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a b s t r a c t

The phase transitions of Er2O3 were investigated using angular dispersive synchrotron x-ray diffraction
(AD-XRD) and photoluminescence (PL) spectroscopy at high pressure in different pressure transmitting
media. Two successive structural transformations were revealed upon compression. The structural
transformation from a cubic Ia-3 to a monoclinic C2/m structure started at 13.6 GPa, and the hexagonal P-
3m1 phase began to appear at approximately 17.8 GPa in helium. Compared with the data in helium,
Er2O3 showed a much lower onset pressure (6.6 GPa) of the cubic-monoclinic phase transition in silicon
oil. The bulk modulus of the cubic phase was obtained from the compression data. The PL measurement
indicated that the luminescence lines belonging to the transition of 2H11/2 / 4I15/2 and 4S3/2 / 4I15/2 of
Er2O3 were modified under high pressure, which was closely related to the structural phase transition.

© 2017 Published by Elsevier B.V.
1. Introduction

Pressure-induced phase transitions in rare-earth sesquioxides
(Ln2O3) have evoked increasing attention [1e8]. At ambient con-
ditions, Ln2O3 has three polymorphs according to the radius of the
Ln3þ cation. Larger Ln3þ (La-Nd) cation oxides exist in a hexagonal
P-3m1 (A-type) structure. Smaller Ln3þ cation (Tb-Lu, Y and Sc)
oxides usually crystallize in a cubic Ia-3 phase (C-type). Other Ln2O3

may exist in both a cubic and monoclinic C2/m phase (B-type).
Considering the pressure effect on the cell volume, the phase
transition from C-type to B-type, and even A-type is expected for
Ln2O3 under high pressure, which has been confirmed in some
cases [9,10]. For instance, a pressure-induced C/B phase transition
was reported in Yb2O3 [2], Sc2O3 [10], Er2O3 [11,12], and Y2O3 [7,8].
The medium cation radii Sm2O3 [13] with a mixture of C and B
phases was reported to have phase transitions from both C- and B-
type to A-type. A C/B/A phase transition sequence was observed
in Dy2O3 [14], Y2O3:Eu3þ [7], and Ho2O3 [15,16].

Er2O3 is widely used in sensing applications such as laser and
optical amplifiers [17,18]. The erbium ion (Er3þ) is particularly
suitable for fluorescence and up-conversion of infrared to visible
light due to its favorable electronic level scheme with equally
spaced, long-life excited states. In addition, their intrinsic optical
properties and applications strongly depend on the grain size and
crystalline phase [18,19] of Er2O3. Several experimental
[1,11,18,20,21] and theoretical studies [4,5] (Table 1) have explored
the phase transitions in Er2O3. The B typewas synthesized in a large
volume press (LVP) at 3 GPa and 1020 �C and could be quenched [1].
It should be noted that B-type Er2O3 is not thermodynamically
stable at ambient pressure and below 2000 �C. Hoekstra's later
experiments [20] indicated that the reversible transformation of
the C/B type could be realized by annealing the B type in air at
900 �C for several hours. Guo et al. [11] observed a C to B-type phase
transition at 9.9 GPa in silicon oil. Theoretical calculations predicted
a phase transition from B to A-type at 22 [4] and 19.4 GPa [5].
However, the expected phase transformation from B/A predicted
by calculations was not observed in Refs. [11,21]. Er2O3 underwent a
C to A-type transition in nitrogen [21]. In our previous work [12],
we found that nano-Er2O3 experienced a C- to B-type phase tran-
sition with a partially amorphous structure under compression,
which has also occurred in other nanomaterials, such as Gd2O3/Er3þ

nanorods [22], Y2O3/Eu3þ nanotubes [23], Sm2O3 [24], Gd2O3 [24],
and Y2O3 [8,24]. However, these results are not consistent. The
reported transition pressures of C/B [5,11] and C/A [5,21] are
inconsistent under different hydrostatic conditions. The expected
B/A [5,11] phase transformation in Er2O3 predicted by calculations
has not been observed. The nature of the different transition
pressures is still uncertain and whether the calculated evolution of
B/A is possible or not remains unclear.

In this work, we investigated the high-pressure behavior of
Er2O3 using synchrotron x-ray diffraction (XRD) and the photo-
luminescence (PL) spectrum. We discovered the B/A transition in
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Table 1
Previous studies on the pressure-induced phase transition of Er2O3. The C, B, and A denote the cubic, monoclinic, and hexagonal phases of Er2O3, respectively. ED-XRD and DFT
are short for the energy dispersive x-ray diffraction and Density Functional Theory, respectively.

Method Transition range/pressure Transition type PTM Ref.

Tetrahedral anvil apparatus 3 GPa, 1020 �C C/B pyrophyllite [1]
2 GPa, 1273 �C C/B pyrophyllite [20]

ED-XRD 9.9e16.3 GPa C/B silicon oil [11]
14 GPa C/A nitrogen [21]

DFT 22 GPa B/A [4]
7.05 GPa C/B [5]
19.40 GPa B/A
9.11 GPa C/A
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Er2O3 for the first time. The bulk modulus of the cubic phase was
obtained from the compression data. The luminescent properties of
Er2O3 were altered under high pressure. Our results demonstrate
that the stability of Er2O3 depends on the hydrostaticity.
2. Experimental methods

2.1. Synchrotron AD-XRD and PL spectra under high pressure

A symmetric diamond anvil cell (DAC) with a pair of diamond
anvils was used to generate high pressures. The Er2O3 sample with
a ruby chip was loaded into a sample chamber drilled in a gasket.
We used stainless steel (T301) as a gasket. Silicone oil and helium
were used as the pressure transmitting media. The pressure was
determined by the ruby R1 fluorescence line [25].

The in situmonochromatic XRD experiments were performed at
beamline 15U1 of the Shanghai Synchrotron Radiation Facility
(SSRF). The diffraction patterns were recorded with a charge-
coupled device (CCD). The CeO2 powder was used to calibrate the
distance and orientation of the detector. The collected images were
integrated into one-dimensional diffraction patterns using FIT2 D
software [26]. The structural evolution under high pressure was
investigated based on the Rietveld refinements [27] of the inte-
grated patterns.

The luminescence spectra were performed using a Renishaw
inVia Raman systemwith a 532 nm laser beam and a spectrometer
with 2400 lines/mm grating giving a resolution of 1 cm�1.
3. Results and discussion

3.1. AD-XRD under high pressure

The crystalline size of the samples in our study was analyzed
using SEM. As shown in the low magnification SEM image in Fig. 1,
Fig. 1. SEM image of submicron Er2O3 at ambient conditions. The scale bar is presented
for particle size estimation.
the grain size was in sub-micron scale. We performed quasi-hy-
drostatic compression measurements to elucidate the high-
pressure behavior of the sample using helium as a PTM. The
structural evolution under pressure was analyzed based on the
Rietveld refinements of the integrated diffraction pattern. At
ambient conditions, Er2O3 crystallized in a cubic structure with
space group Ia-3 (No.206), 16 molecules per unit cell, and six-fold
coordinated Er3þ, which is reported in previous literature [11]. As
portrayed in Fig. 2, submicron Er2O3 was stable in C-type up to
12.0 GPa. When the pressure reached 13.6 GPa, some new peaks
belonging to a monoclinic phase emerged, which suggested that
the C/B transition started between 12.0 and 13.6 GPa. A typical
Rietveld refinement for the mixed phases of the C- and B-type of
submicron Er2O3 at 14.5 GPa is shown in Fig. 3(a). When pressure
increased to 17.8 GPa, the XRD pattern was well characterized by a
mixture of C-, B- and A-types phases (seen in Fig. 3(b)), which
coexisted up to 19.7 GPa. The C-type disappeared completely at
20.0 GPa, and the B- and A-types coexisted up to 23.5 GPa. Above
25.3 GPa, the submicron Er2O3 fully converted to an A-type and
remained stable up to the highest pressure. A Rietveld refinement
XRD pattern for a pure hexagonal P-3m1 phase Er2O3 at 29.3 GPa is
shown in Fig. 3(c). When the pressure was released, the A-type
transformed to a B-type.

We also carried out quasihydrostatic compression in silicon oil
to confirm the transition route observed in Er2O3. As portrayed in
Fig. 4, the submicron C-type Er2O3 in silicon oil was stable up to
6.6 GPa, when a newweak peak corresponding to the B-type began
to appear at 12.6�, and all the XRD peaks shifted to higher 2q angles
upon compression. The intensities of the new peaks increased with
Fig. 2. High-pressure powder XRD patterns of submicron Er2O3 in helium.



Fig. 3. The representative refinement results of submicron Er2O3 in helium. (a), (b) and
(c) are the refinement patterns of submicron Er2O3 under 14.5, 17.8 and 29.3 GPa,
respectively. The experimental and calculated data are represented by the black solid
sphere and red line. The difference between the observed and the fitted XRD patterns
are shown with a blue line at the bottom. The solid short vertical lines show the po-
sitions of the Bragg reflections for Er2O3. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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increasing pressure at the expense of the C-type. The peaks of the
C- and B-types coexisted up to 12.7 GPa. When the pressure
increased to 15.2 GPa, the cubic Er2O3 peaks completely dis-
appeared. When further compressed to 22.5 GPa, some new
diffraction peaks appeared that could be indexed to an A-type and
increased in intensity. Both the B-type and A-type structure
Fig. 4. Selected high-pressure powder XRD patterns of submicron Er2O3 in silicon oil.
remained stable up to the highest pressure in this study. The top
two patterns in Fig. 4 are representative XRD patterns during
decompression. The A-typewas not quenchable and transformed to
a B-type structure that preserved at ambient conditions.

It is worth noting that the degree of hydrostaticity affects both
the structural stability and transition sequence of Er2O3. Guo et al.
[11] suggested submicron Er2O3 underwent a C to B-type phase
transition at 9.9 GPa in silicon oil, and the B-type phase was stable
up to at least 30 GPa. The onset transition pressure of the C to B-
type was higher than that observed in silicon oil and lower than
that in helium in this study. Our experimental value in silicon oil
(6.6 GPa) is in good agreement with both the high-temperature
extrapolation (5 GPa) [20] and theoretically calculated value
(7 GPa) [5]. As illustrated in Table 1, Er2O3 underwent a C to A-type
transition at 14 GPa in nitrogen [21], while Er2O3 started a C- to B-
type transition at 13.6 GPa in helium in this work. We observed the
predicted B- to A-type transition at 17.8 and 18.4 GPa, respectively,
in helium and silicon oil. Theoretical calculations predicted the B to
A-type transition at 22 [4] and 19.4 GPa [5], respectively, which
shows good agreement with our results. The onset pressure of the
C- to B-type transition was elevated under hydrostatic pressure
with a helium pressure medium. Our observed effects of hydro-
staticity on the phase transition of Er2O3 in this study agrees with
other literature [11,21,28]. We observed a pure A-type Er2O3 in
helium for the first time.

Fig. 5 shows the pressure dependent volume of the cubic Er2O3.
The pressure-volume data could be fitted to a third-order Birch-
Murnaghan equation of state (BM-EoS) [29,30], where B0 and B00
are the bulk modulus and its pressure derivative, respectively. V0
and V are the volume at ambient condition and pressure P,
respectively.

P ¼ 3/4B0[(V0/V)7/3-(V0/V)5/3] � {1 þ 3/4(B00 - 4) [(V0/V)2/3e1]}

The bulk modulus of the cubic phase for the submicron Er2O3 in
helium are B0 ¼ 148.8 GPa, V0¼ 73.6329Å3, B00¼ 4.02, respectively.
For convenient comparison, we also fitted the pressure-volume
data of cubic Er2O3 in silicon oil. The fitting results of our data
gave B0¼ 151.20 GPa, V0¼ 73.4189Å3 at fixed B00¼ 4. A comparison
Fig. 5. The variation of the cubic Er2O3 cell volume with pressure. The data in helium
and silicon oil are represented with a square and sphere, respectively; the blank and
red lines are fitted by the third order Birch-Murnaghan equation of state. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)



Table 2
A summary of the bulk modulus (B0) of cubic Er2O3 and their pressure derivative
(B00) obtained by various methods. PTM refers to the pressure-transmittingmedium.
BM3 refers to the third-order Birch-Murnaghan equation of state.

Sample B0 (GPa) B0
0 Method and PTM Ref.

Submicron 148.8 4.02 BM3, helium This work
151.2 4 (fixed) BM3, silicon oil

Submicron 200(6) 8.4 BM3, silicon oil
silicon oil

[11]

Bulk 136 5.9 Vinet, nitrogen [21]
Nanoparticle 231(3) 4 (fixed) BM3, silicon oil [12]

211(4) 8.4 (fixed)
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between the present results and previously reported data [11,12,21]
on the bulk modulus and its pressure derivative is shown in Table 2.
The calculated bulk modulus in helium is lower than those of
submicron (200(6) GPa) [11] and nanoparticles (211(4) GPa) [12] in
silicon oil. Previous works and our present results confirm that: (1)
the nanosized samples were harder to compress with a larger bulk
modulus than the submicron/bulk samples. (2) The hydrostatic
pressure/stress state plays an important role in the measured
compressibility, which is consistent with the reported literature
[31]. The solidification of silicon oil may have an effect of over-
estimating the bulk modulus.

3.2. Photoluminescence of Er2O3 under high-pressure

The luminescence property of materials is determined by their
electronic structure, which is closely related to their crystal struc-
ture. We performed a high-pressure PL spectroscopy to study the
effects of the structural transition on the luminescence properties
of Er2O3. At ambient conditions, the PL spectra of the submicron
Er2O3 showed good agreement in both line shapes and wavelength
positions with a previous study [32]. The multiplet PL peaks
observed from 530 nm to 570 nm originated from the relaxation
and emission from 4S3/2 / 4I15/2 and 2H11/2 / 4I15/2, respectively.
Silicon oil was adopted as a PTM. As seen in Fig. 6, no apparent
discontinuity, disappearance, or splitting was observed in the
luminescence spectra profile below 6.4 GPa for submicron Er2O3,
indicating that the structure remained stable up to this pressure,
which is consistent with our XRD results. When the pressure
reached 8.5 GPa, a new peak (labeled with an asterisk) appeared
Fig. 6. PL spectra of submicron Er2O3 at selected pressures.
that was attributed to the 4S3/2 / 4I15/2 transition accompanying
the obvious changes in the relative intensity of the luminescence
spectra, and revealing the onset of the structural transition. The
bands (labeled with an asterisk) ranging from 545 to 550 nm
appeared, which were attributed to the 4S3/2/

4I15/2 transition and
became more enhanced at the expense of the original bands
completely at 15.3 GPa. In addition, the peaks from the 2H11/

2 /
4I15/2 transition became gradually weaker and indistinct when

the pressure increased further to above 15.3 GPa. The behaviors in
the luminescence spectra with increasing pressure indicated a
phase transition from cubic to monoclinic. Above 18.1 GPa, a new
luminescence peak (arrowed) emerged and its intensity became
strong with increasing pressure, combined with a relative intensity
change of the two arrowed peaks [33,34], implying a gradual phase
transition from monoclinic to hexagonal. The PL spectra only red
shifted above 29.9 GPa and remained stable up to 36.7 GPa, the
highest pressure. The PL peaks shifted to a shorter wavelength
during decompression. The PL peaks of the hexagonal phase were
not preserved and transformed to a monoclinic phase after the
release of pressure. The pressurized luminescence behaviors in
submicron Er2O3 were in good agreement with our XRD results and
confirmed the related phase transitions of Er2O3.

4. Conclusions

In conclusion, the high-pressure behaviors of submicron Er2O3
were investigated experimentally using AD-XRD and PL spectra
techniques in different hydrostatic conditions. Submicron Er2O3
experienced C/B/A structural evolutions under high pressure,
while the onset transition pressure of cubic Er2O3 in silicon oil was
much lower than that in helium. By fitting the pressure-volume
data of the cubic phase Er2O3 in helium and silicon oil, the calcu-
lated bulk moduli were B0 ¼ 148.8 GPa, B00 ¼ 4.02 GPa, and
B0 ¼ 151.2 GPa, B00 ¼ 4 GPa (fixed), respectively. The calculated bulk
modulus in helium is lower than that in silicon oil. These results
indicate that hydrostatic pressure plays a crucial role in the
compression behavior of Er2O3 under high-pressure. Moreover, the
PL measurements show that the luminescence properties of Er2O3
can be altered by the structural phase transition, which aids
possible applications in future.
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