Nanoscale Imaging of Neutral Atoms
with a Pulsed Magnetic Lens
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ABSTRACT We present a scheme for imaging of neutral atoms to the
nanoscale with a pulsed magnetic lens and show its viability through
numerical calculations. This scheme achieves focal lengths on the order of
several centimeters and focal spots of less than 10 nm. With these results, it
is possible to create sub-10 nm structures on surfaces in a parallel and time-
efficient manner. When used with metastable noble gas atoms, and in
combination with electron spectroscopy, this scheme can create a chemically
sensitive microscope which can probe surfaces on the nanometer scale.
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chemically sensitive probe

reat advances in nanolithography

and nanofabrication over the years

have been constantly pushing the
limits of resolution. Despite these impres-
sive results, it is clear that in order to reach
the few nanometer level, a new approach is
required. Parallel, top-down approaches
based on photolithography are limited by
the wavelength of the light that is used for
these processes.

State-of-the-art technology can now
achieve a feature size of 20—100 nm.'?
While other top-down approaches based
on electron-beam lithography can achieve
nanometer scale structures, they are limited
by the thickness of the resist and are inher-
ently very slow.>* Alternate methods that
rely on bottom-up techniques are based on
molecular self-assembly.? These can achieve
nanometer scale structures, but they are cur-
rently limited by random thermal processes.®
The possibility of using neutral atoms in a
beam to reach the nanometer scale resolu-
tion stimulated a great deal of work, starting
over 20 years ago.” ' This field, known as
atom lithography, mainly utilized standing
waves of light to focus the atoms.”® While
the basic method was successful, it was
limited to parallel lines and a few simple
specific arrays'? due to the periodic nature
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of a standing wave of light. The resolution of
atom lithography was also limited by severe
aberrations of the standing wave, a funda-
mental problem that has stopped further
progress.'?

An alternative approach is to use the
magnetic moment of an atom, which is a
nearly universal property of most elements
in the periodic table. In previous work,
permanent magnets have been used to
focus atoms.'®'® The refractive power of
these magnetic lenses is a function of the
gradient of the magnetic field and the
magnetic moment to mass ratio of the
atom. The method has been limited so far
by the low magnetic field gradients avail-
able, which result in a large focal length, as
well as by the fringe fields that the atoms
experience as they enter and leave the
magnets. Clark et al.'* recently proposed a
parallel method to achieve focal spots with
dimensions of sub-10 nm; however, that
method does not enable true imaging and
hence has limited applicability.

Here we propose an efficient method to
control the structure of materials at the
nanometer scale. In this method, a small
bunch of fast and cold atoms produced with
a pulsed supersonic source is divided into
several bunches of atoms with a perforated
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Figure 1. Schematic diagram of the proposed experimental
setup. (a) Even-Lavie pulsed supersonic nozzle with a high-
voltage pulsed discharge. (b) Initial spatial extent of the
bullet of atoms. (c) Brightening of the beam, reduction of
beam's dispersion, and optical tagging of the bullet. (d)
Magnetic mirror. (e) Transmission mask with a circular
aperture (the object plane). (f) Pulsed magnetic lens. (g)
Image plane. The lines represent the trajectories of para-
magnetic atoms. The angle between the supersonic beam
and the mirror selects the magnetic species that enter the
magnetic lens. In this configuration, atoms of a particular
low-field-seeking state are selected and the rest of them are
rejected.

pattern on a transmission mask. The pattern is then
imaged to a much smaller size by a pulsed magnetic
lens. A schematic diagram of an experimental setup for
this method is shown in Figure 1. It contains an Even-
Lavie pulsed supersonic source (Figure 1a), a magnetic
mirror (Figure 1d) to select the magnetic state of the
atoms that enter the lens, and a pulsed magnetic lens
(Figure 1f). Due to the geometry and extent of the lens,
this method can enable parallel nanofabrication of
structures. In addition, this lens is aberration-corrected,
and it is effective on all atoms that are paramagnetic,
which encompass most elements in the periodic table.

The choice of a high-flux pulsed supersonic source
(Figure 1a) is a critical starting point for this work, as it
produces a fast and a highly monoenergetic beam,
Avi/vi ~0.01, with an intensity of 10%* atoms/(sr 5)." It
can produce pulse widths as low as 10 us at a frequency
of up to 1 kHz."® Furthermore, this source can be used
in conjunction with seeding techniques, such as laser
ablation, to produce a supersonic beam of any element
in the periodic table and of many molecules.'® In the
important case of noble gas atoms that are nonmag-
netic in their ground state, such as helium or neon, they
can be excited to a long-lived metastable state by
employing a pulsed discharge near the nozzle'
(Figure 1a). Metastable atoms are particularly useful,
as will be described below.

Once these atoms exit the source, they form a bullet
(Figure 1b) that will be optically manipulated to en-
hance the image contrast and to allow the lens to
correct for aberrations (Figure 1c). For the former, we
will increase the beam brightness with an optical 2D
molasses setup, as this technique has been successful
in achieving high brightness values.'®'® For the latter,
we will reduce the longitudinal velocity spread (Av;) in
the bullet's frame of reference and optically tag the
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bullet (Figure 1c) as it comes out of the source. To
reduce Av;, we plan to laser cool the atoms in the
longitudinal direction but without changing their ini-
tial average velocity (v). To tag the bullet, we would
optically pump a thin (100 um) slice of the bullet to a
certain magnetic state and pump the rest to a different
magnetic state.

The desired magnetic state of the atoms will be
selected with a magnetic mirror in a planar Halbach
configuration.?2" This mirror consists of a collection of
constant amplitude permanent magnets, each ar-
ranged according to the direction of their individual
magnetization. Each magnet's magnetization is ro-
tated 90° with respect to its nearest neighbors and
follows a sense of rotation (Figure 1d). This periodic
configuration produces, on one side only, an inhomo-
geneous magnetic field (B) that decays exponentially
in the normal direction to the mirror. This field interacts
with the magnetic dipole of the atoms in the beam.
Their interaction energy is

U = megrugB M

where mg is the magnetic quantum number of the
particle, g¢ is the Landé g-factor and ug is the Bohr
magneton. Low-field-seeking atoms with megg > 0 are
pushed away from the mirror, while atoms with mggg < 0
are attracted to it. The mirror is positioned at an angle
with respect to the beam direction such that the thin slice
of the bullet is reflected and directed toward the trans-
mission mask (Figure 1e). For instance, using commercial
neodymium magnets (remanence ~ 1.3 T) in the mirror,
this angle is ~2.5° for metastable neon at 300 K in the
3%P, mg = +2 state. This selection method allows for the
focal plane to be out of sight of the source and for
the beam divergence to be unaltered. More impor-
tantly, as will be shown below, this selection of a slice
allows the lens to correct for aberrations.

Since supersonic sources produce fast atoms, a lens
with high refractive power is required to achieve
practical focal lengths, on the order of centimeters.
Current permanent magnet technology has not yet
offered a viable solution.?? Instead, we propose using a
lens based on a pulsed, coreless electromagnet (Figure 2).
An electromagnet generates an inhomogeneous mag-
netic field and provides complete control of the field's
magnitude through the modification of its current. Its
refractive power is a function of the same parameters
as that of the permanent magnets, as the interaction
energy between a magnetic dipole of an atom and the
field is that of eq 1. To achieve the desired refractive
power, the electromagnet we are proposing has
to generate a magnetic field gradient of 1—-2 T/mm.
A practically advantageous method to accomplish this
is using a pulsed electromagnet with small dimensions,
~O(mm). This is a common technique that has been
successfully used to generate the magnetic field gra-
dients we require."”
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Figure 2. Electromagnetic Lens. (a) Tapered hexapole con-
figuration. Wire configuration tapers off toward the center
of an imaginary hexagon as particles traverse through it,
where £ = (r; — ro)? + L3. (b) Cross section of the magnetic
lens while switched on. Magnetic field is calculated with
finite element methods. The color scale represents the
magnitude of the magnetic field: The field in the light-blue
zones is greater than the field in the dark-blue zones, the latter
being the lowest field. The thin light-blue contour lines show
where the magnetic field is constant. The black line circles
surrounding the hexapole field represent the wires.

The electromagnetic lens we are proposing is
aberration-corrected. It consists of six wire bundles
along the longitudinal direction of the atomic beam,
each at the vertex of an imaginary hexagon. The
bundles are slanted, while keeping the hexapole cross
section. They linearly decrease their distance to the
center of the hexagon as seen by the particles travers-
ing this wire configuration. Figure 2a shows a diagram
of the tapered electromagnetic lens. The configuration
of the electric current running through the bundles is
chosen to produce a hexapole field. Figure 2b depicts a
schematic diagram of the cross section of this mag-
netic field and the wire bundle configuration.

Through the magnetic interaction energy of eq 1, a
hexapole field exerts on each atom a radial force that is
proportional to its distance from the center. Tapering
off the hexapole results in a radial force, F,, and a
longitudinal force, F,. Both forces depend on the
distance of the atoms from the center and their long-
itudinal position in the lens:

Fe = —{2ugge|mel}

-2
x {1 - (r' r")(z —Lo)} X By (2
rolo ry
ro—r
F; = —{2ugge|me[} x {Ir—LO}
olo

A -3 2
><{1 —(" ro)(z—Lo)} xBo  (3)
rolo r,

Lo ~ (viDAt is the effective lens width. Along this
distance, the atoms interact with the tapered hexapole
for a time At, which is the electromagnet pulsing time.
By is the magnetic field at r = ry, the smallest inner
radius of the lens, and r; is the largest inner radius. This
geometry results in the following tapering angle (a):

o = tan”" (ro L_ ri) 4)
0
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and

The force in eq 2 can focus a beam of low-field-
seeking particles correcting for chromatic aberration
and the effects of the spatial extent of the bullet as it
exits the source. For this to be successful, the long-
itudinal position of the atoms in the bullet when inside
the lens has to be correlated with their initial long-
itudinal velocity. This allows for F, to be larger for faster
atoms than for slower atoms, therefore reducing the
lens' focal length for faster atoms and increasing it for
the slower ones. We achieve this correlation through
the selection, as described above, of a thin slice of the
bullet of atoms at the source, where their longitudinal
velocity and position are uncorrelated. If the hexapole's
tapering angle is correctly selected, the focal length
associated with each atom will be forced to converge
to the same value, therefore effectively reducing chro-
matic aberration and aberration effects due to the
spatial extent of the bullet at the source.

The longitudinal force of eq 3 resembles spherical
aberration from optical lenses, as it is stronger near the
edges of the lens. Its effects are minimal in our setup
since the atomic beam width in the lens is smaller than
the lens aperture by at least 1 mm. Furthermore, the
absolute value of this force is much smaller than the
radial force of eq 2 for the effective part of the lens (Lo),
allowing us to neglect its effects. Its effects were
confirmed in our numerical calculations.

Additional aberrations arise due to deviations from
the hexapole field. This occurs close to the wire bun-
dles due to its geometry and due to dispersion forces.
Their effects are minimized by keeping the atomic
beam width small and far from the bundles when
inside the lens. An additional source of aberration is
due to the finite size of the lens in the longitudinal axis.
The ends of the lens produce fringe fields that deviate
from the magnetic field of a hexapole. We minimized
the effect of these fields on the atom trajectories using
the pulsing feature of the electromagnet. That is, the
timing of the current pulse generating the magnetic
field is synchronized with the pulsed source so that
only a hexapole-like field interacts with the atomic
beam bunch.

To show the performance of this imaging method,
we use finite element analysis and numerical integra-
tion to simulate the path of metastable helium (He*)
atoms as they traverse the elements of this imaging
method. We evaluate the performance of this method
in terms of the image that the magnetic lens produces.
For this simulation, we use a pulsed beam of He* in the
23S, state and with mg = +1. The spatial extent of the
bullet's thin slice is 70 um (FWHM) which, as was
described above, would have been selected when
combining optical tagging (Figure 1¢) and a planar
Halbach array (Figure 1d). The source size for this beam
is 600 um, its temperature is 20 K, and it is 1.4 m away
from the transmission mask. The source produces a
pulsed beam of He* atoms with an average longitudinal

VOL.7 = NO.5 = 4378-4383 = 2013 AC\A

J

WL

N

Na

WWwWW.acsnano.org

4380



(a) Object Plane (b) Image Plane Close-Up
8
0.2 10 20
— 0.1 6 - 15
£ £
S 0 4 £ 3 10
> > 5
-0.1 2 - 5
0.2 -10
0
-0.2 0 0.2 0 -10 0 10
X (um) X (nm)
(c)
“g 225}
£
S 150
;El 75
£
o 0]
<
107" 10° 10' 10° 10° 10*

Radius (nm)

Figure 3. Imaging a beam of atoms through a 400 nm circular aperture. Two-dimensional histograms of the position of the
atoms on the (a) object plane and a (b) close-up of the center of the image plane. The gray scale bars indicate the color code for
the number of atoms. (c) Density of He* atoms as a function of their radial position on the image plane.

speed of vy =455.77 m/s and a relative beam dispersion
of Awi/vi ~ 2e>. The latter is assuming that we have
laser-cooled the He* atoms from the beam in the
longitudinal direction and that they have reached the
recoil cooling limit. The atomic beam is coaxial with
the perforated mask and the axis of the tapered
hexapole lens. The distance between the mask and
the lens (analogous to the object distance in optics) is
1.75 m. Once the beam is in the lens, the magnetic field
is switched on for 16 us. The lens dimensions are ro =
1.5 mm and r; = 2.155 mm. No fringe fields are
considered, as the atomic beam pulse is mostly inside
the lens. With a current pulse of / = 900 A, the lens
produces a magnetic field gradient of ~1 T/mm and
results in a focal length of f ~ 15.4 mm, as measured
from the beginning of the lens.

RESULTS AND DISCUSSION

Two image planes are examined: In the first case, we
show the image produced by 1000 He* atoms traver-
sing a 400 nm circular aperture on the mask. In the
second case, we show the image produced by 1000
He* atoms traversing through an array of four 400 nm
circular apertures. In the first case, the aperture is
centered with the hexapole field center and an image
is produced at ~1.78 m away from the mask. This
corresponds to an image distance of ~15.5 mm, as
measured from the beginning of the lens. Figure 3b
shows the image plane and Figure 3a the object plane.
This former figure shows the position of the He* atoms
at the image plane in a 2D histogram, where each bin
has dimensions of 0.5 nm x 0.5 nm. The gray scale bars
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indicate the color code for the number of atoms. While
the atoms are spread on the image plane, most bins
contain either zero or a few He* atoms. This is not the
case for the bins at the center of the image, where a
dark spot of about 4 nm x 4 nm contains most of the
He* atoms from the beam bunch. These statements are
more evident in Figure 3c, where the density of atoms
is plotted as a function of the radial position of the
atoms from the center of the image. Note that the
effective demagnification factor of the lens is 100x,
which is in agreement with the image distance to
object distance ratio used in light optics.

The diffraction limit of this lens setup is about 6 nm.
However, the atom spot size is not diffraction-limited.
Shorter focal lengths can be attained with higher
currents through the lens and larger numerical aper-
tures. Particularly for this setup, the latter can be
achieved by reducing the initial beam collimation
and allowing a larger size beam to enter the lens. A
minimum diffraction limit of about 1 nm could be
achieved.

In the second case we simulated, imaging four
circular apertures on the transmission mask, we show
the parallel capability of the imaging method de-
scribed in this article. All of the apertures on the mask
(the object plane) have a 400 nm diameter and a pitch
of 20 um. Furthermore, passing through each aperture,
there are a total of 250 He* atoms. In Figure 4, we show
2D histograms of the position of the atoms on the (a)
object plane and on a (b) close-up of the image plane.
Figure 4c shows a closer look at one of the features in
Figure 4b. This feature is indicated by a black arrow in
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Figure 4. Parallel capability of the imaging method presented. Two-dimensional histograms of the position of the atoms (a)
on the object plane, (b) on a close-up of the image plane, and (c) on a zoom-in of one of the features on the image plane
(marked with an arrow in panels a,b). The (a) object plane has four black 500 nm x 500 nm bins that represent the number of
atoms traversing through the 400 nm apertures on the transmission mask. The gray scale bars indicate the color code for the

number of atoms.

Figure 4a,b. Similarly to Figure 3, the image plane of
Figure 4b has bins with few He* atoms and bins with
large numbers of them, except that they are in separate
and in specific sites. These sites have a pitch of about
200 nm, and each of them extends for about 15 nm x
15 nm. Note that in this figure and in Figure 4c the bin
dimensions are 3 nm x 3 nm, and most of the particles
in each of these sites are contained in an area of 6 nm x
6 nm (Figure 4c). In fact, Figure 4c shows that more
than 50% of the particles going through each aperture
are in this area. As was found in the first case, the lens
demagnification factor is about 100 x.

Considering the parameters used in the simulation
of the beam passing through a single 400 nm aperture
and the techniques we mentioned to prepare the
beam, we have estimated that ~10—100 He* atoms
will go through the aperture with each nozzle pulse.
While this value may be sufficient for our immediate
purposes, this value is not yet limited. It can be
increased by at least 100 if sub-Doppler techniques
of laser cooling are used to increase the beam's bright-
ness. Alternatively, we can increase the contrast of the
image by increasing the pulse frequency of the nozzle
and magnet lens.

Incorporating laser cooling and optical pumping
techniques to this imaging method reduces the num-
ber of atomic species that can be utilized. Nevertheless,
their combination can be successfully used for
patterning, as was the case for previous focusing
schemes using molecular resists based on self-assembled
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monolayers.®® In contrast with those schemes, the
method described here will be able to pattern surfaces
with higher spatial resolution, in less time, and with
reduced complexity. The extension to other atomic
species requires a new brightening method other
than laser cooling, as proposed by M. G. Raizen and
E. Narevicius (personal communications).

CONCLUSIONS

The method we are proposing is not only useful for
parallel manufacturing of sub-10 nm structures, but it
can also be used as an atom microscope. In analogy to
electron-beam lithography and a scanning electron
microscope, a focused beam of metastable atoms can
be used to pattern as well as to probe a substrate. In
this method, metastable atoms have thermal kinetic
energies of ~O(1072 eV) and carry an excitation energy
with respect to their ground state of ~ 0(10" eV). This
latter energy is released when in contact or close to
contact with a surface. When metastable atoms are
used for patterning, this energy breaks the molecular
bonds of a resist. When they are used to probe surfaces,
this energy releases electrons from a substrate. In fact,
electron spectroscopy of surfaces using metastable
atoms has been a powerful technique in surface
science,*** especially because it probes the outer-
most layer of a surface without inflicting significant
damage, as compared to scanning electron micros-
copy, and has a spatial resolution of approximately
micrometers.?® Since the kinetic energy of the released
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electrons depends on the work function and the
electronic properties of the bombarded material, the
combination of this technique with a focused beam of
metastable atoms can be a chemically sensitive nano-
probe. This technique can be used to probe and

METHODS

We use finite element analysis to obtain the magnetic field in
the lens and numerical integration to simulate the trajectories
of He* atoms as they traverse the elements of this imaging
scheme. The parameters used for this simulation can be found
above.
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