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The line shape therefore should consist of maxi-
ma corresponding to the transitions between Lan-
dau levels. The exciton line shape is also simi-
lar and is hence favorable for accurate deter-
mination of the various parameters. The exciton
Zeeman pattern should give discrete resolvable
lines for all crystal directions and allow the
measurement of the anisotropic g factors. This
pattern in the [110]plane will have three branches
due to the spin alone.

The above transition should be extremely at-
tractive for use in an optically excited cyclotron
resonance maser since the fundamental excita-
tion is in a very desirable range of the optical
spectrum where pulsed line sources of. the order
of several watts or more are possible. Further-
more, this transition fulfills the necessary re-
quirements for such a maser. " The direct tran-
sition permits selective excitation to discrete
magnetic levels deep into the bands allowing po-
pulation inversion of holes or electrons relative
to Landau levels of lower quantum number. Due
to the interaction of the spin-orbit split L„va-
lence bands, these should have large change of
curvature. This will permit unequally spaced
magnetic levels so that selective transitions
downward in energy between only two unique le-
vels can be chosen by the resonant radiation in
an interferometer tuned to this frequency. Thus
the induced electric dipole cyclotron resonance
transition will be emissive. . From the values
estimated in this paper for H along a [ill] direc-
tion, with fields of the order of 4&10' gauss or

larger which are available and desired for the
interband transitions, the maser should be oper-
able in the submillimeter or far infrared region
at approximately 600 microns.

The author is grateful to Dr. Laura Both for
several suggestions and for checking the esti-
mates of the effective-mass values. He has also
benefitted from discussions with Professor Q. F.
Koster, Dr. H. J. Zeiger, and Dr. S. Zwerdling.
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DIRECTION OF THE EFFECTIVE MAGNETIC FIELD AT THE NUCLEUS IN FERROMAGNETIC IRONt
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In a recent experiment' it was shown that in
ferromagnetic iron the effective magnetic field
at the iron nucleus is strongly correlated with
the magnetization. The sense of the correlation,
however, was not determined, i.e. , it was not
known whether the effective field was parallel or
antiparallel to the magnetization. The sense of
the correlation has now been established by ob-
serving the change in the hyperfine splitting of
the nuclear energy levels of Fe" on application
of. an external field of 3.7 to 20 koe.

In an earlier paper' we presented the hyperfine

spectrum obtained in the resonant Mossbauer'
absorption in Fe". The interpretation given to
the spectrum has since been confirmed in detail.
Several groups have shown the correctness of
the hyperfine pattern by observing the spectrum
when different alloys and compounds of iron are
used. ' Qossard, Portis, and Sandie' have ob-
served the nuclear magnetic resonance in the
ground state of Fe" at a frequency corresponding
to a value of the effective field in close agreement
with the value of 333 koe deduced in reference 2.
In addition, Ewan, Graham, and Geiger~ have
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found that the E2 admixture in the M1 radiation
is less than 10 4, which confirms that the effect
of E2 radiation in the spectrum is indeed negli-
gible. '

Experimentally it was feasible to apply a large
magnetic field only to the source of the resonant
radiation. The absorber was either in the fring-
ing field of the electromagnet holding the source
or in a small parallel magnetic field of its own,
applied to produce a definite magnetization in the
absorber. At the top of Fig. 1 is shown the ve-
locity spectrum which is applicable if the hyper-
fine splittings in source and absorber are identi-
cal. The intensities are appropriate to the emis-
sion of polarized radiation from the source but
to an unpolarized absorption process. If, on the
other hand, the hyperfine splittings in the emitter
are about 10% greater (for example) than those
in the absorber, then the complex spectrum at
the bottom of Fig. 1 is obtained. It is clear that
a study of the singlet line 6 affords the best means
of determining the change that an external field
produces in the hyperfine splitting.

For the effective field at the nucleus we write

assumed in Eq. (1) that Hz, is not appreciably
influenced by Hext. The quantity of interest is
the sign of H~, . Since M, and Hext are parallel
under saturation conditions, the sign can be de-
termined by observing whether the hyperfine
splitting increases or decreases on application
of a field. With a field of 17.6 koe a shift of
+2.65% is expected in line 6.

The experimental technique was similar to that
in our earlier work. '~'~' The carriage of a lathe
was used to provide velocities by means of which
the spectrum was scanned. The source was
mounted in the narrow gap of an electromagnet
capable of producing fields up to 20 koe. The
magnet was attached rigidly to the end of the lathe
and the absorber was mounted on the carriage.
The result obtained for line 6 is shown in Fig. 2.
On application of the field to the source, a shift
to lower energy is unmistakable. The correlation

H =H M +Hext, 60

where Mo is a unit, vector along the direction of
magnetization in a ferromagnetic domain, and

0« is the magnitude of the effective field in the
absence of the external field Hext. The latter
quantity includes the demagnetizing field which
is negligible for the planar samples used. Since
Hext/II+~«1 in the present experiment, it is
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FIG. 1. Theoretical absorption spectra of 14.4-kev
resonance radiation from Fe . Top: metallic source
and absorber with identical hyperfine splittings. Bot-
tom: same source and absorber but with the splitting
in the source increased by 10 Vo.

FIG. 2. Line 6 observed with Next ——0 and &ext ——17.6
koe, where Hext is the external field applied to the
source of resonance radiation. The ordinate is in units
of 103 counts.
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is therefore negative. The magnitude of the ob-
served shift is (2.7 + 0.4) % which is compatible
with the linear relation H~ =Hz - Hext. A negative
shift of about the correct magnitude was also ob-
served in line 4. The multiplet structure in line
4 is symmetrical (Fig. l) and so does not seriously
interfere with the observation of a shift of its
central member.

The effective field at the iron nucleus has now

been determined both in sign and magnitude. The
existence of such a large negative field (-333 koe)
was unexpected. Marshall' has discussed a num-
ber of sources of the effective nuclear field. These
consist mainly of direct effects of the Sd electrons
and indirect effects of polarization of the various
s electrons, which then contribute to the field via
the Fermi contact interaction. The polarization
of inner shells of electrons results in negative
contributions to the field. In view of the experi-
mental result these negative terms must completely
dominate the other contributions.

We are grateful to S. Raboy for loan of the mag-
net. We wish also to thank M. R. Perlow for pre-
paration of the source; F. J. Karasek for contin-
uing to supply us with thin rolled iron foils; and

E. Kowalski for assistance in taking the data. V/'e

have profited from a stimulating discussion with
%. Marshall.
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The reaction yield from C ' on carbon in the
laboratory energy range 9-29 Mev has been in-
vestigated using C" beams of precisely defined
energy from the Chalk River tandem accelerator.
The measured excitation curves for all reaction
products studied reveal unexpected, sharp, iso-
lated resonances at incident energies just below
the Coulomb barrier corresponding to excitations
in Mg" =20 Mev. At higher energies where strong
interference structure was previously observed
in the elastic scattering, ' the reaction resonance
structure is considerably less marked. In con-
trast to these results for the C"+ C system,
similar measurements for 0" ions on oxygen
targets show no such resonant behavior; in this
case the incident energy required to reach the
top of the Coulomb barrier is somewhat higher
and corresponds to 27-Mev excitation in S". It
is noted that both reactions are restricted to
only those states allowed to a system of two

identical spin-zero Bosons.
The various excitation curves for C ' on car-

bon in Fig. 1 show marked similarity; particular-
ly for incident energies below 6.5 Mev (center-
of-mass system), sharp resonances appear in
all curves at energies of 5.68 Mev, 6.00 Mev,
and 6.32 Mev. The observed widths of these
peaks are equal to the energy loss in the 40-pg j
cm' carbon targets. This amounts to 100 kev
in the c.m. system; consequently, in each case
the true resonance width is almost certainly
less than this. Additional measurements not
shown in the figures on alpha particles detected'
at 2V and 62' and protons detected' at 62 in the
laboratory and on all gamma radiation of energy
greater than 2.8 Mev also show these same sharp
resonances below the Coulomb barrier. The
fact that these resonance peaks appear at the
identical incident energies for all reaction prod-
ucts independently of the angle of observation
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