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which stoichiometry is notoriously difficult
to achieve. The stability of Fe+' as an impu-
rity in these materials is perhaps not too sur-
prising. Experiments interpreted in terms of
metastable multiple-charge states have been
reported on several other materials which,
in addition to not being oxides, are good insu-
lators and in which, therefore, metastable charge
states may be expected to remain stable for
long periods. ' ' Measurements on a number
of such systems are in progress utilizing short-
er lived nuclear levels as well as Fe".

The authors would like to thank Dr. Ursula
Zahn for her aid in the preparation of the sam-
ples. One of us (P.P.C. ) would like to thank
Professor R. L. Mossbauer for the hospitality
of his institute during 1965-66, The very re-
cent work of Fisher and Tannhauser" on vacan-
cies in CoO and its relevance to our experiments
was pointed out to us by Dr. G. K. Wertheim,
whose suggestions of the mechanism of cation
stabilization we wish to acknowledge.

*John Simon Guggenheim Memorial Foundation Fel-
low.

G. K. Wertheim, Phys. Rev. 124, 764 (1961).
26. K. Wertheim and R. H. Herber, J. Chem. Phys.

38, 2106 (1963); G. K. Wertheim, W. R. Kingston,
and R. H. Herber, J. Chem. Phys. 37, 687 (1962).

3G. K. Wertheim and H. J. Guggenheim, J. Chem.
Phys. 42, 3873 (1965).

4P. Hannaford, C. J. Howard, and J. W. Wignall,
Phys. Letters 19, 257 (1965).

~R. Ingalls and G. Depasquali, Phys. Letters 15, 262
(1965).

6C. E. Violet and R. Booth, Phys. Rev. (to be pub-
lished.

YE. Steichele, S. Hiifner, W. Henning, and P. Kienle,
in Proceedings of the International Conference on Ap-
plications of the Mossbauer Effect in Chemistry and
Solid-State Physics, Vienna, 1966 (to be published),
p.233.

V. G. Bhide and G. K. Shenoy, Phys. Rev. 143, 309
(1966).

V. G. Bhide and G. K. Shenoy, to be published.
~ A. J. Bearden, P. L. Mattern, and T. R. Hart, Rev.

Mod. Phys. 36, 470 (1964).
A. H. Snell, The Atomic and Nuclear Consequences

of Radioactive Decay in Alpha, Beta, and Gamma Ray
Spectroscopy, edited by K. Siegbahn (North-Holland
Publishing Company, Amsterdam, 1965), p. 1545.

~ H. Pollak, Phys. Status Solidi 2, 720 (1962).
~SF. J. Lynch, R. E. Holland, and M. Hamermesh,

Phys. Rev. 120, 513 (1960).
C. S. Wu, Y. K. Lee, N. Benczer-Koller, and P. C.

Simms, Phys. Rev. Letters 5, 432 (1960).
~5Bhide and Shenoy~ find the ferrous linewidth to be

greater than the ferric linewidth, and to decrease
with increasing temperature. Our measurements
show that above the Neel temperature the ferrous line
is somewhat broadened, but that the width is essential-
ly temperature independent. The data of Bhide and
Shenoy at room temperature and above are consistent
with an almost temperature-independent linewidth of
about 1.3 times the natural width. The broadening of
the ferric line indicates an inhomogeneous local en-
vironment, which is consistent with the cation stabil-
ization model.

B. Fisher and D. S. Tannhauser, J. Chem. Phys.
44, 1663 (1966).

ZERO-POINT SPIN DEVIATION IN ANTIFERROMAGNETS

J. Owen and D. R. Taylor
Clarendon Laboratory, University of Oxford, Oxford, England

(Received 16 May 1966)

Spin-wave theories of antiferromagnets pre-
dict a zero-point spin deviation of a few per-
cent from the completely ordered state. Attempts
have been made to observe this effect by using
nmr measurements in the antiferromagnetic
state to find the effective field acting on the
nuclei of the magnetic ions. The largest part
of this field is A('S) where AS I is the hyper-
fine interaction and (S) is the time-averaged
electronic spin. The value of A is usually tak-
en from esr data on magnetically dilute salts
and hence (S) can be deduced. This procedure
has been followed in some recent investigations

of Mn~ antiferromagnets with the results giv-
en in Table I. The predicted deviations are
not observed; the experimental values are con-
sistently higher than expected. The observa-
tion of (S)/S & 1 is clearly anomalous and sev-
eral authors' ' have suggested that the assumed
value of A may be in error. In this Letter we
propose that A(Mn2+) is in fact larger in the
antiferromagnetic state due to the transfer of
unpaired electron spin from one magnetic ion
to the next.

There is experimental evidence that such
transfers can be appreciable. .For example,
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Table I. Time-averaged electron spin for several
Mn antiferromagnets.2+

&s&/s
Antiferromagnet Theory Experiment Reference

MnF2
KMnF3
CsMnF,
MnO
m-MnS

97.6 /p

97.0
95.6
97.0
96.8

99.6%
98.4
97.0

102.4
103.3
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we find from ENDOR measurements4 on the struc-
ture Fe'+-0 -Al'+ in the salt Fe:LaA10, that
there is a transferred hyperfine interaction,
aS I, between the Fe'+ ion (S = 2) and the "Al
nucleus (I= —,) with a =+1.1& 10-~ cm-'. There
are also smaller anisotropic terms. (For oth-
er examples, see Laurance, McIrvine, and
Lambe, ' Chen, Kikuchi, and Watanabe, ' and
Hubbard, Rimmer, and Hopgood. ' We attribute
a large part of this interaction to unpairing of
the spins in the 2s orbit on the Al'+ ion (con-
figuration 1s22s22P6) by the unpaired d electrons
on Fe'+ via overlap with a 0 bonding orbit on
the 0' ligand. In the case of two neighboring
Mn2+ ions (configuration ls22s22P63s'3P'3d'),
a similar unpairing of the spins in a 3 s orbit
might be expected to give rise to a transferred
hyperfine interaction of comparable magnitude.

The mechanism can be illustrated by the fol-
lowing example. Consider the 180' structure
Mn, '+-F -Mn, ~ which is a nearest-neighbor
pair in KMnF~. The 2po orbit on F is known

to contain a fraction fo of unpaired spin which
has been transferred from a d orbit on Mn, .
This can be partly transmitted to a 3s orbit
on Mn, by the overlapS& —(3s I 2Po) giving an
unpaired spin density f&Soa in the 3s orbit.
The hyperfine interaction for Mn, is then

AS, I,+aS, I„ (1)

where S,=S,= &, I= & for "Mn, A = -91X10
cm ' for an isolated Mn'+ ion in KMgF„' and

a=f S0. (T 3S

where A 3 s is the hyperfine interaction corre-
sponding to a 3s orbit being singly occupied.
Using the values A3s = 0.43 cm ',"f&=1.2%%uo,

"
and assuming (3s l2Po) = (3do l 2Po) =0.09,' we
then find a =+0.42&& 10 crn '. This estimate
should not be taken too seriously since other
transfer processes can also contribute, but
we believe that the sign and order of magnitude
are correct.

In an nmr experiment the field at the nucle-
us will now be

A' {S)=A(S )+Q.a.(S.), (3)

where the sum can probably be limited to those
neighbors connected to S, by paths which include
only one ligand. For KMnF, there are six such
neighbors, all antiparallel to S, below the Noel
temperature, so we expect A '(antif err o) =A -6a.
I'f A = -91x 10 4 cm '" and a =+0.42x ]0-4
cm ', thenA'=-93. 5&10 cm '. This is an
increase of 2. 8%%uo which compares with the in-
crease of 1.4 to 2%%uo which is required to account
for the fluoride results in Table I. For anti-
ferromagnetic MnO the only neighbors which
will contribute to the present effect are the
six antiparallel ones joined to S, by 180' paths,
so the argument is the same. However, the
covalency and overlap are expected to be strong-
er for the oxide so a larger increase in hyper-
fine structure is expected. Similarly, for the
sulfide the effect should be even larger and this
trend is observed in Table I.

Our estimated value for a in KMnF, is very
approximate. The 2s orbit on the ligand will
also contribute and because of the relative signs
of the overlaps involved it will reduce this val-
ue. Also, the small overlaps with the 1s and
2s orbits on Mn2+ may be important. Further-
more, transfer into 4s and 3d orbits will con-
tribute, but we 'estimate that these effects are
relatively small. In the case of 90 path through
a ligand, such as occurs for nearest neighbors
in Mn0, direct overlap between a d orbit on
one Mn'+ and a 3 s orbit on the other will tend
to cancel the effect produced by the path through
the ligands. It is also by no means certain that
A (isolated) is exactly the same in a dilute salt
as in a concentrated salt since, among other
things, there may be small changes in ligand-
metal-ion distance. In view of these various
effects an exact numerical comparison between
theory and experiment is likely to be quite dif-
ficult.

Finally, it may be noted that the present mod-
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el predicts a decrease in effective hyperfine
structure in the paramagnetic state. Using
Eq. (3) on KMnF„ for example, we predict
A'(para) =A. + 6a compared with A'(isolated)
=A and A '(antiferro) =A -6a. There is some
indication that such an effect occurs in o. -MnS"
and in MnSe" though it does not appear to be
present in MnO. " Further experimental data
on this point are very desirable.

We are grateful to Dr. E. D. Jones and Dr.
M. E. Lines for helpful discussions.
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We have found that the value of the maximum
supercurrent, at zero voltage, that can flow
through a constriction in a tin film depends
on both the temperature and the incident micro-
wave power at the constriction, and that under
certain conditions the critical current is larger
than its value without microwaves at the same
temperature.

The effect of microwaves on a constricted
thin film superconductor was first investigated
by Anderson and Dayem. ' They found that at
certain microwave powers and at certain non-
zero voltages the current through the constric-
tion could be increased without any change in
voltage. The voltages (V) at which this could
occur were found to be simply related to the
frequencies (L) of the microwaves by 2eV =nkv,
where n is an integer. This behavior is very
similar to that of a Josephson junction' which
was mea, sured by Shapiro. ' Ho~ever, Ander-
son and Dayem found instability at low voltages
and so did not find the zero-voltage effect which
we have observed.

In our experiment the tin, which was approx-
imately 2000 A thick, was evaporated through
a mask on to a glass substrate, giving the same
geometry to that used by Anderson and Dayem.
The widths of the constrictions were between
3 and 4 p. . Many samples were made under
identical conditions and they all behaved simi-
larly. The sample was placed in a wave guide
which had a stationary wave inside it. The po-
sition of the sample was such that the transport
current in it was parallel to, and coincident
with, the maximum electric field of the micro-
waves. The film extended beyond the walls
of the wave guide so that current and voltage
leads could be attached to it. The sample was
screened from magnetic fields with an iron
cylinder.

Because the wave guide and the specimen
were immersed in liquid helium the tempera-
ture of the film was always the same as the
bath, and during measurements the pressure
was kept constant to within an equivalent tern-
perature of +10 4 K, although the absolute ac-
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