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Effects of A-site ordering on the Mn local structure and polar phases
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We have investigated the temperature dependence of the Mn local structure in A-site ordered RBaMn,Oq
(R = La, Nd, Sm, and Y) perovskites, in parallel with their disordered counterparts, Ry sBagsMnOs, by means
of x-ray emission (XES) and x-ray absorption spectroscopy (XAS) The end member LaBaMn,0O¢ shows a
nearly regular MnOg octahedron independent of temperature. With decreasing the R ionic radius in the ordered
samples, the XAS results indicate that a local distortion develops in the MnOg octahedron at the low-temperature
charge-localized and polar phases. For NdBaMn,Og, this local distortion is tiny, indicating the absence of
charge segregation at the Mn site. This is followed by a bigger local distortion anticipated for SmBaMn,Og
in its respective charge-localized and polar phase and finally, the biggest local distortion for the smallest
A-site cation ordered compound, YBaMn,Og, for which it even persists above the polar charge-localization
transition temperatures. The high-resolution XAS spectra confirm the presence of charge segregation between
two nonequivalent Mn sites in the low-temperature polar phase of Sm and Y ordered samples. Thus, our XAS
study suggests a displacive mechanism for the charge-localization and polar transitions in the Nd and Sm ordered
samples while a combination of displacive and order-disorder contributions is revealed for YBaMn,Og. Besides,
calorimetric measurements confirm the combination of the two mechanisms, order-disorder and displacive, for
the ordered Sm and Y compounds. On the other hand, the A-site disordered RysBagsMnO; samples with R
cations smaller than Nd present a significant static (temperature-independent) local disorder, which explains why
polar charge-localization transitions are not developed in these samples. Finally, we correlate our results about
the Mn local structure and character of the transitions with the macroscopic magnetic and electric behavior of

both A-site ordered and disordered compounds.

DOI: 10.1103/PhysRevB.107.165133

I. INTRODUCTION

Perovskite-type manganese oxides R;_,D,MnO; (R =
trivalent rare earth, D = divalent cation) have focused
widespread interest in the last decades thanks to the key
discovery of their colossal magnetoresistance behavior [1].
However, the physical properties exhibited by manganites
are not limited to this phenomenon, and also include, for
instance, metal-insulator transitions, thermoelectricity, ferro-
electricity, and (anti)ferromagnetism [2-7]. The latter two
types of orderings may appear simultaneously and be coupled
in magnetoelectric multiferroics [6,7]. The magnetoelectric
properties in R;_,D,MnOj arises from the interplay between
the structural (lattice), electronic (orbital and charge), and
magnetic (spin) instabilities depending on the combination of
the R and D elements. In general, R and DE randomly occupy
the A sites in the perovskite-type ABOj structure [Fig. 1(a)]
causing this system to have inherent disorder in the lattice but
when divalent D cation is Ba, the different ionic size favors the
ordering of Ba and R atoms in the A site of the perovskite-type
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lattice. In particular, for x = 0.5, i.e., RBaMn,Og stoichiome-
try, R and Ba ions can alternately occupy the A sites along the
c axis if the synthesis conditions are properly controlled [8,9]
[Fig. 1(b)]. The structure of A-site ordered double-perovskites
RBaMn,;0¢ (R = rare earth, Y) comprises a MnO, square
sublattice sandwiched between two types of rocksalt layers
(RO and BaO) with strong size difference. Consequently, the
strained MnQOg octahedron is distorted in a peculiar manner
with the Mn and O atoms of the MnO, plane shifted to-
ward the RO layer for an ordered system. This can favor
the appearance of polar phases in contrast with the apparent
rigid octahedron observed in the disordered RjsBagsMnOj3
analogs [Fig. 1(a)]. Therefore, ordered RBaMn;Og and dis-
ordered RjsBaysMnO3; samples with the same stoichiometry
can be studied to unveil the correlation between magneto-
electric properties and underlying crystallographic and local
structures.

We have recently characterized the ordered RBaMn,Og¢
(R =La, Pr, Nd, Sm, and Y) compounds with respect to
their crystallographic structures and magnetoelectric prop-
erties as a function of the ionic radius of R atoms [see
Fig. S1(a) in the Supplemental Material] [10-12]. In Table I
we summarize the relevant structural, electric, and magnetic
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FIG. 1. Schematic representation of (a) the ideal cubic structure
of A-site disordered RysBaysMnO; perovskites and (b) the ideal
tetragonal P4/mmm crystal structure of A-site ordered RBaMn,Og¢
perovskites. Black arrows in (b) illustrate the displacement of the
MnO; plane towards the RO layers in the RBaMn,O4 perovskites
resulting in a distorted MnQOg octahedron.

properties of the samples presented in this study as a func-
tion of the ratio of ionic radius rgs+/rg,2+. For R elements
with ionic radius larger than Sm, i.e., Nd, Pr, and La, fer-
romagnetic (FM) correlations are enhanced and the three
ordered samples are isostructural at high temperature (440
K). They adopt the tetragonal structure of a perovskite with
A-site ordering without tilts of the MnOg octahedron [10]
(space group P4/mmm). LaBaMn,Og undergoes a ferromag-
netic (FM) phase transition with anisotropic changes in the
tetragonal lattice parameters related to the orientation of the
Mn-ordered moments. Ordered PrBaMn,Qg¢ exhibit first a
FM transition. Second, a further transition to an A-type lay-
ered antiferromagnetic (AFM) state with ferromagnetic planes
coupled antiferromagnetically along the ¢ axis takes place
simultaneously to a structural metal-to-insulator transition.
Ordered NdBaMn,O¢ shows magnetic properties similar to
PrBaMn, Og but long-range FM order is not established in this
compound. Instead, short-range FM correlations are present
above the AFM transition. The low-temperature phase is polar
for both PrBaMn,0O¢ and NdBaMn,Og compounds but there
is a single site for the Mn atom, incompatible with the oc-
currence of a significant charge segregation. Furthermore, the
contribution from the asymmetric stretching associated with
a Jahn-Teller distortion is found negligible in this structural
transition, suggesting the lack of ferroic orbital ordering (OO).
Interestingly, the A-site disorder in these La-, Pr-, and Nd-
based manganites weakens the FM transition [Table I and
see Fig. S1(b)] but also the A-type AFM transition to some
extent [13].

For R elements with small ionic radius, such as Sm and
Y, two successive structural phase transitions take place on
cooling from 500 down to 100 K [Table I and see Fig. S1(a)],
while resistivity measurements clearly show a first-order
metal-insulator-like transition along with one of the structural
transitions [11,14]. These transitions result in nonequivalent
Mn sites with the presence of charge segregation between
them. Since charge segregation between the nonequivalent
Mn sites is clearly below the nominal value of one charge
unit between Mn** and Mn**, we refer to them as charge-
localization (CL) transitions. The main difference between
the two structural phases concerns the stacking sequence of
the ordered charge segregation along the ¢ axis, which is

double for the high-temperature phase. The mismatch be-
tween the RO and BaO sublattices is the largest so the
corresponding CL transition temperature, ¢y, increases with
decreasing the R size well above room temperature for the
first high-temperature transition (Table I) [11,12]. Moreover,
the low-temperature CL phase displays a Jahn-Teller-like dis-
tortion for one of the nonequivalent Mn sites which has been
generally ascribed to OO. In addition, this low-temperature
CL phase has a polar symmetry that allows spontaneous
ferroelectric polarization [11-15] and the magnetic ground
state is characterized by CE-type AFM ordering, consisting
of FM zigzag chains in the ab plane that are AFM coupled to
each other and along the ¢ axis. The simultaneous occurrence
of ferroelectricity and magnetic ordering indicates that these
compounds can be considered as type-II multiferroics [16]
and might present magnetoelectric coupling. On the other
hand, the corresponding polymorph compounds fully disor-
dered in the A site, RysBaygsMnO3; (R = Sm and Y), do not
exhibit either polar CL-like phases or long-range magnetic
ordering [Table I and see Fig. S1(b)] [17,18].

Thus, it is noteworthy that the occurrence of polar phases
and, consequently ferroelectricity, in these systems strongly
depend on the size of the A-site rare-earth cation and the
degree of A-site order, which can break the inversion sym-
metry at the Mn sites. While characterizing the Mn local
structure of the different magnetoelectric phases is key to
elucidate the mechanism driving the polar transitions, this
information is very limited in the ordered systems. The fer-
roelectric mechanism is termed displacive when the structural
distortions strictly vanish in the paraelectric phase, and order-
disorder when they are nonvanishing but thermally average
out to zero in the paraelectric phase [19].The extended x-
ray absorption fine-structure (EXAFS) technique is ideally
suited for determination of the dynamic local structure around
a specific absorbing atom due to the short interaction time
(~10715 5) of the photoabsorption process compared to x-ray-
diffraction techniques and it has been successfully used in the
past to determine the displacive or order-disorder character
of ferroelectric transitions in related perovskites where ferro-
electricity arises from CL [20]. In this paper we complement
our previous structural characterization of the A-site ordered
and disordered Ba-doped manganites (based on average syn-
chrotron x-ray powder-diffraction measurements [10-12]) by
means of a combined high-energy resolution fluorescence
detected (HERFD) and total fluorescence yield (TFY) x-ray
absorption spectroscopy (XAS) study to understand the alter-
ation of the Mn local structure as a function of temperature,
A-site cation size, and A-site randomness. The implication of
these changes in the occurrence of charge-localized and polar
states and the mechanism of the magnetoelectric transitions is
determined.

II. EXPERIMENT SECTION

Polycrystalline ordered RBaMn,0Og (R = La, Nd, Sm,
and Y) samples were prepared by solid-state chemistry
method [10-12]. Stoichiometric amounts of dried La,O3 (or
Nd,03, Sm,03, Y,03), BaCO3;, and Mn,0O3; were mixed,
ground, and heated at 1000 °C overnight. The resulting pow-
der is reground, pressed into pellets, and sintered at 1250 °C in
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TABLE I. Summary of crystal structures, magnetic ground state, and electric behavior for A-site disordered Ry sBagsMn,0Og and ordered
RBaMn,0¢ compounds. FM, AFM, Mpy, CG, and SG stand for ferromagnetic, antiferromagnetic, magnetically inhomogeneous, cluster
glass, and spin glass, respectively. 75 is the temperature of the structural transitions. MIT denotes metal-insulator-like transition without charge
segregation. CL indicates charge-localization transition associated with a charge segregation. Polar space groups are highlighted in bold.

Rion La’* pr3t Nd** Sm** Y3+
T3+ [ Tgy2+ 0.845 0.82 0.79 0.77 0.68
A-site disordered Ry sBag sMn,0Og¢
Crystal structure Cubic Cubic Cubic Cubic Cubic
Pm—3m Pm—3m Pm—3m Pm—3m Pm—3m
Magnetic ground state FM (Tc = 279K) Mina Mina SG SG
FM+CG FM+CG (Tsg = 45K) (Tsg = 45K)

A-site ordered RBaMn,Og

Crystal Tetragonal P4/mmm  Tetragonal P4/mmm
structure
\
Orthorhombic
P2,am
(T, = 250K)
Magnetic ground state M AFM
(Tc = 329K) (In = 245K)
Electric Metallic MIT
behavior (Tvn = 245K)

Tetragonal P4 /mmm

Orthorhombic Cmmm

Monoclinic C2/m

\ \: \
Orthorhombic Orthorhombic Monoclinic
Cmmm Pnma P2,/c
(T, = 340K) (T; = 380K) (T, = 512K)
\ \ \
Orthorhombic Orthorhombic Monoclinic
P2am P2am” P2, /n
(T, = 290K) (T, = 190K) (T, = 460K)

!
Monoclinic
P2,
(T, = 200K)
AFM AFM AFM
(Ty =290K) (Ty = 260K) (Ty = 200K)
MIT CL CL1
(Tvr = 290K) (T, = 380K) (Ter, = 512K)
\
CL2
(Tcra = 460K)
\
CL3

(TCL3 = 200 K)

“In the orthorhombic P2,am polar phase of SmBaMn, O, the orthorhombic a-axis is doubled compared to that in PrBaMn, O and NdBaMn,O¢

compounds.

a gas flow of H, /Ar mixture (2% H,) saturated in water vapor
to achieve a reductive atmosphere (Po, ~ 10~ bar). This is
required to prevent the formation of the BaMnO; impurity
[8]. Then, pellets are reground, pressed again into pellets, and
sintered at 1375°C for 24 h in the same atmosphere. After
this step, the materials are oxygen deficient, RBaMn,Os_s
with § &~ 0.1. The next step consists of topotactic oxidation
at 450 °C in an oxygen current flow for 24 h, which yields the
stoichiometric RBaMn;O¢ compounds.

Polycrystalline stoichiometric disordered RysBagsMnO;
samples were obtained by sintering pellets of the stoichio-
metric mixture of the corresponding oxides at 1400°C in a
flow of pure Ar for 24 h followed by a quenching in the same
atmosphere. The resulting products were annealed for 16 h in
an oxygen current flow followed by slow cooling (2 °C/ min)
down to room temperature. The annealing temperature was
varied depending on the R type to avoid the formation of the
BaMnOj3; impurity (850 °C and 800 °C for Y- and Sm-based

samples, respectively, and 750 °C for the other three com-
pounds).

The polycrystalline samples were analyzed by powder
x-ray diffraction, being single phase without detectable im-
purities. The chemical composition of the powders was
also tested using wavelength-dispersive x-ray fluorescence
spectrometry (Advant’XP+ model from Thermo-ARL), and
the R:Ba:Mn stoichiometry agreed with the expected values
within the experimental error (1%). The degree of A-site
disorder was also checked by x-ray diffraction. Superstruc-
ture (0, 0, 1/2)cypic reflections were only observed within the
detection limit of our x-ray-diffraction measurements in the
A-site ordered samples. In addition, all the disordered sam-
ples show the cubic Pm3m structure expected for a random
distribution of R/Ba atoms at the A site of Ry5BaygsMnQOs. As
a representative example, the XRD patterns of YBaMn,Og
and Yo s5BagsMnO; samples are compared in Fig. S2 in the
Supplemental Material [21]. Perovskite structures of the A-
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site ordered and disordered manganites shown in Fig. 1 are
drawn by the program VESTA [22].

Magnetic measurements were carried out with a com-
mercial Quantum Design (SQUID) magnetometer. The dc
magnetization was measured between 5 and 400 K at an exter-
nal magnetic field of 1 kOe for both ordered RBaMn,O¢ and
disordered Ry sBagsMnOs5 series with R = La, Nd, and Sm.
For the YBaMn,Og¢ and Y sBag sMnQOj3 samples, the dc mag-
netization was measured between 5 and 700 K at 1 KOe and
field-cooled magnetization at 1 kOe was also recorded for the
Yo.5BagsMnO; compound. Calorimetric measurements were
made in the ordered RBaMn;0Og (R = Sm and Y) compounds
using a Q2000 differential scanning calorimeter (DSC) from
TA Instruments in the temperature range from 200 to 575
K. Powder samples (between 10—40 mg) sealed in aluminum
hermetic pans were heated and cooled at a scanning rate of 10
K/min. Enthalpy and temperature calibrations were performed
using standard indium and its melting transition. Differences
on onset temperature and latent heat with respect to the ex-
pected values were lower than 0.1 K and 1%, respectively.

HERFD-XAS measurements at the Mn K edge were
performed at the CLAESS beamline [23] of the ALBA Syn-
chrotron (Cerdanyola del Valles, Spain) using a Si (311)
double-crystal monochromator. HERFD-XAS spectra were
collected in backscattering geometry at the maximum of the
Mn KB 3 (6490 eV) emission line using the CLEAR spec-
trometer [24]. The overall energy resolution was determined
to be 0.5 eV from the full width at half maximum of the
quasielastic peak collected from a Kapton tape. A liquid-N,
cryostat was used for the temperature-dependent measure-
ments between 80 and 600 K. Standard transmission-detected
EXAFS spectra were recorded in the La and Y compounds
as the signal does not interfere with R L edges. For R = Nd
and Sm, EXAFS spectra were obtained by recording simul-
taneously the HERFD-XAS at the Mn KB, 3 line and the
TFY-XAS spectra measured with a Si diode. Following the
procedure discussed by Lafuerza et al. [25,26], EXAFS spec-
tra free of R self-absorption at the L edges can be obtained
from the weighted addition of the HERFD- and TFY-XAS
spectra, where the R self-absorption appears as negative and
positive contributions [27], respectively. The fitted weight
of each spectrum to suppress the R self-absorption was
75% (HERFD-XAS)+25% (TFY-XAS) for R = Nd and 64%
(HERFD-XAS)+36% (TFY-XAS) for R = Sm. This proce-
dure is further discussed and illustrated in the Supplemental
Material [21].The HERFD-XAS spectra in the near-range
energy range were normalized to the unity mean value in
the high-energy (~6630¢eV) part of the spectrum and all the
EXAFS data were reduced using the standard procedures of
the ATHENA software of the DEMETER package [28].

III. RESULTS AND DISCUSSION

A. Effects of the structural order/disorder
on the magnetic properties

The magnetization curves as a function of temperature,
M(T), measured under 1 kOe for ordered and disordered
samples are shown in Fig. 2. Strong differences are ob-
served in compounds with the same nominal composition

depending on the degree of A-site ordering. It is clearly
seen that a decrease in the degree of A-site order results
in a decrease of the magnetic phase transitions temperature.
Both disordered LapsBagsMnQO3 and ordered LaBaMn,Og¢
show a FM metallic ground state [Fig. 2(a)]. However, the
transition temperature is Tc = 329 K in LaBaMn;0g and
about 50 K lower in disordered LagsBagsMnOs3, in agree-
ment with previous reports [8,18]. On decreasing the ionic
radius of the R atom, the competition between FM/metal
and AFM/charge(orbital)-order behaviors arises and for or-
dered NdBaMn;,Og, the M(T) dependence reveals a sharp
peak in accordance with previous studies [18,29]. The shape
of the magnetization curve indicates that this competition
is maximum in NdBaMn,Og, which shows the onset of a
paramagnetic-to-FM transition at about 293 K, followed by
a sudden AFM transition accompanied by the large reduction
of M(T) [Fig. 2(b)]. The neutron-diffraction study confirms
the development of an A-type AFM order at Ty =290 K
[29]. Above this magnetic transition, FM correlations are still
present although long-range FM ordering is not established.
On the other hand, the disordered NdysBagsMnO3; shows
an increase of the magnetization below 250 K. The shape
of the M(T) curve illustrates a broad FM transition which
suggests a certain degree of magnetic inhomogeneity in this
sample. The decrease in magnetization at low temperature
also indicates a glassy behavior. The most plausible scenario
is the presence of FM clusters of different sizes (and/or dif-
ferent disorder degree) that are consecutively ordered as the
temperature decreases. The presence of several FM transi-
tions has also been observed for partially disordered Pr-based
manganites [30]. This suggests that partial disorder favors
a FM state for R = Pr and Nd, coming from the lowering
of the two-dimensional structural anisotropy caused by the
layer-type order of R/Ba with the correspondent enhancement
of isotropic double-exchange interactions [13,18]. On further
decreasing the ionic radius of the R atom, the structural (CL)
and magnetic transitions of the ordered compounds are de-
coupled. While the charge-localization transition temperature
(Tcp) increases with decreasing R, the magnetic phase tran-
sitions temperatures continuously decrease and the ground
state is AFM. For ordered SmBaMn,Og, the CE-type AFM
transition occurs at Ty = 260 K like previously found in pow-
der samples [31] [Fig. 2(c)]. However, an abrupt change in
the M(T) curve is observed at Tc =~ 385 K. Finally, ordered
YBaMn,Og has the structural transition at 7o, = 510 K and
shows a paramagnetic to an AFM transition at 7y = 200 K
[18] [Fig. 2(d)]. Besides, below 45 K, a spin-glass—like be-
havior is reported that is correlated with the presence of a
small amount of Y/Ba antisite occupancy [32]. On the other
side, both disordered SmgsBagsMnO3; and Y(sBagsMnO;3
samples exhibit similar M(T) curves [Figs. 2(c) and 2(d),
respectively]: a paramagnetic behavior with a strong peak at
low temperature in the zero-field-cooled measurement that
disappears in field-cooled conditions, as shown for example
for the Y-based compound in Fig. 2(d). This is typical of
samples with disorder and competitive magnetic interactions.
In this way, our results agree with previous reports on typi-
cal spin-glass behaviors in disordered SmgsBagsMnOs; and
Yo5BagsMnO; samples [18,33]. Therefore, the decrease of
the R ionic radius in the disordered manganites significantly
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FIG. 2. Magnetization curves of polycrystalline ordered (open black circles) and disordered (closed red circles) LaBaMn,O¢ (a),
NdBaMn,O¢ (b), SmBaMn,O¢ (c¢), and YBaMn,Og (d) samples as a function of temperature. Additionally, in (d) zero-field cooled (ZFC,
open blue circles) together with field-cooled (FC, closed red circles) measurements are shown.

weakens the magnetic long-range order and no signs of CL
transitions are observed [Table I and Fig. S1(b)]. However,
in the ordered samples a long-range magnetic order is always
realized whose nature changes from FM to A-type AFM and
then CE-type AFM as the R size decreases. In addition, a
structural (charge-localization) transition is strengthened with
decreasing R size [Table I and Fig. S1(a)]. The different
magnetic and polar phases observed in these manganites as a
function of A-site order and average ionic radius clearly sug-
gest an important effect of the Mn local structure distortions
in understanding these phenomena.

B. Temperature dependence of the Mn local distortions

We now describe the behavior of the structural parameters
derived from the Mn K-edge EXAFS analysis. The Fourier
transforms (FTs) of the k> weighted EXAFS x (k) signals
in the k range between 2 and 12A~! as a function of tem-
perature are shown for ordered RBaMn,Og and disordered
Ry sBaysMnO3; manganites in Figs. 3(a), 3(c), and 3(e) and
Figs. 3(b), 3(d), and 3(f), respectively. The obtained FTs
show many contributions up to r = 6 A. The first intense

peak at about 1.5 A is associated with the Mn-O first shell.
Further peaks around 2.6-4 A are attributed to Mn-R/Ba and
Mn-O-Mn paths that appear mixed up. At first look, evident
differences in the local structure around the Mn atom are
distinguished among the samples depending on the R type.
Both ordered and disordered La-based samples show a mono-
tonic increase of the peak’s intensity when decreasing the
temperature [Figs. 3(a) and 3(b)], corresponding to a progres-
sive suppression of the thermal-induced dynamic disorder. For
ordered RBaMn,Og (R = Nd and Sm), almost no temperature
dependence of the FT peak’s intensity is observed in con-
trast with their disordered counterparts [Figs. 3(c) and 3(d)],
indicating the presence of a large static disorder that domi-
nates the thermal-induced dynamic one. Finally, both ordered
and disordered Y-based samples show the weakest peaks in
agreement with their less-symmetrical crystallographic struc-
ture [Figs. 3(e) and 3(f)]. Although both Y samples show
a slight decrease of the peak’s intensity with increasing the
temperature, the decrease is more gradual in the disordered
compound.

The high-temperature crystallographic structures [10-12]
of the different ordered RBaMn;0Og manganites (tetragonal
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FIG. 3. Fourier transform of the k*>-weighted x (k) signals as a function of temperature for ordered LaBaMn, Oy (a); NdBaMn,Og and
SmBaMn, 0 (c); YBaMn,Og¢ (e) samples compared to the disordered LaysBagsMnOj (b); NdgsBagsMnO; and Smg sBagsMnOj3 (d); and

Yo.sBagsMnO; (f) ones.

P4/mmm for R = La; monoclinic Cmmm for R = Nd and
Sm, and monoclinic C2/m for Y) were used as input to cal-
culate and model the EXAFS signals. We found that Mn-O,
Mn-R(Y), Mn-Ba, and Mn-Mn single-scattering paths con-
tribute to the EXAFS spectrum, along with the three-leg
Mn-O-Mn-Mn and four-leg Mn-O-Mn-O-Mn and the Mn-O-

O multiple-scattering paths. Fits of the k> — weighted EXAFS
data were carried out in R space using theoretical functions
from the FEFF6 code [34]. From the crystallographic structure
viewpoint, the most significant difference between ordered
RBaMn,O¢ and disordered RysBagsMnOj; is the MnOg
octahedron distortion, having a noncentrosymmetric deforma-
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FIG. 4. Mn-O MSRD o02(A2) of ordered LaBaMn, O (full gray
circles); disordered LagsBaysMnO; (empty gray circles), and the
CaMnOj; sample (full black squares), determined from a single-shell

EXAFS analysis as a function of temperature. Lines represent the
respective best-fit correlated Einstein models.

tion in the ground state for R # La in the former compounds
[Fig. 1(a)]. In this context, the EXAFS quantitative analysis
was focused on the first coordination shell that is composed
of 6 O atoms around the Mn absorber atom. The expected
distortion at the polar and magnetic transitions is on the order
of 0.1A [10-12] that could not be resolved from our EXAFS
data up to k = 12 A~ Thus, different Mn-O distances possi-
bly contributing to the first coordination shell are averaged and
represented by one Mn-O distance with an averaged mean-
square relative displacement (MSRD) factor (o) and N the
total coordination number fixed to 6 in the fits. An energy-
origin shift (Ey) common for all the temperatures was also
considered as fitting parameter and the many-body amplitude
reduction factor S3 was determined to be 0.75 from fitting the
spectrum of the CaMnOj3 sample (regular MnOg octahedron)
and fixed to this value for all the other samples. Moreover,
the resulting average Mn-O interatomic distances are almost
independent of temperature for all the samples.

In Fig. 4 we show the temperature evolution of best-fit o2
for the Mn-O first coordination shell in ordered LaBaMn;Og,
disordered LagsBagsMnQOj3, and CaMnO3 compounds. In all
three samples 0y, has a nonstructured monotonic behavior
with 7. We did not find any anomaly at the ferromagnetic
transition temperatures of the ‘71\2/[n_o factors, Tc = 329 K in
LaBaMn,0g and T = 279 K in disordered Lag sBag sMnOs.
We have modeled the temperature dependence of these Gl\/%n70
considering two square-summed terms [35]: 0*(T) = o¢ +
s coth ().

The static term (o) is independent of temperature and
proportional to the disorder around the absorbing atom. The
dynamic term is related to the thermal vibrations; thus, its am-
plitude is temperature dependent and decreases as temperature
does. To fit the dynamic term we use the correlated Einstein
model, where p is the reduced mass for the Mn—O bond pair
and 6 is the Einstein temperature. The o, parameters for
CaMnOj;, with regular MnOg octahedra, are the lowest for
all the temperatures and consistent with a standard thermal

temperature dependence (lattice vibrations). They are well
described by a correlated Einstein model with an Einstein tem-
perature 6 = 650 £ 30 K and negligible static contribution
from local distortion (Fig. 4, dashed black line). The tem-
perature dependence of the 0134“70 parameters for the A-site
disordered cubic LagsBagsMnO3 sample also agrees with a
correlated Einstein model with negligible static contribution,
but a smaller 65 of about 450 £ 20 K is deduced (Fig. 4,
dashed gray line). The decrease in 6 indicates a softer Mn—O
bond with respect to CaMnO3 in agreement with the elon-
gation of the average Mn-O distance from 1.88 to 1.93 A by
replacing Ca by (La, Ba). Finally, the temperature evolution
of aﬁmfo for the ordered LaBaMn,Og4 sample was also fitted
using the correlated Einstein model yielding a similar 6y =
465 £ 20 K as for the disordered sample but a slightly nega-
tive value for the static term [002 = —0.0015(5)] was found
(Fig. 4, solid gray line). This negative value for the static
term can be explained by considering that in the o> results of
the EXAFS fitting procedure there might be systematic errors
giving rise to a displacement of the scale reference. Thus, this
value cannot be used in an absolute way but only in the com-
parison to the disordered sample. This result indicates that the
amount of static disorder in LaBaMn,Og is slightly smaller
than that displayed in its counterpart, Lag sBag sMnQOs. In any
case, both ordered and disordered La-based samples show an
almost symmetric octahedron in the whole temperature range.
We recall that both samples are long-range FM and metallic
below 7¢ (Table 1), which prevents the presence of localized
lattice distortions at the Mn site in analogy with colossal
magnetoresistive La;_,Ca,MnO3; manganites [36]. However,
the A-site disordered sample shows a reduced 7¢ consistent
with the higher static disorder and the presence of a small
amount of lattice polarons in the FM state, as revealed by
neutron-scattering experiments [37].

In Fig. 5 we show the MSRD factor o for the Mn-
O first coordination shell as a function of temperature for
ordered RBaMn;0O¢ [R = Nd and Sm; Fig. 5(a)] and disor-
dered Ry sBagsMnO3 [R = Nd and Sm; Fig. 5(b)] compounds
compared to the best-fit Einstein models obtained above for
their ordered and disordered La-based counterparts (gray
lines), respectively. A quite similar temperature evolution of
G]\zdn—O is observed between NdBaMn,O¢ (T = 290 K; full
black squares) and SmBaMn,Og (Tcr, = 380 K; full red tri-
angles) samples even if only two temperature points could
be measured in the latter [Fig. 5(a)]. We note here that in
NdBaMn;QOg, CL takes place coupled to the metal-insulator-
like (MIT) transition at Tyy concomitant with structural
and antiferromagnetic transitions (Table I) [10]. However,
there is only one inequivalent site for the Mn atom in the
low-temperature charge-localized polar phase (space group
P2am) so charge segregation cannot account for the CL. Due
to this fact, in Table I and Fig. 5(a), we have not denoted by
Tcr but by Ty the transition temperature for the Nd-ordered
sample. At high temperatures above the CL transitions, the
0o for ordered NdBaMn,Og and SmBaMn, O are fully
consistent with the correlated Einstein model deduced for the
La-ordered sample (solid gray line). No static contribution
from disorder with respect to their high-temperature nonpolar
phases was found in this temperature range. However, dif-
ferently from LaBaMn,Og, 01\2,[“_0 increases for the ordered
NdBaMn;0O¢ (or SmBaMn;0O¢) compound on cooling below
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FIG. 5. (a) Mn-O MSRD 0¢2(A?) of ordered LaBaMn, 0y (full gray circles), NdBaMn,Og (full black squares), and SmBaMn,Oq (full
red triangles) samples determined from a single-shell EXAFS analysis as a function of temperature. Gray solid line represent the best-fit
correlated Einstein model for LaBaMn,Og¢. Charge localization (CL) in NdBaMn, O, takes place at Ty without charge segregation. (b) Mn-O
MSRD 02(10\2) of disordered LajsBagsMnO; (empty gray circles), NdysBagsMnO; (empty black squares), and SmgsBagsMnOs (empty
red triangles) samples determined from a single-shell EXAFS analysis as a function of temperature. Gray dashed line represents the best-fit
correlated Einstein model for Lay sBaysMnOj;, whereas red dashed line is this best-fit correlated Einstein model where a positive static disorder

contribution has been added.

Twy (or Tcp) and it remains almost constant with tempera-
ture down to 80 K in the case of Nd-based sample. This
behavior can be associated with the CL. If there is a local
distortion of the MnOg octahedron associated with the CL,
then there must be an additional broadening contribution o2,
for the 51\2411—0 that is zero above T¢r, and increases as T is
lowered below Tcp.. We can then extract this o2, contribution
by subtracting from the experimental oy, _, data the phonon
contribution calculated by the correlated Einstein model that
fits the high-temperature data. Such ¢ contribution for or-
dered RBaMn;0O¢ (R = Nd and Sm) is shown in Fig. 6. It
is clear that the additional distortion in NdBaMn,Og¢ (full
black squares) appears below the MIT (charge-localization)
transition and remains almost constant on cooling down to 80
K. It also agrees with the occurrence of a first-order struc-
tural transition from the high-temperature nonpolar Cmmm

0.005 T T T . . T
B NdBaMn,O,4 A SmBaMn,0,
0.004F O NdysBagsMnO; A Smg sBay sMnO;
0.003} é ]
—
LS 0002f W ]
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FIG. 6. Plot of 6 (T) for the Mn-O bond length in ordered
NdBaMn,Og (full black squares) and SmBaMn,Og (full red trian-
gles) samples compared to the disordered NdjsBagsMnO; (empty
black squares) and Smg sBay sMnOj; (empty red triangles) ones. Dot-
ted lines are a guide for the eye.

phase to a low-temperature polar P2;am phase coupled to the
AFM transition at Ty = 290 K (Table I) [10]. Moreover, in
SmBaMn;0O¢ a bigger O'CZL distortion is anticipated at around
273 K (Fig. 6, full red triangles), i.e., in the charge-localized
phase, which is consistent with the presence of significant
charge segregation between the two distorted nonequivalent
Mn sites in the Pnma structure in contrast with the single
distorted Mn site found in NdBaMn;Og.

For what concerns the disordered compounds [Fig. 5(b)],
the oy, o for Ndg sBagsMnO; (open black squares) roughly
follows the correlated FEinstein model obtained for the
disordered La compound (dashed gray line). However, the
magnetic properties of the NdysBagsMnOs; sample
[Fig. 2(b)] indicates that it is a partially disordered manganite
so below 280 K there is a competition between regions with
CL with an associated o, distortion contribution and FM
regions where the local distortion gets quenched. We have
estimated this additional o distortion (open squares in
Fig. 6), which follows a similar trend to that driven by the CL
in the ordered sample (closed squares in Fig. 6) but below 250
K, it is found to be negligible again, in agreement with the
development of FM contributions at 7o = 170 K. On the other
hand, disordered SmgsBaysMnO;3 displays a temperature
evolution of o, o [open red triangles in Fig. 5(b)] that is
well described by the correlated Einstein model as found
in LagsBagsMnOj3 but adding a static disorder contribution
of about of = 0.0012(5) A% [Fig. 5(b), dashed red line].
Besides that, no signature of additional créL distortion is
found in SmgsBagsMnO; (Fig. 6). We thus propose that
the presence of a significant static disorder contribution
in SmgysBagsMnQOj prevents the development of ferromag-
netism in this sample in the whole temperature range (Table I).

Finally, we analyze the results for the other extreme of
the series in terms of the R ionic radius, i.e., the Y-based
samples. Figure 7 shows the temperature evolution of o,
for both ordered YBaMn,Og and disordered Yy sBagsMnOs3
compounds, where a very similar dependence is obtained.
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samples determined from a single-shell EXAFS analysis as a func-
tion of temperature. Lines represent the respective best-fit correlated
Einstein models as described in the text.

It is also well apparent that the ahz,[nfo(T) parameters in
these cases have a less steep dependence with T than the
La-based samples (Fig. 4). Again, we have fitted the temper-
ature evolutions of 61\24n70 with correlated Einstein models.
For ordered YBaMn,Og, a static 002 = 0.0010(5) A? contri-
bution is found to be added to the correlated Einstein model
with 0 = 465 £ 20 K found for the La-based ordered sam-
ple at high temperatures above 450 K (black solid line in
Fig. 7). This points to the presence of a local distortion of
the MnQOg octahedron already in the high-temperature phase
above the CL transitions. We have then evaluated the temper-
ature dependence of the a(sz component by subtracting the
phonon contribution calculated with the correlated Einstein
model from the experimental data, which is shown in Fig. 8.
o, remains almost constant with temperature on cooling
down to 450 K and below this temperature slightly increases,
reaching the maximum value in the temperature range below
300 K. This increment agrees with the occurrence of the struc-
tural (CL) transition observed at 460 K by synchrotron x-ray
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FIG. 8. Plot of o (T') for the Mn-O bond length in ordered
YBaMn,0O¢ (full black diamonds) compared to the disordered
Yo.5BapsMnOj; (empty black diamonds) Dotted lines are a guide for
the eye.
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FIG. 9. Differential scanning calorimetry of NdBaMn;Og,
SmBaMn,0Og, and YBaMn, 04 measured by heating at 20 K/min in
the temperature regions surrounding the polar CL transitions (Sm, Y)
and the antiferromagnetic metal-insulator transition (Nd).

diffraction (Table I) [12], giving rise to four nonequivalent Mn
sites that can be grouped in two pairs in terms of charge seg-
regation and thus preserving the checkerboard arrangement in
the ab plane. Below Ty ~ 200 K, another structural transition
is observed coupled to the AFM transition in the ordered
sample into a polar P2; phase [12], which is not reflected
in O'CZL. For the disordered Y, sBagsMnO3; compound, how-
ever, we do not see any changes in the magnetization with
temperature that suggest the formation of a charge-localized
state in this sample in the whole temperature range (Fig. 2).
Thus, the nearly temperature-independent behavior of of,lmo
in Yo sBagsMnOj3 can be well described by a correlated Ein-
stein model but with a rather high 6 = 690 £ 50 K (similar
to the Einstein temperature of CaMnQO3) plus a huge static dis-
order 002 = 0.0062(5) A2 (gray solid line in Fig. 7). Therefore,
the much weaker temperature dependence of o, in this
sample is related to the presence of this huge static disorder
and may explain the fact that no magnetic order develops
(Table I).

The present EXAFS results suggest both, order-disorder
and displacive mechanisms, contribute to the CL and polar
structural transitions in ordered RBaMn;0Og compounds de-
pending on the R atom. To gain insights on the particular
mechanism as a function of the A-site cation, the entropy
variation (AS) connected with the high-temperature struc-
tural transformations has been determined for SmBaMn;Og,
YBaMn,0g, and NdBaMn,0g. The DSC curves of these
ordered perovskites measured on heating from 200 K are
shown in Fig. 9. In SmBaMn;,0O¢ only an endothermic peak
at Tcr, sm = 380 K has been detected (Fig. 9, blue line),
corresponding to the structural transition from the low-
temperature phase (Pnam) to the high-temperature phase
(Cmmm) coupled with the first CL transition (Table I)
[11]. The calculated entropy content, ASc, sm, is 7.8 &
0.2J/mol K. In YBaMn;0O¢ two successive endothermic
peaks were observed at Tero, vy =475 Kand Ty =515 K
(Fig. 9, red line). For this sample, the total calculated entropy
variation is ASexp,Y = ASexp,Y(TCLl, Y) + ASexp,Y(TCLZ, Y) =
7.3 £0.2J/mol K. The narrow and large heat-capacity peak
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at Tcp; is associated with the structural transition between
the two monoclinic structures at ~500 K in YBaMn,Og, that
is, from a P2;/c cell to the C2/m cell [12]. The entropy
content for this phase transition ASe, y(Tcri,y) is about
5.94 £ 0.15J/mol K while for the second transition at T¢y, is
about 1.36 &£ 0.2 J/mol K. This latter anomaly corresponds to
the structural transition between the P2{/n and P2;/c struc-
tures, coupled with the second CL transition. It is seen that
the experimental values of total entropy variation for both
compounds are similar within the experimental error, mainly
related with the selection of the subtracted baseline, 0.93R for
SmBaMn,0¢ and 0.88R for YBaMn,Og¢. On the other hand,
in NdBaMn, O the calculated entropy content associated with
the endothermic peak observed at Ty = Ty = 290 K (Fig. 9,
black line) is ASexp, ng = 4.5 £0.1J/mol K, which is the low-
est of the three ordered samples.

When analyzing the entropy change, the coupling between
spin, charge, and orbital states in the structural transi-
tion gives rise to several contributions to the total entropy
content [38], which complicates the interpretation of the
experimental entropy content at the transition. This is the
case of NdBaMn,Og, where there are three expected over-
lapped contributions: local distortions, electronic localization,
and magnetic order. Nonetheless, the entropy change in
NdBaMn;,Og corresponds to only AS = 0.55R, which is the
smallest of the three samples. There are several effects that
can contribute to a reduction in the entropy content of this
transition, such as strong magnetic correlations above Ty or
the mass enhancement of carriers above Tyy. In any case,
the relatively small AS value seems to be related to the lack
of charge segregation in the Mn sublattice for NdBaMn,Og
and the exact quantification of the different contributions is
beyond the scope of the present work. Therefore, we focus
on SmBaMn,;0¢ and YBaMn;Og compounds, where contri-
butions coming from magnetic and orbital ordering are not
present in the high-temperature structural (CL) transforma-
tions. If only CL between two nonequivalent Mn sites is
involved, the expected entropy variation would be AScp, =
2R In 2 =1.39R = 11.53J/mol K. Thus, for the Sm and Y
compound, the experimental AS values are only 32 and 37%
smaller than AScy, respectively. If any other contribution was
negligible, the presence of short-range order CL above T,
could account for the remaining entropy on SmBaMn,;Oq
and YBaMn,;O¢. However, no evidence of this short-range
order charge localization can be inferred from our EXAFS
and DSC measurements. A more detailed study by adiabatic
calorimetry could help to discard this possibility.

Another possible origin for the discrepancy between ex-
perimental and theoretical entropies has been discussed by
Sedmidubsky et al. [39]. in their work on the Bi;_,Sr,MnQOj.
The above theoretical entropy content is based on considering
a perfect charge segregation (Ag = le™) and that Mn®* and
Mn** ions are present and ordered. They discuss that the theo-
retical entropy variation could be larger than the experimental
value if the charge segregation is smaller than the perfect ionic
case and then a mixed-valence behavior is still present in the
charge-ordered phase. This has also been considered as a pos-
sible explanation for the entropy discrepancy in YBaFe,Os at
the Verwey transition [40], where the experimental entropy is
26% lower than the theoretical expected value. This clearly

happens in our YBaMn,;Og compound since a small charge
segregation of around Ag = 0.05-0.12¢~ at Tcr; y which
reaches a maximum value of Ag = 0.4e~ below T¢y, vy is de-
termined [12]. However, for SmBaMn,;0O¢ compound, charge
localization at Ty s is close to a perfect ionic description but
it decreases rapidly down to Ag = 0.33e™ as the temperature
decreases [11].

Finally, the most plausible explanation is an order-disorder
mechanism. If an order-disorder of a local distortion is
assumed to drive these structural (CL) transitions, the theo-
retical entropy variation would be AS =R In 2 =0.695R =
5.76J/mol K, very close to the experimental entropy varia-
tion found for the first structural transition from C2/m —
P2, /c structures at around Tcp; y = 515 K in YBaMn;Oe.
This order-disorder mechanism can be then understood as
follows: Above Tcp;, vy, there is only one Mn site that is
already distorted with two local disorder positions for the
oxygen atoms of the MnOg that are randomly occupied in the
disordered model (or dynamically disordered). On cooling,
the transition involves cooperative tilts of the MnOg octahedra
that order the oxygen atomic shifts in opposite directions for
the two nonequivalent Mn sites but without any significant
charge segregation, i.e., no change in the MnQg distortion.
Moreover, the remaining small entropy content (0.16R) of
the second structural transition at Tcrp y = 476 K is likely to
correspond to a displacive phenomenon involving a breathing
oxygen-distortion mode that leads to two differently distorted
Mn sites, in agreement with a charge segregation of 0.4e™.
In SmBaMn,Og, both order-disorder of local distortions and
displacive mechanisms should be simultaneously involved at
the structural transition at T¢r, sm = 380 K in order to ac-
count for the total entropy variation. This is supported by
the structural x-ray study [11] since the phase transition is
mediated by cooperative tilts of the MnOg octahedra together
with a series of breathing- and asymmetric-stretching oxygen-
distortion modes.

C. Effects of the structural order/disorder
on the Mn electronic structure

To provide further characterization of the nature of the
fractional-mixed valence state of Mn in these manganites,
we have analyzed the x-ray absorption near-edge structure
(XANES) spectral signatures of both ordered RBaMn,Og¢
and disordered RjsBagsMn,Og¢ samples as a function of
the R cation. The Mn Kf-detected HERFD-XANES spec-
tra for ordered RBaMn,O¢ and disordered Ry s;BagsMn,Og
compounds with R =Nd, Sm, and Y at 80 K are pre-
sented in Fig. 10(a) and Fig. 10(b), respectively. Differently,
transmission-detected XANES spectra were recorded for or-
dered/disordered samples with R = La and Y. Although the
HERFD-XANES technique provides high-energy resolution
beyond that achievable with conventional core-hole life-
time broadened transmission-detected XANES measurements
[41], at the Mn K edge the line sharpening is moderate and
we can reliably compare XANES spectra obtained by the
two different detection modes, as shown in the Supplemental
Material [21] (Fig. S9).

Although all XANES spectra, for both ordered and disor-
dered samples, lie intermediate between those of NdMnO3
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FIG. 10. (a) Mn KpB-detected HERFD-XANES spectra of or-
dered RBaMn,0O¢ (R=Nd and Sm) samples in comparison
with standard transmission XANES spectra of LaBaMn,0O¢ and
YBaMn,O¢ at T = 80 K (T' = 273 K for Sm-based sample). (b) Mn
KpB-detected HERFD-XANES spectra of disordered RysBagsMnO;
(R = Nd and Sm) samples in comparison with standard transmission
XANES spectra of LagsBagsMnO; and LagsBagsMnOs at T = 80
K (T =273 K for Sm-based sample). Mn KfB-detected HERFD-
XANES spectrum of NdMnO; and transmission XANES spectrum
of CaMnO; as references for the formally Mn** and Mn**, respec-
tively, are also reported for comparison.

(Mn**) and CaMnO; (Mn**) references, as expected for
50% R doping at the Ba site, a closer look into the spectral
line shape reveals important differences. Figure 10(a) clearly
shows that YBaMn;0Og¢ and SmBaMn,0g¢ ordered samples
feature a step in the center of the edge at 80 K, signature
of the presence of two distinct Mn sites as expected for a
charge-ordered (-localized) state. This step is not so clear for
NdBaMn;0O¢ and LaBaMn;0O¢ ordered samples, both show-
ing a more uniform slope of the main edge. In LaBaMn,Og,
this is consistent with its metallic ferromagnetic state while
for NdBaMn;Og, the lack of sensitivity in the XANES spec-
trum is perfectly understood in terms of the single site for
the Mn atom in its P2;am cell [10], which also agrees with
the tiny local distortion of the MnOg octahedron found by
EXAFS. Finally, the slope of the main edge is sharper for
the disordered samples [Fig. 10(b)] compared with the or-
dered ones in agreement with the lack of charge-localized
states.

IV. CONCLUSIONS

The relationship between the Mn local structure and
the charge-localized and polar phases of A-site or-
dered/disordered RBaMn,Og/R(5BagsMn,O¢ (R = La, Nd,
Sm, and Y) has been investigated to provide further in-
sights on the mechanisms driving these phases. For the
largest average ionic size of the A site, R = La, both or-
dered/disordered manganites show a FM metallic behavior
without any charge-localized or polar phases. In this case,
the increase of A-site disorder only weakens the FM behav-
ior. EXAFS measurements indicate the presence of regular
MnOg octahedra in agreement with the development of long-
range ferromagnetism coupled to the metallic behavior in
both ordered and disordered La-based manganites, similarly
to the colossal magnetoresistance manganites [42]. Follow-
ing a decreasing in the average ionic size of the A site,
in NdBaMn,O¢ the steep onset of the FM state around
300 K is followed by an A-type AFM transition at Ty =
290 K coupled to a metal to insulator-like (electronic lo-
calization) transition. EXAFS results confirm the occurrence
of a tiny local distortion of the MnQOg octahedra below Ty,
characteristic of a charge-localized phase, but without a sig-
nificant charge segregation in agreement with the occurrence
of a single site for the Mn atom in the low-temperature po-
lar structure. In contrast, A-site disorder in NdysBagsMnO;
not only tends to weaken the long-range FM order but also
enhances the competition between ferromagnetism and CL
promoting a glassy behavior. Such a competition is clearly
reflected in the local structure around the Mn site. A smaller
local distortion of the MnQOg than in the ordered coun-
terpart appears at 253 K, which is completely suppressed
on cooling below 200 K, thus favoring the FM contribu-
tions at low temperatures. A bigger local distortion than in
NdBaMn;Og is found by EXAFS in SmBaMn,;0¢ at 273 K
(below T¢r, ~ 380 K). However, the MnOg local structure
of the A-site disordered SmgsBagsMnOs; shows an addi-
tional temperature-independent disorder contribution in the
temperature range between 473 and 273 K, which can be
at the origin of the absence of long-range magnetic order.
Since the local distortion of the MnOg octahedron in Nd-
and Sm-ordered samples develops below their CL and polar
transitions, the EXAFS results point to a displacive mecha-
nism driving these transitions. Finally, for the smallest A-site
cation, in YBaMn;O¢ the biggest local distortion of the
MnOg octahedron is found by EXAFS, already in the high-
temperature phase above the first structural (CL) transition
(Ter =~ 500 K). This local distortion remains almost con-
stant with decreasing the temperature across Tcp; down to
about 450 K. Therefore, an order-disorder mechanism driving
this first structural (CL) transition is suggested. Below this
temperature, it slightly increases again and remains almost
constant down to the lowest temperature, even below the
polar transition at Tcp3 ~ 200 K in agreement with the pres-
ence of AFM correlations. These results would be consistent
with an additional small displacive contribution to the sec-
ond CL transition at T, ~ 460 K. Moreover, the disordered
Yo.5sBagsMnOj; also shows the largest static disorder contri-
bution in the high-temperature phase that remains constant
upon cooling in the whole temperature range, which is in
agreement with the absence of any magnetic order also in this
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disordered sample. Besides, entropy contents in connection
with the previous EXAFS results allow us to conclude that
the CL and/or polar character of the structural transitions in
ordered RBaMn;0¢ (R = Sm and Y) samples results from a
combination of order-disorder and displacive phenomena.

In conclusion, for the A-site ordered RBaMn,O¢ samples
with R cations smaller than La, both, A-site order and a
sufficiently large difference in the ionic size between Ba and R
cations at the A site favor the development of local distortions
of the MnOg octahedra at higher temperatures, even above
the structural CL transitions. These local distortions result in
the occurrence of charge segregation that is detrimental for
the development of long-range FM order but allows for the
presence of polar phases.
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