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The thermal conductivity of a series of complex aluminates,
RE,SrAl,O-, with different rare-earth (RE) ions, has been mea-
sured up to 1000°C. There is a strong dependence on the atomic
number of the RE ion, ranging from an approximately 1/7 de-
pendence for the lanthanum strontium aluminate to an almost
temperature-independent behavior of the dysprosium strontium
aluminate. The latter conductivity is comparable with that of
yttria-stabilized zirconia, the current material of choice for ther-
mal barrier coatings. The temperature dependence of the ther-
mal conductivities of all the aluminates studied can be fit to a
standard phonon—phonon scattering model, modified to account
for a minimum phonon mean free path, in which the difference in
behavior is attributed to increased phonon—phonon scattering
with the atomic mass of the RE ion. Although a satisfactory
parametric fit is obtained, the model does not take into account
either the detailed layer structure of the aluminates, consisting
of alternating rock-salt and perovskite layers in a natural su-
perlattice structure, or the site preferences of the RE ion. This
suggests that further model development is warranted.

I. Introduction

HE majority of data in the literature on the thermal conduc-

tivity of oxides have been obtained on oxides with relatively
simple crystal structures and compositions.' In seeking alterna-
tives for low thermal conductivity applications at high temper-
atures, there has been growing interest in more complicated
compositions and more complex crystal structures. There is also
increasing interest in identifying compounds that exhibit aniso-
tropic thermal conductivity for different applications. A number
of oxides are crystallographically anisotropic, such as the Rud-
dlesden—Popper>> and Aurivullus* phases. The majority of these
compounds are based on perovskite-like blocks consisting of
TiOg octahedra. While the titanate-based structures are the most
well known, there are also layered and crystallographically an-
isotropic compounds based on aluminate-based perovskite
structures. Of these, the rare-earth (RE) strontium aluminates,’
with the formula RE,SrAl,O5, are particularly interesting. They
are the structural counterparts of the RE manganites, which
have generated interest on account of their magnetic and elec-
tronic properties. An unusual feature of the crystal structure of
the RE strontium aluminates is that it can be thought of as
consisting of a stacking of double-perovskite blocks, formed by
AlOg octahedra, alternating with a rocksalt block, Figure 1. The
Sr** and RE*" ions are distributed between two sites: one in the
rocksalt block and the other in the perovskite block.
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In this contribution, we present the results of an exploratory
investigation of the thermal conductivity of this unusual class of
oxides in which the RE ion was systematically varied from
La, ...,Dy. Considerable structural information about these
complex aluminates, including lattice parameters, unit cell vol-
ume, interatomic distances, and cation ordering, has been
reported.’ As will be shown, although there is little difference
in the ionic size and mass of the RE ions in the compounds
investigated, there are dramatic differences in their thermal
conductivity.

II. Experimental Procedure

Following the method described by Zvereva et al.,’ four of the
aluminates, with RE = Sm, Eu, Gd, and Dy, were prepared
from stoichiometric mixtures of the oxides with SrCO; powders,
which were calcined at 1100°C for 8 h, ground, and then sintered
at 1550°C for 5 h in air. Before mixing, the RE oxides were
heated for 8 h at 1000°C to remove any adsorbed CO, and H,O.
The other two aluminates, La,SrAl,O; and Nd,SrAl,O-, could
not be made phase pure by mixing oxides. Instead, they were
prepared using a coprecipitation method from nitrate solutions.
The mixed nitrate solutions were slowly added to ammonia to
produce gel-like precipitates that were washed and filtered and
then washed in ethyl alcohol. The washed precipitates were dried
overnight at 120°C and then calcined at 900°C for 5 h before
grinding, cold pressing, and sintering in air at 1550°C for 5. The
densities were measured using the Archimedes method. Elastic
constant measurements were performed by sonic velocity mea-
surements. Powders were characterized by X-ray diffraction and
their specific heat was measured as a function of temperature
using a Netzsch Pergasus DSC system (Selb, Bavaria, Germany).

The thermal diffusivity of each of the aluminates was mea-
sured as a function of temperature up to 1000°C using the
thermal flash technique. The measurements were made on disk-
shaped samples whose sides were first coated with a very thin
adhesion layer of Ti, followed by a 100 nm layer of Pt. These
coatings were used to minimize the possibility of any pin holes
through which the light flash could propagate through the sam-
ples to the detector. The samples were then spray coated with a
thin layer of carbon on both sides. The measurements were
made using an Anter 3000 Flashline system (Pittsburgh, PA)
with a Xenon flash lamp as the heat source.

III. Results

All six of the aluminate compounds synthesized were phase pure
as assessed by X-ray diffraction and exhibited the peak height
distributions expected for a random, polycrystalline material.
Observations of polished sections using the electron back-scat-
tered mode of the SEM revealed that each of the samples con-
tained less than about 3% of any second phase as a discrete
second phase. With the exception of the La,SrAl,O; compound,
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Fig.1. Crystal structure of the rare-earth strontium aluminates. The
structure consists of a double perovskite layer, formed of AlOq
octahedra, separated by a layer of rock-salt stacking. Drawn using
VESTA software.”

the densities were all >95% of their theoretical values (Table I).
In contrast to the other compositions, this material consisted of
long lamellae grains with small pores at the intercept of the
lamellae grains. Also listed in Table I are the Young’s modulus
of the materials. The specific heats of the individual aluminates
are plotted in Fig. 2, and the measured thermal diffusivities are
plotted in Fig. 3.

The thermal conductivities were calculated from the mea-
sured diffusivities, o, densities, p, and specific heat values, C,,
using the standard relationship:

k= pCpa (1)

The values of conductivity determined in this way are plotted
in Fig. 4.

IV. Discussion

Two striking features of the thermal conductivity data are
shown in Fig. 4. The first is the remarkable difference in the
thermal conductivity with temperature of the different RE stron-
tium aluminates. Furthermore, because the difference in the
ionic size and ionic mass between the RE ions in the aluminates
studied is relatively small, it is surprising that this can account
for the observed temperature dependence. The second is the

Table I. Physical Properties

X-ray density ~ Relative ~ Young’s modulus ~ Unit cell
Composition (kg/m3) density (GPa) volume (nm?®)
La,SrAl,O4 5.711 0.881 166.4 0.2872
Nd,SrAl,0; 5914 0.990 186.0 0.2783
Sm,SrALO;  6.082 0.948 2523 0.2744
Eu,SrAl,O, 6.193 0.980 240.0 0.2730
Gd,SrALO;  6.343 0.955 257.9 0.2716
Dy,SrAL,O;  6.508 0.962 230.4 0.2686
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Fig.2. Specific heat as a function of temperature of the individual
aluminates.

unusually low thermal conductivity of all the aluminates in ap-
proaching the high-temperature limit, where the conductivity is
independent of temperature.

To place the conductivities in context, the thermal conduc-
tivities are intermediate between those of simple defect-free
oxides, such as aluminum oxide, MgO, and monoclinic zircon-
ia,""% and defective crystals such as yttria-stabilized zirconia.!*™®
From comparison of their temperature dependence, the behav-
ior of the lanthanum strontium aluminate is similar to that of
monoclinic zirconia, whereas that of the dysprosium strontium
aluminate is similar in nature to that of yttria-stabilized zirconia.
The other aluminates lie between these two contrasting behav-
iors. The comparisons are revealing because the marked tem-
perature dependence of monoclinic zirconia is characteristic of
the ~1/T dependence attributed to anharmonic phonon scat-
tering observed in oxides that do not contain high concentra-
tions of point defects or other scattering centers. Similar
behavior is also reported for the majority of oxides. In contrast,
the temperature independence of yttria-stabilized zirconia
is characteristic of oxides containing such a high concentration
of scattering defects that the mean phonon scattering length is
of interatomic dimensions at room temperature or there-
abouts.**™'" In the case of yttria-stabilized zirconia, the point
defects are oxygen vacancies introduced to charge compensate
for the alio-valent stabilizing yttrium ion (Y**). None of the
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Fig.3. Thermal diffusivity as a function of temperature of the alum-
inates measured by the thermal flash technique.
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Fig.4. Thermal conductivity of the aluminates as a function of tem-
perature. The lines through the data points represent the fits to Eq. (8) in
the text and with the fitting parameters listed in Table II.

RE strontium aluminates contains oxygen vacancies or any
other structural defects, and so the contrasting behavior of the
different aluminates is likely to have a different origin.

The lattice thermal conductivity of pure, electrically insulat-
ing, defect-free crystalline solids has been studied theoretically in
considerable detail.'>'* From models for anharmonic phonon
scattering, the thermal conductivity as a function of temperature
at high temperatures can be written in the form:

k=% @

where the parameter 4 can be expressed in terms of atomistic
and crystal structure properties:

3
B O3 kl33®D

A=
(2n)* hy?

A3)

M is the average atomic mass of the atoms in the unit cell, Q
is the average atomic volume (the volume of the unit cell divided
by the number of atoms in the unit cell), y is the Gruneisen
constant, and B’ is a constant. It has been suggested that
the value of the constant B’ is approximately unity, 1.61, ac-
cording to Klemens,' but according to Leibfried and Schlom-
ann after correction for a numerical error,'® it is 10.9. The other
constants are the Boltzmann and Planck’s constants and Op, is
the Debye temperature. In turn, the Debye temperature can be
expressed in terms of the acoustic velocity, v, and the mean
atomic size, Q'3

vh (312 13
o4 (3)

If the acoustic velocity is taken to be the mean wave velo-
city, v,

~1/3
9 _31/3<i+i> / 5
%9

Then to a very good approximation, this can be written
in terms of the Young’s modulus, E, and the density, expressed
in terms of the mean atomic mass and the mean atomic
volume:!”
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Taken together, the thermal conductivity can be written as
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At high temperatures, above the Debye temperature, the pho-
non frequency distribution increases with temperature and the
mean free path approaches the minimum possible in a crystalline
solid, namely the interatomic spacing. This modifies the tem-
perature dependence of the anharmonic phonon scattering from
the 1/T dependence expressed in Egs. (2) and (7). To account for
the minimum phonon mean free path, Mevrel ef al.'® have sug-
gested that the thermal conductivity can then be written in the
form:

A2 T T | 24VT A ®)
T3V 1T 31| 3732 3T,
where the second term, 3%1, is the limiting value of the thermal

conductivity at high temperatures, also referred to as k,;,, when
the phonon mean free path is the same as the mean interatomic
spacing. In contrast to Egs. (2) and (7), this equation predicts a
more complex temperature dependence, as observed, than the
simple 1/T dependence in conventional models.

In comparing our experimental data with Eq. (8), the param-
eters A and 7 can be used as fitting parameters. The best re-
gression fits to the data for the thermal conductivity of the
aluminates are shown by the lines through the data in Fig. 4 and
the values for the fitting parameters are listed in Table II. The R>
values are reasonable, given the relatively small number of data
points, indicating a good fit to the conductivity data, except for
the Gd aluminate data. The form of the Eq. (7) suggests that
there is a M/ “mass dependence for the parameter 4, which is,
as shown in Fig. 5, indeed consistent with our results.

As evidenced by the quality of the fits to the data for the
different RE aluminates, the anharmonic phonon scattering
model, including the phonon wavelength cut-off proposed by
Mevrel et al.,'® represents both the temperature and the mass
dependence of the thermal conductivity of these compounds.
However, it should be emphasized that while the rank ordering
of the aluminates is captured through the value of the parameter
A, the model does not predict the value of 4 or the absolute
values of the thermal conductivity.

Although the finding that the temperature dependence of the
thermal conductivity of the series of RE strontium aluminates is
consistent with existing models of anharmonic phonon scatter-
ing, it is rather unsatisfactory as the models assume that the
material is homogeneous and isotropic and yet the crystal struc-
ture is a crystallographically highly anisotropic natural super-
lattice structure consisting of alternating layers of perovskite
and rock-salt blocks as shown in Fig. 1. At very high temper-
atures, where the phonon scattering length approaches the spac-
ing between atoms, it is reasonable to expect that the detailed
atomic arrangement may not affect the phonon scattering, but

Table II. The Fitting Parameters for the RE,SrAl,O,
(RE = La, Nd, Sm, Eu, Gd, Dy) series

Rare-earth Ton La Nd Sm Eu Gd Dy
A (W/m) 1730 1153 934 998 725 525
T, (K) 207 167 118 135 100 77
R 0.984 0.962 0.851 0.862 0.648 0.898

Knin W/mK) 277 231 264 247 242 227

RE, rare earth.
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Fig.5. Demonstration that the fitting parameter, A4, varies as the in-
verse square root of the mean atomic mass, M, of the individual alum-
inates. The top scale represents the atomic mass of the rare-earth ion.

over the temperature range we have investigated, the phonon
mean free paths are larger than this minimum value and so one
would expect that the phonon scattering would be sensitive to
the layered structure of the compounds. The other feature of
these aluminates not incorporated within the phonon scattering
model is that the distribution of the RE ions within the rock-salt
and perovskite blocks varies with the atomic number; specifi-
cally, there is an increasing site preference of the RE ion for the
rocksalt block with increasing atomic number of the RE from
La*" to Dy’*. This results in the relative densities of the two
blocks changing with increasing atomic number.!® It is, there-
fore, tempting to believe that the thermal conductivity and its
temperature dependence are determined by a combination of
interblock mass scattering and standard anharmonic phonon
scattering. However, no phonon scattering model that we are
aware of currently takes into account these detailed crystallo-
graphic features or the layered structure of the unit cell of ma-
terials such as these aluminates, suggesting that more refined
models are necessary to describe complex, layered structures.

V. Conclusions

The thermal conductivity of the RE strontium aluminates up to
1000°C is found to be strongly dependent on the individual RE
ion even though the REs that can form the complex strontium—
aluminate structure can only vary over a very narrow range of
atomic weight, from La®" (138.9 amu) to Ho®" (164.9 amu).
The temperature dependence of all the compounds can be well
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represented by the standard anharmonic phonon scattering
model modified to account for a minimum phonon mean free
path. The lowest thermal conductivity of the series of com-
pounds, that of the dysprosium strontium aluminate, is compa-
rable with that of yttria-stabilized zirconia despite the fact that
the aluminates do not contain oxygen vacancies as the zirconia
does.
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