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Diamond anvil cell synchrotron x-ray diffraction experiments, molecular dynamics, density functional theory,
and Lindemann melting theory were used to investigate the compressibility and melting properties of CeH,_3.
Ambient-temperature synchrotron x-ray diffraction measurements were made in diamond anvil cells up to a peak
pressure of 20 GPa and show no indication of a first-order phase transition over this pressure range. Equation-of-
state fits to the diamond anvil cell data constrain the isothermal bulk modulus, By, to the range 76.7(51)-87.2(39)
GPa. Molecular dynamics and density functional theory were employed to simulate compression curves to a peak
pressure of ~30 GPa, and constrain By to the range 71.6(12)-81.9(12) GPa. Using laser-heated diamond anvil
cells, five melt points were measured at pressures between roughly 2 and 10 GPa. We report an experimentally
determined zero-pressure melting temperature of 1737(75) K and d7 /dP = 27(15) K/GPa. A high-pressure
melting curve generated from molecular dynamics simulations shows linear behavior between 0.5 GPa and the
peak simulated pressure of 5 GPa, with a fit slope of d7'/dP = 16 K/GPa over this range. Calculations based
on Lindemann melting theory yield a zero-pressure melting temperature of 1609 K and a slope of dT'/dP = 44

K/GPa for CeH,.

DOI: 10.1103/gglf-wx5w

I. INTRODUCTION

Cerium hydrides and deuterides have been studied for
nearly a century, with the first x-ray diffraction (XRD) mea-
surements reported in 1934 [1]. Recent interest in cerium
hydrides has focused on reactive transport modeling of shock
ejecta [2,3] and investigations into the high-pressure and
high-temperature structures of potentially superconducting
“superhydride” or “polyhydride” compositions [4-7]. Early
neutron scattering and spectroscopic experiments determined
phonon dispersion curves, explored compositional effects on
crystal field excitations, analyzed the formation and composi-
tion of hydride growth centers, and calculated force constants
of CeH, 3 [8-11]. A complementary suite of computational
studies have employed density functional theory (DFT) and
molecular dynamics (MD) to simulate fundamental physical
properties of cerium hydrides (e.g., phase stability, elasticity,
magnetic properties, liquid structure) under various pressure
and temperature conditions [12—15].

The compositional phase diagram and structural proper-
ties of cerium hydride under ambient pressure and low to
high temperatures are now well understood through XRD and
calorimetry experiments [1,16-21]. At room temperature and
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ambient to moderate pressures, cerium hydrides crystallize
mostly in the cubic system as CeH,_3, with the exception that
CeH» »g.2.64 crystallizes in a tetragonal structure [20]. The unit
cell volume of cerium hydride initially expands as hydrogen
is introduced into the face-centered-cubic (fcc, y phase) Ce
metal crystal lattice up to the composition CeH,. However, the
lattice volume of cerium hydride then contracts with increas-
ing hydrogen content for compositions ranging from CeH, to
CeHj3 [20].

Despite more than 90 years of research, including high-
pressure and high-temperature experiments and simulations,
the equation of state (EOS) of cerium hydride remains poorly
constrained. Existing experimental pressure-volume data ac-
cess high pressures but are sparse and show considerable
scatter in volume [4-7]. Furthermore, previous reports on
the melting temperatures of cerium hydride at either ambi-
ent or high pressures are lacking. In this study, we employ
high-pressure diamond anvil cell (DAC) synchrotron XRD
measurements, together with MD and DFT simulations, to
provide better constraints on the cerium hydride EOS. Ad-
ditionally, we report the high-pressure melt line of cerium
hydride based on laser-heated DAC XRD experiments and
MD simulations.

II. METHODS

A. High-pressure x-ray diffraction

High-pressure synchrotron XRD measurements were per-
formed on three different samples of cerium hydride in DACs.
All samples were prepared and loaded into the DACs in a
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positive pressure glovebox with an Ar atmosphere (< 0.1 ppm
0, and <0.5 ppm H,0). Ambient-temperature high-pressure
DAC measurements were performed on two of the three sam-
ple preparations. First, a commercially purchased (Stanford
Advanced Materials) CeH,_3 sample was loaded in a Ne
pressure transmitting medium (PTM) at a pressure of ~1 GPa
to ensure a hydrostatic sample environment. In the second
case, a flake of Ce metal was scraped from a high-purity ingot
(299.9% metals basis) using a diamond scribe and was loaded
in Hj gas at a pressure of ~1 GPa. In this preparation, the H,
served as both the PTM and as a reactant to synthesize cerium
hydride. For the high-temperature laser-heated experiments,
flakes of Ce metal were scraped from an ingot and loaded
in the DAC with ammonia borane (NH3;BH3) powder, which
served as both the PTM and hydrogen source. Trace amounts
of CeO, were present in the metallic Ce sample before laser
heating, but CeO, peaks could not be resolved after heating
the sample to form the hydride phase. In at least one case, the
Ce precursor began to react with the NH;BHj3 prior to laser
heating forming small amounts of hydride (Figure S1 [22]).

In addition to the sample and hydrogen source, 10-um Au
spheres were loaded into each DAC as an internal pressure
standard. The samples in NH3;BH3 were laser heated at the
closing pressure (~0.5-1 GPa) to stimulate the reaction be-
tween Ce and NH3BHj into cerium hydride. For this synthesis
step, the samples were heated by pulsing them 10-50 ms at
a time with a 1064-nm, 100-W ytterbium fiber infrared laser
[23]. Laser power was increased in increments of 250 mW
until the laser coupled with the sample and the XRD patterns
showed full conversion from Ce metal to cerium hydride. An
attempt was made to laser heat the commercially purchased
cerium hydride sample prepared in a KC1 PTM, but the sample
immediately reacted with the KCI upon heating. Depending
on the preparation of the DACs, either ruby fluorescence [24]
or Au lattice volumes [25] were used to determine the sample
pressure.

XRD experiments were performed during two beam-
times at HPCAT (High Pressure Collaborative Access Team)
Beamline 16 ID-B of the Advanced Photon Source, Ar-
gonne National Laboratory, using beam energies of 25.5 and
29.2 keV, respectively. The x-ray beam was focused to a nom-
inal spot size of 1 um? full width at half of maximum intensity
and two-dimensional diffraction patterns were recorded on
a Dectris Pilatus 2M detector. For all experiments, pressure
in the DACs was controlled remotely using a gas membrane
[26]. XRD images were integrated into one-dimensional pat-
terns using DIOPTAS [27]. Cerium hydride (eight peaks) and
Au (four to seven peaks) peak positions were fit in GSAS-II
[28] and used to calculate unit cell volumes. Unit cell vol-
umes of Au were used to calculate sample pressures based
on a previously reported EOS [25]. Pressure-volume data,
along with their associated uncertainties, were fit to the Vinet
EOS [29] to determine the zero-pressure volume, isothermal
bulk modulus, and pressure derivative of the bulk modulus
Vo, Bo.1, By 7)-

B. High-pressure laser heating

Double-sided square pulse laser heating was used to heat
the sample in 10-50 ms bursts. The laser spot size was focused
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FIG. 1. Schematic for laser square pulse heating and XRD mea-
surements. Temperature is determined pyrometrically during Frame
2. XRD acquisition, heating pulse, and pyrometry measurement
times were either 10 or 50 ms. The time between XRD frames was
20 or 100 ms.

to an area of roughly 20 um? at the sample position. Three
sequential XRD patterns were collected: (1) immediately be-
fore heating, (2) during heating, and (3) immediately after
quenching the sample as depicted schematically in Fig. 1.
The exposure times of the three diffraction patterns and the
duration of the heating varied between experiments and were
all 10 or 50 ms. Beamline-provided software was used to
determine temperature from the spectral radiance of the light
emitted from the sample during heating. Light emitted from
the sample is assumed to be proportional to the spectral ra-
diance of a blackbody, modified by a transfer function that
includes system optics, detector response, and temperature-
and wavelength-dependent material emissivity. The measured
spectrum is fit to a scaled version of Planck’s Law,

C1
[exp(3F) —1]°
where A is the wavelength (m). 7 (temperature in K) and
A are fit parameters (A has units of m®/W and incorporates
emissivity, collection efficiency, detector response, and geo-
metric factors). Sample emissivity is assumed to be constant
over the fitted spectral range and c; and ¢, are radiation con-
stants (¢; = 3.7418 x 1071 Wm? and ¢, = 0.014388 mK)
[23]. At each pressure, laser power was increased in 250 mW
increments until the onset of melt was identified as described
below.

IAT)=A (1)

C. Density functional theory and molecular dynamics

DFT calculations were performed using the HSE06 func-
tional with collinear spin polarization in VASP [30], as have
been used for Ce metal [31]. Calculations were performed on
a crystallographic unit cell with an 8 x 8 x 8 k-point mesh
and 350 eV plane-wave cutoff. Gaussian smearing was used
with a smearing width of 0.03 eV. The convergence criterion
was set to a cutoff of 1077 eV. Initial magnetic ordering was
set to be ferromagnetic and no phonon relaxation occurred.
MD simulations were run using a previously developed ma-
chine learning interatomic potential (MLIAP) [32] using the
hierarchically interacting particle neural network (HIPNN)
model [33]. Simulations were run with the LAMMPS package
[34] under isothermal-isobaric conditions (NVT) at 300 K
with pressure as the control variable. A 0.2 fs time step and
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FIG. 2. Comparison of XRD patterns collected from cerium hy-
dride samples described in this study at ~2 GPa. The blue curve was
measured on a commercially purchased sample (asterisks indicate
peaks from an Au internal pressure standard). The red curve was
measured on a sample of cerium hydride synthesized by laser heating
Ce metal in the presence of NH;BHj3 in the DAC. The black curve
was measured on a sample of cerium hydride synthesized by loading
a sample of Ce metal with H, in the DAC (no heating). Green and
black ticks show predicted peak positions for end-member CeH; and
CeH, compositions at ~2 GPa, respectively, using EOS parameters
from Ref. [14].

10 x 10 x 10 replication of the unit cell were used in all
cases.

III. RESULTS AND DISCUSSION

A. High-pressure equation of state

A comparison of low-pressure, ambient temperature, XRD
patterns collected from samples prepared using the three
methods described above used is shown Fig. 2. The lat-
tice volumes for each sample are VONe = 165.47(26), VOHz =
165.16(43), and V, 5% = 162.13(60) A3. The commer-
cially purchased CeH,; powder loaded in Ne has sharp,
well-defined peaks. The patterns measured on samples loaded
in NH3BH; and H;, have considerably broader peaks. Peak
broadening associated with these samples is likely a result of
microstrain. For the sample loaded in NH3;BH3, the micros-
train is likely due to local nonhydrostatic conditions arising
from the solid pressure medium. The sample loaded in H;
was not annealed after the DAC was initially sealed, and the
pattern shown in Fig. 2 reflects preserved defects associated
with diffusion of H; into the Ce crystal lattice. Both CeH, and
CeH3 have been reported as the equilibrium phase when Ce
metal is contained in an overpressure of H, [10,35]. The peak
locations plotted in Fig. 2 show the structural similarities be-
tween CeH, and CeHj3, and emphasize the difficulty in using
powder diffraction patterns alone to differentiate between the
two isostructural end-member compositions. However, fitted

zero-pressure volumes produced from our EOS fits below
suggest that our samples are hydrogen rich, with H/Ce > 2.

High-pressure XRD measurements from the DAC exper-
iments, along with data from the literature, are shown in
Fig. 3. Noble gas PTMs have been shown to sustain pressure
gradients <0.2 GPa at the conditions of this study [36]. While
NH3;BHj3; is commonly used as a hydrogen source and PTM
in high-pressure metal hydride experiments, it has not been
evaluated as a PTM. However, similarly soft materials such as
NaCl and KCI have been shown to sustain pressure gradients
on the order of ~0.5 GPa in the DAC at pressures up to
20 GPa [37]. Uncertainties in unit cell volumes were propa-
gated into pressure via partial derivatives of the Vinet equation
of state. That is,

3P op 5B ’ op 3B 2 op 1% 2
N <aBo,T ”) " (aBg,T ‘”) " (av ) '
2

The resulting error bars are smaller than the plotted sym-
bols in Fig. 3. Our data show considerably less scatter in
pressure-volume space than previous measurements. Previous
experimental studies [4-7] were primarily concerned with
structural refinements and electrical conductivity measure-
ments, rather than precise EOS determination. Consequently,
data coverage from those experiments in pressure-volume
space is comparatively sparse. Furthermore, with the excep-
tion of Ref. [6], these experiments used the diamond anvil
Raman gauge for pressure determination [38] which is un-
suitable for estimating pressure gradients across the sample
chamber.

The datasets measured in Ne and H, pressure media are
consistent with each other and show no indication of a
first-order phase transition up to 20 GPa. Our data are well-
described by a Vinet EOS, with fit parameters reported in
Table I. EOS were fit to data separately from each experiment,
as well as to the combined data. Fit zero-pressure volumes
range from 168.21(21) to 169.56(41) A3 and the fit bulk mod-
uli range from 76.7(51) to 85.8(23) GPa. Compared to the
bulk modulus of 21 GPa for y-Ce [39], 26 GPa for a-Ce [39],
34 GPa for a”-Ce, and 66 GPa for ¢-Ce [40], these values
indicate that cerium hydride is substantially stiffer than all ele-
mental phases of Ce present at pressures for which the cerium
hydride P-V data were collected. The trend of enhanced
incompressibility upon hydriding is common among many
metals, including those in the lanthanide series where the
effect has been observed in lanthanum [41,42], praseodymium
[43,44], neodymium [45,46], and dysprosium [47,48].

Results from DFT and MD simulations are shown in
Figs. 3(b) and 3(c) alongside the experimental DAC data.
The DFT simulations were performed at 0 K and the MD
simulations were performed at 300 K. Vinet EOS were fit to
each simulated dataset and are reported in Table I. The DFT
calculations predict a strong compositional effect on volume
at low pressures, with the two end-member compositions pre-
dicted to have a 6% volume difference at ambient pressure.
The compression curves generated from the MD simulations
show a moderate compositional dependence. While CeHj is
initially denser than CeH, in these simulations, CeH, is pre-
dicted to be more compressible and the two curves intersect at
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FIG. 3. (a) High-pressure ambient-temperature EOS measurements of cerium hydrides from the literature and this study. Data from
this study are plotted as solid symbols and literature values [4-6,16,49] are plotted as open symbols. The sample compressed in Ne was
commercially purchased and the sample compressed in H, was synthesized in the DAC. Vinet EOS fits are plotted as solid and broken black
lines. Results from (b) DFT and (c¢) MD simulations for CeH, and CeH; at 0 and 300 K, respectively. Experimental data are plotted as “+”
symbols for comparison. Fit parameters for each curve are reported in Table 1.

~12 GPa, with CeH, remaining denser upon further com-
pression. This density crossover reflects structural differences
between the two end-member compositions: octahedral sites
are fully vacant in CeH, but occupied in CeHs. So, while
increased compressibility is predicted for both compositions
upon heating (i.e., dBy/dT < 0), the effect is tempered in
CeH; by the occupied octahedral sites.

B. High-pressure melting experiments
and theoretical predictions

Uncertainties in temperature and pressure are undoubtedly
correlated in laser-heated DAC (LHDAC) experiments. Due
to experimental limitations and a lack of thermal expansion
data with respect to our choice of PTM and sample, our
pressures are reported at ambient temperature and uncorrected
for the effects of the thermal pressure, (dP/dT),. Hence,
our reported pressures are likely underestimated. It has been
previously shown that the thermal pressure is strongly lo-
calized around the laser spot, has magnitude that scales as
aBr AT, and decays at a rate of 0.5-1.0 GPa/10 ym from
the hot spot [50]. As an upper bound for estimating the ther-
mal pressure, we assume a sample chamber filled only with
CeH,_3 with « ~ 107> K~!, By ~ 10> GPa, AT ~ 10° K,
and find that uncertainties in pressure due to thermal effects

would be on the order of ~1 GPa. Since the sample cham-
bers in these experiments were mostly filled with (partially
dehydrogenated) NH3;BH3 and included only small flakes of
CeH,_3, we anticipate uncertainties due to thermal pressure
to be less than the estimated 41 GPa upper limit. For the
laser-heated DAC measurements, temperatures and associated
uncertainties for individual measurements were calculated
following the method of Ref. [51]. This method incorporates
differences between upstream (7,) and downstream (Tgown)
temperatures, wavelength-dependent emissivity, system re-
sponse calibration, Planck fit errors, and effects associated
with radial temperature gradients:

- Tup + Tdown
2

Too — Taoun T + Taown
+ ["’2—"| + 0.015(‘“%) +50] 3)

Ty, and Tyown refer to pyrometric measurements from the
two sides of the sample determined using Eq. (1). Determina-
tion of the onset of melting was informed by the observation
of qualitative changes in two dimensions (2D) and integrated
diffraction patterns [i.e., weakening of the Bragg ring and
integrated peak intensity, as shown in Figs. 4(a) and 4(b)].

T

TABLE . Vinet EOS fit parameters for cerium hydride DAC experiments and simulations. Experimental fit parameters reflect uncertainties
in both pressure and volume. Covariance matrices for the fits are reported in the Supplemental Material [22].

Ne PTM H,PTM  Combined CeH, 0K (DFT) CeH, 300K (MD) CeH; 0K (DFT)  CeHs (300 K) MD
Vo (A%) 168.21(21)  169.56(41)  168.28(13) 169.74(15) 175.11(48) 160.82(13) 172.71(19)
Bor (GPa)  87.2(39) 76.7(51) 85.8(23) 71.6(12) 76.2(39) 86.9(12) 78.9(17)

B); 2.2(6) 3.6(6) 2.5(3) 3.5(1) 1.8(4) 4.0(1) 3.3(2)
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FIG. 4. Two-dimensional diffraction images collected at 3.7 GPa and 300, 1806 (just before melting), and 1919 K (first appearance of melt)
are shown in (a). Full resolution images of (a) are included in the Supplemental Material [22]. Corresponding integrated one-dimensional
patterns are shown in (b). Collection times are the same for all patterns. Laser power-temperature relation at 3.7 GPa is shown in (c). The
plateau used for melt temperature determination is bounded by the dashed red box in (c) and integrated patterns for the boxed points in (c) are
shown in (b). (d) shows movement of four select peaks and reduction in peak intensity due to thermal expansion and the onset of melting. In
addition to the features associated with melt, low intensity peaks of the cold material are visible due to the x-ray beam tails sampling material

outside of the molten region.

Melting was inferred to initiate at the onset of the temperature-
laser power plateau [red boxed points in Fig. 4(c)]. Diffuse
scattering from the liquid was not observed in the diffraction
patterns. This was likely the result of short acquisition times
and the tails of the x-ray beam probing crystalline material
outside of the melt pool. Reported melting temperatures and
uncertainties correspond to the weighted mean and standard
deviation of points in the temperature-laser power plateau
[i.e., red dashed box in Fig. 4(c)]. While the selection of
points to include in this plateau is subjective, the inclusion
of one more or one fewer point had only a slight effect on
the determined temperature. For example, adding or removing
one point from the red dashed box region in Fig. 5(c) changed
the determined melt temperature, 7,,, by <10 K. For a single
temperature measurement #; with uncertainty o; in a plateau
containing N measurements, the reported melting temperature
is determined by

- @

The high-pressure melting curves of cerium hydride and Ce
metal (reproduced from Ref. [52]) are shown in Fig. 5(a). A
linear fit to the DAC data yields an ambient-pressure melting

temperature of Ty = 1737(75) K and a slope of (35),,_, =

27(15) K/GPa, where P and G are the pressure and Gibbs
free energy, respectively. Our fit zero-pressure melting tem-
perature is approximately 5% higher than the maximum
temperature reported in shock ejecta studies [3]. The melt-
ing curve of CeH,, generated from MD simulations, is also
shown in Fig. 5(a). The trend is nonlinear up to 0.5 GPa.
Above 0.5 GPa, the trend becomes linear with fit parameters
(g—£ AG—o = 16(0) K/GPa and Ty = 1671(0) K. While the
melting curves of cerium hydride and cerium metal have sim-
ilar slopes above ~4 GPa, cerium hydride consistently melts
at higher temperatures than cerium metal. This systematic
difference in melting temperature reflects the stronger ionic
bonds in cerium hydride compared to the metallic bonding
environment in Ce. In contrast to Ce metal, the slope of the
cerium hydride melting curve is constant and positive over the
range of pressures measured in this study.

Figure 5(a) also shows results from a model based on
Lindemann melting theory [53,54], which has been modified
to allow for the prediction of melting temperatures at high
pressures by incorporating the shear modulus and its pressure
dependence along the melt curve at high pressures (Ref. [49]
and Supplemental Material [22]). In this framework, the melt-
ing temperature is

T, =22
" 3

ﬁ(@y MC) @pulpmTo) o

a M(CCDz) kB
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FIG. 5. Melting curves of Ce metal (reproduced from Ref. [52]) and cerium hydride (this study) are shown in (a). Compositional
dependence of the zero-pressure melting temperature of cerium hydride from MD simulations is shown in (b), reproduced from Ref. [32].

The cubic fit in (b) is a guide for the eye.

where A, the Lindemann ratio, is the root-mean-square Ce
atom displacement divided by the Ce-H nearest-neighbor sep-
aration a,,, and a is the cubic unit cell lattice constant. M
is the atomic mass, @ is the shear modulus, p is the mass
density, and kg is the Boltzmann constant. Equation (5) can
be rewritten in terms of the unit cell volume as

Tm,P _ Vv KT, P
7;71,P:O Vo KT, P=0

(6)
where the pressure dependence of the shear modulus along the
melting curve is approximated as

, P
pup = MP0<1 +u ) (7N
Mp=0

Since the pressure dependence of the shear modulus of CeH,
is not known, melting curves were calculated for a range
of values of u' from 0.5 to 2.0 for uo = 37.16 GPa [55].
We note here that a value of ©' = 1.5, close to the value of
u' = 1.3 reported by Ref. [56] for Ce metal, yields general
agreement with the DAC data. With T, p—o = 1609 K, this
modified Lindemann method yields a slope of (%)
44 K/GPa.

The compositional dependence of the melting tempera-
ture of cerium hydride was modeled in MD simulations,
and is plotted in Fig. 5(b) (reproduced from Ref. [32]).
The melting temperature increases nonlinearly from 1610
to 1775 K over the compositional range H/Ce = 2.0-2.6.
The melting curve is particularly sensitive to compositional
changes for low values of H/Ce. Indeed, a change in com-
position from CeH, to CeH,; corresponds to an increase
in melting temperature of greater than 460 K, while a
change in composition from CeH;s to CeH, ¢3 corresponds
to an increase of 80 K. In agreement with the high-pressure
EOS data, the fit zero-pressure melt temperature of 1737
K determined from the DAC data and the compositional
melting relation shown in Fig. 5(b) indicate a hydrogen-rich
sample.

AG=0 —

IV. CONCLUSIONS

Using experimental techniques (synchrotron XRD of sam-
ples compressed in DACs) and calculational methods (DFT
and MD), we provide improved constraints on the bulk mod-
ulus of cerium hydride, bounding the bulk modulus to the
range 76.2(39)-87.2(39) GPa at 300 K. DFT and MD simula-
tions indicate an increase in both compressibility and melting
temperature with increasing hydrogen content, but due to
the structural similarities of the CeH, and CeHs phases and
uncertainties in pyrometric temperature measurements, this
compositional dependence is likely too subtle to be distin-
guished in the DAC.

Data from laser-heated DAC experiments indicate the melt-
ing temperature of cerium hydride increases linearly up to
a pressure of at least 10 GPa, with T, o = 1737(75) K and
(g—i AG=0 = 27(15) K/GPa. MD simulations of CeH, pre-
dict an initial nonlinear dependence of melting temperature
on pressure up to 0.5 GPa, after which the trend becomes
linear with slope %) AG=0 = 16(0) K/GPa. A simple, mod-
ified Lindemann melting model for CeH, yields a slope of

(5%) s oo = 44 K/GPa.
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