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NANC-OPTICS

Gold loses its lustre

Raoy Sambles

The perfect lens would immaculately reproduce an image of an object, with
nolight losses in the transition. The strange optical properties of a gold
nanostructure bring the prospect of such a component into sharper focus.

As one luckless wooer in Shakespeares The
Merchant of Venice discovers, all that glisters is
not gold, But what if gold did ||ot‘g]i,g(9r'm all;
what if it could, in fact, be nade transparent?
Surch a material would be precious in itsell — a
potentizl basis for a ‘perfect’ lens. Writing
in this issue, Grigorenko and colleagues
(page 335)' present convincing evidence that
they have produced nanostructured pold
with remarkable optical properties.
Although not quite perfect lens mate
rial, what they have made is a signifi-
cant step towards that end.
Grigorenko and colleagues” gold
demonstrates, when illuminated by
wvisible light of certain polarizations
and at certwin incident angles, a
characteristic known as negative
permeability. To understand the con
text of this statemient, we require some
definitions. First, the permeabality, o,
of a material expresses the extent to
which an applied magnetic field is
enhanced in that material: the higher
the permeability, the more magnetic a

within them, Finally, both the permeability
and the permittivity of a material are related to
itts refractive index, n — the degree to which it
bends incident electromagnetic radiation,
such as light. This relationship is defined by
the formula n=(ue)'",

So why is the negative permeability of
Grigorenko and colleagnes’ material exciting?
I answering this, it i impostant to appreciate

Ordfinary chsdectic | Negbivedndes mmsterisl | Ovdinery dislectric

that even nornsal metals are quite extraordi-
nary in their response to light, Free electrons
within metals readily respond to the electric
field of incident electromagnetic radiation
and thereby cancel it almaost completely, pro-
vided that this field does not oscillate too
quickly; so below a certain field frequency,
called the plasma frequency, the real part of
a metals optical permittivity is negative.
(Expressing permittivity as a complex number
with a real and imaginary part is a mathemat-
ical construct that allows the wave nature
af the fields involved to be taken into account
the imaginary part of permittivity, scaled
by the imaginary unit 4, is associated with
the scattering of electrons and resultant heat-
ing i the nizterial,)

Guold, for an incident electric field at red
wirvelengths, has an opfical permittivity of
about —10+2, coupled with a normal, positive
permeability. Taking these facts into account
and nsing the formula for s, it can then be cal-
culated that the refractive index of gold must be
almost entirely imaginary. This is the math-
ematical equivalent of saying that the metal is
opaque — it acts as a barrier to light, with the
amplitude of the incident electric field decay-
ing exponentially once inside the surface.

Tf the permeability of 2 metal such as gold
were to be negative instead of positive, how-
ever, it furns out that it wonld have a negative
refractive index™. Such a material will bend
light in the opposite direction to nommsl
materials, lending them their potential as per-
fect lenses’: a flat sheet of the material wonld
focus the light to a perfect image on the other
side of the sheet {Fu. 1),

This concept of materials of negative refrac-
tive index has been tested in the microwave
region of the electromagnetic spectrum’. Here,
it praved not too difficull 1o fabncate a reso
nant metallic material from compo-
nents known as split-ring resonators,
which have hoth negative permittivity
and] negative permeabality for a small
range of incident frequencies. But
making o swmlar material that s
responsive at higher frequencies in the
visible range 15 not so easy, as it would
require nanoscale split-ring reson-
ators, Grigorenko and colleagues’
contribution’ is to overcome this
barrier 1o a certan extent. They use
nanatabrication procedures to make a
patterned surface comprising tapered
gold posts arranged periodically in
pairs. (wver a limited frequency range

material can become, A second, siimi-  Figure 1| Reverse swing. Light waves (arroves) from an external source i the visible spectrum, these pairs

lar quantity, the permittivity € of a  willal theinterface between two malerials of different refractive

material, relates o electric fields, Tn  indices, send tawards or away from the normal to the interface

this case the definition is slightly dif.  (dotied arraws) butnever beyond the narmal. This limitation is
avvercomme i ome of the materials has a negative refractive index. The

same thing happens at the second imferface of the matcrial, so it acts as

& periect lens, reproducing an image of aw object. & comventional lens,

% L which requires a curved surface, can never prodiee a pecfect image

to an externally applied electric field  pecanseit will ahways fail o refocus the light that comes from the

foem) of decaying (evanescent) waves, Thus teimagewill  [Fig. 2, overleaf) — miuch like the

Eh,il.lgt that reduces the electric field — notcontain the information abaut the ohject carried by these waves.

ferent; lurge, positive permittivities are
found in materials — namely insula-
tors, or dielectrics’ — that respond

to procuce a distribution of stored  abjecti

behave as small, high-frequency bar
rmagneis, nmch as split-ring res-
onators do when used at microwave
frequencies. A characteristic of such
bar magnets at optical frequencies is
thiat they act to cancel the magnetic
compaonent of the incident radiation

action of the electrons in a metal is to
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Dataonaplate

The welird fossil pictured here s a
specimen of Ceralocystis — a
remiber of 3 anclent group of
animals, the Stylophera, that lived
roughly SO0 millian o 300 milon
years ago. Stylopharans, which
wene just centimetres in length,
bear Biile resemiblance o army
extant znimal and have defied
calegorization far decades.
Sébastien Clausen and Andrew B.
Smith, ina reparl elsewhere in ihs

Issue (Mature 438, 351-354; 2005),

the calcitic plates of echinoderms, a
large group of markae organisms that
teday includes starfishes, sea urching
ard the lize

This assignment has given rise to
Bhe three bypotheses. The most
anduring is that the long segmiented
section and the connecting regian
comprise a mobile stem. hany fossil
echinodesns, and some extant ones
— the crincids — have similar
appendapes. Acconding to this view,

Figure 2 | The negative
consequences af
magnetism, The
distribution af the
magnetic fiebd exciled by
Fight around a pair of gold
nanapsts in Grigerenko
and calleagues” stady’ .
The suippression of the
magnetic fichd by the
actbom of the har magnets
that leads ta the
struchure’s negative
permcability

s shiwn by Lthe arcas
cnlowred in hlue, The
image is superimpossed
o imicragraph af an
ensemible of nanapast
pairs. (Courlesy of

A Grigorenko and
enlleagues. |

cancel the electric field. This leads to the gold
structure having negative permeability

Were it not for the rather large imaginary
contrbution to their material's permeability,
Grigorenko and colleagues wounld already
have found the way 1o negative refraction,
Although their achievement stops short of
this, they were able, by matching the imped
ance (defined as the ratio & g) of their pat-
terned gold to that of an adjacent dielectric, o
stop it reflecting. This is in itself a significant
step towards a perfect lens, and other novel
aptical components for visible frequencies.

Further hurdles remain to be overcome.
Reducing the imaginary contribution to the
optical permeability will be no trivial task. Itis
also not obwviows how structires such as those
developed by Grigorenko and colleagues
might be made three-dimensional, Neverthe-
less, it seerns that what nanopatterned gold is
losing in glister, it is gaining in transprarency, |
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slylaphorans are very primilive
echinoderrns that evoboed before
the appearance of othar echinaderm
features, such as the distinethe
water-vascular system manifested
a5 arvays of canals ending in avenies
of Tube-feat’

I one of the sltemative
hypotheses, stylophorans areheld
b ke higghly evalved echinederms in
which the stalk s a feading arm, with
armouth somewhens in the middle
linked to tube-feet that are covered
bey retractable plates. In the athes
hypethesis, they are interpreted as
prirmitive cherdates that retain a
calcite skeleton fram a

the cakcite {replaced by iron oxides in
the specimens studsed) has textures
that, by analegy with maderm
echinaderms, givean indication
of the kind af Lissue towhich the
stylocome was adiaoent in e

It se=ms Lhat the part af the
stylocame adjeining the long
segmente=d teclion laced canneclive
tis5ue, 85 15 now seen in modem
stalked echinoderms suchas
crineids. In contrast, the part of the
stylocane next Lo the befows region
shows a surace sirdlar to those that
in achincderms act as atlachment
sikes for muscle. There are na signs of
anything like 2 mouth or lube-leet as

claim ke have broken the deadlock. more femole common Implied by the feeding-arm modsl, é
They have ientdied a single festure ancestorof echinoderms. and the plates in the stalk do not k
which, they argue, rdes out bwo.of and chordates, and the seam to have been hinped to allow E
Ehres by potheses about the biology stalic contains muscle exposure af tube-feet. The chordate E
of stylophorans Figure 1ol their blotks, s notecherd hypothesss i alea ruled out, as the 5]
paper {page 3510 offers a quick pusde and a brain, muscle would hase inserted directly =
to the hypotheses under test. Chausen and Smith inte thecaleite, rathes than being

The body of Cenatocystis Is divided tackle the jobafinferring  bound upin discrete, chondate-styie kS
inla a large, irnszulas-plated blab at the saft parts af misehe blocks, g
one end; along thin, segmeribed Ceratanystis by studying The conclusion, then, is that )

section at the other (apparently
constructed as a cofumn of discsl
and a cannecting region that lacks
like: beflows rumn aver by a lawnmower.
The anly fealure on which a
authonties apree concerns the
vasious plates: they loak exactly like

the micrastructure af
the calcite plates. The
mid-stalk regian ol the
creature hears ane
large ossicle known as
the stylocone, and the
surface structureal

Ceratocystis used its appendage s
amuscular, locomatony argan, 5o
its anatomy {and s evolutionary
pasition) conforms te thealdest
g heast dermanding of the thees
hypotheses,

Henry Ges

E]NATURE 11/17/2005 Section: News & Views Page: 296

S @ VHTepHeT



