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Near-field microscopy is a powerful tool that allows the study 
of the complex electromagnetic fields that surround nano-
photonic structures. As our control over the feature size of 

these structures becomes ever finer, the ability to image their near 
fields becomes ever more crucial. This is because, at the nanoscale, 
light–matter interactions are intimately linked to an object’s geom-
etry and not just to the optical properties of its constituent materi-
als. Consequently, near-field mappings are often the only route to 
understanding the underlying physical processes of exciting phe-
nomena such as extraordinary optical transmission1,2, light prop-
agation through photonic crystal waveguides3,4, and the optical 
response of nanoantennas5,6. Likewise, when accurate knowledge of 
the details of nanoscopic light fields is crucial to the performance 
of a device, near-field imaging becomes essential. Examples of such 
situations include the creation of hotspots for nonlinear nanopho-
tonics7 or sensing applications8, the way in which nanophotonic 
structures direct light flow9, or the generation of structured fields 
for nanomanipulation10,11. In all, there are a host of fields that stand 
to gain from the information available from near-field microscopy.

In this Review we discuss recent progress towards a complete 
mapping of light fields at the nanoscale, suggesting new scientific 
avenues that are opened by these advances. We begin by briefly 
reviewing the basics of subwavelength field mapping. We then 
outline recent progress in the mapping of electric near-field vector 
components, and progress to mapping that goes beyond the vec-
tor nature, such as time- or frequency-resolved measurements. We 
then address recent progress towards the mapping of magnetic near 
fields, and in particular towards the ability to simultaneously map 
the entire electromagnetic near field. Throughout the entire Review, 
we highlight exciting nanophotonic systems whose near fields can 
be accessed because of progress in this field. Lastly, we end with a 
brief outlook on the remaining challenges in the pursuit of a com-
plete nanoscale near-field mapping.

Basics of subwavelength field mapping
Near fields (Box 1) are intrinsically hard to image directly, as they 
cannot be viewed by, for example, a CCD array or photodiode. This 
is because near fields are evanescent in nature and hence, for vis-
ible or near-infrared light, these fields are typically found within 10s 
or 100s of nanometres of a surface. Consequently, an intermediate 
step is required, whereby some of the near field is converted to far 
field. This conversion may be achieved in several ways. For exam-
ple, information about the nanoscopic fields may be accessed by 
incorporating emitters such as dye molecules into a nanophotonic 
structure and studying the resultant fluorescence12, or by using 
photoresist which polymerizes at high intensities and hence 

Mapping nanoscale light fields
N. Rotenberg and L. Kuipers*
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creates a permanent record of subwavelength regions of high field 
intensities13. Such methods, however, are rather specialized as they 
permanently alter structures or only access a select few properties of 
the light fields such as their intensities.

In fact, an ideal method would map out nanoscale light fields 
without perturbing either the physical structure under investigation 
or its near field. Further, such a technique should be flexible, allow-
ing for the study of a variety of different structures and providing 
the maximal amount of information about their nanoscopic fields. 
Clearly, such an optimal, one-way interaction is impossible, as the 
act of bringing some of the near field into the far field must in some 
way change the system. However, modern near-field scanning opti-
cal microscopes (NSOMs) can come very close to the ideal scenario 
outlined above. While a comprehensive review of the operation of 
NSOMs14–21 or their historical development22 is beyond our current 
scope, we will focus on the recently emerged aspects of this tech-
nique that strive towards a complete mapping of the near field.

The essence of near-field optical microscopy, as sketched in 
Fig. 1, is very simple. A nanoscopic object, the near-field probe, is 
brought into the near field, where it scatters some of the light into 
the far field. There are two main approaches to this type of near-field 
mapping, each with its own strengths, which roughly depend on the 
type of probe that is used. In aperture probe (AP) near-field micros-
copy, the light that is converted to far-field radiation is collected 
(c-NSOM) through the probe (Fig. 1a), while a scattering NSOM 
(s-NSOM) uses an apertureless tip to scatter some light to free space 
(Fig. 1b), where it can be detected by, for example, a photodiode. In 
either case, the tip is brought to within a height of 10s of nanometres 
above the structure, and then raster-scanned to map the near-field 
distribution. Care must be taken that the interaction between the 
near-field tip and the sample is understood17,23. Clearly, in order to 
obtain an optical signal, the near-field probe has to frustrate the eva-
nescent field, so interaction is required. Nevertheless, the tip–sam-
ple interaction should, in general, be so weak that the measured near 
fields represent the fields without the presence of the probe. In other 
words, the interaction should be in the regime of first-order pertur-
bation. The excellent agreement of many of the measurements pre-
sented below with theoretical calculations shows that this is usually 
the case. In certain situations, however, the interaction of the probe 
with the sample cannot be neglected, and first-order perturbation 
theory is no longer sufficient to model the measurements. In such 
situations the presence of the probe can, for example, change the 
near-field distributions or even their spectral contents. Higher-order 
terms, where for example light scatters from the sample to the probe 
and back, need to be taken into account. They can be modelled 
allowing for the reconstruction of the near-field distributions even 
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in this regime of strong probe–sample interaction24. In fact, as we 
show below, such strong interactions can even be beneficial if they 
are properly understood. For example, a near-field probe can be 
used to tune optical modes of nanoantennas23 or nanocavities25,26, 
and, by monitoring the spectral response of these structures, addi-
tional information about the nanoscale optical properties of these 
structures can be revealed.

Because the conversion of near fields to far-field radiation is 
mediated by the probe tip, the quality27 and properties of NSOM 
mappings are crucially dependent on this tip. Hence, near-field tips 
must be made in a reproducible manner that allows for control over 
their parameters, for example using focused ion beam milling28 or 
etching techniques29. Scattering NSOM tips, such as those shown 
in the inset to Fig. 1b, are ultrasharp, allowing sub-10-nm resolu-
tion30,31, and even single-molecule detection32. Further, s-NSOM 
tips can be made resonant with light ranging from the visible33 to 
the infrared34, and even in the terahertz (THz) region35. Clearly, 
new physics becomes accessible whenever a new region of the 

spectrum is opened up. For example, opening up the infrared and 
THz regimes has allowed near-field studies of graphene plasmon-
ics36,37. In AP near-field microscopy, in collection mode (Fig. 1a), 
the near field is collected through the probe, which is generally a 
two-layered system consisting of a tapered waveguide and a metal-
lic coating. There are several variants on the standard AP, which 
has a circular aperture with a typically diameter ranging from 100 
to 250 nm as shown in the inset of Fig. 1a. Special probes, such as 
those based on extraordinary optical transmission38 or the ‘campa-
nile’ probe39, are designed to increase the throughput, detect spe-
cific components of the near field, or improve the resolution of the 
NSOM. A few probes, such as the split-ring probe (SRP)40, bowtie 
probe41 or pyramid probe42 that will be covered below, are designed 
to access near-field information that is often unavailable with stand-
ard APs. In all cases, unlocking the full potential of these probes 
requires a deep understanding of the way in which they interact 
with light at the nanoscale. As this understanding grows together 
with improved nanofabrication of the probes, so too does our ability 

Any monochromatic light field can, for a moment in time, be 
written as
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where Am(r) and ϕm(r) are the spatially dependent amplitude and 
phase distributions of the three vector components of the field (for 

example, m = 1,2,3 = x,y,z in Cartesian coordinates). This field can 
be decomposed into a set of waves according to
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where r denotes a spatial position, and each wave in the decompo-
sition is indexed by its wavevector k and a complex amplitude Ek

~ . 
A similar expression can be written for the corresponding magnetic 
field H. For a far-field distribution in a non-absorbing medium 
(index of refraction n is real) k is real and its amplitude is 
k0 = √(kx

2 + ky
2 + kz

2) = 2πn/λ, for a vacuum wavelength λ. Hence 
a far-field light distribution can always be described in terms of a 
superposition of plane waves. If, however, kx

2 + ky
2 > k0

2 as is the 
case for a bound mode, then kz must have an imaginary compo-
nent. As can be seen from Eq. (2), the imaginary kz results in an 
exponentially decaying wave. Such waves are said to be evanes-
cent, and, as is sketched in Fig. B1, they dominate in the near field 
of their source. That is, unlike far fields which propagate through 
space, near fields are typically localized to an emitter or interface. 
Further, because the real part of near-field wavevectors is larger 
than k0, structure can be found in near fields that is well below the 
diffraction limit of far fields, allowing them to be used for super-
resolution imaging21,97.

At the nanoscale, near fields can be tailored through the geom-
etry of the structures about which they are found. Consequently, 
researchers can design structures such as nanoantennas that focus 
and direct light fields on the nanoscale98, or create waveguides that 
allow for light propagation at subwavelength dimensions99 with, 
for example, variable velocities100. The near fields of such struc-
tures can have complex structure and, in contrast to typical far 
fields, often have non-zero amplitude in all six field components. 
This complete electromagnetic presence is exemplified in the inset 
of Fig. B1, which shows the calculated101 near fields 200 nm above 
a W1 silicon membrane photonic crystal waveguide. Here, not 
only are all components present, but they also have distinctly dif-
ferent amplitude, A(r), and phase, ϕ(r) (not shown), distributions. 
Interestingly, since near fields such as those shown in this figure 
are made of waves with different wavevectors, each with a different 
kz, they can have vastly different distributions at different heights 
above their sources3.

Box 1 | Near fields.
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Figure B1 | Optical near-fields. Schematic of the near- and far-field 
regions of an interface. The evanescent near field typically dominates 
for about a wavelength, after which its contribution quickly becomes 
negligible and only propagating far fields remain. The inset shows the 
calculated electric and magnetic near-field amplitude distributions 
200 nm above a W1 silicon photonic crystal waveguide for 
λ = 1,570 nm. The light propagates in y, and z points out of the plane. 
The solid lines outline the holes of the photonic crystal, which have a 
radius of 120 nm.
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to access different aspects of the near field. Even for the simple AP, 
such an understanding is far from complete, and unexpected capa-
bilities may yet be discovered.

There are several ways to try to understand the way in which 
a probe converts light from near-field to far-field radiation. 
Traditionally, the near field is assumed to induce dipoles at the tip of 
the NSOM probe, which then radiate into the far field, as is sketched 
out in Fig. 1. For s-NSOM, induced dipoles are usually taken to be 
one out-of-plane and one in-plane electric dipole, where the probed 
in-plane dipole orientation is determined by the location of the 
detector43. Likewise, it has long been accepted that for the stand-
ard AP used in collection mode NSOM, the dominant dipoles are 
the two in-plane electric dipoles. Recent work, however, has shown 
that nanoscopic structures such as subwavelength holes in metal-
lic films44 or semiconductor nanoparticles45 respond to both the 
electric and magnetic fields. As we show below, this total electro-
magnetic response of the objects at the nanoscale also applies to the 
probe tip, and hence near-field microscopy need not be limited to 
the detection of electric fields. This suggests that the simple picture 
of the probe tip as a couple of electric dipoles may not always be 
sufficient to understand, or model, its operation: other multipoles, 
including magnetic dipoles, might be needed. In fact, a different 
framework based on reciprocity has recently been introduced to 
explain the near- to far-field conversion of radiation by an NSOM 
probe46. Using reciprocity, the structured near fields detected by 
the probe can be related to the fields that a simple dipole would 
transmit through the probe, fields that are readily calculable. This 
approach has been successfully applied to both scattering47 and 
aperture48 NSOMs.

Visualizing electric fields
Recent advances to near-field microscopy have allowed us to map 
more than just the intensity of the near field. Now, when we peer 
into the near field, we measure both phase ϕ(r) and amplitude A(r), 
usually by using an interferometric scheme49–51, as sketched in Fig. 2. 
Such phase information can be used in conjunction with the resolu-
tion of an s-NSOM to, for example, study the fundamental nature of 
the resonances that control light–matter interactions in structures 
such as split-ring resonators52, nanoantennas5,6 (Fig. 2d) and meta-
molecules53,54. Similarly, phase-sensitive c-NSOM measurements 
have allowed studies of mode properties of light as it propagates 
through nanoscopic waveguides, such as plasmonic nanowires55 
(Fig. 2c), and as it interacts with negative-index metamaterials56. 
Importantly, high-resolution phase-sensitive measurements can 
be Fourier transformed, allowing the near field to be visualized 
in momentum space (k-space). As a first demonstration of this 
technique, researchers studied the details of the Bloch harmonics 
that form a propagating mode of a photonic crystal waveguide57. 
Subsequently, imaging and filtering in k-space allows studies of die-
lectric-clad waveguides58, and the separation of forward and back-
ward propagating (or TE and TM) waves, essentially correcting for 
unwanted reflections or imperfect incoupling in experiments59.

Mapping electric vector fields. Light fields are vector quantities, 
meaning that the orientation of the fields is just as important as their 
amplitude. In total there are six possible electromagnetic components 
— three electric and three magnetic — and fully understanding light–
matter interactions at the nanoscale typically requires knowledge of 
all six (Box 1). As early as the 1990s, single molecules were used as 
probes to determine the orientation of near fields32,60,61, in much the 
same way as a well-characterized nanoparticle was recently used 
to map out vector light-field distributions62. Polarization-sensitive 
NSOM, however, was first demonstrated in 2002, where illumination 
through an aperture probe allowed the combinations of the vector 
components of the local optical density of states to be mapped for a 

nanophotonic structure63. It was not until 2007, however, that a clever 
use of free-space polarization optics allowed researchers to first map 
out different components of the near field. In this first experiment an 
s-NSOM was used, and hence the amplitudes of the Ez and E|| = Ex 
components of the near field were mapped, where the choice of the 
in-plane component was determined by the positioning of the detec-
tor relative to the sample and tip64. Shortly after, this technique was 
applied to interferometric c-NSOM and then s-NSOM measure-
ments to separately map the complex Ex and Ey (c-NSOM, ref. 59), 
and Ez and Ex (s-NSOM, ref. 65). Using c-NSOM operating in this 
mode has made it possible to study features such as polarization 
singularities carrying spin angular momentum in the near fields of 
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Figure 1 | Near-field scanning optical microscopy. a,b, An aperture (a) and 
scattering (b) nanoscopic probe is brought into the near field of a structure. 
The interaction of the tip of the probe with the light converts a very small 
amount of near-field to far-field radiation, where it can be detected by 
standard free-space optics. In both sketches the dominant dipoles, which 
mediate the near- to far-field radiation, are shown. In a, the detection 
channel x-oriented light is shown as an example. For a standard aperture 
probe (top left inset), the detected field Ex

out arises from both Ex and Hy of 
the sample, while a split-ring probe (top right inset) will also measure Hz 
owing to charge build-up across the slit40. Likewise, the detected Ey

out (not 
shown) will be composed of Ey and Hx. The bottom inset shows a sketch 
of a campanile probe, which acts like an aperture probe, but with a greatly 
enhanced sensitivity to the near field that is oriented parallel to the gap at 
its tip (adapted from ref. 39). Panel b shows that, for a scattering NSOM, 
the detected field is composed of both an in-plane component E|| and an 
out-of-plane component Ez, where their ratio and the orientation of E|| are 
set by the direction at which Eout is detected. The inset in b shows a typical 
scattering probe tip on a cantilever with a zoom-in on the probe tip (bottom 
left inset), which in this case is resonant in the infrared (from ref. 96).
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photonic crystal waveguides59 (Fig. 2b), and more recently has been 
crucial to unravelling the optical response of nanoscopic plasmonic 
scatterers such as subwavelength holes66. Concurrently, vector near-
field mappings with s-NSOMs have shed light on the way in which 
nanoantennas confine light65, and on the coupling of plasmonic 
nanowire arrays67.

Beyond the vector nature. There are other important aspects of 
structured, nanoscopic light fields, beyond their vector nature, 
which can be addressed by near-field microscopy. One such aspect 
is that near fields, and indeed the optical response of the structures 
that support them, can display dynamics, often on picosecond or 
femtosecond timescales. To access ultrafast phenomena at the 
nanoscale, a femtosecond laser source was integrated into an inter-
ferometric NSOM, initially tracking the spatiotemporal evolution of 
ultrashort pulses propagating in ridge waveguides68. Subsequently, 
this technique allowed studies to be made of slow light propagation, 
both in dielectric photonic crystal waveguides4 and in plasmonic 
waveguides69, and even of single plasmonic scattering events where 
a temporal resolution below 50 fs was required44.

There are two principal modes of operation for a time-resolved 
NSOM. First, high-resolution spatial maps can be taken at different 
time steps, like a series of frames in a movie4,68. In fact, if the com-
plex vector fields are known with sufficient spatial resolution then a 
Fourier transform of the frames will yield the k-space dynamics of 
the system, as is shown in Fig. 3a. Such a study can show how the 
different eigenmodes of complex photonic structures couple to each 
other even when they are co-located in space, demonstrating, for 
example, directional coupling70.

The second mode of operation of a time-resolved NSOM is 
when high-resolution temporal scans are taken at different posi-
tions. Essentially, the NSOM probe is positioned at a certain loca-
tion, and the time delay between the signal and reference branches 

is scanned, measuring the cross-correlation between a known 
reference pulse and the local temporal dynamics of the local near 
field. In the previous examples, the peak in these line traces was 
often used to track the time at which a pulse passed a certain point 
in the structure69. Much more information can be gained, however, 
if the complex field is known at every point in time with sufficient 
resolution. In this case, the time trace of the field can be Fourier 
transformed to provide the spectral density of the near field at that 
location, for example allowing studies of the vibrational dynamics of 
polymers with nanoscale resolution71.

The spectral content of near fields is, in fact, another important 
quantity that can be measured, and that provides additional infor-
mation on light–matter interactions at the nanoscale. As mentioned 
above, this information can be gained through Fourier transform 
spectroscopy and, when coupled to an NSOM with a broadband 
light source, it opens up many new avenues of research. Using this 
technique with a broadband thermal source allows, for example, 
nanoscale mappings of dopant concentrations in semiconductors72 
(Fig. 3b) and studies of the thermal near fields73. Likewise, by inte-
grating a broadband laser into the NSOM, the near-field distribu-
tions of protein complexes74 (Fig. 3c) or even the crystal structure 
of nanoscale domains in an organic film75 (Fig. 3d), can be mapped. 
NSOM is therefore ideally suited for spectroscopy of anisotropic 
samples with nanoscale resolution. The near-field spectrum dis-
tribution can also be directly mapped by spectrally analysing the 
light collected by a c-NSOM probe. Although this is not an inter-
ferometric technique, and hence does not result in phase-sensitive 
near-field mappings or signal amplification, it can be used as a 
point-to-point probe of light propagating in complex photonic ele-
ments76, or integrated photonic chips77. In particular, and unlike 
interferometric approaches, here new frequencies that are created 
during pulse propagation can still be detected, making this method 
particularly suitable for nonlinear optics experiments77.
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Mapping the full electromagnetic near field
While there has been tremendous recent progress towards a full 
map of electric near fields, such maps only tell half the story of 
light–matter interactions at the nanoscale; the other half is told by 
magnetic field mappings. With the advent of magnetically active 
structures, such as metamaterials78, knowledge gained from the 
mappings of H, in addition to E, is increasingly crucial. It is tempt-
ing to invoke Maxwell’s equations, which relate these quantities. But 
in order to derive H from E, all three components of the electric 
field need to be known with sufficient precision and spatial accu-
racy, in a three-dimensional space, to allow for accurate differen-
tiation. As we discussed above, such complete mappings of E are 
technically challenging and, to date, have not been demonstrated. 
Consequently, knowledge of the magnetic near-field distributions 
demands direct, near-field measurements.

Sensitivity to magnetic near fields. A mapping of optical mag-
netic fields at the nanoscale was first demonstrated using a c-NSOM 
with a slit etched into the probe tip40 (Fig. 1a). This etching effec-
tively turned the probe aperture into a split-ring resonator that, in 
essence, could convert the out-of-plane component of the magnetic 

field (Hz) into measurable in-plane far-field radiation (Ex or Ey, 
depending on the slit orientation). Recently, a new c-NSOM probe 
type was introduced, the pyramid probe42, that was engineered to 
collect one of the in-plane magnetic fields (Hx or Hy, depending on 
the aperture orientation) much more efficiently than the in-plane 
electric fields that would normally be detected by an aperture probe. 
Such a probe has enabled studies of the magnetic response of plas-
monic nanoantennas79 (Fig.  4a). With the addition of the split-
ring and pyramid probes, all six components of the near field have 
become accessible to NSOMs, albeit not in a single measurement, or 
even with a single type of NSOM. Special probes, however, are not 
easy to fabricate or align and use in an NSOM. In particular, for a 
case such as the split-ring probe, where three signals are simultane-
ously measured (Ex, Ey and Hz) using only two detectors, disentan-
gling these fields requires additional constraints such as symmetries 
in the near fields (and hence in the structures)80.

Concurrently with the development of the specialized probes, 
researchers discovered that typical aperture probes, such as the one 
shown in Fig. 1a, are also sensitive to magnetic near fields. Initially, 
it was shown that through an interaction mediated by Hz, an aper-
ture probe could be used to control photonic crystal nanocavity 
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coupler (adapted from ref. 70). b, Infrared near-field spectra of a five-layer (silicon/silicon oxide/p-doped silicon/silicon oxide/silicon) structure taken 
with Fourier transform infrared (FTIR) spectroscopy with a thermal light source. The different layers display markedly different optical responses, allowing 
subdiffraction mappings of the doping levels (adapted from ref. 72). c, FTIR spectra of the near field of a single tobacco mosaic virus (red curve), taken 
with a broadband laser source, compared with far-field spectra from arrays of the virus (blue curve). Both spectra show two resonances associated with 
vibrational modes of the virus. GI, grazing incidence. The inset shows the near-field phase-contrast map taken at the peak of the resonance, with a scale 
bar corresponding to 100 nm (adapted from ref. 74). d, NSOM FTIR spectra of two positions of a thin pentacene film, allowing discrimination between the 
thin film (blue) and bulk phases (green). The spectra can be taken with 20-nm spatial resolution. a.u., arbitrary units. The insets show (right) a schematic 
of the experiment and (left) spatial map of the FTIR spectra taken at a single frequency 907.1 cm–1 (reproduced from ref. 75).
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resonances81,82. In fact, this interaction can be used to map Hz of 
cavities without the need for a specialized probe (Fig. 4b), and also 
to study localization of electromagnetic energy in disordered 
structures83,84. Researchers then realized that an aperture probe is 
very similar to a Bethe-hole analyser, which should mainly be sensi-
tive to the in-plane magnetic fields. Hence, by choosing a correct 
aperture size and metal coating thickness, NSOM mappings were 
made of Hx and Hy (along with Ez from the scattered light) of a 
plane wave85,86.

Simultaneous measurements of E and H. In 2010, Olmon et al.87 
showed that high-resolution s-NSOM measurements on a symme-
try plane of a nanoantenna could be used to determine the complete 
electromagnetic near field. This type of complete mapping, which is 
shown in Fig. 4c, is only possible on the symmetry plane, where cer-
tain field components are identically zero. On this plane, knowledge 
of two non-zero (Ey and Ez) components is sufficient for Maxwell’s 
equations to yield the remaining component (Hx). As with the 
recent measurements with a split-ring aperture probe80, exploiting 
the symmetries of the near fields allowed for mapping of three field 
components, two electric and one magnetic. Similarly, instead of 
symmetry, numerical simulations can be used in addition to partial 
near-field measurements to determine the full vectorial light field. 

This concept was nicely demonstrated in 2010, where measurements 
of the in-plane electric field with a dielectric probe were used as a 
boundary condition for finite-difference time-domain calculations 
to reconstruct all of the magnetic field components88.

The demonstration that a normal aperture probe could be sensi-
tive to the in-plane magnetic fields85 suggested that a more complete 
mapping of the near field should be possible. In fact, it has now been 
established48 that, in the near field, an aperture probe is sensitive to 
the in-plane components of both E and H, and not just one, as had 
been previously assumed. Measurements of the near field of a pho-
tonic crystal waveguide, taken at different heights above its surface 
(Fig. 4d), show that typical aperture probes are roughly equally sensi-
tive to electric and magnetic fields, in good agreement with recipro-
cal-based modelling46,48. That is, a c-NSOM collects light from four 
components, Ex, Ey, Hx and Hy, at the same time, allowing mappings of 
nanophotonic structures that are electrically and magnetically active.

Outlook
We can now routinely access a variety of properties of the electro-
magnetic near field and create mappings well beyond the origi-
nal electric field amplitude images. Further, NSOMs now operate 
at the extreme conditions required to study some samples, such 
as at cryogenic temperatures and at high magnetic fields89. There 
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are, however, many challenges ahead as we progress towards the 
complete mapping of electromagnetic near fields. Currently, at most 
four of the six components of the near field, namely the in-plane 
electric and magnetic field components, have been simultaneously 
detected. These four field components are, however, contained 
within two signals, and unravelling the individual components is 
far from trivial. Such an unravelling has only been shown for struc-
tures, such as the photonic crystal waveguide, where the separate 
field components are known a priori. A more general separation 
approach remains a work in progress. Likewise, a simultaneous 
full measurement of all six components remains a challenge for 
the future. Such a measurement could perhaps involve a split-ring 
probe NSOM with signals collected both through the aperture and 
from the scattered light, or a combination of high-resolution three-
dimensional mapping of some of the near-field components in con-
junction with electromagnetic theory.

Although the ability to map the near field will undoubtedly grow, 
near-field optical microscopy is already an extremely powerful tool. 
Capabilities such as high-resolution, Fourier transform infrared 
s-NSOM allow studies of correlated systems such as high-temper-
ature superconductors or topological insulators90 and organic sys-
tems74,75. Quantum nanophotonics is another emerging field that 
stands to gain from NSOM measurements that, for example, can 
be used to map the local density of optical states near a nanoscale 
structure, a quantity that is intrinsically linked to the emission from 
quantum emitters63. In fact, the emission from a dipole source into 
the modes of a nanophotonic structure, which depends intimately 
on the vector distribution of the near field, can even be mapped 
using polarization-resolved NSOM in illumination mode, an impor-
tant step towards solid-state quantum architecture91–93. Further, 
accessing the magnetic, in addition to the electric, near fields with 
c-NSOMs allows for studies of magnetically active structures such 
as split-ring resonators or magnetic molecules, and even studies of 
the way in which nanostructured metasurfaces can control the flow 
of light94,95. Finally, nonlinear and spectral properties, as well as tem-
poral dynamics of light–matter interactions, at the nanoscale can 
already be directly visualized with the techniques outlined in this 
Review, ensuring that near-field optics remains an integral part of 
the understanding and development of the field of nanophotonics.
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