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Abstract: Photonic metamaterials could provide optical nonlinearities far
exceeding those of natural substances due to the combined action of
(magnetic) resonances and local-field enhancements. Here, we present our
experiments on second- and third-harmonic generation from magnetic
metamaterials composed of nanoscale gold split-ring resonators and from
control samples for excitation with 170-fs pulses centered at 1.5-um
wavelength. The strongest nonlinear signals are found for resonances with
magnetic-dipole character.
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1. Introduction

It is one of the dreams of scientists working in the field of nonlinear optics to custom-design
nonlinear-optical materials with nonlinear coefficients largely outperforming those of natural
crystals, thereby further enlarging the applications of nonlinear optics [1-6]. In linear optics,
the ability of tailoring material properties to such unprecedented degree is presently becoming
reality with the introduction of metamaterials [6-8]. Photonic metamaterials are man-made
materials composed of nanostructured subwavelength metallic building blocks (“photonic
atoms’) that are densely packed into an effective optical material. Ideally, the metamateria
“lattice congtant” is much smaller than the wavelength of light. Along these lines, magnetism
at optical frequencies [9-14] and a negative index of refraction at optical frequencies[15-18]
and the red end of the visible [19] have become possible experimentally. References [20,21]
are recent reviews. Regarding nonlinear optics with metamaterials, several theoretical papers
have highlighted new options regarding optical bistability [22,23], second-harmonic
generation [24,25], parametric nonlinear processes [26,27], and nonlinear subwavelength
imaging [28]. Most of these theoretical papers start from effective nonlinear coefficients.
However, a consistent microscopic theory alowing to compute these nonlinear coefficients of
photonic metamaterials has not been published so far. Obviously, such theory with predictive
power would be extremely helpful if not crucial to actualy custom-design nonlinear-optical
materials in experiments. Conversely, to test such theory, experimental data are essential.
Currently, the subfield of nonlinear optics of photonic metamaterials is just at its beginning,
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being short of both, experiment and microscopic theory. (One-dimensional metal/dielectric
stacks are an exception, for example see references [29,30].) It is the aim of this article to
contribute to the experimental part.

Much of the emerging field of photonic metamaterials has been stimulated by the 1999
work of John Pendry et al. [6] that addressed magnetic split-ring resonators (SRRs), providing
artificial magnetism up to optical frequencies. In essence, a SRR is just a subwavelength
metallic ring with a dlit. The light field can induce acirculating current in the ring that leads to
a large magnetic-dipole moment close to the magnetic-resonance frequency. In addition, the
same article also suggested the possibility of enhanced nonlinear-optical effects from
metamaterials composed of SRRs due to the combined presence of resonances and local-field
enhancements. Corresponding experiments on second-harmonic generation (SHG) under
normal incidence on gold SRRs have recently been presented by us [31]. Here, we provide
additional experimental data which might eventually help elucidating the underlying not-well-
understood microscopic mechanism by quantitative comparison with microscopic theories
which are presently not available.

2. Metamaterial fabrication

All metamaterial samples discussed in this article have been fabricated by standard electron-
beam lithography, high-vacuum electron-beam evaporation of the gold the SRRs are
composed of, and a lift-off procedure. Details on the fabrication can be found in our
references [12,13]. The magnetic metamaterials exhibit different resonances with magnetic-
and/or electric-dipole character. Obviously, it is interesting to compare the nonlinearities of
these different resonances. At first sight, tuning of the incident laser seems to be a good
choice. However, the different resonances are separated by as much as a factor of two in
wavelength. Thus, the gold optical nonlinearities would likely change considerably, even
interband transitions in the gold will come into play at short wavelengths. Thus, we rather
keep the excitation wavelength fixed and lithographically tune the metamaterial resonances by
adjusting the SRR size. It is well known that for frequencies far below the metal plasma
frequency, the SRR resonance wavelengths are simply proportional to the SRR size.
Importantly, we fabricate sets of different samples (each 100umXx100um footprint) in one
fabrication run on the same glass substrate. This step ensures that it is really meaningful to
compare the nonlinear-optical signal strengths of different samples.

3. Second- and third-harmonic generation from SRRs under normal incidence

In our nonlinear-optical experiments under ambient conditions, we excite the metamaterial
samples under normal incidence with 170fs Gaussian pulses derived from an optical
parametric oscillator (Spectra Physics OPAL, 81MHz repetition frequency) tuned to 1.5um
center wavelength. The linear polarization of the incident light can be adjusted by a polarizer
and a half-wave plate. Typically, 50mW of average power are focused to a Gaussian spot on
the sample with 60um in diameter (as measured by a knife-edge technique). From these
numbers, we estimate an incident peak electric-field of 2X10°V/m. The transmitted light is
collimated with a lens, spectraly filtered (either for the second harmonic or the third
harmonic, respectively), is sent through a second polarizer for analysis, and is finally detected
by a photomultiplier tube. We have checked that the nonlinear signal actually scales with the
incident intensity to the power of two (three) for the second (third) harmonic (not shown).

Figure 1 summarizes results on second-harmonic generation (SHG) and third-harmonic
generation (THG). Electron micrographs of the samples are shown in the left-hand side
column, the gold thickness is 25nm. In (a) and for horizontal incident polarization, the
fundamental magnetic-dipole resonance of the SRRs is resonantly excited [12] and the
strongest SHG and THG signals are found. We normalize these two signals to 100% and
relate all other signals to these cases (the noise level corresponds to about 0.3% and 0.4% for
SHG and THG, respectively). This normalization must not be confused with the absolute
conversion efficiencies.
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Fig. 1. Experiments on three different samples: (a) small SRRs with a fundamental magnetic resonance
centered at 1.5um wavelength, (b) a slightly detuned structure, and (c) large SRRs with a higher-order
resonance around 1.5um. For each case, the two linear polarizations are shown (horizontal on top, vertical at
bottom). The different columns (from left to right) show electron micrographs, measured linear transmittance
spectra, measured SHG signal strength for excitation centered at 1.5um wavelength, and corresponding THG
signal strength. The arrows indicate the incident linear polarization (black), the measured linear polarization
of the SHG (red), and that of the THG (green) — if sufficiently large. For clarity, the nonlinear signals are
normalized to (a), horizontal incident polarization.
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From the measured signal, the specified photomultiplier quantum efficiency, and from a
correction for all optical components in the optical pathway we roughly estimate an absolute
conversion efficiency of 2x10° for the SHG and 3x 10" for the THG under these conditions.
A corresponding 25-nm-thin film of a standard nonlinear-optical material would deliver yet
much smaller SHG signals. For example, for potassium dideuterium phosphate (KDP) with
¥®=1.0x10"m/V [32], we estimate a SHG conversion efficiency on the order of 10 under
these conditions. From a closed gold film of the same thickness on the identical glass
substrate we find no SHG (as expected from symmetry) and no THG signa for normal
incidence. Also, no measurable SHG signal is found for oblique incidence in p-polarization
for angles up to 60 degrees with respect to the surface normal. For the latter case, symmetry
would alow for SHG. Exciting the same SRRs with vertical linear incident polarization
[bottom row of Fig. 1(a)] leads to no significant SHG and THG signals.

The structuresin Fig. 1(b) are effectively detuned with respect to thosein (a) by 0.25umin
wavelength. Clearly, the SHG signal decreases from 100% to 20% for excitation in the long-
wavelength wing of the resonance and horizontal incident polarization. Correspondingly, the
THG decreases from 100% to 7%. This comparison shows that the nonlinear signals are
resonantly enhanced — as expected. Again, no significant SHG and THG signals are found for
vertical incident polarization.

In Fig. 1(c), we excite a higher-order resonance of much larger SRRs, again with
horizontal incident polarization. This configuration leads to a signal strength for SHG (THG)
of 4% (40%). Interestingly, this resonance also reveals a magnetic-dipole moment originating
from a higher-order magnetic resonance that has been discussed in references [12,33]. In
essence, the electric current mode of this resonance can be interpreted as a standing current
wave on the ring with two nodes and three antinodes. Finally, we again find lower signals for
vertical incident polarization.

4. Second- and third-harmonic generation from control samplesunder normal incidence

I's the observed enhancement of SHG and THG just a combination of resonant effects and
appropriate symmetry or is there something special about the magnetic-dipole character of
particular resonances? To address this question, we have fabricated an additional set of
samples (again, all fabricated in one run on one substrate), the results of which are
summarized in Fig. 2. Here, we compare excitation of the fundamental magnetic resonance of
the SRRs [as in Fig. 1(a)] with two other structures. One control structure [Fig. 2(b)] is an
array of straight cut wires, which can be viewed as stretched-out versions of the SRRs. From
centro-symmetry, no SHG is expected and, indeed, no significant SHG is found. This
observation indicates that the measured nonlinear signals are not dominated by extrinsic
effects, like “hot spots.” The second control sample [Fig. 2(c)] consists of “T”-shaped
structures without centro-symmetry, alowing for SHG. Nevertheless, the SHG signal is
within the noise — even though aresonance is excited. Clearly, both the cut wires and the “T” -
structures exhibit zero magnetic-dipole moment. The combination of these observations
suggests that the measured large SHG signals from the magnetic resonances of the SRRs are
connected to the magnetic-dipole character of these resonances. The THG signals from these
control samples are also shown in Fig. 2 for completeness.

5. Second-harmonic generation from SRRsunder obliqueincidence

Next, we present experimental data on SHG from SRRs excited under oblique incidence.
Clearly, the spot size on the sample increases with increasing angle o with respect to the
surface normal. Due to the finite sample size (100umXx100um), this effect limits the
experimentally accessible angles to a maximum of about oo = 60 degrees. At 60 degrees, the
Gaussian spot diameter (1/€? diameter of the intensity profile) increases from 60um to 120um,
but the squared Gaussian profile (120um/2~85um) relevant for the SHG is still smaller than
the sample size. Hence, we do not expect magjor distortions. Also, it should be clear that
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Fig. 2. Experiments on control samples: (a) similar (but not identical) to Fig. 1(a), (b) metamaterial composed
of single cut wires, and (¢) metamaterial composed of “ T”-structures. The representation isasin Fig. 1.
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positive and negative angles o. are not always necessarily equivalent because of the low
symmetry of the SRRs (see below). Thus, we measure SHG for both positive and negative
angles.

We restrict ourselves to two different SRR sizes for which either the fundamental
magnetic resonance [see Fig. 1(a)] or a higher-order resonance wavelength [see Fig. 1(c)],
respectively, coincides with the incident laser wavelength. For each of these two samples, we
have two orthogonal incident linear polarizations and two orthogonal axes of sample rotation,
hence eight different geometries, six of which are resonant and depicted in Figs. 3 and 4. For
reference, corresponding linear-optical transmittance spectra are shown in Fig. 3. The
geometries are illustrated by the nearby schemes. These spectra are taken with a dedicated
home-built setup [12] allowing for oblique-incidence spectroscopy on small-area samples at
an opening angle of the incident light of about five degrees (whereas the transmittance spectra
in Figs. 1 and 2 are recorded with a commercial Fourier-transform microscope-spectrometer,
Bruker Equinox 55 and Bruker Hyperion 2000, numerical aperture NA=0.5). The spectra are
normalized with respect to the bare substrate for the same angle of incidence. The underlying
physics has been discussed in reference[12].

Results regarding SHG are summarized in Fig. 4. Obviously, the data are quite complex
and we are presently unable to explain them in detail. However, a few aspects are clear.
(i) The SHG signals for all geometries and angles o are smaller than for normal-incidence
excitation of the fundamental magnetic resonance with horizontal incident polarization [see
Fig. 1(a)] — the 100% signal. (ii) The SHG signa from this resonance decreases with
incressing angle |of, while the fundamental magnetic resonance can still be excited, as
apparent from the linear transmittance spectra (see Fig. 3). In contrast, the SHG signal for the
other sample composed of large SRRs initialy increases with increasing angle |0 before it
reaches a maximum. (iii) We do observe significant differences of the SHG signals between
positive and negative angles for some geometries (see Fig. 4), while the linear-optica
transmittance spectra (see Fig. 3) show no significant differences between positive and
negative angles, respectively. For s-polarization, the differences in Fig. 4(b) and (c) are
consistent with the assumption that the magnetic-field component of the incident light field
plays arole. Its component normal to the SRR plane changes sign when going from positive
to negative angles a.. The corresponding differences in the SHG signals for p-polarization in
Fig. 4(b) are likely due to the fact that the SRRs deviate from perfect vertical mirror
symmetry. (iv) Beyond these points (i)-(iii), a detailed interpretation of the SHG signals from
the large SRRs is complicated by the fact that the resonance positions shift and split with
incressing angle |o| with respect to the fixed excitation wavelength (see Fig. 3).

6. Discussion and conclusions

We have presented an experimental study of SHG and THG from metamaterials composed of
split-ring resonators as well as from other photonic metamaterials serving as control samples.
We find a positive correlation of nonlinear signa strength and magnetic-dipole character of
resonances. Unfortunately, we are presently not in the position to compare these experimental
results to a complete microscopic theory of the optical nonlinearities from photonic
metamaterials. It is well known that the optical nonlinearities of metals are orders of
magnitude larger than those of typical dielectrics. Under our conditions, quantum effects of
metal electrons are not expected to be relevant. Thus, we assume that a classical description of
plasma nonlinearities is an adequate starting point: One has to solve self-consistently
Newton's law for metal electrons with an electric and a magnetic component of the Lorentz
force and the Maxwell equations for the metallic nanostructure. The charge density at the
fundamental frequency does not change in the volume of the metal. Thus, the current density
at the second-harmonic frequency associated with the electric component of light is only
nonzero on the metal surface. In contragt, the second-harmonic current density due to the
magnetic component of the Lorentz force is a volume term. In our recent work [31], we have
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Fig. 3. Oblique-incidence transmittance spectra of two samples. Row (a) corresponds to the sample in Fig.
1(a), rows (b) and (c) to that in Fig. 1(c). The angle of incidence with respect to the surface normal is
indicated by the color, positive angles (solid curves) and negative angles (dots) are depicted. The left column
corresponds to p-polarization, the right column to s-polarization. The polarization geometries (for positive
angles) are also illustrated by the insets.

#79550 - $15.00 USD Received 30 Jan 2007; revised 28 Mar 2007; accepted 4 Apr 2007; published 13 Apr 2007
(C) 2007 OSA 16 Apr 2007 / Vol. 15, No. 8/ OPTICS EXPRESS 5245



p-polarization s-polarization

150 150
X X
© ®©
c | c |
» | » |
(%)
I | T |
@ | @ |
0 " 1 " 1 " O " 1 " 1 1
60 -30 0 30 60 60 -30 0 30 60
Angle of Incidence (°) Angle of Incidence (°)
30 15
~ | ,3 |
§ | § |
(] ©
c | c |
» | @ |
(%)
®) & | o
I I
) ) |
0 " 1 " 1 " O " " " " "
60 -30 0 30 60 60 -30 0 30 60
Angle of Incidence (°) Angle of Incidence (°)
4 8
= = 1E
[} @©
c c
2 2
n n
©)] & 5
I I
%) %)
oL : : : oL : : :
60 -30 0 30 60 60 -30 0 30 60
Angle of Incidence (°) Angle of Incidence (°)

Fig. 4. SHG signal strength obtained from SRRs excited under oblique incidence as a function of the angle of
incidence o with respect to the surface normal. The samples and geometries directly correspond to those
shown in Fig. 3. For convenience, the excitation geometries are again illustrated here. All SHG signal
strengths are normalized to that for normal incidence in Fig. 1(a), horizontal incident linear polarization. Note
the different SHG signal scales.
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shown that the latter mechanism is consistent with the SHG data. This finding, however, is by
no means a proof that this contribution dominates. Thus, especialy more theoretical work in
this direction is necessary. The experimental data presented here can provide a sensitive test
ground for such theories.

Broadly speaking, the spirit of the emerging field of photonic metamaterials is to design
and fabricate artificial tailored optica materials exhibiting linear- and/or nonlinear-optical
properties that simply do not occur in natural substances. Regarding nonlinear optics, one
obvious concrete goa is to increase effective nonlinear-optical coefficients by orders of
magnitude. For very thin films, the magnetic metamaterials presented in this article already
outperform standard SHG materials by orders of magnitude with respect to conversion
efficiency. Clearly, the future challenge is to extend this success to larger and especially to
thicker metamaterial structures in order to become meaningful for applications. Such three-
dimensional (rather than planar) photonic metamaterials are elusive to date, whilefirst stepsin
this direction have been taken [34]. In that context, the problems of absorption and phase-
matching would have to be solved.
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