Einstein and the Photoelectric effect

So, Planck could

e reproduce the observed blackbody spectrum (good)
e provide a theoretical interpretation (better)

But in some ways, he didn't really believe in the quanta required by his explanation of
the blackbody spectrum. He didn't see the consequences of discrete energy packets ....
but someone else did. A young man named Albert Einstein. Einstein saw that Planck's
idea would explain some mysterious properties of experiments in which light shone on
metal electrodes.

The photoelectric effect

At the turn of the century, physicists who experimented with electricity had noticed
something about the interaction of light, metals, and electric current. One of the most
thorough accounts of such experiments was written by Lenard, in Annalen der Physik,
vol. 4, p. 149 (1902) (written in German, in which | am not fluent, alas).

9. Ueber die lichtelektrische Wirkung;
von P. Lenard.
(Hiexzu Taf. I, Figg. 1 u. 2.)

In einer fritheren Mitteilung habe ich gezeigt, dass ultra-
violettes Licht, das auf Korper trifft, Kathodenstrahlung aus
denselben veranlassen kann.!) Diese Erzeugung von Kathoden-
strahlen erwies sich wunabhéngig vom Vorhandensein eines
(Gases; sie ging, im Gegensatz zur frither allein bekannten
Krzeugungsart in Entladungsrohren, auch im #Hussersten
Vacuum vor sich.?) Charakteristisch war es, wie im Vacuum
gefunden wurde, dass elektrische Krifte diese Erzeugung nicht
heeinflussten; ein Ansteigen der Kraft an der negativ ge-



One of Lenard's experiments involved shining light on a piece of metal which was part
of a broken circuit:
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Fig. 1.

In this figure, a circuit connects metal plates U and E, which are separated in a vacuum
by a small gap. One can set a voltage across the plates by modifying the circuit. Light
from source L shines onto plate U.

The light waves may knock some electrons out of the plate U, causing them to fly
across to the other plate E. These electrons complete the circuit. One can use an
ammeter to measure precisely how many electrons jump from one plate to the other.



Fig. 1.

This current of electrons produced by light is called the photoelectric effect.



Now, if one arranges the voltage between the plates so that the "source" plate U is
negative, and the "receptor” plate E is positive, the electrons are pushed away from the
source and towards the receptor —-—- which helps the current to flow. But if one makes
the "source" positive, and the "receptor" negative, then the voltage across the plates
pushes the electrons BACK to the source.
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If one starts with zero voltage across the plates, then some current will flow when the
light is turned on: electrons knocked off the "source" plate with any speed will
eventually reach the "target" plate. But if one gradually increases the voltage difference,
fewer and fewer electrons will make the journey, and eventually the current disappears.
In this figure from Lenard's paper, the potential voltage is plotted on the horizontal
axis, and the current on the vertical axis. There is a small offset from zero current due
to Lenard's apparatus.
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Fig. 2.

What's going on? As each electron moves from the positive "source" plate towards the
"receptor” plate, it must do work against the electric field; it exchanges kinetic energy
for electric potential energy. At some point, it loses all its kinetic energy ... and so
stops moving forward. Now, when the electrons are knocked free, some have a lot of
kinetic energy, others only a little. The ones with the most kinetic energy are the last
ones to stop reaching the "receptor" as we increase the voltage difference. We can

calculate this MAXIMUM kinetic energy among the photo-electrons:



KE. .« = EPE
qg*x AV

(Fortunately, these electrons aren't moving at relativistic speeds!)

In the figure from Lenard's paper shown above, what was the maximum kinetic energy
of the photoelectrons?

The wave theory fails to explain the observations

Now, one might try to explain this photoelectric effect with waves of light: light waves
impinge on the source plate. They give energy to electrons on the plate. The electrons
fly off the source plate to the receptor. The wave theory predicts several things:

1. The more intense the light, the more energy the electrons will have when the fly
off the plate.

2. If the light is very feeble, one may have to expose the source plate for several
seconds or minutes until enough waves strike it to knock electrons loose.

3. Waves of any frequency ought to knock electrons free.

Careful measurements in the lab, however, showed that these predictions were wrong,
wrong, wrong.

1. The energy of the electrons does NOT depend on the intensity of the light.

2. The electrons always appear AS SOON AS the light reaches the plate (though a
feeble light produces only a few).

3. NO electrons are produced if the frequency of the light waves is below a critical
value.



Einstein suggests a solution

Planck's explanation of the blackbody spectrum was published in 1900. Five years
later, Einstein published a paper (in the very same issue as his famous paper on
relativity) which used Planck's idea of quanta to explain the photoelectric effect's
quirks. He wrote:

In accordance with the assumption to be considered here, the energy of a light ray
spreading out from a point source is not continuously distributed over an increasing
space, but consists of a finite number of energy quanta which are localized at points in
space, which move without dividing, and which can only be produced and absorbed as
complete units.

In other words, Einstein proposed that light behaved not like a wave, but like a particle:
the photon (a word coined in 1926 by G. N. Lewis).

How does this explain the observed photoelectric phenomena?

1. The energy of the electrons does NOT depend on the intensity of the light.

o Each electron absorbs only one photon at a time. If the absorbed energy
is large enough to expel the electron from the metal, it leaves. If not, the
electron dissipates its energy in collisions with nearby electrons and
atoms before it can absorb another photon.

And yes, this implies that the time it takes for an electron to lose the
energy gained in one absorption is much smaller than the interval
between absorptions. Under ordinary circumstances, it is.

2. The electrons always appear AS SOON AS the light reaches the plate (though a
feeble light produces only a few).

o As soon as a single photon containing sufficient energy strikes the source
plate, it will knock an electron free. There is no need to wait for multiple
waves to build up enough energy.

3. NO electrons are produced if the frequency of the light waves is below a critical
value.

o Since the energy of each photon is



E = hv

below some critical frequency, no photon has enough energy to knock an
electron free.

Moreover, Einstein's theory was able to make one very strong prediction: the maximum
energy of ejected electrons should increase linearly with frequency of the applied light.
Again quoting Einstein,

... We shall assume that in leaving the body, each electron must perform an amount of
work P characteristic of the substance. The ejected electrons leaving the body with the
largest normal velocity will be those that were [located exactly on] the surface. The
kinetic energy of such electrons is given by h*v - P.

If the body is charged to a positive potential Vo and is surrounded by conductors at
zero potential, and if Vp is just large enough to prevent the loss of electricity, it follows
that

eVo = hv — P

where e is the electronic charge ...
Einstein is proved right

It seems simple enough to test this idea: shine light of various frequencies on a source
plate, and measure the voltage Vo which just stops the current from flowing. And yet
no one had ever tried it:

At the time at which it was made, this prediction was as bold as the hypothesis which
suggested it, for at that time there were available no experiments whatever for
determining anything about how the positive potential V necessary to apply to the
illuminated electrode to stop the discharge of negative electrons from it under the
influence of monochromatic light varied with the frequency v of the light, or whether



the quantity h to which Planck had already assigned a numerical value appeared at all
in connection with photo-electric discharge.
Millikan, The Electron, 1917

This was exactly what Robert Andrews Millikan (yes, thatMillikan) did. In an
experiment performed in 1915 (and published in Physical Review,, vol VI, p. 362
(1916)), he set up a system in which he could measure the photoelectric effect
accurately from freshly-scraped surfaces of alkali metals. The glass vessel shown
below was evacuated; one of the metal samples mounted on the wheel W at the center
was rotated to bring it next to the knife K, which scraped it clean; then the sample was
rotated 180 degrees to face light shining through aperture O.
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Millikan's data is shown below (I've wiped clean his calculation of the value of h from
the graph). He shone light of various frequencies (plotted on the horizontal axis; note
the factor of 10 to the 13'th power!) on the metal plate, and determined the minimum
voltage (plotted on the vertical axis) necessary to halt the induced current.


http://spiff.rit.edu/classes/phys314/lectures/photoe/millik_2.gif
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Source: http://spiff.rit.edu/classes/phys314/lectures/photoe/photoe.htmi



