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High-pressure structural systematics of dysprosium metal compressed
in a neon pressure medium to 182 GPa
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We present an experimental and theoretical study of dysprosium metal compressed in the soft pressure
transmitting medium Ne up to 182 and 300 GPa, respectively. Angle-dispersive x-ray powder diffraction data
from each of the high-pressure polymorphs shows anisotropic compression behavior indicating changes to the
electron density distribution throughout its polymorphic landscape. We compare the monoclinic (mC4) and
orthorhombic (oF16) structures for the collapsed structure for Dy above 82 GPa and verify that the oF16 structure
offers a better fit to our data than the previously reported mC4 structure. Further, we have found that the oF16
structure undergoes similar anisotropic compression of its lattice parameters, with a turning point above 160 GPa;
suggesting a potential phase transition at pressures much higher than achieved in this study. Density functional
theory calculations show the likely candidate for this new high-pressure phase is the isosymmetric oF8 structure,
which is predicted to be lower in energy than the oF16 structure above 275 GPa.
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I. INTRODUCTION

The behavior of 4 f -shell rare-earth metals under extreme
conditions is of great interest due to the pressure mediated
hybridization of the spd orbitals which creates anomalous
structural behaviors and unique electronic and magnetic prop-
erties [1]. The appearance of low-symmetry crystal structures
with an accompanying volume collapse under high pressures
in lanthanide systems is generally attributed to a delocal-
ization of the f -orbital electrons. As pressure is increased,
spd hybridization occurs allowing new crystalline structures
to become energetically stable [1,2], until the energetics of
the system drive the f electrons to enter an itinerant state
[2,3]. Once the f electrons become itinerant, it has been
discussed that they begin to participate in metallic bonding,
facilitating a volume collapse into a lower symmetry structure
[2,4]. Though it is widely accepted that the volume collapse
in f -electron systems is due primarily to the delocalization
of the f electrons [3], experiments using x-ray absorption
spectroscopy and x-ray emission spectroscopy show very little
change to the f electrons across the pressure region of the vol-
ume collapse transition in Gd and Tb, while there is a strong
signature of s → d electron transfer [5]. This suggests that
the Kondo resonance mitigated volume collapse in f -electron
systems could in fact be driven more by the spd hybridization
than an itinerant f -electron state. This would also explain the
strong similarities between the polymorphism seen in the d-
block element Y and what is seen in the heavy lanthanides [6].
In the light rare-earth metals Ce, Pr, and Nd, crystal structures
such as body centered tetragonal (bct) [7], α-uranium [8],
and orthorhombic oF8 [9] have been observed under high
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pressures, respectively. Similarly, the heavy rare-earth met-
als have been shown to undergo a volume collapse into the
low-symmetry monoclinic mC4 structure; however, recently,
McMahon et al. [4] have shown that the collapsed phase was
more likely the orthorhombic oF16 structure. These lower
symmetry structures indicate the participation of f electrons
in metallic bonding, though the mechanism of this transition
is still the subject of much interest [10,11].

Dy is a trivalent rare-earth metal which has an ambi-
ent pressure electronic configuration with three electrons in
the spd conduction band and nine electrons in the localized
4 f shell [12] and crystallizes under ambient conditions in
a hexagonal close-packed (hcp) structure with space group
P63/mmc. The application of pressure is expected to cause
spd hybridization, much like that which has been observed in
other lanthanides as well as lighter elements [5,13]. At suffi-
ciently high pressure there is a volume collapse into a lower
symmetry phase, as in other lanthanides [5,14,15]. Previous
studies of Dy have shown it to follow the typical rare-earth
structural sequence through the distorted face-centered cu-
bic (dfcc) phase: hcp→α-Sm type, α-Sm type→dhcp (dhcp
is double hexagonal-close-packed), and dhcp→dfcc (hP2 →
hR9 → hP4 → hR24 in Pearson notation) [12,16–19]; how-
ever, there is some discrepancy in the transition pressures
reported throughout the literature, which will be discussed in
this paper.

Most of the experiments on the lanthanides at ultrahigh
pressures reported in the literature were performed under
nonhydrostatic conditions, and specifically for the case of
Dy, experiments were performed either with no pressure
transmitting medium [12,18,19], with silicon oil [16], or
methanol/ethanol [17]. Nonhydrostatic conditions can cause
complex stress fields, deviatoric stress, and complex phase
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behavior upon compression [20]. Anisotropic stress fields on
the sample can lead to the appearance of metastable phases
that may not exist when the sample is compressed under
more hydrostatic conditions [21]. Furthermore, the majority
of these studies, with the exception of Tschauner et al. [17]
and Hope et al. [18], give no discussion of the behavior of
the lattice parameters with pressure. In the present work, we
perform a detailed analysis of Dy metal compressed in a soft,
quasihydrostatic Ne pressure medium with the goal of gaining
a better understanding of the complex structural response
of Dy under compression. We examine lattice parameter re-
sponse, the axial ratios, and the pressure-volume relations of
each of the high-pressure polymorphs of Dy up to 182 GPa
and discuss how the pressure/volume response deviates when
under nonhydrostatic compression. We also apply density
functional theory (DFT) to both study the lattice parameter
response of the collapsed phase, and to compare the relative
energies of multiple structures to explore the possibility of
new high-pressure phases.

II. METHODS

A. Experiment

We present three experimental runs on Dy to different max-
imum pressure conditions using membrane diamond-anvil
cells (DACs) [22]. For the first experiment, diamonds with
a 500-μm culet size were used and a maximum pressure
of ∼10 GPa was achieved. A hole diameter of ∼180 μm
was drilled using electron discharge machining into a Re
gasket preindented to a thickness ∼30 μm. For the second
and third experiments, diamonds with 100-/300-μm beveled
culets were used, and a hole diameter of ∼60 μm was
drilled into a Re gasket preindented to a thickness ∼25 μm.
Maximum pressure achieved in the last two runs was ∼51
and ∼182 GPa, respectively. A Dy metal ingot (Alfa Aesar,
99.9%) was handled under a dry nitrogen atmosphere, and
samples were obtained by scraping the ingot surface down
approximately 100 μm, exposing pure metal. A small piece
of oxide-free sample was selected carefully and loaded, along
with Cu powder (Alfa Aesar, 99.9%) and a small (∼5 μm)
ruby sphere. The Cu was loaded into the sample chamber in
such a way to ensure the x-ray beam would pass through both
the sample and the pressure marker. The DACs were closed
in the dry nitrogen atmosphere to prevent oxidation of the
Dy sample prior to Ne gas loading. To further ensure that no
oxygen contamination was introduced during gas loading, the
high-pressure chamber of the gas loader was evacuated with a
vacuum pump prior to pressurizing the chamber with 99.999%
pure Ne to ∼0.18 GPa. The cell was opened to allow the Ne to
enter the chamber and then closed and brought to a pressure of
∼1 GPa, verified using the calibrated ruby fluorescence shift
[23]. For ambient measurement, sample was loaded into a cell
employing 750-μm culets and a stainless-steel gasket. One
piece of the sample was carefully selected and placed in the
gasket hole using the same methods described above; the cell
was closed to ensure the sample chamber was sealed, but no
pressure was applied to the sample. Full pattern refinement of
ambient data using a space group of P63/mmc gives lattice pa-
rameters a = 3.5869(4) Å and c = 5.665(1) Å (see Ref. [24]).

FIG. 1. Representative Le Bail refinements from each phase of
Dy up through the collapsed phase.

Angle-dispersive x-ray diffraction experiments were car-
ried out at the Advanced Photon Source (APS) High-Pressure
Collaboration Access Team (HPCAT) beamline 16 BM-D. A
monochromatic x-ray beam of 25.0 keV (λ = 0.4959 Å) was
focused to a beam size of ∼4×4 μm2 full width half maxi-
mum with ∼16×16 μm2 tails at less than 1% max. Diffraction
patterns were collected with a MAR-345 image plate detec-
tor with exposure times up to 120 s. X-ray diffraction was
also performed at the 16 ID-B diffraction beamline with a
monochromatic x-ray energy of 30.5 keV (λ = 0.4066 Å),
beam size of ∼1×2 μm2, and a Pilatus1M Si detector with ex-
posure times up to 60 s. Sample positioning and centering was
accomplished by the fly scan method [25]. Detector distance
and orientation was calibrated using a CeO2 standard for both
beamlines. c-BN backing plates were used on the downstream
side of the cell in each experiment, ensuring full 2θ coverage
up to a minimum q of 6 Å–1. Initial x-ray diffraction grid scans
of sample compartments in each experiment indicated that
the Dy samples were pure, and no oxide was observed in the
patterns.

Two-dimensional diffraction images were integrated into
one-dimensional patterns using the DIOPTAS software package
[26]. One-dimensional diffraction patterns were analyzed to
obtain peak positions using our in-house analysis codes in
the ORIGINPRO software package. Dy volumes were calcu-
lated directly from fitted peak positions and compared to full
pattern refinements at various pressures using GSAS-II [27]
and comparisons between the two methods are shown for the
collapsed phase in Ref. [24]. Representative two-dimensional
patterns for each phase and corresponding full pattern refine-
ments are shown in Fig. 1 and refinement results are listed
in Ref. [24]. Intensities were not refined, therefore atomic
positions listed in Ref. [24] are for reference only and are
taken from Refs. [4,12,16].

The sample pressure was estimated by measuring the unit
cell volume of Cu and Ne using the (111) reflection and the
equations of state (EOS) reported by [28,29], respectively.
Pressure uncertainties were determined by propagating the re-
ported uncertainties in the bulk modulus and the first pressure
derivative from the reported equation of states, uncertainties
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from peak fits, and the difference in pressures calculated from
Ne and Cu. All pressure, volume, and lattice parameter val-
ues measured in these experiments are listed in Ref. [24].
Equation of state fitting was performed on all data using
EoSFit7-GUI [30], and the fit results are listed in Ref. [24].

B. Theoretical

A good approach for modeling phase stability and equation
of state for materials under compression is that of density
functional theory. Generally, it works very well and errors in
the predictions tend to decrease with pressure [31]. The rare-
earth metals are more challenging to model than most other
metals because strong electron-correlation effects localize the
4 f electrons at ambient condition. Often such localization
effects are modeled within the DFT+U approach where a
Hubbard U parameter is introduced to address a large intra-
atomic Coulomb repulsion that is neglected in conventional
DFT. This approach, however, has shown to fail in addressing
the high-pressure behavior of rare-earth metals [32]. Instead,
we improve on DFT with an extension that involves the
otherwise absent orbital-orbital interaction in an orbital polar-
ization (OP) scheme. This orbital polarization 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
modulus as well as magnetic properties for the rare-earth
metals [33]. DFT+OP has also successfully been applied for
high-pressure studies of the rare-earth metal Pr [34].

For high-pressure conditions, where one expects delocal-
ization of the 4 f electrons, DFT+OP is a sensible technique
to study equation of state and crystal-structure stability. We
employ an all-electron full potential linear muffin-tin orbitals
method [35] that includes spin-orbit coupling and assumes the
generalized gradient approximation (GGA) for the electron
exchange and correlation functional. Details of the calcula-
tions are similar to those we have performed previously for
the rare-earth metals [33] that also show GGA is superior
to the local-density approximation for Pr. 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 orbital polarization are included
for the d and f states only and the overall computational
scheme is entirely free from adjustable parameters.

III. RESULTS AND DISCUSSION

A. Structural systematics up to 80 GPa

We started our high-pressure experiments at ∼1.7 GPa
with the sample in the hcp (hP2) phase and observed
anisotropic compression behavior in which the c axis begins
as being more compressible than the a axis. The c/a ratio
decreases by about 0.5% before reaching a turning point at
∼3.5 GPa shown in Fig. 2(a). After this inflection, the c/a
ratio increases by about 1.5% until it reaches a maximum
above 5.8 GPa, and above this pressure reflections from the
α-Sm type phase begin to appear. We attempted to fit a
“global” EOS to the P-V data up to 82 GPa (just before the
volume collapse transition happens), an approach similar to

those reported in previous studies [12,18,19]. However, we
found that a third- or fourth-order EOS could not adequately
fit the P-V data, and this global fit did not capture the differ-
ences in compressibility of each phase. Therefore, we fit each
phase separately with a fully weighted third-order (or fourth
order in the case of the dfcc phase) Birch-Murnaghan EOS
[30,36,37]. For the hcp phase we fixed V0 to 31.562(7) Å3,
which was determined from our ambient measurement, and
obtained a bulk modulus of B0 = 45.3(3) GPa and its pressure
derivative B′

0 = 0.72(8). Figure 3 shows the bulk modulus
as a function of pressure calculated directly from the P-V
data using −V ( ∂P

∂V )T and calculated using the EOS parame-
ters determined from our fit [30]. When examining the bulk
modulus as a function of pressure for the hcp phase [shown
in better detail in Fig. 3(b)], there appears to be a softening
of ∼5% which correlates to the anisotropic behavior of c/a
leading up to the transition to α-Sm type. Above 6.5 GPa,
hcp peaks could no longer be fully resolved, and α-Sm was
the only phase present. This behavior in the hcp phase of Dy
was also reported by Tschauner et al. [17]. In their work,
they showed a marked reduction in the c/a ratio caused by
anisotropic compressibility of the a and c axes followed by an
inflection point at ∼2.5 GPa. There is a difference of ∼1 GPa
in the location of the apparent inflection point in Ref. [17] and
in our experiment; however, there is good agreement between
the relative behavior of two experiments within the error bars
(see Ref. [24]). This difference in pressure measured for the
inflection point may be a result of differences in data density
between our experiment and that of Ref. [17].

The mechanism which drives this anisotropy in the com-
pression behavior of the hcp lattice parameters has been
thoroughly discussed in [17] and has been attributed to an
isostructural topological transition driven by s → d orbital
hybridization. This s → d hybridization drives a shift in the
electron density distribution within the ab plane. As electron
density near the Fermi level increases, Coulomb repulsion
drives the electron density further from the central atoms
within the ab plane while the electron density within the c
axis remains localized to the central atoms. The turning point
occurs when the electron density within the ab plane becomes
distributed to a point in which the Coulomb repulsion between
atoms lowers, leading to a softening of the ab plane and a
subsequent stiffening of the c axis. This is made evident by
the inflections of normalized lattice parameters above 3.5 GPa
shown in Fig. 2(a). Interestingly, values reported by Hope
et al. [18] do not clearly show this inflection point; in fact,
their c/a ratio appears to continuously decrease through the
α-Sm phase. The deviation of [18] from this trend seen in
both our experiment and that of [17] is most likely due to
nonhydrostatic conditions.

The α-Sm phase also exhibits anisotropic compression in
which the c/a ratio increases by ∼2% leading up to an inflec-
tion point (similar to that of the hcp phase), which occurs at
13 GPa, following a slight distortion to the c axis. After this
inflection point, the c/a ratio decreases by ∼1% until the dhcp
phase begins to appear above 17 GPa, after which the c/a ra-
tio becomes nearly linear indicating isotropic compressibility
between the a and c axes [see Fig. 2(b)]. Fitting an EOS to
the P-V data from 6 to 17 GPa (the α-Sm stability region),
we found that B0 decreases from that of the hcp phase to
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FIG. 2. Normalized lattice parameters along with the c/a ratio showing the changes in relative compressibility of the different axis of the
hexagonal basis symmetry polymorphs (a) hcp (hP2), (b) α-Sm (hR9), (c) dhcp (hP4), and (d) dfcc (hR24). Each structure shows anisotropic
behavior with pressure along with turning points in the c/a ratio which has been attributed to a topological phase transition in the hcp structure
[17].
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FIG. 3. (a) Isothermal bulk modulus as a function of pressure
calculated directly from the data (hollow circles) and best fit us-
ing Birch-Murnaghan EOS (solid circles) across the entire pressure
range of our measurements. (b) Low-pressure region up to 30 GPa
showing the trend in the bulk modulus for the hcp phase of Dy.

36.2(7) GPa and B′
0 increases to 3.4(1). We did attempt to fit

V0 for the α-Sm phase but found a fit value which was nearly
identical to that of the measured ambient data; thus, given the
continuous nature of the hcp→α-Sm transition, we fixed V0 to
the ambient value. We found α-Sm to be the stable phase up
to 17.5 GPa, at which point reflections from the dhcp phase
appear and the relative intensities of the reflections from the
α-Sm phase begin to decrease. This continues until reflections
from the α-Sm phase disappear completely above 23.5 GPa,
after which only reflections from dhcp Dy are observed. In
the mixed phase region from ∼17.5 to 23 GPa the relative
compressibilities of the a and c axes are nearly identical
for both phases. Above 23 GPa, where pure phase dhcp is
observed, there is a contraction of the c axis leading up to
another turning point in the compression ratio near ∼32 GPa;
above this pressure the c axis becomes less compressible, as
shown in Fig. 2(c). There is a near continuous increase in bulk
modulus starting above 6 GPa where the α-Sm phase becomes
stable through the dhcp phase shown in Fig. 3. Fitting an
equation of state to the P-V data from 23 to 37 GPa (the dhcp

stability region), we obtained the parameters B0 = 37.5(4)
GPa and B′

0 = 3.19(3), which are similar to values obtained
for the α-Sm phase. V0 was fixed to the ambient value for the
same reason as discussed above. Upon further compression
of the sample the dhcp phase begins to transition to the dfcc
phase above 37 GPa, and this transition completes by 39 GPa.
We did not observe an fcc phase which has been reported to
be stable in other lanthanides [38] and postulated by Patterson
et al. [12] to be stable between 37 and 43 GPa.

Regarding the structure of the dfcc phase, we found the
hR24 structure, and not the proposed oS8 structure [16], best
fits our observations agreeing with the previous studies of
[12,18,19,39]. We found that a third-order Birch-Murnaghan
EOS was unable to adequately fit the curvature in the
dfcc phase, and we recognized that there was a quadratic
form to the normalized pressure (F) vs Eulerian strain ( fE ),
shown in Ref. [24]. Therefore, we used a fourth-order Birch-
Murnaghan EOS [30] to fit the P-V data from 39 to 82 GPa
where the dfcc phase is stable and obtained the parameters
B0 = 68(1) GPa, B′

0 = 0.7(2), and B′′
0 = 0.071(1) GPa–1. V0

was held fixed to the ambient value for the same reasons as
discussed previously. The value of B0 is notably higher than
the previous phases leading a very steep slope of the bulk
modulus as a function of pressure shown in Fig. 3. There is
a discontinuity in bulk modulus vs pressure between the dhcp
and dfcc phases in which dfcc starts at a compressibility of
∼20 GPa lower than that of the dhcp phase at 37 GPa, but
it sharply increases to nearly 400 GPa by 82 GPa where we
observe the volume collapse transition. There does not appear
to be a clear turning point in the c/a ratio in the dfcc structure;
however, there is a marked stiffening of the c axis above 55
GPa as shown in Fig. 2(d). Interestingly, this stiffening does
correlate with a turning point in the normalized pressure (F) vs
Eulerian strain ( fE ), as well as correlates to where the scaled
c/a ratio crosses the ideal value for a close-packed hexagonal
lattice of 1.63 shown in Ref. [24].

B. Volume collapse transition

Upon further compression, the dfcc phase is followed by
a lower symmetry phase that has a characteristic volume
collapse associated with f -electron delocalization. We have
measured the volume collapse transition at 82.1(1.6) GPa;
however, there has been some discrepancy in the literature
regarding this transition. Samudrala and Vohra [19] shows
the volume collapse transition to occur above 82 GPa, which
agrees well with the transition pressure determined in this
study. Patterson et al. [12] found the collapse to occur above
73 GPa; however, the data density in the region around the
volume collapse shown on their P-V plot is low and there
is a large gap between the last data point in which the dfcc
phase was measured at ∼69 GPa, and the first data point in
the collapsed phase at ∼82 GPa. Shen et al. [16] shows the
dfcc phase to remain stable up to 87 GPa, which is the highest
pressure reached in their data. We predicate that they saw pure
dfcc still at 87 GPa likely because they used silicone oil as a
pressure transmitting medium and nonhydrostatic conditions
may have stabilized this phase to that pressure. The standard
deviation in pressure determined from multiple ruby spheres
loaded in silicone oil shows that above ∼2.5 GPa silicone
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oil is nonhydrostatic [20]. Under nonhydrostatic conditions,
measured volumes are larger than when they are measured un-
der hydrostatic conditions [21]. Furthermore, they used ruby
fluorescence calibrated from Holzapfel’s 2003 refined ruby
scale [22] to determine pressures throughout their experiment,
which has been shown to overestimate pressure by up to 5
GPa at 100 GPa when compared to [23]. The effects of these
can be seen when comparing their P-V data to other data sets
on Dy (see Ref. [24]). Most recently, Hope et al. [18] show
Dy compressed without a pressure medium up to a maximum
pressure of 202 GPa. They find the transition to the collapsed
phase to occur above 73 GPa, similar to what is seen in [12]. It
should be noted that Hope et al. [18] list Cu EOS parameters
of B0 = 121.6 GPa and B′

0 = 5.583; however, these parame-
ters are ∼9% lower and ∼5% higher, respectively, than the
Cu EOS parameters used in this study (see Ref. [28], Table
II, P scale: P′

R). Choosing our reported Cu volume at the Dy
volume collapse transition of 8.814 Å3/atom, we calculate a
pressure of 82.1 GPa using EOS parameters from [28] using
a Vinet EOS vs a pressure of 80.3 GPa (or a difference of
∼2.2%) using the EOS parameters given in [18] calculated
using a third-order Birch-Murnaghan EOS. As Hope et al.
[18] did not report the V0 they used for their Cu EOS, we used
the value of 11.810 Å3 reported in [28] for this comparison.
This difference in EOS parameters cannot entirely explain
the lower transition pressure reported for the volume collapse
in [18]. However, it is known that nonhydrostatic conditions
can reduce the transition pressure of a material and bias the
obtained EOS parameters [20]. Therefore, the nearly 10 GPa
difference in pressure measured for the volume collapse tran-
sition between this work and that of [18] is most likely due to
a combination of nonhydrostatic conditions and the underes-
timation of pressure introduced by the EOS parameters used
to calculate pressure in [18].

The initial structure solution for the collapsed phase was
reported to be a monoclinic structure with four atoms per
unit cell (mC4) with space group C2/m [4,12,19]. However,
recently McMahon et al. [4] proposed the collapsed structure
was in fact an orthorhombic structure with 16 atoms per unit
cell (oF16) and space group Fddd. Their work showed that the
collapsed phase of Tb, Gd, Dy, Ho, Er, and Tm is best modeled
using the oF16 structure which showed a better fit to the ob-
servations than the mC4 structure (see Supplemental Material
of Ref. [4]). To verify the oF16 structure also offered a better
solution to the collapsed phase in our data, we performed a Le
Bail refinement on the diffraction pattern collected at 134.7
GPa and found the oF16 structure to give a better solution
than the mC4 structure, shown in Fig. 4. The fit residual was
only marginally better with oF16 (wR = 1.25% compared to
wR = 1.35% for oF16 and mC4, respectively), but the mC4
structural model could not account for a doublet located at
q ∼ 5.25 Å–1, which was the same observation made in pre-
vious studies [4,18] and an in-depth discussion of the validity
of the oF16 structure in the heavy lanthanides can be found
in Ref. [4]. Hope et al. [18] also revisited the collapsed phase
in Dy and showed that oF16 was indeed a better structural
solution than the previously proposed mC4 structure.

There is also a large discrepancy in the literature on the
magnitude of the volume collapse in Dy. Patterson et al. [12]
measures a 6% volume collapse using the mC4 structure to

FIG. 4. Full pattern Le Bail refinements on the collapsed phase
of Dy collected at 135 GPa comparing both the previously reported
monoclinic mC4 structure (a) and the proposed orthorhombic oF16
structure (b). The predicted reflections for each structure are plotted
beneath each pattern, orange being for the monoclinic structure and
pink being for the orthorhombic structure. The two structures are
very similar, but there is a clear splitting near 5.25 Å–1 shown in the
insets which cannot be accounted for by the monoclinic structure.

describe the collapsed phase, whereas Samudrala and Vohra
[19] report a 1.5% volume collapse using the same structure to
describe the collapsed phase. Recently, Hope et al. [18] have
reported a volume collapse of 2.3% using the oF16 structure
to describe the collapsed phase. This wide variation in the
degree of volume change in the dfcc→collapsed phase could
be a direct result of the nonhydrostatic conditions present
in each of these studies. In our study using a soft pressure
transmitting medium we measure a 3.4(7)% volume collapse
between the hR24 and oF16 phases, shown in Fig. 5(a). Fitting
a third-order Birch-Murnaghan equation of state to the P-V
data above 82 GPa where the oF16 phase is stable, we ob-
tained V0 = 25.8(7) Å3, B0 = 64(2) GPa, and B′

0 = 3.47(6).
The fit begins to deviate from the data above 160 GPa [shown
in Fig. 5(b) and Ref. [24]] as well as a large deviation of the
bulk modulus calculated directly from the data and the bulk
modulus calculated using the parameters determined from
the EOS fit (shown in Fig. 3), suggesting a change in the
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FIG. 5. (a) Volume per atom as a function of pressure for Dy
across showing all polymorphs up to 185 GPa. The hollow symbols
are data, the dashed lines are fits to a Birch-Murnaghan equation
of state and (b) the difference between pressure calculated from
the EOS fit and from the data. The inset shows an ∼3.4% volume
collapse between hR24 and oF16 polymorphs when compressed in
Ne.

compressibility in the sample which the EOS cannot account
for. Our V0 is in good agreement with what was reported by
Hope et al. [18] of V0 = 25.792 Å3; however, their value for
B0 = 57.5 GPa and B′

0 = 3.59 deviate from the values deter-
mined in this study. Their reported bulk modulus is ∼11%
lower and their first pressure derivative is 3.3% higher than
what we determined in this study. This deviation can be seen
in their volumes lying ∼1.5% below the volumes determined
in this study at 100 GPa (see Ref. [24]), which is most likely
due to a combination of nonhydrostatic conditions, and the
underestimation of pressure discussed previously.

C. Structural systematics beyond the volume collapse transition

The normalized lattice parameters along with the axial
ratios for the orthorhombic phase are plotted along with cal-
culated values in Fig. 6. A discussion on the uncertainties
shown for the collapsed phase can be found in Ref. [24]. There
is a clear turning point in each of the axial ratios, in which
there is a stiffening of both the a and c axes above ∼160 GPa.
This turning point in relative compressibility of the different
lattice parameters is similar to what was observed in the lower
pressure phases, which we interpret to be a result of changes
in the electron density distribution and an indication of a
possible phase transformation at much higher pressures. To
explore this possibility, we performed DFT calculations for
the collapsed orthorhombic phase and saw strong agreement

FIG. 6. Experimental data plotted with values determined from
DFT comparing (a) normalized axial compression ratios and (b) nor-
malized lattice parameters. Though there is an offset, DFT captures
the turning points in axial ratios as well as the stiffening of the a axis
above 160 GPa.

between the experimental and theoretical values determined
for the different lattice parameters, shown in Fig. 6. We then
calculated the relative energies of multiple potential structures
up to ∼300 GPa and found that the isosymmetric oF8 structure
becomes the more energetically favorable structure, indicating
a potential polytypic phase transition from oF16 to oF8 above
275 GPa (see Fig. 7). The primary difference between the
two structures is a change in packing density with stack-
ing arrangement shifting from an eight-layer BACBDCAD
stacking to a four-layer ABCD stacking shown visually in
Fig. 8. The four-layered oF8 structure has also been found
to exist in Am between 10 and 17 GPa [40], in Cm between
56 and 96 GPa [41], and in Cf above 40 GPa [42]. For
californium, the phase was predicted by DFT years before it
was experimentally discovered (see discussion in [43]). In the
case of Cm, the oF8 structure follows a continuous transition
from a monoclinic structure with space group C2/c, which is
similar to the previously accepted structure of the collapsed
phase of the heavy lanthanides [41]. Figure 7 also shows that
the slope of the energy of the bcc structure becomes very
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FIG. 7. Energy as a function of pressure relative to the hcp struc-
ture comparing a select few candidate structures for the collapsed
phase of Dy. As the prevolume collapse phase hR24 is well estab-
lished experimentally to pressures up to ∼80 GPa, this plot is focused
on the potential structures of the volume collapsed phase and beyond.
Pressure points below 80 GPa are only shown to better elucidate the
trends of the various calculated phases. The dashed line shows the ex-
perimentally determined pressure for the volume collapse transition
of ∼82 GPa. Above this transition, the oF16 structure is shown to be
the more energetically favorable structure until ∼275 GPa, at which
point the oF8 structure type becomes more energetically favorable.
Interestingly, the bcc structure begins to rapidly approach crossing
the oF8 structure type, suggesting that bcc may become the more
energetically favorable structure for pressures greater than 375 GPa.

steep and an extrapolation suggests it will become the more
energetically favorable phase above 375 GPa. More detailed
structure searches will need to be performed in the future to
test other likely candidate structures.

IV. CONCLUSIONS

In conclusion, we have presented a detailed experimental
study of Dy metal compressed in a soft pressure transmit-
ting medium to a maximum pressure of 182 GPa coupled
with theoretical calculations focused on the pressure region
between 50 and 300 GPa. In our experimental data, we ob-
serve the previously reported structural transition sequence
through the collapsed phase and measure starting transition
pressures of 5.77(3) GPa for the hcp→α-Sm (hP2 → hR9)
transition, 17.2(3) GPa for the α-Sm→dhcp (hR9 → hP4)
transition, 37.2(9) GPa for the dhcp→dfcc (hP4 → hR24)
transition, and 82.1(1.6) GPa for the volume collapse tran-
sition; and we report a 3.4(7)% change in volume between
the hR24 and oF16 structures. Dy metal shows anisotropic
compression behavior attributed to changes within the elec-
tron distribution which can be amplified by nonhydrostatic
conditions. This complex behavior is most likely the source
of the large variation in values reported in literature for both
transition pressures and the magnitude of the volume collapse.
This work shows the necessity of employing a soft pressure
transmitting medium, even when compressing a “soft” mate-

FIG. 8. Comparison of atomic stacking between oF16 and oF8
polytypes. Labeling has been shifted for the oF16 stacking sequence
from the traditional ABCADCBD to correlate similar stacking
planes between structures. Gray lines represent the unit cell of each
structure.

rial such as Dy. Furthermore, this is a study on Dy in which the
high-pressure structural behavior of the collapsed phase seen
in experimental data has been verified by theoretical calcula-
tions, as well as a study which has evaluated potential new
structures at pressures beyond that which has been achieved
experimentally. These calculations have predicted that Dy
metal will undergo an isosymmetric phase transformation
above 275 GPa in which the stacking configuration changes
from eightfold stacking in the oF16 structure to fourfold stack-
ing in the oF8 structure. Extrapolation of our calculations to
even higher pressures indicates that Dy may transform to the
bcc structure above 375 GPa, showing that there is still much
to explore regarding the high-pressure behavior of Dy, as well
as the other rare-earth metals. Further experiments utilizing
toroidal anvils to access pressures above 300 GPa, as well as
more detailed structure searches will be necessary to elucidate
the behavior of these systems at extreme conditions.
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