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The behavior of a number of commonly used pressure media, including
nitrogen, argon, 2-propanol, a 4:1 methanol-ethanol mixture, glycerol and
various grades of silicone oil, has been examined by measuring the X-ray
diffraction maxima from quartz single crystals loaded in a diamond-anvil cell
with each of these pressure media in turn. In all cases, the onset of non-
hydrostatic stresses within the medium is detectable as the broadening of the
rocking curves of X-ray diffraction peaks from the single crystals. The onset of
broadening of the rocking curves of quartz is detected at ~9.8 GPa in a 4:1
mixture of methanol and ethanol and at ~4.2 GPa in 2-propanol, essentially at
the same pressures as the previously reported hydrostatic limits determined by
other techniques. Gigahertz ultrasonic interferometry was also used to detect
the onset of the glass transition in 4:1 methanol-ethanol and 16:3:1 methanol-
ethanol-water, which were observed to support shear waves above ~9.2 and
~10.5 GPa, respectively, at 0.8-1.2 GHz. By contrast, peak broadening is first
detected at ~3 GPa in nitrogen, ~1.9 GPa in argon, ~1.4 GPa in glycerol
and ~0.9 GPa in various grades of silicone oil. These pressures, which are
significantly lower than hydrostatic limits quoted in the literature, should be
considered as the practical maximum limits to the hydrostatic behavior of these
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1. Introduction

High-pressure crystallographic studies provide a method of
probing the repulsive part of the interatomic potential
between atoms and between molecules and its influence on
molecular packing and bonding. Recent single-crystal studies
have revealed, for example, that quite modest pressures lead
to new polymorphs in molecular compounds (e.g. Allan et al.,
2002; Boldyreva et al., 2002) and to changes in bonding in both
inorganic compounds (e.g. Angel, 1997) and the inorganic
components of inorganic—organic hybrid materials (e.g. Bujak
& Angel, 2006). For many of these studies the 4:1 mixture by
volume of methanol and ethanol that has traditionally been
used as a hydrostatic pressure medium to pressures slightly in
excess of 10 GPa (Piermarini et al., 1973; Eggert et al., 1992;
Grocholski & Jeanloz, 2005) is not suitable because it dissolves
the samples. Furthermore, these small-molecule alcohols can
enter the tunnels or structural cages of some microporous and
mesoporous inorganic materials such as zeolites and thereby
modify their high-pressure behavior (e.g. Hazen, 1983; Hazen
& Finger, 1984; Lee et al., 2002). These considerations have

pressure media at room temperature.

forced the use of a wide range of other media, including
condensed gases, water, fluorocarbons and inert silicone oils.

In addition to using a pressure medium that does not
dissolve the single-crystal sample, it is also normally desirable
to ensure that the stress applied to the sample crystal is
homogeneous and that the sample is free of any differential
stress or induced shear strain over the entire pressure range of
the experiment. To achieve this, the sample must be immersed
in a medium that displays hydrostatic behavior. Such a
hydrostatic medium cannot, by definition, support shear
stresses because it has no shear strength. The motivations for
avoiding non-hydrostatic conditions in an experiment are
many-fold. From an experimental standpoint, non-hydrostatic
stresses create inhomogeneous strain in the crystal and thus
broadening of the diffraction peaks from the sample which
results in a reduction of the signal-to-noise ratio of the
measured diffraction signal. The use of non-hydrostatic pres-
sure media can modify the relative evolution of cell para-
meters of crystalline samples with pressure (e.g. Kenichi, 1999)
and can lead to difficulties in characterizing the pressure (and
full stress state of the medium) by the commonly used ruby
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fluorescence technique (Forman et al., 1972; Sharma & Gupta,
1991; Chai & Brown, 1996) or by an internal diffraction
standard. Non-hydrostatic stresses may therefore adversely
affect results from equation of state and elasticity studies,
especially those aimed at obtaining accurate pressure deriva-
tives of elastic moduli. Furthermore, through coupling to the
spontaneous strain, non-hydrostatic stresses can also promote
or suppress phase transitions (e.g. Decker et al., 1979; Resel et
al., 2004) and they can promote the amorphization of crys-
talline samples (e.g. Haines et al., 2001; Machon et al., 2003). In
short, the stress state of a non-hydrostatic pressure medium
cannot be easily quantified, and the resulting behavior of the
sample crystal cannot therefore be related to the experimental
conditions.

In the past, limits to the hydrostaticity of pressure media
were associated with the onset of line-broadening of the
fluorescence spectra of ruby chips immersed in the medium, or
with other deviations of the ruby fluorescence spectra from
those measured in hydrostatic conditions (Piermarini et al.,
1973; Bell & Mao, 1981). However, ruby is a relatively stiff
material with a bulk modulus of about 254 GPa (Richet et al.,
1988; Kim-Zajonz et al., 1999) and is thus intrinsically less
sensitive to non-hydrostatic stresses than most mineral or
molecular compounds (Piermarini et al., 1973). Further, the
fluorescence spectra are intrinsically broad as a result of
defects and strains within the ruby crystals, unless the crystals
have been very carefully annealed. Therefore Varga et al
(2003) introduced an alternative method of detecting non-
hydrostatic stresses in pressure media by following the widths
of the diffraction peaks of quartz single crystals. Quartz has
the advantage that it is readily available in gem-quality
samples that have intrinsically sharp diffraction peaks, it is
easy to handle, and it is elastically soft with a bulk modulus of
37.12 (9) GPa (Angel et al., 1997) making the peak positions
and widths sensitive to small non-hydrostatic stresses. The
results (Varga et al., 2003) obtained by this method for the
fluorocarbons known by the trade name ‘Fluorinert’ have
since been confirmed by direct measurements of shear stresses
at high pressures (Sidorov & Sadykov, 2005). In this paper we
report further observations of line broadening in the diffrac-
tion patterns from quartz crystals loaded in a variety of
compounds that have been widely used as pressure media in
order to provide an indication of their practical hydrostatic
limits. To complement these static (X-ray) observations, we
also employ a high-frequency (GHz) ultrasonic technique for
the diamond-anvil cell (DAC) to investigate the frequency-
dependence of the glass transition pressure in methanol-
ethanol mixtures.

2. Experimental

For the X-ray diffraction measurements, each pressure
medium was loaded into the DAC in turn, along with a quartz
test crystal. All of the quartz crystals used were small portions
of a single polished 30 um-thick plate parallel to (120).
Cryogenic loading under liquid nitrogen was employed for the
Ar and N, pressure media, during which the DAC was sealed

and pressurized before it was warmed to room temperature
for the diffraction measurements. All other media were loaded
at room temperature. Anhydrous isopropyl alcohol (dried
over a molecular sieve) was obtained from Acros Organics.
The two silicone fluids used were hexamethyldisiloxane,
CsH;50S1i,, from Clearco Products Co. Inc., with a reported
viscosity of 0.65 c¢St, and [CH;Si(C¢Hs),0],Si(CH;3), with a
reported viscosity of 37 cSt. Glycerol, C3HgOs;, of purity 99.5%
was obtained from Sigma Aldrich Co.

Single-crystal diffraction measurements were performed at
room temperature and high pressures using Huber four-circle
diffractometers with Eulerian cradles driven by the Single
program (Angel et al., 2000). The instrument configurations
lead to an FWHM of the individual components of the o—,
doublet of the diffracted beams from a quartz single-crystal
sample of approximately 0.05-0.07° under hydrostatic condi-
tions. This means that broadening of the peaks due to strain or
any other cause is readily detectable. The algorithm used for
centering diffraction peaks (Angel et al., 1997) is completed
with a final step scan of the w circle and the resulting profile is
fitted with a constrained pair of pseudo-Voigt functions that
represent the contribution of the Ko, and Ko, components of
the X-ray spectrum (Angel et al, 2000). This refinement
procedure provides the peak position of the Koy component
to a precision better than 0.01°, as well as the refined FWHM
of the individual components. Each diffracted beam was
centered in eight positions on the diffractometer, and the
setting angles were determined following the method of King
& Finger (1979) to eliminate the effects of diffractometer
circle zero offsets, crystal offsets and aberrations in the
diffractometer alignment. The reported peak widths at each
pressure are the average of the widths refined at each of the
eight positions, and the estimated uncertainty is calculated as
the standard deviation of these values. We report the width of
the 101 reflection throughout, because the (101) planes are
oriented parallel to the axis of the diamond-anvil cell. In some
measurements a small ruby chip was also included in the DAC
to allow pressure to be measured by the fluorescence shift
(Mao et al., 1986). In the remaining experiments, pressures
were determined from the diffraction pattern of the quartz by
using the hydrostatic calibration of its equation of state (Angel
et al., 1997).

Gigahertz ultrasonic interferometry was used to determine
the onset of shear-wave propagation through the pressure
media and thus the glass transition pressures in the neigh-
borhood of 1GHz of 4:1 methanol-ethanol and 16:3:1
methanol-ethanol-water mixtures. Details of the ultrasonic
system are described elsewhere (Jacobsen et al., 2005). Briefly,
longitudinal (P) waves are generated at a zinc oxide thin-film
transducer, driven by a high-stability radio-frequency (RF)
source. Phase-coherent tone bursts 20-50 ns in duration and
with adjustable delay are achieved by gating the continuous
RF signal with a 5 ns rise-time pulse generator. The P waves
are converted to shear (S) waves with a single pure polariza-
tion and delivered to the back (table face) of one diamond
anvil through mechanical contact with a P-to-S conversion
buffer rod (Jacobsen et al, 2004). Shear waves are thus
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transmitted through the diamond anvil and, when the media
on the far side of the diamond at the culet is fluid, all of the
strain energy is back-reflected and detected as a single ‘echo’
(or tone burst) on the 18 GHz broadband sampling oscillo-
scope. If the media between the acoustic anvil and the
opposing anvil supports shear, a second echo from the far
culet is observed. The subtle onset of shear-wave propagation
through the sample chamber was detected interferometrically,
that is, at each pressure, the duration of the input tone burst
was extended so as to overlap (in time) with the return of any
echo (if present) from the far culet. Then the frequency was
scanned between ~800 and 1200 MHz and the amplitude of
the returning interfered wave was measured as a function of
frequency. When the pressure medium supports shear-wave
propagation, interference between echoes from the near and
far culet cause an interference pattern to develop because they
have travelled different distances. The round-trip travel time
of shear waves through the media, obtained from the inter-
ference spectra, was then combined with the distance between
the culets, estimated from micrometre measurements made on
the outer (table) facets of the diamonds, to determine the
shear-wave velocities. The ultrasonic technique described here
is identical to routine travel time experiments through solid
mineral samples (Jacobsen et al., 2005), although in this case
the sample chamber contains only pressure media. A sche-
matic diagram of the ultrasonic setup is illustrated in Fig. 1,
showing how upon transition to a glassy material the pressure
medium will support shear waves (at various frequencies),
resulting in an echo from the far diamond culet.
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3. Results

Each X-ray diffraction measurement was performed after
sufficient time to allow the DAC to relax after a pressure
change, as indicated by the cessation of shift of the diffraction
maxima from the quartz. In the initial experiments, no attempt
to heat the cell, nor to cycle the pressure, were made. This
procedure thus mimics the normal mode of operation of a
DAC for single-crystal diffraction experiments and will
provide a practical indication as to the pressures at which the
potential for non-hydrostatic behavior of the pressure media
should be considered. All of the pressure media studied show
a similar pattern of behavior to that illustrated in Fig. 2, which
shows the evolution of the width of the rocking curve of quartz
in several of the pressure media. Upon initial compression the
diffraction peak widths remain constant within experimental
uncertainties, and the unit-cell parameters determined from
the diffraction peak positions follow the evolution previously
reported for hydrostatic conditions (Angel et al., 1997). Above
a certain pressure, the peak widths show a continuous increase
from those observed at lower pressures. The increase is
completely reversible upon subsequent pressure decrease and
may thus be assumed to be the result of elastic deformation of
the quartz crystal. We define the nominal ‘hydrostatic limit’ of
a pressure medium (Table 1) as being the pressure at which a
back extrapolation of the peak widths reaches the value
observed in the hydrostatic regime. For 2-propanol (Fig. 2) this
is ~4.2 GPa, in agreement with the previous results (Pier-
marini et al., 1973) based on changes in the ruby fluorescence

pressure media
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diamond 1 echo (D1)
\
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Schematic illustration of the ultrasonic DAC setup (right), illustrating echoes from the acoustic diamond (D1), and the second diamond (D2) for the case
when the pressure medium between the culets supports shear strain at 0.8-1.2 GHz. When both D1 and D2 echoes are present and overlapped in time, a
frequency scan (left) shows an interference pattern developed from differing path lengths through the sample chamber. For 16:3:1 methanol-ethanol-
water (MEW), some interference is observed above 9.8 GPa but only at higher frequencies. Above ~10.5 GPa, the medium is glassy across the entire

frequency band.
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Table 1

Nominal hydrostatic limits of pressure media.

Hydrostatic limit

Medium (GPa)
4:1 Methanol-ethanol 9.8
Anhydrous 2-propanol 42
Argon 1.9
Nitrogen 3.0
Glycerol 1.4
Silicone oil, viscosity 0.65 cSt 0.9
Silicone oil, viscosity 37 cSt 0.9

spectra. Similarly, we detect the onset of reflection broadening
at ~9.8 GPa in the widely used 4:1 methanol-ethanol mixture
(Fig. 2). Non-hydrostatic stresses in these alcohols are thus
only detected at pressures well in excess of the equilibrium
solidus. This has been attributed to difficulties for these
compounds to form well organized hydrogen-bonding
networks (Brugmans & Vos, 1995; Allan er al., 1998) that
would lead to crystallization. Instead, at low pressures the
alcohols remain as liquids, which thus can serve as hydrostatic
pressure media. The onset of non-hydrostaticity in alcohol
pressure media is then associated with a glass transition
(Piermarini et al., 1973; Eggert et al., 1992; Grocholski &
Jeanloz, 2005). The changes in the shear strengths of these
media at their glass transitions appear to be sufficiently great
that most experimental methods detect the onset of non-
hydrostatic behavior at essentially the same pressure. Thus, for
example, we detect broadening of the diffraction maxima from
quartz in both 4:1 methanol-ethanol and 2-propanol at the
same pressures at which deviations can be detected in the ruby
fluorescence spectra and sharp increases are found in the
viscosity (Piermarini et al., 1973; Eggert et al., 1992; Grocholski
& Jeanloz, 2005).

We detected transmission of GHz-frequency shear waves in
4:1 methanol-ethanol above ~9.2 GPa, approximately
0.6 GPa before the onset of peak broadening at 0 Hz, and
in 16:3:1 methanol-ethanol-water we detected shear waves
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Figure 2

The variation in the widths of the 101 reflection of quartz as a function of
nominal pressure in glycerol (triangles), anhydrous 2-propanol (squares)
and 4:1 methanol-ethanol (circles).

above ~10.5 GPa. In both cases, the onset of shear-wave
propagation indicates an upper limit that the pressure medium
can be considered fluid (hydrostatic) in the 0.8-1.2 GHz range.
The difference in transition pressures between the high-
frequency and static measurements can result both from the
difference in frequency itself, and because the glass will be
weaker than the quartz for some pressure interval above the
glass transition. Once the glass develops sufficient shear
strength the quartz sample will be significantly stressed, and
thus broadening of the diffraction maxima will occur. Thus we
note that above ~10 GPa these glasses are rather stiff, with
shear wave velocities at ~1 GHz of the order of 3.3 km s,
based on the measured travel times and estimated thicknesses
of the sample chambers (Fig. 3). For comparison, the shear-
wave velocity of silica glass and quartz is about 3.7-3.8 km s~
at room pressure (McSkimin et al., 1965; Meister et al., 1980).
The estimated shear-wave velocity in methanol-ethanol
mixtures is in good agreement with bulk sound velocity
measurements on pure methanol, which is ~4.5kms™' at
1 GHz on the dispersion curve determined by impulsive
stimulated scattering (Zaug et al., 1994).

In contrast, both samples of silicone oil of differing visc-
osities exhibited line broadening at ~0.9 GPa, an order of
magnitude below the pressures at which an onset of line
broadening in the ruby fluorescence signal was previously
detected (Ragan et al., 1996; Shen et al., 2004). Glycerol, often
used as a non-penetrating pressure medium for the study of
meso- and microporous structures (e.g. Gatta et al., 2003,
2004), induces broadening of the quartz reflections at
~1.4 GPa (Fig. 2). For nitrogen and argon the onset of non-
hydrostatic conditions, at least as detected by diffraction line
broadening, occurs at pressures slightly above their room-
temperature freezing pressures of ~1.2 GPa for argon and
~2.4 GPa for nitrogen (Fig. 4); we detect broadening at
~1.9 GPa in argon and ~3 GPa in nitrogen. The onset of line
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Plot of shear-wave travel times in 4:1 methanol-ethanol (squares) and
16:3:1 methanol-ethanol-water (circles) as a function of pressure above
their glass transitions.
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Figure 4
The variation in the widths of the 101 reflection of quartz as a function of
nominal pressure in nitrogen.

broadening, and hence the presence of shear stresses in the
pressure media, thus occurs at pressures significantly below
the oft-quoted hydrostatic limits of ~9 GPa for argon (Bell &
Mao, 1981) and ~13 GPa for nitrogen (Lesar et al., 1979)
derived from measurements of ruby fluorescence spectra.

4. Discussion

The stress field in a diamond-anvil cell is normally considered
to be axially symmetric and, under non-hydrostatic conditions,
the axial stress is higher than the radial stress (Ruoff, 1975;
Singh, 2004). The relationship of the broadening of the
rocking curve of a single crystal to such a stress field applied
by the pressure medium is quite distinct from that for a
powder sample. For powders, each diffraction maximum is the
composite of many diffraction maxima from many different
crystallites within the sample that share the same orientation
of their diffraction vector. Differences in the rotation angles of
crystallites around this diffraction vector lead to different
strains in the various crystallites as a result of the anisotropy of
the elastic properties of the crystalline sample as well as grain-
to-grain contacts (Singh, 2004). The subsequent analysis of the
shift and broadening of diffraction lines is then typically
developed by assuming that the entire powder sample is
subjected to the same stress field (Ruoff, 1975; Singh, 2004).
This is equivalent to the experimental situation of the powder
sample only occupying the very center of the gasket hole of a
diamond-anvil cell. By contrast, a single crystal is a single
coherent object that extends across the sample chamber. It
thus collectively samples different stress states simultaneously
as a result of the axial and radial stresses decreasing with
increasing distance from the axis of the DAC. Our results can
be understood, at least qualitatively, in terms of the situation
sketched in Fig. 5. If, for convenience of illustration, we label
the components of the elastic modulus tensor with respect to
the DAC axes and assume that the crystal is axially symmetric
as well, then s, is the component relating the radial strain to
the radial stress, and s,, is the off-diagonal component relating
the axial stress to radial strain. Under hydrostatic conditions,
the axial stress o, is equal to the radial stress o, and they are

constant at all positions in the sample chamber. The quartz
sample is thus subject to the same stress at all points, and thus
exhibits the same radial strain ¢, = 20.s,, + 0,5, at all points
in the crystal. Because the radial strain is constant over the
entire crystal, the reflections exhibit no broadening. As the
pressure is increased into a regime in which the medium has
shear strength, a radial gradient in the axial stress is developed
across the sample chamber (Meng et al., 1993; Wu & Bassett,
1993). Thus different portions of the quartz crystal experience
different stresses o, and these result in different portions of
the crystal exhibiting different radial strains. The 101 diffrac-
tion maxima, from planes oriented with their normals parallel
to the radius, will thus be broadened as these planes will have
different d-spacings at different distances from the center of
the sample chamber. In addition, the coherency of the crystal
also contributes to the broadening because the different
strains at different radii along a line normal to the diffraction
vector (i.e. along a line perpendicular to the plane of the
diagram in Fig. 5) must result in a curvature of the planes. For
this reason it is not possible to extract a measure of the overall
range of differential strain, and thus the stress gradients in the
pressure media, from a measurement of the widths of the
diffraction peaks.

As pressure is increased further, the stress gradient
increases and this gives rise to the observed increased
broadening of reflections (Fig. 2). In some pressure media, a
plateau is found in the widths of the rocking curves above a
certain pressure, as illustrated for nitrogen in Fig. 4. We
suggest that this plateau regime corresponds to the maximum
stress gradient that can be supported by the pressure medium,
which is a measure of the yield stress of the medium at room
temperature (Ruoff, 1975). Although further pressure

increase may thus lead to higher stress gradients, these are
relaxed by flow in the pressure medium until the stress
gradient falls back to that supported by the shear strength of
the media, prior to the diffraction measurement.

Some further observations have been made of the quartz
crystal loaded with nitrogen as pressure medium. If the entire

e/

Figure 5

A diagrammatic cross section of a DAC loaded with a single crystal,
indicating the stress state in the pressure medium. Under hydrostatic
conditions, the axial stress o, is equal to the radial stress o,, and they are
constant at all positions within the sample chamber. Under non-
hydrostatic conditions, both vary as a function of distance from the
center of the sample chamber, but the stress field is assumed to remain
axially symmetric. The path of X-rays through the cell when set for a 101
reflection from quartz in our experiments is indicated by the dashed line.
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cell is heated to a temperature below the melting point of the
medium, the peak widths of the quartz initially decrease with
time, but do not return to the hydrostatic, unstrained value. Of
course, heating any pressure medium above its melting point
at pressure will allow hydrostatic conditions to be recovered,
but this is not always practical. However, even after the
melting of the pressure medium, the absence of shear stress
cannot be guaranteed upon cooling it back into the solid
phase. Furthermore, if pressure is decreased once the plateau
regime in line broadening is reached the widths of the quartz
lines were found to drop rapidly to values significantly below
those found on pressure increase. This suggests that pressure
cycling might be used to reduce the stress state on the sample
without the need for heating, although hydrostatic conditions
will not be achieved by this method. As a corollary we note
that the stress state of a sample in a non-hydrostatic pressure
medium clearly depends on its history of pressure increase and
cycling, including the rate at which pressure is increased
(Piermarini et al., 1973; Besson & Pinceaux, 1979).

5. Conclusions

Except for the alcohols in which the onset of non-hydrostatic
behavior is associated with a glass transition, the hydrostatic
pressure limits listed in Table 1 are, in most cases, significantly
lower than the values often quoted in the literature. None-
theless, they should be considered the maximum pressures to
which each pressure medium may be hydrostatic. For at least
two important reasons we must emphasize that our measure-
ments do not guarantee that these pressure media do not have
shear strength and thus do not support shear stresses at lower
pressures. First, were we to use a softer crystal or more
sensitive measurement technique to probe the properties of
the pressure media, it is quite possible that shear stresses
might be detected at lower nominal pressures. Second, for
media such as alcohols in which the onset of non-hydrostatic
behavior is associated with a glass transition, we have shown
that the glass transition pressure is frequency-dependent and
is lower at higher frequencies, in the same way that the glass
transition temperature increases with frequency at room
pressures. Thus, we find that the 4:1 methanol-ethanol mixture
supports the propagation of gigahertz-frequency shear waves
at 9.2 GPa (Figs. 1 and 3), whereas static measurements indi-
cate the 0 Hz glass transition pressure is between 9.8 and
10.8 GPa (this work; Piermarini et al., 1973; Eggert et al., 1992,
Grocholski & Jeanloz, 2005). Further evidence for this
frequency dependence can be observed in Fig. 1, which shows
that the 4:1 methanol-ethanol mixture supports shear only
above ~1 GHz at 9.8 GPa, but over the entire bandwidth at
pressure in excess of ~10.5 GPa.
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