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Coherence:

e \What is coherence?
e Constructive and destructive interference
e Interference of matter waves

e Macroscopic quantum coherence in superconductors
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Coherence

Two waves are coherent if they have a constant relative phase



Adding coherent waves

In-phase (4 =0)

AVAVAVAVAV

+

AVAVAVAVAV

Out-of-phase (= p)

AVAVAVAVAV

Add constructively

+

\/\/\/\/\/\ Add destructively






Young’s slits experiment




Young's slits experiment
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Thomas Young’s sketch to explain the

interference pattern from two slits, which he
presented to the Royal Society in 1803
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Waves with different wavelengths

Two waves with slightly different wavelengths:
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Waves with different wavelengths

Many waves with slightly different wavelengths:
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Coherence length



Superposition of many waves

(i) All waves coherent (or nearly so) and in phase:

AVAVAVAVAVY,
AVAVAVAVAY,
A VAVAVAVAY,
/\/\/\/\/\/_>/\/\/\/\/\/
AVAVAVAVAY,
AVAVAVAVAY,
A VAVAVAVAVY

N waves each of amplitude a Amplitude = Na
Intensity  N?a?

Example: laser



Superposition of many waves

(ii) All waves incoherent phase and wavelength varies randomly

VA VAV VAV

VA VA VA VAV *‘MA/\/\/W\/\NWM
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SV VAUV T n—
OO NN T i
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N waves each of amplitude a Intensity  Na?

Examples: light bulb, sea waves




Electron waves

® Quantum mechanics: electrons are both particles and waves
(wave—particle duality)

matter wave

e Can observe interference effects with electrons

® Aharonov-Bohm effect: Phase difference between
paths OAD and OBD due to
magnetic field enclosed
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Electron waves

® Electrons carrying a current in a normal metal are incoherent:

Phase changes irregularly on scattering WMW:MW
from e.g. defects, impurities, etc. —Mw\/\/\/W\/\/\w’ ‘““\A/\/\A/\/\AW
-

e Electrons carrying a current in a superconductor:

Phases of Cooper pair waves are locked W
together forming a macroscopic coherent state AVAVAVAVAY,



Consequences of quantum coherence
in superconductors

1. Zero resistance:

Coherent electrons (Cooper pairs) can carry current without
experiencing any resistance because they behave cooperatively

2. Meissner—Ochsenfeld effect:

Application of a magnetic field induces superconducting eddy currents
that oppose the applied field and perfectly cancel it. Because there
is no resistance this state persists indefinitely



Consequences of quantum coherence
in superconductors

3. Magnetic flux quantization:

Ring of superconductor \

Perform circuit around ring: \

magnetic flux F =B x A
Electron wave is single-valued

. Phase can change by 0, 2p, 4p, 6p, ...
i.e. Df=2pxnaroundring

Now, D f magnetic flux F enclosed (e.g. Aharonov—Bohm)

——» Magnetic flux is quantized!

Magnetic flux quantum F , =2.07 x 10> Wb



Consequences of quantum coherence
in superconductors

4. Josephson effect:

Superconductor 1 Superconductor 2

Phase f, Phase f,

T

Thin barrier: ‘weak link’

Current flows across barrier even in absence of applied voltage:

| =1,sin (f,=T)) dc Josephson effect

Apply voltage V across junction:
f,—f,= 4pevt/h (h = Planck’s constant)

—> | =1,sin (4peVt/h) ac Josephson effect (f = 2eV/h)



Summary

® Superconductivity is a macroscopic coherent state of electron waves

® Zero resistance and Meissner effect are consequences of coherence

e Magnetic flux trapped in a superconductor is quantized

® Josephson currents flow between two superconductors
separated by a thin barrier. Applications include:
SQUIDs, voltage standard, qubits for quantum computers, etc



