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The purpose of this paper is to provide a physical model for the interactions proposed
by Appelbaum which he used to explain Fermi-surface anomalies in tunneling. We also
evaluate these interactions and show why the anomalous conductance need not be small
compared to the direct tunneling.

Appelbaum' has recently explained some of
the anomalous variations of the tunneling con-
ductance which are frequently observed near
zero-bias voltage in terms of exchange inter-
actions between tunneling electrons and mag-
netic states in, or near, the insulating layer
of the tunnel junction. These anomalous vari-
ations are observed both in tunneling between
degenerate semiconductors'~' and between met-
als, 4~' and in the latter case depend to some
extent on the metal, on the insulator, and on
junction preparation. Characteristically, in
the simplest cases, a peak in conductance,
logarithmic in some homogeneous function of
V and T, is observed. '

The purpose of this Letter is to provide a
physical model for the interactions postulated
by Appelbaum, which also evaluates them and
demonstrates why the anomalous conductance
need not be small compared to the direct tun-
neling.

Appelbaum's explanation assumed an exchange
type of interaction between a localized spin

S, somewhere near the tunneling layer, and
electrons in the two degenerate Fermi gases
described by operators ago*, aiba for metal 1,
b&z*, biz for metal 2:

JC. = Q (S (v), [J(a +a, , )
QQ ig(yl

+T (a *bk, , +b„~a„, , )]).

(Appelbaum's Hamiltonian is symmetric in
the two metals, but this is neither necessary
nor, as we shall see, likely). T is the Pauli
spin operator, and J and Tg are exchange and
exchange-tunneling interactions between the
local moment and the metals.

The anomalous term appears to order JTg
and is, in the simplest case, of the form

AG(p) =Jp (p)[(16''/h)T 'S(S+1)p (0)p (0)]

&&ln[E /(leV I+kT)].
0

p+ and py are the metallic densities of states;
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E, is a cutoff energy for the densities and co-
efficients J and Tg, the Fermi energy is tak-
en as zero; and other symbols have their usu-
al meanings.

The model we propose is the following: On
or near the surface of one of the metals we
assume there are a number of quasilocalized
electron orbitals pd. These orbitals may rep-
resent either d orbitals on impurities in the
oxide (or interstitial metal atoms, if we con-
sider a case such as Ta or Nb) or surface states
on the metal extending into the oxide. The ba-
sic criteria for these states is that they be
rather well localized, and that the bulk of their
amplitude should be in the oxide layer where
the Coulomb self-interaction cannot be screened
out by the metallic electrons. One may think
of these states, whether surface states' or im-
purity states, ' as scattering resonances from
the point of view of the nearer metal, and the
above criteria may be stated more precisely:
Their widths & should be rather small compared
with their internal Coulomb and/or exchange
interactions.

Under these circumstances a suitable approx-
imate Hamiltonian' is

X=ge a 4'a +pe b b +pe n +Un nkko ko qqoqo d do.
ko qo 0'

++V„d(ak *d +d *ak )

ko

+QT (b 4d +d 4'b ),
qd qo 0 0 qo

qo'

where ndz ——dz~dz is the number operator for
electrons in pd. Here ed is the energy of a
single electron in the state qd; ed+ U that nec-
essary to add a second; and these energies
should bracket the Fermi energy

f +U& 0& E

and also be large compared to the width ~,
6=m(IV I')p (0) «U.

kd a

If the thickness of the junction is t, if we as-
sume the localized state to be on the average
a distance d from metal A (d « t), and if the
decay constant of the electron wave functions
into the oxide is (Ee is the conduction-band
level)

k=8' '(2m+K )"'
C

V will be proportional to e "d and T to e

so their product will be of the same exponen-
tial order as the direct tunneling matrix ele-
ment 7"- e -k t. In fact, if the localized state
is to be a meaningful object, VT/(ed+ U) is
in a sense greater than the coresponding ma-
trix element T' because ed+ U &Ec. The local-
ized state is at a favorable energy and should
represent an easy route for tunneling. Thus,
such states, if present in any appreciable con-
centration, may carry a rather large fraction
of the tunnel current.

Now the recent paper of Schrieffer and Wolff'
shows formally that a canonical transforma-
tion on Eq. (3) gives precisely Appelbaum's
Hamiltonian in Eq. (1). Equation (3) is iden-
tical to the usual, localized-state Hamiltonian,
if we simply realize that the two types of free-
electron states will interact simultaneously
with the impurity and may be treated formal-
ly as though they were in the same metal, so
that both J and 7'g appear as parts of the ex-
change scattering interaction Z(Sloe'S free).
We need not repeat the derivation, but we give
the following values for the constants in Eq. (1):

kk' kd dk' d d

T, = 2V T,U/e (e + U). (4)

lg rl2 ed'(ed+ U)'

lV I'l7 I' U2
(5)

U ed(ed+ U. ) I
T' 12 ~e (e + U)

This is clearly highly dependent on all the pa-
rameters but need not be small: The last fac-
tor cannot be less than 16 or greater than (U/
&)', and the second factor is basically the ra-
tio which is large if tunneling via the energy
minimum causing the localized state is easier
than direct tunneling. (Another way of putting
it is that I V I'I T I'[(ed) '+ (ed+ U) '] is the co-
efficient of direct, ordinary tunneling via the
localized state, as may also be seen from Ref.
(8).) We are left with 6/U, and while this must
be small to localize the state, it need not be
much less than -0.1. It is clear, however, that
the requirement d « t (i.e. , V» T) is essential:

With these values, and realizing that direct
tunneling will be proportional to I

T' I'pa (0)pt, (0),
the ratio of Appelbaum's term to direct tunnel-
ing is proportional to

p (0) IVI4IT I'
a
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Localized states deep within the layer will not
show the effect. If either ed or ed+ U is close
to the Fermi level, the effect may even become
quite large with respect to direct tunneling.

Physically, what appears to be going on is
that the one-electron Green's function on the
"d" state is exhibiting a logarithmic peak near
the Fermi surface caused by its exchange in-
teraction with the nearby metal, and tunneling
to the second metal is measuring this peak
in the usual way.
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The elastic scattering of 18.5- and 20.5-MeV
polarized protons from complex nuclei was
studied extensively at this laboratory during
the last few years. " In the course of this in-
vestigation, large differences in the polariza-
tion were observed in the scattering of 18.5-
MeV protons from Ar and Ca

An automated computer search program (pre-
pared by H. C. Volkin and C. C. Giamati of
this Center) was used to analyze the polariza-
tion data from this laboratory in terms of the
optical model to investigate the spin-orbit po-
tential dependence on proton energy and tar-
get mass, and, possibly, to find an interpre-
tation for the Ar -Ca polarization difference.

Because the differential cross-section data
for each set of polarization data were lacking,
the two step procedure applied by Ball' and
Durisch and Gould' for studying the symmetry
term has been used. First, average sets of
geometric and well-depth parameters were

obtained for the real and imaginary potentials
from analyzing 37 polarization angular distri-
butions at 16.5, 18.5, and 20.5 MeV, 20 differ-
ential cross sections at 17.0 and 22.2 MeV,"
and six reaction cross-section data at 16.4 MeV.
Second, only the parameters of the spin-orbit
potential were permitted to vary in searches
to produce optimum fits to the polarization data.
The spin-orbit parameters thus obtained have
been studied for systematic tendencies.

The first step was started from the average
set of parameters proposed by Rosen, ' and vari-
ous individual and simultaneous searches on
different parameters were made by minimiz-
ing both )to' and X~' with the reaction cross sec-
tion serving as a guide. Two similar compro-
mise sets of parameters were found. Set (a)
produces, on the average, good fits to the po-
larizations and differential cross sections, but
it is inferior in predicting the reaction cross
sections; set (b) behaves conversely. The pa-
rameters are as follows:

a
so

y'
so

0.65
0.651.5A"'+ 2.5

(a) Vpe ey 5.5 0.65
(b) Vpereya 5.5 0.45+A/650

VPerey is taken from F. Q. Percy, Phys. Rev. 131, 745 (1963).

0.65
0.65

1.25
1.25

1.25
1.25

The real and imaginary well parameters of set (a) were chosen to begin step two. En this step,
only the parameters of the spin-orbit potential were varied to produce optimum fits to the polarization
data. The analysis under such restricted conditions was considered permissib1. e, since it is essen-
tially the polarization that defines the Vso, aso, rso parameter space. The optimum values for Vso,
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