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Abstract: We report a joint high-pressure experimental and theoretical study of the structural,
vibrational, and photoluminescent properties of pure and Eu**-doped cubic Y,03 nanoparticles with
two very different average particle sizes. We compare the results of synchrotron X-ray diffraction,
Raman scattering, and photoluminescence measurements in nanoparticles with ab initio density-
functional simulations in bulk material with the aim to understand the influence of the average
particle size on the properties of pure and doped Y,0O3 nanoparticles under compression. We observe
that the high-pressure phase behavior of Y,03 nanoparticles depends on the average particle size, but
in a different way to that previously reported. Nanoparticles with an average particle size of ~37 nm
show the same pressure-induced phase transition sequence on upstroke and downstroke as the
bulk sample; however, nanoparticles with an average particle size of ~6 nm undergo an irreversible
pressure-induced amorphization above 16 GPa that is completed above 24 GPa. On downstroke,
6 nm nanoparticles likely consist of an amorphous phase.

Keywords: high-pressure; nanoparticles; Eu-doped; yttrium oxide; pressure; induced amorphization

1. Introduction

The search for continuous technological innovation means that many efforts are
directed toward the development and in-depth understanding of the properties of new
functional materials. In this respect, lanthanide sesquioxides with formula Ln,O3 (Ln = La
to Lu, Y, and Sc) have stood out for their unique and interesting properties, especially when
thinking about optical, catalytic, and electronic applications. Among Ln,O3 compounds,
yttrium oxide (Y,Os3) has garnered significant attention in scientific and technological circles
owing to its non-toxicity, biocompatibility, and natural abundance. This interest scales
when Y03 nanoparticles are doped with other rare-earth (RE) elements, such as Tm, Er,
and Eu, since RE-doped Y,0j3 is considered an excellent optical material for IR windows,
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phosphors, and solid-state lasers due to its high melting point, hardness, chemical stability,
and good optical properties [1]. Y203 stands out not only for its distinctive properties
among LnyO3 compounds but also for its notable ease and stability in accommodating
the doping of various RE atoms [2]. This characteristic makes Y,O3 a potential candidate
for red emitters for solid-state lighting applications, bio imaging, and anti-counterfeiting
technologies [2].

The intrigue stems from pronounced and well-defined electronic transitions linked to
electrons at the 4f levels of RE trivalent ions nestled within the Y,Oj lattice. These transi-
tions give rise to robust and enduring emissions in specific regions of the electromagnetic
spectrum, critical for diverse optoelectronic applications, including high-density optical
storage and electroluminescent devices. In the context of Eu®* -doped Y,03 (Y,03:Eu3*), the
morphology, particle size, crystalline structure, and dopant concentration directly influence
its luminescent properties [3-9].

The ground state configuration of Ln atoms in RE sesquioxides (RE-SOs) is predom-
inantly Ln%*, with the notable exceptions of Ce and Tb. While Ce typically exhibits the
tetravalent Ce** state, Tb deviates from the common Ln3* configuration and naturally
appears as Tb;O7, presenting Tb atoms in both 3+ and 4+ valence states [10,11]. It is worth
noting that Pr is another rare case, exhibiting a mixed 3+/4+ oxidation state in oxides [12].
Under ambient conditions, RE-5Os exhibit mainly three structural modifications named
C-type (space group (5.G.) Ia-3, No. 206, Z = 16), B-type (S.G. C2/m, No. 12, Z = 6), and
A-type (S.G. P3m1, No. 164, Z = 1). The cubic phase has a bixbyite structure that contains
16 formula units of Ln,O3 with T,” symmetry and the resulting structure (with 32 Ln3*
ions) has 24 Ln3* ions on sites with C, symmetry and 8 Ln3* ions on sites with Cs; (or Sg)
symmetry [13,14]. The monoclinic phase contains six formula units of LnyO3 with Cy,>
symmetry and the resulting structure (with 12 Ln%* ions) has the 12 Ln3* ions on three
different 4i sites with Cs symmetry [15]. Finally, the trigonal A-type phase contains only
one formula unit of LnyO3 with D3q® symmetry and the resulting structure (with two Ln®*
ions) has the two Ln3* ions on 2d sites with Cs, symmetry [16].

As nanostructures, these RE-SOs emerge as promising materials, thanks to the increase
in the surface area and the effects of quantum confinement [17]. The nanosized versions of
these RE-SOs exhibit considerable potential across a diverse array of applications. These
applications include, but are not limited to, fuel cells, solid-state light-emitting devices,
luminescent probes in immunoassays, chemical —mechanical polishing (CMP), ultra-fine
polishing, catalytic converters, catalysis, high-efficiency luminescent materials (for flat
panel displays, plasma displays), red powder activation of color TV, sintering aids, RE
magnets, control rod material for fast breeder reactors, and more [17]. Although some
studies have focused on investigating the properties of Y,03:Eu* nanoparticles, there is
still a scarcity of systematic works that integrate both experimental and theoretical results,
enabling a more detailed understanding of the effects of pressure on their properties.

In a previous work, we characterized at room pressure the structural, vibrational,
and photoluminescent properties of pure and Eu**-doped (1 at. wt%) Y,O3 nanoparticles
with different sizes [18]. Now, we report a joint experimental and theoretical investigation
of the structural, vibrational, and photoluminescence properties of pure and Eu3*-doped
(1 at. wt%) Y,O3 nanoparticles with two very different average sizes (6 nm and 37 nm)
at high pressure (HP) using a multi-technique approach by means of X-ray diffraction
(HP-XRD), Raman scattering (HP-RS), and photoluminescence (HP-PL) measurements.
A special emphasis is placed on understanding the influence of the average nanoparticle
size on their HP properties. For this purpose, we analyzed all our experimental results
in light of previous experimental and theoretical results for bulk and nanosized Y,Oj3 at
HP. Our measurements in pure and doped Y,O3 nanoparticles evidence that the behavior
of nanoparticles under compression depends on the average particle size. Nanoparticles
with an average particle size of ~37 nm show the same pressure-induced phase transition
(PT) sequence (C-B-A) on upstroke and (A-B) downstroke as the bulk sample [19]. This
is in contrast with what has been published in many previous works [20-25]. On the
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other hand, nanoparticles with an average particle size of ~6 nm undergo an irreversible
pressure-induced amorphization (PIA) starting above 16 GPa, with full amorphization
observed above 24 GPa.

2. Materials and Methods
2.1. Experimental Procedure

The nanocrystalline samples studied in this work were synthetized by a complex-
based precursor solution method. All details regarding the synthesis and ambient pressure
characterization procedure can be found elsewhere [18]. Briefly, Y,O3 nanoparticles, both
undoped and Eu**-doped, were synthesized using a complex-based precursor solution
method with triethanolamine (TEA) as a complexing agent. A clear solution of TEA-
complexed metal nitrate was evaporated to form a voluminous organic-based precursor
powder. This powder underwent calcination at 500 °C and 1000 °C for 2 h [18]. High-
resolution transmission electron microscopy (HRTEM) measurements were utilized to
examine the morphology and dimensions of yttria nanoparticles, both doped with Eu®*
and undoped. These nanoparticles exhibited predominantly spherical shapes. Upon
annealing at 500 °C and 1000 °C for 2 h, the average sizes were determined to be 6 nm
and 37 nm, respectively, based on measurements of over 100 particles [18]. Notably, the
size distribution showed a variation of less than +15% from the average size. These
nanoparticle samples are hereafter noted as Y,03-6 nm, Y,03:Eu’*-6 nm, Y,05-37 nm, and
Y,05:Eu?*-37 nm.

Powder angle-dispersive HP-XRD measurements were performed at room tempera-
ture at the BL04-MSPD beamline of the ALBA-CELLS synchrotron [26] using a monochro-
matic X-ray beam with A = 0.4246 A. The sample was loaded in a Merrill-Bassett-type
diamond anvil cell (DAC) with diamond culets of 400 pm in diameter together with a
16:3:1 methanol-ethanol-water mixture as a pressure-transmitting medium (PTM) [27] and
pressure was estimated from the equation of state (EoS) of copper [28]. The Dioptas soft-
ware [29] was used to integrate 2D diffraction images. Finally, structural analysis through
Rietveld and Le Bail refinements were performed using FullProf [30] and PowderCell [31]
program packages.

Unpolarized RS and PL measurements excited with a 532 nm laser with a power of less
than 10 mW were taken in backscattering geometry using a Horiba Jobin Yvon LabRAM
HR UV microspectrometer equipped with a thermoelectrically cooled multichannel charge-
coupled device detector and a 1200 grooves/mm grating that allows a spectral resolution
better than 3 cm~!. The sample was loaded in a membrane-type DAC with a 16:3:1
methanol-ethanol-water mixture and pressure was determined by the ruby luminescence
method [32]. Raman peaks were analyzed with a Voigt profile fixing the Gaussian linewidth
(2.4 cm™1) to the experimental setup resolution. In all experiments, the DAC loading was
performed taking care of avoiding sample bridging between the diamonds [33].

2.2. Simulation Details

Ab initio total-energy calculations at 0 K for the C-, B-, and A-type phases of bulk
Y,03 were performed within the Density Functional Theory (DFT) [34] framework with
the Vienna Ab-initio Simulation Package (VASP) [35,36], as already reported in ref. [19]. The
pseudopotential method and the projector augmented waves (PAW) scheme [37,38] were
used with the plane-wave basis set extended up to an energy cutoff of 520 eV. The general-
ized gradient approximation (GGA), with the Perdew—Burke-Ernzerhof parametrization
extended for solids (PBEsol) [39], was used to describe the exchange and correlation en-
ergy. The Brillouin zones of these structures were sampled with dense Monkhorst-Pack
meshes [40] of special k-points (6 x 6 x 6 for the C-type phase, 7 x 7 x 3 for the B-type
phase, and 6 x 6 X 6 for the A-type phase, using the primitive cell). This method ensures
a high convergence of 1-2 meV per formula unit in the total energy and an accurate cal-
culation of the forces on atoms. For each of the studied phases, the structures were fully
relaxed to the optimized configuration, at sets of selected volumes, through the calculation
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of the forces on atoms and the stress tensor. Two optimization criteria were used: (i) forces
on the atoms should be lower than 0.005 eV /A and (ii) deviations of the stress tensor from
the diagonal hydrostatic form should be lower than 0.1 GPa. The direct-force constant
approach [41] was used to obtain lattice-dynamical properties, frequency, and symmetry of
the phonon modes at the I' point of the Brillouin zone.

3. Results and Discussion

As previously commented, the nanoparticles studied in this work at high pressure
were fully characterized at room pressure in a previous work, where a comparison of
the structural, vibrational, and photoluminescent properties of the pure and Eu*-doped
Y;03 nanoparticles was reported [18]. In that work, photoluminescent properties were
compared only for doped nanocrystals, while structural and vibrational properties were
compared among all doped and undoped nanocrystals. Structural properties showed
no difference between pure and doped nanocrystals of the same average size; however,
vibrational properties of pure and doped nanocrystals of the same average size were clearly
different (see Figure S1). Our pure Y,O3 nanoparticles of 37 nm and 6 nm have similar
RS spectra to those already reported for bulk Y,0O3 [13,42-46], and nanocrystalline Y,O03
samples [20,25,47-49], presenting only a significant difference related to the width of the
peaks. The RS spectra are dominated by an intense peak around 377 cm~! and eight less
intense peaks, consistent with the spectra presented by other studies. On the other hand,
Eu3+—doped Y703 nanoparticles of 37 nm and 6 nm show different RS spectra. The RS
spectrum of the Eu®*-doped nanoparticles of 37 nm is similar to those of pure nanoparticles;
however, the RS spectrum of Eu®*-doped nanoparticles of 6 nm does not show most of
the Raman peaks of C-type Y03, except the most intense 377 cm~! peak. In addition,
the RS spectra of Eu**-doped nanoparticles present four new peaks at 429, 450, 489, and
603.6 cm~! that are not present in the undoped samples (peaks marked with asterisks
in Figure S1). They can be assigned to PL peaks of the Eu®* ion in the Y,O3 matrix. At
present, it is not fully clear whether they correspond to the °Dy-’F5 transition of Eu®* ions
that appears at similar frequencies [18,50-52]. In any case, similar RS spectra have been
measured in Y,03:Eu®* nanotubes excited with 514.5 nm [22]. As a consequence of the
observation of these PL peaks, RS measurements in Eu®*-doped nanoparticles do not show
most of the Raman-active modes expected for cubic Y03 and its study can be confusing
(see Figures S2 and S3). Consequently, we will show in the following HP-XRD and HP-RS
measurements for pure nanoparticles and HP-PL measurements for doped nanoparticles
in order to characterize the structural, vibrational, and photoluminescent properties of the
yttria nanocrystals.

3.1. Y,03-37 nm and Y,03:Eu3+-37 nm Nanocrystals

In order to undertake the structural characterization of the Y,03-37 nm nanocrystals,
we performed synchrotron-based HP-XRD measurements (Figure 1). A comparison of
Figure 1a,b with HP-XRD measurements of the bulk Y,O3 [19] evidences a very similar
behavior of Y,03-37 nm and Y,O3-Bulk samples. As pressure increases the peaks of the
C-type phase in Y,03-37 nm tend to displace to higher angles, indicating a decrease in the
unit-cell volume. Above 13.3 GPa, the peaks related to the C-type phase start to broaden
and loose intensity, while new peaks appear at ~8.9° (13.3 GPa) and 7.8° (15.2 GPa) (see
orange arrows in Figure 1a). As in Y,O3-Bulk, these new peaks can be respectively related
to planes (402) and (111) of the B-type Y,Oj or to planes (101) and (100) of the A-type Y,03.
Additionally, a small peak appears at 18.5 GPa at ~8.4° that corresponds to the diffraction
of the (401) plane of the B-type phase. The main peak of the cubic phase disappears in
Y,03-37 nm above 21.6 GPa in good agreement with the Y,O3-Bulk that disappears above
22 GPa. Furthermore, at 25.2 GPa we observed a broad peak at ~13.6° which may contain
a contribution that can be related to the A-type Y,O3 (003) plane. Thus, as mentioned
for Y,03-Bulk, the peaks that appear at 13.3, 15.2, and 18.5 GPa may initially belong to
the B-type phase, indicating a mixture between the B- and C-type phases. At even higher
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pressures there is a PT to the A-type phase in Y,03-37 nm as in Y;O3-Bulk [19]. These
results regarding the pressure-induced C-B-A PT sequence in Y,03-37 nm on increasing
pressure are further confirmed by our RS measurements (later commented).
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Figure 1. Room-temperature XRD patterns of Y,03-37 nm at selected pressures on (a) upstroke
and (b) downstroke. The orange arrows presented in (a) show the new peaks that appear with the
pressure increase. Black, red and blue symbols in figure (a,b) are the position of the diffraction peaks
of the C-, A-, and B-type phases, respectively, according to the data obtained from our theoretical
calculation. (c) Pressure dependence of the experimental (Y,O3-37 nm, black symbols) and theoretical
(red line) unit-cell volume per formula unit of the cubic phase on upstroke.

As regards downstroke, a clear A-B PT occurs already at 16.6 GPa on decreasing
pressure with the appearance of new diffraction peaks that remain in the recovered sample
at 0.2 GPa. In particular, new diffraction peaks appear near 7.2°, 11.2°, and 13.2° at
16.6 GPa that clearly correspond to the B-type phase. Therefore, we can also conclude that
Y»03-37 nm behaves as in Y,O3-Bulk on decreasing pressure.

The quality of the HP diffractograms only allowed us to perform Le Bail refinements
up to 12 GPa for the cubic phase of Y,0O3. Above this pressure, diffractograms are not
sufficiently defined to obtain a reliable refinement. As for the bulk sample, we have
observed a good agreement between the experimental and theoretical (bulk) pressure
dependence of the unit-cell volume (see Figure 1c). The 3'd-order BM-EOoS fit for Y,Os-
37 nm results in V/Z = 74.82(5) A3, By = 144(7) GPa, and Bj, = 3(1). The modified BM-EOS
fit also resulted in an axial compressibility of k, = 2.5(5) x 1073 GPa~! (Table 1). The By
value compares well with previous reported values in nanotubes (131-145 GPa) [22,23,25].
As can be seen in Table 1, these values are very similar to those obtained for both the bulk
sample and the theoretical calculation, indicating that Y,03-37 nm nanocrystals have a
similar behavior as the bulk sample at HP [19]. These results support the conclusions of the
study of Wang et al. that observed a bulk behavior In nanoparticles up to 21 nm [20].

Figure 2a shows the RS spectra of pure Y,03-37 nm at selected pressures up to 29.5 GPa.
In the RS spectrum of Y,03-37 nm we have been able to follow the same nine Raman-active
modes already observed in C-type bulk Y,0O3 and with a similar pressure dependence as
in bulk Y,0Os3 [19] (Figure 2c). The good agreement between experimental and theoretical
results could be confirmed by the mode of the cubic phase initially at 392.7 cm ™! that is
not detected at low pressures but that is well observed above 6 GPa (Figure 2a). Based
on its pressure evolution, we believe that this peak can be identified as the F,'° mode
(see Table 2) of the C-type phase and that, at low pressure, was overlaid by the most
intense peak (initially at 377.2 cm~!). Table 2 summarizes the zero-pressure frequencies
and their pressure coefficients for the experimental Raman-active modes of the Y,03-37 nm
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sample. The experimental results for the Y,03-37 nm sample are in good agreement with
the theoretical results for bulk Y,03, which allows us to make a direct comparison between
the two results with a relatively high degree of confidence.
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Figure 2. (a) Room-temperature Raman spectra of Y,03-37 nm at selected pressures on upstroke.
(b) Details of the measurements carried out between 14.4 GPa and 22.0 GPa (on upstroke), where it
is possible to detect five new peaks indicated by blue arrows. Dashed blue arrows indicate the last
pressure that two of these peaks are observed. (c) Pressure dependence of the Raman-active modes
of Y»03-37 nm on upstroke. Black, blue, and red symbols and lines represent the experimental and
theoretical data for the C-, B-, and A-type phases, respectively.
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Table 2. Experimental (Y,03-37 nm and Y,03-6 nm) and DFT-PBEsol theoretical zero-pressure
wavenumbers (in cm~1!) and linear pressure coefficients (in cm™~!/GPa) of Raman-active modes of
the C-type Y,0Os3. The experimental values of Sharma et al. [17] have been also added for comparison.

Experimental Theoretical Sharma et al.
Symmetry 37 nm 6 nm
wy dw/dP wo dw/dP wo dwl/dP wy dwldP

Fg! 1297 —027 1293  —019 1257  —0.34
Fg? 1334 0.11
Al 161.8 0.93 160.2 0.80 156.1 0.74
F 178.5 0.97
E! 194.4 1.26 193.7 - 191.2 0.92
Fg 230.6 173
Fg° 2382 1.50
Fg® 316.9 244 317.8 274 3139 229 316
F’ 320.1 2.37
E,? 329.8 3.06 3293 3.18 326.8 2.81 331
FS 348.9 3.57
Ag? 356.4 231
F’ 3772 3.65 376.1 2.87 378.8 351 3813 379
E® 382.4 4.10
F 10 408.0 * 3.25 392.7 3.58
A 419.7 447
F 1! 430.4 4.4 429.1 4.01 430.1 442
Fg'? 468.9 4.95 467.7 3.98 460.3 480 4720 5.2
F'3 521.4 3.86
At 554.6 4.11
Eg* 560.0 4.30
Fol4 592.4 478 592.4 371 583.4 4.63 598.1  4.58

* This peak was observed from 6.4 GPa.

Up to 11.4 GPa, only the peaks of the cubic phase are observed, with no PT or mixture
of phases being evident. At 14.4 GPa some changes occur in the RS spectrum. Figure 2b
shows selected RS spectra between 14.4 and 22.0 GPa where new peaks related to B-
and A-type phases are observed in the upstroke and marked by blue and red arrows,
respectively. In particular, the F;! mode of the cubic phase (at ~130 cm™?) suffers a
considerable broadening and a new peak around 160 cm~! appears (see blue arrow in
Figure 2b). These two changes are followed by the appearance of two broad bands between
500 and 600 cm ™! at 16.2 GPa and a broad band without clear maxima between 200 and
350 cm~! (see blue arrows in Figure 2b). Additionally, a shoulder near 150 cm~! and
a weak peak at 420 cm~! are observed above 16.2 and 15.5 GPa, respectively (see blue
arrows in Figure 2b). These modes can be assigned to the B-type phase. Therefore, our
detailed study indicates that there is a C-B PT around 14.4 GPa (above this pressure there is
a considerable decrease in the intensity of the cubic F gm mode), with coexistence of both
cubic and monoclinic phases up to 21.9 GPa. This result contrasts with previous studies on
Y»O3 nanocrystals that showed no signal of the B-type phase on upstroke [20].

A new peak around 300 cm~! appears in the 200-350 cm~! broad band at 20.6 GPa
(see red arrow in Figure 2b). This new peak indicates that the C-B PT is followed by
the emergence of the A-type phase above this pressure. At 22.0 GPa, the four peaks
corresponding to the trigonal phase (around 168, 300, 524, and 582 cm~!) are well defined
(see red arrows in Figure 2b). As observed, the strongest peak of the cubic phase disappears
above 22.0 GPa, thus confirming that the A-type phase is the only one above that pressure.
Interestingly, four additional broad bands (around 250, 400, 690, and 770 cm 1) are observed
at 29.5 GPa. According to their frequencies, we tentatively attribute them to second-order
Raman modes of the trigonal phase that could be the A1g2 — Algl, Eg2 — Egl, Egl + Algz,
and Eg! + E¢? modes, respectively.
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Figure 3a shows the RS spectra of Y,03-37 nm nanocrystals on downstroke. At
20.0 GPa and more notably at 14.8 GPa, new peaks can be detected (see blue arrows) apart
from four peaks of the trigonal phase. The appearance of the new peaks is coincident with
the disappearance of the mode of the trigonal phase near 300 cm~! below 14.8 GPa. This
result confirms the A-B PT in Y,03-37 nm nanocrystals on downstroke. As in bulk mate-
rial [19], the B-type phase is retained at ambient conditions in the Y,03-37 nm nanocrystals
as evidenced by the large number of Raman-active modes. The observation of a large
number of Raman-active modes in recovered Y,O3-37 nm nanocrystals is in agreement
with the RS spectrum of Y,O3 nanocrystals (~70 nm) recovered from 19 GPa studied by
Dilawar et al. [47], where a broad band, corresponding to a partial amorphous sample,
and a large number of Raman modes, likely corresponding to the monoclinic phase, were
observed. However, we want to highlight that our explanation for the pressure behavior of
Y»03-37 nm nanocrystals, in which the B-type phase is recovered on downstroke, is differ-
ent from that given by Dilawar et al., who considered that the Y,03-70 nm nanocrystals
recovered from 19 GPa consisted in a mixture of the cubic and trigonal phases [47].

Y,0;3-37 nm Downstroke

Y,0;-37 nm (a) Experimental © A (b)

Downstroke

Theoretical

750 | Monoclinic C12/m1  Trigonal P-3m1
—8, —F,

29.5GPa

20.0 GPa

l 14.8 GPa

Intensity (arb. units)
Raman Shift (cm™)

10.6 GPa

3.8 GPa

M\mw

100 200 300 400 500 600 700 800
Raman Shift (cm'1)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Pressure (GPa)

Figure 3. (a) Room-temperature Raman spectra of Y,03-37 nm at selected pressures on downstroke.
Blue arrows indicate the new peaks that appear on downstroke. (b) Pressure dependence of Raman-
active modes of Y,03-37 nm observed on downstroke.

Figures 2c and 3b show the experimental pressure dependence of the Raman-active
frequencies in the Y,03-37 nm sample (symbols) compared to theoretical bulk Y,Oj3 (lines)
on upstroke and downstroke, respectively. The good comparison between the experimental
and theoretical results gives support to the suggested C-B-A PT sequence in Y,03-37 nm
nanocrystals on upstroke and has encouraged us to make a tentative assignment of the
symmetry of each peak (Tables 2—4 for the C-, A-, and B-type phases, respectively). For com-
parison purposes, we also present in Table 2 the results of 70-nm C-type Y,O3 nanoparticles
obtained by Sharma et al. [17].

Table 3. Experimental (Y,0O3-37 nm) and DFT-PBEsol theoretical wavenumbers (in cem 1) and linear
pressure coefficients (in cm~1/GPa) for the Raman-active modes of A-type Y,O3. Fits were performed
from the pressure where the peaks are observed and the value of the frequency wjygp, corresponds
to the pressure of 22 GPa.

s . Experimental Theoretical

mmetr

Y 4 W22GPa dw/dP W22GPa dwldP
Eg1 184.7 1.35 168.4 1.16
Ay 319.4 2.10 300.5 1.71
Arg? 553.1 2.27 523.7 2.00

E;? 596.7 2.27 581.6 2.42
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Table 4. Experimental (Y,03-37 nm) and DFT-PBEsol theoretical zero-pressure wavenumbers (in
cm™~1) and linear pressure coefficients (in cm~1/GPa) for the Raman-active modes of B-type Y70s3.

Experimental Theoretical
Symmetry
wo dwl/dP wy dwl/dP
B! 89.2 0.77
Ag! 114.2 0.37
B> 1333 145 130.0 1.40
Ag? 145.0 1.00
Bg® 150.3 1.01 1532 0.72
AP 1615 0.08
At 197.7 0.71
AP 226.3 2.54
Agb 282.8 1.58
Ay’ 286.7 3.33
Agd 298.8 2.53
B! 308.7 5.58
Ay’ 389.5 4.69
Bg® 407.0 3.99 404.3 3.30
Agl0 429.7 3.39
B,S 433.3 5.12
B,/ 4395 2.40 443.0 4.60
At 470.7 3.24 464.6 2.73
Ag? 505.6 3.79 499.4 4.06
Agl3 595.5 4.36
At 605.7 4.44

In summary, our HP-RS measurements in Y,03-37 nm nanocrystals do not exhibit
a noticeable slope change above 8 GPa, unlike what was observed in nanotubes [25]
and nanorods [48]. In the cubic phase, most Raman modes feature a non-linear pressure
dependence as shown by theoretical calculations for bulk Y,0O3. On the other hand, we
conclude that our HP-RS measurements support the existence of a C-B PT in Y,03-37 nm
nanocrystals above 14.4 GPa on upstroke followed by a B-A PT above 20.6 GPa, with
the C-type phase coexisting up to 22.0 GPa. On downstroke, an A-B PT occurs below
15 GPa. This PT sequence is different to those previously reported for many nanocrystals of
similar size. For instance, Wang et al. [20] observed a C-A PT in 21-nm nanocrystals, while
other authors have observed a PIA on upstroke even in nanocrystals of larger size than
ours [21,47,53]. We must stress that our interpretation of the existence of the intermediate
B-type phase prior to the appearance of the A-type phase in Y,03-37 nm nanocrystals is
supported by previous HP-RS results on Dy;03-45 nm nanocrystals and Ho,O3-60 nm
nanocrystals [54,55]. In this context, it is important to consider that both Dy, Ho, and Y have
similar ionic radii, so similar PTs and PT pressures are expected in the two compounds [17].
More precisely, HP-RS results on Dy,03-45 nm show the appearance of several bands at
14.6 GPa. Namely, a broad band around 530 cm~! that develops into two bands at higher
pressures, two bands around 200 cm ™! that develop into a single band at higher pressures,
and especially a broad band around 310 cm~! that disappears at 21.7 GPa. The existence of
this broad band around 300 cm ™! at the low-energy tail of the main peak of the cubic phase
is similar to that found in Y,03-37 nm above 16.2 GPa and clearly can be attributed to the
intermediate B-type phase, while the A-type phase in Dy;03-40 nm nanocrystals and in
Ho,03-60 nm nanocrystals appears above 19 and 15.5 GPa, respectively [54,55]. Moreover,
another broad band appears at 18.9 GPa in Y,03-37 nm, where the main peak of the cubic
phase was. This new broad band overlaps with the band near 300 cm ! and locates as a
shoulder of the two high-frequency peaks above 500 cm~!. This band also occurs in bulk
Y703 above 17.9 GPa and also can be attributed to the intermediate B-type phase.

At this point we want to comment that the observation of the C-B-A PT in Y03 seems
to be directly related to the particle size since the intermediate monoclinic phase has been



Nanomaterials 2024, 14, 721

10 of 21

observed in samples with more than 100 nm [42,56,57], while it has not been observed in
nanocrystalline samples of smaller size [20,21,47,53]. In this context, it has been claimed
that the cubic phase of nanocrystals exhibits an increased stability at HP with respect to the
bulk material [20]. Therefore, since the C-B and B-A PTs in bulk Y,Oj5 are clearly observed
around 13 and 20 GPa [19], there is no reason for not observing the C-B PT in nanocrystals
provided that the increased stability of the cubic phase in nanocrystals does not exceed
10 GPa to higher pressures. In fact, previous papers claim that the PT in nanocrystals and
nanotubes starts around 14-15 GPa [20,47], i.e., at pressures just slightly higher than those
present in the bulk material [42].

Finally, we performed a characterization of the PL properties Eu-doped Y,O3:Eu®*-
37 nm nanocrystals under compression. Figure 4 shows the HP-PL measurements on
Y,05:Eu’*-37 nm nanocrystals in the region of the 5Dy-’F; electric dipole allowed transi-
tions of Eu®* (between 600 and 640 nm) [18,53,58,59] up to 24.7 GPa. Using Voigt functions,
we could deconvolve the peaks as can be observed in the inserts of Figure 4. At ambient
pressure (left-down insert of Figure 4), the PL spectra is dominated by a peak at 611.3 nm
(Peak 1), that belongs to the C, symmetry [60] and overlaps another two less intense at
612.9 nm (Peak 2) and 614.4 nm (Peak 3). Additionally, this phase is characterized by
another peak at 631.1 nm (Peak 4). According to some published works [53,60,61], since the
5D0—7F] (J = 2) splits into five (2] + 1) peaks, one would expect a fifth peak at ~627 nm that
is not unambiguously observed at ambient conditions. As can be observed in Figure 4, all
PL peaks shift to higher wavelength with pressure increase. The red shift of the PL peaks,
more evident in Figure 5, can be related to the expansion of the f orbit of the Eu®* ion that
increases the covalence of the Eu-O bonds [58,60].
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13.9 GPa
D, 7F,
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T T
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Global Fit

T T T
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1 atm - recovered

Y,0;-37 nm

Intensity (a. u.)
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600 605 610 615 620 625
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=
f
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5D, 7F,

Intensity (a. u.)

—
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Figure 4. Room-temperature PL spectra of Y,O3:Eu®*-37 nm excited with 532 nm at selected pressures.
The top spectra correspond to the recovered sample on downstroke. The inserts are more detailed
representations of some spectra at specific pressures. The inserts also show the peaks obtained by
deconvolution of the spectra using Voigt functions.
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Figure 5. (a) Pressure dependence of the peaks related to the PL emissions originating from Y,05:Eu’*-
37 nm. Different colors and numbers are intended to differentiate between different PL bands present
in the low-pressure phase (see Table 5). All new bands appearing at HP are plotted with dark
green color and ordered with different numbers only for the high wavelength region. (b) Pressure
dependence of the PL emission intensity ratio of the group A/B in Y,O3:Eu3*.

Table 5. Wavelengths and their pressure coefficients for the 5Dy-"F, PL emission peaks of Eu3*
observed in C-type Y,03:Eu"-37 nm and Y,03:Eu®*-6 nm samples. For comparison purposes, the
data obtained by Zhang et al. [60] and Bai et al. [53] are also presented.

Zhang et al. Bai et al.
Y,05:Eu?*-37 Y,05:Eu?*-6
2P nm 2o m Bulk Bulk 20 nm
Peak Nanoparticle
Ao (nm)
Ag (o) dA/dP Ao (nm) dA/dP Ag (nm) dA/dP dA/dP dA/dP
0 (nm/GPa) 0 (nm/GPa) 0 (nm/GPa) (nm/GPa) (nm/GPa)
5Dy-"F; 600.6 0.11 (1) 600.8 0.08 (1)
0 - - 610.1 0.06 (1)
1 611.2 0.09 (1) 611.0 0.08 (1) 611.9 0.098 611.4 0.101 0.102
2 612.9 0.10 (1) 612.9 0.08 (1)
3 614.3 0.15 (2) 614.5 0.14 (2)
4 631.12 020 (1)@ 631.1 0.17 (1) 631.4 0.198 0.184
5 - - 623.6 0.14 (2)
6 - - 627.7 0.10 (1)

2 up to 13.9 GPa.

At 6.3 GPa, we can observe a peak at 600.6 nm that is attributed to the Dy-"F4
transition of Eu*. At 13.9 GPa, besides the initial four peaks, it is possible to detect four
new peaks at 615.6 nm, 625.9 nm, 630.5 nm, and 636.2 nm (olive peaks on the top-left
insert of Figure 4). As can be observed in Figure 5a, at this pressure, peak 4 also shows a
significant change in its pressure coefficient, which may indicate the beginning of the PT.
Previous studies [53,60] have suggested that the A-type structure has three main peaks in
the region of 620-640 nm. Those studies could indicate that the peaks at 625.9 nm, 630.5 nm,
and 633.9 nm belong to this phase. However, the B-type phase also shows bands in that
region (see top-right insert of Figure 4). Therefore, those peaks could also correspond to
the B-type phase. As previously stated, PL measurements are more sensitive to structural
variations than RS and XRD, which justifies the fact that we could observe the B-type phase
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at lower pressures than in previous measurements. In fact, two new peaks appear above
20 GPa, thus suggesting the PT to the A-type phase, while other peaks disappear (olive
symbols in Figure 5a). This result clearly indicates that the new peaks appearing above
13.9 GPa most likely correspond to the intermediate B-type phase, while the PT to the
A-type phase is observed above 20 GPa.

At this point, our results can be compared to those of Zhang et al. [60] who studied
bulk Y,03:Eu®* at HP and subdivided this PL region into two zones: the low-energy zone
between 600 and 620 nm (A-zone) and the high-energy zone between 620 and 640 nm
(B-zone). Our PL spectra at low pressures are similar to those reported by Zhang et al. for
bulk Y,0;5:Eu®* and clearly correspond to the cubic phase [60]. Increasing pressure, we can
see an increase in the intensity of the peaks in the B-zone concomitant with the decrease in
the peaks in the A-zone. In fact, our PL spectrum at 24.7 GPa is similar to those reported
for the trigonal phase in bulk Y,05:Eu’* above 23.5 GPa [60], which consists of three broad
bands in the B-zone (centered on 629.1 nm, 635.1 nm, and 637.8 nm) and three residual
bands related to the C-type structure in the A-zone (right-down insert of Figure 4). Here,
we can comment that, as can be observed in the right-down insert of Figure 4, we cannot fit
the residual band in the A-zone without the peak at ~610 nm. Actually, above 19.5 GPa, we
need to add this peak in order to obtain a reasonable fit. As can be observed in Figure 5a,
this peak presents a negative pressure coefficient, a common behavior in many bands at
pressures close to a PT, that reinforces our conclusion regarding the PT to the A-type phase
occurring near 20 GPa.

Returning to ambient pressure, the spectrum presents five peaks in the A-zone (cen-
tered on 609.6 nm, 611.7 nm, 614.9 nm, and 617.8 nm) and four in the B-zone (centered on
623.9 nm, 627.5 nm, 631.0 nm, and 633.5 nm—right-top insert of Figure 4). The recovered
spectrum is similar to that presented by other works, and is related to Eu®* transitions
in B-type Y03 [53,60]. In conclusion, based on all the results presented so far, we at-
tribute the changes in the PL spectra of Y,03:Eu3"-37 nm to the C-B-A PT sequence on
upstroke, and the A-B transition on downstroke in good agreement with HP-XRD and
HP-RS measurements in Y,03-37 nm.

The pressure coefficients of the fitted peaks are presented in Table 5 and are in good
agreement with the values presented by Bai et al. and Zhang et al. [53,60]. These authors
attributed the pressure-induced changes in the relative intensities of the peaks in the A- and
B-zones (A/B ratio) in bulk Y,Oj3 to the breaks in the crystalline field due to the PTs. In our
37 nm sample, the intensity of the peaks of the A-zone tends to increase when compared to
that of the peaks of the B-zone up to 6.3 GPa (see Figure 5b). From ~6.3 GPa to ~19 GPa
this trend is reversed, i.e., the intensity of the peaks of the B-zone show a relatively high
rate of growth in relation to the peaks of the A-zone. Finally, above ~19 GPa, the peaks of
the B-zone dominate the spectrum, and the A /B ratio tends to zero. This behavior can be
directly associated to the C-B-A PT sequence on upstroke. Therefore, we can conclude that
the decrease in the A/B ratio above 8 GPa is related to the progressive transition of the
C-type structure to the B-type structure observed above 14 GPa in our PL measurements.
In summary, our HP-PL measurements on Y,03:Eu®*-37 nm confirm the same PT sequence
as in pure Y,03-37 nm and in bulk Y,0O3. Therefore, our results suggest that dopants up to
1 at. wt% barely affect the stability of the Y,O3 nanocrystals at HP.

3.2. Y,03-6 nm and Y,03:Eu*-6 nm Nanocrystals

Figure 6a presents the HP-XRD measurements up to 27.1 GPa of the Y,03-6 nm
nanoparticles. All diffraction peaks followed at HP correspond to the cubic phase, thus
reinforcing the absence of unwanted contaminants. The diffraction peaks shift to higher
angles at HD, thus indicating a decrease in the lattice parameters at HP and showing a
significant broadening concomitant with an intensity decrease at HP. Due to this behavior,
we could perform Le Bail refinements with relative confidence up to 12.2 GPa. Above this
pressure, the peaks lose definition and, at pressures higher than 23.1 GPa, we can only detect
broad bands, thus indicating the PIA of the samples. This is rather different behavior under
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compression than Y,03-37 nm nanoparticles. On releasing pressure, no defined peaks
could be observed in the diffractogram, thus confirming that the PIA process is irreversible
in Y,0O3-6 nm nanoparticles (Figure 6a). A size-dependent PIA has already been observed in
a number of Y03 and Y,03:Eu®* nanoparticles, nanotubes, and nanorods [20-25,47,62,63].
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Figure 6. (a) Room-temperature XRD measurements of Y,0O3-6 nm at selected pressures on upstroke

(black lines) and downstroke (grey lines). Black symbols in figure (a) indicate the position of the

diffraction peaks of the C-type phase according to the data obtained from our theoretical calculation.

(b) Experimental (black symbols) and theoretical (red line) unit-cell volume pressure dependence of

the cubic phase of Y,03-6 nm during upstroke.

On the other hand, our interpretation of the existence of the B-type and A-type phases
in Y,0O3-6 nm samples prior to PIA is supported by the observation of the B-type phase
prior to PIA in Hop,O3-14 nm nanocrystals under compression [64]. It must be recalled that
Ho has a similar ionic radius to Y, so similar PTs and PT pressures are expected in both
compounds. In HopO3-14 nm nanocrystals, the B-type phase was found above 14.7 GPa
followed by a PIA above 21.4 GPa. Additionally, the PIA of Y,0O3 nanoparticles and other
RE oxides has already been observed [17,47]. This suggests that f-electrons could play a role
in the bonding and formation of the HP trigonal phase, as has already been suggested [65].

It must be stated that no clear signal of B- or A-type Y03 could be observed in the
HP-XRD measurements of Y,0O3-6 nm. However, HP-XRD measurements on Y,O3-6 nm
nanoparticles showed the first sign of PIA at 16.3 GPa with the appearance of a peak at 8.9°,
which later evolved into a broad band. Interestingly, the first indications of B-type Y03
were detected at a similar pressure using HP-RS measurements (see discussion below). The
simultaneous appearance of PIA in Y;0O3-6 nm and the C-B PT in bulk could logically align
with the concept that PIA is a phenomenon occurring due to the hindrance of a crystalline-
to-crystalline PT, typically at relatively low temperatures, such as room temperature [63,66].
It is difficult to identify if the recovered amorphous phase is similar to the C-type or the
B-type phase since in both phases the strongest diffraction peak is located near 8° at room
pressure [19]. However, the broad band around 8° (coincident with the three diffraction
peaks of the monoclinic phase [19]) and the absence of bands near 5.6, 9.2, 13, and 15.3°
(characteristic of the cubic phase [19]) suggest that the amorphous phase recovered at
0.4 GPa in Figure 6a could be attributed to an amorphous sample which shows ordering
similar to the local coordination typical of the B-type phase, or to an amorphous sample
showing local ordering similar to that of the B- and C-type phases but with predominance
of the B-type phase.

The experimental zero-pressure volume, Vy, bulk modulus, By, and its pressure
derivative, By/, were obtained from a 2"4-order BM-EoS to fit our P-V data (see Figure 6b)
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in the quasi-hydrostatic pressure range of the PTM (0-10 GPa). The experimental results
for the Y,03-6 nm sample were added in Table 1 for comparison with bulk and Y,03-
37 nm samples. For comparison purposes, once again we used the unit-cell volume per
formula unit. The fit of the experimental data yields Vo/Z = 74.88(7) A3 and By = 127(2)
GPa. The axial compressibility (ka = 3.3(2) X 1073 GPa~!) was obtained from a modified
BM-EoS fit [67] of the experimental data in the quasi-hydrostatic pressure range of the
PTM (0-10 GPa) and is also reported in Table 1 for comparison purposes. Compared to
bulk [19] and 37-nm nanoparticles, we observed a higher axial compressibility for the
6-nm nanoparticles, which justifies its smaller By with respect to the samples with larger
size grains. In addition, we found that 6-nm nanoparticles also have higher V values
(Table 1), which is in line with the By behavior. There are several studies showing the
dependence of By on particle size. Some of them claim that the smaller the nanoparticle
size is, the higher the By will be [68-70]. Others authors suggest that By must decrease
with the particle size [71,72]. Therefore, there is still no consensus on how By is influenced
by the particle size, new studies with different types of nanoparticles being necessary
to better understand which are the main mechanisms responsible for a higher or lesser
compressibility depending on the particle size. In any case, it seems clear that there is an
inverse relation between V( and By. Therefore, nanocrystalline samples with different Vg
than bulk must show different B.

In order to complement the structural characterization, Figure 7a presents the HP-RS
spectra of Y,03-6 nm at selected pressures up to 30.1 GPa. Similar to the Y,0O3-37 nm and
Y,03-Bulk samples [19], all peaks, except the peak initially at 129.3 cm ™!, tend to shift to
higher frequencies at HP. Above ~7 GPa, the less intense peaks start to disappear, while
the more intense peaks lose intensity and broaden. At 15.1 GPa, four peaks from the initial
phase have already disappeared and it is possible to observe a new peak at ~445 cm ™!
(black arrow in Figure 7). By comparing with the theoretical calculations, we believe that
this peak is related to an F,'° mode of C-type Y,O; that initially should be at 392.7 cm ™!
and was overlaid by the F,” mode initially at 378.8 cm!. At 16.0 GPa and 17.1 GPa, two
broad bands can be observed around 310.8 cm ! and 252 cm !, respectively (blue arrows in
Figure 7a). Both peaks disappear at 20.8 GPa and, according to our theoretical calculation,
can be related to the A vibrational modes of B-type Y,03 (see Figure 7b). This result
contrasts with the current view of pressure-induced PTs in Y,O3 nanocrystals because
the presence of B-type Y,O3 Raman-active modes during upstroke was not previously
observed in nanoparticles smaller than 16 nm, to our knowledge.

At 23.6 GPa, we could detect the formation of a broad band at 532.3 cm ! that disap-
pears at 27.6 GPa (red arrow in Figure 7a). According to our theoretical calculations, this
band can be related to the Aj, mode of A-type Y>0O3 (Figure 7b). Finally, above 28.7 GPa,
we could not detect any peak. According to the XRD results previously presented, this
behavior can be related to the complete PIA of the sample, which also is not reversible since
the recovered sample does not present any Raman peak (see grey spectra of Figure 7a). In
summary, we conclude that there is an irreversible PIA of Y,O3 nanoparticles with sizes
around 6 nm.

In this context, we must comment that our interpretation of the existence of the B-type
and A-type phases in Y,O3-6 nm samples that appear prior to complete PIA according to
HP-RS measurements is supported by the previous observation of the B-type phase prior to
PIA in Ho;03-14 nm nanocrystals under compression [64]. Note also that Ho has a similar
ionic radius to Dy and Y, so similar PTs and PT pressures are expected in these Lny,O3
compounds. In Ho,O3-14 nm nanocrystals, the B-type phase was found above 14.7 GPa
followed by a PIA above 21.4 GPa. Additionally, the PIA of Y,0O3 nanoparticles and other
RE-SOs has already been observed [17,47]. This result suggests that f-electrons could play a
role in the bonding and formation of the HP trigonal phase in RE-SOs, as has been already
suggested [65].
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Figure 7. (a) Room-temperature Raman spectra of Y,O3-6 nm at selected pressures on upstroke
(black) and downstroke (grey). The black and red spectra are related to the upstroke and downstroke
measurements, respectively. Black, blue, and red arrows indicate new peaks not observable below
13.8 GPa that can be related to the C-, B-, and A-type phases of the Y,O3. (b) Pressure dependence
of the experimental (symbols) Raman-active frequencies of Y,03-6 nm. Theoretical Raman-active
frequencies of A-, B-, and C-type bulk Y,O3 (red, blue, and black lines, respectively) are also plotted
for comparison.

It must be also stressed that PIA in the smallest nanoparticles is a common phe-
nomenon since it has been argued that decreasing the nanocrystal size leads to considerable
strains and structural distortions that result even in a mixture of crystalline and amorphous
phases at ambient conditions [63,66]. Therefore, it is not surprising that full amorphization
occurs at HP in the smallest nanoparticles since pressure can further promote the distortion
of the lattice, especially at the boundary of a PT. Unfortunately, there are not enough HP
studies on nanoparticles of RE-SOs with sizes of the order of 10 nm or less to unambigu-
ously certify PIA in all these compounds (note that previous HP studies have been mostly
performed with nanoparticles ranging from 40 to 90 nm).

Figure 7b shows the pressure dependence of the experimental and theoretical Raman-
active frequencies in Y,O3-6 nm. Up to ~16 GPa, there is a good agreement between the
experimental and theoretical results, which encouraged us to propose that the observed
modes correspond to the cubic phase (Table 2). However, above this pressure, the positions
of the peaks that can still be detected present anomalous behaviors when compared to
those expected by theoretical calculations (Figure 7b). We think that this behavior may be
related to the loss of symmetry induced by the beginning of the PIA process. Comparing
the results of Table 2 with the results presented in ref. [19], it can be observed that most
phonon frequencies of the cubic phase in bulk and nanocrystalline Y,O3 decrease as the
particle size decreases. This result agrees with the results of Beck et al. [73], who attributed
the decrease in all Raman-active frequencies of Y,Oj3 to the increase in the Y-O bond length
upon decreasing the nanocrystal size due to the increase in the lattice parameter of the
cubic phase in nanocrystals as compared to the bulk material [73,74].

Figures 8 and 9a present the PL spectra from 600 to 640 nm (°Dy-"F, transition) and
the pressure evolution of the wavelengths for the different peaks of Y,03:Eu®*-6 nm,
respectively. As for Y,03:Eu®*-37 nm, we have modelled the PL peaks of Y,03:Eu®"-6 nm
using Voigt functions. As can be observed in the left-down insert of Figure 8, the PL
spectrum at ambient pressure is composed of seven peaks. This includes the four peaks
also observed in the Y,05:Eu?*-37 nm sample; i.e., those centered at 611.0 nm (Peak 1),
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612.9 nm (Peak 2), 614.5 nm (Peak 3), and 631.1 nm (Peak 4), plus three new peaks centered
at 610.1 nm (Peak 0), 623.6 nm (Peak 5), and 627.7 nm (Peak 6). As already commented,
the peak at 627.7 nm is one of the expected peaks related to the SDy—"F, transition of
the Eu3* ion [53,60]; however, the nature of the peaks at 610.1 nm and 623.6 nm is still
unclear, requiring further investigation of the PL properties of Eu** when incorporated
into nanoparticles of different sizes (an issue that is beyond the scope of the present work).
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Figure 8. Room-temperature normalized PL spectra of Y,03:Eu’*-6 nm excited with 532 nm at
selected pressures. The top spectra correspond to the recovered sample. The inserts are more detailed
representations of some spectra at specific pressures. The inserts also show the peaks obtained by

deconvolution of the spectra using Voigt functions.
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Figure 9. (a) Pressure dependence of the wavelengths related to the PL emissions in Y,05:Eu*-6 nm.
(b) Pressure dependence of the PL emission intensity ratio of the group A/B in Y,03:Eu3*.

As pressure increases, the PL peaks tend to shift to higher wavelengths at practically
the same rate as the Y,03-37 nm sample (see Table 5). Notably, most of the PL peaks of
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the cubic phase are still observed up to 24.7 GPa but with smaller intensity than in the
Y,03-37 nm sample (right insert of Figure 8). From the initial peaks, only peaks 5 and 6
disappear at 19.5 GPa and 22.1 GPa, respectively. On downstroke from 24.7 GPa, the PL
spectrum at 1 atm shows seven peaks (left-up insert of Figure 8) as the original cubic phase;
however, one can observe significant differences between both PL spectra that indicate
that the sample does not return to the original cubic phase. This result agrees with the
irreversible PIA process observed in our HP-RS and HP-XRD measurements. It must be
noted that the PL spectrum at 1 atm in the recovered sample shows two main peaks near
611 and 615 nm, which are coincident with the most intense PL peaks of the C-type and the
B-type phases, respectively (see Figure 8). Therefore, HP-PL measurements in Y,O3-6 nm
confirm the PIA process and that the recovered sample is likely an amorphous sample
which shows some local ordering similar to the local coordination typical of B- and C-type
phases, in agreement with the results obtained from the HP-XRD measurements previously
commented.

As can be seen in Figure 9a, the pressure dependence of the PL peaks of Y,O03-6 nm
does not show significant variations in the pressure coefficients. This result is similar to that
observed in the 37 nm sample (Figure 5a). Thus, we suggest that the PL spectrum observed
at 24.7 GPa corresponds to an amorphized cubic phase. In order to reinforce this statement,
we carried out the same analysis of the ratio between the intensity of the peaks in A and
B regions. As can be seen in Figure 9b, the A/B ratio tends to decrease to ~8 GPa and
remains practically constant above that pressure. This result is completely different to that
obtained in Y,03-37 nm, where the ratio tends to 0 at HP. Therefore, the stabilization of the
A /B ratio above 8 GPa seems to evidence the PIA process followed by C-type Y,03-6 nm;
i.e., it is completely different behavior under compression with respect to Y,0O3-37 nm that
undergoes the C-B-A PT sequence. Moreover, if we assume that the change in the A/B ratio
is due to the C- to B-type PT and that the ratio tends to zero when the PT is completed, the
constant value (around 7) of the A/B ratio in 6-nm nanocrystals indicates that the C-B PT is
far from completed irrespective of the pressure applied. Finally, on decreasing pressure
the PL spectrum of Y,0O3-6 nm shows bands that are between those of C- and B-type Y,03
(see Figure 8). Therefore, our HP-PL study confirms that the recovered sample is likely
an amorphous sample which shows some local ordering similar to the local coordination
typical of the B- and C-type phases. In this regard, we must comment that the local ordering
of the amorphous sample means that Y atoms must be in an almost sixfold coordination
as most Y atoms are in the B- and C-type phases. Note that the A-type phase shows all
Y atoms with sevenfold coordination. This different average cation coordination allows
us to explain the similitudes between the XRD pattern and the RS and PL spectra of the
amorphous phase and those of the B- and C-type phases.

4. Conclusions

We have reported a joint HP experimental and theoretical study of the structural,
vibrational, and photoluminescence properties of pure and Eu**-doped C-type Y,O3
nanoparticles with two very different sizes (6 nm and 37 nm). HP-XRD, HP-RS, and
HP-PL measurements in pure and Eu**-doped Y,O3 nanoparticles have indicated that the
behavior of nanoparticles under compression depends on the average particle size. This
multi-technique approach on the same samples with different average size distributions
is the main strength of this work. Nanoparticles with an average particle size of ~37 nm
show the same pressure-induced PT sequence on upstroke and downstroke as the bulk
sample [19], unlike what has been found in many other previous works. We find it difficult
to explain why our results differ from previous ones, but it is clear that using the same
experimental conditions in a multi-technique approach is a prerequisite for a consistent
understanding of the behavior of nanoparticles under compression. On the other hand,
nanoparticles with an average particle size of ~6 nm undergo an irreversible PIA (starting
above 16 GPa and ending above 24 GPa). On downstroke from 25 GPa, 6-nm nanocrystals
show an amorphous phase that exhibits local ordering akin to the local sixfold coordination
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typical of the B- and C-type phases (perhaps with predominance of the B-type phase).
Consequently, our findings for 6 nm nanocrystals show a different behavior than bulk and
37 nm nanocrystals; i.e., the smallest nanoparticles show a PIA that is not observed in the
largest ones. This size-dependent response of Y,0O3 nanocrystals aligns with the analogous
behaviors observed in bulk and larger nanocrystals under compression, as well as the
previously noted size-dependent behavior of nanocrystals under compression.

Finally, as regards the vibrational and photoluminescent properties of yttria nanocrys-
tals at HP, we have not observed any noticeable change in the slope of the Raman fre-
quencies above 8 GPa, unlike in previous works, but we have observed a drastic change
in the PL intensity ratios above 8 GPa. We have concluded that the decrease in the PL
intensity ratio above 8 GPa in nanocrystals is not simply related to the distortion of the
YOg octahedra in C-type Y,0O3 as previously assumed. Instead, we attribute it to the
decrease in C-phase and an increase in B-phase clearly observed above 14 GPa in our PL
measurements. Moreover, the HP behavior of the intensity ratio of the PL peaks of two
zones (A and B) of the C-type phase has been found to be different in the nanoparticles
of 6 and 37 nm due to the different structural behavior of these nanoparticles at HP. In
summary, this work provides a consistent understanding of the structural, vibrational,
and photoluminescent properties of Y,O3 nanoparticles under compression with different
average particle sizes that can help in understanding the effect of pressure on the properties
of other LnyO3 nanoparticles, in particular those whose cation has a similar ionic radius
as Y, such as Tb, Dy, Ho, and Er. The different behavior under compression shown by the
nanoparticles of 6 and 37 nm clearly point to the important influence of particle size on the
structural evolution of Y,O3 under pressure. Notably, we have provided measurements
under compression in Y,0O3 nanoparticles with an average size below 10 nm which can be
a guide for future high pressure studies in nanoparticles of RE-5Os of similar size, which
have been barely addressed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano14080721/s1, Figure S1. RS measurements of bulk Y,O3 and
pure and Eu3+—d0ped Y03 nanocrystals at ambient pressure (outside the DAC). Peaks marked with
* are related to the luminescence of Eu®* ions in the Y,Oj lattice. Figure S2. (a) Room-temperature
Raman spectra of Y,03:Eu®*-37 nm at selected pressures on upstroke. The upper spectrum is related
to the recovered sample after decompression and the * indicates a peak unrelated to the initial phase.
(b) Pressure dependence of the experimental (symbols) Raman-active frequencies of Y,03:Eu’*-
37 nm on upstroke. Blue lines represent the theoretical Raman-active frequencies of bulk C-type Y,03.
Red symbols represent peaks related to the Eu?* luminescence. Figure S3. (a) Room-temperature
Raman spectra of Y,03:Eu®*-6 nm at selected pressures on upstroke. The upper spectrum is related
to the recovered sample after decompression. (b) Pressure dependence of the experimental (sym-
bols) Raman-active frequencies of Y,O3:Eu®*-6nm on upstroke. Blue lines represent the theoretical
Raman-active frequencies of bulk C-type Y,03. Red symbols represent peaks related to the Eu®*
luminescence.
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