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Proposal for atom traps with low power by surface plasmon polaritons on the short waveguide
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In this study, a viable platform for atom traps using a dielectric-loaded surface-plasmon-polariton waveguide
is proposed. A trap depth of 0.239 mK can be achieved above a SiO, waveguide on an Au-SiO, substrate, with
mode powers of 0.5 mW for the blue-detuned TM; mode, 0.1 mW for the TM; mode, and 0.55 mW for the
red-detuned TM, mode. The trap center is about 180 nm above the waveguide surface, and the corresponding
cooperativity parameter for coupling the 8’Rb atom with a guided photon is about 0.137. By controlling the phase
difference between counterpropagating red-detuned TMy modes, atoms can be delivered along the waveguide
by an optical conveyor belt. Compared to the dielectric waveguide without the enhancement of surface plasmon
polaritons, our scheme has the advantage of forming a trap depth with low-power requirements and stronger
atom-photon interactions, which makes it highly suitable for applications in photonic-atomic chips.
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I. INTRODUCTION

Due to their high scalability and improved light-matter
interaction, integrated quantum photonic chips have gar-
nered significant attention in recent decades [1-3]. There is
a growing demand for quantum photonic devices with sin-
gle emitters, which are essential for quantum light sources,
single-photon-level nonlinearity, and deterministic quantum
gate operations [4—6]. Neutral atoms with long-lived energy
levels also have the potential to serve as long coherence
time memory for storing quantum information [7,8]. There-
fore, integrated photonic-atomic chips based on neutral atoms
offer promising prospects and have attracted considerable ef-
fort, especially for atom trapping and manipulation in recent
years [9-14].

Various technologies, such as nanofibers [15-17], two-
dimensional periodic optical structures for atom lattice arrays
[18,19], nano-optical tweezers [20-22], microring resonators
[23-25], and rib waveguides [26—28], have been employed for
atom trapping and manipulation. However, many of these plat-
forms necessitate high light power for effective atom trapping,
leading to increased experimental complexity and instability
in trapping atoms. Surface plasmon polaritons (SPPs) are
collective oscillation waves of electrons that are beyond the
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diffraction limit and propagate along the interface of the metal
and dielectric [29-32]. Although the trapping of atoms with
SPPs has been studied [19,33-35], atom traps on waveguides
with SPPs are still absent. Our proposal involves utilizing
a hybrid waveguide assisted by SPPs to effectively reduce
the required power for trapping atoms in a short range. This
platform has the potential to offer a stable atom source for
integrated photonic-atomic chips.

In this paper, a platform composed of a SiO, waveguide
on an Au-SiO, substrate is proposed for 3’Rb atom traps with
low power assisted by SPPs. A trap depth of about 0.239 mK
can be achieved above the waveguide, where the powers of the
blue-detuned TMy mode, the TM; mode, and the red-detuned
TMp mode are 0.5, 0.1, and 0.55 mW, respectively. The trap
center is about 180 nm above the waveguide surface with
a cooperativity parameter being about 0.137. Compared to
conventional dielectric waveguide or SPP waveguides based
on Si3Ny, the SiO; on Au-SiO; platform can provide a similar
trap depth with a lower mode power but a larger cooperativity
parameter in a short range. The proposed platform offers an
alternative approach for trapping atoms with low power and
strong atom-photon coupling for integrated photonic-atomic
chips.

The paper is organized as follows. Section II provides an
overview of the platform for atom traps with SPP modes. Sec-
tion III gives a comparison of different platforms. Section IV
demonstrates the performance of the SiO, on Au-SiO, form
for atom traps. A summary is given in Sec. V.

©2024 American Physical Society
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FIG. 1. (a) Schematic of the photonic-atomic chip device for
atom trapping and delivery, which includes a dielectric waveguide,
tapering region, and SPP waveguide. The inset is the SPP waveguide
for atom trapping and delivery. (b) Cross section of the waveguide
and the electric-field distributions of the TMy and TM; modes.
(c) Trap potential distribution above the waveguide surface in the
x-z plane shown by the red dashed rectangle in (b).

II. PLATFORM FOR AN ATOM TRAP WITH SPP MODES

The photonic-atomic chip platform depicted in Fig. 1(a)
comprises a Si0O, waveguide on an Au-SiO, substrate, which
forms a dielectric-loaded SPP waveguide. As illustrated in
Fig. 1(b), the SiO, waveguide is characterized by width w
and height h, and the Au film with a thickness of h; =
200 nm is deposited on a SiO, substrate. The SPPs at the
interface between the dielectric waveguide and the Au can
be excited, confined, and guided in the waveguide. It is note-
worthy that the evanescent field attenuates exponentially from
the surface of the waveguide, thereby providing repulsion
and attraction to the atom with the blue- and red-detuned
modes, respectively [33,34]. Additionally, when atoms ap-
proach the waveguide surface, surface interactions exert a
rapidly increasing attractive force due to van der Waals force
or Casimir-Polder force, depending on the atom-surface dis-
tance / and the transition wavelength A of the atoms [36-38].
To counteract the van der Waals or Casimir-Polder force and
prevent the atom from adhering to the waveguide surface, the
blue-detuned TMy and TM; modes are employed to provide
a repulsive force. It is important to highlight that only TM
modes can be induced on the dielectric-loading SPP waveg-
uide, in contrast to dielectric waveguides that support both TE
and TM modes. Consequently, only the evanescent field asso-
ciated with TM modes is taken into account when calculating
the optical dipole potential. As illustrated in Fig. 1(a), for
w = 800 nm and 4 = 100 nm and considering the 8’Rb atom
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FIG. 2. Trap potential formed along the waveguide with mode
input powers of P, =0.606 mW, P, =0.130 mW, and P, =
0.630 mW. (a) Trap potential distribution in the x-y plane 180 nm
above the waveguide surface (top) and in the y-z plane with x = 0
(bottom). (b) Variation of the trap depth and the trap center along the
waveguide.

with a D, transition at the wavelength 1y = 780 nm, TM, and
TM, modes are excited by blue-detuned lasers, with A = 760
and 765 nm, respectively. The optical constants of Si3zN4 and
Au are obtained from Refs. [39,40], and the refractive index of
Si0; is set equal to 1.45 [41]. By the finite-element method,
the SPP modes are calculated on the dielectric-loading SPP
waveguide. The electric-field distributions of the TMy mode
for A =760 nm and TM; mode for A = 765 nm are given
in Fig. 1(b). Another red-detuned laser (A = 850 nm) is used
to excite the TMy mode for attractive forces, and thus the
combinations of all the dipole lasers and surface forces lead
to an atom trap potential well above the waveguide.

Figure 1(c) shows the trap potential distribution on the x-z
plane above the waveguide surface [corresponding to the red
rectangular area in Fig. 1(b)], where the powers of the TMy p +
and TM; 1, + modes are £, = 0.5 mW and P,; = 0.1 mW, re-
spectively, and the power of the TMy ; + mode in one direction
is P, = 0.55 mW. The subscripts + and — indicate the for-
ward and backward excitation directions, respectively. Here
the trap potential is calculated by the formulas according to
Refs. [23,33,34,42]. Since the distance between the trap center
and waveguide surface is larger than A/2m, the Casimir-
Polder potential is considered in the calculation of the trap
potential [38,43]. Note that the blue-detuned TMy and TM;
modes propagate unidirectionally, while the counterpropagat-
ing red-detuned TM, modes are excited simultaneously to
form a standing-wave potential for the atom conveyor belt
[23]. The trap center (denoted by a red star) is about 180 nm
above the waveguide surface (denoted by h,). The saddle of
the trap well is infinity and is not shown in the figure. The
trap depth U (difference between the trap center and the
saddle) is approximately 0.239 mK. The trapping frequencies
of the ¥’Rb atom in the trap well are 2w x 0.14, 27 x 0.44,
and 2w x 0.25 MHz in the x, y, and z directions, respectively,
and the corresponding oscillation energies are 6.84, 21.24, and
12.05 pK, which are much smaller than the trap depth.

Figure 2(a) illustrates the optical trap potential in the x-y
plane positioned 180 nm above the waveguide surface and
in the y-z plane with x = 0. Limited to the large losses and
short propagation length of the SPP, a short range of 3 um
is considered to analyze the atom trapping on the waveguide.
The sources of the forward TMop 4+, TM; p +, and TMy +
modes are positioned at y = —1.5 um and have powers of
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TABLE I. Performance of different platforms for trapping atoms.
Here 5, is the distance of the trap center from the waveguide surface.

Waveguides SiO, on Au-SiO, Si3Ns on Au-SiO, SizNy on SiO,

h (nm) 100 100 280
w (nm) 800 800 800
P, (mW) 0.5 1.2 9
Py (mW) 0.1 0.3 1

P. (mW) 0.55 0.828 9.36
Uyt (mK) 0.239 0.238 0.237
hy (nm) 180 130 135
c 0.137 0.049 0.021
Ly, (wm) 13.12 3.73 222198
Lrng,, (wm) 8.27 2.6 5234
Ly, , (wm) 8.64 2.54 13256

0.606, 0.130, and 0.630 mW, respectively. The source of the
backward TM, ;,— mode is positioned at y = 1.5 um with a
power of 0.630 mW. By adjusting the phase difference be-
tween the two TMy, + modes, the optical trap lattice can
move and transport trapped atoms along the waveguide sur-
face. Owing to propagation loss, the trap depth U and the
trap center h, vary as the guiding modes propagate along
the waveguide, as shown in Fig. 2(b). The trap depth first
increases and subsequently decreases rapidly in the forward
direction, as indicated by the black curve. Simultaneously, the
trap center approaches the waveguide surface in the forward
direction, as shown by the red curve. It should be noted that
the length of the waveguide is not limited to 3 um, since the
propagation length of SPP modes is beyond 8 um. The optical
trap potential given in Fig. 2(a) can be obtained when the
incident power of TMy, _ is high enough to overcome the
propagation loss. Loading atoms into the trap well formed on
the unsuspended dielectric-loading SPP waveguide presents
additional challenges due to the presence of the reflective Au
film. Several approaches have been explored in previous stud-
ies to address this issue and successfully load atoms into the
trap well on unsuspended waveguides. These methods include
using counterpropagating lasers perpendicular to the waveg-
uide surface [44], leveraging the strong near field generated
by a sharp metallic nanotip for trapping and delivering atoms
[33], and employing grating diffraction beams at the Brewster
angle to mitigate reflections [45]. Therefore, it is feasible to
load atoms into the trap well on the dielectric-loading SPP
waveguide.

III. COMPARISON OF DIFFERENT PLATFORMS

To compare with other photonic-atomic chip schemes, trap
depths formed by a SizN; waveguide on SiO, substrate and
a Si3Ny4 waveguide on Au-SiO, substrate are studied, as pre-
sented in Table I. The SizN4 on Au-SiO, platform provides
better confinement, where more mode fields are distributed
inside the Si3N4 waveguide due to the larger refractive index
of SizNy than that of SiO,. With the powers of the TMyp,
TM, 1, and TMy , modes set equal to 1.2, 0.3, and 0.828 mW,
respectively, a trap depth of 0.238 mK can be obtained with
a trap center of A, ~ 130 nm. The SizN4 on SiO, platform
provides an example of a conventional dielectric waveguide,

and the waveguide height is designed with 2 = 280 nm, which
is larger than that of the SPP cases because of the limit
of optical confinement in a dielectric waveguide. The pow-
ers required for a trap depth of 0.237 mK are P, = 9 mW,
P,; = 1 mW, and P, = 9.36 mW, with the trap center located
at hy, ~ 135 nm. These results indicate that the SPP can sig-
nificantly reduce the optical power requirement by about one
order of magnitude, while a relatively low refractive index of
dielectric loading is preferable due to loose confinement of
light for a stronger evanescent field in vacuum.

Due to the absorption loss in the Au film, the inten-
sity of the SPP mode decays with propagation distance as
I ~ exp(—y/L), where L represents the mode propagation
length in the waveguide. The calculated propagation lengths
of the TMyp, TM;p, and TMp, modes are also given in
Table 1. The SiO,-based SPP waveguide outperforms the
SizNy-based SPP waveguide, confirming the weaker con-
finement provided by the low-index dielectric materials. In
contrast to the SizN4 on SiO; platform, which offers waveg-
uide modes with a long propagation length, the SiO,-loaded
SPP waveguide is constrained by short propagation lengths
of approximately 10 wm. With a short propagation length,
SPP modes can be applied to trap atoms in the core area of
atomic chip. The SPP waveguide and dielectric waveguide can
cooperate with each other to realize the manipulation of atoms
on the atomic-photonic chip as shown in Fig. 1(a), where a
long-distance atomic transmission scheme includes the dielec-
tric waveguide, tapering region, and SPP waveguide. For the
long-distance delivery, dielectric waveguide modes with high
power can be utilized to transport atoms. When the atoms
reach the critical region for interactions, SPP modes can be
employed to trap single atoms and transport atoms in a short
distance, where the atoms can be held for a long time with
low trap power. While the inherent losses of the SPP restricts
its applications to a short range, the enhancement of the SPP
presents an advantage in atom trapping due to its low-power
requirements. In fields such as quantum information process-
ing and high-precision sensing relying on single atoms, sus-
ceptibility to temperature variations and environmental distur-
bances is a critical concern. By utilizing SPP modes for atom
trapping with low-power demands, the stability and quality
of the system can be significantly improved. It is different
from the optical fiber waveguide [16], which has difficulty
dissipating the heat with a suspended waveguide; in contrast,
the SPP waveguide can dissipate the heat to the substrate
by the gold film for good thermal conductivity. Our research
offers a promising solution for achieving a stable atom trap on
a photonic-atomic chip. Additionally, a growing number of re-
searchers have endeavored to increase the propagation length
of SPP modes in recent years. For instance, the Si-SiO;-Au
platform was introduced to extend the propagation length of
SPP modes to 50-200 um in the infrared spectrum [46]. In
addition, the integration of graphene nanoribbons with elec-
trodes between two dielectric layers in the SiO,-Au waveg-
uide has enabled the extension of the propagation length of
SPP modes to 187.9 um in the terahertz band [47]. These
advancements suggest that the limitations of short propagation
distances might be improved for SPP modes in the future.

As the atom is trapped above the waveguide surface, the
emission of the trapped atom can couple to the waveguide
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mode through the evanescent field. The merit of the quantum
coherence of the atom-photon interaction on the waveguide
for the atom located at the working point (xo, yo, Z9) can be
determined by the cooperativity parameter as [23]

_ 3ned? |E(x0, Yo, 20)|
4 Ay max[|E (x,y, 2)|1°

(1

where n.g is the effective refractive index, E(x,y, z) is the
electric field of the waveguide mode with the origin of the
coordinate system at the center of waveguide down surface as
shown in Fig. 1(b), and A. is the effective mode area. For an
atom on the straight waveguide,

€(x, 2)|E(x, 2)|Pdx dz

L
eff = P
€(xo, 20)|E (x0, 20)

2

with € the dielectric permittivity. For the ¥Rb atom at the
trapped center coupling to the TMy mode at A = 780 nm, the
cooperativity parameter for the SiO; on Au-SiO; platform is
0.137, which is larger than that of the other two platforms
(0.049 and 0.021 for the Si3zN4 on Au-SiO;, and SizN4 on
SiO; platforms), as shown in Table I. This shows that the
Si0, on Au-SiO; platform provides a higher trap center but
a larger cooperativity parameter. The short propagation length
of the lossy SPP modes will limit the effective atom-photon
interaction. To take advantage of SPP modes for atom trapping
and atom-photon interaction, the SPP can be applied only
in the critical region of the atomic chip. A tapered waveg-
uide can be used to connect the SPP waveguide with the
low-loss dielectric waveguide, which can realize the effective
and adiabatic coupling between the SPP mode and dielectric
waveguide mode. The calculated transmission efficiency of
the TMy mode at A = 780 nm is about 0.7 across the SPP
waveguide with a length of 3 um. To estimate the coupling
efficiency between dielectric waveguides and SPP waveguides
as 0.5 [48,49], the effective atom-photon coupling efficiency
is about 0.048 for the SiO; on Au-SiO, platform and 0.017
for the Si3N4 on Au-SiO; platform. Therefore, the SPP mode
based on the SiO, on Au-SiO, platform can provide strong
atom-photon interactions especially in a short range.

IV. PERFORMANCE OF THE SiO, ON Au-SiO, PLATFORM

The subsequent analysis delves further into the atom trap
on the SiO; on Au-SiO, platform. The trap depth varies with
P./P,, as shown in Fig. 3, where the waveguide width is
w = 800 nm and the height is # = 100 nm. The relationships
between the trap depth and P, /P, for different P, and the same
P,y = 0.1 mW is illustrated in Fig. 3(a), where the different
curves correspond to P, = 0.3, 0.4, 0.5, and 0.6 mW, respec-
tively. With a larger P,, more of the electric field is above the
waveguide surface, allowing for the formation of a greater trap
depth. For each curve, the trap depth increases initially and
then decreases with P;/P, to reach a maximum. When P, /P,
is relatively small, the repulsive force from the blue-detuned
light is dominant and substantial. The saddle point (denoted
by the red cross) of the trap well is located at infinity, as shown
in Fig. 3(b) with P,/P, = 1.05, P, =0.5mW, and P, =
0.1 mW. As the repulsive force can overcome the absorptive
force from red-detuned light and the van de Walls force near
the waveguide surface, the trap depth determined by the trap
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FIG. 3. Relation between the trap depth and P./P,, where dif-
ferent lines correspond to different (a) P, and (c) Py;. The inset in
(c) shows the relation between the trap depth and P,; with P, =
0.5 mW and P, /P, = 1.1. Also shown are the trap depth distributions
for (b) P,/P, = 1.05 and (d) P,/P, = 1.2, where the lines on the right
sides give the trap potentials along the white dashed lines.

center and the saddle increases with P;/P,. Conversely, when
P, /P, is relatively large, the attractive force from red-detuned
light increases and the saddle of the trap well moves to
the area between the trap center and the waveguide surface,
as shown in Fig. 3(d) with P./P, = 1.2, P, = 0.5 mW, and
P,; = 0.1 mW. The trap potentials along the white dashed
lines are given in the right curves in Figs. 3(b) and 3(d). The
trap potential on the saddle decreases to form a smaller trap
depth as P;/P, increases. The saddle moves from infinity to
the area between the trap center and the waveguide surface as
P. /P, increases, which results in a sharp change in the curves
for the relation between the trap depth and P;/P,. It should
be noted that excessively large or small P./P, values can
diminish the trap depth. A comparison of the various curves
clearly reveals that a larger P, results in a greater trap depth.
Additionally, the maximum trap depth increases and shifts to
the right as P, increases.

The relation between the trap depth and P, /P, for different
Py when P, is set equal to 0.5 mW is illustrated in Fig. 3(c),
where the different curves correspond to P,; = 0.04, 0.06,
0.08, 0.10, and 0.12 mW. Each curve demonstrates an ini-
tial increase in trap depth followed by a decrease as P./P,
increases, ultimately reaching a maximum at around P, /P, =
1.14. A comparison of the different curves reveals that the trap
depth increases with Py;. This finding underscores the signif-
icant role played by the TM; ;, mode in shaping the trap well
and substantially increasing the trap depth. To provide further
insight into the TM; ;, mode, the inset of Fig. 3(c) displays
the relationship between the trap depth and Py, with P, set at
0.5 mW and P,/P, set at 1.1. This inset graphically depicts the
correlation between the trap depth and P,;, showing that the
trap depth is very small with very small P,; values. When P,
exceeds 0.01 mW, the trap depth rapidly increases, indicating
the significant impact of the TM;, mode in enhancing the
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FIG. 4. Relation between the trap depth and P, /P, for different
waveguide (a) widths w and (c) heights & and relation between the
trap center h, and P;/P, for different waveguide (b) widths w and
(d) heights h. The inset in (a) shows the relation between the trap
depth and the waveguide width w for P,/P, = 1.1.

trap depth. However, when P, surpasses 0.1 mW, the curve
saturates, signifying that further increases in P,; do not result
in an additional trap depth. This suggests that the repair effect
of the TM; , mode ceases to augment the trap depth beyond
this point.

The geometry of the waveguide influences the trap depth
and trap center location, as shown in Fig. 4, where P, =
0.5 mW and P,; = 0.1 mW. In Fig. 4(a), the relationship be-
tween the trap depth and the power ratio P,/P, is studied for
different waveguide widths w = 750, 800, 850, 900, and 950
and a fixed height # = 100 nm. Different curves indicate that
a larger trap depth can be achieved with a smaller waveguide
width, because weak confinement leads to a stronger electric
field of the SPP mode above the waveguide. The relation be-
tween the trap depth and the waveguide width is also evident
in the inset of Fig. 4(a) with P,/P, = 1.1. However, the SPP
modes are less effective for forming trap depths either when
the waveguide width is greater than 950 nm or when TM, ;
is nonexistent when w is less than 750 nm and # = 100 nm.
In Fig. 4(b), the corresponding relationship between the trap
center and P, /P, for different waveguide widths is studied,
which shows that the waveguide width has little effect on the
location of the trap center. In contrast, the ratio P, /P, strongly
affects the trap center location.

In Fig. 4(c), the relationship between the trap depth and
the ratio P,/P, is given for different waveguide heights of
60, 80, 100, 120, and 140 nm, with a fixed waveguide width
of w = 800 nm. The corresponding relationship between the
location of the trap center and P, /P, for different waveguide
heights is also investigated in Fig. 4(d). These results show
that both the waveguide height and P, /P, have strong effects

on the atom trap potential. A smaller waveguide height allows
for a greater distribution of the mode amplitude above the
waveguide surface to form the trap well but with a higher trap
center. However, it is important to note that the SPP mode ex-
periences significant loss under these conditions. Conversely,
with a larger waveguide height, more mode energy is con-
fined within the waveguide, making it challenging to form
a well-defined trap well above the waveguide. Therefore, a
waveguide width of w = 800 nm and a height of 2 = 100 nm
are appropriate geometric parameters for the SiO; on Au-SiO;
platform.

V. CONCLUSION

A viable platform utilizing SPP waveguides has been pro-
posed to realize near-field cold-atom trapping with low-power
consumption. Specifically, for the SiO, waveguide on Au-
SiO; substrate, a trap depth of 0.239 mK can be achieved
with P, = 0.5 mW, P,; = 0.1 mW, and P, = 0.55 mW, pow-
ers that are almost one order of magnitude lower than those
required in dielectric waveguides on a substrate. The trap
center is 180 nm above the waveguide surface, allowing
enhanced atom-photon interactions with a cooperativity of
0.137. Through manipulation of the phase difference of coun-
terpropagating red-detuned trap lasers in the TMp ; mode, the
standing-wave trap well lattice can transport trapped atoms
along the waveguide surface. The impacts of the waveguide
geometry and trap power on the trap depth were also analyzed.
This proposed platform offers a stable and low-power method
for realizing atom trapping and strong atom-photon interac-
tions in the short waveguide, which has potential application
in the photonic-atomic chip.
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