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In Chapter 32 we saw how Maxwell, Hertz, and others established firmly that 
light is an electromagnetic wave. Interference, diffraction, and polarization, 
discussed in Chapters 35 and 36, further demonstrate this wave nature of 

light.
When we look more closely at the emission, absorption, and scattering of 

electromagnetic radiation, however, we discover a completely different aspect 
of light. We find that the energy of an electromagnetic wave is quantized; it 
is emitted and absorbed in particle-like packages of definite energy, called 
photons. The energy of a single photon is proportional to the frequency of the 
radiation.

We’ll find that light and other electromagnetic radiation exhibits wave–particle 
duality: Light acts sometimes like waves and sometimes like particles. Interfer-
ence and diffraction demonstrate wave behavior, while emission and absorption 
of photons demonstrate the particle behavior. This radical reinterpretation of 
light will lead us in the next chapter to no less radical changes in our views of the 
nature of matter.

38.1 Light Absorbed As Photons:  
the PhotoeLectric effect

A phenomenon that gives insight into the nature of light is the photoelectric effect, 
in which a material emits electrons from its surface when illuminated (Fig. 38.1). 
To escape from the surface, an electron must absorb enough energy from the 
incident light to overcome the attraction of positive ions in the material. These 
attractions constitute a potential-energy barrier; the light supplies the “kick” that 
enables the electron to escape.

The photoelectric effect has a number of applications. Digital cameras and 
night-vision scopes use it to convert light energy into an electric signal that 

? This plastic surgeon is  
using two light sources: a 

headlamp that emits a beam 
of visible light and a handheld 
laser that emits infrared light. 
The light from both sources is 
emitted in the form of packets 
of energy called photons. For 
which source are the photons 
more energetic? (i) The head-
lamp; (ii) the laser; (iii) both 
are equally energetic; (iv) not 
enough information is given.
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38.1 How Einstein’s photon picture of light  
explains the photoelectric effect.

38.2 How experiments with x-ray production 
provided evidence that light is emitted in 
the form of photons.

38.3 How the scattering of gamma rays helped 
confirm the photon picture of light.

38.4 How the Heisenberg uncertainty principle 
imposes fundamental limits on what can 
be measured.
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is reconstructed into an image (Fig. 38.2). Sunlight striking the moon causes 
surface dust to eject electrons, leaving the dust particles with a positive charge. 
The mutual electric repulsion of these charged dust particles causes them to rise 
above the moon’s surface, a phenomenon that was observed from lunar orbit by 
the Apollo astronauts.

threshold frequency and stopping Potential
In Section 32.1 we explored the wave model of light, which Maxwell formulated 
two decades before the photoelectric effect was observed. Is the photoelectric 
effect consistent with this model? Figure 38.3a (next page) shows a modern  
version of one of the experiments that explored this question. Two conducting 
electrodes are enclosed in an evacuated glass tube and connected by a battery, 
and the cathode is illuminated. Depending on the potential difference VAC  
between the two electrodes, electrons emitted by the illuminated cathode (called 
photoelectrons) may travel across to the anode, producing a photocurrent in the 
external circuit. (The tube is evacuated to a pressure of 0.01 Pa or less to minimize 
collisions between the electrons and gas molecules.)

The illuminated cathode emits photoelectrons with various kinetic energies. 
If the electric field points toward the cathode, as in Fig. 38.3a, all the electrons 
are accelerated toward the anode and contribute to the photocurrent. But by re-
versing the field and adjusting its strength as in Fig. 38.3b, we can prevent the 
less energetic electrons from reaching the anode. In fact, we can determine the 
maximum kinetic energy Kmax of the emitted electrons by making the potential 
of the anode relative to the cathode, VAC , just negative enough so that the current 
stops. This occurs for VAC = -V0 , where V0 is called the stopping potential. As 
an electron moves from the cathode to the anode, the potential decreases by V0 
and negative work -eV0 is done on the (negatively charged) electron. The most 
energetic electron leaves the cathode with kinetic energy Kmax = 1

2 mvmax
      2 and 

has zero kinetic energy at the anode. Using the work–energy theorem, we have

 Wtot = -eV0 = ∆K = 0 - Kmax 
(38.1)

 Kmax = 1
2 mvmax

      2 = eV0 

(maximum kinetic energy 
of photoelectrons)

Hence by measuring the stopping potential V0 , we can determine the maxi-
mum kinetic energy with which electrons leave the cathode. (We are ignoring 
any effects due to differences in the materials of the cathode and anode.)

In this experiment, how does the photocurrent depend on the voltage across the 
electrodes and on the frequency and intensity of the light? Based on Maxwell’s 
picture of light as an electromagnetic wave, here is what we would predict:

Wave-Model Prediction 1: We saw in Section 32.4 that the intensity of an electro-
magnetic wave depends on its amplitude but not on its frequency. So the photoelectric 
effect should occur for light of any frequency, and the magnitude of the photocurrent 
should not depend on the frequency of the light.

Wave-Model Prediction 2: It takes a certain minimum amount of energy, called the 
work function, to eject a single electron from a particular surface (see Fig. 38.1). If the  
light falling on the surface is very faint, some time may elapse before the total energy  
absorbed by the surface equals the work function. Hence, for faint illumination, we ex­
pect a time delay between when we switch on the light and when photoelectrons appear.

Wave-Model Prediction 3: Because the energy delivered to the cathode surface  
depends on the intensity of illumination, we expect the stopping potential to increase 
with increasing light intensity. Since intensity does not depend on frequency, we further 
expect that the stopping potential should not depend on the frequency of the light.

38.1 The photoelectric effect.

Electrons

Light

To eject an electron
the light must supply
enough energy to
overcome the forces
holding the electron
in the material.

Photoelectric effect: Light
absorbed by a surface causes
electrons to be ejected.

38.2 (a) A night-vision scope makes use 
of the photoelectric effect. Photons entering 
the scope strike a plate, ejecting electrons 
that pass through a thin disk in which there 
are millions of tiny channels. The current 
through each channel is amplified elec-
tronically and then directed toward a 
screen that glows when hit by electrons. 
(b) The image formed on the screen, 
which is a combination of these millions 
of glowing spots, is thousands of times 
brighter than the naked-eye view.

(a)

(b)
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1256    ChAPTEr 38 Photons: Light Waves Behaving as Particles

The experimental results proved to be very different from these predictions. 
Here is what was found in the years between 1877 and 1905:

Experimental Result 1: The photocurrent depends on the light frequency. For a 
given material, monochromatic light with a frequency below a minimum threshold 
frequency produces no photocurrent, regardless of intensity. For most metals the 
threshold frequency is in the ultraviolet (corresponding to wavelengths l between 
200 and 300 nm), but for other materials like potassium oxide and cesium oxide it is 
in the visible spectrum (l between 380 and 750 nm).

Experimental Result 2: There is no measurable time delay between when the light is 
turned on and when the cathode emits photoelectrons (assuming the frequency of the 
light exceeds the threshold frequency). This is true no matter how faint the light is.

Experimental Result 3: The stopping potential does not depend on intensity, but 
does depend on frequency. Figure 38.4 shows graphs of photocurrent as a function 
of potential difference VAC for light of a given frequency and two different intensities. 
The reverse potential difference -V0 needed to reduce the current to zero is the same 
for both intensities. The only effect of increasing the intensity is to increase the num-
ber of electrons per second and hence the photocurrent i. (The curves level off when 
VAC is large and positive because at that point all the emitted electrons are being col-
lected by the anode.) If the intensity is held constant but the frequency is increased, 
the stopping potential also increases. In other words, the greater the light frequency, 
the higher the energy of the ejected photoelectrons.

These results directly contradict Maxwell’s description of light as an electro-
magnetic wave. A solution to this dilemma was provided by Albert Einstein in 
1905. His proposal involved nothing less than a new picture of the nature of light.

einstein’s Photon explanation
Einstein made the radical postulate that a beam of light consists of small 
packages of energy called photons or quanta. This postulate was an exten-
sion of an idea developed five years earlier by Max Planck to explain the proper-
ties of blackbody radiation, which we discussed in Section 17.7. (We’ll explore 

38.4 Photocurrent i for light frequency f  
as a function of the potential VAC of the 
anode with respect to the cathode.

The stopping potential V0 is
independent of the light intensity ...

... but the photocurrent i for
large positive VAC is directly
proportional to the intensity.
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We now reverse the electric field so that
it tends to repel electrons from the
anode. Above a certain field strength,
electrons no longer reach the anode.

Electrons return to cathode via circuit;
galvanometer measures current.

The stopping potential at which the
current ceases has absolute value V0.

E field pushes
electrons to anode.

Light causes cathode to emit
electrons.

(b)(a)
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38.3 An experiment testing whether the 
photoelectric effect is consistent with the 
wave model of light.

?
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Planck’s ideas in Section 39.5.) In Einstein’s picture, the energy E of an individual 
photon is equal to a constant times the photon frequency f . From the relationship 
f = c>l for electromagnetic waves in vacuum, we have

(38.2)

Planck’s constant
Speed of light
in vacuumEnergy of a photon E =  hf =  

l

hc

Frequency Wavelength

Here Planck’s constant, h, is a universal constant. Its numerical value, to the 
accuracy known at present, is

 h = 6.626069571292 * 10-34 J # s

In Einstein’s picture, an individual photon arriving at the surface in Fig. 38.1a 
or 38.2 is absorbed by a single electron. This energy transfer is an all-or-nothing 
process, in contrast to the continuous transfer of energy in the wave theory of 
light; the electron gets all of the photon’s energy or none at all. The electron 
can escape from the surface only if the energy it acquires is greater than the 
work function f. Thus photoelectrons will be ejected only if hf 7 f, or f 7 f>h. 
Einstein’s postulate therefore explains why the photoelectric effect occurs only 
for frequencies greater than a minimum threshold frequency. This postulate is 
also consistent with the observation that greater intensity causes a greater photo- 
current (Fig. 38.4). Greater intensity at a particular frequency means a greater 
number of photons per second absorbed, and thus a greater number of electrons 
emitted per second and a greater photocurrent.

Einstein’s postulate also explains why there is no delay between illumination 
and the emission of photoelectrons. As soon as photons of sufficient energy strike 
the surface, electrons can absorb them and be ejected.

Finally, Einstein’s postulate explains why the stopping potential for a given 
surface depends only on the light frequency. Recall that f is the minimum energy 
needed to remove an electron from the surface. Einstein applied conservation of 
energy to find that the maximum kinetic energy Kmax = 1

2 mvmax
      2 for an emitted 

electron is the energy hf  gained from a photon minus the work function f:

 Kmax = 1
2 mvmax

      2 = hf - f (38.3)

Substituting Kmax = eV0 from Eq. (38.1), we find

eV0 =  hf -  f (38.4)

Maximum kinetic energy
of photoelectron

Energy of
absorbed photon

Work function

Light frequency

Photoelectric
effect:

Magnitude of
electron charge

Stopping
potential

Planck’s
constant

Equation (38.4) shows that the stopping potential V0 increases with increasing 
frequency f . The intensity doesn’t appear in Eq. (38.4), so V0 is independent of 
intensity. As a check of Eq. (38.4), we can measure the stopping potential V0 for 
each of several values of frequency f  for a given cathode material (Fig. 38.5). A 
graph of V0 as a function of f  turns out to be a straight line, verifying Eq. (38.4), 
and from such a graph we can determine both the work function f for the mate-
rial and the value of the quantity h>e. After the electron charge -e was measured 
by Robert Millikan in 1909, Planck’s constant h could also be determined from 
these measurements.

Electron energies and work functions are usually expressed in electron volts 
1eV2, defined in Section 23.2. To four significant figures,

 1 eV = 1.602 * 10-19 J

38.5 Stopping potential as a function of 
frequency for a particular cathode material.
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dAtA SPEAKS
Photons
When students were given a problem  
involving photons and their properties, 
more than 20% gave an incorrect  
response. Common errors:

● Confusion about photon energy,  
frequency, and wavelength. The greater 
the frequency of a photon, the greater 
the photon energy and the shorter its 
wavelength; the longer the wavelength 
of a photon, the smaller the photon  
energy and the lower its frequency  
[see Eq. (38.2)].

● Confusion about the photoelectric  
effect. The greater the work function of 
the material, the smaller the kinetic  
energy of the electrons emitted when 
photons of a given frequency shine on 
the material [see Eq. (38.3)].

cAution  Photons are not “particles” in 
the usual sense It’s common, but inac-
curate, to envision photons as miniature 
billiard balls. Billiard balls have a rest 
mass and travel slower than the speed of 
light c, while photons travel at the speed of 
light and have zero rest mass. Furthermore, 
photons have wave aspects (frequency and 
wavelength) that are easy to observe. The 
photon concept is a very strange one, and 
the true nature of photons is difficult to  
visualize in a simple way. We’ll discuss 
this in more detail in Section 38.4. ❙
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1258    ChAPTEr 38 Photons: Light Waves Behaving as Particles

To this accuracy, Planck’s constant is

 h = 6.626 * 10-34 J # s = 4.136 * 10-15 eV # s

Table 38.1 lists the work functions of several elements. These values are 
approximate because they are very sensitive to surface impurities. The greater the 
work function, the higher the minimum frequency needed to emit photoelectrons 
(Fig. 38.6).

The photon picture also explains other phenomena in which light is absorbed. 
A suntan is caused when the energy in sunlight triggers a chemical reaction in 
skin cells that leads to increased production of the pigment melanin. This reac-
tion can occur only if a specific molecule in the cell absorbs a certain minimum 
amount of energy. A short-wavelength ultraviolet photon has enough energy to 
trigger the reaction, but a longer-wavelength visible-light photon does not. Hence 
ultraviolet light causes tanning, while visible light cannot.

Photon Momentum
Einstein’s photon concept applies to all regions of the electromagnetic spectrum, 
including radio waves, x rays, and so on. A photon of any frequency f  and wave-
length l has energy E given by Eq. (38.2). Furthermore, according to the special 
theory of relativity, every particle that has energy must have momentum. Photons 
have zero rest mass, and a particle with zero rest mass and energy E has momen-
tum with magnitude p given by E = pc [Section 37.8; see (Eq. 37.40)]. Thus the 
magnitude p of the momentum of a photon is

(38.5)

Planck’s constantPhoton energy

Momentum of a photon p =   =   =  
c

E

c

hf

l

h

Speed of light in vacuum Frequency

Wavelength

The direction of the photon’s momentum is simply the direction in which the 
electromagnetic wave is moving.

Table 38.1
  Work functions of 
several elements

Element Work Function (eV)

Aluminum 4.3

Carbon 5.0

Copper 4.7

Gold 5.1

Nickel 5.1

Silicon 4.8

Silver 4.3

Sodium 2.7

38.6 Stopping potential as a function of 
frequency for two cathode materials hav-
ing different work functions f.

V0

Stopping potential

Frequency f

Threshold frequency

Material 1
Material 2
f2 7  f1

0

-f1>e

-f2>e
Stopping potential is zero at
threshold frequency (electrons
emerge with zero kinetic energy).

For each material,

so the plots have same slope h>e but different
intercepts -f>e on the vertical axis. 

eV0 =  hf -  f or V0 =  hf
e

 -  f
e

identify the relevant concepts: The energy and momentum of an 
individual photon are proportional to the frequency and inversely 
proportional to the wavelength. Einstein’s interpretation of the 
photoelectric effect is that energy is conserved as a photon ejects 
an electron from a material surface.

set uP the problem: Identify the target variable. It could be the 
photon’s wavelength l, frequency f , energy E, or momentum p. If 
the problem involves the photoelectric effect, the target variable 
could be the maximum kinetic energy of photoelectrons Kmax , the 
stopping potential V0 , or the work function f.

execute the solution as follows:
 1. Use Eqs. (38.2) and (38.5) to relate the energy and momentum of 

a photon to its wavelength and frequency. If the problem involves 
the photoelectric effect, use Eqs. (38.1), (38.3), and (38.4) to relate 

the photon frequency, stopping potential, work function, and 
maximum photoelectron kinetic energy.

 2. The electron volt (eV), which we introduced in Section 23.2, is 
a convenient unit. It is the kinetic energy gained by an electron 
when it moves freely through an increase of potential of one 
volt: 1 eV = 1.602 * 10-19 J. If the photon energy E is given 
in electron volts, use h = 4.136 * 10-15 eV # s; if E is in 
joules, use h = 6.626 * 10-34 J # s.

evALuAte your answer: In problems involving photons, at first the 
numbers will be unfamiliar to you and errors will not be obvious. 
It helps to remember that a visible-light photon with l = 600 nm 
and f = 5 * 1014 Hz has an energy E of about 2 eV, or about 
3 * 10-19 J.

Problem-Solving Strategy 38.1 PhotonS
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