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The Casimir force /Les Alames

Casimir forces originate from changes in quantum
vacuum fluctuations imposed by surface boundaries

They were predicted by the Dutch physicist Hendrik
Casimir in 1948

1 F ™ hc
E:§zk:hWk:> - =

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

Dominant interaction in the micron and sub-micron lengthscales

The magnitude and sign of the Casimir force depend on
the geometry and composition of surfaces




Some relevant applications

» Los Alamos

B Gravitation / Particle theory:

The Casimir force is the main background force to measure
these non-Newtonian corrections to gravity

V(r)= _gmma (1 + e_""/)‘)

r

B Quantum Science and Technology:

Atom-surface interactions (e.g., atom chips, BECs)
and precision measurements

B8 Nanotechnology:

Casimir force is a challenge (stiction),
but also an opportunity (contactless
force transmission)
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Modern Casimir experiments
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B8 Torsion pendulum

sphere-plane, d=1-10 um
Lamoreaux
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B8 Torsion pendulum B Atomic force microscope

sphere-plane, d=1-10 um sphere-plane, d=200-1000 nm
Lamoreaux Mohideen et al




. . . e
Modern Casimir experiments . ioaamos

B8 Torsion pendulum B Atomic force microscope

sphere-plane, d=1-10 um sphere-plane, d=200-1000 nm
Lamoreaux Mohideen et al

B MEMS and NEMS

sphere-plane, d=200-1000 nm
Capasso et al, Decca et al




o o . e
Modern Casimir experiments . Losaamos

B8 Torsion pendulum B Atomic force microscope

sphere-plane, d=1-10 um sphere-plane, d=200-1000 nm

Lamoreaux Mohideen et al
B MEMS and NEMS
o

sphere-plane, d=200-1000 nm
Capasso et al, Decca et al




Modern Casimir experiments . ioatamos

B8 Torsion pendulum B Atomic force microscope

sphere-plane, d=1-10 um sphere-plane, d=200-1000 nm

Lamoreaux Mohideen et al
8 MEMS and NEMS 8 Micro-cantilever

sphere-plane, d=200-1000 nm plane-plane, cylinder-plane, d=1-3 um
Capasso et al, Decca et al Onofrio et al
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The Casimir-Polder force . Los Alamos

B vdVV - CP interaction Casimir and Polder (1948)

The interaction energy between a ground-state atom ‘
and a surface is given by

hoo[®dE

UCP(RA) = % —f (X(Zf) Tr G(RA,RA,Zf) /\/l

0

: T 2
Atomic polarizability: a(w) = lim — Z

wro|dok|?
wko — w? — jwe

w2

Scattering Green tensor: (V X V x ——¢(r, w)) G(r,r',w) =6(r — ')

2
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The Casimir-Polder force . Los Alamos

B vdVV - CP interaction Casimir and Polder (1948)

The interaction energy between a ground-state atom ‘
and a surface is given by

Uop(Ra) = —— [ &

6260 0 %52(1(25) TTG(RA,RA,if) /\/l

. . .2 wio|dok |
m : = lim —
Atomic polarizability: «a(w) lim. - gk G2 — P — e

w2

Scattering Green tensor: (V x V X ——e(r,w)) G(r,r',w) =6(r — ')

2

® Eg: Ground-state atom near planar surface @ T=0

Non-retarded (vdW) limit z4 < A4 Retarded (CP) limit za > A4

ho 1 [%dE e(i&) — 1 3hca(0) 1 € —1

e 7 ), %a(ig) e 1 Ucp(za) = — T 1¢(60)

UvdW (ZA) —
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Modern CP experiments - Los Alamos

B Deflection of atoms Hinds et al (1993)
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Modern CP experiments - Los Alamos

B Deflection of atoms Hinds et al (1993)
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B Classical reflection on atomic mirror  Aspect etal (1996)
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Modern experiments (contd) . ioatmos
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B Quantum reflection
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Wave-nature of atoms implies
that slow atoms can reflect from
purely attractive potentials

=} =} =}
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Reflection Probability
=
1
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T T T T T T
0 5 10 15 20 25
Velocity (mm/s)

k=R —2mU/m? o= 5o > Shimizu (2001)  Ketterle et al (2006)

- k2dr
DeKievet et al (2003)
U=-C,/r" (n>2)
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Modern experiments (contd) . ioatmos
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B Quantum reflection
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Wave-nature of atoms implies
that slow atoms can reflect from
purely attractive potentials
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k=R —2mU/m? o= 5o > Shimizu (2001)  Ketterle et al (2006)
DeKievet et al (2003)
U=-C,/r" (n>2)
B BEC oscillator  Cornell et al (2007) I
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Effects of geometry

Alamos

Approximation methods (PFA, PWS)

em
EEEA(d) ~ 27 R? / 0 sin g PP (0(0))
0 A
d §(0) =d+ R (1 —cosf) R>d

Exact methods: scattering theory, Green function

ESE'(d) = h /0 d¢Trlogll — Rg(i€) e M) Rp (i) e 9]

fj e orggeear [\ \
" I




Effects of materials . Los Alamos

The Lifshitz formula:  Lifshitz (1956)

F d2k” R R 621K3d
— =2h1

o 5 | G, e

K5 = \/w2/c2 —

Reflection matrices (Fresnel formulas for isotropic media):
(W) Ks —  Je(@)nw)w? /2 — ki
oK+ \ [P — 1]

Relevant frequenues.

ATETE _ TMTM  \with € <

7aTM,Tl\/I (w’ k||)

e(w) el S S RT) (Transparent plates) .
= F~0 0 <w < min{Q,,c/d}

w > c/d = 2K3d ~ () (Fast oscillations)
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Going to imaginary frequencies . io:aamos

F d2k R:.- R —2Ksd
Y _op / i / | Ky Tr— 2
A 0 2w (27)2 1 - R, -Rye2Ksd

Kramers-Kronig (causality) relations:

| 9 [0 ¢! ‘ 2 [ wy (w)
e(z{)zl—l—;/o 52_&62)2dw ,u(zf)zl—l—;/() w2+£2dw

Dominant frequencies below the near-infrared/optical
region of the EM spectrum (gaps d= 200-1000 nm)

The important message is that Casimir is a
broad-band frequency phenomenon
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The sign of the Casimir force . io:aamos

or | (27)2

*d¢ [ A’k Ry - R
— 2 K3T
0

F
— Ir
A 3 1 — R1 . R26_2K3d

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:

€, (Z€> =>> Eb(if)
—> Repulsion
P (3€) > pra (i€)
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B |deal attractive limit
Casimir (1948) : :
F_ ™ he
A 240 d4




|deal attraction-repulsion (TR

B |deal attractive limit
Casimir (1948) : !
F_ ™ he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
F_ 7T 7 he $ >
A 8 240 ¢4




Ideal attraction-repulsion s

NATIONSL LABDRSTIEY

B |deal attractive limit
Casimir (1948) : :
F_ ™ he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
F_ 7T 7 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. © =1
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B |deal attractive limit
Casimir (1948) : :
F_ ™ he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
F_ 7T 7 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




uantum levitation with MMs?
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Metamaterials Lok Alamos

INSL LAEDEAETOEY

@ Artificial structured composites with designer electromagnetic properties

@ MMs are strongly anisotropic, dispersive, magneto-dielectric media.

f’u’\f‘u%ﬂr*

=0, u=0
Evanescent decaying waves| Ordinary optical materials
Many metals (UV - Optical) | g.ont handed propagating waves

® Negative refraction Veselago (1968), Smith et al (2000)

@ Perfect lens Pendry (2000) Thin wires siructures (GH) ..3
. ASNAA £20,5.<0
@ Cloaking Smith et al (2007) 8<0,§<0 U ANt il
Negative refractive index Evanescent decaying waves
Left handed propagating waves Some natural magnetic

Artificial Meta—materials materials {upfo GHz)

x-position (cm) x-position (cm)

THz MMs: eg split ring resonators

‘3ou3jPIg [eay
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Frequency (THz)

€, <0




/)

MMs + Casimir effect {153 Alames

In order to fix ideas, let us consider a metallic half-space facing a magneto-
dielectric (MM) half-space.

Metal Vacuum Metamadterial

€1, M1 €2, H2

.

Y

= —d =1

The experiments in this project will actually be a metallic Au sphere glued to
an AFM above a metamaterial planar structure.
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Effective medium approximation . icsaiamos

Let us assume the metal is reasonably well described by a Drude response

()7
e

e1(lw) =1— 7t i =1

/\

. - =

For the MM the optical response is not = BJ Iy (=

so simple..... “ﬂ‘ﬂggjj;ﬂ

LI

=

In the effective medium approximation EEEEE:AA:J

(EMA) one describes the MM with an D{D{I:H:H Hq_ﬂ_}

effective electric permittivity and an B;JU_U U

effective magnetic permeability. This is :Ll:ﬂﬂ_qqﬁ

& P Y Bﬂﬂ:dﬁﬁ:d

an approximation valid when the MM is Eﬂ%ﬂ%%‘]ﬂﬁ

probed at wavelengths much larger that ﬂﬂﬂ;ﬁﬁﬁ

. o=

the average distance between the \dﬂgj’ﬁﬁ
constituent “particles” of the MM. N/




Electric response . Los Alamos

Close to resonance, the optical response can be modeled by a Drude-
Lorentz permittivity

2 2

»r ~ %o
e(w)=1-——"—5—
W —w, +iowl’

Dielectric ¢

®, o

Frequency

J.B. Pendry et al., Phys. Rev. Lett. 76,4773 (1996).




()

7,

C

O

al o
n A
O I
. N
), .
C i —
0.0 '

S s
> =

000000
000000
000000
000000
000000
000000
000000
000000

o ®© © T o o o %
—t ] |

cy / GHz

equen

J.B. Pendry et al., IEEE Trans. Microwave Tech. 47, 2075 (1999).




Drude-Lorentz responses . Lok Alamos

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

Typical separations

QQ
ea(w) =1 — 552 d = 200 — 1000 nm
w* —wp , + I'E qw
o 4
fo(w) =1 — e Infrared-optical frequencies

Q/27 =5 x 10" Hz

] QE’Q/Q =0.1 QM’Q/Q =0 .3
CL)E,Q/Q = CUM,Q/Q =0.1

——
m FE’Q/Q =TI M,Q/Q =0 .01

15 20 Voo 005 0.10 0.15 020

w/Q




Attraction-repulsion crossover . io:atamos
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Drude background
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@ In some metallic-based MMs, there is a net
conductivity due to the metallic structure,

like the fishnet design on the right.
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A Drude background is detrimental for

Casimir force reduction or repulsion,

since it results in an electric response
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Split ring resonators (SRRs) Lo atamos

SRRs structures provide an opportunity to avoid the large Drude
background, since they can be built in two natural complementary ways

Continuously-metallized Discontinuously-metallized

SSR SSR
1LDEE T X

CE2 CES5

[1]E4

Hjx




Complementary SRRs + Drude ..

LosAlamos

The continuous version presents a considerable Drude background ...
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Maxwell-Garnett € . Los Alamos

In order to understand how non-connected materials behave, we consider
a simple model composed of tiny metallic spheres (radius a, permittivity €;,
filling factor f ) in a given host medium (permittivity €5).

Clausius-Mossotti formula  Sphere polarizability

_ E.— &
g — &, f y= — B 3
et22eg a’ ! h

e(1+2f)+2e,(1—)
(=) + a2+ ) oo

=

oo

Important consequence.

=N

£, (E) , 1, (i)

(S

—_— 0 . ° ! _——__
e(w — ) is finite Olr”mml |||||—u|]—l:lI|]_lll“lllJ

100 10° 1w 10 10l

(Rosa, DD, Milonni, PRA 2008) §/Q




EMA magnetic activity

/O
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» Los Alamos

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

Neff(w) =1- f 2

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 “standard”

EMA permeability, it has a completely
different low-frequency behavior

pregr (1€) <1 < et (i€)

No Casimir repulsion!

cCA

Alh

1

Fd

-0.001

0.005

0.004 -

0.003

0.002

0.001F

OF

Hag)
1]
T T
E o
E
2 N I
o I
F o /
[ 7
E /
F - s
s B0l
4

107



. . . ya
All-dielectric metamaterials . Lok Alamos

- All-dielectric MM - path to magnetism without metal

- No Drude background = low ¢

- Requires high index contrast, difficult at high frequencies

- Low indices; however, also means less Casimir attraction to
overcome (Question: which dominates?)

-
N

Permeability
o P~

04 06 08 10 12 14 16 18 20
Frequency (THz)
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Optical anisotropy (A

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

are more involved:
D=¢-E H=p"'B

due to the tensorial nature of the permittivity and permeability

€11 €12 €13 Hi1  H12 Ha3
€ = | €21 €22 €23 o= | H21 [H22 23
€31 €32 €33 | H31 M3z H33 |

due to the tensorial nature of the permittivity and permeability

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

_

; €rx O 0 /—‘L;L';L' 0 O
€ij = 0 €Erx 0 N 0 Hax 0
0 0 €~ 0 0 Hzz
Metal Vacuum
€1, f1 isotropy axis
Anisotropy produces polarization mixing
. (non-diagonal reflection matrices)
z =|—d :=I 0
2 02
relw) =€y (w)=1—(1— f,
€xz(W) = €4y () ( fz) 2 w2 4w w? +iyp oW
QE.Z Q%) Z
€z (w) =1- (1 - f::)u)Q - wg‘z + lA}e::W' - f:: w? + 'i‘h."D,::w‘ FA*
Q?n..zt E
Haz (W) N /tyy(“’) =1- u)2 — W%L;r + i’\{'m..ru"‘
Q2
#”Z(w) =1 w? — W%LZ + 1Ym, W

(Rosa, DD, Milonni, PRA 2008)
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Chiral MMs and Casimir ok

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

-

(@) 150 (b)

—= RWR R
= VR R
10 VR R«

T Al L

'LLL uplinl1 1 ng:faJ:ng(

k- oo ooy DSEReTs
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
2 .
— Wi p T 1YW

dispersive chirality: #(w) = 2
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Casimir repulsion with chirality . o aamos

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:

(r2, 472 — 202 Ye=2Kd _ 22 4o, )2e4Kd

F —
2 | . V2 \p—2Kd | r2 L P T 2,—4Kd
1 (735 Ip-p 275p)6 (73p rSS’PP) € o

_4

.4 L I

5

One might achieve repulsive Casimir
forces with strong chirality (i.e., large
values of Tsp)

3
E/Ahck(J

5}

-10r

-15




Beyond the EMA 10k Atames

Everything discussed so far is based on the assumption that the effective
medium approximation (EMA) holds.We recall that this amounts to treating
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?

Homogeneous Non-homogeneous
medium medium

0 66666666666666666666066)
10 66666666666666666666066
0 6666666666666606060060606
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EMA beyond EMA
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Scattering theory +Los Alamos

The Casimir force still may be described in terms of reflections (scattering
theory)
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Symbolically, we may write the Casimir energy as

A 27T

Eld) _ h/ a8 log det [1 — Rye M Roe "]
0

where R; = Ri(kH’ khapap/a i€)



Finding the reflection matrix

)
» Los Alamos

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

OF
—Zkait = Vi [X€3 V X Ht] — k ,ueg x H;
<
OH
~ik— L= v, [¢e5 -V x By] + k2eé3 x Eq
zZ

Assuming a two-dimensional periodic structure, we have

2 2
H(g} )_QZkr ZH ox 27'('77, +227Tm ]
Yy m,n p Lx Ly y_
- 5 5 i
e(x,y) = Zem,n exp |7 ;::U—I—z Z:ny
where m,m - 2 ) -
™ ™n
u(x,y) — Zum,n exXp _ Lx x +1 Ly y_
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Exact reflection matrix Lok Alamos

One can then write the equations for the transverse fields as

_ T - B 1

gzz n W 7272 X0

8‘11771 'm/ Z 7, ) . mn _ N mn
— m/n/ mn *Fmn mn — | qx — | w3

mn ?7/71 n mn

mn \I‘j f;l n

Here H is a complicated matrix, that encapsulated 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.




Ongoing projects at LANL Lok Alamos

Q@ Casimir force engineering with Q@ Controlling the Casimir force
metamaterials (LANL, SNL) with deformable nanostructures
(LANL,ANL, NIST, Indiana)
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Fig. II1.4: Stacked fishnet structure for
creating multiple magnetic resonances.
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Final remarks . Los Alamos

Q@ Metamaterials offer several possibilities to tailor the electromagnetic
response for Casimir force engineering.

Q@ Casimir force reduction should be possible with MMs with decreased
dielectric response, increased magnetic activity, and possibly with chirality.

@ Casimir force repulsion is more challenging, since permeabilities and
chiralities have to be much stronger than permittivities over a large range of
frequencies.

@ Effective medium approximation should break down for gaps of the order
or smaller than the size of the MM unit cell. Exact numerical methods that go
beyond EMA are needed in those regimes.




