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Systematic structural study in praseodymium compressed in a neon pressure medium up to 185 GPa
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Angle-dispersive x-ray powder diffraction experiments have been performed on praseodymium metal com-
pressed in a soft pressure-transmitting medium at ambient temperature up to 185 GPa. We observe the previously
reported high-pressure structural transition sequence up to 20 GPa and the coexistence of body-centered
orthorhombic (bco) Pr and «-U Pr from ~20 up to ~38 GPa. The «-U structure of Pr is stable from 20 to
185 GPa, and no evidence of the proposed transition to a primitive orthorhombic phase >147 GPa was observed.
With density functional theory (DFT), we calculated the lattice parameters and y coordinate for «-U Pr and found
good agreement between our calculations and experimental measurements. The obtained DFT energies of the
proposed primitive orthorhombic (P2,2,2,) and the -uranium phases at ~150 GPa show that the ¢-uranium
phase is lower in energy. Hence, neither our experimental data nor our DFT results support the transition
to a primitive orthorhombic phase >150 GPa. DFT suggests, however, that Pr may transform to the P2,2,2;
phase above ~220 GPa. We also compare the axial ratios and lattice parameters of praseodymium to ¢-uranium

structured Nd, Ce, and U.

DOLI: 10.1103/PhysRevB.105.144107

I. INTRODUCTION

At ambient conditions, 4f electrons in lanthanides are
localized, i.e., they occupy states that are essentially atomic
with little hybridization with each other. Under strong com-
pression, the nature of these electrons changes; as atoms
approach each other, eventually, the 4 f states hybridize and
become more metallic or bandlike. The fundamental problem
in describing this transition, from localized to delocalized or
itinerant electrons, has not been solved and remains one of
the great challenges for condensed matter theory. Theoretical
frameworks exist to deal with either extreme: strong electron
correlation with a Hubbard U and large intra-atomic Coulomb
repulsion for the localized state and density functional theory
(DFT) for the delocalized state.

The high-pressure behavior of lanthanides has been ex-
tensively studied experimentally, and these studies have
contributed to our understanding of f-electron systems at high
densities [1-6]. A common phase-transition sequence has
been described in the lanthanides La through Lu [6] (notable
exceptions are Ce, Eu, and Yb). Recently, McMahon et al. [1]
showed that the long accepted monoclinic structure (mC4) of
the collapsed high-pressure phase reported in Nd, Tb, Gd, Dy,
Ho, Er, and (probably) Tm is incorrect. The collapsed phase
in Nd is an 8-atom orthorhombic structure (oF8), while the
collapsed phase for the rest of them is a 16-atom orthorhombic
structure (oF'16) [1]. This is still an incredibly active area of
research where studies in the last two years have expanded
the pressure range over which Sm to 222 GPa [7], Nd to 302
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GPa [8], and Ho to 282 GPa [9] have been investigated. The
previously reported volume-collapse transition in solid Gd has
also been recently reinvestigated and has been found not to
occur [10].

Most of the high-pressure work on lanthanides has been
performed using no pressure-transmitting medium (PTM)
[7-9,11-14]. Tt is commonly stated that lanthanides are
extremely soft materials, and they are highly reactive, so re-
activity between the sample and the pressure medium is often
cited as a concern. However, the importance of hydrostatic-
ity is widely recognized by the high-pressure community.
Takemura [15] outlines how nonhydrostatic stress can affect
phase transitions such as lowering the onset pressure of a
phase transition, stabilizing different crystalline phases, and
even inducing amorphization. Moreover, it is known that
equation of state (EOS) parameters derived from nonhydro-
static measurements are biased [16,17]. It is possible that, at
lower pressures, the influence of nonhydrostatic conditions is
minimal in soft materials such as lanthanides. Most likely,
nonhydrostatic conditions play an important role at pressures
exceeding 100 GPa.

Pr is somewhat unique among the other lanthanides. At
lower pressure, it follows the established phase-transition
sequence, and it crystallizes into the double hexagonal close-
packed (dhcp) structure at ambient conditions [P63/mmc and
hP4]. Above ~3-4 GPa, it transforms to a face-centered cu-
bic (fcc) structure [Fm3m and cF4] and, above ~7-8 GPa,
to a distorted-fcc (d-fec) structure [R3m and hR24] [13,18—
21]. However, above ~13 GPa, a body-centered orthorhom-
bic (bco) phase or slight distortion thereof is observed [21]
which deviates from the established phase-transition sequence
seen in the other lanthanides. Above ~20 GPa, Pr transforms
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to its collapsed phase which is «-uranium («-U) structured
[Cmcm and oC4]. This is different than the collapsed phase
of other lanthanides Nd, Tb, Gd, Dy, Ho, Er, and (probably)
Tm that has recently been reported [1]. Interestingly, while
many studies have reported the P-V curve of the a-uranium
phase of Pr, reports of the lattice parameters across the entire
pressure range of their measurements are lacking [13,18-23].
Therefore, the behavior of the unit cell under compression is
unknown, unlike U, where this has been well characterized
up to 100 GPa [24,25]. Velisavljevic et al. [12] report electri-
cal resistivity measurements on Pr up to 179 GPa and note
that there is a plateau observed in the electrical resistance
>150 GPa. Velisavljevic and Vohra [13] investigated Pr us-
ing x-ray diffraction techniques and report a transition to a
primitive orthorhombic structure at ~147 GPa (space group
P2,2,2;), citing their previous electrical resistance work as
further evidence to support this phase transition. Based on the
phase-transition sequences, we may expect to see this transi-
tion in Nd. However, Nd has recently been reinvestigated, and
the a-uranium structure is observed to be stable from ~100 to
302 GPa with no evidence of a transition to the primitive or-
thorhombic structure. This so-called post-¢-uranium structure
has not been observed in any other lanthanides to date.

Here, we describe diffraction studies on Pr compressed in
a Ne PTM up to a maximum pressure of 185 GPa. These
were performed to (i) investigate the post-o-uranium phase
transition reported by Ref. [13], (ii) characterize the lattice
parameters and the y coordinate across a wide pressure range,
and (iii) compare these results with other elements which
adopt the o-uranium structure. Since we are focusing on the
high-pressure behavior of praseodymium in this paper, the
best starting point for theory is DFT. Previous DFT model-
ing was able to reproduce the a-uranium phase satisfactorily
[26]. For this phase, the present results are very similar to
the previous calculations. However, the proposed primitive
orthorhombic phase (P2;212;) has not been modeled to date.
As before, electron correlations are dealt with in relativistic
DFT that includes spin-orbit interaction and a self-consistent
scheme to address orbital-orbital interactions, or orbital po-
larization (OP). Here, we have investigated praseodymium in
the a-uranium phase as well as the proposed P2,2,2; phase
across a wide pressure range from 20 up to ~300 GPa using
DFT + OP.

II. METHODS
A. Experimental

Two experimental runs were carried out using membrane
diamond anvil cells (DACs) [27] which were equipped with
500 um flat diamond anvils for measurements <25 GPa
and 300/100 um beveled diamond anvils for measurements
>100 GPa. For the low-pressure run, a stainless-steel gasket
was pre-indented to ~50 um, and a 200 um hole was drilled
with an electric discharge machine (run 1). For the high-
pressure run, a Re gasket was used, and it was pre-indented
to ~20 um, and a 40 um hole was drilled using a laser
milling machine (run 2). We obtained a Pr foil sample from
Alfa-Asear with a purity of 99.5%. We measured the ambient
sample and obtained the following lattice parameters from

our Rietveld refinement using a P63 /mmc space group [28];
a =3.6763(15) A and ¢ = 11.8612(28) A which are in good
agreement with previous studies [19,20]. Here, 99.9% pure Cu
spheres obtained from Alfa-Asear were used as the pressure
marker for both runs using the reported EOS from Ref. [29].
Ne was also used to estimate the pressure using the EOS
reported in Ref. [30]. For both high-pressure runs, a Cu sphere
3-6 um in diameter and a ruby sphere ~3 um in diameter
were loaded into the sample compartment. A small piece of Pr
was cut off the main Pr foil sample and loaded into the sample
compartment in a glovebox with a dry nitrogen environment
to prevent oxidation of the sample. The DACs were closed in
the glovebox to prevent oxidation of the sample before gas
loading. We loaded 99.999% pure Ne obtained from Linde as
the PTM in our high-pressure gas loader at a pressure of 1.8
kbar and used ruby luminescence to set the initial pressure of
each cell using the ruby calibration reported in Ref. [31].

Angle-dispersive x-ray diffraction experiments were car-
ried out at the High-Pressure Collaboration Access Team
(HPCAT) at beamline 16 BMD. A monochromatic x-ray beam
of ~25 keV (A =0.4959 A) was focused to a beam size
of ~ 4 x 7 um?. Diffraction patterns were collected with a
MAR-345 image plate detector with exposure times up to 300
s. Sample positioning and centering was accomplished by the
fly scan method [32], and detector distance and orientation
were calibrated using a CeO; standard. Initial x-ray diffraction
grid scans of both sample compartments revealed low inten-
sity single-crystal like peaks in both samples which belong to
a cubic contaminant.

The two-dimensional diffraction patterns were radially in-
tegrated using DIOPTAS [33] to obtain an intensity curve of the
diffraction peaks as a function of the 26 angle, which were
analyzed to obtain peak positions using our in-house analysis
codes in the ORIGINPRO software package. Pr volumes were
calculated directly from fitted peak positions and compared
with full-profile Rietveld refinements at various pressures
using GSAS-II [34]. The pressure inside the high-pressure
chamber of the DACs was estimated by measuring the unit
cell volume of Cu and Ne using the (111) reflection and the
EOSs reported by Refs. [29,30]. The lattice parameters for
Cu, Ne, and Pr from both runs calculated directly from fitted
peak positions and the pressure estimation from Cu and Ne
are tabulated in Ref. [28].

Rietveld refinements for o-U Pr were carried out in GSAS-II
[34] beginning at ~20 GPa after background removal and
instrument parameter calibration. Starting lattice parameters
values for the 20 GPa pattern were taken from Evans et al.
[21]. Pr-VII was present in patterns up to ~38 GPa, and this
phase was fit using Pawley refinement. Four atoms within o-U
Pr occupy the 4c Wyckoff positions at (0, y, }T), O, —y, %), (%,
% +y, }T), and (%, %—y, %), and an initial y coordinate of 0.1
was chosen following Velisavljevic and Vohra [13]. We tested
three types of Rietveld fits that included fitting the pattern with
and without preferred orientation and/or microstrain within
the sample. The data presented here are the results of fitting
the patterns with preferred orientation and microstrain, as
without these parameters, the instrument profile and atomic
positions alone cannot account for relative peak intensity with
increasing pressure. The fitting procedure varied the lattice

144107-2



SYSTEMATIC STRUCTURAL STUDY IN PRASEODYMIUM ...

PHYSICAL REVIEW B 105, 144107 (2022)

parameters first, then iterated between varying the preferred
orientation and microstrain model, and finally, the y coordi-
nate was fit last for all pressures. The refined values of the
patterns were taken to be the initial values of the subsequent
pattern. Lattice parameters of Ne, Cu, and «-U Pr as well as
Ryp from our fits and the refined y coordinate obtained from
our Rietveld refinements are shown in Ref. [28].

B. Theoretical

We expect DFT to be relevant for high-pressure
praseodymium, but we have further improved upon the model
to better handle the localized 4 f states at ambient conditions
by an extension that couples the magnetic orbital moments
with each other. This OP phenomenon is related to Hund’s
second rule for the atoms and attempts to bring some atomic
physics into the DFT model. It has been shown that DFT + OP
can relatively accurately reproduce known bonding properties
such as lattice constants and bulk moduli as well as magnetic
properties for the rare-earth metals [35].

For high-pressure conditions, where one certainly expects
delocalization of the 4f electrons, DFT + OP is a sensible
approach to study EOS and crystal-structure stability. We
employ an all-electron full-potential linear muffin-tin orbital
method [36] that includes spin-orbit coupling and assumes the
generalized gradient approximation (GGA) [37] for the elec-
tron exchange and correlation functional. Two very important
aspects of this methodology are that, first, no geometrical
approximations are adopted (important for distorted crystal
structures), and second, no pseudopotential approximation for
core electrons is assumed (important for highly compressed
materials).

Details of the calculations are like those we have done
previously for the rare-earth metals [35] that also show
GGA is superior to the local density approximation for
praseodymium. Briefly, the setup includes 5s, 5p, 6s, 6p, 5d,
and 4 f states that have two energy parameters associated with
them for a so-called double basis set. Spin-orbit coupling
and OP are included for the d and f states only, and the
overall computational scheme is entirely free from adjustable
parameters. The crystal structures we calculate have various
numbers of atoms, but generally, for a 1-atom structure, we
use ~500 k points in the irreducible Brillouin zone and cor-
respondingly less for multi-atom phases. This choice safely
converges the total energies. Our calculated lattice parameters
and y coordinate for o-U Pr are shown in Ref. [28].

III. RESULTS AND DISCUSSION

Diffraction patterns were collected in run 1 up to a
maximum pressure of 22.4 GPa in a Ne PTM, and these
data confirm the phase-transition sequence that has been
previously reported [18,19,21]. Figure 1 shows integrated
diffraction patterns from each phase in the structural sequence
up to the collapsed «-U phase. In all the patterns collected
in run 1, we observe low-intensity reflections consistent with
one cubic contaminant (fcc structure), most likely one of the
same contaminants reported by Evans et al. [21]. An example
diffraction pattern and the lattice parameter of this contami-
nant as a function of pressure are shown in the Supplemental
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FIG. 1. Integrated diffraction patterns collected from Pr on run
1 during pressure increase to 22.4 GPa collected at 16 BMD at the
Advanced Photon Source using a wavelength of A = 0.4959 A. Tick
marks below each pattern mark Pr, Cu, and Ne. All patterns are single
phase except the 8.0 GPa face-centered cubic (fcc) pattern, where
small peaks from the double hexagonal close-packed (dhcp) structure
are observed, and the 22.4 GPa «-U pattern, where small peaks from
the body-centered orthorhombic (bco) structure are seen.

Material [28]. The onset pressure is defined as the first appear-
ance of any reflections from the higher-pressure phase, and in
some cases, not enough reflections are observed to obtain a
volume for that phase at that pressure. All pressures that will
be quoted below are determined from the Cu EOS reported
by Ref. [29]. In this run, we observe Pr-1II (fcc) at 5.2(5) GPa,
Pr-1II (d-fcc) at 9.2(5) GPa, Pr-VII (bco) at 13.5(1.2) GPa, and
Pr-IV («-U) at 20.9(4) GPa. The uncertainties associated with
these transition pressures include the uncertainty in pressure
determined from the Cu EOS (uncertainty in peak positions
and uncertainty in fitted EOS parameters) which are small
at these pressures. It also includes the pressure difference
between the pattern where the high-pressure phase is first
observed and the previous pattern where the pure low-pressure
phase is observed. Additionally, the textured nature of the
sample also introduces an uncertainty that is not easy to quan-
tify due to observation bias caused by texturing of the sample.
Note that our constraint on the onset pressure of the Pr-VII
(bco) transition is limited since the previous data point was
collected at 13.5 GPa. One subtle difference in the onset of
the bco Pr-VII phase is that we do not observe the (006) reflec-
tion becoming more intense than the (202) reflection; it does,
however, become broader, as previously reported [21]. We do
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FIG. 2. Pressure-volume curve of Pr compressed in a Ne
pressure-transmitting medium (PTM) up to 185 GPa. Ambient vol-
ume, run 1, run 2 and our density functional theory (DFT) + orbital
polarization (OP) calculated results (for the o-U phase) are all
shown. See Ref. [28] for comparison with previous studies [13,18—
21].

observe a reflection appearing between the (00,12) and (404)
reflections consistent with what Evans et al. [21] reported. We
do not observe the completion of the volume collapse phase
transition in this run and observe coexistence of Pr-VII (bco)
and Pr-1V (¢-U) from 21.0 GPa to the maximum pressure of
this run 23.5 GPa.

In run 2, we collected diffraction patterns up to a maximum
pressure of 185 GPa in a Ne PTM. While we see the same
structural sequence as in run 1, our pressure resolution was
lower due to the higher targeted maximum pressure of this
run. We observe the same cubic contaminant (fcc structure) as
in run 1, but the reflections are even weaker than in run 1, and
they are only observed in a few patterns in the stability field
of Pr-II. Notably, we do not observe any reaction between Pr
and Ne in either run.

In Fig. 2, we show the pressure-volume curve obtained
from runs 1 and 2 and our DFT calculated volumes; for clarity,
we did not plot our results with previous studies [13,18—
21] (for comparison with previous studies see Ref. [28]).
As discussed in Sec. II, we calculated the volumes of each
phase of Pr directly from our fitted peak positions. For the
phases before the volume collapse (Pr-I, Pr-1I, Pr-III, and
Pr-VII), there is no difference between the volumes calculated
from our fitted reflections and the Rietveld refinements of
the full diffraction pattern. We show the lattice parameters
for the phases before the volume collapse obtained from our
peak fit approach in Ref. [28]. For the «-U phase of Pr,
there is a slight difference between the lattice parameters
obtained from the Rietveld refinements and the lattice param-
eters calculated from the (110), (021), and (002) reflections
(see Ref. [28]). The largest discrepancy is seen in the ¢ axis
in the ~20-50 GPa pressure range where the Rietveld refined
volumes are at most 1.12% smaller than those calculated di-
rectly from the peak fitted reflections. From 50 to 185 GPa, the
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FIG. 3. Integrated diffraction patterns from run 2 showing the be-
havior of the positions of the (021), (002), and (110) reflections from
~25 to ~62 GPa. This is like what has been reported in U, where
the (002) reflection shifts less than the (021) and (110) reflections, so
that it moves to the low-angle side of the triplet under compression.

difference is <0.5%, while the difference for the a and b axes
is at most 0.5% in the 20-50 GPa range and <0.15% different
from 50-185 GPa (see Ref. [28]). The agreement between
these two approaches is remarkable, and the slightly larger
disagreement in the ¢ axis is likely due to a bias introduced
by calculating the ¢ axis directly from the (002) reflection.
The pressure shift of this reflection will be discussed in further
detail below.

The response of «-U structured Pr to compression is like
what has been reported in other «-U structured materials.
The relative compressibilities of the lattice parameters of o-U
structured Pr show that c is the least compressible followed by
a and the b axis being most compressible. For «-U structured
U, the ¢ axis is also the least compressible, while the com-
pressibility of the a and b axes is nearly identical. The reason
for this high-pressure behavior of @-U has been argued to be
related to electrostatic interactions [38]. For «-U structured
Nd, the a axis is most compressible, with both the b and c axes
being the least compressible. This anisotropic compression of
a-U structured materials can be revealed when the pressure
evolution of the triplet containing the (021), (002), and (110)
reflections is investigated. Shown in Fig. 3, the (002) reflection
is observed in the middle of the triplet and shifts relative to
(021) and (110) to the low-angle side of the triplet under com-
pression. These three peaks can be easily deconvolved across
this pressure range, and by ~52 GPa, the (002) reflection can
be easily distinguished visually. Similarly, in U, (002) starts
on the high-angle side of the triplet at ambient conditions, and
by 100 GPa, it is on the low-angle side of the triplet [22],
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FIG. 4. Axial ratios of «-U structured Pr from run 2 and our
density functional theory (DFT) calculations and Ce, Nd, and U from
Refs. [8,24,25,39,40] as functions of pressure.

whereas in Nd, the (002) reflection is on the low-angle side
of the triplet when it transforms at ~100 GPa and remains on
the low-angle side up to 302 GPa [8]. The relative shift of the
(002) reflection provides direct crystallographic evidence for
the anisotropic compressibility, and it can be further under-
stood when the topology of the «-U structure is considered.
Previous studies have not reported the lattice parameters
of Pr across the entire pressure range of their measurements.
We plotted the available lattice parameters from Refs. [21-23]
and show them in Ref. [28]. There is good agreement between
both run 1 and 2 from this paper and the previous studies. Our
data provide a more detailed look at the pressure evolution
of the lattice parameters across the entire structural transition
sequence through the volume collapse up to 185 GPa. Further
insight into the behavior of «-U structured Pr can be gained by
looking at the axial ratios as a function of pressure. Figure 4
shows the axial ratios for Pr from run 2 and our DFT as
well as «-U structured Ce, Nd, and U [25,39,40]. The axial
ratios from our DFT calculations correctly capture the trend
in each axial ratio but show larger values initially for both
b/a and b/c. This is because theory initially overestimates
the length of the b axis, while it underestimates the length
of the a and c axes relative to our experimental values. In-
terestingly, for Pr and Nd, all three axial ratios converge on
the same values >100 GPa. The reported c/a and b/c ratios
of U appear to behave like Pr and Nd, while b/a shows a
slightly different trend. For Ce, only the volumes and the axial
ratios b/a and c/a were reported. Here, c¢/a in Ce increases as
pressure increases, which is seen in Pr, Nd, and U, and b/a is
relatively flat like U. However, the pressure range over which
a-U structured Ce is stable is too narrow to establish a reliable
trend for comparison with the trends seen in Pr, Nd, and U. For
the «-U structure, the b/a ratio can provide information on
the distortion of hexagonal close-packed (hcp) atomic layers;
an ideal value is v/3 = 1.732. For Pr, the b/a ratio indicates
that the hcp atomic layers become less distorted from ~21
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FIG. 5. Atomic positional parameter y for «-U structured Pr
and U from Ref. [24] as a function of pressure. Relatively good
agreement is seen in the refined values from run 2 and our den-
sity functional theory (DFT) calculated values. U shows very little
change as a function of pressure, while theory predicts that it will
increase as pressure increases.

to 75 GPa. Above ~75 GPa, it remains essentially constant,
indicating no further changes in the distortion of the hcp layers
occur across this pressure range.

As noted above, we performed Rietveld refinements at
various pressures across the entire pressure range that we
observed a-U structured Pr to be stable, and in these refine-
ments, we also refined the positional parameter y. It should be
noted that this parameter depends on peak intensities not peak
positions. Thus, the textured nature of our patterns contributes
to our uncertainties on the y coordinate. We show in Fig. 5
our refined positional parameter y from run 2 and our DFT
calculated positional parameter y as a function of pressure.
Both our experimentally derived values and the theoretically
derived values show the same trend as a function of pressure.
While there is reasonable agreement between experiment and
theory, the scatter in our refined values is likely due to the
textured nature of our diffraction patterns. The positional pa-
rameter y determined from both theory and experiment has
also been reported for U [25], and it shows very little change
as a function of pressure, which contrasts with Pr.

In run 2, «-U structured Pr is stable from the volume
collapse at ~20 GPa to the maximum pressure of this run
which was 185 GPa. We do not see evidence for the transition
to a primitive orthorhombic structure with the space group
P2,2,2; proposed by Velisavljevic and Vohra [13]. In Fig. 6,
we show Rietveld refinements at ~97, 155, and 180 GPa. We
do not observe a reflection growing in near the «-U (111)
Pr reflection (see Ref. [28]), and all patterns collected from
~20 to 185 GPa can be indexed to the a-U (Cmcm) structure.
Additionally, the axial ratios shown in Fig. 4 do not show
any discontinuities or changes in slope near the pressure of
the proposed phase transition. We also performed Rietveld
refinements at ~157 GPa using both the «-U structure and
the proposed P2,2,2; structure, and we found that the reflec-
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FIG. 6. Rietveld refinement results for data collected at three se-
lect pressures: 97.4, 155.1, and 180.1 GPa from run 2. The associated
predicted reflections are plotted underneath their respective patterns
for copper (blue), neon (yellow), and the Pr «-U phase (red).

tions unique to the P2,2;2; structure are not observed in our
diffraction pattern (see Ref. [28]). The Ry, of our Rietveld
refinements is <4% for all our fits. There are various Rietveld
discrepancy values (e.g., goodness of fit, x2, and R factors),
and it is important to also determine the quality of the Rietveld
fit by viewing the observed and calculated patterns graphically
as well as ensuring that the structural model is chemically
plausible [41].

We investigated the «-U phase as well as the proposed
P2,2,2; phase using DFT + OP over a wide pressure range
from ~80 up to ~300 GPa and found that the «-U phase is
favored over the P2,2,2; phase up to at least 220 GPa. Hence,
for the highest pressure measured, our experiments and the-
ory agree; Pr is stable in the o-U phase. Above ~220 GPa,
however, our DFT 4+ OP model suggests the P2,2,2; phase
may in fact form. However, we emphasize that a thorough
search for other phases was not conducted. In Fig. 7, we
show the energy difference between the «-U and P2;2,2;
phases as a function of pressure. Here, the energy for the o-U
phase is the reference. Notice that the energy for the P2,2,2;
phase becomes lower than the «-U phase above ~220 GPa,
suggesting an «-U-to-P2,212; phase transition.

As discussed in the introduction, nonhydrostatic stress can
affect phase transitions such as lowering the onset pressure
of a phase transition, stabilizing different crystalline phases,
and even inducing amorphization [15]. The experiment of
Velisavljevic and Vohra [13] did not use a PTM, which is
the most likely explanation for why they see a distortion of
the «-U at ~147 GPa. Additionally, they carried out electrical
resistivity measurements which they use as further evidence
for the proposed phase transition [12]. However, those mea-
surements were also nonhydrostatic, so it is likely that they
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FIG. 7. Calculated (solid circles) energy difference between or-U
Pr and P2,2,2; Pr («-U Pr as the reference). Dashed line is guide to
the eye only. Above ~220 GPa, the P2,2,2, Pr is stable over the «-U
Pr. Note that, across the pressure range of our experimental results,
the «-U of Pr is predicted to be the stable phase, in agreement with
our measurements.

are observing the same distortion due to nonhydrostatic
conditions. Further evidence that nonhydrostatic conditions
influenced their results can be seen in their reported P-V curve
which plots above our data [28] which were collected using
a Ne PTM. Interestingly, as discussed above, our theoretical
calculations predict that the P2,2,2; structure would become
stable over the «-U structure above ~220 GPa. It is possible
that nonhydrostatic conditions lowered the boundary of this
transition by >70 GPa. However, we note that we did not
consider other structures in our calculations, and there may be
other structures that are lower in energy. We also evaluated
our results for uniaxial stress using the line-shift approach
[42-44], and we found that the uniaxial stress sustained by
the Cu pressure marker increases to ~1.2 GPa at the maxi-
mum pressure of 185 GPa [28]. We also inspected our raw
diffraction patterns by looking at the caked images, and the
reflections from the sample appear as straight lines, indicating
that the stress field in the high-pressure compartment is quite
uniform [28].

Notably, we observe residual peaks which belong to Pr-VII
(bco) up to ~38 GPa. Cunningham et al. [20] discuss the
growth of the «-U phase in Pr and that mixed phase patterns
are seen at 18.9 GPa. The next pattern they show at 40.4
GPa; they state that pure «-U phase is observed. Since they
do not show patterns in between these two pressures, and it
is not explicitly discussed in the text, it is unclear if they also
observed mixed phase patterns between 18.9 and 40.4 GPa.
Evans et al. [21] report that mixed-phase bco-Pr and «-U Pr
patterns were observed between 20.5 and 21.8 GPa. We fit
the Pr «-U P-V data from run 2 to a Vinet [45] EOS. The
pressure range we used for our EOS fit was from 38 to 185
GPa, where pure «-U Pr is observed. There are not enough
reflections observed from bco-Pr to obtain reliable volumes
for this phase in the ~20-38 GPa pressure range. Our Vinet
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FIG. 8. Pressure-volume relationship of «-U Pr obtained from
run 2; solid line shows our best fit Vinet equation of state (EOS). The
difference between the data points and the Vinet EOS fit is presented
in the lower panel. Inset shows the bulk modulus as a function of
pressure calculated from the fitted EOS (red circles from 38 to 185
GPa) and as directly calculated from the P-V data (black squares).

fit parameters from the P-V data using Ne as our pressure
calibrant are V; = 23.75 £ 0.26 A3, Ky = 42 £+ 3.4 GPa, and
K(; = 6.29 £ 0.11. When Cu is used to calibrate the pressure,
the following parameters are obtained with Vy = 24.54 +
0.29 A3, Ky = 33 £+ 2.8 GPa, and K, = 6.60 £ 0.11. Figure 8
shows our best fitting Vinet EOS to the P-V data from run
2 using Cu as our pressure calibrant as well as the difference
between the data points and the Vinet EOS fit. The inset shows
the bulk modulus of Pr as a function of pressure; we calculated
the isothermal bulk modulus from our fitted EOS parameters
and directly from our P-V data using Ky = —V(dP/dV). The
second approach does not rely on assumptions that are used
in the derivation of the chosen EOS. The slope of the bulk
modulus as a function of pressure is slightly different between
the two different methods. At the maximum pressure, the
bulk modulus calculated from our EOS fit is 1.5% lower than
the bulk modulus calculated directly from the P-V data. The
bulk modulus of Pr increases as pressure increases with a dis-
continuous shift to higher values across the volume collapse
transition (bco to «-U). This contrasts with Ce, where the
bulk modulus decreases in the y-Ce phase until it reaches the
volume collapse transition, where it starts increasing again in
the «-Ce phase [46,47].

IV. CONCLUSIONS

We compressed praseodymium metal in a soft PTM up to a
maximum pressure of 185 GPa. We observe the previously
reported high-pressure structural transition sequence where
Pr-1I (fcc) is observed at 5.2 GPa, Pr-III (d-fcc) at 9.2 GPa,
Pr-VII (bco) at 13.5 GPa, and Pr-IV («-U) at 20.9 GPa. Ad-
ditionally, we observe the coexistence of bco-Pr and «-U Pr
from ~20 up to ~38 GPa. The «-uranium structure of Pr is
stable from 20 to 185 GPa, and no evidence of the proposed
transition to a primitive orthorhombic structure >147 GPa
was observed. This may be due to the nonhydrostatic con-
ditions in the previous studies [12,13] either stabilizing a
primitive orthorhombic phase or lowering the onset pressure
of the transition to a primitive orthorhombic phase. Addi-
tionally, we found that the lattice parameters obtained from
simple peak fitting and those obtained from Rietveld refine-
ments of the full diffraction patterns show remarkably good
agreement. This is not fortuitous but rather the result of careful
sample/DAC preparation and the use of a soft PTM. Since
we do not observe any reaction between Pr and Ne in this
paper, it is likely Ne would not react with other lanthanides
at high pressure. We calculated the lattice parameters and y
coordinate for o-U Pr and found good agreement between our
calculations and experimental measurements. We find that the
bulk modulus of Pr increases with increasing pressure and that
there is a discontinuous increase across the volume collapse
transition. For the «-U phase of Pr, we find a good agreement
between the bulk modulus as calculated directly from the P-V
data and the bulk modulus calculated using the fitted EOS
parameters. The calculated energies of the proposed primitive
orthorhombic structure and the «-U structure at ~150 GPa
show that the «a-U structure is lower in energy and that the
P22,2; structure may become stable >220 GPa.
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