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search and discovery

Nanostructures often appear to
play by a different set of rules
from those governing bulk mate-

rials. Mechanically, they tend to be
stronger, more ductile, and more flexi-
ble than their bulk counterparts (see
PHYSICS TODAY, November 2013, page
14). Shrinking a material’s scale can also
change its thermal properties. In a bulk
semiconductor or insulator, for in-
stance, those properties are primarily
determined by phonon–phonon and
phonon–defect interactions; in nano -
structures, phonon–surface interactions
dominate.

A precise description of phonon–
surface interactions has proven difficult
to pin down from first principles. It’s gen-
erally agreed that phonons with wave-
lengths much larger than a surface’s char-
acteristic roughness length scale should
reflect specularly, like light off a smooth
mirror, and that those with wavelengths
much shorter than the roughness length
scale should scatter diffusively. Theories
differ, however, as to what happens at
intermediate wavelengths.

Richard Robinson and coworkers at
Cornell University have introduced a
tool that could shed new light on the
problem: a microscale phonon spec-
trometer.1 The device, pictured in the
figure, uses superconducting tunnel
junctions (STJs) cooled to a fraction of a
kelvin to detect the frequency depen -
dence of phonon transmission through
silicon nanosheets.

One STJ serves as the phonon source.
When a current is driven through the
junction at a sufficiently large bias that
the electron energy eV exceeds twice the
energy Δ of the superconducting gap,
the tunneled electrons shed excess 
energy in the form of phonons. The re-
sulting phonon energy distribution is
broad and uniform, with a sharp cutoff
at eV − 2Δ. To probe just a narrow slice
of spectrum, the researchers modulate
the bias voltage: The change in the
phonon energy distribution due to such
modulation is concentrated in a narrow
band near the cutoff energy. 

Phonons that pass through the
nanosheets strike a superconducting
film that’s connected to a pair of addi-
tional STJs, the detectors. The incoming
phonons excite Cooper-paired elec-
trons, which give rise to a detectable
tunneling current. (The detector STJs

are configured as a superconducting
quantum interference device, so that
Josephson currents, which might other-
wise mask the phonon-induced cur-
rent, can be suppressed with an applied
magnetic field.) By monitoring the ratio
between the detector and source cur-
rents, the researchers can tease out the
wavelength dependence of phonon
transmission. 

Just because a phonon passed
through a nanosheet, however, doesn’t
mean it didn’t scatter along the way.
Some scattered phonons eventually
find their way to the detector. But others
scatter backward, exit the way they en-
tered, and escape into the environment
undetected. Using a theoretical model
that incorporates Monte Carlo simula-
tions of phonon trajectories, the re-
searchers could relate the phonon
transmission rate to the effective scat-
tering mean free path.

Although the tunnel-junction tech-
nique for phonon spectrometry was de-
veloped more than four decades ago,2 it
has until now been used exclusively on
bulk materials. Applying the technique
to nanostructures required more than
simply miniaturizing the spectrome-
ter’s individual elements; arrangement
is also important. To ensure that
phonons have a direct path between the
source and the detector, those two ele-
ments should face each other, with the
nanosheets aligned between them.
That’s difficult to achieve with standard
nanofabrication techniques, which re-
quire STJs to lay face-flat against an un-
derlying substrate. 

The Cornell team’s solution was to
incorporate a 7-μm-wide raised mesa
into the substrate surface. The source
STJ and the phonon-absorbing tip of 
the detector were deposited along the
mesa’s steep edges, as depicted in the
figure’s inset. Nanosheets of varying
thickness and length could then be
etched out of the mesa itself. “It’s a great
idea,” says Olivier Bourgeois, of the
Néel Institute in Grenoble, France.
“And in terms of nanofabrication, it’s
extremely difficult to execute.”

Early spectroscopic studies using ar-
rays of 100-nm-thick sheets produced a
surprise result. The etching process 
creates sheets with a characteristic sur-
face roughness of 1 nm. But even for
phonon emissions with peak wave-

lengths in the 10- to 15-nm range, trans-
mission through the sheets was con -
sistent with diffusive scattering. That
would mean the standard theory of
phonon scattering, which predicts
mostly specular reflection at those wave-
lengths, may overestimate the sheets’
thermal conductivity.

Follow the phonons
The extent to which one can alter a ma-
terial’s thermal properties by tinkering
with its surface structure isn’t yet fully
known. In 2008, a team from the Uni-
versity of California, Berkeley, led by
Arun Majumdar and Peidong Yang, 
reported experiments showing that 
surface roughening could reduce the
room-temperature thermal conductiv-
ity of silicon nanowires more than five-
fold, to around 1/100 the conductivity
of bulk silicon.3 That would make them
attractive for heat-harvesting thermo-
electric devices, where the ideal mate-
rial can simultaneously conduct elec-
trons and maintain large temperature
gradients.

It was never clear, however, what
physical mechanisms underlay the
Berkeley results. Presumably, roughen-
ing the walls slows transport by extend-

Phonon spectrometry goes nanoscale 
The ability to probe phonon–surface scattering could help elucidate
the curious thermal behavior of some nanostructured materials.

The spectrometer shown in this false-color
scanning electron microscope image detects
the transmission of phonons through an
array of silicon nanosheets etched out of a
raised mesa. Phonons generated by a source
superconducting tunnel junction (STJ) are
detected by the current they produce as they
strike two detector STJs. To ensure a direct
path between the source and the phonon-
absorbing tip of the detectors, those ele-
ments were built facing each other, along the
inclined edges of the 800-nm-tall mesa, as
depicted in the inset. (Adapted from ref. 1.)
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Random walks arise in many areas
of physics and other sciences.
They don’t all look the same. A

particle moving freely behaves differ-
ently from a particle in a static potential,
which behaves differently from a parti-
cle that’s being actively transported,
and so on. In biological systems, from
atoms in a protein to birds in a flock, the
complex interactions between compo-
nents give rise to an especially rich 
variety of possible dynamics. The usual
way to characterize random-walk tra-
jectories, such as the one shown in the
figure, is by looking at the displacement
vectors V(t; Δ) describing the particle’s
motion from time t to time t + Δ. One
particular favorite measure is the mean-
square displacement, the average of
V2(t; Δ) over all t for a particular Δ. In
simple Brownian motion, in which each
time step is completely uncorrelated
with all the others, the mean-square
displacement grows linearly with Δ; a
different functional form is a sign of
anomalous dynamics.

Now Stanislav Burov, Aaron Dinner,
and colleagues at the University of
Chicago have shown that by analyzing
the angles θ(t; Δ) between successive
displacement vectors, they can uncover
complex dynamics that are otherwise
obscured.1 Because an angle is a func-
tion of three points rather than two, the
distribution of θ(t; Δ) for a given Δ can
be a sensitive measure of whether a 
trajectory’s direction is influenced by a
retained “memory” of the system’s past
configurations. 

Burov developed the idea while an-
alyzing experimental data on the trans-
port of insulin in mouse pancreatic
cells.2 The cells synthesize insulin mol-
ecules, package them into “granules”
some 300 nm in diameter, and then
shuttle the granules close to the cell sur-
face so they can be rapidly released
when needed. The mechanism govern-

ing granule transport may also account
for the two-phase secretion of insulin in
response to a glucose spike—a sharp,
fast release followed by a sustained,
slower one—and thus for the disrup-
tion in that secretion pattern associated
with type-2 diabetes.

The Chicago researchers were among
the first to look at insulin-granule dy-
namics at the level of single trajectories.
Unsurprisingly, it’s not simple Brownian
motion. When they tried to classify it as
one of the known types of non-Brown-
ian motion, different statistical tests on
the V(t; Δ) data gave conflicting results.2

Turning from displacements to an-
gles, the researchers found that distri-
butions of θ(t; Δ) peaked at θ = 0. That
is, the granules showed a preference for
continuing to move in the same direc-
tion, a signature of active transport. But
they also found a second set of peaks at
θ = π, indicating a tendency for the
granules to reverse direction. “We were
amazed,” recalls Dinner. “We hadn’t
appreciated that the granules were
making reversals, despite our extensive

analysis of the mean-square displace-
ment. We’re just starting to understand
how the cells’ underlying filament net-
work shapes the granule dynamics.”

The researchers have since applied
their method to several other simulated
and experimental systems. They’ve
found examples of peaks in the θ distri-
bution that grow or shrink with increas-
ing Δ (indicating the gain or loss of cor-
relations on a particular time scale) or
remain unchanged (indicating self-
similarity). They’ve also found that sys-
tems with similar-looking mean-square
displacements can yield very different
patterns in θ. The method is still in its
infancy, and the precise relationship be-
tween θ distributions and physical dy-
namics is still murky. But as the theory
matures, Dinner and colleagues antici-
pate that it could find application in a
variety of disciplines, from polymer 
dynamics to information transfer in
networks.

Johanna Miller
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Random-walk trajectories, such as the one shown here in gray, are typically 
analyzed by looking at the displacement vectors V(t; Δ); blue arrows show displace-
ment vectors for several values of t and one value of Δ. The angles θ(t; Δ) between
successive displacement vectors can reveal complex dynamics that the vectors
themselves do not. (Adapted from ref. 1.)

ing the diffusive-scattering regime to
longer phonon wavelengths. But even
perfectly diffusive scattering at all
wavelengths wouldn’t fully explain the
precipitous drop. Phonon spectrometry
could provide a more rigorous way to
probe and quantify the behavior.

The Cornell team’s approach may
also aid the development of nascent ap-

plications such as phononic logic cir-
cuits and frequency-selective transport
via phonon echo chambers. “Right now,
one of my grad students is making
nanoholes in the mesas and trying to
come up with spacings that would give
rise to phononic crystal effects,” says
Robinson. “Now that we can fabricate a
microscale phonon spectrometer, we

can explore questions that were previ-
ously inaccessible.”

Ashley G. Smart
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Analyzing changes in direction in stochastic trajectories can offer
valuable insights.

A new angle on complex dynamics

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.236.27.111 On: Sun, 02 Feb 2014 18:53:50


