Optical dipole mirror for cold atoms based on a metallic
diffraction grating
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We report on the realization of a plasmonic dipole mirror for cold atoms based on a metallic grating coupler.
A cloud of atoms is reflected by the repulsive potential generated by surface plasmon polaritons excited on a
reflection gold grating by a 780 nm laser beam. Experimentally and numerically determined mirror efficiencies
are close to 100 %. The intensity of SPPs above a real grating coupler and the atomic trajectories as well as
the momentum dispersion of the atom cloud being reflected are computed. A suggestion is given on how the

plasmonic mirror might serve as an optical atom chip.
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Surface plasmon polaritons (SPPs) are electromag-
netic excitations resulting from the coupling between
an electromagnetic field and collective oscillations of the
conduction electrons in a metal [1]. They are associ-
ated with an evanescent light wave on both sides of a
dielectric-metal interface. In recent years, surface plas-
mon polaritons have received increasing interest due to
their peculiar properties and broad range of applications
in optics, spectroscopy, data storage, solar cells, sensors,
medical science, ete. [2].

The rapidly growing field of plasmonics starts also to
be attractive for manipulation and control of matter at
micro, nano and atomic scales, especially when it comes
to the investigation of ultracold quantum gases and pre-
cise positioning of atoms. In typical experiments, clouds
of atoms can be cooled down to nanokelvin tempera-
tures and trapped by means of magnetic and optical
potentials. However, the spatial resolution of typical
optical traps is limited by diffraction. Plasmonic po-
tentials, which can be structured with subwavelength
resolution, offer a promising nanoscale alternative for
ultracold atom manipulation, trapping or guiding.

The main component of surface based optical tools
for cold and ultracold atoms is an optical dipole mirror.
Typical mirrors use a repulsive force associated with a
high intensity gradient of the evanescent field excited
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in the vicinity of a dielectric prism (see e.g. [3-6] and
references therein) or a dielectric planar waveguide [7].
For low saturation, the dispersive part of the atom-field
interaction might be described in terms of a dipole po-
tential Ug;p of the form

3
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where T' is the spontaneous decay rate, I(7) is the in-
tensity and A is the wavelength of the Ds transition in
alkali atoms [8]. The relative detuning A is negative and
larger than the hyperfine splitting of the excited states
but smaller than the fine structure splitting. The repul-
sive dipole potential in mirrors for thermal atomic beams
and laser-cooled atoms has been enhanced or modified
employing the evanescently decaying field of SPPs prop-
agating on gold or silver surfaces [9-13]. In all these ex-
periments the SPPs were excited by a laser undergoing
total internal reflection at a prism surface covered with
a metallic film, hence in the Kretschmann configuration
for SPP excitation [14]. In this arrangement, the tangen-
tial component of the wave vector of the TM (transverse
magnetic) field on the dielectric prism is equal to that
of the surface waves. Another possibility of momentum
matching is to use a plasmonic grating coupler, as first
recognized by Wood in 1902 [15]. In this case the grating
vector 2rm/d (m = 0,£1,42,..., and d is the grating
period) is added to the tangential component of the wave
vector of the incident light. A simple analytical equation



allows for an estimate of the optimum angle of incidence
0 for a shallow grating in vacuum when the plane of
incidence is perpendicular to the grating’s grooves (see

e.g. [16]):
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where kg is the free space wave vector and €, is the real
part of the relative permittivity of the metallic layer,
being -22.5 for gold at 780 nm [17]. However, the ex-
act profile of the SPPs intensity I(#) above a perfect or
real grating coupler, being crucial for the dipole mirror
operation (see Eq. 1), has to be computed numerically.

Using a metallic grating instead of a gold film on
a prism surface in an optical atomic dipole mirror for
cold atoms leads to a considerable miniaturization of
the system. Complicated optical potentials may be
achieved thanks to a proper preparation of metallic mi-
cro and nanostructures. Several experiments have been
proposed combining subwavelength plasmonic structures
with atomic and atom physics. Some of them are: mod-
ification of the probability for forbidden transitions [18],
control of the spontaneous emission linewidths [19], con-
struction of optical dipole nanolattices [20] or plasmonic
waveguides [21]. In this Letter we report on the realiza-
tion of a plasmonic dipole mirror for cold atoms based
on a metallic grating coupler.

The heart of the experimental setup is a small (70 x
22 x 22 mm?) rectangular ultrahigh vacuum glass cell
with centrally mounted plasmonic grating coupler and a
source of cold atoms above it (see Fig. 1). 8Rb atoms
are collected in a standard background vapor loaded six
beam magneto-optical trap (MOT). SPPs are excited
upon illumination of the coupler by a 780 nm TM po-
larized laser beam of a 730 um type e~2 radius and 20-
40 mW of power. The beam is blue detuned from the
Dy F =2 — F' = 3 transition between 6 and 10 GHz
and the angle of incidence is about 14.5°, from normal.

The optimum parameters of the grating coupler were
found numerically using the rigorous coupled-wave anal-
ysis (RCWA) method [22, 23]. The SPPs intensity was
optimized for a given incident beam intensity and wave-
length of 780 nm corresponding to the D5 transition in
rubidium atoms. For a chosen period of 1 ym and a duty
cycle of 0.5 of a gold plasmonic coupler with rectangular
profile, the optimum grating depth is 35-65 nm.

The coupler consists of a 120 nm gold film supported
by a 3 nm titanium adhesion layer, which was evaporated
by electron beam metal deposition onto a 7 x 3 mm?
silicon substrate. The grating structures were defined
on top of the gold layer by electron beam lithography
(EBL) in a 500 nm thick layer of polymethyl metacrylate
(PMMA), using a scanning electron microscope (SEM).
After a development step the sample was coated with
a 3 nm titanium adhesive and 50 nm gold layers. The
PMMA material and the residual metal layer were af-
terwards chemically removed in the lift off process. The
EBL working area for a single grating array was lim-
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Fig. 1. Sketch of the experimental setup (not to scale). The
TM polarized incident laser beam excites SPPs on a metallic
grating coupler when the cloud of atoms reaches the surface.
For the sake of clarity the MOT cloud is shown in its initial
height only. The reflected beam is used to test the grating
coupler — see Figs. 2 ¢) and d). Inset: top view of the setup.
The horizontal arrow pointing to the left denotes shifting of
the MOT cloud just before releasing it onto the dipole mirror.

ited to 100 x 100 pm?2. Thus, the total mirror area of
0.4 x 0.8 mm? was divided into 32 adjacent and identi-
cal squares arranged in a 4 x 8 matrix defined as close
as possible to the sample edge — see the optical micro-
scope image in Fig. 2 a). The topography measured with
atomic force microscopy (AFM) is shown in Fig. 2 b).
The orientation of the ridges was chosen to be parallel
to the short sample edge.

The plasmonic couplers were optically tested by mea-
suring the zeroth order reflectivity of the TM polarized
780 nm laser beam on an auxiliary CCD camera. The
SPPs presence manifests itself at a proper angle of in-
cidence as a reduction in the reflected intensity due to
the phase difference between specularly reflected and ra-
diated light [24]. The calculated and measured angle
dependent reflectivities are shown in Fig. 2 ¢) together
with a typical CCD image of the reflected laser beam
(Fig. 2 d).

The experimental sequence starts with 6.5 s of loading
the magneto-optical trap followed by Doppler and mo-
lasses cooling stages. Since one of the MOT beam pairs
is directed vertically, the center of the MOT and the
grating coupler are initially misaligned in the horizontal
plane by about 3 mm. An additional homogenous mag-
netic field of 1 Gauss is switched on for 6 ms during the
final stages of the MOT cooling, shifting horizontally the
zero of the magnetic field gradient and the atom cloud
by 2 mm towards the coupler, resulting in a final mis-
alignment of 1 mm (see inset in Fig. 1). Subsequently,
the MOT beams are switched off and the cloud of about
7 x 10 atoms and a temperature of 40 uK is expand-
ing and falling down under gravity. About 20 ms after
switching off the MOT beams, the cloud reaches the gold
grating and the laser beam exciting SPPs is switched on
for 2 ms. After a time delay between 0.2 ms and 7 ms
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Fig. 2. Gold photon-plasmon grating coupler: a) optical mi-
croscope image under white light illumination, b) tapping
mode AFM topography image of three ridges, c) angle de-
pendent zeroth order reflectivity of the 780 nm laser beam
— RCWA calculations for an ideal rectangular profile grating
(solid line), modeled real grating (dashed line) and experi-
ment (crosses). A typical CCD image of the cross section of
the reflected beam is shown in d) for the optimum angle of
incidence.

the reflected cloud of atoms is illuminated with the MOT
beams and imaged on a cooled CCD iXon®M 4 885 cam-
era. A typical time sequence of the reflected cloud is
shown in Fig. 3. Each image requires a new experimen-
tal run and is the result of subtraction of two fluorescent
photographs taken for TM and TE polarization of the
incident laser beam. Since the plasmonic coupler does
not work for TE polarization in our configuration, the
differential images are free of the background formed by
that part of the falling cloud of atoms which misses the
dipole mirror. However, power fluctuations of the MOT
beams used in imaging cause the outline of the silicon
base to be partially visible.

In our configuration the cloud of falling atoms is much
larger than the dipole mirror area. To determine the
real efficiency of the plasmonic mirror we have experi-
mentally measured the fraction of reflected atoms and
compared it with the expected value based on geometric
calculations. Taking into account the plasmonic mir-
ror duration, the dimensions of the grating coupler, the
initial position of the atomic cloud and its size and tem-
perature we have found in a Monte Carlo simulation that
0.2340.03 % of atoms have a chance to be reflected due
to geometrical constraints. On the other hand, basing on
the fluorescence imaging it was found that 0.22+0.03 %
of the total number of falling atoms are reflected. Our
plasmonic dipole mirror efficiency is thus close to 100 %.
We have experimentally checked that the mirror is ro-
bust against changes in the angle of incidence in the
+0.2° range.

The effective intensity I(x,y) of the SPPs above the

Fig. 3. Cold atomic cloud reflected off the plasmonic mirror
for various times after the bounce seen along the direction
shown in Fig. 1. The detuning A, intensity and power of
the laser beam were 27 - 9 GHz, 3.6 W/cm? and 30 mW,
respectively. The duration of the plasmonic mirror was 2
ms and the CCD integration time was 1 ms. Each image is
averaged over 40 runs of the experiment.

perfect and real grating coupler was calculated using the
RCWA method for optimum and suboptimum angles of
laser beam incidence. The calculated optical dipole po-
tential for 8"Rb atoms (see Eq. 1) above two consecutive
grating ridges of a modeled real grating is shown in Fig. 4
for the same parameters as in Fig. 3. The interference
of the incident and residual reflected laser beams results
in a characteristic modulation of the optical dipole po-
tential, seen in the upper half of Fig. 4. We have ne-
glected the van der Waals atom-wall interaction in the
mirror potential calculations due to the fact that it does
not contribute significantly at the classical turning point
distance of about 400 nm.

To calculate the dispersion of the atomic momenta
induced by the reflection off the rough mirror we have
numerically solved the equations of motion for atoms
moving in the potential associated with SPPs. The cal-
culation of an atom trajectory in the plasmonic potential
takes place in a single sector shown in Fig. 4, i.e. in the
area of 2 x 2 um?. In order to calculate the trajectory of
an atom in the area of the whole grid, which is 400 ym
long, the periodicity of the potential was taken advan-
tage of. Whenever the atom reaches the left or right
border of the sector, its further evolution starts from the
other border with the same conditions and changed sec-
tor number. The calculation stops when the atom leaves
the upper border of the sector. An exemplary trajectory
of a single atom is shown by a solid white line. The veloc-
ity dispersion is obtained from the calculation for 1000
atoms with the initial velocities distribution truncated
to account for initial position, temperature and size of
the atom cloud. The inset of Fig. 4 shows the computed
velocity dispersion of the ensemble of atoms before and
after reflection, 2 pm above the grating coupler surface.
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Fig. 4. Numerical simulations of the atom movement in the
vicinity of a periodic plasmonic mirror. The optical dipole
potential is expressed in units of AI'. The 2.5 Al" equipotential
line corresponds to an incident beam intensity enhancement
by a factor of =~ 36. The inset shows the dispersion of the
initial and final velocity in the atomic clouds just before and
after the reflection.

In the present system the incident laser beam inter-
acts directly with falling and reflected atoms during the
plasmonic mirror phase via the radiation pressure force.
The calculated mean number of incoherently scattered
photons per atom per reflection is 5 for the same plas-
monic mirror parameters as in Fig. 3. Importantly, the
average photon scattering in the field of SPPs themselves
is below 0.1, neglecting any atom-surface interaction.

We propose two ideas for further developing the cur-
rent setup. The first one is to use the SPPs propagating
on a flat gold surface outside the coupler, which means
outside the excitation region (see e.g. [25]). The sec-
ond one is to use a transmission grating coupler where
the SPPs are excited on the opposite side of the metal-
lic structured film than the incoming laser beam, as in
the optical trap based on the micro Fresnel lens in gold
[26]. As a next step towards a compact atom chip, we
are planning to build a surface trap based on the plas-
monic grating mirror with ultracold atoms, where sub-
wavelength waveguides and focusing of SPPs are also
under consideration [27].

In summary, we have demonstrated a compact optical
dipole system for cold atoms and analyzed numerically
individual atomic trajectories. This setup forms a basis
for optical or hybrid opto-magnetic atom chips.
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