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ABSTRACT

The Sp/Ro3C00;5 (R = Th, Ho and Er) perovskite derivatives haverbereviously
studied and described as excellent cathode madorabkolid-oxide fuel cells (SOFCs)
at intermediate temperatures. They were prepdrgdsoft chemistry procedures
involving citrates of the different metal ions,lemved by thermal treatments in air, and
the crystal structure was characterized from neupowder diffraction (NPD) data in
the 300-1100 K temperature range. In this workseéhstudies have been accompanied
with a low-temperature investigation of the magnéghavior by NPD, in complement
with magnetic measurements. For the three membigle series, NPD data unveils a
G-type magnetic structure below ~300 K), with a propagation vector k= 0. Thege i
an antiferromagnetic coupling between the two typésCo atoms, defined in the
[4/mmmspace group, with the magnetic moments of Co etigrong the axis of the
tetragonal cell. Even at 4 K, the magnetic momentthe rare-earth elements do not
participate in the magnetic structure, given themtistical distribution over the Sr

positions, and they remain paramagnetic in alkéneperature range.

KEYWORDS: magnetic structure, cathode for SOFC, Srggneutron diffraction,
antiferromagnetic coupling.
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1. Introduction

Cobalt perovskite oxides exhibit rich magnetic mies due to the unique
characteristics possessed by Co ions, which hage bghaustively investigated in the
past [1,2]. They exhibit a wide panoply of techmpdal applications, from those
derived from their magnetic or electrical behavifike magnetoresistance or
thermoelectricity) to other associated with oxygkfiusion, in solid-oxide fuel cells

(SOFC) and membranes for gas separation [3-7]. riagnetic phase diagrams of
cobalt perovskites include different phenomenoloiyggm paramagnetism (PM),
antiferromagnetism (AFM), or ferromagnetism (FMjm#ar to that presented, for
example, by manganites [8-10]. A singularity of ©as is the variability of the spin

states for C8 and C4": low spin (S = 0), intermediate spin (S = 1) agthspin (S = 2)

for Co® and (S = 1/2), (S = 3/2) or (S = 5/2) for'Gawith transitions among them that
make it difficult the interpretation of the magrmeproperties, typically in perovskites
SnxRxC0Gs 5 (R: rare earth) [11-15]. The physical propertiéshese materials were

found to depend on the oxygen content afidS¥* Co®*/Ca** ratios [16].

In previous works [17-19], §R0:C00s5 (R = Thb, Ho and Er) perovskite materials
were evaluated as potential cathodes for solideokigl cells (SOFCs). The tetragonal
crystal structure, defined in the space grotfonmm was found to contain layers of
CoG; octahedra alternating in a 3D framework with layef CoQ tetrahedra, sharing
corners. A singular feature was the presence oca@xtygen positions in the tetrahedral
layers, with large displacement factors that suggedarge lability and mobility,
accounting for their excellent performance as adisan SOFC [18]. This work aims at
completing the characterization of these perovsKitg describing the low-temperature
magnetic structures, determined by neutron powd@action (NPD), supported with

magnetic susceptibility measurements.



2. Experimental

S1h.7R03C00s5 (R = Th, Ho and Er) perovskite-type oxides wer¢aoted by a wet
chemistry procedure in which highly reactive precus were prepared by dissolving
stoichiometric amounts of F0; Ho,O3; or ELO3, Sr(NGs), and Co(NQ)26H,0 in a
citric-acid aqueous solution containing some drofpsINOs. The solutions were slowly
evaporated, leading to an organic resin that aositai homogeneous distribution of the
involved cations. The formed resins were dried2&AC and decomposed at 600 °C for 12
h in air. The obtained precursors were then heatteld 00 °C for 12 h in air. After the
thermal treatment, the samples were quenched yjrapthe furnace door at 1160 and
removing the samples to ambient conditions, thaslitg) to the stabilization of the

tetragonal perovskite-oxide phases.

The reaction products were characterized by x-rdfradtion (XRD) for phase
identification and to assess phase purity. Theattarization was performed using a
Bruker-AXS D8 diffractometer (40 kV, 30 mA) in Brgdrentano reflection geometry
with CuK, radiation A= 1.5418 A). NPD data at 298 K were collected tfw three
materials in the high-resolution powder diffractaereD2B . = 1.594 A) at the ILL in
Grenoble, within the @ range from 8 to 152°. NPD data at 4 K were cadieédor
S 7/Ro3C00Gs5 (Ho and Er) in a displex unit coupled to the D2Bfrdctometer,
whereas for Sr7Thy3C00s5 the HRPT diffractometer of the SINQ spallation eeu
(PSI, Switzerland) was utilized, witte 1.494 A within the @ range from 8 to 145°,
coupled to a standard orange cryostat. In all ¢agmsut 2 g of sample were contained
in a vanadium can; a time of 3 h was required ttecba full diffraction pattern. The
NPD data were analyzed by the Rietveld method {#tth the FULLPROF program
[21]. A pseudo-Voigt function was chosen to geretae line shape of the diffraction

peaks. The following parameters were refined infith@ run: scale factor, background



coefficients, zero-point error, pseudo-Voigt coteec for asymmetry parameters,
positional coordinates, magnetic moments and ipatrdisplacement factors for all the
atoms. The coherent scattering lengths for SrHeér, Tb, Co and O were 7.02, 7.79,

8.84, 7.38 and 5.805 fm, respectively [22].

The magnetic measurements for the three perovskites performed in a commercial
superconducting quantum interference device (SQUIDAgnetometer (Quantum
Design MPMS-5S). ZFC (zero field-cooled) and FCelfficooled) dc magnetic
susceptibility data were collected in the & < 400 K range under an applied magnetic
field of 0.1 T. Isothermal magnetization curves @vebtained for magnetic fields going

from-5Tto5Tafl =4 and 300 K.

3. Result and discussion

3.1. Crystallographic characterization

SrRp3C00:5 (R = Th, Ho and Er) samples were obtained as evgfitallized
powders. The SRy 3C00;5 (R = Th, Ho and Er) crystal structures at 298 dnid
were refined in thé4/mmmspace group (no. 139), with unit-cell parametetated to
the cubic perovskite subcell parametgraa a~ 2a, and c~ 4a. No impurity phases
were detected, excepting a tiny amount gfJzr(most intense reflection at 29.6® r

Er sample) for Sr7Ery :C00;s5.

There is no significant evolution of the structui@htures between both temperatures,
besides the expected unit-cell contraction, obsemebotha andc dimensions. The
structural model described in refs [18,19] consdéat Srl and R1 atoms are ordered
at two different 4 (0, 0, z) sites, whereas (Sr,H@2 distributed at random a 8, Y2,

Z) sites. The structure contains two types of @onat Col at B (x, x, 0) and Co2 atf8



(Ya,Ya,Y2) Wyckoff sites. There are four oxygen atg$, O2, O3, O4) located ati6
0, y, z), 1én (X, X, z), 8 (X, 0, 0) and B(X, ¥, 0) sites, respectively. The refinement of
the occupancy factor for all the oxygen atoms shdat O1 and O2 are fully

stoichiometric, whereas O3 and O4 exhibit a largestoichiometry (Table 1).

Figures 2.a illustrates the good agreement betvedserved and calculated neutron
diffraction patterns for $rR03C00s5 (R = Th, Ho and Er) at 298 K and 4 K. The two
series of vertical marks for R = Er correspondhe positions of the allowed Bragg
reflections for the main perovskite phase and thmlls ELO; impurity. Table 1
summarizes the unit-cell parameters, atomic pestiooccupancies, displacement
factors, magnetic moments, selected atomic dissarid¢ and reliability factors of
S 7/Rp3C00Gs5 (R = Th, Ho and Er) in the tetragori@mmmspace group (no. 139),
from NPD data at 4 and 298 K. The values for 298r& taken from refs. [18,19] for a
better comparison of the data at 4 K. At 298 K 198, the refined crystallo-chemical
formulae are SH00 3C00; 695(1) So.7EM0.3C00; 782¢1)aNd  Sg.7Tbo.C00; 8041y Taking
into account the oxygen vacancies observed at teamperature, and assuming divalent
and trivalent oxidation states for Sr and R ioespectively, a Co valence of €8°*
for R = Ho, C3%** for R = Er and Cb*®* for R = Tb was determined, indicating a
mixed valence CB-Cao™". It is important to consider also the impact & fitesence of a
certain mixed valence TbTb* that would lead to a higher oxygen content in this
compound. The amount of oxygen vacancies at 4 I doe evolve for R = Ho, and it
slightly decreases when cooling the samples forB and Tb, giving crystallographic
formulae of S¢7H003C00;.698(1),S1o.7E10.3C00; 776(1)@Nd Sb.7Tho 3C00, 8651y Therefore,

at this temperature of 4 K, the nominal oxidatitates of Co is 3.096+ (Ho), 3.252+ (Er)

and 3.430+ (Th).
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Fig. 2. Observed (red circles), calculated (full line)datifference (bottom) NPD Rietveld profiles for
Sy R0zC00s 5 (R = Ho, Er and Tb) refined in the tetragohmmmspace group. The two series of
vertical markers correspond to a) the positiorthefallowed Bragg reflections for the crystallodriap
phase and the minor £3; impurity for Sp/Erp :C00;5. at 298 K and b) the positions of the allowed
Bragg reflections for the crystallographic phase o the magnetic reflections at 4 K.

It is worth recalling the features of this peculgrperstructure of perovskite [18,19],

illustrated in Figure 3. The structure consistalbérnating layers of ColQetrahedra

and significantly tilted Co2@octahedra. The tetrahedra share two oxygen at@ap (

in the ab plane, additionally containing an extra oxygennat@©4) with a weak

occupancy factor (e.g. 0.632(1) for R= Er, see @4l These disordered oxygen atoms

increment the coordination of Col, and they exhihitlarge and anisotropic

displacement factor (also represented in Figurdr3jact, Col site is effectively five

coordinated (Co-O(2) x 2; Co-O3 x 2 and Co0-O(4) xallowing for the partial



occupancy) and this should have a smaller averagd kength that that of the six-
coordinate Co(ll) site; as is observed, irrespect¥ spin states. Along the c axis, the

octahedra and tetrahedra are connected by O2 oxtgars.

Fig. 3. View of the tetragonal crystal structure of, &, :C00;5 (R = Tbh, Ho and Er), containing
alternating layers of CoO4 tetrahedra and CoOé6hacka. The tetrahedral layer contains partially
occupied O4 oxygen positions, with large anisotabsplacement factors.
In the octahedral layers, the Ca2@roupsexhibit an important axial distortion (see
Table 1) with four shorter equatorial distances ©d2around 1.91 A, and two longer
axial distances C02-O, between 2.047 A (Tb) andH(®) A (Er) at 4 K. This suggests
the presence of Jahn-Teller-active intermediata-§j** (S=1) in the octahedral Co2

sites, driving an elongation of the axial Co-O bdemgths. For Col, the average <Co-

O> distances is much smaller, including conspiclyosisorter Co1-O2 bonds between



1.845 A (Tb) and 1.835 A (Er), suggesting the pmeseof high-spin C8 (S= 2) with

an admixture of C8(S= 5/2).

The magnetic structure was determined using the N&B at 4K for Sr7Ry3C00;5 (R

= Th, Ho and Er), where new reflections of magnetigin appear. Figure 2.b reveals
that the magnetic reflections perfectly match wille allowed nuclear reflections,
giving rise to a k = 0 propagation vector of thegmetic structure. The Bragg
reflections containing a major magnetic contribatad 4 K were indexed in Figure 2.b.
The magnetic structure was satisfactorily solved aas antiferromagnetic G-type
coupling model between Col and Co2 atoms, locatedBhaand 8 positions,
respectively. The moments were found to be coltimea (anti) parallel with the c axis.
The refined ordered magnetic moments of Col and &ogs are found in Table 1;
they range between 2.7(3} |iTb) and 2.4(1) g (Er) for Col and 1.4(3)g4(Th) and
1.5(1) s (Ho) for Co2. These values agree with a high-§pif" configuration (S = 2)
at the tetrahedral positions whereas an intermedigin state (S = 1) was found at the
octahedral positions, perhaps with a mixture of'G8 = 3/2 ). Figure 2.b illustrates the
good agreement between the observed and calcuNi®&l patterns at 4K after the
refinement of the crystallographic and magnetiadtire for S¢7R03C00;5 (R = Tbh,

Ho and Er).

Table 1. Unit-cell parameters, atomic positions, occupasciisplacement factors, magnetic moments,
selected atomic distances (A) and reliability fastof Sp/R,4C00;5 (R = Tb, Ho and Er) in the
tetragonall4/mmmspace group (no. 139), from NPD data at 4 andKR98alues at 298 K were taken
from refs. [18,19], for a better comparison of theta. The refinements for Tb and Er at 298 K were
revised, under the same conditions as the 4 K data.

R Th Ho Er
4K 298 K 4K 298 K 4K 298 K
a (A 7.6228(2) 7.6366(1) 7.6076(2) 7.6196(1) 7.6072(2) 7.6241(2)
b (A) 7.6228(2) 7.6366(1) 7.6076(2) 7.6196(1) 7.6072(2) 7.6241(2)
c (A 15.2972(6) 15.3565(4) 15.2505(7) 15.3174(4)  15.2163(8) 15.80/16
V (A% 888.88(4) 895.56(3) 882.63(5) 889.30(3) 880.6(6) 889.6(4)

Srl4e (0,0, 2)



z 0.8782(6)
Bisc (A°) 1.1(2)
focc SI 1.00
R1 4e (0, 0, 2)
z 0.3528(4)
Bisc (A°) 0.8(1)
foce R 1.00
(Sr,R)2 89 (0, 1/2, 2)
z 0.8678(3)
Biss (A?) 0.65(7)
foec (SI/R) 0.90/0.10
Col 8h (x, x, 0)
X 0.7498(7)
Biso (A%) 1.0(2)
foec CO1 1.00
Co2 8f (1/4 , Ya 1/4)
Biso (A%) 0.4(1)
focc CO2 1.00
0116n (0,y, 2)
y 0.2461(4)
z 0.2405(2)
Biso (A%) 0.66(4)
focc 1.00
02 16m (x, X, z)
X 0.2834(3)
z 0.1183(3)
Biss (A?) 2.19(9)
focc 1.00
03 8i (x, 0, 0)
X 0.7218(8)
Bisc (A% 1.7(2)
focc 0.999(1)
04 8j (x, 1/2, 0)
X 0.353(2)
Bec (A% 6.27(1)
ﬁ'u: -
ﬁ'zz* -
P32 -
foce 0.731(2)

Mag. mom.Col fg) 2.7(3)
Mag.mom.Co2 gz) 1.4(3)
Reliability factors

Pa 1.56
Ry(%) 3.38
Rue(%) 4.29

Rexe(%) 3.43

0.8752(4)
1.2(1)
1.00

0.3514(4)
1.5(1)
1.00

0.8696(3)
1.40(7)
0.90/0.10

0.7525(7)
1.4(7)
1.00

0.8(1)
1.00

0.2610(4)
0.2417(2)
0.80(6)
0.985(9)

0.2853(2)
0.1163(2)
2.38(6)
1.00

0.7557(8)
2.7(2)
0.932(2)

0.357(2)
8.3484
518(45)
380(39)
43(7)
0.706(3)

2.16
3.09
3.89
2.64

0.8787(5)
0.9(1)
1.00

0.3514(3)
0.54(9)
1.00

0.8677(3)
0.38(5)
0.90/0.10

0.7486(8)
0.70(2)
1.00

0.3(1)
1.00

0.2453(4)
0.2393(2)
0.32(4)
1.00

0.2863(3)
0.1184(3)
1.34(7)
1.00

0.7193(7)
1.1(1)
0.984(3)

0.390(2)
4.6(4)

0.412 (3)
2.5(1)
1.5(1)

2.11
2.71
3.57
2.46

0.8794(4)
1.26(8)
1.00

0.3517(2)
0.75(7)
1.00

0.8680(2)
0.81(5)
0.90/0.10

0.7476(6)
1.3(1)
1.00

0.7(1)
1.00

0.2452(3)

0.2402(1)

0.87(3)
1.00

0.2859(2)
0.1176(2)
1.79(5)
1.00

0.7200(6)
1.7(1)
0.984(3)

0.383(1)
5.5(4)
0.412 (3)

1.34
2.23
2.83
2.44

0.8792(6) 0.8752(5)
0.4(1) 0.7(1)
1.00 1.00

0.3496(5) 0.3486(5)
1.1(2) 1.7(1)
1.00 1.00

0.8670(4) 0.8701(3)
0.66(9)  1.51(9)
0.90/0.10 .90/0.10

0.7488(9) 0.7504(9)

0.8(2) 1.6(2)
1.00 1.00

0.5(2) 0.4(2)
1.00 1.00

0.2442(5) 0.2608(5)
0.2398(3) 0.2398(3)
0.44(5)  0.81(9)
1.00 1.00

0.2870(3) 0.2884(3)
0.1179(3) 0.1146(3)
1.4(1) 1.64(7)

1.00 1.00

0.7224(9) 0.7578(8)
0.9(1) 1.6(2)
0.912(1)  0.920(1)

0.392(2) 0.371(2)
3.73(1)  6.5895

- 188(35)
- 530(51)
- 33(7)
0.656(1) 0.632(1)
2.4(1) -
1.5(1) -
2.87 3.48
2.56 2.87
3.29 3.71
1.94 1.99



Reraqo(%) 3.30 6.28 3.61 3.92 4.24 5.01

Ruaq(%) 3.90 - 15.60 . 13.4 -
Distances (A)

Co1-02 (x2) 1.845(5)  1.831(1) 1.844(5) 1.836(1) 1.835(5) 1.803(5)
C01-03 (x2) 1.920(5)  1.890(5) 1.926(6) 1.935(5) 1.921(8)  1.904(8)
Co1-04(x2) 2.095(8)  2.102(8) 2.164(9) 2.133(8)  2.175(11) 2.122(9)
Co2-O1(x4)  1.9115(4) 1.9153(2)  1.9092(3)  1.9111(2)  1.9088(4) 1.9141(4)
C02-02(x2) 2.047(5) 2.0890(6)  2.044(5)  2.0649(4)  2.049(5) 2.113(5)

*Anisotropic Betas (x11) b1,=b13=b2:=0

A schematic view of the magnetic structure is shdwnFigure 4. The rare-earth
moments do not participate in the magnetic strectand remain paramagnetic
(disordered) even at this low temperature of 4Ke tluthe dilution effect with the Sr
atoms that are located at the same crystallogragitas, since they are found in a very

small proportion (only 30%).

o

L.

Fig. 4. Schematic view of the magnetic structure gf/B5C00;5 (R=Tb, Ho and Er).



3.2. Magnetic properties

The thermal evolution of the magnetic susceptipilihder an applied field of 0.1 T was
measured for 9rR03C00;5 (R = Th, Ho and Er). Figure 5.a represents filbéd

cooling curves (FC), showing how the susceptibility insesabetween 40 and 60 K for
the three materials, which is mainly due to theapagnetic contribution of the rare-
earth subcell. This paramagnetic behaviour mas&sctimtributions of the Co atoms.
The inset in Figure 5.a shows a zoom of the magmisceptibility curves of the
S1p.7/R0.3C00s5 (R = Th, Ho and Er) materials, where an abruptegase in susceptibility
is appreciated between 310 and 320 K for R= Th, &hml a broad maximum with a
peak at 290 K for R= Er. These anomalies corresporal magnetic transition around
room temperature; this could be the onset of thidgearomagnetic structure observed

for Co spins at 4 K.

Figure 5.b represents the thermal evolution of tkeiprocal susceptibility for
S1p.7/R0.3C00s 5 (R= Th, Ho and Er). The anomaly previously desstibor R= Er is also
visible in this curve, with a minimum aB00 K. The reciprocal susceptibility can be
described by the Curie-Weiss law above 310 K fert$oy 3C00;5and Sg.7Tbp 3C00;.

5, giving a Weiss temperaturéyeiss = -30.4 and -5.2 K, respectively. Negative Weiss
temperatures suggest the presence of predominéfégreomagnetic interactions [23].
The observed effective magnetic moments @ = 6.63 and 6.14 pB for
Srh/Hop3CoOssand Sg7Thy3Co0s5. An  estimation of the theoretical magnetic
moment of Sy7Hop3C00;5 and Sg7Thy3C00s5 can be obtained by considering the
expression pk = [0.3(leR*")? + 0.5(175C0o*)2 + 0.5(1'°C0*)?)*2, where the effective
magnetic moments taken for HpTb*", "SCa®" (high spin for the tetrahedral Col, S =

2) and®Co*" (intermediate spin for octahedral Co2, S = 1)1r&, 9.72, 4.90 and 2.83



U, respectively [24-26]. The theoretical effectivemagnetic moments of
Sip.7H0p3C00s5 and Sg.7Thys:C00s5 are 6.96 and 6.66 uB, which are in reasonable
agreement with those observed. Ing&rCoOs5perovskites, the absence of
susceptibility data in the paramagnetic range didatiow a Curie-Weiss fit, which was

only performed in the case of the compound dopéed Mo and Tb.
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Fig. 5. a) Thermal evolution of the magnetic susceptip{IEC curves) for SRy 005 (R= Th, Ho

and Er) atH=0.1T. The inset is a zoom @f/BsC00;s (R= Tb and Ho) between 200 and 400 K. b)
Reciprocal susceptibility for 1Ry C00;5 (R= Th, Ho and Er).



Although a magnetic order temperature is suggestghtly above RT (310 K) by the
magnetic susceptibility data, no measurable magroatntribution to the scattering is
appreciated in the NPD diagrams at room temperdkigeire 2.a), since the magnetic
structures may still exhibit a short-range corielator perhaps, the ordered magnetic
moments are very weak. No diffuse scattering wasded, neither broadening of the
peaks in the low-angle reflections. The backgrowad correctly fitted by interpolation

between points devoid of reflections.
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Fig. 6. a) Magnetization vs magnetic field isotherms at T kK for Srp /Ry 3C00; 5 (R=Tb, Ho and Er).
b) Magnetizatiorvs magnetic field isotherms at T = 300 K fop 3R, :C00;5 (R=Tb, Ho and Er). The
inset shows a zoom of the magnetization at lowiaggields.



Figures 6.a and 6.b show the isothermal magnaiizaturvesvs magnetic field

measured at 4 and 300 K for the three perovskiNeshysteresis or saturation loops
were observed at high applied fields (5T) at 4 Kyst excluding the presence of
ferromagnetic interactions in SRo3C00;5 (R= Th, Ho and Er); the observed
magnetization is due to the polarization of theapagnetic moments of the rare-earth
cations when an external magnetic field is appléalues between 1.4 and 1.8}k

are reached for Ho, Tb and Er with H = 5 T at 4AKcoercive field is not observed at

this temperature.

At 300 K, a linear Mvs H behavior with very narrow hysteresis loops ievgh at low
magnetic fields, as shown the inset in Figure Bliese narrow hysteresis loops exhibit

a remnant magnetization of Mr = 0.0011, 0.0021 @8859 |&me and a coercive field

Hco = 345, 700 y 644 Oe for &H0p3C00s5 Sih7ThpC00s5 Y Siy7Er3C00s.

5, respectively. These values suggest the presenseak ferromagnetism correlations,
perhaps due to a subtle canting of the Co momepts uhe magnetic transitions
identified above room temperature (inset of Fig) §&v,23], which prevented an
accurate Curie Weiss fit. Magnetization valuesigh fields are illustrated in Figure 6.b
in the isotherms at 300 K. Maximum values of 0.18748 and 0.202g4, are reached
for Ho, Tb and Er with H = 5 T. As temperature eckasing, the rare-earth atoms start
to be polarized, and a net magnetization is obseriikis masks the antiferromagnetism
from cobalt atoms and a possible subtle cantinthefCo moments, not observed by

neutron diffraction.



4. Conclusions

In this work, the magnetic structures of they Bp3:C00;5 (R= Th, Ho and Er)
perovskites, previously evaluated as cathode nadgemn Refs. [17-19], have been
determined. At room temperature, these oxides é@xhibtetragonal perovskite-like
superstructure defined in th/mmm space group, containing two types of Co
environments, in octahedral (Col) and tetrahedal] oxygen coordination. A NPD
study at 4 K was performed to determine the magrmtier of these materials. The
magnetic structure was solved with a G-type ambfaagnetic coupling model between
Col and Co2 moments, aligned along the c axiseotdtragonal cell. The Col ordered
moments are considerably higher than those fountheatoctahedral Co2 positions,
which is understood as a function of the occurresfadifferent spin states of Co ions in
both coordination sites. The magnetic susceptybitiirves show subtle magnetic
transition near room temperature (~300 K) for tmeé compounds. The paramagnetic
contribution of the rare-earth moments predominatdew 40-60 K depending on the
compound, masking the behavior of the Co magneiitastice. The Curie-Weiss law
was verified only for the $rH0 sC00;5 and Sg 7Thy sC00;5 compounds in the 320-
400 K temperature range; the paramagnetic momenmpatible with an as mixture of
HSCo® (high spin for the tetrahedral Col, S = 2) ar@o®* (intermediate spin for
octahedral Co2, S = 1). For Er material, the CWieiss law was not verified in the

available temperature range.
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shown.

- The Curie-Weiss law is verified for the compounds in the 320-400 K temperature range.
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