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Figure 4
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Figure 7
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Figure 8
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Figure 12B

Figure 12A
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Figure 13
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Figure 19
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Figure 20
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HIGH TEMPERATURE SUPERCONDUCTING
MATERIALS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. Sec-
tion 119(c) of and commonly-assigned U.S. Provisional
Patent Application Ser. No. 62/458,740, filed on Feb. 14,
2017, by Jamil Tahir-Kheli, entitled “HIGH TEMPERA-
TURE SUPERCONDUCTING MATERIALS”; which
application is incorporated by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

This invention was made with government support under
Grant No. N00014-18-1-2679 awarded by the Office of
Naval Research. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to superconducting materi-
als and methods of fabricating the same.

2. Description of the Related Art

(Note: This application references a number of different
publications as indicated throughout the specification by one
or mom reference numbers in brackets, e.g., [x]. A list of
these different publications ordered according to these ref-
erence numbers can be found below in the section entitled
“References.” Each of these publications is incorporated by
reference herein.)

The cuprate superconductors were discovered experimen-
tally by materials scientists in 1986. Since then, there have
been over 200,000 refereed papers on cuprate superconduc-
tivity, yet the mechanism that leads to superconductivity is
unknown. It has been 24 years since the last discovery of the
highest temperature superconductor at ambient pressure
with a superconducting transition temperature, Tc, of 139
Kelvin. In addition, the critical current density, Jc, is 100
times smaller than the theoretical limit. The lack of progress
in increasing Tc and Jc is due to a lack of understanding of
the basic physics of these materials.

The current invention shows how significantly higher Tc
and Jc can be achieved in the cuprate materials class and in
other materials with metallic and insulating regions. Such
materials are of immense practical value in electrical
machinery and power transmission.

SUMMARY OF THE INVENTION

To overcome the limitations described above, and to
overcome other limitations that will become apparent upon
reading and understanding this specification, one or more
embodiments of the present invention disclose a supercon-
ducting composition of matter comprising a first region and
a second region. The first and second regions comprise unit
cells of a solid (e.g., crystalline or amorphous lattice,
periodic or aperiodic lattice), the first region comprises an
electrical insulator or semiconductor, the second region
comprises a metallic electrical conductor. The second region
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2

extends or percolates through the solid (e.g., crystalline or
amorphous) lattice and a subset of the second region com-
prises surface metal unit cells that are adjacent to at least one
unit cell from the first region. The ratio of the number of the
surface metal unit cells to the total number of unit cells in the
second region being at least 20 percent.

Examples of materials for the first region include an
antiferromagnetic insulator, a non-magnetic insulator, and a
semiconductor.

In one or more examples, the first region is comprised of
metal-monoxides, MgO, CaO, SrO, BaO, MnO, FeO, CoO,
NiO, CdO, EnO, PrO, or UO, and the second region is
comprised of TiO, VO, NbO, NdO, or SmO.

In one or more further examples, the first region is
comprised of Al,O;, and the second region is formed by
replacing the Al atoms in the first region with Ti, V, or Cr
atoms.

In yet further examples, the first region is comprised of
V,0; with up to 20% of the V atoms replaced by Cr atoms,
and the second region is comprised of (V,Ti;_,),O; where x
is greater than or equal to zero or less than or equal to one.

In yet further examples, in the composition of one or any
combination of the previous examples, the second region is
formed by replacing one type of atom in said first region by
another type of atom of a different chemical valence.

In yet other examples, in the composition of one or any
combination of the previous examples, the second region is
formed by adding a type of atom to a subset of the unit cells
of said first region, the type of atom of such chemical
valence that the type of atom acts as an electrical donor or
acceptor when added to said unit cells.

In further examples, in the composition of one or any
combination of the previous examples, the second region is
formed by adding interstitial atoms in said first region.

In yet other examples, in the composition of one or any
combination of the previous examples, the first region is
formed by replacing one type of atom in said second region
by another type of atom of a different chemical valence.

In one or more examples, in the composition of one or any
combination of the previous examples, the first region is
formed by adding a type of atom to a subset of the unit cells
of said second region, the type of atom of such chemical
valence that the type of atom acts as an electrical donor or
acceptor when added to said unit cells.

In further examples, in the composition of one or any
combination of the previous examples, said first region is
formed by adding interstitial atoms in said second region.

In one or more examples, in the composition of one or any
combination of the previous examples, the second region is
comprised of approximately linear subregions. For example,
the approximately linear subregions of the second region can
surround regions of the first kind (first region). In other
examples, some of the surrounded regions of the first kind
(first region) have atomic substitutions, grain boundaries, or
interstitial atoms.

The present disclosure further describes a superconductor
from the hole-doped cuprate class comprising two distinct
atoms (first and second atoms) having such chemical
valence that the first atom when added to the cuprate acts as
an electrical acceptor, the second atom acts as an electrical
donor, and 20% or at least 20% of said second atoms reside
inside the unit cell between two of the first atoms that are a
distance of two unit cells from each other. In one or more
examples, the superconductor has the composition of one or
any combination of the previous examples having the first
and second regions (the second region including the distinct
atoms).
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The present disclosure further describes a superconduct-
ing composition of matter comprised of YBa,Cu,Oq,,
where at least 5% of the Y atoms are replaced by +2
oxidation state atoms, Mg, Ca, Sr, Zn, Cd, Cu, Ni, or Co, at
least 2% of the Y atoms are replaced by +4 oxidation state
atoms, Ti, Zr, Hf, C, Si, Ge, Sn, or Pb. In one or more
examples, the superconducting composition of matter has
the composition of one or any combination of the previous
examples having the first and second regions.

The present disclosure further describes a superconductor
from the electron-doped cuprate class comprising two dis-
tinct atoms (first and second atoms) having such chemical
valence that the first atom when added to the cuprate acts as
an electrical donor, the second atom acts as an electrical
acceptor, and 20% of said second atoms reside inside the
unit cell between two of the first atoms that are a distance of
two unit cells from each other. In one or more examples, the
superconductor has the composition of one or any combi-
nation of the previous examples having the first and second
regions (the second region including the distinct atoms).

The materials characteristics that are relevant for fabri-
cating room-temperature superconductors and high current
densities are also described.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:

FIG. 1A and FIG. 1B illustrate the difference in the
character of the doped hole using the “physicist’s” density
functionals, LDA and PBE. (FIG. 1A), versus the “chem-
ist’s” hybrid density functionals (FIG. 19). The dopant is
negatively charged and resides out-of-the CuQO, plane. The
physicist’s hole state has density in the CuO, plane and is
delocalized over the crystal. It is a peculiar hole state.
Intuitively, one would expect the positive hole charge to
point at the negatively charged dopant. The chemist’s hole
state density is out-of-the-CuO, plane (points at dopant), and
is localized around the four-Cu-site plaquette beneath the
dopant. In the chemist’s view, the crystal has atomic-scale
inhomogeneity that is not a small perturbation of transla-
tional symmetry. The physicist’s view leads to an approxi-
mately homogeneous crystal.

FIG. 2. The doped four-Cu-site plaquette “motif.”

FIGS. 3A-3D illustrate the mechanism for the creation of
delocalized planar metallic wavefunctions inside a doped
plaquette. FIG. 3A shows the Cu d,, ,, and O po orbital
energies in an undoped plaquette. The energy ordering,
€2 12<€,6<Es_,»+U, where U is the large on-site Cu d,,_,,
Coulomb repulsion leads to localization of the spins on the
Cu sites, and hence the undoped. AF state. FIG. 3B shows
the Fermi Level for a doped plaquette. FIG. 3C shows the
induced delocalization (shaded overlay) of the planar Cu
d,,_,, and O po electrons in the plaquette from the decrease
of the Cu d,,_,, orbital energy relative to the O po orbital
energy. The decrease occurs because the positive charge of
the chemist’s out-of-the-plane hole from FIGS. 1B and 2 is
closer to the planar Cu site than the planar O site. The
out-of-plane hole is not shown here. There are a total of 4 O
atom po orbitals and 4 Cu d,, ,, orbitals inside the four-
Cu-site plaquette. Since there are two spin states for each
orbital, there is a total of (4+4)x2=16 states in the shaded
overlay in the bottom right figure. These 16 states are filled
with the 12 electrons (4 red plus 8 blue) shown in the lower
left FIG. 3D.

FIG. 4 illustrates a 2D percolating pathway in an opti-
mally doped CuO, plane (x=0.16 dopants per planar Cu).
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The black line shows a pathway from the left to the right side
of this 40x40 CuO, lattice. The localized antiferromagnetie
(AF) spins on the Cu sites are shown as black dots in the
white region. The blue dots are Cu sites inside the doped
metallic region. The O atoms are not shown. The yellow
overlay represents the delocalized metallic band comprised
of planar orbitals inside the doped region. The blue squares
represent isolated plaquettes (not adjacent to another pla-
quette). There is a degeneracy at the Fermi level inside each
isolated plaquette that is split by its interaction with the
crystal environment, and thereby leads to the pseudogap
[11]. The number of isolated plaquettes “vanish” (become of
measure zero) at hole doping x~0.19 where the cuprate
pseudogap is known to disappear [11]. The tenuous perco-
lating pathway has poor critical current.

FIGS. 5A-5C illustrate the character of the out-of-plane
hole inside a doped plaquette. The arrows show the dis-
placement of the O atoms in the CuO, plane with each
“frozen dumbbell” configuration. Proposed herein is that the
out-of-plane hole wavefunction is a dynamic Jahn-Teller
state that is a linear superposition (resonance) of the two
dumbbells shown in FIGS. 5A and 5B (called a “fluctuating
dumbbell”). The two frozen dumbbells in FIGS. 5A and 5B
are represented schematically by the left and right figures in
FIG. 5C. The fluctuating dumbbell is shown in the center
figure in FIG. 5C. The shaded overlay represents the planar
Cud,,_,, and O po electrons (not shown) that are delocal-
ized inside the plaquette.

FIGS. 6A-6D illustrate the effect of overlapping plaque-
ttes on the fluctuating dumbbells for the case of Sr doping of
La,_,Sr,CuQ,. FIG. 6A illustrates two non-overlapping pla-
quettes with fluctuating dumbbells, the CuO, layer and the
out-of-the-plane Sr dopants. The schematic FIG. 6B shows
the metallic dclocalization of the planar Cud,,_,, and O po
orbital electrons (shaded overlay) and the two fluctuating
dumbbells. FIG. 6C shows two overlapping plaquettes. The
degeneracy of the two dumbbell states inside each plaquette
is broken and the two dynamic Jahn-Teller fluctuating
dumbbells become two frozen dumbbells. FIG. 6D shows a
schematic of the metallic regions (shaded overlay) and the
frozen dumbbells. The orientation of the dumbbells in this
figure is arbitrary. The actual orientation in the crystal will
depend on the environment.

FIG. 7. Plaquette doping at x=0.23 on a 40x40 CuO,
lattice. The black dots are undoped AF Cu sites. The O atoms
are not shown. The shaded (yellow) overlay represents the
delocalized metal comprised of planar Cu d,,_,, and planar
O po character. Fluctuating dumbbells (crosses) are seen in
non-overlapped plaquettes. The overlapped plaquettes are
shown as squares (square outline, blue). There are frozen
dumbbells inside each shaded square. The frozen dumbbells
are not shown in the figure.

FIG. 8. Plaquette doping of x=0.12 on a 40x40 CuO,
lattice. The black dots are undoped AF Cu sites. No O atoms
are shown. The squares are isolated plaquettes (no neigh-
boring plaquette). The shaded (yellow) overlay represents
the metallic region comprised of planar Cu d,,_,, and planar
O po character. Fluctuating dumbbells (crosses) are seen in
non-overlapped plaquettes. The darker shaded (magenta)
clusters are smaller than the Cooper pair coherence length
and do not contribute to superconducting pairing. Since the
size of a single plaquette (the Cu—Cu distance) is =~3.8
Angstroms and the superconducting coherence length is ~2
nm, we have chosen plaquette clusters fewer than or equal
to 4 plaquettes in size to be fluctuating. The darker shaded
(magenta) overlay means there is metallic delocalization of
the planar Cu and O orbitals in these clusters. The isolated
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plaquettes do not contribute to the superconducting pairing
and the superconducting fluctuations above Tc because they
contribute to the pseudogap.

FIGS. 9A-9D. Plaquette doping of a 40x40 square CuO,
lattice for dopings x=0.00 (FIG. 9A), 0.02 (FIG. 9B), 0.05
(FIG. 9C), and 0.10 (FIG. 9D). Only the Cu sites are shown.
The black dots are undoped AF Cu sites. The blue outlined
squares are isolated plaquettes (no neighboring plaquette).
The shaded (yellow) plaquette clusters are larger than 4
plaquettes in size (larger than the coherence length), and
thereby contribute to the superconducting pairing. The
darker shaded (magenta) clusters are metallic clusters that
are smaller than the coherence length. The blue and green
crosses are the fluctuating dumbbells. There is no plaquette
overlap in this doping range.

FIGS. 10A-10D. Plaquette doping at x=0.12 (FIG. 10A),
0.15 (FIG. 10B), 0.16 (FIG. 10C), and 0.18 (FIG. 10D). The
caption of FIGS. 9A-9D explains the symbols in this figure.
Optimal Tc occurs for x~0.16 (FIG. 10C) because the
product of the size of the metallic region (number of
electrons that can participate in superconducting pairing)
and the size of the interface (the number of pairing phonon
modes) is maximized. Percolation in 2D occurs at x=0.15
(FIG. 10B). In the finite lattice shown here, there is no 2D
percolating metallic pathway for x=0.15. A 2D percolating
pathway appears at x=0.16, as shown in FIG. 4. The number
of isolated plaquettes rapidly decreases over this doping
range. By x=~0.18 doping, there is only one isolated plaquette
in its 40x40 lattice. At optimal doping, the percolation
pathway is very tenuous. The maximum critical current
density, Jc, will be much less than the maximum due to
Cooper pair depairing. Using current fabrication methods,
cuprates have a low Jc at the highest Tc. Crossing continuous
metallic pathways one plaquette in width would have both
large Tc and Je.

FIGS. 11A-11D. Plaquette doping of a 40x40 square
CuO, lattice for dopings x=0.19 (FIG. 11A), 0.24 (FIG.
11B), 0.27 (FIG. 11C), and 0.32 (FIG. 11D). See the caption
of FIG. 9 for an explanation of the symbols in this figure.
The first plaquette overlap can be seen at 0.19 doping (blue
squares with dark outline). The degeneracy of the two
dumbbells states inside each overlapping plaquette has been
broken. A frozen dumbbell configuration exists inside each
overlapped plaquette. It is not drawn. At 0.27 doping, only
isolated spins remain (black dots). At 0.32 doping, there are
no localized spins remaining. The crystal is purely metallic.
Only one isolated plaquette (blue square with dark outline
and darker shaded (magenta) interior) remains at x=0.19
doping. The number of isolated plaquettes never vanishes
entirely. Instead, their number becomes of measure zero
above x~0.19 doping and leads to the vanishing of the
pseudogap at x~0.19. At x=0.32, the critical current density,
Je, will be close to the Cooper pairing depairing limit since
the metallic pathways through the crystal are not tenuous.
However, there is no interface pairing, leading to Tc=0.

FIG. 12A shows the planar O atom phonon mode at the
metal-insulator interface. Its displacement is planar and
normal to the Cu—O—Cu along the metal-insulator inter-
face. Displacement by 9 leads to changes to the neighboring
interface Cu d,_,, orbital energy by de (8¢>0). There are
three kinds of Cu atoms, edge, convex, and concave. Simi-
larly, there is a change in the Cu to Cu hopping matrix
element -8t (8t>0). We choose 8t to equal the average of the
dt at each Cu.

FIG. 12B shows the planar O atom phonon mode in the
insulating region adjacent to the metal-insulator interface.
The displacement is planar and normal to the metal-insulator
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6
interface. The d¢ and 3t are defined in the same way as in
FIG. 12A. There is a 3¢ for the metallic Cu closest to the O
atom and two -3t for hopping to neighboring metallic Cu
sites. The metallic screening of the O atom charge is not
strong because it resides in the insulating AF region. Hence,
the two 8t are large. As illustrated herein, the vibrational

energy of these two phonon modes is set to 60 meV. [18] See
Table III.

FIG. 13. Anharmonicity of the O atom phonon mode in
FIG. 12A due to the difference of the electron screening in
the metallic and insulating regions. For FIG. 1213, the
shaded (yellow) overlay is shifted to the left.

FIGS. 14A and 14B illustrate scattering between Cooper
pairs. FIG. 14A is a schematic representation and FIG. 14B
shows the scattering matrix element between two Cooper
pairs (Y1, ¢|) and ('t, '|) with the exchange of a
phonon. The two electrons in each pair are time-reversed
partners. The symbol x with a horizontal line above the x
means the complex conjugate of x. For scatterings in the
vicinity of the Fermi level, the matrix element is always
negative, leading to a superconducting pair wavefunction
that is a linear superposition of Cooper pairs with the same
sign. Such a pair wavefunction is called isotropic S-wave.
Unfortunately, it is known that the cuprate pair wavefunction
changes sign and is of D-wave form (more specifically, of
d,,_,, form). See Tc Concept 6 for a resolution to the
problem.

FIG. 15. Evolution of the S-wave and D-wave supercon-
ducting pairing wavefunctions as a function of the Coulomb
pseudopotential, p*. Typically, p* is small, leading to
S-wave pairing as seen on the left-side of the figure. The
fluctuating dumbbells raise p* to p*~u by disrupting the
metallic electrons from screening the bare Coulomb repul-
sion, [l. As u* increases, the S-wave Tc decreases while the
D-wave Tc remains unchanged as shown in the red and
green Tc expressions for S and D-wave, respectively. As p*
approaches the “bare” Coulomb repulsion, y, the D-wave Tc
becomes the favored pair symmetry for the superconductor.
The right-side of the figure applies to cuprates.

FIG. 16, Comparison of Experimental and Computed
Te-domes. Bi,Sr,CaCu,Oyq, 5 (light blue solid circles [36]),
YBa,Cu,0,_5 (green circles [37]), Y, Ca Ba,Cu,0;_,
(dark blue circles [38]), La,_,Sa CuO, (magenta squares
[39]), Bi,Sr,CuOy, s (green diamonds [40] and solid blue
triangles, [17]), 6% Zn doped YBa,(Cu,o,sZn, 06)307 s
(open red triangles [38]), and T1,Ba,CuOq,, (solid red
circles [41,42]). The dashed red line is the proposed
T1,Ba,CuQy,, curve by Hussey et al. [41,42] The solid
black, magenta, and red lines are computed according to the
present invention (see computational methods section).

FIG. 17, Comparison of the computed and experimental
Tc as a function of CuO, layers per unit cell. The experi-
mental data points (open symbols and dashed lines) are from
Mukuda et al. [2] Two theoretical Tc curves obtained using
the present invention are shown (solid symbols and solid
lines). AU parameters, including the hole dopings in each
CuQ, layer, are in the computational methods section. The
generalization of the Eliashberg equations for one CuO,
plane to multi-layers is also described in the computational
methods section. If the hole doping in each layer is the same,
then the computed Tc curve would monotonically increase
with the number of layers, n, and saturate for large n. Since
the hole doping for the inner layers is less than the hole
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doping on the outermost layers (see Table V in the compu-
tational methods section), there are fewer interface O atom
phonons that contribute to the high Tc in the inner layers.
The maximum Tc occurs at three layers.

FIG. 18 A shows two non-overlapped plaquettes with their
fluctuating dumbbells and their metallic region (shaded
region, yellow) for the case of Sr dopants in La,_ Sr,CuO,.
The bottom schematic shows the fluctuating dumbbells as
crosses and the metallic region in yellow.

FIG. 18B shows that adding Sr dopant between the two
plaquettes freezes the two fluctuating dumbbells while main-
taining exactly the same metallic footprint. The S-wave Tc
increases due to the decrease of the Coulomb pseudopoten-
tial while the D-wave Tc remains unchanged. The blue
squares in the bottom schematic represent the frozen dumb-
bells. The added Sr dopant is shown by the red square.
However, any atom that breaks the degeneracy of the
dumbbell states will work instead. The shaded (yellow)
metallic overlay is unchanged from FIG. 18A. The orienta-
tion of the frozen dumbbells is arbitrary in the figure because
it depends on the environment (not shown).

FIG. 18C shows two adjacent plaquettes that are shifted
by one lattice spacing. No plaquette can be added to freeze
the dumbbells while maintaining the same metallic foot-
print.

FIG. 19. The S-wave and D-wave Tc’s as a function of
overlapped plaquette fraction, f. The insets show the evo-
Iution of the frozen dumbbells (blue and red squares) for
optimal doping of x=0.16. The metallic footprint is
unchanged. The D-wave Tc is constant (the Coulomb pseu-
dopotential, u*, has no effect). The maximum S-wave Tc is
387.2 K and the D-wave Tc is 98.0 K. We assume p* varies
linearly with

T (S 400,71 e F (10,) (1=F)+1* g s,

where ¥, =7 (the fluctuating dumbbell p*), u*,.~0.1 (a
typical BCS value), and the cutoff

F(i60,)=0p7,>/ (0, +0p3,.”)

uses Wy, ,~60 meV. The Eliashherg imaginary frequency,
iw,,, is defined in Appendix G. In order to achieve 100%
frozen dumbbells, “domino” doping as shown in FIGS. 18«
and b was used. We set 3e=5t=0.30, 0.30, 0.15 eV for Edge,
Convex, and Concave orbital and hopping energies, respec-
tively. See the definitions in FIG. 12. We used a larger than
FIG. 16 and the computational methods section because de
should be greater than 0t due to its proximity to the planar
O atom. Since the D-wave Tc is weakly dependent on de, our
choices in FIG. 16 were very conservative. The S-wave Tc
values for 100% frozen dumbbells for the black, magenta,
and red curves in FIG. 16 at optimal doping are 280.1 K,
164.4 K, and 99.0 K, respectively. The corresponding
D-wave Tc values are 92.2 K, 38.5 K, and 27.7 K. Hence, the
S-wave Tc is in the range of =280-390 K.

FIG. 20. The iconic H, dissociation curve in chemistry
(inset) and the iconic cuprate phase diagram (larger black
figure). Both figures show the regimes of delocalized, inter-
mediate, and localized electronic states. For H,, electron
delocalization occurs near the equilibrium bond distance of
0.74 Angstroms where the effective hopping, t, is larger than
the effective Coulomb repulsion, U, of the electrons (see
inset in upper right corner). Molecules do not exist at the
intermediate (magenta) region since the potential is not a
local minimum. Similarly, semiconductors can be classified
into delocalized (covalent) and localized (ionic) with a sharp
transition in-between based upon their Fermi level stabili-
zation at a semiconductor-metal interface [43]. In cuprates,
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the intermediate regime is where the optimal superconduct-
ing Tc occurs. In analogy to molecules and semiconductors,
the present disclosure believes that cuprates are unstable
here, and thereby “phase separate” into delocalized metallic
and insulating magnetic AF regions. Finally, we intention-
ally avoided using the terms “weak correlation” and “strong
correlation” in the figure. The word correlation means
different things to different scientists. For chemists, the
delocalized region (t>>U) is “weak electron correlation,”
and the localized region (t<<U) is “strong electron correla-
tion.” For physicists, cuprates are considered a “strong
correlation” problem.

FIGS. 21A-21F. “Crowded” crossed wires that have high
Tc and Jc. The crossed metallic wires are one plaquette in
width. The symbols in the metallic wires are defined in
FIGS. 18 and 19, with one change solely for clarity. Here,
the added dopant (solid (red) square) that overlaps two
plaquettes (larger blue squares with darker outline) does not
have a red square boundary. The black circles are undoped
AF Cu spins. FIGS. 21-21C show crossed wires with 4x4,
2x4, and 2x2 AF spins, respectively, inside each interior
region formed by the perpendicular wires on 20x20 CuO,
lattices. FIGS. 21D-21F show the corresponding lattices that
are randomly doped to approximately the same fraction of
metallic unit cells as the crossed wires in FIGS. 21A-21C
(x=0.14, 0.17, and 0.19). The Tc for each wire configuration
is approximately equal to the S-wave Tc for an optimally
doped system since the ratio of the surface metal cells to the
total metal cells is 68%, 75%, and 80% for FIGS. 21A, 21B,
and 21C, respectively. The ratio is ~91% at random optimal
doping. The Tc’s of FIGS. 21A, 21B, and 21C are approxi-
mately 12%, 8%, and 6% less than the S-wave Tc at optimal
doping. The Jc for FIG. 21A is (}2)Jc,max, where Jc,max is
the theoretical maximum of ~2x10” A/cm? for YBa,Cu,O,_
5. In FIG. 21B, Jc=(¥3)Jc,max and (%2)Jc,max for currents
along the x and y-axes, respectively. For FIG. 21C, Je=(V3)
Je,max. Random optimal doping leads to Je~1072Jc,max
(see FIG. 4).

FIGS. 22A-22B. Atomic substitution inside non-overlap-
ping plaquettes can freeze dumbbells by breaking the dumb-
bell degeneracy inside the plaquette. FIGS. 22A-22B show
20x20 CuO, lattices with 4x4 AF interiors and crossing
metallic wires one plaquette in width. In FIG. 22A, the solid
(green) dots/circles show random atomic substitutions or
interstitial atoms inside the plaquettes. The atomic substi-
tutions may occur at the Cu atom in the plaquette (shown
here), the O atoms inside the CuO, plaquette, or the apical
O atom sites. The O atoms are not shown in the figure. In
FIG. 22B, solid (green) dots/circles representing atomic
substitutions or interstitial atoms in the insulating AF region
are also shown. So long as these solid (green) dots circles do
not disrupt the insulating behavior of these regions, the
superconductivity will not be disturbed. FIG. 22B may be
easier to engineer than FIG. 22A because the solid (green)
dots/circles are dispersed more randomly.

FIG. 23. Plot of Tc as a function of number of overlapped
plaquettes.

FIG. 24. Flowchart illustrating a method of fabricating
superconducting materials.

FIG. 25. The change in the Tc-dome as a function of the
minimum plaquette cluster size for superconducting pairing.
The black curve is identical to the black Tc curve in FIG. 16.
All parameters are described in the computational methods
section.

FIG. 26. A surface O atom phonon mode. The change in
Cu orbital energy for the Cu atom, de, for the left Cu atom,
and dg, for the right Cu atom due to the displacement of the
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surface O atom on the metal-insulator interface. -0t is the
change in the hopping energy. The position of the left Cu
atom is at R and the right Cu atom is at R+a. dg;, dez, and
Ot are functions of R as seen in FIG. 12A. We choose the
energy of all the surface phonon modes to be the same and
equal to .

FIG. 27. The Perpendicular O atom phonon mode. The O
atom is in the insulating AF region. The chain Cu—O—
Cu—O—~Cu is on the metal-insulator surface. The change in
Cu orbital energy for the central Cu atom located at position
R is de. 30t(-) is the change in the hopping between the Cu
site at R-a and R. -0t(+) is the change in the hopping
between the Cu site at R+a and R. dg, dt(-), and dt(+) are
functions of position R as seen in FIG. 27. We choose the
energy of all the perpendicular surface phonon modes to be
the same and equal to w,,. In this figure, the displaced O
atom is on the y-axis while the Cu—O—Cu—0O—Cu chain
is along the x-axis. We choose the convention of labeling the
phonon mode by the axis of the AF O atom. Hence, this
figure is a y-axis O phonon mode.

DETAILED DESCRIPTION OF THE
INVENTION

In the following description of the preferred embodiment,
reference is made to the accompanying drawings, which
form a part hereof, and in which is shown by way of
illustration a specific embodiment in which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the present invention.

Technical Description

The present disclosure describes a new composition of
matter useful as high temperature superconductors. The
compositions are fabricated from a wide range of materials
including, but not limited to, cuprate superconductors.

1. First Example: Cuprate Superconductors

The highest superconducting transition temperature, Tc, at
ambient pressure is 138 K in the Mercury cuprate
HgBa,Ca,Cu,0,_5 (Hgl223 was discovered in 1993) with
three CuQ, layers per unit cell [1,2]. The longest time period
between record setting Tc discoveries is the 17 years
between Pb (1913 with Te=7.2 K) to Nb (1930 with Tc=9.2
K). With the enormous increase in focus on superconduc-
tivity after the discovery of cuprates 30 years ago, the
current 24 years without a new record at ambient pressure
indicates we may be reaching the maximum attainable Tc.

The present disclosure shows this conclusion to be wrong,
demonstrating that Tc can be raised above room-temperature
to ~400K in cuprates by precise control of the spatial
separation of dopants. Hence, there still remains substantial
“latent” Tc in cuprates. However, the proposed doping
strategy and superconducting mechanism is not restricted to
cuprates and may be exploited in other materials.

The room-temperature Tc result described herein is based
upon four observations:

(1) Cuprates are intrinsically inhomogeneous on the
atomic-scale and are comprised of insulating and
metallic regions. The metallic region is formed by
doping the material.

(2) A diverse set of normal state properties are explained
solely from the topological properties of these two
regions and their doping evolution.

(3) Superconductivity results from phonons at or adjacent
to the interface between the metallic and insulating

5

10

15

20

25

30

35

40

45

50

55

60

65

10

regions. Transition temperatures Tc~100 K are possible
because the electron-phonon coupling is of longer-
range than metals (nearest neighbor coupling).

(4) These interface phonons explain the observed super-
conducting properties and lead to our prediction of
room-temperature superconductivity.

Research and funding invested into finding the mecha-
nism for cuprate superconductivity and higher Tc materials
has led to more than 200,000 refereed papers [3]. After this
mind-boggling quantity of literature, it would be unlikely
that any unturned stones remain that could lead to the room
temperature superconductivity properties described herein.

However, as illustrated herein, the majority of the cuprate
community settled upon the incorrect orbital nature of the
doped hole. This mistake led to Hamiltonians (Hubbard
models) that overlook significant features.

A major reason for the early adoption of these Hubbard
models for cuprates was due to computational results using
the ab initio local density approximation (LDA) in density
functional theory (DFT). While LDA is now deprecated,
being replaced by the Perdew-Burke-Emzerhof functional
[4] (PBE), both functionals lead to exactly the same doped
hole wavefunction in cuprates. These “physicist” functionals
find the doped hole to be a de-localized wavefunction
comprised of orbitals residing in the CuO, planes common
to all cuprates [5-7]. Unfortunately, LDA and PBE both
contain unphysical Coulomb repulsion of an electron with
itself [8]. The “chemist” hybrid density functionals, invented
in 1993 (seven years after the discovery of cuprate super-
conductivity), corrected for this self-Coulomb error, and
thereby found the doped hole residing in a localized wave-
function surrounding the dopant atom with orbital character
pointing out of the CuO, planes [9,10].

A. Electronic Structure

FIG. 1A illustrates the nature of doped holes using the
“physicist’s” picture and FIG. 1B illustrates the nature of
doped holes using the “chemist’s” picture. As described
herein, the “chemist’s” ab initio doped hole picture leads to
eight electronic structure concepts that explain a vast array
of normal and superconducting state phenomenology using
simple counting. These eight structural concepts are
described below.

1. Structural Concept 1: Cuprates are inhomogeneous on
an atomic-scale. The inhomogeneity is not a small
perturbation to translational symmetry. It must be
included at zeroth order.

2. Structural Concept 2: The cuprate motif is a four-Cu-
site plaquette formed by each dopant, as shown in FIG.
2. The out-of-the-CuO, plane negative dopant is sur-
rounded by an out-of-the-CuO, plane hole. The hole is
comprised of apical Oxygen p, and planar Cu d;2_,2
character. There is also some planar O po character that
is not drawn.

3. Structural Concept 3: A tiny piece of metal is formed
within each plaquette from electron delocalization in
the planar Cu d2_> and O po (p, and p,) orbitals, as
shown in FIG. 3C. Delocalization occurs because the
positive charge of the out-of-plane hole lowers the Cu
d,2_,2 orbital energy relative to the O p,, orbital energy.
In contrast, these electrons are localized in a spin-Y2 an
ti ferromagnetic (AF) state in an undoped plaquette.

4. Structural Concept 4: A metal is formed when the
doped plaquettes percolate through the crystal. When a
three-dimensional (3D) pathway of adjacent doped
plaquettes is created through the crystal (percolation of
the plaquettes), a metallic band comprised of planar Cu
d,2_,2 and O p,, orbitals is created inside the percolating
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region. These delocalized metallic wavefunctions do
not have momentum, k, as a good quantum number.
Two-dimensional (2D) percolation occurs at a higher
doping (x~0.15 holes per planar Cu) than the start of
3D percolation (at x~0.05 holes per planar Cu), as
shown in FIG. 4. The undoped (non-metallic) region
remains an insulating spin-'2 AF. Thus, cuprates have
both insulating and metallic regions on an atomic-scale.

5. Structural Concept 5: The out-of-the-CuQO, plane hole
shown in FIG. 1 and FIG. 2 is a dynamic Jahn-Teller
distortion that is a linear superposition of two “frozen
dumbbell” states, as shown in FIGS. 5A-5C. The
dynamic Jahn-Teller hole state is called a “fluctuating
dumbbell.”

6. Structural Concept 6: A fluctuating dumbbell can be
frozen by overlapping its plaquette with another pla-
quette, as shown in FIGS. 6A-6D.

7. Structural Concept 7: If possible, plaquettes avoid
overlapping. Since the dopant atom is negatively
charged, two plaquettes repel each other. Their Cou-
lomb repulsion is short-ranged because of screening
from the planar metallic electrons. Hence, plaquettes do
not overlap, but are otherwise distributed randomly.
Plaquettes can avoid overlap up to a hole doping of
x=0.187. For dopings greater than x=0.187, plaquettes
must overlap, but as little as possible in order to
minimize their mutual repulsion. Up to x=0.1.87 dop-
ing, there always exists a four-site square of AF spins
where the next plaquette can be placed. For the doping
range 0.187<x<0.226, added plaquettes can cover three
AF spins. In the range 0.226<x<0.271, plaquettes cover
two AF spins, and from 0.271<x<0.316, a single local-
ized spin. At x=0.316, the crystal is fully metallic with
no localized spins. Further doping cannot increase the
number of metallic sites. FIG. 4 shows that plaquettes
can avoid overlap at x=0.16 doping. FIG. 7 shows
x=0.23 doping, where plaquettes must overlap.

8. Structural Concept 8: Plaquette clusters smaller than
the superconducting coherence length (~2 nm) ther-
mally fluctuate and do not contribute to the supercon-
ducting pairing. At low dopings, the plaquettes have not
yet merged into a single connected region. There exist
plaquette clusters smaller than the coherence length, as
shown in magenta in FIG. 8. They cannot contribute to
the superconducting Tc. These fluctuating clusters lead
to superconducting fluctuations above Tc.

FIGS. 9A-9D, 10A-10D, and 11A-11D show the evolu-
tion of the plaquettes as a function of doping. In the figures,
the black dots 900 are undoped AF Cu sites, the blue
outlined squares 902 are isolated plaquettes (no neighboring
plaquette), the shaded (yellow) plaquette clusters 904 are
larger than 4 plaquettes in size (larger than the supercon-
ducting coherence length), and thereby contribute to the
superconducting pairing, and the darker shaded (magenta)
clusters 906 are metallic clusters that are smaller than the
coherence length. The blue and green crosses 908 are the
fluctuating dumbbells. Squares 910 are overlapping plaque-
ttes.

Only twelve dopings are shown here from the range
x=0.00 to x=0.32. The Appendix in the provisional appli-
cation 62/458,740 has similar figures for all dopings in this
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range in 0.01 increments (FIGS. S0-S32). Only one CuO,
plane is shown in each of these figures.
B. Experimental Confirmation of the Electronic Structure
Picture

The above identified eight electronic structural concepts
explain a diverse set of normal state caprate phenomenology
as a function of doping by simple counting arguments
[11-14]. These include the following results.

1. The low and high-temperature normal state resistivity
by counting the number of overlapped plaquettes and
the size of the metallic region [12,13].

2. For La,_,Sr,CuO,, the fluctuating dumbbells in adja-
cent CuQ, layers become decorrelated above ~1 K.
Phonon modes with character predominantly inside
these plaquettes become 2D, leading to the low-tem-
perature linear resistivity term. For the double-chain
cuprate, YBa,Cu,O,, if the fluctuating dumbbells
between adjacent CuQ, layers are correlated, then these
phonons remain 3D, leading to a low-temperature
resistivity that is quadratic in temperature, as observed
[15].

3. The pseudogap and its vanishing at x~0.19 doping from
counting isolated plaquettes (not adjacent to another
doped plaquette in the same CuO, plane) and their
spatial distribution [11,12].

4. As discussed in Appendix B of the provisional appli-
cation 62/458,740, there is a degeneracy near the Fermi
level of the planar states inside an isolated plaquette.
The degeneracy is broken by interaction with the
environment. A nearby isolated plaquette strongly splits
the degeneracy and leads to the pseudogap.

5. The “universal” room-temperature thermopower by
counting the sizes of the insulating AF and metallic
regions and taking the weighted average of the ther-
mopower of each region [12,14]. Since the room-
temperature thermopower of the AF region is ~100
uV/K and the metallic region thermopower is ~-10
uV/K, there is a rapid decrease in the thermopower as
the size of the metallic region increases with doping.

6. The STM doping incommensurability by counting the
size of the metallic regions [12,14].

7. The energy of the (m, m) neutron spin scattering
resonance peak by counting the size of the AF regions
[12,14]. The resonance peak arises from the finite spin
correlation length of the AF regions.

Explanation of Superconducting Tc

The present disclosure uses exactly the same doped

electronic structure described above to explain the super-
conducting Tc and its evolution with doping. The Oxygen
atom phonon modes at and adjacent to the interface between
the insulating and metallic regions lead to superconductivity.
The magnitude of the electron-phonon coupling is estimated
and the following results are obtained:

1. Alarge Tc~100 K from phonons (because the range of
the electron-phonon coupling near the metal-insulator
interface increases from the poor metallic screening);

2. The observed Tc-dome as a function of hole doping
(since the total pairing is the product of the size of the
metallic region times the interface size);
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3. The large Tc changes as a function of the number of
CuO, layers per unit cell (from inter-layer phonon
coupling of the interface O atoms plus inhomogeneous
hole doping of the layers);

4. The D-wave symmetry of the superconducting Cooper
pair wavefunction (also known as the D-wave super-
conducting gap). In general, an isotropic S-wave super-
conducting pair wavefunction is energetically favored
over a D-wave pair wavefunction for phonon-induced
superconductivity. However, the fluctuating dumbbells
reduce the S-wave Tc below the D-wave Tc by drasti-
cally increasing the Cooper pair electron repulsion.

5. The lack of a superconducting Tc isotope effect at
optimal doping (due to the random enharmonic poten-
tials of each pairing O atom);

6. By overlapping plaquettes, the fluctuating dumbbells
become frozen and the S-wave pair wavefunction Tc
rises above the D-wave Tc, as shown in FIG. 19. FIG.
19 shows that, while maintaining the same metallic
“footprint” of optimal doping (x=0.16), completely
frozen dumbbells lead to an S-wave Tc of =400 K when
the D-wave Tc=100 K.

C. Superconducting Transition Temperatures

All the superconducting transition temperatures described

herein are computed using the strong coupling Eliashherg
equations [16] as detailed in Appendix G of the provisional
application 62/458,740. These equations include the elec-
tron “lifetime” effects that substantially decrease Tc from the
simple BCS Tc expression.

These results are shown in the following set of Tc

Concepts.

1. Tc Concern 1: FIGS. 12A-12B show there are two
planar O atom phonon modes (one at the metal-AF
insulator interface and the other adjacent to the inter-
face on the insulating side) that have longer-range
electron coupling due to poor electron screening from
the metallic region. Hereinafter, the “effective” single
band model for the metallic band [17] is used. In this
model, the planar O atoms are eliminated. The model
has a single effective Cu d,»_ > orbital per Cu in the
CuO, plane with an effective hopping to neighboring
metallic Cu atoms. The parameters of the band struc-
ture are the Cu d,>_ > orbital energy and the hopping
terms (Table II, Appendix F in the provisional appli-
cation 62/458,740).

2. Te Concept 2: The typical magnitude of the electron-
phonon coupling matrix element, g, is the geometric
mean [16] of the Debye energy, can, and the Fermi
energy, B, or g=Vw,B,. The derivation is given in
Appendix D in the provisional application 62/458,740.
For 0.02 eV<w,<0.1 eV and E.~1 eV, 0.14 eV<g<0.32
eV. All Tc results described herein use electron-phonon
coupling parameters in this range.

3. Te Concept 3: FIG. 13 shows the potential energy of
each O atom in FIG. 12A is strongly anharmonic due to
the difference of the electron screening in the metallic
and insulating regions. In fact, the phonon mode shown
in FIG. 12A is anharmonic even without a nearby
metal-insulator boundary. The “floppiness” of the
bond-bending of a linear chain (here, the planar Cu—
O—Cu chain) has been emphasized by Phillips [19]
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and seen by neutron scattering (the F atom [20] in ScF;
and the Ag atom [21] in Ag,0). However, without the
metal-insulator boundary, reflection symmetry would
force the electron-phonon coupling for this mode to be
Zero.

. To Concept 4: Near optimal doping, x=~0.16, there is no

Tc isotope effect. Harmonic potentials have no isotope
variation of the superconducting pairing strength
because the pairing is inversely proportional to Mw?
where M is the O atom mass and o is the angular
frequency of the phonon mode. For a derivation of this
result, substitute

gV TMWVY

into the pairing coupling in FIG. 14B, where V is the
electron potential. Since

Mm?=K, where K is the spring constant, there is no
pairing isotope effect. For anharmonic potentials, the
phonon pairing strength becomes dependent on the
isotope mass [22]. Anharmonic potentials can
decrease or increase the Tc isotope effect depending
on the details of the anharmonicity [23-25]. Near
optimal doping, the metallic and insulating environ-
ments for each O atom phonon is random, leading to
an average isotope effect of zero, as has been
observed [26,27]. The O atom environment becomes
less random at lower dopings, as seen in FIGS.
9A-9D. Hence, the isotope effect appears at low
dopings [26,27].

. Te Concept 5: Cooper pairing from phonons is maxi-

mally phase coherent for an isotropic S-wave pair
wavefunction because the sign of the pairing matrix
element in FIG. 14B is always negative. However, a
D-wave pair wavefunction is observed for cuprates. It
appears prima facie that phonons cannot be responsible
for superconductivity in cuprates. Since Cooper pairs
are comprised of two electrons in time-reversed states,
the sign of the Cooper pair scattering is always negative
and of the form [28,29]

~(2)IgP/he,,
where g is the matrix element to emit a phonon and
fiw,, is the energy of the phonon mode (see FIG.
14A, 14B). Hence, the lowest energy superconduct-
ing pairing wavefunction is a linear superposition of
Cooper pairs with the same sign, called the isotropic
“S-wave” state. In theory, the pair Coulomb repul-
sion, 1, could suppress the S-wave state and lead to
a D-wave state because pu cancels out of Tc when
performing the angular integral around the D-wave
pair wavefunction. However, the electrons in a pair
can couple via a phonon while avoiding each other
(due to retardation of phonons). The “effective”
repulsion, pu*, known as the Morel-Anderson pseu-
dopotential [16,28-32] is too small to raise the
D-wave Tc higher than the S-wave Tc. Unless there
is a mechanism for drastically increasing p*, any
phonon model for cuprate superconductivity is
bound to fail to obtain the correct superconducting
pair wavefunction. However, as shown here in Tc



US 11,611,031 B2

15

concept 6 below, the fluctuating dumbbells in FIG. 5
increase pu* to p*~u leading to a D-wave pairing
wavefunction.

6. Tc Concept 6: FIG. 15 illustrates how the fluctuating
dumbbells suppress the S-wave pairing wavefunction
and lead to a D-wave pairing wavefunction. The
expression for the Morel-Anderson Coulomb pseudo-
potential [16,28-32] p* (also shown in FIG. 15)
depends on the ratio of the Coulomb and phonon
energy scales as M,/ 0, j00,- Since this ratio is large,
p* is small, leading to an S-wave pair wavefunction
rather than the experimentally observed D-wave pair
wavefunction [33] (See Table 4 on page 999 of Ref.
[33] entitled “summary of phase sensitive tests of
cuprate pairing symmetry,” wherein the cuprates tests
include Nd, ¢;Ce, ,sCu0,_g (NCCO) and the Table 4
heading states that all the experiments indicate domi-
nant d-wave pairing). The fluctuating dumbbell fre-
qQUENCY, ®p,.pe, 18 of the same order as g,
because of the dynamic Jahn-Teller distortion of the
planar O atoms in FIG. 5. The O atom distortion
disrupts the metallic screening of the Coulomb repul-
sion, and thereby increases pu* as shown in FIG. 15. In
essence, Wy, ,.».; Substitutes for w,,; in the expression
for p*. When p*~u, a D-wave pair wavefunction is
formed.

7. Tc Concept 7: Interface O atom-phonon pairing
explains the experimental Tc domes. FIG. 16 shows the
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structure, the interface O phonon coupling parameters,
and the inclusion of the remaining phonons into the
Eliashberg calculations are described in appendices F
and G in the provisional application 62/458,740. The
parameters were intentionally chosen to be simple and
conceptual and we did not attempt to fit the experi-
mental points exactly. A goal of the present disclosure
is to demonstrate that reasonable electron-phonon cou-
plings and the proposed inhomogeneous cuprate elec-
tronic structure are sufficient to understand the experi-
mental Tc-domes.

8. Tc Concept 8: The experimental variation of Tc with the
number of CuQ, layers per unit cell is due to interlayer
coupling of the interface O atom-phonons and the
nonuniform hole doping between layers. Since the O
atom phonons near the metal-insulator interface are
longer-ranged, they couple to adjacent CuO, planes.
Hence, there is a strong dependence of Tc on the
number of CuO, layers per unit cell. In addition, the Cu
Knight shift measurements of Mukuda et al [2] have
shown that the hole doping is not the same in each
CuO, layer. The computed Tc as a function of the
number of CuO, layers is shown in FIG. 17.

9. Tc Concept 9: The D-wave Tc values computed in
FIGS. 16 and 17 are weakly dependent on the orbital
energy change, dg, and strongly dependent on the
hopping energy change. dt. See Table I for the change
in Tc at optimal doping of x=0.16 for the computed
black, red, and magenta curves in FIG. 16.

TABLE 1

The change in the Tc at optimal doping (x = 0.16) for the three
computed curves in FIG. 16. The orbital energy parameter, de,
and the hopping enemy parameter, dt, are each changed by 0%

and £10% from their initial values found in Appendix F. In

appendices G2a and G2b, the de terms lead to a more isotropic
electron-phonon pairing, and the ot terms are more anisotropic.
For a D-wave Tc, an isotropic electron-phonon pairing does not

contribute to Te. In the fourth column (red curve), de = 0
(see Appendix F). Hence, changes to de do not affect Te.

Change in
(de, ot)

(0%, 0%)

(0%, —10%)

(0%, +10%)
(~10%, 0%)
(~10%, —10%)
(~10%, +10%)
(+10%, 0%)
(+10%, —10%)
(+10%, +10%)

Black Curve Magenta Curve Red Curve
YBa,CuzOs_s La,_Sr,CuO, YBay(Cug 94Zng 06)307_5
92.2K 385K 27.7K
83.1K 30.7K 19.9K
100.0K 46.3K 35.6K
93.6K 394K 27.7K
84.7K 313K 19.9K
101.1K 47.5K 35.6K
90.5K 375K 27.7K
81.4K 30.1K 19.9K
98.5K 45.0K 35.6K

calculated Tc-domes versus experiment as a function of g5
doping for different cuprates using the phonon modes
from FIG. 12 and the electron-phonon couplings esti-
mated in Tc Concept 2. All three computed D-wave Tc
domes were obtained from the strong-coupling
Eliashberg equations for Tc [16,34,35]. Other phonon
modes also contribute to Tc. These phonons primarily
reduce the magnitude of Tc due to their contribution to
electron pair “lifetime effects” (strictly speaking, the
“wavefunction renormalization effects”). The effect of s
all the phonon modes on Tc is included in the compu-

tations described herein. All the details of the hand

60

From Table I, a 10% increase in 0 always decreases the
D-wave Tc by =2-3%. A £10% change in 8t leads
to =~+10-30% change in the D-wave Tc. In appendices G2a
and G2b, the exact dependence of the electron-phonon
pairing parameter, A, is derived. The contribution of & to A
is approximately isotropic around the Fermi surface leading
to a weak dependence of the D-wave Tc on changes in de.
In contrast, an S-wave pairing symmetry Tc depends
strongly on both de and 6t. The weak dependence of the
D-wave Tc on d¢ implies the d& parameters for the Tc curves
in FIGS. 16 and 17 cannot be determined unambiguously
from the experimental Tc data. The uncertainty in the
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magnitude of 3¢ leads to an S-wave Tc range from ~270-400
K due to dopant “crowding,” as shown below.
10. Tc Concept 10: Overlapping plaquettes (“crowding”
the dopants) freeze the dumbbells, decrease the Cou-
lomb pseudopotential, p*, and thereby raise the S-wave
Tc. If the same metallic “footprint” can be maintained,
then there is no change in the phonon pairing. Only p*
is reduced (see FIG. 15). If all the dumbbells can be
frozen, then from FIGS. 14 and 15, the S-wave Tc will
be larger than the D-wave Tc. FIGS. 18A-18C shows
how two plaquettes with fluctuating dumbbells can be
crowded by adding an additional dopant (Sr in the
figure) while retaining exactly the same metallic foot-
print. For random doping, there will always exist
adjacent plaquette pairs as shown in FIG. 18C that
cannot be overlapped by another plaquette within the
existing metallic footprint. There are two ways to
obtain an optimally doped metallic footprint and freeze
100% of the dumbbells. First, dope “dominoes” (adja-
cent pairs of plaquettes as in FIGS. 18A and 18B).
Second, dope to less than optimum doping. Next,
crowd all of the plaquettes in such a way as to end up
with an optimally doped metallic footprint and 100%
frozen dumbbells.
11. Te Concept 11: FIG. 19 shows crowding dopants
while maintaining the optimal doping metallic footprint
leads to room temperature S-wave Tc. In FIG. 20, the
ground state electronic wavefunction of H, at the equi-
librium bond separation of 0.74 Angstrom is well
approximated by a restricted Hartree-Fock form (a spin
up and spin down electron pair occupying the same
bonding orbital). In the language of an effective elec-
tron hopping, t, and an onsite Coulomb repulsion, U,
this region is represented by t>>U. At dissociation
(t<<U), the ground state electronic wavefunction is
highly correlated. The wavefunction is large only when
there is one electron on each H atom. From FIG. 20, the
optimal superconducting Tc of cuprates is at “interme-
diate” correlation. Molecules do not generally “settle”
at intermediate correlation. Since the dopants ill
cuprates are frozen in at high temperatures, the material
avoids intermediate correlation by phase separating on
an atomic-scale into a metallic (weak correlation) and
insulating AF (strong correlation) regions.
Atomic-scale inhomogeneity explains three important
materials issues about cuprates. First, cuprates are known to
“self-dope” to approximately optimal Tc. Since plaquette
overlap occurs at x=0.1.87 doping, we believe it is energeti-
cally favorable for dopants to enter the crystal until their
plaquettes begin to overlap. Adding further dopants is ener-
getically unfavorable. The change in Tc between optimal
doping (x=~0.16) and plaquette overlap (x=0.187) is =5%.
Hence, cuprates “self-dope” to approximately optimal Tc as
a consequence of the energetics of overlapping plaquettes.

Second, YBa,Cu;0,_g cannot be doped past x~0.23, as
shown in FIG. 16. The phenomenon can be understood if it
is energetically unfavorable to overlap plaquettes that share
an edge (occurring at doping x=0.226). In the earliest days
of cuprate superconductivity, materials scientists had diffi-
cult), observing superconductivity in La,  Sr.CuO,
above =0.24 doping [44]. We believe the difficulty was also
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due to the energetics of overlapping plaquettes with shared
edges. Annealing in an O, atmosphere solved the
La,_ Sr,CuO, overdoping problem. However, the problem
still remains for YBa,Cu,0,_s.

Third, it is known that a room-temperature thermopower
measurement is one of the fastest ways to determine if a
cuprate sample is near optimal doping for Tc because the
room-temperature thermopower is very close to zero near
optimal doping. This peculiar, but useful, observation can be
understood because 2D percolation of the metallic region
occurs at x~0.15 doping. Since the AF region thermopower
is large (~+100 pV/K) and the metallic thermopower is ~—10
uV/K at high overdoping, 2D metallic percolation “shorts
out” the AF thermopower and drives the thermopower close
to zero near optimal Tc.

Finally, the potential energy curve in the intermediate
correlation regime is hard to study for molecules. For H,, the
equilibrium bond distance is 0.74 Angstroms. The interme-
diate correlation regime is at ~2.0 Angstrom bond separa-
tion. At this distance, the blue potential energy curve in FIG.
20 can only be observed indirectly [45-47] because it is not
at a local minimum. For H,, the ultraviolet spectrum of the
vibrational modes (there are 14 discrete levels below the
continuum) can be fitted to a simple Morse potential to
estimate the potential energy as a function of the H—H
separation distance. The 10th bond-stretching phonon mode
probes the potential energy of the two of H atoms up to =2.0
Angstroms.

II. Second Example: General Materials Approaches to
Room-Temperature Tc and Large Jc

As illustrated herein, there is enormous “latent” Tc resid-
ing in the cuprate class of superconductors from converting
the D-wave superconducting pairing wavefunction to an
S-wave pairing wavefunction. The result is surprising and
unexpected because it has been assumed by most of the
high-Tc cuprate community that there was something special
about the D-wave pairing symmetry that led to Te~100 K.

Plaquettes have been overlapped with regularity for 30
years. However, these materials are all overdoped with
doping x=~0.187, as shown in FIGS. 11A-11D. Hence, dumb-
bells have been frozen and the S-wave Tc has increased.
However, the calculations presented herein find the S-wave
Tc remains below the D-wave Tc for reasonable parameter
choices. Unfortunately, the optimally doped metallic foot-
print is not obtained by naive dopant crowding. Instead, the
size of the metallic footprint increases and its pairing
interface decreases. The right side of the Tc-dome shown in
FIG. 16 is the result. Even the layer-by-layer Molecular
Beam Epitaxy (MBE) of Bozovic et al. [48] does not control
the placement of the dopants in each layer, leading to the
same result as above.

While almost everything that can be possibly be sug-
gested for the mechanism for cuprate superconductivity has
been suggested in over 200,000 papers (percolation, inho-
mogeneity, dynamic Jahn-Teller distortions, competing
orders, quantum critical points at optimal doping or else-
where, spin fluctuations, resonating valence bonds, gauge
theories, blocked single electron interlayer hopping, stripes,
mid-infrared scenarios, polarons, bipolarons, spin polarons,
spin bipolarons, preformed Bose-Einstein pairs, spin bags,
one-band Hubbard models, three-band Hubbard models, t-J
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models, t+U models, phonons, magnons, plasmons, anyons,
Hidden Fermi liquids, Marginal Fermi liquids, Nearly Anti-
ferromagnetic Fermi liquids, Gossamer Superconductivity,
the Quantum Protectorate, etc.), the inventor believes these
ideas have lacked the microscopic detail necessary to guide
experimental materials design, and in some instances, may
have even led materials scientists down the wrong path.

As shown above (see FIG. 19), freezing dumbbells in
cuprates leads to room-temperature Tc (see FIG. 19). How-
ever, the critical current density. Jc, is approximately two
orders of magnitude smaller than the theoretical maximum,
Je~10"%Jc,max, where Jc,max is the depairing limit for
Cooper pairs. Jc is small because the conducting pathway in
the CuO, planes is extremely tenuous (see the discussions in
the captions of FIGS. 4 and 10). For practical engineering,
Jc should be at least ~107'Jc,max.

In cuprates, Tc can be raised to room-temperature by
freezing dumbbells while maintaining the random metallic
footprint found at optimal doping. By fabricating wires (a
wire is defined as a continuous 1D metallic pathway through
the crystal), Tc remains large while Jc increases to at least
~1071Jc,max.

The results presented herein lead to the following
approaches for achieving higher Tc and Jc. Unless explicitly
stated, the points below apply to any type of material
(cuprate or non-cuprate).

1. The Material should be Inhomogeneous

The material should have a metallic region and an insu-
lating region. The insulating region does not have to be
magnetic. However, the inventor believes the antiferromag-
netic insulating region helps maintain the sharp metal-
insulator boundary seen in cuprates. An ordinary insulator or
a semiconductor with a small number of mobile carriers is
sufficient to obtain a longer ranged electron-phonon cou-
pling at the interface because there is less electron screening
in the semiconducting (or insulating) region compared to the
metallic region. Thus, atomic-scale metal-insulator inhomo-
geneity in a 3D material leads to a high-Tc 3D S-wave
pairing wavefunction. Moreover, a 3D material is more
stable against defects and grain boundaries.

2. Ratio of Metallic Unit Cells

The ratio of the number of metallic unit cells on the
interface (adjacent to at least one insulating unit cell) to the
total number of metallic unit cells must be larger than 20%.
The terms interface and surface are used interchangeably
below. The number of metallic unit cells on the interface (or
surface) must be a large fraction of the total number of
metallic unit cells in order for the enhanced electron-phonon
pairing at the interface to have an appreciable effect on Tc.
From the calculations in FIG. 16, 50% of optimal Tc is
obtained when the ratio is =50%, and 25% of optimal Tc
occurs when the ratio is ~35%. Below a surface metal unit
cells to total metal unit cells ratio of 20%, Tc falls off
exponentially, and therefore Tc is too low to be useful.

3. Avoid Small Metallic Clusters

Metallic clusters that are smaller than approximately the
coherence length do not contribute to Tc due to thermal
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fluctuations. The surface metal unit cells to total metal unit
cells ratio described above should only include surface metal
unit cells in extended metallic clusters.

In cuprates, high Tc can be obtained at very low doping
if all the dopants leading to isolated plaquettes and small
plaquette clusters are arranged such that a single contiguous
metallic cluster is formed. While the Tc may be high, Jc will
be low if the size of the metallic region is a small fraction
of the total volume of the crystal.

Inhomogeneous materials formed at eutectic points have
a surface metal unit cells to total metal unit cells ratio
of ~1073 or less if the sizes of the metallic and insulating
regions are on the order of microns. Standard materials
fabrication methods do not lead to sufficient surface atomic
sites for high Tc. Inhomogeneity on the atomic-scale is
necessary.

4. Superconducting Wires Lead to a Small Increase
of Tc and a Large Increase of Jc

It would appear that parallel 1D metallic wires that are
one lattice constant wide (equal to one plaquette width in
cuprates) would lead to the maximum surface unit cells to
total metal unit cells ratio of 100%, and thereby a large Tc
increase. It was surprising and unexpected to discover that
at optimal doping of x=0.16, the surface metal unit cells to
total metal unit cells ratio is 91% in cuprates. Increasing the
ratio to 100% increases Tc by only =5% because at higher Tc
magnitudes, Tc no longer increases exponentially with the
magnitude of the electron-phonon coupling, A (defined in
Appendix G). Instead, Tc scales [49] as Te~VA. A 10%
increase in the surface to total metal unit cells ratio increases
A by 10%, leading to a 5% increase in Tc. Hence, there is
negligible Tc to be gained by fabricating wires.

While metallic wires lead to a tiny increase in Tc, metallic
wires increase Jc dramatically (up to a factor of ~100) by
eliminating the tortured conduction pathways shown in FIG.
4. For cuprates, optimal Tc doping at x=0.16 is barely above
the 2D percolation threshold of x=0.15 doping. Hence, the
conducting pathways in a single CuO, plane are tenuous at
optimal doping.

Current materials fabrication methods for cuprates have
optimized the Tc at the expense of Jc. This point evidences
that despite all the proposals in over 200,000 refereed
publications [3] there has been little guidance to the mate-
rials synthesis community on what is relevant at the atomic
level for optimizing Tc and Jc.

Parallel wires that are a few lattice constants in width are
had superconductors because 1D superconductor-normal
state thermal fluctuations lead to large resistances below the
nominal Tc. However, by fabricating two (or more) sets of
parallel wires that cross each other, the effect of resistive
thermal fluctuations in a single wire are suppressed. FIGS.
21-21F illustrate perpendicularly crossed wires in 2D. In
FIGS. 21A-21C, the added dopant (solid (red) square 2100)
that overlaps two plaquettes (larger blue squares 2102 with
darker outline) does not have a red square boundary (1802
and 1000d) drawn for reasons of clarity only. The same
pattern or a different pattern can be used in adjacent layers
normal to the 2D wires. Crossing wires in 3D (two or more
sets of parallel wires spanning the whole crystal) also leads
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to high Tc and Jec. Crossed metallic wires with varying aspect
ratios and widths provide many opportunities for optimizing
Tc and Jc for specific applications. For example, wires that
are four metallic atoms wide (equal to two adjacent plaque-
ttes in cuprates), would have =% the surface to total metal
ratio of metallic wires two atoms wide (or one plaquette in
cuprates), leading to an =~50% reduction in Tc compared to
wires that are two metallic atoms wide. However, Jc
increases by a factor of two.

Generally, it is most favorable to fabricate the narrowest
wires that are spaced closely together because both Tc and
Jc will be large. In addition, interfacial phonon modes will
couple to both the closest wire and the next-nearest neigh-
boring wire, leading to further increase in Tc. For cuprates,
the narrowest wire is one plaquette width (see FIG. 2). Other
materials will have a different minimum width scale for
wires.

5. Dopants

in one or more examples, dopants are added to an insu-
lating parent compound that leads to metallic regions. How-
ever, a metallic parent compound can also be doped to create
insulating regions. In cuprates, the parent compound is
insulating and doping creates metallic regions.

6. Metallic and Insulating Regions Provide New Oppor-
tunities for Pinning Magnetic Flux.

Strong pinning of magnetic flux lines in superconductors
is necessary to obtain large critical current densities, Jc.
Insulating “pockets” surrounded by metallic region are
energetically favorable for magnetic flux to penetrate. The
flux can be strongly bound inside these insulating regions by
adding further pinning centers to the insulating region.
Examples of insulating pockets are shown in FIGS. 21A-
21F.

7. Dumbell Freezing in Cuprates

In cuprates, it is desirable to freeze the fluctuating dumb-
bells in non-overlapping plaquettes while maintaining a
metallic footprint with a large surface metallic unit cells to
total metallic unit cells ratio. The ratio of the isotropic
S-wave pairing wavefunction Tc to the corresponding
D-wave Tc is =2.8-4 (see FIG. 19). In cuprates, fluctuating
dumbbells in non-overlapping plaquettes can be frozen by
breaking the symmetry inside each plaquette by an atomic
substitution into the CuQ, plane, atomic substitution out of
the CuO, plane (such as the apical O atom sites), or
interstitial atoms, as shown in FIGS. 22A-22B.

III. Experimental Methods

There are three materials issues with crowding dopants:

1. T, does not increase with crowding until the D-wave
gap symmetry changes to S-wave at ~20% crowding. Thus,
T, is not useful as a metric for sample characterization.

2. Dopants are charged, and hence repel each other.

3. The optimal T, metallic footprint at 0.16 holes per
CuO, plane (the shaded (yellow) overlay 2300 in FIG. 23)
must be retained.

There are two cuprates materials where the dopant crowd-
ing idea can be tested:

La,_.Sr,CuQy,:

As illustrated herein, the T, of optimally doped
La,_,Sr,CuQ, increases from ~40 K with no dopant crowd-
ing (f=0.0 in FIG. 23) to T_~160 K with 100% crowding
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(f=1.0). This material does not lead to room-temperature T..
However, the crowding method described below is simple.

The ionic charges of the La and Sr atoms in La,  Sr . CuO,
are +3 and +2 (or -1 relative to La*>), respectively. The most
direct way to crowd dopants is to add atoms with a +1 charge
relative to La™ (a +4 oxidation state) because they favor
residing in-between the Se*? atoms due to charge attraction.
At first glance, it appears this approach is counter-productive
because a +4 atom adds an electron, and thereby lowers the
net doping and T,.. However, the added electron fills a hole
in the out-of-plane fluctuating dumbbells rather than doping
the planar CuQO, metallic band. The net result is our desired
crowding. Example crowding dopants include C** Si**,
Ge**, Sn*™, Ti**, Ze™, Hf**, and Pt**. These dopants are
smaller than La*?, and hence will “fit” in-between the two Sr
atoms.

YBa,Cu;0q,

FIG. 23 shows T for YBCO as a function of crowding. T,
reaches ~390K. Since Oxygen is added to the chains instead
of atomic substitution as in LSCO, the LSCO crowding
method above does not apply to YBCO. In one fabrication
method, O atoms may be removed from the chains (lowering
x) and substituting Ca atoms for Y in order to bring the
material back to optimal doping. This substitution has
already been shown to work experimentally. Hence, Ca
becomes the equivalent of Sr in LSCO. At this point, the
crowding method for LSCO can be used for (YCa)CuO.

The lack of any change in T, for dopant crowding less
than 20% and the counter-intuitive suggestion above of
electron doping the material are the reasons the materials
community did not “accidentally” find this room-tempera-
ture mechanism, despite intense effort over 31 years.

In one or more examples, the room-temperature Seebeck
coeflicient (thermopower) of new material samples can be
tested because it is a direct measure of the size of the
metallic regions (yellow overlay in FIG. 23), and it can be
done cheaply in a few minutes. The goal is to add +4 dopants
beyond optimal doping without changing the Seebeck coef-
ficient. This approach will lead the materials scientists up the
red dotted curve in FIG. 23, and thereby into the solid red
region where T, is large.

IV. Process Steps

FIG. 24 is a flowchart illustrating a method of fabricating
a superconducting composition/state of matter 1000 (refer-
ring also to FIGS. 10C, 18B, and 19).

Block 2400 represents combining a first region 1002a or
material and a second region 10026 or material to form a
composition of matter 1000.

In one or more examples, the first region 1002a or
material and the second region 10026 or material each
comprise unit cells 1004a, 100413, respectively, of a solid
1000¢ (e.g., crystalline or amorphous lattice). The second
region 10025 extends through the solid (e.g., crystalline or
amorphous lattice) and a subset of the second region 10025
are surface metal unit cells 10045 that are adjacent to at least
one unit cell 10044 from the first region 10024a. The ratio of
the number of the surface metal unit cells 10045 to the total
number of unit cells 10045, 906, 902 in the second region
10025 is at least 20 percent (e.g., in a range of 20%-100%).

The first region 10024 or material comprises an electrical
insulator or semiconductor. Examples of insulator include an



US 11,611,031 B2

23

antiferromagnetic insulator or a non-magnetic insulator. The
second region or material comprises a metallic electrical
conductor.

Examples of the composition of matter 1001) include the
first region or material 1002a comprising at least one
compound selected from the metal-monoxides, MgO, CaO,
SrO, BaO, MnO, FeO, CoO, NiO, CdO, EuO, PrO, and UQO,
combined with the second region or material 10025 com-
prising at least one compound selected from TiO, VO, NbO,
NdO, and SmO.

Further examples of the composition of matter 1000
include the first region 1002a or material comprising at least
one compound selected from V,0; with up to 20% of the V
atoms replaced by Cr atoms, combined with the second
region 100256 comprised of (V,Ti,_),O; where x is greater
than or equal to zero or less than or equal to one.

Yet further examples of the composition 1000 include the
first region 1002a comprised of Al,O;, and the second
region 10025 is formed by replacing the Al atoms in the first
region with Ti, V, or Cr atoms.

In yet further examples, the second region 10025 is
formed by replacing one type of atom in the first region
1002a by another type of atom of a different chemical
valence.

In yet further examples, the second region 10025 is
formed by adding a type of atom to a subset of the unit cells
10044 of the first region 1002a, the type of atom of such
chemical valence that (when the type of atom is added to the
unit cells 1004a) the type of atom acts as an electrical donor
or acceptor.

In one or more examples, the second region 10025 is
formed by adding interstitial atoms in said first region
1002a.

In yet further examples, the first region 1002a is formed
by replacing one type of atom in the second region 10025 by
another type of atom of a different chemical valence.

In yet further examples, the first region 1002a is formed
by adding a type of atom to a subset of the unit cells 10045
of the second region 10024, the type of atom of such
chemical valence that (when the type of atoms is added to
the unit cells) the type of atom acts as an electrical donor or
acceptor.

In yet further examples, the first region 1002a is formed
by adding interstitial atoms in the second region 10025.

In yet further examples, the combining comprises com-
bining two distinct atoms (first 1800 and second atoms
1802). The first atom 1800 (e.g., Sr) has a chemical valence
such that when the first atom 1800 is added to the material
(e.g., cuprate), the first atom 1800 acts as an electrical
acceptor. The second atom 1802 (e.g., Ti) has a chemical
valence such that, when the second atom is added to the
material (e.g., cuprate), the second atom 1802 acts as an
electrical donor, and 20% or at least 20% (e.g., 20%-100%)
of said second atoms 1802 reside inside the unit cell 1804
between two of said first atoms 1800 that are a distance of
two unit cells 1804, 10004 from each other. In on one or
more examples, the second region 1002 includes the two
distinct atoms (first 1800 and second atoms 1802) and the
superconductor is from the hole-doped cuprate class.

In yet further examples, the combining comprises forming
YBa,Cu,Og,, where at least 5% of the Y atoms are replaced
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by +2 oxidation state atoms, Mg, Ca, Sr, Zn, Cd, Cu, Ni, or
Co, at least 2% of the Y atoms are replaced by +4 oxidation
state atoms, Ti, Zr, C, Si, Ge, Sn, or Pb.

In yet further examples, the combining comprises com-
bining two distinct atoms (first and second atoms) having
such chemical valence that (when added to the cuprate) the
first atom acts as an electrical donor, the second atom acts as
an electrical acceptor, and 20% or at least 20% (e.g.,
20%-100%) of said second atoms reside inside the unit cell
betty con two of the first atoms that are a distance of two unit
cells from each other. In on one or more examples, the
second region includes the two distinct atoms (first and
second atoms) and the superconductor is from the electron-
doped cuprate class.

In yet further examples, the second region 1002a is
comprised of approximately linear subregions 1010, as
illustrated in FIG. 1.8B. The approximately linear subre-
gions 1010 of the second region 10025 can surround regions
of a first kind or first region 10024. Some of the surrounded
regions of the first kind/region 1002¢ may have atomic
substitutions, grain boundaries, or interstitial atoms.

In one or more examples, the components are provided in
powder form and ground together in a pestle and mortar.

Block 2402 represents the step of doping the composition
formed in Block 2400. Examples of doping include first
n-type doping the composition then p-type doping the com-
position. Exemplary ranges of n-type doping include a
doping concentration in a range from 5% up to 80% (e.g.,
5% up to 20%) n-type dopants per unit cell. Exemplary
ranges of p-type doping include a doping concentration in a
range from 5% up to 80% (e.g., 5% up to 20%) p-type
dopants per unit cell. In one or more examples where the
composition comprises a cuprate, the n-type doping and
p-type doping are such that the dopant concentration X is in
a range of 0.13-0.19. Examples of dopants include, but are
not limited to, Mg, Ca, Sr, Zn, Cd, Cu, Ni, Co, Ti, Zr, Hf, C,
Si, Ge, Sn, Pb.

In one or more examples, the dopants are provided in
powder form and mixed together (e.g., ground together in a
pestle and mortar) with the components of Block 2400.

Block 2404 represents the optional step of annealing the
doped composite formed in Block 2402.

Block 2406 represents the optional step of measuring the
insulator/semiconductor and metal content in the composi-
tion. In one or more examples, the step comprises measuring
a thermopower of the composite, wherein the thermopower
quantifies the amount of metal and insulator/semiconductor
in the composition. The measurement enables identification
of the fraction of overlapped plaquettes as a function of the
structure, doping, and composition of the first region and the
second regions, so that compositions mapping onto the red
curve 2302 in FIG. 23 can be fabricated. Desired composi-
tions are those measured with a ratio of the number of the
surface metal unit cells to the total number of unit cells in the
second region is at least 20 percent (e.g., in a range of
20-100%).

Block 2408 represents repeating steps 2400-2404 with
modified compositions if the measurement in Block 2406
indicates that the fraction of overlapped plaquettes, f, does
not lie on the S-wave curve in FIG. 23 so as to obtain the
desired Tc.
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Block 2410 illustrates the end result, a superconducting
composition of matter having a Tc in a range of 100-400 K,
wherein a ratio of the number of the surface metal unit cells
to the total number of unit cells in the second region is at
least 20 percent (e.g., in a range of 20-100%). In one or more
examples, both the metallic content of the superconductor
and the surface area of the metallic regions overlapping with
the insulator/semiconductor regions are maximized.

Superconducting compositions of matter according to
embodiments of the present invention may also be designed
by computationally solving equations G43-G45 in the com-
putational methods section for any combination of
material(s) using the appropriate parameters for those mate-
rials.

V. Computational Methods and Approximations

a. Hstimate of the Magnitude of the FElectron Phonon
Coupling

It is known to be qualitatively current that hw,/E~Vm/M
where hw, is the Debye energy, E. is the Fermi energy, m
is the electron mass, and M is the nuclear mass. One can
quickly see that the form of the above expression is correct
using w,~VK/M where K is the spring constant and
K~Ek*~mE,*h? due to metallic electron screening.

The electron-phonon coupling, g, is of the form g~
VI/2Mw,VV, where V is the nuclear potential energy.
Substituting VV~k,E,, leads to g*~(h/2Mw )k, E > ~(m/
M)E,.?/(h,,)~(hw,,)E,. Hence, g=y/hw ;.

Another derivation is dimensional. The coupling, g, has
dimensions of energy and there are only two relevant energy
scales, hw,, and E.. Thus there are three possibilities for g:
the mean, the geometric mean, and the harmonic mean of hw
and E. Since Hw ,<<E, the mean is =F,, and the harmonic
mean is ~hw,,. Neither of these two means makes intuitive
sense because we know metallic electrons strongly screen
the nuclear-nuclear potential. The only sensible choice is the
geometric mean, g~yhm,Ep.

b. Fluctuation Tc: Plaquette Clusters Smaller than the
Coherence Length

There are superconducting fluctuations above Tc at low
dopings due to the fluctuating magenta plaquette clusters in
FIGS. 8, 9A-9D, and 10A-10D. These plaquette clusters
have superconducting pairing that does not contribute to the
observed Tc because the clusters are smaller than the coher-
ence length. Including these clusters into the Tc computation
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leads to an estimate of the temperature range where plaque-
tte cluster superconducting fluctuations occur above Tc. The
resulting “fluctuation Tc domes™ are plotted in FIG. 26. Of
course, there exist superconducting fluctuations above Tc
from the plaquette clusters that are larger than the coherence
length (yellow clusters 904 in FIGS. 8, 9A-9D, and 10A-
10D). The fluctuation Tc from the larger yellow clusters is
not included in FIG. 26.
Parameters Used in the T, Computations

TABLE 1I

The planar Cu dxz,yz and O p, band structure used in all T, computations.
We use effective single band parameters derived from the angle-resolved
photoemission (ARPES) Fermi surface for single layer Bi2201.}7 The 2D
tight-binding band structure is €; = -2t[cos(k,a) + cos(k,a)] -
4t' cos(k,a)cos(k,a) — 2t"[cos(2k,a) + cos(2k,a)], where a is the planar
Cu—Cu lattice size and the 2D momentum is k = (k,, k). The ratio
t'/t' = V% is assumed.!” The variable n in the table is the number of
metallic electrons per metallic Cu. At optimal doping, the number of
holes per metallic Cu in the CuO, plane is x = 0.16, leading to n =
1.0 - x = 0.84. The optimal doping Fermi level is used for all dopings
in order to keep the number of parameters to a minimum. For the
multi-layer T, calculations in FIG. 17, we assume the 2D band structure
€; above. The 2D k states in adjacent layers, | and | = 1, are coupled by a
momentum dependent. matrix element equal to <k, | = 1/H,,,.,k, | >=
—at,(Va)(cos(k,a) - cos(kya))z, where a is the product of the
fraction of metallic sites in layers | and | = 1, Since interlayer hopping
of an electron between Cu sites on different layers can only
occur if the two Cu sites are metallic, a is the probability of two
adjacent Cu sites in different layers being metallic. The dopings of the
individual layers in the multi-layer T, calculations are all less than
the threshold for plaquette overlap at x = 0.187. Hence, each
plaquette covers 4 Cu sites. For example, between layers doped at
x =0.16 and x = 0.11, a = 4(0.16) x 4(0.11) = 0.2816
leading to at, = 0.023 eV.

n t (V) t' (eV) t, (eV)
0.84 0.25 -0.05625 0.08
TABLE I1I

Parameters that remain the same for every T, calculation, They are
the mass-enhancement parameter derived from the high-
temperature linear slope of the resistivity, A, the Debye energy,
fiwp, the minimum energy used in the low-temperature
linear resistivity, fiw,,,,, the energy cutoff for Eiashberg sums, %o,
and the energy of the O atom phonon modes, fio_;.

- (dimensionless) fiwp, (Kelvin) £0,,;, (Kelvin) fw, (V) fw,, (eV)
0.5 300 1.0 0.3 0.06
TABLE 1V

Parameters for the T, curves in FIGS. 16, 17, and 26. The variable, N,,;,, is the
number of metallic Cu sites inside the smallest plaquette cluster that is larger than the coherence
length, and thereby contributes to T,. The edge, convex, and concave couplings are chosen to be

equal for the next layer couplings. All units are eV.

3 ot
Con- Con- Next Layer
Figure Curve Color N,,;,, [Edge Convex cave Edge Convex cave  Oeyz Otpy
16 Black 20 0.150 0.150 0.075 0.240 0.240 0.120
16 Magenta 20 0.150 0.150 0.075 0.130 0.130 0.065
16 Red 100 0.000 0.000 0.000 0.132 0.132 0.000
26 Blue 8 0.150 0.150 0.075 0.240 0.240 0.120
26 Green 12 0.150 0.150 0.075 0.240 0.240 0.120
26 Red 16 0.150 0.150 0.075 0.240 0.240 0.120
26 Black 20 0.150 0.150 0.075 0.240 0.240 0.120
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TABLE IV-continued

28

Parameters for the T, curves in FIGS. 16, 17, and 26. The variable, N,,,;,, is the
number of metallic Cu sites inside the smallest plaquette cluster that is larger than the coherence
length, and thereby contributes to T,. The edge, convex, and concave couplings are chosen to be

equal for the next layer couplings. All units are eV.

de ot
Con- Con- Next Layer
Figure Curve Color N,,;, Edge Convex cave Edge Convex cave ey Otpz,
17 Black 20 0.150  0.150 0,075 0.240 0.240 0.120 0.0 0.2
17 Blue 20 0.050  0.000 0.000 0.130 0.130 0.065 0.05 0.13
TABLE V

Doping of each CuO, layer in the multi-layer T, calculations. The outermost layers are
always at optimal doping (x = 0.16). The adjacent layers are at x = 0.11 doping. The innermost

lavers are all at x = 0.09 doping. These dopings are obtained from Cu Knight shift Mmeasurements.”

Layers Hole Doping per CuO, Layer

1 0.16

2 016  0.16

3 016 0.1 0.16

4 016 0.1 0.11 0.16

5 016 0.1 0.09 0.1 0.16

6 016 0.1 0.09 009 011 0.16

7 016 0.1 0.09 009 009 011 0.16

8 016 0.1 0.09 009 009 009 011 0.16

9 016 0.1 0.09 009 009 009 009 011 0.16

10 016 0.1 0.09 009 009 009 009 009 011 0.16
Description of the Eliashberg T Calculations sentation, the temperature dependence and the retardation of
35

1. The Eliashberg Equations

The attractive electron-electron pairing mediated by pho-
nons is not instantaneous in time due to the non-zero
frequency of the phonon modes (phonon retardation). In
addition, electrons are scattered by phonons leading to
electron wavefunction renormalization (“lifetime effects™)
that decrease T.. Any credible T, prediction must incorpo-
rate both of these effects. All T, calculations in this paper
solve the Eliashberg equations for the superconducting
pairing wavefunction (also called the gap function). It
includes both the pairing retardation and the electron life-
time.16’29’59

The Eliashberg equations are non-linear equations for the
superconducting gap function, A(k, w, T), and the wave
function renormalization, Z(k, w, T), as a function of
momentum k, frequency o, and temperature T. Usually, the
T dependence of A and Z is assumed, and they are written
as A(k, o) and Z(k, ), respectively. We follow this con-
vention here. Both A(k, w) and Z(k, w) are a complex
numbers. In this Appendix only, we will absorb Boltzmann’s
constant, kg, into T. Thus T has units of energy.

Both A and Z are frequency dependent because of the
non-instantaneous nature of the superconducting electron-
electron pairing. If the pairing via phonons was instanta-
neous in time, then there would be no frequency dependence
to A and Z. The simpler BCS*® gap equation assumes an
instantaneous pairing interaction (A is independent of m) and
no wavefunction renormalization (Z-1).

The Eliashberg equations may be solved in momentum
and frequency space (k, w), or in momentum and discrete
imaginary frequency space, (k, im,), where n is an integer
and o,=(2n+1)xT. In the imaginary frequency space repre-

40

45

the phonon induced pairing are both absorbed into the
imaginary frequency dependence, im,,. In theory, both A(k,
) and Z(k, o) can be obtained by analytic continuation of
their (k, im, ) counterparts. In practice, the analytic continu-
ation is fraught with numerical difficulties.®® > However, the
symmetry of the gap can be extracted from either the real or
imaginary frequency representations of A.

In the pioneering work of Schrieffer, Scalapino, and
Wilkins,**3>%? the goal was to obtain the isotropic (in
k-space) gap function at zero temperature, A(w), as a func-
tion of  in order to compute the superconducting tunneling
of lead (T_=7.2 K). Hence, they solved the full non-linear
Eliashberg equations in frequency space.

Above T, Ak, w) is zero. For T=T_, A is small. Since our
interest in this paper is on the magnitude of T, and the
symmetry of the superconducting gap, we can linearize the
gap, A, in the Eliashberg equations for temperatures, T, close
to T.. The result is a temperature dependent real symmetric
matrix eigenvalue equation with A(k, ) as the eigenvector.
The eigenvalues are dimensionless and the largest eigen-
value monotonically increases as T decreases. For T>T _, the
largest eigenvalue of the real symmetric matrix is less than
1. At T-T_, the largest eigenvalue equals 1, signifying the
onset of superconductivity.

The non-linear Eliashberg equations (or the linearized
version) are easier to solve in imaginary frequency space.*®
Hence, we solve the linearized Eliashberg equations in
imaginary frequency space to obtain T..

We use the linearized Eliashberg equations as derived in
the excellent chapter by Allen and Mitrovic.'® Prior
Eliashberg formulations assume translational symmetry
(momentum k is a good quantum number for the metallic
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states). Our metallic wavefunctions are not k states because
they are only non-zero in the percolating metallic region. We
write the wavefunction and energy for the state with index
las 1y, and c,, respectlvely Since 1, is only delocalized over
the metallic region and is normalized,  ~1 AN, where N,
is the total renumber of metallic Cu sites. Rather than
Cooper pairing occurring between k{ and its time-reversed
partner, —k |, a Cooper pair here is comprised of (1,1, \};|),
where 1), is the complex conjugate of 1),

The linearized Eliashberg equations for A(l, iw,,) and Z(1,
im,) are obtained from the k-vector equations'® simply by
replacing k with the index 1 everywhere

= (G
Sl e1s FL ¢ Ser —er)1 0y
o) =1+ 1 ,Z [ P = dsus
Z(l, iw)A(, iwy,) = 7T (G2)
‘wn/‘quc 1 5( )
€ —EF " " .
ool A on = ) = @A i),

1474

where € is the Fermi energy, N(0) is the total metallic
density of states per spin per energy, s,=,/lm, |=sgn(w,,) is
the sign of w,, w, is the cutoff energy for the frequency
sums, A((l, I', w,) is the dimensionless phonon pairing
strength (defined below), and p*(w,) is the dimensionless
Morel-Anderson Coulomb pseudopotential at cutoff energy
.. It is a real number. The wavefunction renormalization,
Z(l, iw,), is dimensionless. In the non-linear linear
Eliashberg equations, A(l, im,) has units of energy. In the
linearized equations above, A(l, iw,,) is an eigenvector and is
arbitrary up to a constant factor.

The “electron-phonon spectral function” o®F(l, I', Q) is
defined

QFFUL T, Q) = N(O)Z | < DHGI! >[6(we - ), (G3)
and the phonon pairing strength A(l, I', ®,,) is defined
’ e ’ (G4
ALY, w,) = fo dQPF(L 1, Q)(W]
(G3)

L0,
- N(O)Zl <UH I >|2(T‘72]

where <IIH_,°II'> is the matrix element (units of energy)
between initial and final states 1' and 1, respectively of the
electron-phonon coupling, and H,,® is the electron-phonon
coupling for the phonon mode o Wlth energy o,. Roth a?F(l,
I' Q) and A1, I', w,,) are real positive numbers Hence, Z(1,
iw,,) is a real positive number. From G2, the gap A(l, iw,) can
always be chosen to be real. Since A(l, I', w,)=A(l, 1, -m,)
from equation G4,

Z(l,—iw,)=Z(l,-iw,)=Real Number, (G6)

A(l-iw, )=A(l,-iw,)=Real Number. (G7)

o?F(l, I, Q) and A(l, I', ) are dimensionless because
(eV)™! (eV)? (eV)'~1. Physically, they should be indepen-
dent of the number of metallic Cu sites, N, ,, as N,,becomes
infinite. The independence with respect to N,, is shown
below.
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The electron-phonon Hamiltonian for phonon mode o,
1I,,°, i
ep

i (G8)
VV(a, +al),

L

#
Hy = (m)

where M is the nuclear mass. a_, and a_" destroy and create
o phonon modes, respectively. V is the potential energy of
the electron. For localized phonon modes, VV is indepen-
dent of the number of metallic sites, N,,. The 1 and I' metallic
states each scale as 1/\/NM, leading to <IIH_,°II>~1/N,,.
Since the number of localized phonon modes scales as N,,,
the NM scaling of the sum Z_I<lH, oI1'>I2 is ~N,,
(1/N,)*~1/N,,. Hence, we have shown that o’F(, 1, Q) and
ML, w,)are d1mens10nless and independent of N, ,because
the density of states per spin, N(0), is proportional toN,,. In
fact. o®F and A are independent of N,, even when the
phonon modes o are delocalized. In this case, VV~1/\/W,,.
The electron-phonon matrix element <IIH_,°Il"™> is now
summed over the crystal, and thereby picks up a factor of
N, Hence, <IIH, oIl>~NA,,><\/1/NA,,><\/1 N VTN, ~1/
yN,,. For delocalized phonons the sarin over phonon modes
oin ZOI<1IHep°I1'>I does not add another factor of N,,. The
claim is obvious when 1 and I' are momentum states k and k'
because the only phonon mode that connects these two states
has momentum q=k-k'. Therefore, ¢*F(l, I', Q) and A(l, 1,
,,) are always dimensionless and independent of N,,.

The atomic-scale inhomogeneity of cuprates implies
translation is not a perfect symmetry of the crystal. How-
ever, the dopants are distributed randomly, and therefore on
average k becomes a good quantum number. Hence, we may
work with Green’s functions in k space and approximate the
Cooper pairing to occur between (kf, -k|) states. The
approximation is identical to the very successful Virtual.
Crystal Approximation (VGA) and the Coherent Potential
Approximation (CPA) for random alloys.%*

In the VGA and CPA, the Green’s function between two
distinct k states, k and k' is zero

G(kk'iw,)=0, if k=k'. (G9)

The fact that k is not a good quantum number of the crystal
is incorporated by including a self-energy correction, 2(k,
im,,) at zeroth order into the metallic Green’s function

1 (G10)
Wn = €pare(k) = 2 (k, iwy)

Gk, itwy) =

Here, €,,..(k) is the bare electron energy. 2(k, iw,) can be
written as the sum of two terms, 2(k, im, =2 (k, im, )+iw, 2,
(k, iw,). Both X, and X, are even powers of o,,
2k, -imw,)=2,(k, iw,), for i=1, 2. %, adds a shift to the bare
electron energy, €,,..(k), and a lifetime broadening to the
electronic state. 2, leads to wavefunction renormalization of
the bare electron state.

The shift of €,,,.(k) clue to 2, (k, iw,) leads to the
observed angle-resolved photoemission (ARPES) band
structure in cuprates,’’ €, and its lifetime broadening. The
lifetime broadening integrates out of the Eliashberg equa-
tions because the integral of a Lorentzian across the Fermi
energy is independent of the width of the Lorentzian.'®
Hence, we may use the ARPES band structure, €, in the
Eliashberg equations and absorb 2, (k, iw,,) into Z(k, iw,) in
the Eliashberg equations.
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Hence, we are right back to the standard Eliashberg
eduations!6-29234:35,59

(G11)

o e
Zk, i) =1+ IZI kz [%]h(k, K o 0,0 )55,
Zik, iw,)Alk, iw,) =
Jes, ¢ |<twc I oty —en) / *
2 ool Ny JR K @n = ) = e
Ak, i),
Z(k, —ity) = Z(k, i) = Real Number, (G12)
Alk, —it,) = Ak, its) = Real Number, (G13)

The Eliashberg equations above are completely general
for a single band crossing the Fermi level. The only inputs
into the equations are the Fermi surface, Fermi velocity (in
order to obtain the local density of states), the dimensionless
electron-phonon pairing, Ak, k', ), and the dimensionless
Morel-Anderson Coulomb pseudopotential at the cutoff
energy (typically, chosen to be five times larger than the
highest phonon mode, ®=5w,,), p*(w.). We apply the
standard methods' to map the above equations into a matrix
equation for the highest eigenvalue as a function of T. The
highest eigenvalue monotonically increases at T decreases.
When the highest eigenvalue crosses 1, T is found.

Equations G11, G12, G13 need to be modified when more
than one band crosses the Fermi level. Phonons can scatter
electron pairs from one band to another in addition to
scattering within a single band. The modification to the
single Fermi surface Eliashberg equations above require
changing the k and k' labels to bk and b'’k' where b and b'
refer to the band index. k and k' remain vectors in 2D so long
as we assume the coupling of CuO, layers in different unit
cells is weak. The number of bands is equal to the number
of CuO, layers per unit cell, L. We derive the electron-
phonon pairing A for a single layer caprate in sections G2
and G3. In section G4 we derive the multi-layer A.

The total electron-phonon spectral function is the sum of
four terms

CF=F +@’Fy+@’F 40 F3, (G14)

where o’F, and o’F, are the spectral functions from pho-
nons that contribute to the resistivity. o’F, is due to the
phonons that lead to the low-temperature linear term in the
resistivity, and o®F, is due to the phonons that lead to the
low-temperature T? resistivity term.®> o°F,,, is the compo-
nent due to the planar O atom at the surface between the
metal and insulating regions. It is the O atom phonon shown
in FIG. 12a. o’F | is the contribution from the planar O atom
adjacent to the metal-insulator surface on the insulating AF
side. It is shown in FIG. 125. Since the energy of these two
O phonons modes is ~60 meV,'® their contribution to the
resistivity is very small.

Sections G2 and G3 in this Appendix derive the four F
terms above in order to obtain the total phonon pairing,
A=A +h 4, +h |, that is used in the Eliashberg equations
G11, G12, and G13 for T..

2. Contribution to A from the Interface O Atom Phonons

The Hamiltonian for FIG. 26 is
Hsur/(R):6ELC‘LTCL+6ERCRTC‘R—él(CLTCR+CRTCL), (G15)

where ¢, T and ¢, create and destroy an electron at the L Cu
site. ¢," and C,, are defined similarly. Since there is no
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electron spin coupling to the O atom phonon mode, the
electron spin index is dropped in equation G15.
The k state ¢(k) is defined as

L (G16)
900 = No ) R B(R),
R

where ¢(R) is the localized effective Cu d2_2 orbital at
position R, and N, is the number of metallic Cu sites. The
matrix element between k' and k is

(DU Haurr (RNBG) = Ny G17)
eii(k/fk)(m%a) Se Le%”‘/*")a + 5ER€7%U‘/7,‘)0 - Zétcos%(k’ +ka

The modulus squared is

KU ) Huog (RIS = (G18)

1 1 2
N,;,z{[(ésL + 65R)cos§ k" +k)a— Zétcosz(k’ + k)a] +

1
(8€ 1 + deg)?sin® z(k’ - k)a}

Define the two functions of k and k', J

aurs (K, k') and
Mk, k') as

Jsur

1 G19
TSk k) = (e 1+ S )05 5 (K, ~ka— 19
1 1
2AUSt(Se . + 5ER)>XCOS§(/(; - kx)acosz(k; —k)a+
2 21 PN P
(01r"), -4cos z(kx —ky)a + {(0e ; — Oeg)”), sin z(kx —kya,
(G20)

1
Tk, K) = {(Ge .+ Gep)?) yeos” 5 (K] = kya
1 ’ 1 ’
2{Sr(de g, + 65R)>ycos§(ky - ky)acosz(ky —kya+

(62) .43052l(k’ —ky)a +{(8e — Seg)?) sinzl(k’ —kya.
y oV Ty L R 7y 7y TRy

where <F(R_)>, is the average of the function F(R ) defined
for each planar surface O on the x-axis with position R, as
shown in FIG. 26.

1 G21
(F(Re) = 3= > F(Ro). @
Ro

Similarly, <F(R,)>, is the average of F(R,,) over the y-axis
surface O atoms. The expression in equation G20 for szf(y)
is identical to the expression for JSWf(’C) in equation G19 with

x replaced by y.
From the k-space versions of equations G3 and G4

N 2w

’ _ (x) ’ () ’ ph
Agur e, K, ) = (W][Jmf(k, k) + d e, k )](

2 2
Wy + Wy

] (G22)



US 11,611,031 B2

33

b. O Atom Mode Perpendicular to Surface
The Hamiltonian for FIG. 27 is

H (R)=8ecy' cp=8(-)(cr_a'crtcrler -

SN Cryn CrTCR Cria)s (G23)

where ¢, and ¢ create and destroy an electron at the R Cu
site. Cgy,' and cg,,, are defined similarly. Since there is no
electron spin coupling to the O atom phonon mode, the
electron spin index is dropped in equation G23.

The matrix element between k' and k is

(pUEHH_R)ph) = (G24)
N]\—/{le—i(k’—k)R [(;e _ ($[(+)(e—il/a + eika) _ (;[(_)(eﬂ/a + e—ika)]
The modulus squared is
Ke(k') | Ho (Rl = (G25)
Ny {6e — [81(+) + 84~ )][cos(K a) + cos(ka)]}* +

[61(+) — () [sin(k’ &) — sin(ka)]"}

Define the two functions of k and k', J i(")(k, k') and
T2k, k) as

JO U, k) = (5€2), — 2(Be8t(+) + 61—y, (coskla + coskya) + (G26)
([61(+) + 8H—)]), (coskla + cosk,a)® +
([61(+) — 8]y, (sinkla — sink,a)?,
IO, &) = (8%, — UBe[6(+) + 64-)]) (cosk) a + cosk,a) + (G27)

([61(+) + 84 —)]){(cosk;,a + cosk,a)” +
([Bt(+) = ()], (sink,a — sink,a)*,

where <F(R,)>, is the average, defined in equation G21, of
the function F(R,) for each x-axis O phonon mode with
position R, as shown in FIG. 27. Similarly, <F(R;)>, is the
average of F(R,) over the y-axis O atoms. The expression in
equation G27 for J® is identical to the expression for J,
in equation G26 with x replaced by y.

From the k-space versions of equations G3 and G4

2wph

G28
Al K ) = (ZZVVL”)[JY)(/«, )+ IO, k’)]( ] ©9
M

2 2
Wy + Wy

3. Contribution to A from the Phonons Responsible for the
Resistivity

The low-temperature resistivity of La,_ Sr .Cu0O, is the
sum of two terms.®® One term is linear in T and the other is
proportional to T2. At high temperatures, both terms become
linear in T. Previously, we showed'? that the doping evolu-
tion of these two terms can be explained by phonon scat-
tering and simple counting of the number of metallic sites
and the number of overlapped plaquettes, as a function of
doping. The contribution of these phonons on T, must be
included in our Eliashberg calculation.
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The power law dependence of the two terms in the
resistivity restricts the form of their electron-phonon spectral
functions, «°F, and o”F, for the linear and T* contributions,
respectively. From Fermi’s Golden Rule, the electron scat-
tering rate is

1 —
k)

2 oo G2
irz 2| d0atFik, K, gy, 629
w4,

where ng4(Q) is the Bose-Einstein distribution ngz(m)—1/[exp
(0/T)—1]. The factor of two in front of the integral comes
from the absorption and emission of phonons. 0°F is zero for
Q greater than the highest phonon energy.

At high temperatures, n5(Q)=T/Q
to A/T(k)=2nA, T, where

leading

(G30)

A =2 f R
* = A O 5

and o’F(k, Q)-X,, o’F(k, k', Q). A, is called the mass-
enhancement factor.'® The slope of the high-temperature
scattering rate can be obtained from the resistivity. Hence,
the mass-enhancement can be computed from experiment.

At low-temperatures, the Bose-Einstein distribution cuts
the integral in the scattering rate off at Q~T. If o®F~Q", then

(G31)

1 TdnozzF(k,Q) S
), 0w

The low-temperature T scattering rate is known to be
isotropic in k-space,®® and thereby it must scale as ~£ from
equation G31. From the low-temperature resistivity experi-
ments®, we showed, the T resistivity term was proportional
to (1-N,,,/N,,), where N, is the total number of Cu sites
(metallic plus insulating AF sites) and N,,,, is the number of
metallic Cu sites that are in non-overlapping plaquettes.
Therefore, ocze(k, k', Q) is of the form

(G32)

N4M)’

QPFyk K, Q) = Cz(a%)(l e

where C, is a constant to be determined. @, is the Debye
energy. o°F,=0, for Q>

The low-temperature T scattering rate is zero along the
diagonals, k,=tk , and large at k—(0, £7), (=, 0).°° o°F, is
independent of Q from equation G31. The scattering rate in
equation G31 logarithmically diverges for small €. Hence,
it must be cutoff at some minimum, ,,;,. For temperatures
below ,,,,,, the scattering rate cannot be linear in T. Previ-
ously, we showed that m,,,,~1 K.'* In this paper, we fix
®,,.,=1 K. See Appendix F.

The spectral function, oczF](k, k', ), is of the form

N. G33
PFi kK. Q) = G2 DUIDE). for s < 2 < wp, ©3
Tot

where C, is a constant, and o®F,—0 outside of the range
®,,;,<Q2<Op.
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The anisotropy factor, D(k), is

(cos(k.a) — cos(kya))2 (G34)

by = {{cos(k.a) — cos(kya))2>

where the denominator is the average over the Fermi surface
of the numerator.

The average of a function, f(k), over the Fermi surface is
defined as

(e —€p) , (G35)
; [~ Jre
(flk)) = W
N()

g

Thus <D(k)>-1.

The constants C,; and C, can be determined as follows.
The average around the Fermi surface of the scattering rate
at high-temperatures is 1/t=2mA,T. From resistivity mea-
surements,5” A ~0.5. A fraction (N,,/N A, of A,. comes
from <o’F,> and the fraction (1-N,,,/N,, )A,. comes from
<a’F,> leading to

N4M (aszz(k K, Q)) (G36)
/1,, 1 -
NTor
dQ
Ay = 2C2 -
Arr = ZCZ,
N4M fu (w Fl(k K, Q)) (G37)
/\,r
NTor Wi
=20 f o
! ’“mxn Q
wp
=l

Substituting C, and C, in terms of A, back into «’R, and
o’F, yields

kK, Q) = /1,,[1n( ) (G38)

21-1 (N
] e
Wiin < £ < wp,

and

Nay

Tot

PFyk K, Q) = lx,,( Q )(1_ (G39)

),0<Q<wD.

o°F,=0 outside of the range w,,,<Q<w, and ¢*F,=0 for
Q>w .

We solve for Ak, k', w,) for i=1, 2 using the k-space
version of equation G4

ik, k' )—fmdﬂ 2Fik, k' Q)( 2 ) (G40)
1 £ 5wn - o Q i k) k) w%+ﬂ2 >
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treading to
| Wl +wh (G41)
Nam W2 + W,
Mtk K ) = o P DUOD | =7
wp
i)
Winin
and
(G42)

i

Rath, K, o) = (1= oo (i

4. Generalization of the Eliashberg Equations for Multi-
Layer Cuprates

The Eliashberg equations G11, G12, and G13 for a single
CuO, layer per unit cell are generalized to multi-layer
cuprates by changing k and k' to bk and b'k, respectively, in
the single layer Eliashberg equations.

Z(bk, itw,) = i3)
T ‘wn/ ‘<wc 6( )
1 7 €4y —€EF ]/\(bk, BK, w, - 015057+
loal 7, N(D)
Z(bk, iwp)A(BK, iw,) =
o lswe . )
€1 —EF L, .
T L NN ke, K o = 0,0 =
e o Iwn/l[ N(D) ][ Ok, 'K, wn = ) = 1 (we)]
AWK, i),
Z(bk, —iwy,) = Z(bk, iw,) = Real Number, (G44)
A(bk, —iw,) = A(bk, iw,) = Real Number, (G45)

where b and b' are band indices. They vary from 1 to L,
where L is the number of CuO, layers per unit cell. A unit
cell contains [ Cu atoms, one in each layer. The k vector is
a 2D vector. N(0) is the total density of states per spin

N@©) = Z ey — €F)- (G46)

v

There is a Bloch k state for each layer, 1, given by ¢(1k).
The band eigenfunctions are

bk = ) Awkp(lo). @4
t

The coefficients A,,(k), are real since the inter-layer hopping
matrix elements are real. The matrix element for hopping
between adjacent layers is

<OUI£1K) H o |9 UR)>=—1(1£1,0,5)0 4, (G48)
where
t(1x1,,k)=aut,(V4)[cos(k,a)-cos (kya)]z, (G49)

and a is the product of the fraction of metallic sites in layers
1 and 1£1. See Appendix F Table II.
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The eigenvectors y(bk) of equations G47 and G48 are
independent of the magnitude of t(1+1, 1, k). Thus A, (k) is
independent of k,

Ay (K)=A,,. (G50)
The eigenstates, y(bk), are normalized leading to
> Ay A =y (G51)
b
> AiAv = Sy (G52)
t

The electron-phonon spectral function o®F,(bk, b'k', Q) is

R » 1,0 (GS3)
PFy bk, bk, Q) = z/1,,(@)(1 — gy ), 0 < Q < wp,
where
ang () = Nay (D) (G54)
AM = ny .
(GS3)

1
nay = zzl: nap ().

N,/ is the number of metallic Cu sites in layer 1 that are
in non-overlapping plaquettes, L. is the total number of CuO,
layers per unit cell, and N_, is the total number of Cu sites
(metallic plus insulating AF) in a single CuO, layer. Hence.
LN, is the total number of Cu sites in the crystal and n,,,
is the total fraction of metallic Cu sites over all the CuO,
layers. a®F,=0 for Q>w,,.

For the electron-phonon spectral function, F, that leads
to the low-temperature linear resistivity, define the anisot-
ropy factor, D(bk) as

(cos(k.a) — cos(kya))2 (G56)

Dbk = {({cos(k.a) — cos(kya))2>

where the denominator is the average over all the L. Fermi
surfaces of the numerator.

The average of a function, f(bk), over all the Fermi
surfaces is defined as

Z [5(51;1’\/;’(0—) €F) ]f(b’k’) (G57)
i’

Z[ Eb1\l;(0) = ]

2434

{fbk)) =

The phonon modes in oF, are 2D. Hence, the form of the
spectral function between layers 1 and 1' is of the form,

(G58)

2 ’ []{ wp ]}71 ’
PP, UK, ) = 8 [In| — nan (DDUODK).
w;
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Expanding the eigenstates y(bk) in terms of ¢(lk) from
equation G47 leads to

OPF (b, Bk, Q) = (G59)
2 -1
2 2 “p ‘
{Z 4sil 1Ay e Prans (b}xrr[h{ ~ H DBODEK),
: i
where m,,,,<Q<w,,. o’F,=0, for Q<w,,,, or Q>0
Hence,
bk, BK, w,) = (G60)
| Wk +wh
2 2 , W+ W
D WP 1Ay Frians () DIOD(OK )| ——— >
t 1 D ]
‘{w;zm'n
and
(G61)

a(bl, B K, wy) = (1 —ﬂwﬂw[l - I:)»;Imn,l( - )]

[onl

The multi-layer expressions for A, (bk, b'k', w,) and
A, (bk, bk, ,,) are similar to their single-layer counterparts
with a modified definition for the averaging in their respec-
tive J® and J*? functions.

@ e = o ol (G62)
Joug bk, B'k') = {(SeL + Ser)™) cos z(kx kyda
1 1
2:{51(Se;, + 5ER)>XCOS§(/(; - kx)acosz(k; +ke)a+
1 1
(612, -4cos? 5+ kya+ (6e. - oe )2y, sin? 50~ koa,
(G63)

I8 bk, B = (S + en)?)cos (K, — k
p bk, k) = ((Ser + Ser)?), 0082 5k, = kyJa
1 ’ 1 ’
261(dep, + 65R)>ycos§(ky —ky)acosz(ky +ky)a+

1 1
(6[2>y -400525(/(; +ky)a+{(0e, - 55R)2)ysin2§(k; —ky)a,

where <F(R,)>, is the multi-layer average of the function
F(R,) defined for each planar surface O on the x-axis with
position R, as shown in FIG. 27,

(FR) = 3 Anl| Ay X(Fi(Ro), @64
t

and <F,(R,)>, is the average over layer 1, as defined in
equation G21. Similarly for <F(R.)>,. The expression in
equation G63 for szf(y) is identical to the expression for
T in equation G62 with x replaced by y.

“Hence, Ay, bk, bK, ®,) is

sur)

N©O) (G65)

A (ks K, w0,) = (W][Jiilf(k, K+ Ik, k’)](

prh ]
2 2 |
W5 + Wy

where N,, is the total number of metallic Cu sites,
N,,~2,N;». and N, is the total number of metallic Cu sites
in layer L.
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For A, (bk, b'k', w,), the corresponding I, and J,©
functions are

JO Bk, b'K') = (8e2), — 2Be[dt(+) + 51(= )]y, (coskla + cosk,a) + (G66)
([61(+) + 61(=)]), (coskla + coskea)® +
([61(+) = 61(=)]), (sinkla — sink,a)”,
I Bk, VK'Y = (5€%), — ABe[Si(+) + 61(-)])  (cosk}a + cosk,a) +  (GET)

([81(+) + 61(=)]),(cosky,a + coskya)2 +

([Bt(+) = 51(=)])  (sink’,a — sink,a)’.

All averages in equations G66 and G67 are defined in
equation G64.
Hence, A, (bk, bk, ®,,) is

(G68)

prh ]
2 2 |
W5 + Wy

AL (b, VK, wy) =

(&0)] WO bk, b'K) + I (bk, b’k’)](
Ny

5. Computational Details

The band structure, €., and all the parameters used the
solve the Eliashberg equations for T, are described in
Appendix F. Here, we discuss the computational issues
necessary to obtain an accurate T..

The two planar interface O atom phonon modes in FIG.
12 require averaging products of pairs of parameters (de,,
deg, and dt for A, ; and de and dt(x) for &, ) over the lattice
as seen in equations G19, G20, G26, G27, G62, G63, G66,
and 067. These parameters vary depending on the environ-
ment of the Cu atoms, as shown in FIG. 12.

For each doping value, we generate a 2000x2000 lattice
of doped plaquettes. All O atoms that contribute to A, -and
A, are identified along with the nature of the corresponding
Cu sites (edge, convex, or concave, as shown in FIG. 12). All
the product averages are computed. Ensembles of 2000x
2000 lattices can be generated to obtain more accurate
product averages. We found that a single 2000x2000 doped
lattice is large enough to obtain all the products to an
accuracy of less than 1%.

All four electron-phonon pairing functions, A, A,, A,
and A, can be written in the following product form A(k, k',
,)=N'(k, k')F(w,). The product separation, A=A'F, leads to
a large reduction in the storage requirements because A' and
F can be computed once and saved, and the product com-
puted on the fly.

We discretize the Fermi surface by choosing 10 uniformly
spaced (in angle) k-points in the 45° wedge bounded by the
vectors along the x-axis, (;t, 0), and the diagonal, (m, ),
leading to a total of 80 k-points over the full Fermi surface.
Increasing the number of k-points further led to <0.1 K
change in the calculated T..

Fermi surface weights, W,,, are computed at each bk-
point using the Fermi velocity evaluated from the band
structure, €,. By resealing the gap function, A(bk, w,,),

Wi (G69)

2n+1|

A (DK, @,) = [ ]%A(bk, W)

the Eliashberg equations can be turned into an eigenvalue
equation with a real symmetric matrix.'® Since T, occurs
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when the largest eigenvalue reaches one, we can perform a
Lanczos projection. We compute T _ by bracketing. All the T,
values found in tins paper are accurate to +0.3K. For
approximate timings, a full T _-dome is computed on a small
workstation in ~5-10 minutes.

Advantages and Improvements

Presented herein is a method of fabricating high tempera-
ture superconductors. The validity of the method is illus-
trated using a microscopic theory of cuprate superconduc-
tivity based on the results of the chemist’s ab initio hybrid
density functional methods (DFT). Hybrid DFT finds a
localized out-of-the-CuO, hole is formed around a nega-
tively charged dopant. The doped hole resides in a four-Cu-
site plaquette. The out-of-plane hole destroys the antiferro-
magnetism inside the plaquette and creates a tiny piece of
metal there. Hence, the crystal is inhomogeneous on the
atomic-scale with metallic and insulating regions.

In contrast, the physicist’s DFT methods (LDA and PBE)
find a delocalized hole residing in the CuO, planes as a
consequence of doping. As discussed herein, the chemist’s
result is to be trusted over the physicist’s result because it
corrects the spurious self-Coulomb repulsion of the elec-
trons found in the physicist’s density functionals.

Due to dopant-dopant Coulomb repulsion, doped plaque-
ttes do not overlap unless the doping is sufficiently high that
overlap cannot be avoided. Non-overlapping plaquettes have
a dynamic Jahn-Teller distortion of the out-of-the-plane hole
(called a “fluctuating dumbbell”). The dumbbells inside an
overlapped plaquette become static Jahn-Teller distortions,
or “frozen”.

The above model explains a vast swath of normal state
phenomenology using simple counting of the sizes of the
metallic region, the insulating AF region, and the number of
fluctuating and frozen dumbbells. As illustrated herein,
superconducting pairing arises from planar Oxygen atoms
near the interface between the metallic and insulating
regions. These planar O atom phonon modes explain the
large Tc~100 K, the Tc-dome as a function of doping, the
changes in Tc as a function of the number of CuQO, layers per
unit cell, the lack of a Tc isotope effect at optimal doping,
and the D-wave superconducting pairing wavefunction (or
superconducting gap symmetry).

Generally, with phonon superconducting pairing, an iso-
tropic S-wave pairing wavefunction is favored over a
D-wave pairing wavefunction. However, the present disclo-
sure shows that the fluctuating dumbbells drastically raise
the Cooper pair Coulomb repulsion, leading to the observed
D-wave pairing wavefunction. By overlapping the plaque-
ttes and freezing the dumbbells, the S-wave pairing wave-
function becomes favored over the D-wave pairing wave-
function. The present disclosure shows that the S-wave Tc is
in the range of =280-390 K when the D-wave Tc=~100 K.
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CONCLUSION

This concludes the description of the preferred embodi-
ment of the present invention. The foregoing description of
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one or more embodiments of the invention has been pre-
sented for the purposes of illustration and description. It is
not intended to be exhaustive or to limit the invention to the
precise form disclosed. Many modifications and variations
are possible in light of the above teaching. It is intended that
the scope of the invention be limited not by this detailed
description, but rather by the claims appended hereto.

What is claimed is:

1. A superconducting composition of matter, comprising:

a cuprate superconductor comprising:

a lattice of CuO, planes;

first atoms occupying sites between said CuQO, planes,
dopant atoms comprising second atoms and third
atoms occupying first atom sites, where the second
atoms are p-type dopants relative to the first atoms,
and the third atoms are n-type dopants relative to the
first atoms;

wherein:

the total concentration of said dopant atoms is greater
than 20% of the concentration of said first atoms,

the concentration of said second atoms is greater than
5% of the concentration of said first atoms, and

the concentration of said third atoms is greater than 5%
of the concentration of said first atoms.

2. The composition of matter of claim 1, wherein the first
atoms have oxidation state plus three, the second atoms have
oxidation state plus two, and the third atoms have oxidation
state plus four.

3. The composition of matter of claim 2, wherein the first
atoms comprise Yttrium or Lanthanum and the second atoms
comprise Magnesium, Calcium, Strontium, Barium, Zinc,
Cadmium, Copper, Nickel, or Cobalt.

4. The composition of matter of claim 3, wherein the third
atoms comprise Titanium, Zirconium, Hafnium, Cerium,
Carbon, Silicon, Germanium, Tin, or Lead.

5. The composition of matter of claim 1, wherein the third
atoms comprise Cerium.

6. The composition of matter of claim 1, wherein the first
atoms have oxidation state plus two, the second atoms have
oxidation state plus one, the third atoms have oxidation state
plus three.

7. The composition of matter of claim 6, wherein the first
atoms comprise Magnesium, Calcium, Strontium, Barium,
Zinc, Cadmium, Copper, Nickel, or Cobalt.
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8. The composition of matter of claim 1, wherein the first
atoms comprise Oxygen and the third atoms comprise
Fluorine.

9. The superconducting composition of matter of claim 1,
wherein the concentrations of the dopant atoms are selected
such that the cuprate superconductor comprises an S-wave
superconductor.

10. Electrical machinery or a power transmission device
comprising the cuprate superconductor of claim 1, the
machinery or the device utilizing S-wave properties.

11. A method of making a superconducting composition
of matter, comprising:

designing and fabricating a cuprate superconductor com-

prising:

a lattice of CuQ, planes;

first atoms occupying sites between said CuO, planes,
dopant atoms comprising second atoms and third
atoms occupying first atom sites, where the second
atoms are p-type dopants relative to the first atoms,
and the third atoms are n-type dopants relative to the
first atoms;

wherein the designing and fabricating further comprises

selecting:

the total concentration of said dopant atoms that is greater

than 20% of the concentration of said first atoms,

the concentration of said second atoms that is greater than

5% of the concentration of said first atoms, and
the concentration of said third atoms that is greater than
5% of the concentration of said first atoms,

so that the cuprate superconductor comprises an S-wave

superconductor.

12. The method of claim 11, further comprising using the
cuprate superconductor as an S-wave superconductor or
utilizing S-wave properties of the S-wave superconductor.

13. The method of claim 11, wherein the first atoms have
oxidation state plus three, the second atoms have oxidation
state plus two, and the third atoms have oxidation state plus
four.

14. The method of claim 11, wherein the first atoms
comprise Yttrium or Lanthanum and the second atoms
comprise Magnesium, Calcium, Strontium, Barium, Zinc,
Cadmium, Copper, Nickel, or Cobalt.

#* #* #* #* #*



