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We report on the experimental demonstration of super-resolved pure-transverse focal fields through focusing an azimuthally 
polarized first-order vortex beam. The optimized confinement of focal fields by creating the constructive interference 
through the superposition of the first-order vortex on an azimuthally polarized beam is observed by both a scanning near-
field microscope and a two-photon fluorescence microscope. An enhanced peak intensity of the focal spot by a factor of 1.8 
has been observed compared with that of the unmodulated azimuthally polarized beam. The super-resolved and pure-
transverse focal fields with a 31% reduced focal area determined by the full width at half maximum compared to that of 
tightly focused circular polarization is experimentally corroborated. This superiority over the circular polarization stands for 
any numerical aperture greater than 0.4. This technique holds the potential for applications requiring sub-wavelength 
resolution and pure-transverse fields such as high-density optical data storage and high-resolution microscopy. © 2014 
Optical Society of America 

OCIS Codes: (260.5430) Polarization, (180.1790) Confocal microscopy, (180.4243) Near-field microscopy.  

 
As one of its fundamental aspects, focused light under 
optical microscopy [1, 2] can selectively interact with 
anisotropic materials through its polarization state [3], 
which provides the basic principle of polarization-sensitive 
nanophotonic devices. In particular, pure-transverse focal 
fields are highly desired for energy efficient microscopic 
applications in harmonic generation [4, 5], single molecule 
detections [6, 7], coherence tomography [8] and multi-
dimensional optical data storage [9-12]. In this context, 
the transversely polarized beam such as the linear and 
circular polarization focused by an objective lens with a 
high numerical aperture (NA) is essential for a high 
microscopic resolution with a high energy density of 
transverse focal fields. However, the depolarization effect 
leads to the degraded transverse polarization purity of a 
linearly and circularly polarized beam with a 17% of 
energy loss at tightly focusing condition by an objective 
with a high NA of 1.4 through the emergence of 
longitudinal field components [13-15].  

Owing to its symmetry in a tangential polarization 
distribution, the azimuthally polarized beam can lead to 
pure-transverse focal fields disregarding the NA of the 
objective lens [16, 17]. However, the deconstructive 
interference between its transverse focal field components 
can only result in a wide doughnut-shaped focus [18], 
degrading the energy density of the focal fields [19]. On 
the other hand, producing super-resolved focal fields 
through creating constructive interference between its 
transverse focal field components can significantly 
enhance the focal energy density. Therefore, generating 

sharper focal fields of modulated azimuthally polarized 
beams becomes a subject received numerous theoretical 
investigations [20-22]. 

In this letter, we present the experimental 
demonstration of the super-resolved pure-transverse focal 
fields through focusing an azimuthally polarized beam 
superimposed with the first-order vortex (FOV) phase. An 
enhanced peak intensity of the focal spot by a factor of 1.8 
has been observed compared to that of the unmodulated 
azimuthally polarized beam. The pure-transverse focal 
field with a 31% of reduced full width at half maximum 
(FWHM) can be achieved at tightly focused condition at 
NA=1.4 compared with that of a circularly polarized 
beam. Moreover, the superiority over the circular 
polarization maintains even at moderate focusing 
conditions. 

The scheme of creating constructive interference 
between the transverse focal field components through 
superimposing the FOV phase is illustrated in Fig.1(a). 
The focal fields of such an azimuthally polarized FOV 
beam can be given as, 

𝑬(𝑟,𝜑, 𝑧) = 𝜋
𝜆

(𝑬𝒙 − 𝑖𝑬𝒚) (1) 

𝑬𝒙 = � 𝑃(𝜃) sin𝜃{− exp[𝑖2𝜑] 𝐽2(𝑘𝑟𝑠𝑖𝑛𝜃) − 𝐽0(𝑘𝑟𝑠𝑖𝑛𝜃)}
𝛼

0
 

exp (−𝑖𝑘𝑧𝑐𝑜𝑠𝜃)𝑑𝜃  (2) 
 

𝑬𝒚 = � 𝑃(𝜃) sin𝜃{− exp[𝑖2𝜑] 𝐽2(𝑘𝑟𝑠𝑖𝑛𝜃) + 𝐽0(𝑘𝑟𝑠𝑖𝑛𝜃)}
𝛼

0
 

exp (−𝑖𝑘𝑧𝑐𝑜𝑠𝜃)𝑑𝜃  (3) 
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where 𝑃(𝜃)  is the sine condition of the apodization 
function and 𝛼 is the convergence angle given by the NA. 
Fig. 1(a) shows the numerical calculation of the focal fields 
by an objective with a high NA=1.4 following the Eqs. (1) 
to (3). Indeed, the FOV phase can create constructive 
interference and gain the analogous advantage of the 
radial polarization, resulting in a tight confinement 
described by the zero-order Bessel function accompanied 
by a negligible side lobe with a second-order Bessel 
distribution. The longitudinal component is null due to 
the axial depolarization-free nature associated with the 
tangential polarization distribution of such a modulated 
azimuthally polarized beam. 

 

 
Fig. 1. (color online) (a) Schematic illustration of creating 
the constructive interference between the transverse focal 
field components through the superposition of the FOV 
phase. Intensity patterns of focal fields of an azimuthally 
polarized beam superimposed the FOV phase. NA=1.4 
was used in the calculation. The image size is 1 𝜇𝑚.   (b) 
The numerical comparison of focal areas of an 
azimuthally polarized FOV beam (red curve), a circularly 
polarized beam (blue curve) and a radially polarized beam 
(black curve) as a function of NA. 

  
Fig. 1(b) shows that this superiority in the focal areas 

maintains even at moderate focusing conditions. The focal 
area is defined by its FWHM as 𝐴 = 𝜋 4⁄ ∗ 𝑓𝑥 ∗ 𝑓𝑦, where 
𝑓𝑥/𝑦 is the FWHM at the x- and y-directions. The focal 
area of the azimuthally polarized FOV beam is notably 
smaller than that of the circularly polarized beam once 
the NA of the objective is greater than 0.4. This can be 
attributed to the fact that the FOV modulated 
azimuthally polarized beam with opposite sides of the 
pupil being in phase can lead to a tightly focused in-plane 
electric field components. In addition, the depolarization-
free nature results in a null of the longitudinal field 
components, which have a doughnut-shaped distribution 
and are responsible for widening the distribution of the 
focal spot for a circularly polarized beam. However, it is 
far better than that of a radially polarized beam, which 
has been intensively studied for a sharper focus at tightly 
focused condition [23-25], ranging from a small NA to a 
high NA of 1.4. At the high NA of 1.4, the obtained focus 

has a significantly smaller focal area (0.089𝜆2 for single-
photon excitation and 0.045𝜆2for two-photon excitation), 
corresponding to 31% and 28% smaller than that of a 
circularly and radially polarized beam, respectively.  

To verify the optimized confinement of pure-
transverse focal fields, the spatial distribution of its focal 
fields of an azimuthally polarized beam superimposed 
with the FOV phase was mapped through scanning near-
field microscopy (SNOM). The experimental configuration 
is illustrated in Fig. 2(a). To keep the generality, an 
objective with a low NA of 0.7 was employed to focus the 
modulated azimuthal beam. In order to accurately map 
the transverse focal fields, an elliptical-shaped SNOM tip 
(inset of Fig. 2(a)) with an in-plane polarization sensitivity 
was employed [26, 27]. It has a linear polarization 
sensitivity along its short axis [26]. Figs. 2(b) to (c) show 
the intensity distributions of the focal fields of a tightly 
focused azimuthally polarized beam with the polarization-
sensitive axis of the SNOM tip along the x- and y-
directions, respectively. A doughnut-shaped distribution 
with a hollow intensity at its center can be clearly evident 
[17, 18]. In addition, the peak intensity of the solid focal 
spot was measured to be approximately 1.8 times stronger 
than that of the doughnut-shaped wide focus, which is 
consistent with the calculation. 

  

 
Fig. 2. (color online) (a), Experimental configuration of 
near-field mapping of focal fields of a modulated 
azimuthally polarized beam. (b) and (c) The normalized 
intensity distribution of 𝐸𝑥 and 𝐸𝑦  components of an 
azimuthally polarized beam, respectively. (d) and (e) The 
normalized intensity distribution of 𝐸𝑥  and 𝐸𝑦 
components of an azimuthally polarized beam 
superimposed with the FOV phase, respectively.   

 
In the presence of the FOV phase, the hollow intensity 

at the center of the focal area is removed. The FOV phase 
modulation generates a solid focal spot with a remarkably 
smaller distribution. A tight lateral confinement in the y-
direction for 𝐸𝑥  with a FWHM of 0.52𝜆  at a moderate 
focusing condition by an objective with NA=0.7 can be 
clearly revealed, as shown in Figs. 2(d). Although this 
advantage is obtained at the cost of an increased side 
lobes, the intensities are negligible with less than 15% of 
the main peak. By rotating the polarization-sensitive axis 
of the SNOM tip 90 degrees, a similar confinement in the 



x-direction for 𝐸𝑦 can be found in Fig. 2(e). This feature is 
consistent with the calculations following Eqs. (1) to (3) as 
depicted in Fig. 1(a).  

 
 

 
Fig. 3. (color online) TPF imaging of single gold nanorods 
by an azimuthally polarized beam (a), an azimuthally 
polarized beam superimposed with the FOV phase (b), 
and a circularly polarized beam (c). The white double 
arrows schematically illustrate the orientation of the 
selected gold nanorods. The scale bars are 6 𝜇𝑚. To keep a 
clear signal-noise-ratio in the TPF image, the intensities 
of the azimuthally and circularly polarized beams were 
kept double of that of the azimuthally polarized FOV 
beam. 

 
Besides a tight spatial confinement, the FOV can 

produce a 𝜋
2

-phase retardation between the 𝐸𝑥  and 𝐸𝑦 
component, and convert the azimuthal polarization to the 
quasi-circular polarization state on the focal axis, as 
depicted in Eqs. (1) to (3). This feature was also 
experimentally corroborated by the two-photon 
fluorescence (TPF) imaging of single gold nanorods, which 
were widely used to verify the focal polarization states 
through the sharp polarization photoresponse [7, 28, 29]. 
Gold nanorods with random in-plane orientations can be 
clearly distinguished from their characteristic two-lobe 
TPF intensity patterns when illuminated by the 
azimuthally polarized beam, as shown in Fig. 3(a). A few 
rods with different orientations indicated by the arrows 
are chosen as an example. Fig. 3(b) shows that gold 
nanorods with different orientations can be 
simultaneously excited by the azimuthally polarized beam 
superimposed with the FOV phase and the two-lobe 
intensity patterns were changed to solid spots. For 
comparison, the TPF image of the same gold nanorods 
obtained by a circularly polarized beam is also shown in 
Fig. 3(c) with identical intensity patterns. This result 
implies that the focal polarization state of the modulated 
azimuthally polarized beam is indeed converted to that of 
a quasi-circularly polarized beam in the focal region. 

 
Fig. 4(a) depicts the comparison of the cross section 

plots between point spread functions (PSFs) obtained in 
the TPF imaging of a single gold nanorod by a circularly 
polarized beam and an FOV-phase modulated 
azimuthally polarized beam through an objective with a 
high NA=1.4. To this purpose, gold nanorods with a size of 
15 nm by 40 nm were prepared and sparsely distributed 
on a cover glass. The measured FWHM of the PSF of the 
FOV-phase modulated azimuthally polarized beam 

(0.25𝜆) is remarkably smaller than that of the circularly 
polarized beam (0.3𝜆). In addition, the calculated optical 
transfer functions (OTFs) of such a circularly and FOV 
modulated azimuthally polarized beam, obtained through 
the Fourier transfer of their point spread functions given 
by an objective with high NA of 1.4, are shown in the 
insets of Fig. 4(a). Indeed, extended spatial frequencies for 
the azimuthally polarized FOV beam beyond the cutoff of 
the circularly polarized beam (indicated by the dashed 
circles) can be clearly verified. 

 

 
Fig. 4. (color online) (a) Cross section plots of the TPF 
PSFs by a circularly polarized beam (blue squares) and an 
azimuthally polarized beam superimposed with the FOV 
phase (red circles) under an objective with high NA =1.4. 
The solid lines represent the fittings. The insets in the left 
panel show the TPF image of a single gold nanorod by a 
circularly polarized beam and an azimuthally polarized 
beam superimposed the FOV phase. The dashed lines 
indicate the cross sections. The insets in the right panel 
show the OTFs for the normalized spatial frequencies of 
the circularly and FOV modulated azimuthally polarized 
beam, respectively. The dashed circles indicate the cutoff 
of spatial frequencies supported. 𝑘0 = 2𝜋 𝜆⁄ .  (b) 
Improvement of the focal area of an azimuthally polarized 
beam FOV beam compared with that of a circularly 
polarized beam at different values of  NA. 

 
The improvement in the super-resolved focal area is 

experimentally corroborated at focusing conditions with 
NA ranged from 0.7 to 1.4, as shown in Fig. 4(b). At the 
tightly focused condition by NA=1.4, the measured focal 
area of the FOV-phase modulated azimuthally polarized 
beam is approximately 0.049𝜆2, corresponding to a 31% 
reduction compared to the circularly polarized beam. This 
improvement decreases to 17% as the NA reduces to 0.7. 
It should be noted that a further improvement of the 
lateral resolution is possible by applying apodization 
methods on the modulated azimuthal beam [21]. 
 

In conclusion, we have demonstrated the super-
resolved pure-transverse focal fields with an enhanced 
focal energy density through focusing an azimuthally 
polarized FOV beam. This feature has been achieved 
through breaking the rotational symmetry in phase of an 
azimuthally polarized beam to create constructive 
interference between its transverse focal field 
components, and experimentally corroborated by both the 



near-field mapping and the TPF imaging. The 
remarkably reduced focal area maintains from the 
moderate to tight focusing conditions, paving the way for 
a variety high-resolution microscopic applications. 
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