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Practical effects of pressure-transmitting media on neutron
diffraction experiments using Paris–Edinburgh presses
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K. Funakoshib

aJ-PARC Center, Japan Atomic Energy Agency, Ibaraki, Japan; bNeutron Science and Technology Center,
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ABSTRACT
To understand the practical effects of pressure-transmitting media
(PTM) on neutron diffraction using Paris–Edinburgh presses,
diffraction patterns of MgO were collected to approximately
20 GPa using PTMs of Pb, AgCl, 4:1 methanol–ethanol (ME)
mixture with and without heating, N2, and Ar. Hydrostaticity in the
sample chamber estimated from the MgO 220 peak width
improves in the order of Pb, AgCl, Ar, ME mixture, N2, and the
heated ME mixture. Unlike previous results using diamond anvil
cells, the unheated ME mixture is superior to Ar even after
freezing, probably due to the cup on the anvil face. Considering
these results and the sizable coherent scattering of Ne, which
would show good hydrostaticity, we conclude that the ME
mixture (preferably the heated one) is the best PTM in neutron
experiments up to 20 GPa, while Ar can be substituted when a
sample is reactive to alcohols.
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1. Introduction

Recent advances in high pressure techniques [1–4] and neutron sources made it possible
to conduct full structure analysis by neutron diffraction at pressures far beyond 10 GPa
(e.g. [5,6]). As the attainable pressure increases, hydrostaticity in the sample chamber
becomes a crucial issue for the precise determination of crystal structures. Historically, syn-
chrotron X-ray diffraction encountered the same problem, and many kinds of pressure-
transmitting media (PTM) were tested [7–9]. Currently, fluid He, which shows excellent
hydrostaticity, is routinely used as a PTM in synchrotron X-ray diffraction using diamond
anvil cells (DACs). On the other hand, the search for the better PTM is still continuing in
the neutron diffraction studies. Such experiments require large sample volume to com-
pensate for the limited neutron beam flux. A widely used high pressure apparatus
which makes it possible is Paris–Edinburgh (PE) presses [1,10], in which a sample is com-
pressed with a pair of anvils that have a cup on the anvil face to increase the sample
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volume. With such a setup, the maximum attainable compression volume ratio is limited
only to V/Vinitial ∼0.2–0.3 due to incompressible space caused by this cup; accordingly, the
pressure saturates upon increasing load when the volume of the sample–PTM mixture
reaches this value. This effect is considerable when a highly compressible PTM is used,
and practically, the attainable pressure is limited to 1–4 GPa for fluid He [11]. To overcome
this problem, a better PTM, which is soft but incompressible, has been searched [12–15],
but the hydrostatic limits for such PTMs are too low compared with the pressure range
currently used for neutron experiments.

Consequently, using a frozen PTM at high pressures cannot be avoided; thus, knowl-
edge on non-hydrostaticity above the hydrostatic limits is important for practical use. Pre-
vious studies showed that non-hydrostaticity for most PTMs steeply increase after freezing,
whereas liquid noble gases show superior performance even after freezing [12,15]. Most of
these results are based on the positions or widths of the fluorescent lines of ruby pressure
markers compressed with a DAC or the pressure distribution in the sample chamber of a
DAC. Therefore, the results cannot be directly applied to estimate non-hydrostaticity in the
sample chamber compressed with a PE press due to the differences in the hardness
between sample and ruby chips and in the compression geometry between a DAC and
a PE press. Namely, a ruby (corundum) is very hard (K0 = 254–255 GPa and G0 = 163–
165 GPa [16,17]) and, accordingly, less sensitive to stress in the grains of the sample
[18,19]. Moreover, non-hydrostaticity may be different because the sample in a DAC is uni-
axially compressed with the flat faces, whereas that in a PE press is more concentrically
compressed with cupped anvils [20].

To select the best PTM in the neutron experiments, knowledge on non-hydrostaticity
which the sample practically experiences by compression with cup anvils is indispensable.
Therefore, we have conducted neutron experiments on MgO powder that has moderate
compressibility and shear modulus (K0 = 162–163 GPa and G0 = 131 GPa [21–23]) to
approximately 20 GPa with solid media (Pb, AgCl), liquefied gas (N2, Ar), and alcohol
mixture (4:1 deuterated methanol–ethanol (ME) mixture at room temperature and 100°
C), which are known to show relatively good hydrostaticity [11], and evaluated the non-
hydrostaticity for each PTM from the width of a Bragg peak of MgO. For practical use in
neutron diffraction experiments, we have also investigated the effects of these PTMs on
the pressure-generation efficiency and the contamination in diffraction patterns. Finally,
we discuss the effect of the geometry of the sample chamber on the non-hydrostaticity
by comparison with previous results obtained with a DAC.

2. Experimental

In-situ neutron diffraction experiments were conducted at the high pressure neutron
beamline PLANET [24] at the Materials and Life Science Experimental Facility (MLF) in J-
PARC; experimental details are described in Hattori et al. [3]. The sample was compressed
with a PE press (MG63 VX4) equipped with double toroidal anvils made of sintered
diamond (COMPAX5913) with a cup diameter of 3.0 mm. The load applied to the anvils
was regulated with an automated volumetric pump (Sanchez technologies, S16/DC3000).

A prototypical oxide, MgO, was selected as a sample due to the simple crystal structure
(rock salt structure), the lack of any phase transition in the pressure range of this study, and
its moderate compressibility and shear modulus (K0 = 162–163 GPa and G0 = 131 GPa [21–

326 T. HATTORI ET AL.



23]). We tested PTMs of solid media (Pb and AgCl), liquefied gas (N2 and Ar), and liquid
media (4:1 deuterated ME mixture at room temperature and 100°C).

Fresh Pb powder made by filing a lead block in a glove box was mixed with MgO
powder in equivolume ratio and then pelleted into a spheroid using a mold and a hand
press. The AgCl powder (Soekawa) softly mixed with MgO in a darkened room to avoid
photodegradation was pelleted by the same ways as mentioned above. These samples
were placed in a TiZr gasket and compressed. Liquid N2 was cryogenically loaded in a
pair of encapsulating gaskets made of an SUS304 stainless steel using a loading clamp
[11] (see Supplemental Materials); stainless steel gaskets were used instead of TiZr
gasket to save cost. Liquid Ar was cryogenically loaded in TiZr encapsulating gaskets by
two different methods as we suspected that loading failed in the first run, where we
employed the same method as that employed for liquid N2. In the second run, liquid Ar
was loaded as described in Klotz et al. [25]. The latter was found to be superior because
the degree of filling can be estimated by monitoring gas pressure while intermittently sup-
plying the gas from the chamber isolated from the sample chamber. The 4:1 deuterated
ME mixture was sealed in TiZr encapsulating gaskets by pouring droplets into the
gaskets filled with MgO powder. In another run using the ME mixture, the sample was
compressed while heating the PTM above its melting temperature [13] so that the
sample was not compressed with a solidified ME (see Supplemental Materials). In this
run, the compression below and above 6.9 GPa were conducted at room temperature
and high temperature, respectively. During the compression from c.a.17 GPa to
18.3 GPa, we could not avoid the freezing of ME mixture due to the limitation of
maximum temperature attainable by our heating system (100°C). All the diffraction data
using any PTMs were collected at room temperature: in the runs using a heated ME
mixture, the diffraction patters were collected after cooling back to room temperature, fol-
lowing to the compression during heating. Typical time required for increasing and
decreasing temperature were 20 and 60 min, respectively.

In all the experiments, samples were compressed at the rate of 1 tonne/min, and diffrac-
tion data at each pressure were collected after maximizing the intensity from the sample by
scanning the sample position along the orthogonal three axes of the laboratory frame.
Typical exposure time was 1 h per pattern. The pressure was calculated from the lattice par-
ameter of MgO based on the known equation of state [26]. Hydrostaticity was evaluated
from the peak width of MgO determined by fitting with a Gaussian function. Here, the
220 peak was selected because it rarely overlapped with Bragg peaks of the PTMs used.

3. Results

3.1. Solid pressure media

3.1.1. Pb
Figure 1 shows diffraction patterns obtained with Pb PTM. Intensity is normalized by the
number of protons during the exposure, enabling a comparison of all intensities among
Figures1–6. Thediffractionpatterns showthatBraggpeaksofMgOare significantlybroadened
from the beginning of compression, whereas those of Pb remain relatively sharp. The Pbpeaks
arevery strongcomparedwith the sample (MgO), as expected from its largeneutron scattering
length. The pressure calculated from the lattice parameters of Pb based on known EOS [27]
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agreed with those calculated from MgO, suggesting no difference in the stress between the
sample and PTM. In this run, a blowout unexpectedly occurred at a relatively low pressure
due to the excess amount of sample (and Pb) initially loaded in the sample chamber.

Figure 1. Diffraction patterns obtained with Pb PTM. The star indicates reflections from anvils (i.e.
diamond). All the reflections with no indications in the region above 1 Å are from Pb. Each pattern
was shifted vertically by 0.5 for clarity.

Figure 2. Diffraction patterns obtained with AgCl PTM. The star indicates reflections from anvils. All the
reflections with no indications in the region above 1 Å are from AgCl. Each pattern was shifted vertically
by 0.3 for clarity.
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3.1.2. AgCl
Figure 2 shows diffraction patterns obtained with AgCl PTM. Bragg peaks of
MgO become broader from the beginning of compression. The intensity of AgCl
peaks is higher than that of MgO peaks. As the pressure increased, AgCl
transformed to AgCl II at 8.1 GPa and to AgCl III around 12 GPa in agreement with previous
studies [28].

Figure 3. Diffraction patterns obtained with 4:1 ME mixture without heating. The star indicates reflec-
tions from anvils. Each pattern was shifted vertically by 0.4 for clarity.

Figure 4. Diffraction patterns obtained with heated 4:1 ME mixture. The star indicates reflections from
anvils. Each pattern was shifted vertically by 0.4 for clarity.
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3.2. Liquid pressure medium

3.2.1. 4:1 Methanol–ethanol mixture without heating
Figure 3 shows diffraction patterns obtained with 4:1 ME mixture without heating. Bragg
peaks of MgO are slightly broadened above 10 GPa where the PTM freezes; however, they
remain relatively sharp to approximately 20 GPa. Bragg peaks from the PTM are not
observed, while humps originating from the coherent scattering of the ME mixture are
observed at approximately 3.2 Å (It originates from the first peak of S(Q) of the ME
mixture, and the hump around 1.8 Å are from the energy profiles of the incident
neutron beam). This feature remains after freezing due to the transformation of the ME
mixture into a glassy state rather than the crystalline state.

3.2.2. 4:1 Methanol–ethanol mixture with heating
Figure 4 shows diffraction patterns obtained with 4:1 ME mixture heated above its melting
temperature during compression (The ME mixture froze during the compression from 16
to 18 GPa). Bragg peaks of MgO are sharp over the entire pressure range. Other features
are basically the same as those observed with the 4:1 ME mixture without heating.

3.3. Liquefied Gas pressure media

3.3.1. N2

Figure 5 shows diffraction profiles obtained with N2 PTM. Bragg peaks of MgO are sharp
over the entire pressure range studied. Reflecting large coherent scattering length for
nitrogen (bc = 9.36 fm), Bragg peaks from solid nitrogen are significant, along with those

Figure 5. Diffraction patterns obtained with N2 PTM. The star indicates reflections from anvils. The ‘g’
indicates reflections from the stainless steel gaskets. Reflections with no indications in the region above
1 Å are from N2. Each pattern was shifted vertically by 0.4 for clarity.
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Figure 6. Diffraction patterns obtained with Ar PTM in the second run. The star indicates reflections from anvils. The ‘Ar’ indicates reflections from the crystalline Ar.
Each pattern was shifted vertically by 0.3 for clarity.
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from γ, α’, ε-phases of stainless steel gaskets. As the pressure increases, fluid N2 is solidified
to β-N2 and then transforms into δ-, δloc-, and ε-phases, in agreement with previous studies
(the transition pressures are 2.5 [29], 4.9, 11, and 16.5 GPa, respectively [30]).

3.3.2. Ar
Figure 6 shows diffraction patterns obtained with fluid Ar PTM in the second run (here,
only the profiles in the second run are shown because those in the first run are basically
the same). Bragg peaks of MgO are slightly broadened above 10 GPa. At 4.9 GPa, small
Bragg peaks of Ar were observed in agreement with the solidification pressure of
1.4 GPa [31]. Their intensities are sufficiently weak, reflecting the small coherent scattering
length of Ar (bc = 1.909 fm). The pressures calculated from the lattice constant of crystalline
Ar using the known EOS [32] agreed with those determined from MgO within the exper-
imental uncertainty.

4. Discussion

4.1. Pressure-generation efficiency

To understand the effect of PTM compressibility on the pressure-generation efficiency, the
load–pressure curves for all experimental runs using different PTMs are compared in
Figure 7. As a whole, these show similar features, except for the first run for Ar. The devi-
ation of the curve for this run is an artifact; in this run, the load clamp frame was stuck
between the piston and breech of the PE cell, and the load was not fully applied to the
anvils above 50 tonnes. In the curve for AgCl PTM, the kink was observed at 80 tonnes,
which is attributed to the failure of part of the gasket during the compression due to
the excess amount of the sample initially loaded in the gasket.

When the curves are compared in more detailed, a marked difference is seen between
solid and liquid/fluid PTMs except for Ar, at the begin of the compression. This is due to the
difference in the packing ratio of the sample and PTM in the sample chamber when the

Figure 7. Load–pressure curves in the experiments using different PTMs. The pressure points above 50
tonnes for the first run using Ar are not reliable because the load was not fully applied to the anvils. The
kink of the curve for AgCl at 80 tonnes is attributed to the failure of part of the gasket during the
compression.
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sample and PTM are initially loaded: the ratio is close to 100% when using liquid/fluid
media because the powder sample is immersed with the liquids/fluids, whereas this is
not possible with solid media. This causes poor pressure-generation efficiency in solid
PTMs initially, but the curves merge together after the void in the sample chamber is
totally compressed. Poor pressure-generation efficiency for Ar is not understood, but it
may be related to the large compressibility of fluid Ar at the begin of the compression.
These results suggest that the compressibility of the PTMs does not significantly affect
the pressure-generation efficiency in the pressure range of this study.

4.2. Non-hydrostaticity in the sample chamber

The non-hydrostaticity among the PTMs are compared using the pressure dependence of
the full width of half maximum (FWHM, Δd ) of the MgO 220 peak for all PTMs in Figure 8
(upper plot). Here, the peak width divided by d-spacing (Δd/d) is used for evaluation,
taking the d-spacing dependent instrumental peak broadening into account: The peaks

Figure 8. (Upper) Pressure dependence of the Δd/d for MgO 220 peak with different PTMs. The dotted
lines represent those during decompression. (Lower) Pressure dependence of standard deviation of
pressures determined for different ruby spheres in a DAC, redrawn from the data in previous
studies [12,13] (Courtesy of S. Klotz). The inset of the upper plot gives freezing pressures cited in
[12,13,29,31] for ME at room temperature and 100°C, and N2 and Ar, respectively.
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become broader at a larger d-spacing in time of flight neutron diffraction and the instru-
mental contribution to the peak width is nearly constant in Δd/d, regardless of d-spacing
(Δd/d = 0.6% for the PLANET beamline). The figure shows that the Δd/d value for Pb sig-
nificantly increases from the beginning of compression. The Δd/d for AgCl also increases
but is saturated around 12 GPa and then decreases. This would originate from the release
of the internal strain due to the phase transition into the high pressure phases or yielding
of AgCl. The Δd/d for 4:1 ME mixture at room temperature is nearly identical as that of
instrumental broadening (i.e. no broadening due to the sample strain) at pressures of
up to 10 GPa and then gradually increases after freezing. The use of the heated 4:1 ME
mixture extends the hydrostatic limit to nearly 17 GPa, in agreement with Ref. [13]. The
Δd/d for fluid N2, which may be slightly enlarged due to overlapping with a peak from
the stainless steel gasket, remained small at pressures of up to 19 GPa but suddenly
increased at 21 GPa. Surprisingly, the hydrostaticity remains good at pressures far
beyond the freezing pressure of 2.5 GPa [29], as mentioned by LeSar et al. [33]. This
would originate from the relatively small yield strength of solid N2, which restricts
maximum strain in the sample chamber [19]. The Δd/d for fluid Ar showed the same
trend in the two runs: The Δd/d continually increases from the beginning of the com-
pression and after the fluid Ar freezes.

We measured the pressure dependence of FWHM during decompression in the runs for
AgCl and Ar, shown by the dotted line (Figure 8, upper plot). Decreasing from maximum
pressure results in the Δd/d for fluid Ar revert to values seen in the compression,
suggesting that peak broadening originates in the elastic strain of the crystallite and/or
that the pressure gradient in the sample chamber is smoothly redistributed during decom-
pression. On the other hand, the Δd/d for AgCl lacks this behavior, suggesting that com-
pression with AgCl introduces plastic strain in the sample grains or that the pressure
gradient in the sample chamber is not redistributed unless the pressure is released
almost completely. In the both cases, we cannot ascertain whether peak broadening is
caused by strain of the crystallite or pressure distribution in the sample chamber
because of difficulty in obtaining diffraction patterns at each position in the sample
chamber. The investigation of pressure distribution by synchrotron x-ray diffraction [34]
or ruby fluorescence method using a press with optical access [35] will reveal it.

4.3. Comparison of non-hydrostaticity in the sample chamber compressed with
DAC and PE press

To reveal the effect of the profile of the anvil surface on non-hydrostaticity in the sample
chamber, the results here are compared with those investigated with DACs. The lower plot
of Figure 8 shows the pressure dependence of the pressure distribution in the sample
chamber compressed with various PTMs by DACs [12,13]. This comparison shows the
same features in the increase of non-hydrostaticity for the 4:1 ME mixture from 10 GPa,
the extension of the hydrostatic limit up to 17 GPa with the heated 4:1 ME mixture, the
good hydrostaticity for N2 up to 18 GPa, and the continuous increase in the non-hydrosta-
ticity for Ar from the beginning of compression. However, there are marked differences in
the relative amount of non-hydrostaticity between the 4:1 ME mixture and Ar: Hydrosta-
ticity for the ME mixture is better than that for Ar in our study using a PE press,
whereas the opposite relationship is reported in the study using DACs. The relationship
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of non-hydrostaticity among the heated 4:1 ME mixture, N2, and Ar are common in both
studies; therefore, this can be interpreted as a suppression of the steep increase in the
non-hydrostaticity for the ME mixture above 10 GPa in our study. This may be attributed
to the difference in the shape of the sample chamber between PE presses and DACs.
Namely, the sample in PE presses equipped with cup anvils is more isotropically com-
pressed (see Fig. S4 in Supplementary Materials), whereas the sample in DACs is uniaxially
compressed with flat surfaces. This difference in geometry does not affect non-hydrosta-
ticity if the PTMs are liquid/fluid, but once the PTM is solidified a significant difference is
caused. This effect is more significant in PTMs with a large shear modulus. When the soli-
dified 4:1 ME mixture and Ar are compared, the former is considered to have a larger shear
modulus because the hydroxyl ion of methanol or ethanol has directional bonding in the
solid-state, whereas solid Ar formed by van der Waals interaction has non-directional
bonding. Thus, the non-hydrostaticity after freezing is more enhanced when the sample
is compressed with the 4:1 ME mixture by DACs.

4.4. Contamination of Bragg peaks in diffraction profiles and the best PTM for
neutron diffraction above 10 GPa

In this study, the contamination of Bragg peaks from Pb, AgCl, N2 and Ar in diffraction pat-
terns was observed. The degree of the contamination was largest in Pb and AgCl, moder-
ate in N2, and smallest in Ar or ME mixture. This feature is well explained by the scattering
length of chemical species consisting of PTMs. Table 1 compares the scattering intensities
per unit volume of various PTMs, including liquid Ne. Here, the coherent and incoherent
scatterings are estimated by ρ<bcoh>

2 and ρ<binc>
2 to exclude the effect of the crystal

structure. The ρ is the number density (1/Å3) of PTMs at ambient pressure (the values of
N2, Ar and Ne are for liquid at boilng point), <bcoh> and <binc> are the average of coherent
and incoherent scattering length, respectively. In agreement with the trend in the diffrac-
tion patterns, ρ<bcoh>

2 for Pb, AgCl, and N2 are relatively large while that for Ar is small.
The value for the deuterated ME mixture is also large, but non-crystalline nature of ME
mixture after freezing results in weak contamination in diffraction patterns. On the
other hand, the ρ<bcoh>

2 for liquid Ne, which would show small non-hydrostaticity after
freezing, is also sizable; thus, Bragg peaks which appear after freezing will contaminate
diffraction patterns considerably.

Finally, the best PTM for the neutron diffraction above 10 GPa is discussed. The results
of this study as well as the aforementioned comparison with Ne shows that the MEmixture

Table 1. Comparison of the scattering intensities per unit volume of various PTMs including liquid Ne.
PTM ρ(1/Å3) <bcoh>(fm) <binc>(fm) ρ <bcoh>

2(1/m) ρ <binc>
2(1/m)

Pb 0.0330 9.40 0.002 2.91 7.8 × 10−8

AgCl 0.0469 7.75 0.043 2.82 8.8 × 10−5

D-ME 0.0896 6.53 0.027 3.82 6.6 × 10−5

N2 0.0174 9.36 0.020 1.52 6.9 × 10−6

Ar 0.0210 1.91 0.013 0.08 3.8 × 10−6

Ne 0.0360 4.57 0.003 0.75 2.7 × 10−7

Notes: The number densities are the values at ambient condition. For liquefied gas, the number density at boiling point was
used in the calculation. The number density of the ME mixture was calculated from the density of the deuterated metha-
nol and ethanol [41], assuming the ratio of excess volume by mixing [42] is identical to that for hydrated one. Coherent
and incoherent scattering lengths are taken from Ref. [43].
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is the best PTM in terms of smaller non-hydrostaticity and no contamination of the Bragg
peaks in diffraction patterns. The heated ME is more preferable as it shows smaller non-
hydrostaticity. The Ar, which shows good performance next to ME mixture, can be used
for samples reactive to alcohols. The heating of Ar may also mitigate non-hydrostaticity,
but its melting temperature steeply increases with pressure [36]; thus, it would not be
useful in practice.

In this study, MgO powder was used as a ‘sensor’ of non-hydrostaticity. Although MgO
is softer than ruby that has been used in the previous studies, it is still harder than oxides
with loose oxygen packing, molecular solids, or organic solids. The non-hydrostaticity
depends on the relative hardness of the sample and frozen PTM, as well as the yield
strength of the PTM; thus, such samples experiences larger non-hydrostaticity when com-
pressed with frozen PTM. It is well exemplified when the N2 is used as a PTM: it is reported
that the broadening of a Bragg spot of quartz starts at approximately 3 GPa where the N2

freezes [19], whereas the peak width of MgO remained sharp up to 19 GPa in this study
and the pressure distribution determined by ruby fluorescence method remains small
up to 10 GPa [12]. To calculate the non-hydrostaticity that the sample practically experi-
ences, the theory of elasticity for composite materials [37–40], needs to be applied to
the mixture of the sample and the frozen PTM. However, it would be practically difficult
due to the lack of information on elasticity and plasticity of them under pressure as
well as the shape and size of the grains. Therefore, it is important to select the PTM accord-
ing to the hardness of the sample if PTM freezing is unavoidable, as in high pressure exper-
iments above ∼10 GPa or high pressure experiments at low temperatures.

5. Conclusion

To understand the practical effects of PTMs on neutron diffraction experiments using
Paris–Edinburgh presses, diffraction patterns of MgO were collected up to ∼20 GPa
using various PTMs, such as Pb, AgCl, 4:1 methanol–ethanol mixture with and without
heating to 100°C, N2, and Ar. All the PTMs except the 4:1 ME mixture and Ar contaminated
the diffraction patterns. Load–pressure curves for various media lack marked differences,
indicating the compressibility of the PTMs has less effect on the pressure-generation
efficiency. The hydrostaticity in the sample chamber estimated from the MgO 220 peak
width improves in the order of Pb, AgCl, Ar, the 4:1 ME mixture, N2 and the heated ME
mixture. Unlike studies using DACs, the non-hydrostaticity for the ME mixture remains
small compared with Ar even after freezing; this is due to the differences in the com-
pression geometry between PE presses and DACs and in the shear modulus between
two PTMs after freezing. Therefore, based on these results and sizable coherent scattering
of Ne (bc = 4.566 fm), which is expected to show good hydrostaticity, we conclude that the
4:1 ME mixture (or preferably, the heated mixture) is the best PTM in neutron diffraction
experiments up to 20 GPa, while Ar can be substituted when a sample is reactive to
alcohols.

In this study, we used MgO powder as an indicator of non-hydrostaticity; however, the
non-hydrostaticity that a sample experience depends on relative hardness between the
sample and solidified PTM. Thus, the PTM should be selected according to the hardness
of the sample if PTM freezing is unavoidable, as in high pressure experiments above
∼10 GPa or high pressure experiments at low temperatures.
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