Armenian Journal of Physics, 2008, vol. 1, issue 4, pp. 229-233

THE FORCE ACTING ON A POLARIZABLE NANOPARTICLE IN
THE QUANTIZED ELECTROMAGNETIC FIELD

V.E. MKkrtchian

Institute for Physical Research, Armenian National Academy of Sciences, Ashtarak,
Republic of Armenia

Received December 14, 2008

We derive an expression for the force acting on a small (still macroscopic) particle in the field of the
quantized electromagnetic radiation in any arbitrary quantum state. This result unifies in one simple
formula all known expressions for the forces (i.e. van der Waals or frictional) acting on a small particle.
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1. Introduction

Growing successes in nanotechnologies and possibility of non-contact control of
nanoparticles by optical tweezers [1,2] or by usage of effects of quantum friction [3]
stimulate investigations of the force acting on a polarizable nanoparticle in the external
electromagnetic field for the states of the field out of equilibrium. Inclusion in
consideration of nonequilibrium states is stipulated by the possibility of tuning the
interaction in both strength and sign [4,5].

The problem of the mechanical force acting on a small neutral particle or on an atom
with the electromagnetic field in equilibrium is well understood [6]. Meanwhile the same
problem for the nonequilibrium states of the field is solved only in a special case when
usage of the fluctuation-dissipation theorem provides an opportunity in "construction" of
a "hot" half-space [4,5].

In this paper we derive an expression for the force acting on a small (still
macroscopic) particle (which we will call nanoparticle) in the field of the quantized
electromagnetic radiation in any arbitrary quantum state. This result provides an
opportunity to unify in one expression for the force the all known results related to the
problem. As the simplest consequence of the generalization we recover expressions for
particle-wall interaction force and expression for the frictional force acting on a moving
particle in the field of blackbody radiation.

2. Expression for the force

Compared with the case of atom-field interaction problem the case of macroscopic
nanoparticle permits a very important approximation, i.e., in this case for moderate
intensities we can ignore dynamics of the particle under influence of the external
electromagnetic field and suppose that the particle stays in its initial state (local
thermodynamic equilibrium) during all the time of interaction with the external field.
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Besides, in case of nanoparticles the characteristic size of the particle is much smaller
than the wavelength of radiation (for thermal fields relevant wavelengths are of the order
27c/T'), so we can solve the problem in the Rayleigh regime [7], i.e., we may ignore the
change of external field in the volume of the particle and suppose that the particle
behaves as a single electric dipole.

In electric-dipole approximation the force of radiation on a neutral particle located at
the point 7, is given by [8]

P 0= 6<5(t)é(f,t)>w . (0

A

Taking interaction V of the electromagnetic field with a dipole in the form ¥ = —dE(F,),

A
=

we can evaluate <g (t)E (f,t)> in formula (1) using the Keldysh technique [9]:

(a0E(e.0) = (7). ),

where

o=1,2

S.=T. exp[ > (-1)i J.I}(z'")dr"} :
Then, in the first order of interaction ¥ we find

<§(t)§(-f,z)> =S )T (a7, 0 )6 ), @)

o=1,2

where
D" (7,t;F,.7) = —0,0.D" (F.1:F,.7),
c
D* (17 ,t;?A,f) is the photon propagator
b, (7,157, 7)== T AF.1)4, 7, 7)
in the Dzyaloshinskii gauge (¢ =0) and

a(1,0) =1 (Y )

is the particle propagator in the interaction picture.
After the Keldysh transformation [9,10]

G* = %[GK +(=1" G+ (-1 GR],
in (2) we come to the expression
<3(t)é(f,t)> _ %Terr[ﬁ'K (17,08 (r.0)+ D" (717, 0)a" (2.0)],
which for stationary states of_o‘:he electromagnetic field, i.e., when
DA 7,7)= | g—je_i‘”(’_’)ﬁK'R(w;F,FA),

is reduced to a time-independent quantity and then for the force (1) we find
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40 2

= d . = A N, = .

F(rA):iJ. a; ?Tr[aA(a))VDK(a);r,rA)+ aK(a))VDR(a);r,rA)] : (3)
S F=Fy

Further on we will suppose that the particle stays in a local thermodynamic equilibrium

at temperature 7' during the interaction with electromagnetic field, therefore the Keldysh

function of the particle is given by

~K A R AR
a (a))—choth(szIma (a)) 4)

Expression (3) (with (4)) for the force acting on a small particle in the external
electromagnetic field in any arbitrary quantum state is the main result of this paper. This
expression also contains all the previous results related to the problem.

3. Casimir--Polder interaction with the wall

As known, in the case of the global equilibrium

ﬁK(w;F,FA):2ic0th(%)lml§R(a);?,?A) : (5)
Expressions (3)-(4) result in the force acting on the particle in equilibrium [11]:
N fodo 1 AR NS AR
F(I”A)Z I—ZWImTr[O{R(a))VDR(a),r,rA)] . (6)

Using analytical properties of the retarded functions &®, D® in the integrand, we can
simplify expression (6) representing it as a sum over imaginary frequencies. In fact,
replacing the integration over real frequencies ® by the integration in the complex upper
half-plane and then using the residue theorem, we come to the Matsubara representation
of the force in equilibrium [12]:

F(F)=T> 2=, Triali¢ VD¢ ;7,7 ..., (k,=¢,/c). (7)

5=0
As a simple application of this expression let us consider the interaction force of the
particle with a dielectric half-spacez < 0. Inserting the expression for the temperature
Green’s function lﬁ(z’éﬁ .;7,7,) [13], we find for the unique nonzero z-component of the

force (7)

F;(ZA)ZZi(l_%5s,0jjlngEl[R_§}ZWOZA , (8)
7 s=0
R="0"0 3 2 (6 ) n e, ic). ©.)
Wy + W ; )
R = %{hz% (i¢)+wholn e, (12 )+ n e, ()] (9.b)

where w, =k’ + k>, w=+/e(i k> +k,* and 7= la /k, . For the isotropic particle

a; = 6;a and expressions (8), (9) coincide with the well-known result [14]

231



Armenian Journal of Physics, 2008, vol. 1, issue 4

Fe) =TS (2= 8., K alic,) | pdpe [+ (1-2p°F]
5=0 0

where

r

p—s _ 5(1’{ )p—s ) 2
= = S = —1 .
prs | Eic)prs elig.)=t+p

4. Frictional force in free space

As an application of our result (3) to the case of frictional forces let us consider the
simplest problem: frictional force acting on the moving particle in the field of blackbody
radiation [15]. In the case of free electromagnetic field the retarded (advanced) function
depends on the difference of coordinates [16] and

im D* (w3 )= 7(k [5 (0 + ck) - 5(e0 — ck), (10)

Tij(]€): 27:2 (dy - k]ﬁj ]

In the reference system of the particle moving uniformly with a velocity v (relative to the
blackbody radiation) the photon distribution function depends also on the photon

momentum & and is given by
- w—kv
h\w, k |= coth 11
(0.) [ - ] (n

and for the Keldysh function we can use the expression

lA)K(co;lz)z 2ih(a),l€)lmlA)R(a);l€). (12)

In this case we get for the force (3):

v ¢ odo
F = . 13.
' 27rc5T-!‘sinh2(a)/2T)f‘(a))’ (13.2)
f(@)=21mbo Trdlo)- e, (0)+ 6., (0)+ d.a (o)} . (13)

For isotropic polarization ¢, = 6,&

£(0)=5.5 mafw),

and for the force acting on the particle (in the frame of particle) we find [17,18]

— +00

Fo Y J.da) o’ Ima(w)

sinh®(e/2T)
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To conclude, we derive an expression for the interaction force of a small particle with
the quantized electromagnetic field in nonequilibrium regime. This result could be used
in the problems of noncontact control and alignment of nanoparticles in the thermal fields
out of equilibrium. Besides, the result provides an opportunity to unify in one expression
for the force all known results related to the problem, i.e. the Van der Waals interactions
of the particle with surroundings and frictional forces acting on the moving particle.
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