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intervening space. Such disturbances, called electromagnetic waves, provide the
physical basis for light, radio and television waves, infrared, ultraviolet, x rays,
and the rest of the electromagnetic spectrum. We will return to this vitally important topic in Chapter 32.
Although it may not be obvious, all the basic relationships between ﬁelds and
their sources are contained in Maxwell’s equations. We can derive Coulomb’s
law from Gauss’s law, we can derive the law of Biot and SSavartSfrom Ampere’s
law, and so on. When we add the equation that deﬁnes the E and B ﬁelds in terms
of the forces that they exert on a charge q, namely,
S

S

S
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F ⴝ q1E ⴙ v : B2

(29.24)

we have all the fundamental relationships of electromagnetism!
Finally, weSnote that
Maxwell’s equations would have even greater symmetry
S
between the E and B ﬁelds if single magnetic charges (magnetic monopoles)
existed. The right side of Eq. (29.19) would contain the total magnetic charge
enclosed by the surface, and the right side of Eq. (29.21) would include a magnetic monopole current term. Perhaps you can begin to see why some physicists
wish that magnetic monopoles existed; they would help to perfect the mathematical poetry of Maxwell’s equations.
The discovery that electromagnetism can be wrapped up so neatly and elegantly is a very satisfying one. In conciseness and generality, Maxwell’s equations
are in the same league with Newton’s laws of motion and the laws of thermodynamics. Indeed, a major goal of science is learning how to express very broad and
general relationships in a concise and compact form. Maxwell’s synthesis of electromagnetism stands as a towering intellectual achievement, comparable to the
Newtonian synthesis we described at the end of Section 13.5 and to the development of relativity and quantum mechanics in the 20th century.
Test Your Understanding of Section 29.7 (a) Which of Maxwell’s equations
explains how a credit card reader works? (b) Which one describes how a wire carrying a
steady current generates a magnetic ﬁeld?
❙

29.8

Superconductivity

The most familiar property of a superconductor is the sudden disappearance of
all electrical resistance when the material is cooled below a temperature called
the critical temperature, denoted by Tc. We discussed this behavior and the circumstances of its discovery in Section 25.2. But superconductivity is far more
than just the absence of measurable resistance. As we’ll see in this section, superconductors also have extraordinary magnetic properties.
The ﬁrst hint of unusual magnetic properties was the discovery that for any
superconducting material the critical temperature Tc changes when the material is
S
placed in an externally produced magnetic ﬁeld B0. Figure 29.23 shows this
dependence for mercury, the ﬁrst element in which superconductivity was
observed. As the external ﬁeld magnitude B0 increases, the superconducting transition occurs at lower and lower temperature. When B0 is greater than 0.0412 T,
no superconducting transition occurs. The minimum magnitude of magnetic ﬁeld
that is needed to eliminate superconductivity at a temperature below Tc is called
the critical ﬁeld, denoted by Bc.

29.23 Phase diagram for pure mercury,
showing the critical magnetic ﬁeld Bc and
its dependence on temperature. Superconductivity is impossible above the critical
temperature Tc . The curves for other superconducting materials are similar but with
different numerical values.
Bc (T)

The Meissner Effect
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Another aspect of the magnetic behavior of superconductors appears if we place
a homogeneous
sphere of a superconducting material in a uniform applied magS
netic ﬁeld B0 at a temperature T greater than Tc . The material is then in the normal
phase, not the superconducting phase (Fig. 29.24a). Now we lower the temperature
S
until the superconducting transition occurs. (We assume that the magnitude of B0 is
not large enough to prevent the phase transition.) What happens to the ﬁeld?
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29.24 A superconducting material (a)
above the critical temperature and (b), (c)
below the critical temperature.
(a) Superconducting
material in an external
S
magnetic field B0 at T ⬎ Tc.

S

B0
S

B0
The field inside the material
S
is very nearly equal to B0.
(b) The temperature is lowered to T ⬍ Tc, so
the material becomes superconducting.

S

B=0
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B

Magnetic flux is expelled from the material,
and the field inside it is zero (Meissner effect).
(c) When the external field is turned off at
T ⬍ Tc, the field is zero everywhere.

S

B=0

There is no
change in
magnetic flux
in the material.

S

B=0

29.25 A superconductor (the black slab)
exerts a repulsive force on a magnet (the
metallic cylinder), supporting the magnet
in midair.

Measurements of the ﬁeld outside the sphere show that the ﬁeld lines become
distorted as in Fig. 29.24b. There is no longer any ﬁeld inside the material, except
possibly in a very thin surface layer a hundred or so atoms thick. If a coil is
wrapped around the sphere, the emf induced in the coil shows that during the
superconducting transition the magnetic ﬂux through the coil decreases from its
initial value to zero; this is consistent with the absence of ﬁeld inside the material. Finally, if the ﬁeld is now turned off while the material is still in its superconducting phase, no emf is induced in the coil, and measurements show no ﬁeld
outside the sphere (Fig. 29.24c).
WeS conclude that during a superconducting transition in the presence of the
ﬁeld B0 , all of the magnetic ﬂux is expelled from the bulk of the sphere, and the
magnetic ﬂux £ B through the coil becomes zero. This expulsion of magnetic ﬂux
is called the Meissner effect. As Fig. 29.24b shows, this expulsion crowds
the
S
magnetic ﬁeld lines closer together to the side of the sphere, increasing B there.

Superconductor Levitation and Other Applications
The diamagnetic nature of a superconductor has some interesting mechanical consequences. A paramagnetic or ferromagnetic material is attracted by a permanent
magnet because the magnetic dipoles in the material align with the nonuniform
magnetic ﬁeld of the permanent magnet. (We discussed this in Section 27.7.) For a
diamagnetic material the magnetization is in the opposite sense, and a diamagnetic
material is repelled by a permanent magnet. By Newton’s third law the magnet is
also repelled by the diamagnetic material. Figure 29.25 shows the repulsion
between a specimen of a high-temperature superconductor and a magnet; the magnet is supported (“levitated”) by this repulsive magnetic force.
The behavior we have described is characteristic of what are called type-I
superconductors. There is another class of superconducting materials called type-II
superconductors. When such a material in the superconducting phase is placed in
a magnetic ﬁeld, the bulk of the material remains superconducting, but thin ﬁlaments of material, running parallel to the ﬁeld, may return to the normal phase.
Currents circulate around the boundaries of these ﬁlaments, and there is magnetic
ﬂux inside them. Type-II superconductors are used for electromagnets because
they usually have much larger values of Bc than do type-I materials, permitting
much larger magnetic ﬁelds without destroying the superconducting state. Type-II
superconductors have two critical magnetic ﬁelds: The ﬁrst, Bc1 , is the ﬁeld at
which magnetic ﬂux begins to enter the material, forming the ﬁlaments just
described, and the second, Bc2 , is the ﬁeld at which the material becomes normal.
Many important and exciting applications of superconductors are under development. Superconducting electromagnets have been used in research laboratories
for several years. Their advantages compared to conventional electromagnets
include greater efﬁciency, compactness, and greater ﬁeld magnitudes. Once a
current is established in the coil of a superconducting electromagnet, no additional power input is required because there is no resistive energy loss. The coils
can also be made more compact because there is no need to provide channels for
the circulation of cooling ﬂuids. Superconducting magnets routinely attain steady
ﬁelds of the order of 10 T, much larger than the maximum ﬁelds that are available
with ordinary electromagnets.
Superconductors are attractive for long-distance electric power transmission
and for energy-conversion devices, including generators, motors, and transformers. Very sensitive measurements of magnetic ﬁelds can be made with superconducting quantum interference devices (SQUIDs), which can detect changes in
magnetic ﬂux of less than 10 -14 Wb; these devices have applications in medicine, geology, and other ﬁelds. The number of potential uses for superconductors
has increased greatly since the discovery in 1987 of high-temperature superconductors. These materials have critical temperatures that are above the temperature of liquid nitrogen (about 77 K) and so are comparatively easy to attain.
Development of practical applications of superconductor science promises to be
an exciting chapter in contemporary technology.

