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We investigated high-pressure induced phase transitions in Y2O3 and Eu-doped Y2O3 �Y2O:Eu3+�
using angular dispersive synchrotron x-ray diffraction, Raman spectroscopy, and photoluminescence
�PL�. With increasing pressure, we observed a series of phase transformations in Y2O3:Eu3+, which
followed a structure sequence of cubic→monoclinic→hexagonal, while Y2O3 followed a sequence
of cubic→hexagonal. During decompression, both hexagonal structured Y2O3 and Y2O3:Eu3+

transformed into monoclinic phases which were quenchable back to ambient pressure. Raman and
PL measurements shed additional light on the different phase transition behavior in these two
samples. © 2009 American Institute of Physics. �DOI: 10.1063/1.3082082�

Pressure induced phase transitions in oxides with d and f
electrons have generated increasing interest since pressure
provides a unique way to study the structure stability af-
fected by the coupling between charge, spin, orbital, and
lattice.1 For example, phase transitions in lanthanide sesqui-
oxides �Ln2O3� have been an attractive area.2,3 The first sys-
tematic investigation was reported over 80 years ago and the
original proposed three phase diagram �denoted as phases A,
B, and C� is still in use.4 Phases A, B, and C have hexagonal,
monoclinic, and cubic structures, respectively. At ambient
conditions, the sequence of density for the phases of Ln2O3
is �A��B��C so with increasing pressure, it is expected that
structure transitions will follow the sequence C→B→A for
Ln2O3,5 an expectation which has been supported by experi-
mental results.3,6

Yttria �Y2O3� is a rare earth sesquioxide which has been
widely used in coating materials and as a red-emitting
phosphor.7,8 Since the electronegativity and ionic radius of
yttrium are very close to lanthanide elements, it is believed
that Y2O3 should display similar crystal structure and transi-
tion behavior as Ln2O3.9–11

High-pressure induced phase transitions of Y2O3 have
previously been studied using x-ray diffraction �XRD� and
Raman spectroscopy.11–13 However, the phase transforma-
tions in Y2O3 from previous reports have been inconsistent.
Atou et al.12 studied the shock-induced phase transition in
Y2O3. Their results indicated that C-type structured Y2O3
transformed to B-type above 12 GPa and completed of this
transition at 20 GPa. They did not observe the predicated
transition from B-type to A-type over the pressure range
studied. Ma et al.13 reported two structural transitions in
Y2O3. A transition from C-type to B-type began at 12.8 GPa
and then the B-type transformed to a new phase at 21.8 GPa.

However, the structure of the new phase was not determined.
Husson et al.11 studied the in situ high-pressure Raman spec-
tra of Y2O3 to 22 GPa. They found that C-type Y2O3 trans-
formed to B-type at 12 GPa and the B-type then transformed
to A-type at 19 GPa.

Another interesting problem to be investigated is how
the very small amounts of dopants affect structure stability at
high pressure. In our study, we investigated Eu3+ doped
Y2O3 �Y2O3:Eu3+� which has attracted a great deal of atten-
tion as the main red-emitting material in fluorescent lamps
and projection television tubes.14 It was found that the lumi-
nescence from f-f transitions in Eu3+ is very sensitive to the
Eu3+ ion environment and can be used as a spectral probe to
identify the crystal structure.15 Recently, Bai et al.15 studied
the in situ high-pressure luminescence spectra of nanocrys-
talline and bulk Y2O3:Eu3+. Their results indicated that the
C-type bulk Y2O3:Eu3+ transformed into the B-type at 15
GPa, while 20 nm-sized nanocrystals do not. However, the
phase transition in Y2O3:Eu3+ has not been studied by XRD
which would give direct evidence on the nature of the struc-
tural changes.

We examined the phase transitions of Y2O3 and for the
first time, we investigated Y2O3:Eu3+ using in situ angular
dispersive synchrotron x-ray diffraction �ADXD�, Raman
spectroscopy, and photoluminescence �PL� measurements
under high pressure. We observed that the phase transitions
in Y2O3:Eu3+ followed a C→B→A sequence while Y2O3
followed a C→A sequence. The Raman and PL studies
showed that the lattice vibration and electron states were
changed due to the doping of Eu3+ into the Y2O3, which
provided clues for understanding the differences between the
two samples.

A Mao-type diamond anvil cell was used to generate
pressure in the sample. Samples were loaded into �100 �m
diameter holes drilled in T301 stainless steel gaskets. Sili-
cone oil was used as a pressure-transmitting medium. Pres-
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sure was determined from the fluorescence spectra of the
ruby.16 The in situ high-pressure ADXD experiments were
carried out at 16ID-B station of the Advanced Photon
Source, Argonne National Laboratory. A focused monochro-
matic beam ��=0.4084�1� Å� of approximately 5 �m in di-
ameter was used for the ADXD measurements.

Typical high-pressure XRD patterns collected from
Y2O3 are shown in Fig. 1�a�. At an ambient pressure, the
structure was cubic �C-type, Ia3� with a=10.603 Å which is
in agreement with previous measurements.13 During com-
pression, no changes were observed below 12.1 GPa, indi-
cating that the sample remained as C-type. Above 12.1 GPa,
new peaks at 2� of 7.5°, 8.6°, 11.4°, and 15.7° appeared
which could be indexed with hexagonal symmetry �A-type�.
The intensities of the new peaks increased with increasing
pressure as the A-type grew at the expense of the C-type with
complete conversion at 22.5 GPa. The A-type structure re-
mained stable to 34.5 GPa which was the highest pressure of
the experiment. Figure 1�b� shows the XRD patterns of Y2O3
of different pressures during decompression. The A-type was
not quenchable and transformed to another phase which was
indexed as B-type.

Our experiments showed that the pressure transition sce-
nario of Y2O3 is C→A instead of C→B→A and that during
decompression, the phase transition sequence is A→B. The
B-type structure can be preserved to ambient pressure. This
result differs from previous XRD studies. It is not surprising
that the study on samples quenched from high pressures did
not observe the A-type phase since we found that it is not
quenchable which speaks to the importance of in situ
characterization.12 In comparison with the results of the pre-
vious in situ Raman and EDXD studies,13 we did not observe
the phase transition of C→B reported by Husson et al.11 and

Ma et al.,13 even though the highest pressure in our experi-
ment was higher than in previous studies. Note that the phase
transition route in our high-pressure experiments is consis-
tent with the thermal phase diagram of Y2O3 in which the
cubic phase of Y2O3 is stable up to 2325 °C and it is trans-
formed into hexagonal phase at higher temperature.17 In ad-
dition, a similar phase transition route has been found in in
situ XRD studies of other rare earth sesquioxides, Sm2O3,
Eu2O3, and Gd2O3,5,18,19 which supports our finding.

We further studied the high-pressure induced phase tran-
sition of Y2O3:Eu3+ �molar ratio Y3+:Eu3+=99:1�. Figure
2�a� shows the high pressure XRD patterns for Y2O3:Eu3+.
At ambient pressure, Y2O3:Eu3+ is in a cubic structure
�C-type, Ia3� with a=10.608 Å, the same structure as pure
Y2O3. During compression, sample the remained in C-type
structure below 7.9 GPa before new peaks were observed.
The new peaks can be indexed with a monoclinic symmetry
�B-type�. The intensity of these new peaks increased as pres-
sure increased, while the peak intensity of C-type structure
decreased and disappeared completely at 14.7 GPa.

Figure 2�a� also shows the XRD spectra of Y2O3:Eu3+ at
higher pressures. It is found that the B-type remained stable
up to about 19 GPa, and then the intensity of some diffrac-
tion peaks of the B-type became weaker. Gradually, some
new peaks appeared at 25.8 GPa. The new peaks can be
indexed with hexagonal symmetry �A-type�. Above 27.7
GPa, the diffraction peaks of B-type disappeared, and the
sample transformed into A-type structure completely. The
A-type structure was stable up to 34.4 GPa, the highest pres-
sure of the experiment.

Figure 2�b� shows the XRD patterns of Y2O3:Eu3+ dur-
ing decompression. It was found that the A-type structure

FIG. 1. �Color online� XRD patterns for Y2O3 upon compression �a� and
decompression �b� �=0.4084�1� Å.

FIG. 2. �Color online� XRD patterns for Y2O3:Eu3+ during compression �a�
and decompression �b� �=0.4084�1� Å. Asterisks mark the first appearance
of new peaks due to the A-type.
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was not quenchable and it transformed into B-type during the
decompression. The phase transition from B-type to A-type is
reversible. The A-type phase transformed into B-type during
the decompression and the B-type structure can be recovered
to ambient pressure. However, the phase transition from
C-type to B-type is irreversible.

Comparison with Y2O3, not only finds that the pressure
of the phase transitions are different but also the phase tran-
sitions routes are different. From the data, C-type structural
Y2O3 transformed into A-type directly at the pressure of 12.1
GPa and the A-type structure kept stable up to the highest
pressure of the experiment. However, the C-type structural
1% Eu3+ doped Y2O3 transformed into B-type but not the
A-type structure. The pressure of the phase transition is 7.9
GPa which is about 4.2 GPa lower than the pressure of the
phase transition of pure Y2O3. The B-type structural
Y2O3:Eu3+ transformed into A-type structure at 25.8 GPa.
The two samples have same crystal structures and similar
lattice parameters, and differ only in the 1% Eu3+ doping. To
understand how the 1% Eu3+ doping changed the structure
stability compared with pure Y2O3, we studied the lattice
vibrations and electronic states of the two samples by mea-
suring the Raman spectra and PL, respectively. Figure 3
shows the Raman and PL spectra of the samples excited by
Ar+ ion laser with a wavelength of 514.5 nm. Compared to
Y2O3, some new Raman peaks marked were observed in the
Raman spectrum of Y2O3:Eu3+. Furthermore, the intensity
of some of the peaks was lower than those of pure Y2O3. All
of these changes indicate that the lattice vibrations were
changed by doping, although no difference of the crystal
structure was observed by comparison of the XRD patterns.

As shown in the figure, the PL spectra of the two
samples were dissimilar. No PL peaks can be recognized
from the spectrum measured from pure Y2O3. However,
Y2O3:Eu3+ shows a very strong PL. This indicates that the
electron states of the two samples are different. From previ-
ous studies, the main peak at around 612 nm was assigned to
the 5D0→ 7F2 transition in C2 symmetry for Eu3+ incorpo-
rated in Y2O3.8,20 The peaks at 582 and 587 nm of
Y2O3:Eu3+ were assigned to the 5D0→ 7F1a transition of
Eu3+ in S6 and C2 symmetries, respectively. Thus, the Eu3+

ions occupy both Y3+ sites in the lattice. As we know, the
diameter of Eu3+ is 0.95 Å which is about 6% bigger than
Y3+ �0.89 Å�. Therefore, the crystal field strength of the oxy-
gen coordination is increased due to the presence of rela-

tively larger cations in the lattice of Y2O3. The crystal field
strength, the lattice vibrations, and electron states were
changed due to the doping of Eu3+ into the Y2O3 which
provide an insight into the difference in the pressure induced
phase transitions caused by the doping.

In summary, we studied the pressure induced phase tran-
sition of pure and Eu3+ doped Y2O3. The results show that
for pure Y2O3 during compression, the C-type structure
transformed into A-type at 12.1 GPa and A-type structure
kept stable up to 34.5 GPa, and under decompression the
A-type structure transformed into B-type and B-type can be
recovered to ambient pressure. For 1% doped Y2O3:Eu3+

during compression, the C-type structure transformed into
B-type at 7.9 GPa and B-type transformed further into A-type
at the pressure of 25.8 GPa, and A-type kept stable at the
pressure up to 34.4 GPa and during decompression, A-type
transformed into B-type and B-type can be recovered to am-
bient pressure which is the same as pure Y2O3. Raman and
PL studies confirmed that the lattice vibration and electron
states were modified due to the presence of relatively bigger
ion Eu3+ in the lattice of Y2O3, which provides an insight
toward understanding the difference in the pressure induced
phase transition properties between these two materials.
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FIG. 3. �Color online� �a� Raman and �b� PL spectra of Y2O3 and
Y2O3:Eu3+ excited by a 514.5 nm laser.
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