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Disdamer:  Theselecture notes are not meant to replace the course textbook. The
content may be incomplete. Some topics may be unclear. These notes are only meant to

be a study aid and a supplement to your own notes. Please report any inaccuracies to the
professor.

Photoelectric Effect

Planck proposed that the energy of the atomic oscillatorsin ablack body is
quantized, suchthat E,, = nhf , where h isa congant of nature. The emitted radiation is
the difference in energy between two such energy levels. DE = hf . We will now see
how Eingtein made an even bolder proposa to explain the photoeectric effect.

The photodectric effect is the gection of eectrons from a clean metd by
electromagnetic radiation (light), first observed by Heinrich Hertz in 1887. The energy
transferred from the field to the metal “kicks’ out an eectron. The minimum binding
energy of an eectron to ameta (it could be more for any particular electron) is called
wor k function of the metal, and is denoted by the Greek letter: f . Itisthe energy
required to remove an eectron from the meta, and it varies from one type of metd to
another. For example, magnesum has awork function of 3.7 eV. Electrons must be
bound to ameta; otherwise, they would al lesk out!

A typica demondtration of the photoelectric effect requires a photocathode (the
metd which emits eectrons under alight source) and an anode (a metal which can
receive the eectrons). Even in the absence of a potentia difference between the plates, a
current can be measured between the two platesif electrons are gected. We arefreeto
apply a voltage between the two plates to either accelerate or stop the emitted el ectrons.

Experimental Facts:

1. A reverse-bias voltage ( -V, ) can stop the emitted electrons. Thisisreferred to as
the stopping potential. Thisvoltageis sufficient to stop all photoelectrons
regardless of thelight intendity. In classcd dectromagnetism, you might expect
that higher intendities transfer agreater amount of energy to the dectrons, thereby
requiring alarger voltage to stop them.

2. Themaximum kinetic energy of the emitted photoelectrons a the photocathode
depends only on the frequency f , not the intengity, of the light. This maximum
kinetic energy (Ex ) can be measured by measuring the stopping voltage; because
by energy conservation, Ex =W =qV =¢eV,. Agan, indasscd
electromagnetism, you might expect that higher intensities tranfer a greater
amount of energy to the eectrons.

D. Acosta Page 1 1/2/2001



PHY 3101 Modern Physics L ecture Notes Quanta3

3. Thereisathreshold frequency ( fo), below which no dectrons are emitted by the
light. Thisthreshold frequency issmdler for smdler work functions.

4. When produced, the number of gected photoelectrons is proportiond to the
intengty of light.

5. The photoelectrons are g ected dmost instantly after illuminaion (nano-seconds),
independent of intengty. Y ou might expect that in classical eectromagnetism,
that it would take a very long time (seconds) to transfer enough energy to asingle
eectron if the intendty islow.

P Classical Electromagnetism cannot explain these facts!

Kinetic energy should depend on the intensity of light, there should be no sopping
potentid, and for low light intengties it should take along time for photoelectrons to be
gjected.

Einstein’s Theory of the photoelectric Effect

Eingtein proposed in 1905 (the same year he published Specid Rdativity) that the
electromagnetic radiation field isquantized. Energy comesin discrete packets called
photons, each with a definite energy. In other words, the €lectromagnetic field is not
continuous. The energy of each photon depends only on the frequency:

E, = hf

The congtant h is the same congtant Planck found to explain the black-body radiation

Spectrum!
h=6.626" 103 J-s=4.136" 10 eV -s

The photon isthus a quantum of energy. The radiation field congsts of an integra
number of photons. Since the gpeed of light in vacuumisc, andsincel f =c,

_hc _1240 eV -nm

S I I

The essence of Eingein’s podtulateisthis:
Light exhibits both particle-like and wave-like properties

For this, and the explanation of the photoelectric effect to come, he received the Nobel
prize (not for histheories of Relativity, which were viewed to radica at the time).
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Now in Eingein’ s theory, the photoelectric effect can be explained by conservation of
energy between a quantum of light (the photon) and a quantum of dectricity (the
electron):

Initialy, the photon hasenergy E, = hf , and the electron hasenergy E, = mc?- f (in

other words, it takes energy to overcome the work function and liberate the electron).
The photon is completely absorbed in the process, and Since energy is conserved, the
eectron must gainthisenergy: E¢=E, +nmc” =mc®- f +hf . Sincethe rest mass
cancels out when we equate the initid and find energies, we have:

hf-f = E,

where E, isthekinetic energy of the gected electron. Note that for the kinetic energy to
be positive (and thus liberate the dectron), the frequency must be larger than the
threshold frequency:

Now, if we gpply an dectric potentid in reverse bias, we can overcome the kinetic
energy of the eectron with the dectric potential energy and stop it:

E.-e,=0 b E =eV,

This gives us an equation for the photoelectric effect without having to measure the
electron velocity, provided we determine the stopping potentid:

eV, =hf - f =hf - hf,

So we see that the stopping potentia only depends on frequency as observed, and there is
athreshold frequency below which the photoel ectric effect does not occur.

The work function varies from materia to materid. For magnesum it is3.7 eV, so the

threshold wavelength isf = hf, :Ih—cp | o :w =335 nm, whichisinthe

0
ultraviolet region (thus visble light will not gect dectrons from magnesium). However,
for all materials, the stopping potentia times electron charge (eV,) dways has the same
dope h versus frequency. Thisisthe same universal congtant Planck proposed to explain

the black-body spectrum.

Eingen’ s photoel ectric effect is harnessed everyday in photomultiplier tubes, which
convert and amplify light into dectricd sgnas. These tubes can be sengtiveto sngle
photons, and are used extensively is particle experiments and hospitals—anywhere smal
amounts of light must be detected.
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