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Abstract

Light carries linear momentum and can therefore exert a radiation force on
the objects that it encounters. This established fact enabled optical manipula-
tion of micro/nano-sized objects, as well as macroscopic objects such as solar
sails, among many other important applications. While these efforts benefit
from the average value of light’s linear momentum, in this article, we propose
exploiting the temporal variation of light’s linear momentum to achieve an
oscillatory force of microNewton amplitude and picosecond period. We vali-
date our proposal by analytical calculations and time domain simulations of
Maxwell’s equations in the case of a high-index quarter-wave slab irradiated
by a terahertz plane electromagnetic wave. In particular, we show that for
plane wave terahertz light of electric field amplitude 5000 V/m and frequency
4.8 THz, an oscillatory radiation pressure of amplitude 1.8 x 10™* N/m? and
0.1 ps period can be achieved.
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1. Introduction

Recent developments in micro and nano technologies have made it essential to
devise elements suitable for nano/micro scale applications such as miniaturized
machines that enable the manipulation of nano/micro sized objects [1] [2]. Var-
ious approaches have been developed ranging from optical [3] [4] [5] to op-

to-thermal [6], photophoretic [7], chemical [8] [9], nanofluidic [10], and even

carbon nanotubes based approaches [11]. The majority of such efforts focus on
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optical tweezing, transport, and rotational manipulation, with fewer approaches
addressing the vibrational control. The optical approaches to manipulate objects
rely on the transfer of linear and/or angular momentum to matter [12] [13]. In
particular, when light falls normally on a perfectly reflecting object, the average
linear momentum that it carries pushes the object along light’s propagation di-
rection, and imparts it with an average linear momentum which is double that of
incident light, due to the conservation of linear momentum involved in the ref-
lection. However, for light of frequency £ the linear momentum density field p
also oscillates in time around a nonzero average value at a frequency 2£ Al-
though this oscillation in light’s instantaneous linear momentum is too weak to
produce macroscopic effects, we demonstrate theoretically, in this article how it
may be exploited to produce oscillatory forces of pN amplitude that could be
beneficial at the micro scale. While existing optical, opto-thermal, and photo-
phoretic approaches to vibrational manipulation make use of inhomogeneous
beams, such as strongly focused laser beams and helical light beams, our ap-

proach requires simply linearly polarized plane wave light.

2. Concept of Proposed Approach

We consider an x polarized plane electromagnetic (EM) wave propagating along
the y direction in a medium of refractive index n, such that its electric field vec-
tor is described by:

E (r,t)=iE,sin(2nf (t - y/v)), (1)

where E_ is the electric field amplitude and v(= c/ n) is the speed of light in

the medium. Such a wave carries a linear momentum density [14] [15]
p=S8/v' = ExB/(w"), 2)

where § is the Poynting vector, B is the magnetic field, and , is the mag-
netic permeability (equal to the free space one 4, =4nx10" T-m/A since the
medium is nonmagnetic). In particular, the y component of the linear momen-
tum density field is given by p, (r,t)z(nz/(ﬂoc2 ))(_Esz) since £ =0.
This linear momentum density component p, oscillates in time between 0 and
n'E’ / ( ,uoc3). Since E and B oscillate in time at light’s frequency £ then
p, (N Esz) oscillates at double this frequency. Moreover, since light ex-
changes linear momentum with matter when it falls on it, then, it is possible to
have matter’s linear momentum acquire such an oscillatory behavior at a fre-
quency 2£ Such an oscillatory linear momentum also corresponds to an oscilla-
tory force of frequency 2£ For example, if one aims to have an oscillatory force
of period 0.1 ps, then f needs to be 4.835 THz, corresponding to a period
T=1/f=0.2ps, and a vacuum wavelength 1 of 62 um, suitable for micro-

scale applications.

3. Methods, Discussion and Results

We consider a quarter-wave slab of refractive index n,, and thickness
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Ay = ﬁ/ (4ng,, ) , which features significant reflection of incident light (and hence
a significant transferred linear momentum) when 7, is high. For example,
for GeTe, which has ng,, =7.3 and x,, =0 [16] [17], the quarter wave slab
thickness is 2.1 pm for a terahertz light of wavelength 62 pum. Shorter wave-
lengths could be used if thinner slabs are desired, but in this case, the period of
the oscillatory force will be shorter. The slab is taken to have a square cross sec-
tion of dimension w=204=1240um, and is surrounded by air regions above
and below it. An x polarized plane electromagnetic wave source, whose electric
field is described by Equation (1) is turned on at =0 and is applied from a
distance 104 below the slab; this 104 distance will enable us to observe the oscil-
latory force on the slab over a time interval of 107 after light reaches it. We
therefore focus our attention on a computational domain whose two dimension-
al (2D) cross section is depicted in Figure 1, extending by w=201 along xand
by (204+Ay) along y.

In order to calculate the oscillatory force F), (t) on the slab, we perform two
calculations for the y component of light’s linear momentum density field: once
in the presence of the slab (we denote it by p, ;. (r,t) ), and another time in the
absence of the slab (we denote it by pi\l(l’fglﬁf (r,)). Then, in each calculation, we
integrate the obtained linear momentum density field over the whole computa-

tional domain, and we obtain the y components P, (1) and P\ (f) of

light’s total linear momentum in the presence of the slab and in its absence, re-
spectively. From conservation of linear momentum, the y component of the

slab’s linear momentum is

ij,slab (t) = R'Ijll(l:ﬁb (t) - f)y,light (t)’ (3)

and the oscillatory radiation force component £, () on the slab is
Fy,slab (t) = de,slab /df :

Since it takes light a time of 107 (after source turn on) to reach the slab, it is
evident that no radiation force acts on the slab in this time interval 0<¢<107 .
In this case, P, i (r,t) is nonzero only for y <ct, and as per Equation (2), is

given by

k— w=201 T

slab (n_,)
A
r 10
tel |
E
y= 0 O X

Figure 1. Schematic of the computational domain showing the quarter-wave slab
surrounded by air. The incident wave is shown to propagate along y with its E field
polarized along the xaxis.
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EH .
Pyt = %sm2 (w1 —k,y)O(ct—y)

(4)
E,H
S [1-cos(2k,y—2at) |O(ct - y),

where @=2nf is the angular frequency, k, =2n/1 is the free space angular

En.
wave number, H, :ﬂ, and @(Ct— y) is the step function (equal to 1 for
cu,

y<ct and zero otherwise). Integrating this expression for p, ., over the

computational domain yields:

Noslab _
Py,light (t) - Py,light 262 2%

()= E,H,w {d_ Sin(Zwt)} -
and P ., (t) =0.

After 107 from source turn on, the incident light, carrying an oscillatory li-
near momentum, starts to get continually reflected from the slab, and therefore,
it keeps periodically imparting the slab with the same additional linear momen-
tum every 7/2. We therefore expect the slab to acquire an oscillatory linear mo-
mentum whose average value keeps building up and increasing linearly with
time, which corresponds to an oscillatory radiation force of nonzero average
value. To understand this behavior analytically, we obtain expressions for
Py sight (r,t) and pi\li’fglﬁ:’ (r,t ) in the regions below, above, and inside the slab
over the time interval 117 <7<207. Since the main contribution to P, (1)
will be from the air regions above and below the slab, we may approximately

write:

1027 Nodla 202 ol
Py,slab (t) ~w Uy:o(p;“glh? T Pylight )dy +I :1o+/1A+yAy(p§“glh? ™ Pytigh )dy:|. ©

y

In the air region below the slab (0 < y <104 ), we have [18]:
Noslab __ EuHo

Vi =3 [1 —cos(2kﬂy—2a)t)}, (7)
and
EH
Dy tight = _2002 0 {[1 —cos (2k0y - 2a)t):|
2 8)
_( 2r2 j [l—cos(2kuy+2wt)}®(y—201+ct) ,
I+7
where =23 it ¢ he amplitude reflection coefficient for the electric field
Moty + My

(r=0.76 for ny, =7.3), and the step function is used to take into considera-
tion the fact that, at time £ there is no reflected light yetat y <204 —ct .
Similarly, in the air region above the slab (104 +Ay < y <201+ Ay ), we get:

. EH
P 2—2" -2 [1—cos(2k0y—2a)t)]®(ct—y), (9)
c
and
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Pytignt =

EH,(1-7
1+r

—a 2) [1-cos(2k,y—20t) |O(ct - y). (10)

Substracting the above densities and then integrating over their corresponding

regions gives the following approximate expression for P, (l) :

2 2 (2
}fv,slab(t)gEoH_oW{[ 2r2j {ct_m/l_sm( a)t)}

2¢2 l+7 2k

o

+ 1—[;:2] (ct—104-Ay) (11)

>

E H W -2 Y sin (2k,Ay —2ct )
+ 2 1- 2
2c 1+r 2k

o

which is consistent with the expected oscillatory behavior for P,

(1) around
a linearly increasing average value. Differentiating with respect to time yields an

approximation for the oscillatory radiation force P (t) acting on the slab

y,slab

and having an average value

EHW|( 2r Y -2 Y
F =—2_92 +1- . 12
< ,V»Slab> 202 (1+I"2j [1+r2 ( )

The corresponding average radiation pressure on the slab is <Fy33,ab > / w .

To validate the above analytical approximations, we performed numerical
time domain simuations of Maxwell’s equations based on the finite element me-
thod (locally available software) over the 2D computational domain depicted in
Figure 2. Apart from the y =0 boundary where the source of Equation (1) is
applied and turned on at ¢=0, radiation (second order absorbing) boundary
condition [19] is used at the remaining domain boundaries. Given the
204 x (202 + Ay) domain size, we limited the simulation time over the interval
ranging from 7=0 to ¢=207, and we computed the electric and magnetic

fields at each time step (step size =0.057"). The y component p, ., of light’s

—~ 4.0 4.0
“E : —Pyv,lgm(t)/wz: No slab 264
2 359 [ Pyign(t)w?: Slab present (‘E 301
% 301 Pyaan(0/w* % 0
r = 244
g 2.5 S 5o
] ©

8 204 S 161
<3 =

£ 5 424
g 1.54 5

2 2 0.8
é 104 % 04
& 0.5 { > 0.0
£ 04

001 : 038 IS

00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
time (ps) time (ps)

(a) (b)

Figure 2. (a) Plot showing the temporal dependence of the y component of linear
momentum (for light and for the slab) per unit cross sectional area A4 =w"; (b) Plot of
the y component of the oscillatory force acting on the slab per unit area. Steady state
oscillations are reached after around 3 ps.
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linear momentum density field was then evaluated everywhere in the domain at

each time step (by using Equation (2)), and then P, was integrated over the

Jlight
2D computational domain at each time step to yield the y component of light’s
linear momentum per unit depth along z which, when multiplied by w; gives

P

) light (t) . The same simulation and procedure were then repeated with the slab

being replaced by air, in order to obtain light’s linear momentum component

per unit zlength in the absence of the slab, which again, when multiplied by w;

Noslab
Py,light

gives (t) The slab’s linear momentum was then computed by using Eq-
uation (3), and then differentiated to give the force component FJ (t) on the
slab.

In Figure 2(a), we show the numerical results for the temporal dependence of
light’s linear momentum per unit cross sectional area (A4 = w?) both in the
presence and absence of the slab, in the case when E, =5000 V/m. We also
show how the slab’s linear momentum per unit area varies with time. The results
are consistent with the analytical expressions and the predicted behavior; soon
after light reaches the slab, the slab’s linear momentum acquires an oscillatory
behavior with an average value that keeps building up linearly with time. In
Figure 2(b), we show, for the same parameters of Figure 2(a), the oscillatory
behavior for the radiation force per unit area (radiation pressure) acting on the
slab. As expected, the force is oscillatory around a nonzero average value, and if
one is interested in obtaining an oscillatory slab motion, then one needs to apply
an external steady force equal and opposite to this average value, so as to keep
only an oscillatory behavior for the radiation force around a zero average value,
corresponding to a simple harmonic motion (SHM) of frequency 2£ For
E, =5000 V/m, the amplitude of this oscillatory radiation force per unit area
(radiation pressure) is 1.8 x 107 N/m?, which for a slab of square cross section
and dimension w=2041, corresponds to a force amplitude of 0.11 pN. This
force amplitude can be adjusted by changing E,, since it is proportional to E..
Also, oscillations at other frequencies can be achieved by rescaling the slab’s
thickness.

4. Conclusion

In conclusion, we exploited the temporal variations of light’s linear momentum
together with conservation of linear momentum to propose a method of achiev-
ing an oscillatory force of pN amplitude and sub-picosecond period. We vali-
dated the proposed approach numerically by finite element simulations in which
the instantaneous linear momentum density field is computed from the electric
and magnetic fields at each time step, and is then integrated over space to obtain
light’s linear momentum at each moment of time. The proposed approach could
be of relevance to medical applications and also to mechanical microdevices re-

quiring terahertz mechanical oscillations.
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