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We report the focusing of light to generate a subdiffractive, subwavelength focal spot of full width
half maximum 222 nm at an operating wavelength of 633 nm using an optical eigenmode approach.
Crucially, the spot is created in the focal plane of a microscope objective thus yielding a practical
working distance for applications. The optical eigenmode approach is implemented using an optimal
superposition of Bessel beams on a spatial light modulator. The effects of partial coherence are also
discussed. This far field method is a key advance toward the generation of subdiffractive optical
features for imaging and lithographic purposes. © 2011 American Institute of Physics.
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The diffraction limit has been thought to impose a fundamental limit on the resolution of focusing and imaging for
over a century. However, research over the past decade has
explored methods to overcome this limitation. Significant attention has focused on near field strategies to recover nonpropagating evanescent waves whose range of k vectors are
required to reduce the size of a focal spot below the diffraction limit. Near-field techniques such as scanning near-field
optical microscopy 共SNOM兲 共Refs. 1 and 2兲 and the use of
field concentrators3–6 have been explored. The concept of a
superlens7–10 is still visionary being based on suitable bulk
metamaterials which are still to be developed. While the near
field has seen most activity, in general, concepts to beat the
diffraction limit in the far-field are still rare and have only
recently been realized in the optical domain using either a
lensless angular spectrum synthesis approach11 or nanohole
arrays.12,13 The latter split and reinterfere light fields to
subdiffraction-limited hot spots at a typical distance of
10 m from the array. Nanohole arrays exploit the fundamental concept of superoscillations14,15 which states that a
band-limited function may oscillate faster than its highest
Fourier component. This is achieved through a redistribution
of intensity from high-frequency to low-frequency modes. In
the case of optical fields, this means that the size of a focal
spot may arbitrarily be reduced at the expense of the spot
intensity and the emergence of sidebands which contain the
vast majority of the optical intensity.16 It would be immensely advantageous to show how we may squeeze light in
the far field to beat the diffraction limit while retaining a
useable working distance. Indeed, even a factor of 2 resolution improvement greatly enhances the imaging capabilities in microscopy.17 The advantages would be further enhanced if we were able to achieve this using readily available
technology.
Here, we show the generation and study the stability of
subwavelength focal spots in the “far-field” regime. More
precisely, we use the optical eigenmode technique16,18 to determine the minimum spot size achievable in the focal plane
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of a microscope objective and for a given region of interest
共ROI兲. This is a powerful, “far-field” method and constitutes
a significant step forward toward the application of subwavelength spots in super-resolving imaging and lithographic devices. A spatial light modulator 共SLM兲 was used to create the
optical eigenmode beam which allows us to generate the
subdiffractive spot as an optimized superposition of Bessel
beams 共BBs兲. Moreover, we remark that the optimization
procedure, as implemented here, is compatible with any optical microscope system bringing subdiffractive focal spots
readily within reach of numerous applications.
Theory. In order to reduce the spot size below the subwavelength diffraction limit we employed the optical eigenmode method as reported by Mazilu et al.16 In brief, a number of N test fields un共x , y兲 = An共x , y兲exp关in共x , y兲兴, n
= 1 , . . . , N serves to construct the finite intensity M共0兲 and
second order momentum M共2兲 operators for a given lateral
ROI. The individual elements of this matrix operator are
共0兲
共2兲
共0兲ⴱ 共0兲
ⴱ
= 兰ROIum
unda and M mn
= 兰ROIr2um
un da
given by M mn
where r is the distance from the origin. The eigenmode with
the smallest eigenvalue of M共2兲 represented in the normalized
eigenmode base of M共0兲 corresponds to the smallest achievable spot for the given ROI and test fields.
Experimental setup. We used a standard first-order holographic microscopy arrangement 共as typically used for
optical-tweezers兲.19 The beam of a 10 mW HeNe laser 共
= 633 nm兲 was expanded in order to slightly overfill a phaseonly SLM 共Holoeye, HEO 1080 P兲 where the maximum circular chip area 共diameter of 1080 pixel兲 was used to modulate the incident beam. The beam was then imaged onto the
back aperture of a microscope objective 共Nikon 40⫻, 0.65
NA兲 through a pair of lenses. The objective focuses an unmodulated Gaussian beam to the diffraction-limited Airy
disk with a full width at half maximum 共FWHM兲 of w0
= 0.5 / NA⬇ 488 nm. We imaged the fields created in the
focal plane of the objective with a SNOM tip 共30 nm in
diameter兲. The tip was fiber-coupled to a photomultiplier
tube which, in turn, was connected to a lock-in amplifier
where the required reference signal was provided by chopping the laser beam at a rate of 6 kHz using a chopper wheel.
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Experimental procedure. As probing fields, we used fifteen BBs 共BB1 to BB15兲 each created by applying an annulus modulation to the SLM display. The optical eigenmode
method was implemented experimentally through a four-step
procedure as visualized in Fig. 1. A one-dimensional 共1D兲
cross section through each BB center was extracted from the
two-dimensional 共2D兲 intensity profiles 共see Fig. 1, step 1:
2D profile on the l.h.s., 1D cross section on the r.h.s.兲. In step
2, we fitted the function f共x兲 = J0共x / x0兲2 to the measured 1D
cross sections where J0 denotes the zero-order Bessel function and x0 a transverse characteristic length scale. Explicit
values are provided in Table I for the selected BBs along
with information on the FWHM. The phase of each beam
was implicitly determined through the procedure for wave
front correction applied prior to the optimization.20 In step 3,
the eigenmode optimization 共described in the theoretical
paragraph above兲 is performed using the intensity eigenmodes with eigenvalues above a threshold intensity T. The
optimization step determines the complex valued amplitudes
of the 15 BBs delivering the smallest spot. This superposition of BBs can be created with the phase-only SLM using
the approach reported by Davis et al.21 We remark that two
SLMs may also be used to decouple the amplitude and phase
modulation respectively.16 The resulting field distribution is
finally characterized and compared to the theoretical prediction in step 4. The overall procedure is relatively fast 共30
min兲, where the time duration is limited by the scanning
stage.
Results. The results presented in Fig. 2 are based on a
superposition of the BB probe fields which predicted a focal
spot with a FWHM smaller than  / 2 for the ROI size smaller
than the wavelength. The threshold T was set to a value 2000
times smaller than the total intensity of BB1 within the ROI.
The subdiffractive spot was then approximately five times
less intense than the side bands. Figure 2 shows the focal
spot field distribution which we realized in our experiments
for a ROI size of 507 nm. The ROI size is indicated by the
two red lines in the bottom graph of Fig. 2共a兲 which shows
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FIG. 1. 共Color online兲 Four-step optimization procedure. Step 1: Determination of the 1D intensity cross section 共r.h.s兲 from measured set of 2D
intensity profiles of BBs 共l.h.s兲. Step 2: Fit function to 1D cross sections.
The continuous curve is the fitted intensity cross section. White and shaded
bars indicate the associated phase profile 共white= 0, shaded= 兲. Step 3:
Optical eigenmode 共OEi兲 optimization. The horizontal lines indicate a range
of interest as used for the optimization procedure. Step 4: implementation
and characterization of the final optimized mask.
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FIG. 2. 共Color online兲 Subdiffraction-limited focal spot. 共a兲 Top: 2D intensity profile, bottom: 1D intensity cross-section, measured 共dots兲, theoretical
prediction 共continuous curve兲. Vertical lines indicate the ROI size 0.76. 共b兲
Optical eigenmode amplitudes for BB1 to BB15. Phase shift indicated by
shade: zero 共black bar兲,  共gray bar兲. 共c兲 The superoscillatory region is
identified in black.

the theoretical predicted intensity distribution as a black line
curve and the actually measured distribution as a blue
scatter-line curve. The top part of Fig. 2共a兲 shows the associated measured 2D intensity distribution. Data evaluation
yielded a focal spot FWHM of 222 nm which is 35% of the
laser wavelength, 45% of the corresponding diffractionlimited Airy disk, and 60% of the FWHM of BB1, the test
beam featuring the smallest core FWHM of all 15 BB test
fields. Figure 2共b兲 provides information on how the final optimized distribution is assembled from the individual test
BBs. Every BB significantly contributes except for BB5 and
BB1 to BB5 are out of phase by  with respect to BB6 to
BB15. We remark that the realized focal spot pattern exhibited superoscillatory behavior which manifests itself in a local wave vector which is larger than the wave vectors supported by the spectral density of the hot spot field
distribution.22 The local wave vector was determined as
r arg u共r兲 where u denotes the analytical complex field. The
outcome of the superoscillation analysis is shown in Fig. 2共c兲
where superoscillatory regions are identified using black
color area filling within the field distribution. The focal spot
clearly exhibits superoscillatory behavior though with only
1% of the Airy disk peak intensity.
Stability study. For practical applications, an important
question is that of the behavior of the smallest spot eigenmode when perturbed. One method to simulate this behavior
is via the Gaussian shell model describing the propagation of
partially coherent light.23 Using this formalism, we have numerically simulated the effect of the loss of spatial coherence
upon the smallest spot size achievable. Figure 3 shows the
evolution of the Airy disk 共red兲 and smallest spot eigenmode
optimized for perfectly coherent light 共blue兲. We remark that
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TABLE I. Airy disk 共AD兲 and test BB parameters. x0 is a characteristic
transverse length scale of the test BBs.
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FIG. 3. 共Color online兲 Numerical simulation of the spot size as a function of
the incident beam quality factor M 2 for three different beam profiles: 共short
dashed兲 Airy disk, 共long dashed兲 smallest spot optical eigenmode, and 共continuous兲 smallest spot optical eigenmode taking into account the partial
coherence length.
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both spots increase in size with the eigenmode spot losing its
initial advantage faster then the Airy disk. This can be understood through the “diffusion” of the sidebands into the
ROI destroying the subwavelength spot as the light field
loses coherence. Figure 3 also shows an optical eigenmode
共black兲 that minimizes the spot size taking into account the
precise coherence length of the incident light. This is possible as the description of the intensity within the Gaussian
shell model remains quadratic with respect to the field. We
observe that for any given degree of coherence there exists
an eigenmode beam that focuses light to a smaller spot than
the corresponding Airy disk and thus correcting for the loss
of coherence.
Conclusion. In conclusion, we have reported the controlled generation of subwavelength and subdiffractive light
fields using an optical eigenmode approach implemented
with an SLM and an optical microscope. Employing the
eigenmode optimization, we may indeed squeeze a focal spot
to the subdiffraction, subwavelength regime and achieve a
spot size of 35% of the laser wavelength. Our optimal superposition of BBs not only beats the Airy disk but also any
individual BB diameter. Our methodology may readily be
implemented in any optical microscopy system.
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