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Abstract: Rare-earth zirconate pyrochlores, which exhibit various interesting properties, especially low thermal conductivity,
are of great interest. Nonstoichiometry is an effective strategy involving defect engineering to reduce the thermal
conductivity of materials. In this work, a long series of solid solutions, €SmO, 5:(1-¢)ZrO, (¢ = 0.200, 0.250, 0.350, 0.400,
0.450, 0.500, 0.525, 0.550, 0.600, and 0.650), were designed and synthesized to investigate the effects of nonstoichiometry
on the structural evolution, defect chemistry, and thermal conductivity of SmO, s—ZrO, system across the entire pyrochlore
phase field and phase transition regions. The similarity of all the Raman spectra provides an incredible opportunity to
confirm the structural details and evolution of pyrochlore and defective fluorite, as well as the emergence of the expected
point defects. A new solution mechanism concerning nonstoichiometry was proposed and confirmed by analyzing the
variations in the experimental density and Raman spectra. The thermal conductivities of all the samples were measured,
and investigated in terms of the phonon-scattering theory. The results show that the nonstoichiometry with SmO, 5 excess is
more effective in reducing the thermal conductivity to an extremely low value of approximately 1 W/(m-K), which can be
attributed to the dramatic decrease in the average acoustic velocity in addition to the strong phonon scattering of Zr ion
vacancies and oxygen vacancies. On the other hand, the nonstoichiometry with ZrO, excess significantly reduces the
thermal conductivity at room temperature, but conversely leads to a slight increase of it above 200 °C. The former variation
can be attributed to the phonon scattering of the 8a interstitial oxygen ions, which has a similar effectiveness to the defects
on the SmO, s-rich side. The latter variation may be attributed to the Umklapp scattering of phonons.
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(Gd,0; and ZrO,) with increasing doping content of their
counterparts. Interestingly, the thermal conductivity of the
stoichiometric compound Gd,Zr,0, right in the middle with a
pyrochlore structure is not exactly the minimum. The value is
slightly greater than those of the surrounding compositions at all
temperatures, which may be attributed to the variation in the
thermal conductivity of the compositions within the pyrochlore
phase field. However, they did not investigate this interesting
variation further. Recently, Chen et al [20] carried out a
theoretical calculation in terms of the Slack model on the thermal
conductivities of the nonstoichiometric compositions close to
Gd,Zr,0; and verified the calculation results with experimental
data. Unfortunately, the experimental thermal conductivities at

1 Introduction

Rare-earth zirconates with an ideal stoichiometry of Ln,Zr,O,
(Ln = lanthanides) have been widely investigated as potential top
coat materials for thermal barrier coating (TBC) applications
[1-5]. To further reduce the thermal conductivity of Ln,Zr,0,,
several effective strategies, such as doping approaches [6-11] and
high-entropy alloying [12-17], have been explored. All these
strategies involve defect engineering; that is, various point defects,
such as vacancies and substitutions, are introduced into the lattice
of materials to increase the scattering of the phonons, thereby
reducing the thermal conductivity [18].

Nonstoichiometry is also an effective strategy involving defect
engineering to reduce the thermal conductivity of materials.

Deviation from the stoichiometric composition creates different
types and populations of point defects due to electroneutrality and
enhances lattice distortion and disorder, which decreases the
thermal conductivity of materials. Wu et al. [19] measured the
thermal conductivities of ceramics in the GdO,;-ZrO, system
within the full compositional range and concluded that the
thermal conductivity decreases from one of two end compounds
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relatively lower temperatures are not consistent with the
calculation results, whereas the experimental data at much higher
temperatures show an abnormal increase which may be attributed
to the increasing importance of radiative transport rather than
phonon conduction. In addition, the samples they prepared were
sintered at 1600 °C, which indicates that all these samples have
transformed into a fluorite structure instead of a pyrochlore
structure. Some earlier efforts were also devoted to the thermal
conductivities of other nonstoichiometric rare-earth zirconate
systems. Liu et al. reported the thermal conductivities of the
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nonstoichiometric compositions on the ZrO,-rich side in
NdO,;-ZrO, [21] and SmO,s-ZrO, [22] systems. A similar
behavior of thermal conductivity can be observed in both systems:
The thermal conductivities of the nonstoichiometric compositions
are lower at low temperatures but higher at high temperatures
than those of the stoichiometric composition. However, the
authors overlooked this interesting variation. On the other hand,
Guo et al. [23] indicated that the competing influences of the
different crystal structures of the samples in Liu et al’s work [21]
on thermal conductivity hindered the investigation of the effect of
nonstoichiometry and emphasized that all the investigated
samples should share identical structures for the sake of
comparison. Therefore, they prepared two near-stoichiometric
compositions on the ZrO,-rich side of the NdO,;-ZrO, system
which are identical in structure to the stoichiometric compound
Nd,Zr,0,, and measured the thermal conductivities of the three
samples. The results demonstrated that the thermal conductivity
of the measured samples decreases with increasing deviation from
the stoichiometric composition over the entire investigated
temperature range. Despite these efforts, there is still little
systematic research concerning the variation in thermal
conductivity with the nonstoichiometry of rare-earth zirconates,
especially for compositions throughout the pyrochlore phase field.

In the phase diagrams of LnO,;-ZrO, systems [24,25], a
pyrochlore phase field with a significant homogeneity range exists
in each system with the lighter lanthanide element from La to Gd.
In light of the phase diagrams calculated by Wang et al. [24,25],
the composition range of the pyrochlore phase field shows a
roughly increasing trend with lanthanide contraction, and
GdO,5-ZrO, system was expected to possess the widest
pyrochlore phase field, which seems to be the preferred choice for
investigating the effect of nonstoichiometry on the thermal
conductivity of rare-earth zirconate pyrochlores. However, other
reports [26—28] have demonstrated that SmO, 5-ZrO, system may
actually be a system with a wider homogeneity range of
pyrochlore. Tabira and Withers [28] determined the composition
range of the pyrochlore phase field in the SmO, ;~ZrO, system to
be from 38.5 to 55 mol% SmO, 5 at 1500 °C, which is significantly
wider than that of the GdO, 5-ZrO, system reported by Jorba [26]
and Lakiza et al. [27]. Moreover, the upper critical temperature
below which the pyrochlore phase exists steadily is approximately
1530 °C for GdO, 5-ZrO, system [24], whereas it is approximately
2025 °C in the case of SmO, 5-ZrO, system [28]. The low thermal
stability temperature makes it difficult to prepare and further
investigate samples with pyrochlore structures in GdO,;-ZrO,
system. In contrast, the wider homogeneity range and sufficiently
higher thermal stability temperature of the pyrochlore phase field
in SmO, ;~ZrO, system offer an opportunity for us to systemically
investigate the thermal conductivity variation with the
nonstoichiometry of rare-earth zirconates throughout the
pyrochlore phase field, which is the main aim of this work.

On the other hand, nonstoichiometry results in a highly
complex defect chemical reaction. Stanek et al. [29] carried out a
theoretical calculation via atomistic simulation to predict the
defect chemical reactions for the nonstoichiometry of an extensive
series of A,B,0; (A = La, Pr, Nd, Sm, Eu, Gd, Y, Er, Yb, and Lu;
B = Ti, Ru, Mo, Sn, Zr, and Pb) and concluded that there are two
competing defect mechanisms involving A cation vacancies and
oxygen interstitials for some compositions with BO, excess,
whereas oxygen vacancies are expected to be the compensating
defects to accommodate the excess AO;;. Defect chemistry is
essential for understanding the thermal conduction behavior of
materials. Unfortunately, there has been no further experimental
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evidence to validate the above simulation results. This work aims
to confirm the defect chemistry in SmO,s-ZrO, system due to
nonstoichiometry and to further interpret the variation in thermal
conductivity with deviation from stoichiometry.

2 Experimental

2.1 Compositional design

In the phase diagram of SmO,;-ZrO, system, the pyrochlore
phase field is a dome-like region with the ideal stoichiometric
compound Sm,Zr,0O, right in the middle and two narrow two-
phase (pyrochlore + fluorite) regions varying with temperature
appear on either side of it, all of which are surrounded by a vast
field of a defective fluorite phase. Although extensive studies have
been carried out [24-26,30], many contradictions still exist in the
literature with respect to the boundaries of the pyrochlore phase
field as well as the two-phase regions. Jorba [26] reported a wide
composition range of pyrochlore phase field of 23-43 mol%
Sm,0; (37.4-60.1 mol% SmO, ) at 1450 °C, in contrast to the
corresponding value of 38.5-55 mol% SmO, 5 at 1500 °C reported
by Tabira and Withers [28]. On the contrary, the phase diagram
of SmO, ;-ZrO, system calculated by Wang et al. [24,25] shows a
distinctly narrower pyrochlore phase field, particularly on the
ZrO,-rich side. These contradictions could be attributed to the
difficulty in distinguishing between pyrochlore and defective
fluorite structures. Determining the exact boundaries of the
pyrochlore phase field is essential for preparing and investigating
samples over the entire composition range of the pyrochlore phase
field.

For this purpose, the compositions investigated in this work
were designed to vary across the reported pyrochlore phase field
and even the two-phase regions. The phase diagrams calculated by
Wang et al. [24,25] were adopted as references to predict the
possible phases of the designed compositions since they supply
more sufficient data at various temperatures than the methods in
the other literature do. As a higher sintering temperature is more
beneficial for improving the densification of the samples for the
sake of thermal conductivity measurement, the designed
compositions in this work were compared with the critical
compositions of various phase fields at 1600 °C from the phase
diagram, as shown in Fig. 1.

The stoichiometric compound Sm,Zr,O, corresponding to & =
0.500 in the formula ¢SmO, 5(1-¢)ZrO, can be considered the
origin of the nonstoichiometry and the reference compound for
the structure and thermal conductivity investigations. From this
starting composition, two sets of compositions corresponding to
different directions of deviation can be designed. On the ZrO,-
rich side, the composition with & = 0.450 would nearly lie at the
left-hand boundary of the pyrochlore phase field on the basis of
the phase diagram calculated by Wang et al. [24,25]. In contrast, it
can be deduced from the wide composition range of the
pyrochlore phase field at 1500 °C reported by Tabira and Withers
[28] that the compositions with € = 0.450 and even &£ = 0.400
would exist as a single pyrochlore phase rather than as a
pyrochlore + fluorite mixture, as indicated in Fig. 1. The
identification of the phases of these two compositions helps to
confirm the exact boundary of the pyrochlore phase field. In
addition, the composition with ¢ = 0.350 is expected to be a
pyrochlore + fluorite mixture, whereas the compositions with & =
0.200 and 0.250 are unequivocally in the form of a single defective
fluorite, which can be compared with the pyrochlores in terms of
structural evolution and thermal conductivity variation. On the
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Fig.1 Compositional slice at 1600 °C from the phase diagram calculated by Wang et al. [24,25] with designed compositions investigated in this work as symbolized by

white-blue diamonds. The scale of top x-axis represents mole fraction of Sm,0Os, in contrast to mole fraction of SmO, 5 on bottom x-axis. For comparison, the left-hand
boundary of pyrochlore phase field at 1500 °C reported by Tabira and Withers [28] is labeled in the figure with a red dash-dot line.

SmO, 5-rich side, the compositions with ¢ = 0.525 and 0.550 are
supposed to fall in the phase field of the pyrochlore, although the
latter is likely to be the critical composition, as inferred from
Tabira and Withers’ report [28]. Moreover, the composition with
€ = 0.600 is considered a pyrochlore + fluorite mixture, whereas
the composition with & = 0.650 is close to the boundary of the
fluorite phase field which probably crystallizes as a fluorite phase.
These two compositions are designed for comparison.

2.2 Materials processing

The ten designed compositions eSmO, 5-(1-€)ZrO, (¢ = 0.200,
0.250, 0.350, 0.400, 0.450, 0.500, 0.525, 0.550, 0.600, and 0.650)
were synthesized via a chemical coprecipitation method. Sm,0O,
powder (purity = 99.9%; Rare Earth Co. Ltd., China) and
ZrOCl,-8H,0 powder (purity = 99.0%; Beijing Chem. Indus. Co.,
Ltd,, China) were used as the sources of Sm and Zr. Sm,0,
powder was calcined at 1000 °C for 10 h to eliminate hydroxide
and/or carbonate to ensure accurate compositions. The freshly
heated Sm,0; powder was then dissolved in diluted nitric acid,
while ZrOCL-8H,0 powder was dissolved in deionized water.
These two solutions were mixed in the expected stoichiometric
ratio and stirred for 30 min. The fully mixed solution was then
added dropwise into an excess solution of ammonia water with
vigorous stirring and ultrasonic oscillating to obtain gel-like
precipitates. After that, the precipitates were filtered and washed
with deionized water three times, followed by washing with
ethanol twice. The washed precipitates were then dried via a
rotary evaporator and calcined at 800 °C for 5 h. The prepared
powder was sieved through 400 mesh and pressed into pellets via
uniaxial cold pressing (100 MPa), followed by isostatic cold pressing
(200 MPa). The compacts were sintered at 1600 °C for 10 h in air.

2.3 Structure characterizations

The phases of all ten compositions were identified via an X-ray
diffractometer (XRD; D/max-RB, Rigaku, Japan) using nickel-
filtered Cu Ka radiation. The lattice parameters were extrapolated
from slow-step XRD scan data via the least-squares method, and
the theoretical densities were thereby estimated in terms of the
lattice parameters and various supposed defect chemical reactions
in this work.

The Raman spectra of all ten compositions were recorded at
room temperature on a microscopic confocal Raman
spectrometer (RM2000, Renishaw, UK) using an argon ion laser
with radiation at 514.5 nm. The laser beam was focused on a
freshly polished surface under a microscope with a spot width of
~2 pm. The signal was collected at a rate of 600 cm™/30 s with an
accuracy of 1 cm™ and accumulated for a triple scan. Several spots
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were detected for each sample to ascertain the homogeneity of the
samples.

24 Property measurement

The thermal conductivity (k') was calculated from three
parameters, namely, the thermal diffusivity (1), heat capacity (c,),
and bulk density (p), via Eq. (1):

(1)

Among these parameters, thermal diffusivity was measured via
the laser flash method (LFA 427, Netzsch, Germany). The samples
were machined to be disk-shaped, and the surfaces are parallel,
with a thickness of approximately 1 mm and a diameter of
10 mm. The surfaces of the samples on both sides were coated
with colloidal graphite to ensure full absorption of the laser flash
and maximum emissivity, as well as to minimize radiative heat
transport. The measurement was carried out in a pure Ar
atmosphere from room temperature to 800 °C at intervals of
200 °C. A model considering radiation and pulse correction [31]
was used to determine the thermal diffusivity with a standard
deviation of less than 2%. The heat capacity was calculated
according to the Neumann-Kopp rule, that is, the weighted sum
of the heat capacity values of its constituent oxides (Sm,0; and
7r0,) obtained from Ref. [32]. It has been verified that the
experimental values are within approximately +3% of the
corresponding calculated values [33]. The bulk density was
measured via the Archimedes method with an immersion
medium of deionized water. The overall uncertainty of the
thermal conductivity was estimated to be less than +5%.
Moreover, taking the effect of micropores into consideration, the
thermal conductivities were corrected to the values for fully dense
samples (k) via the Maxwell relation (Eq. (2)) [34]:

L3
K /xk=1 2¢

K=LA¢-p

)

where ¢ is the porosity of the measured sample, which was
calculated in terms of the theoretical density via the solution
mechanism confirmed in this work.

The longitudinal (1) and transverse (v,) acoustic velocities were
measured via an ultrasonic pulser/receiver instrument (5900PR,
Panametrics, USA) by determining the transmission interval
between two parallel surfaces of the sample. The average acoustic
velocity (v) was then calculated from the longitudinal and
transverse acoustic velocities (Eq. (3)) [35]:
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3 Results and discussion

3.1 Phase identification and lattice parameters

XRD patterns of all the investigated compositions from a
continuous scan, as shown in Fig. 2, reveal that all the diffraction
lines correspond to the spectra of either pyrochlore or defective
fluorite, with no appreciable peaks of the other additional phases.
To distinguish the pyrochlore from the defective fluorite, the
peaks (311), (331), and (511) corresponding to the superlattice of
the pyrochlore structure were marked with a star in the pattern of
the stoichiometric composition with ¢ = 0.500. All the other
patterns were compared and identified carefully in terms of the
peak shape and occurrence of the superlattice peaks. The results
are summarized in Table 1.

As expected, the compositions with £ = 0.200 and 0.250 are in
the form of defective fluorite without any trace of the superlattice
peaks. It looks as if the composition with ¢ = 0.350 also takes the
phase of defective fluorite, but nearly invisible peaks
corresponding to (331) and (511) planes can be observed from the
partially enlarged details of the pattern from 35° to 47° at the top
of Fig. 2, which indicates the presence of a trace of pyrochlore
phase in addition to the defective fluorite. Interestingly, the
compositions with ¢ = 0400 and 0.450 were confirmed to be
single pyrochlore phase through the remarkable superlattice peaks
and no indication of the coexistence of defective fluorite. This
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Fig.2 XRD patterns of all the investigated compositions of eSmO, 5-(1-¢)ZrO,.
The small peaks labeled with a star originate from the superlattice of pyrochlore
phase. The insets at the top of the figure are partially enlarged details from 35° to
47° for the compositions with & = 0.350 and 0.600, respectively. The weak peaks
suggest presence of pyrochlore phases.

Table1 Phase identification and densities of all the investigated compositions

Lz /1,.x  Density

Composition ¢ Expected phase Identified phase (%) (g/cm’)

0.200 DF DF — 6.277
0.250 DF DF — 6.341
0.350 DF +P DF +P 0977  6.459
0.400 (DF + P)/P P 3231 6.512
0.450 P P 4312 6.507
0.500 P P 5469  6.440
0.525 P P 4390  6.280
0.550 P P 3944  6.278
0.600 DF+P DF +P 1487  6.109
0.650 DF DF — 5.949

Note: DF means defective fluorite, and P means pyrochlore.
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provides convincing evidence to support the wide composition
range of the pyrochlore phase field in SmO, 5-ZrO, system, which
is in accordance with the reports by Jorba [26] and Tabira and
Withers [28] but contradicts the results of Wang et al. [24,25].
Moreover, in light of the case of € = 0.350, the existence of a fairly
narrow pyrochlore + fluorite region on the ZrO,-rich side, which
was not detected by Tabira and Withers [28], has been verified.

On the SmO, 5-rich side, the compositions with & = 0.525 and
0.550 are also in the form of a single pyrochlore phase, as
expected. These compositions, together with the compositions
with € = 0.400, 0.450, and 0.500, constitute a complete series of
samples throughout the pyrochlore phase field. Furthermore, in
contrast to the case of ¢ = 0.350, it is easy to identify the
coexistence of the pyrochlore and defective fluorite phases at & =
0.600 from the weak but visible superlattice peaks in the inset of
Fig. 2 and the unusual shape of the other peaks with an excessively
high right shoulder. As an example, the peak at approximately 78°
from a step XRD scan was fitted by two overlapping pseudo-Voigt
functions, as shown in Fig. 3. These two peaks are generally
attributed to the pyrochlore and defective fluorite phases,
respectively. As one of the two end compositions of the tie line in
the two-phase region of SmO,;-rich side, the defective fluorite
phase is expected to be richer in Sm ions than the pyrochlore
phase. Since the larger ion radius of Sm ion expands the lattice of
the defective fluorite phase, the stronger peak at a lower angle
(Peak 1) should be ascribed to the defective fluorite phase, whereas
the weaker peak at a higher angle (Peak 2) corresponds to the
pyrochlore phase. Moreover, the composition with ¢ = 0.650 is
clearly the single defective fluorite phase.

To verify the structural regularity of the pyrochlore structure,
the relative intensities of the representative superlattice peak (331)
to the strongest peak at approximately 30° for the compositions
containing the pyrochlore phase were calculated and are shown in
Table 1. The value of I35/, first increases and then decreases
with increasing ¢, with a maximum at ¢ = 0.500, that is, the
stoichiometric composition. In other words, the stoichiometric
compound Sm,Zr,0, has a more ideal pyrochlore phase, and the
nonstoichiometry of this system disorders the lattice of materials,
resulting in deviation from the ideal pyrochlore phase.

Figure 2 also shows that all the diffraction peaks systematically
shift toward lower 26 angles with increasing e. For clarity, the
diffraction peak at approximately 58°, which corresponds to either
(622) for pyrochlore or (311) for fluorite, was individually step

Raw pattern

Background
+  Fitted peak 1
x  Fitted peak 2
*  Overall

Residue

Intensity (a.u.)

( . 1 ) 1 . 1 . ]
77.0 77.5 78.0 78.5 79.0
20 (°)
Fig.3 Fitting results of the peak at approximately 78° from a step XRD scan for

the composition with & = 0.600. Fitted peak 1 may correspond to defective
fluorite, whereas peak 2 is likely to be from pyrochlore phase.
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scanned for each composition and compared in Fig. 4(a). The
remarkable shift shown suggests significant lattice expansion with
increasing content of SmO,s;, which may be attributed to the
larger jon radius of Sm ions.

Figure 4(b) shows the lattice parameters of all the compositions
extrapolated from slow-step XRD data via the least-squares
method. The error bars are too small in comparison with the
symbol size to be shown in the figure. For comparison with
pyrochlore, twice the lattice parameter, 24, is plotted in the figure
for the defective fluorite. In the case of the composition with & =
0.600, the lattice parameters were calculated from the fitting
results for the pyrochlore and defective fluorite phases.
Unfortunately, the diffraction peaks of the pyrochlore phase at ¢ =
0.350 are too weak to be separated from those of the defective
fluorite phase appropriately, so the lattice parameter of the
pyrochlore phase at this composition is not shown in the figure.
The increase in the lattice parameter of the pyrochlore phase with
increasing ¢ is also in line with Vagard’s slope constructed from
the data for compositions with a defective fluorite phase, which
coincides with the results of Wang et al. [24,25]. The nearly linear
variation in the lattice parameters across both the pyrochlore and
defective fluorite phase fields may imply that the phase transition
from pyrochlore to defective fluorite does not lead to a dramatic
structural change.

3.2 Raman spectroscopy and structure analysis

Raman spectroscopy was used to characterize the structural details
further, which is considered to be more sensitive to the structural
disorder of pyrochlores, especially the disorder in the anion
sublattice. Figure 5 shows the Raman spectra of all the investigated
compositions. The first striking feature of the data is the similar
spectra of the compositions with a defective fluorite structure to
those with a pyrochlore phase, which is quite different from the
results of XRD analysis. Factor group analysis has predicted six
Raman active modes for the vibration spectra of A,B,O;
pyrochlores in contrast to only one Raman active mode for the
ideal fluorite, which can be represented as Egs. (4) and (5):

r}) == Alg + Eg + 4T2g (4)

Fp = ng (5)

It was expected that the compositions with a defective fluorite
phase should have spectra with only one band, which should be
completely different from those with a pyrochlore phase.
However, Fig. 5 clearly shows that more than one band appears in

(@

Intensity (a.u.)

56.0 56.5 57.0 57.5 58.0 585 59.0 59.5 60.0
26 (%)

the spectra of all the compositions with a defective fluorite phase,
which closely resembles that of the neighboring composition with
a pyrochlore phase. Similar cases have been observed in
NdO,5-ZrO, system [36] and other rare-earth zirconates with
defective fluorite phases [37,38]. This may imply that the
transition from pyrochlore to defective fluorite does not
completely alter the crystal structure of materials and that some
short-range ordered domains exist in a long-range disordered
lattice. This has been evidenced by recent neutron total scattering
investigations of pyrochlore and defective fluorite structures
[39-41], which suggest that a local order configuration with
weberite-like orthorhombic nanodomains exists in the lattice of
various long-range structures, such as disordered pyrochlore,
defective fluorite, and even their amorphous counterparts under
irradiation, as characterized by XRD analysis. By neutron total
scattering methods, Drey et al. [41] analyzed the structural details
of the nonstoichiometric NdO, 5-ZrO, system on the ZrO,-rich
side and revealed that at a long-range scale, the samples undergo a
rapid pyrochlore-defective fluorite transition with deviation from
stoichiometry at a very narrow compositional range of
approximately 31 mol% NdO, s, whereas at a short-range scale,
the pyrochlore gradually transforms to a weberite-like phase. The
gradually increasing short-range ordered domains, instead of fully
disordered defective fluorite, may result in the Raman spectra of
the defective fluorite being similar to those of the pyrochlore
phase.

Another interesting feature of the data is the continuously
varying profiles of all the spectra with composition. This is not
surprising if the continuous increase in the short-range ordered
domains is considered. However, all the spectra are not consistent
with those of typical A;BO, websites, the exact mechanism of
which remains unclear. In any event, the continuity of the
variation in the spectra with composition provides an incredible
opportunity to confirm how nonstoichiometry affects the
structural details of the materials as well as to probe the structural
evolution during the order-disorder transition from pyrochlore to
defective fluorite.

Following the well-established analysis of the spectrum of
Sm,Zr,0, (e = 0.500), all the spectra can easily be resolved into
several similar bands. As shown in Fig. 5, nine possible bands,
labeled P1-P9, were observed by fitting the curves with Lorentz
functions, among which the bands P5 and P8 appear only in the
spectra of the compositions on the ZrO,-rich side and SmO, 5-rich
side, respectively.

The vibrational modes were assigned through comprehensive
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Fig.4 Systematic lattice expansion of samples with increasing . (a) Shift of diffraction peak at approximately 58° to a lower 20 angle. (b) Lattice parameters of all the
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Fig.5 Raman spectra of all the compositions. The curves were fitted by several
Lorentz functions which were color-coded and labeled P1-P9. The arrows with
olive and violet colors indicate appearances of the bands P5 and P8, respectively.

analysis and comparison with the literature on the Raman spectra
of various pyrochlores [42—-45]. According to previously reported
polarized Raman measurements [42,45], the band P6 can be
explicitly assigned to the A;, mode. In contrast, the assignment of
the other vibrational modes is quite difficult because of the
overlaps of various modes as well as the occasional presence of
some bands of uncertain origin. For example, there is
disagreement in the literature on the assignment of the E, mode.
Compared with the well-resolved spectra of stannate pyrochlores
and the results of force field calculations [42,44,46], the band P4,
rather than the band P2 or P3, is identified as the E, mode in this
work. After the E, mode assignment, the bands P2, P3, and P7 are
clearly assigned to three of the four T,, modes. With respect to the
fourth T,, mode, there are also several different opinions. The low-
lying band P1, which is usually considered to have T,, symmetry
in titanate pyrochlores, has been proven not to be a fundamental
frequency and may be attributed to the possible appearance of IR
modes in Raman spectra involving A and O vibrations due to the
lowering of local symmetry [42,47]. The bands P5 and P8, which
appear only on one side, may be attributed to some additional
modes due to certain point defects induced by nonstoichiometry.
The band P5 at approximately 450 cm™ was thought to be the
fourth fundamental T,, mode in our previous work [43] but was
not observed visibly. We now consider it is the expected
additional T,, mode originating from the occupancy of the 8a
vacancy site. Moreover, the origin of the band P8 is also expected
to be some newly generated point defects, which will be
discussed in the next section. Ultimately, the only available
band left, the band P9, is identified as the fourth fundamental T,
mode, which is consistent with the results of the titanate and
stannate pyrochlores as well as the ab initio density functional
calculations [45].

The Raman shifts of the nine fitted bands are summarized in
Fig. 6, which shows an interesting trend of variation with
composition, especially in the pyrochlore phase field and phase
transition regions. The figure shows a remarkable shift to a higher
wavenumber for most of the bands during the defective
fluorite-pyrochlore transition, which is more pronounced on the
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Fig.6 Raman shifts of various fitted bands as a function of mole fraction of

SmO, 5. The phase boundaries verified by XRD are indicated in figure to confirm
the variation due to the phase transition. The connecting line is a guide to the eye.

ZrO,-rich side. This may imply that the bonds become tighter
when the material transforms from defective fluorite to a
pyrochlore structure. This finding also confirms the onset of
pyrochlore formation, i.e., the boundaries of the pyrochlore phase
field and two-phase regions. Moreover, in the phase field of the
pyrochlore structure, the variation in the Raman shift of different
bands varies. The bands P2 and P3 show similar variations on
each side of the stoichiometric composition, which involves a
slight decrease in wavenumber with deviation from stoichiometry,
followed by an abrupt drop at the edge of the two-phase region.
The variation in the band P9 is similar but distinguished by a
dramatically increased frequency at the stoichiometric
composition, followed by a continuous decrease on each side. The
band P8, which only appears on the SmO, s-rich side, is the only
band showing an increase in wavenumber with increasing SmO; 5
excess. Moreover, all the remaining bands exhibit a continuous
decrease in wavenumber with increasing content of SmO, 5 after
the abrupt rise in the left phase transition region, which runs on
even the right fluorite phase field.

The variation in the Raman shift can be attributed to the
vibrations of various bonds. Owing to the stronger bonding
strength of B-O bond than that of A-O bond, the bands with
relatively low wavenumbers in the Raman spectra of A,B,0,
pyrochlores are expected to be chiefly related to the vibrations of
the bonds between A and O ions, whereas those with relatively
high wavenumbers may be attributed to the vibrations of the
bonds between B and O ions. This can also be evidenced by the
variation in the relative intensities of the bands with low and high
wavenumbers in Fig. 5. Therefore, in light of the similar variations
in the Raman shifts, the bands P2 and P3 can be considered to
involve the vibrations of Sm-O and/or O-Sm-O bonds. The
slight decrease in wavenumber on the left side of the
stoichiometric composition for the bands P2 and P3 can be
attributed to the further deviation of O* ions from Sm™ ions due
to the increasing content of Zr" ions which are more
electronegative than Sm* ions. Moreover, the similar decrease in
wavenumber on the right side of the stoichiometric composition
may be attributed to lattice expansion due to the increasing
number of Sm* ions with larger ionic radii. On the other hand,
the bands P4-P7 may involve the vibrations of Zr-O and/or
O-Zr-0O bonds, and the increasing content of Sm* ions and the
consequent lattice expansion may be responsible for the steady
decrease in wavenumber. Among them, the band P5 shows a
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more notable variation but disappears at the stoichiometric
composition, which suggests that it is not a fundamental
frequency of the pyrochlore structure. The most likely origin is the
interstitial oxygen ion occupying the 8a vacancy site, which is
surrounded by four Zr ions. The band P8, which also disappears
at the stoichiometric composition, may originate from a certain
point defect introduced by the excess SmO,;s. The high
wavenumber, as well as its unusual increase with SmO, 5 excess,
suggests the possibility of strengthened Zr-O bonds due to the
emergence of the expected point defect. The band P9 is supposed
to stem from the vibrations of Zr-O and/or O-Zr-O bonds
involving the distortion of ZrO4 octahedra. In A,B,0, pyrochlore,
48f O ion is off-centered within an A,B, tetrahedron and is
coordinated by a free positional parameter x, which is quite
different from 8b O ion with a fixed site in the center of an A,
tetrahedron. The positional parameter x varies between 0.3125
and 0.375 with the origin selected at the B cation, which
determines the distortion of BOg octahedron as well as AOg cube.
Tabira and Withers [28] reported the x values for
&SmO, 5-(1-¢)ZrO, system and demonstrated that nonstoi-
chiometry on both sides increases x from a minimum value of
0.342 for a stoichiometric composition with & = 0.500 to a higher
value that approaches 0.375 as in the fluorite structure. As shown
in Fig. 7, the increase in x with nonstoichiometry leads to much
more distortion of ZrOg octahedra as well as an increase in the
length of Zr-O bonds, which may result in the continuous
decrease in wavenumber for the band P9 on each side of the
stoichiometric composition.

On the other hand, as seen in Fig. 5, the intensities of various
bands also show some interesting trends of variation with
composition. Generally, with increasing SmO, 5, the intensities of

() : (b) ;
Fig.7 Distortion of BOg octahedra in A,B,O, pyrochlore with increase of the
positional parameter x, which varies from (a) a regular BOg octahedron for ideal
pyrochlore with x = 0.3125 to (b) a much more distorted BOg octahedron for
fluorite with x = 0.375. Red spheres represent oxygen anions, green spheres

represent B cations, such as, Zr ions, and green translucent octahedra stand for
BOg octahedra.
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the bands with low wavenumbers increase, whereas the intensities
of those with high wavenumbers decrease, which is attributed to
the correlation between the Raman shift and various chemical
bonds, as discussed above. Among them, the intensity of the band
P4 varies little with composition. This band with an intermediate
wavenumber may be a combination of the vibrations of Zr-O and
Sm-O bonds. To eliminate the effect of measurement conditions,
the relative intensities of various bands compared with the band
P4 are summarized in Fig. 8.

As shown in Fig. 8(a), the relative intensities of the bands P2
and P3 exhibit opposite variation tendencies in the pyrochlore
phase field and phase transition regions. The former shows a
significant increase in the intensity within the pyrochlore phase
field, approaching a maximum around the stoichiometric
composition, whereas the latter exhibits a significant decrease in
the intensity within this field, with a minimum around the
stoichiometric composition. On the other hand, it can be seen
from Fig. 8(b) that the relative intensities of the bands P6 and P7
show a similar decreasing trend with increasing SmO, 5 content,
except for a local increase in the band P6 observed around the
stoichiometric composition. Moreover, the band P5 also decreases
in intensity with increasing SmO,; until it disappears at the
stoichiometric composition, whereas the band P8 appears and
increases with increasing SmO, 5 excess. The band P9, which is not
shown here, has a very low intensity and seems to decrease slightly
in the pyrochlore phase field, achieving a minimum around the
stoichiometric composition.

Besides the influence of measurement parameters and the
surface enhancement of Raman scattering, the intensity of Raman
bands is mainly determined by the number and polarizability of
the corresponding vibrational bonds. The opposite variation
tendencies of the intensities of the bands P2 and P3 can be
attributed to the difference in the vibrations related to two
different O ions at the 48f site and 8b site in the pyrochlore. Since
both the excess Sm™ ions and the excess Zr" ions alter the
surrounding chemical environment of 48f O ions within Sm,Zr,
tetrahedra, the number of O ijons at this site should reach a
maximum at the stoichiometric composition. Moreover, the
minimum position parameter x at the stoichiometric composition
leads to more distortion of SmOg cube and thus increases the
polarizability of the bonds. Therefore, the band P2 can be
identified to involve the vibrations of the bonds between Sm ions
and 48f O ions. Accordingly, the band P3 could be considered to
involve the vibrations of the bonds between Sm ions and 86 O
ions. The excess Sm™ ions may increase the number of 86 O ions
surrounded by four Sm™ ions and could be chiefly responsible for
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Fig. 8 Relative intensities of representative bands compared to that of the band P4 as a function of mole fraction of SmO, 5: (a) bands P2 and P3; (b) bands P5, P6, P7,
and P8. The phase boundaries verified by XRD are indicated in the figures to confirm the variation due to the phase transition. The connecting line is a guide to the eye.
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the increase in the intensity of the band P3 on the right side of the
stoichiometric composition. The excess Zr* ions may also change
the next nearest neighbor of 80 O ions and increase the
polarizability of the bonds between Sm ions and 8b O ions, which
would result in an increase in intensity on the left side of the
stoichiometric composition.

The decrease in the relative intensities of the bands with high
wavenumbers, such as bands P6 and P7, can be easily attributed to
the decrease in the number of Zr-O bonds due to the decrease in
the number of Zr ions with increasing SmO,s. The similar
decrease in the intensity of the band P5, as well as its subsequent
disappearance, is considered to be a result of the decrease in the
number of Zr ions and particularly the gradual disappearance of
8a O interstitials. In addition, the local increase at approximately
& = 0.500 in the case of the band P6 may be attributed to the
increase in the number of 48f O ions or in the polarizability of
Zr-O bonds due to the varying distortion of ZrOg octahedra.
Conversely, the slight decrease in the intensity of the band P9
around the stoichiometric composition may also be attributed to
the distortion of ZrOg4 octahedra. As shown in Fig. 7, the variation
in the distortion of the octahedron increases the angles of some
O-Zr-O bonds but simultaneously decreases those of others,
which may induce different variations in the polarizability. On the
other hand, the anomalous increase in the intensity of the band P8
with increasing SmO 5 is believed to be a result of the generation
of a new point defect and its continuous increase in number.

Generally, Raman line broadening can indicate the degree of
structural disorder or lattice strain [37,48]. As shown in Fig. 9, full
widths at half maximum (FWMHs) of all the representative
bands, except the band P9, reach their minimum around the
stoichiometric ~ composition, ~which  implies that the
nonstoichiometry remarkably increases the structural disorder in
the pyrochlore phase field. The abnormal variation in the only
band P9 may be attributed to the different impacts of the
distortion of ZrO4 octahedron, as discussed above, or just to the
fitting error due to the extremely low intensity. Furthermore,
comparing the variations in all the bands in detail, we can see that
the FWMHs of the bands with relatively low wavenumbers, such
as the bands P2 and P3, show more pronounced V-shaped
variations in the pyrochlore phase field, whereas the FWMHs of
those with high wavenumbers, such as the bands P6 and P7, vary
asymmetrically on each side of the stoichiometric composition,
which suggests that the different responses of Sm-O and Zr-O
bonds to nonstoichiometry. Interestingly, when the composition
transforms from a defective fluorite structure to a pyrochlore
structure on both sides, the bands P2 and P3 distinctly broaden,
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whereas the bands P6 and P7 narrow accordingly. This can be
interpreted that SmOq cube in fluorite is badly distorted during
the transition, whereas ZrOg4 polyhedron tends to be a more
regular octahedron at the same time. Moreover, the band P4
shows a combined behavior that is similar to those of the bands
P2 and P3 on the left side of the stoichiometric composition but is
similar to those of the bands P6 and P7 on the other side, which
further demonstrates that this band involves the vibrations of both
Zr-0 and Sm-0O bonds.

3.3 Defect chemistry and solution mechanism

As mentioned above, nonstoichiometry introduces various point
defects that can significantly reduce thermal conductivity.
However, identifying the exact types of point defects is difficult.
The theoretical simulation, which is based on energy
minimization and valence balance, can predict the possible
solution mechanisms, but the variety of the defect reactions and
the calculation errors originating from the modeling problems
and approximation reduce the reliability of the simulations. It is
essential to verify the possible solution mechanisms with
experimental results.

In our previous work [43], an experimental method was
proposed to confirm the solution mechanism by comparing the
variation trends of the experimental densities and the theoretical
densities calculated on the basis of various defect reaction models.
In this work, this method was used to verify several possible
solution mechanisms that were proposed in light of Ref. [29] and
the above analysis of Raman spectra. Owing to the difficulty of
sintering, especially for the compositions with excess SmO; 5, it is
difficult to obtain fully dense samples. Several attempts have been
made, and more than four series of samples have been prepared
using different pressing and sintering processes. Their densities
were measured and summarized, as shown in Fig. 10.

The defect reaction models proposed by Stanek et al. [29] were
first considered. In the case of BO, excess, their calculation results
implied that pyrochlores prefer to take the A cation vacancies as
compensating defects, whereas there is another competing defect
mechanism in defective fluorites involving oxygen interstitials in
addition to the one with the A cation vacancies, both reactions of
which have similar energies. These two competing defect
mechanisms can be represented in Kroger-Vink notation as
Egs. (6) and (7) [29]:

7BO, 222%, 3B 4+ V) + 4B,+ 140, (6)
4BO, 22%, 2B, + 2B,+ 70, + O, (7)
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Fig.9 Full widths at half-maximum of representative bands as a function of mole fraction of SmO, 5. (a) Bands P2, P3, and P4; (b) Bands P6, P7, and P9. The phase
boundaries verified by XRD are indicated in the figures to confirm the variation due to the phase transition. The connecting line is a guide to the eye.
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Fig. 10 Comparison of experimental densities of samples with possible
theoretical densities. Theoretical densities were calculated based on various defect
reaction models Egs. (6)—(9), as well as lattice parameters obtained in this work.
The connecting line is a guide to the eye.

Stanek et al. [29] deduced that the counterintuitive defect
mechanism (Eq. (6)) in pyrochlores with BO, excess may be
attributed to the distinct structure of the pyrochlore from that of
the defective fluorite. However, our experimental data do not
support this deduction or their calculation results. First, the nearly
linear variation in the lattice parameters and the continuous
variation in the Raman spectra across the phase transition regions
suggest that there is only a slight distinction between the
pyrochlore and defective fluorite structures. In contrast, the
complete difference in the Raman spectra between the defective
fluorites and the ideal fluorite indicates that the so-called defective
fluorite structure is more than a fluorite but closer to a pyrochlore
structure, which is actually more appropriately defined as a
disordered pyrochlore. Second, the appearance of the band P5 in
the Raman spectra is believed to demonstrate the existence of
interstitial oxygen occupying the 84 sites, as indicated in Eq. (7).
Third, as shown in Fig. 10, the model corresponding to Eq. (6)
significantly underestimates the theoretical densities, which are
even lower than the experimental data when ¢ < 0.500. In contrast,
the theoretical densities calculated via Eq. (7) show a similar
variation trend as the experimental data. Moreover, there is no
distinguishing turning point within the phase transition regions.
This demonstrates that the nonstoichiometry associated with
excess ZrO, in SmO, 5-ZrO, system follows the defect mechanism
involving interstitial oxygen, whether in pyrochlores or defective
fluorites, which is not consistent with the calculation results of
Stanek et al. [29].

In the case of AO,; excess, Stanek et al. [29] predicted an
explicit defect mechanism involving oxygen vacancies over the
entire compositional range, which can be represented as Eq. (8):

4A0, 5 22 2A, + 2A, + Vi + 60, (8)

However, it can be seen from Fig. 10 that this model seems to
overestimate the theoretical densities compared with the
experimental data. The experimental data show a significant
decrease with increasing SmO,s but the theoretical densities
calculated via Eq. (8) increase instead. It appears that introducing
only oxygen vacancies is not sufficient to reduce the theoretical
density because the atomic weight of Sm ions is much greater than
that of Zr ions. To determine the most likely solution mechanism,
several defect models have been proposed and verified by
comparing the corresponding theoretical densities with the

https://doi.org/10.26599/JAC.2024.9220993

experimental densities. The model in the best agreement can be
represented as Eq. (9):

7AO, s 2229 4A, +3A, + Vy ' +3.5V5 +1050,  (9)

In this model, the B cation vacancies are introduced to
accommodate the excess AO,;; in addition to the oxygen
vacancies. Alternatively, the A cation vacancies could also be the
possible compensating defects to satisfy the variation in density,
but some evidence suggests that the B cation vacancies are more
appropriate. First, it seems fairly natural for the A cations to
preferentially take their original crystallographic site when they are
in excess, which is favorable for maintaining the valence balance.
Second, the appearance of the band P8 in the Raman spectra may
be evidence of the existence of Zr ion vacancies. As shown in
Fig. 6, the band P8 appears only on the right side of the
stoichiometric composition with high wavenumbers. Similar to
the other special band P5, the appearance on only one side implies
the existence of a distinctive point defect due to the corresponding
nonstoichiometry, whereas the relatively high wavenumber
indicates that it may also involve Zr-O bonds. Moreover, the
band P8 appears to split from the band P7, which provides further
evidence for its association with Zr-O bond. The absence of Zr
ion in Sm,Zr, tetrahedron, ie., Zr ion vacancy, may lead to the
strengthening of other Zr-O bonds, which results in the
appearance of the band P8 and its unusual increase in intensity
with increasing SmO 5.

Hence, the solution mechanism for the nonstoichiometric
nature of SmO, ;-ZrO, system involves oxygen interstitials at 8a
site for excess ZrO, (Eq. (7)) and involves Zr ion vacancies and
oxygen vacancies for excess SmO, 5 (Eq. (9)), in addition to cation
antisites for both cases. The calculated theoretical densities in
terms of this mechanism are in good agreement with the
experimental data and can be used to calculate the relative
densities and porosities for thermal conductivity measurements.

34 Thermal conductivity and phonon mean free path

The thermal conductivities of all the investigated samples in
SmO, 5-ZrO, system, which was calculated from the measured
thermal diffusivities and densities via Eq. (1) and corrected via
Eq. (2), are plotted in Fig. 11 as a function of mole fraction of
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Fig. 11 Composition dependence of thermal conductivity of SmO,;-ZrO,
system at various temperatures. The overall uncertainty of thermal conductivity
is estimated to be less than +5% at each of the temperatures, and error bars are
not shown here for clarity. The phase boundaries verified by XRD are indicated
in the figure to confirm the variation due to the phase transition. The connecting
line is a guide to the eye.
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SmO,;. The most remarkable feature of the data is the
distinctiveness of the thermal conductivity variation at room
temperature compared with the cases at higher temperatures. At
room temperature, the thermal conductivity within the pyrochlore
phase field and the two-phase regions shows an inverted
V-shaped variation with composition, reaching its maximum at
the stoichiometric composition. This implies that the
nonstoichiometry on both sides dramatically reduces the thermal
conductivity at room temperature, although the thermal
conductivity on the right side decreases more rapidly than that on
the left side. However, with increasing temperature, this trend
changes quickly; even at 200 °C, the thermal conductivity slightly
increases on the left side, whereas it still decreases on the other
side. This change in the trend leads to an intersection of the
temperature-dependent curves of the stoichiometric composition
and nonstoichiometric compositions on the ZrO,-rich side, as
reported by Liu et al. [21,22]. Moreover, there is a local extreme
point at the composition with ¢ = 0.250, which lies near the
boundary of the defective fluorite phase field and close to the left
two-phase region. At this point, the thermal conductivity is
relatively lower than that on both sides, which corresponds to the
turning point between the rapidly decreasing curve on the left side
and the bulge in the vicinity of the pyrochlore phase field, as
reported by Wu et al. [19]. Accordingly, it can be inferred that
there could also be a local extreme point on the right side, which
may be at a composition near ¢ = 0.650. Unfortunately, we did not
investigate the thermal conductivities of the samples within the
right defective fluorite phase field. Furthermore, the temperature
dependence of the thermal conductivity varies with the
composition. For the compositions with a defective fluorite
structure, the thermal conductivity of the composition with ¢ =
0.200 slightly increases with temperature, whereas that of the
composition with ¢ = 0.250 is almost temperature-independent.
For the compositions within the pyrochlore phase field and the
two-phase regions, the temperature dependence varies from an
approximate 1/T variation for the stoichiometric composition to a
variation that is much less pronounced along with the deviation
from stoichiometry.

To understand the interesting variation with composition, the
data were further investigated in terms of the phonon-scattering
theory. Analogous to the kinetic theory of gases, Debye described
the thermal conduction in dielectric solids as the transport of
phonons carrying energy, and the thermal conductivity can be
represented in another form Eq.(10) [49], which is equivalent to
Eq. (1):

, 1 _
K=2>-cv-v-1 (10)
3

where ¢}, and [ represent the heat capacity per unit volume and
the phonon mean free path, respectively. The volumetric heat
capacity (cy) slightly decreases with the composition € and slightly
increases with temperature, which contributes little to the
variation in the thermal conductivity. The average velocity of
phonon () was calculated via Eq. (3) in terms of the longitudinal
and transverse acoustic speeds measured via the ultrasonic
reflection method, as shown in Fig. 12(a). The average velocity of
phonons remains almost constant for the compositions on the left
side of the stoichiometric composition but decreases dramatically
for the compositions on the right side. As we know, the average
acoustic velocity can be estimated from Young’s modulus (E) and
density (p) via Eq. (11) [35]:
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v =C /= (11)

where C is approximated to be 0.87+0.02. Since Young’s modulus
is closely related to the crystal energy, the steady value of the
average acoustic velocity, as well as the increase in density on the
ZrO,-rich side, indicates a slight increase in the crystal energy,
which may be attributed to the tighter structure with less disorder
and defects when approaching the stoichiometric composition.
On the other hand, the dramatic decrease in the average acoustic
velocity on the SmO, 5-rich side suggests a sharp drop in the
crystal energy, which may be the result of the increasing number
of oxygen vacancies and Zr ion vacancies due to the excess
SmO, 5, as indicated in Eq. (9).

The phonon mean free path can be derived by combining
Egs. (1) and (10), as well as the relation ¢,p = ¢y, which can be
expressed as Eq. (12):

1=31/7v (12)

The derived values of the phonon mean free path of all the
investigated samples are shown in Fig. 12(b). At room
temperature, the phonon mean free path within the pyrochlore
phase field and the two-phase regions shows a more symmetrical
inverted V-shaped variation with composition than the thermal
conductivity does, which indicates that the dramatic decrease in
the average acoustic velocity is chiefly responsible for the more
rapid decrease in the thermal conductivity on the right side. On
the other hand, as the temperature increases, the variation trend of
the phonon mean free path also shows a dramatic change, which
is similar to the case of the thermal conductivity. The phonon
mean free path decreases rapidly to be almost completely
independent of the composition above 200 °C, showing a slight
and continuous decrease with increasing SmO), 5 across the entire
composition range. Considering the variation in the average
acoustic velocity, it can be inferred that at high temperatures, the
slight increase in the thermal conductivity with deviation from the
stoichiometry on the left side can be attributed to the slight
variation in the phonon mean free path, whereas the dramatic
decrease on the right side is primarily the result of the similar
variation in the average acoustic velocity. When the temperature
exceeds 600 °C, the phonon mean free path appears to be
temperature independent in addition to almost completely
composition independent and approaches the bond length of
Sm-48f O (~2.51 A). This value is close to the theoretical limit
value, which indicates that the thermal conductivity has reached
its minimum.

Moreover, the remarkable variation in the phonon mean free
path at room temperature, as well as the dramatic change in the
variation trend at higher temperatures, can be attributed to the
contributions of various phonon scattering processes. The phonon
mean free path in dielectric solids is chiefly determined by three
scattering processes: the intrinsic Umklapp process, defect
scattering, and boundary scattering. It can be represented by
Eq. (13):

+ (13)

where [, [, and I, represent the phonon mean free paths
corresponding to the Umklapp scattering, the defect scattering,
and the boundary scattering, respectively. Since the grain sizes of
all the samples in this work are several orders of magnitude larger
than the phonon mean free path, the contribution of the
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Fig. 12 (a) Average velocity and (b) mean free path of phonon of all the investigated samples. The phase boundaries verified by XRD are indicated in the figure (b) to
confirm the variation due to the phase transition. The connecting line is a guide to the eye.

boundary scattering can be ignored. On the other hand, the
phonon mean free paths corresponding to the Umklapp scattering
and defect scattering can be expressed as Eqgs. (14) and (15) [19,44]:

20 —2m1
4
I, = 4(7;;[ Cw (15)

where y, Q, wp, ¥, kg, N, I, w, and T represent the shear modulus,
the average atomic volume, the Debye frequency, the Griineisen
anharmonicity parameter, the Boltzmann constant, the number of
atoms per molecule, the imperfection scattering parameter
representing the strength of point defect phonon scattering, the
frequency of phonons, and the absolute temperature, respectively.
It can be easily observed that the phonon mean free path
corresponding to the Umklapp scattering varies in inverse
proportion to the absolute temperature, whereas that due to the
defect scattering is independent of temperature at moderately high
temperatures, generally above half of the Debye temperature [50].
As a result, the contribution of the defect scattering is expected to
weaken significantly with increasing temperature. Thus, the nearly
composition independence at high temperatures may be
attributed to the Umklapp scattering, whereas the significant
reduction in the phonon mean free path with nonstoichiometry at
room temperature may be primarily determined by the defect
scattering.

Furthermore, the relative effectiveness of various defects on
phonon scattering is somewhat surprising. Particularly for the case
of excess ZrO,, as discussed above, the introduced oxygen
interstitials with nonstoichiometry occupy the 8a vacancy site that
is usually regarded as a strong scattering center of phonons. This
means that the concentration of the so-called intrinsic “oxygen
vacancies” at 8a sites is significantly reduced, and the scattering of
phonons is expected to weaken, which would lead to an increase
in the phonon mean free path as well as the thermal conductivity.
However, this is not the case in our results. The significant
reduction in the phonon mean free path and the thermal
conductivity further demonstrates the conclusion in our previous
work [44] that the so-called “oxygen vacancies” at 8a sites, which
satisfy the periodicity of the crystal, are not effective scattering
centers for phonons. In other words, the ordered unoccupied 8a
sites in pyrochlore are not point defects at all. Instead, the
interstitial oxygen ions occupying 8a sites are actually the defects
that scatter the phonons and decreases the thermal conductivity at
room temperature. Notably, the relative effectiveness of the 8a
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oxygen interstitials on phonon scattering appears to be very close
to that of the Zr ion vacancies and oxygen vacancies for the case of
SmO, 5 excess.

4 Conclusions

In this work, a series of solid solutions of eSmO, 5-(1-€)ZrO, (¢ =
0.200, 0.250, 0.350, 0.400, 0.450, 0.500, 0.525, 0.550, 0.600, and
0.650) were designed and synthesized to investigate the effects of
nonstoichiometry on the structural evolution, defect chemistry,
and thermal conductivity of SmO, s-ZrO, system across the entire
pyrochlore phase field and phase transition regions. As evidenced
by XRD and Raman spectra, the phase transition from pyrochlore
to defective fluorite does not lead to a dramatic structural change.
The resolved Raman spectra, in terms of their similarity to each
other, further demonstrate the distinct structural evolution on
each side of the stoichiometric composition as well as the
emergence of the expected point defects. A new solution
mechanism was then proposed and confirmed by analyzing the
variation in the experimental density and Raman spectra. This
mechanism involves interstitial oxygen at the 8a site for excess
ZrO, and involves Zr ion vacancies and oxygen vacancies for
excess SmO 5, in addition to cation antisites.

The thermal conductivities of all the compositions were
measured and investigated in terms of the phonon-scattering
theory. The results show that the nonstoichiometry with SmO, 5
excess is more effective in reducing the thermal conductivity,
which can be attributed to the dramatic decrease in the average
acoustic velocity in addition to the strong phonon scattering of the
Zr ion vacancies and oxygen vacancies, as indicated by the above
solution mechanism. On the other hand, the nonstoichiometry
with ZrO, excess significantly reduces the thermal conductivity at
room temperature but leads to a slight increase above 200 °C. The
former variation can be attributed to the phonon scattering of the
8a oxygen interstitials, which are actually the defects scattering the
phonons and decreasing the thermal conductivity, rather than so-
called intrinsic “oxygen vacancies”. The relative effectiveness of
the 8a oxygen interstitials on phonon scattering appears to be very
close to that of the Zr ion vacancies and oxygen vacancies in the
case of SmO,; excess. Moreover, the latter variation may be
attributed to the Umklapp scattering.
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