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Abstract

Yttrium- and rare-earth-substituted derivatives of Ca;_,R,C0-O¢ (R=Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and Lu) have been
synthesized and structurally characterized by powder X-ray and neutron diffraction. All phases adopt the K4CdClg-type structure with
space group R3¢), in which the trivalent R*" substituents randomly occupy the Ca’>" site. The homogeneity range of Cas_,R,C0,0q
extends to vx0.90 for the substituents concerned. A significant increase in the Co2-O distances within the trigonal-prismatic Co20g co-
ordination polyhedra upon introduction of R** confirms that extra electrons from the R*"-for-Ca®" substitution exclusively enter the
Co2 site of the quasi-one-dimensional Cas;_,R,C0,0q structure, thereby formally reducing its oxidation state. This is furthermore
supported by magnetic susceptibility and low-temperature neutron diffraction measurements. The long-range ferrimagnetic ordering
temperature is reduced upon R substitution and appears to vanish for v>~0.30.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Low-dimensional magnetic materials have attracted
considerable interest in recent years. Caz;Co0,04 is a
particularly exciting representative of this exclusive class.
The compound was discovered quite a while ago [1,2], but
Ca3Co0,0¢ long remained unnoticed and the interest first
took off after the crystal and co-operative magnetic
structures had been clarified [3,4]. Then it became clear
that Ca;Co,O¢ takes a quasi-one-dimensional crystal
structure (Fig. 1) with infinite Co,Og¢ chains running along
the trigonal axis of a rhombohedral unit cell (space group
R3c), bonded together by intermediate Ca atoms. The
structure of Ca3;Co0,0y is probably most correct described
as of K4CdClg type, but references to other isotypic
compounds, e.g., Sr377' Qg (I'=Co, Ni, Cr, Zn; T'=Co,
Ir, Pt), are frequently found in the literature.

An exotic feature with Ca3;Co,0O4 is the alternate
arrangement of crystallographically different Co atoms in
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octahedral (0; ColOf) and trigonal-prismatic (z; Co20%)
environments along the chains.

There is general consensus that these distinct Co atoms
carry differently sized magnetic moments that are subject
to co-operative ordering at low temperature. Ever since the
discovery of the appreciably different magnetic moments
for Col” and Co2’ (0.08+0.04 vs. 3.004+0.05 ug, respec-
tively [4]), attention has been focused on the valence states
of these atoms. Aasland et al. [4] considered three possible
interpretations (introducing the abbreviations LS = low
spin and HS = high spin): (i) Co1° with Co™, LS and Co2’
with Co™, HS, (ii) Co1? with Co"Y, LS and Co2’ with Co™,
HS, and (iii) Co1° with a mixture of Co", LS and Co'Y, LS
and Co2’ with Co™, HS. Alternative (iii) has not been
tested neither experimentally nor theoretically.

Since these possibilities immediately appeared indistin-
guishable on the basis of magnetic property data alone (see
Refs. [4,5]) several more or less parallel studies [6—11] have
attempted to resolve the problem by electronic structure
calculations. Broadly speaking Refs. [6,8—-10] have fa-
voured alternative (i) whereas Ref. [7] supported alter-
native (ii) (for reasons described in more detail in Ref. [11]).


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2006.10.037
mailto:Charles.Hervoches@ife.no

C.H. Hervoches et al. | Journal of Solid State Chemistry 180 (2007) 628-635 629

Fig. 1. The Ca3Co0,04 structure: (a) projected along [001] and (b) as a
section through the atomic arrangement covering the shaded field in part
a. Legends for crystallographically different kinds of atoms are shown on
the illustration.

It should be emphasized that Refs. [6-11] have used
computer codes with quite different approximations for the
density-functional-theory calculations and different va-
lence-state indicators for interpretation of the results. This
may explain part of the discrepancies. However, a part of
the theory-based valence-state dispute probably trivially
boils down to a difference in opinion on the use of the
concepts valence state and oxidation state as synonyms
(viz., in essence a mixed iono—covalent vs. a ionic picture of
the bonding situation for Co in Ca3;Co0,0¢). According to
the clarifications in Ref. [11] it appears that the discrepancy
is now largely resolved in favor of alternative (i) with the
valence state I1I for both Col1? and Co2’.

Motivated by the disagreement on the interpretation of
the theoretical findings, two very recent experimental
studies have approached the valence-state problem. Both
the *’Co NMR examination [12] at 6-15K and the X-ray
photoemission spectroscopic investigation [13] at room
temperature conclude that alternative (i) describes the
valence states of Ca3;Co0,04. However, as will be advocated
below the interpretations are not so unambiguous.

The magnetic data in Ref. [4] left behind open questions
regarding transitions between different co-operative mag-

netic states. This aspect is later touched on in Refs.
[6,8,14-21] without being fully resolved. However, the
recent muon-spin-rotation and -relaxation technique study
[21] has brought some clarification. The complex magnetic
ordering process appears to start (not documented) with
short-range one-dimensional ferromagnetic (F) configura-
tions within the (C0,0g) ., chains at ~200 K. This pattern
develops further and is extended into short-range two-
dimensional antiferromagnetic (AF) order below ~100 K
(documented) which is converted into a long-range co-
operative ferrimagnetic (Ferri) state at ~25K, as also
observed by neutron diffraction [4,5]. This ordering pattern
appears, in turn, to be modified at lower temperature (see
also Refs. [4,5,14,16,17]), but neither the exact nature of
this (Ferri) state nor its origin is understood.

Ca3Co0,0¢ exhibits interesting electric resistance and
magneto-resistance phenomena which evidence a variable-
range hopping mechanism with temperature-induced in-
trachain crossovers closely associated with the changes of
magnetic state (see, e.g., Ref. [22]). However, conductivity
properties as such are outside the scope of the present
study.

This study focuses on substitutional solid-solution
derivatives of Ca3zCo,04 with rare-carth elements (R,
including Y) on the Ca site and the effects on structure
and magnetism of such substitution.

While this project has been in progress a few reports on
Cas_,R,Co0,0¢ (R=Y, La [19,23-25]) and Cas_,Bi,C0,0¢
[26] have appeared. Although these reports contain
magnetic data, systematic attempts have not been made
to clarify the valence-state and magneto-transition aspects
mentioned above. This is, however, exactly the prime target
of this paper. In addition, we report and discuss the
solubility limits for the different substituents.

2. Experimental section

All samples were prepared from CaCO; (Merck, p.a.),
SrCO; (Fluka, mass fraction >98%), Co(CH3;COO),-
4H,0 (Fluka, mass fraction >99%), citric acid monohy-
drate C3H4(OH)(COOH);- H,O (Normann Prolabo, mass
fraction >99.7%) and the appropriate rare-earth oxides
(R,03, R=Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and Lu
from Molycorp, Aldrich, Strem or Megon, all with mass
fraction >99.9%). The Co content of the acetate was
determined gravimetrically.

Excess amount of citric acid was first mechanically
mixed with the appropriate rare-earth oxide and then
melted on a warm heating plate while adding a few
droplets of distilled water in order to increase the heat
conductivity and to avoid thermal decomposition of the
acid. After complete dissolution of the oxide in the melt,
10-15mL of distilled water was added together with
CaCO; (and SrCO; for the Cas;_,Sr,Co,04 specimens)
and finally Co acetate under stirring. This mixture was
heated on a hot plate at ~170 °C until a clear glassy gel had
appeared.
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The gel was dehydrated at 150 °C overnight, crushed,
and incinerated at 450°C for a few hours in order to
remove carbonaceous species. The samples were then
ground in an agate mortar and pressed into pellets, which
were heated in alumina crucibles at 1000 °C for at least 1
week with intermediate grindings. All samples with v>0.9
according to the formula Ca;_,R,C0,04 proved to be
phase impure and such samples were attempted re-
annealed at increasingly higher temperature up to around
1200 °C which appears to be the decomposition tempera-
ture at the R-rich phase limit of Ca;_,R,C0,0s. Particular
care was paid to equilibration of samples used for structure
determination.

All samples were checked for phase purity and structu-
rally characterized at room temperature by powder X-ray
diffraction (PXD) using a Bruker AXS D-5000 X-ray
diffractometer with monochromatic CuKo; radiation
(4 = 1.540598 A) and position sensitive detectors.

Powder neutron diffraction (PND) data were collected
with the high-resolution powder neutron diffractometer
PUS [27] at the JEEP II reactor, Kjeller, Norway.
Cylindrical vanadium sample holders were used. Mono-
chromatic neutrons with wavelength A = 1.5554 A were
obtained from a Ge(511) focusing monochromator. The
detector unit consists of two banks of seven position-
sensitive *He detectors, each covering 20° in 26. Intensity
data were collected from 20 =10-130° in steps of
A(260) = 0.05°. Temperatures between 7 and 298 K were
obtained by means of a Displex cooling system. A Lake
Shore DRC 82C controller was used, and the temperature
was measured and controlled by means of a silicon diode.
Structure determination and profile refinement were
performed using the Rietveld refinement programme Full-
prof.98 [28]. Fig. 2 shows the fit between observed and
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Fig. 2. Observed (points), calculated (tracing), and difference (lower
profile; on the same scale) powder neutron diffraction (PND) pattern for
Cay1»5Y0.75C0,06 at 298 K. Vertical bars indicate the location of
reflections.

calculated PND profiles obtained for Ca, »5Y( 75C0,O¢ as a
typical example of the good agreements generally obtained
in this study (R, =0.121, R, = 0.123, Rexp = 0.127, and
;{2 =0.936 for Ca,;»5Y(75C0,04). Neutron scattering
lengths and magnetic form factors were taken from the
program library.

Magnetic susceptibility data were recorded in zero-field-
cooled (ZFC) mode with an MPMS magnetometer (Quantum
Design) between 5 and 300 K for applied magnetic fields (H)
from 25 to 10000Qe. Field-cooled (FC) experiments were
performed for H = 1kOe. Magnetization data at SK were
recorded for fields up to 50kOe. Saturation magnetization
was estimated by 1/H extrapolation.

3. Results and discussion
3.1. Solid solubility and structural features

It is convenient to first present the findings for
Caz;_, Y, C0,04 since this phase carries virtually all
characteristics of the Ca;_,R,C0,04 series. As seen from
Fig. 3 the solid solubility extends up to a two-phase region
at v =0.90+0.01. Despite numerous attempts with varia-
tion of the equilibration conditions (see Experimental
section) it proved impossible to extend the phase beyond
the said limit.
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Fig. 3. Unit-cell dimensions (in A) and c/a ratio as function as yttrium
content (v) in Caz_,Y,Co0,04. References to data quoted from other
studies are given on the illustration. Lines are guides for eye.
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The unit-cell dimensions (¢ and ¢ as well as ¢/a and
volume) vary approximately linearly with the substitution
parameter v. The agreement with earlier studies [19,23,24]
is acceptable when differences in synthesis and character-
ization procedures are taken into account.

Atomic co-ordinates were determined by profile refine-
ments of PND data for the Caz_,Y,C0,04 samples with
v =10.30, 0.75, and 0.90. The derived unit-cell dimensions
and atomic co-ordinates for Ca;_,Y ,C0,0g are included in
Table 1. The patterns in Fig. 2 along with the low values
for the calculated standard deviations prove a successful
fitting. Despite that all atomic co-ordinates for the
Cas_,Y,Co,04 phase change fairly regularly with v we
suggest that these parameters, to a reasonable first
approximation, should be regarded as invariant. The
numerical changes are small and the calculated standard

Table 1

deviations almost certainly give overoptimistic impressions
of the actual accuracy. Nevertheless, note that good fits
between observed and calculated PND profiles along with
systematic variations in the structural parameters (see also
below) provide evidence for the postulated formula
Cas_,Y,Co0,0q, i.e., there are no significant amount of
oxygen defects. Separate analyses of the oxygen contents
were therefore not considered necessary.

The variations in the most interesting interatomic
distances Co1°-O, Co2™~0, and Col°-Co2’ with the degree
of substitution v (Fig. 4) show that the Col°-O distance
remains virtually unchanged within the experimental error
limit whereas the Co2-O and Col°-Co2’ distances have
increased by some 5% at the phase boundary. Hence, the
replacement of Ca by Y has in addition to an effect on lattice
dimensions (see Fig. 3), also an effect on the size of Co2’.

Unit-cell dimensions (in A; volume in A3) and atomic coordinates for Ca;_,R,C0,04 with v = 0.30 (calculated standard deviation in parenthesis),
including corresponding data for a few other compositions (specified in footnotes)

R a ¢ 14 x(Ca/R) x(0) »(0) z(0)

Data collected at 298 K

Ca® 9.0793(7) 10.381(1) 741.1(1) 0.3690(2) 0.1767(2) 0.0238(2) 0.1138(1)
Sr° 9.104(1) 10.397(1) 746.4(1) — — — —

Sr° 9.1211(7) 10.4100(5) 750.0(1) 0.3673(4) 0.1757(3) 0.0242(3) 0.1138(2)
Y 9.062(1) 10.418(1) 741.0(1) — — — —

Y® 9.052(1) 10.460(1) 742.2(1) 0.3684(3) 0.1780(2) 0.0236(3) 0.1122(2)
Y* 9.040(1) 10.497(1) 742.9(1) — — — —

Y® 9.020(1) 10.538(1) 742.5(1) — — — —

yh 9.0157(2) 10.5802(3) 744.8(1) 0.3673(4) 0.1802(4) 0.0244(4) 0.1104(2)
Y! 8.9975(1) 10.6083(2) 743.7(1) 0.3666(2) 0.1808(1) 0.0242(1) 0.1097(1)
Pr 9.0973(4) 10.4907(3) 751.8(1) 0.3676(2) 0.1768(1) 0.0244(1) 0.1123(1)
Nd 9.0932(4) 10.4891(3) 751.1(1) 0.3683(3) 0.1768(2) 0.0241(2) 0.1117(1)
Sm 9.079(1) 10.475(1) 747.8(1) — — — —

Eu 9.073(1) 10.475(1) 746.8(1) — — — —

Gd 9.066(1) 10.467(1) 745.0(1) — — — —

Tb 9.0621(4) 10.4678(3) 744.5(1) 0.3678(2) 0.1776(2) 0.0245(2) 0.1124(1)
Dy 9.056(1) 10.467(1) 743.4(1) — — — —

Ho 9.0560(3) 10.4663(2) 743.3(1) 0.3675(2) 0.1781(1) 0.0246(1) 0.1121(1)
Yb 9.0385(7) 10.4515(6) 739.4(1) 0.3675(4) 0.1783(3) 0.0245(3) 0.1122(2)
Lu 9.040(1) 10.453(1) 739.8(1) — — — —

Data collected at 7-10 K

Ca® 9.060(1) 10.366(1) 736.9(2) 0.3705(4) 0.1770(2) 0.0233(3) 0.1142(2)
Y® 9.0350(8) 10.4425(9) 738.2(1) 0.3684(3) 0.1785(2) 0.0243(3) 0.1124(2)
" 8.9938(9) 10.557(1) 739.5(1) 0.3681(4) 0.1806(4) 0.0251(4) 0.1103(2)
Pr 9.0765(3) 10.4712(2) 747.1(1) 0.3680(2) 0.17735(9) 0.0242(1) 0.11231(7)
Nd 9.0735(4) 10.4718(3) 746.6(1) 0.3678(3) 0.1771(2) 0.0245(2) 0.1123(1)
Tb 9.0376(4) 10.4413(3) 738.6(1) 0.3681(2) 0.1780(1) 0.0245(1) 0.11230(9)
Ho 9.0296(3) 10.4401(5) 737.2(1) 0.3681(3) 0.1780(2) 0.0242(2) 0.1124(1)
Yb 9.0228(6) 10.4360(5) 735.8(1) 0.3678(3) 0.1794(2) 0.0254(2) 0.1125(2)

Space group R3c (hexagonal setting) with Col° in 6b (0,0,0), Co2’ in 6a (0,0,}), etc., Ca/R in 18e (x,O,%), etc., and O in 36f (x,y,z), etc.

#Ca3Co0,04; data quoted from Refs. [3,4]; reference phase.
bcaz.xssro.lscozoa-
Cay.70S10.30C0206.
dcaZ.SSYO.I5C0206~
icaz.mYo.}oCOzOo-
Cay.55Y0.45C020s.
£Ca3.40Y 0.60C0206.
bcaz.st(msCOzO&
'Ca3.10Y0.900C020s.
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Fig. 4. Variation in interatomic distances (in A; Col°-O (octahedral co-
ordination), Co2'-O (trigonal prismatic co-ordination), and Co1°~Co2)
with Y content in Ca;_,Y,C0,04. The lines are generated from the linear
relationships for ¢ and ¢ in Fig. 2, assuming invariant atomic co-ordinates
for all sites in Ca;_,Y,C0,0¢ The points refer to actual structural
parameters given in Table 1. Lines are guides for eye.

These observations are furthermore supported by the
structural data for the Caz;_,R,C0,0¢ series in Figs. 5
and 6. As seen from Fig. 5 the a axis is ruled by the size of
R and the substitution level v. The very fact that a
correlates with the standard ionic radius (r) of the R
constituents (and Sr for Ca;_,Sr,Co,0¢ with v = 0.15 and
0.30, marked as 5 and 10at% in Fig. 5) shows that the
substituents enter the Ca sublattices with their character-
istic size. However, a different relationship exists between ¢
and r, see Fig. 5. This clearly conveys that an additional
size parameter must be in operation. This feature originates
from an increasing size of Co2’ with increasing v, and is
easily recognized from the plots of the interatomic
distances Col°-O, Co02'-0O, and Col°-Co2' in Fig. 6.
Co1°-0 is virtually invariant for the entire Caz_,R,C0,0¢
series whereas Co2’~O and Co1°-Co2’ clearly depend on
both v and R. The extensive solid solubility of R in
Ca3Co0,0¢ is in accordance with the empirical 15%-size
rule of Hume-Rothery [29] (see Figs. 5 and 6). The solid-
solubility limit is found at v~0.90 in all cases tested in this

_10 at. % Sr]
114 CagCoOg “5at % Sr |
F——————————t——t——+
e . v=090
' T =075
_ ')
L TEe - v=0.60
106 ///.J:’ i =045 |
et i v
105 F  _w L -
pi i TS w05
—E a *‘E"'I!_r_”
5w
104 F ,ff____f_qtv—U,OO -
— = TTCayCo,04
*10at. % Sr
9.10 | P *~~5at % sr
,f"‘*/&ﬁf‘*‘ v=0.00
Y
I P w5 AN _
T e T CagCo,04
© b v=0.30 _,--/‘/'/‘,ﬁ/
9.00 | V=04 7 .4 d
v=060 ./
v=075" /
895 | v=0.90 )
' luYd HoYDyThGdEsSm NdGeFr 8r
I |
890 i 1 i 1 i L i 1 i 1 " L i L i 1
0.90 095 1.00 105 110 115 1.20 1.25 1.30 1.35
r

Fig. 5. Unit-cell dimensions (in A) and ¢/a ratio as a function of the ionic
radius of R (r standard value in A) for Ca;_,R,C0,04. Data for
Ca;_,Sr,Co,0g are included for comparison. Lines are guides for eye.

study. We have no explanation to offer as to why v~0.90
constitutes the solubility limit rather than v = 1.00 (viz.
CazRC0206).

On the basis of the structural findings it seems justified to
claim that the solutes R are randomly distributed over the
Ca sublattice as 3+ ions (documented by Fig. 5). The extra
electrons provided by the R constituents are considered
transferred to the Co20f units of the (Co,Og)., chains
(changes in oxygen stoichiometry are, as alrcady men-
tioned, ruled out). Owing to the polar covalent character of
the bonding within the (Co0,0g)., chains it is difficult to
estimate the actual charge associated with Co1°, Co2’, and
O (see Ref. [11]). Nevertheless, the introduction of the
higher valent Y** for Ca’>", is best considered to be
accompanied by a lowering of the valence state of Co2’
from III toward II in the Co20j units. It is likely that the
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Fig. 6. Interatomic distances (in A) Co1°-0, C02'-0 and Col°-Co2’ as
function of the ionic radius of R (r, standard values in A). Data for
Cas_,Y ,Co0,04 are included for comparison. Lines are guides for eye.

Col? state is retained as a III, LS state in the solid-solution
phase. These findings are to some extent supported by
bond-valence [30] considerations. The bond-valence sum
for Col? remains ~3.2 independent of v whereas that for
Co2’ decreases form ~2.2 for v =0 to ~1.9 for v = 0.90.
(Note that the bond-valence radii for Co are somewhat
uncertain, in particular for Co', and the well-documented
size variations with spin state are not taken into account in
the tabulated [30] bond-valence parameters.)

3.2. Magnetic properties

The temperature dependence of the magnetic suscept-
ibility of Caz_,Y,C0,0¢4 shows a slight systematic devia-
tion from Curie—Weiss-law behaviour, below ~200K for
samples with 0<v<~0.3. (Fig. 7 only shows the more
interesting ' characteristics below 100K but see also
Fig. 8.) At around 20 K, dents on the curves evidence that
new magnetic phenomena set in. Together with similar
findings for Cas;_,R,C0,0O¢ (Fig. 8) these observations
support the claimed many-stage magnetic-ordering process
from short-range one-dimensional F via intermediate AF
patterns to long-range three-dimensional Ferri order. The
temperature for the onset of the long-range three-dimen-
sional Ferri order is established at ~25K for v=0,
however, it decreases rapidly (see Table 2 and Fig. 8) with
increasing R content.
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Fig. 7. Reciprocal magnetic susceptibility (H = 1kOe) vs. temperature for
Caz_, Y Co,04. Effective magnetic moment (uepr in pg), Weiss constant (0
in K), and co-operative ordering temperature (7. in K) for these samples
are according to increasing v: 5.5(1), 31, 24; 5.3(1), 18, 20; 5.1(1), 15, 13;
5.1(1), 9, —; 5.0(1), -6, —.
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Fig. 8. Reciprocal magnetic susceptibility (H = 1kOe) vs. temperature for
Cay 70R0.30C0,0¢ for various rare-earth solutes (see the labels on the
illustration).

There are just vague indications in the magnetic
susceptibility for magnetic order for an Y content of
v>0.3. However, as seen from Fig. 9, for Ca, 70Y(30C0,0¢
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Table 2

Magnetic data for Ca, 70R0.30C0,0¢: Effective paramagnetic moment (u,), Weiss constant (0), and co-operative magnetic ordering temperature according
to dent (T4, On inverse magnetic susceptibility curve together with co-operative magnetic moments for Co1? and Co2’ (along c) as refined from PND
data (calculated standard deviation in parenthesis) recorded at at 7-10 K (7eas.)

R :up (HB) 0 (K) Tdcm (K) MC;COI (ﬂB) MC;COQ‘ (ﬂB) Tmcas. (K)
Ca* 5.5 31 24 0.03(4) 2.96(5) 10
Sr® 23 24 — — —
Sr¢ 5.1 26 24 — — —
Y 5.3 18 20 — — —
Y* 5.1 15 13 0.15(4) 2.41(4) 10
Y* 5.1 4 — — —
Ye 5.0 —6 — — — —
Pr 5.2 12 14 0.12(3) 2.74(4) 8
Nd 5.3 10 14 —0.02(7) 2.64(8) 7
Sm 52 26 12 — — —
Eu 5.2 7 15 — — —
Gd 5.1 8 — — — —
Tb 4 14 0.06(6) 2.69(7) 8
Dy 5.1 4 — — — —
Ho 4.1 4 13 —0.02(6) 2.69(7) 8
Yb — — — 0.29(15) 1.73(16) 8
Lu 5.2 25 20 — — —
#Ca3C0,04; data quoted from Ref. [4]; reference phase.
PCay g5S19,15C0,0s.
Cay.70S10.30C0206.
dCaz_ngo_ISConf,.
°Cay.70Y0.30C020¢.
fCaz.4oY0.60CO206-
£Ca3.10Y0.90C020¢.
7000 I T T T T T j 70 I T I T I T I T I
| | - -
[
_ n 60
-‘é’ 6000 ] 7 L
3 [
E = 50 |-
> 5000 | . I
= -
c
£ E s
= 4000 t LN 1 2 |
h L
"a"".n 5w, s 30
3000 1 1 1 1 1 -
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T (K) |
Fig. 9. Temperature dependence of integrated intensity of (100) Ferri 10 F
peak for Ca; 7Y 03C0,06. Tieri = 15(1) K.
the appearance of PND reflections of Ferri origin proves 0
an ordered magnetic state at ~15 K. Quite similar findings ! . ! . ! . ! . !
are obtained for the Caz_,R,C0,0¢ series as a whole. For 0 25 50
some R-substituents, the magnetic-order process appears to H (kOe)

extend beyond v=~0.3. However, for Caj»>5Y(.75C0,04,
PND shows no indication of magnetic order at 10 K.

The M(H) curves in Fig. 10 show a tendency toward
saturation of the Ferri state (11| chain arrangements).
For H>25-35kOe, a spin conversion to an F state is
indicated (171). The calculated effective paramagnetic
moment decreases from 5.5 ug for Ca3zCo0,0¢4 to 5.0 ug for

Fig. 10. Magnetization (M) vs. magnetic field (H) recorded at 5K for
Cay 70R030C0,0¢. The labelling for the R constituents is marked on the
illustration.

Cas 1Y 9C0,04, which also gives some supports to the
claimed lowering of the valence state of Co2’. The ordered
magnetic moment as seen by PND decreases similarly
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(Table 2), in qualitative accordance with the anticipated Co™

to Co" conversion. Thus, the transfer of electrons to the Co2’
sites diminishes both the magnetic moment of Co2’ and the
co-operative magnetic transition temperature. However, the
reduction of the magnetic moment is smaller than expected
and the disappearance of the co-operative magnetic state
occurs earlier than expected. There are many factors which
may influence the magnetic situation in such phases. Many
of the R substituents carry a magnetic moment of their own
but it is not easy to see how this feature can influence the co-
operative state for the Co sublattices. The degree of electron
delocalization within the Co1°~Co2’ chains is clearly of great
importance for the properties of the co-operative magnetic
state. The covalent character of the Co—O bonds is another
feature which may turn out to be of great importance for the
co-operative magnetic state.

In conclusion, both the crystallographic and magnetic
data support the claim that R** substitution for Ca*"
leads to reduction of the magnetic moment of cobalt in the
trigonal prismatic sites. However, the Ca;_,R,C0,0q
phases are clearly very rich in magnetically exciting
properties and the present study really only represent a
first course survey of magnetic consequences of R-for-Ca
substitution in Ca3Co0,0s.
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