Conductivity of Select Materials

Subsrance o (S/m) Subsrance o (S/m)
Ag 6.2 x 10 Bi:Ru:O- 2 x 10°
Cu 59 x 107 LaNiO; 1 < 10°
Al 3.8 % 107 doped polyacetylence 8 = 10
Na 2.1 x 107 Fe Oy 2 x 10°

ReO; 1.1 x 107 YBa-Cu:O-* 1 =< 10°
Ti 2.5 x 10° Ge 2 x 10°
La 1.6 x 10° Si 10°°

SrMoO. 1.0 x 107 NiO 10°
Bi 7.7 x 10° ALO; 10°'¢
Mn 6.2 x 10° S 1075
NbN 4 x10° Si10; (Quartz) 10 '

ToO 3 x 10 Ietflon 10




Organic Conductors

Structure, Bonding & Electronic
Properties
Chapter 10.5-10.6




Learning Objectives

e Explain how mt-conjugation leads to delocalized molecular orbitals that form bands

* Relate Peierls distortion and redox doping to the band gap and carrier formation in
polymers

* Define nanotube (n,m) indices and compute diameter and chiral angle
* Predict metallic vs semiconducting behavior from the (n-m)/3 rule and Eg «< 1/d

 Compare transport limits in polymers vs nanotubes and link back to structure



Why Organic Conductors?

Key Advantages
Breaking the Paradigm

* Lightweight & flexible

« Traditional view: organics = insulators
» Solution processable
* 1970s revolution: conjugated systems conduct
* Tunable properties
» Conductivity spans 15 orders of magnitude
» Applications: OLEDs, solar cells, sensors

« 2000 Nobel Prize in Chemistry




Application Area
OLED / Organic Electronics (displays, flexible

devices)

Conductive Polymers (coatings, EMI shielding,
antistatic, electronics)

Organic Photovoltaics | Polymer Solar Cells

Sensors, Actuators, Printed Electronics

Bioelectronics | Medical & Wearable Interfaces

Estimated Market Size (USD)

~46 B

~5B

~1.7B

~0.88B

0.1-1B (varies)

Notes

By far the largest real-world use of organic
conductors; includes OLED materials and organic
layers in display stacks.

Pure organic conductor materials used in
coatings, components, printed electronics
interfaces.

Rapid growth; still small compared with displays
but expanding quickly.

Includes wearables, loT devices, smart materials
using organic conductors.

Highly specialized; smaller but high-value and
growing.
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The Polymer

PEDOT:PSS = poly(3,4-ethylenedioxythiophene):polystyrene sulfonate

A complex of:

( ) 4 )

PEDOT PSS

Conducting polymer backbone Polyanion for water dispersibility

This unique combination enables commercial success



PEDOT




Key Advantage #1: Water Processable

The single biggest reason for commercial success

Processing Methods Competitive Advantage

* Solution casting at room temperature _ _
. . Other conducting polymers require:
» Spin coating

« Screen printing * Harsh organic solvents

« Roll-to-roll compatible * In-situ oxidative polymerization

« Standard coating tools * Special handling conditions




Key Advantages #2 & #3: Stability & Film Quality

@ Air Stable @ Superior Films

Unlike most conducting polymers that Essential for electronics:
degrade in oxygen/moisture

* Optically clear

« Storage without special precautions » Uniform thickness
 Standard shipping & handling *Low surface roughness
*Long shelf life *No cracking or defects




Key Advantages #4 & #5: Tunability & Industry Fit

Tunable Conductivity

Adjust PEDOT:PSS ratio or add dopants:

1 S/cm — 1000+ S/cm

Secondary dopants: DMSO, ethylene glycaol,
sorbitol

CQQductivity)aﬁﬁg@d
g With EG
g With DMSO F ‘
F Base PEDOT:PSS . . . . . . |
0 200 400 600 800 1000 1200
Conductivity (S/cm)

Industry Compatible

Direct integration into:

* OLED displays
* Touch panels

* Photovoltaics

* Sensors

* Antistatic coatings

No exotic equipment needed



Graphene Graphite
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Hexagonal Lattice (Definition of Vectors)
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Wrapping (10,0) SWNT (zigzag)




Wrapping (10,0) SWNT (Animation)




10) SWNT (armchair)

Wrapping (10




10) SWNT (Animation)

Wrapping (10




Wrapping (10,5) SWNT (chiral)




Wrapping (10,5) SWNT (Animation)




Hexagonal Lattice (n,m) nanotubes
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3q (q: integer): metallic
n - m # 3q (q: integer): semiconductor
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At K and K' the m and n* touch
(become degenerate) these are
called Dirac points

As we move away from K and K' the
energies of the m and n* bands
change linearly with k. This is
unusual and gives graphene special
properties.



Why Some Nanotubes Are Metallic and Others Are Semiconducting

- Rolling graphene into a nanotube imposes a periodic boundary condition around the circumference defined by the chiral vector

C,, = na; + ma,.



Metallic or ’K/'
Semiconducting?

-~

. % ;

https://demonstrations.wolfram.com/BrillouinZoneOfASingleWalledCarbonNanotube/
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Furnace 500 -1000 °C

09999999999

Hydrocarbon gas

C:H: Catalyst
Substrate

Gas outlet

Inert gas

N .
5B -0 8 @

Catalyst  Substrate

Figure 2. Diagram of the standard chemical vapor deposition (CVD) method for synthesizing carbon nanotubes



Ultracentrifuge Separation
Tug P I Chromatographic Separation

M. S. Arnold, A. A. Green, J. F. Hulvat, S. I.
Stupp, M. C. Hersam,Nat. Nanotechnol.
2006, 1, 60.

H. Liu, D. Nishide, T. Tanaka, H. Kataura,
Nat. Commun. 2011, 2,3009.



Application Area
CNT-enhanced composites (plastics, automotive,

aerospace, sports equipment)

CNT conductive additives for Li-ion batteries

Transparent [ conductive films & coatings

Sensors and electronics (RF devices, nanosensors,

interconnects)

CNT powders, inks, dispersions

Estimated Market Size (USD)

~1.2-1.5B

~0.9-118B

~0.2-0.3B

~0.1-0.2B

~0.18B

Notes

Largest current CNT use; small CNT loadings improve
conductivity, strength, ESD resistance; used in automotive
fuel systems, EV lightweighting, structural materials.

Fastest-growing segment; CNTs used as conductive
networks in battery cathodes/anodes; driven by EV growth;
increasingly replacing carbon black in high-performance
cells.

Used in flexible displays, touch panels, heaters; CNT films
compete with ITO in specialty applications where flexibility
or durability is required.

Includes strain sensors, biosensors, gas sensors, and early
nanoelectronic components; small market but high R&D
intensity.

Base materials sold as powders, masterbatches,
dispersions; sold to electronics, composites, and energy
manufacturers.



Homework:
Conducting polymers: 10.17
Carbon nanotubes: 10.18, 10.19, 10.20, 10.21,

10.22



Chapter 12:
SUPERCONDUCTORS
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SECONDARY GOIL

Compressor Unit in Car-mounted
Bogie Helium Refrigeration System
MAIN SUPERGONDUCTING COIL Levitation Frame

LIQUID HELIUM

Auxiliary
Guainance Air Guiding Gear
Coil _ Spring

Auxiliary
Supg)omng
ear

Liquid
Nitrogen

— Quter
Vessel

Pro ulslon‘:‘l'r
(E.oll
Liquid Helium

Refrigerator
Inner Vessel

Superconductini
" Coil 9

Supporter Radiation
Shield




resistance

(@)

3)

| @

20 40

temperature (K)

60

—_~

resistance (Q

0.150

(b)
0.125 -

0.100 A

o

o

\'

3
1

0.050 H

0.025 -

"

|
I
|
|
|
|
I
|
|
|
|
|
|
|

as

0.000
4.00

4.20
temperature (K)

4.40

Figure 12.1 (a) Early postulated models for how a metal’s resistance might vary with temperature as
discussed in the text. (b) Onnes’ original data on the resistance of Hg metal; below a critical temperature

T. of 4.2 K (the best modern value is 4.153 K), resistance falls to ~0 Q.



Li Be
\"/ Cr | Mn Co Ni Cu
Nb | Mo | Tc | Ru | Rh Ag
Ta W Re | Os Ir Pt Au

Pr [ Nd | Pm | Sm Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

Th | Pa U |[Np|Pu|[Am |Cm | Bk | Cf| Es [Fm | Md | No | Lr

Figure 12.2 Periodic table of superconducting elements. Those in gray boxes will superconduct at
ambient pressure in bulk form. Elements in black boxes have been shown to superconduct under pressure
or as thin films.

Highest Temp element is Nb @9.25 K and ambient pressure.



Material T.(K) Comment

Rh 0.0003 Lowest T, of any superconducting element

Hg 4.153 First superconductor discovered in 1911

Pb 7.2 Highest-T, type-I superconducting element

Nb 9:25 Highest-T, type-II superconducting element

Li 0.004/20 Ambient/~30 GPa

Ca 21-25 Highest-T, element ~220 GPa

Nb;Sn 18 High-T, intermetallic

Nb;Ge 23.2 Highest-T7, intermetallic

NbO ES First oxide superconductor, 1933

SrTiO3- 5 0.3 First perovskite superconductor

BaPb,_,Bi,0; I3 First high-temperature superconductor of 1970s
Bag (K 4B104 34 Highest 7, of BaBiOs-related systems

La, gsBag 15CuOy4 30 First cuprate superconductor, 1986

La; g5Sr 15CuOy4 or La,CuOy g 38 Highest-T, “214” cuprate superconductor

Y Ba,Cu;04 93 First >77 K (N> boiling point) superconductor, 1987
HgBa,>Ca,Cu;0x4. 134/164 Highest-T, cuprate at ambient/elevated pressure
Ba;_ ,Sr,CuO, 90 Infinite-layer cuprate

Ca,-,Sr,Cu0O, 110 Highest-T, ternary infinite-layer cuprate



Applied Magnetic Field

« Created by current through a coil:
—

Applied

magnetic field H ] N = total number of turns

L = length of each turn

current | —™

« Relation for the applied magnetic field, H:

H_ N |
~ [ current

/

applied magnetic field
units = (ampere-turns/m)

» Here a Magnetic Field is the result of a current



Response to a Magnetic Field

I (cgs—emu)

« Magnetic induction results in the material

By = poH %

I N I N _
< 'k—BO = lLOH - < B - #‘H
| |
| —
) (3
| |
| |
‘ N turns | B
J—= 7> S
(a) (b) SI Units
Quantity Symbol Derived Primary
Magnetic induction B tesla (Wb/m?)*  kg/s-C
(flux density)
Permeability of a Ko henry/m” kg-m/C*
vacuum
Magnetic field H amp-turn/m C/m-s
strength
Magnetization M (SI) amp-turn/m C/m-s

Mor i

poH + oM

Contribution to the field
due to magnetization of the
solid

M= (p —1)H



Response to a Magnetic Field

« Magnetic susceptibility, ¥ (dimensionless)
B A

x>0 y measures the
vacuum % =0 material response
v <0 relative to a vacuum.
> H B = po(H+M) = po(1+y,)H = uH

37

M = X,,,IJ Xm = Mp — 1



Origins of Magnetic Moments

» Electrons produce magnetic moments:
magnetic moments

1 1

® G,
nucleus I spin

* Net magnetic moment:
--sum of moments from all electrons.

» Three types of response...

Chapter 20 - 38



Diamagnetism

* Present in all materials

 Electrons change their orbit to oppose applied field

OO0O0O0
OCO0O0O0
OCO0O0O0
OO0O0O0

©O0006
©O0600
©O0006
0006

Chapter 20 - 39



Paramagnetism

* Present in materials with unpaired electrons
* Electron spins align with applied field

OO0
CACXOXO)
OO0
©0006

0000
00O

0006
0006




Ferromagnetism

» Spins couple and align with no applied field
H=0
CYCXCXC,
©@06006

©OO06006
©0006

Table 14.1. Magnetic Constants of Some Materials at Room Temperature.

Type of
Material 7 (SI) unitless 7 (cgs) unitless  p unitless magnetism
Low carbon steel ~5 x 10° 3.98 x 107 5 x 10°
Fe-3%Si (grain-oriented) 4 x 10* 3.18 x 10° 4 x 10  Ferromagnetic
Ni-Fe—Mo (supermalloy) 10° 7.96 x 10* 10°

0- 41



Antiferromagnetism

» Spins couple, align, and cancel

OBROBROIRO,

@00

® ®_©O_ O

QOO MnO

® ©®© ® ©®

Chapter 20 - 42



Table 14.1. Magnetic Constants of Some Materials at Room Temperature.

Type of
Material 7 (SI) unitless 7 (cgs) unitless  p unitless magnetism
Bi —165 x 107 —13.13 x 10°° 0.99983
Ge —71.1 x 10°°  —=5.66 x 10°° 0.99992
Au —344 x 10°° =274 x 10°°  0.99996
Ag —238 x 10°°  —1.90 x 10°°  0.99997
Be —232x 10°° —1.85 x 10°° 0.99998  Diamagnetic
Cu —9.7 x 10°° —0.77 x 10°°%  0.99999
Water —9.14 x 10°°  —0.73 x 10°°  0.99999
Si —4.1 x 10°° —0.32 x 10°°  0.99999
Superconductors® ~1.0 ~—8 x 107 0
f-Sn 424 x10°° 4019 x 10°° 1
Al +207 x 107 +£1.65 x 10°°  1.00002
W +777 x 10°°  +6.18 x 10°° 1.00008  Paramagnetic
Pt +264.4 x 107 +21.04 x 10°° 1.00026
Low carbon steel ~5 x 10° 3.98 x 10? 5% 10°
Fe-3%S$i (grain-oriented) 4 x 10* 3.18 x 10° 4 x 10 Ferromagnetic
Ni-Fe-Mo (supermalloy) 10° 796 x 10* 10°

« @



Are Superconductors Special?

(1) Resistivity of Ag is 10" ohm m at I K , for superconductors is 10-2°

Chapter 20 - 44



Are Superconductors Special?

(2) Different Magnetic Properties: Ag is a very
weak diagmagnet, superconductors are perfect
diamagnet up to a critical field H,

lype |
& (a)
H, -
H
H M
(b)
H.
normal
metal
M = magnetization SUPgr- ;
H = magnetic-field strength | ¢onauclior




(3) Thermodynamic Analysis reviews Tc is associated with a 2" order transition

4 2
(@ | ~ = (b) (c)
T 5 31 superconducting A
@)
: E l
- )
205 £ - normal
= _ = 2 / = 1
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= 8 & super
® -1.0 1 o)
@ 8 1 « nomial = conducting
o © (O}
= T. 2 Te Te
'15 Y T ‘ O a T T + 0 T T +
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Figure 12.5 (a) Free energy, (b) heat capacity, and (c) entropy of Al in the superconducting and normal
states of aluminum. Parts (a) and (c) after [5].
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PHYSICAL REVIEW

VOLUME 108,

NUMBER § DECEMBER 1, 19§87

Theory of Superconductivity*

J. Barpeex, L. N. Coorer,t Axp J. R. Scurierrex}
Department of Physics, University of Illinois, Urbana, Illinois
(Received July 8, 1957)

A theory of superconductivity is presented, based on the fact
that the interaction between electrons resulting from virtual
exchange of phonons is attractive when the energy difference
between the electrons states involved is less than the phonon
cnergy, fw. It is favorable to form a superconducting phasc when
this attractive interaction dominates the repulsive screened
Coulomb interaction. The normal phase is described by the Bloch
individual-particle model. The ground state of a superconductor,
formved from a linear combination of normal state configurations
in which electrons are virtually excited in pairs of opposite spin
and momentum, is lower in energy than the normal state by
amount proporuonal to an average (Aw)®, consistent with the
isotope effect. A mutually orthogonal set of excited states in

one-to-one correspondence with those of the normal phase is
obtained by specifying occupation of certain Bloch states and by
using the rest to form a linear combination of virtual pair con-
figurations. The theory yields a second-order phase transition and
a Mcissner cffect in the form suggested by Pippard. Calculated
values of specific heats and penetration depths and their temper-
ature variation are in good agreement with experiment. There is
an energy gap for individual-particle excitations which decreases
from about 3.5kT, at T=0°K to zero at T.. Tables of matrix
elements of single-particle operators between the excited-state
superconducting wave functions, useful for perturbation expan-
sions and calculations of transition probabilitics, arc given.



The Nobel Prize in
Physics 1972

"for their jointly developed theory of
superconductivity, usually called the
BCS-theory"

John Leon John

Bardeen Neil Robert
Cooper Schrieffer



0® ©® © 0O

QO O

&)

©@ ©0 6
® 00 0

Figure 12.6 (a) Real-space illustration of how electron—phonon coupling in a simple metal system can
lead to attractive interaction between two electrons.” (b) Virtual-phonon exchange behind Cooper-pair
formation.



Electron Pairing Distance Estimate

Since electrons move much faster than the heavier metal ions, there is a time delay between the motion of the first
electron (which distorts the lattice) and the subsequent attraction of the second electron. To estimate the distance d
the first electron has traveled by the time the second is attracted, we use:

*v,: velocity of an electron at the Fermi level

*w_D: Debye angular frequency, which sets how fast the lattice can respond

The estimated distance is
d=v_F(2n / w_D)

For aluminum:
ov_F=2x10°m/s

*w_D=5%x10" s

This gives:
d =~ 2500 A

This distance is large compared with atomic spacing, so Coulomb repulsion between the electrons is negligible,
especially due to screening by the positively charged metal ions.



Conservation of momentum leads to the relationships:

ki, = k| +q and k> + q = Kk,
k+q k,'

(ki + ko) = (ki +a) + (k' - ) \ (\N\N\ \

k, k+q

I"l *‘kl — I(II -} l\’: E kﬂ kl+k" _kl +kﬂ.'=k(l

(b)

Figure 12.6 (a) Real-space illustration of how electron—-phonon coupling in a simple metal system can
lead to attractive interaction between two electrons.” (b) Virtual-phonon exchange behind Cooper-pair
formation.



Electron Pairing in k-Space

To form a Cooper pair through phonon exchange, each electron must scatter into a different quantum state.
The Pauli exclusion principle limits which states are available: electrons deep below the Fermi energy EF
cannot scatter because all nearby states are already occupied. Only electrons close enough to EF have empty
states available.

A phonon of energy hw can only change an electron’s energy by at most hw. Therefore, an electron can
scatter only if there is an unoccupied state within that energy range. When you combine this with Pauli
exclusion, the result is that only electrons within an energy window of order hw around EF can participate in
pairing.

In k-space, this allowed energy window corresponds to a thin shell of states surrounding the Fermi surface,
with thickness 8k determined by hw. Only electrons whose wave vectors fall within this narrow shell can
experience the phonon-mediated attraction, as shown schematically in Figure 12.7.



K k, reduces k

(a) (b) (c)

Figure 12.7 (a) A k-space sketch of a spherical shell of states within ok of Fermi level k.. Electrons with
arbitrary wave vectors k; and k> are shown. The change in kA, on phonon exchange is restricted to a small
area determined by ok. (b) The overall condition of k; + k> = k;, for virtual phonon exchange can be
represented geometrically by two such shells offset by ky. For a given value of &, the overlap region
(shaded) gives the states that can be involved in coupling. The maximum coupling will occur when the two
shells overlap such that k;, = 0 and &, = —k..



Why ko = 0 gives the most possible pairs

If ko = 0, then the rule becomes:

kz = —k1

That means every state k in the shell automatically has a partner -k that is also in the shell.

This doubles your options: every point on the Fermi surface has a matching point directly opposite it. So the number
of available pair states is maximized.

If ko is not zero (say, ko is some nonzero vector), then the partner of k; is k2 = ko — k1. Many of those points don’t lie in
the allowed shell anymore, so the number of available pairs drops.



ko = ki + ks, so0 ko = 0 means:
k1+kz=09kz=—k1
In other words, the two electrons in a Cooper pair must have equal and opposite momenta.

Because electrons are fermions, their spins must also be opposite for the overall two-electron wavefunction to be allowed. So a
Cooper pair consists of states:

(kl 1\) and (_k; ‘1’)
This is called s-wave pairing, which is the type found in conventional (BCS) superconductors.
Finally, a Cooper pair is not like two electrons locked together in a fixed chemical bond. Instead, it is a dynamic guantum state in

which many electrons near the Fermi surface continuously exchange phonons and momentarily form paired states with opposite
momenta and opposite spins.



T>T. T=0K 0<T<T,
E[‘ / E“ En \ En
AAO A .
NE) ~5 eV E. : ~10" eV
N(E) N(E) N(E)

Figure 12.8 DOS plot of a metal close to Ey in its normal and superconducting states. In the supercon-
ducting state, peaks appear in N(Eg) just below and above the gap. Away from Ey, the DOS of the
superconductor is similar to a normal metal. At 7> 0 K, there is some occupancy of normal states above
the gap.
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Figure 12.5 (a) Free energy, (b) heat capacity, and (c) entropy of Al in the superconducting and normal
states of aluminum. Parts (a) and (c) after [5].



BCS Prediction for the Zero-Temperature Gap and Tc

hwp, 1/(N(Ep)V)

A= ] ~ 2hwp e

sinh [m Ep)V,

. N(Ey) is the density of states at the Fermi level
- Vis the electron—-phonon coupling strength

- Wpis the Debye frequency

Typical experimental measurements the zero temp energy gap are

BCS Theory further predicts that  2A, — 3.5247.

o 2B _ 2(5 x 1074 eV)

= — . ~ 3.3 K
© 352k 3.52(8.617 x 10— eV/K)

Ay

i

N

x107% eV



BCS prediction evaluated at Tc yields:

- The BCS expression for T shows that it scales with the Debye frequency “b.

This explains the isotope effect and why materials containing light elements (such as MgB2)
can have high T due to their high phonon frequencies.

- A larger electron—-phonon interaction V'leads to a higher T,
This explains why good normal conductors (Cu, Ag, Au), which have weak electron-phonon
coupling, are poor superconductors, while poor normal conductors (often oxides with
stronger coupling) can be good superconductors.



Why Superconductors Have Zero Resistance

- In a superconductor, all Cooper pairs occupy the same quantum state, behaving as a single
coherent ensemble rather than individual electrons.



Temperature Milestones for Superconductors

g 100 ~ T (K)
:: 90 |-
P
E 80 |- Ligquid o .
z —*=Tiquid Nitrogen 77K
) 70 |-
=8
QE) S0
o
=) 50
= ) o a a
€ 4o McMillan Limit ~40K
"E 30 Liquid Ne
8 . Liquid H o NbaNSb';A"‘\(l?’bease :
e NbN V5 Si
2 10 |- NB .
= Pb
) i
O ] 1 1 SRR S
1910 1930 1950 1970 1990

Year



Discovea of Sugerconductivig_ in Cogger—Oxide Comg ounds

Z. Phys. B ~ Condensed Matter 64, 189193 (1986) Confbnsed
Zeitschrift
ferechit . Matter

© Springer-Verlag 1986

Possible High T, Superconductivity The Nobel Prizein
. ysics
in the Ba—La—Cu—O System o
In ceramic matenals”
J.G. Bednorz and K.A. Miiller :
IBM Ziirich Research Laboratory, Riischlikon, Switzerland E s
Received April 17, 1986 Ty X bl
Bednorz Miiller

Metallic, oxygen-deficient compounds in the Ba — La— Cu—O system. with the composi-
tion Ba,Las_-,CusOg(y.-, have been prepared in polycrystalline form. Samples with
x=1 and 0.75, y>0, annealed below 900 °C under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
tivity. The highest onset temperaturc is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers
of one of the phases present.



VOLUME 58, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1987

Superconductivity at 93 K in a New Mixed-Phase Y-Ba-Cu-O Compound System
at Ambient Pressure

M. K. Wu, J. R. Ashburn, and C. J. Torng
Department of Physics, University of Alabama, Huntsville, Alabama 35899

and

P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu®

Department of Physics and Space Vacuum Epitaxy Center, University of Houston, Houston, Texas 77004
(Received 6 February 1987: Revised manuscript received 18 February 1987)

A stable and reproducible superconductivity transition between 80 and 93 K has been unambiguously
observed both resistively and magnetically in a new Y-Ba-Cu-O compound system at ambient pressure.
An estimated upper critical field /H.2(0) between 80 and 180 T was obtained.
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A;M,0q YBa,Cu,0, YBa,Cu,0, YBa,Cu,;0,

Figure 12.16 A hypothetical triple perovskite structure A3M3Oq. Deleting two oxygens per unit cell
(crosses) leads to YBa,Cu307, shown in ball-and-stick and polyhedral views. Deleting a further oxygen

leads to YBa,Cu;Og.
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Figure 12.17 The dependence of (a) unit-cell parameters and (b) 7. on oxygen content for a series of

YBa,Cu;0, samples. Data from [27].
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Figure 12.21 Left: Schematic density-of-states plots for CuQy,, planes: Right: Splitting of the d,2_,2 into
an upper and lower Hubbard band due to energy cost of clectron pairing.
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Figure 12.22 A generic phase diagram for hole-doped cuprate superconductors. Dashed lines separate
regions where there are poorly defined changes in electronic behavior.



Pairing seems to come from electronic interactions, not phonons

In ordinary superconductors, electrons attract each other indirectly by distorting the lattice (phonons). In cuprates, that is not
strong enough to explain - near 100 K.

Instead, the starting point is that the undoped cuprate is an antiferromagnetic Mott insulator: neighboring Cu spins strongly
prefer to be opposite. When you dope holes into this system, you

- destroy long-range antiferromagnetic order

- but keep strong, short-range “up-down” tendencies that fluctuate in space and time

These time-dependent local antiferromagnetic patterns are what people mean by spin fluctuations.

They act as a kind of magnetic glue:

- an electron moving through the lattice disturbs the spin background

- another electron can lower its energy by moving in a way that fits this disturbed pattern

- the net effect is an effective attraction between electrons, even though the bare interaction is repulsive

So instead of an “electron-phonon” attraction, cuprates likely have an “electron-spin-fluctuation” attraction that binds electrons
into Cooper pairs.
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1987 PW.Anderson RVB

The Resonating Valence Bond State in La2CuO#4
and Superconductivity : Science 235, 1 196

“The appropriate model seems to be the basic nearly
half-filled Hubbard model”
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Coexistence of superconductivity with
partially filled stripes in the Hubbard model

Hao Xut, Chia-Min Chung?, Mingpu Qin, Ulrich Schollwéck, Steven R. White, Shiwei Zhang*

N READ THE FULL ARTICLE AT
el https://doi.org/10.1126/science.adh7691

lllustration of the ground-state
properties of the t-t'-U Hubbard
model. Dome-like structures in the
superconducting order parameter
resemble the T. domes in the cuprates.
With electron doping, superconductivity
is accompanied by antiferromagnetic
Néel correlations. With hole doping,
superconductivity coexists with anti-
ferromagnetic correlations that are
modulated by a wavelength smaller
than 2/doping, with moderate hole-
density correlation peaks at the nodes.

Increasing superconductivity —e

- Electron doping «

e "lf)'

V8 175
Hole doping density -

A Antiferromagnetic
Electron doping density 1/8 {nat modulated;
0 "0 "0 0 00
0 "0 "0 0 00
007070 00
00 "0 "0 00

B striped ‘ Density
Hole doping density meodulated wath average 1/8 peaks

R oo UL ST S
b O 0 L]

0 0 © |
ih O 0 ap

L] L N | |

C Spin striped Density

Hele doping density medulated with average 1/5 /.peaks




Simple electronic models now reproduce superconductivity

|H

The Hubbard model is the standard “minimal” model to capture strong electronic correlations on a lattice:
*electrons live on a square lattice (like Cu sites)
*they can hop to neighboring sites with amplitude t

*if two electrons land on the same site, they pay a large energy penalty U (strong on-site repulsion)

At half-filling (one electron per site), and for large U, the Hubbard model naturally gives a Mott insulating antiferromagnet,
just like undoped cuprates.
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