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6.1 Electro-Optic Modulation

In the last two lectures we have discussed how the interaction of sound waves in a
medium can deflect the light beam and also the use of the Coupled Mode Equations in the
interaction of waves in a material medium. In this lecture we shall consider another material
effect that causes the interaction between EM waves, namely the Electro-Optic effect.

We start with the propagation of EM waves in the material medium. For a given direction
of propagation in a crystal, in general there exist two possible (linearly polarized) modes, i.e.,
each mode has a defined direction of polarization (or displacement vector D is determined) and
experiences a particular index of refraction.

By defining the optical axis according to the crystal orientation, we can state that, using

Maxwell’s Equations and the condition that D.E = constant,
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where X, y z, are defined as the principal axes where the electric field vector is parallel to D.

Geometrically speaking, Equation 1 can be represented by an ellipsoid,

z

Pockel effect is another common name for electro-optic effect, it describes the index change in
the presence of the electric field. When the index change is linearly proportional to the E field,
we have the linear electro-optic effect. It is observed that a crystal with inversion symmetry ( f(x)

= f(-x)) does not possess linear E-O effect.

An,=sE
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An,=s(-E)

Because of the inversion symmetry, An; = Any, or s= 0.

Instead of working directly with An, we could use the index ellipsoid and say that, due to the

presence of the E-field vector, Eq. 1 is modified to:
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where X, v, z, are parallel to the principal axes of the crystal and at E = 0,
(i) =1 (fori =1,2,3)

(for j =4,5,6)
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The linear change in (1/n?); due to the nonzero E can be defined in term of a tensor {rij}, where
1 3
A(F)i =3 E, 3)

and {ri} is a 3 x 6 tensor,

ST I3
{r} = (4)
P P
For example,
A(#) =rgE; +reE, + 1k, (5)
6

Please see Yariv’s Optical Electronics for different examples of {r}.

For the tetragonal (42m) KH,PO, (KDP), the nonzero elements r4; = sy, rg3 are as follows:
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A =0.546 um A =0.633 um
ra1 8.77 8
I3 10.3 11
No 1.5079 1.502
Ne 1.4683 1.462

For this material, the crystal is uniaxial crystal so two of the indices are identical (at E=0), say nx
=ny. EqQ. 2 becomes,
L)+ (L )y + (L4 or Bzt 21 Eax+ 2rgExy =1 (6
7 | X 2 1Y 5 |Z ryE4yZ F g EyZX + £l g3E XY (6)
r-]0 ( I‘]0 ne
This can be interpreted by having new principal axes right after the E field is turned on! Take the
case of E = E,, the index ellipsoid becomes,

XZ + 2 22
nzy +n2+2r63Esz:1 (7)

We can define a new x’- y’ axes which is obtained by a 45° CCW rotation of the x-y axes:

X = X'cos 45° + y'sin 45° A
y = —X'sin45° + y'cos 45° y

Then Eq. 7 becomes:

k) (53]
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n02 * n02 * n_e2 ¥ 2r63EZ(N/§ ¥ V2 \V2 ¥ V2 =1
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or,

2 2 9 2 2
L Zz+2r63Ez(y7—X7)

n,> N,

1
|

(8)

or,

2
X' (% - resEz)"' y’2 (L + r63Ez) + # =1 9)

2
0 r]0 e

With this new co-ordinate system, the new x-index is:

n’= n02(1 - nozregEz)
For the case that,

r63

E, <L

0
we have,

n;( ~ r]0 + % rGSEz n03 .. (10)

Similarly, we get,

n, = n, —% resE, NS+ ... (11)

From Eqgs. 10, 12 we can see the push-pull relationships between the phase components along x’,

y’ directions.
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6.2 General Approach to Index Ellipsoid Equation

If we write out a 3 x 3 matrix S as follows:

() sa=(); =),
S;, =S, (#) , etc.

4

EqQ. 2 can be written in a more compact manner,

3

Y Sxx; =1 (12)

0 J
Or in the vector form,

(%%, xs)(s)(ii) =1 (13)

We can use vector algebra to simplify Eqg. 12. For any point x, let’s define a vector N, such that
Ni iS,

3
Eqg. 12 means N. x =1, or geometrically N is normal to the ellipsoid at x. Since for principal axes
system, the principal axes are normal to the surface, so N must also be parallel to the principal

axes, or we can solve for both by requiring:

N, X4
N, | =s| X,
N, X3

This is equivalent to solving,

(Su-9) Sp Sia X1
S, (S2-S) S X, | =0 (14)
Ss Sz (Syp-s) [\ Xs
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The determinant of Eg. 14 must vanish, which gives the characteristic equation for determining
the different s’s. Once s¢ iIs determined, we can determine the radius of the corresponding

principal axis:

1
VS

For instance we can re-do the example above, the S matrix is

x|, =

2 rGSEz 0
roiE, % 0
o o -L
So we set,
% - S r63EZ 0
det| rgE, %—s 0o |=o0
0 o0 % s
and get,

(53] (-] - | 0

from which we obtain,

-1
S = —
172
-1
S, = 2 + r63Ez
nO
1
S3 = —5 — I,
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6.3 Electro-optic Retardation
We proceed by using KDP as an example, take E=E, again, and set z = 0, from Eq. 9, we get,

X" (% - r63Ez)"' yyz (L + resEz) =1

2
(o] r.]O

For a given cut of the crystal, the x-, y- axes are assumed to be pre-determined. With the incident

light polarized along the x direction, we can resolve the electric field into X’ and y’ components,

X

vy ! Z

N3
e, = Aei(@t—%nx'z) — Aei(mt—"g(no+2r63Ez)z) (15)

Ny3
ey/ - Aei(mt—%ny,z) — Aei(wt-(g(”o-zfesEz)Z) (16)

These two components will thus travel at phase velocities (since they have different index)
through the medium and will end up with different phases at the output plane z = L. The phase

difference between the two components is:
— - O3 N ()
I'= (I)x’ - (I)y’ - N, r63Ez|— - N, r63\/ (17)

where V is the voltage applied across L. (Therefore the longer L is, the higher the voltage needed
for a given phase change!) If T" equals =/2, the two components at the output will combine to
form a circularly polarized light. At I" = =, we get the linearly polarized light again except it is

90° from the original beam (y-polarized).

It is customary to define a half wave voltage, V., which is the voltage required for a = phase

shift. From Eq. 17, we have,

\V/ :TE—C 18
Toon g (18)
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For ADP material, for instance, res is 8.56 x 10 m/V at A =0.5 um, and n, is 1.5, this gives a V;
of ~ 10 kV!

= 3n/8 /2 n
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