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Outline of this Talk los Alames

B Brief intro to Casimir physics

Q@ Basics, relevance, and simple geometries

B Tailoring Casimir forces with metamaterials

Q@ Effective medium/homogenization in Casimir physics
B Tailoring Casimir forces with nanostructures

Q@ Metallic gratings for Casimir force manipulation
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Brief intro to Casimir physics . io:atmos

Free Vacuum
] Spectral Density

Free Vacuum
Spectral Density
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The Casimir force

Q@ The Casimir effect is a universal effect from
confinement of vacuum fluctuations: it depends only
on h, ¢ and geometry

1 F 2 he
9 ; k A 240 d°

(130nN/cm? @ d = 1um)

@ It can also be interpreted as arising from
fluctuations of charges and currents within

the materials

@ The magnitude and sign of the force CaT

depends on geometry, materials, and L=t
g

temperature N v
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Some relevant applications - Los Alamos

a CCD camera

Imaging laser beam

B Quantum Science and Technology:

Probe BEC

J_-
. . . Trapping wire :
Atom-surface interactions (e.g., atom chips) }T<: Probed -

sample
Chip substrate
2

&2 Nanotechnology: challenges and opportunities

LA
..........

" v\_‘ Y . .
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- »

stiction in MEMS Contactless force transmission
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The Lifshitz formula +Los Alamos

Force between materials slabs:

F 2Kk, huw R, - Rge?s¢

F_ I hw th K T _ medium medium

) m/ / CO (2]€BT> 3 I‘]_ — Rl . R2€21K3dl - p11 ——————————————————— N N “22
-

Reflection matrices (Fresnel formulas for isotropic media):

e(w)Ksz — /e(w)pu(w)w?/c? — k2
V : ple) s = | felw) )/ — i
€(w)Ks + \Je(@)n(w)w? /2 — ki R CROE
(W) + y [e(w)p(w)w? /e — kF

TTM,TM (w7 k”) _
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Going to imaginary frequencies . io:aamos

The function coth(Aw/2kpT) has poles on the Im o =Re &
imaginary frequency axis at
| 2k T AN
Wm =— Zé-’m ) gm = m h
h
After Wick rotation: & |

r >, [ dk, R, (i€,) - Ro(i€,, e 2Ks(im)d
A B n;)/ (27T)2 3(25 ) 1'1 _ R, (me) ) R2(i€m)e—2K3(z§m)d

Kramers-Kronig (causality) relations:

o 2 [ we’(w) o 2 [ wu (w)
e(zf)—l—l—%/o w2+£2dw ,u(zf)—l—l—;/o w2+€2dw

Casimir physics is a broad-band frequency phenomenon
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The sign of the Casimir force (lochanns

2T (27’(’)2 s rl — R - R26_2K3d

* d¢ [ d’k ®1 - Rop—>Fo
— 2h KT
0

r
A

The sign of the force is directly connected to the sign of the product of
the reflection coefficients on the two plates, evaluated at imaginary
frequencies. As a rule of thumb, we have (p=TE,TM)

RY(i&) - R5(i€) > 0 (V £ < ¢/d) = Attraction
RY(i€) - R5(i&) < 0 (V € < ¢/d) = Repulsion
In terms of permittivities and permeabilities:

€q (Zf) > Gb(if)
—> Repulsion
b (Zf) > g (Zﬁ)
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|deal attraction-repulsion Inha

B |deal attractive limit
Casimir (1948) : :
F_ m T
A 240 d4
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ldeal attraction-repulsion . Lok Alamos

B |deal attractive limit
Casimir (1948) E !
P 7 he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4
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Ideal attraction-repulsion (s nte

KATIONSL LABDESTIEY

B |deal attractive limit
Casimir (1948) : 5
P 7 he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4

B Real repulsive limit
Casimir repulsion is associated with strong
electric-magnetic interactions. However, natural
occurring materials do NOT have strong
magnetic response in the optical region,i.e. u =1
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Ideal attraction-repulsion (s nte

KATIONSL LABDESTIEY

B |deal attractive limit
Casimir (1948) : 5
P 7 he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4

B Real repulsive limit
Casimir repulsion is associated with strong

electric-magnetic interactions. However, natural —5 Metamaterials
occurring materials do NOT have strong

magnetic response in the optical region,i.e. u =1
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» Los Alamos

/)

Metamaterials and Casimir
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Effective medium approximation . icsaiamos

In the effective medium approximation (EMA) one
describes the MM with an effective electric
permittivity and an effective magnetic permeability.
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This is an approximation valid when the MM is probed at wavelengths
much larger that the average distance between the constituent

“particles” of the MM.
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EMA: Drude-Lorentz responses . ic:aiamos

Close to the resonance, both ¢(w)and ©(w) can be modeled
by Drude-Lorentz formulas

Typical separations

QQ
ca(w) =1 — 552 d = 200 — 1000 nm
w* —wp , + I'p qw
0?2 %
fo(w) =1 — e Infrared-optical frequencies

Q/27 =5 x 10" Hz

] QE’Q/Q = 0.1 QM’Q/Q =0.3
WE,Q/Q = CL)M’Q/Q = 0.1

0 - —

1

2 ] Re & (o). I'go/QY=Tp2/Q=0.01
3k _

0

00 05 1.0 L5 20 Noo 005 0.10 0.15 020

(D/QE,I (D/Q
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Attraction-repulsion crossover . io:aiamos

e

KATIONSL LABDESTIEY

10
8,
N I 1 VN '
< 6l <
& 9 £/
< Drude metals (Au) < I/Q=0.1
~ 4 1~ -
= = I/Q=0.01
2k 405 -1 I/Q=0.0
| Ideal repulsion
| | | T | — ) ) ) Lo n | | | Lo
%o 100 10 Yo 100 - 100
d (nm) d (nm) d (nm)

Only attraction

Only attraction Repulsion-attraction
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» Los Alamos
NS _'_| NASL LAE ‘:1 3% ‘:1 J%

Drude background

R
Tmesseseuamm man £ _rd
s ALl
H Y Y

@ In some metallic-based MMs, there is a net
like the fishnet design on the right.
Q

conductivity due to the metallic structure,

2 2 | g
W — WZ + 1YW

filling factor

f:

since it results in an electric response

much stronger than the magnetic one

A Drude background is detrimental for
Casimir force reduction or repulsion,

I

o
I

]
I
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Optical anisotropy - Los Alamos

In an anisotropic medium, the constitutive relations between E, D, B,and H

are more involved:
D=¢€¢-E H:pfl‘B

due to the tensorial nature of the permittivity and permeability

€11 €12 €13 H11 Hi12 M3
€ = | €21 €22 €23 o= | H21 [H22 23
| €31 €32 €33 | HM31 32 H33 |

Examples of uniaxial
anisotropy in stacked MMs
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Anisotropy: Uniaxial MMs . Lok Alamos

KATIONSL LABDESTIEY

_
) €re 0 0 pee 0 0
B €ij — 0 €rr 0 N 0 Mo 0
0 0 e 0 0
Metal Vacuum
€1, M1 isotropy axis
Anisotropy produces polarization mixing
. (non-diagonal reflection matrices)
z =|—d
. Q. b .
EII(W)_ny(W) =1 fr)wz—w'g.r'l'rle.;rw “"2+2'AID i
Q7. .
6::::(W')=1—(1—f::)w2_w£~+l,) w'_ zw2+.l'A'D~w A
Q?n..v ﬁ
peel) = b ) = b =
2,
fo.(w)=1- -

/ 2 / 2 >~ /
We — Wy, .+ Ym, W

Rosa, DD, Milonni, PRA 78,032117 (2008)
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EMA: correct model for u . Los Alamos

Drude-Lorentz for permeability is wrong. The correct expression that
results in EMA from Maxwell’s equations is

-
W

w2 — w3, + 2iymw

The appearance of the w? factor in the numerator is very important:

Although close to the resonance this
behaves in the same way as the Drude-
Lorentz EMA permeability, it has a

completely different low-frequency P
behavior ocor|

e (i€) < 1< (i) ==

Fd'AIhcA

No Casimir repulsion! "
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Other Casimir MMs: chirality . Lo:atmos

The chirality of a MM is defined by the chirality of its unit cell

(a) '~.,__ 15° (b)

— RVR RS
= VR
i : @:8) (8J ¢
S R

-——— f [Tl e

15 mm > 1L.6mm 15x 15 mm?

In a chiral medium, the constitutive relations mix electric and magnetic fields

D(r,w) = e¢(w)E(r,w) —ik(w)H(r,w)
B(r,w) = ik(w)E(r,w) + p(w)H(r, w)

Wrw

dispersive chirality: r(w) = w2 — ng + 1YW
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Repulsion and chiral MMs - Los Alamos

In chiral MMs the reflection matrix is non-diagonal (mixing of E and H fields).

The integrand of the Casimir-Lifshitz force between two identical chiral MMs

has the form:

2 2 \o—2Kd [ \2 ,—4K ¢
2 )2 ) 2K « )( re 4+ N )¢ 1K d

/ ')
(-,s.w c r 71;]) i sp.( “\"sp
o . 2 3 e B 2Kd = ; T T e
kv (Pas T 1 pp 2’5‘17)(" s (,.'\‘p : I'ssTpp )“€

| Kd

F

4

x 10

5

One might achieve repulsive Casimir
forces with strong chirality (i.e., large .

values of 7'sp)

v |
T 5 4
m| !
Same-chirality (SC) materials: repulsion o . PR
f : -0 =098
Opposite-chirality (OC) materials: repulsion ¥ 94100
15 -t :
N 10°

k,d
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Going beyond EMA

7
» Los Alamos

So far, we have treated the MM in the “long-wavelength approximation”, i.e.,
field wavelengths much larger than the typical size of the unit cell of the MM.

How to calculate Casimir forces when EMA does not hold?

Can one trust predictions of Casimir repulsion with MMs based on EMA!?

Homogeneous
medium

EMA

Non-homogeneous
medium

0 6666666606600060
1 66666060000
1 6666666660

0 66666666
0 666666666

beyond EMA
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Casimir nanostructures

Fojefeg
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Scattering theory

7
» Los Alamos

The Casimir force still may be described
in terms of reflections (scattering theory)

vV VvVVYTVYVYVYVYVYVYVYVY"

1222322222222
222222222222
k 1222222222222
1222222222222
1222222222222
1222222222222
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1222222222222
1222222222222
1222222222222

k  388888888sss:
1222222222222
1222222222222
1222222222222

AAAAAAAAAAAAA

Ri(wa k7 klapap,)

Symbolically, we may write the Casimir energy as

A

27

E o
(d) = h/ @ log det |1 — Rle_’Cnge_’Cd}
0

N 1 . — ) - — §)1n
< Y~ [Ra(i€)e” TUORy (ig)e U]
n=1
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Solving for the reflection matrix .io:aamos

The reflection matrix can be obtained with standard methods of numerical
electromagnetism. One way is to solve Maxwell equations for the
transverse fields

OF
—ikait = Vi [X§3 -V X Ht] — kQ,u§3 x H;
<
OH
~ik— L= Vv, [¢e3  V x By] + k2eé5 x Eq
zZ

Assuming a two-dimensional periodic structure, we have

: 27N 2mm
_ tk-r . .
Ei(z,y) =e ;Sm,n exp [z T T +1 L, Y

. 2m™n 2m™m
H,(z,y) = ™" ZHm,n exp [z 7 +1 7Y
m,n x Y

)

21N 2mm
e(z,y) = Zem,n exp [z 72 + i 7 y]
@ Y

where m,n ) )
p(z,y) = n;lum,n eXp [Z z—j-:x + 2 ZTy]
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Exact reflection matrix (0

One can then write the equations for the transverse fields as

_ T - B 1 T
g'rznn wrzn n
Yy
a‘Ijm m! __ Z A/, ) . mn _ \Um n
m/n/ mn *mn mn — | qx — | w3
mn rzjnn Zm
mn \I‘j mn

Here H is a complicated matrix, that encapsulates the coupling of modes in
the periodic structure.

By numerically solving this equation and imposing the proper boundary
conditions of the field on the vacuum-metamaterial interphase (RCWA or
S-matrix techniques), one can find the reflection matrix of the MM.
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2D periodic structures *Los Alamos

Casimir force between a Au plane and Si pillars/grating/membrane @ T=300 K

800 1.7- foillars = 1/4 1 -
| ‘ 1 6 ; 0 _______________ ; | PosiTioN SENSOR
R I e . 1 N
600*‘\_ \ < 1.5; e W fgrating — 1/2 1-
r\ o [, 1]
) Lo14; il

g L CASIMI?FORCE
Z i ‘\ \ L : e T 1]
2400, 4\ 130 e i
T8 L%\ P 1]
I "-“ ‘\‘\\ 1_2; --- fmembrane = 3/4 1
L % ‘\ e T T T T T T T T T
. X \ o m=—- 1
200- %% 1Af---" ]
L “\ ‘\\\ 0.1 0.2 0.3 0.4 05 R p— 50Mm
N ’\~ |
R ? (¢ | period = 400 nm
O | "---..:-.'.1?_—_-_ e |
0.1 0.2 0.3 0.4 0.5 depth = 1070 nm

Note:The MIT group has developed much more advanced numerical methods

(previous talk by Alejandro Rodriguez)
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Casimir plasmonics

7

Single interface

Antisymmetric

Symmetric
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Mode summation approach ~ Los Alamos

An alternative approach to the scattering formulation is to compute the
Casimir energy as a sum over the zero-point energy of the EM in the
presence of boundaries

p7 p7k L—oo
~ v \ ~ v

Infinite zero point energy Setting the zero =

In the case of metallic plates described by the plasma model

\k , p, L—o0
TV ~ -

Plasmonic contribution (Epi)  Photonic contribution (Epn)

/L[W]:l }_> E = ZZ[C&M_—FW]i_)OO —|—Z [pr]
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Surface plasmons interaction Uorhisenes

Single interface [ Antisymmetric )
Surface plasmons are evanescent modes of the >§ff\ a ¢
EM field associated with electronic density 4 o 11\
oscillations at the metal-vacuum interface. | - —=.§
-
% 1 — b
; - R

\ Symmetric )

When the tails of the evanescent fields overlap, - [k]><: w k]
the two surface plasmons hybridize v w_ (K]

At short distances the Casimir energy is given by the shift in the zero-

point energy of the surface plasmons due to their Coulomb (electrostatic)
interaction)

PPk [(hwy hw_ _hwg, heam? A
E.s‘[) — .4 ( P ¢ + P e p [ — — ——‘)
(2m)2\ 2 ’ 2 580\, L2

—
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Mode spectrum in a cavity

7
» Los Alamos

= 2.

k

l\ler‘

w++w ]

~"

Plasmonic contribution (E,;)

-
—— e e -

Bulk modes

o[k]/wp
o
o

e TE photonic modes

===- Perfect mirrors modes

0 () 0 ) s V) o (6) ) o (5) 1 1.2
clk]/®,

All the TE-modes belong to the propagative sector

They differ from the perfect mirrors modes because
of the dephasing due to the non perfect reflection
coefficient.

53d)>)

Pa L—oo

7

~
Photonic contribution (E,p)

1.2}

== TM photonic modes

e TM plasmonic modes

=== Perfect mirror modes

0 0.2 0.4 0.6 0.8 1 1.2
clkl/o,

TM-modes propagative modes look qualitatively like TE
modes.

There are only two evanescent modes.They are the
generalization to all distances of the coupled plasmon
modes.
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Plasmonic-photonic contributions . Lo aamos

0.5¢ ///f—-.-~.---£%ilfﬁl-
0

-0.5}

Lifshitz = Red + Blue

0 0.1 0.2 0.3 0.4 0.5
L/

* At short distance the plasmonic contribution dominates and is attractive

* At large distance the two contributions are opposite in sign and balance

Can one control the Casimir force by changing
the balance of the two contributions!?
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Metallic nano-gratings

/)
)
» Los Alamos

Metallic grating

4!

|

y — ..

electrode

MEMS
oscillator

Grating

Nt
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Strong force reduction . Los Alamos
@ Torsional balance set-up A .

1.00 b -
@ Metallic sphere (R = 150 pm) - o w
: « 250 90 216
@ Metallic nanostructures  w, p, h ~ 100 nm ! T e o
075 b . 300 130 480 -
@ Sputtering and electroplating B . w0 10 50
:: » Unstructured sample:
- :
a .
T 0.50 |t -
ot
i filling factor |
0.25 wo -
f=—
p
0.00

200 400 600 800 1000
d (nm)
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Modeling and simulation Lok Alamos

@ Use of standard PFA to treat the sphere’s curvature
Fi,~2rRP);  d/R<6x1073
@ Exact computation of the plane-grating pressure Ppg

Scattering approach + modal expansions

e
E.(x,y : (s,9) :
x (T, _ N7 Ay D g o)Ay ;
}¥g(x,y) ;;; v s Ty ]

Hﬂ?(xay) 7 7

Analytical expressions for eigenvectors
Transcendental equation for eigenvalues —

0 = D®(n) = — cos(aop) + cos(p;/7) cos(pan/1 — e(i€) — 1]€2)

1 \/n—e —1] 0-'»8)06)\/77
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Reflection matrices

)
» Los Alamos

[kz:()]

(ee)
00

R,

e-polarization (first 7 £,°s)

05
kx/(/p)

h-polarization (first 7 &,,°s)

1.0}

0.0}
‘K\\\“‘-(3raﬁn
0.2} & \
~0.4
u:r’—‘/'(((m};
-0-6 _——::'
oI 0.4}
—0.8f JIIE oAt \ \
= Plane -Grating
0.0 0.2 0.4 0.6 0.8 1.0 00 05 0.2 0.6 0.8 1.0
kx/(7/p) kx/(mt/p)
(hh)
R P

O3k f(n/p)

20
kz/ kO
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Normalizing to PFA for grating . io:atmos

P;f)gFA(d) = [Ppp(d) + (1 — f)Ppp(d + 1)

1.0 R AT
Vo, VT
‘.};'..'.e.s % 2.
0.5 TN Small separations: PFA underestimates the
< 3B total pressure.
o R
o 0.0 s-};”;
o p=250nm, w=90nm, h=216nm ey
0.5 p=300nm, w=116nm; h=214nm * Large separations: PFA overestimates the
o (Similar filling factors) o ‘Qaa pressure.
f1=0360 fi = 0.387 Pressure is going to zero faster than d-*
200 300 500 700 1000

Distance(nm)

@ Strong suppression of the Casimir force
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Open problem

n
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» Los Alamos

1.4 —

' ~

[ s S~ o e
- _’7\ _—— ~_ EMA Limit

;/ K .{. 74\\
1.0 pEA Limit 4 .

L ".‘.

T 0.8l =, Numerical crosschecks ]
o | el show that the theory is
o - *?ﬁ accurate within few % |

0.6 STE
| W
| X
0-4_ % .+ Double checks on the
: “s-.-: experiment show no
0.2l 35 . apparent mistakes
0.0 100 200 500 1000 2000 5000

Distance (nm)
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David Roberts

Felipe da Rosa  Ediors

Casimir Physics
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