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dynamical process, those molecules aren’t all doing the same thing.” Coincidence
mapping, although time-consuming and
experimentally challenging, yields that
molecule-by-molecule information.

Toward molecular movies
In their theoretical analysis, Santra and
Schäfer didn’t focus on determining bond
lengths, bond angles, or other structural
details. The equilibrium structure of
2-iodopyridine, like those of most similarly sized molecules, is already known.
Instead, starting from that established
structure, the theorists simulated the
Coulomb-explosion process and showed
that it yields momentum distributions
much like the ones that were observed. If
necessary, they could iteratively adjust
the starting configuration to converge on
an unknown molecular structure.
Of greater interest than equilibrium
structures, though, are the insights that
Coulomb-explosion imaging can oﬀer

for molecules in motion: An ultrashort
laser pulse initiates a chemical reaction,
and the XFEL pulse instigates a Coulomb explosion tens or hundreds of femtoseconds later. Most of what researchers know about what happens during a
reaction they learn indirectly, either by
studying the reaction products (see, for
example, Physics Today, February 2019,
page 14) or by spectroscopically probing
the molecules midreaction (see Physics
Today, December 1999, page 19). Coulombexplosion imaging provides a more direct look.
One barrier to studying the dynamics
of 11-atom molecules is figuring out how
best to visualize all the data. The twodimensional momentum plots in figure 2
are deceptively simple, because there’s
no reason diﬀerent atoms’ momenta need
to be plotted on the same pair of axes.
Each of the 11 atoms has its own 3D momentum, so one would need 33 axes to
plot them all (or 27, after factoring out

the translations and rotations that don’t
aﬀect the underlying dynamics).
“X-ray diﬀraction and electron diffraction can resolve molecular structures,”
says Santra, “but they’re purely threedimensional. They can’t map out the
whole molecular phase space, which is
our goal. With Coulomb-explosion imaging, we’re still not detecting everything, but we can get so much more
information than traditional techniques
provide.”
Johanna Miller
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Glass ages in material time
The long-standing
assumption that the same
relaxation processes underlie
linear and nonlinear aging is
now backed up by
experiments.
ollow a tour guide around a European city and you’re likely to hear the
tale that old cathedral windowpanes
appear uneven because over hundreds
of years, the glass has slowly flowed toward the bottom of the pane. That story
is just a myth; such flow in silica would
require at least geological time scales.1
But glassy materials, molecular and otherwise, do slowly evolve toward a metastable equilibrium state—a process known
as aging.
Physical aging involves rearrangements in the atoms, molecules, or colloidal particles that make up a glassy material. Such materials are characterized by
a glass-transition temperature Tg at which
the system falls out of equilibrium because the time scale for rearrangements
surpasses that of observations. Below Tg ,
the materials display nonlinear aging: The
evolutions of their densities and other
properties are not proportional to the
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FIGURE 1. A MOLECULAR LIQUID (turquoise) undergoes structural relaxation,
known as aging, after being subjected to small temperature changes. The evolution of
the 50-μm-thick layer’s capacitance reflects changes in its microscopic configuration.
An electrode and dielectric cell measure the liquid’s capacitance; a thermistor and a
Peltier element monitor and regulate its temperature. (Adapted from ref. 4.)
temperature changes. Because the materials are out of equilibrium, the actual
form of the relationship is diﬃcult to
model or predict.
In 1971 Onbathiveli Narayanaswamy
postulated that when exposed to suﬃciently small perturbations, a material’s
response will be in the linear regime.2 He
also asserted that a glass’s nonlinear properties could be extracted from that linear
relationship by replacing the regular lab
time with a so-called material time: a
nonuniformly stretched time that reflects a material’s evolving state. The lab

time t and material time ξ are connected
by γ(t) = dξ(t)/dt, where γ is the timedependent aging rate.3
Although the material-time formalism has since been widely and successfully used to describe glass aging, it has
never been directly tested. Without experiments suﬃciently precise to reach
the linear regime, extensions to the nonlinear regime have relied on assumptions
about, rather than measurements of, linear behavior.
Now Birte Riechers and her coworkers at Roskilde University in Denmark
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FIGURE 2. GLASSY MATERIALS AGE in response to temperature changes. (a) When a molecular liquid is subjected to a sinusoidal
temperature protocol (red) with a sufficiently small amplitude, its capacitance (green) varies proportionally and closely matches
theoretical predictions (black). (b) A larger-amplitude temperature change produces a nonlinear response if the liquid is close to its
glass-transition temperature. When the linear-regime measurements are used to rescale the material’s response function, however,
the nonlinear behavior can still be accurately predicted. (Adapted from ref. 4.)
have observed both the linear and nonlinear regimes in a glass-forming molecular liquid.4 After performing a series of
careful measurements to establish the material’s response to small changes in temperature, they were able to accurately,
and with no adjustable parameters, predict its nonlinear behavior after larger
temperature jumps.

Slow motion
The time it takes for a glassy system to
find an equilibrium configuration is extremely temperature dependent. Just a 1%
change in temperature can increase the
time frame by a factor of 10. The slowing
is caused not by a lack of thermal energy
but by the particles trapping each other
and preventing rearrangements toward
an equilibrium configuration. Such traps
might look like cages formed by surrounding molecules or like complicated
tangles of polymers. The slowness causes
a mismatch: The material’s temperature
can change rather quickly, but its configuration can’t.
“This work started a bit as an experimental challenge to ourselves,” says Kristine Niss, who, with coauthor Tina Hecksher, led the experimental side of the
project. Riechers and her fellow postdoc
Lisa Roed wanted to see how small they
could make the temperature jumps and
whether they could, in fact, observe the
linear regime, which required tiny temperature jumps of tens of millikelvin.
Niss’s group studies liquids whose
small molecules form amorphous solids,
rather than crystals, below Tg. Such materials have many practical applications
and include pharmaceuticals and glasses
for electronic displays. Rearrangements
in response to temperature jumps cause

the liquid’s density to change, but that response is too small to measure directly,
especially with such small jumps. Instead,
the researchers measure the capacitance
of a thin layer of the liquid as a proxy for
its density.
To get a suﬃciently high signalto-noise ratio from their existing experimental setup, shown schematically in
figure 1, Riechers and Roed had the idea
to study liquids whose molecules have
high dipole moments. Such liquids have
higher capacitances, which oﬀer clearer
signals, even though the liquids also have
a more complicated density–capacitance
relationship than those with lower dipole
moments.
The entire experiment took a year to
complete. The researchers had an existing setup, but they had to decide the
new project was important enough to
commit the apparatus to a single experiment for that long. The measurement
ran uninterrupted during Denmark’s
coronavirus lockdown, with Riechers
coming in approximately once a week to
check on it and make any necessary
modifications.
During the first 36 weeks, the researchers subjected a thin sample of the
liquid to temperature steps around a reference temperature of 164.6 K. At that
temperature, the sample takes about 12
hours to relax to structural equilibrium—
suﬃciently long that the sample reaches
a homogeneous temperature before any
significant structural relaxation has taken
place.
The step sizes varied from 10 mK to
3 K and went both up and down. After
each jump, the sample’s configuration was
allowed to equilibrate, which could take
days or even weeks. During that time the

researchers measured its capacitance at
10 kHz. A Peltier element kept temperature fluctuations to less than a millikelvin, and an ultraprecise capacitance
bridge enabled resolution at the level of
a few attofarad.
Those capacitance measurements
yielded two important pieces of information. One was the linear response
function R(t) that characterizes the sample’s relaxation over time in the linear
regime. The researchers confirmed that
they had, in fact, found the linear-aging
regime by showing that for jumps of
10–100 mK, the normalized response
functions collapsed onto a single curve.
The analysis and normalization were
nontrivial. Says Niss, “The challenge is
to use robust methods that do not cheat
oneself into ‘massaging’ the data to fit
the theory.”
The other output was the material’s
temperature-dependent aging rates. For
a given thermal protocol, those can be
used to nonlinearly transform the lab time
into a material time. The new time scale,
which reflects on the system’s configurational evolution, can be thought of as akin
to the proper time in an accelerating relativistic system.

Predictable aging
The idea to push beyond linear aging,
which was the project’s original target,
and probe the nonlinear regime came
from discussions with Jeppe Dyre, who
led the theoretical side of the project.
The last 15 weeks of data acquisition
were dedicated to more complicated
temperature-change protocols and probing the nonlinear regime.
Figure 2a shows the material’s response to a small-amplitude sinusoidal
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temperature variation (red). The predictions and data (black and green, respectively) overlap so closely that it’s hard to
distinguish the two in the plot. The thermal protocol produced a proportional
change in the measured capacitance,
which confirmed that the material was
indeed in the linear regime.
The larger-amplitude temperature oscillation in figure 2b reached the nonlinear regime. As expected, the shape of
the capacitance curve became asymmetric
and diﬀered from that of the temperature protocol. Still, the prediction made
by extending the linear regime through
the material-time formalism reflected the
shape accurately and even captured transient behavior that made the first oscillation slightly diﬀerent from the rest.
The ability to extend linear-response
properties to the nonlinear regime can
be explained if the same relaxation mechanisms are at work, which is plausible

for a material that isn’t pushed too far
out of equilibrium. The researchers support that understanding with simulations
showing that by using the fluctuation–
dissipation theorem with equilibrium
fluctuations, they could predict the glass’s
nonlinear aging. In the future they
hope to demonstrate that connection in
experiments.
But for larger temperature jumps of
around 2.5 K, the researchers’ ability to
predict R(t) from linear aging started to
break down. The divergence between experiment and theory suggests the emergence of a more strongly nonlinear aging regime in which diﬀerent relaxation
mechanisms are at play.
Still lacking is a microscopic picture
of what exactly material time is and why
it can bridge linear and nonlinear behavior. Dyre and his postdoc Ian Douglass
propose that it could reflect how fast the
slowest particles in an aging glass are

moving. But exactly which aspects of the
structure are involved, and how, is still
part of the mystery of material time.
Another open question is how far
the material-time formalism extends. Although the data already indicate a breakdown after suﬃciently large temperature jumps, exactly why the theory breaks
down is unclear. Niss and Dyre are also
looking to extend their aging studies to
glasses formed through other means,
such as compression or shear, and to nonlinear responses to large electric fields.
Christine Middleton
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A lunar micrometeorite preserves the solar system’s
early history
Px

Geochemical analyses
conﬁrm that a 200 μm
speck of lunar soil likely
originated somewhere
other than the Moon.
eteorites and other hunks of space
rock have been colliding with the
Earth and Moon for their entire history. Counting impact craters on both
bodies provides some estimate of the flux
of material bombarding the inner solar
system. And if it can be measured, a meteorite’s composition yields information
about the geological processes that were
responsible for its formation.
Discoveries of meteorites on Earth,
though, are rare. Many burn up in the
atmosphere before reaching Earth’s surface. For the ones that do make it to
the ground, flowing water or other erosive processes often break them down.
Slower-moving plate-tectonic activities
also hide evidence of impacts.
The cold, dry Antarctic desert oﬀers
conditions more favorable for the preservation of meteorites, and, consequently,
more are found there than anywhere else
on Earth. But the Moon is an even better
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FIGURE 1. THIS SOIL FRAGMENT is a small piece of the material collected by the
Soviet Luna 16 mission in September 1970. The backscatter-electron image shows a
metal sulfide vein, a component not common to material that originated on the Moon.
Chemical analyses of plagioclase (Pl), pyroxene (Px), olivine (Ol), and merrillite (Mer)
provide further evidence that the sample came from ordinary chondrites, a common
class of stony meteorites that accreted with other materials to form several planets in
the solar system’s early history. (Adapted from ref. 2.)

