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Structural evolution as a function of temperature through the Pnma < incommensurate (IC) phase transition
in Prg 44Ca 5,MnO5 perovskite has been analyzed from the perspectives of symmetry and strain. The structure
and stability of both phases are shown to depend on combinations of order parameters which have symmetries

associated with irreducible representations M3, R}, M3, I'} and 3, of space group Pm3m. The physical origin
of these can be understood in terms of octahedral tilting, cooperative Jahn-Teller distortions and charge
order/Zener polaron ordering. The M} order parameter describes the Jahn-Teller ordering scheme which de-
velops in LaMnO; while the I'} order parameter relates to an ordering scheme in which the unique axes of the
distorted octahedra are all aligned in the same direction. Irrep X, contains two components with gradient
coupling and provides the symmetry-breaking mechanism by which the IC transition can occur. Each order
parameter couples with macroscopic spontaneous strains in a manner that depends strictly on symmetry and
this leads to specific interactions between the order parameters through their coupling with common strains. In
order to establish the extent and importance of this coupling, symmetry-adapted strains have been extracted
from a new set of lattice parameters obtained by high-resolution powder neutron diffraction in the temperature
interval 10-1373 K. It is found that the predominant strain of the incommensurate structure (up to ~2.5%) is
a tetragonal shear strain which arises by bilinear coupling with the I'] order parameter. This combination is
probably responsible for most of the energy reduction accompanying the Pnma« IC transition and also gives
it some characteristics typical of a pseudoproper ferroelastic transition. Strain coupling promotes mean-field
behavior and the evolution of the symmetry-breaking order parameter can be described by a standard Landau
tricritical solution, g* o (T,—T) with T,=237 =2 K. Octahedral tilting at high temperatures is closely similar to
tilting in the Pnma structure of other perovskites, such as SrZrOs. This is accompanied by a degree of
Jahn-Teller ordering on the basis of the M3 scheme below ~775 K but is replaced by the 'y scheme below T.
In contrast with the tilting and Jahn-Teller effects, magnetic ordering at the Néel temperature (~180 K) is
accompanied by only the slightest volume strain and is not likely to influence the evolution of the other order
parameters to any significant extent, therefore. An additional change in the volume strain below ~85 K is
perhaps related to changes in magnetic structure at lower temperatures. Line broadening in powder diffraction
patterns collected in the temperature interval ~150—260 K appears to be related to the presence of ferroelastic
twins arising from octahedral tilting and draws attention to the fact that the Pnma < IC transition takes place
in a material which already contains heterogeneities. Finally, correlation of the repeat distance of the IC
structure with '} distortions of MnOg octahedra shows that the nature of the IC structure itself is also
determined essentially by geometrical factors and strain.
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I. INTRODUCTION

Intense interest in manganite perovskites over a prolonged
period has focused substantially on the rich diversity of their
electronic, electrical, and magnetic properties, including co-
lossal magnetoresistance (CMR).!~7 The local origin of the
properties of interest lies in the electronic configuration of
octahedrally coordinated Mn cations on crystallographic B
sites while the diversity is induced largely by changing the
average cation charge across solid solutions between end
members nominally containing only Mn** or Mn*". Two
common themes which permeate nearly all the analysis of
structure/property relations of solid solutions such as
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La,_,Ca,MnO; and Pr;_,Ca,MnO; have been, first, competi-
tion between magnetic and structural instabilities®~'? and,
second, the role of strain.'®'214-21 If magnetic ordering
dominates, a ferromagnetic structure develops, but if other
structural instabilities dominate a commensurate or incom-
mensurate superstructure may develop. The general phenom-
enology of this competition can be described by a single
Landau expansion with only two order parameters®'? and the
structural changes are accompanied by significant changes in
lattice parameters.?>2* In addition, the solid solutions appear
to be susceptible to the development of magnetic and struc-
tural heterogeneities over length scales of a few unit cells to
a few hundred angstroms, which must also be accompanied
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to some extent by strain effects.>~7!821:23-30 Thys, although
the metallic/insulator conductivity, CMR and FM/AFM
properties originate from the local electronic state of octahe-
dral manganese, the overall pattern of stability fields for dif-
ferent phases and microstructure must be influenced, or even
dominated by elastic relaxations.

There appear to be close parallels between the behavior of
manganite solid solutions and the natural mineral solid solu-
tion, plagioclase feldspar (Na,Ca,;_,Al,_Si,, Og), which
have not been noticed in the physics literature. The plagio-
clase phase diagram contains stability fields for commensu-
rate and incommensurate superstructures, and just as for the
manganites, the k vector defining the incommensurate repeat
varies systematically with composition and probably also
with temperature.’! Changing Al:Si content is analogous to
the variable Mn**:Mn** ratio and competition is between
different Al/Si ordering schemes rather than different elec-
tronic configurations. The framework structure also under-
goes displacive phase transitions, analogous to octahedral
tilting, which couple with the order parameters for Al/Si or-
dering. Furthermore, natural samples of plagioclase feldspars
contain a diversity of characteristic microstructures on an
electron optical scale due to separation between phases with
different states of Al/Si order. In this specific case and for
framework silicate minerals more generally, structural evolu-
tion is determined by coupling of multiple order parameters
with strain.'33 Given this experience, without the compli-
cation of any electronic effects, the question then arises as to
whether the overall behavior of manganite perovskites could
likewise be understood simply in terms of order parameter
coupling via common elastic strains.

The primary objective of the present work was to under-
take a high-resolution strain analysis of the structural evolu-
tion of Prj43Caj5MnOj, using a new set of lattice param-
eters extracted from neutron powder-diffraction data. If the
initial premise of a predominant role for strain coupling is
correct, it should be possible, first, to interpret the structural
evolution with temperature in terms of specific symmetry-
adapted strains and their coupling to specific macroscopic
order parameters and, second, to show that this evolution
conforms to standard solutions from Landau theory. The ba-
sis of this approach has been reviewed at length by Carpenter
et al.?® and developed further for pure tilting transitions in
NaTaO;, (Ca,Sr)TiO, and SrZrO; perovskites.>*7 Cou-
pling of tilting transitions with cation ordering has been
treated for the case of La,;TiO; (Ref. 38) and with a Jahn-
Teller transition for the case of PrAlO;.3° A comprehensive
treatment of coupling between octahedral tilting and coop-
erative Jahn-Teller transitions is given by Carpenter and
Howard,*>*! to which cation ordering has been added by
Howard and Carpenter.*?

The choice of starting material was determined by the fact
that a great deal is already known about the temperature
dependence of the structure and properties of
Pry43Cag 5oMnOs. It is in the part of the Pr;_,Ca,MnO; phase
diagram dominated by the stability of the incommensurate
structure below ~250 K (Refs. 43-46) and undergoes an
antiferromagnetic transition near 180 K.23434748 Magnetiza-
tion, heat-capacity variations, the evolution of the incom-
mensurate k vector and its microstructure have been de-
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scribed by Cox et al?** and Sanchez et al>® These

properties are closely similar to those reported for
Pry5CapsMnO;, for which there are electrical resistivity,
magnetic order, lattice parameter, x-ray resonance and ''O
NMR data,234:4631-53 together with information on the effect
of grain size on some of these properties.’>>’ An important
difference, however, is that PrysCaysMnO; is only incom-
mensurate from ~240 K down to ~215 K where it trans-
forms to a commensurate structure.>?

The rest of this paper is divided into four main sections.
First the symmetry changes which accompany transitions in
Pry 43Caj 5,MnO5 are analyzed in terms of all possible order
parameters, their irreducible representations and coupling
with symmetry-adapted strains (Sec. II). The next two Secs.
Il and IV describe high-resolution powder neutron-
diffraction methodologies and results. The discussion (Sec.
V) draws together the overall implications of coupling be-
tween the individual order parameters whose evolution is
extracted from the formal symmetry and strain analysis.

II. SYMMETRY ANALYSIS

A formal analysis of symmetry, in terms of irreducible
representations, order-parameter components, and symmetry-
breaking strains is developed here to identify constraints on
the thermodynamic character of the Pnma« IC phase tran-
sition and to characterize permitted coupling between the
order parameter components and symmetry-adapted strains.
Use has been made throughout of the group theory program
ISOTROPY.® It should be noted that ISOTROPY uses Pmn2, as
the standard setting for space group number 31. It is conve-
nient to rotate the crystallographic axes to the Pnm2, setting
which is used in the literature to describe the commensurate
equivalent of the incommensurate manganite structure.

A. Pnma reference structure

The high-temperature structure of Pr;_Ca,MnO; has
space group Pnma, and the IC structure which develops in
crystals with a range of compositions at low temperatures is
associated with the X point of the Brillouin zone. There are
three possible symmetry subgroups associated with the rel-
evant irrep, X, : P2,/m, Pnm2,, or Pm (Table I, and see Refs.
30, 42, and 59-62). Odd order terms in the order param-
eter(s) are not permitted in the Landau free energy expansion
for the transition to any of these. Gradient terms are permit-
ted, however, such that the Lifshitz condition is violated and
the phase transition is therefore required to be first order. The
commensurate phase of BijsCay4MnO; has space group
Pnm?2, (Ref. 62) and displays abrupt changes in properties
plus hysteresis at its Pnma<« Pnm2, transition, consistent
with the expected first-order character. The related incom-
mensurate structure of La;_,Ca,MnO; and Pr;_,Ca ,MnO;
has critical points away from the X point (along the 2, line of
symmetry), however, and the weak Lifshitz condition for
second-order character is no longer violated.®® As a result,
the Pnma « IC transition can be thermodynamically continu-
ous. For the specific case of Pry,5Cay5,MnO5, Cox et al.*
have recently argued that available experimental data are
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TABLE 1. Subgroups of space group Pnma associated with irrep X;.

Order-parameter Basis
Parent Subgroup components vectors Origin
Pnma P2/m (a,0) (2,0,0),(0,1,0),(0,0,1) (1/2,0,0)
Pnma Pnm2; ® (a,a) (2,0,0),(0,1,0),(0,0,1) (3/4,1/4,0)
Pnma Pm (a,b) (2,0,0),(0,1,0),(0,0,1) (1/4,0,0)

AISOTROPY gives the space group for order-parameter components (a,a) in the standard setting, Pmn2;. It is
convenient in this work to reset this to Pnm2; (a,b,c—b,a,—¢) to maintain correspondence with the Pnma

structure from which it is derived.

consistent with a continuous transition. These authors noted,
in particular, that they were not able to detect any latent heat
and that previously reported hysteresis which had been used
to infer first-order character is due to kinetic constraints on
the adjustment of the incommensurate repeat distance during
heating and cooling. Evidence from transmission electron
microscopy for multiple phases of Prj sCay sMnO; coexisting
over a wide temperature interval (between at least 80 and
300 K) has been interpreted as evidence for first-order
character’®%* but is contradicted by the continuous variation
in the intensity of a superlattice reflection at the transition
temperature of ~240 K.3?

Symmetry subgroups of space group Pnma associated
with irrep X; can have up to two order parameter compo-
nents, g; and ¢,. These are identical in Pnm2, (a,a) but
differ in Pm (a,b), as shown in Table I. From ISOTROPY (and
see, also, Ref: 9), the lowest order permitted gradient terms
are ql%—%%, where x is the direction of the crystallo-
graphic x axis of the Pnma and Pnm2; unit cells. Gradient
coupling of this type is well known to be a mechanism for
stabilizing incommensurate structures, whereas the previ-
ously accepted space group of P2;/m (Ref. 65 and many
subsequent studies) has only one nonzero order-parameter
component and, presumably, no gradient coupling of this

type.

B. Pm3m reference structure

The Pnma perovskite structure arises by octahedral tilting
associated with M and R points of the Brillouin zone of

space group Pm3m. Order parameters associated with irreps
Mj and R} would normally be described as primary, and the
combination M3 @R} leads to additional order parameters
which would be referred to as being secondary. The full list
of irreps for all possible order parameters arising at the

Pm3m— Pnma transition is given in Table II. In a perovskite
with B site cations which have Jahn-Teller instabilities, ad-
ditional structural distortions are associated with I'j and M3.
The TI'j distortion can be understood in terms of a uniaxial
distortion of individual octahedra with the unique axis of
each lined up parallel to [010] of the Pnma lattice. The M3
distortion can be understood as ordering of uniaxially dis-
torted octahedra such that the unique axes alternate in their
orientation within (010) planes.*%#!

The X point of the Brillouin zone of space group Pnma is
the point (31, 3; ,0) on the 3 line for space group Pm3m, and

there are four 12-dimensional irreps, 3, 2,, 23, and 3,
associated with points on this line.*> Within the Pnma tilt
system, atomic displacements associated with 3, and one
nonzero order-parameter component give the structure with
space group P2;/m whereas 3, or %, with two nonzero
order-parameter components give space group Pnm?2,. Goff
and Attfield® obtained a better fit to x-ray and neutron
powder-diffraction data for PrysCa,sMnO; under space
group P2;/m, but electron-diffraction results favor
Pnm2,3%%* On this basis the structural evolution of
Pry.43Cag 5,MnO5 can be interpreted in terms of coupling be-
tween order parameter components belonging to 3, or 3,
and components from M3 and R} which relate to octahedral
tilting. Combination of these irreps again leads to a number
of additional order parameters with different symmetries so

that, in principle, the complete evolution from Pm3m to
Pnm?2, can be broken down into the separate contributions
listed in Table IIL. I'; and M3 Jahn-Teller ordering schemes
are retained from M3 @®Rj. As an aside, it can be noted that
the possibility of ferroelectric properties®®-6460-67 arises from
displacements associated with I', and I'.

Irreps 2, and 2, are also associated with two of the dif-
ferent models for ordering in manganites which have re-
cently been proposed. The two order-parameter components
of 3, would give the bistripe pattern of charge order sug-
gested for Bi;_,Sr,MnO; phases®®%® (and see Refs 42 and
70). The two order-parameter components of 2, give a pat-
tern of displacements that matches the ordered Zener polaron
model suggested for Pr;_,Ca ,MnQ;30:4259-61.6466 [py the ab-

TABLE II. Component subgroups, irreps, and order-parameter
components of space group Pnma with respect to the parent su-
pergroup Pm3m. Basis vectors for the Pnma product are (0,1,1),
(2,0,0), (0,1,-1), and the origin is (0,0,0).

Irrep Order-parameter components Subgroup
It (a) Pm3m
I3 (a, \ga) P4/ mmm
F; (0,a,0) Cmmm
R} (a,0,a) Imma
RS (a,0,-a) Imma
X3 (0.0,0,0.0.a) Cmem
M; (0,a,0) P4/mbm
M3 (0,a,0) P4/mbm
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TABLE III. Component subgroups, irreps, and order-parameter components of space group Pnm?2; with

respect to the parent supergroup Pm3m. The lattice vectors of Pnm2, with respect to Pm3m are (0,2,2),
(2,0,0), (0,1,-1), and the origin is taken at (1/2,3/4,3/4).

Irrep Order parameter components Subgroup Lattice vectors

It (a) Pm3m (1,0,0),(0,1,0),(0,0,1)
I} (a,\3a) P4/mmm (0,1,0),(0,0,1),(1,0,0)
r: (0,a,0) Cmmm (0,1,1),(0,-1,1),(1,0,0)
r; (0,a,-a) Amm?2 (1,0,0),(0,1,1),(0,-1,1)
IS (a,0,a) Amm?2 (1,0,0),(0,1,1),(0,-1,1)
R (0,0,0,0,0,0,0,0,a,a,0,0) Pmma (0,-1,1),(1,0,0),(0,2,2)
p (0,0,0,0,0,0,0,0,a,-a,0,0) Pbam (0,2,2),(0,-1,1),(1,0,0)
R} (a,0,a) Imma (0,1,1),(2,0,0),(0,1,-1)
R (a,0,—a) Imma (0,1,1),(2,0,0),(0,1,-1)
R; (a) Fm3m (2,0,0),(0,2,0),(0,0,2)
R; (a,\3a) 14/ mmm (0,1,1),(0,-1,1),(2,0,0)
R} (0,a,0) I4/mmm (0,1,1),(0,-1,1),(2,0,0)
X (0,0,0,0,0,a) Cmcem (0,1,-1),(0,1,1),(2,0,0)
X7 (0,0,a) P4/mcc (0,1,0),(0,0,1),(2,0,0)
X (0,0,a) P4,/ mmc (0,1,0),(0,0,1),(2,0,0)
M} (0,a,0) P4/mbm (0,1,1),(0,-1,1),(1,0,0)
M3 (0,a,0) P4/mbm (0,1,1),(0,-1,1),(1,0,0)
M; (0,0,0,0,a,0) Pmma (0,-1,1),(1,0,0),(0,1,1)
Ss (0,0,0,0,a,-a,0,0,0,0,0,0) Cmcem (2,0,0),(0,2,2),(0,-1,1)
Sy (0,0,0,0,a,a,0,0,0,0,0,0) Cmca (2,0,0),(0,2,2),(0,-1,1)

sence of tilting, the Zener polaron ordering arrangement
would have space group Pbam. Both 3, and X, irreps are
allowed in space group Pnm2, (Table III), however, and their
relative importance cannot be distinguished in the present
context.

Gradient terms generated using ISOTROPY and combina-
tions of the order-parameter components listed in Table III
are due to irreps X, %,, S3, and S,. Terms for %, and X,
have the form g, oiy+(;—)z)q2—q2(&%,+ﬁ—dz)ql, where ¢, and ¢,
represent the two nonzero order-parameter components, and
Y, Z are the reference axes to which the crystallographic axes
of Pnma and Pnm2, structures are referred (Fig. 1). Gradient
terms for S; and S, have the same form but these have not
previously been considered and it is not clear that they would
contribute differently to the stability of the IC structure.

C. Symmetry-adapted strains

Variations in order parameters associated with irreps M3,
R}, 2,, I'}, and Mj can be evaluated through their coupling
with symmetry-adapted strains, as obtained from high-
resolution lattice parameter data. 3, could, alternatively, be
used in place of %,. I'l and I'] strains are defined in terms of
linear strains, e;, e,, and es, parallel to axes X, Y, and Z of
the orthogonal reference system, in the usual way>? as

D, (1)

e,=e; +e,t+ey

1
@rz=T(2e3—€1—€2) (F;r), ()
V3

I3 (3)

Cor= (el - 62)

IS strains are eq, ey, and es. For the specific case of the two
components of I'] being related as (a,\3a) Egs. (2) and (3)
can be rewritten as

1
ex="T=(2e;—ey-e3), 4)
V3

FIG. 1. Relationship between unit-cell axes for Pnma and
Pnm?2, structures and reference axes X, Y, and Z.
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€ox = (62 - 63) =0. (5)

Subscripts t and o refer to tetragonal and orthorhombic
strains while subscripts z and x specify the unique tetragonal
axis as being along Z or X. The orientation of Pnma and
Pnm2, unit cell axes with respect to this coordinate system
are shown in Fig. 1. Both have ¢,#0, ¢, #0, ¢,#0, and
ex=es5=e4=0.

General expressions for strain coupling to order-
parameter components associated with irreps M3 and R}
have been set out in full elsewhere,>>377! as have expres-
sions for order-parameter components associated with I'] and
M3 .40 Irrep 3, has 12 components (gs, | to g5 12), and gen-
eral expressions for coupling with strain are rather long.
Only the case of special interest is considered here, which
has gs>=¢s29=¢5210%0, and gss; 0 gs28=¢s211=952.12
=0 (Table III). The lowest order strain coupling terms are
)\azz(CI§z,9+‘1§2,1o)ea’ )\IZZ(q§2,9+Q§2,IO)(§etZ_%eoz)’ Neiso

2 2 2 2 2, 2 : :
(g52.90+ 45 10)€4> Ne232(55 0+ G5 10)(€5+€5), which give the
following strain/order-parameter relationships:
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Z\E)\ 2
o= TR (7)
E(C?l - (1)2)
es= - 2)\6122q§2 (8)
4= - -
Cia

C;, are elastic constants of the cubic parent structure.

With respect to the cubic parent structure, the total strain
contributions of M3, Ry, 2, I'], and M3 order parameters to
the nonzero spontaneous strains of the Pnm2; structure are
then

ng + 2)\261421 + )\aM2+‘Z?T + )\aF3+Qt2x + 2)\a22‘1§2

a b}

—2N\,3205 1
o= T ©) S(Ch+2cy)
—(CY, +2C7
3( 11 1) )
|
o = 2(\43 = M) + 2h e Garr + st — 2V3Ns203s (10)
x )
1
E(C(l)l - ‘1)2)
|
)\595 + Nem2+m3+921792 + 2)\e122f1§z APnma CPnma
ey =- o . (1 l) [ - [ -
C44 \’2 \’2
ey = - (14)
a, a,
Labeling of the order parameter components and coupling
coefficients follows the scheme used by Carpenter et al.?>3°  for the Pnma structure and
and Carpenter and Howard:* ¢, relates to M-point tilting, ¢4
to R-point tilting, while g, and g7 represent I'; and Mj bpuma —a
Jahn-Teller distortions, respectively. Following Carpenter’! 2 ©
and Carpenter and Howard,* it has also been assumed that 1= a > (15)
the magnitude of terms of the form )\theﬁ, )\q%eﬁ, and ¢
\g3¢5 are small in comparison with %C;’kei.
Finally, these strain variations are determined directly Apnm21 Cpam21
from the variations of lattice parameters according to 2\5 © \/E ©
€y + €3 = + ’ (16)
o a()
anma
o~
= Appm21 CPum21
€] a > (12) nn;_ —-a, n# -a,
0o 2\12 \12
e,= - (17)
aO aO
ApPnma CPnma .
T 4 T~ for the Pnm?2, structure. The reference parameter, a,, is that
ey +es= V2 " V2 (13) of the cubic phase extrapolated from its stability field at high
T a, a, ’ temperatures.
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III. EXPERIMENTAL METHODS
A. Sample preparation

Stoichiometric Prj43Caj5sMnO5; powder was purchased
from Pi-Kem Ltd. It had been synthesized from raw materi-
als with 99.9% purity and came with a reported average
grain size of 0.7 um. Three pellets of the powder, each
weighing ~5 gm, were prepared by pressing for ~5 min in
a standard cylindrical IR pellet die (diameter 13 mm) with a
load of ~31 MPa under a vacuum generated by a rotary
pump. The pellets were heated in air from room temperature
to 900 °C at 1 °C min™', then from 900 to 1360 °C at
0.5 °C min~!, followed by an annealing period of 48 h at
1360 °C and subsequent cooling back to room temperature
at 0.5 °C min~!. According to the results of Podzorov et al.”?
for (La,Pr,Ca)MnQs, this heat treatment would be expected
to give grain sizes of ~5-15 um. The fired pellets were
crushed and ground by hand in an agate mortar and pestle
under acetone for a total of 1-2 h. The resultant powder was
passed through a 250 um sieve.

B. Neutron diffraction

Approximately 13.5 g of Prg43Cajs,MnO; powder was
loaded into a 10-mm-thick aluminum slab can that also
housed a heater and Rh/Fe sensor. A neutron-absorbing ga-
dolinium mask was attached with a view to minimizing con-
taminant Bragg peaks from either the body of the sample
can, including sensor and heater, or the stainless steel frames
supporting the vanadium windows. The assembly was
mounted on a center stick and then cooled in a Sumitomo
415 closed cycle refrigerator with 60—80 mbars of He ex-
change gas. The sequence of data collection started with
manual control of temperature for 5, 10, and 15 K, with
~5 min equilibration time at each temperature. Automatic
data collection proceeded in a heating sequence starting at 20
K, with 5 K steps up to 490 K. Again, a period of 5 min was
allowed for thermal equilibration at each temperature. Dif-
fraction patterns were recorded in the three detector banks
for a total incident proton beam of 9 uA h, corresponding to
approximately 15 min. At 50 K intervals, the data collection
time for individual spectra was extended to a total incident
proton beam of 34 uA h.

For data collection at higher temperatures, the same
sample was loaded into an 11 mm diameter vanadium sample
can, which was mounted in an RAL vacuum furnace with
vanadium heating elements. Thermometry was based on type
K thermocouples positioned in contact with the sample can at
about 20 mm above the beam center. All higher temperature
patterns were recorded to a total incident proton beam of
8 A h. There were in fact two sessions of measurements at
furnace temperatures. In the first of these, the first pattern
was recorded in the furnace at room temperature (293 K), the
second was recorded at 370 K after equilibration at that tem-
perature for an hour, the third at 470 K after 40 min equili-
bration, then to 625 K in 5 K steps, and finally from 650 K to
1175 K in 25 K steps, with 5 min prior equilibration in each
case. After another room-temperature collection, the sample
was heated to 1373 K where it was allowed to equilibrate for
30 min before the first diffraction pattern was collected. Fur-

PHYSICAL REVIEW B 82, 094101 (2010)

ther patterns were collected at 1373 K then at 10 K intervals
during a cooling sequence down to 1073 K, with 5 min ther-
mal equilibration at each temperature step. The sample was
cooled to room temperature and a final pattern recorded. It
emerged as a very slightly sintered black powder.

All diffraction patterns were recorded over the time-of-
flight range 30-130 ms, corresponding to a d-spacing range
0.6-2.6 A or 0.9-3.7 A for patterns collected in the back-
scattering and ninety degree detector banks respectively. The
patterns were normalized and corrected for detector effi-
ciency according to prior calibration with a vanadium scan.
Lattice parameters and atomic coordinates were refined from
the diffraction patterns using the Rietveld method, as imple-
mented in the GSAS computer program.”> From an inspection
of these diffraction patterns it seemed reasonable to assume a
Pnma starting structure for the low temperature and the first
of the high-temperature runs whereas for the analysis of the
patterns recorded in the second high-temperature run a start-

ing structure in R3¢ appeared to be a more appropriate
choice. Patterns from the backscattering and 90° banks were
fitted simultaneously, the diffractometer constant for the 90°
bank being released to ensure that the lattice parameters were
determined by the higher resolution backscattering bank in
every case. Peak shapes were modeled as convolutions of
back-to-back exponentials with pseudo-Voigt functions in
which two peak width parameters (or three such parameters
for the 90° data) were varied and the background as six-
parameter shifted Chebyshev polynomials. Internal coordi-
nates were refined along with displacement parameters, the
oxygen displacement parameters being taken to be
anisotropic.

IV. EXPERIMENTAL RESULTS
A. Structural data

Refinements from diffraction data collected below
~250 K using Pnma symmetry to represent the average
structure accounted successfully for all the main diffraction
peaks. Additional weak reflections, which are of magnetic
origin (vanished at ~150 K), or attributable to the incom-
mensurate superstructure (did not index on a commensurate
cell and vanished at ~250 K), as expected on the basis of
previous studies of this system, were found in the patterns
recorded to higher statistics (i.e., to 34 wA h). Even in these
patterns the number and intensities of superstructure reflec-
tions was considered to be insufficient to support refinement
in any symmetry lower than Pnma. There were, in addition,
weak residual contaminants that persisted throughout the
cryostat run. The weak contaminant reflections aside, diffrac-
tion patterns collected in the temperature interval
~250-1175 K, which includes overlap between data from
two different sample holders and heating/cooling systems,
were refined successfully as a single homogenous Pnma
phase. The room-temperature pattern collected after cooling
from the peak of 1175 K differed from the room-temperature
spectrum collected at the start in having smaller splittings of
major peaks and weaker M-point reflections, which is inter-
preted as implying some minor change in stoichiometry due
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FIG. 2. Lattice parameter and volume variations in

Pry 43Cag 5,MnOj5 as a function of temperature, refined under Pnma
or R3¢ symmetry. The highest temperature values of @ and « are for
the pseudocubic rhombohedral cell. The broken line in (b) is a fit of
the baseline function given in the text to data for the Pnma structure
between 300 and 490 K with the saturation temperature, O, fixed
at 150 K.

to loss of oxygen in the vacuum at high temperatures. Dif-
fraction patterns from the final high-temperature data set
(1373-1073 K) were consistent with the presence of a pre-

dominant phase with R3¢ symmetry, although there was
some reappearance of the Pnma phase below about 1173 K,
to a maximum of about 15 wt % at 1073 K. For the purposes
of this study, the patterns were analyzed on the basis of a

single R3¢ phase. These data appear to be consistent with a

transition R3¢« Pnma which is first order in character and
has significant hysteresis between ~1100 and ~1200 K,
though this aspect of the overall transformation behavior is
not considered further in this paper. A room-temperature
spectrum collected after cooling from 1373 K was consistent
with Pnma symmetry but had even smaller peak splitting
and weaker M-point reflections than after heating to 1173 K.

Variations in lattice parameters for the entire temperature
interval are given in terms of the primitive cubic dimension
in Fig. 2. They show the relatively sharp decrease in b and
increase in a and ¢ between ~250 and ~160 K described
elsewhere for similar materials, 2224 though with much
higher resolution. At =0.0001, statistical errors on the lattice
parameters from the fitting are smaller than the size of the
symbols in Fig. 2. The high resolution permits detection of a
small but well-defined change in trend of unit-cell volume
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FIG. 3. Octahedral tilt angles determined from refined atomic
coordinates of the average Pnma structure. Triangles are data for
the high-temperature rhombohedral structure in R3¢. Dots are data
for SrZrO; from McKnight et al. (Ref. 37).

through the same temperature range. Slight offsets in tem-
perature and/or lattice parameters, evident between the two
data sets in the range between room temperature and 490 K
where they overlap, are presumed to be due to a change in
systematic errors associated with the absolute scaling of lat-
tice dimensions, or with the temperature determinations be-
tween the cryostat and furnace, or both. Data from the high-

est temperature run are from refinements under R3c
symmetry.

Following the procedure described in detail in Carpenter
et al.’® the extent of tilting of the octahedra about cubic
[011] and [100] directions, corresponding to R-(¢°) and
M-point (¢°) tilts, respectively, has been estimated from the
refined atomic coordinates of the Pnma structure. These are
given as ¢* and ¢ in Fig. 3, for later comparison with tilting
in SrZrO;. Small and continuous variations are evident
through the 170-250 K interval, with more or less constant
values below this and nonlinear decreases above. Tilt angles

about [111] for the R3¢ structure were calculated using the
formula given in Howard et al.,” and are also shown in Fig.
3.

Refined atomic coordinates have been used to determine
average Mn-O bond lengths at temperatures up to 1175 K. In
the Pnma structure there is only one symmetrically distinct
MnQOg4 octahedron and data for the three distinct bond lengths
are shown in Fig. 4. Mn-O, lies approximately parallel to
[010], while Mn-O,;, Mn-O,, lie approximately parallel to

[101] and [101] respectively. Although there is some scatter
in the data, the overall trends are clear. Above ~800 K, the
bond lengths are the same and the octahedra have effectively
cubic geometry. Between ~800 and ~240 K, two of the
Mn-O bond lengths reduce and one of the bonds in the (010)
plane lengthens. This arrangement has the same pattern as
the M ordering scheme of Pnma structures with Jahn-Teller
distortions. At ~240 K, the two short bonds start to diverge
steeply, due to reduction in the Mn-O; distance and increase

094101-7



CARPENTER et al.

j|||||||| Il |||||||||||||||||||||||||||||||||||||||||||||||t
1.97 = ° =
1.96Fs, + &[° «© 3
H, a0 ° &® %o ]
ALy | Fog etR s . E
~ E o FBgro U0 e o o]
< or9spetl A o a%%ﬁwoo oy © Loso®4to,0
< r A 00 o © A, o ]
é - ? . ° a R A RAA+t+¢++%*$¢tJP++_:
2 = : .3
_g 1.94 —]
o E A ]
< E E
ol E 7-Neel E
< o 44 4 - 7
= 1.93 ¢ * ‘AA + Mn 01 —
E I . O Mn-0y, 3
£ ¥ E
e ¥ A Mn-O =
3 ¢ 2
. — [ T .
192M c E
1.91 B b b b

0 200 400 600 800 1000 1200

T (K)

FIG. 4. Mn-O bond lengths determined from refined atomic co-
ordinates of the average Pnma structure. Mn-O; is aligned approxi-
mately parallel to [010] while Mn-O,;, Mn-O,, lie approximately
within the (010) plane.

in the Mn-O,, distance. The longest bond (Mn-O,;) shows
an initial increase at the same temperature but then con-
verges to the same value as the Mn-O,, bond at and below
~120 K. It should be noted, of course, that these bond
lengths are averages for the low-temperature structure, as
refined under Pnma symmetry. In principle a Pnm?2, struc-
ture would allow for two distinct octahedra with 12 distinct
Mn-O bond lengths in all.®!

A distinctive feature of the diffraction patterns collected at
temperatures below ~260 K is the development of mark-
edly asymmetric line broadening. This is seen clearly in Fig.
5, which includes stacked segments of the patterns. The pairs
of reflections near d=1.9 and 2.3 A each diverge with fall-
ing temperature but also show additional intensity between
them from ~250 to ~170 K, as would be characteristic of

PHYSICAL REVIEW B 82, 094101 (2010)

intensity from twin walls through a ferroelastic phase transi-
tion (e.g., Ref. 75). A quantitative measure of this broadening
was obtained by fitting selected peaks with a pseudo-Voigt
function, as described by Carpenter et al.>® A typical result is
shown in Fig. 6 for the pair of reflections with d spacings
close to 1.9 A, which are from (040) and (202) with respect
to the Pnma cell but would merge to become (200) of the
primitive cubic cell. There is a slight divergence of the two
relatively narrow peaks on cooling toward ~250 K. Accom-
panying the divergence in d spacings between ~250 and
~160 K [Fig. 6(a)] is a steep increase and then decrease in
the line widths with a maximum at ~210 K [Fig. 6(b)].
Below ~160 K a trend of slightly increasing line width with
falling temperature, as established above ~260 K, is re-
sumed. A slight asymmetry in the peak shapes is maintained
down to the lowest temperature (Fig. 5). By way of contrast
some of the other diffraction peaks appear to remain sharp,
though peak fitting reveals that, in detail, this is not the case.
The peak at ~2.2 A corresponds to (111) of the parent cubic
phase and becomes (022)+(220) of the Pnma structure. The
d spacing [Fig. 6(c)] and peak width at half height [Fig. 6(d)]
both show displacements in the ~260-170 K interval,
which could be due to line broadening of the individual
peaks or, more simply, to changes in the relative positions of
the two peaks. The peak width, in particular, shows steep
changes in trend at ~235 and ~210 K.

B. Strain analysis and comparison with SrZrO;

The cubic reference lattice parameter, a,, should strictly
be obtained by extrapolation from the stability field of the
cubic phase but the approximation a,=V"3, where V is the

unit cell volume of the Pnma and R3¢ structures, can be used
without serious loss of accuracy for the shear strains, e, and
e,. Variations in these strains, as calculated using Egs. (4),
(5), and (12)—(14) and the lattice parameter data shown in
Fig. 2, are shown in Fig. 7. The magnitude of the tetragonal
shear strain, e, increases with falling temperature ahead of
the phase transition and then shows a steep increase in the

FIG. 5. Segments of neutron

powder-diffraction patterns

stacked according to the tempera-

tures at which they were collected.

Note the prominent asymmetric

line broadening that develops just

below the Pnma<«IC transition

temperature of ~235 K. Some

asymmetric broadening remains in

the pattern collected at 10 K.
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250-170 K interval, before leveling off at low temperatures.
In marked contrast, e, does not appear to anticipate the phase
transition but shows a sharp change in trend at ~240 K
before also leveling off at low temperatures. For the rhom-
bohedral structure in the highest temperature data set, the
shear strain, e,, is given by e;~cos a and shows declining
values with increasing temperature indicative of the expected
trend toward cubic symmetry.

The separate contributions of tilting and distortions of the
MnOy octahedra to the shear strain e, [Eq. (10)] can be
determined by comparison with the structural evolution of
S1ZrO;, which does not contain a Jahn-Teller active cation.
S1ZrO, follows the transformation sequence

Pm3m — 14/ mcm — Imma — Pnma with falling
temperature.’® Variations in the R-point and M-point tilt
angles, ¢° and ¢° respectively, extracted from refinements of
the neutron-diffraction data of Howard et al.’® have been
added to Fig. 3 and show a pattern of variation similar to the
values obtained for Prj45Cajs,MnO5 below 1175 K. Varia-
tions in e, and e, from McKnight et al.” have been added to
Fig. 7. In the case of SrZrO;, both the R- and M-point tilting
instabilities are close to tricritical in character. The similar
pattern shown by the manganite tilt angles implies similar
character, and differences are probably due to different criti-
cal temperatures, which must be higher for the manganite
than for the zirconate.

In the Pnma structure of SrZrOs, e, depends on only ¢,
and ¢4, with Eq. (10) reducing to

_ 2(\3g3 — Nag3)

x 1 (18)
E(C(ﬁ - (1)2)

The order-parameter components and tilt angles are expected

to evolve as ¢g,*x¢ and ¢,*y. In both SrZrO; and

Prg 43Cag 5,MnO;5 the two tilt angles display rather similar

trends, and Eq. (18) can be approximated conveniently as

e =AL(1 = x) 7 — x¢*]. (19)

Fitting the data for SrZrO; gives x=0.35, A=-0.000096996,
which yields a good representation of the observed strain.

Similar fitting to the data for Pr43Caj 5,MnO;5 gives a good
representation of e, with x=0.4 and A=0.000098306, but
only for the temperature interval 775-1175 K. Below
~T775 K, ey deviates substantially from the trend expected
from octahedral tilting alone, as calculated using the average
tilt angles given in Fig. 3. This difference, Aey =€ — ey g 15
shown in Fig. 8 and provides a measure of the remaining
order parameters, as [from Eq. (10)]

2 [~ 2
2Nvi2+@o57 + Mr3+Gix — 2V3N 3045

1 (20)
E(C(l)l - ?2)

Aey =—

Above ~775 K the average Pnma structure of
Pry43Cag 5,MnOy is essentially the same as that of any nor-
mal tilted perovskite. Below ~775 K in the Pnma stability
field, the pattern of Mn-O bond lengths implies a degree of
M3 ordering of uniaxially distorted octahedra similar to the
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FIG. 7. Shear strains determined from the lattice parameter data
shown in Fig. 2. The broken line represents e, arising from octa-
hedral tilting alone. The tilting behavior of Pry45Cag5,MnO;5 is
closely similar to that of SrZrO;, as shown by comparison with data
from McKnight et al. (Ref. 37).
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FIG. 8. Volume strain, V,, and excess shear strain, Ae,, due to
the Pnma <« IC transition. Strain Ae,, is the tetragonal shear strain
after removal of the calculated contribution of octahedral tilting.

Jahn-Teller ordered structure of LaMnOj;, with little contri-
bution from T’} distortions. The increase in |Ae,| below
~775 K therefore defines the variation in g,jp, with g, =0.
Note that the unit cell volume also appears to have a break in
trend near ~750 K (Fig. 2) which appears to indicate an
increase in volume (positive volume strain) associated with
the increase in g,j7. This is also the same as occurs in asso-
ciation with Jahn-Teller ordering in LaMnOs (see Fig. 5 of
Ref. 41). The largest contribution to Ae,, is clearly associated
with the transition at ~235 K, when gy, starts to contribute.
The pattern of Mn-O bond lengths also changes, however,
such that below ~120 K the distorted octahedra have their
unique axes aligned parallel to the crystallographic y axis,
corresponding to g,;r=0, g # 0. In the temperature interval
~120-235 K there is a crossover between ¢,;r=0, g, #0
and gy;7# 0, ¢ =0.

For a perovskite with tilting of undistorted octahedra, the
orthorhombic shear strain e, is expected to vary with the
order parameter for R-point tilting alone as, to good
approximation
e

ey=- 01 Q1)

44

The observed variations in e, in SrZrO; (Ref. 37) and
(Ca,Sr)TiO; (Ref. 35) do not show the expected relationship
e4 ¢, however, which can be construed as implying that
there is at least some degree of shearing of the octahedra.
More importantly, e, is small at all temperatures in the Pnma
stability field of Pry43Cag5,MnO5, implying that A5 is small.
A degree of Mj order would be expected to contribute to e,
through the Noyvoims+92i1q2 term in Eq. (11) but there is no
break in slope at ~775 K and it appears that the coupling
with g,jr is weak (Nepoan3zs SMall). On this basis, changes in
e4 below 235 K can be attributed almost exclusively to cou-
pling with gs,. These have therefore been determined by first
fitting e, =€, +€4,04 coth(Oy/T) to data in the tem-
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perature range 250-490 K. The baseline saturation tempera-
ture is not tightly constrained by the data but the fit yields
®..4,=148 £58 K. The resulting variation of Ae,, defined as
Aey=ey—ey,, is shown in Fig. 8 and provides information on
the evolution of gy, according to

2N 152G>
Aey=— e132932

- (22)
44

The volume strain, V, [=(V-V,)/V,] (=e,, to good ap-
proximation) for the low-temperature structure relative to the
Pnma structure has been determined by first fitting the base-
line saturation function V,=V,+V,0, coth(®/T) (follow-
ing Refs. 77-81) to unit-cell volume data between 300 and
490 K [Fig. 2(b)]. The baseline saturation temperature, O,
was not tightly constrained by the data and was therefore set
at 150 K, following McKnight et al3” This yielded V,
=58.866, V,=0.0017294 A3 as fit parameters, and the result-
ing temperature dependence of V, shown in Fig. 8. The vol-
ume strain is positive, implying that the low temperature
phase would be suppressed by increasing pressure. There are
subtle breaks in trend at ~180 and ~85 K, the latter having
been seen also in thermal expansion data for
Pr,sCay sMnO+.82 V,=0.0015 at 10 K, which is in close
agreement with the volume strain (0.0016) estimated by tak-
ing three times the difference in linear strain given by De
Teresa et al.®} between the ordered phase of Pr,;Ca;,sMnO5
in zero magnetic field and the disordered phase in a 12 T
field.

If the strain behavior of the incommensurate structure can
be represented in terms of coupling to a single order param-
eter, gic, the strains would be expected to be related in the
typical manner for a coelastic transition as V xAe,ocAe,
o quC. Here gic represents the amplitude of the incommensu-
rate modulation rather than the variations of gy, within it.
Figure 9(a) shows that Ae, and Ae,, indeed scale linearly
with V,, apart from the additional contributions to Ae,, at
temperatures above the transition and the change in V; below
~85 K. An approximately linear trend is observed for the
relationship between Ae, and Ae, below ~260 K [Fig.
9(b)]. A better description would be two slightly different
trends below and above 210 K but this is sensitive to the
accuracy of the representation of the contribution to e, of
octahedral tilting and is not reliable.

C. Thermodynamic character of the Pnma« IC transition

The heat capacity anomaly reported by Cox et al.®
through the temperature range ~200-270 K, for a sample
with the same composition as used in the present study, has
its peak at 236 =1 K and is similar in form to the anomalies
seen at phase transitions in anorthite, CaAl,Si,Og (Ref. 84)
and lawsonite, CaAl,Si,0,(OH),.H,O (Ref. 85) which are
both tricritical in character. At low temperatures the Landau
tricritical solution is

. a0 0, 0,
q" = coth| = | —coth{ — ] |, (23)
c T, T

where a and ¢ are coefficients for second-order and fourth-
order terms in the Landau expansion, 7, is the transition
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Pnma «— IC transition and excluding the influence of octahedral tilt-
ing. Linear correlations are consistent with the expected relation-
ships VSOCAe4OCAetXOCq12C with some precursor e, strain ahead of
the transition point.

temperature and ® is the order-parameter saturation tem-
perature (e.g., Refs. 71, 77, 81, and 86). Based on the expec-
tation VSOCA€4°CA€tXO<q12C for coelastic properties, the varia-
tion in Aei with temperature should then follow the right-
hand side of Eq. (23). A fit to data between 5 and 235 K
gives T,=237+2 K, 0,=276*=32 K and provides a good
description of the strain evolution (Fig. 10). V2 follows Ae3,
perhaps with a small deviation near 180 K and a marked
deviation below ~85 K (Fig. 10). Ae, scales with Ae,
within reasonable experimental uncertainty [Fig. 9(b)]. The
macroscopic strains are thus consistent with the Pnma«— IC
transition being close to tricritical in character with some
additional relaxation affecting the evolution of the volume
strain.

V. DISCUSSION

Although the local instabilities triggering changes of
structure in manganite solid solutions might be electronic,
their effects are manifest as macroscopic strains which
evolve in the same way as for any other phase transition
driven by soft phonon modes. In classic cases such as a-f3
quartz, the actual symmetry-breaking mechanism is respon-
sible for only a rather small proportion of the total energy
change and the overwhelming contribution is due to the
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FIG. 10. Variation with temperature of (strains) (Ref. 2) which
are expected to scale as qfc. The solid line is a fit of an equation
with the from of Eq. (23), showing that the Pnma« IC transition
can be described as Landau tricritical with 7.=237 K, 0O
=276 K.

coupled elastic strain relaxations.’*%” In feldspars, coupling
of individual order parameters with strains provides a
mechanism for strong coupling between different order pa-
rameters and leads also to patterns of evolution which can be
understood entirely from the perspective of Landau theory
(e.g., Refs. 32, 33, and 88). The approach and results pre-
sented above appear to confirm that this straightforward
model applies equally to Prjy4Cays5MnO;. Use of
symmetry-adapted strains and a detailed consideration of
how they are permitted to couple with different symmetry-
breaking order parameters leads to a view of the structural
evolution in terms of order parameters alone, as shown in
Fig. 11.
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FIG. 11. Schematic variations in the principal order parameters
through the Pnma <« IC transition. ¢, and g, are tilting order pa-
rameters and q, ¢yt refer to two different Jahn-Teller ordering
schemes, 'y and M3, respectively. The incommensurate order pa-
rameter, gjc, scales with ¢ as qlzcith. Below T, there is a cross-
over between the two Jahn-Teller ordering schemes of deformed
octahedra. This is accompanied by changes in the tilt angles.
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The high-temperature behavior of Prj43Cags,MnO5 is
dominated by octahedral tilting which appears to be no dif-
ferent from the standard R+M-point tilting of octahedra in
the (non-Jahn Teller) phase SrZrO;. At some higher tempera-

ture there are probably two phase transitions: Pnma < R3c
(first order, and possibly in the temperature interval

~1100-1200 K) and R3¢« Pm3m. A degree of M} order
develops continuously below ~775 K but I'j order, also
permitted in space group Pnma, does not. Symmetry break-
ing at the Pnma < IC transition is represented by the appear-
ance of the X, order parameter (with gradient coupling be-
tween its two components) but is marked also by an increase
in I'j order and a decrease in M3 order. From the variation of
e, the development of the IC order parameter can be repre-
sented as being close to tricritical in character. Additional
relaxations associated with the other secondary irreps of
space group Pnm?2; may well occur, including ferroelectric
displacements due to I'; and I'5. (These might be extracted
from higher quality data for atomic coordinates using the
approach set out by Knight®®). Coupling between the order
parameters could be indirect through their individual cou-
pling with strains or it could be direct. Whichever is the case,
Fig. 11 reveals that effective coupling of X, with I'] and R}
components is favorable, whereas coupling with Mj and M}
components is unfavorable. By way of contrast, there is only
the slightest hint of a strain relaxation (in the volume strain)
accompanying the antiferromagnetic ordering transition
known to occur at ~180 K. The implication is that this
could be essentially independent of the other order param-
eters.

Treatment of the symmetry-adapted strains in this way
does not permit overt discrimination between structural mod-
els such as checkerboard, bistripe and Zener polaron order-
ing, or of alternative descriptions based on charge density
waves.**?9°! From a thermodynamic perspective, however,
the transition appears to be close to tricritical and this could
be due either to renormalization of the fourth-order Landau
coefficient by strain/order-parameter coupling of the form
\ge® or by contributions from configurational entropy in a
transition which tends toward the order/disorder limit, as op-
posed to being purely displacive (e.g., see Ref. 92). The ex-
cess entropy of ~1.4 Jmole™' K™! estimated for the
Pnma—1IC transition in Prj4Cay5MnO; from measure-
ments of excess heat capacity by Cox et al.*’ is still substan-
tially away from the order/disorder limit of R In2
=5.8 Jmole™! K.

A. Microstructure

The pattern of line broadening in the primary powder-
diffraction patterns through the temperature interval
~150-260 K is similar to that reported for Laj sCay sMnO5
through the temperature interval 180-250 K by Radaelli et
al.% Selected pairs of peaks from patterns collected at 150,
200, 215, and 250 K are shown in Fig. 12 and can be com-
pared with Fig. 2 of Radaelli et al.% The asymmetric line
broadening at 150 K invariably occurs between pairs of re-
flections which would have identical d spacings in the parent
cubic phase: (202) and (040) [Fig. 12(a)], (031) and (112)
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FIG. 12. Details of peak shapes for selected reflections at dif-
ferent temperatures through the Pnma« IC transition. Intermediate
temperatures are marked by strong asymmetric line broadening. In-
dexing is for the Pnma lattice.

+(211) [Fig. 12(b)] as indexed for the Pnma cell. Above
~260 K, the bulk sample is structurally homogeneous, as it
is again below ~150 K. In the intermediate temperature
range it contains phases with a spread of different lattice
spacings and these could be either as heterogeneous regions
within individual grains or as discrete grains. The former
could be due to the influence of transformation twins and the
latter to the influence of grain size on transformation tem-
perature, for example.

As the transition point of a second-order ferroelastic tran-
sition is approached from below, the twin wall thickness, w,
increases as w (T,—T)~! and the contribution of the twin
walls to the diffraction pattern is seen as an increase in in-
tensity between twin-related pairs of reflections.”393-%3
Transformation twins would not normally be expected to
arise at the Pnma < IC transition but the room-temperature
Pnma parent structure of Lag 33Cay ;MnO;5 already contains
abundant 90° /m{100} and 120° /m{110} twins, which can be
understood as having arisen from the symmetry loss with

respect to Pm3m due to octahedral tilting.”® Jooss er al.®
have asserted that all of the six possible twin domain orien-
tations are present with domain sizes of <100 nm in com-
parable Pr,Ca manganites (see, also, Ref. 30). The orientation
of tilting changes between domains and, in principle, the tilt
angles could go to zero at the center of each twin wall. Thus
the Pnma < IC transition takes place in a material which is
already structurally heterogeneous with respect to the order
parameters which determine the stable phase. The same ar-
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gument has been applied in relation to ferromagnetic order-
ing at twin walls by Chapman et al.'®

If the IC structure occurs independently of the tilting, it
should develop uniformly across an individual crystal with
only minor disruption at the twin walls where the orientation
of the IC direction changes. At the other extreme of strong
coupling between the tilting and IC order parameters, the
twin walls will have significantly different transformation
characteristics in comparison with the domains themselves.
Variations in tilt angles below ~235 K evident in Fig. 3,
show that coupling indeed occurs between the tilt and IC
order parameters. Direct coupling between these, labeled
here generically as ¢, and gjc, is biquadratic in form
(Ngieqsy,), and for different values of static tilt angles this
would give changes in the transition temperature as

2\g>
]eck — Tc _ qt]lt , (24)
a

where a is the standard coefficient for the second-order term
in a Landau free energy expansion. If the overall coupling is
favorable (A negative), the domains would transform at a
higher temperature than the walls but if it is unfavorable (A
positive), the twin walls would have a higher transition tem-
perature. In the interval between the limiting transition tem-
peratures of the domains and the centers of the domain walls,
individual walls would have gradients in both IC and tilt
order parameters and a concomitant range of lattice param-
eters. On this basis, the temperature dependence of line
broadening shown in Fig. 6(b) implies such an interval of
~150-260 K. Details of the structure of the twin walls will
depend both on the order parameter coupling and on the
length scale of strain fields which arise from the contrast in
lattice parameters between the domains and the centers of the
twin walls.

At ~3% (Fig. 7), the total strain of the metrically tetrag-
onal IC structure is comparable with that of many proper
ferroelastic materials. For such large strains, an advanta-
geous transformation mechanism might be simply to nucle-
ate new 120° twin domains of the low-temperature structure
in the parent Pnma phase, as occurs at the first-order transi-
tion in Bij,Cay¢MnO;.”> Even at a second-order transition,
the energy contribution of coupling between ¢, and g;c might
become sufficient to stabilize domain walls with respect to
the domain, in which case new walls could grow. At the very
least, fluctuations in the tilt order parameter could be en-
hanced and structural heterogeneity within the domains
could be amplified. Similar arguments could be made for
order-parameter gradients through antiphase boundaries aris-
ing from the tilting transitions. Strain related variations in
properties at both twin walls and antiphase boundaries have
been explored more generally by Ahn et al.””8

It is known that the transition temperature for the equiva-
lent transition in La;_,Ca,MnOj; reduces with reducing grain
size (e.g., Refs. 99 and 100). The transition appears to be
fully suppressed in PrjsCaysMnO5 with grain sizes of less
than ~50 nm.*®>7 This effect can be understood in terms of
changes in electronic structure between the surface layer and
the core of a grain or, alternatively, simply as change in
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strain relaxation behavior with grain size.!7-76579%-100 The ]at-
ter mechanism shows up in the influence of grain size on the
structural transition in quartz.''-19 With falling tempera-
ture, the onset of the transition is lower for smaller grains,
giving a spread of lattice parameters for different grains in
the bulk sample. At some lower temperature, the transition
would be complete in all grains, so that they would all end
up, once again, with essentially the same lattice parameters.
In both Laj,5Caj 7sMnO5 and Laj sCag sMnOjs the shift in T,
only starts to exceed a few degrees once the grain size falls
below ~150 nm (Fig. 12 of Ref. 99 and Fig. 7 of Ref. 100)
and in PrysCay,sMnO; the same change is seen below
~70 nm (Fig. 8 of Ref. 56). At the smaller grain sizes, the
lattice parameters of the low-temperature structures of
Lag,5Cag75sMn0O5, Lag sCay sMnOs5, and Pry sCay sMnOj5 also
become significantly different,’*>71% however, and line
broadening in diffraction patterns from a bulk sample con-
taining a range of grain sizes would certainly occur. This
does not match the present observations, though a slight
asymmetry in peak shapes remains down to 10 K.

The possibility of twin walls being responsible for struc-
tural heterogeneities through the Pnma < IC transition does
not appear to have been investigated by transmission elec-
tron microscopy although clear evidence for the influence of
twin walls on ferromagnetic ordering has been observed in
Lag »5Prj 375Cag 17sMnO; by magnetic force microscopy.?’
Wu et al.’® reported the coexistence of Pnma and ordered
phases over a wide temperature interval in Pr;_ .Ca,MnO;
but the intergrowths were found at room temperature, well
above the transition point, and at 80 K, well below the tran-
sition point. Doping of Pr;_,Ca,MnO; with 2% Co in place
of Mn produces asymmetric line broadening at 15 K which
Yaicle et al.'% have interpreted as being due to phase sepa-
ration, though the distribution of two phases within grains or
between grains is not known. A similar result has been ob-
tained by doping with 1% Ti.!%

B. Correlation of macroscopic strain with
other physical properties

If the well-known changes in properties that accompany
phase transitions in manganite solid solutions are directly
related to changes in structure, they should also correlate
with changes in macroscopic strain. Data in the literature all
seem to be for temperatures below room temperature so no
correlation of properties can be made for the onset of M3
Jahn-Teller order below ~800 K. There are distinct pretran-
sitional effects, however. The onset of a tail in the heat ca-
pacity occurs at ~260 K (Ref. 49) and a change in the trend
of magnetization occurs at ~255 K (Refs. 49 and 50) which
correlate with the onset of line broadening [Fig. 6(b)], the
onset of a positive volume strain (Fig. 2) and the onset of
changes in the octahedral tilt angles (Fig. 3). The peak in
heat capacity at ~236 K (Ref. 49) is within experimental
uncertainty of the Pnma < IC transition temperature deduced
from the evolution of e, (Fig. 10) and the onset of a diver-
gence between average Mn-O; and Mn-O,, bond lengths
(Fig. 4). This also is essentially the point at which the elec-
trical resistivity starts to increase in PrysCaysMnO5.2* The
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FIG. 13. Comparison of the repeat distance of the IC structure,
as expressed through the parameter g/a* [data of Sdnchez et al.
(Ref. 50)] with the Mn-O; bond length. The temperature depen-
dences are indistinguishable, implying that the repeat length of the
IC structure depends essentially on geometrical factors.

maximum in line broadening occurs at ~210 K [Fig. 6(b)]
which correlates with the temperature at which the rate of
change of lattice parameters reaches a maximum. The only
possible change in physical properties which might correlate
with this point is the ferroelectric or antiferroelectric phase
transition proposed by Lopes et al.%” to occur at ~20-30 K
below the Pnma« IC transition in Pr;_,Ca,MnO; samples
with other compositions. The Néel temperature for
PrysCagsMnO; is ~180 K (Refs. 23, 43, 47, 48, 51, and 52)
but this appears in the strain evolution only as a barely de-
tectable change in trend of the volume strain (Figs. 2, 8, and
10). The octahedral tilt angles revert to a more normal pat-
tern at ~160 K and the end of line broadening is at
~140 K. There is perhaps a small change in slope of the
heat capacity curve at ~130 K.*

There are also clear correlations between structural pa-
rameters, strains and the variation in the repeat distance of
the incommensurate structure. Sanchez et al.>° described the
IC superlattice of Prj 45Ca, 5;MnOj5 in terms of g/a”, where g
here is the distance between a sublattice reflection and a
superlattice reflection, and a” is the reciprocal dimension of
the sublattice. As shown in Fig. 13, their data for the tem-
perature dependence of g/a* are indistinguishable from the
variation in the Mn-O; bond length. In turn, the Mn-O, bond
length has been interpreted in terms of g, the I'} order pa-
rameter. Between T, and ~120 K, the contribution of M;
Jahn-Teller order goes to zero (Fig. 4), the contribution of I'}
increases and the incommensurate repeat distance reduces.
Saturation of g/a* at ~0.45-0.46 coincides with g,;p—0
and saturation of g. In other words, the IC repeat distance
varies when the ratio of M3 :I'j ordering varies but becomes
fixed when ¢, is constant and ¢,;r goes to zero. As an aside,
it can also be noted that coupling of the IC structure to e,,,
via g, means that variations in ¢/a” would be induced by
application of a uniaxial stress parallel to [010], or by a
homogeneous stress within the (010) plane. Cox et al.'® ob-
tained small changes in ¢/a” by inducing small strain varia-
tions within the (010) plane.
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The rather small deviation in volume strain observed at
~85 K (Fig. 8 and 10) is quite similar in form to the change
in linear thermal expansion observed for PrjsCaysMnOs
(Ref. 82) but does not so obviously match up with anomalies
in other properties, though there are changes in magnetic
properties which could be related. For example, Radaelli et
al.® identified a ferromagnetic contribution from Pr develop-
ing below ~65 K in Prj¢;Cay3sMnO;3. An increase in mag-
netization below ~50 K has been reported by Cox et al.*’
and Séanchez et al.> for Pry44Cay5,MnO5, and has been at-
tributed to a reentrant spin glass transition in
Pr; sCap sMn0O5.> The transition from antiferromagnetic or-
der to a canted antiferromagnetic structure at ~125 K in
Pr; 65Cag 3sMnO; (Ref. 106) can probably be ruled out on the
basis that Tonogai et al.'"? found the transition temperature
to reduce rapidly with increasing Ca content.

In terms of cause and effect, the changes in heat capacity
and magnetic properties just above the Pnma « IC transition
can clearly be understood in terms of typical pretransitional
fluctuations which occur at most structural phase transitions.
Changes in electrical resistivity coincide more precisely with
the actual transition temperature, and hence with establish-
ment of long-range order. Line broadening is interpreted
above in terms of thickening of preexisting transformation
twin walls to give a structurally heterogeneous material
through the temperature interval 260—140 K. It remains to be
determined whether the possible ferroelectric behavior re-
ported by Lopes et al.% is related particularly to the exis-
tence of thick twin walls. Changes in the magnetic proper-
ties, on the other hand, seem to be associated with only small
changes in the volume strain, suggesting very weak magne-
tostriction.

Continuous variations in elastic properties from a poly-
crystalline sample of Pr;_,Ca,MnO; through the Pnma«— I1C
transition'%® are consistent with the transition being thermo-
dynamically continuous. Hazama et al.'*%! show sharp dis-
continuities in the elastic properties of a single crystal of
Pry sCag sMnOs3, however, perhaps suggesting a role for grain
size in determining the thermodynamic character of the tran-
sition. By analogy with the case of quartz,'® suppression of
strain/order-parameter coupling with reducing grain size
would reduce renormalization of the Landau fourth-order co-
efficient and cause a crossover from first order to tricritical.
Common features to the elastic properties are softening
[(C,;—C},) in the single crystal case, longitudinal velocity
for the ceramic] as the transition is approached from above,

pretransitional softening above T, and stiffening below
T108,109
o

C. A driving mechanism based on order-parameter coupling

Three separate order parameters have been used to ac-
count in detail here for the strain evolution of
Pry43Cag 5oMnO5. Coupling with the tilt order parameters
gives small strains, typical of other perovskites such as
StZrO;. Coupling with Jahn-Teller order parameters gives
much larger strains. In the case of LaMnOs;, coupling with
the M7 order parameter gives values of e, and e, of up to
~4%, for example. The F; order parameter, g, couples bi-
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linearly with e, (Agyew), giving values of up to ~3%, and
linear quadratically with ey ()\thei), giving much smaller
values of e, of <3%o for the latter (Fig. 8). In framework
silicates, coupling of individual order parameters with strains
provides a mechanism for coupling between the order pa-
rameter themselves. The stability of the IC structure of
Pry43Cag 5oMnO5 can be interpreted in the same terms since
strain coupling of individual order parameters leads to direct
coupling of the form Aq%q%z, )\qiqéz, and )\qlxqéz.

In principle, the IC structure could develop simply by
gradient coupling between the two components of the X,
irrep and the possible contribution of these gradient terms
has been referred to previously (e.g., Ref. 9). However, IC
phases do not appear to develop in manganites without any
tilts or which have only R-point tilting, such as when Sr is
substituted for Ca in La;_,Ca,MnO; or
Pr,_,Ca,MnO;.23*1-118 Thyg the biquadratic coupling of
gs> with both ¢, (M3) and g4 (R}) seems to be important
even though the tilting instabilities occur at much higher
temperatures. Contributions from irreps M3 and I'} are also
implicated since a small degree of M} Jahn-Teller ordering
develops within the Pnma structure below ~800 K but is
replaced by I'] below the Pnma « IC transition point. In this
context, the phase transition actually has the characteristics
of a pseudoproper ferroelastic transition driven by g. The
bilinear coupling of ¢, with e, would cause elastic softening
ahead of the transition according to

-T
(C11—C12)=(C11—C12)0(;_Tc), (25)

where (C;;—C,,) is the observed elastic constant, (C,;
—C),)° is the elastic constant excluding the influence of the
phase transition. 7, is the transition point and 7 is the criti-
cal temperature, which is lower than 7, by an amount that
depends on the square of the strain/order-parameter coupling
coefficient.811%120 This form of softening has indeed been
observed in PrysCaysMnO; (single crystal: Hazama et
al ;9119 polycrystalline sample: Zheng et al.,'® and Chen et
al.'?"). Below the transition point, the bilinear coupling leads
to stiffening of (C;;—C},),"'? again as would be expected for
pseudoproper ferroelastic behavior.

Equation (25) gives (C;;—=Cj,)—0 at T=T,. but the
Pnma < 1C transition occurs before this point is reached due
to the onset of the 3, order parameter, gs,. Strong coupling
of the form )\quQ§2 should give thOCqéz, and assigning
strains Aegy € gy, Ae40<q§2 leads to the expectation Ae,
«Aey, as is observed to reasonable approximation [Fig.
9(b)]. Thus the phase transition itself is defined by coupling
between two order parameters with separate instabilities. The
symmetry-breaking mechanism (gs,) probably contributes
only a small proportion of the total energy change which is
actually dominated by the contributions of ¢g,, and its cou-
pling with e,.

This pattern of order-parameter coupling would also sta-
bilize the commensurate Pnm2; structure. In the end-
member phase of plagioclase feldspar, CaAl,Si,Og (anorth-
ite), a continuous transition from incommensurate to
commensurate order can be observed and the relative stabil-
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ity of the two structures is due to the stability of their an-
tiphase boundaries.3!12%123 These are stabilized within the
solid solution by coupling to a second order parameter so
that the IC structure consists of homogeneous domains sepa-
rated by boundaries which have steep order-parameter gradi-
ents. The equivalent Pr,_,Ca,MnOj; structure would have do-
mains with relatively homogeneous ¢, and ¢gs, separated by
antiphase boundaries with steep order-parameter gradients.
Gradient terms in the two gy, components presumably pro-
vide the initial symmetry-breaking mechanism for the IC
structure but coupling with the tilt and Jahn-Teller order pa-
rameters could again account for a substantial proportion of
the stabilization energy. Radaelli et al.% already argued that
there is strong coupling between the modulation and octahe-
dral tilt pattern, as would be formalized in terms of )xq%q%z,
)\qﬁqéz coupling effects which show up in the variations in
average tilt angles through the Pnma<« IC transition. In-
sights into the structural context of this coupling is provided
by the recent geometric simulation of Sartbaeva et al.,'**
from which it is clear that local frustration effects arising
from misfits between adjacent MnOg4 octahedra with different
distortions can be accommodated effectively by changes in
octahedral tilting. The close correlation between the IC re-
peat distance and variations of the M3 and I'} order param-
eters further enforces the view that the IC structure can be
thought of structurally in terms of geometrical fitting of de-
formed MnOy octahedra assisted by tilting, and thermody-
namically in terms of strain/order-parameter coupling.

VI. CONCLUSIONS

The symmetry and strain analysis presented here provides
a formalized description of both the coupling between differ-
ent aspects of the structural evolution of Pr;_ ,Ca,MnO; that
have been described qualitatively, for example, by Jirdk et
al.,”® and the widely recognized role of strain in determining
the structural and physical properties of manganite solid so-
lutions. Specifically: (1) important structural features which
stabilize the IC structure can be attributed to the separate
contributions of order parameters related to the irreducible
representations M3, R}, M3, I'j, and 3, of space group
Pm3m, and coupling between them. These correspond physi-
cally to two different octahedral tilt systems, two different
Jahn-Teller ordering schemes and charge order or Zener po-
laron ordering, respectively. (2) From the evolution with
temperature of symmetry-adapted strains and other structural
data, it has been shown that the Jahn-Teller ordering scheme
with M} symmetry, as in LaMnO;, starts to develop below

~775 K. This gives way at the Pm3m « IC phase transition
to a different ordering scheme, in which the unique axis of
individual distorted octahedral are aligned in the same direc-
tion (I'}). (3) Symmetry breaking at the Pnma < IC transi-
tion is driven by the 3, order parameter but this couples
favorably with R-point tilting and I'] Jahn Teller order and
unfavorably with M-point tilting and M7 Jahn-Teller order.
The coupling mechanism is probably through separate cou-
pling of each with common strains. (4) The Pnma« IC tran-
sition is accompanied by large shear strains (up to ~0.025)
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and a small volume strain (up to ~0.0015). The shearing
arises primarily from bilinear coupling of the tetragonal
shear strain with the I'j Jahn-Teller order parameter which,
in turn, is coupled to the driving (X,) order parameter. It is
likely that the main energy reduction arises from I'} Jahn
Teller ordering and shear strain relaxation, rather than from
3., order (charge or Zener polaron ordering) by itself. Bilin-
ear coupling of I'j Jahn-Teller ordering with the tetragonal
shear strain is responsible for softening of shear elastic con-
stants as the transition is approached from both high and low
temperatures (pseudoproper ferroelastic character). (5) Treat-
ing the overall behavior of Prj43Cay5,MnO5 from the per-
spective of elastic strain relaxations reveals that the
Pnma <« 1C transition conforms to a standard tricritical pat-
tern of order-parameter evolution derived from Landau
theory, i.e., g* = (T,~T), with T,=237+2 K. This is in spite
of the local, electronic origin of the transition and is due to
the long ranging correlation length of the order parameters
from their coupling with strain. (6) Given that there is strong
coupling between the different order parameters and strain
on a macroscopic length scale, it is inevitable that there will
also be strain variations associated with order-parameter gra-
dients locally within the IC structure. The incommensurate
repeat distance of Pry45Cag5oMnOj5 follows the average I'}
Jahn-Teller order parameter monotonically as a function of
temperature below T, and it is likely that strain gradients at
the antiphase boundaries are accommodated by variations in
M-point and R-point tilting. (7) In marked contrast with tilt-
ing and Jahn-Teller distortions, antiferromagnetic ordering
appears to be coupled with strain only to the slightest degree,
if at all. As a consequence, it does not influence tilting or
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distortions of the octahedra to any obvious extent. There is,
however, a definite change in trend for the volume strain
below ~85 K which could be due to additional changes in
magnetic structure. (8) The presence of ferroelastic twins due
to the octahedral tilting transitions means that changes in
structure and properties of Pry 43Cay 5,MnO5 occur in crystals
which are structurally heterogeneous. Line broadening in a
temperature interval around 7, (~150-260 K) is consistent
with thickening of these twin walls and could imply differ-
ences in structural evolution and/or transition temperature
between the walls and the matrix. (9) A general consequence
of strong coupling between order parameters and strain, rec-
ognized for macroscopic length scales and locally associated
with microstructure, is that variations in any one of the order
parameters in the proximity of defects, around impurity at-
oms, at local strain fields due to cation disordering or within
homogeneous regions, must enhance the propensity of these
materials to develop heterogeneity on a nanoscale. (10) Fi-
nally, while the present focus has been on the evolution of
I'j, M3, M3, R}, and 3, order parameters, Table III reveals
that a number of other relaxations are allowed under Pnm2,
symmetry which could give rise to additional instabilities.
The phenomenological richness of these materials may not
yet have been fully explored.
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