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The phase ‘NdMnO3’ has been synthesised and characterised by a combination of electron probe microanalysis,
X-ray and neutron diffraction and H2-reduction thermogravimetry. NdMnO3 forms, at #1400 °C, over the range
Nd1.00(1)Mn0.95(1)O2.92(1) to Nd0.88(1)Mn1.00(1)O2.72(1) . Oxygen contents vary in air over the range 700 to 1400 °C and
can be varied further, either by high pressure O2 treatment or by reduction in H2 . The structure of ‘NdMnO3’ is
based on the GdFeO3 structure with a Jahn–Teller distortion associated with the high proportion of Mn3+ ions
present. However, it also shows a very varied defect structure; depending on composition and heat treatment,
vacancies can form on any one or any two of the three sublattices, Nd, Mn and O and the overall Mn oxidation
state can include 2+, 3+ and 4+ contributions. Data on compositional range and defect crystal structure are
presented in the form of a novel phase diagram–defect structure map.

Introduction Experimental
Rare earth manganites have been studied because of interest Samples along the NdO1.5–MnO2 pseudobinary join were
in their electrical, catalytic and mechanical properties.1,2 They prepared by standard solid state techniques. Appropriate
are used as electrodes in solid oxide fuel cells and are the proportions of the starting materials, Nd2O3 (Aldrich 99.9%,
parent compounds of colossal magnetoresistors. The discovery dried at 1000 °C before use) and MnO2 (Aldrich 99+%), were
of the colossal magnetoresistance (CMR) effect in rare earth mixed with acetone using an agate mortar, dried, pelleted
manganites has resulted in many studies on these systems. (13 mm diameter, pressed under 2 tonnes per square inch),
CMR has been observed in at least three families of manganese reacted in Pt boats at 1400 °C for 72 h and subsequently
oxides: the perovskites (general formula A1−xA∞

x
MnO3, A= annealed, either in air at various temperatures in the range

La, Pr, Y…; A∞=Ca, Sr, Ba…),3–18 the Ruddlesden–Popper 600–1200 °C for 2 h, or under high oxygen pressures at 700 °C
(RP) phases (general formula (A1−xAx

∞)
n+1Mn

n
O3n+119–27 and for 16 h using a Morris Research Inc. high oxygen pressure

the Tl2Mn2O7 pyrochlore.28 furnace, Model No. HP5015E7. For the latter, a starting
The rare earth manganite NdMnO3 belongs to the group of pressure of #70 bar at room temperature was used which

orthorhombically-distorted perovskites RMnO3, where R is a increased to #200 bar at 700 °C. At the end of the heat
rare earth ion from La3+ to Dy3+, with the GdFeO3 structure. treatment samples were cooled slowly (1 °C min−1) to room
It is, however, a much more complex material than indicated temperature whilst still under pressure.
by this simple composition, because both the Nd5Mn ratio XRD was performed with a Stoe Stadi P diffractometer
and the oxygen content appear to be variable. Studies of rare using a small linear position sensitive detector of resolution
earth manganites have centred on the La–Mn–O system and 0.02° 2h with Cu-Ka1 radiation and an external Si standard.
to a lesser extent, the Nd–Mn–O system. Various authors have Unit cell parameters were refined using Stoe proprietary
studied the oxygen nonstoichiometry of LaMnO3 and its effect software (LATREF). For ND, #10 g samples were prepared
on the crystal structure.29–33 Depending on temperature and and placed in cylindrical V cans. Data were collected on the
oxygen partial pressure, ‘LaMnO3’ exhibits either an oxygen POLARIS diffractometer at ISIS, Rutherford Appleton
excess or oxygen-deficiency and, depending on the oxygen Laboratory, over the time-of-flight range 2000–19530 ms.
content, different polymorphs form; for LaMnO3+d , Structural models were refined using TF14LS from the
0∏d<0.10, the structure is orthorhombic GdFeO3-type, whilst Cambridge Crystallography Subroutine Library.41,42
for 0.10∏d<0.3 it is rhombohedral LaAlO3-type.34–38 Scattering lengths were taken from Sears.43

The defect structure of such ‘oxygen excess’ phases is Samples were analyzed by EPMA using a Cameca SX51
described by cation vacancies on the metal sublattices.29–33 fitted with four wavelength-dispersive spectrometers. Pellets
The analogous ‘NdMnO3’ system is expected to behave simi- sintered at either 1400 °C, 72 h or 1500 °C, 72 h, were set in
larly. Cherepanov et al.39 reported ‘oxygen excess’ NdMnO3+d : epoxy resin, polished to <1 mm surface roughness and carbon-
in air, the maximum d, NdMnO3.071, was obtained at 1100 °C coated prior to analysis. Quantitative analysis was performed
and the lowest, NdMnO3.01, at 1500 °C, whereas at 1100 °C in to determine the number and distribution of phases present
air Atsumi et al.40 reported the stoichiometry to be and where appropriate, the composition of each phase. The
NdMnO2.97 . Similarly to LaMnO3+d , the defect structure of concentrations (wt%) of Nd and Mn were determined with a
NdMnO3+d is described by cation vacancies.39 fixed beam of 20 kV and 30 nA at 10 different points on the

As part of a larger study on the ‘RMnO3’ oxides (R=La, sample surface. A single crystal of NdGaO3 (National CrystalPr, Nd) to resolve discrepancies in the literature and establish
Growth Facility, Oxford) was used as the standard for Ndcation and oxygen stoichiometry ranges, a detailed study of
and MnSiO3, Rhodonite (Micro-Analysis Consultants), for‘NdMnO3’ has been made. The problems of characterising
Mn. Element maps (qualitative analysis) were also obtainedvariable R5Mn ratios and oxygen contents have been
for representative samples. Oxygen contents were not deter-addressed using a combination of techniques: electron probe
mined directly by EPMA but were estimated by difference:microanalysis (EPMA) to determine cation ratios, thermogra-

vimetry (TG) to determine absolute oxygen contents and wt% O=100—(wt% Nd+wt% Mn)
X-ray diffraction ( XRD) and neutron diffraction (ND) to
determine possible defect structures. Absolute oxygen contents were determined by hydrogen-
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reduction TG, using a Stanton Redcroft TG-DTA simul-
taneous thermal analyzer STA 1000/1500. Samples (#0.1 g)
were heated in flowing H2/N2 (10590) at 10 °C min−1 to
975 °C, which was well above the minimum temperature
necessary to achieve constant weight; final reduction products
were a mixture of Nd2O3 and MnO.

Results and discussion
1 Solid solution limits and sample homogeneity: EPMA
analyses

To investigate the possibility that ‘NdMnO3’ forms with a
variable Nd5Mn ratio, nominal compositions ranging from

Fig. 2 Schematic of the fracture surface of a pellet of NdMn0.97Oz
NdMn0.25Oz

to Nd0.25MnO
z

were studied by XRD and EPMA.
for analysis by EPMA.XRD on samples fired in air at 1400 °C indicated that single

phase ‘NdMnO3’ appeared to exist over a small range of
compositions from about NdMn0.89Oz

to Nd0.82MnO
z
. to Goodenough’s45 definition of the O∞ orthorhombic structure

Increasing or decreasing the Mn concentration caused Mn3O4 where b/c<√2, c<a. This suggests that the structure is
or Nd2O3 respectively, to be present as a second phase. XRD GdFeO3-type with a superposed Jahn–Teller (JT) distortion.
patterns of single phase solid solution samples, prepared at From the variation of a and V with composition, it appears
1400 °C, 72 h, resembled the powder diffraction file for that a ‘NdMnO3’ solid solution forms from #49 to #53
NdMnO3 (no. 25–0565)44 and were indexed on an orthorhom- cation% Mn, i.e. from NdMn0.95Oz

to Nd0.88MnO
z
. Note that

bic unit cell similar to that of GdFeO3.32 The variation of the the data in Fig. 1 are for as-fired samples without, at this
unit cell parameters and unit cell volume with Mn concen- stage, any attempt to control or determine oxygen contents.
tration are shown in Fig. 1; b and c remain roughly constant As a first step to confirm the existence of the ‘NdMnO3’whereas a and V decrease. The unit cell dimensions conform solid solution, it was necessary to determine whether the

reaction conditions used had been appropriate to achieve
complete reaction without loss of either component or con-
tamination from the sample container. To achieve this, EPMA
of fracture surfaces of pellets with starting composition
NdMn0.97Oz was carried out. Two pellets which had been
heated at 1400 °C, 72 h and 1500 °C, 72 h, respectively were
analysed. For each, 20 points located inside grains rather than
at grain boundaries were analysed (grain sizes were between
30–40 mm); the points were taken from a band scan (width
#20 mm) across the polished fracture surface, extending from
the pellet surface that had been in contact with the Pt container
to the surface that had been exposed to the air (Fig. 2).
Results are shown in Fig. 3; point 0 corresponds to the Pt
interface, point 20 to the air interface.

The average cation stoichiometry, calculated by dividing the
determined wt% of each cation by its atomic weight and
normalizing with respect to Nd, was Nd1.00(1)Mn0.97(1)Oz

which
agrees with the nominal composition. In addition, the Nd and
Mn contents were constant within errors across the fracture
surface for both samples [Fig. 3(a) and (b)]. There was,
therefore, no evidence of any concentration gradient of Nd or
Mn through the bulk sample and the elemental composition
at both interfaces of the pellet (that exposed to the furnace
atmosphere and the other to the Pt reaction boat) was similar
to that of the bulk sample. There was also no evidence of
diffusion of Pt into the sample. A false colour element map of
a different solid solution member, Nd0.95(1)Mn1.00(1)Oz

(Fig. 4),
indicates further the even distribution of Nd, Mn and O
throughout the perovskite phase; dark regions are porosity. A
backscattered electron image of the same sample was also
uniform throughout, again indicating its single phase nature.

The conclusion from these experiments is therefore that the
reaction conditions used yielded homogeneous, fully reacted
samples with no evidence of loss of reagents or Pt attack. This
was found at both 1400 and 1500 °C; consequently even though
most samples were prepared at 1400 °C, possible problems of
volatilisation and/or contamination would not occur until at
least 1500 °C.

Results from quantitative EPMA of several pellets of
different nominal compositions are given in Table 1. Since
oxygen contents were not determined directly by EPMA, and
it is well known that materials such as ‘NdMnO3’ can haveFig. 1 Variation of the unit cell parameters with composition for as-

fired samples. variable oxygen contents depending on their thermal history,
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initial focus is on the Nd5Mn ratios; oxygen contents are
given nominally as 3 in Table 1. The Nd5Mn contents are
scaled such that the higher of the two equals 1 since it is
unlikely that interstitial cations can be accommodated in the
perovskite structure.

The data in Table 1 show the compositions used in initial
syntheses (column 1), the derived atom% contents expected
for Nd and Mn assuming 60 at% O (columns 2, 3), the Nd,
Mn contents determined by EPMA (columns 4, 5: absolute
values, uncorrected), the derived stoichiometry of the perovsk-
ite phase assuming oxygen content 3 and scaling Nd and/or
Mn contents to 1 (column 6) and the expected and analysed
Mn contents as a percentage of the total cation content
(columns 7, 8). The Mn contents are also shown graphically
in Fig. 5 and demonstrate clearly that a solid solution forms
to either side of the ‘NdMnO3’ stoichiometry, although it is
most extensive on the Mn-rich side. The solid solution limits
may be represented as Nd1.00(1)Mn0.95(1)Oz

(49 cation% Mn)
and Nd0.88(1)Mn1.00(1)Oz

(53 cation% Mn). At higher or lower
Mn contents Mn3O4 and Nd2O3 , respectively, were present as
second phases (Table 1). Hence, the EPMA results confirm
those obtained by XRD in showing the existence of a solid
solution. The solid solution limits are comparable to those
estimated from the lattice parameters (Fig. 1) but less than
those estimated by using apparent phase purity by XRD as a
true test of phase purity. This latter discrepancy is readily
attributable to the difficulty of detecting small amounts of
second phase by XRD; identification of small amounts of
Mn3O4 is particularly difficult as Mn fluoresces, thus reducing
the intensity of the diffraction lines whilst increasing that of
the background radiation.

The results in Fig. 5 show not only the compositional extent
of the perovskite solid solution but also confirm that for single
phase samples the product compositions are essentially the
same as those of the starting compositions. These results
demonstrate the accuracy of EPMA for the determination of
cation ratios; experimental and expected Mn contents agree
to within ±0.5% in Fig. 5, i.e. to within 1% of the Mn content.
However, the results in Table 1 are influenced by unquantified
systematic error which reduces the analysed Nd, Mn contents
and although the Nd5Mn ratios are as expected, the absolute
cation contents (Table 1, columns 4, 5) are systematically lessFig. 3 Quantitative EPMA of pellets of NdMn0.97Oz

that had been
than expected by 1–2% (Table 1, columns 2, 3). In Fig. 6, theheated at (a) 1400 °C for 72 h, (b) 1500 °C for 72 h.
differences between expected and analysed cation contents are
shown. All analysed values are lower than expected; on average
Mn contents are low by 0.95 at% and Nd contents low by
0.55 at%. There is, however, considerable variation, but both
Mn and Nd analyses tend to show the same pattern of
variation.

The origin of this discrepancy between expected and
analysed cation contents is not fully understood; possibilities
include the presence of surface imperfections or roughness in
the analyzed regions or absorbed water on the sample surface.
An additional discrepancy must arise in situations where the
oxygen content is variable and not equal to three; as shown
later, the oxygen content rarely equals 3 for the present
materials and is usually less than 3. Since the Nd, Mn contents
are normalised to a maximum of one of each per perovskite
ABO3 subcell, the discrepancies shown in Fig. 6 are an under-
estimate of the expected values if the true oxygen contents are
less than 3. Given the discrepancies between expected and
analysed cation contents for the present materials, it is difficult
to give absolute values whereas the cation ratios have a much
higher accuracy. Effectively therefore, one cation may be used
as an internal standard for the determination of the other
cation.

It is possible to determine oxygen contents by EPMA, either
by direct measurement against a standard or by difference.

Fig. 4 Element map of Nd0.95(1)Mn1.00(1)Oz
. However, light element analysis has higher intrinsic errors and

so direct oxygen analysis was not attempted. Since the absolute
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Table 1 Expected composition and analysed atom% of Nd and Mn for samples along the NdO1.5–MnO1.33 pseudobinary join

Expected At%b Analysed At% %Mn cationc

Nominal compositiona Nd Mn Nd Mn Analysed compositiona Nominal Analysed

NdMn0.89O3 21.2 18.8 19.5(2) 18.6(1) Nd1.00(1)Mn0.96(1)O3+Nd2.0(1)O3.4(1)d 47 49(1)
NdMn0.92O3 20.8 19.2 19.7(1) 18.7(1) Nd1.00(1)Mn0.95(1)O3+Nd2.0(1)O3.4(1)d 48 49(1)
NdMn0.96O3 20.4 19.6 19.7(2) 18.6(1) Nd1.00(1)Mn0.95(1)O3 49 48(1)
NdMnO3 20 20 19.3(1) 19.2(2) Nd1.00(1)Mn1.00(1)O3 50 50(1)
Nd0.96MnO3 19.6 20.4 19.1(2) 19.5(2) Nd0.98(1)Mn1.00(1)O3 51 51(1)
Nd0.89MnO3 18.8 21.2 18.3(2) 20.0(1) Nd0.91(1)Mn1.00(1)O3 53 52(1)
Nd0.86MnO3 18.5 21.5 18.1(1) 20.6(1) Nd0.88(1)Mn1.00(1)O3 54 53(1)
Nd0.82MnO3 18.1 21.9 18.1(2) 20.6(1) Nd0.88(1)Mn1.00(1)O3+Mn3.0(1)O4.1(1)e 55 53(1)
Nd0.67MnO3 16.0 24.0 18.2(1) 20.6(1) Nd0.88(1)Mn1.00(1)O3+Mn3.0(1)O4.1(1)e 60 53(1)

aCation contents scaled so that either Mn or Nd or both is unity. Nominal oxygen content of 3. bAssuming 60 at% oxygen. c%Mn=
Mn/(Mn+Nd)×100. dFrom the Nd content and the absence of Mn, these second phase particles are identified as Nd2O3. eFrom the Mn
content and the absence of Nd, these second phase particles are identified as Mn3O4.

H2/N2) according to the reaction:

NdMnO
z
A0.5Nd2O3(s)+MnO(s)+(z–2.5) H2O(g) (1)

XRD confirmed the presence of Nd2O3 and MnO after
reduction. Typically, decomposition began at #500 °C and
was completed by #900 °C. The reduction of one composition,
Nd1.00(1)Mn0.97(1)Oz

, prepared at 1400 °C, 72 h, is shown in
Fig. 7. Calculation of the oxygen content was based on eqn. (1)
where the starting weight of ‘NdMnO

z
’ was known and the

total weight loss was attributed to H2O(g) loss. Any oxygen
nonstoichiometry of MnO, due to the possible mixed valence
states of Mn, would result in errors in the oxygen content
calculation. However, reduction by TG of the starting material
MnO2 and subsequent XRD analysis indicated that the
reduction product, MnO, was stable at the temperatures
required for eqn. (1) and that the overall weight loss was as
expected for reduction of MnO2 to MnO. For the data shown
in Fig. 7, the oxygen content z was calculated to be 2.92(1).

The oxygen contents of as-prepared solid solution samples,
Nd1.00(1)Mn0.95(1)Oz

to Nd0.88(1)Mn1.00(1)Oz
, heated at 1400 °C,Fig. 5 Analysed Mn% as a function of nominal composition as

72 h, are shown in Fig. 8. All oxygen contents, z, are less thandetermined by EPMA for NdO1.5–MnO1.33 pseudobinary join.
the maximum value of 3; as the Mn concentration increases,
the oxygen content decreases increasingly rapidly.

To investigate possible variation in z two samples,
Nd1.00(1)Mn0.95(1)Oz

and Nd0.88(1)Mn1.00(1)Oz
, near each end of

the solid solution range, were annealed isothermally in air
from 1200 °C to 600 °C in increments of 100 °C for 2 h and
quickly cooled. Oxygen contents are shown as a function of
temperature in Fig. 9. For both, as the temperature decreases,
z increases. Below 700 °C no further changes were observed
indicating that the maximum oxygen content obtainable in air
at ambient pressure had been achieved. For the Nd-rich
composition, z is slightly greater than 3 but for the Mn-rich
composition, the maximum z is still significantly less than 3.
At any temperature, z for the Mn-rich composition is lower

Fig. 6 The difference between the expected and analysed cation
contents as a function of Mn content.

cation contents are anomalously low by 1–2%, oxygen analysis
by difference leads to an overestimate of the oxygen content
by 0.25 to 0.30 per ABO3 perovskite subcell. Instead oxygen
contents were determined by H2-reduction TG.

2 Oxygen content of ‘NdMnO
z
’

The oxygen content, z, of solid solution samples was Fig. 7 H2/N2 reduction of Nd1.00(1)Mn0.97(1)Oz
from which z was

calculated to be 2.92(1).determined using TG analysis by direct reduction (in flowing
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Fig. 8 Variation of the oxygen content with composition of as-fired
samples, 1400 °C, 72 h in air.

Fig. 10 Variation of the unit cell parameters of Nd1.00(1)Mn0.95(1)Ozwith oxygen content.

Fig. 9 The oxygen content of Nd1.00(1)Mn0.95(1)Oz
and

Nd0.88(1)Mn1.00(1)Oz
as a function of temperature. pressure oxygenation, a decreases significantly, b and c increase

and V decreases. Again the unit cell becomes less orthorhombic
with c#a. The two compositions annealed under high pressurethan that of the Nd-rich composition by #0.15–0.20; there is
O2 have different Nd5Mn ratios to those annealed in air.no evidence that samples had reached a constant oxygen
Therefore, their unit cell parameters are not plotted on Fig. 10content by 1400 °C, the highest temperature studied.
and 11 although they show similar trends.For both compositions, XRD indicated a systematic shift in

It is not known if the oxygen contents reported in Table 2d-spacings with decreasing anneal temperature and hence with
are the maximum possible. Certainly high pressure oxygenationincreasing z. The variation of lattice parameters with z is
is a slow process since samples heated for only 2 h instead ofshown in Fig. 10 and 11. As z increases, a and V decrease, b
16 h at 700 °C, 200 bar O2 , showed little evidence of oxygenincreases and c remains roughly constant. Thus the unit cell
uptake. Possibly, on heating for longer times at 700 °C or atundergoes an overall reduction in volume and a significant
higher temperatures, z values may increase further.change in shape; it becomes less orthorhombic.

To investigate the lower limit(s) of z for the ‘NdMnO
z
’ solid

solutions, samples were heated by TG in an atmosphere of3 Limiting oxygen contents of the ‘NdMnO
z
’ solid solution

10% H2–90% N2 . Two typical sets of results are shown in
Fig. 12. For low Mn contents, samples were stable to reductionTo try and extend the range of oxygen contents beyond that

shown in Fig. 9, samples were heated in both high pressure up to #750 °C and then lost weight rapidly, with complete
reduction by 850 °C. Under these conditions it was not possibleO2 and in H2/N2 . To increase z, samples of solid solutions

with five different Nd5Mn ratios were annealed at various (but see below) to distinguish between initial reduction of the
sample, whilst retaining the original crystal structure, and finaltemperatures under high oxygen pressure (16 h, 200 bar, slow

cool 1 °C min−1). After heating at 700 °C, their oxygen con- decomposition and reduction to MnO and Nd2O3 .
For higher Mn contents however, reduction commenced attents, z, increased (Table 2) indicating that for stoichiometric

NdMnO
z

and for solid solution samples with a small excess a much lower temperature, #500 °C, (Fig. 12), with clear
evidence of an intermediate plateau at #700 °C before theof Mn it is possible to have z>3.0. The unit cell parameters

of Nd1.00(1)Mn0.97(1)Oz
and Nd0.95(1)Mn1.00(1)Oz

(Table 3) final weight loss which was complete by 850 °C. XRD patterns
for samples reduced only as far as the intermediate plateauchange in the same manner as shown in Fig. 10; after high
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Fig. 12 The H2/N2 reduction of Nd1.00(1)Mn0.95(1)Oz
and

Nd0.88(1)Mn1.00(1)Oz
.

showed essentially a single phase ‘NdMnO3’ pattern; it appears
therefore, that this intermediate plateau represents the lower
stability limit for the solid solutions and hence the limiting z
values can be obtained from the TG plots. Returning to the
TG plot for the Nd-rich sample (Fig. 12), it can be seen that
the weight loss has two components with a gradual weight
loss below #800 °C and a more rapid loss above 800 °C.
Possibly therefore, the crystal structure of ‘NdMnO

z
’ is

retained during reduction up to #800 °C but, due to poor
resolution, an accurate value for z cannot be estimated. Results
are summarised in Table 4 for the limiting z values of the Mn-
rich compositions; they show, again, that z decreases with
increasing Mn content and also that the oxygen loss occurs
more easily (at lower temperatures).

4 Stoichiometry of ‘NdMnO
z
: variable Nd5Mn ratios and

oxygen content

The stoichiometry range of the NdMnO
z

solid solutions is
summarised in Fig. 13 in the form of a phase diagram with
the oxygen content and cation composition as variables. The
cation content is represented both as %cation content for Mn,
as earlier, and as variables x and y in the general formulaFig. 11 Variation of the unit cell parameters of Nd0.88(1)Mn1.00(1)Ozwith oxygen content. Nd1−xMn1−yOz

. The solid solutions extend to either side of
the x=0 and y=0 stoichiometry but are more extensive
towards Mn-rich compositions. Oxygen contents are variableTable 2 Oxygen content of samples after high oxygen pressure
for all x and y but gradually decrease with increasing Mntreatment (700 °C, 16 h, 200 bar, slow cool, 1 °C min−1)
content. Use of the formula Nd1−xMn1−yOz

with x, y�0
Sample Oxygen content implies that the maximum Nd, Mn contents in the formula

unit are 1.00 and therefore, on departure from the ideal
Nd1.00(1)Mn0.97(1)Oz

3.00(2) stoichiometry, one or other of the cation sublattices hasNd1.00(1)Mn1.00(1)Oz
3.08(2)

vacancies. This is discussed later once the crystallographicNd0.95(1)Mn1.00(1)Oz
3.06(2)

results have been presented.Nd0.91(1)Mn1.00(1)Oz
2.98(2)

Nd0.88(1)Mn1.00(1)Oz
2.95(2) For all cation compositions the oxygen contents are variable,

depending on the sample heat treatment. For Nd-rich composi-
tions (y>0), z can take a small range of values between #2.9

Table 3 Oxygen content and unit cell parameters for samples before and 3.0, or slightly greater. For Mn-rich compositions (x�0),
and after high oxygen pressure treatment the range of z values increases with x and undergoes a general

displacement to lower z values. Thus, with stoichiometric
700 °C, 16 h, 200 bar,

NdMnO
z

and with a small Mn excess, maximum oxygen1400 °C for 72 h slow cool (1 °C min−1)
contents can exceed 3.00 and the lower limit of z starts to
decrease. By the time the solid solution limit at x=0.12 isNd1.00(1)Mn0.97(1)O2.91(2) Nd1.00(1)Mn0.97(1)O3.00(2)
reached, the oxygen contents cover the range 2.63<z<2.95.a=5.8245(19) Å a=5.5657(22) Å

b=7.5581(20) Å b=7.6383(33) Å
c=5.4066(17) Å c=5.4116(28) Å

Table 4 Lower oxygen content limitsV=238.01(8) Å3 V=230.06(14) Å3

Nd0.95(1)Mn1.00(1)O2.89(2) Nd0.95(1)Mn1.00(1)O3.08(2) Composition Lower oxygen content
a=5.7917(29) Å a=5.4972(26) Å
b=7.5470(23) Å b=7.6647(26) Å Nd0.98(1)Mn1.00(1)Oz

2.83(1)
Nd0.93(1)Mn1.00(1)Oz

2.73(1)c=5.4118(25) Å c=5.4340(32) Å
V=236.55(11) Å3 V=228.96(12) Å3 Nd0.88(1)Mn1.00(1)Oz

2.63(2)
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formula deduced from the refinement is NdMn0.96(1)O2.88(2) ,which is similar to that obtained by EPMA and TG
(Nd1.00(1)Mn0.97(1)O2.92(2)). It is concluded, therefore, that the
average defect structure is described by Mn and O vacancies
with full occupancy of the Nd sites. The ND profile is given
in Fig. 14(a). Some residual peaks in the difference plot
indicate that the refinement was not optimised. Given the large
size of the sample and its method of preparation, terminating
in an air-cool, it is possible that a small gradient in oxygen
content occurred throughout the sample arising from preferen-
tial pick-up of oxygen at the sample surface. An improved
difference plot might be obtained if the sample is considered
as a mixture of two phases having slightly different oxygen
contents and therefore slightly different cell dimensions. Such
an approach was used successfully to refine the structure of
Sr2−xR1+xMn2O7 , R=La, Nd as a two phase mixture,
although the origin of the two phase nature was not clearly
established.22,23 We have not attempted such a refinement
here. Whilst a two phase model may give an improved
difference plot, this is in part to be expected from the increase
in number of refineable parameters that would be used.

Bond lengths and angles for NdMn0.96(1)O2.88(2) are given in
Table 6. The Mn–O bond lengths describe MnO6 octahedra
distorted in the 4+2 manner indicative of the static JT
effect: Mn–O(2) 1.916(1); Mn–O(2) 2.222(1); Mn–O(1)
1.9518(3) Å. The Nd cation is coordinated by 8
(2.36–2.62 Å)+4 (3.2–3.5 Å) oxygens, as expected for the

Fig. 13 (a) The oxygen content as a function of Mn concentration.
(b) The Mn and Nd content as a function of Mn at% when z∏3.

The oxygen contents determined in this study cover the
range reported by Cherepanov et al.39 and Atsumi et al.40
[Fig. 13(a)], although the conditions used to obtain the differ-
ent z values differed somewhat. Thus, from our results, it is
expected that somewhat smaller z values (#2.9–2.95) would
be obtained using the conditions in ref. 39 and 40. Possibly
some oxygen uptake occurred during cooling in ref. 39 and 40
whereas our samples were cooled rapidly so as to preserve the
high temperature stoichiometry.

5 Neutron diffraction studies

The crystal structure of two compositions near the Nd- and
Mn-rich boundaries of the solid solution range were studied:
Nd1.00(1)Mn0.97(1)O2.92(2) and Nd0.95(1)Mn1.00(1)O2.83(2). The
samples were as-prepared in air so as to have sufficiently large
quantities for ND work. Both were refined in space group
Pnma and, as expected, have the GdFeO3 structure consistent
with earlier refinements of these and related rare earth
materials. The main objective was to establish the principal
defect mechanisms associated with the varying types of
nonstoichiometry determined by EPMA and TG analysis.

Atomic coordinates of the GdFeO3 structure were used as
initial coordinates for the composition Nd1.00(1)Mn0.97(1)-
O2.92(2). The Nd site occupancy refined to 1.00(1) and was
therefore restrained to unity; Mn and oxygen site occupancies
refined below unity (Table 5) with reasonable R-factors. The

Table 5 Structural parameters for NdMn0.97(1)O2.92(2)

Site x y z B Occ.

Nd 4c −0.0686(2) 0.25 0.0124(2) 0.16(2) 1.00
Mn 4b 0.5 0 0 0.006(27) 0.96(1)
O1 4c 0.0228(2) 0.25 0.5883(2) 0.18(2) 0.950(8)
O2 8d −0.3188(2) 0.0447(1) 0.2877(2) 0.20(1) 0.968(7)

Cell parameters: 5.87766(4), 7.66068(5), 5.41051(4) Å, Rwp=2.65,
Fig. 14 The observed, calculated and difference neutron diffractionRp=4.66, X2=11.8561.
patterns of (a) NdMn0.97O3±d and (b) Nd0.95MnO3±d.
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Table 6 Calculated bond lengths and angles for NdMn0.96(1)O2.88(2) Table 9 Calculated bond lengths for Nd0.98(1)MnO3.06(2)

Bond Bond length/ÅBond Bond length/Å Angle Bond angle/ °

MnKO2 1.916(1)×2 MnKO2KMn 149.44(6) MnKO2 1.905
MnKO2 2.126MnKO2 2.222(1)×2 O2KMnKO2 88.78(4)

MnKO1 1.9518(3)×2 O2KMnKO2 91.22(4) MnKO1 1.980
NdKO2 2.393(1)×2 O2KMnKO1 90.55(4)
NdKO2 2.620(1)×2 O2KMnKO1 89.45(4)
NdKO2 2.604(1)×2 O2KMnKO1 92.14(4) Since the Nd, O1 and O2 positions hardly vary between the
NdKO1 2.357(2) O2KMnKO1 87.86(4)

Nd1.00(1)Mn0.97(1)O2.92(2) and Nd0.98(1)MnO2.92(2) structures,NdKO1 2.460(2) O2KMnKO2 179.98(4)
and since Mn occupies the special position 0.5,0,0, it is possibleO2KMnKO1 179.98(4)
from lattice parameter data to estimate the variation of the
JT distortion with changing Mn3+ concentration by assuming
that the O1 and O2 positions do not change with oxygenGdFeO3-type structure. The structure is characterised by co-
content. Comparison of the Mn–O bond lengths (Table 8),operative tilting of MnO6 octahedra arising from a mismatch
for Nd0.98(1)MnO2.92(2) , which contains #100% Mn3+ within ionic radii of Nd and Mn compared with the values expected
those calculated for Nd0.98(1)MnO3.06(2) , which contains #80%of A and B cations in the perovskite structure. The corner-
Mn3+ and 20% Mn4+ Table 9, suggests a decrease in thesharing MnO6 octahedra form zig-zag chains parallel to [010]
Mn–O2 bond lengths as the oxygen content increases, aswhere the top and bottom apices of adjacent octahedra point
expected. Further work is required to confirm this.alternately to and away from the adjacent chains.

For the composition Nd0.95(1)Mn1.00(1)O2.83(2) all thermal
6 Defect structure and compensation mechanismsparameters and the Nd and Mn site occupancies were first

refined. The Mn site occupancy refined to 1.01(1) and was The stoichiometry of the ‘NdMnO3’ solid solution has been
therefore constrained to unity. The thermal parameters were characterised by EPMA, TG and ND and expressed, assuming
then fixed and the Nd and O occupancies varied (Table 7). that either the Nd or Mn content can be scaled to one, to give
The refinement indicated that the Mn content was greater the cation contents per formula unit as a function of composi-
than the Nd content and the oxygen content was less than tion as shown in Fig. 13. The available evidence indicates that
unity. The formula determined from the refinement, this analysis is valid for all samples where the oxygen content
Nd0.98(1)MnO2.92(2), is different in detail from that determined is ∏3. For compositions with z>3 the description of the
by EPMA and TG, Nd0.95(1)Mn1.00(1)O2.83(2), but clearly indi- stoichiometry has to be reassessed; although we have no direct
cates Nd, O vacancies as the main defects with fully occupied structural information on these O-rich compositions, oxygen
Mn sites. The different oxygen contents can be attributed to interstitials are not possible within the GdFeO3 structure and
different sample preparation conditions; the sample for EPMA the oxygen excess must therefore be accommodated by cation
and TG was fired as a pellet which on cooling could take up vacancies. Various models are required to describe the stoichi-
less oxygen at the sample surface than the powdered sample ometry of oxygen excess and oxygen-deficient ‘NdMnO3’used for ND. The structure model reported by Pollert et al.46 which also incorporate the variable Nd5Mn ratio and the
for Pr0.85MnO3, where the A site is occupied by both the rare variable Mn oxidation state.
earth ion and Mn, was tested but it gave a high Rwp value First, we present the phase diagram data of Fig. 13(a) again
(3.76) and was discounted. The ND profile is given in in Fig. 15, but now subdivide the diagram into four quadrants,
Fig. 14(b). Again, the difference profile shows residual peaks each with a principal defect structure; each quadrant is separ-
that may be attributed to inhomogeneity in oxygen content of ated by lines which also correspond to idealised, simple defect
the sample. structures. For instance, when z=3 the horizontal axis gives

Bond lengths and angles for Nd0.98(1)MnO2.92(2) are given in
Table 8. The MnO6 octahedra are again distorted in the same
manner as NdMn0.96(1)O2.88(2) and the structure also is
GdFeO3-type with a superposed JT distortion.

Table 7 Structural parameters for Nd0.95(1)MnO2.83(2)

x y z B Occ.

Nd 4c −0.0667(2) 0.25 0.0123(3) 0.20 0.984(8)
Mn 4b 0.5 0 0 0.07 1.00
O1 4c 0.0219(3) 0.25 0.5876(3) 0.20 0.973(9)
O2 8d −0.3176(2) 0.0444(1) 0.2880(2) 0.20 0.971(7)

Cell parameters: 5.78808(4), 7.55640(6), 5.41013(3) Å, Rwp=2.76,
Rp=3.98, X2=13.4068.

Table 8 Calculated bond lengths and angles for Nd0.98(1)MnO2.92(2)

Bond Bond length/Å Angle Bond angle/ °

MnKO2 1.912(1)×2 MnKO2KMn 149.68(6)
MnKO2 2.192(1)×2 O2KMnKO2 89.41(4)
MnKO1 1.9512(4)×2 O2KMnKO2 90.59(4)
NdKO2 2.384(1)×2 O2KMnKO1 90.35(4)

Fig. 15 (A) The phase diagram data of Fig. 13(a), but now subdividedNdKO2 2.617(1)×2 O2KMnKO1 89.65(5)
into four quadrants, each with a principal defect structure; eachNdKO2 2.596(2)×2 O2KMnKO1 92.01(4)
quadrant is separated by lines which correspond to idealised, simpleNdKO1 2.356(2) O2KMnKO1 87.99(4)
defect structures. Ideal, stoichiometric NdMnO3 is shown as $.NdKO1 2.436(2) O2KMnKO2 179.97(4)
(B) Superposed on the solid solution is the locus of directions withO2KMnKO1 179.97(4)
constant Mn oxidation state.
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either Nd vacancies (x>0) or Mn vacancies ( y>0). Most of corresponds to thermodynamic equilibrium in air at 1400 °C.
The range of oxygen contents includes both equilibrium andthe solid solution compositions lie in the bottom right quadrant

with oxygen vacancies and Nd vacancies. Structural data were non-equilibrium conditions since samples were either equilib-
rated in air at various temperatures or subjected to extremesalso obtained for the bottom left quadrant, with oxygen

vacancies and Mn vacancies. We have no structural data on of oxygen pressure so as to extend the range of oxygen
contents into regions where the samples were metastable.oxygen-rich compositions (z>3), but given that oxygen inter-

stitials are highly improbable and intergrowth structures with Although the cation stoichiometry refers to high temperature
equilibrium, it is possible that under different conditions,O-rich components have not been found then, for given x and

y values cation vacancies must be present within a full oxygen e.g. by low temperature synthesis, a wider range of cation
stoichiometry may be accessed.sublattice. For x>0, the concentration of Nd vacancies must

be greater than that of Mn vacancies and vice versa for y>0.
Fig. 15 demonstrates that, whilst Mn vacancies do occur (in

Acknowledgementsfairly small amounts), the possible concentration of Nd vacanc-
ies is much greater. In addition, high Nd vacancy concen- The authors would like to acknowledge the EPSRC for neutron
trations are favoured by high oxygen vacancy concentrations beam time at The Rutherford Appleton Laboratory.
and vice versa.
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