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We theoretically propose blue-detuned optical trapping for neutral atoms via strong near-field interfacing in a
plasmonic nanohole array. The optical field at resonance forms a nanoscale-trap potential with an FWHM of
200 nm and about ∼370 nm away from the nanohole; thus, a stable 3D atom trapping independent of the surface
potential is demonstrated. The effective trap depth is more than 1 mK when the optical power of trapping light is
only about 0.5 mW, while the atom scattering rate is merely about 3.31 s−1 , and the trap lifetime is about 800 s.
This compact plasmonic structure provides high uniformity of trap depths and a two-layer array of atom nanotraps, which should have important applications in the manipulation of cold atoms and collective resonance
fluorescence. © 2017 Chinese Laser Press
OCIS codes: (240.6680) Surface plasmons; (230.4555) Coupled resonators; (020.1335) Atom optics; (020.7010) Laser trapping.
https://doi.org/10.1364/PRJ.5.000436

1. INTRODUCTION
Trapping and cooling neutral atoms, which is an active field in
atomic optics, is important to achieve the Bose–Einstein condensate (BEC), test basic physical laws, and measure basic physical constants in a more accurate manner [1–5]. In recent years,
optical dipole traps have become a widely used tool for trapping
neutral atoms [5]. The dipole trap mainly uses the gradient light
intensity formed by the focused light field to produce a dipole
effect on a neutral atom. In the more used red-detuned traps, the
atoms are trapped in the position with the strongest light intensity under attractive potential [6,7]. However, even in the case of
a far-off resonance optical dipole trap (FORT) light, the atom
will be subjected to large photon’s Rayleigh and Raman scattering, resulting in obvious destruction of atomic coherence and
heating effect [5]. Simultaneously, the atomic energy level usually has a serious optical frequency shift in the strongest light
intensity position [8]. In contrast, for the blue-detuned traps
[9–11], the atoms are trapped in the weakest position under
the exclusion potential; thus, the impact of the blue-detuned
light is very small. But compared with the red-detuned traps,
the construction of the blue-detuned traps is often more complex [4,6–11]. Later on, the researchers proposed the use of an
evanescent wave method to achieve atom trapping [12–17].
Furthermore, in order to create a stable trapping potential,
two-color traps (a red-detuned and a blue-detuned light) with
2327-9125/17/050436-05 Journal © 2017 Chinese Laser Press

a relatively large power and appropriate power ratio are needed
because of the attractive van der Waals forces in the structure
surface, which undoubtedly increases the difficulty of the experiments [12–17]. Therefore, to trap atoms stably in a compact
structure with very low power, blue-detuned light is needed.
As we know, surface plasmon polaritons (SPPs) are optical
resonance originating from excitation of free electron oscillations at the surface of metals [18]. SPPs are in a subwavelength
scale with great local field enhancement effect, and they can
break through a diffraction limit, which has many important
applications in the fields of materials, energy, biology, and
information [19–24]. Thus, combining the neutral atom trapping with nanoplasmonic structures would open the possibility
of achieving ultracompact functional optical components in
highly integrated optics. For example, Murphy et al. proposed
a suspended Ag sphere dimer and a parabolic plasmonic structure for isolated atom trapping [25,26], respectively. Gullans
et al. studied a kind of nanoplasmonic lattices for atom arrays
trapping [27], which is of great significance in studying atom–
atom interactions, resonance fluorescence, and multi-siteselective [28–31]. However, the structures proposed in the
above works must overcome the influence of van der Waals
potentials in order to obtain stable trapping; further, the structures are difficult for manufacture and integration [25–28].

Vol. 5, No. 5 / October 2017 / Photonics Research

Research Article
In this paper, we propose a compact plasmonic structure for
rubidium atom (87 Rb) trapping using a periodic nanohole array
in a homogeneous metallic film. Simulation results show that
two traps with minimum potentials are formed, which are
∼370 nm away from the nanohole due to the hotspots arising.
A blue-detuned circular polarized light, which also makes the
system resonant, ensures 3D traps for 87 Rb atoms. Only about
0.5 mW of incident optical power with a trap depth about
1 mK can be achieved with atom scattering rates 3.31 s−1
and a trap lifetime 800 s. A stable two-layer 3D atom trapping
independent on the surface potential is demonstrated, while
only one layer trapping dependent on surface potential heavily
was previously obtained [28–31]. This kind of plasmonic structure is easy to fabricate and integrate into a hybrid system;
moreover, this type of atom trapping method, based on surface
plasmon, provides a promising possibility for atomic on-chip
integration.
2. STRUCTURE AND SIMULATION RESULTS
Periodic arrays of subwavelength holes in metallic films exhibit
an extraordinary optical transmission effect, which will generate
large local field enhancement near the nanoholes [23]. Here, we
consider this effect of such fields on atomic motion. A plasmon
resonant field that is blue-detuned from the atomic resonance
can produce a remarkable repulsive force of atoms, and a trap
minimum about hundreds of nanometers from the structure
surface will come into being [26,27]. To illustrate our approach, we consider a scheme of an array of nanoholes (air) in
metallic (Au) films, as shown in Fig. 1(a). The inset shows the
unit cell of the presented nanohole arrays and the geometrical
Px

(a)

Au
r
air

parameter symbols. The structure is periodic in the x–y plane,
while only a single unit layer is considered in the z direction.
The main parameters of the unit cell are as follows:
P x  P y  700 nm, r  160 nm, and h  400 nm, respectively. The numerical calculations are carried out using
COMSOL Multiphysics based on the finite element method.
The transmission, T , is calculated by integrating the Poynting
vector over the upper surface and normalizing to that obtained
in the absence of the metal film [32]. The permittivity of Au as
a function of the wavelength (λ) is taken from the literature
[33] and expanded using the method of interpolation. A circular polarization light is normal incident from the −z direction at
infinity, and the calculated normalized zero-order transmission
spectrum is displayed in Fig. 1(b). It is obviously observed that
a resonant peak with λ  760 nm emerges in the transmission
spectrum. The transmission efficiency, about 55%, is attributed
to the extraordinary optical transmission effect [23]. As a laser
beam of λ  760 nm illuminates from the −z direction, the
hot spots [34] emerge around the edge of the nanohole, as depicted by the field distributions of jEj in Fig. 1(c). A periodic
arrangement of air holes has Bragg scattering to the SPPs,
which imposes a reciprocal lattice vector of the periodicity
to the phase-matching condition [35]. Thus, the incident wave
can satisfy the phase-matching condition and excite the SPPs,
which concentrates at the edge of the hole resulting in the hot
spots. This way of exciting SPPs (based on periodic nanoholes)
is much easier than using the Kretschmann structure [17] and
does not depend on the thickness of the metal.
In order to study the spatial electric field distributions of the
system, the field distributions of jEj in the x–z plane at
y  0 nm at the resonant wavelength λ  760 nm is shown
in Fig. 2(a). It is observed that two minimums of electric fields
emerge (trap center), as indicated by the two green arrows in
Fig. 2(a). The appearance of these two minimums can be attributed to the hot spots arising, which results from the near-field
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Fig. 1. (a) Schematic of the array of nanoholes in a metallic film.
Inset shows the unit cell of the presented nanohole arrays and the geometrical parameter symbols. (b) Simulation results of the normalized
zero-order transmission spectrum. (c) Field distribution of jEj in the
nanohole at the air–gold interface when a 760 nm laser illuminates
from the −z direction.
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Fig. 2. (a) Field distributions of jEj in the x–z plane when y is
0 nm. (b) Normalized intensity distributions of jEj2 along the dark
dashed line in (a).
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3. TRAPPING POTENTIALS
A neutral atom can be trapped in electric field intensity minima
via optical dipole forces with blue-detuned light [5]. The total
trapping potential U tot for an atom is the sum of the repulsive
optical dipole potential U opt and the attractive Casimir–Polder
potential U CP :
U tot  U opt  U CP ;

(1)

where the optical dipole potential U opt that a neutral atom with
atomic state i and Zeeman level mi experiences in an electric
field E is given by [5,7,36]
1
(2)
U opt  − αjEj2 :
4
Here, α is a reduced polarizability, which can be described
by [7]

X Aki 2J k  1  J
1 Jk
i
α  6πε0 c 3
:
(3)
ω2ik ω2ik − ω2  mi P −m
k;mi

Here ε0 is the permeability of vacuum and c is the speed of
light. The expression within the large parentheses denotes
a Wigner 3-j symbol. Aki are the Einstein coefficients,
ωik ∕2π is the transition frequencies and J is the involved
angular momenta. In our case, α ≈ −7.87 × 10−38 F · m2 .
Therefore, the dipole potentials can be obtained according
to the electric field intensity distributions in the previous section. U CP is surface effect, which can play an important role in
the trap characteristics, when the atom is close to the structure
surface. According to the description in Ref. [37], we know that
Casimir–Polder forces and van der Waals forces have the similar
surface effects on trapped atoms within a distance about
d < 100 nm and decrease fast away from the surface [38].
Here, we choose the Casimir–Polder potential as the surface
effects, which is given by
U CP  −K 4 · d 3 d  l −1 ;

(4)

with the length scale l  780∕2π nm corresponding to the
D2 line of 87 Rb atoms. d is the distance from the Au surface to
the atom. The value of the Casimir–Polder coefficient K 4 is
5 × 10−55 J · m4 [39].
According to above equations and Fig. 2(b), we calculated
the total potential along the dark dashed line in Fig. 2(a), as

displayed in Fig. 3(a). Throughout this paper, the incident
blue detuned laser power is set as P 0  1 mW. Herein, the
U CP ≈ −0.001 mK and can be neglected in calculating the
U tot due to the structure being hollow. Therefore, the total
potential has similar distributions as the electric field intensity
distributions, when compared with Figs. 2(b) and 3(a). We
define that the effective trap depth U eff of the dipole trap is the
potential difference between the potential minimum that the
trapped atoms can escape and the U tot . From Fig. 3(a), we
know that the possible trapping positions are the regions in the
x–y plane of z  −763 nm (point M, U tot  0.21 mK,
U eff  5.00 mK), z  −184 nm (point P, U tot  11.50 mK,
U eff  25.30 mK) and z  372 nm (point N, U tot 
0.10 mK, U eff  2.02 mK) lie. In order to understand the
3D trapping possibility of the system, these three regions
are investigated in the following.
First, we begin with the point P (z  −184 nm). The total
potential U tot in the x–y plane will be greatly affected by the
U CP because point P is inside the nanohole (range from −h to
0). According to Eqs. (1), (2), and (4), we calculate the potential distributions in the x–y plane at z  −184 nm, which is
displayed in Fig. 3(b). Here, U x and U tot−x represent the
optical dipole potential and the total potential along the x
position, respectively. It is obviously seen that a potential peak,
point P, emerges in the x–y plane. That is to say, the 87 Rb
atoms that reach point P from the z direction will diffuse
around along the x direction and will eventually be adsorbed
on the metal wall. Namely, no stable trapping potential exists.
Then we investigate the trapping property for point N in
the x–y plane (z  372 nm), the contour plot of the total
potential distributions of 87 Rb for a unit cell is displayed in
Fig. 4(a). It is clearly seen that this periodic nanohole array
structure provides a positive finite potential. The minimum potential of the trapping center is only about U tot  0.10 mK
(z  372 nm), and there is a point with a maximum potential
that the trapped atom can escape about 2.87 mK for the x or y
direction, which can contribute to the effective trap depth
about U eff  2.77 mK. Taking the trapping potential for
the z direction into consideration, the effective dipole trap
depth is U eff  2.02 mK. That is to say, about 0.5 mW of
incident power can generate 1 mK trap depth, which is

60

40

(a)

(b)

40

20

P,z=-184 nm
M,z=-763 nm

0
-1500-1000 -500

Potential (mK)

scattering of light by an array of plasmonic nanoholes [27]. For
a more detailed description of the system field distribution,
the normalized intensity (jEj2 ) along the dark dashed line in
Fig. 2(a) is given in Fig. 2(b). Herein, the electric field E is
the superposition of the evanescent field (SPPs) and the spatial
electric field through the nanoholes. The simulation results
above indicate that the spatial electric field distribution can
form two intensity minima, which implies the blue-detuned
optical trap for neutral atom manipulation. Here, the resonant
wavelength λ  760 nm is chosen to be blue-detuned to the
D2 line of rubidium, which repels the atoms from the high light
intensity due to the optical dipole force to the minimum. In
addition, the two trap centers are both about 370 nm away
from the surface, which greatly reduces the effects of van der
Waals forces [13–16,25–27,36].
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Fig. 3. (a) Calculated total potential along the dark dashed line in
Fig. 2(a). (b) Potential distributions for point P in the x–y plane. U x
and U tot−x represent the optical dipole potential and the total potential
along the x direction, respectively. The incident optical power
P 0  1 mW.

Vol. 5, No. 5 / October 2017 / Photonics Research

Research Article
(b)

(a)
350

1400

:mK

:mK

3.0

0

1.0

y-[nm]

y-[nm]

6.0

0

0.5

0.0

-350
-350

0
x-[nm]

350

-1400
-1400

0.0

0
x-[nm]

1400

Fig. 4. (a) Contour plot of a trapping total potential in the x–y plane
at z  372 nm for a unit cell. (b) Periodic arrays.

commonly used in single-atom trapping experiments [5]. Using
the near-field scattering effect of the periodic nanoholes, we
can achieve 3D trapping for a single atom in each trap center,
which is more stable than 2D trapping [11]. For a same U eff 
1 mK, this optical power is much smaller than in previous reports with 6 mW in Ref. [7], 80 mW in Ref. [8]. Ultra-low
power can reduce the heating effect on the atom and increase
the trapping lifetime. In addition, the FWHM of the nanotrap
is about 200 nm, which is small enough to trap a single
atom [7]. To the best of our knowledge, atom trapping based
on blue-detuned light without surface potentials effects
has scarcely been previously reported. For point M (z 
−763 nm), there are similar potential distributions except for
the specific trapping depth value (the minimum potential of the
trapping center is about U tot  0.21 mK and about U eff 
5.17 mK for the x or y direction and U eff  5.00 mK for
the z direction).
4. ATOM TRAPPING VIABILITY
To quantify the viability of an atom trap, the scattering rates
should be determined. Atoms will be heated by the laser field
and will undergo a momentum recoil due to photo scattering,
which can result in atom loss from the atom trap. For an atom
in a dipole trap, the scattering rates, Γsc , is given as [5,36]
Γ U tot
:
(5)
Γsc 
Δ ℏ
Here, Γ is the dipole transition matrix element between the
ground jgi and jei excited stated, ℏ is the reduced Planck’s constant, and Δ is the detuning. For 87 Rb, we can assume that the
major contributions to Γsc are from the dipole transition rates
from S 1∕2 to the P 1∕2 and P 3∕2 excited states [36]. With these
simplifications Eq. (5) becomes


Γ1∕2
2Γ3∕2 U tot
;
(6)

Γsc 
3Δ1∕2 3Δ3∕2 ℏ
where Γ1∕2 and Γ3∕2 are the dipole transition matrix elements
from the S 1∕2 to the P 1∕2 and P 3∕2 excited states, respectively.
For an effective trap depth 1 mK, the calculated scattering rate
is only about 3.31 s−1 , which is a much lower value compared
with previous reports, about 98.78 s−1 in Ref. [36] and 6100 s−1
in Ref. [40]. Each scattered photon from either field contributes
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some recoil energy to the atom. This will lead to a loss of atoms
from the dipole trap. A trap lifetime is given as [36,40]
U
τc  reff ;
(7)
2E Γsc
where E r  ℏ2 ∕8mπ 2 λ2  is the recoil energy associated with a
blue photon, and m is the atomic mass of 87 Rb. A trap lifetime
about 800 s is obtained with U eff  1 mK, which is about 2000
times compared with Ref. [40] in a same trap depth.
At last, we show total potential distributions in the x–y plane
at z  372 nm of the periodic arrays in Fig. 4(b). It is obviously observed that the periodic structure guarantees the uniformity of trap depths in each unit cell, which greatly reduces
the detection error due to the variance of cooling efficiency and
the photon scattering rate from each atom. Compared with the
multi-beam trapping [9,10], only a bunch of ultra-low-power
(0.5 mW) blue-detuned light is required in our proposal, which
is more compact and easier to be controlled. The distance
between trap wells is the same as the period of the system,
and the trap depth of each well can be adjusted by adding nonlinear materials in the nanoholes [41]. Surely, at z  −763 nm,
the atom array also can be trapped. This kind of two-layer array
of atom trapping is on both sides of the structure, which has not
been previously reported, to the best of our knowledge. Such
plasmonic structure is easy to fabricate and integrate into a
hybrid system [42,43]. This two-layer array of such atom nanotraps could have applications for site-selective manipulation,
resonance fluorescence of cold atoms, and multi-bit operation
within a small volume.

5. CONCLUSION
In conclusion, we have proposed a compact plasmonic structure for neutral rubidium atoms trapping with a blue-detuned
light, which produces an array of potential minima in the near
field. The resonant wavelength of the system is used as the
trapping light for neutral atoms, which can greatly reduce
the optical power due to the SPPs excited. The FWHM of
the nanotrap is about 200 nm, and the trap center is about
370 nm away from the nanohole surface, which effectively
avoids the effects of van der Waals forces, and a stable 3D atom
trapping independent on the surface potential is demonstrated.
The effective trap depth is more than 1 mK when the optical
power of the trapping light is only about 0.5 mW. The calculated scattering rate is merely about 3.31 s−1 , and a trap lifetime
is about 800 s. Moreover, the periodic system provides high
uniformity of trap depths, which greatly diminishes the detection error due to the variance of cooling efficiency and the photon scattering rate from each atom. This kind of plasmonic
structure is easy to fabricate and integrate into a hybrid system,
and such two layers of atom nanotraps are of importance for
complex functional devices, resonance fluorescence, and multiple access selection in highly integrated photonic circuits and
quantum information processing.
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