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The prediction that low-spin Co(+IV) is likely to be stabilized in the environment of a strongly 
elongated octahedron of oxygen atoms has been illustrated by synthesis of Sr~.SLa,,SL~,JCoo,SO~, 
whose structure and composition favor such a distortion. The magnetic and ESR properties of the 
material have been interpreted in terms of covalency and symmetry and lead to the first complete 
characterization of isolated six-coordinated Co(+IV) ions in an oxide lattice. 

Few tetravalent cobalt oxides have been 
reported so far. To our knowledge the only 
known examples are the ternary alkali or 
alkali-earth oxides A2Co03, ACo204 (A = 
K, Rb, Cs), K6C0207, Li8Co06, Na4Co04, 
and Ba2Co04 (1-6) in which Co(+IV) ac- 
commodates a tetrahedral site owing to the 
strong ionic character of the competing 
bonds, and the hexagonal perovskites with 
formulae Ba3CozCOs, SrCo03-x, and Ba 
Coo3 (6-8) containing six-coordinated 
Co( +IV). In the latter case delocalization 
of the d electrons resulting from short Co- 
Co distances makes difficult a precise char- 
acterization of the unusual oxidation state 
of cobalt. 

It was therefore considered worthwhile 
to try to stabilize Co(+IV) in an isolated 
six-coordinated site of an oxide and to de- 
termine some of its characteristic physical 
properties. 

Use of a theoretical model previously de- 
scribed (9) giving the variation of the en- 
ergy levels of a six-coordinated M (d”) ion 
with axial distortion of the MO6 octahedron 

(0 = d,&r)ldM-o(xy)) and average crystal 
field (D</B) allowed us to determine the sta- 
bility areas of the ground terms of a d5 ion, 
e.g., Co4+ (Fig. 1). Such a diagram shows 
that the 2B2g term, corresponding to the ex- 
pected low-spin configuration of Co( +IV) - 
(d&d&dk) (DqlB S 3 for Co(+IV) in ox- 
ides) can more easily be stabilized in a 
slightly elongated site (0 > 1) than in a pure 
Oh one (0 = 1). The energy gain in D</B 
units brought about by a distortion 8 can be 
defined by the parameter 

rl@) = 
E/B(O) - E/B(l) 

D<lB 

where E/B(8) represents the relative energy 
of the *Bzg term in presence of a 0 distortion 

Dq l&28@ + 1.72 
E/B(8) = 56 - 3 7 285 + 1 * 

The q(e) curve, drawn in Fig. 2 for the 2B2g 
term, illustrates the large stabilizing effect 
of an elongation of the Coos octahedron. 

The two-dimensional K2NiF4 structure is 
33 0022-45%/83 $3 .OO 
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FIG. 1. 
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Stability areas of the fundamental terms of a d5 (Co + IV) ion vs f? and 

known to be particularly suitable for induc- 
ing a large elongation of the MO6 octahe- 
dron. Moreover, the introduction in the 
perovskite layers of weak Li-0 bonds com- 
peting with the Co-O ones was likely to 
enhance the Co-O covalency in the x0y 
plane and thus to increase the distortion 
while isolating the cobalt atoms from each 
other. These structural and chemical bond- 
ing considerations led to a Sro.sLa,.SL&.S 
CO~.~O~ composition. 

D;fB. 

Preparation and Chemical Analysis 

This material has been obtained in two 
steps. Firstly, a mixture of the correspond- 
ing nitrates was calcined at 670°C in a 
stream of oxygen for 24 hr. As L&O sub- 
limes at this temperature, an excess of 
LiN03 was added. The second step was a 
heat treatment at 525°C and 120 bar of oxy- 
gen for 48 hr. 

Chemical analysis of the product (disso- 

FIG. 2. Stabilization energy of the zB2, term of a d5 ion vs 0 in D</B units. 
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lution in an acidified KI solution followed 
by redox titration) specified the oxidation 
state for cobalt as 4.02 ? 0.05. 

X-Ray Diffraction Study 

The X-ray diffraction of SrO.sLa&O.S 
CO,,~O~, using CuKcr radiation, yielded a 
tetragonal K,NiF,-type structure with a0 = 
3.762 A and co = 12.66 A. However, 
Guinier photographs revealed very weak 
superstructure lines which could be in- 
dexed in a supercell (a = aoV?, c = co> 
arising probably, as in the homologous 
phase with Fe(+IV) (IO), from an ordering 
of Li and Co ions in the perovskite layers. 
At room temperature the co/u0 ratio is 3.36, 
i.e., intermediate between that generally 
observed for an isotropic electronic struc- 
ture (3.25-3.30) and that characterizing a 
Jahn-Teller effect due to an asymmetric 
population of eR orbitals (co/u0 = 3.45) (II). 
This confirms the low-spin configuration of 
cobalt(+IV) (de&d&diY). 

Magnetic Investigation 

The magnetic susceptibility of Sro.sLal,S 
Lio.sCoo.sO~ has been measured between 
4.2 and 300 K using a Faraday balance. Af- 
ter correction for the diamagnetic contribu- 
tion, the variation of xi’ with temperature 
appears to fit with a Curie-Weiss law for 
50 K c T < 200 K (Fig. 3). The Curie con- 
stant calculated in the paramagnetic region 
(CexP = 0.40 +- 0.05) is close to the theoreti- 
cal spin-only value for one unpaired elec- 
tron (Ctheor = 0.375; peff = 1.73~~). This 
result is accounted for by the axial field 
component resulting from the elongation of 
the Coo6 octahedra, which lifts the orbital 
degeneracy of the 2T2g term to give rise in 
Ddh symmetry to an orbital singlet 2B2g as 
the ground term (Table I), and tends to 
move the temperature dependence of the 
magnetic moment towards the spin-only 
value. One may notice that some tzg elec- 
tron transfer onto the oxygen atoms, which 
is likely to occur due to the strong cova- 
lency of the equatorial Co(+IV)-0 bonds, 

. 
loo 200 300 T(K) 

FIG. 3. Reciprocal molar susceptibility vs temperature: - experimental curve; --- theoretical 
curve for Jlks = -12.5 K. 
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quenches the orbital angular momentum in 
a similar way (22). 

It was worthwhile therefore, in inter- 
preting the magnetic behavior of Sr0.5La1.s 
Li,,sCo,,sO~, to modify Kotani Hamilto- 
nian (X = X0 + A,?? + /3(i + g&H) to 
take into account the axial ligand-field com- 
ponent %&, and an orbital reduction factor 
k: 

2X = X0 + (Xttg, + hki$ + /3(ki + g,$H. 

As the effects of the axial ligand-field 
component and of the spin-orbit coupling 
are likely to be of the same order of magni- 
tude, Xettpl and hki$ must be treated as si- 
multaneous perturbations of X0. The result 
of this calculation is that the sixfold degen- 
erate 2T2g term is split by the elongation and 
the spin-orbit coupling into a set of three 
doubly degenerate levels (13), of respective 
energies: 

+ A2 + khA + y) ‘s 

- A2 + kAA + y) I’*), 

A being defined in Table I. 
A further calculation is then necessary to 

introduce the influence of the magnetic field 
perturbation fi(kL + g&H, and to obtain 
the theoretical variation of peff with kaT/A, 
for various values of the k and A/A parame- 
ters. The comparison of these calculated 
values reported by Figgis (14) with the ex- 
perimental ones obtained for Co(+IV) (for 
which the free-ion value -650 cm-l has 
been taken for A (22)) showed that this 
model, with approximately k 5 0.7 and A/A 

TABLE I 

TERM SPLITTING OF A d5 ION IN Dllh SYMMETRY 

AND CORRESPONDING ELECTRONIC 

CONFIGURATIONS 

oh Da Electronic configurations 

5 - 1, was much more representative of the 
observed magnetic behavior than that of 
Kotani (Fig. 4). However, it appeared im- 
possible, with only magnetic susceptibility 
data, to determine even roughly the values 
of k and A for Co(+IV). This observation 
led us to investigate the ESR properties of 
Sr0.5Lal.5Li0.5Co0.504. 

At high temperature the xi1 vs T curve 
departs from the spin-only behavior. That 
can be explained by partial populating of 
levels arising from the orbital doublet 2Eg, 
lying at an energy A above the 2B2, ground 
term in Ddh symmetry (Table I). 

For T < 50 K, the xi1 vs T curve suggests 
a two-dimensional magnetic behavior, per- 
turbed at very low temperature by magnetic 
impurities. Such a behavior is not surpris- 
ing if one considers the layer structure of 
the material and the dlY-dk magnetic cou- 
plings inside the perovskite planes as being 
the only possible ones. The estimated para- 
magnetic Curie temperature (0, = -40 K) 
denotes the existence of predominant anti- 
ferromagnetic couplings, which can be at- 
tributed to super-superexchange interac- 
tions between the half-filled dxy orbitals of 
Co(+IV) through two different oxygen at- 
oms (Fig. 5). As shown in the first part of 
this study, the susceptibility values for 
50 K < T < 200 K are very close to the 
spin-only ones. With the approximation of 
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FIG. 4. Experimental and theoretical variations of the effective magnetic moment with ksT/h. 

a Heisenberg model this permits the deter- 
mination of the exchange integral J/kB from 
the susceptibility curve without additional 
correction, using the high-temperature ex- 
pansion-series method (15). 

For a quadratic-layer Heisenberg antifer- 
romagnet with exchange Hamiltonian X = 
Zij 2J SiSj, the Rushbrooke and Wood 
equation for magnetic susceptibility can be 
written as 

with 

x = 21JIS(S + 1)’ 

The C, coefficients have been calculated up 
to n = 6 by Lines (16). The introduction of 
these values in previous equation leads to 

-1 4151 Xl?l _ -- 
Ng2& ( 

3x+4+2.667 
X 

1.185 0.149 0.191 0.001 
+ - --- X2 + x3 x4 + - 1 2 

susceptibility. Fitting of the experimental 
xi’ vs T curve using this equation leads to g 
= 2 and J/kB = -12.5 K (Fig. 3). 

This value is much lower than those men- 
tioned by Le Flem et al. (17) for other 
K,NiF&ype oxides with AA’BO, formulae. 
This can be of course attributed to the fact 
that Li-Co ordering in Sro.sLal.SLi0.JCo0.504 
implies much longer Co-Co distances and 
weaker interactions (super-superexchange) 

for the theoretical value of reciprocal molar FIG. 5. Super-superexchange coupling mechanism. 
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than the B-B ones in the above mentioned 
oxide. 

A1203: Co4+, Mg2+ (gl = 2.58, gll unob- 

The calculation of the Stanley-Kaplan 
IJI temperature, given by TSK = K (Z - 1) 

(2S(S + 1) - 1) (18) (where Z is the number 
of nearest neighbors of the magnetic ion) 
leads for this Co( +IV) oxide to TSK = 3.75 
K. Such a value shows that if 3D-magnetic 
ordering exists it may only appear at very 
low temperature (T < 3.75 K) and justifies 
the use of Heisenberg formalism (which 
supposes the absence of a magnetic order- 
ing temperature) rather than that of an Ising 
model. 

ESR Measurements 

The ESR spectrum of Sr0,SLa1,5Li0,5 
CO~.~O~ at 4.2 K was obtained with a 
Brucker-ER 200 tt X-band spectrometer 
(Fig. 6). Though the upper field (&,, = 
8000 G) did not allow us to obtain the gll 
signal, the spectrum shows the absence of 
magnetic ordering at 4.2 K, thus corrobo- 
rating the results of the magnetic study, and 
is characteristic of an anisotropic electronic 
distribution (2.32 I g, 5 2.55, gll 5 0.85). 
The g values, though not very precise, are 
consistent with those previously obtained 
for Co(+IV) by Townsend and Hill in 

2.66 (lJ*(2.32 
: : 
j : 

served) and lie well outside the theoretical 
limits for octahedral Co*+ (29). This is an- 
other confirmation of the oxidation state 
+IV of cobalt with a low-spin configuration 
~@%~~y). 

The theoretical g values for a 2T2g term 
split by axial-symmetry field have been re- 
ported by several authors (14, 19-22). 
They follow the equations 

g, = 2 cos o(cos w  - kti sin 0) 

gll = 2(cos* 0 - (1 + k) sin* w) 

with 

Av? 
tan(2o) = m+ 

Their variation with k and h/A shown in Fig. 
7 leads to an estimation of a lower limit for 
the ratio A/h : gll 5 0.85 -+ h/A I -0.65, i.e., 
Al/h 2 -1.54. 

The comparison of this value with those 
resulting from the above magnetic investi- 
gation shows that the best agreement be- 
tween experimental and theoretical peff and 
g values is obtained for A/A = - 1.4, giving 
A = 900 cm-’ and k = 0.65. With such a set 
of parameters, the calculated g values be- 
come gltheor = 2.32, &heor = o-80. 

The value of k deduced is much smaller 
than that found in A120, doped with Co4+ 

100 G 

FIG. 6. ESR spectrum at 4.2 K. 
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FIG. I. Theoretical variations of the g values of a low-spin dS ion with k and h/A. 
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(k = 0.94- 1 .OO) (19) and those generally ob- been observed in NaCrO* (22) (k = 0.7) in 
served for oxides. It can possibly be attrib- which the Cr(+III)-0 bond is’in competi- 
uted to enhancement of the covalency of tion with the weak Na-0 one. The high A 
the Co(+IV)-0 bond due to a surrounding value, which is of the same order of magni- 
of four weak Li-0 bonds. We notice that a tude as the spin-orbit coupling constant A, 
similar decrease of the k factor has already justifies a posteriori the treatment of %e,,,,. 

Oh 
D~dfstoeIon + 

s.o.coupllng 

FIG. 8. Spectroscopic characterization of Co(+IV) in Sr0.5Lal.SLi0.5C00.504. 

A=(A2+kAA+y)“’ B= ,,,(,+,), 
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and hki$ as simultaneous perturbations of 2. M. JANSEN AND R. HOPPE, Z. Anorg. Allg. Chem. 

%e,. It is also a good confirmation of the 408, 97 (1974). 

influence of the anisotropic Li environment 3. M. JANSEN AND R. HOPPE, Z. Anorg. Allg. Chem. 

on the distortion of the Coo6 octahedron. 
409, 152 (1974). 

4. M. JANSEN AND R. HOPPE, Z. Anorg. Alig. Chem. 
398, 54 (1973). 

5. R. OLAZCUAOA, .I. M. REAU, M. DEVALETTE, G. 
Conclusion LE FLEM, AND P. HAFENMULLER, J. Solid State 

As shown by the previous discussion on 
Chem. W, 275 (1975). 

6. 
the stability of the d&.&f& configuration, 
isolated Co4+ ions can be stabilized in elon- 
gated six-coordinated sites of a K2NiF4- 
type structure. The Sro,sLal,SLio,SCoo,s04 
oxide, in which this distortion is enhanced 
by Li-Co ordering in the perovskite-type 
layers, has been prepared under a high 
pressure of oxygen. The oxidation state 
(+IV) of cobalt and the low-spin configura- 
tion have been established by redox titra- 
tion, magnetic susceptibility, and ESR 
measurements. A model taking into ac- 
count the influence of a tetragonal distor- 
tion of the Coo6 octahedra and the cova- 
lency of the Co(+IV)-0 bonds allowed us 
to evaluate the magnitude of the distortion 
(A = 900 cm-l) and of the electronic delocal- 
ization factor (k = 0.65). An interpretation 
of the low-temperature magnetic behavior 
has been performed using a high-tempera- 
ture expansion-series method with a 
Heisenberg model. It led us to determine 
the exchange integral: J/kB = -12.5 K. 

7. 

8. 

9. 

G. A. CANDELA, A. H. KAHN, AND T. NEGAS, .I. 

Solid Srate Chem. 7, 360 (1973). 
H. WATANABE, Y. YAMAGUCHI, H. ODA, AND H. 
TAKEI, J. Magn. Magn. Mater. 15-l&251 (1980). 

H. TAGUCHI, Y. TAKEDA, F. KANAMARU, M. 
SHIMADA, AND M. KOIZUMI, Acta Crystallogr. 
Sect. B 33, 1299 (1977). 
G. DEMAZEAU, B. BUFFAT, M. POUCHARD, AND 
P. HAGENMULLER, .I. Solid State Chem. 45, 88 
(1982). 

The main results of this study are sum- 
marized in Fig. 8 in which we have added 
an estimate of 10 D& obtained by extrapola- 
tion of a plot of crystal field vs oxidation 
state of cobalt (23). They constitute the first 
complete spectroscopic characterization of 
six-coordinated Co( + IV) in oxides. 
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