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Science Mimics Color Diffraction
of Butterfly Wings

The wings of the morpho butterfly
have a multilayered structure that pro-
duces a metallic blue iridescent color
through an interference effect. As report-
ed in the December 1, 2003, issue of Optics
Letters, researchers at the Applied
Research Center of Old Dominion Uni-
versity, in collaboration with researchers
at Alcoa Corporation, developed a
method to artificially replicate these
structures by specially designing grating
structures fabricated by electron-beam
lithography (EBL). 

Normal ruled grating techniques are
ineffective since they do not produce sin-
gle colors that can be viewed over wide
angles. Another method consists of
removing a grating layer from a substrate
and crushing it to form small flakes, but,
as the researchers said, this technique is
impractical because of the difficulty in
controlling the exact size of the flakes; the
technique, therefore, shows shifts in color
with changing incident light and viewing
angle. The structure fabricated by the
director of the Applied Research Center
Mool Gupta and co-workers contains
many small hexagonal gratings arranged

randomly in any of the six possible orien-
tations. Each small grating diffracts the
incident white light; the diffracted light
beams, then, interfere with each other,
producing blue light. The multigrating
structures were manufactured by EBL in
an electron-beam resist (PMMA 496)
coated on a silicon substrate. The re-
searchers calculated the optimum values
of duty cycle and groove depth as well as
the grating period to achieve the blue
color. The grating period was 440 nm and
the groove depth was 125 nm. The grating
line width, measured by atomic force
microscopy, was 220 nm. 

An argon-ion laser beam directed nor-
mal to the structure produced a complex
diffraction pattern on a screen placed
parallel to the surface. The pattern can be
used to analyze the diffraction mecha-
nism and to calculate the distance
between fringes. The researchers said
their results will help stimulate theoreti-
cal studies of observed complex diffrac-
tion patterns. 

Through their technique, the researchers
produced blue color by diffraction of white
light with a method inspired by the mor-
pho butterfly’s wings. As opposed to other
fabrication methods reported so far, this

multigrating structure appears blue over
broad viewing angles, similar to those
observed in butterfly wings. Furthermore,
said the research team, by choosing grating
size, orientation, groove density, and
depth, both color and efficiency of the dif-
fraction light can be controlled. 

MARIA M. CORTALEZZI

Green-Emitting Lanthanoid
Nanocrystals with Core-and-Shell
Structure Demonstrate High-
Intensity Luminescence

Nanoscale luminescent crystals are in
demand because they can be used as active
components in monitors, light-emitting
diodes, and optical intensifiers, and also as
markers for the investigation of biomole-
cules. One of the well-known techniques of
increasing quantum efficiency used in
semiconducting nanoparticles is growing a
crystalline shell of a suitable large-bandgap
material around nanocrystals. By applying
this technique to lanthanide(III) phosphate
materials, M. Haase of the University of
Hamburg, A. Lobo of HASYLAB/DESY in
Hamburg, and their colleagues developed
green-emitting CePO4:Tb/LaPO4 core–
shell nanoparticles.

As reported in the November 2003
issue of Angewandte Chemie International
Edition, the research team prepared
CePO4:Tb-doped nanoparticles with an
average diameter of 4 nm by reaction of
RE chlorides with phosphoric acid in non-
aqueous media. The nanocrystals provide
a rigid crystal environment for the dopant
ions, which would ideally lead to a high
quantum yield; however, as a result of
energy-transfer processes to the surface,
the quantum yield decreases. To suppress
the energy-loss processes at the surface of
the nanoparticles, the researchers used a
2-nm-thick shell of undoped LaPO4,
which has a similar lattice constant to ceri-
um phosphate, to avoid the formation of
defects at the core–shell interface. 

“While the excitation energy can be
transferred from one cerium atom to anoth-
er, this energy transport doesn’t work
between cerium and lanthanum,” said
Haase. “The lanthanum phosphate layer
thus functions as a barrier to energy trans-
port to the surface of the nanocrystals.” 

According to fluorescence analysis, the
research team obtained a total quantum
efficiency, which is a measurement of
how much of the incoming UV light is
converted into luminescence, of 53% for
dilute colloidal solutions of CePO4:Tb
particles and a quantum efficiency of
~80% for CePO4:Tb/LaPO4 core–shell
nanoparticles. By x-ray photoelectron
spectroscopy, the researchers verified the

Chinese Terracotta Army Restored through 
Electron-Beam Polymerization

The polychrome terracotta army found in the tomb of the first Chinese Emperor
Qin Shihuangdi, who died in 210 BC, presents a restoration and conservation prob-
lem to scientists. After 2200 years in the damp earth, the painted, lifelike figures
lose their color soon after excavation, and established methods of stabilizing the
colors have failed. Heinz Langhals, Daniela Bathelt, and Ingo Rogner from the
University of Munich have devised a method involving electron-beam curing in
order to restore the colors.

The first terracotta fragments were found in Lintong in 1974, and over 1500 of
the life-sized warriors have been excavated. “The lacquer base coat has changed
while in storage,” said Langhals. “The foundation cracks, comes loose, rolls
together, and falls off as soon as the relative humidity gets below 84%.” The layer
of color on top of it, then, is also lost.

Langhals, who was confronted with the problem in 2002 during a research visit
at the Bingmayong Museum in China, said that typical preservation materials can-
not work their way through the very fine pore structure of the water-saturated
base coat. As described in the researchers’ article in the December 2003 issue of
Angewandte Chemie International Edition, the polychrome consists of a base coat of
qi-lacquer—most likely with additives such as rice starch—and a pigment layer
containing, for example, cinnabar or malachite.

The researchers treated the excavated fragments with hydroxyethyl methacrylate
(HEMA), a common monomer used in the production of plastics, in the presence of
the cross-linker polyethylene glycol dimethacryl ester (PEG-DMA 330). Since both
are water soluble, they can be used directly on the damp terracotta. Irradiation with
electron beams went straight through the lacquer layer, but stopped at the terracot-
ta, hardening the HEMA all the way through the laquer layers. 

“The cross-linking thus begins with high intensity at the adherence-critical
terracotta–lacquer interface and continues toward the outer surface,” said
Langhals. “The reaction is stopped by oxygen from the surrounding air at the sur-
face, preventing it from becoming shiny, which would greatly disturb the natural
look of the clay warriors.”
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absence of intermixing between the lan-
thanum and cerium phosphates in nano-
particles. They noted that the core–shell
structure of nanoparticles is also con-
firmed by high quantum yields of 80%,
while phosphors prepared by conven-
tional solid-state methods have much
lower quantum yields at grain sizes
smaller than 0.5 µm.

Haase said, “Quantum yields so close to
those obtained for macrocrystalline mate-
rials were, until recently, considered unat-
tainable with nanocrystalline emitters.”

The researchers believe that they will
be able to further increase the quantum
yield by adjusting the shell thickness and
by using metal salts of very high purity.

EKATERINA A. LITVINOVA

Proton Irradiation Induces
Magnetic Ordering in Graphite

Macroscopic magnetic ordering phe-
nomena found in highly oriented pyro-
lytic graphite (HOPG) are of great interest
to the scientific community. A group of
researchers from the University of Leipzig
has focused on the fact that the saturation
magnetization of carbon prepared from

hydrogen-rich materials increases with an
increase of hydrogen concentration. They
note that the origin of magnetization
might be related to a mixture of carbon
atoms with sp2 and sp3 bonds. As reported
in the November 28, 2003, issue of Physical
Review Letters, P. Esquinazi and his col-
leagues used highly oriented pyrolytic
graphite to show that implanted protons
in HOPG triggers ferromagnetic (or ferri-
magnetic) ordering with a Curie tempera-
ture above room temperature.

The researchers irradiated HOPG sam-
ples, containing a total content of mag-
netic metal impurities below 1 ppm, with
a 2.25 MeV proton microbeam. They
demonstrated that, depending on the
irradiation dose, the saturation magneti-
zation of HOPG increases up to 5 × 10-6

emu, almost a factor of 100 larger than
that of the non-irradiated sample. The
coercive field was found to be nearly the
same for all irradiation doses (~100 Oe)
and was only weakly temperature-
dependent. The researchers measured the
maximum contribution of Fe impurities
to the magnetic moment of the samples
to be less than 6.1 × 10-8 emu and con-

cluded that ferromagnetic ordering of
HOPG is not correlated with magnetic
metals. According to the temperature-
dependent studies, the researchers indi-
cated a Curie temperature in HOPG
above 400 K.

The researchers also performed mag-
netic force microscopy studies of the irra-
diated and non-irradiated areas. They
showed the presence of homogeneously
distributed magnetic domains with a
periodicity of 2–4 µm, depending on the
irradiation dose. However, because of the
small coercive field of the magnetic sur-
face and the influence of the magnetic tip,
the magnetic domain distribution
depended on the distance between tip
and surface. By measuring the phase shift
as a function of tip–surface distance, the
research team estimated the maximum
magnetic moment observed by the tip to
be ~ 3 × 10-15 A m2, and the total satura-
tion magnetic moment to be 6 × 10-6 emu.

The researchers concluded that their
findings “open a new research field in
magnetism with possible applications in
spin electronics, since the electrons in the
hydrogenated graphene should have a
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