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N o one has ever seen Earth’s core. 
Artists’ impressions such as the one 
in figure 1 are thankfully confined to 

the realm of the imagination. Everything 
that’s known about Earth’s deep interior 
structure comes from indirect observa-
tions, such as the speeds and trajectories 
of seismic waves that propagate from 
one side of the planet to the other. From 
such seismic measurements, researchers 
deduced decades ago that the outer core 
of liquid iron surrounds an inner core 

that, although hot enough to melt, is 
compressed into solid form.

But there’s a sticking point to the in-
terpretation of seismic data: Laboratory 
researchers haven’t been able to measure 
the elastic properties of the hot, pressur-
ized form of iron that makes up the inner 
core. Replicating inner-core pressures 
and temperatures, by themselves, isn’t 
such a problem. But as metalworkers 
have known for centuries (see the Quick 
Study by Lou Bloomfield, Physics Today, 

May 2007, page 88), iron’s material prop-
erties depend on more than its instanta-
neous pressure and temperature. They 
also hinge sensitively on its impurity 
profile and its past history of being 
heated, cooled, pounded, and squeezed.

Now Agnès Dewaele, of the French 
Alternative Energies and Atomic Energy 
Commission, and her colleagues have 
achieved a milestone in inner-core 
metallurgy. They’ve synthesized a single 
crystal of ε-Fe—the form of iron that’s 
stable under the extreme conditions of 
the inner core—that’s clean enough to 
measure its elastic constants.1 
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Laboratory experiments are helping researchers get closer 
to solving some of the mysteries of the solid inner core.

A journey to Earth’s center, courtesy of an 
exotic iron crystal

FIGURE 1. WHITE HOT SOLID IRON—with a bit of nickel and some other elements—lies at the center of our planet. By re-creating 
its high-pressure crystal structure in the lab, researchers hope to better interpret the seismic measurements that are the source of 
most of what’s known about the inner core. (Image by Rost9/Shutterstock.com.)
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The experiments don’t yet replicate 
the temperature, pressure, or impurity 
profile of the inner core, so they’re still 
several steps away from pinning down 
the sound speed through real inner-core 
material. But they provide a much-
needed benchmark for theoretical mod-
els, and they pave the way for more 
experiments to get close to inner-core 
conditions.

Forged in fire
The inner core is mysterious in many 
ways. (See the article by Bruce Buffett, 
Physics Today, November 2013, page 
37.) One of its most striking features, 
discovered in the 1980s, is that it’s aniso-
tropic: Seismic waves traveling from 
pole to pole traverse the inner core about 
4% faster than those that originate along 
the equator.

The large-scale anisotropy doesn’t 
necessarily mean that inner-core iron is 
structurally anisotropic at the atomic 
scale. It could be explained, instead, by 
the large-scale distribution of materials 
with different impurity concentrations. 
But as it turns out, ε-Fe’s crystal structure 
is hexagonal close packed, which is in 
fact anisotropic: One of its crystal axes, 
the c-axis, is geometrically distinct from 
the other two.

Although the inner core probably 
isn’t one single crystal of ε-Fe, it could be 

made up of component crystals that are 
preferentially aligned. Deciphering what 
that alignment looks like—and how it 
might have arisen—could offer substan-
tial insight into Earth’s geologic past. 
But it also requires an understanding 
of ε-Fe’s anisotropic elastic properties. 
And those measurements are hard to 
come by.

Pristine ε-Fe is extremely difficult to 
make in the lab. The naive approach—
taking a single crystal of the ambient- 
pressure form of iron, α-Fe, and trying to 
compress it into ε-Fe—doesn’t work. The 
α-Fe crystal splinters into a myriad of 
tiny ε-Fe crystals too small to study indi-
vidually. Worse, their crystal lattices are 
strained and distorted, so their proper-
ties probably differ considerably from 
those of unstrained ε-Fe. 

Typical lab studies of ε-Fe, therefore, 
usually use polycrystalline samples 
made from compressing α-Fe powder.2 
That approach yields a lot of useful in-
formation. But it obscures the crucial 
distinction between the single crystal’s 
c-axis and the other two dimensions.

A different path
Dewaele came to the problem from a 
different direction. She was initially in-
terested not in ε-Fe’s material properties 
but in the mechanisms of iron phase 
transformations.3 In addition to α-Fe and 

ε-Fe, there’s also the γ-Fe phase, which 
iron adopts at high temperature, as 
shown in figure 2a. The three phases 
meet at a triple point, so each can be 
transformed into either of the others.

“We were using x-ray diffraction to 
monitor the fate of a single crystal,” she 
says, “when we noticed that the alpha–
gamma transformation produced a com-
pletely different microstructure—and 
crystal quality—than alpha–epsilon.” 
Dewaele and colleagues soon worked 
out that by first heating the α-Fe into 
γ-Fe and then compressing it into ε-Fe, 
they could prevent most of the crystal 
splintering of the α–ε transformation. 
They still got polycrystalline ε-Fe, but 
some of the crystals were sufficiently 
large and unstrained to study. “We be-
came very excited about measuring 
ε-Fe’s single-crystal elastic constants, 
which we knew was important and 
never done before,” she says.

Like most researchers studying static 
high pressures, Dewaele and colleagues 
squeezed their sample using a diamond 
anvil cell, which works by concentrating 
modest forces into a small volume. As a 
result, they were limited to speck-sized 
iron samples—just 60 µm across—and 
their “large” ε-Fe single crystals were a 
mere 20 µm across.

That might not seem like it would be 
big enough for measuring a crystal’s 
mechanical properties such as elasticity 
and speed of sound. But thanks to x-ray 
inelastic scattering, it is. When an x-ray 
photon passes through a crystal and ex-
cites a vibration, it loses energy and 
changes direction according to the vibra-
tion’s frequency and momentum. By an-
alyzing the pattern of scattered x rays, 
researchers can determine the crystal’s 
quantized spectrum of vibrational 
modes, and from that, they can deduce 
its elastic properties and speed of sound.

Dewaele reached out to x-ray inelastic 
scattering expert Alexei Bosak, of the 
European Synchrotron Radiation Fa-
cility, to secure beam time and make 
the necessary measurements. The 
sound-speed results, shown in figure 
2b, reflect the various ways that waves 
can propagate through the crystal: at 
any angle with respect to the c-axis, 
and as either longitudinal pressure 
waves (in which the atoms vibrate par-
allel to the direction of wave propaga-
tion) or two kinds of transverse shear 
waves (in which they vibrate in one of 
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FIGURE 2. SINGLE CRYSTALS of ε-Fe, the form of iron thought to exist in Earth’s inner 
core, can’t be made by directly squeezing the ambient-pressure phase α-Fe. (a) But 
they can be made by taking a detour through the high-pressure phase γ-Fe, as 
shown in the path in red. (b) Sound-speed measurements on ε-Fe single crystals 
clearly show the material’s elastic anisotropy, and they provide a valuable benchmark 
for theoretical models such as density functional theory (DFT) and dynamical mean 
field theory (DMFT). (Adapted from ref. 1.)



the two directions perpendicular to the 
direction of wave travel). 

The data points, so far, are sparse and 
scattered. But they show a clear trend of 
anisotropy: Shear waves are at their fast-
est, and pressure waves are at their slow-
est, at an angle of 50° to the c-axis. And 
the fits to the data provide a test for 
theoretical calculations, such as the den-
sity functional theory (DFT) and dynam-
ical mean field theory (DMFT) results 
shown in the figure.

Smaller and larger
The experiments were performed at 
room temperature and pressures up to 
33 GPa, a far cry from the 5600 K and 
330–360 GPa of the inner core. The pres-
sure difference, in particular, is signifi-
cant. Applying that much pressure to a 
material, even a solid, squeezes its 
atoms more tightly together and boosts 
its sound speed by thousands of meters 
per second.

Diamond anvil cells can achieve 
inner-core pressures, but only for sam-
ples much smaller than the ones Dewaele 
and colleagues needed to create their 
20 µm ε-Fe single crystals. But 20 µm 

isn’t a fundamental limitation; it’s a con-
sequence of the constraints of their ex-
perimental system. As Dewaele explains, 
“If, in the future or on other platforms, 
inelastic x-ray scattering can be per-
formed on smaller single crystals, then 
we can extend the measurements to 
higher pressures.” Indeed, the beamline 
they used at the European Synchrotron 
Radiation Facility is undergoing an 
upgrade to focus the x-ray beam to a 
smaller spot.

Pressure and temperature aren’t the 
only gaps that need to be bridged. The 
experiments, like the phase diagram in 
figure 2a, involved pure iron, whereas 
the inner core probably contains some 
nickel and other impurities. “Alloying 
could affect the stable phase,” Dewaele 
points out, so the inner-core material 
might not have the hexagonal close-
packed ε-Fe structure at all. Even if it 
does (which seems likely), the sound 
speeds of pure and alloyed iron could 
be significantly different. “It would 
surely be very interesting to repeat the 
experiments with an iron–nickel alloy,” 
says Dewaele.

Ultimately, the goal is to connect the 

small-scale elastic anisotropy of inner-core 
material to the known seismic anisotropy 
of the inner core as a whole to deduce the 
inner core’s internal structure: How big 
are its component iron–nickel crystals, and 
how are they arranged? From there, re-
searchers hope to learn more about the 
geologic history of Earth’s depths and 
deep past. 

But Dewaele is already wondering 
what other undiscovered single crystals 
might yet be synthesized through careful 
attention to phase-transformation mech-
anisms. “I am convinced that for many 
metallic systems, solid–solid transfor-
mations under high pressure can pro-
duce microstructures with outstanding 
properties,” she says. “One could call 
this metallurgy of the extremes.”

Johanna Miller
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The Department of Physics at Bryn 
Mawr College invites applications for 
a full-time, continuing non-tenure-track 
Lecturer position to begin August 1, 
2024 in Physics. The responsibilities 
of this position will be to teach both 
lecture and laboratory portions of 
the non-major introductory physics 
curriculum, which serves both under-
graduate students as well as students 
in the College’s Postbaccalaureate 
Premedical Program. The Lecturer 
will also serve as the coordinator of 
the non-major introductory physics 
laboratory curriculum, which includes 
maintenance of laboratory setups 
and scheduling. The successful can-
didate will be expected to be part of 
developing and teaching a diverse 
and inclusive curriculum, including in-
terdisciplinary and other college-wide 
initiatives. Candidates must have com-
pleted all Ph.D. requirements by the 
start date. Apply through Interfolio.
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