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Courtesy ESA and NASA. Image from Wikimedia
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Review:Why QM!?

Problems in classical physics that
led to quantum mechanics:

® “classical atom”

® quantization of properties

® wave aspect of matter

® (black-body radiation), ...



Review: Quantization

photoelectric A
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Image by MIT OpenCourseWare.

E =h(w—wa) = h(v —v,4)
h = 27h = 6.6 - 10 3% Wattsec.?

Einstein: photon E = hw



“Classical atoms”

problem:
accelerated charge causes
radiation, atom not stable!

hydrogen atom



Lienard-Wiechert potential

http://en.wikipedia.org/wiki/Li%C3%A9nard%E2%80%93Wiechert potential#Implications.



http://en.wikipedia.org/wiki/Li%C3%A9nard%E2%80%93Wiechert_potential#Implications

Review: Wave aspect

light
matter

wave character particle character
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Image by MIT OpenCourseWare.
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Double-Slit

t =-1.00 t =-1.00

Courtesy of Bernd Thaller. Used with permission.



Review: Wave aspect

particleE and momentum P
wave:

de Broglie: free particle can be described a as
planewave v (7,t) = AetFT—wt) \with A =

mov



Review: Interpretation of QM

Y(7, t) —® wave function (complex)

|’¢|2 = 1p1p™ == interpretation as probability to find particle!

/_O; Yp*dV =1

eeeeeeeeeeeeeeeeeeeeeeeee



Review: Schrodinger
equation

second derivative in space

a wave equation: e
first derivative in time

h2

— — — 4 0 3
— L VAL VED| (1) = i (7 )




Schrodinger...

http://en.wikipedia.org/wiki/Schrodinger_equation#Historical_background_and_development.



http://en.wikipedia.org/wiki/Schrodinger_equation#Historical_background_and_development

Review: Schrodinger
equation
H time independent:  ¥(7,t) = ¥(7) - f(1)

f F(@#) _ Hy(r)
f F&) %)

— const. = F

time independent Schrodinger equation
stationary Schrodinger equation

h

Hy(7) = Ep(7) (7 t) = P(7) - e~ # B



Particle in 2 box

=00 =00

V=0
-l -
0 L X

boundary conditions
P(0) =¥(L) =0 (4)
U(z) = Asin(kz) (5)
(L) = Asin(kL) = 0 (6)

Schrodinger equation

h? d*y(x) ,. ,.

S FVi(x)(x) = EY(x)
h? d*y(x) ‘. ‘

om dx? Ey(z) (2)

general solution

Y(z) = Asin(kzx) + B cos(kx)

k._‘.? h-2

2m

E =

(3)

(1)
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It’s real!

S —Copper atom

Copper-Oxygen Bond in Cuprite

Zuo, Kim, O'Keefe and Spence
Arizona State University/NSF

Cu-O Bond Ti-O Bond
(experiment) (theory)

Reprinted by permission from Macmillan Publishers Ltd: Nature.
Source: Zuo, J., M. Kim, et al. "Direct Observation of

d-orbital Holes and Cu-Cu Bonding in Cu20."

Nature 401, no. 6748 (1999): 49-52. © 1999.




Scientific American

Screenshot of Scientific American article removed due to copyright restrictions;
read the article online: http://www.scientificamerican.com/article.cfm?id=observing--orbitals.



http://www.scientificamerican.com/article.cfm?id=observing--orbitals

What’s this good for?

Hydrogen:
a real world
example.




The Hydrogen Future?




History of
Hydrogen

Screenshot of timeline of hydrogen technology removed due to copyright restrictions.



How large of a gas tank
do we want!

Figure 1 Volume of 4 kg of
hydrogen compacted in different
ways, with size relative to the size of
a car. (Image of car courtesy of
Toyota press information, 33rd
Tokyo Motor Show, 1999.)

© Toyota Motor Corporation. All rights reserved. This content is excluded from our Creative Commons license.

For more information, see http://ocw.mit.edu/fairuse.
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The hydrogen atom

electrostatics:
Coulomb potential

o
sta ry
Schrodi equation

wave functions
possible energies



The hydrogen atom

stationary
Schrodinger equation Hvy) = Ev
T+ V |4 = Ey

2

V4 V]e() = B

T v O ) = B

2m 4TeEQT




The hydrogen atom

choose a more suitable o
coordinate system: .

spherical coordinates

o
Y (r) = YP(z,y, 2) x/

— w (r, 9 ’ ¢) Image by MIT OpenCourseWare.



The hydrogen atom

Schrodinger equation in spherical coordinates:

~h" | o d ( ar)'{’] o ( d‘i’) B
- sinf@— + —| sinf— |+ -
2U r-sinf dr\  dr dé df ) sin@ 0)'

+U(r)¥(r.0.¢)= EY(r.0.9)

Image by MIT OpenCourseWare.



The hydrogen atom

>y

Image by MIT OpenCourseWare.

solve by separation
of variables:

Vi(r,0,0)= R(r )P(G)F(cb)

/ / m'

pnncupal orbital magnetic
quantum quantum quantum
number number number



The hydrogen atom

) . 2 .
] (1 [}’3 dR] + —-—,l:l( E’_Z + /\T(-*;f';j’ — I([ T ]'

/ Rdrl dr]
separ?ltlon sinf d [sine‘“] X C;_sinze - ¢,
of variables P d6 do -
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The hydrogen atom

R(r) Solution exists n=1,2,3.........
if and only if..... Main quantum number
P(e) Solution exists /=0,1,2,3....n-1
if and only if..... Orbital quantum number
F((l)) Solution exists m; = -/, -I+1,... +/
if and only if..... Magnetic quantum number

Image by MIT OpenCourseWare.



The hydrogen atom

quantum numbers
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Image by MIT OpenCourseWare.




The hydrogen atom

standard notation for states:

ﬁSharp” s\ | =0 Forexample, ifn=2,1=1,
the state is designated 2p
"Principal” pl| =1
"Diffuse” d| | =2
(Fundamental” f/ | =3

Image by MIT OpenCourseWare.




The hydrogen atom

quantum numbers
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The hydrogen atom

http://www.orbitals.com/orb/orbtable.htm

5 9
e @

Courtesy of David Manthey. Used with permission. http://www.orbitals.com/orb/orbtable.htm.
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I and m versus n
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Courtesy of David Manthey.

m=0 Used with permission. http://www.@Ebitals. EO’m/orb/orb’Ie ht( - e &
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The hydrogen atom

1

-me” 1 —=13.6eV

— — — Y 2
J’J e .) :. 3 -, = :, ’I o l.d—lag.\“uuh
8¢ h™ n n

Energies:

Please see http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod/hyde4.qif.



http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod/hyde4.gif

The hydrogen atom
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Image from Wikimedia Commons, http://commons.wikimedia.org.
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The hydrogen atom

Please see http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod/hydspe.qif.



http://hyperphysics.phy-astr.gsu.edu/hbase/imgmod/hydspe.gif

Atomic units

| eV = 1.6021765"7 |
| Rydberg = 13.605692 eV = 2.1798719-'8]

| Hartree = 2 Rydberg
| Bohr =5.2917721-'' m

Energies in Ry

Atomic units (a.u.): Distances in Bohr

Also in use: 1A=10""m, nm= 10m



Next! Helium!

Hy = Ev

[H1 + Ho + W}w(FlaFZ) = E(r1,7T2)

[Tl + Vi 4+ 15 4+ Vo + W}?,b(ﬁ, T9) = EY (71, 72)

2
2m 471€eqTy 2m 471€EQTo

cannot be solved analytically problem!



Solution in general?

Only a few problems are solvable analytically.

Ve need approximate approaches:

-~ ™~

matrix eigenvalue

perturbation theory .
equation



Solution in general?

Perturbation theory:

\ ) wave functions and

energies are known

wave functions and energies
will be similar to those of Ho



Solution in general?

M M . p— C .
Matrix eigenvalue equation: Y Z i Pi
1
H+y = E expansion in
orthonormalized basis

functions

H) cip; =E)» c;¢;
/df‘cb;-‘HZciqbi = E/dff’qb;'.‘ > i
ZHjiCi = ECj

Hc = Ec
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Everything is spinning ...

Stern—Gerlach experiment (1922)

Classical
prediction What was

actually observed Silver atoms
N
v ' T
JA
N —
vomes g\ F
urmace

Inhomogeneous
magnetic field

Image courtesy Teresa Knott.



Everything is spinning ...

In quantum mechanics particles can have
a magnetic moment and a "'spin”

magnetic -
moment

spinning
charge




Everything is spinning ...

conclusion from the
Stern-Gerlach experiment

for electrons: spin can ONLY be

Y O\
up down




Everything is spinning ...

new quantum number: spin quantum number

for electrons: spin quantum number can ONLY be

Y O\
up down



Spin History

Discovered in 1926 by
Goudsmit and Uhlenbeck

Part of a letter by L. H. Thomas to Goudsmit on March 25, 1926:
http://www.lorentz.leidenuniv.nl/history/spin/thomas.qgif.



http://www.lorentz.leidenuniv.nl/history/spin/thomas.gif

Pauli’s exclusions
principle

Two electrons in a system cannot have
the same quantum numbers!

hydrogen
quantum numbers: “SE— 35 3P 3d
main n: 1,2,3 ... 25 2p
orbital I: 0,1,...,n-|
magnetic m: -l,...,|

spin: up, down
|'s



Periodic table of

elements
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Image from Wikimedia Commons, http://commons.wikimedia.org.
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Connection to
materials?

optical properties of gases

Courtesy of the Department of Physics and Astronomy at the University of Tennessee. Used with permission.



Review

® Review
® A real world example!

® Everything is spinning

HE
® Pauli’s exclusion

. 57 58 59 60 61 62 63 64 65 66 67 69 70 n
-~ 89 90 91 92 5] 94 g5 96 97 98 101 || 102 || 103
Actini
: des

® Periodic table of elements
Image from Wikimedia Commons, http://commons.wikimedia.org.
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An Introduction
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® wikipedia,“hydrogen atom”,
“Pauli exclusion principle”,
“periodic table”, ...
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