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A B S T R A C T   

We report a joint experimental and theoretical study of the structural and vibrational properties of C-type bulk 
Y2O3 under hydrostatic compression. The combination of high-pressure X-ray diffraction and Raman scattering 
experimental measurements with ab initio theoretical calculations on bulk Y2O3 allows us to confirm the cubic (C- 
type) – monoclinic (B-type) – trigonal (A-type) phase transition sequence on the upstroke and the trigonal- 
monoclinic phase transition on the downstroke. This result reconciles with the results already found in related 
rare-earth sesquioxides of cations with similar ionic radii as Y, such as Ho2O3 and Dy2O3, and ends with the 
controversy regarding the existence of the intermediate monoclinic phase between the cubic and trigonal phases 
in pure bulk Y2O3 on the upstroke. As a byproduct, the good agreement between experimental and calculated 
results allows us to use extensive theoretical data to discuss the structural and vibrational behavior of the three 
phases of Y2O3 under compression, thus allowing a more detailed understanding of the effect of pressure on rare- 
earth sesquioxides than previous studies.   

Introduction 

The family of rare-earth (RE) sesquioxides (SOs), in particular the 
lanthanide one (Ln2O3; Ln = La to Lu, Y, and Sc), holds great potential in 
a wide range of applications, such as light emitters (lasers and improved 
phosphors), catalysts, high-dielectric constant (high-k) gates, and even 
solid-state optical quantum memories [1]. Their fundamental properties 
are linked to the Ln radius that can be finely tuned along the lanthanide 
family. Yttrium oxide (Y2O3) is a multifunctional material that has 
received a lot of attention from the scientific and technological com
munity due to its non-toxicity, bio-compatibility, and abundance in 
nature [2]. The interest is even more prominent when Y2O3 nano
particles are doped with other RE elements, such as Tm, Er, and Eu. This 
interest comes from the strong and well-defined electronic transitions, 
related to electrons at the 4f levels of RE trivalent ions embedded in the 
Y2O3 lattice. These transitions produce strong and stable emissions in 
specific regions of the electromagnetic spectrum, such as blue (Tm3+), 
green (Er+3), and red (Eu3+), that are important for several 

optoelectronic applications, such as high-density optical storage and 
electroluminescent devices. In Eu3+-doped Y2O3 (Y2O3:Eu3+), it was 
already observed that its luminescent properties are directly influenced 
by the morphology, particle size, crystalline structure and dopant con
centration. Curiously, all these properties are mainly dependent on the 
synthesis method [3-9]. 

At room conditions, RE-SOs exhibit three polymorphic modifications 
depending on the cation radius: i) a cubic bixbyite-type phase, named C- 
type (S.G. Ia3, No. 206, Z = 16), for small cations from Tb to Lu, 
including Y and Sc (Fig. 1(a)); ii) a monoclinic phase, named B-type (S. 
G. C2/m, No. 12, Z = 6), for medium-size cations from Sm to Gd (Fig. 1 
(c)); and iii) a trigonal phase, named A-type (space group (S.G) P3m1, 
No. 164, Z = 1), for large cations from La to Nd (Fig. 1(b)). At room 
conditions, the most stable Y2O3 polymorph is the cubic C-type struc
ture, but the metastable monoclinic B-type structure, is known to be 
obtained using different growth conditions: i) at high pressure (HP) and 
high temperature (HT) [10-15]; ii) under high-energy ion irradiation 
[16]; and iii) through a high-energy mechanical milling [17]. 
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As an industrial material, the knowledge of the structural stability of 
the Y2O3 polymorphs is important. In particular, a hexagonal phase (S.G. 
P63/mmc, No. 194, Z = 2) has been observed at HT [18] and both the 
monoclinic B-type phase and the trigonal A-type phase have been 
observed at HP [19]. In this context, a number of studies have investi
gated the HP properties of most RE-SOs both in bulk and nanocrystalline 
form. From those studies, recent reviews have concluded that the 
structural and vibrational properties of bulk RE-SOs are better known 
under compression than those of their nanocrystalline counterparts 
[20,21]. Regarding Y2O3, a number of HP works have studied bulk and 
nanocrystalline (pure and doped) Y2O3 under compression [10-12,22- 
48]. Notably, the published works show that the evolution of the Y2O3 
properties at HP depend on the particular characteristics of the samples 
(bulk, nanoparticles, and nanotubes) and the compression conditions. 

As regards bulk Y2O3, the structural, vibrational, and photo
luminescent properties have been extensively studied at HP [10- 
14,19,22,24,25,29-33,36,37,41-44,47-49]. Some room-temperature HP 
studies have evidenced a C-B-A sequence of phase transitions (PTs) in 
bulk Y2O3 and Y2O3:Eu3+ on the upstroke [19,22,24,25,33,47,49]; 
while other works have claimed that only the C-A pressure-induced PT is 
observed in bulk Y2O3 [22,48]. In this scenario, several HP works have 
reported X-ray diffraction (XRD) and photoluminescence (PL) mea
surements in bulk Y2O3 and Y2O3:Eu3+ showing contradictory results 
regarding the pressure-induced PTs on the upstroke. Curiously, the only 
HP work reporting HP-Raman scattering (RS) measurements in bulk 
Y2O3 claimed the C-B-A PT sequence [19]. However, no comparison of 
the experimentally observed Raman frequencies and pressure co
efficients with lattice-dynamics theoretical calculations was reported in 

that work to give support to the assignments of the different Raman- 
active modes of bulk Y2O3 in any of the different phases observed at 
HP. In this context, we want to stress that the comparison between 
experimental and theoretical results on vibrational properties at HP can 
help identify the different vibrational modes of the different HP phases 
and provide an alternative way to identify the Y2O3 polymorphs, as 
already proved in a number of compounds [50-53]. Additionally, 
experimental and theoretical results on Y2O3 under compression can 
complement the experimental studies already performed on bulk Y2O3 
at room pressure [54-59], as well as the theoretical calculations on the 
properties of bulk Y2O3 that have been already reported [60-66]. In 
summary, there is a scarcity of HP-RS studies in bulk Y2O3, no HP-RS 
studies have been compared to theoretical calculations, there is no 
study on bulk Y2O3 comparing HP-XRD and HP-RS measurements on the 
same sample, and there is a controversy regarding the pressure-induced 
PT sequence on the upstroke; i.e. whether the intermediate B-type phase 
occurs or not. 

In order to solve the still ongoing controversies on the behavior of 
bulk Y2O3 under compression and complement previous studies, we 
have performed a joint experimental and theoretical work in which HP- 
XRD and HP-RS measurements on the same sample of bulk Y2O3, the two 
most powerful techniques to identify phases at HP, have been contrasted 
to state-of-the-art theoretical ab initio calculations [53,63]. We will show 
that the results of the structural and vibrational properties of bulk Y2O3 
confirm the C-B-A PT sequence on bulk Y2O3 on upstroke and the A-B PT 
sequence on downstroke. This result is in good agreement with what has 
been observed in RE-SOs of cations with similar ionic radius to Y, like 
Ho2O3 and Dy2O3, and ends with the controversy regarding whether the 

Fig. 1. Crystal structure and Y-O bond distance of the (a) cubic (Ia 3 SG 206, C-type), (b) trigonal (P 3 m1, SG 164, A-type) and (c) monoclinic (C12/m1, SG 12, B- 
type) Y2O3. (d) Theoretical calculation of the enthalpy difference as a function of pressure for the cubic, trigonal, and monoclinic phases of Y2O3. Enthalpy of the 
cubic phase is taken as reference. 
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intermediate B-type structure is observed in bulk Y2O3 between the C- 
and A-type structures at HP. On the other hand, our HP-RS measure
ments provide a much better characterization of the vibrational prop
erties of bulk Y2O3 under compression in the three observed phases than 
the only work reported to date [19]. Moreover, we provide theoretical 
ab initio calculations that are compared to our experimental measure
ments. We will show that the good agreement between experimental and 
calculated results for bulk Y2O3 has allowed us to provide: i) a detailed 
discussion of the structural behavior of the three phases under 
compression (unit-cell volumes, lattice parameters, free atomic param
eters, Y-O bond distances, and polyhedral distortion indices); and ii) a 
detailed assignment of the symmetry of the Raman-active modes of the 
C-, B-, and A-type phases of Y2O3. In particular, we have confirmed the 
Fg nature of the most intense Raman-active mode in C-type Y2O3. 

Experimental methods 

Bulk Y2O3 samples studied in this work were commercial poly
crystalline powders of Sigma-Aldrich with purity of 99.99% and with no 
additional treatment. Powder angle-dispersive HP-XRD measurements 
were performed at room temperature at the I15 beamline of DIAMOND 
Light Source and the BL04-MSPD beamline [67] of the ALBA synchro
tron. In both cases a monochromatic X-ray beam with λ = 0.4246 Å was 
used. The sample was loaded with a 16:3:1 methanol-ethanol–water 
mixture as a pressure-transmitting medium (PTM) in a LeToulec-type 
diamond anvil cell (DAC) with diamond culets of 400 μm in diameter 
[68]. The pressure was determined by the equation of state (EoS) of 
copper [69]. Integration of 2D diffraction images was performed with 
Dioptas software [70] while structural analysis was performed by Le Bail 
refinements using FullProf [71] and PowderCell [72] program packages. 

Unpolarized RS measurements were performed with the Horiba 
Jobin Yvon LabRAM HR UV microspectrometer equipped with a ther
moelectrically cooled multichannel charge-coupled device detector and 
a 1200 grooves/mm grating that allows a spectral resolution better than 
3 cm− 1. The signal was collected in backscattering geometry exciting 
with a 532 nm laser with a power of less than 10 mW. The sample was 
loaded with a 16:3:1 methanol-ethanol–water mixture in a membrane- 
type DAC and pressure was determined by the ruby luminescence 
method [73]. Phonons were analyzed by fitting Raman peaks with a 
Voigt profile fixing the Gaussian linewidth (2.4 cm− 1) to the experi
mental setup resolution. In all experiments, the DAC loading was per
formed taking care of avoiding sample bridging between the diamonds 
[74]. 

Simulations details 

Ab initio total-energy calculations at 0 K for the C-, B-, and A-type 
phases of bulk Y2O3 have been performed within the Density Functional 
Theory (DFT) [75] framework with the Vienna Ab-initio Simulation 
Package (VASP) [76,77]. The pseudopotential method and the projector 
augmented waves (PAW) scheme [78,79] were employed with the 
plane-wave basis set extended up to an energy cutoff of 520 eV. This 
cutoff energy ensures a very good convergence of the energy difference 
and the isotropic pressure (Fig. S1 in the Supplementary Information 
(SI)). The generalized gradient approximation (GGA), with the Perdew- 
Burke-Ernzerhof parametrization extended for solids (PBEsol) [80], was 
used to describe the exchange and correlation energy. The Brillouin 
zones of these structures were sampled with dense Monkhorst − Pack 
meshes [81] of special k-points (6 × 6 × 6 for the C-type phase, 7 × 7 × 3 
for the B-type phase, and 6x6x6 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 calculation 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 of the forces on atoms and the stress tensor. The optimization 
criteria were to obtain forces on the atoms smaller than 0.005 eV/Å and 

deviations of the stress tensor from the diagonal hydrostatic form 
shortest than 0.1 GPa. The main structural parameters obtained by our 
theoretical calculations for the three phases of Y2O3 at selected pressures 
are given in the SI. Lattice-dynamical properties, frequency, and sym
metry of the phonon modes were obtained at the Γ point of the Brillouin 
zone using the direct-force constant approach [82]. 

Results and discussion 

Structural study of bulk Y2O3 under compression 

In order to perform a structural analysis of bulk Y2O3 we carried out 
HP-XRD measurements up to 25.9 GPa (Fig. 2(a)). The two most intense 
peaks initially at ~ 11.8◦ and ~ 13.4◦ are related to the Cu intentionally 
placed in the pressure chamber to be used as a pressure sensor and were 
removed from Fig. 2 in order to facilitate the visualization of the Y2O3 
peaks. Clearly, the Y2O3 peaks at low pressures correspond to C-type 
Y2O3 (see pattern of 0.4 GPa in Fig. S2 in the SI) and shift to higher 
angles and increase in linewidth as pressure increases. This result in
dicates a normal pressure-induced decrease of the interplanar distances 
in bulk C-type Y2O3. At 12.7 GPa, the intensity of the peaks corre
sponding to the cubic phase begins to decrease and, at 14.5 GPa, a new 
peak at ~ 8.7◦ unrelated to the initial phase (see orange arrow in Fig. 2 
(a)) is detected. This peak is consistent with both the (402) and (101)
peaks of the B- and A-type phases, respectively, since they are among the 
strongest peaks of both phases (see comparison of the simulated XRD 
patterns of the C-, B-, and A-phases near 18 GPa in Fig. S2). Moreover, 
another new peak can be detected at ~ 17.0 GPa below 8◦ (see orange 
arrow in Fig. 2(a)), thus confirming the PT to either the B- or A-type 
phase since this is the third of the four strongest peaks in both phases 
(see Fig. 2(b)). The above PT pressures and the phase coexistence of B 
and A phases is consistent with previous HP-XRD measurements in bulk 
Y2O3 [24,25]. We will see latter that the appearance of these two peaks 
near 14.5 and 17 GPa are also consistent with the onset of the C-B and B- 
A PTs above 13 and 16 GPa as proved by our HP-RS measurements and 
lattice-dynamics calculations. 

On downstroke from 25.7 GPa (Fig. 2(b)), the peaks related to the A- 
type phase lose intensity and it is possible to observe new peaks that 
correspond to the B-type phase at 10.2 GPa. The intensity of these peaks 
increases as pressure decreases and the XRD pattern is clearly dominated 
by peaks of the B-type phase at the lowest pressure. Note that the main 
peak of the A-type phase near 9◦ loses intensity and transforms into a 
peak of the B-type phase with similar intensity to the two peaks at lower 
angles. It is difficult to clearly assign the pressure at which the B-A 
transition occurs since many peaks observed above 12.7 GPa are com
mon to both the B- and A-type phases and overlap with those of the C- 
type phase persisting up to 22.9 GPa. Also regarding this observation, it 
must be noted that the similarity of the XRD patterns of the B- and A-type 
phases could have been the reason to consider that only the C-A PT is 
observed in bulk Y2O3 in prior works [22,48]. We will show latter that 
these results in bulk Y2O3 on downstroke are compatible with our HP-RS 
results and evidence a mixture of phases above 12.7 GPa. It must be 
stressed that the C-B-A PT sequence in bulk Y2O3 here suggested on the 
upstroke is in agreement with what has been found in RE-SOs with 
cations of similar ionic radius as Y, such as Ho2O3 and Dy2O3 [83,84]. 

Once commented the sequence of pressure-induced PTs in bulk Y2O3 
from the structural point of view, let us analyze the results of the 
structural properties of the different phases of Y2O3 at HP. For that 
purpose, we have performed a Le Bail refinement of the C-type phase 
from the XRD patterns presented up to 20.3 GPa in Fig. 2(a). Le Bail 
refinements performed at 0.4 GPa yield residuals of Rp = 0.8% and Rwp 
= 1.4 %, while those performed at 20.3 GPa yielded Rp = 0.6% and Rwp 
= 1.3%. Unfortunately, the B-type and A-type phases are minority be
tween 13.4 GPa and 20.3 GPa and have poorly defined peaks, so we have 
only performed refinements of the cubic phase in this pressure range. 
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Unfortunately, above 20.3 GPa and on downstroke, the XRD patterns did 
not show enough resolution to perform a reliable refinement. Fig. 2(c) 
shows the experimental and theoretical pressure dependence of the unit- 
cell volume per formula unit (V/fu) of the cubic phase. As can be 
observed, there is a good correlation between the theoretical and 
experimental lattice parameters up to ~ 12 GPa. Above this pressure, the 
experimental results present an unexpected behavior, which may be 
related to the loss of PTM hydrostaticity, but also to the presence of 
other phases mixed with the cubic one, as already commented. In this 
context, the use of PTM in non-hydrostatic regimes can directly influ
ence the determination of values of the bulk modulus (B0) by the 

production of different deviatoric stresses that directly affect the pres
sure dependence of the unit-cell volume (V) [85-87]. This basically oc
curs because, if deviatoric components are present in the Cauchy stress 
tensor, the sample at HP may suffer both a compression (due to hy
drostatic pressure) and an expansion caused by the Poisson effect (due to 
shear stresses), leading to an effective experimental compression that is 
smaller than that observed when only hydrostatic pressure is present 
[88]. 

Although we could not determine the experimental structural pa
rameters of the B- and A-type phases of Y2O3 by Le Bail refinement, we 
have plotted the pressure dependence of the theoretical unit-cell 

Fig. 2. Room-temperature XRD patterns of bulk Y2O3 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 and that can be related to both monoclinic (B) and trigonal (A) phases. The empty spaces in (a) and (b) correspond to the 
metallic Cu peaks that were used as a pressure sensor and were removed in order to improve the visualization of the Y2O3 peaks. Black, red and blue vertical bars in 
figure (a) and (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 cal
culations. Pressure dependence of the experimental (symbols) and theoretical (lines) unit-cell volume per formula unit (c) of the cubic phase on the upstroke. In 
figure (c), the experimental data obtained by Zhang et al. [41] for B- (blue) and A-type (red) phases are included for comparison with our theoretical values. Error 
bars of figures (c) are smaller than the symbol size of each experimental point. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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volumes per formula unit (Fig. 2(c)) and of the lattice parameters 
(Fig. S3 in the SI) for these two phases in order to compare them with 
data obtained from HP-XRD measurements in B-type Y2O3 [41]. As can 
be observed, our theoretical values of the unit-cell volumes for B- and A- 
type Y2O3 present a good agreement with the reported experimental 
data [41], thus reinforcing the good quality of our theoretical calcula
tions. It is interesting to note that the theoretical a and b lattice pa
rameters of the B-type phase (see Fig. S3(b)) show abrupt changes above 
~ 12 GPa due to the difficulties found in simulating this phase above this 
pressure. Consequently, we only give credit to our theoretical calcula
tions of the monoclinic B-type phase between 0 and 12 GPa. We will 
comment latter on these simulation difficulties when analyzing the 
vibrational properties of the monoclinic phase. In this context, we must 
mention that calculations of the trigonal A phase are completely trust
worthy in the whole pressure range studied. 

In order to obtain the experimental zero-pressure volume (V0), bulk 
modulus (B0), and its pressure derivative (B0

′) for the cubic phase of bulk 
Y2O3, we performed a fit of our P-V data with a 3rd-order BM-EoS (Fig. 2 
(c)) in the quasi-hydrostatic pressure range of the PTM (up to 12 GPa). 
On the other hand, for the theoretical P-V data of the cubic, trigonal, and 
monoclinic phases of bulk Y2O3, we performed a fit with a 3rd-order BM- 
EoS in the pressure ranges where these phases are stable. The experi
mental and theoretical results are summarized in Table 1. Our experi
mental 3rd-order BM-EoS fit for cubic bulk Y2O3 results in: V0/fu =
74.517(8) Å3, B0 = 147(1) GPa and B0

′ = 3.2(3). These values agree well 
with our theoretical calculations for this phase (V0/fu = 74.24(1) Å3, B0 
= 154(1) GPa and B0

′ = 3.5(2)) and are comparable with the results 
presented in previous experimental (135.7–149.5 GPa) [24,48,89-91] 
and theoretical (138–173 GPa) [24,29,63-66] studies for cubic bulk 
Y2O3. In this context, it must be stressed that our B0 value in bulk Y2O3 is 
only slightly smaller than what is expected for RE-SOs of the same cation 
size as Y (~155–160 GPa) according to a recent review [21]. On the 
contrary, a much higher value of B0 (180 GPa) was measured in cubic 
bulk Y2O3 when non-hydrostatic PTM, like silicon oil, was used [49]. 

Therefore, the present results show that our values for cubic bulk Y2O3 
are consistent with what is expected for quasi-hydrostatic conditions. 
Additionally, the axial compressibility, κa, obtained from a modified 
BM-EoS fit [92] of the experimental and theoretical data in the quasi- 
hydrostatic pressure range of the PTM, is also reported in Table 1. 
Once again, there is a good agreement between the experimental and 
theoretical axial relative compressibilities at room pressure that are 2.3 
(5)0.10− 3 GPa− 1 and 2.18(8)0.10− 3 GPa− 1, respectively. 

The good agreement between our experimental and theoretical re
sults on both structural and vibrational (we will see later) properties 
allows us to exploit our theoretical structural data to compare with 
experimental structural data already reported in the literature as in the 
case of B- and A-type Y2O3. In Fig. 2(c), we present the theoretical P-V 
data for the trigonal and monoclinic phases of bulk Y2O3 in the range 
where these structures are stable. As observed, our theoretical data are 
in very good agreement with reported experimental data [41]. As can be 
observed, a theoretical decrease of ~ 9 % (11%) in the V0/fu at the C-B 
(C-A) PT is predicted at around 18 GPa; thus, confirming that they are 
first-order PTs. This result is consistent with the increase of ~ 2% in the 
volume of the unit cell at the A-B PT on downstroke at ~ 18 GPa. 
Moreover, this result is also compatible with results already published 
for bulk Y2O3 [49] and other RE-SOs [21,24,63,93,94], and suggests a 
weak first-order character of the A-B PT. The theoretical V0, B0, and B0

′

values of the A- and B-type phases of bulk Y2O3, obtained after a fit the 
theoretical P-V curves with a 3rd-order BM-EoS, are summarized in 
Table 1. The values obtained are in good agreement with experimental 
[24,41,48] and theoretical [48,63] values already reported, reinforcing 
the validity of our theoretical calculations in the study of the different 
phases of Y2O3 at HP. In this context, the comparison of our theoretical 
values with experimental ones allows us conclude once again that much 
larger values for the bulk moduli of A- and B-type phases were obtained 
when a non-hydrostatic PTM was used as in Ref. [49]. 

Through our theoretical calculations, we were able to estimate the 
axial compressibility of both A- (κa and κc) and B-type (κa, κb, κc) phases 

Table 1 

EOS parameters and axial compressibility (κa =
− 1
a

∂a
∂P

) at room pressure of the experimental cubic phase of bulk Y2O3 as well as of the theoretical cubic, trigonal, and 

monoclinic phases of bulk Y2O3. The variation 
∂a
∂P 

was obtained using the modified Murnaghan equation of state Δa0/a0 =
(
1 + K′

0P/Kl0
)− (

1
3K′

0
)

− 1, were Kl0 and K′

0 

are the bulk modulus and its pressure derivative for the a-axis at room pressure. In order to simplify the comparation between the structures, V0 is presented per 
formula unit (fu): cubic (Z = 16); trigonal (Z = 1); monoclinic (Z = 6). Our values are compared to other values found for bulk and nanocrystalline samples in the 
literature.   

V0/fu 
(Å3) 

B0 

(GPa) 
B′

0 κa 

(10− 3 GPa− 1) 
κb 

(10− 3 GPa− 1) 
κc 

(10− 3 GPa− 1) 

Experimental 
C-type bulk *  74.517(8) 147(1) 3.2(3) 2.3(5) – –  

74.49(7)a, 74.633(3)b 147(2)a, 180(3)b 4(fixed)a,b – – – 
C-type Nanotubes 75.0(2)c, 74.6(1)d 145(5)c,134(20)d 4(fixed)c, 5.6(3.9)d – – – 
A-type bulk 66.78(53)a,67.79e,67.9(2)b 159(15)a, 156(3)e, 177(7)b 4(Fixed)a,e,b – – – 
B-type bulk 68.55(12)a, 68.99(10)e, 71.42f 155(4)a, 159(3)e, 192(10)f 4(fixed)a,e,f – – – 
Theoretical (bulk material) 
C-type Y2O3 

This work 
(GGA-PBEsol) 

74.24(1) 154(1) 3.5(2) 2.18(8) – – 

LDA a 71.58 163.5 3.98 – – – 
GGA – PBE g 74.312 165.2 5.0 – – – 
A-type Y2O3 

This work 
(GGA-PBEsol) 

66.95(5) 157(2) 3.24(8) 1.1(7) – 13(2) 

PAW h 69.58 136 3.5(fixed) – – – 
LDAa 64.63 144.6 4.37 – – – 
B-type Y2O3 

This work 
(GGA-PBEsol) 

68.342(8) 151(1) 3.0(2) 3.9(2) 1.3(2) 2.1(3) 

PAW h 70.78 138 3.5(fixed) – – – 
LDAa 66.16 117.9 4.83 – – –  

* Our values correspond to fits up to 12 GPa, a Ref. [24], b Ref. [49] c Ref. [34], d Ref. [26], e Ref. [41], f Ref. [25], g Ref. [65], h Ref. [95], i Ref. [48]. 
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of Y2O3. As can be observed in Table 1, the c-axis of the trigonal phase 
has a relatively higher axial compressibility than the a-axis. This result 
was already observed and was attributed to the largest empty spaces 
between the layers oriented in the c-axis direction [41]. With respect to 
the monoclinic phase, we observed rather different axial pressure co
efficients, being that of the a-axis (highest pressure coefficient) three 
times higher than that of the b-axis (lowest pressure coefficient). The 
highly anisotropic behavior found for A- and B-type phases of Y2O3 is in 
agreement with that previously found in Y2O3 [41] and in other RE-SOs, 
such as Ho2O3 [83] and Dy2O3 [84], with similar unit cell volumes since 
Y, Ho, and Dy have similar ionic radii. 

At this point, it is important to comment that the values for the axial 
compressibilities in monoclinic and triclinic structures are not signifi
cant since the three lattice parameters are not orthogonal (angles 
different from 90◦). In order to have significant results on B-type Y2O3, 
we have to obtain the directions of maximum and minimum 
compressibility by diagonalising the theoretical isothermal compress
ibility tensor, βij [96]. The tensor coefficients for a monoclinic crystal 
with b as the unique crystallographic axis are given by [97]: 

βij =

⎛

⎝
β11 0 β13
0 β22 0

β13 0 β33

⎞

⎠

The theoretical isothermal compressibility tensor coefficients for 
monoclinic Y2O3 at 0 GPa have been calculated using the IRE (Institute 
of Radio Engineers) convention for the orthonormal basis for the tensor: 
e3||c, e2||b*, e1||e2×e3. The tensor has been obtained with the finite 
Eulerian approximation as implemented in the Win_Strain package [98]. 

The theoretical elements of this tensor at 0 GPa are reported in 
Table 2 in which the values of the maximum, intermediate, and mini
mum compressibility and their corresponding directions are given by 
the eigenvalues (λi, i = 1–3) and eigenvectors (evi, i = 1–3), respectively. 

The calculated axial compressibilities (βii coefficients) at 0 GPa fulfill 
that β11 > β33 > β22. This result shows that the compressibility along the 
a-axis is greater than those to the c-axis and b-axis. A diagonalization of 
the βij tensor at 0 GPa yields for our calculations the maximum, inter
mediate and minimum compressibilities 3.5(4)⋅10− 3, 1.7(4)⋅10− 3 and 
1.6(3)⋅10− 3 GPa− 1, respectively. These theoretical results indicate that 
around 52% of the total compression at 0 GPa occurs in the direction of 
maximum compressibility. Considering the eigenvector ev1, the major 
compression direction at 0 GPa occurs in the (010) plane at the given 
angle Ψ (see Table 2) relative to the c-axis (from c to a) or equivalently at 
an angle θ relative to the a-axis (from a to c). In particular, the major 
compression direction is at θ = -19(3)◦ from the a-axis. The theoretical 
direction of intermediate compressibility, given by eigenvector ev2, is in 
the (010) plane perpendicular to the direction of maximum 

compressibility, and the direction of minimum compressibility, given by 
eigenvector ev3, is along the b axis. 

Let us now discuss about the pressure dependence of Y-O bond dis
tances and polyhedral distortion in the different phases of bulk Y2O3. As 
previously stated, the cubic Y2O3 unit cell is composed of two types of 
Y3+ atoms (Y1 and Y2), each surrounded by six oxygen atoms (O1). 
While O atoms around Y1 form a regular octahedron, O atoms around Y2 
atoms form a distorted octahedron. To our knowledge, very few exper
imental information and no theoretical information has been published 
regarding the pressure dependence of the Y-O bond distances in the 
cubic phase of Y2O3. In Fig. S4(a) and S4(b) in the SI, we present the 
theoretical pressure dependence of the Y-O bond distances and the 
distortion index of the Y2 octahedron, respectively, as obtained from the 
VESTA software [99]. As observed, all bond distances present a 
monotonous decrease upon compression, so there is no net increase of 
the Y coordination number in the cubic phase at HP. Performing a simple 
linear fit, we observe that the three shortest distances present a decrease 
rate of ~ 4.0⋅10− 3 Å/GPa, while the largest Y2-O1 distance decrease at 
2.7⋅10− 3 Å/GPa. This behavior is directly related to the decrease of the 
unit-cell volume and the increase of the Y2 octahedral distortion index 
of 3.3(1)⋅10− 4 GPa− 1 (see Fig. S4(b)), while the Y1 octahedron does not 
present any distortion. For comparison, we have added the experimental 
results presented by Li et al. [34] for cubic bulk Y2O3:Eu3+ nanotubes in 
Fig. S4(a). As can be observed, there is a good agreement between our 
theoretical results and the experimental ones presented by Li et al. up to 
~ 4 GPa (see Fig. S4(b)). Above this pressure, the experimental Y2-O1 
distances present a non-monotonous behavior and cannot be 
compared to our theoretical results. Unfortunately, we cannot comment 
on the cause for the anomalous behavior of the experimental parameters 
reported by Li et al., but since the anomalous behavior is found above 8 
GPa it can be speculated that non-hydrostatic effects and/or the mixture 
with the first HP phase in Ref. 34 could be the cause for the disagreement 
between experiment and theory, as it occurs with our own HP-XRD 
measurements. 

Regarding the A-type phase of Y2O3, it is composed of only one type 
of Y atoms and two types of O atoms, being the Y atom surrounded by 
seven O atoms in a distorted polyhedron (Fig. 1(b)). In Fig. S5(a) and S5 
(b) in the SI, we present the theoretical pressure dependence of the Y-O 
bond distances and the distortion index of the polyhedron around the Y 
atom, respectively, in A-type Y2O3. To our knowledge, there are no re
ported experimental data of Y-O bond distances in A-type Y2O3 to 
compare with. As can be observed in Fig. S5(a), the Y1-O2 bond dis
tances in A-type Y2O3 remain at values comparable with the Y-O bond 
distances in C-type Y2O3; however, the Y1-O1 distance in A-type Y2O3, 
present a significant increase in the bond distance compared with the Y- 
O bond distances in C-type Y2O3. This abrupt change in the bond dis
tances upon the C-A PT is consistent with the unit-cell volume discon
tinuity observed in Fig. 2(c) and allows attaining the sevenfold 
coordination to Y atoms in the A-type structure. Performing a simple 
linear fit, we obtain that the Y1-O1 distance in A-type Y2O3 decrease rate 
of 4.3 10− 3 Å/GPa, while the two Y1-O2 distances decrease at a rate of 
3.6⋅10− 3 Å/GPa (largest distance) and 1.8⋅10− 3 Å/GPa (shortest dis
tance). The decrease in the bond distances with pressure in A-type Y2O3 
is accompanied by a decrease in the distortion index (~3.5⋅10− 4 GPa− 1) 
of the YO7 polyhedron (Fig. S5(b)). 

Regarding the B-type phase of Y2O3, it is composed of three different 
types of Y and O atoms, being Y1 surrounded by seven O atoms and Y2 
and Y3 surrounded by six O atoms (Fig. 1(c)). This configuration results 
in thirteen different Y-O bond distances in the unit cell. As can be seen in 
Fig. S6(a) in the SI, some theoretical bond distances of the B-type phase 
appear to be a continuation of the bond distances of the A-type phase. 
Again, to our knowledge, there are no reported experimental data of Y-O 
bond distances in B-type Y2O3 to compare with. The relatively smooth 
change in bond distances (all ranging between 2.15 and 2.55 Å) may be 
responsible for the smaller unit-cell volume variation observed in Fig. 2 
(c) characteristic of the B-A PT, which is an “almost” displacive PT. It is 

Table 2 
Theoretical isothermal compressibility tensor coefficients, 
βij, and their eigenvalues, λi, and eigenvectors, evi, for Y2O3 
at 0 GPa. The results are given using the finite Eulerian 
method. The eigenvalues are given in decreasing value along 
the column.  

β11 (10− 3 GPa− 1) 3.1(3) 
β22 (10− 3 GPa− 1) 1.6(4) 
β33 (10− 3 GPa− 1) 2.1(3) 
β13 (10− 3 GPa− 1) − 0.75(9) 
λ1 (10− 3 GPa− 1) 3.5(4) 
ev1 (λ1) (-0.88,0,0.48) 
λ2 (10− 3 GPa− 1) 1.7(4) 
ev2 (λ2) (0.48,0,0.88) 
λ3 (10− 3 GPa− 1) 1.6(3) 
ev3 (λ3) (0,1,0) 
Ψ , θ (◦)a 119(3), − 19(3)  

a The major compression direction occurs in the (010) 
plane at the given angle Ψ to the c-axis (from c to a) and θ to 
the a-axis (from a to c). 
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interesting to note in Fig. S6(a) that, while most Y-O distances in B-type 
Y2O3 decrease at HP, some distances show the opposite trend above 10 
GPa, thus suggesting an anomalous behavior of the simulations of this 
phase at higher pressures, as already commented. Regarding the 
distortion index of the different polyhedra in B-type Y2O3, the polyhedra 
of Y1 and Y2 atoms initially have a decreasing trend up to ~ 5 GPa and 
~ 8 GPa, respectively, and an increasing trend above those pressures 
(see Fig. S6(b)). On the other hand, the distortion index of the Y3 
polyhedron has the highest value of the three polyhedra at room pres
sure and tends to increase at HP. 

To finish the discussion regarding the structural features of bulk 
Y2O3 at HP, we show in Fig. S7 and Fig. S8 in the SI the theoretical 
pressure evolution of the free atomic parameters in C-type and A-type 
Y2O3, respectively. In C-type Y2O3, the x position of the Y2 and O1 atoms 
show a slight decrease (0.1 and 0.3%) between 0 and 15 GPa. On the 
other hand, O1(y) and O1(z) show a similar increase (0.1 and 0.2%) in 
the same pressure range (Fig. S7). These very small variations indicate 
that the monotonous decrease in bonding distances of the cubic phase is 
mainly related to the decrease in unit-cell volume and not to the vari
ation of atomic positions; a result in good agreement with what has been 
recently published in Tb2O3 [21]. Similarly, the Y1(z) (O2(z)) position 
of A-type Y2O3 (Fig. S8) show a decrease (increase) of 2% (0.5%) be
tween 15 (30) GPa. This means that there are also rather small variations 
of the atomic parameters in this phase and that the monotonous 
decrease in bonding distances of the A-type phase is mainly related to 
the decrease in unit-cell volume and not to the variation of atomic po
sitions. This result is again in good agreement with what has been 
recently discussed for the A-type phase of Tb2O3 [21]. The same seems 
to occur in the B-type phase of RE-SOs as recently discussed [21]. 

In summary, HP-XRD measurements and ab initio calculations on 
bulk Y2O3 suggest that this compound undergoes a PT from the C-type 
phase either to the B- or A-type phase and ultimately to the A-type phase 
on increasing pressure and an A-B PT on decreasing pressure, being the 
B-type phase metastable at room conditions. This result is consistent 
with previous results on RE ions of similar size to Y. We will show in the 
next section that these results agree with ours and previous HP-RS 
measurements in bulk Y2O3 that confirm the C-B-A PT sequence on 
upstroke and disagree with some previous HP-XRD measurements in 
bulk Y2O3 that interpreted that the B-type phase was not observed on the 
upstroke. As we have shown, the discrepancy with previous HP-XRD 
measurements in bulk Y2O3 is due to the difficulty in differentiating 
between the diffraction peaks of the B and A-type phases, featuring a 
group-subgroup relationship. This differentiation is even more difficult 
when these two phases coexist with the original C-type phase on up
stroke. In this context, the comparison of experimental results with 
theoretical results from ab initio calculations is important to resolve the 
ongoing controversy. On the other hand, our calculations show good 
agreement with our and previous HP-XRD measurements and evidence 
that the evolution of the lattice parameters, interatomic distances, and 
atomic parameters of the three phases of bulk Y2O3 at HP, previously not 
reported for all phases, is similar to those of the recently published three 
phases of bulk Tb2O3 [21]. This means that we can conclude that we 
have disclosed the general behavior of RE-SOs under compression. 

Vibrational study of bulk Y2O3 under compression 

Now we will perform a vibrational study of bulk Y2O3 at HP by 
means of experimental HP-RS measurements compared to theoretical 
lattice-dynamics calculations. For this purpose, we must consider the 
Raman-active modes expected for each of the different structures we can 
find. As regards cubic C-type Y2O3, its unit cell contains three inde
pendent atoms: two inequivalent Y atoms, located at 8b (Y1) and at 24d 
(Y2) Wyckoff sites, and one O atom located at a 48e site. Therefore, there 
are 120 normal modes of vibration at the zone center of the Brillouin 
zone of cubic Y2O3, whose mechanical representation is: 

Γcubic = 4Ag(R)+ 4Eg(R)+ 14Fg(R)+ 5Au(I)+ 5Eu(I)+ 16Fu(IR)+ 1Fu(Ac)

where Ag, Eg and Fg (or Tg) modes are Raman-active (R), Au and Eu modes 
are inactive (I), and all Fu modes are infrared-active (IR) except one Fu 
mode that corresponds to the three acoustic (Ac) modes. Note that the E 
modes are doubly degenerated, and the F modes are triply degenerated. 
Thus, 22 Raman-active modes (ΓRaman = 4Ag + 4Eg + 14Fg) are ex
pected, being 15 modes (3Ag + 3Eg + 9Fg) related to the vibrations of O 
atoms at 48e sites and seven modes (Ag + Eg + 5Fg) related to the vi
brations of Y3+ atoms at 24d sites. 

On the other hand, the unit-cell of monoclinic B-type Y2O3 contains 
eight independent atoms: three Y atoms located at 4i Wyckoff sites and 
five O atoms, four of them located at 4i Wyckoff sites and one located at 
a 2b site. Therefore, there are 45 normal modes of vibration at the zone 
center of the Brillouin zone of monoclinic Y2O3, whose mechanical 
decomposition is: 

Γmonoclinic = 14Ag(R)+ 7Bg(R)+ 7Au(IR)+ 14Bu(IR)+Au(Ac)+ 2Bu(Ac)

thus, 21 Raman-active modes (ΓRaman = 14Ag + 7Bg) and 21 IR-active 
modes (ΓIR = 14Au + 7Bu) are expected. 

Finally, the unit-cell of trigonal A-type Y2O3 contains three inde
pendent atoms: one Y atom located in a 2d Wyckoff position and two O 
atoms located in 1a and 2d Wyckoff positions. Therefore, there are 15 
normal modes of vibration at the zone center of the Brillouin zone of 
trigonal Y2O3, whose mechanical decomposition is: 

Γtrigonal = 2A1g(R)+ 2Eg(R)+ 2A2u(IR)+ 2Eu(IR)+A2u(Ac)+Eu(Ac)

thus, four Raman-active modes (ΓRaman = 2Ag + 2Eg) and four IR- 
active modes (ΓIR = 2A2u + 2Eu) are expected. Note that E modes are 
doubly degenerated. 

Fig. 3(a) shows the RS spectra of pure bulk cubic Y2O3 at selected 
pressures up to 30 GPa. It can be observed that up to nine modes could 
be followed under pressure. All peaks tend to shift to higher frequencies 
at HP, except the peak initially at 129.7 cm− 1 that has a negative 
pressure coefficient. Moreover, an additional weak peak at ~ 410 cm− 1 

at 6.1 GPa, that initially was overlapped by the most intense peak 
initially at 377.2 cm− 1, was observed. Therefore, our HP-RS measure
ments are consistent with those previously reported for bulk cubic Y2O3 
[19], and are extended to higher pressures than in the previous work. 

Up to 13.2 GPa, RS spectra only show peaks of the cubic phase, but 
above 14.7 GPa new bands (around 160, 500 and 550 cm− 1) and a broad 
band with several peaks (between 250 and 400 cm− 1) appear, that show 
the onset of a PT in coexistence with the peaks of the cubic phase. 
Finally, above 17.9 GPa, a new broad band appears around 470 cm− 1 

(overlapping with the weak mode of the cubic phase mentioned in the 
previous paragraph). Concomitantly, the peaks of the cubic phase show 
a strong decrease in intensity and the strongest one disappears above 
20.4 GPa. We will later discuss that these new peaks appearing above 
14.7 GPa correspond to the monoclinic B-type phase. 

Above 25 GPa, almost all modes of the monoclinic phase disappear, 
and it is possible to observe four peaks that are coincident with some of 
the monoclinic phase at ~ 170, 300, 540 and 580 cm− 1 at 25.6 GPa. This 
result confirms the completion of the B-A PT above this pressure, 
belonging all modes above this pressure to the A phase. In this context, it 
must be noted that the RS spectrum of the A-type phase at 29.5 GPa also 
shows three broad bands around 250, 400 and 700 cm− 1. We consider 
that they likely correspond to second-order Raman modes of the A phase 
that we tentatively attribute to A1g

2 -A1g
1 , Eg

2-Eg
1 and Eg

1 + A1g
2 , respectively. 

In conclusion, our HP-RS measurements show a pressure-induced C-B-A 
PT sequence in bulk Y2O3 on upstroke that agrees with our HP-XRD 
measurements. This PT sequence also agrees with that observed in the 
only published HP-RS measurements on bulk Y2O3 that observed the 
onset of the C-B and B-A PTs near 12 and 19 GPa, respectively [19]. 

On downstroke from 30 GPa (Fig. 3(b)), there are changes in the RS 

A.L.J. Pereira et al.                                                                                                                                                                                                                             



Results in Physics 49 (2023) 106499

8

spectrum of the trigonal phase around 300 cm− 1 at 20.6 GPa. The 
changes are more evident at 15.8 GPa and at shortest pressures with the 
appearance of several peaks. Finally, the RS spectrum of the recovered 
sample at 1 atm seems to retain the same structure observed at 15.8 GPa. 
This structure is consistent with our HP-XRD measurements and with the 
monoclinic B-type phase observed in the recovered samples of all 
compressed C-type RE-SOs that undergo a PT to the B-type or A-type 
structure. Again, our observation of the recovery of the B-type phase on 
downstroke in bulk Y2O3 and the hysteresis of the B-A PT agrees with 
those reported for bulk Y2O3 in a previous HP-RS work [19]. 

In order to aid in the identification of the monoclinic polymorph of 
Y2O3 near room pressure conditions, we show the RS spectrum of B-type 
Y2O3 at room pressure on decreasing pressure in Fig. S9 in the SI. This 
phase was already identified by XRD and PL measurements at room 
pressure [41,100]. To our knowledge, only one RS spectrum of this 
phase at room conditions has been published [14], whose reported 
frequency range is smaller than ours. We want to stress that our RS 
spectrum of B-type Y2O3 is similar to that already reported [14] and to 
those of recently reported B-type Tb2O3 [21], Tm2O3 [101], and Gd2O3 
[102]. The tentative assignment of the Raman-active modes of B-type 
Y2O3 will be latter discussed on the light of a close comparison between 
the experimental and theoretical Raman-active frequencies and their 
pressure coefficients. 

Let us now discuss the effect of pressure on the vibrational properties 
of bulk Y2O3. Fig. 4 shows the pressure dependence of the experimental 
Raman-active frequencies of the C-, B-, and A-type phases in bulk Y2O3 
compared to the theoretical ones on the upstroke (Fig. 4a and b) and the 
downstroke (Fig. 4c and d). As observed, there is a good agreement 
between the theoretical and experimental frequencies and pressure co
efficients for the three phases up to 30 GPa, thus confirming the C-B-A 
PT sequence on the upstroke and the A-B PT on the downstroke in bulk 
Y2O3, as previously reported [19,22,24,25,33,47,49]. 

We can observe that the pressure dependence of the Raman-active 
frequencies of C-type Y2O3 (in Fig. 4a) is similar to those reported for 

other C-type RE-SOs, like Tb2O3 [21], Lu2O3 [103,104], Yb2O3 [105], 
Tm2O3 [101], Sc2O3 [106], and In2O3 [107], as recently reviewed [21]. 
Similarly, the pressure behavior of the Raman-active frequencies of B- 
type Y2O3 is similar to those reported for other B-type RE-SOs, including 
Tb2O3 [21], Lu2O3 [103,104], Yb2O3 [105], Tm2O3 [101], and Sm2O3 
[108,109]. Finally, the pressure dependence of the Raman-active fre
quencies of A-type Y2O3 is also similar to those reported for A-type RE- 
SOs, like Tb2O3 [21], Sm2O3 [108,109] and Nd2O3 [110]. Therefore, the 
results of our HP-RS measurements on Y2O3 for the three phases are fully 
consistent with data already reported for RE-SOs. They also evidence 
that, despite the number of HP studies in bulk RE-SOs, there is a lack of 
high-quality HP-RS measurements for a number of bulk RE-SOs, espe
cially for cations of similar size to Y, like Dy and Ho [111]. Therefore, 
the good agreement of our results on Y2O3 and other RE-SOs, suggest 
that the Raman modes of Dy2O3 and Ho2O3 should show a similar 
behavior at HP to those of Y2O3 and the same will apply to their 
pressure-induced PTs. 

At this point, we want to comment that we have faced complications 
in simulating bulk B-type Y2O3 above 16 GPa. This is the reason of why 
theoretical lines in Fig. 4 have not been plotted beyond 22 GPa and that 
we do not trust calculations above 12 GPa, as previously commented. As 
observed in Fig. 4, theoretical lines corresponding to the Raman-active 
modes of the monoclinic phase show an anomalous pressure depen
dence above the range of 12–16 GPa. In particular, it is possible to 
observe that the lowest frequency Ag mode (initially at 113.6 cm− 1) 
gradually softens under pressure above 16 GPa. In order to ensure that 
this behavior is not associated with the presence of an imaginary phonon 
branch, the phonon dispersions and the respective density of states 
(DOS) were calculated for B-type Y2O3 at 0 GPa and 22.5 GPa. As can be 
seen in Fig. S10 in the SI, imaginary phonons do not appear at any of 
these pressures, thus confirming that this softness is not related to the 
presence of imaginary phonons. Therefore, we confirm that the mono
clinic structure is dynamically stable at all calculated pressures. 
Consequently, the anomalies of the theoretical phonon frequencies 

Fig. 3. Room-temperature Raman spectra of bulk Y2O3 at selected pressures on upstroke (a) and downstroke (b). Black numbers indicate initial peaks of cubic phase 
of bulk Y2O3, while blue and red arrows and numbers indicate the new peaks related to monoclinic and trigonal phases of bulk Y2O3, respectively. Note that the peaks 
marked with dashed blue lines on upstroke belong to the monoclinic phase and are the only ones that remain in the trigonal phase. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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above 12 GPa must be related to the anomalous values of the theoretical 
lattice parameters of the monoclinic structure above that pressure, as it 
has been previuosly commented. In this context, it should be stressed 
that monoclinic structures have a great number of degrees of freedom 
that could lead to a wrong optimisation of the structure during the 
relaxation procedure. Therefore, we speculate that it is possible that the 
origin of the anomalous values of some lattice parameters and vibra
tional frequencies in the monoclinic phase of Y2O3 above 12 GPa is 
related to relaxation problems of monoclinic phases due to the relatively 

large number of free parameters to be simultaneously relaxed. 
A quantitative comparison of the experimental and theoretical fre

quencies and pressure coefficients for the C-, B-, and A-type phases of 
bulk Y2O3 is given in Table 3, Table 4, and Table 5, respectively. We 
must stress that we provide in this work both experimental and theo
retical pressure coefficients for the Raman-active frequencies of the 
three phases of bulk Y2O3 that can be compared to the few existing data 
on this compound [19] and other RE-SOs, as recently reviewed [21]. The 
good correlation between the experimental and theoretical results 

Fig. 4. Pressure dependence of the experimental (symbols) and theoretical (lines) Raman-active frequencies of bulk Y2O3 on the upstroke (a and b) and the 
downstroke (c and d). Black, blue, and red colors represent the cubic, monoclinic, and trigonal phases, respectively. The numbers correspond to the experimental 
peaks identified in Fig. 3. Error bars are smaller than the symbol size of each experimental point. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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supports the C-B-A PT sequence observed on the upstroke in bulk ma
terial and encourages us to propose the assignment of the nature of each 
peak of the three phases. In particular, a comparison of the pressure 
dependence of the strongest mode of the cubic phase and the theoretical 
modes allows us to confirm that this mode is an Fg mode and not a 
mixture of Ag and Fg modes, as previously assumed [56]. This result is in 
agreement with the assignment provided by Abrashev et al. who 
compared the zero-pressure frequencies of all C-type RE-SOs [59]. 
Further comparison of the pressure coefficients can be made with the 
data reported for other C-type, B-type, and A-type RE-SOs, as recently 
summarized [21]. Noteworthy, the strongest modes of B-type Y2O3 in 

our Raman spectra at room pressure correspond to the Bg modes, being 
the Ag modes much weaker. Similarly, the strongest mode of A-type 
Y2O3 is the Eg

1 mode near 170 cm− 1 around 22 GPa that derives from one 
of the Bg modes of B-type Y2O3. 

It must be finally stressed that the C-B-A PT sequence in bulk Y2O3 is 
supported by our theoretical calculations of the enthalpy of the three 
phases (Fig. 1(d)). It can be observed that the B-type phase becomes 
more stable than the C-type phase above 4.3 GPa and the A-type phase 
becomes competitive with respect to the B-type phase above 12.3 GPa. 
These theoretical results agree with previous enthalpy calculations 
[24,63] and with the recently published systematics of PTs in RE-SOs 
[20]. It must be noted that the experimental PT pressures are about 
7–8 GPa higher than those theoretically predicted. The reason is in part 
due to the first-order and reconstructive nature of the C-B and B-A PTs; 
however, a larger discrepancy is expected for the C-B PT pressure than 
for the B-A PT pressure since the former has a larger relative volume 
change than the second, as recently reviewed [21]. In fact, laser-heating 
experiments have shown that when kinetic barriers are removed the C-B 
PT in bulk Y2O3 occurs around 2.9 GPa [24], which is much closer to the 
theoretical predictions. 

In summary, HP-RS measurements on bulk Y2O3, interpreted with 
the help of lattice-dynamics calculations, evidence a pressure-induced C- 
B PT above 13 GPa and the appearance of the A-type phase above 16 
GPa. The C-type phase completely disappears above 24 GPa and the B- 
type phase coexist with the A-type phase up to 28 GPa. On decreasing 
pressure, the A-B PT is observed below 16 GPa in good agreement with 
results upon increasing pressure and the metastable B-type phase is 
retained at room conditions. The results we have obtained for the PT 
sequence on upstroke are consistent with the results obtained from our 
HP-XRD measurements in bulk Y2O3 and with previous results of HP-RS 
measurements in bulk Y2O3. Therefore, we can conclude that the con
troversy about the appearance of the intermediate B-type phase (be
tween the C- and A-type phases) on the upstroke in bulk Y2O3 has been 
put to an end. In this way, we have demonstrated that bulk Y2O3 shows 
the same behavior under compression as other RE-SOs of similar ionic 
radius than Y, such as Ho and Dy [80,81]. Additionally, we have pro
vided a complete description of the vibrational properties of the three 
phases of bulk Y2O3 for its comparison with other RE-SOs. 

To close the paper and help researchers to identify and understand 
the three polymorphs of Y2O3, we show in Fig. S11 in the SI the elec
tronic band structure of: i) C-type bulk Y2O3 at 0 GPa; ii) A-type bulk 
Y2O3 at 23 GPa; and iii) B-type bulk Y2O3 at 0 and 22.5 GPa. The elec
tronic band structure of C-type bulk Y2O3 at 0 GPa has a direct bandgap 
at Γ that is similar to those recently reported [112-114]. The electronic 
band structure of A-type bulk Y2O3 shows and indirect bandgap Γ-H that 
has not been previously reported to our knowledge, but our results for 
the DOS agree with those recently reported at different pressures [115]. 
Finally, the electronic band structure of B-type bulk Y2O3 at 0 GPa shows 
an indirect bandgap Γ-Y2 that has not been previously reported to our 
knowledge; however, our results show that the direct bandgap at 0 GPa 
in B-type Y2O3 is slightly larger than that of C-type Y2O3. This result 
agrees with a recent report of the optical absorption properties of both 

Table 3 
Experimental (upstroke) and DFT-PBEsol theoretical zero-pressure frequencies 
(in cm− 1) and linear pressure coefficients (in cm− 1/GPa) for the Raman-active 
modes of C-type bulk Y2O3.  

Symmetry Experimental Theoretical 

ω0 dω/dP ω0 dω/dP 

Fg
1  129.8  − 0.17  125.7  − 0.34 

Fg
2    133.4  0.11 

Ag
1  162.0  1.05  156.1  0.74 

Fg
3    178.5  0.97 

Eg
1  194.2  1.10  191.2  0.92 

Fg
4    230.6  1.73 

Fg
5    238.2  1.50 

Fg
6    313.9  2.29 

Fg
7  317.8  2.32  320.1  2.37 

Eg
2  329.9  3.09  326.8  2.81 

Fg
8    348.9  3.57 

Ag
2    356.4  2.31 

Fg
9  377.4  3.91  378.8  3.51 

Eg
3    382.4  4.10 

Fg
10    392.7  3.58 

Ag
3    419.7  4.47 

Fg
11  430.3  4.49  430.1  4.42 

Fg
12  468.1  5.02  460.3  4.80 

Fg
13    521.4  3.86 

Ag
4    554.6  4.11 

Eg
4    560.0  4.30 

Fg
14  592.3  4.87  583.4  4.63  

Table 4 
Experimental (downstroke) and DFT-PBEsol theoretical zero-pressure fre
quencies (in cm− 1) and linear pressure coefficients (in cm− 1/GPa) for the 
Raman-active modes of B-type bulk Y2O3. The pressure dependence of all fre
quencies has been fitted to a linear polynomial in the low-pressure range (0–12 
GPa).  

Symmetry Experimental Theoretical 

ω0 dω/dP ω0 dω/dP 

Bg
1  94.2  0.81  89.2  0.77 

Ag
1  113.6  0.52  114.2  0.37 

Bg
2  133.7  1.31  130.0  1.40 

Ag
2  –  –  145.0  1.00 

Bg
3  150.8  0.89  153.2  0.72 

Ag
3  –  –  161.5  0.08 

Ag
4  196.5  1.65  197.7  0.71 

Ag
5  228.4  2.38  226.3  2.54 

Ag
6  290.3  1.68  282.8  1.58 

Ag
7  –  –  286.7  3.33 

Ag
8  302.9  2.07  298.8  2.53 

Bg
4  314.5  4.93  308.7  5.58 

Ag
9  405.9  4.15  389.5  4.69 

Bg
5  –  –  404.3  3.30 

Ag
10  –  –  429.7  3.39 

Bg
6  440.3  4.10  433.3  5.12 

Bg
7  –  –  443.0  4.60 

Ag
11  471.0  2.30  464.6  2.73 

Ag
12  506.0  3.87  499.4  4.06 

Ag
13  613.6  3.95  595.5  4.36 

Ag
14  –  –  605.7  4.44  

Table 5 
Experimental (upstroke) and DFT-PBEsol theoretical frequencies (in cm− 1) and 
linear pressure coefficients (in cm− 1/GPa) for the Raman-active modes of A-type 
bulk Y2O3. The fits were performed from the pressure where the peaks are 
observed and the value of the frequency ω22GPa corresponds to the pressure of 22 
GPa.   

Experimental Theoretical 

Symmetry ω22GPa dω/dP ω22GPa dω/dP 

Eg
1  171.3  1.07 168.4 

300.5 
1.16 
1.71 A1g

1  300.9  1.81 
A1g

2  530.9  1.87 523.7 2.00 
Eg

2  574.3  2.10 581.6 2.42  
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polymorphs [116]. 

Conclusions 

We have reported a joint HP experimental and theoretical study of 
the structural and vibrational properties of bulk Y2O3. HP-XRD and HP- 
RS measurements have been interpreted with the help of theoretical ab 
initio calculations in order to solve some ongoing controversies 
regarding the pressure-induced PTs in C-type bulk Y2O3. Our study 
confirms the cubic (C-type)-monoclinic (B-type)-trigonal (A-type) PT 
sequence on the upstroke; thus, solving the issue of the presence of the B- 
type phase between the C- and A-type phase on the upstroke. On the 
downstroke, an A-B PT is observed and the B-type phase remains 
metastable at room pressure in good agreement with previous results. In 
this way, we conclude that the HP behavior of bulk Y2O3 we have found 
is fully consistent with what has been observed in HP studies of other RE- 
SOs with cations of similar ionic radii, such as Ho2O3 and Dy2O3. 

Additionally, we have provided extensive theoretical structural data 
obtained from ab initio calculations regarding the behavior of the three 
observed phases of bulk Y2O3 under compression – an information not 
provided in the literature for most RE-SOs –. The theoretical structural 
data has allowed us to provide a detailed discussion of the structural 
behavior of the three phases of bulk Y2O3 under compression (unit-cell 
volumes, lattice parameters, free atomic parameters, Y-O bond dis
tances, and polyhedral distortion indices). This information has allowed 
us to understand: i) the progressive increase in coordination along the 
pressure-induced C-B-A PT sequence, and ii) the general behavior of the 
C-, B-, and A-type structures under compression in bulk Y2O3. In this 
context, we have to mention that our theoretical results on the three 
phases of Y2O3 can be extrapolated to isostructural RE-SOs to under
stand their behavior under compression, since detailed structural in
formation on the behavior of most bulk RE-SOs under compression has 
not been previously reported. 

On the other hand, our HP-RS measurements on bulk Y2O3, inter
preted with the help of theoretical lattice-dynamics calculations, have 
provided a much better characterization of the vibrational properties of 
bulk Y2O3 under compression than the only work reported to date. In 
this context, we have provided for the first time the experimental and 
theoretical frequencies and pressure coefficients of the Raman-active 
modes of the three known phases of Y2O3. Furthermore, we have 
shown that the good agreement between the experimental and calcu
lated results for bulk Y2O3 has allowed us to provide a detailed assign
ment of the symmetry of the Raman-active modes of the C-, B-, and A- 
type phases of Y2O3. In particular, we have confirmed the Fg nature of 
the most intense Raman-active mode in C-type Y2O3. 

Finally, we have provided the theoretical electronic band structure of 
the three phases of bulk Y2O3 at selected pressures. Our results for C-type 
bulk Y2O3 are in agreement with other calculations, while our results for 
B-type and A-type bulk Y2O3 are here shown for the first time to our 
knowledge. 

All in all, we have clarified some previous issues regarding the 
behavior of bulk Y2O3 under compression by performing a joint exper
imental and theoretical work in which the results of two powerful 
experimental techniques, such as XRD and RS measurements, on the 
same sample have been interpreted with the help of state-of-the-art 
theoretical ab initio calculations [53]. We hope the present procedure 
will help other researchers to solve ongoing controversies, especially 
those still present in RE-SOs under compression. 
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