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Mapping electromagnetic fields near a subwavelength hole
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We study, both experimentally and theoretically, the scattering of electromagnetic waves by a subwave-

length hole fabricated in a thin metallic film. We employ the scanning near-field optical microscopy in order to

reconstruct experimentally the full three-dimensional structure of the electromagnetic fields in the vicinity of

the hole. We observe an interference of all excited waves with an incident laser beam which allows us to gain

the information about the wave phases. Along with the well-known surface plasmon polaritons propagating

primarily in the direction of the incident beam polarization, we observe the free-space radiation diffracted by

the hole. We compare the experimental results with the fields of pure electric and pure magnetic dipoles as

well as with direct numerical simulations. We confirm that a single hole in a thin metallic film excited at the

normal incidence manifests itself as an effective magnetic dipole in the visible spectral range.
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Introduction. The use of nanophotonics for guid-

ing light is of a great importance for numerous potential

applications of optical structures operating at the sub-

wavelength scale. The development of nanophotonics is

closely linked to material science being able to fabricate

the structures at the nanoscale for the subwavelength

guiding of light. One of the major research directions

in nanophotonics is associated with the use of metals

which allow guiding collective excitations of the elec-

tromagnetic fields and electrons in the form of surface

plasmon polaritons (SPPs) localized in the vicinity of

metal-dielectric interfaces [1–5]. The simplest structure

allowing to excite SPPs is a single hole in a thin metallic

film, that generates SPPs after probing the film by an

electromagnetic plane wave [6, 7].

On the other hand, an important tool in the mod-

ern nanophotonics is the scanning near-field optical mi-

croscope (SNOM) which allows to obtain the informa-

tion about the structure of electromagnetic fields in the

vicinity of nanoscale objects with the subwavelength res-

olution [8–10]. In the aperture-based SNOM devices, a

key role is played by a metallized tip with an aperture

diameter of the order of 100 nm. A number of theoretical

and experimental papers has been devoted to the study

of light emerging from the subwavelength holes [11–16]
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and the properties of light collected by a SNOM fiber tip

[17–19]. A special attention has been paid to the studies

of the SPP-supported transmission of a single hole and

hole arrays [15, 20–23]. Nevertheless, to the best of our

knowledge, there exists no full experimental studies of

the structure of the electromagnetic field energy distri-

bution near a single subwavelength hole fabricated in a

metallic thin film.

Very recently, N. Rotenberg et al. [24, 25] used

polarization-resolved near-field measurements to sepa-

rate and quantify the electric and magnetic optical re-

sponse of subwavelength holes in a thick gold film. Their

study provided experimental access and theoretical un-

derstanding of the electromagnetic polarizability that

describes the optical response of metallic holes, but the

complete picture of the electromagnetic fields near sub-

wavelength holes made in thin metallic films is still miss-

ing.

In this Letter, we apply the SNOM technique and

perform the complete experimental three-dimensional

reconstruction of the electromagnetic fields in the vicin-

ity of a subwavelength hole fabricated in a thin metallic

film. We confirm experimentally and also by employing

extensive numerical simulations, as well as through a

comparison with the field structures generated by pure

electric and pure magnetic dipole sources, that a sin-

gle subwavelength hole in a metallic film excited by an
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electromagnetic wave at the normal incidence behalves

primarily as an effective magnetic dipole in the visible

spectral range.

Experimental samples and setup. We study

the transmission of light through a subwavelength hole

drilled with focused ion beam (FIB) in 75-nm-thick sil-

ver film deposited on a glass substrate. The sample

structure and scanning electron micrograph of sample’s

surface are depicted in Fig. 1. Since the roughness of

Fig. 1. Experimental setup and sample structure (a de-

tailed description is given in the text). The inset in the

top-left corner is a SEM micrograph of the subwavelength

hole with the diameter ≈ 100 nm drilled by means of the

FIB technology in a thin silver film

a metal surface affects dramatically the propagation

length of SPPs, we examine a set of samples which repre-

sent a silver film on a glass substrate obtained by means

of thermal evaporation with different deposition rates.

The best surface roughness with rms = 2.2 is achieved

with the rate of 2 nm per second. The sample is also cov-

ered with a 10-nm-thick SiO2 sputtered with magnetron

deposition technique passivating layer in order to pro-

tect Ag from oxidation and sulfatation. The thickness of

the metallic film is optimized, so that the amplitudes of

electromagnetic fields of the excited waves and a prob-

ing beam transmitted through the sample would be of

the same order. This give us a possibility to observe

the interference between these waves and to gain useful

information about the phases of all excited waves.

In our experiments, we employ the aperture-type

SNOM (AIST-NT CombiScope Scanning Probe Micro-

scope with optical aluminium-coated fiber probe) oper-

ating in the collection mode, as shown schematically in

Fig. 1. A fiber probe is glued to a tuning fork that is used

to control the tip-to-surface distance in the shear-force

mode by keeping the magnitude of the tip oscillations

on a preselected level. The sample is excited by a green

laser (λ = 532 nm) focused with either achromatic dou-

blet lens (F = 50mm) or by Olympus 20X objective

for obtaining different focal spot sizes. An optical signal

collected by a probe is measured with a photomultiplier

tube (Hamamatsu H10722-01).

Scanning is performed both in contact and plane

scan modes. Such a regime allows us to perform the

scanning within a plane relying on the sample surface

with the preselected lift value. The latter mode is em-

ployed to perform scanning within a set of planes on dif-

ferent elevations and to perform the three-dimensional

reconstruction of the field energy density, as discussed

below.

Surface plasmon polaritons. The SNOM image

obtained at the elevation of 200 nm over the sample

surface is presented in Fig. 2a. The laser beam is fo-

Fig. 2. Comparison between the experimental and numer-

ical results. (a) – SNOM image obtained from the hole in

a silver film at the elevation of 200 nm above the sample

surface. Polarization of the incident beam is parallel to

the x-axis. (b) – Horizontal cross-section of the image in

Fig. a made through the center of the hole. (c), (d) – Nu-

merically calculated energy density of the electromagnetic

field and its cross-section in the geometry corresponding

to Figs. a, b, respectively

cused on the subwavelength hole with a long-focal lens.

Along with the Gaussian background originated from

the transmitted probing laser beam, we observe an in-

terference pattern with the radial and angular depen-

dencies of the oscillation amplitude. These oscillations

have the maximal amplitude along the horizontal sec-
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tion of the image that goes through the center of the

hole, i.e. along the direction of polarization of the in-

cident beam. The measured intensity profile along this

section is shown in Fig. 2b.

In order to verify our experimental results, we per-

form numerical simulations in CST Microwave Studio R©

package. The distribution of electromagnetic field en-

ergy density is shown in Fig. 2c and d. It is important

to justify here two assumptions. First, it is worth men-

tioning that it is permissible to neglect the influence

of the probe on the excitation of the nanohole within

the whole 20 × 20µm2 large scanning area except its

very center. Second, according to the results of the nu-

merical simulations, all the features of the interferomet-

ric phenomena discussed in this section are observed in

both electric and magnetic fields. Therefore, for the sake

of simplicity we compare the experimental data to the

electromagnetic field energy density in Fig. 2 instead of

unnecessary applying more complicated models [17, 19].

The measured period of oscillations is ≈ 500 nm,

which is less than the wavelength of exciting radiation

λ = 532 nm and therefore this interference is not likely

concerned with scattered free-space wave modes. At the

same time, one can expect to observe SPPs on the sil-

ver/air interface [6, 26] with the wavelength

λSPP = λ

(

Re(εm) + 1

Re(εm)

)1/2

≈ 508 nm, (1)

taking into account the value of permittivity of Ag,

εAg ≈ −11.7 + 0.4i [27].

Such SPPs are the propagating TM-polarized modes

localized in the vicinity of the metal surface with the

wavevector kSPP and possessing two non-zero Cartesian

components of the electric field. One of the electric field

components is directed along kSPP, and the other one is

perpendicular to the metal-dielectric interface. The lin-

early polarized incident beam has only Ex non-zero com-

ponent of the electric field in its focal plane, therefore

the angular dependence of the interference pattern can

be easily understood: it is absent in the y-direction and

it has the maximal amplitude along the x-axis. In gen-

eral, the interferometric term is proportional to cosφ,

where φ is the azimuthal angle of the observation point

in the xy-plane.

Experimental and numerical data presented in Fig. 2

demonstrate qualitative agreement, but there are some

quantitative differences. The first one is the amplitude

of intensity modulation in the simulations and experi-

ment (see Figs. 2c and d). This can be concerned with

imperfections in the shape of hole edges that affect

the efficiency of the SPP excitation. The second differ-

ence is observed between the measured period of oscilla-

tions and the theoretically calculated SPP wavelength,

that can be caused by an imperfect focusing of a laser

beam which leads to inhomogeneity of the incident beam

phase along the beam section.

In order to prove that the oscillations discussed

above correspond to SPPs and to obtain the full pic-

ture of the interaction of light with a subwavelength

hole made in a thin metallic film, we perform 37 scans

with different elevations above the sample surface from

5 nm up to 5µm. After the interpolation of the data, we

obtain the three-dimensional distribution of the electro-

magnetic fields summarized in Fig. 3a. We observe that

Fig. 3. (a) – Experimentally reconstructed three-

dimensional structure of the electromagnetic fields

plotted as an isosurface at 40 % level of the maxi-

mum value. (b) – xz-section of the reconstructed field

distribution

the wave involved in the interference with an incident

beam shown in Figs. 2a and b is localized in the vicinity

of the sample surface. This gives us the further strong

support to the fact that this wave is the SPP excited by

the hole.

Subwavelength hole as a magnetic dipole.

Along with the features concerned with SPPs, the xz-

section of the SNOM signal observed in the experiment

(see Fig. 3b) contains additional interferometric pattern

over the sample surface. These maxima are a conse-
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Fig. 4. Numerical xz, yz and xy cross-sections of the three-dimensional electromagnetic fields for different cases. Two central

columns: numerically simulated energy densities of the lateral magnetic (|Hx|
2
+ |Hy|

2) and electric (|Ex|
2
+ |Ey|

2) fields

near a subwavelength hole. The bottom row shows the images obtained at the distance of z = 1µm from the sample. Left

and right columns show the lateral magnetic energy density for the pure electric and magnetic dipoles, respectively

quence of the waves emerged from the hole into the

free space interfering with the probing beam. To ana-

lyze the nature of this radiation, we neglect low radi-

ating high-order multipole moments and assume, in the

first approximation, that the nanohole is a point-like

dipole source of free- space waves.

In order to understand how the near-field probe col-

lects the far-fields of the electric (ED) and magnetic

(MD) dipoles, we resort to a theoretical model based

on the reciprocity theorem approach [17] that has been

recently verified experimentally [19] for the case of near

fields measured in the vicinity of a photonic crystal

waveguide. According to this approach, the near-field

aperture probe is sensitive only to the lateral compo-

nents of the electromagnetic fields. In the case of far-

field radiation, this model leads to a conclusion that the

near-field probe acts as a “magnetic analyzer” collecting

mainly lateral magnetic fields [18, 28]. Below, we con-

sider far-field radiation of a single nanohole collected by

a near-field aperture probe, therefore, further discussion

will be held in the term of the lateral magnetic field en-

ergy density |Hx|
2 + |Hy|

2.

Figs. 4, left and right, show the lateral magnetic en-

ergy maps for MD and ED [29]. It is important to em-

phasize that contrary to the case of MD in Fig. 4, left,

these fields posses rotational symmetry along z-axis for

the ED in Fig. 4, right. Further on, we notice that the

electric and magnetic fields of ED and MD with their

respective dipole moments p and m are complimentary:

for the ED one can make substitutions p → m, E → H,

and H → −E in order to obtain correct expressions for

the fields of MD [29]. Therefore, we come to the conclu-

sion that both lateral magnetic fields for ED and lat-

eral electric fields for MD possess cylindrical symmetry,

whereas magnetic fields of MD and electric fields for ED

do not.

Fig. 4, middle shows numerically calculated energy

densities of the lateral magnetic and electric fields in

the vicinity of the nanohole excited by a Gaussian beam

with the beam waist w0 = 19µm. The xy sections at the

bottom of Fig. 4 are taken at the elevation of z = 1µm

to observe the field patterns of free-space waves with

negligible contribution of the SPP. The xy section in

Fig. 4, middle shows strong azimuthal dependence of

Письма в ЖЭТФ том 99 вып. 11 – 12 2014



728 D. V. Permyakov, I. S. Mukhin, I. I. Shishkin et al.

the pattern of the lateral magnetic fields. This leads

directly to the conclusion that the nanohole possesses

strong MD dipole response as long as these fields of ED

are cylindrically symmetric (Fig. 4, right). On the other

hand, the lateral electric fields in xy section Fig. 4, mid-

dle demonstrate no vivid dependence on the azimuthal

angle, which allows us to conclude that the magnitude of

ED contribution to the fields radiated by the nanohole

is weak. Thus, a subwavelength hole in metallic film ex-

cited by a wave normal to the surface acts as a pure MD

in the visible spectral range.

Concluding remarks. We have reconstructed,

both experimentally and numerically, the full three-

dimensional structure of the electromagnetic fields gen-

erated due to the interaction of a laser beam with a sub-

wavelength hole in a thin metallic film. We have made

a direct comparison of the obtained experimental data

with the results of numerical simulations. A small thick-

ness of the metallic film allowed us to observe the inter-

ference of the incident beam transmitted through the

hole with all of the waves excited by the hole, gaining an

important information about the phases of all waves. We

have demonstrated that a hole in a metallic film acts as

a point-like source of SPPs propagating primarily in the

direction of the electric field of the probing laser beam.

At the same time, the three-dimensional reconstruction

of the electromagnetic fields allows us to investigate the

structure of the light transmitted through the subwave-

length hole. Our results confirm that a subwavelength

hole in a metallic film excited by an electromagnetic

wave at the normal incidence manifests itself as a pure

point-like magnetic dipole source in the visible spectral

range.
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