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tion patterns at various
points along the cooling
curve. That’s especially
interesting for compar-
ing experiment with
theories of how crystals
form.

Diffraction patterns
depend on experimental
setup. To compare ex-
periment with theory,
one calculates structure
factors S(g), where ¢ is
the momentum transfer.
Constructing S(g) from
data involves modeling
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Figure 3. X-ray diffraction patterns capture the struc-
tural changes as the molten alloy (top) cools to solid-
ify first into the icosahedral phase (middle) and then
to the C14 Laves phase (bottom). The peaks occur at
the predicted locations and are plotted as a function
of the momentum transfer g = 47 sinf/A, where 0 is
the scattering angle and A is the x-ray wavelength.

(Adapted from ref. 2.)

various aspects of the
experiment, such as the
transmission of the levi-
tation chamber’s beryl-
lium windows. Con-
structing S(g) from
theory involves choosing
an interatomic potential
then doing either a
large-scale computer
simulation or an ap-

at Argonne National Laboratory in I1li-
nois. At the APS, Doug Robinson and
Alan Goldman helped Kelton and his
team to position the electrostatic levi-
tation chamber in one of the synchro-
tron’s beam lines.

A so-called third-generation syn-
chrotron source, APS produces x rays
of high brightness and high energy.
Both qualities were invaluable for
Kelton’s experiment: The brightness
made it possible to collect data with
high signal-to-noise on the few-second
timescale of the solidification, while
the energies (125 keV, A =0.99 A)
made it possible to do a transmission
experiment rather than a more diffi-
cult reflection experiment.

Figure 3 shows three representa-
tive diffraction patterns taken at dif-
ferent stages after the laser had
melted the drop. The peaks appeared
in the right places for both the solid
icosahedral and C14 Laves phases.
Frank was vindicated.

Nucleation theory

Figure 3 captures snapshots of the
two solid phases, but Kelton and his
colleagues could also obtain diffrac-

proximate theoretical
analysis.

In the early 1980s, before the dis-
covery of quasicrystals, Frank’s ideas
about local icosahedral ordering were
applied to the formation of metallic
glasses. Harvard University’s David
Nelson and his graduate student
Subir Sachdev calculated tempera-
ture-dependent structure factors for
glass-forming liquids.* At large values
of g, which probe short-range order,
their S(q) exhibits a pair of peaks and
a shoulder that grows as the temper-
ature drops. Kelton found the same
features and the same temperature
dependence in the S(g) he derived
from his data.

The existence of icosahedral order
in the solidifying liquid has implica-
tions for classical nucleation theory.
In that picture, nucleation starts, or
fails to start, in small volumes. When
the volume occupied by the nucleating
phase exceeds the so-called critical
volume, fluctuations favor the forma-
tion of the new phase.

From his data, Kelton derived both
the size of the icosahedral clusters in
the liquid and the critical volume.
Both turned out to be a few nanome-
ters across. The similarity of the two

scales suggests that a liquid metal
isn’t a structural blank slate. Struc-
tural correlations in the liquid could
affect crystallization.

The small scale of the critical vol-
ume reveals a limitation of classical
theory. When the crystallizing action
takes place on the scale of a few tens
of atoms, it’s unlikely that a clear-cut,
classical interface is appropriate. The
challenge is to make nucleation the-
ory more atomistic.

Other levitations, other systems

That a single system, Ti-Zr-Ni, was
observed to form a quasicrystalline
phase and then a crystalline phase
was the key to proving Frank’s hy-
pothesis. But the 50-year-old theory
had received impressive support from
similar work done by other groups.

The first to study the structure of
levitated drops were Dirk Holland-
Moritz of the German Aerospace Re-
search Establishment (DLR) in
Cologne and his collaborators. The
DLR team used electromagnetic levi-
tation, which exploits an EM field to
provide both levitation, through
Lenz’s law, and heating, through sur-
face eddy currents.

Ten years ago, the DLR team
showed that systems that have a high
degree of icosahedral order in the
solid phase can be undercooled fur-
ther than systems that lack or have
less icosahedral order.?

And last year, the DLR team and
their collaborators from two French
institutions—Paris-Sud University
and the Center for Nuclear Studies in
Grenoble—demonstrated for four ele-
mental metals and three alloys that
the further a liquid undercools, the
greater its icosahedral order.®
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Stretchable Conductors Help Clear the Path to Skinlike
Large-Area Devices

ensitive skin” is the delicate name
for a visionary technology: thin
flexible large-area sensor arrays.
With sensitive skin, one could endow
robots with the information-gathering
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tools they need to work in unstruc-
tured environments; one could clothe
heart patients with shirts that moni-
tor arrhythmia; one could equip food
handlers with gloves that detect

Conducting stripes of gold foil can
be stretched significantly when
they’re stuck to a rubbery substrate.

http://www.physicstoday.org



Figure 1. Stéphanie Lacour demonstrates the flexibility
of the stretchable conductor she developed with
Princeton University’s Sigurd Wagner, Zhenyu Huang,
and Zhigang Suo. (Courtesy of Lacour.)

spoiled meat. The appli-
cations of sensitive skin
are many, varied, and—
unfortunately—out of
reach.

The applications re-
main visions, but not be-
cause scientists and en-
gineers can’t make
suitable sensors or flex-
ible substrates on which
to put them. Stretchable
fabrics and materials
have been around for
years. And sensors, like
the sequins on an ice
skater’s costume, can be
made small enough that
they’re unaffected when
a substrate bends,
twists, or stretches.

But sequins, unlike
the sensors on sensitive
skin, don’t need con-
ducting interconnects
to function. Pulling on
a glove, for example,
involves deforming the
material by 10% or
more, but metal wires
and thin films rupture
at strains of a few
percent. Conducting
polymers, such as poly-

acetylene, can’t do the job because
they don’t conduct electricity well
enough.

Now, a team of four engineers from
Princeton University has found a way
to deposit stretchable interconnects
on a flexible substrate.! Shown in fig-
ure 1, the metal films developed by
Sigurd Wagner, his postdoc Stéphanie
Périchon Lacour, and their colleagues
Zhigang Suo and Zhenyu Huang, con-
tinue to conduct even when subjected
to tensile strains of 40%.

Necking

To appreciate why it’s so difficult to
make flexible metal interconnects,
consider what happens when tensile
stress is applied to a metal wire. Un-
like a rubber band, which responds to
stress by stretching evenly, a metal
wire develops a local deformation—a
neck—that bears almost all the
stress. As the stress increases, the
neck thins, lengthens by a factor of
two or more, then breaks when the
strain of the whole wire reaches a few
percent. Thin metal films rupture in
the same way.

When Wagner began his quest for
stretchable interconnects three years
ago, his main working idea was to add
slack. He tried various schemes, in-
cluding stripes that zigzag over the
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Flgure 2. Gold deposited on silicone develops a wavy, wrinkled pattern because
the silicone has a greater coefficient of thermal expansion than does gold. (a) On
large areas, the wrinkles run in all directions. (b) But in stripes, the wrinkles line
up perpendicular to the direction of the stripe. (Adapted from ref. 1.)

substrate rather than run straight.
They didn’t work, but in the course of
his investigations, he noticed that
gold, when deposited in a thin layer
on silicone rubber, develops a surface
pattern like the ridges and fissures of
a human brain.

Puzzled by the patterns, Wagner
consulted his collaborator Suo, who
pointed to a 1998 paper by Harvard
University’s Ned Bowden and others.2
Bowden, who’s now at the University
of Iowa, had discovered that gold
forms similar patterns on an elas-
tomeric silicone called polydimethyl-
siloxane (PDMS). To make the pat-
terns, Bowden heated the PDMS
surface before and during the deposi-
tion process. When it cools, the
PDMS, thanks to its larger coefficient
of thermal expansion, compresses the
gold layer, causing both the substrate
and the layer to wrinkle together.
Here, Wagner realized, was a simple

method for adding slack—in the form
of built-in compressive strain—to a
thin metal layer.

The project to exploit the wrinkling
took off when Lacour joined Wagner’s
lab in 2001. She found she could mod-
ify the gold layer’s waviness by de-
positing the gold in thin stripes
through a mask. Obligingly, as figure 2
shows, the wrinkles line up across the
stripe—just the arrangement for act-
ing as a source of built-in compressive
strain along the length of the stripe.

To investigate the stripes’ perform-
ance, Lacour made samples like the
one shown in figure 1. The samples
consisted of roughly 1-mm-thick strips
of PDMS topped with gold stripes
100 nm thick and 250 um wide. A 5-nm
underlayer of chromium helped the
gold stick to the PDMS. Her experi-
mental setup consists of a homemade
microtensile tester for stretching the
samples, meters for measuring resist-
ance and elonga-
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Figure 3. Resistance increases with applied strain in two strain increase by
regimes. Below a strain of about 8%, the increase is linear 0.4 percentage
(blue points and left-hand scale). Above 8%, the increase points to about
accelerates (red points and right-hand scale), but even at a 1.5%. As she

strain of 22%, the resistance remains finite. (Adapted from

ref. 1.)

ratcheted up the
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strain, the stripe’s

resistance increased linearly. To her
surprise, the resistance stayed in the
linear regime up to a strain of about 8%.
The stripe didn’t break. Higher strains
brought another surprise. As figure 3
shows, the resistance rose more
sharply above 8% strain, but it didn’t
become infinite—even at 22% strain.

The video showed what was hap-
pening. As the strain increased from
zero, small cracks opened along the
edges of the stripe. The cracks
steadily widened and lengthened,
causing the linear rise in resistance.
At around 16% strain, the cracks ex-
tended all the way across the stripe,
but the resistance, though high, re-
mained finite. Lacour and Wagner
don’t know why the severed stripe
conducts, but they suspect the small-
scale roughness of the PDMS surface
might play a role. Some of the gold,
along with chromium from the adhe-
sive underlayer, could remain in
troughs on the surface and provide
electrical connection across the gap.

Why doesn’t the stripe break at the
predicted strain of 1.5%? Suo says
that the flexible substrate suppresses
necking. A neck, he points out, needs
free space to form and lengthen. If the
film is stuck to the substrate, that
room for expansion is off limits.

To function as a sensitive skin com-
ponent, an interconnect has to re-
peatedly endure strains of 10% or
more. With that goal in mind, Lacour,
assisted by graduate student Joyelle
Jones and undergraduate Catriona
Chambers, performed two additional
experiments, which they reported at
the Materials Research Society’s
spring meeting in San Francisco.

In the first experiment, they
stretched samples up to 12 times be-
tween zero and 10% strain. The re-
sistance behaved the same way, re-
gardless of the cycle. In the second
experiment, Lacour, Jones, and
Chambers aimed to boost the stripe’s
built-in compressive stress by de-
positing gold on strained PDMS. The
trick worked. Prestraining the sub-
strate by 10-15% raised the stripe’s
breaking strain from 16% to 40%.

Despite these successes, much re-
mains to be done, including figuring
out how to make interconnects that
cross each other. Still, Wagner hopes
one day to realize one of his visions: to
make a circuit that he can fold up and
put in his pocket like a handkerchief.
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