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Fig. 1. Evolution of the superconducting transition temperature (7,), from Hg at 4.2 K in 1911 to
La,PrNi,O; at 75 K in 2024 [17]. The time scale shifts in 1985, before and after the discovery of
copper oxide superconductors in 1986 [4]. The figure depicts typical superconductors, and
Tables 1 and 2 provide additional information about them. 'a-Bi' denotes amorphous Bi, while
'C(B)' and 'TBG' refer to boron-doped diamond and twisted bilayer graphene, respectively.
Compounds marked with an asterisk exhibit superconductivity under high pressure. Several

important materials with 7, lower than 0.5 K are missing: the perovskites SrTiO; s (T,

=0.25K)

in 1964 [18], (SN), (0.26 K) in 1975 [8, 19], B-YbAIB, (0.08 K) in 2008 [5, 20], 12CaO-7AlL,04
(0.2 K) in 2007 [21], and the semimetal Bi (0.53 mK) in 2017 [22].
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Fig. 2. Electrons propagating through a crystal. In real space
(a), an electron (red ball) in the highest atomic orbital moves
across the crystal, forming a wave (magenta wavy arrow) with
wavelength 4 and wavevector k. The kinetic energy increases
with the magnitude £, resulting in the dispersion curve with an
energy spread of W, as depicted in momentum space (b).
Electrons in a crystal can have electronic states ranging from
zero energy at k = 0 (4 = o) to Fermi energy Er at Fermi
wavenumber kr at absolute zero. Electrons at Er propagate in
all directions, forming a three-dimensional Fermi surface, as
typically illustrated in Fig. 3 for the isotropic case, which
governs crystal transport properties.
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Fig. 3. Fermi liquid instability leading to a variety of phases
with long-range orders of specific degrees of freedom. The
central sphere depicts the Fermi surface (FS) of isotopic free
electrons in the momentum space k—k—*:. Focus interactions
include electron—phonon (e—ph), electron—electron (e—e),
Ruderman—Kittel-Kasuya—Yosida versus Kondo (RKKY-
Kondo), and spin—orbit (SO). These interactions destabilize the
Fermi surface, resulting in a variety of symmetry-breaking
phases appearing: superconductor (SC) to charge-density-wave
(CDW) insulator with increasing e—ph interactions; high-
temperature  superconductor (HTSC), spin-density-wave
(SDW), magnetic order (MO), charge order (CO), and Mott
insulator (MI) with increasing e—e interactions; heavy fermion
(HF), SC, and SDW with increasing RKKY and decreasing
Kondo interactions; itinerant or localized multipole (MP) order
and SC for SO interaction. Superconductivity is a common
order resulting from various types of Fermi liquid instability. It
should be noted that while e—ph interactions occur at all times,
other interactions can take precedence in defining the system.
The resulting types of superconductivity carry the flavors of the
original perturbation.
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Fig. 4. Cartoon illustrating how electron correlations affect the
crystal electronic states. As the parameter U/W increases
downward, where U and W are the magnitudes of electron



correlation and bandwidth, respectively, a typical metal (a)
with nearly free electrons carrying the charge degree of
freedom in a broad band made from expanded orbitals, such as
the s-orbital, transforms into a Mott insulator (c), with each
electron localized and acting as a spin in the narrow half-filled
band with one electron per atom. A strongly correlated metal
(b) lies between them, allowing an electron with both charge
and spin degrees of freedom to move against Coulomb
repulsion in a narrow band of unexpanded orbitals, such as the
d-orbital. Localized spins in Mott insulators and nearly
localized spins in strongly correlated metals typically interact
antiferromagnetically with neighboring spins, as observed in
the CuO2 plane of copper oxide superconductors.
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Fig. 5. Cartoons depicting how the electrical resistance R
occurs in a solid (a) and how zero resistance is attained (b). In
the normal conducting state at high temperatures above T, a
single electron is easily scattered by a crystal defect (blue cross),
resulting in a finite resistance. At low temperatures below T, a
pair of electrons (Cooper pair) is produced in the
superconducting state and is not scattered by a defect unless
both electrons are scattered simultaneously or the pair is broken
by enhanced scattering by defects, both cases of which are
unusual, resulting in zero resistance.
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Fig. 6. Electrical resistivity of a superconductor, such as Pb (7.
= 7.2 K), versus a normal metal, such as Au. The former has a
higher resistivity that rises faster with heating than the latter,
indicating larger electron—phonon interactions that result in a
superconducting state with zero resistivity below Te. In contrast,
the latter's resistivity approaches the residual resistivity po at T
= 0, with no drop due to superconducting transition.
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Fig. 7. Schematic representation of Cooper pairing via
electron—phonon interactions in BCS superconductivity. (a)
Consider two electrons, k7 and —k|, with opposite momenta
and spins in the initial state. They conduct in a crystal made up
of atoms that are presumed to be positively charged after
electron donation. (b) When the first electron k7 (red ball)
passes through the crystal, it attracts the surrounding atoms via
Coulomb interaction and scatters to k7. As a result, a positively
charged region forms (a phonon is created) and persists for
some time due to the retardation effect (the atom is much
heavier than the electron). The second electron —k| (magenta
ball) is then drawn towards the positively charged region. (c)
The second electron scatters to —k'|, restoring the lattice to its
initial state (phonon absorbed). This virtual process of phonon
creation and annihilation induces effective coupling between
two electrons, resulting in a Cooper pair in superconducting
state.
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Fig. 8. Basic concept of the BCS theory. For the sake of
simplicity, we consider a two-dimensional electron system with
a circular Fermi surface rather than a sphere and an energy-
independent DOS profile (Fig. 12). (a) Electrons with k1 and —
k| that couple via electron—phonon interactions are added just
above the Fermi circle of free electrons (Fermi gas) [7]. The
pair transforms into a boson with a lower energy than 2FEF,
allowing the two electrons to enter the Fermi circle. (b) In a
Fermi liquid, electron—phonon interactions have the potential
to destroy the Fermi surface. In the thin surface area between
Er — wovr and EF + wo/vr, electrons find counterparts and form
pairs to lower their energies, similar to (a). The electron pairs
are thought to be complex bosons that Bose—Einstein condense
into Cooper pairs at temperatures below T7c, resulting in
superconductivity. The bottom figure depicts the energy
spectrum of divorced Cooper pairs, which corresponds to the
spectrum obtained via tunneling electron spectroscopy
measurements. The DOS profile shows a superconducting gap
of 24 around EF, which represents the energy required for pair
breaking.
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Fig. 9. B-pyrochlore osmium oxide supercondutor AOs20¢ [42].
(a) The electronic heat capacity C. divided by T reveals
superconducting transitions at 7c = 3.3, 6.3, and 9.6 K for A =
Cs, Rb, and K, respectively. In comparison, Cd2Re207, an a-
pyrochlore oxide superconductor, has a 7¢ of 1.0 K [43]. The
two-directional arrow represents the magnitude of the jump at
T. (AC/yksT:), which indicates the evolution from weak-
coupling for Cd:Re207 and CsOs206 to strong-coupling
superconductivity for KOs20s. The data for KOs206 below 8.2
K have been deleted to conceal a sharp, intense peak caused by
the structural transition at 7.65 K, which appears to be linked
to an unknown change in K-ion rattling. (b) The
superconducting coherence length (¢) and upper critical field
(B<2) are plotted against 7c. (c) The small K ion in the Os—O



cage has a distinct anharmonic potential that differs from the
nearly harmonic potential of the large Cs and Rb ions, as well
as the majority of other atoms in crystals, including Cd2Re207.
(d) An illustration of strong-coupling superconductivity in the
K compound, in which a Cooper pair is generated by a strong
electron—phonon interaction caused by large excursions of the
rattling K ions in real space. In the strong-coupling limit, a real-
space pairing image may be appropriate.
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Fig. 10. Evolution of electron pairings from the BCS to the
BEC regime, with increasing pairing interaction, based on
research on the cold fermionic atom gas system [44, 45, 48].
Two red balls on a shaded circle represent an electron pair, with
their orientations mimicking wavefunction phase. Increased
pairing interaction reduces circle diameter (¢), leading to a
smaller pair. In the BCS regime with weak interaction on the
left, large bosonic pairs form at 7, and almost immediately
transform into Cooper pairs with phase coherence when they
overlap at Tc ~ T} in the superconducting state. In the BEC
regime with strong interaction on the right, small bosonic pairs
form at high temperatures below 7}, and grow upon cooling as
the thermal de Broglie wavelength (4m) increases.
Superconductivity occurs when wavefunctions overlap and
share a phase at 7. ~ 7. This evolution, known as the BCS—
BEC crossover, is applicable to any system, regardless of
pairing interactions, and serves as a general guide to high-
temperature superconductivity.
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Fig. 11. Superconducting gaps in momentum space (above) and
Cooper pair wavefunctions in real space (below) for (a) s-wave
and (b) dx’>”?-wave superconductivity, respectively. The
superconducting gap opens isotropically in the s-wave and
reverses sign across the node at <110> in the dx*—%-wave. A
Cooper pair in real space is represented by two red balls
(electrons) connected by a dashed line (attraction interaction).
The distribution shows the probability of finding one electron
while leaving the other at the origin.
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Fig. 12. DOS profiles for Fermi gas in 1D, 2D, and 3D. Zero
energy is placed at the bottom of the band. The inset depicts a
cylindrical Fermi surface (FS) for 2D electrons. The energy
dependence of DOS is proportional to £> and £-'"2 for 3D and
1D, respectively, while the 2D DOS is flat.
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Fig. 13. Typical phase diagram for copper oxide

superconductivity, with Laz«SrxCuOa4 on the right and Nd>-
+CexCuOs on the left. The Sr and Ce substitutions introduce
holes and electrons into the parent insulating phases with Cu?",
respectively, resulting in superconductivity at specific doping
levels. The terms wused are superconductivity (SC),
antiferromagnetic  insulator (AFI), spin glass (SG),
superconducting critical temperature (7¢c), antiferromagnetic
ordering temperature (7v), and pseudogap temperature (77). At
the end of this chapter, the phase diagram will be compared to
the ideal in Fig. 40.
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Fig. 14. Typical crystal structures of copper oxide
superconductors with vertical direction along the ¢ axis: (a)
La>«SrnCuOs (La214), (b) YBaxCusO7s (Y123), (c)
HgBaxCa,CuszOs+s  (Hgl223), and (d) Bi2Sr2CaxCusOio+s
(Bi2223). The common CuQO: plane, where superconductivity
occurs, is depicted in (e). Oa and Oy are the apical and in-plane
oxide atoms of the CuOs octahedron, CuOs pyramid, or CuO4
square (only Oy exists). The Oa in (c) Hg1223 is rather bonded
to Hg to form the HgO2 dumbbell, resulting in three CuO2
planes stacked and the highest 7. among copper oxide
superconductors.

0]

4.1.1. ARV ZER R SR A 1

HRI B BIR DL BT, FrEA72 &R T3 AL
T JEBIS, T DM &R ITHR LI ER TR LT DRI
JTERLEND (). —KOBERIL S WO 4 1ZIUPAC

16

=L D3> TEX élféfgd)lllﬁm%ﬁijnﬂe%]tf\éﬂ
[106], $AER(LY TIXZDEHNHEIZEET 5. Bl ZIE
YBa:Cu307-s, Bi2Sr2CaCuz0s+5, HgBa:CaxCuzOio+s72 E DAL
R 7D, SHICHHFLDT, JEEEROTTHRLE D%
c:@ﬁmﬁmﬁﬁkttmtmf%#@z BRI THD. Eito
i, Y123, Bi2212, Hgl223&72%. CuO:if DA A2 732
i CHDHAEDEEFE o (Y123130.5, fh130) 1%, %48 THE
OB ERR DS — BN ELDOT, S £ T
ITEMET 5. 72120, EBICITE B R T O KAE M A (&,
MR DOAELMENAE UL E 2L, AR DI,
PL o4 OIS LT, LaxSriCuO4 (Laz «Ba,CuOs)
NdoCexCuOul LB BN HE S, T2 4 La214 (7272 L St/Ba
Bz X4 5HLX T La(Sr)214, La(Ba)214), Nd214 L5,
Fiz, S CPOCUL R RHEI72 e R L CETWE I
F(C1)214&72%.

REFEW 2R B AR EAR O & 2 X 141277,
SR LB RS RO A G T, EREELHI I E
Ik DCuOLH 23CaY 72 & D JF F- a1k A CREA» E 7R DA
Hgb, TNWERABIHEE T Akx 2 F A7 DT a7 )E
[107], bLLITEMSHEE[12]2°5725 (K15). n=1,2,3, ...
KD CuO B D5 g a2 SWE R 2 ZE1CL, C2,
C3, ... TERTZ&IZT % (ICJiFconducting layerE721%CuO
HAEHET) . EBEOEEE I Inf DO CuOf &F D ¥ (n
- DD %ﬁ@ﬁ(zn — D D7es. ZNHORERE T

HETHY, FWEOMEMEITRE Tk 7 ay 7 @Iz i E
5. CuOLiEi DA 2 324l T DM E T RAR LRI,
T4 28 TR ARBEHTE Y N (B BE) MR AE THD.
7 a7 fEOEMITICHE E BB RIIESE DB AR E Db
Effiz 4 2 & TELL, Mk 70 D E R S 2
T2 I EC T4 DO BRI CuO2H A S Tl s
EHIBR—LOE XY VT 5.

Block layer 0O
- e—)-oP
{}—l—C} @ o
O — }—0—( }— IP
C1(n=1) C2(n=2) C3(n 3)

Fig. 15. Fundamental structure of the conduction layer in
copper oxide superconductors. In the n =1 compound (C1), the
copper atom is octahedrally coordinated by six oxide atoms:
four Op atoms in the CuOz plane and two apical O, atoms in the
block layer. In the n = 2 compound (C2), a pair of pyramidally
coordinated Cu atoms are separated by small cations such as Ca
or Y atoms, while in the n = 3 compound (C3), an extra CuO»
plane (inner plane: IP) without O. is inserted between the outer
planes (OPs).
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Fig. 16. Structure types composed of a Cr conduction layer
containing n CuOz planes and a Bm block layer containing m
cation sheets. All copper oxide superconductors are classified
as Cn-Bm. Multilayer Hg and Ba series compounds with n
larger than 5 will be listed below the table.

4.1.2. 7 uyr@oEEF

SHFRILP) O i G A &R T OfEE LT3 28
TROKEZERILWE AL, B8, 7oyl ErElL CaR
JEF- DN AR D IE F - (BCT) (F213D LEATERDE
FgT) T2 THD (X17). ©FY, B FIXmEN
AN DU 4 7 (—320%90.39 nm) OTH s LA AR BT D
THEE 5. — IR O E L EEEEAT 5D
[T/ —Ry = RLF—ThY, MBEOFEMEET TER AT
T MO E I 2 /NS T DREE N L E L7 5[108-110].
AlE][BIEE KR E 2 S DL P hE & CRERR S VT2 IE 78S 7Bl 51|
IS FE A B2 D& TlE, W ICBCTREE SR ERD. fit
RELCHE T 2& B R -OHENMEILE2IS, BEME
L O FREEE DIZITR E-TERY, TOFENEITY
HORERETDH. ZOFEENPCn-BmE L DO Y4 2R
FETA. AT F TR RBI91Z, 7 uvZBIcBW iR
T OZEMR A D DR R T DAL E E D& XA T %58
BIHEET 5.

& BT M NICFFSNAIERALE X, MALEZ(0 0 0)
ELT, IEHBEOHN1/2 172 0), T BDOH (172 0 0)
(0 172 0)D2FEFRIZIRHLS (174, e) . FeR A R34~
TEHEAESNDEE, ZNFNRMO, MO —hE72%. BiE1IM
DAF L ERD IR R ENE X, HBF TSN EXITES
N5, MOY —NMIBCTHEE 2 AT EE THY, MO-M'O-MOJA
Ha2d S E A (NC) &725 (M: (0 0 0), M (1/2 1/2
1/2)). —77, MO2>—MIOJ ¥ Al £28 | NICHRD D%kt
FHENARN O FEE TE R, fUDDIZMO2EMOY — DA
HIEEMO-M'O-MO28 a7 2 A MK (PV) 2725,
NCIIM' M E LR TR E VD LS WNEE (B 2 1EM' =
Hng BaD# A& HH) 12, PVIE+53/hSne& (Bl 21X

= CuéM = Ba) IZf5H3U5[109]. 7 7 & O 1E D E

17

FINZ T, #&EX A7 %Cn-Bm-NC/PVEFESZLIZLED. B
72 FNTHEE KL D CuOL N B2 DR B JE DR X, B3R
Sk DT A K A MG D Cu0—-SrO-CuOF5 & & #1775 Sr
HDORFE LT X TRUVZCu0-Sr—Cu0 D 1H1Z (X 17a),
WICRB RSO T ADAMEE LD, Lo TREE D
BRI ETDHMLEILARV. Cn-Bm-NC/PVE LI FHE%L
DEEILD I 725, BICTOWEIRENEEEiR T DRI
UMZANED. FEE D CuOaifi D¥nl 1%@/)@5%%&%
RD1>THY, 7 avl@DOIESERDDmEZF OREEX AT
DT-ptRROIREEET 5.

PLEDERZIICTHE, 1ZEAEDT oy 7 EIXK17IC
IRT ORI S, Feh B 1S X A 71X IX 1 7aD
ME[REAE S (IL) THD[111, 112]. Fil21ESrCuOUZ A5
5 CuO»[fi 23 StJF 1% /L C B 725 CuO2—Sr—CuO- F& Jig J5 1

, BRI A7 A A MEIE I I T2 (e L[
L) . ZOXATII DO CuO: i DAESE (C1) L 1AL DS -
HOT v/ (Bl) 57 5C1-BlEEED. LIFLIE, n=w
DOREEEL TN DD, ZhiL Ty 7@ o anbIER
WY ThD.

(d) B3-NC (f) B4-NC
| | HgmI/CuPb
QOeQ e—e OO
’ Ooa? = Ooa Q—Q—‘
te—d [T
rO Ba/sr | a O_._O

(e) B3-PV BL| ©

Sr/Ba |

@Q@ﬁ@ O w

[ A

Fig. 17. Six distinct types of block layers. (a) The minimum
block layer is made up of a single Sr sheet (m = 1) sandwiched
between CuOz planes. This B1 block layer is found in SrCuO:
(C1-B1), which has a “infinite-layer” (IL) structure. (b) A
double-sheet rock-salt block layer (B2-NC) sandwiched
between CuOz planes, like the La2O: layer in La214 (C1-B2-
NC). The Lax02+s layer in oxygenated LaxCuOa+s contains
excess oxygen Os at the interstitial position marked by small
squares between the sheets, which corresponds to the normal
oxygen position in B2-CF in (c). (c) The CaFz structure type
double-sheet layer (B2-CF) is found in Nd214's Nd»O> layer.
(d) B3-NC, a triple-sheet layer of rock-salt stacking found in



the Hg, T11 (single sheet), Cu, and Pb series of compounds. The
middle sheet contains varying amounts of excess oxide atoms
(Os) at (1/2 1/2 1/2). (e) B3-PV is a triple-sheet perovskite layer
composed of BaO-CuOs—BaO, with Os at (1/2 0 1/2) and (0 1/2
1/2) in YBaxCusOs+s. (f) The rock-salt layer, Sr(Ba)O-
[Bi(T1)]202-Sr(Ba)O, also known as B4-NC, is a four-sheet
block layer that occurs in the Bi and TI2 (double sheets) series.
Excess oxide atoms can be incorporated into the interstitial
space between the two Bi(TI)O sheets, which corresponds to
the oxygen position in the La>O2+s layer in (b). The majority of
block layers in copper oxide superconductors are classified into
these six types, with the exception of Pb2213, which has a five-
sheet B5-NC block layer (Fig. 16).
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FEMEDNMEWGE AL EL, T—2HLRONS. EREan-T
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4.2. CuO:fiDE T IRHE
4.2.1. T (EMRBE) Mg
RAHOCW A A F3E FIREICHS. 6O LA
A AZETDINE AR SNDEE, RN —2 T T —%)
BRI\ AERDS | RIS OB 5 5, e B2 IERBd—
VHELEDR DO AR E I HEH55 (K18) . deo2#l
TE OB BRI L HE N D4 DERLA A 0D 7 ENTAR T,
ZO2pfE LW oA AT . — T, THANLEIC
BHD0LIT I FIAA U HE G THERIEIND. $RiRD L
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Fig. 18. Basic energy diagram of the CuOz plane in copper
oxide superconductors. When a Cu?" ion with a 3d’ electron
configuration is placed in an elongated oxygen octahedron
composed of four in-plane O, atoms and two distant apical Oa
atoms, the unpaired electron occupies the highest dx>—” level,
as shown to the left. When the dx?>—)? orbitals are connected to
Op's 2p orbitals to form a square net in the CuO: plane, they
form the extended band shown on the right. The electron
correlation U divides the resulting dx’>—? band into two narrow
bands: the lower Hubbard d band (dius) and the upper Hubbard
d band (duns), with the former fully occupied by electrons
carrying localized spins (red arrow) and the latter empty. A
charge-transfer insulating gap forms between the broad,
occupied Op 2p band and the empty duus. A doped hole at the



top of the O, band has an antiparallel spin (magenta arrow) that
is tightly coupled with the Cu spin in dims, resulting in a
Zhang—Rice singlet (Fig. 19), which is responsible for
superconductivity.

Cu(Opu A EEFT —7 LT, ZNETEAILAICLDY
BN TIE TR IR ~T28 D ACuO2 1 TS (X 14e,
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HAH SN TRy 7 HBEL[28]. 7272 LCuO AT BRI 1T E
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FERITE A SN2 dusl ZITHE O RTEAE 1223 FAEL,
CuO [ /L AL N IE R - il AT A T2 20k SRR &7
% ([X19a) . BEOAHCuAL ML, OB OmFEENT5
oG HE BT LD VB A WA TR E AR AAE I MB X, 2
DREZIT1500 KIZ K 5S[134, 135]. BRSO AL AT v 7 -
7AW TR0, SR TRIEMEFR B 2N U5 . 722
WA TIEFELE DT O ITH R IIAL Z 57208, CuO2
T DNFE @ L7 KR OB IR ST ClE, 1 N O SRR
FADN R E LI T AIRIRICIN T, 72 i B AR A %
180T ROREM R B R FE N E LS. Z ORI IR TN
13300 KFRETHY[136], JO2EFLEE DIREEL72>TEH<
WRBF AR T8I0 %. ZOEBIEE O FIZER T
TN DIEHE DD B,

422. CuOrfi~DAR—/LR—E2

CuOL IR — VB ALUNREZETHE, B TIED
LNTCWEEB FENEAEALEN X T, R—7 &Nk —
JUECu 3dTIE7e<0 2p/ N R Bz b5 (1X18) [137].
FEZ2H TR T X912 (M19a) , IERAR—/1T12>D
AL O BHA CERIRICO AT DL TSNS, BRFER
— LB AE N REL D, TIHHAE L RSN IR &
T HIEI/2D. Cu 3dE0 2pBLEITFIER ICKEXRERVED
D72, EOE AR BAERIZRRENER THY, HiA
B UM OBASHA BAER L&V, fERELC, Rk
PUF O3 B 3 HIREEICB VT, ZOMREAE L DT
WX BEARRIREZ R v T Ly MIRRBIZH D A7 L TRV, i
2 NDHLGHHF. C. ZhangtT. M. RicelZ[HA T, Zhang—
Rice singlet (ZRS)EFES[138, 139]. KR — 71k CHilR LY
DERAREM A K F T 501308 F O8I BT HE T
B F T TIHARL, H4THRA=XH 7 m AR E TR
WA O, BATEAE O HBEZAHELDZRSTHD.
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Cu d spin

AE = 8J - 2t

Fig. 19. Schematic representations of the CuO: plane with Cu
spins in the dx’? orbital that are coupled together by the
antiferromagnetic  interaction J and arranged in
antiferromagnetic order, as well as what happens when holes
are introduced. (a) A doped hole on the O 2p orbital encircles a
Cu spin. The O hole spin (magenta arrow) has a stronger
antiferromagnetic interaction with the Cu 3d spin (red arrow)
to form a Zhang—Rice singlet (ZRS). (b) Two ZRSs (blue
circles) move independently in a metallic state, each losing 4/
bonds and gaining kinetic energy fer in comparison to the
insulating magnetic state. The total energy change (AFE) is 8/ —
2tefr. (¢) When two ZRSs are paired at nearby sites (blue oval),
the magnetic energy loss is reduced to 7/, and the kinetic
energy gain is reduced to ferr. Thus, when J is greater than ferr,
the energy gain induces an effective attractive interaction
between ZRSs, resulting in the formation of a ZRS pair, which
then transforms into a Cooper pair in the superconducting state.
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FARX 27 9[140]. A—/ VIR Ep (Srif i fEx(TE LV SR
) Z AR E U C BT AR IE O FFEIR A2 7 oy R L=,
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28 (SG) NEIND[144]. EHIZR—T795&, 0.05 THRIRE
FE(SC) MBI, Teld— B R0 A — L fp, =
0.1657-0TTeo = 39 KO EBEIZIELTZ#, pe=0.26TIHA
5. peDEEANET X —R—7"(UD) Ik, fifllzA4— S—K—
7°(OD) S, UDIKIC AONATR — DT 1> 7 13p =
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Fig. 20. T—p phase diagram for La214, assuming p = x [140].
At p=0.02-0.05, an antiferromagnetic insulator (AFI) phase is
converted into a superconducting (SC) phase via a spin glass
(SG) phase. Tt reaches its highest point at 7co = 39 K and po =
0.16 before vanishing at p. = 0.26. The 7. dome's left and right
sides are referred to as the underdoped (UD) and overdoped
(OD) regimes, respectively. The 7. dome dip is caused by an
electronic instability at p = 1/8 (see Section 4.8.2). T" represents
the temperature at which various measurements detect
anomalies, also known as the pseudogap phenomenon.
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Fig. 21. (a) T-p phase diagram and Cooper pairing for copper
oxide superconductivity based on the BCS—BEC crossover in
cold atom gas systems, as shown in Fig. 10. In the underdoped
(UD) regime, to the left of the optimum hole concentration po,
a large pairing interaction caused by a fluctuating but relatively
rigid antiferromagnetic spin background keeps 7} elevated.
Preformed pairs form at 7, during cooling, followed by BEC at
Ts; a preformed pair is represented by a circle with two
electrons (red balls); they are out of phase above 7B, as
indicated by their random orientation, but in phase below it.
BEC superconductivity occurs in real space below 7c ~ Ts. A
small ZRS (d°h) pair is expected just below Tp, as depicted in
(b), but an actual Cooper pair below 7. can be longer,
measuring around 5—7 unit-cell length (= 2-3 nm) in the plane.
In the overdoped (OD) regime to the right of po, the
antiferromagnetic spin background becomes weaker and
diluted, making pairing interactions less effective and
decreasing 7p. BCS superconductivity occurs in momentum
space when larger d-hole (d®) pairs, as illustrated in (c), form
below T, and immediately overlap to one another to be in phase



below T¢ ~ Tp, producing Cooper pairs. Higher doping above
the end pe suppresses superconductivity, leaving a normal
metal state (Fermi liquid) with unpaired d holes moving in a
paramagnetic background.
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Fig. 22. T. versus n plots for various compound series (Table
1) [96, 160, 161]. 'Hg', 'Bi', 'Cu’, 'Ba’, and 'La' refer to a group
of compounds that typically contain Hg1201, Bi2201, Cul212,
Ba0212, and La214, respectively. 'TI1' and 'TI2' are TI series
with single (B3-NC) and double TIO sheets (B4-NC) in the
block layers, such as T11201 and T12201, respectively. The Tco
for the Hg series remains nearly constant at around 105 K until
a large number of n = 16 [160], as indicated by the arrow.
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Fig. 23. Uemura's plot of the relationship between 7c and uSR
relaxation rates extrapolated to zero temperatures. The latter
scales to ny/m", where ns and m" are superconducting carrier
density per unit volume and effective carrier mass, respectively
[163]. The arrows represent the estimated 7. maximum
positions for compounds Cl1 (triangle), C2 (circle), and C3
(diamond). The boxes show how the ns values at the peak
maximum differ from that of Cl for the same m". The
corresponding p values per Cu in the CuO:2 plane are also
provided, calculated based on the crystal structures of the Hg
series Cl, C2, and C3 compounds, with uniform hole
distributions across the CuO»> planes.
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Fig. 24. T: variations with decreasing p in the TI2 series of
compounds [170]. For each compound, Ap represents the hole
concentration in comparison to the as-grown sample prepared
at 880-890 °C in an oxygen atmosphere. To determine p
changes, oxygen loss was measured in weight during annealing
at 350-600 °C in an argon atmosphere. T12201, T12212, and
T12223 have partially visible 7. domes, with Ap = 0 at the right
end, slightly right of the apex (OD), and slightly left of the apex
(UD), respectively. T12201's half-7. dome is more than twice
as large as La214's.
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Fig. 25. (a) Tt versus p plot for selected compounds: La(Sr)214
with p = x [140]; Bi2201 [174], Bi2212 [174], Hg1201 [175],
Hgl212 [176], and Hgl223 [176] with p determined by
chemical titration; T12201 [170], assuming that Ap = 0 in Fig.
24 corresponds to p = 0.41 based on NMR experiments that
show (T/K, p) = (72, 0.27), (42, 0.30), and (0, 0.41) (open
circles) [171]. The ‘C5 (NMR)’ plot depicts the Te—p
relationship derived from Cu NMR measurements for each
CuO: plane in the C5 multilayered systems of the Hg and Ba
series of compounds (Section 4.6.2; Fig. 34) [166]. The ‘Y123
(NMR)’ plot is also based on Cu NMR measurements, which
selectively observed Cu in the CuO: plane [173]. The ‘Bi2212
(ARPES)’ plot uses the ARPES dataset [172]. The dotted line
on the left side depicts a possible 7s line with an 850 K slope
(Fig. 37). (b) A normalized plot containing the majority of the
data from (a). The red parabola fits the La214 data,
disregarding the three points near the dip at around p = 0.125:
Te/Teo = 1 — 2.10(p/po — 1), which corresponds to Presland's
relation (Equation 6). Other 7. dome curves are displayed for
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Bi2212, Hgl1212, and Bi2201.
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WXL DT —ENRERHEINTWD, 22 LREshi=7 —
HZOIFFENEICINZ T, R —AOTE SO T—p R OB
72U po R TE T HITIIRE AR D LI B DS
E70%. TR — 2O TE AT TIXTDOp R D /NEL, &6
(ZpA3po?HUDEODA ~ R & 721 5 2 & TIEIFRIU T,
ERFLNLTEND, peEBRIEDIXHOXITRET DR,
EBIZEL D L TROEE L CTDDpDRHE A T T
BY, BEO HIZIZTEESSLELRD, ZZ T TEARED
[BRECEDLT — X4k LT, TNHLWME A A 2 R
9.
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Fig. 26. Tco versus po plot. The data is presented in Table 1. The
marks' shapes distinguish C1 (circle), C2 (triangle), and C3
(square), while the colors distinguish the material series. The
plus and cross signs represent electron-doped C1 compounds.
The error bar shows the variability in p, between studies. The
thick grey lines highlight chemical trends in the Hg and Bi
systems.

[XI261Z4E % 72 E R ISR L T BT Teok po D EARR & F
EDTZ. pe DY TEIZIIT DEBRIV L AFENEND, Fil 21X
Bi22127C130.17550. 27D IEWEFHIZ A 95, £ Th7e
BBi%, Hg R TlX, nDHEINEEBITpod TN EHITHE 2 HIH
MINBAMEIZR TEND. DT —2HL2RELT, TwlEW
1EE PN KEL, FFITTeoN00 KEABZ D55 Dpol30.20% 1
Z%. ZOMEENTHER 7 2y hORIBLEAL, 22 TCLICp.
=0.16Z R EL THRIEL-72C2, C3Dp, =024, 0.26EH5F 5
T 5(X23). FERELT, TwkpNIEOFREZL SZEIIHL
THY, La214 kT DT/ Teo =1 - 82.6(p — 0.16>DBEFRIT
== AR O TIEARWEfETREND.

4.4.5. R—/VIRERELEEZEDMD TeopoT —%#
ZZ TR VRER RO DT D EBRTFIEOFHMEE
%E:‘@’E?éf@'@_ék&% L:, poz)‘)‘%f‘%fczﬁkﬁ—a*é:k%ﬁ_{ﬁ_f:



DIZHIEICHW =T — 2 OFE ML BINOT — 2 &R/ 3. £
T, M WEEGRIZR DD T, FIRDOZ2WGEE 1 LHt AL
TREITHEA THHZU,

fe{bi o I i FHV O DAL & (Chemical titration: CT)
WX DCuD M E AT i p DR EIEELTH H THH[174,
177]. SRR O BEARRE 2 BR ICIRAEL , R o7 HY
U NRIREINZDE, AUALAA LT IR ST Cul 23k
L, AR C Y RLAWERES 5. AU7-av R e T A kil
N MAEAEVRTRIC LV E T DI LT, JLOSHA A Dffi%k
Q2 + p)ERDHIENTES. LaissSro1sCuOs DAL S E T
RSO OM%132.140THY, /37 7axs < —%
T B[178]. FFEI _EFERIT, AT CORLIZEIZ, KW T
=25 K&H OLafE#iBi2201 DpoA30.12THY, La2l4LV A &
RN ETH D126, 174]. RaobITZ A T T3 E VR
IFEREVp b D A2 L L72[174]. CTIZZEOAhIZE
Bi2212, Bi2223, Hgl1201, Hgl1212, Hg1223|Zj X7z (3
1, [X25). 72721, CTIZ I HETIE7e<, CuO2iE LAFMZHi A
EENDLEA (B ZITY123) I EE DM LSS0
T2 2720, F2, BIRTIZRE DM N Z{kLH 5D
aliovalent 7T DIFEE T TlE, Cud iz RFEL DS
DL 5177, 178].

AL EVEE L TR 7RI SEER DY — R
JVNMENTIC X AR E ST S LI LI VB T=[97, 123, 179-
181]. FRMEF-[mIHT BRI, 8O R A SRR X A 7 & L
AT, HgeTIZRE D LB TN LR DOFFAE FTHERV IR R
DONLES SRR ELLRODZ LR RELE TS, 2, —
A S RN KRB L @i E S E LTS
0, AR TIEZ DA RDONIESE L K5 THHILEND
M ARFEIO T7 5 BB CREMEERATIZE L TWAEGE N
2. AR PE T BT BRI IR CHE R ICB W Tk EITF
SN (FRD . FFETREREO—DLLT, [LALITE
BEARWERES BEAT > TR ZFIEL, (b2 fr e i1
[FPTHEERZ R L Cpa ik E LTS R, TepD /TRy 77
BAGRASE N2 [129, 176]. SHICHEIIE T b OC1, C2,
C3ZX LT, po ~ 020022 THDHZEE R L. i
Hgl201 Ti, f& @& T = 98.0 KD 3B o (b 240 ik %
Hgo.97Ba2Cu04.059(CO3)0.00ss LI TE L, p = 0.20%4372[129]. =
DOHID EHITHgR TIECH T (£721%COs53 F) DHg YA ME
BADSRET HES, A B BT ISR ERITECT DOl
FL—ET5[182]. ZOLH 72 mE EEOREIER EIXIFEAL
ITONBELT, pOERIIRLND.

FEAK ST CuO M K TDBCu NMREBRNSEHT-
FAR T DAY 4 D FE IR TOEKLART) DS pERRIE B
FRICHDHZEE R, pZiRET D= DRERA

p = 0.502K.%(RT) + 0.0462 8

ZEN2[122, 166, 183-185]. FiHBIZEALE 2 —@ 3 TlE
Presland D 6% & L CTH IEL7ZBR K (p = 0.492K/(RT)
—0.023) BHWBATZD[166], Afaw L TIER8E HWH[122].
ZOpRTE FIRITIER A AR, X8MBHITHR L2l
T RWZECHERET S, B —7 W Tl T, EOKAITIR
AT, HEDICKARDIZIWIEIEE e s D, — 77,
R — 7738k C I RCOTR A AH B D 38 2 O v > TR AR
(4.8.2.261) DFBEDI=D, KFBEITREZLL TRIE
T T 5. fERELTHEEMICER COMEBHNWDILLM,
ZZ TCORBDEFEMEITE R — 7L R TRV EE 25
5[122].

NMREBRHC1DTI2201 (Te = 80 K), C200Bi2212(Zx}
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LB pol L, ZE110.278, 0.25THY, E1$0.1649
IZDMTRE. SHITNMREBR A3 L I 722 HCuth
AN X BIL TR TELZEAFIHL T, Y123DCuO2lfi Dp
ZIRIREICFHM T2 Z e /[ REE 2D, po = 0.223F B 07
([X126) [122]. [XI25alZIEINMREBRN DR ESLT-, £ %
BIRERDp, = 0231211 EL DO Tep BRI TN D
(4.6.210) .

ARPES EBR IZBUAIS -7 = LRI DO R ESIDEMER
-5 A RAEL D172, 186]. Bi2212 CILAIEF v/ N—N
DZEDYT =— WL RN pE 2 b ST D KB T
N, BoN - T.R —AliZPresland D/ X7 R ZIZFHELTHY,
0.02721F i R — 7Ny 7 R L7z DT~ 7= (X25a) [172].
APRESZEBRIZ LV pik & FILTHLDY, EBRITTHH RN Z
M LF 5700 H TEHRITROLND[53]. SHIT, /IS
R VR MBS NAIER — 7 IR ClIm W EEEE A
T LN, RERTx/VIEDO BB E 2D m N — 7 Ik
TIEZEH> T2V, R ELT, ARPESIHIER — 71T,
NMRIZE R —7 I CEFENMED S P E FiEE RS,

R AR RSB — X VAR BRI E 72 & Ol 5 B G
ENDLpA BRELHNIZ[140, 187-191]. Lo2L, b0
BN Y 0p% 52 2000I 0463 LH BT, &Il
XU AL &7 MR R AT 2 R 2 e E 725, Ry
MHRDIZplIUDIK TIEENL L MEZ 525723, ODI T
L9 TIE72V . La214iZ38V  TRu B3RO 7-plXUDIK Ti
DX —ET 503, ODIK TIEIREHNINT, SHIT/HFE
iU TLEW, HONTIELW REEL DA 5 2 720140,
187]. Bi22120OUDFRENCTIE, Ru3b o EH L LV Wil 525
[126]. F7-La@#ic k012332 KiZ EH-L7-Bi2201 (BiSr>-
«LaCuOy (x = 0.4)) TlX, RuHHpo=0.1503F54, ZiUdTeo
DIV La214DEIZITVN[192]. — 5, TI2201 D ODFRELT
Rul»6 RFEL > T2pDZEALIE, 4.4 381024 Tk /-5
AL DROTZApETF JETH[188]. ZDXIZRuHUDIL
TOIpDINEELE 5252 01%, 43281 Tl ~72X5912,
R =B 7 bR — L OME SUDIKORL 17> 50D D
IR AL T AZ LRI THEEZLND. fEFRL
LT, = U T —Z DS T—pBIR O 2R ESHZE
IXREETHY, RPRUITER DL I LS.

PLEDISNT, ptEICIThE 2 72 KB R EER & FEED
M, B FIEOW T HH LAE M EERS ] T 5281k
D, I Cikim L7z TepD B DAL FAEH M 23 B Censz. K&
TIE, 448 CEEDTIER T REERFFEL T E2<HA
T 572D, TeoB LW pe DAL FAH A 2 TR E T D BN 275 52
T5. ZHUWHIMEBR AT EIRMEFE T > ThRbFID T
WZETHhHD.

4.5. (AIRTeZRDDDH?

Teolpo DAL FAE M % S BL T 52 DO ER EL T, TH AR
FOEENLZF TS ZRSD 2 EME (4.5 18, E120ODIEK
T, BEOTGUH LR AZN R (45281, UDIL TR ER
EREZR- ) ICERLIY. EBOLINETOMRIZE
WTHERMESN TERERTHIN, ZZTIEmEE2 88T
BAHNCHERL, ToB LU DWW ERAEMNT A FRA/250IA
H 25, MA T LA THHEIOERNELT, BiniEfE
DIESNETF NS, ZOBFITE— VR —F 1Tk 53%
TCRBAR IR FF D2 ENELBIMR L, THRESR R LFEDOR
BALT-HF. ZOMRICELTUILERYE O FERE RLE
DT, 4728 O PR E T HIK OB LRI O il
T5.

4.5.1. TESERZEDRE



K21 DEFHE THEELZLIND, R—FEEBICTd3
BRIl DT> C LR 32139 Tho.
—F5, ARG S 7 75 RO RREEL L6128 1 H3INEL
2o TN T, pold BIC/2D LTI TR LS. 4.4
TEEDTHER T 7o b (M23) & TeopoBFR (X126) 1F, EW
TeoDREVEL DR —/VE AN TEONDZEEHMRIRT. o
FOEWToZ b OMWEIEE, T,D TR FRDoKD LD, &
DIZ Teo DR A7 (X122) B IZCITHR I D Teo I HFHID
EVVIOFEEL, nkEBIZL,O TP LD/ Tped KE
<Y, C3ZMAHEMM N HERTHZ L EERT D, Zhb
R 2B AT, K-z L milcE>TRESN
72 TE MR OZREITHAH[193]. IEOITTEAEREOL1H N
Oy A MZH DR — KT DEERT vV E R
L, ZTOENRKREVWEIZE E Twr b DWW F 715
L7, DFEOR—ADROp A TeI1EE, TeokpoddiE<
TR BME MDD, IZ0.H3CuO: 1 D FE TR BEIZ B A KT
L, ZOZNEDRIRNEE Teokpold F35.

4.5.1.1. TEAFESEN RO EKAFE

15D &2, CIOCuR I ETFiz2om0.%, C2Ti
— DI, C3ITIXOP 1D, IPILOL =72\ . Lo TCuO:
KT 200 BIIZDNRIZ /NS B1XTTHD. HL
THRREDLD FHVEEREL Tl FIF 231 EL S5
X, BRI T I, 0.0 EEZ1HIZWC,
C2, C3DNAIZ, W TP FHNDDIXAREE 2D, — 77,
[6 U Cn T Cu—OalHEfE (d(Cu—0a)) [T C TE DRI L,
T 57255, C1OTI201 EHgl201 D d(Cu-0.) X Z N E 1
2.722 A[128], 2.79 A[194]T&HY, La214D2.4 A[195]& -~
TIEDDITEW(K28) . Lo TTI2201 EHgl20113 /NS TH
FERFNRDT-D, JIVEW Torb DI EIT05. fiE DTR
— LT LAK2TDC2, C3DR—LD LN, XER—7 1%
FTIEN>TNAEFHRIND. ZOENRK2TR-CLIZE
FAHRERTDIELDEDO—RIEAH. — 7, HAEFEE]
DUDFFZ720C2 TIEd(Cu-0.) DIX D DX DR /XL,
C3TITHBDIPOFENESIT/NSRELHEEL 25T,
H 72 R ITHE1223 D OP D d(Cu—0,)152.82 AL K&\ [123,
196].

TH AR RN ST CHIBRE VI E RIS, I\ E{ROTH
BYAMIENENFRCIAA > %D D CLD SrCuOsF2+s
(F214; T. =46 K) [197], Ca>-Na,CuO:CL (CI214; Te = 26 K)
[115, 116, 198] TH 5. THRFEFNELLE UliDfzA AT
HHZEDD, La2l4D B E O DOE A A LT,
CuO: i kT2 FF BRI BT/ NSV T THD. fEREL
T, HEDNTF21413La214 X0 E\W Tzt . LLCI214D Teo
WKL, THRAA VRO T T T DB AT
AT AZLILTERV. ROAS5 28Ik ~51912, Znb
OYVEILE T DI — T CRHE L7057 & DA ARG R
NEEHIE BN D. FEHDIZCRI4DSTMERIZIBWT, B
WR7R AN — P DML < AU A 199].
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Fig. 27. Schematic representation of the 7c—p relationship for
the C1, C2, and C3 compounds in the absence of randomness
effects, demonstrating the apical oxygen effect. The 7 line,
proportional to p, represents the BEC temperature in two
dimensions. The T}, curve, which generates hole pairs, shifts to
the right as the apical oxygen effect decreases from CI to C3.
The Cu—O octahedron in the inset illustrates what happens as p
increases, particularly above po: as Oa. approaches the CuO2
plane, a hole at O, (h*) moves to Cu, causing Cooper pairs'
characters to change from ZRS to d-hole pairs. The change
occurs at higher p levels in the order of Cl, C2, and C3,
resulting in a higher Tco at a larger po.

4.5.1.2. THABRERDRORN - TR

VNS UL YN N = AN Pl Y s YRy S
X5. Cl1dLa214 [195, 200], TI2201 [128], Hgl201 [194]i
BIFHCuLOBLVOMEEBEDO R —E o T AT Z X 2812
RY. EOT —HE R AR S B OFUEE W
TATOAVI R R FRPET- B3 S BRifE RI2HEE-5<(C2, C3IThd
LTI, BERDRDEEEDT — #4257 . pDifaxf
EAARZRTI, Hgr Tl — V&2 b B 2L LT, i
YA ROsD 15 HKg(0s) FH . DV A D HA RN
1THY, BB MEORKFICLHEBRNR2TNIE, p =
2g(06) 725, EEITIZEI TRWEDIZT N AEL D, 7R
—VEEAD B LETDTZAS.
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Fig. 28. Doping dependence of the Cu—O distances, d(Cu—Op)
(left axis) and d(Cu—Os) (right axis), as determined by powder
neutron diffraction experiments for (a) La214 [195, 200], (b)
T12201 [128], and (c) Hg1201 [194]. In T12201 and Hg1201,
the occupancy at the excess oxygen site Os [g(Os)] replaces p,
which may scale with 2p. Each figure's lower inset depicts the
corresponding 7¢ variation.

EOWEIZB N THA(Cu-0a) TR — /LR —7 L EH 1T
WA TD. ZHUECuOL i DB — VBN 2 HEZ D IE
BANZABEMED DN X FELNLTO THD. La2ld
Tldx = 0.38FETIZ13% AT 5. ZDEEd(Cu-Op)b [FIFE
FEDIN %2320, WiE OR—E > ZIRFMEIZAS
MIZHIRD . d(Cu-Op) T EBITHR AN R E A LT,
fafn4 HE AT DI LT, d(Cu-Ou)lTiflp-<nE
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ZOHBAIRWD TS5, EBLLOR—E U TRIFEDOE LD
poHTNTRIDINTHRAD. —7, TI2201Tlkg = 0.005T
BRI i A — v B DL R0, 0.028 CREAZEN A D. =
DFENODI (Ap ~ 0.0461Z5%F )T %) IZFV N Td(Cu-Op) &I E
EAEALLIRNDS, d(Cu-O) I T DR T LEHIT/NEL7s.
Hg1201Cldgn30.04-0.23- KESZEL, ZiudAp ~ 0.381C
KIELUTT R — ADIRIE kA 3 —35. 22 Thd(Cu-
Op), d(Cu—Oa)EHIZHFI A L, d(Cu-O)ITFFIZpolh T
RIS TS5, Ko TEDWE Thpox i 2 5L 0.723CuliiF
WZEEITEA<E R A R TEND. BLEOFEERFIZ, 0.0
Cu~DFERENTAR FOF &L 5T LERET 5.

45.13. ZRSOARZEL

TEUS SR M TAZ BT D E 1T ZRS D2 E M BEFR T
HEZ ZHAH[193]. Hffi{b3 5L, 0.3 BN TOAIEKR—
T TIEAR— L h 120, FICWTZRSEED A, @R — 7 i
THREMED DOAA L H720.03CulZE o T, K27
DA D IO HCUIZE [ E LS. X18D TR /L
X —HAY T T LTIFHEE T 00D EKFEICED,
SN Zdius/ N RS B30, OpD2p/ S RS FHB. G EL
T, d-plRAMIRE > TR— /R EE~DAILIE D %7 523 K&
IR, EBARES YT/ H—Pph—nbdR— L pg~&
WmAIZEACT D, DFED, BBFEOpA—/V &5 TeZRS (dh) 1%
REFEAL, dBIEICASE AL 2R 720 dds— L (d)
~EEAET D, K28D I poa i 2 CODN 2RI ZCulZAT f+)
KDL, pAR—/V IS WMLEICHDHIAR— /M ETFED
NDT=HTEAD . K= U I EIZRS) HAAR— /L~ D Rk
754k % Zheng S 3 L O'Rybicki S (2 kD% PU B A LIRS (NQR)
BLUNMRIER THELH ST 5[201, 202].

DL EDE £ A LK 27 O BAR R 2 M K 2 kD TH .
R =7 HHIZ BT, S Opll eIl CTHE 423
EOBECHRE TefR I » T EH 5. 0222 2C1 Tl
FRWNTE SR ZE N R DT- 012, ZRSHHAFR— /L ~DBATN
DIV — VB TR, di—/VZCuAE B HZIEL T
LEIN=D, THITRVWZRSE LT REBIMERE R 7 7
T REFLLD, 5l HORIENEHIZIDNDITEN
R FEREL TN I, TIIZUCEEF T SN TR I
BHEEZLND. — T, O 1 DOULNEZ72 1 C2EC3DOPT
X, KORER2p TIOBITNL DT80, Tfghsm R —7" ]
\CRBEIL, KE2po TRV TN MEHNDZ TS,

O FF 272 W\C3DIPTIE, ZDXH7RTH i EFE 2L AHZRS
RLEACDE S22, TefR I > Tl LR LEETD
7259, LU7ehin4a 3 281 B KO HIZBIL Tk ~72 8912,
CuOLH DB —/VENHEZHET 2 VIYER DMK R L CTd-pik
RN R L, BA&BIIZIZZRS D DA — /L ~D AT ILRET 5
N, N TR RN LY, B 728858 FLAEF Jerr
NS DB LR, FEREL T, 0.V DA LR
(2, TBIOTIIRNTER D139 ChD. THMERSE DR
X, 2O T2 S/ NS — VIR E TR 3
7FEE 2D, FD%, TR —LOFRITIIdR— T (EH5
INEVHE) DBIRENIEZD. IHIH| NNFFELET,NER
LN — X=X T ST, Z<OdR—/L R BIHEIC
B [EDIREELRD, ZHITIEHE O7 2 IRE LI END.
CCBITDE Teol L, T H RN —7 I ETIENHIET
S DR—N_T AR TETERTHS.

PLEDINTEZ LD Teo, poD7, BELOER —7IC
BIFDT.OENT, THEBRED S5 L) S S O R %
\ARAFET HZRSDZEEME, D FEV G| 1% 4 I 3 B R
NI TTIUROBEERDEIISHDHES 2D, ClNHCI~E
TH RSN BNV INEL R D LT X Teo, polS R T 5. 1



T _REZLIL, ZRSRTHAFR— TR 19D AR 702
TV TR ZbidbmThHY, Ehohr— =Tk
209% . FOBENNIAF— LA AT DI LT,
ZRSIIHAAE S 2R 721 TIH SR 2D IS Sl S > 7
7o RESVREIR D, 5l 1N RERFR—/VEETHD
DIVRNWZEIZHD. TR AT D200, &
DOER D ETIEIRBRDOHEL 72D,

452, TH LARARE

THERDDHH)—D>OEELRERL, T av /@b g
iR T DT DR ANIKTHD. HHAAZIULCUO:
[ Z[E A OPEE Tle<®WEIRIT T 5728, B
ET NNV =T AT Z IR EECTHD. Ll
MBI TR LHIT, EDOLIRBEOHEITEH FIT
fFEFEEN, DO TO2DBIEEMNFE[83]IZHB VW TRSIEX
NT, LIFUITSEBICBIIS N P2 B fiE 95 ECilElT T
WV ERD. By MERIKIZR—7 L TaRkiES
FIRT DI, BRET L TIXIEOXR YT Rdb T4
7208, EBEOWE CIIHEU EOXFXITHEMLEETSH
[27, 28]. SRR LR EARD IR R 7 —r HH A
TERDMENTEY, MR EBICEET 58572 % TITFRC
ZOEREIRICB N TTIUF AR AR RN E /R DET
AEN5[203].

SARRL R EIC BT AT T & AR ADBRIE, Zh
FTICHL SO REFICIVIERM I TE72. Attfield 51
La21452 DLa A MEHGh R ok 2 72 ROV TR, Te
T A BWRAINT A—H (BR DY AAIA~ v TFIZH
KT DITHBIL T I NDZEE R UTZ[87]. K, PN
IZLa214, Bi2201, Bi22 122 B W CRIEED EBRZITV, T
FREHU DT A DR AZWOHT LD T -
THZLAERLIZ[88, 89]. Lo T uyZ@DENNTALES
THERERER THAZEIEMEN 2. 72720, ZhHo3HE
BRIC I 1T D AR 20 BV Rl B P Tt 7= 4 JB — e i AR B2
FAE LV T LARERN — 7 IRIc B W CERIS A s
HFET5.

ARETIEIRINCT o Z LR AOBRE R 7-1%
(4.52.1680), T2 Z DR ANE D IHZCuO:H D E FIREEIC
WA G2 DI HOWT, T T VAW TERA
A A=V B2 5 (4.52260) . T EEIIER— 7 ToiE
RN OB B A~DOEALEZ L (4.5.2.358), ZDT—plfk
~DEBELIHUD (4.52480) . HBITTHF DR FEOY)
ERFEEBZL LD (4.5.2.581) . —OBRERIZIITD
T DR ANFET, R HELICE DY — S — i
BfR 208, ZZTIEENLL EICARMR T v v Vi s
XX VT NIV T DFER, HR B8R — VBN T 580
INENEECTHH AR 5.

452.1. TUH DFRADEH

2L DS LB EAR DR — T TIE T2 LR A
IZRD AR — M0k 2 THMERBIG D BIISND. I/nl
Tr—7 ThHEARN RV (scanning tunneling
microscopy: STM) EBRILEFIREDO A —& W5
ZEITERIILT. B2 IEBI22 120K R — 71 Tl £93 nm£E
DOBAEFEI N IEFBEE DO~ N w7 A ES TS
[204-206]. [RIEEDO AR —MENRCIR214 THELHISND[199]. —
7, La214lZ813 5% Cu NQRERR CTIL, E#)5 1A MUt
Ui O 2 FESE O 8 T 03 B LS X1 L CELAIS U5 [207,
208]. EHITMER — 7 O M LB E O AR LB
72[209]. eI EWTAE LD, 7V — 2 LB iuHHE120112
BOTExH, ®Cu NMREBRIIAY—MEDOFIEEZ I SN
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L72[210].

Cu NQRAZ IV H: 08 J& I B L8 1 k% B 0 D FE Y5
A)BL (Electric-field gradient: EFG) D RKEX|ZH - TR EDT
D, ST DENTEWETRR] T& 5. EBRTHLND A
NI, REFR O T R TCOH A ENLDE S DL
GiE LD, ZOREIT AR TN EHSEFGO KEX
DENE L THEND T2 D AR D LRI L 225D T
H5. La214IZBIFBHEFGH i D2 ORI, iR s 7 m
V7 JEDOSrE WY A NEDIREEDIES &L, T X LEHRD
FER L THAUACUOLE N DR — VI FE D R — 7045 Fi &
ENTVEN, BEDOFE NI THLZENRENT
[208, 211]. AR—/LDHEHRIE3 nmFEE D RKESD/ Sy FHRIZ
2o THEY, ZOH A RIEBi22 12D STM EER DS EH 727K
—JVRIR DA — )W Z—E T 5[204, 205]. SRIZEHT, &
FAIRAEIZ3 nmREE DA — L DAL —HERFEIEL, ZiUT
UDIRIZ 1T HCuO2 i (B DRI ThHEB 2 LS.

WOMND R TV RIE THDORALZRENS ARSI
TR EARTE 2 RIZUD T/ EL, pold ETIEIX100%12
7R AMHEIE 2N BSHHA[116, 140, 188]. ZAH D FEERZHEFITUD
BRSNS UDBARE 272 > QRN EZRIB T2,
— 5, UDSK CROEAME R F B L OB E LA T 5D
OB NBLUAIS DD, TDOHIRICH T Z DR AN MR
THEEZHND. La2l4lZB VW TAFIESCOMIZ B H A
v 752 (SG) (X20) 1ZFHGONIELIUIC L > TAE D hjE
NESIELICHRE LR ThD. AT Q4
D482 FLDD.
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Fig. 29. Cartoons illustrating how random chemical
substitution in the block layers causes uneven distributions of
substitution atoms, resulting in inhomogeneous electronic
states in the CuOz plane. The La214 stacking unit, (La, Sr)O—
CuO2—(La, Sr)O, randomly arranges Sr atoms in block layers
above (sky blue balls) and below (blue balls) a 20 x 20 square
CuO:2 sheet. 1.0%, 2.5%, and 5% Sr substitutions are assumed
in (a), (b), and (¢), yielding p values of 0.02 (AFI termination),
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0.05 (SC edge), and 0.10 (SC), respectively (Fig. 20); there are
8, 20, and 40 substitution atoms near the CuO: plane, with some
overlapping. The magenta circle depicts the spread of a hole
wavefunction y around a substitution atom, which may
correspond to the localization length in Anderson localization.
The broken circle displays the area covered by a 2 nm
superconducting coherence length (&). At p = 0.02 in (a), the
substitution atom is sparse. At p = 0.05 in (b), the substitution
atom is sparse in circle X, medium in circle Y, and dense in
circle Z, illustrating an uneven distribution. These three typical
areas can support antiferromagnetic insulators, competing
secondary orders, and superconducting states, respectively.
The difference in (c) at p = 0.10 is less significant, suggesting
a more uniform distribution. Extended hole wavefunctions
eventually overlap, creating a uniform metallic and
superconducting state.
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Fig. 30. Schematic phase diagram demonstrating how
randomness alters its appearance. Nominal p does not equal p°
which represents the actual mobile hole concentration; p” is less
than p, especially at lower doping levels, due to increased hole
entrapment caused by random potential from the block layer.
When plotted against p, Ts", which is proportional to p°,
appears to be zero at first before rapidly rising with p,
approaching the 7s line. AFI survives as p increases initially,
even if p is finite, because p* = 0 when 7 = 0. After AFI is
replaced by AFM but before SC appears, a window with an
inhomogeneous hole distribution emerges, as depicted in Fig.
29b, in which various secondary phases or phenomena like
"phase separation" may occur. Then, Te develops along the 73"
line, eventually resembling a parabolic shape as observed in
La214 (Fig. 20). Furthermore, randomness effects cause
conventional pair breaking effects to lower the 7. dome top, as
indicated by the vertical thick arrow.
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Fig. 31. Schematic drawings of how substituents or excess
oxygen in block layers affect the CuOz plane for (a) C1, (b) C2,
and (c¢) C3 compounds. The dotted half dome represents the
random potential generated by them. (d) 7¢ curve evolution in
the low-doping regime, where CuOz planes become clean from
CI to C3. As randomness decreases, the initial 7c curve may
shift to the left and eventually converge to the p-proportional
Ts line in the ideal case.
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Fig. 32. Calculated hole concentration, normalized to ps, for
each CuOz plane of various Hg compounds. The horizontal axis
represents the distance d along the ¢ axis from the block layer
center at the HgOs sheet in the B3-NC block layer (Fig. 17d)
for C1 (blue line) [194], C2 (green line) [181], C3 (black line)
[123], and C5 (magenta line) [220]. Each curve is calculated
using the formula A/d, with A set so that the sum of p values
across all planes equals ps: 4 = 2.3822 (C1), 1.4856 (C2),
1.1637 (C3), and 0.8983 (C5). Each curve's inverse triangles
represent CuOz plane positions. In C3, the broken black curve
represents the counter block layer's contribution, while the
height of rectangles at the OPs and IP positions represents the
combined p values provided by the two block layers (0.35ps
and 0.30ps, respectively).
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Fig. 33. Distribution of holes across the CuO: planes of (a)
Hg1223 and (b) Hg1245, as revealed by NMR experiments on
samples with 7. = 133 K [122] and 110 K [166], respectively.
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The total hole supply (ps) from the block layer with — ps charge
is determined by adding the NMR values, p(NMR), and then
used in the electrostatic potential calculation. In both cases, the
calculated hole distribution, p(calc), is consistent with p(NMR).
The yellow shading illustrates the nearly even and uneven
distributions of holes in C3 and C5, respectively. The NMR
experiments also determined the electronic states of each plane,
as shown on the left: simultaneous superconducting transitions
at 133 K in the OPs and IP in Hgl223; a superconducting
transition at 110 K in the OP in Hg1245; and a superconducting
transition at 85 K, followed by a transition to AFM at 55 K in
Hg1245's IPs (IP1 and IPo).
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Fig. 34. Phase diagram derived from NMR experiments on
seven C5 samples (Hg, Ba, and Cu systems) with varying
doping levels [166]. The experiments distinguished between
OP and IPs (not IP1 and IPo) and determined their hole
concentration and ordering temperatures: 7n  for
antiferromagnetic metal (AFM) and 7. for superconductivity
(SC). The data is combined into a single phase diagram as a
function of p in each plane. The red and blue circles represent
the OP's and IPs' 7. values, respectively, and the triangles
represent the IPs' 7 value. The open circle and triangle at p =
0.157 and 0.169 represent the SC and subsequent AFM
transitions, respectively. They may occur in more doped IP:
and less doped IPo, respectively (see text). It's worth noting that
their p values are the averages for IP1 and IPo. Because of the
thick conduction layer, the AFM order extends to the hole range,
reaching a higher p value (0.15) than in C1 La214 (0.02). The
T. dome determined for OP and IP (IP:) appears to be
asymmetric, with nearly linear expansion to the origin on the
left and a relatively rapid drop on the right.

[EE, ITHESIEC5DBa0245 (BaxCasCusO10(015F,)2) D
UDEH(T: = 65 K) 2T, ARPESE & 1-IREN FZBRA1T
VY, NMRE[FIERD CuO: i D 72 A 522 L 72[186]. Bak
Dn =3, n>5FFNFNI20 K, 80 KDTwZHH[117], EH
HHHEREEARTEN (K22) . 2T T vy 7 g o g
ANIRENVT U Z LR A RIS CTld7e<, B2-NC Bax0,7
7 @O A N7y REET HZLITLDHR— VAR
DOPDTe% FIF DT EEZ 2 HL5. ARPESEBR X,
Brillouin zone®(n/2, n/2)% H.lr& L THARD F72 5220 /)N
SRR — ViR bl KOREWI DT 2T —7 (M
WA TWAIINTRAD T =/LIM[53]) BRI 7=, Bi& X
IPoLIPIIT, %A IXOPIZR T D& BIRIEIZH KT 5. 7=/b
RE AP0, IP1, OPDINAIZKELRDHT &L, TRy Z@ITiTn
FEZLDF YT ELOIEEERL, HERT U vLE
FNADOFREAET 5. R—R Yy O FEDBIPo, IP10D
A=V EIZZNE10.02, 0.045& RSS2 (OPDFR—/L
BET VT — 70 RFEL DT EIXR ) . [F U
V" /=de Haas—van Alphen (dHVA)#)5 LRI TR & 1R
BAEHIL, IRENED S AR HALZIP, PO — /L &ElT
APRESHE R ENFIE—# T 5. REHBUE/RARPESE #7203

36

IV U T I D AHVA N RO BN T B e 72 & JE8 A5 OFIEHL T
HDH[186].
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Fig. 35. Schematic representations of the electronic states at
optimum doping for (a) C3 and (b) CS5, as shown in Fig. 33. A
pair of encircled arrows represents a BEC Copper pair made up
of ZRSs, while other arrows depict Cu spins that are almost
antiferromagnetically ordered (straight up and down) or
fluctuating (inclined). At 7c = 133 K in (a), three CuO: planes
form a thick superconducting layer. When C5 is cooled to Tt
110 K in (b), the OP superconducts, but three IPs with fewer
holes remain in the paramagnetic metal state, separating the
superconducting OPs. Jir and JeL are couplings between them
via IPs and a block layer, respectively. When cooled further,
IP1 becomes superconducting below 85 K, while IPo transitions
to an AFM at 55 K (Fig. 33). (c) A quasi-2D antiferromagnet
with a large in-plane coupling J and a negligible interplane
coupling J°. When cooled to a critical temperature that scales
with J and is reduced by 2D fluctuations, a plane’s magnetic
correlation diverges, resulting in elongated coherence length
&(AF). Minor J” interactions can result in significant coupling
(&J°) between nearly ordered spins within &, leading to 3D
long-range order at the critical temperature.
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Bl D Tein > TIZEWT, 1FIF105 KT EITRDHEVI)E
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Fig. 36. Calculated hole distributions over OPs and IPs for C3,
C5,C7,C9, and C11, with pg = 1 and a simple structural model
with stacking distances of di = 4.7 A (between the block layer
center and OP) and d> = 3.2 A [between OP (IP) and IP]. The
circle on each curve represents the plane's position, which is
normalized by the c-axis length. The calculation predicts that p
at OP will continue to decrease as » increases, as shown by the
green dotted line, which contradicts the observed convergence
of Tco to 105 K in Hg compounds (Fig. 22). For large n cases,
the blue lines depict the most likely hole distributions across
the planes as a result of modifications caused by carrier
screening effects near the block layer. The magenta arrows
represent possible changes after corrections that reduce holes
in IPs while keeping the OP's p constant at around 0.2, resulting
in a constant 7co value.
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FeTHD) . IZCID BN Teol L3 D CuO2 i O — R kI &
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Fig. 37. T—p plot based on ARPES data for the C5 Ba

compound [186] and NMR data for the Hg series of C1 and C2
[225], as well as C3 and C5 (OP) (Fig. 34) [166]. The NMR
data points show an initial rise of 850 K (blue dotted line),
while the ARPES data point for C5 Ba IP; yields a larger slope
of 1400 K (blue dashed line). The initial slope may become
steeper as it approaches the clean limit, which corresponds to
the ideal T8%P line predicted for 2D BEC superconductivity at a
slope of 2300 K (blue dot-dash line) [226, 227].
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Fig. 38. Hypothetical phase diagram for ideal copper oxide
superconductivity. The horizontal axis represents the mobile
hole concentration (p*), not the nominal p. (a) assumes C3 with
conduction layers made up of three CuO: planes (no apical
oxygen even in OP), evenly doped with holes, and coupled via
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minimal interlayer interactions across a clean block layer (BL)
to maintain 3D long-range order. As p* increases, the
antiferromagnetic insulator (AFI) vanishes immediately with
one hole or after phase separation due to small fefr, the
antiferromagnetic metal (AFM) disappears around 0.1, and the
superconducting (SC) phases emerge, peaking at p* = 0.25 and
disappearing around pe = 0.4. The green area to the right of the
Tx line represents an antiferromagnetic fluctuation region that
causes ZRS or d-hole pairing below T}, followed by Cooper
pairing to BEC superconductivity below 7. ~ Ts in the UD
regime and BCS superconductivity below 7c ~ Tp in the OD
regime. All copper oxide superconductors share the same 7g
line, which is assumed to have an 850 K slope based on Fig. 37
or a steeper slope in the clean limit, but the 7, curve varies by
material. n alters the phase diagram in (b). Because of the
robust 3D order in thick conduction layers, the AFM region
simply expands with n. The SC dome, on the other hand,
reaches its maximum at # = 3 and shrinks at » =5 as n increases,
because only isolated OPs superconduct. No more changes
occur for n > 5. It should be noted that for n greater than three
and with uneven hole division, p* represents hole concentration
in IPs for AFM and OP for SC.

AFMAHO A BNZITIR N SORBEEAE ARG X 249 fEK
DIFTEL, FEOE DR H0HETHTLL FIZHBWT, Kk
PR L Ry 7 T T RIZE BB IINZRS T & A A 7.
A=V —7 3 A TAFM D3R TTREE N §9< A2 > TN
KL, picbBlL T ER-92Ts (850 KOMEHEZE) M Tn
% BAlDEE, ZRSAT NI CALAZ i A BECL T/ —/3—
AT, AFMIZR > CBECEREMA N HIRTS. 7=
LA I TR AR72I91Z, red™/ NSV, F7213p" = 0127
ST/NEL 7257251, AFMESCO 248 H FfE A E
06 LNV (BEOWE CIZIZNERAET D2 L I3 R
ThD). ILIP" B2 DE, KRBEEAY L Ry 77T
RO RREEIZ L 25| 1D TR T35 TR ICEEF T HEN T,
TR KIEE LS. ZDEEDAR—/VEIZK25, 26, 377)50.25
FRIE L TAEEND. FDOBTITWAITEEZL T, ddR—Lin s —
IN—= T LR BBCSHBRE A~ A —/N—L, p.TIHAD.
FOMITARTED, K25, 370550452 LTz,

[XI38aTIXC3ZALEL7=A3, XI38bITHi<LHIZ, C2, C1T
L WBRE g OO\ R 3N — B 723 LT
ISR @b, AFMAH, SCHEH IR — /L FE R 1
INHET Dz L2725, FlZIECITIZX200La214°[X]28¢ D
Hg2201 D AT, pe = 0255720 TSCHIZIHAD. pld 7 a2y
T OMEIZLLNIIIC /R 2D, — 7, CALL ET+457
RV EDOY] 12 N EBLLIZ R ET HE, EHLOFE
AR — VB HE R L, Tl > Tlob EH-T57259.
LU EBRIZII AR E AR — LV 3Bl 720, OPEIPOAR—/L
BICHEH CXRWENELD. K345 E (2L THIVWZK
38bDCSFHK T, EWAFME DLRON0.15F THXHED
DIZH LT, WS 7-0P T Z B 5 (K35b) DTN —
LIECI3EVUHEL, poa B X DETITZIRTIL FLT0.3H720
THZD. ST THIOWRIITIFEAEE DL,
C5EFIBERFKNCHE L AL A, fERL L TREEE D
NREEEZETHILITED, K220 Teo Dl (7% FFEA
THILINTED.

4.6 18I WT, HABBNRLT U xR RE
WTCCIDBC3ETD Teo DAL FH M Z R LTZ 23, HiIE DR



BT 2 TR RS E OJE N RO EIE ER D, THA

RE N FBILICUHI BT BT DIELDED K THAHIEND
FDOFGIIHDIEAD. —F, CSLLETOT DK FE—E
EA~DILRZ R T DIIITE AR E N R LT LR AZ)
RTIIA+4THY, ﬁh%EODFJMJJST%b WZEETRD. HE
HLLT, ToDLZHEINTIZZNE3 D DR R L I C
et B Rl B2 HND.

CALL LTI — 2R — Bl FEBL 203, HLIPIC
A=V B IHEARE CENIECI LV EWBIEEE A2 FEHL T
TeolF] EIZEEDR DG LAV, Bl Z1ECS Hgl245D1PIZHEE
nodCatr A MZ—flio4 )8 (Na' 72 L) 2@ #2 L T, 3K DIPA
OPL ARSI T 5751F, JVEL<DHR— L ETX
DE W ToMEFHNDTEAD. 1272 LCatr A MBI LY T &
DR AN RN IO ToDME FLTLEY ATREMEL V. 208D
RWE T A XEE OB FH A T E TIEREEN S L
V723, layer-by-layer il & 2 F1) FH U7 A B2 651 307]
R bhs.

FERICBIESN DA TIE RO E I L5 —E1
ICIREDD, Tofitépe, BEOTR — Aoﬁw: A= =1
MWEIKFT 5. @R —7 IR CIITE AR R RICER T 5
ZRSOARZFEAIZLY, ToMER =N 7 N D855, T
RF—=2OEMDHISIThy 7 MELIZ 55 (K27) . KR
— T TCIET X DR AN I AR R CREE LR,
LA ELIIENICE TR REZ A AT, AT
AFMESCHIDIT, A 7T ANAR0ZE DAt D Ue2e EFEFF
PHBILT, TR—2D A IS (K41) . iz /)1 7q
pET UL, =N Ty AT EDRER ) T D7D
AFFHRCZ DM OB A HEf AR FE 23 |\ R — 72 9m 230, TR
— LD ENEEIDEIC R XS (K30) . fERELT, FiRMY
BRSO TR — A0, X38adEAEE LT, £ FIZ

IXHEL CT/RTRY 772 BT OIIRES ST 812725 ([K25) .

4.7.3. BB T oAb

Baskaran, Anderson® X8R LB IRE I RIEEZ D,
TR — L&D T 7Fa—F D—->LL T, Resonating
Valence Bond (RVB)H & #2451 7-[229, 230]. XI38a7E
FFXIE, T2 RVBIREE~D I 0 AA — /R — i Trvp |2 &
=z L
> Uimb%_d)ff% W FE OB ENITBR A TERY, 2
NFETOBLRLEOEZ R T HIEITTERV. — 7, TN
—LDEHIPLRD, AL UIRRLE R EIRE T DS BRI
B KINZIE, BAREFE DL BRIZAFITIE7/2<AFM
FADSHARF S D[148]. AE B2 FH KN K38aD KO TH A7
S, AFIDBHIEL CTENBINEBRL IV ANED TN
W7 —F b L. 727 KR — 7 1 O BECHR (&3
1%, AE AR E HGRMEE 5 E B s 22 [ Cldel, 5
MIRXTV T CTHDHIEEEZDE, AL LI RN 2HE
A N—TEXHLITEVER. WFRICE L, A [
DRI BAE DB I IO R CThHLZ LT M 1o 3t
Wb NS, AfE THWEZBCS-BECY 1 A4 — " — %
X, Bl B ZFFE L2, SRR ICELS 7R
TAT T THHILERFAL THL.

BB ERE O — iR I B W CTULIZLIE A
WHN D B E S S (Quantum Critical Point: QCP) 3 U4
(5.180) LS B R EDOBRIZ OV Ta AR TEL

, RVBE @ o O PR — 7 5[139, 231].
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[62, 232]. MBI EHET DO ORF OREBIRE N E
n &% B R RSB W TR DL N iR ER DT
W, FIETERET DT — 208 RSN S (X42) . difR{t
WRBAREIZEIL ThpeSQCP THHED EIENIALZIT AL
BN TWDHEHTE[102, 233]. LU BS R HAFMARD
QCPIZpodiDITHDNTARNN VR — L BT ET % (K38) . D
W CIIMED NI R ERFEDLE DNFEL THROT U 73
FEESNDDS, IR— N (R B0 DN EN T TeDMEL, 15
WAL, FE DO TIITs DK ET,DIK FOR—
RAZI2ED, QCPLYER =7 Dpl2 B d. fEFELT
SRR LRSS KT — %1972 QCPY U A D K42 L 13 hE
Y RIRDIIRETRD . W OBCSIEBRE A HZ$T5QCPY 7
VRSO D REEDOE(IZE B L, BECHBmE CEHEL
IR A BB L TORNZEIZIEE T 5. potZQCP
%%)o%u@[ﬁgnmkr“ﬁ%ék@‘ﬂﬁ%ﬁ; BEEY (YN
(482.1i1), T XRTOMERICHLE T HHO TR,
k& IR BAT DRRFRRRLE D, Z2TEMNTKB8D LD
e HSAOE AN E 52 D835 25780, QCPETEFR T
D ml R T D 5 BNEATE A,

4.8. SRR LBAREDOZ OO
AECIIERRR L BE D Z OO EE/EHEL T,
BT R—7REFBABRFOMELIY BT 5. &*o%%)_ﬂi

TELDERI2INTETZD, ZOMROILAHKIITIEE 3=

WIS, LRI Eﬁ%ﬁkﬁbfﬁ!iﬁ%{“&)m\

48.1. BYR—7@I5E

SR L W B AR AR 21X, Nd2CeCuO4 (Nd214) <°Sri-
NdxCuO2 (IL(Nd)) 72 E DX, AR—/L TIFREFRF—7
\CRVBREI 2D DN H[234, 235]. FELLITILE 2—%
Z ML TIELV[103, 236]. B2 1ENd2141INd0.7 7 7 &
%t 5C1-B2-CFCTHY (X17¢, X39), Nd* D —#%&Ce* T
EWT 52812y, BT HESRMENLERSNTE %71»
CuO I TIEAVIA A CHBAREEZ S 7-57. Nd214IZLIXLIE
AR—/LR—7FC1-B2-NC La2l4LxttbEH, Wi omito
FEPNR— L REBAROENEL TSN T (X13).

4.8.1.1. TET - A—IVxFRME
[FAULCIOFR—/VR—F RLa2l4L N THEH &%
H13, Nd214DTeo?)¥24 KELa214D39 KEVEWZ L, BTFR
— LS TAFHRIZAR— VR D0.02E DI XA KR E AR —
T E014FTHEZFRY, TO®RIENLIBIRED TN —E
TELHLICHEFAICIKR T4 528 Tho (K13, X39) [235]. 4
(2 H OJAWAFIFEIROFEN La2 14 D B /2 \kL
THRFASILCETZ[103]. ZDFE T - A — L D IE FRIE
DDORBARERERE D L2 DR, F721XCuO | iﬂ“éﬁﬁﬁ
BEDE %k7/7\77»—/\7)< 2 % B0IA /TR R =TT
JVIZBWTC, BBFER—IVR—TTHRIA—ZDEN 2D
t&bkﬁﬁﬂénﬁ
Li)>L7‘£7bw‘oT~/I/%&ttf\Ta§ ROBEYE T
75vl\7‘;< BE R DHERR D L MEIITMAT O SR HINFRD.
ZIEX39TH B I, J:tixéﬁmu\rw 40 KMOCI1-B1 Sri-
.La;Cu0» (IL(La)) T, A—/LRERIL L7 —F £0.057)>
DRARENHBLL, ZD%I2015720IZ TR — 20 IS
5[237, 238]. F£7=, Nd214&[A% DPr,-.CexCuO4-s (Pr214) T
1L, BICAAPRC X VIRRIFE R A TR ZE Tx = 0.04-0.1712
AR LIS A 72[239]. E5IZPrD—H# Lall &L 7=
B O TITO NSRRI 72 TR, SRR E T & (ne)



730.09—0. 20 DFEFANZ T R — BDMLIR > TNWAZEZ BT
L72[240-242]. Lo THR—/VR—T7" R EHRTAFHHNLY A
WEBFR—=7IRICFEET LV FRIT S =520, LA
HFILEMBTNDINNCH 5.

_
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Fig. 39. Phase diagram for electron-doped copper oxide
superconductors. For C1-B2-CF Nd214, an AFI phase exists up
to x = 0.14, followed by a portion of the 7c dome with Tco = 24
K [235]. In contrast, C1-B1 IL(La) exhibits a 7. dome with a
higher T of 40 K at a lower doping range of x = 0.05-0.12
[237, 238], which is similar to hole-doped La214.

48.1.2. EIR—TRICBITDTH LR AR

BT RDTor EATHERNELT, m—/LRITHLT
4528 Cilkmm Lic 7 v X AR AR B ETHOIXART
HAH (BAR TIHTESBRFEITIFELRNY) . Nd214DO KW
Teo WO AFIFEIE D JF R 1, TR EHILEY T X LR A%
BNRRENWDERIREIND. Nd214ELa2l4DEV T T oy
7 & D #E S TE D 7 (N CaF R L E R 1265 (X
17). BIE TIE, K39ZHRT 8918, BER 25 F 20
NAf A CuO: i IZHET 576, NA B IZERINT-CelZ &
DREIRT U BRT 2 /L CuO M ZEIINE b & AR
EN5D. La214TlELa(Sr)OJE Dk 3 5 28 R TR /0 <2
REERER A B L CRMIMR TS v L BB DRREET D 57
LAV,

Pr2140Cu NMR AT MU IR Y — T i oy & %
DYRNZIR DDA T BRI oy BT 5[243, 244]. v
— 7RI AR Ce i FE D AFIFENRIZ, 7' —R7A k5 imE
BEDOSCHIIZ ST 5EEN TS, Lo TEDBEE L
ARE)— 72 B O ELINL DO R EWGEIR TR EL T 5. C1-B2-CF
WZBITDIRNT U H AR AN RN TelK T D— DD EERE
WRV, EBIZHRNVT U AR AIZEN ZL DX v ) T DM S
NCTENTDEF N AT-D, La2l4E b _XTRMNT Eo
AFISEIN RN D L2705, 471 ClIEtEE D IES L Lt
\ZSBRBEVEAR RIS S HE R Bz sl =23, EHIC D
CuOnfiZ & EpNd214L La2 1412 R HHITTIE/2 .

[FULE TR —7RDILIN) TIE, &DCuO:ifit & #)57
FHAMIEENDD, Teo?¥43 KENA214LDEV Y. ZOFE R
TSI T o 7 DR AR RIINZ &, b UL [ FE A
TERIC LD R O L B Z RIB T 5. IHIZIL(La)i
x = 0.04-0.13H7=VIC TR —2%&H 5 (K39), AFIOHHIX
Nd214& N TENAER — 7 TR ZA[237]. ZHUTTHVE
FrIOTHEERT D, FERLLT, T F DX AR BAEEE
T, BFR—7 REF—/VRBILERICARE R 7275 R
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4.8.13. FEA7— 3= XT DR

Cud I ZR T DE T NALEGE, F—NVR—T7 R TH
DITZZRSITFE LSRN, R OFET1ECu 3d® - HE 12
INARSNTAOE TIRREEZRD, BEICHFET DB Lkt 72L
TCuARE 29 ([X18)[103, 238, 244]. ZDO AL K Ifal
RV ROE RN —=7HIZELND, 3d - fuBENZEIZ e 5Td
A= 1 (d%) EFELT 5. CuOL i DAL 1/21E S 1230
TAE L REDAELCTZEVIBERIZBWTUIFRL THS. Jo
TZDOAE U Kb dR—/LEIEE). fEREL THR—LRE
B RICEFELHINEH V20D, BIREHEEICAE
72BN H D EITEZ 2. CI-B2-CF/E CliE RN —
TR CEBIRESCBRENFERTHEOEELHIN
[245, 246], FEERAJIZHENLSNLIZEIXE WEEW. 7Y — 7
CuO: i DFHIX (X138, 40) TIE, N7 —E> 7 (Nd214 T
TZRS )RR 3R KARIC LD 1EN) 2SAFIZ AFMIZ A
g AT LITHERE T REEAD.

Electron

»
!

1 1
0.3 p*

Fig. 40. Combined ideal phase diagrams for hole- and electron-
doped C1 compounds. Their 7cs commonly rise first along 7B
lines following AFI/AFM suppression with doping. The T8
lines share the same slope and are proportional to the number
of mobile electrons (n.") on the left and mobile holes (p*) on the
right. As previously mentioned for hole doping, the 7}, line on
the right gradually decreases as ZRSs increase, then rapidly
when transitioning to d-holes (d®). In contrast, on the left for
electron doping, the 7, line decreases faster because the
antiferromagnetic spin background is simply diluted by d-holes
(d'") as n." increases, causing T to fall faster. At low doping
levels, random carrier trapping shrinks the apparent 7. dome of
Nd214 to the bottom left (broken curves), similar to hole
doping in La214 and Bi2201. When randomness effects are
properly taken into account, nearly complete electron—hole
symmetry arises. This ideal phase diagram will be compared to
the experimental one in Fig. 13, which has been widely used in
previous textbooks and should be replaced.
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it 2oL, EHLOHETHRT O MIZE>TID~
FNX—FERHY, BECHEEENEIHI LAY
W AR — L REBTZOCHIHIFS N B A1 XA X
40125, AR— /L R TIHZRS S 5 R — 71 Tdk— v
() ITBAT T DEXITERIGIEAY S DR 7 7T LR35
7o THI ISR, AR T T D TICEHF T HSNCTA T
Ntz (X27). —F, BTS2 TN HAR—/L (d0) 23
RT LTS TBIZEN LY, KRBEEAY Ny 7T
RIZEAMICED D780, =L RIVE BN FA0,
B BELT NS RBEEZLND. EHLOBIRE
THX U7 AT D TfRIX R CEEEZS D0, ZOT,0
TR T DZEDIZDEAR— 7 THR—/LRIZILECT D0
T BBTAHZLITTERN. Lo T, 7—R—T7 D FEK
W78 NI H DL DD, SRREAY L Ry 7 T T
REZ T IEEOAREIIRICEE 2 TR EAD. fE
RELT, T H AR AN R RN N 7 7T R~DR
—E LT DB EETIUL, AV REBFRDOMKIL
40D LD IZRIZEDE D E/RY, A A — VX IRIE
FERIZKDNLDEE > ThU.

4.8.1.4. EFR—7RLEMOBE RS

BN —7 RWEOREITIROND. O s L Fr) P
HIXCuOmE 7 vy 7 @DV A X<y T o 7 OREESICHS.
4138 T = 191, AR—/L R — 7 TIECu—O, BREED i A
TCuOHI DY ARIN/INEL T2 DN, B R—7 TlEWo k&
725, CuO Ml LA T HEA CTE /NS 7y 7 @3B <17
ETDHMN, RERTavZBIXRL5. Nd214D CaF, R A%
1&EDONA028 (a = 0.395 nm) 1%, La214DNaClZ LaxO, E
(0.381 nm) (ZHL R TR REREHNTARXEHE (X17),
Ty ERSHRADIHNEIRDHCI-BIDILTIE, A RX~<y
F 27 DFIFIDTRUN.

BN —7RIZC2LL O IXFN I T2V, C2LL
FOREEDIREE AT DT, CuO A B AA—
—LLTCCa, Sr, YRED/NEWEJRIFEFNNELR 5. fFilz
1%, C2-B2-NC?DLas «St:CaCu206(Z%f 95, Nd2027 v
J& % £F->C2-B2-CF ®”Nd> «CexCaCu20a" # 1EAI ET D L,
Nd¥ A b ~DCaii #2H30E T S0 (Nd&Sr/Calii 11314
ERDNGEL, R LD 70 iE fh P HIBRE 2 4 o, 2FEB DR
TNk T A AR T VI RERENR TS, F1
SITEEOAKRIBE Co bt —2 B LTRSS
%) . ZOBEHOMEREL THLILHT Ty 7 (Nd, Ce, Ca)0:
JEIT/INST2 B R A A A AL, CaFtil Clize<
NaCl## i &7 > CTULAEL CTLEH. D ENC2-B2-CF TlE7<
C2-B2-NC&72% (BRI 720 720y BBV IZ IV w72 nh
THD). HIRAIZCaDIRDOVIZKE/ 2 Ban 9 EB2-CF7 1
v RBITEONDIDE LNV, EEBLERDIET O
BaCuO2lSrCu02 D JHIZFE SR RIA 7 2T A NE Z A8
T CuOHE DN Kb,

T DA B D/NENCLEF R —T 2N RSN
1L, TeollIF] EDSRLNDE LIV, IR B EDC-BI
SrCu0,=°, R DX ¥ v L EHEH N TADE
NENT THIEFEIX L 72Cu02if 12, FLNEEFRWTE(E
K[ROBEEBEBNDREN—E 7RO I TE YT EE
ANTHZENBESND. - LiE s OB BEICION—7
TEORRFYI T EITREN—7ELIVIHLL B/
[213]. ZU— R =7 DOfER, B40DEANZIB T, FE
BRD TR — 2 () DSEARA 22 2R R — A THE R L C Teold
EHEFTDEZBLNRN. LNLRRE, T,ORAERIK T,
ZRS TIH IR DAR— LN T L7258 R — 712K
BEH LD THY, A—/LRICILHET A E W T A2 B2 LT
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4.8.2. EOMOFRIFLHEEFX vy 7 BS

SR B O E KT La2 14D HF5Eam L T
SN TELWRRERT =253, thomE DT —
HEBINTHZECINEEDENTEZ[247]. FEHREL T, #
ZIT20154EDKeimerHIZ X AL E a— i X TIRBRIN-LD
12, O EIILRIEDEHEAE A HFE NI N
[102]. LOSL7RAND, [X138add BRAEAH X BL L5 S s fe
FRB I OE B, BISEM, §5E8e RS OIRRES
B DL X IIANE R L O TIE WS ER T E 2D, &
NFETHRRTEZITLa214 T A 75V | 2 THY, &
DD FZITHE SN DR NT o H DR ANEETD.
CuO: i A DEEA TN HEL E RO A- W B I [E A D
BT M R L EME N ELAVC K BEAEA L LT s B e e
RETHA). ZOIHREHES TR 4 72 LR BE NS B S
LIRFEE R CTIEMRES 25, ZZ TN NS
A TR OW TR filnu .

4.8.2.1. BiA T HMELERT

BEWE DK (X41) IZAFL(AFM) &SCH O RITEE
T MEZ ERR T A 10 [248). T AEBE D TRV VERER L) L1 T
W, TR T AAE R A R CE 501 TIEAR UV [249].
KR LTIZEDIE, EBLOEENL 7 2 VIRIK AR L EME
HI=HL, TOREXIGC CINEME T2 2670k b
SIEEZT. BLIME DT 57201, E72WE /T A
—HDFENCIRE R —E T JE NI R F—RT
AINEAL L TR D ILERIRIEDRIEND, 213 T DR
BEME R IAATE BB N ECDHI LS. gk
MO, B AR B RL IR 32 SORBEEAR AR A5 A
23, BT FHAEERICIVE TEHEHEICDWARE DR
DOFRFAEFAT5. BlzIELa214 THms N5 1/8RHRE (x =
0.125\Z5 1 HIBIE O], K200 TR —AZALNDT «
vV, FOHR—NVETOIREELIRDANT A T FRF LM
ITNACDWARE BT 5[250, 251]. ZZ Cldda/E D E R
EAE Y D NS A, 185 OCDWIZIZ B2 AE
> DRI RF B B 7R DR CTHD.

Bi22 12IC AbNDF =y —AR—FRICDW[252] £72 13 A
N7 A7 FE D & [253-255]%°, Y123 O UDMICH 1L D
CDWI[256], &L E A RS Tl L 7= & X 28R
SNAHCDWHIZL T TR, 7R THAEEH SR 32
WV [EA DIIERI AL EMEDFE 812 A9[257, 258]. Mz T
Y123 DR V7 JE FEBR Tl vy 7R E IZB VTR
~T A7 FAERRE NS SNUTZ[259]. £, ~ A7 aXER BT
AA—=T 7LD "CDW puddles" LR IEID R —72E 1
RRENBIELSINLD[260]. ZIHDHEL TEFRF O AR,
WE DEF -GS RKAF T 2B TR AEERIC
FBEMZDDONZ Y THD. il 5E TR R
LB 2, MBI T 2B T TH BEAER B ZOM
D&+ AL A EFRF 2 R T,

ZL DL EMITI AR —IREBIZB W TBIRlShD 2 L
BT 5. ZITIIE— VT RN TNBITEVVR
VY, R—= U ROV 7 VDB e U 7 AR (X129b D FEI X) C
1T NAT Y — = T B D= DR — LIS AR T
YIVIZh T v 7T ENTAFIFED, 2L DR —/RUhaETe 45K
XU T HERZ Tl O I — L U AR A OSCHAS, iR
ZRBEIRY CTIXHEZR EMNRITND. 2SN Enm O FEIE IS
FERDTTHRIET DI L1725 (4.5.2281) . 7272L, ZDiR
AREEITAMRZRSE R 2D S E OB T BECIEe, R
P —PEDHE IR TE 20, FEREL T, K411ZBVWTAFI
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Fig. 41. Schematic phase diagram for dirty copper oxide
superconductors [102, 254]. A few nanometer-scale mixtures
between the antiferromagnetic insulator (AFI) (AFM is usually
hidden) and the superconducting 7. dome (SC) can appear,
along with competing states such as spin glass (SG), stripe
order, and various CDW phases accompanied by lattice—spin
order. The two broken lines represent crossover temperatures:
the pseudogap temperature " on the left side of the 7. dome
and the one between strange metal, which has 7-linear
resistivity across a wide temperature range, and Fermi liquid on
the right. The dash-dotted line represents 7!, which is the
temperature at which superconducting fluctuations develop
with existing pairs starting to share their wavefunction phase.

INDDOEE A IS TR D3 palZQCPE L B, AE BT
fREORIFREBRTHED TELH D217, 254, 261],
FITREZ T AN, 4738 Tk ~7=2912, ED
QCPIXAFMMN Y Z DIER — IR D. BEEFF DT /L
X =2 — VTR & THY, ZOFEMIWE I REARGET
5. &o T, BEOFR— NV EOLEHNTRLSIE T
AL U R AT A Z ST NS A, D LH72E 5]
DFFERTR" =Y F o /" BIRE A R D S e &b, 8l
{EHBARE IR — 7 L T-CuOa i 135 1) 5 S SRR A
LENRERH T NCEDT — =T — 72

BCS-BECZ 0 A — — it % AW CHA 83 n e Th A.

4822 X vy EBS

KR =TI CTLL LD TR T, fix 7oy B2 8L
SIVA B THE T v T BRI, preformed pairfEkiHd
EEZD T XN T 55 2515 (X141) [45, 157, 262]. Bz
I¥, La214, NR214HIC BT AT (13, [X20), Y12372L
TCu NMRIZ BN DHAE ¥ v 7°[263, 264], Bi2201X°
Bi2212 D ARPESIZ LAV 5 58 53 % v > 7 T A [265, 266],
enhanced Nernst signal fEIR D I BL[267]72E NEITHLA.
72720, ENLOBRNEE IITAERIZL2ENHY, s
DJREZH 2L &R 5. LLRNRG, Toh
R Tl r7urt — N"—{RETHHI LB 2 DL, FEih
7a—7 OFECERIRMZRISU T, BEOBENDIEE
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RIRBAREMEL BV . FI728 I, SR TRONDZL
ORFIIT RXTLIZERTHEARLTIWEAY. —7,
BEX v 7 BRI EE VLB A LR T L01
2 5bDHH5[157, 266]. HBIRELFAFRIFO T RLX—
A — VOIS IR LS DR K Lo TG, T
AUTH L, LOFEIZERIICH L TS EE > TE
WEAD.

Tl I RXT B TEICD DI THY, B35 B A FE 2
THORE TIFRNWIEIZHERETD. REL2TETHE, T
BECH =i #in 15 L0 &R T3 CITAFEET BT DAL
DM MO HILE THY, LIV AEEIEWEEDNS (K
41). T, CIERT I L DWAL R OB 7 & Il =
[263, 264], T TIE=RNF =AMV EX v
NEEEINDX vy TRV IREDBLIIS L D[266]. 2D/
A — =R E YN X B Ciin T DI LN HE LD,

4.9. SR bR EEICEL CTRERIC—F

INFETEL OB Y IBI SR RS, BEx 728
BNBIFIEENTELDR, WL OPOEHICIVERIICRE
MoTzLa2 14N ICHFZES L, TREHEME | LA 72 ST
X, FOBE—OHALLT, AL ENERICR DT
WSHH X I ZZE LW ERZFE T HND. O R ITREE EC4
JBITFR O LT Eamii R, B R — VG RERE, A—L
DARBELS TR E DFE B, pO#ExHEE RAELDDNK S T
TRV B AT, 0-0.4D AW FIH TR — L A E IS A X
HZEMARETHY, BT &I A D N—T&5.
LD RITLVTN—EOFEFAL D> S —TE7e (B 212,
K24DTIR2FR) . HFZOBERELT, EILZTha b EE) G
LAVZRNAS, RUEHE S LB R 5 T DT % DA 5T
BENRSMEL, & ANGEET DA RfEEOERPETH
IATONIEZEN T HND. Bl R BLRE 56 5 R 2N 7T RE
THHIEMD, BMERCAE ARLEZ DWW TEERI LAY
7o B F PR BOEL R D) (p) Z I L TR/ T
[153].

% %39 A R CHERAIR L B A= RS | B 3 Dtk
DGR L7 WEE O —213, BISEOWEIZBITHT7 7 A
AAD L) FBEPLTERD -T2 LIt HEED. Vojta
D3R L 72 secondary effects' S ITESICI DT H LR ALY
RTHAI[104]. FEHEY)'E L RMS N TET-La214723, E£iT
BHIBEWRD—DOTho7=Z 813, SRt tBmEase iz L
S>THEBITH Tz, SOICRE ks Km0 5Bi2212
AW TEE G HAED 7259 STMRPARPES EFR )M Tt
7208, ZHHgR T BT D x AE S G R TH
5. LLRIG, ZOFFEN D ICREEIILTODEETE N
e, BB DO AT RO HT20120%, 7V —2TaE Teo
EHORERRDAREEN, EHEROESC S —T&%
XU T EDOFIHNIROND 2 EFREL 2. fiik 7 my M
TNEHIELAGREL CTEONI- BB R THH[163]. i
M T 122> TIT I T2 2% R DNMRXPARPES S5k 13,
T DR AN RO BRI HCu0: & X BIL T, 7Y —72IP
TAREW W28 4 2 LR Eh LT[ 166, 186]. Sl
(BB DO BEORMREIZIL, TNODORE 2T — X% 8
AL, thDTBE, TR R TORE RAEEITRFILT,
AR AT DLk HND.

FHIIAE N2 T-pH X B XB8DIHIZHM TH L EF
U%. BCSEL GG AMERBUBIRE I 1T DM/ IR A
BMALLC O RRIBEIE T LIRS R, 7 /o N E R T
SIINZEDT =R =T EWH 7o fiig (X7) &2 5 %
BZEWTRIIL =891, BARBAE 7 R OBEEICH FIARIC
B e 03 HD1L79 Th D (1X119) . BLIEHIZBEMED 72 0



[104]HIZBEE USNZRV. BRI — RAEMECTHDN, HiE
KHAZZIHEELCLEZR, SFITEMARFEICESLZE
NRAZTLELDTHD.

Hg 12233 Bilif j CRANR IR L B R ER ThH L
IZEEWIO 2. D E AT vy g h VT, Hgl223
DOPCIPLY, THREAR N FLT L H DR AR A2 1T 12<
WCuO A HE LT, ED3DCuO2fi N B DR EJE 1T
AR — NV EEN—7 922 L3R THD. ZDIFFE T
(2, SR TIELI TN BICE W TIT D W2 e a &
W9 5. H38ICHB N Tpor KESL T Tk BIFHITIE, A—
W=D TL,OR TE2 G358 v 7 NGB LD, T,
AL DL R A FTRENE DN DN T F6E=E TELELLD.

LA LA ERTICHg T E - To AR E T — A, 7L<
RIC Tt %5 TeHg1223 Tk oo B 2D NH WD L
2V AFETIE, INETIZE RSN b B IR 8K
DT DWEMWAFEE LR T, Hgl223 3 i D Teah D&
WO EBRFEFEEZFHIAT LD DAY RS TE-. L
LAaNBHZFZTRFELSN TV EERER RN EL RS
W E AR BEWELTIE, 22 TOBEOE I E M
R RMaNHY, AR D TA LT B RBESILTNHE
fEU7=0.

EATE TSR BB REIC SN T, BEHENINE T
LWELDOZEERE IS IS 8 CEI i A A A=
FEHICSWEWHEA LD REMBOERERCES
MK INZHRECEZ TR WEEREEN LD IHTHY, +
NoEEDINTH BT TELDONT 1B, T
LAEWITEE D A DO EOREREIRVIKY, ZOFERLCR
B9 2L D% FHETHEEICATEN 2L ENTHD, —
FHo LR ELAZ DT, XX ELWEENSHSIE
FTIEEBZZ DT, OB fFHRCL T 2—52 T B
&N I2EL, 2 TR ETIE R I L
S>THHSRECTHHZEERIED T,

5. #kx B EE LR T OBIRE R

ARETERAER L BASE LIS OB 5B - T e — B
T5, FRIXERTHEMHBESN QWD EICET 8L
Va—%52%. ZNENOHFEMER XL LIIRNEERDOT
MEREMICRE D2 L2 TRMBE T2, F2IZERER L LISk
DORRERZFELDT-. ZIUTENFNOBIRER DT
Mz T, BRI HEEbNARF, 20X, MofEEZND
DORPEIRENELDHN TS,

ARG SRS 1 — S — T B R T HID FE L 72 DT
O HBELZORFBIORELE OREICL EIND.
H HEOFEN KL, BFOXAT INh %, SHIC
I E OFEEE /Ny EELCTHEZDZEIZEY, T TOE
[RERITEE RIS NG (£3) . EOHATH WS TR
WE NZEBTZHREIE, BTG5, BCSHEREILE 1%
TR DT AR DR OREI O B H EZE AT
FAEAEMBI HEUTRIRA L. &BI22 5 H B EEIITE
H & ORI METh D, AL - B - 1l D303 2415
HILH[268].

AV DORFEZDRLEZMEL THIA T OBREIZT,
AT L& EFRCEOWE R LN TN, —5,
B O HHEEL, —KICZ—a AR NeVA —F —
(10,000 KLL E) DKEAR TR —ZEFBRLZEND, &
TALD 7= DR EL Tl < BE H SV TE72[269, 270]. L
EHHBEEICREL R, e RE 2S5 T b Y Cldpilig,
BB A RS CIRdELEONRICEE T2 B HEMKIE
THZERDIGEVRHY, TORFLEETLELE LT
HrFEnD.
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Table 3. Classification of various superconductors based on the
Cooper pairing mechanisms, whose characteristics are
summarized in Tables 1 and 2. Some of the compounds listed
may be relevant to the mechanisms, while others are uncertain.

Degrees of Relevant order and Potentially related
freedom fluctuations superconductors
Phonon Normal phonons Al, Pb, MgB,, C(B), H3S
Structural instability | Nb;Sn, V;Si, B-KOs,04
CDW NbSes, 1T-TaS,, Cu,TiSe,,
IrTe,, LuPt,In, CsV;Sbs
Spin Antiferromagnetic Copper oxides (Table 1),
order CeCu,Si,, Celn;, CeRhlIns,
UPt;, (TMTSF),PFq, CrAs,
MnP, LaFeAs(O, F),
LaFeAs(O, H), (Ba, K)Fe,As,
Ferromagnetic order | UGe,, UTe,, URhGe, UCoGe
Spin liquid K-(BEDT-TTF),Cuy(CN);,
(Sr, Ca)14Cuy404
Charge Charge order (BEDT-TTF),l5
Valence CeCuy(Si, Ge),, B-YbAIB,
fluctuations
Valence skipping BaBi_Pb,0;, Ba;_ K BiO;,
(Pb, T)Te
Dilute electron gas Li,ZrNCl, Li, HfNCI
Exciton insulator Ta,NiSes, NaAlGe
Orbital a-FeSe
Multipole PrOs,Sby,, a-Cd,Re,07,
La21052
Unidentified Sr,Ru0y4, BaTi,Sb,0,
Nag35C00,°1.3H,0,
LazPrNizO7

5.1. B, L LBEE: &R AT A

HDHHBENT — =T 5| DA T — A2 R
NZ DWW TIPS . SRR D X 72 Em T =%
T I IR LA E O I UIXULITTI D FE T
BEOBFFARPNFLET D[271]. 7—73—XT V7 DIk
72 DM AAERITE 7R a2 R L EL TS 4 B A 2|
L, LIRUIEBEREMAEF LTS, LL, ZN0ET X508
AT GRSV EERB IR IO, BIEEII D
S CEE % B M O R FEBERLT (long-range order: LRO)
RETEABVIRRBICHIRHENENS. KBIRT LI,
BT AAER SR T E UTHEEEEE CCDWER T3,
T FARE SR E ISR & 724 7 DRER TR FCAY R
RKIREDEFIRENELD. TV TESCE Rl Darbn
IR GA=ZEFEEL TN DOIRIEE I T HZ LN TE
I, TORELXELENELCud H B E LR D4 7R a7k
TREEEN BT 52812725 (K42) . HHAA, EDXH7:
WEIZHE AR BEERRN S - TE DRI B0,
ZZTIEENE BRI DR o AN e B 2 R
BEBZD.
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Fig. 42. General phase diagram for superconductivity derived
from a relevant long-range order (LRO). LROs in
ferromagnetic metal (FM), antiferromagnetic metal (AFM),
charge-density wave (CDW) insulators, and others can be
suppressed by increasing a control parameter, such as carrier
number or pressure, with the ordering temperature 7iro
vanishing at a quantum critical point (QCP). Above Tiro, there
is a crossover temperature 7", below which a short-range order
emerges. Fluctuations within the temperature window can
cause electron pairing, which results in Cooper pairing below
Te. Superconductivity occurs near the QCP, where the dome's
T. is highest due to the most intense fluctuations. The top inset
cartoon depicts ferromagnetic fluctuations that cause spatially
and temporally variable regions of nearly parallel spin
alignment in a matrix of randomly oriented spins. The bottom
inset illustrates how Cooper pairing works with ferromagnetic
fluctuations: the first electron (red ball) creates a
ferromagnetically spin-aligned region that immediately attracts
the second electron (orange ball) before disappearing. Note that
the QCP scenario assumes variable fluctuations in BCS
superconductivity rather than BEC type.

7 — =T B FI ORI AR DA IR E Tiro LA
ICHNAEOLEI2H D, —EO2RAEER T, TirolTfED
ERAANZE A BB AL U7 fEI S B L, Z AU 0SB
[« Z2 A AL BT A A0 I 9. ZOBGELE D RESN
Tiro CHEHR L CREFFREIR A A% B 2RI PR3 B L L CTHE
RN IS, THBGEO I N EE RO DI AL — /3 —
BEEELED. B2 ITRBEAMERR P OSA121E, K420R T
KBDINT, AE D RNTRTIT AN B IR O F IR g
(IEMOBALET) 235, TLL N DO TiroE COIREFHHIC K
WTAE VD AIE DB HFEE R~ 72 R PT il (ER ORI LA
EIR) AT 20T 5.

Z DRI O A B - TH IR Z B L Tl RIS RS
DAL B| IR D RK £ 720155, KITDT %/
DOGELRRIS, 1DHOE P ELEX, FVOEOAR
> DIMENBHLRE R R PTis — B ESIL, s
L CHHADRNZ2 H Ot i e B 25 & F85 (K
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24 THAK) . ZO IS 7K AEHI 7258 ENER AL DAL -
IR ZEL CEBICHINRE IMRED, REBIERESE
Vi S I WV A A O S A WA N A S W 1043 e e L)
OFRFOLGEL RIS BIE T 2R F ORELEI M5 J1E2b 72
5.

FEOXIMLTLLEERE O LITRBZ . BAF AL
7RE OB F A HEICH R T DA, M EET
L SRENC LD B RO DX D[272]. v be—)L
INIA=HDOEAN DB TREOT PR T 5%, FRFHE
DR2RAIEREHNZIE A5, EIIEBIRE NIl b 8T
HY, B 5 (Quantum Critical Point: QCP) EFEIENLD
[232]. Mol FEE TR D720, BHE OBIELE LD
TR, BEFROIDBHL CGEZDEAREIND. Bl2iX
FEI, TR A HE D DT D /N RIgDOHE KEL =51
TETHBEZIZ, BIEE2590 THAIEBIEE LK TS
5. ZOLEANTEBNT, LI HEBERD E o
RIS, A ENCHIAND. FEFEL TQCP TR KDHES
EWELDZEIRD. HL, ZORLE DT —/R—XT O/HL
LT IE, QCPICHm DT A OMBIRE R — L8 AEL D,

BT EAGDIIILROMHE E (99 WD ENEHE THD. %
ETE DR ITINEITDZENEELL, o AL
DINSSTHBWEL Tl 2 220, — 5, 859" F 5LRO
TSI BAERZEIRL, @O TAZITRE O 203720y, QCP
BIEEDO TR — ADOMEEIRITFESE OFESCRICES
TEHTETDHIEA9[62, 272]. QCPYFUAIEBCSHIZR A
REIZBWTEL T LT D KESETOREFRTHD
THY, TDIT 5 I EIT HBECH = EITITWY 45 1T 72
WZEIZHEE TS, 47381 Tl 7259512, SRt iBisy
DAL — 7 IBECH = E 58I ICHY, AFMODQCP TId%
DIRNST DT DI TMEL, R—Aby 7 IdE—7
S Dpol ZHIND.

52. WEIERLEEMNEET + /B 5E

WH DT 4 ) BIREC BT, BT A EE L%
B HRRFHNEEL CEnAflsns e, Z£DQCPIT
BETHBEWTNESND. ZhIEEiEB LT X3
TH /) DEFNFE =N RN, ZOY TN+ )0 LB ORE
BRI DT THD. 7+ /0 DTRNLF—IK T2/ E
TR TFREAER OB TR TR _ @<, d<mbafgEST
E7-NbsSn (7. = 18.1 K) °V3Si(Te = 17.1 K) 72 E DA15%E,
AYTIE, TOHBHEWTOF RN~ LT YA MR
(LA TT - IE 7 S E EA RS IO BEFR 3 DS R E S
R 5EF R EERORRICHLEE Z LN TND
[273].

BRTEFRIINIT2AIFDRAT AT IZH KT D
B ARLEEMEDRDY, fEEE T OB Z ) BT O L
(CDW) Bk 3 LIZ LI END. T aE R E T 515
EEB RIS AR HAEIE L TR ZL o0
TWD. IR ITTRER CTHDHNDSes 1159 KIZCDWHRE & 7R~
T3, ZAUHN0.7 GPadD T ) THIHI AL T2.5 KORBIREIKIZ
725[76]. FE2IR IR ICHFAEDO B3 %\, 1T-TaS20CDW
FIZEAICEvIHI S, 5 KDBIEEICENH[274].
Cu,TiSe2 C1E220 KD Tepwi A T HRAHDOCDWARA Cut
HZ—F——a Nl BB N —7 TS, x = 0.08T
A DT = 4.2 KL OBRERIZE-S TRDbL S (X43a)
[275]. IrTe2l%250 KIZCDWH#EF A /R L, 3.5%D Pt-for-IrjE
B2 LA L HQCPTT. = 3.1 KOBENHER T 5H[276].
B-Nao33V20sCl%135 KLL FDCDW (F721%CO) #HA3E )T
MZHN, P=8 GPaTT. =2.3 KOMBIZEN B SN 5[277].
ZOMIZHZL D& RBLEMIIBIN Rons. 21,



#1490 KO CDW LRSI JE 2 D LuPtIn TlX, Ptd
60%%Pd CEHLTHZLTQCPIZEL, FZ CTDBEE /Y
K (1.10 K) 23 b5 [278].

VIET-O = A NTE R I CENR LT AN T 2NET
HIBIEEIRAV3Shs (A = K, Rb, Cs) 1320194F 1238 RSt 7Bl
RIENR THD[279, 280]. Bl IZCsibEMDLE, 94 KT
CDW#%, 2.5 KCHAREAZ/RT . KR\ T L h) &8 eHE s
GTRbEKALE ) GBI EmW T 4 /o 2L —%1 D)
DTIFTHI0.9 KEARL, TP M) % il 5 14 140 A
YER> VAT AL :t’%”%bb\ T VI DRAT A

TN LD 72 CDW AL EVE LB E NS L *ZT
I IAAT VBN RE (%’E%Eée«?/&%b%‘éi:&dxz 2+ idxy%
HO)MEBRTHEE 2B TNH[281]. é%a:ﬁﬂi%ﬁéu\:k
WCEDAHIMZEV TIE— B F LRI ER LT FBHD
R— 2% 7R 97[282]. ZOBME/LERIRE B G ZIZCDWERFIC
IR T DIELE LEFRIE DO MR VIR R )N B 70 1%
B a2 R EE 25N T DH[280].
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Fig. 43. Collection of phase diagrams for various types of
superconductors. (a) Cu intercalation suppresses the CDW
phase of TiSe:, resulting in superconductivity at 4.2 K [275].
The figure shows the 7¢ values multiplied by ten. (b) P-T phase
diagram for CeCuxGe: [286, 287]. The first SC next to AFM at
ambient pressure is caused by antiferromagnetic spin
fluctuations, while the second 7. dome may be due to charge
fluctuations [284]. Because the smaller Si adds chemical
pressure, the CeCu2Siz at ambient pressure (AP) is
approximately located at 10 GPa in the Ge compound [288]. (c)
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Double 7. domes form in LaFeAsOixH: when
antiferromagnetic metal phases of LaFeAsO (AFMI1) and
LaFeAsOosHos (AFM2) are doped with electrons and holes,
respectively [285]. Ts is slightly higher than 7x and represents
the tetragonal—orthorhombic structural transition temperature,
which can cause orbital fluctuations in addition to
antiferromagnetic ones. (d) 7. domes appear in the CeMIns (M
= Co, Rh, Ir) solid solutions around the AFM CeRhlns on both
sides of CeColns and Celrlns [289]. (e) A typical phase diagram
of Fe-based superconductors, starting from AFM BaFexAs: [62,
290]: hole doping in (Bai+Ky)Fe2As> on the right and electron
doping in Ba(Fei-«Cox)2As2 on the left cause superconductivity
at 7c = 38 K and 22 K, respectively. The original figures used
SDW instead of AFM. The shaded area around the SC-AFM
border in (¢), (d), and (e) represents a phase mixture; however,
the author believes it is the result of elemental substitution-
induced randomness rather than intrinsic. In the BaFe:As»
systems in (¢), only the Co-for-Fe substitution causes a mixture,
but the K-for-Ba does not, which could be attributed to the

former’s greater randomness. (f) Ferromagnetic spin
fluctuations induce SC in UGe: [291]. The Tc values are
multiplied by ten.

[FAED2 D LD TR — %L O\ AL, JEHOREEE
L CTCeCuxGexlZF T ([X143b) [283, 284], /KFE ED %L
L CLaFeAs(O1H)IZH fLH15 ([X143¢) [285]. Ziub XX
DOFKDEIEA RS2 O2 Nz -8 4K
CHURIND. OFY, BIREMHO LA R D R TE
L, a2 ba— L RT A= Z DI I AN D L2 R E O
SIIIHEIEDR 1 DO RITHFET DL A O — K E A 72 S
5. TDO— SR O T 3 ) METHE, i IEFN
DI B ISR F o 77 T D aTREMED
B, T4 BRI E OWEITHEEIVHDHDT, FLh
%@1%%%75‘5Eﬁﬁza‘én%ﬁ:%a‘f;%ci‘, Z T IVTR—LH

XX H AR REL S 2 5.

53. AE U HHEEZFIH T @58
53.1. SOBBEMEAE ARLE

SRRREMEAE Y R DQCPY F VA I INHBARE 1T %<
OWE BN B TNA[271]. Bz i CeXRUREDHEIT
FReBLEWE T RBIREERPETICIFES TET
[77, 292, 293]. ZZT i%f@“é@ﬁ%%o%x%@fﬁ%
0, ENEACEMETER T D8 LR R DILED > Ts piE
B LTRKKY’FHFM’EJEH ZEOFE DL W DRI
WEXIZIFFE T RE IR IR 2ICREL Tl O RTERK
W&F%TL REWEXZIIRNEE Y E DML > TR
LRV T DAY B FE D (spin density wave: SDW) IR TE
WAL 5. SHITREAKRELRDL, (HEEFMN )Eﬁ‘f;q:
VEBWEL TR T — AV M L ED TS BN IHE
725 (K3) . ZOWEAZ) —=2 7RI DIZ O TR
FRFFIXTE 2 CQWOEQCPIZEEL 7214, FERGME 4 B IRTeIC T T
9% (DoniachfH[X[294]) . ZDLX, fEFbs plE & —HHiC
BEL TREICH ST 50, REEORWET251%75
COWZENEILLARY, EOAE EITZA BE 7 D1000512
H725. BWVEREMIINDFTLLTHD. BEWETRICE
T HQCPIT % Tlx, SDWIF O SR ERE LT AL T
X F o IR BARE B D[293].

1979 F T I AT 3 R &= BV B 7 R B s A
CeCwSial FFEREME DI E A EIRTEIZHY, 0.7 KTHRES
RY[295]. LONL7R 235 Ge-for-SifE#alZ LA B E (A0



{LEEIE F7) DFE R, BRA TN B3R 4 8 B 2N B =5 AR
WZBEREL C0.8-2 KEA FIZELILD[77]. — 5 CeCuxGex T,
Tn = 4 KDAFMZE N X0 IIHIL 724212 T = 0.6 KOMx
N NS ([X43b) [286, 287]. ZALH D F2 T kA
BT AR AL RS O EEMZRORIE T 5. I
DIZHLBRRNZ LIZHE L SB A E D HIINCE2%& B O
TR — A% R, ZAUES5.4.280 Tl 2 M5k B i o i
(REIZEIR T HEZE 2 BTV 5H[284].

Celns | X JE TN = 10.2 KO R4 /7273, £ IH]
MEEBIZTNEA L TP = 2.65 GPaTQCPIZEL, DT
£#120.19 KO R — 2705 HBL95[296]. CeRhIns Tl
JE D R 5EtgME 4 B AR (In = 3.8 K) 231.7 GPaD £ )i fET
2.1 KOBAREFIZEH > TRDOLND[297]. B#ET S
CeMlIns (M = Co, Rh, Ir) E#E AL, RMEA#Z IR
2 B GREMEFR O AN AB R EAE 3B D (14143d) [77, 289].
24381 TN 725512, CeColnsiTdx®> 2 DY — /=T
ZHh, BB ERIMR D R B D KB R E R E
W50, Lo THHMIZIZAFMOQCPHE(mE L E b,
LU BB IBAdD AT B OfEIRE /I RETZAD. DEDE
OYEZH KRBEMEFES T BRENHY, ZDTIIAIZMmH
STIMRDLM, RMEEY) TIIAT SO BRI X0 KOs
FHBEDMBEEA L2 THE A BRI THHAFMM BAR EFH 2 18 &
Baz I-LL IR CE D, — 77, USRDOUPH T X amE 48
FB (Tn = 5 K) DMEIR CHEAZEAR (T = 0.54 K) IT&{bLT 5.
ZZTlEpIK DI — 78— XT PR ESNB[50].

ZNHDOEWE T REBSER TR B 2N
DI, FEAIRNDFDTIIEN. ZOF BT DL 72D
TGMEAR ARG LD, dE T L& T I3
THREOFVICER L CTHFEET IO EEMAEHTET,
s pfriE BT ICHE T SN ARKKY f &R AR L a9 53
VN FEREL T, TEBIRL, MR EOEE S IZILmD e
V. LU, (KW T R — R — )L LR GE IR T
Rk &2 7o B T BIGEET D DICERIE 72D,

ZDOMOD SRBEMEAY RS T BAR G RISy TS
WRSCAE T LW RHS5. B TIEE 1R TR
{KD(TMTSF)2PFs7312 K CSDWAH~DEEEZ/RL, ZDOFE
FADE N E0HISHT0.9 GPaTTe = 1.2 KOAR=EFAN
HND[298, 299]. 4 TILCrAsA i E265 KLA T TR
Ma&B LD, 0.7 GPaDMETT. = 2.2 KOBIREZ/RT
[300, 301]. &£, 290 K Cofifgéit#sf %~ 9 MnPIZ, 2 GPa
PLEDFESEIINTAY V72 2 PR B 28 SRR
REIZRATL, BERBRFF 3 H 958 GPadQCPIT#IZ1 KD
RS 2R T[302, 303]. 2D @WK R L (3d
FRORERRBEIEF AAER A SR D03, Teh N EDT
RV DIISEBEMEAE FEDLE LB T O VBTN &
RSN,

200651238 REN[304], ZNLIEZLOME N RS
TX-Fe R BB RIT B E W TEL S, SRk LR
RRICFHEBART.OMEKREEZ RS . Bl XA
LaFeAsO~BaFerAs:lIZEAVE TN = 150 K, 135 KD 5k
M4 8T DH[62, 63, 290, 305]. HiIE (AL FAIERA L 7=
LaFeAs(O1Fy)X°LaFeAs(O1-H,)Ti%, O %F, HA4 > T
BT HE TN — LR 2B I 2 5, i
TT. =26 K, 36 KDOIB{RENHLILH[285, 306, 307]. K2k
FHTIR2ODOBEERN— ARSI, s —7fldox = 0.5
ITPHIZ R (AFM) L R DA BLS 2/ 5, 99—
D 3R 4 I AR (AFM2) 73 FAE 95 (1X43¢) [285]. — 75,
BaFe:As2 T, (BaiK)Fe:AslZF1F DR — /LR —7 |28~
CTAFM (SDW) FRFF 23 il 41, 50%K—7"CT. = 38 KD#A
N EL 5 ([X43e) [308]. &5 1ZBa(FeiCor)eAs2 (233
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FDEFR =120, 20%R—F 12T, = 22 KO TR —L713H
N5[309]. Lo THIRR LR E L FARIC, RFE~DE
FATR— AR =TI XVBEEER BT 5. SRt Eo
EE I EFEAFI Tl ARM THAZ L IZHY, Zh
ISR THIB D7D &B 2 His.

INGEL AW OB SRR D SORBMEAE U ARLE
BB E Z HITWA[62, 305]. LNLARRS, ZE-2%
PNURICH KT 2HETESE O EEMEL RSN TV 5[63,
310, 311]. ZZ TR FDdoy e B L OE WIS IR
dyz+ dzx B 237 = /VIVERLEPRICATE L, SR k) o Bl
72dx? 2 SR D SR LR CHEME R TIRIEICH D,
dyz#JE L dex il OFE IR A IEZ D &3 DB A RO AR EMEN
TFAEL, BRI N O4[a] [a] s e FRik 2 5% 2 18 5 flFE -~
DOERBNEZS. K43ci2BWTINDD L FITHDETNED
HRBIRE A R T . ZAUL MRS R EMEIC LA DT
13724, B RORLEWEN LR THLZOBEFR~T A
TR EREIXNLA[62]. ORI BRI AL LR
WICEELEZHND.

eIl S T8 KO MR 2/~ 9 a-FeSe D UL {712
FCRRBEPEANZ L2253 [312, 313], BE O H A B4
HEELEDOFHNRBRIND[314, 315]. 72721, KTV@EWT
DOERARBARER CIXH N SORBEEF D R L, BT
B S| CHE AR E A BT LI REEV ARV [62]. HUERED
X EBBEMEAE ARLERNENE NI, FRVEIE L CE#)
WTWDDIEAD. HLLITHE DA b > TAEAMIIA R
RIS NARE B L. 20 ZE M) LaFeAs(O1-
HINCABNDHF T NTR — LI E O MRS B (2 B
THEZZLIND[285]. BT ELLOMAED A 5 E
EHET AT HILNTE[316], #5585 50H
BIEAY. —TJ5, EBMEE T 4 ) BRI T N E A, s
AR L2 57O FHAILT, WFH HROBIREIXFITH A
BFrlins.

B RBARE D I 18 D Te X SmFeAs(O1Fx) D55 KTH D
[317, 318]. RS TVE VL aL 7704 —%0.1LT 5L, WDk
IR DA EAE T DNENS50 KE72 5. fEDNT, LaFeAsO
(X2 TARAER FL B e KO BB RGP EAE AL/EFIES50
KESI TV D[319]. F-BaFe:As: D P HEELFEBR X2
%700 K& RLFEH ©72[320]. 4 12 OWFFEIC LB E R )
BASNZIRY, T ERAFED BRI HE D 1E, IHIZEW
THEAFDIZODTTR DO DHE LI,

5.3.2. FRBEMEAL A FELE

FRIGMEAL AL X TS SNABIEEI LN DD T T
AEEMITB N THRESIVTWD[T77, 321]. T LR s
DIAFIT <D HPbMo6Ss[322]°ErRh4B4[323]DPb, ErtA
et TR RICER L E TSN TE. F,
(Cei-+Gdx)Ru2[324]X° GdSr2RuCu20s (C2-B3-PV: Y123D 7
oy 7 JEDCuzRuT, YEGAIZEHR) [325, 326]12h AHILS.
AT CIlEGAD JFIEALE )Y, #% 3 CTIERuO: [ D EdE
F-EEREE R, BAREITZENE R, CuO2M CHREZS.
NSO E CIIAB AR L IR AN ZE B AE A 031 T
SELTCIRD Y SO RZ, TEEAE FELE O MR E ~
DOHFGIIRHTHD.

2000552 S T2 UGe 18, 152 KColRsart 4 e 1270
Z0%, ZOMRITES THHIESTL6 GPaTIHA 5[291]. %
OIRFEEDF T, BT SO TR0 ssiarE e B HEN
(20.8 KEfe i & AT R — 20385 ([K431) . £/, UTexl
BB 2RRREMERE A 772 N, BRALT- BRRE I BRI B
THRELENTe= 1.6 KDBIREAF LT HLRBIINTND
[321, 327]. = DOMIZH &+ T {538 % 7~ 9 URhGe (T¢



0.25K) [328]£UCo0Ge (T. = 0.8 K) [329] 3 AL &=, 2
D72 AL E W TILERE72UDSTE TN EXRTHY, £
DFRBEMEAY AR X DB S IR 5355 26T
W5 DI R EFERIS, ZNOD Tl fE T H D /hE7
SREEMEFE AAER 2 IR L IR £5. FEDNZ TS IR,
5 RRBAGERIZ T = — I EN B, W RSO
BRI MIFZE G 70> TUD[65].

SRR B AR T SORBEE L FE 700, T DAL M
UMz mE-NHHERLLT, A1 EIE TIEAL, *Hel
BN E[FARD AL 3B EICHOBREN LB T 5. £
DR ETLFBIIREZ LB S S I S, LA
EALTHZETHD (2438 ChlAL/-FFLOE R E LL T
%) . URhGe TlL B i@ r {55 OB 5 )32 TORE CTHil
Shi-t%, 9-13.5 TICH 0.4 KITE—27%H D TR — A0
B9 5[330]. 2OV "I MBI IO RIZIT RO
WHRTHY, RGNS XL DAY 3 EIE B D fF
HChHs.
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Faftens, 2o CTh\Wiabdsd. —AREET—7875
*%me%% RUCAE U ZE W EE, BV B A DGR

A BAE R 2 RN 2 72 32 Bl E TE e, ZoXo7 5%
I 7 Z AN — a4 T 5 RITEMER A Y A2
DLRORTXY F o VI A SRR FLE IR B2 47 29[80].
KRIZ AL BTN RO BT AL B CIERE & TTRED
KGOV, Mt FEETHAL L DX BRI THRED LI
FEOS TR ARIK IRREDS W R s b,

AR ARG TN DB T RR 2 e E R I RS
5. BIZIES FHALE B W TR IR IR LB R E DR
FRSEGRS AL CE T, B2 T E k-(BEDT-TTF)2Cuz(CN)s
T HEEY K % 720 = 250 K% b DGR 23, =AKKT-IC
B LM T IA P L —2a VXD A VIE32
mK E CHRIF(LE T, A viERREBIcET 2L a NS
[331]. 411204 GPaDEN) ZHIINT % & T = 4 KOHR
BN 525, % OMURERER L A v VA OBERIE X
{4372 T 7\ [332].

AE AR D— DO, SRR 5 B 12 B
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7R BE L ARIN S, £ I E AN 2fE DR — Ty
TU YT BB EZWZ HR— AT Lo T 7Ly hd
Wi vk E (A1), BECY —/R—XT7 Lip o TR E A FHH T 5
LEULBNTWS., AE L Ly h_T DOIERLI 1;2\/1/%
— XYy T OIEEEER TS, AL RN EA I
NP OO Ty T D — fy@xt/zﬁ:UOw@Lf
AT Ly M T DM ERHY, ZEF vy 7 (AE
Xy ) B DRV —EAEZLELTD, AL Fy
T DRESIFTAT DY AR/ NEN (B D3R 1FE K&
1B, AL Xy 1IN — L T ICI0F O T EE X v
I NBAT T DEMFFENDT-0D, BV TII REIRAE Xy
TN HEINDHI LT/,

AR /1/273:»%%%@%? RAEITAE R AR L ZHL[80],
F—E 7 iéﬁm%ﬂﬂ;ﬁﬁéhé LU AG, 22T
R ENDAE L L Ty hA_T IR EL, Ay 7 1%
FEFINSW)Br b7 s (long-range RVB state) . M SRH)IZ
RBAREX vy 7 H /&), HEBILZELCH RiREEE T
ITFE ONDRNTEAD . 5280 TliiL 7= AViSbsD B RE XV
DI AREAREELDECDWARZ EEN E& TH 7=,

ECHhD[333].
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FEH R E 2R A L Ry T2 DAL AR IR)NS H 5
THBMEELEL CHEMICHF SN CE =D 0B T8 72 FF
DAL U T —THDH[156, 334]. 2D AL /2 G ESS
R TR D E, ZOREIRREIX X 44aD IO IZHED 5
INKIRAE o T Ly h_XT O ERA DR L7 % (short-
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WRIRPHIFRFS AL, A F vy VI RRENEAR BAEHJIO K
é“ékiﬁé FERIZ[X44dD Cu20: 1 % D HR L ) SrCu203

IZBWT[335], TARIBVORERAE Xy 7 NEIHIE I,
AU TH —H FEB T LMD HITZ[336].

A TGHE = DIR— )V R =T TP DD EE 2 TH
XI[156]. 1EDR—/1E N IT3ARDIR L RZ2H T2, 28D
R VBRI A TIN50 5 L6 TIXRLSIDHE L TH
T2 ([X]44b, c) . J)J@:::Z\n/%—ilj IS TRTRELN,
I == T LU TH 2 > CENT IEBECHR R A4 25
9 5[156]. ZdDDagottobt otéhaa{% 1E X 19D CuO: [ TD L
TV T ERENZRIC THD. CuOaifi EDEW I RN
SRBE MR F ClIe AR AR IR IEIZH D2 &7, 7275, B
— 7 ENTZCuOEI D TLA T DR EE im?@ﬁm/\bﬁz} 5
72 HRVBAY’ /{ﬁzﬁik?ﬂm“_k%fé%[%ﬂ AV GH —
BAETITLEB SN éii//ﬁl//l\xb VAT RS
N TN AE ARIRIREEIC BN T, IR— LT N AE /J\T
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Fig. 44. Superconductivity on the spin ladder [156]. (a) A
snapshot of singlet spin pairs captures the spin liquid (short-
range RVB) state of a spin-1/2 ladder. Pairs form primarily on
neighboring spins, resulting in a large spin gap on the order of



the antiferromagnetic interaction J. (b) Two separate holes lose
six J bonds and gain kinetic energy of two ferr. (¢) When a hole
pair forms nearby, the loss is reduced to five J bonds, resulting
in a J energy gain and one fer loss. At temperatures below T,
the resulting hole pair is assumed to be a BEC Cooper pair,
yielding spin liquid-induced superconductivity. (d) The spin
ladder in the Cu20s plane is found in SrCu2Os [336] and (Sr,
Ca)14Cu24041 [156, 338]. The antiferromagnetic interactions
parallel and perpendicular to the ladder were estimated at Jj; ~
2000 K and Ji1 ~ 1000 K, respectively. When an
antiferromagnetic correlation develops along the ladder leg at
temperatures much lower than Jy, the magnetic coupling
between ladders in the zigzag Cu arrangement at the interface
is effectively cancelled out, resulting in the plane being divided
into a series of independent spin ladders. Thus, the quasi-1D
spin ladder emerges from the 2D Cu20; plane as a result of
dimensional reduction by frustration [339, 340].

OIS BIEERES TV DD E2 R T
iz 1k #) (Sr, Ca)1sCux4O41 T H[156, 338]. Z DO E 1%
SrCu203 & [Al 4 D Cux 03 i & FF-2 (1X]144d) . Cuz03 1] VI S ik
(L BARBAR D CuO 1 22 A BB T-IZ B0 A A, %
ST BN T H L CTORE S b R L2 Tk
FTHS. i HWZEITHEE L RN B2 TR 1
BEAICHDTH DL T, BKMIZIZ1IIRITTD AL R E
LCIEAEES . BT 2 F I DIAZK ST HIRE (2000 K) &
EARTHMRIRIZEB W T, &5 MO SRR B 23+ 4
FEWIEBEICE> TRETLEE, BT ORI
BUIDBEAEERIIAEDOIITHIHELAS. FEREL T
FRIDOFES NN TILRITCD AL T —DRFEE R T 8D
(272 5[335]. ZD I FEEEDORE A& F- LV H IR WK T D A
BRI T T AR — g BRI B A
7T AN —a il KB ITIR T (dimensional reduction
by frustration) EFFOR, KE & 22 R IC B W TR IR T AL
Rz A T REEY AR B DR & 72 5339, 340].

(St, Ca)14Cu24041 DCw O3 M T AL L F X T HH DAL
TRIRIRBEIZHY, HENITAE L TH — R THHIEDFEND
N7=[156]. LoL, R—A R —712dh &bl ChBmiE 4
TREIRIoT=. IR, BOEBIZESIE NZEINT 52412k
012 KOBIEEZ T RUT-[338]. =D DEFEIFTEIC
HEOLT, FEOBREEEICI O RIS E Th DN
REEARLILTOR Y, BRI AL ARMIREEIZH D73,
K= 7 RJE STHININC I E RO R F IS0, 1
R ITHER N DD THH[156]. BiRDIHIZCu0sH I
BUIDAE L ZH —%, $877 100 SRENEARBI 2S5 78 2
THIETELDD, R— VI EEMESEZ 77 WL TS AR
BEDORELMZ D20, R—t' L 71k TR ITTIEDN TS
DT FORFBIT KON TLEY. ZOREKIZEBWT
Cw2031H TH T DRBARE A BT DDA E IR #E G
LAV, (Sr, Ca)1sCu2sOat DIBAZE 1T IT O 1R TeEE N
T HCwOMIZFFA DBRIEDE, 1T 7 4/ HEREN
B NCWBETREEND.

ZOMIZHLaCuOas AL L TH — DI MA G T 573, 78
— VR —=7I2d0 &R THBEE TR S e o T
[341]. R DO—2EL T, 1IRITCRITIESBIND T Z LRA
ENZET NS, 1RIETIE2, 3R TDO LA 5
RP72NE®D, UED K THIRE S AZ R L C B 7R
T DR AN BELT-5F725). 1RIERICITRE 7T, B
NN T WA EF R b b D03, EERIH Y e
FOWEE RHTZEIIR S TiER.
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AV TG IR L, ED R EFF O E S LTS
[342]. Sr2CuzOslELCuO2 i A 3 ARSI UMW L CRAEEEL 72
CwusOsENHRY, 3RBAE L FH —L725[335]. EHI2£<
D e EFF OB s K e L CBIIS L, ARiED TR
WZEDARTEH AN —ZSrCunt1 Q21 BFFHZEINTEDH EH
FESNA. BRI LAY T4 — DL ERBEIT E DA
BOMAFITIECTEL TS, BEOEXIIAE XXy 7R
A& (AE U F vy 7 DOREEITE DO DOEENNE L I3
%), FETIEHL Ty S L RERH[155]. LERo2A R
BB B S HAEITAR BB TR S ICbE A T&E 5
[343]. AL Xy T OREZF2A R I /NEN DT 5]
TNEFIEY, ZOTAHENDHE LIRS, TR ITRITEA D
FRNT L DR AN RN LD TN IREFISLDTEAD. B D
AR LT MR BR I B\ Tt O CuO [ T 5. CuOa i
WCEDEPIT, BLEOLR R T WE IS W TN EBLT 5
AIREMEIE DD . AV THF — B A W RTINS
FUTUWNRUNS, D Bl 72 BECABAS A% 1 310k 1T b,
BT EHTIHMELNAR. ZNEFER T LR Lo+
DD RIZB T OB RB D EEND.

FOMDAL L Xy T RELT, ALV EFEIDIRTT
R THDH VT AHBRETHID[344]. L, LT U EHE
LR T EZ R - Ic k&b canit, Ar
TH —REFRRIIA VT X vy 7 PBILEX v 7 12D
Y3 RS RAN R TREL AV 1Y AW YIS By WA AN Rve 3 S AVAVI R AN
W8 THDHNIZ %G TrY2BaNiOs[345]°F DA O H R L&
RN T DIRGEDFF =5,

5.4. Ao HHEEZH AT OE(EE
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BRI <O EIRBREDT- D O AT et L
TSN CEz. BT O —o M EEAEZ LT 58
FIHROHE DT 2L — 247 —/L1310,000 KIZH K 55[270].
Littlel X 1R e m 8 SR TAEE L TS0 W T2 3R
W TV (IX45a) 25z, MIEHS Dok R 5%
TV TR AR R LT2[269]. 2y TP BRI 1R T E
T RNSHAFEL, ZHUT BT MASHZ BT 298
T YA ANED EBLARELHIFFS LD, FRESReRHLED LD
MV IIRTZITEL N TR, Ginzburg (3 =35 (K (55 &
1K) L& RO E IR T EN -4 BB &5 2 ([X45b),
& JEJE OB TSI G AR O R SN DR —
VIR, BRI — /=T B Z T B 1D FIT /2B R]
REMEZ 5 2 72[270]. SO YU T HE2A 9 5 8 Rk
ICAEUDE TR — T (X b)) WG T D88
WamL. IO IR IRRIC OV TY, MR
BRAVFEHLZ 5- 2 DB ITH B TRV, Little°Ginzburg
DFET VL, SR L% LU iR RS A~DT 7 n—
FLLTHERBENZLDTHEN, SR LY CZ D% DB s
ERFZE AL CHESN 2 R AED - T, B ORI
ke Db —HTHAS.

B LS [CBE T LI N CW DM (T2 R Ty 1
M8 R o-(BEDT-TTF 1335, 135 KCCDWHIZR BB fif DO 1%k
FALSEE Z > CTHEZIR L 722578, 0.2 GPadd — il £ 71 DE]
IMZEDT KOBIERBLINAH[331, 346]. FDEIFIZITEM
FRFEOMHENZ D BAHESE O F 5 IVRIB STV AH[347].
UL Do THEERIZZ O EHRRLT WD, [ETIZ
LB T EAEH OHEROT U H AR AR L DE
FHHBAD BT O KRG B BT HMLERHHTEAD.



(@) __Q (b)
= T
— @ > e
i+

_O semicon. semicon.
—Q metal

Dilute electron gas

--------- - X —

Fig. 45. (a) Little's superconductivity model based on charge
fluctuations [269]. The polarization of molecules attached to a
ID conduction path causes two electrons to pair: the first
electron (red ball) polarizes the side molecules while passing,
then the second electron (orange ball) is drawn to the induced
plus charge. Cooper pairing occurs when a polar region is
formed and absorbed. (b) Ginzburg's 2D model of a metal—
semiconductor interface for the charge fluctuation mechanism
[270]. Similar to Little’s model, a hole created in a
semiconductor near the interface can cause two electrons in the
metal layer to couple. (c) A pairing mechanism for dilute
electron gases and excitonic insulators. The shading represents
the distribution of electrons or excitons (electron—hole pairs).
In the dilute electron gas case, near the image's center, the first
electron scatters by pushing surrounding electrons away via
unscreened Coulomb repulsion, creating a region of lower
carrier concentration that attracts the second electron and
causes an effective coupling between them. When it comes to
excitons, the first electron breaks them and scatters, leaving a
region with fewer excitons to attract the second electron,
resulting in virtual coupling. These simplified interpretations
are similar to those given for the phonon mechanism in Fig. 7.

Excitonic insulator

5.4.2. fli%kEEh

BT 2L EWITHB WV TILEW —Eu®, Yb¥—Yb**, Ce¥'—
Ce" D I 2FEFD L TEIRMEL DA A 3T N =RV F—
ELOWENRHY, T CIEXEMESE (MEFEE)) RO
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T, FNEN6s2L6s'DE FREEAS D, TOHROE
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(BaBiiPb,03), /N TETOsTE A DENT DI,
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DBaiLKBiOs TIHMEE A THHBI-OF N — 7 ZELE
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[86, 349].
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LT, LiZINCIELLHINCIZ 5 H 305 [226, 353-356]. 2
TIEX46D IHIZ, Zr (HE) ENJFEF 03D A& 2k T e 28
DO &% D FFIZClHH % N2 CZr(HHNCIUE 2 k&,
Zr 4dEN 2pHED DR DRIV VS ROMEE A4S . van der
Waals JIZK0fgE 32 2 ——L —hSzLi A
AU DPMEEEIZE TR T AR R, NUNERETHD
RSB RERIZARIT 5. LiZINCHE ztou\m(aa%)%ﬁz
HLTUWE, T 1.5 K(x = 0.13) 53515.2 K (x = 0.06) (2
H95[355]. =BT
AR T3 5[226]. fEREL TX46D LI 72T R — L3
REND. SHITEEDOTIZEBWT, Sigibi & R/ Hx
Yo7 DI BIRIS I, TR =7 EEBITAE T U A2
T3 5.

Li,ZrNCl

0.15

0 0.05 0.10

X

Fig. 46. Phase diagram of LiZrNCl, an electron-doped
superconductor studied using the EDL technique [226], which
may exhibit charge-fluctuation-induced 2D superconductivity
in a dilute electron gas system. T° denotes the pseudogap-
opening temperature, and the BEC temperature (73) has a slope
of 3300 K. The inset depicts the crystal structure of pristine
ZrNCl, which is made up of double honeycomb ZrN sheets,
where transport occurs, and Cl sheets above and below.
Electron carriers are generated by Li* ions intercalated between
the ZrNCl layers, so x simply equals the electron carrier density
which agrees with those calculated from Hall measurements.
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Fig. 47. Superconductor map with 3d transition metal (TM)
elements as the key ingredient. The 3d TM has a 4s?3d electron
configuration that acquires +2 valence after losing 4s electrons
in a solid. The d-electron number varies with valence (z — v +
2), as shown on the left of the figure, with the actual number
indicated in blue on the horizontal broken line for each element.
The bars represent superconductors found at ambient
conditions (orange), under high pressures (green), and induced
by intentional carrier doping (lavender). They are a (TiO), b
(BaTi2Sb20), ¢ (a-Ti30s), d (LiTi204, Tis07), and e (SrTiOs-s,
Cu.TiSe2) for Ti; a (CsV3Sbs) and b (B-Nao33V20s) for V; a
(K2Cr3As3) and b (CrAs) for Cr; a (KMneBis) and b (MnP) for
Mn; a (BaixKiFe2As2), b (LaOFeP, a-FeSe, BaFe:Ss), and ¢
(SmFeAsO1Fy) for Fe; a (Nao3sCo0O201.3H20) and b
(Na2CoSe20) for Co; a (NdosSro2NiO2), b (SrNi2P2), ¢
(La2PrNi2O7), and d (YNi2B2C) for Ni; a (Nd214) and b
(La214) typically for Cu. Table 2 details the compounds. The
high-temperature superconductors with 7¢ near or higher than
40 K are marked by square frames, which appear in late TM
compounds with enhanced electron correlation and moderate
antiferromagnetic order.
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Fig. 48. (a) Ideal phase diagram of copper oxide
superconductivity (Fig. 38a), with the AFI and AFM phases
omitted for clarity. (b) The BCS-BEC crossover image, which
is a left-right inversion of Fig. 10. T¢ nearly equals 73 in the
BEC regime on the left due to a strong pairing interaction,
where 7p is much higher than 7s. The vertical broken arrow at
the maximum pairing interaction wo in (b) indicates that 7t (7s)
increases proportionally to carrier density ns. The actual 7¢ in
copper oxide superconductors rises along the inclined arrow 0,
as the pairing interaction decreases with increasing p. The T,
line falls as the BCS regime approaches, and 7« is suppressed
below Tp, resulting in a 7. dome in (a). To increase the
maximum 7t (7o), move the 7} line upward in (a) (operation 1),
which corresponds to an increase in J and moving arrow 0 to
the left (arrow 1) in (b). Alternatively, move the 7} line to the
right in (a) (operation 2) and increase the slope of arrow 0 to
arrow 2 in (b). This means that the pairing interaction becomes
less reduced as p increases. The third option is to increase the
Ts line’s slope following operation 3 in (a) and arrow 3 in (b).
The left-wing BEC regime can achieve high 7t values, and the
majority of high-T. superconductors are found in the BCS—
BEC crossover regime. Large pairing interactions and high
carrier density could be combined to achieve room-temperature
superconductivity in or near the BEC regime.
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Fig. 49. Cartoon illustrating possible quasi-2D crystal models
for high-T¢ superconductors. (a) Conducting layers with high
light carrier density alternate along the z axis with excitation
layers with specific pairing sources (blue cross), such as charge
and spin fluctuations, resulting in dense and tiny Cooper pairs
in the conduction layer. (b) A quasi-2D crystal’s component
layer, consisting of conduction and excitation strips. The
former can contain carbon chains, other atom chains, or linked
TM-ligand octahedra, while the latter has 1D spin chains,
ladders, and so on. Topological insulators with conducting
surface and edge states can serve as the conduction layer in (a)
and strip in (b), respectively.
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Fig. 50. Room-temperature superconductivity can be achieved
in a clean CuOz plane doped with a higher number of holes with
minimal loss of the AF spin background, or in an entirely
unknown platform with an efficient pairing interaction and a
sufficiently high carrier density to enter the BEC
superconductivity regime.
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Table 1. Copper oxide superconductors.

Compound | Ideal Composition n_| Block Layer m | St. Type Teo (K) | po Comments Reference
IL Sr1-.Nd:CuO> 1 | Sri«Ndx 1 | CI-Bl 43 x=0.14 e-doping [112]
1L SrixLaCuO2 1 | SrisLay 1 | C1-Bl 40 x=0.10 e-doping; thin film [237]
La(Sr)214 Lar«Sr:CuO4 1 | La».Sr.O2 2 | C1-B2-NC 36 x =0.20; T structure [414]
39 0.15 Tc dome [140]
36 0.15-0.24 Synthesis at HP Oz [145]
La(Ba)214 Lay .Ba,CuO4 1 | La».Ba.O> 2 | C1-B2-NC 25 0.15 [415]
La214 LaxCuOa+s 1 | LaxOass 2 | C1-B2-NC 38 High-oxygen pressure [119]
synthesis
(Nd-Ce- (Nd, Ce, Sr)>CuO4-5 1| (Nd, Ce, 2 | C1-B2- 28 T* structure; alternating [416]
Sr)214 S1)202 (NC-CF) stack of NC and CF
La2126 Las «Sr:CaCux06 2 | Lar«SriOs 2 | C2-B2-NC 60 [417]
F214 Sr2CuO2F2+5 1 | SroFass 2 | C1-B2-NC 46 0.2-0.3 Po from the nominal [197]
composition
Cl214 Caz ,Na,CuO.Cl» 1 | Cax.Na.Cl 2 | C1-B2-NC 26 [115,116]
Ba0212 Ba:CaCu204(01-,Fy)2 2 | Bax(O14F)). 2 | C2-B2-NC 90 HP synthesis [117]
105 0.225 NMR [418]
Ba0223 BaxCaxCus06(01,Fy)> 3 | Bay(O1,F)) 2 | C3-B2-NC 120 HP synthesis [117]
Ba0234 BaxCa3CusOs(01,F,)> 4 | Bay(O1, F)) 2 | C4-B2-NC 105 HP synthesis [117]
Ba0245 BaxCasCus010(01,F))2 | 5 | BaxOi,F))2 2 | C5-B2-NC 90 HP synthesis [117]
Sr0212 SrCaCu204(01,F))2 2 | Sr(O1yFy) 2 | C2-B2-NC 99 HP synthesis [118]
Sr0223 Sr2CaxCuzOs(01,F,)2 3 | S(O1,F )2 2 | C3-B2-NC 111 HP synthesis [118]
Nd214 Nd2.CeCuO4 1 | Nd».Ce:O2 2 | C1-B2-CF 24 x=0.15 T' structure; e-doping [234, 235]
Pr214 Pr2«CexCuOs4 1 | Pr2.Ce.O2 2 | C1-B2-CF 22 x=0.10 T' structure; e-doping [234]
20 [239]
24 0.14 NMR [243, 244]
Y123 YBa:CusO7-5 2 | BaxCuOs-s 3 | C2-B3-PV 93 [125]
0.22 NMR [122]
0.25 Even p for the two Cu sites [419]
30 One-unit-cell thick film [400]
Gd123(Ru) | GdSr2RuCu20s 2 | Sr2RuO4 3 | C2-B3-PV 16 Ferromagnetic order in the [325, 326]
RuO:s sheets below 133 K
Y124 YBaxCusOs 2 | Ba:Cux04 4 | C2-B4-PV 82.5 Block layer with double Cu-O | [420-422]
chains
Y123.5 YBa>Cus50s-5 2 | BaxCuOs 3 | C2-(B3- 95 Alternating block layers of [423]
s/Ba:Cu204 /| B4) Y123 and Y124
4
Hg1201 HgBa>CuOu+s 1 | BaaHgOa2+s 3 | C1-B3-NC 97.0 0.20 Hgo.97Ba2Cu04.059(CO3)0.0088 [129]
97 0.18 CT* [175]
95 0.18 ND® [424]
95 0.18 ND [194]
98 0.16 N [190]
Hgl212 HgBa>CaCuz0¢+s 2 | BaxHgOa+s 3 | C2-B3-NC 127 0.21 CT [176]
128 0.22 ND [181]
Hgl1223 HgBaxCaxCu3Os+s 3 | BaxHgOos 3 | C3-B3-NC 135 0.19 CT [176]
133 0.27 ND [123]
133 0.252,0.207 p(OP), p(IP); NMR [122]
Hgl1234 HgBa>xCa3CusOio+s 4 | Ba:HgOa+s 3 | C4-B3-NC 127 [425]
123 0.222,0.157 p(OP), p(IP); NMR [122]
Hg1245 HgBaxCasCusO12+s 5 | BaxHgOots 3 | C5-B3-NC 110 0.23 p(OP); NMR [166]
Hgl1256 HgBaxCasCuO1a+s 6 | BaxHgOo1s 3 | C6-B3-NC 107 [425]
T11201 TIBa;CuOs.s 1 | Ba;TlOs35 3 | CI-B3-NC 45 TIBaz .La,CuOs-5 [426]
T11212 TIBa>CaCux07-5 2 | Ba:TIOs-5 3 | C2-B3-NC 65-85 [427]
Tl1212 TISr2CaCu207-5 2 | Sr2TlOs-s 3 | C2-B3-NC 85 Lu-for-Ca substitution [428]
68 [429]
T11223 TIBa2CaxCu30o-5 3 | Ba:TlOss 3 | C3-B3-NC 133.5 [430]
132 ND [431]
T11234 TIBaxCa3Cu4Or1-5 4 | Ba:TIOs- 3 | C4-B3-NC 122 [432]
127 [430]
Cul212 CuBa2CaCuz06+5 2 | BaxCuOass 3 | C2-B3-NC 90
Cul223 CuBa>Ca>Cu30sts 3 | BaxCuOass 3 | C3-B3-NC 119 0.22 Average p; NMR [183]
Cul234 CuBaxCa;CusOi10+s 4 | Ba:CuOzss 3 | C4-B3-NC 105 [433]
117 0.313,0.192 p(OP), p(IP); NMR [122]
Cul245 CuBaxCasCusO12+s 5 | BaxCuOass 3 | C5-B3-NC 90 [433]
Pb1212 PbSr2Y Cu207.5 2 | SroPbOs.s 3 | C2-B3-NC 52 (Pb, Cu)Srx(Y, Ca)Cu207-5 [127]
Sr0201- Sr2Cu0:.CO; 1 | SrCOs 3 | C1-B3-NC ~40 (Bai [130]
COs S1:)2Cu02(Cu0s)0.1(CO3)0.9
(x =10.4-0.65)
Bi2201 BixSr2CuOe+s 1 | Sr2Bi20s+s 4 | C1-B4-NC 7 Bi2:S12-2CuOg+s [434, 435]
15 0.13 CT; Bi2Sr2CuOets [436]
25 0.12 CT; BiPbSr2 xLa:CuOe+s [174]
25 0.12 CT; BizSr>«LaxCuOg+s [126]
32 0.15 Ru%; BizSra«La,CuOg:s (x = [192]
0.4)
Bi2212 BixSr2CaCu20s+s 2 | Sr2Bi2Os+s 4 | C2-B4-NC 80 [437]
85 0.26 Ry; BizSr2CaiLu.Cu20, [438]
80 0.17 CT,; BixSri8(CaixYx)12Cu0, | [126]
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with the SrO-PbO-CuOs—

PbO-SrO block layer

85 0.22 CT; BiPbSr2Cai-+Y.Cu20y [174]

80 0.25 NMR [122]

91 0.18 ARPES [172]

88 Monolayer [403]
Bi2223 BixSr2CaxCusOiors Sr2Bi204+s C3-B4-NC 105 [437]

110 0.25 CT [174]
T12201 Tl:Ba2CuOe+s Ba:T1hOu4+s C1-B4-NC 90 0.1/0.2 0 ~ 0, 5% Cu-for-Tl sub. [128]

87 ~0.25 Ap=-0.25 [170]

80 0.28 NMR; overdoped [122]
TI2212 T1Ba;CaCu20s:+s Ba:T1hO04+s C2-B4-NC 110 ND; 6=0.3 [439]
TI2223 TlBa:CaxCusOio+s Ba:T1Ou4+s C3-B4-NC 125 [427, 440-

442]

TI12234 T1Ba;Ca3CusO12+s Ba:T1hO4+s C4-B4-NC 116 Tl «Ba:,Ca3:CusO12+s [443, 444]
Pb2213 Pb2Sr2Y CusOsis Sr2Pb2CuOs+s C2-B5-NC 68 Pb2Sr2Y0.5Ca05CusOs [113]

*Chemical titration; ®Hall coefficient; “Neutron diffraction; ‘Seebeck coefficient.
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Table 2. Typical superconductors other than cuprates.

Valence fluctuation

Compound T (K) Related order Tiro o1 hwo Comment Reference
(fluctuation) or possible (K)
glue
Elements
Al 1.2 Phonon 296° Weak-coupling BCS type [445]
Pb 7.2 Phonon 56° Strong-coupling BCS type [445]
Nb 9.2 Phonon 150° Strong-coupling BCS type [445]
Li 0.0004 Phonon 344° Weak-coupling BCS type [70]
Bi 0.00053 Phonon 120° Semimetal with a low carrier density [22]
a-Bi 6.1 Phonon Amorphous prepared by quenching [68]
Ca 29 Phonon 229° P =125GPa [71]
02 0.6 Phonon P =125GPa [72]
Nb-Ti 9.8 Phonon Alloy for commercial superconducting magnets
Carbon-based
KCs 0.55 Phonon 235° K-intercalated graphite [446]
K;5Ceo 19.5 Phonon Fulleride; intramolecular Hg phonons [447]
Cs3Ceo 35 Phonon Fulleride [448]
C(B) 4-7 Phonon 2250° Boron-doped diamond; High-pressure synthesis [74, 75]
or thin films
TBG 1.7 Twisted bilayer graphene; adjacent to a Mott-like | [401]
insulator
YNiz2B,C 12 Phonon Ni*** (3d%9) [449]
LuNi;B2C 16.6 Phonon Ni*** (3d%9) [450]
Intermetallics
NbsSn 18.1 Phonon 124* Strong-coupling BCS type; Martensite [445]
transformation at 43 K
VsSi 17.1 Phonon 245° Strong-coupling BCS type; Martensite [445]
transformation at 21 K
NbsGe 23.2 Phonon 176" Strong-coupling BCS type [445]
MgB: 39 High-energy B phonons 700* Two superconducting gaps [61,387]
ErRhsB4 8.7 T. = 11.8 K for LuRh4B4 [323]
LuPt:In 1.10 CDW 480 QCP at 60% Pd-for-Pt substitution [278]
AuasGenYbia 0.68 Tsai-type crystalline approximants of [69]
quasicrystals
NaAlGe 2.8 100° Zn-for-Al substitution [365]
f-electron systems
CeCusSiz 0.7 AFM 0.8-2 SDW stabilized in CeCux(Si, Ge)a [295]
CeCusSiz 2.5 Valence fluctuations P=4GPa [284]
CeCu:Gen 0.6, 1.5 AFM, Valence 4 P =8 GPa, P=16 GPa [286, 287]
fluctuations
Celns 0.19 AFM 10.2 P=2.65GPa [296]
CeRhlns 2.1 AFM 3.8 P=1.7GPa [297]
CeColns 2.3 AFM [50, 451]
UPts 0.54 AFM 5 P=25GPa [452]
UBei3 0.85 [453]
UGe: 0.8 FM 52 P=1.6GPa [291]
UTe> 1.6 F fluctuation [65, 321, 327]
URhGe 0.25 FM 9.5 [328, 330]
UCoGe 0.8 FM 2.5 [329]
B-YbAIB4 0.080 Valence fluctuation? [20]
PrOssSbi> 1.85 AF quandupole order 1.3 B=4-14T [371, 372]
PuCoGas 18.5 AF spin fluctuations [454]
Oxides
TiO 23 Phonon NaCl structure; Ti** (3d%) [455]
BaTi>Sbo0 1.2 CDW/SDW 50 Ti*" (3d"); a square lattice of Ti [377]
a-TizOs 7.1 Phonon Magnéli phase; Ti*** (3d*7); thin film [456]
TisO7 3.5 Phonon Magnéli phase; Ti*>* (3d**); thin film [456]
LiTi204 13.7 Phonon 630° Li1+Ti2«O4; near Ti*5* (3d*) [457]
SrTiOs-s 0.25 Phonon Perovskite structure; near Ti*" (3d") [18]
T. = 0.4 K by EDL doping [213]
B-Nao33V20s 8 CDW 135 P =8 GPa; V*%* (3d°%) [277]
Nao35C00:" 4 2D SC; Co** (3d°%) [378,379]
1.3H,0
NdosSr02NiO» 12 Mott insulator 200 Thin film; Ni'** (3d*%) [382]
La;PrNi2O7 75 P =20 GPa; Ni*** (3d"*); C2-B2-NC type [383]1[17]
structure; Orthorhombic-to-tetragonal transition
at 11 GPa
Ba(Pbi-.Bix)Os 13 Breathing phonon / 195° BPBO [14]
Valence fluctuation
(Bai+K:)BiOs 30 Breathing phonon / 210° BKBO; x=0.4 [86, 349]
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SraRuO4 1.0 Ru** (4d% [114, 386]
KiWOs 1.7 242° [458, 459]
(Sr, Ca)14Cu24041 | 12 P =3 GPa; spin ladder [338]
a-Cd2Re207 0.97 Electric troidal 200 Noncentrosymmetric SC; spin—orbit-coupled [43]
quadrupole order metal
B-KOs20s 9.6 Rattling phonons 57° Rattling-induced SC [41]
12Ca0-7AL0; 0.2 Phonon [21]
Iron-based
compounds
LaOFeP 5 Fe*' (3d% [304]
LaFeAs(Oi1-«Fx) 26 AFM 150 x=0.1-0.2; 7c =43 K at P=4 GPa [306, 307]
SmFeAs(O1Fy) | 55 AFM 130 x~0.2 [317,318]
LaFeAs(O1-<Hx) 36 AFM 160 Double 7 domes at x = 0.1 and 0.4 [285]
(Bai.Ko)FerAsy 38 AFM 135 x =0.5; hole doping [308]
Ba(Fei«Cox)Asy | 22 AFM 135 x = 0.2; electron doping [309]
a-FeSe 8 Orbital fluctusation? Fe** (3d%) [312]
T.=27KatP=15GPa [313]
Tskr =23 or 100 K in a one-unit-cell thick film [404, 405]
on a SrTiOs substrate
(Cai.Lay)FeAs2 34 x=0.10 [460]
T. =47 K in (Cai.La,)Fe(As1,Sby)2 [461]
Organics
(SN)« 0.26 Quasi-1D SC [19]
(TMTSF),PFs 1.2 AFM 12 P=0.9 GPa [298, 299]
(BEDT- 10.4 [462]
TTF):Cu(SCN)>
k-(BEDT- 4 Spin liquid 250¢ P=0.4GPa [332]
TTF)2Cu2(CN)3
o-(BEDT-TTF)l3 | 7 Charge order 135 Uniaxial pressure of 0.2 GPa [346]
Chalcogenides
PbMosSs 15 Phonon 140* Strong-coupling BCS type [49, 322]
1T-TaS; 5 CDW 350 P=5GPa [274]
LaOBiS» 10 HP synthesis [463]
Bi404S3 4.5 [464]
BaFe:S; 14 P =11 GPa; Fe** (3d°) [465]
MoS» 11 EDL doping [406]
NbSe: 7.2 CDW 335 Bulk [466]
145 T. = 3 K in a monolayer [402]
NbSe; 2.5 CDW 59 P =0.7 GPa; quasi-1D [76]
Cu,TiSex 4.2 CDW 220 x =0.08; Ti*** (3d"%) [275]
TasNiSes 1.2 Excitonic fluctuation? 328 P =8 GPa [364]
Cu,BizSe; 3.8 0.12<x<0.15 [467]
(Pb1,TL)Te 1.5 Valence fluctuation? Tl-for-Pb substitution; x = 0.015 [350]
IrTez 3.1 CDW 250 QCP at 3.5% Pt-for-Ir substitution [276]
WTe2 7 P =17 GPa [468, 469]
Tekr ~ 0.5 K in a monolayer [470]
MoTe> 8.2 T.=0.10KatAPand 8.2 Kat P=11.7 GPa [471]
SceFeTer 4.7 [472]
Pnictides
MnP 1 FM/Helical AFM 290 P =8 GPa; Mn** (3d%) [302, 303]
SrNi2P2 1.4 [473]
CrAs 2.2 Helical AFM 265 P=0.7 GPa; Cr’" (3d%) [300, 301]
K2Cr3As;3 6.1 Cr**3* (3d*%); Quasi-1D; Strong electron [474, 475]
correlations
CsV;3Sbs 2.5 CDW 94 V46* (3d°3); double Te domes at P = 0.6 and 2 [279, 280,
GPa; T ~ 0.9 K for the K and Rb analogues 282]
KMn¢Bis 9 AFM 75 Mn*¥* (3d*%); P =14 GPa [476]
Mixed anions
Li,ZrNCl 19.0 Charge fluctuation? Te=11.5K (x=0.3)and 15.2 K (x=0.06) [226, 353,
with Li intercalation; 19.0 K (p = 0.011) by EDL | 355]
doping
Li.HfNCI 25.5 Charge fluctuation? [354]
La»IOs2 12 5d electrons of La and anionic Os; LaxIRu, with [376]
T.=48K
NaxCoSe O 5.4 [381]
Ultrahigh pressure
HsS ~200 Hydrgen phonons P =150 GPa [388]
LaHio ~240 Hydrgen phonons P =150 GPa [389]

“logarhithmically averaged phonon frequency; *Debye temperature; “Pseudogap energy; *Antiferromagnetic interaction.
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