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Chiral-Plasmon-Tuned Potentials for Atom Trapping

at the Nanoscale

Zhao Chen, Fan Zhang, Xueke Duan, Tiancai Zhang, Qihuang Gong, and Ying Gu*

Neutral atom trapping is of importance in precision quantum metrology
and quantum information processing where the atom can be viewed as

an excellent frequency reference. However, creating tunable optical traps
compatible with the optical nanostructures is still a challenge. Here, by
introducing the chiroptical effects of a plasmonic structure into atom
trapping, an active tunable potential for 3D stable optical trapping at the
nanoscale is demonstrated. By altering the incident light from left- to
right-handed circularly polarized, the tunable range of position and potential
of the trapped atoms can reach =60 nm and =0.51N mK (N denotes input
power with unit mW), respectively. In addition, the blue-detuned circularly
polarized light guarantees the ultralow scattering rate and ultralong trapping
lifetime. The trap centers are about hundreds of nanometers away from the
structure surface, which ensures the stability of the trapping system due

optical dipole traps.’! Among them,
optical dipole traps, which primarily use
the gradient forces of the incident light
to push atoms into a potential dip, has
become a widely used tool because the
trapping mechanism is independent of
the particular sublevel of the electronic
ground state of the trapped atoms.”! For
the blue-detuned traps,/®®l generally, the
atoms are trapped in the local potential
minima, then the photon scattering rates
are very low, while the experimental setup
is usually more complicated. In contrast,
for the red-detuned traps, although the
trapping system is very compact, for
example, the focusing systems,®1% the

to the ignorable surface potential. This chiral-based tunable atom trapping
system broadens the application of chiral metamaterials and has important
impact on all-optical modulation, atomic on-chip integration, manipulation of

cold atoms, and quantum many-body systems.

1. Introduction

Trapping and optically interfacing neutral atoms in the near
field of nanophotonic structures are essential requirements for
their use in advanced quantum technologies, e.g., precision
quantum metrology and quantum information processing.[l2!
There are in general three ways for neutral atoms trapping,
including radiation-pressure traps,’! magnetic traps,¥ and
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trapped atoms will be subjected to obvious
atomic coherence and heating effect?
since the atoms will be attracted to the
position with the largest intensity of light.

Miniaturization and integration of
photonic devices is an important trend in
the future development. Recently, optical
nanofibers are increasingly being used in cold atom experi-
ments due to their versatility and the clear advantages when
developing all-fibered systems for quantum technologies.!-17]
However, two-color (a red- and a blue-detuned light) or multi-
color traps are needed in the nanofiber system to form a stable
trapping because of the attractive van der Waals forces,[>17]
which undoubtedly increase the complexity of the structure
and the difficulty of the experiments. To address these prob-
lems, researchers combine the atom trapping with plasmonic
nanostructures which are in a subwavelength scale with
great local field enhancement effects'81] achieving surface
plasmon polariton (SPP)-based atom trapping systems.[20-23]
Later, a stable 3D atom trapping was achieved based on single
blue-detuned light in an array of plasmonic nanoholes.?*
These SPP-based atom trapping systems have many advan-
tages, e.g., the structures are compact and easy for expansion
and atomic on-chip integration, the resulting potential traps are
small enough to trap single atom. Nevertheless, it is difficult
to actively tailor the position and the potential of the trapped
atoms, which is of great significance in atom-atom interac-
tions and resonance fluorescence.*>?% Therefore, a stable atom
trapping nanosystem that is adjustable by external means is
urgently needed.

Chiroptical effects are characterized by different optical
responses for right- and left-handed circularly polarized light
(RCP and LCP).?”28 Attaining strong chiroptical effects has
great significance for applications in biomolecules and chemical
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reagent detection.”®2 The optical chirality is extremely weak
in nature media. As a solution, researchers have focused on
studying chiral metamaterials, due to their ability to enhance
the chiroptical effects by several orders of magnitude.?”:30:31
This external adjustment by RCP and LCP of the electromag-
netic field, makes chiral metamaterials highly promising
potential applications including negative refractive index
materials,?>34 ultrasensitive biosensing,?”*>3¢ and broad-
band circular polarized devices.*”-3% Moreover, because surface
plasmon resonances can offer strong near-field enhancement
to increase chirality in metamaterial, numerous designs based
on plasmonic building blocks,?% such as gammadion shape
meta-atom, 334041 I shapes,*>~* twisted-arc shape ] nanoslits,
and nanohole arrays!*®->% are proposed. In spite of wide applica-
tions have been achieved by chiral metamaterials, 2% creating
tunable optical traps for neutral atoms compatible with chiral
metamaterials has never been reported.

In this paper, we introduce the planar chiral plasmonic
metamaterial structure into neutral atom trapping, e.g., ¥Rb
trapping. Simulation results show that the position and the
potential of the trapped atoms can be easily tuned by altering
the phase difference of the components of incident light from
LCP to RCP. The tunable range of position and potential of the
trapped atoms is =60 nm and =0.51N mK due to the different
near-field scattering intensities. The designed structure consists
of an array of two four-vertical slits as planar chiral metama-
terial at visible wavelengths, whose resonant
field can be used as a blue-detuned laser light
for atom trapping. A blue-detuned circularly
polarized light ensures the 3D traps for ’Rb _'F #
atoms with ultralow scattering rates. The trap =
centers are about hundreds of nanometers
away from the structure surface at resonance,
which guarantees the stability of the trapping
system. This type of atom trapping, based
on modulation of LCP and RCP, provides a
promising possibility for atomic on-chip inte-
gration, all-optical modulation, and manipu-
lation of cold atoms, which will have great
significance in nanophotonics and quantum

computation.
hne 1

2. Designed Chiral-Plasmon
Structure

As illustrated in Figure 1a, the chiral plas-
monic structure consists of an array of
nanoslits etched in h = 150 nm thin silver
layer on d = 200 nm thin silica (SiO,) sub-
strate. The pink dashed line shows the unit
cell of the presented arrays and the geo-
metrical parameter symbols. In order to
better illustrate the chiral response, each unit
cell is made of two four-vertical nanoslits
of identical length L and width w separated
by different gaps g and g” The structure is
periodic in x- and y-directions, while only
a single layer is considered in z-direction.

9‘

Adv. Optical Mater. 2018, 1800261

trap center

1800261 (2 of 6)

www.advopticalmat.de

Periodic arrays of subwavelength slits in metallic films exhibits
an extraordinary optical transmission effect.l'”) Here, the trans-
mission of CP at normal incidence from the backside is investi-
gated by the commercial software COMSOL Multiphysics. The
period Px, Py, length L, width w, different gaps g and g”are 1400,
700, 300, 100, 10, and 50 nm, respectively. The refractive index
of SiO, is n = 1.45 and the relative permittivity of silver is taken
from ref. [51]. The electric field components of incident CP
light are set as Ex = e7®, Ey = ¢9°%° and Ez = 0 [@ denotes the
frequency of the incident light, 6 represents the phase differ-
ence, 0= m/2 or 37/2 corresponding to RCP or LCP]. The calcu-
lated transmission spectra for RCP (black curve) and LCP (red
curve) incidences are shown in Figure 1b. It is clearly observed
that the same resonant peak appears at A = 748 nm with dif-
ferent transmission efficiencies, about 0.42 and 0.53 for RCP
and LCP incidences, respectively. The circular state of polari-
zation is perfectly preserved in the transmitted wave, with a
conversion ratio less than 1.5% between RCP and LCP (Figure S1,
Supporting Information). The difference in transmittance of
LCP and RCP is usually called circular dichroism,***% which
is a typical feature of a chiral response (see Figure S2a in
the Supporting Information). The appearance of the circular
dichroism spectrum can be attributed to the Ohmic loss of
the silver (results from the imaginary part of the permittivity),
which is confirmed by the simulation of the metamaterial
made from an ideal metal (see Figure S2b in the Supporting
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Figure 1. a) Schematic of the array of nanoslits in a metallic film. The pink dashed line shows
the unit cell of the presented arrays and the main geometrical parameter symbols. b) Simula-
tion results of the normalized zero-order transmission spectrum for RCP (black curve) and LCP
(red curve) incidences. Normalized spatial electric field intensity |EJ* distributions for c) RCP
and d) LCP excitations at A = 748 nm for one unit cell.
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Information). In other words, the Ohmic loss plays a signifi-
cant role in the observed chiroptical effect.l*>>2

The difference in transmission efficiency between RCP and
LCP means different electric field distributions at resonance
(A = 748 nm) and also implies tunable electric field inten-
sity. At this point, we consider this difference of such fields
on tunable atom trapping. In order to better understand the
proposed system's advantages in atom trapping, we plot the
spatial electric field intensity |E|?> distributions of the system
at A = 748 nm, which are shown in Figure 1c,d at RCP and
LCP excitations, respectively. Obviously, two trap centers
(local electric field minima) appear at each plot, which are
both about hundreds of nanometers away from the structure
surface. The appearance of these trap centers can be attrib-
uted to the near-field scattering of light by periodic plasmonic
nanoslits.?%?4 Herein, the electric field E is the superposition
of the evanescent (SPPs) and the spatial electric field through
the nanoslits. The local electric field minima suggests the
blue-detuned optical trap for neutral atom manipulation. A
neutral atom, e.g., ¥Rb atom, can be trapped in the local elec-
tric field minima via optical dipole forces with blue-detuned
light.”! Here, the resonant wavelength A = 748 nm is selected
to be blue-detuned to the D2 line of ¥Rb, which repels the
atoms from the high light intensity due to the optical dipole
forces to the minimum.

As we know, a neutral atom (atomic state i with Zeeman
level m;) interacting with an electric field E experiences an
optical dipole potential given byl!

1
Uepe = = |V M

Here, o is a reduced polarizability and its expression is
taken from refs. [7,24]. For A = 748 nm, the calculated polariz-
ability is &2 = =5.07 x 10738 F m? for Rb atoms. Therefore, the
dipole potentials can be obtained according to the electric field
intensity distributions. In addition, the trapped atoms will be
subjected to the surface potential Uy, of the structure.'?-!]
Therefore, the total potential U, experienced by the trapped
atoms is the sum of the attractive Ug,, and repulsive Uy,

Ut = Uopt + Ugr (2)

However, the trap centers are both about hundreds of
nanometers away from the surface, so the Uy, can be negli-
gible relative to U, in our calculations.**l Thus, in this text,
we use Uy instead of Uy, to represent the total potential of
the trapped atom. In addition, the scattering rate and trap-
ping lifetime of the trapped atoms are the two important
indexes for the viability of an atom trapping system. Trapped
atoms meet with the photon scattering, which will result in
a momentum recoil, and then can lead to atoms loss.’! For
87Rb atom in a dipole trap, we can assume that the major
contributions to the scattering rates, I'y., are from the dipole
transition rates from ground state S;/, to the excited states
Py, and P3;,.5*%) Each scattered photon contributes some
recoil energy to the atom, which will lead to a loss of atoms
from the dipole trap. Thus, the scattering rates I';. and a trap
lifetime 7, are given as
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3A,  3As, | R

Uet
= 3RT. “)
where Ty, and T'y;, are the dipole transition matrix elements
from the ground state S/, to the excited states Py, and P3,
respectively, h is the reduced Planck’s constant, A is the
detuning, R* = 2m*h?/(m2?) is the recoil energy associated with
a blue photon, and m is the atomic mass of #Rb, respectively.
Therefore, in order to achieve a better stable trapping system,
we hope to obtain the trapped atoms with ultralow scattering
rate and ultralong trapping lifetime, which has great signifi-
cance in reducing the atom detecting errors.

3. Chiral-Plasmon-Tuned Potentials for ¥’Rb Atom
Trapping

To illustrate the trapping characteristics of the proposed struc-
ture quantitatively, we calculate the optical dipole potential Uy,
distributions along line 1 and line 2 (denoted by green dashed
lines in Figure 1c,d), shown in Figure 2. Here, the incident
optical power is set as Py = 1 mW. Ads/Ads” and Atrap/Atrap’
denote the movable position and tunable potential ranges of
trapped atoms by altering the phase difference 6, respectively
(ds expresses the distance between trap center and the nano-
structure surface). We define the effective trap depth U, as the
potential difference between the potential minimum that the
trapped Rb atoms can escape and the potential of the trap
center.?) Thus, the absolute value of |U.grcp — Uerrcp| is the
potential tunable factor. This is because the tunable range of
potential is proportional to the input power P, Namely, we
assume the incident power P, = N mW, the tunable range of
nanopotential is Atrap = N X |Uggercp — Uerrcp| With the unit mK.

2.0

—RCP line 1
1.5 —LCP
1.0
g 0.5 M
A
Eoo0 _
-g_ 1.5, > line 2
-} Trap center
1.0
0.5-
0.0- ' .
0 300 600 900 1200
z-[nm]

Figure 2. Corresponding optical dipole potential U, distributions along
line T and line 2 (denoted by green dashed lines in Figure 1c,d) with g =
10 nm and g”= 50 nm for RCP and LCP excitations at 1 = 748 nm.
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Table 1. The concerned calculation results of the atom trapping system.
Incident power Py, distance between trap center and structure surface ds,
effective trap depth U.g, scattering rate I's, and trapping lifetime 7.

RCP 390

0.24 0.1 6779

LCP 326 0.75 0.7 3026

RCP 323 0.65 1.0 1836

. LCP 382 0.30 0.1 8475

For expedient comparison, the concerned calculation results
of the proposed structure on atom trapping are listed in Table 1.
From the Table 1, it is found that Ads = 64 nm (from 326 to
390 nm), Ads” =59 nm (from 323 to 382 nm) and Atrap=0.51NmK,
Atrap” = 0.35N mK. For a fixed input power (P, = 1 mW),
the achieved effective trap depth is only 1/6 and 1/80 mK in
refs.[7] and,P% respectively. Ultralow input power can effectively
reduce the heating effect on atoms and increase the trapping
lifetime. In addition, the scattering rate and the trapping life-
time are much more superior compared to previous reports.>*>!
Ultralow scattering rate and ultralong trapping lifetime have
great significance in reducing the atoms detecting errors.

www.advopticalmat.de

Furthermore, although the tunable potential range increase not
significantly, the position range has increased nearly 20 times
compared with single four-vertical nanoslits (see Figure S3 in
the Supporting Information for details). Namely, we can tune
the position of the trapped atoms by only changing the phase
difference 6. The dynamic changing situation of the trap centers
(trapped atoms) is displayed in the Supporting Information-II.
It can be clearly seen that the trapping centers are moving back
and forth at the conversion process by altering the phase differ-
ence 6. The realization of two different trap centers in the same
unit cell has never been reported before, and each trap center
can be effective tuned by controlling the phase difference 6 of
incident light. The ability to tune neutral atoms at subwave-
length scale would enable precision manipulation of atoms
which is very important for quantum network capabilities and
large-scale quantum communications.

Successively, we investigated the influence of parameters
variations on the distributions of the optical dipole potentials
along the line 1 and line 2 in Figure 1c,d. Herein, the calculated
distributions of U, with different filled materials n (1.00) and n”
(1.00, 1.10, 1.20) in one unit cell at resonance (A = 756 nm)
for RCP and LCP excitations is displayed in Figure 3 (the situ-
ation of U, with different gaps g (g) is shown in Figure S4

3
line1 RCP LCP line 1
e c 0.04
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2- 0.02
0.00!
0.000! 320 340 360 380 400
1 300 320 340 360 380 400
<
£
“ o L} -
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Figure 3. Influence of parameters variations on the distributions of the optical dipole potentials along the center line with different filled materials n
(1.00) and n” (1.00, 1.10, 1.20) at A = 756 nm for RCP and LCP incidences. The parameters are set as Px = 1400 nm, Py = 700 nm, L = 300 nm, w =

100 nm, and g=g' =10 nm.
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in the Supporting Information). The insets show the enlarged
trapping positions, and we can clearly see the tunable ranges
of trapped atoms, which can be attributed to the different
intensities of the near-field scattering. Moreover, it is found
that when the system is at resonance (n = 1.00, n” = 1.20,
A =756 nm), the U is almost the largest, no matter RCP or
LCP light incidences. The above results can offer us one of the
ideas of constructing an atom trapping, which is to optimize
the parameters to make the system resonant, and this will
result in a maximum effective trap depth and the lowest scat-
tering rate. In addition, the filled materials can be Kerr non-
linear materials, and the refractive index can be controlled by
another beam of light, e.g., pumb light, which greatly increase
the system’s usability in all-optical manipulation.

Based on above analysis, we know that the use of external
means by LCP and RCP provides us a new method of adjusting
the atom trapping potential. In addition, this approach also
provides the possibility for atomic on chip integration and
large-scale atom array manipulation, which is required for
many-body interaction, quantum computation, multibit
quantum information, and quantum simulation. Further, by
designing chiral structures with larger circular dichroism spec-
trum, such as the trapping wavelength is on resonance at RCP,
suppressing resonance at LCP or conversely, a wider range of
regulation of atom potential can be achieved.

4, Conclusion

In conclusion, we have demonstrated a chiral-plasmon-tuned
3D atom trapping independent of the surface potential that
can be achieved in a single-layer planar chiral metamate-
rial at the nanoscale. The position and the potentials of the
trapped atom can be easily tuned by altering the phase dif-
ference of the incident light. Meanwhile, the trapped atoms
will move back and forth. The resonant field of the structure
is used as the blue-detuned trapping light for neutral atoms,
which greatly reduces the optical power, thanks to the excita-
tion of SPPs. The trap centers are about hundreds of nanom-
eters away from the structure surface, which arises from the
near-field scattering of the periodic property. Our structure is
easily fabricated and on-chip integrated. This chiral-based tun-
able atom trapping system broadens the application of chiral
metamaterials and has important impact on all-optical modu-
lation, atomic on-chip integration, and quantum information
processing.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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