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The thermal expansion for the perovskite ~La,Sr!~Al,Ta!O3, i.e., LSAT, grown from the formulation
0.29~LaAlO3!:0.35~Sr2AlTaO6!, was determined by Rietveld refinement of neutron powder
diffraction data over the temperature range of 15–1200 K. In comparison to LaAlO3 the
relative volume thermal expansion is the same, although the cell volume of LSAT is slightly
larger. Site occupation refinement for LSAT gives a structural formula of
~La0.29~5!Sr0.71~5!!A site~Al0.65~1!Ta0.35~1!!B siteO3. At and below 150 K, LSAT shows a small distortion
from cubic symmetry. Unlike the cubic-to-rhombohedral transition ~800 K! observed in LaAlO3, the
low temperature structural phase transition in LSAT appears to be cubic-to-tetragonal or
cubic-to-orthorhombic. The rms displacement of the A site in LSAT is significantly larger than that
for LaAlO3, and about half of the difference can be accounted for by a static displacement
component. © 1998 American Institute of Physics. @S0021-8979~98!06904-7#

~La,Sr!~Al,Ta!O3 ~LSAT!, formulated as 0.29~LaAlO3!:
0.35~Sr2AlTaO6!, was grown by the Czochralski method
~Lucent Technologies, Inc.!. Pieces of the crystals were powdered in an automatic mortar.
Neutron-diffraction data were collected using the HB-4
high-resolution powder diffractometer at the High-Flux Isotope Reactor at Oak Ridge National Laboratory. This instrument has a seven-element vertically focusing Ge ~115!
monochromator. The Ge crystal segments for this mechanism were precision cut with very low kerf loss using specialized gang saws at Commercial Crystals, Inc. With a
monochromator 2 u 587°, the 117 and 115 reflections were
used to give neutrons with wavelengths of 1.0911~2! Å and
1.4997~1! Å, respectively, calibrated with a Si standard. Soller slit collimators of 12 and 20$ are positioned before and
after the monochromator crystal, respectively. An array of 32
nearly equally spaced ~2.7°! 3 He detectors, each with a 6$
mylar foil collimator, was step scanned ~0.05°! over a range
of 40° for scattering angles between 11° and 135°. The
samples were sealed in vanadium cans ~9 mm by 5 cm! with
He exchange gas for data collection from 10 to 350 K using
a closed-cycle He refrigerator. For the high temperature measurements, vanadium cans with loose fitting boron nitride
ceramic lids were used in a vacuum furnace with a niobium
foil heating element encircling the entire sample can. The
furnace employed W/Re thermocouples, and sample temperature was externally calibrated by measuring the volume
expansion of MgO under the same experimental conditions.
For these data collections, the detector array was scanned in

I. INTRODUCTION

Various oxide perovskites are widely used as singlecrystal substrates for epitaxial thin-film growth of the important cuprate superconductors, including YBa2Cu3O72x . For
this purpose, the ideal substrate should be lattice matched,
chemically compatible, thermal expansion matched, and undergo no structural phase transitions between the film growth
temperature and the device use temperature.1 The latter often
leads to microtwinning, which can produce deleterious surface roughening and lateral distortions. For microwave device applications, a low permittivity is also desired. To date
few, if any, substrate materials offer optimal performance for
all of the desired characteristics. Given the rapidly developing application of thin-film cuprate devices for microwave
filtering and receiving, it is anticipated that an ideal substrate
material will have significant commercial impact. In the
course of searching for better oxide perovskites that can be
used as commercial substrates for high T c superconducting
thin-film device applications, we have measured the thermal
expansion and delineated the structural phase transitions for
the title compounds over the temperature range of 15–1273
K by means of neutron powder diffraction.
II. EXPERIMENT

Single-crystals LaAlO3 were grown by the flamefusion method ~Commercial Crystal, Inc.!,2 and the
a!
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two segments to overlap up to eight detectors in the middle
of the pattern. Overlapping detectors for a given step serves
to average the counting efficiency and the two-theta zeropoint shift for each detector. Input for the Rietveld refinement program was prepared by interpolating a constant stepsize data set from the raw data, because the spacing between
the detectors is not exactly the same. The data were also
corrected for the variation in detector counting efficiencies,
which were determined using a vanadium standard.
Structure refinements were made by the Rietveld
method3 using the GSAS software.4 The 110 reflection from
the Nb heating element of the furnace was observed, and
excluded. The pseudo-Voigt peak-profile function truncated
at 0.3% of the peak height was used, including six terms.5,6
The background was defined by a cosine Fourier series with
three to five terms. The coherent scattering lengths used
were: La ~8.27 fm!, Sr ~7.02 fm!, Al ~3.449 fm!, Ta ~6.91
fm!, and O ~5.805 fm!.7
III. RESULTS

For the 300 K LSAT data, the occupations of the A and
B sites were refined, giving the structural formula
La0.29~5!Sr0.71~5!Al0.65~1!Ta0.35~1!O3, which is in excellent
agreement with that given by Mateika et al.,8
La0.289Sr0.709Al0.646Ta0.356O3. In the site refinement, no requirement of charge balance is imposed; it relies only on the
differences in the scattering length between La and Sr and Al
and Ta to match the overall intensity distribution of the pattern. That the refinement result gives charge neutrality is
satisfying. For the refinements at other temperatures, the
metal sites were held fixed.
For LaAlO3, the well-established and studied structural
phase transition from rhombohedral-to-cubic occurs at 800
K.9 Similarly, we find that at and below 150 K the crystal
symmetry of LSAT is also lower than cubic. This distortion
of the crystal lattice is evidenced by extra weak reflections
which grow as the temperature is lowered ~Fig. 1!. The data
for temperatures at and below 150 K are better fit by either
the tetragonal model, I4/mcm, or the orthorhombic model,
Imma, with a small orthorhombicity. Both the tetragonal and
orthorhombic models fit the low T data equally well, but
refinements for the latter were not stable, i.e., all of the leastsquares variables could not be released together without the
refinement diverging. Higher resolution neutron diffraction
data would help to resolve the symmetries of small distortions such as these. For the Rietveld refinements of LSAT,
the x 2 values were between 1.34 and 1.55, and for LaAlO3
x 2 51.21– 1.88. Examples of the refined structural data for
each of the distinct crystal symmetries, including both structural models for LSAT at low T, are given in Table I.
For both LaAlO3 and LSAT volume discontinuities are
not apparent across the structural phase transitions because
they involve only small rotations of essentially rigid octahedra. Both materials exhibit nearly the same relative volume
thermal expansion ~Fig. 2!, although the cell for LSAT is
slightly larger than that of LaAlO3. For LaAlO3 least-squares
analysis of the temperature dependence of the lattice parameters for the hexagonal portion ~10–800 K! gives the follow-

FIG. 1. Neutron powder diffraction patterns (l51.0913 Å) for LSAT as a
function temperature. The weak reflection indicated by the arrow grows as
the temperature decreases indicates a reduction from cubic symmetry. The
patterns are offset along the y axis for clarity, and the 15 K data shows
typical counting errors.

ing: a55.359714.92831027 T16.03231028 T 2 22.117
310211 T 3 Å, c513.08513.09931025 T12.01231027
T 2 28.883310211 T 3 Å, where T is in K. The volume fit
over the entire T interval ~15–1230 K! is V554.245
12.527 31024 T11.747 31026 T 2 25.885310210 T 3 Å 3 .
For LSAT, the least-squares fits are: V557.63313.913
31024 T11.75031026 T 2 26.514310210 T 3 Å 3 over the
TABLE I. Crystal structure data for LaAlO3 and LSAT.
LaAlO3
1223 K, Pm3̄m, a53.828 42(6)Å
atom
x
y
z
U iso(Å 2 )
La
1/2
1/2
1/2
0.0141~3!
Al
0
0
0
0.0126~6!
O
1/2
0
0
0.0216~2!
296 K, R3̄c, a55.364 62(4)Å, c513.1096(1)Å
atom
x
y
z
U iso(Å 2 )
La
0
0
0
0.0045~3!
Al
0
0
1/4
0.0021~1!
O
0.475 05~8!
0
1/4
0.0052~1!
(La0.29~5!Sr0.71~5!!A (Al0.65~1!Ta0.35~1!) B O3
1179 K, Pm3̄m, a53.9735(1)Å
atom
x
y
z
U iso(Å 2 )
1/2
1/2
1/2
0.0229~4!
A
B
0
0
0
0.0093~4!
O
1/2
0
0
0.0201~6!
15 K, I4/mcm, a55.4631(2)Å, c57.7271(6)Å
atom
x
y
z
U iso(Å 2 )
0
1/2
1/4
0.0063~1!
A
B
0
0
0
0.0023~3!
O1
0.2394~1!
0.7394
1/4
0.0069~3!
O2
0
0
1/4
20.0010(4)
15 K, Imma, a55.4620(3)Å, b57.7279(4)Å, c55.4635(4)Å
atom
x
y
z
U iso(Å 2 )
0
1/4
0.001~1!
0.0063~1!
A
B
0
0
1/2
0.0023~3!
O1
0
1/4
0.516~1!
0.0108~7!
O2
1/4
0.0058~7!
1/4
0.0011~2!
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theless, further analysis is possible to separate the static positional disorder from the dynamic thermal motion. Using the
inequality derived by Housley and Hess,12
U 2j ~ 0 ! <U j ~ T ! h 2 / ~ 16p 2 m j K B T ! ,

FIG. 2. Relative volume thermal expansion of ~La,Sr!~Al,Ta!O3 and
LaAlO3.

entire T interval ~15–1200 K!, and for the cubic region
a53.8603 12.246310 25 T 11.783310 28 T 2 25.076
310 212 T 3 Å.
The isotropic atomic displacement parameters for the A,
B, and O sites exhibit linear behavior in the high temperature region ~Fig. 3!, as expected from the general form of
U(T). 10 The temperature dependences of U for both the O
and the B sites are essentially the same for both materials;
however, there is more scatter in the latter. For the A site,
both the slope of U(T) and the rms displacement are larger
for LSAT than for LaAlO3. It may be possible to empirically
relate the slope and magnitude of U(T) with factors such as
coordination number, formal valence, site symmetry, polyhedral volume, bond valence sum, electronegativity, atomic
number, Debye temperature, phonon density of states, or
atomic size;11 but it is premature to attempt this now as a
large number of systematic studies are first required. Never-

~1!

where h5Planck constant, K B 5Boltzmann constant, m j
5the mass of atom j, and T is the temperature in Kelvins, an
estimate of the maximum thermal contribution to U(0) can
be made by extrapolating ~1! to high T where it approaches
an equality; see examples given by Cheary13 and Argyriou.14
Assuming that U j 5U thermal
1U static
, the minimum static
j
j
contribution to U j can be estimated by subtracting the maximum thermal contribution from the lowest temperature measurement, which in this study is 15 K. When this analysis is
applied to LSAT and LaAlO3, only the A site of LSAT is
indicated to have any static disorder, amounting to
0.0025 Å 2 , whereas all of the other atomic displacement parameters are explained by thermal vibration alone.
IV. SUMMARY

In the Rietveld refinements of neutron powder diffraction data, unconstrained site refinements for LSAT confirm
the expected nominal composition. From 1200 K to just
above 150 K, LSAT has cubic symmetry. Below 150 K, the
crystal symmetry of LSAT is lower than cubic. The powder
diffraction data for temperatures at and below 150 K are
better fit by either the tetragonal model, I4/mcm, or the
orthorhombic model, Imma, with a small orthorhombicity.
For both LaAlO3 and LSAT, volume discontinuities are not
apparent across the structural phase transitions because they
involve only small rotations of essentially rigid octahedra.
Both materials exhibit nearly the same relative volume thermal expansion, but the cell volume for LSAT is slightly
larger. The rms displacement of the A site in LSAT is significantly larger than that for LaAlO3 and about half of the
difference can be accounted for by a static displacement
component.
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