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Abstract

Eu[Co(CN}]-4H,0 and CgEu, _,[Co(CN)]-4H,0 (x=0.1, 0.15, 0.2, 0.3 and 0.4) were synthesized as the precursors to obtain the homo-
geneous perovskite-type oxides, EuGa®d CgEy_4C00;.

The oxides EuCo® and CgEu,_,CoO; were obtained by the thermal decompositions of Eu[Co¢F#N,0 and
CeEu;_[Co(CN)]-4H,0, respectively. In the ranges af< 0.5, the lattice parameters of these perovskite-type oxiaemd b, lin-
early lengthen with the increase of the valupbut those o€ are nearly constant. These findings indicated thaEGe ,CoO; was formed
in the range ok < 0.5. The structures of EuCg@nd CgEu;_,CoO; were determined by means of the Rietveld method, and these oxides
were orthorhombic anBlnma.

The magnetic susceptibility of EuCg@®howed the paramagnetic property, which includes Van Vleck's paramagnetism. ThaCo
EuCoQ were in the low ground spin stat%eg, S = 0), and the susceptibility of EuCa@vas dependent on the tun observed temperature
ranges.

The valence combination of GeEu, CoO; was considered to be EEul,CoO; from the temperature dependency of the magnetic
susceptibility of Ce;Euy 9C00s.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sition of Ce[Co(CNg]-5H20 were the mixture of Cefand
Coz304. If the lanthanide ions of LnCofcould be partly

A series of perovskite-type oxides, LhnCo@Ln=La, substituted by cerium ion, &e;_xCoOs should be ob-
Pr-Lu) have been investigated for their structures, electri- tained. However, the final product of the thermal decomposi-
cal and magnetic properties for a long tirfig2]. For ex- tion of LayCe; _x[Co(CN)s]-5H20 was a mixture of LaCo§)
ample, LaCo@ has two magnetic transitions at around 120 LayOs, CeQ and Ca0q4, and LgCe _xCoO3; was not ob-
and 500 K[3-5]. Asai et al.[6] proposed that the first was tained.
the transition from the low spin ground state of'@:(xggeg, Recently, authors succeeded to prepargEOg yCoOs3

S=0) to the intermediate spin statg @, S=1), andthe sec- ~ (x=0.1 and 0.15) by the thermal decomposition of
ond was the transition from the intermediate spin state to the C&E1—x[Co(CN)s]-4H20. It is known that the normal va-
high spin state f{e2, S=2). lences of the lanthanide ions are +3, howevert*Qen is
In the series o% oxides of LnCaQonly CeCoQ has more easily oxidized to C& ion than the other trivalent
not yet been obtained. The final products of the decompo- anthanide ions. On the other hand “Eipn is more stable
than the other divalent lanthanide ions. Therefore, the valence
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In this paper, the oxides of EuCg@nd CEw _xCoO;3
were prepared by means of the thermal decomposition
of Eu[Co(CN}¥]-4H20 and CgEu;_yx[Co(CN)]-4H20 in
air atmosphere, respectively. The structures of EugoO
and CgEu;_xCoOs; were studied by means of the Ri-
etveld analysi$7,8] of their powder X-ray diffractions. The
magnetic susceptibilities of these oxides also were mea-
sured to determine the valence combination of Ce and Eu
ions.
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2.1. Chemicals and preparations
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Eu[Co(CN}]-4H,0 was prepared by mixing equimolar TIK

of K3[Co(CN)] and Eu(NQ@)-6H20 in an aqueous solu-
tion and heating at ca. 360K. (w4 Co(CN)s]-4H20 Fig. 1. TG-DTA curves of Eu[Co(CN)4H,O and Ce@iEuog
(x=0.1, 0.15, 0.2, 0.3 and 0.4) were also prepared [Co(CN)]-4Hz0: (a) Eu[CO(CN}]-4H20; (b) Ce.1EU J[CO(CN)g]-4H20.
by mixing 0.2moldnT3 K3[Co(CN)] aqueous solution, (=) TG:(---) DTA.
0.2x xmoldm2 Ce(NG)-6H,O aqueous solution and
0.2x (1—x) moldnT3 Eu(NQG3)-6H,O aqueous solution, 3. Results and discussion
and heating the mixture at ca. 360 K.
Ce(NG®)-6H,0 and Eu(NQ@)-6H,O were purchased 3.1. The structure of G&u1_[Co(CN)g]-4H20
from Shinetsu Chemical Co., both the purities were
99.9% and used without further purificationz[Co(CN)s] The TG-DTA curves for Eu[Co(CN)}4H2O and
was obtained from Sigma Aldrich Co., and used after Cev.1EUy.9[CO(CN)]-nH20 are shown irFig. 1. The dehy-
the purification by recrystallization from distilled water dration took place at least two stages, and these complexes
[9-11]. were tetrahydrates from the thermal gravimetii4,15].
EuCoQ and CgEu_,CoO; (x=0.1 and 0.15) were Fig. 2 shows the XRD profiles of Eu[Co(CBl)4H,0
prepared by heating Eu[Co(C&§¥H.O and CgEui_ and CqEw 4[Co(CN)s]-4H20 (x=0.1, 0.2, 0.3 and 0.4).
[Co(CN)s]-4H20 to 1473 K for 2 h under air atmosphere in
ADVANTEC electric furnace KT-1533, respectively. L

(a)

2.2. Measurements A

Thermogravimetry (TG) and differential thermal analy-
sis (DTA) curves were simultaneously recorded on a Rigaku (b)

Intensitv / arb. unit

Thermoflex TAS200. About 10 mg of sample was weighed n
ing rate of 10 Kmirr! in the air atmosphere. An-alumina
was used as a referen@-16].
X-ray powder diffraction (XRD) profiles were ob-

INEE . “M N
[9-13]. The lattice parameters of Eu[Co(GN#H2O,
CeEu_,[Co(CN)]-4H,0 (x=0.1, 0.2, 0.3 and 0.4), (@
EuCoQ and CgEuw_xCoOs; (x=0.1 and 0.15) were pre- _J__/ H l

into a platinum crucible and heated to 1273 K with the heat-

()
tained by means of the method previously described
dicted by use of the CELL prograft7], and the refinements

of the structures of EuCofand CgEu; _xCoO; (x=0.1 and @©

0.15) were performed by means of the Rietveld method by

use of the RIETAN200(7,8]. N T
The magnetic susceptibility of EuCaGand CgEu;_y 10 20 30 40 50 60

CoQs (x=0.1 and 0.15) were measured in a SQUID mag- 6/°

netometer, Quantum Design MPMS-XL in the temperature Fig. 2. XRD profiles of EUCO(CNJ4H,0 and CeEun
range from 5 to 300K with an applied magnetic field at [cocny-4H,0: (a) EU[CO(CN3J-4H»0; (b) x=0.1; (¢) x=0.2;
10,000 Oe. (d)x=0.3; (e)x=0.4.
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Fig. 3. Lattice parameters of Eu[Co(Ci¥H2,0 and CgEup_x
[Co(CN)X]-4H,0: (a)a-axis; (b)b-axis; (c)c-axis.

The crystal structure of Eu[Co(CRK)4H,O was or-
thorhombic andCmcm [18]. The crystal structures of
CeEu_y[Co(CN)s]-4H20 (x=0.1, 0.2, 0.3 and 0.4) were
assumed to be orthorhombic a@incmbecause their pro-
files were similar to those of Eu[Co(C§}4H20. The X-ray
diffraction peaks of Cgeu;_x[Co(CN)g]-4H20 shifted into
lower angles with increase of the valuexofThe lattice pa-
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Fig. 4. XRD profiles of the residues of Eu[Co(Gfi¥H,O and
CeEu;_y[Co(CN)X]-4H20 heated at 1473 K: (a) Eu[Co(C§¥H20; (b)
x=0.1; (c)x=0.15; (d)x=0.2; (e)x=0.3; (Nx=0.4. (@) CeQ; (M) EL,Og;
(A) C0304.

3.3. The magnetic property of EuCeO

The magnetic susceptibility of EuC@Qyxm (EuCoQ)
was measured in the temperature ranges from 5 to 300K

rameters predicted by use ofthe CELL program, were linearly (Fig. 7). The x, (EuCoQ) remained almost constant at

expanded with the increase of the valud@Fig. 3).
3.2. The structure of G&u;_xCoOs

Fig. 4shows the XRD profiles of the residues obtained by
heating Eu[Co(CNy]-4H20 and CgEu; _4[Co(CN)]-4H20

(x=0.1, 0.15, 0.2, 0.3 and 0.4) to 1473 K in air atmosphere.

The final product of Eu[Co(CN}-4H20 was EuCo@[19].
The profiles forx=0.1 and 0.15 were similar to that of
EuCoQ. However, the peaks of Ce(J20], EwO3 [21]
and Ca04 [22] appeared on the profiles far=0.2. In the
ranges ofx < 0.5, the lattice parameters afandb linearly
lengthen with the increase of the valuexpbut those o€ are
nearly constant. In the ranges>of 0.2, the lattice parame-
ters ofa, b andc are almost constant values (Fig. 5). These
results indicate that Eu atoms in EuCp€an be replaced
with Ce atoms in the range &f< 0.5 leading to formation of
CeEu _xCo0Cs.

The XRD profiles for EuCog@ Cey 1Eug oC00; and
Cey.15EUp.gsC00O; were refined by means of the Rietveld
method[7,8]. The observed profiles of these oxides showed

good agreement with the calculated ones (Fig. 6). The re-

liability factors and the goodness of fit indicat& are
shown in Table 1. These oxides were orthorhombic and
Pnma.
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Fig. 5. Lattice parameters of EuCe@nd CeEu_xCo0Qs: (a) a-axis; (b)
b-axis; (c)c-axis.
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In 1932, Van Vleck proposed the method to evaluate the

Fig. 6. Rietveld refinement profile of EuCg@nd Ce@ 1Eup 9Co0Cs: (a) magnetic susceptlblllty of any lon as f0||0\{$3]:

EuCoG; (b) Cey.1Eup 9C00s.The dotted line is the observed X-ray diffrac-

|L+S| ) —E;/kgT

tion profile, and the solid line is the calculated one. The bottom curve shows _ Z|L_5| {xcurie + Xvan vieckt(2J + 1) € 1k 1
the difference of _observed and calculated ones, gnd the small bars indicateX™ = Z\L+S\(2J + 1) e Es/ksT (1)
the angular positions of the allowed Bragg reflections. [L=S]

_where
lower temperature than 100K and then decreased with -
the increase of the temperature. The temperature depen-XCurie: Napggi/(J +1) ?)
dency of xym (EuCoQ;) shows that EuCo@has the para- 3kgT

magnetic property, which includes Van Vleck’s paramag- 2
netism. The deviation from the paramagnetism observed Nang { F(J+1) F(J) } (3)

XVan Vleck =

below 20K is ascribable to the contribution of impurities 62/ +1) \Ejq1—E; Ej—Eja
[6]. 3 S(S+1)—L(L+1)
g/ =5+ (4)
2 2J(J +1)
Table 1
Crystallographic data of EuCand Cg 1Euy 9Co0;3 and
EuC Cey.1El oC
uCoQy &.1EU.oCo03 {(S + L + 1)2 _ JZ}{JZ _ (S _ L)Z}
20 range f) 10-70 10-70 F(J) = 7 (5)
Step scan incremerit)( 0.02 0.02
Count time (s) 3 _ 3 , where,Na, kg and upg are the Avogadro’s constant, Boltz-
Crystal system Orthorhombic Orthorhombic mann’s constant and Bohr's magnetron, respectively. In Eq.
Spgce group Pnma Pnma 1), the di tict itted si it ligibl
a(/;\) 5.3719(2) 5.3935(2) (1), the diamagnetic term was omitted, since it was negligibly
b (A) 7.4808(3) 7.4861(2) small.
c(A) 5.2589(2) 5.2584(2) In 2001, Sudheendra et §24] reported that the transition
Reliability Efactor temperature from the low spin ground sta%eg, S=0) of
% 19.85 17.89 . . .
EZ’)(O(/O)%) 1217 1224 Cd" of LnCoQ; to the intermediate spin statg (¢, S=1)
Re (%)° 15.34 14.75 increased with the decrease in the size of the lanthanide ion.
R (%) 457 3.14 The transition temperatures reported for LaGp@rCoQ
gF(%)e 3.89 3.16 and NdCoQ@ were 120, 220 and 275K, respectively. Aso
_ 1.29 121 and Miyaharg[25] also reported that all ¢b of GdCoQ;
Z R-weighed pattern. are in the low spin state at lower temperature than 300 K.
. E:Eigi?é g These facts suggest that ®aloes not contribute to thean
d R-integrated intensity. (EuCoQ). The relationship between the magnetic suscepti-
e R-structure factor. bility and temperature of Bl ion estimated by use of Eq.

f The ‘goodness-of-fit' indicator. (1), resembled to that of EuCa@Fig. 7).
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Fig. 8. The magnetic momentY) .exp Of EUCOQG determined from the K.“_
susceptibilities; (—) estimatede of EU" ion by use of Eq(1). 0.01 i ——
0 . ‘
The effective magnetic moment can be described as fol- 0 100 200 300
lows: T/K
3xkaT Fig. 10. The magnetic susceptibilities)j observedmn (Cey.1Eup 9C003);
Heff = N (6) (—)”estir”rllatecﬁ(m (Ce)Y,Eu} ;C003) by use of Eq(1). (- - -): Estimatedym
A (CeL EWl EWl'.Co0s) by use of Eq(1).

Fig. 8 shows the experimental magnetic momenixp o _ L

(EuCoQ) determined from the magnetic susceptibilities of the ”adc!:ltlwty of the magnetic susmcepnblllty, thgm
Fig. 7 and the effective magnetic moments (EU") es-  (C&b1EU9C00s) and xm (Ce'o.lEUo.lEPo.sCOQ) could be
timated from Eq.(1). The difference between theex, of estimated by use of Eql). Comparing the temperature
EuCoQ and ues of EU"' ion was very small. These find- depﬁnd?ﬁ\cy of the(m (Ca)-l'\E/Lb-QHCOQT»I)I to those of xm
ings indicate that almost all oof EuCoQ; are in the low  (C&1EUsC00s) and xm (Ceys Eug 1 ElygCoOs), the pro-
spin ground state in observed temperature ranges, anghthe  fil® 0f xm (Cé.1EUp.9C00s) was similar to that ofxm

(EuCoQy) must be depended on the ktu (Cep;Etp'gC00s) (Fig. 10). This finding indicates that va-
lence combination of GeiEup 9Co03 was C¢'; ElllsCoOs.

3.4. The magnetic property of g€Euy.9CoO;3
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