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Abstract. Neutron powder diffraction has been used to examine the structural changes of the
rare-earth aluminates LaAKOPrAIO; and NdAIG; over a wide range of temperatures. At room
temperature, all three aluminates adopt the rhombohedral perovskite structure in spade3group

(a = 5.36471) A, ¢ = 13.11143) Afor LaAlO3,a = 5.3337%2) A, ¢ = 12.98424) A for PrAlO3,

a =5.32232) A, ¢ = 12.92925) A for NdAIO3). The rhombohedral structure is characterized by
rotation of the oxygen atom octahedra about the threefold axis, and compression of these octahedra
parallel to the same axis. As the temperature is increased, the rotation angle and the compression
decrease, indicative of an approach to the cubic symmetry of the ideal perovskite. Only fogl.aAlO
however, was the transition at a low enough temperature to unequivocally obtain the cubic phase.
For PrAlG; the transition was closely approached before the sample can failed, but for ldAIO
the transition appeared to be inaccessible within the available temperature range. The rotation
angle is taken to represent the order parameter, and its temperature variation is well described by a
generalized mean field approach. Such a description suggests the transitions are continuous, being
at 820 K and second order for the transition in Ladl@nd at 1768 K and tricritical for the transition

in PrAlOs. In the proximity of the phase transition, the octahedral compression varies with the
square of the rotation angle, though this description is inadequate remote from the transition, and
the constant of proportionality is different for the different compounds.

1. Introduction

As part of current systematic studies of compounds of the perovskite family, with particular
emphasis on structural phase transitions [1-7], we have used neutron powder diffraction
methods to investigate the crystal structures of rhomboheg8a) ©r cubic (Pm3m) LaAlOs,

PrAlOs; and NdAIG;, and their evolution to temperatures as high as 1763 K. The study of the
rare earth aluminates follows our recent study [5] of the closely related gallate laGhai®

gallate is orthorhombic in space grolpnm at ambient temperature, and undergoes a first
order transition to rhombohedral, space graR@r, at 418 K [5,8-10]. A major aim of

the measurements on LaGa®as to study the possibly continuous transition [2] from the
rhombohedral to cubic structure. Though the angle of rotation of the oxygen atom octahedra
and the strain of these octahedra both decreased with temperature, even at the maximum
temperature of the measurements (1673 K), which was close to the maximum accessible
temperature in the furnace used, the transition to cubic still seemed well out of reach. The
rare-earth aluminates were chosen for their potential to show the transition from rhombohedral

§ On leave from Australian Nuclear Science and Technology Organization, Private Mail Bag 1, Menai, NSW 2234,
Australia.
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to cubic phase at lower temperatures, within a readily accessible temperature range, so that
detailed investigations of the rhombohedral—cubic phase transition might be possible.

The first significant study of the rhombohedral rare earth aluminates was an x-ray
diffraction study, using single crystal and powder techniques, by Geller and Bala [11]. Optical
microscopy was also employed. It was established that the crystal structures ofsL.aAlO
PrAlO3; and NdAIG; were all rhombohedral at room temperature, and the lattice parameters
were reported for all three compounds. Powder x-ray diffraction patterns from Laaxi®
PrAlO; were recorded (on film) at elevated temperatures, and from these it was observed that
LaAlO3 undergoes a transition to the cubic phase at a few hundreds of degrees celsius, whereas
PrAlO; remains rhombohedral to the highest temperature achieved (1220 K). The presently
accepted space group for the rhombohedral structut@s, was suggested in an early x-
ray and neutron diffraction study of LaAkGat room temperature [12], and more definitively
by evidence from nuclear quadrupole resonance that all Al atoms are equivalent [13]. The
rhombohedral to cubic phase transition in LaAKDbsequently attracted considerable attention
[8,14-19]. The mostinformative investigation, from a structural point of view [15], comprised
electron paramagnetic resonance measurements on a monodomain crystal of hawilg@

0.02% Fé* on the AF* site. The data were analysed to show the angle of rotation of the
oxygen octahedron as a function of temperature, from liquid helium temperatures through to
the phase transition, estimated to occur at 8000 K. It was suggested that the rotation
angle could be taken to represent the order parameter and, from the variation of this angle
with temperature, that the transition was second order. Inelastic neutron scattering [17] and
Raman spectroscopy [18] show soft modes associated with the transition. Recently, neutron
powder diffraction patterns were recorded from LaAi® both the rhombohedral and cubic
phases [20], but the focus of that work was thermal expansion rather than structure and the
phase transition.

In summary, the occurrence of tiR8¢ to Pm3m phase transition in LaAl®is well
established, and the general consensus [8, 14, 15, 18, 19] is that the transition temperature is in
the vicinity of 800 K. Much less is known about the (presumed) analogous phase transitions
in PrAlO; and NdAIG; because these occur, if at all, at higher temperatures and have rarely,
if ever, been observed. Scott [18] estimated transition temperatures by extrapolation from the
frequencies of selected Raman lines, and suggested transition temperatures far &m0
NdAIOz as 1320t 20 and 164a: 30 K, respectively. Geller and Raccah [19], however, found
that PrAIQ; was still clearly rhombohedral at 1400 K. For their part, Geller and Raccah [19]
located transitions in La,Pr,AlO3 and La_,Nd,AlO3 and attempted to predict transition
temperatures by linear extrapolationte= 1. They suggested transitions at around 1640 and
2020 K for PrAIG; and NdAIG;, respectively. Onereport[21] claims thatthe phase transition in
NdAIO3 occurs at 1400 K, but this is inconsistent with other observations, including those to be
reported here—it seems likely this reflects the highest temperature at which the rhombohedral
splitting in the x-ray diffraction pattern could be resolved. The present authors are unaware
of any previous neutron diffraction study for PrAJahough the room temperature structure
has been determined using x-rays [22]. The room temperature structure of Ndaéeen
determined by both x-ray [23] and neutron [24] diffraction techniques.

In this paper we report neutron powder diffraction studies of La&om 20 K, through
the phase transition, to 830 K, of PrAJ@&rom room temperature to 1763 K, and of NdAIO
from room temperature to 1673 K. Neutron diffraction has the advantage that the patterns
are more sensitive to oxygen position than the corresponding x-ray patterns, so the oxygen
position can be more accurately determined. This leads to good estimates of the oxygen atom
octahedron rotation angle and strain, and our interest was to follow the temperature variation
of these parameters, particularly as the phase transition is approached. Neutron diffraction
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patterns recorded previously for LaAd@t temperatures from 15 to 1230 K [20] have been
reanalysed for inclusion with the present results.

2. Experimental procedure and data analysis

Polycrystalline samples of the three oxides LnA{On = La, Pr, Nd) were prepared by heating
stoichiometric mixtures of ANOz3)3-9H,0 (Aldrich 98%) and the appropriate lanthanide salt,
La(aos (Fluka AG 99%), PsO4 or Nd,O3 (Aldrich 99.9%) in an alumina crucible. The
mixtures were successively heated at 700, 800 and@pfor 24 h at each temperature, with
re-grinding after each heating step. The samples were finally annealed, in air, &C1300
(Ln = La), 1200°C (Ln = Pr) or 1350C (Ln = Nd) for 72 h. Powder x-ray diffraction
measurements, recorded on a Siemens D-5000 diffractometer usingi@diktion, confirmed

the desired phases had been formed. The sample of lLaAl@stigated previously [20] was
obtained by pulverizing single crystals grown by the flame-fusion method. Neutron diffraction
data were collected using the HB-4 high-resolution powder diffractometer at the Oak Ridge
National Laboratory. That diffractometer and the procedures employed have been described in
detail in connection with the earlier study of LaAJ(20]. For each of the compounds studied,
about 10 g of powder were contained in a thin-walled, 13 mm diameter, vanadium sample can.
Diffraction patterns were recorded, using neutrons of wavelength 1.500 A, ovef tha@e

from 11 to 135, with a step size of 05°. For the low temperature measurements of LaAlO

a closed-cycle helium refrigerator was used—for the measurements at room temperature and
above, an ILL-type vacuum furnace was employed, the furnace being pumped to maintain
a vacuum of about 1® Torr. Temperatures in the furnace were corrected according to the
calibration described previously [20]. In each case, patterns were recorded at successively
higher temperatures, to a maximum (in the case of PsAtD 1763 K. The crystal structures

were refined by the Rietveld method, using the program LHPM [25] operating on a PC. The
background was taken to be a quadratic function@gfahd was refined simultaneously with

the unit-cell, zero-point, scale, peak width/shape/asymmetry and crystal structure parameters.
The peak profile was described by a Voigt function, in which the widths of the Gaussian and
Lorentzian components were coded to vary in accordance with the Cagladfunction [26]

to describe instrumental resolution and strain broadening, and withteatescribe crystallite

size broadening, respectively. Theé ggion near 38 affected by a peak from the furnace
heating element, was excluded during the refinements.

3. Results

3.1. Lanthanum aluminate (LaAp

In the present work, neutron diffraction patterns were recorded at a number of temperatures
between 20 and 830 K, using smaller temperature intervals in the vicinity of the rhombohedral
to cubic phase transition. Neutron diffraction patterns recorded in the course of the earlier
study [20], at temperatures ranging from 15 to 1230 K, were also re-examined.

That LaAlG; is a rhombohedrally distorted perovskite at lower temperatures can be seen
from a subtle splitting of the main peaks, attributed to distortion from the cubic metric, and
additional weak peaks associated with the rotation of octahedra of oxygen atoms and the
concomitant enlargement of the unit cell. The peak splitting is best resolved in our patterns
(figure 1) at 2 about 87, near the minimum of instrumental peak width, where what would be
the 222 peak in cubic perovskite splits into the 404 and 0012 peaks in the rhombohedral phase.
This splitting is well resolved only at the lowest temperatures, it results in asymmetry in the
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peak at room temperature, and cannot be detected at higher temperatures. Better indicators
of the rhombohedral phase are the weak 'superlattice’ reflections, indicated by the arrows in
figure 1. The most persistent of these as the transition to cubic is approached, are the 131 peak
near 72, the 333 at around 127and the 511 in the vicinity of 127 These peaks were still
clearly observable at 803 K, and probably just observable at 812 K, but there was no suggestion
ofthemin the pattern recorded at 830 K. Thus, the patterns recorded attemperaturesupto 812K
were fitted assuming space groR@ct, and those recorded at 830 K and higher assuming
the ideal cubic structure. Further analysis (section 4) suggests that at 821 K the sample may
be on the point of transition, where very small deviations frBm3m probably cannot be
observed. The 821 K pattern has therefore also been analysed as if cubic. Anisotropic atomic
displacement parameters, appropriate to the different site symmetries, were refined in every
case. The patterns recorded at 20 and 694 K, and the fits obtained, are shown in figure 1.
The results from all our refinements are given, in an abbreviated form, in table 1. The
table shows the lattice parameter(s), and for refinements in space BBayghe oxygent-
parameter, whichis the only variable position parameter in the structure. The lattice parameters,
and their variation with temperature, are also shown in figure 2. A plotoin the hexagonal
phase shows this ratio increasing monotonically with temperature towésds 2.4495 (its
value in the cubic structure) up to 694 K, beyond which temperature it behaves erratically.
When there is no observable splitting of the strongest Bragg reflection the hexagonal lattice
parameters are sensitive to the positions of the weakening superlattice reflections and it is our
view that these are unreliable at the higher temperatures. In figure 2 we include third order
polynomial functions obtained by fitting the hexagonal lattice parameter results obtained at
694 K and below. A similar function has been used to describe the temperature variation
of the lattice parameter in the cubic phase. The temperature variation afpgheameter
of the O atom, in space group3c, is shown in figure 3. We believe this parameter, being
determined by the intensities of the weakening superlattice reflections, is better determined
near the rhombohedral to cubic phase transition than the ratio of lattice parameters mentioned
above. Thex-parameter, and the octahedral rotation angle derived from it, are discussed in
greater detail in section 4.
There is generally good agreement between our results and those from previous studies.
For the lattice parameter comparisons, we examinecfheratio, since, as just indicated,
this ratio also provides a measure of the rhombohedral distortion. There is good agreement
between our results at room temperatuye, = 2.4440, (from table 1) and those from Geller
and Raccah [19];/a = 2.4439, from O’'Bryaret al [8], ¢/a = 2.442, or from Taspinar and
Cuneyt Tas [27]¢/a = 2.4440. In addition, our value for the oxygen position parameter,
x(0) = 0.5251(2), is in excellent agreement with that reported from the neutron diffraction
of de Rangoet al [12] which, in the setting used here, i§0) = 1 — 0.475 = 0.525.
The comparison of the rotation angles derived from our results with those from the electron
paramagnetic resonance study [15] is deferred to section 4.

3.2. Praseodymium aluminate (PrAJ0

Neutron diffraction patterns from PrAl{Qwere recorded from room temperature to 1763 K,

close to the maximum accessible temperature using the ILL-type furnace. The effects of
rhombohedral distortion on the diffraction pattern are much less subtle than in the case of
LaAlO3, peak splitting being evident at temperatures of up to 1474 K. The superlattice peaks
associated with octahedral rotation, indicated by the markers in figure 4, are again more

T The quality of the fits to the neutron diffraction patterns was such as to confirm the accepted space group as against
a two phase alternative recently proposed [28].
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Figure 1. Neutron diffraction patterns.(= 1.500 A) obtained from LaAl@at 20 and 694 K, with

the results of fitting by the Rietveld method. The crosses are the observed data, the continuous
curves through these are the patterns calculated after least-squares fitting, and the continuous trace
under each pattern shows the difference between the observed and calculated patterns. Positions
of Bragg peaks are indicated by the markers under the pattern. The peak heath@8110 peak

from the Nb heating element, and has been excluded from the analysis. The arrowed peaks are
the superlattice peaks indicative of the rhombohedral phase. The measures of fit for the pattern at
20K areR, = 6.7, Ryp = 9.1 (Rexp = 7.7), Rprage = 1.5% and at 694 KR, = 7.1, R, = 9.1

(Rexp = 8.0), Rprage = 1.6%.

persistent indicators of the rhombohedral symmetry. Though they continue to weaken as the
temperature is increased and the phase transition approached, the strongest of these, the 131
peak, is still just discernible at 1763 K, the highest temperature attained. Thus all patterns
were fitted assuming space gro®3c. The patterns recorded at room temperature and at
1733 K, and the fits obtained, are shown in figure 4. Abbreviated results from all measured
temperatures are given in table 2.

The lattice parameters for PrA}Qand their variation with temperature, are shown in
figure 5. A plot ofc/a shows erratic behaviour beyond 1673 K, so the lattice parameters
recorded at higher temperatures are considered to be unreliable. Quadratic functions fitted to
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Figure 2. The temperature variation of the lattice paramete(#) andc (®) of LaAlOs in the
rhombohedral and cubic phases. The closed symbols are those data obtained in the present work
and the open symbols from the reanalysis of the work in [20]. The parameters shown below the
phase transition (820 K) are the reduced hexagonal lattice paramgtépsandc/+/12, whereas

above the phase transition the cubic lattice parametisr shown. This temperature variation

is fitted bya = 5.3590(1 + 9.0503x 1077 T + 1.0657 x 1078 72 — 4.258 x 10712 73) A and

¢ =1308361+35672x 1078 T+1.3090x 108 72 -5.1161x 10~12 73) Ain the rhombohedral

phase, and by = 3.78491 + 26223x 1076 T + 9.6488x 1072 T2 — 3.4083x 1012 73) Ain

the cubic phase.
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Figure 3. The temperature variation of the oxygerparameter in the rhombohedral phase for
each of the compounds studied. Only in the case of LaAl@s the cubic phase clearly attained.

the lattice parameter data up to and including the 1673 K point are included in the figure. The
temperature variation of the-parameter of the O atom is shown in figure 3. It appears the
transition to cubic would occur alittle above the highest temperature attained in this experiment,
1763 K, and certainly higher than the temperatures suggested previously [18, 19].

There is reasonable agreement between our results and those from the few previous studies.
At room temperature we find/a = 2.4344 compared witlhr/a = 2.4327 derived from
Burbank [22], and:/a = 2.4326 from Geller and Raccah [19]. In the more conventional
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Table 1. Cell parameter(s) for LaAl@ and the oxygen position parameter when in the
rhombohedral space group, as a function of temperature. The table includes results obtained from
reanalysis of patterns recorded previously by Chakoumekad20]. The number in parentheses
beside each entry indicates the esd in the last significant figu3dithe La occupies the 6a sites
at(003), the Al the 6b sites a000) and the O the 18e sites @t01). In Pm3m the La occupies

the 1b sites at} 1 1), the Al the 1a sites aD00) and the O the 3d sites &400).

Temperature (K)  Patterns used Space group (A) c(R) x
152 Chakoumakos R3c 5.3598(1) 13.0859(1) 0.5281(1)
207 Presentwork R3¢ 5.3589(1) 13.0858(3)  0.5280(2)
77 Chakoumakos R3¢ 5.3599(1) 13.0871(1)  0.5280(1)
100 Chakoumakos R3¢ 5.3601(1) 13.0886(1)  0.5277(1)
1202 Presentwork  R3c 5.3598(1) 13.0903(3) 0.5274(2)
130 Chakoumakos R3¢ 5.3606(1) 13.0911(1)  0.5273(1)
162 Chakoumakos R3¢ 5.3610(1) 13.0938(1)  0.5271(1)
19¢° Chakoumakos R3¢ 5.3616(1) 13.0969(2) 0.5267(1)
205 Chakoumakos R3c 5.3621(1) 13.0989(1) 0.5264(1)
210 Presentwork R3¢ 5.3617(1) 13.1000(3)  0.5264(2)
2407 Chakoumakos R3¢ 5.3630(1) 13.1029(2) 0.5259(1)
2905 Chakoumakos R3¢ 5.3646(1) 13.1095(2)  0.5251(1)
295 Presentwork R3¢ 5.3647(1) 13.1114(3)  0.5251(2)
301 Chakoumakos R3¢ 5.3655(1) 13.1119(3) 0.5254(1)
350 Chakoumakos R3¢ 5.3666(1) 13.1169(1)  0.5241(1)
455 Chakoumakos R3c 5.3710(1) 13.1336(3) 0.5222(1)
484 Presentwork R3¢ 5.3730(1) 13.1427(4) 0.5204(2)
561 Presentwork R3¢ 5.3766(1) 13.1539(4)  0.5192(2)
584 Chakoumakos R3c 5.3772(1) 13.1570(4)  0.5185(2)
607 Presentwork R3¢ 5.3787(1) 13.1617(5) 0.5175(3)
651 Presentwork R3¢ 5.3807(1) 13.1687(6)  0.5166(3)
690 Chakoumakos R3¢ 5.3824(1) 13.1741(6)  0.5147(2)
694 Presentwork R3¢ 5.3827(2) 13.1759(8)  0.5145(3)
738 Presentwork R3¢ 5.3851(1) 13.1808(7) 0.5119(3)
759 Chakoumakos R3¢ 5.3860(2) 13.1866(9) 0.5111(3)
781 Presentwork R3¢ 5.3873(2) 13.1876(8)  0.5092(4)
803 Presentwork R3¢ 5.3884(2) 13.1909(10) 0.5069(5)
812 Presentwork R3¢ 5.3895(1) 13.1919(8) 0.5047(6)
821 Presentwork Pm3m 3.8106(1)
830 Presentwork  Pm3m 3.8108(1)
848 Chakoumakos Pm3m 3.8116(1)
940 Chakoumakos Pm3m 3.8154(1)
1034 Chakoumakos Pm3m 3.8197(1)
1130 Chakoumakos Pm3m 3.8240(1)
1227 Chakoumakos Pm3m 3.8287(1)

a These measurements were made with the sample in the closed cycle helium refrigerator. For
other measurements, the sample was housed in the ILL-type furnace.

space group setting used here, the result from Burbank’s x-ray study for the oxygen position
is x(0) = 0.533, compared witk (O) = 0.5421(2) obtained in the present neutron study.
3.3. Neodymium aluminate (NdAJO

Neutron diffraction patterns from NdAKwere recorded at temperatures from room
temperature to 1673 K. The effects of rhombohedral distortion on the diffraction pattern are
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Figure 4. Neutron diffraction patterns.(= 1.500 A) obtained from PrAl@at room temperature

and at 1733 K, with the results of fitting by the Rietveld method. The data and fits are represented
as in figure 1. The arrowed peaks are the superlattice peaks indicative of the rhombohedral phase.
The measures of fit to the pattern at 295 KRge= 7.1, Ry, = 8.9 (Rexp = 7.5), Rpragy = 2.4%

and at 1733 KR, = 7.2, Ry, = 9.0 (Rexp = 8.7), Rprage = 1.8%.

again obvious, in that several of the main peaks show splitting at room temperature (figure 6),
and superlattice peaks associated with octahedral rotation, indicated by the markers in figure 6,
are rather strong. The peak splitting is not so evident at higher temperatures, but the superlattice
peaks are still clearly seen at 1673 K. All patterns were fitted assuming spaceRfauphe
patterns recorded at room temperature and at 1673 K, and the fits obtained, are shown in
figure 6. Abbreviated results from all measured temperatures are given in table 3.

The lattice parameters for NdAOvary smoothly with temperature, the temperature
variation being well described by the quadratic functions 5.31181 + 6.0613x 106 7 +
1.6860x 10°° 72) A andc = 12.88461 + 11125x 10> T + 1.4612x 10°° 72) A. The
temperature variation of the parameter of the O atom is included in figure 3—it remains well
above 0.5 (the value it would have in the cubic perovskite) at 1673 K, confirming the indication
from the diffraction pattern that the transition to cubic is at a much higher temperature.
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Table 2. Cell parameters and the oxygen position parameter for PyAK3 a function of
temperature. The space groupR8c, with atomic coordinates as in table 1, even at the highest
temperature attained.

Temperature (K) a (A) c(B) X
295 5.3337(2) 12.9842(4)  0.5421(2)
295 5.3337(1) 12.9766(4)  0.5427(2)
716 5.3504(2) 13.0474(5)  0.5387(2)
894 5.3592(2) 13.0784(5)  0.5369(2)
1082 5.3604(2) 13.1128(5)  0.5349(2)
1277 5.3807(2) 13.1486(5)  0.5318(3)
1277 5.3812(1) 13.1510(3)  0.5314(2)
1375 5.3861(2) 13.1676(6)  0.5291(3)
1474 5.3918(2) 13.1871(7)  0.5270(3)
1574 5.3972(2) 13.2035(7)  0.5234(4)
1673 5.4026(2) 13.2239(12) 0.5183(4)
1695 5.4044(2) 13.2271(11) 0.5175(4)
1713 5.4052(3) 13.2335(17) 0.5164(5)
1733 5.4067(3) 13.2360(15) 0.5151(5)
1763 5.4100(2) 13.2443(17) 0.5099(6)

@ These results were obtained from later measurements on the same sample.

PrAIO,

3.72 . L . L . L
500 1000 1500

Reduced Cell PArameters (A)
w
N
©

Temperature (K)

Figure 5. The temperature variation of the reduced lattice paramet¢m) andc (®), of PrAIO3
in the rhombohedral phase. This temperature variation is fitted by 5.32191 + 6.8402 x
106 7 +1.3518x 107° 72) A andc = 1293821 + 1.0602x 107> T + 1.6824x 1072 T2 A,

Agreement between our results at room temperature and those from previous studies is
good. For the lattice parameter ratios, we find = 2.4293 compared witlt/a = 2.4283
[19], ¢c/a = 2.4269 [23] andc/a = 2.4272 [24] from previous x-ray and neutron studies.
The value obtained here for the oxygen position parametef@ = 0.54702), compared
with x(O) = 0.55169) obtained using x-rays [23] andO) = 0.54772) using time-of-flight
neutron powder diffraction [24].

4. Discussion

The main aim of this study was to examine the details of the rhombohedral to cubic transition in
R3c perovskites. In the event, only in the case of LaAfould the sample be obtained in the
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Figure 6. Neutron diffraction patterns.(= 1.500 A) obtained from NdAI@ at room temperature

and at 1673 K, with the results of fitting by the Rietveld method. The data and fits are represented as
infigures 1 and 4. The measures offitto the pattern at 295 Rare 6.4, R,,, = 8.2 (Rx, = 6.7),

RBrage = 2.4% and at 1673 KR, = 6.5, Ry, = 7.9 (Rexp = 8.0), Rprage = 1.6%.

cubic phase, althoughin the case of PrAtfe close approach to the transition could be studied.
However, with the added data on NdAJ@resented here, data from LaGaftom our own
previous study [5], and results from previous studies of the rhombohedral perovskites{ aCoO
[29] and LaNiQ [30], the body of experimental data on these rhombohedral perovskites is
now substantial.

4.1. Rhombohedral distortion

As mentioned earlier, the difference of the lattice parameteratio,/6) from unity is a mea-

sure of the rhombohedral distortion. An equivalent measure is the difference froaf 6@
anglex of the primitive rhombohedral cellt. The values at room temperature (whenever possi-
ble) of these quantities for the different rhombohed3¢ perovskites are collected in table 4.

Tt The connection between these quantities is given, for example, by equation 10.43 of Megaw [31].
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Table 3. Cell parameters and the oxygen position parameter for NdAK3 a function of
temperature. The space groupRi8c, with atomic coordinates as in table 1.

Temperature (K) a (A) c(R) x
295 5.3223(2) 12.9292(5) 0.5470(2)
716 5.3391(2) 12.9958(4) 0.5443(2)
894 5.3471(2) 13.0262(5) 0.5428(3)
1082 5.3573(2) 13.0626(6) 0.5419(3)
1277 5.3677(2) 13.0989(6) 0.5397(3)
1474 5.3796(2) 13.1386(5) 0.5362(4)
1673 5.3902(2) 13.1756(5) 0.5330(4)

Table 4. Measures of rhombohedral distortion&3¢ perovskites. The entries foy (a+/6) anda
correspond to descriptions on the hexagonal and primitive rhombohedral cells, respectively.

Compound  Temperature c/(av8) a(°) Reference

LaAlO3 Room 0.9978 60.10 Table1

PrAlOs Room 0.9938 60.27 Table 2

NdAIO3 Room 0.9917 60.37 Table 3

BaThG; Room 0.9917 60.37  Jacobsenal [32]

LaGaQy 673 K 0.9894 60.47 Howard and Kennedy [5]

LaGaQ Room 0.9868 60.59 Howard and Kennedy [5]
(by extrapolation)

LaMnO3 350 K 0.9847 60.68 Huaref al [33]

LaNiOg Room 0.9834 60.74  Garcia-Munetal [30]

LaCoG; Room 0.9821 60.80 Thorntaet al [29]

The entries are made in order of increasing rhombohedral distortion, and certain qualitative
conclusions can be drawn about the systematics. The transition to the cubic phase, expected
in principle in all of these perovskites, occurs at around 800 K in LaAt@e least distorted
at room temperature), and at around 1800 K in PrA{the next least distorted). In no other
case has the transition been observed or approached. It seems likely that the greater the
rhombohedral distortion at room temperature, the higher the temperature of the transition to
cubic. Onthe other hand, there appears to be no correlation between the degree of distortion at
room temperature and the low temperature behaviour of these perovskites;L@H#iEand
earlier work), LaNiQ [30] and LaCoQ@ [29] are known to retain the rhombohedral structures to
helium temperatures, whereas PrAlihdergoes two phase transition below room temperature
[22], and LaGa@is in fact orthorhombic at room temperature [5]. The situation for BagldtO
lowtemperaturesis unclear[34, 35]. The rhombohedral distortion is associated with octahedral
tilting (for details see next paragraph), and this in turn is an adaptation of the ideal perovskite
structure to accommodate undersized cations in the A sites [31]. Comparing the three rare-
earth aluminates studied here, the rhombohedral distortion increases in the sequence (of A
site cations) L&, Pr**, Nd**, in order of decreasing ionic radii. Alternatively, comparing
the La compounds, the rhombohedral distortion increases in the sequence (of B site cations)
Al**, G&", in order of increasing ionic radii. These two subsets of the rhomboh&&al
perovskites evidently show the expected trends, however, more complex behaviour is observed
when a transition metal ion (Mn, Co or Ni) is on the B site.

4.2. Octahedral rotation and strain

The rhombohedral distortion in thR3c perovskites is a result of the rotation and strain of
oxygen atom octahedra. The relations of the octahedral rotation angle and strain parameter
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Figure 7. The temperature variation of the octahedral rotation angle in LgAl®he points
represent the values derived from the oxyggmarameter (using equation (1)), and the continuous
curve through these points is obtained from equation (5) (see text). The dashed curve represents
the results obtained by Mler et al [15] using electron paramagnetic resonance techniques.

to the lattice parameters and oxygeiparameter have been presented previously [5, 36]. To
summarize, in the setting &3¢ we have used, the angle of rotatiof the octahedron (away
from its orientation in the cubic perovskite) is given by

tang = 2u~/3 (1)

whereu = x(O) — % The strain parameter, (n > 1,n = 1, n < 1 accordingly as the

octahedron is elongated in the direction parallel to the threefold axis, regular, or compressed
along this axis) is given by

n = cCOS¢. @

a/6

Equation (1) was used to convert the oxygeiparameter to the rotation angle then
equation (2) was employed to evaluate the stgdiom ¢, c anda. In general, the rotation angle
decreases as the temperature increases, and the octahedra are compressed along the threefold
axis, but become more regular as the temperature is increased. The octahedral rotation and the
octahedral strain are, inthe rhombohedral structure, two geometrically independent parameters.
Nevertheless, they are likely to be coupled, and the nature of this coupling (especially in the
vicinity of the rhombohedral to cubic phase transition) is of interest.

4.3. Lanthanum aluminaté&.8AlOs3)

This is the compound on which we have the greatest number of results, and represents the only
case in which we followed the transition into the cubic phase. The temperature variation of
the octahedral rotation angle is shown in figure 7, along with results for the same octahedral
rotation angle obtained by electron paramagnetic resonance measurements dogeel
LaAlO3 [15]. The agreement is generally pleasing, though there are minor discrepancies in
the temperature variation and a relatively small, unexplained, difference of alaouh @he
estimates of octahedral rotation angle at the lowest temperatures.

Thetemperature variation of the octahedral strain, calculated from equation (2), is shownin
figure 8. Giventhe uncertainty in lattice parameters in the vicinity of the phase transition, noted
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Figure 8. The temperature variation of the octahedral strainn the rhombohedral phase, for
each of the compounds studied.

in section 3.1, the calculations are based on lattice parameters obtained from the previously
fitted polynomials, along with the experimentally determined values of the rotation angle

¢. Based on these estimates, the octahedral strain parameter increases smoothly (though not
linearly) towards unity as the phase transition is approached. The question of coupling between
octahedral strain and rotation angle has been considered previously by Megaw and Darlington
[36], who suggested the strain might depend on the square of the rotation angle:

1—1n x @2 3)

In our earlier study of LaGag)5], remote from the phase transition, we were led to doubt a
coupling of this form. By contrast, in the present case of LaAl@hd based on using fitted
rather than measured lattice parameters), by plottirgilversusg? (figure 9) we find that
(3) gives a good description of the coupling near the phase transition, and in fact provides an
adequate description over the entire temperature range.

The octahedral rotation angle can be taken to represent the order parameter, and as such
we sought a function to fit its temperature variation. A reasonable fit in the vicinity of the
transition, that is above about 600 K, can be obtained with a quadratic, of the form

¢ = A(T. — T)*? (4)

where T, is the transition temperature amtd a constant. Such variation is indicative of

a continuous, second order phase transition [37]. The fit provided by equation (4) is,
however, poor at lower temperatures. For this reason we have attempted to fit the data using
¢(T) = £(T)¢(0), whereg (0) is the angle of rotation at 0 K, and T) is the solution of

¢ =tanh g (1+g¢2+heHT./T). (5)

This corresponds to a generalized mean field treatment of the phase transition [38—40].
Mathematically, the variation in(7) (and hence i) can be continuous only for < 1/3.

Forg < 1/3 the leading term in the expansion just beldwis of the form¢ o (T. — T)/?,
correspondingto a second order phase transition. To obtain a continuous variatigaiis

itis also necessary that< 1/5, in which case the leading term in the expansion is of the form

¢ o (T.—T)*4, corresponding to a transition of tricritical type [37]. The functigff) shows
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Figure 9. The variation of 1-  with 2 in the rhombohedral phase, for LaAJQm) PrAlOz (O)
and NdAIQ; (A). The line corresponds to-1 n = 0.72¢2 (¢ in rad) and represents a straight line
fit to the LaAlO; data near the origin.

saturation behaviour at low temperatures, giving better agreement with the observations. We
have successfully fitted our data with a function of this kind (figure 7), with the parameters
¢(0) = 56°, T. = 820K,g = 0, = —0.70. This is consistent with the suggestion that
the transition is second order in nature. We note that the results frolkemét al [15] can be

fitted with a similar function, with paramete¢g0) = 6.2°, T, = 792 K, g = 0, h = —0.53.

4.4. Praseodymium aluminate (PrAJO

In PrAlQO; the structural evolution of the rhombohedral phase was followed to near the phase
transition to cubic, the experiment stopping due to the failure of the sample holder at these high
temperatures, an estimdt® K below the transition temperature. The temperature variation of
the octahedral rotation angle is shown in figure 10. This variation is again well described by the
application of the mean field result, equation (5), the parameters in this casel@jing 8.5°,

T, = 1768 K, g = 1/3, h = —0.95. In PrAlG;, therefore, the rhombohedral to cubic
phase transition appears to be of tricritical type. The temperature variation of the octahedral
strain, calculated as explained in section 4.3, is shown in figure 8. Again, the octahedral
strain parameter increases smoothly towards unity as the phase transition is approached. The
coupling between octahedral strain and rotation angle is well described by (3) near the phase
transition (see figure 9), though the coupling deviates significantly from such a relationship
away from the transition.

4.5. Neodymium aluminate (NdAJO

In the case of NdAIQ, as for LaGa@, which was the subject of our previous study [5],

it became apparent that even at the maximum accessible temperature, we would still be far
below the temperature of the transition to the cubic phase. Accordingly, the measurements on
this compound were stopped at 1673 K. The octahedral rotation was derived as before, and
its temperature variation is shown in figure 10. The temperature variation of the octahedral

strain, and its relationship to the rotation angle, are indicated in figures 8 and 9, respectively.
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Figure 10. The temperature variation of the octahedral rotation angle, derived from the oxygen
position as measured by neutron diffraction, in six rhombohe&Bal perovskites. The results

on the rare-earth aluminates are from the present study, whereas the results og, LaI60;

and LaGaQ@ have been taken or derived from previously published work [5, 29, 30]. The dashed

curves shown fitting the results are obtained by the application of a generalized mean field theory,
as explained in the text.

We believe there is little to gain from any detailed discussion of the functional form of the
temperature variations, nor the strain—rotation coupling, at temperatures which we believe to
be some hundreds of degrees below the phase transition. Nevertheless, a rough fit of a function
similar to that used in the case of PrAJGuggests that the zero temperature rotation angle is
about 94° and the transition temperature about 2180 K.

4.6. Systematic trends and summary

We have completed structural studies of the rhombohedt8t)( rare-earth aluminates,
LaAlO3, PrAIO; and NdAIG;, with particular reference to the rotation and strain of the
oxygen octahedra, and the transition or approach to the cubic phase. When data from our own
previous study on LaGa{}5], and from other neutron diffraction studies of the rhombohedral
perovskites LaCo®[29] and LaNiQ [30] are added, an examination of the systematics is
possible. Measurements have been made at more than one temperature in every case.

It may not yet be possible to predict whether an arbitrary perovskite, AB®ms a
rhombohedral structure, but systematics are evident in series in which either A or B remains
unchanged. As indicated in section 4.1, the rhombohedral distortion increases in sequences in
which either the A site cation decreases in radius or the B site cation increases in radius. A
greater degree of misfit may lead to a more complex (e.g. orthorhombic) distortion, e.g., when
in BaTbQ; the Ba ion is replaced by the smaller Srion or the Tb ion [35] by the larger Pr ion
[32] an orthorhombic perovskite results.

From the neutron diffraction data, octahedral rotation angles can be calculatedt, and these
are displayed as a function of temperature for the six compounds for which such data are

T In calculating the rotation angle for LaCgQve have made the assumption that the lattice parameter at 1248 K
shown in [29] as 5.150(2) A should read 5.510(2) A.
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available (figure 10). In every case, the rotation angle diminishes as the temperature increases,
suggesting an approach towards the cubic phase. Only in the case ofdlsd@he transition

to cubic actually been observed, although in PrAlOseems that the transition was closely
approached. The trend of the data suggests that the transition temperature would be higher for
compounds with larger initial rotation angles, and though the data on this are extremely limited
we conjecture that the transition temperature (if the sample were to survive to the transition)
might vary roughly as the square of the low temperature rotation angle. The temperature
variations of the rotation angles in LaAd@nd PrAIQ have been successfully fitted by the
application of a generalized mean field theory, as explained in sections 4.3 and 4.4. This
analysis indicates that the transition in LaAI@ a second order transition, whereas that in
PrAlQs is of a tricritical type. The reason for this difference (along with differences between
the natures of the transitions in SrZr@nd SrHfQ [3, 6]) is not yet understood.

The variation of the octahedral strain with temperature for the rare-earth aluminates studied
here is shown in figure 8. The coupling of the strain to the rotation angle is of greater interest
here, and this is illustrated in figure 9. It is clear that for LaAhd PrAlQ near the phase
transition, the coupling is well described by the proportionality (3); & « ¢?, although
higher powers ofp are needed to describe the coupling further from the transition. The
initial slope of the 1— n versusp? plot is smaller in the case of PrAlQhan in the case of
LaAlO3, and (extrapolating towards the expected phase transition) smaller again in the case of
NdAIOs. In short, the idea [36] that strain—rotation coupling follows & o ¢ is vindicated
in the vicinity of the phase transition, but the constant of proportionality is not universal.
The temperature dependence of the strain is implied by its coupling to the rotation and the
temperature dependence of the rotation angle—specifically, near the transition for a second
order transition we would have-y « 7.—T and for atricritical transition & 5 o (T,—T)Y2.

It is unfortunate that for most of th3c perovskites the rhombohedral to cubic phase
transition remains inaccessible. Thisis especially the case sinceitis of interestto understand the
nature of the phase transition, including determining how the transition temperature correlates
with the low temperature octahedral rotation angle. A limitation of the present work has been
the difficulty in determining the/a ratio close to the phase transition, and a high resolution
study of perovskites with mixed site occupancies, such as,[Px, AlO3, where the transition
temperature should depend on the extent of substitution, would be worthwhile.
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