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Abstract
P. W. Anderson raised an important question in 2007: Is There Glue in Cuprate
Superconductors? The author believes that the change of the electron clouds of
ions is the glue in cuprate superconductors. The change of the electron clouds
of the ions in the parent structure of the layered high-temperature superconduc-
tors CaCuO2 has been studied by the first-principles calculations. The electron
clouds of Cu2+ and O2- ions change obviously under electric fields. It is also
found, for the first time, the characteristic frequencies of the change of the elec-
tron clouds are 250 meV, 360 meV, and 100 meV, respectively, for the modes
observed. The frequencies are low and close to that of lattice vibrations, indicat-
ing the change of the electron cloud of ions can be the electron-pairing medium
in cuprate superconductors.
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Abstract
In 2007, P. W. Anderson raised a fundamental question: Is There Glue in
Cuprate Superconductors? The author proposes that changes in the electron
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clouds of ions constitute this glue in cuprate superconductors. Using first-
principles calculations, we have investigated the evolution of electron clouds in
the parent structure of the layered high-temperature superconductor CaCuO2.
The electron clouds of Cu2+ and O2- ions exhibit pronounced changes under
electric fields. For the first time, we have identified characteristic frequencies
of these electron cloud changes at 250 meV, 360 meV, and 100 meV for the
observed modes. These frequencies are notably low and comparable to lattice
vibrational frequencies, suggesting that changes in the electron clouds of ions
can serve as the electron-pairing medium in cuprate superconductors.

Keywords: cuprate superconductors; time-dependent density functional theory;
electron-pairing medium

1 Introduction
In 1986, J. G. Bednorz and K. A. Müller [1] discovered possible high-temperature
superconductivity (HTS) in La-Ba-Cu-O oxides, leading to the subsequent dis-
covery of numerous cuprate superconductors with transition temperatures ex-
ceeding 77 K [2][3][4]. However, the electron-lattice interaction cannot ade-
quately explain the electron pairing mechanism in these materials, and the pair-
ing mechanism for unconventional HTS remains under debate.

In 2007, P. W. Anderson [5] posed a critical question: Is There Glue in Cuprate
Superconductors? The author proposes that changes in the electron clouds
of ions may provide this glue. The mechanism operates as follows: when a
free electron approaches a location, the electron clouds of nearby ions deform,
reducing the charge density around the free electron. When the electron departs,
the ionic electron clouds do not relax instantaneously, creating a charge-depleted
region (equivalent to a positive charge region) that attracts another free electron.
This generates an effective attraction between free electrons. This mechanism is
essentially analogous to electron-phonon interaction, except that the mediating
entity is the change of the electron cloud rather than ionic displacement.

According to the Born-Oppenheimer approximation [6], electrons move and re-
spond to forces extremely rapidly because their masses are more than 1000
times smaller than nuclear masses. Consequently, electron density changes are
considered too fast to be excited by free electrons, and it is generally believed
that electron pairing cannot be achieved through electron cloud changes. But
can electron density change as slowly as nuclei? If so, it could serve as an
electron-pairing medium.

Based on this consideration, the author conducted an investigation using the par-
ent structure of layered high-temperature superconductors CaCuO2 [7]. First,
we studied charge density changes under electric fields. Second, we calcu-
lated the characteristic frequencies of these changes using the real-time TDDFT
method [8, 9]. We have found, for the first time, that the characteristic fre-
quencies of electron cloud changes are close to lattice vibrational frequencies,
indicating that these changes can be excited by free electrons. This suggests
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that electron cloud changes can indeed serve as the electron-pairing medium in
cuprate superconductors. This paper reports our methods and results.

2 Methods
We employed VASP [10][11] and QE [12] to investigate charge density changes
under electric fields. In VASP calculations, the projector augmented plane
wave (PAW) method [13][14] described the interaction between valence elec-
trons and ion cores, while the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [15] was used for the exchange-correlation po-
tential. To account for strong correlation among 3d electrons, we applied the
GGA+U method with Ueff = 6.5 eV for Cu 3d orbitals [16][17]. Plane waves
expanded the valence electron wave functions with a cutoff energy of 400 eV,
chosen to balance accuracy and computational cost. Valence electron configura-
tions for the pseudopotentials were 3s23p64s2 for Ca, 3p63d104s1 for Cu, and
2s22p4 for O. Additional calculations using the Heyd, Scuseria, and Ernzerhof
(HSE) [18] hybrid functional were performed for cross-validation. In QE calcu-
lations, norm-conserving pseudopotentials were employed to calculate changes
under uniform electric fields.

We studied the characteristic frequencies of charge density changes using the real-
time TDDFT method within the Octopus package [19, 20]. Valence electrons
were treated as 3p64s2 for Ca, 3p6d104s1 for Cu, and 2s2p4 for O. The GGA-
PBE functional described the exchange-correlation energy, with GGA+U [21,
22] applied to handle strong 3d electron correlation. HSCV pseudopotentials
[23] were adopted, and the Approximated Enforced Time-Reversal Symmetry
(AETRS) algorithm approximated the evolution operator with a time step of
0.002 �/eV.

3 Results and Discussions
[Figure 1: see original paper] displays the crystal structure and charge density
difference (CDD) with and without electric fields. Yellow indicates positive val-
ues or charge density increase, while blue indicates negative values or decrease.
The charge density around Cu2+ ions changes significantly, whereas no com-
parable change occurs around Ca2+ ions. The deformation resembles a rigid
rotation rather than elastic distortion because it is not entirely aligned with the
electric field direction; some regions show increased density while others show
decreased density. Furthermore, the pattern resembles 3d electron clouds. Why
do electron clouds change in this manner?

Transition metal ions possess incompletely filled 3d orbitals, giving their elec-
tron clouds non-spherical symmetry. Like polar molecules, these clouds deform
under electric fields. The charge density around O2- ions also changes substan-
tially, suggesting that the O2- valence is not strictly -2 (which would remain un-
changed like Ca2+ ions). We have also studied eight other unconventional super-
conductors (Fe2KSe2, La2Fe2As2O2, Nd2Fe2As2O2, Ba2Fe4As4, YBa2Cu3O7,
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HgBa2Ca2Cu3O9, Tl2Ba2CaCu2O8, and Bi2Sr2Ca2Cu3O10) [24], finding sig-
nificant electron cloud changes in transition metal ions under static electric
fields.

To study the real-time evolution of charge density changes, we employed two
excitation methods: applying a time-dependent electric field and slightly displac-
ing atomic positions. [Figure 2: see original paper] shows the crystal structure
and real-time evolution of charge density excited by a time-dependent electric
field with � = 1.8 eV and F0 = 1.0 eV/angstrom. The excitation ceases after 5000
steps, after which charge densities vibrate freely. Densities were recorded after
7000 steps; “100”represents the charge density difference between the 7100th
and 7000th steps (similar notation applies below). The electron cloud changes
in O2- ions (marked with arrows) become progressively evident with evolution
steps. The charge density change reaches its maximum after approximately 500
steps, corresponding to a time of 1.0 �/eV from zero to maximum. The period
is 4×1.0 �/eV, yielding a frequency of about 250 meV.

[Figure 3: see original paper] shows the crystal structure and real-time evolution
of charge density excited by a time-dependent electric field with � = 1.8 eV and
F0 = 10 eV/angstrom. The excitation vanishes after 5000 steps, after which
charge densities vibrate freely. Densities were recorded after 18000 steps; “50”
represents the charge density difference between the 18050th and 18000th steps.
The charge density change in the Cu2+ ion (marked with an arrow) reaches its
maximum after about 350 steps, corresponding to a frequency of approximately
360 meV.

[Figure 4: see original paper] shows the crystal structure and real-time evolution
of charge density excited by slightly displacing a Ca atom. To excite charge
vibrations, we moved a Ca atom from its original coordinate (0, 0.5, 0.5) to (0.02,
0.52, 0.5)—a displacement of 0.15 Å in the (001) direction. After calculating the
ground state, we restored the coordinate to (0, 0.5, 0.5) for TDDFT calculations.
Charge densities were recorded after 13000 steps. The electron cloud of the Cu2+
ion (marked with an arrow) changes gradually, reaching its maximum after 1300
steps, with a frequency of about 100 meV.

We have also studied electron cloud changes in other superconductors [26]. For
La2Fe2As2O2, FeSe sheets, and HgBa2Ca2Cu3O8, TDDFT studies yield char-
acteristic frequencies of 160 meV, 190 meV, and 250 meV, respectively [27]. For
BaFe2As2, we observed modes at 150 meV, 160 meV, 250 meV, and 200 meV
[28]. presents the maximum phonon frequencies and Tc for three typical conven-
tional superconductors. The characteristic frequencies of electron cloud changes
are comparable to lattice vibrational frequencies.

These results are unexpected because conventional wisdom holds that electron
density changes occur too rapidly, with frequencies much higher than lattice
vibrations. Our obtained frequencies are close to phonon frequencies, indicating
they can be excited by free electrons. Therefore, changes in the electron clouds
of transition metal ions can serve as the electron-pairing medium. W. A. Little
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[31] reported similar results, but with excessively high frequencies (> 1000 meV)
whose excitability by free electrons requires justification.

Why do transition metal ion electron clouds exhibit such behavior? The primary
reason is that these electron clouds lack spherical symmetry and are therefore
easily deformable under electric fields.

4 Summary
Using first-principles methods, we studied electron cloud changes in CaCuO2.
For the first time, we demonstrated that ionic electron clouds can change slowly,
with evolution frequencies matching lattice vibrational frequencies. This contra-
dicts the Born-Oppenheimer approximation. Although our method’s frequency
accuracy is limited, it provides significant evidence that electron cloud changes
can serve as the electron-pairing medium in HTS. The change of electron clouds
can indeed function as a pairing medium for superconducting electrons.
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