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ABSTRACT

Rare earth orthophosphate (REPO4) ceramics have attracted decades-long interest in

research fields ranging from geoscience to structural composites to photonics. While these

fields have historically been largely separate, their growing convergence brings added

relevance to REPO4 phase transformations, the influence of stress state on transformation,

and transformation detection methods.

This dissertation employs in situ diamond anvil cell (DAC) synchrotron x-ray

diffraction (XRD) to shed light on the activation conditions of the xenotime-monazite

transformation in DyPO4 and TbPO4. First, the transformation onset pressure (Ponset) of

DyPO4 (measured under hydrostatic conditions) shows Raman spectroscopy-based Ponset

values are significant over-estimations, and REPO4 Ponset does not decrease linearly with

RE ionic radius. Experiments also reveal the shear-sensitivity of this transformation as

shear reduces Ponset significantly in TbPO4 and DyPO4 and widens the xenotime-monazite

phase coexistence range in TbPO4. In addition, XRD indicates a high-pressure,

post-monazite phase (likely of the scheelite structure) exists across a wider range of

xenotime REPO4s than was previously known. These findings show REPO4 transformation

can offer enhanced plasticity and toughening in ceramic matrix composites at lower

pressures and over wider pressure ranges than expected. Long phase coexistence pressure

ranges across all XRD experiments also point toward this transformation being diffusional

rather than martensitic.

This dissertation also shows direct-excitation photoluminescence (PL) spectroscopy can

be utilized to detect the xenotime-monazite phase transformation. PL experiments yield

TbPO4 transformation onset and end pressures consistent with synchrotron XRD results.

In addition, PL spectra of recovered TbPO4 samples can offer insight into stress history,

including history of transformation.
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CHAPTER 1

INTRODUCTION

This chapter introduces the crystal structures and high-pressure phase behavior of rare

earth orthophosphates, the state of the field, and motivating factors for this research.

1.1 Rare Earth Orthophosphates

Rare earth orthophosphates (REPO4s) are highly refractory and insoluble ceramics

relevant to various research fields ranging from geoscience to optics to structural

composites [1]. Much of the world’s RE elements come from naturally-occurring xenotime

and monazite minerals, whose properties and formation are of great relevance in

geochronology and mining [2]. Highly pure REPO4s have also been synthesized and

precisely doped for optical applications including lasers and scintillators [3, 4]. More

recently, REPO4s have garnered interest as potential fiber coatings for oxide-oxide ceramic

matrix composites (CMCs) used in aerospace components subject to extreme conditions

[5, 6]. The pressure-induced phase transformation of certain compositions has been shown

to enhance CMC performance, and exploiting this transformation requires understanding

polymorphism in REPO4s [7].

In equilibrium at atmospheric pressure, a phase boundary exists in the middle of the

lanthanide series. Heavier compositions (RE = Tb-Lu, Sc, and Y) adopt the xenotime

(tetragonal, I41/amd, Z=4) structure, while lighter compositions (RE = La-Gd) adopt the

monazite (monoclinic, P21/n, Z=4) structure [9]. Figure 1.1 illustrates the phase boundary

as well as the phases’ crystal and molecular structures.
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Figure 1.1 The REPO4 monazite-xenotime phase boundary shown with the phases’ [001]
crystal structure views and molecular structures. In the crystal views, violet spheres, green
tetrahedra, and rectangles represent RE3+ cations, PO4 groups, and unit cells, respectively.
Molecular structures are adapted from Heuser et al. [8].

At high pressures, most xenotime compositions (RE = Tb-Tm, Y) transform into

monazite. This transformation involves an increase in the number of RE-O bonds (8 to 9)

for every RE atom in the structure, a loss in RE site symmetry (D2d to C1), and a volume

loss of ∼5%. The transformation mechanism is currently understood as follows: under

compression, RE-O bonds are distorted to the point of reconfiguration, while the PO4

tetrahedra are effectively rigid [10, 11]. Not all single-RE xenotime compositions transform

to monazite; Zhang et al. reported that YbPO4, LuPO4, and ScPO4 transformation to the

scheelite (tetragonal, I41/a) structure [12, 13].

1.2 State of the Field and Motivation

This section covers the state of the mechanical, optical, and mechano-optical fields of

REPO4 literature and motivates the work presented in this dissertation.
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1.2.1 Mechanical Studies of Rare Earth Orthophosphates

Pioneering research by Drs. Peter E. Morgan and David B. Marshall showed LaPO4

(monazite) to be a promising fiber coating in alumina-alumina ceramic matrix composites

(CMCs) [5, 14]. While several materials (e.g., graphite, hexagonal boron nitride) can

provide a weak interface with alumina, LaPO4 (among other REPO4s) has the advantage

of phase stability and oxidation-resistance at temperatures as high as 1750◦C in air [14]. In

more recent years, the polymorphism of REPO4s has drawn interest toward xenotime

compositions in which the transformation to monazite offers the possibility of additional

plasticity and toughening mechanisms. Hay et al. showed fiber coatings made of DyPO4

(as well as other transforming xenotimes) can deflect or arrest cracks (see Figure 1.2) and

result in lower fiber push-out stresses than non-transforming, monazite LaPO4 coatings

[15].

Figure 1.2 DyPO4 fiber coating in oxide-oxide CMC. Adapted from Hay et al. [15]. (a)
DyPO4-coated fiber pushed out with crack deflected around fiber. Matrix-fiber interface
showing (b) crack propagation without DyPO4 coating and (c) crack arrest with DyPO4

coating. Insets show indents used to initiate cracks.

A key characteristic in selecting xenotime candidates is a low xenotime → monazite

transformation onset pressure (Ponset). Xenotimes closer to the phase boundary are

desirable in this respect, and Ponset has long been assumed to decrease linearly with

increasing RE3+ ionic radius (see Figure 1.3) [7, 16].
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Figure 1.3 Previously compiled xenotime → monazite Ponset values adapted from
Musselman [16]. Red diamonds are RS-based values reported by Musselman, while blue
circles are from prior RS and XRD studies. This plot also includes GdxDy1−xPO4

compositions, which are labeled using the following convention: x/1-x.

Determining Ponset for xenotime compositions has involved in situ diamond anvil cell

(DAC) Raman spectroscopy (RS) and synchrotron x-ray diffraction (XRD) experiments. In

their RS study, Tatsi et al. reported the high-pressure polymorph of TbPO4 was likely

monazite based on comparison to Raman spectra of known monazites [17]. López-Solano et

al. later confirmed the monazite phase of TbPO4 in their XRD study and provided detailed

structural information including an equation of state (EOS) for both phases [18]. In their

single-crystal XRD work, Gomis et al. showed HoPO4 and TmPO4 transform to the

monazite structure and gave elastic constants and an EOS for both materials in the

xenotime phase [19]. In their synchrotron XRD study, Lacomba-Perales et al. showed the

xenotime-monazite transformation in ErPO4 and YPO4 and gave an EOS for both phases

[11].

At the start of this work, similar insight into the pressure-induced phase transformation

of xenotime DyPO4 had yet to be published. Musselman et al. and Stavrou et al. used in
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situ RS to report DyPO4 Ponset values of 15.3(9) GPa and 13 GPa, respectively [20, 21].

These authors describe emergent Raman peaks at these pressures as consistent with Raman

peaks of monazite TbPO4. Stavrou et al. further claim that monazite DyPO4 transforms

to scheelite at higher pressures (∼30 GPa), yet the evidence to support this claim has yet

to be published [21]. Heuser et al. reported crystallographic details of monazite DyPO4

but as a metastable phase synthesized at 1 atm [8]. Although these studies mark important

first steps, crystallographic proof of the DyPO4 xenotime-monazite phase transformation, a

subsequent re-assessment of compositional Ponset trends, and greater understanding of

transformation kinetics are critical for advancing the REPO4 literature.

Furthermore, extreme environment applications like CMC fiber coatings involve

complex stress states, so understanding the effect of shear on transformation is key in

screening material candidates. In fact, Hay et al. observe (via ex situ transmission electron

microscopy) monazite grains in xenotime TbPO4 subject to indentation and in other

xenotime compositions subject to fiber push-out tests [7, 15]. However, in situ

experimental corroboration of transformation in those xenotime compositions is precluded

by the use of hydrostatic media in prior DAC experiments, which show transformation at

pressures much higher than those expected in Hay et al.’s tests [7, 17, 18]. Deviatoric stress

is expected to lower the xenotime-monazite Ponset since shear disrupts local symmetry and

promotes bond breakage, effectively reducing the barrier to the RE-O bond reconfiguration

that occurs during phase transformation [7]. Surveying the literature reveals the impact of

shear on REPO4 phase transformation has yet to be systematically investigated.

Lacomba-Perales et al. noted shear appeared to promote earlier transformation in YPO4,

but this conclusion was based on a cursory comparison of their findings to a prior YPO4

study done by others [11]. The closest comparison point available is a systematic study

conducted on another ABO4 compound, orthorhombic BaSO4, by Santamaŕıa-Pérez et al.

[22]. These researchers used fluid PTMs with differing hydrostatic limits and found less

hydrostatic conditions trigger earlier BaSO4 transformation and widen the pressure range
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of phase coexistence. Moreover, assessing the shear-dependence of phase transformations in

multiple xenotime REPO4 compositions is critical given the known RE-dependence of the

stability of REPO4 phases [9, 23, 24].

1.2.2 Photoluminescence (PL) Studies of Trivalent Rare Earth Ions

REPO4s and other materials containing trivalent rare earth ions (RE3+) are prevalent

in optical research and applications. The 4f intraconfigurational energy levels of RE3+s

yield sharp, characteristic PL emissions that are often in the visible region [25]. These

levels represent ionic (not electronic) states, and each level represents a unique

configuration of the 4f orbitals. The high degree of level-splitting in RE3+s (as shown in

Figure 1.4) is primarily caused by electron-electron repulsion (∼104 cm−1) and spin-orbital

coupling (∼103 cm−1) [26]. The relative positions of these levels were determined by the

Cold War era scientist, Dr. G. H. Dieke, whose samples were RE3+-doped LaCl3 [27].

Nevertheless, a Dieke diagram can be used to identify RE3+ 4f-4f emission bands in

REPO4s because host-dependent crystal field effects are relatively weak (∼102 cm−1) [28].

.
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Figure 1.4 Dieke diagram showing observed 4f intraconfigurational energy levels of RE3+s.
Levels with semicircles below them are common emissive states. Adapted from Withnall et
al. [26]
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When a photon of appropriate energy is absorbed by an RE3+, the RE3+ is excited

from its ground state (lowest level seen on Dieke diagram) to a higher energy state. When

relaxing back to a lower energy or ground state, the RE3+ emits a photon. Because photon

energies are rarely exactly matched to the gaps between states, non-radiative relaxation

(i.e., phonon emission) plays a critical role in maintaining the conservation of energy. Most

optical work involving RE3+s simply exploits the PL to convert photons from one energy to

another. When the emitted photon has a higher energy than the absorbed photon(s), the

PL process is termed up-conversion; the opposite case is termed down-conversion or direct

excitation PL (see Figure 1.5).

Figure 1.5 Simplified schematic showing the difference between down-conversion and
up-conversion PL processes. Solid arrows indicate photons while the dashed arrow
represents a phonon.

Display, lighting, and scintillation applications employ down-converting materials, in

which the relative ratios of RE3+ dopants can be tuned to control overall emission color

[29–31]. Bio-imaging research involves up-converting RE3+-doped nanoparticles so that

infrared (rather than harmful UV) light can be used to generate visible emissions from

within live tissue [32]. Solar spectrum conversion research seeks to take advantage of both

processes in RE3+-doped materials to convert IR and UV photons into photons of

intermediate energies that are more easily absorbed by silicon [33].

8



The PL emissions of RE3+s have also been exploited for characterizing the state or

properties of bulk materials. For example, the emissions of Nd3+ have been used to gauge

the level of radiation-induced amorphization in Nd3+-doped LaPO4 and YPO4 [34]. In

addition, RE3+-containing paints and coatings such as Tb3+-doped Y2SiO5 have been

demonstrated as thermal history sensors for components in the hot section of gas turbines

[35, 36]. The fundamental phenomena responsible for these sensing applications are the

crystallinity- and temperature-dependencies of the RE3+ PL emissions.

1.2.3 Mechano-Optical Coupling

The vast majority of REPO4 literature falls into one of two categories: mechanics or

optics. The former is focused on high-pressure dynamics, while the latter exploits the

excellent PL characteristics of RE3+s. Although mechanical and optical properties have a

common origin in structure, exploration of mechano-optical coupling is extremely limited

in the literature. More specifically, published work exploring the effect of stress on RE3+

PL in REPO4s is quite new and sparse. Nevertheless, discovering connections between

stress and PL emission can have two valuable impacts.

First, exploiting PL can advance high-pressure phase transformation research in

REPO4s and other luminescent ABO4 materials. Traditionally, RS and synchrotron XRD

have been used to determine Ponset values. Although both of these techniques can deliver

unique material insight, PL offers a higher signal-to-noise ratio than RS (due to the lower

probability of Raman scattering) and is much more accessible than synchrotron XRD. In

PL spectra, changes in the number of peaks (or other peak metrics) can indicate a change

in the local environment of the emitting ion. For example, Lösch et al. discovered the PL

emission spectrum of Eu3+ from various Eu3+-doped xenotime REPO4s changes with the

minority phase makeup of the host matrix [37]. Yang et al. reported differences in the

green emission band (∼543 nm) of the ambient pressure PL spectra of TbPO4 powder

synthesized in the xenotime and metastable monazite phases [38]. PL spectroscopy is likely

to reveal the Ponset of the xenotime → monazite phase transformation because the emitting
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RE3+ ions undergo a coordination change (8 → 9) and a loss of site symmetry (D2d → C1).

Second, high-pressure PL characterization may open the door to a remote, optical

pressure-sensing functionality in REPO4s. Demonstrating this functionality involves the

development of a calibration curve linking the material’s PL emissions to the stress it

experiences. Potential applications include pressure-sensitive coatings or paints for extreme

environments. The non-contact nature of this functionality could aid in ex situ periodic

inspections or failure analysis. Furthermore, PL could be used to perform quick spot

checks or to methodically map stress depending on the optical components available.

The only published work exploring the stress-dependence of RE3+ PL in REPO4s is

Runowski et al.’s in situ DAC study of up-converting LaPO4: Yb3+, Tm3+ and YPO4:

Yb3+, Tm3+ [39]. The latter composition is particularly interesting as it undergoes the

xenotime-monazite transformation at high pressure. Because Y3+ has no 4f electrons and is

optically inactive, the two RE3+ dopants were used to perform up-conversion by the

following process: Yb3+ absorbs IR photons, Yb3+ transfers absorbed energy to Tm3+, and

Tm3+ emits light. This work (see Figure 1.6) uncovered not only pressure-induced changes

in PL peak metrics, but also discontinuities in certain peak positions, widths, and relative

ratios at pressures close to the xenotime-monazite Ponset (∼14 GPa). The quantum

efficiency of the up-conversion process, however, is about an order of magnitude lower than

that of down-conversion, and requires a more complex experimental setup [40]. Despite the

higher efficiency of down-conversion, the stress-dependence of PL in down-converting

xenotimes has yet to be reported in the literature. Measuring this dependence would likely

yield calibration curves and may enable a higher-efficiency, optical pressure-sensing

functionality in REPO4s.
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Figure 1.6 Pressure-dependences of select PL peak metrics of YPO4: Yb3+, Tm3+ adapted
from Runowski et al. [39] (a) Full width at half maximum (FWHM). (b) Wavelength. (c)
Relative peak ratio. Panels (a) and (c) show discontinuities during compression at
pressures close to Ponset.

A critical factor enabling mechano-optical research is the remarkable RE3+

compositional flexibility exhibited by REPO4s; that is, one RE3+ can easily be substituted

for another in the REPO4 crystal structure. As a result, an optically active RE3+ can be

doped into a REPO4 whose intrinsic RE3+s may not be optically active.
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter covers the synthesis and processing of REPO4 powders used in this work,

diamond anvil cell (DAC) operation, and data processing and analysis for the two different

in situ characterization techniques employed in this dissertation (XRD and PL).

2.1 REPO4 Synthesis and Processing

The REPO4 samples in this work are xenotime DyPO4 and TbPO4 powders. Synthesis

begins with the precipitation reaction shown in Equation 2.1.

RE(NO3)3 · nH2O(aq) +H3PO4(aq) −→ REPO4 · nH2O(s) + 3HNO3(aq) (2.1)

First, 0.1 mol of RE(NO3)3·nH2O is dissolved in 200 mL of de-ionized water. Then, an

excess of H3PO4 (> 0.1 mol) is diluted in 200 mL of de-ionized water. This excess helps to

ensure that all precursor reacts. These two solutions are then combined under vigorous

magnetic stirring because the precipitation of white powder begins immediately. The

resultant solution has a pH of ∼1, which is then adjusted to ∼10 via the dropwise addition

of ammonium hydroxide (NH4OH, 30%) to accelerate precipitation. All reagents are

obtained from Alfa Aesar. Next, the solution is centrifuged for 10 min at 1500 rpm. The

supernatant solution is decanted, and the powder is dried in a vacuum oven overnight

(100◦C, ∼0.1 atm). The dried powder is then ball milled in ethanol with zirconia media for

24 hours. The same centrifuge process is used to separate the milled powder from the

ethanol, and vacuum-drying takes a few hours (80◦C, ∼0.1 atm). If the powder

consolidates during drying, it is ground into a fine powder using a mortar and pestle.

At this stage of the process, the powder is a hydrated REPO4 with a hexagonal crystal

structure. High temperature calcination is required to remove the coordinated water

molecules and to ensure complete crystallization of the xenotime phase. The calcination
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profile for DyPO4 is as follows: 5◦C/min ramp to 550◦C, 3 hr hold at 550◦C, 5◦C/min

ramp to 1200◦C, and 2 hr hold at 1200◦C. The calcination of TbPO4 involves 2 profiles run

in series. The first is like that of DyPO4, except the final hold is at 1600◦C for 5 hrs. The

second profile is a 5◦C/min ramp to 1200◦C with a 5 hr hold at 1200◦C. All cooling is done

at a rate of 5◦C/min. TbPO4 requires the higher temperature step in order to remove a

monazite impurity phase. The monazite impurity likely exists due to TbPO4’s closer

proximity to the xenotime-monazite phase boundary in the ABO4 Bastide phase stability

diagram [7]. Figure 2.1 shows the verification of phase purity using powder XRD on a

PANalytical PW3040 diffractometer. Rietveld refinement of XRD patterns is performed

using HighScore Plus [41, 42].

Figure 2.1 Refined XRD patterns of (a) TbPO4 and (b) DyPO4 powders used in this
dissertation. Al peaks arise from the aluminum sample holder.

2.2 The Diamond Anvil Cell (DAC) Technique

The development of the diamond anvil cell (DAC) by Drs. Alvin Van Valkenburg,

Charles E. Weir, Ellis R. Lippincott, and Elmer N. Bunting at the US National Bureau of

Standards in 1958 has enabled the high-pressure research performed in this dissertation
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and in all of the studies cited within [43]. This handheld device is capable of generating the

gigapascal pressures necessary to induce phase transformation in many ceramic materials

including REPO4s. In addition, diamonds have high transmittance over a broad spectrum,

which enables in situ characterization using lasers and x-rays. DAC operation involves a

ductile, metallic gasket sandwiched between diamond anvils. A hole pre-drilled in the

center of the gasket acts as a sample chamber and is pressurized when the diamond anvils

are brought closer together (see Figure 2.2).

Figure 2.2 Simplified cross-section schematic of a loaded DAC. PTM is the
pressure-transmitting medium used to create a hydrostatic environment in the gasket hole.

Due to significant gasket deformation during loading, the pressure in the gasket hole

cannot simply be determined by force per area calculations. Rather, a pressure marker (an

internal standard) is placed in the gasket hole. In spectroscopy experiments, ruby is used

as the marker because its pressure-dependent fluorescence is well-understood and

well-calibrated [44]. In diffraction experiments, gold is employed because it has a

well-calibrated equation of state (EOS) [45]. Next, the sample is placed inside the gasket

hole along with a pressure-transmitting medium (PTM) that can provide a hydrostatic
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environment. Every PTM has a hydrostatic limit; that is, a pressure at which the PTM

solidifies and begins to support shear stress [46]. Once this limit has been exceeded in an

experiment, one can no longer assume that the sample is experiencing a hydrostatic

environment. This dissertation also employs solid PTMs (i.e., media that are solid at 0

GPa). Although a solid PTM has an effective hydrostatic limit of 0 GPa, its bulk modulus

(incompressibility) may be an indirect indicator of its ability to impart deviatoric stress on

the sample. At a given DAC pressure, an increase in PTM bulk modulus results in less

PTM compression, which is expected to generate greater contact stresses at PTM-sample

interfaces. Given the non-uniform magnitude and direction of these contact stresses,

greater shear stress is expected to be induced in the sample. While the mechanism by

which solid PTMs impart shear has yet to be detailed in the literature, results from prior

DAC experiments on α-Ti support the expectation that PTMs with higher bulk moduli

impart more shear stress on the sample than PTMs with lower bulk moduli [47].

Finally, ramping the sample to high pressure is done in one of two ways depending on

the DAC design: a screw mechanism for discrete, step-wise ramping or a gas membrane

pneumatic mechanism for continuous ramping. The maximum pressure of the experiment

is limited by the pressure at which the gasket blows out. Collecting data while ramping

down to low pressure is complicated by unpredictably fast pressure loss when the diamonds

are moved apart from each other. This pressure loss occurs because the gasket has been

compressed beyond its elastic limit and can no longer maintain a seal between the

diamonds.

2.3 In Situ DAC XRD

In situ DAC XRD experiments in this dissertation were conducted at room

temperature at synchrotron x-ray beamlines. Collecting sufficient signal in a reasonable

amount of time from the micro-volume of material in a DAC requires the high fluxes and

micron-scale spot sizes available at synchrotron beamlines. In addition, the low divergence

of synchrotron x-rays is critical for distinguishing closely spaced peaks in XRD patterns.
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XRD experiments shown in Chapters 3 and 4 were conducted at beamline 16-ID-B of

HPCAT (High Pressure Collaborative Access Team) at the Advanced Photon Source at

Argonne National Laboratory. Chapter 3 involves XRD data collected over two

synchrotron beam trips, resulting in slight differences in experimental details (e.g., beam

wavelength, DAC pressurization mechanism, exposure time, gasket metrics). Such

differences are detailed in Table 3.1. Additional XRD experiments shown in Chapter 5

were performed at beamline 12.2.2 of the Advanced Light Source at Berkeley National

Laboratory, and experiment-specific details are provided in the same chapter. In most

synchrotron XRD experiments, a Druck PACE 6000 pressure controller was used to

pressurize the DAC [48]. Ruby powder (Almax easyLab Inc., Cambridge, MA) was used to

gauge pressure during initial membrane engagement, while gold powder (≥99.96% metals

basis, Alfa Aesar, Ward Hill, MA, USA) was used during diffraction data collection. XRD

data collection often begins at a pressure of a few GPa because some initial compression is

required to confirm membrane engagement. This initial compression, however, does not

preclude any material insight as REPO4 phase transformations have not been reported at

such low pressures (as corroborated by the findings in this dissertation).

XRD pattern integration, masking, and background subtraction were performed using

Dioptas [49]. Pattern fitting was then performed using X’Pert HighScore Plus [42]. This

software fits monazite using the P21/c cell setting as a default. Although both the P21/c

and P21/n cell settings are valid descriptions of monazite (space group No. 14), fitted

lattice parameters were converted to the P21/n cell setting to facilitate comparison to the

literature. The LeBail fitting approach was used instead of traditional Rietveld structural

refinement to accommodate the significant preferred orientation present in all scans [50].

This preferred orientation is an artifact caused by the small spot size of the beam with

respect to the grain size of the sample (effectively sampling a finite number of grains). For

computation involving derived data (e.g., cell setting conversion, unit cell metrics, pressure

calculation), the uncertainties Python package was used to propagate error [51]. For all
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numerical values shown with a number in parentheses afterwards, the number in

parentheses represents the standard deviation of the last digit of the value before the

parentheses.

2.4 In Situ DAC PL Spectroscopy

Figure 2.3 Schematic of DAC PL spectroscopy experimental setup.

In situ DAC PL experiments in this dissertation employ the experimental setup shown

in Figure 2.3. A 375 nm pulsed laser (Picoquant LDH-P-C-375) is sent through a 50/50

beam-splitter and a 10x objective lens (Nikon Plan Fluor 10x/0.30) to enter the DAC and

excite the powder. The laser excites the powder with a repetition rate of 10 MHz, pulse

width <90 ps, and average power of 83.5 µW at the DAC (corresponding to an average

intensity of 290 W/cm2). The pressure of the DAC is controlled pneumatically (using

nitrogen gas) or via screws on the DAC. The emitted light travels back through the

objective and beam-splitter where it enters focusing optics (two lenses to focus into the

monochromator). The emitted light then passes through a 420 nm long-pass filter and

enters the monochromator, where it is diffracted and then captured on the CCD camera.

The emission was focused into the 10 µm slit of a monochromator (Acton SP2150) and

collected on a PIXIS256 CCD. The spectral resolution is 0.1 nm, and the laser spot is 3.4
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µm by 8.6 µm. For ruby emission collection, the center wavelength was 690 nm, while for

TbPO4, the “Step & Glue” feature on Lightfield was utilized to capture a range from 470

nm to 640 nm. For all experiments, the reported pressure at each pressure step is the

average of pressures derived from 3 different rubies. When fitting ruby peaks to find the

peak center, the standard error of the mean (of the peak center wavelength) was

propagated through the ruby equation of state in order to obtain a pressure error bar [44].

In TbPO4 spectra, band centroids are calculated via a center of mass approach because

fitting each band with a single curve does not accurately represent the data. Fitting each

band with multiple curves (given the multiple peaks within each band) is highly dubious

due to the lack of fundamental understanding of RE3+ hyperfine energy level-splitting in

the literature. Without knowing the expected number of peaks and expected peak

locations, multi-peak fits of bands become unreliable, especially when peaks broaden at

high pressure.
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CHAPTER 3

IN SITU SYNCHROTRON DIFFRACTION OF PRESSURE-INDUCED PHASE

TRANSITION IN DYPO4 UNDER VARIABLE HYDROSTATICITY

Reproduced with permission from Physical Review B and co-authors (included in

Appendix A).

Jai Sharma1, Matthew Musselman1, Bianca Haberl2, and Corinne E. Packard1

1Colorado School of Mines, Golden, Colorado 80401, USA

2Neutron Scattering Division, Neutron Sciences Directorate, Oak Ridge National

Laboratory, Oak Ridge, Tennessee 37831, USA

This manuscript describes the effect of non-hydrostatic stress on the pressure-induced

xenotime-monazite phase transformation of DyPO4. In situ DAC synchrotron XRD was

used to directly interrogate crystal structure. Experiments revealed the high-pressure

monazite phase of DyPO4 as well as the sensitivity of Ponset to stress state. Findings were

placed in context with experimental and computational REPO4 literature. This chapter

includes an overview of the authors’ contributions, a summary of the key findings and

contributions of this work, and the full manuscript published in Physical Review B in May

2021 (https://doi.org/10.1103/PhysRevB.103.184105).

3.1 Author Contributions

Matthew Musselman (a prior graduate student at Colorado School of Mines)

synthesized samples, and he performed beamline experiments with the help of Dr. Bianca

Haberl (a high-pressure beamline scientist from Oak Ridge National Lab) and Dr. Packard.

I performed all the data analysis presented in this manuscript, and I was the primary

author of this work. Drs. Haberl and Packard contributed to data interpretation and

manuscript editing.
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3.2 Scientific Advancements and Conclusions

The work presented in this chapter provides the first direct, crystallographic proof of

the high-pressure monazite phase of DyPO4 and the first systematic evaluation of the effect

of non-hydrostatic stress on the REPO4 xenotime-monazite phase transformation. The

XRD-based transformation onset pressure (Ponset) of DyPO4 (measured under hydrostatic

conditions) shows prior Raman spectroscopy-based Ponset values are significant

over-estimations and disrupts the widely-held assumption that REPO4 Ponset decreases

linearly with RE3+ ionic radius.

3.2.1 Key Findings

• The high-pressure monazite phase of DyPO4 is crystallographically confirmed.

• The DyPO4 xenotime-monazite transformation Ponset is 9.1 GPa – significantly lower

than previously reported values based on Raman spectroscopy.

• The DyPO4 xenotime-monazite transformation Ponset is significantly reduced in a

non-hydrostatic environment.

• The large pressure range of xenotime-monazite phase coexistence suggests this

transformation is diffusional rather than martensitic.

• Experiment-based P-V (pressure-volume) equations of state are reported for the first

time for xenotime and monazite DyPO4.

3.2.2 Key Contributions

• This work demonstrates Raman spectroscopy is insufficient for accurately

determining the Ponset of the xenotime-monazite transformation due to the

technique’s poor signal-to-noise ratio.

• This study shows the xenotime-monazite Ponset does not decrease linearly with RE3+

ionic radius (as is commonly assumed in literature); rather, it is discontinuous at

20



some critical ionic radius between those of Y3+ and Dy3+.

• This work shows the the xenotime-monazite Ponset value is sensitive to stress state.

• The stress state-sensitivity of the xenotime-monazite phase transformation means

REPO4s considered for CMC fiber coatings should be tested under non-hydrostatic

conditions.

• The reduction of Ponset under non-hydrostatic conditions suggests REPO4

compositions with higher hydrostatic Ponset values should not be automatically

excluded from consideration for CMC applications.

3.3 Abstract

In situ synchrotron x-ray diffraction was conducted on polycrystalline DyPO4 to

elucidate the details of the pressure-induced transition from the xenotime polymorph to

the monazite polymorph. We used three different pressure-transmitting media (neon, a

16:3:1 methanol-ethanol-water mixture, and potassium chloride) to investigate the effect of

hydrostaticity on the phase behavior. Specifically, our data clearly show a hydrostatic

onset pressure of the xenotime-monazite transition of 9.1 GPa, considerably lower than the

15.3 GPa previously determined by Raman spectroscopy. Based on (quasi)hydrostatic data

taken in a neon environment, third-order Birch-Murnaghan equation-of-state fits give a

xenotime bulk modulus of 144 GPa and a monazite bulk modulus of 180 GPa (both with

pressure derivatives of 4.0). Structural data and axial compressibilities show that DyPO4 is

sensitive to shear and has an anisotropic response to pressure. More highly deviatoric

conditions cause the onset of the transition to shift to pressures at least as low as 7.0 GPa.

We attribute early transition to shear-induced distortion of the PO4 tetrahedra. Our

characterization of the high-pressure behavior of DyPO4 under variable hydrostaticity is

critical for advancing rare earth orthophosphate fiber coating applications in ceramic

matrix composites and may inform future tailoring of phase composition for controlled

shear and pressure applications.
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3.4 Introduction

Rare earth orthophosphates (REPO4s) are a burgeoning class of ceramics, most of

which transition to other phases under pressure [1, 11, 23]. In equilibrium at atmospheric

pressure, heavier compositions (RE = Tb-Lu, Sc, Y) adopt the xenotime (tetragonal,

I41/amd) structure while lighter compositions (RE = La-Gd) adopt the monazite

(monoclinic, P21/n) structure [9]. At high pressures, xenotime compositions can transition

into monazite or other structures. This polymorphism has spurred recent interest in

REPO4s for ceramic matrix composite (CMC) applications, where the xenotime-monazite

transition offers the possibility of additional plasticity and toughening mechanisms in

oxide-oxide CMCs [15, 52]. In particular, Hay et al. showed that DyPO4 (among other

xenotime) fiber coatings deflect cracks and result in lower fiber push-out stresses than

monazite LaPO4 coatings.

Figure 3.1 shows the xenotime and monazite structures of DyPO4 and the mechanism

of transition is as follows: under compression, Dy-O bonds are distorted to the point of

reconfiguration (the RE coordination number increases from 8 to 9), while the PO4 groups

(grey tetrahedra) are effectively rigid [53, 54]. This description is widely accepted for all

REPO4 compositions that undergo the xenotime-monazite transition.
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Figure 3.1 [001] views of the (a) xenotime and (b) monazite phases of dysprosium
orthophosphate, DyPO4. Violet spheres represent Dy3+ cations, grey tetrahedra represent
PO4 groups, and the boxes represent one unit cell. The apparent 90◦ rotation of monazite
with respect to xenotime is merely a result of monazite’s monoclinic cell setting.

Most xenotime REPO4 transitions have been extensively investigated using in situ

diamond anvil cell (DAC) Raman spectroscopy (RS) and x-ray diffraction (XRD)

techniques. For TbPO4, Tatsi et al.’s RS study reported a high-pressure polymorph that

was likely monazite [17]. López-Solano et al.’s XRD study then confirmed that this

polymorph was of the monazite structure and provided detailed structural information

including an equation of state (EOS) for both polymorphs [11]. Gomis et al.’s single-crystal

XRD work showed that HoPO4 and TmPO4 transition to the monazite structure and gave

elastic constants and an EOS for each material in the xenotime phase [19].

Lacomba-Perales et al.’s synchrotron XRD study showed the xenotime-monazite transition

in ErPO4 and YPO4 and gave an EOS for both polymorphs [11]. However, all xenotime

compositions do not transition to monazite; Zhang et al. reported that YbPO4, LuPO4,

and ScPO4 transition to the scheelite (tetragonal, I41/a) structure [12, 13].

Similar insight into the high-pressure phase behavior of DyPO4 has yet to be reported,

though significant steps have been taken. Using in situ DAC RS, Musselman et al. and

Stavrou et al. reported DyPO4 transition onset pressures (Ponset) of 15.3(9) GPa and 13

GPa, respectively [20, 21]. They both attribute emergent Raman peaks at these pressures

to a polymorph that takes on the monoclinic, monazite structure. Musselman et al.’s
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determination is based on peaks emerging at locations consistent with monazite TbPO4

peaks. Stavrou et al. further claim that monazite DyPO4 transforms to scheelite at higher

pressures around 30 GPa. This xenotime-monazite-scheelite transition pathway is

consistent with that of neighboring xenotime REPO4s [21]. Other ABO4 compounds like

alkaline-earth phosphates are stable in the monazite structure up to at least 30 GPa [11].

Very recently, Heuser et al. synthesized metastable DyPO4 in the monazite structure [8].

While literature on the xenotime and monazite DyPO4 polymorphs exists, the fundamental

thermodynamics and kinetics of the transition are not fully established.

Moreover, the impact of hydrostaticity on the onset of the DyPO4 transition has yet to

be reported. It is well-documented that higher shear components often lower Ponset and

Lacomba-Perales et al. came to similar conclusions when comparing their YPO4 findings to

previous work [11, 47]. Although the effect of hydrostaticity has yet to be systematically

studied for REPO4s, it has been studied in other ABO4 compounds. For example,

Santamaŕıa-Pérez et al. conducted a systematic study for orthorhombic BaSO4 [22]. Under

less hydrostatic conditions, they found that transition began earlier and that the pressure

range of phase coexistence was wider. Assessing the impact of hydrostaticity on the DyPO4

transition is critical as structural applications like CMCs involve a significant degree of

deviatoric stress in addition to hydrostatic pressure.

This study employs in situ DAC synchrotron XRD to directly and quantitatively

interrogate the DyPO4 structure and phase behavior. To apply pressure with varying

degrees of hydrostaticity, three pressure-transmitting media (PTMs) are used: neon, a

16:3:1 methanol-ethanol-water mixture, and the soft salt KCl. Diffraction patterns are used

to determine Ponset, calculate axial compressibilities, and develop EOS’s for the xenotime

and monazite phases. Our findings show a quasi-hydrostatic Ponset of 9.1(1) GPa – much

lower than the previously reported RS-based value of 15.3(9) GPa [20]. In addition,

deviatoric stresses induced by the solid PTM, KCl, trigger an even earlier DyPO4

transition at least as low as 7.0 GPa. Independent of hydrostaticity (i.e., with all PTMs
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used here), experiments reveal a wider pressure range of xenotime-monazite coexistence

than was indicated by RS, suggesting that this transition is kinetically limited. Axial data

from the quasi-hydrostatic experiments show that DyPO4’s response to pressure is

anisotropic. 3rd order Birch-Murnaghan EOS fits yield a xenotime bulk modulus (B0,X) of

144(1) GPa with a pressure derivative of 4 and monazite bulk modulus (B0,M) of 180(11)

GPa with a pressure derivative of 4.

3.5 Experimental Details

Phase-pure xenotime DyPO4 powder is obtained via precipitation reaction involving

Dy(NO3)3 • 5H2O (≥99.9% RE oxide basis, Alfa Aesar) precursor and H3PO4 (85% w/w

aqueous solution, Alfa Aesar) and subsequent calcination. Details of these two steps are

described elsewhere [16]. In situ DAC XRD is conducted at room temperature at beamline

16-ID-B, HPCAT, Advanced Photon Source, Argonne National Laboratory. For all

experiments, 301 stainless steel gaskets are drilled with the HPCAT laser micro-machining

system [55] and two-dimensional diffraction patterns are collected with the PILATUS 1M-F

detector. The x-ray beam spot size (full width at half maximum) is approximately 4 µm

(vertical) by 6 µm (horizontal). These experiments are conducted over two synchrotron

beam trips, resulting in slight differences in experimental details (such as beam

wavelength). These details as well as experimental details of the DACs used are listed in

Table 3.1.
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Table 3.1 Experimental details for each of the three PTM experiments.

PTM
Beam λ

(Å)
No.

Scans

Expos-
ure

time (s)

Loading
rate

(MPa/s)

Pressure
marker

Gasket
hole

thick-
ness,

diame-
ter

(µm)

Culet
diam-
eter
(µm)

DAC type

Pmax

(GPa)

Neon 0.48595 74 1 1.8
gold

powder
∼40,
∼110

250 symmetric 14.8

Mixture 0.40663 26 5 1.1
ruby
chips

110,
250

500
Almax

easyLab
plate

14.2

KCl 0.40663 16 7.5 1.6
ruby
chips

68, 180 380
Almax

easyLab
plate

12.6

Diamond anvil cell preparation involves loading the DyPO4 powder sample and the

pressure marker (Au or ruby) into the gasket chamber. Great care is taken that the sample

does not bridge the anvils or gasket walls for best hydrostatic conditions. Three different

PTMs are used: neon, 16:3:1 methanol-ethanol-water mixture, and KCl. The 16:3:1

methanol-ethanol-water mixture is hereafter referred to as the “mixture.” In the case of

KCl and the mixture, after a ruby is added to the sample, the PTM is added and the cell is

closed and sealed. In the neon experiment, neon gas is loaded using the GSECARS gas

membrane loading system [56]. The cell is then set up with a dual membrane system for

(de)compression rate control [48]. Adding the can assembly for membrane compression to

the already gas-loaded cell resulted in an inadvertent initial pressure jump to ∼4 GPa prior

to placing the cell on the beamline. There are no reported DyPO4 phase transitions below

∼4 GPa (as corroborated by our mixture and KCl experiments); therefore, the initial jump

in the neon experiment does not preclude any material insight. The beamline’s PACE 5000

pressure controlling system is then used to pressurize the cell during the experiment [48].

Pressure is determined from the unit cell volume and 3rd order Birch-Murnaghan EOS of

gold (>99.96% metals basis, Alfa Aesar) [45, 57].
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The mixture and KCl PTM experiments use an Almax easyLab plateDAC (Almax

easyLab Inc., Cambridge, MA) and ruby chips (Almax easyLab Inc., Cambridge, MA) as

pressure markers. The cell is pressurized by manual crank and pressure is determined using

ruby R1 fluorescence [58]. Other distinct experiment parameters are shown in Table 3.1.

Pressures derived from ruby fluorescence are presented without error estimates as only

nominal values are recorded. Although these two experiments use a different pressure

marker than the neon experiment, any systematic error in pressure scales is likely minimal

as the gold EOS used in this study was calibrated against the ruby fluorescence method

[45]. In addition, the ruby scale used in this study was also used in Musselman et al.’s

Raman study – ensuring pressure scale consistency with prior Raman work [20].

XRD pattern integration, masking, and background subtraction are performed using

Dioptas [49]. Pattern fitting is then performed using X’Pert HighScore Plus [42]. This

software fits monazite using the P21/c cell setting as a default. Although both the P21/c

and P21/n cell settings are valid descriptions of monazite (space group No. 14), fitted

lattice parameters are converted to the P21/n cell setting for ease of comparison to

literature. The atmospheric-pressure volume of xenotime DyPO4 is calculated from a

synchrotron scan (λ = 0.48595 Å) at 0 GPa (prior to any compression) using a plate DAC

with no PTM. DyPO4’s zero-pressure bulk modulus (B0) and its pressure derivative (B0’)

are determined by fitting volume vs. pressure data to the 3rd order Birch Murnaghan EOS

with the EOSFit7-GUI program [59]. Xenotime EOS and axial compressibility fits use

scans with P < Ponset, while monazite EOS and axial compressibility fits use scans with P

≥ Ponset. For all other computation involving derived data (e.g., unit cell volume,

gold-based pressure, cell setting conversion), Python is used to propagate error and a

covariance of 0 is assumed.

3.6 Results

All three experiments have similar quasi-static loading rates (see Table 3.1, Fig. C1)

despite the varying mode of pressure application [60]. Thus, we do not attribute differences
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among datasets to kinetic effects. The LeBail fitting approach is used instead of traditional

Rietveld structure refinement to accommodate the significant preferred orientation present

in all scans of all experiments (Fig. C2 illustrates a representative example) [50]. Preferred

orientation appears (see Fig. C2) due to the small spot size of the beam with respect to

the grain sizes of the present sample (sampling a finite number of grains) [60]. It is thus

also observed for the neon loading despite the neon’s better hydrostaticity. The xenotime,

monazite, neon, and KCl structures used for pattern fitting were determined by Milligan et

al., Heuser et al., Hemley et al., and Froyen et al., respectively[8, 61–63].

The zero-pressure xenotime unit cell volume (V0,X) used for normalization in Figure 3.2

is 289.39(2) Å3. The dashed lines show DyPO4 Ponset values of 9.1(1) GPa, 9.3 GPa, and

7.0 GPa when pressurized with the neon, mixture, and KCl PTMs, respectively.
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Figure 3.2 DyPO4 unit cell contraction during compression under neon, mixture, and KCl
PTMs. Volumes are normalized by the xenotime volume at 0 GPa, V0,X (in which ‘X’
denotes ‘xenotime’). Vertical dashed lines indicate Ponset. For each PTM, the cluster at the
top of the dashed line represents xenotime while the cluster at the bottom of the dashed
line represents monazite. Error bars represent standard deviation. In mixture and KCl
datasets, pressure was recorded as a nominal value. Volume error bars for all datasets are
within the symbols. Black dashed curves represent EOS fits of neon data performed with a
fixed bulk modulus pressure derivative (see Table 3.2).
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The respective DyPO4 volume contractions at Ponset are 6.96(3)%, 7.17(3)%, and

8.75(3)%. Figure 3.3, Figure 3.4, and Figure 3.5 show that all XRD peaks drift to higher Q

and become more diffuse due to uniform and non-uniform strain, respectively.

Transformation onset is determined by visual inspection of individual XRD patterns (see

Fig. C3), not by judging color in the following contour plots (Figure 3.3a, Figure 3.4a, and

Figure 3.5a) [60]. Visual inspection involves plotting the square root of intensity against Q

to ensure that emerging peaks are not overlooked due to their extremely low intensity. Any

given pattern is fit with both the xenotime and monazite phases only when visual

inspection of that pattern reveals intensity at Q values consistent with monazite peaks. In

the neon experiment, the (110), (002), and (021) monazite peaks are used to mark Ponset as

they are the first monazite peaks to emerge and do not overlap with xenotime signal. In

the mixture and KCl experiments, the (002) peak does not appear because of variation in

preferred orientation between experiments. Therefore, only the (110) and (021) monazite

peaks are used to mark Ponset in these experiments as shown in Figs. C3(b) and C3(c). All

expected xenotime peaks appear in low-pressure patterns and persist after Ponset for all

experiments. In addition, all major monazite peaks are observed at high pressure. Minor

monazite peaks at Q > 3 Å−1 are more difficult to verify as they often overlap with each

other or stronger PTM, pressure marker, or xenotime peaks.

Figure 3.3(a) and Figure 3.3(b) show XRD pattern evolution and LeBail fit quality (at

Pinitial, Ponset, and Pfinal), respectively, in the neon experiment. The first scan in this

experiment is at a modestly high pressure of 4.4 GPa due to the gas membrane can setup

and features xenotime and gold (circles in Figure 3.3(a)) peaks. Non-xenotime peaks first

emerge at 5.0 GPa; this corresponds to the crystallization of neon as reported in in the

literature [64]. This is noteworthy as the conditions shift from hydrostatic (in liquid Ne) to

quasi-hydrostatic (in solid Ne) at this point in pressure.

30



Figure 3.3 Neon dataset. ‘X’ ticks show a low-pressure xenotime reference pattern [61],
while the ‘M’ ticks show a monazite fit. (a) Contour plot showing all XRD patterns.
Monazite peaks emerge at 9.1(1) GPa. Circles and triangles denote the gold and neon
peaks, respectively. (b) Select XRD patterns (initial, transition onset, final) and their
LeBail fits.

Neon peaks shift more dramatically than the other materials’ peaks because neon is the

most compressible material in the DAC [62]. The first discernible monazite peaks emerge

at 9.1(1) GPa and are located at Q = 1.59 Å−1, 2.02 Å−1, and 2.14 Å−1; these are the

(110), (002), and (021) reflections, respectively. In the Ponset scan, the refined monazite

lattice parameters are a = 6.150(1) Å, b = 6.627(1) Å, c = 6.384(1) Å, and β = 99.60(1)◦.

Note that around 10 GPa, the gold signal becomes extremely weak, likely due to gold

grains shifting out of the beam spot following the onset of the xenotime to monazite

transition. In addition, the weak gold peaks start to overlap with stronger xenotime and

now-solidified neon peaks. This overlap makes precisely locating the gold peak much more

difficult. As a result, the uncertainty in the fitted gold lattice parameter increases

dramatically. Since pressure is determined as a function of gold lattice parameter, the

pressure uncertainty also increases dramatically.
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Figure 3.4 Mixture dataset. ‘X’ ticks show a low-pressure xenotime reference pattern [61],
while the ‘M’ ticks show a monazite fit. (a) Contour plot showing all XRD patterns in
ramp. Monazite peaks emerge at 9.3 GPa. (b) Select XRD patterns (initial, transition
onset, final) and their LeBail fits.

Figure 3.4(a) and Figure 3.4(b) show XRD pattern evolution and LeBail fit quality (at

Pinitial, Ponset, and Pfinal), respectively, in the mixture experiment. The first scan at 1.3

GPa only shows xenotime peaks as the mixture PTM remains a liquid at this pressure and

is indiscernible. The first discernible monazite peaks emerge at 9.3 GPa; these are located

at Q = 1.59 Å−1 and 2.13 Å−1 and correspond to the (110), and (021) reflections,

respectively. In the Ponset scan, the refined monazite lattice parameters are a = 6.159(1) Å,

b = 6.611(1) Å, c = 6.425(1) Å, and β = 99.50(1)◦. It is noteworthy that this transition

commences prior to the freezing of the mixture; this means the mixture remains hydrostatic

at Ponset. At ∼10.5 GPa (the mixture’s effective hydrostatic limit), the mixture undergoes

a glass transition into an amorphous solid phase that contributes no XRD peaks [46].
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Figure 3.5 KCl dataset. ‘X’ ticks show a low-pressure xenotime reference pattern [61],
while the ‘M’ ticks show a monazite fit. (a) Contour plot showing all XRD patterns in
ramp. Inverted and upright triangles represent the B1 and B2 phases of KCl, respectively.
Monazite peaks emerge at 7.0 GPa. (b) Select XRD patterns (initial, transition onset,
final) and their LeBail fits.

Figure 3.5(a) and Figure 3.5(b) show XRD pattern evolution and LeBail fit quality (at

Pinitial, Ponset, and Pfinal), respectively, in the KCl experiment. The first scan shows peaks

from xenotime DyPO4 and B1-KCl (inverted triangles), which takes on a NaCl-type

structure. At ∼2.7 GPa, B1-KCl transitions to B2-KCl (upright triangles), taking on a

CsCl-type structure [63].

The KCl transition does not seem to affect the phase behavior of DyPO4 in the KCl

transition regime. Both sets of KCl phases’ peaks have higher slope than DyPO4’s peaks

because both KCl phases are more compressible than DyPO4 [63]. In marked contrast to

the neon and mixture experiments, the first discernible monazite peaks emerge early at 7.0

GPa and are located at Q = 1.58 Å−1 and 2.12 Å−1; these are the (110) and (021)

reflections, respectively. In the Ponset scan, the monazite lattice parameters are a = 6.165(1)

Å, b = 6.6673(5) Å, c = 6.407(1) Å, and β = 101.842(3)◦. Although these uncertainties

appear quite small, several checks on the LeBail fits did not change the outcome.
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Figure 3.6 Pressure dependence of xenotime and monazite lattice parameters from the (a)
neon, (b) mixture, and (c) KCl datasets. Dashed lines indicate Ponset. Lattice parameter
error bars are within the symbol size. Insets show the monazite beta angle with standard
deviation error bars. Across PTMs, consistent y-axis ranges for the panels and for the
insets enable slope comparison.
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Figure 3.6 plots the DyPO4 lattice parameters from the LeBail fits for all three PTMs.

Xenotime lattice parameters (aX and cX) steadily decrease during loading and have no

apparent discontinuity or change in slope at Ponset across all PTMs. Monazite lattice

parameters (aM , bM , cM , and βM) are less sensitive to pressure than xenotime parameters

and the differences among the values of aM , bM , cM are roughly the same across PTMs.

βM (shown in Figure 3.6 insets) spans similar ranges in the neon and mixture datasets but

spans a much higher and tighter range in the KCl dataset. Contrary to xenotime trends,

monazite lattice parameter trends have some slight but statistically significant

irregularities. Soon after Ponset in the neon dataset (Figure 3.6(a)), aM and bM experience

temporary dips and βM experiences a temporary bump. After ∼10 GPa in the mixture

dataset (Figure 3.6(b)), the aM trend becomes steeper and the bM and cM trends become

non-monotonic. It is also notable that the monazite unit cell volume does not contract

upon compression in the KCl dataset – consistent with a high shear component present in

the experiment.

3.7 Discussion

This study clearly shows that DyPO4 transitions directly from the xenotime

(tetragonal, I41/amd) to the monazite (monoclinic, P21/n) polymorph with no

intermediate phase regardless of PTM. This result differentiates DyPO4 from neighboring

REPO4 compositions (e.g., TbPO4 and GdxDy1−xPO4), which exhibit an intermediate

anhydrite phase [7]. No errant XRD peaks are observed in this study and forcing an

anhydrite phase into the LeBail fits worsens fit quality. Moreover, Hay et al.’s revised

Bastide stability diagram shows that DyPO4 is too far from the

xenotime-anhydrite-monazite triple point [7]. Once the monazite polymorph commences

nucleation, there is a notably large pressure range of xenotime-monazite coexistence for all

PTMs. In fact, the upper limit of the pressure range of coexistence remains unknown as

the xenotime signal is still present in the final (highest pressure) scans taken herein. Phase

fraction estimates from Rietveld refinements (see Fig. C6) show that KCl promotes more
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significant monazite formation than neon and the mixture in addition to lowering the onset

pressure, providing evidence that shear lowers the barrier to phase transition or otherwise

increases the transformation kinetics in this system [60]. Santamaŕıa-Pérez et al.’s BaSO4

study showed a wider coexistence range under less hydrostatic media [22], though different

mechanisms and different transformation kinetics are expected in barite. Other REPO4

compositions are also reported to have significant ranges of phase coexistence [11, 18]. This

coexistence, however, violates Gibb’s phase rule [65]. For a single-component system in

which temperature is fixed and pressure is the only degree of freedom, only one phase is

thermodynamically allowed to exist; therefore, the observation of a significant

xenotime-monazite coexistence range even under hydrostatic conditions in this study and

others suggests that the transition is kinetically limited. It would be interesting to consider

future studies with variable ramp rate and at elevated temperature, but this is outside the

scope of the current work.

Another significant finding is that the XRD-based Ponset of 9.1(1) GPa is far lower than

RS-based values of 15.3(9) reported by a subset of the authors of this work [20] and 13 GPa

reported by Stavrou et al. [21]. The large difference between RS- and XRD-based Ponset

values is unexpected as the RS-XRD discrepancy in TbPO4 (an adjacent composition) is

just 0.3 GPa [17, 18]. Taking a closer look at Musselman et al.’s Raman spectra provides a

likely explanation for this 6.2 GPa gap. In that study, Ponset is marked by the appearance

of small, distinct Raman bands representing almost all of monazite’s optical modes. These

modes harden with increasing pressure. Extrapolating monazite mode linear fits to lower

pressures reveals that most of these modes fall within the broad peaks of xenotime modes

at ∼9 GPa (see Fig. C4) [60]. In other words, monazite Raman modes may exist in the ∼9

GPa spectrum as weak shoulders or weak tails of xenotime Raman modes, but the poor

signal-to-noise ratio of RS prevents unambiguous interpretation of these weak features as

monazite signal. Stavrou et al.’s high pressure RS study of DyPO4 reports a

xenotime-monazite Ponset of 13 GPa [21] and presumably suffers from the same peak
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overlap; however, the underlying Raman spectra have yet to be published. Thus, RS is

insufficient for the conclusive determination of transition onset in DyPO4. Consequently,

the Ponset of DyPO4 can be revised down to this study’s XRD-based value of 9.1(1) GPa.

Such a revision is likely not necessary for other xenotime REPO4s as they already have

XRD-based Ponset values reported in literature [12, 13, 17–19]. The revised DyPO4 Ponset

also marks a significant deviation from the linear dependence of Ponset on RE ionic radius

that is suggested in literature [7, 16]. This deviation opens the intriguing possibility that at

some critical ionic radius (between those of Y3+ and Dy3+), Ponset has a discontinuity – i.e.,

it drops from above 15 GPa to below 10 GPa.

Beyond determining Ponset for DyPO4, we find that Ponset is considerably stress-state

dependent, with non-hydrostaticity promoting earlier transition. Neon and the mixture

yield similar Ponset values: 9.1(1) GPa and 9.3 GPa, respectively. The latter value can be

safely understood as hydrostatic because it is lower than the mixture’s hydrostatic limit

(i.e., below its freezing point). The Ponset difference between these two experiments is

marginal and may be due to the fact that they use different methods of pressure

determination (the former via gold diffraction, the latter via ruby fluorescence). In

contrast, the KCl experiment yields a Ponset of 7.0 GPa – a significant drop of ∼22%. This

pressure may be even lower if the ruby pressure readings are systematically overestimated

due to the non-hydrostaticity of the KCl PTM. Unlike the other PTMs, KCl is a crystalline

solid at all pressures and induces non-negligible shear stresses on DyPO4. This is relevant

for REPO4s as shown by Lacomba-Perales et al. who report that less hydrostatic

conditions result in earlier transition in YPO4 [11] and by Heffernan et al. who report

interesting shear-induced behaviors in GdPO4 [54]. Non-hydrostaticity promoting earlier

DyPO4 transition is also consistent with Santamaŕıa-Pérez et al.’s work on orthorhombic

BaSO4 and gives additional insight into the mechanism of the shear-induced lowering of

Ponset as discussed later [22].
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When evaluating lattice parameters in this study, it is critical to note that those of

monazite are less accurate than those of xenotime – especially at pressures close to Ponset

when the monazite signal is extremely weak. Weak monazite peaks located close to other

weak monazite peaks or strong xenotime peaks can easily lead to improper LeBail fitting

and introduce inaccuracy. Even in the final (highest pressure) scans of each experiment,

the strongest monazite peak is weaker than the strongest xenotime peak. Despite this

uncertainty, Figure 3.6 shows that across all three experiments, the monazite lattice

parameters aM , bM , and cM at Ponset are consistent. The KCl experiment’s βM angle,

however, is ∼2.5◦ higher than that of neon and the mixture (which are in close agreement).

Furthermore, the lattice parameter trends seen in the monazite phase (see Figure 3.6)

also exhibit some irregularities. Soon after Ponset in the neon experiment, aM , bM , and βM

trends show temporary non-monotonicity, which is attributed to inaccurate inferred

pressures rather than anomalous DyPO4 behavior. At this point in the experiment, the

gold peaks became extremely weak and began to overlap with stronger xenotime and neon

peaks (see Figure 3.3(a)). Resultant inaccuracy in the gold peak position then propagates

directly to the determined pressures. In the mixture dataset (Figure 3.6(b)) at ∼10 GPa,

the aM trend becomes steeper and the bM and cM trends become non-monotonic. These

irregularities coincide with the non-hydrostatic limit (10.5(5) GPa), at which point the

mixture undergoes a glass transition. The KCl experiment (Figure 3.6(c)) shows no

contraction of the monazite unit cell due to the rather non-negligible degrees of shear

stress. This is typical of phase transitions in a high shear environment where a local drop

in pressure occurs as a nucleus of the low-pressure polymorph transitions to the higher

density, high-pressure polymorph. Since this localized drop will cause the transition to

continue elsewhere in the sample in the absence of a hydrostatic PTM, the monazite unit

cell is not expected to contract until all material is transformed.

Quantitative evaluation of these lattice parameters is further made difficult by the fact

that literature does not provide lattice parameters of the high-pressure DyPO4 polymorph.
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The best comparison point presently available is López-Solano et al.’s in situ DAC

diffraction study of TbPO4, a neighboring composition of DyPO4 [18]. Their work uses a

different monoclinic cell setting than this work, thus their aM is equivalent to our study’s

cM and their cM is equivalent to our study’s aM . This switch explains why they report aM

¿ cM , while Figure 3.6 here shows the opposite. All linear (aX , cX , aM , bM , and cM) lattice

parameters reported herein are ∼1% smaller than those reported by López-Solano et al.,

which is expected since Dy3+ has a smaller ionic radius than Tb3+. The monazite beta

angle (βM) reported herein is ∼3% smaller in the neon and mixture experiments and ∼1%

smaller in the KCl experiment. Like TbPO4, linear lattice parameters of DyPO4 decrease

with pressure while βM increases under quasi-hydrostatic loading. Another important

structural metric is tetragonal distortion (cX/aX), which is plotted against pressure in Fig.

C5 [60]. The magnitude and pressure dependence of tetragonal distortion in the neon and

mixture experiments is in good agreement with the TbPO4 study – suggesting that

xenotime DyPO4 and xenotime TbPO4 distort similarly under quasi-hydrostatic loading.

Both of those PTMs do not yield as great of an increase in tetragonal distortion as KCl

does for the same pressure range – indicating KCl distorts xenotime DyPO4 the most. A

more thorough method of assessing unit cell distortion for both xenotime and monazite is

evaluating axial compressibilities (summarized in Table C1) [60]. Analyzing relative values

of axial compressibilities for a given phase provides insight into a material’s (an)isotropic

response to stress. It is important to note beforehand that xenotime axial compressibilities

are more accurate than monazite ones due to signal-to-noise ratio deterioration under high

pressure. Heffernan finds that xenotime axial compressibilities follow the order “[001] �

[010] = [100],” while monazite axial compressibilities follow “[100] < [010] < [001]” [54].

Xenotime data from all three experiments as well as monazite data from the neon

experiment match these trends. The mixture monazite data is not consistent because the b

and c parameters no longer decrease monotonically past the hydrostatic limit. KCl’s

monazite data is inconsistent because the lattice parameters appear pressure-independent
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(i.e., the aM , bM , and cM axial compressibilities are virtually 0 GPa−1 ). This also explains

why the qualities of fit for KCl monazite data (also in Table C1) are extremely poor [60].

Axial compressibility fits also provide zero-pressure parameters (y-intercepts of the linear

fits), which should be consistent with the 1 atm lattice parameters in the structure files

used for LeBail fitting. Xenotime zero-pressure parameters are consistent in this respect,

while monazite zero-pressure parameters are not. Monazite’s inconsistency may be due to

an insufficient pressure range of monazite data points, aforementioned pressure-induced

degradation of the XRD signal, or the metastability of the monazite DyPO4 structure used

as a reference in this study [8].

P-V data is fit to the 3rd order Birch-Murnaghan EOS to explore the thermodynamics

of the transition and permit comparison to elastic properties measured through other

methods. EOS parameters are listed in Table 3.2 and plots with EOS fits are shown in Fig.

C7 [60].

Table 3.2 Bulk moduli (B0) and their zero-pressure derivatives (B0’) calculated by fitting
volume vs pressure data to the 3rd order Birch-Murnaghan EoS. The fits themselves are
plotted in Fig. C7 [60]. The weighted chi square value (χ2

w) is the measure of goodness of
fit. Fits were performed by fixing B0’ to 4 or by letting it float between 2 and 7. Numbers
in parentheses after a value represent the standard deviation of the last digit of the value.
The xenotime V0 values marked with an asterisk are fixed during fitting. KCl monazite fits
do not converge.

Phase PTM
B0’ = 4 2 ≤ B0’ ≤ 7

V0 (Åˆ3) B0 (GPa) χ2
w V0 (Åˆ3) B0 (GPa) B0’ χ2

w

Xenotime
Neon 289.39(2) * 144(1) 0.05 289.39(2) * 135(1) 7.0(1) 0.03

Mixture 289.39(2) * 170(1) 0.03 289.39(2) * 163(6) 6.4(20) 0.03
KCl 289.39(2) * 204(18) 154.86 289.39(2) * 209(17) 2.0(40) 152.90

Monazite
Neon 266.57(70) 180(11) 0.96 267.02(75) 163(9) 6.4(22) 0.93

Mixture 261.45(51) 421(33) 5.60 261.71(55) 389(33) 7.0(7) 4.91
KCl - - - - - - -

Two sets of fits are performed in all cases, one with B0’ fixed to 4 and one with B0’

floating between 2 and 7. Xenotime fits fix V0,X to 289.39(2) Å3, which is derived from a

pre-compression synchrotron scan. In monazite fits, fixing B0,M to Heuser et al.’s reported

value of 273.630(5) Å3 [8] – as well as similar values reported by others [66–68] – leads to
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B0,M being lower than B0,X . Such a finding would be inconsistent with the axial

compressibility analysis performed herein, as well as prior high pressure REPO4 XRD

studies reporting B0,M to be ∼20% greater than B0,X in ErPO4, ∼28% greater in YPO4,

and ∼6% greater in TbPO4 [11, 18]. Previously reported DyPO4 V0,M values likely result

in this inconsistency because they are based on metastable monazite DyPO4 synthesized or

simulated at 1 atm. Therefore, V0,M is made a free parameter in the monazite fits shown in

Table 3.2.

For the xenotime polymorph, χ2
w values show that the neon dataset yields qualities of

fit that are similar to those of the mixture dataset and dramatically better than those of

the KCl dataset (for both B0’ conditions). Among the neon- and mixture-based fits, the

neon-based, fixed B0’ fit has the best quality (χ2
w closest to 1) and yields a B0,X value that

is comparable to values determined using other techniques. Namely, Wilkinson et al.

report a 122-141 GPa range using values converted from nanoindentation data and Li et al.

report 141.5 GPa using computational chemical bond theory [69, 70]. Furthermore, B0,X =

144(1) GPa with B0’ = 4 is consistent with REPO4 compositional trends. Even the floating

B0’-based B0,X is between the reported B0,X values of TbPO4 and HoPO4 (the left and

right lanthanide neighbors of DyPO4, respectively), which are 134 GPa (B0’ = 6.4) and 152

GPa (B0’ = 4.2), respectively [18, 19].

In marked contrast, the mixture and KCl datasets give B0 values that are far too high.

On one hand, the KCl dataset’s exceedingly high B0 values are consistent with

Lacomba-Perales et al.’s observations that non-hydrostatic DAC experiments on REPO4s

yield overestimated moduli [11]. On the other hand, the mixture dataset’s high B0 values

cannot be explained by non-hydrostatic stress since the mixture remains hydrostatic up to

∼10.5 GPa. We suggest that this inconsistency may be due to the fact that a sprinkling of

Au powder was used for pressure measurement in the neon experiment, while a ruby sphere

was used in the mixture and KCl experiments. While the Au powder experienced the same

(quasi-)hydrostatic conditions as the sample in the neon experiment, the ruby may have

41



become trapped between the gasket and anvil in the mixture and KCl experiments.

Trapping may have led the ruby to experience higher shear, resulting in a somewhat

incorrect pressure reading. This explanation may be supported by close inspection of Figs.

C7(c) and C7(e), which show that the xenotime EOS fits switch from lying below the

experimental data to lying above the experimental data at ∼5 GPa. Considering these

issues as well as the neon data’s close match with literature values as discussed above, we

regard the fixed B0’ fit of the neon data as most accurate.

For the monazite polymorph, the neon dataset again yields the best fits (for both B0’

conditions) as evidenced by the respective χ2
w values being closer to 1. The mixture dataset

is significantly underfit and most of its data points are located at pressures above the

mixture’s hydrostatic limit (see Fig. C7(d)) [60]. In the mixture experiment, a similar

behavior as in the KCl experiment is expected. That is, local pressure drops during

non-hydrostatic compression introduce error into the fitted EOS (which naturally includes

pressures above 9.3 GPa for the high-pressure polymorph). The KCl monazite dataset (see

Fig. C7(f)) does not produce any converging fits because B0,M becomes negative during

optimization cycles [60]. Taking a step back, this dataset should not yield reasonable 3rd

order Birch-Murnaghan fits as the monazite phase is not compressed under these

non-hydrostatic conditions until the entire sample volume has transitioned. Among the two

neon dataset-based fits, we select the fit conducted with a fixed B0’ to have a consistent B0’

condition with the selected xenotime EOS. Therefore, we report a monazite DyPO4 bulk

modulus of 180(11) GPa (B0’ = 4) and a zero-pressure volume of 266.57(70) Å3. This

∼25% increase from B0,X to B0,M appears consistent with the aforementioned increases in

other compositions. Evaluating the value of B0,M itself is made difficult by the fact that no

experimental comparison exists in literature – only Kowalski et al.’s ab initio quantum

chemistry calculation of 127.6 GPa [71]. This simulated value is far lower than the B0,M

values in Table 3.2 and even lower than the B0,X values reported here and elsewhere in

literature [69, 70]. As aforementioned, one would expect B0,M to be higher than B0,X for
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such REPO4s, as indeed is observed here. Thus, Kowalski et al.’s value appears

underestimated for reasons yet unknown.

It may be tempting to conclude that the neon-based B0,M values are as accurate if not

more accurate than the neon-based B0,X values; however, this is not the case for two

reasons: first, the V0,M of stable (not metastable) monazite DyPO4 must be ascertained

with further high pressure XRD experiments as this parameter has a tremendous influence

on the fitted B0,M value. Second, even if this neon monazite data is fit using the most

accurate V0,M , B0,M would still be less accurate than B0,X due to the coexistence of

xenotime and monazite phases in all scans above Ponset. In other words, all scans used for

xenotime EOS fitting only contain xenotime, whereas all scans used for monazite EOS

fitting contain both phases.

Next, we consider the mechanism of the lowered Ponset due to high shear in more depth.

Heffernan et al. elucidate the role of shear in REPO4s’ structural response to pressure in

their in situ DAC study of monazite GdPO4 [54]. They observe an additional GdPO4

Raman band appearing at pressures above their PTM’s hydrostatic limit even though XRD

suggests no such transition. The authors attribute this additional mode to shear-induced

PO4 tetrahedra distortion, which exacerbates Gd-O bond distortion. Such a mechanism

may also be responsible for the lower transition pressure of xenotime DyPO4 in a KCl

environment as we see here. That is, hydrostatic pressure may compress the Dy-O cage,

but KCl-induced shear may further distort Dy-O bonds (indirectly) via PO4 tetrahedral

distortion. The magnitude of this shear may be sufficient to not only distort Dy-O bonds,

but to reconfigure them – thus triggering the early transition. Our observation of the βM

angle being ∼2.5◦ higher in the KCl experiment than in the other experiments also points

towards a possible shear-induced distortion of the monoclinic cell. Confirming this

proposed mechanism will require future in situ DAC single crystal XRD studies.

Nevertheless, it may be scientifically interesting as well as technologically important if

modifying and controlling shear could lower Ponset even further.
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Finally, our findings can inform future REPO4 work and CMC fiber coating

development more broadly. Given the large discrepancy between RS- and XRD-based

Ponset values for DyPO4, XRD should be considered for conclusive Ponset determination in

REPO4 solid solutions with similar Raman band overlap (e.g., GdxDy1−xPO4). All other

pure xenotime REPO4s – as well as GdxTb1−xPO4 and SmxTb1−xPO4 solid solutions –

have already been characterized using XRD [11–13, 18], thus their reported transition

pressures stand unaltered. Furthermore, the at least 22% reduction of DyPO4 Ponset under

KCl loading suggests that xenotime REPO4 fiber coating transformation may begin at

lower pressures than expected in the high-shear environment of a CMC. This in turn means

that transformation-based plasticity and toughening mechanisms could be activated at

lower stresses in the application environment. Therefore, a candidate material’s propensity

for transformation should be assessed under high-shear – in addition to hydrostatic –

conditions. Using shear-sensitivity as a criterion for screening REPO4 candidates

potentially opens up a wider range of compositions worth considering for CMC

applications.

3.8 Conclusion

This experimental study provides crystallographic proof that xenotime DyPO4

transitions directly to the monazite structure upon room temperature compression. Prior

Raman spectroscopy indicated a transition onset pressure of 15.3 GPa [20]; however, our

synchrotron XRD study shows that transition onset is much earlier, at 9.1 GPa. All lattice

parameters and their pressure dependences are consistent with the trends reported for the

neighboring TbPO4 composition. By employing neon, 16:3:1 methanol-ethanol-water, and

KCl as PTMs, we also explore the effect of various levels of hydrostaticity on the phase

behavior, finding that non-hydrostaticity reduces Ponset to at least as low as 7.0 GPa.

Compared to the other PTMs, KCl causes the most rapid increase in the xenotime c/a

ratio and yields the highest monazite β angle. These are both likely indicators of

shear-induced structural distortion of the PO4 tetrahedra, which may have triggered the

44



early phase transition. For all PTMs, xenotime and monazite coexist for large pressure

ranges, suggesting that this transition is kinetically limited. Calculated axial

compressibilities reveal the anisotropy of DyPO4’s response to stress and are consistent

with expectations for REPO4s in general. Our 3rd order Birch-Murnaghan EOS fits of

(quasi-)hydrostatic data yield a xenotime bulk modulus of 144(1) GPa and a monazite bulk

modulus of 180(11) GPa (both with B0’ fixed to 4). The findings presented herein provide

additional insight into the pressure-induced transition in DyPO4 and how this transition

could be tailored to CMC fiber coating applications.
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CHAPTER 4

PHASE TRANSFORMATION PATHWAY OF DYPO4 TO 21.5 GPA

Reproduced with permission from Crystals and co-authors (included in Appendix A).

Jai Sharma1, Henry Q. Afful1, and Corinne E. Packard1

1Colorado School of Mines, Golden, Colorado 80401, USA

This manuscript explores the phase evolution of DyPO4 to pressures beyond those

achieved in Chapter 3, as the Chapter 3 study did not go to high enough pressures to

observe the end of the xenotime-monazite phase coexistence range. While this in situ DAC

synchrotron XRD revealed, for the first time, the full xenotime-monazite phase coexistence

range as well as the emergence of a post-monazite phase, which is likely scheelite. The

xenotime-monazite-scheelite transformation pathway is consistent with observed and

predicted pathways of compositional neighbors. This chapter includes an overview of the

authors’ contributions, a summary of the key findings and contributions of this work, and

the full manuscript published in Crystals in February 2023

(https://doi.org/10.3390/cryst13020249).

4.1 Author Contributions

All authors were involved in performing beamline experiments. I designed the

experiments, wrote the beamtime proposal, and performed all the data analysis presented

in this manuscript, and I was the primary author of this work. Henry Afful (PhD student

at Colorado School of Mines) contributed to the monazite literature search, and he and Dr.

Packard contributed to the reviewing, and editing of this manuscript.

47



4.2 Scientific Advancements and Conclusions

The work presented in this chapter furthers understanding of the phase transformation

pathway of DyPO4 by going to higher pressures than the Chapter 3 study. XRD data in

this chapter yields the first estimation of the xenotime-monazite phase coexistence range for

DyPO4 as well as the first experimental observation of the post-monazite phase of DyPO4.

4.2.1 Key Findings

• The pressure range of the DyPO4 xenotime-monazite phase coexistence is determined

to be 7.6(15) GPa.

• A post-monazite DyPO4 phase emerges at 13.9(10) GPa and likely adopts the

scheelite structure.

• The DyPO4 Ponset does not increase significantly when the loading rate is increased

by an order of magnitude.

4.2.2 Key Contributions

• This study provides a figure updating the REPO4 high pressure phase map previously

published by Musselman et al. [20]. The new map in this study uses XRD-based data

(given the short-comings of Raman spectroscopy discussed in Chapter 3) and

uniquely shows phase coexistence ranges. This figure also shows visually how the

xenotime-monazite Ponset does not decrease linearly with RE ionic radius.

• This work confirms the DyPO4 xenotime-monazite phase transformation likely

proceeds via a diffusional, nucleation and growth-based mechanism.

• This study reveals a new phase transformation and the phase coexistence behavior of

DyPO4 at previously untested pressures.

• This work suggests xenotime REPO4s close to the xenotime-monazite phase

boundary follow the xenotime-monazite-scheelite phase transformation pathway.
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4.3 Abstract

Interest in the deformation behavior and phase transformations of rare earth

orthophosphates (REPO4s) spans several fields of science—from geological impact analysis

to ceramic matrix composite engineering. In this study, the phase behavior of

polycrystalline, xenotime DyPO4 is studied up to 21.5(16) GPa at ambient temperature

using in situ diamond anvil cell synchrotron X-ray diffraction. This experiment reveals a

large xenotime–monazite phase coexistence pressure range of 7.6(15) GPa and evidence for

the onset of a post-monazite transformation at 13.9(10) GPa to scheelite. The

identification of scheelite as the post-monazite phase of DyPO4, though not definitive, is

consistent with REPO4 phase transformation pathways reported in both the experimental

and the computational literature.

4.4 Introduction

Rare earth orthophosphates (REPO4s) are highly refractory and insoluble ceramics

relevant to various research areas ranging from geoscience to structural ceramics [1]. Much

of the world’s rare earth element supply comes from naturally occurring xenotime and

monazite minerals, whose properties and formation are of great relevance in geochronology

and geothermobarometry in addition to mineral extraction [2, 72]. The pressure-induced

phase transformations of certain REPO4 compositions have also spurred research toward

their use as fiber coatings, where they can confer additional plasticity and toughening

mechanisms to oxide–oxide ceramic matrix composites [7, 14, 15]. At ambient pressure

(∼10−4 GPa), REPO4s adopt either the xenotime (tetragonal, I41/amd) or monazite

(monoclinic, P21/n) structure. The xenotime structure is also referred to as “zircon”

(based on ZrSiO4); however, this study employs the former name because it specifically

originates from YPO4 minerals [1]. At high pressures, xenotime compositions transform

into the monazite or scheelite (tetragonal, I41/a) structures (see Figure 4.1) [9].
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Figure 4.1 [001] views of REPO4 structure in the (a) xenotime, (b) monazite, and (c)
scheelite phases. RE-O polyhedra are shown in violet, PO4 tetrahedra are shown in grey,
and the unit cell boundaries are shown as thin black boxes. The 90◦ rotation of monazite
axes with respect to those of xenotime and scheelite is a result of the monoclinic cell
setting of monazite, as shown in detailed transformation schemes reported by Hay et al.
[5]. Structures are visualized using the VESTA software [73].

The scheelite-type structure has also been observed in other ABO4 materials (e.g.,

tungstates, molybdates, vanadates, and arsenates) [74–76]. The REPO4 xenotime,

monazite, and scheelite structures feature chains of alternating PO4 tetrahedra (shown in

gray) and RE-O polyhedra (shown in violet) with RE-O coordination numbers of 8, 9, and

8, respectively.

Figure 4.1 shows that the REPO4 structure becomes increasingly compact when

transforming from xenotime to monazite to scheelite. This compaction can be attributed to

increasing rotation and displacement of the RE-O polyhedra and resultant changes in the

phosphate chain linkages (edge-sharing → corner-sharing) [76]. Although the exact unit

cell volume losses during these transformations are composition-dependent, the loss

associated with the xenotime → monazite transformation is significantly lower than that of

the monazite → scheelite transformation [13]. This disparity likely emerges from the fact

that the former transformation involves an increase in RE-O coordination (8 → 9), while

the latter involves a decrease (9 → 8) [76]. An intermediate anhydrite (orthorhombic,

Amma) phase has also been reported in certain xenotime compositions prior to the

emergence of monazite when the xenotime composition is subject to high deviatoric
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stresses (e.g., TbPO4 [37]) or has a composition that is extremely close to the 1 atm

(∼10−4 GPa) xenotime–monazite phase boundary (e.g., GdxTb1−xPO4 [77]).

Prior studies and reviews have reported phase diagrams showing REPO4

transformation pressures based on a variety of computational and experimental techniques

[7, 21, 78–80]. Recent advancements in in situ diamond anvil cell (DAC) X-ray diffraction

(XRD) experiments require updating the high-pressure REPO4 phase map

[11–13, 18, 19, 21, 81–83]. In contrast to Raman spectroscopy and ab initio calculations,

XRD provides more direct, crystallographic proof of the existence of REPO4 phases and

phase transformations. Figure 4.2 compiles experimentally observed phase data from DAC

XRD studies for all non-radioactive, single-RE compositions except PrPO4, which has only

been studied thus far using DAC Raman spectroscopy [84].

Figure 4.2 High-pressure phase map of the experimentally observed phases of all single-RE
REPO4s except PmPO4 because Pm is both radioactive and extremely rare. The legend
lists the phases with their corresponding space groups. For each composition, the upper
limit of the highest bar(s) represents the highest pressure at which data are reported and
does not represent a phase boundary. See text for references to the sources of phase data.
All phase data are compiled from XRD studies except for PrPO4, which has only been
characterized via Raman spectroscopy * [84].

51



Under hydrostatic conditions, the xenotime → monazite transformation has been

reported in ErPO4, HoPO4, YPO4, DyPO4, and TbPO4 with onset pressures (Ponset) of

17.3 GPa, 17.7 GPa, 14.6 GPa, 9.1(1) GPa, and 9.9 GPa, respectively [11, 13, 18, 19, 81].

We note that for any number followed by a number in parentheses, the number in

parentheses represents the standard deviation of the last digit of the number before the

parentheses. In the REPO4 phase transformation literature, there has long been an

assumption that the xenotime → monazite Ponset varies linearly with RE3+ radius, such as

many other properties of REPO4s [7]. However, the DyPO4 Ponset of 9.1(1) GPa from our

2021 study [81] disrupts this trend, suggesting instead that xenotime → monazite Ponset

values fall into two clusters: a high-pressure one around ∼16 GPa (ErPO4, HoPO4, and

YPO4) and another that is <10 GPa (DyPO4 and TbPO4). Alloyed compositions of

GdxDy1−xPO4 and GdxTb1−xPO4 also have transformation pressures that fall within the

lower-pressure group, without following a trend with average RE3+ radius [7, 20, 77].

Neither thermodynamic properties (e.g., enthalpies of formation) nor structural properties

(e.g., bond lengths and angles) show significant discontinuities between YPO4 and DyPO4,

yet these compositions’ Ponset values are known to differ by at least 5.5 GPa

[9, 23, 68, 71, 85].

The xenotime → monazite transformation in REPO4s has also been described as

sluggish and kinetically limited due to the experimentally observed xenotime–monazite

phase coexistence being inconsistent with thermodynamic expectations (i.e., Gibbs phase

rule) [13, 18, 81]; this is shown in Figure 4.2 as the regions where blue and orange bars

overlap. The xenotime–monazite phase coexistence ranges for ErPO4, YPO4, and TbPO4

are 6 GPa, 4.6 GPa, and 3.9 GPa, respectively [11, 13, 18]. In prior experiments, HoPO4

and DyPO4 were not taken to high enough pressures to capture the full xenotime–monazite

coexistence range [19, 81].

Other xenotime compositions with smaller RE3+ radii undergo the xenotime →

scheelite transformation, which involves no change in RE-O coordination number. ScPO4,
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LuPO4, and YbPO4 transform directly to the scheelite structure at Ponset values of 34.2

GPa, 19 GPa, and 22 GPa, respectively [12, 13]. Their respective xenotime–scheelite phase

coexistence ranges (represented by overlap of green and blue bars in Figure 4.2) are 10.8

GPa, 8 GPa, and 1 GPa, indicating kinetic limitations similar to the xenotime → monazite

transformation [12, 13].

TmPO4, as described by Stavrou et al., represents a “borderline case” between

xenotime compositions that transform to monazite and those that transform to scheelite

[21]. In TmPO4, the xenotime → scheelite transformation begins at 20.3 GPa, and these

two phases coexist over a 2.7 GPa range. Immediately after the disappearance of xenotime

at 23 GPa, monazite emerges at 23.3 GPa and coexists with scheelite until 47 GPa. Then,

scheelite persists through the end of the experiment. Stavrou et al. characterize monazite

TmPO4 as a “metastable minority phase” and attribute the long monazite–scheelite

coexistence to the stabilization of monazite grains “when embedded in a scheelite matrix.”

Among the compositions, which adopt the monazite structure at 1 atm (∼10−4 GPa),

only LaPO4 has been shown to undergo a pressure-induced phase transformation.

Lacomba-Perales et al. proposed that LaPO4 transforms to barite (orthorhombic, Pnma)

based on powder XRD but could not confirm the barite structure due to significant peak

overlap [11]. Ruiz-Fuertes et al. used single crystal XRD and second harmonic generation

analysis to confirm the post-monazite structure as non-centrosymmetric “post-barite”

(orthorhombic, P212121) [86]. Post-barite first emerges at 27.1 GPa and coexists with

monazite through the end of the experiment at 31 GPa. This experimental data conflicts a

bit with their ab initio calculations, which show a pressure range where barite is

energetically preferred before the emergence of post-barite, but the authors argue large

kinetic barriers may explain the lack of barite in their LaPO4 experiments and may hinder

barite formation in other monazite REPO4 compositions [86]. Ruiz-Fuertes et al. project

(based on ab initio calculations) a post-barite transformation to occur at 45 GPa and 35

GPa in GdPO4 and NdPO4, respectively, with barite as a possible, but unlikely, transition
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phase.

Our 2021 XRD study [81] reported a DyPO4 xenotime → monazite Ponset at 9.1(1) GPa

under a quasi-hydrostatic loading rate but did not go to high enough pressures to resolve

the xenotime–monazite phase coexistence range. This XRD study aims to identify the end

of the xenotime–monazite phase coexistence range by going to higher pressures. Results

reveal a xenotime–monazite phase coexistence range of 7.6(15) GPa and a previously

unreported phase transformation to a post-monazite phase at 13.9(10) GPa. Comparison

to the experimental and the computational literature strongly suggests this post-monazite

phase adopts the scheelite (tetragonal, I41/a) structure.

4.5 Materials and Methods

Phase-pure xenotime DyPO4 powder was obtained via precipitation reaction involving

Dy(NO3)3 • 5H2O (≥99.9% RE oxide basis, Alfa Aesar) precursor and H3PO4 (85% w/w

aqueous solution, Alfa Aesar) and subsequent calcination. These two steps are detailed

elsewhere [16]. The sample powder consists of sub-micron grains, which exhibit the

anisotropic, elongated crystal habit expected of tetragonal materials (see the scanning

electron micrograph in Figure D1, see supplementary materials). An energy-dispersive

X-ray spectrum of the powder (shown in Figure D2) shows no elemental impurities. In situ

DAC XRD was conducted at room temperature at beamline 16-ID-B, HPCAT, Advanced

Photon Source, Argonne National Laboratory. Two-dimensional diffraction patterns were

collected with the PILATUS 1M-F detector. The X-ray wavelength was 0.42459 Å, and the

beam spot size (full width at half maximum) was ∼2 µm by ∼4 µm. We used a Diacell

Helios DAC with a membrane (both from Almax easyLab Inc., Cambridge, MA, USA)

driven by a Druck PACE 6000 pressure controller [48]. DAC preparation involved

successively loading DyPO4 powder, gold powder (>99.96% metals basis, Alfa Aesar, Ward

Hill, MA, USA), ruby chips (Almax easyLab Inc., Cambridge, MA, USA), and 16:3:1

methanol–ethanol–water mixture (MEW) pressure medium into the hole of the 301

stainless steel gasket. The gasket hole diameter and indented thickness were 220 µm and 80
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µm, respectively. For pressure marking during initial membrane engagement, ruby was

used (R1 fluorescence calibration [44]), while gold was used (third order Birch-Murnaghan

EoS [87]) during diffraction data collection. Data collection started at 3.1(2) GPa due to

some initial compression required to confirm membrane engagement. There are no reported

DyPO4 phase transitions below this starting pressure (as corroborated by our 2021 XRD

study) [81]; therefore, the initial jump does not preclude any material insight.

XRD pattern integration, masking, and background subtraction were performed using

Dioptas [37]. Pattern fitting was then performed using X’Pert HighScore Plus [42]. This

software fits monazite using the P21/c cell setting as a default. Although both the P21/c

and P21/n cell settings are valid descriptions of monazite (space group No. 14), fitted

lattice parameters were converted to the P21/n cell setting to facilitate comparison to the

literature. The LeBail fitting approach [50] was used instead of traditional Rietveld

structural refinement to accommodate the significant preferred orientation present in all

scans. This apparent preferred orientation appears due to the small spot size of the beam

with respect to the grain size of the sample (effectively sampling a finite number of grains)

rather than any inherent orientation of the sample grains. The atmospheric-pressure

volume of xenotime DyPO4 (289.39(2) Å3) was derived from a prior synchrotron XRD

pattern of a sample from the same batch as the sample in this study [81]. The following

reference structures were used in this study: xenotime DyPO4 from Milligan et al. [61],

monazite DyPO4 from Heuser et al. [8], gold from Couderc et al. [88], ruby from Jephcoat

et al. [89], and calculated scheelite TbPO4 from López-Solano et al. [18]. Importantly, the

scheelite TbPO4 structure file was not employed in LeBail fitting—only in peak position

comparison. For the computation involving derived data (e.g., unit cell volume, gold-based

pressure, cell setting conversion), Python was used to propagate error with an assumed

covariance of zero.
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4.6 Results

During the experiment, the gold lattice parameter decreases steadily as shown in

Figure 4.3a. In Figure 4.3b, the pressure increases steadily with time and yields an effective

sample loading rate of ∼20 MPa/s, an order of magnitude faster than that of our 2021

XRD study [81].

Figure 4.3 Plots showing (a) gold lattice parameter and (b) pressure against time during
the experiment. Error bars represent standard deviation. The linear fit of the pressure
data yields an effective loading rate of 17.2(1) MPa/s. Green, shaded areas represent the
pressure range in which a third (post-monazite) phase of DyPO4 appears in the patterns.

Figure 4.4 shows the pressure evolution of integrated background-subtracted XRD

patterns. The square root of intensity is plotted against Q to show weak peaks more

clearly. In Figure 4.4a, sample XRD peaks drift to higher Q and broaden with increasing

pressure due to uniform and non-uniform strain, respectively. The first scan shows peaks

from xenotime DyPO4, gold (triangles), and ruby (circles). Figure 4.4 also illustrates the

relative loss of sample signal compared to the strong gold signal as pressure increases.

Ponset values are determined by visual inspection of individual XRD patterns as shown in

Figure 4.4b, not by the coloring in Figure 4.4a.
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Figure 4.4 Synchrotron XRD patterns. X, M, and S(TbPO4) ticks show Bragg reflections
of xenotime DyPO4, monazite DyPO4, and scheelite TbPO4, the last based on ab initio
structural data reported by Lopez-Solano et al. [18]. Star symbols mark emerging monazite
peaks at 9.6(7) GPa, and diamond symbols mark emerging peaks of the unidentified phase
at 13.9(10) GPa. (a) A contour plot showing all XRD patterns. Peak positions of gold and
ruby are marked with triangles and circles, respectively. (b) The LeBail fits of key patterns
(initial scan, onset of monazite, onset of unidentified phase, and final scan.
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Figure 4.4b shows the LeBail fits of key patterns (initial scan, onset of monazite, onset

of new phase, and final scan). The first discernible monazite peaks emerge at 9.6(7) GPa at

Q = 1.60, 2.05, and 2.14 Å−1; these are the (110), (002), and (02021) reflections. At Ponset,

the monazite lattice parameters are a = 6.134(1) Å, b = 6.695(1) Å, c = 6.276(1) Å, and β

= 99.79(1)◦, and the unit cell volume loss during transformation is 7.90%. Although these

lattice parameter uncertainties appear quite small, several checks on the LeBail fits do not

change the outcome. The xenotime → monazite Ponset is below the hydrostatic limit of the

MEW pressure medium (10.5(5) GPa), meaning non-hydrostatic stresses likely do not

influence the onset of this transformation. At 10.5(5) GPa, MEW undergoes a glass

transition into an amorphous phase that contributes no XRD peaks [46]. Above this

hydrostatic limit, the sample stress state is understood to be non-hydrostatic. Starting at

17.2(13) GPa, there are no longer any peaks uniquely attributable to xenotime (based on

visual inspection of individual patterns). The disappearance of xenotime peaks by this

pressure is also apparent in Figure 4.4a and yields a xenotime–monazite phase coexistence

range of 7.6(15) GPa.

Interestingly, a new set of previously unidentified XRD peaks emerge at 13.9(10) GPa

at Q = 2.42, 2.58, and 3.94 Å−1 and persist as the pressure increases (see diamonds in

Figure 4.4). These peak positions are inconsistent with xenotime, anhydrite, monazite,

ruby, gasket material, gold, or even a “monazite II” phase reported in CeVO4 [90]. Peak

positions for the post-monazite phase of TbPO4, scheelite (derived from ab initio

calculations at 20.5 GPa), are shown in Figure 4.4 as there are no available structural data

on any post-monazite phases of DyPO4. The final scan at 21.5(16) GPa contains peaks

corresponding to monazite, gold, ruby, and the unidentified phase.

Next, we examine the pressure-dependence of lattice parameters more closely, finding

consistent lattice parameter deviations around the pressure at which the post-monazite

phase emerges. Figure 4.5 shows the pressure evolution of DyPO4 lattice parameters for

the xenotime (aX and cX) and monazite (aM , bM , cM and βM) phases.
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Figure 4.5 Pressure dependence of xenotime (X) and monazite (M) DyPO4 lattice
parameters. Green, shaded areas represent the pressure range in which a third
(post-monazite) phase of DyPO4 exists. The thin gray shaded area represents the
hydrostatic limit of the pressure medium: (a) aX ; (b) cX ; (c) aM ; (d) bM ; (e) cM ; (f) βM .
All parameters show some irregularity around the hydrostatic limit (10.5(5) GPa). The aX ,
cX , aM and βM parameters exhibit notable changes in behavior after ∼14 GPa.
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Figure 4.5a shows aX decreasing fairly steadily and monotonically with two slight

disruptions at pressures consistent with the xenotime → monazite Ponset (9.6(7) GPa) and

with the hydrostatic limit of MEW (10.5(5) GPa). Starting at ∼14 GPa, however,aXstops

decreasing, and the lattice parameter uncertainty expands significantly; this change in

behavior coincides with the emergence of the unidentified peaks. Figure 4.5b shows similar

behavior in cX , except this parameter starts decreasing rapidly at ∼14 GPa. The axial

ratio of xenotime (shown in Figure D3) also shows a dramatic trend change at ∼14 GPa.

Figure 4.5c shows aM decreasing monotonically with slight disruptions at the hydrostatic

limit and ∼14 GPa. After ∼15 GPa, aM becomes non-monotonic with pressure, and its

error bar expands significantly. Figure 4.5d and Figure 4.5e do not show any anomalies in

bM and cM around 14 or 15 GPa—only minor disruptions around the hydrostatic limit.

Figure 4.5f shows βM changes monotonicity around the hydrostatic limit, steadily increases

with smaller error bars after 12 GPa, then remains almost constant after ∼15 GPa with

larger error bars. Figure 4.6 shows all DyPO4 lattice parameters plotted together to better

illustrate their relative values and relative compressibilities.
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Figure 4.6 Pressure evolution of all DyPO4 lattice parameters for the xenotime (aX and
cX) and monazite (aM , bM ,cM and βM) phases. Error bars represent standard deviation.
The vertical dashed line indicates the xenotime → monazite Ponset. Green, shaded areas
represent the pressure range in which a third (post-monazite) phase of DyPO4 exists. The
thin gray shaded area represents the hydrostatic limit of the pressure medium. The inset
shows the monazite beta angle.
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The cX , aM , bM , and βM parameters stand out with the most significant changes in

behavior beginning at ∼14 GPa, coinciding with the emergence of the third

(post-monazite) phase of DyPO4.

Axial compressibilities of the xenotime and monazite phases are obtained by linearly

fitting lattice parameter data from pressures below the hydrostatic limit (10.5 GPa). These

values are summarized in Table 4.1. The monazite beta angle (βM) was not analyzed as

this parameter’s non-monotonic behavior precludes a meaningful linear fit.

Table 4.1 DyPO4 axial compressibilities derived from linear fits of lattice parameter data
at pressures below the hydrostatic limit. Negative values indicate compression.

Lattice Parameter Axial Compressibility (Å,◦/GPa) × 103 Intercept at 0 GPa R2 of Linear Fit
aX -16.09 (12) 6.907 (1) 0.9871
cX -6.238 (127) 6.045 (1) 0.8876
aM -10.67 (22) 6.236 (2) 0.9921
bM -11.64 (72) 6.807 (7) 0.9326
cM -11.10 (21) 6.382 (2) 0.9934
βM - - -

4.7 Discussion

This experiment shows the Ponset of DyPO4 xenotime → monazite phase transformation

is 9.6(7) GPa when loading at ∼20 MPa/s. This pressure is nominally higher than the

9.1(1) GPa Ponset observed in our 2021 DyPO4 study under quasi-static loading (∼2

MPa/s) [81]; however, the magnitude of the Ponset error unfortunately precludes any

conclusions regarding rate-dependence of the xenotime → monazite transformation (e.g.,

thermal activation, mechanism). The xenotime axial compressibilities (see Table 4.1) and

the monazite lattice parameters at Ponset are not notably different from those reported in

our 2021 DyPO4 study [81], while the monazite axial compressibilities differ significantly in

their absolute and relative values. The discrepancy in compressibilities is likely due to this

study having a much smaller quasi-hydrostatic pressure regime in which monazite exists

(∼1 GPa); therefore, there is a much smaller range and significantly fewer monazite

datapoints suitable for fitting in this study than in our previous study.
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This work also provides, for the first time, an estimate of the full DyPO4

xenotime–monazite phase coexistence range. Figure 4.4 shows that the xenotime phase is

present up to 17.2(13) GPa (also reflected in Figure 4.2 as the upper bound of the blue

bar). This value establishes that, while there is not a trend in the experimentally observed

monazite Ponset with rare-earth radius, there is a general compositional trend in which the

upper pressure bound of xenotime decreases with increasing RE3+ radius (see Figure 4.2).

The DyPO4 xenotime–monazite coexistence range is then 7.6(15) GPa, which is

significantly larger than that of both neighboring compositions (4.8 GPa for YPO4 and 4.6

GPa for TbPO4) and slightly larger than that of ErPO4 (6.0 GPa) [11, 13, 18]. Comparison

to HoPO4 is precluded by incomplete xenotime phase transition [19].

Beyond characterizing the xenotime → monazite transformation, this study provides

proof of the existence of a new, post-monazite phase of DyPO4. As a reminder, it is crucial

to note that no DyPO4 structures other than xenotime and monazite were used during the

LeBail fitting (as no other experiment-based DyPO4 structures have been reported). As a

result, the fitting process attempted to accommodate the unidentified peaks at Q = 2.42

Å−1, 2.58 Å−1, and 3.94 Å−1 (emerging at 13.9(10) GPa as seen in Figure 4.4) with the

xenotime and monazite structures. This accommodation explains the anomalies in aX , cX ,

aM , and βM after 13.9(10) GPa as shown in Figure 4.5. The gold lattice parameter

variation with time (and its corresponding pressure profile) is smooth and has no

interruption at the post-monazite transition pressure (see Figure 4.3), showing that

anomalies in xenotime and monazite lattice parameters do not result from experiment

instabilities. Indexing the unidentified peaks to a certain structure or space group is

extremely difficult because of a weak sample signal at pressures >14 GPa as well as

monazite peaks covering most of the Q range.

Comparison to the literature strongly suggests the post-monazite phase is scheelite

(tetragonal, I41/a). Based on preliminary Raman spectroscopy experiments, Stavrou et al.

deduce a xenotime → monazite → scheelite transformation pathway in DyPO4 with a
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monazite → scheelite Ponset at ∼33 GPa [21]. This Ponset value may be a significant

overestimation, as the Raman spectroscopy-based xenotime → monazite Ponset has also

proven to be a significant overestimation when compared to XRD work [81]. Further

analysis of this Raman spectroscopy-based monazite → scheelite Ponset is complicated by

the fact that the underlying Raman spectra have yet to be published. Nevertheless, the

pressure-induced phase transformation pathways of other xenotime REPO4s support the

existence of a monazite → scheelite transformation in DyPO4. Figure 4.2 shows scheelite

evolves from monazite (in YPO4) or directly from xenotime (in ScPO4, LuPO4, YbPO4,

and TmPO4) with increasing pressure. Experimental studies of ErPO4, HoPO4, and

TbPO4 neither confirm nor deny transformation to scheelite due to limited experimental

pressure ranges [11, 18, 19]. In the case of TbPO4, Lopez-Solano et al. point to “kinetic

energy barriers” possibly hindering transformation to scheelite [18]. However, ab initio

calculations performed by Bose et al. and Lopez-Solano et al. show ErPO4, HoPO4, and

TbPO4 are expected to follow the xenotime → monazite → scheelite phase transformation

pathway. Bose et al. predict monazite → scheelite Ponset values of ∼11 GPa, ∼12 GPa, and

∼14 GPa for ErPO4, HoPO4, and TbPO4, respectively [80]. Lopez-Solano et al. predict a

slightly higher TbPO4 monazite → scheelite Ponset of 15.5 GPa [18]. Barite and post-barite

also bear consideration for the post-monazite phase, but both seem unlikely given

experimental and computational data on LaPO4 put the transition for this and other

compositions at pressures above 26 GPa [11, 86]. Additionally, Lopez-Solano et al. found

the scheelite structure to be energetically favorable to the barite structure [18]. No studies

to date report a similar comparison between the scheelite and post-barite structures. Given

that the unidentified XRD peaks in this study emerge at a pressure consistent with the

expected monazite → scheelite transformation in neighboring compositions, it is likely that

these peaks belong to a scheelite DyPO4 phase.

In the absence of scheelite unit cell data for DyPO4, we use TbPO4 for comparison.

Lopez-Solano et al. predicted unit cell data of scheelite TbPO4 at 20.5 GPa, which are
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added to the top of Figure 4.4 as “S(TbPO4)” peak position ticks [18]. Although the new

peaks from DyPO4 do not exactly match these ticks in scans around 20.5 GPa, the peaks

are reasonably close to the ticks given the differences in methods, RE, temperature,

kinetics, and stress state, which together have confounding effects on the unit cell. If this

post-monazite DyPO4 phase is further confirmed to be scheelite, 13.9(10) GPa would be

the lowest pressure at which scheelite has been reported in REPO4s to date.

4.8 Conclusion

This work significantly extends the characterization of the high-pressure phase behavior

of DyPO4, which has been limited, particularly at pressures above 15 GPa. Our 2021 XRD

study reported a xenotime → monazite Ponset at ∼9 GPa but did not go to high enough

pressures to reveal the xenotime–monazite phase coexistence range. This XRD study goes

to higher pressures, showing a xenotime–monazite phase coexistence range of 7.6(15) GPa

as well as the emergence of new peaks at 13.9(10) GPa. Contextualizing these new peaks

within the experimental and the computational literature provides compelling evidence

that monazite DyPO4 undergoes a pressure-induced phase transformation to the scheelite

structure. Our results also motivate further XRD studies of other REPO4s (e.g., ErPO4,

HoPO4, and TbPO4) at higher pressures to explore possible monazite → scheelite

transformations and to elucidate high-pressure phase transformation pathways more

broadly.
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4.10 Supplementary Information

Supplementary information referenced in this manuscript is is provided in Appendix D.

Figure D1: Scanning electron micrograph showing grain size and morphology of sample

powder; Figure D2: Energy-dispersive X-ray spectrum of sample powder; Figure D3:

Pressure dependence of the axial ratio (cX/aX) of the xenotime unit cell.
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CHAPTER 5

IN SITU SYNCHROTRON DIFFRACTION OF XENOTIME TBPO4 UNDER

VARIABLE HYDROSTATICITY

Manuscript to be submitted to Solids

Jai Sharma and Corinne E. Packard

Metallurgical & Materials Engineering Dept., Colorado School of Mines, Golden, Colorado

80401, USA

This manuscript assesses the shear-dependence of the TbPO4 xenotime-monazite phase

transformation and follows up on the DyPO4 transformation study in Chapter 3. In situ

DAC synchrotron XRD was performed using 3 different pressure-transmitting media

(PTM) conditions. Trends in the transformation onset pressure (Ponset) and phase

coexistence ranges are assessed, and a post-monazite TbPO4 phase is discovered.

Comparison to other experimental and computational literature suggests this

post-monazite phase may be scheelite. This chapter includes an overview of the authors’

contributions, a summary of the key findings and contributions of this work, and the full

manuscript soon to be submitted to Solids.

5.1 Author Contributions

Dr. Packard and I conceptualized the experiments and performed the beamline

experiments. I performed formal analysis and was the primary author of this work. Dr.

Packard contributed to data interpretation and manuscript editing.

5.2 Scientific Advancements and Conclusions

The work presented in this chapter provides the first systematic analysis of the effect of

non-hydrostaticity on TbPO4 pressure-induced phase transformation. Experiments show

some of the lowest the lowest Ponset values reported for any REPO4. Results also indicate
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strategically choosing a PTM (including no PTM) can generate enough shear to induce

phase transformation at pressures accessible outside a diamond anvil cell. One experiment

potentially provides the first experimental proof of the post-monazite phase of TbPO4.

5.2.1 Key Findings

• The Ponset of the TbPO4 xenotime-monazite phase transformation begins at 8.7(6)

GPa (in neon PTM), which is lower than previous reports [18].

• The TbPO4 xenotime-monazite Ponset decreases as the PTM’s effective bulk modulus

(at ambient pressure) increases.

• The use of no PTM reduces the TbPO4 xenotime-monazite Ponset to 4.4(3) GPa, the

lowest Ponset reported for any REPO4.

• This study provides in situ evidence to corroborate Hay et al.’s ex situ observations

of transformation in TbPO4 [7].

• TbPO4 has consistently lower Ponset values than DyPO4 (even under non-hydrostatic

conditions). This is likely due to monazite being more thermodynamically favorable

in TbPO4 than in DyPO4.

• When no PTM is used, a post-monazite TbPO4 phase emerges at 10.2(7) GPa. This

phase likely adopts the scheelite structure.

5.2.2 Key Contributions

• This work shows conducting in situ DAC experiments with non-hydrostatic PTMs

can help explain ex situ observations of phase transformation from other types of

experiments (e.g., indentation, fiber pull-out).

• This study shows a high-shear environment can lower the Ponset to pressures below

the xenotime REPO4’s hardness, suggesting transformation-related strain-hardening

affects measured hardness values [15].
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• This work shows that while shear induces earlier transformation onset, it does not

induce earlier transformation completion.

• This study shows transformation plasticity and transformation toughening may be

accessible at lower pressures and over a wider range of pressures than previously

expected.

• This work indicates scheelite may be observed in other xenotime REPO4s (tested

under various PTMs) at pressures of at least 20 GPa.

5.3 Abstract

The pressure-induced phase transformations of rare earth orthophosphates (REPO4s)

have attracted interest in ceramic matrix composite (CMC) engineering, yet understanding

of the shear dependence of these transformations remains limited. This study employs

diamond anvil cell experiments with three pressure media (neon, KCl, sample itself/no

medium) to systematically assess the effect of shear on the xenotime-monazite phase

transformations of TbPO4. Results show a systematic lowering of the TbPO4

transformation onset pressure (Ponset) with increasingly non-hydrostatic media. The

TbPO4 Ponset under no medium (4.4(3) GPa) is the lowest REPO4 Ponset reported to date

and represents a ∼50% drop from the hydrostatic Ponset. Enthalpic differences likely

account for lower Ponset values in TbPO4 than in DyPO4. Experiments also show scheelite

may be the post-monazite phase of TbPO4; this phase is consistent with observed and

predicted REPO4 transformation pathways.

5.4 Introduction

The deformation mechanisms of rare earth orthophosphates (REPO4s) under complex

stress states are highly pertinent to several research fields including geoscience and

structural ceramics. In shocked xenotime and monazite minerals, REPO4 deformation

microstructures can provide insight into the extreme conditions generated during impact
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events [72, 91, 92]. In addition, the pressure-induced xenotime-monazite phase

transformation of certain REPO4 compositions offers the possibility of enhanced toughness

and plasticity in ceramic matrix composites (CMCs) for aerospace components subject to

extreme conditions [7, 15]. When tested as CMC fiber coatings, transforming compositions

have been shown to deflect or arrest cracks and facilitate fiber sliding at lower stresses than

non-transforming compositions [7].

Identifying the REPO4 compositions which undergo the pressure-induced

xenotime-monazite phase transformation requires understanding the compositional phase

boundary in the middle of the lanthanide series. In equilibrium at 1 atm (10−4 GPa),

compositions with smaller RE3+ ionic radii (RE = Tb-Lu, Sc, Y) adopt the xenotime

(tetragonal, I41/amd) structure while those with larger RE3+ ionic radii (RE = La-Gd)

adopt the monazite (monoclinic, P21/n) structure [9]. Under high hydrostatic pressure,

xenotime-structured compositions are known to transform to either the monazite structure

or the scheelite (tetragonal, I41/a) structure with the latter being more favorable in

xenotime compositions with the smallest RE3+ ionic radii [93]. The three aforementioned

crystal structures are illustrated in Figure 5.1.

Figure 5.1 [001] views of REPO4 structure in the (a) xenotime, (b) monazite, and (c)
scheelite phases. RE-O polyhedra are shown in violet, PO4 tetrahedra are shown in grey,
and the unit cell boundaries are shown as black boxes. The 90◦ rotation of monazite axes
with respect to those of xenotime and scheelite is a result of the monoclinic cell setting of
monazite. Adapted from Sharma et al. [93].
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The xenotime, monazite, and scheelite structures all contain chains of alternating RE-O

polyhedra and PO4 tetrahedra and have RE-O coordination numbers of 8, 9, and 8,

respectively, [76]. Figure 5.1 shows the increasing compaction of the REPO4 structure

going from xenotime to monazite to scheelite. This compaction is caused by increasing

rotation and translation of the RE-O polyhedra and PO4 tetrahedra [76]. The barriers

associated with these rotations and translations are expected to lower under deviatoric

stress as shear strain disrupts otherwise stable bonding symmetries [7]. An intermediate

structure, anhydrite (orthorhombic, Amma), has also been reported in xenotime

compositions that are extremely close to the xenotime-monazite phase boundary (e.g.,

Gd0.5Tb0.5PO4) or subjected to high deviatoric stresses at low hydrostatic pressures (e.g.,

GdxDy1−xPO4, TbPO4) [7, 37, 77]).

While the pressure-induced phase transformations of REPO4s have been extensively

characterized in (quasi-)hydrostatic environments via in situ diamond anvil cell (DAC)

x-ray diffraction (XRD) and Raman spectroscopy (RS), studies which systematically

evaluate the influence of non-hydrostaticity are extremely limited [93]. Such studies

typically vary the pressure-transmitting medium (PTM) in the DAC in order to vary the

hydrostaticity of the stress state experienced by the sample. For example,

Santamaria-Perez et al. studied orthorhombic BaSO4 using three different fluid PTMs

(helium, silicone oil, and 4:1 methanol-ethanol), finding a decreasing hydrostatic limit led

to lower transformation onset pressures (Ponset) and wider pressure ranges of phase

coexistence [22]. In REPO4 literature specifically, Lacomba-Perales et al.’s in situ DAC

XRD study notes shear promotes earlier xenotime-monazite transformation in YPO4, but

this conclusion is based on a cursory comparison of their findings to a prior YPO4 study

done by others [11]. Our recent in situ DAC XRD study probed the effect of shear on the

xenotime-monazite transformation of DyPO4 by systematically varying the PTM [81]. We

found neon and 16:3:1 methanol-ethanol-water (MEW) PTM yield similar Ponset values of

9.1(1) GPa and 9.3 GPa, respectively, while KCl PTM yields a much lower Ponset of 7.0
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GPa (a ∼22% drop). Even though neon crystallizes at 4.7 GPa, neon and MEW remain

(quasi-)hydrostatic at Ponset [46]. The significant Ponset reduction under KCl is likely

attributable to a higher shear stress state given the fact that KCl is never hydrostatic, and

its ambient pressure bulk modulus is ∼20 times that of neon [94–96]. Solid PTMs with

higher bulk moduli are expected to impart greater shear on the sample as less PTM

compression results in greater contact stresses and friction at PTM-sample interfaces (for a

given DAC pressure). Unfortunately, DyPO4 was not tested under any solid PTM other

than KCl, so another high-shear state was not evaluated. Beyond our DyPO4 study, the

effect of shear on phase transformations has yet to be reported for any other REPO4 [81].

In addition, the high-pressure, post-monazite phase of TbPO4 has yet to be experimentally

observed.

This study employs in situ DAC synchrotron XRD to probe the pressure-induced phase

transformations of xenotime TbPO4 under variable hydrostaticity. The experiments

performed in this study involve three PTMs: neon, KCl, and ”none” (i.e., cell packed with

sample and no PTM material). In the ”none” PTM condition, the sample is effectively the

PTM. Xenotime DyPO4 is also tested in the ”none” condition to build on our prior study

[81]. DyPO4 and TbPO4 have ambient pressure bulk moduli of 144 GPa and 134 GPa,

respectively [18, 81]. Our TbPO4 experiment using neon PTM shows a xenotime-monazite

Ponset of 8.7(6) GPa, which is lower than other XRD-based hydrostatic Ponset values of 9.8

GPa and 9.9 GPa [18]. In addition, TbPO4 experiments in this study show a systematic

lowering of the xenotime-monazite Ponset when changing the PTM from neon to KCl to

”none” (i.e., as PTM bulk modulus increases). Lastly, our TbPO4 experiment with no

medium shows an almost 50% drop in Ponset (reaching the lowest value reported for any

REPO4 to date), provides potential proof of scheelite as the post-monazite phase, and

corroborates Hay et al.’s ex situ observation of monazite in indented xenotime TbPO4.
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5.5 Materials and Methods

Xenotime TbPO4 and DyPO4 powders were synthesized via precipitation reaction and

subsequent calcination. Details of these synthesis steps are provided in Chapter 2. The

sample powder consists of grains ranging from sub micrometer to a few micrometers in size;

these grains exhibit the anisotropic, elongated crystal habit expected of tetragonal

materials (see Figures D1 and F1). In situ DAC XRD was conducted at room temperature

at Beamline 12.2.2 of the Advanced Light Source at Berkeley National Laboratory. For

experiments involving neon PTM, DACs were loaded with neon using the University of

Chicago Gas Loader in the high-pressure lab at Beamline 12.2.2. Two-dimensional

diffraction patterns were collected with the PILATUS 3S 1M detector and an x-ray

wavelength of 0.4947 Å. All DACs used were of the symmetric Princeton design and were

compressed using a membrane driven by a Druck PACE 6000 pressure controller.

Additional experiment-specific details are shown in Table 5.1.

Table 5.1 Experimental details for the XRD experiments performed at Beamline 12.2.2 at
the Advanced Light Source.

Experiment
Name

Sample PTM
Culet diameter

(µm)
Exposure
time (s)

Spot size
(µm)

Gasket material
Gasket indented thickness,

hole diameter (µm)
Pmax

(GPa)
Tb-neon TbPO4 Neon 500 20 30 301 SS 60-80, 260 14.0(10)
Tb-KCl TbPO4 KCl 500 20 20 301 SS 60-80, 260 11.9(8)
Tb-none TbPO4 none 300 20 10 Re 50, 160 19.3(14)
Dy-none DyPO4 none 300 20 30 Re 50, 160 10.4(7)

For pressure marking during initial membrane engagement, ruby was used (R1

fluorescence calibration), while gold was used (3rd order Birch-Murnaghan equation of

state) during diffraction data collection [44, 87]. Data collection began at pressures higher

than 0 GPa due to some initial compression required to confirm membrane engagement.

There are no reported TbPO4 or DyPO4 phase transitions below these starting pressure

pressures (as corroborated by prior work); therefore, the initial jump does not preclude any

material insight [18, 81, 93].
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XRD pattern integration, masking, and background subtraction were performed using

Dioptas [49]. Pattern fitting was then performed using X’Pert HighScore Plus [42]. This

software fits monazite using the P21/c cell setting as a default. Though both the P21/c and

P21/n cell settings are valid descriptions of monazite (space group No. 14), fitted lattice

parameters were converted to the P21/n cell setting to facilitate comparison to literature.

The LeBail fitting approach was used instead of traditional Rietveld structural refinement

to accommodate the significant preferred orientation present in all scans [50]. This

apparent preferred orientation appears due to the small spot size of the beam with respect

to the grain size of the sample (effectively sampling a finite number of grains) rather than

any systematic preferred orientation of the sample grains. Ponset is determined by visual

inspection of individual XRD patterns and fit residuals, not by judging color in the

waterfall plots shown in the next section (Figure 5.3a, Figure 5.4a, Figure 5.5a, and

Figure 5.6a). Visual inspection involves plotting the square root of intensity against Q to

ensure emerging peaks are not overlooked due to their extremely low intensity. The

following reference structures were used in this study: xenotime TbPO4 from Lopez-Solano

et al. [18], xenotime DyPO4 from Milligan et al., [61], monazite TbPO4 and DyPO4 from

Heuser et al. [8], anhydrite TbPO4 from Losch et al. [97], gold from Couderc et al. [88],

ruby from Jephcoat et al. [89], and calculated scheelite TbPO4 from López-Solano et al.

[18]. Importantly, the ruby, anhydrite TbPO4, and scheelite TbPO4 structures were not

employed in LeBail fitting, only in peak position comparison. In XRD patterns, the peaks

of these three phases are extremely weak or obscured by stronger peaks; as a result, LeBail

fits incorporating these phases did not converge. For computation involving derived data

(e.g., unit cell volume, gold-based pressure, cell setting conversion), the uncertainties

Python package was used to propagate error [51].

5.6 Results and Discussion

Across all experiments, pressure causes XRD peaks to drift to higher Q and broaden

due to uniform and non-uniform strain, respectively. In addition, XRD signal quality
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deteriorates under increasingly non-hydrostatic PTMs (i.e., going from neon to KCl to

none); this trend has been previously reported in hydrostaticity studies of other materials

[22, 47].

Figure 5.2 Tb-neon XRD experiment. (a) Waterfall plot of all XRD patterns. (b) Select
XRD patterns (initial, onset of monazite, end of xenotime, final) and their LeBail fits.
Monazite peaks emerge at 8.7(6) GPa. ‘X’, ’M’, and ’A’ ticks show TbPO4 peak positions
for the xenotime, monazite, and anhydrite phases, respectively [8, 61, 97]. Triangles,
circles, pluses, and stars denote the peak positions of gold, ruby, neon, and emerging
monazite, respectively [62, 88, 89].

For the Tb-neon experiment, Figure 5.2(a) shows XRD pattern evolution throughout

the entire experiment, while Figure 5.2(b) shows LeBail fit quality at Pinitial, Ponset, the

transformation end pressure (Pend), and Pmax. The first scan in this experiment features

xenotime, anhydrite, and gold (upward triangle symbol) peaks. At ∼5 GPa, the neon PTM

crystallizes, and conditions shift from hydrostatic (in liquid neon) to quasi-hydrostatic (in

solid neon) [64]. Solid neon adopts the FCC structure and is still extremely compressible

with a bulk modulus of ∼1 GPa [62]. Neon remains the most compressible material in the

DAC as evidenced by neon peaks shifting much more more dramatically with increasing

pressure than the other materials’ peaks in Figure 5.2(a). The first discernible monazite
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peaks emerge at 8.7(6) GPa and are located at Q = 1.58 Å−1, 1.59 Å−1, 1.98 Å−1, 2.13

Å−1, and 2.29 Å−1 (as denoted by stars in Figure 5.2); these are the (110), (102),

(002),(021), and (212) reflections, respectively. Figure 5.2 also shows these peaks grow with

pressure. In the Ponset scan shown in Figure 5.2(b), the refined monazite lattice parameters

are a = 6.175(1) Å, b = 6.699(1) Å, c = 6.483(1) Å, and β = 100.67(1)◦. This Ponset value

is higher than neon’s crystallization pressure and lower than neon’s hydrostatic limit,

meaning the stress state is quasi-hydrostatic at Ponset. Going higher in pressure, monazite

peaks grow while xenotime peaks diminish. At 13.7(10) GPa, there are no longer any

clearly discernible peaks that are attributable to xenotime. Therefore, 13.7(10) GPa is the

end of the xenotime-monazite phase transformation (Pend) and yields a xenotime-monazite

phase coexistence range of 5.0(10) GPa. In the final scan at 14.0(10) GPa, monazite, gold,

and neon are the only phases present. The presence of any anhydrite is unlikely but

unclear given the deterioration of signal quality as well as the number and broadness of

peaks at this pressure.

A key result from the Tb-neon experiment is the Ponset of 8.7(6) GPa, which is the

lowest Ponset value for TbPO4 in neon PTM reported to date. Lopez-Solano et al. reported

a higher value of 9.9 GPa based on XRD experiments also conducted with neon PTM. Our

experiment shows monazite peaks are clear at 9.9 GPa and at pressures leading up to this

value (see Figure 5.2(a)). Figure 5.3 provides a closer look at our dataset, showing how

including the monazite structure improves the fit of the XRD pattern collected at 8.7(6)

GPa.
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Figure 5.3 LeBail fits with and without monazite for the Ponset scan from the Tb-neon
experiment. ‘X’, ’M’, and ’A’ ticks show TbPO4 peak positions for the xenotime, monazite,
and anhydrite phases, respectively [8, 61, 97]. Circles show reference ruby peak positions,
and stars indicate regions of intensity consistent with monazite peaks [89].

77



When monazite is excluded from the fit, there are regions of increased residual intensity

(denoted by stars) that align with monazite peak positions. Although some ruby peaks are

also quite close to the starred regions, ruby peaks do not align with all of these regions.

Furthermore, ruby signal is not expected to intensify with pressure, while the intensity in

those starred regions does (as shown in Figure 5.2).

In addition, Lopez-Solano et al.’s TbPO4 Ponset is higher than the previously reported

DyPO4 Ponset of 9.1(1) GPa (also in neon PTM) [81]. Thermodynamic data (i.e.,

calculated enthalpy differences between xenotime and monazite phases as well as

experimental calcination temperatures required to convert monazite to xenotime) show the

monazite phase is more favorable in TbPO4 than in DyPO4 [16, 23, 24, 98]. As a result,

TbPO4 is expected to have a lower xenotime-monazite Ponset than DyPO4. The TbPO4

Ponset reported in this study is consistent with thermodynamic expectations. Nevertheless,

the Pend of 13.7(10) GPa determined in this study is consistent with Lopez-Solano et al.’s

Pend of 13.8 GPa.
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Figure 5.4 Tb-KCl XRD experiment. (a) Waterfall plot of all XRD patterns. (b) Select
XRD patterns (initial, onset of monazite, final) and their LeBail fits. Monazite peaks
emerge at 5.6(4) GPa. ‘X’ and ’M’ ticks show TbPO4 peak positions for the xenotime and
monazite phases, respectively [8, 61]. Circles, upward triangles, leftward triangles,
rightward triangles, and stars denote the peak positions of ruby, gold, B1-KCl, B2-KCl,
and emerging monazite, respectively [63, 88, 89].
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For the Tb-KCl experiment, Figure 5.4(a) shows XRD pattern evolution throughout the

entire experiment, while Figure 5.4(b) shows LeBail fit quality at Pinitial, Ponset, and Pmax.

The first scan in this experiment contains peaks belonging to xenotime, gold (upward

triangle symbol), and B1-KCl (leftward triangle symbol). B1-KCl is the ambient pressure

phase of KCl with a NaCl-type structure, and it begins transforming to the CsCl-type

B2-KCl structure (rightward triangle symbol) at 2.3(1) GPa. Similar to neon in the

Tb-neon experiment, KCl in this experiment is the most compressible material in the DAC,

causing its peaks to shift (in Q) more than the sample’s peaks [63]. KCl peaks do not shift

as dramatically as neon’s peaks in the Tb-neon experiment because KCl has a higher bulk

modulus than neon.

At 5.6(4) GPa, monazite peaks emerge at Q = 1.55 Å−1, 2.1 Å−1, and 2.58 Å−1 (as

denoted by stars in Figure 5.4); these are the (110), (021), and (211) reflections,

respectively. In the Ponset scan, the refined monazite lattice parameters are a = 6.239(1) Å,

b = 6.832(3) Å, c = 6.793(1) Å, and β = 99.06(1)◦. Both the xenotime and monazite

phases persist through the end of the experiment at 11.9(8) GPa, so the phase coexistence

range is at least 6.3(8) GPa. In the final scan at 11.9(8) GPa, xenotime, monazite, gold,

and B2-KCl are the only phases present. The anhydrite phase, if it exists, may be obscured

by much stronger KCl peaks.
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Figure 5.5 Tb-none XRD experiment. (a) Waterfall plot of all XRD patterns. (b) Select
XRD patterns (initial, onset of monazite, onset of scheelite, final) and their LeBail fits.
Monazite peaks emerge at 4.4(3) GPa. Scheelite peaks appear to emerge at 10.2(7) GPa.
‘X’, ’M’, and ’S*’ ticks show TbPO4 peak positions for the xenotime, monazite, and
simulated scheelite phases, respectively [8, 18, 61]. Triangles, circles, stars, and diamonds
denote the peak positions of gold, ruby, emerging monazite, and emerging scheelite,
respectively [88, 89].
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For the Tb-none experiment, Figure 5.5(a) shows XRD pattern evolution throughout

the entire experiment, while Figure 5.5(b) shows LeBail fit quality at Pinitial, the

xenotime-monazite Ponset, the potential scheelite Ponset, and at Pmax. The first scan in this

experiment shows xenotime, gold (upward triangle symbol), and possibly weak ruby (circle

symbol) peaks. At 4.4(3) GPa, monazite peaks emerge at Q = 1.55 Å−1, 2.10 Å−1, and

2.58 Å−1 (as denoted by stars in Figure 5.5); these are the (110), (021), and (211)

reflections, respectively. In the Ponset scan, the refined monazite lattice parameters are a =

6.134(1) Å, b = 6.870(1) Å, c = 6.187(2) Å, and β = 99.83(2)◦.

At 10.2(7) GPa, new peaks emerge at Q = 1.43 Å−1, 2.53 Å−1, 3.04 Å−1, 3.89 Å−1, and

4.29 Å−1 (denoted by diamond symbols in Figure 5.5), and these peaks grow as pressure

continues to increase. The phase giving rise to these peaks is likely scheelite-structured

TbPO4 as Lopez-Solano et al. and Bose et al. have predicted scheelite as the

post-monazite phase of TbPO4, and scheelite has been experimentally observed in YPO4,

TmPO4, YbPO4, LuPO4, and ScPO4 [12, 13, 18, 80]. Figure 5.5 also shows ’S*’ ticks,

which represent the peak positions of a simulated scheelite TbPO4 structure at 20.5 GPa,

as reported by Lopez-Solano et al. [18]. Given the differences between this study and

Lopez-Solano et al.’s simulation (e.g., methods, temperature, pressure, stress state, and the

confounding effects of these factors), the proximity of most of the new peaks (diamond

symbols) to the ’S*’ ticks suggests the presence of scheelite is plausible and requires

confirmation via further XRD experiments. If confirmed, 10.2(7) GPa GPa would be the

lowest pressure at which any scheelite structure has been reported in REPO4s to date.

The final scan in this experiment contains xenotime, monazite, gold, and potentially

scheelite. Therefore, this experiment yields a xenotime-monazite phase coexistence range of

at least 14.9(14) GPa and a potential xenotime-monazite-scheelite phase coexistence range

of at least 9.1(14) GPa. While the anhydrite phase exists in the sample powder, evidence

of this phase does not appear in the scans of this experiment.
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Figure 5.6 Dy-none XRD experiment. (a) Waterfall plot of all XRD patterns. (b) Select
XRD patterns (initial, onset of monazite, final) and their LeBail fits. Monazite peaks
emerge at 6.9(5) GPa. ‘X’ and ’M’ ticks show DyPO4 peak positions for the xenotime and
monazite phases, respectively [8, 61]. Triangles, circles, and stars denote the peak positions
of gold, ruby, and emerging monazite, respectively [88, 89].

A Dy-none experiment was also performed to build on our prior DyPO4 study, in which

KCl was the only non-hydrostatic PTM tested [81]. Figure 5.6(a) shows XRD pattern

evolution throughout the entire experiment, while Figure 5.6(b) shows LeBail fit quality at

Pinitial, at the xenotime-monazite Ponset, and at Pmax. The first scan in this experiment

shows xenotime, gold (upward triangle symbol), and ruby (circle symbol) peaks. At 6.9(5)

GPa, monazite peaks emerge at Q = 1.59 Å−1, 2.10 Å−1, and 2.57 Å−1 (as denoted by stars

in Figure 5.5); these are the (110), (021), and (211) reflections, respectively. In the Ponset

scan, the refined monazite lattice parameters are a = 6.187(3) Å, b = 6.603(2) Å, c =

6.783(5) Å, and β = 102.40(4)◦. The final scan at 10.4(7) GPa contains xenotime,

monazite, and gold. Consequently, the DyPO4 xenotime-monazite phase coexistence range

is found to be at least 3.5(7) GPa.
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Figure 5.7 High-pressure XRD-based phase map of DyPO4 and TbPO4, each tested with
three different PTMs. The legend lists the phases with their corresponding space groups.
For each REPO4-PTM combination, the upper limit of the highest bar(s) represents the
highest pressure at which data are reported and does not represent a phase boundary.
*The Dy-MEW data was originally reported by Sharma et al. [93]. The dashed orange line
shows the DyPO4 xenotime-monazite Ponset value using neon PTM [81]. **The Dy-KCl
data was originally reported by Sharma et al. [81].
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Figure 5.7 summarizes the DyPO4 and TbPO4 phase behavior transformation data

reported in this study as well as in two prior DyPO4 studies [81, 93]. In the DyPO4 section,

phase data from an experiment using the MEW PTM (Dy-MEW [93]) is shown since a

prior experiment using neon (Dy-neon [81]) did not to go high enough pressures to gauge

the xenotime-monazite phase coexistence range. MEW has a hydrostatic limit of 10.5(5)

GPa and is therefore, hydrostatic at the xenotime-monazite Ponset like neon. The Ponset

from the Dy-neon experiment (9.1(1) GPa) is shown as an orange dashed line in Figure 5.7

and is within the error bar of the Ponset from the Dy-MEW experiment (9.6(7) GPa).

Figure 5.7 shows DyPO4 and TbPO4 both exhibit xenotime-monazite Ponset reductions

with non-hydrostatic PTMs. Shear can facilitate the plastic deformation involved in phase

transformation (i.e., polyhedral rotations and translations) and thereby, reduce the

hydrostatic pressure required to induce phase transformation. In addition, the TbPO4

Ponset values are marginally (KCl) or significantly (none) lower than those of DyPO4 in the

same PTM. TbPO4 Ponset values being lower likely stems from the monazite phase being

more thermodynamically favorable in TbPO4 than in DyPO4 regardless of the kinetic

barriers involved [16, 23, 24, 98].

Figure 5.7 also shows the onset of the scheelite phase at 13.9(10) GPa in the Dy-MEW

and at 10.2(7) GPa in the Tb-none experiments. This difference in scheelite Ponset values is

likely a convolution of compositional and shear effects. Moreover, the lack of scheelite

(green bars) in the other 4 experiments shown in Figure 5.7 does not imply that scheelite

wouldn’t emerge in those experiments; rather, the experiment did not go to sufficiently

high pressures. Given the fact that Ponset lowers under shear, it is within reason that the

Dy-KCl and Dy-none experiments simply did not ramp to high enough pressures to reach

the onset of scheelite. By the same logic, it is within reason that the Tb-neon and Tb-KCl

experiments did not ramp to high enough pressures to reach the onset of scheelite.

Therefore, additional Dy-KCl, Dy-none, Tb-Ne, and Tb-KCl experiments going to higher

pressures are merited.
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Next, the effect of shear on xenotime-monazite phase coexistence is considered. All

experiments shown in Figure 5.7 show significant phase coexistence ranges of at least 3

GPa, further supporting the notion that REPO4 phase transformations are diffusional

rather than martensitic. The TbPO4 experiments show while shear induces earlier onset of

transformation, it does not induce earlier completion of transformation. While the

xenotime-monazite coexistence range is 5.0(10) GPa in the Tb-neon experiment, this range

extends to at least 6.3(8) GPa and at least 14.9(14) GPa in the Tb-KCl and Tb-none

experiments, respectively. This range extension has also been reported in BaSO4 and α-Ti

when these materials are compressed using non-hydrostatic PTMs [22, 47]. At a

fundamental level, extended phase coexistence under shear may be attributable to

non-uniform stress fields causing varying degrees of transformation progression in a given

volume of material. Conclusions regarding coexistence trends cannot be drawn from the

DyPO4 experiments as the Dy-KCl and Dy-none experiments do not go to sufficiently high

pressures. For completeness, plots showing the pressure-dependence of TbPO4 and DyPO4

lattice parameters as well as a table of axial compressibilities are provided in Appendix E.

5.7 Conclusion

This study systematically probes the effect of non-hydrostaticity on the

pressure-induced phase transformations of xenotime TbPO4 using in situ DAC XRD. Our

prior DyPO4 study found the non-hydrostatic KCl PTM induces the xenotime-monazite

phase transformation at a pressure ∼22% lower than in hydrostatic media (e.g., neon,

16:3:1 MEW) [81]. In this work, our experiments with three PTMs (neon, KCl, and none)

show a lowering of the TbPO4 xenotime-monazite Ponset from 8.7(6) GPa to 5.6(4) GPa to

4.4(3) GPa, respectively. The Ponset value for TbPO4 with no PTM is the lowest value

reported to date for any REPO4 and represents an almost 50% Ponset reduction in a stress

state more relevant to potential CMC applications. When comparing DyPO4 and TbPO4,

the latter’s Ponset values are consistently lower; this fact is likely due to the monazite phase

being more thermodynamically favorable in TbPO4 than in DyPO4. Lastly, our TbPO4
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experiment with no PTM provides potential proof of scheelite as the high-pressure,

post-monazite phase.
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CHAPTER 6

REVEALING THE PRESSURE-INDUCED PHASE TRANSFORMATION OF

XENOTIME TBPO4 VIA IN SITU PHOTOLUMINESCENCE

SPECTROSCOPY

Manuscript to be submitted to ACS Materials Letters

Jai Sharma1, Brandon Reynolds2, Matthew J. Crane2, and Corinne E. Packard1

1Metallurgical & Materials Engineering Dept., Colorado School of Mines, Golden, Colorado

80401, USA

2Chemical & Biological Engineering Dept., Colorado School of Mines, Golden, Colorado

80401, USA

This manuscript describes the use of down-conversion (or direct excitation)

photoluminescence (PL) spectroscopy to detect the xenotime-monazite transformation in

TbPO4. PL band metrics indicate transformation onset and end pressures that appear

consistent with synchrotron XRD results from Chapter 5. Certain irreversible

pressure-induced changes in PL spectra can offer insight into stress history (including

history of phase transformation). The chapter includes an overview of the author’s

contributions, a summary of the key findings and contributions of this work, and the full

manuscript soon to be submitted to ACS Materials Letters.

6.1 Author Contributions

Dr. Packard and I conceptualized this study as part of my NDSEG fellowship proposal.

Brandon Reynolds and I performed experiments with instrumentation support and

guidance from Dr. Matthew Crane. Brandon and I analyzed data and drafted this

manuscript. Drs. Crane and Packard contributed to the reviewing and editing of this

manuscript.
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6.2 Scientific Advancements and Conclusions

The work presented in this chapter complements the TbPO4 XRD study shown in

Chapter 5 with a technique that does not require synchrotron access and is more sensitive

to local symmetry: photoluminescence (PL) spectroscopy. While Runowski et al. have

performed in situ DAC PL on a xenotime REPO4, their study involves up-conversion PL,

which is a significantly less efficient process than down-conversion (or direct excitation) PL,

which is employed in this study [39]. This PL study shows the crystal field experienced by

Tb3+ in TbPO4 changes during the xenotime-monazite phase transformation, and tracking

these changes via PL yields a phase transformation pressure range that is consistent with

the XRD-based phase transformation range determined in Chapter 5. PL spectra after

decompression confirm the irreversibility of transformation and show other irreversible

changes, offering insight into stress history. Finally, this work shows high-pressure PL

characterization can open the door to a non-contact, optical stress history-sensing

functionality in CMC fiber coatings.

6.2.1 Key Findings

• At pressures consistent with the XRD-based xenotime-monazite Ponset, new TbPO4

PL peaks emerge.

• The emergence of additional TbPO4 PL peaks at the aforementioned pressure is

consistent with the symmetry reduction expected during phase transformation.

• At pressures consistent with the XRD-based xenotime-monazite Ponset and Pend,

TbPO4 PL band metrics (centroid and intensity ratios) show clear trend changes.

• TbPO4 PL spectra after decompression show the presence of metastable monazite,

indicating synchrotron techniques are not necessary to detect monazite in very small

samples.
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• Certain TbPO4 PL band centroids and intensity ratios do not return to their original

value after decompression, indicating residual crystal field distortion or disruption

that may serve as an indicator of stress history.

• Pressure-induced PL changes are more reversible when TbPO4 has not experienced

pressures high enough to induce phase transformation.

6.2.2 Key Contributions

• While RS and synchrotron XRD are traditionally used for interrogating REPO4s

phase transformations, this work shows direct excitation (down-conversion) PL

spectroscopy, a technique with stronger signal than RS and greater accessibility than

synchrotron techniques, can be used to detect the pressure-induced

xenotime-monazite phase transformation.

• This work shows direct excitation (down-conversion) PL emissions of RE3+ can

provide insight into stress history in REPO4s.

• This work provides the first high-pressure, direct excitation (down-conversion) PL

dataset of TbPO4 or any other xenotime REPO4, enabling further fundamental

research into the effect of pressure and symmetry loss on 4f orbitals.

• The identification and analysis of pressure-dependent Tb3+ PL band metrics can be

applied when studying the behavior of TbPO4 in other conditions (e.g., various stress

states).

• Compared to up-conversion PL, the use of down-conversion PL can allow REPO4s to

be studied with fewer (or no) dopants, yielding experimental data that more

accurately reflects the sample’s behavior. This advantage also holds for a wide range

of other RE-based oxide compounds (e.g., REXO4s, X = V, As, Sb, W, Nb, or Mo).
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6.3 Abstract

The pressure-induced xenotime-monazite phase transformation of certain rare earth

orthophosphates (REPO4s) has garnered broad interest from geoscience to structural

ceramics. Studying this transformation has required in situ DAC Raman spectroscopy or

synchrotron XRD, which suffer from poor signal and poor accessibility, respectively. This

study exploits the photoluminescence (PL) of Tb3+ ions and the unique sensitivity of

photoluminescence (PL) to local bonding environment to interrogate the

symmetry-reducing xenotime-monazite phase transformation of TbPO4. At pressures

consistent with the XRD-based phase transformation onset pressure of 8.7(6) GPa, PL

spectra show new peaks emerging as well as trend changes in the centroids and intensity

ratios of certain PL bands. Furthermore, PL spectra of recovered samples show

transformation is irreversible. Hysteresis in certain PL band intensity ratios also reveals

stress history in TbPO4. This in situ PL approach can be applied to probe

pressure-induced transformations and crystal field distortions in other RE-based oxide

compounds.

6.4 Introduction

Rare earth orthophosphates (REPO4s) are a highly refractory class of ceramics with

multi-disciplinary appeal [1]. These materials naturally occur in xenotime and monazite

minerals, whose properties and formation are of great interest in geoscience and in mining

[2, 72, 92, 99]. REPO4s have also been synthesized with high purity and precise RE doping

for optical applications (e.g., phosphors, lasers, and scintillators) [30, 31, 100–102]. In

recent decades, REPO4s have been investigated as potential fiber coatings in oxide-oxide

ceramic matrix composites (CMCs) for aerospace components subject to extreme conditions

[5, 14]. In particular, REPO4 compositions which undergo pressure-induced phase

transformations offer the possibility of additional toughening and plasticity mechanisms in

CMCs [7, 15]. Phase transformation may also be relevant to tuning the photoluminescent
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properties of REPO4s or other RE-based materials for fundamental, low-symmetry RE

studies as well applications in sensing, laser-cooling, and photonic devices [33, 39, 103–106].

Exploiting the pressure-induced phase transformation of REPO4s begins with

understanding their polymorphism. In equilibrium at 1 atm, REPO4 crystal structure is

largely determined by ionic radius. Compositions with smaller RE3+ ionic radii (RE =

Tb-Lu, Sc, Y) crystallize in the xenotime structure (tetragonal, I41/amd), while those with

larger RE3+ ionic radii (RE = La-Gd) crystallize in the monazite structure (monoclinic,

P21/n) as shown in Figure 6.1 [9].
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Figure 6.1 Structural changes in TbPO4 during the pressure-induced xenotime-monazite
phase transformation. (a) Tb3+ local bonding environment. Violet, green, and red spheres
represent Tb3+, P5+, and O2− ions, respectively. Adapted from Heuser et al. [8]. (b) [001]
views of crystal structure. Violet polyhedra, green tetrahedra, and the black box represent
the Tb-O cage, PO4 groups, and the unit cell boundary, respectively. Crystal structures
generated using VESTA software [73].
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At high pressure (HP), certain xenotime compositions (RE = Tb-Tm, Y) transform to

the monazite structure [20, 81, 93]. This transformation involves an increase in RE-O

coordination (8 → 9), the loss of RE site symmetry (D2d → C1), and a volume loss of ∼5%.

The transformation occurs via the reconfiguration of RE-O bonds, while the PO4

tetrahedra remain effectively rigid [69].

Finding the onset pressure (Ponset) of the xenotime-monazite phase transformation in

REPO4s typically requires in situ diamond anvil cell (DAC) Raman spectroscopy (RS) or

synchrotron x-ray diffraction (XRD). For the composition of interest in this study, TbPO4,

RS-based Ponset values of ∼9.5 GPa and 10.1 GPa have been reported by Tatsi et al. and

Musselman et al [16, 17]. Both these studies report some degree of phase transformation

irreversibility and utilize pressure-transmitting media which are hydrostatic at relevant

pressures (e.g., 4:1 methanol-ethanol and 16:3:1 methanol-ethanol-water). The TbPO4

XRD experiment with neon pressure medium (presented in Chapter 5) shows Ponset and

transformation end pressure (Pend) values of 8.7(6) GPa and 13.7(10) GPa, respectively.

Lopez-Solano et al.’s TbPO4 XRD study (also using neon pressure medium) reports a

higher Ponset of 9.9 GPa; however, this value appears to be an overestimation for reasons

discussed in Chapter 5 [18].

Although both RS & synchrotron XRD can deliver unique material insight, they each

have significant limitations. RS generally suffers from a low signal-to-noise ratio due to the

low probability of Raman scattering, and this ratio only degrades with pressure [107–109].

Moreover, the Raman-active phonon modes observed do not necessarily reflect the RE3+

local environment, which is what changes dramatically during the xenotime-monazite

phase transformation. RE3+ local environment can be probed using certain synchrotron

x-ray techniques (e.g., single crystal diffraction, inelastic scattering); however, synchrotron

beamtime access is limited.

Given the well-known photoluminescent behavior of RE3+ ions, which are intrinsic to

(or easily doped into) REPO4s, photoluminescence (PL) spectroscopy is a potentially

94



promising technique for characterizing the xenotime-monazite transformation due to the

high sensitivity of RE3+ PL to local bonding environment [25, 110, 111]. Most PL of RE3+

ions stems from transitions between 4f configurational states, which are sensitive to

changes in local environment. Local environment changes can cause changes in the number

of peaks, intensities, and broadness in PL spectra [40]. In the case of xenotime REPO4s,

Lösch et al. discovered PL from Eu3+ dopants changed with the presence of non-xenotime

REPO4 phases in the host [37]. Lösch et al. attribute those PL changes to the impurity

phases yielding different Eu3+ site symmetries. In addition, Yang et al. reported ambient

pressure PL spectra of TbPO4 powder synthesized in the xenotime and metastable

monazite phases, and the clearest difference between these spectra is the profile of the

green emission band (∼543 nm) [38]. In monazite, this band has a broader and weaker

low-energy shoulder and lacks the multiple local maxima seen in xenotime. More detailed

analysis of this band is precluded by the limited spectral resolution. The sensitivity of

RE3+ PL to the local environment has also been observed at HP by Runowski et al., who

performed in situ DAC PL spectroscopy on an up-converting composition: YPO4 doped

with Yb3+ and Tm3+ [39]. Runowski et al. note PL band centroids and band intensity

ratios (BIRs) of the emitting dopants exhibit continuous changes during loading and

discontinuities at pressures consistent with the xenotime-monazite transformation of YPO4

[39]. In addition to probing RE3+ local environment, PL provides stronger signal than RS

and greater accessibility than synchrotron x-ray techniques [109].

This in situ DAC PL spectroscopy study exploits the PL of intrinsic Tb3+ ions in

TbPO4 to detect the pressure-induced xenotime-monazite transformation. TbPO4 is the

REPO4 chosen for this study as it undergoes the pressure-induced xenotime-monazite

transformation, and it has visible PL under UV excitation. Unlike the Runowski et al.

study, this work involves direct excitation rather than up-conversion and requires no

dopants to generate visible PL [39]. Furthermore, the findings of this HP study are

particularly valuable as the direct excitation PL of TbPO4 – or of any other xenotime
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REPO4 – has only been reported at ambient pressure [37, 38]. Irreversible pressure-induced

changes observed in PL spectra may also serve as indicators of stress history, which may be

advantageous in potential ceramic composite applications.

Each TbPO4 PL spectrum contains four bands representing 4f intraconfigurational

transitions of Tb3+ (5D4 → 7F6,
5D4 → 7F5,

5D4 → 7F4, and 5D3 → 7F6) as shown in

Figure 6.2 [29]. Hyperfine splitting (∼102 cm−1) of the energy levels involved in these

transitions is induced primarily by crystal field effects and causes each band to consist of

multiple peaks [27, 40]. For simplicity in the text, the PL bands generated by the 5D4 →

7F6,
5D4 → 7F5,

5D4 → 7F4, and 5D3 → 7F6 emissions are denoted as Bands 1, 2, 3, and 4,

respectively.
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Figure 6.2 Dieke diagram showing the 4f intraconfigurational energy levels of Tb3+.
Excitation is shown with the upward arrow and emissions are shown with downward
arrows. The dashed and solid downward arrows represent phonon and photon emission,
respectively. Adapted from Khan et al [29].
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6.5 Materials and Methods

Five DAC experiments (named Exps. 1, 2, 3, 4, and 5) were conducted at room

temperature, and they all involved xenotime TbPO4 powder sample, ruby pressure

calibrant, 16:3:1 methanol-ethanol-water (MEW) pressure-transmitting medium, and 301

stainless steel gaskets [44]. Exps. 4 and 5 are limited to pressures below the

xenotime-monazite Ponset, while Exps. 1, 2, and 3 include Ponset. In addition, Exps. 3 and

4 do not include PL spectra of the recovered sample (upon returning to 1 atm), while

Exps. 1, 2, and 5 do. In each experiment, a 375 nm pulsed laser (290 W/cm2 average

intensity) is used to excite the sample through a 10x objective lens via the 7F6 → 5D3

transition. The emitted light from the sample is then focused and collected via a

monochromator, where the PL spectra are recorded on a CCD (charge-coupled device)

camera. Additional details on sample synthesis, phase purity, and experimental details

including DAC configuration and PL measurement are provided in the Supporting

Information. In addition, the number in parentheses after a pressure value represents the

standard deviation of the last digit of the pressure.

6.6 Results and Discussion
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Figure 6.3 Pressure evolution of TbPO4 PL spectra from (a) Exp. 1 and (b) Exp. 2. Both
experiments show pressures above Ponset as well as the spectrum of the recovered sample
(at 1 atm). Numbers in parentheses after pressure values represent the standard deviation
in the last digit of the pressure. Dashed lines are visual guides for peaks emerging at HP.
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Figure 6.3 shows increasing pressure induces a centroid red-shift, broadening, and

intensity loss in all four PL bands. The red-shift is due to the stronger crystal field

generated by shrinking Tb-O bonds, while the broadening can be attributed to strain, local

symmetry distortion, and defect generation [39, 108, 112]. The intensity loss is likely

attributable to pressure-induced increases in electron-phonon coupling, phonon energy, and

modified selection rules [39, 40]. In the spectra collected after decompression (recov.), the

red shift is largely reversible, while the broadening is largely maintained; these effects are

exemplified by Band 4 in Figure 6.3 (a) and Figure 6.3 (b). However, some broadening is

reversed upon pressure release as revealed by the full-width at half-maximum (FWHM)

values of Band 4 (see Figure F3). The partial reversibility of PL FWHM is likely

attributable to residual strain, distortion, and defects as well as metastable monazite

remaining in the sample after decompression. Intensity increases upon pressure release;

however, intensity is not quantitatively analyzed because it varies with optical focus, which

is manually adjusted at each pressure step in the experiments. Quantitative band centroid

data and additional reversibility analysis are presented later in the text. Across three

separate experiments (including Exp. 3 shown in Figure F4), PL peaks newly emerge or

grow at pressures near the XRD-based xenotime-monazite Ponset of 8.7(6) GPa (as shown

in Figure 6.3(a) and Figure 6.3(b)). Such peaks are located in Band 1 at ∼500 nm, in

Band 2 at ∼535 nm and ∼555 nm, and in Band 3 at ∼580 nm and ∼590 nm. The presence

of additional peaks suggests the local environment loses symmetry, which is consistent with

the Tb3+ point group change (D2d → C1) during the xenotime-monazite transformation.

The evolution of the overall shape of Band 2 above 10 GPa is also consistent with the PL

spectrum of monazite TbPO4 reported by Yang et al. [38]. The shape of Bands 1, 3, and 4

are not compared to those in Yang et al. because these bands are not markedly different

between the xenotime and monazite phases. Nevertheless, the emergence and growth of PL

peaks at pressures consistent with the XRD-based xenotime-monazite Ponset of 8.7(6) GPa

strongly indicates that the PL of Tb3+ reveal the onset of xenotime-monazite phase
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transformation in TbPO4. PL spectra from Exp. 3, as shown in Figure F4, also included

pressures above Ponset and yielded findings consistent with those of Exps. 1 and 2. PL

spectra from Exps. 4 and 5 (see Figures F5 and F6) did not exceed Ponset but did show the

red-shift, broadening, and intensity loss observed in Exps. 1 and 2 below Ponset. Exp. 5

also shows residual broadening in the recovered sample, which is consistent with Exps. 1

and 2 and indicates residual broadening is not caused exclusively by phase transformation.
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Figure 6.4 Pressure evolution of selected TbPO4 PL band metrics compiled from all
experiments. The olive, blue, and two grey rectangles represent pressure ranges
corresponding to the PL-based Ponset, the hydrostatic limit of MEW, the XRD-based
Ponset, and the XRD-based Pend (as reported in Chapter 5), respectively. Open symbols
represent data from recovered sample at 1 atm. Pressure error bars are within the symbols.
(a) Band 2 centroid shift (with respect to its initial value in each experiment). (b) Ratio of
the intensity of Band 2 to that of Band 1. (c) Ratio of the intensity of Band 2 to that of
Band 3. (d) Ratio of the intensity of Band 3 to that of Band 4.
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Figure 6.4 shows the pressure dependence of selected PL band metrics, which appear to

be indicators of the xenotime-monazite transformation. These band metrics are also placed

in context with the hydrostatic limit of MEW (10.5(5) GPa) and the XRD-based TbPO4

xenotime-monazite coexistence range during phase transformation (8.7(6) GPa – 13.7(10)

GPa) as reported in Chapter 5 [46]. The pressure-dependence of other PL band metrics

with weaker changes around Ponset are shown in Figures F7 and F8. Figure 6.4 (a) shows

shifts in the Band 2 centroid (i.e., change from its initial value at ∼0 GPa). The Band 2

centroid red-shifts until ∼8 GPa (as marked by the olive bar), which is statistically

significantly lower than the hydrostatic limit and consistent with the XRD-based Ponset).

After ∼8 GPa, the Band 2 centroid begins to blue-shift and then red-shifts again at ∼13.5

GPa (consistent with the XRD-based Pend). The blue-shift may be understood as a

weakening of the crystal field due to Tb-O bond reconfiguration during the

xenotime-monazite transformation. Figure 6.4 (a) also shows the Band 2 centroid does not

return to its initial value in the recovered sample (open data points at ∼1 atm), and this

residual centroid shift is noticeably greater in experiments in which phase transformation

occurred. The Band 3 centroid behaves similarly to the Band 2 centroid in the

aforementioned ways and is shown in Figure F7(b). Band centroid hysteresis suggests some

irreversible pressure-induced changes (i.e., material stress history) are detectable using PL

band metrics.

In Figure 6.4, panels (b), (c), and (d) show the pressure dependence of selected BIRs.

Similar to the Band 2 centroid, these BIRs exhibit clear trend changes prior to Ponset and

at Pend. Figure 6.4(b) shows the 2:1 BIR decreases until ∼8 GPa, starts increasing steeply,

then appears to stabilize or slightly decrease at Pend. Figure 6.4 (c) shows a nearly

identical behavior in the 2:3 BIR. Figure 6.4(d) shows the 3:4 BIR undergoes less dramatic

trend changes in the opposite directions of the trend changes in the previous BIRs. The

first 3:4 BIR trend change also occurs at a slightly lower pressure of ∼7.5 GPa. Across all

three BIRs, the pressure range in which the first trend change occurs (i.e., the inferred
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PL-based Ponset shown as an olive rectangle) is always lower than the hydrostatic limit and

coincides with the XRD-based Ponset. Figure 6.4 also shows the inferred PL-based Ponset

varies between band metrics for a given experiment. Such variation between band metrics

is also observed during the xenotime-monazite transformation of YPO4:Yb3+,Tm3+ and is

likely caused by variation in the symmetry-sensitivity of the various emissions involved

[39, 40]. When considering the data points from the recovered samples, the 2:3 BIR

(Figure 6.4(c)) appears to have a larger residual hysteresis than the 2:1 and 3:4 BIRs

(Figure 6.4(b) and Figure 6.4(d)). In addition, the 3:1 BIR shown in Figure F8(a) exhibits

a residual hysteresis in the recovered sample, and this hysteresis is greater in experiments

in which phase transformation occurred. Overall, the magnitude of the pressure-induced

changes of the 2:1, 2:3, and 3:4 BIRs and the magnitude of their hystereses make them

better potential indicators of stress history than band centroids.

Figure 6.5 Initial and recovered TbPO4 PL spectra overlaid for comparison from Exps. 1,
2, and 5. Sections of the spectra which most clearly indicate a history of phase
transformation are highlighted in green.
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Figure 6.5 overlays initial and recovered TbPO4 PL spectra from Exps. 1, 2, and 5,

showing pressure-induced PL changes are more reversible in the absence of phase

transformation (Exp. 5). When phase transformation does not occur (Exp. 5), residual

broadening is still present in the recovered spectrum, indicating pressure-induced strain,

distortion, and defect generation are not fully reversible. When phase transformation

occurs (Exps. 1 and 2), the recovered spectra show residual broadening as well as

additional peaks indicative of metastable monazite. The clearest indicators of phase

transformation history in Figure 6.5 are the sections of Bands 2 and 3 highlighted in green.

6.7 Conclusions

In conclusion, this study demonstrates the pressure-induced xenotime-monazite phase

transformation of TbPO4 can be probed using direct excitation PL spectroscopy. Under

UV excitation, the intrinsic Tb3+ ions generate four PL emission bands in the visible

range, and these bands shift and broaden with pressure. Qualitative analysis of PL spectra

shows additional peaks emerging at HP, which is consistent with the Tb3+ site symmetry

loss during transformation. Quantitative analysis shows the Band 2 centroid and the 2:1,

2:3, and 2:4 BIRs undergo clear trend changes at pressures coinciding with the XRD-based

Ponset and Pend. The close agreement between the inferred PL-based Ponset and the

XRD-based Ponset shows changes in the RE3+ crystal field as observed in PL spectroscopy

can be used to detect the xenotime-monazite transformation. In addition, PL spectra of

the recovered samples indicate metastable monazite exists after decompression, confirming

the irreversibility of the xenotime-monazite phase transformation. Hysteresis in certain PL

band metrics also serves as potential gauges of the stress history of the sample. Given the

ease of RE substitution in REPO4s and other materials, the analysis of direct excitation

(down-conversion) RE3+ PL in this work can potentially be extended beyond TbPO4 to

other RE-containing oxide compounds (e.g., REXO4s where X = V, As, Sb, W, Nb, or Mo).
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CHAPTER 7

SUMMARY AND FUTURE WORK

This chapter provides a summary of the work presented in this dissertation as well as

potential future research directions.

7.1 Thesis Summary

Rare earth orthophosphates (REPO4s) are an increasingly relevant class of ceramics

attracting multi-disciplinary interest from research fields ranging from geoscience to optics

to ceramic matrix composite (CMC) engineering [1]. The last of these fields is a key

motivator for this dissertation and seeks to exploit the refractory nature of REPO4s for

fiber coating applications in oxide-oxide CMCs relevant to aerospace components (e.g.,

combustors, fuel injection nozzles). The extreme conditions associated with application

environments motivate the consideration of REPO4s (like LaPO4), which are more

oxidation-resistant than traditional fiber coating candidates (e.g., graphite, hexagonal

boron nitride) [5, 14]. Among REPO4 compositions, those that transform under pressure

offer the unique possibility of additional plasticity and toughening mechanisms. In fact,

compositions which undergo the xenotime-monazite phase transformation result in lower

fiber push-out stresses than non-transforming LaPO4 [7, 15]. Unfortunately, the kinetics of

REPO4 xenotime-monazite phase transformations are not fully established, and the

shear-dependence of phase transformation even less so. Moreover, the excellent

photoluminescence (PL) characteristics of RE3+ ions have yet to be fully exploited in

mechanically-motivated, high-pressure REPO4 research. PL spectroscopy offers stronger

signal than Raman spectroscopy and more directly probes the RE3+ local environment

(where the most dramatic changes occur during phase transformation) [107–109]. PL

spectroscopy is also significantly more accessible than synchrotron beamtime, and has the

potential to accelerate high-pressure research. Developing a clear understanding of the
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relationship between stress and PL emissions can further enable remote, optical

stress-sensing or stress history-sensing functionalities in REPO4s. This dissertation aims to

elucidate the kinetics, shear-dependence, and composition-dependence of the

xenotime-monazite phase transformation using in situ diamond anvil cell (DAC) XRD and

PL experiments.

First, the DyPO4 xenotime-monazite phase transformation and its shear-dependence

were investigated using in situ DAC synchrotron XRD. This work was published in

Physical Review B and is presented in Chapter 3 [81]. The high-pressure monazite phase of

DyPO4 was crystallographically confirmed, and the xenotime-monazite transformation

onset pressure (Ponset) was found to be 9.1 GPa, which is dramatically lower than

previously reported values based on Raman spectroscopy (RS). Further analysis of the RS

data reported by Musselman et al. showed RS is insufficient for accurately determining the

the Ponset of the xenotime-monazite transformation in DyPO4 [20]. The new, XRD-based

Ponset of DyPO4 also shows the xenotime-monazite Ponset is not linear with RE3+ ionic

radius (as is commonly assumed in literature); rather, it is discontinuous at some critical

ionic radius between those of Y3+ and Dy3+. Moreover, this study was the first to

systematically interrogate the effect of shear on the xenotime-monazite phase

transformation and used KCl as a pressure-transmitting medium (PTM) to enable

compression with a significant shear component. With KCl as the PTM, the

xenotime-monazite Ponset dropped to 7.0 GPa, showing transformation onset is sensitive to

stress state. Furthermore, the wide pressure range (≥ 5.7 GPa) of xenotime-monazite phase

coexistence suggests this transformation is diffusional rather than martensitic. Connecting

back to potential CMC fiber coating applications, previously reported REPO4 Ponset values

(determined under hydrostatic conditions) were too high to merit consideration for this

application. This study shows Ponset values measured under hydrostatic compression are

not sufficient for screening REPO4 fiber coating candidates because these materials could

potentially transform at lower pressures in a high-shear environment like a CMC
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fiber-matrix interface. The reduction of Ponset under non-hydrostatic conditions also

suggests a wider range of REPO4 compositions (i.e., those with higher Ponset values under

hydrostatic compression) could be considered for CMC fiber coating applications.

Second, knowledge of the phase transformation pathway of DyPO4 was extended to

previously untested pressures using in situ DAC synchrotron x-ray diffraction. This work

was published in Crystals and is presented in Chapter 4 [93]. The pressure range of the

DyPO4 xenotime-monazite phase coexistence is determined to be 7.6(15) GPa; this value

was not obtained in Chapter 3 because those experiments did not go to high enough

pressures. The phase coexistence range determined in Chapter 4 also confirms the sluggish

nature of the xenotime-monazite phase transformation and provides further evidence that

transformation proceeds via a diffusional, nucleation and growth-based mechanism. In

addition, this study shows a post-monazite DyPO4 phase emerges at 13.9(10) GPa, and

this phase likely adopts the scheelite structure. The determination of scheelite is consistent

with the phase transformation pathways reported in experimental and computational

literature [12, 13, 18, 80]. The experiment in this study also compresses DyPO4 at a rate

that is an order of magnitude higher than the rates tested in Chapter 3, yet the

xenotime-monazite Ponset does not increase to a statistically significant extent.

Additionally, this study compiles the latest XRD-based DAC studies of single-RE REPO4s

(under hydrostatic media) into one figure (Figure 4.2) and is the first of its kind to show

phase coexistence ranges in addition to phase transformations.

Third, in situ DAC synchrotron XRD was performed to evaluate the shear-dependence

of the TbPO4 xenotime-monazite phase transformation and extend the DyPO4 shear study

presented in Chapter 3. This work is soon to be submitted to Solids and is presented in

Chapter 5. The experiments performed in this study involve three PTMs: neon, KCl, and

”none” (i.e., the cell packed with sample, pressure markers, and no PTM material). In the

”none” PTM condition, the sample is effectively the PTM. Each step in the neon-KCl-none

PTM sequence represents an order of magnitude increase in the PTM bulk modulus. The
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TbPO4 experiment using neon PTM shows a xenotime-monazite Ponset of 8.7(6) GPa,

which is statistically significantly lower than the previously reported XRD-based Ponset of

9.9 GPa (also measured with neon PTM) [18]. Furthermore, experiments show a

systematic and statistically significant lowering of the TbPO4 xenotime-monazite Ponset

going from neon (8.7(6) GPa) to KCl (5.6(4) GPa) to ”none” (4.4(3) GPa). For each of the

three aforementioned PTMs, the Ponset values of TbPO4 are consistently lower than those

of DyPO4; this discrepancy is likely due to the monazite phase being more enthalpically

favorable in TbPO4 than in DyPO4. TbPO4 experiments also show the xenotime-monazite

phase coexistence range widens with increasing non-hydrostaticity; this effect has been

observed in other materials and may be caused by inhomogeneous transformation

progression in a given volume of material [22, 47]. The TbPO4 experiment with no medium

shows the lowest Ponset reported for any REPO4 to date, provides potential experimental

proof of scheelite as the post-monazite phase, and corroborates Hay et al.’s ex situ

observations of phase transformation in indented xenotime TbPO4 [7]. Taking a step back,

this study shows the benefits of REPO4 phase transformation (i.e., transformation

plasticity and transformation toughening) can be exploited at lower pressures and over a

wider range of pressures than was previously understood.

Fourth, the TbPO4 xenotime-monazite phase transformation was probed using in situ

DAC PL spectroscopy. This work is presented in Chapter 6 and will soon be submitted to

ACS Materials Letters. These experiments demonstrate PL spectroscopy, a technique with

stronger signal than Raman spectroscopy and greater accessibility than synchrotron

techniques, can be employed to detect the pressure-induced xenotime-monazite phase

transformation of TbPO4. At pressures consistent with the XRD-based Ponset reported in

Chapter 5, additional TbPO4 PL peaks emerge, and PL band metrics (centroid and

intensity ratios) show clear trend changes. The same band metrics also exhibit trend

changes at pressures consistent with the end of transformation (Pend) as determined in

Chapter 5. PL spectra of TbPO4 recovered after decompression confirm the irreversibility
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of the xenotime-monazite transformation and exhibit residual broadening. Importantly,

this residual broadening and other irreversible pressure-induced PL changes can indicate

stress history in TbPO4. In addition, pressure-induced PL changes appear to be more

reversible when TbPO4 has not experienced pressures high enough to induce phase

transformation. More broadly, this work provides the first high-pressure direct excitation

(down-conversion) PL dataset of TbPO4 or any other xenotime REPO4, and the PL band

metric analysis shown here can be extended beyond TbPO4 to other RE-based oxide

compounds (e.g., REXO4s, X = V, As, Sb, W, Nb, or Mo). The PL dataset generated in

this study also offers unprecedented spectral resolution, enabling more detailed,

fundamental analysis of the effect of pressure and phase transformation on 4f orbitals.

7.2 Future Work

This dissertation provides a basis for assessing the shear-dependence of the

pressure-induced REPO4 xenotime-monazite phase transformation and for exploiting RE3+

PL to characterize this transformation. To gain more fundamental insight and enable new

applications, additional research avenues can be pursued.

The XRD experiments show strategic choice of PTM can enable DAC testing with

varying degrees of non-hydrostatic stress; however, further exploration is necessary to

quantify the shear generated by solid PTMs at high pressure. Quantification may be

achieved by probing shear wave propagation (via acoustic techniques) or by analyzing XRD

peaks of gold or other well-calibrated DAC pressure standards without significant overlap

from other phases in the DAC. Gauging shear strains directly from the sample requires

analyzing XRD spots collected via single crystal XRD and relaxing unit cell symmetry

constraints. In situ DAC single crystal XRD with hydrostatic PTMs or density functional

theory (DFT) calculations are also necessary to determine the stiffness tensor constants for

xenotime compositions (only the tensors for HoPO4 and TmPO4 have been reported to

date) [19]. Knowing stiffness tensor constants may also aid in determining atomic

displacements under non-hydrostatic stress states, which can be challenging even with
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single crystal XRD [108].

Promising future research also includes further in situ DAC PL experiments. Because

PL emissions are particularly sensitive to symmetry distortions, performing PL

experiments with non-hydrostatic media can shed light on the effect of shear on the RE3+

crystal field. Successfully collecting high-quality PL spectra with non-hydrostatic PTMs

can also enable systematic shear studies without the need for synchrotron beamtime. In

addition, testing non-luminescent REPO4 compositions doped with luminescent RE3+s like

Tb3+ would further accelerate the progress of pressure-induced phase transformation

research. Moreover, DFT simulations at high pressure can help in clarifying and assigning

specific 4f intraconfigurational transitions to the several PL peaks that exist within a given

PL band. Fundamental understanding of the individual PL peaks then enables

experimental PL data to be reliably fit, and in turn, more material detail can be extracted

from a given spectrum. Such insight may be valuable for more quantitatively assessing the

stress-sensing and stress history-sensing capability of REPO4s. Quantitative assessment of

these mechano-optical phenomena may open the door to optical sensing functions in CMC

fiber coatings or other extreme environment applications.
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APPENDIX B

PYTHON CODE

Listing B.1: Python code written to process REPO4 lattice parameter data, calculate pres-

sure from the gold lattice parameter, calculate pressure from ruby fluorescence, and extract

metrics from PL peaks.

import numpy as np
import pandas as pd
import math
import p e a k u t i l s
from s c ipy import spar s e
from s c ipy . opt imize import ∗
from s c ipy . odr import ODR, Model , Data , RealData
from s c ipy . spar s e . l i n a l g import sp s o l v e
from u n c e r t a i n t i e s import unumpy , umath , u f l o a t
from l m f i t . models import LinearModel , GaussianModel , LorentzianModel ,

PseudoVoigtModel

#This method conver t s monazite l a t t i c e parameters from the P21/c c e l l
s e t t i n g to the P21/n c e l l s e t t i n g and c a l c u l a t e s l a t t i c e parameter
r a t i o s . Data i s read from a pandas dataframe ( generated by read ing a
csv output f i l e from HighScore Plus ) , and processed data i s

i n s e r t e d in t o new columns in the same dataframe . ’ sd ’ r e f e r s to
es t imated standard dev ia t i on , which i s a l s o output by HighScore Plus
. The un c e r t a i n t i e s package i s used to propagate error in t h e s e
c a l c u l a t i o n s .

def proce s sLat t i c eParamete r s ( df ) :
#Xenotime parameters

temparray = unumpy . uarray ( df [ ’X a ’ ] , d f [ ’X asd ’ ] ) ∗∗2∗unumpy .
uarray ( df [ ’X c ’ ] , d f [ ’X csd ’ ] )

df . i n s e r t (1 , ’X vo l ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’X vo l sd ’ ,unumpy . s td devs ( temparray ) )

temparray = unumpy . uarray ( df [ ’X c ’ ] , d f [ ’X csd ’ ] ) /unumpy . uarray (
df [ ’X a ’ ] , d f [ ’X asd ’ ] )# X c/a r a t i o

df . i n s e r t (1 , ’X c/a ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’X c/asd ’ ,unumpy . s td devs ( temparray ) )
#Monazite parameters

temparray = unumpy . uarray ( df [ ’M a ’ ] , d f [ ’M asd ’ ] ) ∗unumpy . uarray (
df [ ’M b ’ ] , d f [ ’M bsd ’ ] ) ∗unumpy . uarray ( df [ ’M c ’ ] , d f [ ’M csd ’ ] ) ∗
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unumpy . s i n (unumpy . uarray ( df [ ’M beta ’ ] , d f [ ’M betasd ’ ] ) ∗math .
p i /180)

df . i n s e r t (1 , ’M vo l ’ ,unumpy . nomina l va lues ( temparray ) )# ca l c u l a t e M
volume

df . i n s e r t (1 , ’M vo l sd ’ ,unumpy . s td devs ( temparray ) )
c2n = np . l i n a l g . inv (np . array ( [ [ 1 , 0 , 0 ] , [ 0 , −1 , 0 ] , [ −1 , 0 , −1 ] ] ) )
for i in range (0 , df . shape [ 0 ] ) : #each row

a , b , c , beta = unumpy . uarray ( df [ ’M a ’ ] [ i ] , d f [ ’M asd ’ ] [ i ] ) ,
unumpy . uarray ( df [ ’M b ’ ] [ i ] , d f [ ’M bsd ’ ] [ i ] ) , unumpy . uarray ( df
[ ’M c ’ ] [ i ] , d f [ ’M csd ’ ] [ i ] ) , unumpy . uarray ( df [ ’M beta ’ ] [ i ] , d f
[ ’M betasd ’ ] [ i ] )

o r i g = [ [ a∗a , 0 , a∗c∗umath . cos ( beta ∗math . p i /180) ] , [ 0 , b∗b , 0 ] , [ a∗c∗
umath . cos ( beta ∗math . p i /180) ,0 , c∗c ] ]#g matrix o f P21/c c e l l
s e t t i n g

new = np . matmul (np . matmul ( c2n , o r i g ) , np . t ranspose ( c2n ) )#g matrix
o f P21/n c e l l s e t t i n g

a , b , c , beta = umath . s q r t (new [ 0 ] [ 0 ] ) , umath . s q r t (new [ 1 ] [ 1 ] ) ,
umath . s q r t (new [ 2 ] [ 2 ] ) , umath . acos (new [ 0 ] [ 2 ] / ( umath . s q r t (new
[ 0 ] [ 0 ] ) ∗umath . s q r t (new [ 2 ] [ 2 ] ) ) ) ∗180/math . p i

df [ ’M a ’ ] [ i ] , d f [ ’M asd ’ ] [ i ] = unumpy . nomina l va lues ( a ) , unumpy
. s td devs ( a )

df [ ’M b ’ ] [ i ] , d f [ ’M bsd ’ ] [ i ] = unumpy . nomina l va lues (b) , unumpy
. s td devs (b)

df [ ’M c ’ ] [ i ] , d f [ ’M csd ’ ] [ i ] = unumpy . nomina l va lues ( c ) , unumpy
. s td devs ( c )

df [ ’M beta ’ ] [ i ] , d f [ ’M betasd ’ ] [ i ] = unumpy . nomina l va lues ( beta
) , unumpy . s td devs ( beta )

temparray = unumpy . uarray ( df [ ’M c ’ ] , d f [ ’M csd ’ ] ) /unumpy . uarray ( df [ ’
M a ’ ] , d f [ ’M asd ’ ] )# M c/a r a t i o

df . i n s e r t (1 , ’M c/a ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’M c/asd ’ ,unumpy . s td devs ( temparray ) )
temparray = unumpy . uarray ( df [ ’M b ’ ] , d f [ ’M bsd ’ ] ) /unumpy . uarray ( df [ ’

M a ’ ] , d f [ ’M asd ’ ] )# M c/a r a t i o
df . i n s e r t (1 , ’M b/a ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’M b/asd ’ ,unumpy . s td devs ( temparray ) )
temparray = unumpy . uarray ( df [ ’M c ’ ] , d f [ ’M csd ’ ] ) /unumpy . uarray ( df [ ’

M b ’ ] , d f [ ’M bsd ’ ] )# M c/b r a t i o
df . i n s e r t (1 , ’M c/b ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’M c/bsd ’ ,unumpy . s td devs ( temparray ) )

#This method uses the go l d Birch−Murnaghan EOS to c a l c u l a t e pre s sure
from the go l d l a t t i c e parameter

def PfromAu( df ) :
temp=unumpy . uarray ( df [ ’Au a ’ ] , d f [ ’Au asd ’ ] )
k=unumpy . uarray (167 ,11)#bu l k modulus
kp=unumpy . uarray ( 5 . 5 , 0 . 8 )#pres sure d e r i v a t i v e o f bu l k modulus

a0 =4.0786#go ld l a t t i c e parameter at 0 GPa
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temparray = 1.5∗ k ∗ ( (4 . 0786/ temp ) ∗∗7 −(4.0786/temp ) ∗∗5) ∗(1+0.75∗(kp
−4) ∗ ( (4 . 0786/ temp ) ∗∗2−1) )

df . i n s e r t (1 , ’P ’ ,unumpy . nomina l va lues ( temparray ) )
df . i n s e r t (1 , ’ Psd ’ ,unumpy . s td devs ( temparray ) )

#This method uses the ruby EOS to c a l c u l a t e pre s sure from the
wave length o f the ruby R1 peak

def pruby ( lam ) :
A,B, lam0 = u f l o a t ( 1 . 8 7 , 0 . 0 1 ) , u f l o a t ( 5 . 6 3 , 0 . 0 3 ) , u f l o a t ( 69 4 . 2 5 , 0 )
d e l t a = ( lam−lam0 ) /lam0
p = A∗1000.0∗ d e l t a ∗(1.0+B∗ d e l t a )
return [ round(p . n , 1 ) ,round(p . s , 1 ) ]

#This method f i t s the ruby spectrum ( con ta in ing the R1 and R2 peaks ) to
r epor t the cen ter wave length o f the R1 peak . That wave length i s

then input in t o the pruby () f unc t i on to c a l c u l a t e the pre s sure .
def getP ( df ) :

bkg = LinearModel ( )
r1 = PseudoVoigtModel ( p r e f i x=’ r1 ’ ) # t a l l e r peak at h i ghe r

wave length
r2 = PseudoVoigtModel ( p r e f i x=’ r2 ’ ) # shor t e r peak at lower

wave length
mod = bkg + r1 + r2

maxloc = df . i l o c [ : , 0 ] [ d f . i l o c [ : , 1 ] . idxmax ( ) ]
rang = max( df . i l o c [ : , 1 ] ) − min( df . i l o c [ : , 1 ] )

pars = mod . make params (
r 1 c e n t e r=maxloc ,
r1 ampl i tude=rang ,
r1 s igma =0.25 ,
r 1 f r a c t i o n =0.8 ,

r 2 c e n t e r=maxloc − 1 . 5 ,
r2 ampl i tude=rang /1 . 5 ,
r2 s igma =0.25 ,
r 2 f r a c t i o n =0.8 ,

i n t e r c e p t=min( df . i l o c [ : , 1 ] ) ,
s l ope =(df . i l o c [−1 ,1]− df . i l o c [ 0 , 1 ] ) /( df . i l o c [−1 ,0]− df . i l o c [ 0 , 0 ] )

)

out = mod . f i t ( df . i l o c [ : , 1 ] , pars , x=df . i l o c [ : , 0 ] )
out . p l o t ( )
lam = u f l o a t ( out . params [ ’ r 1 c e n t e r ’ ] . value , out . params [ ’ r 1 c e n t e r ’ ] .

s t d e r r )
print ( pruby ( lam ) )
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#This method s u b t r a c t s a l i n e a r b a s e l i n e from a spectrum .
def bkgSubtract ( i n t e n s i t y ) :

bkg = p e a k u t i l s . b a s e l i n e ( i n t e n s i t y )
return ( i n t e n s i t y −bkg )−min( i n t e n s i t y −bkg )

#This method e x t r a c t s band c en t r o i d s and maximum i n t e n s i t i e s from the 4
bands ( de f ined as ROIs) seen in PL spec t ra . The input i s a PL

spectrum s to r ed in a dataframe . The p e a k u t i l s c en t ro i d ( ) method
performs a ” cen ter o f mass” ca l c u l a t i on , which does not r e qu i r e
f i t t i n g bands .

def PLpeakStats ( df ) :
r o i 1=s l i c e (25 ,350)
r o i 2=s l i c e (550 ,900)
r o i 3=s l i c e (1000 ,1275)
r o i 4=s l i c e (1350 ,1700)

return [ p e a k u t i l s . peak . c e n t r o id ( df [ r o i 1 ] [ 0 ] , d f [ r o i 1 ] [ 1 ] ) ,max( df [
r o i 1 ] [ 1 ] ) ,

p e a k u t i l s . peak . c en t ro id ( df [ r o i 2 ] [ 0 ] , d f [ r o i 2 ] [ 1 ] ) ,max( df [
r o i 2 ] [ 1 ] ) ,

p e a k u t i l s . peak . c en t ro id ( df [ r o i 3 ] [ 0 ] , d f [ r o i 3 ] [ 1 ] ) ,max( df [
r o i 3 ] [ 1 ] ) ,

p e a k u t i l s . peak . c en t ro id ( df [ r o i 4 ] [ 0 ] , d f [ r o i 4 ] [ 1 ] ) ,max( df [
r o i 4 ] [ 1 ] ) ]
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SUPPLEMENTAL INFORMATION FOR CHAPTER 3

Figure C.1 Loading rates of the three experiments conducted. All rates are of the same
order of magnitude. Error bars represent standard deviation. In mixture and KCl datasets,
pressure was recorded as a nominal value.
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Figure C.2 (a) CCD image of first diffraction pattern from neon experiment. (b) Integrated
pattern of CCD image. This 2D diffraction pattern was then calibrated, masked, and
integrated using Dioptas [49]. Our data is shown in black and powder patterns of xenotime
DyPO4 and Au are shown with red and gold bars, respectively. Observed xenotime peaks
clearly do not have the same relative peak intensities as the xenotime powder reference
pattern – consistent with preferred orientation in our pattern. This effect is observed in all
scans of all experiments and is likely due to the microfocus of the beam (sampling a finite
number of grains) rather than any preferred orientation inherent to the polycrystalline
sample.
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Figure C.3 Raw XRD patterns (before Ponset, at Ponset, and after Ponset) for each of the
three PTM experiments. Asterisks mark new monazite peaks that are used to determine
Ponset. ‘X’ ticks show a low-pressure xenotime reference pattern [30], while the ‘M’ ticks
show a monazite pattern. The y-axes are square root of intensity to identify the extremely
weak monazite signal at Ponset. (a) Neon experiment. Gold pressure marker and neon
PTM peaks are also shown with ticks. (b) Mixture experiment. (c) KCl experiment. The
B1 and B2 phases of the KCl PTM are also shown with ticks.
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Figure C.4 Raman modes are plotted as a function of pressure during compression.
Adapted with permission from Musselman et al. [20]. Initial xenotime phase modes are
shown in black and new high-pressure phase modes are shown in red. Black lines represent
linear fits for each mode of each phase. Blue, horizontal dotted lines represent
extrapolations of the existing monazite mode linear fits. The vertical, green dotted line
represents (approximately) the transition pressure determined by XRD in this work. The
grey rectangles along this line represent Raman shift (cm-1) ranges of non-zero intensity
around the xenotime peaks. Most monazite mode extrapolations fall within the grey
rectangles at 9 GPa, suggesting that monazite signal appeared as weak shoulders or tails of
stronger xenotime peaks. The poor RS signal-to-noise ratio, however, prevented
Musselman et al. from interpreting those weak features as monazite signal.

139



Figure C.5 Xenotime c/a ratio of DyPO4 from the three experiments conducted. Error
bars represent standard deviation. In mixture and KCl datasets, pressure was recorded as
a nominal value.
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Table C.1 Axial compressibility values for each lattice parameter of each phase under each
pressure-transmitting medium (PTM). Negative values indicate compression while positive
values indicate expansion. Numbers in parentheses after a value represent the standard
deviation of the last digit of the value. Monazite fits are poorer than xenotime fits due to
XRD signal degradation upon compression.

Lattice Parameter (Å,°) PTM Axial Compressibility (Å/GPa) x103 Lattice Parameter at 0 GPa (Å,°) Linear Fit R2

aX

Neon -14.12(18) 6.892(1) 0.997
Mixture -13.12(20) 6.911(1) 0.9963

KCl -16.16(26) 6.930(1) 0.9943

cX

Neon -5.26(7) 6.035(1) 0.9927
Mixture -8.35(29) 6.049(1) 0.966

KCl -7.64(63) 6.059(2) 0.9246

aM

Neon -4.88(34) 6.189(4) 0.9022
Mixture -13.60(10) 6.291(12) 0.9606

KCl -0.03(40) 6.162(4) 0.0141

bM

Neon -5.84(64) 6.680(7) 0.7789
Mixture -1.39(30) 6.623(4) 0.6988

KCl 0.06(7) 6.668(1) 0.0985

cM

Neon -9.65(36) 6.471(4) 0.9358
Mixture 3.22(179) 6.386(20) 0.4851

KCl -0.09(8) 6.407(1) 0.0128

βM

Neon 39.84(380) 99.24(4) 0.7539
Mixture 75.07(914) 98.76(10) 0.9169

KCl -10.64(413) 102.0(0) 0.4127
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Figure C.6 The relative phase fraction of monazite is plotted against pressure (at P ¿
Ponset) for the three PTMs used. We note that these quantitative values obtained via
Rietveld refinement are impacted by significant preferred orientation.

142



Figure C.7 Plots showing 3rd order Birch-Murnaghan EoS fits to DyPO4 volume vs
pressure data.Floating B0’ means 2 ≤ B0’ ≤ 7. (a) Xenotime and (b) monazite from neon
experiment. (c) Xenotime and (d) monazite from mixture experiment. (e) Xenotime and
(f) monazite from KCl experiment. KCl monazite EoS fits did not converge.
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SUPPLEMENTAL INFORMATION FOR CHAPTER 4

Figure D.1 Scanning electron microscope (SEM) image of the xenotime DyPO4 sample
powder. The powder has a sub-micron grain size (100-800 nm). The grains are often
clustered into larger particles and exhibit the anisotropic shape expected of tetragonal
crystals. This image was obtained using a JEOL 7000F SEM.
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Figure D.2 Energy-dispersive x-ray (EDX) spectrum of the xenotime DyPO4 sample
powder. All peaks in the spectrum can be attributed to the elements Dy, P, O, and C. The
C signal comes from a deposited carbon coating (to reduce charging) and carbon tape under
the sample. This spectrum was obtained using a JEOL 7000F SEM operating at 30.0 kV.
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Figure D.3 Pressure dependence of the axial ratio (cX/aX) of the xenotime unit cell. The
green, shaded area represents the pressure range in which a 3rd (post-monazite) phase of
DyPO4 exists. The axial ratio begins a dramatic downturn at ∼14 GPa, coinciding with
the emergence of the 3rd (post-monazite) phase of DyPO4.
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SUPPLEMENTAL INFORMATION FOR CHAPTER 5

Figure E.1 Pressure dependence of xenotime and monazite lattice parameters from the
Tb-neon experiment with standard deviation error bars. The grey rectangle indicates
Ponset. The inset shows the monazite beta angle with standard deviation error bars.
Lattice parameters shown in blue and orange belong to the xenotime and monazite phases,
respectively.
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Figure E.2 Pressure dependence of xenotime and monazite lattice parameters from the
Tb-KCl experiment with standard deviation error bars. The grey rectangle indicates
Ponset. The inset shows the monazite beta angle with standard deviation error bars.
Lattice parameters shown in blue and orange belong to the xenotime and monazite phases,
respectively.
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Figure E.3 Pressure dependence of xenotime and monazite lattice parameters from the
Tb-none experiment with standard deviation error bars. The grey rectangle indicates
Ponset. The inset shows the monazite beta angle with standard deviation error bars.
Lattice parameters shown in blue and orange/brown belong to the xenotime and monazite
phases, respectively.
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Figure E.4 Pressure dependence of xenotime and monazite lattice parameters from the
Dy-none experiment with standard deviation error bars. The grey rectangle indicates
Ponset. The inset shows the monazite beta angle with standard deviation error bars.
Lattice parameters shown in blue and orange belong to the xenotime and monazite phases,
respectively.
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Table E.1 Axial compressibility values for each lattice parameter of each phase under each
pressure-transmitting medium (PTM) for TbPO4 and DyPO4. Negative values indicate
compression while positive values indicate expansion. Numbers in parentheses after a value
represent the standard deviation of the last digit of the value. ‘X’ indicates xenotime, while
‘M’ indicates monazite. Compressibilities are determined using pressure ranges in which
the data is monotonic, making a linear fit suitable. When a linear fit is not suitable or a
phase does not have a certain lattice parameter, no compressibility is reported.

RE Phase PTM a b c β

Tb

X
Neon -16.95(11) - -7.06(9) -
KCl -14.30(9) - - -
None -17.66(6) - -4.44(5) -

M
Neon -13.7(7) -7.1(12) -11.6(11) -
KCl -14.7(7) - -44.3(16) -
None - -15.9(2) -

Dy

X
Neon -14.12(18) - -5.26(7) -
KCl -16.16(26) - -8.35(29) -
None -11.35(11) - -3.3(4) -

M
Neon -4.88(34) -5.84(64) -9.65(36) -
KCl -0.03(40) 0.06(7) -0.09(8) -
None -7.7(11) -5.3(12) -8.1(13) -45.8(16)
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APPENDIX F

SUPPLEMENTAL INFORMATION FOR CHAPTER 6

Figure F.1 (a) TbPO4 sample powder XRD pattern obtained using a PANalytical PW3040
diffractometer.(b) Scanning electron microscope (SEM) image showing the expected
tetragonal crystal habit of xenotime TbPO4 grains with sizes ranging from sub-micrometer
to several micrometers. Rietveld refinement is performed using HighScore Plus. The Al is
from the sample holder. The SEM image was obtained using a JEOL 7000F SEM.

Table F.1 Additional details of the DAC experiments. For pressure values followed by a
number in parentheses, the number in parentheses represents the standard deviation of the
last digit of the pressure.

Experiment 1 2 3 4 5
Almax DAC type (mechanism) HeliosDAC (membrane) HeliosDAC (membrane) HeliosDAC (membrane) plateDAC (screw) HeliosDAC (membrane)

Pmax (GPa) 23.16(10) 22.14(8) 15.45(6) 7.59(3) 8.49(3)
Sample exposure time (s) 12.5 15 14 40 15

Culet diameter (µm) 600 600 600 500 600
Gasket hole thickness (µm) 80 80 80 110 80
Gasket hole diameter (µm) 300 300 300 250 300
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Figure F.2 Photoluminescence setup for excitation of TbPO4 under controllable pressure.
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Figure F.3 Lorentzian fits of Band 4. (a) Exp. 1 at Pmax. (b) Exp. 1 after decompression.
(c) Exp. 2 at Pmax. (d) Exp. 2 after decompression. For FWHM values, the number in
parentheses represents the standard deviation of the last digit of the FWHM.
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Figure F.4 Pressure evolution of TbPO4 PL spectra from Exp. 3.
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Figure F.5 Pressure evolution of TbPO4 PL spectra from Exp. 4.
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Figure F.6 Pressure evolution of TbPO4 PL spectra from Exp. 5.
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Figure F.7 Pressure evolution of the centroids of (a) Band 1, (b) Band 3, and (c) Band 4.
Blue and grey rectangles represent the pressure ranges corresponding to the hydrostatic
limit of MEW and the xenotime-monazite phase coexistence range (as reported by
Lopez-Solano et al. [18]),respectively. Open symbols represent data from recovered sample
at 1 atm. Pressure error bars are within the symbols.
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Figure F.8 Pressure evolution of the following BIRs: (a) 3:1, (b) 1:4, and (c) 2:4. Blue and
grey rectangles represent the pressure ranges corresponding to the hydrostatic limit of
MEW and the xenotime-monazite phase coexistence range (as reported by Lopez-Solano et
al. [18]), respectively. Open symbols represent data from recovered sample at 1 atm.
Pressure error bars are within the symbols.
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Figure F.9 Pressure vs time from all 5 experiments. Pressure error bars are within the
symbols. All loading rates are within one order of magnitude (ranging from ∼0.3 MPa/s to
∼1.5 MPa/s).
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