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12-1 Photon and YNatter \Paves
(LT feth W ik)

* Light \Waves and Phstons

c:/lf

E=hf (photonenergy)
h=6.63x10"*J-s







T he experiment

° Frst Experiment (adjnsting V) =
the Stoppmg ]votentiﬂ( \/

.sto;a

Kirex = €Vstop LB F R K h A
LA %
© Second Experiment (adjnsting ) -

the cntoff freqnency f,

{67 X ok SR 05 PP AR A
& 4R AL EHA
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The Photoelectric Lynation

hf =K . +O
O

h
Vstop = (g) f— E

h=6.6x10""Js

function




Inciclent
b I".'l:|.'5i-

Collimating
shits

_n (photon momentum)

A




) i

E } 1|.\ E I ':‘.
/ I

o N A
21.\1 Wl |

L
L 75 70 75
Wavelength (pm) Wavelength (pm)

‘;."

S B 3 wh A XX AP S

a f
L ]

= g = 9 f 4 =g = 135" rle

z *‘\ d -i\. z I s g.

= &l = |

— ‘f ,.E :" — I’ 'illlul-'l-. :;l-... ‘\

*; ot ’ "‘.
= "-'I""' i.i ‘l ':l

.". | .I-LI'-]F ﬂ-
70 Fis) 70 T3

Wavelengih (pm) Wavelength (jpm)







hf =hf'+K K =mC2(7/—

hf =hf’+mc?(y —1)

« =h/lA p,=Amv




Freguency .s/LZlft

h h

— = —CO0S @+ 1YMmVvcos @

PRRY @ + ym .
h

0= Tsin ¢ —ymvsin @

AL = h (1-cos¢)
mc

Compton tyvavelength




The standard

Version




The Single-Photorn \Version
First by Taylor in 1907

The single-photon, Aousle-slit experiment is

p }wﬂenomenon ALch 18 Zm)w.s.slﬁ(e/ -

avsolntely impossitle to explain in any

classical tvay, and tvhich Aas n it the heart

of yuantum mechanics - Richard Feynman




The Single-Photon, \\Jide-
Angle \Version (1792)

A single molecule




-

.
—
i\

The postulate : ﬁ)é ﬂp\ﬂ?

@ ,Lig/uf 18 generated b the spnrce 4s ;nfwfms

® Light is apsorped in the detector as photons

® Light travels petrveen sonvce and Adetector as a

propatility tyave



12-4 Llectrons and

Watter \Paves

© The Ae Eroglie tvave length
© Experimental vevification in 1927

© Jodine molecule beam 1 1T T+



19897 Aontle-slit experiment

7,100,3000, 20,000 and, 70,000 electroms

1--_!

5 4_ 'i 'li'l- 1- 'r'lh.' . l:"--u-"‘-'-.u "t' ¥ I.Ir



Experimental \Verifications

ar cular
. diffraction
Inmddant beam e
, ) Titwe 1!
(7% rays or zlactrons) = o)

Tare et
(powderad
slurnarnarn |
Photographic

filri

Electron
Heam

X-ray







12- Schrodinger s Eynation

®  INatter tyaves and the tyrave {fnnctim

W(x,Y,z,t)=w(XYy,z)e

© The propatility (per muit time) is OC

Complex conjugate
1 35 44 32X




@\
The Schrodinger Cynation from A \ ple \
Wave SFunction //ﬁ/ 1 %\?

—lwt

\P(X’ Y, Z’t) = W(X1 Y, Z)e
v = Asin(kx) + B cos(kx) =

o=h/A=nk
E =p?/2m=n%k?/2m




4
=A
Sin
(k
X)+ B
CO
s(k
X)

dzw
[ dx? =
—kzw
k2
_ 1
d







‘,'/f\\ (
ng& AnA Ve
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72-60 \Yaves on Str

\WWaves




Confinement of 4 \Pave leads to
Eonantization = Aiscrete states and discrete

energie.s
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12-7 “Trapping an Llectron %

For a string -

n=123,---

Yy, = Asin(nTﬂ)x, n=12.3,---

n:quantum number

J




<

Finding the € Qnantized Erergies alf an
Aeep wotential enerqy tvell

A=h/p=h/vJ2mE,L=nA/2
E =n°h*/8mL*, n=123,--



B The gronnd state
and excited states

0 The Zero-Point
Energy

nean' theo




T he \Yave Function and < \
Probasility Density /f%

Varﬂ.strmgl
yn — ASln(n—ﬂ-)X, N :1,2’3,...







Correspondence principle = Q?\M ,’ \
(HHAR32) 7T

At Large cwngh guantum numpers, the predictions of

gundntum mechanics merge Smopthly with those of classigal
physics

- Normalization (5§ —4b)

S pi(N)dx=1— A=42/L




\\

” 3

A Fimite \nDell 8424 3

d Zw 87°m
dx2 h*

[E-E pot(X)]W 0




AN
) %

The probability Aensities and exers \\W

Levels / % )\%\

b
o

Energy (V)

) EE:.I.1-EEU

E;=298V




Barrier Tueling
F I

Energy Probability
. R
density |y (x) [


E:/ch38/pages/F38_16.html
E:/ch38/pages/F38_17.html

Quartz
rods

Piezoelectricity

Surface

o,f Jnartz


E:/ch38/pages/F38_18.html

12-8 Lhree Llectron [raps

* Nanverystallites Ml s kA E
iz & 09 B4 tL 8O




A Enantum Dot
An Artificial Atom

Conducting
— | lead
Metal -,

Insulator —,_°

Semiconductor —

I nsu r d 1_{]" e - — TR ._i

Matal = .
Conducting
*| lead

e %500 nm——

The numper of electrons can pe controlled






12-1.9 The HydArogen Atom

The Erergies

r {prm) ———

600 400 200 0 200
L1 1 1

N
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ENNNN

400  BOO
L— 1 (pm)

U _ 1 qqu
A, I

me4




The Bohr Model of the Hydrogen Atom

Nucleus Balmer’s empirical (based only on
Circular orbit observation) formula on
absorption/emission of visible light for H

7 Electron

(a) 1=R( 12— 12) for n=3,4,5, and 6
A 2 n

Bohr’s assumptions to explain Balmer formula
1) Electron orbits nucleus

2) The magnitude of the electron’s angular

(h) momentum L is quantized

Fig. 39-16
L=nh, for n=123,...

39-41



Orbital Radius is Quantized in the Bohr Model

Coulomb force attracting electron toward nucleus F =k |CI1| |2q2|
r
1 e’ v*
F=- ~=ma=m| ——
Are, I r
N

Quantize angular momentum €: / =rmvsing =rmv=n# —>V =
'm

Substitute v into force equation:

2
_hgo

r =
rme?

n’, for n=123,... —> r=an’, for n=1,23,...

Where the smallest possible orbital radius (n=1) is called the Bohr radius a:
_ hzgo

a=—2 =5291772x10"° m~52.92 pm
zzme

39-42



Orbital Energy Is Quantized

The total mechanical energy of the electron in H is:

2
E=K+U=2m?+| 2%
Arre, 1

Solving the F=ma equation for mv2 and substituting into the energy
equation above:

2

c__ 1 e

8re, I

Substituting th tized form forr: E, =— me’ for n=12,3
ubstituting the quantized form forr: E, 8502h2 " y £y Oy, ..
-18
E :_2.180><210 J:13.6(Z eV,for =123 .
n n

39-43



Energy Changes
hf =AE =E,,, —E

low

Substituting f=c/4 and using the energies E, allowed for H:

1 me [ 1 1
A 8gh’c{ ni, ng

low

Where the Rydberg constant
1 _pof 1 1 ‘
PR 2 .2 me ]
A (Mo Mg )| g R= e =1.097373x10" m’

This is precisely the formula Balmer used to model experimental
emission and absorption measurements in hydrogen! However,

the premise that the electron orbits the nucleus is incorrect!

Must treat electron as matter wave. 39-44



Series Series  Series
limit ™ lieit S limit
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S c/n‘odmger s Lynation and tﬁ
HyArogen A tom
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The Gronnd State \Pave ?u% %}

—r/a

W(r) - \/;as/z €

hee
= =5.29pm
zme

(Bohr radius)

a =




TAELE 40-1 QUANTUM NUMBERS FOR THE HYDROGEN ATONM
¥ IVIBOL MNaWE ALLOWED VALTIES

Principal quantum mamber

Cirbital quantum mumber

Orbital magnetic quantum
munher

For ground state, since n=1— =0 and m, =0
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The cgronnd State Dot Plot ﬁ/ﬁ\ \
T




Wave Function of the Hydrogen Atom’s Ground State

Probability of finding electron Probability of finding electron
within a within a small distance within a small volume at a
from a given radius given position
12 T 8 2
z 8|
o
=
~ 4
L A —
0 50 100 150 200 250
r (pm) Flg 39-21
Fig. 39-20

39-50
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TAELE 40-2 QUANTUM NUMBERS FOR
HYDROGEN ATOM STATES WITH 2= 2




N=2, (=0, m,=0







Hydrogen Atom States with n>>1

As the principal quantum number increases,
electronic states appear more like classical orbits.

U LA

2 L L -
R P o T ANYy 0t
N TR e

Fig. 39-25

P(r) forn=45 /=n-1=44

3964






