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Structural phase transitions of cubic Gd,0O; at high pressures
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An irreversible structural transformation from the cubic phase to a hexagonal high-pressure phase was
verified in Gd,O5; between 7.0 and 15 GPa. The compressibility and bond distances of both phases were
determined by the refinement of the x-ray diffraction data. The high-pressure phase of Gd,05 is 9.2% denser
than the cubic phase at 7 GPa. After release of pressure, the high-pressure phase transformed to a monoclinic
structure. The pressure-induced phase transition from the monoclinic to the hexagonal phase is reversible.
Unlike the case at atmospheric pressure, the hexagonal phase was found to transform to the monoclinic phase
by increase of temperature at high pressures. The lattice potential energies and electronic density of states of
the cubic, monoclinic, and hexagonal high-pressure phases of Gd,O; were calculated from the known struc-
tural models with density-functional method. The observed phase stability, transition pressure, and volume

change are well explained by theoretical calculations.
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I. INTRODUCTION

Sesquioxides play a vital role in the processing of ceram-
ics as additives for low-temperature sintering, as grain
growth inhibitors, and as phase stabilizers,' as well as poten-
tial applications in nuclear engineering.? Due to the photolu-
minescence properties of rare-earth elements, they are also
important optical materials.>* Depending on the radius of
cation, there are three polymorphs for rare-earth sesquioxides
at low temperatures: hexagonal phase (A type, space group:
P-3m1) (rare-earth cations: La to Nd), monoclinic phase (B
type, C/2m) (rare-earth cations: Sm to Gd), and cubic phase
(C type, Ia-3) (other rare-earth cations). At very high tem-
perature, there are additional two polymorphs in most rare-
earth sesquioxides. One is hexagonal (H type) with lattice
parameters close to those of the normal hexagonal phase, but
in a different space group (P65;/mmc), and another one is
cubic (X type, Im-3m). The phase stability and phase transi-
tions with temperature or pressure for all the rare-earth ses-
quioxides were summarized recently in Ref. 5. At ambient
conditions, the crystal structure of most sesquioxides with
cations of medium size depends on the thermal history; as
an example, Gd,O5; can be either cubic or monoclinic at
room conditions. With increase of temperature, phase transi-
tions usually follow the sequence of C—B—A for most
Ln,O; with medium size cations,®® and the C—B and
B— A phase transitions in Gd,O5 were reported at tempera-
tures of ~1500 and 2443 K,’ respectively. Hydrostatic pres-
sure and shock-wave experiments have been performed on
rare-earth sesquioxides using Raman scattering and x-ray
diffraction (XRD) techniques before.>”'?> Recently, photolu-
minescence in Eu-doped Gd,O5; was studied under compres-
sion at room temperature and pressure-induced structural
transitions were observed by energy-dispersive x-ray diffrac-
tion measurements.'3 A hexagonal structure was identified as
the high-pressure phase. However, until this study, there is
no detailed structural description for the high-pressure phase
of Gd,0O5 due to the energy-dispersive patterns or the poor
quality angle-dispersive XRD data. The hexagonal phase A is
regarded as the high-pressure phase, but there are not enough
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experimental results to support it because the hexagonal
phases A and H of rare-earth sesquioxides have very close
lattice parameters and XRD techniques cannot distinguish
them. There are several reports on the Raman-scattering
measurements for some of the sesquioxides before,%!# but
Raman scattering, in fact, cannot distinguish the two hexago-
nal phases either.

Here, we report the outcome of a high-pressure study on
cubic C form of Gd,O3 up to 43 GPa using in situ angle-
dispersive XRD and Raman-scattering measurements. There
is a pressure-induced phase transition between 7 and 15 GPa,
and we provide a detailed structural description of this high-
pressure phase based on a structural refinement of XRD data.
The structural transformation between phases B and A was
also investigated by in situ high-pressure and high-
temperature XRD measurements for the first time. The phase
transition between B and A under pressure is completely dif-
ferent from the case at atmospheric pressure. The monoclinic
phase B is the most stable phase at high pressure and high
temperature. The phase stabilities and phase transitions be-
tween C, B, and A were discussed in the context of quantum-
mechanical calculations of the lattice potential energies of
these phases.

II. EXPERIMENTAL DETAILS

The starting material of the cubic Gd,O; was a commer-
cial product (Alfa Aesar) with 99.9% purity. High-pressure
experiments were performed in a diamond-anvil cell (DAC)
with a culet size of 350 um for the diamond anvils. A hard-
ened stainless-steel gasket was indented to a thickness of
40 um, and a hole with diameter of 100 um drilled in the
center served as sample chamber. In order to achieve good
hydrostatic pressure conditions, only a limited amount of
sample powder was used together with a methanol/ethanol/
water mixture (16:3:1) pressure medium. Several ruby chips
distributed throughout the sample chamber were used for
pressure calibration by applying the standard ruby fluores-
cence method.!> The measured pressure difference of various

©2008 The American Physical Society
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FIG. 1. (Color online) Crystal structures of Gd,03 polymorphs (a) C cubic (Ia-3); (b) A hexagonal (P-3m1), and (c) B monoclinic

(C2/m).

ruby chips was less than 2 GPa and the R1 and R2 peaks of
the ruby fluorescence signal remained well separated up to a
maximum pressure of 43 GPa, indicating that good quasihy-
drostatic pressure conditions were guaranteed even at high
pressures when the pressure medium solidified. In situ XRD
measurements were conducted at the X 17C station of the
National Synchrotron Light Source, Brookhaven National
Laboratory. A monochromatic beam with wavelength of
0.4066 A was used, focused to a spot of about 25 um in
size.

The in situ pressure/temperature experiments were per-
formed in a resistant heated DAC with Re gasket and with-
out pressure transmitting medium. The temperature was
monitored with a K type thermocouple and the temperature

deviation is less than 10 K during measurement. The XRD
patterns were recorded at B2 station of Cornell High Energy
Synchrotron Source (CHESS) with x-ray wavelength of
0.496 A. Debye rings were recorded with a Mar charge
coupled device (CCD) detector and the integrated two-
dimensional patterns were obtained from images by using
the software FIT 2D.!¢ XRD patterns of the various polymor-
phs of Gd,0; were refined by the Rietveld method!” based
on the known structural models.® The Raman spectrum was
recorded with a confocal micro-Raman instrument (Spex 270
M) attached with a liquid nitrogen cooled CCD detector. The
activation light is from an Ar laser with wavelength of 514
nm. The quantum-mechanical calculations were performed
within the density-functional theory (DFT) framework with
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FIG. 2. (Color online) (a) XRD patterns of Gd,O3 with increasing pressure. A pressure-induced structural transition can be observed,
which begins at ~7 GPa and is complete at ~15 GPa. (b) The high-pressure hexagonal phase transformed to monoclinic phase after release
of pressure and the phase transition from the monoclinic to the hexagonal phase is reversible and has a little lower transition pressure (6.8
GPa) compared with that of the cubic to hexagonal phase transition. The diffraction patterns for the high-pressure phase show a broadening
in peak width. The patterns marked with “cubic C,” “mono. B” or “hex. A” are contributed by a single phase, and unmarked patterns are
mixture of two phases. The up and down arrows represent the loading and unloading processes.
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FIG. 3. (Color online) Rietveld refinement of the XRD pattern
of Gd,03 (a) at ambient conditions with space group of la-3; (b) the
high-pressure phase at pressure of 14.7 GPa with space group of
P-3m1; (c) the monoclinic phase at 3.5 GPa (after annealing at high
pressure) with space group of C2/m.

plane-wave basis set implemented in the Vienna Ab-initio
Simulation package.'8

III. RESULTS AND DISCUSSION

The schematic crystal structure of cubic Gd,O5 is shown
in Fig. 1(a). There are two Gd sites in the unit cell: the 8b
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site, which is octahedrally coordinated with six oxygen at-
oms, and another at the 24d site, which has four shorter and
two longer bond distances with O. The refinement of the
XRD pattern recorded at room conditions [Fig. 3(a)] gives a
lattice constant of 10.8193(2) A, which is in good agree-
ment with the literature values.'®!” The selected XRD pat-
terns of Gd,05 with increasing pressure are shown in Fig. 2,
and the cubic structure is stable up to 7 GPa, which is a little
lower than that measured with energy-dispersive XRD in
nanosized material.'> At higher pressures, the appearance of
new diffraction peaks in the XRD patterns (Fig. 2) indicates
a pressure-induced structural transformation. The phase tran-
sition is complete below 15.3 GPa, and the high-pressure
phase can be indexed as hexagonal. The two hexagonal poly-
morphs (A and H) of rare-earth sesquioxides have similar
lattice parameters, but different symmetries. The XRD can-
not distinguish them at all, but they were identified by neu-
tron diffraction before.® The H phase was proposed to de-
scribe the high-temperature phase (>2443 K), and all the
atomic sites in the unit cell are half-occupied and the molar
volume of the high-temperature phase is larger than that of
the low-temperature phase due to lattice expansion. In con-
trast, high-pressure phase usually has a smaller molar vol-
ume, and partial occupancy of so many sites as H phase
seems unlikely to appear in a high-pressure phase. Thus, the
XRD patterns for the high-pressure phase were refined based
on space group of P-3ml. Figure 1(b) shows the crystal
structure of the hexagonal phase (P-3m1), and all three in-
dependent sites in the unit cell are fully occupied. The cal-
culated XRD pattern fits the observed patterns very well.
Figure 3(b) shows the observed and calculated XRD patterns
at 14.7 GPa, and the refined lattice parameters are a=b
=3.680(1) A and ¢=5.597(4) A. The details of the struc-
tural data of the high-pressure phase of Gd,05 at 14.7 GPa
are given in Table I.

The normalized lattice parameters of the cubic and hex-
agonal phases from the refinement are shown in Fig. 4. Note,
the hexagonal unit cell has an extremely anisotropic com-
pressibility. The relative change along the ¢ axis is approxi-
mately 5.7 times larger than that along the a or b axis from
10 to 43 GPa. This anisotropic compressibility is often ob-
served in compounds with layered structures,’*?> which
have weak van der Waals bonds between the atoms in adja-
cent layers. The anisotropic compressibility of the hexagonal
Gd,O5 indicates that the high-pressure phase may have a
layerlike structure, and the bonding between layers is weak
as compared with the (Gd-O) bond within the same layer.
The pressure dependence of the unit-cell volume for Gd,O4
is shown in Fig. 4(b). There is 9.2% volume shrinkage dur-

TABLE I. Atomic coordinates of the hexagonal Gd,0O5 at 14.7 GPa. The refinement of the XRD pattern

with a=b=3.680(1) A, ¢=5.597(4) A, and space group P-3m1 (164) results in fitting R,=12.1%, R

=10.9%, Rpage=3.75%, and R;=3.97%.

wp

Atom Position x/a y/b zlc Occupancy
Gd 2d 173 2/3 0.253(7) 1
(6] 2d 173 2/3 0.653(9) 1
02 la 0 0 0 1
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FIG. 4. (Color online) Pressure dependence of (a) normalized lattice parameters of Gd,O3; (b) unit-cell volume of every formula Gd,Os.
A volume decrease of 9.2% can be observed during the transition from the cubic to the hexagonal structure at 7 GPa. The unit-cell volume
of monoclinic B form is between that of cubic C form and hexagonal A form, but close to phase A. The open symbols in (b) were measured
during pressure release. The solid line is the fitting with Birch-Murnaghan equation of state.

ing the phase transition at ~7 GPa. Fitting the P-V curve
with a Birch-Murnaghan equation of state yielded a bulk
modulus of 188(25) GPa and 160(21) GPa for the cubic and
hexagonal phases, respectively, when the pressure derivative
at zero pressure was fixed at Bj=4. The similar values of
bulk modulus for the cubic and hexagonal Gd,O; reveal that
the high-pressure phase of Gd,0O5 has similar compressibility
with that of the cubic phase. A similar behavior was also
observed in Sm,0j5 recently.?? The diffraction peaks with two
theta diffraction angle of 15°—16° at pressures above 30
GPa are completely overlap, which may suggest another
phase transition. However, all the XRD patterns of the high-
pressure phase up to 43.6 GPa can be refined with the same
hexagonal structural model, even though there is a small dis-
continuity in the slope of the volume-pressure curve [Fig.
4(b)].

The bonding environment of the cubic and the hexagonal
phases was analyzed using the refinement of the XRD pat-
terns. The (Gd-Gd) and (Gd-O) bond distances in both
phases and their pressure dependences are shown in Fig. 5.
For the cubic phase, there are two Gd sites in the unit cell;
the (Gd-Gd) bond distances change almost linearly with the
decrease of lattice parameter from ~3.60 A at ambient pres-
sure to ~3.57 A at 7 GPa. The bond distance of (Gd-O) in
the cubic phase shows a more complicated behavior with
increasing pressure, varying between 2.22 and 2.37 A. For
the hexagonal phase, there is only one Gd site, but two O
sites in the unit cell. The bond distance between cations par-
allel to the a-b plane and along the ¢ axis shows different
behaviors with increasing pressure [Fig. 5(a)]. The former
has no big change in the whole pressure range, while the
latter decreases dramatically with the increase of pressure
above 17 GPa. This is in agreement with the strong aniso-

tropic compressibility of the hexagonal unit cell. The
(Gd-Gd) bond distance along the ¢ axis decreases from
~3.50 A at ~15 GPa to 3.16 A at 44 GPa. Each Gd atom
in the hexagonal phase bonds with seven oxygen atoms, in
which three oxygen atoms (O1) reside on the corner of the
unit cell, three oxygen atoms (0O2) are nearly in the same
plane paralleling to the a-b plane, and the seventh oxygen
(02) is in the neighboring layer [Fig. 1(b)]. Both of the bond
lengths between Gd and O, which reside on the corner of the
unit cell, and O2 in the same layer slightly decrease with the
increase of pressure. However, the bond length between Gd
and the seventh oxygen (02) in the neighboring layer in-
creases with pressure from 2.15 A at ~11 GPato 2.45 A at
~30 GPa. This indicates that hexagonal Gd,O; becomes
more layerlike with the increase of pressure. XRD results
reveal that all the cation-anion bond distances have no ap-
parent change above 30 GPa except the slight decrease of the
bond length between Gd and the seventh oxygen (O2).

The structural phase transition of Gd,O5; was also studied
using in situ Raman scattering at high pressures. Based on
group theory analysis,'*?* the cubic Gd,0O5 has totally 26
Raman-active modes at the Brillouin center I'=4A,+4E,
+4E2g+l4Tg, and there are only four Raman-active modes
for the high-pressure phase I'=2A,,+2E,. The strongest
mode for the cubic Gd,0j is centered at 362 cm™!, and most
of the Raman modes in the cubic phase can be observed at
atmospheric pressure (Fig. 6). With increasing pressure,
however, only the strongest Raman mode remained clearly
observable. At a pressure of 11.2 GPa, this strong mode
nearly disappeared, indicating a pressure-induced phase tran-
sition, which is in good agreement with the XRD data. The
Raman signal of the high-pressure phase was very weak
and only two peaks were observed at frequency around
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FIG. 5. (Color online) Pressure dependence of bond-distances in the cubic and the hexagonal high-pressure phases of Gd,O5 (a) (Gd-Gd)
and (b) (Gd-O). Numbers in the brackets represent numbers of bonds in the unit cell.

500 cm™!. These two modes are similar with the stretching
modes observed in the high-pressure phase of Sm,05.!4 The
Raman-active modes for the high-pressure phase of Gd,05
were too weak to be detected at pressures higher than 14 GPa
with our facility. The sample quenched from 30 GPa showed
a completely different Raman spectrum from the starting ma-
terial. As compared with the reported Raman spectrum of
other rare-earth sesquioxides,® the quenched sample has a
monoclinic structure. Thus, the hexagonal high-pressure
phase of Gd,O; is not stable and underwent a phase trans-
formation during decompression. The XRD measurements of
the quenched sample also confirmed its monoclinic structure.
These results give a clear explanation for why only the
cubic-to-monoclinic (C— B) phase transition has been ob-
served by shock wave or other ex situ high-pressure mea-
surements on some rare-earth sesquioxides before.” The
high-pressure phase of Gd,Oj5 is not quenchable, and ex situ
measurements cannot reveal the details of pressure-induced
phase transitions.

Recently, Guo et al.’* has studied a similar oxide Sm,0;
with mixture phases of C and B as the starting material at
high pressure with energy-dispersive XRD measurements
and theoretical calculations. Phase transitions from both C
and B to A were identified. In order to detect the phase sta-
bility and phase transitions between C, B, and A, we per-
formed several cycles of loading and unloading pressure ex-
periments at room temperature. In a separate experiment in
CHESS, a similar pressure-induced C to A phase transition
was confirmed at 7.2 GPa [Fig. 2(b)]. The sample of Gd,O5
at 18.6 GPa was the pure high-pressure phase and a mono-
clinic phase (B) was detected when the pressure was released
down to 0.2 GPa. The refinement of the XRD pattern yields
lattice parameters of a=14.14(2) A, b=3.618(3) A, ¢
=8.76(1) A, and B=99.91(9)° for the monoclinic phase,
which are very close to the values in the literature.”> The

phase transition from B to A was found starting at 6.8 GPa
and the transformation was nearly completed at 13.2 GPa.

Gd, 0,
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FIG. 6. (Color online) Raman spectra of Gd,O3 with increasing
pressure up to 14.0 GPa together with a spectrum of the recovered
sample. The phase transition is indicated by the absence of the
strong Raman mode of the cubic phase and the observation of the
weak peaks of the high-pressure phase marked with asterisks. The
recovered sample is monoclinic.
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FIG. 7. (Color online) Selected XRD patterns of Gd,O5 at dif-
ferent pressure and temperatures. (a) and (b) are the patterns at
room temperature and at 5.0 and 16.0 GPa, respectively. (c) is the
pattern measured at room temperature after the sample was heated
at 773 K for 1 h at 8.5 GPa. The pressure fell down to 3.5 GPa
during heating. (d)—(g) represent the patterns for the above sample
compressed to 16.0 GPa and measured at RT, 573 K, 773 K, and RT
(after cooling down and pressure fell down to 13.5 GPa), respec-
tively. (h) is the pattern of the quenched sample.

Our XRD measurements during several cycles of loading
and unloading pressure processes verified the pressure-
induced phase transition between B and A phase is revers-
ible.

At normal pressure, phase A is only stable at high tem-
perature (>2443 K to Gd,0;, see Ref. 5 and references

PHYSICAL REVIEW B 78, 064114 (2008)

therein) and it is expected that temperature should enhance
the phase transitions of C— A or B— A. However, we ob-
served a different phase-transition behavior for Gd,O; at
high pressure and high temperature. High-pressure/high-
temperature experiments were applied in a heatable DAC
with resistance heating. Figure 7 shows the XRD patterns of
Gd,O5 measured at different pressures and temperatures. At
room temperature [Figs. 7(a) and 7(b)], a similar C to A
phase transition was observed without pressure medium. The
sample was compressed to 25 GPa in order to make sure the
formation of the pure hexagonal phase. Then the pressure
was released to about 8.5 GPa, which is still above the criti-
cal pressure of phase transition from C to A, and heated the
sample at 773 K for 1 h. After heating, the pressure fell down
to 3.5 GPa due to the thermal relaxation and the XRD pattern
indicated a well-crystallized monoclinic structure [Fig. 7(c)].
We refined the structure with the monoclinic Sm,0O5 struc-
tural model and the fitting results, and structural parameters
are shown in Fig. 3(c) and listed in Table II, respectively. The
monoclinic phase was then compressed to 16 GPa again at
room temperature and the structure is mainly the hexagonal
phase with minor B phase [Fig. 7(d)]. The sample was then
heated at this pressure and the XRD patterns were taken at
423, 573, and 773 K, respectively. We found that the high-
pressure phase was not grown with increase of temperature.
On the contrary, more monoclinic phase was observed at
temperature higher than 573 K from the XRD pattern and a
pure B phase was observed at 773 K [Fig. 7(f)]. The
temperature-induced phase transition between A and B is
also reversible at high pressures. The XRD pattern for the
sample cooled down to room temperature at this pressure
(the pressure fell down to 13.5 GPa during heating) mainly
contained the hexagonal phase [Fig. 7(g)]. The quenched
sample was completely the monoclinic phase B. The ob-
served temperature-induced A to B phase transition at high
pressure is difficult to be understood. As the phase A is a
high-temperature phase and phase transition from B to A was
reported in Gd,O5 at temperature higher than 2443 K at at-
mospheric pressure.’ At high pressures, the process is re-
verted and not very high temperature (e.g., <773 K) can
induce the A to B phase transition.

The electron density of state of Gd,O; at atmospheric
pressure was calculated with quantum-mechanical theory

TABLE II. Atomic coordinates (the atomic coordinates of O are not refined) of the monoclinic Gd,05 at
3.5 GPa. The sample is first compressed to 25 GPa, then release pressure to 8 GPa and followed by in situ
heating at 873 K for one hour. The refinement of the XRD pattern yields lattice parameters of a
=14.032(4) A, »=3.583(1) A, ¢=8.742(3) A, and $=100.13°. The residual parameters are R,=11.6%,

R,,,=12%, and Rp=7.65%.

Atom Position x/a /b zlc Occupancy
Gdl 4i 0.1406(19) 12 0.5117(21) 1
Gd2 4i 0.1934(14) 172 0.1653(19) 1
Gd3 4i 0.4655(11) 172 0.2059(16) 1
Ol 4i 0.1289 0 0.2864 1
02 4i 0.3250 172 0.0265 1
03 4i 0.2984 12 0.3738 1
04 4i 0.4741 0 0.3438 1
05 2b 0 12 0 1
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FIG. 8. (Color online) Calculated dispersive curve in the Bril-
louin zone, and the electron density of states (DOS) for the cubic,
hexagonal, and monoclinic phases of Gd,0O;.

and the results are shown in Fig. 8. At ambient pressure, all
the three phases (4, B, and C) of Gd,O5 are nonconductive.
The polymorphs have similar density of states and the band
gaps are 3.60, 3.70, and 3.56 eV for the cubic C, monoclinic
B, and hexagonal A phases, respectively. The dependence of
lattice potential energy on the molar volume for the cubic,
monoclinic, and hexagonal Gd,O; was calculated and is
shown in Fig. 9. The unit-cell volume at the lowest energy
for the three phases fits the measured volumes at room con-
ditions quite well. The hexagonal and monoclinic phases
have smaller molar volumes as compared with the cubic
phase. The monoclinic Gd,05 has the highest lattice energy
and it should be a high-temperature phase and the reported
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FIG. 9. (Color online) The calculated lattice energies of Gd,O;
in the cubic, hexagonal, and monoclinic structures. The transition
pressure of C—A is 16.8 GPa. The monoclinic phase B is a high-
temperature phase and phase transition of C — B should never hap-
pen for Gd,O3 because the formation of A phase at high pressure.

C— B phase transition for Gd,0O5 at atmospheric pressure is
around 1500 K. The calculated transition pressure for C
— A is ~16.8 GPa, which is a little larger than the observed
value, and there is a decrease in volume of 10.6% from the
cubic to the hexagonal structure. The calculated phase sta-
bilities of the two polymorphs are in good agreement with
experimental observations. The calculated lattice energy of
the monoclinic phase of Gd,0O5 is much higher than that of
the C phase. From the calculated lattice energy curve in
Fig. 9, B is a high-temperature phase and phase transition of
C— B cannot be realized by pressure at low temperature.
However, the C — B phase transition may become possible at
high temperature and high pressure.

The phase stability and thermodynamic properties of rare-
earth sesquioxides at high temperature were widely investi-
gated and temperature-induced phase transitions of C— B or
B—A (or H) were identified many years ago.»?°~?% Simi-
larly, pressure-induced phase transitions from C to B or A
were also reported before by Raman or XRD experiments
and the transition pressure ranged from several gigapascal to
more than 10 GPa in many rare-earth sesquioxides.!->%-3!
From understanding in atomic scale, the temperature-induced
phase transition between C and B is reconstructive and B to
A is displacive. Though the C— B phase transition at high
temperature is reversible, the revised phase transition usually
needs a long-time heat treatment because the reconstruction
of lattice has a large energy barrier. At normal pressure, no
C — A phase transition was observed by temperature. At high
pressure, only C— A transition and no C— B transition was
observed in Gd,0O5. This can be easily understood from the
energy curves in Fig. 9 because of the large energy differ-
ence between phases C and B The monoclinic Gd,0; is a
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FIG. 10. (Color online) Schematic phase diagram of Gd,O5 at
high pressure and high temperature. Open symbols resent the data
taken from Refs. 6 and 31.

high-temperature phase and there may be a cotangent line
between the energy curves of C and B, but it occurs at very
high pressure, which is much larger than the formation pres-
sure of the hexagonal phase. In addition, phase A usually has
a smaller molar volume than phase B and pressure is thus
favorable for the formation of phase A. However, pressure-
induced C— B phase transition was reported before in some
sesquioxides with small size cations such as Sc,03, Y,03,
and Sm,0,.>!° The observed phase transition of C— B in
Sm,05 with shock wave!® may not take place during pres-
suring process because recent in situ XRD measurements>*
did not found the C— B phase transition in the system. The
lattice energy curve and phase stability of sesquioxides with
small size cations may be different from the case of Gd,Os.
From the results of our experiments and literatures, a pos-
sible P-T phase diagram for Gd,Os is illustrated in Fig. 10.
The monoclinic phase B is a high-temperature phase. At at-
mospheric pressure, the temperature for C— B phase transi-
tion is around 1500 K. At high pressures (<7 GPa), the
transition temperature is much lower. To Sc,05, Y,03, or
other sesquioxides with small size cations, the C phase is
stable till to its melting point. The C— B boundary will par-
allel the x axis in Fig. 10, and the three phase point I' will
move toward the y axis. Once I' moves below room tempera-
ture, the pressure-induced phase transitions C—B—A be-
come possible to these systems at room temperature. The
phase transition of C—A is reconstructive, and the broad
width of the diffraction peaks of phase A in Fig. 2 is not due

PHYSICAL REVIEW B 78, 064114 (2008)

to the nonhydrostatic conditions, but due to the very small
grain size. It is not expected the grain growth of the high-
pressure phase at room temperature. After phase transition
occurred, the cubic phase cannot be recovered because of the
large energy barrier. The monoclinic phase B is a metastable
phase to Gd,O5 and the B— A phase transition at room tem-
perature cannot be explained directly from the energy curves
in Fig. 9. The phase transition between B and A only needs
“displacement” of atoms (smaller energy barrier), but the
phase transition between them is not so quick in Gd,O5 and
the two phases coexisted over a pressure range of more than
5 GPa. In general, phase transition is controlled by both en-
ergy barrier of phase transition and difference of lattice en-
ergies. When the temperature is more than 773 K, the energy
barrier between phases B and A is not important to Gd,O3,
and phase B may have a lower energy and become the most
stable phase at high pressure and high temperature.

IV. SUMMARY

The structure of Gd,O5 was studied at high pressure up to
43 GPa by in situ XRD and Raman measurements. The
pressure-induced phase transition from the cubic phase to a
high-pressure polymorph occurred at ~7 GPa and was com-
plete at pressure below 15 GPa. The refinement results sug-
gest that the structure became more layerlike with the in-
crease of pressure. There is a volume decrease of about 9.2%
during the phase transition at 7 GPa, and the high-pressure
phase cannot be quenched to ambient conditions. During the
process of decompression, the hexagonal high-pressure
phase transformed to a monoclinic structure. The monoclinic
phase B of Gd,0; is a high-temperature phase and the phase
transition between B and A is reversible by pressure and/or
temperature. The observed pressure-induced phase transi-
tions in Gd,03 are in good agreement with quantum-
mechanical calculations of the lattice energies of the hexago-
nal (A), monoclinic (B), and cubic (C) structures.
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