1 Introduction to quantum
mechanics

Slides: Lecture 1a Introduction to
guantum mechanics

Section 1.1

I —
-
 Ouuantum Mechanice |
—Quaniumaviecnanics |
|

David A. B. Miller




1 Introduction to quantum
mechanics

Slides: Lecture 1b Light

Section 1.1

I —
-
 Ouuantum Mechanice |
—Quaniumaviecnanics |
|

David A. B. Miller

\\\\\ M




il 44434
FPEREREREEEERRNRN
PP RrEREREANER J i REERERERET
dadaaddaaadadddad. 1 FEEEREE
11ﬂ11ﬁ1111ﬂ1ﬂﬂ11ﬂ1ﬂﬂ11ﬂ1ﬁ1ﬂ11ﬂ111ﬂ1ﬂﬂ_. FEEERRRTRERRARRRRS ] bt bl o e
g St bt i Br ERPRRRERPRRERRRRERRRERRRERR
IRRRREEERREREREEREERER FEEREEER RN ERERER RN EEREERNRE R
EENREETRREREREREREY EERRER ﬁﬂﬂﬂﬂﬂﬂ EEEREREEE IERRERRERRERRE TN
g dadudaddddad re _z...__.._ EEp T PRREREETRED
FERERERERRRERR AR r J ! !
SEREREREERERER
daddadgaaadadd:
PERRREERERERE
ﬂﬂﬂﬂ.ﬂl.ﬁﬁﬂ:
EEREENERERER!

ICS

BEERRRREREE

FERREREREREET

FEREEREREEREEE
EERREFRERETRE EFEEEEECEEREER
PRRRRRERRERERCEREY
ERERERREEREREREREY
PEEREFREEEREERERER
ERREEEEEERERERREN
pEnE ﬂ““IlI 44l
bd ol .l
ddddd LLU—L.....,

Dav

- e
quuww.‘......., FEREERE
R PRREEEREWD
daddd RERERRERER su!:nau;

FEENRNEES

"

:qur::nﬂ
WEEREENEN

RS

L EEEE

Al

el
IRERERER
dddadadadad ]
dadaddddd mE)
TEEERD 11ﬂﬂﬂWﬂILLL:
duddddgadddgdd i
FEFErERERRE

FERT

IRERERRERERER
.=w1uw1uu=na= 14

IRERERRERRENERRN
ITRREFEr T AR

EEEEENREENS

ey

EEERE
:Wﬂﬁnﬂﬂ!!

quantum mechan

SEREREERRREE

[ daaddaddd
IENREREREREERRE ]
IERREREEEEREREEN
IFFEEEEEE RN

U R . 13

to

RErr rrER
[REF T TEN
(3l

10N

i :11ﬂ111111ﬂ
IEERERRRERRNNE
IEREEREEE A ERERE

4

ERREREREERENEE
IEREEERRT FRETEES
ITAREEREEREE
L

Introduct

of 444

[RENNER
REREREEE
IREEERerRERREER
PEREREE FEEEEE
FEREERE T RN
TR
ﬁLL L

=1
L

aLLL L
L

REERARE L
IRENEERITERER

PERrErrE
-1ﬂﬂ1ﬁ

Quantum mechanics for scientists and eng

q1q1ﬂ1,11n
IRERREEEEER
REREEEEE e e
SEEEREEEE RN
RERTEREER ]













Black-body spectrum
B

Output power (per unit
wavelength)
For a black body at 5800K

approximately like the sun

Power/unit wavelength
(arbitrary units)

500 1000 1500
Wavelength (nm)

2000



Black-body spectrum
B

Output power (per unit
wavelength)
For a black body at 5800K
approximately like the sun
For a black body at 3000K

approximately like an
incandescent light bulb

Power/unit wavelength
(arbitrary units)

0 500 1000 1500 2000

Wavelength (nm)




Black-body spectrum - -
B

Visible light spectrum
For a black body at 5800K
approximately like the sun

Power/unit wavelength
(arbitrary units)

400 500 600 700
Wavelength (nm)



Black-body spectrum - -
B

Visible light spectrum
For a black body at 5800K
approximately like the sun
For a black body at 3000K

approximately like an
incandescent light bulb

Power/unit wavelength
(arbitrary units)

e e — t } i
400 500 600 700

Wavelength (nm)




Black-body spectrum
B

Visible light spectrum
For a black body at 5800K ¢ /\
approximately like the sun ¢ &
For a black body at 3000K £ 'S .,.-"'
approximately like an ; g « 5 .,.°‘°
incandescent light bulb 28 ..,.-'
2 e

Wavelength (nm)



Black-body spectrum
B

Output power (per unit
wavelength)
For a black body at 5800K

approximately like the sun

Power/unit wavelength
(arbitrary units)

500 1000 1500
Wavelength (nm)

2000



Black-body spectrum
B

Output power (per unit
wavelength)
For a black body at 5800K
approximately like the sun

The Rayleigh-Jeans classical
model gives the

“ultra-violet catastrophe”
showing no good

explanation for the 0 500 1000 1500 2000
shape of the curve

Power/unit wavelength
(arbitrary units)

Wavelength (nm)



Black-body spectrum
I

Power/unit wavelength
(arbitrary units)

0 500 1000 1500 2000
Wavelength (nm)



Planck’s proposal
I
Light is emitted in quanta of

energy
{E = hv]

where v (Greek letter "nu”)

is the light's frequency Iin
Hz (Hertz) and

h is Planck’s constant
| h=6.62606957x10*Js |

(Joule seconds)




Photoelectric effect
B

Shining ultraviolet light on the  Metal
metal plate plate

gives flow of negative charge N

Light Collecting
plate

N

A

(Hertz, 1887) —>
Flow can be stopped with a Eleog\’\;t?\te
specific voltage charge
independent of the
brightness N
but dependent only on the A

frequency (Lenard, 1902)



Photoelectric effect
B

Einstein’s proposal (1905)

. . photon
light is actually made up out energy,
of particles > 4 hv

photons, of energy E=hy &
The kinetic energy of the S
emitted electrons @
. )
s the energy left over after /x
the electron has been “pool” of
“lifted” over the work electrons  metal
in metal

function barrier

kinetic energy of
emitted electron

work
function, ¢

vacuum



Wave-particle duality
N

How can light simultaneously be
a wave and a particle?

In the end, this is arguably not a problem for
guantum mechanics

we just need to avoid bringing along all the
classical attributes of particles and of waves

The wave-particle duality of light is verified
trillions of times a day

In optical fiber communications
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Hydrogen atom emission spectra
e

H-delta ~H-gamma H-beta H-alpha
4102 nm 4314 nm 486.1 nm 656.3 nm

Hot hydrogen emits light
In a set of spectral lines
Balmer series
set of lines in the visible spectrum



Bohr model of the hydrogen atom
B

A small negatively charged electron

orbits a small positively charged
core (the proton)

like a planet round a sun
but with electrostatic attraction
Key assumption (Neils Bohr, 1913)

° 11 ° 1) \
angular momentum is “quantized h
in units of Planck’s constant, h, o =
over 2 " "
. h bar y




Bohr model of the hydrogen atom
B

The model does give the photon
energies of the spectral lines

as the separations of the
energies of the different orbits




Hydrogen atom emission spectra
e

H-delta H-gamma  H-beta 6 H-alpha
4102nm 4314nm  4861nm | » 70 \ 656.3nm
n=6 to n=5 to n=4 to O A n=4 n=3 to
n=2 n=2 n=2 T n=2
€ | n=3

o
©
cC
)
(@)
o
o
>
T

\



Bohr model of the hydrogen atom
B

The model

successfully introduces Planck's
constant into the theory of

matter
gets the approximate size of the
atom right
the characteristic size is the N )
Bohr radius ~ 0.05 nm EE
0.5 A (Angstroms)
. "h bar”




Bohr model of the hydrogen atom
I

The model does not get the angular
momentum quite right

though the quantization in 7
units remains very important

It appears to predict the atom would
radiate all the time

from the orbiting electron h
The atom does not “look” like this s

It is not a small "point” electron in
a classical orbit




Hydrogen atom orbitals
e

Electron charge density in hydrogen orbitals
The electron is not a moving point particle



de Broglie hypothesis
I

A particle with mass
also behaves as a wave
with wavelength

A=—
p

where p is the particle’s
momentum



Matrices and waves
T

Werner Heisenberg (1925)

matrix formulation of
quantum mechanics

Erwin Schrédinger (1926)
wave equation
More key contributions by

Max Born, Pascual Jordan,
Paul Dirac, John von
Neumann, ...
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Transistors and integrated circuits

T o r-;_‘,,
il

‘--muu“.:

A replica of Ane firsk LTANSISLOT,

rn'lunnlu.“nmcs group
2 irwented at Bell Laks.
December 23

mmﬂm 50 Years and Counting..-




Transistors and gate tunneling

]
Gate
Source I polysilicon I Drain
gate oxide ‘
n+ channel n+
p L

silicon substrate



Transistors and gate tunneling

]
Tunneling current
Gate
SOUI’CGI oolysilicon I Drain
gate oxidg ‘
¥ Vchanhel” ¥
n+ n+
p L

silicon substrate

With smaller transistors
the gate oxide becomes thinner
allowing quantum mechanical tunneling
giving undesired gate leakage current
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