Journal of Solid State Chemistry 239 (2016) 99-105

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

JousaLor
SoLID STATE
CHEMISTRY

Phase separation, orbital ordering and magnetism

in (Lag 375Cag 625)MnO3

A. Martinelli ¥, M. Ferretti *°, C. Ritter €

2 SPIN-CNR, C.so Perrone 24, 16152 Genova, Italy

P Dipartimento di Chimica e Chimica Industriale, Via Dodecaneso 31, 16146 Genova, Italy

¢ Institute Laue, Langevin, 6 rue Jules Horowitz, 38042 Grenoble Cedex 9, France

@ CrossMark

ARTICLE INFO ABSTRACT

Article history:

Received 8 February 2016
Received in revised form

14 April 2016

Accepted 15 April 2016
Available online 19 April 2016

Keywords:
Manganite

Neutron diffraction
Soft modes
Structural transition
Magnetic ordering

ordered polymorph.

At 300 K (Lag 375Cag.625)MnO3 crystallizes in the orthorhombic Pnma space group; on cooling a Pnma —
Pnma structural transition occurs due to charge-orbital ordering within the Mn sub-lattice, producing a
superstructure consistent with a Wigner-crystal model with a tripling of the cell parameter a. The pri-
mary active mode yielding the observed ordered structure corresponds to the irreducible representation
labelled X5, with wave vector (5,0,0). Nevertheless, the disordered polymorph stable at room tem-
perature is retained at low temperature as a secondary phase, coexisting with the charge-orbital ordered
structure. These two phases display different spin orderings; the antiferromagnetic structure associated
to the charge-orbital ordered phase is characterized by a magnetic propagation wave vector k=(0,0,2),
with a canted spin ordering in the ac plane, whereas a C,-t,pe arrangement develops within the dis-
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1. Introduction

The (La;.xCayx)MnOs system exhibits extremely varied and
fascinating structural and magnetic properties [1,2]. In particular
the Ca-rich (hole doped) compositions are characterized by or-
dering phenomena resulting from a delicate interplay among
charge, lattice and spin degrees of freedom. In fact the substitu-
tion of Ca%2*with La®>*promotes the formation of the Jahn-Teller
species Mn>*; as a result below the charge ordering temperature
(Tco) electronic carriers become localized onto specific sites of
the Mn sub-lattice. The Jahn-Teller effect associated with the
Mn>*ions then induces also cooperative lattice distortion due to
orbital ordering. As a consequence of both charge and orbital
orderings, the magnetic exchange interactions between neigh-
bouring Mn ions become strongly anisotropic and complex
magnetic orderings can occur.

Several neutron powder diffraction investigations have been
carried for compositions with 0.60 < x < 0.67. For x=0.60 a phase
separation taking place at low temperature, accompanied by the
coexistence of two different magnetic structures, was argued [3].
With the increase of the Ca content up to x=0.63 and 0.69, dif-
ferent magnetic reflections were observed, that were related to
magnetic propagation vectors k=(15,0,'2) and k=(0,0,'2) [3]. In-
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depth investigations revealed that (Lag 333Cag es7)MnO3 crystallizes
at room temperature in the orthorhombic Pnma space group, but
below ~ 260 K orbital ordering occurs, inducing a tripling of the a
axis parameter and a superstructure consistent with a Wigner-
crystal model [4,5]; Mn magnetic moments order below 170 K
according to an antiferromagnetic structure [4], with a propaga-
tion vector k=(0,0,%2) [5]. For the (Lag3s5Caggs)MnO3; compound
orbital ordering was detected below 275 K, whereas the onset of
magnetic peaks below 160 + 3 K, but the magnetic structure was
not analyzed in detail [6]. For samples with 0.63 <x <0.67, su-
perlattice reflections were detected below Tco=260 K by trans-
mission electron microscopy (TEM); in particular a modulation
wave vector q=(~%3,0,0) was observed below Tco [7]. Further TEM
analyses at low temperature on a sample with composition
(Lag33Cags7)Mn0O3 corroborated the Wigner-crystal structural
model, confirming the occurrence of a modulation wave vector q=
(~%,0,0) [8].

In this paper we investigate the structural and magnetic or-
dering properties of the (Lag375Cap.s25)MnO3 composition, as ob-
tained from accurate neutron powder diffraction analysis carried
out between 300 and 5 K.

2. Experimental

A polycrystalline sample with nominal composition (Lag375Cage2s)
MnO; was prepared by means of a solid state reaction among
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stoichiometric amount of binary oxides (CaO 99.95% AipricH; La,O3
99.99% Arra AesaR; MnO, 99.999% Arra Aesar). Four thermal treatments
with intermediate grinding were carried out, the first at 1523 K for
15 h and the remaining at 1603 K for 18 h. Neutron powder diffraction
(NPD) analysis was carried out at the Institute Laue Langevin using the
D1A high resolution diffractometer; NPD patterns were collected at
selected temperatures between 5 and 300 K using a wavelength of
A=1.91 A. The crystal and magnetic structures were refined using the
program Futieror [9]. By means of representation analysis [ 10], possible
spin orderings were evaluated, using the programs Baslreps [11,12]
contained in the Fuurror suite and SARAh [13]. By means of a
NayCasAlyF14 (NAC) standard an instrumental resolution file was ob-
tained and used in the refinements in order to detect micro-structural
contributions to the NPD peak shape. The diffraction lines were
modelled by a Thompson-Cox-Hastings pseudo-Voigt convoluted with
axial divergence asymmetry function and the background by a fifth-
order polynomial. The following parameters were refined in the final
refinement cycle: the overall scale factor; the background (five para-
meters of the 5th order polynomial); 26-Zero; the unit cell para-
meters; the specimen displacement; the reflection-profile asymmetry;
Wyckoff positions not constrained by symmetry; the isotropic thermal
parameters B; the anisotropic strain parameters; the Fourier coeffi-
cients of the magnetic structure.

3. Results and discussion
3.1. Crystal structure of (Lag375Cagpg25)Mn0O3

At 300 K (Lag375Cag625)Mn0O5 crystallizes in the orthorhombic
Pnma space group (structural data are reported in Table 1). Riet-
veld refinement of the site occupancy parameters do not evidence
significant deviations from the nominal composition. The evolu-
tion of the lattice parameters on cooling (Fig. 1) reveals the oc-
currence of charge and orbital orderings; in fact below the or-
dering temperature the b axis rapidly decreases, whereas the a
and c¢ axes increase, in agreement to what observed in
(Lag33Cape7)MnO03) [4,5]. Unfortunately, our high-resolution neu-
tron diffraction data lack enough intensity to distinguish super-
lattice reflections accompanying the structural ordering. Charge
and orbital orderings can be represented using a structural model
similar to that developed for the so called Wigner-crystal model of
(Lag333Capse7)MnO3 and in agreement with the lattice ordering
detected by electron diffraction [5,7,8]. As a result a Pnma — Pnma
structural transition takes place, producing a tripling of the cell
parameter a and the splitting of all the Wyckoff orbits, increasing
the number of independent atoms from 4 to 11 (Tables 1 and 2).
Despite the substantial deviation of the [Mn?*]/[Mn**] ratio from
the optimal value, the tendency towards charge and orbital or-
dering in (Lag375Caps25)Mn0O5 is dominating, as evidenced by the

Table 1
Structural data of (Lag375Cags25)Mn0O3 at 300 K (from Rietveld refinement of NPD
data).

Space group Pnma (62)
Lattice parameters (A) a b c

5.3956(1) 7.5866(1) 5.4037(1)
Atom Wyckoff site X y z
La/Ca(1) 4c 0.0195(5) Ya 0.9975(7)
Mn(1) 4b 0 0 173
0o(1) 4c 0.9918(6) Ya 0.4410(5)
0(2) 8d 0.7206(4)  0.9690(2) 0.2764(5)
Agreement factors (%) v Rup Reragg Ry
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Fig. 1. Evolution of the cell parameters in (Lag375Cage25)MnO3 on cooling; the
hatched area indicates the T range inside which orbital ordering occurs.

Table 2
Structural data and agreement factors for the charge-orbital ordered polymorph of
(Lap375Cap.625)Mn0O3 at 5 K (from Rietveld refinement of NPD data).

Space Pnma (62)
group
Lattice parameters (A) a b c
16.2291(1) 7.5056(1) 5.4236(1)
Atom Wyckoff site  x y z
La/Ca(1) 4c 0.0037(1) v 0.9868(3)
La/Ca(2) 4c 0.1577(1) % 0.5172(2)
La/Ca(3) 4c 0.1759(1) Ve 0.5186(3)
Mn(1) 4b 0 0 v
Mn(2) 8d 0.1682(1) 0.4985(2) 0.0174(3)
o(1) 4c 0.3327(1) Vi 0.4528(2)
0(2) 4c 0.1591(1) Vi 0.0793(3)
0(3) 4c 0.9996(1) % 0.5645(3)
0(4) 8d 0.2404(1) 0.5345(2) 0.2948(2)
0(5) 8d 0.0759(1) 0.9636(1) 0.2287(2)
0(6) 8d 0.0925(1) 0.0274(1) 0.7389(2)
Agreement factors (%) 2 Rup Rprage  Rr Ragnetic
3.04 5.65 3.78 3.47 9.49
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Fig. 2. Superposition of the Williamson-Hall plots obtained from NPD data col-
lected at 300K and 10K (data from selected families of crystallographic planes
with different orders); in the lower field the corresponding indexed Bragg peaks
are listed.
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marked cooperative Jahn-Teller distortion characterizing octahe-
dra centred by Mn>*ions located at the 4b site.

The microstructural evolution as a function of temperature was
investigated by refining the anisotropic strain parameters and
analyzing the broadening of diffraction lines by means of the
Williamson-Hall plot method [14]. Initially, Rietveld refinements
were carried out adopting the structural model of the only dis-
ordered polymorph in the whole thermal range; remarkably, very
good fits are obtained (at 5 K, Rpragg=>5.88%). As a result, size ef-
fects are negligible and a straight line passing through the origin
and all the points of the different orders of the same reflection is
obtained, whose slope provides the microstrain contribution. The
superposition of the Williamson-Hall plots obtained using the NPD
data collected at 300K and 5K clearly reveals that most of the
diffraction lines are broadened at low temperature (Fig. 2).

Fig. 3 shows the thermal dependence of the anisotropic mi-
crostrain-like contribution to line broadening as calculated using
the single disordered phase model. In particular, as the tem-
perature is decreased around the ordering temperature, the mi-
crostrain-like broadening increases; further cooling relieves
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Fig. 3. The evolution on cooling of the microstrain-like line broadening in
(Lap.375Cap.625)Mn0O3 along the three main crystallographic directions is compared
with the thermal dependence of the charge-orbital ordered (CO-00) phase fraction.

broadening along [0kO], but not along [h00] and [00I]. The ob-
served behaviour suggests that phase-separation takes place on
cooling, a scenario corroborated by the analysis of the magnetic

Fig. 5. Arrangement of Mn-O bonds in the ac plane of the charge-orbital ordered
structure of (Lap375Cape25)Mn0O3 viewed along [010]; bond lengths are also re-
ported (A). Darker sticks represent Mn>* -0 bonds elongated due to the cooperative
Jahn-Teller distortion.
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Fig. 6. Thermal dependence of the primitive cell volume in (Lag375Cape25)Mn0Os3;
the solid line shows the best fit to a 2nd order Griineisen approximation.
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Fig. 4. Rietveld refinement plot for (Lag375Cape25)MnO5 (NPD data collected at 5 K). In the upper field the continuous red line is the calculated fit superposed to the
experimental intensity data; the blue line in the lower field is the difference curve; from the top, the vertical bars indicate Bragg reflections for the charge-orbital ordered
phase (purple; crystallographic and magnetic) and the disordered polymorph (green; crystallographic and magnetic). The insets show an enlarged view of the refinement
plot in the Q range where main magnetic peaks occur (on the right) and a superposition of the data collected at 300 K and 5 K in the same Q range, evidencing the onset of
the magnetic peaks at lower temperature (on the left).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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structure (see Section 3.2). On this basis a structural model
foreseeing the coexistence of a charge-orbital-ordered phase
with a disordered structure was successfully tested; as a result
the goodness of fit is improved and the volume fraction of the
disordered phase is almost 17%. Due to its paucity and the strong
peaks overlapping, only the cell parameters of this secondary
phase were refined. For comparison, Fig. 3 shows also the tem-
perature evolution of the charge-orbital ordered phase fraction,
as obtained from the two nuclear (disorder+charge —orbital or-
dered) phases model. It is evident that the marked increase of the
microstrain-like contribution to line broadening is strictly con-
nected with the development of the charge-orbital ordered
phase.

Fig. 4 shows the corresponding Rietveld refinement plot ob-
tained with NPD data collected at 5 K, whereas structural data are
reported in Table 2. Fig. 5 shows a projection of the arrangement of
Mn-O,q bonds along [010]; a clear cooperative Jahn-Teller distortion
is active, suggesting that Mn>*ions are mainly located at the 4b site.
As a rule, the valence at each site can be evaluated by means of the
bond valence sum (BVS) analysis [15,16] and using the inter-atomic
distances obtained from the refined structural data; nonetheless the
bond valence parameters are determined at 300 K and corrections
would be needed at other temperatures. In addition the occurrence
of lattice strains, the possible mixed valence at both Mn sites and
the distortion affecting the octahedral Mn>*environment due to
the Jahn-Teller effect further reduces the precision of the calculation
at the 4b site. For BVS calculations a charge ordered scenario were
assumed, where the 4b site is completely occupied by Mn>* ions
whereas Mn** ions are located at the 8d site together with the
remaining Mn>* ions. As a result the BVS values are 3.37 v.u. and
3.78 v.u, respectively, corroborating the charge ordered model; by
assuming a random distribution of both cationic species the BVS
values result 3.49 v.u. and 3.71 v.u, respectively, still in agreement
with a tendency towards charge splitting.

The primitive cell volume undergoes no discontinuity at the
structural transition. In order to investigate in detail the thermal

expansion behaviour of (Lag375Cage25)Mn0Os, its cell volume has
been fitted between 5 and 300 K, using a Griineisen 2nd order
approximation for the zero-pressure equation of state [17]:

VU

Vi = Q- bU

+V% D
where Q=VjK,/y’' and b=(Ky—1)/2; y' is a dimensionless Griineisen
parameter of the order of unity; Kj is the compressibility and Kj its
derivative with respect to applied pressure; V, is the zero tem-
perature limit of the unit cell volume; U is the internal energy
calculated by the Debye approximation:

3T .3
_ T op x dx
u) = 9NI<BT( _99) fo e .

where N is the number of atoms in the unit cell; kg is the Boltz-
mann's constant; @j, is the Debye temperature. The compressibility
of CaMnOs and LaMnOs are 147 GPa and 141 GPa, respectively,

Table 3
Summary of the basis modes involved in the ordering of (Lag375Cag625)Mn0Os3.

Atoms Wyckoff site Modes
0(2) 8d '3 %6
0(1), La/Ca(1) 4c 1) 34
Mn(1) 4b

Table 4

Summary of the mode decomposition of (Lag375Cage25)Mn0O3, reporting the am-
plitudes of all the intervening irrep components; data of the low temperature
structure from NPD data collected at 150 K.

k vector irrep Direction Isotropy sub-group Dimension Amplitude (A)

000) 1 ()
(¥5,0,0) > (a,0)

Pnma (62) 7
Pnma (62) 17

0.119(1)
0.657(4)

Fig. 7. Atomic displacements in (Lag375Cao.625)Mn0s, corresponding to the 77" and modes; the description of the distortions affecting the Ca/La (green) and Mn (Mn3+:
purple; Mn**: blue) sub-lattices are evidenced on the right. Arrows show the directions of atomic displacements; for clarity the amplitude of the distortion has been
arbitrarily increased. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which are the experimental bulk modulus values extracted from
high pressure X-ray powder diffraction measurements [18]. The
fitting was carried out assuming these K; values and leaving y', @)
and Kj as free parameters. Fig. 6 shows the resulting fitting curve;
©p value turns out to be ~315 K, in fair agreement with the value
calculated from heat capacity data for LaMnOs; (6, ~300 K) and
(LapgoCan20)MnO3 ( ©p ~390K) [19,20]. It can be seen that the
Griineisen law well accounts for the observed temperature de-
pendence of the volume in the whole temperature range explored
by the experiment.

In order to investigate in detail the ordering transition, the
modes involved in the symmetry-breaking distortion were analyzed

Table 5

Global atomic displacements in (Lag375Cag.625)MnOs: uy, Uy U, are in relative units
and Idl is the absolute distance; data of the low temperature structure from NPD
data collected at 150 K.

Atom Wyckoff site Atomic distances
Uy uy u, idi (A)
La/Ca(1) 4c 0.0011 0.0000 —0.0006 0.0177
La/Ca(2) 4c 0.0014 0.0000 —0.0006 0.0227
La/Ca(3) 4c 0.0022 0.0000 0.0006 0.0359
Mn(1) 4b 0.0000 0.0000 0.0000 0.0000
Mn(2) 8d —0.0034 0.0060 —0.0246 0.1511
0o(1) 4c —0.0046 0.0000 0.0115 0.0971
0(2) 4c —0.0070 0.0000 —0.0151 0.1396
0(3) 4c —0.0029 0.0000 0.0053 0.0556
0(4) 8d 0.0011 —0.0019 —0.0105 0.0613
0o(5) 8d 0.0008 —0.0037 0.0058 0.0443
0(6) 8d 0.0007 0.0061 0.0038 0.0518
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Fig. 8. Thermal dependence of the amplitudes of the primary (£3) and secondary

and their amplitudes calculated. Mode decomposition of the high
temperature structure was carried using AmpuiMopEt [21]. The primary
active mode yielding the observed ordered structure corresponds to
the irreducible representation (irrep) labelled X;, with wave vector
(15,0,0) responsible for the tripling of the a axis; a secondary irrep I
is also active, maintaining the parent lattice symmetry (Table 3).
There are 7 modes of symmetry 73" and 17 modes of symmetry X;
the primary mode X5 involves all the atoms.

Results obtained by Rietveld refinement using the symmetry
mode options are summarized in Table 4; the data of the low
temperature structure were obtained from the refinement of the
NPD data collected at 150 K, where structural orderings are prac-
tically completed (see Fig. 1), but magnetic scattering contribution
is almost negligible. Both irreps contribute to the structural dis-
tortion, the primary mode X; being characterized by the largest
amplitude; their absolute amplitudes are the components of the
global structural distortion, amounting to 0.668 A at 150 K and
corresponding to the square root of the sum of the square of the
amplitudes listed in the Table 4 for all irreps.

Fig. 7 shows the atomic displacements corresponding to the X;
and 77" modes; the displacement pattern of La/Ca and Mn atoms
resembles that obtained for the Wigner-crystal structure of
(Lag333Cages7)MnO3 [5], but some differences are evident. In par-
ticular in (Lagp375Cagp.e25)MnO3 the displacements of the La/Ca and
Mn atoms are not always coupled and have a significant secondary
component along the a axis, whereas in (Lag333Cag.e67)Mn0O3 dis-
placements are coupled and predominantly along the c axis. Ta-
ble 5 lists the amplitude of the global displacements u (X5 plus 7
mode displacements) relating the disordered and ordered
structures.

Ultimately, symmetry breaking can be thus understood in
terms of octahedral tilting, cooperative Jahn-Teller distortions and
charge-orbital ordering: the X; mode describes the Jahn-Teller
ordering scheme, whereas octahedral tilting depends on the
combination of the X; and 77" modes.

Fig. 8 shows the thermal dependences of both modes; the or-
bital ordering temperature can be safely assumed very similar to
that measured for the neighbouring composition (Lag3s5Caggs)
MnOj; (~275 K) [6]. The amplitude of the primary mode X5 can be
identified with the Landau order parameter (1)) connecting the
two polymorphs; its evolution with temperature is discontinuous,
consistent with a 1st order nature of the structural transition, as in
(Lagp333Cages7)MnO3 [4]. In the simplest case of a 1 component
order parameter associated with the Landau free energy expan-
sion, F(n), the following relationship holds [22]:

_ [a(T — Tco)] 2

B 4 Y 6
no+ o+ =
2 4

6" 3
Which describes a 1st order transition when <0 and 7y > 0.

The thermal dependence of the order parameter 1 then corres-
ponds to:

F@)

—p+ B — Ayla(T — Too)l2

(") distortions in (Lag 375Cao.625)MnO3; the solid line represents the Landau fit for n=+{ }%
a 1st order transition. - 2y 4
Table 6
Small irreducible representations of the little group Gx=Pnma.
Irrep Symmetry operators
{110,0,0} {2,1,0,015} {2,10,%2,0} {2,Iv8,Y2,v2} {-110,0,0} {m15,0,v5} {m,0,15,0} {myiva,va,vs}
I 1 0 a 0 0 1 0 a 0 -1 0 -a -1 0 —-a 0
0 1 0 —-a 1 —a 0 -1 0 a 0 0 -1 0 a
I 1 0 a 0 0 1 0 a 0 1 0 a 1 a 0
0 1 0 —-a 1 —a 0 1 0 —-a 0 0 1 0 -a
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where o, f and y are refinable parameters; by assuming
Tco=270K, Eq. (2) nicely fits our experimental data (Fig. 8). Re-
markably, the n parameter (i.e. the amplitudes of the primary *;
distortions) exhibits very little thermal change between 250 K and
5K, indicating that the 1st order transition is close to the'frozen’
limit, a feature observed in other charge ordering transitions, such
as in Fe304 [23].

3.2. Magnetic structure of (Lag 375Cag.625)Mn0O3

At 150 K neutron magnetic scattering is observed, developing
into well shaped peaks at lower temperature (Fig. 4, left inset);
this result is consistent with what observed for the neighbouring
composition with x=0.65 and 0.66, where the onset of magnetic
scattering was observed below 160-170K [4,6]. Remarkably
magnetic Bragg peaks display a marked broadening and the re-
finement of the corresponding size parameter is needed; as a re-
sult the average linear size of the coherent magnetic domains is
~15 A. For (Lag333Cag 667)MnO3 Radaelli et al. [5] reported that the
magnetic peak at 117 A=! (see left inset of Fig. 4) belongs to a
separate magnetic phase, being consistent with the so called C-
type spin ordering. The occurrence of this secondary spin ordering
can be related to the retention of the disordered polymorph on
cooling, supporting the phase-separation previously illustrated
(see Section 3.1).

On this basis, the main magnetic Bragg peaks can be success-
fully indexed according to the propagation vectors k=(0,0,%2). By
means of the representation analysis of magnetic structures [10],
the allowed magnetic moments orderings were calculated, taking
into account that in the charge ordered phase of (Lags75Cagezs)
MnOs the magnetic Mn atoms are located at the two different sites
4b and 8d (see Table 2). As a result, the symmetry analysis using
the representation theory provides the little group Gi=Pnma.
Table 6 lists the irreps of Gy, being complex and of dimension 2,
with phase factors «a = exp{%zi} and -a = exp{%ni}. I';; has the
characters: y(I';,—4b)=(12,0,0,0,0,0,0,0) and ¥, - 8d)=
(24,0,0,0,0,0,0,0) and decomposes in terms of irreps as I';;,(4b)=3
I't® 31, and I',,(8d)=6 I'1y @ 6 I',. The Fourier coefficients are
real, since k is equivalent to -k.

Experimentally a good fit has been obtained by applying the
representation I'; for Gy (at both 4b and 8d). The inset of Fig. 4 (on
the right) shows an enlarged view of the Rietveld refinement plot,
in the region where magnetic neutron scattering is more intense,
whereas Table 7 lists the refined magnetic moments. Remarkably,
the magnitude of the magnetic moment at the 4b site (3.8 Hp)
agrees fairly well with the value predicted for Mn®*(4.0 pg), cor-
roborating the charge ordering scenario; conversely the total
magnetic moment at the 8d site (2.4 pg) results significantly re-
duced than expected (~3.1 pg), suggesting the occurrence of some
degree of magnetic frustration. The magnetic structure is sche-
matically represented in Fig. 9: in a quite good agreement with the
spin arrangement reported by Radaelli et al. [5] and Fernandez-
Diaz et al. [4] for (Lag333Cag.s67)MnO3, a canted spin order occurs,
with magnetic moments lying in the ac plane and with magnetic
moments of Mn3*ions parallel to the elongated Mn-O bonds
(see Fig. 5).

The basis vectors associated to the 4b and 8d sites in the
charge-orbital ordered polymorph of (Lag375Cage25)MnO3 belong
to a same irrep, indicating that inter-site interactions are domi-
nant. The same situation could indeed arise in the case that the
intra-site coupling of one site would be dominant and a strong
inter-site coupling would lead to the polarisation of the second
magnetic site. However, in this case one would expect the pre-
sence of two distinct magnetic phase transitions; this was not
observed in the similar compound (Lag35Cagg5)MnOs3 [6].

Table 7
Refined magnetic moments for the magnetic structure of (Lag375Cage25)MnO3 at
5K.

Wyckoff site  Coordinates px (B) by (#B) Bz (pB) prot (1B)
4b 0,0, —24(1) 0 —29(2) 38(2)
14,0,0 24(1) 0 —29(2)
0%, 24(1) 0 2.9(2)
787%0] —24(1) 0 2.9(2)
8d 0.168,0.498,00.017  2.4(1) 0 —03(1)  24(1)
0.668,0.002,00.483 24(1) 0 0.3(1)
0.332,0.502,00.517 —2.4(1) 0 —-0.3(1)
0.832,0.998,00983 —24(1) 0 0.3(1)
0.832,0.502,00.983 24(1) 0 —0.3(1)
0.668,0.498,00.483 —2.4(1) 0 —0.3(1)
0.168,0.002,00.017 —2.4(1) 0 0.3(1)
0.332,0.998,00.517 24(1) 0 0.3(1)
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Fig. 9. Schematic representation of the magnetic structure of (Lag375Cag25)MnO3
at 5 K (Mn>* moments: magenta arrows; Mn**moments: blue arrows).(For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

As afore mentioned, a secondary C-type spin ordering asso-
ciated to the disordered polymorph is also present. The limited
intensity and number of Bragg peaks do not allow to firmly de-
termine the orientation of the magnetic moments. Nonetheless, in
a previous investigation [24], we ascertained that a C,-type
structure takes place below ~175 K within the strained regions of
(La;_xCay)MnOs nanoparticles with x=0.50 and 0.75. By using this
magnetic structural model the C,-type ordering is refined with an
ordered magnetic moment of ~ 0.72(4) pg and Rmagnetic= 11.5%. In
this context it is worth to note that Ca and La ions (as well as their
associated charges) are not perfectly arranged in the lattice; this
uneven distribution can determine conditions favouring charge
ordering in the largest fraction of the lattice, but also significant
local deviations from a perfect random distribution. In this latter
case the local increase of Ca®>*or La®>*content can be detrimental
for charge ordering and thus the disordered structure can be re-
tained at low temperature. This secondary phase is intimately
admixed with the ordered polymorph, where a notable change of
the cell parameters occurs, driven by orbital ordering. In this way
the disordered phase can experience a strong lattice strain at low
temperature, favouring the C,-type spin ordering.
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4. Conclusions

Neutron powder diffraction analysis was carried out in order to
analyze the evolution of the structural and magnetic properties of
(Lag:375Can.625)Mn0O3 between 5 and 300 K. On cooling a Pnma —
Pnma structural transition takes place on account of charge and
orbital ordering within the Mn sub-lattice; this symmetry break-
ing is driven by the primary mode X;, characterized by a wave
vector (¥5,0,0), thus producing a tripling of the cell parameter a in
the ordered structure. The variation of the Landau order parameter
is consistent with a 1st order nature of the structural transition.
The primitive cell volume undergoes no discontinuity at the
structural transition and follows a Griineisen 2nd order approx-
imation for the zero-pressure equation of state, from which a
Debye temperature of ~315 K results. At lower temperature anti-
ferromagnetic ordering takes place: the magnetic structure is
characterized by a propagation vectors k=(0,0,'2) and a canted
spin arrangement in the ac plane. A significant percentage of the
sample retains the disordered structure at low temperature, co-
existing with the ordered polymorph; in this secondary phase a
C,-type spin ordering takes place.
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