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The first bulkn = 3 brownmillerite structure GMnAIOss has been synthesized by high-pressure
oxidation of then = 1 brownmillerite phase, GRINAIOs, such that alternate AlCetrahedral layers are
oxidized to AlQ; octahedra. Rietveld analysis of room-temperature neutron powder diffraction (NPD)
data shows a body-centered materiatrfig a = 5.2860(1) A,b = 29.5334(6) A,c = 5.4027(1) A).
Although magnetic measurements detected an increase in antiferromagnetic ordering at around 40 K,
low-temperature NPD measurements implied the presence of no long-range magnetic order.

Introduction the reduction of dimensionality may be achieved through

alternation of magnetic cations, typically Mn, in the octa-

Manganese oxide based materials have been of intereshqqra| ayer and diamagnetic cations in the tetrahedral
for some time due to their colossal magnetoresistive behaV|or.|ayer9_13

This behavior is of great value because of potential applica- Previous attempts to obtain bulk, ordenee= 3 brown-

tions in magnetic data storage and switching devices. . .
. : . : . millerites (where the tetrahedral layer is separated by three
Whereas cubic or pseudo-cubic materials require very high
o . . . ..~ octahedral layers) have proven unsuccessful. The reported
magnetic fields to induce large changes in electrical resistiv- S
. L . work to date has focused on the oxidation of thedVBiGaG
ity, greater sensitivity can be found in systems of lower 1417 -
) . ; ) to the SgMnGaQ; s phasé” The reported results indicate
dimensionalityt and this has prompted a great deal of X : . .
. . - that although the insertion of the oxygen is facile and control
research in various layered structure types containing man- . ; .
anese of the degree of oxygen incorporation has been achieved,
9 control of the site of oxidation has not been possible,

The p_ion_eering wqu of Jonker and van Santen in _the resulting in a disordered oxygen deficient perovskite phase.
1950s highlighted the influence of magnetic field on electrical In this work we will focus on the oxidation of the ga

resistivity in three-dimensional ferromagnetic perovskite
oxides?® Further work in this area revealed that enormous
changes in electrical resistivity could be achieved close to
ambient temperatures by using very high magnetic fiéfds.
Investigations of low-dimensional materials, such asrthe
= 2 RuddlesdenPopper phases, have shown similar effects
| fieldsLé Alth h th b d eff (9) Abakumov, A. M.; Rozova, M. G.; Pavlyuk, B. P.; Lobanov, M. V.;
at lower fields:® Although the o served € ects occur at Antipov, E. V.; Lebedev, O. I.; van Tendeloo, G.; Ignatchik, O. L.;
lower temperatures, they clearly indicate the potential of Ovtchenkov, E. A.; Koksharov, Y. A; Vasil'ev, A. Nl. Solid State
; ; Chem.2001, 160, 353.
layered manga_nes_e oxide systems. One such Sy_Stem IS bas%?o) Abakumov, A. M.; Rozova, M. G.; Pavlyuk, B. P.; Lobanov, M. V_;
on the brownmillerite structure, a defect perovskite possess-  Antipov, E. V.; Lebedev, O. |.; van Tendeloo, G.; Sheptyakov, D. V.;
ing ordered oxygen vacancies which result in alternatin Balagurov, A. M.; Bouree, FJ. Solid State Chen2001, 158 100.
9 Y9 L g (11) Wright, A. J.; Palmer, H. M.; Anderson, P. A.; Greaves)J(Mater.
layers of octahedra and tetrahedra; the composition may be™ ™" chem 2001 11, 1324,

represented as 2B,0s.”8 For relevant magnetic materials, (12) Wright, A. J.; Palmer, H. M.; Anderson, P. A.; GreavesJ(Mater.
Chem.2002 12, 978.
(13) Battle, P. D.; Bell, A. M. T.; Blundell, S. J.; Coldea, A. I.; Fallon, D.

MnAIQOs structure to a resultant @nAIOs s phase. Neutron
powder diffraction (NPD) data reveal an ordered insertion
of oxygen, resulting in the firsh = 3 bulk ordered
brownmillerite phase.
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Table 1. Refined Structural Parameters for CaMnAIO 55 Obtained from Rietveld Analysis of Powder Neutron Diffraction Data (295 Ky

atom site multiplicity X y z Uso x 100, A2 occupancy
Cal 2/M(100) 8 0 0.058 26(5) 0.5051(3) 1.03(3) 1
Ca2 M(100) 8 0 0.320 06(6) 0.5268(3) 0.77(3) 1
Mn M(100) 8 0 0.125 83(6) 0.0051(4) 0.61(3) 1
All 2/M(100) 8 0 0 0 0.86(5) 1
Al2 M(010) 4 0.0515(6) 0.25 0.0740(7) 0.50(7) 0.5
o1 2(010) 8 0.25 —0.006 06(5) 0.25 0.99(2) 1
02 2(010) 8 0.25 0.137 22(4) 0.25 0.62(2) 1
03 2(010) 8 0.25 0.621 35(5) 0.25 0.80(2) 1
04 M(100) 8 0 0.065 59(5) 0.0625(2) 0.96(2) 1
05 M(100) 8 0 0.302 90(5) —0.0595(3) 0.90(3) 1
06 M(010) 8 0.1146(4) 0.25 0.3630(4) 0.50(3) 0.5
aRyp = 2.12%,R, = 3.65%,72 = 4.049.Imma a = 5.2860(1) A,b = 29.5334(6) Ac = 5.4027(1) A.
Experimental Section Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for
CazMnAIO 55
A sample of CaMInAlOs s was pre_pared from QMnAIO_s_. Ca- Mn—02 1.900(2) k2] Cal-01 2.694(2) k2,
MnAIOs was prepared, as previously reportédpy firing a 2.424(2) k2]
stoichiometric mixture of CaCg) Mn,Os, and AbOs for 48 h at Mn—03 1.914(2) k2] Cal—-02 3.014(2) k2]
1250°C under flowing nitrogen with one intermediate regrind,Ca ~ Mn—04 1.806(3) Cat03 2.640(2) k2]
MnAIOs was subsequently heated at 8@under a 300 bar oxygen Mn—05 2.134(2) CatO4 2'62728(132)2§< 2,
pressure for 12 h to produce BénAlOss Phase purity was 3:020(2)'
established using X-ray powder diffraction (XRPD, Siemens D5000, Al1—-01 1.8981(1) [x4] Ca202 2.361(2) k2]
PSD, Ge monochromator, CucK radiation). Room-temperature ﬁ:;—gg 1-32625% Eg} 2622:82 g-ggg% E%
H - . a. .
NPD datc’;\ we(;e cpllecr:edG%nRI;O_LARfIS atISIS. 'I(')he obtained data Al2—08 1791(4), 1.798(4)  Ca206 2.331(2) k2]
were analyzed using the uite of programs. Xygen cqntent 02-Mn-02 88.1(1) OLAIL-O1 88.249(8), 180.0
determination was performed by thermogravametric analysis (TGA; 02-Mn—03 173.68(1), 91.92(1) 91.751(8)
Rheometric STA 1500 thermal analyzer) by reduction in flowing 02—Mn—04 93.12(9) OLAI1l-04 88.32(5), 91.68(5)
10% H/90% N, to the CaMnAIOs phase. Magnetic measurements  ©2-Mn—05  86.52(8) O4AI1-04 179.972(1)
were carried out on a Quantum Design Physical Property Measure- 03-Mn-03  87.3(15) O5A2=05  127.5(2)
gn Fhy perty 03-Mn—04 93.12(9) O5Al2-06  106.5(1), 103.4(1)
ment System (PPMS) at 10 000 Oe. 03-Mn—05 87.17(9) 115.9(1)
04-Mn—05 179.501(1) O6AI2—06 41.4(2), 67.0(2),

Results and Discussion 108.4(2)

From the laboratory XRPD data it was clear that the chain orientations (for more detail see Greaves et&lhis
structure of the sample had significantly changed after disorder is reflected in the 50% occupancy of the Al2 and
oxidation; although the sample could be indexed on a OG6 sites within the tetrahedral layers (Table 1).
tetragonal unit cell, & x 2a, x a, (8, = a for cubic The ordered insertion of oxygen into the structure directly
perovskite), it did not appear to be a simple perovskite. The contrasts to the behavior of the,BInGaG, s phase, where
extent of oxygen content of the sample was determined by no order is observet*'” The reasons for the divergence
TGA and established as 5.5. It was deemed reasonable abf behavior in these two analogous compounds can most
this stage that the structural change could be due to oxygernlikely be attributed to the differences between the ionic radii
ordering, although this could not be established accurately of the cations involved (CGa, 1.34 A; SP*, 1.44 A; ARY,
using X-ray diffraction. NPD data were, therefore, collected. 0.39 A; G&", 0.47 A). The smaller size of the cations in the

The Rietveld refinement of the powder data was performed calcium containing phase creates a more compact lattice with
using the high-resolution backscattering bank only; the details a larger energy barrier to oxidation, explaining the need for
and results of this refinement are given in Table 1, and a
plot of the fit to the data is shown in Figure 1. Selected bond [ ' ' ' ' ]
distances and angles are given in Table 2. The data confirm
that the structure is indeed a brownmillerite type phase with
ordered oxygen vacancies. Here we describe the structur
using Immasymmetry, which is the standard space group
setting for thdcmmspace group, previously used to describe
“chain-disordered” structures such asNdnGaG;.*? Refine-
ments carried out in the “chain-orderet®mb space group
(equivalent tdma2, but chosen to retain the unit cell axes)
were found to be less satisfactory? & 4.049, 4.931Rup i ’ ¥ R FEL
= 2.12%, 2.34%; an®, = 3.65%, 4.13% folmma and v ——
I2mb, respectively). From the space group selection it can oo
be understood that the chains remain ordered along the [001] o s 35 5= 35
direction but are disordered with respect to the two possible D-spacing (A)

Figure 1. NPD profile (continuous lines, calculated and difference; crosses,

(18) Larson, A. C.; von Dreele, R. Bseneral Structure Analysis System  observed data) for GMnAIOs s at 295 K and backscattering bank data.
Los Alamos National Laboratory: Los Alamos, NM, 1994. The tick marks indicate the reflection positions.
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Figure 2. Structures of (a) GMnAIOs and (b) CaMnAlOs s showing Ca (large spheres) with MpOctahedra (dark gray) and Aé@nd AlO, octahedra
and tetrahedra (light gray).

much harsher synthesis conditions. The oxygen ordering is1/2,z + 1/2); this is most apparent when viewed along [001]
also likely to be directly attributable to the size of the due to the lack of connectivity along When considering
cations: the larger size of 8rcompared with C& might the oxidized sample, the body centering provides similar
reduce the energy barrier for oxygen migration and also staggering of the Al@tetrahedral layers. As the alternate
reduce the enthalpy associated with vacancy ordering. Similartetrahedral layers in the oxidized sample are equivalent to,
behavior is observed in the synthesis of theFesOs and for example, the first and third layers of the &/mAIOs
SrFe,0s brownmillerite phases. The Ca containing phase phase, this means that a restructuring of the oxygen vacancies
can be made in air and will not readily accept excess oxygen,in the oxidized sample has taken place, as illustrated in Figure
whereas the Sr containing phase has to be heated in nitrogei2. This restructuring may point to a systematic behavior in
to obtain the SIFe,0s phase?® This difference of behavior  brownmillerite phases: those with an odd number of layers
might provide a means of fine-tuning the oxygen insertion having a staggered layer order and those with even layers
capabilities of mixed Ca/Sr brownmillerite phases. having an eclipsed layer order. This is most probably due to
A comparison between the non-oxidized and oxidized the tilting of the octahedral layers. It can be suggested that
samples reveals several interesting and subtle structurathe oxygen atoms in the tetrahedral layer are positioned to
features of the oxidized system. It is clear from the space Place them far away from the octahedral atoms in ahe
groups and prior discussion that the oxidized sample hasPlane to minimize the energy of the system; a schematic of
disordered ChainS, Whereas prior V\,Brbvea'ed that Cza th|S iS ShOWn in Figure 3.1t iS aCknoWIedged that Until now
MnAIOs has ordering of the chains. This loss of chain order only then =1 andn = 2 phases have been characterized
with respect to the two rotations of the chains is not the only and that as of yet na = 4 phases are known.
change occurring in the AlDlayers upon oxidation. As a Upon oxidizing the sample it would be expected that the
result of the body-centered nature of fl®enbspace group, Mn—O bonds would decrease in length as the Mn cation is

the AlO, tetrahedral layers are staggered kyH 1/2,y + oxidized from 3t to 4+. It would also be expected that the
change from tetrahedral to octahedral geometry would cause

(19) Berastegui, P.; Eriksson, S.-G.; Hull, i8ater. Res. Bull1999 34, an expansion in the relevant AD bonds. Indeed b_Oth _Of
303. these structural changes are observed. An examination of
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Figure 3. Schematic representation of octahedral tilting and ordering of . o
oxygen vacancies im = 1, 2, and 3 brownmillerites (a, b, and ¢ Figure 5. Plot of inverse susceptibility versus temperature foNG8AIOs 5.

respectively). Arrows indicate direction of tilting; boxes indicate oxygen
vacancies. structure. However, NPD data collected?aK revealed no

evidence of long-range magnetic order, and it is therefore
the bond valence sum (BV&Yor the oxidized sample shows  probable that magnetic interactions provide only two-
that both the tetrahedral and the octahedral sites correspondlimensional intralayer antiferromagnetic order within the
to AI®T (BVS: 2.89, 2.87, respectively). For the manganese manganese layers.
site the BVS calculation gives a value of 3.81 a substantial
increase on the value of 3.29 for S4nAlOs. The only site Conclusions
to indicate strain is the Ca2 site which gave a BVS value of
2.26; this site is bonded to oxygen atoms in the disordered
Al—0O layer, and this may result in an inaccurate value. It

seems from these values that there is relatively little strain )
within the structure. layer being separated by an octahedral-Mh layer. The

From the plot of magnetic susceptibility versus temperature unexpected staggered conformation of the tetrahedral layers

(Figure 4) very little difference is observed between the field 1S attributed to the tilting found in the octahedral layers and
cooled and zero field cooled lines. The extrapolated intercept CONS€Auent energy minimization. The structure while having
of the inverse susceptibility plot (Figure 5) suggests pre- SOMe increase in local antlferromagrjetlc ord_erwas not found
dominantly antiferromagnetic exchange at high temperatures;[© POSSess any long-range magnetic ordering.

the marked change of slope a#0 K is consistent with a
ferromagnetic component, e.g. a canted antiferromagnetic

2.0E-07

1 (emu/mol)

0.0E+00

11y (molfemu)”

In conclusion we have successfully synthesized the first
n = 3 brownmillerite phase in bulk form: GEINAIOs s has
alternating tetrahedral and octahedrat-@l layers, with each
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