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Abstract

Sr2B
0UO6 double perovskites with B0 ¼Mn, Fe, Ni, Zn have been prepared in polycrystalline form by solid-state reaction, in air or

reducing conditions. These new materials have been studied by X-ray diffraction (XRD), magnetic susceptibility and magnetization

measurements. The room-temperature crystal structure is monoclinic (space group P21/n), and contains alternating B0O6 and UO6

octahedra sharing corners, tilted along the three pseudocubic axes according to the Glazer notation a�a�b+. The magnetic

measurements show a spontaneous magnetic ordering below TN ¼ 21K for B0 ¼Mn, Ni, and TC ¼ 150K for B0 ¼ Fe. From a

Curie–Weiss fit, the effective paramagnetic moment for B0 ¼Mn (5.74 mB/f.u.) and B0 ¼ Ni(3.51 mB/f.u.) are significantly different from

the corresponding spin-only moments for the divalent cations, suggesting the possibility of a partial charge disproportionation

B02++U6+3B03++U5+, also accounting for plausible ferrimagnetic interactions between B0 and U sublattices. The strong curvature of

the reciprocal susceptibility for B0 ¼ Fe precludes a Curie–Weiss fit but also suggests the presence of ferrimagnetic interactions in this

compound. This charge disproportionation effect is also supported by the observed B0–O distances, which are closer to the expected

values for high-spin, trivalent Mn, Fe and Ni cations.

r 2007 Elsevier Inc. All rights reserved.

Keywords: Double perovskite; Crystal structure; Charge disproportionation; Ferrimagnetism; Uranium; X-ray powder diffraction; Rietveld refinement
1. Introduction

When the intrinsic tunneling-type magneto-resistance
(MR) phenomenon was discovered in the double perovs-
kite Sr2FeMoO6 at room temperature, solid state
chemists and physicists became interested in obtaining
other substituted phases of stoichiometry A2B

0B00O6

(A ¼ alkali earths, B0, B00 ¼ transition metals), since this
effect is of technological interest for the detection of
magnetic fields in magnetic memory devices [1,2]. In
the paradigmatic Sr2FeMoO6 oxide the B positions
of the perovskite structure are occupied alternately by
Fe and Mo atoms, in such a way that each FeO6
e front matter r 2007 Elsevier Inc. All rights reserved.
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octahedron is corner-linked to six MoO6 octahedra and
vice versa in an ordered array. The magnetic structure
was described as an ordered arrangement of parallel Fe3+

(3d5, S ¼ 5
2
) magnetic moments antiferromagnetically

coupled with Mo5+ (4d1, S ¼ 1
2
) spins [3]. The itinerant

character of the down-spin Mo electron is in the origin of
both ferromagnetic and halfmetallic behavior of this
material.
Further studies on other members of the A2B

0B00O6

family seem to indicate that the occurrence of MR
properties is a common feature in some of them. Thus,
large intragrain (bulk) MR above room temperature
has been described in double perovskites with different
A cations, such as Ba2FeMoO6 [4] or Ca2FeMoO6 [5], or
different B00 second and third-row transition metals like
Sr2FeReO6 [6]. Also, MR properties have been described
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for double perovskites with B0 cations other than Fe, like in
the phase Sr2CoMoO6 after topotactic removal of oxygen
atoms [7].
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Fig. 1. XRD patterns of Sr2B
0UO6. The stars correspond to the most

intense reflections of the minor impurities SrUO4 (B0 ¼Mn, Fe, Zn) or

Sr2UO5 (B
0 ¼ Ni).
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Fig. 2. Observed (crosses), calculated (solid line) and difference (bottom l

crystallographic structure at RT. The second series of tick marks correspond to

and the satisfactory refinement in P21/n in a selected angular region between
It is remarkable that most of the studies on double
perovskites with B0QCr, Mn, Fe, Co, Ni have been
performed on materials containing Mo, Re, W or Te as B00

cations [8–21], but very little work has been done on
uranium-containing double perovskites (B00QU) [22–25],
most of the reported phases containing Ba as A cation.
Both hexavalent uranium or pentavalent uranium could
exist in this structural type when B0 is a divalent or trivalent
first-row transition metal. We focused our attention on the
uranium analogs of the mentioned families and recently we
prepared and studied the Sr2CoUO6 double perovskite, for
which we determined the crystal and magnetic structures
from neutron powder diffraction data (NPD) [26]. This
compound presents a subtle monoclinic distortion at RT
and a canted antiferromagnetic structure is observed below
TN ¼ 10K.
As a continuation of this investigation, we have prepared

and characterized the new double perovskites Sr2B
0UO6

with B0QMn, Fe, Ni, Zn; in this paper we report on the
results of an X-ray diffraction (XRD) structural study,
complemented with macroscopic magnetic measurements.

2. Experimental

The Sr2B
0UO6 phases for B0QNi, Zn were synthesized

by the standard ceramic method. These compounds were
prepared as black and yellow polycrystalline powders
(Ni and Zn, respectively) by solid state reaction of
55 64 73 82 91 100

 (deg.)
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ine) XRD patterns corresponding to the refinement of the Sr2NiUO6

the Sr2UO5 impurity. The two insets show a close up the poor fit in I/4m
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Table 1

Structural parameters for Sr2B
0UO6 (B0QMn, Fe, Ni, Zn) in the

monoclinic P21/n space group after the Rietveld refinement of XRD data

at RT

B0 Mn Fe Ni Zn

a (Å) 5.8968(8) 5.7990(9) 5.7809(3) 5.8320(4)

b (Å) 5.8537(8) 5.7819(9) 5.7752(3) 5.8119(4)

c (Å) 8.278(1) 8.167(1) 8.1562(5) 8.2004(6)

V (Å)3 285.75(7) 273.8(3) 272.3(3) 277.95(4)

b 90.014(8) 89.829(3) 89.8370(7) 89.958(2)

Sr 4e(x,y,z)

x 0.975(1) 0.985(3) 0.995(2) 1.023(1)

y 0.0294(9) 0.018(2) 0.0255(8) 0.0267(9)

z 0.251(2) 0.264(2) 0.235(1) 0.242(1)

B0 2d(1/2,0,0)

U 2c(1/2,0,1/2)

O1 4e(x,y,z)

x 0.012(16) 0.099(9) 0.076(12) 0.052(10)

y 0.480(6) 0.488(10) 0.489(6) 0.500(6)

z 0.239(7) 0.229(5) 0.245(7) 0.249(6)

O2 4e(x,y,z)

x 0.744(109 0.745(13) 0.731(13) 0.674(9)

y 0.276(10) 0.294(12) 0.290(12) 0.336(10)

z 0.042(9) 0.048(12) 0.047(9) 0.027(9)

O3 4e(x,y,z)

x 0.152(10) 0.242(13) 0.231(13) 0.239(10)

y 0.161(11) 0.238(11) 0.237(12) 0.232(10)

z 0.963(8) 0.960(12) 0.967(10) 0.957(8)

Reliability factors

w2 1.52 1.75 1.38 1.87

RI (%) 4.53 5.61 4.61 4.58
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stoichiometric amounts of analytical grade SrCO3, B0CO3

and UO2(CH3COO)2. The reactants were mixed, ground,
placed in a platinum crucible and treated at 600 1C in air
for 12 h and the resulting powder was reground and
calcined at 900 1C for 12 h. Finally the product was fired at
1150 1C in air in four periods totaling 24 h with inter-
mediate milling of the reaction mixture. For the Sr2B

0UO6

phases with B0 ¼Mn and Fe the citrate-precursor method
was used. The corresponding carbonates/acetates were
dissolved in citric acid with formation of a resin which was
decomposed at 700 1C in air. The precursor powders
underwent a subsequent heating at 800 1C in air. Finally,
the products were fired at 950 1C during 6 h in reducing
atmosphere (1% H2+99% Ar) in order to stabilize the
Fe2+ and Mn2+ cations.

The characterization by XRD was performed using a
Bruker-axs D8 diffractometer (40 kV, 30mA), controlled
by a DIFFRACTplus software, in Bragg-Brentano reflec-
tion geometry with CuKa radiation (l ¼ 1.5418 Å). A
secondary graphite monochromator allowed the complete
removal of CuKb radiation. The data were obtained
between 101 and 1001 2y in steps of 0.051. The slit system
was selected to ensure that the X-ray beam was completely
within the sample for all 2y angles. The refinement of the
crystal structure was performed by the Rietveld method
[27] using the FULLPROF program [28]. A pseudo-Voigt
function was chosen to generate the line shape of the
diffraction peaks. No regions were excluded in the
refinements. In the final run the following parameters were
refined: scale factors, zero-point, background coefficients,
pseudo-Voigt and peak width corrected for asymmetry
parameters, positional coordinates and unit-cell para-
meters. Isotropic thermal factors were set to 0.3 and
0.7 Å2 for metals and oxygen atoms, respectively, and an
overall thermal factor was also refined.

The magnetic measurements were performed in a
commercial superconducting quantum interference device
magnetometer (SQUID). The susceptibility was measured
in field cooling conditions under a 1 kOe magnetic field, for
temperatures ranging from T ¼ 5 to 400K. Isothermal
magnetization curves were obtained at T ¼ 5K under an
applied magnetic field that varied in the 750 kOe range.

3. Results and discussion

3.1. Crystal structure

Sr2B
0UO6 with B0QMn, Fe, Ni, Zn were obtained as

well crystallized powders; Fig. 1 shows the corresponding
XRD diagrams. Minor amounts of impurities were
detected from XRD data; SrUO4 was identified for
B0QMn, Fe and Zn, and Sr2UO5 for B0QNi; the most
intense reflections of the impurities are indicated with stars
in each diagram. The double-perovskite patterns can be
indexed in a monoclinic unit cell with lattice parameters
related to a0 (ideal cubic perovskite, a0E3.8 Å) as aEO2a0,
bEO2a0, cE2a0, bE901. The relatively intense super-
structure peaks (0 1 1) and (0 1 3) correspond to the long-
range B0/U ordering over the B positions. In P21/n it is
necessary to define two crystallographically independent B

positions (B0 and U), as well as 3 kinds of non-equivalent
oxygen atoms (O1, O2 and O3), all in general (x,y,z)
positions. This is the symmetry and space group adopted
by other related Sr or Ca double perovskites, such as
Sr2CoUO6 [26] or Ca2FeMoO6 [5]. The Goldschmidt
tolerance factor, defined as t ¼ (A�O)/O2(B–O), equals
to unity for the ideal cubic aristotype and becomes lower
than unity as the A cation size decreases or the B-size
increases, leading to reductions from the cubic symmetry to
tetragonal, orthorhombic or monoclinic symmetry due to
the progressive tilting of the BO6 octahedra. In the present
case, the large size of U6+/U5+ cations at the B positions
justifies the reduction of the tolerance factor and symmetry
with respect to other well-known Sr perovskites exhibiting
tetragonal (I4/m) symmetry (for instance the paradigmatic
Sr2FeMoO6 at RT). Usually, the difference in symmetry is
extremely subtle, since it mainly arises from the shift of
some O atoms, and it is only unveiled from a careful
neutron diffraction study. In the present case, an initial
refinement of the crystal structure of the four compounds
in the standard tetragonal I4/m model, characterized by
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a single antiphase tilting along the c-axis, yielded reason-
able fits to the XRD data, but a careful examination of
certain regions of the XRD patterns unequivocally showed
the need to introduce a reduction in symmetry. As an
illustration, the inset of Fig. 2 shows a close-up of a region
of the diagram of the B0QNi pattern, temptatively refined
in I4/m, displaying a poor fit to the splitting of certain
reflections; the fit was substantially improved by consider-
ing the P21/n space group where the mentioned splitting is
taken into account.

The ideal monoclinic model corresponds to an ordered
double perovskite where B0 and U occupy different
crystallographic sites, with distinct oxygen environments.
The refinement of the level of anti-site defects (B0 at U sites,
and vice versa) allowed us to evaluate the degree of long-
range ordering as 91.2% (B0QMn); 71.6% (B0QFe);
95.6% (B0QNi) and 100% (B0QZn). SrUO4 and Sr2UO5

were included as secondary phases in the final refinements.
SrUO4 is rhombohedral (space group R–3m) and Sr2UO5

is monoclinic (space group P21/c). From the scale factors
of the main and secondary phases, we estimated 0.27% of
SrUO4 in Sr2MnUO6; 9.7% of SrUO4 in Sr2FeUO6; 5.56%
of Sr2UO5 in Sr2NiUO6 and 0.21% of SrUO4 in Sr2ZnUO6.
After the final refinement we obtained reasonable reliability
factors, included in Table 1, together with the final unit-cell
and atomic parameters. The monoclinic beta angles are
Table 2

Main bond distances (Å) and selected angles (1) for Sr2B
0UO6 (B

0QMn,

Fe, Ni, Zn) determined from XRD data at RT

B0 Mn Fe Ni Zn

SrO9 polyhedra

Sr–O1 3.04(10) 3.15(4) 3.13(4) 3.06(3)

Sr–O1 2.89(10) 2.81(6) 2.72(4) 2.76(3)

Sr–O1 2.65(3) 2.42(6) 2.49(7) 2.48(6)

Sr–O2 2.63(7) 2.76(9) 2.65(7) 2.61(7)

Sr–O2 2.60(7) 2.40(9) 2.59(7) 2.48(7)

Sr–O2 3.10(7) 2.97(9) 3.08(8) 3.25(6)

Sr–O3 2.71(6) 3.16(9) 2.85(8) 2.92(7)

Sr–O3 3.16(6) 2.55(8) 2.79(8) 2.79(6)

Sr–O3 2.22(6) 2.70(8) 2.60(8) 2.70(6)

/Sr–OS 2.62(7)6short 2.66(8)7short 2.67(7)7short 2.68(6)7short

B0O6 octahedra

B0–O1 (x2) 1.99(6) 1.96(5) 2.05(6) 2.07(5)

B0–O2 (x2) 2.03(6) 1.94(7) 2.01(7) 2.14(6)

B0–O3 (x2) 2.20(6) 2.09(7) 2.04(7) 2.12(6)

/B0–OS 2.07(6) 2.00(6) 2.03(7) 2.11(6)

UO6 Octahedra

U–O1 (x2) 2.16(6) 2.28(5) 2.13(6) 2.08(7)

U–O2 (x2) 2.19(6) 2.25(7) 2.18(7) 2.21(6)

U–O3(x2) 2.28(6) 2.06(7) 2.09(7) 2.06(6)

/U–OS 2.18(6) 2.1(1) 2.13(7) 2.12(6)

U–O1–B0 172(2) 148(2) 155(2) 163(2)

U–O2–B0 159(2) 155(3) 155(3) 142(2)

U–O3–B0 136(2) 161(3) 164(3) 159(2)

/U–O–B0S 155(2) 155(2) 158(3) 155(2)
very close to 901, indicating a strong pseudo-orthorhombic
character of the unit cells. An example of the good
agreement between the observed and calculated patterns
after the refinements is illustrated in Fig. 2 for B0QNi; for
the remaining phases similar fits were obtained. The mean
interatomic distances and some selected bond angles are
listed in Table 2.
The perovskite structure contains alternating B0O6 and

UO6 octahedra, displaying an in-phase octahedra tilting
along the (001) direction of the pseudocubic cell, and an
antiphase along the (100) and (010) directions (see Fig. 3),
which corresponds to the a�a�b+ Glazer’s notation as
derived by Woodward [29] for 1:1 ordering in double
perovskites, consistent with space group P21/n. The
magnitude of the tilting can be simply derived from the
average /B0–O–US angle, yielding 12.51 (Mn, Fe and Zn),
and 111 (Ni). For the sake of comparison, the previously
reported Sr2CoUO6 oxide [26], belonging to the same
Sr2B

0UO6 family, also showed a subtle monoclinic distor-
tion driven by an average tilting of the CoO6 and UO6

octahedra by 11.41.
Whereas the /Zn–OS average distance (2.11 Å, Table 2)

is in reasonable agreement with the expected value from the
ionic radii sums [30] for divalent and hexacoordinated
Fig. 3. A schematic view of the crystallographic structure of Sr2NiUO6

approximately along the b-axis. Large spheres represent Sr; corner-sharing

NiO6 (dark) and UO6 octahedra are slightly tilted in order to optimize

Sr–O bond-lengths.
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Fig. 4. (a) Magnetic susceptibility and (inset) reciprocal susceptibility for Sr2MnUO6; (b) magnetization isotherm at 5K.
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Zn2+ cation (2.14 Å), however for B0QMn, Fe and Ni the
average distances to oxygen atoms (/Mn–OS ¼ 2.07 Å,
/Fe–OS ¼ 2.00 Å and /Ni–OS ¼ 2.03 Å) are consider-
ably smaller than those expected for high-spin VIMn2+

(2.23 Å), VIFe2+ (2.18 Å) and VINi2+ (2.09 Å): we suggest
that the electronic configurations Mn2+U6+, Fe2+U6+

and Ni2+U6+ for these double perovskites could be
considerably shifted towards Mn3+U5+, Fe3+U5+ and
Ni3+U5+, respectively, since for high-spin hexacoordi-
nated Mn3+, Fe3+ and Ni3+ the expected B0–O distances
are 2.05 Å, 2.04 Å and 2.00 Å, respectively. The average
/U–OS bond-lengths range from 2.10 Å (B0QFe) to
2.18 Å (B0QMn), in acceptable agreement with the
expected value for both U6+–O (2.13 Å) or U5+–O
(2.16 Å) configurations.
3.2. Magnetic measurements

The variation of the magnetic susceptibility with
temperature is shown in Figs. 4(a), 5(a) and 6(a) for
B0QMn, Fe and Ni phases, respectively. On decreasing
temperature, a noticeable increase in the susceptibility
takes place below TNE21K for Mn and Ni compounds,
indicating the onset of a spontaneous magnetic ordering.
For B0QFe, the magnetic ordering temperature is
TC ¼ 150K. The inset of Fig. 4 and 6 show that the
inverse of the susceptibility presents a linear behavior at
high temperature for Mn and Ni phases. A fit to a
Curie–Weiss law in the temperature interval 76o To
358K (B0QMn) and 220oTo394K (B0QNi) gives a
characteristic paramagnetic temperature YW ¼ 6K and
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Fig. 5. (a) Magnetic susceptibility and (inset) reciprocal susceptibility for Sr2FeUO6; (b) magnetization isotherm at 5K.
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YW ¼ �21.5K for Mn and Ni compounds, respectively.
The effective paramagnetic moment obtained from the
Curie–Weiss fit for the Mn phase (5.74 mB/f.u.) is inter-
mediate between those expected for high-spin Mn2+

(5.91 mB/f.u. for spin-only Mn2+, S ¼ 5
2
) in a Mn2+–U6+

scenario, and 5.2 mB/f.u. for a Mn3+(high spin,
S ¼ 2)�U5+(S ¼ 1

2
) configuration, suggesting an inter-

mediate situation for the perovskite Sr2MnUO6, as
discussed from the /Mn–OS bond lengths. The slightly
positive Weiss temperature (YW ¼ 6K) indicates a pre-
dominance of ferromagnetic interactions, also manifested
in the magnetization vs. magnetic field curve (Fig. 4b),
showing a remnant moment of 0.5 mB and a high-field
magnetization up to 3.2 mB/f.u. for the maximum field of
5T. For Sr2NiUO6 the effective paramagnetic moment is
3.51 mB/f.u., significantly higher than that expected for spin-
only Ni2+ (S ¼ 1) of 2.83 mB. As suggested for the Mn
phase, it is possible to hypothesize on the presence of a
partial internal disproportionation effect of the type
Ni2++U6+2Ni3++U5+, being 4.24 mB the expected
moment for the configuration Ni3+(high-spin, S ¼ 3

2
)�

U5+(S ¼ 1
2
). At the same time, this charge disproportiona-

tion effect would account for the weak ferrimagnetic
behavior observed in the magnetization curve (Fig. 6b),
ascribable to a coupling between both Ni2+/3+ and U5+/6+

magnetic sublattices. The suggested ferrimagnetic interac-
tions in Sr2NiUO6 would explain the negative Weiss
temperature (YW ¼ �21.5K), the curvature of the reci-
procal susceptibility and the presence of the characteristic
shape of the magnetization in the low-temperature
isotherm (Fig. 6b). Notice that the high-field saturation
reached at 5T is close to the 2 mB/f.u. expected for a perfect
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Fig. 6. (a) Magnetic susceptibility and (inset) reciprocal susceptibility for Sr2NiUO6; (b) magnetization isotherm at 5K.
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ferrimagnetic ordering between high-spin Ni3+ (S ¼ 3
2
) and

U5+ (S ¼ 1
2
). This effect is strengthened in the Fe phase

(Fig. 5), where the non-linearity of the reciprocal suscept-
ibility is strongly marked and presents a huge curvature at
temperatures above TC, characteristic of ferrimagnetic
interactions at high temperatures, precluding a Curie–
Weiss fit in the available temperature range. With the
present data it is not possible to find out the origin of the
anomaly observed at 125K; the microscopic origin of the
magnetic behavior of the three phases will be the topic of a
future study by neutron diffraction.

4. Conclusions

Four new double perovskites of composition Sr2B
0UO6

(B0QMn, Fe, Ni, Zn) have been prepared by thermal
treatment either in air (Ni, Zn) or under reducing
conditions (Mn, Fe). The crystal structure is monoclinic
(space group P21/n); the crystal contains alternating
B0O6 and UO6 octahedra, tilted along the three pseudo-
cubic axes according to the Glazer notation a�a�b+,
as shown from XRD data. The B0–O distances obtained
in the structural study suggest the presence of a partial
disproportionation of the type B02++U6+3B03++U5+

for Fe, Mn and Ni cations; the same effect is con-
firmed from the Curie–Weiss fits to the reciprocal suscept-
ibility for B0 ¼Mn and Ni , since the observed effective
paramagnetic moments are significantly higher (B0 ¼ Ni)
or lower (B0 ¼Mn) than expected for the spin-
only divalent cations. The Fe perovskite shows a sponta-
neous magnetic ordering at relatively high temperatures
of 150K; the strong curvature observed in the reciprocal
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susceptibility curve suggests the presence of ferrimagnetic
interactions.
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