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SUPERCONDUCTIVITY

Prospecting for an iron age

Faul M. Grant

Different material options for high-temperature superconductivity —
conduction of electricity with little or no resistance at 'practical’
temperatures — have arrived. lron compounds are the latest thing.

High-temperature superconductivity is back
in the public eye, and with a bang. But as ever
with this topic, we must first journey back to
1986 and 1987, and to Georg Bednorz and Alex
Miiller', and Paul Chu and his colleagues®. To
start with, there was the headline news' of the
onset of superconductivity in a previously
unexplored class of compounds, the copper
oxide perovskites, or layered cuprates, at the
then record- serrin%tempemture of 35 kelvin.
Shortly afterwards®, this transition tempera-
ture f_T ) was pushed up to 90 K — beyond the

1000

temperature of liquid nitrogen.

The initial announcement prompted
practically every superconductivity centre
on the planet, including my own home lab at
IBM Almaden, to ransack the periodic table
hoping to strike pay dirt again. 5o frantic
became the search that Tom Lehrer’s 1950s
classic The Elements was chosen as the theme
song for a 1988 BBC Horizon documentary,
Superconductor — Race for the Prize. Special
attention was paid to oxides of the first-row
transition metals, running from scandium to



Electronic Structure of Rocksalt

Copper Monoxide
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22 Years Ago...

Possible High T, Superconductivity
in the Ba—=La—Cu-0 System
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...Still No Theory!
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Bob Laughlin’s “Theory of

Eve ryth | ng” (that matters)

Where’'s spin, Pauli and\
Darwin? Ya screwed up,
Bob...should’a used the

many body Dirac equation!

Oh yeah, and maybe
Maxwell, Boltzman and
Gibbs, too...and Newton’s

\ Apple. /

The crunch comes when %,
with | >= 3 ->
“thermodynamic limit.”

“Size Matters !”



Cu?* 3d Multiplet Splitting (Cubic)
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Bednorz-Mueller Nobel Lecture

Copper lons in the Oxide Octahedron

Cuﬁ-i-

3d°®

Orhbitals

372 — r2, w2 — y2

Xy, Y2, ZX

Cut

3d*°

Jahn-Teller Effect:
Elongation of
the Octahedron
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Eleciron-phonon Coupling Consiani

After Chakravarty, (1979)



Hubbard Theory
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ABlaug —>

Charge Transfer Insulator

charge gap
N
d-band A
.. d._. EF
Fermi level
ﬁ- -\
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After Imada, et al, RMP 70, 1039 (1998)



Cubic Rocksalt Divalent TMOs

MO 3d Config Properties
MnO 5 MH-CTI (5.6)
FeO 6 MH-CTI (5.9)
CoO 7 MH-CTI (6.3)
NiO 8 MH-CTI (6.5)
CuO 9 XX Doesn't Exist!

See Imada, Fujimore,
Tokura, RPM 70 (1988)



Néel Temperature vs. TMO Atomic Number
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DFT & (LDA + U)

Eipasu [”“’J] = Eypa [”(r)]+ Eyug “”:}] —Epc “”m”

« Implemented in LMTO by Anisimov, et al, JPCM 2,
3973 (1990)

- Applied to NIO, MnO, FeO, CoO and La,CuO,

. Plane-Wave Pseudopotential Implementation by
Cococcioni and de Gironcoli, PRB 71, 035105 (2005)

- Applied to FeO and NIO

- Download open-source package from
http://www.pwscf.org



Experimental Equipment
(Software)

QUANTUM-ESPRESSO Suit of Codes

- DFT (LDA+U) plus electron-phonon
- Graphics by Tone Kolalj (XCrysDen)

“Dial-in” Parameters
- G2=40Ry p =320 Ry
- Convergence < 10° Ry
- “Smearing” = Methfessel-Paxton

- Psuedopotentials: Ultrasoft, XC = Perdew-Zunger
Cu: 3d%4s? O: 2s%2p*


http://www.quantum-espresso.org/
http://www.quantum-espresso.org/
http://www.quantum-espresso.org/

Experimental Equipment
(Hardware)

3-Cluster Home Network: AMDG64 dual 3.5 GHz, 12 GB +
IBM-X41 +...




nm & af Unit Cells
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MN(E) (states/eV)

af-Tenorite DOS Plot

U=1d-7 Ef=10.5211
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N(E) (states/eV)

af-Tenorite DOS Plot

U=5 Ef=10.1435
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Proto-TMO AF Rock Salt
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Proto-TMO AF Rock Salt

[11-1]



AF Type Il Primitive Cell




Basic Asymmetric AF Cell




U=0

TMO dos Plot
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TMO dos Plot
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Cubic Rocksalt CuO (Cu 4s & O2p)
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Electron-Phonon Coupling
- Superconductivity -
« QE package for e-p coupling with spin-polarized
bands still “under construction,” so...

 Since the bands near the Fermi level hardly
changefromU=0to U =6, let’s...

. Just ignore the AF Il symmetry and see what
happens!






Electron-Phonon Coupling

a la Migdal-Eliashberg-McMillan

(plus Allen & Dynes)
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Eliashberg Kernel

Non-Magnetic Cubic Rocksalt CuO
-- Electron-Phonon Properties --
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Frm—3m

a=3,9053

>

Tetragonal CuO

h=3.9054a LUl

c/la=1.36

Measurements
(Wolter Siemons)

« 2-4 ML epi on STO
* No Fermi Edge

* No Exchange
Bias on ferro-SRO
(Tc ~ 100-150 K)

A




Cu2+ 3d Multiplet Splitting (Tetra)
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Spin Composition of Cu 3d pDOS as fn(Hubbard)
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Cubic & Tetragonal CuO

Ground State Properties
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Total Energy (Ry)

Total Energy vs. c/a

-23342
-233.47
-233.52
-233.57

-233 62

0.98

Total Energy vs Tetragonal Distortion

1.00

1.02

1.04
c/a

1.06

1.03

1.10

1.12

-0
* 1
v 2
&3
>4
45
2B



Anharmonic Phonon-Driven HTSC?

“Fluctuating Cu-O-Cu bond model of
high-temperature superconductivity,”

D. M. Newns and C. C. Tsuei, Nature Physics 3, 184 (2007)




Conclusions & Homework

Conclusions

c-rs-CuO iIs metallic and thus
a proxy for HTSC cuprates.

e-p A ~ 0.6 — 0.7 consistent
with To ~ 20 — 50 K.

t-rs-CuO becomes a MH-CTI
for c/a >~ 1.3.

c/la < 1.3, t-rs-CuO is “self-
doped” metal.

Exhibits “instabilities” in GSE
possibly sc related.

DFT (LDA+U) + 1‘proxy
structures a useful
exploratory tool for nano-
material discovery.

Homework

« Compute e-p coupling A as

f(c/a,U) for t-rs-CuO.

Determine condensate
symmetry.

Compute T,, u*, BCS
prefactor, then T, .

Compute isotope shift.
Calculate Lindhardt funtion.

Look for anharmicities a la
Newns & Tsuel

Calculate optical & transport
properties as f(c/a).



Cnacubo, [lybHa !
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