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Pressure-induced phase transition of B-type Y,03"
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The synthesized monoclinic (B-type) phase of Y,O3 has been investigated by in situ angle-dispersive x-ray diffraction
in a diamond anvil cell up to 44 GPa at room temperature. A phase transition occurs from monoclinic (B-type) to hexagonal
(A-type) phase at 23.5 GPa and these two phases coexist even at the highest pressure. Parameters of isothermal equation of
state are Vy = 69.0(1) A3, Ky = 159(3) GPa, K, = 4 (fixed) for the B-type phase and V = 67.8(2) A3, Ky = 156(3) GPa,
K|, = 4 (fixed) for the A-type phase. The structural anisotropy increases with increasing pressure for both phases.
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1. Introduction

Sesquioxides are very important materials which possess
a wide range of physical and chemical properties and can
be used for different technological applications. For exam-
ple, they play a vital role in the grain growth inhibitor,!!]
are used as additives of ceramics!?! and active catalysts
for organic reactions,>* and have potential use in nuclear
engineering.>® In addition, sesquioxides can adopt per-
ovskite (Pv), post-perovskite (PPv), and post-PPv phases at
extreme conditions, which has significant implications for the
mantle of giant extrasolar silicate planets. For instance, Al,O3
undergoes a series of pressure-induced phase transitions from
corundum structure to RhyO3(II)-type structure, then to the
PPv-type structure, and finally to the post-PPv phase (U,S3-
type, Pnma and Z = 4) above 370 GPa.l”! Gd,S3-type (Pnma
and Z = 4) and Th;,Ss-type (Pnma and Z = 4) structures,
which have the same space group and cationic coordination
numbers with the U,S3-type structure, have been observed in
Sc,03181 and Ti,03 ! at high pressure, respectively.

The high-pressure behavior of rare-earth sesquioxides has
been widely investigated. So far, five polymorphic forms
have been identified in rare-earth sesquioxides. Hexagonal A
(P3m1) in which cations are in seven-fold coordination, mon-
oclinic B (C2/m) in which cations are mixed with six or seven-
fold coordination, and cubic C (Ia3) with six-coordinated
cations are commonly observed at room temperature and am-
bient pressure.'”) The two other phases denominated as H
(hexagonal, P63/mmc) and X (cubic, Im3m) are formed at
high temperature.!!!] Cations in Gd,S3, Th,S3, and U,S3 oc-
cupy seven and eight oxygen coordinations, which are higher
than those in C, B, A, Pv, and PPv structures.
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Scandium and yttrium elements with the chemically sim-
ilar lanthanide elements are often known to belong to the lan-
thanide family as the rare-earth metal elements. The opti-
cal properties of trivalent rare earth ion-doped nanocrystalline
materials have been investigated extensively. Y,O3 nanocrys-
tals doped with trivalent rare earth ion have attracted consid-
erable interest because of the high chemical durability and
thermal stability. Eu-doped Y,Os3 is an important commer-
cial luminescent material, it has been widely used in fluo-
rescent lamps, projection television tubes, field emission dis-
plays, etc.!?! Y,0; crystallized into the C-type structure un-
der ambient conditions. Lots of attempts have been made to
understand its high-pressure behavior, but the high-pressure
phase transition sequences show some inconsistencies. As for
the pure Y,03, the C—B,[!!314 CB—A 7171 ¢ A, 18]
and C—B—Gd,S3!1%2% phase sequences have been observed
in experiments or theoretical calculations. The in situ high-
pressure luminescence spectra indicated that the C-type bulk
Eu-doped Y03 transformed into the B-type phase at 15 GPa,
while 20 nm-sized nanocrystals did not.[>!]

As we all know, the experimental results are influenced by
experimental conditions, such as non-hydrostaticity of pres-
sure and regime of temperature treatment. In the static high-
pressure experiment at 2.5 GPa and 1273 K, the C-type Y,03
transformed to the B-type phase which was also found above
12 GPa in a shock-compression experiment, while the A-
type phase was proposed to be the favorable stable high-
pressure phase.!'*! In some quasi-hydrostatic compression ex-
periments at room temperature, Y,O3 followed the phase se-
quence of C—B—A.['5-171' A high-pressure Raman experi-
ment reported two phase transitions, viz, C—B and B—A
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at 12 GPa and 19 GPa respectively.['®) However, a high-
pressure x-ray experiment showed that pure Y,Os3 exhibited
a direct transition to A structure at 12.1 GPa and room tem-
perature, whereas the C—B—A transition was observed in
Eu-doped Y,0;5.!"8! Considering the temperature effect, a se-
quence of structural phase transitions C—+B—A observed in
the room-temperature compression did not coincide with the
phase transition sequence C—B—Gd,S3; under high pressure
and high temperature.'®! Moreover, there are some inconsis-
tencies among the room-temperature data collected with dif-
ferent internal pressure standards under conditions close to
hydrostatic environment by noble gases like He or Ne me-
dia and by solid or liquid media such as KBr and silicone
0il.[??! The previous pressure-transmitting media in the exper-
iments on Y,03; were silicone oil,'8] a mixture of methanol
and ethanol,[?3! or KBr powder. (el

To the best of our knowledge, starting Y,0O3 samples
used in the former work were characterized by the C-type
structure. The B-type polycrystalline Y,O3 has been syn-
thesized successfully using multi-anvil press in our previous
work.[?* High-pressure x-ray diffraction experiments provide
us information about high-pressure phase transitions and phys-
ical properties.[>>-?7! In this study, we carry out the high-
pressure experiment of B-type Y,Oj3 as the starting material
up to 44 GPa by in situ x-ray diffraction (XRD) in diamond
anvil cell (DAC).

2. Experiment

The starting sample of the synthesized B-type Y,0O3 was
described in detail in Ref. [24].
we generated high pressures by a symmetric type DAC with

In our XRD experiment,

300 pm-diameter culets. A 150 um-diameter hole was drilled
in the pre-indented to ~ 30 um-thickness rhenium gasket. Pt
was loaded in the chamber as pressure standard based on its

(221 and Ne was used as the pres-

well-known equation of state.
sure medium. The in situ high-pressure XRD experiment at
room temperature was conducted at 13IDD at Advanced Pho-
ton Source (APS). Diffraction patterns were collected using
a MarCCD detector. The monochromatic x-ray which was
focused to 5 umx5 pum on the sample surface has a wave-
length of 0.3344 A. Collection time for each pattern was 20 s.
Diffraction images were integrated to one-dimensional spectra
using the Fit2D program. ?8] Lattice parameters were obtained
using Unitcell.[*”) Some x-ray diffraction patterns were fitted
by the Le Bail method implemented in the GSAS+EXPGUI

software. 301

3. Results and discussion

The XRD pattern at ambient conditions gives lattice pa-
rameters a = 13.892(7) A, b =3.494(1) A, c = 8.614(4) A,
B =100.22(4), and V = 411.4(2) A3 from a full profile model

refinement. In situ high-pressure XRD data were collected up
to 44 GPa at room temperature. Some selected XRD patterns
are shown in Fig. 1, where all peaks can be indexed into the
B-type Y,03 and minor impurities up to 23.5 GPa. All peaks
shifted to higher angles of 26 with increasing pressure. As
shown in Fig. 1, the peaks began to change at 23.5 GPa, indi-
cating the appearance of a new phase. According to the pre-

(191 the new phase would be either A- or Gd,S3-

vious studies,
type. By performing the x-ray profile fitting analyses and com-
paring the d values of the characteristic peaks with the previ-

ous experimental data,[!"]

we confirmed that the new phase
adopted the A-type structure (P3m1). Upon compression, the
B-type phase was found to obviously coexist throughout the
transition process from the B- to A-type phase. The B-type
phase still existed at the highest pressure, implying that the
transition may be kinetically sluggish. In Sc,O3, the B to A
transition at 77 GPa was predicted by ab initio calculation,3!]
but the Gd,S3-type phase as the post-B phase was observed
above 18 GPa at the high temperature experiment. ! Consider-
ing the similarity of Sc,O3 and Y03, Sc,O3 would also have
the C—B— A phase transition sequence in the high-pressure
experiment at room temperature. As previously mentioned, it
is not a common phenomenon that the high-pressure structure
sequence of Y,03 observed in the room temperature compres-
sion does not coincide with the phase transition sequence at
high temperature. Generally speaking, the temperature effect
is always considered in pressure-induced phase-transition ex-
periments in order to obtain clear high-pressure structural in-
formation, because high temperature relaxes the differential
stress and overcomes the potential kinetic effects on phase
transition. Therefore, the laser heating usually promotes the
phase transition to happen at lower pressure than that of the
room temperature compression experiment. By analyzing the
crystal structures of B- and A-type phases of Y,0O3 at high
pressure, the B-type structure was found to be equivalent to
the A-type structure.!'?! This is a possible reason why the B to
A transition was observed under compression at room temper-
ature. In our synthesis experiment, we tried to synthesize the
Gd,S3-type phase of Y,03 in a multi-anvil apparatus at HP-
HT conditions (20 GPa and 1800 °C), but the B-type phase
was reserved.[?*! Ovsyannikov et al. tried to obtain the B-type
Sc,03 at 14 GPa and 1600 °C, but only the C-type phase was
found in the recovered sample.[?! These results show that the
HP-HT behaviors of Y,03 and Sc,Oj3 are complex and further
investigations of their P-T phase diagrams are needed.

The B- and A-type unit-cell volumes showed a smooth
decrease with the increasing pressure. The unit-cell volume
data as a function of pressure is plotted in Fig. 2 and ana-
lyzed by the second-order Birch-Murnaghan equation of state
(B-M EoS).[33] The EoS parameters we obtained are listed in
Table 1, which also includes the available experimental and
theoretical data for comparison. The equilibrium volume Vj
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obtained from the theoretical computation is underestimated
compared with the experimental results, which is typical for
the LDA computations. The isothermal bulk moduli of B- and
A-type Y03 compounds are approximate. Our result is con-
sistent with the theoretical simulation data,!!'! which shows
that the difference between the bulk moduli of B- and A-type
rare-earth sesquioxides is considerably small.
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Fig. 1. (color online) X-ray diffraction profiles of the Y,0O3 sample under
room temperature compression. The tick marks indicate the calculated posi-
tions of the diffraction peaks of B- and A-type phases with the LeBail method
(GSAS). Solid line, symbols, and solid line at the bottom represent the cal-
culated and the observed patterns and their differences at ambient conditions,
respectively. Other solid lines represent the observed patterns at high pres-
sure.
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Fig. 2. (color online) The volume per formula of B- and A-type phases of
Y03 as a function of pressure. The solid lines correspond to the second-order
B-M EoS fitting to the experimental data. The volume collapse in the phase
transition is about 2% at 23.5 GPa. The crystal structures are also shown.
Red spheres are oxygen and dark green spheres at the center of polyhedra are
yttrium.

The phase transition from B- to A-type Y,03 is followed

by a volume collapse of 2% at 23.5 GPa (Fig. 2), which is

[34

at the same level as that of Sm,05.134! This transformation in-

volves only a slight deformation. Compared to this B—A tran-
sition, the C—B first-order phase transition is accompanied by

a more significant volume decrease (8%,1161 12.591151),

Table 1. Equation of state parameters for the B- and A-type polymorphs
of Y,03. Vy, By, and 36 are the volume per formula unit, the bulk mod-
ulus, and its pressure derivative at zero pressure, respectively.

Y,03 VolA3 By/GPa B, Method
B-type 68.99(10) 159(3) 4 (fixed) XRD (this study)
68.55(12) 155(4) 4 (fixed) XRD!]
66.16 117.9 4.83 DFT-LDA[!]
71.42 192(10) 4 (fixed) XRD!]
A-type  67.79(17)  156(3) 4 (fixed)  XRD (this study)
66.78(53)  159(15) 4 (fixed) XRD!I
64.63 144.6 4.37 DFT-LDA[!%]

The coordination number of Y increases from six or seven
in B-type structure, to seven in the A-type one during the
B—A transition. In addition, the B (C2/m) and A (P3ml)
have a group-subgroup relationship.[*3] Contrary to the C—B
reconstructive transition, the B—A transition is inferred to be
displacive, which is also suggested in other studies.!!7-1°]

Theoretical analysis of pressure-induced B to A-type
phase transitions shows a linear correlation between bulk mod-
ulus, transition pressures, and the ionic radius of the cation. (]
The suggested transition pressure and bulk modulus for Y,03
are at the same level as those of our experimental results.
The difference is mainly due to the GGA exchange correla-
tion energy, which gives a larger Vy and a smaller By. The
first single-crystal study of ScyO3 exhibited that the denser B-
type phase is a bit more compressible than the C-type one.3?!
This result did not confirm the other experimental studies on
powdery Sc,03.181 The previous studies on powders of lan-
thanide sesquioxides did not reveal a noticeable difference in
the bulk moduli of C-, B-, and A-type phases, e.g., Ho,O3 and
Smy03.53430] Whether there exist noticeable bulk modulus
differences among the C-, B-, and A-type rare-earth sesquiox-
ides requires more experimental and theoretical investigations.

During the past few decades, the rare-earth sesquioxides
have been studied by numerous researchers to investigate the
phase relationships among the C, B, and A phases. Early in
1966, Hoekstra found that the effect of ionic radius is much
greater than temperature or pressure in shifting the C<+B equi-
librium line.*”) Moreover, compression experiments and the-
oretical results exhibited that higher pressure would be needed
to stabilize the A-type phase in rare-earth sesquioxides with
smaller cationic radius.[!!3*] However, this systematics of the
C—B—A phase sequence may not be applicable to the rare-
earth sesquioxides only according to their cationic radii. The
comparative crystallography in rare-earth sesquioxides has
been summarized in other study. 8] S¢c,04 (Sc3+; 0.745 A),
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In, O3 (In**; 0.800 A), and Y,03 (Y3*;0.900 A), which adopt
the C-type structure at ambient conditions, crystallize into the
Gd,S3 structure at high pressure after laser heating.!®!1%-381 Tt
is possible that the Gd,S3 structure would be found as a post
B-type structure in other rare-earth sesquioxides at high tem-
perature.

The pressure evolution of the lattice parameters of the B-
and A-type phases is shown in Fig. 3. Regarding the unit-cell
compressibilities, the a axis is the most compressible and the b
axis is the least compressible for the B-type phase. As for the
A-type Y203, the ¢ axis is more compressible than the a axis
mainly because of the large intervals between the layers in the
c axial orientation. It indicates that the axial compressiblities
of B- and A-type phases are anisotropic.
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Fig. 3. (color online) Pressure-induced variations in the lattice param-
eters of the B-type (a) and A-type (b) phases of Y,03. The solid lines
are linear fittings of the experimental data.

4. Conclusion

The structural properties of B-type Y,O3 under compres-
sion have been investigated by synchrotron radiation x-ray
diffraction experiment with neon as the pressure-transmitting
medium at room temperature up to 44 GPa. We observed a
sluggish phase transition from B- to A-type phase at 23.5 GPa.
The isothermal P-V relationship of Y,O3 was described by the

second-order Birch—-Murnaghan equation of state with By =

159(3) GPa for the B-type phase, and 156(3) GPa for the A-
type phase. Note that the high pressure behavior of rare-earth
sesquioxides is apparently complex, and there are lots of unan-
swered questions in their condensed matter physics. Further
studies will bring exciting results on their high-pressure prop-
erties.
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