Important results and their derivations

A.1 Electrostatic Dipole : Potential and Field Derivation

Scalar potential of a dipole

Consider two point charges +q and —gq separated by a small vector d, with the positive

charge located atr, = +%d and the negative atr_ = —%d. The potential at field point r = ru,
is
1
D(r) = 9 __1 ). (A1)
drteg \Jr—1y|  |r—r_]

We define the dipole moment
p=qd. (A2)

Assuming that the observation point is far from the dipole (r > d), we perform a Taylor
expansion of each term to first orderin d :

1 1 1 1
=—=x-d-V|=|+06(d). A3
STt 5]+ o (A3
Hence,
1 1 1
i T ~-d- V(—). (A.4)
[r—35d| [r+3d]| r
Substituting into the potential :
q 1 P 1
D(r) = — d-Vl=|=-——-V|-]. A5
) 4 (r) 4meg (r) (8.5)

Recall that iun spherical coordinates and for a scalar quantity f :

af 19f 1 4
grad(f)=Vf = Eur+;%ug+ rsin@%uql’

V(1/r) = =r/73,

Hence,
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r#0. (A.6)

This is the potential of an electrostatic dipole : the two charges, positive and negative do
not entirely cancel out, but the potential rapidly vanishes away from the two charges.

Alternative derivation (multipole expansion)

We can retrieve the exact same previous result for an arbitrary charge distribution, by
expanding the general expression of the scalar potential. For a localized charge distribution
p(r'),

1 p(r')

— d37’,
drteg ) |r—7r|

D(r)

Expanding 1/|r — ¥'| for r > 1" :

1 1 1
| ,|=—+r'-V(—)+---
r—r

and defining p = [ p(t’)r’ d°r’, the monopole term (total charge) vanishes for a neutral
system, therefore the lowest order term, corresponding to the dipole moment, is the
preponderant term on the scalar potential.

(A7)

(D(I‘)ZPV( 1 ) 1 pr

driegr | 4meg 13
In what follows, we will refer to the three spatial cartesian coordinates of the system using
an index, such as x; with i = 1,2,3, forming the coordinate systems so that the field position

reads :
I = XUy, + XUy, + X3Ux,

And note that r = \/x + x3 + x

[SSRS)

A compact way to write the expressions of the potentials without fully expanding the dot
product in the cartesian basis is to use the so-called Einstein notations :

® = p;xj/4meor’  implicitly means @ = Z pixj/Ameor?
j=123
This is often referred as a "summation over repeated indices". The spatial derivatives %
are written as d;.
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Electric field of an electrostatic dipole

The electric field is the negative gradient of the potential :

_ _ 1 pr
E(r) = V() =~V (r_3) .

The rest of the calculation is a careful calculation of the derivatives, decomposed over
the different vector components. The calculation is easier when performing the spatial
derivatives in cartesian coordinates. The full expansion reads :

B0 =~V (7) = ey | B (P1¥1 F paxa F paxs)r
7= (P11 + paxa + paxs)r™

As an example, we provide the detailed calculation of a single component of the vector
field.

We first compute a single component of the electric field, using the same label i that refers
to the coordinates.

1

i =~ imeo 91 ——(p1%1 + paxa + p3xa)r™> (A.8)
_ 1 J 3 J
= 4n€ pir~ 34 p2x2 E "+ p3xs E r (A.9)

The spatial derivatives of the distance r are easily computed :

Spatial derivatives

81’" 0

k — —
ox;  ox S 0 + )2 = 2wy - S+ xf D) = e (A.10)
Hence,
1 J J
Fi=- P+ paxa o1 dpaxs o1 ATl
i dney pir "+ paxa 9% r p3x3 I 7 (A11)
1 - - —
~ Tine, (p1r7° = 3paxax1r™ = 3psxsxyr ™) (A12)

This whole calculation can be written using the Einstein’s notations, that we will now
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constantly use throughout the rest of the chapter : Writing in components (® = p;x; /4meor?):

1 -3
Ei = _4?60 p/3l(x]r )
1 -3 -5
= —m p] ((5,‘]'1’ —3x,-x]'r )
1 XiXjpj Pi)
= 3—— - —. Al13
4meg ( r5 73 ( )
In vector form,
1 [3r(xp) p
Et)=—— | —— - — . Al4
0= |G- E] s (A1)

Dyadic form

The electric field generated by an electrostatic dipole is not oriented parallel to this dipole but
as a spatially varying orientation. This means that the best mathematical way to represent
the relation between a dipole p and the induced field E is via a matrix representing the
linear application. The matrix is a tensor or sometimes called a dyadic.

We introduce the tensor (or dyadic) product :

X1 x% X1X2  X1X3
mr=r®r=x|(x1 x2 x3)=|xx1 X3 x2x3
X3 X3X1 X3Xp X3

It will be lead us to write the potential in the so-called dyadic form, using a very convenient
identity :

2
X7 x1x2 x1x3\ [p1 x1(x1p1 + X2p2 + X3p3) x1
2
Imrp =|[X2X1 X; XoX3||p2|= X2(x1p1 + Xop2 + X3P3) = (X1P1+X2P2+X3P3) X2 | = (rp)r
X3X1 X3X2 X§ ps3 x3(x1p1 + X2p2 + X3p3) X3

We also introduce the identity dyadic I (which is basically the identity matrix). Using the
previous identity, the field can be compactly written as

E(r) = L (E — l)p (A.15)

Equivalently, in terms of the unit vector u, = r/r,
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Electric field of an electrostatic dipole - Dyadic form

E(r) = _10 (I_i#) p. (A.16)

Remarks

— The potential scales as 1/7% and the field as 1/7>.

— On the dipole axis (p || u,) : E = (1/27&0)(p/r3). This is where the field is maximum.

— On the equatorial plane (p L u,) : E = —(1/47&o)(p/r?). This is where the field is
minimum.

A.2 Fields of a Harmonic Electric Dipole

Radiation is the consequence of charges being in motion. In optics, talking about dipoles
often refers implictly to the case of the oscillating dipole, observed in the far-field : a point
electric dipole at the origin but with harmonic oscillation :

; ()
iwt —
s k= s

t) = -
p(t) = poe c

r
u, = —.
7

where py is the complex amplitude of the oscillating dipole. However, not all fields produced
by this oscillating dipole are radiated fields. We perform here a complete derivation of the
total field.

Vector potential (Lorenz gauge)

The expression of the potential generated by a distribution of source is a fundamental
result of electromagnetism that can be derived from the Maxwell’s equation with a source
term, and the Green’s function method. We will not provide here the full derivation of this
specific problem. When considering an oscillating point dipole, the corresponding retarded
vector potential is

Lo p(tr) Lo _iwpoeikre—iwt

A(rt) = =
(r)4nr 47 r

We now move to the harmonic regime at w and consider the complex amplitudes of the
different quantities : we therefore get rid of the time varying exponential in the upcoming
expressions.
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Magnetic field

The magnetic field derives directly from the definition of the vector potential :

—iw Oeikr —iw eikr
[J rpo]: luV(r‘)xpo

B=VXA=VXx
4mn 4rn

The gradient of the scalar factor is radial, and we use once again the spherical coordinates

for simplicity :
P Y eikr (a eikr) (ikeikr eikr)
\Y . =u, =u, — .

or r r r2

Thus the magnetic field is

Magnetic field of an oscillating dipole po

B(r) = P;O—nweikr (é + #) uy X po (A.17)

Electric field : step-by-step curl

Using Maxwell’s equation for time-harmonic fields :

P2

E=—VxB='""VxB.
wEQHQ @
We write
0w k i
B=f(uxpo, f(r)= ’;—nel’” (; + ﬁ) .

To compute E, we therefore need the compute the curl of B, V x B.
We have B = f(r) u; X po.
We first use a composition rule VX (¢a) = (Vo) xa+¢ Vxawith @ = f(r)anda = u,Xpy:

V x B = (VF(r) % (ur X po) + F() VX (X po).

We now derive the different terms in this expression.
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Compute the first term (V f (7)) X (u; X po)

Compute Vf . Since f(r) = %eikr(k/r + i/rz), we differentiate with respect to 7 :
’ _ Ho@ g | k L _ k _ &
f'(ry= P [lk(r + ) .

L@ ik,(ikz 2k 2i)

S0
f(r) = HE
Because Vf = f’(r)u,, we get the first term :

(Vf) X (ur X PO) = f/(r) uy X (ur X pO) (B)

And we use a final identity :

u, X (ur X po) = [wr(ur - po) — po|

The double vector product of py with respect to the unit position vector u, is equivalent to
taking the transverse component of a vector (with a plus or minus sign depending on the
orientation of the product.

We have therefore the final result for the first term of the curl of B :

e
(V50 x o) = e (2 - 25— 2 [ = o

Compute the second term f(r) V X (u; X po)
We can expand the vector product V X (u, X py) using some vector analysis relations :
Vx(uxv)=u(V:-v)=v(V-u)+ (v:-V)u—(u-V)v.
Take u = u,, v = py (constant with respect to spatial coordinates), then
VX (ur X po) = ur(V - po) = po(V - ur) + (po - V)ur — (ur - V)po.

Since py is constant, V - pg = 0 and (u, - V)pg = 0.

Therefore

V X (ur X po) = —po(V - ur) + (po - V)u,.
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Computing V-u, Let
5 ~ A r
r=xX+yy+zz, r=+x2+y>+2? ur =

We aim to compute 5 5 5
s 22 26)

We differentiate each term. For the x-component :

ox\r) v Tox\r|] r Tr2dx r Tr2r r 13
By symmetry,
KA AT S IO
ay\r) r 3  9z\r)] r 3
We sum all three components
1 x? 1 y? 1 22
Vi =|-—-=|+|-—-= -—-—
tr (r r3) (r r3) (r r3
Simplify :
3 xX*+y*+z22 3 2 2
V-u,:——y—z——r—=—. (A18)
r 7 ro 3 r

Compute (po - V)r We derive the action of the directional derivative (po - V) on the unit
radial vector u,.

Write components #; = x;/r with x; = x, x = y, x3 = z. Then

a7 d (xl-) _ 0ij  xixj
r 3’

ox;  oxj\r
as shown by differentiating 1/r or by the result used earlier.
Now compute

ot (6 xix)\ pi xilpjx))
((P‘V)ur)i—P;a—jcj—P](T—rT =T T

Recognize pjx; = p-rand x;/r = #;. Thus

(o) = O L pugr).
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Returning to vector form,

(po - V)ur = %(Po = (po - ur) ur)-

Final result for the second term Combining all previous intermediate steps :

2 1
VX (ur X po) = —;Po + ;(po —(po - ur)ur)-

We collect terms, not forgetting the first prefactor f(r)

f(r)V X (ur X po) = —@(Po +(po - up)uy) = —%e”"(k/r2 +i/7°) (po + (po - ur)uy).

Complete expression

We combine the previous results to get the full curl of B

VxB = f'(r)[ur(u - po) — po] - @ [po + (po - ur)uy] (A19)
. 1 i '
= %ezkr(% — 3_15 - %) [ur(ur - po) — PO] _ I‘Z)_:ezkr(k/,ﬂ + i/r3)(P0 + (po .ur)ur)

(A.20)
We introduce the prefactor
i 2
£ =< vxB.
w
and observe
ic? pow _ i
w 4n  4mey

Therefore,
- i . . ,
E(r) = melkr{(# — % — Z) [urur - po) = po] = (5% + 75) [Po + (po - ur)ur]}.

After distribution of i and rearrangement of the dot products :

E(r) =

B 4mteg

1 : -k 2ik 2 1 ik
(5= = 55+ ) [po - v = po] + (5 = 5 ) [(bo - w)ut + po] .

We now regroup by the different terms in powers of  :
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Complex amplitude of the electric field radiated by an oscillating dipole po

~ i [ K2 ik
) = =e™{ = [po = (po- wucl + 55 [po = 3p0 - wue] = 5 [po = 3(po - wul |
(A.21)

Dyadic form Using the definition of the dyadic product used above, we can express a
more compact form, which is more frequent in textbook results :

Complex amplitude of a field radiated by an oscillating dipole pg

1 pikr kZI — u,u,
r

ik 1
Teo aF (I — 3urur)(r—2 — 1’_3)] *Po (A22)

E(r) = i

Near field limit

Near-field limit

Upon inspection, we see that in the limit k» < 1, the phase term is now negligible and
only the 773 is preponderant :

- -1 [T -3umu,)
E(r) = e [ 3 -po for kr<1

Upon inspection, we see that equation (A.2) is strictly the same as (A.22) : in other words,
in the regime kr < 1, the field radiated by an oscillating dipole is strictly equivalent to
the field instantaneously generated by the dipole as if it was an electrostatic dipole.

This is another definition of the near-field : we define it as a spatial domain where
no retardation effects are visible (hence the vanishing of the propagation exponential
exp(ikr), and the consequence is that the field, even if we formally still work in harmonic
regime, is given by electrostatics®.

“ This result can be retrieved using another approximation : considering an infinite velocity of light, so that
there is no retardation effects upon propagation.

Concepts and key ideas

Introduction to near-field optics
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