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Ultrahigh pressure shock compression of platinum up to 1.1 TPa: Melting and ionization
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Shock compression experiments on platinum (Pt) were carried out by combining a two-stage gas gun with
the unique high-Z three-stage gas gun launcher technique. The shock Hugoniot of Pt was determined in a wide
pressure range of 0.2–1.1 TPa. These data fill the gap between the two-stage gas gun and magnetically driven
shock experiments, and thereby we observe a clear softening behavior of the Pt Hugoniot at the beginning of
∼1.1 TPa. Ab initio molecular dynamics simulations were also performed to reveal the response of Pt under
ultrahigh pressure compressions. The simulation results show that the melting of Pt under shock compression
occurs at ∼570 GPa, and a sudden increase in conductivity and free electron number density emerges at the
beginning of the Hugoniot softening. The further electronic structure calculations indicate that the Hugoniot
softening may arise from the thermal excitation (ionization) of the 5d electrons and the localized 6s electrons
in Pt under extreme shock compression. This work has gained further insight into the ionization behaviors of
high-Z metal elements with complex electronic structures under ultrahigh pressure compressions, which is of
significance for understanding the partial ionization effect in the transition region from condensed matter to
warm dense matter.
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I. INTRODUCTION

The thermodynamic properties of materials under ex-
tremely high pressure-temperature (P-T) conditions are of
great significance largely due to the key applications in geo-
physics, planetary science, and inertial confinement fusion
(ICF) [1–3]. Recent improvements in static compression and
dynamic compression experimental capabilities have made it
accessible to obtain terapascal (1 TPa = 1000 GPa) pressure
conditions, paving the way for exploring material properties
under extreme pressures [4,5]. As one of the most important
standard materials in both static and dynamic high pressure
experiments, platinum (Pt) has been widely used as the pres-
sure scale for diamond anvil cell (DAC) experiments and
the high-impedance reference for shock compression exper-
iments. It is highly desirable to construct reliable pressure
standards at TPa conditions for the dynamic and static ex-
tremely high pressure experiments, which strongly rely on
the accurate knowledge about the equation of states (EOS)
of platinum in the TPa pressure range [6,7]. A wide variety of
EOS models for platinum can be found in the literature, but
most of them are limited to the two-phase region of solid and
liquid and pressures of a few hundred GPa. For more extreme
conditions of TPa pressures and tens of thousands of kelvins
(K), the bound electrons would be driven into delocalization,
which makes the electronic ionization effects play an essen-
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tial role in EOS models under such extreme temperature and
pressure conditions. However, the effective way to treat the
electronic ionization effects remains an open question. Thus
the ultrahigh pressure experiments to obtain high-precision
EOS data at TPa pressures are paramount in providing
experimental constraints for the construction/validation of
theoretical models for extreme conditions.

Platinum has been examined extensively under both static
and dynamic compressions. The static compression exper-
iments on platinum are fundamentally limited to pressures
below 300 GPa and temperatures below 4000 K [8–10].
The shock compression experiments on platinum conducted
through a two-stage gas gun obtained Hugoniot data not ex-
ceeding 660 GPa [11,12]. Cochrane et al. performed shock
experiments on platinum using a Z machine at Sandia Na-
tional Laboratory, obtaining the Hugoniot data in the pressure
range of 1.2–2.2 TPa [13]. Fratanduono et al. used the Na-
tional Ignition Facility (NIF) laser to generate nonshocked
quasi-isentropic compression conditions and obtained the
quasi-isentropic EOS data for platinum up to 1.1 TPa with
little temperature rise, not exceeding 1000 K [6]. The shock-
less compression of Pt on the Z machine was carried out
by Porwitzky et al., and the principal isentrope was deter-
mined up to 650 GPa [14]. More recently, the development
of in situ diagnosis technology for dynamic compression
experiments has enabled the acquisition of the microscopic
physical information during shock processes. Sharma et al.
used in situ x-ray diffraction (XRD) diagnostics to achieve
the measurement of platinum structure up to the shock
pressure of 380 GPa in laser-driven shock experiments [15].
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Turneaure and Das implemented single-pulse (∼100 ps du-
ration) extended x-ray absorption fine structure (EXAFS)
measurements in laser-driven shock experiments on platinum,
obtaining short-range structure information and determin-
ing temperature under shock pressures ranging from 72 to
325 GPa [16]. To sum up, the experimental data in the TPa
pressure range is still scarce at present. Especially, there exists
a gap from 0.7 to 1.2 TPa along the Hugoniot of platinum.
Therefore, it is insufficient to provide effective constraints to
verify and validate the theoretical models. The current wide-
ranged multiphase EOS models for platinum mainly include
the SESAME EOSs (No. 3740 and No. 3732) [17], the quo-
tidian EOS (QEOS) [18], and a semiempirical EOS by Elkin
et al. [19]. Nevertheless, these models still have discrepancies,
especially under extremely high pressure conditions.

It is well known that the ionization of electrons under
extremely high P-T conditions plays a critical role in con-
structing the theoretical model in the ionized dense plasma
regime and has attracted great attention. Based on the first-
principles molecular dynamics (FPMD) and path-integral
Monte Carlo simulations, Hu et al. identified the 1s elec-
tron ionizations of silicon under extreme shock compression
(>100 Mbar), which resulted in a second maximum compres-
sion on the Hugoniot [20]. Militzer and Driver and colleagues
used a similar method to investigate the compression be-
havior of neon, aluminum, and magnesium under extreme
shock pressures [21,22]. The K-shell and L-shell ionization
of these materials were identified according to the changes
of compressibility on the Hugoniot. Lazicki et al. performed
the laser-driven planar shock experiments to compress the
LiH up to 1.1 TPa, and the reflectivity measurement at
the shock front revealed a metal-like reflectivity arisen from
the ionization of the Li 2s electron [23]. The ionizations of
helium and silicon under laser-driven shocks, reported by
Eggert et al. [24] and Henderson et al. [25], were identified
through the slope change on the measured principal Hugo-
niot. Kritcher et al. [26] and Döppner et al. [27] employed
laser-driven capsule implosion experiments at NIF to gener-
ate spherically converging shock waves. CH and beryllium
were compressed over 100 Mbar and the ionization of inner-
core electrons was triggered, which was determined by x-ray
Thomson scattering measurements and the increase in com-
pressibility. All above studies have been mainly focused on
the low- to medium-Z materials. Recently, the shock exper-
iments on high-Z materials gold (Au) up to 0.9 TPa were
carried out using the three-stage gas gun technique [28]. A
softening behavior of the Au Hugoniot beyond ∼560 GPa was
observed, which arose from the ionization of 5d electrons on
the basis of first-principles electronic structure calculations.
Overall, the electronic structures of high-Z elements are really
complex, exerting significant influence of electron ionization
on their compression behavior. Nevertheless, the research and
understanding regarding this question are seriously insuffi-
cient.

In this work, hypervelocity (up to 10 km/s) shock exper-
iments have been carried out to study the dynamic response
of Pt in a wide pressure range of 0.2–1.1 TPa by combining
the use of two-stage gas gun (2sGG) and a recently developed
three-stage gas gun (3sGG). High-precision experimental re-
sults obtained exactly fill the gap between the data provided by

previous 2sGG and magnetically driven shock experiments.
A softening behavior along the shock Hugoniot of Pt was
identified at an extremely high pressure of ∼1.1 TPa. The
ab initio molecular dynamics (AIMD) calculations reveal that
such softening can be attributed to the thermal excitation
(ionization) of 5d and 6s electrons. The present experimental
data also provide a solid constraint for discriminating between
different EOS models, and they are further found to be in
good agreement with the AIMD simulations and the latest
SESAME model. This work gains further insight into the
ionization of 5d metals under extreme shock conditions.

II. EXPERIMENTAL METHODS

The schematic illustration of the experimental setup is dis-
played in Fig. S1 of the Supplemental Material (SM) [29].
For impact velocities above 7 km/s, the shock experiments
on Pt were conducted on a three-stage gas gun facility de-
veloped recently at the Institute of Fluid Physics of China
Academy of Engineering Physics, in which a hypervelocity
high-Z tantalum (Ta) flyer plate up to 10 km/s driven by the
graded density impactor (GDI) impacts the target to generate
TPa extreme states [30]. Figure S2 [29] shows the represen-
tative signals for the velocity history of the Ta flyer measured
by a Doppler pins system (DPS) [31]. The velocity history
shows that the Ta flyer experiences an initial weak shock
compression and a following quasi-isentropic compression,
finally reaching the terminal velocity with steadiness better
than 1%. This compression path can effectively reduce the
effect of shock heating on the Ta flyer. The deviation of
the terminal velocities measured by each DPS is less than
0.5%. For impact velocities below 7 km/s, the shock experi-
ments were performed through a 28 mm caliber two-stage gas
gun. Shock wave front restoration technology was achieved
via the utilization of 35 electrical-shorting pins (ESPs). The
experimental details are provided in the SM [29]. In both
2sGG and 3sGG experiments, the shock wave transit time
in the Pt sample (�t) is determined by the difference be-
tween the shock arrival times of the ESPs at the sample rear
surface and the baseplate rear surface. Figure S3 [29] shows
the typical ESP measurement results of the shock arrival times
in the 3sGG experiment. The shock velocity is then obtained
by Us = d/�t , where d is the sample thickness. The shock
states are deduced using the impedance matching method. The
experimental uncertainties are determined by a Monte Carlo
technique [32,33]. More details for the inferences of shock
states, along with uncertainty analyses, can be found in our
previous work [28].

III. RESULTS AND DISCUSSIONS

The obtained Pt Hugoniot data in a wide pressure range
from 0.2 to 1.1 TPa are given in Table S1 of the SM [29].
Figure 1(a) shows the Us − Up data of our experiments, along
with the results obtained by previous 2sGG and the Z ma-
chine. It can be seen that the present 2sGG data are in
good agreement with the previous 2sGG data. The Hugoniot
data of 3sGG ranges from 0.7 to 1.1 TPa, filling exactly
the gap between the experimental data of 2sGG and the Z
machine. Within the region covered by 2sGG and 3sGG,
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FIG. 1. Principal Hugoniot of platinum in the Us-Up (a) and the
P-η (b) space. The open spheres are the present three-stage and
two-stage gas gun data. The open squares and open up-pointing
triangles are the two-stage gas gun data of McQueen et al. [43] and
Holmes et al. [11], respectively. The Z-machine data are displayed as
the open diamonds [13]. The dash, dash-dot, dash-dot-dot, and dash-
plus curves are the calculations of Elkin et al. [19], SESAME3730
[17], QEOS [18], and SESAME3732 [17], respectively. The AIMD
simulations with LDA and PBEsol [13] functionals are represented
by the solid and short-dash lines, respectively. The linear Us − Up

relation obtained by fitting the present gas gun data is shown as the
black solid line.

the Us-Up fulfills an excellent linear relationship of Us =
3.629 + 1.533Up, which is consistent with the linear relation
(Us = 3.648 + 1.539Up) obtained by Holmes et al. [11]. Be-
yond the scope of 3sGG, the Us-Up data of the Z machine
gradually deviate from the linear Us-Up relation, and exhibit
a lower slope. Combining the gas gun data (including 3sGG
and 2sGG data) and the Z-machine data, a quadratic Us-Up

relation of Us = 3.511 + 1.695Up − 0.036U 2
p for Pt covering

a wide pressure range up to 2 TPa is obtained by using
the least-squares fitting method. Figure 1(b) shows the same
experimental data in the P-η space (η = ρ/ρ0 is the com-
pression ration). Corresponding to the bending of the Us-Up

relation, the softening behavior of the Pt Hugoniot data be-
gins at ∼1.1 TPa and becomes more visible with increasing

shock pressures (i.e., higher compressibility compared with
the Hugoniot curve derived from the linear Us-Up relation).
The softening behavior of the shock Hugoniot was also ob-
served in a neighbor 5d metal element gold (Au) recently,
which occurs at ∼560 GPa shock pressure and arises from the
ionization of Au 5d electrons under shock compressions. Ob-
viously, the shock pressure for the occurrence of the softening
of the Pt Hugoniot is much higher than that of Au, and this dif-
ference will be further analyzed in detail in the following text.

The current 3sGG data improve the experimental con-
straints for the EOS models of Pt by filling the gap between
2sGG and the Z machine. Figure 1 presents the comparison of
experimental data with various theoretical models including
the SESAME EOSs (No. 3730 and No. 3732), the quotidian
EOS (QEOS), and the semiempirical EOS of Elkin et al. [19].
The calculation results of SESAME 3730 and Elkin et al.
are consistent with 2sGG data but obviously deviate from the
3sGG and the Z-machine data. The calculation results of the
QEOS model merge with those of SESAME 3730 and Elkin
et al. at high shock velocities, but fail at lower shock veloci-
ties. It is worth noting that the partial ionization of electrons
would occur under TPa shock conditions, and its contribution
to the theoretical model has become particularly remarkable
in this case. The widely used theoretical models, such as
Thomas-Fermi, average atom, and INFERNO, may not be
able to effectively describe this partial ionization effect and
lead to the differences from the high pressure shock data. The
recently developed SESAME 3732 reasonably reproduces all
the gas gun and Z-machine data up to 2 TPa; it was constructed
based on the high pressure shock data of the Z machine. Thus
the high-precision experimental data play a fundamental role
in the establishment of theoretical models.

We also performed ab initio molecular dynamics (AIMD)
simulations using the Vienna ab initio simulation package
(VASP) [34–36] with the local density approximation (LDA)
[37] functional. The plane-wave cutoff energy of 600 eV
and a 2×2×2 Monkhorst-Pack [38] k-point grid in the solid
region and a Baldereschi mean-value point [39] in the liq-
uid region were adopted. The canonical ensemble (NVT) and
the Nosé-Hoover thermostats [40,41] were used. Details of
AIMD calculations are given in the Supplemental Material
[29]. The present LDA results, together with the simulation
results with the Perdew-Burke-Ernzerhof functional for solids
(PBEsol [42]) by Cochrane et al. [13] are compared with the
experimental data in Fig. 1. We find that the AIMD simu-
lation with the PBEsol functional is in excellent agreement
with the Hugoniot data in a wide pressure range, indicating
that the PBEsol approximation can reasonably represent the
exchange-correlation interaction for Pt. The calculation of
LDA coincides with the experimental data in the area below
0.8 TPa pressure but deviates from the experiments with the
continuous increase of shock pressures.

The softening behavior of the shock Hugoniot is typi-
cally associated with ionic or electronic rearrangement, such
as melting or electronic ionizations. To clarify the physical
mechanisms driving the Hugoniot softening for Pt, AIMD
simulations with the PBEsol functional were performed to ex-
amine changes in ionic and electronic properties under shock
compressions. As shown by the radial distribution function
(RDF) of Pt under shock conditions in Fig. 2(a), Pt has still
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FIG. 2. (a) The radial distribution function of Pt under shock
conditions; (b) the melting temperature of Pt under static and dy-
namic high pressures. The solid and dash-dot lines represent the
shock Hugoniot calculated by the AIMD simulations with PBEsol
functional [13] and SESAME3730 EOS [17], respectively. The short
dash and dash-dot-dot lines are the melting curve by fitting the
DAC experimental data of Anzellini et al. [9] and Geballe et al.
[44], respectively. The long dash lines are the melting curve from
the semiempirical EOS of Elkin et al. [19]. The open square is the
melting temperature of Pt under shock compressions based on our
RDF calculations.

shown the long-range order characteristics for pressure below
530 GPa. When the shock pressure exceeds 570 GPa, Pt has
lost the long-range order features, which suggests the melting
of Pt. It is worth mentioning that there is still no consensus on
the melting of platinum under high pressures. In Fig. 2(b), we
summarize the melting temperatures of Pt under static and dy-
namic high pressure conditions. The melting temperature of Pt
under shock compressions is 15.6 kK at 570 GPa based on our
RDF calculations. The shock Hugoniot calculated by AIMD
simulations with the PBEsol functional shows a slope change
at the beginning of 660 GPa (the corresponding temperature
is 18.8 kK), which is a remarkable signature of melting.
Nevertheless, the shock Hugoniot by SESAME3730 does not
have the feature of slope change. The melting curve of Pt
was also investigated by the static high pressure experiments,
but the maximum pressure has been limited below 200 GPa

FIG. 3. Ab initio calculations for the free electron number density
ne (a) and dc conductivity σ0 (b) at shock conditions of Pt. The
superlinear behavior for both ne and σ0 appears when the shock
pressure exceeds ∼1.06 TPa.

currently. Therefore, Simon’s fitting method was generally
used to extrapolate the results to high pressure conditions. The
melting curve determined by Anzellini et al. [9] significantly
overestimated the melting temperature, because Pt has not
melted even under 1000 GPa shock conditions based on their
results. The melting curve determined by Geballe et al. [44]
significantly underestimated the melting temperature, because
the laser shock experiments on Pt with in situ x-ray diffraction
measurements have shown that Pt retained the face-centered
cubic (fcc) structure to over 380 GPa. The melting curve from
the semiempirical EOS of Elkin et al. is more reasonable
than those of Anzellini et al. and Geballe et al., but still
deviates from our RDF results and the AIMD calculations
of Cochrane et al. [13]. Overall, the controversy regarding
the high pressure melting of Pt is unfavorable for elucidating
the Hugoniot softening, and the sound velocity and in situ
XRD measurements under higher shock pressure conditions
are highly desirable to clarify this issue.

The electronic ionization effect is a major factor contribut-
ing to Hugoniot softening under extreme shock compressions.
For a more direct and quantitative characterization of the elec-
tronic ionization effect, we further calculated the electronic
conductivity through the Kubo-Greenwood formula [45,46]
and derived the free electron number density ne by fitting the
real part of the frequency-dependent electrical conductivity
with a Smith-Drude model [47]. Figure 3 shows the derived ne

and dc conductivity σ0 of Pt under the shock conditions. Both
ne and σ0 present a superlinear trend along with the increasing
shock compressions with an inflection at ∼38 g/cm3 (the
corresponding shock pressure is ∼1.06 TPa), which coincides
with the onset of the softening in the Hugoniot. Beyond the
inflection point, the rapid increase of free electrons strongly
suggests the ionization of some bound electrons, thereby
increasing the conductivity. These results illustrate that the
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FIG. 4. Ab initio calculations of the DOSs of the 6s band (left panel) and 5d band (right panel) for the shocked Pt. The black dash lines
represent the Fermi level.

Hugoniot softening of platinum mostly arises from the ion-
ization effect of electrons under extreme shock compressions.

In our previous work for another 5d metal, Au, which is
closely adjacent to Pt, the Hugoniot softening was quantita-
tively identified as the result of ionizations of 5d electrons
through the analysis of the electronic structure of Au via
ab initio calculations [28], but it should be noted that the
shock pressure (∼560 GPa) for the occurrence of Au Hugo-
niot softening is much smaller than that for Pt (∼1070 GPa).
Here, the electronic structure of Pt under shock conditions was
calculated and a comparative analysis with Au was performed
to investigate the physical law and mechanism that drives the
ionization of 5d metal under extreme shock compressions.
The calculated densities of state (DOSs) for the shocked Pt
are presented in Fig. 4. Similar to Au, the 5d band of Pt (right
panel) also exhibits relatively strong localized behavior for
low shock compressions, but there is a remarkable difference:
the 5d band of Pt crosses the Fermi level, whereas the 5d
band of Au lies below the Fermi level and an obvious energy

gap exists from the top of the 5d band to the Fermi level.
With increasing shock pressures and temperatures, the 5d
electronic band of Pt broadens and shifts upward. Thus, the
thermal excitation of Pt 5d electrons will continue to occur
as the shock density and temperature increase, due to the
fact that the 5d band crosses the Fermi level and there is
not an energy gap to overcome like that of Au. As for the
6s band of Pt (left panel), a highly localized state below the
Fermi level can be clearly observed at 29 g/cm3. Also, this
localized state exhibits broadening and an upward shift with
increasing shock density and temperature. Therefore, the 6s
electrons in this localized state will undergo ionization as the
shock temperature and density increase. Based on the above
analysis, we may draw the conclusion that the ionization of
Pt 5d electrons under shock compression would gradually
occur with the increase of shock pressure and temperature.
At the onset of the Hugoniot softening (the density is ∼38.0
g/cm3 and the temperature is ∼31 000 K), the ionization of
6s electrons in the localized state was triggered and driven by
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both pressure and temperature effects, i.e., the pressure broad-
ens and raises the localized 6s band, while the temperature
provides the energy needed for the electrons to transit above
the Fermi level. The superlinear trend of conductivity and
the softening manner of the Hugoniot arise exactly from the
ionization of localized electrons, which contribute substantial
free (ionization) electrons and partially consume the system
energy that should increase the shock pressure.

IV. CONCLUSIONS

In summary, high-precision shock data for platinum in a
wide pressure range from 0.2 to 1.1 TPa have been obtained
by combining the high-Z three-stage gas gun and two-stage
gas gun shock experiments. These data fill the gap between
the previous two-stage gas gun and magnetically driven shock
experiments and provide important constraints for various
theoretical models in the transition region from the con-
densed matter to the WDM. It is found that the recently
developed SESAME3732 models and the AIMD simulations
with PBEsol functional can well reproduce the experimental

data. We observe a softening behavior of the Pt Hugoniot for
pressure beyond ∼1.1 TPa. The ab initio molecular dynamics
simulation results show a sudden increase of conductivity
and free electron number density emerging at the begin-
ning of the Hugoniot softening. Further electronic structure
calculations indicate that the Hugoniot softening may arise
from the thermal excitation (ionization) of the 5d electrons
and the localized 6s electrons in Pt under extreme shock
compressions. The present work is of importance to build
a high-precision pressure standard up to TPa pressures and
provide a fundamental input for modeling the transition region
from condensed matter to warm dense matter, which exerts a
far-reaching impact in the fields of high pressure science, ICF,
astrophysics, and planetary physics.
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