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STUDIES ON SYNTHESIS AND MAGNETIC PROPERTY OF
Ln,Eu, ,CoO; (Ln=Gd, Ho; x=0~1) PREPARED BY MEANS OF THERMAL
DECOMPOSITION OF Ln,Eu,_, [Co(CN)]-nH,0 (Ln=Gd, Ho; x=0~1)
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The perovskite-type oxides, GdyEu; CoO; and HoiEu; ,CoO; were prepared by the thermal decompositions
GdyEu; «[Co(CN)s]-4H,0 and HoEu, «[Co(CN)s]-4H,0, respectively. GdiEu; CoO; and Ho,Eu; CoO; were orthorhombic and
Pnma. In the ranges of 0<x<I, their lattice parameters of a¢-axis linearly lengthen with the increase of the value of x, but those of b
and ¢ axes decrease with the increase of x.

The magnetic susceptibility of EuCoO; showed a typical Van Vleck paramagnetic property The Co®" ions in EuCoOs were in
the low spin state (tzg .» 5=0), therefore the susceptibility of EuCoOs was dependent on the Eu®" ions in the temperature range from
5 to 300 K. Similarly, the Co*" ions in Gd (Eu; «CoOs and HoEu, «CoOs were also in the low spin state (t6 e, , §=0), therefore the
susceptibilities of GdyEu; CoO; and HosEu, ,CoO; were dependent on the component of the Eu*t, Gd® and Ho>" ions in the

temperature ranges from 5 to 300 K.

Keywords: Gd.Eu; .CoO;s;, Ho,Eu, CoOs, magnetic susceptibilities of perovskite-type oxides, perovskite-type oxides,
prepared of perovskite-type oxides by thermal decomposition

Introduction

Major synthetic method for perovskite-type oxide is
the solid-state reaction method. In the method,
mixture of metallic oxides is well ground, pelletized
and fired. These procedures are repeated by two or
three times, and the perovskite-type oxide can be
obtained. But it is difficult to change stoichiometric
ratio of the product metals in the method and the
method requires high calcining temperature [1, 2].

Recently, perovskite-type oxides have been
prepared by means of the thermal decompositions of
heteronuclear complexes. In 1968, Gallagher
proposed that LaFeOz; and LaCoO; were prepared by
use of the thermal decompositions of the appropriate
hexacyanometallate complexes, as La[Fe(CN)g]-
5H,0 and La[Co(CN)s]-5H,0, respectively [3].

The series complexes of Ln[M(CN)s]-nH,O
(Ln=La~Lu) are easily prepared by the reactions of
K;3[M(CN)¢] (M=Fe, Co) and LnX; (X=Cl, NO;) in
aqueous solution [4, 5], and the homogeneous oxides
can be obtained by means of their thermal decom-
positions. It is noteworthy that the decomposition
provides the oxide at lower temperature than that of
solid-state reaction method.

The structures, electric and magnetic properties
of the perovskite-type oxides have been investigated
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for a long time. For example, LaCoO; has two
magnetic transitions at 120 and 500 K. Asai et al. [6]
reported that the low spin ground state of Co™" (t 26€gs
S$=0) was changed to the intermediate spin state
(t Zg e gl , 5=1) in the first transition and the intermediate
spin state was transformed to the high spin state
(tye 26€4s 2, 8=2) in the second transition.

Umemoto et al. [7] reported the structures and
the magnetic properties of CesEu; CoO; (x=0.1
and 0.15) prepared by means of thermal
decomposition of CesEu;_[Co(CN)g]-4H,0.
In Ce,Eu; CoOs, the Ce** ion is expected to oxidize
more easily to Ce*" ion than the other trivalent
lanthanide ions, and the Eu®" ion is more stable than
the other divalent lanthanide ions. So they measured
the magnetic susceptibilities of Ce.Eu; 4CoOs, but
the valence states of Ce and Eu were estimated to be
trivalent as Ce’” and Eu’", respectively.

Authors expect that the new properties of
LnsEu, xCoO; would break out by the substitution of
Ln ion with the another Ln’ ion which has different
ionic radius of Ln ion. So in this study, Ln was
substituted by Gd or Ho ion because the ionic radius
of Gd ion is close to that of Eu ion and the radius of
Ho’" ion is smaller than that of Eu*" ion. The perovs-
kite-type oxides, LnyEu; ,CoO; (Ln=Gd, Ho; x=0~1)
were prepared by means of the thermal decom-
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positions of LnyEu; +[Co(CN)s]-nH,O (Ln=Gd, Ho;
x=0~1) and studied their structures and magnetic
properties.

Experimental

Chemicals and preparations

GdiEu; «[Co(CN)s]-4H,O (x=0~1) were synthesized
by the stoichiometrical mixing of the aqueous
solutions of K;[Co(CN)¢], EuCl;-8H,0 and
Gd(NO3);-6H,0 at 360 K. HoxEu;_,[Co(CN)]-4H,0O
(x=0~1) were also synthesized by the mixing of the
aqueous solutions of K;[Co(CN)s], EuCl;-8H,0O and
HoCl;3-8.5H,0 at 360 K.

EuCl5-8H,0 and HoCl;-8.5H,0 were obtained
by the reaction of Ln,O; (Ln=Eu, Ho) and
36 mass% HCI. EUQO3, H0203 and Gd(NO3)36H20
were purchased from Shinetsu Chemical Co., their
purities were 99.9% and used without further
purification. K;[Co(CN)] was purchased from Sigma
Aldrich Co., and used after the purification by
recrystallization from distilled water.

GdiEu; 4\CoO; (x=0~1) were prepared by
heating GdiEu; «[Co(CN)e]-4H,O0 (x=0~1) to
1473 K for 2 h in an ADVANTEC electric furnace
KT-1533. HoxEu; \CoO; (x=0~1) were also prepared
by heating Ho,Eu; x [Co(CN)¢]-4H,0 (x=0~1) to
1163 K for 15 h in the electric furnace.

Methods

Thermal analyses

TG and DTA curves were simultaneously recorded on
a Rigaku Thermoflex TAS 200. About 10 mg of
sample was weighed into a platinum crucible and
heated to 1223 K with heating rate of 10 K min ™" in air
atmosphere. An alumina was used as a reference.

X-ray powder diffraction (XRD)

XRD profiles of samples were obtained by means of a
Rigaku Geigerflex RAD-3C diffractometer equipped
with a high temperature sample holder. CuK,
radiation (A=1.5418 A) was mono-chromatized by
use of a graphite monochrometer. The X-ray
generator was operated at the voltage of 40 kV and
the current of 30 mA. The diffraction data were
collected at the 20 ranges from 10 to 70° with a
step-scan width 0.02° and fixed counting (1.5 times)
procedure [4, 5, 7].

The lattice parameters of LngEu; [Co(CN)s]-
4H,0 (Ln=Gd, Ho; x=0~1) and LnyEu; yCoO;
(Ln=Gd, Ho; x=0~1) were determined by use of the
CELL program, and the refinements of their
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structures were performed by means of the Rietveld
method using the RIETAN 2000 [7, 8].

Magnetic susceptibility

The magnetic susceptibilities of GdyEu; CoO; and
HoEu, CoO; were measured in a SQUID magne-
tometer, Quantum Design MPMS-XL in the temper-
ature range from 5 to 300 K with an applied field at
100 Oe [7].

Result and discussion

The structures of Gd.Eu; .[Co(CN)s]-4H,0 (x=0~1)
and HoEu; . [Co(CN)s]-4H,0 (x=0~1)

The TG-DTA curves for both the complexes
GdosEugs[Co(CN)g]-nH,O and Hog sEug s[Co(CN)s]-
4H,0 were shown in Fig. 1. The mass losses of
GdosEugs[Co(CN)g]-nH,O and Hog sEug s[Co(CN)s]-
nH,O observed below 500 K were due to the
dehydration [4, 9], and the values, 16.5 and 16.4%
were close to the theoretical ones, 16.6 and 16.2%
calculated for GdysEuys[Co(CN)g]-4H,0 and
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Fig. 1 TG-DTA curves of a — Gdy sEug s[Co(CN)s]-nH,0O and
b- HO()_SEU()_5[CO(CN)6]'}’!H20
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HoysEuy s[Co(CN)g]-4H,0, respectively. Similarly,
the n of the series hydrates of GdsEu; +[Co(CN)]:
nH,O and HoEu; ([Co(CN)s]-nH,O were also
estimated to be 4 from the TG-DTA.

After the dehydration, an abrupt mass loss
accompanying an exotherm at around 630 K and
gradual decrease were observed up to 1000 K,
followed by a plateau. These decomposition profiles
were similar to that of La[Co(CN)¢]-5H,O [10-12].
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Fig. 3 XRD profiles of Ho Eu, ,[Co(CN)]-4H,0
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The abrupt mass loss seems to be attributed to the
cleavage and combustion of CN group, and the
gradual decrease to be mainly correspond to the
evolution of carbon dioxide. At around 1000 K, the
perovskite-type oxide was obtained.

Figures 2 and 3 show the XRD profiles of
GdsEu; 4[Co(CN)e]-4H,0 and HoyEu; 4[Co(CN)g]-
4H,0, respectively. The crystal structure of
Eu[Co(CN)s]-4H,0 is known to be orthorhombic and
Cmcm [13]. Both the structures of the series
complexes of  GdyEu; 4[Co(CN)¢]-4H,0 and
Ho,Eu; 4[Co(CN)s]-4H,0O were also assumed to be
orthorhombic and Cmcm, because their XRD profiles
were similar to that of Eu[Co(CN)]-4H,0.

The X-ray  diffraction peaks  of
GdsEu; 4[Co(CN)e]-4H,0 and HoyEu; 4[Co(CN)g]-
4H,O0 shifted into higher angles with increase of the
value of x. Their lattice parameters predicted by use
of the CELL program were refined by means of the
Rietveld method using the RIETAN 2000. The lattice
parameters linearly decreased with the increase of the
value of x (Figs 4 and 5), however remarkable
changes correlated to the change of x were not ob-
served for the thermal dehydrations and decomposi-
tions of GdsEu; 4[Co(CN)s]-4H,0 and
HoyEu; x[Co(CN)s]-4H,0.

The structures of Gd,.Eu; CoOjs (x=0~1) and
Ho.Eu; ,CoO; (x=0~1)

Figures 6 and 7 show the XRD profiles of the residues
obtained by heating GdyEu; ,[Co(CN)¢]-4H,O to
1473 K and those of heating HoxEu; x[Co(CN)g]-
4H,0 to 1163 K, respectively. The final product of
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Fig. 4 Relationships between lattice parameters and contents
of Gd, x of GdiEu; 4[Co(CN)s]-4H,0; a — a-axis,
b — b-axis and ¢ — c-axis
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Fig. 5 Relationships between lattice parameters and contents
of Ho, x of HoxEu, [Co(CN)s]-4H,0; a — a-axis,
b — b-axis and ¢ — c-axis
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Fig. 6 XRD profiles of residues of GdyEu; [Co(CN)s]-4H,O
heated to 1473 K

the thermal decomposition of Eu[Co(CN)¢]-4H,0 is
known to be EuCoO; [7, 14]. The profiles of the final
residues of GdiEu; «[Co(CN)s]-4H,0 and
HoiEu; 4[Co(CN)s]-4H,O were similar to that of
EuCoOs.

The lattice parameters of these oxides predicted
by use of the CELL program were refined by means
of the Rietvelt method using the RIETAN 2000.
The lattice parameter of a-axis linearly lengthens with
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Fig. 7 XRD profiles of residues of HoxEu; [Co(CN)s]-4H,O
heated to 1163 K
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Fig. 8 Relationships between lattice parameters and contents
of Gd, x of GdEu;_,Co0Os; a — g-axis, b — b-axis and
¢ — c-axis

the increase of the value of x, but those of b-
and c-axes decreased with the increase of the value
of x (Figs 8 and 9). These results were indicated that
Eu atoms of EuCoO; were replaced smoothly with Gd
and Ho atoms in the ranges of 0<x<1.

The profiles observed for GdysEuysCoO; and
HogsEuysCoO; were in good agreement with the
calculated ones (Fig. 10). The reliability factors and
the ‘Goodness-of-fit’ indicator, S for both the oxides
are shown in Table 1. From these results, both the

J. Therm. Anal. Cal., 92, 2008
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Fig. 10 Rietveld refinement profile of a — Gdg sEuy sCoO; and
b —Hog sEuysCo0s. The dotted line is observed X-ray
diffraction profile, and the solid line is a calculated
one. The bottom curve shows the difference of ob-
served and calculated ones, and the small bars indicate
the angular positions of the allowed Bragg refractions
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Table 1 Crystallographic data of Gdy sEuysCoO; and

Hoy 5sEug sCoO3
Gdy sEuy5Co0; Hog sEuysCo0;

Crystal system orthorhombic orthorhombic
Space group Pnma Pnma
a/A 5.38186 5.39667
bl/A 7.476674 7.422734
c/A 5.24183 5.19882
Reliability factor
Ryy/%" 17.31 15.49
R,/%° 10.88 9.88
RJ/%" 14.835 13.44
Ry/%* 2.44 2.03
Re/%° 3.26 2.25
s 1.1668 1.1344

*R-weighed pattern, "R-pattern, °R-expected,
dR—integrated intensity, °R-structure factor and
“Goodness-of-fit” indicator

oxides, GdjsEuysCoO; and HogsEupsCoO; were
orthorhombic and Prnma, and the other oxides (x=0.5)
were also to be similar structure.

The magnetic properties of Gd.Eu; CoO; (x=0~1)
and HoEu; ,CoOj; (x=0~1)

Author measured the magnetic susceptibility of
EuCoO3, ym(EuCo0s) in the temperature ranges from
5 to 300 K [7]. The ym(EuCoOs) showed a typical
Van Vleck magnetic property and Co’" ions of
EuCoO; were in the low spin ground state (t5,e,,
$=0). The ym(EuCoO;) depended on the Eu'" ions
was simulated by means of the equation proposed by
Van Vleck [7, 15, 16].

The relationships between the magnetic suscep-
tibilities and temperatures for Gdo;Euq;CoO; and
EuCoO; were shown in Fig. 11. The temperature de-
pendency of ym(Gdo3Eu;Co0;) was different from
that of EuCoO;, and the yx(GdsEuy;Co0;) in-
creased rapidly with decreasing temperature at low
temperature. If the Co’" ions were also presumed dia-
magnetic, the y,(Gdo;Euy7C003) is dependent on the
paramagnetic Gd** (4f’, L=0, S=7/2 and J=7/2) and
Eu’" (4f°, L=3, $=3 and J=0) ions. Assuming the
additivity of the magnetic susceptibility of compo-
nent, the ym(Gdos;Eup;Co0;) was estimated in the
temperature ranges from 5 to 300 K using the
Van Vleck equation [7, 15], and the values were com-
patible with those observed ones (Fig. 11). In addition
to the yn(EuCoOs) and ym(Gdy;Euy7Co0s5), Fig. 11
shows the magnetic susceptibilities of Gdy sEuysC00O5
and GdCoOs;. The yn(GdyEu; 4CoOs3) increased with
increasing of the value of x.
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The relationships between the magnetic suscep-
tibilities of HoyEu; CoOs, ym(HoxEu; ,CoOs) and
temperature showed similar behaviors of those of
Gd,Eu;_, CoOj; described above.

Authors expected novel magnetic properties of
LnyEu; ,CoO; substituted the Eu®* jon with the
another lanthanide ion which has different ionic
radius of Eu’" ion. However, it seemed to be normal
that the magnetic susceptibilities of GdyEu; ,CoO;
and Ho,Eu; ,CoO; increased in the temperature
dependence with increasing substituted amounts of
the species with large J vales.

Conclusions

In order to prepare the perovskite-type oxides,
GdsEu; «\CoO; and HosEu, 4CoO;, the complexes of
GdyEu; 4[Co(CN)s]-4H,0 and HoyEu; ,[Co(CN)g]-
4H,0 were synthesized as the precursors. The crystal
structures of  GdyEu; [Co(CN)]-4H,O and
HoEu; 4[Co(CN)s]-4H,0 were orthorhombic Cmcm,
and their lattice parameters were refined by means of
the Rietvelt method. In the range of 0<x<I1, their
lattice parameters decreased linearly with the
increased value of x.

The perovskite-type oxides, GdyEu; (CoO; and
HoEu; \CoO; were obtained by the thermal
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decompositions of GdyEu; 4[Co(CN)e]-4H,O and
HoxEu; 4[Co(CN)]-4H,0, respectively.
Gd,Eu,_,CoO; and Ho,Eu,_,CoOj3; were orthorhombic
and Pnma. In the ranges of 0<x<1, their lattice para-
meters of g-axis linearly lengthen with the increase of
the value of x, but those of b- and c-axes decrease
with the increase of x.

In the GdEu; 4CoO; and Ho,Eu; ,CoOs, Co™*
ions were in the low spin state (t5 e, , $=0), therefore
their magnetic susceptibilities were dependent on the
component of the Eu’*, Gd*" and Ho’" ions in the
temperature ranges from 5 to 300 K. The magnetic
susceptibilities of GdxEu; CoO; and HoyEu; CoOs
increased in the temperature dependence with
increasing substituted amounts of the species with
large J vales.
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