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Electric dipoles

¢ Electric dipole moment
¢ Electrostatic potential and electric field of a dipole
¢ Electric dipoles in an external electric field

Prof. Evgueni Goudzovski e Physics West 212 ¢ goudzovs@cern.ch



Previous lecture

¢ Ideal conductors in electrostatic field:
v the volume of the conductor is equipotential;
v’ there are no volume charges (p=0);
v in general, there are non-zero surface charges (c=0);
v" just above the surface, E =c/¢gy and E;=0.

¢ Laplace equation for the electrostatic potential
in the absence of free charges:

Vip =0

s The uniqueness theorem: the Laplace equation has a unique
solution for any complete set of boundary conditions.

% The method of image charges: a tool for electrostatic
field computations in the presence of conductors.



Electric dipole moment

A charge Q distributed over a volume V, Q = / p(F")dV’
near the origin of a reference frame:

By the principle of superposition, ('r'
the electrostatic potential cp('r -
of this charge distribution: 471'&:0 |7 — 7!

When observed from a large distance (r>r’),
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negligible Coulomb term
Therefore (dominates at r>»r’ for Q=0)
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D= /p(’f_"')’f'"dv' is the electric dipole moment

Dipole term (the leading term for Q=0)
v ] of the charge distribution [unit: C-m]. 2




Electric dipoles

For a system of point charges, ﬁ — Z q?:"?i

1
Electric dipole: a (neutral) system system with Q=0 and p=0.

Examples: H,0, C,Hs0OH, HCI molecules (p~10-2°-10-3° C-m).
For Q=0, dipole moment does not depend on the origin of coordinates.

Proof for a system of point charges:
if the origin shifted by @ , coordinates become 7; ' = 7; — @

Dipole moment for the new choice of origin:
P/=) aq(fi—a)=) qifi—ay q¢s=)» g =7

A simple (+q,-q) electric dipole: Net charge, Q=0
two opposite point charges +q, separated by a distance a.
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Its dipole moment, using the above definition: ﬁ — qc_i



Potential for a (+q,—q) dipole

[not discussed in the lecture; a non-assessed problem] XA

Explicit computation for the simple dipole: : .7 <
using the principle of superposition, . a | - ’E,E 9_ L _Z)
the electrostatic potential is -q ﬁ +q
p(T) = : [ : - : }
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At large distances (|z|>a),
(zxa/2)?+ 2?2 +y? =~ 22+ za+ x? + y? = r? (I:I:@)

r2

Leading term in the Taylor expansion at large distances (r>>a):

p(7) =~ d [(1 — z:af,/'r'z)_l/2 —(1+ za/rz)_l/z] ~~
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The dipole term, as expected



Dipole electric field
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The z-component: -q P +q
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Each of the (x,y) transverse components:
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The total transverse component:
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At a fixed direction, dipole field falls off with distance as ~1/r3.
Dipole field and potential are symmetric wrt the dipole axis. 5



Dipole electric field: illustration

204

1.0}

05

The two components
of the dipole field
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On the z axis: E.(z) =

p

Field lines and
equipotential surfaces
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E,=0 at 3cos?(0)=1,
i.e. 0=%1 rad 6



Dipole in a uniform field

Force acting on a charge distribution in a uniform electric field E,:
F = /P("_“')Eodv = Ep / p(7)dV = QE,

\4 1%
Torque exerted on a charge distribution in a uniform field:
7= f 7 X (p(ﬂdVﬁo) = / (p(F)7dV) x Ey = p x Eg
14 14

For a dipole (Q=0), there is only a torque,
as long as the dipole is not parallel to the external field.

Potential of a uniform field E,: @ (7°) = —E0F+ C
Proof (a non-assessed problem): —V(7) = —V (—Eo7) = Eq

Potential energy of a dipole in a uniform external field:
U= [¢@p)aV = [(~Eorp(®av = -5 Ey
1% 1%

Minimal energy: p in the direction of E,.
The dipole moment tends to align with the external field. 7



Dipole in a non-uniform field

A non-uniform field, approximated by first-order terms
in the Taylor expansion about the origin:
EFfy)=FEFg+x—+y—+2z— = Eyg+ (*V)E
ox oy 0z
Force acting on a charge distribution placed at the origin:

—

F= [ o) [Bo+ ("V)E| aV = QB+ (V) E
J/

Force acting on a dipole (Q=0): ﬁ — (ﬁV)E

Easier to understand considering individual components, e.g.

F, = (FV)E, — OF, n oL, n OF,
x — \P x — Pz 9z Dy ay D 92
Two coaxial point-like dipoles at a distance x: ? “““ 'pT)

2
F,=0p o ( p ) = — 3P This is a specific type of
Oz \ 2meox’ 2meox?  van der Waals attraction. 8



Summary

¢ Electrostatic potential of a point-like electric dipole:

1 pF
p(T) =

¢ Electric dipoles in uniform fields: zero net force; non-zero torque;
dipole moments tend to align along the field lines.
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% Electric dipoles in non-uniform fields: non-zero net force.
A dipole aligned with the field is attracted towards stronger field.

F = (pV)E
¢ Electrically neutral objects with non-zero dipole moments
(Q=0, p=0), e.g. water molecules, experience electrostatic forces.
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