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e action on charged particles
p=q{E+v x B}

e Fourier transform fields

dw d3¢ - —iwt ig-x
F(t,m)—/%wF(w,q)e e'd

e Maxwell's equations with p =0, 3 =0, p =1
gx H = —weyeE
gxE = wpoH
e note that E, H and permittivity e are Fourier transforms
and depend on (w, q).



Permittivity

(O @ (=»

«E»

Q>



Optical
Activity

Permittivity

Peter Hertel

Permittivity

e most general causal linear relationship between electrical
field and polarization field

Pi(t, ) :Eo/OOOdT/dngij(T,g)Ej(t—T,CL’—g)



Optical
Activity

Permittivity

Peter Hertel

Permittivity

e most general causal linear relationship between electrical
field and polarization field

Pi(tz) = 60/ dr /d?’faij(ﬂs) it =z — €)
0
e Fourier transform

Pi(wv q) = €0 Xij (wv q) EJ (Wa q)



Optical
Activity

Permittivity

Peter Hertel

Permittivity

e most general causal linear relationship between electrical
field and polarization field

Pi(tz) = 60/ dr /d?’faij(ﬂs) it =z — €)
0
e Fourier transform

Pi(wv q) = €0 Xij(wv q) Ej((}.}, q)
e Di=e Ei+ P



Optical
Activity

Permittivity

Peter Hertel

Permittivity

e most general causal linear relationship between electrical
field and polarization field

Pi(tz) = 60/ dr /d?’faij(ﬂs) it =z — €)
0
e Fourier transform

Pi(wv q) = €0 Xij (wv q) EJ (Wa q)
e Di=e Ei+ P
L4 Dz = €p eijE~i



Optical
Activity

Permittivity

Peter Hertel

Permittivity

e most general causal linear relationship between electrical
field and polarization field

0o
Pi(t7;1;):60/ dT/dngij(T,g)Ej(t—T,l’—g)
0
e Fourier transform
Pi(wv q) = €0 Xij (wv q) EJ (Wa q)
e D,=c¢FE;,+ P
L4 Dz = €p eijE~i
o €j(w,q) = dij + xij(w, q)
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e most general causal linear relationship between electrical
field and polarization field

Pi(tz) = 60/ dr /di”fGij(T,s) it =z — €)
0
e Fourier transform

Pi(wv q) = €0 Xij (wv q) Ej (Wa q)

e Di=eEi+ P

e Di=¢ GijEz'

o ¢j(w,q) = 0ij + xi5(w, q)

e in general, permittivity ¢;; depends on angular frequency w
and wave vector g
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Local interaction

dispersion relation of photons is w = ¢q/n
dispersion relation of phonons is w = vq
where v is speed of sound

acoustical and optical phonons

photon and phonon dispersion relations intersect for
optical phonons

v/c~0.01, g is small

€ij(w, q) =~ €;j(w,0)

normally, the permittivity depends on w only
Gij(1,8) = Gij(1) 6°(€)
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e We investigate matter at location x =0

e deviation of a charged particle from this position is
x =x(t)

e equation of motion
m { &(t) + Te(t) + Q*x(t) } = q¢ E(t, z(t))

e right hand side approximated by E(t,0)

e electromagnetic waves are long

e involved wave vectors are small

e good so, because otherwise solving equation of motion
by Fourier transforming it would be impossible
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Locality is built into the Drude model

e We investigate matter at location x =0

e deviation of a charged particle from this position is
x =x(t)

e equation of motion
m { &(t) + Te(t) + Q*x(t) } = q¢ E(t, z(t))

e right hand side approximated by E(t,0)

e electromagnetic waves are long

e involved wave vectors are small

e good so, because otherwise solving equation of motion
by Fourier transforming it would be impossible

e at least difficult
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*
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e permittivity is a real symmetric tensor

e negligible absorption: ¢;; = €

e can be orthogonally diagonalzed
e optically isotropic: €;; = n25ij

e optically uniaxial

n2 0 0
€ = 0 ng 0
0 0 n?

ordinary beam : € = cosax +sinay and k = 2

NS

extraordinary : k = cosax +sinag and e =
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— 2
® Cij =Ty + R’ijgk
External o _
electric fild * Riji = Rjik

e such a tensor with three indexes not allowed for crystals
with inversion symmetry

e but for instance in lithium niobate (3m symmetry)

e Pockels effect causes additional birefringence ...

e ...which is proportional to the external field strength £
o effect is fast (GHz), but requires large field strength

e therefore um-optics (Integrated Optics)



Optical
Activity

Peter Hertel

External
electric field

A commercial Pockels cell for modulating light



Faraday effect

(O @ (=»

«E»

Q>



Faraday effect

—_— 2 .
e €ij =ng; + iKeijBy,

(O @ (=»

«E»

Q>



Optical
Activity

Faraday effect

Peter Hertel

® ¢ = n?j + iKEijkBk

e rotation of polarization proportional to the magnetic
External . .
mat;ne:ic field |nd uction



Optical
Activity

Peter Hertel Faraday effect

® ¢ = n?j + iKEijkBk

e rotation of polarization proportional to the magnetic
External . .
mat;ne:ic field |nd uction

e effect is non-reciprocal



Optical
Activity

Peter Hertel

External
magnetic field

Faraday effect

€jj = nzzj + iKEijkBk

rotation of polarization proportional to the magnetic
induction

effect is non-reciprocal

optical isolator for protecting lasers from their own light



Optical
Activity

Peter Hertel

External
magnetic field

Faraday effect

€jj = n?j + iKEijkBk

rotation of polarization proportional to the magnetic
induction

effect is non-reciprocal

optical isolator for protecting lasers from their own light

best with ferro- or ferri-magnetic media, like
yttrium iron garnet etc.



Optical
Activity

Peter Hertel

External
magnetic field

Faraday effect

€jj = n?j + iKEijkBk

rotation of polarization proportional to the magnetic
induction

effect is non-reciprocal

optical isolator for protecting lasers from their own light

best with ferro- or ferri-magnetic media, like
yttrium iron garnet etc.

goal: realize the optical isolator in wm-optics
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PRODUCTS SOLUTIONS RESOURCES & MEDIA SALES & SUPPORT COMPANY
Home / Fiber Optics / Fiber Optic Components / Fiber Optic In-Line Isolators / F-ISO-D-2-P
Double Stage Isolator, 1550 nm, PM Fiber, FC/PC
Bulkhead Connectors

$1170.00 Qty |1

Additional Series Info: Fiber Optic In-Line Isolators

& zoom Fenlarge

DECHER AT  Related Products

The F-ISO-D-2-P Double Stage Fiber Optic In-Line Isolator is the smallest in
size and highest in quality on the market. It is ruggedly built to function QD N

Exeron | Solons

reliably in a wide variety of environments. Small size, polarization insensitivity,

Stage Isolator,

A commercial optical isolator
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indexes
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recall €;; = €;(w, q)
Invariance with respect to time reversal:
sz (7—7 5) = Gji(Ta _5)
which implies €;;(w, @) = €ji(w, —q)
if present, a magnetic field must be inverted as well
recall that ¢;; is also hermitian: ¢;; = e;fi
up to first order in q:
2
€ij = 15 + X%&k%
Xiik 1S purely imaginary and antisymmetric in the first two
indexes
Aelt = i€jkgr with gk = Grq
gyration vector g depends linearly on the wave vector g

Gy is a rank 2 pseudo-tensor
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Genuine and pseudo tensors

Coordinate transformation £ — &’ such that
ds? = dx? + dx3 + dx? does not change

z! = R;jzj where RRT RR=1

det RR' = (det R)?

det R = +1 : proper rotation

det R = —1 : space inverions and proper rotation

tensors T;;. . transform as T, = RimRjn ... Ty,
they are called genuine tensors

pseudo tensors F;;. . transform as
P/ = (det R) Ry Rjn . .. Pron...
d;; is a genuine tensor of rank 2

€k 15 a pseudo tensor of rank 3
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Peter Hertel
o Ax§} =i€ijrgr with g = Guq
° El- and ]51 are genuine vectors
e hence susceptibility x;; is a genuine tensor of rank 2
e ¢ must be a pseudo vector
® ¢; is a genuine vector
Scﬁcitay' o (7} therefore is a rank 2 pseudo tensor
e Only materials which have no mirror symmetry show
optical activity
e Material must distinguish between left and right handed
e dextrose, quartz, ...

e Optically active materials cause a rotation of the
polarization proportional to the sample thickness

e The effect is reversible, as contrasted with the Faraday
effect
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Dextrose

optical activity of sugar discovered by Seebeck in 1811
this explains the name optical activity

dextrose is naturally produced sugar

glucose (sugar) from Greek yAvkvs=glycys=sweet
dextrose from Latin dexter=right

artificially produced sugar does not show
left/right-handedness

biologically produces sugar (dextrose) is optically effective
Nature has no tendency to prefer left to right handedness

Question: Are all sugar producing plants copies of the first
plant, which randomly decided between left and right?
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Thomas Seebeck, German physicist, 1770-1831
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Quartz

Quartz is silicon dioxide, SiOq

the most common mineral on earth

just think of sand

single crystals are either left or right optically active
however, twins are also found

world wide distribution is very close to 1:1 for left:right
crystals

there seems to be no preference of nature for left or right
although parity is not a symmetry of nature. ..

TCP is

P alone not

but only in weak interactions
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