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Campos elétricos na matéria



Dipolos induzidos
Caso de átomos ou moléculas sem dipolo elétrico 
permanente: CO2, O2, N2,...



Dipolos induzidos: um modelo
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Polarizabilidade de alguns átomos
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H He Li Be C Ne Na Ar K Cs
0.667 0.205 24.3 5.60 1.67 0.396 24.1 1.64 43.4 59.4

TABLE 4.1 Atomic Polarizabilities (α/4πε0, in units of 10−30 m3). Data from: Hand-
book of Chemistry and Physics, 91st ed. (Boca Raton: CRC Press, 2010).

atom polarized, with plus charge shifted slightly one way, and minus the other.
The atom now has a tiny dipole moment p, which points in the same direction
as E. Typically, this induced dipole moment is approximately proportional to the
field (as long as the latter is not too strong):

p = αE. (4.1)
The constant of proportionality α is called atomic polarizability. Its value
depends on the detailed structure of the atom in question. Table 4.1 lists some
experimentally determined atomic polarizabilities.

Example 4.1. A primitive model for an atom consists of a point nucleus (+q)
surrounded by a uniformly charged spherical cloud (−q) of radius a (Fig. 4.1).
Calculate the atomic polarizability of such an atom.
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Solution
In the presence of an external field E, the nucleus will be shifted slightly to the
right and the electron cloud to the left, as shown in Fig. 4.2. (Because the actual
displacements involved are extremely small, as you’ll see in Prob. 4.1, it is rea-
sonable to assume that the electron cloud retains its spherical shape.) Say that
equilibrium occurs when the nucleus is displaced a distance d from the center of
the sphere. At that point, the external field pushing the nucleus to the right exactly
balances the internal field pulling it to the left: E = Ee, where Ee is the field pro-
duced by the electron cloud. Now the field at a distance d from the center of a
uniformly charged sphere is

Ee = 1
4πε0

qd
a3

(Prob. 2.12). At equilibrium, then,

E = 1
4πε0

qd
a3

, or p = qd = (4πε0a3)E .



Tendências da polarizabilidade
A polarizabilidade é a facilidade com a qual o átomo 
se deforma.
Bate bem com o modelo simples.



Dipolos permanentes
Algumas moléculas polares:



Torques em dipolos elétricos
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Problem 4.2 According to quantum mechanics, the electron cloud for a hydrogen
atom in the ground state has a charge density

ρ(r) = q
πa3

e−2r/a,

where q is the charge of the electron and a is the Bohr radius. Find the atomic
polarizability of such an atom. [Hint: First calculate the electric field of the electron
cloud, Ee(r); then expand the exponential, assuming r " a.1

Problem 4.3 According to Eq. 4.1, the induced dipole moment of an atom is pro-
portional to the external field. This is a “rule of thumb,” not a fundamental law,
and it is easy to concoct exceptions—in theory. Suppose, for example, the charge
density of the electron cloud were proportional to the distance from the center, out
to a radius R. To what power of E would p be proportional in that case? Find the
condition on ρ(r) such that Eq. 4.1 will hold in the weak-field limit.

Problem 4.4 A point charge q is situated a large distance r from a neutral atom of
polarizability α. Find the force of attraction between them.

4.1.3 Alignment of Polar Molecules

The neutral atom discussed in Sect. 4.1.2 had no dipole moment to start with—p
was induced by the applied field. Some molecules have built-in, permanent dipole
moments. In the water molecule, for example, the electrons tend to cluster around
the oxygen atom (Fig. 4.4), and since the molecule is bent at 105◦, this leaves a
negative charge at the vertex and a net positive charge on the opposite side. (The
dipole moment of water is unusually large: 6.1 × 10−30 C·m; in fact, this is what
accounts for its effectiveness as a solvent.) What happens when such molecules
(called polar molecules) are placed in an electric field?

If the field is uniform, the force on the positive end, F+ = qE, exactly cancels
the force on the negative end, F− = −qE (Fig. 4.5). However, there will be a
torque:

N = (r+ × F+) + (r− × F−)

=
[
(d/2) × (qE)

]
+

[
(−d/2) × (−qE)

]
= qd × E.
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1For a more sophisticated approach, see W. A. Bowers, Am. J. Phys. 54, 347 (1986).



Efeitos não-lineares, anisotropia e 
ferroeletricidade



Cargas ligadas
Qual é o potencial elétrico gerado 
por um corpo com polarização P(r)?







Densidades de cargas ligadas
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Resumo
Um corpo com uma polarização P(r) é equivalente a 
(produz o mesmo campo elétrico que):
1.Uma densidade volumétrica de carga:

2. E uma densidade superficial de carga em sua superfície:
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Interpretação física das cargas ligadas
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in a dielectric every electron is attached to a specific atom or molecule. But apart
from that, bound charge is no different from any other kind.

To calculate the actual amount of bound charge resulting from a given polar-
ization, examine a “tube” of dielectric parallel to P. The dipole moment of the
tiny chunk shown in Fig. 4.12 is P(Ad), where A is the cross-sectional area of
the tube and d is the length of the chunk. In terms of the charge (q) at the end,
this same dipole moment can be written qd. The bound charge that piles up at the
right end of the tube is therefore

q = P A.

If the ends have been sliced off perpendicularly, the surface charge density is

σb = q
A

= P.

For an oblique cut (Fig. 4.13), the charge is still the same, but A = Aend cos θ , so

σb = q
Aend

= P cos θ = P · n̂.

The effect of the polarization, then, is to paint a bound charge σb = P · n̂ over the
surface of the material. This is exactly what we found by more rigorous means in
Sect. 4.2.1. But now we know where the bound charge comes from.

If the polarization is nonuniform, we get accumulations of bound charge within
the material, as well as on the surface. A glance at Fig. 4.14 suggests that a diverg-
ing P results in a pileup of negative charge. Indeed, the net bound charge
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Polarização divergindo de 
um ponto:



Interpretação física das cargas ligadas
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whose dipole moment is, not surprisingly, equal to the total dipole moment of the
sphere:

p = 4
3
π R3P. (4.16)

The field of the uniformly polarized sphere is shown in Fig. 4.10.

Problem 4.10 A sphere of radius R carries a polarization

P(r) = kr,
where k is a constant and r is the vector from the center.

(a) Calculate the bound charges σb and ρb.

(b) Find the field inside and outside the sphere.

Problem 4.11 A short cylinder, of radius a and length L , carries a “frozen-in” uni-
form polarization P, parallel to its axis. Find the bound charge, and sketch the elec-
tric field (i) for L ! a, (ii) for L " a, and (iii) for L ≈ a. [This is known as a bar
electret; it is the electrical analog to a bar magnet. In practice, only very special
materials—barium titanate is the most “familiar” example—will hold a permanent
electric polarization. That’s why you can’t buy electrets at the toy store.]

Problem 4.12 Calculate the potential of a uniformly polarized sphere (Ex. 4.2)
directly from Eq. 4.9.

4.2.2 Physical Interpretation of Bound Charges

In the last section we found that the field of a polarized object is identical to
the field that would be produced by a certain distribution of “bound charges,” σb

and ρb. But this conclusion emerged in the course of abstract manipulations on
the integral in Eq. 4.9, and left us with no clue as to the physical meaning of these
bound charges. Indeed, some authors give you the impression that bound charges
are in some sense “fictitious”—mere bookkeeping devices used to facilitate the
calculation of fields. Nothing could be further from the truth: ρb and σb repre-
sent perfectly genuine accumulations of charge. In this section I’ll explain how
polarization leads to these charge distributions.

The basic idea is very simple: Suppose we have a long string of dipoles, as
shown in Fig. 4.11. Along the line, the head of one effectively cancels the tail of
its neighbor, but at the ends there are two charges left over: plus at the right end
and minus at the left. It is as if we had peeled off an electron at one end and carried
it all the way down to the other end, though in fact no single electron made the
whole trip—a lot of tiny displacements add up to one large one. We call the net
charge at the ends a bound charge to remind ourselves that it cannot be removed;

− +− +− +− +− +− + − +=

FIGURE 4.11

Linha de dipolos:

Cilindro de dipolos:
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To calculate the actual amount of bound charge resulting from a given polar-
ization, examine a “tube” of dielectric parallel to P. The dipole moment of the
tiny chunk shown in Fig. 4.12 is P(Ad), where A is the cross-sectional area of
the tube and d is the length of the chunk. In terms of the charge (q) at the end,
this same dipole moment can be written qd. The bound charge that piles up at the
right end of the tube is therefore

q = P A.

If the ends have been sliced off perpendicularly, the surface charge density is

σb = q
A

= P.
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Exemplo 4.2: esfera 
uniformemente polarizada: P(r)=P4.2 The Field of a Polarized Object 175
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where θ is the usual spherical coordinate. What we want, then, is the field pro-
duced by a charge density P cos θ plastered over the surface of a sphere. But we
already computed the potential of such a configuration, in Ex. 3.9:

V (r, θ) =






P
3ε0

r cos θ, for r ≤ R,

P
3ε0

R3

r2
cos θ, for r ≥ R.

Since r cos θ = z, the field inside the sphere is uniform:

E = −∇V = − P
3ε0

ẑ = − 1
3ε0

P, for r < R. (4.14)

This remarkable result will be very useful in what follows. Outside the sphere the
potential is identical to that of a perfect dipole at the origin,

V = 1
4πε0

p · r̂
r2

, for r ≥ R, (4.15)

FIGURE 4.10






