
Chapter 23 Wave-like properties of matter

23.1  De Broglie’s Hypothesis
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In 1923, Louis Victor de Broglie suggested that  
associated with any material particle moving with 
momentum p, there is a wave of wavelength

p

h=λ (de Broglie wavelength).

with no experimental evidence at all

His idea is based on 

• The relativistic transformation relations can be 
shared by both physical quantities E , p of the 
particle and ω, k of the wave.



Four dimensional vectors:
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If the relative motion is in  the x-direction, we have

.,

,

kp ===

==

  k
h

p

hE

λ

ων



•Bohr’s quantization condition for the stationary 
state can be neatly interrupted  in a standing 
wave picture.
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condition for standing wave:

de Broglie’s relation:
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Prince Louis Victor de Broglie
1892-1987

1929  Nobel Prize in Physics



The relativistic kinetic energy can be written as

.2
0

2 cmmcEK −=

rest mass energy
From energy momentum relation

2242
0

2 cpcmE +=

we have

).2(
1

))((
11

2
0

2
0

2
0

42
0

2

cmEE
c

cmEcmE
c

cmE
c

p

KK +=

+−=−=



,
2

1
,When  2

0
2

0 vmEcmE KK ≈<<

.
2 00 vm

h

Em

h

K

≈≈λ

.

2
12

)2(

2
0

0

2
0

⎥⎦
⎤

⎢⎣
⎡ +

=

+
==

cm
E

Em

h

cmEE

hc

p

h

K
K

KK

λ



have we,  limit, icrelativistextreamly At 2
0cmEK >>

.
nmeV1240

KK EE

hc ⋅=≈λ

have we,  electron, icrelativist-non aFor 2
0cmEK <<

.A
eV4.150

2 0 KK EEm

h =≈λ



Example     Compute the de Broglie wavelength of 
following:

(1) A 1000-kg automobile travelling at 100m/s.

(2) A 10g bullet travelling at 500m/s. 

(3) A smoke particle of mass 10-6 g moving at 1cm/s.

(4) An electron with kinetic energy of 1eV.

Solution: (1)
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Only for particles of atomic or nuclear size the wave 
behavior is observable.



23.2  Davisson-Germer experiment

a-lattice constant
a

families of parallel planes

⎯⎯crystal planes

X rays: λ ~ 0.1 ⎯100Å
a⎯1Å.

The condition for constructive interference is

,3,2,1,sin2 == nnd    λθ

Bragg’s condition



In 1923 Clinton Davisson published some work on 
the angular distribution of electrons reflected from
a sheet of platinum

Born suggested that this might be an interference 
phenomenon related to de Broglie’s idea on the 
connection of plane waves with quantum particles.



Davisson and Lester Germer (1926)

detector



θ = 90°– ϕ /2
d = a sin (ϕ /2)
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)2,1,=(n        sin λϕ na =

lattice constant = 0.215nm

V = 54eV,

p λ de Broglie= 0.167nm
h

λ = 0.165nm          h  ~ 1%

V = 54eV, ϕ = 50°, there is a maximum
λ = 0.165nm



G. P. Thomson (1927) used beam of 600eV 
electrons to hit aluminium foil crystallite 

λ = 0.5Å the Debye pattern

While J. J. Thomson found particle electron, …

Davisson and Thomson shared the 1937 Nobel 
Prize.



Clinton Joseph Davisson 



Joseph John Thomson George Paget Thomson

1856-1940                              1892-1975



23.3 Electron double-slit experiment

Young’s experiment
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1961 Claus Jönsson has done the experiment with 
electrons.

Its similarity with pattern of light is striking and 
shows evidence for the wave nature of electrons.





Even the electron shot one by one, the interference 
pattern is maintained.

But no matter what means we try in order to 
determine through which slit an electron passes, we 
find that the interfere pattern is destroyed — any 
effort to investigate the particle aspect will destroy 
the pattern—wave aspect.



Bohr’s Principle of complementarity

The complete description of a physical entity such as 
photon cannot be done in terms  of particles or 
waves exclusively, but both aspects must be 
considered. Moreover, the particle and wave natures 
cannot be observed simultaneously.



Quantum Corral

STM picture of a 
stadium-shaped 
"quantum corral" 
made by positioning 
iron atoms on a 
copper surface. 
Surface electron 
waves in a confined 
region. Courtesy, Don 
Eigler, IBM



Wave property of matter particle is used extensively 
as probe.

0.1nm neutron

benzene

Neutron diffraction



23.4  Uncertainty relation

To measure wavelength of a wave

n

xΔ=λ

The deviation of n is smaller than or equal to ±1
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As to frequency, we count number of oscillations n in 
interval Δt.
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For wave packets (see Appendix E) of different 
dispersion,
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Werner Curt Heisengberg (1901—1976) asserted

that position and momentum of a particle could not be 
simultaneously measured. 
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For matter particle, a wavelength λ = h /p

More precisely

2

1≥Δ⋅Δ px

k
πh

p ≡==
λλ
2



1)(   ≥Δ⋅Δ⎯→←≥Δ⋅Δ=Δ⋅Δ kxkxpx

nothing but a wavelike property



Example 23.3  Single slit diffraction.

Initially    
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For first minimum
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Example 23.4 Beta-decay

For a nucleus of several fms, the uncertainty of 
position is

m10 14−=Δx

According to uncertainty principle, the uncertainty 
in momentum is
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Usually beta-decay kinetic energy is smaller than 
1MeV…...



In a strange quantum land,                       Melons with very 
hard peels  are grown. The diameter of a melon is about 
20cm and the mass of a seed   is about 0.1g.

Why do we have to be careful when cut open the melon?

Example   Melons in Quantum Land

Solution:  From the uncertainty relation
The momentum uncertainty of the melon seeds is
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Example 23.6 Simple harmonic oscillator 

If we replace p by x through uncertainty relation
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In measurement process, uncertainty means

22 xxx −≡Δ

Uncertainty relation comes from wave nature of 
matter particles.

Werner Heisenberg won 1932 Nobel Prize “for the 
creation of quantum mechanics”.

Erwin Schrödinger and Paul Adrien Maurice Dirac 
share the 1933 Nobel Prize “for the discovery of new 
productive forms of atomic theory”.



1. A dust particle of g1210−
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2. An electron moving in a TV-tube
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3. An electron in an atom
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Another important pair is energy and time

.
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1≥Δ⋅Δ tE

An excited state has certain lifetime. Eq. (23.4.7) can 
be used to estimate the width of an energy level, 
thence the width of spectrum line.

Assignment: 23.2, 23.6, 23.8






