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High-resolution powder neutron diffraction data have been collected at ~50 temperatures between 4.2 and
300 K for perovskites Pry_,La,AlO; with x=0, 0.05, 0.1, and 0.25. Structural and lattice parameter data
extracted by Rietveld refinement have then been used to follow details of octahedral tilting and spontaneous
strains associated with the sequence of phase transitions Pm3m « R3¢ < Imma -« C2/m. These are interpreted
in terms of strain/order parameter coupling using a single Landau free-energy expansion for a Pm3m reference
structure with two instabilities (RI and F;’ active). Data from the literature relating to the Pm3m«<— R3¢
transition are consistent with second-order character and an extrapolated transition temperature of 1864+31 K.
The R3¢« Imma transition is first order in character and can be understood as occurring because coupling
takes place between tilting and electronic order-parameter components via a common tetragonal strain. Strains
for the Imma < C2/m transition conform closely to the Landau solution for a proper ferroelastic transition with
second-order character and low-temperature saturation. The acoustic anomaly reported at 118 K appears to be
associated with a metrically tetragonal structure which develops, as an accidental strain degeneracy, at a
temperature between ~110 and ~120 K. Differences in saturation temperatures for the order parameters
associated with tilting and electronic ordering are probably responsible for small additional anomalies in the

evolution of strains below ~110 K.

DOI: 10.1103/PhysRevB.72.024118

I. INTRODUCTION

Spontaneous strain might provide the driving mechanism
for a phase transition or it might occur by coupling with
some other driving mechanism. In both cases, the order pa-
rameter has an effective interaction length in a crystal which
is determined by the length scale of elastic strain fields. As a
consequence, critical fluctuations are suppressed, mean-field
behavior is enhanced, and purely displacive systems with
strain coupling are expected to conform closely to Landau
theory. If the role of strain is so pervasive in determining the
evolution of systems which undergo a single phase transi-
tion, it is likely also to be a dominant mechanism in control-
ling coupling between order parameters in systems with
more than one instability.! For the case of phase transitions
in perovskites, such coupling might be between cation order-
ing, electronic ordering, magnetic ordering, octahedral tilt-
ing, etc. The corollary of this is that observed variations of
spontaneous strains accompanying phase transitions are ex-
pected to provide detailed insights into the mechanisms of
both individual and coupled transitions. High-resolution neu-
tron powder diffraction now permits strains to be measured
with a resolution of ~0.01% or better, and the purpose of the
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present study was to test a model of order-parameter cou-
pling by a common strain mechanism for the specific case of
coupled phase transitions in PrAlO;.

Phase transitions in PrAlO; have attracted particular inter-
est because they involve the superposition of a classical
Jahn-Teller transition on an octahedral tilting system.”!° Un-
derstanding the precise sequence of transitions from the cu-
bic structure above ~1800 K to a monoclinic structure be-
low 150 K has evolved with the improved instrumentation
available. The most recent view!® is that the sequence is

Pm3m— R3c(~1770 K, continuous), R3c¢— Imma (205K,
discontinuous), Imma— C2/m (150 K, continuous). The
rhombohedral structure is stabilized by tilting while the
orthorhombic and monoclinic structures are stabilized by a
combination of tilting and electronic effects.>® There has
been a close examination of a variety of curious properties
suggestive of an additional phase transition at
~118 K37 10ILI3.15.16 The essential point in the present con-
text is that all the structural changes are accompanied by
lattice relaxations and that these in turn, when examined at
sufficiently high resolution, reveal how the crystals evolve
across a multicomponent order-parameter space involving
three discrete phase transitions.
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Neutron powder-diffraction data are analyzed here in
terms of the evolution of symmetry-adapted strains for
samples with compositions PrAlOs;, PrygsLag (503,
PrygoLlag 19003, and Pry75Lag 2505 (referred to below as Pr,
Prys, Prgy, and Prys). LaAlO; and, indeed, NdAlO; undergo

the same high-temperature Pm3m — R3c tilting transition as
PrAlO; but do not have comparable electronically driven
transitions at low temperatures.®!'® Substitution of La for Pr
causes the transition temperatures in PrAlO; to be lowered
and can be used to investigate which aspects of the low-
temperature behavior are intrinsic to the interacting strain
effects and which could be due to accidental degeneracies.

II. PREDICTED STRAIN RELATIONS

Phase transitions in PrAlO; are described here using a
Landau free-energy expansion which includes the contribu-
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tions of both high-temperature octahedral tilting and low-
temperature electronic ordering. The space groups of PrAlO,

structures are all subgroups of Pm3m, which is therefore
used as the reference state. For octahedral tilting transitions,
the active representation is R} (using the notation of Miller
and Love). In the absence of tilting, the electronic transition
would cause a change from cubic to tetragonal symmetry.>8
It can be shown using the group theory program ISOTROPY
(Stokes and Hatch, Brigham Young University) that I'] is the
only zone center representation which leads to a tetragonal
structure and also gives symmetry subgroups Imma and
C2/m when coupled with R}. By itself, therefore, the Jahn-
Teller transition (I'j active) would result in a symmetry

change Pm3m— P4/mmm or Pmmm. Combining expan-
sions for R} (e.g., Refs. 8,20) and I'] active (e.g., Ref. 21)
gives, for the excess free energy,

1 O, O,
ziaes[COth(7)_COth(T)](‘11"'6]2"'%)"' b(‘]]"'%"‘%)z"' b(ql+Q2+C]3)+)\1€a(CI1+512+‘]3)+)\2[etz(2ql %
C

1
- q%) + \’/geoz(qg - q%)] +N\3(e4q195 + €59192 + €69293) + EaJTes,JT[COth(

1
- 3qtzqu) + ZbJT(qu + qtzz)2 + )\I(QOzeoz - qtzetz) + )\aea(CI§Z + ('Itzz) + )\e[qlz(zeé - 6421 - eg) -

1 1
+el)+ g(C‘l’1 +2C%)e + ECZ4(6421 +ei+el).

Here ¢q,, g5, g3 are components of the order parameter for
tilting. They can be thought of as relating to rotations of the
AlOg¢ octahedra about reference axes Z, X, and Y, respec-
tively, i.e., g] d)z, q,* ¢x, g3 ¢y. The total tilt angle
B(=\ i+ by + ¢z

) should scale linearly with the scalar order
parameter (Vq; +q2+qg) The order parameter with I'] active

6s,JT 6s,JT 1
o ) - coth( T %z + qtz) + 3 ”JT(fItz

c,JT

1
_
V3qo,(e5—€3)]+ 2(Ch ),

(1)

has two components, g, and ¢,. These are given here as ¢,
q.,» With the subscript z added to indicate that they are speci-
fied for a unit-cell orientation which has its unique tetragonal
axis parallel to Z. Saturation effects, as expressed in terms of
saturation temperatures, O, and Oq jt, are included following

the approach of Salje er al.?* CY,, CY,, and Cj, are elastic

TABLE I. Properties of selected subgroups of space group Pm3m derived by coupling between separate
order parameters associated with T'} and R} representations. The orientations are as given in Howard and

Stokes,?® and as used in Carpenter et al.>’

Order-parameter

components Relationships
between order-parameter
Subgroup R} ri components Lattice vectors Origin
P4/mmm 000 4,0 (100),(010),(001)  (000)
Pmmm 000 G0z (100),(010),(001) (000)
R3c 919293 00 91=92=93 (110),(011),(222)  (000)
14/ mem 4,00 41,0 (110),(110),(002) (000)
Imma 91043 Gulor 0120300, =\34,, (011),(200),(011) (000)
C2/m q10q3 G290z (020),(200),(011) (1/2 172 0)
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constants of the parent (cubic) phase. Terms describing direct
coupling between the order parameters, such as )\[qu(Zq%
~45-43)—\340,(q5—¢3)], could have been included but the
model presented here is based on the assumption that such
coupling occurs indirectly by overlap of strains common to
both I'] and R} processes. Direct coupling terms are not
considered further, therefore.

Of principal interest in the present context are the terms in
g and e, which represent coupling between the order-
parameter components and strain. These were obtained using
the group theory program ISOTROPY. Linear strains e, e;, €3
(parallel to X, Y, and Z) are given as symmetry-adapted com-
binations,

e,=(e;+ey+e3), (2)
€0z = (61 - 62), (3)
1
ey="=(Q2es—e;—ey), 4)
V3

where the subscript z has been added to signify that the
unique axis for the tetragonal strain, e, is parallel to the
reference Z axis. For Imma and C2/m structures, in which
both sets of order-parameter components have nonzero val-
ues, it turns out that the important strains are expressed more
conveniently as e,, and e, where

€ox = (62 - 63)’ (5)
1
en="7=(2e;—ey—e3). (6)
V3

Here the unique axis of the tetragonal strain is parallel to the
reference X axis. Shear strains ey, es, and eg4 lie in the planes
YZ, XZ, and XY, respectively.

Table 1 lists the properties of selected subgroups of Pm3m
for which R} and I'j are the active representations. The ori-
entation relationships listed in Table I are also illustrated for
unit cells of the I4/mcm, Imma, and C2/m structures in Fig.
1. These orientations are the same as used elsewhere for the
formal analysis of tilting transitions?*2? but differ from those

Q
Il

C

0, 1 1.
- COth( >:;,JT> j| (qu + Qtzz) + EMJT(C]?Z - 3qtzq§z) + ZbJT(Q§Z + qt22)2 -

cJT

Mo
+ 1 ) 0
E(Cu -Ch)

1 o, o, 1. 1 1 o,
Eaes[coth<7‘) - coth(7> } (g;+ 5 +q3) + 20 @G+ B+ + b (g1 + a3+ g3 + Eanesn{coth< T’JT)

3)\6
Cla

(9024 = 5 = 43) = \3qu(d5 = 431 +
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Cla/mem

..................

FIG. 1. Relationships between unit-cell orientations for
I4/mcem, Imma, and C2/m structures, as specified by symmetry
requirements for phase transitions from a Pm3m parent structure.
The 12/m structure is in the same orientation as the Imma structure,
but with 8+ 90°.

used previously to describe the structural evolution of
PrAlO;. The C2/m structure is more conveniently described
in terms of an /2/m cell which has the same orientation as
the Imma cell. Strain/order-parameter relationships for all
these structures, as derived from the equilibrium conditions
dG/de;=0, are listed in Table II. Definitions of the strains in
terms of lattice parameters are also given in Table II.

The renormalized form of Eq. (1) obtained by substituting
for all strain terms (and assuming Cy,>\,) is

4

N\, 2. 2 2w, 2 2
T o @+ +q3) g, +qy)
%(C(fl + 2C(1)2) ql q2 C]3 qoz qtz
[9-Ca303 - 4195 — 4193) — V349.:-(a193 - 41951, (7)
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TABLE II. Strain/order-parameter relationships derived from Eq. (1), together with definitions of strain components in terms of the lattice
parameter for each structure type; a, is the unit-cell dimension of the cubic reference structure. The subscript pc is used to signify that the
strains for R3¢ are defined using pseudocubic lattice parameters. Note that the expression for e¢;, e,, and e; of the R3¢ structure is an
approximation which is valid for values of o that differ only very slightly from 90°. Components gy, qox listed here are related to gy, g,

. I~ Iry
n Eq (1) by thzé(qtz"' VGQOZ)’ qoxzé(V3Qtz_QOz)’

R3c Imma

12/m

e,==3N\1q1/1/3(C3,+2C3,)
e=e,=0

eox=0

€4=€5=€6=—7\3q%/CZ4

€5=€6=0

ej=ey=e3=dp./a,—1 e1=b/2a,-1

62=€3=1/2((1/\an+6/ \an—Z)

e4=(ape/ ay)cos ape

ea=(=2N\ 1T =Ngo) 11/3(C9,+2C3,)
Cix= (2)\241%_ )\tth)/ 1 /Z(C(l)l - C(l)z)

e4=—N3q7/(Co—4Neqry)

es=al\2a,~c/\2a,

ea=(-Nlgi+a31-Nlap+q0,D/1/3(CF, +2C5,)
ew=(Nalg1+43]-Mgo) /1/2(CY = CFy)
eox=(V3N[g1 =431~ Ngox) 1 1/2(C, = CF)
e4=-N3q193/ (Ciy—4Neqy)
es=e4=0
e1=b/2a,-1

es=1/2((al\2a,)(sin B+cos B)+c/\2a,~2)
e3=1/2((a/\2a,)(sin B—cos B)+c/2a,—2)

eq=(al\2a,)sin B—c/\2a,

where
i 2\2 4N2 A2
b=b-f——t—2— -2 (8)
§(C11+2C12) E(C?l‘clz) Cuy
. 1272 A2
b b~ ©)
E(Cll_ ) CZ4
. A
Topp=Ter+ 7T o= (10)
. aJT%(C(l)l_ ?2)
. 2\2
byp=byp— ————. (11)
" 5(C +20%)

For tilting alone (g.,=¢,,=0) and assuming that contribu-
tions of sixth-order terms in ¢, g,, g3 are small, stable prod-

ucts will have R3¢ or I4/mcm symmetry, depending on the
actual values of the fourth-order coefficients, b and b'”. The

R3¢ form is stable in PrAlO; and the solution to Eq. (7) for
the Pm3m— R3¢ transition, assuming second-order charac-

ter, is
’ a®, O, O,
q1=75 | cothl — | —coth{ —]|. (12)
3b"+b T. T

An Imma structure would have energies always intermediate

between those of the R3¢ and I4/mcm structures and, there-
fore, would not have an equilibrium stability field.>%?4>3 By
analogy with the sequence of phase transitions in BaTiO;,
which is associated with a single critical temperature, a se-

quence Pm3m— R3c— Imma— I4/mcm due to octahedral
tilting alone could only be possible if the sixth-order terms
were significant and the contribution of fourth-order terms
negative’® (246 potential). For this case, the transitions
would all be first order in character.

In the absence of tilting, Eq. (1) would describe a transi-

tion from Pm3m to P4/mmm(q,,#0,q,,=0) or Pmmm(q,,

#0,q,,#0), driven by electronic ordering. In the tilted sys-
tem, this is modified by coupling between the two sets of
order parameters via common strains. Apart from the volume
strains, e,, there are no nonzero strains common to both

P4/mmm and R3c structures, however. Any effective cou-
pling between the two sets of order-parameter components is
therefore restricted to terms in ¢2,¢7 and ¢2q7. On the other
hand, there is a tetragonal strain common to both P4/mmm
and Imma structures that gives rise to coupling terms of the
form qtzq% and qozq%. For the orientation relationships in
Table II and Fig. 1, this common strain will be e, and the
relevant twin orientation of the P4/mmm structure has its
unique tetragonal axis parallel to X. Such a twin orientation
has

1 =
G = E(qtz+ V34o,), (13)

1
Gox = 5(\/§th - qoz) =0. (14)

The strain e, due to tilting will act as an applied field for the
electronic ordering such that a degree of ordering will be

ES

induced above the transition temperature, 7. For T,
# . 4 .

>T. ;1 the Jahn-Teller effects occur in a crystal which has

nearly constant tilt angles. In this case the stability of the

Imma structure can be described by

1 O, O, 1
G= _aJTes,JT[COth< TJT> - COth(T’”) } qtzx - _MJqux

2 TC,JT 3
1 . 2N A 2NN
+ bt~ a 22 7
4 114t %(CT1+2C(1)2)% q1 %(C(l,l_ (1,2)%%
e
- x4q1- 15
CZ4 9491 (15)

At equilibrium, the evolution of g, in the Imma structure is
given by
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9G S) 0
— =0=a;19 1 COth( S’JT) - COth( f’JT) 9 — MJquzx
9qx ’ T

c,JT
. ANN, W V.
+ by — Gudi + a;
' %(C(l)l +2C1,) t %(C(l)l -CY)
2,
-— 16
e "

for which g =0 is not a solution. Thus, coupling via e, will

stabilize an Imma tilt system preferentially to the R3c tilt
system at all temperatures in the classic manner of behavior
induced by an external field.”” While the Imma structure pro-

duced by tilting alone cannot be stable with respect to R3¢ in

PrAlO;, a first-order transition R3¢ — Imma will neverthe-
less be induced when the additional (negative) energy given
by Eq. (15) becomes greater that the free-energy difference

between the R3¢ and Imma tilted structures.

The Imma— C2/m transition is permitted by symmetry to
be second order in character. With respect to the cubic refer-
ence system used here, the excess free energy for this tran-
sition is given by the difference between the excess energy

for Pm3m— C2/m, Geoyp and for Pm3m—s Imma, Gy
For a system with a fixed value of the octahedral tilt combi-
nation q%+q§, this is

1 Ogr Ogr
Geoym = Grmma = EaJTes,JT|:COth( ;, ) - COth( > Tax
c,JT

I .
+ uJquxqu + _bJT(Q§x + Zq?xqix)

4
2)\1)\3 2 2 2 2 2 2
- ox( + - x( -
%(C?1+2C?2)[q a1 +43) — au(q1 — 43)]
Mo - .,
+ —(\"3QOX —-q x)(ql - Q3)
3¢5, - ¢ t
2N\
= e di (@ - 4. (17)
44

The driving order parameter is g, and this couples bilinearly
with the symmetry-breaking strain, e,. As required by sym-
metry, there are no terms which are third order in ¢g,,. The tilt
combination (g7 —¢3) scales as g, (see Sec. V below), so that
the combination qox(q%—qg) actually behaves as q(z)x. The ef-
fect of all the coupling terms which include g2 is to renor-
malize the transition temperature from TZ"JT to the observed
value at T:jT. A curious feature emerges from the fact that g,
is already nonzero at 7> T:}T. Terms in th(qf—qg) and
q- (2 q3) actually behave as gygox and gAgey With the im-
plication that g, # 0 in the /mma structure introduces an ef-
fective field for the Imma— C2/m transition and should
cause a tail in ¢, above T:jT. These field terms might be
negligible given that g, is itself likely to be small in the
Imma structure, which owes its stability, with respect to the
cubic parent structure, predominantly to octahedral tilting. In
practice, the transition could follow quite closely the solution
for a second-order transition comparable in form to Eq. (12).
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Within the stability field of the C2/m structure, lattice
geometry is determined by the strength of coupling between
each of the four order-parameter components (¢, ,¢3,4t>9o;)
and the strains ey, €., €,, €4. The strain e,,, defined with
respect to cubic reference axes, becomes es(~cos B) if ref-
erence axes parallel to the crystallographic axes of the Imma
structure are used. There are insufficient experimental data
available to permit calibration of all the coefficients in Eq.
(1), but the structural data presented below allow the model
to be tested by comparing certain of the observed and pre-
dicted strain/strain or strain/order-parameter relationships.

III. EXPERIMENTAL METHODS AND DATA
PROCESSING

To prepare the samples of Pryqg, Pros, and Pryy, appropri-
ate stoichiometric amounts of Pr¢O;;, La,0O;, and
AI(NO3)5-9H,0O were thoroughly mixed and ground. The
material was then transferred to an alumina crucible and
heated for 24 h at each of 600, 800, 950, and 1200 °C, the
material being reground after each heating step. The material
was finally heated at 1200 °C for a further 96 h. Sample
purity was monitored using powder x-ray diffraction em-
ploying Cu Ka radiation. Neutron diffraction patterns
showed that small amounts of Al,O5 remained as an impu-
rity in the final products. The sample of Pr;5 was made at a
later date, using a slightly different recipe. Al,O; was used
as a starting material instead of AI(NOs);-9H,0. The same
final annealing temperature was used but the annealing time
was increased, as was the number of regrindings. The final
product contained slightly more Al,O; than the other
samples, and had somewhat broader powder diffraction
peaks.

The neutron diffraction patterns were recorded using the
high-resolution powder diffractometer, HRPD, at the ISIS
neutron facility, Rutherford Appleton Laboratories (RAL).?8
The same procedure was followed for each of the Pryq, Pros,
and Pryy samples. The powdered sample was lightly packed
into an aluminum can of slab geometry, area 20 X 20 mm, 10
mm thick, with thin neutron-transparent windows front and
back. Heat was supplied to the sample through a 100 W
cartridge heater inserted in the side wall of the sample can
and temperature was monitored through a Rh/Fe sensor lo-
cated in the opposite wall. A gadolinium, neutron-absorbing
mask was attached to the side of the can facing the incident
beam and back-scattering detectors to prevent contaminant
Bragg peaks arising from either the body of the sample can,
including sensor and heater, or the stainless steel frames sup-
porting the vanadium windows. The assembly was attached
to a center stick and mounted in an AS Scientific, 50 mm
diameter, “Orange” helium cryostat, located at the 1 m posi-
tion of the diffractometer.?® The exchange gas was He at 30
mbar. Diffraction patterns were recorded in the back-
scattering detector bank over the time-of-flight range 30-130
ms, corresponding to d spacings from 0.6 to 2.6 A. The
instrumental resolution in these patterns is od/d=~4X 1074,
independent of d. The patterns were normalized to the inci-
dent beam spectrum as recorded in the upstream monitor,
and corrected for detector efficiency according to prior cali-
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bration with a vanadium scan. After recording a pattern at
room temperature, the sample was cooled, then patterns re-
corded at 4.2 K, at 10 K, then in 10 K steps to 130 K, at 135
K, at 140 K, then in 2 K steps to 160 K, in 5 K steps to 190
K, in 2 K steps to 210 K, and finally in 10 K steps to 300 K.
Temperatures were measured and controlled to a precision of
about +£0.2 K. The temperatures were chosen, based on pre-
viously reported temperatures, in an attempt to provide finer
(2 K) steps through the phase transitions. Most patterns were
recorded to a total incident proton beam of about 8 uA h,
corresponding to approximately 15 min, sufficient to give a
good determination of lattice parameters and reasonable es-
timates of the internal coordinates. At 4.2, 50, 100, 140, 160,
and 185 K and at room temperature, longer counting expo-
sures in the range 20-50 uA h were employed, so as to
provide a number of superior structure determinations in the
temperature ranges of interest. Diffraction patterns were col-
lected at a later date from Pr,s. They do not necessarily fol-
low exactly the same temperature scale because of the pos-
sibility of drift in the Rh/Fe sensor over the period of 19
months between data collections.

Different phases were identified by close inspection of the
diffraction patterns as being consistent with the scheme pro-
posed by Moussa et al.'® These identifications were con-
firmed, and both lattice parameters and atomic coordinates
determined, using the Rietveld method as implemented in the
GSAS computer program.?’ The peak shapes were modeled
as convolutions of exponential with pseudo-Voigt?® in which
two peak width parameters were varied, and the background
as eight-parameter shifted Chebyshev polynomials. Atomic
displacement parameters were also refined, though only for
the hexagonal structure could the refinement of a full set of
anisotropic displacement parameters be supported. The com-
puter program RIETICA’ was used to check all results. Dif-
fraction patterns from Pry5 in the vicinity of the discontinu-

ous R3c«Imma transition showed sufficiently clear
evidence of two-phase coexistence that lattice parameters
could be obtained for both phases between 160 and 188 K.
Certain aspects of the data processing will be explained in
greater detail below.

IV. STRUCTURE ANALYSIS OF PrAlO;
A. Diffraction patterns and structures

Extracts from the diffraction patterns from PrAlO; re-
corded at several temperatures (10, 100, 140, 185, and 300
K) are shown in Fig. 2. The main peaks, marked using indi-
ces based on the unit cell of the parent cubic structure, show
splitting due to the distortion of this “pseudocubic cell.”3! In
the pattern recorded at 300 K, the 111 peak shows well re-
solved splitting to form a doublet with a 1:3 intensity ratio,
whereas the 200 peak remains narrow, this being character-
istic of patterns from the rhombohedral phase. Comparison
of the pattern shown here [Fig. 2(a)] with that in Fig. 4 of
Howard, Kennedy, and Chakoumakos!” shows that much
higher resolution has been achieved in the present work. At
185 K, in the orthorhombic phase, the peaks in the 111 dou-
blet have approximately equal intensities, and the 200 peak

PHYSICAL REVIEW B 72, 024118 (2005)
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FIG. 2. (a) Segments from diffraction patterns recorded from
PrAlOs; at five different temperatures. Crosses indicate the observed
data, while the continuous lines are fits obtained by the Rietveld
method, assuming structures in /2/m at 10, 100, and 140 K, in
Imma at 185 K, and in R3¢ at 300 K. Indexing of the main peaks is
based on the parent perovskite; the superlattice peaks arising from
out-of-phase (R-point) octahedral tilting are also indicated. The as-
terisk marks a very weak peak from Al,O3 impurity. (b) Detail of
the splitting of the 200 peak over the temperature range 158—130 K.
The peaks index as 040 and 202 in the orthorhombic structure, and
the 202 peak, which is broadened above the transition, becomes a

202/202 doublet in the monoclinic phase.

also splits, giving a doublet with intensity ratio approxi-
mately 1:2. Below 150 K, further splitting of peaks can be
seen—for example [see Fig. 2(b)], intensity is detached from
the longer d-spacing side of the 200 doublet and moves to
the shorter d-spacing side as the temperature is reduced to
140 K. At 100 K, the splitting at 111 is much reduced and the
intensities in the 200 doublet reversed (compared with ortho-
rhombic), suggestive of tetragonal symmetry. However, as
shown below, tetragonal symmetry is approached, but not
achieved, even at 4.2 K. Aside from the peak splitting just
discussed, all patterns show superlattice peaks arising from
out-of-phase octahedral tilting (R-point distortions??), char-
acterized by half-integral indices when referred to the
pseudocubic cell. Figure 2(a) includes calculated patterns
following analysis by the Rietveld method, assuming struc
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TABLE III. Details of the structures of PrAlO; at selected temperatures.

Atom x y z Uiio(A?) X 102
T=4.2 K, space group 12/m, a=5.3189(1), b=7.4797(2), ¢=5.3299(1)A, B5=90.753(1)°

Pr 0.2524(14) 0 0.7517(12) 0.42(4)
Al 1/4 1/4 1/4 0.57(5)
o1 0.2177(8) 0 0.2067(8) 0.38(11)
02 0 0.2904(8) 0 0.98(13)
03 1/2 0.2588(7) 0 0.71(4)
T=100 K, space group 12/m, a=5.3183(1), b=7.4835(2), c=5.3313(1)A, £=90.703(1)°

Pr 0.2525(14) 0 0.7507(12) 0.39(4)
Al 1/4 1/4 1/4 0.51(6)
Ol 0.2206(9) 0 0.2049(8) 0.51(12)
02 0 0.2897(8) 0 0.82(13)
03 1/2 0.2605(7) 0 0.67(5)
T=140 K, space group 12/m, a=5.3109(1), b=7.4907(1), c=5.3394(1)A, B=90.413(1)°

Pr 0.2498(8) 0 0.7483(6) 0.44(4)
Al 1/4 1/4 1/4 0.53(6)
o1 0.2351(5) 0 0.1979(4) 0.55(6)
02 0 0.2849(3) 0 0.73(6)
03 1/2 0.2696(4) 0 0.68(6)
T=185 K, space group Imma, a=5.3092(1), b=7.4969(1), c=5.3423(1)A

Pr 0 1/4 0.5018(4) 0.55(4)
Al 0 0 0 0.57(5)
o1 0 1/4 0.0527(3) 0.57(4)
02 1/4 -0.0277(1) 1/4 0.83(3)
T=300 K, space group R3c, a=5.33375(2), ¢=12.9773(1)A

Pr 0 0 1/4 0.70(3)
Al 0 0 0 0.70(4)
(0] 0.5428(1) 0 1/4 0.91(2)

tures in 12/m, Imma, or R3¢ as appropriate. Details of these
structures at selected temperatures are reported in Table III.

B. Lattice parameters

The Rietveld method was used to fit all patterns from
PrAlQO;, assuming initially the structures in /2/m from 4.2 K

to 165 K, in Imma from 170 to 210 K, and in R3¢ from 220
K to room temperature. Precise lattice parameters were ob-
tained in every case. However, the refinements did not give a
direct measure of the temperature of the continuous transi-
tion from /2/m to Imma, because the monoclinic phase pro-
vided a better fit to the broadened peaks [evident in Fig.
2(b)] to temperatures well above the transition. This might be
the tail above TijT predicted by Eq. (17), or it might be a
classical effect of susceptibility (as discussed in the follow-
ing section). However, based on fitting the temperature varia-
tion of the angle 8 and by examining inflections evident in
the temperature variation of other lattice parameters, we have
estimated the temperature of the transition to be 151.3 K (see
Sec. V, below). The analysis was therefore completed assum-
ing I12/m to 150 K, and then Imma. Figure 3 shows the
temperature dependence of the lattice parameters obtained in
the final analysis, along with the cube root of the unit-cell
volume, suitably scaled. Inflections in lattice parameters evi-

dent at around 150 K were similarly evident in the initial
refinements (that is assuming 72/m to 165 K) and are thus
not artefacts associated with the (assumed) change in space-
group symmetry. Lattice parameters for Prgs, Proy, and Prss
were obtained in a similar way.

3.78 1

i i 190.8
100000004, f i
b : ! e T 90.7
= 377 {aansasnasd®e i““_ leos
}; ©°/m ¢ {Imma ! R3 v
E 3.7 mEnEEEEEE, ' wyvvv V1905
N Y P 1904
o . J90.3
8 375 b b v
g K EAA‘ AAAAAA CTT
oo®® P ! {90.1
3.74 -Iooooooo‘ : :
I T »- - 90.0

0 50 100 150 200 250 300
Temperature (K)

FIG. 3. (Color online) Lattice parameters for PrAlO;, suitably
scaled, as a function of temperature. The a’, b’, ¢’ parameters plot-
ted here are related to the lattice parameters by a’=a/ N2, b =b/2,
c'=c/\2 in the 12/m and Imma structures, and a’'=a/\2, ¢’
=¢/\12 in R3c. The cube root of the volume per formula unit is
also shown.
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FIG. 4. Widths of selected diffraction peaks as a function of
temperature. The narrower peak is from the 040 reflection (ortho-
rhombic indexing); the wider peak is from the orthorhombic 202
reflection above the transition and from each of the 202/202 dou-
blets below it. The peaks themselves are shown in Fig. 2(b).

C. Peak broadening

Diffraction peak broadening, noted in the previous para-
graph and evident in Fig. 2(b), provides further evidence on
the nature of the Imma«— I2/m transition. In a proper fer-
roelastic transition, reflections which are split in diffraction
patterns from the low-symmetry phase but merge in diffrac-
tion patterns from the high-symmetry phase can show broad-
ening which reflects the susceptibility, y, of the order param-
eter. The behavior of As,Os in this regard® provides a
convenient analogy for understanding the line broadening
observed here. Defining the intrinsic linewidth due to the
sample as I, the evolution of the 202 reflection (splits into

202 and 202 below T,) is expected to follow:
Ty oo |T=T[7Y (18)

with y=1 for a Landau second-order transition. I" is thus
expected to increase as 7, is approached from above or be-
low and is expected to display a singularity at 7=7,. This
peak broadening is most conveniently followed by examina-
tion of the peaks shown in Fig. 2(b), corresponding to 200 in
the cubic perovskite, and indexing as 040 and 202 in the
orthorhombic structure. The 040 peak should be unaffected
by the transition, but 202 splits in the monoclinic structure

into a 202/202 doublet. The widths of these peaks have been
estimated simply from the widths of fitted pseudo-Voigt
functions, two such functions being used to fit the ortho-
rhombic 040/202 pair at 152 K and above, and three for the
monoclinic at lower temperatures. In the latter case, the

widths of the 202 and 202 peaks were constrained to be
equal. The results are shown in Fig. 4. Whereas the width of
040 is essentially constant though the transition, the widths

of the orthorhombic 202 and 202/202 monoclinic peaks both
increase as the transition temperature is approached and give
a singularity at ~150 K (compare with Fig. 5 of Ref. 32).
Instrumental contributions to the linewidths have not been
determined, but this result is consistent with the classical
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picture of a proper ferroelastic transition which is second
order in character.

The R3¢ < Imma transition is not marked by line broad-
ening so much as by overlapping peaks, implying the coex-

istence of R3¢ and Imma structures over some narrow tem-
perature interval.

D. Octahedral tilting

The Rietveld refinements yielded estimates of the internal
atomic coordinates at every temperature. Inspection of Table
IIT indicates which atomic position parameters are variable in
each of the different structures. Al remains at the inversion
center in all structures (note, however, the origin shift be-
tween space groups 12/m and Imma), and movements of the
Pr atom do not significantly exceed the estimated standard
deviations. The main changes are in the positions of the oxy-
gen atoms, associated with different patterns and different
degrees of octahedral tilting, and particularly impacting on
the Pr-O bond lengths.

In R3c, the only variable position parameter is x(O), and
from this we deduce!” that the AlO4 octahedron is tilted
around its threefold, [111], axis by an angle ¢ given by

tan ¢ =2[x(0) — 1/2]4/3. (19)

All directions are given with respect to the cubic aristotype.
In Imma, the tilting is around the twofold axis ([011]), and
leads to shifts z(O1) of the apical oxygen and y(O2) of the
equatorial oxygen atoms. The tilt angle ¢ is estimated from
the former by

tan ¢ =2z(01)42. (20)

(The lattice parameters have been removed from this and
subsequent expressions by the use of very good approxima-
tions such as a=b/\2=c and, in 12/m, B=90°.) Were the
octahedra to tilt as rigid units, the two shifts would be related
by z2(01)=-2y(02), and z(O1) in Eq. (20) could be replaced
by —2y(02). It can be seen from the entry under Imma in
Table III, as well as from our other data, that this condition is
satisfied to a sensible approximation, and we have used the
average of z(O1) and —2y(02) in the above equation to ob-
tain our estimates of tilt. Were the octahedra to tilt rigidly
about [011] (a axis in Imma), the dimension along a would
be unchanged and the other dimensions shortened on account
of the tilting. After scaling as for the plot in Fig. 3, the a
parameter would be the largest. This is not the case—
evidently octahedral distortion more than compensates for
the effects of tilting on the lattice dimensions. There is thus
no prospect of estimating tilt angles from lattice parameters.

In 12/m, there is tilting about two axes, and the reduction
of oxygen coordinates to octahedral tilt angles is correspond-
ingly more difficult. The octahedra tilt about both [010] and
[001] directions of the parent perovskite or, in other words,

about both the [011] and [011] directions, which are the a
and ¢ axes in /2/m. The analysis starts with an identification
of the oxygen atoms comprising the octahedron centered on
the Al atom at 1/4, 1/4, 1/4. The apical oxygens O1 are at
x(01),0,z(01) (values as in Table III) and 1/2-x(01),1/2,
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1/2-z(0O1), and the tilts around the a and ¢ axes might be
determined from the departures from 1/4 of z(O1) and
x(01), respectively. Specifically, these tilt angles ¢, and ¢,
might be estimated from

tan ¢, = 2[1/4 — z(O1)]\2 21)
and
tan ¢, = 2[x(O1) — 1/4]\2. (22)

The equatorial oxygens O2 and O3 are at 0,y(02),0;1/2,
1/2-y(02),1/2; 1/2,y(03),0; 0,1/2-y(03),1/2. In this case,
rigid tilting of the octahedra would lead to

y(03) —y(02) =x(01) - 1/4 (23)
and
y(02) +y(03) - 1/2=1/4 - z(O1). (24)

Since these equalities are seen to hold to a reasonable ap-
proximation, we conclude that the distortion associated with
octahedral tilting is not excessive, and again we use averages
in estimating the tilt angles. The net tilt in /2/m is computed
as the vector sum of tilts ¢, on the a axis and ¢, on the ¢
axis. This is a tilt of magnitude ¢= \J'qﬁ§+ (bz around an axis
lying in the a-c plane [(100) in the parent perovskite] making
angles ¢=tan™!(¢,/ ¢,) with the a axis ([011]), and i+ /4
with the parent [001]. The results from these analyses of
octahedral tilting are presented in Fig. 5. An alternative ac-
count of the tilts can be given by resolving into component
tilts, ¢y, Py, @, occurring about [100], [010], and [001]
axes, respectively, of the cubic parent structure. For the
structures in /2/m, the values of ¢y and ¢, are given by
dy=cpcos(m/4—p) and ¢,=c¢sin(mw/4—4). The tilt in
Imma can be similarly resolved, with =0 in this case.

A remarkable feature apparent in Fig. 5(a) is that the oc-
tahedral tilt angle ¢ changes very little as the tilt axis
switches discontinuously from [111] to [011] through the

transition R3¢ to Imma and then swings continuously from
[011] towards [001] in the I2/m structure [Fig. 5(a)]. Figure
5(a) also shows the (negative of) angle i, measuring the
movement of the tilt axis away from [011] toward [001].
Were the tilt axis [001], the structure would be tetragonal in
I4/mcem, but the above analysis shows that ¢=35° at the
lowest temperatures, still some 10° short of [001].

The tilt angles, ¢, and ¢y, are expected to scale with the
order-parameter components ¢g; and gz. These will be ana-
lyzed below in terms of the variations of ¢7 and ¢3, so all the
tilt angle data are shown together in Figs. 5(b) and 5(c) as q%
and ¢3. ¢ varies linearly with ¢7 as they diverge below the
Imma < C2/m transition point but (b?, does not quite reach
zero. Figure 5(b) has qualitatively the same form as Fig. 9(a)
of Harley et al.’

E. Bond lengths

Electronic effects at low temperatures are expected to be
evident from the immediate environment of the Pr>* ion, and
in particular from the Pr-O bond lengths. These can be ob-
tained from our results (lattice parameters plus internal coor-
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FIG. 5. Variations of octahedral tilt angles. (a) The octahedral
tilt angle ¢ appears to vary continuously through the R3¢ < Imma
and Imma < C2/m transitions. The tilt axis is along [111] from 220
K, along [011] from 170 to 210 K, and below this temperature lies
in the (100) plane making an angle 45° + ¢ with [001]. Though the
tilt axis approaches [001], it remains 10° from it at the lowest tem-
peratures. (b) The Imma <+ C2/m transition is marked by the diver-
gence of ¢, and ¢y. (c) A straight line fit to the data between 150
and 120 K shows that ¢} varies linearly with ¢% in the C2/m
structure.

dinates) and are shown, for the temperature range of this
study, in Fig. 6. At very high temperatures, in the cubic struc-
ture, there are 12 equal Pr-O distances. The equality is bro-
ken by octahedral tilting, to give three shorter bonds, six
medium bonds, and three longer bonds, at the onset of the

transition to the R3¢ structure. This is the coordination at
room temperature. There is a further lifting of degeneracies
at the transition to the /mma phase, where the sets of three
bonds split into 1 plus 2, and the set of six into 2 plus 2 plus
2. The end result (Fig. 6) is five distinct Pr-O bond lengths in
sets of 1, 4, 2, 4, and 1. In the C2/m phase, eight distinct
bond lengths develop, in sets of 1, 2, 1,2, 2, 1, 2, and 1. At
the lowest temperatures, these bond lengths tend to fall into

024118-9



CARPENTER et al.

3.0 T
Ji1) oo oee
29 (2);73::v:

:::: ®00s00004e(3)
(1) mex®rux_wxpa 4

*
*

2.8 4

27 (@)= nEgran® - sz(#(““‘EE)‘AAAAAAAAA(G)
~

26-(2) smrantatans, o

' "‘3 @
o5 (1)e*% e%" haP Y
{2) 0‘"000,‘0.0
"yl

Pr-O distance (A)

24 1(1) "o PR ETERR (1) swannznnn(3)

T T T T T
0 50 100 150 200 250 300
Temperature (K)

FIG. 6. Temperature variation of the Pr-O bond lengths in
PrAlO;. The number in parentheses indicates the number of Pr-O
bonds at the indicated length, the total number of Pr-O bonds being
12.

groups: four shorter bonds (1 plus 2 plus 1), four medium
bonds (2 plus 2), and four longer bonds (1 plus 2 plus 1).
Based on our refinements, we see this tendency for grouping
of bond lengths, but we do not yet see just the three distinct
bond lengths, four bonds of each length, as would be the case
for tetragonal (I4/mcm) symmetry.

F. The 118 K anomaly

We conclude this section with a brief comment on the
suggestions of an additional 118 K transition, and of tetrag-
onal symmetry at low temperature. For the former, our study
might be regarded as the careful neutron diffraction study
suggested by Fleury, Lazay, and Van Uitert,” but we see
nothing unusual in the structural parameters around this tem-
perature (Figs. 3-5). In particular, we have recorded a pattern
overnight at 100 K, to a total incident proton beam of
230 nA h, but can discern no evidence in this pattern of any
triclinic distortion, such as might be suggested from the EPR
data.’> As regards tetragonal symmetry at low temperature,
the unit cell at 4.2 K is very nearly tetragonal, but it can be
seen in Fig. 7 that assuming the I4/mcm structure leads to a
lower-quality fit to the diffraction pattern recorded.

V. STRAIN ANALYSIS

There are no experimental data for the lattice parameter of
cubic PrAlO; and values of the reference parameter, a,, for
this structure cannot be extrapolated from high temperatures
in the usual way. It is necessary, therefore, to resort to the
approximation

(25)

2 1/3
ay= V'V = (aTcT sin 277/3) ,

6

where ag and ¢y are trigonal unit-cell parameters for the R3¢
structure. Values of the volume strain, e,, are highly sensitive
to the choice of a,, while values of the shear strains, e,, e,
and ey, are relatively insensitive to this choice.
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FIG. 7. Comparison of tetragonal (//4mcm) and monoclinic
(I2/m) models for the structure at low temperature. The figure
shows the pattern recorded at 4.2 K (crosses) and the best fit ob-
tained in each case (continuous curve through the pattern). The
continuous curve below each pattern represents the difference be-
tween the observed pattern and the calculated one. A significantly
better fit (R,,,=8.8% cf R,,,=12.2%) is obtained from the assump-
tion of monoclinic symmetry.

The baseline parameter, a,, is itself subject to saturation
effects, due to the normal effects of thermal expansion as T
— 0 K. The extrapolation of high-temperature data can be
described by a function of the form?2333

eSO
T ) ’ 26)

a,=a;+ a0, coth(

where O, is the saturation temperature for the lattice param-

eter of the Pm3m structure. Because of the complication of
the additional phase transitions below room temperature,
there are insufficient data to constrain a value for O, reli-
ably. The same problem does not arise at La-rich composi-
tions in the (La,Pr)AlOj; solid solution, however, and O,
~300 K provides a reasonable description of the data of
Kennedy et al.'® for several samples with different La, Pr
contents. This value was adopted to fit the variations of a,

from the high-temperature data for the R3c structure of
PrAlO; from Howard, Kennedy, and Chakoumakos,'” as
shown in Fig. 8. There are no equivalent high-temperature
data available for Prys, Pryg, or Prss. Values for a, and O in
Eq. (26) were therefore kept at the values obtained for Pry,

and only a; was allowed to vary in fitting data for the R3¢
structure of the other samples. The fit parameters obtained
were a,=3.7462, 3.7478, 3.7493, and 3.7529A for Pry,
Pros, Prog, and Prys, respectively (with a,=0.000 043 24 A).

Variations of all the individual and symmetry-adapted
spontaneous strains calculated using the expressions given in
Table II are shown in Figs. 9 and 10.

A. Pm3m+« R3c transition

Over a wide temperature interval, e, for the R3¢ structure
is approximately linear (Fig. 9). A straight line fit to the data
above 295 K suggests second-order character for the

Pm3m« R3¢ transition, with 7,=1864+31 K. A small step
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FIG. 8. Data for the cube root of the unit-cell volume of the R3¢
structure of PrAlO;. Open circles denote data from Ref. 17; filled
circles denote this study. The curve through the data is a fit using
Eq. (26), with O, fixed at 300 K.

in the data at 295 K coincides with a change in the instru-
ment used to collect the data, and presumably arises as a
consequence of different calibrations. This does not have a
significant impact on our analysis. For the limited range of

temperatures over which tilt data are available for the R3¢

structure in the present study, e, scales linearly with ¢?* [Fig.

11(a)], as expected from the relationship given in Table II.
Because the reference parameter, a,, was determined us-

ing data for the R3c structure, it has not been possible to
determine the volume strain, e,, which accompanies the

Pm3m < R3¢ transition. A small positive volume strain is
observed for the same transition in LaAlO;, however.>*
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FIG. 9. Shear strains with respect to a cubic reference structure
for phase transitions in PrAlO;. Note that the apparent discontinuity
in ¢4 at 300 K occurs between two different data sets and is not due
to a phase transition. The straight line through e4 data above room
temperature represents the standard Landau solution, e, Q%o (T,
—T), for a second-order transition with 7.=1864+31 K.

B. R3¢« Imma transition

The R3¢ < Imma transition is accompanied by the discon-
tinuous development of a shear strain, e,,; e, shows a discon-
tinuity at the transition point but follows a trend in the Imma

stability field that is parallel to e, of the R3¢ structure. A
small negative volume strain, e,, also develops.

If the Imma structure is related to the Pm3m structure by

the same ~ 1860 K instability that is responsible for the R3¢
structure, both e, and e, would be expected to scale with qf
(Table II). Figure 11(b) shows that e, varies linearly with e,
over the short temperature interval of the Imma stability
field, but the linear fits do not extrapolate to the origin. These
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FIG. 11. Strain/tilt and strain/strain relationships. The direction
of temperature change is most easily visualized by noting that, with
falling temperature, e, increases in the R3¢ and Imma structures but
decreases in the C2/m structure. (a) e, is expected to vary linearly
with ¢? in the R3c structure (straight line passing through the ori-
gin), and with ¢y,/(Cqy—4Nqyy) in the Imma and C2/m struc-
tures. The separate trends are consistent with the discontinuous de-
velopment of g, at the R3¢« Imma transition. (b) The tetragonal
strain, ey, varies linearly with e, in the Imma stability field, but not
in the C2/m field. For Imma, both e, and e, are expected to scale
with q% (Table II). The linear fits to Imma data shown for Pryy,
Pros, and Prgy do not extrapolate to the origin. (c) ey, is clearly
proportional to (¢5— ¢y).

strains clearly do not evolve as they would be expected to for
octahedral tilting associated with a single critical tempera-
ture. When plotted against ¢* e, shows a break at the

R3¢ < Imma transition that is consistent with the relationship
listed in Table II, with the discontinuous development of g,
in the Imma structure.

C. Imma -« C2/m transition

Symmetry is broken at the Imma«— C2/m transition by
the development of the strain e,,. The transition is also
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FIG. 12. Fits of Eq. (27) to data for egx between 4.2 K and just
below the Imma <« C2/m transition point. The data are consistent
with second-order character for the transition, which occurs at pro-
gressively lower temperatures with increasing La content.

marked by a continuous increase in magnitude of the (nega-
tive) strains e, and e,, together with a continuous decrease in
the magnitude of e, [Figs. 10(b) and 10(c)]. As shown in Fig.
11(c), e,y varies linearly with (¢%— (bzy) o (q%—q_%), consistent
with g, (q%—qg) and the expression for e, listed in Table
I1. Figure 12 shows the variations of eZ_for each of the four
samples. Curves fit to the data are solutions for a second-
order transition with the form of Eq. (12), i.e.,

O, O,
q(z)x o« egx o« {coth( ;;JT) - coth(ﬂ>:| . (27)
Tc,JT T

Values of the fit parameters O jr and T:}T are listed in Table
IV. The fits provide reasonable descriptions of the data, and
the values of T:}T, in particular, are tightly constrained. The
solution to a 246 Landau potential was also fitted to the data,
but this gave values of the Landau ¢ coefficient which were
zero within experimental uncertainty limits. Thus the transi-
tion appears to be second order in character, with a saturation
temperature for the order parameter of ~300 K. This con-
firms the result of Sturge e al.!" for data collected near 7 .,
but now also explains the nonlinear behavior at lower tem-
peratures as simply the effect of order-parameter saturation.

The observed variation of eix for Pryq is closely similar to
previous  measurements  of  the  order-parameter
evolution.®!11* In particular, it shows similar small devia-
tions from mean-field evolution in the temperature range
~70-120 K. An equivalent small anomaly is observed also
in strain data for the other samples analyzed here, including
Pr;5 (Fig. 12).

TABLE 1V. Fit parameters for Eq. (27), as used to describe the
variation of eix for the C2/m structure as a function of temperature.

Fit range (K) T:yJT (K) O,1 (K)
Pryo0 4.2-150 151.30.2 3367
Pros 4.2-146 147.6+0.3 312+8
Prog 4.2-140 142.6+0.4 297+9
Pr;s 4.2-132 131.6+0.5 174+7
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FIG. 13. Variation of the symmetry-breaking strains e, and e,
within the Imma and C2/m structures. (The direction of tempera-
ture change is most easily visualized by noting that, with falling
temperature, e, increases in the /mma structure but then decreases
in the C2/m structure.) By symmetry, the Imma structure has ey
=3|e,,| (straight line). A structure with I4/mcm symmetry would
have e,,=0, e, # 0; with falling temperature, the C2/m structure
evolves towards this.

D. Strain and the acoustic anomaly at 118 K

If e, (=¢;—e,) and ey, defined with respect to the cubic
reference structure, became zero, the symmetry of PrAlOs
would revert to 14/mcm with e, as the only shear strain.
However, while the structure evolves toward this strain state
(Fig. 13), e, saturates at a value of —0.002 and the tetragonal
structure is not achieved [Fig. 10(c)]. There is, nevertheless,
a metrically uniaxial structure which is revealed by diagonal-
izing the strain matrix for strains defined with respect to the
cubic reference structure (e;,e,,e3,¢4,0,0). The eigenvalues
€1, €, €3 are principal strains, and the data show that £, and
&, converge [Fig. 14(a)], becoming equal at a temperature
~114 K [Figs. 14(b) and 14(c)]. &, is parallel to the X axis
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of Fig. 1 while &, and &5 are in the YZ plane. The axis for &;

rotates from parallel to [011] in the Imma stability field to-
ward [001] and levels off at ~5° from [001] below ~80 K
[Fig. 14(d)]. This pattern is similar for Prys and Pryy; (g,
—&,) passes through zero at a temperature between ~80 and
~90 K for Prys but, perhaps, does not quite reach zero in
Pry, [Fig. 14(b)]. Neither e,, nor (g,—&,) reaches zero in
Prs.

The temperature at which (g, —&,) passes through zero in
PrAlO; is ~114 K [Fig. 14(c)]. This is, within reasonable
experimental uncertainty, the temperature of the “118 K tran-
sition.” A curious feature of the structural evolution at 118 K
is that, apart from the soft acoustic mode observed by Fleury,
Lazay, and Van Uitert,’ any associated changes in other
physical properties are only barely detectable. The additional
anomalies tend to be small deviations from expected trends
in properties which are associated with the Imma«— C2/m
transition. For example, Birgeneau et al.® found a small
break in slope of the twin angle as a function of temperature,
Sturge et al.'! observed a similar change in the way that the
octahedral tilt axis evolves and Harley et al.'® observed a
change in the temperature of certain Raman mode frequen-
cies. Fujii, Hidaka, and Wanklyn'® claimed changes in the
temperature dependence of the intensities of selected x-ray
diffraction maxima, but Fleury, Lazay, and Van Uitert re-
ported that no excess heat capacity has been detected. There
is no other evidence for a symmetry-breaking event and it
may be that the acoustic and optic mode softening which
occurs as T— 118 K from above and below is related simply
to an accidental strain degeneracy at this temperature. This
possibility could be tested by examining the exact orientation
of the soft acoustic mode and its symmetry-related equiva-
lents. The unique axis of the uniaxial structure is ~8° from
[001] in the YZ plane at 114 K [Fig. 14(d)] and the isotropic
section (g,=¢,) must, likewise, be tilted out of the XY plane.
A degeneracy in acoustic modes would occur in the iso-

‘3 1 L ! LIRS LR AL R pfrrrrrrrrprrrrrrrryrrg
8x107 - ERRR ] 1 i
B wvvvv%iffgg8% a ] 0.0 __%gmfggfgiiZo ]
C v ] r 2 b1
4 = . 05k % .
W [i O Prg €3 1 oy 0:8 r "o ] FIG. 14. (a) Values of the principal strains as
Li A Prgg - = F Yovve +o ] a function of temperature, obtained by diagonal-
@ 10 ov o p y diag
[ ] 1.0E v ]
or g :90 . C voopm ] izing the strain matrix for strains defined with
[ 7 ] E E respect to a cubic parent structure. (b) The struc-
-4 —wvvvvvvvvv — -1.5 o ] t b trically tet 1 wh =
| wssse88888° ] F ] ure becomes metrically tetragonal when &;=¢,.
H P TET T PITTY f T I 2. 0% TO Belasw e i oo tomes [iaod (c) Magnified view of data from (b) for PrAlO;.
0O 50 100 150 200 0 50 100 150 200 An arbitrary curve through the data shows that a
metrically tetragonal state is reached at ~114 K.
0'2: ! 55 (I) I ] o=, El U ——— The pattern of variation of &;—¢&, below 114 K
- Ea-N - (%2} - - .« L.

0.0 578082 . ¢ 40fp v resembles the pattern of variation shown by an
~ _02F E ;6;: F Je ] order parameter extracted from EPR data by
¥ g 1 2 30¢ J E D'lorio et al. (Ref. 15). (d) e; becomes the
w 04 E B = 20F g *’g;’ 3 unique axis of the metrically tetragonal structure

-0.6F 3 S N J ’éﬁ ] and its orientation lies within the YZ plane (using
E ] % 10F vl %6 = the reference system shown in Fig. 1). In the
-0.8F = i o visb : y g b
SF c ° 3 o oE ;EHHXZ& d I4/mcem structure, 3 would be parallel to [001].
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T (K) T (K)
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tropic strain section so that the propagation direction of the
[110] soft mode might actually be displaced by a few de-
grees towards [001] or [001]. When searching for the
symmetry-related soft mode, it would be vital to look either
just above or just below the XY plane, therefore. In this con-
text, it is interesting to note that Fleury, Lazay, and Van
Uitert” were unable to find a symmetry-related soft mode.
Their explanation of this, that PrAlO; does not have mono-
clinic symmetry, is not valid in the light of crystallographic
studies which have been completed in the intervening years.

Harley'? and D’Iorio et al."> developed models which in-
cluded an additional tilting of the octahedra [out of the (010)
plane in their orientation, out of the (100) plane in the ori-
entation used here]. Again, these imply the existence of a
small triclinic strain which has not been observed in this
study, even in the data set collected at 100 K specifically to
look for deviations from monoclinic symmetry. The order
parameter evolution given in Fig. 5 of D’lorio et al.'> actu-
ally resembles the variation of (g,—g&,) below 114 K [Fig.
14(c)] to a remarkable extent, which raises the question as to
whether their ESR results could be explained as being a con-
sequence of the unusual strain evolution.

VI. DISCUSSION

From the perspective of strain alone and using the orien-
tation relationships from Eq. (1), the sequence of phase tran-
sitions in PrAlO; can be described simply as being due to the
superposition of successive symmetry-breaking strains, ey,
e, and e This contrasts with previous descriptions of a
sequence of changing octahedral tilts such that, for the ori-
entation relationships from Eq. (1), a tilt axis of [111] in the

R3c structure becomes [011] in the Imma structure and then
rotates away from [011] towards [001] in the C2/m struc-
ture. Harley et al.’ and Birgeneau et al.® recognized that the
real behavior of PrAlO; is determined substantially by cou-
pling of tilting and electronic effects, and this has been for-
malized here at a macroscopic scale in terms of strain cou-
pling. The two intrinsic instabilities can be understood as
becoming three phase transitions due to coupling of each of
¢,1(=q3) and g to the common tetragonal strain, e.

The critical temperatures for tilting and electronic order-
ing differ by ~1700 K. As a consequence, the Jahn-Teller
transition occurs under conditions of almost constant tilt
angle, ¢. Coupling between tilting and the electronic process
does cause a small increase in the value of ¢ through each of
the low-temperature transitions, however [Fig. 5(b)]. If the

volume strain for the Pm3m— R3¢ transition is positive, as
in LaAlO;,** overlap with the negative volume strain for

R3¢ — Imma and Imma— C2/m would cause ¢ to decrease.
Favorable coupling must be due to overlap of the common
shear strain, e,. On the other hand, from the empirical find-
ing of gox*(q1—q3), it appears that the Imma— C2/m tran-
sition is driven effectively by the electronic instability alone.
The electronic effect imposes a shear strain e, which, in
turn, imposes the divergence of tilt angles. If there were
some driving force from a tilting mechanism with a different
critical temperature, the evolution of ¢5— ¢y would not fol-
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low the simple linear dependence on e,, which is observed.

Previous treatments of the phase transitions in PrAlO;
have not included saturation effects explicitly. Associated
with the two sets of order-parameter components are two
saturation temperatures, and these need not be the same.
Typical values of O, are 0-330 K in other materials, as re-
ported by Hayward and Salje.>> Some physical insight into
the meaning of an observed saturation temperature is ob-
tained by considering coupling between the soft mode for the
transition and other hard modes of the material.*> For ex-
ample, in the framework silicates, the soft mode might in-
volve rotations of tetrahedra against each other. The tetrahe-
dra are stiff and any vibrations involving tetrahedral
distortions will occur at high frequencies and will saturate at
relatively high temperatures. Coupling of the soft mode with
these will cause the soft mode also to saturate at a relatively
high temperature. On the other hand, transitions in perovs-
kites, which typically involve only octahedral rotations, have

relatively low values of O,. The Pm3m < I4/mcm transition
in SrTiO; has an order parameter saturation temperature of

90 K (Ref. 35) and the Pm3m« R3c transition in LaAlO,
has O =~ 150 K.3* The value of O, for the order parameter
of the Imma <« C2/m transition in PrAlOs, at ~300 K, is
towards the high end of the scale and presumably arises from
the shearing nature of the transition, with distortions of the
AlQg4 octahedra being at least as important as their rotations.
An independent determination of O, for pure tilting in
PrAlO; cannot easily be made because ¢ is slightly renor-
malized by coupling with the Jahn-Teller effects. Pérez-Mato
and Salje’® have shown that coupling between processes with
different order-parameter saturation temperatures leads to
subtle changes in order parameter evolution. The resulting
variation of properties which scale with the order parameter,
such as strain, then may not quite follow the simplest Landau
solution within the saturation regime. It is highly likely that
such an effect is responsible for the small but consistent de-
viations of e from a second-order Landau solution (Fig.
12).

In conclusion, the initial premise that strain could be a
determinative factor in coupling between two rather different
structural instabilities appears to be confirmed for the case of
PrAlO;. With the quality of data obtained from high-
resolution powder neutron diffraction, it is possible not
merely to test details of a mean-field model for the phase
transitions but also to identify subtle structural changes rec-
ognized also in other types of experiments. All these appear
to be understandable from the perspective of strain/order-
parameter coupling. The same is likely to be true for other
perovskites in which more than one instability can develop.
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