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Abstract

The alkali halides are often used as optically-transparent pressure-transmitting media and ther-
mal insulators in laser-heated diamond anvil cell experiments. High P-T equations of state for
these materials would allow them to be used simultaneously as sensitive in situ pressure markers,
making sample preparation and data analysis simpler. KCI is especially useful for this application
because its high melting point, crystallographic simplicity, and low electron density are ideal for use
in high-temperature X-ray diffraction experiments. However, the high-temperature static equation
of state data for this material is limited in pressure to 8 GPa. As experiments routinely exceed
100 GPa in pressure and thousands of Kelvin, it is necessary for the equation of state of KCI to be
determined experimentally at these conditions if it is to be used as an equation of state calibrant
in the future. This work combines new high-pressure, high-temperature data of the B2 phase of
KCl (up to 167 GPa and 2400 K) with the previously published room-temperature data of Dewaele
et al. (2012) to produce a Mie-Griineisen-Debye thermal equation of state for this material. The
room temperature equation of state parameters are similar to those reported previously: V, =
32.0(3) ecm?®/mole, Ky = 24(1) GPa and K|, = 4.56(5). The thermal parameters, 7o and g, are
2.9(4) and 1.0(1), respectively. While a g of 1 is expected, the = is higher than expected from
previous calculations, lower pressure experimental data, and the available shockwave data. Thus,

previously-reported equations of state underestimate the pressure of KCI at high temperatures.
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I. INTRODUCTION

Alkali halides are simple ionic solids that have been studied under a wide variety of con-
ditions, making them useful benchmark materials to compare between dynamic and static
compressional environments. Additionally, their crystallographic simplicity and relatively
high compressibilities (Ky = ~10-30 GPa) make them useful as pressure-transmitting me-
dia and potentially sensitive pressure markers in high-pressure X-ray diffraction (XRD)
experiments.! Furthermore, they are chemically inert and are transparent to near-infrared
light, which facilitates their use in high-temperature experiments, such as laser heating in a
diamond anvil cell (LH-DAC). Potassium chloride (KCl) has a higher melting point at high
pressures than NaCl or LiF,? but is less electronically dense than KBr or Csl, making it op-
timal among alkali halides as a pressure medium, pressure standard, and thermal insulator

for this type of high pressure-temperature (P-7") XRD experiment.

The room temperature phase behavior and equations of state of KCl have been investi-
gated up to 165 GPa.? ® Early studies of KCI in the diamond anvil cell at room temperature
were conducted without the benefit of a (quasi)-hydrostatic pressure medium,*® and the
only high-temperature study of this material was limited to 8 GPa and 873 K.” More re-
cently, Dewaele et al. (2012)% has extended the room temperature data to 165 GPa under
hydrostatic conditions using He as the pressure medium and ruby as the pressure standard.
Similar to other alkali halides, KCl exhibits the NaCl (B1, F'm3m) crystal structure at am-
bient conditions, and transforms to the CsCl (B2, Pm3m) structure around 2 GPa at room
temperature.” No other solid phase transitions of this material have been observed up to
165 GPa at room temperature, nor is one expected at high temperatures in this pressure

range.5

As high P-T experiments in the laser-heated diamond anvil cell routinely push conditions
to pressures above 100 GPa and temperatures of several thousand K, a high-temperature,
high-pressure equation of state of KCl is necessary to use this material as a pressure standard
for this type of experiment. In addition to high-pressure, room-temperature experiments,
Dewaele et al.% performed molecular dynamics simulations to generate a constant thermal
pressure coefficient, a K7 = 0.00224 GPa/K. This value is similar to the thermal pressure
coefficient experimentally measured between room temperature and 873 K by Ref. 7, 0.00275

GPa/K, while both of these coefficients are slightly lower than the constant a K, = 0.0036

3
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GPa/K that can be calculated assuming a constant Cy = 3nR (where n is the number of
elements per mole of KCl and R is the ideal gas constant) from the Griineisen parameter,
v = 2.30, derived from acoustic wave velocity measurements.® A more accurate equation
of state requires experimental data to be obtained over a greater range of simultaneous
high-temperature, high-pressure conditions. This study combines new high pressure-volume-
temperature P—V-T synchrotron XRD data for KCI up to 167 GPa and 2400 K with previous
high-pressure, room-temperature data’® toward the aim of making KCI a useful and reliable

pressure standard for future high-pressure experiments.

II. METHODS

KCI (reagent grade) and Pt (99.94+%, 325 mesh) were purchased from Alfa Aesar. To
remove adsorbed moisture, the KCl was baked at ~100 °C for 12-24 hours prior to sample
preparation. Generally, LH-DAC samples consist of a thin foil of opaque sample material
encased between layers of a soft, transparent material that acts as both the thermal insulator
and as the quasi-hydrostatic pressure medium for the experiment. It is possible to use the
pressure medium/thermal insulator as an internal pressure calibrant as well (see Campbell
et al. (2009)?, for example). Thus, the samples in this study were configured to produce an
equation of state of KCI specifically for use as a pressure standard in this type of sample
geometry. Here, platinum (Pt) metal was used as the pressure calibrant and laser-absorbing
foil. Pt foils of ~5 pm thickness were secured between two layers of dried KCI of ~10 pm
thickness. Samples were loaded into diamond anvil cells using Re as the gasket material and
diamond culets of 300, 150 or 100 pm in diameter. The entire cell assembly was then dried
at 100 °C for >30 minutes to ensure total removal of moisture immediately prior to closing
and pressurizing the cell. (P-V-T') data were collected by compressing to a target pressure
and collecting powder XRD patterns at increasing (and/or decreasing) temperatures during
laser heating.

Angle-dispersive synchrotron X-ray diffraction (Fig. 1) was conducted at beamlines 13-1D-
D (GSE-CARS) and 16-ID-B (HP-CAT) of the Advanced Photon Source, Argonne National
Laboratory. Laser-heating experiments at beamline 13-ID-D were done with monochromatic
incident radiation (A = 0.3344 or 0.2952 A) measuring 2.2 by 4 um.'° Laser-heating experi-

ments at beamline 16-ID-B were done with monochromatic incident radiation (A = 0.4066

4
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A) measuring 6 by 7.5 pm.'! Sample-to-detector distances and tilt were calibrated using
LaBg or CeO,. The laser was co-aligned with the incident X-rays using the X-ray-induced
fluorescence of KCI. Double-sided laser-heating of the samples was performed using 1 pm
Yb-doped fiber lasers, adjusting upstream and downstream laser powers to balance tem-
peratures. The highest pressure measurements (sample B86) were conducted using “burst”
mode, where the lasers were enabled at the desired laser power only during XRD collection
to minimize accumulated heating of the DAC. This allowed the DAC to stay cool enough
that the laser-to-X-ray alignment was maintained throughout the entire heating cycle. Sur-
face temperatures were determined spectroradiometrically on both sides using the greybody

1011 which were then corrected by -3% for a small axial temperature gradi-

approximation,
ent across the metal to determine the average temperature of the Pt foil.”'? The average
KCl temperature was taken as the temperature at the midpoint between the surface of the
sample and the surface of the diamond anvils; thus, the estimated average temperature of
the KCI pressure medium is Txcp = (3*Tsur face + 295) / 4 £ (Tsurface - 295) / 4.2 Although
this geometry places a large uncertainty on the KCIl temperature, this material remains an
effective pressure calibrant because the compressibility of alkali halides far outweighs their

thermal expansion over typical P-T conditions.”

Powder X-ray diffraction patterns were collected on a CCD image plate and integrated
azimuthally to intensity vs. 26 plots (e.g. Fig. 1) using DIOPTAS.'® Reflection positions
were fit to determine lattice parameters as a function of pressure and temperature using
PeakFit (Systat Software). 2 to 7 reflections (110, 200, 211, 220, 310, 321, 222) were averaged
to determine the lattice parameters of KCl. Above 45 GPa, the KCI 200 reflection broadened
and yielded systematically-higher lattice parameters than all other lines (Fig. 2), so it was
not used in the volume calculation in that pressure range. Indeed, the 200 peak broadened
so significantly that it was lost in the background above 130 GPa. This phenomenon has
been observed previously in KCI® and gold'4, and was attributed to sensitivity of the 200
peak to non-hydrostatic strain. Pressure in these experiments was measured using the high
P-T equation of state of Pt'®> and 3-8 observed reflections (111, 200, 220, 311, 222, 400, 331,
and 420). Note the non-hydrostatic behavior of the 200 reflection was not observed in the
Pt. The Pt equation of state'® is well-calibrated against the same pressure standards used

for the room-temperature KCl data.b
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FIG. 1. Left: A typical XRD pattern from this study collected with X-ray wavelength A =
0.3344 A. Right: The integration of intensity vs. 20 of the pattern on the left. The asterisks
indicate reflections from the Pt pressure standard, while the KCI reflections are noted with their
respective Miller indices (hkl). This pattern was collected at 31.8 & 0.9 GPa and 1200 + 100 K

(Pt temperature).
ITII. THERMAL EQUATION OF STATE

The thermal equation of state (EOS) of B2-KCl was determined at high pressures and
temperatures for use as a pressure standard in high P-T XRD experiments in the diamond
anvil cell. The measured P-V-T data from four experiments are listed in Table A1.'6 Fig.
1 shows a sample diffraction pattern from this study at 31.6 GPa and 1194 K. As expected,
the powder diffraction patterns became more “spotty,” as opposed to uniformly-defined
rings, as temperatures increased. This is due to recrystallization and grain growth at high
temperature and was more apparent in Pt than in KCl. The KCI peaks tended to be broad
because the X-rays are sampling KCl at a range of temperatures between the Pt surface
and the diamond culet. In most cases, data were obtained during cooling because the peak
temperatures in each heating cycle significantly relaxed the sample and reduced lattice strain
within the KCI. Recent observations of KBr in similar LH-DAC experiments suggest that
this material will become opaque near its melting point, resulting in runaway heating and a
miscalculation of its temperature.'” It is unclear whether this behavior occurs in other alkali
halides; however, when runaway heating did occur at any point in an experiment, we only

used data prior to that event to avoid inaccurate temperatures in our data. All experiments
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FIG. 2. Lattice parameter (a) for KCI from different XRD reflections. Above 50 GPa, the 200
reflection yields higher lattice parameters than all other reflections, so it was not used in the volume
calculation in this pressure range. Above 130 GPa, the 200 peak cannot be distinguished from the

background. Inset shows a blow-up of the 40-65 GPa range.

in this study were conducted above 15 GPa to stabilize and protect the diamonds during
laser heating. This is well above the B1-to-B2 phase transition in KCl, reported at ~2 GPa.”
No other phase transitions were observed up to 167 GPa and 2400 K in this study. Sample
#2 was measured at both sector 13-ID-D and sector 16-ID-B. There was no distinguishable
difference between these data.

We fit the high temperature data of B2 KCI, along with the room temperature data
reported by Dewaele et al..® to a Mie-Griineisen-Debye (M-G-D) thermal equation of state,
defined as:

P = P300 + Pthermah (]-)
where the room temperature data are described by:

7
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Pa.s = 3Kof(1+2/)3(1+ S(K) — 1)), ¢

Here, P3g par is the Birch-Murnaghan'® isothermal equation of state at 300 K, f is the Eu-
lerian strain (%((%)%2 —1)), Vi is the inferred zero-pressure volume of the B2 phase, K, and

K| are the isothermal zero-pressure bulk modulus and its pressure derivative, respectively.

Interestingly, while Dewaele et al.% chose the Rydberg-Vinet (R-V) functional form for
their isothermal equation of state, we found that a Birch-Murnaghan (B-M) EOS better
describes their room temperature data, particularly at low pressures near the B1-B2 transi-
tion. With the R-V fit, the lower-pressure, room-temperature residuals exhibit a monotonic
trend with pressure, which the authors attributed to the B1-B2 phase transition affecting
the bulk modulus of the B2 phase. This led them to fit only their lowest pressure data (2-6
GPa) to determine V4. We find that when we fit the data to the B-M EOS, the residuals
do not show such a trend with pressure and a reasonable, albeit slightly higher, Vj can be
inferred by fitting all of the B2-KCl data simultaneously. The resulting parameters for the
calculated equations of state are given in Table 1, along with the thermal EOS parameters
available in the literature. In terms of the room temperature B-M EQOS, our fit agrees well
with the literature data. The inferred zero-pressure volume, Vy = 32.0(3) cm?/mole, is the
same as reported by both Refs. 5 and 7, within uncertainty. The bulk modulus, Ky, = 24(1)
GPa, is very similar to that reported by Ref. 7, but lower than the 28.7 GPa reported by
Ref. 5. This discrepancy is likely due to the fact that those authors chose to fix the pressure
derivative of the bulk modulus, K, to 4. The larger pressure range sampled in Ref. 6
allowed us to fit this parameter to 4.56(5). There is a trade-off between the fitted V and
K| with K, which is especially pronounced when comparing B-M and R-V-type fits; higher
fitted V; values correspond to higher compressibility and a high change in compressibility
with pressure. The room temperature equation of state fitting is demonstrated in Fig. 3,

along with the data from Ref. 6 for reference.

The thermal contribution to pressure, Piermai, 18 described by:

v
Pthermal = V X (Ehm"monic, T — Eharmonic, 300 K)u (3)

and
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TABLE I. Fitted equation of state parameters. Asterisks indicate parameters that were held
constant during fitting. The =y from Refs. 6 and 7 were calculated from the provided aKr by
assuming % was constant. Values in parentheses are errors on the last digit. B-M is Burch-

Murnaghan, R-V is Rydberg-Vinet.

Vo (em3/mole) Ky (GPa) K| Yo q Reference (type of fit)
32.0(3) 24(1) 4.56(5) 2.9(4) 1.0(1) This study (B-M reference EOS)
34.3(5) 13(1) 6.2(1) 3.4(4)  1.0(1)  This study (R-V reference EOS)
32.8* 17.2 5.89 1.47 1% Ref. 6 (R-V)
32.25 23.7 4.4 1.78 1% Ref. 7 (B-M)
31.83 28.7 4* 2.3 1* Ref. 5 (B-M) + Ref. 8 (acoustic)
T ., [0/ 2°
Eharmonic = 97LRT(%) /0 e dz. (4)

v = 70(%)‘1 is the Griineisen parameter, ¢ is a constant, V is the volume, E} 4 monic 1S the
harmonic contribution to thermal pressure at temperature, 7', n is the number of atoms
per mole of KCI (2), R is the ideal gas constant and 6p is the ambient-pressure Debye
temperature, 235 K.8

Instead of fitting a constant thermal pressure term (aK7), we fit our data to the Debye
energy (Eq. 4), because at high pressures the Debye temperature is expected to exceed its
value at room temperature, such that the product aKr is unlikely to be well approximated
as a constant.” The thermal parameters, vy and ¢, that describe our data are 2.9(4) and
1.0(1), respectively. The high-temperature data are also presented in Fig. 3, color-coded by
median temperature and plotted with their corresponding isotherms. The root-mean-square
misfit to the data over the whole pressure and temperature range is 1.6 GPa. The region of
largest error falls between 40 and 100 GPa, as shown in the residuals plot in Fig. 3. In this
pressure range, the two largest XRD peaks in the high-temperature data, the 110 of KCI and
the 111 of Pt, cross in 26 space. We attribute the misfit in pressure to the high-temperature
data in this range to variations in calculated volume as a result of slight overlaps of these
two peaks.

Our fitted ¢ value of 1.0(1) is typical and means that the Griineisen parameter varies

proportional to volume. The fitted value of v, is higher than expected based on both previous
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FIG. 3. Top: High P-T KCI data. Open black circles are room temperature data from Dewaele
et al. (2012).° High temperature data are color-coded by median temperature. Solid curves are
isotherms calculated from the B-M equation of state parameters in Table 1. Error on volume is
smaller than the symbol. Bottom: Residuals in pressure to the fit of all the data (300 K and room

temperature).

static experiments and the available shockwave data.'® By assuming ¢ is 1 and Cy is equal
to the Debye limit, 3nR, the value of 7 can be solved for based on the published parameters
of Refs. 6 and 7 to be 1.47 and 1.78, respectively, using the relationship %: L= O‘KT The
thermal parameters in Ref. 6 were obtained from high-temperature molecular dynamlcs
simulations, not experiments. Additionally, the data in Ref. 7 were measured only up to 8
GPa and <1000 K, and one should not expect those results to be well-extrapolated over the

much wider P-T range covered here. The vy value measured acoustically in Ref. 8 is closer

10
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to our value, at 2.3, but that study was also limited in pressure and temperature. Figure 4
shows the comparison between the thermal equations of state reported in the literature and
our fit up to 170 GPa. The R-V fit from this study generally matches our B-M EOS to +
1 GPa, but overestimates the pressure slightly at low pressures and high temperatures. All
of the thermal EOSs available in the literature do a reasonable job reproducing the data at
room temperature, but underestimate the pressure at high temperatures by as much as 4
GPa at 2000 K.

Figure 5 shows the 300 K isotherm resulting from this study, along with the principal
isentrope and the principal shock Hugoniot calculated using our thermal equation of state

and equation 5.

Y Ps+ [y, PsdV — AE,,
H = v _ VooV ) (5)
o 2

Py is the Hugoniot pressure, Pg is the principal isentropic compression curve, AFy, is the
change in energy due to the B1-B2 phase transition (31.4 J/mole)®, and V¢ is the ambient
pressure volume of the B1 phase (37.55 cm?®/mole)®. The available shockwave data from
Ref. 19 are also included in Fig. 5. It is clear that our predicted Hugoniot overestimates the

pressure when compared with the shockwave data, corresponding to the higher Griineisen

11
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FIG. 5. The 300 K isotherm, principal isentrope and Hugoniot curves for KCI calculated from the
high-temperature EOS. The measured shockwave data are shown for comparison. The B2 data

end at ~25 GPa, at which point the material melts on the Hugoniot.

parameter in our equation of state. The shock wave data are better described using a g
of 1.6 to 1.7, depending on the reference equation of state used. These values are more
compatible with those in Refs. 6 and 7. However, Ref. 8 reported a similar discrepancy to
the one observed here between the 7y measured statically and the one extracted from the
shockwave data. While the root cause of this discrepancy is unclear, possible causes may be

differences in sample configuration or contamination of any of the samples by water.

IV. CONCLUSIONS

We have measured high P-T synchrotron X-ray diffraction on KCI in the laser-heated
diamond anvil cell. These data, combined with the room temperature data from Ref. 6, were
used to determine the Mie-Griineisen-Debye equation of state for B2 KCl. The 300 K Birch-
Murnaghan equation of state parameters measured here are very similar to those reported
in the literature. There is a marked trade-off between the inferred Vj term and the com-
pressibility, which is exceptionally noticeable when comparing between Birch-Murnaghan

and Rydberg-Vinet type fits. The thermal parameters, vy and ¢, for KCI were found to be

12
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2.9(4) and 1.0(1), respectively. This 7o value is higher than expected based on the calcu-
lations from Ref. 6 and the available shockwave data from Ref. 19, but is consistent with
that measured acoustically by Ref. 8. The measurements here extend the available data to
>100 GPa and several thousand degrees Kelvin. This greatly-expanded dataset has made a
more robust high P-T equation of state possible, which will allow KCI to be used as an in
situ pressure standard for high pressure-temperature XRD experiments in the laser-heated

diamond anvil cell.
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