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A new oxygen defect perovskite Ca;Mn, ;sFe, ¢s0g 4 has been isolated. It crystallizes in the orthorhom-
bic system with the following parameters: a = a,V/2; b = 3a,, and ¢ = a,V2. X-Ray diffraction shows
that it corresponds to the second member of the structural series (AMO3),(AMO,0) and thus consists
of double perovskite layers separated by tetrahedral layers. This phase, related to the brownmillerite
structure, differs from the latter, in that it exhibits oxygen defects in the perovskite layer and an excess
of oxygen in the tetrahedral layer. These results are explained by the ability of Mn"" to adopt pyramidal
coordination. Its magnetic properties have been investigated by susceptibility and magnetization mea-
surements and Mossbauer spectroscopy in the temperature range 4-300 K. The dependence of the
freezing temperature on the measuring technique (125 K with Mgssbauer spectroscopy and 100 K from
magnetization), the wide range of temperature where the freezing of the spins occurs, the sensitivity of
x on the cooling magnetic field and the drastic lowering of Cy characterize a highly frustrated behavior

due to cationic disorder in the structure.

Introduction

The formation of anionic defects in the
ABO;_, perovskites is mainly governed by
the ability of the B ions to adopt several
coordinations. In this respect, copper, iron,
and manganese are potential candidates.
Highly oxygen-deficient perovskite layers
characterized by octahedral, pyramidal,
and square planar coordinations of cop-
per have recently been observed in the
compounds La;Ba;Cu¢O44, (/), La,_,Sr,
CuOy-n+5 (2), and Lay- A Cuy06 1215 (3).
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A series of microphases Ca,(Fe, Ti),01,_,
(4, 5) derived from the brownmillerite Ca,
Fe,Os (6) in which Fe?** takes simulta-
neously a tetrahedral and an octahedral co-
ordination, have been isolated and
characterized. The behavior of manganese
i1s also remarkable in that, in the stoi-
chiometric perovskite CaMnO; (7), Mn**
adopts the octahedral coordination,
whereas in the oxygen defect perovskite
CaMn,0s5 (7, 8), Mn?* has, like copper, a
pyramidal coordination. This structural dif-
ference between Ca,Fe,Os and Ca,Mn,Os
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led us to think that the system CayFe,Os—
“CaMnO;_," could yield new oxygen-defi-
cient perovskites. Moreover, the com-
pounds of this system could exhibit unusual
magnetic properties due to the simulta-
neous presence of manganese and iron.
This paper contains a study of the structure
and of the magnetic properties of the oxy-
gen defect perovskite CasMn, 1sFe; ¢sOg.g0.

Experimental

Synthesis. The oxide CH3MH|‘35FC]_(,503,02
was prepared from a powder mixture of
MnO,, Fe,0;, and CaCO; first heated at
900°C in air and then at 1100°C for 1 day.
The specimen was finally quenched to room
temperature.

Chemical analysis. The weight loss dur-
ing the reaction was measured with Se-
taram microbalance in order to determine
the oxygen content of the final product. The
oxygen content was also determined by
chemical analysis: the oxide was dissolved
in a hydrochloric acid solution with an ex-
cess of titrated ferrous solution (Mohr salt):
the excess of Fe?* was then back-titrated
with K,Cr,O,. The oxygen content could
thus be determined, assuming that iron is
tervalent and manganese is bivalent in the
presence of an excess of FeZ".

Crystallographic study. Owing to the
small size of the crystals, the crystallo-
graphic study of this phase was carried out
by X-ray powder diffractometry and elec-
tron diffraction. X-Ray powder data were
registered with a Philips diffractometer us-
ing CuKe radiation. Scattering factors of
ionic species (9) corrected for anomalous
scattering were used for calculations of in-
tensities. Refinements were performed on
intensities using a program previously de-
scribed by Pham er al. (10). Electron dif-
fraction micrographs were observed on mi-
crocrystals deposited on a carbon grid,
using a Jeol 100 CX electron microscope.

Magnetic study. Fe Mossbauer studies
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were performed by the classical technique
in the temperature range 4-300 K. In the
same range of temperature, magnetic mea-
surements were realized with a Faraday
balance for susceptibilities and with a vi-
brating sample magnetometer for magneti-
zation. The corresponding values were
measured with and without an applied field
during the cooling of the sample.

Results and Discussion

The oxide Cas;Mn,3;sFe|¢s0g0, was ob-
tained as a well crystallized black powder.
The formulation of this oxide suggested
that it corresponds to the member m = 2 of
the family (CaMO»),, - (CaMO,0), derived
from brownmillerite, in which double
perovskite layers alternate with planes of
tetrahedra. However, taking into account
an experimental error of 0.01 oxygen atom
per formula unit, a small deviation from the
ideal formula Cas;Mn, ssFe; sOg cannot be
ruled out.

Structural study. The electron diffraction
study was carried out on about 50 crystals
of this composition. All of them were found
to be well ordered and characterized by an
orthorhombic symmetry. The systematic
absent reflections, hkO : h # 2n led to three
possible space groups: Pmma, Pm2a, and
P2yma. The X-ray powder diffractograms
could be indexed in agreement with the
electron diffraction results, in an
orthorhombic cell where parameters are
closely related to the “*a,’" parameter of the
perovskite:

a=533202) A = q,V2,
b =11.13(4) A = 3a,,
¢ =5.4552) A = a,V2.

In order to confirm the structural model
related to the brownmillerite, structure cal-
culations were performed from X-ray pow-
der data corresponding to 34 reflections,
i.e., 67 hkl. The distribution of the metallic
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TABLE 1

STRUCTURAL DATA OF THE COMPOUND
Ca;Mn, 3sFe) 45050

B

X v z T (A?)
Ca, 2(c) 0.25 0.5 0.75 I 0.6
Ca, Hd) 0.24 0.183  0.70 0.5 0.6
Cay 4d) 0.24 0.834 0.70 0.5 0.6
Oc, (Mn, Fe) 4d) 0.27 0.332 0259 0.5 0.6
Ocy (Mn, Fe) 4(d) 0.25 0.665 0.255 0.5 0.6
Te (Mn, Fe) 4(d)  0.232 0.0 0.237 0.5 0.6
O, 2(a) 0.0 0.329 0.0 1 3.5
0] 2(a) 0.0 0.665 0.0 1 3.5
0, 2(b) 0.0 0.33 0.5 1 3.5
0; 2(by 0.0 0.66 0.5 1 3.5
(o 2(¢c) 0.25 0.50 0.25 0.7 3.5
0O, 2(cy 0.25 0.17 0.25 1 3.5
0, 2(c) 0.25 0.829 0.25 1 3.5
Os 2(a) 0.0 0.010 0 1 3.5
O; 2(b)y 0.0 0.01 0.5 0.30 3.5

ions could not be obtained from the X-ray
diffraction results due to the similar scatter-
ing factors of manganese and iron. An over-
all B factor was assigned, respectively, to
the metallic atoms and to the oxygen at-
oms, 1n order to limit the number of vari-
able parameters. Refinements of the atomic
positions and of the two thermal parame-
ters were first carried out in the centrosym-
metric space group Pmma. The discrep-
ancy factor R; = Z|I. — I/l could not be
reduced below 0.126.

The noncentrosymmetric space group
Pm2a. was then studied. Refining succes-
sively the positions of the metallic atoms,
of the oxygen atoms, and the two B factors
led to a final discrepancy factor R = 0.062.
The final atomic positions given in Table I
show that Ca, is in an ideal position and
that the manganese and the iron ions in the
octahedral sites (Oc; and Oc;) and those in
tetrahedral sites (Te) are only slightly dis-
placed from the ideal positions. The main
displacements with respect to the ideal
perovskite concern the Ca; and Caj ions.

These results confirm that the structure
of Ca3Mn1,35Fe1‘65OgA02 1s derived from that
of brownmillerite, in that we can distin-
guish two types of layers: double
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perovskite layers in which the metallic at-
oms exhibit mainly the octahedral coordi-
nation, and a tetrahedral layer (Fig. 1).
However, oxygen vacancies are also ob-
served in the perovskite layers, since the
occupancy factor of the O site is only 0.7:
this can be explained by the presence on
these sites of Mn** which can adopt the
pyramidal coordination. Morecover, the
“‘tetrahedral’’ layer exhibits, in fact, an ex-
cess of oxygen with respect to the classical
““brownmillerite layer,”” the occupancy fac-
tor of the oxygen sites O3 being 0.30 instead
of 0.0 as a result in this layer a part of the
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FI1G. 1. Structure of Ca;Mn, 3sFe, 5Oy gn.
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TABLE 1l
INTERATOMIC DISTANCES FOR Ca;Mn; 35Fe; ¢sOg 02

Octahedron O¢,—-O Octahedron OC, O-0O Tetrahedron Te O-O Car-O Ca>-0
Oc—0; 2017 A 0,-0, 2.666 A 0,0« 2605 x 2 A Car-Os 2.631 A Car0; 24356 A
0c-0; 1.871 0,-0> 2.666 04-0; 3.795 Car-O;  2.460 Car-0;  3.001
Oc¢,-0, 1.950 0,-0; 2.728 x 2 004 2.778 x 2 Car-0, 3.004 Ca*-0; 2.628
Oc¢-0, 1.798 0-0, 2.693 x 2 005 2.666 Car-0, 2.737 Ca>-0y  2.734
Oc-0; 1.872 0-0, 2.603 x 2 Ca_O Car-0, 2.635 Car-0; 2.806
Oc-0, 1.808 004 2.686 x 2 ! Car-0O, 2.689 Ca-0] 2.856
(Oc~-0) 1.886 0,-04 2.609 x 2 B Car-0, 2.342 Carx-03  2.569

Ca-0: 2728 x2A Ca-0, 2402 Cax-03  2.623

Octahedron Oc-0O Octahedron OC; 0-0 Ca-0:  2.666 X 2 Ca—0s 2.832 Ca>-0s  2.856

- Ca~0% 2,609 x 2 Car05 2.882 Ca-O<  2.905
Oc¢,-0f 1927 x 2 A =01 2.666 A Ca-0. 2.686 x 2 Car-0s  2.361 Car05  2.578
Oc-0F 1.888 x 2 01-0; 2.640 x 2 Ca-0, 2.693 x 2 Car-0¢  2.615 Cax-0f 2.632
Oc-0:  1.837 0:-04 2.728 x 2 Ca-0f 2.647 x 2
Ocr-0;f 1.826 0;-0; 2,647 x 2
(Oc-0) 1.882 003 2.666

Tetrahedron Te-O 0:-0; 2.679 x 2
Te-O, 1.896 A 0+0, 2.609 x 2
Te-0} 1.907
Te-Os 1.792
Te-0Os 1.932

metallic ions exhibit either the octahedral
or the pyramidal coordination. It must also
be emphasized that the Ca, and Caj ions
which are located at the boundary between
the octahedral and the tetrahedral layers
have more space owing to the absence of
the oxygen of the tetrahedral layer, and are
thus displaced one toward the other.

The interatomic distances are given in
Table 11. One of the octahedra Oc, is some-
what more distorted than the other Oc,.

The *‘height’” of the tetrahedra is close to
that of the octahedra, contrary to the
brownmillerite, which exhibits more flat-
tened tetrahedra. This feature could be due
the presence of an excess of oxygen in the
“‘tetrahedral layers,”” involving for the
other metallic ions of this layer either a py-
ramidal or an octahedral coordination.
Moéssbauer study. The room temperature
spectrum (Fig. 2) shows that iron is present
only in the tervalent state. Thus, the for-

velocity [mm /s]

+—

Te

F1G. 2. Méssbauer resonance pattern of Ca;Mn, jsFe, (05, at 293 K.
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TABLE 111

RoOM TEMPERATURE MOSSBAUER DATAY OF
Ca;Mn, 35Fe; 450402

Te sites Oc sites
8 0.18(1) 0.33(2)
A 1.41(1) 0.69(2) Felll/Felll, . = 0.48(5)
r 0.26(2) 0.50(4)°

@ Relative to iron metal at 300 K.

* The low precision is due to the overlap of the rays.
&: isomer shift (mm/sec). A: quadrupolar splitting (mm/
sec).

mula of this oxide can be written
Ca;Mng'5;Mn}Y%,FelssO5 0. This pattern ex-
hibits two paramagnetic contributions cor-
responding to tervalent iron in both octahe-
dral and tetrahedral sites. For sake of

r
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i
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simplicity, these sites will be noted Oc and
Te, respectively. Table 111 gives the fitted
experimental results at 293 K. Particularly
for Oc sites, the results are in good agree-
ment with previously given data which con-
cern Ca,Fe,05 (/1-13), LaFeO; (i14), Ca,
LaFeiO; (15), and Ca,Fe, ,\Ti, >, O¢_, (16).
For both sites, the values of the isomer
shifts and the very small temperature de-
pendence of the quadruple splittings A
(A300K = 1.40 mm/sec, A|5()K = 1.42 mm/
sec) are consistent with a high spin behav-
1or for iron(III).

Structurally, it was shown that the distor-
tions of Oc; and Oc, octahedra were differ-
ent (Table 1). Moreover, it may be reason-
ably supposed that iron ions occupy these
two octahedral sites. Thus, owing to the

A A

100

150 200 K

F1G. 3. Thermal variation of the paramagnetic fraction F, of the compound Ca;Mn, 3sFe| (sOg -

velocity [mm/s]
0

F1G. 4. Mossbauer resonance pattern of Ca;Mn, 3sFe; 5Oy at 77 K.
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velocity [mm/ s]

F1G. 5. Mdssbauer resonance pattern of CazMn, ;sFe| (sOy0, at 4.2 K.

sensitivity of iron to its neighborhood, the
Mossbauer characteristics of the two Oc¢
sites must differ. Where the difference is
too small to separate the two contributions,
the spectra are fitted by only one mean con-
tribution with a somewhat large width of
the peak, related to the difference; this is
the situation which occurs in this work.
Consequently, the distribution of Fe’" on
Oc and Te sites was measured with a some-
what large error (~5%); it corresponds to
50 £ 5% of the Fe3* ions in each site, and
yields the formulation Cas;Mn}5;Mn}Y,
(Fete)o sas(Febo 5250g.02.

The Zeeman sextet begins to appear be-
low 140 K. The magnetic transition was
studied using both the ‘‘thermal scanning”
technique (/7) and by recording the whole
spectra as a function of temperature. A
drastic broadening of the lines is observed,
while the paramagnetic doublet coexists
with the Zeeman sextet in a remarkably
wide range of temperature (100 K) as can be
seen from the thermal variation of the para-
magnetic fraction F, (Fig. 3). The spectrum
is still poorly resolved at 77 K (Fig. 4) far
below the “‘average’” magnetic ordering
temperature, where the paramagnetic frac-
tion F, reaches 0.5 (125 K). At 4.2 K (Fig.
5), the hyperfine magnetic fields are signifi-
cantly different: 438 kOe for Te sites and
504 kOe for Oc sites, in agreement with pre-
vious data (/8).

Magnetization measurements. At every
temperature, the variation of the magneti-
zation ¢ as a function of the applied mag-
netic field is quasi-linear for zero-field
cooled samples. Moreover, in the highest

1
O, pan 1B/mol .10

101

051

50 100 TK

F1G. 6. Thermal variation of the thermoremanent
magnetization (TRM) of the compound Ca:Mn, 35
Fe1 650302
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field of our experiments, o reaches only 5%
of the magnetization, which could be ex-
pected in the case of a ferromagnetic cou-
pling. These two facts are sufficient to char-
acterize the antiferromagnetic coupling of
the spins. However, if the sample is cooled
from 300 to 4.2 K when applying an exter-
nal magnetic field (H = 18.8 kOe), the mag-
netization is enhanced by 15% and a rema-
nent ferromagnetic component is observed,
which did not exist when the sample was
cooled without external field. The existence
of such a thermoremanent magnetization
(TRM) is typical of the misalignment of the
spins in the magnetic structure (21). The
freezing temperature of the spins using this
technique (T; = 100 K) corresponds to the
cancellation of this TRM by increasing the
temperature (Fig. 6).

Susceptibility measurements. They cor-
roborate the above results (Fig. 7). Above

101 1

50
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100 K, the Curie~Weiss law is well obeyed.
The extrapolated 6, value (=70 = 5 K)
agrees with the antiferromagnetic coupling
of the spins, deduced from magnetization
measurements. However, it must be noted
that the experimental molar Curie constant
Cy = 6.03 (12) is drastically lower than its
theoretical value (10.09) calculated with all
ions in a high spin state. It has been previ-
ously shown (20) that this feature corre-
sponds to a wide spread of the exchange
interactions.

Below 7y, the inverse susceptibility
slightly increases when the sample is
cooled without an external magnetic field,
but its value depends on the measuring
field, mostly at low fields (Fig. 7). On this
figure, we also plotted x~' (7) when an ex-
ternal field is applied during the cooling of
the sample: the curve decreases monotoni-
cally, without any change in the slope. As

100 TK
1

FiG. 7. Inverse susceptibility as a function of temperature of the compound Ca;Mn; 3sFe; ¢sOx02. (a)
Zero field cooled; measuring mean field 1500 Oe. (b) Zero field cooled; measuring mean field 8000 Oe.

(c) Cooled and measured in a field H# = 8000 Oe.
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previously described (20, 21) this irrevers-
ible susceptibility confirms the misalign-
ment of the spins, as already noted.

Discussion

Four main experimental features charac-
terize the magnetic behavior of this com-
pound:

(i) The large discrepancy between the value
of Trdeduced from Méssbauer and magneti-
zation data (/9).

(ii) The wide range of temperature where
magnetic freezing occurs progressively (100
K).

(iii) The significant dependence of the sus-
ceptibility on the cooling magnetic field
(20, 21).

(iv) The drastic lowering of Cy, indicative
of a wide spread in the exchange interac-
tions, which are characteristic of antiferro-
magnetic amorphous insulating com-
pounds.

This behavior is characteristic of spero-
magnetism (20, 21) which describes an iso-
tropic freezing of the spins. It seems how-
ever unrealistic to imagine such an extreme
situation for this crystalline compound, but
the results are consistent with a distribution
of the directions of the spins, and indicate
an important frustration of the interactions
(22). The topology of the metallic sublattice,
which can be described from square plate-
lets, cannot be responsible of this behavior.
The magnetic interactions, deduced from
Kanamori-Goodenough rules (23, 24), are
mainly antiferromagnetic in nature but may
be also ferromagnetic for Mn**-Mn** cou-
pling. It is suggested that these competing
interactions, combined with the cationic
disorder as evidenced in the structural
study, are responsible of the highly frus-
trated magnetic character of this com-
pound.
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