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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

~ v¥/cl.

oo

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
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apply to decaying unstable particles. To prove
Landau’s assertion, we consider a particle with
spin and a dipole moment. Time reversal changes
the spin direction, but leaves the direction of the
dipole moment unchanged; it follows that there can
be no time-reversal-invariant relation between
spin and dipole moment.

An unstable particle is represented by an ex-
ponentially-decaying state amplitude surrounded
by outgoing waves for the decay products. Under
time reversal, an unstable particle is transformed
not into the same particle with reversed spin but
into something entirely different — into a state with
exponentially-increasing amplitude surrounded by
incoming waves for the decay products. Therefore,
the proof that a dipole moment is not present does
not apply to unstable particles. '

We shall use an example to show the connection
between a particle’s instability and its dipole mo-
ment. We consider a neutral particle A with spin
1/2. Suppose the Hamiltonian contains terms corre-
sponding to the two different reactions

A’z B*-C, A’z D4 E°.
Further suppose that mg + mg >mp > mp + mg,
so that A® actually decays into D° and E°, while
the transformation of A? into B* and C~ proceeds
virtually, i.e., the B* and C~ particles form a
cloud around the A°, but do not escape to infinity.

The dipole moment depends only on the distri-
bution of the charged B* and C~ particles. We
assume that the interaction A — B*+ C~ is parity
nonconserving, so that the B* and C~ cloud is a
superposition of S/, and Py, waves. Let B* have
spin %, and C~ have spin 0; the wave function of
the system has two components corresponding to
the two possible spin orientations of B*.

Suppose A is in the state with sz = +%. Then
the wave function for B* and C~ has the form

H af,(r)—ibV 1/ 3fi(r)cos
v= ibV2]3f,(r)sinb el

where r, 6, ¢ describe the relative position of
B*and C~.

o) = e, By () = dfy [ dr = — (2w e,
w=} 2pA, p= mgmc/(mp+ me), A=Ep -+ Ec— Ea.

The charge density is |y |2 = P*yP. As has been
shown by the author? (cf. the derivation of the cor-
responding formulae), a and b are real in a
time-reversal-invariant theory, so that if « is
real the interference term (proportional to cos 6)
in the charge density vanishes and the dipole mo-
ment is identically equal to zero.
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For an unstable particle, time-reversal invari-
ance requires that the constants coupling the A
particle to the S- and P-wave states of B and C
(and consequently, also the amplitudes, a and b,
of these waves) remain real. The difference lies
in the fact that, owing to the decay of the A® into
D° and E’, the energy of the A’ becomes com-
plex: EA = mpac? — iw/2, where w is the decay
probability of the A (units with i = 1). There-
fore, k also becomes complex; for small w, we
have k =Ky (1 + iw/4A). With this, the dipole
moment is easily found to be*

d,= e&rcose PP do = _3_{7%%%‘”7
The integral which gives d, converges, although
f Y*pdv diverges at the origin.

Thus, with a time-reversal-invariant Hamilto-
nian, the combination of parity nonconservation
and particle instability leads to the appearance of
a dipole moment, i.e., to an apparent violation of
time-reversal invariance. In this sense, the re-
sult agrees with that of Behrends,* who discussed
the radiative decay A — n + y along with the main
decay channel A —p + 7~. In this case the result
contains terms obviously contradicting time-
reversal invariance, notwithstanding the time-
reversal invariance of the Hamiltonian.

From a general point of view, this problem is
of interest as an example of the special properties
of unstable particles; statements which are true
for stable particles cannot be automatically ex-
tended to unstable particles.

*Note that the non-zero result comes from the term xr~! in

f,(r) and not from exp (—«r).
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