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Abstract: Laser-heated diamond anvil cell (LH-DAC) experimentation has emerged as a leading tech-
nique for materials processing at extreme pressures and temperatures. LH-DAC systems are often
employed to better characterise the structure and properties of materials in applications ranging from
condensed matter physics to geophysical research to planetary science. This article reviews LH-DAC
and related laser-based characterisation, as the first part of a series within the broader context of all
high-pressure laser-induced material processing. In part I of this review, a synopsis of laser-heated dia-
mond anvil cell experimental methods, developmental history, fundamental physicochemical processes,
and emerging research trends are provided. Important examples of minerals/materials modified
during LH-DAC investigations (since their inception) are also tabulated, including key phase transfor-
mations, material syntheses, laser parameters, and process conditions—as a reference for the reader
and as a guide for directing future research efforts. Note that laser-dynamic-compression within
diamond anvil cells (LDC-DAC experimentation) and laser-induced reactive chemical synthesis within
diamond anvil cells (LRS-DAC experimentation) are treated separately, as Parts II and III of this review.

Keywords: high pressure; high temperature; laser heated diamond anvil cells; phase transformations;
materials synthesis

1. Introduction

Over the past century, the development of high-pressure methods for materials modi-
fication and synthesis has been the focus of considerable research activity [1]. Diamond
anvil cells (DACs), developed by Charlie Weir in the mid-20th century [2,3], are presently
the most utilised systems for generating pressures greater than 3 GPa within small vol-
umes [2]. Since the first laser-heating of samples in DACs by Takahashi and Bassett [4],
the number of high-pressure materials studies, where materials are processed using UV-IR
coherent sources (e.g., lasers or synchrotron radiation) has grown steadily over time—and
now totals over 70 per anum—see Figure 1A [5-11]. Although there have been historical
reviews of diamond anvil cells and high-pressure research [2,4,11-15], the growing impor-
tance of Laser-induced materials processing within Diamond Anvil Cells (L-DACs) is the
motivation for this review.

L-DAC systems have yielded many scientific firsts, from establishing material equa-
tions of state and phase transitions at extreme conditions [16—19] to synthesising novel
materials [20-25]. Recent examples include the synthesis of solid metallic phases of hy-
drogen [26,27], metallic xenon phases [28], iron-nitrogen composites [23], and binary Fe-Bi
intermetallic compounds [24] (to name just a few). Laser heating allows for precise control
of sample temperatures during processing at high pressures—and therefore strongly influ-
ences the resulting phases and compositions that form in situ [25,29-32]. When combined
with real-time material characterisation techniques, such as X-ray diffraction (XRD), sample
compositions and structures can be actively controlled.
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Figure 1. At left, (A) total annual scientific production for all L-DAC studies driven by UV-IR lasers
[blue], (B) laser-heated diamond anvil cell (LH-DAC) articles where laser heating was employed for
materials modification [orange], (C) laser-driven dynamic compression diamond anvil cell (LDC-
DAC) experiments [red], (D) laser-induced reactive synthesis diamond anvil cell (LRS-DAC) articles
where laser-induced reactive synthesis occurred [green], and (E) laser-based characterisation (LC-
DAC) experiments, e.g., laser spectroscopy [yellow line]. At right, a breakdown of L-DAC articles
focused on: (F) L-DAC instrumentation and hardware improvements [grey], (G) equation of state,
phase transitions and phase mapping of materials [orange], (H) materials synthesis [green], and
(I) material property measurements at high pressures and temperatures [purple line].

L-DAC system implementations range from “basic” laser heating and modification
of samples [5,33—43] to laser-driven dynamic compression of materials [44-47] to laser-induced
chemical reactions (e.g., via pyrolysis or photolysis) [25,48-51]. This article (Part I) focuses
on the first of these implementations, i.e., laser-heated diamond anvil cells (LH-DACs),
where a laser is focused onto a sample within a DAC to control its temperature.

In this article, we introduce the physicochemical processes that occur during laser
heating at high pressures and provide a chronology of LH-DAC system development, list-
ing important historical events. A summary of phase transformation studies to date using
LH-DAC systems is given, as well as a table of materials processed with their documented
process conditions of pressure, temperature, and laser source wavelengths/energies. Fi-
nally, a brief summary of complementary laser-based characterisation methods used frequently
during LH-DAC processing is provided [7,52-61], as well as future prospects for laser-
induced processing of materials within DACs.

Of necessity, this review is limited to laser processing within transparent anvil cells
between 225 nm and 300 microns in wavelength, roughly the transmission band of diamond
anvils [1,2,62]. The range of laser wavelengths used for processing in L-DAC systems to
date is ~335 nm-10.6 microns [26,47,63,64]. It is also limited to pressure regimes greater than
0.01 GPa. A detailed assessment of X-ray- Deep Ultraviolet (DUV) synchrotron radiation
practice and characterisation through DACs is left to future publications.

2. Methodology

This systematic review was carried out using major research databases, including the
Web of Science®, ScienceDirect®, ProQuest Science®, SCOPUS®, Wiley Online Library®,
IEEE Xplore®, Access Engineering®, and Google Scholar®. A preliminary literature search
for the key phrase, ‘diamond anvil cell, with no limitations on publication date, yielded over
8432 articles. This was subsequently limited by adding keywords “laser”, “laser-induced”,
“laser-assisted”, “'laser-heated”, “chemical reaction”, “shock*”, “shock-wave”, “pressure-wave”,
etc. to yield likely topical areas. For instance, adding the keyword “laser” filtered this list
to just over 1466 publications, beginning in 1968 when the first L-DAC experiment was

conducted [53].
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Articles were further evaluated to ensure that the use of the word “laser” was as-
sociated with laser-induced processing of materials within a diamond anvil cell—where
the laser was employed to generate a significant modification or change in the sample—
not just as a characterisation probe. The resulting “L-DAC” articles were then manually
classified according to their primary in situ processes. For instance, the histograms of
Figure 1 were generated by arranging these categorised articles into a timeline, according
to publication date.

To focus on the most impactful articles, a further criterion was applied: that the
articles be cited at least 4 times; this down-selected the sampling of L-DAC papers to a
final set of 290 articles, across the time span of 1968-2022. This review emphasises these
290 articles, of which the majority (71%) are related to the use of laser-heating experiments
for material synthesis or modification (i.e., LH-DAC experiments). This article set was
subsequently analysed using the Biblioshiny© analysis tool (from Bibliometrics) to obtain
key statistical and demographics data [65]. Figure 2 displays the 12 most-cited authors and
articles, as well as the 12 most used keywords, together with their relationships. It is clear
that laser heating and X-ray diffraction feature prominently as important processing and
characterisation techniques, while geophysical and equation-of-state (EOS) experiments
dominate the applications of the published L-DAC works. The five most cited authors
were Prakapenka [66], Ohishi [67], Meng [64], Hirose [67], and Dubrovinsky [68]. However,
hundreds of authors contributed to the primary 290 articles selected for this review.
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Figure 2. Three-field diagram showing relationships between the 12 most-cited authors, articles and
keywords of the L-DACs works [66,69-79].

3. Overview of Laser Processing in Diamond Anvil Cells (L-DACs)

Diamond anvil cells belong to a group of devices known as opposed anvil instruments.
When well-aligned and driven together, opposing diamond anvil faces generate extreme
pressures on the transmitting media and sample materials trapped between them, regularly
to over 300 GPa for single stage DACs [12,80]. The ultimate pressure achieved is directly
proportional to the forces applied to the anvils and inversely proportional to the area of
the diamond cutlets [12,81]. Where double-bevelled anvils with very small cutlets are
employed, pressures greater than 400 GPa can be achieved [12]. The induced pressure can
be varied dynamically through the use of pressure-driven DACs, where force is applied to
at least one anvil either pneumatically or hydraulically [82-85]. DACs can also be utilised
in stages to generate even greater pressures on samples; for example, Dubrovinskaia
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et al. attached additional nanodiamond hemispheres into two opposing anvils to generate
pressures beyond one terapascal, which they dubbed “double-DACs.” [86].

In L-DAC systems, at least one anvil must be transparent, so that laser light can
interact with the sample volume. Besides diamond, various highly incompressible trans-
parent materials are occasionally used as anvils within L-DACs, e.g., cubic zirconia (ZrO,),
sapphire (Al,O3), and moissanite (Sip7;—Cp3); with these materials, pressures of up to
16.7 GPa, 25.8 GPa, and 52.1 GPa, have been generated, respectively [87-90], and de-
pending on the samples of interest, these anvils offer some advantages for Raman and
infrared spectroscopy.

However, diamond is most frequently used as an anvil material because of its im-
pressive material properties, e.g., great compressive strength (>110 GPa) [91] and the
highest thermal conductivity of any known bulk material (>2000 W/m.K) [92]. These
properties allow diamond anvils to survive the extreme pressures and temperatures within
an L-DAC—e.g., those induced by intense laser beams. Additionally, diamond’s large
bandgap energy of 5.49 eV [93] allows the anvils to be electrically insulating, such that
electric currents pass through gaskets and/or samples (e.g., for resistive heating), without
the anvils participating in the circuit.

Most importantly, diamond is optically transparent over an impressive wavelength
band from the mid-ultraviolet (UV) to the far infrared (far-IR) [94]. This property enables
experimentalists to: (1) monitor samples in situ at many wavelengths, (2) observe the
alignment of anvils and samples as they are being driven, (3) employ infrared pyrometry to
measure temperatures, (4) gauge chamber pressures using spectral shifts, and (5) observe
the real-time structure/composition of the sample via spectroscopic methods [2]. In an
L-DAC system, this optical transparency enables a wide diversity of source wavelengths to
be used for heating and driving reactions [95].

Now, laser beam(s) focused into L-DAC systems can be used in several ways to process
materials, e.g., through laser heating, laser-induced (shock) compression, or laser-induced
chemistry. When laser heating is employed, e.g., for phase change studies, it is common
practice to denote this as LH-DAC experimentation; this mode of materials processing is
illustrated in Figure 3A. Here, one or two lasers (ii) are typically focused onto a sample
(iii), to induce a temperature profile (T) across the sample. Often the objective in LH-DAC
work is to generate a relatively flat temperature profile, while minimising any temperature
gradients across the sample. In this review, sample sizes were found to range from a
minimum of ~25 to a maximum of ~160 pm in diameter, with thicknesses ranging over
5-30 um. For reference, typical spot sizes were in the range of 9 to >120 um. In many
cases, the laser spot sizes were large enough to be greater than their corresponding samples,
which naturally provided more uniform sample heating. However, this was not true in all
cases. Diamond anvils (iv) and a gasket (v) enclose (and compress) the sample through
a pressure medium (ix). The LH-DAC configuration is a valuable tool for many areas
of high-pressure geology, planetary science, and materials science [17,31,96-111], such as
mapping P-T phase diagrams [17,101,102,105-111] or modifying materials at high pressures
and high temperatures (HPHT) [37,68,112-114]. For instance, LH-DAC configurations can
recreate conditions within most planetary interiors where pressures and temperatures may
exceed 1 GPa and 3000 K [115].
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Figure 3. Illustrations of various modes of laser materials processing in L-DAC studies. (A) Laser-
Heated Diamond Anvil Cell (LH-DAC), (B) Laser-driven Dynamic-Compression Diamond Anvil
Cell (LDC-DAC), and (C) Laser Reactive Synthesis Diamond Anvil Cell (LRS-DACs) experiments.
Please see article text for component descriptions.

An alternative processing mode, where the samples have already been statically
compressed inside diamond anvil cells, comprises the use of a high-peak-power, short-
pulsed laser beam to pass shockwaves or pressure-waves through samples, as illus-
trated in Figure 3B; for purposes of this review, we designate this Laser-driven Dynamic-
Compression Diamond Anvil Cell (LDC-DAC) experimentation. This is distinguished
from LH-DAC experimentation by the presence of shock- or pressure-waves that signif-
icantly alter the sample’s composition or structure. In this case, at least one laser beam
(ii) is pulsed onto a target material (xvii), generating shock- or pressure-wave(s) (xx) that
subsequently pass through the sample (iii).

Another mode of experimentation is where the laser source(s) are employed expressly
to induce localised chemical reactions within diamond anvil cells. Given that the literature
does not suggest any standard terminology, for purposes of this review, we designate this
mode as Laser-induced Reactive Synthesis Diamond Anvil Cell (LRS-DAC) experimenta-
tion—as displayed in Figure 3C. LRS-DAC experimentation is distinguished from the
LH-DAC mode by the use of: (a) an intentional chemical reaction that changes constituents
within the L-DAC chamber, (b) a chemical “precursor” to obtain a desired product, and (c)
more-localised, selective heating that encourages mass transport of the precursor within
the DAC.

Figure 4 provides a snapshot of the pressure-temperature (P-T) regimes that re-
searchers have accessed using the (A) LH-DAC, (B) LDC-DAC, and (C) LRS-DAC configu-
rations, in comparison to some geophysical and astrophysical references. Utilising LH-DAC
configurations (orange region in Figure 4), laser-induced temperatures approaching 7500 K
and static pressures of up to 377 GPa have been reached in single stage DAC’s [67,116]. For
comparison, using the LDC-DAC mode (red region) much greater dynamically induced
pressures, approaching 1 TPa, have been reached [44]—and even greater pressures have
been suggested as theoretically feasible (up to 100 TPa) [45]. The LRS-DAC configuration
(green region) exhibits a similar range of temperature and pressure as the LH-DAC configu-
ration, although most reactive synthesis studies have been caried out at temperatures well
below 3000 K. Recently, the right-hand boundary of the LRS-DAC region was extended to
pressures of 900 GPa using a toroidal and double stage anvil DAC [117].
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Figure 4. P-T Map of L-DAC experiments, showing regions explored by (A-Orange) LH-DAC
systems [5,17,19,29,30,32,35-37,42,43,66-68,71,72,75,112-114,116,118-214], (B-Red) LDC-DAC sys-
tems [26,44,45,215-219], and (C-Green) LRS-DAC operations [3,20,23,51,220-223], in comparison
to the temperature-pressure regions 250 km down in Europa’s oceans [224], 660-5100 km below
the Earth’s surface [26,67,144], 12 x 10° km deep in Neptune core [225], Saturn at the depth of
26 x 10% km [226], and 20 x 103 km deep in Jupiter’s atmosphere [227]. Values shown are at the peak
pressures and temperatures provided in the respective references.

Now, where the laser sources are chiefly used to characterise materials inside diamond
anvil cells, e.g., via laser spectroscopy, we name this Laser-Characterisation Diamond
Anvil Cell (LC-DAC) experimentation; this is distinguished from prior experimental con-
figurations by the lack of any laser-induced modification or processing of the sample
material. Of course, L-DAC systems may be implemented as combinations of two or
more of the above configurations. For example, systems conducting both LH-DAC and
LC-DAC activities enable real-time monitoring of phase changes while the samples are
being processed [228-231].

Within this context, this review is Part I in a series that reviews all L-DAC material
processing activities, leaving LDC-DAC and LRS-DAC investigations to parts II and III,
respectively. Part I summarises the physics behind LH-DAC systems (e.g., those configured
akin to Figure 5A)—detailing their historical development and key materials experiments. It
also recaps the development of experimental methods that underlie most LH-DAC studies,
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e.g., the evolution of the diamond anvil cell and common laser-based characterisation
techniques (like the LC-DAC system illustrated in Figure 5B).
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Figure 5. (A) Typical arrangement of Laser-Heated Diamond Anvil Cell (LH-DAC) systems for
scientific/engineering experiments. (B) A common configuration for Laser (spectroscopic) Character-
isation through Diamond Anvil Cell (LC-DAC) systems. The various elements of these systems are
described in the text. Please see article text for component descriptions.

4. DACs: Fundamentals and Historical Development

The concept of using diamond, with its high compressive strength, to generate high
pressures was first suggested in 1887 [232]. However, the first practical high-pressure
anvil devices were developed by Bridgman in the 1930’s using cantilever-arm devices
to compress materials between steel or tungsten carbide plates [232]. In 1935, Bridgman
further developed tungsten carbide opposing anvil cells [118,233]; tungsten carbide was
chosen because of its high ultimate compressive strength (>2.7 GPa). In due course, these
WC opposing anvils were driven by hydraulic pistons, allowing Bridgmen to ultimately
achieve static pressures of over 13 GPa within thin samples of Mg,SiO4-FepS5iO4 [15].

Improvements to Bridgman’s opposing anvil apparatus were made in 1958 [234], when
Tracy Hall developed multi-anvil, high-pressure cells, consisting of triangular WC anvils
(and their driving pistons) pointed inward toward a central 3-dimensional cell—arranged
in a tetrahedral geometry. This tetrahedral configuration could generate pressures over



J. Manuf. Mater. Process. 2022, 6, 111

8 of 34

10 GPa at temperatures of up to 3273 K, while preventing samples from easily extruding
out from the cell [15]. This allowed truly three-dimensional samples to be studied, rather
than just thin films.

During the same time period (1957-1958), Charlie Weir of the US National Bureau of
Standards (NBS) laboratory invented the earliest diamond anvil cells (DACs) while attempt-
ing to transmit infrared light through a high-pressure cell with diamond windows [2]. Weir
realised that one could observe the interior of the cell under a microscope while processing
the sample—rather than just characterising the sample after the fact [2]. Diamond’s extreme
hardness and compressive strength were a clear advantage for achieving greater pressures.

In 1961, a novel DAC design with two significant improvements was developed by
Sergei Stishov and Svetlana Popova of the Russian Academy of Sciences, USSR. They
positioned two circular anvils across from each other with one or more concentric rings sur-
rounding a central depression—where the sample material was located. A pressure medium
was then placed within all the depressions to apply pressure to the sample [235,236]. This
clever design allowed much higher pressures to be generated in the central cell, in some
cases exceeding 400 GPa [237]. They named their original anvil geometry, “Chechevitsa”,
meaning “lentil”. It was through this anvil geometry that the first ultra-dense phase of
silica, “stishovite”, was produced, and the design ultimately evolved into the well-known
“toroidal” diamond anvil cell [235].

Meanwhile, in 1962, Van Valkenburg of Harvard University, USA, developed a method
for containing liquid samples between two diamond anvils, by placing a metallic gasket
with a central hole between the diamonds [238]. When compressed, the gasket sealed the
liquid(s) inside [11]. The clear advantages for all DAC-related materials processing were
soon realised, and the “gasket-sealed DAC” was born. The contributions of Bridgman, Hall,
Weir, Stishov, Popova, and Van Valkenburg are all displayed at the left of the timeline of
Figure 6, where significant events in the chronology of diamond anvil cell high-pressure
techniques are exhibited.

The next innovation in DAC technologies occurred in 1970 with the development
of the “Kawai-type” multi-anvil DAC; this was developed by Naoto Kawai and Shoichi
Endo of Osaka University in Japan and consists of a series of split spheres, placed one
inside another [239]. As pressure is applied externally, all the concentric spheres are
compressed, resulting in a reduced volume (AV/V,) compared to traditional DACs. This
allowed pressures exceeding 30 GPa to be readily attained.

In 1993, Bassett et al. also developed the first hydrothermal diamond anvil cell (H-
DAC), designed specifically for investigating hydrothermal reactions in water-based so-
lutions [240]. It is distinguished by resistive heaters on both the lower and upper anvils
that could be precisely controlled, as well as the introduction of fluids around the gasket
chamber, e.g., for sample heating/cooling. Their first H-DAC yielded pressures of <2.5 GPa
with temperatures of up to 1473 K [240]—or down to 83 K with liquid nitrogen surrounding
the sample.

More recently, in 2007, Evans et al. at Lawrence Livermore National Laboratory, USA,
developed the dynamic diamond anvil cell (d-DAC), where a gas-driven platen allows the
sample pressure to be changed rapidly [84]. This design makes it possible to release the
pressure after processing, allowing metastable materials to be brought to room temperature
and pressure before they have time to change phase. In this case, the pressure change
occurs more rapidly than the phase transition kinetics. Compression and decompression
rates exceeding 500 GPa/s have been achieved with this device [84].
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Figure 6. Chronology of Key Basic Diamond Anvil Cell (DAC) Developments/Events.

Finally, in 2016, a double-stage DAC was created, where opposing 20 pm diameter
nanocrystalline diamond hemispheres were placed over the primary diamond anvils with
3 um samples placed in-between [86]. This resulted in a record static pressure of over
1 terapascal [86].

The innovations of Kawai/Endo, Bassett et al., Evans et al., and Dubrovinskaia et al.,
are shown on the middle-right portion of the chronology in Figure 6. All of these important
events underlie the development of modern, L-DAC experiments.

5. LH-DACs: Fundamentals, Historical Development, and Key Experiments

A typical LH-DAC system is illustrated in Figure 5A with a laser source (i), where at
least one focused laser beam (ii) illuminates a pressured sample (iii) through transparent
anvils (iv); heating is often carried out with beams illuminating both sides of the sample to
obtain a more uniform temperature [4,241]. LH-DAC experiments have advantages over
resistively-heated DACs in that the sample itself is heated directly, so localised extreme
heating is possible without simultaneously affecting the diamond anvils or gasket chamber
(v)—and sample temperatures can be measured in situ (through the anvils) [241]. In most
LH-DAC configurations, significant thermal gradients may exist across extended samples,
with reported values on the order of 107-10° K/m [242-246]. Such gradients can drive
solid-state diffusion within samples (and within the cell overall) [6,245,247].

Additional common components of an LH-DAC system include: diamond seats (vi), a
mechanism for driving the anvils (vii), laser delivery optics (viii), pressurisation media (ix),
optical pyrometers (x), an optical system and spectrometer for pressure measurement (e.g.,
through ruby fluorescence [74]) (xi), and microscopes for general observation or process
control (xii) [2,4]. As seen in Figure 4, the LH-DAC has been used to achieve laser-induced
temperatures of up to ~7300 K [116]—and pressures of up to 377 GPa [67].

Key elements of an LC-DAC system, shown in Figure 5B, are an excitation laser (i),
sample onto which the laser is focused (iii), anvils transparent to the excitation source
and measured spectra (iv), optics to expand and focus the laser beam(s) (viii), and optics
to collimate optics (xiii) and collect emitted light (xiv) into a dedicated high-resolution
spectrometer for characterisation (xv). One benefit of a DAC is that a sample can be ac-
cessed optically from both sides, so laser light can pass through a sample [2], or simply
be absorbed on either side of the sample [248]. Similarly, emitted light can be accessed
from either side of the DAC and be collected into two or more spectrometers through
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the use of beamsplitters [136,161,180,241,249]. This allows a wide range of (spectroscopic)
characterisation techniques to be carried out. For example, UV-VIS absorption spectroscopy
(UV/VIS) [250,251], Fourier-transform infrared spectroscopy (FTIR) [115,252], Raman spec-
troscopy (RS) [53,220], and frequency-domain Brilluoin scattering (FDBS) [115,253] are all
common LC-DAC spectroscopic techniques used in conjunction with DACs [52,115]. We
include laser ultrasonic diamond anvil cell studies, sometimes abbreviated LU-DAC studies,
within the LC-DAC classification [254-256]. Finally, for most studies, accurate temperature
measurements across a sample are vital—these are usually carried out by analysing the
black-body radiation emitted via multi-colour pyrometry or spectroscopy [54,61,257,258].

Inconsistencies in pyrometry measurements pose an ongoing challenge for all LH-
DAC temperature measurements [8,166,259]. To obtain accurate temperature measurements
over a wide range of temperatures, it is critical to calibrate the pyrometry-system using
a black-body source, with a knowledge of the transmission of the systems optics and
detector sensitivities. This is particularly true where large temperature gradients are
present [260-262].

5.1. LH-DACs: Physical Processes

Frequently in LH-DAC systems, a primary objective is to maintain a uniform sample
temperature for a specific time period—so that changes in phase, material properties, or
crystallisation can be explored [48,120,241,263]. Lasers allow one to expose samples to
extreme temperatures for extended time periods, without heating (or damaging) the entire
DAC—and to achieve temperature profiles not readily obtained through resistive (external)
heating [184]. For example, Zou et al. heated samples above 3500 K for 20-60 min [203].
Externally heating the entire DAC to these temperatures would have destroyed the system.
Since Zou’s demonstration [203], extreme laser heating for extended time periods has
become quite common. In one investigation, for example, magnesiowustite and stishovite
transition phases were obtained after >1 h of laser heating at >1850 £ 200 K [128].

During LH-DAC processing, the laser beam ideally heats the sample—while being
transmitted through the pressurisation media and the diamond anvils. For this reason, it is
important to ensure that the sample absorbs (as much as possible) the incoming light, while
all other materials are transparent to the laser wavelength(s). In some cases, investigators
have applied absorptive coatings or mixed-in light absorptive materials (e.g., nanoparticles)
to enhance a sample’s spectral absorbance, such as platinum, graphite, alumna, or lithium
fluoride [30,183,193].

For continuous-wave (cw) lasers, the temperatures induced within a sample are
ultimately driven by the balance of heat absorbed from the focused laser beam versus the heat
lost through conduction and radiation to the surrounding environment. Diamond anvils,
with their high thermal conductivity, act very effectively as heat sinks (via conduction),
sandwiching the sample as illustrated in Figure 7. It is for this reason that very high
incident laser powers are often reported in the LH-DAC literature; much of the power is
lost through conduction to the diamond anvils.

At extreme temperatures, radiation from the heated sample can also be significant
(~T%), and this radiation can leave through the IR-transparent diamond anvils. Note that
impurities in the diamond anvils may also increase laser beam losses and absorption of
IR radiation (thereby directly heating the anvils), so use of colourless pure diamonds, like
grades D or E, has been recommended [81].

Manga and Jeanloz have also suggested that convective heat transfer inside a DAC
is often negligible compared to conductive heat transfer (or even radiative heat transfer at
moderate temperatures), as they calculated the Peclet number to be less than 10~° [264];
this is in part due to the diminutive L-DAC chamber volume. However, this assumption
should not be taken as absolute in all experimental situations, especially where a substan-
tial fraction of the sample volume is in a liquid state; other groups have observed very
rapid convection occurring at high pressures where a large melt is present, which will
undoubtedly enhance local heat transfer rates [265,266].
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Of course, the laser-induced radial temperature distribution across a sample depends
strongly on the incident laser beam profile and beam waist, w,. Often a Gaussian beam
profile is used, as illustrated in the top plot of Figure 7. Because the induced temperature

rise, AT, is:
2
AT ~ —a| — 1
e |-a( )] g

Here, r is the distance from the laser axis, w,, is the spot waist, and 4 is a constant.
Note that w, has a very strong influence on the local radiative flux—and hence AT [242].
So, it is exceptionally important to characterise this parameter for any LH-DAC system.
Typical laser spot sizes found in the literature for LH-DAC systems are in the 30-50 um
range [40], but they were also found to be as small as 5 pm (Frereko et al.) [136] or as large
as 1 mm (Kesson et al.) [147]; such values are significantly larger than the diffraction-limited
spot sizes that could have been achieved for the laser wavelengths employed. One reason
for this is that, to achieve uniform heating, it is desirable to wholly illuminate the sample
(or even the entire chamber), so this often constrains the minimum spot waist employed. A
more uniform radial temperature distribution can also be obtained by using flat-top profiles
(or sometimes multi-mode profiles), where the samples lie within a region of relatively-
constant intensity [72]. Regardless of beam profile, it is essential to characterise the actual
beam intensity at the sample.

To achieve the greatest sample temperatures within a LH-DAGC, it is also vital to obtain
optimal alignment of the focused laser beams, so that no astigmatism is present in the
optical system and (for dual beam systems) co-alignment of both beams. This is non-trivial
in the confines of an LH-DAC chamber. Meng et al. developed an important alignment
aid [64], which resolves some of these issues by integrating pinhead mirrors into an LH-
DAC. The approach enabled precise alignment and sample temperatures of up to 6000 K
with an ytterbium fibre laser [64].

Figure 7. Schematic of Heat Transfer in an LH-DAC. With matched laser input from both sides (white
arrows/beams), the resulting heat profile can be symmetric as shown (dotted graphs). Heat leaves
primarily through the diamond anvils and secondarily through the gasket chamber (black arrows).
Please see article text for component descriptions.
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Now, as illustrated in Figure 7, a more uniform, (steady-state) temperature profile can
be obtained when symmetric samples are uniformly illuminated on both sides by cw laser
beams. Dual illumination was first implemented by Kunz et al. and Shen et al. [182,260]
to eliminate the axial temperature gradients that otherwise arose in their samples [9,115].
This technique is important for many experiments where the entire sample must be heated
over an extended time period—and where relatively constant temperatures are desired
axially through the sample. Note that the temperature will still drop axially across the
pressure media and approach the background temperature at/near the diamond anvils
due to their extreme thermal conductivity. Radial heat transfer through the pressure media
to the chamber gasket also occurs, but this is often less significant—especially if a poor-
thermal conductor like stainless steel is used for the gasket. So, as a “rule-of-thumb”, the
temperature drops off rapidly close to the diamond anvils, and secondarily toward the
metal gaskets.

For example, Bodea and Jeanloz observed that the induced temperatures in their LH-
DAC were largely regulated by laser parameters and cooling from the diamond anvils along
both the axial/radial directions [242]. They asserted that the diamond anvils remained
close to ambient temperature (295 K) throughout their experiments [242]. To illustrate this,
a typical temperature profile along the axis of the laser beam (with two opposing graphs)
and perpendicular to the beam axis (single upright graph) are provided as dotted lines in
Figure 7.

One important approach for reaching extreme temperatures is to thermally isolate
the laser-heated samples from the diamond anvils [148]. For example, Ming and Bassett
utilised NaCl insulation in conjunction with a graphite sample and a pulsed ruby laser [30].
Similarly, Dorfman et al. utilised NaCl insulation with synthetic olivine samples and heated
them to 1900-3000 K with a fibre laser at powers up to 200 W [267]. Additionally, Shim et al.
successfully employed argon as an insulating medium with an MgSiOs sample, heating
it to >2500 K with an Nd:YLF laser [184]. Boehler et al. also investigated KCl and CsI
insulation media around tungsten samples at temperatures of up to 3500 K [125]. Finally,
Dewaele et al. reached 4950 K with alumina (Al;O3) coatings between the diamond anvil
and the tantalum samples using argon as a pressure medium [120]. Such attempts can be
improved upon by simulating the heat transfer and temperature rise. For instance, Kiefer
and Duffy modelled alumina as an insulator with thicknesses up to 27 um for silicate and
oxide samples, and were (theoretically) able to reach 2200 K [148]. Additionally, Geballe
and Jeanloz simulated the use of Al,O3 as insulation with an iron sample to produce
consistent, high-pressure melting data [268].

When the illumination dwell time is sufficiently long, e.g., with cw laser sources, the
thermal conductivities and heat capacities of the sample and pressurising media also influ-
ence the observed temperature profile [268]—and at very high temperatures, emissivities
of the sample and pressurising media may also play important roles [116]. The utilisation
of soft, highly compressible pressure media, such as noble gases, is quite common in
LH-DAC systems. Such media can minimise distortion of the sample during high-pressure
compression [6]. However, they can also cool the sample [94]—and (sometimes) react with
the sample, which has led some researchers to avoid loading any media other than the
sample (powder) itself [139,191,194]. For the reader’s reference, we have listed the most
commonly employed pressure media thus far in Table 1, together with their heat capacities,
thermal conductivities, and initial phases at ambient conditions.



J. Manuf. Mater. Process. 2022, 6, 111

13 of 34

Table 1. Physical properties of common LH-DAC pressure media, including compressive strengths,
thermal conductivities, and absorption coefficients at ambient conditions, 300 £ 100 K.

Thermal

Heat

Material . Phase
Cond Capacity LH-DAC Refs. Property Refs.
Type [W/m-Kk] [/kg-K] (Form)/Prefer Laser
Ne 1.667 1029.9 Gas [104,119,120,158] [269]
Ar 1.677 5203 Gas/CO;, [75,104,120,126,127,132,138,158,168,180,183,184,193,195,270] [269]
NaCl 5.4-6.49 854 Powder/YAG [32,66,120,127,128,171,174,175,185,189,270,271] [272]
Powder or single AL s
ALO; 26-34.3 753-878.6 erystals/YAG [119-121,144,164,193,198] [272,273]
. Powder or glass /
Si0» 1.6-4.18 703-1000 pellots/ YAG [121,171,274] [272,273]
N2 14 1039 Gas [37,112,116] [269]
He 1.667 3115.6 Gas [130] [269]
MgO 18-36 877-1046 Powder/YAG [120,131,144,198] [272,273]
CsCl 1 317.9 Powder/YAG [144,167,171] [275]
KCl 6.3 690 Powder/YAG [104,120,152,167,171,175,208] [272]
KBr 48 435 Powder/YAG [29,167] [272]
MgSiOs 53 811.1 dry gel [179] [272,276]
LiF %f% 1562 Powder/YAG [198] [272]
Au 317 129 foil [211] [272,273]
LH-DAC systems have been implemented using a wide variety of cw-laser sources,
including Nd:YLF (1053 nm), Nd:YAG (1064 nm), Nd:YLF (1070 nm), and CO, (10.6 micron)
lasers [141,151,155,176,277]. However, using continuous wave sources has several disad-
vantages compared to using pulsed lasers, such as (1) steady-state temperature gradient
issues, (2) undesired (long-term) chemical reactions (e.g., with pressurising or insulation
media), and (3) thermal diffusion which can occur across the chamber volume [64,120].
The L-DAC chamber’s gasket material may also play a non-negligible role in heat
transfer. For this reason, we have listed the most common LH-DAC gasket materials
in Table 2, together with their compressive strengths, thermal conductivities, and heat
capacities. Their typical reported gasket thicknesses are also provided. Note that rhenium
and stainless steel are the most often used gaskets due to their high compressive strength
and low thermal conductivity [272], but as can be seen in Table 2, tungsten, beryllium,
diamond, nichrome, boron-Kapton composites, and nickel are also used. One novel gasket
design by Zou et al. employed a coated 100-180 um thick polycrystalline diamond gasket
(derived from diamond powder) to examine iron oxide (FeO) in a range of 50-87 GPa up
to 3500 K [203]; importantly, this design innovation provided additional internal cham-
ber volume, thereby isolating the sample away from the diamond anvils for improved
temperature control.
Table 2. Physical properties of common LH-DAC gasket materials, with their reported thickness,
compressive strengths, and thermal conductivities at around room temperature +100 K.
Material Typical Gasket Thermal Cond Heat Capacity .
Type Thickness [um] [W/m-k] [J/kg-K] LH-DAC Refs. Property Refs.
[103,105,120,127,136,139,160,
Rhenium (Re) 25-50 479 137 164,174,183,184,191,193,195,208, [272]
221,229,270,274,278]
. . [29,75,138,147,148,150,170,181,
Stainless Steel 30-250 12.67 483 185,229,270,279] [272]
Tungsten (W) 30-60 155 138 [140,167,179,191,229] [92,272]
Beryllium (Be) 30 200 1825 [40,152] [272]
Diamond 40,100 3150 520 [203,280] [92]
Nichrome alloy 125 10.4-14 418-460 [42,281] [272,273,282]
(NiCr)
Boron-kapton 50 Data N/A Data N/A [162]
composite
Nickel (Ni) 200 70 450 [50] [92]
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Pulsed lasers provide a means of instantaneously heating samples in LH-DACs to
extreme peak temperatures for short periods of time, while suppressing the average tem-
perature across the L-DAC chamber. For example, Hearne et al. reached 4573 K in their
LH-DAC experiment using a pulsed CO; laser [283]; this is a temperature that would have
melted even the diamond anvils, if it had been applied across the entire cell. Long pulses
(up to hundreds of ns/pulse) exhibit this effect to some degree; for example, Bassett and
Weathers achieved a peak temperature of 4273 K, and Deemyad et al. achieved a temper-
ature of 3500 K—both with minimal background heating [33,214]. However, with short
pulsed lasers (<<100 ps/pulse), this effect can be taken to an extreme, where the average
temperature of the chamber hardly rises above the background temperature [213]—while
locally, sample peak temperatures reach thousands of degrees.

A diversity of pulsed lasers have been used in LH-DAC systems. Some examples
include: pulsed ruby lasers at 700 nm, pulsed CO, lasers at 10,600 nm, yttrium lithium
fluoride (YLF) lasers at 1053 nm, Nd:YAG lasers at 1064 nm, various fibre lasers (1070 nm),
and femtosecond Ti/sapphire pulse lasers at 780 nm [16,30,124,155,182,195,205,206,260].
However, most pulsed lasers employed in LH-DAC systems to date have used pulse widths
on the order of 1 nanosecond or longer.

5.2. LH-DAC: Historical Development

Soon after the invention of the laser in 1967, Takahashi et al. of the US National Bureau
of Standards, recognised the potential of using a laser to heat samples within DACs [4],
which they demonstrated a year later by converting graphite to diamond using a 694 nm
ruby laser [2]. Furthermore, in 1972 Ming and Bassett performed the first temperature mea-
surement via pyrometry with a modified Leeds and Northrup model 8632-C incandescent
pyrometer at the focus of a trinocular microscope to measure a sample’s temperature [4,212].
The heat source was initially a ruby (694 nm) laser, which was focused through a long-
pass dichroic mirror onto the sample, so light from the sample could be observed by the
pyrometer and observer.

Shortly after using the first ruby laser, Ming and Bassett upgraded their LH-DAC
system with a higher-powered, 60 W cw Nd:YAG (1064 nm) laser. Using this set-up, they
obtained (crude) temperature measurements of heated graphite, diamond, iron (III) oxide
(FepO3), fayalite (Fe;SiOy), and forsterite (Mg,SiO4). This was the first use of an Nd:YAG
laser in an LH-DAC [212]. These three initial LH-DAC developments are shown at the
beginning of the timeline in Figure 8.

First used in 1991 by R. Boehler, of the Max-Planck Institute in Germany, infrared
CO; lasers have become quite commonplace in LH-DAC experiments, as 10.6 pm trans-
mits efficiently through diamond. Boehler et al. focused the cw infrared beam into a
100-150 micron diameter chamber at laser powers <120 W [126]. Olivine (Mg, Fe),SiOy),
forsterite (Mg;SiOy), and enstatite (MgSiO3) were laser-heated to >2000 K at static pres-
sures of 10 and 25 GPa. Importantly, they were able to stabilise the laser input to <0.1%
fluctuations, allowing for a constant sample temperature (within a few degrees) throughout
the experiment.

Improvements in LH-DAC temperature measurement methods were made by Heinz
and Jeanloz of the University of California, USA, in 1987, where they passed light directly
from an LH-DAC to a spectroradiometer without the use of a beamsplitter [284]. The
1064 nm Nd:YAG laser beam was inclined at an angle to the sample, so that reflected laser
light did not directly shine into the spectrometer. With this approach, they succeeded in
deriving the melting point of pure uranium at pressures <45 GPa and temperatures to
2818 K and obtained radial temperature gradients in samples using a scanning slit and
Abel transformations—measuring some of these to be ~103 K/um. This measurement was
important for ascertaining that samples can indeed be exposed to extreme temperature
gradients during laser irradiation. Boehler and Heinz/Jeanloz’s contributions can be found
in the middle of Figure 8’s timeline.
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Figure 8. Chronology of Key Events in Laser-Heated Diamond Anvil Cell (LH-DAC) Development.

In 1996, Shen, Mao, and Hemley of the US Carnegie Institution for Science, revolu-
tionised the field by introducing dual-beam illumination (to both sides of the L-DAC) and
by measuring sample temperatures using an imaging spectroradiometric system that could
map the temperature across a sample area. Furthermore, they utilised a multimode beam
with a near-flat-top intensity profile [182]. This combination allowed for more uniform
heating across large portions of the chamber, making it possible to hold samples up to
50 microns in diameter at constant temperatures, with <4% fluctuations and minimal tem-
perature gradients. This also enabled the measurement of temperature gradients across
samples. This contribution influenced many subsequent LH-DAC experiments.

With these various improvements in-place, many important materials and geo-physics
experiments were carried out in the late 1990’s through 2010’s. One example is improved
characterisation of the high-pressure graphite-to-diamond phase transition without the
presence of a catalyst; in 1998, Yusa et al. [29], from National Institutes of Japan, were able
to achieve consistent, high-yield conversion of graphite to the diamond phase at pressures
>11.7 GPa using an LH-DAC with a single-mode CO, laser at 10.6 um. The beam waist
was approximately 100 pm in diameter. They held the carbon samples at temperatures of
over 3000 K for 10 min. However, at lower temperatures, no conversion was observed even
with higher applied pressures.

Another example is the exploration of extremely high temperatures and pressures.
In 2004, Benedetti and Loubeyre of the Commissariat for Atomic Energy and Alternative
Energies (CEA) [France], laser-heated elemental bromine to temperatures of ~7300 K using
a double-sided LH-DAC with two 20 W Nd:YAG lasers [116]. Their objective was to create a
standard for measuring temperatures at very high temperatures with bromine. As far as we
know, this is the highest temperature yet sustained in an LH-DAC. The closest runner-up
achieved 7000 K [130]. Realising such extreme temperatures is important for establishing
high-pressure high-temperature (HPHT) phase diagrams and evaluating which phases
may be present deep within the mantles or cores of planets. These two examples can be
seen in the middle of the timeline in Figure 8.

Further improvements to LH-DAC experimentation occurred in 2009, when an inter-
national group from Germany, Italy, and France, developed a compact LH-DAC system
that took up less than 1/2 square meter of optical breadboard space and weighed less than
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20 kg [10]. The system included a DAC with ports for X-ray characterisation, double-sided
laser heating, a 1070 nm Yb-doped laser with beamsplitter, spectroradiometer, automatic
controls, and all opto-mechanical components. Importantly, it could be transported for
rapid set-up at remote locations, such as synchrotrons. For example, Boehler et al. were
able to evaluate iron’s melting transition at temperatures < 4000 K and 100 GPa pressures—
while simultaneously performing X-ray absorption spectroscopy [75,107].

One clever development in 2015 by Salem et al. was the use of speckle interferometry
in conjunction with an LH-DAC to quantitatively determine the onset of phase transitions,
such as melting [178]. The international team, based in the Middle East and the USA,
employed a secondary laser beam to generate speckle patterns which were then imaged;
rapid changes in the speckle patterns indicated the likely occurrence of phase changes.
This approach replaced non-objective observations by personnel with quantitative mea-
surements by an electronic system that could respond much more accurately to phase
transitions. This is especially significant for processes that employ rapid cw or pulsed laser
heating—where phase changes can develop much faster than any human’s response time.

Another important development in 2018 was the first use of short-pulsed lasers in an
LH-DAC system with pulse widths less than 100 ps [213]. Wakamatsu et al., from Japan,
demonstrated laser heating and excitation with a 30 mW femtosecond Ti:Sapphire laser
beam at 780 nm and 80 MHz pulse repetition rates. Not only did they briefly heat the
sample with each 80 fs (pump) pulse, but the pulses generated elastic waves from which
the sound speed in the sample was determined precisely. The use of short-pulse lasers is
important because materials can be processed in this manner with minimal (immediate)
heat transfer to the surrounding pressure medium. Non-equilibrium processes can occur
in conjunction with very rapid temperature changes—and with rapid cooling, metastable
phases can form. This was also the first example of short-pulse, pump-probe acoustic
spectroscopy of samples in an LH-DAC. Short-pulse pump-probe techniques allow for
time-resolved imaging and characterisation of samples [285]. These LH-DAC contributions
are displayed on the right-hand side of Figure 8.

Recently, the first quantitative measurements of the thermal pressure distribution across
an LH-DAC sample were carried out by a team of researchers from the University of
California and the US Advanced Light Source [259] Thermal pressure is a localised pressure
that results from a sample being heated in an isochoric (constant volume) chamber (Gay-
Lussac’s law). Provided the surrounding material remains solid (and retains sufficient
shear strength), a pressure gradient is generated within an LH-DAC sample—where the
highest pressure is generally at the peak laser-induced temperature. In this experiment, C.
E. Yen et al. generated a large thermal gradient using a 1090 nm fibre laser, heating silver
iodide and olivine using the double-sided illumination method [259]. They subsequently
took measurements with a fine X-ray beam at various locations across the 30 pm (FWHM)
laser-heated spot and obtained the thermal pressure distribution; this distribution had a
similar profile to that of the induced-temperature gradient. This work demonstrated that
the thermal pressure could indeed remain localised—and its magnitude can be significant—
as in this case, it was found to be as high as 0.1 GPa/um. Neglecting this effect can lead to
inaccurate pressure measurements.

5.3. LH-DAC: Key Experiments

Figure 9 provides an overview of 28 separate phase transformation experiments down-
selected from the 206 LH-DAC-relevant articles, where melting curves were measured
within LH-DACs for pure elements and binary/ternary compounds. Some of these were
advanced materials of technological significance, such as diamond or gallium nitride (GaN).
Others were significant for geophysical studies, such as nickel (Ni), cobalt (Co), copper
(Cu), periclase (MgO), iron oxide (FeO), iron-nickel alloys (FeNi), nickel silicide (NiSi),
and ferropericlase (Mg,Fe)O; in Figure 9, these are compared to contemporary estimates
of the pressure-temperature curve for the Earth’s mantle/core. Finally, some of these
were applicable to improving high-pressure techniques, e.g., measuring melting curves
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Figure 9. Example of phase transformation studies using LH-DAC systems, chosen from the selected
206 articles, showing melting curves of many elements and various binary/ternary alloys and
compounds. Earth’s P-T curve is shown for comparison in the mantle to core regime. Adapted
from [35,38,144,159,162,173,175,196,208,241,265,286].

Among the data in Figure 9 are several noteworthy experiments that impacted their
field or changed how LH-DAC studies were performed. For example, during one ex-
periment by Miyagi et al., (MgpoFe( 1)O was pressurised to 29 GPa and heated to over
2273 K, thereby simulating conditions in the mid-mantle [162]; it was discovered that
deformation mechanisms of ferropericlase do not alter substantially at such extreme
pressures/temperatures—useful information for modelling mid-mantle dynamics. In an-
other example, MgO was heated through the dual illumination method with two CO; lasers
at 10.6 microns to over 3700 K, and a melting curve was fit to the data [286]. The authors
developed an improved method of determining the melting curve(s) of metals/minerals—
by monitoring the temperature vs. laser power curve (observing latent heat) and through
analysis of the microtexture in quenched samples. Lastly, gallium nitride was pressurised
to 3 GPa and laser-heated to 2000 K by Shukla et al. without oxidation; this work demon-
strated that it is possible to laser-heat a material that normally would oxidise at extreme
temperatures through careful chamber and media preparation [185]. For example, the
Cr-doped Al,Oj3 (ruby), ordinarily used to measure applied pressure, was isolated into a
separate section of the chamber, so that oxygen could not diffuse to the sample.

For our reader’s reference, Tables 3 and 4 provides a summary of the many materi-
als/minerals that have been explored using LH-DAC methods. Table 3 focuses on industrial
materials with unique and valuable properties, such as superhardness, while Table 4 sum-
marises modification/synthesis of geological/planetary minerals. Overall, emphasis has
largely been on the exploration of phase diagrams, realisation of new material phases, and
developing equations of state.
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Table 3. Physical processes and experiment parameters of industrial materials produced in selected
LH-DAC studies.

Laser Power/

Material FormorPhase 1Pl Tnm o pon Energy [W/]L, Refs.
H Spots [um], Ind. Temps [K]
Nd:YAG,
c-BC3 BC3 39 1.064 um 200 W, 2200 K [279]
COy, <240 W (60 s),
BN-NTs ¢-BN 54,84 10.6 um 80 m, >5000 K [37]
. a: Ruby,
. . <
. a: Gra.phlte, a: 20 694 nm a: <7]/pulse (1 ms), a: [29,30]
c-Diamond b: Graphite w/o a ) ] 20-50 pm N
catalyst b: 30, 45 b: COy, b: 2-80 W, 50 pm b: [29]
10.6 um ' !
DLC, . . COy, 120 W,
c-Diamond Pyrolytic Graphite 16.5 10.6 pm ~30 m [151]
. Nd:YLF,
a-Diamond glassy carbon 45-50 1064 nm 90-150 um, 1800 K [278]
a: Nd:YLF, a: 35W,
. . a: 15 1053 nm 2200 K
c-5i3Ny p-SisNy b: 30 b: CO,, b: 120 W, (1-10 min), [112]
10.6 um >2800 K
. 100 W,
9-TaN e-TaN 23.5 Yb-Fibre 30 1im, 3500 K [140]
. 100 W (1-sided),
n-TapN3 e-TaN +N 9.9 Yb-Fibre 30 1tm, ~2000 K [140]
Nd:YLF, cw, 55 W,
csp-GesNy Gearystal +N 14 1053 nm >2000 K 31
rs-GaN wz-GaN 47 NA:YAG, 300 K [175]
1.06 um
c: cubic, DLC: diamond like carbon, csp: cubic spinel, rs: rocksalt, wz: wurtzite.
Table 4. Physical processes and experimental parameters of geological/planetary minerals produced
in selected LH-DAC studies.
Modified Original Press Laser Type Laser Power/Energy [W/]], Refs
Materials Form or Phase [GPa] [nm or um] Spots [um], Ind. Temps [K] ’
. COg, ~
tP-H,O ice-VII 30.9 10.6 pm ~30 um [31]
a: Nd:YAG .
. ! : ~36—-48 min,
. a: SiO,, a: 80-85 1.06 um a ’ a: [68]
CaCly-type-SiO; b: TiO,-type-SiO; b: 23 b: Nd:YAG, b@ ”n;bz‘?\??;)(() b: [127]
1.06 um LW
) ) CO,, 120 W,
pv-MgSiO3 MgSiO3 <86 10.6 1im 2700 K [137]
. (Ca0_95 F90A06Mg0'92 —~ Nd:YAG, = .
opv-MgSiO3 Nao.z Al os)SiaOg ~24 1.06 1im 27 W, (5-10 min) [281]
. . Ruby, <7]/pulse (1 ms),
B-Mg,SiOy4 Mg,Si0, 13 04 20.50 pm [30]
i-MgSiO3 + (Cag.o5 Fe.0sMgo.o2 N Nd:YAG ,
cpv-CaSiO3 Na(]'oz A10405)Si206 ~23 1.06 Hm 27 W’ (5_10 mm) [281]
sp-Mg»SiOy +5t-510, . N Nd:YAG, . .
+ cpo-CaSiOs (Cap.95 Mg1.01) Si206 ~17 1.06 m (5-10 min) [281]
Nd:YAG, cw,
e-MgAlL Oy sp-MgAl,Oy 28 1.06 um 127315 K [32]
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Table 4. Cont.

Modified

Original Press Laser Type Laser Power/Energy [W/]],

Materials Form or Phase [GPa] [nm or um] Spots [um], Ind. Temps [K] Refs.
(CaFeyOy)-type- . Nd:YAG, N
NGAISIO, NaAlSiO, 28 1.06 m ~1273.15K [43]
Nd:YAG, cw, <18 W,
~(dhcp)-Fe € (hep)-Fe ~35-40 1.06 um 120021500 K [5]
co <120 W,
opv-(Mg,Fe)SiO; (Mg, Fe)SiO3 38 106 Zin 50-75 pm [128]
OH 1850 K
. . Nd:YAG, ,
po-(Mgo sgFeg.12) SiO3 (Mg gsFep.12) SiO3 127 1.06 ym 20%‘37 K [113]
a: y-Fe;SiOyb: 2FeO . a: 4 Ruby,
+ S0, Fe,Si0y b: 26 694 Pulsed, <77 [30]
pv-Al-(Mg,Fe)-5iO3 + Nd:YAG 10-12 W
st-SiO, + ;;U—Ca8103+ MORB 45, 80, 100 1.06 um 0.9-1 mm [147]
a: Brr- a: 200 W, 5 min,
(Fe, Ni) ,P . a: 24 YDb:SiO, ~15 pm, ~1625 K
b: Abg- (Fe, Ni) 2P b: 28.4-39 1.06 pum b: 200 W, 8 min, (2871
(Fe, Ni) ,P ~15 pm, ~1675 K

c: cubic, pv: perovskite, opv: orthorhombic perovskite, il: ilmenite, cpv: cubic perovskite, sp: spinel, st: stishovite,
dhcp: double-layer hcp, s: rocksalt, wz: wurtzite, csp: cubic spinel, tP: tetragonal symmetry, F: sodic aluminous
phase with Ca -ferrite structure, MORB: Mid-Ocean Ridge Basalt, Brr: barringerite, Abg: allabogdanite.

6. LC-DACs: Fundamentals and Historical Development

Laser characterisation plays a vital role in any LH-DAC experimentation, so a brief re-
view of the most common Laser Characterisation Diamond Anvil Cell (LC-DAC) methods
is provided here. This includes an introduction to spectroscopic pressure and temperature
measurements, followed by the most wide-spread laser spectroscopy techniques.

6.1. Spectroscopic Pressure Measurements

Static pressure measurements are essential for all materials processing experiments
within an L-DAC. Since the early days of LH-DAC experimentation, laser-induced fluores-
cence of ruby (Cr-doped Al,O3) has been the foremost method of pressure measurement.
Static pressure inside the DAC is inferred by placing micro-scale particles/flakes of ruby
within the pressure medium and then monitoring the fluorescence wavelength(s) with
a high-resolution spectrometer [2,75,122,147,288,289]. At room temperature, ruby fluo-
resces at two prominent lines, known as the R1 and R2 lines, centred at ~694.3 nm and
692.9 nm, respectively [290]. These peak wavelengths increase linearly with pressure, and
so can be used to infer pressure. For example, the R1-line peak shifts to about 701.2 nm
at 20 GPa [289]. This method can be extended to measurements of over 150 GPa [290].
Doubled Nd:YAG lasers at 532 nm are frequently used as excitation sources, although
405 nm lasers also yield strong fluorescence signals [94,291].

Provided the ruby crystals are fully encapsulated by the pressure-transmitting medium,
the L-DAC pressure can be estimated from the empirical relation [74]:

G M@

p= ()| (%) ‘1] @

Here, C; =~ 1904 and C; ~ 5. Of course, this expression is only accurate near room
temperature; at elevated temperatures, corrections must be made for peak shifting and
broadening [292-294]. Bassett recommended that ruby fluorescence be used only as a sec-
ondary pressure measurement for LH-DAC experiments [2], due to the inverse relationship
between fluorescence and temperature. Additionally, Anzellini and Boccato cautioned
against extrapolating pressure data beyond the calibrated range, instead recommending the

use of Raman spectroscopy for pressures up to 400 GPa [241]. Other fluorescent materials,
such as strontium tetraborate (SrB4O7), alexandrite (Al,BeOy), and samarium-doped yt-




J. Manuf. Mater. Process. 2022, 6, 111

20 of 34

trium aluminium garnet (Sm:Y3Al5012) have also been proposed as transducing materials,
due to broadening of the ruby lines at high temperatures [59].

6.2. Optical Temperature Measurements by Micro-Scale Multi-Band Pyrometry

Knowing the true temperature of an L-DAC sample is essential for practically every
high-pressure scientific endeavour. Obtaining direct, accurate measurements via implanted
thermocouples/thermistors, however, is quite challenging—especially when micron-scale
samples are selectively laser-heated within an LH-DAC, or when strong thermal gradients
are present.

It is well-known that Planck’s blackbody equation describes the radiation emitted
from the surface of a heated material [284]; defining I(A, T) as the spectral intensity, T as
the temperature [K], A as the wavelength [nm], k; as Boltzmann's constant, & as Planck’s
constant, and ¢ as the material’s emissivity, Planck’s equation can be represented as:

&C1
I\, T) = 3)
A5 [exp (%) — 1]
Here, c is the speed of light, while ¢; and c; are the constants: ¢; = 2hc? and ¢y = Z—Z .

Multi-band Pyrometry uses Equation (3) to measure the black-body radiation emanat-
ing from a material to estimate its temperature. By measuring two or more intensities at
different wavelengths and applying them to Equation (3), it is possible to solve for the local
temperature in terms of intensity and wavelength. Generally, the greater the number of
discrete bands observed in the spectrum, the more accurate the temperature measurement
that is made [295]. Multi-band pyrometry can be implemented in L-DAC systems by
observing samples within the diamond anvil cell using a near infrared (NIR) or infrared
(IR) microscope—and then detecting the emitted radiation through narrowband filters with
sensitive photodetectors, e.g., avalanche photodiodes or photomultiplier tubes [296].

Significant effort has been required over the years to obtain accurate pyrometry mea-
surements during L-DAC experiments [182,263,268]. A primary challenge is that the
L-DAC samples are typically very small, and the pyrometer must collect radiation from
micron-scale areas (<<1 mm?). This means that the collected radiant flux is quite small and
difficult to detect (can be <<pW); this is especially true at low to moderate temperatures,
remembering that the radiation intensity is proportional to T* (Stephan’s Law).

In addition, inaccuracies/variations in temperature measurements may result from
many factors, including wavelength-dependent sample emissivities, sample surface rough-
ness(es), optical absorption along the transmission path, and less-than-perfect alignment of
the pyrometer’s optics. Large temperature gradients across the detector’s field of view also
result in highly inaccurate measurements, as the detector “averages” the spectral intensities
of the observed area.

The L-DAC literature contains many examples of multi-band pyrometry. For exam-
ple, during the early development of the LH-DAC, Ming and Bassett employed optical
pyrometry with YAG laser heating and measured sample temperatures in the range of
1273-1875 K. They also heated a graphite sample using a ruby laser, and estimated the
sample’s temperature to be 3273 K [30].

Systems that evaluate the intensity of radiation over a broad spectrum, rather than
discrete wavelengths, are known as spectroradiometers—and these generally offer more
accurate temperature measurements [96,297]. Shen et al. developed a unique double micro-
spectroradiometric system, integrated with an X-ray microbeam, for ultra high-temperature
measurements [71]. Nuclear resonant inelastic X-ray scattering (NRIXS) was also used to
independently verify their spectroradiometric methods [156]. Multiband pyrometry or
spectroradiometric systems are now routinely used with almost all LH-DAC experiments.

6.3. Laser-based Spectroscopy and Characterisation

Laser-based spectroscopy has been used since the early days of materials processing in
diamond anvil cells. The first infrared (IR) spectroscopy through a DAC was conducted in
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1959 by Weir et al. when they observed infrared absorption spectra between 1-15 microns
and noted the shift in calcite spectral lines to higher frequencies with increasing pres-
sure [298]. In 1968, Brasch et al. performed the first Raman spectroscopy of samples
within a DAC, using a He-Ne laser to study mercuric iodide (Hgl,) [53]. Additionally,
in 1971, Block et al. of the US National Bureau of Standards (NBS) conducted the first
fluorescence spectroscopy through a diamond anvil cell, allowing in situ pressures to be
measured [11,288]. These seminal events are shown on the right side of the timeline in
Figure 10.

Additional important events include: (1) The first Brillouin scattering measurements
within a DAC were carried out by Bassett and Brody in 1977, measuring material elastic
moduli [253]. (2) The first use of synchrotron radiation was conducted by Bassett et al. in
1978 to perform broad-spectrum and monochromatic X-ray diffraction [2]; this made it
possible to measure a sample’s structure in real-time as P-T conditions changed in the DAC.
(3) The first laser-induced phonon spectroscopy (also known as impulsive stimulated light
scattering) was attempted by Brown et al. in 1988—from which acoustic velocities and the
densities of compressed materials could be determined (which helps to establish equations
of state) [16]. In this case, they studied the density of methanol at pressures up to 6.8 GPa.
(4) In 1996, Spetzler et al. made the first “microwave-induced” ultrasonic interferometry
measurements in an DAC. Utilising a microwave source at 1.0 GHz (300 mm wavelength),
they generated acoustic pulses separated by a specific time delay [299]; acoustic reflections
from the front of the sample vs. the far side were then allowed to interfere—and the sound
velocity through the sample (at high pressures) could be inferred from the amplitude of the
superimposed signal. This method is analogous to a Michelson Interferometer, only using
light-stimulated ultrasound. (5) Finally, the first use of laser ultrasonics was carried out
by Decremps et al. in 2008, where a Ti:Sapphire laser with short, 100 fs pulses was used to
generate acoustic waves at tens of GHz though compressed samples [256]. By measuring
the attenuation of the resulting pico-second ultrasonic waves vs. the hydrostatic pressure in
a DAC, elastic properties of sample materials could be determined. Most of these methods
are still in common use for LH-DAC and other L-DAC experimental studies.

1971

The 1% use of ruby fluorescence spectroscopy

1959
The 1¢t study of

infrared spectra
in DAC

1959

The 1t use of Raman spectroscopy
ina DAC 1978

for pressure measurements 1988
The 1t impulsive stimulated
1977 light scattering in DAC 2008

The 15t use of Brilluoin The 15t use of laser ultrasonics
Scattering in a DAC in DAC

2022

1988
The 1%t impulsive
stimulated light

scattering
in DAC 1996

1968
The 1st ultrasonic

interferometry

L. measurements in DAC
The 1% use of synchrotron radiation

and monochromatic X-rays diffraction in DAC

Figure 10. Chronology of Important LC-DAC developments.
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7. Conclusions and Future Work

This review (part I) summarises the fundamental physics occurring within LH-DAC
systems, including important heat and mass transfer processes that ultimately influence
the temperature rise and material phases obtained within a DAC. It summarises the LH-
DAC phase transformation studies that have been conducted over the last six decades
and tabulated the many materials/minerals that have been produced by this method.
In addition, related laser-based characterisation methods are introduced, e.g., Raman
spectroscopy, laser-induced Brillouin scattering, and impulsive stimulated light scattering.

This work also describes the rapid advancement of the laser heated diamond anvil
cell (LH-DAC) technique, where specific technical challenges have been resolved over
the past six decades, e.g., generating ever-increasing pressures, obtaining accurate in situ
measurements of pressure and temperature, quantitatively identifying phase/structural
changes, and measuring material properties in situ. During its development, the envelope
for LH-DAC studies has been extended greatly to temperatures over 7000 K and pressures
beyond 300 GPa.

An examination of the LH-DAC literature suggests that historical emphasis has been
placed on studying phase transformations and obtaining equations of state to better under-
stand geological processes deep within the Earth and planetary bodies. Material property
measurements have also been a primary emphasis, where studies have sought to accurately
determine bulk material properties such as density, thermal conductivity, or bandgaps of
materials in the compressed state; significant effort has gone into ensuring that measured
phase diagrams and material properties were accurate—within the limits of the LH-DAC
technology available at the time. Additionally, some complementary work has also been
carried out, synthesising new or unusual materials at high pressures and temperatures,
such as superhard amorphous diamond allotropes [278].

As technology continues to improve, future work will undoubtedly include more
accurate measurements of material /mineral properties, verification and extrapolation of
prior work to uncharted regions, and the discovery of new materials. Likely, the current
P-T envelope shown in Figure 3 will be pushed even further—beyond 8000 K and 1 TPa,
given improved lasers and multi-stage DACs. The advent of high-resolution high-speed
digital imagers and the current proliferation of new fibre lasers and tunable excitation
sources over the UV-THz regime will likely contribute to these advances. In particular,
short-pulsed lasers for advanced processing and characterisation will be important for
future discoveries.

It is clear, though, that the LH-DAC technique can be used for a much broader range
of applications than was originally envisioned by its creators. In the last decade, many new
applications have arisen, that will likely demand considerable attention. Some of these are
the development of: (1) new superhard materials, (2) novel superconducting materials, and
(3) photoelectric materials.

For example, recent work modifying glassy carbon to superhard sp*-bonded amor-
phous diamond [278], and Shiell et al. obtaining lonsdaleite phases from glassy carbon [300],
can potentially be realised, at additional purity and temperature control, via LH-DAC pro-
cessing. Another example: recent investigations have shown that certain metal hydrides
are high-temperature superconductors (LaH; at 280 K [301,302], CaHg at 235 K [302,303],
YHj at 303 K [302,304], and HjS at ~203 K [305]). Some of these critical temperatures
(T¢) are close to room-temperature, yet their synthesis requires HPHT processing to obtain
the required structure [306]. For this reason, metal hydrides (and similar compounds) are
likely to be the subject of significant future investigation via LH-DACs. Additionally, here
is a final example: a research team from Stanford University recently modified yellow
non-perovskite §-CsPbls samples to the robust CsPbl; perovskite phase within a resistively
heated DAC [307]. Modification to pure y-CsPbls is temperature dependent and is obtained
by HPHT processing [307]; so this (and related materials), may potentially be generated
within an LH-DAC, with improved control—and where simultaneous optical temperature
measurement is available.
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As Bassett stated in the 50th anniversary of the diamond anvil cell,

“Just when I think I have heard of all the analytical methods that can be applied to samples
in a diamond anvil cell, I read a paper describing yet another new method. There is no
apparent end in sight. The future of diamond anvil cell research appears to be very bright
indeed ... " [2].
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