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Amplitude- and phase-resolved optical near fields
of split-ring-resonator-based metamaterials
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We investigate the local optical response of split-ring resonator-(SRR)-based metamaterials with an aper-
tureless scanning near-field optical microscope. By mapping the near fields of suitably resonant micrometer-
sized SRRs in the near-infrared spectral region with an uncoated silicon tip, we obtain a spatial resolution
of better than � /50. The experimental results confirm numerical predictions of the near-field excitations of
SRRs. Combining experimental near-field optical studies with near- and far-field optical simulations pro-
vides a detailed understanding of resonance mechanisms in subwavelength structures and will facilitate an
efficient approach to improved designs. © 2008 Optical Society of America
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In recent years much effort has been dedicated to ex-
ploring the properties of metamaterials. The ulti-
mate goal is to control the effective material disper-
sion up to optical frequencies [1–3]. Along this
avenue new designs were proposed, and the dimen-
sions of critical feature sizes became smaller. The
most prominent example for a metamaterial building
block is the split-ring resonator (SRR) [4,5]. In gen-
eral, SRRs consist of metallic structures much
smaller than the light wavelength but much larger
than the atomic scale. So far, resonance features of
magnetic and dielectric properties in an effective me-
dium that consists of periodically arranged SRRs
were experimentally studied only in the far field
[1,6,7]. It was found that a certain number of well-
defined peaks occur in the reflection spectra for peri-
odically arranged SRRs, where the peak at the lowest
frequency (herein denoted as first-order eigenmode)
can provide a dispersive response of the effective per-
meability in such a material [1]. Usually these
investigations do not provide complete insight into
the microscopic excitation mechanisms. Complemen-
tary near-field optical studies can therefore be of
value to understand the character of such excitation
mechanisms, leading to an improvement of the mate-
rial response in new metamaterial designs.

In this Letter, we utilize an apertureless scanning
near-field optical microscope (aSNOM) to detect the
amplitude and phase of the near-field distributions of
SRRs. All measurements are performed at a fixed
wavelength to make the different results comparable.
Therefore, we utilize the geometrical size effect of the
SRRs to tune the resonances to the desired wave-
length [7,8]. Such an approach provides the possibil-
ity to investigate different eigenmodes of the SRR at
the same wavelength. All measurements are sup-
ported by numerical simulations, which are based on
a finite-difference time-domain method.
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The SRRs are fabricated by electron beam lithog-
raphy and a subsequent dry etching technique on top
of a 750 �m thick CaF2 substrate. For the metal
structures we used gold with a thickness of 60 nm.
The fabricated patterns consist of two different sizes
of SRRs, where the geometric sizes are approxi-
mately 500 nm�500 nm for the small SRRs [denoted
by superscript �S�] and 1.2 �m�1.2 �m for the large
SRRs [denoted by superscript �L�], respectively. Fig-
ures 1(a) and 1(b) show the obtained topographic in-
formation for the two different patterns. The geomet-
ric sizes of the SRRs appear slightly enlarged
compared to the scanning electron microscopy images
owing to the morphological convolution of the struc-
ture’s shape with the probe tip shape, typical for
atomic force microscopic imaging. Therefore, all
structure sizes are obtained from these images [9].

Figure 1(c) shows the measured far-field reflec-
tance spectra for two patterns of SRRs at a normal
light incidence. The light polarization is set along the
x direction. For the small SRRs the first- and third-
order resonances (denoted by 1�S� and 3�S�) [10] are
clearly visible in the reflectance spectrum at 2.8 and
1.3 �m, respectively. In contrast, the large SRRs
show the third-order resonance (denoted by 3�L�) at
3.0 �m, whereas the first-order resonance is shifted

Fig. 1. (Color online) (a) and (b) Atomic force microscope
topography images of the small/large structures. (c) Mea-

sured reflectance spectra for the two different SRR sizes.
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to larger wavelengths outside the displayed spectral
window.

For measurement of the amplitude and phase of
the near fields of the SRRs, we utilized an aSNOM as
described in [11]. The output of a cw optical paramet-
ric oscillator (Linos OS 4000) with a wavelength of
2.65 �m is used as the light source. This wavelength
is slightly smaller than the resonance wavelengths of
the structures. However, numerical calculations
show that the near-field distribution only marginally
changes for this off-resonance excitation. At the
sample the excitation is s polarized along the x axis.
The measurements are performed with an uncoated
silicon tip that oscillates with an amplitude of 80 nm
in noncontact mode above the sample, which is raster
scanned underneath. With this technique we
achieved information about the near fields with a
spatial resolution of better than � /50.

The incoming wave has an incidence angle of 73°
with respect to the sample surface normal (z direc-
tion) owing to the excitation geometry in our setup.
We measure the p-polarized component of the back-
scattered radiation. The signal is decomposed into
time-harmonic Fourier components, because the po-
sition of the silicon tip in the z direction is harmoni-
cally modulated in time with a finite amplitude. Am-
plitude and phase of the second Fourier component
are extracted, efficiently suppressing far-field back-
ground signals that contribute mostly to the zeroth
order. Still, a slowly varying background is observed
in the second order. Within one unit cell, however, it
merely offsets the desired signal by a corresponding
constant. The signs of the simulated signals are un-
derstood relative to this background.

Figure 2 shows the obtained near-field distribu-
tions (Ez component) for both structure sizes. The cal-
culated near-field distributions are an exact repro-
duction of the experimental situation (described

Fig. 2. (Color online) Measured and calculated electric
field distributions (Ez component) of the first- and third-
order eigenmodes for a wavelength of �=2.65 �m. (a) and
(b) Results of the small SRRs with the dipolelike field; (c)
and (d) results of the large SRRs with the quadrupolelike
field for the third-order mode. The background color de-
notes the real part of the electric field component in the z
direction. For better visibility, the one SRR is marked by
the bold curve. The slight rotation is owing to sample

misalignment.
herein) with the only assumption that the silicon tip
is neglected and not considered in the simulation.
The periodic field distributions in Figs. 2(a) and 2(c)
optically confirm the precise fabrication of the nano-
structures. For the small SRRs the mode structure of
the first-order eigenmode can easily be identified in
the measured and calculated field distributions [a
close-up for this mode is shown in Fig. 2(a) on the
right side]. This fundamental mode is characterized
by strong fields at the end of the two side arms of the
SRR with a phase difference of � in between [12]. The
physical origin of this behavior is an induced collec-
tive oscillation of the conduction band electrons of the
metal along the SRR. This current gives a dipolelike
response to the light field.

Although the light incidence occurs at an angle of
73°, the near field is only marginally changed and ap-
pears nearly identical when compared with normal
incidence (see Fig. 4 in [12]). This situation changes
slightly for the near field of the third-order mode as
shown in detail in Figs. 2(c) and 2(d). Nonetheless,
the eigenmode structure with strong fields close to
the four corners of the SRR is clearly visible both in
the measurement and simulation. Note that the nu-
merical simulations are accomplished for exactly the
same excitation geometry as in the experiment. The
field distribution of this higher-order mode shows a
spatial profile comparable to an electric quadrupole
field. Hence, it becomes clear that the quality factor
of the third-order resonance of the large SRRs in Fig.
1(a) is three times larger than that of the fundamen-
tal (dipolelike) mode in the small SRRs. This fact is
owing to the lower radiation losses by the weaker
coupling of the quadrupole field to the linearly polar-
ized excitation.

Although the measured and simulated results
qualitatively agree, some deviations can occur owing
to the influence of the silicon probing tip that were
not taken into account in the simulations. However,
the deviations between the measurements and simu-
lations are small. Therefore, we conclude that the im-
pact of the silicon tip is only of minor significance for
the experimental results shown. This is in contrast to
near-field measurements with metal-coated probes
that can strongly influence the local fields of nano-
structures and change their resonance behavior [13].

Furthermore, the comparison between the mea-
sured and calculated fields unambiguously shows
that the tip mainly detects the z component (the com-
ponent perpendicular to the surface) of the electric
field. The x and y components of the electric field are
strongly suppressed and do not contribute to the
measurable signal.

Finally, we compare the first-order eigenmode of
the SRR to the fundamental eigenmode of a cut wire,
which can also be regarded as an unfolded SRR [8].
As the spectral resonance behavior of both structures
has the same origin (plasmonic eigenmode excitation
of the conduction band electrons), the near fields
should show an analogous characteristic. For this
measurement, another sample was fabricated with
an array of single cut-wire pieces. The wires have a

size of 1000 nm�300 nm and the same height as the
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SRRs. For this selected size, the resonance wave-
length of the cut wires matches the first-order eigen-
mode of the small SRRs. Figure 3(a) shows the spec-
tral response of the reflectance of the cut-wire pieces
in comparison with the small SRRs. The far-field
spectra show exactly the same spectral response for
both structures with a single exception; the third-
order mode, which is clearly visible at 1.3 �m for the
SRRs, is not excited for the cut wires. The symmetry
of the wire structure strongly reduces the excitation
efficiency of this mode.

The measured and simulated near fields of the cut
wires are shown in Figs. 3(b) and 3(c), respectively.
Again, the numerical calculation in Fig. 3(c) shows
good qualitative agreement with the measurement.
The near field exhibits strong electric fields at both
ends of the wire with a phase jump of � in between.
This is the typical field distribution of an electric di-
pole excitation (i.e., dipole antenna). Note that the
calculation displays only the z component of the elec-
tric field (the second Fourier component of the time-
harmonic tip oscillation). Hence, the field distribu-
tion exactly resembles the field of the first-order
eigenmode of an unfolded SRR that shows the same
strong field components in the z direction at both
ends of the ring structure. The measurement con-
firms the assumption of [8,12] that the resonances in
SRRs are owing to the excitation of localized surface
plasmon polaritons in the ring structure. The mea-
surement of the near field is in some sense a comple-
mentary far-field spectroscopy; it allows the direct
observation of the underlying processes of spectral
features in the far field without utilizing a complex
numerical simulation.

In conclusion, we experimentally investigated the
near-field distribution of SRR metamaterials with an
aSNOM in the near-infrared spectral region. Differ-
ent sizes of SRRs are used to tune the resonance
wavelength of the different eigenmodes to the same
spectral position. The measurements of the optical
near field of such structures confirm the model of
plasmonic excitations for the different spectral fea-
tures in the far-field spectrum. Numerical simula-
tions support the measurements and show that the
electric field component perpendicular to the surface
is detected mainly with such an aSNOM technique.
The measurements will help to obtain a detailed un-
derstanding of the underlying excitation processes of

Fig. 3. (Color online) (a) Measured reflectance spectrum for
the cut-wire pieces (unfolded SRR). Both structures have
reflectance at the same spectral position. (b) Measured and
=2.65 �m. Einc denotes the electric field polarization of the
bold curve.
resonances in such metamaterials and can facilitate
the search for efficient approaches to improved de-
signs. Near-field measurements open up the possibil-
ity of designing and utilizing local structure varia-
tions with the final goal of functional devices in the
field of metamaterials.
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