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Electromagnetic torque
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Electromagnetic torque

—

AF

V-j#0,V B #0.
p # 0 close to edge; AB along k so that V - B = 0.
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Electromagnetic torque

ix AB produces a torque on anisotropic media. AB, AF « 1/R,

T < RAF independent of width.
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Torque in a cavity
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Energy

V2A + €q(w )—2A — 0 + B.C. = normal modes wy.
C
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Energy

V2A + €q(w )—2A — 0 + B.C. = normal modes wy.
C

U=> (T +1/2)hwy
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Energy

V2A + €q(w )—A — 0 + B.C. = normal modes wy.

62
U=> (T +1/2)hwy
‘ _
T = —a—&U
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Problems

* Dissipation, ¢, = €, + iel.
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Problems

* Dissipation, ¢, = €, + iel.

* = Finite lifetime, wy = w}, + iwy.
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Problems

* Dissipation, ¢, = €, + iel.
* = Finite lifetime, wy = w}, + iwy.

* Fluctuating sources, 7, (7) =0, (7'7) # 0, related to o, e.
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Problems

* Dissipation, ¢, = €, + iel.
* = Finite lifetime, wy = w}, + iwy}..
* Fluctuating sources, 7, (7) =0, (7'7) # 0, related to o, e.

* Usual assumptions: local, homogeneous, isotropic system,
sharp boundaries. ..
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Alternative setup

* Real system:
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Alternative setup

| L |

* Real system: Z 21 22

* Exact surface impedance tensor 7 x (i x Ey) = Zs - i X Ho
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Alternative setup

| L |

* Real system: Z 21 22

* Exact surface impedance tensor # x (i x Es) = Zo - v x Ho

e = Coherent reflection amplitude r3”.
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Alternative setup

| L |

* Real system: Z 21 22

* Exact surface impedance tensor # x (i x Es) = Zo - v x Ho

e = Coherent reflection amplitude r3”.

* Detailed balance: Incoherent emission o< 1 — |ra|%.
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Alternative setup

| L |

* Real system: Z 21 22

* Exact surface impedance tensor # x (i x Es) = Zo - v x Ho

e = Coherent reflection amplitude r3”.

* Detailed balance: Incoherent emission o< 1 — |ra|%.
* Within the cavity, everything depends exclusively on Z,, r,!
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Fictitious system

| I ="y ar
| op of |
| 2 g |
| |
| |
| / |
| |
| |
| Ly o Ly Ly |
20 4| 22 23

* Chose r¢” identical to those of the real system,

* t2% such that energy is conserved: no absorption, no
degrees of freedom beyond e.m.!

* Appropriate BC at zg, z3 to quantize and count normal
modes. ...

® Ly < Ly, Ly — oo.
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Mechanical properties of the e.m. field

Identical within fictitious cavity V'’ to those within the real cavity

V.

* Energy density: u = (E? + B?)/8x

Energy flux: S = F x B

Momemtum flux: —T = -

[E

E+ BB - L(E?+ B2)1]

—

Angular momentum flux: —-M = —r'x T

7= M- da

I
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Advantages

=- expressions in terms of exact surface impedances or, equiva-
lently, reflection amplitudes. Dissipationless, homogeneous, iso-
tropic, local, sharp media may be treated on the same footing
as dissipative, inhomogeneous (layered, superlattice, photonic
structures,...), anisotropic, chiral, spatially dispersive, smooth

media.
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Wide finite beam: 1D

E _ E>é>€i(qz—wt) 4 E<é<e—i(qz—|—wt)

E _ B>[;>ei(qz—wt) 4 B<[;<e—i(qz—|—wt)
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Wide finite beam: 1D

o = E>é>€i(qz—wt) 4 E<é<e—’i(qz+wt)
€> VE 5pi(qz—wt) 4 é< - VI 5o~ gz twt)
1q 1q
B’ _ B>B>ei(qz—wt) _|_B<[;<e—i(qz+wt)
b> VB éez(q;z—wt) b< VB 5o gz twt)
1q 1q
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Wide finite beam: 1D

o = E>é>€i(qz—wt) 4 E<é<e—’i(qz+wt)
€> VE 5pi(qz—wt) 4 é< - VE< 5o~ gz twt)
1q 1q
B’ _ B>B>ei(qz—wt) _I_B<Z;<e—’i(qz—l—wt)
b> VB éez(qz—wt) b< VB 2ot i(gztwt)
1q 1q

ST

T, = iRe/da[(r x E*),E, + (7 x B*),B,]
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after some manipulation. ..

.= —1Im | daFE-B* ——ImE-B* = — Re(Ex —FE*)-z
! 87q / . - 87q 812 (B 0z )2
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after some manipulation. ..

,=—Im [ daE-B* - —ImE-B* = ———Re(Ex —E*)-2
%7 8nq /a ~ 8mg 8mq? Bt
Interpretation:
E = (E>+é+—|—E>—é—)€i(qz_wt)
—|—(E<_|_é_|_ 4 E<_é_)€—z’(qz—|—wt)
T, 11
Z=c= o (1Boi P =~ B>~ [E<4 P + [E<— %),

consistent with £ = hw, L, = +h, speed=+c. MH
|
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6(2) = (e + Brei)e,  within region r =, II, IIl.
: I =y 111 :
R OO OO
I I
| Ly Ly Ly |
<0 <1 Ve) <3

Energy U = - [Lr(|a’[> +[871) + Lrrr(Ja"? + BT )] ||

and normallzatlon
1= &A[L(jo’2 +|6"?) + L

(’aIHP 4 5111‘2)]

dominated by large fictitious regions I and 111,

U = £-|&|?, yielding |Eo|? = 87 f..hw /A, with
f. = coth(Bhw/2)/2 (poor man’s 2nd quantization).
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Contribution to torque

h
= 2—;fw (620,07 — $y0.0% + (D200y) b5 — (Do) BE)-
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Sum over fictitious modes

Sl 220>

Ty = hc/dech5(q2 — q?%,)
X [¢nm&z¢2y - ¢nyaz¢;x - (8z¢ny)¢:;gc - (8z¢nx)¢:;y]

Introduce Green’s function

G (g% 2,2) Z% )énw(2')/(@° + i1 — ¢)
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Torque vs. Green’s function

he [°°
Ty = P ; dq ch(az’ - az)[Aa:y(Za Z/) - Ay:v(za Z/)]zZZ’

A (2,2") =[Gz, 2") — Gyu(#, 2)]/2i = anti-Hermitean part of
the Green’s function of the fictitious system evaluated within the

real cavity.
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Calculation of (&

GG < solution of Helmholtz equation within cavity
(02 + @+ in)Gu(2,2) = 6(z — 2,
+ singular source + boundary conditions,

G(z,2') = u@)W'(Z) -V () (Z)u@)]0(z - )
—v(2)[V'(2) — /' (Z)u (&) v()] 70 - 2),

, V = (Ula UZ) —
uyg Uyl Uyg

are 2+2 homogeneous solutions obeying BC to the right and left.

u— <ﬁ1,172) _ ( Uyl

uyl

(Similar to u(zs )v(z<)/W).
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Example: Uniaxial or orthorhombic system

e~
—_ P | A

110 : r
_ iq(2—L) 2
up(2) ( ol ) e + ( .

0 (e—iq(z—L)7
7“2y
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Example: Uniaxial or orthorhombic system
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Example: Uniaxial or orthorhombic system

0 giat—0) 4 [ T2 | O ) —ia-1)

1 0 7“2y

0 e—iqz + Tz 0 eiqz7

1 0 1y -

u(z) = R(a/2) -u(z), v(z)=R(a/2) v(z). ==

Rotate:

Substitute, ...
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1=0, 1D

he [ Ar1Arsy sin 2a e 250
Ty = —— dk 5 T :
21 Jo Ar1Ary sin® ae™ <"
—2kL —2kL
L = Peizse — 0 )l = Pigiae — )

q — /I/Ii, Ara — Ira,x - /r‘a,y.
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ldeal system

Ideal mirror covered by ideal polarizer: r1, = ro, = 1,

hesin 2¢ /OO dr he ke 1 5
an o log sin” a.
27 o erl— 0082(04) oL 2

TZ:_

* 7~ 0.1Ac/L Uil ' | ' | | ' !
At 10nm, 3 x 10"Nm o1

® T3p ~ TlDA/L2 /g 0.05
<

* Asymmetry. = 0 |
o

* Singularity. S -005

0201 0 0.410.

-0.15 | | | | | | |
- =3n/4 —7w/2 —w/4 0 /4 w/2 3m/4 T
angle «
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Lossy mirrors

Tz = Tog =7 and ry, = rgy = 0.

her?sindf [ g 1 hetan o log(1 5 o )
Ty — K — og(1—7r° cos” a
27 0 r2(cos? 20) — e2rl 27 L ’
0.15 | | | | | | |
0.1 ) a
Y oo005F 0 el N
S [ e )
~ //;'/' ‘\“.3\
=] 0 N
()
-]
o o
S -0.05 [\ -
01 -0.1 l
-0.2-0.1 0 0.10.
-0.15 | | | | | | |
—n  =3n/4 —w/2 —7m/4 0 /4 w/2 3n/4 T
angle «
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Dicroic mirrors

2
W=
ip
Wy — W — WT;
0.001 F———
3 le04f -
< i :
C 3
() B -
o
§ 19-055— _é
1e-06 ———ul vl sl n
0.01 0.1 1 10 100
distance (wp/c)L
Wy = Wy, Wy = V 2wy, o = /4. |
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he [°° Art Ar? sin 2o
—— dK

27 Jo ArtAr?sina+ (1 —rlr2)(1 —rlr2)’

1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 LI B
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Casimir Torque, Luis Mochan, http://em. fis.unam.mx, QFEXT'05, 5-9/IX/05— p.22



Dissimilar mirrors

0.001
0
-0.001
-0.002
-0.003
-0.004

Torque 7/hw,

-0.005
-0.006

-0.007 | | | |
0.5 1 1.5 2 25 3

Resonance frequency w1, /w,

Wy = Wp, Wiy = 2wy, & =7/4, L =0
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Sign vs. L

1e-04
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wp, @ = /4.
|

Casimir Torque, Luis Mochan, http://em.fis.unam.mx, QFEXT'05, 5-9/IX/05— p.24




Sign vs. strength

0.0001
SH0S
=
2
S
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Wopy = Wip, & = /4, L = 0.3¢c/w1p.
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Conclusions

* Expression for torque between anisotropic surfaces in 1D, In
terms of optical coefficients; they uncouple Casimir
calculations from detailed models of materials.

* Results for anisotropic conductors, insulators, dicroic
systems.

* Simple analytical formulae for ideal systems.

* 7 hc/L (retarded), Aw, (nonretarded). A/L? correction
expected in 3D.

* Sign may be modulated by changing L or by optically
pumping dissimilar materials.

* Generalization to 3D.
* Experiments are on the way (lannuzzi’s talk).
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