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screening in electrolytes

o jons in solution form a

] *
diffuse layer around the
Charged partiC|e - X € . j" u acecharge(negative)@
o characteristic length: _ , [©5 Y Wi
Debye screening length A, & | p® ®
.. . ®
o electrostatic interaction |
between two particles
exponentially suppressed ¢ _ oo
for diStanceS > A‘D 0 Distance from particle surface

o Partial or total (?)
screening of the zero-
frequency contribution to
the Casimir interaction



screening in electrolytes

o Detalils of screening are
essential for
understanding the
Casimir interaction

between dielectric o Example: aqueous

materials across a polar solution; biological
liquid samples: A5 < 1 nm
o |s there any interaction
° Indeed, in this case zero- left at distances

frequency contribution
could be dominant
already at distances

> 100 nm as refractive
Indexes at positive

Matsubara frequencies
nearly match

> 100 nm ?
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Nonlocal response 1n aqueous solution

movable ions in solution * Non-local response

Bulk approximation: we ignore the presence of boundaries
when deriving the constitutive equations (Ohm’s law)

r’

real space  J(r) = /d3r’ o(r—r') - E(r)

Fourier J(K,w)=0K,w)  E(K,w) ‘

‘ K dependence/spatial dispersion

Related problem: non-local response of metals and the Casimir effect

Kats, Barton, Contreras-Reyes, Esquivel-Sirvent, Mochan, Svetovoy, Villareal,
Intravaia, Klimchitskaya, Mostepanenko, Henkel

vdW with aqueous solution: B. Davies and B. W. Ninham, J. Chem. Phys. (1972)



Nonlocal response

Electrodynamics in the aqueous solution: movable ions

)
E=¢l+—0
w

Hydrodynamical model

2
Wp

w + i)

Transverse permittivity ¢;(w) = e (w) — o

Longitudinal permittivity: nonlocal, Debye screening length A,

w(w =+ 1 \2 -
«Kw) = afw) - (57 - 20 pe)

B. Davies and B. W. Ninham, J. Chem. Phys. (1972)



Screening of the Casimir force

Casimir interaction across an electrolyte

kpT
Scattering formula: sum over Matsubara frequenc1es & = =2r—2—p

F = k:BTAZ /

M, = Re_’CL Re"CL

re 0 0
R=10 17, ry

0 T Op Typ
describes the coupling between TM-

polarized transverse waves (p) and ' I
longitudinal waves

- lndet(1 — M,) : aqueous solution§

N
V.

plasma frequency for ions:  only zero-frequency contribution is modified

wp K kgTlh * no coupling between TM and longitudinal channels

PAMN, Rosa, Pires, Moraes, Canaguier-Durand, Guérout, Lambrecht, Reynaud,
EPJD (2019)



Screening of the Casimir force

Parallel planar
interfaces

pa
~

A\

® zcro-frequency limit of the 6 VE? 4+ 1/0% — ek
longitudinal reflection amplitude: “ e/ k2 + 1/0% + eak

© Scattering approach: screened longitudinal contribution and non-screened
transverse magnetic (TM) one [ Apéry’s constant {(3) =~ 1.20 |

Frn—o kBT 3 d’k N/ IRTY

n=0 _ {_ Gl )2 +/ ~In (1 e 2,/k +1/)\DL)]

A 2 8L (27)

© Previous result, from fluctuational electrostatics: zero-frequency completely
screened. Mitchell & Richmond (1974), Mahanty & Ninham 1976, Parsegian 2006

FLE(])B k'BT d2k 2 2 k2—|—1 2
n=0 __ o —24/ /A7 L
T = 2 g (1= rhe o)

Maia Neto, Rosa, Pires, Moraes, Canaguier-Durand, Guérout, Lambrecht, Reynaud

EPJD (2019)



Screening of the Casimir force

two dielectric spheres

© We assume L > A, = longitudinal
contribution completely supressed
by screening

© More general case: see Larissa
Inacio’s poster

© The only nonzero contribution
modified by the ions is the zero-

frequency transverse magnetic
contribution R\R, 100 . |
- effective radius R 4 = g _ ' |
R1 + R2 = - proximity force: (L/Reff)_1 dipole-plane
~ - n
© Free energy F,_,/kgT is an L:E :
universal function of 2 1o :
i 1 0.04
R\R |
"= Jlr;)z AND X = L/R 4 S B b oth: B
1 2
0.01 0.1 1 10
L/R ¢

Schoger, Spreng, Ingold, Maia Neto, Reynaud, Phys Rev Lett 2022



Screening of the Casimir force

two dielectric
spheres

R\R,
R+ R,

- effective radius R 4 =

© Free energy &, _y/kgT is an
universal function of
__ Rir, _
"= Ry RE MWD XS L/R g
© Better representation: conformally-
invariant parameter (Fosco,

Lombardo & Mazzitelli)
X
=1l+x+u—
g 2

© Similar universal function for Drude- _
vacuum-Drude configuration: 0ol o1 T
Bimonte & Emig, Schoger & Ingold y — 1

Schoger, Spreng, Ingold, Maia Neto, Reynaud, Phys Rev Lett 2022
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Optical Tweezers

Optical trap with a single
strongly focused laser
beam...

-» "optical tweezers”

IHO

High-NA

objective

R

NA — Nwater Sin(H())




Optical Tweezers Lab 1n Rio




Optical Tweezers

Typically a ~ A === need many multipole terms (beyond
dipole approximation) — Mie scattering regime

Physical picture in the ray optics regime a >> A

refracted rays: force towards
the focus (‘gradient force’) ...

reflected rays: radiation pressure
pushing along the propagation
direction




Screening of the Casimir interaction

Motivation: Casimir force experiments with Optical Tweezers

material of the trapped microsphere must have
refractive index slighlty higher than external
medium @ laser wavelength - silica in water

v

materials allowing for trapping are such that
positive Matsubara frequencies provide
relatively small contribution

v




Measuring the Casimir interaction

Casimir (van der Waals) experiments with Optical Tweezers

trap stiffness k& « laser power P
— can be tuned to very small values

k ~ fN/nm
— Casimir interaction:
measuring fN forces between silica radiation pressure of the
microspheres in aqueous solution quantum electromagnetic
at distances ~ 100 nm field modes in thermal
equilibrium

Typical (usually AFM) measurements of the van-der-Waals/Casimir
interaction across an electrolyte (polar liquid)
o metallic surfaces: distance ~ 100 nm (Munday, Palasantzas, Svetovoy,
Ciliberto,...)
o dielectric surfaces: distance ~ 1 nm (Borkovec, Trefalt,...)
In both cases, Matsubara zero frequency contribution is usually negligible,
and so is screening!




Measuring the Casimir force

silica

—)

Coverslip

D. S. Ether Jr, L. B. Pires, S. Umrath et al., EPL 112, 44001 (2015)



Measuring the Casimir force

Xeq = equilibrium
position of sphere center

F:kXeq

Coverslip

D. S. Ether Jr, L. B. Pires, S. Umrath et al., EPL 112, 44001 (2015)



measuring the interaction energy from fluctuations

Fluctuations of a trapped
sphere near a bigger sphere
attached to the glass slide

lelosls[@Lo@IN =Gk Ol

<
| 444x388 1.33X 32-bit RGB image 57,57,57 (340,164) ”

(b) Inverted Microscope
LED
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|solated trapped sphere:
Brownian fluctuations at
thermal equilibrium

Probability Density (,um")

8.
" bin size =4 nm

LT

- -

measuring the fluctuations
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Brownian and Stokes calibrations

Since the trapping beam is circularly polarized, we expect k, = k,

theory (no  ° :y
fitting!) =
rel Sl — Brownian (interaction runs!)
1
10 20 50 100

P(mW)

thermal equibrium!

L. B. Pires, D. S. Ether Jr, B. Spreng et al., Phys Rev Res. 2021



measuring the interaction energy from fluctuations

each run: 5000 frames
sampling time = 100 ms
correlation time @ 1 micron: 7 = yy,,,/k = 100 ms

exposure time = 1 ms

HRSEM images of silica microspheres

Radii: /
Ry = (11,74 +0,09) pm \
Ry = (2,35 £ 0,02) um \

<)




measuring the interaction energy from fluctuations

Low salt concentration: 12 = €4
Debye length 10 | g gg;
Ap ~ 30 nm -

< Q
8 =

S5

* several runs 02 03 0.4 0.5 0.6

- - ' L(pm)
subtract optical potential ) 1], s - s s
SITTITTIA LN T3] 111.111 1}
: _ 0- s anlalammmal rmmI! Tretlt
® o @ » o . | n=0,1.23.. i 1
- 0.20 0.25 030 035 040 045 0.50

L(pm)

TABLE II: Parameters employed for the curve fit of the mea-
sured interaction energy: charge density o and Debye screen-
ing length Ap. In addition to the double-layer interaction en-
ergy (3), we also consider the Casimir interaction either with
or without the zero-frequency TM contribution.

Casimir model o (mC/m?) Ap (nm)
n=1,2. .. —17+03 25.0 £ 0.9
: n=0,1,2,.. —0.8+0.1 29.3 + 0.6

L. B. Pires, D. S. Ether Jr, B. Spreng et al., Phys Rev Res. 2021



measuring the interaction energy from fluctuations

High salt concentration (0.22 M): Casimir potential versus distance
Debye screening length 4, = 0.64 nm |
without zero-freq. TM
* several runs I bbb |
* subtract optical potential ~ ; A
Ly A
no fitting!! | with zero-freq. TM
o 0.2 0.3 0.4 0.5 0.6 ‘
Casimir force L (um)

F, int (fN)

proximity force approximation

04 0.5 0.6 0.7 0.8 09
L (pm)

L. B. Pires, D. S. Ether Jr, B. Spreng et al., Phys Rev Res. 2021
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Conclusion

Casimir interaction between dielectric microspheres in aqueous
solution: contribution from transverse magnetic polarization
at zero frequency

o unscreened !

~ interaction 1s of a longer range than
previously thought

© zero frequency dominant at distances >
100 nm

~ universal function of geometric aspect
ratios

- interaction energy ~ kg1 at L/R 4 ~ 0.1

~ measured with optical tweezers for silica

microspheres 1n the distance range 200 -
500 nm



Measuring the Casimir force

Luis Pires Diney Ether |r



Luis Pires

Optical Tweezers UFR]

3
-
,. /
) V4
A /

WL

Ricardo Decca
IUPUI
Indianapolis
USA

Diney Ether

—

Nathan Viaa

_/

Kaina Diniz
Fran Gomez

Arthur Luna



UG O H. Moyses Nussenzveig

Instituto de Ciencias Susana Frases

. , 4. Instituto de Fisica
Biomedicas -UFRJ Instituto de Biofisica

Carlos Chagas Filho -
UFR]

Glauber Araujo (D)

Instituto de Biofisica Carlos Chagas
Filho - UFR]



Theory

IFR] Uni. Augsburg LKB - ENS - Sorbonne
Rafael Dutra Benjamin Spreng Serge Reynaud

Gert Ingold Astrid Lambrecht
UFR| Tanja Schoger Antoine Canaguier-Durand
Felipe S. Rosa Stefan Umrath Romain Guerout
EPFL LPTMC - Sorbonne

Anne-Florence Bitbol Helene Berthoumieux



Funding:

»

FAPERJ

Pronex - FAPEMIG

NCT/FAPESP - Complex Fluids

> PICS, Convergence Internationale (France)
e CNPq CAPES: PROBRAL (DAAD-

Germany)
€ KITP - UCSB

 ® ® ®

Thank you!



Mie theory of image formation

aligning the sphere centers:
image contains info about z
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sensitivity of the position measurement
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FIG. 7. Microsphere position versus time. A silica microsphere
1s adhered to the cover slip, which is driven laterally by 5 nm every
2 s with the help of a piezoelectric nanopositioning system.




Screening of the Casimir force

Numerical example| Polystyrene - aqueous solution - Polystyrene 7 = 293 K

Lorentz model for water and polystyrene - parameters taken from P.J.
van Zwol and G. Palasantzas, PRA 81, 062502 (2010)

F
2 PP
Hamaker constant : H = — 12z L
2.5 polystyreneé :gﬁft?;ls Epolystyrene
Q 2.0t L
~ [ —
T 1o Ap =1nm
Ap =10 nm\
1.0¢ \
0.1 05 1 5 10 50 100

Lik,

Maia Neto, Rosa, Pires, Moraes, Canaguier-Durand, Guérout, Lambrecht, Reynaud

EPJD (2019)



