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High-resolution powder neutron diffraction measurements have been used to study the crystallo- 
graphic and magnetic properties of antiferromagnetic M&o,-,O. Both the lattice and magnetic 
parameters reveal three distinct regions of behavior across the range of composition, which can be 
attributed to changes in the relative proportions of Co 2+ ions adopting the alternative 4A28 and ‘E, 
ground states. These modifications are brought about by an exchangestrictive lowering of symmetry 
due to Mn2+-Mn2+ nearest-neighbor interactions. In the cobalt-rich (X < 0.36) regime, the orbital 
moments of some Co’+ ions are quenched and distortions characteristic of both Jahn-Teller and 
magnetostrictive stabilizations are observed. For 0.51 < x < 0.66, spin-only Co’+ moments and solely 
Jahn-Teller distortions are evident. When Mn2+ is in large excess, indications of a magnetostrictive 
distortion due to Co2+ appear; here the Co2+ concentration may be insufficient to sustain a cooperative 
Jahn-Teller distortion. These results allow a new model for the electronic structure of Co*+ in COO, 
involving noncollinear spin and orbital angular momenta, to be proposed. o 1988 Academic press, tnc. 

Introduction 

We have recently undertaken an exten- 
sive study of the magnetic and structural 
properties of the antiferromagnetic phases 
of the binary solid solutions involving the 
transition metal monoxides MnO, Fe,O, 
COO, and NiO. In the paramagnetic phases, 
all of these oxides have the rock-salt struc- 
ture, but become magnetically ordered be- 
low NCel temperatures which range from 
118 K (MnO) to 523 K (NiO). Here, the 

* Dedicated to Professor J. B. Goodenough on his 
65th birthday. 

** Present address: Royal Signals and Radar Es- 
tablishment, St. Andrews Road, Great Malvem, 
Worcs WR14 3PS, U.K. 

type II antiferromagnetic structure is 
adopted, in which the spin directions of 
alternate ferromagnetic (111) planes are re- 
versed. The transition metal ions all exhibit 
magnetic moments which are relatively 
close to the spin-only values, ranging from 
1.8 ,.@ (Ni”: s = 112) to 4.6 ,t& (Mr?+: 3 = 
5/2). However, incomplete quenching of 
the orbital angular momenta of Fe’+ and 
Co2+ maintains an orbital contribution to 
the moment in Fe,0 and COO. The former 
is further complicated by the inherent non- 
stoichiometry. The principal differences in 
magnetic properties between the four ox- 
ides arise from the presence, or otherwise, 
of the orbital contribution; this determines 
the type of crystallographic distortion in the 
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antiferromagnetic phase, and the direction 
and anisotropy of the magnetic moment. 

Of the two components of the 
Mn,Cor-,O solid solution, MnO shows 
somewhat more straightforward behavior. 
Here, the magnetic moments are restricted 
to the ferromagnetic (111) easy planes by 
magnetic dipole forces (Z), although the 
easy axes within these planes have yet to 
be determined. MnO also experiences a 
relatively large trigonal ((w > 90”) ex- 
changestriction below TN (2), which is due 
to direct nearest-neighbor cation-cation su- 
perexchange. However, Co0 undergoes a 
large tetragonal contraction (c/a > 1) (3), as 
a consequence of the residual, unquenched 
orbital angular momentum of octahedrally 
coordinated high spin Co’+. The threefold 
orbital degeneracy can be relieved by either 
a uniaxial (tetragonal, c/a > 1 or trigonal, a! 
< 90”), cooperative Jahn-Teller (J.T.) dis- 
tortion to a 4A2g state or, in the presence of 
a molecular field, by a trigonal (a > 90”) or 
tetragonal (c/a < 1) Jahn-Teller distortion 
to a "E, state. This is further stabilized by 
spin-orbit (S.O.) coupling and a Zeeman 
hyperfine interaction in the internal mag- 
netic field (4). The latter possibility (J.T. + 
S.O.: c/a < 1) occurs in COO, and in this 
case the spin moment is linked to the axis 
of deformation, giving rise to deformation- 
dependent single ion (magnetoelastic) an- 
isotropy energy (5). 

The sublattice magnetization vector in 
Co0 lies approximately parallel to [ 1131 (6), 
i.e., 27” from the c axis and 8” out of the 
(111) plane. This result has been the source 
of much discussion since the magneto- 
elastic coupling energy is presumed to be 
the dominant anisotropic effect and, in the 
presence of weak trigonal terms such as the 
magnetic dipole interaction, favors an easy 
axis close to [OOl] (5). In an attempt to 
resolve this paradox, an alternative four 
k-vector magnetic structure has been pro- 
posed (6) and defended (7, 8), but X-ray 
data (3) and a recent single-crystal neutron 

experiment under uniaxial compression (9) 
indicate that Co0 indeed has a collinear, 
single-axis moment arrangement. This is 
also the conclusion of the latest theoretical 
work on the subject (10) which, in addition, 
suggests that an anisotropic cation-cation 
superexchange term is responsible for the 
unusual moment direction. However, the 
situation is further complicated by some 
NMR results (II) which indicate that the 
hyperfine field is 21.1 ? 0.5” from [OOll. 
They then deduce that the spin and orbital 
angular momenta are noncollinear with the 
latter inclined at 22.8” to the c axis. 

The majority of previous work on antifer- 
romagnetic MnO-Co0 has been limited to 
magnetic susceptibility (12) and specific 
heat measurements (13). These show that 
TN(x) is an approximately linear function, 
as predicted by molecular field theory (12), 
where the next-nearest-neighbor exchange 
constant between unlike ions is the geomet- 
ric mean of that between like ions. To- 
gether with the large NCel temperatures, 
this behavior indicates that the 180” cation- 
oxide-cation superexchange interactions 
are appreciable. It is also consistent with 
our work on the antiferromagnetic phases 
of Co,Nil-,O (14), Mn,Nir-,O (15), and 
(Mn,Fe,-,),O (16), which indicate that the 
magnetic structures are collinear. There- 
fore, no “oblique ferromagnetic” phase 
analogous to that observed in random two- 
dimensional antiferromagnets such as Fe, 
Co,-Cl2 (13, KzFe,Mtr-,F4 (18), and K2 
Co,FeI-xF4 (19) is evident in these mixed 
three-dimensional systems. Antiferromag- 
netic resonance (AFMR) spectra have been 
measured for Mn,Co,-,O with 0.94 < x < 
1.0 (20) and show features similar to those 
observed in an AFMR study of Co,Nir-,O 
(21). The anisotropy constant derived, 32.8 
cm-‘/ion, compares well with the magneto- 
elastic coupling energy of Co’+ calculated 
by Kanamori (5) and on this basis it seems 
that the single-ion anisotropy of Co2+ is 
again an important factor. 
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Experimental TABLE I 

The mixed crystals were prepared either 
by a conventional high-temperature, solid 
state route or by a coprecipitation method. 
In the first, appropriate amounts of MnO 
and Co0 were mixed together in an agate 
mortar, pelleted, and fired at 1000°C for 24 
hr, using a static CO:! atmosphere. The 
firings were repeated until adequate sample 
homogeneities were obtained, as assessed 
by X-ray Guinier photography and analyti- 
cal electron microscopy (22). The Mn : Co 
ratios were checked by atomic absorption 
spectrometry. MnO was synthesized in a 
Mullite tube by decomposing manganous 
oxalate under a stream of hydrogen at 
1000°C. Co0 was prepared by firing co- 
baltous carbonate under a stream of CO2 at 
500°C for 4 hr and then at 1000°C in wzcuo 
for a further 24 hr. 

SPACEGROUPSAND COORDINATES 
EMPLOYEDIN 

STRUCTURALREFINEMENTS 

Pi 

C2lm 

R3 

Fm3m 

Metal at 0, 0, 0 (la) 
Oxygen at 0, 0, l/2 (lb) 
Metal at 0, 0, 0 (2a) 
Oxygen at 0, l/2, l/2 (2d) 
Metal at 0, 0, 0 (3a) 
Oxygen at 0, 0, l/2 (3b) 
Metal at 0, 0, 0 (4a) 
Oxygen at l/2, l/2, l/2 (4b) 

Alternatively, aqueous solutions of 
MnC12 . 4H20 and Co(NO& . 6H20 were 
mixed to give the required proportions of 
the two ions. The resulting solution was 
added with stirring to an excess of satu- 
rated KHC03 at 80°C and the suspension 
was filtered, washed well with water, and 
dried. The mixed carbonate was fired under 
a stream of CO:! at 6OO”C, and the homoge- 
neity and average particle size were im- 
proved by firing at 1000°C under a static 
CO2 atmosphere for a further 24 hr. 

Powder neutron diffraction data at 5 K 
were collected for MnO, COO, and seven 
solid solution samples on the ten-counter 
DlA diffractometer at the ILL, Grenoble, 
using wavelengths of 1.510 and 1.904 A. 
The 8-g samples were held in vanadium 
cans of 10 mm diameter, which were lo- 
cated in a vanadium-tailed cryostat, and the 
time for a complete scan (0” < 28 < 160”) 
varied from 12 to 24 hr. Variable tempera- 
ture measurements of the magnetic (111) 
and certain nuclear peaks of two samples 
were also accomplished. The data were 
analyzed by the Rietveld profile analysis 
technique (23) on the basis of a distorted 
rock-salt structure, or component cells of 
R3, C2/m, and Pl symmetry. The appro- 
priate space group coordinates are given in 
Table I and refer to the cell parameters 
shown in Table II. Where it was more 

TABLE II 

LATTICEPARAMETERS,OVERALLTEMPERATURE FACTORS,AND R VALUES FOR Mn,Co,-,O at5 K 
(STANDARD DEVIATION IN PARENTHESES) 

8.5204(2) 8.5204(2) 
.5.1738(9) 3.0119(l) 
8.5477(11) 8.5299(11) 
3.0096(2) 3.0086(2) 
3.0386(4) 3.0387(2) 
3.0609(3) 3.0599(2) 
5.3341(4) 3.0804(2) 
5.3789(9) 3.1030(2) 
5.3674(3) 3.0973(2) 
5423x7) 3.1297(4) 
5.4206(6) 3.1311(3) 
3.15360) 3.1560) 

8.4lW2) 
6.0258(14) 
8.4535(7) 
6.0104(S) 
6.0693(7) 
6.1090(5) 
6.1340(3) 
6.1678(9) 
6.1557(2) 
6.2040(7) 
6.2 127(6) 

15.2056(4) 

90 90 90 -0.21(4) 1.59 4.75 5.56 
90 54.413(10) 90 -0.19(3) 1.54 3.22 4.89 
90 90 90 0.1X5) 4.52 4.35 8.63 
60.327(6) 90.467(2) 60.288 -0.23(4) 3.25 3.55 5.96 
60.139(9) 90.368(4) 60.154 0.29(2) 2.62 3.84 5.83 
60.052(E) 90.299(4) 60.085 0.34(2) 3.38 2.75 6.15 
90 54.767(4) 90 0.62(2) 3.57 2.82 7.04 
90 54.608(9) 90 0.32(2) 2.92 4.08 6.07 
90 54.602(3) 90 0.30(2) 1.73 3.61 5.16 
90 54.449(8) 90 0.2X2) 3.16 7.75 8.23 
90 54.334(7) 90 0.26(2) 3.22 3.25 7.35 
90 90 120 0.2X2) 2.77 2.75 7.04 
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TABLE III 

EQUIVALENT PSEUDOCUBIC CELLS FOR Mn,Co,-,O at 5 K 

Sample 

coo 
Coo.wMno.100 
Coo.nMno.zsO 
coo td’fno.360 

Co0.49Mn0.5@ 

COo.dno.68 

C00.17Mn0.830 

MnO 

(b) 8.520 8.520 8.415 89.98 89.98 89.98 
8.541 8.554 8.471 89.96 90.08 90.01 
8.616 8.605 8.561 90.15 90.08 90.05 
8.671 8.650 8.626 90.22 90.12 90.09 
8.693 8.693 8.714 90.09 90.09 90.24 

(a) 8.750 8.750 8.770 90.29 90.29 90.36 
(b) 8.733 8.733 8.751 90.29 90.29 90.36 
(a) 8.813 8.813 8.826 90.47 90.47 90.51 (c/a > 1) 
(b) 8.821 8.821 8.808 90.50 90.50 90.45 (c/a < 1) 

8.864 8.864 8.864 90.61 90.61 90.61 

convenient to use reduced cells, the corre- 
sponding pseudocubic lattice parameters 
are set out in Table III. 

The scattering lengths of Mn, Co, and 0 
were taken from Bacon (24) and the form 
factors determined previously for MnO and 
Co0 (25, 7) were applied to the magnetic 
peaks of these data sets. Initially, the mag- 
netic form factors applied to the solid solu- 
tion data were calculated according to a 
linear interpolation between the MnO and 
Co0 curves. The degree of expansion or 
contraction of either curve was then varied 
empirically so as to minimize the profile 
reliability index. This procedure was neces- 
sary since the magnitudes of a variety of 
factors which affect the form factor, for 
example, covalency and the orbital mag- 
netic moment, are unknown in the solid 
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solutions. Peaks occurring at 28 < 25” were 
omitted from the analyses owing to the 
large deviations from the Gaussian peak 
shape at these angles. An asymmetry cor- 
rection was applied in the range 25” < 20 
< 48”, but no absorption correction was 
made. Table II shows that two samples, 
Co0 and Co,,wMn,,i,,O, exhibited negative 
temperature factors due to absorption by 
cobalt (26). We can be confident that the 
neglect of the absorption correction has no 
significant effect on the parameters of inter- 
est since the magnetic and structural in- 
formation derived for Co0 is in excel- 
lent agreement with that obtained in pre- 
vious work (3, 6). Figure 1 indicates the 
level of agreement between observed 
and calculated profiles for two compo- 
sitions. 

,,,, ,I, ,,, I, ,. . . 

‘J-0 20.0 4130 600 NM 1000 1200 140.0 

TWOTHETA 

FIG. 1. Observed (points) and calculated (solid line) profiles of (a) Mn0.83C00.,70 and (b) Mn0,2SCoo,,~0 
at 5 K. 
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Structural Parameters at 5 K 

Trigonal Exchangestrictions 

The first two rows of Table II indicate 
that refinements of the Co0 data according 
to monoclinic cell parameters yielded 
somewhat better results than a cell re- 
stricted to the three-parameter (tetragonal) 
case. The equivalent pseudocubic cell is 
shown in Table III. The small angular dis- 
tortion has not been observed before by 
neutron diffraction, although Saito et al. 
came to a similar conclusion using X-ray 
diffraction (3). 

In MnO-NiO (Z5), the o > 90” ex- 
changestriction due to Mn2+-Mn*+ interac- 
tions is opposed by a trigonal distortion of 
opposite sign emanating from the Mn2+- 
Ni2+ exchange. A similar effect is not evi- 
dent here since, as Fig. 2 shows, the aver- 
age trigonal distortion develops smoothly 
with increasing manganese content. Conse- 
quently, the Mn2+ -Co2+ interactions ap- 
pear to be weak when compared with the 
Mn’+-Mn2+ exchange. A slight anomaly 
occurs in the vicinity of the 50 : 50 composi- 
tion, which may be caused by a (masked) 
trigonal J.T. (a < 90°) stabilization of some 
Co2+ ions. However, despite the trigonal 
bias of the exchangestriction this is not a 
major effect. It is noteworthy that a macro- 
scopic exchangestriction is not observed in 
Mno.osCoo.ssO, but it is likely that local 
distortions stemming from the cation- 

0.0 200 10-O 600 800 100.0 
PERCENTAGE MANGANESE 

FIG. 2. Dependence of the rhombohedral distortion 
of Mn,Co,,O on composition. 

FIG. 3. Pseudocubic {800} peaks of 
Codh (b) Mno.loCoo.wO, and (cl COO. 
positions are marked. 

(4 Mno.67 
Reflection 

cation exchange remain important, as is 
discussed in the next section. 

Pseudocubic Axial Lengths 

The overall symmetries of the solid solu- 
tions (Tables II and III) can be explained on 
the basis of an exchangestriction of tri- 
gonal symmetry superimposed upon one or 
two mutually perpendicular tetragonal dis- 
tortions. The overall crystal class then 
changes from monoclinic-orthorhombic- 
triclinic-monoclinic-trigonal on crossing 
the phase diagram from Co0 to MnO. In 
COO, the c/a < 1 distortion causes the 
(800) peak to split into two components 
with intensity ratio 2 : 1. A tetragonal con- 
traction is also indicated by the best 
refinement for Mno.s~Coo.170 (Table II), al- 
though the resolution is insufficient to pro- 
duce any observable splitting of the {SOO} 
peak. In the broad region between these 
compositions, the dramatic variations in 
the axial lengths a, 6, and c (as given in 
Table III) can be readily assessed from Fig. 
3. The relative sizes of a, 6, and c conform 
to the following pattern: for 5-25% MnO, a 
> b + c; for Mn0.&00.640r a > b > c; and 
for 51-67% MnO, a = b > c (c/a > 1). 

When the alternative methods of stabili- 
zation of a Co’+ site (discussed in the 
Introduction) are considered, it is evident 
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that, with increasing manganese content up 
to Mn,,.&00.330, the cooperative elastic 
J.T. case (leading to a 4A2g ground state) 
decreases in energy in comparison with the 
magnetoelastic J.T. + S.O. situation found 
in COO. For small concentrations of Mn2+ 
in Mn,Co,-,O, triclinic or, when the overall 
trigonal exchangestriction is unobservable, 
orthorhombic structures are found, in 
which the J.T. + SO. magnetostriction 
(c/a < 1) and J.T. distortion (c/a > 1) 
coexist. These deformations are directed 
along different principal axes, producing 
the low symmetries observed. The mag- 
netostriction is not detected for 0.51 < x < 
0.67, but the cooperative elastic coupling is 
sufficient to sustain the J.T. distortion, 
leading to monoclinic symmetry when com- 
bined with the trigonal exchangestriction. It 
is interesting to note, however, that the x = 
0.67 sample is probably below the percola- 
tion limit for Co2+ in the rock-salt lattice 
Cm. 

Presumably, the pseudotetragonal con- 
traction of Mn0.83C00.170 is found because 
the cobalt concentration is too small to 
support a cooperative J.T. distortion of the 
octahedral sites occupied by cobalt, and 
because the average symmetry is higher 
owing to the large excess of manganese. It 
is noteworthy that this result is consistent 
with some AFMR data, which require that 
the orbital angular momentum of Co*+ re- 
emerges for 0.94 < x < 1.0 (20). 

The behavior as a function of composi- 
tion can be explained in terms of an in- 
crease in the range of local symmetries 
experienced by the Co2+ ions. This effect 
then limits the number of cobaltous ions 
having an orbital contribution. There are 
two possible factors which control the low- 
ering of symmetry. First, the presence of 
Mn2’ in the n.n. cation positions around 
Co’+ lowers the point symmetry; this ef- 
fect has been clearly demonstrated in 
(Mn,Fe,-,),O (28), in which Fe2+ experi- 
ences a broader distribution of electric field 

gradients, according to Mossbauer spec- 
troscopy. Second, the n.n exchange inter- 
actions (predominantly cation-cation) be- 
tween like and unlike ions are sensitive to 
changes in ionic separation (cf. the large 
exchangestriction in MnO) and lead to local 
site distortions. We believe that the first of 
these factors has a minor influence since 
Co,Ni,-,O shows no evidence for quenched 
Co2+ orbital angular momenta (14). The 
dominant factor appears to be the presence 
of cation-cation interactions (Co2+-Co2+, 
Co2+-Mn2+, Mn2+-Mn2+) leading to ex- 
changestrictions of different magnitudes. 
As discussed at the beginning of the previ- 
ous section, the first two are small while the 
latter is large, and so the particular environ- 
ment of a Co*’ ion is likely to be somewhat 
distorted if an unequal and asymmetric 
Co2+/Mn2+ distribution occurs. If these dis- 
tortions affect the dispositions of the oxide 
ligands sufficiently, the associated crystal 
field splittings will quench the residual or- 
bital angular momentum associated with 
the 4Eg state. In the midrange of composi- 
tion, the symmetry is low enough to 
strongly favor the J.T. stabilization. 

From the relative sizes of a, b, and c, it 
seems that the proportion of J.T. Co” ions 
does not increase substantially up to the x 
= 0.25 composition. In Mn0.36C00.640, the 
equal separations of a, b, and c then signify 
that the transition of c/a > 1 is more 
advanced, and this is complete by x = 0.51. 
Presumably, a minimum number of manga- 
nous ions in the first coordination sphere of 
the majority of Co*+ ions is necessary to 
induce the transition to the case where the 
majority of ions show a J.T. stabilization. 
However, the results for Mno.osCoo.ssO 
show that only a small amount of manga- 
nese is necessary to quench the orbital 
momenta of a sizable number of cobaltous 
ions; the ease with which the electronic 
structure of Co2+ can be changed will be 
discussed further in the final section of the 
paper. 
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Magnetic Parameters at 5 K 

The four regions of behavior identified 
from the lattice parameter measurements 
are again evident in a plot of the average 
sublattice moments against composition 
(Fig. 4). Here, the solid lines join the mo- 
ment of MnO with that of Co0 and a 
hypothetical oxide containing a spin-only S 
= 3/2 ion whose moment is reduced some- 
what by covalency. It should be empha- 
sized that any deductions from these data 
depend upon the assumption that approxi- 
mate collinearity of the moments of dif- 
ferent ionic species is maintained in all 
samples owing to the large 180” superex- 
change. The validity of this assertion is 
borne out by much other evidence (27). 
Consequently, compositions between 5 and 
36% manganese show a reduction from the 
upper line, indicating that a proportion of 
the individual Co2+ orbital momenta have 
been quenched, while the moments of 
Mno.slCoo.490 and Mn0.67C00.330 tend to- 
ward the lower line. This is in agreement 
with the Jahn-Teller (c/a > 1) distortions 
of these samples. The consistency of the 
comparison between the magnetic moment 
and lattice parameter values is also demon- 
strated by the moments of the 5-25% MnO 
samples, which fall approximately on an- 
other straight line. This suggests that they 
involve similar degrees of quenching; here, 
it will be recalled, the difference between 

5.00, , , , , , 

afbfc 

2.600 20.0 ' LOO L 60.0 j 800 ' j 1mo 

PERCENTAGE MANGANESE 

FIG. 4. Mean sublattice moments of Mn,Co,-,O 
at 5 K. 

00 20.0 LO.0 60.0 800 1m.o 

PERCENTAGE MANGANESE 

FIG. 5. Composition dependence of the N&e1 tem- 
perature in Mn,Co,-,O. 

the cell parameters a and b is approxi- 
mately constant and much smaller than that 
between b and c. The decrease in the 
moment caused by the incorporation of as 
little as 5% MnO into Co0 should also be 
stressed. 

The profile analyses of the magnetic 
peaks at all compositions indicate that the 
magnetic vectors lie close to, or within, the 
pseudocubic (111) plane. In COO, the mo- 
ment is found to be approximately 26” from 
[OOl], in agreement with previous work (for 
example, Van Laar (6)). However, the mag- 
netic peaks of the solid solutions are not 
well resolved, and by comparison with Co0 
the corresponding sublattice magnetization 
directions can be determined less conclu- 
sively. In addition, it remains possible that 
the moments do not adopt a rigidly fixed 
orientation owing to the random natures of 
the solid solutions. 

Variable Temperature Experiments 

The {I 1 I} magnetic peaks of two 
samples containing 10 and 67% manganese 
were monitored as a function of increasing 
temperature and extrapolated to zero inten- 
sity to give the NCel temperatures plotted in 
Fig. 5. The values compare well with those 
derived by other techniques (12, 13). In 
order to study the temperature variations of 
the tetragonal and trigonal distortions, the 
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pseudocubic (800) and (444) nuclear peaks 
of Mn0.6&00.330 were scanned up to, and 
above, the NCel temperature. Accurate 
profile analyses were achieved at each 
point after summing over three counters of 
the diffractometer. Both the trigonal ex- 
changestriction and the J.T. and J.T. + 
S.O. tetragonal distortions should vary 
with temperature in the same manner as the 
sublattice magnetization (29), and this is 
observed in MnO (2) and for the magneto- 
striction due to Co*+ in Co,Nii-,O (14). A 
similar function is adopted by the trigonal 
distortion of Mno&oO.~~O (Fig. 6), but the 
same figure indicates that the variation of 
c/a with temperature does not have the 
expected form. Most noticeably, no tetrag- 
onality is observed at 5 K below TN, al- 
though a marked trigonal distortion has 
developed at this temperature. This obser- 
vation, together with the unusual shape of 
the curve at low temperatures, suggests 
that the intersite correlations necessary for 
the c/a > 1 J.T. distortion may be induced 
by a small amount of magnetoelastic 
coupling which increases slightly with di- 
minishing temperature. The need for an 
additional mechanism to support the J.T. 
distortion, other than cooperative elastic 
coupling, could be a consequence of the 
metal : metal ratio in this particular sample 
(Co*+ : Mn*+ = 0.33 : 0.67). Here, the pro- 

POOL, I90 4 

4 9 
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1.oo3-o 
4 

o 0 90.3 
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FIG. 6. Temperature variations of the rhombohedral 
and tetragonal distortions of Mn0.67C00.330. 

portion of cobalt is probably below the 
percolation limit for the rock-salt structure. 
This quantity can be estimated from a vari- 
ety of experiments; for example, in spine1 
solid solutions containing Mn3+, the limit- 
ing composition (x,) for the cooperative 
J.T. distortion varies from 0.4 to 0.73 (30). 
In Ni,Mg,-,O (31, 32), no long-range mag- 
netic order occurs for xt < 0.4. 

A Comment on the Electronic Structure 
of Co*+ in Co0 

The complicated variations in the mag- 
netic and structural parameters of Mn, 
Co,-,0 with composition have been ratio- 
nalized in terms of the effect of local site 
symmetry on the number of Co*+ ions 
possessing an orbital magnetic moment and 
of the concentration dependence of the 
cooperative elastic coupling between co- 
baltous ions in the 4A2, state. These factors 
are sufficient to explain all the behavior 
observed, but it seems surprising that the 
perturbations due to manganese when x = 
0.05 cause a significant number of Co*+ ions 
to adopt the quenched configuration. This 
may suggest that the 4E, and 4A2, states of 
Co*+ in Co0 are comparable in energy, 
despite the favorable spin-orbit and mag- 
netoelastic coupling terms associated with 
the E state. A contributory factor to this 
situation could be a reduction in spin-orbit 
coupling due to noncollinear S and L as 
suggested by the NMR work of Okada and 
Yasuoka (II). In their paper, the magnetic 
moment is equated with the spin direction, 
from which a value of 22.8% for the inclina- 
tion of the orbital moment to [OOl] is de- 
rived. However, we should point out that 
neutron diffraction does not reveal the spin 
direction when the spin and orbital mo- 
menta are noncollinear. We can then pro- 
pose a new model in agreement with both 
NMR and neutron data. This involves an 
orbital moment parallel to the tetragonal 
axis of deformation, which maximizes the 
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FIG. 7. Vector diagram showing a possible noncol- 
linear arrangement of the spin and orbital angular 
momenta of COO. ps, PL, and pcLI are the spin, orbital, 
and total angular momentum vectors, and HN, Hp, and 
HL are the observed, Fermi contact, and orbital hyper- 
fine fields, respectively. 

magnetoelastic coupling energy and is con- 
sistent with the substantial tetragonal dis- 
tortion observed. The spin moment is then 
allowed to adopt any orientation toward the 
(111) plane. As long as the angle, 0, be- 
tween the two vectors is not too large, the 
spin-orbit coupling energy is only slightly 
reduced owing to the co@ term in the 
scalar product of S and L. 

The data of Okada and Yasuoka (II) are 
reinterpreted in Fig. 7 for comparison with 
the model outlined above. A total hyperfine 
field of +498 MHz at CY = 21.1” to [OOl] can 
have components HL = +660 MHz along 
[OOl] and HF = -264 MHz at 0 = 43” to 
[OOl]. The value of HF was calculated by 
Okada and Yasuoka, and their estimate of 
HL (+724 MHz) is close to that derived 
here. Combination of a spin moment of gS 
= 2.7 pa (reduced by covalency from 3 /..~a) 
in the direction of HF, and an orbital mo- 
ment of 1 rug parallel to [OOl] then results in 
a magnetic moment of 3.5 pB inclined at 4 
= 31.7” to the fourfold axis (in excellent 

agreement with the neutron diffraction re- 
sults). 

There are a number of many-atom effects 
present in the crystal, but not in the free 
ion, which might account for the decou- 
pling of L and S and placement of S close to 
the (111) plane. In addition to the magneto- 
elastic coupling, anisotropic exchange (ZO), 
the magnetic dipole interaction (I), and the 
reduction of the spin-orbit coupling con- 
stant by covalency (33) can be cited. 
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