RESEARCH ARTICLE | AUGUST 15 2024
Improving equations of state calibrations in the toroidal DAC

—The case study of molybdenum @

C. C. Zurkowski & @ ; R. E. Lim @ ; 0. S. Pardo @ ; E. F. O’ Bannon, lll ® ; K. Glazyrin © ; P. Séderlind @ ;
Zs. Jenei ©

’ @ Check for updates ‘

J. Appl. Phys. 136, 075901 (2024)
https://doi.org/10.1063/5.0223794

) CHORUS

@ B

View Export
Online  Citation

Applied Physics

Y
o
©
-
-
-
@)

ﬂ

Articles You May Be Interested In

The stress state in bismuth to 298 GPa and its use as a pressure transmitting medium and pressure
marker at multi-megabar pressures

J. Appl. Phys. (June 2023)

Effects of self-irradiation on deuterium retention and reflectivity of molybdenum, fusion plasma-facing
material: Combined experimental and modeling study

J. Appl. Phys. (September 2022)

Effect of small pre-strain on the resistance of molybdenum [100] single crystal to high strain rate
deformation and fracture

J. Appl. Phys. (March 2022)

£ Bublishing Journal of Applied Physics

Special Topics Open

for Submissions

AIP earn ore
£ Publishing Lot

00:9L:€L G20z Asenuer Lz


https://pubs.aip.org/aip/jap/article/136/7/075901/3308142/Improving-equations-of-state-calibrations-in-the
https://pubs.aip.org/aip/jap/article/136/7/075901/3308142/Improving-equations-of-state-calibrations-in-the?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-2172-3040
javascript:;
https://orcid.org/0000-0001-9913-4348
javascript:;
https://orcid.org/0000-0003-3964-9272
javascript:;
https://orcid.org/0000-0002-9341-5090
javascript:;
https://orcid.org/0000-0002-5296-9265
javascript:;
https://orcid.org/0000-0002-3638-6617
javascript:;
https://orcid.org/0000-0003-4347-1251
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0223794&domain=pdf&date_stamp=2024-08-15
https://doi.org/10.1063/5.0223794
https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0223794/20113692/075901_1_5.0223794.am.pdf
https://pubs.aip.org/aip/jap/article/133/24/245904/2900503/The-stress-state-in-bismuth-to-298-GPa-and-its-use
https://pubs.aip.org/aip/jap/article/132/12/125902/2837653/Effects-of-self-irradiation-on-deuterium-retention
https://pubs.aip.org/aip/jap/article/131/9/095903/2836641/Effect-of-small-pre-strain-on-the-resistance-of
https://e-11492.adzerk.net/r?e=&s=Ze6Todk2l58hPG04O5ElA0HvwFM

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

Improving equations of state calibrations in the
toroidal DAC—The case study of molybdenum @

Cite as: J. Appl. Phys. 136, 075901 (2024); doi: 10.1063/5.0223794 @ I-ﬁ @
Submitted: 17 June 2024 - Accepted: 28 July 2024 -
Published Online: 15 August 2024

View Online Export Citation CrossMark

C. C. Zurkowski,' 2 R. E. Lim,' {2 O. S. Pardo,' {2 E. F. O’ Bannon, III," {2 K. Glazyrin? {2 P. Séderlind,’ {2 and Zs. Jenei’

AFFILIATIONS

TLawrence Livermore National Laboratory, 7000 East Ave., Livermore, California 94600, USA
2Extreme Conditions Beamline, PETRA IIl, Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany

2 Author to whom correspondence should be addressed: zurkowskil@lInl.gov

ABSTRACT

We report an updated isothermal equation of state (EoS) of molybdenum (Mo) obtained by compression in beveled and toroidal
diamond-anvil cells (DACs). For an improved compression environment, we developed a copper (Cu) pressure-transmitting medium
(PTM) for the toroidal diamond-anvil cell samples, as it is a soft metal compared to Mo with a well calibrated EoS. A Ne PTM was used
for the conventional beveled DAC samples. The unit-cell volumes of Mo were measured to 336(1) GPa in the Cu PTM and 231.2(6) GPa
in the Ne PTM at room temperature. We additionally calculated elastic stiffness and compliance constants and evaluated the uniaxial

N
stress of Mo and Cu with pressure. A new EoS for Mo is presented from data collected in all sample environments and compared to our g
theoretical predictions as well as previous compression studies of Mo. The (200) lattice plane of Mo produced the lowest volumes across £
the pressure range of this study for all compression environments, suggesting that it is less affected by nonhydrostatic stresses in the 3
DAC compared to the other observed diffraction planes. The presented Mo EoS is compatible with extrapolations of EoS$ fits of Mo in
helium (He) within ~1% at 330 GPa. Results from this work demonstrate that compressing a sample in a softer metal in the toroidal &
DAC can improve the compression environment and result in measured sample volumes comparable to those collected in noble-gas 2
media at multi-megabar conditions. °©
© 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/10.1063/5.0223794
INTRODUCTION temperature static compressiﬁ)n:) and into the multi-terapascal

Molybdenum (Mo) has drawn interest in numerous static, range unde}‘ shock conditions. . .
dynamic, and theoretical high pressure-temperature studies. Given 'qugatlons of state of Mo have been cahbratec.1 ul}?er static com-
the stability of Mo in a simple body-centered cubic (bcc) structure pression” to 410 G.P.a a.nd under ramp compression ~ to 1000 QPa,
to multi-megabar pressures, it has been utilized as a diamond-anvil At 409 GPa, the utilization of these two s.calejs would produce differ-
cell (DAC) standard for equations of state (EoS) and ruby fluores- €nces m pr'essure of N_ZO GPa (5%)' Thls d1fferenc§ between PAC
cence calibrations.'™ In shock experiments, bec Mo has been uti- ~ and dynamic compression EoS calibrations may be, in part, attribut-
lized as a standard for high impedance materials and for thermal able to the external pressure scales chosen for DAC EoS calibrations,
EoS corrections.'*"” Mo is a group 6d-transition metal and exhib-  the reduction of dynamic compression data to 300 K, and the lack of
its key industrial properties, including high strength, hardness, and ~ hydrostaticity in the compression environment under static and
ambient melting temperature as well as low thermal expansion. ~ dynamic loadings. To contribute to the improvement of EoS calibra-
From a fundamental condensed-matter physics standpoint, these tions in the DAC at multi-megabar conditions, here we aim to focus
properties are interesting to track under extreme compression con- on the optimization of the sample compression environment in the
ditions. Despite predictions of a potential high-pressure phase DAC for reliable volume measurements at these ultrahigh pressures.
transformation of Mo to hexagonal-closed packed (hcp) and face- Noble gases, such as neon (Ne) and helium (He), are thought to
centered cubic (fcc) lattices, ”™'® Mo has been experimentally — provide the most ideal compression environment in the DAC, with
observed in the bcc structure to at least 400 GPa under room helium being the closest to hydrostatic.”” At present, an Mo EoS has
J. Appl. Phys. 136, 075901 (2024); doi: 10.1063/5.0223794 136, 075901-1
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only been measured in He up to 122 GPa,”' requiring extensive
extrapolation to utilize this calibration at multi-megabar conditions.
Uniaxial stress values determined for Mo in the DAC also increase
by a factor of 4 up to 24 GPa,’ suggesting that the measured volumes
of Mo may be strongly affected by nonhydrostatic stresses at more
extreme pressures, and that nonhydrostatic EoS calibrations of Mo
may not be reliable. Correction for the uniaxial stress of Mo under
nonhydrostatic loading in the DAC is also complicated by the anom-
alous elastic properties of Mo.”””™** Directly improving the compres-
sion environment of Mo in the DAC is likely the optimal way to
construct a static Mo EoS scale that is applicable to multi-megabar
conditions.

The toroidal diamond-anvil cell (tDAC) can achieve pressures
under static compression above 300 GPa, but improving the com-
pression environment in the tDAC is difficult. The small tDAC
sample chamber (~4-6 um diameter) presents a great challenge for
embedding micrometer-sized samples in soft media (i.e., noble
gases and alkali halides). However, this may be aided by surround-
ing the sample in a metal that can be precisely fabricated and
loaded in controlled volumes and that is softer and lower in shear
strength compared to the rhenium (Re) gasket and the Mo sample
material. Copper (Cu) is a promising candidate, as it is relatively
compressible (K, =133 GPa)”””° with a low ambient shear strength
(1, =2.65 GPa).”” By comparison, the ultra-sonically derived iso-
thermal ambient bulk modulus (K,) of Mo and Re is 261°° and
360 GPa,”” respectively. Cu remains in the fcc structure to at least
1.15 TPa,” and it exhibits low yield stress to multi-megabar condi-
tions.””*"** Cu is commonly used as a pressure calibrant to ultra-
high pressures,”’ ™" and multiple Cu EoS scales have been
calibrated up to 1TPa wusing static and dynamic tech-
niques.”’"">*® Cu could, therefore, serve the dual purpose of a
pressure-transmitting medium (PTM) and a pressure calibrant in
the tDAC. In comparison with the soft alkali halides, Cu can also
be purchased as um-scale spheres or um-thick foils such that con-
trolled volumes of Cu at maximum density can be placed into the
pum-scale tDAC sample chamber.

Here, we explore the compressibility of Mo embedded in a Cu
PTM to 336 GPa in the tDAC and in a Ne PTM up to 231 GPa
with the standard beveled DAC. We calibrate an EoS for bcc Mo to
a Cu pressure scale and compare it to our theoretically derived Mo
EoS and to previous studies. This work extends the calibration of
Mo in a noble-gas medium by >100 GPa and in a soft environ-
ment, more broadly, by >200 GPa compared to previous DAC
studies.””' We also calculated elastic constants for Mo and Cu as
functions of pressure and utilized these moduli to characterize the
uniaxial stress experienced by these materials in the sample
chamber at extreme conditions.

METHODS
Experimental methods

Six compression experiments were conducted on Mo, four in
the tDAC with a Cu PTM and two standard beveled anvil experi-
ments with a Ne PTM. One cell was also probed at ambient condi-
tions on standard diamond anvils to obtain a zero-pressure volume
of Mo. For all experiments, the LLNL-type membrane DAC"” was
used. Toroidal diamond anvils were milled using the focused-ion
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beam (FIB) (LLNL) from Type ITa 30/300 um beveled anvils (Almax
EasyLab) to produce toroidal profiles following Ref. 38 with central
culets ranging from 9 to 15um diameter. Mo foils were used as
sample material (Goodfellow, 99.9%, metal basis) and Cu spheres
(Goodfellow, 99.9% metal basis) were employed to fabricate the
medium around the Mo sample. Re gaskets were indented to
~9-12 um thick prior to milling a sample chamber with the FIB.
A 5-6um diameter sample chamber was first milled into the Re,
and then the chamber was filled with Cu spheres and compressed
until the Cu uniformly filled the hole. A final 3-4 um diameter hole
was then milled into the Cu and filled with a Mo cylinder sand-
wiched between two smaller Cu spheres. The cylinders of the Mo
foils were milled with the FIB to diameters matching the 3-4 um
diameter sample chambers. With this, the final sample configura-
tion consisted of Mo fully encased in Cu [Figs. 1(a)-1(c)]. Two
samples were also prepared on Type la 75/300 um beveled anvils
(Almax EasyLab) to create a Ne compression environment for
comparison to sample compression in Cu [Fig. 1(b)]. For these
samples, a Re gasket was indented to ~15um thick and prepared
with a ~40um diameter hole. At the center of the sample
chamber, ~10 um diameter disks of Mo foils and Cu foils (5um
thick, Goodfellow, 99.97%) were placed on top of each other. The
sample was then loaded with a 99.999% pure Ne gas at a pressure
of <0.2 GPa. An experimental summary of the samples run in this
work is provided in Table I.

Room-temperature compression experiments were carried out
at Argonne National Lab, High-Pressure Collaborative Access
Team (HPCAT) Sector 16, beamline 16 ID-B and at Deutsches
Elektronen-Synchrotron, PETRA-IIT Extreme Conditions Beamline
(ECB), beamline P02.2. At HPCAT, samples were probed with an
x-ray beam of wavelength A =0.406626 A at 1.5x23um at full
width at half maximum (FWHM). The sample-detector geometry
was calibrated to a CeO, powder standard, and diffraction was col-
lected on a Pilatus detector. At P02.2, samples were probed with an
x-ray beam of wavelength A = 0.4851 A at 750 x 800 nm* at FWHM
also with the sample-detector geometry calibrated to a CeO,
powder standard following Ref. 39. Diffraction was collected on a
Perkin-Elmer detector. Samples were compressed under membrane
compression, and diffraction data were collected and monitored
during all experiments using Dioptas’’ and processed post-
experimentally using in-house OriginC codes (e.g., peak fitting and
indexing, P-V calculations, line-shift analysis).

Sample pressure was tracked using the volume calculated based
on diffraction from the Cu (111) lattice plane, as it was observed
with the highest intensity across this study. At peak pressures, calcu-
lating pressure from fitting multiple Cu diffraction peaks results in a
pressure difference of <1%. The Cu pressure scale from Ref. 35 with
Vo=11.810 A%/at, K, =133 GPa, and K, =5.30(2) was used in this
study, because it was calibrated to the same ruby scale as the Mo
EoS from Ref. 21 that we compare our results to frequently in this
work. The Mo EoS calibrated by Ref. 21 is the current highest-
pressure calibration for Mo in a helium PTM and is utilized here as
a reference for compression data collected under nearly ideal com-
pression conditions. Applying this scale to our data does require sig-
nificant extrapolation to >300 GPa, and calibration of our Cu data to
dynamic scales’™*® that exceed the pressure range of this study is
also discussed in the supplementary material (Text S1). Additionally,
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FIG. 1. Sample and PTM preparation schematics for the Mo experimental runs in this study with (a) a Cu PTM in the toroidal DAC and (b) a Ne PTM in the conventional
beveled DAC. (c) A scanning-electron microscopy image of a Re gasket prepared for the Cu PTM toroidal loadings. This image was collected at the stage in preparation
where the initial 6 zm diameter gasket hole was filled with copper and re-milled with a 4 um diameter hole for subsequent Cu-Mo—Cu layered loading.

for each diffraction pattern collected, the Cu volumes indexed from
the (111) lattice plane are provided in Tables S1-S6 of the
supplementary material and can be calibrated to other EoSs as pre-
ferred. The volumes of Mo were calculated individually from the
(110), (200), (211), and (220) diffraction planes and compared for
each sample based on which diffraction planes were observed across
the entire pressure range of each experiment study (Table I). For
sample stress-state evaluation, the difference in lattice volumes calcu-
lated from these lattice planes was used.

Theoretical methods

We additionally applied density-functional theory (DFT) to
explore the EoS, phase stability, and elasticity of Mo. For comparison,

we evaluated the elastic moduli for Cu as well. One fundamental
assumption in DFT is the exchange and correlation effect of the elec-
trons. Here, we are applying the Perdew-Burke-Ernzerhof for solids
(PBEsol) formulation of the exchange and correlation energy func-
tional,”" as it is generally good for d-transition metals,"* including
Mo and Cu. Our implementation of DFT is an all-electron
full-potential linear muffin-tin orbitals (FPLMTO) method.” These
calculations do not suffer from any pseudopotential approximation,
utilized in plane-wave techniques, that can break down at high pres-
sure. To ensure a good representation of the electronic structure, we
include 3d4s4p semi-core states with 5s5p4d4f valence states, all with
different tail energies in a common energy window to allow for
hybridization. Spin-orbit coupling is included but discarded for the
p-states following Ref. 44. For the elastic constants, we applied the

TABLE |. Sample details for each Mo experiment run in this study. Sample pressures were determined based on the volume of Cu calculated from the (111) lattice plane and

using the Cu EoS reported by Ref. 35.

00:9}:€L G20z Asenuer Lz

Sample PTM  DAC type Culet diameter (um) Mo (hkI) observed to peak pressures Maximum pressure (GPa) Beamline
tDAC-Cul CuPTM  Toroidal 15 110, 200, 211, 220 328(1) 16 ID-B
tDAC-Cu2 CuPTM  Toroidal 15 110, 200, 211 283.1(8) P02.2
tDAC-Cu3 CuPTM  Toroidal 15 110, 200, 211 266.1(8) P02.2
tDAC-Cu4 CuPTM  Toroidal 9 110 336(1) P02.2
DAC-Nel  Ne PTM Beveled 75/300 110, 200, 211, 220 231.2(6) P02.2
DAC-Ne2 NePTM  Beveled 75/300 110, 200, 211 160.1(4) P02.2
Amb-DAC None Standard 300 110, 200, 211, 220, 310 0.0001 P02.2
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same approach as Ref. 45, but for the band-structure calculation, we
included ~8000k points in the irreducible part of the Brillouin zone
for the integrations in the reciprocal space. DFT has been shown to
reliably predict elastic moduli, particularly for high-symmetry phases,
such as cubic phases, and it has been shown that the quality of the
DFT results for EoS does not worsen with increasing pressure.*’

RESULTS AND DISCUSSION

The P-V relation of Mo calibrated to Cu pressure to
336 GPa

Selected diffraction patterns of tDAC compression of Mo
encased in Cu from sample tDAC-Cul are shown in Fig. 2. High
intensity diffraction from bcc Mo and fcc Cu is observed to the
highest pressures. Lower intensity peaks of hcp Re are also picked
up from the gasket by the tails of the x-ray beam (Fig. 2). No
doublet peaks of Mo, Cu, or Re are observed, as has been reported
in previous toroidal and double-stage compression studies.”"***”
This is likely because sample tDAC-Cul, run at HPCAT, contained
a culet diameter that was nominally the size of the x-ray beam tail.
All other samples run in this study utilized a nano-focused x-ray
beam at the P02.2 beamline with an x-ray tail within the culet
diameter as well. Therefore, in all experiments, the tails of the x-ray
beam did not interact with the torus of the anvils that experienced
significantly lower pressures.”® As shown in Fig. 2, the Mo signal is
much stronger compared to the Re signal such that the overlap of
the Mo (110) and Re (101) does not limit our ability to measure
the Mo (110) lattice plane spacing. Additionally, diffraction from
Mo and Re could be differentiated in these experiments by textur-
ing, as the signal from Mo typically consisted of spotty rings

Intensity (arb. units)

|
=
3

1
8 10 12 14 16 18 20 22 24 26
20 ()

FIG. 2. Azimuthally integrated diffraction patterns (A = 0.406626 A) from sample
tDAC-Cu1 up to 328(1) GPa with the diffraction angles of Mo (yellow), Cu (red),
and Re (gray) identified. Miller indices for Mo and Cu are included. For each 1D
pattern, a portion of the caked diffraction image is included as an insert.

ARTICLE pubs.aip.org/aip/jap

originating from larger grains, while the Re produced low-intensity
uniform rings from the fine-grained gasket material (Fig. 2). Based
on our DFT calculations, bcc Mo is predicted to be stable to
650 GPa (Fig. S1 in the supplementary material), in agreement
with our experimental observations of bcc Mo to >300 GPa
(Fig. 2).

Diffraction from Mo (110) and Cu (111) was observed in all
samples up to 336(1) GPa, while the signal from the (200), (211),
and (220) Mo planes was observed up to 328(1) GPa (Table I).
Based on previous nonhydrostatic compression studies of Mo,” the
(200) lattice plane of Mo is the least affected by deviatoric stress in
the DAC compared to other lattice planes of Mo. Therefore, Fig. 3
shows the evolution of the atomic volume of Mo calculated based
on the (200) lattice planes with Cu-derived pressure observed in
samples tDAC-Cul, tDAC-Cu2, tDAC-Cu3, and DAC-Nel up to
328(1) GPa. These were then compared to the ab initio Mo EoS,
which was determined using our present DFT calculations (Fig. 3).
As shown in Table I, sample tDAC-Cu4 compressed to 336(1) GPa,
but signal from the sample was weak at multi-megabar conditions,
and only the (110) peak of Mo could be tracked across the entire
pressure range. As such, the evolution of Mo (110) volumes with
pressure up to 336(1) GPa is also provided in Fig. S2 of the
supplementary material.

The experimentally determined Mo volumes show a smoothly
decreasing trend with pressure (Fig. 3). Overall, the Mo data collected
in Ne and Cu do not exhibit significant deviations, suggesting that
the Ne and Cu media redistribute the uniaxial stress in the sample

chamber to similar degrees. Compared to the computationally deter-
mined Mo EoS, the experimental data exhibit excess Mo volumes up
to ~175 GPa. Above these pressures, the experimental and theoretical
1 6 1 1 1 1 1 1 1
@ DAC-Ne 1, V200
15 - O DAC-Ne 2, V200 -
A tDAC-Cu 1, V200
A {DAC-Cu2,V200
14 - tDAC-Cu 3, V200 -
—_ Y Amb-DAC, V200
© —— This Study, DFT
& 13
<
£
5 124
S
11 4
104
9 L
T T

T T T
200 250 300

Pressure (GPa)

T T T
0 50 100 150 350

FIG. 3. Volumes of Mo calculated from the (200) lattice plane plotted with
pressure determined from Cu®® [V, =11.810 A¥/at, Ko =133 GPa, Ky =5.30
(2)]. P-V data for Mo samples embedded in Cu and embedded in Ne are
included. An equation of state determined using DFT is drawn via the red
solid line.
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trends cross over (Figs. 3 and S2 in the supplementary material). One
reason for the difference between our experimental and computational
results is likely related to the fact that the DFT results from this work
underestimate the room-temperature equilibrium (P=0) atomic
volume that we measured experimentally. Another source of this dis-
crepancy may also be due to thermal expansion in the experimental
data that is measured at room-temperature, while no thermal correc-
tion is applied here to the zero kelvin DFT results.

For a more detailed investigation of the compression environ-
ment of the Mo samples in Cu and Ne, the differences in Mo
volumes determined from the (110), (200), (211), and (220) lattice
planes of Mo for the Cu and Ne PTM sample configurations are
shown in Fig. 4. Uniaxial stress from the anvils can produce aniso-
tropic compression in a polycrystal sample, as each lattice plane is
uniquely affected. Overall, samples tDAC-Cul, DAC-Nel, and
DAC-Ne2 show significantly less scattered compared to samples
tDAC-Cu2 and tDAC-Cu3, and most of the data exhibit volume
deviations within 1% of each other (Fig. 4). Just comparing the Mo
data collected in the Cu PTM, samples tDAC-Cu2 and tDAC-Cu3
exhibit volume deviations of up to +~2%, while sample tDAC-Cul
exhibits volumes deviations only up to +~0.75% for all lattice
planes (Fig. 4). The Mo data collected in the Ne PTM also show
little scatter with volume deviations of at most 1% (Fig. 4). The
tDAC-Cul volume residuals evolve more uniformly with pressure
compared to the other Cu PTM samples and follow the trends of
the Ne PTM data (Fig. 4). We interpret these behaviors to reveal
that the Mo sample in tDAC-Cul was likely embedded in a more
uniform Cu environment compared to the tDAC-Cu2 and
tDAC-Cu3 samples (Fig. 4).

25 1 1 1 1 1 1 1
{ | A tbAC-Cu 1,200 @DAC-Ne 1, 200
2.0 |A tDAC-Cu1,211  @DAC-Ne 1,211 L
’ O tDAC-Cu2,200 @DAC-Ne 1,220
O tDAC-Cu2,211 DAC-Ne 2, 200
1.5+ | O tbAC-Cu 3,200 @ DAC-Ne 2, 211 L
[J tDAC-Cu 3, 211 o
1.0+ o -+
Iﬂb [u] o
o
05-4 @ o L

Volume Residual V,, : V,,, (%)
o
o
1
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Examining our data (Fig. 4), despite the scatter observed from
the tDAC-Cu2 and tDAC-Cu3 samples, tDAC-Cul, DAC-Nel, and
DAC-Ne2 do show that the (200) lattice volumes are predomi-
nantly smaller or nominally the same as the (110) lattice volumes.
Our data do, therefore, support Ref. 7 that the (200) lattice plane of
Mo produces values closer to the hydrostatic measurements in the
DAC’' by comparison to the (110) lattice plane reported in a non-
hydrostatic environment. However, the volume differences deter-
mined from the (200) and (110) lattice planes are small (within
~1% of each other) suggesting that our Cu tDAC compression
environment performed similarly to the beveled-DAC with a Ne
compression environment.

Evaluation of the elasticity of bcc Mo with pressure

Due to the symmetry of the structure, the C;;, Cy,, and Cyy
elastic stiffness constants for a cubic crystal system govern the three
independent modes of crystal’s elastic deformation. The C;; axial
compression modulus represents axial stress resulting in strain par-
allel to that axis, the C;, dilation modulus represents stress that
produces strain along a normal axis, and the C,4 shear modulus
represents shear stress resulting in shear strain along a face. The
elastic anisotropy factor (S), defined as

S = 1(Ci1=C12)-1/(2Cy4) 6]
is a representation of cubic crystal anisotropy under compression. S
corresponds to the difference between the crystal shear along the
(110) by a stress parallel to [1-10] and crystal shear along the
(100) by a stress parallel to [010].*

Utilizing DFT, we calculated the Mo and Cu elastic stiffness
constants and the elastic anisotropy factor up to 680 GPa (Table II;
Table S7 in the supplementary material; Fig. 5; Fig. S3 in the
supplementary material). The evolution of the Mo elastic stiffness
tensor and the elastic anisotropy factor is compatible with the
values reported in previous first principles, radial diffraction, and
ultrasonic studies®*****° (Fig. 5). The rate at which the C;, cons-
tant is increasing for Mo is greater than the rate of change of the
Ci; constant, suggesting that Mo is becoming axially more com-
pressible relative to the dilational deformation. In other words, the
tetragonal shear constant, C' = (C;; — Cy5), is decreasing, suggesting
that bece is approaching a phase transition at some higher pressure.

0.5 5 HEE? -
1B « O‘ C' scales well with the energy difference between the bcc and fec
-1.0 1 Q‘:‘ o-—-Ho . 0®° oo - phases.”” Based on the DFT work conducted in this study, this
4 o
-1.5 1 oo 8 -
| o TABLE . Elastic stiffness constants of Mo calculated using DFT up to 682 GPa.
2.0+ T T T T T T
0 50 100 150 200 250 300 350 P (GPa) Cl11 (GPa) Cl12(GPa) (C44 (GPa) S (GPa™)
Pressure (GPa) 1 468 160 104 ~1.56x 107>
34 651 266 148 —7.81x107*
FIG. 4. Percent volume residuals for the volumes of Mo calculated from the 86 890 417 204 —337x107*
(200), (211), and (220) lattice planes of Mo compared to that of the (110) lattice 163 1194 628 276 —448x107°
plane for all samp!es run in_this study. A refg_rence line at 0 is_ included to high- 277 1592 932 370 1.64 % 1074
light the data with negative versus positive volume residuals. Reference 442 2089 1366 465 308%10~%
dashed-dotted lines are also placed at 1 and —1 to emphasize that most of the Ve X2V 4
682 2701 2015 581 5.97 %10

V200, V211, and Vaog volumes are within 1 vol. % percent of Vyyq.
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FIG. 5. Evolution of the Mo (a) elastic stiffness constants Ci; (gray), Cio (red), Csq (blue) and (b) elastic anisotropy factor (gold) calculated using DFT in this study
(triangles), compared to (50) (squares), (49) (filled circles), (6) (pentagons), and (28) (stars).

behavior is likely related to the bec—fee transition predicted in Mo
around 650 GPa (Fig. S1 in the supplementary material).

Notably, up to ~180 GPa, the S value for Mo is negative, indi-
cating that Mo is less resistant to shear along the cell face relative
to the cell diagonal. At 180 GPa, $=0, and Mo is isotropic, and
above 180 GPa, the S values for Mo are positive such that Mo is
more resistant to shear along the cell face vs the cell diagonal. This
change in sign of S is not unique to this study and is compatible
with previous measurements and calculations of Mo elastic-
ity6,23,49,5() [Fig. 5(b)].

We additionally modeled the directional dependence of the
elastic modulus (stress/strain) for Mo and Cu with pressure using
the ELATE software”’ (Figs. S4 and S5 in the supplementary
material). At ambient conditions, Mo exhibits higher compressibil-
ity along the cell diagonals, such as the family of [hkO] and [hkI]
planes for the cubic cell (Fig. S4 in the supplementary material).
Upon pressurization, the compression behavior of Mo evolves as
compression along the axial directions of the cell increases. At the
pressure where the elastic modulus for Mo is isotropic (S=0,
~180 GPa), the volumetric representation of the elastic modulus
is spherical (Fig. S4 in the supplementary material), and beyond
these pressures, Mo is softer along the cell faces relative to the cell
edges and corners (Fig. S4 in the supplementary material).
In contrast, Cu exhibits a higher ratio of stress to strain along the
cell edges and corners up to 680 GPa, and the behavior is
enhanced with increasing pressure (Fig. S5 in the supplementary
material).

Evaluation of the stress-state of bcc Mo and fcc Cu to
336 GPa

Utilizing the calculated elasticity data, we then aimed to
quantify the uniaxial stress experienced by Mo and Cu up to

336 GPa and further evaluate the differences between the Ne and
Cu sample environments. We considered the differences in
d-spacings measured for the (110), (200), (211), and (220) lattice
planes of Mo and the (111), (200), and (220) lattice planes of Cu.
For Mo and Cu, we fit a third order polynomial to the evolution of
elastic constants with pressure (Table II; Table S7 in the
supplementary material; Fig. 5; Fig. S3 in the supplementary
material).

Following the model developed by Refs. 22 and 23, the nonhy-
drostatic cubic lattice parameter for a given lattice plane, ajy, can
be written as

an = Mo + M, [3T(1- 3sin’6)], 2

with

Tt = (PR + K2+ B2R)/(H + K + ). 3)

Given the experimentally determined ay,g, Miller indices (hkl),

and half of the Bragg scattering angle (26), M, and M, can be

determined from the intercept and slope, respectively, of Eq. (2).

Once M; and M, are determined at each pressure, the following

equation can be applied to approximate the uniaxial stress, ¢, with
pressure,

M, = —a,(aSt/3). (4)

The term a, is the uniaxial-stress-corrected lattice parameter,

and it has been approximated as M, for the calculation of the uni-

axial stress in previous studies.”"”’***** The o term is a correction

factor usually in the range of 0-1 representing the contributions of

uniform stress (00=0) and uniform strain (0.=1) conditions.
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Interestingly, previous studies””*”” conclude that an o factor

between 1 and 2 is appropriate for materials with a negative elastic
anisotropy factor, S. Based on the values determined for Mo in this
study and from previous studies”****" [Fig. 5(b)], the S values for
Mo are negative to ~180 GPa and become positive above these

ARTICLE pubs.aip.org/aip/jap

pressures. The o term for Mo should, therefore, be in the range of
1-2 up to 180 GPa and <1 above 180 GPa. By comparison, for fcc
metals, such as gold (Au) and silver (Ag), an o.=1 has been used
to calculate a conservative uniaxial stress correction.”"”” For the Cu
in our sample, it is likely that an o value of unity is reasonable, as
it is an fcc metal with similar properties as Au and Ag.

Figure 6 visualizes the value ot for both Mo and Cu.
Regarding Mo, when a =1, Figs. 6(a) and 6(b) are unchanged and

© Author(s) 2024

40 1 " 1 " 1 " 1 " 1 n 1 " 1 " 1
a) , A can be viewed as the maximum uniaxial stress values. For a =2, all
304 M OAL\ & g N | values in Figs. 6(a) and 6(b) would be divided in half. All data in
- Fig. 6(a) show significant scatter with large at values irrespective of
20 4 A Ay A L the a value applied. Additionally, between ~100 and ~250 GPa, the
AA, O d; at values for Mo extend asymptotically to +/—oo with the disconti-
10 4 il\ A & o ® A A L nuity centered around 180 GPa [Fig. 6(b)]. The asymptotic nature
;_5 ° " ° il of the data in the 100-250 GPa range is attributable to the fact that
O 04 a - calculating t from Eq. (4) requires a division by S, and in this pres-
S A o o ° sure region, S is approaching or equal to zero [Fig. 5(b)]. Therefore,
-10 ~ .0 o ® - a differing model must be applied to accurately calculate uniaxial
[ 4 & L4 stress for materials with an elastic anisotropy factor that is near
-20 ® A - zero and for materials that are isotropic or evolve through an
.. * isotropic state under compression (Fig. S4 in the supplementary
-30 + Y B material).
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FIG. 6. (a) Calculated ot for Mo with pressure. (b) Calculated at for Mo with fixed to 261 GPa’® and K =4.061(3) is given by the red line (EoS 1 in
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pressure. the Vinet fit.
J. Appl. Phys. 136, 075901 (2024); doi: 10.1063/5.0223794 136, 075901-7


https://doi.org/10.60893/figshare.jap.c.7369969
https://doi.org/10.60893/figshare.jap.c.7369969
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

As a for Cu is likely unity, Fig. 6(c) also represents the uniax-
ial stress values for Cu. The Cu uniaxial stress data exhibit little
scatter and show an increasing trend with pressure up to ~5 GPa at
336 GPa [Fig. 6(c)]. The range of uniaxial stress values calculated
here is compatible with previous toroidal DAC observations of Cu
under compression.”*” These uniaxial stress values are indistin-
guishable for the samples where the Cu chip was surrounded by
Ne and for the samples where Cu was under nonhydrostatic
compression as the PTM in the tDAC. Based on these results,
Cu is a viable metal PTM for studies of harder metals, such as
Mo, as Cu does not support significant deviatoric stress up to
multi-megabar pressures under noble-gas and nonhydrostatic
compression conditions.

EoS of Mo calibrated to 328 GPa

Since the established DAC uniaxial stress correction’” is

complicated for Mo due to its elastic properties, the lattice volumes
of Mo determined from the (200) lattice plane to 328(1) GPa will
be utilized here to calibrate EoSs. These volumes are a closer
approximation to an ideal hydrostatic state compared to the (110)
lattice volumes, as they consistently produce lower volumes closer
to the volumes of Mo measured in He’' (Fig. 4, Fig. 7). A Vinet
EoS™ was then fit to our Mo (200) volumes calibrated to the Cu

ARTICLE pubs.aip.org/aip/jap

pressure following the form:

P = 3K{[1 — (V/ V) P1/(VIVg) 12K =D0=(VIVOA) (5

Several EoSs were fit to our data and are shown in Table III
and Table S8 in the supplementary material. We fit two EoSs to the
data collected on tDAC-Cul, tDAC-Cu2, tDAC-Cu3, DAC-Nel,
and DAC-Ne2 calibrated to the DAC Cu scale from Ref. 35
(Table III). In all cases, our measured ambient volume of Mo
[15.592(1) A%/at] determined from amb-DAC was utilized and held
fixed. Then, a Mo EoS was derived with the zero-pressure bulk
modulus, Koy, held to the ultrasonically determined isothermal
value of 261 GPa,”® and a second EoS was derived allowing K, to
be fit (Table I1I). The pressure derivative to the bulk modulus, K,
was fit in all EoSs (Table III). Throughout the remainder of this
work, EoS 1 from Table III will be applied. This EoS utilizes the Cu
scale from Ref. 35 that was calibrated to the same ruby as the Mo
EoS measured in He from Ref. 21. Given the focus of this work,
this fit represents the most direct comparison of the behaviors of
Mo in He, Ne, and Cu PTMs. Additional Mo EoS fits are provided
in Table S8 of the supplementary material whereby the dynamic
Cu scales from Refs. 26 and 36 are applied, and a discussion of the
differences between them is given in Text S1 of the supplementary
material.

TABLE Ill. Vinet equation of state parameters for Mo determined from this study and previous studies.>”®'%%"255555 Bold values in the table were fixed during the EoS

fitting. N
g
Fitting Vo (A%/ Ko Max P 5
EoS Study Datasets type atom) (GPa) K Calibrant (GPa) Method x
N
1" This study V200, DAC-Ne 1,2; Vinet  15.592(1)°  261°  4.061(3)  Cu’ 328(1)  XRD-DAC 3
tDAC-Cu 1,2,3 §
2 This study V200, DAC-Ne 1,2; Vinet  15.592(1)" 275.4(8) 3.80(1) Cu’ 328(1)  XRD-DAC S
tDAC-Cu 1,2,3
3 This study Vinet 15.357(2)  279.0(3) 4.177(3) 384 DFT
Dewaele et al.”’ He PTM Vinet 15.558 261 4.05(2) Ruby* 122 XRD-DAC
Dewaele et al.”’ He PTM Vinet 15.558 272(2)  3.68(6) Rublyc 122 XRD-DAC
Akahama et al.” No PTM, Vo Vinet 15.58(1) 262(5)  4.55(16) Pt 410 XRD-DAC
Katahara et al.”® Vinet 260.8 4.46 Ultrasonic
Vohra} and No PTM BM3 262.8 3.949 XRD-DAC
Ruoff” i
Litasov et al.”® 4-5 diffraction lines Vinet 15.57(1) 260(1)  4.21(5) MgO, 31 XRD-MAP
Au®
Zeng et al.” BM 15.97 263.33 421 DFT
Huang e al.” Ne PTM BM 1561(4)  273(15) 3.6(4)  MgO" 80 XRD-DAC
Wang et al."” Vinet 261 4.4(2) 1TPa  XRD-ramp

*EoS used in Figs. 7 and 8.

> Ambient volume was determined from diffraction collected on Amb-DAC in this study. The error on the volume is included here, but the ambient volume
was held fixed in the EoS fitting.

“Acoustic value from Ref. 28.

dCu pressures calibrated to the DAC Cu scale from Ref. 35 that is in turn calibrated to their updated ruby scale.

“Ruby pressures reported based on an updated scale from Ref. 35.

Pt pressure calibrated to Ref. 57.

$MgO and Au EoS calibrated in Ref. 55.

"MgO pressure calibrated to Ref. 58.
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In Table S8 of the supplementary material, different compo-
nents of our datasets were isolated and fit to an EoS to evaluate the
differing behaviors of the Cu and Ne PTMs among our samples.
When the ambient bulk modulus is fixed to the ultrasonic value,”
the EoS fit to all our Mo data utilizing the DAC Cu scale from
Ref. 35 produces a K’ value of 4.061(3) (EoS 1, Table III). By com-
parison, fitting an EoS only to the subset of this Mo data that were
collected in a Ne PTM produces a K’ of 4.100(10) and fitting an
EoS to the subset of these Mo data collected in Cu PTM data pro-
duces a K’ of 4.058(3) (Table S8 in the supplementary material).
The EoS I (Table III) fit to all our datasets is, therefore, within
error identical to EoS fit to our Mo data collected in a Cu PTM
(Table S8 in the supplementary material). The EoS fit to the Mo
data collected in Ne produces an ~1% larger K’ value compared to
that fit to the data collected in Cu. Our Mo data collected in Ne do
appear stiffer in the 1-150 GPa range, which may be related to the
fact that the Mo data in Cu were collected on toroidal anvils that
undergo significant elastic deformation in this pressure range and
often produce lower sample volumes in this region.’"”” However,
removing the tDAC data in the 50-150 GPa range does not change
the Cu PTM EoS for Mo, resolving that the K’ value fit in our EoS
I in Table III is related to the constraints placed by the multi-
megabar measurements in the Cu PTM.

Figure 7(a) shows the evolution of Mo (200) volumes from
samples tDAC-Cul, tDAC-Cu2, tDAC-Cu3, DAC-Nel, and
DAC-Ne2 with pressure compared to the Vinet Mo EoS of the com-
bined dataset (EoS 1, Vy=15.592 A*/at, K,=261GPa, K =4.061)

ARTICLE pubs.aip.org/aip/jap

residuals within +5GPa up to 328 GPa. In Fig. 7, Mo data from
Ref. 21 are included as a reference dataset in a He PTM. The Mo
data collected in He (Ref. 21) trend slightly lower in volume with
pressure compared to our datasets, which may reflect the softer
nature of He vs Ne and Cu, but the Vinet EoS fit to our combined
Cu PTM and Ne PTM data for Mo is still compatible within 3 GPa
of the data from Ref. 21 up to 122 GPa [Fig. 7(b)].

Comparing Mo EoSs from this study and several previous
DAC,**" multi-anvil press (MAP),”” dynamic compression,”’
ultrasonic,” and DFT studies™ with the DAC study in He from
Ref. 21, Fig. 8 shows the deviation in pressures calculated from each of
the reported EoSs. Of these previous studies (Table III), our experi-
mentally determined equation of state calibrated to the DAC Cu scale
from Ref. 35 (EoS 1, Table III) predicts pressures within 4 GPa of the
extrapolated hydrostatic Mo EoS™' at 330 GPa [Fig. 8(a); Fig. S6 in the
supplementary material]. Since our EoS I fit is dominated by the Mo
data collected in a Cu PTM in the tDAC, these pressure residuals
suggest an agreement within ~1% between the Mo EoS derived in a
He PTM”' and the Mo EoS derived in a Cu PTM in the tDAC when
ultimately calibrated to the same ruby gauge.

The DAC EoS of Mo calibrated to Pt by Ref. 7 went to simi-
larly high pressures (410 GPa) as this study, but the reported EoS
differs significantly from our EoS [Fig. 8(a)]. This is likely related
to the platinum (Pt) scale from Ref. 57 used in the study by Ref. 7
because recalibration of the Pt volumes from Ref. 7 to a relevant
DAC Pt scale’ results in better agreement between our Mo EoS

and that of Ref. 7. The other DAC, ultrasonic, and multi-anvil
8,28,55

(Table TII). Pressure residuals of all data compared to the Vinet fit studies were extrapolated from much lower pressures
are within +8 GPa up to 328 GPa [Fig. 7(b)], and pressure residuals (<100 GPa) and/or were calibrated to differing pressure scales,
for the samples likely containing optimized Ne and Cu compression which may attribute to their divergence from the hydrostatic EoS
environments (tDAC-Cul, DAC-Nel, DAC-Ne2) exhibit pressure when extrapolated above a megabar (Fig. 8). Our computationally
120 2 ! L 1 L 1 L 1 2 1 L 1
a)
Aka14, DAC, No PTM
| =-—Lit13, MAP
L Zen10, DFT
== Hua16, DAC, Ne PTM
80 || = Wan16, ramp
- - = Kat79, ultrasonic
———Voh90/LANL, shock
T go| ——Dewos, DAC, He PTi
o = + = This study, DAC Cu/Ne PTM, Dew04 DAC cal
) This study, DFT
o
<
-20 T T T T T T T T T T T T T T T T T T T T T ] T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
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FIG. 8. (a) Pressure differences between the Mo EoS calibrated in a He PTM from Ref. 21, the current experimentally determined EoS, the current computationally deter-
mined EoS and the EoS fits from (5), (7), (19), (28), (55), (56). (b) Zoomed in version of (a) showing the finer details of the pressure differences among these studies. For

00:9}:€L G20z Asenuer Lz

the references listed in Table |1l that did not provide a V; value, a Vo = 15.558 A%/at from Ref. 60 was utilized for general comparison in these plots.
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determined EoS for Mo is in relative agreement with the reduced
shock Mo scale” and predicts excess pressures of around ~11 GPa
at 330 GPa compared to our experimental EoS (Fig. 8). Our com-
putational results, however, are in closer agreement to our experi-
mental results and the Mo data in He’' compared to previous Mo
EoS determined by DFT.”® The Mo EoS determined from ramp
compression up to 1 TPa'” also exhibits higher pressures compared
to our results. Interestingly, we find that if we calibrate our Mo EoS
to a Cu EoS reduced from ramp compression,”® then our Mo EoS
agrees with ramp compression Mo EoS from Ref. 19 (Fig. S6 in the
supplementary material). Additionally, if we calibrate our Mo EoS
to a Cu scale dominated by reduced from shock compression
data,”® we obtain a Mo EoS compatible with the reduced shock Mo
EoS reported by Ref. 5 and references therein. Further discussion of
these trends is provided in Text S1 of the supplementary material.

Of these previous studies, the results from our experimental
measurements of Mo encased in Cu and Ne under compression to
328 GPa are the most compatible with the Mo volumes collected in
a He PTM in standard anvils when applying related pressure
scales.”’”” The current experimental results demonstrate that fully
encapsulating high-strength metals, such as Mo, in a softer metal
such as Cu dramatically improves the compression conditions in
the tDAC to multi-megabar conditions, and the EoS fits offer a reli-
able ultrahigh-pressure calibration. Results from this work are
broadly applicable to all materials compressed in the tDAC that are
stiffer than Cu.

CONCLUSIONS

In this work, toroidal configurations were developed to fully
encase Mo samples in Cu. Cu is a soft metal that does not support
significant deviatoric stress under uniaxial compression, and it has
a well calibrated EoS. These factors make Cu a reasonable candidate
for a solid pressure-transmitting medium and pressure calibrant in
the tDAC. The atomic volumes of Mo were probed while fully
encased in Cu to 336 GPa in the tDAC and encased in Ne to
231 GPa on standard anvils. For comparison, the volumes and
elastic moduli of Mo were also calculated with pressure using DFT
methods. Utilizing the elastic moduli and experimentally measured
lattice volumes of Mo and Cu, we evaluated the uniaxial stress
experienced by Mo and Cu to 336 GPa. We found that Cu supports
a uniaxial stress of up to 5GPa under nonhydrostatic loading to
336 GPa. We also found that this uniaxial stress model cannot be
applied to Mo because Mo compresses through an isotropic state at
180 GPa. Since the Mo (200) lattice plane produced the smallest
atomic volumes for all PTMs utilized, an EoS was calibrated to our
Mo (200) volumes with Cu pressure as the closest approximation
to the hydrostatic value. The Mo EoS measured from our data col-
lected in a Cu PTM and a Ne PTM agree within 1%, with the Cu
PTM data producing lower K’ fits. The pressures predicted from
the EoS calibrated to our combined datasets [V, =15.592(1),
Ko =261 GPa, K' =4.061(3)] agree with extrapolations of hydro-
static Mo EoSs within ~1% at 330 GPa. These results highlight that
copper dramatically redistributed the stresses in the tDAC under
compression to multi-megabar conditions such that the Mo
volumes measured are consistent with Mo measurements in Ne
and He.
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SUPPLEMENTARY MATERIAL

See the supplementary material that contains a discussion of
the differing Cu scales applicable to this study. It also provides
tables of the measured Cu and Mo volumes from each sample, the
calculated Cu elastic constants with pressure, and additional EoS
fittings to the Mo data. It includes figures depicting the calculated
structural stability of Mo with pressure, P-V data for Mo calculated
from the (110) plane, the elastic stiffness constants of Cu, volumet-
ric representations of the elastic stiffness tensor with pressure for
Mo and Cu, and comparisons of the Mo EoS fits utilizing differing
Cu pressure scales.
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