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PSR J1719-1438 demonstrates that, during
binary pulsar evolution, special circumstances can
conspire that allow neutron-star stellar compan-
ions to be transformed into exotic planets unlike
those liable to be found anywhere else in the uni-
verse. The chemical composition, pressure, and
dimensions of the companion ensure that it will
be crystallized (i.e., diamond).
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Electrically Controlled Nonlinear
Generation of Light with Plasmonics

Wenshan Cai, Alok P. Vasudev, Mark L. Brongersma*

Plasmonics provides a route to develop ultracompact optical devices on a chip by using

extreme light concentration and the ability to perform simultaneous electrical and optical
functions. These properties also make plasmonics an ideal candidate for dynamically controlling
nonlinear optical interactions at the nanoscale. We demonstrate electrically tunable harmonic
generation of light from a plasmonic nanocavity filled with a nonlinear medium. The metals
that define the cavity also serve as electrodes that can generate high direct current electric
fields across the nonlinear material. A fundamental wave at 1.56 micrometers was frequency
doubled and modulated in intensity by applying a moderate external voltage to the electrodes,
yielding a voltage-dependent nonlinear generation with a normalized magnitude of ~7% per volt.

mation beyond the conventional diffraction

limit (/—3). The linear regime of plasmonic
optics has been investigated considerably, with ba-
sic components such as waveguides (4-6), antennas
(7, 8), and interferometers (9, /0) being realized.
Conversely, nonlinear optical phenomena asso-
ciated with plasmonics, in which the dielectric
polarization in a metal-dielectric nanostructure
responds to the local electric field in a high-order
manner, remains relatively unexplored compared
with their linear counterparts (/7). Plasmonics
facilitates dramatic enhancements of localized
field intensities via metallic nanostructures, and a
majority of nonlinear interactions scale with the
local intensity of the optical field. Rather than
relying on bulk crystals as necessitated by con-
ventional nonlinear optics, plasmonics offers us

Plasmonics is able to process optical infor-
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the opportunity to manipulate nonlinear optical re-
sponses in sub-diffraction-limited volumes and the
possibility to ease strict phase-matching conditions.
Enhanced second-harmonic generation (SHG) of
light has been observed in a variety of patterned
metal films, including individual nanoapertures
(12, 13), periodic hole arrays (74, 15), and meta-
material monolayers (/6), as well as more compli-
cated metal-dielectric systems combining metallic
components and conventional nonlinear dielectrics
(17-19). Wave mixing and frequency conversion
of higher orders in plasmonic structures have also
been explored (20-24).

Although the aforementioned results reveal
the potential of engineered metallic structures to
enhance various nonlinear optical interactions,
all of these demonstrations are electrically pas-
sive. Nonlinear optics at reduced dimensions has
recently captured a growing interest, where opti-
cal signals are nonlinearly tailored by themselves
or a pump light (25, 26). For a wide variety of
photonic applications, including signal and infor-
mation processing, it is desirable to electrically

manipulate nonlinear processes such as harmon-
ic generation. Immediately after the first demon-
stration of SHG, it was found that application
of a dc electric field to the crystal calcite (27)
induced a frequency doubling of light. This
phenomenon was termed electric-field-induced
second-harmonic (EFISH) generation. The SHG
is attributed to a material’s third-order nonlinear
susceptibility x®(2w;0,0,0) rather than its second-
order counterpart x(z)(20);0),m), which drives con-
ventional SHG.

The third-order nonlinear process involved in
EFISH is typically very weak, and the original
demonstration of this phenomenon in fact relied
on large voltages (kilovolts), bulky optical crys-
tals (millimeter-sized), and high-power lasers. In
plasmonic-EFISH all of the above requirements
are relaxed, and chip-scale integration of nano-
structured devices can be realized. The nano-
scale separation between the metallic parts in a
plasmonic device implies that a modest voltage
signal across the structure can induce a giant
control field. The metallic nanocavity in conjunc-
tion with a plasmonic antenna can enhance lo-
calized light intensity by orders of magnitude. In
our proposed plasmonic EFISH device (Fig. 1, A
and B), a narrow slit serves as a nanoscale optical
resonator for surface plasmon-polariton (SPP)
waves and is surrounded by a grating-based op-
tical antenna. The geometrical parameters for the
structure were chosen to provide maximum light
concentration. Because of the combined contri-
butions of a Fabry-Pérot resonance of the SPPs
supported by the nanoslit and the Bragg grating
resonance associated with the periodic array of
grooves, the electromagnetic energy density in the
slit region is enhanced by about a factor of 80
with respect to that of the incident fundamental
wave (o) at a wavelength of 1.56 um. The inten-
sity buildup of the fundamental wave within the
nanoslit yields a remarkable improvement of the
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Fig. 1. (A) Schematic of a plasmonic EFISH device consisting of a gold nanoslit \
resonator surrounded by a grating-based optical nanoantenna. The two metallic
parts were wire-bonded to external circuits for electrical control. (B) A dark-field
optical microscope image of the metallic structure and a scanning electron
microscope image showing a close view of the central pattern. (C) Full-wave sim-
ulation of the magnetic field distributions for both the fundamental wave at ® and
the EFISH signal at 2w. The incident fundamental wave was assumed to have a
magnetic field magnitude of unity. Only half of the device is shown for each fre-
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quency because of the symmetry with respect to x = 0. (Inset) A close view of the

plasmonic cavity.

SHG process, whose efficiency is proportional to
the square of the local field intensity. The nano-
slit, 100 nm wide, enables an intense electric field
generated by a voltage magnitude compatible with
standard chip-scale applications; a control voltage
of 1 V produces an electric field strength £, in-
side the nanoslit as high as 10° V/em.

We placed a dielectric medium with both
second- and third-order nonlinear susceptibilities
into the metallic nanocavity. The frequency-
doubled output contains not only a static compo-
nent related to x® and the fundamental intensity
but additional electrically tunable terms, which
can be externally controlled by an applied voltage
signal. Given that the electric field component of
the plasmonic mode in the nanoslit is predomi-
nately transverse, we explain how SHG signals
I; 5, polarized in the j direction can be generated
with an x-polarized fundamental wave with an
intensity /... The nonlinear polarization P; 5,
and SHG intensity /; ., can be expressed as

2 3
1/,20) oc ‘P/,2w|2 o |Xj(‘("(> + X/(X)ngC‘ZI)g,w

The coordinates used in the discussion are
shown in Fig. 1A, where x and z denote the di-
rections of control field £, and the light propa-
gation direction, respectively. By expanding the
right-hand side of the formula, we obtained a

. .. @; 12 :
voltage-insensitive term [y, I, ]~ corresponding
to conventional SHG, which will be subsequently
referred to as the static SHG signal, as well as an
extra voltage-controlled component Af; »,(E;) o
{[x;j)szc]z + 2@3@2@}1@@. The dependence
of the electrically induced nonlinear modulation
Al »(E) on the control voltage V.. can be either
quasi-linear or quadratic, depending on the

comparative magnitudes of xﬁz and x;-;ZXEc.
To elucidate the linear and nonlinear properties of
the designed device, we performed full-wave sim-
ulations for the plasmonic EFISH effect by using
the finite element method (28). The field maps for
both the fundamental wave at @ and the EFISH
signal at 2w are shown in Fig. 1C.

The experimental setup to detect the voltage-
controlled SHG signal from our plasmonic-EFISH
devices includes femtosecond laser pulses, polar-
ization components, electric circuits, dispersive
and filtering elements, imaging units, and lock-in
systems (28). The nanocavity was filled with poly-
methyl methacrylate (PMMA). To prevent any
undesired dielectric waveguide modes adjacent
to the top metal surface, we subsequently coated
the device with another thick layer of polyvinyl
alcohol. The peak intensity of the fundamental
beam (o, 1.56 pum) is about 2.4 x 108 W/em®.
The incident wave has its electric field polarized
along the x direction, which is necessary for ex-
citation of the plasmonic cavity resonance. To
detect the SHG polarized in the x direction, we
also placed a linear polarizer along the detec-
tion path.

The change in the SHG output from the
plasmonic nanocavity as a function of an exter-
nally applied control voltage (Fig. 2) indicates a
linear dependence of the frequency-doubled out-
put on the control voltage, with the magnitude
of the normalized change AlLy(Ve)h(Ve = 0)
being over 7% per volt. When a DC voltage of
20 V is applied across the nanocavity, the nor-
malized tunability of the frequency-doubled out-
putis 141%. A similar linear bias dependence is
observed when we use an AC electrical pulse chain
to drive the plasmonic EFISH device. The quasi-
linear function Ab,(V,) o V. implies that, between

A 0 1

Control field E, (x10° V/cm)

160 05 10 15 20
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Control voltage (V)

Fig. 2. The normalized change in the frequency-
doubled output A/, as a function of externally
applied voltage V.. A nonlinear modulation mag-
nitude of ~7% per volt and ~140% at a bias volt-
age of 20 V was observed. The data was collected
with an output polarizer aligned along x direction.
Error bars indicate standard deviations from five
measurements. The magnitude of the control field
E. is shown on the upper axis.

the two electrically active terms in Alp(E.), the
cross term x Py PE, relying on both the second-
and the third-order nonlinear susceptibilities domi-
nates over the [x(3 )E.J? term that relates to V, in a
quadratic manner.

The reasoning described above implies that
the magnitude of the static SHG governed by
[x®1,)* should surpass the EFISH signal, which,
at a first glance, contradicts the nonlinear mod-
ulation of up to 141% observed in the experiment.
The polarization states of different components
of the total SHG output play an essential role
in the magnitude of electrical tunability of the
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plasmonic EFISH device. On the right axis of
Fig. 3A we plot the electrically induced change in
SHG without using the output polarizer in the
experimental setup. Although the linear depen-
dence of AL (V) o V. persists, the magnitude
of the nonlinear modulation decreases by a factor
of 6 as compared with the previous case when
only the x-polarized signal is detected. We ex-
perimentally analyzed the polarization states of
the static SHG and the voltage-controlled portion
at V. =10 V (Fig. 3B). The EFISH signal is lin-
early polarized along the direction of the control
field E., whereas the static SHG is predominately
polarized normal to that with an extinction ratio
of 5.3:1. This orthogonal relationship between the
static and tunable parts of the frequency-doubled
output gives us another degree of freedom to sin-
gle out the voltage-controlled nonlinear generation.

Like the conventional SHG, the plasmonic
EFISH signal AL, is expected to be quadratic
with the intensity of the fundamental wave 1, ,
(Fig. 3C). We also measured the frequency-
doubled signals while varying the polarization of
the fundamental wave at a constant intensity (Fig.
3D). The angular lobe representing the polariza-
tion of the fundamental wave o is substantially

Fig. 3. (A) Double-Y
plot showing the depen-

dence of the normalized 0 0.5

—
)

narrower than that of linearly polarized light be-
cause a cos'® dependence is expected in this
case, where 0 denotes the direction of incident
polarization with respect to the x axis. Spectrally
or angularly, the second harmonic peak is nar-
rower than the fundamental peak, reflecting the
expected nonlinear intensity dependence.

A range of control measurements have been
performed to rule out other possible sources of
the collected data (28). We verified that there is
no detectable emission at 2m beyond the noise
level originating from either the polymer-coated
substrate or the unpatterned gold film. Illuminat-
ing the metallic nanodevice with y-polarized fun-
damental wave also does not provide detectable
SHG signals, because the cavity resonance can-
not be excited when the incident electric field of
light is polarized along the nanoslit. We also
tested the same metallic pattern without a polymer
coating, and measured static SHG power emerg-
ing from the uncoated plasmonic structure is one
order of magnitude lower than that of the polymer-
coated device. In addition, there is absolutely no
detectable variation of the SHG output when a
voltage is applied to the uncoated sample. This
reveals that the electrical activity of the plasmonic-

Control field E, (x10° V/cm) B

1.0 1.5 2.0

Aly,, signal on the applied
voltage V.. The blue
markers and the left axis
reproduce the data in Fig.
2, and the right axis cor-
responds to the same
quantity without the im-
plementation of the out-
put polarizer. Error bars
indicate standard devia-
tions from five measure-

0), x-pol. »
¥

o
o

0.4

AIZ(D( VC)//2(D( VC

o

Abyy(Vo)/bo( V,=0), total

o
Y

o

ments. (B) Polar diagram 0 5
showing the polarization

property of the frequency-
doubled output signal.

10 15 20

Control voltage (V)

The pump light, at a fixed
intensity, was linearly po-
larized along the x axis.
The diamond markers
represent the state of
polarization of the static
SHG in the absence of ap-
plied voltage, and the open
circles denote the polar-
ization of the voltage-
controlled EFISH signal
atV.=10V. Each curve
is normalized to its re- 0.01

EFISH signal, arb. unit O
o

EFISH device is derived from the polymer filler
rather than the metallic nanostructure.

In the preceding discussion, we assumed the
nonlinear behavior in the slit medium to exhibit
bulk properties, that the PMMA polymer filled
within the nano-gap is homogeneous, and that
all nonlinear activity can be attributed to electric
fields along the x direction. For simplicity, we
have not explicitly included the nonlinear sus-
ceptibilities related to the surfaces. This assump-
tion may deviate from the actuality for at least
two reasons. First, the orientational distribution
of the polymer confined within a nanocavity is
not necessarily uniform. Second, the electric field
of the plasmonic gap mode in the nanoslit con-
tains also a z-component E. ,, bound to the metal-
polymer interface with a magnitude roughly five
times less than E, ,, along with local hotspots at
the comners of the slit region. Other than the non-
linear susceptibilities associated with the polymer
filling the slit, another possible contribution to the
detected SHG signal is the effective x® arising
from the broken symmetry at metallic bounda-
ries. We have not estimated quantitatively how
the experimental data compare to numerical sim-
ulations because the exact values for all pertinent

output
polarization
angle

L L &
.75 5 .25 0 .25 5 .75 10 X

— (- ‘Voltage controlled SHG
—{>~ Static SHG

input
polarization
angle

spective maximum value. 0.1 0.2
For symmetry reasons,
only half of the 2r an-
gular space is shown in

the polar plot. (C) The voltage-controlled EFISH output Ay, as a function of the
intensity of the fundamental wave. Error bars represent standard deviations based
on five measurements. The dashed line indicates a least-squares fit using the

function Al (l,) o I

1722

. The least-squares fit exponent was found to be k = 2.06.
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0.4 08 1.2

Fundamental intensity, normalized
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(D) The static SHG output /5,,(V. = 0) and its electrical modulation A/, at V. =10V
as functions of the polarization state of the fundamental wave of a constant in-
tensity. No polarizer for the output signal was used in this measurement. The
diamond and circular markers represent the static and EFISH signals, respectively.
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clements of the nonlinear susceptibility tensors
are not readily available. A consistent microscop-
ic theory of the nonlinear response of polymers
taking into account the molecular alignments and
their electric activities is beyond the scope of this
work. We conservatively estimate the efficiency
of the plasmonic EFISH process to be 5.7 x 10!
at J, = 20 V. This value is on the same order
magnitude as the conventional SHG conversion
efficiency in a prototypical nonlinear crystal of
the same thickness and under the same experi-
mental conditions.

The plasmonic-EFISH devices demonstrated
in this work can be generalized to other electri-
cally controlled plasmonic frequency converters that
are compact and relatively efficient and require no
phase matching, rendering them suitable for chip-
scale applications where integration is necessary.
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Coherent Two-Dimensional Nanoscopy

Martin Aeschlimann,® Tobias Brixner,%>* Alexander Fischer,® Christian Kramer,?
Pascal Melchior,* Walter Pfeiffer,* Christian Schneider,® Christian Striiber,*

Philip Tuchscherer,? Dmitri V. Voronine*t

We introduce a spectroscopic method that determines nonlinear quantum mechanical response functions
beyond the optical diffraction limit and allows direct imaging of nanoscale coherence. In established
coherent two-dimensional (2D) spectroscopy, four-wave—mixing responses are measured using three
ingoing waves and one outgoing wave; thus, the method is diffraction-limited in spatial resolution.

In coherent 2D nanoscopy, we use four ingoing waves and detect the final state via photoemission
electron microscopy, which has 50-nanometer spatial resolution. We recorded local nanospectra
from a corrugated silver surface and observed subwavelength 2D line shape variations. Plasmonic
phase coherence of localized excitations persisted for about 100 femtoseconds and exhibited
coherent beats. The observations are best explained by a model in which coupled oscillators lead to
Fano-like resonances in the hybridized dark- and bright-mode response.

the spatial interaction volume has a lower

bound determined by the diffraction limit of
light. The laser focus diameter is always larger
than roughly half the optical excitation wave-
length, and measurements represent averages
over a distribution of quantum systems present
within the interaction volume. Single-emitter ex-
periments are possible when only one quantum
system contributes to the measurement signal
through a combination of tight focusing and low
emitter density. This method avoids ensemble av-
eraging, and although ultrafast femtosecond ex-

In all implementations of optical spectroscopy,
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periments have recently been realized (/, 2), the
spatial resolution is still diffraction-limited. Sub-
diffraction imaging resolution can be obtained
via reversible fluorophore saturation such that on-
ly one emitter is active within the focal spot (3).
This method works well for imaging but makes
ultrafast spectroscopy challenging because the tran-
sitions need to be saturated. Near-field methods
provide another way to achieve subdiffraction res-
olution (4), and ultrafast experiments have been
performed (5). For these methods, one needs to
implement raster scanning of the sample to obtain
spatial-spectral information sequentially for each
spot, and near-field two-dimensional (2D) spec-
troscopy has not yet been reported.

Here, we introduce coherent two-dimensional
nanoscopy, which we define as the measurement
of optical response functions using 2D spectros-
copy with a spatial resolution below the optical
diffraction limit. In contrast to potential near-field
implementations, our technique uses wide-field
illumination and detects 2D spectral information
simultaneously for ~10° different spatial locations.
In conventional 2D spectroscopy (6-9), the “input”

to a four-wave mixing scheme consists of three in-
cident waves that create a transient coherence (i.e.,
third-order polarization), which is then radiated off
as the “output.” However, coherent detection is
not necessarily required; fluorescence (0, /1) or
electrons (/2) can also be used. In coherent 2D
nanoscopy, all four waves are input fields, and the
output corresponds to excited electrons. The key
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Fig. 1. Principle of coherent 2D nanoscopy. (A)
Excitation of a quantum three-level system (left)
leads to emission of photoelectrons with differ-
ent kinetic energies (right). (B) A sequence of four
femtosecond laser pulses is used for excitation. (C)
The optical spot on the sample is larger than half
the optical excitation wavelength (i.e., the diffrac-
tion limit), but photoemission electron microscopy
(PEEM) provides 50-nm spatial resolution.

www.sciencemag.org SCIENCE VOL 333 23 SEPTEMBER 2011

Downloaded from www.sciencemag.org on October 7, 2011

1723


http://www.sciencemag.org/

