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Abstract 

 

A brief review of atom optics is presented, with emphasis on how it can be applied in the 

field of nanotechnology.  Two specific examples are discussed: laser-focused atomic 

deposition and deterministic production of single atoms.  Results are summarized for 

these two techniques, and discussion is presented of how they can impact progress in the 

development of nanotechnology. 
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I. Introduction 

 Since its beginnings roughly two decades ago, nanotechnology has evolved from 

a rather narrowly defined area, concerned primarily with microelectronics, into an 

immense field that interfaces with areas ranging from physics and chemistry to materials 

science and biology.    Throughout the growth of the field, a central theme that has 

emerged is the need to develop new ways to control and manipulate matter on scales that 

are measured in nanometers.  That is, there is a need for methods that can be used to 

reliably and reproducibly build structures consisting of just a few to several hundred 

atoms.  To meet this need, a number of new techniques have been developed which 

approach the problem of nanofabrication from directions that differ significantly from the 

conventional approach of top-down lithography.  These new techniques, which include, 

for example, molecular self-assembly and scanned-probe manipulation, have not so much 

simply pushed the resolution limits for fabrication (lithography itself has evolved well 

into the nanometer regime) as they have opened a wide range of new possibilities for 

research and technological development on the nanoscale.  The result has been a 

surprising diversification of nanotechnology, and a realization that the more varied the 

toolbox of techniques for nanofabrication is, the more opportunities there are for new, 

unforeseen developments. 

 A unique approach to nanofabrication that has seen development over the past 

decade or so is the use of atom optical techniques to build nanostructures.  The notion of 

atom optics refers to the manipulation of beams of neutral atoms in ways analogous to the 

ways that beams of light are manipulated in conventional optics – with lenses, mirrors, 
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beamsplitters, etc.  The idea is to use these manipulation techniques to control the motion 

of neutral atoms with nanoscale precision to implement novel nanofabrication schemes. 

Using neutral atoms for nanofabrication has a number of distinct advantages over 

other methods, such as photon, electron, or ion beam lithography.  Because neutral atoms 

are massive compared with photons or electrons, they tend to have a very small de 

Broglie wavelength, and hence resolution limits are not affected by diffraction effects.  

Because they are charge-neutral, unlike electrons or ions, neutral atoms are not affected 

by the space charge effects that can make it very difficult to concentrate many particles 

into a very small region.   These points suggest that the resolution of atom-optical 

nanofabrication could, at least in principle, be better than conventional methods.  

However, perhaps the most intriguing advantage of atom optical methods is the fact that 

it opens the possibility of building nanostructures directly in a one-step process by 

assembling atoms, instead of carving them out of bulk material in a multistep process, as 

is done in lithography.  The result is a fabrication method that is potentially more 

efficient, significantly reduces the possibility of contamination with resist or ion beam 

materials, and may lead to a range of new capabilities. 

The treatment of neutral atom manipulation as a form of optics has emerged from 

the extensive body of research in laser cooling and trapping of neutral atoms that has 

been under development since the early 1980s [1].  While it may at first seem 

counterintuitive that a strong enough force can be exerted on a neutral atom to 

significantly affect its trajectory, it turns out that if a laser is tuned near a resonance 

absorption line of the atom, the interaction between the electromagnetic field and the 

atom can in fact have a considerable effect on the motion.  The source of this effect is 

 - 3 - 



momentum transfer from the light field to the atom, which occurs in two ways: (1) the 

atom can absorb photons with specific momentum from the laser, and reradiate them into 

all directions, resulting in a net gain of momentum for the atom; and (2) the oscillating 

electric field of the light can induce an oscillating electric dipole moment on the atom, 

which then generates a force in the presence of any gradient in the electric field that 

might be present.             

 The first of these momentum transfer mechanisms, often referred to as the 

spontaneous force, is a stochastic force, in the sense that there is a net force only on 

average, and there is an accompanying diffusion of the atom’s momentum.  When 

implemented with a laser that is tuned slightly below an atomic resonance, this force 

combines with the Doppler shift, which causes atoms with larger velocities traveling 

toward the light source to feel stronger forces, to result in the phenomenon known as 

laser cooling.  Laser cooling can have dramatic effects on beams of atoms, collimating 

them to sub-milliradian divergences, or slowing and confining them in traps where their 

temperature can be reduced to the order of 100 µK or even less.  The result is a level of 

control over neutral atom motion that can open a wide range of possibilities for 

nanotechnology. 

 In contrast with the spontaneous force, the second momentum transfer 

mechanism, which is commonly referred to as the dipole force, is conservative and is 

often written in terms of a potential energy.  Since it relies on resonant excitation of an 

atomic dipole moment, the sign and magnitude of the dipole force depends on the 

detuning of the laser from the atomic resonance.  If the laser frequency is detuned below 

the atomic resonance, the induced dipole oscillates in phase with the electric field, and 
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the force is felt in a direction toward higher electric field strength (or, equivalently, 

toward higher laser intensity).  If the laser is detuned above resonance, the opposite holds 

true and the force is towards lower intensity.  Provided the laser is not too intense or 

tuned too closely to resonance, the dipole potential can be written as 
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where  is the atomic transition probability, Γ ∆  is the detuning of the laser from 

resonance, I is the laser intensity, and Is is the atomic saturation intensity, given 

by 3/(3 )hcπ λΓ  (h is Planck’s constant, c is the speed of light, and λ is the wavelength of 

the light).  Equation (1), which is valid for 2 2 2( / )[ /( 4 )] 1sI I Γ Γ + ∆ << , shows a linear 

dependence of the potential on laser intensity, and an inverse proportionality to the 

detuning.  These simple dependencies provide a straightforward conceptual basis for 

constructing atom optical focusing elements with laser beams: the intensity distribution 

must mimic the desired potential energy surface, while the total intensity and detuning 

provide a potential strong enough to bend the atomic trajectories in the desired way.         

 The use of atom optics for nanotechnology has been a subject of research by a 

number of groups for about a decade, and several review articles have been published 

which contain a great level of detail [2,3].  In addition, review articles covering more 

general aspects of atoms optics such as reference [4] are available.  For the purposes of 

the present paper, we will discuss two applications that have been investigated in our 

laboratory, as examples of the possibilities that atom optics can present for 

nanotechnology.   
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II.  Laser-focused atomic deposition 

 Laser focused atomic deposition is a process that makes use of both laser cooling 

and the dipole force to deposit nanostructures directly onto a surface.  In essence, a beam 

of atoms is collimated by a region of laser cooling and then passes through a laser 

standing wave detuned above resonance propagating across the surface (see Fig. 1).  In 

the standing wave, the atoms experience a dipole potential that exerts a force toward the 

low intensity regions, or nodes, of the standing wave.  Because the intensity, and hence 

the potential energy, depends approximately quadratically on transverse position near a 

node, the dipole force is a restoring force with magnitude linearly proportional to the 

transverse distance from the node.  This is the condition required for Gaussian focusing, 

and the result is that each node of the standing wave acts as a nanoscale lens for atoms.  

Since the lens itself has a size equal to half the laser wavelength, the focal spot can be 

much smaller.  In fact, simulations show [5] that with a perfectly collimated, 

monoenergetic beam of atoms, spots as small as a few nanometers can be obtained.  Of 

course in reality, the atomic beam will have some residual divergence and will in general 

contain atoms with a range of kinetic energies.  The focusing process then becomes a 

little more complex, with multiple focusing (or “channelling”) occurring to a varying 

degree, depending on laser intensity, detuning, and spatial profile.   

 The fabrication of permanent nanostructures by laser-focused atomic deposition 

was first demonstrated using chromium atoms with laser light provided by a single-

frequency, stabilized dye laser operating with stilbene-3 laser dye and tuned near the 7S3 

– 7P4
o transition at 425.6 nm [6].  In this work, a series of lines with width 65 nm, height 

34 nm, and spacing 212.8 nm was fabricated, covering an area of 0.4 mm × 1 mm.  In 
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subsequent work, extension to a two dimensional array of dots was demonstrated [7,8], 

and a number of further extensions and improvements were carried out, such as reducing 

the line spacing to 53 nm [9], performing reactive ion etching to transfer the pattern to a 

substrate [10], replicating the pattern with polymer molding [11], and using the pattern as 

a template for making magnetic nanowires [12].   

Two examples of chromium structures created by laser-focused atomic deposition 

are shown in Figs. 2a and 2b, where atomic force microscope images of patterns created 

by one-dimensional and two-dimensional focusing are shown, respectively.  The lines in 

the one-dimensional array represent some of the narrowest features obtained with 

chromium, with full-width at half maximum of (29 ± 3) nm.  Based on extensive 

measurements and modeling of the laser focusing process, there is strong evidence that 

this width is limited by the growth properties of chromium, rather than the atom optical 

resolution [13]. 

The process of laser-focused deposition continues to see new developments and 

applications as research progresses.  One clear application is to use the periodic arrays of 

deposited lines as nanoscale pitch standards, since the periodicity can be traced to a very 

well-determined optical frequency [14,15].  Periodic doping of materials by codeposition 

during growth also appears to hold a great deal of promise [16].  The extension to laser 

focusing of other material besides chromium has already been demonstrated with 

aluminum [17] and ytterbium [18], and work is progressing on gallium and indium [19], 

as well as iron [20].  Another obvious generalization of these techniques would be the 

generation of truly arbitrary patterns, as opposed to periodic patterns. To date, this 
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remains a challenge, though some degree of flexibility appears to be possible using more 

complicated superpositions of laser beams [21].   

 

III.  Determinsitic source of single atoms 

 As another example of how atom optics can be put to use to introduce new 

techniques into nanotechnology, we discuss the recent demonstration of a deterministic 

source of single atoms in our laboratory [22].  Absolute control over single atoms might 

be considered the ultimate goal of nanotechnology, since as the sizes of structures 

continue to shrink in the nano regime, it will eventually be important to control the exact 

placement of every atom.  To exercise absolute control over atoms, not only is it 

important to have atomic scale resolution, but it is also necessary to have control of the 

precise number of atoms and the times at which they arrive.  For this to be possible, a 

source of “atoms on demand” must be developed, so that single atoms can be produced 

determinsitically when they are needed.  

 Our atom-on-demand source is based on a magneto-optical trap (MOT) for 

chromium atoms [23].  A MOT makes use of the spontaneous force exerted by three 

mutually orthogonal pairs of circularly-polarized laser beams to capture and cool a 

population of atoms.  The laser beams, tuned near to, but just below, an atomic 

resonance, are aimed at the zero point in the center of a region of magnetic field that 

increases in magnitude in all directions.  The field is produced by a pair of coaxial coils, 

spaced about a radius apart, with oppositely flowing currents (anti-Helmholtz 

configuration).  Because of the Zeeman effect and the handedness of the circular 

polarization in the laser beams, atoms that move out of the center region are shifted closer 
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to resonance with a laser beam that tends to push them back to the center.   The result is a 

restoring force that keeps atoms trapped at the center.  Because the lasers are tuned below 

the atomic resonance, there is also a cooling effect on the trapped atoms, and their 

temperature can reach a very low level, approaching 100 µK or so, depending on the 

atomic species being trapped. 

 The MOT used for our deterministic single-atom source is constructed in a 

vacuum system with very low scattered light and a high efficiency optical collection 

system for detecting the resonance fluorescence emitted by the atoms while they are in 

the trap.  With this arrangement, the fluorescence from a single atom is easily 

discernable, with a count rate of about (3000 to 4000) s–1 above a background level of 

approximately 100 s–1.  The principle of operation of the deterministic source is to sense 

the presence or absence of a single atom in the MOT, and to use this information to 

control the loading and loss of the MOT: if there are no atoms present, turn on loading; if 

there are one or more atoms, turn off loading; if there are two or more atoms, dump the 

MOT and reload as quickly as possible.  The result is a feedback-controlled population in 

the MOT that can be held at the single-atom level with very high probability, essentially 

indefinitely. 

Loading of the magneto-optical trap is accomplished by evaporating chromium 

atoms from a high-temperature effusion cell, which generates a thermal beam of atoms.  

In order to be able to rapidly control loading into the MOT, an optical pumping scheme is 

used that places all atoms that would ordinarily be loaded from the beam into a 

metastable state.  In this state the atoms are no longer resonant with the MOT laser 

beams, so they will not be trapped.  When loading is desired, another laser, intersecting 
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the atom beam just before the MOT, can be turned on to optically pump the atoms back 

to the ground state, whence they can be trapped.  Dumping of the trap when the 

population goes above the single atom level is achieved by either momentarily shifting 

the MOT laser frequency above resonance, or by blocking one of the MOT beams and 

momentarily shutting off the magnetic field. 

Operation of the deterministic single-atom source is illustrated in Fig. 3, where 

time series and histograms of the fluorescence detected from the MOT are shown both 

with and without the feedback mechanism active.  With no feedback, the population of 

atoms follows a random walk, as atoms enter and leave the trap based on Poisson-

distributed load and loss processes (loss in this case occurs predominantly because 

residual gas molecules in the vacuum chamber collide with the trapped atoms).  With 

feedback turned on, the trap population remains locked at the single-atom level, with only 

occasional fast excursions to the zero-atom or two-atom levels.  Averaged over a 200 s 

time interval, the highest fraction of time spent in the single-atom state observed for our 

experimental conditions was (98.7 ± 0.1)% , as shown in Fig. 3. 

Measurements were also carried out examining the probability of ejecting a single 

atom when the trap contents were dumped periodically, as a function of the rate of 

dumping.  We found that the probability dropped slowly with increasing rate, as 

expected, but maintained a minimum value of 90% at rates as high as 10 Hz.  We also 

performed Monte-Carlo simulations of the entire feedback-controlled MOT system, and 

found excellent agreement with our measurements.  These simulations showed that with 

further optimization of the system, a single-atom probability of 99% could be maintained 

at extraction rates of up to 400 Hz.              
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IV.  Conclusions 

  The two techniques described in this paper, laser-focused atomic deposition and 

deterministic production of single atoms, represent two illustrations of the diverse ways 

in which atom optics can be put to use for nanotechnology.  Other possibilities exist; for 

example, there is a large body of literature on atom lithography using alkali atoms or 

metastable rare gas atoms (see reference [3] and references therein), and there are some 

very interesting developments in atom holography [24] that may have a significant 

impact.  Also, atom optics is a rapidly advancing field, and there are a number of new 

developments such as Bose-Einstein condensation [25] and trapping of atoms in 

microscopic magnetic traps [26] that could find new applications in nanotechnology as 

research continues.  As these and other methods for manipulating neutral atoms emerge, 

it appears clear that the ever-widening field of nanotechnology will continue to benefit 

from the infusion of new approaches stemming from fundamental research in atom optics 

and related neutral atom manipulation techniques.     
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Figure Captions 

 

Figure 1.  Schematic of laser-focused atomic deposition.  An effusive thermal source 

produces a mechanically collimated beam of atoms that is further collimated by 

transverse laser cooling.  The atoms then pass through a near-resonant laser standing-

wave propagating parallel to and just above a substrate surface.  The atoms are focused 

by the nodes of the standing wave into an array of nanoscale lines as they deposit onto 

the surface.  The laser-cooling beam and the standing wave laser beam are typically 

produced by the same laser, with a frequency shift provided by an acousto-optic 

modulator (AOM).   

 

Figure 2.  Atomic force microscope images of nanostructures created by laser-focused 

atomic deposition.  (a) one-dimensional pattern, showing 29 nm feature width.  (b) two 

dimensional pattern, created by crossing two one-dimensional standing waves at 90°.  

Note the vertical scale of the images is not the same as the horizontal scales. 

 

Figure 3.   Performance of a deterministic single-atom source based on a feedback-

controlled magneto-optical trap.  (a) Time series of the fluorescence signal from the trap 

with feedback turned off, showing clear steps corresponding to zero, one, two, three, and 

four atoms, and a random walk in trap population. (b) Time series of the fluorescence 

signal from the trap with feedback turned on, showing nearly constant fluorescence at the 

single-atom level.  (c) Histogram of feedback-off data shown in (a).  (d) Histogram of  

feedback-on data shown in (b), showing a 98.7% single-atom occupancy. 
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Figure 1.  Schematic of laser-focused atomic deposition.  An effusive thermal source 
produces a mechanically collimated beam of atoms that is further collimated by 
transverse laser cooling.  The atoms then pass through a near-resonant laser standing-
wave propagating parallel to and just above a substrate surface.  The atoms are focused 
by the nodes of the standing wave into an array of nanoscale lines as they deposit onto 
the surface.  The laser-cooling beam and the standing wave laser beam are typically 
produced by the same laser, with a frequency shift provided by an acousto-optic 
modulator (AOM).   
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focused atomic deposition.  (a) one-dimensional pattern, showing 29 nm feature 
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standing waves at 90°.  Note the vertical scale of the images is not the same as the 
horizontal scales. 

 - 17 - 



0 5 10 15 20 25
0

5

10

15

20

0 4 8 12 16
0.0

0.4

0.8

0 4 8 12 16
0.0

0.4

0.8
0 5 10 15 20 25

0

5

10

15

20

(a) Feedback OFF

 C
ou

nt
 ra

te
 (m

s-1
)

 Time (s)

 

 

4 
at

om
s

3 
at

om
s

2 
at

om
s

1 
at

om

 

 P
ro

ba
bi

lit
y 

de
ns

ity

 

Count rate (ms-1)

(c) (d) Single atom 
occupation 98.7%

 

 

Count rate (ms-1)

(b) Feedback ON

 C
ou

nt
 ra

te
 (m

s-1
)

 Time (s)

 

 

 

 

Figure 3.   Performance of a deterministic single-atom source based on a 
feedback-controlled magneto-optical trap.  (a) Time series of the 
fluorescence signal from the trap with feedback turned off, showing clear 
steps corresponding to zero, one, two, three, and four atoms, and a random 
walk in trap population. (b) Time series of the fluorescence signal from the 
trap with feedback turned on, showing nearly constant fluorescence at the 
single-atom level.  (c) Histogram of feedback-off data shown in (a).  (d) 
Histogram of  feedback-on data shown in (b), showing a 98.7% single-
atom occupancy. 
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