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A B S T R A C T

We prepared the antiferromagnetic Ca2CoWO6, Sr2CoWO6 and Ba2CoWO6 double perovskites with

different crystalline structures, which are monoclinic, tetragonal and cubic respectively. The crystalline

structures affect the Co–O distances and the local octahedral symmetry. Magnetic susceptibility

experiments were performed as a function of magnetic field and temperature. We found that the effective

magnetic moment (meff) of Co2+ is partially unquenched and we also found that meff increases with the

average of Co–O distances that form the CoO6 octahedra. A simple model associates the behavior of the

effective magnetic moment with crystal field effects.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The revival of interest in the double perovskite family was
triggered by reports on the ferromagnetic Sr2FeMoO6 [1–3],
demonstrating that in the electronic structure only minority and
polarized spins are present at the Fermi level. This material was
shown to exhibit intrinsic tunnelling-type magnetoresistance at
room temperature [4]. The spin-polarized transport in these
materials is an actual topic of intensive research, due to its potential
for application in spintronics and magnetoelectronic devices [5,6].

Antiferromagnetic A2CoBO6 double perovskites are important
to produce more complex systems as spin valves [7] and others
that use exchange bias (EB) mechanism [8] reducing the mismatch
effect with the ferromagnetic parents. The A2CoWO6 (with A = Ca,
Sr or Ba) family call our attention as antiferromagnetic candidates
due to their crystalline versatility. Their crystalline structures were
reported as monoclinic, tetragonal and cubic respectively [9–12].

As these double perovskites are obtained under an oxidative
atmosphere, the more probable electronic configuration of the ions
are Co2+(3d7) and W6+(4d0) being the cobalt the only magnetic ion.
In general, the transitions metal ions have effective magnetic
moments that can be described by a spin-only configuration due to
the quenched orbital moment. In this particular case the magnetic
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moment of the Co2+ ions for the high spin configuration (S = 3/2)
should be 3.87mB. However, only one work on Sr2CoWO6 reported
quenched orbital moment (3.02mB) [12] and they suggest that the
magnetic moment (meff) value depend of the external magnetic
field value. But, high fields magnetic studies in Co double
perovskite are very scarce in the literature. Other double
perovskites with Co2+ ions present orbital contribution to the
effective magnetic moment and sometimes the meff value is
sensitive to the disorder in the samples induced by different
chemical routes [13].

In this work we study how to change the magnetic effective
moment with temperature and magnetic field for the A2CoWO6

double perovskite with A = Ca, Sr and Ba. A model developed to
describe the magnetic susceptibility of Co2+ ions in Tutton salts
[14] has been applied to describe the variations of the effective
magnetic moment in the double perovskites, which can be
explained by crystal field effects due to the variation of the
distances between the oxygen environment and the Co2+ ions.

2. Results

2.1. Synthesis and structural characterization

A2CoWO6 (A = Ca, Sr and Ba) were prepared by solid-state
reaction. Stoichiometric analytical grade amounts of ACO3, CoCO3

and WO3 were mixed, ground, placed in a platinum crucible and
treated at 600 8C in air for 24 h. The resulting powder was reground
and calcined at 800 8C and 1000 8C for 24 h in each step. Finally the
products were fired at 1150 8C for 24 h with intermediate milling

http://dx.doi.org/10.1016/j.materresbull.2012.02.008
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Table 1
Average of Co–O and Co–Co main distances, meff and u values obtained adjusting the

x�1 vs. T data at H =5 and 50 kOe with a Curie–Weiss law between 200 < T(K) < 300.

The numbers between parenthesis are the error of the last significative digit. Also,

are the best model parameters: l, a, a0 and D, used to describe the meff vs. T curves at

5 and 50 kOe.

Ca2CoWO6 Sr2CoWO6 Ba2CoWO6

hCo–Oi (Å) 2.093(2) 2.064(2) 2.129(2)

hCo–Coi (Å) 7.7591(3) 7.9225(3) 8.1080(3)

meff(mB) (5/50 kOe) 5.14(1)/5.01(1) 5.07(1)/4.89(1) 5.18(1)/5.13(1)

�u(K) (5/50 kOe) 68(2)/61(2) 57(2)/56(2) 41(2)/52(2)

l (cm�1) �143 �143 �143

a (5/50 kOe) 1.460/1.350 1.455/1.256 1.450/1.345

a0 (5/50 kOe) 1.572/1.485 1.700/1.485 1.405/1.255

D (cm�1) 487 557 0
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of the reaction mixture. The rate of heating was of 5 8C min�1 and
the furnace was switched off after each step.

The identification and characterization of the phases were
carried out by X-ray powder diffraction (XRPD) using a Rigaku D-
MAX-IIIC diffractometer with Cu Ka (l = 1.5418 Å) radiation. The
2u range was from 108 up to 708 with increments of 0.028 and the
counting time was 4 s/step. The experimental patterns were
analyzed with the Rietveld method. Those XRPD patterns are
characteristics of perovskite structure. The space group (S.G.) for
Ca2CoWO6 is P21/n, for Sr2CoWO6 is I4/m and for Ba2CoWO6 is
Fm3m. Minor amounts of non-magnetic impurities were detected
and included in the refinements: 0.5% of CaWO4 in Ca2CoWO6; 0.2%
of SrWO4 in Sr2CoWO6; 1.2% of Ba2WO5 and 0.2% of BaO in
Ba2CoWO6. From the fit of the XRPD pattern, the calculated average
distances between two neighbor cobalt atoms (hCo–Coi) and
between cobalt and oxygen atoms (hCo–Oi) for each compounds
are presented in Table 1.
Fig. 1. On the top, magnetization (M) as a function of temperature (T) data taken with d

function of temperature for (a) Ca2CoWO6, (b) Sr2CoWO6 (c) Ba2CoWO6 at 5 and 50 k
2.2. Magnetic susceptibility

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

In Fig. 1 we show M vs. T curves of the A2CoWO6 family. Each
plot shows M curves at H = 5, 10, 30 and 50 kOe. In all the cases, a
maximum of magnetization is observed at TN (Néel temperature)
which is associated with the appearance of antiferromagnetic long
range order. Practically, no magnetic field dependence of TN was
observed considering �1 K of uncertainty.

The obtained TN values are: 33(1), 24(1) and 18(1) K for
Ca2CoWO6, Sr2CoWO6 and Ba2CoWO6 respectively which are in
good agreement with the previous reported data of magnetization
(A = Sr and Ba) [10–12] and neutron diffraction data (for A = Ca) [9].
In Fig. 2, TN is plotted as a function of the average hCo–Coi distance
(see Table 1). The diminution of the A cation size (rA) introduces
more structural distortion and consequently reduces the effective
hCo–Coi distance. The maximum TN is achieved for the monoclinic
and more distorted Ca2CoWO6 compound with the lower hCo–Coi
distance.

In order to characterize the paramagnetic phase at high
temperature and to analyze the A cation size influence on the
magnetic properties, we study the inverse of the susceptibility
taken as the x�1 = H/M ratio (see Fig. 1). For this Co2+ case, the
inverse of the magnetic susceptibility is not completely linear with
temperature in the paramagnetic region, TN < T < 300 K. We detect
a small field dependence and we have not detected any
ferromagnetic spurious phase in the samples.

In the bottom of Fig. 1 we only present the x�1–T curves at H = 5
and 50 kOe respectively to visualize more clearly the linear
deviation. In order to make a comparative analysis between the
ifferent magnetic field. On the bottom, inverse of the magnetic susceptibility as a

Oe.



Fig. 2. Top: Néel temperature (TN), bottom: Curie–Weiss temperature (u) as a

function of Co–Co distance for different A cation (u values are obtained from the

adjust with the Curie–Weiss law to the 5 kOe experiment at high temperature).

Fig. 3. meff vs. hCo–Oi at 300 K for different A cations and H (5 and 50 kOe). In the top

are the crystalline structure schemes.
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compounds, we take only the data of the measured curves at
different H above 200 K and we fitted these curves with the Curie–
Weiss law (x = C/T � u). Where C and u are the Curie constant and
Curie–Weiss temperature respectively. At 5 kOe the u values in K
are �68 � 2, �57 � 2 and �41 � 2, for A = Ca, Sr and Ba respectively,
which are also plotted in Fig. 2 (see bottom of the figure). Both, u and
TN present similar correlations with the hCo–Coi distance and the
negative values confirm the antiferromagnetic character of the
interactions in these compounds. The absolute u/TN ratio is larger than
1, which suggests that first and second neighbor interactions among
the Co2+ are present. This was previously confirmed by low-
temperature neutron diffraction studies on A2CoWO6 [9–11] where
the antiferromagnetic ordered is second kind as in CoO archetype.

Our experimental effective magnetic moment of
meff = 5.14 � 0.01, 5.07 � 0.01, 5.18 � 0.01mB for A = Ca, Sr and Ba
respectively, are slightly lower than previously reported for
Sr2CoWO6 (5.20mB) and Ba2CoWO6 (5.58 mB) [10,11]. Also, other
related compounds as (Sr,Ba)2CoMoO6, (Sr,Ba)2CoUO6 and (Ca,Sr)2-

CoTeO6 also show effective moments well above that spin-only
magnetic moment [11,15–19]. As the oxidation state of wolfram ions
is þ6 and it is a 5d0 or closed shell that does not contribute to the
paramagnetism, the experimental meff is completely associated with
Co2+. The values obtained are larger than the spin-only (mS) but these
do not reach the expected value for the pure spin–orbit contribution
(mJ = 6.63mB) case.

Also, from the inverse of susceptibility plots it is observable small
differences at higher temperatures when the magnetic field is
changed (see bottom of Fig. 1). To visualize these changes easily, the
meff and u obtained from the Curie–Weiss fits at two different
magnetic fields for the different A cations are shown in Table 1. The
meff value slightly decreases when the magnetic field is increased
(from 5 to 50 kOe) for all the samples (see Fig. 3). In particular, meff

decreases around 3.5% for the Sr case and 1% for the Ba double
perovskite. On the other hand, we expect that meff should have some
correlation with rA. However, meff increases in the Sr, Ca and Ba
sequence, fact that we will try to explain in the following section.

3. Discussion

The octahedral local symmetry around the Co2+ ions is modified
by the different crystalline structures in the three compounds. The
Ba double perovskite has a perfect octahedra with Oh symmetry
where the six Co–O distances are equal. On the other hand, Sr
presents a reduction of the local symmetry, it is lowered to
tetragonal (D4h), where the four Co–O distances in the octahedral
plane are equivalent while the axial Co–O distances present
different values. Also, in the more structurally distorted distances,
three different Co–O characteristics distances are observed;
however the Co–O equatorial plane distances are practically equal,
resulting in a quasi D4h tetragonal symmetry. These different
octahedral oxygen environments around the magnetic ion should
modify the crystal field, which will change the structure of energy
levels of Co ions and consequently their magnetic susceptibility.
Also, these different crystalline structures with different octahedra
spatial arrangement affect the average Co–Co distance modifying
the strength of the magnetic interactions.

The meff values obtained from the x�1 vs. T fit data at H = 5/
50 kOe are in Table 1 for the Ba, Ca and Sr cases. The evolution of
meff as a function of the average hCo–Oi distance for each
compound can be clearly observed in Fig. 3. This plot shows the
correlation between meff with the oxygen environments around the
Co ions. Although, the lower Co environment symmetry corre-
sponds to the Ca compound, the shorter Co–O distances and the
lower meff value are in the Sr case. This graph shows directly how
the meff is principally affected by the Co–O distance than the
crystalline distortion. It is remarkable that Sr2CoWO6 double
perovskite presents the lowest meff value, following by Ca2CoWO6,
and finally the highest meff data corresponds to the Ba2CoWO6

compound. As we mentioned before, the Ba compound has cubic
field and it presents perfect octahedral environment of oxygen
around the Co (Oh symmetry). While the lowest magnetic moment
is for Sr2CoWO6 where the local symmetry is reduced to D4h. For
Ca2CoWO6, although both Co–O distances [9] at the equatorial
plane are different, 2.103(2) Å and 2.114(2) Å, for the magnetic
calculations the local symmetry can be considered similar to D4h

with axial symmetry. To corroborate this hypothesis, we will treat
to estimate the behavior of the effective magnetic moment with
the distortion of the local crystal field for the different A ions in the
double perovskite system A2CoWO6.

3.1. The model

The Co2+ free ion possesses a 3d7 electronic configuration,
whose ground state is 4F and above this is the 4P state at
approximately 22,500 cm�1. When the Co2+ ion is introduced in
the octahedral oxygen environment, the cubic ligand field (Oh)
from the bottom, splits into two triplets orbitals (T1g and T2g) and
one singlet state (A2g) where T1g is the lowest [20]. The excited T2g



Fig. 4. Effective magnetic moment (meff) as a function of the crystal field distortion

parameter (D). Experimental meff values at 300 K and H = 5 kOe are represented by

horizontal lines (blue) and labelled with Ba, Ca or Sr corresponding to the A cation in

the double perovskite. Three sets (a, b and c) of mmodel
eff vs. D curves are shown to

compare with the experimental data. In b and c, solid and dotted lines are calculated

with l = � 136 and �180 cm�1 respectively. In b, a = a0 = 1.5 and in c is a = a0 = 1.4.

The mmodel
eff of a curve (line with circles in red) has been computed with

l = � 143 cm�1, a = 1.45 and a0 = 1.40 in order to describe the experimental meff

value of the Ba compound at 300 K. The intersection between the experimental

values with this a curve can display the corresponding D values for the Ca and Sr

cases. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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and A2g states are over 8000 cm�1 and they are not thermally
populated at room temperature. First order orbital moment
together with spin orbital moment split the ground state T1g into
a sextet (J = 5/2), a quadruplet (J = 3/2) and a doublet (J = 1/2) and
this last one being the lowest, which are completely separated by
first and second order Zeeman effects. The magnetic susceptibility
can be computed as a function of the perpendicular and parallel
susceptibility components (xmodel = xk + 2x?/3) and each compo-
nent can be calculated by the van Vleck’s equation (Eq. 1).

xk ¼ N

P
n½E2

1;n;k=kT � 2E2;n;k�exp½�E0;n=kT�P
nexp½�E0;n=; kT�

ðn ¼ � 1 to � 6 ; k ¼ k or ? Þ: (1)

E1,n and E2,n are the Zeeman first and second-order energy
terms. The spin orbit interaction can be reduced by an orbital
reduction factor (a) due to a mixture between the levels T1 of the 4F
and a small admixture of the 4P term. This reduction factor takes
values from 1.5 in a weak field to 1 in a strong field, which reduces
the effective magnetic moment [21]. Also, the spin–orbit coupling
parameter (l) is reduced by covalent effects between the metal
and the O ligand. In general, the spin–orbit coupling constant for
Co2+ in crystals is taken as l = � 180 cm�1, although in CoO
compound it was estimated in l = � 136 cm�1 [22].

When the symmetry is lowered from Oh to tetragonal (i.e. D4h),
the triplet orbital state T1g split into a singlet A2g state and a
doublet Eg. The effective Hamiltonian of Eq. 2 describes this
situation introducing an axial distortion at zero fields (D). If this
parameter is positive the ground state is the A2g, while if D < 0 the
lowest state is Eg. In general the values of D are one order of
magnitude higher than l.

H0 þ H0Zeeman ¼ l~L~S þ D½1 þ L2
z =a

2� þ mð�~L þ 2~SÞ~H (2)

The part of the orbital angular momentum operators (~L) that is
semi-diagonal in the manifold of the lowest triplet has the
following components: Lx ¼ �a0l0x, Ly ¼ �a0l0y, Lz ¼ �al0z, where l0x,
l0y and l0z are the component of the angular momentum operator
with quantum number equal to unity. The fine structure group
levels are grouped in the subspaces of Mj (� 1/2 ; � 3/2 ; � 5/2):

E4ð � 5

2
Þ ¼ �3al

2
;

E3ð � 3

2
Þ ¼ 1

2
½D � al

2
�Q �;

E5ð � 3

2
Þ ¼ 1

2
½D � al

2
þQ �;

(3)

where Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD þ 1=2alÞ2 þ 6a02l2

q
, and the levels corre-

sponding to the subspace 1/2, E1, E2 and E6 are given by the roots
of a cubic equation:

x3 � ð2a þ nÞx2 þ ð2an þ 3

4
a2 � 7

2
a02Þx � 3

4
a2n þ 15

4
3aa02

¼ 0 (4)

where n = D/l and x = Ei/l. The corresponding eigen functions are:

f
ð�

1

2
Þ

i¼1;2;6 ¼ aij � 1; �3

2
i þ bij0; �1

2
i þ cij � 1; � 1

2
i;

f
ð�

3

2
Þ

i¼3;5 ¼ aij0; �3

2
i þ bij � 1; �1

2
i;

f
ð�

5

2
Þ

i¼4 ¼ j � 1; �3

2
i;

(5)
and the coefficients being defined for i = 1, 2 and 6 as

ai ¼ �
ffiffiffiffiffiffiffiffiffi
3=2

p
a0l

3=2al � Ei
bi;

ci ¼
ffiffiffi
2
p

a0l
1=2al � Ei

bi;

bi ¼ ½ 3=2a02l2

ð3=2al � EiÞ2
þ1 þ 2a02l2

ð1=2al � EiÞ2
��1=2;

(6)

and for i = 3 and 5 are:

ai ¼ �
ffiffiffiffiffiffiffiffiffi
3=2

p
a0l

D � Ei
bi;

bi ¼ ½3=2a02l2

ðD � EiÞ2
þ1��1=2;

(7)

In conclusion, the model gives an estimation of the effective
magnetic moment where the parameters to define are: l, a, a0, D

and T. For example, fixing the temperature, it is possible to study
the mmodel

eff dependence with the crystal field parameter D. On the
other hand, fixing D, we can study the mmodel

eff behavior with

temperature. The mmodel
eff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3k=NAm2

BÞxmodelT
q

can be calculated

computing the magnetic susceptibility by using the van Vleck
equation and the energy levels including axial local crystal field
distortion (Eqs. (1)–(7)) and following the steps described in Refs.
[14,20,23].

3.2. Comparing the experimental results with the model

As the D parameter is the axial crystal field of a cubic field, the
Ba2CoWO6 system have D = 0 cm�1 because D is the axial
distortion of a cubic system, this null value for the parameter
does not occur in the other two systems (Ca and Sr).

In Fig. 4 we represent three sets of mmodel
eff vs. D curves at

T = 300 K (a, b and c). Only D > 0 values are plotted because the
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negative crystal field parameter gives lower effective magnetic
moments than the experimental meff data. In the plot, to illustrate
the behavior of the model, two examples with a = a0 (b and c) can
be appreciated. Also, we use two representative spin–orbit
interaction values: (i) l = � 180 cm�1, which is a normally used
value to describe compounds with Co2+ ions [20], and (ii)
�136 cm�1, which is used in more covalent oxides as CoO [22].
In particular, for these two l values, we plot b curve using
a = a0 = 1.5 and a = a0 = 1.4 in c curve, both values are associated
with weak crystal field. This graph is also an indication of the
different possible ranges of each parameter of the model. The
resulting mmodel

eff vs. D curves show the same tendency: starting at
D = 0 cm�1 with a finite mmodel

eff value, which increases until to reach
a maximum between 1 � j D/l j � 2 and for larger D, the effective
magnetic moment decreases asymptotically. At low D values, both
curves with different l are practically coincident but this are
shifted at higher D. With a = a0, the model cannot explain the
experimental meff for the Ba case, which is higher than the values
obtained in curves b and c. At D = 0 cm�1, the experimental meff

value for the Ba double perovskite is reached using l = � 143 cm�1

and a 6¼ a0, with a = 1.45 and a0 = 1.40 (see curve a). This curve let
us to infer the corresponding D values for the Sr and Ca double
perovskite, which are the intersections between the a curve and
the experimental meff values at 300 K represented by horizontal
lines in Fig. 4 (their wide are only indicative between the calculated
curves).

We compute the experimental effective magnetic moment as a

function of temperature as: meff ðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3k=NAm2

BÞxðT þ uÞ
q

where

x is the experimental magnetic susceptibility and u is the Curie–
Weiss constant obtained by the Curie–Weiss law fitted at high
Fig. 5. meff(T) values for A = Ba (&, blue), Ca (*, black) and Sr(~, red) in the double

perovskites A2CoWO6. In the top are the experimental data taken at 5 kOe, while in

the bottom are the data at 50 kOe. Solid lines show the calculus of mmodel
eff ðTÞ as a

function of temperature for each case. All the calculated curves are with

l = � 143 cm�1 and D = 0 cm�1, D = 487 cm �1 and D = 557 cm�1 for Ba, Ca and

Sr respectively. The a and a0 values used for the calculus in each case are in Table 1.
temperature (the u values were calculated in previous sections and

the data are in Table 1). In Fig. 5, we represent with symbols the
experimental effective magnetic moment as a function of
temperature for the different double perovskites at 5 and
50 kOe of magnetic field.

Now, to describe these experimental values, we calculate
mmodel

eff ðTÞ using l = � 143 cm�1 for the double perovskite system;
and D = 0 cm�1, D = 487 cm�1 and D = 557 cm�1 for Ba, Ca and Sr
respectively. These parameters have been obtained from the
evaluation of the room temperature data, which were analyzed in
Fig. 4. During the calculus of each curve, we fix these model
parameters (l and D), while a and a0 are free in order to obtain the
best adjust between the experimental data and the model. The
calculated mmodel

eff ðTÞ values are shown with solid lines in Fig. 5 and
the set of parameters that describe each curve are in Table 1. Our
previous observation that the meff is reduced when hCo–Oi is
diminished and that this meff dependence can be associated with
crystal field effects, it is completely confirmed by our calculus. The
cobalt effective magnetic moment in double perovskites princi-
pally changes by crystal field effects. Indeed, the model describes
the experimental effective magnetic moment computed at two
different magnetic field using the same crystal field distortion and
spin orbit interaction value. In particular, we remark that the axial
crystal field distortion parameters that describe perfectly the
experimental situation are D(Ba) � 0 cm�1, D(Ca) � 487 cm�1 and
D(Sr) � 557 cm�1.

4. Conclusions

We report magnetic susceptibility experiments in the para-
magnetic region about Ca2CoWO6, Sr2CoWO6 and Ba2CoWO6

double perovskites. The effective magnetic moment (meff) of Co2+,
partially unquenched, increases with the mean hCo–Oi distance
indicating the presence of crystal field effects on the Co2+

environment. A simple model to describe the magnetic suscepti-
bility with octahedral crystal field distortion describes the
behavior of the effective magnetic moment in practically all the
experimental temperature range in the double cobalt perovskites
with A = Ca, Sr and Ba. The best l = � 143 cm�1 value that describe
the experimental situation indicates an important covalence in this
kind of oxides.
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