Magnifying Superlens in the Visible

Frequency Range

Igor 1. Smolyaninov,* Yu-Ju Hung, Christopher C. Davis

We demonstrate a magnifying superlens that can be integrated into a conventional far-field
optical microscope. Our design is based on a multilayer photonic metamaterial consisting
of alternating layers of positive and negative refractive index, as originally proposed by
Narimanov and Engheta. We achieved a resolution on the order of 70 nanometers. The use
of such a magnifying superlens should find numerous applications in imaging.

ptical microscopy is an invaluable
O tool for studies of materials and biolog-

ical entities. Imaging tools with ever-
increasing spatial resolution are required if the
current rate of progress in nanotechnology and
microbiology is to continue. However, the spatial
resolution of conventional microscopy is limited
by the diffraction of light waves to a value on the
order of 200 nm. Thus, viruses, proteins, DNA
molecules, and many other samples are impos-
sible to visualize with a regular microscope. One
suggested way to overcome this limitation is
based on the concept of a superlens (/), which
relies on the use of materials or metamaterials
that have negative refractive index in the visible
frequency range. Near-field superlens imaging
was recently demonstrated (2, 3), but the tech-
nique is limited by the fact that the magnification
of the planar superlens is equal to 1. Thus, a thin
planar superlens cannot be integrated into a
conventional optical microscope to image objects
smaller than the diffraction limit.

We describe the realization of a magnify-
ing superlens (Fig. 1A) and demonstrate its
itegration into a regular far-field optical mi-
croscope. Our design is based on the theo-
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Fig. 1. (A) Schematic of the
magnifying superlens integrated
into a conventional microscope.
The plasmons generated by the
phase-matching structure illumi-
nate the sample positioned near
the center of the superlens. The
lateral distance between the im-
ages produced by the alternating
layers of materials with positive
and negative refractive index
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retical proposals of an “optical hyperlens” (4)
and “metamaterial crystal lens™ (5) and on
the recently developed plasmon-assisted mi-
croscopy technique (6), and in particular on
the unusual optics of surface plasmon polar-
itons (SPPs). The properties of these two-
dimensional optical modes and convenient
ways to excite them are described in detail in
(7). The wave vector of the SPPs is defined by
the expression
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where €,(0) and e4(w) are the frequency-
dependent dielectric constants of the metal and
the dielectric, respectively, and ¢ is the speed of
light. Above the resonant frequency ® described
by the condition

em(0) = —g4(w)

()

the SPP group and phase velocities may have
opposite signs (Fig. 1B). The internal structure
of the magnifying superlens (Fig. 2A) consists
of concentric rings of poly(methyl methacrylate)
(PMMA) deposited on a gold film surface. For
the SPP dispersion law for the gold-vacuum and
gold-PMMA interfaces (Fig. 1B) in the frequen-
cy range marked by the box, PMMA has neg-
ative refractive index n, < 0 as perceived by
plasmons (the group velocity is opposite to the

grows with distance along the

radius. The magnified images
are viewed by a regular micro-
scope. (B) Real and imaginary
parts of the surface plasmon

wave vector k at the gold-PMMA and gold-vacuum interfaces as a function of frequency. In the frequency
range marked by the box, PMMA has negative refractive index as perceived by plasmons, whereas the
gold-vacuum interface looks like a medium with positive refractive index.
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phase velocity). The width of the PMMA rings
d- is chosen so that n,d, = —nad>, where d| 1s the
width of the gold-vacuum portions of the
interface. Although the imaging action of our
lens is based on the original planar superlens
idea, its magnification depends on the fact that
all the rays in the superlens tend to propagate in
the radial direction when n,d, = —n,d, (Fig. LA).
This behavior was observed in the experiment
upon illumination of the lens with A = 495 nm
laser light (bottom portion of Fig. 2B) for which
md, = —n»d>. The narrow beam visible in the
image is produced by repeating self-imaging of
the focal point by the alternating layers of mate-
rials with positive and negative refractive index.
On the other hand, if 515-nm light is used, the
lens becomes uncompensated and the optical
field distribution inside the lens reproduces the
field distribution in the normal “plasmonic lens™
as described in (&) (top portion of Fig. 2B). How-
ever, in the complete theoretical description of
the magnifying superlens, the ray optics picture
presented in Fig. 1A may need to be supple-
mented by the anisotropic effective medium the-
ory presented in (4, 5).

The magnifying action of the superlens is
demonstrated in Figs. 3 and 4. Rows of two or
three PMMA dots were produced near the inner
ring of the superlens (Fig. 3. B and C). These
rows of PMMA dots had 0.5-um periodicity in
the radial direction, so that phase matching
between the incident laser light and surface
plasmons could be achieved (Fig. 1A). Upon
illumination with an extemal laser, the three
rows of PMMA dots in Fig. 3B gave rise to three
radial divergent plasmon “rays,” which are
clearly visible in the plasmon image in Fig. 3D
obtained with a conventional optical micro-
scope. The cross-sectional analysis of this image
across the plasmon “rays™ (Fig. 3F) indicates
resolution of at least 70 nm, or ~A/7. The lateral
separation between these rays increased by a
factor of 10 as the rays reached the outer rim of
the superlens. This increase allowed visualiza-
tion of the triplet by conventional microscopy. In
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Fig. 2. (A) AFM image of the magnifying
superlens made of PMMA rings on the gold
film surface. (B) Optical field distribution in the
magnifying superlens illuminated by external
laser in the frequency ranges where nid; #
—n,d, (top) and nid; = —nd, (bottom).

a similar fashion, the two radial rows of PMMA
dots shown in Fig. 3C gave rise to two plasmon
rays, which are visualized in Fig. 3E.

The composite image in Fig. 4 is a superpo-
sition of the atomic force microscopy (AFM)
image from Fig. 3A and the corresponding
optical image obtained by conventional optical
microscopy. It illustrates the imaging mecha-
nism of the magnifying superlens: The passage
of plasmon rays through the concentric al-
ternating layers of materials with positive and
negative refractive index increases the lateral
separation of the three rays (marked by arrows at
lower right). Near the edge of the superlens, the
separation is large enough to be resolved with a
conventional optical microscope, thus demon-
strating a magnifying superlens in the visible
frequency range.

The theoretical resolution of such a micro-
scope may reach the nanometer scale (7, 4). It
thus has the potential to become an invaluable
tool in medical and biological imaging, where
far-field optical imaging of individual viruses
and DNA molecules may become a reality. It
allows very simple, fast, robust, and straight-
forward image acquisition.

Fig. 3. AFM images (A
to €) and conventional
optical microscopy im-
ages (D and E) of the
resolution test samples
composed of three (A
and B) and two (C) ra-
dial rows of PMMA dots
(marked by arrows) po-
sitioned near the center
of the magnifying su-
perlens. The convention-
al microscopy images
presented in (D) and (E)
correspond to the sam-
ples shown in (B) and
(Q), respectively. The
rows of PMMA dots give
rise to either three or
two divergent plasmon
“rays” (marked by ar-
rows), which are visible
in the conventional op-
tical microscopy images. E
(F) The cross section of

the optical image along

the line shown in (D)

indicates resolution of at

least 70 nm or ~ A /7. Z,

optical signal; X, distance.
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Fig. 4. (A) Composite of the AFM im-
age from Fig. 3A superimposed onto
the corresponding image obtained by
conventional optical microscopy, illus-
trating the imaging mechanism of the
magnifying superlens. Near the edge

of the superlens, the separation of three rays (marked by arrows) is large enough to be resolved
using a conventional optical microscope. (B) The cross section of the optical image along the line

shown in (A) indicates the three rays.

We expect that unusual optical metamaterials
may be designed and implemented using the
principle of our magnifying superlens. Because
(d) + d>) and the d,/d, ratio (Fig. 2A) are easy
to vary locally, the effective anisotropic re-
fractive index of the multilayer material may
be varied continuously from large negative to
large positive values. Thus, unusual nano-
photonic devices may be created in the visible
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frequency range, such as the recently sug-
gested (9, 10) and demonstrated (/1) “invisibil-
ity cloak.”
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Evolution of Troplcal Africa over
the Last Deglaciation

Johan W. H. Weiiers,l* Enno SchefuB,zT Stefan Schouten,® Jaap S. Sinninghe Damsté?

We analyzed the distribution of branched tetraether membrane lipids derived from soil bacteria in
a marine sediment record that was recovered close to the Congo River outflow, and the results
enabled us to reconstruct large-scale continental temperature changes in tropical Africa that span
the past 25,000 years. Tropical African temperatures gradually increased from ~21° to 25°C
over the last deglaciation, which is a larger warming than estimated for the tropical Atlantic Ocean.
A direct comparison with sea-surface temperature estimates from the same core revealed that
the land-sea temperature difference was, through the thermal pressure gradient, an important

control on central African precipitation patterns.

ontinental climate change during the last
‘ deglaciation, especially in the tropics, is

not as well understood as it is for the
oceans (/-3). For Afiica, a consensus is emerg-
ing on past changes in humidity and their causes
based on lake level and pollen studies as well as
the deuterium content of plant waxes (4-6), but
temperature records for such tropical continental
areas remain scarce and incomplete. In contrast to
the marine environment, few quantitative temper-
ature proxies exist for the terrestrial environment,
and continuous long-term climate archives on land
are limited. For instance, pollen-based vegetation
studies, a widely used method for environmental
reconstructions on land (), are complicated in the
tropics because the effects of changes in tem-
perature are difficult to distinguish from those of
changes in precipitation. Temperature estimates
based on another method, stable oxygen isotope
contents of carbonates and silicates, are widely
applied in lacustrine sediments and speleothems.
However, although these estimates are appropri-
ate for high-resolution qualitative paleoclimate
reconstructions (7, &§), quantification of climate
change in terms of paleotemperatures requires
tenuous assumptions about the past changes in
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parameters that have influenced the source-water
composition. The scant paleotemperature data
available for the African continent imply a tem-
perature difference of ~3.5° to 6°C between the
Last Glacial Maximum (LGM) and the present
day (2, 3, 9, 10), but these data ofien represent a
relatively local signal or are incomplete records.
Thus, knowledge on African tropical temper-
ature change over the last deglaciation is rather
limited, especially for the vast tropical rainforest
area of the Congo Basin. Continuous, high reso-
lution, long-term records of continental-scale tem-
perature change are much needed to improve this
knowledge and enable proper comparison with
records of marine temperature changes.
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To gain better insight into the central African

tarmnaratirs davalarmenant e tha lact Adacdla_
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ciation, its relation to global climatic changes,
and its effect on the continental hydrological
cycle, we used the Methylation index of
Branched Tetraethers (MBT) and Cyclization
ratio of Branched Tetraethers (CBT) based on
branched glycerol dialkyl glycerol tetraethers
(GDGTs) (11) present in a marine core recovered
close to the Congo River outflow (GeoB 6518-1,
05°35.3'S, 11°13.3'E, water depth of 962 m, Fig. 1).
Using the MBT and the CBT, we reconstructed
the annual mean air temperature (MAT) of the
Congo River basin (/2) which could be com-
pared with the sea surface temperature (SST)
record obtained from the same core (Fig. 2).
Branched GDGTs (fig. S1) are abundant core
membrane lipids derived from bacteria that
thrive in soils ({1, 13, 14). As the soil erodes,
the GDGTs are fluvially transported to the
ocean. Indeed, they have been shown to be an
excellent tracer of the fate of soil organic mat-
ter in the Congo deep-sea fan (/3) and the Bay
of Biscay (/3) (fig. S2). The large catchment
area of the Congo River (3.7 x 10° km?) ex-
tends from about 6°N to 13°S and from about
13° to 33°E in central Africa (Fig. 1A), with ele-
vations between 300 and 1200 m except for
one small part, located at its eastern boundary,
that rises above 2000 m (/6). The temperature
estimates obtained from our marine core, there-
fore, represent a catchment-integrated terres-
trial temperature signal derived from land of
low to intermediate elevation. Analysis of the

45

Fig. 1. Overview maps of Africa. The position of core GeoB 6518, recovered close to the Congo
River outflow from a water depth of 962 m, and the extent of the Congo River drainage basin
(white outline) are plotted (A) on a digital elevation map of Africa [picture from NASA Jet
Propulsion Laboratory, California Institute of Technology] and (B) on a map showing the annual
MAT distribution in Africa [available in the database in (30)].
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