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Nanoscale guiding for cold atoms based on surface plasmons along
the tips of metallic wedges™
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We propose a novel scheme to guide neutral cold atoms in a nanoscale region based on surface plasmons (SPs) of one
pair and two pairs of tips of metallic wedges with locally enhanced light intensity and sub-optical wavelength resolution.
We analyze the near-field intensity distribution of the tip of the metallic wedge by the FDTD method, and study the total
intensity as well as the total potential of optical potentials and van der Waals potentials for 8’Rb atoms in the light field
of one pair and two pairs of tips of metallic wedges. It shows that the total potentials of one pair and two pairs of tips
of metallic wedges can generate a gravito-optical trap and a dark closed trap for nanoscale guiding of neutral cold atoms.
Guided atoms can be cooled with efficient intensity-gradient Sisyphus cooling by blue-detuned light field. This provides an
important step towards the generation of hybrid systems consisting of isolated atoms and solid devices.
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1. Introduction

In recent years, the laser guiding of neutral cold atoms
has been widely applied in atomic optics as an important tech-
nique. For instance, the atomic guiding using a blue-detuned
dark hollow mode, 2! a red-detuned Gaussian beam, > red-
detuned Gaussian model>~’! or a blue-detuned evanescent
wave!®! in the hollow optical fiber, TEy; doughnut mode in
hollow metallic waveguides,® interference field composed
of two hollow beams,'"l and so on. So far, neutral cold
atoms have been successfully guided in a micron region, while
schemes of nanoscale guiding of cold atoms have not been ob-
tained due to the diffraction limit of light propagation.

More recently, the investigation of hybrid systems that in-
tegrate isolated atoms with solid devices has become a hot re-
search subject in both atomic physics and nano-optics.! =131
The crucial property of these devices is the ability of the de-
signed system to trap and manipulate cold atoms near the
surface of the device in a nanoscale region. To trap, guide,
and manipulate cold atoms in a nanoscale region, several dif-

15-22] in which metallic

ferent methods have been proposed,|
nanometer structures have been paid more attention due to the
property of plasmon resonances and exhibiting surface plas-
mons (SPs). In 2009, Chang et al.

trap the isolated atoms using a paraboloid profile conductor

proposed a scheme to

nanotip, > while Murphy et al. proposed electro-optical nan-
otraps for neutral atoms.!"”! In 2011, Stehle et al. demon-
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strated the coupling of plasmonic devices to single atoms by
plasmonic micro- and submicrometer structures. 2!

Since the light field of the SPs can break the diffrac-
tion limit, the light field of SPs generated from the sub-
wavelength metallic structure can be used to guide cold atoms
in a nanoscale region. Because cold atoms are guided near the
sub-wavelength metallic structure, the hybrid system integrat-
ing isolated atoms with solid devices can be formed, which can
be used to study the coupling of plasmons and photons emitted
from atoms. Therefore, it would be interesting and worthwhile
to study and realize a novel atomic nanoscale guiding by us-
ing the sub-wavelength metallic structure. In this paper, we
propose a novel scheme to generate nanoscale light fields for
guiding neutral cold atoms by one pair and two pairs of tips of
metallic wedges.

2. Guiding scheme and intensity analysis

A proposed scheme to generate a nanoscale light field to
guide cold atoms is shown in Fig. 1. Figure 1(a) represents the
scheme of the near field of a metallic wedge tip, Fig. 1(b) rep-
resents the scheme of the gravito-optical trap of a pair of tips
of metallic wedges, and Fig. 1(c) represents the scheme of the
dark nanoscale trap of two pairs of tips of metallic wedges.
The section of the metallic wedge is a triangle with an end
width L, and the perpendicular distance between the tip and
end (that is the height of the triangle) is 4. The coordinate sys-
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tem is set as shown in Fig. 1. In Fig. 1(a), the height of the
triangle is along the y axis, and the tip line of the wedge is
along the z axis. When the incident laser propagates from the
medium onto the side of the metallic wedge, the near field of
SPs with local enhanced distribution near the tip of a metal-
lic wedge will be generated, in which the near field decreases
almost exponentially from the maximum value at the tip with
increasing distance from the tip (see Fig. 2).
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Fig. 1. Scheme diagram of the guiding of atoms in a nanoscale
region. (a) Scheme of the near field of a metallic wedge tip; (b)
scheme for gravito-optical trap of a pair of tips of metallic wedges;
(c) scheme for the dark nanoscale trap of two pairs of tips of metal-
lic wedges.

If near fields of one pair (or two pairs) of tips of metallic
wedges are generated at the same time (see Fig. 1(b) or 1(c)),
the nanoscale light section for guiding cold atoms will be con-
structed with blue detuning. To realize the loading of cold
atoms, two-dimensional (2D) moving optical molasses are ap-
plied to prepare the MOT and generate a cold atomic beam

above the center line (or along the propagating direction) of
the center line of one pair (or two pairs) of tips of metallic
wedges. Then, atoms can be transferred adiabatically to the
blue-detuned light field and guided along it.[]

By employing the finite-difference time-domain (FDTD)
approach, we can derive the intensity distributions of the SPs
near the tip of a metallic wedge or tips of a pair of metallic
wedges, as shown in Figs. 2(a) and 2(b). Figure 2(a) shows
contour lines of the intensity near the tip of a metallic wedge
in the x—y plane. It can be observed from Fig. 2(a) that con-
tour lines are approximately composed of a series of circles
with the same center at the tip, and decreases from the max-
imum value at the tip with increasing distance from the tip.
If the near-field distributions of one pair of metallic wedges
(see Fig. 1(b)) are generated at the same time, the dark groove
nanoscale light field will be constructed above the center. Con-
tour lines of intensity of a pair of metallic wedges in the x—y
plane are displayed in Fig. 2(b). Obviously, there is a grooved
nanoscale light field above the center of a pair of metallic
wedges, where cold neutral atoms will be moved to the low-
est region of the groove by the gravity in the x—y plane and
guided along the z axis, based on the blue-detuned light field.
If the near-field distributions of two pairs of metallic wedges
(as shown in Fig. 1(c)) are generated at the same time, the dark
nanoscale light field will be constructed in the vicinity of the
center. If the light field is blue-detuned, cold neutral atoms
will be pushed to the vicinity of the center in the x—y plane and
guided along the z axis.
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Fig. 2. Distribution of intensity in the x—y plane. (a) Contour lines of a
wedge; (b) contour lines of a pair of wedges.

As we know, the FDTD approach depends on the di-
rect numerical solution of the time-dependent Maxwell’s curl
equations and can obtain the very precise field distribution.
Here, we consider 2D mode in the FDTD to simulate the field
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distribution near the tip of the metallic wedge, i.e., the z di-
rection in Fig. 1 is assumed to be infinite or the length of the
metallic wedge is infinite. For the realistic case, if the metallic
wedge is long enough to make the interesting guiding region
much smaller than the length of the metallic wedge, 2D mode
of the FDTD can be applied to simulate the field distribution
near the tip of the metallic wedge and the corresponding error
could be neglected. Therefore, we could use the optical inten-
sity value calculated by the 2D simulation at a section plane
to represent the value in the light field. In our simulation, the
metallic wedge is made up of Ag, the medium is air, the end
width L = 0.4 um, the height of the triangle 7 = 0.6 um, the
tip is circular with a curvature radius of 5 nm, and the wave-
length of the incident laser A = 0.78 pum. Since the TE mode
can only generate a very large light spot without the SPs, we
take the TM mode to generate the SPs which can break the
diffraction limit. In the case of a metallic wedge as shown in
Fig. 1(a), we use an incident laser beam in the x direction, and
the near field of SPs is shown in Fig. 2(a). In the case of a pair
of metallic wedges as shown in Fig. 1(b), we use an upward
incident laser beam, and the near field of SPs near two tips of
metallic wedges will be added up, and then the dark groove
nanoscale light section above the center of a pair of metallic
wedges is generated, as shown in Fig. 2(b).

Figure 2(a) demonstrates that the maximal value of inten-
sity is at the tip, that is, at the point x = 0.0 um, y = 0.0 um in
Fig. 1(a). Due to local enhanced effect of the SPs, the maximal
intensity at the tip can increase to 997.83 times of the incident
intensity /y. In Figs. 2—6, the intensity is in unit of Iy.

The distribution of the intensity in the vicinity of the tip
in the x and y directions is discussed in detail (see Fig. 2(a)
and Fig. 3). Figure 3(a) shows the dependence of intensity on
y as x = 0.0 um, where the difference in dependence of inten-
sity between metal and medium can be found. In the metal,
the intensity decreases steeply from the maximal value to O
in a very short distance. While in the medium, the intensity
decreases almost exponentially from the maximum value at
the tip (y = 0.0 um) to 93 times of Iy at y = —0.5 um. Sim-
ilarly, Fig. 3(b) shows the dependence of intensity on x as
y = 0.0 um, in which the dependence of intensity on x is sym-
metric and the full width at half height of the intensity in the x
direction is about 12.8 nm.

To study the intensity and optical potential more conve-
niently, from Fig. 3(a), we can obtain the analytic expression
of the intensity distribution in the vicinity of the tip in the
medium by the second order exponential fit as follows:

%)4—568.85 exp(ﬁ)ﬂw.zm] L(1)

where I is the incident intensity, and r is the distance from the

1(r)=I [294.52 exp(

tip of the metallic wedge in the medium. According to Eq. (1),
Figs. 3(a) and 3(b), we compare the intensity between the fit-
ted result and simulation values. The straight line in Fig. 4

shows the dependence of the intensity on r in the vicinity of
the tip in the medium from Eq. (1). The dotted line (simula-
tion 1) in Fig. 4 shows the dependence of the intensity on r
from the tip in the —y direction by the simulation as shown in
Fig. 3(a), and the dashed line (simulation 2) in Fig. 4 shows
the dependence of the intensity on r from the tip in the x di-
rection from the simulation as shown in Fig. 3(b). Since the
dotted line in Fig. 4 is well consistent with the solid line and
the dashed line in Fig. 4 is almost (the maximal relative error
is 7.4%) consistent with the solid line, we can take Eq. (1) to
study approximately the intensity and the optical potential of
atoms guided in the nanoscale optical field.
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Fig. 3. Dependence of intensity (a) on the y axis as x = 0.0 um; (b)
on the x axis as y = 0.0 um.
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Fig. 4. Comparison of the dependence of intensity of a metallic
wedge tip on r between the fitted result and simulation values.

In the scheme of one pair and two pairs of tips of metallic
wedges in Figs. 1(b) and 1(c), the distance between the tip and
0 is set as d. Figure 5(a) shows the dependence of intensity of

a metallic wedge tip on x as y = 0.0 um, in which —d;, —d>,
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—d3, —da, and —ds represent only considering the left metal-
lic wedge tip with a distance between the tip and O of 0.05,
0.1, 0.15, 0.2, and 0.25 pm, respectively, while dy, d», d3, d4,
and ds represent only considering the right metallic wedge tip
with a distance between the tip and 0 of 0.05, 0.1, 0.15, 0.2,
and 0.25 um, respectively. Figure 5(b) shows the dependence
of total intensity of a pair of metallic wedge tips (considering
both the left and right metallic wedges ) on x as y = 0.0 um,
in which dy, d», d3, ds, and ds represent a distance between
the tip and O of 0.05, 0.1, 0.15, 0.2, and 0.25 wm, respectively.
That is to say, the distance between two tips is 0.1, 0.2, 0.3,
0.4, and 0.5 um, respectively. Figure 5(b) demonstrates the
distribution of total intensity of a pair of metallic wedge tips
in the straight line between two tips, and shows that there is
a minimum intensity in the center of a pair of metallic wedge

tips.
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Fig. 5. (a) Dependence of intensity of a metallic wedge tip on x as
y = 0.0 um with different d (—d represents the left metallic wedge
tip only and d represents the right one only). Here, d is the dis-
tance between the tip and 0. (b) Dependence of intensity of a pair
of metallic wedge tips on x as y = 0.0 um with different d.

Figures 6(a) and 6(b) show the distribution of total in-
tensity of a pair of metallic wedge tips in the x—y plane as
d = 0.075 and 0.25 um, respectively. Obviously, there is a
grooved nanoscale light field above the center of a pair of
metallic wedges, which is similar to the simulated result as
shown in Fig. 2(b). Therefore, there is a gravito-optical trap
for cold neutral atoms near the lowest region of the groove in
the x—y plane of a pair of metallic wedge tips based on the
blue-detuned light field. Figure 6(c) shows the distribution of

total intensity of two pairs of metallic wedge tips in the x—y
plane as d = 0.25 um. Obviously, the dark light field will be
constructed in the vicinity of the center, which indicates that
two pairs of metallic wedges can generate a dark optical po-
tential for cold atoms under the condition of blue-detuning and
can realize the trapping of atoms in the vicinity of the center
of two pairs of wedge tips.
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Fig. 6. Distribution of total intensity of a pair of metallic wedge tips in
the x—y plane as (a) d = 0.075 um and (b) d = 0.25 pum. (c) Distribution
of total intensity of two pairs of metallic wedge tips in the x—y plane as
d=0.25 um.

3. Potential analysis and intensity gradient cool-
ing of atoms

Here, we choose the lower hyperfine ground state of the
alkali-metal 8’Rb atom as the guided state. In view of the cou-
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pling of the three-level 8’Rb atom with a blue-detuned light
field, the expression of the optical potential of atoms in the

lower hyperfine ground state can be given by!®23

S R(82+Q2)1/2
_74_%7 )

where 0/27 is the laser detuning from the atomic resonance

Uopt =

frequency, Q = I'\/I/2l, represents the Rabi frequency, L
is the saturation intensity, I" is the natural linewidth, and Iis
the light intensity given by Eq. (1). For 3’Rb-D, line atoms,
I'/2m = 6 MHz, and I, = 1.67 mW/cm2. In addition, atoms
are not only pushed by the optical potential, but also attracted
by the van der Waals attracting potential. For 8”Rb atoms near
the tip of the Ag wedge, the van der Waals attracting potential
can be approximately written in the simple form!!>!
3 Al

3 W

where k = 27/(0.78 x 107%) for 3’Rb atoms, and r is the
distance from the tip of the metallic wedge to the atom in

3)

Uygw =~

the medium. The total potential of atoms can be given by
U= Uopt + Uvaw-

According to Eqgs. (1)—(3), we calculate the distribution
of 2D contour lines of total potential for 3’Rb atoms of one
pair of metallic wedge tips in the x—y plane as d = 0.075 pum
and 8 /27 = 3.0 GHz. Results for Iy = 2.5 x 10> W/m? and
5.0 x 10> W/m? are shown in Figs. 7(a) and 7(b), respec-
tively. It is obvious from Fig. 7(a) that the van der Waals
attracting potential plays an important role in the total poten-
tial for small d and Iy, and there is a maximum total poten-
tial at the center of one pair of tips of metallic wedges and
there is no gravito-optical trap above the center of two tips.
If we increase I to 5.0 x 10> W/m?, as shown in Fig. 7(b),
we find that there is a groove of total potential above the
center of one pair of tips of metallic wedges, and there is a
gravito-optical trap above the center of two tips of metallic
wedges. To decrease and eliminate the influence of the van der
Waals attracting potential, we can increase d. Distributions
of 2D contour lines of total potential for Rb atoms of one
pair of metallic wedge tips in the x—y plane as d = 0.25 um,
8/2m =3 GHz, Iy = 2.0 x 10> W/m?, and 1.0 x 10°W/m? are
shown in Figs. 7(c) and 7(d), respectively. We can see from
Figs. 7(b)-7(d) that there is a groove total potential above the
center of a pair of metallic wedge, and there is a gravito-optical
trap for cold neutral atoms near the lowest region of the groove
in the x—y plane based on the blue-detuned light field. The
gravito-optical trap may trap nearly all atoms (7 = 120 uK)
released from the two-dimensional moving optical molasses
(MOT) and guide them along the z axis in this gravito-optical
trap.
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Fig. 7. Distribution of 2D contour lines of total potential for
87Rb atoms of one pair of metallic wedge tips in the x—y plane
as 8/2m = 3.0 GHz, (a) d = 0.075 um, Iy = 2.5 x 10> W/m?;
(b) d = 0.075 um, Iy = 5.0 x 10> W/m?; (c) d = 0.25 um, I =
2.0 x 102 W/m?; (d) d = 0.25 pum, Iy = 1.0 x 10> W/m?. Here, the
unit of potential is mK.

Similarly, according to Egs. (1)-(3), we calculate the dis-
tribution of 2D contour lines of total potential for 3’Rb atoms

073701-5



Chin. Phys. B Vol. 22, No. 7 (2013) 073701

in the vicinity of the center of two pairs of metallic wedge tips
in the x—y plane, as d = 0.25 um, Iy = 1.0 x 10* W/m?, and
0/2m = 3.0 GHz, and the result is shown in Fig. 8. It is ob-
vious from Fig. 8 that there is a minimum total potential at
the center of two pairs of tips of metallic wedges. In addi-
tion, according to Eqgs. (1) and (3), 1D distributions of total
potential in the x direction and in the diagonal direction for
87Rb atoms of two pairs of metallic wedge tips are calculated
as d = 0.25 um. Figure 9(a) shows the dependence of total
potential on x for Iy = 1.0 x 10* W/m? and different §/27.
Figure 9(b) shows the dependence of total potential on x as
0/2n = 3.0 GHz for different Iy. Figure 9(c) shows the de-
pendence of total potential on ¢ (the diagonal distance from
0 when y =x or y = —x) as Iy = 1.0 x 10* W/m? for differ-
ent 8 /27. Figure 9(d) shows the dependence of total potential
on t as 6/2m = 3.0 GHz for different Iy. It is obvious from
Fig. 9 that the total potential will increase with increasing Iy
for equal 8/2m, and the total potential will increase with de-
creasing 6 /27 for equal Iy.

z/um

Fig. 8. 2D contour lines of total potential for Rb atoms in the
vicinity of the center of two pairs of metallic wedge tips in the x—y
plane as d = 0.25 pm, Iy = 1.0 x 10* W/m?, and § /27 = 3.0 GHz.
Here, the unit of potential is mK.

Here, the interesting concept is the trapping depth of cold
atoms, which is defined as the difference between the maximal
total potential and the minimum total potential at the center in
this dark nanoscale trap. We find from Figs. 8 and 9 that the
trapping depth is maximal in the x and y directions and mini-
mum in the diagonal direction. Therefore, the trapping depth
of the system is determined by the trapping depth in the diag-
onal direction. According to Fig. 9(c), the trapping depth in-
creases with decreasing § /2 for the same Iy, and their values
are 0.52, 0.42, 0.32, and 0.25 mK as Iy = 1.0 x 10* W/m? and
6/2m = 1.0, 2.0, 3.0, and 4.0 GHz, respectively. We can also
find from Fig. 9(d) that the trapping depth will increase with
increasing Iy for equal & /27, and their values are 0.32, 0.46,
0.58, and 0.69 mK as /27 = 3.0 GHz, and Iy = 1.0 x 104,
1.5 x 10%, 2.0 x 10*, and 2.5 x 10* W/m?, respectively. These
trapping depths may trap nearly all atoms (7 = 120 uK) re-
leased from the two-dimensional moving optical molasses and
then loaded into the dark nanoscale trap. In fact, atoms with

a temperature of 120 uK are trapped in the region with a sec-
tion diameter of about 134.0 nm as Iy = 1.0 x 10* W/m? and
6/2m = 3.0 GHz. Thus, cold atoms can be trapped in the
vicinity of the center of two pairs of metallic wedges in the
x—y plane and guided in the z direction.
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Fig. 9. 1D distribution of total potential with d = 0.25 pum (a) ver-
sus x as Iy = 1.0 x 10* W/m? for different 8 /2m; (b) versus x as
8 /27 = 3.0 GHz for different Iy; (c) versus 7 (the diagonal distance
from 0 when y = x) as Ip = 1.0 x 10* W/m? for different 5 /27; (d)
versus ¢ as 8 /27 = 3.0 GHz for different I.
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On the other hand, when the atom moves in the light field,
it will spontaneously emit a photon or scatter a Rayleigh or
Raman photon. The corresponding spontaneous-emitting rate,

Rayleigh and Raman scattering rates can be estimated by?*
rlef?/2
Sspon = 4
R (A ST T

8mr3i(r) (ﬂ)“’

SRayleigh = ho ° (4b)
a
8 /1 Ags 1\ 2
SRaman = § (%) SRayleigh7 (40)
a

where rp = 2.818 x 10~1° m is the classical radius of an
electron, Ag is the frequency splitting of atomic fine struc-
ture, @ is laser angular frequency, and @, is the atomic res-
onant angular frequency. For 8’Rb-D, line atoms, ®,/27 =
3.846 x 10'* Hz, and Ag/2m = 7.26 x 10'> Hz. Taking
8/2m =3.0 GHz, d = 0.25 um , and Iy = 1.0 x 103> W/m?,
for one pair of metallic wedge tips, according to Eq. (4),
the spontaneous-emitting rate, Rayleigh and Raman scattering
rates are 2.5 x 10%, 1.7 x 107>, and 5.5 x 10~ s ™! in the vicin-
ity of groove of the nanoscale guiding region, respectively, and
1.9 x 103, 1.3 x 107>, and 4.2 x 1072 s~! in the vicinity of
the center of two pairs of metallic wedge tips, respectively.
It is obvious that Rayleigh and Raman scattering rates are
very small and can be neglectable. However, the spontaneous-
emitting rate is so large that it is not useful for guiding cold
atoms. Fortunately, according to Eq. (1), we know that the
intensity distribution is almost exponential, and in the gravito-
optical trap (see Figs. 7(b)-7(d)), the average intensity gradi-
ent in the y direction can reach 4.5 x 10'2, 4.0 x 10'°, and
2.0 x 10" W/m?>, respectively. In dark nanoscale trap, as
shown in Fig. 8, the average intensity gradient can reach
1.1 x 10'3 W/m3. Therefore, the intensity gradients in the
gravito-optical trap and the dark nanoscale trap are even larger
than or similar to that of the evanescent-wave surface trap
(the maximum intensity gradient is 9.7 x 10'" W/m?) used in
Ref. [25]. Therefore, the intensity gradient cooling of atoms
in our nanoscale guiding region will be the same efficient
as that of the evanescent-wave surface trap. Considering the
intensity-gradient cooling, the spontaneous-emitting heating
as well as the recoil-induced heating from the absorption of
photons, we can use an equation to estimate the final equilib-
rium rms momentum py,s of atoms in our nanoscale trap!26-271
J&(Prms)z LI
38+ Ouis \ Bk q% 1—61,'_
For an 87Rb atom, 8y /27 = 6.835 GHz, ¢; = 0.75, and
qr = 0.58. From Eq. (2), we can obtain a final equilibrium
rms momentum pyms &~ 5.497k as 6/2m =3.0 GHz, corre-
sponding to a temperature of 7 ~ 3.64 uK. It means that the
spontaneous-emitting heating can be completely balanced by
the intensity-gradient cooling, and then atoms can reach a final
equilibrium temperature.

0. (5)

4. Conclusion

In conclusion, we have proposed a novel scheme to gener-
ate two kinds of nanoscale optical fields for guiding cold atoms
by using one pair and two pairs of tips of metallic wedges.
We have investigated the intensity distribution near the tip of
a metallic wedge, and studied the total intensity and the to-
tal potential of optical potentials and van der Waals potentials
of 3’Rb atoms of one pair and two pairs of tips of metallic
wedges. It has been found that the total potential can form a
gravito-optical trap by one pair of tips of metallic wedges, and
a dark nanoscale trap by two pairs of tips of metallic wedges.
The dark trapping section can guide cold atoms with position
uncertainties of about 130 nm, which can form a hybrid sys-
tem integrating isolated atoms with solid devices. Due to the
high intensity gradient in the dark nanoscale guiding region
with blue-detuning, atoms can be cooled to several K with
efficient intensity-gradient Sisyphus cooling.
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