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Quantum tunnelling
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Quantum tunnelling
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e Nuclear fusion

e Tunnel diode

e Scanning tunneling microscopy (STM)
e Quantum computing

https://en.wikipedia.org/wiki/Quantum_tunnelling



Tunnel junction
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e Multijunction photovoltaic cell

e Tunnel diode

e Magnetic tunnel junction

e Superconducting tunnel junction
e Scanning tunneling microscope

https://en.wikipedia.org/wiki/Tunnel_junction



Tunnel junction
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e Multijunction photovoltaic cell /

e Tunnel diode

Anode ‘; | Cathode

e Magnetic tunnel junction
e Superconducting tunnel junction
e Scanning tunneling microscope
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https://en.wikipedia.org/wiki/Tunnel_junction



Tunnel diode

Marco Malinverni, PhD Thesis (2015)



Tunnel magnetoresistance

R =l

DOSFM1 DOSFM2 DOSFM1 DOSFM2
R,, — D+(Er) — D (E 2P, P.
TMR = — fo P= 1 (Fr) 1 (Br) TMR = ——1-2
Rp DT(EF)ﬁ—Di(EF) 1-P P

where Rap is the electrical resistance in the anti-parallel state, whereas Rp is the resistance in the

parallel state. P is calculated from the spin dependent density of states (DOS) D at the Fermi energy

https://en.wikipedia.org/wiki/Tunnel_magnetoresistance



Superconducting tunnel junction
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* Radio astronomy: photon-assisted tunneling -> the most sensitive heterodyne
* Single-photon detection: photon breaks Cooper pairs creating quasiparticles

* SQUIDs

e Superconducting quantum computing

 RSFQ

* Josephson voltage standard

Applications



Superconducting tunnel junction

Ambegaokar-Baratoff relation:

w A(T)
IcR, = —A(T) - tanh
ofin = Akl ) - tam <2kBT>
J. NIN V. Ambegaokar, A. Baratoff, Phys. Rev. Lett. 10, 486 (1963)
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R. Gross © Walther-MeiRner-Institut (2001 - 2015)
https://www.wmi.badw.de/teaching/Lecturenotes/SLTTP%20I/SL_Chapter%205_2014.pdf
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Superconducting tunnel junction

0.5 1.0 1.5 2.0 2.5

Z determines probability of electron
transmission D = 1/(1 + Z?)
and reflectionR=1-D =7%/(1 + 7?)

Differential
conductance vs voltage
for zero-temperature
coherent quantum
transport across a one-
dimensional N/B/S-
trilayer with various
barrier transparencies
[S. Volkov et al., Appl.
Nanosci. (2021)]



Scanning tunneling microscope (STM)

1981

Gerd Binnig and Heinrich Rohrer
(IBM Zurich),

Nobel Prize in Physics in 1986

71\

Control voltages for piezotube

Tunneling Distance control
current amplifier and scanning unit

Piezoelectric tube
with electrodes

Tunneling
voltage

ax

Data processing
and display

Ty Vi
LA L K ..‘.,*"““int

u'liiq,‘l‘_“~

LR

ARAALLIIT L

.“1-|q,
T
‘!-'Ill““““\‘




Si(111) 7x7 superstructure

angle cavity  rest-atom dimer

Takayanagi K. et al. Surf. Sci. 164, 367 (1985)
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Differential Conductance (arb. units)

Scanning tunneling spectroscopy (STS)
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Scanning tunneling spectroscopy (STS)
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Fourier Transform STS




Floating room McElroy, 2004

sound room #1: lab lined with Sonex foam
RF room & sound room

lead filled table

walls: cinderblack
filled with sand

three airsprings

three lead filled legs

vacuum__
lines

— Pumps under Control room

building foundation

concrete inertial block

six airsprings




STM Instrument Design

Turbo Pump Lerdlock

Lead Filled Table

Air
Springs

Fridge
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High-field SC Magnetg

McElroy, 2004

**Nuclear Demag.’ Cryostat
*STM + High Field Magnet
*Sample Exchange from RT
*Cryogenic UHV Cleavage

——

STM Head

Berkeley 71




5r,CaCu,0g.s

SCCO
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Bi,Sr,CaCu,Oq
»

Each bright spot

Is a Bi atom --
Cu atom is about
5A below
Size of
CuO,
unit-cell
T=4.2K,B=7T

100pA, -100mV McElroy, 2004
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FFT shows
q-vector of
LDOS
modulations













Quasiparticle Interference at Impurity Atoms

‘Mixing of |k) and |k,) by scattering
creates
interference term, with wavevector

—» —»

é:h_k
sInterference results in modulations in

LDOS with wavelength ; _ 27
g

Crommie, Lutz & Eigler, Nature 363,

924 (1993)

McElroy, 2004



Simplified Model of Cuprate QP Scattering

If scattering potential is 7(7)

= each Fourier component ¥(g) ,
will cause elastic scattering = — 4
between initial state ‘fé> and final
state ‘fc}> whose momenta differ
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A simplified model for scattering
rate w, Is Fermi Golden Rule

2x o 2
Wy =<K, V@)K, >| n, (E) States with highest n(E)
where n (E) is the densities of ~ Will dominate scattering.
final states.

Where are these states In

momentum space?
McElroy, 2004
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CCE (E): The
ocation in k-space
| of states with
energy E

Parameterization:
M. Norman
PRB 52, 615

(1995).

Based on data:
Ding ef al.,
PRL 74, 2784

(1993).

McElroy, 2004



long FS

, agap A(k) opensa

In the SC state
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McElroy, 2004
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Kk, [2n/a]

Octet of regions at ends of ‘bananas’ have smallest dE/|dk|
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: n(E)= §

Density of States
1

E(k)=E ‘VkE(g)‘

\4

This octet of
locations at the
tips of the

dk

| ‘bananas’ provide

maximum
contribution to
n{E) and thus

{ dominate elastic
172

scattering
processes.



Octet of regions at ends of ‘bananas’ have smallest dE/|dk|
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Expected energy dependence of these sets of g-vectors

k-space (-space

McElroy, 2004



Expected energy dependence of these sets of g-vectors

k-space (-space

McElroy, 2004



Expected energy dependence of these sets of g-vectors

k-space (-space

McElroy, 2004



Expected energy dependence of these sets of g-vectors

(T, 7)

(n.0)

k-space (-space

McElroy, 2004



The set of modulations is consistent with ‘octet’ model

Octet-model expected set of g's. Measured set of g's.

-“12mV

g-space

McElroy, 2004



Sr2Ru0O4 Quasiparticle Interference
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https://physics.illinois.edu/news/article/21952



https://physics.illinois.edu/news/article/21952

Q)

https://arxiv.org/pdf/1107.3648.pdf

0.5

0.0
Wave vector k (A)

05

00 A°15)

Wave vector k (

-0.5

b o e e e b i Mo o
2 c.. \s S0 00 S0-
$ET (A@) ABiaug

ia¥ —
& %% =



Differential Conductance (nS)
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Gap Edge

What about the higher energy
states?
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McElroy, 2004



GapMap:

Map of A as a function of location

(on an atomically resolved/registered surface )
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Differential Conductance (nS)
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Gapmap disorder not effecting the nodes

di/dV (nS)

Sample Bias (mV)

You can see that the low energy, nodal,
guasiparticles are rather homogeneous

20mviIlE N /0 mV McElroy, 2004



‘Checkerboard’ charge modulations @ ZTPG Spectra
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1. Bi-2212 Studies: High Field
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Superconductivity is destroyed in the
cores of quantized vortices McElroy, 2004



~4a, ‘Checkerboard’ LDOS modulations @ V-core Spectra
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Way to ARPES

Impurity scattering hypothesis:  [FS(r)| = AC A(k)

Definition of autocorrelation:  AC A(K) = j A(K)A(k +q)dk

Another definition through ,
the Fourier transform AC A(k) = F|FA(K)|

(Wiener-Khinchin theorem).

FA(K)| = /FIFS(r)| = R(p)

Phase retrival algorithm:  A(K) = PRA\/F‘FS(")‘



Phase retrival algorithm

FT(Mark) = A,,, e

FT(Ross)= Ay, e =

.

FT—] (AMarkei(pRoss )

ei(PMaxk )

FT'(A

Ross

J. Phys.. Condens. Matter 13 (2001) 10689



Phase retrival algorithm

A(k) = PRA |[FA(K)
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Representations of quasiparticles in different spaces of high-Tc cuprates:

Avsk

|FA| + 50% noise vs p ACA'vs q

Kordyuk JES 2007



Phase retrival algorithm

IR'n =FA,,
R, = R expliarg(R,)].

—1
Ay =F7R,,

L Re(A)) if Re(A) > 0,
"7 ) Re(A, — BAL) ifRe(A,) <0,

Kordyuk JES 2007



