Energy and power of the electromagnetic field

As a piece of classical electromagnetic theory, we consider the energy and power associated with the electromagnetic field.
Starting from the expression for the Lorentz force that governs the motion of a charged particle in an electromagnetic field,
and relying on the Maxwell equations in the time domain, we introduce the expressions for the energy density and power
flow of the electromagnetic field. The related continuity equation (Poynting’s theorem), in integral and differential form, will
be discussed. After switching to the frequency domain, we then look at implications for the averaged quantities associated
with time-harmonic electromagnetic fields. Examples cover the power and energy of plane harmonic electromagnetic waves,
and the energy-related quantities associated with simple superpositions of guided waves, where the latter can benefit from
illustrations by means of an online solver at www.siio.eu/oms.html.


https://www.siio.eu/oms.html
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Course Optical Wavegude Theory

Contents

® Photonics / integrated optics; theory, motto; phenomena, introductory examples.

® Brush up on mathematical tools.

® Maxwell equations, different formulations, interfaces, energy and power flow.

® (lasses of simulation tasks: scattering problems, mode analysis, resonance problems.
® Normal modes of dielectric optical waveguides, mode interference.

® Examples for dielectric optical waveguides.

® Waveguide discontinuities & circuits, scattering matrices, reciprocal circuits.

® Bent optical waveguides; whispering gallery resonances; circular microresonators.

® Coupled mode theory, perturbation theory.

® A touch of photonic crystals; a touch of plasmonics.

e (...

3 1.048.24019/L.048.92038, summer semester, English,
lectures (14 x), homework (7 x), exercises/ tutorials (13 X), two sessions/ week,
part of Master curricula in Electrical Engineering and Electrical Systems Engineering.


https://www.computational-photonics.eu/Teaching/OWT/index.html
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® frequency domain,

® plane waves, simple guided waves.

Textbooks

® W. Nolting, Grundkurs Theoretische Physik, Bd. 3: Elektrodynamik, Verlag Zimmermann-Neufang, Ulmen (1990).

® D. . Griffiths, Introduction to Electrodynamics (3rd./intern. ed.), Pearson Benjamin Cummings, San Francisco (2008),
® J.D.Jackson, Classical Electrodynamics (3rd. ed.), Wiley, New York (1998).



Maxwell equations

SI, in matter, time domain, differential form:

V-D = py E(r,1): electric field,
VxE = -B, D(r,1t): (di-)electric displacement,
V.B = 0, B(r, t): magnetic induction (field, flux density),
. H(r,t): magnetic field (.. .),
VxH = Ji+D, pfgr, t;: density of free charges,
Ji(r, t): density of free currents,
D = ¢E+P, P(r,t): polarization,
B = po(H+M). M(r,t): magnetization,

€p: vacuum permittivity,
(+ constitutive relations) Wo: vacuum permeability.



Energy of electromagnetic fields

(TD)
® Force on a particle with charge ¢, velocity v, in a field E, B:
F =qg(E +v xB).
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(TD)
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Energy of electromagnetic fields

® Force on a particle with charge ¢, velocity v, in a field E, B :

F =q(E +v x B).

® Work for shifting the particle by dr =vds:
dW =F -dr=q(E +v x B) -vdt = ¢E - v dt,

. daw
® respective power: Frie gE - v.

For a charge density pg(r,1):
force density f = ps(E +v x B),
C» power density f-v=pE-v=J¢ E

dW
total work per time unit done in V' : iad / Ji-EdV.

(TD)
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Power & energy density
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Power & energy density

VxH=J;+D, VxxE=-B

(TD)
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Define
e Poynting vector S =E X H,
1
e Energy density w = E(E -D+H -B),
VA W _J
e e &
_VAs Ws ]
s B

(energy flux density, power density).

(...of the electromagnetic field).
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Poynting theorem

(TD)
VxH=Ji+D, VxE=-B

- /v,]f-EdV=—/V(E-D—i—H-B)dV—/vV-(ExH)dV.

da
e Poynting vector S =E x H,

1
e Energy density w = E(ED +H-B),

ov
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Poynting theorem

(TD)
VxH=J;+D, VxxE=-B
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K Britannica
Academic

John Henry Poynting

John Henry Poynting, (born September 9, 1852, Monton, Lancashire, England—died March 30, 1914, Birmingham,
Warwickshire) was a British physicist who introduced a theorem that assigns a value to the rate of flow of

electromagnetic energy known as the Poynting vector.

He was a professor of physics at Mason Science College (later the University of Birmingham) from 1880 until his
death. In papers published in 1884-85, he showed that the flow of energy at a point can be expressed by a simple
formula in terms of the electric and magnetic forces at that point. This is Poynting's theorem. He also wrote papers
on radiation and the pressure of light. After 12 years of experiments he determined in 1891 the mean density of
the Earth and in 1893 the gravitational constant, a measure of the effect of gravity. He published his results in The
Mean Density of the Earth (1894) and The Earth; Its Shape, Size, Weight and Spin (1913).

Collected Scientific Papers by john Henry
Paynting, 1920




Remarks

1
S=ExH., w=(E-D+H-B)

d/WdV:_/Jf'EdV— S-da, w+V-§S=—-J¢-E. (%)
dr Jy v oV

Analogue: Continuity equation for (free) charges.

Alternative formulations exist.

® Poynting vector appears only under a divergence operator.

(x): Applicable to nondispersive linear reciprocal media.

Continuity equation for the momentum associated with the electromagnetic field.
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Continuity equation for the momentum associated with the electromagnetic field.



Remarks

1
S=ExH., w=(E-D+H-B)

d/de:—/Jf-EdV— S-da, w+V-S=-J;-E.
dr Jy ) v

® Analogue: Continuity equation for (free) charges.
® Alternative formulations exist.

(%)

IOP PUBLISHING EUROPEAN JOURNAL OF PHYSICS

Eur. J. Phys. 30 (2009) 983-993 doi:10.1088/0143-0807/30/5/007

Four Poynting theorems

Paul Kinsler, Alberto Favaro and Martin W McCall

Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2AZ, UK
1

Four Poynting theorems 991

Table 1. Summary of flux vectors and their corresponding energy densities, along with the residual
terms and their corresponding bound currents.

Flux Energy density Temporal Spatial Currents
ExH «E-E+uH-H E.4P+H-0,M 0 Jp. Ky
ExB «E-E+u,'B-B E-3P +E.V x M gy
DxH &'D-D+pH-H H-3M ~H-VxP Kp

DxB &'D - D+py'B-B 0 —-B-VxP+D-VxM Kp.Jy




Remarks

1
S=ExH, w= E(E~D+H-B),
d
/de:—/Jf-EdV— S-da, w+V.-S=—-J;-E. (%)
dr Jy % av
® Analogue: Continuity equation for (free) charges.

® Alternative formulations exist.

® Poynting vector appears only under a divergence operator.

§=8S+Vx¥ ~» V.§§=V.§.

® (x): Applicable to nondispersive linear reciprocal media.

® Continuity equation for the momentum associated with the electromagnetic field.
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S=ExH., w=(E-D+H-B)

d/de:—/Jf-EdV— S-da, w+V-S=-J;-E.
dr Jy ) v

Analogue: Continuity equation for (free) charges.

Alternative formulations exist.

® Poynting vector appears only under a divergence operator.

(x): Applicable to nondispersive linear reciprocal media.
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_ d(we) —— dlwp) ——

Continuity equation for the momentum associated with the electromagnetic field.



Remarks

1
S=ExH., w=(E-D+H-B)

d/WdV:_/Jf'EdV— S-da, w+V-§S=—-J¢-E. (%)
dr Jy v oV

Analogue: Continuity equation for (free) charges.

Alternative formulations exist.

® Poynting vector appears only under a divergence operator.

(x): Applicable to nondispersive linear reciprocal media.

Continuity equation for the momentum associated with the electromagnetic field.

d
/(DXB)dV:—/(pr+JfXB)dV+ T da.
dr Jy ) v




Poynting vector, power, energy density

. in the context of the OWT course:

® Mode normalization, orthogonality.

® Scattering matrices. 2
-l
e Power balance: ]
Assessment of numerical results.
® Fields: What to plot? @ 0

(FD) o0 /"




Maxwell equations, Fourier transform
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Maxwell equations, Fourier transform

V- D=p, VXE=-B, V-B=0, VxH=J;+D

1 . _ 1 .
& F(rt)= \/Z?/F(r,w) e Ydw, F(r,w) = \/E/F(r’ 1) e Wy

G E(r,1), D(r,1), B(r,1), H(r,1), pi(r,1), Je(r,1)

<> E(r,w), D(r,w), B(r,w), ﬁ(r,w), pe(ryw), ]f(r,w).
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Maxwell equations, Fourier transform

V- D=p, VXE=-B, V-B=0, VxH=J;+D

1 ~ : - 1 .
& F(rt)= \/Z?/F(r,w) e Ydw, F(r,w) = \/E/F(r’ 1) e Wy

G E(r,1), D(r,1), B(r,1), H(r,1), pi(r,1), Je(r,1)

<> E(r,w), D(r,w), B(r,w), ﬁ(r,w), pe(ryw), ]f(r,w),

V-D=p;, VxE=—iwB, V-B=0, V xH=]J;+iwD

(Caution: arbitrary choice of ~ exp(£iw?)!).



Maxwell equations, frequency domain




Maxwell equations, frequency domain

V-D=j;, VXE=—iwB, V- -B=
F(r,t) e R ~> F(r,—w) = (F(r

0,
,w

“at frequency wp””: F(r,w) =

V x H = J; +iwD.
)

\/jF(r) §(w —wo) + \/jF*(r) 6(w + wo)



Maxwell equations, frequency domain

V-D=jp;, VXE=—iwB, V-B=0, V xH=]J;+iuwD.

F(rt) € R ~» F(r,—w) = (F(r,w))*

“at frequency wo™: F(r,w) = \/j

{ (l‘ lel‘_|_F*(r) —iwpt

1wot}

F(r)e lwot 4 ¢ em

:e
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Maxwell equations, frequency domain

V-D=jp;, VXE=—iwB, V-B=0, V xH=]J;+iuwD.
F(rt) € R ~» F(r,—w) = (F(r,w))*

“at frequency wo” F(r,w) = gF(r) d(w — wo) + \/jF* (r) §(w + wo)
F(r,t) = 3 {F(r iwot + F*(r) —1w0t}
r.1) = Re { 1wot},
u L w iwet
F(r,t)—2 (re +c.c”

G E(). D(). B(r). H(r). 5i(r). Je(r).
V'D:ﬁf, V xE = —inB, V~B:0, \Y4 XH:jf+inl_).

“~exp(iwgt)”

Caution: Decorations ~, 7, ¢, c.c. are often omitted; context determines interpretation of symbols.



Maxwell equations, dispersion

(FD, € C)
Material dispersion: é(r,w), fi(r,w) are frequency dependent.

D(r,w) = eé(r,w)E(r,w), B(r,w) = uoi(r,w)H(r,w)



Maxwell equations, dispersion

Material dispersion: é(r,w), fi(r,w) are frequency dependent.

D(r,w) = eé(r,w)E(r,w), B(r,w) = uoi(r,w)H(r,w)

(FD, € C)

(TD, € R)



Electromagnetic energy, frequency domain

D=eiE, &' =¢ &t =¢ éfw), B=popH, o' = f. ot =f., e} pr=0, Jr=0.
Lossless reciprocal nondispersive uncharged linear media:
E(r,t) =Re E(r)e'“!, H(r,t) = Re H(r) ', T=",

1
w:5(60E~€E+,uOH-[LH), S=ExH

C» S, w oscillate in time.



Electromagnetic energy, frequency domain

D =ciE, & =¢ & =¢ ey, B=popH, iT = f, ff = fi, ide}, pr=0, Jr=0.

Lossless reciprocal nondispersive uncharged linear media:

E(r,t) = Re E(r) elv!, H(r,t) = Re H(r) el!, r="2",
1
w= E(EOE-€E+MOH-[LH), S=ExH
C» S, w oscillate in time.
(— FD)

_ 1 t+T
Consider time-averaged quantities:  f(7) = T / f()dr
t

(exercise)
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2(a) Time averages of a product of time-harmonic fields

1
2

alr,n) = - (@) ! +a* (@) eI, b(r1) = % (br) e +5*(r) e i1), Fl) == /’”f(z')d/, T %’r

s o 1 +T
(ab)(r,n) = ?/ a(r,t') b(r,t') dt’
1
1 (et oy 7 s e 7 - ——
4 E/ (ﬁe1wt L G eTiwr )(be“‘” 1B eTiWr )dt’
t
1 t+T S0E , 1] 5 % 3 ;
T H/ @he 2 [Fab F b pre 2 Jat
t
1 PRI / 1 t+T - = 1 (T = : 5
= —/ abel2w! dz’+A/ (@ab* +ar b)dz’+7/ 2 Bt e—i2wt’ gy
411/, - AT J; 4T J,;
= i(aé*+a*1})/[+ dr’
ar ;
= H(ﬁ5*+&*1~7)(t+T7t)
=
= @b +ah)
1 s
= SRe(@(nbr)
/ S . (12l 4 1) _ hizur) o2 (427 1) = edriqwl (et -
’ +i2w T2 +i2w

1):0.



2(b) Time-averaged Poynting vector and energy density

Er )= % (Be) <! 4B (e ™), D, B, H likewise, (@b)(r,1) = %Re (@ () B(r).

EyH, — E H,
S=ExH=| EH, —EH,
EHy — EyH,
= E,H, — E-H, i ErH, — ErHy e
S=ExH=| EH ~Ef. | = Re| Bl —Ef: | = Re (E x H)A
E.H, = E,H, EfHy — EXH,
1 1
w=_(E-D+H B) = = (EDi+ED,+ED: +HBy+ HB, + HB)
552 L e s il el o el e
W= = (E-D+H-B) = = (ExDx + EyDy + E.D> + HB, + H,B, + H.B:)

1 |l 12 el o el I b
= ZRe(E;‘Dx+E;‘D)-+E;‘DZ+H;‘BX+H;By+HZ*BZ)

= iRe (E Dy H -is).

st 1)



Electromagnetic energy, frequency domain

D=ciE, & =¢ & =& &), B=popH. i' = p. pT = . phe}. pr=0, Jr=0.
Lossless reciprocal nondispersive uncharged linear media:
~ 3 ~ . 2
E(r,t) =Re E(r)e'“!, H(r,t) = Re H(r) ', =",

1
w:5(60E~€E+,uOH-[LH), S=ExH

C» S, w oscillate in time.

~ +T (— FD)
Consider time-averaged quantities:  f(7) = / f()dr
! (exercise)
G = jRe (" ¢E+ M - iH), = Re (E xH).

dw d ds

— =0, — [ wdv =0, — =0.
dr dr Jy dr



Power balance

D =ciE, & =¢ & =¢ ey, B=popH, iT = f, ff = fi, ide}, pr=0, Jr=0.

Lossless reciprocal nondispersive uncharged linear media:
E(r,t) = Re E(r) elv!, H(r,t) = Re H(r) elw!

| L N )
W= Re (eOE CeE 4 puoH -ﬂH), S:ERe (E ><H>.



25|
|




>

DAl 25 |




wW+V-S=0

>

25|
|




>

25|
|




o» «E» HAC 25 |



t+T
/ w(r,t')d¢
1

(w(r,t+T) — w(r,1))

= Hil=

O G E ey an s 25 |



t+T
/ w(r,t)d
1

(w(r,t+T) — w(r,1))

© N = e

w periodic in time with period 7/2

O G E ey an s

25|



iV S0
Wir,r) =
(V-8)(r,1)

w periodic in time with period 7/2

O G E ey an s

2 |




t+T
/ w(r,t)d
1

(w(r,t+T) — w(r,1))

© N = e

w periodic in time with period 7/2

1 t+T
T/ (V-8)(r,t)dr
t

1 t+T
v. <— / S, ?) dt’)
/8

COorTCFEr DA 25|




VvV S0
Wir,r) =
(V-8)(r,1)

w periodic in time with period 7'/2

O G E ey an s

25 |t




Power balance

D=ciE, & =¢ & =& &), B=popH. i' = p. pT = . phe}. pr=0, Jr=0.
Lossless reciprocal nondispersive uncharged linear media:
E(r,t) =Re E(r)e'“!, H(r,t) =Re H(r)e'“!

1 . . )
~ JRe (eOE CeE 4 puoH -ﬂH), S:ERe (E ><H>,

S

+V.S= da

% \

G Ww=0, V5=V.§

G v.5=o0 %S-dazo.
%

(“power balance”, conservation of energy)

ov



Plane harmonic electromagnetic waves

E(r,1) =Re (Eo ik r— wt))

A plane wave, with frequency w, wave vector k, amplitude vector E(, propagating in a lossless isotropic homogeneous linear
medium without free charges or currents, with relative permittivity €, permeability y, and refractive index n = /ept.

(exercise)

H ...?

(exercise)

3|
|
~
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3(a) Plane harmonic electromagnetic waves

(~expliwty——7)
Ansatz: E(r) = Ey erikr,
H(r) = Hoe_lk g5

V X E = —iwpouH
V3 B =ik X Eye— T = —wopgpdig e T

= H(): kXE().

W4
V X H = iwegeE
V x H=—ikx Hye KT = jueeEge kT,
= k x Hy.

weQE

= 7

V% (VI x|E} = ~ik X (1-ik % Eo)e T T L LilohohiN % H + LitwpopiwegeEge [ T

ax (bxec)=bla-c)—cla:b), Ey Lk, k=|k|
= wleouoepEy = —k x (k!x Eg) = —k(k - Eo) + E(k - k) = k*Ey,
= k= wy/eguoEp.



3(b) Plane harmonic electromagnetic waves, associated power

E(r) :Eoefik'r, H(r) = Hoe*ik'r

1
*:—R< E] HZ).
s i L la x b2 = |al2b® — (a-b)% k L Eo, k L Ho, k = w\/eofioeki

2 2 1 2 53 2 (% 2| _| Mok 2
B = 8ol = s e ol = ——— (|Hol — (k- H0)*) = —s [Hol’ = Pt
606 W 606
HP = [Ho? = =5 By
Hop
= W= 2 e lEol* = 1 pos ol
W = — €p€ = = e
) 0 0 2“0/—" 0
S = 1R E* xH
=9 s ax (bxc)=bla-c)—cla-b), k LEy k1 H,
1 1 k
E* XH=E} xHy= EJ ok (kX Bo) = ———|(R(E: | Bp)— [Ed(E; L k) === B8 = |/ £ B %
Wit Whtop Wit Kot k
= Pk ek
€€ k
€0€E €€ 1
S=F =t = lenECp. lCy =

£ € | 0|2 k [ ot \Ho ‘2 k 12 ; Kok /€oERO VEOEHOH
€€



Plane harmonic electromagnetic waves

E(r,1) =Re (Eo ik r— wt))

A plane wave, with frequency w, wave vector k, amplitude vector E(, propagating in a lossless isotropic homogeneous linear
medium without free charges or currents, with relative permittivity €, permeability y, and refractive index n = /ept.

(exercise)

k x Eo, Eo =
WHot wepe

Ey Lk, Hy Lk, Eg L H, k= |k| = w\/coeiop.

H(r,1) = Re (Hoe_i(k'r_w)>, Hy = k x Ho.

(exercise)
1 — 1 €0€ k 1 [pop k k
W= eoe|Eo|? = = pop|Ho[>, S== 2 B H) = =wen -,
o€ [Eo|” = 7 popt [Hol 5 uou‘ ol" % 2\/606| ol % m
1 c
Ch= ——= —. (cm: phase velocity in the medium)
" VEoEHO N
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Examples: Simple guided waves

TEO, Re EY

X [um]

S, w, |E)*, H]?, ... ?

X [um]

DIY

OMS solver, free!



https://www.siio.eu/oms.html

Optical Waveguide Theory, summer semester 2026

Upcoming:
® (lasses of simulation tasks: scattering problems, mode analysis, resonance problems.
e Normal modes of dielectric optical waveguides, mode interference.

e Examples for dielectric optical waveguides.

.Imrwhat we trust...
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Optical Waveguide Theory, summer semester 2026

Upcoming:

In what we trust...
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o

"

rotf = _%B
Lo




— supplementary material —



SilO, online solvers

siio.eu/computational-photonics.eu 2


https://www.siio.eu/

Course overview

Optical waveguide theory 2

-« -~ T QMmUY w >

Photonics / integrated optics; theory, motto; phenomena, introductory examples.
Brush up on mathematical tools.

Maxwell equations, different formulations, interfaces, energy and power flow.
Classes of simulation tasks: scattering problems, mode analysis, resonance problems.
Normal modes of dielectric optical waveguides, mode interference.

Examples for dielectric optical waveguides.

Waveguide discontinuities & circuits, scattering matrices, reciprocal circuits.

Bent optical waveguides; whispering gallery resonances; circular microresonators.
Coupled mode theory, perturbation theory.

A touch of photonic crystals; a touch of plasmonics.


https://www.siio.eu/theory.html
https://www.siio.eu/Teaching/OWT/Lectures/owtA.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtB.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtC.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtD.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtE.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtF.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtG.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtH.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtI.pdf
https://www.siio.eu/Teaching/OWT/Lectures/owtJ.pdf

Polarization

P: density of electric dipole moment (bound charges).

- - ~ As m -V

D = kE +P, [D] = [P] = . [E] = —
" m’

[ > |

As
vacuum permittivity ey = 8.854187817 ... 10712 [ V]
m


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Polarization

density of electric dipole moment (bound charges).

P:
D=k +P. D) =P =20 =
[ > ]

As
vacuum permittivity ey = 8.854187817 ... 10712 [ V]
m

e Local dipoles induced by E ~~  P(E).


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Polarization

. density of electric dipole moment (bound charges).

P

. - . ~ ~ A ~ \Y%

D = ek + P, D] = P] = 5~ [E] = —
m

[ > ]

F  As
vacuum permittivity ey = 8.854187817 ... 10712 [ V].
m

e Local dipoles induced by E ~~  P(E).

e Linear dielectrica:

P = ¢y%.E, Xe: dielectric susceptibility, [Ye| =

—_> =D

- D = ¢o(1 + Xe)E = €éE, é: relative permittivity, [€]


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Polarization

density of electric dipole moment (bound charges).

P:
D=k +P. D) =P =20 =
[ > ]

As
vacuum permittivity ey = 8.854187817 ... 10712 [ V]
m

e Local dipoles induced by E ~~  P(E).

e Linear dielectrica:

P = ¢y%.E, Xe: dielectric susceptibility, [Ye| =

—_> =D

- D = ¢o(1 + Xe)E = €éE, é: relative permittivity, [€]

e Xc(r,w), é(r,w) are determined in the frequency domain.
o Complications: Ime, &(T), &(F). X'zt EcEr, X\ EcEiEm, -

e Simpler cases: €é(¥), € = e€l.


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Magnetization

M: density of magnetic dipole moments (bound currents).
1. - . Am? \Y
_ '3 m H=M="" B=T=",
HO m3 m2
N Vs
A2 Am]’

g =

vacuum permeability o = 47 - 1077 [


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Magnetization

M: density of magnetic dipole moments (bound currents).
1. - . Am* \%
- —B-M, )= [M] = "5, B =T=—,
Ho m m
N Vs ]

g =

vacuum permeability o = 47 - 1077 [Az = am

e Local dipoles induced by H ~~~ M(H).


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Magnetization

M: density of magnetic dipole moments (bound currents).
1. - . Am* \%
- 'a-m H) = M) = 25, (B =T =,
Ho m m
N Vs ]

AZ Am

g =

vacuum permeability o = 47 - 1077 [

e Local dipoles induced by H ~~~ M(H).

e Linear magnetic media:

-

XmH, Xm: Mmagnetic susceptibility, [ym] =

[~} Ez
Il

= po(1 4 Xm)H = pofiH, fi: relative permeability, [i] =


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html

Magnetization

M: density of magnetic dipole moments (bound currents).
1. - . Am* \%
- 'a-m H) = M) = 25, (B =T =,
Ho m m
N Vs ]

AZ Am

g =

vacuum permeability o = 47 - 1077 [

e Local dipoles induced by H ~~~ M(H).
e Linear magnetic media:

M
G B = uo(1 + Xm)H = pofiH, fi: relative permeability, [i] =

XmH, {m: magnetic susceptibility, [Xm] = 1.
1

® Xm(r,w), fi(r,w) are determined in the frequency domain.
e Complications: manifold.
e Traditional integrated optics (frequencies, media): () = 1.


https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html
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