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ABSTRACT: Azimuthally polarized beams are gaining
fundamental importance for near-field force microscopy
systems to inspect photoinduced magnetism in special
molecules or nanostructures, due to their strong axial magnetic
field and vanishing electric field. The magnetic dominant
region represents a unique trait of such a beam as a potentially
ideal structured light to probe photoinduced magnetism at the
nanoscale. Therefore, we present a near-field characterization
of an optical, sharply focused azimuthally polarized beam using
photoinduced force microscopy, a technique with simulta-
neous near-field excitation and detection, achieving nanoscale resolution well beyond the diffraction limit. Such a method exploits
the photoinduced gradient force on a nanotip, mechanically detected as forced oscillations of the cantilever in an atomic force
microscopy system upon external light illumination. The photoinduced force is strongly localized, which that depends only on
the near-field signal free from background scattering photons, granting photoinduced force microscopy a superior performance
over its precedent near-field scanning optical microscopy. We develop an analytical model to correct the tip-induced
measurement anisotropy, suppress the background noise, and reveal the local electric field distribution of the azimuthally
polarized beam. These measurements are used to retrieve its strong longitudinal axial magnetic field at the center of the
polarization vortex where the electric field vanishes. This study can lead to a plethora of possibilities in optomechanical, chemical,
or biomedical applications. We also propose and discuss how to use such beams with polarization azimuthal symmetry as a way
to calibrate microscope nanotips.

KEYWORDS: photoinduced force microscopy, azimuthally polarized beam, structured light, magnetic dominance,
magnetic probing light

Counterintuitive yet intriguing and desired, an azimuthally
polarized beam (APB) exhibits unusual optical properties

that are much needed for state-of-the-art research on
photoinduced magnetic force microscopy (PiMFM) and
nanoscale manipulation.1−4 The APB has azimuthal electric
field polarization with a null on the beam axis, where the
longitudinal magnetic field peaks. Hence, the beam axial region
exhibits a magnetic dominance with respect to the electric field,
denoted by the figure of merit FY = η|H|/|E|, which represents a
normalized local field admittance to that of a plane wave as was
defined in ref 5, where η is the plane wave impedance and |E|
and |H| are the electric and magnetic field magnitudes,
respectively. In contrast to the free-space normalized field
admittance for a plane wave with FY = 1 or for a fundamental
Gaussian beam with FY < 1 (where FY approaches unity as the
Gaussian beam waist increases), in the vicinity of the APB axis
the normalized admittance yields FY ≫ 1, with FY →∞ when
approaching the axis, where a purely longitudinal magnetic field
exists.4,6 Such a longitudinal magnetic field in the axial region
can be enhanced by sharp focusing.2,3 This characteristic of

magnetic dominance around the axial region in APBs makes
these beams ideal illumination sources for investigating light−
matter interaction based on the magnetic component of light
interacting with matter magnetic dipole transitions at optical
frequency.7−10 Shielding matter from the electric field is also
essential for excluding electric dipole transitions in matter
shadowing the elusive photoinduced magnetic transitions.
Interrogating these features of APB is a significant step to
drive forward the rapid development of optical magnetic field
manipulation, microscopy, and sensing applications in life
science and nanotechnology.11,12

Having the aforementioned applications in mind, the study
of sharply focused APBs is challenged by the difficulty of beam
characterization owing to its nanoscale features.4,6,13−15 In
many realistic applications of APBs as sensor or microscope
sources, sharp focusing of the incident beam is often necessary
for field enhancement to achieve a decent sensitivity and
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resolution.16 Sharp focusing reduces the beam size close to the
wavelength, and its critical features of the donut profile can be
even much smaller than a wavelength.6,17 A finer direct
interrogation of the APB features is therefore limited by
resolution of conventional photodetectors.
A typical approach in modern optics to investigate the optical

field distribution beyond the diffraction limit is using near-field
scanning optical microscopy (NSOM).18−30 By placing the
scanning probe very close to a surface under particular
illumination, the NSOM is able to interact with the evanescent
field scattered from the surface and converts it to propagating
waves to be measured by photodetectors in the far-f ield region.
Thus, the NSOM can have a high resolution due to the super
spatial resolute intensity of the local evanescent field, which in
principle is only limited by the size of the probe on the
nanoscale.16,19,21−23 On the other hand, due to the far-field
detection, the NSOM intrinsically suffers from a significant
noise from the background scattering photons surrounding the
probe, which sometimes can even overwhelm the signal.17,24,25

This noise makes a generally very poor signal-to-noise ratio of
NSOM characterization especially in inspecting subwavelength
feature of sharply focused structured light.13,28−30 Although
some studies show that the background noise can be
suppressed by interferometry-based detection methods,13,26,27

these methods also make the NSOM microscopy system
considerably complicated and delicate, difficult to establish, and
maintain stable.
With the goal of reducing the high background scattering

noise from the NSOM, a new microscopic technique named
photoinduced force microscopy (PiFM) has been recently
developed to overcome this deficiency.17,24,31−35 The PiFM
characterizes the optical field distribution by examining the
near-field photoinduced electric dipole−dipole interaction force
between the sample surface and the probe tip in a modified
atomic force microscopy (AFM) system, from which both the
excitation and detection of the optical response are in the near
field. The photoinduced dipole−dipole interaction force is
strongly localized and will decay rapidly while increasing the
distance between the tip and the scattering source. Thus, the
background noise, which is mainly nonlocal to the probe tip, is
efficiently eliminated. Furthermore, the PiFM is comparably
simple and convenient to operate since it is typically based on
the well-established AFM systems. Here, as shown in Figure 1,
we use the PiFM to map the subwavelength field distribution of
a sharply focused APB, fit the distribution by analytical
modeling, and calculate the APB crucial features in realistic
cases, such as the magnetic and the electric field intensity
distributions at the focal plane. This work shows, for the first
time, such near-field direct interrogation of a sharply focused
APB with nanoscale resolution by measuring photoinduced
force using the PiFM.

■ APB ANALYTICAL EXPRESSION AND BASIC
PHYSICS

The sharply focused APB field at the focal plane is represented
by the superposition of two Laguerre Gaussian (LG) beams in
their minimum waist based on a paraxial wave expression.5,8 In
particular the paraxial electric field expression for an ideal
monochromatic APB in a cylindrical coordinate system is
expressed as a superposition of a left- and a right-hand circularly
polarized LG beam, carrying orbital angular momentum
(OAM) with orders of +1 and −1, respectively,2,3 as
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Here eφ̂, eR̂H, and eL̂H denote azimuthal, right-handed circular,
and left-handed circular polarization unit vectors, respectively;
Eφ = u±1,0e

∓iφeikz is the azimuthal field component, and u±1,0 is
the LG beam under paraxial approximation given by
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where V is a magnitude constant, zR = πw0
2/λ is the Rayleigh

distance, and k = 2π/λ and λ are the wavenumber and
wavelength in the host medium, respectively. The parameter w0
is called the beam parameter, which controls the transverse
spatial extent of the beam at its paraxial minimum-waist plane
(i.e., z = 0). A comprehensive APB theoretical description is
given in refs 2 and 8. An ideal APB’s electric field given in eq 1
has an annular-shaped intensity profile that is characterized next
at its minimum-waist plane (z = 0). The complementary full
width at half-maximum (CFWHM) for the APB is defined as
the transverse width across the null of its annular-shaped
intensity profile in the minimum-waist plane where the electric
field intensity is smaller than half of its maximum.8 The
CFWHM and the radial location of the electric field peak of the
APB at its minimum-waist plane (z = 0) are calculated as8
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These quantities are important to characterize the APB’s
electric field and are retrieved next using force measurements.

Optical Setup to Generate the APB. In this work the
APB is generated by transmitting a linearly polarized plane
wave through a commercial polarization converter from
ARCoptix. The principle of the polarization converter to

Figure 1. Schematic of a PiFM that measures the subwavelength field
intensity distribution of a sharply focused APB. The field intensity is
mechanically detected as forced oscillations of the cantilever of an
atomic force microscope upon external light excitation of the tip−
sample region.
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acquire vector polarization is explained in ref 36. The polarizer
converter consists of a specially arranged, pixel-based spatially
inhomogeneous liquid crystal molecule array, in which each
liquid crystal pixel functions as an effective half-wave plate
element. Therefore, the total polarization conversion is
obtained by a spatial distribution of transmitted fields whose
local polarization is rotated compared to the incident beam’s
polarization. A built-in half-wave retarder is placed on the top
half of the converter to correct the phase distribution of the
generated vector beam, which will thus exhibit parallel fringes
due to the diffraction in the defect line at the boundary of the
half-wave retarder. Here the laser beam at approximate 670 nm
is first transmitted through a Bragg cell to enable the frequency
modulation needed from the PiFM, as shown in Figure 2, then

coupled into a single-mode fiber to clean the beam distortion
caused by the Bragg cell. The beam is then collimated,
polarized, and transmitted through the polarization converter to
generate the APB to the PiFM. The power of the final incident
beam into the PiFM system is about 90 μW. The schematic of
the optical setup and the generated APB and its polarization
analysis are shown in Figure 2 before tight focusing. The
generated APB in donut shape is shown by the captured charge
coupled device (CCD) image. Polarization analysis in Figure 2
is performed by transmitting the generated APB through a
linear polarization analyzer, and it is observed that the
transmitted beam has a double-lobe profile in which the dark

line is always parallel to the rotating analyzer axis,
demonstrating an excellent azimuthal polarization.

■ ORIGIN OF THE PHOTOINDUCED FORCE IN PIFM

The APB is focused by a high-numerical-aperture (NA) oil-
immersion objective lens (NA = 1.45) into the PiFM system to
characterize its field distribution, as shown in Figure 3. The
principle of PiFM has been discussed previously.17,24,29,33,37,38

We recall that similarly to the standard AFM, the PiFM utilizes
a nanoscaled probe tip on a vibrating cantilever to feel the
interaction force between the tip and the sample surface, where
the amount of the interaction force is indicated by the change
of the cantilever’s vibration amplitude. Note that the total tip−
sample interaction force contains both photoinduced force and
nonphotoinduced force, in which the photoinduced force is
selectively extracted by a lock-in mechanism, which will be
explained in the next section. The illuminating electromagnetic
field induces charge and current densities ρ(r, t) and J(r, t) on
the cantilever tip. Therefore, the photoinduced force on the tip
volume V due to the electromagnetic excitation is determined
by the Lorentz force39 F(t) = ∫ V[ρ(r, t) E(r, t) + J(r, t) × B(r,
t)] dv, where E(r, t) and B(r, t) are the total electric field and
magnetic induction vectors at the tip. By using the conservation
law for the momentum and applying Maxwell’s equations for
the electromagnetic fields in the Lorentz force formula, the
time-averaged optical force is obtained as39 ⟨F⟩t = ∫ V⟨∇·T(r,
t)⟩t dv where T = ε0EE + μ0HH − 1/2(ε0E

2 + μ0H
2)I is the

Maxwell stress tensor (underline denotes tensors of second
rank). Here I is the identity tensor, E and H are the electric and
magnetic fields, respectively, and the symbol ⟨⟩t denotes time
average. It can be shown that in the dipole approximation
regime, valid when the tip has a deep subwavelength size, the
tip is modeled by a superposition of electric and magnetic
dipoles with moments p and m, respectively, and the time-
averaged photoinduced force exerted on the tip is40

⟨ ⟩ = ∇ * + · ∇ *· − × *
π

F E p H m p mRe[( ) ( ) ( )]ck
t

1
2

loc loc
6

4

i n

which the local fields are considered at the position of the
tip, ∇ denotes the gradient of the corresponding vector field, c
is the speed of light in a vacuum, and k is the illumination
wavenumber. In the following we neglect the magnetic dipole
induced on the tip, since in a plasmonic tip the electric dipolar
response will be dominant. The electric dipole generated on the
tip is related to the local exciting field by p = αtip·E

loc, where αtip
is the electric polarizability tensor of the tip.
Under external illumination, the very end of the tip, which

resembles a nanograin, is polarized as an electric dipole. The

Figure 2. (Top) Schematic of the optical setup to generate APB. OBL:
objective lens, SMF: single-mode fiber, LP: linear polarizer, FM:
frequency modulation, HWP: half-wave plate. (Bottom) CCD image
of the generated APB and the polarization analysis of the transmitting
APB through a linear polarization analyzer in which the polarization
axis is indicated by the white arrow. This APB will be sharply focused
when used as illumination in a PiFM.

Figure 3. (Left) Schematic of the PiFM system established to characterize the sharply focused APB. (Right) Schematic of the dipole-like excitation
of the gold-coated tip under sharply focused APB illumination and its interaction with the image in the substrate.

ACS Photonics Article

DOI: 10.1021/acsphotonics.7b00816
ACS Photonics 2018, 5, 390−397

392

http://dx.doi.org/10.1021/acsphotonics.7b00816


PiFM probe tip is coated with a thin layer of gold to enhance its
electric scattering response. As shown in refs 17, 32, 41, and 42,
when the tip is close to a substrate surface, a mirror-image is
created in the substrate that interacts with the tip. This tip−
substrate system exposed to an electromagnetic field can be
modeled by two interacting dipoles, namely, the tip dipole and
its image dipole generated in the substrate, with polarizability
αimg. Hence, the photoinduced force in the PiFM system is
dominated by the photoinduced dipole−dipole interaction
force, indicated in Figure 3 (right). That is, the influence of the
gradient of the illumination beam and also the interaction due
to higher order multipoles between the tip and image are
neglected. Although this dipole−dipole force can contain both
longitudinal and transverse components, only longitudinal force
is acquired in our specific PiFM system, which operates in the
ac tapping mode in the longitudinal direction. Hence the
measured photoinduced force is the longitudinal dipole−dipole
interaction force, which contains the contributions from both
the transverse and longitudinal electric fields, and in the case of
a tip with azimuthal symmetry (i.e., αtip,t = αtip,x = αtip,y) the
force is given by (see Supporting Information)

α α α α⟨ ⟩ ∝ * − *F
d

E E E E
1

Re[( )( ) 2( )( ) ]z z z zt 4 tip,t t img,t t tip, img,

(4)

Here αtip,t, αimg,t, αtip,z, and αimg,z represent the polarizability of
the tip and mirror-image dipole along the transverse and
longitudinal directions, respectively, d represents the distance
between the tip dipole and the image dipole, and Et and Ez

represent the transverse and longitudinal components of the
incident electric field at the position of the tip, respectively.
Note that eq 4 can directly be obtained from the Lorentz force
or equivalently from the Maxwell stress tensor analysis, if one
considers only the contribution of electric dipoles and neglects
the contributions of all higher order multipoles (including
magnetic dipoles, electric/magnetic quadrupoles, etc.). This is
justified since the tip and its image are small compared to the
wavelength. Moreover, in the calculation of eq 4, the phase
difference of the incident beam between the tip and its image
(i.e., quasi-static approximation) is neglected due to their deep-
subwavelength distance. This expression can be further
simplified for this particular case: first, since the APB ideally
has no longitudinal electric field component regardless of
focusing,4,15 we only consider the transverse field contribution
to the photoinduced force. Then, the polarizability of the image
dipole is proportional to the tip dipole, i.e., αtip,t ∝ αimg,t. Lastly,
in ac tapping mode, the distance between the two dipoles is
constant in our PiFM operation, so we exclude the distance
part from the expression. In summary, the photoinduced force
is proportional to

α⟨ ⟩ ∝ | |F Et tip,t t
2

(5)

This expression indicates that the photoinduced force measured
by the PiFM is proportional to the square of the product
between the transverse tip polarizability and the incident
transverse electrical field of the APB. Depending on the realistic
geometry of the PiFM fabricated tip-end, its polarizability often
shows a degree of azimuthal anisotropy. This anisotropy of the
tip polarizability will have a substantial impact on the PiFM
measurement as discussed later on in this paper.

■ MULTIFREQUENCY METHOD TO EXTRACT
PHOTOINDUCED FORCE SIGNAL

After understanding the origin of the photoinduced force, the
next key step is to clarify the way the time-average
photoinduced force is measured. This is realized by applying
the multifrequency method and lock-in mechanism in the
system. Shown in Figure 3 left, the incident APB light field is
modulated by the Bragg cell with a frequency fm and then
focused on the PiFM tip, which is vibrating at the first
mechanical oscillation frequency f 0 of the cantilever. As
explained in the previous section, a mirror dipole of the tip
dipole is induced in the glass slip as shown in Figure 3. Here,
the total tip−slip interaction force contains both the
components of photoinduced force and nonphotoinduced
force. Alternating on and off the modulated incident beam, the
photoinduced force will be present and absent accordingly,
while the nonphotoinduced force, containing all chemical,
Casimir, meniscus, atomic, and van der Waals forces between
tip and slip that contribute to the AFM topography
measurement, will remain constant. Meanwhile, a wave mixer
mixes the two control signals with frequencies of f 0 and fm,
respectively, to produce the sidebands f 0 + fm and f 0 − fm, from
which the f 0 + fm component is selected by an optical filter as
the lock-in reference f ref. Finally, by the lock-in mechanism
between the reference and the AFM readout, the signal of the
photoinduced force is efficiently extracted. A particular value of
fm is chosen to make f ref exactly at the second mechanical
resonant oscillation frequency of the cantilever to exploit its
high Q-factor to enhance the signal-to-noise ratio. Here, our
PiFM system includes a commercial AFM Veeco Caliber with a
gold-coated tip from AppNano, with f 0 = 65 kHz, coated by
sputtering deposition with approximately 25 nm of gold and 2
nm of adhesive chromium layers in ac tapping mode. The SEM
image of the gold-coated tip and the measured force map is
shown in Figure 4.

■ RESULTS AND DISCUSSION

The measured force map of the APB near field in Figure 4
shows a donut-shaped profile with a subwavelength feature,
which agrees well with a typical sharply focused APB. The clear
visualization of the many small dots in the force map, which are
induced by the defects in the glass coverslip, excellently
demonstrates the nanoscale resolution in our system. The
resolution accuracy of this measurement is dependent on the
size of the gold grain exactly on the end of the tip,33 usually
close to a few nanometers. In principle, the size of the
deposited gold grain at the tip-end can be controlled by the
sputtering deposition process, and smaller grains on the tip
could also be achieved. However, as the grain becomes smaller,
the photoinduced force is also weakened, thus decreasing the
signal-to-noise ratio. Eventually, we optimize our deposition
technique to make the best balance between resolution and
signal-to-noise ratio.
There are three differences between the measured force map

and the expected APB field that need careful considerations.
First, a background noise can be observed which makes a
nonzero force even far away from the beam. This noise is due
to the thermally induced cantilever oscillation, which is
constantly distributed in the measurement area.17,29 More
importantly at the APB center of the force map, the force
amplitude is noticeably larger than the background. Finally the
force profile of the APB in Figure 4 exhibits an asymmetric
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donut profile with obvious maximum and minimum amplitude
on orthogonal axes. The last aspect should be attributed to the
PiFM measurement rather than the incident APB, because as
shown from the CCD image in Figure 2, the APB exhibits a
rather good symmetric and pure polarization distribution
before focusing and felt by the PiFM tip. The physical origin
of these measurement deviances is attributed to the fabricated
tip-end in the PiFM, which has a non-negligible size compared
to the beam features and has an irregular, i.e., asymmetric, tip
shape as shown in Figure 4. As a result, the PiFM is not able to
sense the zero field intensity at the APB center; instead it
senses the overall field in the approximate area of the tip-end.
Furthermore, because of its shape, the transverse polarizability
of the tip is not azimuthally isotropic, causing an anisotropic
force-field response. Considering these effects, we develop a
theoretical modeling to correct the measurement-induced
anisotropy and retrieve the true intensity profile of the APB.
To start, we model the overall tip as a polarizable scatterer with
anisotropic polarizability:

α α α̲ = ̂′ ̂′ + ̂′ ̂′′ ′x x y yx ytip (6)

where the primed coordinates denote the anisotropy axes,
rotated with respect to the nonprimed coordinate system
shown in Figure 5. The anisotropy rotation angle between the
primed and nonprimed coordinate axes is φ0, so x′̂ = cos φ0x ̂ +
sin φ0y ̂ and y′̂ = −sin φ0x ̂ + cos φ0y.̂ The force expression (eq
5) is straightforwardly updated taking into account the
transversely anisotropic polarizability of the AFM tip as (see
eq A.8 in the Supporting Information, where we assume αimg ∝
αtip):

α⟨ ⟩ ∝ | ̲ · |F Et tip
2

(7)

where the force is treated as solely due to transverse electric
field. From eqs 6 and 7 and after some algebraic steps,
considering a constant thermal noise in the AFM system that

contributes to the background noise floor, the final measured
force map and field relation can be expressed as

ρ φ φ⟨ ⟩ ∝ | | − − +
⎡
⎣⎢

⎤
⎦⎥F E

B
A

I( ) 1 cos[2( )]t
APB 2

0 n (8)

where α α= | | + | |′ ′A ( )x y
1
2

2 2 and α α= | | − | |′ ′B ( )x y
1
2

2 2 , and In
represents background noise uniformly distributed in the force
map.
According to eq 8, the photoinduced force distribution of the

APB at constant radius ρ has a sinusoidal dependence on the
azimuthal position. This analytical azimuthal variation is used to
fit the experimental measured force map at two different radial
distances from the beam axis, e.g., at ρ = 150 nm and ρ = 300
nm, exhibiting a very good match as shown in Figure 5(b). This
result also confirms our assumption in eq 8 that the tip acts as
the polarizable scatterer with azimuthal anisotropy. Note that
the small darker spots scattered in the donut-shaped force map
correspond to the sharp spikes in Figure 5(b). The fitted model
filters out these spikes and at the same time describes the
anisotropic tip polarizability.
On the basis of the fitted modeling, we can eliminate the

trigonometrically oscillating term by averaging the force over
the azimuthal angle φ, leading to

ρ⟨ ⟩ ∝ | | +φ φF E I( )t,
2

n (9)

where ⟨F⟩t,φ denotes both the time and azimuthal averages of
the photoinduced force, and based on the APB model in eq 1,

Figure 4. (a) SEM images of the gold-coated tip, with a top view (top
panels), and with a 25° tilted view (bottom panels). (b) PiFM direct
force measurement of the near field of the APB.

Figure 5. (a) Anisotropy axes in the measured PiFM force map
(normalized to its maximum). (b) Force versus azimuthal angle at two
different radial distances from the beam axis. Measured data (blue
curves) are fit with the azimuthal-variation curves (yellow curve) from
eq 8.
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the electric field intensity at the minimum-waist plane (i.e., z =
0) is given by

ρ
π

ρ| | =φ
ρ−E

V
w

( )
2

e w2

0
2

( / )
2

0
2

(10)

Next we numerically fit the radial dependence of the
experimental force data with the APB radial variation in eq 9
using the parameters V, w0, and In as shown in Figure 6(a). In
doing so, we assume that the electric field intensity profile is the
same as the force profile as implied by eq 9.

On the basis of the fitting process to match the experiment
data we estimate that the beam parameter is w0 = 414 nm, while
the parameter V in the field formula given in eq 1 with eq 2
serves as a scaling coefficient for the beam strength. The fitting
noise value is estimated as In ≈ (|V|/w0)

2/25. The SNR, defined
as the peak intensity in the APB divided by the fitted
background noise, is about 8 in this measurement. Our
measured force map clearly exhibits the donut shape of the
APB with clearly distinguishable boundaries and center
darkness, in contrast to other reported field maps of similar
structured light acquired by NSOM in previous works.13,28−30

Further, the overall measurement and processing in PiFM here
do not need any additional delicate interferometry-based
cleaning mechanism as illustrated in ref 13, which gives PiFM
a great advantage in measurement convenience and stability
compared to the NSOM technique. It is noteworthy that the
AFM used here in the PiFM system is a relatively old model.

The field characterization performance is expected to be greatly
improved if using the most state-of-the-art PiFM system, e.g.,
the Vistascope from Molecular Vista,43 which has almost one-
third the thermal noise as the Veeco Caliber system used here.
Especially, the background noise in the force measurement can
be greatly suppressed in a low-temperature vacuum environ-
ment, while NSOM can not benefit from it. Lastly, we recall
that the power of the incident laser beam to the PiFM system is
relatively low at 90 μW, which is limited by the maximum
power of our laser diode. It is possible to significantly increase
the SNR by using a much more powerful laser source. These
improvements should be able to easily further increase the SNR
on sharply focused structured light to about 40:1.
The fitted curve in Figure 6 represents the radial variation of

the azimuthally averaged force very well except for some
discrepancy occurring for a small radius because of the non-
negligible size of the PiFM tip-end. Indeed, the tip-end size is
not able to sample the electric field when vanishing at the
center of the beam as explained before. The CFWHM and the
electric field peak’s location of the APB are calculated according
to eq 3 as 282 and 289 nm, respectively. The corresponding
magnetic field associated with the measured APB’s electric field
distribution is then calculated by using Maxwell’s equation H =
∇ × E/(iωμ) and plotted in Figure 6(b). Assuming that the
probe is at the minimum waist of the APB (i.e., z = 0), the
longitudinal and radial magnetic field components are
calculated as

η π
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η
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= − +
−
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The magnetic dominant region, where the local field
admittance FY = η|Hz/Eρ| is 10 times that of a plane wave, is
confined in a region around the APB axis with a radius of 22
nm, as shown in yellow highlighting in Figure 6(b).
Next we finally report the force map of the raw and

processed measurements. The measured force intensity, the
fitted APB intensity from eq 9 with the background noise term
In, and the fitted APB intensity only, with background noise
removed, are reported in Figure 7 from left to right,
respectively. Compared to the original force map of a sharply
focused APB in Figure 7, left, the retrieval procedure that
eliminates the anisotropy due to the probe tip restores the
symmetric profile in both shape and amplitude. Furthermore, as
explained above, the correction mechanism is able to calculate

Figure 6. (a) Experimental result of azimuthal-average force versus
radial distance ρ from the beam axis and fitting model in eq 9. (b)
Inferred azimuthal electric field and the longitudinal magnetic field
based on eq 1 and eq 11. The yellow highlight shows the region such
that the local field admittance FY = η|Hz/Eρ| > 10.

Figure 7. (Left) Measured force map of the sharply focused APB
directly obtained by PiFM. (Middle) Corrected intensity distribution
of the sharply focused APB obtained by using the fitted model with a
noise floor. (Right) Same as in the middle panel with the difference
that the background noise has been removed.
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and remove the background noise, and the final appearance of
the sharply focused APB is revealed in Figure 7, right.

■ CONCLUSION

We have discussed some critical principles of the PiFM direct
characterization of the intensity distribution of the sharply
focused APB by directly performing near-field gradient force
measurements with nanoscale accuracy. The measured force
map shows excellent details of the subwavelength donut-shaped
feature of the APB, although it exhibits a certain degree of
asymmetry induced by the Au-coated probe tip-end. Then, we
have fit the experimental data and corrected the measured
asymmetry. Finally, on the basis of the fitted model, we
calculate the corresponding APB parameters to reveal the final
dimension of the beam such as its complementary full width at
half-maximum as well as its magnetic field distribution, showing
a magnetic dominant region near the APB axis. The magnetic
dominant region of the APB is a promising feature for a
plethora of optical magnetic applications. Indeed, we expect the
APB to have a fundamental importance in future microscopy or
near-field systems that involve detection and use of photo-
induced magnetism.
This work also demonstrates the capability of the PiFM to

reliably characterize sharply focused structured light in general,
directly in the near field, which is an important tool to further
explore light−matter interactions. The interpretation of the
field distribution from the measured force map is significantly
dependent on the realistic polarizability of the microscope tip-
end. Hence, it is important to note that the APB can serve as a
standard incident beam to calibrate the transverse polarizability
of a microscope tip-end following the steps outlined in this
paper.
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L. Optical forces on small magnetodielectric particles. Opt. Express
2010, 18, 11428−43.
(39) Jackson, J. D. In Classical Electrodynamics; John Wiley & Sons,
1999; pp 237−294 and 407−455.
(40) Chaumet, P. C.; Rahmani, F. Electromagnetic force and torque
on magnetic and negative-index scatterers. Opt. Express 2009, 17,
2224−2234.
(41) Chaumet, P. C.; Nieto-Vesperinas, M. Coupled dipole method
determination of the electromagnetic force on a particle over a flat
dielectric substrate. Phys. Rev. B: Condens. Matter Mater. Phys. 2000, 61,
14119.
(42) Wang, S. B.; Chan, C. T. Lateral optical force on chiral particles
near a surface. Nat. Commun. 2014, 5, 3307.
(43) http://molecularvista.com/product/vistascope/.

ACS Photonics Article

DOI: 10.1021/acsphotonics.7b00816
ACS Photonics 2018, 5, 390−397

397

http://molecularvista.com/product/vistascope/
http://dx.doi.org/10.1021/acsphotonics.7b00816

