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Sr3sMnMo,09 and BazMnMo,0qg double perovskites with Mot valence states have been prepared in
polycrystalline form by thermal treatment, in reducing atmosphere (Hy/N; flow), of previously decom-
posed citrate precursors. These materials have been studied by X-ray and neutron powder diffraction
(XRPD, NPD), magnetic and transport measurements. At room temperature, the crystal structure of
SrsMnMo,0yg is monoclinic, space group P2y/n, with a = 5.6564(1) A, b = 5.6383(1) A, ¢ = 7.9765(2) A,
8 = 89.994(7)°; whereas BasMnMo,0q presents a cubic lattice, space group Fm3 m, with a = 8.14900(8) A.
These samples present a frustrated magnetic interaction below to 12 and 9 K for Sr3MnMo,09 and
BazMnMo;0q, respectively. Semiconductor behaviour, observed either from d.c. or a.c. measurements,
was modelled by a variable-range hopping mechanism. This transport behaviour is in accord with the
electronic configurations Mn?*(3 d°)-Mo°*(4 d') and supports the absence of mixed valence states in
both double perovkites.

Neutron diffraction
Impedance spectroscopy

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Double perovskite oxides with the general formula A;B’B”Og
have been the object of extensive research because of their rich
variety of physical properties. Double perovskites are currently of
significant interest for the development of renewable energy
technologies such as solid oxide fuel cells, thermoelectric (TE)
modules and high-temperature superconductors [1—6]. The revival
of interest in this family was triggered by a report on Sr;FeMoOg [ 7],
demonstrating that in the electronic structure only minority spins
are present at the Fermi level; this material was shown to exhibit
intrinsic tunneling-type magnetoresistance (TMR) at room tem-
perature (RT) [7,8].

Despite the large number of double perovskites informed up to
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now, few studies are devoted to compounds with stoichiometry
A3B’,B”Oq. This particular type of stoichiometry is apparently more
complex, but these oxides are also double perovskites
A,B’133B" 06606 Whose crystallographic formula can be re-written
as Ap[B’la[B'1/3B"2;3]s06, where a and b denote the crystallo-
graphic sites in the corresponding space group. Thus, they, display
an intrinsic partial disordering over half of the perovskite (B'1/3B" 3,
3) positions. Furthermore, this composition offers the possibility of
changing the oxidation states of the B’ and B” ions and conse-
quently modifying the electrical and magnetic properties. Some
double perovskites have been reported as ferrimagnets with Curie
temperatures (T¢), in some cases, above RT. Previously we have
prepared and studied the magnetic properties of some double pe-
rovskites with B’ = Fe, as Sr3Fe;MoQg, CasFe;WOg, Sr3Fe,UOg and
Sr3Fe;TeOg and observed a ferrimagnetic behaviour below
Tc=280K, Tc =310, Tc = 330 Kand T¢c = 717 K, respectively [9—12].
Also, we have induced a semi-metallic behaviour and colossal
magnetoresistance (CMR) properties in these compounds, as that
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recently reported in Sr3Fe;MoQOg via chemical reduction, by top-
otactical removal of oxygen atoms [13]. In addition, the manganese
in this structure led to an interesting charge ordering behaviour, as
was reported in CasMn;NbOg [14].

In contrast with the A3B’;B”Og family (with A: earth alkaline
cations; B’: firsts transition metal row; B”: second and third tran-
sition row or p-block element) we can also define the related
A3B'B”709 stoichiometry (or A;B'pgeB”13306; also intrinsically
disordered), which makes it possible to tune different oxidation
states for B’ and B”. Recently, we have prepared and studied the
magnetic and transport properties of BasFeMo,;Og where the
coexistence of localized and itinerant electrons (Fe>t-Mo**/>")
leads to a non-negligible magnetoresistance properties [15]. These
results motivated the interest to obtain and study this system but
with Mn cations.

In the present work, we describe the results of fully replacing Fe
by Mn in the precedent systems, Mn ions being able to adopt varied
oxidation states. We report on the synthesis of SrsMnMo,09 and
BazMnMo;,09 (hereafter labelled SMM and BMM, respectively)
double perovskites obtained by precursor method in reduced
conditions (Hy/N). The well-crystallized samples were character-
ized by X-ray and neutron powder diffractions and their crystallo-
graphic features structure was refined by the Rietveld method. In
order to obtain a better understanding of this new system with Mn/
Mo = 0.5 we performed magnetic, d.c. and a.c. electrical transport
measurements. Finally, the Mn oxidation state was confirmed by X
ray absorption spectroscopy experiments.

2. Experimental

SMM and BMM double perovskites were prepared as black
polycrystalline powders from citrate precursors obtained by soft
chemistry procedures in controlled atmosphere. Stoichiometric
amounts of analytical grade Sr(NOs); (or Ba(NOs3);), MnCOs, and
(NH4)gMo07024-4H,0 were dissolved in citric acid. The citrate and
nitrate solutions were slowly concentrated, leading to organic
resins containing a random distribution of the cations involved at
an atomic level. These resins were first dried at 180 °C and then all
the organic materials and nitrates were eliminated in a subsequent
treatment at 600 °C in air, for 12 h, giving rise to highly reactive
precursor materials.

The conditions for the SMM and BMM synthesis were estab-
lished from several trials under different conditions of temperature
and time, in Hy/Ny (5/95) atmosphere. The optimal conditions
resulted from the treatment in Hy/N, (5/95) atmosphere at 1200 °C
for 12 h. The rate of heating and cooling was 5 °C min~". Thermal
treatments longer than 12 h did not produce changes in the ob-
tained samples, suggesting that the new samples reached equilib-
rium with the atmosphere before this treatment time. The initial
identification and characterization of the samples was carried out
by X-ray powder diffraction (XRPD).

The crystallographic study was carried out from XRPD patterns
collected at RT. The experimental XRPD patterns were obtained on
a diffractometer Rigaku D-MAX-IIIC with Cu Ko (A = 1.5418 A) ra-
diation. The data were collected over a range of 10-120° (20) with a
step of 0.02°; the effective counting time was 5 s per step.

For the structural refinements, neutron powder diffraction
(NPD) pattern was collected at RT in the D2B neutron diffractom-
eter, with A = 1.594 A, belonging to Institute Laue Langevin (ILL),
Grenoble, France. The patterns were refined by the Rietveld method
[16] using the FullProf refinement program [17]. A pseudo-Voigt
function was chosen to generate the line shape of the diffraction
peaks. In the final runs, the following parameters were refined:
scale factors for the main and impurity phases, background co-
efficients, zero-point error, unit cell parameters, pseudo-Voigt

corrected for asymmetry parameters, positional coordinates,
anisotropic thermal factors, and antisite disorder of Mn/Mo and
occupancy factors for oxygen atoms.

Thermogravimetric analysis was performed in a Shimadzu TG-
50H thermal analyzer apparatus using flowing air at 50 mL/min
from 25 °C to 1000 °C, at a heating rate of 5 °C/min. About 18 mg of
the sample was used in the experiment.

The magnetic measurements were performed in a commercial
superconducting quantum interference device (SQUID-Quantum
Design MPMS-5S) magnetometer, with fields up to 50 kOe, in the
2 < T < 300 K temperature range.

XANES (X-ray absorption near edge structure) studies were
performed for the Mn K-edge. These tests were carried out in the
DO04B - XAFS1-11681 beamline of the Brazilian Synchrotron Light
Laboratory (LNLS, Campinas, Brazil). The Mn K-edge absorption
spectra were recorded in transmission mode.

The d.c. electrical transport properties were performed with a
Keithley multimeter and d.c. current source equipment by the
conventional four probe technique. The a.c. measurements were
performed in an Agilent 4294A impedance analyzer. In both cases
the experiments were carried out between 80 K and 300 K. For
these electrical transport experiments, polycrystalline powder was
pressed and sintered in the same conditions of the synthesis. For
the resistance and impedance measurements the powders were
pressed in bar- and disk-shaped pellets respectively and sintered at
the same final temperature used in the synthesis.

3. Results
3.1. Crystallographic structure

The XRPD patterns of SMM and BMM (Fig. 1) are characteristic of
perovskite structures, cubic for BMM, and showing the splitting of
certain high-angle reflections for SMM, typical of a monoclinic
symmetry. Minor amounts of BaMoO3 in BMM were detected from
XRPD and NPD data.

The structural refinement was performed from XRPD and NPD
data at RT. For BMM, the Fm3 m space group (No. 225), Z = 4, was
considered, with unit—cell parameter related to ag (ideal cubic
perovskite, ag = 3.9 A) as a = 2ap. Ba atoms were located at 8c
(v4,v4,v4) positions and oxygen atoms at 24e (x,0,0) sites. In this space
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Fig. 1. XRPD patterns with Cu Ko radiation for SMM and BMM. The inset shows the
reflections corresponding to the cubic space group Fm3 m for BMM and the splitting
typical of a monoclinic distortion for SMM.



CA. Lopez et al. / Journal of Alloys and Compounds 661 (2016) 411—418 413

group there are two possible sites for B-type cations, namely, 4a
and 4b. We placed Mn/Mo at random at 4a (0,0,0) and 4b ('4,'%,%)
sites, and refined the long-range ordering as described below.

For SMM the structure is defined in the P2¢/n space group, with
unit—cell parameters are relatedtoagasa = b = \/ 2ap and ¢ = 2ay.
Sr atoms were located at the 4e (x,y,z) positions, and the three kinds
of oxygen atoms, O1, 02 and O3 at 4e positions. For this space group
P21/n there are two possible sites for B type cations, namely, 2c and
2d. Mn/Mo were distributed at random at 2c (14,0,%%) and at 2d
(1,0,0) sites, and the long-range ordering between both cations was
subsequently refined. The good agreement between the observed
and calculated NPD patterns after the refinements is shown in
Fig. 2a) and b).

Compounds of formula A3B'B”;0q9 can be written as AyB//3B" 4
30g, following the double perovskite nomenclature. In this case B’/
B” ratio is different than 1. The present compounds A3sMnMo,0q
show Mn/Mo = 0.5, for which Mn and Mo ions could exhibit the
oxidation states Mn®* - Mo>* or alternatively Mn>* - Mo*>", or all
the intermediate situations. In order to obtain a better picture of
the distribution of the B cations in the two crystallographic sites
and to consider the degree of disorder, we can write the crystal-
lographic formula as Az[Mo1_Mng]4p[M0:/3+0nnz/3—214qa06, Where
0 < a < 5. Thus, if & = 0 we have maximum order (but not full
order), and if o = !/3 we have maximum disorder. The composition
for maximum disorder, i.e. A2[Mo0z/3mn1/3j46[MO2/3mn1/314q06, COTTE-
sponds to B cations randomly distributed and Az[Mo]4p[Mo01/3m-
n2/314a06 to maximum order. Based on the preceding discussion, we
can define the degree of order (DO) as DO = 1—3¢. For maximum
order DO = 1 and for random distribution DO = 0. DO values are
obtained from the refinements of occupancies of B cations in 4a and
4b sites (for cubic case).

The most important structural parameters of the crystallo-
graphic structure and the discrepancy factors after the refinements
are listed in Tables 1 and 2. It can be seen that, within the experi-
mental errors, the Mn/Mo ratio is 0.5 for both phases and the de-
gree orders are 0.89 and 1 for SMM and BMM, respectively. For
BMM phase we included BaMoOs3 as impurity, defined in the space
group Pm3 m [18]. From the scale factor of the main and secondary
phases we estimated the impurity level as wt%: 8.3(2)% of BaMo00Os.
In both refinements the displacement factors for Mn/Mo atoms
were fixed to 0.3 A2 given the opposite sings of the scattering
lengths of Mn and Mo, yielding a weak average scattering for both
B-sites.

2000 T T 5 T T

a) SMM NPD (D2B): A = 1.594 A|

T=298K
1500 - 4

1000 -

500

Intensity (a.u.)

Table 1

Crystallographic parameters for Sr3MnMo,09 phase from NPD data at RT. Space
group: P2i/n, Z = 2. Unit-cell parameters: a = 5.6564(1) A, b = 5.6383(1) A,
c=7.9765(2) A, 8 = 89.994(7) and V = 254.39(1) A3.

a) Positional, displacement and occupancy factors

Atom  Wyckoff site  x/a y/b z/c Biso/A2  Occ

St e 0.001(1) 0007(1) 0251(2) 081(5) 1

Mn 2d 0.5 0 0 0.3* 0.036(6)
Mo 2d 0.5 0 0 0.3* 0.964(6)
Mn  2c 05 0 05 03* 0.632(6)
Mo 2c 0.5 0 0.5 0.3* 0.368(6)
0 de 0045(1) 0498(2) 0259(2) 08(2) 1

0 e 0721(2) 0264(2) 0024(2) 15(4) 1

) e 0241(2) 0227(2) 0979(2) 09(3) 1

Rp = 2.06%. Rup = 2.68%. Rexp = 5.60%. 1> = 0.23 Reragg — 3.86%

b) Main distances (A) and angles (°)

[Mn/Mo],406 octahedra AO1; polyhedra

(Mn/Mo)—01 (x2) 1.94(2) Sr—01 2.88(1)
(Mn/Mo)—02 (x2) 1.95(1) Sr—01 2.78(1)
(Mn/Mo)—03 (x2) 1.95(1) Sr—01 3.09(1)
<(Mn/Mo)—0> 1.95(1) Sr—01 2.57(1)
[Mn/Nb],.0¢ octahedra Sr—02 2.81(2)
(Mn/Mo)—01 (x2) 2.08(2) Sr—02 2.58(2)
(Mn/Mo)—02 (x2) 2.07(1) Sr—02 3.10(2)
(Mn/Mo)—03 (x2) 2.06(1) Sr—02 2.82(2)
<(Mn/Mo)—0> 2.07(1) Sr—03 2.85(2)
[Bl2p—01—[Blg (x2) 165.4(6) Sr—03 3.04(2)
[Bl2p—02—[B]2q4 (x2) 165.3(5) Sr—03 2.64(2)
[Bl2p—03—[Bl2q (x2) 168.0(4) Sr—03 2.78(2)
<[Bl2s—O—[Bl2q)> 166.2 <Sr—0> 2.740

*Fixed Parameters (see text).

3.2. Thermogravimetric analysis (TGA)

Fig. 3 illustrates the TGA curves in air (oxidation process) of
SMM and BMM. The samples are stable in an air flow up to 300 °C;
above this temperature, an oxidation process starts. The final
products of the oxidation process were identified by XRPD, ac-
cording the following reactions:

A3zMnMo,0q + 2 0 — 2 AMo00O4 + AMnO3

3000 T T T T T T
b) BMM NPD (D2B): A =1.594 A
T=298K
2000
=
S
I
2 1000+
S WL
,E
(0 I I | I O O N T O R T I O N TR T
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T T T T

T
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Fig. 2. Observed (circles), calculated (full line) and difference (bottom) Rietveld profiles at room temperature for a) SMM and b) BMM after NPD refinement at RT. In b) the second

series of tick marks correspond to the Bragg reflections for the BaMoO3; minor impurity.
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Table 2
Crystallographic data for BasMnMo,09 phase from NPD data at RT. Space group:
Fm3m, Z = 4. Unit-cell parameters: a = b = ¢ = 8.14900(8) A, and V = 541.145(9) A3.

a) Positional, displacement and occupancy factors

Atom Wyckoff site X/a y/b z[c Biso/A? Occ
611 622 633

Ba 8c 0.25 0.25 0.25 - 1
9(1) 9(1) (1)

Mo 4b 1/2 1/2 1/2 - 1
7(1) 7(1) 7(1)

Mn 4a 0 0 0 0.3* 0.66

Mo 4a 0 0 0 0.3* 0.33

] 24e 0.2581(2) 0 0 — 1
13(2) 24(1) 24(1)

Rp = 2.56%. Ryp = 3.31%. Rexp = 3.77%. %% = 1.16 Rpragg = 2.13%

b) Main distances (A) and angles (°).

[Mo] 4,06 octahedra BaO;, polyhedra

Mo—O (x6) 1.9717(3) Ba—0 2.8819(2)
[Mn/Mo]4,06 octahedra

(Mn/Mo)—0 (x6) 2.1028(3)

Mo—0—(Mn/Mo) (x6) 180

5  Theoretical: 4.9 %

4 Theoretical: 3.9 %

Weight Gain (%)
w
1
%o
%00, .
1

) — % =& T & & & T * T * T 7
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3. TGA curves of SMM and BMM samples (oxidation process) obtained in air flow

at 5 °C min~ ',

The experimental weight gains for these reactions are in
agreement with the theoretical ones, 4.9% and 3.9% for SMM and
BMM respectively, as can be seen in Fig. 3. These facts indicate that,
within the experimental errors, the Mn and Mo ions are either as
AsMn%*Mo’*,0q or as AsMn>TMo*>+,04, which are not possible to
discriminate. This assumption is true considering that the oxygen
occupation and the ratio Mn/Mo are 1 and 0.5 respectively. Both
facts were confirmed by TGA, XRPD and NPD.

3.3. Magnetic data

The magnetization vs. temperature curves, measured at
H = 1 kOe, are displayed in Fig. 4a). The samples have a moderate
magnetic susceptibility and a splitting between ZFC (zero field
cooling) and FC (field cooling) magnetization curves at very low
temperature. A more detailed measurement performed at 100 Oe is
shown in the inset of Fig. 4a). The splitting between ZFC and FC
magnetization is clearly observed below 12 and 9 K for SMM and
BMM, respectively.

The magnetization vs. magnetic field curves at 2 K and RT are

plotted in Fig. 4b). In both samples the M vs H isotherm at 2 K shows
significant hysteresis, but saturation is not achieved even at 50 kOe.
At T =300 K, a minor ferri or ferromagnetic component is observed
only in BMN, see insert in Fig. 4b).

The inverse of susceptibility (Fig. 5) is completely linear above
the magnetic-ordering temperature in SMM; however, this is not
observed for BMM. SMM presents a paramagnetic like behaviour
above 20 K, and a Curie—Weiss fit gives a paramagnetic moment of
4,55 up and a Weiss temperature of —37 K. The negative Oypeiss
clearly indicates the predominance of antiferromagnetic in-
teractions. For BMM there is a gradual change in the y ! vs. T slope,
suggesting a minor ferri or ferromagnetic component as observed
in the M vs H loop; the data were fitted with the susceptibility
obtained by the mean field theory of ferrimagnetism (MFTF),
x 1 = (T — 6)/Cm - £/(T — #) [19]. The parameters obtained are
Cv = 2.58 Oe mol/emu K; 6 = —147 K; 6° = —28842 K and
£ = 667 Oe mol K/emu. The obtained Cy; value is similar to that
obtained in SMM from the Curie—Weiss fit.

3.4. X-ray absorption spectra

The Mn—K edges of SMM and BMM with the MnO standard
compound are shown in Fig. 6. Two more manganese oxides,
Mn,03 and MnO,, were also measured as a reference. The deter-
mination of the edge position from the energy at which the ab-
sorption is half the total jump will give an estimation of the
nominal oxidation state of Mn, compared to these well-known
references (MnO, Mn,03 and MnO5), and whether this oxidation
state is localized or fluctuating. The inset of Fig. 6, plotting the
chemical shifts of the three standards together with those of SMM
and BMM, clearly show that the valence state of Mn in both com-
pounds is divalent (+2.3 for SMM and +2.1 for BMM).

3.5. Electric transport properties (d.c. and a.c. measurements)

The electrical resistivities (d.c.) of SMM and BMM perovskites at
room temperature are 150 and 2900 Q@ m respectively. Due to the
high resistivity of BMM it was not possible to measure its tem-
perature variation. As shown in Fig. 7, for SMM the resistivity in-
creases gradually from 300 to 80 K. The negative slope value of the
resistivity vs. temperature curve can be associated with a semi-
conductor response of the material. The thermal evolution of re-
sistivity can be explained in terms of Mott variable-range hopping
(VRH) mechanism [20] in the high temperature range (inset of
Fig. 7).

The transport properties also were studied from Impedance
Spectroscopy (a.c. measurements) in the temperature range of
100—320 K. The impedance diagram (Nyquist plot (-Z” vs Z') for
SMM and BMM at 300 K), is shown in Fig 8. The Nyquist plots are
not perfect semicircles; this is a well-known feature due to the non-
Debye type of relaxation, in which there is a distribution of relax-
ation times [21]. This non-ideal behaviour can be correlated to
several factors, such as grain orientation, grain boundary, stress—
strain phenomena and atomic defect distribution. The SMM spectra
exhibit two semicircles corresponding to the grain bulk and grain
boundary effects. The contribution positioned at low frequencies
corresponds to the grain boundary response and, in the high fre-
quency region, the specific property of the bulk appears [21]. In
SMM the experimental data were fitted with two R-CPE (resistance
in parallel with a phase constant element) elements in series, as
shown in the inset of Fig 8. The assignment of the two semicircular
arcs is consistent with the “brick-layer model” for polycrystalline
samples [21]. On the other hand, for BMM the experimental data
were fitted a single R-CPE element. This behaviour is probably due
to the fact that the total resistance is dominated by this grain
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boundary contribution. Alternatively, in the event of very high
dielectric constant of the bulk material, both contributions (grain
bulk and boundary) could have almost equal relaxation times.

4. Discussion

The perovskite structure ABO3; can be viewed as a network of
corner-sharing BOg octahedra, with the A cations occupying the
voids formed by these octahedra. If the size of A cations becomes
small, the BOg octahedra tilt in order to optimize the A-O contacts.
AsMnMo,0g9 adopts this well-know structure, in which
(Mo1-,Mn,)'0¢ and (Mo/3-+0imnz/3—0y 06 OCtahedra alternate along
the three crystallographic directions. In the present oxides, a is
0.036 and 0 for SMM and BMM, respectively. Both phases are

2.4+
1 ——MnO
214 ——BMM
1.8
1.5
% 124
~ <4
=1 ]
0.9+ 5
1 -
1 E
0.6 Z
] 8
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| [e) ]
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Energy K-edge (eV)
............................................. e

T T T T
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Energy (eV)

Fig. 6. (colour online) Mn K-edge XANES spectra of SMM, BMM and MnO reference
pattern at room temperature. Inset: Oxidation number of Mn as a function of the K-
edge energies.

almost fully ordered (within the intrinsic disorder) with a
DO = 0.89 and 1.00 for SMN and BMM, respectively.

From the NPD data, the refined crystallographic formulae are
Sra[Mng 63(1)M00.37(1)l2c[Mno.04(1)M00.96(1)]14606  and  Baz[Mng g6-
Moy 33]44[M0]4506 for SMM and BMM, respectively. The refined site
occupancies also show that the oxygen content is close to 1 in both
samples. Given the size of Ba*" cations, the octahedral network is
not tilted, keeping B4y-O-Ba, angles of 180°. However, for A = Sr°™,
the octahedra are tilted (tilt system: a*b~b™) with an average angle
of 6.9°, estimated as ¢ = (180-0)/2, where 6 = <B’-O-B”">.

The reducing conditions (time of treatment, temperature and
hydrogen concentrations) were carefully tuned in order to obtain
the optimal conditions in the synthesis. For the AsMnMo,0g stoi-
chiometry, we expected oxidation states between AsMn%*Mo>*,0q
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Fig. 7. Electrical resistivity as a function of temperature; the inset shows the linear
behaviour in Ln p vs. T~'/4 plot (VRH theory) for SMM.
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Fig. 8. Impedance spectrum of a) SMM and b) BMM at 300 K. The continuous curves
are fits with to the equivalent circuit shown in each figure.

and AsMn®*Mo*3*,04, as commented before. This fact was
confirmed from TGA analysis. Additionally, from the X-ray ab-
sorption spectra could clearly verify that the electronic configura-
tion of manganese is close to Mn?*(3 d?).

In order to confirm the oxidation number of Mo, the average
distance < Mo—0> of our compounds (determined from accurate
NPD data) was compared with those present in other phases with
Mo exhibiting oxidation numbers of 4 or 6 such as in AMoOs3 or
A;MnMoOg, respectively. In Fig. 9 we plot the <Mo—0> distances
reported by several authors for AMo**03 and A;MnMo®+0g (A = Sr
and Ba) [18,22—28]. Then, we calculate the arithmetic average for
respective data in points Mo** and Mo®* and we draw a linear fit
between them. As shown in Fig. 9 the <Mo—O0> distances for SMM
BMM perfectly correspond to those expected for < Mo®>*—0> bond
lengths. This supports that the electronic configuration is
AsMn?*Mo°*,0q in both cases.

The magnetic measurements suggest a magnetic order at low
temperatures, below 12 and 9 K for SMM and BMM, respectively.
The difference between ZFC and FC curves and the M vs. H plots
indicate the presence of different magnetic ground states reached
at low temperature. The multiple ground states are a consequence
of the microscopic competition between ferromagnetic and anti-
ferromagnetic interactions present in the system. These include
antiferromagnetic (AFM) Mn**—0—Mn?* and Mo®>*—0—Mo’* and
ferromagnetic (FM) Mn?>*—O0—Mo’" interactions mediated by
superexchange. This behaviour, involving low magnetic order
temperatures and competing interactions, is observed in other Mn-
containing double perovskites with Mn?* as A;MnBOg (A = Ca, St
and Ba; B =W, Mo and Te) [25—27,29], as well as perovskites with
Mn3t as (Ca,Sr);Mn(Sb,Ta)0g or CazMn,WOg [30,14]. Greater
magnetic order temperatures (40 K) were also observed in com-
pounds with mixed valence states Mn>*/4* as CasMn,NbOg [14].

Moreover, SMM obeys the Curie—Weiss law in the paramagnetic
region whereas BMM was well modelled by the mean field theory
of ferrimagnetism, as shown in Fig. 5. In both cases the obtained
magnetic moments are close to 4.55 up. These values are lower than
the theoretical values for Mn?*Mo>* or Mn3*Mo**/3* possibilities,
which are 5.22 and 4.83 pp respectively. These differences may arise
from the presence of magnetic interactions in the high temperature
region.

Both samples show high resistivity, 150 and 2900 Q m at room
temperature for SMM and BMM, respectively. SMM displays a
semiconducting behaviour in all the temperature range
(80—300 K), modelled with a VRH mechanism in the following
form:

2024 4 BaMOO} o & _
A Ba
2.00 © SMM 7]
e StMoO, © BMM
—~ 1984 © 4
o
N
A 1.96 4 E
Q N
§ 1.94 - §
vV Ba;MnMoO, :
1.92 4 ®
SrzMnMoO6
1.90 1 ¢
T T T
4 5 6

Oxidation Number

Fig. 9. Evolution of the <Mo—0> distances with the oxidation number of Mo from RT
NPD data.
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p = po exp(To/T)~ "

where T is proportional to «®/N(Ef), « is the localization length,
and N(Eg) is the density of states at the Fermi level [20]. From this fit
the Tp value obtained is 22.8(1) K.

From the impedance spectroscopy the highest resistance was
also observed in BMM, while in SMM the grain and grain boundary
effects were understood in terms of the brick-layer model. The
thermal evolution of resistance parameters (Rg and Rgg) obtained
from the fit of Nyquist plots shows a VRH mechanism as displayed
in Fig. 10. The GB effect exhibits a linear behaviour below 270 K
while the bulk conduction (only observed in SMM) is linear in all
the temperature range. Besides, the Ty value for BMM is slightly
lower than that for SMM and these, bulk and GB, are similar to
those obtained by d.c. measurements.

The transport properties describe both perovskites as Mott
insulator materials; this is striking taking into account that similar
phases (without Mn) as SrMoOj3 present a metallic state with a total
electron delocalization [23]. On the other hand, we can think of
BMM and SMM (Mn?*(3 d°)-Mo°*(4 d')) as isoelectronic materials
with the magnetoresistant SroFeMoOg (Fe3*(3 d®)-Mo’+(4 d!)),
even with the isostructural BasFeMo,0g (Fe(3 dG’a)—Mo(4 d1+5/2))
perovskite with d close to 1 [7,15]. However, the observed behaviour
is substantially different. Considering the similarities and differ-
ences, and in the absence of band-structure calculations, we could
considerate that the single electron of Mo>* in a 4d-orbital of tyg
symmetry is localized, in contrast with SrMoOs, Sr;FeMoOg or
BasFeMo,0g [23,7,15] where there is an electronic delocalization
driving a metallic state. In the same way, there are no mixed
valence states in Mn and Mo, as noted previously, since the
oxidation states of Mn and Mo are close to +2 and + 5, respectively.
The absence of mixed valence state in SMM and BMM, account for
the transport behaviour in both samples.

5. Conclusions

Two new double perovskites SrsMnMo,0g9 and BazsMnMo,09
with electronic configurations close to Mn?*(3 d°>)—Mo>*4 d') have
been obtained by a citrate precursor method, followed by an
annealing in a Hy/N; flow at 1200 °C. The crystal structures were
refined from NPD at RT as monoclinic (P21/n) and cubic (Fm3 m) for
SMM and BMM, respectively. The electronic configurations were

0.24 0.26 0.28 0.30 0.32

1/4

Fig. 10. (colour online) Grain boundary and Bulk resistances vs T~ '/*. The solid lines

correspond to the linear fit of VRH model.

deduced from XANES for Mn ions, and from NPD data for Mo ions in
octahedral positions. Both species, Mn?>* and Mo®* are compatible
in this intrinsically disordered stoichiometry, AsMnMo,0g.

Magnetic interactions are observed below 12 and 9 K for SMM
and BMM, respectively. While SMM presents a Curie—Weiss
behaviour, BMM was modelled by the mean field theory of ferri-
magnetism, showing similar Curie constants in both fits. The
transport properties display a semiconducting behaviour modelled
by a variable-range hopping mechanism either from d.c. or a.c
measurements. This transport behaviour is in accord with the
electronic configurations Mn(3 d>~%)—Mo(4 d'™2) when 3 value is
close to 0, where the 4 d! electrons in Mo are localized, accounting
for the large resistivities observed in both systems.
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