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a b s t r a c t

Double perovskites BaLaMnSbO6, BaLaCoSbO6 and BaLaNiSbO6, were synthesized by conventional cera-
mic method in air, as polycrystalline powders. The Mn and Ni compounds belong to the I 2/m monoclinic
space group, while the Co perovskite belongs to the I 4/m tetragonal space group. Effective presence of
Mn2+ has been well established by X-ray emission spectroscopy for BaLaMnSbO6, and there is no evidence
of Mn3+. BaLaCoSbO6 and BaLaNiSbO6 only show the expected 3D-antiferromagnetic behavior typical of
super-superexchange interactions, while BaLaMnSbO6 displays signs of superparamagnetism in the 40–
160 K range, which arises from unbalanced antiferromagnetism inside nanoclusters formed by regions
which are rich in Mn2+–O2�–Mn2+ paths. Neutron powder diffraction data for BaLaMnSbO6 reveals that
at 3 K, only long range order antiferromagnetic arrangement of Mn2+ spins on 2d octahedral sites is
obtained.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The study of double perovskites A2BB0O6, with a rock salt
arrangement of B and B0 ion has increasing interest because of their
wide range of properties. For instance, they can be metallic, half-
metallic, ferromagnetic or magnetoresistive, etc. [1–8]. Particu-
larly, in the last years, interest has been renewed due to the
appearance of room temperature Colossal Magnetoresistance
(CMR) in A2FeMoO6 [1–3] and A2FeReO6 (A = Ca, Sr, Ba) [5–8].

If B and B0 are selected in such a way that only B is paramag-
netic, then magnetic properties originate on this ion, either from
superexchange or super-superexchange magnetic interactions
between the B ions with the rock salt arrangement. The presence
of superexchange and super-superexchange paths depends of the
B and B0 cationic disorder on octahedral sites [9].

A wide number of AA0BB0O6 double perovskites with A = Ca, Sr
and Ba; A0 = La, B = magnetic 3d transition metal ions and B0 = 4th
and 5th rows closed shell transition metal ions or Sb5+, among
others, have already been studied by different authors [10–14].
Most of them are highly ordered double perovskites, with
predominant antiferromagnetic interactions showed by their
negative Curie Weiss temperatures (h) (normally with very low
values of Neel temperatures TN) and/or magnetic frustration as a
consequence of competing interactions between ferromagnetic
and antiferromagnetic order. This magnetic behavior is sensitive
to the order-disorder between B and B0 ions on octahedral sites.

The synthesis of new double perovskites containing M2+ and
Sb5+ as B and B0 ions using the series Mn2+, Co2+ and Ni2+ (with
S = 5/2; 3/2 and 1) are interesting since they offer the possibility
to observe the effect on the magnetic behavior of the decreasing
magnetic moment at the B site. Here we report, for the first time,
the synthesis of these double perovskites, their structural charac-
terization using powder X-ray diffraction (PXRD) and powder
neutron diffraction (PND), their magnetic characterization using
Magnetization (M) vs. Temperature and M vs. Magnetic field (H)
measurements, and Mn ion oxidation state determination from
X-ray emission spectroscopy (XES).
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http://dx.doi.org/10.1016/j.jallcom.2014.04.013
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2. Materials and methods

Polycrystalline samples of BaLaMnSbO6, BaLaCoSbO6 and BaLaNiSbO6 were syn-
thesized by solid state reactions from stoichiometric quantities of high purity BaCO3

(ACS grade), La2O3 (99.99%), MnO (99%), Co3O4 (99.9985%), Ni(NO3)2�6H2O (99%),
and Sb2O3 (99.999%). La2O3 was dried at 900 �C in air for 24 h prior to use. The start-
ing materials were intimately ground, placed in alumina boats, and heated under air
atmosphere in a tube furnace. In order to avoid Sb2O3 volatilization, the reaction
mixture was first heated at 780 �C for 12 h, then at 900 �C for 10 h and finally at
1250 �C for Ni and Co perovskites and at 1350 �C for Mn perovskite, for 24 h. All
heating and cooling rates were 3 deg/min.

The PXRD patterns were recorded at room temperature on a PANanalitycal
X’Pert PRO diffractometer (in Bragg–Brentano geometry with Cu Ka radiation,
k = 1.5418 Å). For the structure refinements, the PXRD data were collected in the
angular range 5–120� in steps of 0.02� and with a step collection time of 10 s.

PND patterns for BaLaMnSbO6 sample were collected at temperatures of 300 K,
100 K and 3 K in the D2B powder diffractometer at Institute Laüe-Langevin (ILL),
Grenoble, France, with a wavelength of 1.594 Å. The 2h range was 8.0� up to
157.9�, with increments of 0.05�. The data collection time was approximately 3 h.
PND patterns for BaLaCoSbO6 and BaLaNiSbO6 compounds were collected at
300 K in the D1B and D1A powder diffractometer at ILL, for wavelengths 1.28 Å
for Co and 1.91 Å for Ni. The 2h range was 10.07� up to 89.87�, with increments
of 0.2� for BaLaCoSbO6 and 8.0� up to 157.9�, with increments of 0.1� for
BaLaNiSbO6. The refinements of crystal structures from PXRD and PND data were
performed by the Rietveld method [15] using the FULLPROF program [16].

High-resolution Kb XES spectra of BaLaMnSbO6 and standard manganese oxides
MnO, Mn2O3 and MnO2 with known oxidation states were measured using a non-
conventional spectrometer [17]. The experimental data were analyzed in order to
characterize the dependence of the Kb0 and Kb1,3 peaks, on the chemical environ-
ment. The measured Kb emission data for BaLaMnSbO6 was used to determine
the Mn oxidation state in this compound. The high resolution Kb emission spectra
were recorded by scanning the analyser and the detector synchronously in steps of
about 0.3 eV around the main line. With a spot size of 1.2 mm2, the measured
counting rate at the Kb1,3 line was around 90 and 1500 counts s�1 for BaLaMnSbO6
and standard Mn oxides, respectively, and the signal-to-background ratio was bet-
ter than 70. The resolution of this spectrometer was determined to be 0.8 eV for the
Mn-Kb1,3 line, for calculation details see ref [17], and the energy scale was
calibrated using the value of the Kb1,3 line of Mn0+ given by Bearden [18]
(EKb1,3 = 6490.45 eV).

The magnetic measurements were performed in a commercial Quantum Design
MPMS-5S superconducting quantum interference device magnetometer (SQUID) on
powdered samples, in the 5–300 K temperature range and magnetic fields up to 5 T.

3. Results and discussion

3.1. Structural characterization

The room temperature PXRD patterns obtained for the three
perovskites are presented in Fig. 1. All materials show good crystal-
linity and a high purity double perovskite phase. BaLaMnSbO6,
contains 0.74% of La3SbO7 (see the star marking the main peak of
La3SbO7 in Fig. 1) and BaLaNiSbO6, contains 2% of Ba2LaSbO6 (the
four stars mark the main peaks of Ba2LaSbO6 in Fig. 1). The amount
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Fig. 1. Room temperature PXRD patterns for three new double perovskites. (⁄)
correspond to the most intense impurity reflections, Ba2LaSbO6 for BaLaNiSbO6 and
La3SbO7 for BaLaMnSbO6.
of impurity in each case was obtained from the Rietveld
refinements.

Initially the three materials were well refined into the mono-
clinic P 21/n space group, commonly observed for double perovsk-
ites [10,12,14], but from systematic absences analysis, other more
symmetric space groups were explored, based on the discussion
presented by Faik et al. [19]. The best results for the Rietveld
refinement of the room temperature PXRD and PND patterns,
showed in Figs. 2 and 3, show that BaLaMnSbO6 and BaLaNiSbO6

belong to the monoclinic space group I 2/m, while BaLaCoSbO6 to
the tetragonal space group I 4/m. The refined parameters were:
scale factor, zero shift, lattice constants, atomic positions, occupan-
cies, pseudo Voigt parameters for the peak profile corrected by
asymmetry, background and isotropic atomic displacement
parameters.

Rietveld refinement of PND data was fundamental to rule out A-
site ordering, because Ba2+ and La3+ ions, although having very sim-
ilar X-ray scattering factors, have different neutron scattering
lengths (8.3 fm for La and 5.3 fm for Ba). No superstructure peaks
due to A-site ordering are present in PND data. Also, PND data allow
us to refine the oxygen positions and their occupancies in the
perovskite structures. For the three perovskites the refinements of
the oxygen occupancies were very close to one within the uncer-
tainty, for this reason they were fixed to unity in final refinements.

Cell parameters a, b and c, and cell volume, vary according to
the ionic radii variation for Mn2+, Co2+ and Ni2+, see Table 1. At
room temperature BaLaMnSbO6 and BaLaNiSbO6 are both
monoclinic double perovskites, belonging to I 2/m space group,
with a�a�c0 tilt system, according to Glazer’s notation as derived
by Woodward for 1:1 ordering of double perovskites [20]. The
average tilting angles can be estimated as / = (180 � h)/2, where
h = hB–O–B0i. BaLaCoSbO6 is a tetragonal double perovskite, in
space group I 4/m, with a0a0c- tilt system.

BaLaMnSbO6, retains the monoclinic I 2/m symmetry at 100 K,
but there is a monoclinic I 2/m to monoclinic P 21/n structural tran-
sition at lower temperatures due to modification of the tilt angles,
produced as a consequence of the long range ordering of the mag-
netic moments, as will be explained later. This transition involves
the incorporation of a new in-phase tilt around c axis, and, conse-
quently, the tilt system, at 3 K, is a-a-c+, for the double perovskite.
The cell parameters obtained for all temperatures are shown in
Table 1. There is a small decrease in volume (1.4%) from room tem-
perature to 3 K.

Structural parameters for the three phases at room temperature
are displayed in Table 2 and main bond distances and angles are
listed in Table 3. From M2+/Sb5+ ion occupancies, listed in Table 2,
it is possible to observe the very low B antisite disorder for the
members of this family, being 6% for both BaLaMnSbO6 and BaLa-
NiSbO6, and 1% for BaLaCoSbO6. We must remark that isotropic
temperature factors for some oxygens are quite low for BaLa-
MnSbO6 at 100 (O1) and 3 K (O3). This low Biso values for oxygens
were found for other double perovskites containing Sb [21–23]. We
assigned these low values to the strong covalent bond Sb–O. Calcu-
lations made by Larrégola et al. [24], showed that in Pb2ScSbO6

there is a clear indication of strong electron density in the bonds
Sb–O, indicating strong covalency.

The hB–Oi average distances, in Table 3, decrease in the
sequence Mn2+ > Co2+ > Ni2+ according to the different ionic radii
of the M2+ magnetic ions (Mn2+(HS) = 0.97 Å; Co2+(HS) = 0.885 Å;
Ni2+ = 0.83 Å). The hB0–Oi average distance is shorter than any of
the hB–Oi average distances which is in agreement with the smal-
ler ionic radii for diamagnetic Sb5+ (0.74 Å). Tilt angles are smaller
than 8� at room temperature for all materials.

Only PND data taken at 3 K for the double perovskite BaLa-
MnSbO6 presents signs of long range magnetic order (showed in
Fig. 4, left side). The corresponding magnetic phase was added to
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Fig. 2. Observed (dots), calculated (full line) and difference (bottom line) for PXRD and PND patterns after the refinement of the crystal structure of BaLaMnSbO6 at RT in
upper panel and for PND patterns at 100 and 3 K in lower panel. The series of tick marks correspond to the Bragg reflections of the main perovskite phase in all cases, but in
3 K PND pattern the bottom series correspond to the low temperature magnetic phase.

Fig. 3. Observed (dots), calculated (full line) and difference (bottom line) for PXRD and PND patterns after the refinement of the crystal structure of BaLaCoSbO6 at RT in upper
panel and for BaLaNiSbO6 in lower panel. The series of tick marks correspond to the Bragg reflections of the main perovskite phase in all cases. In BaLaNiSbO6 the second series
correspond to the minority phase Ba2LaSbO6 (2%).
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the crystallographic Rietveld refinement of PND data, and the mag-
netic reflections were refined by an antiferromagnetic arrange-
ment of Mn2+ ions. Attempts to assign a magnetic cell in the
same space group used for the higher temperatures, I 2/m, were
unsuccessful. A good refinement of the antiferromagnetic cell
was only obtained when monoclinic P 21/n space group was



Table 1
Refined cell parameters and discrepancy factors after the Rietveld refinement from
PND data taken at 300, 100 and 3 K for BaLaMnSbO6 and at 300 K for BaLaCoSbO6 and
BaLaNiSbO6.

M BaLaMnSbO6 BaLaCoSbO6 BaLaNiSbO6

T (K) 300 100 3 300 300
SG I 2/m I 2/m P 21/n I 4/m I 2/m

a (Å) 5.7508(5) 5.7285(4) 5.7264(3) 5.707(3) 5.6686(4)
b (Å) 5.7638(4) 5.7387(3) 5.7378(3) 5.707(3) 5.6907(3)
c (Å) 8.1422(7) 8.1045(5) 8.1035(5) 8.062(6) 8.0159(5)
b (�) 90.244(1) 90.277(1) 90.279(1) 90.000 89.924(1)
V (Å3) 269.88(4) 266.43(3) 266.25(3) 262.5(3) 258.58(3)
v2 5.17 3.47 4.05 3.23 4.06
k (Å) 1.594 1.594 1.594 1.280 1.910
Rwp 17.8 17.2 17.1 13.3 18.8
Rp 15.5 20.3 20.6 16.8 13.5
RBragg 7.09 5.97 7.14 4.40 5.13
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considered for this temperature. Rietveld refinement of 3 K PND
data using an antiferromagnetic cell, with k = 0, are shown in
Fig. 4, upper inset, left side. The refined magnetic cell with mag-
netic moments corresponding to 2d crystallographic site mainly
occupied by Mn2+, is shown in Fig. 4, right side. Magnetic moments
corresponding to the small amount (6%) of Mn2+ present in 2c site
remains essentially disordered. The refined net ordered magnetic
moment for collinear antiferromagnetic alignment is 2.58(5) lB,
being less than half the theoretical one for Mn2+. This might be
indicating that there is a large degree of frustration in this material.

Fig. 5, left and right panels, illustrates the 2D-representations of
the arrangement of M2+ and Sb5+ ions over the octahedral sites for
the 1% and the 6% disorder cases. These 2D-statistical arrange-
ments highlight the appearance of M2+ rich areas randomly distrib-
uted over the bulk material. Such areas are enclosed by circles in
Table 2
Positional and thermal parameters, and occupancies for BaLaMnSbO6, BaLaCoSbO6 and BaLa
in each space group in this table has a different value, we normalize Occ., to 1 for all case

T (K) Ion Wyckoff site x y

300 BaLaMnSbO6 (SG: I 2/m (#12))
Ba/La 4i 0.4959(1) 0
Mn/Sb(1) 2d 0 0
Mn/Sb(2) 2a 0 0
O1 4i �0.0380(2) 0
O2 8j 0.2255(1) 0

100 I 2/m (#12)
Ba/La 4i 0.4902(2) 0
Mn/Sb(1) 2d 0 0
Mn/Sb(2) 2a 0 0
O1 4i �0.0376(1) 0
O2 8j 0.2246(1) 0

3 P 21/n (#14)
Ba/La 4e 0.0107(2) 0
Mn/Sb(1) 2d 1/2 0
Mn/Sb(2) 2c 1/2 0
O1 4e 0.2347(2) 0
O2 4e 0.2145(2) �
O3 4e �0.0377(1) 0

300 BaLaCoSbO6 (I 4/m (#87))
Ba/La 4d 0 1
Co/Sb(1) 2a 0 0
Co/Sb(2) 2b 0 0
O1 4e 0 0
O2 8h 0.288(1) 0

300 BaLaNiSbO6 (I 2/m (#12))
Ba/La 4i 0.5094(1) 0
Ni/Sb(1) 2d 0 0
Ni/Sb(2) 2a 0 0
O1 4i �0.0171(6) 0
O2 8j 0.2515(4) 0
this simplified 2D model but can be visualized as 3D-nanoclusters,
where only M2+–O2�–M2+ superexchange paths are present. More-
over, superexchange paths in most cases contain uncompensated
antiparallel spins, i.e., there are more spins up than spins down
or vice versa. The larger the cationic disorder degree, the more fre-
quent the presence of such 3D-nanoclusters. This is similar to the
model used in A3B2B0O9 perovskites to explain the large TC values
obtained for this stoichiometry compared to the A2BB0O6 stoichi-
ometry [25,26]. The main difference is that the A3B2B0O9 has a large
‘‘intrinsic’’ antisite disorder [27], while in A2BB0O6 stoichiometry
antisite disorder is usually low or nonexistent.
3.2. X-ray emission spectroscopy (XES): Mn oxidation state

With the aim to determine the Mn oxidation state we measured
XES. Each high-resolution Kb emission spectrum was normalized
to the incident intensity in order to take into account beam fluctu-
ations. To calculate the spectral parameters, the spectra were first
normalized to a constant value for the maximum of Kb1,3 line.
Then, three Voigt functions, representing the K0, Kx and K1,3 peaks,
and the Exponentially Modified Gaussian function, to include KMM
radiative Auger effect (RAE) [28,29], were adjusted in order to
reproduce the peaks features. Also a linear background was sub-
tracted. The energy position of the RAE peak was determined from
the atomic energy of the MVI,III level [30]. The experimental resolu-
tion was characterized by the Gaussian width. The experimental
errors of the spectral parameters were determined from the fitting
uncertainties.

The Kb0 feature presents a broad peak at the low energy side of
the main Kb1,3 line which becomes more noticeable for low oxida-
tion states, see Fig. 6, left side. The energy of the Kb0 satellite line
relative to the main Kb1,3 line decreases linearly with the oxidation
NiSbO6, after the Rietveld refinement from PND data. Since the maximum multiplicity
s in order to compare them.

z Biso Occ.

0.2526(1) 0.606(2) 0.5/0.5
1/2 0.418(1) 0.944(2)/0.056(2)
0 0.198(2) 0.056(2)/0.944(2)
0.2471(1) 1.66(2) 1

.2486(2) 0.0328(1) 1.91(1) 1

0.2529(1) 0.83(1) 0.5/0.5
1/2 1.16(5) 0.944(2)/0.056(2)
0 0.70(2) 0.056(2)/0.944(2)
0.2501(1) 0.25(1) 1

.2427(2) 0.0354(1) 1.99(1) 1

.0008(2) 0.2459(1) 0.76(1) 0.5/0.5
0 1.18(5) 0.944(2)/0.056(2)
1/2 0.62(3) 0.056(2)/0.944(2)

.2709(2) 0.0306(2) 1.75(3) 1
0.2451(2) 0.0398(2) 2.04(3) 1
.5041(2) 0.2506(1) 0.17(1) 1

/2 1/4 0.45(2) 0.5/0.5
0 0.17(4) 0.984(2)/0.016(2)
1/2 0.12(1) 0.016(2)/0.984(2)
0.254(3) 0.90(3) 1

.222(2) 0 2.7(1) 1

0.2493(1) 0.445(4) 0.5/0.5
1/2 0.10(2) 0.940(4)/0.060(4)
0 0.18(1) 0.060(4)/0.940(4)
0.2505(1) 1.11(5) 1

.2391(4) 0.0320(2) 1.33(2) 1



Table 3
Main distances, angles and tilt angles (d) after Rietveld refinement of PND data for BaLaMnSbO6, BaLaCoSbO6 and BaLaNiSbO6.

T (K) BaLaMnSbO6 BaLaCoSbO6 BaLaNiSbO6

300 100 3 300 300

Distances (Å)
B–O1 2.070(1) � 2 2.035(1) � 2 2.0315(1) � 2 2.05(2) � 2 2.002(4) � 2
B–O2 2.160(1) � 4 2.181(1) � 4 2.1816(1) � 2 2.076(8) � 4 2.062(2) � 4
B–O3 2.1884(1) � 2
hB–Oi 2.130 2.132 2.134 2.07 2.042
B0–O1 2.024(1) � 2 2.040(1) � 2 2.0435(1) � 2 1.98(2) � 2 2.010(4) � 2
B0–O2 1.950(1) � 4 1.917(1) � 4 1.9362(1) � 2 1.994(8) � 4 1.988(2) � 4
B0–O3 1.8954(1) � 2
hB0–Oi 1.975 1.958 1.958 1.99 1.995

Angles (�)
B–O1–B0 167.8(1) 167.9(1) 167.7(1) 180.0(1) 174.5(2)
B–O2–B0 164.1(1) 163.3(1) 159.6(1) 165.1(3) 165.2(1)
B–O3–B0 165.9(1)
d 6.1 6.1 6.2 0.0 2.8
d 8.0 8.4 10.2 7.5 7.4
d 0.0 0.0 7.1 0.0 0.0

Fig. 4. BaLaMnSbO6: left side, PND data at 3, 100 and 300 K, arrows correspond to long range magnetic order reflections at 3 K. Inset: low angle view for Rietveld refinement
including both, crystallographic and magnetic phases. Right side: Magnetic cell for 3 K PND data, Ba2+, La3+ and O2� ions omitted, 2d sites ions (mainly Mn2+) with arrows
representing antiferromagnetic arrangement, 2c sites ions (mainly Sb5+) represented by black spheres (without arrows).

Fig. 5. Full view for 2D-statistical distribution of M2+ (full circles) and Sb5+ (empty circles) ions over octahedral sites. Left side: BaLaCoSbO6 (1% disorder), right side:
BaLaMnSbO6 and BaLaNiSbO6 (6% disorder). Major circles enclose M2+ ions rich areas. Ba2+, La3+ and O2� ions were omitted for better understanding.
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state in agreement with results reported by other authors [31–34].
The intensity of the Kb0 line (I-Kb0) relative to the total intensity of
the main Kb region (including the Kb0 and Kb1,3 lines, whose
intensity per Mn must be chemically invariant [26]), decreases as
the oxidation state increases, (Fig. 6, right side). The same linear
trend was also seen by other authors [32,34,35]. Using this features



Fig. 6. Left side: satellite lines of the Mn-Kb emission spectra for Mn compounds. The Kb0 satellite line and the main Kb1,3 are indicated. Inset: Region of Kb0satellite line in
detail. Right side: intensity of the Kb0 line (I-Kb0) relative to the total intensity of the main Kb region, as a function of oxidation states. (d): experimental data for known binary
Mn oxides. (o): experimental data for BaLaMnSbO6. (---): linear fit for all Mn oxides.
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of the I-Kb0 line, the oxidation state of Mn in BaLaMnSbO6 can be
calculated by means of a linear regression, resulting in a value of
(2.0 ± 0.1).

3.3. Magnetic properties

The thermal evolution of the magnetic susceptibility (v) at
50 kOe for the three compounds is shown in Fig. 7, left panel. v
decreases in the sequence Mn2+ (S = 5/2) ? Co2+ (S = 3/2) ? Ni2+

(S = 1), which is in agreement with the S values of the HS ions.
If BaLaMnSbO6 magnetic measurements are independently con-

sidered, in Fig. 7, central and right panels, the behavior is complex.
For an applied field of 0.5 kOe, the susceptibility exhibits a rise
below 200 K, and displays a cusp at around 14 K. When the applied
field increases, the susceptibility rise becomes less sharp, but the
cusp is still substantial at 5.0 kOe. When the applied field is about
50.0 kOe, the cusp disappears as evidence of possible weak spin-
glass behavior as observed by Mandal et al. for monoclinic P 21/n
SrLaMnSbO6 [12]. At low field strengths, the magnetization shows
significant irreversibility between the FC and ZFC data. These dif-
ferences vanish at higher fields. The inverse of the susceptibility
departs from the lineal behavior below 250 K.

Both BaLaCoSbO6 and BaLaNiSbO6 display 3-dimensional anti-
ferromagnetic behavior at the studied fields, and the inverse sus-
ceptibilities are linear in the range 150–300 K. From the
maximum in the v vs. T curves it is possible to determine TN, see
Fig. 8. The values are listed in Table 4. BaLaNiSbO6 shows some
irreversibility between FC and ZFC curves below TN at applied fields
of 10.0 kOe.

All data were well fitted with a Curie–Weiss law, in the 250–
300 K range for BaLaMnSbO6 and in the 150–300 K range for BaL-
aCoSbO6 and BaLaNiSbO6. Even though when a temperature
dependent paramagnetic contribution (vTIP), was considered in
the fits, this was successfully adjusted only for BaLaNiSbO6.

From the data in Table 4 it is possible to conclude that there are
substantial differences between BaLaMnSbO6 and the other com-
pounds. The obtained values for Weiss temperatures (h) for BaLa-
MnSbO6, positive for all measured fields, point to the presence of
predominant ferromagnetic correlations, while the negative h val-
ues for BaLaCoSbO6 and BaLaNiSbO6, indicate the expected antifer-
romagnetic correlations for both Co2+–O–Sb5+–O–Co2+ and Ni2+–O–
Sb5+–O–Ni2+ paths in agreement with Goodenough–Kanamori
rules for d7–d7 and d8–d8 double superexchange paths. For BaLa-
MnSbO6, from the first derivative, dM/dT, for applied fields of 0.5
and 5.0 kOe the ferromagnetic transition temperatures can be
determined as TC � 160 K, but this transition temperature could
not be established for BaLaCoSbO6 and BaLaNiSbO6.

Regarding the BaLaMnSbO6 perovskite, the possible presence of
any magnetic impurities, particularly the expected ferromagnetic
or antiferromagnetic ones like (La, Ba)MnO3 and MnO, can be ruled
out since there are no signs of the presence of such impurities
neither in PXRD nor in PND patterns. Moreover perovskites like
La1�xBaxMnO3 [36] have TC in the 184–228 K temperature range,
and contain a combination of Mn3+ and Mn4+. Previously presented
results of XES do not shows any sign of the presence of such oxida-
tions states for Mn ions.

Besides, considering other Mn2+ containing perovskites, simi-
lar magnetic properties have been found. In the work by Mandal
et al. [12] on the LaSrMnSbO6 double perovskite, the magnetic
behavior and the nonlinear magnetization below 300 K was
indicative of the presence of FM clusters, which did not originate
magnetic long range order, according to low temperature PND
data. Recent results by Franco et al. [37] on LaPbMnSbO6, show
a P 21/n space group, no detectable crystallographic antisite dis-
order, and an unexpected magnetic order at 45 K, which is
explained based on ferrimagnetic ordering of isolated disordered
regions.

For BaLaMnSbO6 the effective paramagnetic moments (leff) are
around 5 lB and are a little lower than 5.92 lB, the spin only theo-
retical value corresponding to Mn2+ (HS) (t2g

3 eg
2, S = 5/2). For BaLa-

CoSbO6 we obtained leff between 5.07 and 5.19 lB which are
higher than the theoretical spin only paramagnetic moment for
Co2+ (HS) (t2g

5 eg
2, S = 3/2, leff = 3.87 lB), indicating some orbital con-

tribution to the paramagnetic moment. Co2+ (HS) in octahedral
environment frequently shows unquenched orbital contribution
with experimental values of leff around 5.2 lB [10,11], close to
the total unquenched theoretical paramagnetic moment for Co2+

which is 6.63 lB. Finally, the effective paramagnetic moments for
BaLaNiSbO6 are near the theoretical spin only paramagnetic
moment of 2.83 lB, corresponding to Ni2+ (t2g

6 eg
2, S = 1).

Double perovskites favor geometric frustration due to the inter-
penetrating B and B0 fcc rock salt magnetic sublattices based on
edge-shared tetrahedral network. Frustration factors are calculated
as f = |h|/TN and are usually <3, for unfrustrated cubic antiferromag-
nets [38] and >10 for strongly frustrated materials. In our case we
have intermediate values, see Table 4. The lowest values are found
for the Ni compound. The Co and Mn compounds have similar val-
ues to those reported for LaACoNbO6 (A = Ca, Sr, and Ba) [10].
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Fig. 7. Left panel: magnetic susceptibility (v) vs. temperature at 50.0 kOe for BaLaMSbO6 (M = Mn, Co or Ni) under both ZFC and FC conditions. Central panel: v vs. T at several
applied fields for BaLaMnSbO6. Right panel: v�1 vs. T for BaLaMnSbO6.

Fig. 8. v vs. T and v�1 vs. T at two applied fields in ZFC and FC conditions, for BaLaCoSbO6, left panel, and for BaLaNiSbO6, right panel.

Table 4
Magnetic parameters obtained according Curie–Weiss law fitting of data, from Figs. 7 and 8, in paramagnetic region. Curie constant: C, Weiss temperature: h, paramagnetic
effective moment: leff. Ferromagnetic transition temperature, TC, obtained as dM/dT, Neel temperature, TN, obtained from susceptibility top, and, Frustration factor, f, calculated
according |h|/TN.

H (kOe) C (emu K/Oe g) h (K) leff (lB/Mn2+) TC (K) TN (K) f = |h|/TN

BaLaMnSbO6

0.5 – ZFC 0.0059 79.81 5.07 164.0 14.1 5.66
0.5 – FC 0.0059 77.41 5.09 5.49
5 – ZFC 0.0056 85.14 4.96 160.0 14.1 6.03
5 – FC 0.0056 85.14 4.96 6.03
50 – ZFC 0.0061 62.35 5.19 – – –
50 – FC 0.0060 64.44 5.15 –

BaLaCoSbO6

10 – ZFC 0.0056 �50.7 4.95 – 12.4 4.1
10 – FC 0.0059 �69.8 5.09 5.6
50 – ZFC 0.0061 �80.0 5.19 – 12.4 6.5
50 – FC 0.0063 �89.0 5.27 7.2

BaLaNiSbO6

vTIP (emu/Oe g) = 7 � 10�7

10 – ZFC 0.0015 �34.0 2.58 – 23.5 1.5
10 – FC 0.0015 �30.6 2.58 1.3
50 – ZFC 0.0017 �34.4 2.74 – 26.5 1.3
50 – FC 0.0018 �44.2 2.82 1.7
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The evolution of M vs. H in BaLaMnSbO6 at 40 K and 5 K is dis-
played in the inset of Fig. 9, left panel. The data show some type of
ferromagnetic behavior without hysteresis at low fields for both
temperatures superimposed to a linear antiferromagnetic or para-
magnetic contribution. This nonlinear behavior without hysteresis
is consistent with the possibility of some superparamagnetic
behavior [39]. Since from PND data at 100 and 3 K, see Fig. 2, there
is no evidence of magnetic impurities, we propose below a micro-
scopic mechanism for this possible superparamagnetism.
Saturation magnetizations, obtained after subtracting linear
antiferromagnetic contribution are 0.26 lB/mol at 5 K and
0.20 lB/mol at 40 K, see Fig. 9, left panel. These values are around
5% of the expected 5 lB/mol for an ideal ferromagnetic behavior.
This behavior after subtracting the linear contribution is very
similar to the one observed for some manganite perovskites with
ferromagnetic clusters that show a Brillouin function dependence
[39–44]. According to this, the ferromagnetic like component
observed in the M vs. H data for the double perovskite BaLaMnSbO6,



Fig. 9. Left panel: magnetization vs. magnetic field at 40 and 5 K, after linear subtraction. Inset: data not corrected. Central and right panels show the Brillouin function fit of
magnetization data vs. induced field (BT) at 40 and 5 K. Circles: experimental data, solid line: Brillouin function fitting.

Table 5
Parameters obtained from Brillouin function fitting. MS and Seff are the saturated
magnetic moment and the effective spin quantum number.

T (K) a Factor Ms (emu/cm3) Seff Angle b (�) Stheo

5 3.36 � 10�6 19.25 0.433 80.02⁄ 5/2
40 2.68 � 10�5 13.44 18.73 20.53⁄⁄ (5/2)8

Both ⁄ and ⁄⁄ calculated according cos � 1(Seff/Stheo), particular considerations
exposed in text.
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can be taken as the manifestation of small clusters with uncompen-
sated antiferromagnetic interactions Mn2+–O2�–Mn2+ which come
from the 6% B-site cationic disorder, see Fig. 5, right panel. Similar
behavior has been reported by Mandal et al. for monoclinic P 21/n
SrLaMnSbO6 double perovskite [12], although in that case the ferro-
magnetism was assigned to Zener double exchange due to the pres-
ence of Mn3+, which is not present in our compound. They also
associated the observed ferromagnetism to ferromagnetic clusters
originated in the presence of B site disorder. Moreover they attrib-
uted the low magnitude of the non-linear rise of the mangetization
vs. H curve without any hysteresis to a superparamagnetic-like
behavior. Mandal et al. [22] found for Sr2MnSbO6 that M vs H data
showed at 50 K Brillouin-like curvature with no hysteresis and also
attributed this to ferromagnetic coupled clusters, although in this
case Mn is in the 3+ oxidation state.

In order to investigate the possible Brillouin-like behavior in
LaBaMnSbO6, we fit a Brillouin function to the M vs. H data to
determine the effective spin contribution of the nanoclusters to
the ferromagnetism. The field dependence of the magnetization
at 5 and 40 K, after subtracting the linear contribution, were
adjusted to the relation: M = MSBS, where

BSðxÞ ¼ ð1=SÞ ðSþ 1=2ÞcothxðSþ 1=2Þ � ð1=2Þcothðx=2Þ½ �

with, MS = nglBS, x = glBB/kT, and B = H + 4pM + kM; which is the
induced field and contains the Weiss molecular field constant for
ferromagnetic interaction (k). This constant was obtained from
the ferromagnetic transition constant, TC, and Curie constant, C,
as: TC = kC/l0 for both temperatures, MS and the effective spin value,
Seff were obtained from the fit. We define x = aB, with: a = glB/kT,
and g = 2.

From the obtained Seff value and the expected spin quantum
number Stheo for Mn2+ (HS), the spin-canting angle was estimated
using the relation:

b ¼ cos�1ðSeff=StheoÞ

The fits are shown in central and right panels of Fig. 9 together
with the parameters in Table 5. A lower value of Seff compared with
the theoretical value of 2.5 lB is obtained at 5 K, the b value of
80.0� suggest an arrangement of spins close to an almost perpen-
dicular canting between neighboring magnetic ions into the small
clusters, resulting in a very small ferromagnetic contribution, not
superparamagnetic in nature at all. The nanoclusters, even mag-
netically ordered below 160 K, are not numerous enough to display
a long range magnetic order in low temperature PND data, and
consequently the refinements contain only the antiferromagnetic
cell.
At 40 K the observed situation is quite different; the obtained
Seff value is much bigger, indicating a possible superparamagnetic
contribution to the whole magnetic behavior at such temperature.
For the estimation of the corresponding canting angle it was neces-
sary to propose a number of magnetic ions that constitute the
nanocluster. Let’s assume that as a mean value such number is 8,
since in this way the theoretical Stheo value gives Stheo = 8(5/
2) = 20, very close to the experimental value (18.73). Then, the
canting angle can be calculated according to the previous
expression.

The obtained value is about 20�. This superparamagnetic contri-
bution present at 40 K is not the same in nature than the residual
ferromagnetic-like behavior established at lower temperatures.
We propose that below TN, the bulk antiferromagnetic arrange-
ment surpass the superparamagnetic contribution coming from
the small clusters. This change of magnetic regime becomes clear
from the contrast between the extremely low Seff value obtained
at 5 K and the noticeable higher Seff value at 40 K. The first can
be interpreted as a small fraction of ions having the theoretical
spin quantum number Stheo = 5/2, at 5 K. The second is compatible
with a collective magnetic moment Stheo = 8(5/2) = 20, at 40 K.

At the top of Fig. 10 we show the suggested magnetic behavior
for three stages. On the right panel, certain alignment of nanoclus-
ters with net magnetic moments exists below and near TC. This
alignment of nanoclusters with the applied field occurs in a ferro-
magnetic arrangement, but there is no evidence of interactions
between neighboring clusters, which is coherent with superpara-
magnetism. On the central panel, below TC and near TN, the align-
ment of clusters with net magnetic moments remains but the
antiferromagnetic arrangement of bulk material has already
started (the illustration is an oversimplified picture). At the left
panel, below TN, the net magnetic component of the clusters has
been erased by the final 3D antiferromagnetic arrangement of
the material. It just remains a small quantity of nanoclusters with
the spins almost perpendicular to the neighboring ions, which is
the responsible for the remaining short range ferromagnetic-like
behavior at 5 K.



Fig. 10. Upper panel: oversimplified description for magnetic behavior as a function of temperature. Right side: nanoclusters formation and superparamagnetic behavior at T
around TC. Central panel: partial antiferromagnetic order of bulk material coexisting with superparamagnetic regions, near TN. Left side: long range 3D antiferromagnetic
arrangement and almost perpendicular magnetic components remaining from short range arrangement of neighbor spins for T < TN. Lower panel: plots of effective moment
leff vs. T, deduced from vT vs. T data at three studied fields. Dashed lines correspond to TC (red) and TN (blue). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Bottom of Fig. 10 illustrates leff as function of T for BaLaMnSbO6

at the three H values, with dashed lines indicating, TC and TN. The
proposed superparamagnetism is obseved between these two
order temperatures. An extra feature is the field dependence of this
behavior, because at an applied field of 50.0 kOe the material
becomes only antiferromagnetic. The ferromagnetic like contribu-
tion, as can be seen in left side of Fig. 9, is present only at quite low
applied fields. From Brillouin function fit to the M vs. H data at
40 K, the effective magnetic moment reaches a value of around
19 lB/mol, see Table 5, in agreement with the measured value of
around 10–20 lB/mol at 0.5 kOe, on bottom of Fig. 10.

The described model is not able to differentiate if the ferromag-
netic component comes from weak ferromagnetism, from spin
canting, or even if it is the manifestation of only unbalanced anti-
ferromagnetism. We assume that spin canting between adjacent
magnetic ions is a really interesting possibility, but has not been
observed between two nearest neighbor Mn2+, when the angles
in Mn2+–O–Mn2+ paths are near 180�. According with Gooden-
ough–Kanamori rules for both, d5–d5 superexchange and double
superexchange paths, the most frequent Mn2+–O–Sb5+–O–Mn2+

paths, at almost 180� angles, are antiferromagnetic while the really
infrequent Mn2+–O–Mn2+ paths should be antiferromagnetic too.
Consequently, it is probable that unbalanced antiferromagnetism
is the ultimate reason for the magnetic component of clusters.

With the same disorder degree and consequently, the same
amount of nanoclusters with predominant Ni2+–O2�–Ni2+, but
being Ni2+ (S = 1), an ion with small magnetic moment, the behav-
ior of BaLaNiSbO6 is only antiferromagnetic. There are no signals of
a complex magnetic behavior at the studied fields.
4. Conclusions

Double perovskites BaLaMnSbO6, BaLaCoSbO6 and BaLaNiSbO6,
have been synthesized by conventional ceramic method in air
atmosphere, as polycrystalline powders. The Mn and Ni com-
pounds belong to I 2/m monoclinic space group, while the Co
perovskite belongs to I 4/m tetragonal space group. Cell parame-
ters, interatomic distances and tilt angles are all in good agreement
with both space groups and ionic radii for Ba2+, La3+, Mn2+, Co2+,
Ni2+ and Sb5+ ions. Effective presence of Mn2+ has been well estab-
lished by X-ray emission spectroscopy for BaLaMnSbO6, and there
is no evidence of presence of Mn3+.

In the compounds, M2+ and Sb5+ ions are distributed over two
different crystallographic octahedral sites in a typical rock salt like
distribution, with a 6% antisite disorder in Mn and Ni compounds,
and only a 1% of disorder for Co material. Rich magnetic ions
regions distributed over a bulk characterized by M2+–O2�–Sb5+–
O2�–M2+ paths, which can be visualized as nanoclusters, are the
responsible by the complex magnetic behavior displayed by
BaLaMnSbO6 double perovskite. BaLaCoSbO6 and BaLaNiSbO6 show
only the expected 3D-antiferromagnetic behavior, while
BaLaMnSbO6 displays superparamagnetism, which comes from
unbalanced antiferromagnetism inside the nanoclusters, at high
temperatures, and which is surpassed at low temperatures by the
bulk 3D-antiferromagnetic behavior. Powder neutron diffraction
data for BaLaMnSbO6 reveals that at 3 K, long range order antifer-
romagnetic arrangement of Mn2+ spins only on 2d octahedral sites
is obtained, which is in agreement with the description previously
mentioned.
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5. Supplementary information

Structural information derived from the crystal structure refine-
ment of BaLaMnSbO6, BaLaCoSbO6 and BaLaNiSbO6 has been
deposited at the ICSD Fachinformationszentrum Karlsruhe(FIZ) (E
mail: CrysDATA@FIZ.Karlsruhe.DE), with ICSD files numbers
426389, 426390 and 426391 (for BaLaMnSbO6, at 300, 100 and
3 K, respectively), and 426392 and 426393 (for BaLaCoSbO6, and
BaLaNiSbO6, respectively, both at 300 K) and 423651(2 K).
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