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High Pressure Structural Phase Transitions in Dysprosium to 202 GPa
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Abstract

High pressure structural phase transitions in heavy lanthanide metal Dysprosium (Dy) have been
studied to 202 GPa (Volume Compression V/Vo = 0.36) in a diamond anvil cell employing copper
as an internal x-ray pressure standard. The previously assigned monoclinic (C2/m) phase above 72
GPa has been reexamined and assigned to an orthorhombic phase with sixteen atoms per cell
(oF16) based on structural refinements. The equation of state is presented to 202 GPa and indicates
a volume change of 2.3% during the structural phase transition from distorted face-centered cubic
(hR24) phase to oF16 phase at 72 GPa. The oF16 phase can be regarded as a pseudo-orthorhombic

eight-layered structure with (b/c) ratio decreasing from an ideal value of ,/ 3 with increasing

pressure to 202 GPa. The ultrahigh pressure structural phases of Dy are compared with other

members of the lanthanide series.

Keywords: Phase transitions under pressure, lanthanide metals, x-ray diffraction, equation of state

1. Introduction

The structural phase transitions in lanthanide elements under high pressures have seen
increased attention recently due to experimental ability to reach static high pressures close to 300

GPa on these highly compressible metals in a diamond anvil cell [1,2]. In addition, improved
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quality of diffraction data on lanthanides under extreme conditions at synchrotron sources have
led to refinements of crystal structures and better understanding of structure systematics and
similarities with actinide elements [3]. The earlier high-pressure structural studies and equation of
state of lanthanides have been summarized in 2013 [4]. Dysprosium (Dy) is a trivalent metal in the
solid state with electronic configuration [Xe] (6s5d)%4f°. In the trivalent state of the lanthanide
metals, application of pressure or reduction in volume causes electron transfer from the 6s to 5d
band and drives the well-known lanthanide crystal structure sequence [5]. The complete lanthanide
structure sequence is observed in Dy with increasing pressure. At ambient conditions, dysprosium
is in hexagonal close packed structure and the hcp — a-Sm-type phase transition is reported starting
at around 7 GPa at ambient temperature. The phase transformation from «-Sm type — dhcp,
another hexagonal close-packed structure, is reported to be around 17 GPa. The face centered cubic
(fcc) phase is not observed in Dy, and the dhcp phase is shown to directly transform to the distorted
fcc phase (dfcc, hR24 phase) [6]. The dfcc phase is observed to be stable between 42 and 72 GPa.
The crystallographic phase observed above 72 GPa was attributed to a monoclinic phase with 4
atoms/cell (C2/m phase) [4]. It has been recently suggested that the monoclinic C2/m phase cannot
account for all the observed diffraction peaks in lanthanide element Terbium (Tb) and a better
structural fit is obtained with an orthorhombic phase [3] with 16 atoms/cell designated as oF16. A
similar orthorhombic oF16 phase has also been reported in Holmium (Ho) under pressure above
103 GPa [2]. The motivation for the present study is two-fold (1) to establish the occurrence of
0F16 phase in Dy above 70-80 GPa and (2) investigate possible occurrence of other high-pressure
phases beyond oF16 like the alpha-Uranium phase documented in light lanthanide elements

Cerium, Praseodymium and Neodymium under high pressure [4].

2. Experimental Methods

Two experiments were carried out on Dy in Diamond Anvil Cell (DAC) utilizing angle
dispersive x-ray diffraction at High Pressure Collaborative Access Team (HPCAT), beamline 16-
ID-B, Advanced Photon Source, Argonne National Laboratory. Experiment-1 utilized a DAC with
a pair of beveled diamond anvils with a 30 um central flat, 7-degree bevel to an outside diameter
of 300 um. A spring steel gasket was indented to 25 pm thickness and a 20 um hole was machined
using electric discharge machining. A piece was cut from a 25 um Dy foil (99.9 % purity) and was
loaded along with a piece of Cu for pressure determination. The Experiment-1 achieved the highest

pressure of 177 GPa. Experiment-2 utilized a pair of beveled diamond anvils with a 30 um central
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flat, 7-degree bevel to an outside diameter of 300 um. One anvil in Experiment-2 was oxygen
plasma etched to create grooves on the beveled face which prevents the outward flow of the gasket
and helps in the containment of sample at high pressures. A Re gasket was prepared by indenting
to 25 pm thickness and a 10 pum diameter hole was laser machined at HPCAT to act as a sample
chamber. Experiment-2 also used a piece cut from a 25 um Dy foil (99.9 % purity) and a piece of

Cu to act as a pressure marker. Experiment-2 achieved the highest pressure of 202 GPa.

The angle-dispersive x-ray diffraction data for both experiments were obtained at HPCAT
beamline 16-1D-B. Diffraction patterns were collected using a Pilatus 1M area detector. The micro-
focused x-ray beam size 1 pm (vertical) X 2 pm (horizontal) FWHM (full width half maximum)
was utilized to minimize the effect of pressure gradients and to obtain high-quality x-ray
diffraction spectra for structural refinements. Both experiments utilized monochromatic x-rays
with wavelength A = 0.42459 A (29.200 keV) and the sample to detector distance calibrated using
a NIST CeO> standard, which was 200.69 mm for Experiment-1 and 199.70 mm for Experiment-
2. The collected XRD images were integrated using Dioptas and refined using GSAS-I1 to extract

lattice parameters [7,8].

Pressures were calculated using the third-order Birch-Murnaghan equation of state (EOS) shown
in equation (1) for the pressure marker Cu mixed with Dy sample. For Cu, the equation of state
from Dewaele et al [9] was used with Bo = 121.6 GPa and B’o = 5.583.

7 5

petn |- @0 -} o

3. Results

The ambient pressure lattice parameters for the Dy foil used in experiment was measured by x-ray
diffraction to be a = 3.590 A and ¢ = 5.661 A with ambient pressure volume V = 31.592 A%/atom.
Angle dispersive x-ray diffraction (ADXD) spectra of Dy in DAC shows no oxide contamination
and a clean hexagonal close packed structure (hcp) structure (Fig 1). On compression, we observe
the lanthanide crystal structure sequence with increasing pressure. Fig. 1 shows the ADXD spectra
obtained for the five different phases of Dy on compression. On compression, we observe a
transition from the hcp phase to a-Sm phase at 5.9 GPa. The a-Sm phase to dhcp phase transition
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is observed at 13.6 GPa. The dhcp phase transforms to distorted fcc dfcc (hR24) at a pressure of
48.9 GPa.

Previous analysis of Dysprosium [4] has documented that the dfcc (hR24) phase
would give way to monoclinic C2/m phase but recent work has suggested that an orthorhombic
(Fddd) phase with 16 atoms per cell (0F16) is the proper assignment of this structure [3]. We have
carried out a detailed comparison of structural fits to the orthorhombic oF16 phase and the
monoclinic C2/m phase at the highest pressure of 202 GPa as shown in Fig. 2 and Fig. 3
respectively. The image plate data was processed with Dioptas [7] to subtract the background.
Rietveld refinement was done using GSAS-I1I [8]. In agreement with previous findings reported
for Tb [3], the C2/m fit to our data at 202 GPa in Fig. 3 does not account for the doublet observed
just above 20 degrees 26. This doublet can be assigned to the (531) and (602) peaks in the 0F16
phase. Overall, a lower refined R-value of 33 % in the Rietveld refinement of oF16 phase in Fig.
2 compared to a refined R-value of 38 % for the C2/m phase in Fig. 3 confirms that the observed
high-pressure phase is a better fit to the oF16 structure. The oF16 phase has an 8-layer
ABCADCBD repeat pattern of hexagonal layers with a b/c axial ratio of 1.71 (= 3). In the

orthorhombic space group Fddd, Dy atoms were located at Wyckoff 16e sites (x, 0, 0) with x set
at a fixed value of 0.1875 that resulted in evenly spaced hexagonal layers in the oF16 phase.

The x-ray diffraction data in both experiments show satisfactory fits to the oF16 phase with
lattice parameters at 80 GPa of a = 17.523+0.014 A, b = 4.805+0.026 A, and ¢ = 2.852+0.017 A.
The transition from dfcc (hR24) phase to 0F16 phase takes place at a pressure of 72 + 2 GPa. The
oF16 phase provides the best explanation for the structure of Dysprosium from the phase transition
at 72 GPa up to highest pressure of 202 GPa as shown by the Rietveld fit in Fig 2. The refined
lattice parameters for the oF16 phase at 202 GPa are a = 16.080+0.009 A, b = 4.372+0.013 A, and
¢ = 2.581+0.009 A with volume 11.34+0.02 A®%at and a volume compression V/Vo = 0.359. This
observation proves that Th, Dy, and Ho all exhibit this oF16 phase at ultrahigh pressures and this

phase possibly exists in all heavy lanthanides.
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Figure 1. Angle-dispersive x-ray diffraction of various crystalline phases observed with increasing pressure
in Dy. The hcp phase at an ambient pressure of 0.1 MPa, a-Sm phase at 8 GPa, dhcp phase at 14 GPa,
distorted fcc phase (hR24) phase at 69 GPa, and oF16 phase at 80 GPa. The Miller indices (hkl) for

diffraction planes are included for both Dy sample and the copper Cu pressure marker
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Figure 2. Angle dispersive x-ray diffraction spectrum of Dy sample and Cu pressure marker at the highest
pressure of 202 GPa. The Rietveld refinement to an oF16 phase of Dy and fcc phase of Cu is included. The
refined lattice parameters for the orthorhombic phase are described in the text. The refined R-factor is 33%.
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128  Figure 3. Refinement of the angle-dispersive x-ray diffraction spectrum of Dy and Cu pressure marker at
129 202 GPa, with Dy indexed to the C2/m structure. The refined lattice parameters for Dy are a = 4.35520.012
130 A, b=2568+0.011 A, ¢ = 4.232+0.012 A, and beta = 105.45+0.04 degrees which corresponds to
131 avolume of 11.404+0.023 A%/at . The refined R-factor is 38%.
132 The measured equation of state for Dy to 202 GPa is shown in Fig.4. The equation (1) was
133 fitted to two different regions in pressure as shown in Fig.4. The hcp, a-Sm, dhcp, and dfcc(hR24)
134  phases between the ambient pressure and 72 GPa were fitted to a single curve while the oF16
135  phase was fitted separately to equation (1). The following fit parameters were obtained.
136 Vo = 31.592 A3, By = 22.9 GPa, By = 4.3 (0 < Pressure <72 GPa)
137 Vo = 25.792 A3, By = 57.5 GPa, By = 3.59 (72 < Pressure <202 GPa)
138 This fitting procedure results in a volume change of 2.3% at 72 GPa as indicated in Fig. 4.
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Figure 4. The measured Pressure-Volume (P-V) curve or equation of state for Dy at ambient temperature
to 202 GPa. The data for both Experiment-1 and Experiment-2 are combined. The dashed curve is the fit to
data below 72 GPa while the solid curve is the fit to the data between 72 GPa and 202 GPa. The volume
change of 2.3% at phase transition from hR24 phase to 0F16 phase is also indicated.

All the crystallographic phases observed in Dy to 202 GPa can be regarded as a stacking
of hexagonal layers with superlattices of the basic hexagonal unit cell. The hcp phase has a two-
layer repeat sequence of ABAB, a-Sm phase has a nine-layer repeat sequence ABABCBCAC,
dhcp phase a four-layer repeat sequence ABAC. The hR24 has a six-layer repeat sequence with
doubling of the c-axis in hexagonal representation of fcc lattice ABCA'B'C' where a-axis is also
doubled. In all the crystal structures described above, the atoms in the close-packed layers are
located above the midpoint among three atoms in the previous layer. The orthorhombic oF16 phase

has an eight-layer repeat sequence ABCADCBD with “a” and “c” axis switched with b
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approximately equal to v/ 3. Fig. 5 shows a 3D representation of the orthorhombic oF16 crystal

structure with 16 atoms per unit cell using the crystallography visualization software Jmol [10].
The important distinction in the oF16 phase is that unlike hcp, a-Sm, dhcp, and hR24 phases, the
atoms are located above the saddle points between two atoms in the previous layers. These
differences aside, one can still visualize these structures in a normalized c/a plot which represent
distance between hexagonal layers divided by the shortest distance between atoms in the hexagonal
layers. The normalized c/a plot is shown in Fig. 6. In normalizing data in Fig. 6, hcp c/a is plotted
as is, c/a for a-Sm phase is scaled by a factor of 4.5, c/a for dhcp phase is scaled by a factor of 2,
and c/a for hR24 phase is scaled by a factor of 1.5. The specific choice of axis for the oF16 phase
dictates that we plot a/4c to be consistent in Fig. 4. It is interesting to note that the normalized c/a
data varies between a narrow range of 1.5 to 1.7 for the five phases of Dy between ambient pressure
and 202 GPa.

b (b) C

Figure 5. Visualization of the orthorhombic oF16 crystal structure with 16 atoms per unit cell showing the

unit cell in (a) the a-b plane and (b) the a-c plane.
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Figure 6. Normalized axial ratio (c/a) for various crystallographic phases in Dy for various pressures to
202 GPa. The normalization factors for various phases are described in the text and are chosen to get a
representation of distance between hexagonal layers divided by the shortest distance within each layer for

all the known structures in Dy.

4. Discussion

It is of interest to further examine the variations of the lattice parameters of the
orthorhombic 0F16 phase as a function of pressure. The orthorhombic 0F16 phase can be regarded
as a pseudo-orthorhombic phase and becomes truly hexagonal if (b/c) axial ratio is /3 or 1.732.
Fig. 7 shows the measured value of (b/c) axial ratio for the oF16 phase in the two experiments. It
is clear from Fig. 7 that the (b/c) axial ratio is far from ideal and the orthorhombic oF16 phase
show increasing deviation from hexagonality for the data between 100 GPa and 202 GPa.

Furthermore, we do not have any evidence of additional phase transition to the body-centered

10
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tetragonal or alpha-Uranium structures that were documented in light lanthanide elements like

Cerium, Praseodymium and Neodymium under high-pressures [4].
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Figure 7. The measured axial ratio (b/c) as a function of pressure for the orthorhombic oF16 phase obtained

in two different experiments. The ideal value of ,/ 3 for a true hexagonal cell is also indicated as a dashed

line.

5. Conclusions

The structural phase transitions in heavy lanthanide Dy were studied in two separate
experiments to 202 GPa (Volume Compression V/Vo = 0.36) in a diamond anvil cell employing
copper as an internal pressure standard. The two experimental runs agree that crystallographic
phase above 72 GPa is an orthorhombic phase with sixteen atoms/cells or the oF16 phase instead
of the previously assigned monoclinic C2/m phase. The measured equation of state for all phases
indicates a volume change of 2.3% on transition from the hR24 to the oF16 phase at 72 GPa. All
the known crystalline phases observed in Dy to 202 GPa can be visualized in a normalized plot of
distance between the hexagonal layer divided by the shortest distance between atoms in the

11
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hexagonal layer. The detailed examination of lattice parameters in the oF16 phase indicate an
increasing tendency to deviate for the hexagonality with increasing pressure to 202 GPa. The
ultrahigh pressure phases like the body-centered tetragonal and alpha-Uranium structured
observed in light lanthanides were not observed in Dy to the highest pressure studied.
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