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Abstract

Five members of Ln5/8M3/8MnO3 series with A-cation size variance (s2) ranging between 3� 10�4 and 71� 10�4 Å2, and the same

A-cation size hrAi ¼ 1:2025 (A, have been synthesized by the ceramic method. The five manganites are single phase and they

crystallize in the Pnma perovskite superstructure. The five compositions display ferromagnetic–paramagnetic transitions at

temperatures ranging between 130 and 270 K, for the highest and lowest variance sample, respectively. The samples with smaller

variances show sharp magnetization transitions and the samples with the larger variances display broad transitions. These

transitions have also been studied by differential scanning calorimetry, DSC, and some enthalpy changes are reported. The

resistivity study indicates that all samples display the expected metal-to-insulator transitions at temperatures ranging between 140

and 270 K. The samples have been analysed at room temperature by ultra-high-resolution synchrotron powder diffraction and the

structural and microstructural features are reported. Furthermore, Nd5/8Sr0.255Ca0.12MnO3 (s2 ¼ 40 � 10�4 (A
2
) and

Sm0.225Nd0.4Sr0.308Ca0.067MnO3 (s2 ¼ 53 � 10�4 (A
2
) samples have also been studied by synchrotron powder diffraction at 140 K,

below the transition temperatures. Both samples are found to be single phase above and below the transition by ultra-high-

resolution synchrotron powder diffraction. The microstructure of the samples has been investigated through Williamson–Hall plots.

Sample broadenings are markedly anisotropic and strongly dominated by microstrains with average values of the Dd/d term close to

14� 10�4. A direct correlation is found between the microstrain values and the widths of the magnetization transitions.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Electronic and magnetic properties of rare earth
manganites, Ln1�xMxMnO3 (Ln ¼ rare earth, M ¼

alkaline earth), have received a lot of attention in the
last decade because of the variety of interesting
phenomena exhibited by these materials [1–3]. Besides
colossal magnetoresistance CMR, charge ordering,
orbital ordering and different types of magnetic order-
ing, some manganites exhibit phase separation phenom-
ena at different length scales [4]. These systems display a
e front matter r 2005 Elsevier Inc. All rights reserved.
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very rich phase diagram. This richness, in crystal
structures and physical properties, is due to the subtle
competition between charge, orbital, spin and phonon
degrees of freedom. Changes in magnetic properties, like
ferromagnetic-to-paramagnetic (FM–PM) transition, or
electronic properties, like metal-to-insulator (M–I)
transition, can be tuned in several ways.

The main way to vary the physical properties of
manganites is to control the charge carriers concentra-
tion. In early studies, the changes in electronic proper-
ties were mainly described by changing the doping level
x, which for a given oxygen content defines the Mn3+/
Mn4+ ratio and, so, the charge carriers concentration.
Archetypal examples of this type of studies are the

www.elsevier.com/locate/jssc
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La1�xSrxMnO3 [5–8] and La1�xCaxMnO3 [9,10] series.
A second mechanism allows to change the magnetic
and electronic properties, for fixed x values, by
varying the average A-cation radii, where A stands
for the large lanthanide/alkaline-earth site. Thus,
the behaviours of series like La5/8�yPryCa3/8MnO3,
La0.70�yPryCa0.30MnO3, and Nd0.7Sr0.3�yCayMnO3

have been widely studied [11–20]. The variation in the
properties of these series has been parameterized
through the changes in the average cation radius hrAi.
The variation of this parameter induces a tilting in the
Mn–O–Mn angles that modifies the bandwidth. A third
mechanism, for fixed x and hrAi values, allows to finely
change the magneto-transport properties by inducing A-
site cation disorder which is due to the disparity or
mismatch of individual A-cation radii [21]. There are
several examples of these series, and the change in the
properties has been parameterized using the A-cation
size variance, s2ð¼ hr2

Ai � hrAi
2) [22]. For instance, the

series Ln0.70M0.30MnO3 has been deeply studied [23,24].
Regarding the second mechanism, an archetypal

series is La5/8�yPryCa3/8MnO3 [11,12] which displays a
very rich phase diagram at low temperatures, including
phase separation. The doping level is constant, x ¼ 3=8,
and it is chosen because the Curie temperature, Tc, is
maximized at this charge carrier concentration in the
La1�xCaxMnO3 system. hrAi changes along the series
from 1.2025 Å for y ¼ 0 to 1.1785 Å for y ¼ 5=8.
Finally, the A-size variance is very small and it goes
from s2 � 104 ¼ 3 (A

2
to s2 � 104 ¼ 0, for y ¼ 0 and y ¼

5=8 samples, respectively. This series displays metallic
properties (y ¼ 0) and semiconducting behaviour
(y ¼ 5=8) at low temperatures. Furthermore, for the
midway sample (y ¼ 0:35, hrAi ¼ 1:190 (A), a M–I
transition with CMR and mesoscopic phase separation
[11] at low temperature has been reported [11,13,14].
Below 200 K, ferromagnetic-metal, antiferromagnetic-
semiconducting-charge-ordered, and even antiferromag-
netic-semiconducting-charge-disordered phases have
been proposed to coexist [13,14].

Regarding the third mechanism, an archetypal series
is Ln0.70M0.30MnO3 [23,24]. The Curie (and M–I)
transition shows a strong negative correlation with s2

(for fixed values of x ¼ 0:30 and hrAi ¼ 1:20 (A). All
samples have the orthorhombic Pnma superstructure
but the lattice strain in the ac plane [Sac ¼ 2ðc � aÞ=
ðc þ aÞ] changed from +0.3% to �0.03% going from
the orbital disordered (low s2) to the orbital ordered
(high s2) samples [24]. In this series, phase coexistence at
low temperature was not detected by high-resolution
synchrotron powder diffraction [23] but subsequent
ESR and magnetization studies revealed a broad co-
existence region [24].

This work is part of an on-going research devoted to
progress in the understanding of the origin of the low-
temperature mesoscopic phase separation displayed by
some manganites. We have previously reported the
room-temperature (RT) synchrotron powder diff-
raction data and magneto-transport properties for
La5/8�yPryCa3/8MnO3 samples [12], and low-tempera-
ture synchrotron powder diffraction show mesoscopic
phase separation for some compositions [25]. In this
paper, we report the influence of A-cation size variance
in Ln5/8M3/8MnO3, where the doping level (x ¼ 3=8)
and A-cation radii (hrAi ¼ 1:2025 (A) are kept constant.
We report the room and low temperatures structures,
and the magneto-transport properties. An important
finding of this study is the absence of mesoscopic phase
separation below the transition temperatures due to the
A-site cation disorder in these chemically complex
samples.
2. Experimental

2.1. Synthesis

The five compositions shown in Table 1 were chosen

to have a constant mean radius, (hrAi ¼ 1:2025 (A), but
the A-cation size variance changes. The variance values
were calculated using standard nine-coordinated
cation radii [26] as in previous works [21–24]. La5/8

Ca3/8MnO3 (s2 � 104 ¼ 3 (A
2
), Pr5/8Sr0.178Ca0.197MnO3

(s2 � 104 ¼ 25 (A
2
), Nd5/8Sr0.255Ca0.12MnO3 (s2 � 104

¼ 40 (A
2
), Sm0.225Nd0.4Sr0.308Ca0.067MnO3 (s2 � 104 ¼

53 (A
2
) and Sm0.504Nd0.121Sr3/8MnO3 (s2 � 104 ¼ 71 (A

2
)

were prepared by the ceramic method using high-purity
oxides/carbonates and are hereafter labelled as 3, 25, 40,
53, 71, respectively. Oxides were pre-calcined at 1000 1C
for 2 h in order to achieve decarbonation. Several
thermal and grinding treatments were carried out to
ensure the highest possible chemical homogeneity.
Firstly, stoichiometric amounts of the oxides and
carbonates (calculated to obtain ten grams of each
manganite) were thoroughly mixed in an agate mortar
and heated at 950 1C for 12 h. Secondly, the powdered
sample was placed in a Fritsch ball mill (model
Pulverisette 7, agate balls and container) and isobutyl
alcohol was added, approx. 6 mL, which acts as
homogenizing agent. The overall time in the ball mill
was 4 h at 100 rpm. The spinning direction was switched
each 20 min to optimize grinding. The ‘‘wet’’ mixture
was heated at 100 1C to remove the remaining alcohol
and heated again at 950 1C for another 12 h. Thirdly, the
powder was again ball milled and dried as indicated
above. The mixture was pelletized at 150 MPa, and
heated at 1450 1C for 12 h. Finally, the pellets were
grounded in an agate mortar, pelletized and sintered
at 1500 1C for another 12 h. All heating rates were
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Table 1

Summary of chemical, structural and physical data for the Ln5/8M3/8MnO3 series

A-Composition s2 (Å2) Tc
a (K) DT c

b (K) Tc
c (K) TMI

d (K) a (Å) b (Å) c (Å) Sac

La5/8Ca3/8 3� 10�4 269.1(1) 5.7(4) 271 270 5.44781(3) 7.69370(4) 5.46164(3) 0.25

Pr5/8Sr0.178Ca0.197 25� 10�4 236.9(1) 7.4(3) 235 238 5.44231(3) 7.68862(3) 5.45267(2) 0.19

Nd5/8Sr0.255Ca0.12 40� 10�4 197.6(1) 6.9(4) 197 201 5.44516(2) 7.68826(2) 5.44649(2) 0.02

Nd5/8Sr0.255Ca0.12
e 40� 10�4 5.43724(2) 7.67730(2) 5.43771(2) 0.02

Sm0.225Nd0.4Sr0.308Ca0.067 53� 10�4 189.9(2) 38.1(9) — 189 5.44317(4) 7.68591(5) 5.44867(5) 0.10

Sm0.225Nd0.4Sr0.308Ca0.067
e 53� 10�4 5.43533(5) 7.67541(6) 5.43971(2) 0.08

Sm0.504Nd0.121Sr3/8 71� 10�4 129.9(1) 26.0(6) — 139 5.44695(4) 7.68555(4) 5.44505(3) �0.03

aCurie transition temperature from the magnetization study on heating determined from a Lorentzian function fit of the derivative curves.
bWidth of the magnetization transition.
cTransition temperature from the DSC study on heating.
dMI transition temperature from the resistivity study on heating.
eStructural data at 140(2)K.

J.A. Collado et al. / Journal of Solid State Chemistry 178 (2005) 1949–1958 1951
10 1C/min and all cooling rates were those obtained by
turning off the furnace.

2.2. Powder diffraction

All samples were characterized by Laboratory X-ray
Powder Diffraction at room temperature to check the
phase purity. Full structural characterization was
carried out by ultra-high-resolution Synchrotron X-ray
Powder Diffraction, SXRPD. The SXRPD patterns
were collected on ID31 powder diffractometer at ESRF,
Grenoble. The samples were loaded in a borosilicate
glass capillary (f ¼ 0:5mm) and rotated during data
collection. A short penetrating wavelength, l ¼

0:400269 (A (30.97 keV), was selected with a double-
crystal Si(111) monochromator and calibrated with Si
NIST (a ¼ 5:43094 (A). The RT runs took about 1 h to
have good statistics over the angular range 3–401 in 2y
(Q ranging between 1 and 9 Å�1). Two low-temperature
patterns, T ¼ 140ð2ÞK, for s2 � 104 ¼ 40 and s2 �

104 ¼ 53 samples were collected using a continuous
liquid-helium flow cryostat with spinning capillary.
The data from the multi-analyser stage coupled with
the nine detectors were normalized and summed
into 0.0031 step size with local software to produce
the final raw data. The instrumental full-width at
half-maximum, FWHM, in the operating conditions
was determined by recording a room temperature
pattern for Na2Al2Ca3F14, NAC, as previously de-
scribed [12]. This compound shows the narrowest
diffraction peaks with FWHM values approaching to
those theoretically calculated for this ultra-high-resolu-
tion diffractometer.

2.3. Magnetic and transport study

Magnetization and resistivity data were recorded in a
Quantum Design PPMS (Physical Properties Measure-
ment System). DC magnetization data have been
collected with an applied field of 0.1 T on heating from
5 to 300 K (field cooled). Resistivity data were measured
in zero field using the standard four probe method on a
cooling–warming cycle at 3K/min rate.

2.4. Calorimetric study

The calorimetric data have been obtained using
differential scanning calorimetry, DSC, with computer-
aided data analysis (Shimadzu DSC-50). The studied
temperature range was from 300 to 160 K and the
scanning rate was 5 K/min�1.
3. Results

3.1. Magnetization study

The five studied samples show a FM–PM transition in
the magnetization data, see Fig. 1. The transitions in 3,
25 and 40 samples are sharp but those in 53 and 71
samples are very broad. This can be better seen, and
quantified, in Fig. 2 where the derivatives of the
magnetization/field (dðM=HÞ=dT) data for the five
samples are shown. The peaks in the derivative curves
have been fitted with a Gaussian and a Lorentzian
function to obtain the T c values and the transition
widths (FWHM), DT c. The fits are invariably better
with the Lorentzian function and the results, T c and
DTc, using these fits are given in Table 1. The variation
of Tc with s2 is displayed in Fig. 3 where a linear
behaviour is observed. The rate of suppression of T c

with s2 (the slope of Fig. 3, dTc=ds2) is approximately
2� 104 K Å�2.

3.2. Calorimetric study

Fig. 4 shows the raw DSC data for the five samples on
heating. The curves for the first three samples, 3, 25, 40,
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Fig. 2. Derivatives of the magnetization/field (dðM=HÞ=dT) for the

five samples. The s2 � 104= (A
2

values are labelled and the Lorentzian

fit to the peaks is also shown.

Fig. 1. Magnetization versus temperature curves, on heating, for the

Ln5/8M3/8MnO3 series (cooled under 0.1T field). The s2 � 104= (A
2

values are labelled.
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show a clear transition (endotherm on heating) and the
temperatures of these peaks are also given in Table 1.
The 53 and 71 samples do not show a transition in the
explored temperature range (160–300 K). The integrated
area of the DSC peaks gives the enthalpy changes in the
transitions and they are 440, 304 and 387 J/mol for 3, 25,
40 samples, respectively.

3.3. Resistivity study

The resistivity curves for the five samples are
displayed in Fig. 5. It is observed that all the samples
undergo low temperature M–I transitions. The transi-
tion temperatures, TMI, were taken from the maxima on
heating and they are given in Table 1.

3.4. Structural study

The five manganites are single phase and crystallize in
the orthorhombic Pnma perovskite superstructure.
Good structural descriptions have been obtained
for all the compositions at RT from Rietveld refinement
of SXRPD using the GSAS suite of programs [27].
The methodology and details of the fits to the
synchrotron powder data are the same as previously
reported [12]. The 140 K patterns of the 40 and 53
samples were also Pnma single phase by ultra-high-
resolution SXRPD. Final unit cell parameters are
given in Table 1. The lattice strain values in the ac

plane (Sac, determined as described in the introduction
section) are also given in Table 1. The Rietveld
disagreement factors, positional and thermal atomic
parameters are given in Table 2. The Mn–O bond
distances, Mn–O–Mn bonding angles are also given in
Table 2. As an example of the good quality of the fits,
the RT Rietveld plot for the s2 � 104 ¼ 40 sample is
given in Fig. 6.

3.5. Microstructural study

Details about the microstructures of the series can be
obtained from the Williamson–Hall plots [28], which
have been previously applied to manganites [12,29,30].
Williamson–Hall plots relate the mean coherent diffrac-
tion domains [L (Å)] and the distribution of d-spacings
[Dd/d] for a selected class of reflections through
the equation FWHM cosðyÞ ¼ ðKl=LÞ þ 2ðDd=dÞsinðyÞ,
where FWHM is expressed in radians and must be
corrected from the diffractometer contribution
(0:0021=2y, determined from the pattern of NAC), K is
a shape factor close to unity, l is the wavelength of the
experiment, L is the mean coherent diffraction domain
size (for a class of reflections) and Dd=d is the sample
broadening factor due to the microstrains (for a class of
reflections). We have carried out the Williamson–Hall
plots for several classes of reflections along the series.
The values of Kl=L terms (ordinate at the origin)
are very small (all the values are between 2� 10�5

and 12� 10�5). The obtained Dd=d values are given in
Table 3.
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Fig. 3. T c, obtained from the fits of one lorentzian function to the dðM=HÞ=dT data, versus s2. The full error bars correspond to the width of the

transition determined as described in the text.

Fig. 4. DSC versus temperature curves, on heating, for the Ln5/8M3/8MnO3 series. The s2 � 104= (A
2

values are labelled.
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4. Discussion

4.1. Magnetization study

The magnetization data given in Figs. 1 and 2 show a
unique transition that broadens with increasing s2. This
result is consistent with full series being orbital disordered
(no evidence of antiferromagnetic anomalies from possible
minority orbital order or charge-order regions was
detected for all the s2 values). The broadening of the
transition with s2 has been very recently reported [24] for
Ln0.70M0.30MnO3 and some compositions showed the
coexistence of two phases (orbital disordered and orbital
ordered). The two phases were easily detected from MðTÞ
data because two separated peaks were apparent in the
derivatives of the magnetization/field (dðM=HÞ=dT)
curves. The samples reported here do show a unique peak
which points to a mesoscopic single phase behaviour with

temperature. The variation of Tc with s2 (see Fig. 3) is
linear within the errors and the obtained rate of

suppression, dT c=ds2	2 � 104 K (A
�2

, is larger than that
obtained for Ln0.70M0.30MnO3 	1� 104 KÅ�2 [24].
4.2. Calorimetric study

DSC curves, Fig. 4, exhibit well-defined endo-
thermic peaks (similar to those previously described



ARTICLE IN PRESS

Fig. 5. Resistivity, RT-normalized, versus temperature curves (cooling and heating cycle) for the Ln5/8M3/8MnO3 series. The s2 � 104= (A
2

values are

labelled.

Table 2

Rietveld disagreement factors, refined atomic parameters, and selected bond distances and angles for the Ln5/8M3/8MnO3 series

3 25 40 40 (140K) 53 53 (140K) 71

RWP (%) 8.41 6.73 6.21 8.32 6.84 9.43 5.55

RP (%) 6.30 4.81 4.64 5.39 4.76 6.70 3.73

RF (%) 3.44 4.81 3.41 3.92 3.64 3.96 1.86

A, 4, (x1
4
z)

x 0.0188(1) 0.0233(1) 0.0263(1) 0.0270(1) 0.0254(1) 0.0257(1) 0.0271(1)

z �0.0033(1) �0.0040(1) �0.0048(1) �0.0051(1) �0.0046(1) �0.0046(2) �0.0049(1)

Uiso� 100 Å2 0.95(1) 0.82(1) 0.91(1) 0.45(1) 0.82(1) 0.43(1) 0.87(1)

Mn, 4 (001
2
)

Uiso� 100 Å2 0.59(2) 0.36(1) 0.71(1) 0.09(1) 0.57(1) 0.25(1) 0.56(1)

O1; 4c ðx1
4
zÞ

x �0.0078(2) �0.0062(4) �0.0065(4) �0.0077(5) �0.0055(4) �0.0079(7) �0.0053(4)

z 0.4386(2) 0.4354(6) 0.4337(6) 0.4347(7) 0.4347(8) 0.4324(12) 0.4338(7)

Uiso� 100 Å2 1.1(1) 0.9(1) 1.4(1) 1.0(1) 1.1(1) 0.7(2) 1.5(1)

O2, 8d (xyz)

x 0.7236(1) 0.7221(5) 0.7201(5) 0.7181(6) 0.7213(6) 0.7237(9) 0.0721(1)

y �0.0322(1) �0.0329(3) �0.336(2) �0.0341(3) �0.0337(3) �0.0334(6) �0.0333(3)

z 0.2756(1) 0.278(4) 0.2779(5) 0.2785(6) 0.2771(6) 0.2775(9) 0.2771(5)

Uiso� 100 Å2 1.1(1) 1.0(1) 1.5(1) 1.1(1) 1.4(1) 0.7(1) 1.5(1)

Mn–O1� 2/Å 1.953(1) 1.954(1) 1.956(1) 1.952(1) 1.954(1) 1.954(1) 1.955(1)

Mn–O2� 2/Å 1.957(2) 1.955(3) 1.963(3) 1.967(4) 1.956(4) 1.955(6) 1.963(4)

Mn–O2� 2/Å 1.952(2) 1.954(3) 1.948(3) 1.941(4) 1.949(4) 1.946(6) 1.945(4)

Mn–O1–Mn (deg) 160.1(1) 159.1(2) 158.6(2) 158.9(2) 159.0(2) 158.2(4) 158.7(2)

Mn–O2–Mn (deg) 161.2(1) 160.5(1) 159.9(1) 159.3(1) 160.2(1) 160.6(2) 160.2(1)
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for La1�xCaxMnO3 [31], that showed first-order-type
transitions). The temperatures of the transitions ob-
tained from the DSC study agree very well with those
obtained from the magnetization study, see Table 1.
Besides the magnetic degrees of freedom, the heat
transfer also accounts for the entropy and lattice energy
gain due to the electronic delocalization. Namely, local
lattice structural changes from the delocalization of the
polaronic charge carriers are also contributing to the
observed endothermic peaks. We note that the en-
dothermic phase transition was only observed for
s2 � 104 ¼ 3, 25 and 40 samples. Not such a transition
could be observed in 53 and 71 samples. Several
measurements were carried out at different experimental
conditions and with samples from different synthetic
batches. The absence of the DSC peak is reproducible
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Fig. 6. Observed (crosses), calculated (full line) and difference (bottom) SXRPD pattern for Nd5/8Sr0.255Ca0.12MnO3 (s2 � 104 ¼ 40) at room

temperature. The inset shows an enlarged view of the high-angle region.

Table 3

Selected microstructural data at room temperature for the Ln5/8M3/8MnO3 series from SXRPD data by using the Williamson–Hall representations

3 25 40 53 71

Dd/d� 104 (020)a 12(1) 13(1) 11(1) 19(1) 21(1)

Dd/d� 104 (202)b 11(1) 13(1) 11(1) 19(1) 21(1)

Dd/d� 104 (022)c 8 5 5 17 22

Dd/d� 104 (220)d 8 8 8 17 14

aReflections used: (020), (040), (080).
bReflections used: (101), (202), (404).
cOnly two reflections used: (022), (044) because the remaining peaks are very weak, so, errors cannot be given.
dOnly two reflections used: (220), (440), because the systematic absences, so errors cannot be given.
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for the last two compositions. One could speculate
that the sample with s2 � 104 ¼ 71 did not display
the transition in the DSC curve because it should
take place close to 130–140 K out of our measurable
temperature range. However, the FM–PM transition
for s2 � 104 ¼ 53 sample should take place close to
180 K but it is not present, see Fig. 4. Very likely,
the transition is not evident, in the DSC curve,
because it is spread over a very large temperature range.
In the highest variance sample, the broad transition
observed in MðTÞ and rðTÞ curves indicates that the
coexistence of collinear ferromagnetic and non-ferro-
magnetic regions extends over more than 75 K. Proving
that in high variance samples the transition shown by
the resistivity at the region of greatest slope in MðTÞ is
percolative in nature. Consequently, in such a case, local
lattice changes associated with charge delocalization
over very small finite regions should occur spread
out along a wide temperature range, thus leading
to the disappearance of the well-defined sharp endother-
mic peak.

The difference in the Gibbs free energy (DG ¼ DH�

TDS) of the phases at both sides of the transition
vanishes at the transition point (DG ¼ 0), where
DS ¼ DH=T . The observed endotherms (DH40)
indicate that the disorder increases along the transition
on heating, as expected. The total entropy change values
are calculated to be 1.62, 1.29 and 1.96 J/K mol for
3, 25, 40 samples, respectively (similar to the values
found in La1�xCaxMnO3 [31]). It is known that in these
ferromagnetic metallic phases, the total entropy change
is very different to the spin entropy change coming
from the order/disorder moment transition [32]. More-
over, the measured values of the enthalpy change (440,
304 and 387 J/mol for 3, 25, 40 samples, respectively)
seem to depend on different terms with dependence on
the transition temperature, microstructural lattice
strains, etc.
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4.3. Resistivity study

The resistivity curves, Fig. 5, show a MI transition on
heating in all the samples which takes place at tempera-
tures very close to those of the FM–PM transitions, see
Table 1. The variation of the values of the resistivity is
relatively small (lower than two orders of magnitude)
along the series, see Fig. 5. This is another significant
difference, when the behaviour of this series and that of
the Ln0.70M0.30MnO3 series are compared [23]. The reason
is that the resistivity values for the orbital ordered samples
are much larger (more than 3 orders of magnitude) than
those of the orbital disordered samples. Thus, the
electrical behaviour along the Ln5/8M3/8MnO3 series is
fully compatible with all samples being orbital disordered
with relatively similar resistivities.
Fig. 7. Selected key region (1:91021:935 (A) of the fitted SXRPD

patterns (RT top; 140K bottom) for Nd5/8Sr0.255Ca0.12MnO3

(s2 � 104 ¼ 40) sample. The two Bragg peaks (202) and (040) are

labelled.
4.4. Structural study

All the samples are single highly crystalline phases by
ultra-high-resolution SXRPD and they crystallize in the
Pnma superstructure. The unit cell parameters and the
lattice strain values in the ac plane, Sac, given in Table 1,
agree with the five compositions being orbital disordered
at room temperature. The magnetic and transport
properties are consistent with this finding as all samples
have relatively low resistivities and no other anomalies
in MðTÞ than a unique FM–PM transition. In the
Ln0.70M0.30MnO3 series with hrAi ¼ 1:20 (A, the border-
line for a change between the orbital disordered and
orbital ordered phases was found very close to a ¼ c

(and so, Sac ¼ 0). In the present case, however, the s2 �

104 ¼ 71 sample has Sac ¼ �0:03% but its magnetic and
transport properties correspond to those of the orbital
disordered phases. The Mn–O bond distances and
angles in Table 2 have the expected values and confirm
the same average structural distortion for all the
investigated samples.

A key point is to know if these compounds are single
phase by ultra-high-resolution SXRPD on cooling
across the transition. Low-temperature mesoscopic
phase separation for similar compositions, but
with slightly lower average A-cation size (for instance
La5/8�yPryCa3/8MnO3, with y ¼ 0:35 and so, hrAi ¼

1:190 (A) has been reported by electron microscopy [11]
and we can confirm this by ultra-high-resolution SXRPD
[25]. We have checked the low-temperature phase
behaviour for two samples, Nd5/8Sr0.255Ca0.12MnO3

(s2 � 104 ¼ 40 (A
2
) and Sm0.225Nd0.4Sr0.308Ca0.067MnO3

(s2 � 104 ¼ 53 (A
2
), which are representative of the two

types of magnetization curves, sharp and broad transi-
tions, respectively. The SXRPD data at 140K show that
these compounds are single phase without extra peaks
due to charge/orbital ordering similar to those of
Pr0.60Ca0.40MnO3 [33] and Pr5/8Ca3/8MnO3 [25]. Figs. 7
and 8 display a selected key region containing the (202)
and (040) Bragg peaks at temperatures above and below
the transition. This is the most sensitive part of the
powder pattern to phase separation, as if there are two
cells with different c-values, this can be seen as a new
shoulder at low temperature [25]. Furthermore, if a low-
temperature orbital ordered phase appears, similar to
that of monoclinic Pr0.60Ca0.40MnO3 [33], then a new

extra reflection (202̄) should develop. The low-tempera-
ture patterns of 40 and 53 samples do not show any
characteristic of phase separation although they are
chemically quite complex with four cations in the A-site
for the last sample.
4.5. Microstructural study

The microstructure of the samples have been analysed
by the Williamson–Hall methodology and the Dd=d

sample broadening factor due to the microstrains (for a
given class of reflections), are presented in Table 3. This
term includes the effects of structural defects such as
dislocations, stacking faults, twin boundaries, inter-
growths, etc. For solid solutions, the Dd=d term also has
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Fig. 8. Selected key region (1.910–1.935 Å) of the fitted SXRPD

patterns (RT top; 140K bottom) for Sm0.255Nd0.4Sr0.308Ca0.067

(s2 � 104 ¼ 53) sample. The two diagnostic Bragg peaks (202) and

(040) are labelled.
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a main contribution from the chemical quality of the
sample since a larger distribution of the unit cell values
due to possible chemical heterogeneity results in broader
peaks. Hence, it is possible to assess the overall quality
of the sample by obtaining the Dd=d values. Numbers
larger than 10�3 are typical of manganites with many
defects and numbers lower than 5� 10�4 are typical of
manganites with very few defects and very good
chemical homogeneity [12,29,30]. The results shown in
Table 3 indicated that the broadening is due to
microstrains and that the contribution of the coherent
diffraction domain sizes to the FWHMs are almost
negligible. The values of the Kl=L terms are small
(between 2� 10�5 and 12� 10�5) and hence, the
coherent diffraction domain sizes must be larger than
3000 Å.

The sample broadening due to microstrains is
variable, with the Dd=d term ranging between 5 and
22� 10�4, see Table 3. Three main conclusions can be
drawn from this microstructural study. Firstly, and as
an expected general trend, the samples with smaller A-
cation variance show smaller microstrain values. Sec-
ondly, there is a clear correlation between the micro-
strain values, Table 3, and the width of the
magnetization transitions, Table 1. The s2 � 104 ¼ 40
and 3 Å2 samples show the smaller microstrain values
and the sharper magnetization transitions. Conversely,
the s2 � 104 ¼ 53 and 71 Å2 samples show the larger
microstrains and the broader transitions. It is worthy to
note that the Nd5/8Sr0.255Ca0.12MnO3 (s2 � 104 ¼ 40)
sample shows very narrow diffraction peaks and a very
sharp magnetization transition. Thirdly, the sample
broadening is markedly anisotropic, see Table 3, which
points to structural defects as the main origin, with the
cation inhomogeneity (likely isotropic) playing a much
less important role. Nd5/8Sr0.255Ca0.12MnO3 sample,
with three cations in the A-site, has slightly smaller
microstrain values than La5/8Ca3/8MnO3 and Pr5/8Ca3/8

MnO3 [12], which have only two cations in the A-site.
5. Conclusions

Ln5/8M3/8MnO3 series, with variable A-cation size

variance (3 � 10�4 (A
2
ps2p71 � 10�4 (A

2
), crystallizes

in the orthorhombic Pnma perovskite superstructure.
The synchrotron data above and below the ferromag-
netic-to-paramagnetic (and so, metal-to-insulator) tran-
sition do not show any sign of phase separation at low
temperatures. The magneto-transport properties are
typical of single phase manganites with orbital dis-
ordered structures. The samples with smaller variances
show sharp magnetization transitions and those with the
larger variances display broad transitions. The powder
diffraction peak broadening, analysed by the William-
son–Hall methodology, is markedly anisotropic and
strongly dominated by microstrains likely due to
structural defects. There is a clear correlation between
the microstrain values and the widths of the magnetiza-
tion transitions.
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