Fluctuation-induced forces:

from van-der-Waals to quantum friction
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Planck’s formula

Uy (w, T)AwAV - the energy in volume AV and frequency
iInterval Aw at temperature T
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* Close to the wall meansd <K A



Fluctuations in the near field

Near and Far Field of an
oscillating point dipole:

Near Field Far Field

y Close to the surface of a body there is a
r

fluctuating EM field of large intensity.
This field is evanescent.

Near Field: for r < A4



A microscopic picture of the thermal (and

quantum) fluctuations of the EM field

=(w) - The dielectric function
of the material

J(# t) - Fluctuating currents (noise)

<J>=0
Fluctuation-dissipation Theorem ( FDT)
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* In the classical limit (hw < kgT), coth[ ] _s 2kpT

2kgT hw

* Inthe T— 0 limit, coth [ kBT] 1.



Equations of stochastic electrodynamics
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* These equations, supplemented with the FDT, contain the
Planck law, the Casimir-Lifshitz forces and many other
things, including Nyquist noise in electrical circuits.



Infinite Uniform Medium

Consider transparent medium, Im E — O, \/Re E((,d) — ’n,((,d)

1 1 w?n? d(nw
u(w,T) = hw | = - 5 (nw)
2 ox hw 1 TeC dw
L P\ %pT |
For n — 1 Planck (plus the zero-point energy term)

Correlation function:

(E(7,w) - B* (7)) = 1 i (“’”R> coth ( o ) 5w — ')

2R c

Vacuum limit: n—1, T —0



Thermal EM fields close to a surface

r NS N\Ld

d is the distance from the surface of the sample.
Ford < A,

u(w,T,d) = Zug(w,1) (= )3Im o)l

wd/) |e(w)+1]?

For d > A —Planck, uy(w,T)



Passive near-field imaging

*From de Wilde et al, Nature, 444, 740 (2006)

Experimental sketch (a) and images (b, c, d) of
gold disks evaporated on a SiC substrate. (b),
Image taken with a camera through a NA =0.9
microscope objective with visible illumination.
(c), AFM topography of the gold structure on
SiC, and (d) Image recorded at T =170 °C,
showing the infrared near-field thermal
emission scattered by the tip.



Passive near-field imaging

Studied sample

Wavelength: 14.5 um

Passive far-field image Passive near-field image

Spatial resolution:15 prh

Univ. Tokyo — Komiyama group
arXiv: 1601.00368



Some phenomena related to the

evanescent thermal fields

1. Near field heat transfer

There are two modes for
AVAVAVAV: 4
AT exchange of heat between two
7 N v \/
NN NN~ B T r, | surfaces separated by vacuum:
“CANNAN conventional radiative heat
' transfer via propagatin
AVAVAVAVS - P -p g g
electromagnetic waves and

d d photon tunneling via

From Volokitin and Persson, Rev. Mod. Phys., (2007) evanescent waves.

*Crossover between the two regimes occurs for:
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Some phenomena related to the

evanescent thermal fields

2. Non—contact friction 3. Casimir-Lifshitz forces

al

Two bodies separated by a gap, d, A force between two bodies in
experience friction when one slides. equilibrium separated by a gap.



Fluctuation Induced Forces:

Van der Waals

2 ﬁsp(Fl,t)-spontaneously fluctuating dipole of atom 1.
2

x|

E(#,, t)-field created by this dipole at point 2. (E~1/R3)

7 Pina (s, ) = a3 (w)E(#, w) - the dipole induced in atom 2.

The interaction energy U(R) between ﬁsp and ﬁind is proportional to 1/R®.

We need the Fluctuation Dissipation Theorem:

hwea?(0
(PS%,,C)@ = ha''(w)coth ZZ‘;’T Fm “)0:7( )

* True for atoms, molecules or nanoparticles.

* No retardation - otherwise Casimir-Polder.



Lifshitz theory

I, elw
di T, e(w) A simple limit: a)i<<d<<%
0
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For ¢, >0, f=1 [ =— 7 he (casimir, 1948 )

240 d°
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Precision Measurement of the Casimir Force from 0.1 to 0.9 gm

U. Mohideen* and Anushree Roy

FIG. 1. Schematic diagram of the experimental setup. Appli-
cation of voltage to the piezo results in the movement of the

plate towards the sphere. The experiments were done at a pres- FIG. 2. Scanning electron microscope image of the metallized
sure of 50 mTorr and at room temperature. sphere mounted on a AFM cantilever.




Casimir force (10"°N)
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Atom - surface interaction

S Particle at distance z, from the surface.

e’0
g\ |z0 E (7, w)- fluctuating EM field at 7,

'S
X

(E*(70)) 0= ———coth

Ui(29) = — Oodwa(w)(Ez(To))w



Atom — surface interaction

Second contribution to U(z)
comes from the spontaneous
fluctuations of the dipole moment
of the atom.

Total force for a metallic surface,
in the low temperature limit

2 2
Drude model: &(w) =1 - —F wp = TR,

(w+1v)w’



Atom - surface interaction

E(20) = —2a(0) w2

8z0

w
— b
Wsp = 7 - Surface plasmon frequency

- Resonant frequency of the particle.
a(0) - Particle susceptibility
For an atom, at zy~10nm, F~107> pN
For a nanoparticle (R~10nm), F~10 pN

* Calculation can be extended to the case T

particle

surface



Non-Contact Friction

1) particle in vacuum, no friction

Vo
O
o
¢ KK i+ * 2) particle moving through the black body
9 00

°" o radiation experiences friction



Non-Contact Friction

Particle moving above a surface:
Non-contact friction.

L’f VO (T — 0 - quantum friction)

A lateral force F, appears: T — 0,

X

F. ~V, for V<V =z, ~10° cm/sec
F ~ V,2for V, >V

X



FIF in the presence of carrier drift

L, jo = enyV, - the dc current density
ZL, Z?o 170- carrier drift velocity
X l T, - temperature of the sample lattice

T,,- temperature of the particle

B.S., PRB 96 075407 (2017).

|s there any drag on the particle?

Is the Casimir - Lifshitz force modified?



FIF in the presence of carrier drift

E — E)O +E(7:>,t),
e(a), l_c)) =& (w) + eel(w, E)
g (w) = g (w) + 1&g/ (w),

— (1)2
(W, k) = ————=—F———
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? particle

' ' electron plasma drifting on the
(7 7 .
l background of the lattice




FIF in the presence of carrier drift

Model 1: spontaneous fluctuations originate in the electron plasma
(v#0,¢ =0) ForT - 0,

F,| | F oV (V, <V~ 10° cm/sec )

F, < I~ Vo > V,)

* Fx at maximum is comparable with Casimir-Lifshitz force



FIF in the presence of carrier drift

Model 2:

Spontaneous fluctuations originate in the lattice (g’ #

0,v=0)

Drag appears only if T, # T,

a(0) ¢ o’
F ~ ) & @, V, (T, -T) (V, < V.)

X 5 3
Zy

The drag force can have either sign.

Possible experiments



Conclusion

» All bodies are “dressed” by fluctuating EM fields.

» These fields give rise to phenomena like Casimir-

Lifshitz forces, non-contact friction, and more...




