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I]?HE magnetic susceptibility of cobalt carbonate,
which is isomorphous with the MnCO3 and FeCOj3
crystals investigated in earlier work,! exhibits
typically antiferromagnetic behavior from room
temperature to 40°K, according to Bizette.2 The
decrease of the reciprocal susceptibility below
this temperature range is especially rapid from
20° to 14°K, like that of a ferromagnet. Borovik-
Romanov and Orlova® later obtained more detailed
measurements of the susceptibility of powdered
CoCO;, finding less ferromagnetism than one
would expect from ferromagnetic saturation. By
analogy with the ideas of Matarrese and Stout*
regarding the ferromagnetism of NiF,, it was
suggested that the observed weak ferromagnetism
can result if the antiferromagnetic sublattices are
not exactly antiparallel. According to Borovik-
Romanov and Orlov, the ferromagnetism of CoCOj;
is relatively large (~ 3% of the saturation mo-
ment) and can be detected by means of neutron
diffraction.

We first began to study CoCOj; in 1958, when,
since other sources were unavailable, we used the
native CoCOz mineral spherocobaltite from the
vicinity of Riegelsdorf, Germany.* However, the
observed neutron-diffraction pattern could not be
interpreted on the basis of the known CoCOj pa-
rameters,® since neither the Bragg angles nor the
reflection intensities agreed with the calculated
values. Cooling to 4.2°K produced no change in
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the pattern. It was evident that the spherocobalt-
ite specimen did not possess the sought magnetic
properties.

We have now investigated a finely crystalline
hydrothermal speciment of CoCOj3, the neutron-
diffraction pattern of which at 4.2°K is shown in
Fig. 1. The small-angle (111) and (100) reflec-
tions are of magnetic origin; they are absent at
20.4°K. Unlike the case of MnCO;, the relative
intensities I of these peaks show that magnetic
scattering contributes mainly to the (100) reflec-
tion, whose intensity is more than twice that of the
(111) reflection. This indicates that the magnetic
moments of Co** ions, unlike those of Mn** ions
in the analogous situation, depart from the (111)
planes in such a way that the sum of the projec-
tions of moments on (100) planes considerably ex-
ceeds that on (111) planes. Calculation of the di-
rection of antiferromagnetism relative to the
rhombohedral axis, using the magnetic intensity
ratio, indicates anangle of 46 + 4° between the
moments and the [111] axis. Erickson’s value
for the form factor of Co** was used.

In addition to the (111) and (100) magnetic re-
flections, as the temperature was reduced from
20.4° to 4.2°K some intensity increase was ob-
served in the case of (110) and (211) reflections.
In a number of successive runs the latter oscil-
lated from 2 to 6.5% of the (211) nuclear intensity.
The small magnetic contribution to reflections
with even sums of indices for the given structure
results from weak ferromagnetism. Dzyaloshin-
skii’s thermodynamic theory’ proposes three
possible magnetic states of Mn, Fe, and Co
carbonates at temperatures below TpN. For the
present case the most suitable of these is state II,
with the following conditions for the minimum of
the thermodynamic potential:

B =~n/2 —dfa,
where B is the angle between the spins and (111),

¢ =xn/2, m,=¢q/B, my=m,=0,

” (2n)
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¢ is the angle between the spin projections on
(111) and the twofold symmetry axis, m is the
ferromagnetic moment, and d, a, g, B are ex-
pansion coefficients [see Eq. (3a) in reference 7].
Figure 2 gives the experimentally observed ar-
rangement of magnetic moments in CoCOj;, corre-
sponding to state II. It should be noted that the
angle B is very close to the direction of the short-
est distance from the central ion to its nearest
neighbor. This picture differs somewhat from

the theoretical prediction for state II, since the
coefficient ratio d/a is of the order of unity,
wherea;s the theory predicts the very small ratio
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FIG. 2

In connection with this additional observed type
of antiferromagnetic structure for isomorphous
carbonates of the iron group, it should be remem-
bered that in FeCO; magnetic moments are di-
rected along the [111] axis, while in MnCO;3 they
lie in the (111) plane.

The weak ferromagnetism of CoCOs, which is
indicated by the small magnetic contribution to
the (211) reflections, shows that the magnetic mo-
ments of the ions form a small angle y with the
plane of symmetry, thus producing a total ferro-
magnetic moment along the twofold axis (Fig. 2).
The ratio between ferromagnetic and antiferro-
magnetic contributions to the (211) and (100) re-
flections indicates 15 + 5° as the magnitude of 7.
The existence of the ferromagnetic moment
(8.6%) in the (111) plane was recently observed
by Borovik-Romanov and Ozhogin,® who investi-
gated the weak ferromagnetism of CoCOj in crys-
tals obtained from the same source as ours.t They
calculated y = 7°, from their absolute data for
the ferromagnetic moment and the calculated
saturation moment of the ion. Aside from ex-
perimental errors, uncertainty regarding the
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saturation moment of Co*™* is the most likely
source of a discrepancy regarding 7.

I am deeply grateful to Academician P. L.
Kapitza for his continued interest in this work.
I also wish to thank A. S. Borovik-Romanov and
1. E. Dzyaloshinskii for valuable discussions,
N. Yu. Ikornikova and N. N. Mikhailov for pro-
ducing and classifying the crystal specimen, and

1. P. Karpikhin for experimental assistance.

*The author is greatly indebted to Prof. S. D. Chetverikov,
P. V. Kalinin, M. G. Spiridonova, and B. M. Shmakin for their
assistance in preparing the mineral specimen.

TThis specimen was prepared by I. Yu. Ikornikova at the
Institute of Crystallography, Academy of Sciences, U.S.S.R.
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PARITY nonconservation makes it possible for an
elementary particle with spin to have a dipole mo-
ment.! Landau’s theory of combined inversion®
leads to time-reversal invariance, from which
Landau concludes that elementary particles do
not have an electric dipole moment.

However, this conclusion cannot be extended to



