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The behavior of the Pm3m-R3¢ phase transition in LaAlO; (T=813 K from differential scanning calorim-
etry measurements) has been studied using temperature-dependent measurements of the crystal structure,
dielectric relaxation, specific heat, birefringence, and the frequencies of the two soft modes (via Raman
spectroscopy). While all these experiments show behavior near 7 consistent with a second-order Landau
transition, there is extensive evidence for additional anomalous behavior below 730 K. Below this temperature,
the two soft mode frequencies are not proportional to each other, the spontaneous strain is not proportional to
the square of the AlOg4 rotation angle, and anomalies are seen in the birefringence. Twin domains, which are
mobile above 730 K, are frozen below 730 K. These anomalies are consistent with biquadratic coupling
between the primary order parameter of the transition (AlOg rotation) and a second process. From the dielectric
results, which indicate a smooth but rapid increase in conductivity in the temperature range 500—-800 K, we
propose that this second process is hopping of intrinsic oxygen vacancies. These vacancies are essentially static
below 730 K and dynamically disordered above 730 K. The interaction between static vacancies and the
displacive phase transition is unfavorable. A similar anomaly may be observed in other aluminate perovskites

undergoing the same transition.
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I. INTRODUCTION

The role of strain in structural phase transitions remains
fundamental to understanding the properties of framework
structures such as perovskites. In general, spontaneous
strains act either as the primary driving order parameter
themselves (true proper ferroelastics), or they arise from cou-
pling with a different driving order parameter which they
“slave” (pseudoproper ferroelastics, improper ferroelastics,
and coelastics). A general consequence of strain coupling is
that the order parameter extends over a characteristic corre-
lation length which is determined by the long-ranging strain
fields. As a result, mean field behavior dominates, and so
phase transitions with significant spontaneous strains usually
follow models derived from the Landau theory very
closely.' A second consequence of the coupling between
the order parameter and strain is that the strain provides a
mechanism for coupling between the order parameters of
two or more phase transition processes. The temperature
evolution of the order parameters is modified by the cou-
pling; the exact nature of this modification depends on the
strength and symmetry of the coupling term. In ferroelastic
and coelastic crystals, the spontaneous strains are related to
the order parameter, with a mathematical form defined by the
form of the strain-order parameter coupling energy.* In the
vast majority of cases, the relationship is rather simple; ei-
ther the strain e is proportional to the order parameter Q, or
ex Q% In these cases, the spontaneous strain is effectively
another manifestation of the order parameter.
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The cubic-rhombohedral phase transition in LaAlOj is an
improper ferroelastic. The main structural difference between
the cubic and rhombohedral phases is the rotation of AlOg
octahedra around one of the triad axes in the cubic phase, as
shown in Fig. 1. In the notation of Glazer, this tilt system is
a~a”a”. Breaking the cubic symmetry allows these octahedra
to become distorted, becoming elongated or squashed along
the rotation axis. Unless the elastic and coupling constants
have very specific values, Darlington® shows that octahedral
distortion is energetically favorable, and that the distortion of
the octahedra [(1-7), as described in Sec. IID below]
should be proportional to ¢>.

(@) Pm3m ",

FIG. 1. Schematic representation of the AlOg polyhedral net-
work in (a) cubic and (b) rhombohedral LaAlO;, viewed down
[001]sigonal» €quivalent to (111)qypic. All polyhedra rotate through
the same angle ¢, with half the polyhedra rotating clockwise around
the triad axis, and half rotating anticlockwise.
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FIG. 2. EPR spectroscopic data for the phase transition in
LaAlOj, with the EPR splitting D (which measures the distortion of
the AlOg units) plotted against the square of the AlOg rotation
angle. Data from Ref. 9.

A wide range of experimental data exist for the phase
transition in LaAlO;, first identified by optical microscopy
and x-ray powder diffraction.”? These data include measure-
ments of the AlOg rotation angle by electron paramagnetic
resonance (EPR) spectroscopy,” neutron diffraction,'%-!? and
x-ray diffraction.'>!* The spontaneous strain has been mea-
sured using x-ray rocking curves.'*!> The temperature de-
pendence of the soft modes has been determined using Ra-
man spectroscopy.'® The phase transition is also induced by
high pressures at ambient temperature,'”'® but the experi-
mental data on the effect of pressure are much less extensive.

The various experiments show a good agreement where
they measure the same property; for example, the measure-
ments of the AlOg rotation angle by EPR® show similar be-
havior to diffraction measurements of the same quantity.'%!!
The differences that are observed are of the order of 10%,
and are almost certainly due to calibration effects. However,
the expected proportionalities between different aspects of
the phase transition are not observed. For example, the EPR
study of Miiller et al.” measured both the AlOg rotation angle
and the EPR axial splitting D, which reflects the local distor-
tion of octahedra along the triad axis. Simple coupling theory
predicts D= ¢*. As shown in Fig. 2, this proportionality is
not observed, if the entire data set is considered. This dis-
crepancy was interpreted’ by invoking critical fluctuations to
modify the temperature dependence of ¢(7). Howard et al.'
obtained a similar result from their neutron diffraction ex-
periments (Fig. 3). In short, while (1—7) = ¢ is seen at some
temperatures (generally those close to T¢), it does not apply
over the whole temperature range.

Hayward et al."” investigated the same issue from a dif-
ferent perspective. At low temperatures, the order parameter
is expected to saturate, as the phase transition reaches its
zero-point ground state. For the simplest second-order phase
transition with quantum saturation, the temperature depen-
dence of the order parameter for flat phonon dispersion is
given by!*20

, 1 0 T
Q=1—T— ﬁscoth7 zl—T—forT>03. (1)
c c
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FIG. 3. Neutron diffraction data for the phase transition in
LaAlOj3, with the distortion of the AlOg units plotted against the
square of the AlOg rotation angle. Data from Ref. 10.

Fitting the various available data to this model gave dif-
ferent values of fg, varying from 95 K to 260 K. Hayward et
al."> argued that these data could be explained by consider-
ing the rotation and distortion of the octahedra separately and
allowing these two processes to have different temperature
dependencies. While some experimental measurements de-
pend on only one or another process, others (such as the total
spontaneous strain) depend on some combination of the two.

It is clear that the phase transition in LaAlO; does not
follow “simple” Landau-like second-order behavior (that is,
controlled by a single order parameter) over the entire tem-
perature range. However, there are several possible forms for
this anomalous behavior, and it is not immediately clear
which model is an appropriate description of the discrepancy.
It could be that the exponent in the coupling relationship
(1=m)oxc@" is not strictly 2, or that the classical model is
applicable at high temperatures but deviates at low 7T due to
quantum mechanical effects, or that a complex order param-
eter topology?! applies. The existing data are mostly too
sparse to distinguish between these possibilities, either be-
cause they cover a limited temperature range, or because data
points are too widely spaced in 7.

In a number of systematic surveys of ferroelastic and co-
elastic phase transitions, it has been shown that anomalies in
a wide range of experimental measurements have essentially
the same behavior. Examples include leucite,?? SrTiO; (Refs.
23 and 24) and lawsonite.?® In this study, we apply a similar
approach to LaAlOs, in order to identify the precise nature
and origin of the anomalies outlined above. We report new
high-resolution neutron diffraction data, collected at 10 K
intervals between 4.2 K and 1270 K. We compare these data
with the results of dielectric, calorimetric, birefringence, and
Raman measurements. We show that the critical behavior of
LaAlOj; (from 100 K below the transition temperature up to
Tc) is fully consistent with a Landau model, but that devia-
tions occur at lower temperatures. We describe the quantita-
tive form of this anomaly and investigate a possible physical
mechanism. We then apply these insights to the available
experimental data for other systems.

054110-2



TRANSFORMATION PROCESSES IN LaAlOj:...

II. NEUTRON DIFFRACTION
A. Experimental details

The samples used in this study were from a batch grown
by the Czochralski method by Crystal Gmbh (Berlin). For
the neutron diffraction experiments, several large pieces of
pink LaAlO; crystal were selected. These crystals were
hand-ground, sieved, and washed to give a powder with
grain sizes in the range 10—40 um. The color of LaAlOj
crystals varies between colorless and brown, depending on
the thermal history of the sample; the color of LaAlO; crys-
tals is associated with oxygen vacancies.?® Initially colorless
samples of LaAlO; are found to turn brown when heated in
air at around 440 °C for approximately 5 min.?’

Powder neutron diffraction patterns were collected at tem-
peratures between 4.2 K and 1270 K on the high-resolution
powder diffractometer (HRPD) at the ISIS spallation
source.”® Approximately 1 cm® of LaAlO; powder was en-
closed in a thin-walled vanadium sample can with 11 mm
internal diameter. This can was first connected to a standard
ISIS cryofurnace, which operates in the temperature range
4.2-620 K. Spectra were collected with the sample in the
cryofurnace between 4.2 K and 620 K. A standard ISIS fur-
nace was used to collect data in the temperature range from
room temperature to 1270 K.

Time-of-flight data were collected in two detector banks
of ZnS scintillators. The backscattering bank centered on
20=168° gives a resolution Ad/d=4-5X10"* in a
d-spacing range 0.6—4.6 A. The 90° bank has a resolution
Ad/d=2x%107 and a useful d-spacing range 0.9-6.6 A.
Data at each temperature step were collected until a fixed
integrated intensity had been collected, which corresponded
to approximately 15 min of count time with a full beam.

Spectra were collected with the sample in the cryofurnace
at 4.2 K, 10 K, and then in 10 K steps to 620 K. The sample
furnace was then used to record the diffraction pattern at
room temperature and at 10 K steps between 700 K and
1270 K. In order to provide a check on the comparability of
the data from the two sample holders, a final spectrum was
collected running the sample furnace at 600 K. No signifi-
cant differences were found between the structures refined
from data collected using the two different sample holders.

All the diffraction patterns were analyzed using the Ri-
etveld method by the GSAS software package.”” The refine-
ment parameters were the background coefficients and inten-
sity scaling, then the lattice parameters, peak shapes, free
atomic co-ordinate (where appropriate), and thermal param-
eters (isotropic for La and Al, anisotropic for O). For the
high-temperature structure, the perovskite aristotype struc-
ture was fixed in the refinement, with the lattice parameter a
as the only free structural parameter. Some spectra recorded
just below the transition temperature were also refined on the
cubic cell; however, these refinements were not satisfactory,
since fitting split pairs of peaks to a single peak led to unre-
alistic peak profile parameters. The low-temperature struc-

ture was taken to be the R3¢ perovskite structure, refined on
the trigonal co-ordinate set. In this structure, there are two
free lattice parameters (ar and c¢g), and one free atomic co-
ordinate (the x co-ordinate of the O site). For the spontane-
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FIG. 4. Parts of the neutron diffraction pattern of LaAlO5 at (a)
4.2 K and (b) 1130 K. These spectra show the splitting of primary
peaks (e.g., d=2.21 A; 111 on the cubic P lattice) and superlattice
peaks (d=2.28 A; %%% on the cubic P lattice) associated with the
rhombohedral phase.

ous strain analysis which follows, these structures were sub-
sequently converted to the pseudocubic F-centered
rhombohedral unit cell (apc=bpc=cpc, @pc=Bpc=Ypc
#90°). The relationships between the lattice parameters of
the two cells are

(c7+12a7)"?

Clpc = 3 ) (2)
(c% - 6a%)
COS Apc="—"> 5. 3
T 2w 1242 ®)
B. Results

Figure 4, showing parts of the diffraction patterns col-
lected at 4.2 and 1130 K, illustrates the two differences be-
tween the diffraction patterns of the cubic and rhombohedral
phases of LaAlO;. The splitting of diffraction peaks mea-
sures the symmetry-breaking spontaneous strain, and the su-
perlattice reflections relate directly to the displacement of
oxygen atoms from their sites in the perovskite aristotype
structure; in other words, to the rotation of the AlO¢ octahe-
dra around the triad axis.
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FIG. 5. Refined lattice parameters at and ¢t for LaAlO3 on the
trigonal unit cell; in the cubic phase, cy=ar 6. The solid line is the
baseline behavior of the thermal expansion, in the absence of the
phase transition.

Figures 5, 6, and 7 show the raw results of the structure
refinements from GSAS; the numerical data are given in
Tables I and II. In Fig. 5, the lattice parameters of the trigo-
nal unit cell are shown. On these axes, c is the lattice param-
eter along the octahedral rotation axis, and a is the lattice
parameter in the plane of the octahedral rotation. For the case
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FIG. 6. Refined (a) rhombohedral lattice parameter apc and (b)
lattice angle apc for LaAlO3 on the pseudocubic unit cell.
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FIG. 7. (a) The intensity of superlattice reflections (such as 311

on the cubic P lattice) relative to the intensity of primary reﬂectizoznzs
(such as 111 on the cubic P lattice) in the diffraction pattern of
LaAlOj; (open circles, right-hand axis) measures the rotation angle
of the AlOg units (crosses, left-hand axis), according to the relation-
ship I, ¢?. (b) Comparison of the AlOg rotation angle ¢ mea-
sured by diffraction experiments by Howard et al. (Ref. 10),
Lehnert et al. (Ref. 12), and this study with data from EPR mea-
sured by Miiller ef al. (Ref. 9).

of the AlOg4 octahedra rotating as rigid units, the expected
relationships between the trigonal lattice parameters and the
rotation angle®” are

ayg = ago cos ¢, 4)

CH=CHo- (5)

These data show two important results. First, the lattice
parameter ay is increased by the phase transition; since pure
rotation would reduce ar, this implies that the AlO¢ octahe-
dra undergo a large degree of stretching in the plane of rota-
tion. Second, the lattice parameter cy is only slightly affected
by the phase transition.

Since changes in at and ¢t both contribute to the breaking
of the cubic symmetry, it is convenient to consider the be-
havior of the rhombohedral phase on a pseudocubic unit cell
(Fig. 6); changes in the lattice parameters apc and ape cor-
respond to pure volume changes and pure symmetry-
breaking shears, respectively. These data may now be pro-
cessed in two main ways; by consideration of the
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TABLE I. Crystallographic data for rhombohedral LaAlOs. at and ct are the trigonal lattice parameters, apc and apc are the pseudocubic
lattice parameters. In R3¢ the La occupies the 6a sites at 0 0 41_1’ the Al the 6b sites at 0 0 0, and the O the 18e sites at x 0 i.

T/K ap/A cr/A apc/ A apc/ (deg) x
42 535977 (4) 13.0860 (1) 7.5716 (1) 90.125 (1) 0.5288 (1)
10 5.35981 (6) 13.0863 1) 75717 1) 90.124 1) 0.5285 )
20 5.35975 (6) 13.0861 1) 75716 1) 90.124 1) 0.5290 )
30 5.35978 (6) 13.0864 1) 75717 1) 90.123 1) 0.5291 )
40 5.35975 (6) 13.0862 1) 7.5717 1) 90.124 1) 0.5292 )
50 5.35977 (6) 13.0865 1) 7.5718 1) 90.123 1) 0.5287 )
60 5.35979 (6) 13.0867 (1) 7.5718 1) 90.122 1) 0.5291 )
70 5.35991 (6) 13.0871 1) 7.5720 1) 90.122 1) 0.5289 )
80 5.35989 (6) 13.0875 (1) 7.5720 1) 90.121 1) 0.5288 )
90 5.36000 (6) 13.0880 (1) 7.5722 (1) 90.120 1) 0.5286 )
100 5.36029 (6) 13.0890 1) 7.5727 (1) 90.119 (1) 0.5287 ()
110 5.36027 (6) 13.0890 (1) 7.5727 (1) 90.119 (1) 0.5286 ()
120 5.36047 (6) 13.0906 (1) 7.5732 (1) 90.116 (1) 0.5284 ()
130 5.36057 (6) 13.0913 (1) 7.5734 (1) 90.115 (1) 0.5280 ()
140 5.36084 (6) 13.0925 (1) 7.5739 (1) 90.113 (1) 0.5281 ()
150 5.36098 (6) 13.0934 1) 7.5742 (1) 90.112 (1) 0.5280 )
160 536118 (6) 13.0945 (1) 7.5746 (1) 90.110 (1) 0.5279 ()
170 536136 (6) 13.0953 2) 7.5749 (1) 90.108 (1) 0.5277 ()
180 536153 (6) 13.0964 2) 7.5753 (1) 90.107 (1) 0.5275 ()
190 536195 (6) 13.0978 2) 7.5760 (1) 90.106 (1) 0.5274 (2)
200 536213 (6) 13.0987 ) 7.5763 (1) 90.104 (1) 0.5273 (2)
210 5.36233 (6) 13.1000 2) 7.5768 (1) 90.102 (1) 0.5273 ()
220 5.36232 (6) 13.1000 (2) 7.5767 1) 90.102 1) 0.5271 )
230 5.36286 (7) 13.1025 () 75777 1) 90.098 1) 0.5267 )
240 5.36313 (7) 13.1037 () 7.5782 1) 90.097 1) 0.5267 )
250 5.36366 (6) 13.1053 (2) 7.5790 1) 90.096 1) 0.5264 )
260 5.36382 (7) 13.1064 () 7.5794 1) 90.094 1) 0.5263 )
270 5.36425 (7) 13.1080 (2) 7.5801 (1) 90.092 (1) 0.5260 ()
280 5.36475 (7) 13.1100 ) 7.5810 1) 90.090 1) 0.5262 )
290 5.36511 (7) 13.1113 (2) 7.5815 (1) 90.089 (1) 0.5258 ()
300 5.36540 (7) 13.1126 ) 7.5821 (1) 90.087 1) 0.5254 )
310 5.36574 (7) 13.1139 ) 7.5826 (1) 90.086 (1) 0.5253 ()
320 536619 (7) 13.1158 ) 7.5834 (1) 90.083 (1) 0.5250 ()
330 5.36655 (7) 13.1171 ) 7.5840 (1) 90.082 (1) 0.5247 )
340 5.36689 (7) 13.1183 2) 7.5846 (1) 90.081 (1) 0.5249 ()
350 5.36740 (7) 13.1202 ) 7.5854 (1) 90.079 (1) 0.5247 (2)
360 5.36793 (8) 13.1221 2) 7.5863 (1) 90.077 (1) 0.5242 ()
370 5.36837 (8) 13.1237 2) 7.5870 (1) 90.076 (1) 0.5244 )
380 5.36881 (8) 13.1253 2) 7.5877 (1) 90.074 (1) 0.5239 ()
390 536910 (8) 13.1267 2) 7.5883 (1) 90.072 (1) 0.5233 ()
400 5.36959 (8) 13.1286 ) 7.5891 (1) 90.070 (1) 0.5235 (2)
410 5.37003 (8) 13.1302 2) 7.5898 (1) 90.069 (1) 0.5230 ()
420 5.37034 (8) 13.1317 2) 7.5904 (1) 90.067 (1) 0.5234 (3)
430 5.37087 (8) 13.1335 () 7.5912 1) 90.065 1) 0.5229 (3)
440 5.37124 ) 13.1347 () 7.5918 1) 90.064 1) 0.5231 (3)
450 5.37176 (8) 13.1367 () 7.5927 1) 90.062 1) 0.5225 (3)
460 5.37216 ) 13.1380 () 7.5933 1) 90.061 1) 0.5222 (3)
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TABLE 1. (Continued.)

T/K ar/A cr/A apc/ A apc/ (deg) X

470 5.37256 (8) 13.1397 2) 7.5940 (1) 90.059 (1) 0.5216 (3)
480 5.37291 9) 13.1410 (2) 7.5946 (1) 90.058 (1) 0.5218 (3)
490 5.37331 (8) 13.1428 () 7.5953 (1) 90.056 (1) 0.5217 (3)
500 5.37376 9) 13.1444 (2) 7.5961 (1) 90.054 (1) 0.5214 (3)
510 5.37438 9) 13.1464 (2) 7.5970 (1) 90.053 (1) 0.5210 (3)
520 5.37456 9) 13.1472 ?2) 7.5974 (1) 90.051 (1) 0.5210 3)
530 5.37521 9) 13.1493 (2) 7.5984 (1) 90.050 (1) 0.5206 3)
540 5.37563 9) 13.1509 (3) 7.5991 (1) 90.048 (1) 0.5201 3)
550 5.37602 9) 13.1526 (3) 7.5998 (1) 90.046 (1) 0.5199 (3)
560 5.37603 9) 13.1527 (3) 7.5998 (1) 90.046 (1) 0.5199 (3)
570 5.37696 9) 13.1559 (3) 7.6013 (1) 90.043 (1) 0.5195 3)
580 537737 9) 13.1577 3) 7.6020 (1) 90.041 (1) 0.5194 3)
590 537737 9) 13.1578 3) 7.6020 (1) 90.041 (1) 0.5192 3)
600 5.37827 9) 13.1608 (3) 7.6035 (1) 90.038 (1) 0.5186 (3)
610 5.37865 9) 13.1628 (3) 7.6042 (1) 90.035 (1) 0.5181 3)
620 5.37915 9) 13.1647 3) 7.6051 (1) 90.033 (1) 0.5180 (3)
700 5.38233 (11) 13.1795 (4) 7.6109 (1) 90.013 ) 0.5155 )
710 5.38265 (13) 13.1815 (5) 7.6116 (1) 90.009 ) 0.5153 )
720 5.38312 (12) 13.1829 (4) 7.6123 (1) 90.009 ) 0.5151 )
730 5.38342 (15) 13.1845 (6) 7.6129 (1) 90.006 (3) 0.5143 )
740 5.38391 (21) 13.1867 (8) 7.6138 (1) 90.003 (4) 0.5135 )
750 5.38462 (17) 13.1870 (6) 7.6145 (1) 90.007 (3) 0.5130 )
760 5.38499 (17) 13.1889 (6) 7.6152 (1) 90.005 (3) 0.5123 )
770 5.38586 (17) 13.1893 (6) 7.6161 (1) 90.010 (3) 0.5118 )
780 5.38641 (16) 13.1907 (6) 7.6169 (1) 90.009 (3) 0.5116 (2)
790 5.38703 17) 13.1919 (6) 7.6177 (1) 90.010 (3) 0.5101 (2)
800 5.38756 (14) 13.1938 (5) 7.6186 (1) 90.009 (2) 0.5087 (3)
810 5.38761 (14) 13.1970 (5) 7.6193 (1) 90.000 (2) 0.5080 3)
820 5.38808 (14) 13.1985 (5) 7.6200 (1) 89.999 (2) 0.5056 4)
830 5.38808 (14) 13.1985 (5) 7.6200 (1) 89.999 (2) 0.5056 (4)
840 5.38997 (15) 13.1997 (5) 7.6220 (1) 90.009 3) 0.5026 (8)

macroscopic spontaneous strains, or by considering the rota-
tion and distortion of the AlOg4 octahedra within the perov-
skite structure.

The rotation angle for the AlOg units is uniquely deter-
mined from the structural refinement by the variable x posi-
tion of the O site, following the relationship!”

tan ¢=2(x— %)\E. (6)

Figure 7(a) shows the temperature dependence of the
AlOg rotation angle ¢. Neglecting thermal effects, the rela-
tive intensity of the superlattice reflections is expected to
correlate directly to the square of the rotation angle, and this
behavior is seen in practice. In Fig. 7(b), we compare the
rotation angle observed in this study with other data from the
literature.

C. Strain analysis

In the case of a cubic < pseudocubic rhombohedral phase
transition, the spontaneous strain has two components.*
There is a non-symmetry-breaking strain,

a
e =—5 1, (7)
Apco

and a symmetry-breaking strain,

e, = (aic cos apc>, (8)
apco
where apc and apc are the lattice parameters of the
pseudocubic thombohedral cell, and apcg is an extrapolation
of the behavior of the high-temperature phase to low tem-
peratures [the line in Fig. 6(a)]. The behavior of apco(T) is
difficult to predict at low temperatures, because of the van-
ishing of thermal expansion due to quantum mechanical ef-
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TABLE 1I. Crystallographic data for cubic LaAlOs. a is the
conventional cubic lattice parameter, apc is the lattice parameter of

the doubled cell (comparable with apc for the trigonal cell). In

Pm3m the La occupies the 15 sites at 111 the Al the 1a sites at 0

0 0, and the O the 3d sites at 5 0 0. e
T/(K) al(A) apc! (A)
850 3.81130 3) 7.62261 (6)
860 3.81131 3) 7.62261 (6)
870 3.81216 3) 7.62432 (6)
880 3.81269 3) 7.62538 (6)
890 3.81307 3) 7.62613 (6)
900 3.81360 3) 7.62721 (6)
910 3.81400 @) 7.62800 (7
920 3.81447 @) 7.62895 )
930 3.81495 ) 7.62990 @)
940 3.81534 @ 7.63068 (7)
950 3.81581 @) 7.63162 )
960 3.81631 @) 7.63262 )
970 3.81675 @ 7.63349 (7
980 3.81714 @ 7.63428 @)
990 3.81767 ) 7.63533 (7)
1000 3.81811 @) 7.63621 (7)
1010 3.81854 @) 7.63707 (7
1020 3.81905 @) 7.63809 (7
1030 3.81944 @) 7.63889 (7
1040 3.81992 @) 7.63983 (7
1050 3.82042 @) 7.64084 (7
1060 3.82085 @) 7.64170 (7)
1070 3.82132 @) 7.64264 (7
1080 3.82176 @) 7.64352 (7
1090 3.82223 @) 7.64446 (7
1100 3.82268 @) 7.64536 (7
1110 3.82314 @) 7.64627 )
1120 3.82366 @) 7.64733 (7
1130 3.82413 @) 7.64826 )
1140 3.82457 @) 7.64914 )
1150 3.82501 @) 7.65002 (7
1160 3.82553 @) 7.65106 (7
1170 3.82597 @ 7.65194 @)
1180 3.82636 @) 7.65272 @)
1190 3.82690 @ 7.65380 (7
1200 3.82730 @ 7.65460 (7
1210 3.82782 ) 7.65564 (7
1220 3.82833 ) 7.65666 (7)
1230 3.82878 @) 7.65756 (7
1240 3.82923 @) 7.65846 (7
1250 3.82968 @) 7.65936 (7
1260 3.83019 @) 7.66038 (7)
1270 3.83062 @) 7.66124 (7
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FIG. 8. Plot of ¢; against e4 in LaAlO;.

fects. Here, apco(T) has been fitted to a model with a single
quantum mechanical saturation temperature scale.'” Subtle
deviations from this are likely; for example, MgO requires
three degrees of saturation to accurately describe its thermal
expansion at low temperatures precisely.>® However, in the
absence of concrete data at low temperatures, it is hard to
justify the use of additional fitting parameters.

The Landau free energy for a generalized transition from

a Pm3m perovskite has been determined from symmetry
arguments.’! Using this free-energy expression and the form

of the order parameter in a Pm3m <« R3c transition, the two
spontaneous strain components are expected to be propor-
tional to each other, and to Q2 the square of the order pa-
rameter. Figure 8 shows that ¢; and e, are indeed propor-
tional over a wide temperature range. The symmetry-
breaking strain e, is reliably measured in a diffraction
experiment when pairs of split diffraction peaks are clearly
resolved [such as the 111, doublet at 4.2 K in Fig. 4(a)].
Close to T¢, the splitting is smaller, and eventually the two
diffraction peaks overlap. The determination of e, is then
less precise, leading to the scatter seen above 700 K in Fig.
9(b). On the other hand, the non-symmetry-breaking strain e;
is determined very precisely near 7, but its measurement
becomes less reliable at low temperatures. This is because e
depends on the difference between an observed lattice pa-
rameter and a baseline extrapolated from high temperatures.
Fortunately, there is a reasonably wide temperature range
(between 700 K and 400 K, at least, in the case of LaAlO5)
where both strain components are determined reliably from
the diffraction data. The proportionality observed in this tem-
perature range is most simply explained if both strains vanish
at the same critical temperature.

Figure 9 shows the temperature dependence of the two
strain components. Both sets of strain data show a small
deviation from linear behavior at 730 K. The deviation is
rather small, and in the e4(7) data it is partially masked by
the increased scatter in the data in the vicinity of 7. How-
ever, ¢;(T) shows a similar nonlinearity, is much less
strongly affected by this problem, and is therefore more
likely to be accurate.

In perovskites with tilted octahedra, the primary order pa-
rameter is conventionally taken to be the rotation angle of
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FIG. 9. Spontaneous strains (a) ¢; and (b) e, in LaAlOj as a
function of temperature, determined from neutron diffraction data.
In each graph, the small break in slope at 7x =730 K is indicated by
an arrow. In part (c), the data for e, from this study are compared
with other data from the literature: these data are from twinned
single crystals [Hayward et al. (Ref. 15) and Chrosch and Salje
(Ref. 14)] and powdered samples [Howard et al. (Ref. 10), Chak-
oumakos et al. (Ref. 11), and Lehnert er al. (Ref. 12)].

the octahedra. In the case of LaAlOs, this is uniquely deter-
mined by the relative intensities of the main and superlattice
diffraction peaks, as long as (relatively minor) thermal ef-
fects are neglected; this is shown in Fig. 7. Figure 10 shows
the variation of the strain component e, with the square of
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FIG. 10. Relationship between the square of the AlOg rotation
angle and the symmetry-breaking strain e,.

the rotation angle. While these quantities are linear with each
other over a wide temperature range, they are not propor-
tional. In the raw diffraction data, the main manifestation of
this discrepancy is the distinct break in the slope of I, (7) at
730 K.

D. Rotation and distortion processes

An alternative way of analyzing the same data is to con-
sider the degree to which the AlOg octahedra rotate and
distort.®!%32 Although, in principle, the octahedra could ro-
tate as rigid units, in general, the observed spontaneous strain
is not consistent with that expected for the rotation of rigid
units. For instance, in the case of the a”a"a™ tilt system ob-
served in LaAlOs;, the expected spontaneous strains if rigid

octahedra rotate through an angle ¢ (in radians) are

2 2
¢ =L
3 3

which, given ¢=5.7°=0.099 radians at 4.2 K, would imply
e;=-0.0033, and e¢,=0.0033. The observed strains have the
opposite signs to these, and substantially smaller magnitudes.
This discrepancy is explained by the distortion of the octa-
hedra as they rotate.

In a”a”a™ perovskites, it is found empirically that the
octahedra are flattened down their rotation axis.'® This defor-
mation is quantified by a shape factor (1-17), where
7 is the ratio of the lengths of the octahedron parallel and
perpendicular to the triad axis. The shape factor (1—17) is 0
in a regular octahedron, and greater than O in an octahedron
compressed down the triad axis. Further discussion of
this point is given elsewhere®? using a slightly different
notation. The distortion of octahedra has been analyzed using
the Landau theory by Darlington,® who concluded that
the shape factor of the octahedra, (1- 1), should be propor-
tional to the square of the octahedral rotation. Using the
discrepancy between the observed spontaneous strain e, and
the value predicted for rigid body rotation, the octahedral
shape factor (1—7) was determined from each powder-
diffraction refinement. Its temperature dependence is shown

: 9)

e =
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FIG. 11. Temperature dependence of the octahedral distortion
factor (1—7) in LaAlOs.

in Fig. 11, and the relationship between ¢* and (1-7) is
shown in Fig. 12.

III. DIELECTRIC RELAXATION

Dielectric measurements were carried out on a LaAlO;
single crystal with sputtered platinum electrodes using im-
pedance spectroscopy. The platinum electrodes were an-
nealed at 675 K prior to measurement. Measurements were
carried out between room temperature and 1000 K over the
frequency range 5 Hz—13 MHz using an HP4192A imped-
ance analyzer.

At temperatures below ~550 K, the sample conductivity
was too low to be measured with the apparatus described. At
higher temperatures, two relaxations were observed in the
impedance spectra, as indicated by two semicircular arcs in
the impedance complex plane plot as shown at various tem-
peratures in Fig. 13(a). The high-frequency relaxation, rep-
resented by the arc nearest the origin had an associated ca-
pacitance of 2.25 pF cm™! which was largely independent of

T T T T T T T
0.008 - 42K
200 K
0.006 300 K i
400K
f 0.004 500K -
800 K
0.002 700 K b
2800 K
]
0.000 -—r
0 5 10 15 20 25 30 35
2 2.
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FIG. 12. Variation of the octahedral distortion factor (1—7) with
the square of the octahedral rotation angle ¢* in LaAlO;. If the
phase transition were driven by a single order parameter in a
Landau-type system, these quantities should be proportional.
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FIG. 13. Selected impedance data at various temperatures, dis-
played (a) in the complex plane, and (b) as an Arrhenius plot of
conductivity in a bulk LaAlOj5 single crystal.

temperature; this capacitance corresponds to a permittivity of
&'=25 and is in good agreement with the data of Cho et al.3
for that of LaAlOj;. This response was therefore attributed to
that of the bulk LaAlO; crystal. The second, low-frequency
response had an associated capacitance of the order
0.2 uF cm™! across the temperature range studied, a value
consistent with an electrode response.’* Conductivity data
for bulk LaAlO; were extracted from the intercept of the
semicircular arc in the impedance complex plane plot over
the temperature range 550—1000 K [Fig. 13(a)] and are pre-
sented in an Arrhenius plot in Fig. 13(b). The data clearly
show two distinct areas of linear behavior. Below 843 K,
conduction is dominated by a process with an activation en-
ergy of ~1.37 eV. This value is consistent with that ob-
served for oxygen ion conduction in Sr-doped LaAlO5.% In
the cubic polymorph (above 843 K) the activation energy
decreases to ~0.65 eV. This drop in activation energy asso-
ciated with the structural transformation was also observed
previously® and was explained by easier migration by oxy-
gen through the nondistorted octahedra of the cubic system.
An alternative mechanism is associated with the deeper trap-
ping sites generally afforded by twin boundaries in distorted
perovskites.3°

The origin of the oxygen vacancies causing this conduc-
tivity in the undoped crystal is not immediately clear. Oxy-
gen vacancies are most likely to be present as compensating
defects for impurity acceptor states, which are common in
perovskite oxides. Alternatively, they may arise from
Schottky disorder associated with the high-temperature
growth conditions used in the manufacture of the crystals; in
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FIG. 14. Plot of conductivity as a function of temperature in a
bulk LaAlOj single crystal indicating the dramatic increase in oxy-
gen vacancy motion below the phase transition.

this instance it is unlikely that the associated La and Al va-
cancies would contribute significantly to the conductivity. In
Fig. 14 we replot the conductivity data versus 7 rather than
1/T; this is to demonstrate clearly that the conduction rises
exponentially by four or five orders of magnitude over a
range of temperature ~300 K below the transition tempera-
ture and that this increase is not closely associated with tran-
sition dynamics. Note, in particular, the implication that
although there is no static structural phase transition below
the rhombohedral-cubic transformation, dynamic measure-
ments on time scales that are long compared with the
characteristic relaxation time may manifest a different time-
averaged local symmetry. By using the known oxygen va-
cancy ionic mobility at 293 K and its known temperature
dependence in the cubic perovskite phase of (Ba,Sr)TiO5 of
n=2%X10""2cm?> V7157137 we can estimate the concentra-
tion of oxygen vacancies at the cubic phase transition tem-
perature as ~10' cm™.

It is interesting to compare dielectric data (in the MHz
regime) with mechanical data in the Hz regime.?® In the sim-
plest case the response over six decades of frequency would
be dominated by a single relaxation process. Figure 15
shows that this is indeed the case, where the data over a wide
range of temperatures satisfy a textbooklike single relaxation
mechanism.

IV. CALORIMETRY

The sample used in the calorimetry experiments was a
polished 1-mm-thick section, grown by the Czochralski
method by Crystal Gmbh (Berlin). To improve thermal con-
tact, the sample was coated in platinum; the same sample had
previously been used for the dielectric measurements de-
scribed in Sec. III. Specific-heat measurements were per-
formed using a Perkin-Elmer “Diamond” calorimeter, oper-
ating in the conventional (but fast) scanning mode, with a
heating rate of 500 K min~!. Heat flow data were normalized
against a sapphire standard, and the resulting Cp data are
shown in Fig. 16.
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terizes the process over nine decades of time. Mechanical relaxation
data are from Ref. 38.

The baseline was determined using an Einstein model,
with an empirical linear correction for the thermal expansion
of the sample

2] 2
cp=3nR<—E)
T

exp(6g/T)

foxp(0uT) - 17 * aT. (10)

The free parameters in this model, 6y and «, were fitted
by assuming that ACp=0 above the transition (7>860 K)
and also substantially below the transition (7<400 K).
While the second of these conditions is not strictly correct, it
does not affect the baseline in the vicinity of 7 very much.
These specific-heat data show a second order step at 813 K,
with ACp=0.103 J K™ ! ¢71=21.939 J K~! mol~!, essentially
agreeing with the results of Bueble et al.'’> Both data sets
have a small peak superimposed on the Landau step and a
tail above the transition temperature. Compared to the
specific-heat anomalies observed for polyhedral tilting tran-
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FIG. 16. Specific heat of LaAlO3. The solid line is the experi-
mental data; the dashed line shows the best-fit baseline, and the
dotted lines to either side of this show the 95% confidence limits.
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FIG. 17. Excess entropy in LaAlOj. The solid line shows the
calculated —AS; the broken line shows the deviation from linearity
just below Tc.

sitions in tetragonal perovskites, such as SrTiO;,%® this is
rather large.

We obtain the excess entropy for the transition by inte-
grating (—ACp/T)dT, leading to the entropy vs temperature
graph shown in Fig. 17. While these data are mostly linear
with (To—T), consistent with a second-order Landau phase
transition, there is a small deviation from linearity; this ex-
cess is shown by the broken line in Fig. 17.

V. BIREFRINGENCE

The birefringence and domain structure of LaAlO; were
studied simultaneously using the rotating analyzer imaging
method,* as implemented in the Metripol birefringence mi-
croscope (Oxford Cryosystems). By using a charge-coupled
device (CCD) camera to record the intensity transmitted
through the optical chain described by Glazer et al.*® and
Geday and Glazer** it is possible to record the birefringence,
optical orientation and absorption as a function of position.
Each of these quantities can be displayed as a false-color
map; the birefringence map is analogous to the image ob-
tained by looking at a sample between crossed polarizers
with white light, albeit with different relationships between
color and retardation.

Colorless sections of LaAlO5 100-um-thick were cut par-
allel to (100) and (110) on the cubic axes and placed in a
Linkham heating stage. Both samples were twinned, reflect-
ing the e, strain seen in LaAlO;. The crystals were heated at
1 K per minute from 93 to 873 K. This heating rate allowed
maps of transmitted intensity, birefringence, and optical ori-
entation to be recorded at 0.5 K intervals.

To determine the quantitative variation of the birefrin-
gence with temperature, a small box (around 15X 15 pixels,
or 0.03 mm X 0.03 mm) was selected in each set of images,
and the birefringence in these 225 pixels was averaged. In
the (110) slice, which has no visible twins, this process was
routine and could be performed automatically. For the (100)
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FIG. 18. (Color online) Birefringence maps for a (100) slice of
LaAlOj; at four temperatures. The scale bar is 0.08 mm.

slice, however, the domain structure was more complex and
mobile. For this reason, the position of the box had to be
carefully chosen to not cross any domain boundaries and to
correct for the sample or domain movement. To achieve this,
a single, clearly recognizable twin domain was identified,
and the averaging box was placed manually in the center of
this domain for each image.

A. (100) slice

Representative birefringence maps for the (100) slice are
shown in Fig. 18, and Fig. 19 is a graph of the retardation as
a function of temperature. These data agree well with the
relationship An o ¢?.

At 818 K (top right), the sample is still birefringent and
still has definite twin domains. However, by 825 K (bottom
right), the twin domains appear to have vanished, even
though the sample is still anisotropic. This seems to indicate
that the transition temperature is 830 K, but that the twin
walls only appear below around 820 K.

B. (110) slice

Since LaAlOj; is rhombohedral at low temperatures, it is
optically uniaxial. Consequently, measurements of the bire-
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FIG. 19. Temperature dependence of the optical retardation of a
(100) slice of LaAlO3 (open circles, left-hand axis). These data
show the same behavior as the square of the AlOg¢ rotation angle, as
measured by neutron diffraction (crosses, right-hand axis).
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FIG. 20. (Color online) Birefringence maps for a (110) slice of
LaAlOj;, at two temperatures. The scale bar is 0.08 mm.

fringence made in differently oriented sections are expected
to be proportional to each other. A sample cut along the (110)
plane had no visible twins at any temperature, as shown in
Fig. 20. Just below 830 K (the measured T in this appara-
tus), substantial strain fields develop around the edges of the
crystal.

The graph of A versus temperature is shown in Fig. 21. As
for the (100) slice, the birefringence vanishes at T-=830 K.
The low-temperature data extrapolate to zero at a higher tem-
perature than T, similar to the behavior seen for the bire-
fringence of the (100) slice. However, the deviation from
linearity between 830 K and 750 K has a markedly different
form, including a peak in A at 820 K.

The origin of this peak may be understood by considering
the images of the (100) slice in Fig. 18 above. The (110)
slice has no visible twins, but may be twinned parallel to the
sample’s principal face. The retardation data between 830 K
and 820 K are apparently for a monodomain sample, which
then develops twins at lower temperatures. Around 800 K,
domains in length fast and length slow orientations approxi-
mately cancel, so that the net birefringence of the sample is
nearly zero. Below 750 K, the domain structure appears to
be quite stable, which is consistent with the direct imaging of
the domains in Fig. 18. In this situation, the overall retarda-
tion of the sample is proportional to the sample birefrin-
gence, and so A is a correct measurement of Q2.

400 - . - . - .

300

2004

100+

A (deg)

-100 -
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FIG. 21. Temperature dependence of the optical retardation of a
(110) slice of LaAlO5. The line is a best-fit line to data in the
temperature range 7<<700 K. The noise around 7=575 K,
A=270° is an artifact of the data analysis.
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FIG. 22. Raman spectra of LaAlO5 as a function of temperature
from room temperature to above the transition temperature. The
inset graph shows the weak A;, mode with an enhanced intensity
scale.

VI. RAMAN SPECTROSCOPY

The lattice dynamics of the phase transition in LaAlO5 are
described by Abrashev et al.*' The soft mode in the cubic
phase has F,, symmetry and is threefold degenerate; it splits
into 1A, and 2E, modes in the rhombohedral phase. These
modes are only Raman active, and both represent rotations of
the AlOg octahedra. Given the degeneracy of the E, modes,
these modes correspond to the behavior of the structure in
the plane perpendicular to the rotation axis, and the A, mode
to the behavior along this axis. In each case, the soft mode
frequency is proportional to the inverse susceptibility. In ad-
dition, a number of “ghost” modes have been observed in
LaAlO5;'%4! the most important of these (at 152 cm™') has
also been observed in NdA1O;.!°

Raman spectra between 4 cm™' and 665 cm™' were re-
corded in a backscattering with a T64000 Jobin-Yvon ISA
multichannel triple monochromator Raman spectrometer
equipped with an Olympus FX40 microscope (long-working-
distance objective X50) and a liquid-nitrogen-cooled CCD
detector. The measurements were done with gratings of
1800 lines per mm and the laser line of 514.5 nm (power
100 mW) excitation of a coherent argon-krypton ion laser.
The calibration of the Raman shift was confirmed by refer-
ence to silicon and diamond standards. The sample heating
and cooling was carried out using standard heating-cooling
stages. The Raman spectra at various temperatures are shown
in Fig. 22.

The soft mode frequencies were determined by fitting the
peaks shown in Fig. 22, taking account of damping effects,
with the results shown in Fig. 23. The E, mode frequency
could not be determined close to T, since the E, peak is lost
in the Raleigh line. The extrapolation of the A;, mode to zero
frequency [Fig. 23(a)] gives T-=806 K. Similar extrapola-
tion of the E, mode frequency [Fig. 23(b)] would see the
mode softening at 763 K. Since the 7 values for the two
modes are derived from the same raw spectra, this difference
cannot be due to problems of temperature calibration.

054110-12



TRANSFORMATION PROCESSES IN LaAlOj:...

T T T T T T T T
0 100 200 300 400 500 600 700 8OO 900
T(K)

12004,
1000
& 80O
T 600-
400

2004

0 100 200 300 400 500 600 700 800 900
T(K)

FIG. 23. Temperature dependence of soft mode frequencies in
LaAlO;. In (b), the solid line is a best fit to a quantum mechanical
Landau model for data in the range 7<<690 K. The broken line
shows a more speculative best fit through data for 7<<690 K.

Another way of considering the same phenomenon is to
plot the mode frequencies against each other, as in Fig. 24.
For the A}, and E, modes to soften at the same temperature,
there must be some deviation from the linear model illus-
trated by the solid line in Fig. 24. In all the other experiments
reported here, there are anomalies in the data approximately
100 K below the transition temperature. The impossibility of
measuring the E, mode frequency so close to T prevents
this effect being studied in detail from the Raman data. The
broken line in Figs. 23(b) and 24 show how the E, mode
would have to behave for the two modes to have the same
transition temperature. While the data are ambiguous, it is
worth noting that a line through the two highest-temperature
points on the w*(A;,) vs w*(E,) graph passes through the
origin. This is the behavior expected when both mode fre-
quencies depend on the same order parameter susceptibility
and not the behavior observed at lower temperatures. The
crossover temperature measured in the Raman experiment is
approximately 710 K, which is 100 K below the transition
temperature observed in the A;, mode softening.

The qualitative forms of the w*(T) graphs for the two soft
modes are consistent with the structural behavior seen in
Sec. II above. Projected onto the triad axis, the structure is
essentially invariant across the phase transition; the sponta-
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FIG. 24. Mutual variation of soft mode frequencies in LaAlO3,
showing a slight deviation from proportionality in the measured
data. The solid line is a best fit to data for 300 K<7<<690 K. The
broken line shows a more speculative best fit through data for
T<690 K.

neous strain along this axis is negligible. This agrees with the
observation that the A}, soft mode has a high frequency and,
hence, corresponds to a low susceptibility; the soft mode
along the rotation axis is rather stiff. Perpendicular to the
rotation axis, there are more significant structural changes
(manifest in both the spontaneous strain and the octahedral
rotation and distortion), with an anomaly approximately
100 K below the transition temperature. These results match
the Raman data for the E, soft mode, which has a lower
frequency than the A,, mode, though with an apparent hard-
ening near 7-—100 K.

VII. DISCUSSION
A. Synthesis of data

In this study, we have studied the structural behavior of
the improper ferroelastic LaAlO; by a number of methods.
The most important anomaly in each experiment is associ-
ated with the cubic-rhombohedral phase transition. The dis-
crepancies in the measured transition temperatures almost
certainly arise from slight differences between the tempera-
ture calibrations of the various experiments; the most reliable
transition temperature is from calorimetry, which gave
Tc=813 K. It is interesting that the onset of macroscopic
twinning in this system, as evidenced by the birefringence
imaging and measurement, occurs approximately 10 K be-
low the transition temperature.

Many of the data show a second, weaker anomaly ap-
proximately 100 K below 7. There are changes in the tem-
perature dependence of the AlOg4 rotation angle and distor-
tion factor, and there is evidence for an anomaly in the
spontaneous strain. Similar behavior is seen for the birefrin-
gence. In addition, the twin microstructure is stable below
this crossover temperature, but rather mobile above it.

In the Introduction, it was noted that the behavior of
LaAlO; below the transition temperature does not conform
to a second-order Landau model with a single-order param-
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eter, though it was not clear from the existing data what the
quantitative form of this deviation was, making it difficult to
determine its physical origin. From the neutron diffraction
measurements of ¢ (or I,) in Sec. II, it is apparent that the
form of the Q*(T) graph is linear from T to approximately
100 K below T¢. There is then a pronounced kink. At lower
temperatures, the Q*(7) graph is also linear, though with a
different gradient to the high-temperature regime. The result
Q*«x|T~T| seen near T, implies that nonclassical
criticalities’ are not the origin of the 730 K anomaly in
LaAlO5. The sharpness of the kink in Q*(7) is not consistent
with the 730 K anomaly being caused by quantum mechani-
cal effects,!> which would lead to a more gradual deviation.

Comparing the data for the order parameter with those for
the spontaneous strains e, and e, indicates that the predic-
tions of classical coupling theory do apply, but only in the
temperature range 730 K<T7<T.. Below this temperature,
the relationship between ¢, 7, and eg is modified. In the
context of mean field theory, this may be explained by bi-
quadratic coupling to another process.”! From the conductiv-
ity measurements and birefringence imaging of the two do-
mains, this second process appears to be linked to the oxygen
vacancy mobility. Conductivity measures this mobility di-
rectly, but the twin microstructure (measured in this study by
birefringence imaging) is also influenced by the mobility of
oxygen vacancies. Where this is low, the vacancies pin the
twin domains, leading to a stable microstructure. As the va-
cancies become more mobile, the pinning effect is reduced,
and the domain walls become more mobile. This is seen both
directly in images of LaAlOj; crystals, and in the behavior of
the optical retardation of a (110) slice of LaAlO; containing
some (110) twins in Fig. 21.

One model would be that the oxygen vacancies are essen-
tially static and clustered below 730 K and dynamically dis-
ordered above 730 K. Locally clustered vacancies [analo-
gous to those seen in BaTiO; (Ref. 42) and CaFe, Ti;_,O3_,»
(Ref. 43)] would be expected to pin twin walls quite effec-
tively, even at concentrations in the parts-per-thousand to
parts-per-million range. Electron microscopy studies** on
BaTiO5 have shown pronounced collection of oxygen vacan-
cies on twin walls. Since the order parameter is oxygen oc-
tahedron rotation, the influence of oxygen vacancies on the
order parameter should be strong; moreover, oxygen vacan-
cies will influence strain relaxation coupled to this order pa-
rameter. For instance, in SrTiO; an oxygen vacancy concen-
tration of the order 10%° cm™ (corresponding to a bulk
composition SrTiO,qg) reduces the ferroelastic transition
temperature from 105 to 80 K.

This coupling anomaly is the origin of the large apparent
05 values obtained for the order parameter in various studies,
as noted previously;'3 the simple model in Eq. (1) will over-
estimate 6 to attempt to fit the kink seen in Fig. 7. If only
data below the 730 K anomaly are fitted, 65=150(7) K for
the rotation angle data, and 137(7) K for the distortion data,
then the 65 values agree within error. These fits are shown in
Fig. 25.

B. Landau theory

If we consider experimental data such as the AlOg4 rota-
tion angle, the temperature dependence of the order param-
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FIG. 25. Temperature dependence of the (a) AlOg4 rotation and
(b) AlOg distortion in LaAlO5. The fits are to Landau models with
quantum mechanical saturation, fitting data for the temperature
range 7<<730 K.

eter is given by (7)o« (T—T)"?, which is classical second-
order Landau behavior. Around 730 K, this behavior is
modified; while ¢?(7) is still linear, it has a different gradient
at lower temperatures. This behavior is consistent with bi-
quadratic coupling between the rotation angle and another
process.”! The Landau potential for the simplest case (two
second-order transitions) would have the form

A B A
G="T-T)Q*+ =10+ (T - Te) 03
2 4 2
+ﬁQHA¢¢ (10")
4 2 122~

The equilibrium condition 6G/8Q=0 leads to three types
of solution!

M: 01=0,=0 (11)

B
mxd=jua—m 0,=0 (12)
1
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(a)r>0

T

FIG. 26. Temperature dependence of two order parameters with
biquadratic coupling, where the coupling (a) hinders and (b) favors
the mixed phase.

ABy(Tci=T) = 2NAy(Tr = T)
BB, — 4\?

(In): Q%= . (13)

with an equivalent solution for Q3.

The precise form of the variation of Q; and O, depends
on the strength of the coupling constant \. For small values
of \, the sequence of phases observed on cooling is I-II-1II,
with a change in the gradient of Q,%(T) at Ty. If we label the
order parameter with the higher critical temperature Q,, then
for negative \ (the mixed phase is favored), the crossover
temperature will be higher than 7,, and le will increase
more rapidly with 7" in phase III than in phase II

_ BiA) T —2NA Ty

Ty
B Ay —2\A,

(14)

Conversely, for positive A, the crossover temperature will
be lower than 7,, and le will increase more slowly with 7'
in phase III than in phase II. These possibilities are shown in
Fig. 26.

Comparison of these models with the observed behavior
of the order parameter ¢ in LaAlO; indicates that the second
process implies that the coupling between the ferroelastic
transition and the second process—postulated to be oxygen
vacancy clustering—is unfavorable. On cooling, the onset of
oxygen vacancy clustering hinders the further increase in the
AlOQg rotation angle.

PHYSICAL REVIEW B 72, 054110 (2005)

T T T T T T T T T
904 -
NdAIO, ]
70 .
604 4
“o 50 =
w -
z
== 40 ]
o
304 —
T,
4 C 4
104 l —
0 T T T T T T T T T T g
0 500 1000 1500 2000 2500 3000

T(K)

FIG. 27. Temperature dependence of the square of the AlOq
rotation angle in NdAlOjs; data from Ref. 10.

C. Comparisons with other R3¢ perovskites

The perovskite structure is adopted by a wide range of
ternary compounds, usually in one of its distorted forms.
Several authors have systematically reviewed the various
perovskite hettotypes where the cubic symmetry is broken by
octahedral tilting.>#%47 By far the most common hettotype
has the space group Pnma, corresponding to a tilt system
a~b*a”. For Pnma perovskites, the tilt angles are accurately
modeled by bond valence calculations.*® Similar calculations

do not describe R3¢ perovskites correctly. From this, Lufaso
and Woodward*” conclude that the a~b*a~ perovskite tilt sys-
tem is driven by the valence requirements of the A-site cat-
ion, but that some other factor causes the a”a"a~ tilt system
to occur. One possibility is that the transition is dominated by
the distortion of the AlO¢ octahedra and that this drives the
octahedral rotation as a secondary process. This difference
could be the origin of the rather large energy scale of the

phase transition in LaAlO3, noted above.
A phase transition from the R3¢ structure to the cubic

perovskite aristotype has been studied in a number of other
oxide perovskites.”!®*® Temperature-dependent structural
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AlO,
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T T+ T T T ‘*+ T + T + T *+ T + 1T
800 1000 1200 1400 1600 1800 2000 2200 2400
T (K)

FIG. 28. Correlation between the temperature of anomaly in

&(T), Ty, and the Pm3m-R3c¢ transition temperature T, for a range
of perovskites.
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data exist for several materials, including NdAIO; and
PrAlO;,'° the La,Pr,_,AlO5 solid solution,** LaGaO;,>° and
LaCo05.5°? In all these systems, the theoretical relationship
¢* e, (1- 1) fails, and the underlying reason for this is the
form of ¢*(T). The published data for each system are gen-
erally rather sparse. One interpretation of these data is that
the ¢*(T) graph has two linear sections, as in LaAlO;. This
is shown for NdAIlOj; in Fig. 27.

In each material, we may identify (at least approxi-
mately), a crossover temperature Ty in the ¢*(T) graph; in
NdAIQO;, this is approximately 1270 K. Making the hypoth-
esis that the underlying mechanism for this anomaly is the
same in all these materials, we plot Ty against 7 for various

PHYSICAL REVIEW B 72, 054110 (2005)

R3c perovskites in Fig. 28. There is an approximately linear
correlation between T¢ and Ty for most of the samples.
LaAlO; is a rather stable perovskite structure; of the
A**B3*0; perovskites surveyed by Cheng and Navrotsky,>?
it has the largest enthalpy of formation, most nearly perfect
packing of La[12] and Al[6], and remains cubic to the lowest
temperature of this family of perovskites. Other composi-
tions lead to perovskites which are inherently more distorted
(so that the cubic-rhombohedral transition temperature is
higher), which apparently also favors the preservation of va-
cancy clustering to higher temperatures, though more inves-
tigations of this effect are clearly necessary.
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