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Angle-dispersive x-ray powder diffraction experiments have been performed on praseodymium metal to a
pressure of 205 GPa. Between 20 and 165 GPa only the oC4 (α-uranium) phase is observed, in agreement with
previous studies. At 171(5) GPa we find a transition to a tetragonal t I2 phase which is isostructural with the
high-pressure post-oC4 phase seen in the neighboring lanthanide cerium above 12 GPa, and with the high-
pressure phase of the actinide thorium seen above 100 GPa. Electronic structure calculations determine the
oC4 → t I2 transition to occur at 130 GPa at 0 K, but find another phase, with the hP1 (simple hexagonal)
structure, to have a lower enthalpy than both the oC4 and t I2 structures above 20 GPa at 0 K.

DOI: 10.1103/PhysRevB.105.174104

I. INTRODUCTION

On compression, the predominantly trivalent lanthanide
metals (La to Lu, excluding Ce, Eu, and Yb) exhibit a common
series of structural phase transformations: hcp (hP2 in Pear-
son notation) → Sm-type (hR9) → dhcp (hP4) → fcc (cF4)
→ distorted-fcc (hR24, oI16, or oS8) [1–3]. The pressures at
which the transitions occur increase with increasing atomic
number Z across the series [4].

Under further compression, the distorted-fcc structures un-
dergo first-order volume collapse transitions into phases with
more complex structures, typically with the hexagonal hP3
structure [5,6], the orthorhombic oF8 and oF16 structures
[6–8], or the orthorhombic oC4 (α-uranium) structure [4,9–
11]. The oF8 and oC4 structures are also seen in the actinide
elements Pu and U, respectively, at ambient pressure [1], and
also in Am, Cm, and Cf at high pressure [12–14].

Pr is the lowest-Z member of the trivalent lanthanides in
which the hP4 → cF4 → hR24 → oC4 sequence of transi-
tions is observed, with transition pressures of approximately
6, 7, and 20 GPa [2,4,10]. In Pr, an additional phase with
an orthorhombic oI16 structure is seen between the hR24
and oC4 phases from 14 and 20 GPa [15]. oC4-Pr is then
stable to 147(5) GPa, where it is reported to transform to an
orthorhombic oP4 structure, different from both the tetragonal
post-oC4 structure (t I2) reported in neighboring Ce [16] and
the oP4 structure reported in Am, Cm, and Cf [12–14].

As the trivalent lanthanide metals are expected to continue
exhibiting a common transition sequence at pressures higher
than those at which they have been studied to date (typically
150–300 GPa), confirming the existence and structure of the
oP4 phase in Pr is important, as it is currently seen only in that
element.

In order to confirm the structure of the post-oC4 phase in
Pr, we have conducted x-ray diffraction studies from 65 to
205 GPa. In contrast to the previous study, we find the struc-
ture of the post-oC4 phase of Pr to be t I2, the same as that seen
in Ce above 13 GPa [16–18], in Th above 100 GPa [19,20],
and calculated to be the structure of the post-oC4 phase in
U itself above ∼800 GPa [21], suggesting that this is the
next common structure in the trivalent lanthanide transition
sequence.

II. EXPERIMENTAL DETAILS

High-purity distilled samples of commercially purchased
Pr, supplied by Ulrich Schwarz of the Max-Planck-Institut für
Chemische Physik fester Stoffe in Dresden, were loaded into
two DACs in a dry argon atmosphere (<0.1 ppm O2 and <0.1
ppm H2O) to prevent oxidation. The measured impurity levels
in the supplied samples were oxygen < 0.05(2)%, nitrogen =
0.033(4)%, and carbon < 0.06%. The Pr was highly crys-
talline, as determined by the sharp diffraction peaks from
the as-loaded samples, and in contrast to our previous study
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[15] we observed no diffraction peaks from oxide or hydride
contaminants as a result of the loading process.

The DACs were equipped with beveled diamonds, one with
100 μm diameter culets (sample 1) and the other with 50 μm
diameter culets (sample 2), and W gaskets. The samples were
loaded without any pressure-transmitting medium (PTM) so
as to prevent contamination. Both samples were loaded with
several small (a few μm) copper (Cu) spheres to act as a
pressure calibrant, using the published Cu equation of state
(EOS) of Sokolova et al. [22].

Diffraction data were collected in two experiments on the
Extreme Conditions P02.2 beamline at the PETRA III syn-
chrotron in Hamburg, Germany. Additional lower-pressure
data up to 23 GPa were obtained in 2008 on beamline 9.5HPT
at the now-closed Synchrotron Radiation Source (SRS) at
Daresbury Laboratory in the UK [15,23]. Monochromatic
x-ray beams of wavelength 0.4832 Å (PETRA III) and
0.4438 Å (SRS), focused down to a FWHM of 0.85 μm ×
0.85 μm (PETRA III) [6] and 50 μm × 50 μm (SRS),
were used, and the powder-diffraction data were recorded on
Perkin-Elmer (PETRA III) and Mar345 (SRS) area detectors,
placed 300–400 mm from the sample. LaB6 and CeO2 diffrac-
tion standards were used to calibrate the exact sample-detector
distance and the detector tilts in each experiment. The 2D
diffraction images collected at each pressure were integrated
azimuthally using DIOPTAS [24] or FIT2D [25] to obtain
standard 1D diffraction profiles, which were then analyzed
using Rietveld [26] and Le Bail profile-fitting methods, or
by fitting to the measured d spacings of individual diffraction
peaks [27].

The absence of a PTM can result in significant pressure
gradients within the sample. The submicron beam available at
PETRA III enabled us to map the pressure distribution over
the central 10 μm × 10 μm area in both sample 1 and 2 at
174 GPa and 193 GPa, respectively, and the results are shown
in Figs. 1 and 2. Despite the presence of pressure variations
of 6 and 11 GPa, respectively, in the 10 μm × 10 μm sample
areas over which the pressure distribution was measured, the
pressure variation within the 0.85 μm × 0.85 μm area sam-
pled by the x-ray beam was negligible in each case.

The absence of measurable pressure gradients or
anisotropic stress in the sample was also evident in the
diffraction profiles, which exhibited only very slight
azimuthal variations in 2θ around each Debye-Scherrer
ring, resulting in excellent Rietveld fits to the diffraction
profiles to the highest pressures (see next section).

III. RESULTS AND DISCUSSION

As the low-pressure phases of Pr have been well studied,
and the oC4 phase is known to exist from 20 GPa up to
∼150 GPa, no diffraction data were collected from samples
1 and 2 below 65 GPa. Profile-fitting of the diffraction data
collected from 65 to 165 GPa showed that the oC4 struc-
ture is stable up to this pressure. Figure 3 shows a Rietveld
refinement of this structure to a diffraction profile from Pr
at 165 GPa—the highest pressure at which single-phase pro-
files of oC4-Pr were obtained. The refined lattice parameters
at this pressure are a = 2.4199(4) Å, b = 4.7817(5) Å, and
c = 4.3799(7) Å, V/V0 = 0.366(1), with atoms on the 4c

FIG. 1. The pressure distribution over the central 10 μm × 10
μm area of sample 1 at 174 GPa. Also shown for comparison is the
0.85 μm x-ray beam diameter (FWHM) used to obtain the diffraction
data at PETRA III. Despite a pressure gradient of 6 GPa within
the mapped region, the pressure variation within the sample volume
probed by the 0.85 μm diameter beam is negligible.

Wyckoff site at (0, 0.115(17), 1
4 ). The fit is excellent, with

all of the observed diffraction peaks accounted for. The re-
maining intensity misfits arise from the textured nature of the
Debye-Scherrer rings.

On further compression above 165 GPa, clear changes
were observed in the diffraction profiles, as illustrated in
Fig. 4. Above this pressure, diffraction peaks from oC4-Pr

FIG. 2. The pressure distribution over the central 10 μm ×
10 μm area of sample 2 at 193 GPa. Also shown for comparison
is the 0.85 μm x-ray beam diameter used to obtain the diffraction
data at PETRA III. Despite a pressure gradient of 11 GPa within
the mapped region, the pressure variation within the sample volume
probed by the 0.85 μm diameter beam is negligible.

174104-2



HIGH-PRESSURE STRUCTURE OF PRASEODYMIUM … PHYSICAL REVIEW B 105, 174104 (2022)

10 15 20 25 30

In
te

ns
ity

(a
rb

.u
ni

ts
)

2�(deg.)

(0
02

)(
10

1)
(0

20
)

(0
21

)

(0
22

)

(1
12

)

+
*

+

�=0.4832 Å
P=165 GPa

(1
11

)

*

FIG. 3. Rietveld refinement of the oC4 structure to a
background-subtracted diffraction profile from Pr at 165 GPa,
showing the observed (crosses) and calculated (line) diffraction
patterns, the calculated reflection positions, and the difference
profile [RP = 3.5%, RwP = 5.8%, GoF = 1.19, R(F 2) = 16.6%, and
preferred orientation in the (021) direction]. The first seven peaks
of the oC4 phase are labeled with their Miller indices. The asterisks
identify weak peaks from the W gasket, and the + symbol identifies
a peak from the Cu pressure calibrant.

decreased in intensity while peaks from the post-oC4 phase
became more intense [see Figs. 4(b) and 4(c)], with the re-
sult that the diffraction pattern simplified. Above 200 GPa
no further changes were observed in the diffraction profiles,
suggesting that single-phase profiles of the post-oC4 phase
were observed above this pressure [Figs. 4(d) and 4(e)].

Velisavljevic and Vohra [28] previously reported a transi-
tion in the oC4 phase at 147(5) GPa, as determined by the
appearance of a new diffraction peak between the (021) and
the (111) peaks of the oC4 phase [indexed in Fig. 4(a)] which,
unusually, moved to longer d spacing with increased pressure.
However, comparison of Fig. 1 in Ref. [28] with Fig. 4 shows
that we see no new peak at that location.

The tick marks beneath Fig. 4(e) show the expected peak
positions from the oP4 structure reported by Velisavljevic and
Vohra at 205 GPa, using estimated lattice parameters at this
pressure (a = 2.380 Å, b = 4.673 Å, and c = 4.499 Å), as
determined from Fig. 4 in Ref. [28]. It is clear that while a
number of the tick marks align with observed peaks in the
diffraction profile, many of the peaks predicted by the oP4
structure are not observed. In particular, the peak at 13.7◦
[identified with an arrow in profile (e) of Fig. 4], which in-
dexes as the (012) in the oP4 structure, and the appearance
of which was a key indicator of the transition to the post-oC4
phase in the study of Velisavljevic and Vohra, is not observed
in any of our diffraction profiles.

As said, the diffraction profiles we observed from the
post-oC4 phase were simpler than those from the oC4 phase
itself, suggesting they came from a structure with higher
symmetry and/or with a smaller unit cell. Previous studies
of the high-pressure behavior of Ce have reported similar
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FIG. 4. Background-subtracted diffraction profiles collected
from Pr on pressure increase from 165 GPa to 205 GPa. The data
were collected from the two samples at PETRA III using λ = 0.4832
Å. Tick marks beneath profile (a) show the best-fitting peak positions
for the oC4 phase at this pressure (as obtained from Fig. 3), while the
tick marks beneath profile (e) show the calculated peak positions for
the reported oP4 structure at 205 GPa, assuming lattice parameters
of a = 2.380 Å, b = 4.673 Å, and c = 4.499 Å. The peak marked
with an arrow in profile (b) is the most evident new peak from the
post-oC4 phase, while the arrow in profile (e) identifies the (012)
peak of the oP4 structure, which we do not observe. The peaks
marked with asterisks in profiles (a)–(c) are from the W gasket,
while peaks marked with + are from the Cu pressure marker. Profiles
(a)–(c) were obtained from sample 1, in which the diamonds failed
at 191 GPa, and profiles (d) and (e) were obtained from sample 2.

simplifications of the diffraction profiles at the oC4 → t I2
transition [16,18,30,31], and comparisons of the diffraction
profiles from t I2-Ce [16,31,32] with those observed in Pr
above 200 GPa [Figs. 4(d) and 4(e)] showed them to be
similar.

Figure 5 shows a Rietveld fit of the tetragonal t I2 structure
to the background-subtracted diffraction profile from Pr at
205(3) GPa. The refined lattice parameters are a = 2.383(4)
Å and c = 4.209(11) Å, V/V0 = 0.342(1), with atoms on the
2a site of space group I4/mmm at (000). The fit is excellent,
with all of the observed diffraction peaks from the sample
being accounted for.

The compressibility of Pr to 205 GPa is shown in Fig. 6.
At low pressures, while undergoing the hP4 → cF4 → hR24
transition sequence, the compressibility of Pr is very similar
to that of Sm and Nd over the same pressure range [6,7].
However, at 14 and 20 GPa, Pr undergoes two first-order
transitions to the oI16 and oC4 phases, with volume decreases
(�V/V0) of ∼0% and 6.2(1)%, respectively [15], after which
the compressibility of Pr is considerably lower. At 171 GPa,
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FIG. 5. Rietveld refinement of the t I2 structure to a background-
subtracted diffraction profile from Pr at 205 GPa, showing the
observed (crosses) and calculated (line) diffraction patterns, the cal-
culated reflection positions, and the difference profile [RP = 0.9%,
RwP = 1.7%, GoF = 0.5, R(F 2) = 5.2%, preferred orientation in the
(120) direction]. All of the peaks from the t I2 phase are labeled with
their Miller indices, while peaks marked with + symbols are from
the Cu pressure calibrant.

the first-order transition to t I2-Pr results in a further ∼0.5%
(�V/V0) in volume, with the compressibility of t I2-Pr being
similar to that of oC4-Pr at the same pressures [see inset (ii)
to Fig. 6].

To identify and analyze the changes in compression data
of the trivalent lanthanides, we have previously utilized
Holzapfel’s Adapted Polynomial of order L (APL) EOS for-
malism to analyze their compressibilities [33]. This EOS has
several advantages over other formalisms, and enables the
compressibility to be linearized straightforwardly. Nonlinear
behavior can then be interpreted as arising from deviations
from the regular compressive behavior expected for a normal
metal, perhaps arising from changes in the electronic structure
[34].

If one fits the compression data using the second-order
(AP2) form of the APL EOS [33,35],

P = 3K0
(1 − x)

x5
exp[c0(1 − x)][1 + xc2(1 − x)], (1)

where K0 is the zero-pressure bulk modulus, K ′ is its
pressure derivative, x = (V/V0)1/3, c0 = −ln(3K0/pFG),
c2 = (3/2)(K ′ − 3) − c0, pFG = aFG(Z/V0)5/3 is the
Fermi-gas pressure, Z is the atomic number, and
aFG = [(3π2)/5](h̄2/me) = 0.02337 GPa nm5 is a constant,
then the compression data can be linearized in a so-called
ηAPL-x plot:

ηAPL(x) = ln

(
px5

pFG

)
− ln(1 − x). (2)

In this work, in order to better realize differences in behav-
ior to “regular” compressive behavior, described below, it is

FIG. 6. The compressibility of Pr to 205 GPa. The data from
our previous measurements to 22 GPa [15] and the current study of
oC4-Pr from 65 to 192 GPa are plotted with solid symbols, while
the data for oC4-Pr from the study of Chesnut and Vohra [29] are
shown as crosses. The current data on t I2-Pr are shown with unfilled
triangles to distinguish them from oC4-Pr. Inset (i) highlights the
volume change of ∼6% at the oI16 → oC4 transition, while inset (ii)
highlights the volume change of ∼0.5% at the oC4 → t I2 transition.
The dashed lines through the data points are the AP2 EOS fits.

convenient to transform this linearization into σ space, where
σ = σ0x and σ0 is the Thomas-Fermi radius (3ZV0/4π )1/3.

Figure 7 shows the APL linearized compression data for
Pr in the form of an ηAPL-σ plot. In such a plot, materials un-
dergoing regular compression will show linear or quasilinear
behavior, with a negative gradient, and the correct theoretical
limit of η(0) = 0. While the data for Pr exhibit linear behavior
at low pressures, the gradient is positive, and similar to that
we have observed recently in Nd and Sm [6,7]. The positive
gradient indicates that the hP4, cF4, hR24, and oI16 phases
of Pr are more compressible than would be expected from
its ambient pressure atomic volume and its atomic number.
Such deviations from regular compressive behavior expected
from a normal metal can arise from changes in electronic
structure [34].

However, Fig. 7 shows that there is a striking change in
compressive behavior after Pr undergoes the first-order phase
transition to the oC4 phase at 20 GPa (σ ∼ 6.6 Å), after which
the linearized data from both the oC4 and t I2 phases show the
negative gradient of a regular metal with the correct limiting
behavior of η(0) ∼ 0.

The distinct change in compression seen after the d-
cF4 → oC4 transition in Pr at 20 GPa is much more dramatic
than that seen in Nd or Sm, where the change to “regular”
behavior takes place more gradually, over multiple phases
[6,7]. However, in Pr, the oI16 → oC4 transition occurs via
a sizable volume change (�V /V0) of 6% [see inset (i) to
Fig. 6], much larger than the 0.4% volume change seen at the
hP4 → oF8 and oF8 → oC4 transitions in Nd, and volume
changes in Sm that were too small to measure [6,7]. Above
the oI16 → oC4 transition at 20 GPa, in both the oC4 and

174104-4



HIGH-PRESSURE STRUCTURE OF PRASEODYMIUM … PHYSICAL REVIEW B 105, 174104 (2022)

5.5 6.0 6.5 7.0 7.5

-4.9

-4.8

-4.7

-4.6

-4.5

-4.4

-4.3

-4.2

-4.1

-4.0

-3.9

-3.8

� A
P

L

�(Å)

hP4

cF4
hR24

oI16

oC4

tI2

FIG. 7. Linearization of the compression of Pr shown in the form
of an ηAPL-σ plot, where σ = σ0x. The data from the lower-pressure
phases (hP4, cF4, hR24, and oI16) are plotted with filled triangles,
while our data from oC4-Pr are plotted with filled squares and the
oC4-Pr data from the study of Chesnut and Vohra [29] are shown
as crosses. For clarity, the current data for t I2-Pr are plotted with
unfilled triangles.

t I2 phases, Pr shows the same regular compressive behavior
(Fig. 7), with a very similar gradient to that seen in both
oF8-Nd and oC4-Nd above 71 GPa, and in oF8-Sm above
93 GPa.

IV. ELECTRONIC STRUCTURE CALCULATIONS

To gain further insight and understanding into the behavior
of Pr at high compression, we have performed DFT calcu-
lations of the oC4 and t I2 structures of Pr, as well as the
oP4 structure (space group P212121) reported by Velisavljevic
[28] in Pr, and the different oP4 structure (space group Pnma)
previously reported in Am, Cm, and Cf [12–14]. Structural op-
timization of bulk Pr in each phase was accomplished by using
DFT calculations with the VASP [36] package, utilizing the
Perdew-Burke-Ernzerhof functional [37]. The k-point sam-
pling was performed using Monkhorst-Pack meshes, ensuring
a k-point density of at least 0.1 Å−1 for all the structures at
40 GPa, while a Gaussian smearing of 0.1 eV was used. Dur-
ing the DFT structural optimization, a convergence on internal
forces and stress tensor of 0.01 eV/Å was reached, and the
energy cutoff was set to 500 eV. Scalar relativistic spin-orbit
coupling was taken into account within the Koelling-Harmon
approximation [38].

Our zero-temperature DFT calculations revealed that t I2-
Pr becomes lower in enthalpy than the oC4-Pr at pressures
above P = 130 GPa, in agreement with the experimental find-
ings, while we found that the oP4 (P212121) structure at high
pressure (P � 150 GPa) is very close in enthalpy to the oC4
phase, but much higher in enthalpy than the t I2 phase. These
results, which are illustrated in Fig. 8, allow us to exclude
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FIG. 8. The enthalpies of the t I2-Pr, P212121-Pr, and Pnma-Pr
relative to that of oC4-Pr from 20 to 300 GPa. t I2-Pr becomes
significantly more stable than oC4-Pr at pressures above 130 GPa.
Also shown is the enthalpy curve for the second Pnma structure, the
true structure of which is simple hexagonal, hP1.

with confidence the presence of this oP4 structure in Pr at high
pressure.

The enthalpy gain of t I2-Pr over oC4-Pr above 130 GPa
is dominated by the PV term, yielding the linear dependence
on pressure evident in Fig. 8, so that the t I2 phase eventually
wins because of more compact Pr atomic arrangement. The
theoretically estimated zero-temperature transition pressure
of 130 GPa is somewhat lower than the transition pressure
of 171 GPa observed experimentally at room temperature. In
all the structures studied, Pr appears to have no net magnetic
moment, as previously seen experimentally at low pressure in
Ref. [39], and in contrast to the magnetic behavior we have
seen in Sm and Nd [6,7].

Surprisingly, our DFT calculations found two versions of
the oP4 structure with space group Pnma with very dif-
ferent structural parameters. For example, at 160 GPa, we
found one Pnma structure with a = 4.7240 Å, b = 4.3730 Å,
and c = 2.4084 Å, with atoms on the 4c site at (0.1102, 1

4 ,
0), and a second considerably lower enthalpy structure with
a = 4.7274 Å, b = 4.2832 Å, c = 2.4735 Å, with atoms on 4c
at (0, 1

4 , 1
2 ). While the first of these structures is identical to the

oC4 structure (space group Pnma is a subgroup of Cmcm, the
space group of oC4), we note that in the second structure the
b/c ratio is almost exactly

√
3, and this was also the case at all

pressures when the same structure was optimized in 20 GPa
increments between 40 and 200 GPa. This suggests that the
true symmetry of the structure is hexagonal, and further anal-
ysis revealed that the correct space group is P6/mmm with
a = 2.4735 Å, c = 2.3637 Å and an atom at (0,0,0). This is
the simple hexagonal structure, hP1 in Pearson notation, seen
only in Si, Ge at high pressure, although the c/a ratios in
these hP1 structures are slightly different (∼0.93 in Si and
Ge [40,41]) from the calculated value of 0.96 in Pr.

The hP1 structure comprises close-packed hexagonal
layers stacked directly above one another. In the ABC nomen-
clature used to describe the stacking of such layers, the
stacking sequence is AAA. This then is the newest member of
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the family of high-pressure lanthanide structures comprising
the stacking of hcp or quasi-hcp layers. Surprisingly, given
that this structure has not been observed experimentally in
elements other than in Si and Ge, our calculations show
that hP1-Pr has the lowest enthalpy of all the Pr structures
investigated between 20 and 200 GPa (see Fig. 8). Phonon
calculations in hP1-Pr at 80 GPa, where it has the largest
enthalpy offset from all the other phases tested, revealed no
imaginary phonon modes, and therefore that the structure is
dynamically stable.

Given the absence of any evidence of the hP1 structure in
our diffraction data, we also investigated the magnetic order-
ing in each of the structures considered, differences which
might alter their relative enthalpies. All the structures of Pr
examined exhibited no net magnetic moment or antiferromag-
netic order within DFT. Antiferromagnetism has previously
been reported in Pr at ambient pressure and low temperatures
[42], and theoretical modeling has described how magnetic or-
der could arise in rare earth elements as a result of interaction
between the localized moments and free conducting electrons
[43] (Kondo model) or the Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange mechanism [44], clearly indicating that a
treatment beyond DFT would be needed to reproduce such
behavior.

As our DFT calculations were performed at zero temper-
ature, it remains possible that hP1-Pr is the stable structure
between 20 and 200 GPa, but only at low temperatures.
A density functional theory + dynamical mean field theory
(DFT+DMFT) [45,46] study of Pr structures and magnetism,
which correctly treats the electronic correlations at finite
temperature, is in progress, and its results will be reported
elsewhere. While there have been no low-temperature diffrac-
tion studies of Pr to date, the study of Tateiwa et al. [47]
reported anomalies in the resistivity at ∼225 K above 20 GPa,
perhaps suggesting the existence of a new phase below that
temperature. Diffraction studies under the same P-T condi-
tions are now needed to determine whether this is the case.
The existence of a low-temperature structure that does not
have the oC4 structure will be important for interpreting
previous low-temperature resistivity and superconductivity
measurements [48,49].

In light of our observation of the t I2 structure in Pr, we
have revisited our previous calculations regarding the highest-
pressure phases in Tb and Nd to determine at which pressure
each element might also transform to the same structure. In
Tb, the highest-pressure known phase has the oF16 structure,
which is found to be stable above 60 GPa [8]. Extending our
previous DFT calculations to higher pressures, and including
both the oC4 and t I2 structures, we find that oC4 becomes
more stable than oF16-Tb above 300 GPa, as shown in Fig. 9.
On the other hand, t I2-Tb always remains much higher in
enthalpy in comparison to both oC4-Tb and oF16-Tb. In all
three structures, Tb has a comparable magnetic moment of
between 5.5 and 4.7 μB/atom in the range of pressure between
40 and 400 GPa.

In Nd, we have previously reported that the oC4 phase is
stable from 98 GPa to at least 302 GPa, the highest pressure
to which it has been studied [7]. DFT calculations to higher
pressures, and including the t I2 structure, show that the latter
is always higher in enthalpy with respect to oC4-Nd phase, as
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FIG. 9. The enthalpy gain per atom of oC4-Tb (red line) and t I2-
Tb (blue line) relative to that of oF16-Tb. The oC4 phase becomes
more stable than oF16 at pressures above approximately 300 GPa.
However, the enthalpy of t I2-Tb is always significantly above those
of the other two phases. Also shown is the enthalpy gain per atom
of t I2-Nd relative to oC4-Nd (green line) from 40 to 500 GPa.
The oC4 phase remains the most stable of the two over the whole
range examined. The kink at 80 GPa is associated with the loss of
magnetization in oC4-Nd at this pressure.

shown in Fig. 9. The kink at 80 GPa is associated with the loss
of magnetization in the oC4 phase, while the broad maximum
at P = 160 GPa is due to the loss of magnetization in the
t I2 phase. Above 160 GPa, the enthalpy difference between
oC4-Nd and t I2-Nd decreases monotonically, although re-
maining sizable (68 meV/atom) up to the maximum pressure
of 500 GPa examined in the current work.

V. CONCLUSIONS

The post-oC4 phase of Pr stable above 171 GPa has been
determined by x-ray diffraction to have a body-centred tetrag-
onal structure with 2 atoms in the unit cell (Pearson symbol
t I2) contrary to that which has been published previously [28].
The post-oC4 phase of neighboring lanthanide Ce is known
to have the same t I2 structure up to 208 GPa [16–18], see
Fig. 10, while the post-oC4 phase of U itself is calculated to
have the t I2 structure above 800 GPa [21]. Measurements of
the compressibility of Pr reveal that it becomes considerably
less compressible after the transition to the oC4 phase at
20 GPa, and that in the oC4 and t I2 phases its compressibility
is that expected of a regular metal.

Our DFT calculations reveal that t I2-Pr has a lower en-
thalpy than oC4-Pr above 130 GPa, in agreement with the
experimental findings. However, the same calculations reveal
that a simple hexagonal structure (hP1) has a considerably
lower enthalpy than both the oC4 and t I2 phases between 20
and 200 GPa. However, we have observed no such phase in
our room temperature diffraction study. Further calculations
of the structural and magnetic behavior of Pr above 0 K are
ongoing and will be published elsewhere.

Finally, given that the post-oC4 phases of both Ce and Pr
have the t I2 structure, we have used DFT both to predict
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FIG. 10. The different phases reported in the lanthanide elements
up to 310 GPa at ambient temperature, including the current results
in Pr. With the exception of Ce, Eu, and Yb, the elements adopt
a similar phase transition sequence, with the transition pressures
increasing with increasing Z . The observation of the t I2 structure in
Pr above 170 GPa strengthens the systematics between the different
lanthanides, and suggests that this is the next common structure in
the phase transition sequence. The phases are labeled using Pearson
notations except for the two incommensurate phases of Eu which are
denoted Incomm1 and Incomm2 [50,51].

the oC4 → t I2 transition pressure in Nd and to determine at
what pressure the same two structures might be observed in

Tb. We find t I2-Nd to have a considerably higher enthalpy
than oC4-Nd at all pressures up to 500 GPa, and probably to
considerably higher. We estimate that oF16-Tb will transform
to oC4-Tb at 300 GPa, but that the enthalpy of t I2-Nd remains
well above that of oC4-Nd to well above 400 GPa. Whether
the post-oC4 phase has the t I2 structure across the lanthanide
elements is thus still unclear.
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