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Abstract

The possibility to synthesize layered oxycarbonates, with nominal composition Sr4Fe2�xMnxO6CO3 involving trivalent

manganese, with 0rxr1:5; is reported for the first time. The structural study of Sr4FeMnO6CO3 using NPD, HREM, Mössbauer
and XANES, shows that this phase is closely related to n=3 member of the Ruddlesden–Popper family. It derives from the latter by

replacing the middle layer of transition metal octahedra by triangular CO3 groups, with two different ‘‘flag’’ and ‘‘coat hanger’’

configurations. The magnetic order is antiferromagnetic and fundamentally different from the magnetic behavior of Sr4Fe2O6CO3.

r 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Intergrowth structures in inorganic systems have been
a great source of solid-state chemical research for many
years. The discovery of superconductivity in layered
cuprates [1] and of giant magnetoresistance in layered
manganites [2] has focused the attention on intergrowth
structures based on perovskite blocks. One of the most
famous is the Ruddlesden–Popper (RP) series [3] of
composition An+1MnO3n+1 (where A is a rare earth, an
alkaline or an alkaline-earth and M a transition metal).
These compounds are built up from perovskite-like
layers of corner sharing MO6 octahedra which are n

octahedra thick, separated by (AO)2 rock salt layers.
For the n=3 member of the RP series, Sr4M3O10
(M=Fe, Cr), it has recently been shown that the MO6
octahedra of the central layer of the triple perovskite
slab can be replaced by triangular carbonate groups
[4–6] leading to the Sr4M2O6CO3 family. Such an ability
of the CO3 groups to substitute for transition metal
octahedra was also observed for other layered copper-
based oxycarbonates [7,8]. In contrast to iron, chro-
mium and copper, no manganese oxycarbonate with a
layered structure is known to date, though Mn

oxycarbonates with a tridimensional framework, such
as Sr5Mn4CO3O10 [9] and SrMn1�y(B,C)yO 3�d [10] were
recently synthesized. In this paper we show that the
possibility to form oxycarbonates in layered structures
can be extended to manganese. We demonstrate that, in
the new oxycarbonates Sr4(Fe2�xMnx)1+y(CO3)1�3y

O6(1+y) (0oxp1.5), manganese is trivalent and that
the oxycarbonate groups adopt two configurations,
‘‘flag’’ and ‘‘coat hanger’’. The antiferromagnetic
behavior of these phases, fundamentally different from
that of Sr4Fe2O6CO3 is also evidenced.

2. Experimental

2.1. Synthesis

The different oxides with nominal composition
Sr4Fe2�xMnxO6CO3 have been prepared from appro-
priate mixtures of Fe2O3, Mn2O3, SrO and SrCO3 which
were used as CO2 source. The compounds were
intimately mixed, pressed in the form of bars, intro-
duced in evacuated silica tubes and heated up to 12001C
for 12 h. Heating and cooling down to room tempera-
ture were performed in 6 h. After thermal treatment, the
products appeared as black sintered bars.
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2.2. Structural analysis

The electron diffraction (ED) investigation was
carried out with a JEOL 200CX microscope, tilting
around the crystallographic axes. The high-resolution
electron microscopy (HREM) study was performed with
a TOPCON 002B, operating at 200 kV and having a
point resolution of 1.8 Å. Image calculations were
carried out using the Mac Tempas program. Both
microscopes are equipped with an energy dispersive
spectroscopy (EDS) analyzer.
Sample purity was checked by X-ray diffraction using

a PHILIPS vertical diffractometer PW1830 equipped
with a secondary graphite monochromator and working
with the CuKa radiation. Data were collected by step
scanning of 0.0251 (2y) over an angular range
51o2yo1201. X-ray diffraction patterns were used for
lattice constant measurements.
Neutron powder diffraction data (for Sr4FeMnO6

CO3 sample) were collected at room temperature at LLB
(Saclay-France) on the high-resolution 3T2 diffract-
ometer, using the wavelength 1.2251 Å, in the angular
range 61o2yo1261 with steps of 0.051 (2y). The
scattering lengths of the differents atoms were those
included in the Rietveld profile analysis program
package (FULLPROF [11]).
The X-ray absorption spectra at Mn and Fe K-edges

were recorded at room temperature in a classical
transmission mode at the EXAFS I station (channel
cut the monochromator) using the synchrotron radia-
tion of the DCI storage ring of LURE (Orsay) working
at 1.85GeV with a 250mA current. The energy
resolution at Mn K-edge is estimated at 1.3 eV whereas
it is estimated at 1.2 eV for Fe K-edge, whereas the
reproducibility of the monochromator is as good as

0.3 eV. The normalization procedure used throughout
this work was a standard one: after subtraction of the
same diffusion background on the XANES and EXAFS
spectra, recorded in the same experimental conditions,
a point located at an energy of 800 eV from the edge,
where no more EXAFS oscillations were still observa-
ble, was set to unity. Then the intensity of a point with
an energy between 50 and 100 eV from the edge was
recorded on the EXAFS spectrum and reported on the
XANES to set the normalization height.

2.3. Magnetism and mössbauer spectroscopy

Magnetic susceptibility w(T) measurements were
investigated in the range 5–300K using a DC SQUID
quantum design magnetometer (ZFCW method) with
an applied G.
The 57Fe Mössbauer spectrum at room temperature

of the powdered Sr4FeMnO6CO3 (x=1) sample was
recorded in transmission mode using a conventional
spectrometer operating in the constant acceleration
mode. 57Co/Rh was used as the g-ray source. The
isomer shift (IS) is referred to metallic iron.

3. Results and discussion

The series with nominal composition Sr4Fe2�xMnx

O6CO3 was studied in the range 0pxp2. As shown by
the X-ray diffraction patterns (Fig. 1) and if one excepts
SrCO3 which is sometimes observed as minority phase in
variable quantities, all samples can be considered as
single phase for xp1.5. It should be noted that the
amount of SrCO3 which appears for xX0.7 and
increases with x (Fig. 2), suggests compositional mod-
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Fig. 1. X-ray powder diffraction pattern of some nominal compositions of Sr4Fe2�xMnxO6CO3. For x=0.0, 0.7, 1, 1.5 and 1.7, the main diffraction

peak of SrCO3 (stick) and Sr2MnO4 (stick and star) are observed.
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ifications for high manganese content. For x=1.7, close
to the limit composition (x=1.5), SrCO3 and
Sr2MnO4�d were observed as secondary phases while
for x=2 a mixture of SrCO3, Sr2MnO4�d and
Sr5Mn4O10CO3 [9] was obtained.
Concerning the single phase samples (xp1.5), the X-

ray diffraction data are very close to those of
Sr4Fe2O6CO3 [4] and can be indexed in the space group:
I4/mmm with cell parameters aE3.8 Å=aP and
cE28 Å.The variation of the lattice constant as a
function of the Mn substitution rate is plotted in
Fig. 3. One can see a small and continuous decrease of
a as x increases, whereas c increases. The decrease of a

(1.2%) is approximately equal to the increase of c

(1.4%), involving a decrease of the cell volume. These
variations cannot be explained by the simple replace-

ment of Fe3+ ion by Mn3+ ion which have same ionic
radius.

3.1. EDS study and oxygen content

The EDS analysis, performed on numerous crystal-
lites for each composition, revealed that for xo0.7 the
cationic formula Sr4Fe2�xMnxO6CO3 are, in the limit of
the technique accuracy, in agreement with the nominal
compositions. For 0.7pxp1.5 the ratio Fe/Mn remains
close to the nominal one contrary to the ratio Sr/
(Fe+Mn) which decreases as x increases (Table 1). This
suggests that structural modifications could appear in
the matrix, such as the formation of n=3 members of
the RP family. A detailed HREM study (hereafter) has
been performed in order to clarify this point.
Oxygen content was determined for several composi-

tions, by redox back titration (RBT) using standard
solutions of Fe2+ and potassium dichromate as
described elsewhere [12]. For each analyzed sample,
the oxygen content was found to be very close to that
expected. This technique was preferred to the thermo-
gravimetric analysis (TGA) which does not lead to well-
known residues at high temperature (12001C).
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Fig. 3. Evolution of the lattice constants as a function of the manganese substitution rate x.
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Fig. 2. Portion of X-ray diffraction patterns (x=0.0, 0.3, 0.7, 1, 1.2,

1.3 and 1.5) showing the evolution of the amount of SrCO3 (vertical

bars are the Bragg angle position of SrCO3 diffraction peaks).

Table 1

Cationic formula deduced from EDS analysis, of the ‘‘Sr4Fe2�x

MnxO6CO3’’ samples

x Cationic formula (EDS) 70.03

0.3 Sr4Fe1.72Mn0.28
0.7 Sr4Fe1.37Mn073
1.0 Sr4Fe1.1Mn1.09
1.3 Sr4Fe0.81Mn1.52
1.5 Sr4Fe0.61Mn1.79
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3.2. Microstructural state

3.2.1. ED study

Reconstructing the reciprocal space by tilting around
the crystallographic axes confirms the cell parameters
and shows that, whatever the composition, all the
crystallites exhibit a system of intense reflections
consistent with the I4/mmm space group. Typical
[0 0 1] and [0 1 0] ED patterns are given in Figs. 4a and
b. In most of the crystallites, a second system of weak
reflections is characterized by the presence of additional
sharp spots in the [0 0 1] ED patterns at positions 1

2
1
2
0

(white triangles in Fig. 5a). The reconstruction of the
reciprocal space leads to a doubling of the cell: aEbEap
ffiffiffi

2
p

and the conditions of reflections (h k l : k+l=2n,
h k 0 : (k=2n), 0 k l : k=2n and l=2n, h 0 l : (h=2n and
l=2n)) are consistent with Aba2 space group. These
additional spots are especially intense in the [3 %1 0] ED
patterns (indicated by white triangles in Fig. 5b) and

scarcely visible along [0 1 0]. Viewing the crystals
perpendicularly to the c*-axis shows that these reflec-
tions are elongated, often resulting in diffuse streaky
lines. The streaking of the superlattice reflections
suggests disorder phenomena in successive layers, which
have been characterized by HREM. This fact adding to
the weakness and diffuse shape of these extra reflections
make us to choose for neutrons or X-ray diffraction
calculations, the space group I4/mmm for the determi-
nation of the average structure.

3.3. Average structure

3.3.1. Sr4FeMnO6CO3, neutron diffraction study

The structure of these oxycarbonates has been studied
by powder neutron diffraction for the nominal composi-
tion Sr4FeMnO6CO3. Calculations were carried out in
the space group I4/mmm. All the atoms, except those
involved in the triangular carbonate group, were located
according to previous structural studies [4,5], Fe and
Mn sitting on the same crystallographic site. Three

Fig. 4. (a) [001] and (b) [010] ED pattern of Sr4FeMnO6CO3.

Fig. 5. (a) [001] and (b) [3%10] ED pattern of Sr4FeMnO6CO3 showing

the extra reflections (white triangles). The patterns are indexed in the

tetragonal subcell I4/mmm with a=ap and cE28 Å.
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possibilities were considered concerning the configura-
tion of the carbonate groups, a ‘‘flag’’ configuration
observed for Sr2CuO2CO3 [7] and Hg0.5Cr0.5Sr4Cu2O7
CO3 [13] we will call flag’s model (see Fig. 6a), a ‘‘coat
hanger’’ configuration observed for Sr4FeCrO6CO3 [6]
called coat hanger’s model (see Fig. 6b) and a mixture of
flag and coat hanger configurations observed for
Sr4Fe2O6CO3 [4] called mixed model. All these config-
urations were tested for Sr4FeMnO6CO3 considering
isotropic thermal displacements for all atoms. The best
fits were obtained with flag’s and mixed’s models which
led to very close agreement factors and w2 (Rwp=3.99%
and 4.05%, w2=2.71 and 2.66, respectively) whereas for
the coat hanger configuration Rwp=5.32% and
w2=4.73. The two first models were considered for
complete structural determination. The results are given
in Table 2. An example of fitted experimental diffraction
pattern is drawn in Fig. 7.
In both cases the fits are slightly improved with a

partial occupation of carbon site by manganese ion, as
confirmed by X-ray diffraction. The scattering lengths
of Fe (0.945� 10�12 cm) and of Mn (�0.373� 10�12 cm)
allow to make a difference between these two elements.
In our case they showed without ambiguity that if
carbon site is partially occupied by a foreign atom, this
atom is manganese. To keep the ratio Fe/Mn=1, this

implies that in the mixed Fe–Mn site, the amount of Fe
increases.
The main difference between the results of the two

structural models is the U value of oxygens surrounding
carbon which is twice as large in the flag model as in the
mixed one (0.035 and 0.018 Å2, respectively). This
strongly suggests that the second model, which corre-
sponds to a mixture of several configurations for the
CO3 groups, is the right one. It is the model which is
considered in the continuation of this paper.
The interatomic distances are listed in Table 3. The

environment of Fe/Mn atoms is characterized by four
equatorial Fe/Mn–O(2) long bond distances close to
1.98 Å and one short Fe/Mn–O(1) bond distance close
to 1.83 Å. Other oxygen atoms (O(3) and O(5)) sit at
very large distances (2.67 and 3.06 Å) and cannot be
considered as belonging to the transition metal poly-
hedron. Such a situation is very similar to that
encountered in Sr4Fe2O6CO3 [4]. The angle between
two opposite Fe/Mn�O(3) bonds (154.5(2)1) is slightly
smaller than the Mn free sample (159.61), showing that
the introduction of manganese is accompanied by a
slight displacement of the transition metals inside the
pyramid.
Four possible configurations are possible for carbo-

nate groups (Fig. 8). Among them, only two seems more
realistic: the ‘‘coat hanger’’ configuration (CO(3)O(4)2,
Fig. 8a) and the flag configuration (CO(5)2O(6),
Fig. 8d). They should be 901 rotated with regard to the
c-axis from one position to each other to avoid too short
O–O distances. In both configurations carbon exhibits
one long and two short carbon–oxygen bonds and O–C–
O angles are characterized by one large and two small
angles (Table 3).

3.3.2. Quantification of manganese on carbon site

From refinements it appears that approximately 5%
of the carbon site is occupied by manganese. Another
way to estimate the percentage of transition metal on the
carbon site is to determine the amount of unreacted
strontium carbonate. This amount is 2.4(2) wt% for
x=1, according to the NPD data.
Considering the general reaction :
SrCO3+3 SrO+(1� x=2) Fe2O3+x=2 Mn2O3-p

SrCO3+t Sr4(Fe2�xMnx)1+y(CO3)zOq, we can assume
that each element is preserved because of the use of
sealed tube for the synthesis. In this case, t ¼ ð4� pÞ=4;
leading to the general formula:

Sr4ðFe2�xMnxÞð4=ð4�pÞÞðCO3Þð4ð1�pÞ=ð4�pÞÞOð24=ð4�pÞÞ

and we can write as a function of x and y:
Sr4(Fe2�xMnx)1+y(CO3)1�3yO6(1+y). In the above writ-
ing, iron and manganese remain in the trivalent state as
confirmed by XANES (see hereafter).

Fig. 6. (a) Structural model for flag’s model and for coat hanger’s

model (b).
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Table 2

Structural parameters of Sr4(Fe2�xMnx)1+y(CO3)1�3yO6(1+y). The first line refers to mixed model and the second one (italic letters) refers to flag’s

model

Atom Site x y z U (Å2) n

Sr(1) 4e 0.0 0.0 0.57229(8) 4

0.0 0.0 0.57237(10) 4

Sr(2) 4e 0.0 0.0 0.70169(8) 4

0.0 0.0 0.70192(8) 4

Fe/Mn 4e 0.0 0.0 0.14626(18) 0.000(1) 2.05 (2)/1.95 (2)

0.0 0.0 0.14628(20) 0.003(2) 2.04 (2)/1.96(2)

C/Mn 2a 0.0 0.0 0.0 1.90(2)/0.10 (2)

0.0 0.0 0.0 1.92(2)/0.08(2)

O(1) 4e 0.0 0.0 0.21092(12) 4

0.0 0.0 0.21112(14) 4

O(2) 8 g 0.0 0.5 0.13083(6) 8

0.0 0.5 0.13102(8) 8

O(3) 4e 0.0 0.0 0.0517(5) 0.018(2)n 1

0.0 0.0 0.0487(3) 0.035(2)** 2

O(4) 16n 0.273 (4) 0.0 0.0191(5) 0.018(2)n 2

0.346 (4) 0.0 0.0086(6) 0.035(2)** 2

O(5) 16n 0.136 (4) 0.0 0.0397(5) 0.018(2)n 2

0.213 (5) 0.0 0.0294(7) 0.035(2)** 2

O(6) 8i 0.376 (5) 0.0 0.0 0.018(2)n 1

Atom U11(Å
2) U22 (Å

2) U33 (Å
2) Ueq (Å2)

Sr(1) 0.0109(9) =U11 0.0076(14) 0.0097(10)

0.0081(8) 0.0085(14) 0.082(10)

Sr(1) 0.0090(8) =U11 0.0071(14) 0.0083(10)

0.0095(8) 0.0040(14) 0.0077(10)

C/Mn 0.0137(16) =U11 0.0174(25) 0.0149(19)

0.0126(16) 0.0160(24) 0.0137(18)

O(1) 0.0091(8) =U11 0.0048(14) 0.0076(10)

0.0101(8) 0.0063(14) 0.089(10)

O(2) 0.0077(10) 0.0057(10) 0.0165(14) 0.0100(11)

0.0087(10) 0.0069(10) 0.0145(14) 0.0100(11)

n , **Refined with the same value.

a = 3.8569(2) Å, c = 28.272(2) Å; Rp = 3.26%, Rwp = 3.81%, w2 = 2.40, RB = 4.12%; a = 3.8570(2) Å, c = 28.272(2) Å; Rp = 3.19%, Rwp =

3.86%, w2 = 2.54, RB = 4.13%.

Between brackets are the e.s.d’s multiplied by Berar’s formula parameter.
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Fig. 7. Experimental (crosses), calculated and difference (solid lines) neutron powder diffraction pattern of Sr4FeMnO6CO3 at the end of refinement.

The vertical bars are the Bragg angle positions for the main phase (upper) and the impurity SrCO3 (lower).
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Coming back to the x=1 sample, one obtains p=0.1
and 1+y=1.026; consequently the amount of transition
metal on the carbon site would be 0.052 (2y).
The same procedure was used to test other composi-

tions from X-ray diffraction data. For the same sample,
the amount of unreacted strontium carbonate calculated
by the program was 2.3(2) wt%, i.e. a value very close to
that obtained from neutron diffraction data. It showed
that , in this case, the quantitative analysis of SrCO3 in
the mixtures can be attempted. The results are listed in
Table 4 where they are compared to those obtained from
EDS analyses on about 30 crystals for each composition
and from refinements of the carbon site occupancy. In
spite of some discrepancy in the results, in all cases the
amount of transition metal (TM) on the carbon site
increases when increasing x for x40.7. It seems that
there is no direct correlation between x and y. Assuming

that the transition metal is preferably manganese, as it
appears from the neutron diffraction study of the x=1
sample, the local formation of n=3 member of the RP
series tends to brake the decrease of iron in the two
outer TM–O layers.

3.3.3. Xanes and Mössbauer spectroscopy

XANES studies of nominal Sr4Fe2�xMnxO6CO3
samples with x=0.5, 1 and 1.5 were performed in order
to determine the oxidation states and to confirm the
coordination of the Fe and Mn species.

Iron K-edge: The Fe K-edge spectra of the three
compositions mentioned above and of four reference
oxides, Fe2O3, Sr4FeCrO6CO3 and Sr4Fe2O6CO3 for
Fe3+, and SrFeO3 for Fe

4+ formal charges are shown in
Fig. 9. The energy at midheight of the main absorption

Table 3

Interatomic distances and angles (mixed model).

M – O d (Å) � nn M –O d (Å) � nn

Sr(1)– O(2) 2.541(2) � 4 Fe/Mn–O(1) 1.828(6) � 1

O(3) 2.788(3) � 1 O(2) 1.977(1) � 4

O(4) 2.598(10) � 1 O(3) 2.672(16) � 0.25

O(5) 2.558(9) � 1 O(5) 3.057(14) � 0.5

O(6) 2.850(4) � 1

C-O(3) 1.463(15) � 0.5

Sr(2)– O(1) 2.471(4) � 1 O(4) 1.184(14) � 1

O(1) 2.740(1) � 4 O(5) 1.239(14) � 1

O(2) 2.781(2) � 4 O(6) 1.452(20) � 0.5

O–C–O angles (deg)

O(4)–O(3)–O(4) triangle O(5)–O(6)–O(5) triangle

O(3)–C–O(4) 117.0(7) � 2 O(5)–C–O(5) 130.1(9) � 1

O’4)–C–O(4) 125.9(10) � 1 O(5)–C–O(6) 115.0(6) � 2

nThe n values take into account the site occupancy.

O(3)

O(4)O(4) O(5)

O(3)

O(6)
O(4)O(5)

O(3)

O(6)

O(5)

O(5)
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O(2)
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Fig. 8. Different possible geometries of CO3 groups. The ‘‘coat-hanger’’ configuration (a) and the ‘‘flag’’ configuration (d) are the most probable.
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jump (Table 5) allows the oxidation state to be estimated
at +3 for the three compositions.
One can see that spectra of the three Fe/Mn samples

are unchanged and identical to that of Sr4Fe2O6CO3,
contrary to that of Sr4FeCrO6CO3 for which the
prepeak labeled ACr is more intense. This suggests that
in the mixed Mn/Fe oxycarbonates, the iron environ-
ment should be the same as in the free manganese
oxycarbonate and different from that in the mixed Cr/
Fe oxycarbonate in which it is exclusively pyramidal [6].
To check this hypothesis about the iron coordination,

the Mössbauer spectrum of Sr4FeMnO6CO3 (Fig. 10)
was registered at room temperature and compared to
that of Sr4FeCrO6CO3. Both spectra show the existence
of pure quadripolar electric interactions at 293K and IS
values corresponding to trivalent charges. Contrary to
the mixed Cr/Fe fit [6], the Sr4FeMnO6CO3 one
evidences two iron sites (96–4%), which could be
explained by the presence of n=3 RP member in the
matrix. The quadrupole splitting (QS) of the two fits

(0.58 for Sr4FeMnO6CO3 and 0.66 for Sr4FeCrO6CO3)
is consistent with a Fe3+ polyhedron more symmetric in
the mixed Mn/Fe compound than in Fe/Cr one. In the
former, in addition to the five nearest oxygen atoms,
oxygens are found at 3.07 and 2.67 Å from Mn/Fe
whereas in the latter they sit at 3.73 Å from Cr/Fe.

Manganese K-edge: The Mn K-edge of the three
mixed Fe/Mn oxycarbonates under consideration and of
two reference oxides Mn2O3 (for Mn

3+) and MnO2 (for
Mn4+) are shown in Fig. 11. Note that the three spectra
are identical and the energy at midheight of the main
absorption jump allows the oxidation states to be fixed
to 3+. The relative intensities of the prepeaks due to a
strong hybridization of Mn(3d)–O(2p)–Mn(4p) orbitals

Table 4

Number of transition metal atoms occupying the carbon site (2y),

deduced from several analytical techniques : (a) from amount of

unreacted SrCO3 (USC), (b) from refinement of carbon site occupancy,

(c) from EDS analysis

x USC % 70.4 2y

(a) (b) (c)

7.0.01 70.02 70.03

0.3 0.0 0.0 — 0.0

0.7 0.3 0.0 — 0.05

1.0 2.3 0.05 0.07 0.09
a 2.4 0.05 0.05

1.3 8.3 0.19 0.16 0.20

1.5 12.4 0.29 0.32 0.30

aNeutron diffraction results (italic letters).
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Fig. 9. XANES Normalized Fe K-edges at room temperature for iron

references and for nominal compositions of Sr4Fe2�xMnxO6CO3,

x=0, 0.5, 1 and 1.5.

Table 5

Formal charge (FC), dM–O, energy of main jump midheight (EMJM) at

Mn K-edge and Fe K-edge for references and ‘‘Sr4Fe1.5Mn0.5O6CO3’’,

‘‘Sr4FeMnO6CO3’’ and ‘‘Sr4Fe0.5Mn1.5O6CO3’’

Compounds FC dM–O (Å) EMJM(eV) 7 0.3 eV

Mn2O3 1.86 � 2

+3 1.92 � 2 16.2

1.88 � 1

1.91 � 1

‘‘Sr4Fe1.5Mn0.5O6CO3’’ 1.88 � 1

+3 1.97 � 4 16.3

2.64 � 0.25

2.97 � 0.5

‘‘Sr4FeMnO6CO3’’ 1.82 � 1

1.97 � 4

+3 2.67 � 0.25 16.4

3.05 � 0.5

‘‘Sr4Fe0.5Mn1.5O6CO3’’ 1.80 � 1

1.97 � 4

+3 2.70 � 0.25 16.4

3.15 � 0.5

MnO2 +4 1.87 � 4 18.8

1.89 � 2

Fe2O3 1.94 � 3

+3 2.11 � 3 13.6

‘‘Sr4FeCrO6CO3’’ 1.97 � 4

+3 1.85 � 1 13.9

‘‘Sr4Fe2O6CO3’’ 1.97� 4

+3 1.90 � 1 13.9

2.60 � 0.25

2.94 � 0.5

‘‘Sr4Fe1.5Mn0.5O6CO3’’ 1.88 � 1

+3 1.97 � 4 13.7

2.64 � 0.25

2.97 � 0.5

‘‘Sr4Fe1Mn1O6CO3’’ 1.82 � 1

+3 1.97 � 4 13.9

2.67 � 0.25

3.05 � 0.5

‘‘Sr4Fe0.5Mn1.5O6CO3’’ 1.80 � 1

+3 1.97 � 4 13.8

2.70 � 0.25

3.15 � 0.5

SrFeO3 +4 1.92 � 4 15.1

1.98 � 2
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indicate a non-centrosymmetric environment like non-
regular octahedron, which is compatible with the
structural results.
Whatever x (0.5, 1, 1.5), one can see the similarity

between the Fe and Mn K-edge spectra. This is in
perfect agreement with the neutron diffraction results
for which the iron and manganese atoms are distributed
over the same crystallographic site, implying the same
environment. The peaks labeled B could be correlated to
the 1s–4p transition corresponding to non-bonding
orbitals pointing towards long M–O distances, whereas
the peaks labeled C are correlated to the 1s–4p transition
corresponding to bonding orbitals pointing towards the
short M–O distances.
In the limit of the technique accuracy we can admit

that there is no evolution of the oxidation state of the
two species Fe and Mn in the series Sr4(Fe2�xMnx)1+y

(CO3)1�3yO6(1+y) (with 0pxp1.5 and 0pyp0.15). This
result is consistent with syntheses in closed atmosphere.

3.4. Nanostructural state

3.4.1. HREM study: organization of the carbonate layers

One of the purposes of this study is to understand the
origin of the extra reflections and disorder phenomena
in our compound. The nature and the stacking mode of
different layers are easily visible by viewing the crystals
along [0 1 0]. This is illustrated in the [0 1 0] HREM
image of the x=1.5 sample displayed in Fig. 12 where
the carbonate layers (white arrows) are regularly spaced
by about 14 Å along ~cc: It is recorded for a focus value
close to �55 nm, i.e. the bright dots are correlated to the
high electron density zones. The experimental contrast
fits with the theoretical one (inset) calculated for a
crystal thickness of 25 Å and a focus value of –55 nm,
using the refined position parameters (Table 2), the row
of small gray dots is correlated to the carbonate layer.
The HREM study of numerous crystallites of x=1 and
1.5 shows that the stacking mode of different layers is
highly regular, without any intergrowth defects. How-
ever, local variations of the contrast in the carbonate
rows (see white triangle) where the gray dots are
replaced by bright ones, appear for [0 1 0] HREM
images. These defects are running over a few nan-
ometers long but are never periodically established, even
over a short-range distance. These phenomena are
directly correlated to the presence of manganese atoms
on the carbon site, implying the presence of intergrowth
domains (RP3) in the matrix.
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Fig. 10. Mössbauer spectrum of Sr4FeMnO6CO3 reported at room

temperature.
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Fig. 11. XANES Normalized Mn K-edges at room temperature for

manganese references and for nominal compositions of Sr4Fe2�x
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Fig. 12. [010] HREM of Sr4Fe0.5Mn1.5O6CO3, where the carbonate

rows (see small white arrows) and the rock salt layers appear as bright

dots. The presence of manganese atoms in carbonate rows are pointed

out with white triangles.
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The last step was to characterize the origin of the
superstructure. The best orientation to observe these
phenomena is [3 %1 0]. The image (Sr4Fe2O6CO3) dis-
played in Fig. 13, shows that superstucture is only
visible at the level of the carbonate layers (see white
arrows). The contrast consists in alternating bright spots
spaced by about 2.5 Å (2d3%10, along 3%10]). In the
adjacent carbonate rows, this effect is simply translated
by~cc or suffers an additional shifting by d130, involving a
local centered contrast (see black arrows). Every
carbonate layer exhibits this superstructure but no
ordering is observed, along ~cc; in the relative arrange-
ment of these bright dots, generating the streaks along~cc:
This feature previously observed in other layered
carbonates [14] is correlated to the organization of the
carbonate groups which rotate along c* and will be
detailed elsewhere. Note that the positions of the bright
dots are not static and the contrast ‘‘moves’’ under

electron beam diffraction. This effect could be corre-
lated to the rather easy rotation of the carbonate groups
under irradiation.
In the light of this study, the specific organization of

carbonate groups within a layer is at least partly
responsible for the orthorhombic distortion. The latter
is clearly visible (for specific orientation) in the ED
study, but cannot be taken into account in the average
structure determination, owing to ‘‘disorder’’ phenom-
ena along c*. The organization of carbonate groups
which rotate along c is not regular in the successive
layers.

3.5. Magnetism

The magnetic susceptibility measurements performed
in the range 5–300K in an applied field of 3000G show,
for Sr4FeMnO6CO3, a progressive (w-wparamagnetic) de-
crease starting from 140K and down to 35K (Fig. 14).
Such a curve shape is reminiscent of 2D antiferromag-
netism. The linear part of w�1M (inset of Fig. 14) was fitted
with the Curie–Weiss law w=w0+C/(T�yp) (C is the
Curie constant, yp is the paramagnetic Curie tempera-
ture and w0 is the temperature-independent susceptibil-
ity). The important negative yp value (�650K) is
characteristic of strong antiferromagnetic interactions
in this compound. From the Curie constant, an effective
magnetic moment value (meff) of 7.75 mB/mol is obtained.
This value is close to the expected one calculated by
considering Fe3+ and Mn3+ in high spin configuration
(mcalc=7.68 mB).
The magnetic behavior of the x=1.5 sample is

different from that of Sr4FeMnO6CO3. The magnetic

Fig. 13. [3%10] HREM of Sr4Fe2O6CO3 showing that the short-range

ordering correlated with the extra reflection in the ED patterns (Fig. 5)

arises at the carbonate layers level (white arrows), that one appears as

rows of bright dots (black arrows).
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susceptibility measurements performed in the range
5–300K in an applied field of 3000 G revealed a
behavior relatively similar to that of the n=3 member
Sr4Mn2FeO9.8 [15] of the RP family, which could be
explained by the presence of the latter in the form of
intergrowth defects or domains, in the matrix. The
Curie–Weiss fit performed (tacking into account the
weight contribution of SrCO3) in the linear part of w�1M

leads to a negative yp value (�500K) and an effective
magnetic moment value (meff) of 7.5 mB (mcalc=7.3 mB
considering Fe3+ and Mn3+ in high spin configuration).
The interaction between nearest neighbors, Fe3+/

Fe+3, Mn3+/Mn3+ cation pairs, is unambiguously
antiferromagnetic. It has been predicted that the super-
exchange between a 3d5 and a 3d4 ion should be
antiferromagnetic through the p orbitals and ferromag-
netic through the s orbitals. The majority of the
magnetic interactions being antiferromagnetic it is thus
reasonable to observe an antiferromagnetic state for
these compositions.
The Mn for Fe substitution seems to suppress the

ferromagnetic interactions which exist in the Sr4Fe2O6
CO3 oxycarbonate: Yamaura et al. [4] report that this
compound exhibits a three-dimensional magnetic order-
ing transition at 361K characterized by an antiferro-
magnetic order within the FeO2/SrO/SrO/FeO2 blocks
and a ferromagnetic order between the blocks.

4. Conclusion

In conclusion, the possibility for trivalent manganese
to partially substitute for trivalent iron in layered
oxycarbonates has been shown. It is remarkable that
the mode of connection of the triangular CO3 groups
differs from that observed in Sr4FeCrO6CO3, by the
coexistence of two configurations called ‘‘flag’’ and

‘‘coat hanger’’. The ability of manganese to sit for a
small part on the carbonate sites must also be
emphasized. The antiferromagnetic behavior of this
phase, different from that of the free manganese
compound, confirms that manganese suppresses the
ferromagnetic interactions that exist in Sr4Fe2O6CO3.
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