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ABSTRACT

This manuscript reports temperature-dependent Raman studies on nanocrystalline lutetium sesquioxide for a temperature range of
80-420 K. Phase stability under pressure was also investigated up to a pressure of about 15.6 GPa, primarily to deduce the mode Griineisen
parameters, which were further used to estimate the anharmonic parameters under the influence of varying sample temperature. The char-
acterization at ambient revealed the cubic phase and nanocrystalline nature of the sample. The variation in the Raman shift and FWHM
studied with an increase in temperature revealed that a few new peaks started developing above about 220 K, which were, unexpectedly,
found to be due to the cubic phase of the material. On the other hand, it was observed that with an increase in pressure, the cubic phase
peaks appear to be destabilized and new broad bands started to develop. However, until the highest studied pressure of 15.6 GPa, a defined
structural phase transition was not observed. The estimated anharmonic constants demonstrated the predominance of the three phonon
process in phonon decay as a function of temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125702

INTRODUCTION

Rare earth sesquioxides have gained much importance due to
their various applications in corrosion-resistant electrical insulation
layers,' grain growth inhibitors,” light-emitting diodes,” solid-state
laser rods,” solid oxide fuel cells,” optical materials,” and many
more. These rare earth oxides exist in three structural phase modifi-
cations—cubic with the space group Ia-3 (206) and denoted by C,
monoclinic with the space group C2/m (12) and denoted by B, hex-

Among these rare earth oxides, lutetium oxide (Lu,O;) has
recently been shown to have many strategic and prospective appli-
cations owing to its potentially excellent thermal stability, insulating
property due to a large bandgap of 5.5 eV, hygroscopic immunity,
high lattice energy, etc. Lu,O; has recently gained importance as
it can be used as a catalyst in many alkylation,” hydrogenation,
cracking, and polymerization processes and as a scintillator due to
its transparency,’ to produce white light using frequency
up—conversion,11 to make ultrafast laser materials,"> and various

agonal with the space group P-3m1 (164) and denoted by A. At ele-
vated temperatures, two additional phases, i.e., cubic with the space
group Im-3m (229) and denoted by X and hexagonal with the
space group P63/mmc (194) and denoted by H, are also exhibited
by rare earth sesquioxides. At ambient, most rare earth oxides
exhibit a cubic crystal structure with the space group Ia-3 having
two local symmetries, i.e,, C, and Cs;, and having 16 molecules
per unit cell.” The structure has 24 Lu®* ions on-site with the C,
symmetry and eight on-site with the Cs; symmetry.”

other applications. It is also an essential raw material for laser crys-
tals.” It also has specialized uses in vacuum deposition, ceramics,
glass, and phosphors. Tm:Lu,O; nanocrystals have shown potential
for phosphor blue applications.”” In recent years, Dy:Lu,O3 has
also been shown to be a suitable material for midinfrared lasers."*
Lu,O3:Eu’" has the potential for use as a scintillator for x-ray
imaging applications.”” Hence, due to such technological and fun-
damental importance of Lu,Os, it is essential to study the phase
stability of these materials with pressure and temperature, especially
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nanosized Lu,0s, since under extreme conditions, a number of
phenomena such as a change in the crystal structure as well as elec-
tronic and thermodynamic properties can impact the performance
of the devices made out of this promising material.'®"”

In the past few years, structural investigations have been done
on Lu,O; by several researchers to unmask the crystal structure
and stability of the material'®’ and its dielectric properties.”’
However, there are very few investigations under the application of
extreme conditions. Hoekstra reported a cubic to monoclinic trans-
formation in Lu,O; at 3.6 GPa and 1000 °C.” Recently, the stability
of the cubic phase was estimated to be above 3000°C.” Jiang
et al” investigated the pressure-induced phase transitions using
the x-ray and Raman spectroscopy and demonstrated a cubic to
monoclinic transition above a pressure of about 12.7 GPa.
However, Lin et al. observed the commencement of cubic to mono-
clinic transition at about 17 GPa.”* To the best of our knowledge,
no other reports on the effect of temperature and pressure are avail-
able, more so, for the nanocrystalline sample and anharmonic
parameters. Hence, in this report, we investigate the temperature-
dependent change shown by nanocrystalline Lu,O3 in terms of the
shift in the phonon modes and change in their widths at half
maxima. The mode Griineisen parameter estimated from the pres-
sure behavior of the sample was used to determine the anharmonic
constants and the anharmonicity contributions.

MATERIALS AND METHODS

The nanocrystalline powder sample of Lu,Os, procured from
Johnson Matthey, UK, was used as the starting material. The
sample was used in as-received state and not subjected to any pre-
treatments. Characterization at ambient was carried out using x-ray
diffraction, scanning electron microscopy, energy dispersive x-ray
analysis, and Raman spectroscopy. X-ray diffraction was carried out
using the Rigaku Ultima-IV X-Ray Diffractometer with Cu ko
(A=1.5404 A) radiation. A scan of 0.067°/s was performed for
recording the diffractograms with a step size of 0.02°.

For the micro-Raman measurements, a Jobin Yvon made
T64000 Triple Raman spectrometer was used. An argon-ion laser
with a wavelength of 514.5 nm was used as the excitation source
with a power of 100 mW at the source. The laser was focused on
the sample using the microscope with a 20x objective. The back-
scattered beam from the sample was collected by a charge coupled
device (CCD), and the collected scattering pattern was integrated
into Intensity count vs Raman shift using LabSpec Software.

The Raman spectra were collected for a temperature range of
80 K-420K. A pellet of 3 mm diameter of Lu,O; was made using
an indigenously constructed die. For the temperature measure-
ments, a Janis made, continuous flow liquid nitrogen cryostat
ST-500 was used with a temperature controller working in the tem-
perature range mentioned above. The sample was loaded in the
sample chamber of the cryostat, and a vacuum on the order of 10~°
was maintained in the sample chamber using a turbomolecular
pump.

For high-pressure measurements, the pressure on the sample
was applied using the Almax Laboratories made Diacell Maxi, a
Mao-Bell type diamond anvil cell (DAC) with 400 um culets. The
sample was loaded in a stainless steel gasket with 100um hole
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along with a few ruby chips, which was used as the pressure
monitor, and a mixture of methanol and ethanol in a 4:1 ratio as
the pressure transmitting medium.

RESULTS AND DISCUSSION
Characterization at ambient

The XRD result was used for the qualitative analysis. The
experimentally obtained data, as shown in Fig. 1, is compared with
the reference data and agrees well with the JCPDS Card No. 430121,
which corresponds to the cubic phase of the material with the space
group Ia-3(206). Miller indices of the peaks are also specified in the
figure. No other peaks in the diffraction pattern other than the peaks
of the cubic Lu,O; were observed. The crystallite size of the material
was also calculated using the Debye-Scherrer formula using the pre-
dominating peak at 26=29.75° (£0.5°), which comes out to be
34.88 nm, showing that the material is nanocrystalline.

The Rietveld analysis of the obtained data was done to
confirm the phase of the sample. The result obtained is shown in
Fig. 2. The circles represent the experimental data, the red line rep-
resents the calculated data, the blue line represents the agreement
between the experimental and observed data, and the pink lines
represent the angles at which Bragg’s law is satisfied. The Rietveld
analysis was done using the FullProf software.

Scanning electron microscopy (SEM) was done for the surface
morphology of the sample, and the obtained micrographs are
shown in Fig. 3 displaying faceted crystalline particles with pre-
dominant particle sizes in the nanometer range.

Furthermore, the compositional analysis of the material is
carried out using energy dispersive x-ray spectroscopy (EDS). The
EDS results give the atomic and weight percentage of the elements
present in the sample. According to the stoichiometric weight per-
centage of Lu,0;, 12.06% of oxygen and 87.9% of lutetium must be
present, while according to the atomic percentage, 60% of oxygen
and 40% of lutetium is expected. In our case, as shown in Fig. 4,
the obtained results agree well with the theoretical results, albeit
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FIG. 1. XRD results of Lu,Os3.
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FIG. 2. Rietveld analysis of the XRD results. rp, rwp, re, and chi-square are
22.5,29.9, 16.3, and 3.380, respectively.

with slight deviations. No other contaminations/elements were
detected within the sensitivity of the measurement.

From the factor group analysis, there are 22 Raman active
modes,”” ie, 4 A, modes, 4 E; modes, and 14 F, modes corre-
sponding to the cubic phase of Lu,0;. Under ambient conditions,
we observed only 11 modes that are possibly because of the fact
that some of the modes are closely placed, and hence they overlap
with each other and are not separable. The Raman spectrum taken
at ambient conditions is shown in Fig. 5.

The major peak observed, i.e., the peak with the highest inten-
sity centered at 393.1 cm™" is identified as the characteristic peak of
the cubic phase and corresponds to the F, + A, mode.”” The other
modes observed at 335.1, 348.2, 454.6, 499.1, 603.9, and 613.9 cm™!
designated as I, Is, Ig, Iy, I;0, and I;;, respectively, are also iden-
tified as cubic phase peaks.””*”** However, a few additional modes
were also observed at 191.2, 229.1, 288.9, and 441.3 cm ™, i.e, I}, L, I,
and I, which have been reported previously only for cubic single
crystals by Laversenne et al.”’ It is worth mentioning here that the
most dominant cubic phase peak, Is, along with most other modes
have been found to be in excellent agreement with the reported
positions by Laversenne et al.”’ for a single crystal, although our
sample is nanocrystalline in nature. The detailed peak identifica-
tions, along with their assignments, are given in Table I. The
strongest cubic Raman mode identified as I, with the largest
polarizability change, is expected to be most sensitive to the exter-
nal influences and is tracked primarily along with other observable
modes.

Pressure-dependent phonon variations

Pressure-dependent Raman studies were carried out using
DAC up to a pressure of about 15.6 GPa. Figure 6 shows the evolu-
tion of various phonon modes in the pressure-dependent Raman
spectra. From phonon variations, it is observed that with an
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FIG. 5. Raman spectrum of Lu,O3 at ambient conditions.

increase in the applied pressure, the cubic phase peaks shift to
higher wavenumbers, their width increases, and the peaks lose
intensity. However, up to the highest studied pressure, the cubic
phase is still existent, albeit new broad bands are seen to be devel-
oping between 500 and 700cm™', beyond a pressure of about
7 GPa. At the highest pressure of about 15.6 GPa, the most intense
Fg+ A, cubic phase mode, I, shifts to 423 cm~! from 393.1cm™!
at ambient.
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TABLE I. Observed Raman modes at ambient temperature and pressure.

Peak Peak position at 300 K Mode
identification (em™) assignment””
I 191.2

L 229.1

L 288.9 Fy+ Eg
L 335.1 F,

I 348.2 Fy+E,
I 393.1 Fy+ Ag
I 4413

Iy 4546 Fy+ Eq
I 499.1 Fy+ A,
Lo 603.9 Fy+E,
I, 613.9 F,+ A

Furthermore, the weaker modes of the cubic phase, which
were observable at ambient and low pressures, were not found to
be clearly observable at higher pressures beyond about 7 GPa,
which indicates that the destabilization of the cubic phase started.
In addition, the development of the new broad bands around 500-
700 cm™" above a pressure of about 7 GPa was not accompanied by
the appearance of other well defined peaks. In this context, there is
only one report by Jiang et al.”” who reported the initiation of a
cubic to monoclinic phase transition at about 12.7 GPa, which
completed at 18.2 GPa. Jiang et al.”” also observed the development
of broad bands between 500 and 700 cm ™" along with new peaks at
lower wavenumbers. In our case, the similar commencement of the

5.0
E 156 Gpa
4.5
1 12.79Gp?
S 4.0 -
4 9.48GP4
3.5 9.37GPa

Normalized Intensity (a.u.

FIG. 6. Raman spectra at various
pressure values.
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development of broad bands is observed, although up to the
highest studied pressure, these newly developed broad bands do
not become sharper, and, moreover, no bands were seen to be
developing at lower wavenumbers. The signal to noise ratio also
reduces, which is expected since with the application of pressure,
the sample, which is in micrometer size, disperses. Also, the
mixture of methanol and ethanol, which is used as the pressure
transmitting medium, is known to remain hydrostatic up to a pres-
sure of about 10.5 GPa only.”’ Beyond this, the pressure is expected
to be nonhydrostatic, which may also impact the experimental
observations. However, since the broad bands between 500 and
700 cm™" were observed below the hydrostatic limit, they are
clearly a consequence of the applied pressure in the present case.
Thus, we may surmise that the sample is more or less progressing
toward a disordered/amorphous phase notwithstanding the nonhy-
drostaticity as well as decreased signal to noise ratio with an
increase in the applied pressure.

The observance of such a behavior may have a contribution
from the fact that the starting sample is nanocrystalline in
nature. As reported in our previous work on rare earth sesquiox-
ides,”" solid-state amorphization is controlled by the relative
energies of the defected crystalline phase G, and the amorphous
phase. Although the quantitative estimation of these quantities is
not always feasible, however, in case of nanocrystalline materials,
the free energy due to defects G4 is known to increase due to the
increased volume fraction of grain boundaries and hence the
structural transition to disordered or amorphous phase may be
preferred owing to the fact that G,, the free energy of amorphous
phase, may become lower than G, + Gy, the free energies of the
crystalline phase and defects, respectively. Also, the structural
transition from cubic to monoclinic phase involves a large
volume change of about 8%-9%, and such transitions have been
reported to proceed via the formation of an intermediate phase
such as a disordered or amorphous state.”’ Moreover, the cubic
phase peaks still exist up to the highest pressure of 15.6 GPa,
with no additional well defined peaks due to any other crystalline
phase, which shows that the structural evolution, though initi-
ated, is not complete. Hence, we may surmise that beyond a pres-
sure of about 7 GPa, the cubic phase starts destabilizing with
weakening of the Raman modes.

In addition, from the variation of the frequency of the phonon
modes with respect to the pressure applied, the value of the mode
Griineisen parameter is estimated. The mode Griineisen parameter
is given by

dw BO
"= Gy 1)
By is the bulk modulus of the elasticity for the cubic phase whose
value is taken from the literature,” , is the frequency of the mode
at ambient, and dw/dp represents the slope of the graph between
frequency shift and applied pressure.

Table II shows the calculated values of the mode Griineisen
parameters for the modes that had observable shifts. The dw/dp
values were calculated up to a pressure range of 15.6 GPa for mode
Is. Since the weaker modes were not clearly distinguishable above a
pressure of 7.68 GPa, the slope for these modes was considered up
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TABLE II. Calculated mode Griineisen parameter values for Raman modes of
LU203.

Peak o dow/dp B,  Calculated Reported
identification (cm™!) (cm™!/GPa) (GPa)*’ Y v
Is 345.1 2.05 214 1.30 1.60
Is 390.4 2.45 1.35 1.63
Iy 496.1 2.82 1.22 1.90
I, 610.6 227 0.81 1.46

to 7.68 GPa only. As can be seen from the table, as compared to
the reported values,” the values obtained in the present estimations
are consistently lower. These lower values are a direct consequence
of the lower values of dw/dp for our sample (as shown in Table 1I)
as compared to those reported by Jiang et al.”> Although it appears
anomalous, it is not entirely unexpected since it may again be a
consequence of the nano nature of the sample, which leads to an
increase in surface energy. In this context, Liu et al.’” reported that
as a consequence of the reduction in the size of their CeO, sample,
the sample was more stable as compared to the bulk under the
application of external pressure, which was again attributed to the
higher surface energy in the nanosized sample.

Temperature-dependent variations in phonon modes

Figure 7 shows the Raman spectrum of Lu,O5 at 80 K, and the
inset shows the overlaid spectra at 80 K and 420 K for comparison
purposes. It may be observed that at 80K, only 7 peaks were
observed in contrast to 11 modes at ambient and higher tempera-
tures, although the former are sharper with lower FWHM as com-
pared to the peaks at 420 K. However, the observation that lesser
number of modes are observed at 80K is unexpected since the
phonon modes at low temperatures are expected to be enhanced
and well defined due to lowering of thermal effects.””**

The progression in the cubic phase Raman peaks with an
increase in the temperature from 80 K to 420 K is shown in Fig. 8.
It may be observed from the figure that although at 80 K only 7 of
the 11 Raman modes were observed, as the temperature increased
above 220K, a few other modes designated as I;, I, I5, and I,
start appearing in the spectra as already discussed above and are
shown in detail in Fig. 9. With the increasing temperature, the
phonon modes also show softening to lower wavenumbers, while
the intensity of the modes I;, I,, I5, and I, at around 180, 227,
290, and 441cm™, respectively, increases significantly with
increasing temperature. At 340 K and above, the newly developed
modes become stronger, while, on the other hand, the relative
intensity of the modes Iy and I centered at around 455 and
595 cm™", respectively, decreases. As discussed earlier, the newly
emerging peaks were also identified with the cubic phase as
reported by Laversenne et al.”” for single crystals. These observa-
tions suggest that with an increase in temperature, some kind of
reorientation of the cubic structure takes place, which is indicative
of either an increased order in the structure or an isostructural
transition in the sample. Recently, Jiang et al. reported a similar
isostructural transition under the application of pressure in
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FIG. 7. Raman spectrum of Lu,O3 at 80 K.

Nd,O5”” wherein the Raman spectra and the x-ray data displayed
an anomalous shift in the diffraction peaks and attributed it to
changes in the Nd-O bond length. The analogy in case of Lu,0;
may possibly be discussed in view of our previous report on the
correlation of the behavior of the rare earth sesquioxides under
pressure with the f electron number wherein it was deduced that
the investigated rare earth oxides showed similar trends in struc-
tural transitions under pressure.’”® Since no other reports are
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FIG. 8. Raman spectra of Lu,O3 for a temperature range from 80 K to 420 K.

available for the temperature-dependent variation in phonon
modes, and considering the systematic increase in the intensity of
the new modes mentioned above, it can be inferred conclusively
that the cubic phase of Lu,O; undergoes either an isostructural
transition or a structural reorientation. However, no complete
structural phase transition, wherein the crystalline structure
changes, is observed up to the highest studied temperature of
420 K, and the cubic phase peaks are still existent.
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FIG. 9. Magnified view of the new phonon modes observed above 220 K.
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TABLE lll. Comparison of the peak position for various peaks at 80 K and 420 K.

Raman peak Raman peak

Peak position at 80 K position at 420 K Total shift
identification (cm™) (cm™) (cm™)
I5 350.4 346.4 4.0

Ls 395.9 390.5 5.5

Is 455.8 452.1 3.7

Iy 501.5 495.6 6.0

I, 616.1 611.3 48

For these cubic phase peaks, the shifts observed from the start-
ing temperature of 80 K to the maximum studied temperature of
420K are shown in Table III. A maximum shift of 6.0cm™" is
observed in the Fy+A, mode, designated as Io, centered at
501.5cm™". It may be pertinent to mention here that this mode
also demonstrated the highest response to the application of pres-
sure with the highest dw/dp value, as shown in Table II.

It is well known that the shift in the phonon modes is depen-
dent on the temperature and anharmonic contribution in the
Hamiltonian.”” Temperature-dependent phonon mode studies are
used for quantization of anharmonicity. The shift in the frequency
with the temperature is investigated in detail for the dominant
peaks, i.e., for Is, I, Ig, Iy, and I;;. The shifts occur due to the varia-
tion in the temperature, which leads to the lattice expansion or
compression, depending upon the sample under investigation.
Lattice expansion or compression is denoted by the positive or neg-
ative value of the thermal expansion coefficient, i.e., o of any mate-
rial. The variation in the temperature also affects the frequency of
the phonon due to anharmonic effects, which also contribute to the
shift in the frequency of the phonon. Hence, phonon frequency’”
at any temperature is the sum of harmonic frequency, contribution
in the frequency due to thermal volume expansion, and anhar-
monic contributions,

CU(T) =m + (Aa))latt + (Aw)anh) (2)

where @y is the harmonic frequency at 0K, (Aw);,; comes into play
due to the lattice expansion, and (Aw),,, takes into account the
cubic and quadric anharmonicity. @, is calculated by extrapolation
of the graph between the temperature and frequency of specific
Raman modes to 0 K. (Aw),,;; is given by

T
(A®) 1 = wo{exp [—nJ 3a(T)dT] — 1}, 3)

0

where y; represents the mode Griineisen parameter, which shows
the effect of varying temperature on the dynamics and size of the
lattice. The value of & was taken from the literature™ as 7.7 x 107%/K,
while the value of y; has been calculated from our experiment,
as explained above and also taken from available literature for
comparison purposes.”’

ARTICLE scitation.org/journalljap

Furthermore, (A®),,; is given by’

2
(Ao = A {1 T exp(hwo2KT) — 1
+B {1 + > + >
exp(fwo /3kT) — 1 (exp(hwy/3kT) — 1)*]

4)

In the expression of (A®),,;,, the first term represents the contribu-
tion due to the cubic term in the Hamiltonian or a three phonon
process and the second term represents the contribution due to the
quartic term in the Hamiltonian interaction of one phonon with
three phonons, i.e., the four phonon process. The anharmonic con-
stants, i.e., A and B, are found by fitting the graph between temper-
ature and frequency using Eq. (2). The fitting was carried out for
all the 5 peaks mentioned above. However, the fitting graph is
shown here for the two most dominating peaks. It may be men-
tioned here that the three phonon process always results in the
decrease in the phonon frequency, which results in the negative
value of coefficient A. On the other hand, four phonon processes
can increase as well as decrease the frequency of the phonon, ie.,
coefficient B can be either positive or negative. In the present case,
all the observable peaks show a similar trend of Raman shift vs
temperature.

Figures 10 and 11 depict the variation in the phonon frequen-
cies for the two representative modes. In the graphs, the squares
represent the experimental data and the solid line represents the
values obtained by the fitting equation. As expected, using the
fitting equation, i.e., Eq. (2), the value of A comes out to be nega-
tive for all studied peaks while the value of B also comes out to be
negative for all the studied peaks except for the mode I;;, which
implies that in our case the four phonon process also results in the
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FIG. 10. Temperature dependence of the Raman shift, fitted using the calcu-
lated value of mode Griineisen parameter for the phonon mode lg. The inset
shows the fitting using the value of y; from Ref. 23.
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502 The 1st term on the right hand side represents the true anhar-
monic term, and 2nd term represents the quasiharmonic term. The
501 F = Experimental Data values obtained from the above equation are also shown in
Fitting Equation Table IV, ie., the true anharmonic term, the quasianharmonic
term, and the total anharmonicity for various Raman modes. From

500 |- o .

- the table, it is apparent that owing to the lower value of the y;
£ obtained from present studies, the quasiharmonic term has a lower
0499 - 502 : .
- + Experimental Data value and, consequently, the true anharmonic term has a margin-
& 501 — Fitting Equation ally high itud
c 50 y higher magnitude.

ﬁ 498 ¢ 199 The anharmonic effect also leads to the change in the band-
g £ o5 width of the various Raman bands. The anharmonic effects result
S497F § 407 in either the decrease or increase of the FWHM. The effect of the
2 4o anharmonic contribution on the FWHM is given by’
496 - 49%0"100 150 200 250 300 350 400 450
Temperature (K) 2
495 i 1 " 1 " 1 i 1 " 1 n 1 i 1 i = ro + C {1 + T S ——
50 100 150 200 250 300 350 400 450 exp(hwo /2kT) — 1
3 3
Temperature (K) + D{l + + ,  (6)
exp(hiwg /3kT) — 1 (exp(ha /3kT) — 1)

FIG. 11. Temperature dependence of the Raman shift, fitted using the calcu-
lated value of mode Griineisen parameter for the phonon mode lg. The inset

shows the fiting using the value of , from Ref, 23 where ', represents the harmonic linewidth and the 2nd term rep-
b . 23.

resents the contribution due to the three phonon process; the 3rd
part is due to the four phonon process. C and D represent the
anharmonic constants.

decrease in frequency except for mode I;;, for which it results in
the positive contribution. In all the observed peaks, the anharmonic
constant A has significantly higher values as compared to constant
B, which implies that the three phonon processes are dominating
for the temperature-driven response in most of the phonon modes.
The values of anharmonic constants obtained are shown in
Table IV. From Table IV and Figs. 10 and 11, it is also evident that
for the calculations done using the value of y; from Ref. 23, the
magnitudes of the constants A and B are impacted; however, the
negative and positive components do not change sign.

Also, using the observed variations of the frequency with the
temperature, the values of total anharmonicity and true anhar-
monic terms are also calculated. The value of total anharmonicity

The Raman modes obtained at each temperature were decon-
voluted using the Voigt area fit in the Peak fit software for the tem-
perature range of 80K-420K, and values of the FWHM were
calculated for the various Raman modes. The variation of FWHM
with temperature for the Is mode is plotted in Fig. 12. From this
figure, it is clear that FWHM increases almost monotonically with
an increase in the temperature. The solid line depicts the fitted
curve using Eq. (6). From this fitting, the anharmonic constants C
and D were found to have values of 2.6830 and —0.0290, respec-
tively. It is clear that the 1st term of Eq. (4) dominates and is posi-
tive, which again implies that the three phonon term leads to
broadening, while the negative value of the constant D suggests
that the four phonon term has an opposite effect, albeit not
significant.

Since phonons are quanta of lattice vibrations and the Raman
modes correspond to the vibrations of the materials, hence, the life-
time of the phonon for various modes can be estimated using the

is given by’
i@ — idw,» —va (5)
; daT P_ ; dT v vic

TABLE IV. Various parameters obtained using the fitting of temperature vs Raman shift data. The y; values taken from Ref. 23 are marked with an asterisk.

Peak identification wo (em™) ¥Yi A (em™) B (cm™) ((1/o)*dw/dT)p (K™ ((1w)*dw/dT)y (K™ Yo (K™
Is 351.9 1.60* -2.18 —0.17 —341x107° —2.18x107° 1.23x107°
1.30 -1.72 —0.18 —242x107° 0.99x107°
I 397.9 1.63* —3.94 —0.17 —421x107° —2.96x107° 1.26 x 10~°
1.35 —3.33 —0.19 -3.17x107° 1.04 x 107°
Ig 457.1 1.64* -222 —0.51 —240x107° —1.14x107° 126 x107°
Iy 503.8 1.90* —4.75 —0.68 —3.52x107° —2.06x107° 1.46 x107°
1.22 —1.60 —0.92 —2.59x107° 0.93x107°
I 618.0 1.46* —16.26 1.00 —247x107° —135x107° 1.12x107°
0.81 —-9.70 0.30 —1.85x107° 0.62x107°
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FIG. 12. Variation of the FWHM with increasing sample temperature.

Raman spectra. Raman spectroscopy is an indirect technique to cal-
culate the phonon lifetime. The phonon lifetime is related to the
FWHM by’

T= L 7)

wcl’

where ¢ is the velocity of light and T" is the FWHM. The values
obtained for phonon lifetimes for the most dominant Raman mode
Is are calculated and plotted with the temperature in Fig. 13. As
expected, the phonon lifetime decreases with an increase in tem-
perature. The maximum lifetime of the phonon is 2.17 ps at 80 K
and subsequently decreases with an increase in the temperature,
which is evident due to the reason that FWHM increases with the
temperature.

22 LupO3
20

18 |-

16 |-

Phonon Lifetime (ps)

12 ~,

PR WP WU TP S NI T T
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Temperature (K)

FIG. 13. Phonon lifetime for the Fy Raman mode.
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CONCLUSIONS

The pressure and temperature-dependent Raman investiga-
tions on nanocrystalline Lu,O; reveal that under the application of
pressure, the cubic phase of the material is seen to be existent up to
the highest studied pressure of about 15.6 GPa at a constant tem-
perature and also up to a temperature of 420 K at a constant pres-
sure. However, the cubic phase destabilized with an increase in
pressure, and broad bands were seen to be developing beyond a
pressure of about 7.0 GPa. These broad bands indicate the develop-
ment of a disordered phase at the expense of the cubic phase. The
mode Griineisen parameter was calculated from the pressure data
and, for our nanocrystalline sample, demonstrated a lower value as
compared to the reported values for the bulk. Temperature-
dependent Raman spectra at a constant pressure showed a soften-
ing of the phonon modes with an increase in the temperature.
However, for temperatures above about 220K, new cubic phase
peaks were seen to develop that were not present at lower tempera-
tures, which is an anomalous observation. The estimated anhar-
monic parameters reveal that the three phonon decay process
dominates for most observed modes. The phonon lifetimes
decreased with an increase in temperature.
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