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Abstract

We report the synthesis of SrMn1�xGaxO3�d perovskite compounds and describe the dependence of their phase stability and

structural and physical properties over extended cation and oxygen composition ranges. Using special synthesis techniques, we have

extended the solubility limit of Ga3+ in the cubic perovskite phase to xE0:33: Higher Ga concentrations lead to mixed phases until

a single-phase ordered double-perovskite structure is obtained at x ¼ 0:5; i.e., Sr2MnGaO6�d. In the cubic perovskite phase the

maximum oxygen content is 3� x=2; which corresponds to 100% Mn4+. All maximally oxygenated solid solution compounds are

found to order antiferromagnetically, with the transition temperature linearly decreasing as Ga content increases. Reducing the

oxygen content introduces frustration into the magnetic system and a spin-glass state is observed for SrMn0.7Ga0.3O2.5 below 30K.

The brownmillerite phase at low oxygen content, Sr2MnGaO5, is found to have Icmm crystallographic symmetry. At 12K its

magnetic structure is found to order in the Icm0m0 magnetic symmetry corresponding to a G-type antiferromagnetic structure of

Mn3+ ions. At higher oxygen content, Sr2MnGaO5.5 is found to have Cmmm crystallographic symmetry with disordered oxygen

vacancies. At 12K two competing long-range magnetic structures are found for the Mn4+ sublattice having CIm
0m0m symmetry

(G-type), and CPm0m0m symmetry (C-type), together with a G-type short-range magnetic correlations.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Perovskite manganites have been recently investigated
in great detail because of remarkable electronic,
magnetic, and structural properties resulting from
competing charge, exchange, and phonon interactions
[1]. The effects of long-range and local structural order
on the properties have been studied extensively for the
mixed valent manganites RE1�xAxMnO3 (RE=La–Sm;
A=Ca, Sr, Ba) [2–5]. These materials exhibit the
properties of most interest when they form with the
perovskite (or closely related) crystal structure. Thus,
studies of these materials have been limited by the
substitution level of the A cation, beyond which
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formation of the perovskite phase was not possible
because of the decreasing average size of the Mn3+x ion
and the unfavorable tolerance factor of the desired
composition. For this reason, various schemes have
been developed for extending the composition range
over which the perovskite phase can be formed. For
example, using high-temperature synthesis at reduced
oxygen pressure followed by low-temperature oxygen
annealing, we have recently been able to extend the
solubility limits from x=0.6 to 1 for La1�xSrxMnO3�d

and Pr1�xSrxMnO3�d [6,7].
This paper describes the properties obtained when

SrMnO3�d is stabilized in the perovskite phase by the
substitution of Ga for Mn. The SrMnO3�d compound
displays two different crystal structures. When synthe-
sized in oxygen or air, SrMnO3 forms in a hexagonal
four-layered structure. This phase transforms to the
perovskite phase upon heating in air, as described by
Negas and Roth [8]. These authors reported that the



ARTICLE IN PRESS
E.N. Caspi et al. / Journal of Solid State Chemistry 177 (2004) 1456–1470 1457
perovskite phase is stable above 1440�C where the
oxygen content is reduced below 2.72 atoms per unit
formula. This low oxygen content stabilizes the per-
ovskite phase because of the reduced formal valence and
resulting in larger ionic size of the Mn cation [9]. Thus, a
method that stabilizes the perovskite phase [10,11] is the
reduction of hexagonal SrMnO3�d in Ar at 1450�C,
followed by cooling to low temperatures without
allowing the increase of the oxygen content, resulting
in an oxygen-vacancy ordered SrMnO2.5 compound
with all Mn3+. The oxygen-deficient perovskites can
then be fully oxygenated (d ¼ 0) in air at low
temperatures (e.g., 200–700�C) where cation diffusion
is kinetically hindered, to form a kinetically stable
perovskite SrMnO3 [6,12,13]. The stability of pure and
Ga-substituted SrMnO3�d perovskites at temperatures
higher than B800�C was described by the condition
tðx;T ; dÞp1; where t is the composition, temperature,
and oxygen-content-dependent tolerance factor [12,13].
For a given composition x; tðx;T ; dÞ is an increasing
function of temperature and decreasing function of
oxygen-vacancy content; thus, it is possible to tune the
synthesis conditions of temperature and oxygen pressure
to produce the desired perovskite or hexagonal phases.

The ability to stabilize the perovskite phase by
substitution of Ga was demonstrated in the stron-
tium ferrites [14], and its La-doped analog
Sr1�xLaxFe1�yGayO3�d [15]. We report here the synth-
esis and properties of the Ga-substituted strontium
manganite compounds, SrMn1�xGaxO3�d, over the
composition range of 0pxp0:5 and 0:5xpdp0:5:
These compounds can only be synthesized in the
perovskite structure using a two-step synthesis technique
involving high-temperature synthesis under reducing
conditions followed by low-temperature oxygen anneal-
ing. Up to Ga concentrations of xE0:33; Ga and Mn
mix randomly and a simple cubic phase is formed (space
group Pm%3m). The maximum oxygen content is with
d ¼ 0:5x; where all of the Mn is in the 4+ valence state.
These simple perovskite phases with d ¼ 0:5x are
antiferromagnets at low temperatures. The transition
temperature decreases linearly with the increase of the
diamagnetic Ga3+ content. Increasing the oxygen
vacancies to form d ¼ 0:5 compositions (where all Mn
is in the 3+ state) introduces frustration in the magnetic
symmetry and a spin-glass state is observed for
SrMn0.7Ga0.3O2.5.

Upon increasing x beyond B0.33, mixed phases are
formed, until a double-perovskite structure with ordered
Ga and Mn is formed at x ¼ 0:5: This ordered phase,
exhibited by various A2MnGaO6�d compounds (A=Sr,
Ca; dE1; 0.5), has been studied by previous authors [16–
20]. For the oxygen-reduced compounds (dE1), these
compounds have the brownmillerite structure which
consists of layered cation ordering built up from MnO6

octahedra and GaO4 tetrahedra [16–21]. Less work has
been done on the maximally oxygenated layered
compounds with dE0:5: Based on X-ray diffraction,
Sr2MnGaO5.47 was found to adopt the P4=mmm

structure with disordered oxygen vacancies in the
GaO5.47 layer [17]. Pomjakushin et al. [20] reported the
same structure for Sr2MnGaO5.52(2) based on neutron
diffraction but also commented that small additional
reflections were observed, that could not be indexed
using the P4=mmm structure. The magnetic ground state
of Sr2MnGaO5.52(2) was reported to consist of two
coexisting antiferromagnetic phases of the C- and G-
type structures, with the latter showing only short-range
order characteristics [20]. Our results for the layer-
ordered compound Sr2MnGaO6�d (d ¼ 0:5) differ from
the previous reports in two ways. We see a small
orthorhombic strain leading to a Cmmm structure for
Sr2MnGaO5.5. This observation of lower symmetry may
explain the unindexed peaks in the diffraction data
reported by Pomjakushin et al. [20]. Also, we observe
long-range magnetic ordering for both the C- and G-
type coexisting magnetic structures, in contrast to the
short-range G-type ordering previously observed. We
note that both of these magnetic symmetries are
consistent with the Cmmm crystallographic symmetry.
2. Experimental procedures

2.1. Synthesis

The objective of this work was to synthesize
and characterize samples of polycrystalline
SrMn1�xGaxO3�d with the perovskite structure over
the broadest possible range of Ga concentrations. Thus,
synthesis was attempted for compositions x ¼ 0:1; 0.2,
0.3, 0.4, and 0.5. Samples were synthesized from
stoichiometric mixtures of SrCO3, Ga2O3, and MnO2.
Pressed powder samples were initially processed using a
solid-state reaction method in which they were fired in
air several times at various temperatures up to 1400�C
for 20 h followed by either slow cooling or quenching.
Powder X-ray diffraction (at room temperature using a
Rigaku D/MAX diffractometer) was used to examine
the synthesis products. This synthesis procedure did
not yield single-phase perovskite samples for any
composition.

A two-step synthesis method, as has been successful
for extending the composition range of other perovskite
compounds, was then explored. In the first step, single-
phase oxygen-deficient perovskites were obtained from
precursors fired three times at 1300–1335�C for 20 h (the
higher temperatures being used for higher values of x) in
flowing Ar gas (B20 ppm O2) with regrinding between
firings. For the x ¼ 0:1; 0.2, and 0.3 compositions, this
yielded single-phase oxygen-deficient perovskite samples
with oxygen contents of 2.59(2), 2.55(2), and 2.50(2),
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respectively. X-ray diffraction data for these samples
were indexed using the simple cubic structure. As an
example, Fig. 1(a) shows the X-ray diffraction pattern
for the x ¼ 0:3 sample. Oxygen contents were deter-
mined by measuring samples mass increase after
annealing in air at 450�C. Neutron powder diffraction
was used to verify the oxygen content for x ¼ 0:3
(described later). For x ¼ 0:4; a single phase was not
obtained at any synthesis temperature in flowing Ar.
Instead, these samples were a mixture of a perovskite
phase with xE0:3 and a layer-ordered phase with
xE0:5: For x ¼ 0:5; repeated grindings and firings
(4� 20 h) at temperatures of 1300–1330�C in Ar yielded
a single-phase oxygen-deficient layer-ordered phase,
SrMn0.5Ga0.5O2.50(1). Firing at higher temperatures
resulted in partial melting of the x ¼ 0:5 sample with
associated changes of the Mn/Ga stoichiometry.

In a second synthesis step, oxygen was added to these
samples by annealing in air or oxygen at temperatures
low enough that cation diffusion could not occur. The
x ¼ 0:120:4 samples were annealed in air at 450�C
followed by slow cooling. This resulted in final oxygen
contents of approximately 3:00� x=270:01 (d ¼ x=2)
atoms per formula unit for x ¼ 0:120:3 samples as
determined by neutron powder diffraction (discussed
later). These oxygen contents are the maximally
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Fig. 1. X-ray diffraction patterns of the SrMn0.7Ga0.3O3�d samples that wer
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oxygenated compositions with formal valences of Ga
and Mn of 3+ and 4+, respectively. Fig. 1(b) shows X-
ray diffraction pattern of the x ¼ 0:3 sample annealed in
air. The SrMn0.5Ga0.5O2.50(1) sample was annealed in
oxygen at 380�C followed by slowly cooling to room
temperature to achieve the fully oxygenated composi-
tion SrMn0.5Ga0.5O2.744(4) (this sample is denoted by
‘‘ox380’’). A second fully oxygenated sample of the same
composition (denoted ‘‘ox800’’) was made by doing the
final annealing in oxygen on thermogravimetric analysis
(TGA) apparatus at 800�C followed by slowly cooling
to room temperature. The structure and properties of
the layer-ordered compounds (x ¼ 0:5) have been
discussed by previous authors [16–20]. We obtained
some additional information regarding these com-
pounds that will be presented later.

Table 1 summarizes the samples that were used for
neutron powder diffraction and magnetic susceptibility
measurements. The oxygen contents of these samples
were found by refining the oxygen occupancy using the
neutron diffraction data for all maximally oxygenated
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Table 1

Samples that were used for neutron powder diffraction and magnetic susceptibility measurements

Sample Neutron powder diffraction Magnetic susceptibility

295K 12K

SrMn0.9Ga0.1O2.93(2) | | |
SrMn0.9Ga0.1O2.59(2) — — |
SrMn0.8Ga0.2O2.87(2) | | |
SrMn0.8Ga0.2O2.55(2) — — |
SrMn0.7Ga0.3O2.83(2) | — |
SrMn0.7Ga0.3O2.50(2) | | |
SrMn0.5Ga0.5O2.50(2) | | |
SrMn0.5Ga0.5O2.744(4) ‘‘ox380’’ | | |
SrMn0.5Ga0.5O2.762(6) ‘‘ox800’’ | — |

For samples measured using neutron diffraction, the refined oxygen content is reported. Otherwise, oxygen content was determined by measuring

sample mass changes after annealing (see text).
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analysis measurements as part of a detailed investigation
of the synthesis chemistry (to be described later). The
oxygen contents obtained from the neutron data are in
agreement with the estimated values obtained from
TGA measurements assuming all Mn4+ (Mn3+) for
fully oxygenated (reduced) samples.

2.2. Thermogravimetric (TGA) measurements

TGA measurements were used to study the behavior
of these materials as a function of temperature and
oxygen partial pressure in order to understand the
synthesis in more detail. Absolute oxygen contents were
determined by Rietveld refinement of the oxygen site
occupancy using neutron powder diffraction data from
reduced or maximally oxygenated samples (to be
described later). Hydrogen reduction on the TGA
balance cannot be used to determine the absolute
oxygen contents because the gallium oxide Ga2O3 end
product partially decomposes in hydrogen and some Ga
evaporates. The oxygen contents determined by neutron
powder diffraction were, thus, used as the reference
points for TGA measurements of oxygen content vs.
temperature in various atmospheres. The oxygen con-
tents determined in this way were self-consistent and
were also consistent with results from hydrogen reduc-
tion on the Ga-free parent compound, SrMnO3�d

[12,13]. All TGA measurements were performed on a
Cahn TG171 thermobalance. For increased accuracy,
samples as large as 1 g (consisting of small chunks)
were heated in alumina crucibles suspended on Pt
wires. The weights of the samples were measured to a
precision of 2 mg. Empty-crucible TGA runs were used
for calibration and buoyancy corrections. Reproduci-
bility of the data was checked several times using
identical TGA conditions for samples with the same x

values.
X-ray powder diffraction (at room temperature using

a Rigaku D/MAX diffractometer) was used to deter-
mine the structure types present at various conditions of
temperature and oxygen partial pressure investigated by
TGA. For TGA experiments done in Ar gas, the X-ray
samples were obtained by rapidly cooling on the TGA
balance. For TGA experiments done in 20% O2 in Ar or
in pure O2, the sample cannot be cooled rapidly enough
on the TGA balance to prevent oxygen uptake. Thus, X-
ray samples were produced by duplicating the TGA
conditions and sample history in an external furnace
and then quenching to room temperature. A large
number of samples were investigated by X-ray diffrac-
tion; only the results needed to support the key
conclusions are presented here.

2.3. Neutron diffraction measurements

Time of flight neutron powder diffraction data were
collected on the Special Environment Powder Diffract-
ometer [22] at Argonne’s Intense Pulsed Neutron
Source. Diffraction data were collected for the maxi-
mally oxygenated samples SrMn1�xGaxO3�d with x ¼
0:1; 0.2, 0.3, and 0.4 at RT (B295K), and with x ¼ 0:1
and 0.2 at low temperature (LTE12K; see Table 1). RT
and LT diffraction data were also collected for the
maximally reduced sample SrMn0.7Ga0.3O2.50(2). In
addition, RT diffraction data were collected for the
two Sr2MnGaOB5.5 oxygenated samples (‘‘ox380’’ and
‘‘ox800’’) and the oxygen-deficient Sr2MnGaO5 sample.
LT diffraction data were collected for Sr2MnGaO5 and
‘‘ox380’’ Sr2MnGaO5.49(1). High-resolution backscatter-
ing data (2y ¼ 144:85�; Bank 1), and intermediate-
resolution low-angle scattering data (2y ¼ 44�; Bank
3), were analyzed using the Rietveld method with the
GSAS (EXPGUI) suite [23,24]. Bank 3 data were
used for refinements of the LT structures because
they contained additional magnetic reflections of sig-
nificant intensities. Magnetic form-factor coefficients for
Mn3+ and Mn4+ were taken from the International
Tables.
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2.4. Susceptibility and magnetization measurements

AC susceptibility and static (DC) magnetization were
measured using a Physical Property Measurement
System 6000 (Quantum Design). Zero-field-cooled
(ZFC) magnetizations were measured after cooling in
zero magnetic field and switching on a magnetic field of
1 kOe at a low temperature. Field-cooled (FC) magne-
tizations were measured on cooling in the magnetic field.
Remnant magnetizations were measured after cooling in
the magnetic field and switching the magnetic field to
zero.
Fig. 2. TGA data showing the oxygen content during heating (1.2�/
min) and holding at 1300�C in Ar for the single-phase perovskite

samples SrMn1�xGaxO3�d synthesized using a two-step method (see

text).

Fig. 3. TGA showing oxygen content during heating (1.0�/min) to

1100�C, holding for 4 h, and cooling (1.0�/min) to RT in 20% O2/Ar

for the single-phase, oxygen-deficient perovskite samples of

SrMn1�xGaxO3�d.
3. Results and discussion

3.1. TGA and X-ray diffraction investigation of the

synthesis process

The TGA measurements, combined with X-ray
diffraction studies of samples quenched from several
temperatures and atmospheres, show why a two-step
synthesis process is needed to make single-phase
samples. Fig. 2 shows the oxygen contents upon heating
(1.2�/min) single-phase maximally oxygenated samples
in Ar. The maximally oxygenated perovskite composi-
tions, SrMn0.9Ga0.1O2.93(2) and SrMn0.7Ga0.3O2.83(2),
begin to lose oxygen near 400�C and, then, in the
temperature range 830–1130�C, display plateaus in the
oxygen contents of 2.82 and 2.67, respectively. X-ray
diffraction studies of x ¼ 0:1 and 0.3 samples quenched
from various temperatures show that the perovskite
phase is maintained before these plateaus are reached
(cf. Fig. 1(c)), at which point the materials partially
decompose into mixtures of phases that include a
hexagonal 4-layered structure as a major impurity phase
(Fig. 1(d)) [12,13]. Thus, the perovskite phase is not
stable at temperatures above 800–900�C (depending on
the Ga content) under reducing conditions of B20 ppm
O2. Further heating introduces more oxygen vacancies
and above 1250�C a reverse transformation to the
oxygen-deficient perovskite phase occurs, as confirmed
by X-ray diffraction data. Single-phase perovskites with
large amounts of vacancies, O2.58 (d ¼ 0:42) and O2.50

(d ¼ 0:50) for x ¼ 0:1 and 0.3, respectively, are achieved
after 14 h holding at 1300�C. Upon quenching to room
temperature or cooling to room temperature in a
reducing atmosphere so that no oxygen uptake is
allowed, a simple cubic perovskite phase with randomly
disordered oxygen vacancies is obtained. This structure
was confirmed by neutron diffraction measurements for
the x ¼ 0:3 sample (discussed below). We note that this
behavior is similar to that of the SrMnO3�d compound,
which also requires a two-step synthesis method to
achieve the perovskite structure [12,13].
The decomposition of the perovskite phase around
800–900�C (depending on Ga content), followed by
formation of a single phase at higher temperatures can
be understood in terms of diffusion kinetics and
tolerance factor arguments. The maximally oxygenated
perovskite compounds, SrMn0.9Ga0.1O2.93(2) and
SrMn0.7Ga0.3O2.83(2), are metastable at room tempera-
ture. When the temperature is raised high enough to
enable cation diffusion, decomposition occurs because
the tolerance factor required for stability of the
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perovskite phase (to1) is not satisfied. Upon further
heating, additional oxygen vacancies are formed,
thus, decreasing the formal valence of Mn
(ð423x � 2dÞ=ð1� xÞ ¼ 3:18 and 3 for x ¼ 0:1 and
0.3, respectively) and increasing the ionic size of Mn,
R(Mn). As a result, the tolerance factor tB1=RðMnÞ
decreases and requirements for existence of the per-
ovskite phase are satisfied. In a previous paper, these
concepts, which can be expressed as a dependence of the
tolerance factor on temperature and oxygen content,
have been discussed in detail for the parent compound
SrMnO3�d [12,13].

TGA studies of the oxygen-reduced perovskite
samples in oxygen show how the second step of the
two-step synthesis process works. Fig. 3 shows the
oxygen contents for SrMn0.9Ga0.1O2.58 and
SrMn0.7Ga0.3O2.50(2) upon heating (1.0�/min) in 20%
O2 in Ar. Oxygen uptake begins abruptly near 200�C
and, in the temperature range 250–450�C, the maximal
oxygen contents, 3� x=2 ðd ¼ x=2Þ atoms per formula
unit, corresponding to Mn4+, are achieved. The
accuracy with which the oxygen contents deduced from
TGA agree with the prediction based on Mn4+ validates
the calibration of the TGA measurements. On further
heating, additional oxygen vacancies form. The oxygen-
deficient perovskite phases are kinetically stable in 20%
O2/Ar up to 900–1000�C (cf. Fig. 1(e)). Above this
temperature, when cation diffusion is enabled, the
single-phase perovskite phase partially decomposes to
a multiphase material, as revealed by X-ray diffraction
measurements on samples obtained after 4 h hold at
1100�C in TGA, followed by slow cooling (1.0�/min) to
room temperature (Fig. 1(f)). The measured changes of
oxygen contents and the structural stability of the
perovskite phase are essentially the same as for a pure
SrMnO3�d sample and the behavior can, as for the TGA
measurements in Ar, be readily explained in terms of
diffusion kinetics and tolerance factor arguments [13].

TGA measurements for the layer-ordered composi-
tion, x ¼ 0:5; also show why a two-step synthesis
is needed to make this material in its maximally
oxygenated form. Upon heating (1.2�/min)
SrMn0.5Ga0.5O2.744(4) in Ar, the sample begins to lose
oxygen near 300�C and, then, in the temperature range
500–750�C, displays two weakly defined plateaus of
oxygen content near 2.68 and 2.62. X-ray and neutron
diffraction shows that these weak plateaus do not
correspond to decomposition (as was the case for the
x ¼ 0:1 and 0.3 compositions in the temperature range
900–1250�C). The layer-ordered structure type is main-
tained. On further heating, a well-defined oxygen-
content plateau of 2.52 is observed over the temperature
range 900–1200�C. Finally, at 1300�C the fully reduced
phase of oxygen content of 2.5 forms. X-ray diffraction
measurements (not shown) did not reveal any difference
between samples obtained after fast cooling from 900�C
and 1300�C. Except for the possibility of oxygen-
vacancy ordering not seen by X-ray diffraction,
these TGA results show that the layer-ordered
SrMn0.5Ga0.5O3�d compound is stable in Ar over the
entire temperature range up to 1300�C.

TGA measurements in 20% O2/Ar for
SrMn0.5Ga0.5O2.50, however, show that this composition
is not stable in an oxidizing atmosphere (Fig. 3). Upon
heating (1.0�/min) a fully reduced sample, oxygen
uptake begins around 350�C, but, at this heating rate,
full oxygenation is not achieved before the sample starts
to lose oxygen around 450�C. After the oxygen content
has decreased to 2.68 at 700�C, more rapid oxygen loss
is observed upon further heating followed by a mini-
mum of the oxygen content near 2.62 at 900�C. X-ray
diffraction measurements on samples quenched from
temperatures below 900�C showed that the layer-
ordered structure is maintained. Further heating above
B900�C in 20% O2/Ar causes the decomposition of the
layered Ga/Mn structure by a process that appears to
occur in two well-defined steps. This decomposition of a
layer-ordered SrMn0.5Ga0.5O3�d sample in 20% O2/Ar
is consistent with the inability to synthesize this material
in air at any temperature.

In the TGA experiments just described, weak plateaus
are observed at oxygen contents near 2.62 and 2.68 for
heating in both Ar and 20% O2 in Ar. In additional
experiments (not shown), these weak plateaus were also
observed during heating (to 800�C) and cooling in pure
oxygen as well as during heating in 1% O2 to 1200�C.
This behavior is reminiscent of that observed for
SrFeO3�d [25] where the weak plateaus corresponded
to ordering of the oxygen vacancies. In that study,
neutron powder diffraction was used to understand the
vacancy ordering. Such experiments are currently
underway for the SrMn0.5Ga0.5O2.5+d compound, and
will be reported in a future publication.

3.2. Structural and magnetic properties of the solid

solution SrMn1�xGaxO3�d (0pxp0:3)

The RT neutron powder diffraction data for maxi-
mally oxygenated samples with x ¼ 0:1; 0.2, and 0.3
confirm that the samples are single phase. Reflections in
all patterns were indexed in the cubic perovskite
structure, space group Pm3m; and the structures were
refined accordingly using the Rietveld method (cf. Fig.
4). Refined structural parameters are summarized in
Table 2. Refined cell parameters as a function of Ga
concentration, x; are depicted in Fig. 5, along with the
published cell parameter of cubic SrMnO3 [16]. The
linear dependence of the cubic cell parameter on x

supports the existence of a solid solution of Ga in the
SrMnO3 perovskite structure over this composition
range.
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As mentioned earlier, the RT neutron diffractogram
for the maximally oxygenated sample with x ¼ 0:4
indicated the presence of more than one phase, leading
to the conclusion that this Ga content is above the
solubility limit (using our synthesis technique). Extra-
polation of the cell parameters in the solid solution
range (0pxp0:3) to the value obtained from two-phase
Rietveld refinement for the cubic perovskite phase in the
multiphase x ¼ 0:4 sample (Fig. 5) provides an estimate
of the solubility limit of Ga of B0.33. This estimated
solubility limit of Ga3+ in SrMnO3�d (xE0:33) is very
close to that reported for the solubility of Ga in the
strontium ferrites (xE1=3) [14] and its La-doped analog
Sr1�yLayFe1�xGaxO3�d (xE0:31 for y ¼ 0:3) [15]. Tak-
d spacing, Å
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Fig. 4. Best-fit Rietveld refinement using time-of-flight neutron

powder diffraction data at RT for nominal SrMn0.9Ga0.1O2.93(2). Plus

symbols are observed data from Bank1 (2y ¼ 144:85�), and continuous

lines are the calculated profile and the difference. For structural details

see Table 2.

Table 2

RT structural parameters of maximally oxygenated SrMn1�xGaxO3�d samp

x ¼ 0:3 (d ¼ 0:5) sample

x 0.1

a (Å) 3.81556(1)

V (Å3) 55.549(1)

Sr B (Å2) 0.62(1)

(Mn,Ga) Ga SOF 0.09(2)

B (Å2) 0.28(2)

O SOF 0.976(5)

U11 (Å
2) 0.54(3)

U22(=U33) (Å
2) 1.14(2)

(Mn,Ga)–O (Å) 1.90778(1)

TN (K) 190(5)

Rwp (%) 6.49

Rexp (%) 4.61

Rietveld analyses of neutron diffraction data were performed using the

1bð1=2; 1=2; 1=2Þ; (Mn,Ga) at 1a(0,0,0), and O at 3d(1/2,0,0). SOF is site occu

parameter. Numbers in parentheses are the standard deviations of the last s

agreement factors are also given. TN is the antiferromagnetic transition tem
ing into consideration the large ionic size difference
between octahedrally coordinated Mn4+ and Fe4+ (0.67
and 0.725 Å, respectively [9]) this limiting x value could
mean that the stability of the perovskite structure in
these materials is controlled mainly by the oxygen
content.

The LT neutron powder diffraction data for maxi-
mally oxygenated samples with x ¼ 0:1 and 0.2 show
additional reflections to those observed in RT. These
new reflections can be described using a G-type
Fig. 5. Lattice parameter a (Å) as a function of Ga concentration, x; in

SrMn1�xGaxO3�d obtained by Rietveld refinement using RT (B295K)

neutron diffraction data (Table 2). The solid line is a best fit of the data

for Ga concentration in the range 0–0.3. The dashed lines are guides

for the eye for determination of solubility limit. Error bars are smaller

than the symbol size.

les as a function of nominal Ga content (x), and the oxygen-deficient

0.2 0.3 0.3; d ¼ 0:5

3.82526(1) 3.83400(1) 3.89045(2)

55.973(1) 56.358(1) 58.884(1)

0.71(2) 0.79(2) 1.42(4)

0.181(3) 0.265(2) 0.24(1)

0.09(3) �0.36(4) �0.26(6)

0.956(6) 0.943(7) 0.833(7)

0.61(4) 0.79(5) 2.6(1)

1.30(3) 1.52(3) 3.8(1)

1.91263(1) 1.91700(1) 1.94523(1)

139(10) 105(2) —

6.15 6.19 4.87

4.44 4.39 4.19

cubic space group Pm%3m; with the following atom positions: Sr at

pation factor. B (Uij) is the isotropic (anisotropic) thermal displacement

ignificant digit. The fitted weighted profile (Rwp), and expected (Rexp)

perature measured by AC susceptibility.
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antiferromagnetic ordering of the Mn ions, similar to
the magnetic structure observed in SrMnO3 [6]. The
refined Mn4+ magnetic moments are 2.32(2) and
2.20(3) mB, for x ¼ 0:1 and 0.2, respectively.

The AC susceptibilities, w; vs. temperature are
presented in Fig. 6(a) for maximally oxygenated samples
with all Mn4+. In the temperature range 50–400K, the
samples show small, nearly temperature-independent
susceptibility (B10�5 emu/g), with a weak change of
slope in the temperature range 100–250K, depending on
the Ga concentration. For SrMnO3 (x ¼ 0), this change
of slope has been shown to correlate with antiferromag-
netic ordering [6]. By analogy, an antiferromagnetic
transition is assumed to correspond to the changes of
slopes in the susceptibility curves for the Ga-substituted
compounds (Fig. 6(a)). For x ¼ 0:1 and 0.2 this
assumption is in agreement with the neutron diffraction
results at LT, described above. The antiferromagnetic
transition temperatures (Table 2) were determined from
the peak in the derivative dw=dT for x ¼ 020:3: The
ordering temperature vs. Ga content, x; is shown in
Fig. 7. The increase of susceptibility at lower tempera-
tures is most likely caused by small amounts of magnetic
impurities [6].

The RT neutron powder diffraction data for the
oxygen-deficient sample SrMn0.7Ga0.3O2.50(2) can be
indexed in the cubic perovskite structure, space group
Pm%3m and the structure was refined accordingly using
the Rietveld method. Refined structural parameters are
summarized in Table 2. The Mn–O distance is sig-
nificantly larger than the distance refined for the
maximally oxygenated sample, in agreement with the
reduced oxidation state of Mn3+ in the oxygen-deficient
sample. In addition, this structure exhibits a random
distribution of oxygen vacancies unlike the vacancy-
ordered structure found in the oxygen-deficient
SrMnO2.5 compound [10,11]. This is another evidence
for the ability of Ga3+ to stabilize the oxygen-vacancy
disorder perovskite structure.

The AC susceptibilities of the oxygen-deficient sam-
ples (see Table 1) with x ¼ 020:3 and 0:5 achieved after
the synthesis in Ar are shown in Fig. 6(b). The weak
transition at TE370K observed for the oxygen-vacancy
ordered SrMnO2.5 sample (x ¼ 0) was previously
attributed to a rather complex antiferromagnetic struc-
ture [10]. As was mentioned before, X-ray diffraction
data for the x ¼ 0:1 and 0.2 samples show a cubic
structure with disordered oxygen vacancies. The mag-
netic transitions at TE230K (x ¼ 0:1) and TE140K
(x ¼ 0:2) could not be associated with the same
magnetic structure as the x ¼ 0 sample since that
magnetic structure is associated with the oxygen-
vacancy ordered structure. Further neutron diffraction
study is needed for the determination of the x ¼ 0:1 and
0.2 magnetic structures. The frequency-dependent
magnetic susceptibility of the oxygen-deficient
SrMn3+0.7Ga3+0.3 O2.50(2) sample vs. temperature is shown
in Fig. 8. The AC-susceptibility measurements show a
cusp at a temperature close to 29K. The position of this
cusp depends on the frequency of the AC magnetic field,
which is characteristic of spin-glass behavior. We
identify the temperature of this cusp as the spin freezing
temperature Tf : With increasing frequency, o; the AC
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susceptibility below Tf decreases and Tf shifts towards
higher temperatures. A clear divergence between ZFC
and FC magnetization is seen below Tf (see inset to Fig.
7). These observations confirm that the observed cusp in
the AC susceptibility is related to a spin-glass behavior
[26]. A linear fit to Tf vs. logo results in
DTf=Tf DðlogoÞ ¼ 0:009ð1Þ: The value of this para-
meter is comparable to other canonical spin-glass
systems [26]. Finally, the LT neutron powder diffrac-
tion data for the oxygen-deficient sample
SrMn0.7Ga0.3O2.50(2) did not show any change in
comparison to the RT data, in agreement with the
spin-glass state discussed above.

The observed behavior of the magnetic properties in
the maximally oxygenated perovskite compounds
(x ¼ 0:1; 0.2 and 0.3) can be understood in terms of
the effects of dilution resulting from the Ga substitution
and the associated changes in the oxygen sublattice
required because of the limited Mn+4 valence. Starting
with SrMnO3, replacing Mn with Ga results in weaker
magnetic interactions caused by both the dilution of the
magnetic ion matrix with randomly distributed diamag-
netic Ga3+ ions, and the gradual introduction of oxygen
vacancies. For the maximally oxygenated solid solution
with 0oxp0:3; the oxygen vacancies are shown in this
work to be randomly distributed in the cubic perovskite
structure, causing further weakening of the magnetic
interactions. Accordingly, the antiferromagnetic transi-
tion temperatures for the SrMn1�xGaxOB3�0.5x
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(0pxp0:3) solid solution decrease linearly as x

increases (Fig. 7). As was mentioned above, a spin-glass
state is clearly indicated by the frequency-dependent
AC-susceptibility data for the SrMn0.7Ga0.3O2.50(2)

oxygen-deficient sample (Fig. 8). A magnetic frustration
is apparently introduced for this sample resulting from
the high concentration of disordered oxygen vacancies.
A similar frustration in the magnetic superexchange
interactions, resulting from the dilution of the magnetic
matrix with diamagnetic ions, the formation of oxygen
vacancies randomly distributed in the cubic structure,
and mixed oxidation states of the magnetic ion was seen
previously in Sr2FeTiO6�d [27], A2FeMO6 (A=Ca, Sr,
Ba; M=Nb, Ta, Sb) [28] and Ba2In2�xCoxO5 [29]. It is
worth noting that the spin-glass behavior of the
SrMn0.7Ga0.3O2.50(2) sample is further evidence for its
oxygen-vacancy disordered structure found by neutron
diffraction measurements. A vacancy ordered structure
would most likely result in long-range magnetic order-
ing, such as the G-type magnetic structure observed for
most of the vacancy-ordered brownmillerite compounds
(cf. Ref. [25]).

3.3. The layer-ordered Sr2MnGaO5 and Sr2MnGaO5.5

compounds

Studies of the layer-ordered compound
Sr2MnGaO5+d have been reported by several authors
in the last 2 years. These reports have focused on the
reduced composition with dE0 and the oxidized
composition with dE0:5—the same two compositions
studied in the present work. Both the reduced and
oxidized compositions were first studied by Abakumov
et al. [16]. For a sample of composition Sr2MnGaO4.97,
they reported a brownmillerite-type structure, ortho-
rhombic space group Ima2; based on Rietveld refine-
ment using X-ray powder diffraction data. For an
oxidized composition of Sr2MnGaO5.47 they reported a
tetragonal crystal structure, space group P4=mmm:
Based on magnetic susceptibility measurements, they
concluded that both compounds were canted antiferro-
magnets with ordering temperatures, TN; of B150 and
80K, respectively. Wright et al. [19] studied the reduced
compound by neutron powder diffraction and con-
cluded that the crystal structure was better described by
space group Icmm. The subtle difference in space group
was explained to result from the ordering of oxygen
vacancies in a different way than originally proposed.
Their neutron powder diffraction data also confirmed
the G-type antiferromagnetic ordering at low tempera-
ture. Most recently, Pomjakushin et al. [20] reported
neutron powder diffraction results for both reduced and
oxidized compositions, Sr2GaMnO5+d (d ¼ 0:01 and
0.52). For the reduced composition, d ¼ 0:01; they
found the same crystallographic space group as reported
by Wright et al. [19] and G-type antiferromagnetic
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ordering below a transition temperature ofB180K. For
the oxidized composition, d ¼ 0:52; they reported a
refinement of the crystal structure in tetragonal space
group P4=mmm; but commented that they observed one
small diffraction peak that should be extinct for this
symmetry, suggesting the possibility of a lower-symme-
try space group. Upon decreasing temperature, they
observed diffuse scattering consistent with short-range
(B40 Å coherence length) G-type antiferromagnetic
ordering, beginning at B180K, followed by sharp
magnetic peaks consistent with long-range C-type
antiferromagnetic ordering beginning at B100K. In
both magnetic structures, the Mn magnetic moments are
coupled antifferomagnetically in the MnO2 planes, but
the mutual coupling of the MnO2 planes is either
antifferomagnetic (G-type), or ferromagnetic (C-type).
Pomjakushin et al. [20] present a theoretical explanation
for the local coexistence of C- and G-type related
interactions in Sr2MnGaO5.5 involving the interplay of
‘‘diagonal’’ and ‘‘vertical’’ interlayer antifferomagnetic
superexchange interactions between Mn4+ ions. The
‘‘vertical’’ (diagonal) interactions give rise to the G- (C-)
type magnetic structures [20]. They conclude that local
fluctuations in the intra-layer magnetic coupling lead to
the short-range G-type correlations.

The present study of the reduced compound gives
results for both the crystal and magnetic structures that
agree with the work of Wright et al. [19] and
Pomjakushin et al. [20]. The Rietveld refinement profile
is shown in Fig. 9(a). Refined structural parameters are
summarized in Table 3. Selected bond-length and angles
are summarized in Table 4. ZFC and FC measurements
of the DC molar susceptibility as a function of
temperature (not shown) showed characteristics similar
to those previously reported—a Curie–Weiss behavior
above 200K and a clear antiferromagnetic-like transi-
tion at 162(5)K. Additional reflections observed in the
LT neutron diffraction data of Sr2MnGaO5.00(4) index in
the Icm0m0 magnetic space group [19,30] which corre-
sponds to a G-type antiferromagnetic structure of the
Mn sublattice, with moments aligned along the long-
axis, b. The net Mn ordered magnetic moment
determined from the Rietveld refinement of the
model to the LT neutron diffraction data is 2.67(2) mB
(Table 3).

Neutron powder diffraction data were collected at
room temperature for two oxidized samples, called
ox380 and ox800 (Table 1), which differed only in the
final annealing temperature in oxygen before slowly
cooling to room temperature. Initial Rietveld refine-
ments were done with the previously reported tetra-
gonal, P4=mmm model. However, the data for the ox380
sample show selective peak broadening and the data for
the ox800 sample showed peak splitting consistent with
an orthorhombic cell (Fig. 10(a)–(d)). Since no ordering
scheme of oxygen vacancies was found in our data, we
used the oxygen-vacancy disordered structure described
by the orthorhombic Cmmm space group to perform
Rietveld refinements. Of the orthorhombic subgroups of
P4=mmm this space group describes the data best.
Refined structural parameters for both samples are
presented in Table 3. The improvement in goodness-of-
fit parameters for the Cmmm model was substantial: For
Cmmm, Rwp ¼ 4:85%; w2 ¼ 2:506 (23 structural vari-
ables); while, for P4=mmm; Rwp ¼ 4:94%; w2 ¼ 2:595
(for 19 variables). The ability to see this orthorhombic
distortion stems from the sharper diffraction peaks of
the ox800 sample. As shown in Table 3, the refined
orthorhombic distortion is actually the same for both
samples. The higher oxygen annealing temperature for
the ox800 sample may decrease strains, resulting in
sharper diffraction peaks. Moreover, the time-of-flight
diffraction method is well suited for detecting this small
orthorhombic distortion because high resolution is
obtained at large d spacing.

This structure consists of alternating layers of
complete MnO6 octahedra and oxygen-deficient
GaO5.5 ‘‘octahedra’’, where the oxygen vacancies are
disordered in a GaO1.5 plane (Fig. 11; Table 3). The
process of filling the oxygen vacancies in the GaO4

tetrahedral layer of the ‘‘parent’’ brownmillerite phase
causes the lattice unit cell to shrink along the long axis in



ARTICLE IN PRESS

Table 3

Structural and magnetic parameters of Sr2MnGaO5 and Sr2MnGaO5.5 at RT (B295K) and LT (B12K)

Sr2MnGaO5 Sr2MnGaO5.5

RT LT ‘‘ox380’’ ‘‘ox800’’

RT LT RT

a (Å) 5.5260(1) 5.5132(1) 5.3834(2) 5.3709(2) 5.3840(1)

b (Å) 16.1953(3) 16.1846(3) 5.3652(2) 5.3537(2) 5.3641(1)

c (Å) 5.3980(1) 5.3834(1) 7.9448(2) 7.9113(2) 7.9459(2)

V (Å3) 483.09(1) 480.36(1) 229.468(4) 227.483(5) 229.477

Sr x 0.5094(3) 0.5094(2) — — —

y 0.11134(7) 0.11110(6) — — —

z — — 0.2351(2) 0.2351(2) 0.2355(2)

B (Å2) 0.43(2) 0.11(2) 0.90(3) 0.60(3) 0.85(4)

Mn/Ga1 SOF 0.99(1)/0.01(1) 0.99/0.01 0.966(3)/0.034(3) 0.966/0.034 0.963(4)/0.037(4)

B (Å) 1.17(9) 0.85(5) 0.52(6) 0.36(4) 0.48(8)

Magnetic structure — G-type — 20(3)% G-type —

80(3)% C-type

mMn (mB) — 2.67(2) — 1.48(3) —

Ga/Mn2 SOF 0.467(2)/0.033(2) 0.467/0.033 0.479(2)/0.021(2) 0.479/0.021 0.480(2)/0.020(2)

x 0.0648(4) 0.0652(3) 0.0434(7) 0.0422(7) 0.0442(9)

z �0.0316(8) �0.0339(6) — — —

B (Å2) 1.09(8) 0.64(5) 1.44(8) 1.22(6) 1.5(1)

O1 y 0.0053(1) 0.0050(1) — — —

U11 (Å2) 1.20(8) 1.07(7) 0.34(8) 0.14(7) 0.4(1)

U22 (Å2) 0.95(8) 0.50(6) 0.78(9) 0.50(7) 0.7(1)

U33 (Å2) 0.63(6) 0.48(6) 1.04(7) 0.28(5) 1.04(9)

U12 (Å2) — — �0.12(7) �0.03(6) �0.09(9)

U13 (Å2) �0.66(6) �0.56(5) — — —

O2 SOF 0.5 0.5 — — —

x �0.0398(3) �0.0394(3) — — —

y 0.1461(1) 0.14581(9) — — —

z �0.0239(8) �0.0203(8) 0.2464(2) 0.2471(2) 0.2468(2)

U11 (Å2)a 1.17(5) 0.84(4) 1.3(1) 1.1(1) 0.8(1)

U22 (Å2) — — 0.6(1) �0.03(9) 1.2(2)

U33 (Å2) — — 2.0(1) 2.0(1) 2.5(2)

O3 SOF 0.5 0.5 0.372(2) 0.372 0.381(3)

x 0.3732(6) 0.3741(5) 0.205(1) 0.206(1) 0.204(1)

y — — 0.296(1) 0.297(1) 0.295(1)

z 0.8724(6) 0.8753(6) — — —

B (Å) 1.80(9) 1.27(7) 1.60(9) 1.39(6) 1.9(1)

Rwp (%) 3.96 4.04 4.85 4.58 4.42

Rexp (%) 2.82 2.69 3.06 3.10 3.40

Rietveld analyses with neutron powder diffraction data were done using: (1) For Sr2MnGaO5 the orthorhombic space group Icmm, with the

following atom positions: Sr at 8hðx; y; 0Þ; Mn/Ga at 4að0; 0; 0Þ; Ga/Mn and O3 at 8iðx; 1=4; zÞ; O1 at 8gð1=4; y; 1=4Þ; and O2 at 16jðx; y; zÞ: The
magnetic structure was modeled using the magnetic space group Icm0m0; (2) For Sr2MnGaO5.5 the orthorhombic space group Cmmm, with the

following atom positions: Sr at 4lð1=2; 0; zÞ; Mn/Ga1 at 2að0; 0; 0Þ; Ga/Mn2 at 4hðx; 0; 1=2Þ; O1 at 4eð1=4; 1=4; 0Þ; O2 at 4kð0; 0; zÞ and O3 at

8qðx; y; 1=2Þ: The magnetic structures were modeled using the magnetic space groups CPm0m0m (C-type) and CIm
0m0m (G-type); mMn is the Mn

ordered magnetic moment. For Sr2MnGaO5.5 mMn of C- and G-type AF structures were constrained to the same value. O3 SOF of Sr2MnGaO5.5 at

LT was fixed to the values obtained from the RT refinement. RT Mn/Ga1 and Ga/Mn2 SOF values were obtained by constraining the total site

occupancy to one. LT SOF values were fixed to the corresponding RT ones. See caption of Table 1 for more information.
aFor O2 in Sr2MnGaO5, B (Å2) values are given.
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Sr2MnGaO5.5. The refined site occupation values for the
oxygen sites in the Ga plane (O3, Table 3), are 0.372(2)
and 0.381(3) which correspond to the compositions
Sr2MnGaO5.49(1) and Sr2MnGaO5.52(1) for the ‘‘ox380’’
and ‘‘ox800’’ samples, respectively. This is in excellent
agreement with the oxygen-content values obtained by
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Table 4

Selected bond lengths (Å) and bond angles (deg) for Sr2MnGaO5, and Sr2MnGaO5.5 at RT (B295K)

Sr2MnGaO5 Sr2MnGaO5.5 ‘‘ox380’’ Sr2MnGaO5.5 ‘‘ox800’’

Sr–O1 2.613(2)[� 2] 2.6643(9)[� 4] 2.667(1)[� 4]

2.675(2)[� 2]

Sr–O2 2.557(2)[� 2] 2.6841(1)[� 2] 2.6836(1)[� 2]

2.636(4)[� 2] 2.6932(1)[� 2] 2.6935(1)[� 2]

2.888(4)[� 2]

Sr–O3 2.467(2)[� 2] 2.615(2)[� 4] 2.614(2)[� 4]

3.079(2)[� 4] 3.077(3)[� 4]

Mn/Ga1–O1 1.93311(9)[� 4] 1.90010(4)[� 4] 1.90001(3)[� 4]

Mn/Ga1–O2 2.380(2)[� 2] 1.958(1)[� 2] 1.961(2)[� 2]

Ga/Mn2–O2 1.780(2)[� 2] 2.028(1)[� 2] 2.026(2)[� 2]

Ga/Mn2–O3 (CN4) 1.872(5), 1.908(4) 1.741(8), 1.812(8) 1.745(9), 1.802(9)

Ga/Mn2–O3 (CN6) 1.741(8), 1.812(8) 1.745(9), 1.802(9)

2.077(8), 2.125(8) 2.072(9), 2.136(9)

Mn/Ga1–O1–Mn/Ga1 175.0(1) 180.0 180.0

Mn/Ga1–O2–Ga/Mn2 152.69(9), 155.67(9) 173.4(1) 173.3(1)

Ga/Mn2–O3–Ga/Mn2 118.8(2), 117.5(2) 149.6(3), 157.6(2) 149.5(3), 157.5(2)

125.7(2), 127.3(2) 161.0(1), 169.0(2) 161.1(2), 169.2(3)

For the Ga/Mn2–O3 distances, CN4 and CN6 are the equatorial bond lengths for the tetrahedral and octahedral coordinations, respectively.

Fig. 10. Selected best-fit Rietveld refinement using TOF neutron

powder diffraction data at RT for the Sr2MnGaO5.5 ‘‘ox800’’ sample.

(a,b) show the refinement of the tetragonal P4/mmm model, and (c,d)

show the refinement of the orthorhombic Cmmm model. Plus signs are

observed data, and continuous lines are calculated profile and

difference.
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TGA measurements for these samples. Selected bond-
lengths and angles are summarized in Table 4. All
interatomic distances are well within the range for
Ga3+–O, Mn4+–O, and Sr2+–O distances in inorganic
compounds tabulated in the Inorganic Crystal Structure
Database [31].
The use of the Cmmm space group to describe the
structure of the Sr2MnGaO5.5 compounds may be
considered only as the first step towards the solution
of the actual structure. Our data show unequivocally the
occurrence of an orthorhombic distortion in these
samples, ruling out the P4/mmm structure. How-
ever, the Cmmm model does not reveal a physical
reason for this distortion to exist. An oxygen-
vacancy ordered structure may be present here; yet,
with such a small orthorhombic distortion, and with
the data presented here it was impossible to find this
ordering scheme. A recent paper on the oxygen-
vacancy ordered structures in SrFeO3�d [25] illustrates
how difficult it can be to determine the correct space
groups for such compounds. In those compounds,
complex patterns of oxygen-vacancy ordering result
from the occurrence of Fe in either octahedral or
pyramidal coordination. The formation of the same
ordering configurations in the case of oxidized
Sr2MnGaO5.5 is unlikely because pyramidal coordina-
tion is not characteristic of Ga3+. The only example of
an inorganic structure with five-coordinated Ga+3 is
reported in Ref. [32] where, from X-ray powder
diffraction data, it is concluded that ‘‘this is the first
example of Ga with this coordination configuration in
an extended structure’’. Moreover, the high stability of
oxygen coordination of Ga+3 with spherical symmetry
is supported by the reports of high-pressure phase
transitions in gallates with an increase of Ga+3

coordination number which are related to switching
from tetrahedral coordination directly to octahedral
coordination [33–35].
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Fig. 12. Best-fit Rietveld refinement using TOF neutron powder

diffraction data at RT (upper panel) LT (lower panel) for the

Sr2MnGaO5.5 ‘‘ox380’’ sample. Plus signs are observed data from

Bank3 (2y ¼ 44�), and continuous lines are calculated profile and

difference. Observed data is normalized to the incident beam. The

upper, middle and lower series of tick marks correspond to magnetic

G- type, C-type, and crystallographic Bragg positions, respectively.

Bold, and Italic indices correspond to C- and G-type magnetic

reflections with finite intensity, respectively (see text). The C- and G-

type antiferromagnetic structures are also shown. For structural and

magnetic details see Table 3.

Fig. 11. Unit cell of Sr2MnGaO5.5 (space group Cmmm). Large

spheres represent Sr; spheres inside octahedra represent Mn; light

spheres between octahedra layers represent Ga. Oxygen atoms are

represented by the remaining spheres.
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Another, hypothetical ordered model consisting of the
layer sequence –OOOT– (–MnO2–GaO2–MnO2–GaO–)
has been proposed previously for the layer-ordered
A2MnGaO5.5 compounds [16,36] but has never been
observed experimentally by diffraction methods. This
model is inconsistent with the present neutron diffrac-
tion data, generating additional reflections with sig-
nificant calculated intensity not observed in the
diffraction pattern. The present diffraction data show
no superlattice peaks which would give evidence for
these, or other, vacancy ordered structures. Hence, the
structure is reported in orthorhombic space group
Cmmm with disordered oxygen vacancies.

The AC susceptibility, w; vs. temperature for
Sr2MnGaO5.49(1) is shown in Fig. 6(a). As reported by
Pomjakushin et al. [20], the magnetic properties of this
sample are complicated by the presence of two
antiferromagnetic phases with highly anisotropic inter-
actions within the Mn–O planes and perpendicular to
the planes.

Our LT neutron diffraction data for the
Sr2MnGaO5.49(1) ox380 sample show additional reflec-
tions not observed at RT (cf. Fig. 12). These reflections
were assumed to be of magnetic origin. Attempts to
describe their relative intensities using a single magnetic
unit cell were not successful, even when using unusually
high axis multiplications of the crystallographic cell. In
agreement with the work of Pomjakushin et al. [20], the
extra reflections can be indexed as two orthogonal sets
of magnetic origin. One set is described using the
CI m0m0m magnetic space group [30], and corresponds to
the G-type antiferromagnetic structure of the Mn
sublattice (Fig. 12), and the other set is described using
the CPm0m0m magnetic space group [30], corresponding
to the C-type antifferomagnetic structure of the Mn
sublattice (Fig. 12). It should be noted that both
magnetic structures are consistent with the Cmmm

crystal structure reported here. The Mn moments are
directed parallel to the c-axis. A two-phase Rietveld
refinement of the C- and G-type phase fractions and
ordered moment for each phase is not possible because
the problem is underdetermined; hence a constraint is
required. Since the in-plane magnetic interactions are
identical in both structures, and only the sign between
the layers is different, it is assumed that both structures
have the same ordered magnetic moments. This same
assumption was made in the analogous case of the
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coexisting C and C� magnetic structures in
La2�2xSr1+2xMn2O7 (0:74oxo0:92) [37]. With this
constraint, the magnitude of the Mn4+ magnetic
moment in Sr2MnGaO5.49(1) was refined to 1.48(3) mB
(Table 3). In addition, relative abundances of 20(3)%
and 80(3)% were obtained for G- and C-type structures,
respectively (Table 3). A broad diffuse scattering peak is
also observed, approximately centered at the same
position of the most intense G-type reflections ({101}
and {011}, Fig. 12(b)). This diffuse scattering peak is
absent in the RT data (Fig. 12(a)) and can be attributed
to a short-range magnetic ordering of mainly the G-type
phase. The reduced ordered magnetic moment found for
the Mn4+ ions in Sr2MnGaO5.5 (compared to the
expected spin-only value of 3 mB for Mn4+) is in
agreement with the existence of short-range ordered
magnetic structure. The significant difference between
our results (Fig. 12), and those reported by Pomjakushin
et al. [20], is the clear existence of a long-range G-type
ordering in our data, and its absence in their data.
4. Conclusions

The initial goal of this work was to explore the ability
to stabilize SrMnO3�d in the perovskite phase by
substituting Ga for Mn and to determine the properties
of these new solid solution compounds. It was found
that SrMn1�xGaxO3�d can be made in the perovskite
phase for 0pxp0:33 if a two-step synthesis procedure is
used. Initial synthesis is done at 1300–1335�C in
reducing atmosphere. When these samples are cooled
without allowing oxygen uptake, they remain in the
perovskite phase, with the oxygen-vacancy content
being at or near the limit defined by the +3 valence
state for Mn; i.e., dE0:5: These oxygen-deficient
samples can then be oxygenated by heating in oxygen
or air at 450�C and slowly cooling. At this low annealing
temperature, cation diffusion is not thermally enabled.
Thus, the samples do not decompose even though the
tolerance factor departs from the conditions required for
the perovskite structure as oxygen is added and the Mn
valence (and its ionic size) changes. The maximum
oxygen contents are defined by the +4 valence state for
the Mn; thus, dEx=2 for the maximally oxygenated
samples.

For the maximally oxygenated compositions of the
perovskite phase solid solution, SrMn1�xGaxO3�d

(0pxp0:33; dEx=2), transformation to a G-type
antiferromagnetic ordering of the Mn spins occurs at
low temperature, with the transition temperature
decreasing linearly from 233(2)K at x= 0 to 105(2)K
at x ¼ 0:3: For the reduced samples, and Ga concentra-
tions near the solubility limit, the magnetic ordering is
destroyed, leading to a spin-glass state at low tempera-
ture. This is thought to result because both Ga and the
oxygen vacancies are disordered. The failure for oxygen
vacancies to order when sufficient Ga is substituted on
the Mn site is thought to be a manifestation of the
inability of Ga3+ to adopt a five coordinated pyramidal
configuration that occurs in many other vacancy
ordering schemes in systems such as SrFeO3�d, and
SrMnO3�d [10,25]. Introducing an increasing amount of
Ga3+ into the oxygen-deficient SrMnO2.5 compound,
which has all Mn3+ in five coordinated square pyramid
configuration [10], interferes with this particular order-
ing scheme of the oxygen vacancies since a pyramidal
five coordinated site is not available for Ga3+. Thus, if
the initial synthesis at high temperature results in a
random distribution of Ga on the Mn site, and Ga is not
able to diffuse at lower temperatures (e.g., the oxygen
annealing temperatures), the oxygen vacancies cannot
order.

For Ga contents beyond xE0:33; mixed-phase
samples are formed until the previously known
[16,19,20] layer-ordered phase Sr2MnGaO6�d

(0:5pdp1:0) is formed at x ¼ 0:5: In this phase, the
Ga ions and Mn ions order into layers. These
compounds have been studied previously. However,
our work gives slightly different results. We find that
the maximally oxygenated layer-ordered phase,
Sr2MnGaO5.5, displays a small orthorhombic distortion,
rather than tetragonal symmetry (space group
P4=mmm) as previously reported [20]. The ability to
observe this small orthorhombic distortion perhaps
results from achieving sharper diffraction peaks by
optimizing the oxygen annealing procedure. The ortho-
rhombic structure is refined in the Cmmm space group,
which gives the best fit among the subgroups of
P4=mmm: There is no obvious explanation for why the
orthorhombic distortion occurs. Given that the ortho-
rhombic distortion is so small, it is possible that a
different space group, perhaps with oxygen-vacancy
ordering, would be a more correct model, but the
present data do not allow this to be investigated in an
exhaustive way. Some previously proposed ordered
models [25,36] were tested and failed. It is, of course,
possible that oxygen-vacancy ordering is absent in the
layer-ordered compound for the same reason it is absent
in the perovskite solid solutions; i.e., the inability of
Ga3+ to adopt a five coordinated site. The comparison
of Sr2MnGaO5.5 with Sr2Fe2O5.5 supports this possibi-
lity, where the latter ordering scheme involves five
coordinated Fe3+ ions [25]. If no vacancy ordering is
present in the Ga-substituted compound, the Cmmm

space group is likely to be correct.
The present samples of the maximally oxygenated

layer-ordered compounds also display slightly different
magnetic ordering than previously reported. In previous
work, a coexistence of long-range C-type magnetic
ordering and short-range (B40 Å) G-type magnetic
ordering was reported. The competition of these
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magnetic ordering schemes was explained in terms of
interplay of ‘‘diagonal’’ and ‘‘vertical’’ interlayer anti-
ferromagnetic superexchange interactions between
Mn4+ ions. In the present work, the same coexistence
of two magnetic ordering schemes is observed, but both
show long-range coherence. We do not have an
explanation for this difference, but suspect it may result
from the different oxygen annealing procedures used in
the present study. If this is the case, the present result
illustrates the delicate nature of the competition between
these two magnetic ordering patterns.
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