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We describe the preparation and characterization of a new double perovskite of formula
Ba,MnMoOg. It has been obtained in polycrystalline form by thermal treatment, in a H,/N,
flow, of previously decomposed citrate precursors. This material has been studied by X-ray
(XRD) and neutron powder diffraction (NPD): it crystallizes, at room temperature, in the
cubic space group Fm3m, and shows an almost perfect ordering between Mn?* and Mo®*
cations at the B substructure. Below Ty = 10.8 K, it experiences a long range antiferromag-
netic ordering that was followed from sequential NPD data. The low-temperature magnetic
structure is defined by the propagation vector k = (%, /4, 2). The ordered magnetic moment
of Mn is found to be 4.04(8) up at 2 K, suggesting a divalent oxidation state for Mn cations,
in a high spin t3,e3 (S = 5/2) electronic configuration.

Key words: Perovskite Structure, Neutron Diffraction, Magnetic Structure, Antiferromagnetic

Ordering, Manganese

Introduction

The discovery of colossal magnetoresistance
(CMR) in manganese perovskites [1, 2] has re-
newed the interest in complex transition-metal
oxides containing mixed valence ions, in the search
for novel ferromagnetic and half-metallic oxides
that can exhibit CMR. This interest led to the
study of the so-called double perovskites, with
general formula A,B'B"Og, where B’ and B” sites
are occupied alternately by different cations (tran-
sition metals) and A represents a rare-earth or
alkaline-earth metal. The example of Sr,FeMoOg
[3, 4] with a Curie temperature (T¢) above room
temperature (R.T.) and significant low-field mag-
netoresistance at R.T., has triggered the investiga-
tion of other double perovskites that could show
similar or improved properties.

The ideal structure of these compounds can be
viewed as a regular arrangement of corner-sharing
B’'O¢ and B"Og¢ octahedra, alternating along the
three directions of the crystal, with the voluminous
A cations occupying the voids in between the octa-
hedra. The crystal structure and physical proper-
ties of double-perovskite oxides depend consider-
ably on the size and valences of the A, B’ and B”
cations. For instance, Sr.FeMoQg is cubic (Frm 3 m)
above the ferromagnetic Curie temperature, and
it undergoes a structural phase transition and be-

comes tetragonal (/4/m) below this temperature
[5-7]. CaFeMo0Og4, CaMnWOyg, Sr,FeWOq are
monoclinic (P2;/n) with § angles very close to 90°
[8-10].

The manganese analogues of A,FeMoOg (A =
Ca, Sr, Ba) have attracted our attention. In a
previous report we have described the magnetic
properties, crystal and magnetic structures of
Sr,MnMoOyg, SroMnWO4 and Ca,MnWOg [9], all
of them experiencing a low-temperature antiferro-
magnetic ordering. To the best of our knowledge,
there are no reports on the preparation, crys-
tal structure or physical properties of the
Ba,MnMoOg double perovskite. Other related
manganese double perovskites exhibit a variety of
magnetic structures, such as antiferromagnetic
Ba,MnWOy [11] or ferrimagnetic in Ba,MnReOg
[12, 13].

In the present work we describe the synthesis of
Ba,MnMoOy, prepared by soft chemistry pro-
cedures, and the results of a neutron diffraction
study on a well-crystallized sample, providing
complete structural data for this perovskite. Low
temperature NPD data allowed us to probe the
microscopic origin of the antiferromagnetic order-
ing, and the evolution of the ordered Mn?* mag-
netic moments.
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Experimental Section

Ba,MnMoOg perovskite was prepared as a
brown polycrystalline powder from citrate precur-
sors obtained by soft chemistry procedures. Stoi-
chiometric amounts of analytical grade Ba(NO3),,
MnCOj; and (NH4)sMo0,0,,4-4H,0 were dissolved
in citric acid. The citrate and nitrate solution was
slowly evaporated, leading to an organic resin con-
taining a random distribution of the involved cat-
ions at an atomic level. This resin was first dried
at 120 °C and then slowly decomposed at temper-
atures up to 600 °C. All the organic materials and
nitrates were eliminated in a subsequent treatment
at 800 °C in air for 2 h. This treatment gave rise
to highly reactive precursor material. It was then
treated in an Hy/N, (15%/85%) flow at 930 °C
for 12 h.

The initial characterization of the product was
carried out by X-ray diffraction (XRD) (Cu-K,,
A =1.5406 A). Neutron powder diffraction (NPD)
diagrams were collected at the Institut Laue-
Langevin (ILL) in Grenoble (France). The crystal-
lographic structure was refined from the high reso-
lution NPD pattern, acquired at room temper-
ature at the D2B diffractometer with 4 = 1.594 A.
For the determination of the magnetic structure
and the study of its thermal variation, a series of
NPD patterns were obtained at the D20 high-flux
diffractometer (ILL-Grenoble) with a wavelength
of 2.42 A, in the temperature range from 2 to 28 K.
The refinements of the crystal and magnetic struc-
ture was performed by the Rietveld method, using
the FULLPROF refinement program [14]. A
pseudo-Voigt function was chosen to generate the
line shape of the diffraction peaks. The coherent
scattering lengths for Ba, Mn, Mo and O were
5.05, =3.73 , 6.72 and 5.803 fm, respectively.

Results

Ba,MnMoOg was obtained as a well crystallized
powder. The XRD diagram is shown in Fig. 1. The
pattern is characteristic of a perovskite structure,
showing superstructure peaks corresponding to
the Mn/Mo ordering. No additional peaks or split-
ting of the reflections, which could have suggested
a reduction in symmetry, were observed in the
XRD pattern. It is worth commenting that the
pure perovskite structure can only be obtained un-
der reducing conditions, necessary to stabilize the
Mn?* cations. Treatments in air at increasing tem-
peratures led to mixtures of oxides containing
Mn?*/Mn>* mixed valences.
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Fig. 1. XRD pattern of Ba,MnMoOg, indexed in a cubic
unit cell with a = 2a,, a; = 4 A. The star indicates the
main reflection of an unidentified minor impurity phase.

Structural refinement

The structural refinement from R.T. high resolu-
tion NPD data was performed in the Fm3m space
group (No. 225), Z = 4, with unit-cell parameters
related to a, (ideal cubic perovskite, a, = 3.9 A)
as a =b = ¢ = 2a,. Ba atoms were located at the
8c position, Mn at 4a, Mo at 4b, and oxygen atoms
at 24e site. An excellent fit was obtained for this
model, as shown in Fig. 2. In the final refinement,
the possibility of anti-site disordering was checked
by assuming that some Mn atoms could occupy
Mo sites, and vice versa. The refinement of the
inversion degree led to less than 1% of antisite
disordering. The oxygen content was also checked
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Fig. 2. Observed (crosses), calculated (full line) and dif-

ference (bottom) high resolution NPD Rietveld profiles
for Ba,MnMoOg at 295 K.
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by refining its occupancy factors; no deficiency was
detected within the standard deviations. The most
important structural parameters of the crystallo-
graphic structure at R.T. and the discrepancy
factors after the refinements are listed in Table 1.
The main interatomic distances and angles are in-
cluded in Table 2. A view of the crystal structure
is shown in Fig. 3.

Magnetic structure

The magnetic structure of Ba,MnMoO, and
its thermal evolution was analysed using a set of
NPD patterns collected in the temperature range
2<T<28K,with =242 A. As shown in Fig. 4,
new reflections of magnetic origin appear on
decreasing the temperature below 11 K, at posi-
tions forbidden for the Bragg reflections in the
space group Fm3m. These new peaks correspond
to magnetic satellites defined by the propagation
vector k = (4, ', /2); the magnetic reflections are
indexed in Fig. 4. An antiferromagnetic structure
was modelled with magnetic moments at the Mn
positions; the determination of the orientation of
the moments is not possible in a cubic structure
from powder data. We supposed that the moments
are lying along the [001] direction. After the full

Table 1. Positional and displacement parameters for
Ba,MnMoOyg in the cubic Fm3m space group, from
NPD data at 295 K. Reliability factors after the Rietveld
refinement are also given. The cubic unit-cell parameter
is a = 8.18166(9) A and V = 547.68(1) A3.

Atom  Site X y z B(A?)
Ba 8¢ 1/4 U4 14 0.7209)
Mn 4a 0 0 0 0.55(9)
Mo 4b 12 0 0 0.43(5)
o) 24 02640(3) 0 0 0.75(4)

Realiability factors: R, (%) = 4.97, Ry, (%) = 6.32, Ry,
(%) =515, x> = 1.51, Ry (%) = 3.84.

Table 2. Main bond lengths (A) and selected angles (°)
for cubic Ba,MnMoOg determined from NPD data at
295 K.

Ba-Ol1 (x12)  2.895(2) Mn-O1-Mo  180.0
Mn-O1 (x6)  2.160(2) O1-Mn-O1 900
Mo-O1 (x6)  1.931(2) O1-Mo-O1  90.0

Fig. 3. A view of the crystal structure of the Ba,Mn-
MoOg double perovskite; each MnOg octahedron is
linked to six MoOg octahedra.

20000 T |

45OQQ

1/21/21/2

10000

3212102

3/23/21/2
3/23/23/2

5/23/21/2

“0 .
20 ()

Fig. 4. Thermal evolution of the sequential NPD pat-
terns, collected with 4 = 2.42 A. Below Ty, new reflec-
tions due to the establishment of a long-range magnetic
ordering are observed.

refinement of the profile, including the magnetic
moment magnitude, a discrepancy factor R,,, of
10.3% was reached for the 2 K diagram, collected
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with a good statistics. The magnetic structure is
stable from 2 K to Ty, as demonstrated in a se-
quential refinement in the available temperature
range. The thermal evolution of the magnetic mo-
ments on the Mn positions and the lattice parame-
ter are shown in Fig. 5 and 6. The good agreement
between the observed and calculated patterns at
T = 2 K is illustrated in Fig. 7. The observed mag-
netic reflections are indexed in Fig. 7.

A view of the magnetic structure of Ba,Mn-
MoOg is displayed in Fig. 8. The magnetic arrange-
ment can be described as a stacking of ferro-
magnetic layers of Mn moments perpendicular to
the [111] direction, coupled antiferromagnetically
from layer to layer.

Discussion

The perovskite structure ABOj3 can be viewed
as a network of corner-sharing BOg octahedra,
with the A cations occupying the voids formed by
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Fig. 5. Thermal variation of the ordered Mn magnetic
moment for the antiferromagnetic structure for Ba,Mn-
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Fig. 6. Thermal dependence of the a unit-cell parameter
for Ba,MnMoO.
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Fig. 7. Observed (solid circles), calculated (solid line)
and difference (bottom line) NPD patterns collected at
2 K with 4 = 2.42 A. The two series of tick marks corre-
spond to the crystallographic and magnetic Bragg reflec-
tions.
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Fig. 8. A sketch of the magnetic structure for k = (4, 5, /5).

For the sake of clarity, the figure shows the chemical cell
(a = 8 A) and a part of three adjacent cells.

these octahedra. If the size of A cations becomes
small, the BOg octahedra tilt in order to optimise
the A—O contacts. Ba,MnMoOg adopts the well-
known (NHy)sFeFg structure, in which MnOg4 and
MoOg alternate along the three crystallographic
directions. Given the large size of Ba?* cations, the
octahedral network is not tilted, keeping Mn—O—
Mo angles at 180°. There is a perfect 1:1 B-site
ordering, due to the large difference in charge ex-
isting between Mn?* and Mo%* cations. As shown
in Table 2, the MnOg octahedra are larger than
the MoQyg, an observation in accordance with the
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larger ionic radius of Mn2* (13, = 0.97 A) com-
pared to Mo%* (1§, = 0. 73 A) (15).

A bond valence calculation [16, 17] from the ob-
served bond lengths can give some insight into the
actual oxidation states of the different cations pre-
sent in the crystal structure. In Ba,MnMoOy, the
calculated valences for Ba, Mn and Mo are 2.34,
2.21 and 5.63 respectively. The Ba cation seems to
be significantly overbonded, exhibiting a valence
much higher than the expected 2+ value. In fact, the
observed Ba-O distances are much shorter (Ta-
ble 2) than expected from the sum of the ionic radii
(3.01 A). It seems that the much more covalent net-
work determined by MnOg and MoOg octahedra
mainly determines the size of the unit cell; the low
degree of freedom of this cubic structure constrains
the Ba—O bond-lengths outside of the optimal val-
ues. The valences for Mn and Mo cations suggest
oxidations states of 2+ and 6+, respectively. From
these values, the electronic configuration in this
compound at 298 K is Mn?*(3d°)-Mo®*(4d®). This
electronic configuration, excluding the presence of
a mixed valence at Mn atoms and implying an oxi-
dation state +6 for Mo cations, accounts for the
electrical insulating behavior and brown colored
aspect of this sample.

The ordered magnetic moment obtained for Mn
cations from the refinement of the magnetic struc-
ture at 2 K is 4.04(8) up . This suggests a high spin
configuration for the Mn?* cations (3,3, S = 5/2).
The reduction of the saturation moment with re-
spect to the expected value of 5 ug is believed to be
due to covalence effects. It is interesting to compare
the Néel temperature of Ba,MnMoOyg (Ty = 11 K)
with that recently reported for the related com-
pound Sro,MnMoOyg [9], Ty = 15K, implying the
presence of stronger magnetic interactions for the
strontium oxide. These interactions are certainly re-
lated to the significantly shorter Mn—O distances
observed in Sr,MnMoOg, of 2.13 A (for the Ba
compound 2.16 A), which account for a stronger
overlap between Mn 3d and O 2p orbitals, thus en-
hancing the superexchange process giving rise to the
establishment of the antiferromagnetic ordering.
Another interesting comparison can be established
with the related Ba,MnWOg perovskite [11], ex-
hibiting the same cubic crystal structure and
Mn-O-W angles of 180°. The Néel temperature of
the tungsten compound is 9 K, suggesting weaker
superexchange interactions which can be correlated

with the slightly longer Mn—O bond-lengths for this
oxide, of 2.176 A.

The thermal evolution of the a unit-cell parame-
ter (Fig. 6) seems to indicate a contraction of the
unit-cell size at the onset of the antiferromagnetic
ordering. This effect suggests the possibility of a
magneto-elastic coupling, which has already been
described for other antiferromagntic double perov-
skites [18] .However, this effect is not common in
magnetic oxides, unless the magnetic transition is
associated with an electronic fluctuation which is re-
sponsible for the change in the metal-oxygen bond
strength. A well-known example is that of the
RNiOj; perovskites [19], where particularly spectac-
ular changes in the unit-cell parameters and the vol-
ume are experienced at the onset of the metal-insu-
lator transition that these oxides exhibit as a
function of temperature. The present magneto-vol-
ume effect suggests a subtle change in the electron
localization concomitant with the antiferromagnetic
ordering in the Ba,MnMoOyg perovskite.

Conclusions

The new Ba,MnMoO, double perovskite was
obtained under a reducing H,/N, flow from citrate
precursors. The study of the crystallographic struc-
ture using NPD data allowed us to establish that
this double perovskite adopts a cubic structure,
space group Fm3m, a = 8.18166(9) A. Below Ty =
10.8 K, it experiences a long range antiferromag-
netic ordering. The magnetic structure is defined
by the propagation vector k = (%, 4, 4) and con-
sists of ferromagnetic [111] layers of Mn?* mo-
ments coupled antiferromagnetically. The mag-
netic moment obtained from Rietveld refinement
of 2K data is 4.04(8) up. It seems clear that only
the Mn ions are concerned in the magnetic order-
ing, adopting a +2 oxidation state, in a high-spin
configuration. We have found a correlation be-
tween the Mn—O bond lengths, responsible for the
strength of the superexchange process, and the
Néel temperature in other double perovskites with
related compositions.
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