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Geomimicry—Liberating high-pressure research
by encapsulation
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ABSTRACT
High pressures induce changes of properties and structures that could greatly impact materials science if such changes were preserved for
ambient applications. Mimicking the geological process of diamond formation that the pressures and high-pressure phases in diamond inclu-
sions can be preserved by the strong diamond envelope, we discuss the perspectives that such process revolutionizes high-pressure science
and technology and opens a great potential for creation of functional materials with extremely favorable properties.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0126898

I. THE UNEXPLOITED PRESSURE DIMENSION
IN MATERIALS SCIENCE DUE TO LIMITATIONS
OF HIGH-PRESSURE TECHNOLOGY

As a fundamental state variable, the application of pressure
can dramatically alter the physics and chemistry of any mate-
rial. In theory, extremely desirable material properties exist in
the vast pressure range of hundreds of gigapascals (GPa) that is
accessible using modern experimental techniques,1–3 but materials
science currently only utilizes those properties that are available
within the tiny slice near ambient pressure. High-pressure materials
applications are currently restricted to the synthesis of a small num-
ber of quenchable phases that can be preserved in a metastable state
for use under ambient conditions,4 and the extraordinary pressure-
enhanced properties that vanish after decompression cannot yet be
exploited.

The root of the problem is that GPa pressures are created
by compressing a minuscule sample in a relatively gigantic pres-
sure vessel, such as a diamond-anvil cell (DAC) or a multianvil
press (MAP). Utilization of the pressure-enhanced properties of
materials would require useful sample sizes that are comparable
to that of the pressure vessel, as well as convenient access to the
extraordinary pressure-induced properties through the vessel. To
help achieve this goal, we can learn from natural mineral inclusions.

II. LEARNING FROM NATURAL AND SYNTHETIC
MINERAL INCLUSIONS

Natural minerals crystallized from magma or hydrothermal
fluid in the Earth’s deep interior can entrap foreign materials, such
as fluids, other minerals, or rock fragments, to form inclusions.
The host mineral completely encapsulates and isolates the inclusion
from the surrounding environment. The host–inclusion relation-
ship reveals valuable pressure–temperature–composition informa-
tion about petrogenesis at the moment of lock-in.5 Nondestructive
optical and x-ray techniques have been applied to probe min-
eral inclusions through the wall of the host mineral, and synthetic
processes have been developed to simulate their conditions of
formation.6 Diamond, the hardest known material,7 is capable of
preserving the highest pressures in its inclusions. For instance, H2O
with solid ice-VII structure at a pressure as high as 24 GPa has
been discovered as an inclusion in diamond, thus providing direct
evidence that the diamond originated from the lower mantle at
660 km depth.8

Generalizing this concept opens new perspectives for over-
coming the aforementioned problems by synthesizing free-standing
pressure-preserving capsules (PPCs). A successful example of the
synthesis of free-standing nanocrystalline diamond capsules with
crystalline argon inclusions preserved at 24 GPa after removal from
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a DAC has demonstrated the power of PPCs as a new approach to
high-pressure science and technology.9

III. PERSPECTIVES FOR PPC SYNTHESIS
In principle, existing high-P–T apparatus, such as hydrother-

mal bombs, piston–cylinders, belts, toroidal presses, MAPs, and
DACs, can be used to synthesize PPCs of micrometer to centi-
meter dimensions that preserve 1–100 GPa pressures. The PPC
fixes its sample–envelope configuration at the high-P–T lock-
in point, and a fraction of the sample pressure is preserved
after the PPC has been quenched to ambient conditions accord-
ing to the P–V–T equation-of-state difference between the sam-
ple and envelope.5,10 Diamond is an ideal envelope material
owing to its unmatched strength and bulk modulus, but other
superhard materials such as cubic boron nitride, cubic zirco-
nia, and moissanite could also be used for specific applica-
tions. A variety of carbon allotropes, such as graphite, fullerenes,
and glassy carbon, could be used as precursors for synthesizing
diamond envelopes. The sample could be made of composite materi-
als with an additional pressure medium or with additional envelopes
to tailor the average bulk modulus of the sample assemblage or
to avoid chemical incompatibility with the envelope. Free-standing
PPCs could be further modified by surface machining while main-
taining their integrity. Unlike conventional high-pressure apparatus,
where pressure is a variable, each PPC represents a locked pres-
sure point that only varies with temperature according to its
thermoelastic behavior.5

IV. PERSPECTIVES FOR HIGH-PRESSURE SCIENTIFIC
INVESTIGATIONS

Eliminating the restrictive requirement of an external pressure
vessel enables the use of most modern probes for direct investigation
of high-pressure phenomena in PPCs. The plethora of conven-
tional high-pressure techniques for in situ optical spectroscopy,
magnetic susceptibility, electrical resistivity, acoustic velocity, and
x-ray diffraction, x-ray spectroscopy, and x-ray imaging stud-
ies, which have taken decades of effort to develop specifically
for reaching high-pressure samples through the complicated geo-
metry and containment of a pressure vessel, would now become
straightforward in PPCs. For instance, synchrotron x-ray studies of
PPCs would no longer require high-pressure beamlines dedicated
to MAPs or DACs, but could be performed on general-purpose
beamlines.

More importantly, with PPCs, it would be possible to use
many powerful probes that are currently off-limits to high-pressure
research. The possibility of reducing the PPC envelope to nanometer
thickness opens the way for near-vacuum techniques, such
as electron microscopy11 and vacuum ultraviolet to soft x-ray
spectroscopy, to reach samples at high pressure. The micrometer
to millimeter overall dimensions of PPCs makes high-pressure
research accessible to techniques that can only be performed on
small samples, such as magic-angle spin nuclear magnetic resonance
(NMR), sub-millikelvin cryogenics, and the application of ultra-
high magnetic fields, thus extending the frontier of integration of
pressure with other extreme conditions. The locked-pressure
approach of PPCs also provides a perfect match with the single-shot

operating mode at extremely powerful facilities such as those using
pre-compressed targets for free-electron lasers and inertial con-
finement fusion.12 Exploration of the PPC technique will certainly
have an across-the-board major impact on high-pressure scientific
investigations.

V. PERSPECTIVES FOR HIGH-PRESSURE MATERIALS
APPLICATIONS

Free-standing PPCs enable the exploitation of extremely favor-
able properties that exist only under high pressures.3 Functional
materials can be pressure-tuned to their optimal performance in
a superhard protective envelope that preserves the pressurized
component while allowing the transmission of optical, thermal,
electric, and magnetic energies, in a manner analogous to the glass
envelope that separates the inner environment in a light bulb or vac-
uum tube while allowing the functional performance of the device.
The feasible micrometer to centimeter dimensions and 1–100 GPa
pressures attainable with PPCs are of practical relevance for use in
both ordinary and nano devices. Given the high expense of making
PPCs, at least at this initial stage, realistic applications should proba-
bly focus on high-value-added applications where greatly enhanced
performance is the predominant concern. Examples include life-
saving medical implant devices that need to last as long as possible,
components for space missions that need maximized performance,
and special devices that need to operate for extended periods in
extreme environments.
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