
                          Heinen, B. J., Drewitt, J. W. E., Walter, M. J., Clapham, C., Qin, F.,
Kleppe, A. K., & Lord, O. T. (2021). Internal resistive heating of non-
metallic samples to 3000 K and >60 GPa in the diamond anvil cell.
Review of Scientific Instruments, 92(6), [063904].
https://doi.org/10.1063/5.0038917

Publisher's PDF, also known as Version of record
License (if available):
CC BY
Link to published version (if available):
10.1063/5.0038917

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via AIP at
https://doi.org/10.1063/5.0038917 .Please refer to any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1063/5.0038917
https://doi.org/10.1063/5.0038917
https://research-information.bris.ac.uk/en/publications/cf7fa46b-5d7e-4d70-8e9d-9a2295b84940
https://research-information.bris.ac.uk/en/publications/cf7fa46b-5d7e-4d70-8e9d-9a2295b84940


Rev. Sci. Instrum. 92, 063904 (2021); https://doi.org/10.1063/5.0038917 92, 063904

© 2021 Author(s).

Internal resistive heating of non-metallic
samples to 3000 K and >60 GPa in the
diamond anvil cell
Cite as: Rev. Sci. Instrum. 92, 063904 (2021); https://doi.org/10.1063/5.0038917
Submitted: 27 November 2020 . Accepted: 15 May 2021 . Published Online: 11 June 2021

 Benedict J. Heinen,  James W. E. Drewitt, Michael J. Walter, Charles Clapham,  Fei Qin,  Annette K.

Kleppe, and  Oliver T. Lord

ARTICLES YOU MAY BE INTERESTED IN

Contributed Review: Culet diameter and the achievable pressure of a diamond anvil cell:
Implications for the upper pressure limit of a diamond anvil cell
Review of Scientific Instruments 89, 111501 (2018); https://doi.org/10.1063/1.5049720

Laser heating setup for diamond anvil cells for in situ synchrotron and in house high and
ultra-high pressure studies
Review of Scientific Instruments 90, 104501 (2019); https://doi.org/10.1063/1.5117786

A resistively-heated dynamic diamond anvil cell (RHdDAC) for fast compression x-ray
diffraction experiments at high temperatures
Review of Scientific Instruments 91, 073906 (2020); https://doi.org/10.1063/5.0007557

https://images.scitation.org/redirect.spark?MID=176720&plid=1401539&setID=375687&channelID=0&CID=496962&banID=520310238&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6bc5d917ff942e2fe5a1d4c7a9fc67a689358e2b&location=
https://doi.org/10.1063/5.0038917
https://doi.org/10.1063/5.0038917
http://orcid.org/0000-0003-3562-7439
https://aip.scitation.org/author/Heinen%2C+Benedict+J
http://orcid.org/0000-0002-3510-4155
https://aip.scitation.org/author/Drewitt%2C+James+W+E
https://aip.scitation.org/author/Walter%2C+Michael+J
https://aip.scitation.org/author/Clapham%2C+Charles
http://orcid.org/0000-0001-9540-278X
https://aip.scitation.org/author/Qin%2C+Fei
http://orcid.org/0000-0002-0258-3241
https://aip.scitation.org/author/Kleppe%2C+Annette+K
https://aip.scitation.org/author/Kleppe%2C+Annette+K
http://orcid.org/0000-0003-0563-1293
https://aip.scitation.org/author/Lord%2C+Oliver+T
https://doi.org/10.1063/5.0038917
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0038917
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0038917&domain=aip.scitation.org&date_stamp=2021-06-11
https://aip.scitation.org/doi/10.1063/1.5049720
https://aip.scitation.org/doi/10.1063/1.5049720
https://doi.org/10.1063/1.5049720
https://aip.scitation.org/doi/10.1063/1.5117786
https://aip.scitation.org/doi/10.1063/1.5117786
https://doi.org/10.1063/1.5117786
https://aip.scitation.org/doi/10.1063/5.0007557
https://aip.scitation.org/doi/10.1063/5.0007557
https://doi.org/10.1063/5.0007557


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Internal resistive heating of non-metallic samples
to 3000 K and >60 GPa in the diamond anvil cell

Cite as: Rev. Sci. Instrum. 92, 063904 (2021); doi: 10.1063/5.0038917
Submitted: 27 November 2020 • Accepted: 15 May 2021 •
Published Online: 11 June 2021

Benedict J. Heinen,1,a) James W. E. Drewitt,1,2 Michael J. Walter,3 Charles Clapham,1 Fei Qin,1

Annette K. Kleppe,4 and Oliver T. Lord1

AFFILIATIONS
1 School of Earth Sciences, University of Bristol, Wills Memorial Building, Queens Road, Bristol BS81RJ, United Kingdom
2 School of Physics, University of Bristol, HH Wills Physics Laboratory, Tyndall Avenue, Bristol BS81TL, United Kingdom
3Earth and Planets Laboratory, Carnegie Institution for Science, 5241 Broad Branch Road NW, Washington, DC 20015, USA
4Diamond Light Source Ltd., Diamond House, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX110DE,

United Kingdom

a)Author to whom correspondence should be addressed: benedict.heinen@bristol.ac.uk

ABSTRACT
High pressure–temperature experiments provide information on the phase diagrams and physical characteristics of matter at extreme con-
ditions and offer a synthesis pathway for novel materials with useful properties. Experiments recreating the conditions of planetary interiors
provide important constraints on the physical properties of constituent phases and are key to developing models of planetary processes and
interpreting geophysical observations. The laser-heated diamond anvil cell (DAC) is currently the only technique capable of routinely access-
ing the Earth’s lower-mantle geotherm for experiments on non-metallic samples, but large temperature uncertainties and poor temperature
stability limit the accuracy of measured data and prohibits analyses requiring long acquisition times. We have developed a novel internal resis-
tive heating (IRH) technique for the DAC and demonstrate stable heating of non-metallic samples up to 3000 K and 64 GPa, as confirmed
by in situ synchrotron x-ray diffraction and simultaneous spectroradiometric temperature measurement. The temperature generated in our
IRH-DAC can be precisely controlled and is extremely stable, with less than 20 K variation over several hours without any user intervention,
resulting in temperature uncertainties an order of magnitude smaller than those in typical laser-heating experiments. Our IRH-DAC design,
with its simple geometry, provides a new and highly accessible tool for investigating materials at extreme conditions. It is well suited for the
rapid collection of high-resolution P–V–T data, precise demarcation of phase boundaries, and experiments requiring long acquisition times
at high temperature. Our IRH technique is ideally placed to exploit the move toward coherent nano-focused x-ray beams at next-generation
synchrotron sources.

© 2021 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/10.1063/5.0038917

I. INTRODUCTION

High pressure research is a rapidly advancing field. High pres-
sure causes materials to undergo structural and electronic changes,
affects the chemical reactivity of elements, and gives rise to a
wide variety of exotic physical phenomena such as liquid–liquid
(polyamorphic) transitions,1–3 metallization,4,5 and superionic6 and
superconducting7 behavior. The phase diagrams of materials are
important to fundamental condensed matter physics, and even the
high-pressure behavior of elements and simple systems is an area
of frontier research.8,9 The application of pressure can stabilize
exotic materials with unprecedented stoichiometries, chemical

activity, bonding, or physical properties. Therefore, pressure (P)
provides a powerful tuning parameter or synthesis pathway for
a vast array of materials with desirable properties. These include
superhard materials with a wealth of industrial uses,10–12 novel
superionic phases and high entropy oxides with important appli-
cations in next-generation battery technology,13–15 high-energy-
density materials for propellants,16,17 novel polymorphs of phar-
maceutical molecules,18 electrides,19 hydrogen storage materials,20

and superconductors.7 The addition of temperature (T) as another
parameter expands the phase space for materials discovery or novel
phenomena even further.11,21–24 High temperature techniques can
provide alternative synthesis pathways for materials similar to those
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with recently reported room temperature superconducting proper-
ties.7,22,23 The metallization of hydrogen at extreme pressures has
been reported,5,25 as has an analogous liquid metallic state of hydro-
gen stable at megabar pressures and temperatures over 1800 K that
is thought to be the main constituent of gas giant planets.21,26 Supe-
rionic states in hot dense molecular compounds such as solid H2O,
NH3–H2O, and NH3–He mixtures have been created at high P–T
conditions and are likely to be present in the interiors of icy giant
planets.6,24,27,28

Recreating the extreme conditions of planetary interiors can
provide the phase assemblage for a given bulk composition.29–31 For
the Earth, experimental constraints on the thermoelastic parame-
ters of deep Earth materials are vital for the correct interpretation
of observed seismic structure, but significant uncertainties currently
exist for many of these parameters.32 The lower mantle is of partic-
ular interest as it is the largest reservoir for many elements, stores
a record of both planetary formation processes and the exchange of
materials between the exosphere and deep interior over the course of
Earth’s history, and has seismic features that are still poorly under-
stood.33–38 Knowledge of the physical and chemical characteristics
of the lower mantle therefore provides important constraints on the
evolution of our planet.

There are many experimental techniques for generating high
pressure and temperature conditions in the laboratory, but the
extreme conditions required to study the lower mantle (∼24–130
GPa, ∼1900–3000 K) and to synthesize many of the novel materi-
als described above present significant experimental difficulty. The
primary apparatuses used for static pressure generation at these con-
ditions are the Kawai-type multi anvil press (MAP) and the diamond
anvil cell (DAC).

MAP apparatus are typically limited to ∼20–30 GPa for routine
experiments. Advances in experimental techniques, such as innova-
tive anvil truncation designs and the use of sintered diamond anvils
instead of the typical WC cubes, have pushed the MAP pressure limit
well into the range of lower mantle conditions for some experimen-
tal setups, and pressures above 100 GPa have been reported, though
are far from routine.39–41 High temperatures are generated through
the use of a resistive heater surrounding the sample assembly and
are typically very stable, with precise measurements made via a ther-
mocouple. However, temperature generation in MAP experiments
above 30 GPa has typically been limited to <1500 K,42–44 although a
recent study reported stable heating at 2000 K and 50 GPa.40 Never-
theless, much of the pressure–temperature (P–T) range of the lower
mantle remains outside the capabilities of MAP techniques. Further-
more, the size of MAP apparatus makes them difficult to interface
with in situ analysis techniques such as x-ray diffraction (XRD) and
impractical to conduct multiple analyses using different techniques
on the same sample.

In contrast, pressures encompassing the mantle can be gener-
ated routinely in the DAC. Unlike MAPs, the transparency of dia-
mond anvils allows in situ optical analysis such as Raman, Fourier-
transform infrared (FTIR), and Brillouin spectroscopy, and the
portability of DACs means that they can be easily interfaced with
a wide range of synchrotron x-ray techniques such as XRD, inelastic
x-ray scattering (IXS), x-ray fluorescence (XRF), and x-ray absorp-
tion spectroscopy (XAS). Combined with laser heating, DACs can
easily access the whole of the lower mantle geotherm. Typically,
heating lasers operate at near-IR wavelengths (∼1 μm) that are not

absorbed by iron-free compositions, necessitating the mixing of the
sample with a metallic absorber, which can lead to significant ther-
mal gradients.45 CO2 lasers that operate at much longer wavelengths
(∼10 μm) can be directly absorbed by iron-free compositions and
have a greater penetration depth into the sample (thereby lessen-
ing axial temperature gradients).46 However, CO2 lasers are more
expensive, require specialist optics, are less stable, and are harder to
align.46,47 Compared to near-IR lasers, CO2 lasers are also harder
to interface with fiber-optics, which facilitate the design of more
portable and flexible setups.47 Temperatures are measured in laser-
heated DAC experiments spectroradiometrically, which involves fit-
ting a Wien function to the thermal emission collected from the
heated region, often with an analytical precision of a few K on a
single measurement.48,49 However, the true uncertainty in the tem-
perature of the analyzed sample volume over the timescale of the
laser heating experiment is controlled by the size and intensity pro-
file of the heating laser and, most importantly, the geometry and
absorbance characteristics of the sample itself, which can vary signif-
icantly spatially and with time. Heterogeneous temperature during
laser heating can cause diffusion of elements along thermal gradi-
ents.45 Axial temperature gradients can be reduced by simultaneous
laser-heating of both sides of the sample and by surrounding the
sample with a thermal insulator, while improvements in laser heat-
ing optics, including the use of beam shaping to flatten the Gaussian
intensity profile of the heating laser, can reduce radial tempera-
ture gradients.49,50 Nevertheless, spatial and temporal fluctuations
in temperature over the duration of an experiment lead to uncer-
tainties that are typically 100 K or more.38 Heating instability poses
a particular problem for techniques requiring long data acquisition
times, such as Brillouin spectroscopy and IXS,51,52 and heating peri-
ods of less than an hour may be insufficient for the sample to reach
thermodynamic equilibrium.30

Resistive heating techniques provide greater temperature sta-
bility, more precise control, reduced thermal gradients, and uncer-
tainties that are an order of magnitude smaller.53 External resis-
tive heating, in which a heater surrounds the anvil assembly or
entire DAC, is a commonly used technique. A wide range of designs
exist, including commercially available options (e.g., Refs. 53–55).
Designs often incorporate the use of thermocouples, which allows
temperature measurement below the typical limit of spectroradiom-
etry (∼1200 K). Resistive heating techniques also enable melting
of the entire sample, which is difficult to achieve with laser heat-
ing.9,55 However, external heating techniques are typically limited to
<∼1300 K, beyond which the unpressurized parts of the diamond
anvils begin to graphitize, and the other components of the cell
deform. Several recently reported designs have pushed this limit to
∼1500 K through the use of graphite heaters in combination with
vacuum chambers and innovative cooling systems.56,57 One success-
ful run with a reported peak temperature of 1900 K also demon-
strates the possibility for advancement of these techniques,56 but sig-
nificant experimental difficulty remains. Routine experiments repli-
cating the conditions of the lower mantle are therefore not feasible
with external resistive heating.

Internal resistive heating, in which heat is generated only
within the pressure chamber and isolated from the diamonds,
can extend the accessible temperature range drastically. Internal
resistive heating techniques have previously been successful in the
study of metals at high pressure and temperature, by electrically
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heating a fine wire, compressed between the anvils, which serves
as both the heating element and sample. This technique (often
termed “fine-wire heating”) was first pioneered by Liu and Bassett58

and is now well established (e.g., Refs. 59–62). Recent experimen-
tal advances in this technique have proved useful in the study of
melting63 and resistivity64 of metals; however, the application of
internal resistive heating (IRH) to non-metallic samples has been
limited.65,66

To achieve resistive heating inside a DAC pressure chamber,
the electrical circuit must be carefully designed so that it runs
through the heating filament and is not broken as the cell is com-
pressed. This is typically done by running distinct electrodes into
the pressure chamber, necessitating electrical isolation of the elec-
trodes from other metallic components (i.e., the gasket) to prevent a
short. Existing designs rely on a composite gasket to do this, employ-
ing a layered,60,61,67,68 concentric,62–64,69 or combined design.65,70 The
use of a composite gasket introduces significant manufacturing com-
plexity and can lead to pressure limitations due to reduced struc-
tural integrity.65 Furthermore, in these designs, the heater cannot
be completely isolated from the diamonds, and the filament or elec-
trodes must directly contact diamond along the electrical pathway
into the pressure chamber. This can create a temperature limit as
heating outside of the insulated sample chamber can lead to fail-
ure of the anvils due to thermal weakening and/or graphitization
or draw heat away from the sample due to the unusually high
thermal conductivity of diamond.66 One solution is to design the
heater such that the insulated portion of the filament has a much
greater electrical resistance relative to the external leads. This is
commonly achieved by reducing the cross-sectional area of the fil-
ament. Several designs using this approach are capable of gener-
ating temperatures of several thousand K at multi-megabar pres-
sures but employ filaments too small to accommodate a separate
sample.63,64

An alternative approach is to use a material with a much greater
intrinsic resistivity. Ozawa et al.70 recently suggested boron-doped
diamond (BDD) as a promising candidate material, as its resis-
tivity is around five orders of magnitude greater than the Pt or
W electrical leads used in their design (depending on Boron con-
tent). While this strategy achieved maximum heater temperatures of
3580 K at 28 GPa and 2580 K at 43 GPa, it has not yet been adapted
to contain a distinct sample chamber and relies on surrounding the
heater with a silicate sample material that also acts as the pressure
medium, leading to maximum sample temperatures much lower
than those of the hottest part of the heater and introducing large
temperature gradients. The use of BDD also introduces significant
fabrication complexity, necessitating a MAP apparatus to synthesize
the heater material and the use of an argon ion beam to prepare the
filament.70

Zha and Bassett65 and Zha et al.66 previously reported x-ray
diffraction and Raman scattering measurements of non-metallic
materials measured in an internally resistive heated DAC. The
design of Zha and Bassett65 employed a combined composite gas-
ket approach, with an outer layered composite gasket and an inner
(concentric) solid gasket. The outer gasket consisted of an insula-
tion layer sandwiched between two stainless steel supporting gaskets
to which the electrical leads were welded, and the inner gasket was
composed of a fine grained (1 μm) mixture of diamond (30 vol. %)
and MgO (70 vol. %) powders compressed in the outer gasket (with

the entire culet region drilled out) for more than 1 h at >5 GPa.
The pressure chamber was drilled into the inner gasket and a rhe-
nium heating filament threaded through the chamber to connect the
upper and lower outer gaskets and form a circuit. In this geometry,
only the central region of the filament could be thermally isolated
and most of the filament was in direct contact with the diamond
anvils above and below the inner gasket. As a result, the design of
Zha and Bassett65 relied on the high thermal conductivities of the
diamond anvils and inner gasket material to keep the regions out-
side the insulated pressure chamber cool. Furthermore, the complex
experimental geometry presents a significant manufacturing diffi-
culty. The heater was able to achieve a maximum reported temper-
ature of 2800 K, but due to the use of a non-metallic inner gasket,
the achievable pressure was limited to <10 GPa. Zha et al.66 reported
a modified version of this design in which the non-metallic inner
gasket was replaced by rhenium that was layered between the insu-
lation layer and lower supporting gasket and had a slot cut into one
side (through which the heating filament runs) to maintain electrical
isolation. This modification extended the achievable pressure range
to 77 GPa, but the differences in the insulation geometry and gasket
material reduced the maximum temperature that could be reached
to 1900 K.66 As such, IRH designs capable of heating non-metallic
samples are currently limited to 1900 K above 10 GPa, insufficient
for reproducing deep lower mantle conditions.

In this article, we present a new method designed to avoid
the complexities and issues described above and to achieve resis-
tive heating of non-metallic samples at lower mantle conditions.
A novel “split-gasket” design is employed, in which we cut a typi-
cal metal DAC gasket in half and place a resistive heating filament
inside the pressure chamber to bridge the gap and form a circuit.
This approach completely isolates the electrical filament from the
diamonds, eliminates the need for a composite gasket, allows the
heater to be made from commonly available materials, and main-
tains gasket support during compression. In contrast to previous
IRH designs,65,66 our experimental geometry is greatly simplified,
enabling efficient and reproducible generation of high P–T condi-
tions beyond the limits of other IRH designs. We believe that our
new IRH-DAC design provides an important tool for investigations
of materials at extreme conditions and is a significant step forward in
heating techniques for the diamond anvil cell. It is particularly suited
to the study of non-metallic and refractory materials, such as lower
mantle minerals.

II. METHODS
A. Laser micromachining

We found it necessary to use a specialist laser micro-
machining system to fabricate the sub-millimeter components of
the IRH experiments. All laser machining procedures were per-
formed using an Oxford Lasers A-Series Laser Micromachining Sys-
tem equipped with a pulsed 1064 nm neodymium-doped yttrium
orthovanadate (Nd:YVO4) solid state laser, frequency doubled to
532 nm (Innolas NANIO 521-10-V). The nominal power output is
11.4 W at 40 kHz, with a pulse width of <30 ns and a pulse to pulse
stability of <1%. The precision of the x–y stage is ∼1 μm, and the
focused spot size is ∼3 μm. The pulse energy is 250 μJ at 40 kHz,
giving a peak power of >8.3 kW.
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FIG. 1. Photograph of an IRH gasket holder mounted in the bottom half of a BX90
DAC along with the reverse side of the holder. The full technical drawings of the
holder are available in the supplementary material.

B. IRH experimental technique
The IRH gaskets must be held in place as an experiment is pre-

pared to avoid any relative movement between the two sides when
the gasket is cut. We used reusable custom holders for this purpose
(Fig. 1; schematics are also provided in the supplementary material).
The holders were machined from polyether ether ketone (PEEK), a
thermoplastic with excellent mechanical properties, which is resis-
tant to temperatures up to several hundred degrees Celsius. Two
brass electrodes clamp the gasket into a slot in the body of the holder
and extend beyond the DAC body so that electrical connectors can
be attached. The gasket holder was designed to fit tightly into a BX90
DAC71 so that the position of the diamonds relative to the gasket
remained constant as an experiment was assembled. Long rectan-
gular gaskets were used to maximize the clamped surface area and
provide a good electrical contact to the brass electrodes. We used
gaskets laser cut from 250 μm thick stainless steel sheet for these

experiments, but any electrically conductive material can be used
(e.g., rhenium). After clamping into a holder, each gasket was pre-
indented by compression in a DAC to 15 GPa, resulting in a gasket
thickness of ∼70 μm in the culet region. The gasket is then partially
split, leaving just the culet region intact. This was achieved by milling
100 μm wide slots up to the edge of the culet on both sides using a
laser milling routine designed to minimize thermal distortion near
the thin culet region and the amount of conductive debris left in the
slots. The slots were cleaned by flushing with acetone and then filled
with a temperature resistant, non-conductive two-part epoxy (Loc-
tite Stycast 2850FT). A circular hole with a diameter of 150 μm was
then laser-drilled in the center of the culet region to form a pressure
chamber to accommodate the heating filament. The electrical isola-
tion of the two sides of the gasket was completed by laser-milling
two 80 μm wide slots that extend from the central chamber to the
Stycast filled slots at the edge of the culet. The culet region is cleaned
with a fine needle and placed in an ultra-sonic bath with acetone to
remove any debris. The resistive heating filaments were machined
from 12.5 μm thick rolled rhenium foil (GoodFellow). First, a
10 μm diameter sample chamber with vertical sides was created
by laser percussion drilling. Next, the filament shape was cut out
around the pre-drilled hole. The “bow tie” shape of the filament was
designed to maximize the area of the electrical contact between the
filament and the steel gasket while creating a well-defined hot region
in the center of the filament by reducing the cross-sectional area
(thereby increasing resistance; Fig. 2).

Next, the experimental sample is pre-loaded into the IRH
filament. We found that the simplest procedure for this is to place
a small piece of sample material roughly the same size as the sam-
ple chamber directly on top of it and then use a DAC with a pair
of large diameter diamonds to gently press the sample into the hole.
To assemble an experiment, the gasket holder is placed in a BX90
DAC and seated on the lower anvil. The filament assembly is then
placed in the central hole sandwiched between layers of Al2O3 that
fill both the sample chamber and the slots in the culet region (Fig. 2).
This material provides thermal insulation for the diamonds as well
as mechanical support for the gasket so that the slots remain open as
the cell is compressed. In these experiments, we used Al2O3 as the
insulating material, but other similarly hard ceramics could be cho-
sen to suit the experiment (such as MgO, SiO2, or ZrO2), provided
they are unreactive with the sample at the target P–T conditions, are
optically transparent, and have relatively low thermal conductivity.

FIG. 2. (a) Photomicrograph of a rhe-
nium IRH filament prior to loading. The
sample chamber is 10 μm in diameter,
and the filament thickness is 12.5 μm. (b)
Synchrotron x-radiograph of experiment
No. 5b showing the IRH system at pres-
sure (17 GPa). (c) 3D CAD model show-
ing a cross section of the IRH sample
environment.
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As loose alumina powder is fairly compressible and the slots need to
be braced open, we pre-compressed alumina nano-powder (<50 nm,
Sigma-Aldrich) into densified plates using a hydraulic hand press.
These plates were then broken up into form-fitting pieces to fit into
the milled region of the culet. Each filament was carefully loaded into
the central hole, orientated so that it bridges the gap between the
two halves of the gasket, and seated horizontally within the cham-
ber. Careful orientation of the filament is important to avoid any
rotation or shearing during compression. A small amount of loose
alumina nano-powder was added along with the plates above the fil-
ament to fill in any remaining void spaces. If the sample is expected
to react with the chosen insulating medium during an experiment,
disks of another material that is unreactive with the sample can be
placed above and below the filament to chemically isolate the sample.
The only limitation is that the majority of the pressure transmit-
ting medium must be a hard ceramics capable of maintaining the
mechanical strength of the assembly.

C. Temperature generation and measurement
To illustrate the efficacy of our IRH-DAC design in performing

high P–T experiments with in situ x-ray diffraction measurements,
four cells were heated at beamline I15, Diamond Light Source, UK.
After the initial heating runs, each of the cells was compressed
further and reheated at a higher pressure. One of the cells was
heated three times to make a total of nine experiments (Nos. 3a–6b).
Two further off-line heating experiments were made in the Dia-
mond Anvil Cell Laboratory at Bristol (No. 7a/b). The details of the
experimental runs are presented in Table I.

To conduct a heating run, electrical leads were attached to
the brass electrodes of the gasket holder with crocodile clips and
a programmable DC power supply used to supply current. We
used an Aim-TTi EX2020R 400 W power supply for experiments
performed at Diamond Light Source and an Elektro-Automatik

5040-40-A power supply for experiments performed at Bristol. Dur-
ing experiments, the IRH-DAC was placed in a water-cooled copper
jacket to ensure the gasket holder and cell itself did not suffer any
thermal distortion, although any warming of the DAC body was
minimal.

Temperatures during experimental runs at Diamond Light
Source were measured spectroradiometrically using the system in
place on the laser-heating stage at I15.73 The system collects thermal
emission from a region ∼3 μm in diameter, with the aperture pre-
aligned to the position of the x-ray beam (with an accuracy of ∼1 μm)
and periodically checked for drift throughout the experiments.73 For
experiments performed at Bristol, four-color multi-spectral imaging
radiometry was used to allow us to illustrate the temperature gra-
dients within an IRH experiment. This system has previously been
described in detail by Lord and Wang.74

D. Synchrotron x-ray diffraction
In situ angle-dispersive x-ray powder diffraction measure-

ments were made using an x-ray beam with a wavelength of λ
= 0.4246 Å, which was micro-focused to a nominal beam dimen-
sion of 6 × 4 μm2 (full width at half maximum) to minimize scat-
tering from the rhenium filament surrounding the sample cham-
ber. Diffraction patterns were collected with a Pilatus 2M detector
and a typical acquisition time of 30 s. The sample to detector dis-
tance was calibrated using a CeO2 standard. As the sample material
was only present inside the sample chamber, which was similar in
diameter (∼10 μm) to the x-ray beam, we were able to precisely
locate the sample by maximizing its XRD signal in a 2D scan
across the pressure chamber, which was first located using an opti-
cal image centered on the x-ray beam. The x-ray diffraction images
were integrated to one-dimensional spectra and the peaks were
indexed using the GSAS-II software.75 The background, fitted as
a cubic spline, was subtracted from each pattern and diffraction

TABLE I. Starting materials and P–T conditions of IRH experiments.a

Ppre (GPa) Ppost (GPa) Pmax

Run Sample PMo PKCl PMo PKCl PMo PKCl Tmax (K)

No. 3a KCl +Mo 3.0(1) 3.5(1) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ < 2b 1167(5)
No. 3b KCl +Mo 10.7(2) ⋅ ⋅ ⋅ 11.9(1) ⋅ ⋅ ⋅ 22.7(1) ⋅ ⋅ ⋅ 2059(1)
No. 4a KCl +Mo ⋅ ⋅ ⋅ 4.1(0) ⋅ ⋅ ⋅ 4.1(0) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ <1150
No. 4b KCl +Mo ⋅ ⋅ ⋅ 5.1(0) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ <1150
No. 5a KCl +Mo 17.0(1) ⋅ ⋅ ⋅ 17.7(3) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ <1150
No. 5b KCl +Mo 16.6(2) ⋅ ⋅ ⋅ 25.9(4) ⋅ ⋅ ⋅ 42.4(4) 39.6(3) 2002(60)
No. 5c KCl +Mo 33.7(2) 30.1(8) ⋅ ⋅ ⋅ 29.7(5) 64.2(2) 62.6(3) 3059(1)

PPt PPt
No. 6a Ti35c

+ Pt 1.6(1) 12.2(1) 20.4(3) 1941(36)
No. 6b Ti35c

+ Pt 16.7(1) 26.8(1) 40.1(6) 2337(72)
PRaman

No. 5d KCl +Mo 43(1)
No. 7a/b Al2O3 25(1)
aUncertainties on P–T conditions in parentheses are 1σ on the last digit.
bPressure dropped below the B1–B2 KCl transition at ∼2 GPa.72

cCa(Si0.65 , Ti0.35)O3 glass.
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peaks attributed to the pressure calibrants (Mo, B2 KCl, or Pt) were
individually fit to pseudo-Voigt profiles using the program fityk.76

Uncertainties in the peak parameters, including position, were esti-
mated from the fitting procedure. As all of the pressure calibrants
used were cubic, a lattice parameter, a(hkl), was calculated directly
from each present reflection and a weighted arithmetic average, ām,
was used to determine unit cell volumes. Pressure was determined
from the unit cell volumes of the calibrants and their known ther-
mal equations of state.77–79 For experiments performed at Bristol,
pressure was determined from the Raman shift of the singlet peak
of the diamond anvil at the culet surface using the calibration of
Walter et al.38

III. RESULTS AND DISCUSSION
A. Heater performance

Our IRH-DAC design enables remarkably precise and stable
power generation over the duration of long experiments. Temper-
atures up to 3000 K were generated within the sample chamber, with
no apparent temperature limit imposed by increasing pressure, as is
common with other resistive heating techniques. During initial com-
pression, the alumina filled slots typically contracted unevenly and
began to pinch at the edges of the culet, but we found that heating
improved the geometry of the slots, which became increasingly par-
allel after heating. This allowed cells to be compressed further and

FIG. 3. Plots of electrical power, mea-
sured sample temperature, and circuit
resistance over the duration of experi-
ments (a) No. 3b and (b) No. 5b.
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re-heated at higher pressures, making a large P–T region accessible
with a single loading.

1. Electrical behavior
The measured resistance across the whole circuit of an IRH cell

was typically ∼0.9 Ω (Fig. 3). In some runs, the measured resistance
prior to heating was extremely high (kΩ) or no circuit was detected
with a multimeter due to poor contact between the filament and
steel gasket. In all cases, this was solved by applying a current of
4 A across the circuit. This was most likely due to local heating at
contact points and thermal annealing of the filament–gasket con-
tact. The power–temperature relationship was very linear across the
whole range of measured temperatures in our experiments and was
in the range of 7.3–15.3 K/W (Fig. 4). This ratio was different for
each run, which can be explained by slight differences in mechanical
deformation of the filament during compression, variations in insu-
lation thickness, and differences in resistivity with varying pressure
between runs. The power required to achieve a given temperature
is higher in the experiments reported here than those reported by
Zha and Bassett65 due to differences in the thermal conductivity
and thickness of the insulation material and the geometry of the
filament. Nevertheless, we successfully heated to sample tempera-
tures of 3000 K with no damage to the diamond anvils or other
components and the power required was in the normal range that

FIG. 4. Plots of sample temperature vs electrical power during temperature
increase. Temperatures below ∼1200 K were too low to measure with spectro-
radiometry. Uncertainties on individual temperature measurements were typically
<1 K and are smaller than the scale of the data points. The dashed lines show
linear fits to the data, and the shaded regions show 95% prediction intervals. The
linear fits and 95% prediction intervals (which show where a future temperature
measurement would be statistically expected to fall at a set power) have been
extrapolated down to zero power to demonstrate the difficulty in using electrical
power to estimate temperature below the thermal limit of spectroradiometry.

commonly available power supplies can provide. The precision of
commonly available programmable DC power supplies is typically
∼0.1 W, giving our IRH-DAC a theoretical precision of ∼1 K, which
is similar to the analytical precision of spectroradiometric tempera-
ture measurements.48 A rigorous linear relationship between power
and temperature is useful as it provides the possibility to use an
extrapolation from a linear regression of the power–temperature
relationship to estimate temperature when no spectroradiometric
temperature measurement is available or below the thermal limit
of spectroradiometry. The average 95% prediction interval of the
linear fits to the power–temperature relationship was 5.5% of the
temperature (Fig. 4). However, the period of decreasing circuit resis-
tance observed at the start of several experiments suggests that the
linear relationship does not hold down to room temperature (Fig. 3).
This is also evident from the fact that the zero power intercepts
of the fits are offset from room temperature (Fig. 4). The per-
formance of the heater in this region should be investigated fur-
ther before a power–temperature calibration below 1200 K can be
reliably established or deemed feasible. A spectrometer with sensi-
tivity in the near-IR spectral range (such as an InGaAs detector)
could be used to measure spectroradiometric temperature down
to 500 K.80

During runs where the temperature was slowly increased and
decreased to and from a maximum, the temperature achieved at a
set electrical power was also observed to be lower on cooling. This
can also be seen as a reduction in the measured resistance of the
whole circuit after heating (Fig. 3). We assume that this is due to the
improvement of the contact between the gasket and filament during
heating and the removal of distortion induced by cold compres-
sion. Previous studies of Joule heating inside a DAC sample chamber
found that multiple temperature cycles were necessary to achieve a
linear power–temperature relationship and achieve stable tempera-
ture generation,65 but this is unnecessary with our design, and the
heater appears to stabilize during the first 40 W of power application
(Fig. 3).

2. Temperature stability
The resistance of the heater can change with temperature and

pressure or as a result of mechanical deformation. This can lead to
temperature instability over the duration of an experiment. Apply-
ing a constant current during a resistive heating experiment may
lead to unstable temperature generation and even cause a run-away
temperature increase. This is because the resistance of a metal fila-
ment will increase with temperature, and so more electrical power
is needed to maintain the current as the temperature increases.
To avoid this issue, we used a regulated constant voltage mode in
experiments performed at Diamond.

During experiment No. 5b, we measured the temperature at
a constant voltage of 11.9 V over a 20 min period, a timescale
typical of a laser heating experiment. The sample temperature
decreased slowly, at a constant rate of 5 K/min, while the mea-
sured resistance of the circuit remained stable, suggesting that
the temperature decrease was caused by heat loss from the sam-
ple to the diamond anvils or that any decrease in electrical
power was below the precision of the power supply readout. This
temperature change could be easily controlled with only minor
adjustments to the electrical power, as the rate is constant and
slow.
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To further investigate the stability of our IRH-DAC over longer
time periods, and the dependency on the power supply regulation
mode, we conducted two additional heating runs at Bristol using
regulated constant voltage (No. 7a) and constant power (No. 7b)
modes. The temperature was passively monitored, and no manual
adjustments to the voltage or power were made during these exper-
iments. In contrast to experiment No. 5b, the voltage control test
conducted at Bristol (No. 7a) showed an increase in temperature
over the duration of the experiment (Fig. 5). This opposite behavior
could be explained by differences in the sample environment, such
as insulation thickness, or by a different method of voltage regula-
tion used by the power supply. Nevertheless, the rate of temperature
change was also extremely low and could be easily controlled by
compensating for the power increase, which rose 4 W over the 4 h
test. Although the temperature change appears to be nonlinear, we
found the behavior to be best fit by two periods of linear temperature
increase—initially a rate of 1 K/min over a 30 min period, followed

by a rate of 0.16 K/min for the remaining 3.5 h of the test. In a
90 min stability test of their design, Zha and Basset65 similarly found
an initial 30 min period of faster warming, which they attributed
to thermal equilibration of the heater with the body of the DAC.
The temperature increase during the first 30 min of their test was
much greater than ours (∼ 250 K), likely due to the larger heated
region in their design and thermal equilibration with more thermally
conductive components due to heating outside the insulated pres-
sure chamber.65 However, the stability test conducted by Zha and
Bassett65 was conducted in a constant current mode, which may
account for some of the differences in performance.

We conducted a subsequent test using automatic power reg-
ulation that demonstrates that any average temperature change
when using a constant voltage mode is a result of compensation
by the power supply and is not intrinsic to our IRH-DAC design
[experiment No. 7b, Fig. 5(b)]. After a short stabilization period
of <2 min, during which the sample temperature fell by 20 K, the

FIG. 5. (a) Sample temperature measured over a 4 h period with a constant voltage of 5.3 V. The temperature rises ∼60 K over the 4 h experiment. This can be characterized
as two periods of linear increase, shown by the dashed lines. (b) Sample temperature measured over a 2.75 h period with an electrical power of 80 W. A 2 min stabilization
period can be observed at the start of the test. The average temperature (TAvg) is 1909 K for the remainder of the test with a standard deviation (σT ) of 3.80 K. The average
measurement uncertainty (δm) was 5.54 ± 0.29 K. Statistical analysis suggests (with >99% certainty) that the observed scatter is stationary (Augmented Dickey–Fuller81,82

test statistic = −4.024, p = 0.001) and is normally distributed (Shapiro–Wilk83 test statistic = 0.998, p = 0.560). For both (a) and (b), the error bars represent 1σ uncertainty
in the temperature measurement and are only plotted for every 12th measurement so that the scatter can be seen.
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temperature was stationary. The average measured temperature over
a period of 2.75 h was 1909 ± 3.8 K, and the standard deviation
(3.8 K) was <0.2% of the temperature and smaller than the average
analytical precision in the temperature measurements (5.54 ± 0.29
K). It is statistically likely that the measured temperature variation
is simply a result of the analytical uncertainty on the temperature
measurement as the scatter in the measured temperatures is Gaus-
sian (Shapiro–Wilk83 test statistic = 0.998, p = 0.560) and occurs as a
stationary process with no trend (Augmented Dickey–Fuller81,82 test
statistic = −4.024, p = 0.001), although we note a slight instability in
the power regulation (σ = 0.09 W), suggesting that the performance
of our IRH-DAC could be increased even further by a more sta-
ble power supply. Temperature during IRH-DAC experiments using
our design can therefore be controlled to an accuracy of <±10 K over
the duration of long experiments lasting multiple hours. Although
the stability test was stopped after nearly 3 h, there was no indica-
tion that any significant temperature fluctuations would be observed
during longer experiments.

3. Quench rates
The sample was quenched at the end of experiment No. 7b by

switching off the power supply. As the heated region is so small,
this was likely to be almost instantaneous. The pressure chamber
geometry remained stable, and the cell could be successfully reheated
after quench. Potential applications of these rapid quench rates
include the deep supercooling of molten materials to by-pass crys-
tallization for the synthesis of novel solid-state amorphous phases at
high-pressure.9

4. Temperature gradients
Two-dimensional temperature maps of the IRH-DAC made

using four-color multi-spectral imaging radiometry illustrate the
radial temperature gradients within the cell and sample chamber.
The maximum measured temperature of the filament was typically
∼300–400 K hotter than the sample. However, as the sample cham-
ber is so small (∼10 μm diameter) the gradients within the sample
are minimal (less than 10 K/μm in the central region, but larger
near the edges closest to the filament hotspots, Fig. 6). This is lower
than the typical temperature gradients across a laser heating spot of
a comparable size,46 and as the entire sample is heated, there is no
risk of analyzing an unheated portion of the sample. The temper-
ature gradients along the y-axis are steeper than along the x-axis
due to the location of the hotspots. The radial temperature gradi-
ents in our design appear to be slightly higher than the previous IRH
design of Zha and Bassett.65 Zha and Bassett65 reported a difference
of 51 K between a temperature measured in the center of the sam-
ple and at a point near the edge of the sample chamber, whereas
the difference (in the same direction) measured in experiment No.
5d was ∼80 K (Fig. 6). This is because of the smaller heated region
in our design. Nevertheless, the temperature variation across the
whole analyzed volume will determine the temperature uncertainty
in scattering measurements. The standard deviation of temperature
across the sample volume in our experiments was <35 K (Fig. 6). The
radial temperature gradients could also be reduced by future refine-
ment of the filament shape. The temperature gradients in the axial
direction are not measured but are likely to be lower than those in
an equivalent laser heating experiment. This is because heat is gen-
erated internally throughout the filament thickness, unlike a laser

FIG. 6. 2D temperature map of an IRH heating experiment (No. 5d) made using
four-color imaging radiometry. The pressure prior to heating was ∼43 GPa. The
dashed white line shows the outline of the sample chamber, which had com-
pressed and deformed during previous runs. The mean temperature inside the
sample region was 1872 ± 34 K, although the absolute range of temperatures
inside the sample chamber was 178 K. The filament hotspots on either side of the
sample chamber are typically 300–400 K hotter than the sample.

heating experiment where the laser power is absorbed at the sur-
face.84 The average difference in measured temperature based on the
radiation from the sample surface on either side of the cell was 31 K
for runs performed at Diamond, although this rose to a maximum of
86 K in experiment No. 6b. This is due to differences in the thickness
of insulation on either side of the filament and could be improved
by laser milling form-fitting pieces of single crystal insulation to an
exact and equal thickness. Reduced temperature gradients will also
lead to reduced thermal pressure gradients, which in the laser heated
DAC can reach 1 GPa/μm.85

B. X-ray diffraction
During nine heating experiments, we were able to obtain in

situ XRD measurements across a large P–T range that would oth-
erwise only be accessible with laser heating (Table I, Fig. 7). This
shows that our IRH-DAC is not only capable of performing long
stable heating experiments at lower mantle conditions but is a use-
ful tool for rapid acquisition of the high-resolution P–V–T datasets
required for constraining the thermoelastic parameters of minerals
in the deep Earth. One of the heated cells (No. 6a/b) was loaded
with glass with the stoichiometric composition Ca(Si0.65, Ti0.35)O3,
which should form a stable perovskite phase at P > 10 GPa and
T > 1500 K.86 Titanium bearing calcium perovskite is likely to be
an important phase in the lower mantle, and its physical proper-
ties are relevant to the interpretation of inclusions found in “super-
deep” diamonds, the seismic structure of the deep Earth, and the
freezing of magma oceans present during early Earth history.35,87,88

Figure 8 shows a contoured waterfall plot of patterns collected dur-
ing experiment Nos. 6a and 6b. Corundum peaks can be seen to
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FIG. 7. Representative 1D background-subtracted XRD spectra from experiment No. 5c. The subtracted backgrounds are shown by the dashed lines (red). The vertical
dashed lines show refined peak centers of pseudo-Voigt fits to KCl (blue) and Mo (green) peaks. The peaks attributed to Al2O3 are denoted by asterisks (∗) and rhenium
by triangles (▲). The signal-to-noise ratio of sample peaks was reduced at higher temperatures due to grain growth, which resulted in “spottier” diffraction patterns.

appear during initial heating as the alumina nano-powder recrys-
tallizes. Sample peaks appear from 1450 K as the Ca(Si0.65, Ti0.35)O3
glass begins to crystallize and remain present in all further
diffraction patterns. The sample peaks can be explained by an
orthorhombic unit cell with space group Pbnm as expected for this
composition. However, refinement of the unit cell yielded lattice
parameters a = 4.57(1), b = 4.32(1), and c = 6.56(1) at 12.2 GPa
(run No. 6a) and a = 4.51(1), b = 4.27(1), and c = 6.47(1) at 26.8
GPa (run No. 6b) after quenching to room temperature, which
gives volumes that are much lower than expected at these pres-
sures.35,86 This is probably due to a reaction with the alumina pres-
sure medium. The effect of thermal pressure during the experiments

is apparent as peaks shift toward higher 2θ angles during heating
(Fig. 8).

1. Thermal pressure and nonhydrostaticity
An increase in pressure during heating is inevitable in a

volumetrically constrained sample chamber. As a result, pressure
should be monitored during experiments. We found a near-linear
pressure dependency on temperature, with a typical increase of
0.5–1 GPa/100 K. Total thermal pressure during experiments was
50%–100% of the pressure measured after heating. IRH experiments
differ from laser heating experiments in that the sample is heated
from the outside, rather than from within. The thermal expansion
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FIG. 8. Contoured waterfall plot of 1D x-ray diffraction patterns collected during experiment Nos. 6a and 6b. The peaks attributed to Pt, Re, corundum (Crd), and the sample
(∗) are indicated, as are P–T conditions of selected patterns throughout the experiments.

of the filament surrounding the sample compresses the sample as
the experiment is heated. This is consistent with our observation of
a linear reduction in unit cell volume as a function of temperature
(unit cell volume data can be found in the supplementary material).
Some changes in pressure will also result from the thermal relaxation
of the IRH assembly. Pressures measured after heating were higher
than those measured prior to heating (Table I, Fig. 9).

Pressures in the DAC commonly deviate from hydrostatic, as
uniaxial compression can increase the differential stress, t, between
the axial and radial directions. Soft or fluid pressure transmit-
ting media are commonly used to reduce the differential stress in
DAC experiments;89 however, the IRH-DAC design relies on a very
incompressible pressure medium to keep the cell geometry stable.
As non-hydrostatic stress affects each (hkl) reflection to a varying
degree, the axial stress condition, t, can be estimated from a “gamma
plot”—a plot of the measured lattice parameters for a given reflec-
tion, am(hkl), against 3(1 − 3 sin2 θ)Γ(hkl), where θ is the diffrac-

tion angle and Γ(hkl) = (h2k2
+ k2l2

+ l2h2
)/(h2

+ k2
+ l2
)

2
.90 The

St value is derived from the intercept (M0) and slope (M1) of the
gamma plot: St = −3M1/M0, where S is the single crystal elastic
compliance: S = (S11 − S12 − S44/2). As only two or three reflections
from each pressure calibrant were present in the diffraction patterns
(Fig. 7), gamma plots were only made when the (200) reflection
was present, which is most sensitive to deviatoric stress for cubic
materials in DAC experiments.91,92 The elastic anisotropy of Pt and
Mo under pressure was calculated from data available in the lit-
erature,93,94 and t was calculated for experiments before and after
heating (Table II). As S of B2 KCl under pressure and S of Pt and
Mo at high temperature are not available, the St value was used as
a stress indicator for all other experiments and during heating runs.
The measured t of Pt in experiment Nos. 6a and 6b was less than
1.5 GPa after heating (Table II), which is comparable to cold com-
pression in a neon pressure medium (t = 1–4 GPa in Ref. 92) and
only slightly elevated compared to laser annealed samples in NaCl

(t < 1 GPa in Ref. 95). The axial stress is noticeably lower after
heating due to thermal annealing and relaxation in the pressure
chamber. A reversible component to the change in axial stress
was also observed during heating (Fig. 10). St was observed to
decrease with temperature and in many runs became negative.

FIG. 9. Plots of the dependency of pressure on temperature in our IRH-DAC for
experiment Nos. 5c, 6b, and 6a. The closed symbols show pressures measured
prior to heating. The dashed lines show linear fits to the data.
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TABLE II. Axial stress (t) and pressure (P) before and after heating.a

Pre-heating Post-heating

Run Calibrant P (GPa) t (GPa) P (GPa) t (GPa)

No. 5a Mo 17.02(7) 3.24(0) 17.66(30) −2.72(3)
No. 5b Mo 16.60(19) −4.12(3) 25.86(39) ⋅ ⋅ ⋅

No. 5c Mo 33.71(18) −1.35(1) 29.70(52) ⋅ ⋅ ⋅

No. 6a Pt 1.61(8) 6.83(1) 12.17(6) 1.42(0)
No. 6b Pt 16.86(6) −1.24(0) 26.78(7) −0.72(0)

St St
No. 3a KCl 3.55(6) −0.0008 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

No. 4a KCl 4.09(1) 0.0052 4.07(1) 0.0007
No. 4b KCl 5.12(2) 0.0381 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

aUncertainties in parentheses are on the last digit and are 1σ.

Negative axial stress (where the radial stress component, σ3, is larger
than the axial stress component, σ1) has been observed in diamond
anvil cell experiments with highly compressible pressure media and
is attributed to the radial collapse of the sample chamber.91 In our
experiments, it is likely that the additional hard components (i.e.,
the filament) within the pressure chamber impose radial pressure on
the sample as they thermally expand during heating. This appears
to have the effect of counteracting some of the axial stress caused by
the uniaxial compression of the DAC and likely results in lower axial
stress than laser heating experiments performed with a similarly
hard pressure medium.

For experiments loaded with two calibrants, we observed a sys-
tematic offset between pressures measured from the volume of Mo
and from the volume of KCl. The offset was present down to room
temperature, so is not only a thermal effect, and was noticeable in
post-heating pressures with low measured t, so is unlikely to be a
result of deviatoric stress in the sample chamber. Although the esti-
mated uncertainty on our pressure measurements using Mo and KCl

FIG. 10. Stress indicator values, St, of Pt derived from gamma plots for experi-
ment Nos. 6a and 6b along with measured temperature plotted as a function of
experiment duration.

calibrants do not overlap, the true uncertainty is likely to be much
larger as studies reporting equations of state typically do not publish
the full covariance matrix required to propagate the uncertainty in
fitted parameters, which arises from scatter in the P–V–T dataset.
There are several sources that can introduce uncertainty or system-
atic errors to an equation of state, including its analytical form, the
choice of pressure scale, and most importantly, measurement uncer-
tainty in the P–V–T dataset, with temperature being the largest
contributor. Temperature uncertainty is important even in stud-
ies of processes that are relatively insensitive to temperature (e.g.,
mapping phase boundaries with very low Clapeyron slopes) because
the error in pressure is largely dependent on the error in temper-
ature due to its much higher relative uncertainty compared to the
uncertainty in the volumetric measurement of the pressure calibrant.
New techniques, such as our IRH-DAC design, that can reduce the
temperature uncertainty in high pressure experiments are therefore
key to improving our understanding of the physical and chemical
characteristics of the deep Earth.

C. Potential improvements
Our “split gasket” approach provides a simple design frame-

work for performing IRH experiments. In the present study, we have
demonstrated its efficacy with a 150 μm “bow-tie” Re filament, an
∼10 μm diameter sample chamber, an Al2O3 nano-powder pressure
medium/thermal insulation, and 500 μm culet diameter anvils to
P–T conditions of ∼3000 K and ∼60 GPa. However, as the filament
material/shape and insulation material/geometry are not the limit-
ing features of the design, our IRH technique could be improved
by refinement of these components. The use of different filament
materials may improve the heater performance, and alternative
materials for thermal insulation may improve temperature homo-
geneity and/or stability. Finite element modeling could help quan-
tify the thermal gradients along the compression axis and inform
refinement of the filament shape to reduce both axial and radial
temperature gradients. Thermal gradients and heating efficiency
are strongly controlled by the insulation geometry. More advanced
micro-fabrication techniques such as femto-second laser microma-
chining96,97 or xenon plasma focused ion beam milling (Xe+-FIB)98

will allow fabrication of form-fitting single crystal insulation, reduc-
ing axial gradients by ensuring equal insulation thickness on either
side of the filament. Form-fitting pieces of insulation with a milled
depression to hold the filament could also improve the efficiency of
the loading procedure, potentially allowing the sample, filament, and
insulation components to be assembled outside the cell and loaded
into the pressure chamber as a single piece. Disks of a material unre-
active with the sample could be incorporated into the design above
and below the filament to chemically isolate the sample from the
insulation material if necessary. Precisely milled annuli placed above
and below the central portion of the filament would also allow for
gas loading of a fluid pressure medium around the sample cham-
ber itself. The pressures reached in this study (up to ∼63 GPa) were
limited by the relatively large culet diameter of the diamonds used
(500 μm in the highest pressure run), which is itself limited by the
size of the heating filament and diameter of the pressure cham-
ber (150 μm). It is likely that smaller anvils down to ∼300 μm in
diameter could be used with little or no adaption of the heating
filament to extend the pressure range to ∼80 GPa.99 Extending the
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pressure range further is conceivable but would require further
miniaturization of the filament and sample assembly. In this study,
we used spectroradiometric temperature measurement in the visi-
ble range, which limited the minimum measurable temperature to
∼1200 K. The use of an InGaAs detector sensitive to near-IR radia-
tion would extend the temperature measurement range down to 500
K.80 The full isolation of the heating filament enabled by our novel
“split-gasket” approach significantly extends the P–T range acces-
sible to IRH techniques and improves temperature stability. How-
ever, because the shorter filament must also be narrower to com-
pensate for the reduction in resistance, the sample chamber in our
design is smaller in diameter compared to previous IRH designs.65,66

The small diameter of the sample chamber (∼10 μm) in our design
presents the possible issue of unwanted scattering by the filament
material adversely affecting diffraction data. The diameter of the
sample chamber could be increased by using a correspondingly thin-
ner filament in future studies. Nevertheless, we were able to obtain
usable XRD data using an uncollimated micro-focused x-ray beam
(6 × 4 μm2 full width at half maximum) in this study. Our IRH tech-
nique is ideally placed to exploit the outstanding coherence prop-
erties and sub-micron focusing of x-ray beams at fourth-generation
synchrotron sources being developed now, increasing data quality
and the range of techniques with which it can be interfaced.100,101

IV. CONCLUSIONS
Our new IRH-DAC design significantly extends the P–T range

accessible to resistive heating techniques, easily encompassing the
mantle geotherm to 1500 km depth. The temperature range of
our IRH design is also sufficient to recreate the conditions of a
hotter Archean mantle.102 While recent advances have been made
in MAP techniques, our IRH-DAC design provides a much more
accessible alternative for performing resistive heating experiments
at lower mantle conditions. The “split-gasket” approach adopted in
our IRH design provides several benefits over existing IRH tech-
niques applicable to non-metallic samples:65,66 The experimental
design is much simpler, and the geometry allows for the heat-
ing filament to be completely isolated within the insulated pres-
sure chamber. These features enable more reproducible, efficient,
and routine generation of high P–T conditions beyond the lim-
its of other IRH designs. Our IRH-DAC technique is cost effective
and time efficient. Fabrication of the filament and gasket geome-
try requires a precise laser mill, and a programmable DC power
supply is needed for heating, but no other specialist equipment is
required and the materials used are commonly available and rela-
tively cheap. It takes under two days to prepare the experiments,
with most of that time required for the epoxy glue to cure, and
a single cell can be reheated at several different pressures for effi-
cient data collection over a large P–T range. We also found the
experiment failure rate of our IRH design to be remarkably low
(with no diamonds broken during the runs performed at Diamond
Light Source) in comparison to experiments pushing the limits of
MAP techniques, where “blow-outs” of the expensive WC or sin-
tered diamond cubes are common.40 Our IRH-DAC design pro-
vides an important new tool for investigating materials at extreme
conditions. The excellent temperature stability during experiments
lasting many hours, reduced thermal gradients, elimination of the
requirement for a metallic absorber to be mixed with the sample, and

precise temperature control are significant improvements over laser
heating techniques in this P–T range. These advantages make our
IRH-DAC design well suited for studies requiring stable homoge-
neous heating, including the collection of high-resolution, accurate
P–V–T data, the precise demarcation of phase boundaries, making
liquid state measurements of wholly molten samples, and heating
experiments over the long acquisition times required for techniques
such as Brillouin spectroscopy and IXS. Our IRH-DAC technique
is ideally placed to exploit the highly coherent nano-focused x-ray
beams in development at current and next-generation synchrotron
sources.

SUPPLEMENTARY MATERIAL

See the supplementary material for full technical drawings of
the IRH holder and gasket and for plots of electrical power, sample
temperature, and circuit resistance as well as plots of stress indicator
values (St) for all other experiment runs. Electrical power, tempera-
ture, and pressure calibrant unit cell volume data are also provided
in the supplementary material.
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