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Abstract

Raman spectrum and angle-dispersive x-ray diffraction (ADXD) measurements
have been performed to investigate the effects of high temperature on the high-
pressure behavior of bulk CeO,. A phase transformation of CeO, from fluorite
to PbCl,-type structure occurs at 12.0 GPa and is completed at 14.2 GPa after
the sample is heated, and the phase transition pressure decreases by nearly
20 GPa compared with that at room temperature. On decompression, the high-
pressure phase of CeO, remains down to 2.2 GPa, and it changes back to a
cubic structure at ambient conditions. At a pressure of 22.1 GPa, a 6.4% lattice
volume difference between the fluorite and PbCl,-type structures was observed.
The lattice volume of fluorite phase obtained in the areas that have been heated
is about 1% less than that obtained in the areas that have not been heated.
Besides prompting the phase transition of CeO,, high temperature also anneals
the sample and leads a small reduction in lattice volume of the fluorite phase.
The zero-pressure bulk modulus of the fluorite phase of CeO, after annealing is
calculated to be about 200 GPa with an assumed pressure derivative of four,
which is smaller than that of former x-ray diffraction experiments at room
temperature.

1. Introduction

CeO, is one of the extensively studied dioxides because of its technological applications
and theoretical implications [1-6]. The pressure-induced phase transition of CeO, has been
the subject of some recent studies [7-12] because it can be related to the systematics of
the high-pressure behavior of the fluorite-type compounds [13—-19]. The bulk modulus of
CeO; obtained by high-pressure experiments was also used to test the theoretical calculation
methods [15, 20, 21]. The Raman spectra from bulk CeO, up to 35 GPa demonstrate that the
cubic structure of CeO, transforms to an orthorhombic PbCl,-type phase (Pnam) at 31 GPa,
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and recovers its initial phase at 11 GPa during decompression [7]. The high-pressure x-ray
diffraction experiments also reported a phase transition from fluorite to an orthorhombic PbCl,
structure at around 31.5 GPa, in excellent agreement with the Raman result [8, 9]. The phase
transition from fluorite to PbCl,-type structure results in a volume collapse of 7.5-9.8% [8, 9].
High-pressure studies of nanosized CeO, at room temperature show that the cubic structure
changes to a PbCl,-type structure at pressures of 22.3-26.5 GPa, which are much lower than
that for bulk material [10, 11], and the high-pressure phase remains under pressures down to
1.8 GPa during decompression [11].

Based on in situ x-ray diffraction results at room temperature, Duclos et al [8] reported
that the phase transformation of CeO, from fluorite to an orthorhombic PbCl,-type structure
began at about 31 GPa and was completed at about 38 GPa. The Raman results [7] also show
a 20 GPa hysteresis of the high-pressure phase upon pressure reversal. Those phenomena
indicate that this transition is kinetically hindered or sluggish. The pressure-induced phase
transition from fluorite to an orthorhombic PbCl,-type structure is a first-order transition, and
the diffusion of metal atoms and reconstruction of bonds are also involved in the transition
process. The transition can be visualized as the result of cations in the (111) planes of
fluorite structure moving along the [111] axis into adjacent anions planes, which lowers the
symmetry and increases the cation coordination from 8 to 9 to form the orthorhombic PbCl,-
type structure [22]. The atom diffusion coefficient can be expressed as follows:

D = Doe A0/RT (0

where D is the diffusion coefficient, Dy is a constant, and AG is activation energy of migration.
The term AG is the function of the environments around the migrating atoms, such as crystal
structure, chemical bond, pressure, and so on. The factor of temperature (7) in formula (1) is an
individual variable which reflects its important effect on atomic migration. The fluorite-related
lanthanide oxides show unusual diffusion properties. Until about 1200 °C is achieved, the
metal atomic mobility of rare earth elements in a solid does not become significant [23]. This
means that a large AG exists. From kinetic considerations, a high temperature (up to 1200 °C)
should improve the mobility of atoms to reach a thermodynamic equilibrium state and lower the
pressure for the phase transition of CeO,. Up to now, most high-pressure experiments on CeO5,
both bulk and nanosized materials, have been conducted at room temperature [7-11, 15]. A
laser-heating experiment on CeO; at 25-28 GPa and around 1000 °C resulted in the appearance
of two new very weak diffraction lines at 2.966 and 2.804 A when it was quenched to ambient
condition [24]. Here we present the experimental results on the effects of high temperature on
the high-pressure behavior of bulk CeOs,.

2. Experimental details

A powder sample of CeO, (reagent grade, purity > 99.9%) was heated at a temperature of
1200 °C for 2 h, and then was cooled to room temperature in the furnace. A Mao—-Bell-type
diamond anvil cell (DAC) was employed to generate high pressure; the diameter of the anvil
culet was 400 um. T301 stainless steel with thickness of 0.25 mm was used as a gasket, which
was preindented to about 40 um. The sample of CeO, was packed into the sample hole of
110 wm diameter with two fine ruby chips for pressure determination using the calibration of
Mao et al [25]. A YAG laser beam of 1.064 um wavelength was focused to about a few microns
by a 20x object lens, and the sample was heated locally in a one-sided laser beam scanning
mode. We cannot measure the heating temperature via the black-body emission technique or
simply by an infrared (IR) thermometer due to lack of corresponding apparatus in our YAG laser
heating system, so the heating temperature was estimated by the brightness of the heated spot
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Figure 1. A micrograph of the sample at 22.1 GPa and the locations of x-ray diffraction patterns.

(This figure is in colour only in the electronic version)

observed by the eyes through a microscope, which induces considerable error. Considering
that the aim of using a YAG laser to heat the sample in our experiment is to eliminate the
hysteresis of the phase transition, this considerable error in the temperature would not change
the conclusions of this paper. Nevertheless, the considerable temperature uncertainty would
make it hard to discuss some questions. The sample was heated at pressures of 12.0, 14.2
and 22.1 GPa, respectively. In the process of heating, about half of the sample was heated
moderately and the temperature was estimated to be about 1000 °C; and an area of about 25 um
in diameter was heated intensively and the temperature was estimated to be more than 1200 °C,
at which it became dark as shown in figure 1.

Both the Raman and x-ray diffraction measurements in this study were recorded at room
temperature. The Raman spectra were excited with 514.5 nm radiation from an argon ion laser
and recorded by a Renishaw 2000 Raman spectrometer in the backscattered geometry. A 30x
objective with 16 mm working distance was used to focus the excited laser beam and collect the
Raman scattering. A single 1800 ¢ mm~! grating was used to disperse the Raman scattering
which was then recorded by a CCD detector at a resolution of 2 cm~!. It should be noted
that the notch filter in the Renishaw 2000 Raman spectrometer starts to eliminate the Rayleigh
lines at about 150 cm~!. This makes the determination of bands below 200 cm~! difficult and
without reliability.

An angle-dispersive powder x-ray diffraction (ADXD) experiment on CeO; at a pressure
of 22.1 GPa has been carried out at room temperature on the bending magnet beam line BL-18C
of the Photon Factory in the High Energy Accelerator Research Organization (KEK). The x-ray
was monochromatized to a wavelength of 0.61651 A with two Si(111) crystals, and focused
in horizontal and vertical directions with two curved mirrors. A pinhole collimator placed in
front of the DAC was used to limit the final beam size to 25 pum in diameter. The diffracted
x-ray was detected with an imaging plate placed at a distance of about 238.89 mm which was
calibrated by a standard sample of Ag. Five x-ray diffraction patterns were obtained at different
areas in the sample chamber.

3. Results and discussion

3.1. Raman scattering

Raman spectra of CeO, at a few representative pressures are shown in figure 2 and table 1.
At ambient conditions, CeO, exists in the fluorite structure, and a single strong first-order
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Figure 2. Representative Raman spectra of CeO, at different pressures.

Table 1. Raman frequencies of the PbCl,-type structure of CeO, at different pressures'.

Decompressed

Decompressed

22. 1GPa
After heating

After heating

After heatin

Before heatin

00 200 300 400 500 600 700

Raman shift (cm ')

Wavenumbers (cm™ )

This study Kourouklis et al [7]
120GPa  142GPa 22.1GPa 22GPa 22.6GPa 13.4GPa
599w 617
501 520s 526 484 535 507
509s
485w 494
460 465s 481 439 488 460
363 365s 374 352 374 365
345w
326 328s 339 315 355 327
308 311m 323 293 334 310
231 232w 241
191m 196 200 192
141 132
I w = weak, m = medium, s = strong.

1

Raman band at 464 cm ™! is assigned to the three degenerate vibrations of the T2, mode of this
structure [26]. The T, Raman band shifts to 506 cm™! ata pressure of 14 GPa, showing a
shift ratio of about 3.0 cm~! GPa—!, and no phase transition occurs, which is consistent with
the results of [7]. After being heated by the YAG laser beam and with a pressure change to
12.0 GPa, five new Raman peaks appear besides the strongest peak at 501 cm~'. This means
that a phase transition of CeO, occurs at this pressure after heating, and the 501 cm~! peak
possibly belongs to the mixed bands of the T,, band of the fluorite structure and some bands
of the new high-pressure phase, according to the following results. The Raman spectrum of
the sample after it had been heated intensively at a pressure of 14.2 GPa, shown in figure 2
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and table 1, presents ten distinct Raman active bands between 150 and 700 cm~! with good

quality, and the intense T», band of the fluorite structure is replaced by at least four bands,
which confirms that the CeO, with fluorite structure changes to a new high-pressure phase
completely. The sample was subjected to a pressure of 22.1 GPa and heated again; the Raman
spectrum is identical to that at 14.2 GPa except that all bands shift to higher frequencies with
different pressure dependences and the relative intensity between bands changes somewhat.

In comparison with the high-pressure Raman results from single-crystal CeO, at room
temperature of Kourouklis et al [7], shown in table 1, the Raman spectra of CeO, after
being treated under high temperature at different pressures in this study are similar to those
of the high-pressure phase of CeO,, which was suggested to be a PbCl,-like structure with
space group Pnam by Kourouklis ef al [7]. The subsequent x-ray diffraction results at room
temperature indicate that the cubic structure of CeO, transforms to the PbCl,-type structure
at about 31 GPa [8]. Thus, we consider that the high-pressure phase of CeO,, occurring
at pressures as low as 12.0 GPa after the sample undergoes high-temperature treatment in
this study, adopt the PbCl,-type structure. This conclusion was also confirmed by the x-ray
diffraction result shown in the next section. Furthermore, the Raman spectra of the high-
pressure phase of CeQO; in this study include at least ten distinguishable bands in the range
150-700 cm™!. In contrast, the Raman spectra of the high-pressure phase of CeO,, determined
with a single crystal and employing argon or methanol-ethanol mixture in the ratio 4:1 as
pressure media by Kourouklis e al [7], have seven bands in the range 100-600 cm ™!, with
some broad bands that could be considered as possible overlapping modes. This means that
the sample after being heated crystallizes better than at room temperature. Besides prompting
a phase transition of CeO, and lowering the phase transition pressure remarkably (by as much
as 20 GPa), the effects of high temperature also increase the metal atomic mobility to reach the
thermodynamic equilibrium state.

According to group theory, the optical vibration modes of the PbCl,-type structure (Pnam)
are expected to be 18 Raman-active bands [22]: 6A; + 6B, + 3By, + 3B3,. We cannot
assign the Raman bands based only on the results of this study due to the limitation of the
determination method, and we cannot either find the assignment even for dioxides adopting the
PbCl,-type structure in the literature. We consider the fact that the number of Raman bands
for the high-pressure phase of the CeO, in this study is less than that expected for the PbCl,-
type structure is because a limited range of wavenumber and overlapping bands may still exist.
On decompression, the high-pressure phase of CeO, remains down to 2.2 GPa, and it changes
back to the cubic structure at ambient conditions according to the Raman results. This result is
different from that of [24].

3.2. X-ray diffraction

At a pressure of 22.1 GPa, five x-ray diffraction patterns were recorded from different areas
in the sample chamber. The locations are illustrated in figure 1 (transmitted-light mode). The
dark colored area was heated intensively, and diffraction patterns 1 and 5 were obtained from
this area. The light colored area was moderately heated, and diffraction patterns 3 and 4
were obtained from this area. The transparent area was not heated, and diffraction pattern 2
was obtained from this area. The x-ray diffraction patterns are shown in figure 3. The x-ray
diffraction patterns of 1 and 5, both as regards d-spacings and relative intensity, are identical
with each other within errors, and the data for 3 and 4 are also the same except that in pattern 3
there appears a gasket peak from e-iron (002).

Pattern 2 shows only five diffraction peaks, which can be indexed as (111), (200), (220),
(311) and (222) of the cubic fluorite structure. This means that the sample of CeO,, which was
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Figure 3. The x-ray diffraction patterns of CeO; at 22.1 GPa from different areas. Note that the
(hkl). represent the cubic peaks and (hkl), represent orthorhombic peaks.

not heated, still keeps the fluorite structure at pressure of 22.1 GPa. In contrast, 20 diffraction
peaks were observed in pattern 1. By comparing with pattern 2, we consider that 5 of the
20 peaks of pattern 1 belong to the cubic phase. The other 15 d-spacings can be indexed
according to the orthorhombic PbCl,-type structure (Prnam). The results are shown in table 2.
We suggest that pattern 1, which was collected from the area that had been heated intensively,
reflects mixed phases of CeO, of fluorite and PbCl,-type structure. This phenomenon was
possibly induced by the one-sided laser-heated method with a smaller heating spot and a small
intensive heating area in the sample chamber. The temperature of the intensively heated side
of the sample may be enough to induce a phase transformation of CeO; from fluorite to PbCl,-
type structure. A large axial gradient of temperature exists due to the one-sided laser-heated
method and smaller heating spot, so the temperature on the opposite side of the sample may not
be enough to overcome the kinetic energy barrier to induce the phase transition, even though it
should anneal the sample effectively.

According to the diffraction result of pattern 1, as shown in table 2, the phase transition
from fluorite to PbCl,-type structure of CeO; induced a volume collapse of 6.4% at a pressure
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Table 2. The ADXD results from CeO; at a pressure of 22.1 GPa.

Pnam Fm3m
1 1 2 3
hkl dops (A) deale (A) hkl dgps (A) deale (A) FWHM (deg) hkl dyps (A) deale (A) FWHM (deg) hkl dops (A) deale (A)
020 3.3351 3.3349 1113.0294 3.0298 0.18 111 3.0408 3.0403 0.18 111 3.0309 3.0304
011 3.1059 3.1079 200 2.6238 2.6239 0.19 200 2.6317 2.6330 0.16 200 2.6237 2.6244
120 omg 28881 220 1.8546 18554 220 1.8620 1.8618 0.26 220 1.8566 1.8557
200 2.8880 311 1.5833 1.5823 311 1.5878 1.5878 0.29 311 1.5824 1.5826
11127373 27369 222 1.5157 1.5149 222 1.5212 1.5202 0.29 222 15146 1.5152
121 2.2328 2.2308 a =5.2478(8) A a = 5.266009) A a =5.2488(7) A
2202.1823 2.1832 V = 144.52(7) A’ V = 146.03(8) A’ V = 144.61(6) A®

211 2.1151 2.1156
031 1.8776 1.8786
131 1.7863 1.7865
002 1.7575 1.7563
040 1.6678 1.6675
311 1.6372 1.6367
231 1.5747 1.5747
122 | 015 1.5006
202 1.5006
240 1.4446 1.4441
a = 5.7760(28) A

b = 6.6699(15) A

c=3.5125(10) A

V = 135.32(6) &>

of 22.1 GPa. This value is smaller than the corresponding values of 7.5-9.8% obtained by
Duclos ef al [8] and Gerward and Olsen [9]. Comparing the lattice constants of the cubic phase
of CeO, between patterns 1, 2 and 3, we find that pattern 1 and pattern 3 are identical with each
other within error, but the volume of pattern 1 is smaller by about 1% than that of pattern 2. We
do not think that this is induced by either experimental errors or pressure gradient in the sample
chamber. The only difference between the two x-ray diffraction patterns is that they were
collected from different areas in the same sample chamber, as shown in figure 1: one area was
heated intensively, and the other one was not heated. We exclude the factor of pressure gradient
based on the following evidence: (1) the pressures on the two ruby chips, which are located
in area 1 and area 2 respectively, are 22.1 and 22.2 GPa, showing excellent agreement with
each other. (2) The full width at half maximum (FWHM) of the diffraction peaks of the cubic
structure of patterns 1 and 2, as shown in table 2, indicate that the hydrostaticity of the sample
chamber is similar to that of adopting a methanol—ethanol mixture as the pressure medium [27].
Despite the fact that the sample was loaded without a pressure medium, the pressure gradient in
the sample chamber was relaxed effectively by laser heating process. (3) Pattern 3 was collected
at the edge of the sample chamber, from which there appears a gasket diffraction peak; the
volume of its cubic structure was also about 1% smaller than that of pattern 2. (4) Employing
the equation of state (EOS) parameters provided by Duclos et al [8] (By = 230 GPa, B, = 4)
and Gerward er al [15] (By = 220 GPa, B = 4.4), which were obtained at room temperature,
and assuming the standard V; value of cubic CeO, to be 158.43 A’ (ap = 5.411 A), the
pressure of the sample chamber is calculated to be 22.1 and 21.5 GPa respectively, according

to the cubic phase volume of pattern 2 (V = 146.03 AS), which shows excellent agreement
with ruby scale. So we consider the pressure of the sample chamber to be 22.1 GPa, and the
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volume difference of cubic phase between pattern 1 and pattern 2 is induced by the effect of
high temperature. The mechanism remains unclear. We consider that the volume of fluorite
phase of pattern 1 represents the thermodynamic equilibrium volume at a pressure of 22.1 GPa,
and the volume of pattern 2 reflects the sluggish property of CeO, at high pressure. Due to
the slow mobility of the Ce atom at room temperature, the volume of pattern 2 may indicate
that the atoms of CeO, with fluorite structure could not adjust completely to their equilibrium
positions, and may reflect that many defects exist in the structure, which lead to a relatively
large volume.

The bulk modulus of the fluorite phase of bulk CeO, was deduced to be 220-236 GPa
by fitting the Birch—-Murnaghan equation of state based on x-ray diffraction experiments at
room temperature [8, 9, 15]. By contrast with consistent experimental values, the theoretical
results for the bulk modulus of CeO, show a large scatter [15, 20, 28, 29], and most of these
are underestimated [15, 20, 28]. The bulk modulus of cubic CeO, cannot obtained by fitting
the Birch-Murnaghan equation of state based only on our x-ray diffraction results, since only
one set of diffraction data at 22.1 GPa exists. However, we can calculate a bulk modulus By
of about 200 GPa by using the volume value (V = 144.52 AS, pattern 1) of the cubic phase
which underwent heating at 22.1 GPa, according to the Birch-Murnaghan equation of state
with B = 4 and a standard V, = 158.43 A’ (ap = 5.411 A) of cubic CeO,. This By is less
than former experimental values.

As shown above, the Raman spectra of the PbCl,-type structure recorded in area 1 show
complete phase transition; however, the x-ray diffraction pattern collected from area 1 shows
mixed phases of cubic and orthorhombic structure. This is because the Raman spectra recorded
the superficial information from the intensively heated side of the sample, and the x-ray
diffraction collected the whole structural information of the sample in area 1.

4. Conclusions

This study has displayed the remarkable effects of high temperature on the behavior of CeO,
at high pressures. Besides promoting a phase transition from the fluorite phase to a PbCl,-
type structure and reducing the phase transition pressure by nearly 20 GPa, high temperature
also anneals the sample, which reaches its equilibrium state, and leads to about 1% decrease
in volume at 22.1 GPa compared to the same fluorite phase at room temperature. The volume
difference between the fluorite phase and PbCl,-type phase is about 6.4% at a pressure of
22.1 GPa after heating, and the bulk modulus of the cubic structure of CeO, was calculated
to be 200 GPa, assuming a pressure derivative of 4. The bulk modulus of the fluorite
phase and the volume collapse induced by the phase transition of CeO, after heating are
smaller than corresponding values obtained at room temperature by previous x-ray diffraction
experiments. The effects of high temperature on CeO, should also be considered in the
high-pressure behavior of other large metal-ion oxides, such as ThO,, UO,, and rare earth
sesquioxides.
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