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ABSTRACT: The pressure-induced phase transformations of certain rare earth (RE) s o

orthophosphates have attracted broad interest from geoscience to structural ceramics. = <)
i i ired in si ’ >4 B -

Studying these transformations has required in situ Raman spectroscopy or synchrotron X-ray <L 3 &

diffraction (XRD), each of which suffers from poor signal or limited accessibility, respectively. \ \¢/ i 74

This study exploits the photoluminescence (PL) of Tb*" ions and the unique sensitivity of PL

to the local bonding environment to interrogate the symmetry-reducing xenotime—monazite 4 A O\

phase transformation of TbPO,. At pressures consistent with the XRD-based phase ey
transformation onset pressure of 8.7(6) GPa, PL spectra show new peaks emerging as well v
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 the stress history in TbPO,. This in situ PL approach can be applied )

to probe pressure-induced transformations and crystal field distortions in other RE-based oxide i et
compounds. o B

Rare earth orthophosphates (REPO,s) make up a highly occurs via the reconfiguration of RE—O bonds, while the PO,

refractory class of ceramics with multidisciplinary appeal." tetrahedra remain effectively rigid.*®
These materials naturally occur in xenotime and monazite Finding the onset pressure (P, of the xenotime—
minerals, whose properties and formation are of great interest monazite phase transformation in REPO,s typically requires
in geoscience and in mining.” > REPO,s have also been in situ diamond anvil cell (DAC) Raman spectroscopy (RS) or
synthesized with high purity and precise RE doping for optical synchrotron X-ray diffraction (XRD). For the composition of
applications (e.g, phosphors, lasers, and scintillators).*™'% In interest in this study, TbPO,, RS-based P, values of ~9.5
recent decades, REPO,s have been investigated as potential and 10.1 GPa have been reported by Tatsi et al?® and
fiber coatings in oxide—oxide ceramic matrix composites Musselman et al,’® respectively. Both studies report some
(CMCs) for aerospace components subject to extreme degree of phase transformation irreversibility and utilize
conditions.""'* In particular, REPO, compositions that pressure-transmitting media that are hydrostatic at P,
undergo pressure-induced phase transformations offer the (e.g, 4:1 methanol/ethanol and 16:3:1 methanol/ethanol/
possibility of additional toughening and plasticity mechanisms water). Sharma et al. performed a TbPO, XRD experiment
in CMCs."”'* Phase transformation may also be relevant to with neon pressure medium and report P, and trans-
tuning the photoluminescent properties of REPO,s or other formation end pressure (P,,q) values of 8.7(6) and 13.7(10)

RE-based materials for fundamental, low-symmetry RE studies GPa, respectiv ely.3! Lopez-Solano et al’s TbPO, XRD study
as \./vell 1:2}3}2)}ications in sensing, laser cooling, and photonic (also using neon pressure medium) reports a higher Py, of
dev1ces..‘. . . 9.9 GPa; however, this value appears to be an overestimation
Exploiting the pressure-induced phase transformation of for reasons discussed in the XRD study by Sharma et al.*>
REPO,s begins with an understanding of their polymorphism. Although both RS and synchrotron XRD can deliver unique
In equilibrium at 1 atm, the REPO, crystal structure is largely material insight, they each have significant limitations. RS

determined by the ionic radins. Compositions with smaller generally suffers from a low signal-to-noise ratio due to the low

RE3+ FRy ii (RE = 3+ _ 1 443+ 3+ 3+ : :
toruc radii (RE = Tb*"~Lu’", Sc*’, and Y ) crystalhze'm probability of Raman scattering, and this ratio only degrades
the xenotime structure (tetragonal, I4,/amd), while those with

larger RE*" ionic radii (RE = La**—Gd®") crystallize in the
monazite structure (monoclinic, P2,/n) as shown in Figure Received:  January 19, 2024
1.** At high pressure (HP), certain xenotime compositions Revised:  April 8, 2024
(RE = Tb>*—Tm?* and Y*') transform into the monazite Accepted: April 9, 2024
structure.”>~>* This transformation involves an increase in Published: April 15, 2024
RE—O coordination (8 — 9), the loss of RE site symmetry

(D,y = C;), and a volume loss of ~5%. The transformation
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Figure 1. Structural changes in TbPO, during the pressure-induced
xenotime—monazite phase transformation. (a) Tb*" local bonding
environment. Violet, green, and red spheres represent the Tb3*, P*,
and O®” ions, respectively. Adapted from ref 27. Copyright 2019
Elsevier. (b) [001] views of the crystal structure. Violet polyhedra,
green tetrahedra, and the black box represent the Tb—O cage, PO,
groups, and the unit cell boundary, respectively. Crystal structures
generated using VESTA.*®

with pressure.”*35 Moreover, the Raman-active phonon
modes observed do not necessarily reflect the RE® local
environment, which is what changes dramatically during the
xenotime—monazite phase transformation. The RE** local
environment can be probed using certain synchrotron X-ray
techniques (e.g., single-crystal diffraction and inelastic
scattering); however, synchrotron beamtime access is limited.

Given the well-known photoluminescent behavior of RE**
ions, which are intrinsic to (or easily doped into) REPO,s,***’
photoluminescence (PL) spectroscopy is a potentially
promising technique for characterizing the xenotime—monazite
transformation due to the high sensitivity of RE** PL to its
symmetry and local site bonding environment.”® Most PL of
RE*" ions stems from transitions between 4f configurational
states, which are sensitive to changes in the local environment.
Local environmental changes can cause differences in the
number of peaks and transition strength in PL spectra.’” In the
case of xenotime REPO,s, Losch et al. discovered PL from
Eu®* dopants changed in the presence of non-xenotime REPO,
phases in the host.”” Losch et al. attribute those PL changes to
the impurity phases yielding different Eu* site symmetries. In
addition, Yang et al. reported ambient-pressure PL emission
spectra of TbPO, 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).*' 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 RE** PL to the local environment has also been observed at
HP by Runowski et al, who performed in situ DAC PL
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Figure 2. Dieke diagram showing the 4f intraconfigurational energy
levels of Tb*. 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, respec-
tively. Adapted from ref 42. Copyright 2019 IOP Publishing.

spectroscopy on an up-converting composition, YPO, doped
with Yb** and Tm*.'® Runowski et al. noted PL band
centroids and band intensity ratios (BIRs) exhibit continuous
changes during loading and discontinuities at pressures
consistent with the xenotime—monazite transformation of
YPO,. In addition to probing the RE*" local environment, PL
provides a signal stronger than that of RS and greater
accessibility than synchrotron X-ray techniques.*’

This in situ DAC PL spectroscopy study exploits the PL of
intrinsic Tb** ions in TbPO, to detect the pressure-induced
xenotime—monazite transformation. TbPO, is the REPO,
chosen for this study, as it undergoes the pressure-induced
xenotime—monazite transformation and has visible PL under
ultraviolet (UV) excitation. Unlike the study by Runowski et
al,'® this work involves direct excitation rather than up-
conversion and requires no dopants to generate visible PL.
Furthermore, the findings of this HP study are particularly
valuable as the direct excitation PL of TbPO,, or of any other
xenotime REPO,, has been reported only at ambient
pressure.”"* Irreversible pressure-induced changes observed
in PL spectra may also serve as indicators of stress history,
which may be advantageous in potential CMC fiber coating
applications.

https://doi.org/10.1021/acs.jpclett.4c00196
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Figure 3. Pressure evolution of PL spectra from (a) experiment 1 and (b) experiment 2. Both experiments show pressures above P, as well as the
spectrum of the recovered sample (at 1 atm). Numbers in parentheses after the pressure values represent the standard deviation in the last digit of
the pressure. Dashed lines are visual guides for the peaks emerging at HP.

Each TbPO, PL spectrum contains four bands representing
4f intraconfigurational transitions of Tb** (°D, — F4, °D, —
’Fs, °D, — 'F,, and °D, — "F;) as shown in Figure 2.** Stark
splitting (~10> cm™") of the energy levels involved in these
transitions is induced primarily by crystal field effects and
causes each band to consist of multiple peaks.’”** For the sake
of simplicity in the text, the PL bands generated by the *D, —
"Fg, D, — Fs, D, — "F,, and ’D, — ’F; emissions are
denoted as bands 1—4, respectively.

Five DAC experiments [named experiments 1—5 (Exp. 1—
Exp. S, respectively)] were conducted at room temperature,
and they all involved a phase-pure xenotime TbPO, powder
sample, a ruby pressure calibrant,*® a 16:3:1 methanol/
ethanol/water (MEW) pressure-transmitting medium, and
301 stainless steel gaskets. Exp. 4 and Exp. S are limited to
pressures below the xenotime—monazite P, while Exp. 1,
Exp. 2, and Exp. 3 include P,,,. In addition, Exp. 3 and Exp. 4
do not include PL spectra of the recovered sample (upon
returning to 1 atm), while Exp. 1, Exp. 2, and Exp. S do. In
each experiment, a 375 nm pulsed laser (290 W/cm” average
intensity) is used to excite the sample through a 10X objective
lens via the 'Fg — °Dj 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 about sample synthesis,
phase purity verification, and experimental details, including
the DAC configuration and PL measurements, are provided in
the Supporting Information. In addition, the number in
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parentheses after a pressure value represents the standard
deviation of the last digit of the pressure.

Figure 3 shows that an increase in 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.'®***” The intensity loss is likely attributable to
pressure-induced increases in electron—phonon coupling,
phonon energy, and modified selection rules.'”*” 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 panels a and b of
Figure 3. However, some broadening is reversed upon pressure
release as revealed by the full width at half-maximum
(FHWM) values of band 4 (see Figure SI.3). The partial
reversibility of the PL fwhm is likely attributable to residual
strain, distortion, and defects as well as metastable monazite
remaining in the sample after decompression. The intensity
increases upon pressure release; however, the intensity is not
systematically 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 below. Across three separate
experiments, PL peaks newly emerge or grow at pressures near
the XRD-based xenotime—monazite P, of 8.7(6) GPa (as
shown in panels a and b of Figure 3).>" Such peaks are located
in band 1 at ~500 nm, in band 2 at ~535 and ~555 nm, and in

https://doi.org/10.1021/acs.jpclett.4c00196
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Figure 4. Pressure evolution of selected TbPO, PL band metrics compiled from all experiments. Olive, blue, and gray rectangles represent pressure
ranges corresponding to the PL-based onset of structural distortion, the hydrostatic limit of MEW, and the xenotime—monazite phase coexistence
range (as reported by Lopez-Solano et al.),* respectively. Empty symbols represent data from the 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.

band 3 at ~580 and ~590 nm. The presence of additional
peaks suggests the local environment loses symmetry, which is
consistent with the Tb>" point group change (D,; — C,)
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 TbPO, reported by Yang et
al*' The shapes 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 an XRD-based xenotime—monazite
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P, Of 8.7(6) GPa strongly indicate that the PL of Tb*
reveals the xenotime—monazite phase transformation in
TbPO,. PL spectra from Exp. 3, as shown in Figure SI4,
also included pressures above P, and yielded findings
consistent with those of Exp. 1 and Exp. 2. PL spectra from
Exp. 4 and Exp. S (see Figures SLS and SL6) did not exceed
P, : but did show the red-shift, broadening, and intensity loss
observed in Exp. 1 and Exp. 2 below P, .. Exp. 5 also shows
residual broadening in the recovered sample, which is
consistent with Exp. 1 and Exp. 2, and indicates residual
broadening is not caused exclusively by phase transformation.

https://doi.org/10.1021/acs.jpclett.4c00196
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Figure 5. Initial and recovered TbPO, PL spectra overlaid for
comparison from Exp. 1, Exp. 2, and Exp. S. Sections of the spectra
that most clearly indicate a history of phase transformation are

highlighted in green.

Figure 4 shows the pressure dependence of selected PL band
metrics, which appear to be early 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 TbPO, xenotime—monazite coexistence
range during phase transformation [8.7(6)—13.7(10) GPa].”’
The pressure dependencies of other PL band metrics with
weaker changes around P, are included in Figures SI.7 and
SI.8.

Figure 4a 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
XRD-based P, 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 P,,4). The blue-shift may be understood
as a weakening of the crystal field due to the Tb—O bond
reconfiguration during the xenotime—monazite phase trans-
formation. Figure 4a 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 like the band 2 centroid in the
aforementioned ways and is shown in Figure SL7b. Band
centroid hysteresis suggests some irreversible pressure-induced
changes (i.e., material stress history) can be detected using PL
band metrics.

Panels b—d of Figure 4 show the pressure dependence of
selected BIRs. Similar to the band 2 centroid, these BIRs
exhibit clear trend changes prior to P, and at P, 4. Figure 4b
shows the 2:1 BIR decreases until ~8 GPa, starts increasing
steeply, and then appears to stabilize or slightly decrease at
P..q Figure 4c shows nearly identical behavior at the 2:3 BIR.
Figure 4d shows that 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
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occurs at a slightly lower pressure of ~7.5 GPa. Across all three
BIRs, the pressure range in which the first trend change occurs
(ie., the inferred PL-based onset of distortion shown as an
olive rectangle) is always statistically significantly lower than
the hydrostatic limit and coincides with XRD-based P .
Figure 4 also shows that the inferred PL-based onset of
distortion varies between band metrics. Such variation between
band metrics is also observed during the xenotime—monazite
transformation of YPO,:Yb*, Tm*" and is likely caused by
variation in the symmetry sensitivity of the emissions
involved.'®> When considering the data points from the
recovered samples, the 2:3 BIR (Figure 4c) appears to have a
larger residual hysteresis than the 2:1 and 3:4 BIRs (Figure
4b,d). In addition, the 3:1 BIR shown in Figure SL8a 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 S overlays initial and recovered TbPO, PL spectra
from Exp. 1, Exp. 2, and Exp. 5, showing pressure-induced PL
changes are more reversible in the absence of phase
transformation (Exp. S). When phase transformation does
not occur (Exp. 5), residual broadening is still present in the
recovered spectrum, indicating pressure-induced strain/dis-
tortion and defect generation are not fully reversible. When
phase transformation occurs (Exp. 1 and Exp. 2), the recovered
spectra show residual broadening as well as additional peaks
(peaks that appeared only after P,,.,). The clearest indicators
of the phase transformation history in Figure 5 are the sections
of bands 2 and 3 highlighted in green. While insight into strain
and phase memory can be deduced from synchrotron XRD or
RS, PL contains complementary information about the
material phase and unique electronic and chemical informa-
tion, including the RE®" coordination environment, RE*'—
RE’" energy transfer pathways, local bonding, and redox state.
In addition, PL contains information about any potential
heterogeneity in these properties via spectral broadening and
lifetime that may occur due to hysteretic effects throughout
phase transformations. Moreover, circularly polarized PL could
offer magnetic information for other RE** ions with unpaired
spins.

In conclusion, this study demonstrates that the pressure-
induced xenotime—monazite phase transformation of TbPO,
can be probed using direct excitation PL spectroscopy. Under
UV excitation, the intrinsic Tb®" ions generate four PL
emission bands in the visible range, and these bands shift and
broaden with pressure. Qualitative analysis of the PL spectra
shows additional peaks emerging at HP, which is consistent
with the Tb* site symmetry loss during transformation.
Quantitative analysis shows the band 2 centroid and the 2:1,
2:3, and 3:4 BIRs undergo clear trend changes at pressures
coinciding with XRD-based P, and P4 The close
agreement between the inferred PL-based P, and the
XRD-based P, shows changes in the RE*" crystal field, as
observed via 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 a potential gauge of the stress history of
the sample. Given the ease of RE substitution in REPO,s and
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other materials, the analysis of RE** PL in this work can
potentially be extended beyond TbPO, to other RE-containing
oxide compounds (e.g,, REXO,s where X = V, As, W, Nb, or
Mo).
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