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History of Casimir force research

First sphere plate Casimir force
measurement

Casimir force (10°N)

Metals in a fluid 2
(Munday/Capasso 2008)

Ge plates
(Lamoreaux 2009)

Effect of dielectric response

Phase-change materials ‘
(Palasantzas 2010)

Graphene;
magnetic materials
(Mohideen 2013)
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T. Gong,
J. N. Munday, KEK IPNS-IMSS-QUP joint workshop Feb. 8-10, 2022,

Effect of geometry

M. R. Corrado, A. R. Mahbub, C. Shelden, and J. N. Munday, Nanophotonics 10, 523 (2021).
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Past few years

EtOH

R
Levitation in liquid
[Science 364, 984 (2019)]

Active control, many-body
in liquid
[Nature, 597, 214 (2021)]



Literature of Casimir forces towards new force researchr®

sTe , 1 ok ending
PRL 94, 240401 (2005) PRYSIcAl; REYIEW TEITERS 24 JUNE 2005

Constraining New Forces in the Casimir Regime Using the Isoelectronic Technique

R.S. Decca,"* D. Lépez.® H. B. Chan,” E. Fischbach,* D.E. Krause,* and C.R. Jamell'
'Department of Physics, Indiana University-Purdue University Indianapolis, Indianapolis, Indiana 46202, USA
*Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, USA
*Department of Physics, University of Florida, Gainesville, Florida 32611, USA
*Department of Physics, Purdue University, West Lafayette, Indiana 47907,

SPhysics Department, Wabash College, Crawfordsville, Indiana 47933, USA
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FIG. 1 (color). (a) Scanning electron microscope image of the 10 10 10 10
MTO with the composite sample deposited on it. The coordinate A (meters)
system used in the Letter is indicated. Inset: schematic of the ) )
sample deposited on the MTO. The thickness of the different FIG. 4 (color). Values in the {A, a} space excluded by experi-
layers are (in order of deposition): dt; = 1 nm, dg. = 200 nm, ments. The red curve represents limits obtained in this work.
dp = 1 nm, and d%, = 150 nm. The thickness of the layers Curves | to 5 were obtained by Mohideen’s group [7], our group
deposited on the sphere (not shown) are: d¢, = 1 nm and dj,, = [1]. Lamoreaux [6], Kapitulnik’s group [8], and Price’s group
200 nm. (b) Experimental setup. The red dotted line indicates [5]. respectively. Also shown are theoretical predictions [21].

where AFM line cuts were taken. Inset: AFM profile of the

sample interface. G: Gravitational constant

K, K, Terms relating to densities of the sphere and the plate
R: Radius of the sphere



Equilibrium and non-equilibrium Casimir forces

Equilibrium Casimir force Non-equilibrium Casimir force
(Attractive in vacuum) (Can be repulsive in vacuum)

Less than a
few microns 1 T3 T3

2 Arbitrary
VIR VU

’\4\

NN R —

~] | 2 Discrete number
_yd._ """" of waves
L Photons
T1=T2=T3 e.g.,T2>T1>T3

High Low High
Energy level :
m) ¢ Repulsive force

Attractive force

Note: The plates consist of reciprocal materials.
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Stable and unstable Casimir force systems

When attractive and repulsive force components acting
on body 1 are balanced, zero-force position can exist.
Attractive force ¢um map Repulsive force
: T

Stable a Unstable
Attractive force is enhanced. Repulsive force is enhanced.
/7/7» /7/7

Zg
Zero-force position
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Examples of stable and unstable systems

Equilibrium Casimir force in liquid Non-equilibrium Casimir force in vacuum
(Can be stable) (Unstable)
Liquid ' 1 T3 Vacuum T3
T1:T2=T3 e.g.,T2>T1>T3

[See Science 364, 984 (2019)]

Note: The plates consist of reciprocal materials.
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Propagation and evanescent waves

The propagation wave goes away from the electromagnetic source.
The evanescent wave stays around the electromagnetic source.

Propagation wave
' (Far-field)

Source of
electromagnetic Second body

Waves

arises from the evanescent
. | wave contribution.

Evanescent wave
(Near-field)

The Casimir force dominantly}
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nerior | Exterior - Casimir force calculation

xﬂ _____ ‘ _______________ 3a
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Multiple
Maxwell stress tensor 1 reflection
— 2 2
Tij = €oEiEj + poHH; — 51‘]5(605 + uoH*), (1)
Casimir force acting on body 1 in the two-body system (isotropic materials) 1 reflection coefficient
to;: reflection coefficient
E, = | (Tyz)dz, (2) Evanescent waves Propagation waves
s o 1a L f 1b . 1c !
B h 1 Im(Fy1)Re(Rop)e 2 L (= Fonl* = 1E01| DA + 702l . Foafze®n0? |* sl (1 = Ifal?)
=— ZP'SF! dw {[n(w, T+ E] kf kydkyio 11— oy 7ope—2700|2 + f k||dk|kzoz(— 1= Fo17pe 2Keod 2 1= e + 7 ForToze2kzod| |1 = fo 7y e ka0 |2
e 2a 2K0d ko 2zb 2 2 2 2c 2 2
1 Im(7y;)Re(Fyq)e™%"o 1 (1= Ifoal? = 1E02]) (X + [Fo11%) | E01]*(1 = |Fp2|? — |£021%)
+ [Tl(w. Ty) + E] kf kydkyico 1= oy7oge 25002 + +0f kydkykzo Z<_ 11 — gy Fope 2ke0d ]2 + 11— Ty Tope el |2 )]
1 r 1 3 s o |E01|32k|Jf02|2 |fo1|2:(31c+ [7021%) |foz|2(31d+ 170112)
+ [n(w, T3) + E] Of kndknkzoZ 1+ |7 1=y Foge2kand 11— o foge k0|2 |1 — oy Fogeikaod|2 |1 — 7-017-023i2k20d|2>} 3)




Casimir force calculation in equilibrium

Calculations of equilibrium Casimir
forces can be simplified since
photon exchange is balanced at the
exterior boundary. (The interior
boundary is only considered.)

2 1

S

Rl:
0 1d
Interior
boundary

TET1=T2=T3
43

N"

0
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@asimir force formula, integration along the real frequency axis

b _ Z fklldkllfd_w4h
t , 21 21
Jj=p.s0 0
Rl(w,ﬁ)Rz(w'ﬁ)eiZRZd (11b)
1- Rl(w' ﬁ)Rz((A), ﬁ)eiZkzd ’

n(w, T) + %l k,Z(w,B),(11a)

Z(w,p) =

- Understanding the mechanism
- Long calculation time

o

~

/

NVick rotation approach, integration along the imaginary frequency aﬁ

(E.M. Lifshitz, Sov. Phys. 1956)
kydk —
P, = Z %ZkBTZ Gon Z(i&y, B) , (12a)
n=0

J=D,S 0

[ — Rl(i};ni ﬁ)RZ(iEn,ﬂ)e_ZQO,nd
Z(i&,, ) = 1 — R, (i&,, B)R, (i&,, B)e~2dond

, (12b),

- Significantly reduced calculation time
- Little observation of the mechanism

\_

/
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Reciprocal and non-reciprocal materials
/S-polarization"_, Incident Rk))  R(—ky)

Reflection matrix ES H wave
Vacuum

. R7S(ky) RP7S(ky) k
R(ky) = [Rs—ﬂ?(k") RP=P (k) (21) P-polarization _ _ >
He E Reciprocal or non-reciprocal| K

material

 k
Reciprocal materials Non-reciprocal materials
/ R(—k) = 6Z§T(ku)az (22) \ / Eg. (22) can be violated. \

'l

Bulk Inclined nanowwes InSh Magnetic Weyl
(Isotropic) (Anisotropic) semimetals
Prw <K A ®B
N

,(25)

€p €4 Ef €4 L€f
é = €p ,(23) &5 = €p ,(24) éd = €p
\ €p €f €4 \ —l€f €4
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___Particle physics. __

New force search via zero
Casimir force[1]

Weyl semimetal
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Toward industry

Dynamic control of Casimir forces in vacuum,
Trajectory tracking[6]

1 Silicon Ty| 1,
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Graphene nano-flake

5i0, substrate

3 Silicon T3 3

Dynamic control of Casimir
forces in liquid[7]
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Outline

Symmetry of Casimir forces in wavevector space

[2] Symmetry argument
in Casimir forces
[ ——]

Non-reciprocal

/A/\

[2] H. lizuka and S. Fan, Phys. Rev. B 108, 075429 (2023).
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Two-plate system 1o/22

Environment €g Tz Anisotropic reciprocal material non-reciprocal material
zZ,y % // InSb/Weyl
7F’X
€d Ef €d lEf
€5 = €p ,(24) or e4= €p ,(25)
€f €d —lEf €d

d Casimir pressure acting on body 2
Body1 el P ToTs) = [ do | dkiFf ok T T, Ts), (31)
(Isotropic) 0
Per%t electric FZZ(wi kll! T1; Tz, TS) = _Flz—>2(wi kllr Tl) - FZZ—>1((‘)I kII: TZ)
conductor +Fezxt,2(w k||rT3) (32)
No photon exchange between z _ - L
the two-body system and the } Fioz(@ b, T) = [n(w’ T+ 2] a3 12 (@, k), (33)
environment. e st A N (e A At =
P o) Tr |~ (I + R},Rw) D (1 - RIRT) DY |, (ky < ko) .
T, =T, = T, = T (Equilibrium) fi-m\®, K1) = (A S N (A At et
1 =T =13 =T (Eg ) Tr|—i (RY, + Ry ) Dym (R, — BY) D e 72509, (ky > ko)

T, # T, (Non-equilibrium) Exchange function



. . Casimir pressure, reciprocal 10722

b & [T Equilibrium Casimir pressure is symmetric for k; for reciprocal systems.
x 1 FZ(w,ky,T,T,T) = F{(w,—k;, T, T, T), (35) o < or k
€1 : mmetric Tor
— z Asymmetric for k, 5 K+ B2 (o ke
L ! I’;‘vz (a)k) i I:—‘vz "(a)k) ' F1—>2(w» ||)+F2_>1(a), II)
Casimir pressure = 12 22l 1 —12 12
IN (w, k) Space §1.5  — §1.5 = §1.5 =
F7 (w, ky, Ty, T3, T3) ié- %J- qé.
2 3¢ 2| At 21
Exchange function g g g
Ffom(w, ky) 50 / A / 0%
fndli £ \If £ \|f £ ‘
S \ S \ =)
Z 0 , Z - Z 0 :
-0 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
White [i Normalized lateral wavevector Normalized lateral wavevector Normalized latera, evector
Ite lines: - -
Dispersion curves  /FZ,,(w, k) — FZ,,(w, —k Ff (o, k) — FE (0, —k Fiop(w. k) — Fiop(w, —k
(Eao ) = Fop( 2k /R (0 k) = P (@ ) (. k) — P (w0, —ky)
-0.1 01 -01 01 o1 01
L>;1'5 - - L>;1'5 , - - 515 L __|
2 i %
>
E’_ 1 | .E 1 g 1
g Non1zero g Non-zero 3 o
=05 =05 =05
£ £ £
S|l - | S | 5
10 =5 0 5 10 10 -5 0 5 10 <% —= o 5 10
Normalized lateral wavevector Normalized lateral wavevector M\Iormalized lateral wavevecty

[Eq. (35) is not true for non-equilibrium Casimir forces. aFf.;(w, ky) + bFL,, (w, ku)]



hﬂ

Casimir pressure
In ((A), k||) SpaCe
FZZ(w' klli Tlf Tz, T3)

Exchange function
FZm(w, ky)

White lines:
Dispersion curves

in equilibrium and non-equilibrium.
F‘lz—>2 + F‘ZZ—>1

Asymmetric for k;

7 Casimir pressure, non-reciprocal

Symmetry of the Casimir pressure for k; is broken for non-reciprocal systems
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12 ( ﬂ)u

215
<

(5]

>

jon

g1 A
2 )
K=}

()

.';‘05

©
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Normalized lateral wavevector

0
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W

12

10

F7,(w, k)
—=

=
wul

bt
tn

\

0"
-10 -5

5 10
Normalized lateral wavevector

Normalized frequency
A%

0

12

FE (o, k) + FEq(w, ky)

b
—_ (921

Normalized frequency
(=]
&

-10 -5 0 5
Normalized lateral wavevector

-

The analysis of real frequency spectra
will be helpful for understanding the t
mechanism of repulsive Casimir force

in equilibrium.

Why repulsive?

Weyl

Weyl

s
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Casimir lateral force 18/22

Environment €g Tz Anisotropic reciprocal material non-reciprocal material
Zl y v // InSh/Weyl
x Ef- €d lEf
= € , (24 or 4 — € ,(25
Body 2 €é,T, €2 P (24) €2 . p (25)
€f Ed_ —lEf €d
d Casimir lateral force acting on body 2
BOdy 1 ElpTl Fg(TliTZ) = j d(i) j dk"Flé((,(), k||!T1;T2)J (41)
(Isotropic) 0
PN . Fy(w,ky, Ty, Tp) = —Fi_,(w, ky, Ty) — Fyy (0, Ky, T2), (42)
Perfect electric

conductor
[ No photon exchange between

” 1] hk;
Fi(wky,Ty) = [n(w, T;) +§] 373 Fi_,(w, k), (43)

the two-body system and the
environment.

Bl (w, ky) = " [(_1)l (i - ﬁ;rnﬁm) Dim (i a R\IR\ZF) D;rm] ’ Uy < ko)

Ty = T, = T3 = T (Equilibrlim) Exchange | 7 [(—1)l (ﬁ;rn — ﬁm) D, (ﬁl _ R‘Zf) ﬁl’rme—zxzod] Uy > ko)
T, # T, (Non-equilibrium) function

, (44)
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g, = Casimir lateral force, reciprocal
¢ & [T Casimir lateral force is symmetric for reciprocal systems in equilibrium and non-equilibrium.
€ T F2"(w, klerl' TZ) = - 2”(0)' —k||,T1,T2), (45) F1_>2 FZ—>1 aF'1||_>2 + bFZ—>1
- d Symmetric for k;
Casimir lateral force R (o, k), (k)

In (w, k;) space
FZH (OJ, kll; T1, TZ: T3)

75
wn
o
wn

l

Lateral force does not occur in
equilibrium and nonequilibrium
for reciprocal systems.

°+ o f 777
L. -10 -5 0 5 10 -10_ -5 0 5 10
White lines: Normalized lateral wavevector Normalized lateral wavevector

Dispersion curves

[un

Normalized frequency
&

Normalized frequency
(=}
(421

Jun

Exchange function
Flon (0, ky)

=l )
F1—>2 ((1), kll) - F1—>2 ((,(), _kll) F2_>1(0) k||) - 2_,1((1), —k")
~0.01 0.1 —0.01 0.01

>15 - >15 -

& &

> >

3 1 3 1

g Zero g Zero

1< e

S S

p p

w w

0" . 0" .
-10 -5 0 5 10 -10 -5 0 5 10
ormalized lateral wavevector ormalized lateral wavevector




7:Casimir lateral force, non-reciprocal 20/22

24
€2 .. . .
Symmetry of the Casimir lateral force is broken for non-reciprocal systems
€1p in equilibrium and non- equilibrium.
. . ﬁ1‘|—>2 + FN'2”—>1 1—>2 + bF2—>1
Casimir lateral force Cancelled out

In (w, k;) space

| Asymmetric for k;
Fy(w, ky, Ty, T, T5)

Lateral force occurs in non-equilibrium

- :
Flon (0, ky) L5 . 15 i
S S
g 1 g 1
. = = InSb/Weyl
White lines: =05 = 0.5
Dispersion curves £ £
2 0 2 0
-10 -5 0 5 -10 -5 0

5 10
Normalized lateral wavevector Normalized lateral wavevector



Newton’s third law

ewton’s third law holds for every frequency and wavevector, as long as no exch
of photons occurs between the two-body system and the environment.

Casimir pressure: F{'(w, ky, Ty, Tz, T5) = —F3 (w, ky, T1, T, T3)

Casimir lateral force: F|(w,k;, Ty, T,) = —F)(w, ky, Ty, T)

Perfect electric

Body 2
€2 T,

conductor

Body 1
ElpTl

Equilibrium (T, =T, = T3) and
non-equilibrium (T, # T,)

]

T3

| Body 2
€2 T,

@ Bodyl
ElpTl

1

%

Equilibrium (T, =T, = Tg)/

No exchange of photons

21/22

Newton’s third law does
not hold.

T3

Body 2
€2 T,

“

Body 1
ElpTl

Non-equilibrium

ﬂninmuin)

Exchange of photons

The above is true for both reciprocal é,=¢5 and non-reciprocal é,=€5 materials.



Conclusions 2ale2

A brief overview of Casimir forces was presented.

Symmetry of Casimir forces in wavevector space was discussed. This understanding is helpful for
investigating Casimir forces using Weyl semimetals.
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