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Abstract. Light-matter interactions enable the perception of specimen properties such as its shape and
dimensions by measuring the subtle differences carried by an illuminating beam after interacting with the
sample. However, major obstacles arise when the relevant properties of the specimen are weakly coupled to the
incident beam, for example when measuring optical magnetism and chirality. To address this challenge we
propose the idea of detecting such weakly-coupled properties of matter through the photo-induced force, aiming
at developing photo-induced magnetic or chiral force microscopy. Here we review our pursuit consisting of the
following steps: (1) Development of a theoretical blueprint of a magnetic nanoprobe to detect a magnetic dipole
oscillating at an optical frequency when illuminated by an azimuthally polarized beam via the photo-induced
magnetic force; (2) Conducting an experimental study using an azimuthally polarized beam to probe the near
ﬁelds and axial magnetism of a Si disk magnetic nanoprobe, based on photo-induced force microscopy; (3)
Extending the concept of force microscopy to probe chirality at the nanoscale, enabling enantiomeric detection
of chiral molecules. Finally, we discuss difﬁculties and how they could be overcome, as well as our plans for future
work.
Keywords: Photo-induced force microscopy / optical magnetism / chirality / magnetic force / chiral force /
azimuthally polarized beam / structured light / nanostructures / magnetic nanoantenna / magnetic resonance

1 Introduction
Microscopy reveals material properties of the sample under
study by observing its microscopic features. In addition to
size and appearance, inexplicit material properties, such as
refractive index and chemical composition, can be retrieved
by monitoring changes induced by a probing beam that
interacts with the sample. Naturally, this approach
encounters some obstacles when the material properties
of interest are weakly coupled to the incident beam, simply
expressed by the question: “how can we see things that do
not interact with light?”
Among the elusive material properties, we are particularly interested in photo-induced magnetism and chirality
[1,2], due to their promising and fascinating implications,
to name just a few: nanoscale magnetic imaging, magnetic
tweezers and force microscopy, chirality detection, chiral
force microscopy, magnetic spectroscopy, and spintronics,
which have applications in material science, chemistry, and
biology. However, both optical magnetism and chirality,
which are related to the material’s magnetic properties at
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optical frequencies, are typically weak and difﬁcult to detect
by conventional microscopy techniques that are typically
based on the electric dipole response of the sample [2–6].
Moreover, the attempted nanoscale detection of such
magnetic and chiral properties by conventional optical
microscopy is especially difﬁcult due to the diffraction limit.
In the realm of force microscopy, instead of “seeing” the
specimen by detecting light at a distance, a special
nanoprobe-tip is placed near the specimen to “feel” the
photo-induced force between them. Force microscopy in
general has unique merits superior to conventional optical
microscopy. First and foremost, the tip-sample interaction
force is always local, which decays fast as a function of
increasing distance between the tip and the sample.
Therefore, this force is intrinsically inert to background
scattering noise which often plagues far ﬁeld measurements, achieving a high signal-to-noise ratio (SNR). In
addition, the resolution is high and limited only by the size
of the scanning tip, achieving nanoscale resolution [7–9].
Moreover, the local force is a vector with both amplitude
and direction, which can provide more information about
the specimen than a simple scattering power-only measurement. Last but not least, the force can have different
forms and origins, which can be excited and harnessed by a
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special probe-tip in force microscopy, thus revealing
particular material properties. A perfect example of such
force microscopy is photo-induced force microscopy
(PiFM). PiFM usually uses a gold-coated tip for probing
the photo-induced electromagnetic interaction force
between the tip and the sample under external illumination,
which is sensitive to the near-ﬁeld light intensity distribution near the sample surface [7–11]. Compared to its
precedent near-ﬁeld scanning optical microscopy (NSOM),
PiFM exhibits superior SNR and stability which are critical
to study nanoscale light-matter interactions [7,8].
Similar to the concept of PiFM, which has thus far been
used to probe electric dipole-type interactions in the tipsample junction, we propose two new concepts of photoinduced force microscopy, namely photo-induced magnetic
force microscopy (PiMFM) and photo-induced chiral force
microscopy (PiCFM). Instead of using a gold-coated tip,
PiMFM adopts a special magnetic probe-tip under suitable
illumination to extract and detect the photo-induced
magnetic force. Likewise, PiCFM may adopt either chiral
or achiral tips, and use suitable illumination to detect the
chirality-induced force, which reveals the chirality properties of the specimen, as we will discuss in this work.
We review our pursuit of PiMFM and PiCFM. It begins
with a theoretical blueprint of PiMFM, which includes a
magnetic nanoprobe that is illuminated by a focused
azimuthally polarized beam (APB). In focus, the longitudinal magnetic ﬁeld of the APB peaks on the beam axis while
the electric ﬁeld is vanishing [12–16]. When placed along the
optical axis of the APB focal spot, the magnetic nanoprobe is
able to selectively interact with the magnetic ﬁeld [6,12–15].
Using this conﬁguration, we characterize a tightly focused
APB in the near-ﬁeld by using PiFM to conﬁrm the
dominant magnetic ﬁeld in the proximity of the optical axis
[8]. Next, we discuss various designs of magnetic nanoprobes
that support magnetic resonances [17–19] based on
plasmonic and dielectric nano-structures [20–47]. We put
particular emphasis on a Si nanodisk structure, and discuss
PiFM measurements of the electric ﬁeld distribution under
APB illumination. Simultaneously, we propose a novel
method and a roadmap that will enable chiral force
microscopy with nanoscale resolution based on the interaction of a chiral sample with an achiral (plasmonic) scanning
tip under structured light illumination [48–57]. Lastly, we
discuss difﬁculties and future developments of this exciting
area of research.

2 Blueprint of photo-induced magnetic force
microscopy
Enabling detection of the magnetic part of the Lorentz
^ B
^ dv, where both current density J
^
^
force, FmðtÞ
¼ ∫V J
^
and magnetic ﬁeld B oscillate at an optical frequency,
involves two major tasks: ﬁrst, designing a magnetic
responsive probe that interacts with the magnetic ﬁeld of
light; and second, designing a light-matter interaction
system that can distinguish the desired magnetic force from
the electric counterpart, which is generally dominant. (The
^ e ðtÞ ¼ ∫V r
^ dv of the Lorentz force, where r
^E
electric part F
is the volume charge density, is the directly measured

photo-induced force in the PiFM [8–10].) The ﬁrst task is
accomplished by designing magnetically resonant nanostructures that enhance the optical magnetic ﬁeld. The
second task is accomplished by using an aligned APB
illumination. Owing to the symmetry of the APBs, one can
realize a time-harmonic magnetic-ﬁeld dominant region
where the electric ﬁeld is polarized orthogonally to the
propagation direction of the beam and is poised to circulate
about the beam axis. Such circulating electric ﬁeld
generates a strong longitudinally polarized magnetic ﬁeld
on the beam axis where the electric ﬁeld vanishes [13,14].
Using phasors, i.e., complex ﬁeld vector associated to the
time notation exp( ivt), APBs are represented as a
superposition of a right-handed circularly polarized beam
with the OAM order of 1 and a left-handed circularly
polarized beam with the OAM order of +1 as [14,16]
pﬃﬃﬃ

i 2 
^ RH  u1;0 e
^ LH eikz ;
u1;0 e
E¼
2

 pﬃﬃﬃ

 pﬃﬃﬃ
^ LH ¼ 1x  i 1y = 2
^ RH ¼ 1x þ i 1y = 2 and e
where e
are, respectively, the right and left hand circularly
polarized unit vectors, and the symbols 1x,y denote unit
vectors. In the above equation, the electric ﬁeld distributions with OAM orders +1 and 1, and radial order 0, are
represented by u±1,0 whose expression is given in Equation
(2) of Reference [14], expressed as Laguerre Gaussian
beams solutions to the wave equation under paraxial
approximation, and summarized here as
2
V 2r
u ± 1; 0 ¼ pﬃﬃﬃ 2 eðr=wÞ z e2i atanðz=zR Þ e ± if ;
pw
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w ¼ w0 1 þ ðz=zR Þ2 ; z ¼ 1  iz=zR ; zR ¼ pw20 =l:

Here V is the amplitude coefﬁcient in unit of volts, r and z
are the transverse and longitudinal observer position,
respectively, and f is the azimuthal angle. The ﬁeld
distribution of such a beam is shown in Figure 1a, where on
the beam axis the magnetic ﬁeld is maximum and the
electric ﬁeld vanishes.
We show next the concept of measuring the photoinduced magnetic force between a magnetically polarizable
particle and a magnetic probe tip under APB illumination,
based on simultaneously maintaining the rotational
symmetry of the excitation signal (APB) and enhancing
the magnetic ﬁeld. Since natural magnetism fades at
optical frequencies, an important aspect under investigation is the use of an engineered structure to provide
artiﬁcial magnetism (i.e., magnetic dipoles) at optical
frequencies that has become the focus of attention in recent
years [20–33]. The building block in engineering artiﬁcial
magnetism which is referred as magnetic nanoantenna in
[17] varies from plasmonic structures [12,17,20–33] to high
density nanosphere that exhibit a Mie-like magnetic
resonance [34–47]. Magnetic nanoantennas, as nanoengineered structures to enhance the magnetic ﬁeld at optical
frequencies, host resonant modes with circulating electric
currents or electric ﬁelds which give rise to magnetic
dipoles oscillating at optical frequency. To this goal, we
report two types of magnetic nanoantennas, dense
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Fig. 1. (a) Total electric (top) and longitudinal magnetic (bottom) ﬁeld maps of an APB with w0 = 0.9 l carrying 3 mW power [16]. (b)
Schematic of an APB with longitudinal magnetic ﬁeld illuminating two clusters of silver nanospheres or two high density dielectric
spheres (e.g., two Si nanospheres). The two magnetic meta-atoms exert a near-ﬁeld photo-induced force on each other [12,13]. (c) The
electric and magnetic time-average forces acting on the top meta-atom (the clusters of plasmonic nanoparticles) located on the beam
axis as function of wavelength. The APB has the beam waist parameter w0 = 0.9 l and 3 mW power. A signiﬁcant attractive magnetic
part of the Lorentz force is present [13].

dielectric nanospheres and circular clusters of plasmonic
nanospheres as reliable candidates for magnetic nanoprobes as depicted in Figure 1b, c. Another strategy we are
pursuing is based on using materials with strong magnetic
dipolar transitions (based on some Lanthanides) that is not
reported in this paper because it is currently under
development.
A magnetic nanoprobe, consisting of a magnetic
nanoantenna placed at a microscope scanning probe-tip,
senses external magnetic ﬁelds in a very similar way as a
gold-coated tip senses external electric ﬁeld. At the
resonance of the magnetic nanoantenna which is forming
the magnetic nanoprobe, a magnetic dipole will be
generated perpendicular to the circulating electric ﬁeld
or current. When a magnetic probe is used to sense the
magnetic ﬁeld (oscillating at optical frequency) generated
by a sample nanostructure, at ﬁrst glance it may be
convenient to see the sample nanostructure as an
oscillating magnetic dipole that generate a photo-induced
“image” in the magnetic nanoprobe. More properly
speaking the excitation of the magnetic nanoprobe is the
result of near-ﬁeld coupling between the nanoprobe and the
sample nanostructure as explained in [13].
In [13], an estimate of the time-average force between
the scanning magnetic nanoprobe and a magnetic sample
was obtained by resorting to the canonical problem of
calculation of the Lorentz force between two magnetically
polarizable (at optical frequency) nanospheres, excited by
external light. The time-average force between these two
identical magnetically-interacting “meta-atoms”, where the
top one represents the scanning probe-tip and the bottom
one represents a magnetic sample, is obtained from the
formulas in Equation 2 of [13] as
 
 
^ ⟩ ¼ m Re m ∂H z;loc
;
⟨F
2
∂z
where Hz,loc represents local magnetic ﬁeld polarized along
the longitudinal direction acting on the top meta-atom, m

Fig. 2. The schematic of PiFM under sharply focused APB
illumination. The tip-sample interaction force is detected by
measuring the cantilever oscillation. The “sample” consists of the
image of the tip in the glass substrate (as for the measurement in
Fig. 3) or of a particle located on the substrate (as for the
measurement in Fig. 4).

represents the magnetic dipole moment of the top metaatom oriented along z, and the asterisk symbol denotes
complex conjugation. The local magnetic ﬁeld Hz,loc is the
sum of the magnetic ﬁeld from the incident APB and the
magnetic near-ﬁeld arising from the bottom meta-atom.
It is noteworthy that the magnetic near-ﬁeld from the
bottom meta-atom is dominant in both intensity and,
especially, in the derivative of the intensity, when
compared to that of the APB. Therefore the force acting
on top meta-atom is dominated by the ﬁeld generated by
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Fig. 3. (a) Measured force map of a sharply focused APB using PiFM, which exhibits a certain tip-induced anisotropy. (b) Corrected
intensity distribution from the ﬁtted model, removing tip anisotropy and noise [8]. (c) Retrieved electric and magnetic ﬁeld of the
sharply focused APB normalized to its maximum value. The highlighted magnetic dominant region is deﬁned as when the normalized
local ﬁeld admittance FY = h|Hz/Er| > 10, where h is the free space impedance [8,14,16].

the bottom meta-atom. Owing to the perfect symmetry of
the two high density meta-atoms located on the axis, it is
possible to show that the force is dominated by the
interaction of the induced magnetic dipolar moments
generated by the magnetic resonances. For the plasmonic
cluster case the force between two meta-atoms is broken
into two components, electrical and magnetic forces. Here
we show in Figure 1d that the magnetic force is dominant
and is of opposite polarity to the electrical one. Therefore,
the time-average of the magnetic part of the Lorentz force
^ B
^ dv is dominant compared to the time^
FmðtÞ
¼ ∫V J
^ dv under
^ e ðtÞ ¼ ∫V r
^E
average of the electric counterpart F
APB illumination.

3 Characterization of APB and Si disk
magnetic nanoprobe by PiFM
The experimental realization of the proposed PiMFM
starts from the characterization of the APB as the
magnetic probing beam, together with the design,
fabrication and characterization of a magnetic nanoprobe.
In this section we show these two steps towards the
construction of a PiMFM. We ﬁrst use PiFM to measure
the electric near-ﬁeld distributions of the incident APB,
and then measure the electric near ﬁeld associated to the Si
disk magnetic nanoprobe under APB illumination. We
ﬁnally retrieve the corresponding magnetic ﬁeld based on
the measured electric ﬁeld distribution, indirectly demonstrating the magnetic response in this structure.
Here we brieﬂy review the mechanism of PiFM as our
major instrument to investigate electric near-ﬁeld distribution of a beam or a sample. As shown in Figure 2, the
photo-induced force is detected by a modiﬁed AFM system,
which uses an oscillating cantilever with probe-tip to feel
the interaction force between the tip and the sample under
external illumination. Note that here the total force exerted
on the tip contains both photo-induced force and nonphoto-induced force, and that the photo-induced force is
selectively extracted by the lock-in mechanism [7,8,10].
The PiFM has both objective lens scanning and sample
stage scanning mechanisms to measure the photo-induced
force on the tip from the incident beam or the sample,
respectively. The probe-tip in the PiFM is coated with a
thin layer of gold (usually around 25 ∼ 45-nm thick), and

the gold grain on the tip-end acts as an electrically
polarizable nanoparticle. Under external illumination, this
plasmonic particle will be polarized as an electric dipole.
When the tip dipole engages to a surface, the effect of the
surface may be modeled as an imaging dipole created inside
the surface, which, together with the tip-dipole, produces a
photo-induced electric dipole-dipole interaction force.
Under the assumption of perfectly symmetrical tip-dipole,
this photo-induced force is proportional to the local electric
ﬁeld intensity [8,10]. However, for the realistic tip with
azimuthal anisotropy, the measured photo-induced force
will exhibit certain tip-induced asymmetry. Such an error
is corrected by calibration with the incident APB [8]. The
incident APB is azimuthally symmetric with uniform
phase distribution at its transverse plane; besides, it has no
longitudinal electric ﬁeld component regardless of sharp
focusing or not [14]. This simplicity makes the APB an
ideal candidate for calibration standard, in addition to its
interesting magnetic probing feature introduced previously. The force map of sharply focused APB is measured by
PiFM with a scanning objective lens, i.e., by translating the
APB, shown in Figure 3a. Then we resort to a theoretical
model of the APB to ﬁt the measured electric dipole-dipole
interaction force, and eventually retrieve the electric and
magnetic ﬁeld distribution [8] as shown in Figure 3b. We
deﬁne the magnetic dominant region where the normalized
local ﬁeld admittance deﬁned as FY = h|Hz/Er| is larger
than 10, and this is shown in Figure 3c. Note any FY > 1
implies that the structured light has a stronger local
magnetic ﬁeld, normalized to the electric ﬁeld, than that of
a plane wave [14,16], and thus it is more suitable to test
material’s magnetic properties than a plane wave since
material’s response to electric ﬁeld is usually stronger than
its response to magnetic ﬁeld.
Next, we design, fabricate and characterize a Si disk as a
simple but effective magnetic nanoprobe. Indeed the Si disk
as a high-index dielectric supports a Mie-type magnetic
resonance [38–47]. We have chosen the Si disk structure to
proceed with the experimental development due to two
major reasons. First, when compared to the plasmoniccluster magnetic probe introduced earlier, that requires an
extremely ﬁne detailed structure, the Si disk structure
exhibits great convenience and simplicity in both design
and fabrication. Moreover, dielectric materials, like Si,
usually exhibit less loss than plasmonic materials like gold,
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Fig. 4. (a) The SEM image of the fabricated Si disk on a glass slip. (b) The simulated magnitude of the magnetic ﬁeld proﬁle of the
incident APB without Si disk, and (c) in presence of the Si disk, both observed in a transverse cross section 5 nm above the disk upper
boundary. (d) Preliminary result of a force map of the Si disk exposed to the incident APB measured by PiFM. Force is proportional to
the magnitude square of the illuminating electric ﬁeld [8]. (e) Simulated magnitude of the electric ﬁeld proﬁle of the incident APB
without the presence of the Si disk, and (f) in presence of the Si disk, still observed in a transverse cross section 5 nm above the disk
upper boundary.

Fig. 5. (a) Schematic of the photo-induced chiral force microscopy (PiCFM) concept, enabling the detection of chirality of a sample
based on differential force measurement. (b) Photo-induced differential force exerted on the tip (represented by the yellow
nanosphere), from two incident scenarios of RCP and LCP light versus chirality parameter of the sample [48]. Differential time-average
force can be positive or negative, depending on the chiral parameter k of the material in the sample (represented by the blue sphere).

which is also a critical factor in our delicate optical system
since losses would compromise the strength of the resulting
magnetic dipole. Here we design the Si disk with 80-nm
height and 200-nm diameter to magnetically resonate at
the free-space wavelength of 670 nm, assumed to be
immersed in a homogeneous medium with relative electric
permittivity of 2.25. The Si disk is fabricated by ﬁrst
depositing a uniform Si ﬁlm about 80-nm thick on a glass
cover slip, then the FIB is used to remove most of the ﬁlm,
leaving the standing disk. The SEM of the fabricated Si
disk, is shown in Figure 4a. The electromagnetic response of
this structure is studied under incident APB oscillating at
the same frequency as the resonance frequency of the disk.

The beam waist parameter of the incident APB is set as
w0 = 469 nm,andtheincidentpoweris 1 mW.Electromagnetic
simulations are carried out using the ﬁnite element method
implemented in CST Microwave Studio. Figure 4b, c and
Figure 4e, f show the transverse cross section of the magnetic
and electric ﬁeld distributions at 5 nm above the upper
boundary of the disk, in presence (c,f) and in absence
(b,e) of the disk, respectively. According to Figure 4c and f,
the maximum of magnetic ﬁeld happens along the disk axis
while the electric ﬁeld is maximum around the edge of the
disk. The magnetic ﬁeld enhancement at the disk axis, deﬁned
as the local magnetic ﬁeld divided by the incident magnetic
ﬁeld, indicates this structure is magnetic responsive.
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The experimental result is obtained by placing the Si
disk into the PiFM with an incident APB to perform
PiFM characterization. After the incident APB is
conﬁgured as described previously, the tip is aligned to
the center of the beam and the stage scan is performed to
acquire the electric ﬁeld distribution map in Figure 4d
that shows a donut shape, which agrees with the simulated
electric ﬁeld distribution, and indirectly demonstrates the
magnetic response of this structure as designed. The
measured electric ﬁeld distribution shows certain asymmetry, which to our understanding is originated from the
combination of an asymmetric fabricated disk, an
asymmetric realistic tip-end, and an imperfect tip and
beam axis alignment.

4 Photo-induced chiral force and microscopy
Detection and characterization of chiral structures as
one of the fundamental constituents of biomolecules
is a crucial task in chemical and biological applications
[49–53]. Conventionally, chiroptical techniques such as
circular dichroism (CD) are exploited to identify the
material chirality which require substantial amount of
sample material with a high concentration. This is because
the chirality effect as an indirect electric to magnetic
coupling between incident light and sample material is
typically very weak compared to the electric property
which is a direct coupling between the electric part of the
incident light and the sample’s electric properties [54–57].
Therefore, the observation of chirality might be masked
under the electric properties in chiroptical techniques if a
substantial amount of material is not provided. Consequently, these techniques are not suitable for detection of
chirality for nanoscale samples. In this section, we
introduce a new technique based on force microscopy
for enantiomeric detection of nanoscale chiral samples. In
our proposed technique, we employ the PiFM platform
with circularly polarized (CP) beam illumination and
measure the electromagnetic force that is applied to the
cantilever tip in the vicinity of the sample. Speciﬁcally, we
consider the differential force in the longitudinal direction,
i.e. the z-axis in Figure 5a, between two CP illuminations
with opposite handedness. For an achiral sample, the
exerted time-average force on the tip is equal in both
cases, however, for chiral samples, thanks to its optical
activity, the difference between the exerted force on the
tip for these two different illuminations does not vanish
and reads
^ LCP ⟩;
^ ⟩ ¼ ⟨F
^ RCP ⟩  ⟨F
⟨DF
z
z
^ LCP ⟩ are the exerted time-average
^ RCP ⟩ and ⟨F
in which ⟨F
z
z
force on the tip for the two excitation scenarios with RCP
and LCP incident beams, respectively. It has been shown in
[48] that this differential time-average force linearly
depends on the electric polarizability of the tip aee
t ,
magneto-electric polarizability of the sample aem
s and the

intensity of the beam |E0|2, i.e.,
^⟩≈ 
⟨DF

 em 
3jE0 j2
ee
;
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ 4 Im at as
4p e0 m0 d

where d is the distance between the center of the sample and
the center of the tip. Therefore, the choice of the tip material
and its shape plays an important role in the enhancement of
^ ⟩ and, hence, the chirality
the observed quantity ⟨DF
detection of nanoscale samples with small chirality
parameter. Thanks to the presence of a plasmonic tip at
the vicinity of the chiral sample, our technique will bring the
opportunity to measure small values of chirality in nanoscale
samples. To illustrate the capability of our proposed
methodology in detecting chirality, we consider an example
where the sample and the tip are both considered as
spheres with equal radii of rs = rt = 65 nm and are at a
distance to form a particle-to-particle distance of d = 140 nm
(see Fig. 5a). We assume the plasmonic tip is made of gold as
introduced before in order to enhance the exerted force on
the tip. Furthermore, we consider the relative permittivity
of the sample to be es = 2.5. The incident light is assumed to
be circularly polarized propagating along the z-direction
with Gaussian distribution with w0 = 0.7 l0 beam waist, and
1 mW power at wavelength of l0 = 520 nm. The sample is
located at the center of the minimum waist of the Gaussian
beam (where the ﬁeld is strongest) and is made of chiral
inclusions described by the chirality parameter k that here
varies from 1 to 1. We have calculated the z-component of
the exerted force on the tip versus the chirality parameter k,
for both RCP and LCP illuminations and have illustrated
the result in Figure 5b. This result clearly shows that for an
achiral sample (k = 0), the induced force on the tip is equal
for RCP and LCP incidences cases, i.e., the differential force
DF vanishes. However, as we increase the amplitude of the
chirality parameter of the sample, the differential force
becomes more obvious, in the order of piconewtons (Fig. 5b)
which is measurable with the present force microscopes
[48,58]. Note also the sign of the differential force depends on
the sign (i.e., the handedness) of the chiral parameter k of
the sample material.
As a conclusion of this part, it is worth mentioning that
compared to conventional chiroptical measurement methods such as CD that takes average of far-ﬁeld scattering of
molecules in a solution which requires sub-milliliter volumes
with micromolar molecular concentration, the proposed
photo-induced chiral force microscopy exploits near-ﬁeld
information which is enhanced by the presence of a
plasmonic tip and offers a fundamentally new measurement
paradigm for chirality detection of nanoscale samples.

5 Challenges, Visions, and roadmaps forward
We have summarized some of the achievements towards
our goal of experimental demonstration of the PiMFM
and PiCFM concepts. One major challenge is the
fabrication of the special probe tips required for PiMFM
and PiCFM purposes. While force microscopy provides

J. Zeng et al.: EPJ Appl. Metamat. 5, 7 (2018)

exceptional opportunities for high SNR, resolution, and
exclusive excitation of photo-induced magnetic or chiral
force, this system is also delicate due to the tiny and
fragile microscopy probe-tip. For the proposed PiMFM
and PiCFM, their probe-tips are required with special
materials, shapes, and nano-scaled sizes. Direct fabrication methods including focused ion beam (FIB) or
electron beam lithography (EBL) are tricky, because
when the tip-end is zoomed-in and focused by scanning
electron or ion beams, it could be damaged immediately.
Therefore, focusing and alignment during these fabrication methods must be performed fast and accurately for a
high success rate.
Alternatively, ad-hoc probe-tips for PiMFM or PiCFM
can be fabricated separately and then “picked-up” and
attached to the cantilever. Lanthanides and DNA have the
capability to interact and contribute to optical magnetism
and chirality [2,5,6,59–65], therefore nanostructures incorporating these materials can serve as ideal probe-tips for
optical magnetism or chirality detection purposes. Following this approach, a challenge is in ﬁrmly attaching such
particles to the ideal position on the cantilever in a stable
way. We are currently investigating different mechanism
to attach particles on AFM tip, including chemical
bonding, gold-gold bonding etc.
Once the new probe-tips will be successfully implemented into a force microscopy system, other challenges
should be resolved including optimizing cantilever oscillation amplitude, tip engaging setpoint, drive and detection
frequency, and selection of the cantilevers, etc. A
fundamental aspect for the success of such new microscopy
systems is the use of sharply focused structured light to
select the proper physical properties that give rise to local
near-ﬁeld interaction forces.
Microscopy of optical magnetism and chirality are
two great examples of promising applications offered by
force microscopy. We emphasize that similar ideas can
be extended to inspecting other interesting properties of
material or light by playing with combinations of
structured light and different kinds of nanoprobes. For
examples, we can detect photo-induced orbital force on a
sample, induced by optical vortices with orbital angular
momentum [66,67]; or we could investigate also the
lateral force [68] in addition of the longitudinal force,
induced by chiral particles under chiral light. We could
look into the local ﬁeld distribution of metamaterials or
metasurfaces in special resonances and verify their
origins. etc. All these are open questions and exciting
possibilities that await explorations. We envision that
force microscopy will gain fundamental recognition as
an unparalleled multi-purpose tools for optical near-ﬁeld
characterization in the future of nano-photonics.
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