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The crystal structure of the low temperature antiferromagnetic phase of the cubic perovskite BaLa 
Fez05,gl has been refined from neutron powder diffraction data collected at 5 K. Space group Pmm, a 
= 3.9268(l) A. The magnetic structure is consistent with a simple G-type antiferromagnetism but with 
an unusually low average magnetic moment of 1.87 ps per Fe atom. An interpretation of the structural 
and magnetic data is proposed in terms of a charge disproportionation and the simultaneous formation 
of a charge density wave and a spin density wave, but without any structural distortion. The spin 
system is envisaged as a random arrangement of cations, nominally Fe”+ and FeS+ in a 3 : 1 ratio, with 
antiferromagnetic coupling between pairs of like atoms, and ferromagnetic coupling between unlike 
atoms. The compound can thus be described as a Mattis spin glass. 8 1990 Academic press, IK. 

Introduction 

The iron-bearing perovskites which con- 
tain oxidation states of,iron gi-eater than + 3 
are of considerable interest because of their 
unusual electronic properties. The cubic 
perovskite SrFe03 is a metallic oxide which 
orders antiferromagnetically at 134 K, and 
the ep* orbitals of the nominally high-spin 
Fe4+ ion are broadened into an itinerant 
electron band (I). Mijssbauer spectroscopy 
confirms (2) that all iron sites are electroni- 
cally equivalent above 4.2 K. In contrast 
the structurally related material CaFeO, 
which is a paramagnetic Fe4+ oxide at 290 
K shows a charge disproportionation at 
lower temperatures, finally becoming anti- 
ferromagnetic below 116 K (3, 4) with two 
electronically inequivalent iron sites 
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present in equal proportions. Subsequent 
work on related solid solutions (5) has 
shown that in general the charge states of 
the low temperature species are noninte- 
gral, and that the charge disporportionation 
can be represented as 

2Fe4+ e Fe(4-A)+ + Fe(4+h)+, 0 5 j, 5 1. 

In a recent paper (6) we described a study 
of Sr2LaFe308,94, and obtained for the first 
time the crystal and magnetic structures in 
both the paramagnetic averaged valence 
and antiferromagnetic mixed-valence 
phases of a material showing charge dispro- 
portionation. The crystal structure of the 
distorted perovskite was refined from pow- 
der neutron diffraction_ data in the rhombo- 
hedral space group R3c in both cases; the 
magnetic structure was refined in P3ml us- 
ing a model derived from considerations of 
the exchange interactions between ideal lo- 
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calized Fe3+ and Fe5+ electron configura- 
tions. The results were interpreted in terms 
of a charge density wave (CDW) and spin 
density wave (SDW), both commensurate 
with the crystal lattice and both propagat- 
ing along the [ 11 l] axis of the rhombohedral 
crystal so as to produce two distinct iron 
sites. Surprisingly, there was no evidence 
for any periodic structural distortion (PSD) 
accompanying the CDW, the structure in 
the antiferromagnetic mixed-valence phase 
retaining the same symmetry as the para- 
magnetic averaged-valence phase. It was 
suggested that the strain field produced by 
the CDW is perturbed by local variations 
brought about by the disordered arrange- 
ment of Sr and La and the oxygen vacan- 
cies, thereby preventing the cooperative 
PSD which would otherwise occur. 

As part of a continuing investigation into 
charge disproportionation phenomena, we 
have carried out a structural characteriza- 
tion by neutron powder diffraction of the 
low temperature antiferromagnetic mixed- 
valence phase of BaLaFe205.g1 which has 
been characterized earlier by Mossbauer 
spectroscopy in our laboratory (7). Samples 
made in the Bal-,La,Fe03-, system remain 
cubic for 0.1 I x I 0.8, and for large y there 
is no evidence of the ordered-vacancy 
structures which exist for the Ca/La and 
Sr/La systems. The x = 0.50 composition 
was chosen for the present study because 
the low oxygen vacancy concentration and 
the comparatively narrow Mossbauer line- 
widths suggested that structural ordering 
might occur in the low temperature phase. 

Experimental 

The methods of preparation, chemical 
analysis, and X-ray characterization of our 
sample of BaLaFe205.91 have been de- 
scribed previously (7), except that the 10-g 
sample for the neutron measurement was 
slow-cooled in oxygen rather than in air. 
Powder X-ray diffraction measurements in- 

dicated a single cubic perovskite unit-cell 
having a0 = 3.929 A. Neutron powder dif- 
fraction data were collected on the diffrac- 
tometer Dla at ILL Grenoble, using a 
wavelength of 1.909 A and a 28 step size of 
0.05”. Data were collected over the angular 
range 0 < 28 < 156” at a temperature of 5 K 
using a 10-g sample contained in a vana- 
dium can. The experiment lasted for -11 
hr. The low-angle section of the diffraction 
pattern was also recorded at room tempera- 
ture for comparison purposes. 

Results 

The limited neutron diffraction data col- 
lected at room temperature could be in- 
dexed in a primitive cubic unit cell with a 
unit cell parameter a0 - 3.93 A, in good 
agreement with the value determined in the 
preliminary X-ray characterization of the 
sample. However, extra peaks, which 
could be indexed in a face-centered cubic 
unit cell with a0 = 7.8535(l) A, were appar- 
ent in the data collected at 5 K. All data 
analysis was carried out by the Rietveld 
method (8) using the following neutron 
scattering lengths: bg, = 0.52, & = 0.83, 
bFe = 0.95, bo = 0.58 X lo-l2 cm. The back- 
ground level was interpolated between re- 
gions where there were no Bragg peaks, 
and the statistical variations in the back- 
ground were taken into account in assigning 
a weight to each profile point. The Bragg 
peaks were assumed to have a Gaussian 
profile. In our preliminary refinements of 
the low temperature structure, we used var- 
ious space groups in order to allow for the 
possibility that the additional Bragg scatter- 
ing stems, at least in part, from a coopera- 
tive displacement of the anions. Such dis- 
placements would lead to the creation of 
crystallographically distinct six-coordinate 
sites for the transition metal, in some cases 
in the ratio 3 : 1 as suggested by the Moss- 
bauer results reported previously (7). We 
also allowed for the possibility that the ad- 
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TABLE I 

STRUCTURALPARAMETERSFOR BaLaFe205.9, ATE K 
(SPACEGROUP Pm?m) 

Atom Site x y Z BidA’) 

BaILa lb 1 f f 0.17(3) 
Fe la 0 0 0 0.12(3) 
0 3d t 0 0 1.14(3) 

Nore. a, = 3.9268(l) A. pFe = 1.87(2) pB. 

ditional peaks were due to magnetic scat- 
tering; again consistent with the Mossbauer 
data. It became clear from our refinements 
that there are no cooperative anion dis- 
placements in this compound at low tem- 
peratures and that the additional scattering 
is solely magnetic in origin. We therefore 
proceeded to refine the crystal structure in 
space group Pm?m with only one variable 
structural parameter, the isotropic temper- 
ature factor, for each atom. The anion site 
occupancy was fixed at unity, the actual va- 
cancy concentration (1.5%) being too small 
to be refined using our data. The La and Ba 
atoms were assumed to be completely dis- 
ordered over the A sites of the perovskite 
structure. 

The observed magnetic scattering was 
consistent with the adoption of a G-type 
magnetic structure in which each iron atom 
on the simple cubic transition metal sublat- 
tice is coupled antifeiromagnetically to its 
six nearest neighbors. This was modeled by 
including the magnetic moment of the iron 
atom as a variable parameter in the struc- 
ture refinement. Initially the angular depen- 
dence of the magnetic scattering length was 
approximated by the Fe3+ form factor cal- 
culated by Watson and Freeman (9), but 
during the final stages of the refinement this 
curve was expanded empirically to give a 
better fit to the data at high Q. This struc- 
tural model refined to give an agreement 
index R,, = 10.2% (Rexp = 2.9%, R,,, = 
3.2%, R,, = 21.5%). The final parameters 

are listed in Table I and the corresponding 
bond lengths are given in Table II. The ob- 
served and calculated diffraction profiles, 
and their difference, are plotted in Fig. 1. 

Discussion 

The crystal structure of BaLaFe205.91 at 5 
K is that of a simple cubic perovskite with a 
small concentration of vacancies on the an- 
ion sublattice. All the iron cations occupy 
crystallographically equivalent sites, and 
bond length-bond strength calculations (IO) 
suggest that an Fe-O distance of 1.963 A 
represents an average cation valency of 
3.42, in excellent agreement with the value 
of 3.41 predicted from the stoichiometry of 
our sample. The O-O distance of 2.777 A is 
within the range of values expected for a 
cubic perovskite. The crystal structure is 
thus apparently consistent with the exis- 
tence of an averaged-valence state, Fe3.41+, 
over the B sublattice of the perovskite 
structure. The adoption of a G-type mag- 
netic structure in such a compound is in 
itself unremarkable. However, the magni- 
tude of the ordered magnetic moment of the 
iron cations is unusually low, and suggests 
that the simple model described above may 
be too naive. In order to achieve a satisfac- 
tory description of this compound it is nec- 
essary to consider the diffraction data and 
the Miissbauer data together. 

In our earlier work (7) it was clearly 
shown that the cubic Bar-,LaXFe03-, sys- 
tem shows a charge disproportionation at 
low temperatures. The particular results for 
a sample of composition BaLaFezOs.w are 

TABLE II 

BONDLENGTHS(IN A) 
IN BaLaz05.g AT 5 K 

Fe-O 1.963 
BalLa- 2.777 
o-o 2.777 
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FIG. 1. The observed (. . .), calculated (4, and difference neutron diffraction profiles for BaLa 
Fe205.9, at 5 K. 

most relevant to the present work. At 4.2 K 
the Miissbauer spectrum comprises two 
magnetic hyperfine sextets with flux densi- 
ties of 51 .O and 27.1 T with areas in the ratio 
78 : 22, i.e., in excellent agreement ,with the 
predicted Fe3+/FeS+ ratio for this composi- 
tion. With increase in temperature the spec- 
trum shows progressive relaxational col- 
lapse above 150 K until the magnetic 
hyperIme splitting disappears at ca. 250 K. 
Above this temperature the spectrum still 
shows unresolved structure, and it was es- 
tablished that the Fe3+/Fes+ species (ratio 
78 : 22) have been replaced by a new ar- 
rangement of charges best described as 
Fe3+/Fe4+ (ideal ratio 56 : 44); i.e., there is 
an effective change in the oxidation states. 
It seems possible that the onset of magnetic 
order and the charge disproportionation are 
interconnected, but this has not been veri- 
fied. 

The Mossbauer evidence described 
above shows that all sites are not in fact 
magnetically equivalent, and that our anal- 
ysis of the neutron data using only one av- 
erage moment is indeed an oversimplifica- 
tion. After allowing for the effects of 
covalency in the Fe-O bonds, the ordered 
moment for the Fe3+ cation (with localized 
electrons) might be expected to lie between 
3.9 and 4.5 ,..&a ; that at an Fe’+ cation might 
be expected to lie between 2.0 and 2.3 pa. 
These values do not lead to an average of 
1.87 pa per cation when used in the appro- 
priate 3 : 1 ratio in a G-type ordering 
scheme. However, the value can be ratio- 
nalized by invoking ferromagnetic coupling 
along 180” superexchange pathways be- 
tween cations having the nominal elec- 
tronic configurations Fe3+ : 3d5 and 
Fe5+ : 3d3 (II). Similar ferromagnetic cou- 
pling was seen in Sr&aFe308.94, where the 
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observed moments of 3.61 and 2.72 pa are 
consistent with the existence of nonintegral 
charge states. Thus we envisage the transi- 
tion-metal arrangement in BaLaFezOs.gl as 
a random distribution of cations, nominally 
Fe3+ and FeS+ in a 3 : 1 ratio, over the sites 
of a primitive cubic sublattice. This non- 
frustrated spin system will have antiferro- 
magnetic coupling between neighboring 
pairs of like atoms and ferromagnetic cou- 
pling between “Fe3+” and “Fe5” neigh- 
bors; thus BaLaFe205,91 can be described as 
a Mattis spin glass (Z2). The magnitude of 
the average magnetic moment at any site 
would be expected to be approximately [(3 
X 4&) - (1 X 2.5 ,.‘Lg)]/4, that is ca. 2.4 pa, 
and to have the direction that the moment 
of the majority species (Fe3+) would take at 
that site. Thus in a diffraction experiment 
we would expect to see a G-type ordering 
with an anomalously low magnetic moment 
per cation. The observed moment of 1.87 
@a is presumably reduced below the pre- 
dicted value by local spin misalignments or 
some other form of departure from ideal- 
ized behavior. 

This model, based on a disordered distri- 
bution of Fe3+ and Fe5+, is consistent with 
the Mossbauer data in that the spectra re- 
corded for Bal-,LaXFe03-y at 4.2 K are in 
general broader than the spectrum of SrzLa 
Fe308.%, which has an ordered charge dis- 
tribution. The somewhat high temperature 
factor found for the oxide ions may be in- 
dicative of local anion displacements, in 
turn brought about by local ordering of the 
different charge states of iron. It may, how- 
ever, also reflect the presence of vacancies 
on the anion sublattice. These vacancies 
may also be responsible for the electron 
trapping in the room temperature paramag- 
netic Ba phase, a feature which was not 
found in the averaged valence phase of 
SrzLaFe30s.94 itself, but was clearly ob- 
served at higher vacancy concentrations. 

The barium system shows some signifi- 
cant differences compared to Sr2LaFe308.94 

which was the subject of Part I of this series 
(6). At room temperature, where neither 
material is magnetically ordered, all the 
iron sites in the rhombohedrally distorted 
Sr phase are electronically equivalent in the 
Miissbauer spectrum, whereas in the cubic 
Ba phase this is clearly not the case. In the 
low temperature Sr phase showing charge 
disproportionation, the hyperhne parame- 
ters for the Fe3+ site are clearly anomalous 
(6) for a localized-electron configuration in 
six-coordination: this together with the ob- 
served ordered spin structure leads easily 
to an interpretation embodying a charge 
density wave and spin density wave propa- 
gating through the crystal and so effectively 
producing nonintegral oxidation states. 
However, at 4.2 K the hypetIme parame- 
ters for the Ba phase, and in particular the 
flux density of 51 T at the Fe3+ site, are 
much closer to expectation (54-56 T) for a 
fully localized electronic system. Neverthe- 
less, if a linear correlation of electron 
charge and flux density is assumed between 
Sr2Fe20S (Fe3+) and SrFe03 (Fe4+) then the 
“Fe3+” site in BaLaFez05.m has an actual 
charge of ca. +3.14, and hence the actual 
charge on the “Fe5+” site is only ca. +4.5. 
A similar calculation for the two flux densi- 
ties (41.6 and 27.9 T) in CaFe03 (3,4) gives 
actual charges of ca. +3.4 and +4.6, re- 
spectively. Note that the Mossbauer pa- 
rameters for “Fe5+” in CaFe03 and BaLa 
Fe205.w are very similar as are the calcu- 
lated charges; it is the charge density at the 
“Fe3+” site which changes significantly be- 
tween the two compounds. These observa- 
tions give us grounds to believe that all 
these charge disproportionation systems 
should be treated in CDW/SDW terms. 
Neither the Ba nor Sr charge dispropor- 
tionation phases show any evidence for 
a periodic structural distortion. In both 
cases the disorder at the A sites may well 
introduce local lattice strains which pre- 
vent the development of a cooperative 
PSD. 
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