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dynamical process, those molecules ar-
en’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 simi-
larly 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 confi guration to converge on 
an unknown molecular structure.

Of greater interest than equilibrium 
structures, though, are the insights that 
Coulomb-explosion imaging can off er 

for molecules in motion: An ultrashort 
laser pulse initiates a chemical reaction, 
and the XFEL pulse instigates a Cou-
lomb explosion tens or hundreds of fem-
toseconds later. Most of what research-
ers 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). Coulomb-
explosion imaging provides a more di-
rect look.

One barrier to studying the dynamics 
of 11-atom molecules is fi guring out how 
best to visualize all the data. The two-
dimensional momentum plots in fi gure 2 
are deceptively simple, because there’s 
no reason diff erent atoms’ momenta need 
to be plott ed on the same pair of axes. 
Each of the 11 atoms has its own 3D mo-
mentum, so one would need 33 axes to 
plot them all (or 27, aft er factoring out 

the translations and rotations that don’t 
aff ect the underlying dynamics). 

“X-ray diff raction and electron dif-
fraction can resolve molecular structures,” 
says Santra, “but they’re purely three-
dimensional. They can’t map out the 
whole molecular phase space, which is 
our goal. With Coulomb-explosion im-
aging, we’re still not detecting every-
thing, but we can get so much more 
information than traditional techniques 
provide.”

Johanna Miller
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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 refl ects changes in its microscopic confi guration. 
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.)
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F
ollow a tour guide around a Euro-
pean city and you’re likely to hear the 
tale that old cathedral windowpanes 

appear uneven because over hundreds 
of years, the glass has slowly fl owed to-
ward the bott om of the pane. That story 
is just a myth; such fl ow in silica would 
require at least geological time scales.1 
But glassy materials, molecular and oth-
erwise, do slowly evolve toward a meta-
stable equilibrium  state— a process known 
as aging.

Physical aging involves rearrange-
ments in the atoms, molecules, or colloi-
dal particles that make up a glassy mate-
rial. Such materials are characterized by 
a  glass- transition temperature Tg at which 
the system falls out of equilibrium be-
cause 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 

temperature changes. Because the mate-
rials are out of equilibrium, the actual 
form of the relationship is diffi  cult to 
model or predict.

In 1971 Onbathiveli Narayanaswamy 
postulated that when exposed to suffi  -
ciently small perturbations, a material’s 
response will be in the linear regime.2 He 
also asserted that a glass’s nonlinear prop-
erties could be extracted from that linear 
relationship by replacing the regular lab 
time with a  so- called material time: a 
nonuniformly stretched time that re-
fl ects 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  time- 
dependent aging rate.3

Although the  material- time formal-
ism has since been widely and success-
fully used to describe glass aging, it has 
never been directly tested. Without ex-
periments suffi  ciently precise to reach 
the linear regime, extensions to the non-
linear regime have relied on assumptions 
about, rather than measurements of, lin-
ear behavior.

Now Birte Riechers and her cowork-
ers at Roskilde University in Denmark 

The  long- standing 
assumption that the same 
relaxation processes underlie 
linear and nonlinear aging is 
now backed up by 
experiments.

Glass ages in material time
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have observed both the linear and non-
linear regimes in a  glass- forming molec-
ular liquid.4 Aft er performing a series of 
careful measurements to establish the ma-
terial’s response to small changes in tem-
perature, they were able to accurately, 
and with no adjustable parameters, pre-
dict its nonlinear behavior aft er larger 
temperature jumps.

Slow motion
The time it takes for a glassy system to 
fi nd an equilibrium confi guration is ex-
tremely 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 confi guration. Such traps 
might look like cages formed by sur-
rounding molecules or like complicated 
tangles of polymers. The slowness causes 
a mismatch: The material’s temperature 
can change rather quickly, but its confi g-
uration can’t.

“This work started a bit as an experi-
mental challenge to ourselves,” says Kris-
tine Niss, who, with coauthor Tina Heck-
sher, 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 tem-
perature jumps of tens of millikelvin.

Niss’s group studies liquids whose 
small molecules form amorphous solids, 
rather than crystals, below Tg. Such ma-
terials 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 re-
sponse 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 suffi  ciently high  signal-
 to- noise ratio from their existing experi-
mental setup, shown schematically in 
fi gure 1, Riechers and Roed had the idea 
to study liquids whose molecules have 
high dipole moments. Such liquids have 
higher capacitances, which off er 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 exist-
ing setup, but they had to decide the 
new project was important enough to 
commit the apparatus to a single exper-
iment 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 
modifi cations.

During the fi rst 36 weeks, the re-
searchers subjected a thin sample of the 
liquid to temperature steps around a ref-
erence temperature of 164.6 K. At that 
temperature, the sample takes about 12 
hours to relax to structural  equilibrium— 
suffi  ciently long that the sample reaches 
a homogeneous temperature before any 
signifi cant structural relaxation has taken 
place.

The step sizes varied from 10 mK to 
3 K and went both up and down. Aft er 
each jump, the sample’s confi guration 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 tempera-
ture fl uctuations to less than a milli-
kelvin, and an ultraprecise capacitance 
bridge enabled resolution at the level of 
a few att ofarad.

Those capacitance measurements 
yielded two important pieces of infor-
mation. One was the linear response 
function R(t) that characterizes the sam-
ple’s relaxation over time in the linear 
regime. The researchers confi rmed 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 fi t 
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 refl ects on the system’s confi gura-
tional evolution, can be thought of as akin 
to the proper time in an accelerating rel-
ativistic 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 prob-
ing the nonlinear regime.

Figure 2a shows the material’s re-
sponse to a  small- amplitude sinusoidal 

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 suffi  ciently 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.)
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temperature variation (red). The predic-
tions and data (black and green, respec-
tively) overlap so closely that it’s hard to 
distinguish the two in the plot. The ther-
mal protocol produced a proportional 
change in the measured capacitance, 
which confi rmed that the material was 
indeed in the linear regime.

The  larger- amplitude temperature os-
cillation in fi gure 2b reached the non-
linear regime. As expected, the shape of 
the capacitance curve became asymmetric 
and diff ered from that of the tempera-
ture protocol. Still, the prediction made 
by extending the linear regime through 
the  material- time formalism refl ected the 
shape accurately and even captured tran-
sient behavior that made the fi rst oscilla-
tion slightly diff erent from the rest.

The ability to extend  linear- response 
properties to the nonlinear regime can 
be explained if the same relaxation mech-
anisms are at work, which is plausible 

for a material that isn’t pushed too far 
out of equilibrium. The researchers sup-
port that understanding with simulations 
showing that by using the  fl uctuation– 
dissipation theorem with equilibrium 
fl uctuations, 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 ex-
periment and theory suggests the emer-
gence of a more strongly nonlinear ag-
ing regime in which diff erent 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 behav-
ior. Dyre and his postdoc Ian Douglass 
propose that it could refl ect 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. Al-
though the data already indicate a break-
down aft er suffi  ciently large tempera-
ture 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 non-
linear responses to large electric fi elds.

Christine Middleton
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M
eteorites and other hunks of space 
rock have been colliding with the 
Earth and Moon for their entire his-

tory. Counting impact craters on both 
bodies provides some estimate of the fl ux 
of material bombarding the inner solar 
system. And if it can be measured, a me-
teorite’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 sur-
face. For the ones that do make it to 
the ground, fl owing water or other ero-
sive processes oft en break them down. 
 Slower- moving  plate- tectonic activities 
also hide evidence of impacts.

The cold, dry Antarctic desert off ers 
conditions more favorable for the pres-
ervation of meteorites, and, consequently, 
more are found there than anywhere else 
on Earth. But the Moon is an even bett er 

A lunar micrometeorite preserves the solar system’s 
early history
Geochemical analyses 
confi rm that a 200 μm 
speck of lunar soil likely 
originated somewhere 
other than the Moon.

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 sulfi de 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.)
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