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X-ray diffraction studies on mixed rare-earth oxides Pr,03; and Sm;03; quenched at various temperatures
were carried out and their phase relationship was analyzed. Mixtures of Pr,0; and Sm,03 at different
compositions were heated at various temperatures in the range 500-1200 °C and then air quenched. The
structures of these quenched samples were analyzed using X-ray diffraction and Raman spectroscopy.
Pure Pr, 03 and Sm, 03 exhibit C-type cubic phase at NTP. While Pr, 03 retains its cubic phase up to 1200 °C,
the Sm, 03 transformed to B-type monoclinic phase above 800 °C. However, their mixtures when heated

g?%SS:JE atdifferent temperatures showed interesting structural behaviour. For the mixture up to 40 wt.% of Sm; 03
64.75.Nx in Pr,03, no significant change was observed at lower temperatures (~800 °C), and the C-type cubic phase
81.30.Dz was observed. As the ratio was gradually increased above 40%, a diphasic region in the range 50-70% was
61.05.Cp observed, with a combination of both C-type cubic and B-type monoclinic phases. When the temperature
78.30.—j was raised to 1200 °C, the 80% of Sm,03 shows a complete structural transition from cubic to monoclinic
Keywords: phase. Based on the analysis of our results various crystal structures and stability regimes of mixed oxide

; . have been reported.
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1. Introduction

The rare-earth oxides (Ln,03) are widely used in the field of met-
allurgy, nuclear technology, optoelectronics for lasers, etc. [1-3].
Studies about the polymorphism of rare-earth oxides have become
an important area of research. It is important for understanding
the thermodynamic phase changes and intermediate phase of these
compounds as a function of temperature. Rare-earth oxides show
five polymorphic modifications, namely, A-, B-, C-, H- and X-type. At
ambient conditions, the A-type hexagonal (space group: P-3m1, no.
164) is the stable structure for the oxides of lighter rare earths from
La-Pm, while the oxides of medium rare earths may exist either in
the B-type monoclinic or C-type cubic structure. It has been found
that these medium rare-earth oxides have the monoclinic distor-
tion of the C-type structure. The thermodynamic stability of these
C-type medium rare-earth oxides like Sm;03, Eu,03 and Gd,03 at
lower temperatures is under debate. The C-type cubic is the char-
acteristic structure (also called as bixbyite structure) for heavier
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rare-earth oxides from Tb-Lu (space group: Ia-3, no. 206). The H-
type hexagonal and the X-type cubic Ln,03 exist only at very high
temperatures. Above 2000°C, the H- and X-type phases are sta-
ble, whereas the A-, B- and C-type phases are commonly observed
below this temperature [4,5].

These rare-earth oxides are broadly divided into two groups
such as mixed and refined oxides. The mixed oxides are thermally
stable and chemically active. These mixed oxides are widely used
in making misch metal, glass abrasives, catalysts (fluid catalytic
cracking, auto exhaust gas cleaning), iron and steel and cast iron
additives, etc. [6]. These also have been used in the preparation
of phosphors, solid state fuels and electro-chromic windows [7,8],
in leather pigmentation and ash tracers for soil erosion aggregate
studies [9,10]. Perovskite type rare-earth mixed oxides are well
known for high temperature superconductors and ferro magnetic
materials.

The proper understanding of polymorphic relationship among
the various oxides is essential for any study involving these sys-
tems. A number of investigators have tried to explain the phase
relationship among theses oxides at various temperatures and
pressures, but several disagreements exist among all these studies
[11-13]. Though much attention has not been paid to this problem,
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Fig. 1. (a) X-ray diffraction patterns of Pr,Os at various temperatures. It is clearly
indexed to the cubic phase. (b) X-ray diffraction patterns of Sm,03 at various tem-
peratures. This indicates a structural phase transition from cubic to monoclinic
structure at 1000 °C.

the question still remains due to the inconclusive nature of the
results reported. It is of special importance to study the reaction
of rare-earth mixed oxides at elevated temperatures. Only a few
combinations of these oxides have already been reported [14,15].
Several mixed oxides involving Pr, 03, Sm;03, and Gd; 03, etc. have
not been studied yet. The aim of our present work is to determine
the phase details of the Pr,03-Sm;03 mixed oxide with respect
to temperature by using X-ray diffraction (XRD) and micro-Raman
spectroscopy as the experimental techniques.

2. Experimental

The rare-earth oxides used in the present study were obtained from Indian Rare
Earth Ltd., India. The starting materials were of purity ~99.9%. The starting materi-
als were characterized and it was found that Pr, 05 stabilized in cubic phase with
space group Ia3 and lattice parameter a = 10.93 A. The powder diffraction data of this
sample has been accepted by International Centre for Diffraction Data (ICDD) with
reference number W26425. All the samples indexed to cubic phase in our experi-
ment were matched with this data. Samarium sesquioxide (Sm;Os) stabilized in the
monoclinic phase with space group C2/m and lattice parameters: a=14.1A,b=3.6A
and c=8.8 A. This data matched well with PDF file no. 43-1030 of ICDD. Further all
the samples indexed to monoclinic phase are matched to this powder data. The pure
oxides as well as the mixtures were annealed in a silicon carbide box-type resistance
furnace at various temperatures ranging from 500 to 1200°C for 24 h, after which
the samples were air quenched.

The X-ray diffraction patterns for all the samples were carried out by a Huber-
Guinier diffractometer [16] which is in the vertical configuration with a Seeman-

Fig. 2. (a) XRD patterns for various concentrations of Sm,03 in Pr,03 (10-50%)
clearly show the cubic phase at 500 °C. (b) XRD patterns for various concentrations
of Sm;03 in Pr,03 (60-90%) clearly shows the cubic phase at 500°C.

Bohlin focusing circle of diameter 114.6 mm. It is attached with a curved type quartz
crystal monochromator and a scintillation detector for obtaining the XRD patterns.
The incident X-ray beam is obtained from an 18 kW rotating anode X-ray generator
(RAXRG) with a molybdenum target of wavelength A =0.70926 A.

To study the effect of structural phase transformations on Raman modes, one
batch of samples quenched from 1000°C were investigated by micro-Raman spec-
troscopy using a HR 800 Horiba Jobin Yvon Raman imaging microscope. The system
consisting of an Olympus optical microscope with 10x long distance objective was
used to focus the beam on the sample. An Ar-ion laser operating at a wavelength
of 488 nm was used as the excitation source and the laser spot size was approxi-
mately 3 wm in diameter and power was 8 mW at the sample. The slit width of the
monochromator was 300 wm which corresponds to a resolution of 4cm~! and the
spectra were collected in the wave number range 100-2000 cm™!.

3. Results and discussions

On visual inspection, the pure Pr,03 was black and Sm;,03
appeared to be white in colour. When Sm;03 was added to Pr,03,
its colour slowly changed and the white colour began to appear at
the higher percentage of Sm;03. Up to 40% of Sm,03 in Pr,03, the
black colour was dominating. Slowly the colour changed from black
to brown when Sm;03 was increased to 50%. The brown colour
remained up to 70% of Sm,053 added to Pr,03 and then changed to
dirty white at 80-90% of Sm,03.

The phase identification of mixed rare-earth oxides in the
present study was carried out by using XRD. Figs. 1-5 show the
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Fig. 3. (a) XRD patterns for different concentrations of Sm,03 in Pr,03 (10-50%)
clearly shows the cubic phase at 800°C. (b) XRD pattern of different concentrations
of Sm;05 in Pr,03 (60-90%) showing the cubic phase with a slight monoclinic dis-
tortion of Sm,03 at 800 °C. Here the monoclinic peak indices are distinguished as
M(332), M(422), etc.

XRD patterns obtained for various compositions of the samples
studied. Fig. 1(a) and (b) shows the XRD patterns of pure Pr;O3
and Sm,03 samples at various temperatures ranging from 500 to
1200°C. Fig. 1(a) shows that the C-type cubic phase for Pr,05 is
stable up to 1200 °C. This result is contrary to the earlier work [17],
which reports a transition from cubic to hexagonal phase at higher
temperatures. Fig. 1(b) shows the XRD patterns for Sm;03 indi-
cating the C-type cubic phase stable up to 800°C, above which it
transforms to the monoclinic phase. This resultisin agreement with
the earlier published reports [18-21].

Fig. 2(a) shows the XRD patterns for various compositions, start-
ing from 10 to 50 wt.% Sm; 03 in Pr,03 at 500 °C. The pattern clearly
shows the C-type cubic phase up to 50% of Sm,0s5. Fig. 2(b) shows
the pattern for the remaining compositions (60-90% Sm,03 in
Pr,03) at the same temperature. No structural phase change was
observed at this temperature. Fig. 3(a) and (b) also reveals the same
cubic structure at 800°C for all the compositions (10-90%) with
a slight monoclinic distortion of Sm,03. The distortion was not
observed at lower compositions and appeared only after the emer-
gence of new diffraction peaks at 50% Sm,Os. It has been seen that
in the case of Sm;03, it undergoes a phase transition from cubic to

Fig. 4. (a) XRD pattern for various concentrations of Sm;03 in Pr,03 (10-50%) at
1000 °C showing the emergence of new diffraction peaks at 50% of Sm,03. The cubic
and monoclinic indices are distinguished as C(222), M(42 2), etc. (b) XRD pattern
for various concentrations of Sm, 03 in Pr,03 (60-90%) at 1000 °C showing the co-
existence of two phases. The hkl indices corresponding to cubic and monoclinic
phases are indicated as C(222), M(4 2 2), etc.

monoclinic at higher temperatures (800-1000 °C). Obviously some
monoclinic peaks may arise due to the above transition, but in our
case the cubic phase was clearly indexed as shown in Fig. 3(b).

Fig. 4(a) shows the XRD patterns for various compositions of
mixed oxides at 1000°C. The pattern was found to be cubic up to
40% of Sm,03 and above that, some new diffraction peaks charac-
teristic of the monoclinic phase of Sm;03 emerged. Starting from
50%, these peaks continue to remain through higher compositions
at this temperature. A mixed phase of both cubic and monoclinic
up to 90% of Sm;, 03 has been shown in Fig. 4(b) clearly for 1000 °C.

Fig. 5(a) and (b) shows the XRD patterns at 1200 °C. In this plot,
the observed pattern shows a C-type cubic phase up to 40% because
of the dominant Pr,03. At 50%, a two phase region was observed
accompanied with the appearance of new diffraction peaks. At 80%
of Sm,03, a pure monoclinic was observed and this phase continued
to remain at the higher composition of 90% Sm,0s.

In addition, the interplanar spacings ‘d’ vs compositions graph
also was plotted in Fig. 6. As the composition increases from 0 to
100% of Sm, 03, the d-values begin to decrease. This is clearly shown
in the graph at a temperature of 1200°C.

Micro-Raman studies on the mixed rare-earth oxides have also
been carried out to confirm the results obtained by XRD studies.
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Fig. 5. (a) XRD pattern for various concentrations of Sm,03 in Pr,03 (10-50%) at
1200°C. The pattern shows the emergence of monoclinic phase at 50% of Sm;0s3.
The mixed phase indices are distinguished as C(22 2), M(4 2 2), etc. (b) XRD patterns
for different concentrations of Sm,05 in Pr,03; (60-90%) at 1200°C, indicating a
structural phase transition from cubic to monoclinic phase at 80% of Sm,0s3. The
cubic and monoclinic indices are indicated as C(444), M(422), etc.

The results agree very well with that obtained in XRD studies.
Fig. 7(a)-(c) shows the micro-Raman spectra of various compo-
sitions quenched from 1000°C. The maximum intensities of the
spectra were normalized. All the spectra were characterized by the
presence of a very strong (cubic) band in the range 800-930cm™!.
In addition to this high intensity band, there is a band at about

Table 1

Fig. 6. The variation of d spacings with composition.

1050cm~!. Another band grows at about 590cm~! for 20% of
Sm;,03. These modes grow prominent up to about 60% of Sm;03
and thereafter, the peak at 1050 starts reducing and merges with
a broader peak at 925 cm~!. However, the peak at 590cm™! is
retained even at highest concentration of Sm,0s3. It is evident
that the lattice mode at 590cm™! is influenced by the substitu-
tion of Sm atom in the lattice. The high intensity of the central
band compared to others, indicates a large polarizability during
the vibration. So this band is expected to be one of the most sen-
sitive to the changes in the chemical bonding. For the first three
compositions, the strongest peaks were observed at 839, 846 and
837 cm ! respectively. As reported in the XRD, at higher concentra-
tions of Sm;03, a few peaks corresponding to the monoclinic phase
are observed. In particular, the peak observed at 927 cm~! is due
to the C-type cubic phase while the peaks at 403 and 251 cm~! are
expected to be due to the monoclinic phase.

We have primarily monitored the changes in the most predom-
inant cubic phase observed at 839cm~! and it clearly displayed
a continuous shift to higher wave numbers up to 927 cm~! with
increase in Smy03%. At lower concentration of Sm,03, intensi-
ties of the peaks of Pr,03 were dominant. The weaker peaks of
Pr,03 broadened and disappeared with a gradual loss of intensity,
as the weight percentage of Sm;05 increased. The Sm,03 peaks
began to appear at nearly equal ratios of both the oxides, and then
it started increasing as the concentration of Sm,03 increased up
to 90%.

The trend of increasing wave number of the most intense band
across the period (Pr-Sm) can be explained in terms of lanthanide

Summary of the structural information obtained from X-ray diffraction study of the mixtures of Pr,O3 and Sm,03 heated at various temperatures.

S. no. Sample Phase composition at temperature
500°C 800°C 1000°C 1200°C
1. Pr;03 Cubic Cubic Cubic Cubic
2. 90% Pr,03 +10% Sm; 03 Cubic Cubic Cubic Cubic
3. 80% Pr,03 +20% Sm;05 Cubic Cubic Cubic Cubic
4. 70% Pr, 03 +30% Sm; 03 Cubic Cubic Cubic Cubic
5. 60% Pr,03 +40% Sm;03 Cubic Cubic Cubic Cubic
6. 50% Pr,03 +50% Sm; 03 Cubic Cubic Cubic+monoclinic Cubic+monoclinic
7. 40% Pry 03 +60% Sm, 03 Cubic Cubic Cubic + monoclinic Cubic+monoclinic
8. 30% Pr,03 +70% Sm;03 Cubic Cubic Cubic + monoclinic Cubic+monoclinic
9. 20% Pr,03 +80% Sm, 03 Cubic Cubic Cubic+monoclinic Monoclinic
10. 10% Pry03 +90% Sm, 03 Cubic Cubic Cubic + monoclinic Monoclinic
11. Sm;03 Cubic Cubic Monoclinic Monoclinic
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Fig. 7. (a) Micro-Raman spectra for different concentrations of Sm;0s3 in Pr,03 (10-30%) at 1000 °C. (b) Micro-Raman spectra for different concentrations of Sm;03 in Pr,03
(40-60%) at 1000 °C showing the emergence of monoclinic peaks with increasing % of Sm,0s. (c) Micro-Raman spectra for different concentrations of Sm; 03 in Pr,03 (70-90%)
at 1000°C. The observed patterns show a phase transition from cubic to monoclinic structure and the cubic and monoclinic indices are shown as C(92 7), M(4 0 3), etc.

contraction [22]. The Raman shift across the period (lanthanides)
reflecting the bonding change as the number of f-electrons increase
and the size of the lanthanide atoms decrease. In our case, we have
performed the experiment at 1000 °C and here, the wave numbers
are around 840 and 430cm™"! respectively for Pr,03 and Sm;0s.
Fig. 6(c) shows the weaker peaks which loses their intensity and
are seen to disappear at higher compositions. With increase in % of
Sm, the strongest cubic phase mode shifts to higher wave numbers.
The cubic phase is dominant up to 90% and agrees well with the XRD
results as reported.

Table 1 lists all the phases of Pr,03 + Sm;03 mixed oxide sys-
tem based on the results of our experiments. The table shows a
temperature induced structural transition from cubic to monoclinic
phase of mixed oxides. Here, up to 40 wt.% of Sm,03 in Pr,03, the
cubic phase was observed. A diphasic region was clearly observed
in the compositions ranging between 50 and 70% and after that, it
transformed to the monoclinic phase at 80% of Sm,03.

Based on the results of other mixed oxide systems [14,15,23],
it has been reported that the contraction of the unit cell
and chemical bonding plays an important role in the phase
changes of the mixed oxides. Higher temperature studies on
the phase transition of these mixed oxides have not been
reported.

In summary, we have performed temperature-dependent X-
ray diffraction studies on the polymorphic modifications of the
mixed rare-earth oxide system Pr,03-Sm;0s3. This study reveals
their C-type cubic crystal structure at lower temperatures (~800 °C)
and B-type monoclinic at higher temperatures (~1200°C). This
cubic to monoclinic polymorph helps to identify the phase stabil-
ity and intermediate phases among those oxides. Along with XRD,
micro-Raman experiments were carried out to corroborate our XRD
results.
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