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ABSTRACT

The elastic properties of praseodymium (Pr) were investigated at pressures up to 12 GPa at room
temperature using ultrasonic interferometry technique. Softening and discontinuities in compressional (P)
and shear (S) wave velocities were observed at around 2.5, 6.5 and 10.5 GPa, which are interpreted as
indications of the phase transitions from Pr-I (dhcp) to Pr-II (fcc), Pr-II (fcc) to Pr-IIT (d-fec) and Pr-III
(d-fcc) to Pr-VII (monoclinic or orthorhombic), respectively. Very small discontinuities in
compressibility have been observed across the phase transitions of I-II and II-III of Pr, which are
unlikely visible in the X-ray diffraction studies. A comparison with the elastic behaviors of other
lanthanide elements (e.g., Ce and La) suggests that the elastic anomalies associated with these phase
transitions are likely to be caused by the 6s-5d electron transfer and the softening of acoustic phonon

mode facilitated by decreased atomic distances under pressure.
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L. INTRODUCTION
Phase transitions in lanthanides draw much attention because of the characteristic
hcp—9R—dhcp—fcc—d-fcc sequence, induced by electron transfer in the valence shells with
increasing pressure.'? Of particular interest is the possibility of observing an intriguing volume collapse
transition associated with the delocalization of the 4f shell, such as the y-o fcc isostructural transition of
cerium ([Xe]4f'5d'6s?) at 0.5-0.7 GPa.* At ambient pressure and temperature, praseodymium
([Xe]4f36s? ) crystallizes in dhcp structure (space group: P6sy/mmc, a = 3.6725 A, ¢ = 11.8354 A); it
undergoes a series of pressure-induced phase transitions from Pr-I (dhcp) — Pr-II (fcc) — Pr-III

(distorted fcc, hR24) — (Pr-VII, X) — Pr-1V (a-U, Cmem)> '3, where “X” represents the current debate

on the structure of Pr before its volume collapse transition to the orthorhombic a-U structure at around
20 GPa.*!'' Among previous x-ray studies, some suggested the existence of a monoclinic structured

910 with the distorted fcc phase only stable between 7 and

phase Pr-VII in the pressure range 10-25 GPa
10 GPa'%; more recent X-ray diffraction studies®!'!, however, have failed to confirm these reported
observations. For instance, a very recent static compression study by Evans et al.!! finds that the fcc
phase transforms into the d-fcc structure (rhombohedral, space group R3m, with 24 atoms per unit cell,
hR24) at 7.4 GPa, and the #R24 phase transforms into an orthorhombic (Pr-VII) structure (space group
Ibam, 16 atoms per cell, mC16) at ~13.7 GPa. Both these two transitions are proposed to be first order in
nature but without detectable discontinuities in atomic volume and compressibility (hence isothermal
bulk modulus K7). At 20.5 GPa, the Pr-VII is reported to transform to the orthorhombic a-U phase with
a volume collapse of 8.3%, which is believed to be resulted from the delocalization of 4f electrons'!.

In addition to the debate on the existence and crystal structure of Pr-VII, the reported transition

pressures for dhcp, fcc, dfcc and Pr-VII phases also vary widely. For dhcp-fec, some reported the

completion of phase transition at around 4 GPa,3!'>!3 while yet others suggested 7.7 GPa.!® The
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observation of a two-phase mixture below 4 GPa® indicates that the onset of the dhcp-fcc transition
might occur at a much lower pressure. From previous X-ray diffraction studies, the proposed transition

pressure for fcc-dfce ranges from 6.2 to 8.1 GPa,*!"!3 and from 10 to 14 GPa for dfcc-VII transition.” !

14,15 16-18

However, electrical resistance as well as thermoelectric property measurements up to 18 GPa
have constrained the corresponding phase transition pressures at 4-5 GPa, 7-8 GPa and ~12 GPa for
dhcp-fee, fee-dfcc and dfce-VII, respectively. The large discrepancies on the proposed transition
pressures could be a manifestation of the small structure distortions and/or modifications of these phase
transitions as well as their sensitivity to different probing methods and various experiment conditions.
Previous ultrasonic pulse transmission measurements'® on Pr up to 8.4 GPa have reported two
anomalous pressure dependence for the compressional (P) and shear (S) wave velocities within 1.2-5.0
GPa and 6.6-8.0 GPa, which were attributed to the dhcp to fcc and fcc to d-fcc (AR24) transitions.
respectively. Because these measurements were made in a Bridgeman type high pressure apparatus with

two opposed anvils and solid pressure medium, high uniaxial stress?

may have provided additional
driving force and caused the phase transitions to occur at significantly lower pressures than those under
hydrostatic pressures (see Ref. 21). Nevertheless, the proposed fcc to d-fec transition was shown to be
accompanied by significant softening of both Vp (by ~4%) and Vs (by ~8%), together with a reduction of
the elastic moduli by about 4% for the adiabatic bulk modulus (Ks) and ~12% for the shear modulus (G)
within ~7-8 GPa; by comparison, the dhcp to fcc transition only exhibited a slope change in Vp and a
weak softening on the order of ~2% at ~4-5 GPa. The authors in ref. 19 further indicated that the
softening in bulk modulus due to the fcc to d-fcc transition resulted in a density increase of ~0.4% when
compared with the extrapolated compression curve of the fcc phase. However, all previous X-ray

diffraction studies have failed to report any discontinuity on volume compression curve or

compressibility change for these two phase transitions; currently, it remains unclear whether this is due
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to the scarcity of experimental data in the vicinity of these phase transitions or the lack of resolution in
X-ray diffraction data for reliable determination and refinement of the crystal structure. Besides Pr,
similar softening behavior in acoustic velocities has been observed to accompany the phase transitions in
lanthanum?? and cerium?®, yet the structural nature and origins of all these transitions still remain to be
further understood.

Acoustic velocity measurement has been demonstrated to be of high sensitivity for studying phase

transitions!?22-24

, especially for second order phase transitions. To address the discrepancies in the phase
transition pressures, in this study, precise ultrasonic measurements were conducted to investigate the
elastic behavior of praseodymium under pressure up to 12 GPa at room temperature. Together with
densities from previous X-ray diffraction studies, the long-wavelength acoustic phonon velocities of
praseodymium as a function of pressure were investigated, from which insights into the structural

stability of the I (dhcp), II (fcc), III (d-fcc) phases of praseodymium, as well as the possible VII

(monoclinic or orthorhombic) phase, are obtained.

II. EXPERIMENTAL METHODS

A commercial grade polycrystalline Pr rod (ESPI Metals, 99.9% purity, diameter 1.8 mm) was used in
the current ultrasonic interferometry measurements. The crystal structure of the Pr specimen is dhcp, as
identified by X-ray diffractometry before and after the current experiment. Starting from a rod with a
length of around 0.8 mm, the two surfaces were polished with a final finish of 1-um diamond paste to
ensure that high signal to noise ratio ultrasonic signals can be detected at ambient conditions. The final
length of the specimen is 0.625(1) mm. Praseodymium is reported to easily oxidize in the air at room
temperature, thus the sample was immediately loaded into the cell assembly after polishing right before

the high-pressure experiment.



88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

High-pressure ultrasonic experiment®>?® was performed in a 1000-ton uniaxial split-cylinder
apparatus (USCA-1000) up to 12 GPa at room temperature. The cell assembly used in this study has
been described in detail by Ref. °’ and ?®. Briefly, a dual-mode LiNbO3 transducer (50 MHz resonant
frequency for P wave, and 30 MHz for S wave) mounted on the back of the tungsten carbide anvil was
used to generate and receive both the P and S wave signals simultaneously. A polycrystalline alumina
(CoorsTek, AD-998) buffer rod of 3.899(1) mm in length and 3.175(1) mm in diameter was inserted
between the specimen and the tungsten carbide (WC) anvil, allowing the specimen to be positioned at
the center of the MgO octahedral pressure medium. Disks of NaCl and lead were placed at the back of
the sample to further reduce the deviatoric stress within the cell. As described below, the alumina buffer
rod also serves as an in-situ pressure marker.

Round-trip travel times inside the alumina buffer rod and Pr specimen were obtained using the pulse
echo overlap (PEO) method 2° (~10 precision) by overlapping the reflected echoes from the front and
rear surfaces of the buffer rod and specimen, respectively; details about the transfer function technique
employed in this study for data acquisition and processing have been discussed elsewhere.?**° The cell
pressures were calculated from the S wave travel times of the alumina buffer rod by using the equation P
=249.7 x (1 — ts/tso),”*! where P is the cell pressure, ts is the S wave travel time of the buffer rod at
pressure P, and tso is the S wave travel time at room pressure (for further details, see Refs 27!). As
reported by Wang et al.,’! the uncertainty in the pressure determined with alumina as in-situ pressure
marker is +0.18 GPa at room temperature.

In the current ultrasonic experiment, P wave signals exhibited a high signal-to-noise ratio to ensure a
reliable determination of travel time; however, the S wave signals at the current ultrasonic frequencies
were found to be strongly attenuated such that a direct and reliable determination of travel time became

difficult. We noticed that strong attenuation of ultrasonic S wave propagation in Pr has also been
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reported in a previous ultrasonic study within the current pressure range.!® Thus, in this study, an
alternative method to derive S wave travel time is developed by incorporating density () under pressure

from previous X-ray diffraction studies >7-!!

into the current data analysis. With the density data for
phases Pr I (dhcp), II (fcc), and III (d-fec) readily available within the current experimental pressure
range, the length (L) of the Pr specimen can therefore be obtained using the relationship (L/Ly)3 =
Po/p under the assumption of hydrostatic compression. The length of our Pr specimen after ultrasonic
experiment was measured to be 0.622(1) mm, indicating that the specimen underwent nearly hydrostatic
compression in the entire course of the experiment; thus, the lengths estimated using density have an
error less than +£0.25%.

Based on K = p(0P/0p) and Ks = Kr(1 + ayT), the specimen length can also be calculated using the

observed travel times of P and S waves (Cook’s method),*

L

1+ayT (P dP
T=1+——[ T (1)
0 2732
3 32

where a is the thermal expansion coefficient (derived from Ref. 7), y is the Gruneisen parameter 3, T is
the temperature (300 K in this study), and hy = 4pyl%. Thus, with specimen length and P wave travel
time, equation (1) allows for a unique solution for S wave travel time at each pressure. A similar
procedure has been adopted in our previous study to derive the S wave velocity of zirconium.>* The

error for the calculated S wave travel time is estimated to be less than £0.5%.
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FIG. 1. Travel times of the P (a) and S (b) waves and their pressure derivatives (c&d) as a function of pressure. The
—_ tht1—tn

o . . A . o . N .
pressure derivatives were approximated by the equatlonﬁ = Dotted lines indicate discontinuities resulting
n+1~n

from possible phase transitions at 2.5, 6.5, and 10.5 GPa. A weak slope change is observed at 2.5 GPa, with the

estimated 0t/OP changing from -0.010 to -0.013 p s/GPa for P wave and from -0.010 to -0.018 ps/GPa for S wave.

II1. RESULTS

The experimentally obtained travel times of P wave as a function of pressure, as well as those
derived from equation (1) for S wave, are shown in Fig. 1, and Table [ lists all the data derived in this
study. Densities from Refs. '° and '! are used in the calculation, as they offer the most complete dataset
at pressure up to 25 GPa, and fitting those densities and pressures to the Birch-Murnaghan equation of
state yields the closest results to ours on the bulk modulus and its pressure derivative. The P and S wave
velocities are calculated using V; = 2*L/¢t; (i represents P or S wave) and the bulk (Ks) and shear (G)

moduli are calculated using the equations pVZ = K, + 4/3 X G and pVi? = G.
As shown in Fig. 1, anomalous behavior can be readily observed in both the directly observed P wave

and the calculated S wave travel times, including a weak slope change at around 2.5 GPa, weak
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discontinuity at ~6.5 GPa, and an abrupt increase above 8.5-9 GPa followed by a decrease at ~10-10.5
GPa. Based on previous compression data,’””!! the cell volume (hence the bulk length) within the current
experimental pressure range shows continuous and monotonic decrease with pressure, thus the
anomalies exhibited by P and S wave travel times in Fig. | are directly responsible for the anomalous

behavior in sound velocities as well as elastic bulk and shear moduli at respective pressures (Fig. 2 and

3).
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FIG. 2. Pressure dependences of Vp (a&c) and Vs (b&d), respectively. Dotted lines have the same meanings as in Fig. 1.

Fig. 2 shows the pressure dependences of P and S wave velocities at room temperature. With the
density as a function of pressure from previous studies,'®!! the uncertainties for these calculated ¥ and
Vs are estimated to be 0.5%. Instead of a monotonically increase with pressure as often observed in most
stable structures, both Vp and Vs of Pr show slope changes and discontinuities at around 2.5 and 6.5 GPa,
respectively, and a pronounced softening within 9-10.5 GPa (by ~3% and ~8% for Vpr and Vs,

respectively) followed by a stiffening recovery from 10.5 GPa up to the peak pressure of the current



161  experiment. Vp and Vs reach their lowest values at approximately the same pressure (~10.5 GPa). By
162  comparison, the velocity discontinuities at 6.5 GPa are less pronounced than that at ~10.5 GPa but can
163  be easily identified in the S wave velocity (Fig. 2b). Within the current experimental pressure range, the
164 S wave velocity reaches a peak value at around 4.5 GPa, after which it starts to decrease.

165

Table 1. Experiment data for praseodymium up to 12 GPa at room temperature.
P(GPa) tp(us) ts(us) L(mm) pglem®* Vp(km/s) Vs(km/s) Ks(GPa) G (GPa)

0.00 0.4585 0.7666  0.625 6.770 2.726 1.631 26.32 18.00
1.05 0.4416 0.7428 0.618 6.991 2.800 1.665 28.99 19.38
2.02 0.4258 0.7198  0.612 7.202 2.876 1.701 31.77 20.84
2.34 0.4220 0.7154  0.610 7.273 2.892 1.706 32.61 21.17
2.70 0.4172 0.7091  0.608 7.354 2915 1.715 33.64 21.62
2.90 0.4144 0.7053  0.607 7.399 2.928 1.721 34.25 21.90
3.18 0.4114 0.7021  0.605 7.463 2.941 1.724 35.01 22.17
3.47 0.4082 0.6983  0.603 7.526 2.956 1.728 35.81 22.47
3.75 0.4054 0.6955  0.602 7.591 2.968 1.730 36.58 22.72
4.07 0.4022 0.6923  0.600 7.664 2.982 1.733 37.48 23.00
4.39 0.3994 0.6899  0.598 7.738 2.993 1.733 38.35 23.23
4.67 0.3966 0.6870  0.596 7.803 3.006 1.735 39.18 23.50
4.92 0.3948 0.6859  0.595 7.858 3.013 1.734 39.82 23.63
5.20 0.3930 0.6855  0.593 7.923 3.018 1.730 40.54 23.73
5.52 0.3906 0.6840  0.591 7.997 3.027 1.729 41.43 23.90
5.76 0.3888 0.6829  0.590 8.053 3.034 1.728 42.10 24.03
6.05 0.3872 0.6829  0.588 8.117 3.039 1.723 42.82 24.10
6.29 0.3850 0.6806  0.587 8.172 3.049 1.725 43.57 2431
6.53 0.3822 0.6767  0.586 8.227 3.065 1.731 44.41 24.65
6.77 0.3810 0.6771  0.584 8.282 3.068 1.726 45.03 24.68
7.01 0.3792 0.6758  0.583 8.337 3.075 1.726 45.75 24.83
7.29 0.3772 0.6745  0.582 8.400 3.084 1.725 46.57 24.99
7.54 0.3758 0.6742  0.580 8.454 3.089 1.722 47.24 25.06
7.74 0.3742 0.6727  0.579 8.498 3.097 1.723 47.87 25.22
8.14 0.3712 0.6701  0.577 8.586 3.111 1.723 49.10 25.50
8.46 0.3692 0.6691  0.576 8.655 3.119 1.721 50.03 25.64
8.95 0.3676 0.6714  0.574 8.757 3.121 1.709 51.20 25.57
9.27 0.3684 0.6785 0.572 8.823 3.106 1.687 51.67 25.10
9.51 0.3708 0.6894  0.571 8.872 3.081 1.657 51.72 24.36
9.71 0.3732 0.7000  0.570 8.912 3.056 1.629 51.69 23.66
9.99 0.3758 0.7130  0.569 8.967 3.029 1.596 51.79 22.85

10
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10.44  0.3744 0.7156  0.567 9.051 3.031 1.586 52.79 22.76

10.76 ~ 0.3704 0.7073  0.566 9.109 3.057 1.601 53.99 23.34
11.04 03662 0.6975  0.565 9.158 3.086 1.620 55.18 24.05
11.45 03626 0.6911 0.564 9.226 3.109 1.631 56.46 24.55
11.73  0.3604 0.6875  0.563 9.271 3.123 1.637 57.30 24.85
11.97 0.3584 0.6838  0.562 9.308 3.137 1.644 58.03 25.16

* Density data from Ref. 10,11

To obtain the adiabatic bulk (Ks) and shear (G) moduli at ambient conditions as well as their pressure
derivatives, the velocity and density data!®!! at pressures are fitted to the following third-order Eulerian
finite strain equations:*>

pVE = (1 —26)%%(Ly + Ly€) )

pV¢ = (1 —2€)>*(My + Mye) 3)
where € = [1+ (p/po)?]|/2, Ly = Kgg +4Go/3 , Ly = 5L, — 3Kgo(Ko + 4 G/3) , My = G, and
M, = 5G, — 3K50G . The finite strain method offers a self-consistency within the finite strain
framework by searching for a set of densities that satisfies all the equations. More details on the finite

strain approach can be found elsewhere.?”3

11
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FIG. 3. Bulk (a) and shear (b) moduli and their pressure derivatives (c&d) as a function of pressure.

As shown in Fig. 3, the bulk modulus increases almost linearly with pressure below 9 GPa, with Kg
and its pressure derivative (Ks’) at ambient conditions to be 26.3 GPa and 2.8, respectively. These

3710 gych as

results are comparable to the isothermal values obtained from previous compression studies,
Kr=25.1 GPa, K7’ = 2.9 for both the fcc and d-fcc structure in ref. 7, Kr=27.5 GPa, K7’ = 2.2 for dhcp,
fcc and d-fee structures in ref.10. Above 9 GPa, the velocity softening (Fig. 2) has resulted the bulk
modulus to soften within pressure range 9 - 10.5 GPa, exhibiting a pressure dependence that is close to
zero. Ks starts to recover from softening above 10.5 GPa, with a K5’ = 3.1 at 10.5 GPa. The pressure
dependence of shear modulus shows anomalous features similar to that of S wave velocity. The shear
modulus reaches a lowest value at around 10.5 GPa and then starts to increase monotonically up to the

peak pressure of the current experiment. The calculated elastic moduli and their pressure derivatives at

10.5 GPa are Ks = 53.5 GPa, Ks’=3.1, G =23.4 GPa, G'=1.2.

IV. DISCUSSION

12
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Since the density data of Pr from previous X-ray diffraction studies are still discrepant within the
current pressure range,*!! the effect of these standing discrepancies on the calculated P and S wave
velocities are investigated by comparing the results obtained using the density data of ref. 8 with those in
Fig. 2&3 which are based on ref. 10 and ref. 11. As shown in Fig. 4, substituting the density data with
those from Cunningham et al.® results in nearly no change in P wave velocity, ~8% increase in S wave
velocity, ~20% increase in the shear modulus, and ~15% decrease in the bulk modulus at ambient
conditions. With increasing pressure, the differences between these two sets of results decrease rapidly;
above 6.5 GPa the differences in the resulted velocities as well as elastic moduli become less discernible
(Fig. 4). More importantly, the choice of density data has no appreciable effect on the general trend as
well as the characteristics of the anomalies for P and S wave velocities and the bulk and shear moduli

under pressure, resulting in the same results when used for identification of phase transitions.
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FIG. 4. Calculated results on velocities (a) and elastic moduli (b) using densities from different studies. Dashed and

dotted lines are the finite strain fitting curves. Data sources: E09, Ref. ''; D04, Ref. '°; C05, Ref. 3.
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Previously, the phase transitions of Pr have been primarily studied by X-ray diffraction methods>%!!

and resistance measurements!®!>>’

. Despite the disputes about the exact pressures for the phase
boundaries and the crystal structure of Pr VII, it has been generally accepted that, at room temperature,
Pr undergoes a sequence of phase transitions from I (dhcp) — 1I (fec) — III (distorted fec, R3m) — VII
(X) — 1V (0-U, Cmcm). Based on this sequence of phase transformation and our results in Fig. 4, we
propose that the Pr [—1I, II—-III and III— VII transitions occur at around 2.5+0.3 GPa, 6.5+0.3 GPa and
10.5+0.3 GPa, respectively, as inferred from the anomalous behavior of elastic wave velocities (V' and
Vs) and elastic moduli (Ks and G). This proposition is consistent with those derived from x-ray

10,11

diffraction studies®®!®, but slightly deviates from those other x-ray studies'®'! and electrical resistance

measurements’ 7.

A closer examination of Fig. 4 indicates that, across the two transitions Pr I—II (dhcp—fcc) and
I[I—1II (fcc—d-fcc), while the bulk modulus displays a monotonic increase with pressure, both P and S
wave velocities and the shear modulus all exhibit a slope change at ~2.5 GPa and a discernible
discontinuity at 6.5 GPa (Fig. 2&3). The current observation of a monotonically increasing bulk
modulus up to ~ 9 GPa is consistent with that inferred from the unit cell volume data from previous X-
ray diffraction studies.>”!! This has been understood by that the structural variations between the
hexagonal close packing Pr-I and the cubic close packing Pr-I1, as well as the small distortion (<2%) of
the Pr-11I structure relative to Pr-1I, are insufficient to result in a discontinuity in its compressibility. By
comparison, for the Pr-IIl — Pr-VII transition around 10.5 GPa, the bulk modulus shows a softening
behavior within 9-10.5 GPa followed by a recovery stiffening. Within the same pressure range, Vp, Vs

and G decrease by about 3%, 8% and 11%, respectively (Fig. 2&3). It should be noted that the a-U

transition at ~20 GPa in Pr has been consistently suggested to be the transition associated with a volume

14
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collapse, > 7239 therefore, within the current pressure range, no f electron delocalization is expected to
occur’®* to contribute to the observed softening. In contrast, similar softening feature in the bulk
modulus has never been observed in previous X-ray diffraction study>”**¥. The equation of state results
in Ref. 9 and 10 indicate that there is a continuous volume change across the phase transition III—VII
but with a compressibility decrease (hence an increase in the bulk modulus). Ref. 10 offered a
suggestion that this compressibility decrease might be caused by the itinerant 4f electron in the
monoclinic structure (Pr-VII) before the volume collapse. Yet the latest equation of state study by Evans
et al. !! reported that they did not observe a compressibility change for the phase transition from Pr-III to
Pr-VII structure, and the volume data for Pr-VII lie on the extension of the compression curve of the low
pressure phases.

When compared to a previous ultrasonic measurement!®, we noticed that despite the differences in
the pressure range of the anomalies as well as the values of the velocities, qualitatively, the results from
Ref. 19 bear a great resemblance to the current data in terms of slope change and discontinuities under
pressure, suggesting that the Pr specimen in previous study may have undergone the same phase
transitions as those in our study. The discrepancies in the absolute values for Vp and Vs (hence Ks and G)
between the two studies may be in part resulted from differences in the quality of the specimens but a
further diagnose is prohibited due to the lack of detailed information about the specimen used in Ref. 19.
As already noted above, a major difference between the current study and Ref. 19 is that the previous
ultrasonic measurements were conducted in a Bridgeman type high pressure apparatus with two opposed
anvils in contrast to the multi-anvil apparatus in the current study. As a result, the specimen in previous
high-pressure experiment must have experienced much higher deviatoric/uniaxial stress than the one in
the current study. It has been known that under high deviatoric stress conditions the same phase

transitions can occur at much lower pressures compared with those under hydrostatic pressures (see Ref.
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21 as an example) Therefore, the resemblance of the acoustic anomalies to the current study but
occurring at lower pressures is most likely related to the fact that the higher uniaxial stress on the
specimen in Ref 19 provided additional driving forces for the respective phase transitions.

Previously, it has been noticed that lanthanum also shows similar softening features in longitudinal
and shear wave velocities accompanying the phase transition at 6-8 GPa.!®?? Since Lanthanum doesn’t
have f electron, previous authors'® inferred that itinerant f electrons might not be the cause for such
softening in Pr. In addition, theoretical calculations'® using a pseudopotential model and a Friedel model
suggest that the 6s-5d transitions are responsible for these phase transitions below 20 GPa, and the shear
modulus is reported to be sensitive to the change of band energy. According to Ref. *’, Lifshitz-Dagens
anomalies*! were indicated in some theoretical calculations for the lanthanide elements under

4243 caused by the topological changes of the Fermi surface. However, as argued in Ref. ',

pressure,
such a topological transition in lanthanum makes only a small contribution to the softening, and may not
be sufficient to explain the large variations of the elastic properties across these three transitions
(dhep—fcc, fec—d-fece and d-fec—Pr VII). In searching for other possible causes to such significant
softening within 9-10.5 GPa, we notice that the fcc to d-fce phase transition in Pr has been suggested to
be associated with a predicted softening of the TA phonon mode at the L point of the Brillouin zone.’
Thus, we speculate that under pressure the TA phonon mode undergoes continuous softening prior to the
Pr phase transitions at 5-6.5 GPa (fcc—d-fcc) and 9-10.5 GPa (d-fcc—Pr-VII), contributing largely to
the anomalously low pressure derivatives in Vs and G. In addition, with the distortion continuously
accumulating in the d-fcc structure within 6.5-9 GPa, as evidenced in structure refinement (see €, 61 and
d2 in Fig. 3 of Ref. 5 ), Vs and G display a low increase rate with pressure (Fig. 4) until a critical degree

of distortion is reached to induce the structure instability at ~9 GPa where both Vs and G start to

decrease with pressure. With the formation of Pr-VII starting at ~10.5 GPa, Vp, Vs, K, and G undergo
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stiffening recovery, showing a continuous increase up to the peak pressure of the current experiment
(Fig. 4). Note that prior to the d-fcc—Pr-VII transition, the bulk modulus has decreased by ~ 3% within
9-10.5GPa; this results in a continuous deviation from the compression curve of d-fcc up to 0.5%, which
is less likely to be distinguishable from the scatter of the compression data derived from X-ray

diffraction studies.

V. CONCLUSIONS

In summary, we conducted sound velocities measurements on Pr as a function of pressure to 12 GPa
at room temperature. Softening and discontinuities in the compressional (Vp) and shear (Vs) wave
velocities and shear modulus (G) as a function of pressure were observed at around 2.5 GPa, 6.5GPa and
10.5GPa, which were interpreted as caused by phase transitions of dhep—fcc, fcc—d-fcc and d-fec—Pr-
VII, respectively. The transition pressures inferred from the current acoustic data are in general
agreement with previous X-ray diffraction results. After accounting for the effect of deviatoric stress, the
anomalies observed in previous acoustic studies are found in complete agreement with those in the
current study. A comparison with the elastic behaviors of other lanthanide elements (e.g., Ce and La)
suggests that the elastic anomalies associated with these phase transitions are likely to be caused by the
6s-5d electron transfer and the softening of acoustic phonon mode facilitated by decreased atomic
distances under pressure. While this precise acoustic velocity dataset provides further insights into the
corresponding phase transition mechanisms, from crystal structural point of view, more researches, such
as direct investigation of the electronic transitions as well as ab initio calculations, are still in great need
in order to provide more insights into the causes of the acoustic velocity softening and therefore the

mechanism and pathways of these phase transitions.
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