PHY 114 A General Physics Il
11 AM-12:15 PM TR Olin 101

Plan for Lecture 24 (Chapter 43):

Some topics in the physics of molecules and solids
1. Physics of atoms
2. Physics of molecules

3. Physics of solids
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Webassign hint:

In the Davisson-Germer experiment, 54.0 eV electrons were diffracted from a nickel lattice. If the first maximum in the diffraction
pattern was observed at ¢ = 50.0°, what was the spacing d between the planes of atoms causing this diffraction?
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Webassign hint -- continued:
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Webassign hint -- continued:

Bragg condition: 2dsin9=A

O+ 0,=2d sinO=m A
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Some ideas of quantum theory discussed last time:

Matter wave equation — Schrodinger equation:

h* o 0
{— oo U (r)}l’(r,t): —|ha\P(r,t)

Stationary - state wavefunctions : ‘P(r, t) = \V(r)e—iE“ 4

n this case, the Schrodinger equation becomes:

he 07
o= tU (r) [¥(r,t)= E¥(r,t)

Here Planck's constant: h =6.63x107%*]

= L =1.05x107>*J

27T




Example - - free particle-- U(r) =0: ¥(r,t)=y(r)e ™"

{_%aﬁ—;}}’(x,t): E¥(x,t)

P (x,t)=%,sin (kx)e ™"

21,2
E= h2k Note : This is consistent with de Broglie's 4 = h
m p
2 h h?

k=— = A= or E=
A \J2mE 2mA?

Example: Suppose we want to create a beam of electrons
(m=9.1x10-31kg) for diffraction with A=1x10"'"m. What is the
energy E of the beam?

—_h _ (66x10*9)

=— - =24x10""] =150eV
2mA* 2.91x10kg-(10%°m)




Recall de Broglie’s relation between wavelength and momentum:

A= h h=6.6x10""J

P

Which has the larger de Broglie wavelength:

A. An electron with a velocity of 100 m/s (mass = 9.1x103! kg)
B. A baseball with a velocity of 100 m/s (mass = 1 kg)



Another example -- electron bound to a proton:
Ze’

Ame, I

(H atom) U(r)=-

h* o7 .. 0
{_ o 57 tU (r)}‘l’(r,t): —mE\P(r,t)

Stationary - state wavefunctions: P(r,t)=y(r)e ™"

2,2 2
Solutions: E =- Z’¢ 12 =—13.62—2 eV
8me,a, N n
2
8, = 27" _ 0529 nm

me

n=123---



Quantum theory for electromagnetic radiation
The transition between bound quantum states can
correspond to the emission (production) or absorption
(consumption) of electromagnetic quanta:

Coupling of states of matter with EM radiation :

hf photon hC

o ﬂ/photon :‘ final |n|t|al

photon _ hc N 1234 m
AE AE,(eV)

=|AE]

hf photon [ . |AE|




Energy level diagram for H atom

The colored arrows for the
Balmer series indicate that
this series results in the
emission of visible light.

T E (eV)

0.00

N

Z%* 1

E =- >
8me,a, N

2

= —13.62—2 eV
n

n=123---

Radiation produced by "emission" or
the transition fromn, — n,

Examples (for Z =1):
5 —0.544 2
4 Ty 08004 E, - E, =(-3.401)-(-13.606)=10.205¢eV
3 YYV 1512 h 23
Pasc_hen /,Ll photon _ C ~ 1 4 nm :120nm
SCHes i AE12 AE12 (eV)
2 B;I;'er —~3.401 E, - E, =(~1.512)—(~13.606) = 12.094eV
Series
e - e 1238 100nm
AElB AE13 (EV)
g Lyman E, —E, =(~0.000)—(-13.606)=13.606eV
Series
Z A, P = he 1238 - 90nm
- AE, AE_(eV)
T —13.606
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Physics of molecules — H,
Recall for H atom:

w23 Ze?
2m or®  Ame &

For ground state :

}/f(r): Ey(r)

E, =-

Z 262
8me,a,




Physics of molecules — H, -- continued

W‘Rz‘

R.-R,
>
nt ot zet  Zef
2mor®  Anel|r-R,| A4meyr—R,|
Approximate solutions :

}//(r)= (1)

1 1
l//approx(r):C € Rl t € el
78 V78
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Physics of molecules — H, -- continued

‘F—R I’—Rz‘
Ri—R,|
1 1
_ —|r-R4|/ag —|r-R,|/a,
Wapprox(r)_c Xge iqg,e 0 —
e W) f
—0G.5 _—
i

http:fffarside.ph.utexas.edu/teaching/gmech/lectures/node129.htr
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Physics of molecules — continued
Energy diagram for NaCl molecule as a function of ion separation

The asymptote of the curve for large
values of ris marked Nat + Cl~
because that is the energy of the
system of sodium and chlorine ions.

Total energy (eV) r
4 =
5 |
2

| B Dissociation Na®+ cl
| | | I | | |
_(1) 02 f04 06 08710 12 14 7 (nm)
—9 Na + Cl
—3 \
A

Stable equilibrium

4/24/2012

The horizontal axis is labeled Na + Cl
because we define zero energy as that
for the system of neutral sodium and
chlorine atoms.
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Physics of molecules — continued The vibration of the

Vibration about equilibrium point molecule is along
the molecular axis.

The distance 7 1s the
U(r)  equilibrium separation
distance of the atoms.

iy
)
I
I

U(r)=U(r) +%k(r — T, )2

T

r
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Physics of molecules — continued
Vibration about equilibrium point

Solution to Schrodinger equation for vibrating nuclei
Vibrational

|: h 2 8 2 1 energy

— o +§kx2}w(r): Ew(r) 5 o

Ev:hfo(%"'vj fOEZi LS ’
7.\ M

v

=

=

The spacings between
adjacent vibrational
levels are equal if the
molecule behaves as a
harmonic oscillator.

AE vib

ENERGY
B
— NG}
rol— nejoe | ot |~ rofw
T | <

0

&

Given that f,=6x10%° cycle/s for a vibrating CO molecule, if this

vibration were to couple to EM radiation, what would be the
wavelength of light?

A. 5x10°®m B. 2x10°m C. 1x10%m



Physics of molecules and solids

effective potential for
electron in molecule or solid

Example: electron density associated with
H, molecule: CH,

molecule:
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Molecular binding of nuclei due to electron “glue”:

R

- 1 B8 0 ;

V(R)-D-z'_ 25

_ V(R) .1

-mj ionic interaction :

157

06

_ .
0.8 ' Dissociation energy

=] 0.5

1 0 2 i 5 5 10
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effective potential for

Physics of solids hz 82 electron in molecule or solid
Ey(r)=|- ~+U r
2m or

Energy spectrum of atom or
molecule :

highest filled state for
metal

highest filled state for
insulator
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Insulator Metal

The aval}able states in the The states in the g old
conduction band are

separated from the valence region of the band are
band by a large energy gap. available to account for

electron motion.

Energy gap

ENERGY
ENERGY

Metal

Insulator
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Example: 2 materials made of pure carbon:

diamond (insulator)

E,=5.5 eV

graphite (semi-metal)

Eg=0.0 eV

4/24/2012 PHY 114 -- Lecture 32
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Which photo is diamond?
A. left B. right
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Some energy band gaps:

C (diamond) 5.5eV
SiO, (quartz) 8.9
NaCl (rock salt) 8.5

Two images of quartz:
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Semi-conductor materials; E.<5eVorso

TABLE 43.3

Energy-Gap Values for Some

The small energy gap allows
electrons to be thermally excited
into the conduction band.

Conduction band

ENERGY
N
|
|
|
|
|
|
|
|
|
|
|
|
o

1

Valence band

Semiconductor

Semiconductors
E, (eV)

Crystal 0K 300 K
Si1 1.17 1.14
Ge 0.74 0.67
InP 1.42 1.34
GaP 239 2.26
GaAs 1.52 1.42
CdS 2.58 2.42
CdTe 1.61 1.56
2.1k 3.44 5.2
/nS 3.91 3.6
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Electron conductivity in metals and semiconductors:

n =#carriers/volume
T =scattering time
1 1 823(k) .\

x=70 effective mass”
m

In a perfect semiconductor at T=0K n=0. To control conduction,
impurities are introduced.



Electron doping “Hole” doping

Each double line between The single line be_tween the impurity A small amount of energy
atoms represents a covalent atom a:nd the semiconductor atom E, excites an electron into
bond in which two electrons A small amount of energy below it represents that there is only the energy level of the
cine aveiral E, can excite the electron one electron shared in this bond. acceptor atom, leaving a

into the conduction band. hole in the valence band.

Energy level T

of donor atom

Energy level of

acceptor atom AL
° E

v

Ey

ENERGY

A
ENERGY
e

@ = Semiconductor atoms @ = Semiconductor atoms

= Impurity atom with

= Impurity atom with
purity three outershell electrons

five outer-shell electrons

@ = Hole, or electron
deficiency in a bond

@ = Extra electron from
impurity atom
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Semiconductor devices; combining electron doped and hole
doped materials to control the flow of mobile charriers

(a)

(b)

The darker blue and brown areas

represent the depletion region. The

ions are fixed in position, and the

mobile charge carriers are swept out

of the region by the electric field.
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There is a potential difference AV,

across the junction in the absence

of an applied electric field.
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Under reverse
bias, the
resistance is
high and the
current is low.

Under forward
bias, the
resistance is
low and the
current is high.

¥

7 (mA)

AV (V)

—1.0-0.5

Iy=20 uA <—Reverse

bias

05 1.0
Forward —
bias
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Photovoltaic devices

When an electron falls from
the conduction band to the

When a photon is absorbed,
an electron is raised from

valence band, a photon of the valence band to the
light is emitted. @ Electrons conduction band.
@ Holes
Conduction Conduction
band band
: :
= E, ANNNANSS I = E, Z
Z.
=
Valence Valence
band band
Light emission Light absorption
B 3
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Laser technology:

»System with ground and excited state at desired A (E,-E,;=hc/A).
»Standing EM wave

» Mechanism for “population inversion”

The Helium—-Neon Gas Laser

Figure 41-21 shows a type of laser commonly found in student laboratories. It was developed in
1961 by Ali Javan and his coworkers. The glass discharge tube iz filled with a 20:80 mixture of
helium and neon gases, neon being the medium in which laser action occurs.

Fig. 41-21 The elements of a helum—neon gas laser. An
Laser applied potential F3. sends electrons through a dizcharge tube
beam contaning a mizture of helumn gas and neon gas. Electrons
- collide with helium atoms, which then collide with neon atoms,
which et light along the length of the tube. The light passes
Mo through transparent windows W oand reflects hack and forth
(1{:;11:'.1']1 through the tube from mirrors by and M2 to cause more neon
) atom ermssions. Some of the light leaks through mirror W2 to

form the lazer heam

W

I'}i.f.r:'.lmrge tube

W

:"r'{ |

+ cle =X
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Figure 41-22 shows simplified energy-level diagrams for the two atoms. An electric current
passed through the helium-—neon gas mixture serves—through collizions between helium atoms an
electrons of the current—to raise many helium atoms to state £, which iz metastable.

= Metastable

- Stane

- i

20 BT — .

L He=Ne L ] W ,

- collisions Ey Laser light

= (632.8 nm)

151~ Excitation Rapid

= via collisi lecay —m

[ via collisions decay '8 E2 E2
.IF‘I.H:-\. — -
g 10—
S L 111111 Ny e
H b 1

B Normal population

sl “Inverted”
B population
N L | . Common
v “0 ground state
Helium Neon B i
STALCS SUALCS
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