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Figure 1 Crystal structure and phase diagram of cuprates. (a) Schematic crystal structure of La,CuQy; (b) electronic phase diagram of hole-doped

cuprates (all images are reproduced from ref. [1]).
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Figure 2 Spectral evolution from the parent to lightly doped samples. (a) d//dV spectra measured at different atomic sites in parent single-layer
CCOC; (b) dI/dV spectra near a Ca vacancy (contributing two holes) in parent single-layer CCOC; (c) dI/dV spectra in extremely lightly doped (p =
0.03) Bi-2201 showing pronounced spectral-weight transfer; (d) systematic evolution of d//dV spectra under different local doping environments in
lightly doped (p = 0.07) Bi-2201, showing spectral-weight transfer from high to low energies; (e) emergence of checkerboard charge order in lightly
doped (p = 0.07) Bi-2201, characterized by a wave vector ¢ = 0.25. The measurements in (a)—(c) were performed at 77 K, while those in (d) and (e)

were performed at 5 K (all images are reproduced from refs. [6,13]).
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Figure 3 Correlation between the charge transfer gap and the maximum superconducting transition temperature 7 may. (a) STM-measured d//dV
spectra of the parent compounds of single-layer Bi-2201, double-layer Bi-2212, and triple-layer Bi-2223; (b) relationship between the charge-transfer
gap dcr and the maximum transition temperature 7T ., for single- and double-layer CCOC and the Bi-based cuprate family; (¢) STEM-EELS
measured charge transfer gaps Acr of the outer CuO, planes with different layer numbers (n = 1-9) in the same crystal; (d) evolution of the
experimentally obtained inner-/outer-layer charge transfer gaps and the corresponding calculated super-exchange interaction J.4 as a function of layer
number n. The measurements in (a) and (b) were performed at 77 K, while those in (c) and (d) were performed at 300 K (all images are reproduced
from refs. [12,18]).
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Figure 4 Intertwined orders in the superconducting phase. (a) Typical tunneling-current map in underdoped Bi-2212 (p =~ 0.06, 7, = 10 K) measured
at /=30 mV; (b) spatial evolution of dZ/dV spectra extracted along the yellow line in (a), showing clear spatial oscillations in the gap depth of the
superconducting coherence peaks with a period of ~4ay; (c) sharpness of the superconducting coherence peaks obtained from the negative second
derivative of the d//dV spectra in (b), also exhibiting ~4a, spatial oscillations; (d) nematicity inside charge clusters and its modulation of the pair
density observed in overdoped Bi-2201 (p = 0.19, T, ~ 24 K); (e), () observed /2 x /2 short-range charge order and the corresponding Fourier
spectrum in overdoped non-superconducting Bi-2201 (p = 0.23, T, = 0 K). All measurements were performed at 5 K (all images are reproduced from

refs. [11,20]).
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Figure 5 Establishment of the superconducting phase coherence. (a), (b) Spatial distribution of the local density of states and the evolution of d//dV’
spectra with local doping environment in insulating underdoped Bi-2201 (p = 0.08). The sample simultaneously exhibits nonconducting “Mott-dark
regions” and checkerboard-ordered “bright islands”. Clear superconducting coherence peaks already emerge in the d7/dV spectra measured on the
bright islands (red spectra). (c), (d) Spatial distribution of the local density of states and the corresponding evolution of d//dV spectra in
superconducting Bi-2201 with p = 0.11 (7, = 10 K). With increasing doping, the spatial coverage of checkerboard charge order gradually increases,
accompanied by enhanced zero-energy density of states in the dZ/dV spectra. (¢) Locally paired states with short-range phase correlation may exist on
weakly connected checkerboard islands in the insulating phase, while long-range phase coherence has not yet been established; (f) when the coverage
(or connectivity) of checkerboard islands exceeds a threshold, long-range phase coherence gradually develops, leading to a globally superconducting
state. All measurements were performed at 5 K (all images are reproduced from ref. [7]).
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Figure 6 Termination of the superconducting phase coherence. (a) Arc-like QPI wave vectors emerging near zero bias in the overdoped regime; (b)
evolution of QPI intensity with temperature and momentum; (c), (d) schematic illustration of the microscopic mechanism: pair-breaking scattering
between antinodes becomes stronger with increasing doping and destroys Cooper pairs, leading to the emergence of normal-fluid components near the
antinodes, while d-wave superconducting quasiparticles remain near the nodes. The measurements in (a) were performed at 5 K (all images are

reproduced from ref. [8]).
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Atomic-scale electronic structure of the cuprate
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The microscopic mechanism of high-temperature superconductivity in cuprates remains one of the most important
unsolved problems in condensed-matter physics. As prototypical doped Mott insulators, cuprates host superconductivity
that emerges from a strongly correlated electron system. Their phase diagram encompasses a rich set of quantum states,
including antiferromagnetic insulator, pseudogap, charge and spin order, d-wave superconductivity, and the strange
metal. In recent years, real-space experimental probes—most notably scanning tunneling microscopy/spectroscopy, and
scanning transmission electron microscopy combined with electron energy-loss spectroscopy—have enabled a series of
advances in resolving the atomic-scale electronic structure of cuprate superconductors. Focusing on results obtained with
these approaches, this review summarizes key electronic-structure information along the evolution from the parent Mott
insulator to the superconducting state with doping, including: (1) direct measurements of the charge-transfer gap in the
parent compounds; (2) the anticorrelation between charge transfer gap and the maximum superconducting transition
temperature Ty, 0f different systems; (3) the doping evolution of charge order and the pair-density wave order; (4) the
development from local pairing to long-range phase coherence in the underdoped regime; (5) the emergence of normal
carriers and the termination of superconductivity in the overdoped regime. Finally, we discuss a unified physical picture
suggested by these findings and outline future directions and remaining challenges.

cuprate superconductors, Mott insulator, charge transfer gap, charge order, quasiparticle interference, scanning
tunneling microscopy, scanning transmission electron microscopy
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