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competition from other effects, and alteration
of the T well by the finite size of a contained
plasma core. In regard to this last point, con-
sideration of the analog experiment’ (unpublished
results) and the levitation experiment!?® indicates
that an T well exists for test-sphere diameters
up to about 7,/R < 0.1 in the present case.

It is a pleasure to thank A. Strecok for pro-
gramming the computations, and G. R. Ringo
and F. E. Throw for helpful comments.

*Work performed under the auspices of the U, S.
Atomic Energy Commission.
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ASPHERICAL 3d ELECTRON DISTRIBUTION IN Nit+f

Harvey A. Alperin
U. S. Naval Ordnance Laboratory, Silver Spring, Maryland and
Brookhaven National Laboratory, Upton, New York
(Received December 22, 1960)

The purpose of this Letter is to report the re-
sults of the first measurement of an aspherical
magnetic form factor of an antiferromagnetic
single crystal, nickel oxide, using unpolarized
neutrons. The simple structure, if this com-
pound is purely ionic, makes it possible to ex-
plain the resultant e symmetry that is obtained.
This differs from previous (polarized beam)
measurements' ™ where no simple explanation of
the asymmetries is possible because the mate-
rials studied were either metals or (in one case)
had the complicated spinel structure. The form
factor of Ni** is found to lie above the free-
atom curve in contrast to the case of Mn** where
the converse is true. These results are of inter-
est because of the very recent Hartree-Fock spin
polarized calculations for Ni** by Watson and
Freeman.®

Unpolarized neutrons were used since the more
accurate polarized neutron beam technique® is
not applicable to antiferromagnets like NiO that
do not have superimposed nuclear and magnetic
reflections. The single crystal used for this in-

vestigation was cut in the shape of a cylinder

(8 mm high, 2.3 mm in diameter) from a large
boule grown by flame fusion. Integrated inten-
sities of all nuclear and magnetic reflections
were measured at room temperature up to a
value of sin8/x =0.78 using a wavelength of
1.046 A. From the heavily extinguished nuclear
reflections a mosaic spread parameter of 112
seconds of arc was determined. This resulted
in secondary extinction corrections to the mag-
netic intensities of only 12% for the strongest
reflection (111), of only 3% for the next strong-
est (311), and of a completely negligible amount
for all the other weaker reflections which occur
at higher Bragg angles.

Effects due to double Bragg scattering became
particularly noticeable when measuring the very
weak outer reflections (signal to noise ratios in
the range 0.05 to 0.1). In order to help correct
for these effects, additional room temperature
measurements were taken at a second wavelength
of 1.005 A. By taking account of the changes that
occurred in the peak shapes upon changing the
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wavelength, it was possible to obtain estimates
of the true intensity of the reflections under
study. However, in many cases the error en-
tailed in this procedure was rather large.

The experimental values for the magnetic form
factor are plotted in Fig. 1 as the circles. The
values were put on an absolute scale by using
the previous result” that the value of the form
factor for the (111) reflection is 0.94. The im-
portant observation to be made is that values of
the form factor are obtained which depart radi-
cally from a smooth curve. In particular, outer
reflections which occur at the same Bragg angles
show very different values for their form factors.
The existence of such a multivalued form factor
demonstrates that the unpaired 3d electrons are
distributed aspherically about each Ni** ion.

To investigate the possibility (however unlikely)
that the observed results might be due to the ef-
fect of anisotropic motions, either of the atoms
with respect to one another or of the atoms with
respect to their electron clouds, the (11, 1, 1)
and (5, 7, 7) reflections, which occur at the
same Bragg angle, were measured after cooling
the crystal to 117°K. If the effect were due to
anisotropic vibrations one would expect the ratio
of the form factors of the two reflections to ap-
proach approximately unity as the temperature
approaches 0°K. Within the limits of experi-
mental error, this ratio did not change upon
cooling from 297°K to 117°K.

The aspherical unpaired 3d electron distribu-
tion observed experimentally is just what is ex-
pected due to the splitting of the energy levels of
the d electrons in the field of the anions. Accord-
ing to crystal field theory,® in an electric field
of octahedral symmetry the five-fold degenerate
levels split into a low-lying triplet of ¢ g Sym-
metry and a higher doublet of e, symmetry.
Since the levels fill up according to Hund’s rule,
the two unpaired electrons which give rise to the
magnetic moment should then exhibit pure eg
symmetry.®

The form factor can be written as the sum of
a spherical part and an aspherical part, f=fg+/4.
The part f4 (having pure eg symmetry in our
case) can be calculated following the methods of
Weiss and Freeman.!® However, in order to
compare the experimental results directly with
those predicted for an f4 of ey symmetry, it is
necessary first to determine fg. Since at the
present time there is no adequate way of calcu-
lating fg for atoms bound in a solid, fg was
chosen to yield the best agreement between the
experimental and calculated values of the form
factor. It was found to be possible (also most
convenient and instructive) to do this by scaling
the free-atom spherical form factor!! for Ni*™,
i.e., fg(x)=folkx), where f( is the free-atom form
factor, x = sind/x, and the scale factor £=0.83.
In Fig. 1, fg is plotted as the solid curve.’ The
final calculated values of f are denoted by the
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triangles. Reasonable agreement is thus obtained
between the experimental form factor values and
those computed assuming the unpaired electrons
to be in a state of pure e_ symmetry.

It is important to observe that the scale factor,
k, here determined experimentally, is such as
to make the unpaired 3d charge distribution for
Nit* much more compact in the solid than it is
for the free atom. This is in contrast to the
case of Mn** where experiments!® show that the
charge distribution is expanded in the solid.

These experimental results may be compared
with the recent calculations of Watson and Free-
man® for the Ni*t+ ion. These Hartree- Fock self-
consistent field calculations allow the wave func-
tions of electrons with opposite spins to have
different radial dependencies (spin polarization)
and lead to a contraction of the charge distribu-
tion (both for the free-atom case and the case
where the Ni** ion is placed in an octahedral
array of point charges).* Unfortunately, the
magnitude of the contraction is much too small
to explain the observations reported here. Never-
theless, the important fact that the relation of
the observed fg to the free-atom fg is just oppo-
site for the cases of Nit* and Mn** would lead
one to look for the origin of this effect in the out-
standing difference between the two ions: namely
their differing spin configurations. These ex-
perimental results also serve to suggest that
whereas effects such as spin polarization and
crystalline environment have a large influence
on fg, their effect on f4 is small.

The author wishes to thank Professor E. Uchida
and Dr. Y. Nakazumi for the single crystal of

NiO.
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Energy Commission.
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TUNNELLING FROM A MANY-PARTICLE POINT OF VIEW*

J. Bardeen
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Giaever! and more recently Nicol, Shapiro, and
Smith? have observed the tunnelling current flow-
ing between two metals separated by a thin oxide
layer. The most interesting results are obtained
when one or both of the metals are superconduc-
ting, in which case they find direct evidence for
a gap in the quasi-particle spectrum of the super-
conductor. They were able to account for the
data quantitatively on the assumption that the only
relevant factor is the density of states in energy.

This is to be expected if the transition probability
for transfer of an electron from one side to the
other is given by the familiar expression
(2n/%)IM |20, where M is the matrix element
and Pf the energy density of final states, and

if it is further assumed that M can be treated as
a constant. It is implied that M is not only in-
dependent of energy for the small energy differ-
ences involved, but is also unchanged when the
metal goes from normal to superconducting.
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