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Cap TWOg (T = Co, Ni) perovskites have been prepared in polycrystalline form by thermal treat-
ment, in air, of previously decomposed citrate precursors. These materials have been studied by X-ray
(XRD) and neutron powder diffraction (NPD) data. Our results show that these compounds crystal-
lize, at room temperature, in the monoclinic space group P2; /n. The two perovskites contain divalent
T (T = Co, Ni) cations. The low temperature antiferromagnetic ordering has been followed from se-
quential NPD data. Peaks of magnetic origin appear at the NPD patterns below temperatures of Ty =
36 K and Ty = 56 K for the Co and Ni compounds, respectively. The magnetic structures are both
defined by a propagation vector k = (1/2, 0, 1/2), and can be described as an array of ferromagnetic
layers of Co(Ni) moments, perpendicular to the [101] directions, coupled antiferromagnetically.
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Introduction

The recent discovery of colossal magnetoresistance
(CMR) in perovskite manganites [1—3] and its poten-
tial applications have stimulated the search for new
magnetoresistive ferromagnetic metallic oxides. CMR
materials undergo a large change in electrical resis-
tance in response to an external magnetic field. In these
compounds, the applied field tends to align the local
spins and hence leads to a rapid drop of the measured
resistivity by suppressing spin fluctuations and enhanc-
ing electronic transfer.

Much of the present interest in double perovskite
oxides arises from the prospects of finding half-
metallic materials with high Curie temperatures (T¢).
More than 300 compounds with double-perovskite
structure, A,B’B”Og, have been synthesized [4], in
which the perovskite B sites are occupied alter-
nately by different cations B’ and B”. Among them,
A,FeMoOg (A = Ca, Sr, and Ba) are known to be ferro-
magnetic with critical temperature T¢ (=2 330-420 K)
[5], which is higher than that of the doped mangan-
ites (maximum T¢ is = 360 K for Lag4Srgs MnOs3).
Kobayashi et al. [6, 7] have observed room temperature
magnetoresistance in SroFeMoOg and SroFeReOg due
to intergrain tunneling [6 —10]. These results have ex-
panded the options for optimizing CMR properties for
specific technological applications, and led to search

in other members of the wide family of perovskites of
composition A;B’B”Og (A = alkali earths, B’ and B
transition metals).

The double perovskites Cap,CoWOg and CayNiWOg
have attracted our attention. They were studied in the
sixties and forgotten for more than 30 years. The crys-
tal structures of CayNiWOg and Ca, CoWOg have been
described as orthorhombic [11]. An antiferromagnetic
behavior was observed for Ca,CoWOg below Ty =
26 K [12].

In the present work we describe the synthesis of
Ca;TWOg (T = Co, Ni), prepared by soft chemistry
procedures, and the results of a neutron powder diffrac-
tion study on well-crystallized samples. The crystal
structures have been revisited; we report complete
structural data for these monoclinic perovskites. Low
temperature NPD data allowed us to probe the micro-
scopic origin of the antiferromagnetic ordering, con-
cerning the Co?* and Ni?* magnetic moments.

Experimental Section

Ca,TWOg (T = Co, Ni) perovskites were prepared as
brown (T = Co) or green (T = Ni) polycrystalline powders
from citrate precursors obtained by soft chemistry proce-
dures. Stoichiometric amounts of analytical grade CaCOg,
HogNgO41 W12 - 18 HoO, CO(NO3)2 -6 HOor Ni(NO3)2 .
6 H,0, were dissolved in citric acid. The citrate / nitrate solu-
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tions were slowly evaporated, leading to organic resins with
a random distribution of the involved cations at an atomic
level. These resins were first dried at 120 °C and then slowly
decomposed at temperatures up to 600 °C. All the organic
materials and nitrates were eliminated in a subsequent treat-
ment at 800 °C in air, for 2 h. This treatment gave rise to
highly reactive precursor materials. Afterwards, the result-
ing brown or green powders were treated at 1100 °C in air
for 12 h.

The initial characterization of the products was carried
out by laboratory X-ray diffraction (XRD) (Cu Ko, A =
1.5406 A). Neutron powder diffraction (NPD) diagrams were
collected at the Institut Laue-Langevin (ILL) in Grenoble
(France). The crystallographic structures were refined from
the high resolution NPD patterns, acquired at room temper-
ature at the D2B diffractometer with A = 1.594 A. For the
determination of the magnetic structures and the study of
their thermal variation, a series of NPD patterns was obtained
at the D20 high-flux_diffractometer (ILL-Grenoble) with a
wavelength of 2.42 A, in the temperature range from 2 to
82 K for T=Coand 2 to 90 K for T = Ni. The refinements of
both crystal and magnetic structures were performed by the
Rietveld method, using the FULLPROF refinement program
[13]. A pseudo-Voigt function was chosen to generate the
line shape of the diffraction peaks. The following parameters
were refined in the final runs: scale factor, background coeffi-
cients, zero-point error, pseudo-\Voigt corrected for asymme-
try parameters, positional coordinates, isotropic thermal fac-
tors, anti-site disorder of Co(Ni)/W and O occupancies. The
coherent scattering lengths for Ca, Co, Ni, W and O were
4.70, 2.49, 10.30, 4.86, and 5.803 fm, respectively.

Results

Ca, TWOg (T = Co, Ni) were obtained as well crys-
tallized powders; their XRD diagrams are shown in
Figure 1. The patterns are characteristic of perovskite-
type structures, showing superstructure peaks (with
odd indices) corresponding to the T/W (T = Co, Ni) or-
dering. Minor amounts of CaWO, were detected from
either XRD or NPD data; the main reflections of the
impurity are indicated with stars in Figure 1. A small
amount of NiO was detected only in the NPD pattern
of CapNiWQg.

Crystallographic Sructure

The crystal structure refinement was performed
from the D2B high resolution data collected at room
temperature and with a wave-length 2 = 1.594 A. In
the two compounds the Bragg reflections were indexed
with a monoclinic unit cell and the structures were re-
fined in the monoclinic space group P2;/n. CaWOQO,
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Fig. 1. XRD patterns for CayTWOg (T = Co, Ni). The stars
indicate the main reflections of the CaWO, impurity phase.

and NiO were included as secondary phases in the fi-
nal refinement (NiO only for Ca;NiWQOg). CaWQy is
tetragonal (space group 144 /a). From the scale factors
of the main and secondary phases, we estimated 5%
of CaWQ, in Ca,CoWOg; 6% of CaWO, and 0.5% of
NiO in CazNiWOg. In the final refinement, the possi-
bility of anti-site disordering was also checked, by as-
suming that some Co(Ni) atoms could occupy W sites,
and vice-versa: the refinement of the inversion degree
led to less than 1% of anti-site disordering. The oxygen
stoichiometry of O1, 02, and O3 was also checked by
refining their occupancy factors; no oxygen vacancies
were found within the standard deviations. The good
agreement between the observed and calculated pat-
terns after the refinement is shown in Figure 2. The
lattice parameters and the final atomic coordinates of
the different compounds are reported in Table 1. The
mean interatomic distances and some selected bond
angles are listed in Table 2. A drawing of the struc-
ture is shown in Figure 3. The perovskite structure
is fairly distorted due to the small size of the Ca?*t
cations, which force the Co(Ni)Og and WOg octahedra
to tilt in order to optimize the Ca—O bond distances.
Co(Ni)Og and WOg octahedra are fully ordered and
alternate along the three directions of the crystal, in
such a way that each Co(Ni)Og octahedron is linked to
6 WOg octahedra, as shown in Fig. 3, and vice-versa.
The structure, thus, contains alternating Co(Ni)Og and
WOg octahedra, tilted in phase along the (100) direc-
tion of the pseudocubic cell and in anti-phase along
the (010) and (001) directions, which corresponds to
the a™b~b~ Glazer’s notation as derived by Woodward
[14] for 1: 1 ordering in double perovskites, consistent
with space group P24 /n.
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Fig. 2. Observed (crosses), calculated (full line) and dif-

ference (bottom) NPD Rietveld profiles for CaTWOg at

298 K. Vertical lines correspond to the Bragg positions for

the perovskites (top series) and minor impurity phases (bot-

tom series). (a) T = Co; (b) T = Ni.

In both Ca;CoWOg and CayNiWOg unit cells, the
monoclinic distortion is very small, with B angles
very close to 90°; this effect has been observed in
many 1:1 ordered perovskites with a strong pseudo-
orthorhombic character. The size of the unit cell is
larger for Ca,CoWOg as expected for the larger Co?t
ionic radius (0.745 A) versus Ni%t (0.69 A) in octa-
hedral coordination [15]. The average (T—O) inter-
atomic distances (Table 2, Co—0: 2.093(2) Avs. Ni—
0: 2.066(3) A) are also in agreement with the larger
size of the Co®* cations.

Magnetic Sructure

The magnetic structure for Ca,TWOg (T = Co, Ni)
and its thermal evolution were analyzed from a set
of NPD patterns collected in the temperature range
2<T<8KforT=Coand2<T<90KforT=
Ni, with A = 2.42 A. In Ca,CoWOg, upon decreasing
of the temperature below 36 K, new reflections appear

Fig. 3. View of the structure of monoclinic CaCoWOg at
298 K. c axis is vertical; a axis from left to right. Large
spheres represent Ca; small spheres represent O; corner-
sharing CoOg and WOg octahedra are tilted in order to
optimize Ca-O bond-lengths.

on positions forbidden for the Bragg crystallographic
reflections in the space group P21 /n. These new peaks
correspond to magnetic satellites defined by the prop-
agation vector k = (1/2, 0, 1/2). An antiferromagnetic
structure was modeled with magnetic moments at the
Co positions; after the full refinement of the profile,
including the magnetic moment magnitude, a discrep-
ancy factor of Rmag = 6.70% was reached for the 2 K
diagram, collected with a good counting statistics. In
Cay;NiWOg the new peaks appear below Ty = 56 K
and are also indexed with the same propagation vector
k = (1/2, 0, 1/2). After the refinement of the antifer-
romagnetic structure, a discrepancy factor of Rpmag =
5.77% was obtained for the 2 K diagram.

The best agreement was obtained by considering the
magnetic moments aligned along the (011) directions.
A view of the magnetic structure is displayed in Fig-
ure 4. The proposed magnetic arrangement gives rise
to antiferromagnetic couplings between each Co(Ni)
moment and the six nearest neighbors, via -O-W-0—
paths. The magnetic structure can also be described
as an array of ferromagnetic layers of Co(Ni) mo-
ments, perpendicular to the [101] directions, coupled
antiferromagnetically. The magnetic structure is sta-
ble from 2 K to Tn, as demonstrated in a sequential
refinement in all of the available temperature range.
The thermal evolution of the ordered magnetic mo-
ment on the Co(Ni) positions is shown in Fig. 5. A
sharp increase is observed below 36 K (T = Co) or 56 K
(T =Ni), reaching the saturation value of 3.00(4) ug
(T=Co) and 1.94(2) ug (T =Ni) at 2 K. These values
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Table 1. Unit-Cell, positional and thermal parameters for
Ca;TWOg (T = Co, Ni) in the monoclinic P2; /n space
group, from NPD data at 295 K.

T=Co T=Ni
a(A) 5.42475(9) 5.4048(1)
b (A) 5.57959(8) 5.5369(1)
c(A) 7.7134(1) 7.6889(1)
B (deg) 90.245(1) 90.246(1)
V (A3) 233.466(6) 230.093(7)
Ca 4e(x,Y,2)
X 0.9892(4) 0.9893(7)
y 0.0508(3) 0.0489(3)
z 0.2521(4) 0.2486(6)
B (A?) 0.74(3) 0.58(4)
T 2d (1/2,0,0)
B (A2) 0.63(9) 0.37(3)
W 2c (1/2,0,1/2)
B (A?) 0.27(5) 0.35(6)
01 4e(x,Y,2)
X 0.0892(3) 0.0860(4)
y 0.4712(3) 0.4746(4)
z 0.2412(3) 0.2412(3)
B (A2) 0.65(3) 0.56(4)
02 4e(x,Y,2)
X 0.7132(3) 0.7133(5)
y 0.3092(4) 0.3057(5)
z 0.0430(2) 0.0430(3)
B (A2) 0.58(3) 0.48(4)
03 4e(x,Y,2)
X 0.1884(3) 0.1931(5)
y 0.2174(3) 0.2162(5)
z 0.9504(2) 0.9534(4)
B (A2) 0.63(3) 0.61(4)
Reliability factors
Ro(%) 3.65 3.22
Rwp(%) 463 4.04
Rexp (%) 4.03 3.55
% 1.32 1.29
Ri(%) 3.84 5.02

represent the magnetic moments per Co?* or Ni%* ions
in the ordered states and are in both cases in excellent
agreement with the spin-only contribution of 3y g/atom
for high spin Co®*(t3,e) or 2ug/atom for high spin
Ni%* (t5,€). The goodness of the fit between the ob-
served and calculated NPD patterns at T=2 K are il-

lustrated in Figures 6a and 6b.
Discussion

The structure of the monoclinically distorted
Ca; TWOg (T = Co, Ni) perovskite contains three in-
equivalent oxygen atoms, the positions of which can-
not be very accurately determined by XRD diffraction

Table 2. Main bond distances (A) and selected angles (°)
for monoclinic CaTWOg (T = Co, Ni) determined from
NPD data at 295 K.

T=Co T=Ni
TOg Octahedra
T- 01(x2) 2.063(2) 2.050(2)
T- 02(2) 2.103(2) 2.073(3)
T- 03(x2) 2.114(2) 2.075(3)
(T-0) 2.093(2) 2.066(3)
WOg Octahedra
W- 01(x2) 1.927(2) 1.915(3)
W- 02(x2) 1.915(2) 1.916(3)
W- 03(x2) 1.919(2) 1.921(3)
(T-0) 1.920(2) 1.919(3)
B-O1- W (x2) 150.34(9) 151.6(1)
B-O2- W (x2) 151.12(8) 151.7(1)
B-03- W (x2) 149.50(7) 150.9(1)
CaOg Polyhedra
Ca- 01 2.409(2) 2.415(3)
Ca- 01 3.169(3) 3.138(4)
Ca- 01 2.330(3) 2.333(4)
Ca- 02 2.627(3) 2.593(5)
Ca- 02 2.353(3) 2.366(5)
Ca- 02 2.664(3) 2.686(5)
Ca- 03 2.733(3) 2.692(5)
Ca- 03 2.587(3) 2.599(5)
Ca- 03 2.365(3) 2.351(5)
(Ca-O)gshort 2.509(3) 2.504(5)
4
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Fig. 4. Schematic view of
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as strong pseudo-symmetry is present in the patterns.
Probably for this reason, this material had previously
been described as orthorhombic [11]. An NPD study
was essential to investigate the subtle structural fea-
tures of this perovskite, neutrons being more sensitive
to the oxygen positions.

Several examples of monoclinically distorted, 1:1
ordered perovskites have been described in the past,
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Fig. 6. Observed (crosses), calculated (full line) and dif-
ference (bottom) NPD Rietveld profiles for (a) CapCoWOg
and (b) CapNiWOg at 2 K. Vertical lines correspond to the
Bragg positions for the crystallographic phase (top) and
magnetic phase (bottom). The star corresponds to a reflec-
tion from the cryostat.

for instance Nd,MgTiOg [16], CaFeMoOg [17],
Sr,MnWQOg, Ca,MnWOg, and Sr,MnMoOg [18]. In
all cases the compounds crystallize in the space group
P2;1/n, with a~ b ~ v/ 2ay and ¢ ~ 2ay, and they
show long range ordering between the two different
cations placed at the B positions of the A,B’B”Og per-
ovskite structure. The driving force for the B’, B” or-
dering is the charge difference between both kinds of

cations, for instance Mg?* and Ti*t in Nd,MgTiOg,
or Mn?+ and W8 in SroMnWOg. It is remarkable that
all of these compounds show an extraordinarily high
pseudo-orthorhombic character as far as unit-cell di-
mensions are concerned: B angles are very close to
90°, e.g. B = 89.969(8)° for CayFeMoQOg [17]. How-
ever, the internal symmetry is monoclinic, as shown
from neutron diffraction refinements [16 - 18]. This is
also the case for Ca,TWOg (T = Co, Ni), which are
also strongly pseudo-orthorhombic, but show a good
and unique convergence in the P21 /n setting during the
refinement of NPD data.

In Table 2 we notice that CoOg and NiOg octahe-
dra are slightly larger than WOg octahedra, in agree-
ment with the difference in ionic radii [15]. The av-
erage T-O bond-lengths at RT compare well with
the expected values calculated as ionic radii sums
[15] for T=Co, <§:o—0>: 2.093(2) A (calc. 2.145 A);
(W-0): 1.920(2) A (calc, 2.00 A); for T=Ni, (Ni-O):
2.066(3) A (calc. 2.090 A); (W-0O): 1.919(3) A (calc.
2.00A).

In order to get some insight into the oxidation states
distributions, we carried out a series of bond-valence
calculations by means of the Brown model [19,20].
This model assumes that the valence of a given cation
is shared between the chemical bonds of the first co-
ordination sphere. It defines a phenomenological re-
lationship between the formal valence of a bond and
the corresponding bond lengths. Bond valences are cal-
culated with the formula vj; = exp[(Rjj — djj)/0.37],
where Rjj is the bond-valence parameter and dj; is the
anion-cation bond length. The valence of the atom i
(Vi) is then calculated as ¥, vijj. In CaCoWOsg, the
calculated valences for Ca, Co, and W are 2.00, 2.03,
and 5.95 respectively; in Ca,NiWOg, the calculated va-
lences for Ca, Ni, and W are 2.02, 1.98, and 5.96 re-
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spectively. From these values the electronic configu-
ration for these compounds at 298 K are Co%*(3d’)-
WE+(5d), Ni2*(3d8)-W6+(5d°) respectively, which is
in good agreement with the results of the magnetic
structure determination at 2 K. These electronic con-
figurations, excluding the presence of a mixed valence
at Co(Ni) atoms and implying an oxidation state +6 for
W cations, account for the electrical insulating behav-
ior and color of the samples.

Conclusions

The study of the crystal structure of the double per-
ovskites Ca, TWOg (T =Co, Ni) from neutron powder

diffraction data allowed us to establish that these ox-
ides have a room temperature monoclinic structure,
space group P2;/n. These compounds experience a
low-temperature antiferromagnetic ordering; the mag-
netic structure is defined by the propagation vector
k=(1/2,0,1/2). It seems clear that Co and Ni ions
adopt an oxidation state +2, in a high spin configura-
tion.
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