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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 Tc lower than 0.5 K are missing: the perovskites SrTiO5 5 (7, = 0.25 K)

in 1964 [18], (SN), (0.26 K) in 1975 [8,

19], B-YbAIB, (0.08 K) in 2008 [5, 20], 12Ca0-7ALO;

(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 with wavelength A and
wavevector k. The kinetic energy increases with the magnitude
k, 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 (1 = )
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 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 ki—k—k-. Focus interactions
include electron—phonon (e—ph), electron—clectron (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.
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Fig. 4. Cartoon illustrating how electron correlations affect the
crystal electronic states. As the parameter U/W increases,
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 CuOz plane of copper
oxide superconductors.
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Fig. 5. Cartoons depicting how the electrical resistance R
occurs in a solid and how zero resistance is attained. (a) 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. (b) At low temperatures below
Tc, 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 and thus 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 7¢. 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 k’f. As a result, a
positively charged region forms (a phonon is created) and
persists for some time due to the retardation effect. 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 assume 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 &1 and —
k| that couple via electron—phonon interactions are added just
above the Fermi circle of free electrons [7]. The pair transforms
into a boson with a lower energy than 2EF, allowing the two
electrons to enter the Fermi circle. (b) In a Fermi liquid,
electron—phonon interactions destroy the Fermi surface. In the
thin surface area between Er — fiwo and EF + Fwo, all electrons,
including thermally excited ones at elevated temperatures, 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 T, resulting in superconductivity. The superconducting
transition lowers the energy of all electrons near Er by 4,
opening a superconducting gap of 24 in the DOS profile. This
adds a sharp DOS peak to the original rectangular DOS
distribution beneath the gap. The magenta broken curve depicts
a DOS profile from a blurred FS based with the Fermi—Dirac
distribution at a finite temperature.
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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 7c of 1.0 K [43]. The
two-directional arrow represents the magnitude of the jump at
Tc (AClyksT:), which indicates the evolution from weak-
coupling for Cd2Re207 and CsOs206 to strong-coupling
superconductivity for KOs20s. The data for KOs20s below 8.2
K have been deleted to conceal a sharp, intense peak caused by
the structural transition at 7.65 K, which corresponds to a
change in K-ion rattling. (b) The superconducting coherence
length (£) and upper critical field (B.2) are plotted against 7.
(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 7c ~ 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 (An) increases.
Superconductivity occurs when wavefunctions overlap and
share a phase at 7c ~ 7. This evolution, known as the BCS—
BEC crossover, applies 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
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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 £ 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 La>«SrxCuOas on the right and Ndx-
xCexCuOs 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 used are superconductivity (SC),
antiferromagnetic  insulator (AFI), spin glass (SG),
superconducting critical temperature (7¢c), antiferromagnetic
ordering temperature (7v), and pseudogap temperature (7). 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)
Laz.Sr,CuOs (La214), (b) YBaxCu3O7s (Y123), (c)
HgBa>Ca,Cu3Os+s (Hgl1223), and (d) Bi2Sr2CaxCusOio+s
(Bi2223). The common CuO: 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
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square (only Oy exists). The O. in (c) Hg1223 is rather bonded
to Hg to form the HgO> dumbbell, resulting in three CuO:
planes stacked and the highest 7. among copper oxide
superconductors.
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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 O, atoms in the CuO2 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 Cn 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 are not included.
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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’ structure. (b) A double-
sheet rock-salt block layer (B2-NC) sandwiched between CuO2
planes, like the La>O: layer in La214 (C1-B2-NC). The La2O2+s
layer in oxygenated La,CuOs+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 CaF: structure type double-sheet layer (B2-
CF) is found in Nd214's Nd20z 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-Ba0O, with Os at (1/2 0 1/2) and (0 1/2 1/2) in
YBaxCusOe+s. (f) The rock-salt layer, Sr(Ba)O—[Bi(T1)]20>—
Sr(Ba)O, also known as B4-NC, is a four-sheet block layer that
occurs in the Bi and T12 (double sheets) series. Excess oxide
atoms can be incorporated into the interstitial space between
the two Bi(T1)O sheets, which corresponds to the oxygen
position in the La>Oa+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).

B3/IMO-M’Os-MOFifEaHH, MZ(0 0 1/2)ITE Y 2k
X, PEmE CRBE S DB FEAEISCC QEROMEER L
%. K17dDB3-NCIZ(1/2 1/2 12)BRFENLE 2 O R
ETHY, Hg, T, Cu, PbR72E, il % 1XHg1223 (C3-B3-NC)
IZHRBNA (K 14e) . [M17eD a7 2H A MUIDOB3-PVIE,
Y123 (C2-B3-PV) (ZHi41 ([X114b) , FRFEAM(1/2 0 1/2)&(0 172
12)D % E5HT5. YI2Z3OMEWELLT, Tuy/E
PIZ2H D Cu-OTfi A5 1 Y124 (C2-B4-PV) &, Y123L2Y124
TN ZE HAEE 4 5Y123.5 (C2-B3/C2-B4) N FIHN 5.
DX 17fDB4-NCIE, TI2212 (C2-B4-NC), Bi2223 (C3-B4-
NC) (K14d) 2L I2 ABNAEH1Z, Lax0r+s& AL D Bi202+5,
ThO2s® E FIZHR45 DSr(Ba)OY —haH D, 4K 1)
Db E T vy /8T D, TI(Pb)RIIEFIFMIZ2
F¥aD 7 a7 @, TI120172E OB3-NCOTI % (1D TR
FfiE G 1) BLOTI20172E DB4-NCOTI2% QAL DTS
T DFAET .

AHREE N L DEILEMITB W TR ETHHIE
EEBTDHE, ALVKREV mELDEWT oy I ERH->ThH
AHEER T2V, EERITPbSr Y CusOss (Pb2213: C2-B5-
NC) IZEBWTC, HiEMEERE %1 D SrO-PbO-CuOs—PbO-
STODBS-NCOREZILTUVD[113]. ZDOMMDOBSRLEHITm
KOT oy JEs a[HE12 5. B6-NCEVEAIZIL, #ilZ1EB4-
NC (K17f) ®_F FIZSrOffi & & i v, oA Em
ZH OSSO &R E L Th 7y 7@ 2RO IEBRIT LD
59, R KEZOAERMEL > IEOEEEE DO AE D
WRAREERD. INEEEFEDDLE, HEAEEEHT5
BEWVSriOfdh iz, Pl i — 24 TEBNCO
(Bi202+5)@ 20" 7 11 7 J& & (St 1 CunO2n) * HARE JE 2 AL D
SO &I U CA AAZ A MIFIZHE D IA T e & N E 2 LD,
—JF, 7ay 7L TPVREE WAL A[REZ A, X
TANANDERED SN B BT DHE, YI23OPVAI T oy
IR OPVRI T vy /g, ZEOPVE, SHIZPVENC
J& LD AEREICLDIENT 1y /g (Pb2213D 7 1y /&
DHFRDCuONPVIRLEHD L H72858) > Th R T
720, 72720, BEE OB R BAREE DO CuO2 i 235 S
NDHZEITRET T2 DT, Cul M7= E 2 S fthd3d

18

BB AR ITE CEMBINDII W E T VAT ELL7
U,

Htk, EOIORETT vy @ hkh OSBRI LI
7oL TH, 22 TOHFRIZL 72035 TCn-Bm-(structure type)
LR T AIETUTIRE TEHLEE XTIV, —JF, Zom
ZAEIIM OB &R DO IE & RS T DI E ITH
WHTE5. iz 1X, SRuOs [114]1XC1-B2-NC TH Y,
La:PrNi2O7 [17]1£C2-B3-NC&72% (5.68) . 7272L %<0
BISNCEILADTZ8, A IZL>TEC-BmD B TH4725
).

4.1.3. FYVT R =7 D= DAbLAE

CuOa i ~DAREX Y TG IX 7 Y Vg2 BT 505k
B IR IR R E A e L OB E iz @l CfThhb. 7B
— LR =7, Bz 1EX 176D Las.SryCuOsTlE, B2-NCH
Tyl ELa0, DL AT DA S AT TTH A
WZEHL 7o b X, BT MESR O A SIS IEE M A AR —
X7 ELTCuOL I fitiviAte. 7y /@ DLakSrid~
TVRYEN T RIS E TIRREE R0 2, 223, 2
M FERITA T ALL TOBE LRI NADIZKL T, 7x/b
SHENLITEE IR RE A AL DA HE AP D CuOL i 13 AT
OMiEHTD. fERLELT, CuOf DCudh=) DE—/LEK
PlIXIZEELLRY, HfliZaR— LR —E s Z G 3 0 SE .
[/ UAl 1 % 1 7°C1-B2-NC D Caz-.Na,CuO>Cl, ClHCa?> % Na*
TEBRL CRBEOFR—/VR =72 Thbib[115, 116]. —7,
SrRCBa R LA T, O D& F CEXH#AZ 72B2-NC
W71 7 J&Sra(0, F)2X°Bax(0, F)22>HCuO: i 2 A — /L Mt
aSa[117, 118].

ZDMDAR— VR — 7 RER TILRFIEESE 053 F vV
T ORHEIRETR DG AL\ IBFIEEFE 1 Tp = 201K TD
R VBT D, mRIERE RS RV EY 5D 55
&, RIS S A ENHIRSN, 7y sEor—1L
BERRBE NI LB )/ N &< 72D, Bl 21X La214DRHFATH D
LayCuOual T 2 JoI e 55 2 W L CTLaxCuOas s 72 52 L3
BN TWD, B2-NCH T 1w 7 8 Lax 00 s D ¥ AL & (X
17bD/NE72 V04, B2-CFOREFALE XS T5) IZB NS
AU ER SR 3 A — VR & 720, LaxCuOa+sld38 KTl
(R ZIRI[119]. BRI LIZ, LaxCuOsositBHE250 K
VLT CLa2CuO4.01 £ LaxCuOuosl ZFH 73 BEL (Z DO REIZIEIRFN
FRRIEAFAET D), B33 K CHBIEZ <120, 121].
ZORERPOIHFIE R XA S K TR EEZBE TE5T
EDGIND . EERATE LB ECEHI B I B0 i KEI1Z0.13
(T. = 34 K) L RFELON-. —J7, K17fOB4-NCT 1y /&
TIEHFROBL0245/E, ThOxBITWFIFERFZNTFIEL, Z0D
NEIE T Lax00+6DEFUTKIN T 5. #2835 Te—p PRk (X125a)
BT DI RA— NV EORIFRDNERIFERE O A LNETHE,
Bi202+5 (Bi2212(ARPES)) , Th02:+5(TI12201) 15130.29, 0.20
FRELTPHENS. fif FL LU TB2-NC, B4-NCOH Kk—/L
HEFARE 11130.3, 0.4-0.6FRE 705,

B3-NC ([¥/17d), B3-PV ([X]17¢) CTiXHg, Tl, Cu, PbZ &
To S oD I PN OO R AL E | SR IR R MFAE T D720,
H 2 OfF & FFR L CRE I — VAR RE 1 &2 8
9%. B OHgRDB3-NC BayHgO2+57 27 J& TIX0.4F%
JEDRERODHMAESNT-[122-124]. B2, B4LHE~_TELD
MR B AN A[RETZ N, N THOT0.52 BN EHITHS.
B BFEAA DT —ar KIEDOT-DITHIRESNADTE
%9. B3-NC T, {82 ERIHEKIEOFR— VA TG T
X, O3 BIR B Opldik K0.33E705. £FH DY123DB3-
PV BaxCuO2+sD 7 17 J& TlLID I KEIX1&725 (54 =R
12). [nE @7 ay/ BICE ENHCum 3 XTI



72D DIFIMEN05DEETHD. IV NI EE, ETFE
e 3 JF AN R ANAC YL CCuOEEZ TR 95 (X 14b) . 2FEH
D Cu~D 7R — /L 43 Bl 2318 ok 5 D & L 8T Ak (B D Cud
B D) IR AF T D720, MR T—o Btk %2 R~
[95, 125]. E5126 = 0.5CREZD —HIBE ORI HEMES
EIETD. — T, Z<OWER, #lx1EC1-B4-NC Bi2201
® BiSraxLaCuOeis [126] =° C2-B3-NC Pbl212 @
(Pb,Cu)Sr2(Y,Ca)Cur07-5 [127NTH T, IERFIELIEE AL TT
FEHOW 5% AV CTIRIA A — VBRI M Thh-.

A EDOR =NV R —7RIZH LT, K17cDB2-CFRI 7 1y
JETIXE R —T ORI a[iEL725. B 21E, Nd2xCerCuO4
(Nd214) TiZ, N A AL % Cer A4 TEHTHZ LTI
B BAERL, ZNACU0EIZFIVAA TE LR —781x
WA Xk T3 (4.8.160) . B2-NCEB2-CF7 a2y 2@ D N
P ARIIRELTRD, /INSORTE 38 E T HCuOsifi 2 L d
L, REWEFILG]-8ED. FERELT, ThEhds—L, &
FR—=TWAREL 72D, IR 7R BIEAS NIz —)L (B 1)1
CuDEAMEE BT 2 (FiF3) 728, Cu—OREEE AR ({#
R) T AN THDH. —J7, K17a0B1%H 2 SrimNdCuO2
(IL) CIE, Nd* A A i3St A4 ZE &z CEFRN—T¢
72%. SR DI DBl 7 vy 7 @ 1213k A OfiIF)
e AN

4.1.4. BHETALFR SR — VO RFEHD

%2 OYE S TR 24 B oo 58 Db Eom Fe LR I
FHLLZR . 1R Bf, 2F D48 YA ME OFE A E
FEEFEBERLRWIEEBIRANEZDZED ML TS, —
B ZNHDOELNZ STERITHERR T Z LI IR EETH 5. 1000
KLl EOEIROE BRI 58 )1 500 2 E LR ME
FRIRENSTNDT-OTHD. MEDOLEERD DD
IR RLF—TII R U Z A —ThHY, ZDOH o=
Vhabt —HIEEIRIZFE SO RHAMEEZEAL T A A
FAZEHIR T DI, +0IKIE TH T IUT KBS
P22, ROSREEER L Z BT, RH07 BB O
B —L72 b (WE A ROV =) . 72171, CulE It
B K& SN L, SERABCAL D R R B BR
BEifteZ LD, CuO2 DA MRIBID T R 4
JBILFE LN TEHKE FICERSNAZEIFIZEALE RN
[109]. ZAUTEBR L BIREIC L > CEERZETHD.

B3 7y 7 J@ ClI TP R 4 @ YA M RISt T 35
BN ZAZ LRI TS, TR TIETIE B 2 Cud
By B A 2550 [128], HeR TldHgD —#%Cu, C
FTNTCONEH T H[129]. BRICRBIR TN EETHE
C1-B3-NCDSrCu0,CO: 72 5[130]. SHIZH 4@ Ak
ZAuCFe CRBIZE S WX T-WE RH LN TWA[131,
132]. — 5, Z e MKICB W CHMRE 215857012, &
K BFE TR EADMTONDLZERDHS. HlZIEE KD
L Bi2223 (C3-B4-NC) il BFH L 9-5729D12iE, BiD
—EBAPbTIEHAT DI ENA RN/ DH[133]. FEFREL TS5
D4 )&t (Bi, Sr, Ca, Cu, Pb) D& FNHI LI/, fRF &
Nz CEAbF A EBRO DI E T HZ LI Al eI
V.

WEILAREIZIR RDI01C, S b B RS OMEZ M5
ECROEEELRDDIIT.LHR— NV EpDOEBRENAHZLETH
% AR AR FAURE AT PSR E AW TEE T
Lplaz AL DI ENTEDN, EHEMCFRR S i s
NZNENEEE T, (LB Dp DR RAEH D2
W TEIRNWGATYH, BT EH-CRE R R ORIEIC
KO p AL A R CIREL, *H T DT b x5
MTAHZLITAIRETH D (4.4.36, K245 M) . EIRLFE

19

OFEHELBENT, LFHRE R FIEERBRZEREL CRE
7R B EDZ L, SN E O RHMEICEYD, TXD
ROEHE CEAT—pBREZHLNCTHIEICHD. — 7,
4458 TR RDLEHIT, Cu NMRS°PARPES E R % R\ Tk
— IR BIR E O EL R ES RAEL SN DOpIl I EHETH
D, FEMEMEWVGEELEL, T2 ELIRONS. EHESh
7o T — AR EE (ISR T, B S B O 7- 60 (2%
LUK ZENRDBIND.

4.2. CuO i DFEFIRHE
42.1. Evb(ERBE)) Mg

R DOCU A A N3P EIREEIZHD. 6[HDRIEY)A
AT EERRICENL S D EE, DY —0 T T —%)
ATV INHEAAED E T OBHER, i BN O IR/ Rd—
VHLEP T DDA EICEY D DD (K18) . d?—2 il
TEH O E BRI E N D4 DEAE A A 0pD J5 AN TR,
ZO2pfEE W oA TEAEI TS, — 7, THANLELC
HD0ENT B FI A A U HE B T DL 2END. thiRD &
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VDOIFED BB R B R A .

O, § Cu(@d) T
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Fig. 18. Basic energy diagram of the CuO: 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 Op 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
Oy'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 (dLus) 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 duns. 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 dius, resulting in a
Zhang—Rice singlet (Fig. 19), which is responsible for
superconductivity.
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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 coupling 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 ferr in comparison to the insulating
magnetic state. The total energy change (AFE) is 8J — 2. (c)
When two ZRSs are paired at nearby sites (blue oval), the
magnetic energy loss is reduced to 7J, and the kinetic energy



gain is reduced to ferr. Thus, when J is greater than fefr, 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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Fig. 20. 7-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. T: 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
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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) 7-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 density 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 7c. 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 Tp. BCS superconductivity occurs in momentum
space when larger d-hole (d®) pairs, as illustrated in (c), form
below 7, and immediately overlap to one another to be in phase
below Tc ~ T}, producing Cooper pairs. Higher doping above
the end p. 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 TI12201, 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 7 and uSR
relaxation rates extrapolated to zero temperatures. The latter
scales to ns/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 C1 (triangle), C2 (circle), and C3
(diamond). The boxes show how the ns values at the peak
maximum differ from that of Cl1 for the same m". The
corresponding p values per Cu in the CuO2 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 CuO2 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 Hgl1223 [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
showing (T/K, p) = (72, 0.27), (42, 0.30), and (0, 0.41) (open
circles) [171]. The ‘C5 (NMR)’ plot depicts the Tep
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 CuOz plane [173]. The ‘Bi2212
(ARPES)’ plot uses the ARPES dataset [172]. The dotted line
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on the left side depicts a possible 78 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
Bi2212, Hg1212, and Bi2201.
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Fig. 26. Tc, 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.

[X261kE % 72 R L TR DI Teo b po D BRZ £
DT peDPTEZ I T D EBRAIIRRFENS DD, H21%
Bi2212Cl30.17/°50.27DJRWEHIZ A 95, £ TH7R
BBi%, HgR T, nOHNINEEBITpol TS EHITH X HIH
SBAREIC R TEND. DT —HHE2IREL T, ToldE
1EE PN REL, BTN 100 KEABZ DA Dpol30.20% 1
2%, ZOMEMIIHER 7 2y hORBEFES L, 22 CCHIpo
=0.16%0EL TRAEL572C2, C3Dpo = 0.24, 0.26- 6754
95 (1X123) . #EREL T, TeokpoSIEOFHBEZL ST EITAL



CTHY, La214Zx DT/ Teo = 1 - 82.6(p — 0.16)*DBIFRIL
2= 7 — P eb O TRV SR RSN,

4.4.5. HR—)VRERELEEEDOMD TeopoT —4

TR — VIR E RO DT O EBR TIEO R85
AR HL BT, poSEIKF T D2 BT 7
DICHIE CHW T — 2O EBINOT — X &R T . £
T, HIDWEERRIZ/2 DD T, BROZRW G X AT L
TREIZHEA THHU L.

Fbis oo % VA L 22 & (Chemical titration: CT)
WZEDCuUD M AT iZp DR EEEL TH H TH D174,
177]. $REE L O BARRE 2 IR ISR L, Rl Y
U LRIREINZDE, AUAEAA T B ERES T Cul 23k
L, [RRRCay RL3WERET 5. A UT-av e T A4 ik
N LEHEVR R KO E T HZET, JTTOSA A Ofifk2
+ pERDHTENTED. LaissSrosCuOsD b 7 iE C WLAg
HHNTHOMEX2.140THY, /I F N 7pxt I — T 5
[178]. FFET NSHERIL, AIHEICRLIZINNG, KU T =25
KZHOLa@E#iBi2201 Dpo30.12THY, La2l4k VA &I
WZETHD[126, 174]. RaobIT I A FLIZ T3 O RIFE
KE W poeb D A %2 HHL7Z[174]. CTIZZOMich
Bi2212, Bi2223, Hg1201, Hgl212, Hg1223\Z5# &7 (3
1, [XI25). 72721, CTIZ T RE Cld7e<, CuO: i LAFMZ#i A3
FAET DA (B 21XY123) I oM LSS 7
Wiz iz 7. F2, BiRTIZREDMBRENLYD
aliovalent T3 DIELE FTIE, Cu iz RAELADITHEE
DLHELL72B[177, 178].

PALFHRARIRE 1L L L T R P+ BT R DY — kX
IV X DREEMAT S LIEUIE AV BILZ[97, 123, 179-
181]. FRPHEF- [T SEBR I, 4B IS SRR XA [a] 7 & b
T, HgoTIZ2E D BRI\ JER DFFAE T CHER iR
DONLE SR ARG E ISR OLZ LA HEET D, F, —
BRI HEAE S RN KRB I B i E S E LTS
0, SR TIEF DL RORESE L4 THHIEND
AR J7 703 RE TR E AT IZE L TWADI5E 0
20, By R A E T BRI TR CHg R IS B WO Tl E R
&= (FD . FFETREREO—2LL T, (UARGIEE
EROVEREHE R EIT > TR ZHIEIL, (Lo 1
[T TR A2 BRA L Cpa ik @ LIRS R, Te—pD /TR 773

BARRZAENZ[129, 176]. SHIZELEEIV T HDC, C2,

C3ZH LT, po ~ 020022 ThHhHZLH R L. Fr iz
Hgl201 Ti, & @ T = 98.0 KD ik Bl o fb F # ik &
Hgo.97Ba2Cu04.059(CO3)0.008s TR E L, p = 0.20%1572[129]. =
DHEIDEHIZHg R TIECIF T (F721ZCOs55 1) DHgH A MNE
HAAGEETEES, 2N A BB T IUIHEERNT LCTOLOpfE T
FL—ETD[182]. ZOIH e EREEDOREER EIXIFEAL
1ThnBLT, pOUERIIELND.

K BIZCuO M NG TDSBCu NMREBR N HEHT-
FAR T RD AL [R5 D EIR TOEKART) D p LA IEE
fRizHHZEERHL, pEiRET D72 DOBIRA

p = 0.502K(RT) + 0.0462 A8

% NE[122, 166, 183-185]. FHBIZEALE = —f 3L TlE
Presland D 6% E L CHIE L7Z B4 (p = 0.492K%(RT)

- 0.023) BSHWBLITZA[166], Ada L TIEERE HV5H[122].

ZOpREFIETIEFITH AT, X8HHF IR L >l
TRV EIZHEE TS, BR—7 Tl EOKITIR
EELET, KORTIEIWEEE A SNS. — T, KR —
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73T RORBENEAR B DR 108 v T AR (4.8.2.20)
DEBEOTD, KATBHE TR E L TR TR 35.
FE RS L THEERICER COEBHNBNL., £ZTOR
SOIFFANEITE R — 7L L TRV E B 2D 5[122].

NMR FEER2HC1DTI2201 (Te = 80 K), C200Bi2212(Z %}
L TEBNTZpolE, EIE10.278, 0.25THY, Ed0.1650
DMK E. EHICNMREBR DS i F I # 72 HCutr
AN EHILTBIMHTEAHZEAFIHLT, Y123DCuO: i Dp
2T 52 L AT BEL 720, po = 022318 D472
([X126) [122]. XI25alZIEINMREBRNLIRESNTZ, ZJE R
BREARDp, = 0231211 ES D TepBRIVREN TS
(4.6.2f) .

ARPES EBR I ZBLES -7 = LI H O KRESHIEMER
B A RAEL D172, 186]. Bi22 12 CILIEF v —H
DFEDLT =— /W ZID REIN pE B LS D ERP TD
N7z, 55372 T R — A Presland D/ N TR F AR THY,
0.02721F i R — 7l 7 hLizb D Tdh - 7= (X25a) [172].
APRESZEBR L L\ pik E FIETHHMN, FEERIZE R R %
VLT 500 TEHRIZROLND[53]. BT, /hE7R
RV ROV S VDK R — 7 8 Cld W ME R ME DS
RESNVDDY, RERT =N O—HR AL 2D —7
I TRV, FEREL T, ARPESIHIERN — 71T,
NMRIZE R —7 I CEFEMED @O E Fike 7.

R /AR RS0 B — oy VAR E P E 72 & O s BL G
ENSHHpA BAELHILTZ[140, 187-191]. LL, ZHH0H)
HENZ Y20k 5226 TLE A TR, Shicl
XU IR CERNR AR EIE 2 R T 272D, Ry
MEROT-pIIUDIK TIXENLLWMEE 52573, ODIKT
ILZD TRV, La214iZB W CRu RO 7-plXUDIE Tl
DI BT 523, ODIK CTIXRENANT, BT/
KELTLEWD, BHLMIZIELW LY E 5 2 720 140,
187]. Bi22120>UDRENTIE, RudboEb L L Wil A 525
[126]. F7-La@E#ic kN T.2332 KIZ_E5H-L72Bi2201 (Bi2Sra-
«LaxCuOy (x = 0.4)) TlX, RuhbHpo = 015035541, ZidTe
DTV La214DAEIZUTV[192]. —J5, TI2201 DODRET
RuS BFEL - T2p DAL, 443801 D X24 Tk 7=k
BN ERDT-ApEF JET H[188]. ZDIHIZRuHUDIK
TOIpDINEIEZ 5.2 52 21X, 43281 Tl 721912,
K=t 7 L (TR — /L OB HSUDIKORL - 50D D
INURKHB LB T D LIRS THEEBZOND. [ERE
LT, =R T — 2 DB O T—pBR DR EEGHTE
ILREETHY, FERIITIEE DM B L/2D.

PLEDINNT, ptiEITIThE & 22 BB R EE T & ELED
2, B FEOE R L E M2 T ERES KT 228K
v, AiHECgam L7z TelpD O M 28 B Clivz.
TlL, 448 CEEDTZER T REERF LT E2<HH
—g—éf:y)iz, Tco%i@po@{t%{ﬁﬁ%&ﬁfég%%g
T 5. ZIURE I AT FEIR L 1T Lo TiRb FID 72
WZETHD.

4.5. N TeZFDDHDN?

Teok pe DAL AR W) % LT 52 DD E[R &L T, THARE
FORFN L2 HDSLZRSD L EM: (4.5.14i, EIZ0ODIEK
T, BEOTUF AR A%H 5 (4.5.28]i, UDIK TR EM
R B9 ICE B LEY. P BEOLINETONFEICE
WTHRRBMSN TEXERTHLN, ZZTEmELEZEHE T
BEMNGERL, ToBLUp DB IR A BRA 7250
HH 2D, MA Tl AT HHEIOEREL T, BInE)E
DEINET LS. ZOMEIFTHR— AR =TI T 23K
TR ERRFFOLEMEEBMRL, TARRFE R LFEEOR



BT, ZOMICELCIZ B RWE DO ERKE RLE
DOET, 47281 0B E K OBLRIZBW TR
T5.

4.5.1. TEREESE OEE|

21@*%$BIT*E;EU_J:9£ K= LB Tl
B RAFE T pl 59D TefR T O“CJ:%T%) P CTHD.
— 07, BOREBNE S0 7T RO EREEE LB 5] S8 EL
72O TN T30, polh FIZ72 8 LTI ITHR L 5. 4,480
Tik&)fu$ﬁ$T7om/}‘(23)cho paE?.H*ﬁ(.26) X, ;b\
TeoNEN L DHE—NVEANTHELNDZEERAMEIIRT. D
FOE W T2 b OWEIZE, T,D TRV TR0 ERD. &
DIZ Teo DR A7 (1X122) 2D C3 T i D Teo N FH D
EVIORHEE, nkEHIZTD TRV D-D Ao Tped K&
<72a@ C3%@26Hﬁﬁﬁ7ﬁ§i¢;ﬁﬁfé EEEWT S b

VBT 2 EEARERIE, KH =L micE-> TIRESN
T-TH MR FE DR EITHAI[193]. WHILTE S FLFE 0L N
R Op A MZHDHH— KT DEFER T Vv L EH
L, TOENPRKEVHEIZE B Toab DWW L2 E 1%
RHLZ. DFOR— R0, A Nt TelEE, Tco}:pmif%K
IR DAREI DD, WiZ0.23CuO: A D FEFIRREIZ B A M IF
L; %@g“j%ﬁ)gﬁbwi&Tco&in‘Fﬁ)

45.1.1. RN R OWEIRTTE

K150 EH1Z, CIOCWR TIE ETIZ2oD0%, C2Tik
— DI, C3ITITOPH D, IPIF0AHiT-720 . Lo TCuOs
ﬁ IR H0.DE BT Z DN/ NS BIET THD. bL
THA %‘%TPODT#%E@ELTEO%F PRREIE LA ROV
X, BRI T E91Z, 0.0 BZZ T2V C,
C2, C3DNAIZ, MWW TeeMFHNDDIXAREE 2D, — 77,
[ UCn T Cu—OaFEHE (d(Cu—0,)) 125 U TE D 2 3254,
T 57259, C1OTI2201 LHgl201 D d(Cu-0.) 1L TN Z
2.722 A[128], 2.79 A[194]T&HY, La21402.4 A[195]& kA~

;tzm IZEV ([X28) . 1»>TTI2201 £Hgl120113 /SN TH
NRFN RO, IVEW T b OZElRD. WHEDTR
wA 1T LAK2TOC2, C3DR—LD LT, LhEk—7 15
FCTIRD > TNBLETFHEIND. :@%ﬁi‘zzfﬁfgcuzrﬁ
FARERTDIELDED—KTEAH. —F, ERRELYL
DUMNFFTZ720C2 TIEd(Cu-0a) D IEH DX DR, /5L,
C3 T LA DIPOIFENEIHIT/NSREL SR L5,
H 72 212 Hgl1223 D OP D d(Cu—04) 1£2.82 AL KX\ [123,
196].

THRRF N RICB L CHLBRE O E R X, \HE{EDTE
HYARMZENENFRCIA A4 % D ClL D SkCuOsFais
(F214; T. =46 K) [197], Ca>-Na,CuO>Cl>(CI214; Tc = 26 K)
[115, 116, 198] THD. THRFEFRELLE MliDfEA AT
HDHZEND, La2l4DE DUl OB LA A4 LT,
CuO: [ (2% T B B BT/ NSV T THS. fEREL
T, MEDNTF21413La21450 @\ Teoi b 0. LOSLCI2140D Too
L, THRAF VRO T RCO T DI F A
ST A LT TERV. IROA52E1ITIR B L9012, Zhb
OYVEINLE T HIER =TI CHE L7 T 0 X DR AR R
DEEHIE B NS, HEHIZCRI4DSTMERIZIHBNT, B
W70 R EE)— M S BRI S LD [199].

/\n\
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ZRS pair d-hole pair

Fig. 27. Schematic representation of the 7.—p relationship for
the C1, C2, and C3 compounds in the absence of randomness
effects, demonstrating the apical oxygen effect. The 75 line,
proportional to p, represents the BEC temperature in two
dimensions. The 7}, curve, which generates hole pairs, shifts to
the right as the apical oxygen effect decreases from C1 to C3.
The Cu—O octahedron in the inset illustrates what happens as p
increases, particularly above po: as Oa approaches the CuO:
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 Tt at a larger po.
4.5.1.2. THREBRRERDRORN —E L TR
THRBRDINR - LY LT D ERGEEL
£9. C1dLa214 [195, 200], TI12201 [128], Hgl201 [194]iZ
BIFHCuLOpB LV OMERHEDO R — o 7R AFEZ 12812
R EOT —HE R A S D —E OB
TAT O R FPEF BT 2B RISV TnD (C2,
CTPHL T, FRERMDIFEERDT —Z N B T2 . p
DOHERMEINARBAZRTI, Hgo Tl — V&2 (b0 HZ2EL ¢,
WFIEEFE YA ROsD 5 2 g(0s)x e LDV A D A
RNITHY, RRDMMBOIRFIZEDEE 2T, p =
2g(05)E70%. EFRITITEI TRWZDIZTTNAEL LN, 7K
—NVEEALD AL EIRDTESD.
EOMEIZBWTHA(Cu-0)ITAR— /LR —7 L e 1T
\—]sz’) Té ZAUXCUOH DR — VBN X HEEDIE
E&ﬁ“i BT b 0005 X FHEONHI2D THD. La2l4
Tlix = 038ETIT13% M5, ZDEE(Cu—Op)b [FIFE
BED11% WA T 203, BEREREWZEIZHFH ORN—E 7k
T BN 725 . d(Cu—Op)iFord b ITHR AN R E
DU, BRI BEIA R DI LT, d(Cu-Ou)lEH)
WV EZDOBABITDT 5. EHLOR—E U RTEM:
DI podb T2V TR D IR ZD. — 77, TI2201 Tldg =
0.005 CREIZfeiiiAs — LV & LA BIZHY, 0.028 THERIEDNH
25, ZOXNODIK (Ap ~ 0.0461Z5%5:92) 12BN Td(Cu—
Op)ITIEEAEEALLI2ND, d(Cu—O)IT. DL T EEHIT/N
&<725. Hgl201 Tldgn30.04-0.23 KELZELL, ZhiiAp
~ 0.38IZHKIGL CT R — 2DIRE &I A I/ —F 5. ZZTH
d(Cu-0y), d(Cu—O0x)EHIZHFHA L, d(Cu-Oa)ITFFITpolh
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AR IZa M <EmN R TEND. DL EDOFEBRFFEIL,
OuDCU~DESENTAR T DB &4 L/ AT LA TRIBT 4.
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Fig. 28. Doping dependence of the Cu—O distances, d(Cu—Oy)
(left axis) and d(Cu—Os,) (right axis), as determined by powder
neutron diffraction experiments for (a) La214 [195, 200], (b)
TI2201 [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.

4513. ZRSORZEAL
TH SRR IS TA BT 2B X ZRSOZ EVEICBIR T
HEEZZHIDH[193]. Hifi{b T 5&, 0.3 B TWDIKR —

29

TR CIIA— VhTX0, FIZWTZRSEESD S, m R — 7
THRBEMED DA H720.3CulZIE Iz oN T, K27
DFAK D IO BHCUl | EFELND. KI8D TRV
X =AY T T LTI T D000 EXFEICIY,
SN dins S RS E3D, OpD2p/ S RS T35, FEREL
T, dplRHEIIRES TR—/IREE~DAELIE D % 575 K&
IR0, BREX YT/ X —Dph— L nbdl— /L ~&
WAIZEALT D, OFD, BBFEOpHR—/LZETZRS (d°h) 1
REEAL, dBLE IR E A 2R 72ndds— L (d8)
~EBAET D, K28D I pi B % CODN B I ZCulZ UL
LDOUX, pAR— IV BITVMLEIZHHIAR—/VTH ETHED
NDTEDOTEAY. =TI EIZRS ) DA — /L ~D Ry
ZE{b1XZhengH 35 L URybickin 12 L HNQR/NMR F R TH
H=FTUB[201, 202].

DL EDEE25 FLIC 2T O BARR A K 2 kD TA L.
R =7 HHENZ BN TTE, FURhSHplZ L T3 53k
HAOBECIRE TR I > T ERT5. 0.420F>CI T,
BN TE SR E R D=1, ZRSHHATR— /L ~DOBATH
DI — LR TS, R —/WICuAE L B HZHLT
LEI=D, £ TRUWZRSE LA TRRBEMEAY R 7 7
TUUREFELLGID, 51 OEFEN BRI KDILDITE
7R FEREL T T2, TAIZCEEf T BEN TR T3
HEEZLND. —J, O& 1 DOULNEFZ/2NC2EC3DOPT
1%, LOKRERp TZOBITNRIDT-0, Tofkh R — 71
WZRBEIL, KE2pe TRV ToMEFHINHI LTS,

OZFFT272W\C3DIPTIE, ZDLH7RTH M e FEIZLHZRS
REFEALDEZSNW=D, TefRIZin > Tl LR LEeT5
7259, LILRnn4 3 281 B L O UZBEIL Tk ~7=191Z,
CuO: [ DR — VBN 2 5 &7 = VIVEN MK T L Td-piR
FRAME R L, B fEHIIZIZZRS AR — L~ DA TITRET &
AR, X CHRG R KD, A D726 5 BAE F Jerr
DN BDB LAV, fEREL T, 0.V DIGH &FIR
2, THLBIOTIIRA IR A3 Ch 5. THSRFE DR
1%, ZORKEHILBITE LD/ ISR — LB ECRZTER
72EEZB. FD%, TR—2OFMTIHAR—LT (EH5
MEVHIE) DBRENE 2D, SBIZH IR ELET, N R
LN — R—= XTI RSN T, Z<DOdR—/LRBIHEIC
FXAIDIRAEL 2D, ZHITIE T D7 2L RIKE A2 END.
C3TBITDE Tl X, TR b EN— 7R ETIRNHIET
ZLDR—NVEFENTEIFERTHD.

L)U:@Jiﬂl @E\t‘k@Tco, po@%:’i, j’SJ:UT%F**ffEﬁGZ
BUIDTOENT, THREEE DA 5 LW ) & O R
\ARAET AZRSDZETEME, D FV B J1% 4 Zx 3 R R
NP 7T RORERDZEHDHES 2D, ClNHCI~E
TE SR F N RN NSRBI Too, poME KT S, HE
T AREZLNL, ZRSASTHAR— LT K190 F AR 722
TV T IO ZEIZIBTHY, Eboh 7 —/ =T
R09% . FOENIAR— L BERAL AT DI LT,
ZRSITEAAE L & 23721 CIHS /RN T DI S TR S 7
770 REFOREIRD, SIS KRERBR—/LEETHD
DIVRNZEIZHD. T FERINZIIpIZ BT 528005, &
DOER S @ TV EIRBOGEET2D.

4.52. TFUH LFARE

THRDDHHI) —DOEERERE, T ry /@b HE
fiCH KT DT LR AN R THD. b HAATIILCUO,
I Z[E A OME ClIe<WE KT 3579, Hmo R
ET RNV =T AT Z EIXREETH S, LinL
MBI 3FETHNIZET, EOIHIRBEOWEIZHLHFIZ
fFEEL, DO TO2DBIREM LR3IV RS- L



T, LIXUIREBRICE IS D2 R 325 Tt ¢
%mfxb\FEji%_Eé:&é Ty MR —7 L C&EIRrES
EIT A0, HmTT L TEEOXR YT RH T4
N, EEOWME TIlIHr8L EOXx VT HELEETS
[27, 28]. SAMALYBIRERO LRV RFT 7 —a A1 A
TERDMEINTEY, kxR iEIC BT 52570 R TldfrIC
%@fﬁ%ﬁﬁﬁfﬁm:m\T?‘/EA*X@%%&E&%&:&%&%
AENBD[203].

SR LB BB A T.E T # LR ADBRIL, Zh
IZHZ DO EHE ICIVIEfMS L TET-. Attfield b 1
La21452DLat A MEHH IR EZE 4 72t RITOWVTRN, Te
DT BWRAINT A—H (G R A DY AAXIA~ T IZH
KT D) ITHBIL T FNHI ez R LZ[87]. &Kiliy, NHES
IZLa214, Bi2201, Bi22 12 R IZB W CRIEED FEBREITV, I
FREHIED T H DR AZHT LIV TR FIC A
THIEERLIZSS, 89]. Lo TT v/ @DELNNTEER
THERELRER THLZEE/ME 2. 72720, Zhbn3E
BRIZ 3T DA 20 T AT B v C i 7= & B — Mtk IR B
REEMEVbL T LARKER — 7 Hic kW TEBRISh D Z &I
HET5.
ARETITRINCT o F LR AO BRI R fihiv 7=
(4.52.181), 7o H DX ANE D IHZCu0: i D FEFIREEIZ
W B2 DI OWT, T T VE AW TEERZ:
A A=V 275 (4.52281) . TNEIEIIER —7 I ToH
n&%ﬁm H& R ~DEALEE L (4.5.2.3H1), D T—pBftk
WAL U5 (4.5.2.450) . BAZITTUH DRAGROWY)
’féﬁ‘zf MEAZ 2L LD (4.5.2.501) . —EKOBIRERICHITS
TUH DRI R, RMEELIC XD — S — g e
BRI 50, ZZTIEZENL EICRMR T oy izl B
XYVT KT T ORER, BB R—NVED AT 580
INRNBEETHHILEFRRT5.

4.52.1. T2 DR AOELH

% OB LB BARDIERN — 7 I TIET 2 LA
IR — MO 2 THRMZRBIG P BINENS. I7vl
Iu—7 ThoHEAN FIVBHMEL (scanning tunneling
microscopy: STM) FBRILE T IRRED R — é%ﬁT?ﬁﬂi‘?‘é

ZEITERIILUT. A IEBI22 120K R — 7B TlE, #93 nmfx
DBILEEBNIEBEED N v 7 2AF T FE S5 TN D

[204-206]. [RIERDO AR —VENCIR214 THEHSNDH[199]. —
ji La214iZ51 F5%Cu NQRZERR TI, EH#F VA MIUT

1 O 2FE A O 8 7 23 B L KB LRI S A5 [207,
208] SOITRR — 748 O R E LB AR B O TF R RS
72[209]. tEHEYEWTA S D, 7Y — &b itHHE12011C
BWTEZD, %Cu NMREBR I AL —MEOFAEZHL)C
L72[210].

Cu NQRAAZ LD I8 JE 7 E 8 I 1 1% 8 © D &S
A (Electric-field gradient: EFG) D KEXSIZL> TR EHT-
W, RPTEE O RE O ETRRTESD. EERTHLNDA
RNV, BB O T R TCOHFR T ENLDOE 5D RL
Bt LRy, ZOMIEITE SR TN SEFGO R E X
DIENE L TR D720 R — D LR L7250 T
5. La2l14IZB T HEFG A D2 O JF NI, $iJR 1R L7 m
V7 J@DOSrEWY AN DREEDIIHHEE, T4 NEHO
FERLL TAELACUOLHI N DR — VIR FE DR —Te o3 Ai &
SHTWVDEN, BEHEDOEG NI THLZENREINT
[208, 211]. FR—/LODIEHRIT3 nmFLE D KEED /Ry FIRIZ
o TEY, ZOVAX| i3122120>STM;a%ﬁ75 6%%%&71
— IVIRIR DA — VBT 5[204, 205]. RICEHT, &
FRABIZ3 nmFRE DA — /L DAY — %N“fb ik
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UDIRIZ BT HCuO I I B D RFHE THHEE 2 DD,

WOMD R T IVZJIE ThHHRALRND RAEH DL
ToBREARFE 4 RITUD TIE/NEL, polh ETIEIE100% (2
IRAMEEA R SA[116, 140, 188]. ZHHDFEERHEIIUD
FUB ANy B L BAREIZ 72 5 TR WIS 2RI T 5.
—J7, UDIR CROREMERF B X OBEE LA T5FD
fOFRFEBBLAIS LD, ZOHBLUZHL T Z AR AD R
THLEZHND. La2l4IZB UV TAFIESCO I b A A
B 7T A(SG) (K20) IXEABNIELILIZ L > TAE DO &
PESIEDICHRE LR ThD. AR ICBIL Clidtk
DA82HINTFELDD.

4.522. 7avVEOCFHEMIIIED T X DRADIEA

SAERL TIE L T O T ay @D 4 A5 A ERTR =
W, Bz 1XLa214 TLa il AT & LT B &z 7= Sr2t i
FIE, RERBEARHRT o VA ARE G O CuOsifi
&:Eﬂﬂﬂ?‘é:k&:&é. ZOIH It FEEHIZ IV TEHLR
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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 CuQOz plane. The La214 stacking unit, (La, Sr)O-
CuO>—(La, Sr)O, randomly arranges Sr atoms in block layers
above (sky blue balls) and below (blue balls) a 20 x 20 square
CuO: sheet. 1.0%, 2.5%, and 5% Sr substitutions are assumed
in (a), (b), and (c), yielding p values of 0.02 (AFI termination),
0.05 (SC edge), and 0.10 (SC), respectively (Fig. 20); there are
8, 20, and 40 substitution atoms near the CuOz plane, with some
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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 density; 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, 7", 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 T = 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, 7t develops along the Ts"
line, eventually resembling a parabolic shape as observed in
La214 (Fig. 20). Furthermore, randomness causes 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 (¢) C3 compounds. The dotted half dome represents the
random potential generated by them. (d) 7t curve evolution in
the low-doping regime, where CuOz planes become clean from
Cl1 to C3. As randomness decreases, the initial 7c curve may
shift to the left and eventually converge to the p-proportional
T line in the ideal case.
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Fig. 32. Calculated hole density, normalized to ps, for each
CuO; 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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T4, Lo THR— LSBT T v/ BOBERT ¥ /LT
WEIFIREDLE Z TR, R— L OFREIRINEFIFLEE D I 720
126 =0.362720, FiE R —v 72 VERERE VLT Thiu
T HP M- [El T FEBRDS IR O T2 E0.29 [221], 0.41 [124], 0.44
[123]1E R&EGEDZRV. SHIINMREBRIE, Hgl1223DUDF
BE(Te =115 K) 23p(OP) = 0.196, p(IP) = 0.182, ps = 0.574%
HH, 1 ZFH AR VBN ER T HI AR LTZ[122].
C3TBWCT—p PR A% 2 DO H DR — /Loy Blid R &
AN Rl AN YA AN

OPDp = 0251 T RS i AR — /L iy, — 5, IPIE
DLUD (p = 02D IZHV A RS Teo KRN T A S DT 72
23, ANBIRNMRERR (X EHOL[FE TR (133 K) TEis
WS DI RSN LT, OPASBREI R DIRE IR
WTC, BEICH 0 R EEL TR S B2 SIPY, dTHEh (1,
SNCEVRIRFIZHERE D LIRSS, FEREL T3 DCuO:



3 Teo CRBAG BB AT T 52812705, ZOXHRE N
(REJENHR— VR =716 L DT AL EHERL, &
WD — K E725. REITHENDESIZ, C4LL EDIPIZIY
R TA S D0 BRI E e B IR AR IZH Y, Hgl223DEED L
INZOPE— LU CHBREIT/R DT &R0,

(a) Hg1223 (C3)

—Ps  p(NMR) p(calc)
[ OP 0252 025
@) (@)
SC -O—-e-O-1P
(T, = 133 K) 0.207 0.21
@) @)
EﬁOP 0252 0.25
Block layer —Pg pg =0.711

(b) Hg1245 (C5)
P(NMR) p(calc)

SC
(T.= 110 K) 0.231 0.22
0.157 0.17
SC
(T, = 85K)
+ 0.157 0.15
AFM
(Ty =55K)
0.157 0.17
SC
(T.= 110 K) 0.231 0.22
Block layer pg = 0.933

Fig. 33. Distribution of holes across the CuO2 planes of (a)
Hg1223 and (b) Hg1245, as revealed by NMR experiments on
samples with 7c = 133 K [122] and 110 K [166], respectively.
The total hole supply (ps) from the block layer with — pp 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 CS5, 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).

4.6.2.2. C5\ZBITFHARL)FERAR—/VIrHEL

C3IETIF LIS — 727 R — V3 Bl & 72 DI LT, C5
DHE12451Z BN L) 27—V oyt 2" d . Te = 110
KDOFEDOCu NMREERN G, 280DOP, 3K DIPOpidZiL
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Zh0.231, 0.157& RS S/ (K33b) [166, 222]. 72721,
2FEFADIPs (IP1 E1Po) 13X KBS AU T (2 DB 5 Tk~
HARPES EBRILZ DEWEHBLNZLT) . 1o T, OPIdA
R =712, IPIEN2D OUDIREEICH D, Lr—/ L Eps
130.9335720, Hgl223508L000.711 107720 K&\, ZDps
EEAWCEHETDE, OP, FMUDIP, WNIDIPTDpik
ZINE 1022, 017, 0.15L AAELHND. Lo T, 22 TH
NMR 8 LGRS RO — KT L. FEO AREE R —v
5 BL1TC4 Ba0234, C5 Ba0245ONMRERIC BN THEL
HEND[166].

K343k 4 7a R —E U 7 /At DT H>DOC5E (HeoR, Tl
F#, CuR) IZBUWT, OP, IPZ X AL CTRIEL N -EEBIR
JEER— NV BOBURZ 1 SO KIZE LD 21D THD (T
P75, TlXOPEIPLD T —4)[166, 184]. ZDXHIZ R
HRDEEGREN DT — AN AL— XTI HZ LN, =
NHD R 7 ) — 2 725 TlER— VB O BB L ALRY 28
TA =B ToHIEEMIRET 5. KR — 7 IIZHHIPs Tl
IBER T EEBICAFMASOERE O A BBRIE I, ZDTnidp
LEBIZAWMIZIR T 5. p=0.15LL ETIZEDOE( LA /IEL
720, 0.17% 2 D LBIIS R,

p = 0.15-0.17%% DIPs TIIM 2 TR E iR 03
BIISND. #121Ep = 0.17DIPs TIE, IEER FICXYT =
90 K CHMmENBIAIS L= 1%, Tn =45 KL TSR REME4
BEBLIND. ZAUTFE K EOARE 22 B s b LiZe
N, 34D TNEMEIZTTERENZ FNDHZENBZFD A FEMEI
RV, e L AMBE R HIZ T DN — VoA DR —
PEIZEDDE LR (K30) . — 5, %k 35 ARPES 5k
DG LTZIPI EIPoDIEWVE B G5 &, p KOIPISES
A p/NDIPo)N SRR AAH > CND SRR 92 07 08 %24
7259, EHLOBEITB VT, ZORFAOpI I EEIZE
XN LICEE 5. WIZZE DM OpEI L EHE TIERL,
% CuO2 1 O FEHNE TH 5. FHEE R EIR O240 A7 13p D -
Il E W2 828D RADTFITTE 220,
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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 [Py and IPo) and determined their hole density
and ordering temperatures: 7n for antiferromagnetic metal
(AFM) and T: 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' T
values, respectively, and the triangles represent the IPs' Tx
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 IP layer, the
AFM order extends to the hole range, reaching a higher p value
(0.15) than in C1 La214 (0.02). The Tc dome determined for OP
and IP (IP1) appears to be asymmetric, with nearly linear
expansion to the origin on the left and a relatively rapid drop
on the right.

—J7, 0.152°50.28 DpZ%H, DOP TIIARIZE D H 23 8
END. FDTedIpo=0.231T8BVCTeo = 110 KD TR — L% 72
L, tHEE R COIPO T AL—R|ZHEET 5. BLREN LI
BINESNZT R — DTSN FERI R TR A A T 5. (KR
— N EUSICERRANZ AN IR A, mR—7EA
K T35, ZOTR =287V —2 T, /NS i
AEATHCUOAR DO MAILE 2 Hns.

[E &, JTHESIZC50Ba0245 (BaxCasCusOio(O1,Fy)2) D
UDEH(Te = 65 K) Z AT, ARPESE IR BN EBrA41T
VY, NMRE[FRIERDCuOn1hi D 722 24 B 572 L 72[186]. Bask
Dn =3, n>5ITFENENI20K, 80 KDTu2bH[117], EH
HHHgREEARTERN (K22) . ZAUTEICT vy I o il
NZRENWT A AR (RIS TlEZe<, B2-NC Bax07
2y /B DIRFEY A N7 v R ERR T HZ LTI DR — VAR
BOPD T FIFH-0EEZBN%. ARPES E B iL,
Brillouin zone®(n/2, n/2)% HiLoE L CTHARD FI25H2-DD /)
S7pR— ViR he, KOREN DD T = )LIT7—7 (—FH
HZTWAEIINCRZ D7 =/LIME[53]) 2BUHIL7Z. A& 1T
IPoLIP1IZ, $2E IXOPIZBIT A4 BIRREICH KT D, 721
SE AP, IP1, OPDNAIZ KEL/2HZ L1, 7T ayZf@lzitn»
1ZELL DX Y ITELHDIEEERL, FFERT VY /LE
TNOFREEE TS, Bm—ILR 7y  OHFEDGIP,, IP1D
R—/LEITZENZE10.02, 0.0458 RFEL ST (OPOFR—/L
BhET7 VT — 05 REL D LN EE) . FIUEEE H
\7=de Haas—van Alphen (dHvA)%hHSEERIT A2 & 1-IF
BABRL, REED S RS HAL2IPo, IPI1DR— /L &I
APRES#EFRLIFIE T 5. REHBUE/RARPESE H 203
IV U T E DAHVA RN S O BLINIX B e 72 4 JB A5 D RIEHL T
BHD[186].

ELIZARPESAAY MV OIREEALIL, BIREX v 7 8
IPoCIEZBENR2AS, TPy, OPTIEBE Z & & 7RLT=. IPol N
72— v (p = 0.02) ZH D HARE S RN E A B IR $£5. Bl
RN EIZ, ZL<DF—LELD0PLDY, R—/L D720
IPINED KRERBILE v, DEVEWTAERT. 2O
RATHL72 T pBIRRGILF TE 2. OPTILERER AR
EIRT B BAAETAH IR RN RAZLD TN T3 H7=80 LR
END. OPOT = VE N T TIEIR T — 7 LB DH T
B BRANROT=DTEAH . FEFELT, Ba0245i kD1
JHARE (T, =65 K) 1%, Hgl2450D XHICOPTIE/AeL, TP (p =
0.045) THEZ 5.
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p =023TTe = 110 KDEIREZRT DT LT, EHphs
0.16EM 72D UDMNC B AIPITLVIR T = 85 K TR G E L7
%. 3K CuO2 1 A3 A R I B AR B s 9D Hg 1223 DG A
(X|35a) L7200, OPBIREIT/HEX, IPITF IR EEE
WZEEE5 (X35b) . OPD Tl B CIPDB s EF B A4
WZHFEL TN T4, fEREL TV DT, 78
w7 BOEND/NST UL, BARERZ M S 7Z0PIZ X
STRES (ARPESFEBRIZ W B ALZBa R L ELALAS K& LAl
NTHD) . ZOWRPITn > 3T THEIZRYILHEE 2 TL
V.

—fRHINZ, 9V 2R T AL O R O3R TR IR E 1L A
MFAAERICIRFEL T, ZORESITHIGTIESERD.
— 7, 2R TTHEDMBREG RN B 1EE D Tl . A A
VERNC R DI 3R AR 72 B3, EEEOHER2 R T
BT UTE RS WVIRE CTHIEEE T 5. IR LS
HNOMBEEN+0RETHREICBWT, R/ ROMH
AR AAEHZ A CIR TR P DL 2 572D T 5[223, 224].
Bl 21X XK35cD I, K& NAHAAEHIZD SHE2 IR T
SORREPE ALY RNERFAL T2 L%, HNAE Y D& N IX
SRIGHEAR AR ACIE S TEE AL HI>TWDT20, 95V
MEAERINELEDEN T~/ mMiEEETINELD
FERL, SIRITEEFE N T263ND. DU/ NSSTY, B
IR ISESUT DIV TEDRFE NI R EL AR DT DR E R 72
NRERIETOTHD. FEREL TINISITEKAFET, 1
O DR (JE2IRTTFEHE DK ES) TR ED.

% 8 B E TIEKB5b D LA, 2L DFR—LER—T
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S BEE A TDEVIPEZ T 586 (Up), BEOT
0y 7 @& T DA (JsL) (ZLDEE D > THR2 IR T R &K
T5. TOIRTTBILERLFHREDX35c L FRERIC, EnT
OPHEEIL CIp 3TV TIE 72, IDOPIZEB W TG E
FBEIN R ETHEE L TIRELDTHD. FERELT, n
KTD105 KD TellURIT Y RDIRAE LS 2. 5.

(a)@
SC[

B e o e S\ g o (I e o S
4+ 3 A 34 )

BL

(b) C5

BL
©[5p AF cwn !
i T A
r | vy v 1
= =y )J’
e e Y




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
antiferromagnetically ordered (straight up and down) or
fluctuating (inclined). At 7. = 133 K in (a), three CuO: planes
form a thick superconducting layer. When CS5 is cooled to 7t =
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
(&) between nearly ordered spins within £, leading to 3D
long-range order at critical temperatures.

BB T T L TlInd KELRDIZHONT, £Cu0s
H DOplIfR %2 3%, X361Tps = 12EL T, flijH7e
WEET NV (di =47 A, do =32 A))BCITETDR—1L5
Bla st B L7k A m 3. Bl 21LC9DA1H0.68794721D, OP
DplF0.17TC5D0.230 5 KT T 555 %, 100 KIZiEE

TATIIHIFTER\. THBHDIPOZNZE N Dpt /NSUVA,

%L DIP~D L DFEFL L TOPOFR— /L &I T 5. 7
—a AR AEAERIIERBE D9, SHIZnNKELI2-TH
R DRT X MEZUEE FALZRV., 2 TIIOPHA K
Bl 5 Teodn > TI2EWT, 1FIF105 KT—EITRDHEVHE
B 52 ([X122) [160] & L B TE2R\. ZDR— Wi 45 % ps
DIRO72NEIINAMEBESRHEE L7245 5, OPDOpH30.287-0 TE
{bET, —EDTeoll72DE1TE 2 B,
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Fig. 36. Calculated hole distributions over OPs and IPs for C3,
C5,C7,C9, and C11, with ps =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 n increases, as shown by the
green dotted line, which contradicts the observed convergence
of Teo to 105 K in Hg compounds (Fig. 22). For large n cases,
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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 7T¢o value.
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HIFIDpefEIC EIRNHY, ZDOHR— G HEINIIL TR
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RNIINZHZ AL, BA-NCRB2-NCO FRIZEHIZEV. &
L7 avZ@Dps® ERA/NST IR, n K TToldEIHI2E
VMEIZIUR 352812725, EEEIZK220Bask, CuskidZ?
7oA. T212 L, TUH DRARIZE DR — VT v 7 okt ik
BEHRD Teo K T ITENNTOVDITE VR,

4.6.3. HERYZ)— 2 72Cu0a 1 D T—pFHX

B37IZNMR#6 L UNARPES ZE Bk b RARE b/ Telp D
BIfRE £ TRT. NMRER)DHgRCL, C2, C3DTR
—ATFHPORIRE > TEICE R —7 /NI EIL, pohd
0.16, 0.21, 0.25% 720 TTez R T[166, 225]. ZALIXX23D
k7 oy REFFE T 5. ZHUSK L TX340>50DC5DOPD
TR —AE, C1EC2OH D TEL D, pkiizx LRI
KTFLTCCIA—TIZEMALKINIC A Z D, ZHUFC2RC3D L
INTHE B L7=CuOa i TlE7e<, ClERIERIZ WS- 14D
OP B ERLF I Z D, K= ZIC XV EHITR
WETDHDEEZHND (4718 TR _NHAFMD YA L7
RTHD) . WIZCIDENN TeolF3F D CuO: i O — Kb IZ L
STQRTELEDMZA LI, BIEERFNERN— 7 ET
REIRDLIEREEZA. ZOIHNBEEREOESLE
Teow EBT DO D EEIREHRLIND.
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Fig. 37. Tc—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].

Hg 2 DIER — 7RO T.ONH EA3 34850 KOE &%
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4.6.4. FERBOFEACEIRER
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K DOPH T 5. Hgl2231 2B Tl D Teo = 135 K23
FEHFTHOITMIRTHY, Hgl223% SR DAL YR s
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4.7.1. BCoRBEME4A B AR O HH

Bt OBa02453 ) (Tt = 65 K) D ARPES & 1R B E R
1Z, TPo(p = 0.02) 2X/NE7ph— V7 = VIiaH T HIEBIE
A RIRREICH D LA AR R UTZ[186]. — 7, M
JEZENMR BRI THg 1245508} (T = 110 K) DIP (p = 0.157)
DT = 55K CRRBEMEIRRE IS 352 L2 BT
(¥33b) . EZ TOMRE— A RO RKEZX1H0.10psE HAED
HAL[166], FEFEDAFIOFE, il 2 1XLaxCu0a?0.40us (Tn =
325 K) [136]& e~ T ITHD LTS, ZAUTR 20T
O A T 5BBERIER DR THH[147]. [RIEEDR: H
%, Cu®, BaRONMRER THESONTEY, £ /8RB (5
EAROIPIZHEA T HRHEE S 2 5[166, 228].
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[X38aD LHIZAFME72 5. AFIDN R ECUAE L D Hifl72 iR
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FFECH a - T- £ %, fedEAR—/L (ZRS) BNE D& 8 E[E5
BEIRIEL T2 SD. ZO LR EMEAE Y O IAFILIRAH
B 7RO TIEEERD.
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Ty V@A D/ NR O JEREEAR BAE e (Ziudn
IZEBRW)IZIVFE AT D& D3R T F R 1T
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ALTWD[166]03, 3R ITIEDH K EI3AN, &I AAEH
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2T EMMEEERIIZ LTI oD AN OSSN
R—E U 7KL CHRE L7 A LN EETHH.
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Fig. 38. Hypothetical phase diagram for ideal copper oxide
superconductivity. The horizontal axis represents the mobile
hole density (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
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 te, 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 rlght of the
Tn line represents an antiferromagnetic fluctuation region that
causes ZRS or d-hole pairing below Ty, followed by Cooper
pairing to BEC superconductivity below 7. ~ 7s in the UD
regime and BCS superconductivity below 7c ~ Tp in the OD
regime. All copper oxide superconductors share the same 73
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 n = 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 density in IPs
for AFM and OP for SC.
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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 7. dome with Tco =24
K [235]. In contrast, C1-B1 IL(La) exhibits a 7. dome with a
higher 7o of 40 K at a lower doping range of x = 0.05-0.12
[237, 238], which is similar to hole-doped La214.
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Fig. 40. Combined ideal phase diagrams for hole- and electron-
doped C1 compounds. Their 7cs commonly rise first along s
lines following AFI/AFM suppression with doping. The Ts
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 Tt 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.
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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 7" on the left side of the 7 dome
and the one between strange metal, which has T7-linear
resistivity across a wide temperature range, and Fermi liquid on
the right.
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DIFEKZHONNZEAL TUdigam 23D, LnLRA s, T3
B ClIR I nAL — =l ETHHZ LA EZ DL, ER
7u—7 OFESCEMIRMZIISU T, BREOHENDIEE
NERDARRMEL SV, 9728370, mIE TRLND %L
DEFNIT RTHLICBER T HEHARL TINWEAY. — T,
X vy VBRI TBEEIOL B AR L BRI D L1
RZDbDEHD[157, 266]. MIRELHFERFOTR/LF—
A7 — )L DT E N ER IR LI EBRK 7o TA. VN T
FUZHE L, TOFEIZEBRIICH0HENLL T0DES > TE
WEA).

TolZ T R TXILODIRE THY, B EFE B 5 22
THIRE TIFRWZLIZHEE T 5. & IBECHEZ TR
IR LY &R T CICAFIET 27 DA AHBRIVIZIL D D
BETHY, TLLJOFEIZIEWEB b, B TEX7F#
FAZ L DAL= DWD 70 E S BLISAL[263, 264], ## Tl
TRVF = AT NUERE X vy T~ BN DT vy T HY
72 IRMEDBLIIS 11D [266].

4.9, SR EBIREIZBAL TREZIC— 3
INFETEL ORI WIBIS BRI ST, K% 728

BB IS CTETZDS, WL ONOB B IZID AN H D

MoTzLa2 14N E P ICHFZES L, TEEVEME | LA 7S T
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o, FOBE—OHALLT, AL EPNERAICHR DT
WSHHRXIZZE LW ENZE T BND. R ITEESE 04
JBICHRE DI bR, MR — U IETEE, —
DAL 2 E DFER, pOifixtiiz RAELHDONRES T
720N BT, 0 04@H\%ﬁlffwv£%@m’3 WZEZ
DHIENRHETHY, ETFXDIF iﬂiﬂz%ﬁ/\*‘fgé
{mo)+ IZEDFRN I OFEPAL DB S —TE220 (B 2 0E
K24DTI2R) . 5B =DOEKELLT, %i_hﬁxw%ﬁgﬁ%

LAVZRNAS, FEHE B LB R 5 T D720 £ D5t
FNSMEL, & BN EFEET DA 2O EZBRBERH
WATONTZZENZET NS, BRI KB EGE &L B RS nf GE
THHZEND, BEESCAE RO IZ DWW TEE M A AT
7o HRVE 7 BOEL IR A3 (p) 2L TR T
[153].

%%E?&39%%%%1%%%!:%@&%&@% 2R HiE
DR L7 WEL R O — 2%, BLEOWEIZBITHT7 4 A
72@%@5%5i<%f$“€?§f£7§>o7’_\_k W25 E-ES. Vojta
D3 L 7= secondary effects' I L ESICZD T H AR AR
R THAI[104]. EHEYE L M TE/-La21473, FEiX
KHIEWRD—DTh-o7=Z 81T, SRR LB EAZEIC s
S>THEITHoT-. SOICRE G MmEm A 1F0115Bi2212
AW CEE R E #2725 STMSCARPES E R M T i
7o, ZNVHHER G T LT AFx A S G R TH
B, LNLRNE, ZOFEENHSIEBRINTOBEEFE W
H . BIREOARE A RO A7-0120%, 7V —2 T Teo
EHORERARDREEN, REHEROMBES A N—T&5
XU T HOFHEPIROND72 EFEEDL 2. A 7 ey M
Tna) AL TELN - EE R R THDH[163]. Lk
T IZ 72> TIT o AV T2 2 J& 52 ONMRX°ARPES 5 B 1%
T B DRARN RO 2 HCuO A X BT, ZU— 721
TAER Y2 EE 4 2 LIk Bh LT-[166, 186]. 4l
(EBIEDOBEORMEIZIL, ENOLDOAREW /2T — X% H
L, DB, TeoD RN R TORE R A EEICRFILT,

BRI T DL sRDEND.

FHIARE W72 T-pH K38 IO ICHAM TH D E1F
U%. BCSEEGRAMERIBAR G I 1T DM/ IR A
B LU C ARRBEIRE T LA R, 74 /o BN ER T
BN E DT —/R—=_T B & il B 14 (X7) % 5- %
HZEITREN L2 I, FAEBIE 1R OMBZEICE FIERIC
B2 it 035 tm“fé% (K19) . EER 7o RE D 720
(104 LTI EE UL, BRI — RAEMETHDN, HEE
KEZEZEHELTLERL, FITHMAR RISz E
MRZTLDLDOTHD.

Hg1223 3B U CAR AN e i LB (8 R ThH T L
ILEEWNIODR . o E AT ey fEE VT, Hg1223
DOPCIPLY, THRIRFENRLT U H DX ANFAE =TI
b‘Cquﬁ%ﬁﬁHfb“( Z DI D CuOL N HIR DR E E |2

AR — LV BEEN—7THZ IR THD. ZOImAE T

Z, SRR IO I EICE O TR W2 % E
%a‘é K382V Tpor KEL L Tl LI HITIE, —
NWR—=FZEDL TR T2 T8N v I RS, T,
FEIROPL KA ATRENE DN ONW T F 6 TE L LY.

A LA ERTICHE T E ST BB E T — A, F1L<b
[FUEH# % & TeHg1223 TR -72EE 2D Nb WA L
2V AR TIE, INETICE RSN L B AR E R
@n@%’fﬁﬁkf@%ﬂ%fibf, Hgl223 73 i DT b ok
WO EBR R EATAT A0 DAY 2R TE7-. L
LARNSEZTRFEESNTWDEERER N RNEL RS
W E AR BN ELTIE, 22 TOEBZEOE 2B M
TR MaRHY, SR DO TAE BT DR BESILTWDE



E1AY

AT TSR LB EI DN T, FH NI ETH
LW EROFEZRE B I RIS TR CEE A A A—
FREIZSWEWHEE FEO . RIEF O ERRGE ROEH
DAKINC IR CEFINTR VB EEN LD LOITHY, Z
NoHZ2EDINTH—ANTFHH TEDLDONE 1B, T
LAKAIGEE D H HOMEEDOFE REIRVIKY, ZOMERCmR
B 58 DEHETLHREICARPNITFENTHD. —
Fto LRV A 0T, F2I13 L0 ELUWBRENH A1
TIREBZ DX, OBl T 2—% T\
PEEV. 2120, 2 TR B LE MM E I
S>THSRCHHZLZ R IED EC.

5. KRx RBAEAER LB E I DK

A | TR B B LA OB B L A 8
95, FRITERTHEMRSN TOIWEICRE I D580
Ea—%525. TNENOEMER 52 EIER#e0T
MR £HZ 8% TR TGRE =\, F2\THFR L LIS
DBREARAFL DT, ZAUTFNENOBRERDTAZ
Mz T, BRT2EEONLRF, 20X, MofEEZND
OREFHRENREED LI TN,

ABACEHRE T — N — T B TR FE L 22 505

O H HEEZDORFBIORLE OB I S ND.

B HEOFEN K EE, BRIFOZA TIN5 8%, SbiC
W OFEEEE /NP EHEL CTH 2D 8I2ED, TRTOM
RERITEHEIND (R3). EOHAETHH u%né*ﬁﬂﬁﬁ%ﬁ-:
WEI D ELTZ58E, @V TN EH5. BCSHEMEILE
BN T DI E R T DR OIREYO B H %Eﬁ%%%
FAEAEASI HELTRIALE. SBICEXDHBEIC

B & O EAR R ETH D, XE°V-C?'-§%T“'$JL5§0)3O75§%$H‘
HILDH[268].

A DFRFFLEZEORLEZME L TR 3288 10T
AT OSAER L 2 E A ZL OME B HHILTND. — 5,
EAOHBEL, I —a  MHEERReVA —4 —
(10,000 KL L) D K& AKX —%FEBLELZEND, &
TALDT=H DOIE L Tl <O B1E H S TE72[269, 270]. il
EABEICELTE, AT EE ST LAY Tldping,
EREBLA Y CIXRdUE OFMEIRIZE T2 B B EMKIRE
THZELGENDY, ZORRFEBETLFELE DL T
MEsns.

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.
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Deg. of Relevant order Potentially related
freedom and fluctuations superconductors
Phonon Normal phonons Al, Pb, MgB,, C(B), H5S
Structural NbsSn, V3Si, B-KOs,04
instability
CDW NbSes, 1T-TaS,, Cu,TiSe,, IrTe,,
LuPt,In, CsV;Sbs
Spin Antiferromagnetic | Copper oxides (Table 1),
order CeCu,Si,, Celns, CeRhIng UPt;,
(TMTSF),PFg, CrAs, MnP,
LaFeAs(O, F), LaFeAs(O, H),
(Ba, K)Fe,As,
Ferromagnetic UGe,, UTe,, URhGe, UCoGe
order
Spin liquid k-(BEDT-TTF),Cuy(CN)3,
(Sr, C2)14Cuy404
Charge Charge order (BEDT-TTF),l5
Valence CeCu,(Si, Ge),, B-YbAIB,
fluctuations
Valence skipping BaBi,_Pb,0;, Ba; K,BiO;,
(Pb, T)Te
Dilute electron Li,ZrNCl, Li, HfNCI
gas
Exciton insulator Ta,NiSes, NaAlGe
Orbital a-FeSe
Multipole PrOs,Sby,, a-Cd,Re,04, La,10s,
Other Sr,Ru0,, BaTi,Sb,0,
Nag35C00,°1.3H,0, La,PrNi,O,

5.1, BRFF, O LBEE B FRA ST U4

BANS, D HHBENT — /=T 5| ha L ik
A7 R RN fifAL LD . SR O L@ N TR T 7
TR\ X DB E O R T UIEUIE I D F T S Ok
FADNEIET B[271]. 7— =TV 7 DR tﬁé*ﬁl—i
TERIXEARE AL ENL CTERE S B ZIHE L, L

UITBEEMEFBEL 5. L, ZNRRTED551C

(FR 72V E BB BT 2B, B miE| JJQXOO“C%?J
HT5HH EETE@EEE%’&%%? (long-range order: LRO) &+
BB VIRRBICH D RN BIND. K3 R L1, Ea%
*%%*Bﬁf’ﬁﬁﬁ DT E I EIR B CCDWRF S, &
FHBE 889X TR & 22 XA T DRI R FR0AY /{fﬁzﬁiéﬁ
EOBTIRENELD. IV THCEREDa ~a—b
IRT A= B THEEL TN DIRREZ I 22 TEIUT,
ZORLEFBALL e ARELRFOL FEEETE
RENHBTH812705 (K42) . b HA A, EOXH7WE
CHEAEFHEIER NS> TEI DI BN,
TIEENE LR DRI 7N B 7o B 2 el T 6%
EZD.
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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 other materials 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). Fluctuations above
Tiro and below 7" can cause electron pairing, which results in
Cooper pairing below 7c. 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.

I — =T B ORI A OERREIREE Tiro LA B
ICHNDESE THD., —RO2WRFEEE T, TirolTED
ERAN BB 4 BB AL L7 s s BB L, E AU D3 ef RS
Y« 22 B A AR BRTE IR A AR IR . ZOBGELE D KESHN
Tiro CHE B CRRFF R NS f R ITHEN DG R &L TH
RN 2% . Bl TR BENERR F DA, X420
FHRED I, AL DIRTRFIZANN T BT IR RE
(IEBEDEALER) 235, TUL T DO TiroFE CTOIREEPIICE
WTCAE Y DRIE D HHFEE i~ 72 R T fEk (ERR ORI L
HIR) BN TE-VIHZ =0T 5.

Z D SRR R O A - T IR A B L CE - IIC R S
NWAHE NI B IDBRTER D JRR L7025, RTDT 4 ) D
LA LRIERIS, 1O HDEFNEDHEE, FAVDE DAL
DRIX NS HREERID R FE S — B ED AL, ZIFEFIL
TIHZDRNC2D B O 4F T 125 | X %85 (K42
A FREAK) . 20X 7258 RENE R AL DAY < TH
WAL CEFBICENREI I NAEL, BB X 2 i
NWET D7 — /= XTI REL 72D, ORIt FR
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FFOSESRRICBEE T 2T ORLE NG| hablebT.
INBDOBIEEERE BT, 5l NFEKRERT I
REND (THMEW) A IIEBCSAURIRE N, MDA
IZBECHUBIZE NI T RLE 725,

FEOZ LT LLAR L DO LIRS0, BB AE
7R EOEA TR A B EEIZHE R T DGA T, Mt EET
LSRN LD B THEOI AR D[272]. 2 ba—L
INIA=BDEACI N EF RO PRI HLX, BRIFHE
D2 ARERAE NI 2.5 . TR E N5 T
HY, B 7SS (Quantum Critical Point: QCP) EFEIEND
[232]. #ixtFE TR A28, W OBELE IZL MR
T, BFEOINEHL TRIDERLREND. HlziE
JEF10%, AR 25D D70 " U RIgO B K& 7251
TETMHEZ5D, W20 THAIBBIREZ K TS
5. ZOEEXRITEBWT, FELEFIBIIFEEE RO EF O
FIRHT, AHHENTHIANRD. fEREL TQCP T KDFEDS
EVNELDLIEIIRD. bL, ZORLE NI —/R—XT ORIL
LT 1L, QCPIZHE DT A DRBIRER — LA LS.

QCPHEMRE D TR — LD E LTRITHESE DR R
IZE o TEALTDEA9[62, 272]. 4738 TR ~7-58912, 4
L M) ARE D AFM D QCP TIELZ DARNAT D78
WCTMES B ED, K= 7 IEEm R =7 Opo 2B 5.
(X142 D — A KITBECH R Tld72<, BCSHAZEIZEIT
HIELELTOBBRERTILCEETD. BTEEDLITT
LROME FE ([ZFFWVZENEETH D, ZBET X DRI
T 2HZENHELL, O ET 2FOE D NSTH 2722 M
ELTIEE XA, — 7, 9857 E HLROIT/ NS et AAER %
EIRL, B TATIIAE O om0,

52. WERLEELET 4/ BIRE

WHEO7 4 /) BIREIZB N TY, BE T EER%
HT DR CENAIHI SN D EE, ZDQCPIUT
B TCHEE W TGOS, ZhUuIiEingL g x4
TH ) DRI —N RN, ZDYTRT % ) LBEA D
BRI DT THD. 74/ DEFNX—IK FaMiHE
TR BAER OHETRN TR _EIT@<. E<mnBAFFESIT
E7=NbsSn (Te = 18.1 K) °V3Si (Te = 17.1 K) 72X DA15%U L
BWTIL, FOHBEEOT.ORE N~ LT A EfE
LD T - IE 7 S S EA RS (S BIFR 3 DS R E LS
T HEF B HEEROBBICHDLEEZHNTND
[273].

BRITCEFZRITIT T AIFmDORAT 7 ICH KT
B RREEDRDY, FEE T OB B O
(CDW) BRFF A LIFLITTE R E LD . Zha RS 511
ENBERA RV AR E AL TS RO
TWD. HE IR TTAEIR THDHNDSes 1359 KIZCDWERB & 7R~
T3, ZALH30.7 GPadD ]+ J) THIHI S T2.5 KO ERIC
72%[76]. HE2RICRICH [FIER DB 32\ . 1T-TaS20>CDW
FUZE T E0mE S, 5 KOBREIZENS[274].
CuTiSex Tl220 KD Teowx A §HRAHOCDWAEZS, Cuf
V=TI —L—a Il hE AR —7 Tl S, x = 0.08
T DTe = 4.2 KEH DREMHITH- TROBLD (K143a)
[275]. IrTe2l%250 KIZCDWH#sFEZ 7~ L, 3.5% D Pt-for-Ir &
HZ LW ETHQCPTT. = 3.1 KOMmE) L 5[276].
B-Nag.33V20sCTlE135 KLL FDOCDW (F721%CO) #H2E /)T
Mz b, P=8GPaTl.=2.3 KDBEENBIHISHA[277].
ZOMIZHZL OB RLEMITHIN Aois. FlZIE,
HZ Y V490 KO CDW L I % D LuPtIn T, Ptd
60%%ZPAdTEHTHZLTQCPIZEL, Z 2 CT.D I/
K(1.10 K) 3 ALHAL5[278].



VIEAO = AN CRPRD T AR 2N T
HABIRIE R AV;Sbs (A = K, Rb, Cs) 1320194E (2% RLEn /=Bl
RO R THDH[279, 280]. HlzIZCsILEMDLEE, 94 KT
CDW%, 2.5 KCHIZEAZ /RS . JOBWT AL HU &R t#EE
ELRbEKILEY) (ROBLIDENT A+ /=X —%E D)
DTdFHI0.9 KEAKL, T b5 i a4 72 & 4% 40 A
YERS VA T2 813 # L. 7= L IH D RAT 4

TN E DR FL 72 COW AR L TE M L BARE S & L ZZT
(XA T VARBIREIRAE (B2~ T W BB M2 + idoy%
H0) WHEBLTHEEZHILTND[281]. é%c:ﬁﬂ\i%‘?%\:&
WESEIMZENTlE— BAR F LRI ER LT ZFAD
R —2% 7" 97[282]. ZOBMERBIREBZIZIZICDWRLFIC
BRI DIRLE LEF RSO MR LI R s BB 1%
B o R EE 25N TND[280].

[FEED2 DI D TR — 2% DE AR, OB
L TCeCuxGexlZF:V T ([X143b) [283, 284], /KFE RO L
L CTLaFeAs(O1H)IZH LB 5 ([K43¢) [285]. ZiLHIX
ORI OFLEA KIS ORI - E AKX
LHfEIND. OFD, BREMH DL IR DA FE
L, 1O RO S| NEENFIET 2565 0 — %

K EIIpEND. ZDO—FRWERBO 7 1 ) HETHIL,

IFIZE LSO B EIEE S F o 70 T D

FREMERN B, T4 /BB E OB ICHEINHIBDT,

ZNLSN DR IEE T DT A T26T72bIE, X7 VTR

—LEXIXAARRTEREESE 2 5.
(a) . (b)
200 Cu,TiSe, 5t CeCu,Ge,
- 4F
< —_
= <
~ : 3F
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10T, ]
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Fig. 43. Collection of phase diagrams for various types of
superconductors. (a) Cu intercalation suppresses the CDW
phase of TiSez, resulting in superconductivity at 4.2 K [275].
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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 CeCuzSiz at ambient pressure is approximately 10
GPa in the Ge compound [288]. (¢) Double 7c domes form in
LaFeAsOiHx when antiferromagnetic metal phases of
LaFeAsO (AFM1) and LaFeAsQOosHos (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) 7c domes appear in the
CeMlIns (M = Co, Rh, Ir) solid solutions around the AFM
CeRhlIns on both sides of CeColns and Celrlns [289]. (e) A
typical phase diagram of Fe-based superconductors, starting
from AFM BaFe:As: [62, 290]: hole doping in (Bai-

Ky)FeaAs2 on the right and electron doping in Ba(Fei-
xCox)2As2 on the left cause superconductivity at 7c =

38 K and
22 K, respectively. The original figures used SDW instead of
AFM. (f) Ferromagnetic spin fluctuations induce SC in UGe:
[291]. The T¢ values are multiplied by ten. The shaded area
around the SC-AFM border represents a phase mixture;
however, the author believes it is the result of elemental
substitution-induced randomness rather than intrinsic. In the
BaFe2As: systems in (e), 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.

53. AV HHEEFI AT OB
53.1. KRBEMEAE U FRDE

SRR AE Y R DQCPY F U A N H BB %<
OWEFIR SN TWD[271]. Bl 20, Ce%aurzck DEIT
FEBOEVEFRBLREERDE RIS TEZ
[77, 292][293]. =ZT iﬁf?é{;ﬁﬁé%oémﬁwﬁ%
0, ENEALEWEI AT DT R KDL > Ts pFET-
ZJr U CRKKYAH AAERIZEORE L. ﬁ%@?ﬁéﬁbﬁd\é
u\k% IIFE DN R RTEL ClEE O RTER SR T
RL, REWEXZIIMEEZHSE %Nm)of/&&fw pﬂ
JHAE L Y (spin density wave: SDW) IRFBIZZE (L35,
SHITIRB KELRDE, (LEE T DREAL /%3%1/\52'
THERE— A MNE L EDTRNRDBE L7205 (X3) . Z
DITFEAT ) — =2 7 DR IR DT DI TREE BRI 2. C
WEQCPIZEEL =%, FEMENES IR AE IR 1T T 5 (Doniach
$ﬁl[294]) ZDLE, fEFbs pE %ck e HFL“UB%

\ZH G0, RIEEOBRWEAE25 X T57-0ICHhxiC
LY, ZOENE EIZHHEFD1000/% 126725, HY
B REMITNDFLLTHS. EVVEFRITEBITHQCPIT
5 CIL, SDWEEF O R RREMEFELE 2N L Ty F v /7R
RBARE D BLINH[293].

1979 1T I AN B RSN 7= E VB 1R B AR E K
CeCwSiol LIEMENE DI IE 4 B IRAEIZHY, 0.7 K TR E %
9[295]. LL7RH35Ge-for-SifE #A 2 LA (RFEIEE (A D
{LZAIE ) OFE R, BRI RmEE 4 B A S B A A
WL C0.8-2 KEL FIZBLILA[77]. — 7 CeCuxGex T,
Tn = 4 KOAFMA N IDIHI L1282 Te = 0.6 KO
NS ([X43b) [286, 287]. ZIVHDH R I E RS
IR DOERMMEAY RO X OB EMZRORE T 5. S
DICBRRE N LISl H LB EDDE HIINCE V2% H D
TR — %R, ZHUES5.4. 28 Tt 2 il £k Bk R o



REIZEHR T HEHE 2 HITVDH[284].

Celnsl X JETTn = 10.2 KO REEEAIBTEH, £ SH]
INEEBIZTNTIRA L TP = 2.65 GPaTQCPIZEL, DT
#120.19 KOMBRER — A3 BT 5[296]. CeRhIns Tid
LD RBERBEE A B AR (T = 3.8 K) 231.7 GPaD L )i 5T
2.1 KOBBEIZE > TRbHN5[297]. BE 3%
CeMIns (M = Co, Rh, Ir) FEEAIE, RMbEWZ F0ITIRD

2 IR OO AN Z B AR5 AR 23 BV D (X143d) [77, 289].

2.4 3F Tk 72 X912, CeColnslTd® o2 DY — /=7
Zbh, A B E BRI D IR FE D SRR AR I E
URUN[50]. o THLMLCIZAFMOQCPHERE L B 5.
LU B XIB34dD A KL B OFEIRE "I RETZAH. DEDE
OYVEIZH RO S BARE N HY, ZOTIIAIZ D
ST TIN5, RMLE W TIISOBE BRI LY s
FHBADMEBA L2 > THEA TP THOAFMM B RS % 8 &
Haz - LB CED. — 07, URDUPH CTIL BB 4 8
FA(Tn = 5 K) DMEIR CEAZEE (Te = 0.54 K)IZELT 2.
ZZTlEpH D7 — =T RS ND[50].
ZNHDEWE T RS RITERR O AN
DN, FBIRNOHED TR ZOBEEIIM DI L 72D
SERBEPER EAER 99V 82 H D, dFE T LE-> THE IR
FEORVIZEFR LU THET L0 EEM AT,
s B E T I SN HRKKY BE KA AR A I el iy 59
VN FEREL TN, TS, EREEEO TSI
V. LLZess, FB SRR RERIC j;;~%7f;¢@£$75>&)

D, RN R — R — ) )L LR EERE L R & T
WA DOIHR 705,
DM O R IRBEEAY RS KBS ERIZIT M s

HRLAE LA HD. RiHE T i%@el/)’tm: %@{E%
{KD(TMTSF):PFs7312 K CSDWAH~DELEZ 7R L, 2O Rk
FADE N EDHIEHC0.9 GPaTTe = 1.2 KOMBRIZEFEN
BN 5[298, 299]. % TILCrAsHNE H265 KL Tk
P EE/RD, 0.7 GPaDNETT. = 2.2 KOMBIRE AR
[300, 301]. =, 290 K ColiM s 27~ MnPiX, 2 GPa
L EDFEFTHIINTAY 77V 70 AR Bl A 2 O SO MR
REIZBATL, BERFRFFDNE AT 58 GPaDQCPITEIZ1 KD
KB AR E A 7777302, 303]. :w)@%u\ﬁéﬁ%iﬁ%ﬁ@id@é
FRDRKE7R RN AAEHZ BT 573, Tehdi&D
RV DT BN EAE AEHE J:ﬂi“%@f*/\ﬁx%'mt&)é:
RIS ND.

200641 2%8 FLEA[304], LIRS OWE N RS
TE-FeRBIGERITHEBRB SO TEL D, SR Y L F
BRICF B R T O W EKRAFEEZ R, Bl IXRFEO
LaFeAsO&BaFe:Asal 324N = 150 K, 135 KO il
P48 TH D62, 63, 290, 305]. BiE AL ERMIZ L 7=
LaFeAs(O1.F.)X°LaFeAs(O1.H,) TlX, O*%F, H A4 T
BT HELR—T _;U}iaﬁﬁﬁzrﬁﬁerﬂﬁfﬂz%n o
TT. =26 K, 36 KO ENBLILH[285, 306, 307]. FFIZi4
FHTIR2OOBIRER — L0 BLHISH, mR—7MDx = 0.5
PR (AFML) R DA U ELS A 55, HH—D
O R NE 4 B A (AFM2) 237 f?‘é ([X143¢) [285].
BaFe:As: Tl, (BaiKy)Fe:As2lZF 15 AR — /LR —712d»
TAFM (SDW) FRFF 3 il 41, 50%KN—7"CT. = 38 KO
RENH BT % (X43e) [308]. S5HIZBa(Fei+Cox)As2 (ZF
FHEAFR—712ED, 20%R—7 12T, = 22 KD TR — L0 EL
LB[309]. Lo THIRR b MBIRE L [FMEIC, RE~DET
ifdirﬁ%/l/l\“%fé:cl:V)%Eﬁ@;ﬁiﬂjfﬂ?‘é. St Eo
HEREVITRAENAFITIFRAFM THLZ EIZHY, Zi
LI 5\ WV E AR DT LB 2 Hih. REFHSAFIE 72
DIEE D TR VE AHH BSR4 LLAMZIT R 27> T Vg

—J3,
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INHEALE W DB B L ORI IMEAY 6 E
WHRELEZ LN TVOA[62, 305]. LLARRS, Z#uE-%
NURICH KT HHIERELE OB EELIE SN T 563,
310, 311]. S&JF 7O dxy#liE 3 L OVAMTHEIR T Hdyz - dzx
WLIE Y7 = VIYENLIT IS L, SR t%@%@foﬁdxtﬁ
FLE R DB NSRS THEME R E TIREBICHS. dyze
dzxHifL38 D 1R 2 i okﬁ“éfﬁ%qﬁwrﬁffrﬁsffb
ER NI T Y B EIET25 S p iN i 1 Y= W SR ERaNRL T2y 2N
2%, K43ciZBWTINDD L EIZHDTsBE OISR E
ZoRT. ZAUTEMZ R E R EMEICLSL O TIERL, E
FRDORLZEWNER THEDEF R~ T 47l LI
IENB[62). ZOHEBICBRT AL ORI EE
EZHND.

DB S T8 KOMI{EE %A 7R 9 0-FeSe D UL 17 12
BB AN R o/ 597312, 313], #iE o B B IR
HIEOE DR ENRBREND[314, 315]. 72720, KVEWT.
DERRABAREIR TIIS RN EAI DS E L, BEMED T D B S
WCRE oA Fel- 3 ZEIFRE VRV [62]. BLERELE &
SOBBEMEAY ARLE NENZ LTI, 58V E LTI T
WHDTEAY. LI E DG S > TEA SO R
O NAE L LA, 20 ZHYEA LaFeAs(O1H)IZ
ROENDE T NTR — 270 EOBHERIRD RN BE T 5 H]
REMEL % 2 HILD[285].

PR E D F 1 D Tel X SmFeAs(O1<Fx) D55 KT 5
[316 317]. KSTUX I ar 777 4—%0.1T 5L, MO

W22 DA AAE T B WENS50 KE7e 5. fENT, LaFeAsO

xR EE ﬁ%ﬁb%mk@}i%ﬁ&fﬁaﬁfﬁﬁﬁ 1%550
KEENTVWA[318]. £/-BaFe:As: D P ELFERRITZ N
%700 K& D -72[319]. 4 1% OWFSEIC L0 R RS
BHDHNTARY, TP EARTFIEOBEMAED X, XDITEY
TAEAFDIZO D IR D DD LAVR .

5.3.2. BREBEMEAE ARLE

SRR AE LR SNADBRE XL O DT T
ALEMNTB D TGSV CND[T7, 320]. SRk RIS E
DO IAFIT <D HPbMosSs[321]15°ErRhsB4[322] D Pb/ErA
et Ay B TR ICER LW E TS TE. F,
(Ce1-xGdy)Ru2[323]X°GdSr2RuCu20s (C2-B3-PV: Y1230 7
1y 7 JEDCuZRuT, YAGAIZEHL) [324, 325112 A5,
Al CIXGAD BIEATE 173, % CTIERuO A OiE/EdE
TSR A, BRI X E IV LR, CuOrffi T2 5.
NSO YE TIIBARE LSRR AN ZE R AE 531 Tl
SEUTIRDEEY SO ALZ, MBEMEAY L E OB R E A~
DHHIIAATHS.

20004F |25 SN UGe i 33 E52 K CHlfdit 4@ 127
B3, ZOFTE T TIHIEiT1.6 GPaTIH A 5[291]. &
OIREEFE K TIE, AT OFaioORgMEeRHEN
120.8 KE e & DTN — 20885 (K431) . 72, UTeal
[ AT U A et N E et S kAN VA V/AN =¥ Wyl Y 2l 5 I s A N S
T HROENTe=1.6 KDBREZFHL T HERBINTND
[320, 326]. DA H JE THEInE % 7~ 3 URhGe (Te =
0.25 K) [327]£UCoGe (Te = 0.8 K) [328] A3 . & 7=, 2
DT RCEW TILERRUDSTE TN EETHY, &
DFRIGEAE ARDE DM IR 53 5L B 26T
WD, MDOFEF R LRI, ZNHD TIEfEFH D /NS72
SRR BAE %‘r)iﬁﬂ&bﬂﬁ%&ﬂié TN TATIRND3,
U T RIS T = — IR BB, M LR
BULIR TR VR ZE R G2 705 TUVB[65].

SREEMEABAG E CIIRBEE L B720, T DAL HI[H



Uiz E=ma5E 5L, A1 EE TILR<, Hel
BN RO AL 3 E IR BICH OB ENFEBLTD. £
DR E 7RIS J:V)Efa%ﬁﬁfﬂfﬁﬂéﬂ%ﬁ< Tl A%
EALT252ETHS (2435 TN 7= FFLOM A E LTV
%) . URhGe ClL B a5 OIRE 2 TORS Tl
SN, 9-13.5 TICHE 0.4 KIZE— 2% DT R — L7050
B95[329]. 2OV hT 2 MBAE IO R IZIT DI
WS THY, MBS XL DAY L 3 HIE BRSO Ky
HChs.

5.3.3. AEVIKIK

ABAREAR R T AAHIXLRO LIRS0 . S RmEAA
HAERT2AC AR RIT M2 T > 720 O R— VR
FaTeN, O TRWEELHD. ZAETET —7L75
KT DR I AE U BB E, RGO AE O
WA BAER A2 RIS 723 281X TERV. 208575
I 7 AN — a8 T 5 RITEMER A LY 2
DLRORTFY F V7 A SRR FLEIR AE A 4 T9[80].
FRICAE BB ROE T AL R TIIRE R E D
KLY, MR ZETHAL L DX BHDOTRIRD LT
FEOSTAE ARIK DIREDSHIRES D,

AE RN FRA T DBARE IR 2 72 SR SRS
4. B ZIES F AL B TAE ViR R EBIEE DR
REEImS IV CE T, B2 T E k-(BEDT-TTF)2Cu2(CN)s
BRI K & 7og =250 K% b DREMARZ 23, Ak TIC
BUIKMFEHN 7 IA ML —2 3 vIick ) 2 V32
mK F TIPS 3, AvviikiREBicEE s eI N3
[330]. Z4iC0.4 GPaDES)ZHIMT % & T = 4 KOHIR
BN 523, ZORREEE L A viREOBEFRIT X
{437 > TR \»[331].

A ARNR D — > DG DS, SRR s B 2R

L“Cﬁﬂi?fb?iResonatmg Valence Bond (RVB)IKFETHH[332].

RVBIRREIZAE L L 7Ly h_T D EQGDENS725H)
(SMASIN = &ﬁﬁ}%éﬂ FIZEASHI 2R — T
T T ERBEWX DR — LT Lo T Tk
W2k E A, BECY —/R—_XT Llpo TS A2 EH T 5
LELLNTWA. AL VT Ly kT O iizﬂ/ﬂe
— XY T DIFEEERTD. AL R B AT
2@75)1O@VV?‘VyF&7®*ji®XE°‘/%Uo<V)i&bf
SEATIRNI T Ly M T A0 ENRHY, ZHUEX vy 7 (AE
Xy ) Bz DR NVF—EAEZLELTD, AL Xy
T DRESIIART OF AR NEZN (B N DIFR) 1FE R E
1D, AL XYy S IR —E L 7 IC L0 F DO FFBEEX v
T NRAT T HEIFENDT20, W TIIRKERAE ¥y
T INBERENDZ LTS,

A2 T AEA D IR BRI T AL AR E S41[80],
R—t 7 iétfﬁ%#ﬂ;ﬁﬁéﬂé L Lgiin, #2C
JERENDAE L L 7Ly b_RTIEREL, AU Xy 7
FEFEINSWBrLes (long-range RVB state) . 4 581IIC
BREX vy 7L/, EHRLZELTHEIRBREIC
VLRIDZ2NTEAD . 5280 TR T2 AV3Sbs DB EIIVD T
I AREAMEL VL CDWAR L EEN FEH ThH 7.

FE Y R Z IR AL L Ry T2 T DA R IARDNS H
THBEELL TN e SN CE =D 0B 48 12 FF
DAL TH =T D156, 333]. 2ARD AL 1/2 S
IR ~D L, EOREIRIEIX X 44aD IS 2V A5
INSIp AT 1//}“\770)3@/\2}9&&@5 (short-
range RVB state) . Lo T7 T AR —Tal REFRBRIZAE
WRIRNSHIFES L, A vy 71T SN BAE IO K
TXLED. FEBRITK44dD Cu0s 1 & H D HEE AL ) SrCu03
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IZBWT[334], TARIBVO KERAE L Fro 7 BTSN,
A TH —H BB HZED DD HITZ[335].

AU TGH — DR — VR —T T DR D50 % & 2 T
XI[156]. MEDHR—/VEANIIIARDIR R a0, 2D
= L BEICA A TRTINIR2 D E6J TIERLSIDHE L TH

Fp([X144b, ). J)JO)I?/I/%%*IJ IR T T MELR,
== T LTI > TENT ISRBE A EHR T 5
[156]. ZDagottobl otéiﬁaﬂ% 19D CuO: i THLTY
VI ERBERICIFL TdHD. CuOr & DE ML EEFE A3 58
BEMERRF Tl A ARIRIR BB IZH D 2872, 72721, F—
TENTZCuOH DTy LA T DYRRE ixz VIRIRIE ST ED
T&EB[336]. ALV T4 — ﬁfz:%“( IFbEb e hsher s
SRR AT IR S T A IR R BRI 3BT,
R VAT DAY T BB E R HEND B 5 D3 Bk
DSLD, EBIC 00T WV CEF DN ELR A S 72 B C
D).
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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 fer. (¢) When a hole
pair forms nearby, the loss is reduced to five J bonds, resulting
in a J energy gain and one fefr 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 Cu2Os plane is found in SrCu2Os [335] and (Sr,
Ca)14Cu24041 [156, 337]. The antiferromagnetic interactions



parallel and perpendicular to the ladder were estimated at Jy ~
2000 K and Ji ~ 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 Cu20s plane as a result of
dimensional reduction by frustration [338, 339].

ORI SIBBERES N TWDD D 2K T4
iz {4 (Sr, Ca)1sCu24041 T 5 [156, 337]. Z DO W& 1L
SrCu203 & [FIAR D Cu20s1H & £ ([X144d) . Cuo0s i L 8 8
(LR AR D CuOL i 22 A B 1 IZEIV A 7, Zib%
H BN THL TORET S E#EE L2k T
FThDH. HHWZEIAEE L FERNIIALNI2R TR T
BLFICTHDIZH DL T, BIRMITIZ LR ITTOAE VR e
LU TIRDEES . B 1D & 7 MO IAZKEIL T HIRE (2000 K) &
FEARTHMRIRICBW T, R I7 1A O SRELEFE B A+
FWEBECES THZETHEE, OV VI fEAIC
BT DS EMERIT AT HHELAED. fERELTH
FRDFEE BN TLR T DAY L FH — DR A <9 55
\2725[334]. ZO I EEORE b 1 LOBIRN R ITTD A
B RN T T AR — g BRI L R A
7T AN — 3 a il kDR TR T (dimensional reduction
by frustration) EFETR, £k 4 22 R IV TIRIRTAE
R T EE P EAR B D LR £ 72 5 (338, 339].

(Sr, Ca)mCuz4O41@Cu203ﬁ AL F vy o DAL
TRIIRBEIZHY, FEINTAE L TFH — R THHZE DD
2@71[156] L, A=A R—72X0& Rl THlBIRES
IREZRIo Tz BIE, BOEBIEESIENZEINT 52812k
V12 KOBI=EETE B LUIZ[337]. =Dtk DEFHIZRFZEIC
LRSS, L%ﬂ@%fﬁﬁ%‘é%z:;%ﬁ%ﬁ@%@%éﬁﬁ
AEITAFHIL TR . REARIEREDN AR AR AR R
R =t 7 RE HEINC LV E R D B I5 i/J\é@cU 1
b’tﬁ'mﬁﬁ%m%ﬁ 5 THDH[156]. AR DI IZCu031H (2

BIFDLAE L ZX —X, $47 1O K@M B+ 5y 76
THILETHLDLN, n“wv VB TR B A oy B L CRE U
BEOFREZINZHT-0, F—E 712 k> TIR TN TS
DHILTH FORMIT RO TLE). ZOEKRIZEBWNT
CwOs 1 CH 1 DR E A EHL T DD IXARE W R Db

LAV, (Sr, Ca)i1sCuraOst DFBAREIZIXFIV TR TTMEE N
BT HCwO MR A DMRIEOLE, E/1E7 4+ /RN
BTV DETREESNS.

ZDOMIZHLaCuO2s S AL L T X — DR A T 503, &
— VR =750 & BAL L CTHOBRE B SN o T
[340]. JRKD—2LL T, 1RITRICHRSBLND T H LR A
MRENZFEFEND. 1RITTTIE2, 3RO LD IZ[ERES 5
RPN, HMEO K THIRE S AZ MR L CTE )72
TG DR AN BB T2 249, 1IRIGRICIEEKRE T, B
RN T W E BRI 2 8L H D0, EERICHE Y 7T
TIOVVE E R 2 LA S Tldeu.

A THE TR LD R EFFOWE L S T0D
[341]. Sr2CusOsiXCuO. i & 3A G f (BT L C ML L 7=
CwOsMNHARY, IR BAL L TH —L725[334]. SHITEL
DREF OB LM AMEL TSN, GRlkiEDO TR
IZEVHREEH ALY —ZS1Cunt1 Q2 B AFHZEIN TEHEH
HEND. BIRRNCLICAY U I4 — D FERIREE X R O
BOMAF IS TEALT D, BEDOLEEIAL X ry 7N
& (AE LU F vy 7 OREXTEOEOEEIMEEH I T
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%), T TIEAL TX vy 7L RERD[155]. Eito2Ale
IS BT DR G I AR B T2 S I T& D
[342]. AE L Xy 7 OREIZI2AR I/ NSN T2 _T 5]
FTNFFFED, ZDOTIIRIE LIRS, 1R IGRICHA D
BRUNT L DR AN RN LD TR S NADTEAD. B D
ARE A B LT MR R X 8\ Te &t O CuO2 [ T 5. CuOqfH
WZBDEHPIT, BLEO2LR R FWE LD E W T EBLT 5
ATREMEIX DD . A T — RS A AR IO E IS
FLTUNRUNS, 2 0D Bl 72 BECHER B HE 1 Tk /) ThD,
EThE EHT A0 LRV, Zhad BB A8 k0%
DD RIZIBIT O E IR B D LEEND.

ZOMDAE L F vy RELT, ALV EFEIDIKRIT
R THDHN VT CEBREITHID[343]. bL, LT U HHE
HOMIRTEME E R — 2Bl TENE, AE
TH —=REFRRII VT X vy T PEEEX vy 7 I
LR IRBALE NGO NDNE L. RFEZR LT
W CHDHNIZ &G T2 Y2BaNiOs[344]°F DAL O H AL &
WMRIZBIT DIRRENFF =D,

5.4. BTO B B EZFI T 85
5.4.1. EMELE

EAIESZ (X H<OOEIRBEEDT-D OF /2L
TSN CE. B O —a M EERZ LT 58
RS E DT LF — A7 —)11110,000 KIZh 2 53[270].
Little/ X 1R TTARE S AIEHE L TR L <09V Vo 12 B
WEET L ([X452) =% %, fé/\%OD’\@%ﬂﬁﬁﬂ“é/\
TV THERE AR R LTZ[269]. 45 F M mERIZIZ 1R TE
FRBSEAFAEL, ZIUT LT WA 2 BT oW E
T A AL EBLATRELHIFF SIS, FRERDHED LD
TRWVEIIRTEITAF DTV, Ginzburg (X -8 (K (754
1K) LB O R T EN - B g A5 2 (K45b),
& B8 OEA LD E R O Fr T IS E R S SR —
IV, BRJBICT— =T AR T H ORI A
REMEA B 2 72[270]. SIS YV T B E 2 A 35 -8 Kk
WIAECAE R — T (=X b)) P59 5B 8
ez, ZhDO NIRRT OWTH, BfE/RE
BRIVFEILE 52 D29 IZHHALTUR. Little°Ginzburg
DETIVIEL, SR b3 LN SRR E~D T 7 a—
FLLTHEASNEZLOTHLN, SERLYoF D% OIBIG
BRI 2B L TR SN A Eb >, HOZOHER 2
et —BTHAS.

B RO ICEE T HLIN TV DB ITHE2 R T 5y
P8 Ra-(BEDT-TTF)l:23%. 135 KTCDWIY727E ﬁmﬁa
AL Z > THfsfx A L 72523, 0.2 GPadd— il T jw)Eﬂ
IMZEDT KOBARE I BLIND[330, 345]. ZDOFEIRIZ X E T
B OMFN D BRSO E @%’5&#7[1%;}%@\5[346].
R B/ A S CA LN ii%ﬁ%rif%ﬂ\t&) JEIZ
Ko THERENTZE T AEERICEDE L RORLE
{bH BB DNERHDHIEA).
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Fig. 45. (a) Little's superconductivity model based on charge
fluctuations [269]. The polarization of molecules attached to a
1D 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. (¢) 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 density that attracts the second electron and causes a
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.

5.4.2. Hi%dEEh

R EWIZ BV TiE, Eur—Ed®", Yb¥—Yb*,
Ce¥"—Ce* DIN2FEFAD L EIMEL DA A2 I3 TRV
XF—2bOBEENHY, T TIXEMESE (A FZH)) IR
DOBILENHIFFSND[77]. 213X X43bDCeCuxGe2 T,
O SCERENE A B A E ) TSN TRANZELNLS
RBAG B CeDFE 1 DO RRBEMEAY L X ITEIN T2
DIZXFL T, SHIZEEIZEIND2E B D TR —L703CeDAffi
BERENCH KT HEB 25N TND[284]. F7-, B-YDAIBsD
80 mKH{RE[20] D, Yo DfliEHEN ICBAfR 3% & & 23R
T T 3[347].

543, NLLUARFYT

BiCTIZ & T b ST S DL U ARy T BIS
IXBRELE O —FlE U CHFZES L CEZ[14]. Bi(TD I,
{bEMHRCENENI (1) F2ES Q) MDGA A L7sh<e
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I, TNETN6s?L6s"DE TV FEEH D, TOHOE
REE6s IR E THNRN D, ik iRE Tl Ly
ARX T LRI IND. 68232 D DSTEF DIERROD T LIt
S, HLINBRERANZEI X EOIIEBECL T7—/3—
TR BB LR,

a7 AT A M ZE O BaBiOs Tl Bin 44 o JE Al
¥abon, ERRICITIZERBR BT AEETD. 20 kH
IR RERR TS DM O NI - LRGEA L TR M
WEIZEAEDTEOL, ENZENK/INDOBIOs/\ KL ->T
SIRTCHIC AR HAZ /X 7S5, fERLELT, 682 FS
TIERE7LBI O\ [HARIZHTEL TEYNF722<72, BaBiOsl&
Mokxik L7 D, 65 125272\ Po* TBiZ iy B35 &
(BaBi1Pb:03), SN TETOSTEFDENTHLHITAD, HEE
BHPHZTTe = 13 KOBIRBEN BT 5[14]. F7=, R
DBaiK:BiO; CIIRE A THLBI-OFRy N — 27 ZEH L E
FFHIAERW 20, JDEWT. =30 KOBIREZEH 5
[86, 348].

INSOWE TII AL U AAF Y S I B D X DB
(BRI C B 5 D ATREME N B BND. L LG, #
EELEBER T 7+ ONERD KN E A4 0T
breathing phonon&IEXi15) 73, R—E 712k 7 MEL
TZRNF—% FiF 5728, TOMEROE 1L AE BT
MEAEROBEERLEZD, ZUNBIREDERFS THHE
HLEZLND. ZHHDHERIE O TLE, KW /e r
X —Z KEIABH ST FERTHAY. Zoflodoc, &1
RORLEEMENERIRDE, ZNENY TN DT 4 DA
LEMGH KT D720, Wi#E DO EEE2U0 550D &1 IR #
YA NN (OO R IEDINN N E VIR LD
[29]).

—7J7, narrow gap & {KDPbTelZ}5\ T, Pb%0.5-1.5%
DOTITEERSTHZ LTI BT 2EEE (T < 1.5 K) I, Tl
DNV ARy I BR T AERIELE LD B LA
[349]. BLERTRWZ 21T, HEERAEO B XIRHUCITIKIR T
TR =T HIRDEEND R OND. ZAUXER O ITEERD
B (5.3 1Tt - R T RTERE R T — A M B OB
7oy, ZZ TR PTEM ARk T 2) 1L DAY —= 7|
BRI 23N TERY, MO H HENE TIRBIC RGP
THIENEZD. LNLRS, ZRHDOBIBLOTIONL
ARF Y T RIZEBWT, EMIELI BIEENEIL TNDHT
AR BMRITR T REILI S BILTUORN .

5.44. FiEETA

HERE AT AZBITAEMELX <D Ol REE
TS L TS TWA[350]. SO B R ZE X
FEDT200 K& Z 5 FTREMZFE R L 72[351]. —MAIICHE
FH7—a M AEAERIMEEE Lo GERISILDT290,
ZOFITFTAEHAIED, S VT BEEN NS HERT
Ve TR 2@ T, IRERZe B A KIFE T, B—
T EREADAICE T BB B EENELDE,
FITIRADIBEVEFIXAWVICEEN LS T 5720, &5
WCEEN T 05, RO E &2 £
5. fERELT, iV —a M BEAEHZS DB BRIk S
FIWNE 7R B D BEL 09 <7D, ZOLHRE A DOA
e ze iy, RERPICZ bl CRZAEMEELE 087 —
R—=_THHORPFEERVDS. A5cD LI, 1D>HDE
FOr—a s A NE BRI A —BRas L, 2220
HOBTFNSIEHFELND. A TIEFEICR I THLE
M7 —a AR BEERND, ZO IR FIZL->TH]
FTIIAEC DO IFBLR N 351].

T BB A T ADBIRELE RB T HEINDLEL2 R TTWE



LL T, LikZINCIELiHINCIA F 5415 [226, 352-355]. &2
TIXX46D IHIZ, Zr (Hf) ENJF - D340 BLAK -2 FH T 0244
O EZ O ETFIZClE % I 2 CTZr(HONCUE 235 B ik S 4,

Zr 4dEN 2pHLEN SR DIRIA N RAMAE A S, van der
Waals JIZL0FEE A iz 2 ——L —hSi7zLi A
AU MR IZE AT ORER, SRR THD
FHAE DSBS AR AT D, LLZINCUZ W TLI (BB 1) 236
BLTUVE, Ted 1.5 K(x =0.13) 55152 K(x = 0.06) {1 |

4 5[354]. EHITL1%R—E 27 TTel319.0 KICEL-1%,

B2 K T 5[226]. AEFEL THA6D IR TR — L3
REND. SHIZEROTIZBWT, SR{bY LR Y
Yo7 ORI BLIIES I, TR —7 EEHIZE T LU CTZ#l
5.

Li,ZrNCl
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Fig. 46. Phase diagram of LixZrNCl, an electron-doped
superconductor studied using the EDL technique [226], which
may exhibit charge-fluctuation-induced 2D superconductivity
in a dilute electron gas system. 7° 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 equals the electron carrier density
calculated from Hall measurements.

FHAHIZ A1)y TR F 95Tl 32D BECH=ED R TH
D, TITIZX T 5EB BN, KR —71D0.48% TD
Te = 15.9 Kb PAESNA TefrOMEZX 133300 KE72D, Sk
b D850 K ([X37) DAMEITVN. ZDFETT A LR AN Fe
DFENIZLDHEB ZLND. BIAW AU REH T H5MHBE
TR THDLLZINCUNLT o F DAAD R T, IBIC

FEEREIENDII VAR T e VRTINS, DRIZ,

07— B I B W THEARICITV BECERRE DY, &
DIZR =B FZ L DBCSHBIGE DI O AF — /N— N5 H]
LTWHDTEAIH[226].
Li.ZtNCIOBB B | XA O TR L B, fr s+
HADBRIELE B T 57— /=TI LD AT EE
PEDSE, BAHEOZ IIEBLY DI LY KE =1L F —
A= VELOEHIFS DN, BUAISN =T I8 D
T EVE. 72771, PuR—7COTIIENTE W AT REMED
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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), ¢ (0-Ti30s), d (LiTi204, TisO7), and e (SrTiOs-s,
Cu,TiSe2) for Ti; a (CsV3Sbs) and b (B-Nao33V20s) for V; a
(K2Cr3As3) and b (CrAs) for Cr; a (KMngBis) and b (MnP) for
Mn; a (Bai<K:Fe2As2), b (LaOFeP, a-FeSe, BaFe:S3), and ¢
(SmFeAsO1.Fy) for Fe; a (Nao3sC0o02¢1.3H20) and b
(Na2Co0Se20) for Co; a (Ndo.sSro.2NiO2), b (La2PrNi207), and ¢
(YNi2B2C) for Ni; a (Nd214) and b (La214) typically for Cu.
Table 2 details the compounds. The high-temperature
superconductors with 7c 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. 7. nearly equals 75 in the
BEC regime on the left due to a strong pairing interaction,
where Tp 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 7t is suppressed
below 7p, resulting in a 7c dome in (a). To increase the
maximum 7¢ (Tc0), 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 T}, 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 T¢ 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 Sri_Nd.CuO, 1| Sri.Nd. 1| CI-BI 43 x=0.14 e-doping [112]
IL SrixLa,CuOs 1 | SrixLax 1 | C1-Bl1 40 x=0.10 e-doping; thin film [237]
La(Sr)214 Laz «Sr,:CuOs4 1 | La2.SrO2 2 | C1-B2-NC 36 x =0.20; T structure [410]
39 0.15 Tc dome [140]
36 0.15-0.24 Synthesis at HP O2 [145]
La(Ba)214 | La, Ba,CuOs 1 | La».Ba,O> 2 | CI-B2.NC | 25 0.15 [411]
La214 La;CuOa+s 1 | LaxO2s 2 | CI-B2-NC 38 High-oxygen pressure [119]
synthesis
(Nd-Ce- (Nd, Ce, Sr)2CuOs- 1 | (Nd, Ce, 2 | Cl1-B2- 28 T" structure; alternating stack | [412]
Sr)214 Sr)20: (NC-CF) of NC and CF
La2126 La, .Sr:CaCu206 2 | Lar.SriO2 2 | C2-B2-NC 60 [413]
F214 S12CuO2F2+5 1 | SroFas 2 | CI-B2-NC 46 0.2-0.3 Po from the nominal [197]
composition
Cl214 Cax.Na,CuO2Clh 1 | Cax.Na,Cl 2 | C1-B2-NC 26 [115, 116]
Ba0212 BaxCaCu204(01,F))2 2 | Bax(O15F)) 2 | C2-B2-NC 90 HP synthesis [117]
105 0.225 NMR [414]
Ba0223 BaxCaxCu306(015F))2 3 | Bax(O1,F)) 2 | C3-B2-NC 120 HP synthesis [117]
Ba0234 Ba:Ca;CwiOs(O1,F.): | 4 | BaxO,F)> | 2 [ C4-B2-NC_| 105 HP synthesis [117]
Ba0245 BaxCasCusO10(01,F))2 | 5 | Bax(O1,F))2 2 | C5-B2-NC 90 HP synthesis [117]
Sr0212 Sr2CaCu204(01,F))2 2 | Sr(O1,Fy)2 2 | C2-B2-NC 99 HP synthesis [118]
Sr0223 Sr2CarCu3O6(01,F))2 3 | Sra(O1,F )2 2 | C3-B2-NC 111 HP synthesis [118]
Nd214 Nd,.Ce,CuO4 1 | Nd2..CexO2 2 | C1-B2-CF 24 x=0.15 T' structure; e-doping [234, 235]
Pr214 Pr2.Ce,CuOs 1 | Pr2.CeiO2 2 | C1-B2-CF 22 x=0.10 T' structure; e-doping [234]
20 [239]
24 0.14 NMR [243, 244]
Y123 YBaxCu307-5 2 | BaxCuOs 3 | C2-B3-PV 93 [125]
0.22 NMR [122]
0.25 Even p for the two Cu sites [415]
30 One-unit-cell thick film [397]
Gd123(Ru) | GdSr2RuCu3Os 2 | Sr2RuO4 3 | C2-B3-PV 16 Ferromagnetic order in the [324, 325]
RuO:; sheets below 133 K
Y124 YBaxCusOs 2 | Ba;Cux04 4 | C2-B4-PV 82.5 Block layer with double Cu-O | [416-418]
chains
Y123.5 YBa:Cu350s-5 2 | Ba;CuOs- 3| C2-B3/C2- | 95 Alternating block layers of [419]
s/BaxCu204 / | B4 Y123 and Y124
4
Hgl1201 HgBa>CuO4:s 1 | BasHgO2+s 3 | CI-B3-NC 97.0 0.20 Hgo.97Ba2Cu04.059(CO3)0.0088 [129]
97 0.18 CT [175]
95 0.18 ND™™* [420]
95 0.18 ND [194]
98 0.16 N [190]
Hgl212 HgBa:CaCuxO¢+5 2 | Ba;HgO2:+s 3 | C2-B3-NC 127 0.21 CT [176]
128 0.22 ND [181]
Hgl223 HgBa:Ca:Cu3Os+s 3 | BaaHgOa2+s 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 HgBaxCazCusOio+s 4 | BaxHgOo2+s 3 | C4-B3-NC 127 [421]
123 0.222,0.157 | p(OP), p(IP); NMR [122]
Hg1245 HgBa>CasCusOiz+s 5 | BaHgOxs 3| Cc5-B3-NC [ 110 0.23 p(OP); NMR [166]
Hgl256 HgBaxCasCueO14:5 6 | BaaHgOo+s 3 | C6-B3-NC 107 [421]
T11201 T1Ba;CuOs_s 1 | BaxTlOs5 3 | C1-B3-NC 45 TIBa>La,CuOs_5 [422]
T11212 T1BaxCaCu207-3 2 | Ba;TlOs 5 3 | C2-B3-NC 65-85 [423]
T11212 TISr2CaCu207-5 2 | SraTlOs-5 3 | C2-B3-NC 85 Lu-for-Ca substitution [424]
68 [425]
T11223 TIBa:CaxCu3O9-5 3 | BaTlOs5 3 | C3-B3-NC 1335 [426]
132 ND [427]
T11234 TIBa;Ca3CusO11-5 4 | Ba:T10s5 3 | C4-B3-NC 122 [428]
127 [426]
Cul212 CuBaxCaCuzOe+s 2 | BaxCuOz+s 3 | C2-B3-NC 90
Cul223 CuBa,Ca,Cu30s+s 3 | BaxCuOa+s 3 | C3-B3-NC 119 0.22 Average p; NMR [183]
Cul234 CuBaxCa3;Cu4O10+5 4 | BaxCuOa+s 3 | C4-B3-NC 105 [429]
117 0.313,0.192 | p(OP), p(IP); NMR [122]
Cul245 CuBa,CasCusOi2+s 5 | BaxCuOa+s 3 | C5-B3-NC 90 [429]
Pbl1212 PbSr2Y Cuz07.5 2 | SraPbOs.s 3 | C2-B3-NC 52 (Pb, Cu)Srx(Y, Ca)Cuz07-5 [127]
Sr0201- Sr2Cu02COs 1 | SrCO;s 3 | CI-B3-NC ~40 (Bar- [130]
CO; +S1:)2Cu02(Cu0s6)0.1(CO3)0.9
(x =0.4-0.65)
Bi2201 Bi2Sr2CuOé¢-+s 1 | Sr2Bi20s+s 4 | C1-B4-NC 7 Bi2+xSr2xCuOe+s [430,431]
15 0.13 CT"; BizSr2CuO¢+s [432]
25 0.12 CT;, BiPbSrz2 xLa,CuOe¢-+s [174]
25 0.12 CT;, BizSr2 xLa:CuOg+s [126]
32 0.15 Ru"; BizSr2«La,CuOgss (x = | [192]
0.4)
Bi2212 Bi2Sr2CaCuz0s+5 2 | Sr2Bi20s+s 4 | C2-B4-NC 80 [433]
85 0.26 Ru; Bi2Sr2Cay 2 Lu,Cu20y [434]
80 0.17 CT; BizSris(CaixY0)12Cu20, | [126]
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85 0.22 CT, BiPbSr2Cai Y Cu20, [174]
80 0.25 NMR [122]
91 0.18 ARPES [172]
88 Monolayer [400]
Bi2223 Bi2Sr2CaxCusO10+s S12Bi204+5 4 | C3-B4-NC 105 [433]
110 0.25 CT [174]
TI12201 T12:Ba;CuOg+s Ba;T104+s 4 | 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 T1:Ba,CaCuz0s+s Ba;T1204+5 4 | C2-B4-NC 110 ND; 6 =0.3 [435]
TI12223 Tl2BaxCaxCusO1o+s Ba;T104+s 4 | C3-B4-NC 125 [423, 436-
438]
TI12234 T1Ba;CazCusOi2+s Ba;T1,04+5 4 | C4-B4-NC 116 Tlo-.Ba:Caz+CusOi2+s [439, 440]
Pb2213 Pb2Sr2Y CuzOs+s SrPbCuOs+s | 5 | C2-B5-NC 68 PbaSr2Y0.5CaosCuszOs [113]
SrO—PbO-CuOs—PbO-SrO

“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/hawo (K) Comment Reference
(fluctuation) or possible
glue
Elements
Al 1.2 Phonon 296" Weak-coupling BCS type [441]
Pb 7.2 Phonon 56" Strong-coupling BCS type [441]
Nb 9.2 Phonon 150" Strong-coupling BCS type [441]
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 =125 GPa [72]
Nb-Ti 9.8 Phonon Alloy for commercial superconducting magnets
Carbon-based
KCs 0.55 Phonon 235" K-intercalated graphite [442]
K3Ceo 19.5 Phonon Fulleride; intramolecular Hg phonons [443]
Cs3Ceo 35 Phonon Fulleride [444]
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 | [398]
insulator
YNiz2B2C 12 Phonon Ni*** (3d*) [445]
LuNi>B.C 16.6 Phonon Ni*** (3d*) [446]
Intermetallics
NbsSn 18.1 Phonon 124 Strong-coupling BCS type; Martensite [441]
transformation at 43 K
VsSi 17.1 Phonon 245" Strong-coupling BCS type; Martensite [441]
transformation at 21 K
NbsGe 23.2 Phonon 176" Strong-coupling BCS type [441]
MgB> 39 High-energy B phonons 700" Two superconducting gaps [61,384]
ErRhaBa 8.7 To= 11.8 K for LuRhBa [322]
LuPtyIn 1.10 CDW 480 QCP at 60% Pd-for-Pt substitution [278]
AuesGenYbis 0.68 Tsai-type crystalline approximants of [69]
quasicrystals
NaAlGe 2.8 1007 Zn-for-Al substitution [362]
f-electron systems
CeCusSiz 0.7 AFM 0.8-2 SDW stabilized in CeCux(Si, Ge)2 [295]
CeCusSiz 2.5 Valence fluctuations P=4GPa [284]
CeCuxGez 0.6, 1.5 AFM, Valence 4 P=8 GPa, P=16 GPa [286, 287]
fluctuations
Celns 0.19 AFM 10.2 P=2.65 GPa [296]
CeRhlns 2.1 AFM 3.8 P=1.7GPa [297]
CeColns 2.3 AFM [50, 447]
UPts 0.54 AFM 5 P=2.5GPa [448]
UBens 0.85 [449]
UGes 0.8 FM 52 P=1.6GPa [291]
UTe> 1.6 F fluctuation [65, 320, 326]
URhGe 0.25 FM 9.5 [327,329]
UCoGe 0.8 FM 2.5 [328]
B-YbAIB4 0.080 Valence fluctuation? [20]
PrOssSbiz 1.85 AF quandupole order 1.3 B=4-14T [368, 369]
PuCoGas 18.5 AF spin fluctuations [450]
Oxides
TiO 2.3 Phonon NaCl structure; Ti*" (3d%) [451]
BaTi>Sb.0 1.2 CDW/SDW 50 Ti** (3d"); a square lattice of Ti [374]
a-TizOs 7.1 Phonon Magnéli phase; Ti**" (3d"7); thin film [452]
TisO7 3.5 Phonon Magnéli phase; Ti*** (3d*); thin film [452]
LiTi>O4 13.7 Phonon 630" Lii . Ti>-«O4; near Ti*** (3d™) [453]
StTiOs 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°%) [375, 376]
1.3H.0
Ndo.sSro.NiO> 12 Mott insulator 200 Thin film; Ni'?* (3d*%) [379]
La>PrNi>O7 75 P =20 GPa; Ni*** (3d"*); C2-B2-NC type [380][17]
structure; Orthorhombic-to-tetragonal transition
at 11 GPa
Ba(Pb1-.Bix)03 13 Breathing phonon / 195 BPBO [14]
Valence fluctuation
(BaiK+)BiO3 30 Breathing phonon / 210" BKBO; x = 0.4 [86, 348]
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SrRuO4 1.0 Ru*" (4d%) [114, 383]
K:WO3 1.7 242 [454, 455]
(Sr, Ca)14Cu24041 12 P =3 GPa; spin ladder [337]
a-Cd2Re207 0.97 Electric troidal 200 Noncentrosymmetric SC; spin—orbit-coupled [43]
quadrupole order metal
B-KOs:06 9.6 Rattling phonons 57" Rattling-induced SC [41]
12Ca0-7AL0; 0.2 Phonon [21]
Iron-based
LaOFeP 5 Fe** (3d°) [304]
LaFeAs(O1..Fy) 26 AFM 150 x=0.1-0.2; Tc=43 K at P=4 GPa [306, 307]
SmFeAs(O1.Fy) | 55 AFM 130 x~02 [316,317]
LaFeAs(O:1.H.) 36 AFM 160 Double 7 domes at x = 0.1 and 0.4 [285]
(BaiKy)Fe:Asy 38 AFM 135 x =0.5; hole doping [308]
Ba(Fe1.Cox)2As2 | 22 AFM 135 x = 0.2; electron doping [309]
a-FeSe 8 Orbital fluctusation? Fe?* (3d°) [312]
T.=27KatP=1.5GPa [313]
Tskr =23 or 100 K in a one-unit-cell thick film [401, 402]
on a SrTiOs substrate
(Cai.Lay)FeAs: 34 x=0.10 [456]
Organics
(SN)x 0.26 Quasi-1D SC [19]
(TMTSF)2PFs 1.2 AFM 12 P=0.9 GPa [298, 299]
(BEDT- 10.4 [457]
TTF)>Cu(SCN)2
k-(BEDT- 4 Spin liquid 250" P=0.4GPa [331]
TTF)2Cu2(CN);
o-(BEDT-TTF).l3 | 7 Charge order 135 Uniaxial pressure of 0.2 GPa [345]
Chalcogenides
PbMosSs 15 Phonon 140" Strong-coupling BCS type [49, 321]
1T-TaS» 5 CDW 350 P=5GPa [274]
LaOBiS, 8 [458]
Bi404S; 4.5 [459]
BaFe:Ss3 14 P =11 GPa; Fe** (3d°%) [460]
MoS, 11 EDL doping [403]
NbSe> 7.2 CDW 3355 Bulk [461]
145 7. = 3 K in a monolayer [399]
NbSes 2.5 CDW 59 P = 0.7 GPa; quasi-1D [76]
Cu,TiSe> 4.2 CDW 220 x = 0.08; Ti**** (3d*%) [275]
TaxNiSes 1.2 Excitonic fluctuation? 328 P =8 GPa [361]
CuBisSes 3.8 0.12<x<0.15 [462]
(PbixT1)Te 1.5 Valence fluctuation? TI-for-Pb substitution; x = 0.015 [349]
IrTe> 3.1 CDW 250 QCP at 3.5% Pt-for-Ir substitution [276]
WTez 7 P=17 GPa [463, 464]
Tskr ~ 0.5 K in a monolayer [465]
MoTe: 8.2 T.=0.10K at AP and 8.2 K at P=11.7 GPa [466]
SceFeTer 4.7 [467]
Pnictides
MnP 1 FM/Helical AFM 290 P =8 GPa; Mn*' (3d*) [302, 303]
CrAs 2.2 Helical AFM 265 P =0.7 GPa; Cr’* (3d%) [300, 301]
K>Cr3Ass 6.1 Cr*¥* (3d**°); Quasi-1D; Strong electron [468, 469]
correlations
CsV3Sbs 2.5 CDW 94 V40 (3d%3); double T domes at P = 0.6 and 2 [279, 280,
GPa; T. ~ 0.9 K for the K and Rb analogues 282]
KMneBis 9 AFM 75 Mn>¥* (3d*%%); P =14 GPa [470]
Mixed anions
LixZrNCl 19.0 Charge fluctuation? Te=11.5K (x=0.3)and 15.2 K(x = 0.06) with [226, 352,
Li intercalation; 19.0 K (p = 0.011) by EDL 354]
doping
Li.HfNCI 25.5 Charge fluctuation? [353]
LaIOs> 12 5d electrons of La and anionic Os; La:IRuz with [373]
T.=4.8K
Na»CoSe20 5.4 [378]
Ultrahigh pressure
HsS ~200 Hydrgen honon s P =150 GPa [385]
LaHio ~240 Hydrgen honon s P =150 GPa [386]

“logarhithmically averaged phonon frequency (K); “"Debye temperature (K);

wohk

Antiferromagnetic interaction (K);
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