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The oxygen-deficient system SrMnl-,Co,03+y (0 5 x % 1) has been studied by X-ray and neutron 
powder diffraction, magnetic susceptibility, j7Fe Mossbauer spectroscopy, and EXAFS techniques. 
Three new phases have been obtained, the most significant being an incommensurate phase for 0.40 5 
x 5 0.55 which is believed to be closely related to the family of perovskite structures with hexagonal 
symmetry. However, the EXAFS data show the existence of some as yet unidentified structural 
features which are not found in perovskites, for example a Co-Co distance of -2.8 A. The Mn cations 
occupy an environment which is significantly different from that of the Co cations. At high cobalt 
content (x - 0.8) and high temperatures the system adopts a pseudocubic perovskite structure, with 
corner-shared polyhedra, which transforms on slow cooling to a poorly defined “hexagonal” phase 
containing face- and edge-shared polyhedra, similar to H-SrzCozOsiL. There is evidence to suggest that 
these “hexagonal” phases may also be incommensurate. o 1989 Academic press, hc. 

Introduction 

The solid-solution SrMnt-Co,03 (0 5 x 
5 l), which can be prepared under high 
pressures of oxygen, adopts the cubic 
perovskite structure for all values of x at 
room temperature (Z-3). The available 
crystallographic and magnetic data reveal 
that the Co4+ (3d5) ions are in the low-spin 
(t:, , S = l/2) configuration in SrCo03 and 
at the cobalt-rich end of the solid solution, 
but that for x < =0.7 there is a transforma- 
tion to the high-spin (t&e:, S = 5/2) config- 
uration. 

The normal form of SrMnO, as prepared 
in air is the hexagonal 4H-SrMn03, and we 

* To whom correspondence should be addressed. 

have recently reported a reinvestigation of 
the structural and magnetic properties of 
this compound (4). The cobalt end-member 
of the solid solution, when prepared in air 
rather than in oxygen, is oxygen deficient. 
The highly reduced composition SrCo02,5 
(or Sr2C0205) can exist in two forms. B-Sr2 
Co205 contains high-spin Co3+ (d6, S = 2) at 
both the octahedral and tetrahedral sites of 
a brownmillerite structure, derived from 
the simple cubic perovskite by an ordering 
of oxygen vacancies along (110) directions, 
whereas H-Sr2C0205 is an ill-defined “hex- 
agonal” phase. We have recently studied 
these two polymorphs by Mossbauer spec- 
troscopy (5) and by EXAFS spectroscopy 
(6, 7). Direct evidence was found for the 
existence of face-sharing Co06 octahedra in 
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H-SrzCoZ05, and it appears likely that there 
is, at least in part, a transformation to the 
low-spin S = 0 state of Co3+. Oxidation to 
give H-Sr2C0205+z takes place with reten- 
tion of the same “hexagonal” structure, 
but there is evidence in the EXAFS data for 
edge-sharing of polyhedra, as well as face- 
sharing. The brownmillerite structure is 
only stable for samples having z = 0. 

In this paper we report an investigation 
of the oxygen-deficient system SrMni-,Co, 
OJ-, by X-ray and neutron powder diffrac- 
tion, Mossbauer and EXAFS spectro- 
scopy, and magnetic susceptibility tech- 
niques, and we demonstrate the existence 
of a new and novel incommensurate solid- 
solution phase. 

Experimental 

Samples of SrMnl-,Co,03-y were pre- 
pared from spectroscopic-grade SrC03, Mn 
02, and Cos04. Materials weighed in the 
appropriate stoichiometric ratios were 
ground together in a ball mill and pressed 
into a pellet, which was fired in a platinum 
crucible at 1200°C for 72 hr and cooled at 
100°C hr-’ to 500°C before removing from 
the furnace. Initial characterization was by 
X-ray powder diffraction recorded with a 
Philips diffractometer using nickel-filtered 
Cuba! radiation. The heating cycle was 
usually repeated several times to ensure 
homogeneity. Aliquots were also annealed 
at 1200°C and quenched in air onto a metal 
plate. An attempted estimation of oxygen 
content by iodometric analysis was not suc- 
cessful, and approximate values for the ox- 
ygen content were obtained from the 
weight loss observed during the initial heat- 
ing. Selected preparations were repeated in 
a similar manner, except that j7Fe203 was 
used to substitute 57Fe for -1% of the Mn/ 
Co cations. 

Magnetic susceptibility data were mea- 
sured as a function of temperature for 80 < 
T < 300 K using a Newport Instruments 

Gouy balance. Mdssbauer data were col- 
lected on the 57Fe-doped samples in the 
temperature range 4.2 < T < 290 K using a 
57Co/Rh source matrix held at room tem- 
perature; isomer shifts were determined 
relative to the spectrum of metallic iron. 
Neutron diffraction data were collected at 
room temperature using the powder diffrac- 
tometer D2b at ILL Grenoble, operating at 
a wavelength of 1.594 A. The sample was 
contained in a 12-mm-diameter vanadium 
can. Each scan over the angular range 0 < 
28 < 160” lasted for -4 hr using a 28 step 
size of 0.05”. 

Room-temperature EXAFS spectra weie 
recorded at the Co K-edge (1.60811 A, 
7.710 keV) and the Mn K-edge (1.89636 A,, 
6.538 keV) using the Daresbury synchro- 
tron radiation source, operating at an en- 
ergy of 2.0 GeV and a maximum beam cur- 
rent of 220 mA. Data were recorded in the 
transmission mode on station 7.1, with the 
finely ground, undiluted samples held be- 
tween strips of adhesive tape. A Si(ll1) 
double-crystal order-sorting monochroma- 
tor was used to substantially reduce the 
harmonic content of the monochromatic 
beam. Established procedures were used to 
extract the EXAFS oscillations from the 
absorption data (8). The background-sub- 
tracted EXAFS was then converted into k- 
space and weighted by k3 in order to com- 
pensate for the diminishing amplitude at 
high k due to the decay of the photoelectron 
wave. The data were Fourier filtered to in- 
clude only the first three (or four) shells, a 
cut-off which can be made without intro- 
ducing large truncation errors and which is 
not complicated by overlapping Fourier 
transform shells. Analysis of the Fourier- 
filtered EXAFS was carried out using 
the nonlinear least-squares program 
EXCURV88 (9). An ab-initio approach was 
used to calculate the atomic phase-shifts, as 
previously described (6, 7, IO). The reliabil- 
ity of the phase-shifts for the Co system has 
already been established (6). The calculated 
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phase-shifts for Mn, as both absorbing atom 
and backscattering atom, and for Sr, as 
backscattering atom, were checked by sim- 
ulating the EXAFS of the crystallographi- 
tally characterized compound 4H-SrMn03. 
We estimate the following levels of accu- 
racy in our refinements: coordination num- 
ber +50%, Debye-Waller factor +-50%, 0 
and radii r0.02 A. These are estimates aris- 
ing from imperfect transferability of phase 
shifts and the fitting procedure described 
below. Statistical fitting errors are far 
smaller. 

Results and Discussion 

Samples in the solid-solution SrMrr-, 
Co,O,-, were prepared initially at incre- 
ments of 0.1 in x, although additional com- 
positions were added subsequently. It was 
found that there were several distinct re- 
gions in the system, and these will now be 
considered in turn. 

The region 0 < x < 0.40 

For x = 0.1, 0.2, and 0.3 the product of 
the initial firing gave an X-ray powder pat- 
tern which contained lines from 4H-SrMn 
Oj and a new phase (which for reasons set 
out below will be referred to as the icH- 
phase) A close comparison of the relative 
intensities of the strongest lines in both pat- 
terns showed a composition dependence 
that was linear upon x. It was apparent that 
little or no cobalt enters the 4H-SrMn03 lat- 
tice during a reaction in air, and that the 
amount of 4H-SrMn03 extrapolates to zero 
at x = 0.40. The sample for n = 0.40 seemed 
to contain a very small trace of 4H-SrMn 
03, which was not removed after seven fir- 
ing cycles. Inhomogeneity in the reaction 
mixture probably produces some 4H-SrMn 
O3 as an initial product which may be diffi- 
cult to remove by further annealing. There 
was also some evidence to support the exis- 
tence of weak lines in the icH-pattern coin- 
cident with those of SrMn03. The lower 

limit of the icH-phase is believed to be x = 
0.40. 

The Region 0.40 < x < 0.55 (The 
icH-Phase) 

The new icH-phase was also obtained as 
a single-phase material for x = 0.42, 0.45, 
0.50, and 0.55 and is considered to exist 
over the range 0.40 < x < 0.55. Very sharp 
X-ray powder patterns were observed. 
Chemical analysis for oxygen by redox 
methods proved difficult because of the 
comparative insolubility of the phase in 
acid. Observations of the weight loss on ini- 
tial firing for the different samples were 
self-consistent and gave compositions rang- 
ing from SrMn0.60C00.4002.61 to SrMnO.dS 
CO~.~SO~.S~ (the error in y is estimated to be 
kO.03). Thus there is a substantial reduc- 
tion from the +4 oxidation state found in 
4H-SrMn03, and to a large degree both co- 
balt and manganese are nominally in a +3 
oxidation state. Quenching rapidly from 
1200°C appeared to give the identical mate- 
rial to that observed by cooling slowly in 
air, as judged by X-ray powder diffraction. 

A detailed analysis of the X-ray powder 
patterns might have proved impossible 
were it not for a fortunate coincidence. The 
pattern for x = 0.40 was eventually indexed 
with some confidence as a hexagonal cell 
with a long c-axis. The parameters were 
a = 5.531 [= d2a, where up is the cell pa- 
rameter of a cubic perovskite] and c = 
56.59 A [= (25/3)v3a,]. The c parameter 
corresponds closely to a 25H-structure, 
which is not inconsistent with the cation 
ratio (3Mn + 2Co). However, examination 
of the patterns for larger x revealed that this 
interpretation was too simplistic. Although 
the positions of the hk0 reflections (and the 
value of a) were almost independent of the 
composition, many of the hkl reflections 
moved substantially, but to both higher and 
lower d-spacings. The phase is clearly hex- 
agonal, but incommensurate along the c- 
axis (hence the adopted name, icH-phase). 
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Neutron diffraction data for samples with 
x = 0.42 and 0.55 were useful in confirming 
the existence of some of the weaker lines in 
the X-ray patterns and also showed some 
new lines, but because of the better inher- 
ent angular resolution, the analysis was 
largely completed using the X-ray data. 
However, the reflections observed in both 
the X-ray and neutron diffraction data 
could be encompassed within the final in- 
terpretation. 

A satisfactory analysis of the observed d- 
spacings of all five patterns was achieved 
using a four-dimensional relationship of the 
form 

1 
;iz= 

4(h2 + hk + k2) + (I + jS)z 
3a2 c2 ’ 

where j is the integer index (positive or neg- 
ative) for the incommensuration along c, c 
is the axis length for the subcell, and c/S is 
the axis length for the supercell. The cell 
parameters are given in Table I. The a and c 
parameters remain almost independent of 
composition and correspond to d2 x 3.91 
and (5/3)d3 x 3.94 A respectively; i.e., the 
subcell is a SH-structure. The 6 parameter 
changes monotonically with composition, 
and accidentally (?) has a value close to 0.2 
at x = 0.40, generating an apparent 25H- 
cell. 

The observed d-spacings of 24 of the best 
resolved lines are shown in Table II. Ignor- 
ing the negligible change in a, the change in 

TABLE I 

THE CELL PARAMETERS FOR THE icH-PHASE OF 
SrMn,-,Co#-, AS A FUNCTION OF COMPOSITION 

X Y a c 6 

0.40 0.39 5.531 5659(25H) - 
5.527 11.32 0.194 

0.42 0.42 5.523 11.31 0.194 
0.45 0.45 5.529 11.33 0.176 
0.50 0.46 5.528 11.35 0.148 
0.55 0.48 5.525 11.32 0.135 

l/d2 between two compositions x = p and 
x = q can be written as 

A(lld2) = (l/c2)[(1 + jSJ2 - (1 + j&$] 
= (l/c2)(~p - 6,)[21j + jqs, + &J] 

= P PO + j2@, + &Jl, 

where p = (l/c 2)(S, - 6,). The last column 
in Table II tabulates IO5 x /3 (which should 
be a constant) from a comparison of the 
sample with p = 0.40 and q = 0.55. Despite 
the large error in measuring small line 
shifts, the numbers obtained have a broadly 
similar magnitude and above all the correct 
sign for the j index adopted in each case. 
The cell parameters in Table I were refined 
using the data in Table II (except for those 
values in parentheses which are from 
broadened or asymmetric lines). The re- 
maining weak or unresolved lines could 
then be assigned, but unless the movement 
with composition of a line could be ob- 
served clearly, the assignments for higher 
angles were often ambiguous. They are 
therefore not tabulated here. 

It would be imprudent to assume that this 
structural characterization is correct in all 
details because of the limited one-dimen- 
sional nature of the powder X-ray data. 
Clearly a three-dimensional characteriza- 
tion by electron diffraction is highly desir- 
able; unfortunately we do not have the nec- 
essary facilities available. Nevertheless, 
the incommensurate nature of the icH- 
phase is beyond doubt. Possible causes of 
the incommensuration will be discussed be- 
low. 

The reciprocal magnetic susceptibility 
values, l/X, between 78 and 300 K for x = 
0.42, 0.45, 0.55, and 0.40 (doped with 57Fe) 
are shown in Fig. 1. Above 200 K the de- 
pendence is close to linear, the slope at 300 
K leading to lower limits for the effective 
magnetic moments of between 4.0 and 4.5 
Bohr magnetons (for x = 0.40 and 0.55, re- 
spectively), and Curie-Weiss temperatures 
of circa -220 K. This behavior indicates 
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TABLE II 

221 

OBSERVED ~-SPACINGS FOR SrMn,-,Co,O,-, 

0.40 
- 

h k 1 j obs talc 

0 0 2 -1 
1 00 0 
1 0 2 -1 
1 0 3 -1 
110 0 
1 04 0 
200 0 
2 0 2 -1 
1 1 3 +1 
2 0 2 fl 
2 0 3 -1 
0 0 6 -2 
114 0 
2 0 4 -1 
1 0 6 -2 
2 1 2 +1 
2 1 3 -1 
1 1 6 -2 
300 0 
2 0 6 -2 
3 0 2 +1 
3 0 3 +1 
304 0 
220 0 

6.282 6.265 
4.778 4.786 
3.807 3.804 
3.084 3.084 
2.762 2.763 
2.436 2.436 
2.395 2.393 
2.238 2.236 
2.181 2.179 
2.168 2.171 
2.058 2.058 
2.017 2.016 
1.976 1.977 

- - 
1.857 1.858 
1.706 1.707 
1.650 1.651 
1.628 1.629 
1.595 1.596 
1.542 1.542 
1.524 1.524 
1.456 1.455 
1.390 1.390 
1.382 1.382 

0.42 0.45 
obs obs 

0.50 
obs 

0.55 

obs talc 105 x p 

6.281 6.204 (6.05) 
4.768 4.794 4.797 
3.803 3.791 3.758 
3.082 3.078 3.061 
2.760 2.767 2.767 
2.434 2.437 2.440 
2.392 2.394 2.396 
2.234 2.235 2.228 
2.179 2.185 2.190 
2.168 2.172 2.180 
2.057 2.055 2.051 
2.014 2.007 1.991 
1.974 1.980 1.983 
1.864 1.864 1.860 
1.856 1.851 1.836 
1.706 1.708 1.711 
1.649 1.650 1.648 
1.628 1.623 1.614 
1.594 1.595 1.596 
1.541 1.537 1.530 
1.523 1.526 1.527 
1.454 1.458 1.458 
1.389 1.391 1.392 
1.381 1.382 1.382 

(6.03) - 
4.795 4.785 

(3.74) - 
3.046 3.046 
2.763 2.763 

- - 
2.393 2.392 
2.224 2.226 
2.191 2.194 
2.183 2.181 
2.045 2.046 
1.975 1.977 

- - 
1.857 1.853 
1.826 1.826 
1.710 1.712 
1.645 1.644 
1.606 1.607 
1.594 1.595 
1.522 1.523 
1.527 1.527 
1.459 1.459 
1.391 1.390 
1.381 1.381 

- 
- 
- 

47(3) 
- 
- 
- 

71(12) 
30(7) 
64( 10) 
51(8) 
441% 

- 
- 

43W 
35( 10) 
43(7) 
W2) 

4-W 
3W) 
31(9) 

- 

essentially antiferromagnetic spin interac- 
tions at low temperatures. The gradual in- 
crease in the gradient of l/x : T below 200 K 
probably represents the onset of short- 
range near-neighbor magnetic couplings, 
with a corresponding change in the average 
cation magnetic moment. However, we do 
not believe that the change in slope repre- 
sents a transition to a phase with long-range 
weak ferromagnetism because the magnetic 
susceptibility showed no significant field 
dependence over the measured tempera- 
ture range. 

The highly reduced nature of the phase 
suggests high-spin Co3+(d6) and Mn3+(d4) 
as the primary oxidation states, both of 
which have a spin-only effective moment of 
4.9 Bohr magnetons. Significant amounts of 

low-spin Co3+ (5’ = 0) can be excluded. Any 
oxidation is likely to produce Mn4+(d3 S = 
3/2), with a moment of 3.9 Bohr magne- 
tons, in preference to Co4+ and this is 
broadly in accord with the observed mo- 
merits. 

The magnetic properties were also inves- 
tigated by Mossbauer spectroscopy on the 
samples with x = 0.40 doped with 1% S7Fe. 
The spectra as a function of temperature 
are shown in Fig. 2. At 290 K the spectrum 
comprises a sharp quadrupole doublet A 
(chemical shift 6 = 0.37, quadrupole split- 
ting A = 1.23 mm see-l) and a broad singlet 
B (6 = 0.26 mm see-l). At 190 K the singlet 
B is considerably broadened, and at 170 K a 
magnetic hyperfine splitting broadened by 
relaxation is evident. This has begun to 
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FIG. 1. The reciprocal susceptibility, l/X, as a func- 
tion of temperature, T, for SrMn,-,Cox03-, with x = 
0.42 (O), 0.45 (A), 0.55 (V), and 0.40 (doped with “Fe 
(0)). 

-8 -4 0 4 9 
velocity (mm s” ) 

FIG. 2. The Mdssbauer spectrum as a function of 
temperature for SrM~.MICoo,4002.61 doped with 57Fe. 

sharpen to a static splitting at 78 K, ulti- 
mately reaching a saturation flux density of 
circa 52 T at 4.2 K. The quadrupole doublet 
A remains apparently unaffected by mag- 
netic broadening down to at least 78 K, and 
although at 4.2 K a large magnetic field has 
emerged, there is still evidence for some 
measure of relaxational collapse. Compo- 
nent B, which shows magnetic splitting be- 
low about 200 K, correlates well with the 
observed susceptibility data and confirms 
that a change in magnetic behavior does in- 
deed occur below this approximate temper- 
ature. However, the spectra are inconsis- 
tent with a simple long-range magnetic 
order below 200 K. We believe that compo- 
nents A and B derive from two different 
iron sites in the phase which show different 
relaxation effects. Component B may well 
be associated with short-range spin interac- 
tions. The shift of doublet A is characteris- 
tic of Fe3+ in 6-coordination to oxygen, and 
is significantly more positive than for com- 
ponent B which is intermediate in shift 
between values observed (II) for 4- and 
6-coordination to oxygen in related 
perovskites. There is therefore some evi- 
dence to associate component B with iron 
in 5-coordinated sites. The large quadru- 
pole splitting of component A is noteworthy 
for an Fe3+ ion. It is possible that these are 
face-sharing octahedral sites with a high ax- 
ial anisotropy. 

EXAFS spectroscopy was used to probe 
the local environments of both transition- 
metal cations in this incommensurate 
phase. Figures 3a and 3b show the observed 
and calculated Fourier-filtered cobalt 
EXAFS and their Fourier transforms for 
the sample SrMno.&oo,4502.s~. Qualita- 
tively, these spectra are typical of all com- 
positions in the icH-phase, and represent 
an averaged summation over all the cobalt 
sites present. In the absence of any other 
structural data on these materials, the ap- 
proximate averaged occupation numbers of 
the various coordination shells were deter- 
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FIG. 3. The observed and calculated (dotted line) Fourier-filtered cobalt EXAFS (a) and their 
Fourier transforms (b) for the sample SrMn0.55C00.4502 55. 

mined in preliminary fits by allowing the 
coordination number and Debye-Wailer 
factor to refine. The former were then held 
constant at the nearest half-integer value 
during final refinements of the shell radius 
and the Debye-Waller factor, thus leading 
to the rather high estimated error of 50% 
discussed above. The refined structural pa- 
rameters are listed in Table III. The first 
coordination shell, with two unresolved 
components at distances of 1.93 and 2.14 A 
from the central cobalt atom, is assigned as 
an oxygen shell, whereas the second shell, 
at a distance of 2.56 A is a Co/Mn shell. 
The former assignment is entirely consis- 
tent with the coordination geometry ex- 
pected in a mixed-metal oxide, and the 
magnitude of the shell radius supports the 
proposal that the cobalt ions are in a high- 
spin state. 

The assignment of the second shell as a 
Co/Mn shell is in accord with our previous 
study (6) of H-Sr2C0205 where we inter- 
preted the data in terms of face-sharing 
Coon octahedra, with a Co-Co distance of 
2.46 A. We believe that face-sharing poly- 
hedra are also present in large numbers in 

SrMn,-,Co,O~-y, but because of the simi- 
larity in the X-ray scattering powers of Mn 
and Co we are unable to distinguish be- 
tween Co-Co and Co-Mn units. The radial 
distances and coordination numbers re- 
ported in Table III for the third and fourth 
coordination shells are in very close agree- 
ment with those reported previously (7) for 
the partially oxidized sample H-SrCo02.63. 
They are assigned to a Mn/Co shell and a 
strontium shell, respectively, and the third 
shell distance of 2.87 A is consistent with 
the presence of edge-sharing octahedra. 
However, the occupation number of the 

TABLE 111 

REFINED STRUCTURAL PARAMETERS FOR 
SrMn&o,, 4sOz.ss FROM Co-K EXAFS DATA 

Average Radial 
Atom coordination 2u2 distance 
type number (AZ) (A) 

0 2 0.004 1.93 
0 2 0.010 2.14 
ColMn 1 0.015 2.56 
co 1 0.006 2.87 
Sr 1 0.006 3.21 
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third shell (best refined as containing only 
Mn/Co) varies considerably over the com- 
position range 0.40 < x < 0.55, rising to a 
value of 6 for x = 0.55. Even allowing for 
the large errors associated with the refined 
values of the coordination number, we have 
no structural explanation for this increase, 
which was accompanied by a lengthening of 
the shell radius to 3 A. In view of these 
difficulties experienced in producing a con- 
vincing model for the third shell, we shall 
limit ourselves to a qualitative description 
of the environment beyond the second 
shell, noting only the apparent similarity 
between the Co environment in SrMrt-, 
Co,03-,, (0.40 < x < 0.55) and that found in 
H-Sr2C0205+z. 

The analysis of the corresponding man- 
ganese EXAFS data is more straightfor- 
ward. Figures 4a and 4b show the observed 
and calculated Fourier-filtered manganese 
EXAFS and their Fourier transforms for 
the sample x = 0.45. The first coordination 
shell is occupied by five oxygen atoms at a 
distance of 1.88 A, and the second shell 
again consists of a transition metal cation at 
a distance of 2.53 A. The observation of 

this shell in both the Co and Mn EXAFS 
data proves that both metals occupy, at 
least in part, face-sharing polyhedra. The 
refined shell radii, occupation numbers, 
and Debye-Waller factors are listed in Ta- 
ble IV. The third shell is assigned to a 
strontium atom at 3.21 A; there is no evi- 
dence for the existence of edge-sharing 
polyhedra containing manganese. 

It is interesting to note that although we 
have only attempted to analyze data out to 
-3.2 A, the Fourier transform of the Co 
EXAFS showed features at greater dis- 
tances whereas that of the Mn EXAFS did 
not. This implies that there is a greater de- 
gree of disorder around the Mn cations than 
is found about the Co cations. One possible 
explanation is that anion vacancies concen- 
trate around the former thus leading to local 
displacements and consequently a more 
rapid fall off in the Fourier transform of the 
observed EXAFS. 

The Region 0.55 <: x < 1.00 

The X-ray powder diffraction pattern for 
slow-cooled samples with x = 0.6 and x = 
0.7 showed clear evidence for the contin- 

I 

t  I  I  I  I  1 

4 6 8 10 

k( 8-l) Distance ( w ) 

r 
b 

3 
.e - 

FIG. 4. The observed and calculated (dotted line) Fourier-filtered manganese EXAFS (a) and their 
Fourier transforms (b) for the sample SrMn0.5sCo0.rsOz.ss. 
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TABLE IV 

REFINED STRUCTURALPARAMETERS FOR 
SrMno.SsCoo4502.ss FROM Mn-K EXAFS DATA 

Atom 
type 

0 
ColMn 
Sr 

Average Radial 
coordination 2u2 distance 

number (A21 (4 

5 0.015 1.88 
1 0.008 2.53 
1 0.016 3.21 

ued existence of the icH-phase with d-spac- 
ings apparently the same as for x = 0.55, 
but with additional lines from a second 
phase. At x = 0.8 and x = 0.9 the icH-phase 
was absent, and it became clear that the 
new phase was isostructural with the ill-de- 
fined “hexagonal” phase H-Sr2C0205+z. 
Weight loss measurements indicated that 
the sample with x = 0.80 had the composi- 
tion SrMn&00.802.64. It is worth noting 
that figures for the oxygen content of the 
Sr2C0205+z system determined by both 
weight loss and chemical analysis were in 
good agreement, thus lending credence to 
the use of weight-loss data for the analysis 
of the Mn/Co system. 

It is well known that H-Sr2C020S trans- 
forms to B-Sr2C020S at high temperatures, 
and in an attempt to prepare B-SrMrr-$0, 
02.5, samples for x = 0.6, 0.7, 0.8, and 0.9 
were quenched from 1200°C in air. The X- 
ray pattern for x = 0.9 resembled a mixture 
of a brownmillerite and a cubic perovskite; 
that for x = 0.8 was a cubic perovskite with 
a unit cell size of circa 3.87 A, although the 
(21 l} reflection in particular showed notice- 
able splitting. A similar sample doped with 
57Fe was clearly noncubic with a formula 
from weight-loss measurements of SrMn0.2 
COO.~O~.~, there being no detectable gain in 
weight upon slow cooling in air to give the 
“hexagonal” form. For x = 0.6 and 0.7 the 
product was a mixture of the icH-phase and 
the perovskite. We shall focus our attention 
on the pseudocubic sample with x = 0.8: it 

-8 -4 0 4 8 

velocity (mm se’ ) 

FIG. 5. The Miissbauer spectrum as a function of 
temperature for pseudocubic SrMn,,20Co,.,02.MI doped 
with 57Fe. 

is apparent that this compound shows a 
phase transformation that is different from 
that shown by Sr2C0205. 

The Mossbauer spectra for the x = 0.8 
quenched, pseudocubic, doped sample 
(Fig. 5) show magnetic behavior at room 
temperature and no evidence at 78 K for the 
characteristic spectrum of a brownmillerite 
in which ordered vacancies produce both 
octahedral and tetrahedral sites (the spec- 
trum for doped B-Sr2C0205 is shown in Ref. 
(6)). Although a cubic X-ray pattern could 
result from a microdomain texture of a 
brownmillerite lattice (II, Z2), the Moss- 
bauer data clearly show that this is not the 
case in the present instance. 

The Mossbauer spectra for the x = 0.8 
slow-cooled, “hexagonal” doped sample 
(Fig. 6) are completely different and 
strongly resemble those for the icH-phase. 
The main feature is a quadrupole doublet (6 
= 0.36, A = 1.23 mm set-I at 295 K). This 
feature was also recorded previously in 
doped “hexagonal” Sr2C0205+;: (6 = 0.38, 
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290 K 
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FIG. 6. The Mijssbauer spectrum as a function of 
temperature for “hexagonal” SrMa 2oCo0.8002.M) 
doped with S7Fe. 

A = 1.22 mm set-I), suggesting a common 
structural relationship between all three 
phases. The remaining contributions to the 
spectra have an isomer shift of about 0.09 

mm set-r at 295 K and suggest the exis- 
tence of higher oxidation states. At 78 K 
the quadrupole doublet is retained but there 
is now evidence for a very weak magnetic 
hyperfine splitting, again reminiscent of the 
behavior shown by the icH-phase. 

The cobalt EXAFS spectra of both the 
slow-cooled and the quenched samples of 
SrMn0.2C00.802.64 were recorded as de- 
scribed above. Figures 7a and 7b show the 
observed and calculated Fourier-filtered 
EXAFS and their Fourier transforms for 
the slow-cooled sample. The refined struc- 
tural parameters are listed in Table V. The 
first coordination shell is assigned to six ox- 
ygen atoms at a distance of 1.89 A and there 
is clear evidence for a cobalt neighbor at 
2.44 A. The third shell occurs at a distance 
of 2.84 A, consistent with the possible exis- 
tence of edge-sharing polyhedra, but again 
we are unable to offer a convincing struc- 
tural explanation of the data beyond a ra- 
dius of 2.5 A; indeed the assignment of 
backscattering species beyond 3.0 A is un- 
certain. However, these EXAFS spectra 
provide further evidence that the local envi- 
ronment around the Co atoms is very simi- 

6 
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FIG. 7. The observed and calculated (dotted line) Fourier-filtered cobalt EXAFS (a) and their 
Fourier transforms (b) for the “hexagonal” sample of SrM~.20Co,,W02.64. 
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TABLE V 

REFINED STRUCTURALPARAMETERS FOR 
SrMn&00.802.64 (SLOW-C• OLED)FROM Co-K 

EXAFS DATA 

Average Radial 
Atom coordination 2 distance 
type number $2) (4 

0 6 0.009 1.89 
ColMn 1 0.013 2.44 
Co/Mn 1 0.010 2.84 
Sr 1 0.012 3.21 
co 2 0.018 3.26 

lar in all three of the icH-phase, “hexago- 
nal” Sr2C0205+z, and “hexagonal” SrMna., 
Co0.802.~ (the present sample). 

Figures ga and gb show the observed and 
calculated EXAFS spectra and their 
Fourier transforms for the pseudocubic 
quenched sample of SrMn0.&00.s02.~. 
These spectra are clearly very different 
from those described above. The refined 
parameters listed in Table VI can be inter- 
preted in terms of a distorted perovskite 
structure with a cubic unit cell parameter aP 

TABLE VI 

REFINED STRUCTLJRALPARAMETERSFOR 
SrMn~.2Coo.802.,, (QUENCHED) FROM CO-K 

EXAFS DATA 

Average Radial 
Atom coordination distance 
type number $2; (A) 

0 2 0.005 1.81 
0 2 0.009 1.94 
0 1 0.017 2.13 
Sr 4 0.030 3.21 
ColMn 4 0.012 3.89 
0 4 0.006 4.04 

of -3.9 A. The first coordination shell once 
again comprises five oxygen atoms, but the 
second shell now consists of strontium at- 
oms at a distance of 3.21 A, somewhat 
shorter than the distance of 3.38 A (v3a,/2) 
expected in an ideal cubic perovskite. 
There is no evidence for short Co-Co dis- 
tances, a result that implies that only cor- 
ner-sharing polyhedra are present in this 
phase. The shell at 3.89 A represents the Co 
atoms distant up from the central atom, and 
the contribution at 4.04 A comes from the 

8- a. v 
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FIG. 8. The observed and calculated (dotted line) Fourier-filtered cobalt EXAFS (a) and their 
Fourier transforms (b) for the pseudocubic sample of SrMn,&0~,~~0~.~. 
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second oxygen shell, ideally d5a,/2 distant 
from the central atom. The shift in the posi- 
tions of the Sr and 0 shells indicates that 
the local environment of the Co atoms in 
this phase deviates from that expected in an 
ideal perovskite structure, as is to be ex- 
pected in a compound with such a high con- 
centration of vacancies in the anion sublat- 
tice. However, it is apparent that the 
crystal structure of the quenched sample is 
closer to that of a cubic perovskite than to 
that of the “hexagonal” phase. Our at- 
tempts to record EXAFS spectra at the Mn 
absorption edge for samples in this compo- 
sition range were unsuccessful because of 
the low Mn concentration. 

The Nature of the Incommensurate Phase 

The most significant result to come out of 
this work is the discovery of the icH-phase 
in the SrMnl-,Co,03-y system. There is 
some evidence to suggest that it is closely 
related to the perovskite family of struc- 
tures, but with some as yet unidentified and 
novel structural features which are not 
found in perovskites, for example, edge- 
sharing polyhedra (or an alternative scheme 
which accounts for a Co-Co distance of 
-2.8 A). 

The reasons for an incommensuration in 
crystals are many and varied (13), and it is 
not a trivial problem to characterize the 
icH-phase. The subcell of the incommen- 
surate lattice has dimensions corresponding 
to those expected for a SH-perovskite. 
There is only one conventional stacking se- 
quence for a SH-structure, hhccc, which 
results in stacks of three face-sharing octa- 
hedra, linked by two layers of corner-shar- 
ing octahedra. The average number of face- 
sharing cation neighbors would be 0.8. The 
EXAFS data are completely inconsistent 
with a simple ordering of Mn and Co cat- 
ions onto face- and corner-sharing sites, re- 
spectively. However, it is clear that the Mn 
cations occupy an environment that is sig- 

nificantly different from that of the Co cat- 
ions, as exemplified by the absence of a 2.8 
A metal-metal distance in the Mn EXAFS, 
and therefore the SH-lattice is an inade- 
quate model. It is possible that this partial 
cation ordering may be responsible for the 
formation of an incommensurate phase; the 
systematic variation of 6 with x suggests 
that the effect is perhaps governed by the 
cation sublattice. Certainly a highly disor- 
dered intergrowth of two (or more) struc- 
tural features along the c-axis could lead to 
an incommensurate lattice (14). 

However, we are unable to exclude a 
model in which 6 is determined by the or- 
dering of oxygen vacancies, although the 
ordering of vacancies would presumably be 
related to the cation distribution, and the 
vacancy concentration does not change 
very much with x. Examples are known of 
very high vacancy concentrations in hexag- 
onal perovskites without any overall dis- 
ruption of the stacking sequence. In 6H-Ba 
Fe02,,9 there is a higher concentration of 
vacancies in the hexagonally stacked Ba03 
layers than in the cubic stacked layers (Z5), 
but electron microscopy reveals a very reg- 
ular lattice with only the occasional stack- 
ing fault (16). In 12H-BaCo02.6 the vacan- 
cies partially order into cubic stacked Ba03 
layers to effectively convert corner-sharing 
octahedra into tetrahedra (17, 18), but once 
again the lattice remains regular. 

There is some evidence from electron mi- 
croscope images to show (19) that a small 
amount of Ta substituted into 2H-BaMn03 
can produce a highly irregular stacking se- 
quence along the c-axis. The corresponding 
diffraction patterns appear to show satel- 
lites in the c* direction which may be indic- 
ative of incommensuration, and we feel that 
this system warrants a more detailed exam- 
ination. 

Mossbauer spectroscopy has shown that 
the cation sites are very similar in H-S&o2 
Os+Z, the icH-phase, and “hexagonal” Sr 
Mn&0~.~0~.~. The magnitude of the hy- 
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perfine field (46.5 T) observed in the first 
compound at 4.2 K led us (5) to suggest that 
it derived from a cation site with a coordi- 
nation number lower than six, and the tem- 
perature dependence of the Mossbauer 
spectrum indicated that the hyperfine split- 
ting was caused by slow relaxation rather 
than by long-range magnetic ordering. The 
appearance of the Mossbauer spectra de- 
scribed above is not inconsistent with this 
interpretation. A disordered intergrowth 
along the c-axis may well inhibit long-range 
magnetic order. The apparent similarity be- 
tween the icH-phase and the “hexagonal” 
phases has caused us to look again at X-ray 
powder diffraction patterns recorded on 
our samples of H-Sr2C0205+z. Although we 
are still unable to index these patterns in a 
satisfactory way, the shift in peak positions 
with composition leads us to suggest that 
this phase may also be incommensurate. 
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