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Strong interactions between resonant structures in the near-field occur at length scales shorter than

the wavelength, and can be exploited for modifying the propagation of electromagnetic radiation.

Dolmen-like structures, formed by a rod supporting a dipolar (bright) resonance and two orthogonal

rods with a quadrupolar (dark) resonance at the same frequency, represent a geometry of significant

interest for near-field electromagnetic coupling. These structures demonstrate electromagnetically

induced transparency (EIT) through coupling between these resonances, concurrently providing a

sharp spectral selectivity in transmission and large group velocity reduction. We use near-field tera-

hertz scanning microscopy to map the electric fields in the vicinity of a metallic dolmen in both

amplitude and phase. In this way, we directly measure the interaction between bright and dark modes

in the time-domain, revealing the physics resulting in EIT. We experimentally demonstrate the

hybridization of bright and dark modes accompanying the near-field coupling, as well as the excita-

tion of the dark mode at the frequency of the far-field transparency. VC 2017 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978031]

Resonant scatterers provide useful building blocks for

designing components to manipulate terahertz (THz) radia-

tion as an alternative to conventional optics. By exploiting

the strong scattering properties of these structures, it is possi-

ble to fabricate THz modulators, filters, and beam routing

elements,1–6 where the thickness of the devices is a fraction

of the wavelength.7 Such devices can eventually be inserted

into emerging implementations of THz optical communica-

tions8 and imaging9 systems, where the small footprints

afforded by resonant structures are appealing in applications.

Scattering structures, however, often consist of multiple ele-

ments placed in close proximity to one another, where near-

field interactions between their constituent elements become

important.10,11 Near-field coupling presents the benefit of

allowing further manipulation of the scatterers spectral

behaviour, but demands near-field microscopy for full device

characterization since the link from near-field properties to

far-fields is not always direct.12,13

In this manuscript, we present a study on a dolmen

structure, consisting of a horizontal rod and two orthogonal

vertical rods, where the near-field coupling leads to electro-

magnetically induced transparency (EIT).14,15 The horizontal

rod is oriented along the polarization of the incident field

and supports a bright mode, while the vertical rods support a

dark mode. Coupling between these modes results in the

appearance of a sharp peak in the transmission spectrum (or

dip in extinction) accompanied by a large group velocity dis-

persion, with potential applications in sensing or information

processing.16,17

At optical frequencies, near-field measurements on plas-

monic dolmens using near-field scanning optical microscopy18

and electron microscopy19 have previously shown signatures

of the bonding and antibonding resonances that arise in the

coupled system20 as illustrated in Fig. 1(a). Nevertheless, in

spite of the impressive spatial resolutions achieved by these

techniques, they are restricted to measuring only the intensity

distributions unless combined with interferometry.21

In contrast, at THz frequencies, it is possible to directly

measure the time-dependent electric near-fields of resonant

metallic structures.22–24 Over recent years, a number of inno-

vative advances have emerged in near-field THz microscopy

resulting in diverse implementations, ranging from techni-

ques based on sharp tips25,26 or electron pulses27 for ultra-

high spatial resolution, to others harnessing electro-optic

sampling in nonlinear crystals,28,29 to schemes based on min-

iaturized photoconductive probes.13,30,31 We employ the lat-

ter approach to demonstrate the hybridization of modes that

follows the near-field coupling between two resonant struc-

tures, as well as the excitation of the dark resonance which is

responsible for the transparency window in the far-field.

The dolmens presented here can be described as follows:

a resonant structure, here a gold rod oriented along the polar-

ization of the incoming radiation, is placed in close vertical

proximity to a pair of orthogonally oriented rods which con-

stitute the second resonator. The top rod supports a bright

dipolar-like (k/2 resonance) which couples to free-space

radiation. The driving field induces a dipole field in the

metallic rod, which for very short distances is dominated by

the near-field component. For a homogeneous environment,

this field takes the form32

E rð Þ ¼ 1

4p�0

3n n � pð Þ � p
� � 1

r3
; (1)

where r denotes the distance from the centre of the dipole, p

denotes the dipole moment, and n is the radial unit vector.
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short lifetime originating from large radiative losses.

However, when the vertical rod pair is brought into close

proximity with the dipolar rod, the near-fields described by

Eq. (1) will subsequently drive similar k=2 resonances in

each of the vertical rods. In this way, the asymmetry of the

structure is used to access a dark mode,33 as has been

exploited previously for the generation of high-Q resonan-

ces for metamaterials,34 and sensing applications.35,36 The

antisymmetric field about the midpoint of the dipolar rod,

dictates that each of the vertical rods will be driven out-of-

phase with respect to each other. Therefore, the vertical rods

taken together support a resonance with a quadrupolar char-

acter at a similar frequency to that of the dipolar resonance.

Symmetry dictates that this resonance also does not directly

couple to free-space radiation, which accounts for why the

resonance is dark and spectrally narrow, from the absence

of radiative losses.

The structures are composed of gold with 100 nm thick-

ness, and were fabricated following standard photolithogra-

phy procedures on quartz substrates. The dipolar rod has a

length of 150 lm and a width of 40 lm, while the rods

comprising the quadrupolar pair have a length of 140 lm and

a width of 40 lm. A dark-field microscope image of one dol-

men is shown in the inset of Fig. 1(c). We prepared arrays of

structures arranged in a random fashion to characterize the

resonances supported by the samples using far-field spectros-

copy. The spectra are collected using a commercial THz

time domain spectroscopy (TDS) setup (Menlo Systems

GmbH), with results shown for arrays having filling fractions

ranging from � 7–20% corresponding to the total area cov-

ered by metal.

In Fig. 1(b), the THz transients for the substrate (grey,

dashed) and quadrupolar rods (black, dot-dashed) are very

similar for this polarization, demonstrating the absence of

coupling to incident radiation by the quadrupolar mode. On

the other hand, the transient associated with the sample of

dipolar rods (red, dotted) exhibits an overdamped resonance

corresponding to the excitation of the aforementioned k/2

resonance. For the dolmen sample (blue, solid), the transient

displays an underdamped component arriving at delayed

times corresponding to the sample becoming transmissive as

a result of the coupling between the two resonators.

By Fourier transformation of these transients and

referencing to the transmission of the bare substrate, we

compute the intensity extinction spectra for the samples as

shown in Fig. 1(c). The sample of dipolar rods supports a

strong and broad resonance centered at �¼ 0.54 THz, while

for the quadrupolar rod pair, we observe a featureless far-

field spectrum with negligible extinction. The quadrupolar

mode supported by the structures cannot couple with the

orthogonal polarization used here, and the k=2 resonance

along their width lies outside the frequency range of interest.

For the dolmen structures, we observe a splitting of the

bright mode into two peaks corresponding to bonding and

antibonding modes,18 with a reduced extinction at what was

previously the frequency of maximum extinction for the

bright mode. This reduced extinction or EIT results from the

interference between bright and dark modes, and can be

described classically with a coupled oscillator model.37 To

support the assignment of these modes, and to ascertain the

near-field distributions giving rise to the transparency

observed in Fig. 1(c), we probe an isolated dolmen in a near-

field microscope. Here a separate, previously described13,38

experimental setup is used, based on a THz near-field probe

(TD-800-Z-WT, Protemics GmbH, Germany) with a lateral

spatial resolution in the order of 10 lm.30 The electric field

Ez tð Þ is measured across the sample by raster-scanning the

near-field probe at a height of 1 lm above the sample. The

temporal evolution of the polarization induced in the dolmen

is therefore collected over the full area surrounding the struc-

ture. Afterwards, Fourier transformation of each measured

THz transient allows to recover the spatial near-field maps

both in amplitude and phase.

The results of these scans for a dolmen with a 1 lm gap

separating bright and dark resonators are shown in Fig. 2,

where we plot the real part of Ez. Beginning with the maps

for �¼ 0.47 THz in Fig. 2(a), the near-fields in the top rod

assume a dipolar field distribution corresponding to the k=2

resonance of the rod. Similarly, the rods in the quadrupolar

resonator also exhibit dipolar field distributions, with oppo-

site phases in each rod, revealing the overall quadrupolar

FIG. 1. (a) Illustration of the formation of hybrid modes as a result of near-

field coupling in a dolmen: Ed, Eq, Eb, and Eab represent the energies of the

dipolar, quadrupolar, bonding, and antibonding resonances, respectively. (b)

Measured THz transients transmitted through the substrate (grey, dashed), a

random array of dipolar rods (red, dotted), of quadrupolar rod pairs (black,

dot-dashed), and of dolmens (blue, solid). (c) Extinction measurements cor-

responding to transients in panel (b), where the filling fractions are 5%,

12%, and 12% for the dipolar rods, quadrupolar rods, and dolmens, respec-

tively. The frequency resolution is 15 GHz. Inset: dark-field microscope

image of dolmen at 20� magnification).
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character for the dark mode. For this frequency, the relative

phases of the electric field across the gap separating the reso-

nators are opposite, giving rise to the so-called bonding

mode corresponding to the lower energy resonance observed

in the far-field. At �¼ 0.54 THz in Fig. 2(b), the near-fields

surrounding the dipolar rod are suppressed, and are instead

enhanced in the vicinity of the quadrupolar rod pair, consis-

tently with the reduction of extinction observed in the far-

field spectrum for those frequencies. Finally, at �¼ 0.58

THz in Fig. 2(c), we observe a change in the relative phase

of the two resonators, corresponding to the antibonding

mode where repulsive interactions between top and bottom

resonators increase the resonance frequency.

The near-field maps for a gap of 1 lm demonstrate

strong hybridization between the bright and dark resonances

of the dolmens due to near-field coupling, as shown above.

Increasing the gap size allows to tune the strength of the

near-field coupling. Through fabrication of dolmens possess-

ing larger gap sizes, we show in Fig. 3, the gap size depen-

dence on the spectral features discussed thus far. In Fig. 3(a),

the extinction spectrum highlights that near-field coupling

becomes negligible for gap sizes on the order of 15 lm or

larger, leading to unresolved bonding and antibonding modes

and no induced transparency. For a gap size of 45 lm, the

extinction already resembles that of the dipolar resonance.

By monitoring the peak locations of the hybrid modes in

Fig. 3(b), we confirm that once the structures are brought to

within a distance of approximately 15 lm, the effects of

near-field coupling become important, and that for larger

gaps, no hybridization takes place. As we show next, this dis-

tance over which the two coupled resonators will interact

strongly can be understood from the spatial decay of the

bright mode. In Fig. 3(c), we show the near-field spatial map

corresponding to an isolated rod at the frequency of k/2 reso-

nance. This map indicates the spatial extent of the near-fields

associated with the dipolar-like resonance supported by the

rod. By taking a line profile across the width of the rod as in

Fig. 3(d), we recover the decay of the electric field at the

position where the quadrupolar rods are placed in the dolmen

samples. We find that the field amplitude decays by approxi-

mately 80% relative to its maximal value within a 20 lm dis-

tance from the edge in the lateral direction. While this figure

is in the order of the probe resolution, it is nonetheless con-

sistent with the onset of splittings measured in the far-field

spectra for those gap sizes. Moreover, full-wave simulations

of our experiment using the commercial finite-domain time-

FIG. 2. Measured real part of the Ez

component of the near-field, corre-

sponding to an excited dolmen with a

gap of 1 lm separating the bright and

dark resonators at selected frequencies.

Each spectral map is normalized to its

own maximum value, corresponding to

an overall scaling factor of unity for

panel (a), 3.5 for panel (b), and 2 for

panel (c). Contours given at 5%.

FIG. 3. (a) Extinction spectra of ran-

dom arrays of dolmens (12% filling

fraction) as a function of gap size, with

traces shifted by 0.3. The extinction

spectrum of the dipolar resonance

is shown in black (grey filling). (b)

Frequencies of bonding and antibond-

ing modes as a function of gap size,

with error bars given by the experi-

mental frequency resolution. The grey

line indicates the frequency of the

dipolar resonance. (c) Near-field map

of an isolated rod at the frequency of

k/2 resonance, contours given at 5%

(rod is shown in grey overlay). (d)

Line profile through the dashed line in

(c), showing the decay of Ez along the

Y-direction (black, dashed) along with

a comparison to numerical simulations

(red, dotted).
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domain (FDTD) software predict similar decay profiles for

the near-fields as those measured using the microprobes, as

shown in the red trace of Fig. 3(d). For these simulations, we

place a near-field monitor at a height of 10 lm above the

substrate, corresponding to the physical height of the photo-

switch in the microprobe.

In conclusion, using THz spectroscopy in both near- and

far-fields, we have investigated EIT at THz frequencies in a

gold dolmen structure. Near-field scanning microscopy was

used to map out the field distributions of the modes which

are formed via near-field coupling within the dolmen struc-

ture, where the bonding and antibonding modes, which arise

due to hybridization of bright and dark resonances were

revealed in both amplitude and phase. By varying the geom-

etry of the structures, the coupling strength between bright

and dark modes was tuned, with accompanying variation in

hybridization and induced transparency. Moreover, near-

field microscopy on the bright resonator reveals the mini-

mum distance required for observation of effective coupling

between bright and dark modes. These results highlight the

underlying physics in this structure of two interacting reso-

nators, resolving the coupling which gives rise to the trans-

parency by measuring the near-field excitation of the dark

mode at the frequency where extinction is suppressed in the

far field.
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