the antinodal point, k = kan = (7, 0.147).
Inset to (a) shows Im3, interpolated by the Gaussian process re-
gression (blue dashed curve) and that obtained from the ARPES data
(black open circles).

scale, flat structures appear in Im>"*", irrespective of the ori-
gin of the boson [108]. Even in the electron gas, where plas-
mons play an important role, the broad structure in the self-
energy was also found [109]. In the spectral function of the
Hubbard model, the incoherent continuum is found between
the quasiparticle dispersion and the incoherent lower Hubbard
band [61, 69, 110, 111], which is possibly relevant to the flat
structure in ARPES. Though electron-phonon couplings in the
cuprates have been examined in detail [112], contributions of
spin fluctuations are also discussed based on the analysis of
the ARPES spectra [105]. The flat structure may alternatively
be induced by the excitonic fluctuations, in addition to the
MFL component. In the TCFM picture, excitonic fluctuations
may arise because it was proposed that the d fermions repre-
sent the fermionic degrees of freedom contained in the weakly
bound excitons [76, 84, 87, 88], which might be responsi-
ble for the incoherent continuum in the Hubbard model men-
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tioned above. However, the couplings between the d fermion
and neither the exciton, phonon, nor the spin fluctuation are
explicitly included in Eq. (1). Therefore, we add the flat com-
ponent to Im¥ 3¢y in the TCFM description of the ARPES
spectra and QPI patterns to reproduce the ARPES flat struc-
ture without specifying its origin.

Irrespective of its origin, the background component is
nearly constant over the high-energy region for w < —0.1
eV in Bi2212 [79]. Because the background is not contained
in the TCFM Hamiltonian (which describes only a few low-
energy spectral peaks), we incorporate this component as fol-
lows.

We derive the w dependence of this additional self-energy,
Ypg, from the ARPES data at k = kan, where we have high-
resolution data. The self-energy derived from the ARPES
data [79] contains peak structures and MFL-like contributions
as well. Therefore, we need to subtract these contributions
when we construct the background component to avoid double
counting. We start from the imaginary part of the total self-
energy, ImX*%, for the optimally doped Bi2212. While the
peak structures are canceled in Im>*°* as in the TCFM Hamil-
tonian, observed in Ref. 79, ImX*°* contains a Lorentzian
component generating the superconducting gap. By elimi-
nating the Lorentzian component and w independent impurity
scattering contribution, we obtain the imaginary part of the
background component, Im>,s, as shown in Fig. 16(b). The
real part of Yy, is obtained through the Kramers-Kronig re-
lation. To perform the Kramers-Kronig transformation, the
imaginary part is interpolated using Gaussian process regres-
sion based on 512 normal distributions with a standard devia-
tion of 0.01 eV, arranged at equal intervals from -0.4 eV to 0.4
eV, which naturally introduces a soft cutoff as shown in the
inset of Fig. 16(a). Here, for simplicity, we assume electron-
hole symmetry for ¥p,. This background contribution is rel-
evant to the so-called extinction of QPI signals, as shown in
Fig. 14.

The obtained self-energy is shown by blue dashed curves
in Fig. 16. As the momentum dependence of this self-energy
is not known in experiments, we assume the following simple
form to account for the difference between nodal and antin-
odal regions, introducing a single fitting parameter cpg:

e (k,w) = g (kan, w) [1 + cpgh(k)] (A2)

with

h(k) = (cos ky, — cosk,)? — (cos kanz — €08 kany)?.
(A3)

h(k) = 0 for k = kan while A(k) = —(coskans —
cos kany)? =~ —3.63 in the nodal direction.



2. Fitting the ARPES data
a. Expression of the spectral function

Equation (1) can be rewritten into the following form,

il
=3 (g eonr dly dows) Bic| G4 | )
k dJLl;,,L
with
ek D V0
0 Vi Dax —eqx

With 3y, and Xy, the (1, 1) and (3, 3) (i.e., up-spin) com-
ponents of Eq. (AS5) are modified as

€ck — €ck + Lpg (K, w) + BmrL(w),

€dk — €dk + fog,dZbe(k,w) = €k (w). (A6)

Here, we have introduced the MFL self-energy only for the
c fermion while we have introduced a fitting parameter fyo g
for the background self-energy of the d fermion. We modify
the (2, 2) and (4,4) (i.e., down-spin) components of Eq. (A5)
accordingly.

Integrating out the d degrees of freedom, we obtain

V2w +in + € (—w)]

yonor k,OJ — : _ ' S
) = i~ Zac@)llo + i1+ e (—)] — Dl
+ B (k, w) + Xmrr (w) (A7)
and
2
ZanO(k7w) _ i _ Vk pdk _ .
[w+in — Equ(w)][w + in + €5 (—w)] — D3y
(A8)

as the self-energy for the ¢ fermion. Here, 7 is an energy- and
momentum-independent smearing factor.

The Green’s function matrix G for the ¢ fermion is then
given by

A Gk,w) Fkw
Glk,w) = (ng,wg G*((k, —L))

[ wHin —ex — E""(k,w)
N —D — X (k,w)

-1
—Dg — X (k, w)
w4+ e + X" (k, —w) : (A9)
This defines the spectral function as
1
Ak,w) = —=ImG(k,w) (A10)
™
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with
Gk,w) = [w+in —eq — 2k, w)] " . (A11)
Here, X'k, w) = X" (k,w) + W (k,w) and
D yhano (e 2
W(k,w) = —Peact 2K @)} (A12)

w4 in+ e + Xror(k, —w)*
represents the contribution from the anomalous part. The den-

sity of states (DOS) is defined by

1 1 N
prc(w) = 3 > Alkw) = ——Im[Gioe(w)]11,  (A3)
k

where Gioc(w) = N%( > 1 G(k,w) is the local Green’s func-
tion.

b.  Cost function for fitting

To fit the ARPES data, we define

0

Itcrm(k,w) = /

—00

Ak, ") f(T,w")R(w — w')du,
(A14)

where f(T,w) is the Fermi distribution function at tempera-
ture 7' (= 12K) and

R(w)

1 < w? >
_ exp - (A15)
V 277(7res01. 20r26801-

represents the energy resolution of the experimental facility.
Since the ARPES intensity depends on the matrix-element ef-
fect, which may give an additional momentum dependence in
the intensity, we further normalize the data as

0
Itcrm(k,w) = ITCFM(kM)// Ircrm(k, w')dw
Ecut
(A16)

at each momentum k and compare it with

0
Inrpes(k,w) :IARPES(kaw)// Ixrpes(k,w')dw’,
Feu
(A17)

where Iarprs(k,w) is the raw ARPES data. We set FE .,y =
—0.15 eV in the following.

We determine the fitting parameters, t. 0,1,2,3}» td,{0,1,2}»
Vio,1,21> De0s Do, fog> Cog» Tresol.» and 7 defined in Eqgs. (4),
(5), (6), (A2), (A6), and (A15) to minimize the following cost
function,

] o ~
C=—= Z/ [Ircrm(k,w) — Iarprs (k,w)[*dw.
N 4

Ecut

(A18)



Here, k runs over cuts 4-13 shown by orange arrows in
Fig. 1(a) and Ny = 580 is the number of the k points. Note
that we set £43 = 0 because the optimized value for it is al-
ways found to be quite small even when we start from nonzero
values for it.

The noise in the ARPES data determines the lower bound
of the cost function C. The amplitude of the noise also en-
ables us to evaluate the quality of the fitting. We assume
that the ARPES data can be decomposed into a smooth inher-
ent spectrum f(k,w) and noise e(k,w) as Iarprs(k,w) =
f(k,w) + e(k,w). Then, the cost function C' is decomposed
as

[k, w)|?dw

[Ircrm(k,w) —

(,ut

Nkk

e(k,w)|?dw, (A19)

N k Ecut

where we assume that the noise e(k, w) is random and inde-
pendent at each (k,w). The second term on the right-hand
side of Eq. (A19) provides an estimate of the lower bound of
C.

Here, we try to estimate the noise by fitting the exper-
imental ARPES data with a Gaussian process model. We
employ Gaussian distributions with the standard deviation
o = 10 meV at each w point and smoothly interpolate the
noisy ARPES data. Here, the ARPES data are taken at 301
w points ranging from -0.405 eV to 0.195 eV. The standard
deviation o of the Gaussian distributions is chosen to be the
experimental resolution. To avoid overfitting to the noise, we
fit the ARPES data at five consecutive k points by a single
curve. (There are 120 k points along each momentum cut
shown in Fig. 1. Out of the 120 points, each locus indicated
by an orange arrow contains 31-81 k points.) We thus obtain
a Gaussian process model, Igp(k,w). When the Gaussian
process model is a decent approximation of f(k,w), the fol-
lowing integral,

Cn |IGP(k w) IARPES(k o.))| dw
(A20)
is a decent approximation of the integrated noise, i.e.,
/ e(k,w)|?dw. (A21)

(‘uf

The deviation of the TCFM spectrum from the inherent
spectrum, f(k,w), is given by the first term on the right-hand
side of Eq. (A19). Then, the standard deviation of the TCFM
spectrum is measured by /(C' — Cy,)/C,,. Fitting the ARPES
data with the TCFM, we obtain the optimized cost function of
C = 0.452. As Eq. (A20) gives C,, = 0.214, the standard
deviation is \/(C' — Cy)/Cy ~ 1.05. Although the number
of the TCFM parameters is as small as 16, their optimization
turns out to reproduce the inherent spectrum within almost
one standard deviation in the full g — w space.
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3. Quasiparticle interference

Based on the electronic structure, i.e., G(k,w), obtained
by fitting the ARPES data, we calculate the QPI patterns in-
duced by a nonmagnetic impurity. To calculate the spatial
modulation of the LDOS, we follow the method of a single-
impurity scattering [113] (Appendix A3b) and a projection
onto a surface Wannier function [99, 114-117] (Appendix
A 3a). Because the experimentally measurable quantities are
not the LDOS itself, we further calculate the quantities [g, L
and Z defined in Egs. (A40), (A41), and (A42) below, respec-
tively] which can be directly measured in experiments (Ap-
pendix A 3¢).

In the calculation, we place a single impurity at the ori-
gin. Since this conserves the inversion symmetry, the Fourier-
transformed quantities like Vimp(q), dp(q,w), g(q,w), and
L(q,w) (defined below) are real. In experiments, however,
these quantities can have a phase because the overall phase
depends on the impurity position, which is difficult to lo-
cate experimentally, and because multiple impurities can con-
tribute. This prevents us from a direct comparison of the phase
of g(q,w) and L(q,w) between experiments and the theory.
We therefore use L, [defined by Eq. (14)] and g, when we
compare the calculated sign structure with the experimental
results.

a. Projection onto a surface Wannier function

To make a better comparison with STM experiments, which
have a spatial resolution of 0.1nm scale, we project the TCFM
lattice Green’s function onto a Wannier function respecting
the d,>_,» symmetry [114-117] and thereby take into account
the structure inside a unit cell. Since STM measures a current
from the surface of a cleaved sample, which consists of a Bi-O
plane in the case of Bi2212, it essentially measures a tail of the
Wannier function centering on the CuOs plane closest to the
surface. To represent this tail, we employ a d2_,2-symmetry
Gaussian function,

—(y-Y)? B(r—R)
a? xp [ 2a2 ’
(A22)

Il
N

wr(r)

following Ref. 116. Here, a = 1 is the lattice constant,
R = (X,Y) represents the coordinate of the Wannier cen-
ter projected on the surface, and r = (x,y) represents the
continuous-space coordinate on the surface. We choose B =
4, with which the unperturbed DOS projected on the surface,
po defined below, well reproduces the STM experimental re-
sult. Although we choose A = /B3/(ma?), which normal-
izes Eq. (A22), the conclusions obtained below do not essen-
tially depend on this choice since p(r,w) defined below is
simply proportional to A% and we are interested only in rel-
ative intensity.

With the Fourier transformation,

w(r)



Y g wr(r)e ™ R we define

Go(r,w ——Z\wk

)2G(k, w) (A23)

and

A 1 ~
G(r,w) = N E wi(r)G(k,w), (A24)
Kk

in a real continuous space, where Ny is the number of k
points.

b. Calculation of LDOS modulation

After the above preparations, we now calculate the LDOS
at the surface, modulated by impurity scatterings [113, 118—
121]. It is written as

p(r,w) = po(r,w) + dp(r,w) (A25)

with

1 ~
po(r,w) = —=TIm|[Gy(r,w)]11, (A26)

™
representing the nonperturbed part, and dp(r,w), represent-
ing the spatially-modulated part induced by an impurity. In
the lowest order of the nonmagnetic impurity potential, Vipp,

located at the origin, the spatially modulated part is given by
[113,122]

= —llm C;(r,

op(r,w) = ——

) VimpG(—,)| @)
Note that the electron correlation effect is represented by the
self-energy contained in the c-Green’s function Q, where the
self-energy originates from the coupling to d through integrat-
ing out the d degrees of freedom.

For comparison with experiments, we calculate the Fourier
transformation of Eq. (A25), i.e.,

w) = Zp(r,w)e‘iq'r

= po(a,w) + dp(q,w). (A28)
Here, r is summed over the whole real-space points, where
we consider N, = 4 x 4 points in each unit cell. We have
confirmed that the following results do not change qualita-
tively for a larger N.. Since po(r,w) is periodic with re-
spect to the lattice constant a, po(q,w) is nonzero only at
(2rm/a,2nn/a) with integers m and n. Hence, we focus
on ¢g,qy € (—2m/a,2m/a), where p(q,w) is identical with
dp(q,w) except for g = (0,0). Note that, while p(q,w)
and 0p(q,w) can be complex in general, these are real in
our calculated results since the impurity placed at the origin
preserves the inversion symmetry of the system. Thus, for
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q # (0,0), p(q,w) is equal to
¢ * —iq-r’
op(q,w) = 27NN, 2 wk(r/)wk+q(r/)e q
x [G(k,w)Vim G’( +q,w)

—{G(k + q,0)VimpG(k, )} 11, (A29)
where r’ is summed over the NN, positions in the unit cell. We
have used wi (—r) = wj (r) and wy (R+1") = wy(r')e =R,

To further take into account a realistic form of the impu-
rity, we employ a finite spread of the impurity potential in
real space by replacing Vimp with | f/imp(ro)dro [35,119, 121,
123, 124]. This is reasonable because the source of the im-
purity potential in cuprates is considered to be located in the
dopant layer away from the CuOs plane. In fact, as we see
later in Sec. V C, this finite spread causes a noticeable decay
of the QPI intensity as |q| increases, consistently with the ex-
perimental QPI data. Then, instead of Eq. (A27), we start
from

dp(r,w)
1 A N .
= —;/dro Im {Q(r — 19, w) Vimp(r0)G(—r + ro,w)} 0
(A30)
and obtain
(@) = i 3 kYU ()"
¢ vk
X [G(k,w) Vimp(@) G (k + q,w)
—{G(k+ q,w)Vimp(@) Gk, w)} 11, (A3D)
where V}mp = Vlmp ro)e "9Todr.

Experlmental data also indicate that both normal and
anomalous (i.e., superconducting) components of Vimp are
necessary: The importance of the anomalous component
has been highlighted in previous theoretical works as well
[31, 124, 125]. We therefore decompose Vimp(r) as f/imp(r) =
Vo (r)é, + Vi(r)é, with the Pauli matrices 6, and &,. Fol-
lowing Ref. 126, to mimic the realistic impurity potential, we
take the Yukawa form,

Vn(r) = Vo exp <_

\/rQ—&—zg—zo) 20
1

Timp mp -+ zO
(A32)
Vs(r) = Vio (COS% — cos %)
5,2
X exp (- VITF 2 ZO) i (A33)
Timp 7"i2mp + Zg

with rimp, = 0.5a and zp = 2a. Note that the d-wave form fac-
tor in V is necessary to make a finite contribution in Eq. (A31)
since V, connects the normal and anomalous Green’s func-
tions.



As the above impurity potentials, Eqs. (A32) and (A33),
hold the inversion symmetry, their Fourier transformation,
V,.(q) and Vi(q), are real. In this case, Eq. (A31) can be
recast into

op(q,w) = Va(a){dpca(q,w) — dprr(q,w)}
+ V(@) {0par(a,w) + dpra(q,w)}  (A34)
with
Spxv(q,w Zwk Jwie o (x))e e
Im[X (k, w)Y(k +q,w)] (A35)
for XY =G, F.

The amplitude of the impurity potential is not known exper-
imentally, and we use small values within the realistic range,
namely, V;,0 = 0.1 eV and V,y = 0.01 eV in the follow-
ing unless otherwise mentioned. Our main interest is in the
relative intensity and sign of the QPI pattern in the energy-
momentum space, which are insensitive to the overall impu-
rity strength. The small impurity strength ensures the validity
of the lowest-order approximation in Eq. (A27) while the T'-
matrix theory has been extended to the momentum-dependent
impurity potentials [35, 127]. This choice of the small val-
ues of V0, 50y is indeed justified by the good agreement with
the experimental results as shown in Sec. V. The remaining
discrepancy from the experimental results, in particular the
relative intensity of the QPI signals at ¢; 7, will mainly be
ascribed either to higher-order scattering processes or to the
error in fitting the ARPES data.

¢. Calculation of experimentally measurable data

The experimental data obtained by STS are not equal to the
LDOS, p(r,w), but require an appropriate analysis. The STS
measures the current I flowing between the tip and the sample
when the bias voltage V is applied between them. Assuming
that the LDOS of the tip does not significantly depend on en-
ergy in the range of our interest, we can write the current at a
lateral position r on the sample surface as

eV
I(r,z,V) = Ce*"(r)z/ p(r,w)dw, (A36)
0
where x(r) > 0 describes the decay of the current against the
tip-sample distance z and C' is a constant. In practice, when
measuring the tunneling current and the differential conduc-
tance, z is adjusted to maintain a constant current I at a
fixed bias voltage Vi at each r through

eViet
L = e zec(riVie L) / p(r,w)dw,  (A37)
0

where z.. denotes a constant-current topographic image ob-

tained at the set-point voltage Vi and current [ ;. Accord-
ingly, the measured current is
eV
I(I‘, Zecs V) — Cefﬁ(r)zcc(t‘;vsenfsei) / p(r,w)dw. (A38)
0
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Combining Eqgs. (A37) and (A38), we can eliminate the factor
Ce ")z o obtain

(r,w)dw

set fo

I(r,eV; Vie, Liet) = — 7 . (A39)
Jo " p(r,w)dw
The differential conductance j{, is then given by
dl eV
g(r, eV Vi, Let) = —— = plr,eV) (A40)

€1 e eV, -
dVv tfo‘vset p(r,w)dw

The presence of the denominator in Eq. (A40), known as
the set-point effect, prevents a direct comparison between
g(r,eV; Vier, Iser) and p(r,w). The following functions are
used in the analysis of experimental data to mitigate the set-
point effect:

g(r7 eV'; Vet Isel) GVP( €V)

L(r,eV) = = Adl
( ) I(I‘, eV;‘/SeHISSl)/V f I' w dw ( )
and
g(ra eV Veer, Iset) P(r7 eV)
Z = = . A42
V) = eV Ve L) ol —ev) A4

For simplicity, we write g(r, €V'; Vie, Leet) as g(r, eV) in the
rest of the manuscript, abbreviating Vi and I in the argu-
ments.

To compare with the experimental results, we calculate the
Fourier transformation of these quantities as

= Zg(r,w)e_iq'r, (A43)
L(q,w) = ZL(r,w)e‘iq‘r, (A44)

and
(A45)

= Z Z(r,w)e T,

According to the above Fourier transformations, the spa-
tially unmodulated part will not contribute to the QPI signals
at finite q’s in the thermodynamic limit. However, because
of the finite size of the sample or more strictly the domain
where the assumption of a single impurity is valid, the exper-
imental data of g(q,w) and L(q,w) show strong intensities
for non-zero but small q’s, as seen in Figs. 9(a,b) and 10(a,b).
Although these q ~ 0 structures are not of our interest, in
order to make a comparison with the experimental data, we
have added the following Gaussian functions to Eqs. (A43)
and (A44), respectively:

Agpo(w) exp(—(a2 + )/ 45) (A46)

Yl C) exp(—(¢3 +4)/43)-

foev po(w)dw

Here, po(w) is the average of po(r,w) over the unit cell. We
used A, = 2000, Ar, = 0.7, and gy = 0.5/a to fit the exper-
imental data. Note that since Eq. (A47) decays rapidly with

(A47)



|q|, it does not affect the behavior for |q| 2 go of our main
interest. The resemblance of the obtained q ~ O structure
[Figs. 9(c,d) and 10(c,d)] to the experimental results suggests
that the q ~ O signals in the experimental data indeed come
from the above-mentioned size effect.

d. Simple relations between g, L and dp

When |dp| < |po| holds in real space (as is indeed satisfied
for the small V,, and V used in this study),
po(r,eV) +dop(r,eV)
el foev““’{po(r,w) + dp(r,w)}dw
_ po(r,eV) +dp(r,eV)
B foev‘““ po(r, w)dw

foevse‘ dp(r,w)dw

{5 oy}

Assuming po(r, eV') = py(eV), the Fourier transformation of
the above equation is given for q # 0 by

eViet
fo dp(q,w)dw
wo (6‘/set)2

g(r,eV)

— po(r,eV) (A48)

g(a,eV) dp(q,eV)
eIset o wO(SV;et)

po(eV) (A49)

with wo(w) = fow po(w')dw’. Similarly, we can derive

J5¥ dp(q,w)dw
wo(eV)?

L(q,eV) _ dp(a,eV)
eV wp(eV)

— po(eV) . (A50)

These equations are useful to understand the difference in the
q — w space maps between g, L, and p and indeed used in
Secs. VC2and VC4.

Appendix B: Single-particle spectra of the TCFM
1. Additional information of EDCs

Figure 17 displays the TCFM results of the EDCs of the
normalized spectra (ITcrm) along the cuts 8, 9, 11, and 13,
and compares them with the ARPES results (/arprs). We see
a good agreement, even quantitatively, between the two meth-
ods though the ARPES spectra exhibit a larger noise. Notably,
the sharpness of the spectral peak strongly depends on the mo-
mentum along each cut, in particular near the node (cuts 8
and 9). This means that the imaginary part of the self-energy
strongly depends on the momentum in the direction crossing
the Fermi surface, beyond the constant assumption used in
Ref. [128].

This is indeed seen in Fig. 18, which plots the imaginary
part of the self-energies at the corresponding momenta. The
amplitude of the self-energy peaks significantly depends on
the momentum along the cuts, as well as on the cuts them-
selves. In the nodal direction (cut 8), Im3:"°" shows a peak for
w > 0 and its peak position depends on the momentum. On
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FIG. 17. (a-d) Compa{ison of the EDCs along the cuts 8, 9, 11, and
13 between ARPES (Iarpgrs) and the TCFM (Itcrm). Each curve
is shifted vertically by 5 for clarity. Orange arrows correspond to
those in Fig. 1 and bold curves denote the one closest to K ax.
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FIG. 18. The w dependence of Im~""" and Im>:*" along the cuts 8, 9,
11, and 13 [(a), (b), (c), and (d), respectively]. Each curve is shifted
vertically by 0.2 for clarity. The orange arrows correspond to those
in Fig. 1.

the other hand, in the antinodal region (cut 13), both Im>""
and Im>*"° show peaks at electron-hole symmetric positions,
which do not significantly depend on the momentum along the
cut.

Figure 19 shows both the real and imaginary parts of the
TCEM self-energy at k = k.« in the cuts 8, 9, and 11.
Note that the corresponding self-energy for the cut 13 is pre-
sented in Fig. 5(c,d). As one goes from the antinode (cut
13) to the node (cut 8), X" diminishes while >"°" keeps a
substantial intensity even at the node, producing a pseudo-



0.6 . : . 0.8
(a) cut8 " Real part ——— 06 [ (b) cut8
04 1 ! Imag. part 1 :
)
=
5
Q
[l
0.8 : . 0.8
0.2 0.1 0 0.1 0.2 0.2 -0.1 0 0.1 0.2
w [eV] w[ev]
0.6 . ; 0.8 ,
(c)cut9 ; [(d)cut9
0.4 : 06

. ="(k,0)

o2 -0.1

) cut 11

-0.2 -0.1 0.1 0.2

0
w [eV]

FIG. 19. The w dependence of the TCFM self-energy at k = kpax
in the cuts 8 (a,b), 9 (c,d), and 11 (e,f), corresponding to the spectra
in Fig. 4(b). Note that the corresponding self-energy for the cut 13 is
presented in Fig. 5(c,d), to which the scale of the ordinate is adjusted.

gap above the Fermi energy and renormalizing the electron
dispersion around the Fermi energy. Notably, when Im»*™
shows a low-energy peak (as in the cuts 11 and 13), ImX"™"
also shows a peak at the same energy. This is characteristic of
the TCFM [36] and is consistent with the CDMFT calculation
for the Hubbard model, as well as the self-energy structure of
the cuprates extracted with a machine-learning analysis [79].

2. Dispersions for Im¥,, =0

Figure 20 shows A(k,w) [Eq. (A10)] calculated for the
TCFM with Im3J,,=0 (see Appendix A 1c¢ for the definition
of Ypg). This result represents the spectral structure inherent
to the TCFM, without the smearing by the background self-
energy. Note that ReXy, remains in this calculation, giving
a large renormalization around the Fermi energy and a defor-
mation of the dispersion at higher energies.

The most prominent difference from Fig. 3(a-c) is seen in
the antinodal region, where X, is particularly strong due to
the momentum dependence of Eq. (A2) and cpe = 0.218. We
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FIG. 20. A(k,w) calculated for the TCFM along (a) (0, 0) — (7, 7),
(b) (0,0) — (m,0), and (c) kn — kan, with setting Im¥y, = 0.
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can see a clear dip (gap) between the Bogoliubov quasiparticle
band and the ingap state, which corresponds to a hump. A
similar peak-dip-hump structure appears for w < 0 due to the
particle-hole symmetric nature of the superconductivity.

3. Dispersions for ¥, = 0

To see the intrinsic electronic structure of the TCFM, with-
out the smearing and renormalization by the background self-
energy, we plot in Fig. 21 A(k, w) [Eq. (A10)] calculated with
Ype=0. Panels (a-c) show the results for the superconducting
state while panels (d-f) show those for the normal state calcu-
lated with D. o = Dg o = 0.

In the nodal direction [(a,d)], the results are similar to
Fig. 20(a) because of the small renormalization by ReX,,
where the pseudogap opens above the Fermi energy. Along
(0,0) — (m,0) [(b,e)], quasiparticle band is located at w <
—0.2 eV (not shown) in the normal state and the ingap state is
seen for 0 < w < 0.2 eV. In the superconducting state [(b)],
a particle-hole counterpart of the ingap state appears around
w = —0.1 eV. Note that the absolute value of the ingap en-
ergy is smaller than that of the quasiparticle in this region un-
like the other regions. When the background self-energy is



added, this is strongly modified and becomes broadened as in
Fig. 3(b). From the node to the antinode [(c,f)], the quasipar-
ticle band has a small dispersion (of ~ 0.2 eV) and the ingap
state disperses nearly in parallel with the quasiparticle band
[(f)]. When the superconducting gap opens [(c)], the Bogoli-
ubov bands appear. Around kay, the upper Bogoliubov band
almost touches the ingap state, resulting in a weak dip between
them. For w < 0, the particle-hole counterpart of this struc-
ture also shows a weak dip. Note that the dip-hump structure
will become more prominent in the underdoped region as the
previous cDMFT studies showed [36, 37].

4. k-space maps of Green’s function and self-energy

Figure 6 shows that the edges of the arc (for |w| < 30
meV) curve inwards (outwards) for w < 0 (w > 0). Corre-
spondingly, ReG = 0 (white curves) in Fig. 22 encompasses
(0,0) [(mw, )] for w = 20 and 30 meV [—20 and —30 meV].
We show in Fig. 23 the corresponding maps of the imaginary
part of the self-energy. Im3."°" shown in the upper panels ex-
hibits a strong negative intensity around (7, 7) particularly for
w > 0, enhancing the electron-hole asymmetric behavior of
the Green’s function. Im>"°" and ImX'*** also show a relatively
strong intensity around (7, 0) — (0, ) line, particularly on the
positive-energy side. This reduces and broadens the spectral
intensity in the antinodal region as seen in Fig. 6 middle pan-
els, in consistency with the ARPES results (top panels). This
suppression and broadening of the antinodal spectra are as-
cribed to the presence of the d fermion, and hence cannot be
seen in the results of the single-component Hamiltonian, H.,
shown in Fig. 6 bottom panels.

Appendix C: Additional results of QPI
1. Decomposition of the contributions to Jp

To understand the sign structure of ép shown in Figs. 11(c)
and 11(d), we plot in Fig. 24 each component, Eq. (A35),
contributing to dp. First, we notice that dppp is antisym-
metric with respect to w = 0. This is because in Eq. (16)
ReF' is symmetric about w = 0 while ImF' is antisymmetric.
As for dpge, the overall sign structure for 20 < |w| < 40
[meV] is antisymmetric. This can be understood by an ap-
proximately electron-hole symmetric electronic structure at
the optimal doping, where ImG is negative-definite while
ReG changes sign around w = 0 [as is seen in Fig. 5(a)].
For dpgr and dppg [Fig. 24(c)], we plot them only along
(0,0) — (2m,0) since they vanish for (0,0) — (7, 7): As G
(F) is (anti)symmetric around the (0,0) — (m, 7) line, the k
summation in Eq. (A35) vanishes. While the amplitudes of
dpgr and dppg are smaller than those of dpgg and dppp, it
is interesting that the sign structures of dpgr and dppg are
overall symmetric about w = 0. This is because the combina-
tion of ReG and ImF', as well as of ReF' and ImG, keeps its
sign across w = 0 at most k points. Because dpar and dpra
contribute to §p only through Vi, the sign structure of §p could
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inform us of the relative strength of V; to V,,: In experiment,
it is possible to see the relative sign between dp(q,w) and
dp(q, —w), which is the same as that of ¢,-(q,w) discussed in
Sec. VC2.

As discussed above, for (0,0) — (m,7), Eq. (A34) reduces
to

dp(q,w) = Vu(a) Ppca(q,w) — dprr(q,w)].  (C1)

In Figs. 24(a) and 24(b), we therefore see that both contribu-
tions from G and F' cooperatively strengthen the q7 dispersion
through V,,, particularly at w > 0. On the other hand, for ¢
smaller than |q7|, the same-sign contributions from G and F'
give a destructive interference.

The contribution from dpg¢ to qs is positive on both sides
of w while that from —dppr is positive (negative) for w > 0
(w < 0). This difference leads to a stronger amplitude of qs
for w > 0 than w < 0, consistently with the experimental
result for g and L [Figs. 9(e) and 10(e)].

The electron-hole asymmetric dispersion next to the qs sig-
nal comes from dpgg, which is negative on both sides of w
and stronger in amplitude for w < 0 than w > 0. Although
—Jdppp gives only a broad intensity in the corresponding re-
gion, it is positive (negative) for w > 0 (w < 0). This further
strengthens the w < 0 part compared to the w > 0 part, ex-
plaining the white curve seen for dp(q,w > 0) in Fig. 11(c).
In the experimental results [Figs. 9(a) and 10(a)], too, the
electron-hole asymmetric dispersion has a stronger intensity
for w < 0 than w > 0.

For (0,0) — (27,0), dpec and dppp have the same sign
in most (q,w) points, so that they mostly cancel with each
other in Eq. (C1). Then, dpgr and §pra [Fig. 24(c)], which
are weaker than dpgg and dppp but have a more symmetric
sign structure between w > 0 and w < 0 for |w| < 30 meV,
contribute to dp through V, resulting in a nearly electron-hole
symmetric sign structure of p shown in Fig. 11(d).

The plots for (0,0) — (27,0) show the q; and g5 disper-
sions and their mirror ones. The bifurcated signals denoted
by red arrows in Fig. 10(a) would be explained by the mirror
of g5 while the mirror of q; is not visible in the experimental
data because it is located at high momenta where the impurity
scattering is weak.

2. Sign structure along (0,0) — (27, 0)

Figure 25 shows L(q,w) along (0,0) — (27, 0) calculated
with (a) the TCFM and (b) the single-component Hamilto-
nian, Eq. (11). In both cases, the sign is almost symmetric
about w = 0. Thereby, the relative sign, L, (q,w), is positive
at most energy-momentum points in both cases in accordance
with experimental results [see Supplemental Material [103]
Fig. S2].

3. Phase-reference maps

Figure 26 compares the calculated q-space maps of
L.(q,w) with the experimental results at w = 10, 20, and
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30 meV. Corresponding results for g,(q,w) are shown in
Supplemental Material [103] Fig. S12. Overall, all the re-
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FIG. 25. Sign structure of L(q,w) along (0,0) — (27, 0) calcu-
lated with (a) the TCFM and (b) the single-component Hamiltonian,
Eq. (11).

sults show a positive sign around the diagonal directions
[(0,0) — (£2m,0) and (0,0) — (0, £27)] and a negative sign
around the (0,0) — (&£, £) directions. This means that the
q1.4,5 signals are positive while q2 6 7 signals are negative, in
accordance with the previous work [18] for g, (q,w), where
the sign was understood as the relative phase of the d-wave
superconducting gaps connected by q.

The amplitude in a large-|q| region increases as w increases
from 10 to 30 meV. The strong intensity in the diagonal direc-
tions corresponds to the broad flat intensity for w = 30 — 40
meV in Fig. 10.

In the L, map at w = 20 and 30 meV, red spots (denoted
by light-green arrow in Fig. 26) appear inside q7 spots. These
correspond to the negative-sign signal mentioned for Fig. 13.
Such signals are not seen in g, (q,w) shown in Supplemental
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discussed in Sec. V C2. Black arrows denote the q7 spots.
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Material [103] Fig. S12.

Note that speckle patterns observed in experiments can
be reproduced by introducing multiple impurities [126] or
mesoscopic inhomogeneity of the doping concentration [99].
While these effects will significantly improve the appearance
of the calculated results, providing a better agreement with
the experimental results, the center positions of the speckled
signals are the same as those of the single-impurity problem.
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