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A pressing matter
Scorching hot and under immense pressure, the Earth’s core is one of the most unusual and extreme
places in the entire solar system. David Appell looks at progress in understanding the properties of
materials there, which includes the possibility that the core may even contain immense crystals of
iron up to 10 km long
Directly beneath your feet lies one of the most mysterious places in the solar system – the inside of the Earth.
It is a geological concert orchestrated by huge forces
and immense transfers of heat, where metals can flow
like water and rocks take forms found nowhere else,
and if anyone can be said to hold a ticket to this show it
is Kei Hirose.
Hirose, a geologist at the Tokyo Institute of
Technology, is a pioneer in duplicating the conditions
in our planet’s innards – pressures of millions of atmospheres and temperatures approaching that of the surface of the Sun. What Hirose does sounds simple, in
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principle: squeeze materials and heat them. Indeed,
he has already solved several enigmas of the Earth’s
inner structure and hopes to answer even more, especially the most pressing problem in geoscience: what is
the chemical composition of the Earth’s outer core?
“Kei’s combination of talents – pushing the limits of
high-pressure experiments and then exploiting this new
capability to address important questions – has led to a
string of startling discoveries,” says Bruce Buffett, a geophysicist at the University of California, Berkeley. That
is a bold claim by anyone’s standards, so to see if it stacks
up, we first need to remind ourselves what lies beneath.
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Inside knowledge Kei Hirose from the Tokyo Institute of Technology
has studied how iron behaves at the conditions in the Earth’s core.

No-one, of course, has ever seen the Earth’s interior,
except for characters in books and Hollywood. A
“modest proposal” for sending a probe to its depths was
made in 2003 by planetary physicist David Stevenson
from the California Institute of Technology, but even
though his ideas were published in Nature (423 239),
Stevenson’s tongue was somewhere in-between zero
and one cheek. The deepest that we have actually managed to penetrate beneath our planet’s surface is to the
bottom of the Kola Superdeep Borehole – a research
facility located on the Kola peninsula in north-western
Russia that opened in 1970. Penetrating to 12 262 m
below the surface, it was four times deeper than any
mine then or now (the site was abandoned in 2008). Yet
if the Earth were an orange, the Kola borehole would
still only be 2% of the way through the peel.
Nonetheless, geologists know a great deal about the
Earth’s structure, from rocks that have reached the surface, from its gravitational and magnetic fields, from
the scattering of seismic waves created by earthquakes,
and from computer models that combine these data
with models built with increasing details of the expected
physics. They know that it consists of four principal layers: the crust, mantle, outer core and inner core (figure 1). The inner core is smaller than the Moon, and
Mars would fit snugly inside the outer core.
The Earth’s density changes abruptly at the boundaries between these layers, varying from about 2.5 times
that of water near the surface to a value estimated
(from seismic-wave data input into models) to be some
13 times that of water near the centre. Temperature and

From fundamental principles of
gravitation and thermodynamics,
we can deduce what lies beneath,
without needing to drill inside
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pressure increase quickly in an imaginary descent
through the Earth: the bottom of the Kola borehole is
already 180 °C, while at the boundary between the mantle and the outer core, the temperature rises to about
4000 K. There, the pressure is calculated to be an
immense 140 GPa (1.4 million atmospheres) from the
sheer weight of what lies above, rising to 3.5 million
atmospheres at the centre. A pleasant little Newtonian
calculation finds, assuming a planet of constant density, that the pressure at the very centre is 3g2/8π G,
where g is the acceleration due to gravity at the surface
and G is the gravitational constant – the resulting
1.7 million atmospheres is low by a factor of about two,
because in reality the density varies with radius.
It is easy to forget just how fresh our knowledge is of
the Earth’s interior. Plate tectonics came together in
the mid-1960s – more than a decade after the CERN
particle-physics lab was set up – and scientists had
solved the mysteries of the atom long before the Danish
seismologist Inge Lehmann realized in 1936 that the
Earth’s inner core must be solid. (Her paper was wonderfully and simply titled “P′”.) Lehmann died in 1993,
three months shy of 105.
Lehmann was a master in the art of reading and interpreting seismic-wave recordings, and most of our
knowledge of the inner Earth has come from what is
now known as “seismic tomography”. Like a shopper
tapping on a melon, waves from large earthquakes fan
through the body of the Earth – longitudinal, compressional P-waves and transverse shear S-waves – at
speeds of about 10 km s–1, reflecting and refracting
from the discontinuities and gradients they encounter.
The resulting sounds have enabled researchers to glean
the density profile of the Earth – an effort that has
taken decades – and, from fundamental principles of
gravitation and thermodynamics, we can deduce what
lies beneath, without needing to drill inside.
Earthquake by earthquake, sublayer by sublayer,
geologists puzzled through the Earth’s inner structure.
The imaginations of its surface dwellers might have
shifted from the days of Verne’s A Journey to the Centre
of the Earth to Asimov’s robots to Spielberg’s ET, but
the rock hounds kept sifting for clues, crushing rocks
and improving models, benefiting from the improvements of technologies and techniques often used to
search for petroleum and ores, and trying out their
ideas on other planets in the solar system. But puzzles
about the interior remained. No-one was at fault – for
geologists, however gneiss, take nothing for granite.

The diamond squeeze
Enter Hirose. In 2004 the Tokyo geologist and his colleagues solved some long-standing problems in earth
science when they discovered a new phase of the most
common type of material in the Earth’s lower mantle.
Much of the mantle – from about 650 km down – is composed of the mineral magnesium silicate (MgSiO3) in a
crystalline form called “perovskite”, named after the
Russian mineralogist Lev Perovski. It had been synthesized in the lab as early as 1974 at a pressure of 30 GPa,
and geologists originally believed it was the dominant
form of rock all the way down to where the mantle
meets the top of the outer core, at a depth of 2890 km.
However, in the 1960s seismic-wave data revealed
Physics World March 2012
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1 The Earth in profile
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The core of the Earth is a solid, metallic ball (bright yellow) that further out becomes an ocean of white-hot molten iron–nickel alloy (orange) that
is only slightly less viscous than water. Surrounding the core is a 300 km thick boundary (D′′) region (not shown to scale here) that can be
observed by a sudden change in the speed of seismic waves at that depth, while further out still lies the highly viscous lower mantle (red), which
moves slowly via convection currents carrying heat outwards from the core. A molten transition region (light green) contains minerals that can
melt and flow to the surface as magma through holes in the upper mantle (dark green) to form underwater mountain ranges known as mid-ocean
ridges. Topping everything is the crust (blue), which consists of roughly equal proportions of mostly silicon, iron, oxygen and magnesium.

some unexpected anomalies in the lower mantle,
which extends to the core–mantle boundary. Things
became even stranger in the 1980s when seismic tomographers – who began examining how seismic waves
scatter off the Earth’s interior with ever better resolution – discovered a discontinuity in the lower mantle,
about 300 km above the core–mantle boundary.
Dubbed the D′′ layer, subsequent work seemed to
show that the discontinuity was due not to the emergence of a different structure of rock, but to a sudden
change in the relative abundance of magnesium silicates and iron alloys. Unfortunately, that conclusion
presented a problem, because the convection that
keeps the mantle astir should have created uniformity.
The other problem with a discontinuity was that
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rocks at the high temperature (2500 K) and high pressure (120 GPa) of the D′′ region had never been studied
before, which meant that it was impossible to know
whether the conclusion was true. Intrigued, Hirose
began to study the problem in the mid-1990s. After a
stint at the Geophysical Laboratory at the Carnegie
Institute in Washington, DC, he returned to Tokyo and
began investigating how to generate the pressures and
temperatures necessary to simulate the deepest part of
the mantle.
Scientists have been generating high pressures in the
lab since the late 1950s, following the invention of the
diamond-anvil cell at the US National Bureau of
Standards (the forerunner of the National Institute of
Standards and Technology). This device consists of
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heated them with a laser beam at the SPring-8 synchrotron facility in Hyogo. At the same time, the researchers shone a beam of X-rays onto the sample to
determine its crystal structure via the resulting diffraction pattern. Hirose’s graduate student, Motohiko
Murakami (now at Okayama University in Japan),
found that the diffraction pattern of magnesiumsilicate perovskite changed drastically at the extreme
conditions they generated, taking a previously unimagined structure above 120 GPa and 2500 K, with a density about 1% higher.
Hirose and his collaborators spent almost a year trying to fit their diffraction patterns to the tens of thousands available in crystallography catalogues, surely
satisfying Jules Verne’s notion (from A Journey to the
Centre of the Earth), that “in the cause of science men
are expected to suffer”. They found one via a computer
simulation, dubbed it “postperovskite”, and with this
new mineral phase, the solution of the D′′ puzzle
snapped into place (2004 Science 304 855).

Crystal mystery Deep inside the Naica mine, 300 m below ground in northern Mexico, lies the
Cave of the Crystals, containing these giant selenite structures that are some of the largest
known crystals. The biggest found to date in the cave is 11 m long, 4 m in diameter and weighs
55 tonnes. But these could be nothing compared with the 10 km-long crystals that some
scientists think might exist inside the inner core. Unlike those in the Naica cave, the
hypothesized crystals would have no empty space between them.

opposing, specially cut diamonds that are forced
together with a lever arm or tightening screw. The tips
of the diamonds, often less than a millimetre wide, are
extremely smooth and finely aligned so that they encase
the sample with identical and opposing forces. A laser
with a fine beam, for which diamond is transparent, is
then shone on the sample to heat it. Hirose began working to push pressures above 120 GPa by modifying the
shape of the sub-millimetre-sized diamonds, because
above 80 GPa even diamond begins to warp. He
learned how best to bevel the tips of the gem-quality
natural diamonds – breaking many of them in tests.
“Each year I usually buy about 100 diamonds,”
Hirose says. Each diamond is 0.2 carats (40 mg) and he
purchases them to specification from a local company.
Tightening the diamond-anvil cells to more than
100 GPa always breaks both diamonds on decompression, he says, but interesting science is obtained first.
Hirose and his colleagues were able to reach a pressure of 120 GPa using only a screwdriver to adjust
their apparatus.
Hirose’s team squeezed magnesium-silicate samples
only 25 µm thick to these ultrahigh pressures, and then
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Faster heat, younger core
The enigma facing geophysicists over the D′′ boundary
region centred on the transfer of heat. The lower mantle is only half as dense as the outer core, and little mixing of material occurs at their boundary. Heat must
therefore be exchanged across the gap via conduction,
which is a very different situation from in the mantle or
outer core itself, where convection rules the roost.
Although the density of the new postperovskite mineral structure was only about 1% larger than its perovskite form, the Clapeyron equation – which is a way
of characterizing a discontinuous transition between
two phases of matter – implied a large flow of energy
across the boundary that Hirose’s team estimated to be
5–10 × 1012 W. Numerical simulations by Takashi
Nakagawa of the University of Chicago and Paul
Tackley of the University of California, Los Angeles
then found about a 20% faster heat flow through the
mantle – in turn, speeding up the movement of the
Earth’s continents.
The larger rate across the core–mantle boundary
meant that the core must have once been warmer than
was assumed (in order to be at the temperature it is
today), and so was cooling faster too. That in turn
implied that the inner core may have crystallized less
than a billion years ago instead of much further back in
the past of the 4.6 billion-year-old Earth. That crystallization (the outer core is still molten) made the interior dynamo more stable and Earth’s magnetic field
stronger. That stronger field in turn diverted harmful
cosmic rays and solar winds, which may have allowed
animals to crawl out from the protective cover of the
oceans to one day discover postperovskite.
Hirose, his collaborators and many other earth scientists went on to explore the properties of postperovskite. In 2008 Kenji Ohta (also of the Tokyo Institute
of Technology), Hirose and others made another discovery with important implications – the postperovskite form of magnesium silicate has a much higher
electrical conductivity than its perovskite form, by
about four orders of magnitude, varying little with temperature (Science 320 89).
This higher conductance meant a much stronger
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electromagnetic coupling between the core and mantle. This enhanced the exchange of angular momentum
from the liquid outer core to the solid mantle, which
occurs when the liquid streams in the outer core change
their patterns, akin to the shifting jet stream in the
atmosphere. Simulations showed that it was enough to
account for the Earth’s “nutation” – the small, 18.6year cyclic variation in the angular speed of the 26 000year precession of the Earth’s axis of rotation.

A new structure of iron
Hirose and his lab continued to push to ever higher
pressures and temperatures, striving to reproduce
those at the centre of the Earth by studying the properties of iron. Iron has a simple body-centred cubic
crystalline structure at ordinary pressures and temperatures, changing to hexagonal close-packed above
15 GPa. There were experimental and theoretical reasons to suspect it might change at high pressure and
temperature, but neither approach was able to provide
a definitive answer for the structure, which was a key
missing ingredient in deciphering the deep inner structure. However, in 2010 Hirose’s team succeeded in
pressing iron to an incredible 377 GPa and 5700 K in a
laser-heated diamond-anvil cell, which was studied
using an X-ray beam with a spot only 6 µm wide
(Science 330 359). This temperature was well above
that of the boundary between the inner and outer cores,
which lies somewhere between 4850 and 5700 K.
Before this work, no-one had succeeded in pressing
iron to such conditions except in dynamical shock-wave
experiments, which inherently did not allow microsecond-scale measurement of its properties. Hirose and
his colleagues were able to solve the mystery of what
happens to iron under extreme conditions when they
found that the hexagonal close-packed structure
remained. Moreover, the length to edge-width ratio of
the crystalline unit, which under normal conditions is
√(8/3), remained unchanged at high pressure and temperature, meaning that hexagonal close-packed iron is
likely to be “elastically anisotropic” – in other words,
its strain depends on the crystal’s orientation.
But much about the tiny inner core – which makes up
just 0.7% of the Earth’s volume – remains a mystery.
The rate at which waves pass through it depends on
their direction of travel – seismic P-waves zip through
the inner core about 3% faster in the direction of the
Earth’s polar axis than in its equatorial plane. The most
accepted hypothesis to explain this anomaly is that the
inner core has a texture, with the “fast axis” of iron crystals mostly oriented in the north–south direction.
But the inner core also has distinct hemispheres – its
seismic properties are different in its eastern and western halves, despite it having grown through crystallization for around the last billion years at a current rate of
about 0.5 mm per year. To explain this asymmetry, a
group led by Marc Monnereau at the University of
Toulouse in France has proposed that the crystal
“grains” in the inner core vary in size from west to east
(2010 Science 328 1014). A grain is essentially a large
number of crystals, either cubic or hexagonal (but not
a mixture); the axes of the component crystals all point
in the same direction, with the orientation of the axes
varying randomly from one grain to another. “From
Physics World March 2012
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The European Synchrotron Radiation Facility in Grenoble, France, has recently opened a
beamline that is perfect for studying in real time the behaviour of materials at the extreme
temperatures and pressures in the Earth’s core. Called ID24, the 7180m beamline lets
researchers fire X-rays into materials that have been squeezed using diamond-anvil cells before
heating the pressurized material with short, intense laser pulses to up to 10 000 K. The
beamline can reveal how crystalline samples absorb X-rays in real time with a resolution of the
order of microseconds, in turn revealing how their structures change.

Hirose’s work, it seems that crystals as large as 10 km
are acceptable from the point of view of mineral
physics,” says Monnereau. “But whatever their structure, they should be at least 10 times larger on the side
facing Indonesia than the one facing Peru.” Crystals
that huge put even those in Mexico’s famous Cave of
Crystals to shame.

Higher state
Back in Japan, Hirose is now trying to do to liquids what
he has done to solids – squeeze and heat them, to simulate the outer core, the precise chemical composition of
which is still unknown. Unfortunately, experiments on
liquids are much harder than on solids – after all, liquids
move, even in minute samples, but solids do not. Under
pressure and temperature gradients, liquids normally
move away from the high-temperature spot. “So as soon
as we melt the sample, the liquid moves away from the
heating spot,” Hirose points out. The key, he says, is to
apply a very homogeneous temperature field.
Hirose’s laboratory has now attained conditions of
400 GPa and 6000 K. “I’m very much interested in the
liquid of the core, and measuring the sound velocity
and density of liquids at high temperature and pressure,” he says. Hirose is not alone of course – the
European Synchrotron Radiation Facility in Grenoble,
France, for example, opened a beamline late last year
that is ideal for studying, with microsecond resolution,
how materials absorb X-rays at extreme conditions of
up to 10 000 K (figure 2). But if Hirose’s past accomplishments are any indication, whatever he finds there
will bring the picture of the inner Earth into sharper
■
focus still.
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