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ABSTRACT

Palladium is one of the most important technological materials, yet its phase diagram remains poorly understood. At ambient conditions,
its solid phase is face-centered cubic (fcc). However, another solid phase of Pd, body-centered cubic (bcc), was very recently predicted in
two independent theoretical studies to occur at high pressures and temperatures. In this work, we report an experimental study on the

room-temperature equation of state (EOS) of Pd to a pressure of 80 GPa, as well as a theoretical study on the phase diagram of Pd including 3
both fcc-Pd and bee-Pd. Our theoretical approach consists in ab initio quantum molecular dynamics (QMD) simulations based on the 3
Z methodology which combines both direct Z method for the simulation of melting curves and inverse Z method for the calculation of 3
solid-solid phase transition boundaries. We obtain the melting curves of both fcc-Pd and bcc-Pd and an equation for the fcc-bec solid- e
solid phase transition boundary as well as the thermal EOS of Pd which is in agreement with experimental data and QMD simulations. We &
uncover the presence of another solid phase of Pd on its phase diagram, namely, random hexagonal close-packed (rhcp), and estimate the &
location of the rhcp-bece solid-solid phase transition boundary and the rhep-fec-bec triple point. We also discuss the topological similarity
of the phase diagrams of palladium and silver, the neighbor of Pd in the periodic table. We argue that Pd is a reliable standard for
shock-compression studies and present the analytic model of its principal Hugoniot in a wide pressure range.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179469
INTRODUCTION Because of this, Pd has the ability to absorb large volumetric quantities
Palladium (Pd) is one of the least studied transition metals. It of hydrogen at room temperat‘ure (T) a:nd atmosp herl.c p ress?.nje (P),
has the lowest ambient melting point and mass density of all the and subsequently formls palladium hydride (PdH;) Wthh.eXhlblts the
six platinum group metals (Ru, Os, Rh, Ir, Pd, Pt). It is soft and nol.nle character of Pd. In fa.ct, Pd can absorb hydrogen ina volume
ductile, and at the same time highly resistant to corrosion and  ratio of up to ~ 1:1000 Wh.lCh correspc')nds. tox~0.7 in the above
scratching. Because of its excellent hydrogen absorption capacity, structure formula. Since x Increases with increasing P, and x = 1
palladium is used in the fields of electronic information technology eventually occurs at high enough P~ or can be achieved by electro-
and medical device manufacturing. In fact, Pd exhibits a number of ~ chemical methods,” it is extremely important to have the accurate
exceptional properties which enable its application in a myriad of ~ knowledge of the high-P properties of Pd including its phase diagram.
hydrogen technologies. Indeed, Pd is the only d-electron transition However, the vast majority of studies on Pd have so far
metals which has all of its electron shells completely filled; its elec- focused on its properties at ambient P, and very little is known
tron shell configuration is [**Kr] 4d'°. Hence, on the outer layer of about its properties under extreme conditions, and its phase
the Pd atom, unlike Pt and other d-electron transition metals, there diagram is poorly understood. At normal P, Pd is a typical face-
are no outer electrons (the s and p orbitals are empty), so it has centered cubic (fcc) metal, and its fcc structure remains stable up
many easily accessible vacancies to be filled by hydrogen atoms. to its ambient melting point (T,,). To the best of our knowledge,
J. Appl. Phys. 135, 075103 (2024); doi: 10.1063/5.0179469 135, 0751031
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only four experimental studies on the equation of state (EOS) of Pd
have been published up-to-date,”” ™ one of them in relation to the
calibration of the ruby pressure gauge,” which all demonstrate the
structural stability of fcc-Pd to a pressure of 182 GPa.” Hence, Pd
could have potentially been used as a pressure calibrant in high-P
experiments as well as a shock standard in shock compression
experiments provided that its structural stability is confirmed
experimentally and both its phase diagram and EOS are known.
We note, however, that the high hydrogen affinity of Pd may be a
large drawback in its practical application as a pressure marker
since hydrogen trace contamination which is very hard to detect
will cause changes in the ambient pressure density. This has been
suggested as a potential reason for the discrepancy in current
experimental EoSs.”

Nonetheless, both the high-P thermodynamic and structural
properties of Pd remain poorly understood. A recent theoretical
study' reveals a structural solid-solid phase transition in shock-
compressed palladium, from the ambient fcc to the high-PT body-
centered cubic (bcc) solid phase. A similar fcc-bee solid-solid
phase transition under shock occurs in both copper''” and
silver,'*'” the Pd neighbors of the periodic table. More recent inde-
pendent theoretical study'* results in the phase digram of Pd
having both ambient fcc and high-PT bcc solid phases such that
the location of the fcc-bcc solid-solid phase boundary is consistent
with the fcc-bec transition point on the Pd Hugoniot from Ref. 10.

It is important to confirm the existing results on the EOS and
phase diagram of Pd in both experimental and independent theo-
retical studies. It is also important to extend our current knowledge
of the melting curve of Pd which has so far been measured in only
one experimental study to 30GPa,”” and very few theoretical
studies of Pd melting at high P are available."”"” A combined
experimental and independent theoretical study aimed at both con-
firming the existing experimental results and extending our knowl-
edge of the phase diagram of Pd to much higher pressures is the
focus of our present work.

EXPERIMENTAL STUDY

For our experimental study of the room-T EOS of Pd, we used
a membrane diamond anvil cell (DAC) with diamonds of 150 um
culets beveled to 300 um. We used a Re gasket with He as a pres-
sure medium. The pressure was determined from a W marker fol-
lowing the calibration of Dewaele et al”’ Pd in powder form was
obtained from Goodfellow (99.9% purity). Angular-dispersive
powder x-ray diffraction (XRD) patterns were collected at the
extreme conditions beamline, 115,”" of the Diamond Light Source,
using a monochromatic beam (29.5keV) focused down to
6 x 9um?. A Pilatus 2M detector was used for data collection. The
sample-to-detector distance was measured following the standard pro-
cedure from the diffraction rings of CeO, and appeared to be around
430mm. In order to extract the diffraction signal from the sample,
masks were applied on a per-image basis, and the images were azi-
muthally integrated using the DIOPTAS suite.”” A Pawley refinement
of the patterns obtained was performed with the TOPAS suite” using
the previously reported parameters as the starting values.

The XRD patterns at selected pressures obtained in our experi-
mental study are shown in Fig. 1. Up to the highest pressure
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FIG. 1. XRD patterns at selected pressures collected in our experiments using
a monochromatic wavelength of 0.420 28 A (energy of 29.5 keV). The Pd (fcc)
and W (bcc) peaks are marked with the corresponding subscripts, and those
from Re (hcp) gasket with asterisks.

measured in the experiment (~ 80 GPa), the Pd peaks can be
indexed with the fcc structure. Thus, fcc-Pd appears to be stable up
to 80 GPa, in agreement with the previous experiments.”’~” The
fcc-Pd unit-cell parameters (lattice constant a and unit-cell volume
V = a’/4) were determined as a function of P; V = V(P) can be

found in Table S1 of the supplementary material. Then, the corre- ¢

sponding experimental T = 300 K EOS was compared to our theo-
retical calculations described in the following section.

THEORETICAL STUDY

Here is the summary of the theoretical methodology used in
our study. The detailed discussion of each of the methods is offered
in the following sections of our paper.

Methods

Our theoretical study of the phase diagram of Pd was carried
out using VASP (Vienna Ab initio Simulation Package).”"”” The
electron core-valence structure of Pd was chosen to be [3°Zn]
4p® 4d", ie., the 16 outermost electrons of Pd were assigned to the
valence. The valence electrons were represented by a plane-wave
basis set with a cutoff energy (ENCUT in VASP) of 437.5 eV, while
the core electrons were represented by projector augmented-wave
(PAW) pseudopotentials. The generalized gradient approximation
(GGA) with the revised Perdew-Burke-Ernzerhof (PBEsol)
exchange-correlation functional”® was chosen for our theoretical
study. This choice was made based on the detailed analysis of
Ref. 27 of the performance of three exchange-correlation function-
als GGA-PBE, GGA-PBEsol, and LDA (local density approxima-
tion) available in VASP as applied to 3d, 4d, and 5d transition
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metals. It was concluded that 3d transition metals are best
described by GGA-PBE while both 4d and 5d ones by
GGA-PBEsol except, perhaps, iridium and gold which are both
described best by LDA. This conclusion has been confirmed in
numerous theoretical studies that followed since then, e.g., PBE for
Cu,'"” PBEsol for Ag,'” and LDA for Au,” and our present study is
no exception. The core radius (the largest value of RCUTs among

those for each of the quantum orbitals) of this 16-electron pseudo-
potential is 2.4 a.u., or 1.27 A. Since numerical errors in the calcula-

tions using VASP remain almost negligible until the nearest
neighbor distance reaches 2 x RCUT/(1.25 + 0.05),” with this
pseudopotential one can study systems with densities up to ~ 40 g/

cm?® (a pressure of ~ 5 TPa).

1. Cold enthalpies and equations of state
Cold (T =0) enthalpies, H=E+ PV (E is energy and V

volume) were calculated for the following six different solid struc-
tures of Pd over the pressure range 0-2500 GPa: (i) fcc, (ii) be,
(iii) hexagonal close-packed (hcp); 2 atoms per unit cell, (iv)
double-hcp (dhcp); 4 atoms per unit cell, (v) triple-hcp (thcp); 6

atoms per unit cell, and (vi) 9R (a-Sm); 9 atoms per unit cell. The

corresponding values of the unit cell lattice constants, their incre-
ments, the total number of points, and the k-point meshes used in

this calculation are listed in Table I.
For hexagonal structures, a is that of the ideal lattice
(¢/a =ny/2/3, where n is the number of atoms per unit cell). At

each g, the unit cell was first optimized to obtain the correspond-

ing values of a and c of the real unit cell; these real unit cells were
used for the calculation of H. With such dense k-point meshes, for
all the six solid structures full energy convergence to <1 meV/atom
is achieved in the entire P range. An example of the convergence
test for fcc-Pd with a lattice constant of 2.86 A (the corresponding
Pis ~ 1.9 TPa) in terms of both E and P as functions of the value

of ENCUT shown in Table S2 of supplementary material demon-
strates exactly that.

2. Melting simulations

Our quantum molecular dynamics (QMD) melting simula-

tions were carried out using the (direct) Z method implemented
with VASP which is described in detail in Refs. 30-32. We used a
500-atom (5 x 5 x 5) supercell for fcc-Pd and a 686-atom
(7 x 7 x 7) supercell for bec-Pd with a single I'-point in either

TABLE |. Numerical values of intervals of the unit cell lattice constants (a), their
increments (A), the total number of points (N), and the k-point meshes used for the

calculation of the cold enthalpies of six different solid structures of Pd.

Solid structure  Interval of a (A) A (A) N  k-point mesh
fcc 2.80-4.00 0.075 17 60 % 60 x 60
bcc 2.20-3.10 0.05 19 75x75x75
hep 1.95-2.80 0.05 18 80 x 80 x 50
dhcp 1.95-2.80 0.05 18 100 x 100 x 30
thep 1.95-2.80 0.05 18 100 x 100 x 20
9R 1.95-2.80 0.05 18 110x110x 15

ARTICLE

pubs.aip.org/aip/jap

case; with such large supercells, full energy convergence, to
<1 meV/atom, was achieved in every case considered. A time step
of 1fs was used for fcc-Pd and 2fs for bee-Pd. The reasons for
choosing a much large supercell and a large time step for bcc-Pd
are discussed below. We simulated six melting points of each of
fce-Pd and bec-Pd, by performing an average of five computer runs
per point (for a total of ~ 60 computer runs for both structures).
For fcc-Pd, the total simulation length was 10000-20000 time
steps, while for bce-Pd 5000-10000, so that the maximum total
simulation time was 20 ps in either case.

3. Solidification simulations

Our QMD solidification simulations were carried out using
the inverse Z method implemented with VASP which is described
in detail in Ref. 31. We used a computational cell of 512 atoms pre-
pared by melting a 8 x 8 x 8 solid simple cubic (sc) supercell
which was chosen in order to eliminate any (geometric) bias
towards solidification into fcc or bec, or any other solid structure.
We used sc unit cells of 2.1, 2.0, 1.95 and 1.85 A; the corresponding
Ps are, respectively, ~ 300, 600, 800 and 1450 GPa. Our NVT sim-
ulations were carried out using the Nosé-Hoover thermostat with a
timestep of 1fs. The solidification Ts were chosen from 2500 to
7500 K for the 2.1 A, from 2500 to 12500 for the 2.0 A, and from
2500 to 15000 K for the 1.95 A supercells, with an increment of
2500 K in each case, and from 1500 to 6000 K for the 1.85 A super-
cell with an increment of 1500 K. Complete solidification typically
required 15 000-25000 timesteps, i.e., from 15 to 25 ps.

THEORETICAL RESULTS:

Cold enthalpies of the solid phases of Pd
Figure 2 shows differences between the enthalpies of the other

T=0
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five solid structures and that of fcc-Pd, its ambient solid structure,

as functions of P.
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FIG. 2. Differences between the cold enthalpies of five solid structures of Pd

and that of fcc-Pd as functions of P.
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It is clearly seen that bcc-Pd becomes the ground state of Pd
on increasing P; the fcc-bcc transition corresponds to ~ 1700 GPa.
This is in agreement with the theoretical study of Ref. 17 which
concludes that fcc remains the thermodynamically most stable
phase of Pd up to at least 1000 GPa. Figure 2 is very similar to
Fig. 2 of Ref. 14 which compares the enthalpies of the other three
solid phases of Pd to that of fcc: the fcc-bec transition corresponds
to ~1900 GPa and the maximum of the bcc-fcc enthalpy difference
also occurs at ~500 GPa and is ~8 mRy/atom, or ~110 meV/atom,
consistent with our calculations. However, we find three hexagonal
polytypes, dhcp, thcp and 9R, which are all more stable than
fcc-Pd above P>1300 GPa and are separated from each other
by ~5meV/atom only. This may suggest the appearance of
random-hcp (rhep) phase as the ground state of Pd in the pressure
interval of ~1300-1700 GPa which is discussed in more detail in
what follows.

Cold equations of state of fcc-Pd and bcc-Pd

Fitting the results on P = P(V) of our cold enthalpy calcula-
tions with the third-order Birch-Murnaghan (BM3) EOS of the
form [in the following p stands for density, in g c¢cm~3, Band B for
bulk modulus, in GPa, and its pressure derivative, and the subscript
0 means (T = 0, P = 0)]

P(p) = % Bo (,,7/3 _ ,75/3) {1 +%(Bg —4) (772/3 - 1)] (1)

where 7 = p/p,, results in the following sets of parameters for the
two solid phases:
fee-Pd: By = 195.0(2.5),

po = 12.09, By = 5.1(1),

bee-Pd:  p, =12.00, By =188.0(2.4), B =5.1(1).
Here the uncertainties in the values of By and Bj are assigned
based on the criterion that variations in these parameters do not
move the resulting fit outside of the 2o interval, where o is the
standard deviation.

In each of the two cases, the BM3 analytic form is expected to
be reliable to ~1 TPa. We note that the two EOSs are very similar
to each other as regards the values of their parameters. Our value
of p, for fcc-Pd virtually coincides with the experimental
12.093 gcm™ (a molar volume of 8.800 cm?/mol),”” and those of
By and Bj for fcc-Pd are in good agreement with By = 189 and
B, = 5.23 from independent theoretical calculations.'” Note that
exactly the same theoretical value of By of 195 GPa was obtained in
Ref. 34, and that the corresponding T =0 experimental values
(from the direct measurements of the eleastic constants of Pd) are
195.4 GPa™ and 195.05.° Because of temperature reduction, the
value of By for the 300 K EOS must be lower than 195 GPa at
T = 0. The two experimental T = 300K values of By are 193.1°°
and 190.01.7° In fact, the pairs of values (By, B,) from the papers
offering experimental room-T EOSs are (162(2),6.2(9)),”
(183.8,5.36) (our own best fit to the data of’), (157(3),9.9(4)) and
(203(3),4)," and (189.3(30),5.473(63)) and (197.5(33),4.996(66)).”
We note that the Vinet functional form of the EOS (which can be
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FIG. 3. Comparison of our cold EOS for fcc-Pd (DFT) to the experimental data
of both our own (this work) and Ref. 7 (Mao et al.) and to the experimental
EOS of Ref. 9 (Frost et al.) in the Vinet form with (B, By) = (189.3, 5.473).

found in the supplementary material) was used in,” the BM3 one in’
(our own fit) and,® and both the Vinet and BM3 ones in.” We also
note that our own experimental data in the 0-80 GPa range can be
very accurately described by the BM3 form with V, = 14.72(4) A3/
atom (a density of 12.005gcm~3), By = 190(3) GPa, and
B} = 5.3(2), consistent with the theoretical values as well as the
experimental values of both Refs. 8 and 9 (the results of Ref. 9 cover
a much larger P interval than those of Ref. 8).

All the previous experimental room-T EOSs and the theoreti-
cal T=0 EOS presented here are compared to each other in

Table S3 of the supplementary material. It is clearly seen that up to ¢

a pressure of 200 GPa agreement is excellent between all the EOSs
except those of Ref. 8. Although the (203(3), 4) EOS of Ref. 8 is
slightly stiffer as it predicts P ~ 170 GPa at a volume for which the
other four predict P ~ 200 GPa, the (157(3), 9.9(4)) EOS of Ref. 8 is
a clear outlier with the corresponding P ~ 300 GPa. This must be
related to its unusually high (for transition metals) B value of 9.9.

Figure 3 compares our theoretical cold EOS of fcc-Pd to the
experimental points at T = 300K obtained by ourselves in the
course of the experimental study described above as well as the five
data points of Ref. 7, and to the experimental EOS of Ref. 9 in the
Vinet form.

As clearly seen in Fig. 3, agreement between theory and exper-
iment is very good. A small shift of the theoretical curve to the left
of the experimental data is because of a small mismatch of volumes
that correspond to the same P at T = 0 (theory) and T = 300K
(experiment) which comes from thermal expansion. With increas-
ing P, this mismatch virtually disappears.

THEORETICAL RESULTS: T>0
“Thermal” equations of state of fcc-Pd and bcc-Pd

The finite-T counterparts of the above two EOSs can be
written approximately as

€€:9¢€°1.Z ¥20T dunr 92

J. Appl. Phys. 135, 075103 (2024); doi: 10.1063/5.0179469
© Author(s) 2024

135, 075103-4


https://doi.org/10.60893/figshare.jap.c.7021680
https://doi.org/10.60893/figshare.jap.c.7021680
https://pubs.aip.org/aip/jap

Journal of

. . ARTICLE pubs.aip.org/aip/jap
Applied Physics
TABLE Il. The six ab initio melting points of fcc-Pd, (P, T+ AT,), obtained from fcc-Pd, p = 17.214 glcm®
the Z method implemented with VASP. T —— .
- 20000 .
Lattice Density p, P, from T, AT, H ]
constant (A)  (g/cm®)  (GPa) (1)and (2) (K) (K) [; ¢ To=19375K
4.00 11045 260  —2610 1680 1750 € isgeolt | 07 20000K ]
3.70 13.955 70.8 70.81 4490 175.0 % e To = 20625 K
3.45 17.214 225 2249 8010 3125 § :
3.25 20.591 492 492.5 12310 3125 £ P 1
3.10 23.727 864 863.8 16890 375.0 V= 100001 1
3.00 26.180 1252 1252.1 20860 375.0 t
I ]
5000 7\ L 1 L \7
Plp, T)=Pp) +aT, agp =6.8x1073GPa/K, 0 5000 10000 15000 20000
Qpec = 8.0 X 10—3 GPa/K. (2) Duration of QMD run (number of time steps, fs)
The two values of a in (2) were chosen to match the two ambient FIG. 4. The melting point (225GPa, 8010K) of fcc-Pd at a density of
melting points the p-T coordinates of which are, respectively, 17.214 g cm=3: melting T from ab initio Z method impIemented with VASP.

(11.18, 1828) from experiment,33 and (11.24, 1155) from the
extrapolation to P = 0 of our QMD data on the melting curve of
bee-Pd discussed in what follows.

This form of the thermal EOS does not take into account the
T-dependence of the bulk modulus, and/or the P- (or T-)depen-
dence of the thermal expansivity, and is therefore approximate. Yet,
it is relatively simple and allows one to easily estimate the value of
p at the corresponding P and T. For instance, comparison of the
values of the melting P (P,,) that these two “thermal EOSs” give

least 1024-atom (8 x 8 x 8) is required for bcc-Fe. In our case,
such a critical size may be 7 x 7 x 7, since the signature of a
mechanical instability disappears for a larger 686-atom (7 x 7 x 7)
supercell which we used for our simulations of bce-Pd. Since for
this supercell the total number of valence electrons exceed 10 000,
QMD simulations become extremely time consuming. Hence, a
time step of 2fs was chosen for the simulations of bcc-Pd, com-

while using the corresponding ps and melting Ts (T,) to those pared to 1 fs for those of fcc-Pd, in order to partly offset their com- 5
that come directly from QMD melting simulations clearly demon- putational cost. s
strates that Eq. (2) is virtually exact along the melting curves of The pairs of Figs. 4-7 offer examples of our Z method melting S
both fee-Pd and bec-Pd. The comparison can be found in Tables 1 simulations. They correspond to the third of the six T,,s for both x
and I1. The fact that Eq. (2? is virtually exact along the two mefltir}g fec-Pd and bee-Pd, and demonstrate the time evolution of T and P, &
curves al‘lows one to obtain both densities at the fcc—bcc—h.q.uld respectively, during the corresponding computer runs. @
triple point and calculate the initial slope of the fcc-bec transition Figures 6 and 7 exemplify the behavior of T and P, respec-
boundary, which is discussed in more detail below. tively, during a QMD run. During the entire Tp = 20875K run,
Melting curves of fcc-Pd and bcc-Pd
3

We found out that the use of a 512-atom bcc-Pd supercell R ‘ fC‘C_P‘d"‘)ﬂ‘?'z‘M?/cn? R
(such a supercell was used in our study on the phase diagram of 2300 15 ]
Ag'’) does not ensure accurate results on the bcc-Pd melting curve, I
because the corresponding melting simulations exhibit a signature [
of a mechanical instability, namely, during the QMD runs of 2200 ]
bee-Pd both P and T drift away from ther average values deter- 5 :
mined by the corresponding P-T conditions of the run. This may = F: ]
be the consequence of the facts that (i) bcc-Pd is mechanically 2 21000 ¢ To=20625K ]
unstable in the range of P considered in this work, and (ii) unless it & :®  To=20000K
is fully mechanically stable, a supercell of a size larger than the crit- 20001 o  To=19375K ]
ical one is required to simulate its thermodynamic behavior cor- : ]
rectly. According to Ref. 14, bce-Pd is mechanically unstable below N ]
~500 GPa at low T and becomes fully mechanically stable in the 1900 - ‘ ‘ . ]
whole 0-T), interval of T at P> 600 GPa. According to Ref. 17, 0 ‘ ‘5000‘ ‘10000‘ ‘15000 ‘ ‘20060
bee-Pd is mechanically unstable even in a wider range of P, at least Duration of QMD run (number of time steps, fs)
up to 800 GPa. The treatment of bcc-Fe of Ref. 37 gives a good
example of the critical size of the supercell for the correct descrip- FIG. 5. The same as in Fig. 4 for meling P (in kbar: 10 kbar = 1 GPa)
tion of the temperature-stabilized bcc structure: a supercell of at ' i
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bce—Pd, p = 17.956 g/cm®
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Duration of QMD run (number of time steps, 2 fs per time step)

FIG. 6. The melting point (292 GPa, 9850K) of bcc-Pd at a density of
17.956 g cm=2 : melting T from ab initio Z method implemented with VASP.

the system remains a superheated solid since during the 20 ps of
running time both the average T and P do not change. Melting
occurs during the Tp =21500K run: it starts after ~15ps of
running time and shows up as the decrease of average T from
~11000 to 9850 K and the corresponding increase of average P
from ~290 to 292 GPa; the melting process takes about 2 ps. The
simultaneous increase in T and decrease in P happen because
during the QMD run the total energy, E~ kg T + PV, is con-
served, and V is fixed. For the same reason, Figs. 6 and 7 appear to
be “mirror images” of each other; see Ref. 32 for more detail. In the
run with Ty = 22125K, melting starts after 3 ps of running time,
but for higher Tj it will start even faster, sometimes immediately
after the beginning of the QMD run.

The results of our melting simulations are summarized in
Tables II and III. The errors in melting T (T,,) are half of the

bce—Pd, p = 17.956 g/em®

2050 T L A N
2900 [ (1%
gL ]
< 2850 - ]
g © e To=20875K
@ 2800F e To=21500K B
T e To=22125K
2750 -; g
L B

L L Il Il L L Il Il L L
0 2000 4000 6000 8000 10000

Duration of QMD run (number of time steps, 2 fs per time step)

FIG. 7. The same as in Fig. 6 for melting P (in kbar; 10 kbar = 1 GPa).
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TABLE lIl. The six ab initio melting points of bce-Pd, (P, T,*AT,,), obtained
from the Z method implemented with VASP.

Lattice Density P, P,, from T, AT,
constant (A)  (g/em®)  (GPa) (1)and (2) (K) (K)
3.1 11.864 14.1 14.10 2030 175.0
2.9 14.491 99.2 99.15 5230 175.0
2.7 17.956 292 291.9 9850 312.5
2.6 20.109 471 471.4 13150 3125
25 22.620 751 750.7 17480 375.0
24 25567 1189 1189.5 23190 375.0

increment of the initial T for a series of computer runs at the cor-
responding density.”> We chose these increments to be 350 K for
the first, 625K for the second, and 750 K for the third pair of the
T,, points in each of the two cases. The corresponding T, errors
are listed in the tables as AT,. The errors in melting P (P,)
are negligibly small, of order 1-2 GPa in each case. Included in
Tables II and III are also the values of P,, that come from each of
the thermal EOSs (1) and (2) at the corresponding T)s.

The Dbest fits of the Simon-Glatzel form T,,(P)
=T,(0)(1+P/ a)h to the six QMD datapoints of Tables II and I1I
represent the corresponding melting curves,

P 0.58
T Pd(p) = 1828 (1 + 19—1) (3)
and
P 0.62
7o Pd(p) = 1155 (1 + E) ) (4)

Both the melting curves (3) and (4) are shown in Fig. 10 below as
blue and green lines, respectively.

Since at higher P the melting curve of bce-Pd is higher than
that of fcc-Pd, bec-Pd is thermodynamically more stable than
fcc-Pd and is therefore the actual solid phase of palladium. The two
melting curves cross each other at (P in GPa, T in K) (P, T)
= (106.6, 5452) which is the fcc-bcc-liquid triple point.

4. Initial slope of the melting curve of Pd

Our value of dT,,/dP at P =0, the initial slope of the
melting curve of Pd, comes from Eq. (3): 55.5 K/GPa. It is in the
middle of the ~40-64 K/GPa range of the values available the liter-
ature: 39.5 (theory,'”), 45.7 (experiment,'”), 49.5 (classical MD,"*),
50 (classical MD,“’), and 64.0 (theory,Sg); the extremely small value
of ~20 K/GPa for the Pd melting curve of Ref. 17 is omitted. It can
be compared to the value arising from the Clausius-Clapeyron
(CC) formula dT,/dP|p,_y = TmAV,/AH,,, where AV, and
AH,, are the molar volume and enthalpy changes at melt,
respectively. The literature data on AH,, from" lie in the range of
16.74-17.46 kJ/mol, i.e., 17.10 4+ 0.36 k]/mol. Arblaster’s most
recent re-assessment of all the available thermophysical data on
Pd available in the literature® produced the AH,, value of

€€:9¢€°1.Z ¥20T dunr 92

J. Appl. Phys. 135, 075103 (2024); doi: 10.1063/5.0179469
© Author(s) 2024

135, 075103-6


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

17.34 + 0.73 kJ/mol which includes the above range from Ref. 4
and which we adopt for our estimate of the initial slope of the Pd
melting curve. The value of AV,, from direct experimental mea-
surement of the Pd thermal expansion across T, is 0.506 cm®/mol
(10.0103 down to 9.5043),” while Ref. 40 gives 0.46 cm?/mol (9.98
down to 9.52). Hence, we adopt AV,, = 0.483 + 0.023 cm?®/mol.
Finally, dT,,/dP|,_, = 1828 x (0.483 + 0.023)/(17.34 + 0.73) =
51.0 + 4.6 K/GPa, which our value of 55.5 is consistent with at the
upper limit.

fcc-bece solid-solid phase transition boundary in
palladium

We now discuss the fcc-bee solid-solid phase transition boun-
dary in palladium. We start our discussion with the value of its
initial slope.

5. Theoretical estimate of the initial slope of the fcc-
bcc transition boundary

The similarity of the numerical values of p,, Bj, and 36 for
the two EOSs as well as those of the corresponding as implies that,
in view of the CC formula, if the fcc-bee phase transition in Pd
does occur, at the transition (P, T) the values of the two volumes
are expected to be close to each other, thus the corresponding
volume change is small, which results in the fcc-bcce phase transi-
tion boundary being relatively flat (that is, a variation of T over a
wide interval of P is expected to be small and can be well approxi-
mated by a horizontal line); in fact, our theoretical phase diagram
of Pd shown in Fig. 10 demonstrates that along this phase boun-
dary T varies within ~ 1000 K only over a P range as wide as
1000 GPa.

The formula for the initial slope of a solid-solid phase transi-
tion boundary at the solid;-solid,-liquid triple point was derived
in our previous work,"’

(V, = V)T, T,
(Vo= V)T + 8V (T - T})’

T, = (5)
where V; and V; are, respectively, the volumes of solid; and solid,
at the triple point, and ¢ is the volume change at melt of solid;, so
that the corresponding liquid volume is V; = (14 8)V;. Also, T;
and T} are the slopes of the two melting curves at the triple point
(where they cross each other). In the case of Pd, the values of V;
and V, come from the corresponding thermal EOSs, and those of
T; and T, from the corresponding melting curve equations,
Egs. (3) and (4), at (P, T) = (106.6, 5452) of the fcc-bec-liquid triple
point.  Specifically, V; = 7.1414 cm®/mol, V, = 7.2547 cm®/mol
(ie, V» > Vy, thus the phase boundary has a positive slope), and
T; =25.1585K/GPa and T, =29.1171K/GPa. It is argued in
Ref. 41 that at P ~ 80-100 GPa volume change at melt of fcc-Cu
decreases by a factor of ~ 2. Assuming that the behavior of 6 = 6(P)
for fcc-Pd is similar to that of fcc-Cu (the same assumption was made
in our study of Ag"’ and appeared to be fully justified by comparison
to the results of other independent theoretical method), and taking
into account that, as discussed above, at P =0 & >~ 0.05, we can
expect that at the Pd fcc-bec-liquid triple point § ~ 0.025. For our
estimate of T;, we assume that at the Pd fcc-bec-liquid triple point
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0.02 < & <0.03. Then, Eq. (5) gives T}, =23.4 + 1.0K/GPa.
Thus, the initial slope of the fcc-bee solid-solid phase boundary is
2~ 23 K/GPa.

6. Inverse-Z simulations on the P-T location of the fcc-
bcc transition boundary

The above discussions of the melting curves of fcc-Pd and
bee-Pd and the fec-bec solid-solid phase transition boundary leads
us to conclude that (i) the initial slope of the fcc-bee solid-solid
phase transition boundary is ~ 23 K/GPa and (ii) the boundary is
relatively flat. To further constrain the P-T location of this boun-
dary, and to shed more light on the location of another solid-solid
phase transition boundary on the phase diagram of Pd, namely, the
rhep-bec one, we carried out two sets of inverse Z runs to deter-
mine which solid structure liquid Pd solidifies into. Since the solid-
ification kinetics is approximately governed by the factor
exp{AG/T}, where AG = G; — G; is the difference between liquid
and solid Gibbs total free energies at the solidification temperature
T;, in the case of several energetically competitive solid phases the
most stable solid phase has the largest AG and must therefore be
the fastest to solidify. Hence, the inverse Z method is expected to
yield the most stable solid phase at a given (P, T).

Examples of the actual RDFs of fcc-Pd and bec-Pd solidified
from sc-based liquid with a=2.0A can be found in the
supplementary material (Figs. S1 and S2). The final states of the
solidification of liquid Pd are shown in Fig. 10 as filled blue and
green circles, respectively, for fcc and bec, and a filled red circle for
rhep.

7. Analytic form of the fcc-bcc solid-solid phase transi-
tion boundary

A simple analytic form of the fcc-bee solid-solid transition |

boundary which (i) crosses the triple point (P in GPa, T in K)
(P, T) = (106.6, 5452), (ii) has an initial slope of 23 K/GPa and
(iii) takes into account the results of the inverse Z solidification
simulations is

T(P) = 5452 + 23 (P — 106.6) — 7.4 (P — 106.6)"'Y7.  (6)

The choice of this specific functional form is justified by its use in
our previous studies on similar fcc-bec solid-solid transition boun-
dary in both Cu'” and Ag'” and is supported by the corresponding
ab initio results. The phase boundary (6) is shown in Fig. 10.

The results of the previous section demonstrate that at the
triple point the slope of the Pd melting curve increases slightly, by
~15%, from 25.2 K/GPa on the fcc side to 29.1 K/GPa on the bcc
side, similar to the case of Ag in which the change of slope at the
fcc-bee-liquid triple point is ~10%."

High-pressure polymorphism in Pd

Our cold enthalpy calculations (Fig. 2) imply that in the
~ 1.3-1.9 TPa P range another solid phase of Pd, in addition to fcc
and bcc, can exist, namely, thcp or 9R, which are separated from
each other by a mere 5 meV/atom. These two structures are typical
examples of hexagonal polytypes, ie., hexagonal structures which
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differ from each other by the staking sequence of the atomic layers:
hep (AB...), fcc (ABC...), dhcp (ABAC...), thep (ABCACB...), 9R
(ABCBCACAB...), etc. In this respect, the high-P polymorphism
in Pd can be considered as a polytypism, i.e., a transition from one
hexagonal polytype (fcc) to another (thcp or 9R). Typically, struc-
tures with different stacking sequences are energetically very close
to each other; e.g., thcp and 9R in Fig. 2 are within 10 meV/atom.
Hence, the energy cost of forming a stacking fault between two
such structures is virtually zero. Consequently, the actual layer
stacking could be non-periodic and, in principle, random. A ran-
domly disordered hexagonal close-packed (rhcp) structure was
hypothesized to be the high-PT physical phase of Pt’' and/or Ir,"”
as well as the high-P solid phase of Ag at low T."” A structure
similar to rhcp was conjectured to be the most stable solid phase of
Fe at Earth’s core PT conditions.”’ For the same reason, rhcp may
find itself on the phase diagram of palladium.

8. The rhcp-bcc solid-solid phase transition boundary
and the rhcp-fcc-bcec triple point

To shed more light on the issue of the existence of rhcp-Pd
discussed above, we carried out a set of inverse-Z simulations using
sc-based liquid with a = 1.85 A which corresponds to a pressure of
~1450 GPa. The RDF of the state solidified at 1500 K is shown in
Fig. 8, and of those solidified at 3000, 4500, and 6000 K in Fig. 9.
Although the RDFs shown in Fig. 9 clearly correspond to bcc,
except perhaps that at 3000 K, the RDF of the state solidified at
1500 K is of hexagonal type. Figure 8 compares it to the RDFs of
both (pure) fcc-Pd and hcp-Pd simulated at the same P-T condi-
tions. It is clearly seen that, although this state has certain features
of both fcc and hcep, e.g., the tallest peak at R ~ 35 of its RDF is
identical to that of fcc while the peak at R ~ 60 is very similar to
that of hcp, it is neither pure fcc nor pure hcp but rather their

Pd, p = 27.9 glem®, T = 1500 K

I
al ]
= rhcp
3 — hep ]
[ fce
ol ]
1k A
0 1‘4‘ e e e
0 50 100 150 200 250

R, in units of 0.0625 A

FIG. 8. RDFs of the final state of the solidification of liquid Pd at a pressure of
~1450 GPa at T = 1500 K compared to those of both fcc-Pd and hcp-Pd simu-
lated at the same P-T conditions.
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bee-Pd, solidified from sc-based liquid with a = 1.85 A
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FIG. 9. RDFs of the final states of the solidification of liquid Pd at a pressure of
~1450 GPa at higher temperatures.

mixture. In fact, its peak at R ~ 80 is virtually the average of those
of fcc at R ~ 75 and hcp at R ~ 85. The exact RDF of rhcp is not
known (e.g., it cannot be simulated with any existing code which
uses periodic boundary conditions, such as VASP), but since rhcp
is often assumed to be a mixture of fcc and hep,”* we tentatively
assign the rhcp structure to the 1500 K state. As for the 3000 K
state, its short-range order (smaller-R) peaks are definitely bcc-like,
but its long-range order (larger-R) peaks are smeared, which may
indicate a mixture with rhep, or even with both fcc and rhep. Thus,

this state must be very close to the rhcp-bcc transition boundary, :
and perhaps to the rhcp—fcc-bec triple point as well. Our tentative

rhep-fee and rhep-bece solid-solid phase transition lines shown in
Fig. 10 demonstrate exactly that.

Ab initio phase diagram of palladium

Now we combine all the results of the previous sections of this
work to construct the theoretical ab initio phase diagram of palla-
dium which is shown in Fig. 10.

Also shown in Fig. 10 is the Pd principal Hugoniot that we
calculated theoretically,

Tu(P) = 293 + 1.41 x P>, 7)

It crosses the fcc-bec phase transition boundary at (P, T)
= (225.0, 6202.5), which is our theoretical prediction. The
Hugoniot melting point corresponds to the intersection of the
bece-Pd melting curve (4) and the above Hugoniot: (P, T) =
(318.3, 10377), which is also our theoretical prediction. This
Hugoniot melting point is consistent with ~ (340, 9400) of Ref. 14.

The solid-solid phase transition boundary (6) and the two
melting curves (3) and (4) define the topology of our ab initio
phase diagram of Pd shown in Fig. 10. This phase diagram looks
similar to the ab initio phase diagram of Smirnov.'* We note that
the solution of the equation T(P) = 0 with T(P) defined by (6) is
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FIG. 10. The theoretical ab initio phase diagram of Pd to 1.5 TPa. The melting
points as open circles, the final states of solidification as filled circles, and the
melting curve as a solid line are shown in blue for fcc and in green for bec. The
fcc-bee (solid black curve), and rhep-fec and rhep-bee (dashed black curve)
solid-solid phase transition boundaries are calculated based on the results of
the inverse Z method simulations. The theoretical melting curve of Pd is a com-
bination of fcc and bcc segments, below and above the fcc-becliquid triple
point at ~100 GPa, respectively. The Pd principal Hugoniot is also shown as a
thin black curve.

P =1806.7GPa = 1.8 TPa, in agreement with the fcc-bcc transi-
tion point from our cold enthalpy calculations (Fig. 2). Thus,
Eq. (6) can be considered at least as a good approximation for the
actual fcc-bee solid-solid phase transition boundary in the entire
range of P that this phase boundary covers.

9. Topological similarity of the phase diagrams of pal-
ladium and silver

The phase diagram of palladium presented in this work and
that of silver from Ref. 13 appear to be topologically similar, which
is clearly seen from comparing Fig. 10 of this work and Fig. 5 of
Ref. 13. It is well known that the phase diagrams themselves can be
topologically similar (look-alike) or, in some cases, even topologi-
cally equivalent. The phase diagrams of Ti, Zr, and Hf are topologi-
cally similar; their only difference is in the slopes of the solid-solid
transition boundaries between the three solid structures found on
each of the three phase diagrams: hcp, hexagonal omega (hex-
omega), and bcc. The phase diagrams of Si and Ge are topologically
equivalent at low P: both contain semiconducting diamond and
metallic tetragonal 3-Sn solid structures, and the slopes of the cor-
responding solid-solid and solid-liquid phase boundaries are
almost identical.”” The topological equivalence of the phase dia-
grams of Mo and W is discussed in detail in Ref. 46, and the topo-
logical similarity of those of Ta and Nb was also noted.”” In the
case of Mo and W, the reason for their topological equivalence
may be that the electronic wave functions of Mo and W and of
their group 5B partner Cr are such that, with decreasing volume
(increasing P), they become more spherically symmetric, which
favors a higher atomic coordination number than 8 as that for bcc,
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their ambient solid phase and, correspondingly, a more symmetric
structure than bec. In both Mo and W the high-P structure appreas
to be dhcp, while in Cr it is hcp.’18 In contrast Mo, W, and Cr, the
electronic wave functions of V, Nb, and Ta are such that, with
decreasing volume, they become less spherically symmetric, which
favors a lower atomic coordination number than bec’s 8 and, corre-
spondingly, a less symmetric structure than bcc, e.g., an ortho-
rhombic one. This appears to be in agreement with the fact that, in
both Nb*" and Ta,”' the high-P equilibrium solid structure is
orthorhombic Pnma. In our case of Pd, the reason for the topologi-
cal similarity of its phase diagram and that of Ag, its neighbor in
the periodic table, may again be the electronic structure of both
substances which may be responsible for basically identical inter-
atomic interactions in either case. More specifically: the Coulombic
origin of the pair-interaction term suggest the parametrization of
pair interactions between atoms of types A and B in terms of the
corresponding effective charges, ¢,5(R) = Z4(R) Zg(R)/R, where
R is interatomic separatoin. As the detailed analysis of Ref. 34
shows, the effective charges of both Pd and Ag as functions of
interatomic separation R are very close to each other and, in fact,
virtually identical for R> 4 A. Thus, the corresponding interatomic
interactions are similar to each other and must lead to the appear-
ance of similar solid structures on the two phase diagrams and, as
a result, to the two phase diagrams being similar to each other.

PALLADIUM AS A SHOCK STANDARD

Despite being polymorphic, Pd can be considered as a reliable
SW standard. Indeed, (i) Pd is a plastic material, so that the charac-
teristics of its both shock and static compression agree well with
each other, (ii) when melted, Pd undergoes a minor volume
change, so that its shock compression characteristics change very

little across melting on the Hugoniot, and (iii) the SW characteris- ¢

tics of both fcc-Pd and bec-Pd are expected to be virtually identical
to each other. This is so because (i) the EOS parameters of both
fcc-Pd and bec-Pd listed under Eq. (1) are very similar; in particu-
lar, the two values of ¢ differ from each other by 1.5% only while
the two values of b are identical, and (ii) the volume change at the
fcc-bee solid-solid phase transition on the Hugoniot is also very
minor, because in the vicinity of the Hugoniot transition point the
fece-bee boundary is virtually flat (dT/dP = 0). Hence, in particu-
lar, T as a function of P along the Hugoniot should not change
much across the fcc-bee transition. This is why the Pd principal
Hugoniot in the P-T coordinates, Eq. (7), discussed above can be
used as a common Ty(P) for both fcc and bee.

Here, we present the analytic form of the principal Hugoniot
of Pd which can be used as a standard in shock compression exper-
iments. It is given in the analytic framework established in our pre-
vious publications.49’5() In this framework, a wide P range is divided
into three regimes, and the Hugoniot is constructed in each of
these regimes and then interpolated smoothly between them. These
regimes are (i) the low-P regime in which the Hugoniot is
described by U; = C+ BU,, where U, and Us are particle and
shock velocities, respectively, and the values of C and B come from
the experiment, (ii) the intermediate-P regime where the Hugoniot
is described by the Thomas-Fermi-Kalitkin (TFK) model
U=c+b Up+a U;, with the values of ¢, b and a determined
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virtually for all Zs, and (iii) the high-P regime in which the
Hugoniot is described by the Debye-Hiickel-Johnson (DH]J)
model. The only assumption was made that the principal Hugoniot
is governed by some function Us; = Us(U,) (which is linear at low
P and quadratic at intermediate P; its high-P form was established
in®’) and that this function is continuous and smooth (the first
derivative dU;/dUj, is continuous) at all Up. Then it follows from
the Rankine-Hugoniot (RH) relations*’ that compression ratio,
pressure and internal energy are all continuous and smooth as well.
No other assumption, and no additional free parameter except the
six mentioned above, C, B, ¢, b, a4, and Z, are required for the
construction of the analytic model of the principal Hugoniot. In
order to match the next regime, the linear form of the low-P
regime is modified into U; = C+ B U, +A Ulf, where A is an addi-

tional, 7th, parameter which introduces a very small non-linearity
(A~10"2s/km) and is obtained using the formula
A=a—(B-b?*/(4(c-0C)."

10. Analytic model of principal Hugoniot

Here is a brief summary of the new analytic model, as per
Ref. 49. The new model is based on the following representation of
the shock velocity Us as a function of the particle velocity U, over
the three U, intervals which is continuous and smooth from one
interval to the next,

. 2(c—0)
— 2 —
U=C+BU+ AU, 0<UpsU=——2= @
U=c+bUy+al}, U, <U,<U,), ©)
=9ty 40 U, > U’ (10)
o f 3P i+ fu, P

The corresponding expressions for P along the principal Hugoniot
are

4p,C*n(n—1)
n—Bn—1)+v[n—B1— D —4AC(— 17}
0<U, <,

pP=

(11)
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4potn(n—1)

P= 5>
=b=D+VIn-bm - —4actr-1} ),
* max __ Cc
U sUp s U™ =y
b 4pycin(n—1)
— .
m—bm—1)—In—bn—1DI—4acih— 1)} 1)
U;naXSUPSUP,
Py N n—1 ?
p=to T ,/12dé+1—1>,
4f211—1( n—4 (14)
U, > U,

which define pressure along the Hugoniot as a continuous and
smooth function of compression ratio n=p/p,, where p is
density and the subscript 0 indicates the initial (unshocked) state.
In the above formulas, 0 < U, < U; corresponds to the low-P
regime, and U™ < U, < U," and U, > U, to the med-P and
high-P regimes, respectively. The value of U," is found from the

equation™’

4\ . v’ 4 -
{c-l—(b—g) U, +aUP2] :L(b—§+2aUP). (15)

Here L = 2/3E, where E = Ec, + Egis + Eion is the sum of cohe-

sive, dissociation and ionization energies in going from ambient

Tto T — 00." Thus, L = 2/3E =~ 2/3 Eion, since Ejon 3> Ecop and

Eion > Egis. The (very accurate) formula for L as a function
of Z is"

875 7>4 km) *

( ) . (16)

T 274000622 \ s

In these formulas for P, U; <y < U;l“" and U;,“a" <y
< U," correspond to the two sub-regimes of the med-P regime,
namely, those below and above the turnaround point of
Uy = \/c/_a.49 Here the turnaround point is the point of the
maximum compression: at this point the 1= n(U;) behavior
changes from increasing with U, to decreasing with U,. It
corresponds t0  Prax = P(fpay) ~ 1-10 Gbar  (10-100 TPa, or
0.1-1 PPa); typically, Py increases with Z.

TABLE IV. Numerical values of the parameters for the analytic model of the principal Hugoniot for the Pd shock-wave standard.

VA Po C B A x10% c b

ax10° L d

* ok

3
fx10 U, U U,

46 12.00 4.016 1525 -—1.41497 6.07673 1.18251

8.05916 817894 227592 5.27509

12.0339 2745938 1198.93
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Pd On the experimental side, we have obtained the EOS of fcc-Pd
Co T to 80 GPa and the corresponding XRD patterns at selected Ps
which are shown in Fig. 1. On the theoretical side, we have con-
structed the phase diagram of Pd to 1.5 TPa, using a suite of ab
initio QMD simulations based on the Z methodology which com-
bines both the simulation of melting curves using direct Z method
2 and the calculation of solid-solid phase boundaries using inverse Z
method. We determined that the phase diagram of Pd contains
1 another two solid phases, bec and rhep, in addition to fec, its solid
phase at ambient conditions. We have calculated the melting curves
of both fcc-Pd and bce-Pd, determined the location of the fcc-bce—
liquid triple point, and obtained an equation for the fcc-bcc solid—
| solid phase transition boundary. We also estimated the location of
T T S the rhep-fec and rhep-bee solid-solid phase transition boundaries
1 2 3 4 at low T and TPa pressures, and the rhcp-fcc-bec triple point.
Compression Further refinement of this theoretical phase diagram, including its
extension beyond 1.5 TPa and the more accurate determination of
FIG. 11. The principal Hugoniot of Pd: our analytic form vs the theoretical the rhep-bec transition boundary will be the subject of our subse-
results of Al'tshuler et al. of Ref. 51 (Altshuler et al.), the Pd Hugoniot from quent studies.
TEFIS database™ (TEFIS) and our theoretical calculations using the The thermal EOSs for both fcc-Pd and bece-Pd that we pre-
Thomas-Fermi model with corrections (Thomas-Fermi Corr.). sented in this work appear to be in agreement with both experi-
mental data and QMD simulations. Our theoretical phase diagram
of Pd can be considered as the refinement of that by Smirnov'* as
11. Principal Hugoniot of Pd it extends the latter to much higher P and incorporates another
solid phase of Pd, namely, rhcp.
We have also presented the analytic model of the Pd principal
Hugoniot which may serve as a standard for experimental shock-
compression studies.

108 - ¢  Thomas-Fermi Corr.
+ o~ TEFIS
108 = Al'tshuler et a/.

- =  present model

104 -

Pressure (GPa)

100

(&)
o

Our calculations, using the methodology of,*””” result in the

set of parameters for the Pd Hugoniot which are listed in Table IV.

Figure 11 compares the principal Hugoniot of Pd calculated
using the analytic model of Refs. 49 and 50 with the parameters
from Table IV to (i) the theoretical results of Al'tshuler et al. of
Ref. 51, (ii) the Thomas-Fermi model with corrections (TFC),” SUPPLEMENTARY MATERIAL
and (iii) the Pd Hugoniot from TEFIS database.”>* For the TFC
simulations, Lambert’s orbital-free molecular dynamics (OFMD)
code used, e.g., in a study on the transport properties of lithium
hydride,”” was modified appropriately. These simulations are
similar to those of Ref. 56 for platinum. The (V, P) points that
map out the Hugoniot (presented in the n-P coordinates upon con-
version of the (V, P) points into the (1, P) ones) are found from
the RH relation for internal energy: E — Eg = P (Vy — V)/2.

It is seen that our analytic form of the Pd principal Hugoniot
is in excellent agreement with both the results of Ref. 51 and the

TFC model, but is not consistent with the TEFIS Hugoniot at final states of the solidification of liquid Pd at a pressure of

1>4.5. Possible reasons for the devia.tion of the TEFIS Hugoniqts ~ 600 GPa at higher temperatures of 7500, 10000, and 12 500 K
from the vast majority of the theoretical models were analyzed in (Fig. S2).

Ref. 57 where it was concluded that this deviation may be the arti-
fact of the interpolation scheme used for their construction.
Specifically, this interpolation scheme is the scheme used in ACKNOWLEDGMENTS
Refs. 58 and 59 for the interpolation between the portion of the
Hugoniot below and across the turnaround point described by the
TFK model and that above the turnaround point which incorpo-
rates electron shell effects; such shell effects are clearly seen in
Fig. 11 in the vicinity of the turnaround point.

This section contains atomic volume of fcc-Pd as a function of
pressure in our experimental study described in the main text
(Table S1), the results of convergence test: dependence of both
energy per atom (E) and pressure (P) on the cutoff energy
(ENCUT) for a fcc-Pd unit cell with a lattice constant of 2.86 A
simulated using a 60 x 60 x 60 k-point mesh (Table S2), compari-
son of the T = 300K equations of state of Refs. 2, 8 and 9 to the
T = 0 one presented in this work (Table S3), RDFs of the final
states of the solidification of liquid Pd at a pressure of ~ 600 GPa
at lower temperatures of 2500 and 5000 K (Fig. S1), RDFs of the
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