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and the “sharpness” of the Fano-like resonance,
determined the observed beating behavior. This
sensitivity of the model parameters for the two
ROIs showed that the local response significant-
ly varies on a 100-nm length scale, as was also
seen for the coherence liftetime measured by 2D
nanoscopy.

The hybridization of localized modes with
long-lived dark modes and the associated ap-
pearance of long-lived localized electronic coher-
ence are of general interest for surface-enhanced
spectroscopy. Moreover, the coupled-oscillator
model connects the observation of long-lived co-
herences in hot spot-related multiphoton photo-
emission on corrugated surfaces to the intensively
studied phenomenon of electromagnetically in-
duced transparency in plasmonic systems (26—28).
The observation and investigation of such cou-
pled modes had been restricted to ensembles of
identical structures (28, 29). With the applica-
tion of 2D nanoscopy, we have resolved different
Fano-like resonances within one individual hot-
spot emission. Potential uses of 2D nanoscopy
include polarization pulse shaping (30), which
could allow mapping of the tensor character of
the nonlinear response by selecting the appropri-
ate polarization directions of the excitation sub-

pulses. Indeed, the pulse shapes themselves could
be varied, allowing the combination of 2D nano-
scopy and coherent control techniques. Higher-
order processes and systems with more than three
levels could be investigated with pulse trains
consisting of more than four pulses. Extension to
short wavelengths (/2) should also be possible.
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Geometry and Mechanics in the
Opening of Chiral Seed Pods

Shahaf Armon,® Efi Efrati,* Raz Kupferman,z Eran Sharon*

We studied the mechanical process of seed pods opening in Bauhinia variegate and found a
chirality-creating mechanism, which turns an initially flat pod valve into a helix. We studied configurations
of strips cut from pod valve tissue and from composite elastic materials that mimic its structure. The
experiments reveal various helical configurations with sharp morphological transitions between them.
Using the mathematical framework of “incompatible elasticity,” we modeled the pod as a thin strip with
a flat intrinsic metric and a saddle-like intrinsic curvature. Our theoretical analysis quantitatively
predicts all observed configurations, thus linking the pod’s microscopic structure and macroscopic
conformation. We suggest that this type of incompatible strip is likely to play a role in the self-assembly
of chiral macromolecules and could be used for the engineering of synthetic self-shaping devices.

otion in plants is a highly nontrivial
Mprocess. It is often based on aniso-

tropic swelling and shrinkage, driven
by the relatively slow variation of water con-
tent within the tissue (/). Swelling and shrink-
age may lead to the accumulation of elastic
energy and the buildup of stress. This stress can
be released via mechanical instabilities, such
as fracture, buckling, and snapping (2, 3). The
buildup of stress may also occur in sclerenchymal
tissue (tissue made of dead cells) and is thus a
process that can be analyzed from a purely
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mechanical point of view. Sclerenchymal tissue
typically consists of fiber cells whose walls are
made of layered cellulose fibrils with a preferred
orientation. When absorbing/expelling water,
the tissue expands/shrinks anisotropically, per-
pendicularly to the fibrils’ orientation [(/), p. 200].
Changes in air humidity induce such uniaxial
swelling/shrinkage that drive, for example, the
opening and closure of a pine cone (4) and the
penetration of wheat seeds into soil (3).

Chiral pod opening is a nontrivial example of
hygroscopic (humidity-driven) motion in scle-
renchymal tissue. In this process, two initially
flat pod valves curl into helical strips of opposite
handedness. A detailed study of the structure of
pod valves in over 300 species of Leguminosae
shows a wealth of architectures (6). We studied pod
opening in Bauhinia variegate (Fig. 1, A and B),

whose pod valves are known to consist of two fi-
brous layers, oriented roughly at +45° with respect
to the pod’s longitudinal axis [supporting online
material (SOM) text and fig. S1, x-ray scattering
measurements and fig. S2]. It turns out that the
mere presence of two layers that shrink in per-
pendicular directions is sufficient to drive the flat-
to-helical transition in pod opening.

As a proof of concept, we constructed a me-
chanical analog of the Bauhinia pod that copies
its geometry. We stretched two identical thin
latex sheets uniaxially by the same elongation
factor. We then glued one on top of the other
in perpendicular directions (Fig. 1C). Once
released from the external stretching, the com-
posite object underwent the same shrinkage
profile as the Bauhinia valve: The two layers
shrunk uniaxially in perpendicular directions.
Elongated strips cut out from the composite
sheets were found to curl into helical configura-
tions (Fig. 1F).

It is well known that uniaxial shrinkage of
one layer in a bilayered sheet induces cur-
vature, which accommodates the difference in
length of the two layers. When the sheet is thin
enough, it bends accordingly. Strips with a single
intrinsic curvature have been studied extensively;
large sheets adopt a cylindrical configuration,
whereas narrow strips adopt helical configura-
tions that are “cut from a cylinder” (7—10).

A qualitatively different situation occurs when
two layers shrink perpendicularly. In such a case,
the sheet “wants” to bend in two opposite and
perpendicular directions—that is, they locally as-
sume a saddle-like configuration (Fig. 1, D and
E). This tendency to bend into a saddle creates a
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metric incompatibility: On the one hand, the in-
plane rest lengths between surface elements re-
quire the surface to be metrically flat, to have zero
Gaussian curvature. On the other hand, a saddle-
like configuration has nonzero Gaussian curva-
ture. Thus, the body cannot assume a stress-free
configuration and must contain residual stress.
The key feature of residually stressed bodies is
that their configuration changes when they are
dissected into smaller parts, reflecting the release
of stored elastic energy.

Geometrically incompatible materials are
well known in the mechanical literature and are

A

described by the theory of “incompatible elas-
ticity” (11, 12). A mathematical theory for in-
compatible thin sheets was recently derived in
(13, 14). In this theory, thin sheets are modeled as
two-dimensional surfaces. The configuration of a
surface is fully characterized by two tensors: a
metric tensor, a, which contains all information
about lateral distances between points, and a cur-
vature tensor, b, which contains information about
the local curvature. An elastic sheet is charac-
terized by two additional tensors that are intrinsic
to its structure: a reference metric, @, and a ref-

erence curvature, b. These tensors represent the

c 111

It

()

Fig. 1. (A and B) Closed and open Bauhinia pods. (C) Manufacturing of a mechanical analog. Two planar
latex sheets are stretched uniaxially along perpendicular directions and then glued together, forming a
residually stressed compound sheet. A strip is then cut from this sheet along a direction that forms an
angle 6 with one of the stretching directions. (D) Illustration of the target curvatures induced by the
stretching profile. (E) Equilibrium configuration of a small circle cut from the stretched bilayer. The per-
pendicular lines represent the stretching directions. (F) Pod-like configurations mimicked by two narrow
strips cut from the latex sheets at angles 6 = 45°,135° (the grids are parallel to the directions of principal
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lateral distances and curvatures that would make
the sheet locally stress-free. They are determined
by the swelling/shrinkage distribution within the
sheet. When a # @, the sheet contains in-plane
stretching deformations, and when b # b, the
sheet contains bending deformations. The total
elastic energy is the sum of the stretching and
bending energies,

E=E,+Ep~
(1 = V)|a = a@* + vtr¥(a — a@)|dS +
A1 = )b = B> + vtr2(b — b)|dS (1)

where ¢ is the thickness of the sheet, dS is the
infinitesimal surface element, and v is the Poisson
ratio of the material. The ~ relation stands for
proportionality, where the coefficients are con-
stant material parameters. Given the material pa-
rameters @ and b, the system is postulated to
minimize energy by choosing a configuration
with optimal @ and b.

Naively, one would think that the sheet can
eradicate its elastic energy by settling on a config-
uration that satisfies « =@ and b = b. This,
however, is not always possible: Every surface in
space must fulfill a set of constraints—the Gauss-
Codazzi-Mainardi equations—that connect be-
tween the metric and curvature tensors (/5). If the
local shrinkage is such that the resulting @ and
b do not satisfy these constraints, there cannot
be any configuration in which « =@ and b = b
(SOM text). This is the mathematical formulation
of the metric incompatibility discussed above.
In such a case, the configuration of minimum en-
ergy is determined by a competition between the

curvature). stretching and bending energies.
24 T T T T Fig. 2. Dimensionless
f timm] | kop[mm'] | radius, 7 = ri,, and pitch,
22 v | 16 014 P = pi, versus dimension-
less width, w = W, /Kt for
20 < 2 0.14 various strips cut from latex
ol 15 0.17 sheets at 6 = 45° (open
18 symbols) and Bauhinia

23 . y : !

© 0-18 pods (solid symbols); dif-
16 Al 15 0.16 ferent samples differ in
" Ko and t (legend to right).
The solid lines are the theo-
i 08 02 retical predictions, and the
12 B3| 08 0.2 dotted lines are the as-
A 0.8 0.3 ymptotic limiting values
10 v| o8 017 (Egs. 4 an.d.5): Both insets
show equilibrium config-

urations of (left) Bauhinia
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and (middle) latex strips along with (right) the theoret-
ical prediction in both (left inset) narrow and (right inset)
wide regimes.
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The first step in modeling the shaping of
Bauhinia pods (or the mechanical model) is to
determine the reference tensors @ and 5. Each of
the fibrous layers that construct the valve is
separately planar. This implies that the reference
metric is Euclidean and can be written in the form

(3

Measurements on segments of Bauhinia pods cut
along the two directions of principal curvature
exhibit oppositely curved arcs of approximately
the same radius. This validates our assertion that
b exhibits at each point two principal curvatures
of the same magnitude but of opposite signs.
Adopting coordinates (x, y) that are parallel to

)

the directions of principal curvature, we obtain a
saddle-like (hyperbolic) reference curvature ten-

sor of the form
= (0%,)

where K, is the magnitude of the reference
curvature. In Bauhinia pods, the directions of
principal curvature form an angle of 45° with re-
spect to the longitudinal axis. In strips cut out
from latex sheets, this angle can be determined
at will. A strip is characterized by the following
parameters: a thickness ¢, a width w, a length L,
an induced curvature K, and an angle 6 between
the strip’s longitudinal axis and a direction of
principal curvature.

3)

A 1.5 B o2
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Fig. 3. Surface morphology of latex sheets cut at 45°. (A) Normalized mean curvature squared,
16H?/xZ, and (B) normalized Gaussian curvature, K/ic3, both as function of the distance (in units of half
width) from the edge. The thickness of the sheet is 1.5 mm. The different symbols correspond to strips
of widths 5, 8, 18, 25, 30, 40, and 60 mm [bottom to top in (B)].
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Fig. 4. Configurations of narrow strips cut at angles 0°, 15°, 30°, 45°, 60°, 75°, and 90° from (A) a latex
sheet and (B) Bauhinia pods. (C) Theoretically predicted configurations. (D) Dependence of radius and
pitch on angle. Symbols correspond to latex sheets, whereas the lines are the theoretical predictions.
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A quantitative study of strips cut out from
Bauhinia pods and from latex sheets at an angle
of 6 = 45° exhibits two different regimes: Wide
strips adopt a configuration close to a cut from
a cylindrical envelope (“cylindrical helices”),
whereas narrow strips exhibit a “pure twist,”
where the strip’s centerline is straight (“twisted
helices™). At the coarsest level, we may charac-
terize the shape of the strips by two parameters:
the radius 7 and the pitch p of the strip’s mid-
curve. Figure 2 shows results for a collection of
strips cut from both Bauhinia pods and latex
sheets. For each sample, we measured the pa-
rameters ¢, w, 7, p, and Kk, (io was estimated by
measuring the curvature of very thin strips cut
along principal directions). We plotted a dimen-
sionless pitch p = pxo and a dimensionless ra-
dius 7 = rko as functions of a dimensionless
width w = w/x /. With this scaling, both pod
tissue and latex data were found to collapse to
a single functional behavior. We found a criti-
cal transition between the two regimes. For
W < Werit = 2.5, the radius 7 is nearly 0, exhib-
iting a forward bifurcation at the critical value.
The pitch p attains a maximum at a value of w of
about Wi

The theoretical study consists of minimizing
the energy (Eq. 1) of a strip with reference tensors
@ and b as given by (Eq. 2) and (Eq. 3). Di-
mensional analysis indicates that the stretching
energy scales like tw(kow)*, whereas the bend-
ing energy scales like #wi3. Thus, one expects
the occurrence of a stretching-dominated regime
for large w and a bending-dominated regime for
small w. The transition between the two regimes
is expected to occur when the two energies are
of comparable magnitude, when w = +/1/xo,
orw= 1.

When w »1, the stretching term dominates,
anda =~ a = [, except within a bending-dominated
boundary layer of characteristic width \/#/ . Thus,
b aims to optimally approximate b, under the con-
straints that the metric be Euclidean. At equilib-
rium, one of the principal curvatures is found to
coincide with the reference curvature (up to a mul-
tiplicative factor depending on the Poisson ratio
v), whereas the second principal curvature is 0,

b= (1 —v)(‘f)o 8) orb = (1 —V)(g_zo).

The two solutions are equally stable. The
configuration looks like strips cut out from the
envelope of a cylinder, with a centerline that is
a helix of radius and pitch (Fig. 2, right inset):

p 1
===
(I—V)K()

o (4)

Such cylindrical helices are similar to config-
urations observed in strips with a single intrinsic
curvature (7—10). Yet, there is a fundamental dif-
ference between the two cases because in the
case of a single curvature, 7 and b are compat-
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ible, and there is no mechanical frustration. In
the presently studied case, @ and b are incom-
patible, resulting in stored mechanical energy.
Two manifestations of this geometric frustra-
tion are the bistability of the equilibrium and the
configurational change occurring when the strip
is dissected.

When w « 1 (narrow strips), the equilibrium
configuration is bending-dominated, » ~ b. Now,
it is the metric a that best approximates (in a
mean square sense) the reference metric @,
among all metrics compatible with . It can be
shown that at equilibrium, ¢ = @ in the vicinity
of the mid-curve, which is all that is needed for
predicting the shape of the mid-curve.

The configurations in the narrow regime are
twisted helices and are similar to configurations
found in (stretch-free) liquid membranes (16, 17).
Once again, there is a fundamental difference
between the two cases because twisted helices in
liquid membranes are stress-free. In the present
study, they result from a compromise between
stretching and bending energies.

The radius and pitch in the narrow regime are

(5)

r=0and p= 2—”'
Ko
The limiting values (Eq. 4) and (Eq. 5) are
represented in Fig. 2 as dotted lines and are found
to agree with measured data. Lastly, in the inter-
mediate regime both stretching and bending are
comparably important, and one has to minimize
the total energy with respect to both @ and b. The
calculation of a global minimizer can be done
numerically, as described in the SOM text. The
predicted dimensionless radius and pitch are dis-
played as functions of w in Fig. 2B (solid line) and
show good agreement with experimental data.
The transition between the two limiting
regimes—wide versus narrow strips—is also
manifested in the geometry of the surface. One
way to characterize a surface is via the local
values of its mean curvature, H, and Gaussian
curvature, K, which are the respective mean and
product of the two principal curvatures. In Fig. 3,
we plot H and K as function of the distance from
the edge for a collection of latex strips differing
only in width. These data were extracted by mea-
suring the surface topography of the latex strips
with optical profilometry. Each scan provides us
with a map of the surface height, from which we
computed the local values of A and K by discrete
differentiation. We then averaged H and K over
points that are at equal distance from the edge of
the strip. Narrow strips, w < W, are approxi-
mately minimal surfaces with mean curvatures of
uniformly 0 as dictated by b. Above the critical
width, H is no longer uniformly 0. For wide
strips, H reaches the predicted value of (1 — )k,
far enough from the edge (dotted line) while
remaining 0 at the edge, with a boundary layer
connecting the two regions (/4). For wide strips,
K = 0 as determined by (the Euclidean) @,
whereas for narrow ones, K tends toward the
asymptotic value of —«3 (~1 in the units used in

the plot) as w — 0. Thus, our model is capable of
predicting not only the global shape of the helical
strips but their surface topography as well.

A natural question is whether the transition
between the narrow and wide regimes is contin-
uous or not; more precisely, is the change in equi-
librium configuration continuous as w crosses the
critical value of Wg;;? Both our calculations and
measurements indicate that the transition is con-
tinuous, although sharp. For example, Fig. 3A
shows that as w approaches from above the value
of Werir, the mean curvature tends continuously
to zero.

Our theoretical and mechanical models cap-
ture well the behavior of Bauhinia valves and link
quantitatively between the microscopic structure
and the macroscopic configurations. Yet, they
have an even wider scope of applicability. We
next studied the dependence of the equilibrium
configuration on the angle 0. Configurations of
latex, Bauhinia, and theoretically predicted strips,
respectively, are shown in Fig. 4, A to C, for
fixed width and varying 8. The dependence of
the radius and the pitch on the angle for latex
strips are shown in Fig. 4D. The parameters
correspond to the “narrow” regime, w < Weris.
For 6 = 0° and 6 = 90°, the strips’ longitudinal
axis coincides with a direction of principal cur-
vature. As a result, the shapes are circular, with
curvature approximately equal to the correspond-
ing principal curvature. As 0 is increased from
0° to 45°, the pitch increases, and the radius
decreases, until a pure twist is obtained at 45°.
The same behavior is obtained when the angle
decreases from 90° to 45°. The handedness of
the configurations is reversed for strips cut at
angles between 90° and 180° (not shown). This
demonstrates that the handedness of the helices
is not a bulk material property but rather de-
pends on the global geometry of the sample.

We have also conducted an experimental
study of the dependence of the equilibrium config-
uration on the angle 6 in the “wide” regime,
W < Werit (data not shown). In this regime, two
bistable configurations emerge, each being flat
along another direction of principal curvature.
Both states have the same handedness and the
same bulk energy density, so that the globally
stable state is determined by boundary effects.
The two metastable states are indistinguishable at
0 = 45°. For 6 = 0°,90°, the two bistable states
correspond to the two states of tape springs,
which were studied in (/8), for an example.

The only inputs in our model are @ and b
and not any specific swelling/shrinkage profiles.
Many different combinations of anisotropic lay-
ered growth would lead to the same intrinsic
geometry—the same @ and b. For example,
the same form of b is achieved if the angle
between the swelling/shrinkage directions is
not 90° or even under isotropic growth of one
layer together with an anisotropic growth of
the other (SOM text and figs. S3 and S4). Thus,
the mechanism we have presented is quite gen-
eral and is expected to manifest in different

REPORTS

systems with different internal structures, con-
sistently with the diverse valve architectures re-
ported in (6).

The present study is potentially applicable
to systems of different scales and contexts. For
example, many organic and inorganic macro-
molecules are found in different helical config-
urations (9, 16, 17, 19). In our model, the only
nontrivial property of the sheet is its saddle-
like reference curvature tensor. It can therefore
be relevant to any sheet with such spontane-
ous curvatures, including monolayers and sheets
with different microstructures. Macromolecules
made of chiral molecules are often modeled by
introducing a term in the bending energy that
accounts for a spontaneous twist. It can be
shown that geometrically, a sheet with a spon-
taneous twist is equivalent to one with hyper-
bolic reference curvature tensor (SOM text).
Indeed, a transition qualitatively similar to the
one presented in Fig. 2 was predicted in (20, 21).
After translating the parameters of (27), we
found their predicted value for W to be sim-
ilar to ours. It would be interesting to see
whether our model, which accounts for a wider
range of intrinsic geometries, could describe con-
figurations of macromolecules that are currently
not well understood (/9). Lastly, mechanisms
such as the one studied here can be implemented
by using inducible responsive materials. Such
bio-mimicking designs have an applicative po-
tential as soft actuators (for a proof of concept,
see movies S1 and S2).
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The Role of a Bilayer Interfacial Phase
on Liquid Metal Embrittlement

Jian Luo,** Huikai Cheng,? Kaveh Meshinchi Asl,* Christopher ]. Kiely,> Martin P. Harmer?*

Intrinsically ductile metals are prone to catastrophic failure when exposed to certain liquid
metals, but the atomic-level mechanism for this effect is not fully understood. We characterized
a model system, a nickel sample infused with bismuth atoms, by using aberration-corrected
scanning transmission electron microscopy and observed a bilayer interfacial phase that is the
underlying cause of embrittlement. This finding provides a new perspective for understanding
the atomic-scale embrittlement mechanism and for developing strategies to control the practically
important liquid metal embrittlement and the more general grain boundary embrittlement
phenomena in alloys. This study further demonstrates that adsorption can induce a coupled grain
boundary structural and chemical phase transition that causes drastic changes in properties.

sically ductile metals, such as Al, Cu, and Ni,

are prone to catastrophic brittle intergranular
fracture at unusually low stress levels when ex-
posed to certain liquid metals (/). LME can cause
cracking during and/or after hot dip galvanizing
or welding of steels and other nonferrous struc-
tural alloys. Furthermore, understanding LME is
important for enabling the usage of liquid metals

In liquid metal embrittlement (LME), intrin-

in the next generation of nuclear power genera-
tion systems and novel spallation target systems
for nuclear waste incineration. In LME, the fail-
ure is known to originate at the grain boundaries
(GBs), where the adsorption of the liquid metal
element occurs (2—4), but an exact understanding
of the embrittlement mechanism at an atomic
level has puzzled the materials and physics com-
munities for over a century. We have charac-

terized GBs in a model LME system, Ni-Bi, by
using aberration-corrected high-angle annular
dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM). Our study suggests that
the embrittlement in Ni-Bi is due to bilayer ad-
sorption of Bi atoms at general (i.e., high-energy
and low-symmetry) GBs.

In a broader context, observation of these bi-
layers in a simple metallic system (Ni-Bi) fills a
knowledge gap to demonstrate the general exis-
tence of discrete nanoscale GB-stabilized phases
(also called complexions; see Fig. 1) (5). Where-
as the existence of surface phases is well estab-
lished (6), the identification of GB analogs at
internal interfaces offers a different perspective
for solving a variety of outstanding scientific
problems (7, 8). The coexistence of multiple
interfacial phases at GBs with markedly different

1School of Materials Science and Engineering, Center for Op-
tical Materials Science and Engineering Technology, Clemson
University, Clemson, SC 20634, USA. “Department of Mate-
rials Science and Engineering, Center for Advanced Mate-
rials and Nanotechnology, Lehigh University, Bethlehem, PA
18015, USA.

*To whom correspondence should be addressed. E-mail:
mph2@lehigh.edu (M.P.H.); jluo@alum.mit.edu (].L.)

Intrinsic Monolayer/ . " Nanometer-Thick Complete
A (“clean”) Submonolayer Bilayer Trilayer Intergranular Film (IGF) Wetting
Decreasing Interfacial Width; Increasing Ordering
B Classical . X Nano “Equilibrium” Arbitrarily
Langmuir-McLean Discrete Thickness Thickness “Thick” Film

Fig. 1. (A) Six distinct interfacial phases have been observed in alumina
and termed GB complexions (7, 8). These schematics are adapted from (7)
with permission. (B) Analogous interfacial phases in metals. The direct STEM
HAADF observation of the most controversial bilayer and trilayer interfacial
phases in a simple metal system, Ni-Bi, where the interpretation of images
and their thermodynamic origin are less equivocal, authenticates the ex-
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istence and generality of this series of generic interfacial phases. The phys-
ical origins of the nanoscale interfacial phases that are intermediate to
the classical L-M adsorption and complete GB wetting are illustrated and
discussed in the text. Micrographs i and ii are adapted from (28), and mi-
crographs v and vi are adapted from (1) with permissions. Micrographs iii
and iv are from the current work.
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