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The Griineisen parameter (y) is crucial for determining many thermal properties, including the
anharmonic effect, thermostatistics, and equation of state of materials. However, the isentropic adiabatic
compression conditions required to measure the Griineisen parameter under high pressure are difficult to
achieve. Thus, direct experimental Griineisen parameter data in a wide range of pressures is sparse. In this
work, we developed a new device that can apply pressure (up to tens of GPa) with an extremely short time
of about 0.5 ms, confidently achieving isentropic adiabatic compression. Then, we applied our new
technique to sodium chloride and measured its Griineisen parameter, which conforms to previous
theoretical predictions. According to our obtained sodium chloride Griineisen parameters, the calculated
Hugoniot curve of the NaCl B1 phase appears up to 20 GPa and 960 K, which compares very well with the
shock compression experimental data by Fritz et al. and other calculation works. Our results suggest that
this new method can reliably measure the Griineisen parameter of even more materials, which is significant

for researching the equation of state in substances.
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The Griineisen parameter describes the effect that
changing the volume of a crystal lattice has on its vibra-
tional properties and the effect of changing the temperature
on the crystal lattice’s size or dynamics. It is a dimension-
less parameter as a scale of anharmonicity in phonons, with
great importance in the Mie-Griineisen equation of state.
It is related to the lattice-specific heat, which bridges
lattice mechanics and thermodynamics. Investigating the
Griineisen parameter is also critical in geophysical models,
such as measuring the sound velocity and melting of solids.

Mie and Griineisen developed a theory for solids one
century ago, indicating that pressure might be considered a
linear function of internal energy [1]. They discovered that
a solid’s internal energy E, is the sum of the thermal
vibrational energy E;(V,T) and the cold energy E.(V),
which results from atomic interactions while at rest. The
related pressure P is also the sum of two such terms,
P7(V,T) and P.(V). The Mie-Griineisen equation of state
can be expressed by

Pwv.5) =P+ "D E-E W] ()

and the Griineisen parameter can be given by
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which is the basic definition of the Griineisen parameter.
After derivation, the Griineisen parameter can be given by

Kg\ (0T

= (7)), @
where K is the adiabatic bulk modulus. Therefore, by
measuring a change in sample temperature combined with a
tiny adiabatic isentropic pressure change in experiments, we
can determine the Griineisen parameter of a material. In this
work, we determined the pressure dependence of sodium
chloride’s Griineisen parameter by measuring the AT /AP
for small pressure changes with a very short time of about
0.5 ms. We used Eq. (3), taking AT /AP as (0T /0P);, giving
us a method of determining the Griineisen parameter,
because (07/0P), can be measured directly and reliable
data for K is available for many materials.

To date, many theoretical calculations and experimental
works have predicted and measured the Griineisen param-
eters of materials, but there are still many difficulties to
overcome theoretically and experimentally. Determining
the phonon spectrum is essential for theoretical Griineisen
parameters calculations. However, they are often unstable
under high pressure, making it tough to calculate the
phonon spectrum of complex materials described by large
supercells. In experiments, the pressure dependence of the
Griineisen parameter can be obtained by various methods,
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including calculations measuring the P-V data or other
approaches based on thermodynamic formulations, which
require accurate thermal expansion, bulk moduli, and heat
capacity measurements. This thermodynamic data can only
be available for many materials in the lower pressure range in
the vast majority of cases. Unfortunately, most of these
findings about the Griineisen parameter, even for a simple
material like sodium chloride, are in sharp disagreement with
one another [2]. In 1977, Boehler developed a new method of
directly determining the Griineisen parameter using Eq. (3).
Subsequent work has improved this method greatly in
pressure range, adiabatic condition, and temperature correc-
tion [3]. Nevertheless, due to experimental setup limitations,
the pressure of these experiments is limited to 3 GPa, and
achieving higher pressure for adiabatic and isentropic com-
pression proves difficult. Because of these challenges, we
still lack direct experimental data under a wide range of
pressures, which hinders studying the Mie-Griineisen equa-
tion of state. Therefore, developing a reliable experimental
approach for accurately measuring the Griineisen parameter
in a wide range of pressures is crucial.

Sodium chloride crystals are essential in high-pressure
physics studies due to their simple structure and high
compressibility. One study shows that the phase transition
of sodium chloride from a NaCl structure to a CsCl
structure (B1-B2 phase transition) can occur at 30 GPa
and 300 K [4]. In fact, numerous experiments and theo-
retical calculations have studied the Griineisen parameter of
sodium chloride. First, Boehler [2] studied it using rapid
compression below 3.3 GPa, before extending the pressure
and temperature to 5 GPa and 800 °C [5]. The Griineisen
parameter of molten sodium chloride was also investigated
from 70-80 GPa [6]. Birch calculated the Griineisen
parameter of sodium chloride below 30 GPa by analyzing
thermodynamic data [7]. Boness measured the volumetric
sound velocity of liquid single-crystal NaCl based on optical
analysis technology and calculated the Griineisen parameter
of NaCl under high pressure [8]. So far, the Griineisen
parameter of sodium chloride has only been measured in
small pressure interval ranges in experiments, so we do not
have a comprehensive view of how it changes with pressure.
Therefore, exploring the Griineisen parameter of NaCl in a
wide pressure range is very interesting and significant for
establishing NaCl’s broader equation of state.

We measured the pressure-dependent Griineisen param-
eter of sodium chloride across a wide range of pressures
from 3.8 to 21.33 GPa using a new method showcased in
this work. The calculated Hugoniot curve using sodium
chloride’s Griineisen parameters agrees well with shock
compression experiment data and other calculations [9-11].
Our new and improved method combines the dynamic
DAC (dDAC) [12] with an ultrafast temperature measure-
ment system to achieve an automatic, programmable high-
pressure jump with simultaneous high-speed temperature
detection. Furthermore, this method extends the pressure
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FIG. 1. (a) Schematic illustration of the programmable auto-
matic high pressure jump and temperature detection apparatus.
(b) Schematic illustration of the sample assembly in a DAC. (c) A
side view of the sample assembly in the DAC. (d) A top view of
the sample assembly in the DAC. (e) Microscopic images of the
sample and thermocouple in the DAC before (left) and after
(right) pressurization.

range of our Griineisen parameter research, obtaining
higher pressure measurements under adiabatic and isen-
tropic compression than before.

A developed dDAC was used to realize a pressure jump
[12]. Time-resolved measurements, including thermal
electromotive force (EMF) and fluorescent spectroscopy,
were conducted to study the Griineisen parameter of
sodium chloride. Figure 1(a) illustrates a schematic of this
combined system, and more details can be found in the
Supplemental Material [13]. Diamond anvil cells (DAC)
with specific anvil culets were used for distinct pressure
ranges. The sodium chloride powder sample and zirconia
powder (used to prevent heat loss during the experiment)
were loaded into the sample chamber in a Re gasket with an
indented thickness of about 50 pm with a sandwich
configuration [Figs. 1(b) and 1(c)]. Figure 1(d) shows
the top view of the sample assembly in the DAC. A thin
thermocouple with a thickness of 5 pm was inserted into
the sodium chloride sample. The thermocouple was made
by ourselves. Copper thin foil and constantan thin foil
(Innochem, 99.99%, 0.005 mm) were cut with a width
within 10 pm and touched together [Fig. 1(d)]. We insu-
lated the gasket using cubic boron nitride so that the
thermocouple and gasket did not come into direct contact.
In all experiments, the sample was first prepressed at a lower
pressure to eliminate fine gaps and cavities. Figure 1(e)
shows the view through the gasket hole before and after
compression. One ruby ball was buried in sodium chloride to
gauge the pressure. A laser beam of 532 nm was focused on
the ruby ball to stimulate the ruby fluorescence. Next, the
signal was focused onto the spectrograph by a lens. Lamp
lights illuminate the sample from behind and through the
gasket hole to observe the morphology. Then the outgoing
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FIG. 2. (a) Variation of the thermocouple’s thermal electromo-
tive force (EMF) with time at different compression rates.
(b) Synchronization test of the output voltage of the function
generator for compression and EMF signal. The result shows that
the temperature change is almost synchronized with the function
generator’s signal. (c) A typical record of temperature and
pressure for sodium chloride before and after the pressure jump.
(d) Temperature-decrease rate of sodium chloride with corre-
sponding temperatures and its fitting curve. The curve indicates
that the rate of temperature decrease after the pressure jump. It
was acquired by analyzing the recorded data of Fig. 2(c).

lights were reflected by a 50/50 beam splitter and finally
collected by a camera. The temperature of the sample during
compression can be obtained from the EMF data recorded by
a digital multimeter. A freezing point bath was performed
during the EMF measurement [Fig. 1(a)].

Because of its strong covalent bonds and low phonon
dispersion, diamond is an excellent heat conductor, unlike
most electrical insulators. Natural diamond has a thermal
conductivity of roughly 2200 W/(m - K), 5 times greater
than silver, the metal with the highest thermal conductivity
[17]. Although we used zirconia with a thermal conduc-
tivity of 7.2 W/(m - K)7T [18] to prevent heat loss during
the experiments, the heat was still lost quickly because
diamond’s thermal conductivity is far superior. Figure 2(a)
shows the variations of the thermocouple’s EMF under
different compression rates from about 2.5 to 14 GPa. If
the speed of the pressure jump is too slow, the heat will be lost
too much, and the temperature measurement will be less
accurate. For our devices, the pressurization time must be
controlled within 1 ms to give the most accurate temperature
measurement and best signal-to-noise ratio (SNR). The SNR
is defined as the amplitude ratio of the EMF change under
compression to the noise of the instruments. Therefore, in all
our experiments, the pressure jump times were controlled
within 1 ms. Consequently, our experimental conditions are
close to adiabatic isentropic compression because of the
pressure jump’s high speed. Moreover, as shown in Fig. 2(b),

the pressure change and temperature change are detected
nearly simultaneously in the experiment, so the response
time of the thermocouple to temperature is negligible in our
experiments. The thermocouple can reflect the sample’s
temperature changes with almost no delay. These features
suggest that the entire signal of delta is from the sample rather
than other parts of the cell arrangement during the pressure
jump [19]. Moreover, the initial pressure and final pressure
measurements were also taken separately by the ruby
fluorescence spectrum before and after a pressure jump,
and the pressure change with time can be seen as linear
change (Fig. S1 [13]). Therefore, accurate pressure data can
be provided to determine the Griineisen parameters.

Figure 2(c) shows the sample’s temperature change with
time in a typical run, where the pressure rises from 5 to
7.6 GPa for 0.8 ms. The temperature decreased after the
maximum while we maintained a stable pressure. The
temperature change curve reveals the actual heat loss from
the system, indicating that the process is not totally
adiabatic and that temperature correction is required. We
believe the temperature loss rate is identical between the
heating and cooling processes because the geometric
configuration of the experimental setup changes relatively
little during the compression process [3]. Figure 2(d) shows
the analyzed temperature decrease rate versus temperature
after the pressure jump. On the basis of the data, we
corrected the temperature change by integrating the rate
with a selected tiny time interval during pressure jump and
then added the integral absolute value to the recorded
temperature change during the pressure jump at the time
interval. Through the correction in temperature we can
obtain adiabatic information from the actual process. The
specific calculation process is described in detail in the
Supplemental Material [13].

The Griineisen parameter of sodium chloride at high
pressure can be determined by Eq. (3). Here, (0T /0P)g can
be approximated as AT /AP for a small pressure change
[2]. Therefore, the Griineisen parameter can be expressed
as a modified relationship:

1 = (T (37) )
(P m) AP N

where P,, is the mean pressure of the final and initial
pressures for the small pressure change, K¢(P,,) is adiabatic
bulk modulus at the mean pressure [7], and T(P,,) is the
instantaneous temperature corresponding to the mean pres-
sure in the adiabatic compression. The temperature effect on
K can be ignored because (0Ks/0T)p ~0.01 GPa/ deg,
which is very small compared with (0K g/0P); [7].

The experimental data and results are listed in Table S1
[13], and the obtained Griineisen parameters of sodium
chloride are plotted against pressure in Fig. 3. The temper-
ature effect is disregarded because of the temperature’s
subtle influence on the Griineisen parameter [5]. The error
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FIG. 3. The Griineisen parameters of sodium chloride versus
pressure.

bar stems from the inaccuracy of curve fitting about
temperature versus time data. We calculated it from
root mean square error (RMSE) of curve fitting results.
Then, we can obtain the error of y using y.(P,) =
[Ks(P,)/T(P,)[{[AT + VZ(RMSE)|/AP}s for every
point according to the method of error propagation.

To closely analyze the high-pressure evolution character-
istics of the Griineisen parameter, we compared our
experimental results with previously published data in
Fig. 4. Our comparison shows that we measured the
Griineisen parameters in a wider pressure range than
previous experimental works. Our experiment conditions
are relatively close to adiabatic isentropic compression
because of the pressure jump’s high speed. According to
the dashed line in Fig. 4, the extrapolation from the
previous experimental data does not obtain consistent
results with our experimental data, but Birch’s results from
the EOS data derived from direct P-V-T measurements by
Boehler and Kennedy [20] support our experimental results
well. Birch obtained the Griineisen parameter of sodium
chloride in a wide pressure range from the EOS data
according to y,, = (fBy/cy)V, and the parameters con-
tained in this equation can be measured independently.
However, each physical quantity correlates with temper-
ature and pressure, making it difficult to accurately measure
for many other materials, especially the heat capacity at a
constant volume (cy). Therefore, our method is a better
way to determine the Griineisen parameter experimentally.

The shock metamorphism of sodium chloride provides
crucial research information. The most important physical
properties for studying this phenomenon are Hugoniot data
using a flyer impact drive via a light gas gun or explosive
loading. The linear relation between the shock wave and
particle velocity and the Hugoniot curve has been widely
used to solve various analytical equations of state in
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FIG. 4. Griineisen parameter vs pressure for sodium chloride
from our data and previously published data. We measured the
Griineisen parameters in a wide pressure range. The dashed line is
the extrapolation from the previous experimental data.

condensed matter at high pressures [21]. Thus, the
Hugoniot curve is the key to investigating the dynamic
compression properties of materials.

Calculating the Hugoniot curve is an important application
of the Griineisen parameter [11,21]. According to the sodium
chloride’s Griineisen parameters we got, the calculated
Hugoniot curve of the NaCl B1 phase for the Hugoniot
appears up to 20 GPa and 960 K. As Fig. 5 shows, the present
pressures estimated for the fixed V/V, and T values compare
very well with the shock compression experiment data by
Fritz et al. and other calculation works. Figure 5 shows that
the difference between our work and the shock compression
value is relatively significant at low pressure. This difference
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FIG. 5. The pressure along the Hugoniot curve of NaCl.
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might be partly due to the relatively large error in our
Griineisen parameter versus volume curve fitting at low
pressures, illustrating the importance of accurate Griineisen
parameter measurement for determining the Hugoniot curve.

In this work, the Griineisen parameter of Bl-phase
sodium chloride was measured within a wide pressure
range (3.8-21.33 GPa) for the first time by our remote-
controlled device, combining a high-speed pressure jump
with ultrafast temperature detection. The very quick pres-
sure jump, and carefully measured and corrected temper-
atures gave us more accurate results. The obtained
Griineisen parameter is important for studying the thermo-
dynamic properties of matter, such as the Hugoniot curve.
Finally, according to our obtained sodium chloride
Gruneisen parameters, we calculated the Hugoniot curve
of B1-phase NaCl up to 20 GPa and 960 K, which compares
very well with other works. Our results indicate that our
improved Griineisen parameter measurement method is
reliable and feasible. Future development will further extend
the experimental pressure range and improve data acquire-
ment accuracy, significantly expanding research for many
other substances in geophysics, among other fields.
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