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most to the conductivity. Moreover, the mobility edge
has little connection to the optical absorption as sug-
gested in Ref. 1.

A model recently proposed by M. Cohen yielding a
similar result (Ref. 2) poses difficulties since he as-
sumes carrier percolation with a "mean free path"
short compared to the distance between barriers, and

that the barriers are produced by space-charge fluc-
tuations, causing potential valleys of -0.1 eV. These
difficulties force the assumption (Ref. 2) of a long
equilibrium distance between hole and electron quasi-
Fermi levels of =1 pm, and deal with the fact that lo-
calization in shallow potential valleys (0.1 eV) cannot
be achieved {uncertainty relation) .
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The far-infrared absorption in solid alpha oxygen at 27 cm is shown to be definitive-
ly associated with the magnetic rather than orientational ordering in the crystal. A sec-
ond magnetic excitation has been found at 6.5 cm . The properties of both absorptions
are described using the excitation-wave formalism.

It has been well established that structural
phase transitions occurring at low temperatures
in simple diatomic molecular solids are asso-
ciated with the rotational degrees of freedom of
the molecule. ' In particular, the n.-P transition
in oxygen is coincident with the onset of preces-
sion of the molecules. ' lt is also coincident with
the Noel point of the electronic spin system,
clearly emphasizing the possibility of interde-
pendence of the orientational and magnetic order-
ing in the crystal. With these considerations in
mind, we have experimentally and theoretically
re-examined the magnon spectrum of e oxygen.
The excitation-wave method has been applied to
a biaxially anisotropic magnetic structure to ex-
plain satisfactorily the energies, relative inten-
sities, and magnetic-field dependence of mag-
nons observed in our own and earlier work.

Molecular crystals such as n-N, are known to
exhibit phonon absorptions in the far infrared
with temperature-dependent frequencies and in-
tensities near the transition from the o. to the P
phase. ' Therefore, for e-O„observation of
temperature-dependent behavior for the 27-cm
absorption is not sufficient evidence to associate
it with magnetic excitation. Absence of an iso-
topic mass shift would be sufficient. Thus a
sample of 99.2'f&& isotopically pure o.-"02, 3.1 mm
thick, was grown, and its far-infrared spectrum
measured at 1.6 K. The frequency shift of -1.5
cm ' expected for the 27.5-cm ' line, had it
been a phonon, was not observed. '

It should now be possible to construct a phe-
nomenological spin Hamiltonian which would pre-
dict the 27.5-cm ' magnon. On the basis of the
monoclinic symmetry (C,q') of the crystal lat-

tice' and the assumption of isotropic exchange,
we write

H =Q(AS;~i +BSgyi')+ Q JS; Sj.
1 i&j

~ is the isotropic antiferromagnetic exchange
constant, and +a' is taken to be the direction of
the moments. The subscript i indexes all mole-
cules and the subscript j indexes the eight near
neighbors of the ith molecule. A and B charac-
terize the "single-molecule" anisotropy for
which there are at least two sources. The mag-
netic dipole-dipole interaction between the two
unpaired electronic spins in the free oxygen mol-
ecule produces an anisotropy energy of the form
AS .'.' S ~ is the projection of the total molecu-
lar electronic-spin angular momentum (S= 1) on
the internuclear axis. Since A. has been shown to
be positive, ' the spin S in the ground state is
confined to a plane perpendicular to the internu-
clear axis. An assumption of this note is that
the planar localization is not significantly dis-
turbed when the molecule is placed in the n crys-
tal lattice. ' A second, in-plane, anisotropy is
needed to stabilize the antiferromagnetic order-
ing of the e solid. Since the site symmetry of
the oxygen molecule is C,q, the twofold direc-
tional degeneracy of II electronic states is re-
moved. The nonzero off-diagonal elements of
the total electronic orbital angular momentum
between the Z ground state and the excited 0
states will reflect this anisotropy, which in turn
will affect the spin orientation via the spin-orbit
coupling. Because of the smallness of the spin-
orbit coupling constant, ' such a term is expected
to be small, but nevertheless, important.

According to this picture, the sublattice mag-
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6r stallo ra hic g-5 plane which is normal to the molecular axes. The
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nalization of the Hamiltonian produc-ar range ment. Fo owing ell ' th basic outline by Trammell, " diagonalization o e ami
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asure of the mixing of the m~ =+& states by anisotropy. a, 5, c are latticeThe magnitude of 8 is a measure o e mixing
a on branches. The ratio of absorption in-parameters. The theory predicts the existence of two magnon branches. e ra io o

tensities for the k = 0 modes is

For reasonable values of the parameters, the
absorption intensity of the higher frequency line
is greater than that of the lower.

The line at 27 cm ' is the most intense absorp-
tion in n oxygen in the far infrared. It is easily
observed. in samples the order of 1 cm thick. In
light of the above considerations, a second ab-
sorption was sought at energies down to 5 cm
Crystals of thicknesses varying between 4.4 and
8 cm were grown by slow cooling from the liquid
to the o. solid. Spectra were measured using a
Michelson interferometric spectrometer and as-
sociated cryogenic apparatus described else-
where. " Results for a 5-cm sample are shown
in Fig. 1. Upon raising the temperature of the
sample above the Neel point (23.8'K) the sharp
absorption at 6.4 cm ' disappeared. To associ-
ate this new absorption line with the antiferro-
magnetic order, data were also taken as a func-
t' f agnetic field. The polycrystalline sam-
ples were grown inside the bore of an 80-kG
superconducting magnet. The results for the
6.4-cm ' line as well as for the 27.5-cm ' line
are shown in Fig. 2.

0 the basis of this experimental evidence, we
—1 + —Iassign 27.5 cm ' to E+(0) and 6.4 cm to E (0).

The measured integrated absorption intensity
ratio I /I' = 0.07+ 0.01. Also known is the mag-
non energy at the edge of the Brillouin zone, ob-
tained from sidebands in the optical double tran-
sition spectra of Litvinenko, Eremenko, and
Garber " The estimated value for E(zone edge)
is 37.5 crn

lh
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FlG. 1. Far-infrared absorption spectrum of a 5-crri
sample of solid Q. oxygen. The envelope of the spec-
trum is a property of the energy source. The feature
at 8.7 cm ' is an interference fringe due to a filter in
the light path. The resolution in frequency is 0.25

~fcm

I The theory reproduces these energies and
gives I /I'=0. 05 for A=10.1 cm ', 8=0.5
cm ' and J= 4.0 cm '. Dispersion curves fort

two high-symmetry directions" are shown in
Fig. 3. The two branches become degenerate at
the zone edge with E = 37.5 cm ' in both cases,
as in fact they do at all high-symmetry points of
the zone boundary. This explains the predomi-
nance of a single energy value in the data of
Ref. 12. The magnitudes of A and & indicate
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FIG. 2. Magnetic-field dependence of the two k = 0
magnons. The circles mark the positions of maximum
absorption and the bars indicate full width at half-ab-
sorption for spectra with frequency resolution of 0.7
cm . The asterisks denote larger uncertainty in mea-
surement than for the other data, due to the poorly de-
fined line shape at the highest fields.

that in the crystal, mechanisms in addition to
the ones we have discussed, such as anisotropic
exchange and compression of the electron cloud,
contribute to the effective "single-molecule" an-
isotropy. However, the system is still exchange
dominated. (8") is calculated to be 0.99, so the
two sublattices are only slightly less than fully
aligned. & obtained from the mean-field theory
of Moriya'4 equals 31'K as compared with T (expt),
23.8'K. This discrepancy could indicate that in-
deed the long-range magnetic order would per-
sist to higher temperatures than it does were it
not disrupted by the loss of orientational order
of the molecules at the u-P phase transition.
This possibility has been indicated by Barrett
and Meyer in their analysis of the crystal struc-
tures of oxygen. " Including a dc magnetic field
in the excitation-wave Hamiltonian and assuming
random distribution of crystallites reproduces
qualitatively the observed nonlinear dependence
of magnon energy and linewidth on applied field.

The two additional lines (44 and 37.5 cm ') ob-
served by Blocker, Kinch, and West4 and in the
present series of experiments appear to be de-
fect induced. The 44-cm ' line corresponds to
one of the two librational modes observed in the
Raman spectrum of a oxygen. " If the crystal

FIG. 3 ~ Dispersion curves calculated from the exci-
tation-wave theory for A. =10.1, B=0.5, 4=4.0. y is
parallel to the twofold axis, which lies in the face cen-
tered plane, and g is the direction perpendicular to the
face centered plane. (See Ref. 6.)

were perfect, this mode wouM be infrared in-
active. The intensity of the other line did not
scale with the thickness of the sample, was un-
shifted in the isotope experiment, and was sig-
nificantly broadened by the magnetic field.
Therefore we attribute it to defects at the sample
surface, inducing magnon absorption at the zone
edge.
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The elastic scattering of protons from deuterons has been measured at 580 MeV.
results for large-angle scattering are presented and discussed here. The backs'ard
peak observed in the experiment is consistent with a baryon-exchange mechanism in-
cluding the transfer of baryon resonances.

A pronounced increase in the cross section at
large angles has been observed for proton-deu-
teron scattering in the energy range 1-1.5 GeV."
This back peak is also seen in the present experi-
ment. ' The magnitude of the peak is found to de-
crease rapidly with increasing proton energy.

The explanation of this effect most likely in-
volves the transfer of a baryon, that is a pickup
mechanism, because the momentum transfer re-
quired at the deuteron vertex is much smaller
than that for a single or double impulse collision.
This is also seen in a number of calculations.
At 1 GeV the impulse series for back-scattering
gives results more than an order of magnitude
smaller than experiment, while a dispersion re-
lation calculation which includes the transfer

process obtains a peak of the correct order of
magnitude. ' Using the pp —~d experimental re-
sults as the input, Craigie and Wilkin' have re-
cently treated the back-scattering with a model
that includes a baryon-transfer mechanism and
also obtained the correct order of magnitude for
the back peak at 1-1.5 GeV.

Kerman and Kisslinger' have studied the large-
angle p-d cross section for I-GeV protons as a
baryon-transfer reaction. They find that the S-
state component of the deuteron wave function,
which by itself is satisfactory for the calculation
of nucleon-transfer reactions at low energies,
gives a negligibly small contribution at 1 GeV.
Using a variety of wave functions with 6-'t% D
state, only about 50% of the cross section can be


