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ABSTRACT
We report on the concept, generation, and first observations of focused surface plasmons on shaped gratings. The grating patterns are
designed to realize focusing and directing through noncollinear phasematching. The plasmons are generated on patterned gold surfaces, and
the plasmon propagation is observed using phase-sensitive photon scanning tunneling microscopy (PSTM) to extract the propagation pattern,
direction, and wavelength.

Surface plasmon polaritons (plasmons for short) are enjoying
an intense current interest in relation to left-handed materials,1
enhanced transmission through subwavelength holes,2 and
even as (temporary) carriers of entanglement.3 The combination of optical frequencies and the charge density nature of
the wave allows for highly confined excitation and holds
promise for nano-optical integrated circuits.4 Despite the fact
that they have been used as sensitive surface sensors for some
time,5 their appearance (or lack thereof) still creates strong
debate about basic properties and issues.6
Plasmons play a particularly important role in light-matter
interactions at the nanometer scale. The conversion of a light
wave to a charge density wave allows the confinement far
below the diffraction limit, paving the way for nanoscale
plasmonic devices. A crucial factor for such circuitry is the
efficient conversion of the large-scale incident light to the
compressed or focused plasmonic wave. So far, the proven
Kretschmann7 configuration is used commonly to launch the
plasmons on a large area that is then tapered to reduce the
size.8,9 Recently, an array of holes was used to demonstrate
the possibility of focusing plasmons when they are created
with the appropriate relative phase.10 Similarly, plasmons
created on an appropriately shaped ridge were shown to
focus.11 In those experiments, however, a very large area
was illuminated to generate plasmons from only a very small
portion of the surface.
In this paper, we present controlled generation of full 2D
plasmon fields; by modulating the surface on which the
plasmons are created, we engineer the direction in which
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Figure 1. Creation of a full plane of focused plasmons through
noncollinear phasematching. The left side shows the phasematching
vectors, and the right side shows the resulting grating pattern. The
dashed vectors correspond to the incident light (same everywhere),
the gray vectors indicate the focused plasmons (converging toward
center from everywhere), and the black continuous vectors indicate
the required local grating vector.

they are generated for each position on the surface. We do
not need to create the plasmons first and deflect them
afterward but directly generate the plasmons in the desired
pattern. Because plasmons have a very limited propagation
length, the ability to generate the plasmons in the desired
patterns has immediate advantages over separated steering
and confinement. Figure 1 shows an example of such a
surface modulation.
We demonstrate the plasmon propagation on the metal
surface by phase-sensitive PSTM, revealing the controlled
noncollinear phase matching for all directions. The phasesensitive technique allows us to extract the propagation
pattern, direction, and wavelength on any point on the
surface. This local imaging of the direction and amplitude
is essential to provide the full view of plasmon propagation
on the nanoscale.

Figure 2. Concept of plasmon focusing through noncollinear
phasematching. The grating profiles required for plasmon focusing
and their Fourier transform are shown for different angles (θ) of
incidence of the generating light. The top row shows normal
incidence (θ ) 0), the middle row is for kl < kp, and the lower row
is for kl > kp.

Concept. To achieve functional plasmon generation, we
introduce a new approach to the design of gratings and the
use of noncollinear phasematching. The grating is used as a
holographic intermediate to achieve phasematching between
a featureless excitation beam and a desired complex pattern
providing customized k vectors at each position. This
approach to grating design has applications beyond the
generation of plasmons such as the design of patterns for
periodically poled crystals for frequency conversion. In
general, the gratings do not have to be continuous. For a
grating consisting of an array of indentations or holes, the
lattice of the array yields an inverse lattice in k space with
many possible grating vectors to match to. The coupling
strength of each vector is determined by the Fourier
component of that vector in the grating pattern. This type of
matching to an array vector was used in entanglement
transfer.3 The concept of engineered phasematching in a 2D
grating was explored recently in the context of quasiphasematched frequency conversion in 2D poled lithium niobate
crystals.13 The bull’s-eye structure has been examined for
unpolarized light in the context of plasmon-assisted transmission through subwavelength apertures.14
Figure 2 explains the concept of continuous functional
plasmon generation through noncollinear phasematching. For
a given frequency of incident light, the plasmons have a
wavevector (kp) determined by material parameters; for our
case of plasmons on a gold-air interface excited with a HeNe
laser, the plasmon wavelength (λp ) (2π/kp) is approximately
593 nm. For efficient generation of plasmons, phasematching
is required.12 The (vector) addition of the projected wavevector of the incident light (kl) and the grating vector (kg) has
to equal the plasmon vector. When light strikes perpendicular
(θ ) 0, Figure 2 top row) then kl ) 0 so that kg must equal
kp. For focusing from all directions (φ) the plasmon vector,
and thus the grating vector, should be pointing toward the
center from all directions. The corresponding grating consists
of concentric circles or a bull’s-eye structure (with a period
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of the aforementioned 593 nm). When the incident light
strikes the surface at an angle (Figure 2 middle row), the
incident wave front has a phase variation with respect to the
surface that can be expressed as the projected light vector
kl. This kl is a constant across the incident plane for
illumination with a wide featureless beam (plane wave). To
generate plasmons that converge to a single center, the
grating vector must compensate locally for the project light
vector causing the grating vector to be shortened before the
focus (larger grating period) and lengthened after the focus
(smaller grating period). When the angle is increased so much
that kl exceeds kp (Figure 2 bottom row), the grating vector
goes through zero and the grating patterns contain a
discontinuity. In the plane of the grating along the line
perpendicular to the incident light vector, the grating spacing
is always the same and equal to the plasmon wavelength.
The grating properties are reflected in the Fourier transform of the patterns. The transform of the bull’s-eye consists
primarily of a single ring in k space. For the tilted incidence,
the Fourier transform corresponds to a shifted circle, shifted
by the length of the projected light vector that it has to compensate for. When the pattern is written as a binary grating
(two-level grating with a square profile), the grating is real
and symmetric so that two circles are seen in the Fourier
transform, shifted in opposite directions. At those values for
φ where kp ⊥ kg, the grating period along kp goes through
infinity, corresponding to an asymptotic behavior in real space.
P polarization of the incident light is a prerequisite for
excitation because the plasmons are a longitudinal oscillation.
This implies that linearly polarized incident light will excite
plasmons in a two-lobe (bow-tie or butterfly) pattern. The
orientation of that pattern depends on the orientation of the
polarization with respect to the pattern. For light polarized
in the plane of incidence, the pattern will be oriented along
the plane of incidence. Possible photonic band gap dispersion
effects16 due to propagation on the grating itself have been
reported, but these effects were ignored in this study because
it requires a resonance that could only affect a small part of
the generated plasmons.
Measurements. Our samples consist of microscope slides
coated with a thin layer of gold on a chromium adhesion
layer (2 nm chromium and ∼50 nm of gold coated through
evaporation). The grating structures are created on the top
side of the gold by focused ion beam milling. From SEM
images, the grating depth is estimated at 20-25 nm. Surface
reflection measurements were done to establish the existence
of the characteristic plasmon dip and to roughly estimate
the layer thickness (which shows up in the reflection
modulation depth). We measured on 1D gratings first that
were rotated in the plane of the grating (changing φ, for
constant θ) to observe noncollinear plasmon generation and
establish the correct material properties that determine the k
vector for plasmon resonance.
The photon scanning tunneling microscope (PSTM, also
known as NSOM or SNOM) was reported in detail before.15
In brief, it is a raster scanning method for probing the local
electric field using a tip with a subwavelength aperture
(typically less than 100 nm). The tip is kept at a constant
2145

Figure 3. Experimental scheme for phase-sensitive PSTM. While
scanning, the tip is kept at constant nanometric distance by shear
force feedback. Mixing of the reference and signal branches allows for
heterodyne interferometric detection of both amplitude and phase.

distance from the surface using a shear force feedback. For
these measurements, the surface is raster scanned with a step
size of typically 50 nm. For phase-sensitiVe PSTM, part of
the excitation light is split off (see Figure 3) and sent through
a reference arm where the frequency is shifted for heterodyne
detection. The light in the reference arm is combined with
light that is picked up from the sample. The beams are
combined on a detector, and that signal is amplified in a
lock-in amplifier to yield the amplitude and phase of the
local light field. The combination of amplitude and phase
allows the reconstruction of the field vector. This is, to the
best of our knowledge, the first demonstration of phasesensitive PSTM plasmon measurements on a metallic
structure. We use a Kretchsmann-like setup7 in which the
light strikes the surface at an angle above the critical angle
so that only evanescent waves are created and no direct
transmission is observed. The microscope slide and prism
are attached with a small amount of index matching fluid.
The Kretschmann setup is not required for phasematching
(provided by the gratings) but chosen because it reduces
direct transmission, allows illumination and detection on
separate sides, and provides relatively easy sample mounting.
To demonstrate different aspects of the noncollinear phasematching, we present measurements on circular gratings using an inclined angle of incidence (θ * 0). This is similar to
measuring on 1D gratings rotated by φ for all values of φ
simultaneously. These measurements show the phasematched
generation of plasmons at specific values of (φ), corresponding to specific angles between the projected incoming light,
the grating, and the generated plasmons. The measurements
also show the change in the phase (by π) of the generated
plasmons (with respect to the driving field). Finally, we present controlled focusing of plasmons on the stretched gratings. Observation of the phase shift and the propagation
direction is not possible using only intensity PSTM; the phase
information is crucial.
Results and Discussion. Figure 4 shows a typical measurement on a circular grating. The light from a HeNe laser
strikes the surface through the glass at θ ) 66° so that the
projected k vector of the light (kl) corresponds to a
wavelength of 480 nm. The spot size of the HeNe is much
larger than the grating area (several mm) so that the HeNe
intensity on the surface is nearly constant. The periodicity
of the circular grating is 700 nm and the plasmon wavelength
2146

Figure 4. PSTM measurement on circular grating. The straight
white lines in a, c, and f indicate the border of the grating. (a)
Topography, (b) Fourier transform of the topography, (c) real part
of the detected field, (d) Fourier transform of the (complex) field.
(e) as d, (f) upper-left quadrant of the phase of the field.

is 593 nm. The three k vectors (kl, kg, and kp) are thus of the
same order of magnitude, with kl roughly 1.8 times the size
of kg. Part a shows the topography of the surface as monitored
through the shear force feedback. A slight nonorthogonality
in scanning leads to the deformation from a square toward
a parallelogram. Part b shows the Fourier transform of the
grating with an overlay ellipse. Part c shows the real part of
the (evanescent) optical field probed by the tip, expressed
as amplitude times cos(phase). Examination of the progression of the phase through the measured pattern reveals the
local direction of propagation indicated by the white arrows.
Part d shows the Fourier transform of the probed (complex)
field. The cross marked “0” indicates the zero spatial
frequency. Part e is the same as d with added assignments.
Indicated are the project light vector (kl) running from 0 to
the small dot. This light represents the unmodulated transmitted field. When the Fourier transform of the pattern in a
is centered on the end of the light vector it perfectly overlaps
with the measured circle section in the optical signal so that
the circle section represents the modulated transmitted light.
A second circle centered at 0 is added with a radius
corresponding to the plasmon vector (kp). At the crossing
point of both circles, spots of increased intensity can be
observed. Part f shows only the phase of the probed field in
Nano Lett., Vol. 5, No. 11, 2005

the upper-left corner of the pattern. The slanted black line
indicates φ ) 40°, the angle for which the plasmon resonance
is expected. In the circle, a regular spaced raster pattern of
black lines is overlaid to bring out the relative phase below
and above the resonance line.
The grating structure on the surface of the gold introduces
the modulation on the projected light to create the light field
to drive the plasmon creation. This (evanescent) driving field
is detected by the PSTM independent of the presence of
plasmons. This driving field corresponds to the diffracted
portion of the incoming light, the phase of which corresponds
to the phase of the incoming light multiplied by the phase
delay induced by the grating. The Fourier transform of that
field thus corresponds to the convolution of the Fourier
transform of the incoming light (a delta function) with the
Fourier transform of the grating (largely a ring). The
measured circle section in 4d indeed coincides exactly with
the Fourier transform of the grating centered on the end of
the projected light vector. We do not see the full ring because
of limited resolution of the scanning. The phase of the driving
field is determined only by the grating and the phase of the
incident light so that it is continuous in the absence of
resonances. Where the phasematching condition is fulfilled
and the polarization contains a component along the propagation direction of the plasmons, resonant plasmons can be
generated. An indication for resonant excitation is an increase
in the amplitude of the detected field and a change in the
phase of the oscillating charge. For this configuration, the
plasmon resonance is expected at an angle of φ ) 40° (and
φ ) -40°) degrees. In 4c, wedge-shaped sections of higher
amplitude can be seen around certain values for φ. Note that
the part of the Fourier transform around φ ) 40° contains
contributions from the wedge sections of the upper left where
waves are generated that travel toward the upper right-hand
side and contributions from the wedge on the lower righthand side, where waves are generated that also travel toward
the upper right-hand side. The former wedge shape uses a k
vector that points outward with respect to the local grating
pattern, whereas the latter uses a k vector that points inward.
The waves of several of these sections of increased
amplitude can be seen to extend beyond the grating boundary
indicated by the solid white line, beyond the reach of the
driving field, therefore indicating that these represent propagating waves. These high-intensity sections correspond to
the bright dots on the circle section of the Fourier transform.
The waves attenuate as they propagate away from the grating
boundary, indicating a propagation length on the order of
10 µm. Figure 4f shows the π phase shift between the part
below the resonance at φ ) 40° degrees and the part above
resonance. The overlaid raster is provided to guide the eye.
The line where the phase shift is seen in space is the result
of the interference of waves generated with different phases.
The line is thus not observed at the position of the phase
shift in the generation but shifted along the propagation
direction of the waves to the point where sufficient field is
generated at the new phase to compensate the field generated
previously. The line at 40° thus does not pass through the
center of the circle pattern but is shifted towards the upper
Nano Lett., Vol. 5, No. 11, 2005

Figure 5. PSTM measurement on slanted grating design. (a) SEM
image of grating, (b) topography of scan area, (c) real part of the
field, (d) Fourier transform of c with vector assignments (note that
kl just exceeds the circle radius, kp), (e) amplitude only, and (f)
Fourier transform of measurement on same grating tilted away from
resonance.

right-hand side. The line can be seen to extend all the way
through the wedge section on the lower right-hand side. The
(vertical) mirror of this line can also be seen, although that
one is less clear because of the dust particles in those sections
of the grating.
At smaller angles, other oscillations can be seen with a
longer period. These longer wavelength oscillations are yet
to be identified. They are not a grating artifact because they
can be observed to extend beyond the grating. The wavelength does not correspond to a diffracting angle that could
be picked up by the probe or to plasmons on the glassgold interface. The wavelength also rules out reflected normal
plasmons or light scattered by the surface corrugation. These
waves were also observed in measurements on rotated (φ)
1D gratings but not in the surface reflection measurements
where the low angle of reflection was outside our measuring
range.
Figure 5 shows measurements on a gratings that is shifted
in the Fourier domain to produce focused plasmons in real
space. Part a shows a SEM image of the grating. Part b shows
the topography of the measured area. Parts c-e show a
measurement on the plasmon resonance. Here the polariza2147

tion was rotated by 30°. The rotation of the pattern of the
measured amplitude supports the fact that these are plasmons
and not just diffractive modulation (polarization insensitive).
However, damage to the grating prevented a systematic
analysis of the pattern as a function of polarization direction.
Part c depicts the real part of the measured signal. It clearly
shows the circular wave fronts around a common center.
Examination of the relative phase of the real and imaginary
part of the signal shows that the plasmons are traveling
toward the center, which can also be deduced from the fact
that no waves are seen outside the grating boundary. Part d
is the Fourier transform of c. This is the Fourier transform
of the real part of the signal (not the complex Fourier
transform) to emphasize the fact that the shape of the Fourier
transform is a single ring (different from f where two rings
can be seen). The projected light vector, kl, can again be
identified as a dot. The Fourier transform of the grating
consists of circles shifted by slightly more than kl. The
convolution of the projected light and the grating thus
produces one ring around the origin and a ring centered at
almost two kl. The second ring cannot be seen here, partly
because it is not at resonance so that it does not produce
much field, partly because the modulation exceeds the
resolution of the scanning. Part e shows the amplitude only
to highlight the region where plasmons are generated.
Alignment was not yet perfect and repeated scanning caused
localized damage to the grating, especially the lower right
corner. The light comes in from the left so that the streak of
plasmons visible in e is traveling against the incoming light.
Most of the plasmon creation is on the part of the grating
with a highly modulated pattern, experiencing many modulation periods over a short distance. Although the small
plasmon propagation length on these samples limits the
center intensity, the pattern clearly shows the generation of
plasmons aimed at the common center. Part f shows the
Fourier transform of the real part of the signal when the
grating is tilted away from the plasmon resonance (different
θ), yielding two shifted circles and highlighting the mismatch. The full (complex) Fourier transform shows only one
circle, slightly shifted away from the center. By taking the
Fourier transform of the real part of the signal, all signals
are reflected around the origin and the shift of the circle from
the center is readily visible, also for deformed circles. For
further visibility of the rings, the dots corresponding to the
directly transmitted light have been suppressed. These dots
are much stronger compared to the signal in the measurements away from the resonance. The inset shows the real
part of the field. Some streaks are still visible, but they are
much weaker compared to the directly transmitted signal.
This is what one would expect for a driving field that is a
shifted circle next to a resonance that is a centered circle.
Conclusions. In conclusion, we have shown the first
phase-sensitive PSTM measurements of the creation of
directed plasmons on specifically engineered gratings. We
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expect that this direct focused creation of plasmons will be
more efficient than creation followed by a directing step.
We have demonstrated the strength of phase-sensitive PSTM
to visualize the plasmon propagation on these surfaces. For
future experiments, we will improve the gold surface to
increase propagation lengths and intensity in the center.
These patterns are based on a theory of propagation that
considers only far-field components and therefore cannot be
expected to focus the plasmons beyond the diffraction limit.
It seems quite feasible, however, to add subwavelength
(dispersive) features17 to the center for further localization
of the plasmon field to a few tens of nanometers. We believe
that this method of directed plasmon creation opens up
possibilities for efficient localized excitation sources at
optical frequencies.
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