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ABSTRACT Recently a non-contact organization of sub-micron
colloidal particles in the vicinity of liquid—solid interface at-
tracted great attention in connection with the development of
imaging techniques using total internal reflection. We focus here
on the theoretical description of the optical forces acting on
a sub-micron particle placed in an interference field created by
two counter-propagating evanescent waves. We study the be-
havior of nanoparticles by means of Rayleigh approximation,
and also the behaviour of sub-micron particles by Lorentz—
Mie scattering theory. Numerical results show how these forces
depend on the particle size and angle of incidence of both
beams. The alternating dependence on the bead size was proven
experimentally, and the sub-micron beads behavior was exper-
imentally studied in the motional evanescent standing wave.
Self-organization of the beads into linear chains was also ob-
served.

PACS 42.25.-p; 42.50.Vk; 82.70.Dd

1 Introduction

The light reflected under condition of total inter-
nal reflection creates evanescent field (EF) in the optically
lessdense medium. This field (also called near-field) only in-
fluences objects located very close to the prism surface. The
significant feature of such a field is that it provides a two
dimensional cut of sub-wavelength thickness, parallel to the
surface of the prism, with the spatial variation of the field
smaller that the illumination wavelength. The open access to
the sample from the top in this geometry is very useful for
facilitating practical applications. Additionally, one may ob-
tain a field enhancement using surface plasmon resonances
in a thin metal layer [1]. Approximately two decades ago all
these properties led to the birth of a new type of optical mi-
croscopy with local probe — near field microscopy [2]. This
area is also a topic of high interest in studies of negative re-
fraction and superlensing [3]. In parallel with the evolution
of optical microscopy there has been a proliferation of ac-
tivity in optical trapping and manipulation methods [4]. This
has resulted in widespread studies in biology, particularly of
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molecular motors and has given new insights into colloidal
science.

The use of radiative fields for confinement, manipulation
and spatial organization of micro-objects is well-known and
widely used [4]. However EF has not been a subject of intense
investigation: Kawata et al. [5] observed that an EF created
above a prism by total internal reflection caused guiding of
polystyrene particles of micrometer size. In that paper the
effects of an evanescent wave on the surface area of a diam-
eter of 100 wm was studied. Subsequently, more work on the
near field was performed, micron-size particles were guided
along channelled waveguides [6, 7], spatial confinement of
a 1-2 pm single polystyrene microsphere was demonstrated
using an EF created by a TIR microscope objective [8]. Guid-
ing or organization of many microparticles was reported over
extended surface area of 1 mm [9], and nanoparticle confine-
ment and even sorting were proposed by patterned optical
near-field landscape [10]. Nanotip or nano-apertures were
proposed for three-dimensional nano object confinement and
manipulation [11-13]. A key attribute of the near field is the
ability to organize particles over a very large area.

The interference of two counter-propagating evanescent
waves creates an evanescent standing wave (ESW) above
the surface. The standing wave provides better conditions
for controlled axial particle localization due to strong gra-
dients of the electric field intensity [14]. The whole ESW
structure can be moved by altering the phase of one of the
incident waves, resulting in a near-field optical conveyor
belt (OCB). This is related to works in sliding standing
waves using radiative fields which have been exploited for
atom cooling and delivery using Gaussian beams [15, 16], or
quite recently for sub-micron particle delivery using Bessel
beams [17].

In this paper we present a method to calculate optical
forces acting on a nanoparticle and a sub-micron particle
placed into an EF created by two counter-propagating evanes-
cent waves. With respect to the Rayleigh approximation used,
we have to distinguish between Rayleigh particles (particle ra-
dius a < 1/20) and Mie particles (bigger). At the same time
we describe an interferometric system that provides confine-
ment and two-directional controllable delivery of particles of
sub-micrometer sizes. Experimentally, we study how the vel-
ocity of ESW movement influences the behavior of a bead
confined in the ESW.
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2 Theory

We are especially interested here, in how the in-
terference of several waves influences the behavior of a sub-
micron particle in a liquid close to the liquid—prism interface.
Therefore, we assume that the incident beams are linearly po-
larized plane waves that impact on a prism surface under the
conditions of total reflection. The chosen plane waves, instead
of using Gaussian beams, enabled considerable simplification
of the analytical description which substantially decreased
computational time but does not influence the principle phys-
ical conditions coming from the wave interference [18]. How-
ever, this approximation leads to the loss of all information
about the behavior of a particle in the direction perpendicu-
lar to the beam axis and the plane of incidence. We have
generalized the procedure given by Almaas [19] so that the
incident field does not lie along one of the coordinate axes.
Figure 1 shows the spatial configuration of the studied sys-
tem illuminated by a plane wave coming from an arbitrary
direction. The coordinate system is chosen so that the y-axis
is perpendicular to the surface and the x-axis is perpendicu-
lar to the plane of incidence and lies on the surface. The field
intensities of all waves are expressed in a joint coordinate
system (base vectors x, y, z). To calculate the field intensity
of the j-th wave we introduce orthonormal coordinate sys-
tems /x, Jy, /z, where Jy is identical to y; /x, /z are parallel to
the liquid—prism boundary; and ’y and ’z lie in the plane of
incidence.

Furthermore, we will deal with an EF created by one inci-
dent plane wave (j-th). The prefix superscript identifying the
wave is for simplicity omitted (in cases where possible). The
intensity of the incident field in the prism of refractive index
nyis EW; Eﬁl) is the field component lying in the plane of
incidence (p-polarization) and Eil) is the normal component
pointing in the positive /x direction (s-polarization). The com-
ponents E ﬁz) and E? of the electric field intensity E® refer
to the upper medium (liquid) with the refractive index n;. The
angle of incidence of the plane wave is 6;.

In terms of unit vectors /x,/y,’ z we get at arbitrary point in
the upper region

FIGURE 1

Orientation of a j-th incident plane wave and a prism. The in-
cidence angle of the wave is /0; and the plane of incidence is rotated by an
angle /4. The coordinate axes of the joint system and coordinate axis of the
Jj-th wave are also shown

E® =fxE(f) —i—ijﬁz) sin 92—-/zEﬁ2) cos 6y, (1)
where 6, is the refractive angle in the liquid. This angle is
imaginary if E® describes the evanescent wave. Let T} and
T, denote the ratio of the complex amplitudes of the field at
the interface [19], i.e.

| = 2D , T, = 0 ()
I lx=0 L Ix=0

In the case of total reflection, i.e. angle of incidence is bigger
than critical angle, the ratios 7} and 7', can be expressed in the
following way

2n51 cos 6
T, = , 3)
n3, cos 6 +1i,/sin? 0 —n3,
2 cos 0
T, = “4)

cos 0 +i,/sin? 0 —n3,

where ny; is the ratio of the refractive index of the liquid and
glass prism (1] = np/ny). The cosine and sine of the imagi-
nary angle 6, taking place in (1) were expressed using Snell’s
law as follows:

| .
sinf = —sinf;, cosb, = L sin? 0, —n%l . (5)
nyy naj
Furthermore, we introduce the following symbols
2 2
B= an,/sin291—n%1 , Y= an sin6 , (6)

where S is the dumping factor in the evanescent region and y
is the wave number of the evanescent wave propagating in the
Jz direction. The electric field intensity at an arbitrary point
above the interface is

E® = (xEo:+'yEoy+'2Eo;) x expo, (7)
where
EG) =T E, Ej = L EVsino,
) nai
€0=—,3jy+iyjz. (8)

Equations (7) and (8) describe the electric field in the coordi-
nate system given by unit vectors /x, 7y, /z. The field in joint
coordinates given by vectors x, y, z has the same formal shape
(7) but with the components rotated by an angle /v along the
y axis:

i
E(()i) = TLE(B cos Y — n—2lTHEﬁl),/sin2 01 —n3, sinyr,
1
E(()%) = —T”Eﬁl) sin91 s
T N2

. ! .
Ey) =T EV siny — —TyE|" /sin? 0, —n3, cos ¥/,
na|

@ =—By+iyxsinyy+iyzcosy. 9)



SILER et al. Optical forces generated by evanescent standing waves and their usage for sub-micron particle delivery 159
2.1 Forces acting on a Rayleigh particle
1350
The time-averaged force acting on a so called
Rayleigh particle (RP) having a radius ¢ much smaller than
the wavelength of the scattered light (a < A/20) can be de-
scribed analytically in a unified way using the following
expression [20, 21]: =
. E
oE : —

1
(Fg) = Fr = 7 0Em Re Z akE;
{=x,.2

% [ (10)

where & = x, y or z, respectively; g is the permittivity of
a vacuum, ey, = n3 is the relative permittivity of the surround-
ing medium, Re means a real value of the expression in brack-
ets, * is the complex conjugate value and « is a complex valued
polarizability of the object.

In the majority of previous studies concerning non-
absorbing particles o was considered as real and expressed by
a Lorentz—Lorenz formula (see (12)). In this case (10) gives
only a so called gradient force [22]. Draine [23] showed that
if the polarizability is a complex value in the form of (11),
the field radiation reaction is taken into account and conse-
quently the so-called scattering force is then an integral part
of the expression given by (10)':

213
_ oo _ o) . —Otok*
“= 1+gik3a0 - kSa +i 6o2\ an
3 4nm 1 367‘[2 67T 1 + ﬁ

where k = 271 sin 0] /Ay, and o is given by Lorentz—Lorenz
relation:

2
n3 —1

n§2+2

oy = 4na’ , (12)

where n3, = n3/n; is the ratio of the refractive index of the
particle n3 and the surrounding medium n,. After substitution
of (11) into (10) we obtain

1 oE* oE*
F,=—goem |’ Re | E —o"Im( E ,
2 8x,~ 8x,~

where Im means an imaginary value of the expression in
brackets and o and «” are the real and imaginary parts of «.
The force given by the first term in square brackets is a gradi-
ent force while the force given by the second term is a scatter-
ing force as discussed above. In the case of RP (a <« 1/20) we
getusing (11), (12):

(13)

2,3
!~ //,\,_O[Ok\
o o, oo,
o 2m?—1
« :'§m2+2(ka)3 <. (14)

This result also shows that for RP the scattering force is much
weaker than the gradient force.

1 On the contrary to Draine we assume that the field time dependence is
exp(iwt). Therefore we have to use addition instead of subtraction in the
denominator of (11).
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FIGURE 2 Force F; acting on a nanoparticle (radius a = 10 nm) placed on
the top of a prism (BK7 glass, n; = 1.5098) and illuminated by a single plane
wave (Ayac = 532 nm) linearly polarized perpendicular to the plane of inci-
dence (E; =1.8x 102 Vm™1). The dependence on the angle of incidence
01 and the refractive index ratio n3; = n3/na, np = 1.332 (water) is studied

2.1.1 Single incident plane wave. The prism s illuminated by
one plane wave, the electric field intensity of the evanescent
wave is given by (7). We will assume that angle v is equal to
zero, i.e. the coefficients taking place in (7) are given by (8).
The resulting force acting on a particle is expressed as

1
F = Zeoema x (xFox+y Foy +2Foc) x exp(=28y),  (15)
where Fp, = 0and
B .
Foy = —BITLPE? — I *E} (2sin6; —n3)) .
21
. iy .
Foz=—1y|TL|2Ei—nT|T”|2Eﬁ (2sin6; —n3,). (16)
21

Figure 2 shows how the z-component of the force (F;) acting
on RP depends on the angle of incidence 6, and the refractive
index ratio n3;. In Fig. 2 and all subsequent figures illustrat-
ing theoretical results, the amplitude of the electric field in-
tensity is set to E = 1.8 x 10> Vm~!. This value coincides
with the electric intensity in the center of the Gaussian laser
beam waist, the laser power is P = 1 W and the waist radius
wo =1 pm.

2.1.2 Two counter-propagating plane waves. In this case the
prism is illuminated by two counter-propagating plane waves
(WE and @ E . They have independent mutual polarizations
and independent intensities of their electric fields. We also as-
sume that these waves are coherent and interfere. The acting
force calculated using (10) is given by (15) with

Foy=2Bn3, [ITLPVELPE, — )PV EPE ] cos2yz
— Bl TP [VEL+ P EL]
—BITy P [VE]+ P E]] (2sin® 6 —n3,) .

Fo. =2yn3, [ITLPVELPE — |T)*VE|PE|]sin2yz
+iyng TP [P EL - VET]

+iy|Ty* [PEf — VE]] (2sin® 6 —n3)) . (17)
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The y and z components of the force acting on RP have a si-
nusoidal dependence along the z axis. Figure 3 shows the
dependence of the amplitude of force F; on the angle of inci-
dence 0, and the refractive index ratio n3,. One can see that
the amplitude is several orders of magnitude larger than the
force caused by the single wave. This is caused by the gradient
force taking place in the counter-propagating waves instead of
the scattering force in the single plane wave. If we neglect the
contribution of scattering force to the total force given by (15),
and (17), i.e. we neglect the imaginary part of Fy,, the result-
ing vectorial field is conservative and we define the potential
U((F=-VU)as:

1
U= 5808m0l x (—Upcos2yz — U;) x exp(—28y) , (18)

where

Up=n [ITLPVELPEL — TPV E@ E]

U = —,3|T||I2 [E(21)H + mEﬁ] (2 sin® 6, —n%l) .

The optical potential enables us to generally define the trap

stiffness « and trap depth AU. Let us focus only on the com-
ponent along z axis for trap stiffness,

oF,
0z

K; =

(19)

7=Zeq
where z¢q is the equilibrium position. In a sinusoidal potential
we obtain

K. = 2e0emary>Uy

=2epemay” [|ITLPVELPE, —|T)PVEPE]. (20

Trap depth is defined as the difference between the potential
energy at the edge and the bottom of the optical trap which

1072 N]

Fmax
z

q
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FIGURE 3 Amplitude of the z-component of force (F}"**) acting on
a nanoparticle (radius @ = 10nm) placed on the top of a prism (BK7
glass) and illuminated by two counter-propagating plane waves (Ayac =
532 nm) linearly polarized parallel to the plane of incidence ((VE; = PEj =
1.8 x 102 Vm~"). The dependence on angle of incidence #; and refractive
index ratio n3; is studied. Both waves are incident under the same angle.
Other parameters are the same as in Fig. 2

gives a sinusoidal potential

AU = goemaly = k./ 2y . 1)

2.2 Lorentz—Mie theory

Optical forces expressed within the Rayleigh ap-
proximation provide a useful insight into the behavior of
nanoparticles in the interference evanescent field. However,
Lorentz—Mie scattering theory has to be applied to predict
the behavior of bigger particles. The optical forces acting on
a spherical particle were presented by Barton et al. [24]. To
calculate these forces it is necessary to express the coeffi-
cients Ay, and By, in the expansion of the radial component of
the incident field to the spherical harmonics. The radial com-
ponent of the field given by (7), and (9) can be expressed in
a spherical coordinate system with its beginning at the center
of the sphere (similarly to [19]):

EP =E?sin® cosp+ EP sin9 sing+ E? cos v

= {TLEL (cos ¥ sin ¥ cos ¢ — sin Y cos )

1
- —TE, <i‘ /sin? 6; —n3, sin ¥ sin & cos ¢
nai
— sin @ sin® sing+1i,/sin? 6; — n3, cos Y cos ﬁ) }

X exp {—Ba sin ¥ sin ¢ 4 iya sin ¥ sin ¥ cos ¢
+iyacos y cos U}

x exp {—Byo+ iy sin ¥xg +1iy cos ¥zo} , (22)

where x, yo and zq are coordinates of the sphere center, ¥ and
¢ are polar and azimuthal angles. The coordinates x, y, z were
expressed using transformations

X =xp+asin?dsing,
y=yo+asincosg,

z=2Zzp+acosv. (23)

The radial component of the magnetic field can be derived
using the same procedure:

H? —

r

{—nngHl (cos i sin ¥ cos ¢ — sin ¥ cos ¥)

—T.H, (i,/sin2 61 —n3, sin ¥ sin & cos ¢
—sin6; sin & sin ¢ +i,/sin? 6 — n3, cos ¥ cos 19) }

X exp {—pa sin ¥ sin ¢ + iya sin i sin ¥ cos ¢
~+iyacos y cos ¥}

x exp {—Byo + iy sin Yxg+ iy cos ¥zo} . 24)

We calculated the coefficients Ay, and By, for a unit ampli-
tude of the incident wave and for bulk polarizations p and s,
i.e. we calculate the dimensionless coefficients Alﬁl, A }'m, B,ﬁl
and Ble Coefficients A, and By, of the incident wave with
arbitrary polarization are done as follows

A =EjA) +E AL

i+ By =HB) +H B . (25)
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To simplify the expressions of the coefficients A, and By, the
following substitutions are used:

ikarg = —Byo + iy siny¥xp + iy cos ¥zp ,
Ci=vyacosy,

C=ay/y?sin? y — B2,
C3 =,/sin291 —n%l s

@ = atanh <

ysimﬂ)’

/2
om = / do sin? 9 P}" (cos B) {f;fl} (C) cos )

x {e"® 1,1 (Casin®) + e® Jy11 (Casin®)},

/2
Im __ .2 m COS
05 = / d? sin“ 9P (cos ¥}) {isin} (Cycost})
0

x{e ™ Ju_1 (Casin®) — e Jpupy (Casind)},
/2

o = / do sin ¥ cos 9 P" (cos ) {1:01;1} (Cycost)
0
X 2Jm (Casin 9 , (26)

where P/" (x) is the associated Legendre function, the symbols

f

if /+m is even or odd, respectively. The coefficient A}'m is
given as follows:

Ap = exp(ikary), | —— ——
nol(l+ Dy (kaa) 47 (+m)!

x [sin6; Q1" + C3 sin Q4" +iCs cos v 04" ]

{f ;} (x) means that the function fj(x) or f>(x) are evaluated

27)

where 1;(x) is the Riccati—Bessel function and k, = 27wtn, /A,
The coefficient A,fn is given as follows:

L 2T, i"m em® . 204+ 1 (I —m)!
A = 105 Dyt PN T )
X [i cos wQI{” + sin wQém] . (28)

The dimensionless coefficients B,”m and Bj\ can be calculated
from coefficients A! A,fn using the following relations, see

Im>
(22) and (24):
T T
Bl =LAl gl = UL (29)
Ty T,

The coefficients A, and By, given by (25), (27)—(29) describe
an expansion of one wave incident on the bead to the spher-
ical harmonics. The total coefficients including all incident
waves are sums of these individual components. The conve-
nient result derived from (26)—(29) shows that the dependence
of coefficients Ay, and By, on the position of a bead center
is given only by term the exp(ik2ry) and does not depend on
the indices / and m. Moreover it does not depend on polariza-
tion of the wave either. This property is used to accelerate the
numerical computations. Figure 4 compares the forces acting
on a particle calculated by the Lorentz—Mie and Rayleigh the-
ory. The plot is shown for wave polarizations perpendicular to
the plane of incidence. One can see that for F), there is a good
agreement between both theories even for bead sizes as big as
90 nm. This is not true for F; where agreement within 10%
occurs only for nanoparticles smaller than 20 nm (a ~ A/20).
Figure 5 shows the amplitude of force F; acting on a Mie par-
ticle placed in the interference field, with dependence on the
angle of incidence and the particle radius. One can see that
there are certain sizes of beads that are not influenced by the
standing wave while there are other sizes that are strongly
influenced. Similar behavior has been observed in a stand-
ing Gaussian wave [25,26], a weak Gaussian standing wave

—— Rayleigh
Lorentz-Mie

10 x x * ‘ 10% F ‘
1
10 ¢
3 100
2 100} =
2 107
LTT 101 b —— Rayleigh R~
———————— Lorentz-Mie 4L
el | 10
7
6
— 5
X a4
S
S
2
1
0

FIGURE 4 Comparison of forces acting
on beads of different sizes calculated by
| Rayleigh and Lorentz—Mie theory. A polystyr-
ene bead (n3 = 1.57) in water on the top of
a BK7 prism is illuminated by a plane wave
h (Avac = 532nm) with polarization perpen-
dicular to the plane of incidence and incidence
angle 0 = 62°. Upper plots show y (left) and
z (right) components of the force in a logarith-
R mic scale (for the case of F) the logarithm of
the absolute value is plotted). The lower plots

a [nm]

show the relative difference in % of values ob-
tained by Rayleigh and Lorentz—Mie theories

a [nm] (‘SF = |FRayleigh — FLorentz-Mie |/|FLoremz—Mie |)
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FIGURE 5 Decadic logarithm of amplitude of z component of force F}"**
acting on a Mie particle placed in the interference field in dependence on
the angle of incidence and particle diameter. Both waves are incident under
the same angle 0; and they are polarized parallel to the plane of incidence
(VE; =@ Ej =1.8x 102 Vm™!). Other parameters are the same as in
Fig. 2. The white contours show the force amplitudes of 1, 10, and 100 pN

above the surface [27], and a Bessel standing wave [17]. This
fact can be used for controllable sorting of particles according
to their sizes [28].

3 Experimental results

Up to the present, the interference of counter-
propagating evanescent waves was generated using a retrore-
flecting mirror and it was used for generation of periodic light
patterns for near-field microscopy experiments [29]. In con-
trast to those methods we used a setup with two independent
counter-propagating Gaussian beams that were focused on the
top surface of the prism. Tuning the incident angle may result
in either a surface patterned evanescent field or a propagat-
ing light field just above the surface (see Fig. 6). Moreover
this set-up enables us to alter the relative phase between the
two beams in a controlled fashion by a movable mirror. Its
movement results not only in the motion of the standing wave
but also in the motion of objects confined in this standing
wave. A recording of the light scattered by a moving bead
with radius 100 nm is shown in Fig. 7. This was the small-
est size of bead we succeeded in confining and delivering,
and its movement over 5 pum is demonstrated. We have also
used this optical conveyor belt (OCB) to deliver bigger beads
and Fig. 8 shows experimentally how the size of the bead
influences the bead sensitivity to the standing wave motion.
The observed sensitivity to ESW motion coincides very well
with theoretical predictions in Fig. 5. Therefore we chose only
bead sizes sensitive to the ESW motion in the subsequent
experiments.

In the subsequent part of this paper, we focus on the quan-
titative study of how the velocity of the standing wave in-
fluences the velocity of particle movement. At first we focus
on the properties of a bead confined in the stationary ESW.
The movement of a polystyrene particle (radius a = 260 nm)
was recorded by fast CCD camera (IDT X-Stream XS3,
4GB) recording 6120 fps over a period of 1s. The position
of the bead center was evaluated with subpixel accuracy by

side view

g cCcD y

.

FIGURE 6 Experimental setup. A linearly polarized beam (Verdi, 5 W,
Avac = 532nm) is 3x enlarged on passing through the telescope T. The
following half-wave plate A /2 rotates the polarization so that the beam is sep-
arated into two parts. One is reflected on the polarizing beam splitter (PBS),
changed to circularly polarized on the A/4 plate, reflected on the movable
mirror MM, and changed to a linearly polarized beam after passing again
through the A/4 plate. Its polarization is now perpendicular to the original
one reflected to this arm, and so the beam passes through the PBS to the mir-
ror M2 and is focused by lens L2 on the surface of the prism PR made of BK7
glass. The second beam passed through the PBS, the mirror M1, and the lens
L1 and overlapped on the top surface of the prism PR with the first beam.
The lower plot shows the side view with the edges E1 and E2 we used to
block the major part of the beam that formed the propagating wave transmit-
ted through the prism. Therefore, the evanescent field was generated mainly
by the high intensity core of the Gaussian beam impinging close to the crit-
ical angle 61.92° on the prism top surface. The power of each beam behind
the edge was equal to 1.15 W. Overlapping of both beams gave an elliptical
spot 40 um long and 10 wm wide with standing wave fringes separated by
200 nm. A movable mirror MM was controlled by a PIFOC (Physik Instru-
mente) which provided fast movement over 150 wm very precisely

time [s]

FIGURE 7 Optical delivery of a polystyrene bead of radius 100 nm. The
images show light scattered by the bead in different times

a method described in [28] and we obtained a resolution of
43.8 nm/pixel. Figure 9 shows a histogram of bead positions
along z axis. We assumed a Boltzmann distribution of particle
positions [30] and we fitted a function

fzy) =aexp[—AUsin*(zy —b)/ (ks T)], (30)
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0 0.8 16 2.4 3.2 4 48
time [s]

FIGURE 8 Upper figure: record of two polystyrene beads of radius 375 nm
(bigger ones) and one polystyrene bead of radius 175 nm. Periods of evanes-
cent standing wave (ESW) motion in both directions are alternated by
a period of no ESW motion. The smaller bead follows accurately, the motion
of the ESW (if moved) but the bigger one is much less influenced by the ESW
in motion. Lower figure: beads of radii 205 nm and 260 nm in a saw-tooth
motion of the ESW. This time the bigger beads are much more sensitive to
the ESW motion while the smaller ones are remained intact until the bigger
ones forced them to move (right part of the record)

300 T T T

250

200

150 r

counts

100 [

50 r

!

0
-100 -50 0 50 100

z [nm]

FIGURE 9 Histogram of the position of a bead captured in a standing wave
trap. Noisy line shows experimental data of the z coordinate and the smooth
line shows a fit by a Gaussian curve. The radius of the polystyrene bead is
260 nm

to the measured histogram with unknown parameters a, AU, b
and fixed values of temperature 7, Boltzmann constant kg
and known phase positions —m < z,, < 7 with respect to the
bottom of the trap; the sine term reflects the sinusoidal peri-
odicity of the field along z axis. These positions were taken
from the periodicity of the scattered object images along the
z axis with respect to the standing wave and shifted to the
interval (—m, 7). Coincidence between the fit and the data
is shown in Fig. 9. It gave us the depth of the optical trap
AU =9.0£0.4)kpT.

Furthermore, the saw-tooth voltage was applied to the PI-
FOC and the moveable mirror moved at a speed vgsw. The
bead movement was again recorded by the fast camera with
a sampling frequency of 6120 fps. Figure 10 shows the pos-
ition of the particle (full line) and displacement of its trap
site at t = 0 (dotted line) if the ESW moved with two vel-
ocities. The tracking of the particle in two motional and sta-
tionary measurements was performed with the same particle
within 20 min. From the values shown in Fig. 10 we calcu-
lated the average speeds of the confined particles v; = (44 £
4) pms~! and v2 = (354 7) ums~!, and also the speed of the
ESW movement vgswi = 47 ums ™! and vgsws = 98 pms~!,
respectively. The velocities were calculated as a mean value

z [um]

z [um]

_4 1.‘ L ." il / L v ‘
0 0.2 0.4 0.6 0.8 1
t[s]

FIGURE 10 Record of bead position while moving a standing wave at dif-
ferent speeds. The solid noisy lines shows the position of the bead during
movement and the dotted saw-tooth curves show the displacement of the ori-
ginal bead position at r = 0. The upper plot corresponds to a slower ESW
motion (47 um s~ ') and the lower plot to 98 ums~!

from a linear fit to each forward and backward part of the par-
ticle movement. One can see, that for bigger vgsw a particle
does not follow ESW motion and jumps between neighbor-
ing optical traps (so called “Brownian swimmer” [31]). Since
our detection method enables precise determination of the
bead position with respect to the ESW nodes and antinodes
(even in motion) we analyzed this particle position, espe-
cially in motional ESW. Figure 11 shows a histogram of bead
position if ESW is moved. By fitting (30) we obtained trap

relative units

relative units

0
-100

z [nm]

FIGURE 11 Histograms of bead center positions in a slowly (top) and a fast
(bottom) moving ESW. Full line is a histogram obtained from the movement
of the bead from left to right, dashed line is a histogram of the reversed move-
ment and the dotted line shows a histogram of the bead position with the
ESW at rest (from Fig. 9). Smooth curves show a fit of the histogram by a
function (30)
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FIGURE 12 Simultaneous confinement of many polystyrene beads of radius
175 nm in an evanescent standing wave
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depths AU;” = (8.5£0.7) kgT and AU~ = (7.7£0.8) kgT
for a bead trapped in a slowly moving ESW from the left
to the right (AU;”) and for the reversed movement (AU;").
Similarly we obtained trap depths AU,” = AU,” = (1.9+
0.2) kgT for fast motion of the ESW. The width of the dis-
tribution (30) is equal to kg7/AU. The parameter b in (30)
gives the phase deviation of the most populated position from
the trap center. Converted to physical displacement Az we ob-
tain Az;” = (—17.7£0.6) nm and Az;” = (16 £ 1) nm for
a slowly moving ESW, Az;” = (=36+£2)nm and Az; =
(34 £ 3) nm for a fast moving ESW, respectively. Small vel-
ocities vgsw cause only small deviations from the equilib-
rium position while bigger velocities of the ESW cause more
frequent jumps between neighboring traps accompanied by
a wider histogram, i.e. a lower trap depth, and a bigger par-
ticle displacement from the equilibrium position compared to
a slowly moving ESW.

More than one bead can be confined in an array of op-
tical traps created by ESW. The inter bead interactions in-
crease with the number of confined beads, a part of this in-
teraction is via rescattering of the trapping beam — optical
binding [32, 33]. Figure 12 shows examples of experimen-
tal confinement of polystyrene beads of radius 175 nm into
ESW. Large amounts of beads are trapped forming an elastic
array [34] that is synchronously bent due to Brownian mo-
tion and mutual interaction between the particles [28, 35]. The

linear chain of particles often breaks into two or more sepa-
rate parts that are, within a fraction of a second, again unified
in the single chain. Over the course of time some particles
join the chain while other particles are ejected (usually after
chain breaks). The amplitude of the lateral displacement and
frequency of the chain breaks grow with increasing numbers
of beads in the chain. Similar self-organization of beads into
a linear chain was observed even if both counter-propagating
evanescent waves had perpendicular polarizations. The dis-
tances between beads were again regular but depending on the
bead size.

4 Conclusions

We have presented a theoretical model that enables
calculation of the optical forces acting on nano and micro-
particles placed into an interference field created by several
evanescent waves. We have applied this theory to the case of
two counter-propagating evanescent waves, and shown how
the maximal optical force along the standing wave depends
on the particle diameter and angle of incidence of the plane
waves on the solid-liquid interface. We have compared the
results obtained by Rayleigh approximation and by Lorentz—
Mie scattering theory. Agreement to within 10% was obtained
for bead radii a < A/20 (wavelength in liquid), i.e. for bead
radii smaller than 20 nm. We proved that there are certain bead
radii that are not affected by the standing wave because no
axial force coming from the evanescent standing wave (ESW)
acts on these beads. We have also shown that the amplitude
of the force along the standing wave decreases with growing
incident angle, but that bead radii insensitivity to the evanes-
cent standing wave stays the same for all studied angles. The
basic idea of sub-micron particle confinement into the ESW
was proved using polystyrene beads of radius 100 nm. By
changing the phase of one beam these beads were delivered in
a motional ESW over a distance of 5 wm. The alternating de-
pendence on the object size was proven experimentally where
certain bead sizes were not sensitive to the ESW motion. We
also studied experimentally, how the velocity of the ESW in-
fluences the behavior of delivering beads using our original
detection method [28], this is especially useful for the deter-
mination of particle position with respect to the standing wave
in motion. We obtained average velocities of particle move-
ment for different speeds of ESW, and full understanding of
this problem will be useful for rectification of Brownian mo-
tion and its use in Brownian motors. Counter-propagating,
interfering, and even non-interfering beams allowed confine-
ment of many beads which were formed into a linear chain,
and we observed the elastic behavior, ruptures, and self-repair
of this chain.
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